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Abstract: 

 Direct mass spectrometry has grown significantly due to wide applicability, 

relative ease of use, and high sample throughput. However, many current direct mass 

spectrometry methods are largely based on ambient ionization techniques that can 

suffer from matrix effects and poor selectivity. A strategy that addresses these 

shortcomings is condensed phase membrane introduction mass spectrometry-liquid 

electron ionization utilizing in situ liquid reagent chemical ionization (CP-MIMS-LEI/CI). 

In CP-MIMS measurements, a semipermeable hollow fibre polydimethylsiloxane 

membrane probe is directly immersed into a complex sample. Neutral, hydrophobic 

analytes permeating the membrane are entrained by a continuously flowing liquid 

acceptor phase (nL/min) to an LEI/CI source, where the liquid is nebulized, followed by 

analyte vaporization and ionization. This study marks the first intentional exploitation of 

the liquid CP-MIMS acceptor phase as an in situ means of providing liquid chemical 

ionization (CI) reagents for improved analyte sensitivity and selectivity (CP-MIMS-

LEI/CI). Acetonitrile and diethyl ether were used as a combination acceptor phase/CI 

proton transfer reagent system for the direct analysis of dialkyl phthalates. Using 

isotopically labeled reagents, the gas phase ionization mechanism was found to involve 

reagent autoprotonation, followed by proton transfer to dialkyl phthalates. A 

demonstration of the applicability of CP-MIMS-LEI/CI for rapid and sensitive screening 

of bis(2-ethylhexyl) phthalate in house dust samples is presented. The detection limit in 

house dust (6 mg/kg) is comparable to that obtained by conventional analyses, but 

without time-consuming sample work up or chromatographic separation steps. 
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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 throughput1-3. 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.   

 

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, amongst other matrices4. Because 

phthalates are known endocrine disruptors and potential carcinogens, there is a need 

for sensitive, robust and effective analysis techniques5-7. Conventional phthalate 

analysis typically consists of an extraction step (e.g., solid phase micro extraction, 

ultrasonic extraction, etc.) in advance of gas chromatography – mass spectrometry (GC-
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MS), and there is also advancement towards hyphenated analytical techniques (e.g., 

SPE-LC-MS/MS)8. 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 time9-11, desorption electrospray 

ionization12, spray-inlet microwave plasma torch ionization13, and thermal desorption 

electrospray ionization14 amongst 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 

used15-17. 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/reactions1. Positive ion CI 

with EI-based techniques (i.e., GC-MS) have been demonstrated as effective strategies 

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 samples18. 

Similarly, Jeilani et al. and Harvan et al. used a methane reagent for increased 
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protonated molecular ion intensities19-20. 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 fibre membrane, typically polydimethylsiloxane 

(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 membrane 

and consequently do not interfere with ionization or mass resolution21-24. 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) 23, 25-26. Variants 
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of LEI, termed direct electron ionization (DEI), were published as early as 2002 by 

Cappiello et al.27-28 These studies emphasized the technique’s robustness, minimal 

matrix effects, and ability to produce library searchable EI mass spectra, while also 

noting that CI behaviour (i.e., protonation) may occur in an LEI type source, depending 

upon the solvent composition25. Other work in the literature with direct liquid ionization  

has been demonstrated by the Amirav group, who coupled LC to EI via supersonic 

molecular beams29-30. 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 seconds) in advance of EI31-32. 

 

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 μg/kg detection limit 

for benzo[a]pyrene from soil)23. We also have previously used MIMS for phthalate 

quantitation using enzyme-derivatized PDMS34, and for the study of phthalate-

particulate interactions35. 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 
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membrane22 and simultaneously provide suitable CI reagent ions via gas phase 

autoprotonation reactions. 

 

Experimental 

Liquid Reagent and Sample Preparation 

 Bis(2-ethylhexyl) 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 MΩ-cm de-ionized water (Facility Scale Reverse Osmosis/Ion 

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 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-d10 (99 atom % D, Sigma-

Aldrich) as further described in the results and discussion. 

 

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 elsewhere23, 25-26. 

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 
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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 1 and 

S1, respectively. 

Table 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 polydimethylsiloxane hollow fibre 

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 described23, 36. 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 S1 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 fibre membrane 

lumen. Conversely, ‘stopped-flow’ sampling involves halting the flow of acceptor phase 
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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 is collected as ion chronograms. Both steady-state and ‘stopped-flow’ 

type CP-MIMS measurements have been previously reported21, 36-37. 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 μL/min 

through the membrane lumen. Post-membrane, the flow into the LEI/CI interface was 

reduced to ~500 nL/min using a passive flow splitter (Figure S1). This flowrate was 

measured offline using a nano-flow meter (Sensirion SLG-0150, Stäfa, ZH, Switzerland), 

and calibrated using the acceptor phase solvent systems used. Vacuum pressure 

measurements were used to monitor stability of liquid flow into the MS source using an 

ion gauge (Hewlett-Packard 59864A ionization gauge and controller, Palo Alto, CA, 

U.S.A.) mounted on a custom made flange attached to the source end of the MS 
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manifold. Stable LEI/CI performance resulted in source region pressures of 1.2×10-4 

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 elsewhere23.  

 

House Dust Sample Preparation and Analysis 

House dust samples were collected from 3 different residential homes (Nanaimo, 

BC, Canada) and mechanically sieved (150 μm) 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 minutes 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 

minutes), 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 analyses23. 

 

For standard addition experiments, samples were measured as described above, 

then subsequently spiked with 6 mg/L DEHP from a 2-propanol standard, and re-

analyzed. 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 
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were conducted in triplicate. Representative measurements for ‘stopped-flow’ 

measurements of 9 mg/L DEHP from 2-propanol are given in Figure S2). 

 

Data Analysis 

Analyte signal risetimes were calculated as the time required for a steady-state 

signal to rise from 10 to 90% relative intensity (t10-90%). ‘Steady-state’ data was 

smoothed with a 7-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 was 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/L DEHP in 2-propanol sample divided by the 

calibration curve slope23. 

 

Results and Discussion  

Acetonitrile Reagent System 

Figure 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 spectrum38, for 
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which the molecular ion is the dominant peak, and m/z 42 is largely absent. To confirm 

the origin of the protonation, acetonitrile-d3 was analyzed in the same manner, 

producing the deuterated molecular ion at m/z 46 as the dominant peak (Figure 1). 

Therefore, an autoprotonation reaction is occurring within the LEI/CI source1. Moneti et 

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 times39 when compared to 

that occurring in the open geometry EI source presented here. The abundance of 

chemical ionization behaviour 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 geometries1. Also shown in Figure 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-d3 infusion experiment. This 

species (C3H4N+) 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 1: Full scan mass spectra of ACN and ACN-d3 with LEI/CI – quadrupole mass spectrometry. List 

of major peaks with proposed molecular formulae (for non-deuterated species): 1) m/z 40 [CH2CN]+; 2) 

m/z 41 [CH3CN]"+; 3) m/z 42 [CH3CN-H]+; 4) m/z 54 [C3H4N]+.  The deuterated species have analogous 

formulae.  

 

 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 analyte1. While proton affinity data for dialkyl 

phthalates is 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 S2). Furthermore, in 

combination with its potential use for CI, acetonitrile has previously been used as an 

acceptor phase with CP-MIMS style experiments40. 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 spectra38 in Figure 2, and further described in Table 2.  Representative full scan 

[M+H]+ [M+D]+
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mass spectra from CP-MIMS-LEI/CI obtained for steady-state measurements are shown 

(Figure 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 data38, where the molecular ions are nearly absent 

because of extensive fragmentation. The CI behaviour 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)19 is the base peak instead of the 

protonated phthalate anhydride ion (m/z 149). The data in Table 2 involves phthalate 

measurements conducted in three sample (donor) solvent systems, de-ionized water (6 

mg/L each), 2-propanol (300 mg/L each) and acetonitrile (3000 mg/L each). Because of 

its low aqueous solubility41, DEHP was not analyzed in de-ionized water for these 

studies.  

 

Figure 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 
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shown here, DEP and DBP (6 mg/L each) were measured in de-ionized water, and DEHP (3000 mg/L) 

measured in ACN. 

 

Analysis of the data presented in Table 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 de-ionized 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 

behaviour, suggesting minimal matrix effects for the tested solvent donor systems, and 

potentially broader applicability for a wider variety of sample types. Table 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 CI42-43. 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 
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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 co-solvents 

(with CI potential) to determine whether further analytical improvements could be 

observed. 

 

Table 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 Acetonitrilea 2-Propanolb De-ionized Waterc 

   Rel. Signal Rel. Signal Rel. Signal 

DEP  149 [C8H5O3]+ 0.657 0.650 0.640 

177 [C10H9O3]+ 1 1 1 

223d [C12H15O4]+ 0.241 0.252 0.225 

DBP  149 [C8H5O3]+ 1 1 1 

205 [C12H13O3]+ 0.302 0.299 0.317 

279d [C16H23O4]+ 0.179 0.199 0.179 

DEHP  149 [C8H5O3]+ 1 1 - 

167 [C8H7O4]+ 0.305 0.337 - 

279 [C16H23O4]+ 0.123 0.147 - 

391d [C24H39O4]+ 0.130 0.120 - 

a 3000 mg/L sample concentration for each phthalate 

b 300 mg/L sample concentration for each phthalate 

c 6 mg/L sample concentration for each phthalate 

d Protonated molecular ion ([M+H]+) 
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Acetonitrile and Diethyl Ether Reagent System Optimization 

 In earlier work, we observed that alkane co-solvents admixed in a methanolic 

CP-MIMS acceptor phase (coupled with electrospray ionization) resulted in improved 

membrane permeability for model compounds22. This was due to the alkane co-solvent 

solubility in PDMS membranes, resulting in greater analyte sensitivity and faster 

membrane transport (i.e., reduced analyte risetimes)22-23. Detailed discussions 

regarding membrane co-solvent permeability effects are available elsewhere22-23, 44-45. 

Applying these principles, diethyl ether was selected as a co-solvent because of its 

solubility in both acetonitrile and PDMS45. Prior to determining an optimal acceptor 

phase composition, diethyl ether and diethyl ether-d10 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 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-d10 experiment to be the result of autoprotonation1. 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)38. Furthermore, the EI fragmentation of diethyl ether (Figure 

S3) in the LEI/CI source results in the serendipitous creation of additional potential 

proton transfer reagent ions, including protonated acetaldehyde (768.5 kJ/mol, m/z 45) 

and formaldehyde (712.9 kJ/mol, m/z 31)38. All of these ions have proton affinities lower 

than that of methyl benzoate.  
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Figure 3: Full scan mass spectra of Et2O and Et2O-d10 with LEI/CI – quadrupole mass spectrometry. List 

of major peaks with proposed molecular formulae (for the non-deuterated species): 1) m/z 31 [CH2O-H]+; 

2) m/z 45 [C2H4O-H]+; 3) m/z 59 [(CH2)O(C2H5)]+; 4) m/z 73 [(C2H5)O(C2H4)]+; 5) m/z 75 [(C2H5)2O-H]+; 6) 

m/z 149 [((C2H5)2O)2-H]+. The deuterated species have analogous formulae. 

 

 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 de-

ionized water (at 125 μg/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 1) via ‘steady-state’ 

measurements. Figure 4 summarizes the results, depicting signal to noise ratio (i.e., 

sensitivity) on the left axis (solid lines), and signal risetime (t10-90%; minutes) on the right 

axis (dashed lines). Figure 4 illustrates that for all phthalates examined, the sensitivity is 

maximized for a 70:30 ACN:Et2O v/v acceptor phase system. One source of the 

sensitivity improvement is due to the solubility of diethyl ether in PDMS, which thereby 

[M+H]+ [M+D]+
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improves the permeation of analyte through the membrane via the formation of a 

polymer inclusion membrane22-23, 45. 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)41. 

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 by the reduction in the analyte 

signal risetimes. Based upon these results, an acceptor phase composition of 70:30 

ACN:Et2O v/v was chosen for its combination of improved sensitivity and concomitant 

improved membrane transport characteristics. 

 

Figure 4: Optimization of an ACN and Et2O (0-50% v/v) acceptor phase/reagent system for CP-MIMS-

LEI/CI tandem mass spectrometry analyses of DEP (125 μg/L in de-ionized water), DBP (125 μg/L in de-

ionized water), and DEHP (100 mg/L in 2-propanol; data scaled ×1/5) with respect to steady-state signal 
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to noise (plotted on primary axis; solid lines with filled data symbols) and analyte risetime (plotted on 

secondary axis; dashed lines with open data symbols). 

 

 Aside from improving phthalate membrane permeability, the sensitivity 

improvement from diethyl ether co-solvent use may also be due to increased gas-phase 

phthalate protonation, facilitated by the presence of the additional reagent ions it 

produces (Figure 3). Figure S4 gives the full scan mass spectrum for the direct 500 

nL/min infusion of the 70:30 ACN:Et2O 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/L DBP was 

sampled from de-ionized water using a variety of acceptor phase/reagent systems 

(Figure 5): 70:30 ACN:Et2O v/v (panel a), 70:30 ACN-d3:Et2O v/v (panel b), 70:30 

ACN:Et2O-d10 v/v (panel c), and 70:30 ACN-d3: Et2O-d10 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 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 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 
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matrix co-permeants do not appreciably affect CI behaviour, 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 ion1, suggests that the resulting CI spectra 

generated from CP-MIMS-LEI/CI are a composite of both EI and CI behaviour. The 

fragmentation/protonation origins for DBP ions are shown in Figure 5, which are 

consistent with the proposed fragmentation pathways for protonated phthalates by 

Jeilani et al. 19. 
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Figure 5: Full scan mass spectra of DBP (6 mg/L) sampled from de-ionized water with 4 different 

acceptor phase/reagent systems: a) 70:30 ACN:Et2O v/v; b) 70:30 ACN-d3:Et2O v/v; c) 70:30 ACN:Et2O-

d10 v/v; d) 70:30 ACN-d3:Et2O-d10 v/v. Support for proposed fragmentation pathways may be found 

elsewhere1, 19. 

 

House Dust Analysis 

 As a final demonstration, CP-MIMS-LEI/CI was used for the analysis 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 

disruptor5, 7. As detailed in the experimental, 0.5 g house dust samples were suspended 

in 2-propanol and sonicated for 5 minutes. 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-1 L [DEHP] + 338, R2 = 

0.995; Figure S5). Both quantitation strategies demonstrate comparable results (Figure 

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 spectrometry4. While the short extraction time (5 minutes) used herein 
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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 minutes per sample (6 

per hour). 

 

 

Figure 6: Analyses of DEHP from 3 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.  

 

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 
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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 EI, 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. 
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Tables 

Table 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 

 

Table 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 Formulaea Acetonitrileb 2-Propanolc De-ionized Waterd 

   Rel. Signal Rel. Signal Rel. Signal 

DEP  149 [C8H5O3]+ 0.657 0.650 0.640 

177 [C10H9O3]+ 1 1 1 

223d [C12H15O4]+ 0.241 0.252 0.225 

DBP  149 [C8H5O3]+ 1 1 1 

205 [C12H13O3]+ 0.302 0.299 0.317 

279d [C16H23O4]+ 0.179 0.199 0.179 

DEHP  149 [C8H5O3]+ 1 1 - 

167 [C8H7O4]+ 0.305 0.337 - 

279 [C16H23O4]+ 0.123 0.147 - 

391d [C24H39O4]+ 0.130 0.120 - 

a Protonated molecular ion ([M+H]+) 
b 3000 mg/L sample concentration for each phthalate 
c 300 mg/L sample concentration for each phthalate 
d 6 mg/L sample concentration for each phthalate 
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Illustrations and Figure Legends 

 

 

Figure 1: Full scan mass spectra of ACN and ACN-d3 with LEI/CI – quadrupole mass spectrometry. List 

of major peaks with proposed molecular formulae (for non-deuterated species): 1) m/z 40 [CH2CN]+; 2) 

m/z 41 [CH3CN]"+; 3) m/z 42 [CH3CN-H]+; 4) m/z 54 [C3H4N]+.  The deuterated species have analogous 

formulae.  

 

 

[M+H]+ [M+D]+
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Figure 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 de-ionized water, and DEHP (3000 mg/L) 

measured in ACN. 

 

 

Figure 3: Full scan mass spectra of Et2O and Et2O-d10 with LEI/CI – quadrupole mass spectrometry. List 

of major peaks with proposed molecular formulae (for the non-deuterated species): 1) m/z 31 [CH2O-H]+; 

2) m/z 45 [C2H4O-H]+; 3) m/z 59 [(CH2)O(C2H5)]+; 4) m/z 73 [(C2H5)O(C2H4)]+; 5) m/z 75 [(C2H5)2O-H]+; 6) 

m/z 149 [((C2H5)2O)2-H]+. The deuterated species have analogous formulae. 

 

[M+H]+ [M+D]+
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Figure 4: Optimization of an ACN and Et2O (0-50% v/v) acceptor phase/reagent system for CP-MIMS-

LEI/CI tandem mass spectrometry analyses of DEP (125 μg/L in de-ionized water), DBP (125 μg/L in de-

ionized water), and DEHP (100 mg/L in 2-propanol; data scaled ×1/5) with respect to steady-state signal 

to noise (plotted on primary axis; solid lines with filled data symbols) and analyte risetime (plotted on 

secondary axis; dashed lines with open data symbols). 
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Figure 5: Full scan mass spectra of DBP (6 mg/L) sampled from de-ionized water with 4 different 

acceptor phase/reagent systems: a) 70:30 ACN:Et2O v/v; b) 70:30 ACN-d3:Et2O v/v; c) 70:30 ACN:Et2O-

d10 v/v; d) 70:30 ACN-d3:Et2O-d10 v/v. Support for proposed fragmentation pathways may be found 

elsewhere1, 19. 

 



37 
 

 

Figure 6: Analyses of DEHP from 3 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.  
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