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Condensed phase membrane introduction mass spectrometry (CP-MIMS) is a direct, in
situ analysis technique that is well suited to persistent organic pollutants, pesticides, and other
small molecules. In CP-MIMS, neutral analytes permeate a hollow fibre membrane, typically
polydimethylsiloxane (PDMS), driven by a concentration gradient. Analytes are subsequently
dissolved by a liquid (condensed) solvent acceptor phase that is continuously flowed through the
membrane lumen, which finally entrains the analytes to a mass spectrometer for detection. The
membrane rejects charged and particulate matrix components, therefore eliminating sample
cleanup that is otherwise necessary for conventional (i.e., chromatographic) techniques.
However, larger analytes may suffer from relatively lengthy response times and lower
sensitivity. A heptane cosolvent was therefore doped into the PDMS membrane, resulting in a
polymer inclusion membrane (PIM). Through a system coupling CP-MIMS to electrospray
ionization (ESI), the use of a PIM for model compounds resulted in faster response (~3%) and
improved sensitivity (~3.5%, parts per trillion level detection limits).

While effective for the demonstration of the PIM, pairing ESI with CP-MIMS represents
an inherent incongruity: ESI is effective for polar, hydrophilic analytes, whereas CP-MIMS (i.e.,
PDMS membranes) is effective for hydrophobic analytes. CP-MIMS was therefore coupled with
liquid electron ionization (LEI) as a more suitable ionization strategy. In LEI, the post-membrane
solvent flow is entrained at nanolitre per minute flowrates to a LEI source, where the liquid is
sequentially nebulized, vaporized, and ionized. The CP-MIMS-LEI coupling was optimized for
the measurements of polycyclic aromatic hydrocarbon (PAH) isomer classes from aqueous
samples, demonstrating low ng/L detection limits and response times (<1.6 min). CP-MIMS-LEI
was also applied to PAH isomer classes from soil samples, demonstrating rapid sample
throughput (15 samples/hr) and low pg/kg detection limits, and additionally was quantitatively
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comparable to conventional techniques. A similar CP-MIMS-LEI system was applied to online

monitoring of catalytic oxidation and alkylation reactions, demonstrating quantitative, real-time
results for harsh, complex organic reaction mixtures.

A significant analytical improvement was conducted by intentionally exploiting the
already present liquid acceptor phase as an in situ means of providing liquid chemical ionization
(CI) reagents for improved analyte sensitivity and selectivity (i.e., CP-MIMS-LEI/CI).
Acetonitrile and diethyl ether were used as a combination acceptor phase/CI reagent system (i.e.,
proton transfer reagents) for the direct analysis of bis(2-ethylhexyl)phthalate from house dust (6
mg/kg detection limit). CP-MIMS-LEI/CI was then applied to PAHs from soils. Using methanol
and dichloromethane combination acceptor phase/CI reagents, CP-MIMS-LEI/CI was shown to
quantify and resolve PAH isomers from direct soil analyses via diagnostic PAH adduct ions:
[M+CH,CI+CH3;0H-HCI]" or [M+CHCL,-HCI]". Using these selective ions, CP-MIMS-LEI/CI
was again shown to be rapid (15 soils/hr), sensitive (ng/g detection limits) and quantitatively
comparable to gas chromatography-MS for PAH measurements (average percent difference of -
9% across 9 PAHs in 8 soil samples). The results across this thesis present a compelling
argument for direct, quantitative screening from complex samples using CP-MIMS-LEI/CI,
particularly given the simple workflow and short analytical duty cycle.



Table of Contents

SUPERVISORY COMMITTEE ......uuuiinrierirnninsnnssnensnnssasssssesssssssssssssssssssssssssssssassssssssssssssse ii
ABSTRACT .auueirnrenninnnennnnnnenssnnsssessssssssesssssssssssssssssssssssssssssssssssssssssssasssssssssssssssssassssssssssssassss iii
TABLE OF CONTENTS . ...cooitiniintinntennnenssnsssnessnssssssssnssssssssssssssssssssssssssssssssssssssssssssssssassssasssns v
LIST OF TABLES ....ouutintinniinninntensnnnsnesssnssssssssnssssssssssssssssssssssssssssssasssssssssssssssssassssssssssssassss ix
LIST OF FIGURES ....couuuitintientinninntensnnnnninssnssssssssnssssssssssssssssssssssssssssssssssasssssssssssssssssassssssssns X
LIST OF EQUATIONS ..ctirientinsennsnnnsnesssessssssssssssnesssssssssssasssssssssssssssssassssssssasssssssssssssssssnss Xiv
LIST OF ABBREVIATIONS AND DEFINITIONS.......ouninientinnnennsnnnsnesssnssnsssassssnessssssanes XV
ACKNOWLEDGMENTS .oucooiiniinninnninsncnsnnsssnnsssnssssesssssssssssssssssssssssssssssasssssssssssssssssassssssssns xvil
DEDICATION .ouuiuiiiiinsennsnnnsnesssesssnssssesssnssssesssssssssssasssssssssssssssssassssassssssssssssasssssssssssssssssassses xviil
CHAPTER 1: INTRODUCTION ...ccouuiereensnensnensnnssnnsssnsssssssassssssssssssssssssssssssssssssssssssssssassssassans 1

CHAPTER 2: POLYMER INCLUSION MEMBRANES WITH CONDENSED PHASE
MEMBRANE INTRODUCTION MASS SPECTROMETRY (CP-MIMS): IMPROVED

ANALYTICAL RESPONSE TIME AND SENSITIVITY ..uucioviininieinnensnnnsnenssnncssessssscssencnns 3
2.1 INErOAUCTION . .cccueeeeiitiecineecsneeisneecsneecsstesssneesssseesssseessssesssssesssssessssssssssssssssasssssssssssasssssasssses 3
2.2 EXperimental SECtION ......ccovveiiiciirsnricssssanricssssssiecssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssss 6
2.2.1 Standard Solution and Sample Preparation ..........ccccceeevvieeiiieeiiieeiieceee e 6
2.2.2 CP-MIMS SYSTEIML...ccutiitiiiiiiatieete ettt ettt ettt ettt e st et e e e e bt e eabeeebeesabeeneee 7
2.2.3 Direct Infusion EXPeriments..........cccueeiiiieiiiiiiiiieeiiie et eiee e ee s svee e e eenee e 7
2.2.4 DAt ANALYSIS...cccuiieeiiieieiiieeitie ettt ecie e e eiee et e e ste e et eeetaeeatraeetaeeetaaeaaeeeasaaeennaeeenaaeenees 7
2.3 Results and DISCUSSION . ..ucecueeeiirueicisreissnneissneesssncssnecsssseessssessssssssssssssssssssssssssssssssssasssssasssses 8
2.3.1 Signal Response Time STUIES .......cceeeiiiieiiiieeiiieeiiee e saee e e e sevee e e e 8
2.3.2 SenSItIVILY STUAIES ....vviiiiiiiciiieciie ettt e et e e et e e s e e e esbeeessseeesnseeennsaeenns 12
2.3.3 Non-Steady-State MEaSUTCIMENLS ........cccueeerrieeiiieeiieeeiieeeitieeerreesseeesseeesseeesseeesseeanns 13
2.3.4 Performance in CompleX MatrICeS ......ccviieriieeriieeiiieeiieeeieeeeieeeereeesaeeeseaeeesereeesaseeenes 15

2.3.5 Performance with Complex Analyte MIXtUIES ........cceevvieeiiiieeiiiieeiieeeiie e 16



P2 T O11 1 16 11 1) (1) 1 1P 17

2.5 Supporting INFOrmation .........cccceeiicnissniccsssssnecsssssssessssssssessssssssssssssssssssssssssssssssssssssssssssss 17

CHAPTER 3: DIRECT ANALYSIS OF POLYCYCLIC AROMATIC HYDROCARBONS
IN SOIL AND AQUEOUS SAMPLES USING CONDENSED PHASE MEMBRANE
INTRO-DUCTION TANDEM MASS SPECTROMETRY WITH LOW-ENERGY

LIQUID ELECTRON IONIZATION ...cuiiiiiiiiiisnensencsseisnnsssessssnssssssssnsssessssssssssssassssssssssssssns 19
3.1 INErOAUCHION cuuueeeeneeeinieeinnieinneesintecssnneessanecsssnecssssessssesssssesssssssssssesssssasssssasssssnsssssnssssassssssnes 19
3.2 EXPerimental SECtION .....cciciiivrericiissnricssssnricsssssnsesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 21
3.2.1 Standard and Sample Preparation............cccceeeeciiiiiiieeiiie e 21
3.2.2 Condensed Phase Membrane Introduction Mass Spectrometry-Liquid Electron
Ionization (CP-MIMS-LEI) SYSTEM ......ccciiiiiiiieiiie ettt e e e e e e 21
3.2.3 Data Analysis for CP-MIMS-LEL.......c.ccoooiiiiiie et 24
3.3 Results and DiSCUSSION c...ueieiueieiieiiiineissneissneisssnecsssnecsssnsesssnsssssssssssssssssssssssasssssssssssssssssees 24
3.3.1 LEI Optimization for PAHS........ccociiiiiieee ettt 24
3.3.2 Aqueous PAH Calibration StUAIES .........ccccuireriiieiiiieeiee et e e 26
3.3.3 Solvent Selection for Direct Soil PAH Measurements...........c.ccceveerieenienieenieniieeneene 27
3.3.4 Prepared SOil MEASUICIMENES .......cccueeeruieeeiireiiieeeieeesieeesiteeesireeeteeesaeeessseeesnseeesseeennnes 29
3.3.5 Contaminated Soil MEasUremMeNts ..........cccueriuieriiiriiiniieiieeiie ettt 30
3.4 CONCIUSIONS .cuueieinnreiineeisniniineeisnicsssnecsssnecsssnesssssessssssssssssssssssssssssssssssssssasssssnsssssnsssssssssssnes 32
3.5 Supporting INfOrmation .........ecccceeiccnissnicsssssnnecsssssssccssssssscsssssssssssssssssssssssssssssssssssssssssssss 33
3.5.1 Standards and SOIVENTS.........ooiuiiiiiiiiie e 33
3.5.2 MICIOSCOPIC IMAZES....c.uiiiiiiieiiiieeiie et eee ettt e te e et e e et e e s teeesseeessseeessseeesseesnnnas 33

CHAPTER 4: MASS SPECTROMETRY BASED APPROACH FOR ORGANIC

SYNTHESIS MONITORING ....cuuiiiiitinstinsninstissnisstissseesssessssssssssstssssssssssssssssssssssssssssssssssss 36
9% N 118 oY 11 T0d 5 11 1 SN 36
4.2 EXPerimental SECtION ......ciceiirrericiissnricssssnricssssanresssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 39
4.2.1 Standards and SOIVENLS ........c.eiiiiuiiiiiieeiiie ettt e esee e ee e e e e sreeeebeeessaeeesaseeenssaeenns 39
4.2.2 INStIUMENEATION .....eieiviieeiiieeieeeeieeeeieeeeieeesiteeeeteeessaeeesaeeesaeesssaeeasseeessseeessseeensseeensseeanes 39
4.2.3 Oxidation of Phenylacetylene Reaction ...........ccceeouvieiiiiiiiieciiecieecee e 40
4.2.3 Alkyl Glycinate REACHION .......cccuiiiiiieeiiieeciee ettt eee e e etee e seaeeesareeesaneeenes 40
4.2.4 Alkyl Glycinate Standard Synthesis..........ccciieiiiiiiiiieiiieeeeee e 40
4.3 Results and DISCUSSION . ...cccciiverieiiirrricssssnricssssanressssssssesssssssssssssssssssssssssssssssssssssssssssssssssssss 41
4.3.1 CP-MIMS-LEI INStrumentation ............ccceereueeerieeeiieeeiieeeieeeieeesseeesseesssseeesseesssseeenns 41
4.3.2 Solvent-Membrane Compatibility Investigations............ccecveeeriveeriiieeniiieeniie e 41

4.3.3 Simultaneous Time Resolved MS and UV-Vis DeteCtion ........covvuuummeeeeeeeeeeeeieeeeeeeeeeens 42



4.3.4 Online Synthetic Reaction Monitoring Examples............ccccceeeviieeiiiicciieeniie e 43
4.4 CONCIUSIONS .uuueieinnriiinneiiinenisneeisneessseesssnecsssnesssssessssssssssssssssssssssssssssssssssasssssasssssssssssssssssnes 46
4.5 Supporting INfOrmation .........eccceeiecnissnnicssssnnecssssssnccssssssssssssssssssssssssssssssssssssssssssssssssssss 47

4.5.1 Synthesis of Alkyl Glycinate Standards ...........ccceeeiieeiiieiiiiecieceeece e 47

CHAPTER 5: CONDENSED PHASE MEMBRANE INTRODUCTION MASS SPEC-
TROMETRY WITH IN SITU LIQUID REAGENT CHEMICAL IONZIATION IN A

LIQUID ELECTRON IONIZATION SOURCE (CP-MIMS-LEI/CI)...cccovueevuerssuncsneccsencnnees 50
5.1 INErOAUCTION . .ccccueeeieiniiiinieiiteeciaeecssaeecsntesssseesssseesssseessssessssssssssssssssssssssssssssasssssasssssnssssanssss 50
5.2 EXPerimental SECtION .....ccccivveiicrissnricssssnniecsssnsecsssssssessssssssessssssssssssssssssssssssssssssssssssssssssssss 52
5.2.1 Liquid Reagent and Sample Preparation ............cccceeeeeiieeeiiieeeiiieesiie e 52
5.2.2 Condensed Phase Membrane Introduction Mass Spectrometry-Liquid Electron
Ionization with /n Situ Liquid Reagent Chemical Ionization (CP-MIMS-LEI/CI) System......53
5.2.3 House Dust Sample Preparation and Analysis ........ccccoveeeiiiieeiieeniieeniee e 54
I S B T v BN 01 £ 1SR 54
5.3 Results and DISCUSSION . ..ucccieiiiiseeisseeissneeissnnessstecssnecsssnecsssnecsssssssssssssssssssssssssssnssssssssssssssss 55
5.3.1 Acetonitrile Reagent SYStem ........cceeeiiieeiiieeiiiecieece et 55
5.3.2 Acetonitrile and Diethyl Ether Reagent System Optimization...........c.cccecveeerveeeneveennee. 58
5.3.3 HoUSE DUSt ANALYSIS ..uviieiiiiieiiieeiiee ettt ettt e e ete e e saeeessaeeeenseeesaeeenenes 62
5.4 CONCIUSIONS cuuueeeneiiiisueiirsnreissnneissnnecssnnessssecsssseessssessssseessssessssssssssssssssssssssssssssssssssassssssssssanssss 63
5.5 Supporting INfOrmation .........eeeeieineiiiiiennsieinsneensneinsnecsseecsssescsssesssssessssssssssssssssscses 64

CHAPTER 6: DIRECT, ISOMER-SPECIFIC QUANTITATION OF POLYCYCLIC
AROMATIC HYDROCARBONS USING MEMBRANE INTRODUCTION MASS SPEC-

TROMETRY AND CHEMICAL IONIZATION .....ciiiiiiiiisiissennsnecsssicsseesssnsssessssnessssssanns 67
0.1 INErOdUCTION . .ccccueeeiieiiiiiieciteecineecseeecsneessteesssteesssseessssesssssessssssssssesssssnsssssasssssnsssssnssssanssss 67
6.2 EXPerimental SECtiON ......ccouvveiicrivsniicssssnnecssssnnecsssssssessssssssessssssssssssssssssssssssssssssssssssssssssssss 69
6.2.1 Standards and SOIVENTS .........coiuiiiiiiiiiee et 69
6.2.2 Condensed Phase Membrane Introduction Mass Spectrometry — Liquid Electron
Ionization with /n Situ Chemical TonIZation ..........coceeiiiiiiiiiiiieieeee e 69
LT T B T 1 - N 1 =1 ) (PSPPSR 72
6.3 Results and DISCUSSION . ...ccceiiiireeiisieisneiistneisnicssneessssessssnessssssssssssssssssssssssssssssssssnsssssassss 72
6.3.1 In Situ Chemical Ionization of Polycyclic Aromatic Hydrocarbons............c.cccceeuveeneee. 72
6.3.2 MS/MS Method Development for Direct Measurement of PAHs in Soils.................... 76

6.3.3 Direct PAH Determination in Soil Samples ..........cccoeeviieiiiieiiieiiieceecee e 79



I3 011 1 16 11 1) 11 1 1P 83
6.5 Supporting INFOrmation .........cccevveieciissniccscssnnicssssnnsessssssssessssssssssssssssssssssssssssssssssssssssssssss 83

6.5.1 Standards And SOLIVENTS .......nee ettt et e e e e e e e et reeae e e e e e eeeeraaaaaaaaees &3

6.5.2 Supporting Tables and FIGUIES ..........cccviiiiiiiiiiiiiiiieeiee e e 84
CHAPTER 7: CONCLUSIONS ... ceettteteeeeeeeccecseeessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 90
Tl SUINMMALY cocvvurericssssnnrosssssssecsssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 90
7.2 Recommendations fOr FULUIE WOTK ..ee.cereeeceereeneceereeneceereeeeserseseesesssssssessssssscssssssscssssssse 91

APPENDIX: PAPER SPRAY MASS SPECTROMETRY FOR THE DIRECT, SEMI-
QUANTITATIVE MEASUREMENT OF FENTANYL AND NORFENTANYL IN COM-

PLEX MATRICES.....coiiiiitininntinniinnicssesssiesssssssissssssssissssssssssssssssssessssssssssssssssssssssssasns 94
Al INErOAUCEION cuueeeneeeiiniieiinnieiineisinteissaniessaneesssnesssssesssssnssssssssssssssssssssssnsssssasssssasssssnsssssssssssees 94
A.2 Materials and Methods .........cueiiiueiinsniiiisienssnnicssencssnncssnnncsssessssseesssseessssnessssssssssssssssees 96
A.2.1 Standard Solution and Sample Preparation ..........cccceeeieeeiiieeiiiieecieeciie e 96
A.2.2 Paper Spray Mass Spectrometry (PS-MS) SyStem .........ccccvveeiiieeiieeciieeciie e 97
A.2.3 Liquid Chromatography-Mass SPectrometry .........ccccccvueeeiieeeiieeniieeeiieeeieeesvee e 98
A.2.4 Datd ANALYSIS .cccuiiiiiiieeiiieeiie e eite et e et e ettt e et e e e stae e et e e s teeesbaeesbaeeasbaeeasaeeenaraeenrsaeenns 98
A.3 Results and DiSCUSSION ....ccecueieiieiiiseeiisneissnecssnecsssnncsssnncsssnscsssssssssssssssesssssnsssssssssssssssssens 98
A.3.1 Paper Strip Position OptimiZation ............ccceeeriieeiiieeiieeeiieeeieeeeieeeereeesaeeesreeeseveeenes 98
A.3.2 Paper Preparation OptimiZation..........cccueeervieeriieeiieeeiieeeiieeeeieeesseeesseeesseeesseessssesenns 99
A.3.3 Internal Standard Correction for Matrix Effects.........cccoooiiiiiiiiiiiniiee 100
A.3.4 Quantitation in Complex SAMPIES ......cccvieiiiiiiiiieiieee e 100
A4 CONCIUSIONS cuuueieineiiiinnieiininiinenisneessneesssecssssesssssessssssssssssssssssssssssssssssssssasssssssssssssssssnssssas 104
A5 Supporting INformation..........ccceeiicninsniicnsssnniecssssssecsssssssesssssssssssssssssssssssssssssssssssssssssss 104

BIBLIOGRAPHY ..ccutieiirinininensnensnnnsnnsssnesssnsssssssssssssssssssssssssasssssssssssssssssassssssssassssssssassssssssns 111



List of Tables

Table 2.1: MS scan parameters and analyte physiochemical properties. .........c.cccceeevveeeieeenveeenee. 6
Table 2.2: Detection limits, relative signal intensities, response times, ionization efficiencies for
direct infusion studies, and analyte enrichments for CP-MIMS measurements using the PIM

system relative to those utilizing a PDMS membrane and methanol acceptor. .................... 11

Table 2.3: Calibration sensitivity improvement and detection limits observed for PIM based CP-
MIMS using the non steady-state measurement approach...........cccceeevvveeeciieeeciieenciee e, 15

Table 2.4: Signal intensity ratios obtained for CP-MIMS measurements made in complex
matrices compared with those made in DI Water. ........ccccecvveeiiieeiiiiciecce e 16

Table 2.5: Signal response times and signal/noise ratios for selected NA isomer classes observed
using CP-MIMS for the direct measurement of 141 pg/L. Merichem in aqueous solution... 17

Table 3.1: MS SCAN PATAIMELETS. ......eeeiiiiiiieeiiiiieeeriieeeeereee e e eiteeeeseeeeeessnaaeeeessnbeeeessnsseeesannsneaeens 22

Table 3.2: Calibration data, detection limits, and response times for PAHs in aqueous matrices.

............................................................................................................................................... 27
Table 3.3: Soil analysis results for PAH isomer classes by GC-MS and CP-MIMS-LEI ........... 31
Table 5.1: Tandem mass spectrometry parameters for phthalates. ...........ccccceeveiieiiiieniieineen, 53

Table 5.2: Full scan MS spectra major m/z ions for DEP, DBP, and DEHP from CP-MIMS-
LEI/CI, comparing different sample (donor) solvents (ACN liquid CI reagent).................. 57

Table 6.1: Tandem mass SPECtrOMEtry PATAMELETS. .....cccvieerrreeiieeerieeeireeeeeeesireesaeeesseeesneeenes 70

Table 6.2: Full scan mass spectra from the individual, direct measurements of PAHs (150 mg/L
each in dichloromethane) by CP-MIMS-LEI/CL...........cccoiiiiiiiiiieeieeeeeece e 74

Table 6.3: Detection limits and signal risetimes for select PAHS. .........ccooeviieniiiiiiiieeiieeiees 78



List of Figures

Figure 2.1: Microscope images obtained for PDMS hollow fiber membranes immersed in (a)
pure methanol, (b) 0.046 mole fraction heptane in methanol, and (c) pure heptane. The
swelling of the membrane is evident when heptane is present. ........ccccoeceeeeciveerciieenieeesieeenns 9

Figure 2.2: Comparison of the CP-MIMS signal responses observed for the direct measurement
of 6 ug/L aqueous gemfibrozil using a PDMS hollow fiber membrane with a methanol
acceptor phase and a PIM system formed by using 0.046 mole fraction heptane in methanol
e o1c) 0110 ) SRR 9

Figure 2.3: Effect of increasing the acceptor phase heptane composition upon CP-MIMS signal
response times (Z;9-99s;). Identical combined samples prepared in DI water (6 ug/L each of
gemfibrozil, nonylphenol, 2,4,6-trichlorophenol, and triclosan in DI, pH < 4) were used to
generate €aCh data POINL. .....eeeciiieiiie e e et e e stee e st e e saaeessaeeenaee s 11

Figure 2.4: Effect of increasing acceptor phase heptane composition upon CP-MIMS signal
intensities. Identical samples (6 pg/L each of gemfibrozil, nonylphenol, 2,4,6-
trichlorophenol, and triclosan in DI, pH < 4) were used to generate each data point. Data is
scaled, as NOted, TOr ClATILY. ....c.eieiiieeiie e e e e e eae e e eaee s 12

Figure 2.5: Non-steady-state CP-MIMS measurement calibration data (10 s membrane exposure
times) of aqueous DI samples obtained using the PIM system. Data is scaled as noted for
clarity. The inset illustrates the analytical signals obtained for the direct measurement of 74
ug/L aqueous gemfibrozil using 10 s membrane eXposure times. ..........ccceeecveeerveeerveeennnennn 14

Figure 3.1: Schematic diagram of the CP-MIMS—LEI experimental apparatus............c...cccue..... 22

Figure 3.2: CP-MIMS—LEI system optimization. (A) Optimization of capillary position in the
transfer line for select PAHs. (B) Electron energy optimization for select PAHs with LEI
SOUTCE. -.eeeuutteeutteeutteeautteeauteeeauteeesteeeasteeeasteeeabaeeeabbeeaabeeeeabeeeeabeeeeabeeeaabeeeanbeeeambeessbeeesteesaneeens 25

Figure 3.3: Image comparing EI filaments operated for 50+ hours of CP-MIMS-LEI
measurements. (A) Custom yttria-coated yttria/ rhenium alloy filament operated at 20 eV.
(B) Yttria/rhenium alloy filament operated at 70 eV. The red circle in panel B represents a
fllament fAIlUIE. .....oo.eiiie et 26

Figure 3.4: Comparison of signal chronograms for target PAHs in (A) 2-propanol and (B)
deionized water (both 38.0 mL) with the addition of clean, sandy loam using CP-MIMS-
LEI Inset picture is of the aqueous sample after the addition of the clean, sandy loam. .....29



xi
Figure 3.5: Investigation of PAH recoveries for direct CP-MIMS-LEI measurements of prepared
SOTL SAMIPIES. ..eviieiiieeeiie ettt et e et e et e e et e e eateeesstaeeesseeeesseeessseeeasseeensseeensseeesseens 30

Figure 3.6: Representative signal chronograms for three soil sample analyses by CP-MIMS-LEI,
illustrating rapid sample throughput. Inset picture is that of a representative sample........... 31

Figure 4.1: Schematic diagram of the modified CP-MIMS-LEI system. ........ccccccevvuveerveeerneenns 40

Figure 4.2: Comparison of simultaneous online monitoring data measured by CP-MIMS-LEI
(m/z 112) and parallel UV—vis spectrophotometry detection (A = 260 nm) for 25 mM
chlorobenzene in methanol (spiked at t = 0.2 MiN). ...c.cooviieiiieeiiieeie e 43

Figure 4.3: CP-MIMS-LEI online monitoring of the catalytic oxidation of phenylacetylene (A)
to acetophenone (B) under highly acidic conditions. ............cccceveeiiieniiieciieecie e, 44

Figure 4.4: CP-MIMS-LEI demonstration of the quantitative online monitoring of an alkyl
glycinate synthesis in dry acetonitrile with triethylamine (TEA) catalyst: (A) (R)-a-methyl
benzylamine; (B) ethyl bromoacetate; (C) ethyl (R)-(1-phenylethyl)glycinate; (D) diethyl
(R)-2,2'-((1-phenylethyl)-azanediyl)-diacetate. .........c.cceeoueeeriieeiiieeiieecie e 45

Figure 4.5: Photograph of an alkylation reaction mixture with CP-MIMS-LEI probe in place
illustrating crystallized product formation. ............ccccceieriiieniieecieeee e 46

Figure 5.1: Full scan mass spectra of ACN and ACN-d; with LEI/CI-quadrupole mass
spectrometry. List of major peaks with proposed molecular formulas (for non-deuterated
species): (1) m/z 40 [CH,CN]™; (2) m/z 41 [CH3CN]™; (3) m/z 42 [CH3CN-H]'; (4) m/z 54
[C3H4N]+. The deuterated species have analogous formulas. .........ccccccvveeeiieeiciieeniieceieeeee, 56

Figure 5.2: Comparison of full scan MS spectra for DEP, DBP, and DEHP from CP-MIMS-
LEI/CI (ACN reagent) (CI, top three panels) to that of the NIST library (EI, lower three
reflected panels). For the spectra shown here, DEP and DBP (6 mg/L each) were measured
in deionized water, and DEHP (3000 mg/L) was measured in ACN..........ccccveevvvveerreeennenn. 57

Figure 5.3: Full scan mass spectra of Et;,O and Et,O-d;y with LEI/CI-quadrupole mass
spectrometry. List of major peaks with proposed molecular formulas (for the nondeuterated
species): (1) m/z 31 [CH,0-H]"; (2) m/z 45 [CoH40-H]; (3) m/z 59 [(CH2)O(C,Hs)]'; (4)
m/z 73 [(CHs)O(C2Hy)'; (5) m/z 75 [(CHs),0-H]'; (6) m/z 149 [((C2Hs)20),-H]". The
deuterated species have analogous formulas.............ccveeeiiieriieeiiieeieece e 59



Xii

Figure 5.4: Optimization of an ACN and Et,O (0—50% v/v) acceptor phase/reagent system for
CP-MIMS-LEI/CI tandem mass spectrometry analyses of DEP (125 pg/L in deionized
water), DBP (125 pg/L in deionized water), and DEHP (100 mg/L in 2-propanol; data
scaled x1/5) with respect to steady-state signal-to-noise (plotted on primary axis; solid lines
with filled data symbols) and analyte rise time (plotted on secondary axis; dashed lines with
Open data SYMDOIS). ...ccuviieieiiieiiie ettt et e e e e ste e et e e st eesataeesbeeeenbaeensaeeenaaens 60

Figure 5.5: Full scan mass spectra of DBP (6 mg/L) sampled from deionized water with four
different acceptor phase/reagent systems: (a) 70:30 ACN/Et,O v/v; (b) 70:30 ACN-d5/Et,0
v/v; (¢) 70:30 ACN/Et,O-d;y v/v; (d) 70:30 ACN-d3/Et,0O-d;9 v/v. Support for proposed

fragmentation pathways may be found elsewhere. ™ ..........ooooiiiiee e, 61

Figure 5.6: Analyses of DEHP from three different house dust samples, quantitated in triplicate
by both standard addition and direct calibration methods. Inset picture was taken during the
analysis of a representative house dust sample SIUITy..........cccveeiiieeiiiiecciiececce e, 63

Figure 6.1: Instrumental schematic for CP-MIMS-LEI/CI...........ccoviiiiiiiniiiecieeceeeeee e, 70

Figure 6.2: (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.... 71

Figure 6.3: 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. .............cccceeevevevrrreernerernnenen. 73

Figure 6.4: 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+CH,CI-HCI]"),
M+45 ([M+CH,CI+CH;OH-HCI]") and M+47 ([M+CHCl,-HCI]") adduct formation. ...... 75

Figure 6.5: Proposed ionization schemes for PAHs (represented as “M”) in the presence of
dichloromethane (CH,C1", CHCI," ions) and methanol (CH;OH) reagents for the described
CP-MIMS-LEI/CI CONAITIONS. ....ceiutieiiieiiieiiieeiee sttt ettt sttt st e bt e ieeeseeesaeeenneeeas 76

Figure 6.6: 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. .........ccccooiiiiiiiiieeeeeeeeeeen 78

Figure 6.7: Comparison of CP-MIMS-LEI/CI to other GC-MS based techniques for the analysis
of PAHs from proficiency testing soils.'”” Data bar heights are representatives of the median
result, while errors bars represent the standard deviation of results. Nominal mass values for



Xiii
each isomer class are listed at the top of each shaded area. BaPyr results for CP-MIMS-
LEI/CI are indicative 0f BaPyTimax. «ovveeeeveriiiiieiiiieiiee ettt e e &0

Figure 6.8: 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.”” 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.............. &2

Figure 7.1: Online contaminant analyses by CP-MIMS. (A) Methoxychlor spiked into fruit
juice. (B) Polychlorinated biphenyl 77 from dogfish liver. (C) Polychlorinated biphenyl 77
from window sealant. (D) Polybrominated diphenyl ether 17 spiked into powdered flooring
18 (ST 10 4 2SR 92



Xiv

List of Equations

Equation 2.1: Fick’s fIrSt JaW......cccveiiiiiiiiiice ettt eeeeaeeenes 4
Equation 2.2: CP-MIMS signal intensity proportionality..........ccccceeevieeriieeniieeniieenieeesieeesvee s 4
Equation 2.3: CP-MIMS S1gnal T1SE-tIME .........eeeriiieiiieeiiieeieeeiteeeieeeeieeesaeeesveeesseeeseaeeensneeenes 4
Equation 3.1: Detection limit @StIMatiON ..........eeeiieeeiiieeiiieerieeeieeeeieeeeieeeeaeeesreeesaeeeseseeeeneees 24
Equation 3.2: Membrane permeability ...........ccooiiiiiiiiiiiiiieeiiceeeee e 28
Equation 4.1: Membrane permeability ...........ccoeiiiiieiiiieiiieeieeeeeee e e 42

Equation 4.2: CP-MIMS S1gnal T1S€-tIME .........eeeriiieiiieeiieeeiiee et eieeeeeeeeaeeesveeesaeeeseveeeenee s 42



XV

List of Abbreviations and Definitions

ACN
amu
Ant
APCI
BaAnt
BaPyr
BbF1
Cs

CE
Chr
CI
CP-MIMS
DART
DBP
DCM
DEHP
DEI
DEP
DESI
DI

DL
Dy,

D
DMS
El
EESI
ELDI
ESI

Fl
FT-IR
GC
GP-MIMS
HES
HPLC
ID

IE

Acetonitrile

Atomic mass unit

Anthracene

Atmospheric pressure chemical ionization
Benz[a]anthracene

Benzo[a]pyrene

Benzo[b]fluoranthene

Concentration in sample

Charge exchange

Chyrsene

Chemical ionization

Condensed phase membrane introduction mass spectrometry
Direct analysis in real-time

Dibutyl phthalate

Dichloromethane
Bis(2-ethylhexyl)phthalate

Direct electron ionization

Diethyl phthalate

Desorption electrospray ionization
Deionized

Detection limit

Diffusivity in membrane

Deuterium

Direct mass spectrometry

Electron ionization

Extractive electrospray ionization
Electrospray assisted laser desorption ionization
Electrospray ionization

Fluoranthene

Fourier transform infrared spectroscopy
Gas chromatography

Gas phase membrane introduction mass spectrometry
High-efficiency source

High pressure liquid chromatography
Inner diameter

Ionization efficiency



Xvi

J Flux across membrane

Ks Relative solubility between membrane and sample
K, Octanol-water partitioning constant
/ Membrane thickness

LC Liquid chromatography

LEI Liquid electron ionization

LEI/CI Liquid electron ionization with in situ chemical ionization
MIMS Membrane introduction mass spectrometry
MS Mass spectrometry

MS/MS Tandem mass spectrometry

m/z Mass to charge ratio

N Naphthalene

NA Naphthenic acid

NMR Nuclear magnetic resonance

OD Outer diameter

P Phenanthrene

P, Membrane permeability

PAH Polycyclic aromatic hydrocarbon
Per Perylene

PIM Polymer inclusion membrane
PDMS Polydimethylsiloxane

PS Paper spray

POP Persistent organic pollutant

Pyr Pyrene

Q Quadrupole

RPM Revolutions per minute

S Signal intensity

SIM Selected ion monitoring

SPE Solid phase extraction

SPME Solid phase microextraction

SRM Selected reaction monitoring

S/N Signal-to-noise ratio

110-90% Signal risetime

UV-vis Ultraviolet-visible



xvil

Acknowledgments

I would first like to thank Drs. Erik Krogh and Chris Gill for their patience, expert
advice, and seemingly endless support. Additionally I would like to thank Drs. Scott McIndoe,
Alexandre Brolo, and Mohsen Akbari for valuable feedback throughout my degree. I would like
to thank the many AERL group members who have helped make my graduate experience highly
enjoyable. In particular, I would like to thank Dr. Kyle Duncan for training me as an
undergraduate student. I would like to thank Scott Borden and Joseph Monaghan for being great
friends and even better ‘colleagues.’ I would like to thank my friends and collaborators Drs.
Achille Cappiello, Pierangela Palma, and Veronica Termopoli for contributing greatly to the
progression of my research. I would like to thank Agilent Technologies for their support of my
research through the provision of instrumentation, resources, and scientific advice. To my
family, Mom, Dad, Dianne, and Darren, thank you for your support and interest in my research
projects, feigned or not. I would like to thank my late Uncle Dr. Larry Vandergrift, for being a
great encouragement and advocate for advanced education for as long as I can remember. Thank
you to my wife Jade, for being there for all the highs and lows. Thank you for providing
celebrations, timely encouragements, and constant support. Finally, I would like to thank God for
these incredible people and providing this life-changing experience.



Xviii

Dedication

For Jade



Chapter 1

Introduction

Advances in direct mass spectrometry (DMS) have revolutionized analytical chemistry
over the past several decades largely due to operational simplicity, widely varied applications,
and the capability to collect real-time data. In DMS, a sample is directly interfaced to a mass
spectrometer, obviating numerous sample preparation, cleanup, and separation steps that are
otherwise associated with conventional, discrete sampling techniques such as liquid/gas phase
chromatography couplings to mass spectrometry (LC-MS, GC-MS). While the simultaneous
analysis of mixture components as part of DMS strategies presents inherent challenges (i.e.,
component separation/identification, matrix effects, quantitative results), researchers have been
refining DMS since the 1970s through the use of improved mass analyzers and the development
of a broad variety of DMS ionization/sampling techniques.'

One such DMS technique that has been developed primarily by Drs. Chris Gill, Erik
Krogh, and co-workers in recent years is condensed phase membrane introduction mass
spectrometry (CP-MIMS).®® In CP-MIMS, a semipermeable hollow fibre membrane, typically
polydimethylsiloxane (PDMS), is mounted onto a probe, where the probe is then directly
immersed into a sample (aqueous, solvent, slurry, etc.). Neutral analytes that are free in solution
permeate the membrane, driven by a concentration gradient, whereas charged and particulate
matrix components are rejected. Membrane permeants are dissolved by a solvent acceptor phase
that continuously flows through the membrane lumen, entraining analytes towards a mass
spectrometer for detection. Further advantages and general principles of CP-MIMS are discussed
in detail as part of the subsequent chapters contained in this thesis.

CP-MIMS, along with the vast majority of current DMS techniques, often uses
atmospheric pressure ionization strategies (i.e., related to electrospray (ESI)) to place a charge on
analytes prior to sorting/detection via a mass analyzer. While effective for numerous relevant
analyte classes, ESI and related techniques are generally restricted to analytes that exhibit
acid/base chemistry in the gas-phase. As a result, DMS analyses of neutral, hydrophobic analytes
(e.g., polycyclic aromatic hydrocarbons (PAHs)) are generally limited. A central goal of this
thesis was to therefore pair CP-MIMS, a technique already ideally suited to hydrophobic
compounds due to the hydrophobic PDMS membrane, with electron and chemical ionization (EI,
CI) techniques as a more ideal analytical coupling. This pairing, as shown in this thesis,
ultimately helped to address a significant gap in the DMS literature and complement existing
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methods for the quantitative analyses of neutral, hydrophobic compounds directly from complex
samples.

Prior to demonstrating EI and CI couplings, Chapter 2 describes the optimization of
membrane permeation via a CP-MIMS-ESI system by cosolvent additions to the CP-MIMS
acceptor phase. The modified membrane/solvent systems as demonstrated in Chapter 2 were
applied in principle to the rest of the studies presented in this thesis.” The results from Chapter 2
are also universally beneficial to other CP-MIMS projects that are beyond the scope of this
thesis, improving both sensitivity and throughput for a wide variety of analytes. Chapter 3
describes the coupling of CP-MIMS to EI, termed CP-MIMS liquid electron ionization (CP-
MIMS-LEI), and was applied to the analyses of PAHs from both aqueous, and notably soil
samples.'® This coupling was non-trivial due to the nature of pairing liquid flows from CP-
MIMS with the vacuum environment of EI, but resulted in a complementary pairing for the
analysis of hydrophobic, organic analytes as discussed earlier. The soil analyses as presented in
Chapter 3 are especially significant, as there is a notable paucity of direct, quantitative methods
for soil samples in the peer-reviewed literature. Building upon the analyses of organic
compounds from complex and heterogeneous samples, Chapter 4 applies CP-MIMS-LEI to the
analyses of synthetic reactions directly from harsh, complex mixtures."'

Results in Chapter 5 represent the evolution of CP-MIMS-LEI via the purposeful
exploitation of the solvent acceptor phase from CP-MIMS as a means to generate chemical
ionization reagents (i.e., CP-MIMS-LEI/CI) while still using a conventional EI source.'? Chapter
5 furthermore applied these principles of chemical ionization to the direct, quantitative analysis
of phthalates from house dust, another heterogeneous sample phase. Finally, in Chapter 6, CP-
MIMS-LEI/CI (using a CI source) is applied to the analysis of PAHs from soils, where
individual PAH isomers were quantitated directly from soils through the use of unique gas-phase
CI behaviour with dichloromethane and methanol reagent ions. CP-MIMS-LEI/CI represents the
culmination of this thesis, being a technique that is not only capable of DMS of neutral
hydrophobic compounds from various complex samples and phases, but furthermore exploits CI
principles for additional sensitivity and selectivity. Chapter 7 discusses further conclusions of
this work, and also presents opportunities and ideas for future work.

This thesis contains one appendix, which represents the exploration of paper-spray mass
spectrometry (PS-MS), another DMS technique, for use in fentanyl and norfentanyl quantitation
from complex samples.”> While not directly related to the main contents of this thesis, the
appendix further demonstrates the diversity and analytical capability of DMS methods. With the
exceptions of Chapters 1 and 7, the entire contents of this thesis have been published in refereed
journals.



Chapter 2

Polymer Inclusion Membranes with Condensed
Phase Membrane Introduction Mass
Spectrometry (CP-MIMS): Improved Analytical

Response Time and Sensitivity

Reproduced with minor changes and permission from Vandergrift, G.W.; Krogh, E.T.;
Gill, C.G. “Polymer Inclusion Membranes with Condensed Phase Membrane Introduction Mass
Spectrometry (CP-MIMS): Improved Analytical Response Time and Sensitivity.” Analytical
Chemistry, 2017, 89, 5629-5636. G.W. Vandergrift designed the experiments, collected the data,
and analyzed the data. G.W. Vandergrift drafted the manuscript, with intellectual and editorial
contributions from all authors.

2.1 Introduction

Membrane introduction mass spectrometry (MIMS) is an online, in situ analytical
technique that uses a membrane as a semipermeable interface between a sample and a mass
spectrometer, allowing the simultaneous, direct, and continuous measurement of trace level
analytes in real time. For further background, the reader is directed to several published reviews
on MIMS."*!"” The membrane is directly exposed to or immersed in a sample (gaseous, aqueous,
and slurry), and analytes diffusing through the membrane (driven by a concentration gradient)
are then transported to a mass spectrometer for their subsequent detection and measurement. Gas
phase MIMS (GP-MIMS) uses a gaseous acceptor phase or vacuum to transfer permeating
analytes and is well-suited for the measurement of relatively volatile analytes, whereas
condensed phase MIMS (CP-MIMS) uses a condensed (liquid) acceptor phase and is tailored for
low volatility analytes.'” With either approach, analytes are resolved based on their
permselectivity at the membrane, their ionization efficiency in the MS ion source, and their m/z
ratio or m/z transition in MS/MS experiments. MIMS frequently uses polydimethylsiloxane
(PDMS) membranes, which are selective for neutral hydrophobic analytes but are impermeable
to ionized species (e.g., salts) and particulate matter present in complex samples. This direct MS
sampling strategy largely eliminates the need for costly, time-consuming sample handling and
cleanup procedures required for other (i.e., chromatographic) methods. Overall, MIMS is a
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sensitive, selective and cost-effective analytical method capable of directly and simultaneously
analyzing a wide range of analytes in complex samples in real time.

The steady-state mass transfer of an analyte through an ideal one-dimensional polymer
barrier is governed by a concentration gradient in the membrane as described by Fick’s law.'® If
the analyte is swept away from the downstream side of the membrane by an acceptor phase, a
concentration gradient is maintained and the flux across the membrane barrier is described as

CsKm—st

Equation 2.1 J = l

where J is the analyte flux (moles per area per unit time), C; is the concentration of analyte in the
sample, K,-s is the relative solubility of the analyte between the membrane and sample (a
partition constant), D,, is the diffusivity of the analyte in the membrane, and / the membrane
thickness. Overall membrane permeability is given by the product of K, and D,,. In a CP-
MIMS experiment, the signal intensity (S) from the mass spectrometer depends also on the
ionization efficiency (/E) for a given analyte, therefore

Equation 2.2 S &« C4Kpyy_ gD IE

While analytes with reduced volatility may be successfully measured by CP-MIMS, the
time required for analytes to reach steady-state across the membrane can be considerable (e.g., >
10 min). This is especially true for larger analytes, where their lower diffusivities through a
polymer membrane yield longer measurement response times.” This increases their analytical
duty cycle and reduces the effectiveness of MIMS for the real time monitoring of dynamic
processes occurring in the sample (i.e., reacting systems, variable contaminant levels, etc.).
Processes occurring at time scales faster than the analyte diffusion through the membrane will
not be observable. Therefore, strategies to minimize response times are needed in order to both
increase throughput and improve the temporal resolution of dynamic process monitoring.
Modifications to reduce response times (such as sample heating) may be effective'”” ° but can be
undesirable because sample integrity and kinetic data may be compromised and/or biased by
elevated temperatures.

The signal response time is related to the time required for analyte flux across a
membrane to reach steady-state and is proportional to intrinsic properties of the membrane
material and the analyte, including the membrane thickness (/) as shown in Equation 2.3:%

. 12
Equation 2.3 ti0-90% X

where response time may be referred to as #;,9-99po; (time required for the signal to rise from 10%
to 90% of the maximum, steady-state signal intensity) and D represents the analyte diffusivity in



5

the membrane at specified conditions (i.e., temperature). Alberici et al. used a thin (10 pm)
membrane to decrease response times for the MIMS analysis of volatile organic compounds in
water but experienced reduced sensitivity, which they attributed to increased permeation of water
through the membrane in their GP-MIMS type experiment, resulting in lower ionization
efficiency and/or ion—molecule chemistry.”' Our group has also used very thin, supported PDMS
membranes (500 nm) with CP-MIMS to successfully reduce response times, although we
observe that these membranes are inherently more fragile and prone to damage.’

To utilize CP-MIMS effectively for analytes with slower response times, a robust
membrane system with faster response times is desirable, and is potentially best achieved
through manipulation of analyte diffusivity characteristics rather than by reducing membrane
thickness. One strategy aimed at solving this issue is to employ polymer inclusion membrane
(PIM) systems. To form a PIM, a polymer membrane is used to provide mechanical strength and
a suitable solvent is doped in the polymer matrix to assist both analyte extraction and diffusion.
PIMs have been used largely for the extraction of metal ions*** but also have been employed for
organic molecules.”*” For example, Gelotte and Listritto reported solvent interactions with
PDMS to improve the membrane solubility and diffusion of benzocaine using a series of alkanol
cosolvents.”” Solvent/polymer interactions were observed to affect polymer swelling and were
consistent with the corresponding Hildebrand solubility parameters.”® In early MIMS
experiments by our group, we observed the physical swelling of PDMS membranes when
exposed to hexane and toluene rich samples and even “anomalous” signal response times and
sensitivities for analytes in these instances (unpublished work). These experiments were very
likely forming in situ PIM systems, although in an uncontrolled manner. Until the work reported
here, we have not intentionally investigated or employed a PIM system to assist with MIMS
performance.

The goal of the presented research was to develop a more robust CP-MIMS membrane
system with improved analytical performance. In particular, we aim to achieve faster signal
response times without compromising analytical sensitivity or altering the sample conditions by
heating, etc. Presented is the development and characterization of the first CP-MIMS approach
utilizing an in situ generated PIM resulting from the addition of a heptane cosolvent to a
methanol acceptor phase. We demonstrate improved signal response times and sensitivity for a
suite of biologically and environmentally relevant analytes in complex samples. Short duration,
fixed sample exposure times have also been evaluated as a strategy to further decrease the
analytical duty cycle for high throughput and rapid screening applications.



2.2 Experimental Section

2.2.1 Standard Solution and Sample Preparation

Stock solutions were prepared gravimetrically in methanol (HPLC grade, Fisher
Scientific, Ottawa, ON, Canada). Gemfibrozil (99%), heptane (HPLC grade), nonylphenol
(technical  grade), 2,4,6-trichlorophenol  (98%), and triclosan  (5-chloro-2-(2.,4-
dichlorophenoxy)phenol, 97%) were obtained from Sigma-Aldrich (Oakville, ON, Canada).
Table 2.1 gives the physicochemical properties of the analyte suite. Analytical standards were
prepared as combined suites at low concentration levels such that inter-analyte ionization
suppression effects with ESI were negligible. Analytes were also measured individually to
ensure that the CP-MIMS signal response times were independent of the presence of other
analytes. The refined Merichem Naphthenic Acids mixture (Merichem Company, Houston, TX)
was supplied by Environment Canada. Heptane and methanol mixtures (0-20% heptane in
methanol v/v) were prepared volumetrically and mixed thoroughly before use. Aqueous samples
were prepared by gravimetric dilution using 18 MQ deionized (DI) water (model MQ Synthesis
A10, Millipore Corp., Billerica, MA) in 40 mL glass vials (EPA/VOA Type, Scientific
Specialties Inc., Hanover, MD). The final methanol concentration in all aqueous samples was
kept below 0.2% by mass. Complex matrices included surface water from a river in Northern
Alberta, seawater collected at Lantzville, BC, Canada, and artificial urine (preparation described
elsewhere®). Sample matrices were passed through a 0.45 pm filter (Durapore, Millipore Corp.)
prior to analysis. Each sample analyzed by CP-MIMS was pH adjusted below 4 with 6 M HCI
(Fisher Scientific). HCl was chosen for this purpose because it is a strong acid, with 100%
dissociation, requiring minimal additions to lower the pH of samples. The pH was manipulated
such that the vast majority of the analyte was in its neutral form and therefore able to partition
through the PDMS membrane.”’

Table 2.1: MS scan parameters and analyte physiochemical properties.

Target Analyte Molar mass ~ Vapor pressure® pKa®  LogK.,'  MS scan”

g mol” Paat 25 °C m/z
Gemfibrozil 250.33 4.1x10° 4.5 43 249—120 (15)
Nonylphenol 220.35 3.1x10° 103 576 2195133 (30)
2,4,6-Trichlorophenol 197.45 1.1 6.23 3.67 197
Triclosan 289.54 8.6x107 7.9 4.76 287

“SRC Physical Properties Database™
® Collision energy is eV listed in brackets



2.2.2 CP-MIMS System

A triple quadrupole mass spectrometer (Micromass Quattro Ultima LC, Waters-
Micromass, Altrincham, U.K.) equipped with an ESI source was used in negative ion mode, with
—3.2 kV applied to the capillary. The desolvation gas temperature was maintained at 225 °C.
Nitrogen (UHP grade, Praxair, Nanaimo, BC, Canada) desolvation and curtain gas flow rates
were maintained at 750 and 50 L/hr, respectively. Argon (UHP grade, Praxair) was maintained at
approximately 3 mTorr in the collision cell for tandem mass spectrometry (MS/MS)
experiments. Selected ion monitoring (SIM) (0.5 s dwell time) and fullscan (m/z 100—600, 1 s
scan time) methods were used for the Merichem analyses. SIM (1 s dwell time) was used for
2,4,6-trichlorophenol and triclosan, while MS/MS (1 s dwell time) was used for gemfibrozil and
nonylphenol, with pertinent MS scan parameters presented in Table 2.1. A 2.0 cm length of 170
um thick (0.30 mm i.d., 0.64 mm o.d.) PDMS hollow fiber membrane (Silastic brand, Dow
Corning, Midland, MI) was mounted on a CP-MIMS immersion “J-probe”, with construction
details described previously.”® A syringe pump (Harvard Apparatus Pump 11 Elite, St. Laurent,
QC, Canada) and gastight syringe (10 mL, Hamilton Corporation, Reno, NV) was used to supply
the acceptor phase at 75 uL/min, first through a 20 pm inline filter (Upchurch Scientific A-313,
Oak Harbor, WA), and then through the lumen of the hollow fiber membrane, and finally toward
the mass spectrometer. All analyses were performed at ambient temperature and pressure (~25
°C and ~101 kPa). For all CP-MIMS measurements, the membrane probe was directly immersed
into a magnetically stirred sample (LABDISC S56, Fisher Scientific, Waltham, MA), and after a
stable baseline signal was established, analyte was spiked into the mixing sample with a
micropipettor to achieve the desired concentration. The probe was either left in the sample until
the analyte signals reached a steady-state or removed after a specific exposure time (10 s, 30 s),
as noted. After each measurement, the membrane probe was removed from the sample and
immersed in a magnetically stirred methanol rinse until signals returned to baseline levels.

2.2.3 Direct Infusion Experiments

To investigate any ionization effects from a mixed acceptor phase and to quantify
membrane transport, direct calibration curves for gemfibrozil, nonylphenol, trichlorophenol, and
triclosan were generated using standards prepared in both methanol and 0.046 mole fraction
heptane in methanol solvent systems. These were analyzed by direct infusion to the ESI source at
a flow rate of 75 plL/min, the same used in the CP-MIMS experiments. To eliminate any
potential experimental bias, the membrane interface was removed for direct infusion studies.

2.2.4 Data Analysis

Microscopic images were obtained using a dissection microscope (model MDG 17, Wild
Heerbrugg, Switzerland) equipped with a digital camera imaging system (model MD500,
Amscope, Irvine, CA). All measurements were conducted in triplicate, with uncertainties
reported as standard deviations, unless otherwise noted. All data was background-subtracted
using the signals obtained for the corresponding unspiked sample matrix. In all cases, five-point
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moving boxcar smoothing was applied to the signal chronograms, and signal intensities for non-
steady-state measurements were evaluated as peak heights.

2.3 Results and Discussion

2.3.1 Signal Response Time Studies

A homologous series of aliphatic straight chain hydrocarbons (pentane, hexane, heptane,
and octane) were initially tested for their suitability as cosolvents to generate PIM systems,
adding them to the CP-MIMS methanol acceptor at modest mixing ratios, within their respective
miscibility ranges. Heptane was chosen as the optimal cosolvent because of its solubility in
methanol, green chemistry advantages, lower volatility compared to shorter chain aliphatic
hydrocarbons, and the overall analytical performance of the PIM system. The interaction of the
cosolvent acceptor phase system with the PDMS membrane alters its physiochemical properties,
visually observed as a swelling of the membrane when forming the PIM. Figure 2.1 shows
images of the physical changes of a PDMS hollow fiber membrane present in pure methanol,
0.046 mole fraction heptane in methanol, and pure heptane. Solvent-infused polymer membranes
have been previously observed to enhance analyte flux.”> *' This was ascribed to a combination
of increased permeant solubility and diffusivity in swelled PDMS, measured in a series of
steady-state experiments using permeation cells. These effects can also be readily observed in
real time via the CP-MIMS approach described here. For example, Figure 2.2 shows an overlay
comparison of CP-MIMS measurements made with and without heptane in the methanol
acceptor for 6 ng/L of gemfibrozil in aqueous solution. The time required for the signal to reach
a steady-state is markedly reduced, and the signal intensity is significantly higher in the presence
of the heptane-modified PDMS system (i.e., the PIM system). This advantage is explored further
in the non-steady- state measurements (see below).
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Figure 2.1: Microscope images obtained for PDMS hollow fiber membranes immersed in (a)

pure methanol, (b) 0.046 mole fraction heptane in methanol, and (c) pure heptane. The swelling
of the membrane is evident when heptane is present.
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Figure 2.2: Comparison of the CP-MIMS signal responses observed for the direct measurement
of 6 ng/L aqueous gemfibrozil using a PDMS hollow fiber membrane with a methanol acceptor
phase and a PIM system formed by using 0.046 mole fraction heptane in methanol acceptor.
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To optimize the PIM system for use with CP-MIMS, a series of experiments were
conducted that measured a mixed suite of four target analytes (gemfibrozil, nonylphenol, 2,4,6-
trichlorophenol, and triclosan) at 6 pug/L in DI. A series of heptane/methanol acceptor solutions
was prepared at 0, 5, 10, 15, and 20% by volume (heptane mole fractions of 0 to 0.065) and
evaluated for their effects upon signal response time (i.e., #;0-902;) and analytical sensitivity. For
each acceptor phase composition, the measured analyte signals were allowed to reach a steady-
state and the signal response times were determined as #;9-gge,. Figure 2.3 summarizes the results,
showing a marked decrease in the #;9-9ps; for nonylphenol from 6.1 to 1.2 min as the heptane
cosolvent concentration increases. Gemfibrozil and triclosan also exhibit significant
improvements in their response times over this range. Trichlorophenol, the smallest of the
analytes measured here, exhibits the least response time improvement in the presence of the
heptane cosolvent. Relative response time improvements are summarized in Table 2.2. We
attribute the decreased response time to a greater diffusivity of analytes in the swelled
membranes. Heptane effectively increases membrane plasticity, reducing resistance to mass
transport. Diffusivity depends on a variety of properties intrinsic to both the permeant (most
notably it is size and shape parameters) and the medium (viscosity and tortuosity). Interestingly,
we observe that the response times for all four analytes, which markedly differ without heptane,
coalesce to more or less the same value (~1 min) when using the swelled PIM system. This
“leveling” effect is consistent with the notion that the PIM removes analyte specific differences,
and that at 0.046 mole fraction heptane, the remaining resistance is intrinsic only to the swelled
membrane itself. Since membrane thickness actually increases with increasing heptane cosolvent
concentration (Figure 2.1), the observed reduction in signal response times suggests that the
increase in analyte diffusivities more than compensates the effect of increasing membrane
thickness. From an analytical standpoint, faster response times that are independent of analyte
identity are advantageous, particularly for high throughput, online, and rapid screening
applications.
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Figure 2.3: Effect of increasing the acceptor phase heptane composition upon CP-MIMS signal
response times (#;0-902). Identical combined samples prepared in DI water (6 pg/L each of
gemfibrozil, nonylphenol, 2,4,6-trichlorophenol, and triclosan in DI, pH < 4) were used to
generate each data point.

Table 2.2: Detection limits, relative signal intensities, response times, ionization efficiencies for
direct infusion studies, and analyte enrichments for CP-MIMS measurements using the PIM
system relative to those utilizing a PDMS membrane and methanol acceptor.

Target Analyte PIM System Rel. Signal  Rel. Response  Rel. IE Rel.
Detection Limit* Intensity’®  Time® Enrichment®
ng/L

Gemfibrozil 43 35+03 2.7+0.5 099+0.05 7.1+04

Nonylphenol 120 1.5+£0.3 52+0.6 1.6 £0.1 25+04

2,4,6-Trichlorophenol 90 35+£0.2 1.4+£0.2 1.3+£0.1 9.8+0.2

Triclosan 230 0.9+0.2 34+£05 096+0.03 24+03

*S/N=3

® Signal intensities obtained for the PIM system relative to a PDMS membrane and methanol acceptor.

¢ Ratio of #9.99¢; response times for a PDMS membrane and pure methanol acceptor to those obtained for the PIM
system (0.046 mole fraction heptane in methanol).

4 Ratio of direct infusion calibration slopes generated from a combined standard (0 to 35 pg/L) in 0.046 mole
fraction heptane in methanol relative to those obtained in pure methanol. Uncertainties obtained using the method of
least squares.

¢ Enrichment for the PIM system relative to a PDMS membrane and methanol acceptor, obtained for CP-MIMS
measurements of a 6 ug/L aqueous combined standard.
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2.3.2 Sensitivity Studies

The target analyte signal intensities observed for various heptane cosolvent compositions
studied are illustrated in Figure 2.4. The greatest analytical sensitivity for most analytes is
observed at a 0.046 mole fraction heptane in the methanol acceptor. As observed in Figure 2.4,
the sensitivity of the PIM system actually decreases for higher heptane cosolvent compositions
(mole fraction in methanol greater that 0.065). This decrease is likely a combined effect of the
limited heptane solubility in methanol affecting ESI droplet formation and also decreasing
ionization efficiency due to organic partitioning effects within the electrospray droplets.”*™* On
the basis of these results, a cosolvent acceptor system of 0.046 mole fraction heptane in methanol
was used for all subsequent studies, referred to as the PIM system.

Heptane Percentage ,,
0 5 10 15 20

4| O 2,4,6-Trichlorophenol

[ Nonylphenol (x40)

@ Gemfibrozil (x3) e)
M Triclosan (x4)

©

Signal Int. / a.u. x10*
=

0 0 0.02 . 0.04 0 0.06
Heptane Mole Fraction

Figure 2.4: Effect of increasing acceptor phase heptane composition upon CP-MIMS signal
intensities. Identical samples (6 pg/L each of gemfibrozil, nonylphenol, 2,4,6-trichlorophenol,
and triclosan in DI, pH < 4) were used to generate each data point. Data is scaled, as noted, for
clarity.

Table 2.2 summarizes detection limits for steady-state measurements obtained with the
PIM system, as well as a comparison of performance characteristics for CP-MIMS with heptane
in the acceptor phase relative to those without it. The PIM system demonstrates detection limits
in the low parts per trillion (ng/L) range for direct, online measurements of the target analytes
studied. The improvement in the relative response times alone (which we attribute to greater
diffusivity in the PIM system), would contribute to increased membrane permeability, and
therefore be expected to give rise to a greater signal intensity. This is particularly so for
nonylphenol, gemfibrozil, and triclosan, which exhibited significant reductions in their #;9-gp2;
response times. However, Figure 2.4 illustrates marked signal increases for trichlorophenol and
gemfibrozil, a modest increase for nonylphenol, and a slight decrease for triclosan on going from
pure methanol to a 0.046 mole fraction heptane in a methanol acceptor. The fact that the signal
enhancements do not map the concurrent changes in diffusivities strongly suggests that other
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factors affecting mass transport and/or ionization efficiency are influencing the signal intensity
(Table 2.2). This is most clearly demonstrated for trichlorophenol, which experiences essentially
no change in diffusivity but a greater than 3 fold increase in signal intensity. One explanation is
that the partitioning into the membrane (K,,-s;) becomes more favorable for this analyte in a
heptane-infused PDMS membrane. Adding a heptane cosolvent to PDMS would be expected to
increase the hydrophobic character of the PDMS, thus favoring the mass transport of
hydrophobic analytes such as those studied here. Therefore, analytes that exhibit high organic
partitioning behaviors as reported by log K, values ranging from 3.7 to 5.8 (Table 2.1) exhibit
increased sensitivity when the PIM system is used instead of a PDMS membrane with a
methanol acceptor.

To evaluate the origin of sensitivity improvements observed when using the PIM system
with CP-MIMS, it is useful to evaluate contributions at both the membrane transport and ESI
levels. Since it is known that ionization efficiency in ESI can be affected by solvent
composition,™ a series of direct infusion experiments were conducted to explore the influence of
the heptane cosolvent. A calibration series using a combined standard of the target analytes was
obtained in pure methanol and 0.046 mole fraction heptane in methanol (Table 2.5.1). The results
of these experiments are summarized in Table 2.2, which reports the relative ionization
efficiency as the ratio of the calibration slope in heptane/methanol to the calibration slope in pure
methanol. While there was no observed effect of the heptane cosolvent on the ionization
efficiency for gemfibrozil and triclosan, trichlorophenol and nonylphenol exhibit modest
enhancements 30 and 60% (respectively) in the presence of the heptane cosolvent. These results
suggest that overall, ionization efficiency is not responsible for the majority of signal
enhancement as shown in Figure 2.4.

The level of analyte enrichment in the CP-MIMS acceptor phases relative to the sample
concentration can be probed further by using calibration curves from direct infusion experiments.
The relative enrichments presented in Table 2.2 are based on the concentrations derived from the
observed signals in the CP-MIMS experiments with and without the PIM system. Enrichment
was calculated by dividing the steady-state concentration of analyte in the acceptor by the known
concentration in the aqueous sample. Relative enrichments were calculated by dividing the
enrichment observed for measurements made with the PIM system by those obtained with a
PDMS membrane and pure methanol acceptor. All relative enrichments presented are greater
than one, indicating that mass transport is favored when using the PIM system. While further
correlations of the observed trends and improvements to analyte physicochemical properties may
be done, we believe such discussions are better explored more comprehensively elsewhere.

2.3.3 Non-Steady-State Measurements

Frequently, for calibration and measurements with CP-MIMS, analyte signals are allowed
to reach their maximum, steady-state levels.b® 23436 por analytes with longer #;9- g9, responses,
this increases the analytical duty cycle. As an alternative strategy to reduce measurement times,
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the membrane interface can be exposed to the sample for fixed, short periods, removing it from
the sample before steady-state signals are achieved. The resulting measurements yield peak-
shaped responses. Although the maximum signal intensities possible may not be achieved, the
analytical duty cycle can be significantly shortened. These experiments are referred to as non-
steady-state CP-MIMS measurements.>*

The response time improvements arising from using the PIM (Figure 2.3) may be
exploited for non-steady-state measurements, since significant analytical signal levels can be
achieved for short membrane exposure times (<1 min). To investigate the potential use of this
approach, calibration data was obtained for target analytes in aqueous samples (5 to 110 pg/L),
using both pure methanol and 0.046 mole fraction heptane in methanol acceptors, exposing the
sample to the membrane for both 10 and 30 s intervals. For all of the target analytes, satisfactory
linear calibrations were achieved (Table 2.5.2). Figure 2.5 illustrates typical calibration curves
for the target analytes, obtained for 10 s sample exposures using the PIM system, along with
representative analytical signals obtained for triplicate aqueous gemfibrozil measurements. Table
2.3 summarizes the observed calibration sensitivity improvements for the PIM system based CP-
MIMS measurements obtained using the non-steady-state approach, as well as corresponding
detection limits. Calibration sensitivity improvement factors are derived from the ratio of the
calibration slopes obtained for the PIM system relative to those for PDMS with a pure methanol
acceptor (Table 2.3). This improvement is universal for all analytes studied because of the faster
(and uniform) response times achieved using the PIM and, consequently, its ability to achieve
greater signal levels (and ng/L—ug/L detection limits) for the short measurement times.

i i i
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Figure 2.5: Non-steady-state CP-MIMS measurement calibration data (10 s membrane exposure
times) of aqueous DI samples obtained using the PIM system. Data is scaled as noted for clarity.
The inset illustrates the analytical signals obtained for the direct measurement of 74 nug/L
aqueous gemfibrozil using 10 s membrane exposure times.



15

Table 2.3: Calibration sensitivity improvement and detection limits observed for PIM based CP-
MIMS using the non steady-state measurement approach.

Target Analyte Calibration Sensitivity Non-Steady-State
Improvement Factor” Detection Limits
pg/L’
10 s Sample 30 s Sample 10s Sample 30 s Sample
Exposure Exposure Exposure Exposure
Gemfibrozil 10+1 5.9+0.7 1.4 0.51
Nonylphenol 7.5+£0.8 48+04 27 1.4
2,4,6-Trichlorophenol 5.7+ 0.4 36+0.3 0.68 0.51
Triclosan 8.6+0.7 3.6+£0.3 1.8 0.55
? Uncertainties obtained using the method of least squares.
"S/N =3.

2.3.4 Performance in Complex Matrices

Ionization suppression has consistently been a significant issue for quantitative ESI
analyses with mass spectrometry.” >"** With CP-MIMS employing ESI, ionized components of
complex sample matrices are rejected by the PDMS membrane but any neutral matrix
component that is permeable will diffuse through the membrane and be transferred to the ion
source, potentially contributing to ionization suppression effects.® In order to test the
applicability of the presented PIM system based CP-MIMS for use with complex sample
matrices, measurements made in surface water, seawater, and artificial urine were conducted.
The improved response times observed in DI water samples were conserved across all analyses
for a 50 pg/L spike of the target analytes prepared in each sample matrix. Sensitivity effects are
presented in Table 2.4 as “signal intensity ratios” for the specific matrices, calculated as the
steady-state signal in a complex matrix divided by the steady-state signal for a sample of
identical concentration prepared in DI. These ratios were calculated for both a PDMS membrane
using a methanol acceptor and for the PIM system. In this way, the ratios are not indicative of
signal improvements from the addition of cosolvent to the acceptor phase but rather give
information based solely on ionization suppression induced by the matrix (i.e., a ratio below 1 is
indicative of ionization suppression). As can be seen in Table 2.4, the signal intensity ratios
observed are essentially the same across various sample matrices for both CP-MIMS variants,
suggesting that any ionization suppression effects from complex matrices are equal for the PIM
system. In previous work, we have shown that improvement in direct quantitation across
different matrices may be achieved using internal standard strategies that correct for ionization
suppression effects.®
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Table 2.4: Signal intensity ratios obtained for CP-MIMS measurements made in complex
matrices compared with those made in DI water.

Target Analyte PDMS Membrane and Methanol PIM System

Acceptor

Surface Seawater  Artificial Surface Seawater Artificial

Water Urine Water Urine
Gemfibrozil 0.67+0.01 0.8+0.1 0.45+0.01 | 0.7=+0.1 0.69+0.02 0.45+0.02
Nonylphenol 0.8+0.1 0602 04£0.1 1.0£0.1 0.6+0.1 0.5+0.1
2,4,6-Trichlorophenol  0.79+0.03 09+0.1 045=+0.01 | 0.83+£0.05 0.77+0.04 0.50=+0.03
Triclosan 1.0+0.1 1.0£0.2 0.7+0.1 1.0£0.1 0.8+0.1 0.7+0.1

2.3.5 Performance with Complex Analyte Mixtures

A class of environmental analytes that has proven particularly challenging to analyze by
CP-MIMS and other methods are the naphthenic acids.” ** > Naphthenic acids (NAs) are a
highly complex mixture of alkylated carboxylic acids, containing multiple degrees of
unsaturation via double bonds or ring structures spanning a typical mass range from m/z
200-600.*"* Naphthenic acids containing one carboxylic acid functional group are represented
by the formula C,H;,:.0,, where #n is the number of carbons and z is a negative integer indicating
the number of degrees of unsaturation. Characterization of NAs in environmental samples and oil
sands process waters continues to be a priority as these compounds are a corrosive byproduct
from heavy oil extraction and processing and are associated with aquatic toxicity in the Alberta
oil sands.*"" ** We have previously shown that CP-MIMS, using pure methanol as an acceptor
phase, is useful for both quantitative and qualitative NAs screening directly in “dirty” samples.*”
33 However, some of the higher molecular weight NAs exhibit long #;9-gge; signal response times
(>10 min) because of their larger molar volumes (i.e., lower diffusivities).”

To evaluate the use of the PIM system based CP-MIMS for NA measurements, a
standard NAs mixture (Merichem) was analyzed at 141 pg/L (total concentration of all NAs
species) in DI water. When using the PIM system, both #9999, signal response times and signal-
to-noise ratios were improved. Table 2.5 shows that signal-to-noise ratios double, providing
greater sensitivity. Response times became markedly shorter, leveling out at ~2 min across all
observed NA m/z values. Improvements in signal response times for CP-MIMS can be achieved
using a 500 nm thick PDMS membrane,’ but the use of the PIM system is superior because of its
durability and robustness (relative to a delicate, 500 nm thick membrane), and the uniform signal
response times. The robustness in particular makes PIM-based CP-MIMS better suited for
portable and in-field use when analyzing real-world (heterogeneous) samples in situ.
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Table 2.5: Signal response times and signal/noise ratios for selected NA isomer classes observed
using CP-MIMS for the direct measurement of 141 pg/LL Merichem in aqueous solution.

m/z PDMS Membrane and | PIM System
[M-H]" Methanol Acceptor

t10-90% S/N t10.90% S/N

min min
185 5.0 39+5 2.1 77+ 4
213 7.4 63+8 1.9 138+ 10
223 8.6 114+12 | 1.9 177+ 13
237 9.2 72 +£10 2.2 137+ 11
251 9.8 62 +38 2.1 123 £ 11

2.4 Conclusions

The first intentional use of a PIM-based CP-MIMS system is presented, characterized,
and demonstrated for the online measurement of a range of analytes in complex sample matrices.
This system demonstrates a significant reduction and leveling of analyte signal response times.
For the analytes studied, sensitivity generally improved with the use of a PIM as a result of
improved analyte diffusivities and analyte partitioning. Future work includes scaling down the
size of the presented CP-MIMS system for in field applications, as well as the exploration of
other PIM systems.

2.5 Supporting Information

Table 2.5.1: Calibration data for direct infusion ESI measurements obtained using pure methanol
and 0.046 mole fraction heptane cosolvent systems (0 to 35 ug/L, four concentrations).

Target Analyte Pure Methanol 0.046 Mole Fraction
Heptane in Methanol
Gemfibrozil y=7.6x10°x +2.3x10>  y=7.5x10"x — 4.0x10°
R?=0.999 R?=0.999
Nonylphenol y=1.6x10"x — 4.7 y=2.6x10"x — 2.7x10'

2,4,6-Trichlorophenol

Triclosan

R*=0.999
y=1.5x10’x — 6.8x10?
R*=0.998
y=2.9x10’x + 6.0x10’
R%*=0.9996

R*=0.998
y=1.9x10’x — 1.6x10°
R*=0.997
y=2.7x10*x — 1.1x10?
R*=0.9995
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Table 2.5.2: Calibration data for non-steady state CP-MIMS measurements obtained using a
PDMS membrane with pure methanol and 0.046 mole fraction heptane cosolvent acceptor
phases (i.e. the PIM system) for sample exposure times of 10 and 30 seconds (0 to 110 ug/L, six

concentrations).

Target

PDMS Membrane and Methanol Acceptor

PIM System

Analyte 10 s exposure 30 s exposure 10 s exposure 30 s exposure

Gemfibrozil  y=3.8x10'x+3.6x10"  y=2.3x10°x-5.3x10*  y=3.9x10’x-9.8x10>  y=1.4x10°x+1.4x10°
R?=0.95 R*=0.99 R?=0.98 R?=0.96

Nonylphenol ~ y=5.1x+6.1x10" y=3.1x10"x+5.5x10"  y=3.8x10'x-7.9x10"  y=1.5%x10’x-1.1x10>
R*=0.8 R*=0.99 R?=0.96 R*=0.99

2,4,6-TCP*  y=9.6x10°x+3.9x10%  y=3.7x10°x+1.4x10°  y=5.4x10’x-9.7x10°  y=1.4x10"x-1.2x10*
R*=0.99 R?=0.99 R?*=0.99 R*=0.98

Triclosan y=6.7x10"x+1.9x10>  y=5.7x10’x-4.9x10>  y=5.8x10’x-1.4x10°  y=2.1x10’x-2.9x10?

R*=0.94

R*=10.96

R?=0.99

R>=0.98

? Trichlorophenol



19

Chapter 3

Direct Analysis of Polycyclic Aromatic
Hydrocarbons in Soil and Aqueous Samples
Using Condensed Phase Membrane Introduction
Tandem Mass Spectrometry with Low-Energy
Liquid Electron Ionization

Reproduced with minor changes and permission from Vandergrift, G.W.; Monaghan, J.;
Krogh, E.T.; Gill, C.G. “Direct Analysis of Polyaromatic Hydrocarbons in Soil and Aqueous
Samples Using Condensed Phase Membrane Introduction Tandem Mass Spectrometry with
Low-Energy Liquid Electron lonization.” Analytical Chemistry, 2019, 91, 1587-1594. G.W.
Vandergrift designed the experiments and analyzed the data. G.W. Vandergrift primarily
collected the data, with contributions from J. Monaghan. G.W. Vandergrift drafted the
manuscript, with intellectual and editorial contributions from all authors.

3.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous, non-polar compounds
produced by both natural and anthropogenic sources and are classified as persistent organic
pollutants (POPs). PAHs are mutagenic, carcinogenic, and bioaccumulative, and as a result are
listed as priority pollutants by the United States Environmental Protection Agency (U.S. EPA).*
While all PAHs are highly hydrophobic (log K., 3—7),*° they are globally distributed throughout
air,” water,’® *° sediments,””® and biota.** The complexity of samples contaminated with
PAHs often requires extensive sample preparation and cleanup prior to analysis, with procedures
that differ significantly depending upon the sample matrix. While recent research has improved
the rapidity, robustness, and green chemistry aspects of analytical methods for PAHs, extensive
sample handling/cleanup procedures still remain as a significant impasse. PAHs have been
analyzed by liquid chromatography using fluorescence and ultraviolet absorbance detection,>*
°7 and gas chromatography flame ionization.’"" ® Gas chromatography mass spectrometry (GC-
MS) is generally the preferred PAH measurement method.®® However, GC-MS methods

generally require time-consuming sample extraction and cleanup steps.
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Despite their low water solubility, aqueous PAHs are monitored because of their
mutagenic and carcinogenic effects at low concentrations.”® Aqueous sample analyses have
traditionally used liquid—liquid extraction sample preparation,”>" requiring significant time and
quantities of hazardous solvents. Alternative aqueous extraction procedures have been
developed, including solid-phase extraction,®” solid-phase microextraction (SPME),* stir bar
sorptive extraction,’” molecularly imprinted polymers,’® and membrane extraction.*® >*>°

Soils, sediments, and biota are often a sink for PAHs because of favorable organic
partitioning behavior. Soxhlet extraction has long been employed to isolate PAHs from complex
solid samples due to high extraction recovery.”>> ** However, the time (up to 16 hr) and large
solvent quantities required has led to alternative, greener techniques, including microwave,”’ >
sonication,”® supercritical fluid,* * and pressurized solvent extractions.”> While these
techniques provide improvements, they still involve considerable sample pretreatment and
cleanup in advance of analysis. These steps increase both the cost and time of analysis, limiting
sample throughput. A rapid PAH screening approach for soils was developed by Frandsen et al.
using field-portable, miniature mass spectrometers and a hot cell to heat the soil,’® but as
presented, this method suffers from inadequate detection limits (milligram per kilogram levels),
especially for larger, less volatile PAHs.

Recent research has targeted the development of simpler analytical methods for PAHs
and other similar compounds in complex matrixes. Zenobi and co-workers analyzed aqueous
pesticides and POPs using online SPME coupled with photo and dielectric barrier discharge
ionization sources with MS.*” ® The Amirav and Cappiello groups have analyzed liquids for
nonpolar compounds with electron impact sources and MS, using a molecular beam interface”
and liquid electron ionization (LEI),”® "'"7? respectively. All are more universal with respect to
the analyte, but without additional extraction techniques, they have generally been restricted to
solution phase samples as presented.

CP-MIMS typically uses a hollow fiber PDMS membrane mounted on a direct sampling
probe. The PDMS membrane is permeable to hydrophobic analytes, which are often transferred
in an organic solvent acceptor phase to an atmospheric pressure ionization source.'” ”* The
membrane rejects charged solutes and particulate matter, while hydrophobic analytes (such as
PAHs) permeate through the PDMS. Direct sampling CP-MIMS probes are applicable with a
variety of different sample matrixes and can be paired with different ionization sources
compatible for specific analyte classes. For PAHs, CP-MIMS may be coupled to electron
ionization through the use of liquid electron ionization (LEI). In LEI, a nanoflow of liquid forms
an aerosol in a heated helium stream under modest vacuum, followed by desolvation and solute
(analyte) vaporization. The gas-phase analytes are then ionized in an EI source. The coupling of
CP-MIMS to LEI represents an ideal pairing of online membrane extraction and ionization for
hydrophobic, neutral compounds, such as PAHs. Earlier work in our group employed CP-MIMS
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coupled to an early variant of LEI (termed direct EI, DEI) for the measurement of PAHs in a
variety of aqueous samples.’® The study presented here represents a significant advancement for
the direct measurement of PAHs in complex heterogeneous samples (i.e., soils) with minimal
sample handling.

3.2 Experimental Section

3.2.1 Standard and Sample Preparation

Aqueous PAH samples were prepared in 18 MQ-cm deionized water (model MQ
Synthesis A10, Millipore Corp., Billerica, MA, U.S.A.), seawater (unfiltered, collected from a
local industrial area), and surface water (unfiltered, collected from a local river). Aqueous
standards were prepared at 0.80, 5.0, 25, and 50 pg/L for pyrene and naphthalene, and at 0.80,
5.0, and 25 pg/L for anthracene. Further details are available in the Supporting Information,
Section 3.5.

For prepared soil samples, clean sandy loam (Sigma-Aldrich, 5.96% organic matter by
mass, PAH-free) was used. An amount of 4.0 g of soil was pre-wetted with 1500 pL of 2-
propanol and spiked with PAHs to yield dry soil concentrations of 500, 1000, 1500, and 2000
ug/kg each for anthracene, pyrene, and benzo[a]pyrene. The prepared soil samples were left to
air-dry at ambient conditions for 5 days before analysis. PAH-contaminated soil samples were
obtained from the Ontario Ministry of Environment and Climate Change.

For all organic and aqueous sample measurements, the CP-MIMS probe was directly
immersed into magnetically stirred (900 rpm) 38 mL samples (40 mL glass vials). Unless
otherwise noted, analyte signals were allowed to reach steady-state and were background-
subtracted using the signal from an appropriate matrix blank. For all soil sample measurements,
samples (0.5 g) were suspended in 7 mL of 2-propanol in 8 mL glass vials and spiked with 280
pug/L internal standard (pyrene-d;yp in 2-propanol). The slurry was then sonicated (FS140
ultrasonic bath, Fisher Scientific, 135 W) while heating at 75 °C (Precision Scientific Co. Porta
Temp, Chicago, IL, U.S.A.) for 3 min. The CP-MIMS probe was then directly immersed in the
2-propanol/soil suspension for 2 min immediately after sonication, with no further sample
cleanup. During measurements, soil slurries were stirred at 900 rpm. Following all
measurements, the probe was rinsed in stirred 2-propanol for 2 min to return the signal to
baseline levels.

3.2.2 Condensed Phase Membrane Introduction Mass Spectrometry-Liquid Electron
Ionization (CP-MIMS-LEI) System

Figure 3.1 provides a schematic diagram of the CP-MIMS—LEI instrumental apparatus. A
triple quadrupole mass spectrometer (Agilent Technologies Inc. 7010B GC-MS/MS, Santa Clara,
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CA, U.S.A)) equipped with a high-efficiency source (HES) was used for tandem mass
spectrometry (MS/MS) with a 500 ms dwell time. Analyte MS/MS parameters are presented in
Table 3.1, and their respective physicochemical properties are presented in Table 3.5.1. Custom
yttria-coated yttria/rhenium alloy filaments (Scientific Instrument Services Inc., Ringoes, NJ,
U.S.A.) were used for all studies, operated at 20 eV with a 100 pA emission current. A source
temperature of 280 °C was used.

0.5 mL/min He
-
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Figure 3.1: Schematic diagram of the CP-MIMS—LEI experimental apparatus.

Table 3.1: MS scan parameters.

Analyte MS/MS Transition Collision Energy
eV

Naphthalene 128 — 102 30

Anthracene 178 — 176 34

Pyrene 202 — 200 42

Benzo[a]pyrene 252 — 250 42

Pyrene-d; 212 — 208 42

An 8.0 cm length of 170 pm thick (0.30 mm 1i.d., 0.64 mm o.d.) PDMS hollow fiber
membrane (Silastic brand, Dow Corning, Midland, MI) was coil-mounted on a CP-MIMS
immersion “J-probe” (Figure 3.1), with construction details previously described.” A capillary
HPLC pump and degassing module (1100 series, Agilent) was used to supply acceptor phase at
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50 puL/min through the lumen of the hollow fiber membrane. To achieve stable pump flows, 10
cm of fused-silica capillary flow restrictor yielded ca. 50 bar operating pressures. All fused-silica
capillaries for this study were polyimide-coated and not deactivated (Polymicro Technologies,
Phoenix, AR, U.S.A.). Our previous studies have shown that organic cosolvents present in the
acceptor phase form in situ polymer inclusion membranes with PDMS that improve membrane
permeability.” For all presented studies, a 15:85 heptane/methanol (v/v) acceptor phase was used
to increase sensitivity and shorten analyte response times. Further advantages and justifications
of this solvent system are detailed in Chapter 2 of this thesis.

A zero dead volume stainless steel tee junction was used as a passive flow splitter (Figure
3.1) post-membrane, reducing the acceptor phase flow rate to ~300 nL/min for optimal signals,

to minimize internal pressure within the PDMS membrane. Flow rate measurements were made
off-line using a Sensirion SLG-0150 flowmeter (Stafa, ZH, Switzerland). Both rough and high
vacuum pressures were monitored as an indicator of stable LEI performance (typically 1.3x10""
and 9.5x107 Torr, respectively). Neither are ideal measures for the ion source region pressure,
which is more relevant for LEI performance monitoring. Thus, an in-house built stainless steel
flange was mounted on the source end of the MS manifold (Figure 3.5.1) and equipped with an
ion gauge (Hewlett-Packard 59864A ionization gauge and controller, Palo Alto, CA, U.S.A.).
Stable LEI performance resulted from source region pressure measurements of 1.0x10* Torr.

A modern LEI interface has been described in detail by Termopoli et al.”> In our
presented system, the acceptor phase was flowed post-splitter into 30 cm of a fused-silica
capillary (150 um o.d., 30 um i.d., referred to subsequently as the LEI capillary) toward the MS.
The LEI capillary extended through a stainless steel tee into a fused-silica capillary liner (800 um
o.d., 400 um id.). A capillary column gas chromatograph (Agilent 7890B GC) was used to
supply 0.5 mL/min helium flow to the tee (Figure 3.1). In this way, helium is flowed coaxially
within the capillary liner, around the liquid flow in the LEI capillary. The transfer line of the
GC/MS/MS system was maintained at 400 °C for all studies. The liner capillary extended
through the transfer line, and the tip of the liner capillary extended 2 mm past the end of the
transfer line into the MS source. The liner capillary helps to prevent analyte degradation/loss
within the heated zone by preventing analyte contact with the transfer line metal surfaces.
Negligible performance degradation occurred over weeks of daily use. The LEI capillary
extended 6 mm into the transfer line unless otherwise specified. A 3 cm gap between the
entrance of the transfer line and the helium tee was used to separate the tee from the heated zone,
preventing premature vaporization in the LEI capillary. Acceptor phase exiting the LEI capillary
was subsequently nebulized, desolvated, and vaporized in the heated coaxial helium flow,
pneumatically transferring neutral analytes and vaporized acceptor phase solvent to the MS
source.
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3.2.3 Data Analysis for CP-MIMS-LEI

All measurements were conducted in triplicate unless otherwise noted, with standard
deviation error bars. The signal-to-noise ratios (S/N) presented in Table 3.5.3 and Figure 3.2
were calculated using unsmoothed data. Standard deviations for the signal-to-noise ratios were
calculated using steady-state signal measurements (i.e., not baseline noise). A 7-point moving
boxcar smoothing function was applied to all other presented data. Detection limits were
calculated as 3 times the standard deviation of the baseline for the appropriate matrix blank,
divided by the calibration curve slope, given by Equation 3.1:

Equation 3.1 DL = 35Dy 5e1ine/Slope

For the direct quantitation of PAHs present in soil samples, naphthalene, anthracene,
pyrene, and benzo[a]pyrene response factors were calculated relative to pyrene-d;y, utilizing 100
ug/L PAH standards prepared in 2-propanol (six replicates, Table 3.5.2). Relative response
factors were observed to be constant for up to 5 mg/L of all target PAHs in 2-propanol. Soil
sample quantitation results are presented as dry soil PAH concentrations for specific isomer
classes based upon precursor mass-to-charge (m/z) values (Table 3.1). Given that the response
factors are calculated for specific PAHs (described above), PAH isomer class concentrations are
represented as “equivalent concentration units” for the respective model PAHs used to generate
the response factors.

3.3 Results and Discussion

3.3.1 LEI Optimization for PAHs

A parametric investigation of PAH vaporization efficiency for various LEI capillary
insertion positions inside the heated transfer line was conducted (Figure 3.2A). S/N for
naphthalene and anthracene, which have the highest vapor pressures of the analytes studied, were
essentially independent of the LEI capillary position. However, less volatile pyrene and
benzo[a]pyrene had significant sensitivity effects dependent upon capillary insertion depth.
Vaporization is likely aided for these less volatile analytes because of the higher temperatures
and reduced pressures experienced with deeper insertion into the heated zone.”* An optimum LEI
capillary insertion depth of 6 mm was determined for the PAHs examined and used for all
subsequent studies.
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Figure 3.2: CP-MIMS—-LEI system optimization. (A) Optimization of capillary position in the
transfer line for select PAHs. (B) Electron energy optimization for select PAHs with LEI source.

Historically, 70 eV electron energy has been used for most EI experiments, as electron
ionization cross section for many analytes is maximized at 70 eV.* Lower electron energies may
be desirable to limit fragmentation and preserve the molecular ion for tandem mass spectrometry
(MS/MS). The HES used for these studies allowed the examination of lower electron energy use.
In Figure 3.2B, electron energy was varied from 20 to 70 eV, demonstrating optimal S/N for all
the PAH MS/MS transitions at 20 eV. Less extensive fragmentation at 20 eV resulted in greater
precursor ion abundance, and consequently signal improvements. The HES design uses an
extended electron collision zone, coaxial with the analyzer ion beam path, and is further
compressed by concentric magnetic fields to increase efficiency.’* This is unlike the typical Nier-
type EI source design used in most EI systems,* which has the electron beam perpendicular to
the ion beam and a truncated electron collision volume. The trends observed in Figure 3.2B are
of particular interest with regard to PAHs, which typically do not display extensive EI
fragmentation at 70 eV. Although beyond the scope of this study, we speculate the observed
trend should be more pronounced for compound classes experiencing increased fragmentation at
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higher electron energies. An alternative contribution to the observed trend in Figure 3.2B may
also relate to the reduced ionization efficiency for the acceptor solvent at lower electron energies,
resulting in reduced intra-ion source space charge effects.”

While the analytical benefits of 20 eV operation are apparent, there were initial
challenges with respect to the filament material. Commercially available rhenium filaments were
found to erode and eventually fail after prolonged use, likely due to the high acceptor phase
solvent vapor levels present in the ion source. By utilizing custom yttria/rhenium alloy filaments
with an yttria oxide coating that allowed filament operation at lowered temperatures, effective 20
eV operation was possible for months of daily use. Images of both rhenium and yttria-coated
filaments after 50+ hours of CP-MIMS—LEI operation are given in Figure 3.3. Therefore, yttria-
coated filaments were used for all presented studies.

. .

A BT T A 4 3

Figure 3.3: Image comparing EI filaments operated for 50+ hours of CP-MIMS-LEI
measurements. (A) Custom yttria-coated yttria/ rhenium alloy filament operated at 20 eV. (B)
Yttria/rhenium alloy filament operated at 70 eV. The red circle in panel B represents a filament
failure.

- TR

3.3.2 Aqueous PAH Calibration Studies

Aqueous calibration curves for naphthalene, anthracene, and pyrene were obtained at low
microgram per liter levels in deionized water, seawater, and river water. All PAHs examined
demonstrated good linearity (R* > 0.996), low nanogram per liter detection limits, and fast
t10-90% signal response times (<1.6 min.) for these aqueous sample matrixes (Table 3.2). These
results represent over an order of magnitude sensitivity improvement and significantly shorter
response times than presented in our earlier studies.’® Faster response times are attributed to
greater analyte permeability, facilitated by the heptane/methanol acceptor phase, consistent with
carlier work.” The sensitivity improvements are due to both the greater permeability and ion
source optimization. Interestingly, the PAH calibration slopes presented in Table 3.2 for river
water and seawater are comparable to that of deionized water, despite the significant differences
in matrix composition. The results presented are consistent with other findings, which suggest
that matrix effects in LEI are significantly reduced when compared to other liquid—mass
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spectrometry couplings,’' particularly electrospray ionization (ESI).>” ** While the PDMS
membrane rejects salts, ionized species, and particulate matter from the sample, co-permeating
compounds have still been observed to cause significant ionization suppression in ESI-based CP-
MIMS measurements presented in earlier studies.® The low nanogram per liter aqueous detection
limits demonstrated by this study may prompt future studies on expanding aqueous analyses to
larger, less water-soluble PAHs.

Table 3.2: Calibration data, detection limits, and response times for PAHs in aqueous matrices.

Analyte Matrix Equation of line R? Detection Limit* #9999
ng/L min
Naphthalene De-ionized water y=41.5x+21.2 0.9991 330 1.3
Seawater y =40.7x + 20.5 0.9988 330 1.3
River water y=49.3x+15.0 0.9995 270 1.1
Anthracene De-ionized water y=44.5x + 6.7 0.9997 83 1.4
Seawater y=453x+5.0 0.9996 85 1.4
River water y=51.7x+5.9 0.9995 70 1.3
Pyrene De-ionized water y=68.1x + 16.4 0.9996 70 1.6
Seawater y=62.7x+52.3 0.9963 76 1.5
River water y=789x+44.3 0.9977 61 1.5

? Estimated using Equation 3.1

3.3.3 Solvent Selection for Direct Soil PAH Measurements

A series of common organic solvents (acetonitrile, dichloromethane, ethanol, ethyl
acetate, N,N-dimethylformamide, methanol, and 2-propanol) were evaluated for their
compatibility with PDMS membranes and their suitability as an analysis solvent for direct soil
PAH measurements. The solvent choice must sufficiently aid PAH solubility and extraction from
solid sample matrixes, but not excessively swell the PDMS membrane. If the solvent-PDMS
solubility is too large, a soft, less robust membrane results, which is more prone to physical
damage. Table 3.5.3 summarizes the observed S/N ratios for the direct analysis of representative
PAHs (100 pg/L each) utilizing various sampling solvents. Dichloromethane, a common PAH
extraction solvent,””>' demonstrated poor analytical performance with CP-MIMS-LEI and
excessively swelled the PDMS membranes. Hexane, another common PAH extraction solvent,’ !
was not investigated, since it similarly causes excessive PDMS swelling. Ethyl acetate and 2-
propanol demonstrated the best analytical performance for the solvents studied, with 2-propanol
exhibiting the best overall performance (Table 3.5.3).

The differences in sensitivity for the tested sampling solvents may be evaluated by
examining factors influencing membrane transport. For a given analyte concentration and
membrane thickness, the steady-state signal intensity in a CP-MIMS experiment is directly
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related to the membrane permeability (P), which can be expressed as the product of a
partitioning term and a diffusivity term as given in Equation 3.2:

Equation 3.2 P=K,,_sDp,

where D,, is the analyte diffusivity in the membrane and K, is the relative solubility of the
analyte in the membrane and sample (a partition constant). Sample solvent can therefore affect P
(and consequently sensitivity) by affecting either or both K, or D,,. In part, increased solvent
solubility in the membrane may cause the membrane to swell, making the membrane more
permeable due to an increase in analyte diffusivity through the membrane (D,,).” > In addition to
the degree of swelling, solubility parameters (e.g., Hansen, Hildebrand; derived from cohesive
energy densities) may be used to predict solvent-polymer membrane solubility and D,,, as phases
with similar solubility parameters are generally more soluble with each other.”® Solubility
parameters (in MPa'?) for the sampling solvents examined here are given in Table 3.5.4. The
parameter for ethyl acetate (18.2) is reasonably close to that of PDMS (14.9), consistent with an
increased PAH diffusivity in the swelled PDMS, and therefore a greater permeability.

2-Propanol (solubility parameter of 23.5) is not excessively soluble in PDMS, indicated
by solubility parameter comparisons and minimal membrane swelling. The optimal PAH
performance observed must therefore come from an effect on K,,;. This is supported by lower
PAH solubilities in 2-propanol than ethyl acetate (Table 3.5.5), suggesting a higher activity of
PAHs in 2-propanol compared to ethyl acetate when present at equimolar concentrations.
Consequently, we attribute the improved sensitivity of PAHs in 2-propanol solution compared to
ethyl acetate to an increased K., leading to a larger concentration gradient in the membrane,
and subsequently greater mass transport. It should be noted that PAH solubility in 2-propanol is
still sufficiently high to justify using 2-propanol as a sampling solvent for PAHs present in soil
samples ([pyrene]s = 7.69%10° mg/L, [anthracene]s = 9.60x10* mg/L). Therefore, 2-propanol
was chosen as the optimal sampling solvent for direct soil measurements. Furthermore, 2-
propanol is now recommended as a green solvent alternative, a significant advantage over
conventional PAH sample extraction solvents such as hexane or dichloromethane.”

Figure 3.4 demonstrates an evaluation of 2-propanol suitability as a sampling solvent for
the direct measurement of PAHs in soil samples. Panel A gives the signal chronograms of four
representative PAHs (100 pg/L each) spiked together into 2-propanol at t = 3 min. Signals were
allowed to rise to steady-state levels, and at t = 7 min, 1.0 g of clean, sandy loam was added
directly to the continuously stirred sample. Despite the high organic content of the soil (5.96 wt
%), no significant change to the steady-state signal was observed, indicating that the PAHs
remained free in solution rather than being sorbed by the soil. This behavior is in stark contrast to
a similar experiment conducted in deionized water (panel B), where the MS signals for the
solution phase concentration of naphthalene, anthracene, and pyrene decrease dramatically
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within 5 min of adding soil to the stirred water sample. The data suggests nearly complete PAH
sorption on the soil when present in aqueous suspensions. Benzo[a]pyrene was not used in the
deionized water study because of its limited water solubility. Upon the basis of these sorption
studies, 2-propanol demonstrated promise as an effective sampling solvent for direct soil
measurements of the PAHs examined.
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Figure 3.4: Comparison of signal chronograms for target PAHs in (A) 2-propanol and (B)
deionized water (both 38.0 mL) with the addition of clean, sandy loam using CP-MIMS-LEI.
Inset picture is of the aqueous sample after the addition of the clean, sandy loam.

3.3.4 Prepared Soil Measurements

Prepared PAH soil samples (500—2000 pg/kg) were analyzed by CP-MIMS-LEI. The
masses of PAHs extracted into 2-propanol were plotted against the masses of PAHs loaded, as
shown in Figure 3.5. Linear relationships are observed (R? > 0.992), demonstrating that different
PAH loadings correlate with their measured concentrations. Percent recoveries (represented by
the slopes in Figure 3.5) for anthracene, benzo[a]pyrene, and pyrene were 62%, 76%, and 76%
respectively (average of 71%), with corresponding detection limits of 120, 70, and 60 pg/kg
(Figure 3.5.2). Although the short, 3 min sonicated extraction in hot 2-propanol is not exhaustive
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for soil PAHs, we believe the simplicity of the CP-MIMS-LEI work flow presented, bypassing

any sample cleanup, provides significant advantages as a semi-quantitative rapid-screening
method.
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Figure 3.5: Investigation of PAH recoveries for direct CP-MIMS-LEI measurements of prepared

soil samples.

3.3.5 Contaminated Soil Measurements

To examine the potential for direct PAH measurements in contaminated soil samples,
three real-world samples were analyzed by CP-MIMS-LEI. A suite of 21 individual PAHs were
also previously measured in these samples by an independent laboratory using accelerated
solvent extraction in dichloromethane, workup, and isotope dilution GC/MS.”" For the CP-
MIMS-LEI measurements, concentrations of PAHs in 2-propanol were quantified via
predetermined response factors (Table 3.5.2) and reported as mass ratios in the original soil
sample (Table 3.3). Because PAH structural isomers are not resolved by CP-MIMS-LEI (i.e.,
there is no chromatographic separation), quantitative results in Table 3.3 are reported for isomer
classes. These are expressed as equivalent amounts of naphthalene (m/z 128), anthracene (m/z
178), pyrene (m/z 202), and benzo[a]pyrene (m/z 252), based upon the MS/MS transitions in
Table 3.1. The internal standard signal (pyrene-d;y), consistently present in each sample at 280
pg/L, had a percent relative standard deviation of 5% across all CP-MIMS-LEI measurements.
Percent relative standard deviations for individual PAHs ranged from 1% to 47% (three samples
with three replicates each, see also Figure 3.6).
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Table 3.3: Soil analysis results for PAH isomer classes by GC-MS and CP-MIMS-LEI

Sample Isomer Class CP-MIMS-LEI ~ GC-MS % Bias®

m/z mg/kg mg/kg

1 128 0.7+0.4° 0.97° -29
178 5+2°¢ 8.77¢ -44
202 10£2°¢ 14.13° 31
252 9.7+04¢ 10.36" -8

2 128 0.12+0.06° 0.41° =72
178 49+06° 5.62¢ -14
202 140+09° 16.86 -17
252 21.1+03¢8 14.54" +45

3 128 12+02° 2.11° -43
178 19+£2°¢ 38.56¢ 51
202 26+£2°¢ 57.08 -54
252 19+£1°¢ 34.08 " -43

* % bias = (CP-MIMS-LEI result — GC-MS result)/GC-MS result x100%.

" Concentration of naphthalene.

¢ Reported as equivalent amount of anthracene.

¢ Summed concentration of anthracene and phenanthrene.

¢ Reported as equivalent amount of pyrene.

"Summed concentration of fluoranthene and pyrene.

€ Reported as equivalent amount of benzo[a]pyrene.

" Summed concentration of benzo[a]pyrene, benzo[b]fluoranthene, benzo[e]pyrene, benzo[k]fluoranthene, and
perylene.

o
o

= m/z128~102
= m/z178 ~176
= m/z 202200
= m/z212+~208
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Time / min.

Figure 3.6: Representative signal chronograms for three soil sample analyses by CP-MIMS-LEI,
illustrating rapid sample throughput. Inset picture is that of a representative sample.

Soil PAH concentrations observed by 2-propanol sonicated sampling followed by CP-
MIMS-LEI measurements were generally less than those reported by accelerated solvent
extraction GC-MS (Table 3.3). The average percent bias of CP-MIMS-LEI relative to GC-MS
was —30%, where individual biases ranged from —72% to +45% (negative in 11 out of 12 cases).
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These results are consistent with the recoveries observed for the prepared soil samples in Figure
3.5 (i.e., non-exhaustive extraction, —29% average bias). Quantitation results from GC-MS,
which were for individual PAHs, were similarly summed according to isomer classes for
purposes of comparison to CP-MIMS-LEI data, as presented in Table 3.3.

As presented, the complete analytical duty cycle for direct PAH determinations in soil
using CP-MIMS-LEI is ca. 15 soil samples/hr, representing a significant improvement over
existing analytical strategies, such as GC-MS. Although not examined, it is anticipated that the
use of previously demonstrated, non-steady-state CP-MIMS measurement approaches would
further reduce the analysis times.’

In spite of the fact that the lack of chromatography in CP-MIMS-LEI does not allow for
the quantitation of individual PAH isomers, given the simplified green chemistry workflow,
rapidity, reproducibility, and sensitivity of CP-MIMS-LEI, we propose this technique as a rapid-
screening tool for high-throughput applications. Although beyond the scope of this study, we are
actively exploring liquid reagent chemical ionization (CI) strategies for direct PAH isomer
differentiation with our approach. Mosi ef al. demonstrated the use of halocarbon cations as CI
reagents for PAH isomer differentiation.”® CP-MIMS-LEI can be readily adapted for use with a
variety of liquids as sources for reagent ions, either by using a suitable liquid acceptor phase
itself or by admixing suitable dopants. Further, adapting the presented methodology for use with
small MS systems may allow for onsite applications (e.g., contaminated site remediation, critical
incident response, etc.), where obtaining reliable semi-quantitative information can be used to
support decisions in the field and inform adaptive sampling strategies for complementary lab-
based analytical determinations. Importantly, CP-MIMS-LEI measurements are time-resolved
and may be used to monitor online processes, such as the adsorption and desorption phenomena
presented herein. Ongoing work is being conducted to improve PAH extraction efficiency from
soils and to further increase sample throughput.

3.4 Conclusions

CP-MIMS-LEI represents a novel, sensitive, and direct rapid-screening technique for
PAHs from both aqueous and soil samples without any instrumental or sampling modifications.
The rapid detection of PAHs in environmental samples has potential applications for protection
of the environment and human health. Furthermore, this study represents novel soil analyses that
completely obviate sample cleanup, allowing for significantly simpler sample handling and faster
sample throughput.
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3.5 Supporting Information

3.5.1 Standards and Solvents

Anthracene (99%) was obtained from Alfa Aesar (Ward Hill, MA, USA).
Benzo[a]pyrene (=96%), naphthalene (99%), pyrene (98%) and pyrene-d;y (98 atom % D) were
obtained from Sigma Aldrich (Oakville, ON, Canada). 2-Propanol, methanol, acetonitrile (HPLC
grade) and ethyl acetate (99.9%) were obtained from VWR International (Edmonton, AB,
Canada). Reagent alcohol (90% ethanol, 5% 2-propanol, 4.5% methanol, HPLC grade) and N,N-
dimethylformamide (99.9%) were obtained from Fisher Scientific (Ottawa, ON, Canada).
Reagent alcohol is subsequently referred to as ethanol for the purposes of this study. Heptane
(HPLC grade) and dichloromethane (>99.5%) were obtained from Sigma Aldrich. For eventual
analysis in aqueous solutions, PAH stock and sub-stock solutions were prepared in methanol. For
eventual analysis in organic solutions, PAH stock solutions were prepared in dichloromethane,
and sub-stock solutions were prepared in 2-propanol. Aqueous solutions were prepared
volumetrically such that the final methanol concentration was below 0.25% by volume. Organic
solutions were also prepared volumetrically such that the final dichloromethane concentration
was below 0.5% by volume.

3.5.2 Microscopic Images

Microscopic images were obtained using a dissection microscope (Model MDG 17, Wild
Heerbrugg, Switzerland) equipped with a digital camera imaging system (Model MD500,
Amscope, Irvine, CA, USA).

Table 3.5.1: Analyte physicochemical properties®

Molar Mass  Vapour Pressure  logK,, Water Solubility

g/mol mmHg mg/L
Naphthalene 128.18 8.5x107 33 31
Anthracene 178.24 6.53x10°° 4.45 0.0434
Pyrene 202.26 4.5%x10°° 4.88 0.135
Benzo[a]pyrene  252.32 5.49x10” 6.13 0.00162

 From SRC database *°

Table 3.5.2: PAH response factors relative to pyrene-d;y in isopropanol.

Response Factor®

Naphthalene 1.5+0.1
Anthracene 1.22 £ 0.05
Pyrene 1.66 = 0.05

Benzo[a]pyrene 1.01 £0.04

Calculated for all analytes at 100 pg/L
* RF = (Signalpay / [PAH]) / (Signalpyrenc-q70 / [Pyrene-d;o])
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Table 3.5.3: Signal to noise ratios for PAHs in various organic solvents monitored by CP-
MIMS-LEIL

Solvent Naphthalene Anthracene Pyrene Benzo[a]pyrene
Acetonitrile 3+£2 5+2 7+1 40=+0.2
Dichloromethane 2+1 3+2 5+2 4.6+0.9
Ethanol 5+2 8+2 13+1 6.2+0.7

Ethyl acetate 8+2 9+1 14+3 11+2
Methanol 6+2 8=+1 11+3 3.6+£0.3
2-Propanol 11+£2 14+3 17+£6 11+3

All analytes present at 100 pg/L each
No appreciable signals were observed for PAHs in N,N-dimethylformamide

Table 3.5.4: Solubility parameters, and boiling points for select organic solvents and
polydimethylsiloxane.

Solvent/Polymer Solubility Parameter Boiling Point*
Mpa? oC

Acetonitrile 24.6° 82

Dichloromethane 203° 39.6

N,N-Dimethylformamide 22.7° 153

Ethanol 26.0° 78.4

Ethyl acetate 18.2° 77.1

Methanol 29.7° 64.7

2-Propanol 23.5° 82.6

Polydimethylsiloxane 14.9° -

* Hansen solubility parameter, From Zeng et al. **
" Hildebrand solubility parameter, from Zeng et al. **
¢ From SRC database >

Table 3.5.5: PAH solubilities in ethyl acetate and 2-propanol.

Analyte Ethyl Acetate Solubility 2-Propanol Solubility

X mg/L X mg/L
Anthracene ®  0.00484  8.87x10° 0.000411 9.60x10°
Pyrene ° 0.04251 9.19x10* 0.00290 7.69x10°

Solubilities of naphthalene and benzo[a]pyrene in these solvents are not readily available, although similar solubility
trends are expected.

Data for 25°C, from Powell et al. ™

" Data for 26°C, from Roy et al. ¥



Figure 3.5.1: In-house built stainless steel flange was mounted on MS source with Hewlett
Packard 59864A Ionization Gauge Controller.
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Chapter 4

Mass Spectrometry Based Approach for Organic
Synthesis Monitoring

Reproduced with minor changes and permission from Termopoli, V.; Torrisi, E.;
Famiglini, G.; Palma, P.; Zappia, G.; Cappiello, A.; Vandergrift, G.W.; Zvekic, M.; Krogh, E.T.;
Gill, C.G. “Mass Spectrometry Based Approach for Organic Synthesis Monitoring.” Analytical
Chemistry, 2019, 91, 11916-11922. Two author lists were published for this manuscript, with V.
Termopoli as lead author for the first list of authors, and G.W. Vandergrift as the lead author for
the second list of authors. C.G. Gill, G.W. Vandergrift, and V. Termopoli designed the
experiments. G.W. Vandergrift, C.G. Gill, and V. Termopoli primarily collected the data, with
contributions from M. Zvekic. E. Torrisi synthesized and characterized the alkyl glycinate
standards. G.W. Vandergrift primarily analyzed the data, with contributions from V. Termopoli.
G.W. Vandergrift drafted the manuscript, with intellectual and editorial contributions from all
authors.

4.1 Introduction

The synthesis of organic compounds on an industrial scale is of enormous economic
importance. Understanding optimum reaction conditions is key to maximizing the yields of
desired products, as well as simultaneously reducing the production of inadvertent side products,
which lower yields, may be harmful, and require additional separation steps. Synthetic chemists
have a wide variety of analytical methodologies at their disposal to investigate and optimize
reaction conditions for industrial applications. These include spectroscopic methods (e.g., FT-IR,
UV-vis, fluorescence, NMR, etc.)*'™ as well as mass spectrometry (MS).* However, many of
these techniques are carried out off-line, requiring subsample collection and rapid analysis,
frequently with some form of quenching. This is because the reaction will continue in the
subsamples until the time of measurement, potentially compromising any information obtained.
Online dilutions of subsampled reaction mixtures are also frequently employed to make
satisfactory measurements, reducing sensitivity for trace analytes. Kinetic data obtained in this
manner is laborious and often intermittent. A number of spectroscopic techniques have been
adapted for continuous online monitoring,**® but these tend to lack specificity for target
analytes and the sensitivity for quantitation of trace components.
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To increase both sensitivity and selectivity for quantitative online reaction monitoring,
chemists have largely turned to MS based approaches, as resolution by m/z ratios is more
selective and reliable when compared to other chemical analysis strategies (i.e., monitoring
chromophores). Atmospheric pressure ionization sources, particularly ESI, have been used
extensively for coupling reactions to MS. As a recent example, the Cooks group has
demonstrated an online, multiplexed MS reaction monitoring system based on direct sampling
ESI-MS, simultaneously monitoring up to six reaction types without sample carryover.?” The
MclIndoe group has also been exploring the use of online ESI-MS monitoring to investigate
catalytic reactions.***® Many other variants of ESI-MS have been used for reaction monitoring,
including desorption ESI (DESI), extractive ESI (EESI), ESI assisted laser desorption ionization
(ELDI), and paper spray (PS-MS).** However, for many ESI-based techniques, care must be
taken to ensure that clogging of fine sampling capillaries does not occur. This may preclude their
use in complicated, heterogeneous reaction slurries or for small reaction volumes, as the
monitoring itself consumes a portion of the reacting mixture.

While the Cooks group has bypassed many practical challenges of this strategy by using
inductive ESI,”'™? perhaps the most significant obstacle associated with ESI-related monitoring
techniques is the requirement that the chemical species being monitored must be satisfactorily
ionized by ESI (e.g., easily charged species). ESI sensitivity is further confounded by high salt
concentrations and varying solvent compositions,*> >’ excluding the use of these techniques from
many reaction monitoring applications because of analyte and reaction mixture incompatibility.
Other ambient ionization techniques, such as direct analysis in real-time (DART),” have been
used to bypass ESI ionization complications encountered in reaction monitoring in principle. In a
particularly intriguing application of DART-MS/MS, the Volmer group monitored micro-
reactions in acoustically levitated droplets.”* However, DART-based MS methods often lack
reliable quantitative information and are predominantly restricted to offline, snapshot
measurements.**

As an alternative sample introduction strategy for online reaction monitoring, the method
of membrane introduction mass spectrometry (MIMS) may offer a suitable solution to the
identified deficiencies. There are several reviews of MIMS that explain the methodology, as well
as its suitability for direct, online monitoring in complex sample mixtures.'” " Simply described,
MIMS utilizes a semipermeable membrane, often PDMS (silicone), to nonexhaustively extract
and directly transfer analytes (as a mixture) to a mass spectrometer, where they are resolved by
their m/z ratios, by selective ionization, and by tandem mass spectrometry (MS/MS). The
membrane rejects particulate materials and is hydrophobic, with perm-selectivity characteristics
favoring mass transfer of nonpolar analytes, rejecting highly polar and charged components,
making MIMS ideally suited for the online extraction of neutral compounds from a complex
reaction mixture.'”
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There is some precedent in the literature for the use of MIMS for reaction monitoring
utilizing EI. As a few examples, in early work, the Cooks group used a silicone membrane
interface to transfer permeating analytes directly into a high vacuum EI triple quadrupole MS.
While effective, the membrane interface design was also prone to memory effects and slow
signal response times.””> The Cooks group also demonstrated MIMS use for the online monitoring
of the reactions of epichlorohydrin in water using a polyphenyl ether liquid membrane and a
quadrupole ion trap.”® Our group has used a flow cell interface MIMS system to follow the
oxidative degradation kinetics for trace gasoline contaminants in aqueous samples’’ and also the
reductive dehalogenation kinetics of organic contaminants in natural waters.”® A commonality
with these early MIMS reaction-monitoring studies was the use of a gaseous acceptor (or high
vacuum) to desorb permeating analytes from the membrane, and frequently from aqueous
reaction systems. While effective for smaller analytes of higher volatility, these strategies were
ineffective for larger, less volatile analytes. Alternatively, permeating analytes in a MIMS
measurement can be transferred from the membrane by a continuously flowed liquid (condensed)
phase and then coupled with a variety of atmospheric pressure ionization strategies. This
approach has been termed condensed phase MIMS (CP-MIMS) and has been described in

several reviews.!”

The use of CP-MIMS has allowed researchers to utilize a variety of MS ionization
strategies, including ESI, atmospheric pressure chemical ionization (APCI)** #**** and liquid
electron ionization (LEI),'” *® ™ to extend the application of MIMS to larger, significantly less
volatile analytes. In early work, Clinton ef al. demonstrated the use of a CP-MIMS type interface
system with a hydrophobic polyvinylidene fluoride microporous sheet membrane coupled with
APCI to follow the course of a synthetic reaction, implemented by sampling reaction aliquots as
a function of time.” Additionally, we have presented the real-time monitoring of aqueous
chlorination reactions,” ** as well as the photo-oxidative degradation’ and adsorption of
naphthenic acids in aqueous solutions’> by CP-MIMS using ESI. The coupling of LEI with CP-
MIMS is of particular interest for reaction monitoring, as it is a more universal ion source and
overcomes a limitation with ESI, which typically requires polar functional group(s) to carry a
charge. Thus, CP-MIMS paired with LEI represents an ideal monitoring strategy for synthetic
organic reactions, especially for measuring neutral hydrophobic analytes that exhibit poor
performance with ESI.

The LEI concept has been discussed in recent publications.'™ 7* It represents a new
approach for efficiently addressing the difficult conversion of a liquid-phase into a gas-phase for
El, using a nanoscale flow rate, generating library searchable spectra. Since ionization occurs in
the gas phase, LEI strongly mitigates suppression effects from co-eluting reaction components
permeating through the membrane, offering reliable quantitative reaction data.
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We present the newer variant of LEI'” paired with CP-MIMS, as a strategy for
quantitative online monitoring, directly in organic solvent reaction mixtures. Permeating neutral
analytes are effectively vaporized and ionized directly by LEI, where the vaporization and
ionization steps are spatially decoupled. As previously mentioned, LEI is effective for ionizing
analytes with poor ESI performance, and as presented with CP-MIMS, addresses a significant
gap in currently available online quantitative reaction monitoring approaches, providing
complementary results to those obtained using ESI based strategies. This manuscript presents the
first use of CP-MIMS coupled with LEI for quantitative online monitoring of non-aqueous
synthetic organic reactions. The resulting system is robust and facilitates direct, quantitative
measurements of neutral reactant and product species in complex, highly acidic, and
heterogeneous organic solvent reaction mixtures.

4.2 Experimental Section

4.2.1 Standards and Solvents

Details regarding solvent and standard sources and their preparation and the
characterization of the alkyl glycinate standards are reported in the Supporting Information,
Section 4.5. All standard and reaction measurements were made in magnetically stirred 20 or 40
mL glass vials with Teflon faced septum seals (EPA/VOA Type, Scientific Specialties Inc.,
Hanover, MD, U.S.A.) at ambient conditions (ca. 25 °C, 101 kPa), unless otherwise noted.

4.2.2 Instrumentation

Two EI-MS systems were employed for these studies, including a single quadrupole
system (Model 5975, Agilent Technologies, Santa Clara, CA, U.S.A.) operated in selected ion
monitoring mode (SIM), and a triple quadrupole tandem mass spectrometry (MS/MS) system
(Model 7010, Agilent Technologies, Santa Clara, CA, U.S.A.) operated in a multiple reaction
monitoring mode (MRM). Both MS systems were equipped with identical CP-MIMS, hollow
fiber polydimethylsiloxane membranes (5.0 mm long, 0.30 mm i.d., 0.64 mm o.d., 170 um thick,
and LEI configurations (Figure 4.1). Details of the SIM and MRM conditions used for all
analytes are given in Supporting Information, Section 4.5 (Table 4.5.1). In addition, for the
MS/MS system, concomitant changes in the UV-vis absorbance of post membrane permeant was
also continuously monitored by diverting the splitter waste flow through a capillary UV-vis
detector (Spectra 100, Spectra Physics Inc., Santa Clara, CA). MS tuning parameters were
checked periodically and remained constant for the studies shown here, demonstrating robustness
and ease of use.
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Figure 4.1: Schematic diagram of the modified CP-MIMS-LEI system.

4.2.3 Oxidation of Phenylacetylene Reaction

Phenylacetylene undergoes acid-catalyzed hydrolysis, and the reaction rate is greatly
increased in the presence of a chloroauric acid (HAuCly) catalyst. 90 mM phenylacetylene was
added to the 20 mL of reaction mixture (95:4:1 methanol/deionized water/sulfuric acid v/v, 4
mM HAuCly) with gentle heating (~50 °C) and magnetic stirring. This procedure is described
elsewhere.

4.2.3 Alkyl Glycinate Reaction

To initiate the reaction, 1.0 mL of ethylbromoacetate (yielding an initial concentration of
330 mM) was added to a magnetically stirred mixture containing 330 mM triethylamine and 300
mM a-methyl benzylamine in 24 mL of dry acetonitrile.

4.2.4 Alkyl Glycinate Standard Synthesis

To a mixture of (R)-a-methyl benzylamine (0.92 mL, 7.27 mmol) and triethylamine (1.11
mL, 7.99 mmol) in dry acetonitrile (20 mL), 0.89 mL of ethyl bromoacetate (7.99 mmol) was
added in one portion. The solution was maintained under stirring at room temperature until the
disappearance of (R)-a-methyl benzylamine, concentrating the reaction mixture under reduced
pressure. The residue was dissolved in ethyl acetate (50 mL) and washed with H,O (15 mL),
saturated NaCl brine (15 mL), dried over Na;SQO,, filtered, and concentrated under reduced
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pressure. The residue was purified by flash chromatography on silica gel, eluting with
cyclohexane/ethyl acetate (20:80%, v/v) to give first the dialkyl product, diethyl (R)-2,2'-((1-
phenylethyl)-azanediyl)-diacetate [minor product] (0.176 g, 0.6 mmol, 8%), as an oil, followed
by the monoalkyl product, ethyl (R)-(1-phenylethyl)glycinate [major product] (1.18 g, 5.7 mmol,
78%), as an oil.

4.3 Results and Discussion

4.3.1 CP-MIMS-LEI Instrumentation

The CP-MIMS-LEI experimental system has been described elsewhere.'” A schematic
diagram of the specific configuration used for synthetic reaction monitoring is given in Figure
4.1. Several modifications were necessary to reduce the analyte flux transferred to the MS ion
source, allowing successful monitoring of high concentrations present in synthetic reaction
mixtures. These included a shorter membrane, an increased methanol acceptor phase flow rate
through the membrane lumen (100 pulL/min), and drastically reduced acceptor phase flow rate to
the LEI interface (ca. 50 nL/min, split ratio 1:2000), all of which act to reduce the mass transfer
of analyte to the MS. The sensitivity of the presented system is highly tunable, and may be
adjusted according to the requirements of a given online reaction monitoring application.

4.3.2 Solvent-Membrane Compatibility Investigations

To date, the majority of CP-MIMS type measurements have been made in aqueous
samples.® ' 2 3 It is known that solvent-membrane solubility can significantly influence
membrane permeability.” > 2 We have begun to exploit acceptor phase cosolvents with CP-
MIMS by forming in situ polymer inclusion membranes, which improve both the sensitivity and
measurement duty cycle.”'* In addition, recent developments utilizing modified donor phases
(e.g., mixed organic sample solvents) with CP-MIMS have shown promise for making direct
measurements of fatty acids.'’’ However, because synthetic reactions are most often conducted
in non-aqueous solvents, the analytical performance of PDMS membranes in a variety of non-
aqueous sample solvents was investigated.

A series of individual standards containing biphenyl or chlorobenzene in the 10 to 50 mM
range were prepared in a wide range of common protic and aprotic solvents that could potentially
be used for organic syntheses (acetonitrile, dichloromethane, N,N-dimethylformamide, ethanol,
methanol). Analyte signals for CP-MIMS-LEI measurements for each standard were allowed to
reach steady state, and were background-subtracted using the signal from the appropriate solvent
blank (Tables 4.5.2 and 4.5.3). In all cases, calibrations showed satisfactory linearity (R? > 0.98),
suggesting broad applicability of CP-MIMS-LEI for quantitative reaction monitoring in different
solvent/reaction systems. The order of the relative sensitivities for both analytes (i.e., calibration
slopes) in the different solvents was conserved, and faster ¢;9-9yo, signal response times also
correlated with greater sensitivities. These trends may be understood by considering the intrinsic
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factors governing membrane transport. For a given analyte, the steady-state signal intensity for a
CP-MIMS measurement is related to membrane permeability (P), which can be expressed as the
product of analyte diffusivity through the membrane (D,,) and the partitioning constant of the
analyte between the membrane and the sample (K., Equation 4.1):"®

Equation 4.1 P =K,,_sDp,

The time required for an analyte signal to reach steady-state can be expressed as the
t10-90%; response time and is inversely proportional to D,, (Equation 4.2).%°

. 12
Equation 4.2 ti0-90% X =

The differing analyte response times in different solvents indicate changes in the
corresponding diffusivities (D), as these solvents swell membranes to varying extents and
change their permeation characteristics. However, it is clear that the permeability is also affected
by concomitant changes in the partitioning behavior (K,,-s) in different solvent systems.

4.3.3 Simultaneous Time Resolved MS and UV-Vis Detection

Because a large fraction of the (post membrane) acceptor phase is diverted from the CP-
MIMS-LEI combination via the passive flow splitter (Figure 4.1), this stream can also be
analyzed by other continuous analyzers to provide orthogonal data sets. To demonstrate this, the
diverted acceptor phase waste was passed through a capillary UV—vis detector. Figure 4.2
illustrates an example of an orthogonal time series data set obtained from MS and UV—vis
detection of a 25 mM chlorobenzene standard prepared in methanol (original MS and UV—vis
recorded traces are given in the Supporting Information, Section 4.5, Figure 4.5.1). As expected,
the data illustrates identical time-resolved signals, with superior signal-to-noise for the MS trace
(due to the lower sensitivity of UV—vis absorbance measurements). The time constant associated
with the rise to steady-state signal is correlated with membrane transport kinetics and depends on
a variety of factors including the membrane thickness, the size of the permeant and the presence
of solvent co-permeants. The #;9-ggs; signal rise time for chlorobenzene under these conditions is
0.33 min, typical for the compounds studied here. The technique is therefore well suited for
monitoring reactions that take place on the time scale of minutes to hours, applicable for a wide
range of synthetic organic reactions. While spectroscopic methods can be utilized to characterize
a number of reactions based upon changes in their optical properties, they are inherently less
selective than MS, and may therefore be challenging in complex reaction mixtures with
overlapping chromophores. This highlights the advantages of MS based reaction monitoring
strategies.
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Figure 4.2: Comparison of simultaneous online monitoring data measured by CP-MIMS-LEI
(m/z 112) and parallel UV—vis spectrophotometry detection (A = 260 nm) for 25 mM
chlorobenzene in methanol (spiked at t = 0.2 min).

4.3.4 Online Synthetic Reaction Monitoring Examples

As a first demonstration of CP-MIMS-LEI for in situ, continuous reaction monitoring, the
catalytic oxidation of phenylacetylene to acetophenone in highly acidic methanol solvent was
examined (Figure 4.3) using a single quadrupole MS system (SIM mode). As shown in Figure
4.3, phenylacetylene (m/z 102) undergoes rapid catalytic conversion to the Markovnikov-favored
addition product, acetophenone (m/z 105, 100% yield). Concentrations were determined using
direct calibrations made with methanol standards, and the #;9-9yo; signal rise times were <0.4 min
(Table 4.5.4), whereas the reaction occurred over about 30 min. The presence of acetophenone
was monitored by m/z 105 ([M-CH3]"), chosen since it is free of isobaric interference from
phenylacetaldehyde, a possible non-Markovnikov product. No substantial amount of
phenylacetaldehyde was formed under the given reaction conditions, indicated by the
stoichiometric mass balance illustrated in Figure 4.3.
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Figure 4.3: CP-MIMS-LEI online monitoring of the catalytic oxidation of phenylacetylene (A)
to acetophenone (B) under highly acidic conditions.

The online reaction monitoring of phenylacetylene oxidation to acetophenone illustrates
the significance of CP-MIMS-LEI pairing, as both the reactant and product are incompatible
with ESI based monitoring systems. As shown by the photo insets in Figure 4.3, the reaction is
occurring in a heterogeneous (cloudy) system, which would pose serious problems if direct
capillary sampling strategies (e.g., ESI) were employed.

The PDMS membrane provides an online “cleanup” that effectively removes particulates,
and charged corrosive components (e.g., sulfuric acid, chloroauric acid catalyst), while allowing
hydrophobic molecules to permeate for continuous mass spectrometric analysis. While some
oxidative damage was observed for the PDMS membrane near the completion of the reaction
(due to the high concentration of sulfuric acid, ~1% v/v in methanol, larger images in Figure
4.5.2), the membrane and probe assembly are both inexpensive and easily replaced within
minutes, without the need to vent the MS. The LEI interface required no maintenance during the
experiments here, but the LEI capillary may also be simply replaced as needed without venting
the MS.

To further demonstrate the utility of CP-MIMS-LEI for online reaction monitoring, the
synthesis of alkyl glycinates in an aprotic solvent was examined. Alkyl glycinates have been
used as intermediates for the preparation of a-amino acids,'™ as well as building blocks in the
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preparation of peptidomimetics.'” A synthesis strategy is presented in the reaction scheme given
in Figure 4.4. While advantageous because of the mild reaction conditions, this reaction can be
plagued by overalkylation products, reducing the yield of a desired product.'® In this context,

simultaneous monitoring of the formation of various alkylation products is of significant
synthetic interest.

ol
o

Concentration / mM x10?

Time / min.
A B TEA, C 2
9 CH,CN Hko/\
NH, + Br o —_ NH +
Major Minor
m/z106-79 m/z121-93 m/z192~91

Figure 4.4: CP-MIMS-LEI demonstration of the quantitative online monitoring of an alkyl
glycinate synthesis in dry acetonitrile with triethylamine (TEA) catalyst: (A) (R)-a-methyl
benzylamine; (B) ethyl bromoacetate; (C) ethyl (R)-(1-phenylethyl)glycinate; (D) diethyl (R)-
2,2'-((1-phenylethyl)-azanediyl)-diacetate.

For this demonstration, the MS/MS system was employed. To initiate the reaction,
ethylbromoacetate was added to reaction mixture at t = 2 min. Production of both monoalkylated
(major product, 70% yield) and dialkylated (minor product, 0.7% yield) species was observed
(Figure 4.4). The synthesis was conducted in acetonitrile with a basic catalyst, yielding an
alkaline reaction mixture. Under these conditions, both the reactants and products are neutral,
and successfully monitored by CP-MIMS-LEI. If attempted, direct sampling ESI reaction
monitoring would not be satisfactory, as it would require post-sampling pH adjustments to
protonate the analytes, as well as dilution steps. Figure 4.4 also illustrates that the
ethylbromoacetate alkylation reagent is consumed at a faster rate than a-methyl benzylamine.
This is likely due to formation of the dialkylated product and the presence of trace moisture in
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the reaction system, possibly present in the triethylamine catalyst used. Information such as that
shown in Figure 4.4 may be used for rapid, online reaction optimization, as the real-time data
allows for continuous assessment of reagent purity, consumption, and production of possible
side-products.

All reagents and products for this study demonstrated linear direct calibrations over the
concentration ranges presented, and the ¢;9-9¢o; signal rise times were significantly faster than the
observed reaction rates (Table 4.5.5). Even for reactions where product crystallization occurred
over the course of a measurement (Figure 4.5), free solution concentration changes for reactants
and products were still observable in these heterogeneous slurries, further demonstrating the
robustness of the CP-MIMS-LEI synthesis monitoring strategy.

Figure 4.5: Photograph of an alkylation reaction mixture with CP-MIMS-LEI probe in place
illustrating crystallized product formation.

4.4 Conclusions

We demonstrate the use of an in situ mass spectrometry based reaction monitoring
technique compatible with complex, non-aqueous solutions. This approach yields real-time
feedback for the optimization of synthetic reaction conditions and important mechanistic insight.
The coupling of CP-MIMS and LEI exploits advantages of both methodologies, resulting in a
robust system that allows the direct measurements of neutral organic analytes in complex,
heterogeneous and corrosive reaction mixtures. CP-MIMS and LEI are ideally paired to suit the
online measurement of a variety of synthetic reactants and products. Further, CP-MIMS-LEI
quantitatively measures molecules that are not amenable to other online reaction monitoring
strategies, such as direct sampling ESI approaches, providing a complementary strategy that
addresses a significant gap in current synthetic reaction monitoring methodology using mass
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spectrometry. The quality of online quantitative data is ensured by both membrane selectivity
and LEID’s capacity to operate in the presence of co-permeating reagents, with concentrations
varying in time, and by employing analytical calibrations obtained in the same solvents used for
a given reaction. Although beyond the scope of the presented work, in future studies, the
membrane may be replaced with one made from a different material (such as Nafion) for more
polar compound applications. Future work includes the use of online CP-MIMS monitoring
simultaneously employing both LEI-MS and ESI-MS to enable the simultaneous online
measurement of both charged and neutral species in synthetic reactions.

4.5 Supporting Information

4.5.1 Synthesis of Alkyl Glycinate Standards

To a mixture of (R)-a-methyl benzylamine (0.92 mL, 7.27 mmol) and triethylamine (1.11
mL, 7.99 mmol) in dry acetonitrile (20 ml), 0.89 mL of ethyl bromoacetate (7.99 mmol) was
added in one portion. The solution was maintained under stirring at room temperature until the
disappearance of (R)-a-methyl benzylamine, concentrating the reaction mixture under reduced
pressure. The residue was dissolved in ethyl acetate (50 ml) and washed with H,O (15 ml),
saturated NaCl brine (15 ml), dried over Na;SQO,, filtered and concentrated under reduced
pressure. The residue was purified by flash chromatography on silica gel, eluting with
cyclohexane/ethyl acetate (20:80%, v/v) to give first the dialkyl product: diethyl (R)-2,2’-((1-
phenylethyl)-azanediyl)-diacetate [Minor product] (0.176 g, 0.6 mmol, 8%) as an oil, followed
by the monoalkyl product: ethyl (R)-(1-phenylethyl)glycinate [Major product] (1.18 g, 5.7 mmol,
78%) as an oil.

TLC (Cyclohexane:AcOEt, 60:40 v/v): Rg=0.72;

[a]lp=+33.56 (¢ =0.015 M in CHCl3)

[Minor product Spectroscopic Characterization]:

'H NMR (400 MHz, CDCls): & 7.44 — 7.20 (m, 5H), 4.20 (q, J= 6.9 Hz, 1H), 4.13 (g, J=7.1 Hz,
4H), 3.57 (s, 4H), 1.35 (d, J = 6.7 Hz, 3H), 1.24 (t, J = 7.1 Hz, 6H); °C NMR (125 MHz,
CDCls): 6 171.528, 144.100, 128.460, 127.493, 127.284, 77.355, 77.038, 76.720, 60.957, 60.410,
52.400, 20.937, 14.189; MS (m/z): 293

TLC (Cyclohexane:AcOEt, 60:40 v/v): Rf= 0.50;

[a]p =+ 70.62 (c = 0.026 M in CHCIs); Literature value for (S)-enantiomer = - 64.4 (c = 2.27
g/mL in CHCl;)';

[Major product Spectroscopic Characterization]:

'H NMR (400 MHz, CDCls): 8 7.36 — 7.21 (m, 5H, Ar), 4.16 (q, J= 7.1 Hz, 2H), 3.80 (q, /= 6.6
Hz, 1H), 3.35 — 3.16 (m, 2H), 1.99 (s, 1H), 1.39 (d, J = 6.6 Hz, 3H), 1.25 (t, J = 7.2 Hz, 3H), °C
NMR (125 MHz, CDCls): 6 172.548, 144.581, 128.496, 127.153, 126.742, 77.354, 77.039,
76.719, 60.687, 57.735, 48.863, 24.207, 14.18; MS (m/z): 207
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Table 4.5.1: MS scan parameters.

Analyte MW Scan Type® m/z Collision Energy
g/mol eV
Acetophenone 120.15 SIM 105 -
Biphenyl 154.21 SIM 154 -
Chlorobenzene 112.56 SIM 112 -
Phenylacetylene 102.13 SIM 102 -
Ethyl bromoacetate 167.01 MRM (Quant) 12193 10
MRM (Qual) 138>120 5
a-Methylbenzylamine 121.18 MRM (Quant)  106>79 10
MRM (Qual) 106>77 10
Mono-alkylated product 207.26 MRM (Quant)  192->91 10
MRM (Qual) 192->118 10
Dialkylated product 293.34 MRM (Quant)  220>105 10

MRM (Qual)  278>107 5

? Quant = quantitation transition, Qual = qualifying transition

Table 4.5.2: Biphenyl calibrations and response times for 10-50 mM solute concentrations in
various organic solvents.

Solvent Equation R® t10-90%
min
Acetonitrile y=1.13x +0.83 0.990 0.67
Dichloromethane y=15.39x —4.36 0.999 0.41
N,N-Dimethylformamide y=0.50x +1.70 0.983 0.63
Ethanol y=4.23x-0.68 0.998 1.1
Methanol y=2.41x+3.89 0.994 0.68

Triplicate measurements (intraday)
Risetimes calculated for 50 mM sample

Table 4.5.3: Chlorobenzene calibrations and response times for 10-50 mM solute concentrations
in various organic solvents.

Solvent Equation R? t10-90%
min
Acetonitrile y=1.78x-2.79 0.996 0.48
Dichloromethane y=5.24x +2.83 1.000 0.33
N,N-Dimethylformamide y=1.62x —2.27 0.996 0.43
Ethanol y=2.78x —4.27 0.998 0.69
Methanol y=2.57x-2.42 0.999 0.46

Triplicate measurements (intraday)
Risetimes calculated for 50 mM sample
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Table 4.5.4: Reactant and product calibrations and response times for oxidation reaction in
methanol.

Analyte Equation R® t10-90%
min

Phenylacetylene y=16.8x —29.7 0.999 0.35

Acetophenone y=533x-1.79 1.000 0.40

Single Measurements in 95:4:1 methanol:de-ionized water:sulfuric acid v/v, 4 mM HAuCl, with gentle heating
(~50°C); 5-200 mM; Risetimes calculated for 90 mM sample

Table 4.5.5: Reactant and product calibrations and response times for alkylation reaction in
acetonitrile.

Analyte Equation R® t10-90%
min
Ethyl bromoacetate * y=19.1x + 82.3 0.999 0.23
a-Methylbenzylamine * y =59.6x +243 0.999 0.42
Mono alkylated product” y=16.1x + 68.3 0.999 0.60
Dialkylated product® y=4.85x +1.36 1.000 1.2

? Triplicate measurements (interday); 1-500 mM; Risetimes calculated for 250 mM sample
® Duplicate measurements (interday); 1-250 mM; Risetime calculated for 250 mM sample
¢ Single measurements; 10-75 mM; Risetime calculated for 75 mM sample
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Chapter 5

Condensed Phase Membrane Introduction Mass
Spectrometry with In Situ Liquid Reagent
Chemical Ionization in a Liquid Electron
Tonization Source (CP-MIMS-LEI/CI)

Reproduced with minor changes and permission from Vandergrift, G.W.; Lattanzio-
Battle, W.; Krogh, E.T.; Gill, C.G. “Condensed Phase Membrane Introduction Mass
Spectrometry with In Situ Liquid Reagent Chemical Ionization in a Liquid Electron Ionization
Source (CP-MIMS-LEI/CI).” Journal of the American Society for Mass Spectrometry, 2020, 31,
908-916. G.W. Vandergrift designed the experiments and analyzed the data. G.W. Vandergrift
primarily collected the data, with contributions from W. Lattanzio-Battle. G.W. Vandergrift
drafted the manuscript, with intellectual and editorial contributions from E.T. Krogh and C.G.
Gill. This article was selected for the front cover of Journal of the American Society for Mass
Spectrometry.

5.1 Introduction

The field of direct mass spectrometry (DMS) has grown rapidly because of its
applicability for a wide range of sample types, ease of analysis, and potential for high sample
throughput.”> DMS typically eliminates extensive sample workup and chromatographic
separations, which are often associated with conventional sample analyses. As a result, DMS
strategies often tend to require less consumable products, fulfill many green chemistry principles,
and may allow for portability, providing timely information to support real-time and in field
decisions. DMS strategies do not need to replace conventional (i.e., chromatographic) methods,
but rather may be used in advance of or in combination with conventional techniques to provide
rapid, initial sample information. However, DMS may only provide useful information if the
sample introduction step does not compromise analytical performance (i.e., sensitivity and
selectivity), and the targeted analytes can be sufficiently resolved by selectivity at the sample
introduction, ionization, and mass spectrometry level.
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An example analyte class for which DMS methods have been applied is phthalates.
Phthalates, widely used as plasticizers, are ubiquitous pollutants that contaminate air, foods,
cosmetics, and waters, among other matrices.'” Because phthalates are known endocrine
disruptors and potential carcinogens, there is a need for sensitive, robust, and effective analysis
techniques.'””'” Conventional phthalate analysis typically consists of an extraction step (e.g.,
solid phase micro extraction, ultrasonic extraction, etc.) in advance of GC-MS, and there is also
advancement toward hyphenated analytical techniques (e.g., SPE-LC-MS/MS).'"’ However, as
referred to earlier, these methods may be undesirable with respect to sample cleanup, time, cost,
and waste. Several ambient ionization techniques coupled with mass spectrometry have
alternatively been used for direct phthalate analysis. These include direct analysis in real time,'"""
'3 desorption electrospray ionization,''* spray-inlet microwave plasma torch ionization,'” and
thermal desorption electrospray ionization''® among others. While generally rapid, these ambient
methods may be susceptible to ionization suppression and/or have inadequate
sensitivity/selectivity. Furthermore, they may not be universally suitable for a wide range of
sample types (i.e., waters, soils, materials, etc.).

Many of the complications associated with DMS measurements of phthalates are
inherently related to the nature of the ambient ionization mechanism based techniques used.>’*
“ To mitigate these disadvantages, a chemical ionization (CI) approach may be a viable
alternative. CI strategies may allow for protonation and/or adduction formation in the gas phase
as a result of increased reagent pressure at the ionization source, which generates increased
analyte and reagent collisions/ reactions.* Positive ion CI with El-based techniques (i.e., GC-MS)
has been demonstrated as an effective strategy to minimize molecular ion fragmentation resulting
in improvements in analytical sensitivity/selectivity. For example, Bergh et al. used an isobutane
reagent gas and tandem mass spectrometry for phthalates in the analyses of house dust
samples.'"” Similarly, Jeilani et al. and Harvan et al. used a methane reagent for increased
protonated molecular ion intensities.''®"'!* While the aforementioned studies involved GC-MS,
CI strategies can also be used in combination with DMS to improve selectivity. The need for
improved selectivity is particularly true for phthalates, which exhibit common fragmentation
patterns in EI; a dominant, characteristic ion at m/z 149 (protonated phthalic anhydride) occurs in
most cases.

An alternative DMS strategy, condensed phase membrane introduction mass
spectrometry liquid electron ionization with in situ liquid reagent chemical ionization (CP-
MIMS-LEI/CI), is presented here. In CP-MIMS, a liquid (acceptor phase) is continuously flowed
through the lumen of a hollow fiber membrane, typically PDMS. The membrane is mounted on a
probe and directly immersed into a complex sample (donor phase). Neutral analytes that are free
in solution are transported across the membrane under a concentration gradient, where
membrane permeability is a function of both analyte partitioning into and analyte diffusivity
through the membrane interface. Charged and particulate matrix components are rejected by the
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membrane and consequently do not interfere with ionization or mass resolution.*'* '*! The liquid
acceptor phase dissolves analytes that permeate the membrane, eliminating the volatility
limitations associated with GC-MS applications. The analytes are then entrained to an EI
interfaced mass spectrometer. Here, a nanoflow of liquid is directly infused into a heated transfer
line, where it forms an aerosol assisted by vacuum and a coaxial helium flow. This is rapidly
followed by heated desolvation, vaporization, and finally electron ionization, referred to as liquid
electron ionization (LEI).'” "> ' Variants of LEL termed direct electron ionization (DEI), were
published as early as 2002 by Cappiello et al.'**'** These studies emphasized the technique’s
robustness, minimal matrix effects, and ability to produce library searchable EI mass spectra,
while also noting that CI behavior (i.e., protonation) may occur in an LEI type source, depending
upon the solvent composition.”” Other work in the literature with direct liquid ionization has
been demonstrated by the Amirav group, who coupled LC to EI via supersonic molecular
beams.”” '# As an alternative DMS strategy, Amirav et al. also developed the “Open Probe”
analytical strategy, which allows for direct sampling by ambient sample vaporization and fast
GC separation (~30 s) in advance of E.'**'%

We have previously presented CP-MIMS with LEI as a direct analysis strategy for
polycyclic aromatic hydrocarbons (PAHs) from both aqueous and soil samples. For soil samples,
this method obviated sample cleanup, resulting in remarkably high throughput (15 soil samples
per hour) combined with sensitive detection (70 pg/kg detection limit for benzo[a]pyrene from
soil)."” We also have previously used MIMS for phthalate quantitation using enzyme-derivatized
PDMS,'?® and for the study of phthalate-particulate interactions.'>” The study presented here
demonstrates the use of CP-MIMS for phthalate analysis and extends the capabilities of the
technique with respect to both selectivity and sensitivity. We present the use of acetonitrile and
diethyl ether as a CP-MIMS acceptor phase and source of in situ liquid CI reagents, and
demonstrate their applicability with the direct analysis of phthalates in house dust. CP-MIMS-
LEI/CI uses the acceptor phase solvent system to improve analyte permeation through the
sampling membrane’ and simultaneously provide suitable CI reagent ions via gas phase
autoprotonation reactions.

5.2 Experimental Section

5.2.1 Liquid Reagent and Sample Preparation

Bis(2-ethyl-hexyl) phthalate (DEHP; analytical standard), dibutyl phthalate (DBP; 99%),
and diethyl phthalate (DEP; 99.5%) were obtained from Sigma-Aldrich (Oakville, ON, Canada).
For eventual analyses by CP-MIMS-LEI/CI, samples were prepared volumetrically in 18.4 MQ-
cm deionized water (Facility Scale Reverse Osmosis/lon Exchange Water Purification System,
Applied Membranes Inc., Vista CA, USA), 2-propanol (ACS grade, VWR International), or
acetonitrile (=99.9%, VWR International). Acceptor phase/ CI reagent systems were prepared
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volumetrically from mixtures of acetonitrile, acetonitrile-d3 (99.8% atom % D, Sigma- Aldrich),
diethyl ether (ACS grade, Fisher Chemical, Ottawa, ON, Canada), and diethyl ether-d;y (99 atom
% D, Sigma- Aldrich) as further described in the Results and Discussion.

5.2.2 Condensed Phase Membrane Introduction Mass Spectrometry-Liquid Electron
Ionization with In Situ Liquid Reagent Chemical Ionization (CP-MIMS-LEI/CI)
System

The base CP-MIMS-LEI/CI system used has been described elsewhere.'” "> ' Briefly, a
triple quadrupole mass spectrometer (Agilent Technologies Inc. 7010B GC/MS/MS, Santa Clara,
CA, USA) equipped with an open geometry, high- efficiency EI source (190 °C) was used for
full scan (profile data: Q1, m/z 30—200, 0.1 amu step size, 150 ms scan time; centroid: Q1, m/z
145—-400, 0.1 amu step size, 3000 ms scan time, 150 threshold) and tandem mass spectrometry
(MS/MS, 350 ms dwell time per SRM) experiments. All experiments were conducted using 70
eV electron ionization. Analyte SRMs and relevant physicochemical properties are presented in
Tables 5.1 and 5.5.1, respectively.

Table 5.1: Tandem mass spectrometry parameters for phthalates.

Phthalate SRM Transition Collision energy
eV

Bis(2-ethylhexyl) 391 > 149 5

Dibutyl 279 > 149 5

Diethyl 223 > 149 5

The CP-MIMS immersion probe utilized 8 cm of PDMS hollow fiber membrane (0.30
mm i.d., 0.64 mm o.d.; Silastic brand, Dow Corning, Midland, MI) loosely coiled around the
probe tip. Construction and further details of the probe have been previously described.'® ' The
CP-MIMS probe was connected to a manually actuated six-port valve (Rheodyne Model 7010,
Sigma-Aldrich), allowing analyte measurements to be made using steady-state signals or via a
“stopped-flow” sampling method. Figure 5.5.1 gives a simplified flow path schematic for the
system. “Steady-state” CP-MIMS measurements involve direct immersion of the probe into the
sample, allowing sufficient time for the analyte signals to achieve their maximum, steady-state
levels while continuously flowing liquid acceptor through the hollow fiber membrane lumen.
Conversely, “stopped-flow” sampling involves halting the flow of acceptor phase solvent
through the membrane while the CP-MIMS probe is immersed in a sample by actuating the six-
port valve for a fixed period. This allows for the concentration of analyte to increase in a slug of
acceptor phase within the membrane lumen. The valve is then actuated again after a fixed period
of time, yielding a signal peak (visually similar to that of a chromatographic peak). For both
steady-state and “stopped-flow” modes, the resulting data are collected as ion chronograms. Both
steady-state and “stopped-flow” type CP-MIMS measurements have been previously reported.®®
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For individual measurements, the CP-MIMS immersion probe was directly immersed into
magnetically stirred (900 rpm) liquid samples in 40 mL glass vials at ambient temperatures and
pressures. Following each measurement, the CP-MIMS immersion probe was rinsed in 40 mL of
magnetically stirred clean methanol to return signals to baseline levels in advance of the next
sample measurement.

A syringe pump (Harvard Apparatus 11 Elite, Holliston, MA, USA; 10 mL gastight
syringe, Hamilton Company, Reno, NV, USA) was used to deliver solvent at 50 pL/min through
the membrane lumen. Postmembrane, the flow into the LEI/ CI interface was reduced to ~500
nL/min using a passive flow splitter (Figure 5.5.1). This flow rate was measured offline using a
nano flow-meter (Sensirion SLG-0150, Stafa, ZH, Switzerland) and calibrated using the acceptor
phase solvent systems used. Vacuum pressure measurements were used to monitor the stability
of liquid flow into the MS source using an ion gauge (Hewlett-Packard 59864 A ionization gauge
and controller, Palo Alto, CA, U.S.A.) mounted on a custom- made flange attached to the source
end of the MS manifold. Stable LEI/CI performance resulted in source region pressures of
1.2x10~* Torr. The mass spectrometer was tuned on a daily basis using the instrument’s internal
FC-43 (Perfluorotributylamine) calibration standard, and the CP-MIMS-LEI/CI system exhibited
stable analytical performance over weeks of daily use. Construction details of the ion gauge
flange and additional details regarding flow splitting, signal stability, and monitoring have also
been discussed elsewhere.'’

5.2.3 House Dust Sample Preparation and Analysis

House dust samples were collected from three different residential homes (Nanaimo, BC,
Canada) and mechanically sieved (150 um) prior to measurements. For analysis, 0.5 g of house
dust was suspended in 7 mL of 2-propanol in an 8 mL glass vial and ultrasonically extracted
(Fisher Scientific FS140 ultrasonic bath, 135 W) for 5 min at ambient temperatures and
pressures. Immediately following extraction, the CP-MIMS probe was directly immersed in the
vial and analyzed via “stopped-flow” mode (5 min), with magnetic stirring. Previous work has
demonstrated that, for polycyclic aromatic hydrocarbons, 2-propanol is an effective solvent for
both analyte extraction and direct CP-MIMS-LEI analyses."°

For standard addition experiments, samples were measured as described above, then
subsequently spiked with 6 mg/LL. DEHP from a 2-propanol standard, and reanalyzed. For direct
calibration experiments, 2-propanol DEHP standards (0.5, 9, 25, 35 mg/L) were analyzed via
“stopped-flow” mode. All house dust sample measurements were conducted in triplicate.
Representative measurements for “stopped-flow” measurements of 9 mg/L DEHP from 2-
propanol are given in Figure 5.5.2.

5.2.4 Data Analysis

Analyte signal risetimes were calculated as the time required for a steady-state signal to
rise from 10% to 90% relative intensity (¢;9-902;). “Steady-state” data were smoothed with a 7-
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point moving boxcar (Microsoft Excel), and signal intensity was evaluated using height. Error
bars for steady-state data are representative of the standard deviation of a steady-state signal.
“Stopped-flow” data were smoothed with a 15-point Savitzky-Golay function (MassHunter
Qualitative Analysis Navigator, version B.08.00, Agilent Technologies Inc.), and signal intensity
was evaluated as peak areas. Error bars for “stopped-flow” data are representative of the standard
deviation of triplicate measurements. DEHP detection limits were calculated as 3 times the
standard deviation of measurements for a 0.5 mg/LL DEHP in 2-propanol sample divided by the
calibration slope.'

5.3 Results and Discussion

5.3.1 Acetonitrile Reagent System

Figure 5.1 displays the full scan mass spectrum obtained for the direct infusion of
acetonitrile at 500 nL/min into the LEI/CI source. While the molecular ion (m/z 41) is present,
the dominant peak in the spectrum appears to be the protonated molecular ion at m/z 42. This is
in stark contrast to the acetonitrile NIST library EI spectrum,'*® for which the molecular ion is
the dominant peak and m/z 42 is largely absent. To confirm the origin of the protonation,
acetonitrile-d; was analyzed in the same manner, producing the deuterated molecular ion at m/z
46 as the dominant peak (Figure 5.1). Therefore, an autoprotonation reaction is occurring within
the LEI/CI source.* Moneti ef al. previously observed and confirmed this effect for acetonitrile,
although their studies were not conducted via continuous liquid infusion. Furthermore, they used
a quadrupole ion trap mass spectrometer, with significantly longer reaction times'”’ when
compared to that occurring in the open geometry EI source presented here. The abundance of
chemical ionization behavior is particularly noteworthy, given that a standard, open EI source
has no restrictions to intentionally increase reagent gas partial pressure, as is typically done with
“tight” CI source geometries.” Also shown in Figure 5.1 is the appearance of a chemical species
at m/z 54 from acetonitrile, which is also confirmed to be the result of in-source reactions by the
acetonitrile-d; infusion experiment. This species (C;HsN") has been noted by Moneti et al. and
similarly confirmed to originate from acetonitrile. Its presence in this study is further evidence of
the potential CI capabilities afforded by using an open geometry EI source with direct liquid
introduction.
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Figure 5.1: Full scan mass spectra of ACN and ACN-d; with LEI/CI-quadrupole mass
spectrometry. List of major peaks with proposed molecular formulas (for non-deuterated
species): (1) m/z 40 [CH,CN]"; (2) m/z 41 [CH3CN]™; (3) m/z 42 [CH;CN-H]"; (4) m/z 54
[C3H4N]+. The deuterated species have analogous formulas.
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The abundance of protonated acetonitrile molecular ions suggests they could be used as
potential proton transfer CI reagent ions, provided that the proton affinity for acetonitrile is less
than that of the analyte.* While proton affinity data for dialkyl phthalates are not readily
available, the proton affinity of methyl benzoate (850.5 kJ/mol) is higher than that of acetonitrile
(779 kJ/mol), suggesting acetonitrile could potentially be an effective dialkyl phthalate proton
transfer reagent (Table 5.5.2). Furthermore, in combination with its potential use for CI,
acetonitrile has previously been used as an acceptor phase with CP-MIMS style experiments.”
Based upon these results, full scan mass spectra for the direct analyses of DEP, DBP, and DEHP
by CP-MIMS-LEI/CI using acetonitrile as an acceptor phase were generated. The results are
compared with NIST EI spectra'® in Figure 5.2, and further described in Table 5.2.
Representative full scan mass spectra from CP-MIMS-LEI/CI obtained for steady-state
measurements are shown (Figure 5.2). The presence of protonated molecular ions ([M+H]")
demonstrates that acetonitrile is functioning as a proton transfer reagent for dialkyl phthalates.
This is in clear contrast to the NIST EI spectral data,'”® where the molecular ions are nearly
absent because of extensive fragmentation. The CI behavior in the CP-MIMS-LEI/CI
experiments is especially pronounced for DEP, where the peak for the loss of an alkoxy group
from the protonated molecular ion (m/z 177)""® is the base peak instead of the protonated phthalic
anhydride ion (m/z 149). The data in Table 5.2 involve phthalate measurements conducted in
three sample (donor) solvent systems, deionized water (6 mg/L each), 2-propanol (300 mg/L
each), and acetonitrile (3000 mg/L each). Because of its low aqueous solubility,”® DEHP was not
analyzed in deionized water for these studies.
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Figure 5.2: Comparison of full scan MS spectra for DEP, DBP, and DEHP from CP-MIMS-
LEI/CI (ACN reagent) (CI, top three panels) to that of the NIST library (EI, lower three reflected
panels). For the spectra shown here, DEP and DBP (6 mg/L each) were measured in deionized

water, and DEHP (3000 mg/L) was measured in ACN.

Table 5.2: Full scan MS spectra major m/z ions for DEP, DBP, and DEHP from CP-MIMS-

LEI/CI, comparing different sample (donor) solvents (ACN liquid CI reagent).

Sample (Donor) Solvents

Phthalate m/z Formulae Acetonitrile® 2-Propanol” De-ionized Water®
Rel. Signal Rel. Signal Rel. Signal

DEP 149 [CsH505]" 0.657 0.650 0.640

177 [C1oHoO5]" 1 1 1

2234 [C1,H504]" 0.241 0.252 0.225
DBP 149 [CsH505]" 1 1 1

205 [C1,H;305]" 0.302 0.299 0317

2794 [C16H304]" 0.179 0.199 0.179
DEHP 149 [CsH505]" 1 1 -

167 [CsH,04]" 0.305 0.337 -

279 [C16H304]" 0.123 0.147 -

3919 [Ca4H3004]" 0.130 0.120 -

#3000 mg/L sample concentration for each phthalate
300 mg/L sample concentration for each phthalate

¢ 6 mg/L sample concentration for each phthalate
4 protonated molecular ion ((M+H]")




58

Analysis of the data presented in Table 5.2 demonstrates that the CI behavior observed
during CP-MIMS-LEI/CI measurements is essentially independent of the sample (donor) phase.
For DEP, this is indicated by similar relative signal intensities for the protonated molecular ion
across three different sample phases examined (5.7% relative standard deviation (RSD) for DEP
[M+H]" signal intensities across acetonitrile, 2-propanol, and deionized water donor phases).
DBP shows a similar result (6.2% RSD), as does DEHP (8.0% difference). Therefore, the
differing membrane permeants from the sample solvent matrix do not appear to appreciably alter
the observed CI behavior, suggesting minimal matrix effects for the tested solvent donor
systems, and potentially broader applicability for a wider variety of sample types. Table 5.2 also
illustrates that an isobaric interference exists between DBP and DEHP: both phthalates produce
an ion at m/z 279 through either protonation (DBP) or fragmentation (DEHP). While this may
seem to complicate the potential direct measurement of complex mixtures, it is important to note
that all three phthalates analyzed here exhibit multiple, predictable ion signals. This would
therefore allow phthalate quantitation using multiple tandem mass spectrometry transitions with
predictable relative intensities. In support of this strategy, Mosi et al. successfully demonstrated
data deconvolution strategies to differentiate polycyclic aromatic hydrocarbon isomer mixtures
using difluoroethane as a reagent gas for CL.” *° In summary, the use of acetonitrile as a CI
reagent ion source with CP-MIMS-LEI/CI represents an improvement relative to EI with respect
to selectivity (i.e., presence of protonated molecular ions). Because the CP-MIMS acceptor phase
composition can be easily modified, we tested the addition of other cosolvents (with CI
potential) to determine whether further analytical improvements could be observed.

5.3.2 Acetonitrile and Diethyl Ether Reagent System Optimization

In earlier work, we observed that alkane cosolvents admixed in a methanolic CP-MIMS
acceptor phase (coupled with electrospray ionization) resulted in improved membrane
permeability for model compounds.” This was due to the alkane cosolvent solubility in PDMS
membranes, resulting in greater analyte sensitivity and faster membrane transport (i.e., reduced
analyte risetimes).”'® Detailed discussions regarding membrane cosolvent permeability effects
are available elsewhere.”'™ > 2 Applying these principles, diethyl ether was selected as a
cosolvent because of its solubility in both acetonitrile and PDMS.? Prior to determining an
optimal acceptor phase composition, diethyl ether and diethyl ether-d;y were directly infused at
500 nL/min in separate experiments into the LEI/CI source, with the resulting full scan mass
spectra given in Figure 5.3. Interestingly, the results are analogous to that observed for
acetonitrile, again in stark contrast to the NIST Library EI spectrum; the dominant peak for
diethyl ether is the protonated molecular ion (m/z 75), also confirmed by the diethyl ether-d;y
experiment to be the result of autoprotonation.” This result was significant and suggested diethyl
ether might also be used as a proton transfer reagent for phthalates, since the proton affinity for
methyl benzoate (850.5 kJ/mol) is also greater than that of diethyl ether (828.4 kJ/mol).'*®
Furthermore, the EI fragmentation of diethyl ether (Figure 5.5.3) in the LEI/CI source results in
the serendipitous creation of additional potential proton transfer reagent ions, including
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protonated acetaldehyde (768.5 kJ/mol, m/z 45) and formaldehyde (712.9 kJ/mol, m/z 31)."* All
of these ions have proton affinities lower than that of methyl benzoate.
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Figure 5.3: Full scan mass spectra of Et,0O and Et,0-d;y with LEI/CI-quadrupole mass
spectrometry. List of major peaks with proposed molecular formulas (for the nondeuterated
species): (1) m/z 31 [CH,0-H]"; (2) m/z 45 [C.H40-H]'; (3) m/z 59 [(CH2)O(CoHs)]™; (4) m/z 73
[(C2Hs5)O(CoH)]™; (5) m/z 75 [(CyHs),0-H]™; (6) m/z 149 [((C;Hs),0),-H]'. The deuterated
species have analogous formulas.

To optimize acceptor phase composition, mixtures of diethyl ether (0—50% v/v) and
acetonitrile were used as acceptor phase/reagent systems for the direct analysis of phthalates. For
each acceptor phase system, DEP and DBP were measured in deionized water (at 125 pg/L
each), and DEHP was measured in 2-propanol (100 mg/L). Tandem mass spectrometry was used
to monitor the SRM from the protonated molecular ion to m/z 149 for each dialkyl phthalate
(Table 5.1) via “steady-state” measurements. Figure 5.4 summarizes the results, depicting the
signal-to-noise ratio (i.e., sensitivity) on the left axis (solid lines) and signal rise time (¢;0-90%;
minutes) on the right axis (dashed lines). Figure 5.4 illustrates that, for all phthalates examined,
the sensitivity is maximized for a 70:30 ACN/Et,0 v/v acceptor phase system. One source of the
sensitivity improvement is due to the solubility of diethyl ether in PDMS, which thereby
improves the permeation of analyte through the membrane via the formation of a polymer
inclusion membrane.”'" %> However, it was noted that, with increasing diethyl ether composition,
the signal noise also increased; this is likely due to rapid and more sporadic evaporation of the
acceptor phase in the LEI/CI source, resulting from the lower boiling point of diethyl ether (34.6
°C) compared to that of acetonitrile (81.6 °C).*° This contributes to the lower phthalate
sensitivities above 30% v/v diethyl ether in the acceptor phase. A further benefit of the diethyl
ether solubility in the PDMS is increased analyte diffusivity through the membrane, evidenced
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by the reduction in the analyte signal risetimes. Based upon these results, an acceptor phase
composition of 70:30 ACN/Et,0O v/v was chosen for its combination of improved sensitivity and
concomitant improved membrane transport characteristics.
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Figure 5.4: Optimization of an ACN and Et,0O (0—50% v/v) acceptor phase/reagent system for
CP-MIMS-LEI/CI tandem mass spectrometry analyses of DEP (125 pg/L in deionized water),
DBP (125 pg/L in deionized water), and DEHP (100 mg/L in 2-propanol; data scaled x1/5) with
respect to steady-state signal-to-noise (plotted on primary axis; solid lines with filled data
symbols) and analyte rise time (plotted on secondary axis; dashed lines with open data symbols).

Aside from improving phthalate membrane permeability, the sensitivity improvement
from diethyl ether cosolvent use may also be due to increased gas-phase phthalate protonation,
facilitated by the presence of the additional reagent ions it produces (Figure 5.3). Figure 5.5.4
gives the full scan mass spectrum for the direct 500 nL/min infusion of the 70:30 ACN/Et,0 v/v
reagent into the LEI/CI source, indicating the presence of multiple potential proton transfer CI
reagents generated by both diethyl ether (m/z 31, 45, 75) and acetonitrile (m/z 42). To investigate
the possibility of proton transfer from diethyl ether related reagent ions in addition to those from
acetonitrile, deuterium-labeled reagents were used. Using CP-MIMS-LEI/CI, 6 mg/LL DBP was
sampled from deionized water using a variety of acceptor phase/reagent systems (Figure 5.5):
70:30 ACN/Et,O v/v (panel a), 70:30 ACN-d;/Et,0O v/v (panel b), 70:30 ACN/Et,O-d;y v/v
(panel c), and 70:30 ACN-d3/Et,0-d;9 v/v (panel d). In panel (a), the relative intensity of the
molecular ion (versus m/z 205) is increased by a factor of 1.5 when compared to that of DBP in
Figure 5.2, which used only acetonitrile as the reagent. In panels (b) and (c), the presence of both
deuterated and protonated phthalate molecular ions ([M+D]+ and [M+H]+, respectively)
suggests that both acetonitrile and diethyl ether, after autoprotonation, are working
simultaneously as proton transfer reagents. While we do not have explicit knowledge as to which
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specific chemical species/fragment is the dominant proton donor, these studies do confirm that
the phthalate protonation originates from the liquid acceptor phase/reagent. Panel (d) further
confirms that sample matrix co-permeants do not appreciably affect CI behavior, indicated by the
lack of protonated species, and the sole presence of a deuterated, molecular ion signal for DBP.
The presence of m/z 223, which originates from a McLafferty rearrangement of the unprotonated
phthalate molecular ion,* suggests that the resulting CI spectra generated from CP-MIMS-LEI/CI
are a composite of both EI and CI behavior. The fragmentation/protonation origins for DBP ions
are shown in Figure 5.5, which are consistent with the proposed fragmentation pathways for
protonated phthalates by Jeilani ez al.'™®
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Figure 5.5: Full scan mass spectra of DBP (6 mg/L) sampled from deionized water with four
different acceptor phase/reagent systems: (a) 70:30 ACN/Et,O v/v; (b) 70:30 ACN-d3/Et,0 v/v;
(c) 70:30 ACN/Et,O-d;p v/v; (d) 70:30 ACN-d3/Et,O-d;p v/v. Support for proposed

fragmentation pathways may be found elsewhere.* ''®
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5.3.3 House Dust Analysis

As a final demonstration, CP-MIMS-LEI/CI was used for the analysis of DEHP in house dust.
DEHP was analyzed as a means to assess the performance of CP-MIMS-LEI/CI with a complex
sample, and not to provide full characterization of all phthalates in house dust. DEHP was
chosen as a representative analyte, as it is a commonly used phthalate plasticizer, and
additionally is a potential carcinogen and known endocrine disruptor.'”” ' As detailed in the
Experimental Section, 0.5 g house dust samples was suspended in 2-propanol and sonicated for 5
min. The CP-MIMS probe was immediately and directly immersed in the stirred sample slurry
and analyzed using stopped-flow mode. Extracted DEHP concentrations were determined in
triplicate by both standard addition (6 mg/L DEHP spike) and direct calibration (Peak Area =
496 mg ' L [DEHP] + 338, R? = 0.995; Figure 5.5.5). Both quantitation strategies demonstrate
comparable results (Figure 5.6). The detection limit for DEHP in 2-propanol using this approach
is 0.45 mg/L, as described in the Experimental Section. Assuming exhaustive extraction, we
estimate a detection limit for DEHP in house dust of 6 mg/kg. This level of sensitivity is
comparable to that achieved by Abb et al., who reported a detection limit of 4.0 mg/kg DEHP
from house dust using ultrasonic extraction followed by liquid chromatography electrospray
tandem mass spectrometry.'®® While the short extraction time (5 min) used herein may not be
exhaustive, the simple procedure presented is reproducible, obviates sample cleanup, bypasses
chromatography, and suggests that CP-MIMS-LEI/CI may effectively be used for semi-
quantitative and sensitive rapid-screening in advance of or in combination with conventional
analyses. In addition, the sample throughout using the stopped flow CP-MIMS-LEI/CI technique
described here is 10 min per sample (6 per hour).
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Figure 5.6: Analyses of DEHP from three different house dust samples, quantitated in triplicate
by both standard addition and direct calibration methods. Inset picture was taken during the
analysis of a representative house dust sample slurry.

5.4 Conclusions

The use of liquid-EI in CI mode with condensed phase membrane introduction mass
spectrometry is a significant step forward for this direct mass spectrometry method. CI reagent
ions formed from acetonitrile and diethyl ether were generated in situ with electron ionization
directly from the liquid acceptor phase. These experiments were conducted using an open
geometry, electron ionization source. Both acetonitrile and diethyl ether produced proton-
donating reagent ion species that worked in concert to ionize dialkyl phthalates, and were not
influenced by the sample (donor) matrices tested, suggesting applicability for a wide variety of
sample types. While the use of CI does not allow for the NIST library identification facilitated by
El, the advantages of using mixed CP-MIMS-LEI/CI acceptor solvent systems are twofold,
simultaneously improving both membrane transport and ionization selectivity. The method was
demonstrated for the rapid and sensitive direct quantitation of phthalates from house dust (6
mg/kg detection limit for DEHP); the use of LEI/CI generated protonated phthalate molecular
ions, enabling increased selectivity via tandem mass spectrometry experiments. In summary, CP-
MIMS-LEI/CI represents a useful direct mass spectrometry strategy, as shown here through the
determination of phthalates in house dust. Future developments will include further method
validation and application of the technique to other analyte classes that exhibit a high degree of
fragmentation with EI. CP-MIMS-LEI/CI may also be used for adaptive, high sample throughput
phthalate screening of a variety of complex matrices, in combination with conventional analyses
where appropriate, as well as extending the technique to other classes of CI amenable analytes.



64
5.5 Supporting Information

Table 5.5.1: Analyte physicochemical properties®’

Phthalate Molar mass  Water solubility =~ Vapor pressure
g/mol mg/L mmHg

Bis(2-ethylhexyl) 390.57 0.27 0.000000142

Diethyl 222.24 1080 0.0021

Dibutyl 278.35 11.2 0.0000201

Table 5.5.2: Proton affinity data for that of the neutral molecule'’

Proton affinity

kJ/mol
Acetonitrile 779.2
Acetaldehyde 768.5
Ethyl Ether 828.4
Formaldehyde 712.9

Methyl Benzoate 850.5

0.5 mL/min He

Passive
Flow Splitter

Agilent 7890B GC Agilent 7010B

MS/MS
22cm

Brass Nut Transfer Line High Efficiency
Fused Silica nL/min (LCl Interface) Heater (400°C) El |°°n Source
Capillary (190°C)

150 pym OD

o 8cm

Liquid PDMS
Acceptor  pmembrane =1
Phase, 0.64 mm OD
Cl Reagent .30 mm ID

Waste

NOTE: Not To Scale
Stir Bar

[ ] stirPlate

Figure 5.5.1: Experimental schematic for condensed phase membrane introduction mass
spectrometry coupled to liquid electron ionization with in sifu liquid reagent chemical ionization
(CP-MIMS-LEI/CI).
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Figure 5.5.2: Triplicate measurements of 9 mg/LL DEHP from 2-propanol by CP-MIMS-LEI/CI

using ‘stopped-flow’ mode.
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Figure 5.5.4: Full scan mass spectra of 70:30 acetonitrile:ethyl ether v/v with LEI/CI quadrupole
mass spectrometry. List of major peaks with proposed molecular formulae: 1) m/z 41 [CH;CN]™;
2) m/z 42 [CH3CN-H]"; 3) m/z 54 [C3H4NT"; 4) m/z 59 [(CH2)O(C2Hs)]'; 5) m/z 75 [(C,Hs),0-
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Figure 5.5.5: Bis(2-ethylhexyl) phthalate (DEHP) calibration in 2-propanol (0.5, 9, 25, 35 mg/L)
using 5 minute ‘stopped-flow’ analyses. Error bars represent the standard deviations of triplicate

measurements.
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Chapter 6

Direct, Isomer-Specific Quantitation of Polycyclic
Aromatic Hydrocarbons Using Membrane
Introduction Mass Spectrometry and Chemical
Tonization

Reproduced with minor changes and permission from Vandergrift, G.W.; Krogh, E.T.;
Gill, C.G. “Direct, isomer-specific quantitation of polycyclic aromatic hydrocarbons in soils
using membrane introduction mass spectrometry and chemical ionization.” Analytical Chemistry,
2020, In Press. G.W. Vandergrift designed the experiments, collected the data, and analyzed the
data. G.W. Vandergrift drafted the manuscript, with intellectual and editorial contributions from
all authors. This article was selected for the front cover of Analytical Chemistry.

6.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs), a class of ubiquitous environmental
contaminants, are carcinogenic, mutagenic and bioaccumulative.”**'>* PAHs are therefore
regulated and routinely tested for in a variety of sample matrices. For PAHs in soils, GC-MS
with initial sample extraction, cleanup, and concentration steps is frequently used."** 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,*>"* aerosol-MS,"*” membrane introduction MS,”® and atmospheric pressure
chemical ionization (APCI)."*® Despite any advantages afforded by DMS approaches, the
absence of chromatography generally eliminates PAH structural isomer resolution. Because
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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.'*

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,"**'*' silver
cations,'* dimethyl ether,'*’ and halocarbon chemistry,” ** '** 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 Cl-based resolution with DMS, Eftekhari ef al. used
silver ion-PAH chemistry in combination with desorption electrospray ionization (DESI) for
isomer-specific PAH measurements from a paper surface.'* 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.'**'’

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)."”> In CP-MIMS, a hollow-fiber
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.” > '3 73 For LEL 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.”” '° ' The use of LEI mitigates the significant matrix effects that
are commonly observed in ambient ionization techniques,”’ 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.' 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)."? Here we present CP-MIMS-LEI/CI as a DMS technique for PAHs in soils,
using in situ CI (with a CI source) to directly resolve PAH isomers.
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6.2 Experimental Section

6.2.1 Standards and Solvents

See the Supporting Information, Section 6.5, for source, purity and physicochemical
properties of selected 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 (BbFIl), chrysene (Chr), fluoranthene (Fl), naphthalene (N),
perylene (Per), phenanthrene (P) and pyrene (Pyr).

6.2.2 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.'” '? 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 125385 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 shown in Table 6.1 and Table
6.5.1, 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 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 pA filament emission current. An experimental schematic is shown in Figure 6.1.
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Figure 6.1: Instrumental schematic for CP-MIMS-LEI/CI.

Table 6.1: 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.
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A CP-MIMS direct immersion probe was constructed by mounting 10 cm of PDMS
hollow fiber 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), 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
works,'” '? further enhancing sensitivity. Additional details regarding similar CP-MIMS probe
construction are available elsewhere.” A syringe pump (Harvard Apparatus Pump 11 Elite,
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Holliston, MA, USA) and a 1 mL gastight syringe (Hamilton Company, Reno, NV, USA) were
used to continuously flow methanol acceptor phase through the membrane lumen at 10 pL/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; Stédfa, ZH,
Switzerland) before transferring 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 6.5.1). A source pressure of 1.5x10* Torr,
measured by a custom source-end pressure gauge, was used to verify stable LEI/CI
performance.'?

For analyses of PAHs in dichloromethane and chloroform standards, the CP-MIMS probe
was directly immersed into 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 mL glass vial and sonicated for 3
min (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 min, such that signals reached “steady-state”. Following all
measurements, the probe was immersed in clean dichloromethane for 2 min 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 an enlarged view of
the CP-MIMS probe/membrane are shown in Figure 6.2.
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Figure 6.2: (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 6.5.2). For the described
conditions, the final volumetric compositions of the solvents infused into the LEI/CI were 77:23
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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 6.5.2).

6.2.3 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 (¢;0.90¢;), 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” signal for 0.75 mg/L PAH in a 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).

6.3 Results and Discussion

6.3.1 In Situ Chemical Ionization of Polycyclic Aromatic Hydrocarbons

Figure 6.3 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 ef 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.”® 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. pusec vs. msec)
that cannot be easily optimized.® 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 in Figure 6.3, 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 6.3 is isomer-specific for the two
PAH isomers in the C;4H;¢ class.
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Figure 6.3: 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.

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 6.3). 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 6.5.3.

It is well established that when using 70 eV electron ionization, dichloromethane forms
CH,CI" and CHCL," reagent ions.”® For the diagnostic M+47 adduct ion from phenanthrene,
labeling studies suggest a CHCl,  addition (generated from dichloromethane) and subsequent
HCI elimination (i.e., M+47 = [M+CHCI,-HCI]"), where the eliminated proton originates from
phenanthrene (consistent with that proposed by Mosi et al).”® For the novel, diagnostic M+45
adduct ion produced by anthracene, labeling studies suggest an addition of CH,C1™ (generated
from dichloromethane) and reaction with neutral methanol (Table 6.5.3). HCI is similarly
eliminated, with the exception that the hydrogen eliminated originates from the exchangeable
methanolic proton (i.e., M+45 = [M+CH,Cl+CH;O0H-HCI]"), suggesting a subsequent or
simultaneous nucleophilic attack from methanol prior to the HCI 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 CH,C1" reagent ions. The M+45 adduct ion was not observed
for these experiments as shown in Figure 6.5.3, which is consistent with the proposed ionization
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reactions. Furthermore, for unlabeled anthracene, the use of dichloromethane-d>, and methanol
result in an M+47 adduct ion (i.e., M+47 = [M+CD,CI'+CH3;0H-HCI]"), dichloromethane and
methanol-d, result in an M+48 adduct ion (i.e., M+48 = [M+CH,CI'+CD;OD-DCI]"), and
dichloromethane and methanol-d; (CH3;0D) result in an M+45 adduct ion (i.e., M+45 =
[M+CH2C1++CH30D-DC1]+). 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-d;g, dichloromethane and methanol are wused (ie., M+45 =
[M+CH,CI'+CH;O0H-HCI]"), while a loss of 33 occurs in tandem mass spectrometry (i.e., loss of
CH;0D).

Table 6.2: Full scan mass spectra from the individual, direct measurements of PAHs (150 mg/L
each in dichloromethane) by CP-MIMS-LEI/CI.

PAH M M+l M+13 M+45 M+47 M+49 M+83
M"  [M+H]' [M+CH,CI-HCI]'  [M+CH,CI-HCI-CH;OH]" [M+CHCL-HCI]'  [M+CH,CI]'  [M+CHCL]"
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)
BbFI 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)

Signal intensities scaled relative to that of the nominal mass (M abundance assigned as 100%) are shown in
brackets.

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 6.2 using a
methanol acceptor phase and dichloromethane sample phase. Similar non-diagnostic (M, M+1,
M+13, M+49, and 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+CH,CI-HCI]"), M+49
(IM+CH,CI1]"), and M+83 ([M+CHCl,]") adduct ions were similarly inferred via deuterium
labeling studies (Table 6.5.4). 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 6.2)
were plotted against experimentally determined PAH first ionization energies (IEs)'*® '*® as
shown in Figure 6.4. Both the M+13 ([M+CH,CI-HCI]") and M+47 ([M+CHCl,-HCI]") 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
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lower IEs, charge exchange with CH,Cl™ or CHCl," 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
shown in Figure 6.4. The appearance of M+47 adduct ions ((M+CHCL,-HCI]") at IE values that
are ~0.6 eV greater than the IEs of PAHs forming M+13 adduct ions ([M+CH,CI-HCI]") as
shown in Figure 6.4 is also consistent with the difference in recombination energies for CH,C1"
and CHCL," reagent ions (8.6 ¢V and 8.1 eV respectively, ~0.5 eV difference)’®. The relative
intensity of M+45 adduct ions ([M+CH,CI+CH3;O0H-HCI]") 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 CH,CI" to a
PAH, which results in a M+49 ([M+CH,CI]") 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 given experimental conditions. Therefore, the
nucleophilic attack by methanol (eventually resulting in an M+45 adduct ion) illustrated in
Figure 6.4 may provide a kinetic rationale for the decreasing abundance of the M+45 adduct ion
with increasing PAH IEs.
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Figure 6.4: 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+CH,CI-HCI]"), M+45
([M+CH,CI+CH;0H-HCI]") and M+47 ([M+CHCIl,-HCI]") adduct formation.
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Figure 6.5: Proposed ionization schemes for PAHs (represented as “M”) in the presence of
dichloromethane (CH,C1", CHCI," ions) and methanol (CH3;OH) reagents for the described CP-
MIMS-LEI/CI conditions.

Figure 6.5 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 6.2 and Figure 6.4). 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 labeling
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.

6.3.2 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 6.1). 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 C,0H;, 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 CyoH;, isomer class is
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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 4 and available ionization
potential data from Table 6.5.1 (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 6.4 and Table 6.5.1. As a result, the remaining four
PAHs in the Cy0H;, PAH isomer class (m/z 252) are subsequently aggregated and referred to
here as BaPyrn,x (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 in its
concentration. Figure 6.4 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 6.5.1).

Calibration data for select PAHs is shown in Table 6.5.5, where all calibrations exhibited
R? > 0.991. Detection limits for soil measurements and signal risetimes are given in Table 6.3,
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 United States Environmental Protection Agency regional screening level for outdoor
workers (2340 ng/g).'* The observed signal risetimes for all PAHs were very similar (1.1 min. <
t10-902s < 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.”'® '? 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 6.3). Both the sensitivity and speed of analysis presented in Table 6.3
demonstrate that CP-MIMS-LEI/CI has the potential to provide rapid, speciated and quantitative
direct analysis results for PAH screening in soil samples.
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Table 6.3: Detection limits and signal risetimes for select PAHs.

PAH Detection Limit*  Signal Risetime”
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

? Detection limits are representative for 1 gram soil samples slurried in 7 mL DCM.
® Signal risetimes (¢;9.00+) are an average for triplicate 500 pg/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 6.6 presents the analysis of successive, highly
concentrated (5.0 mg/L) additions of PAHs to a dichloromethane standard. Figure 6.6 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 6.6 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 6.6: 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.
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6.3.3 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 pg/L individual PAHs in
dichloromethane (Figure 6.5.4). 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 min per sample (2 min
analysis, 2 min rinse). The CP-MIMS probe is directly immersed into dichloromethane/soil
slurries immediately after sonication (3 min), 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,'® 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 6.5.5.
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Figure 6.7: Comparison of CP-MIMS-LEI/CI to other GC-MS based techniques for the analysis
of PAHs from proficiency testing soils.'”® Data bar heights are representatives 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 BaPyrp,x.

Figure 6.7 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).”® 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., BaPyrm.x as
shown on Figure 6.7 for CP-MIMS-LEI/CI; quantified using the calibration slope for
benzo[a]pyrene as shown in Table 6.5.5) demonstrate consistent positive biases, which is
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unsurprising given that additional PAH isomers from the C,0H;, isomer class forming M+45
adducts may also be contributing to the result as discussed earlier.

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 6.8.
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In Figure 6.8, 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-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 6.5.6). The exceptions
to this were chrysene (+11%), benzo[b]fluoranthene (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 6.5.6). The similarity of quantitative results shown in both Figures 6.7
and 6.8 present a compelling argument for the use of CP-MIMS-LEI/CI for quantitative PAH in
soil analyses in selected contexts.

6.4 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.

6.5 Supporting Information

6.5.1 Standards and Solvents

Anthracene (99%) was obtained from Alfa Aesar (Ward Hill, MA, USA). Anthracene-d;
(= 98 atom % D), benzo[a]pyrene (= 96%), fluoranthene (98%) naphthalene (99%), perylene (>
99%), phenanthrene (98%), phenanthrene-d;y (98 atom % D), pyrene (98%) and were obtained
from Sigma Aldrich (Oakville, ON, Canada). Benz[a]anthracene (= 98.0%),
benzo[b]fluoranthene (= 98.0%) and benzo[a]phenanthrene (i.e., chrysene; > 98.0%) were
obtained from TCI America (Portland, OR, USA). Methanol (HPLC grade) was obtained from
VWR International (Edmonton, AB, Canada). Dichloromethane and chloroform (ACS grade)
were obtained from Fisher Scientific (Ottawa, ON, Canada). Deuterated methanols (CH;0D,
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99.5 atom % D; CDs;OD, > 99.8 atom % D) and dichloromethane-d, (99.5 atom % D) were
obtained from Sigma Aldrich. PAH stock and sub-stock solutions were prepared in
dichloromethane.

For subsequent measurements by full scan mass spectrometry, PAH standards were
volumetrically and individually prepared at 150 mg/L in dichloromethane. For tandem mass
spectrometry calibration experiments, PAH standards were volumetrically and individually
prepared at 0.75, 1.4, and 8.0 mg/L in dichloromethane.

6.5.2 Supporting Tables and Figures

Table 6.5.1: Polycyclic aromatic hydrocarbons physicochemical properties

PAH Molar Vapor Experimental  Ionization Experimental
Mass Pressure * Energy " Proton Affinity °
g/mol mmHg eV kJ/mol

Naphthalene 128.18 8.5x107 8.144 802.9

Anthracene 178.23 6.53x10°° 7.439 877.3

Phenanthrene 178.23 1.21x10™* 7.891 825.7

Fluoranthene 202.26 9.22x10°° 7.9 828.6

Pyrene 202.26 4.5%x10°° 7.426 869.2

Benz[a]anthracene 228.29 2.1x107 7.45 -

Chrysene 228.29 6.4x107 7.60 840.9

Benzo[a]pyrene 252.32 5.49x10” 7.12 -

Benzo[e]pyrene 252.32 5.70x10” 7.41 -

Benzo[b]fluoranthene 252.32 5x107 - -
Benzo[k]fluoranthene ~ 252.32  9.65x10"° 7.47°¢ -
Perylene 25232 5.25x107 6.960 888.6

* From PubChem database (data for 25°C)""
® From NIST Library database'*®
¢ Estimated value from Modelli ez al.,'*® as experimental data not readily available.
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Table 6.5.2: Acceptor phase composition determination by gravimetric analysis

Solvent Sample Mass of 50 pL Aliquot
v/v g

For CH,Cl, Donor:

70:30 CH,Cl,:CH;0H 0.05642

80:20 CH,Cl,:CH;0H 0.05940

Acceptor phase aliquot® 0.05846

For CHCI; Donor:

80:20 CHCI5:CH;0H 0.06555

90:10 CHCl;5:CH;0H 0.06878

Acceptor phase aliquot” 0.06769

Gravimetric analyses were conducted on 50 pL aliquots (measured using gas-tight syringe).

Acceptor phase aliquots for composition determination were collected into a septum sealed vial post-membrane. The
LEI-CI interface was not connected during these measurements.

 Corresponds to composition of 77:23 CH,Cl,:CH;0H v/v

® Corresponds to composition of 87:13 CHCl;:CH;0H v/v

Table 6.5.3: Deuterium labeling studies for anthracene (Ant), phenanthrene (P), dichloro-
methane, and methanol for investigation of M+45 and M+47 adduct ions using full scan and
tandem mass spectrometry.

PAH Acceptor Sample Adduct MS/MS Loss
m/z m/z

For M+45 Adduct ((M+CH,CI+CH;OH-HCI]):

Ant (178) CH,Cl, CH;OH 223 (M+45; [M+CH,CI+CH;0H-HCI]") -32 (CH;0H)

Ant (178) CH,Cl, CD;0D 226 (M+48; [M+CH,CI+CD;0D-DCI]") -35 (CD;0H)

Ant (178) CH,Cl, CH;0D 223 (M+45; [M+CH,CI+CH;0D-DCI]") -32 (CH;0H)

Ant (178) CD,Cl, CH;OH 225 (M+47; [M+CD,CI+CH;0H-HCI]") -32 (CH;0H)

Ant (178) CD,Cl, CD;0D 228 (M+50; [M+CD,CI+CD;0D-DCI]") -35 (CD;0H)

Ant (178) CD,Cl, CH;0D 225 (M+47; [M+CD,CI+CH;0D-DCI]") -32 (CH;0H)

Ant-d;, (188) CH,Cl, CH;OH 233 (M+45; [M+CH,CI+CH;0H-HCI]") -33 (CH;0D)

For M+47 Adduct ((M+CHCI,-HCI]"):

P (178) CH,Cl, CH;OH 225 (M+47; [M+CHCL-HCI]") -36 (-HCI)

P (178) CD,Cl, CH;OH 226 (M+48; [M+CDCL-HCI]") -36 (-HCI)

P-d;y (188) CH,Cl, CH;OH 234 (M+46; [M+CHCL,-DCI]") -37 (-DCI)

‘Acceptor’ refers to solvent flowed through membrane lumen towards the LEI/CI source. ‘Sample refers to the
sample phase solvent. Collision energies of 5 and 40 eV were used for anthracene and phenanthrene, respectively.



86

Table 6.5.4: Deuterium labeling studies for anthracene (Ant), phenanthrene (P),
dichloromethane, and methanol for investigation of M+1, M+13, M+49, and M+83 adduct
species using full scan mass spectrometry.

PAH Acceptor Sample Adduct Formed
m/z
For M+1 Adduct ((M+H]") *
Ant CH,Cl, CH;OH 179 (M+1; [M+H]")
Ant CH,Cl, CD;OD 180 (M+2; [M+D]")
Ant CD,Cl, CH;OH 179 (M+1; [M+H]")
P CH,Cl, CH;OH 179 (M+1; [M+H]")
P CH,Cl, CD;OD 180 (M+2; [M+D]")
P CD,Cl, CH;OH 179 (M+1; [M+H]")
For M+13 Adduct ([M+CH,CI-HCI]") >
Ant CH,Cl, CH;0H 191 (M+13; [M+CH,CI-HCI]")
Ant CH,Cl, CD;0OD 191 (M+13; [M+CH,CI-HCI]")
Ant CD,Cl, CH;0H 193 (M+15; [M+CD,CI-HCI]")
Ant-d ;g CH,Cl, CH;0H 190 (M+12; [M+CH,CI-DCI]")
P CH,Cl, CH;0H 191 (M+13; [M+CH,CI-HCI]")
P CH,Cl, CD;0OD 191 (M+13; [M+CH,CI-HCI]")
P CD,Cl, CH;0H 193 (M+15; [M+CD,CI-HCI]")
P-d;y CH,Cl, CH;0H 190 (M+12; [M+CH,CI-DCI]")
For M+49 Adduct ((M+CH,CI]") ©:
Ant CH,Cl, CH;OH 227 (M+49; [M+CH,CI]")
Ant CH,Cl, CD;OD 227 (M+49; [M+CH,CI]")
Ant CD,Cl, CH;OH 229 (M+51; [M+CD,CI]")
P CH,Cl, CH;OH 227 (M+49; [M+CH,CI]")
P CH,Cl, CD;OD 227 (M+49; [M+CH,CI]")
P CD,Cl, CH;OH 229 (M+51; [M+CD,CI]")
For M+83 Adduct ((M+CHClL,]")
Ant CH,Cl, CH;OH -
Ant CH,Cl, CD;OD -
Ant CD,Cl, CH;OH -
P CH,Cl, CH;OH 261 (M+83; [M+CHCL]")
P CH,Cl, CD;OD 261 (M+83; [M+CHCL]")
P CD,Cl, CH;OH 262 (M+84; [M+CDCL]")

‘Acceptor’ refers to solvent flowed through the hollow fibre membrane lumen towards the LEI/CI source. ‘Sample
refers to the sample phase solvent.

*The gained proton is from methanol, as indicated by the M+2 peak using CD;O0H and lack of M+2 peak when
using CH,Cl, with CH;0H.

® The eliminated proton as part of HCI is from that of the PAH, as largely indicated by the M+12 adduct ions from
anthracene-d;y and phenanthrene-d;,.

¢ The proposed CI reactions for the M+13, M+49, and M+83 adduct ion formations are consistent with those

proposed by Mosi et al.”®
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Table 6.5.5: Calibration data for polycyclic aromatic hydrocarbons in dichloromethane standards
by CP-MIMS-LEI/CI (0.75, 1.4, and 8.0 mg/L).

PAH MS/MS Transition Slope y-intercept R’
m/z mg' L

Naphthalene 175 — 139 (M+47) 95 -1 0.9997
Anthracene 223 — 191 (M+45) 68 -1 0.9990
Phenanthrene 225 — 189 (M+47) 82 2 0.997
Fluoranthene 249 — 213 (M+47) 54 -1 0.9992
Pyrene 247 — 215 (M+45) 56 -2 0.991
Benz[a]anthracene 273 — 241 (M+45) 47 -1 0.996
Chrysene 275 — 239 (M+47) 24 0 0.998
Benzo[a]pyrene 297 — 265 (M+45) 75 2 0.997
Benzo[b]fluoranthene 299 — 263 (M+47) 16 0 0.997

Table 6.5.6: Percent differences between CP-MIMS-LEI/CI and GC-MS results for PAHs in
soils.

Sample N Ant P F1 Pyr BaAnt Chr BbFI BaPyr Average
Fig.6-1 -59 -64 -53 -41 -24 -54 20 -7 34 -27
Fig.6-2 -68 -40 -51 -40 -22 -36 -11 -28 77 -24
Fig. 6 -3 -45 -49 -42 -30 -25 -16 10 -38 50 21
Fig.7-1 -28 41 -7 7 11 33 44 -3 60 18
Fig.7-2 -23 21 -63 -39 -35 -10 -16 -3 47 -18
Fig.7-3 29 9 0 1 -4 -8 17 8 20 8
Fig.7-4 4 -4 -37 -20 -30 -13 17 38 50

Fig.7-5 -30 -39 -39 -16 -33 -4 5 31 59 -7
Average -27 21 -36 -22 -20 -14 11 0 50 -9
Stdev +32 £35 £22 £19 +16 25 +19 =£26 +17 +23

Percent difference calculated as [(CP-MIMS-LEI/CI) — (GC-MS)] / Average x 100%
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Figure 6.5.1: Picture of peltier cooler and liquid flow splitter used to reduce the liquid flow in
advance of infusion into the LEI/CI source. The image depicting relative temperature distribution
is from an IR camera (FLIR TG165, Wilsonville, OR, USA)
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Figure 6.5.2: Schematic illustration of dichloromethane and PAH membrane permeation, such
that the acceptor phase is comprised of a methanol, dichloromethane, and PAH permeant mixture
that is eventually infused into the LEI/CI source.
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Figure 6.5.3: Full scan mass spectra from the individual, direct measurements of anthracene and
phenanthrene (150 mg/L each in chloroform) by CP-MIMS-LEI/CI. Signal intensities are
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I:l 500 pg/L each PAH in dichloromethane
I:l 1 gram addition of soil

I:l Clean dichloromethane rinse

Figure 6.5.4: Online addition of clean soils to PAH dichloromethane standards (500 pg/L each
naphthalene, anthracene, phenanthrene, fluoranthene, pyrene, benz[a]anthracene, chrysene,
benzo[a]pyrene, benzo[b]fluoranthene, and perylene). Order of events: A) t = 0 min.; 7.0 mL
dichloromethane rinse. B) t =2.5 min.; PAH spike, 500 pg/L each. C) t = 12.4 min.; Addition of
1 gram 1.85% organic matter clean soil. D) t = 16.8 min.; 7.0 mL dichloromethane rinse. E) t =
25.2 min.; PAH spike, 500 pg/L each. F) t = 33.4 min.; Addition of 1 gram 5.96% organic matter
clean soil. G) t = 39.3 min.; 7.0 mL dichloromethane rinse. Soils were purchased from and
verified to have no PAH contamination by Sigma Aldrich (Oakville, ON, Canada).
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Chapter 7

Conclusions

7.1 Summary

Previous generations of CP-MIMS systems predominantly used atmospheric pressure
ionization sources, most often electrospray. While inherently successful, such pairings
represented a fundamental incompatibility as discussed earlier: PDMS membrane extraction (i.e.,
CP-MIMS) is ideal for hydrophobic molecules, whereas electrospray ionization is ideal for polar,
hydrophilic molecules. This thesis represents the development of coupling CP-MIMS with both
El and CI (i.e., CP-MIMS-LEI/CI), as such ionization strategies are more ideal for hydrophobic
molecules. The CP-MIMS-LEI/CI methodology resulted in rapid sample throughput, and
allowed for the quantitative analyses of complex, heterogeneous samples (soils, dust, etc.) while
obviating sample preparation, cleanup, and concentration steps. The technique was furthermore
shown to be highly sensitive, and the eventual use of CI allowed for additional selectivity.
Additional advantages of the CP-MIMS-LEI/CI pairing as discussed in this thesis are
summarized below.

Chapter 2 explored the use of co-solvents in the PDMS membrane to improve
permeability (i.e., increased sensitivity and lessened signal risetime) for a CP-MIMS and ESI-
based system. A mixture of heptane and methanol, used as the CP-MIMS acceptor phase, formed
a polymer inclusion membrane (PIM) with the PDMS, and allowed for improved analytical
performance for model compounds relative to previous CP-MIMS designs. The same acceptor
phase system was applied in Chapter 3, where PAHs were quantitated directly from both
aqueous and soil samples using CP-MIMS-LEI. The ideal pairing of CP-MIMS with LEI for
PAH detection resulted in high sensitivity, and the use of a PIM allowed for high sample
throughput. The successful analysis of hydrophobic molecules from complex, heterogeneous
samples was applied further in Chapter 4 to the on-line monitoring of synthetic reactions. In
Chapter 5, the solvent naturally present solvent at the LEI source was serendipitously used as a
CI reagent for phthalate analyses (i.e., CP-MIMS-LEI/CI). Finally, in Chapter 6, a
dichloromethane and methanol reagent system/acceptor phase was used with CP-MIMS-LEI/CI
for isomer-specific PAH quantitation directly from soils, where the advantages of previous CP-
MIMS-LEI/CI designs (sensitivity, elimination of sample cleanup, minimal matrix effects, etc.)
were maintained.
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7.2 Recommendations for Future Work

While successful, the combination of direct measurement and in situ chemical ionization
for isomer differentiation of PAHs in soils should continue to be improved. The CI processes
should be further optimized, through means such as alternate reagent selection and source
improvements, for the improvement of both sensitivity and further selectivity. CP-MIMS-LEI/CI
should also be further explored and developed on simpler mass spectrometry systems (i.e., single
quadrupoles, ion traps) for the purposes of mobilization and in-field measurements. While the
work in this thesis for PAH isomer differentiation was dependent upon tandem mass
spectrometry experiments, the presence of multiple PAH adducts species formed at reproducible
relative intensities may still allow for isomer differentiation while using a non-tandem mass
analyzer. This simpler, robust instrumental design may therefore be taken more easily outside of
the laboratory and applied to challenging in-field measurements.

More broadly, the use of CP-MIMS-LEI/CI should continue to be applied a direct mass
spectrometry solution for analytes that are otherwise challenging for atmospheric pressure
techniques, such as polychlorinated biphenyls, dioxins, furans, polybrominated diphenyl ethers,
and other hydrophobic molecules. CP-MIMS-LEI/CI should also be further applied to other
classes of analytes that otherwise exhibit extensive EI fragmentation (such as the phthalates
explored in Chapter 5), where CI behaviour may assist preservation of the molecular ion signal,
allowing for enhanced sensitivity and selectivity. CP-MIMS-LEI/CI should be further applied to
other sample types/phases for synthetic reaction monitoring and environmental sample
screening. The use of a variety of in situ CI strategies should be further explored, particularly for
direct measurements of increasingly complex matrices for bettered selectivity. In support of
further CP-MIMS-LEI/CI application to samples of increasing complexity, Figure 7.1 shows
preliminary work for the direct analyses of fruit juice, dogfish liver, window sealant, and a
powdered flooring tile.
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Figure 7.1: Online contaminant analyses by CP-MIMS. (A) Methoxychlor spiked into fruit
juice. (B) Polychlorinated biphenyl 77 from dogfish liver. (C) Polychlorinated biphenyl 77 from
window sealant. (D) Polybrominated diphenyl ether 17 spiked into powdered flooring tile slurry.
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More studies aimed at better understanding of CP-MIM-LEI/CI fundamental processes
should be conducted. For example, the correlation of space charging effects for various solvent
systems with increasing liquid flowrates should be investigated for both LEI and LEI/CI source
designs. For purposes of library matching at 70 eV, different LEI source constructions
(permitting improved solvent venting) may be explored in order to minimize CI behaviour. To
further capitalize on the strengths of CI as shown in the latter chapters of this thesis, alternative
means of introducing effective CI reagents to the CP-MIMS-LEI/CI system should be explored.
These studies will allow for reagent introduction that is not simply limited to liquids that are
compatible as sample and acceptor phases. The dimensions of the CP-MIMS system, notably the
direct immersion/sampling probe, should be reduced to nanoscale where possible in an effort to
reduce or completely eliminate the passive flow splitter. This miniaturization would therefore
allow the liquid flows from CP-MIMS to be directly and more simply coupled to LEI/CI sources.

It the belief of the author that the examples of CP-MIMS-LEI/CI presented in this thesis
are only the surface of potential applications with respect to both analyte and sample types. As
the field of atmospheric pressure/ambient ionization direct mass spectrometry techniques
continues to advance, CP-MIMS-LEI/CI should also continue to be developed in parallel as a
complimentary and sometimes situationally more ideal analytical strategy.
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Appendix

Paper Spray Mass Spectrometry for the Direct,
Semi-Quantitative Measurement of Fentanyl and
Norfentanyl in Complex Matrices

Reproduced with minor changes and permission from Vandergrift, G.W.; Hessels, A.J.;
Palaty, J.; Krogh, E.T.; Gill, C.G. “Paper spray mass spectrometry for the direct, semi-
quantitative measurement of fentanyl and norfentanyl in complex matrices.” Clinical
Biochemistry, 2018, 54, 106-111. G.W. Vandergrift primarily designed the experiments and
analyzed the data. G.W. Vandergrift and J. Palaty primarily collected the data, with contributions
from A.J. Hessels. C.G Gill designed and constructed the sampling interface, with contributions
from A.J. Hessels. G.W. Vandergrift drafted the manuscript, with intellectual and editorial
contributions from J. Palaty, E.T. Krogh and C.G. Gill.

A.1 Introduction

Fentanyl (N-(1-phenethyl-4-piperidyl) propionanilide) is a potent synthetic opioid at the
center of an international health crisis. Originally synthesized by Paul Janssen in 1960, fentanyl
is widely used in the health system for chronic pain relief, anesthesia, and pre-surgery due to low
health risk (if correctly monitored), fast action, and high potency (50 to 100 times more effective
than morphine).'”*"** Unfortunately, it has also become increasingly attractive for illicit drug
suppliers to lace fentanyl into other substances, notably heroin, oxycodone, and
methylenedioxymethamphetamine (MDMA). This is largely due to fentanyl's significantly
cheaper production costs, availability, and higher potency compared to other illicit substances.'**
133135 The high potency of fentanyl, along with the crude production methods and lack of precise
dose control of street suppliers, results in a very high risk of fatal overdose for users. The
fentanyl crisis is of particular concern in the province of British Columbia, Canada, where the
percentage of overdoses in which fentanyl was detected has risen from 4% in 2012 to 81% in
2017. In British Columbia, there were 12 fentanyl related deaths in 2012, 656 deaths in 2016,
and a record 1156 fentanyl related deaths in 2017.'°
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To date, most quantitative analytical methods for the detection of fentanyl are based on
mass spectrometry (MS), with liquid chromatography (LC),"** '**° or gas chromatography
(GC)''? introduction systems, focusing on analyses in blood and/or urine. While sensitive and
selective, these techniques are typically used to detect fentanyl in a biological matrix after the
drug has already been consumed. This may be too late for the patient, showing the need for
measurements to be made in the street drugs themselves. Furthermore, conventional sample
introduction methods (i.e. chromatography) are costly, time-consuming, and require highly
trained professionals, making such methods unsuitable for point-of-care testing. Conventional
methods may therefore fail to effectively support a strategy aimed at harm reduction, which may
be the best course of action to help prevent overdoses and save lives.'” The ideal analytical pre-
screening technique for this approach should be sensitive (i.e. requiring minimal sample),
selective, and capable of producing at least semi-quantitative results. In addition, the technique
needs to be inexpensive and easy for untrained personnel to use.

Paper spray mass spectrometry (PS-MS) is an emerging ambient ionization technique,
taking advantage of a simple direct sampling strategy in combination with the powerful
analytical capabilities of mass spectrometry. Briefly, a strip of paper with a pointed tip is loaded
with a small amount of sample (< 10 uL), wetted with a solvent, and connected to high voltage
(3-5 kV). lons are directly generated from the tip of the paper by a mechanism akin to
electrospray,'®'** and are subsequently detected by a mass spectrometer.'®'® Results are
produced in seconds, and detection limits have been reported in the low picograms of material.'®
PS-MS has been used for a wide variety of analytes, including illicit substances,'®> "%
therapeutic substances,'*® herbicides,'”® and chemical warfare agents.'’' Sampling may be
accomplished by spotting the sample onto the paper, or by simply swabbing a contaminated
substance with the paper itself, obviating the need for any sample pretreatment. While semi-
quantitative in nature, satisfactory measurements may be obtained using PS-MS through the use
of an internal standard.'® '® Due to the low cost of consumables, simple sampling protocols,
small sample requirement, applicability to a wide variety of sample types and high
sensitivity/selectivity, PS-MS has excellent potential for pre-screening street drugs for opioids
such as fentanyl, as well as monitoring post-drug use in blood or urine. This is especially
significant when combined with the growing availability of mass spectrometers intended for field

USC.”’ 172-174

Presented here is the development and characterization of a PS-MS method for the semi-
quantitative measurement of fentanyl and norfentanyl in complex matrices such as urine and
analgesic slurries that mimic street drug preparations. The analysis of whole blood samples was
purposely not explored, as this would not be the route taken at a harm reduction clinic. We
demonstrate the use and optimization of a custom PS interface, showing how interface position
and paper strip quality can significantly affect quantitative results. Comparable calibrations
across different matrices are presented, as well as data showing low picogram detection limits.
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A.2 Materials and Methods

A.2.1 Standard Solution and Sample Preparation

Stock solutions of fentanyl (1.0 mg/mL), fentanyl-ds (100 pg/mL), norfentanyl oxalate
(1.0 mg/mL, as free base), and norfentanyl-ds oxalate (100 pg/mL, also as free base) in methanol
were obtained from Cerilliant Corporation (Round Rock, TX, USA). Methanol samples were
prepared by gravimetric dilution using HPLC grade methanol (Fisher Scientific, Ottawa, ON,
Canada). Calibration samples in diluted urine were prepared by gravimetric dilution using a
sample of clean, unfiltered human urine and 18MQ de-ionized (DI) water (Model MQ Synthesis
A10, Millipore Corp., Billerica, MA, USA). These samples were prepared such that the urine
comprised 10% of the final sample by mass. Care was also taken to ensure that urine calibrator
samples were < 0.1% methanol by mass. Anonymized patient urine samples (LifeLabs Medical
Laboratories, Burnaby, BC, Canada) were gravimetrically diluted ten-fold with DI. A
commercially available analgesic tablet containing several active (acetaminophen, guaifenesin,
pseudoephedrine, dextromethorphan) and inactive (cellulose, corn starch) ingredients was
ground to a powder with a mortar and pestle, and a slurry was prepared by suspending 50 mg of
analgesic powder in 1 mL of methanol spiked with fentanyl standard.

Paper strips were fashioned from Whatman #1 filter paper (Fisher Scientific, Ottawa,
ON, Canada), manually cut into 2.6cmx0.9cm strips using a carbide razor blade (Fatmax®
Carbide Utility Blades, Stanley Canada Inc., Mississauga, ON, Canada) and 3D printed cutting
template. All 3D printed parts were made using a stereolithographic printer (Form 2, Formlabs
Inc., New Castle, DE, USA). The paper was cut to have a tapered point 0.9 cm from the end of
the strip, such that the tip formed a 60 degree angle (Figure A.1). Acetonitrile has previously
been found to be an effective wash solvent for paper spray paper.'’’ Before analysis, cut paper
strips were exhaustively cleaned with HPLC grade acetonitrile for a minimum of 2 h by Soxhlet
extraction to remove any contaminants.

*Solventdelivery line

Figure A.1: Photographic details of the custom PS-MS interface, illustrating the positioning of
the paper strip and solvent delivery line.
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For all PS-MS measurements presented, 10 pL unfiltered samples were spotted on
individual paper strips 0.7 cm from the tip using a micropipettor. Spotting location on the paper
was kept consistent across samples through the use of a 3D printed guide (Supplemental
information, Figure A.5.1). Deuterated fentanyl and norfentanyl internal standard solutions (in
methanol) were subsequently spotted on the paper strips in a similar fashion (1.3 ng and 3.0 ng
of internal standard, respectively, for each analysis). For the urine standard addition experiments,
85 pg of fentanyl and 690 pg of norfentanyl were also spiked on the strips with the sample.
Internal standards and standard additions were spiked separately on the paper to simplify the
analysis, consistent with PS-MS methodology employed by others.'” To minimize sample
preparation time, a forced air heat gun (Jobmate, Waterloo, ON, Canada) was used to gently
evaporate water/solvent from the paper until dry (approximately 30s). The paper temperature
reached 90°C, as measured by an infrared thermometer (TG165 Spot Thermal Camera, FLIR
Systems, Wilsonville, OR, USA). As a control to investigate any possible analyte loss due to
volatility, paper strips were left to air dry (3 h) and then compared to identical samples dried by
the forced air heat gun. Similar quantitative results were obtained for both drying methods.

A.2.2 Paper Spray Mass Spectrometry (PS-MS) System

A triple quadrupole mass spectrometer (Micromass Quattro Ultima LC, Waters-
Micromass, Altrincham, UK) fitted with an in-house constructed paper spray source was used for
all work presented (Figures A.5.2, A.5.3, A.5.4). The MS inlet design was a second-generation
Z-Spray geometry (Waters-Micromass). No nitrogen curtain gas flow at the inlet cones was used,
as there was no significant effect upon signal intensity. Argon (UHP grade, Praxair, Nanaimo,
Canada) was maintained at approximately 3 mTorr in the collision cell for tandem mass
spectrometry (MS/MS) experiments. Positive ion mode was used for all analyses. The MS dwell
time was set to 50 ms for all analytes, and the appropriate MS/MS parameters are given in Table
AS.1.

When sample loading was complete, the paper strips were mounted on an in-house
constructed paper spray interface (Figures A.1, A.5.2, A.5.3, A.5.4) consisting of an aluminum
clamping block (electrical conductor) and a 3D printed mounting arm (electrical insulator),
which was then mounted on a three-axis translational stage. High voltage (+4.5 kV), supplied by
the mass spectrometer ESI power supply, was connected to the clamping block of the interface,
which in turn contacted the paper strip. A methanol/water/formic acid (90:10:0.1 v/v) solvent
mix was continuously supplied at 20 pL/min to the top of the paper strip behind the sample spot
via a short length of 22 gauge stainless steel hypodermic stock (Vita Needle Co., Needham, MA,
USA). Solvent delivery was achieved using a syringe pump (Harvard Apparatus Pump 11 Elite,
St. Laurent, QC, Canada) and gastight syringe (10 mL, Hamilton Corporation, Reno, NV, USA).
For all analyses, the pointed tip of the paper was maintained at an optimized distance of 0.7 cm
from the MS inlet cone. A new strip of paper was used for each analysis. All analyses were
performed at ambient temperatures and pressures (~25°C and ~101 kPa).
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A.2.3 Liquid Chromatography-Mass Spectrometry

Fentanyl in patient urine samples was determined at LifeLabs by screening with
immunoassay (Enzyme Multiplied Immunoassay Technique, Thermo Scientific, Waltham, MA,
USA; cut-off 1 ng/mL) run on a high volume chemistry analyzer (Cobas Integra 800, Roche
Diagnostics, Mannheim, Germany) followed by confirmation of positive results by salt-assisted
liquid-liquid extraction, followed by LC-MS. Fentanyl is eliminated in the urine primarily as
norfentanyl and the unchanged free drug.'””""® Enzyme hydrolysis is not strictly necessary, but
was performed as the LC-MS assay included other drugs (e.g. buprenorphine) where glucuronide
hydrolysis is required. In brief, 125 pL urine was hydrolyzed with 250 uL of abalone enzyme
(KURA Biotec, Los Angeles, CA, USA) in 10 mM pH 5 sodium acetate buffer containing
fentanyl-ds and norfentanyl-ds for 15 min at 60 °C, following which brine (100 pL) and
acetonitrile (700 puL) were added. The mixture was vortexed and centrifuged. The supernatant
was decanted and evaporated to dryness prior to reconstitution with 0.2% formic acid in
methanol-water (1:9, v/v, 200 uL), analyzed using a 2.1 x 50 mm Kinetex Biphenyl column
(Phenomenex, Torrance, CA, USA) used with a binary liquid chromatographic system (1200
Series, Agilent Technologies, Santa Clara, CA, USA) interfaced to a triple quadrupole mass
spectrometer (Model 6410, Agilent Technologies). The same MRM transitions as listed in Table
A.5.1 were used. The analytical measurement range was 0.5 to 40 ng/mL for both fentanyl and
norfentanyl.

A.2.4 Data Analysis

Microscopic images were obtained using a dissection microscope (Model MDG 17, Wild
Heerbrugg, Switzerland) equipped with a digital camera imaging system (Model MD500,
Amscope, Irvine, CA, USA). For the presentation of data only, four-point moving boxcar
smoothing was applied to the signal chronograms. Signal intensities were processed as peak
heights from the raw, unsmoothed data. All signals for PS-MS were normalized to that of the
corresponding internal standard. Signal ratios of the quantifier to qualifier ions for all urine
sample analyses are presented in Table A.5.2. All measurements were conducted in triplicate,
with uncertainties/error bars given as standard deviations unless otherwise noted. Detection
limits were estimated as the concentration needed to produce a signal 3 times that of the standard
deviation of the signals obtained from blank, clean paper strips (6 replicates).

A.3 Results and Discussion

A.3.1 Paper Strip Position Optimization

It has previously been shown that satisfactory analytical performance for cocaine analysis
by PS-MS is not strongly dependent on positioning of the PS interface in front of the MS inlet.'®
However, there do not appear to be many other positional PS optimization studies published for
different analytes in the literature. Rather, PS interfaces are typically fixed at a single distance
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from the MS inlet for the analyses of multiple compounds.'”" '""'® Figure A.2 shows an
optimization of the distance between the MS entrance cone and tip of the paper strip along the x-
axis (see Figure A.1) for the simultaneous measurement of 10 puL samples containing 85 pg
fentanyl and 970 pg norfentanyl. Figure A.2 shows a strong dependence of paper tip position
(linear distance from the cone over the range of 0 to 1.5 cm) on analytical sensitivity for
norfentanyl but not fentanyl. This suggests that optimal PS interface positioning may have a
dramatic impact on signal intensity and that optimum distances may be analyte-specific. All
analyses described here were conducted with a distance of 0.7 cm between MS cone and paper
tip, the best position for both fentanyl and norfentanyl measurements (Figure A.2).

I Arcing at 0.2 cm ® 970 pg Norfentanyl
:<J B 85 pg Fentanyl
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Figure A.2: Paper strip position optimization for the analyses of fentanyl and norfentanyl in a
methanol standard by PS-MS. When the paper tip is positioned within 0.2 cm of the MS entrance
cones, arcing is observed. All measurements were made in triplicate, and error bars represent two
standard deviations.

A.3.2 Paper Preparation Optimization

In addition to paper position and paper cleaning (to reduce background'™), the precision
of the paper's cut was found to significantly affect analytical performance of PS-MS. Figure A.3
shows a comparison of the raw signals obtained for a loading of 85 pg fentanyl and 1.3 ng
fentanyl-ds using ‘good’ and ‘poorly’ cut paper (Figure A.3 panels A and B, respectively). For
‘poor’ cuts (intentionally made using an older carbide razor blade), ions may be emitted and lost
from sharp defects along the frayed edges, reducing the number available at the tip of the paper
for transfer to the mass spectrometer, resulting in the reduction or even absence of analytical
signals. Cutting via a sharp carbide razor blade was found to be effective, and all paper strips
were visually inspected for quality of cut before use in all presented studies. Future studies will
employ a more precise and consistent method of making PS strips, such as laser cutting. While
Figure A.3 shows data collection for approximately 5 min, it should be noted that quantitative
results are obtained in the first few seconds of a measurement, and all results were based upon
the maximum observed signal intensities.
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Figure A.3: Comparison of the raw signal traces for the PS-MS measurement of trace levels of
fentanyl and fentanyl-ds (data scaled as noted for clarity) with ‘good’ (panel A) and ‘poor’ (panel
B) quality paper cuts.

A.3.3 Internal Standard Correction for Matrix Effects

Figure A.3 also illustrates how closely the PS-MS internal standard signal mirrors the
analyte signal, and the internal standard is therefore appropriate for signal correction.
Furthermore, Figure A.5.5 shows a constant and nearly identical signal response (i.e. signal per
unit concentration ratio of fentanyl to internal standard) for the PS-MS analysis of similar
concentrations of fentanyl in three different matrices (methanol, analgesic slurry, and diluted
urine) over time. The constant response across the different complex matrices indicates that any
possible matrix effects in this study are mitigated by the use of the internal standard. Inter-day
variability is also minimized by internal standard correction.

A.3.4 Quantitation in Complex Samples

To simulate fentanyl added to a street drug, 50 mg of over-the- counter analgesic tablet
powder was suspended in 1 mL of fentanyl-spiked methanol for each individual calibration
standard as described above. Calibration results are presented in Figure A.4, demonstrating a
linear range of 30 to 600 ng/mL fentanyl. Remarkably, Figure A.4 also shows that the least
squares fit of the calibration data for analgesic slurry samples is very similar to the data obtained
using methanol standards (0.5 to 600 ng/mL; calibration slopes for methanol and analgesic slurry
samples are only 6.6% different, presented in Table A.5.3). Detection limits for fentanyl in all
the complex matrices studied are given in Table A.1. In the context of this study and for the
measurement of fentanyl in illicit substances, Figure A.4 illustrates that it is not strictly necessary
for the calibrator matrix to match that of complex samples, suggesting that the same calibration,
obtained using clean analytical standards (i.e., methanol instead of a slurry), may be applied to
semi- quantitative measurements made in a variety of complex matrices. Instead of freshly
preparing new calibrators on a regular basis, the calibration may be stored and recalled for some
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time because normalization with an internal standard corrects for matrix effects and reduces
inter-replicate and inter-day variability. These features provide the operational simplicity that is
crucial for the use of PS-MS (or any other technique) in clinical harm reduction strategies.
Lastly, a few milligrams of sample is required for each analysis. This is an important issue and
essential for harm reduction, as the typical patient will not willingly part with a large fraction of
a street drug they have just purchased.'”
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Figure A.4: Direct calibration data for fentanyl and norfentanyl in methanol, diluted urine, and
an analgesic slurry. Signal ratio is calculated by dividing the analyte signal by its respective
labeled internal standard signal. All measurements were made in triplicate, and error bars
represent two standard deviations.

Table A.1: Estimated detection limits (concentrations and absolute amounts) for fentanyl and
norfentanyl in complex matrices.

Target analyte Methanol Diluted urine Analgesic slurry
pgmL pg pg/mL pg pymL pg

Fentanyl 49 04 270 3.5 660 5.3

Norfentanyl 440 3.5 6600 52 - -

Detection limits estimated as the concentration needed to produce a signal 3 times that of the standard deviation of
signals obtained from blank, clean paper strips (6 replicates).

When distinguishing recent from remote drug use, it is not sufficient to detect the
presence of fentanyl alone. This distinction may, however, be provided by the relative levels of
fentanyl's principal metabolite, norfentanyl, produced by hepatic and intestinal cytochrome P450
3A4.175176: 179 A low metabolite (norfentanyl) to parent (fentanyl) ratio in the urine suggests a
shorter residence time for fentanyl in the human body."®® Combined with high levels of both
compounds, a low ratio indicates recent use, or a higher likelihood that any observed symptoms
are due to fentanyl.'®® As fentanyl may be detected in urine for well over a week since last
ingestion (LifeLabs, unpublished data), the concentration ratio of fentanyl to norfentanyl is also
important for overdose assessment. Direct calibrations obtained for fentanyl and norfentanyl in
ten-fold diluted urine are presented in Figure A.4. As before, analytical calibration in dilute urine
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is comparable to that obtained for methanol standards (11% different for fentanyl, 2.6% different
for norfentanyl, see Figure A.4, Table A.5.3). As emphasized earlier, the internal standard
correction therefore adequately corrects for matrix effects across the complex matrices studied
here. Norfentanyl detection limits are given in Table A.l. In summary, PS-MS appears to be a
satisfactory direct, semi-quantitative measurement technique for both fentanyl and norfentanyl in
urine.

Due to its low cost, simplicity, and potential high sample throughput, PS-MS may be
used as a point-of-care screening tool in advance of or in combination with more conventional
analytical techniques (i.e., LC-MS). Table A.2 summarizes the measurement of fentanyl and
norfentanyl in real urine samples by both LC-MS and PS-MS, where both standard addition and
direct calibration quantitation techniques were used with PS-MS. Acceptable quantifier to
qualifier ion ratio agreement was observed using PS-MS (< 20% for 9 of 10 urine samples
tested) for both fentanyl and norfentanyl measurements in urine (Table A.5.2). As indicated by
Table A.2, the comparison of direct sampling PS-MS methods with LC-MS results shows a
negative bias. Many of the LC-MS values exceed the upper limit of quantitation (40 ng/mL) and
should be viewed as approximate only. Therefore, these results appear satisfactory in the context
of a semi-quantitative analysis for harm reduction applications. As a negative control, no
fentanyl or norfentanyl was detected by either PS-MS and LC-MS in 25 additional human urine
samples.
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Table A.2: Comparison of the measurement of fentanyl and norfentanyl in urine by liquid
chromatography-mass spectrometry and paper spray-mass spectrometry.

Sample Target LC-MS PS-MS

analyte
Standard addition® Direct calibration®
ng/mL ng/mL % Bias® ng/mL % Bias®

1 Fentanyl 49¢ 30+ 10 -32 34+19 -30
Norfentanyl ~ 2275¢ 900 + 250 -61 1100 + 200 -50

2 Fentanyl 323¢ 910 + 240 +181 200 + 47 -38
Norfentanyl ~ 1464¢ 1030 + 230 -30 850+ 110 -42

3 Fentanyl 12 7+1 -44 9+9 -28
Norfentanyl ~ 458¢ 310 + 70 -33 220+ 12 -52

4 Fentanyl 149¢ 70 + 10 -48 53+17 -65
Norfentanyl ~ 5654¢ 3520 £ 730 -38 3130+ 13 -45

5 Fentanyl 81¢ 120 + 50 +48 71 +31 -13
Norfentanyl ~ 758¢ 510 + 130 -33 360 + 80 -52

6 Fentanyl 11 7+1 -40 10+ 10 -9
Norfentanyl 599 60+ 14 +2 82+19 +39

7 Fentanyl 5.0 4+1 -21 8+ +51
Norfentanyl 429 23+8 -45 17+ 14 -61

8 Fentanyl 37 27+4 -28 24+ 12 -36
Norfentanyl ~ 354¢ 180 + 20 -49 186 + 14 47

9 Fentanyl 135¢ 110 + 16 -18 90+ 11 -33
Norfentanyl ~ 1873¢ 790 + 130 -58 740 + 14 -60

10 Fentanyl 99¢ 47+ 16 -53 38+ 12 -62
Norfentanyl ~ 1756° 2460 + 360 +40 860+ 14 -51

Average Average
% Bias % Bias

Fentanyl -6+ 72° 231 +£31°
Norfentanyl -26 +33° -42 £ 29°

* Mean = standard deviation (n = 3)

® Uncertainties calculated by the method of least squares (n = 3)

¢ % Bias calculated as (PS result - LC result)/LC result x100%

4 Above the analytical measurement range for the LC-MS assay (0.5-40 ng/mL)
¢ Uncertainties represent standard deviations in the % Biases

To examine if a statistical difference exists between the PS-MS results obtained using
standard addition and direct calibration, a paired #-test was conducted. The calculated ¢ values for
fentanyl and norfentanyl analyses were 1.13 and 0.827, respectively. Both are below the
tabulated ¢ value of 2.262 (95% confidence), indicating that the two PS-MS measurement
methods do not produce significantly different results. While both quantitation strategies
(standard addition and direction calibration) are feasible, it is more likely that direct calibration
would be the route taken for a harm reduction setting as discussed earlier. Furthermore, we



104

believe the magnitude of bias for PS-MS measurements compared with LC-MS results (Table
A.2) is acceptable given the cost, speed, and simplicity of PS-MS, and because many of the
reported LC-MS results are above the analytical measurement range. While the discrepancies for
some samples would not be acceptable for a candidate quantitative method, we believe the
clinical need in harm reduction is for semi-quantitative analysis only: in that context, the
performance of PS-MS is more than sufficient, especially when combined with its speed and
simplicity.

A.4 Conclusions

Fentanyl and norfentanyl were analyzed in complex sample matrices by both PS-MS and
LC-MS. The results demonstrate that PS-MS is a sensitive and selective direct detection method
for trace levels in a variety of complex matrices, including urine and an analgesic tablet slurry.
Because of its simplicity, selectivity and sensitivity, PS-MS is a promising candidate analytical
technique for implementation in point-of-care opioid harm reduction strategies. It is important to
note that PS- MS may also be of equal value for use in enforcement as well as emergency room
scenarios where rapid, specific results can provide life-saving information. PS-MS also shows
high potential as a rapid semi-quantitative pre-screening technique in advance of more
comprehensive (and regulated) LC-MS or GC-MS methods. Current and future work is focused
on expanding the suite of opioids and metabolites detected (including a wide range of fentanyl
analogs), system and data handling automation, and incorporating PS with portable and field
operable mass spectrometer systems for on-site use.

A.S Supporting Information
Table A.5.1: MS scan parameters.

Target analyte Molar mass  MS transition  Inlet cone  Collision energy
g/mol m/z v eV
Fentanyl 336.47 337—188" 40 25
337—105" 40 40
Fentanyl-d;s 341.51 342—188 40 25
Norfentanyl 232.33 233—84" 35 20
233-55° 35 35
Norfentanyl-d;s 237.36 238—84 35 20

 Quantifier ion
® Qualifier ion



Table A.5.2: Signal ratios of quantifier to qualifier ions for fentanyl and norfentanyl.

Fentanyl Signals

Norfentanyl Signals

337—188 337—105 Ratio’ 233—84  233—55  Ratio®
Analytical

standard®

Trial 1 8.7x10° 7.9x10° 1.1 4.7x10* 8.8x10° 5.4

Trial 2 1.3x10° 1.2x10° 1.1 2.0x10° 4.0x10* 5.0

Trial 3 4.2x10* 3.7x10* 1.1 2.2x10° 3.6x10* 6.1

Trial 4 1.3x10° 1.3x10° 0.99 2.6x10° 4.6x10* 5.5

Trial 5 1.2x10* 1.3x10* 0.95 2.2x10° 3.3x10* 6.6

Trial 6 6.1x10* 5.2x10* 1.2 2.9%10° 5.3x10° 55

Average 1.1 5.7

% RSD 7.6 10

337—188 337—105 Ratio® % Diff®  233—84 233555  Ratio® % Diff*

Urine

samples
1 1.6x10* 1.3x10* 1.2 9.3 4.8x10* 8.6x10° 6.0 6.1
2 1.9x10* 1.5x10* 1.3 16 1.6x10* 2.7%10° 5.9 43
3 5.5%10° 5.5x10° 1.0 75 3.6%10° 6.6x10° 5.4 5.6
4 1.1x10° 1.0x10° 1.1 5.0 1.3x10° 2.2x10* 6.0 6.1
5 4.4x10° 42x10° 1.0 2.6 1.0x10* 2.2x10° 4.6 21
6 1.7x10? 3.0x10° 0.59¢ 59 2.7x10° 8.2x10° 3.349 54
7 8.7x10% 1.0x10° 0.88 20 1.4x10* 6.5%10° 5.4 5.6
8 1.9x10° 2.1x10° 0.93 15 3.3x10° 6.4%10° 5.1 12
9 4.9%10° 4.1x10° 1.2 10 2.1x10* 3.5%10° 5.9 43
10 5.2x10° 5.5x10° 0.95 12 43x10* 6.8%10° 6.2 9.4

* Mixed standard containing 11 ng/mL fentanyl and 89 ng/mL norfentanyl in methanol
" Calculated as the ratio of signal from the quantifier ion to that of the qualifier ion
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¢ Percent difference between the ion ratio for a particular urine sample and the average analytical standard ion ratio

4 Excessive deviation the combined result of possible isobaric interference (complex sample) and low signal

intensities

Table A.5.3: Percent differences of calibration curve slopes in complex matrices relative to
calibration curve slopes in methanol

Target analyte Diluted Urine Analgesic Slurry
% Difference % Difference

Fentanyl 11 6.6

Norfentanyl 4.7
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Figure A.5.1: Schematic diagram of 3D printed guide for consistent sample spotting on paper
strips. The guide is placed over top of a paper strip. The bottom of the paper strip is aligned with
the ‘paper strip guide,” while the micropipettor tip is aligned with the ‘micropipettor tip guide’

while spotting the sample.



107

Top Plate
1/4” X 1” Barstock | [ ]
ey 1
3/4”
©) ( 516"
1/2" ‘ 17 ‘ 1/2"
Mounting Base Plate 2
1/2” X 1” Barstock
‘ 1/2”
7 T @ ( 5/16”
=
1/4"‘ ‘ 3/4” | 1/21!
3/4”
e
1/2” _
1/4”
1/2”

3”

Holes:

B-#10(0.193")

C - #7 (0.2010”) for 1/4-20 Tap
D - #F or 6.5mm (0.2570”)

Threads
C - 1/4-20 Thread

Figure A.5.2: Schematic diagram of the aluminum paper spray sample mount.
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Figure A.5.3: Schematic of 3D printed mounting arm for the paper spray sample mount.
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Figure A.5.4: Photograph of PS-MS interface mounted on the mass spectrometer system.
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Figure A.5.5: Relative fentanyl response plots for continuous measurements made in complex
matrices using PS-MS. The similar relative response over time indicates that pre-spiking the
paper strip with internal standard (10 pL of 169 ng/mL fentanyl-ds) sufficiently corrects for any
matrix effects for the complex matrices examined. Relative response is calculated as [(fentanyl
signal)/(fentanyl concentration)]/[(fentanyl-ds signal)/(fentanyl-ds concentration)].
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