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Abstract: �The selective enhancement of membrane introduction mass spectrometry for non-polar alkanes, alkenes, and aromatic hydrocarbon 
compounds by the application of acetonitrile as a chemical ionization reagent was investigated. Acetonitrile CI is able to produce 
specific fragment ions for many of the compounds test and this can be used to identify and quantify the parent neutrals. This method 
provided relatively high detection limits of the test compounds.  This method could potentially be useful for analytical applications such 
as the detection of non-polar hydrocarbons for environmental studies if CH3CN CI/MIMS is coupled with a preconcentration method.
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1. Introduction
In membrane introduction mass spectrometry (MIMS), 
non-polar semi permeable membranes  are used to allow 
for the selective introduction of volatile and semi-volatile 
analytes into the ion source of a mass spectrometer 
via a process known collectively as pervaporation  
[1-3]. Permeated analyte is usually ionized with electron 
ionization (EI) or chemical ionization (CI), and the 
parent and fragment ions are then mass analyzed and 
detected. MIMS has proven to be valuable for the direct 
online analysis of volatile organic compounds (VOCs) in 
aqueous [4-7] and air [4,8-10] samples by demonstrating 
promising simplicity, speed, and trace-level detection.  
MIMS has also been used in biological applications  
[11-13] and online environmental monitoring of industrial 
processes [14]. 

The major disadvantage of the MIMS approach is the 
inherent inability to physically separate sample mixtures 
[15]. For mixtures of VOCs, especially hydrocarbons, 
extensive ion fragmentation tends to produce very 
complicated mass spectra and this leads to quantitation 
problems due in part to the fact that different parent 

compounds have common fragment ions. The missing 
unique molecular fragments or ions for each analyte in 
the mixture makes it difficult to identify individual parent 
neutral species and to conduct a quantitative analysis 
based on their mass spectra. To solve this problem, 
several techniques have been investigated including 
selective chemical ionization [9,13,16], tandem mass 
spectrometry [17], ozone reaction pretreatment [18], and 
multivariate calibration methods [15,17,19]. 

A variety of selective chemical ionization reagents 
have been used in combination with the MIMS technique; 
including isobutene [16], methane [13], ammonia [13], 
water vapor [20], oxygen [21], and nitric oxide [22].  The 
two important advantages of chemical ionization are the 
molecular ion production (or pseudo-molecular ions) and 
the control over the ion fragmentation of analytes.  Both 
of these advantages result in reducing the complexity 
of the mass spectrum. Although the above CI reagents 
showed enhanced sensitivity and/or selectivity for polar 
organic compounds, only nitric oxide showed the same 
augmentation for alkanes and alkenes. 

Prior work by Traldi et al. [23] showed that when 
a mixture of long chain hydrocarbons containing of 
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docosane (C22), 3-methylheneicosane, and 1-docosene 
was introduced into a ion trap and analyzed using 
acetonitrile as the CI reagent at a manifold temperature 
of 110°C, the mass spectra of the test compounds 
was dominated by the formation of abundant ions 
corresponding to [M+CH2CN]+ and [M+H]+,  [M+H]+ 
formed the base peak of the mass spectra. This result 
demonstrated the advantage of using acetonitrile as CI 
reagent for analyzing long chain hydrocarbon mixtures.

In this paper, acetonitrile was investigated as 
a suitable chemical ionization reagent to aid in the 
measurement and improvement of the selectivity of the 
membrane introduction mass spectrometric method for 
volatile hydrocarbons in complex gaseous matrixes.

2. Experimental Procedures
The experimental setup was described previously by 
Wedian et al. [22]. In brief, the MIMS system used in 
these experiments is similar in design to commercially 
available systems. It consists of an ion trap mass 
spectrometer (Magnum, Finnigan MAT, San Jose, CA) 
that is configured to accept a 2.2 cm diameter 
direct insertion capillary membrane probe through a 
vacuum adapter installed in the GC transfer line inlet 
port. The capillary membrane used in this work was 
Silastic laboratory tubing, 2.16 mm. o.d., 1.02 mm. i.d.  
(Dow Corning, Midland, MI). The exposed length of the 
capillary membrane (within a glass and Teflon adapter) 
was 15 cm. A small helium flow (~ 2 mL min-1) is used 
to help transfer permeated analytes from the adapter 
into the ion trap and to supply the ion trap buffer gas 
requirement. The entire MIMS system is typically held 
at 130ºC. 

Different gas mixtures were prepared in 56 L Tedlar 
bags (Alltech Associates, Inc) by injecting a known 
volume of test compounds into a helium filled bag and 
allowing the bag to equilibrate for at least half an hour 
before use. Further dilutions of gas solutions were made 
to reach concentrations of 80 ppb-1.2 ppm. Between 
mixtures, the bags were flushed and filled with C.P. 
nitrogen (purity 99.985%) several times before they 
were used again. All gas samples were made and stored 
at room temperature.  The test compounds toluene  
(EM Science, 97%), pentane (Allied Signal, 99%), 
p-xylene (Matheson Coleman & Bell, 98%), hexane 
(Aldrich, 97%), cyclohexane (Aldrich, 99%), cyclohexene 
(Fluka, 99%) were all used as delivered.

A small test tube containing liquid acetonitrile was 
connected to the inlet for the CI reagents on the rear 
of the Magnum ion trap. The operating conditions for 

acetonitrile was optimized and monitored using the 
Magnum ion trap software supplied by the manufacturer. 
Under acetonitrile CI operation conditions, the spectrum 
consists of three major peaks at m/z 41 (CH3CN)+,  
40 (CH2CN)+, and 39 (CHCN)+,  and is independent of 
manifold temperature. The mass spectra were recorded 
using the chemical ionization/chemical reaction mode. 
The mass spectral data (40-200 m/z) were collected 
using Magnum ion trap control software in the GC mode 
(mass spectra as a function of time).

3. Results and Discussion
Fig. 1 compares the mass spectra obtained for a three-
compound mixture (hexane, cyclohexene, and toluene) 
using electron ionization (EI) and CH3CN chemical 
ionization modes. Fig. 1A was obtained using EI mode, 
and shows significant fragmentation and severe 
overlapping of ions from at least two compounds. 
Between the mass-to-charge regions of 50 - 80, the 
fragments primarily arise from cyclohexene and hexane, 
while toluene produces ion signals between 90 and 
95 m/z.  No detectable signal can be attributed to the 
molecular ion of hexane because of fragmentation. The 
peaks at m/z 81 and 83 could correspond to the molecular 
ion of cyclohexene and it is possible that hexane may 
also contribute to these fragments. While the peak of 
m/z 91 is present at detectable levels and corresponds 
to (pseudo) molecular ions of toluene. Therefore, while 
toluene could be measured with reasonable certainty, the 
other two compounds (cyclohexene and hexane) in this 
test mixture could only be quantified with considerable 
difficulty.

Figure 1. Mass spectrum of 500 ppbv of a three-compound gas
mixture of hexane, cyclohexene, and toluene (A) EI mass 
spectrum of the mixture, (B) CH3CN chemical ionization 
mass spectrum.
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Fig. 1B shows the mass spectrum of the same 
mixture of three compounds (at the same concentrations) 
using CH3CN as the chemical reagent. The mass 
spectra show less fragmentation for cyclohexane and 
cyclohexene. The ion signals are concentrated in a few 
major fragments rather than a series of low intensity 
ions as seen in Fig. 1A. Pseudo molecular ions for 
each compound in the mixture are evident (m/z 81 for 
cyclohexene, m/z 86 for hexane, and m/z 91 and 93 for 
toluene). Each molecular ion is accompanied by isotopic 
variant peaks (to the right) and H atom loss peaks (to 
the left), and less other fragmentation is also observed. 
Some overlapping fragments are still observed between 
m/z 60-80, which were also present in the EI spectrum. 
Fig. 1B demonstrates the ability of CH3CN to produce 
a characteristic ion signal for alkanes and alkenes and 
also to enhance the signal of the aromatics that can in 
turn be used to identify each. 

The expectations of applying CH3CN as CI reagent 
for the detection of short-chain aliphatic hydrocarbon 
compounds are that the reagent ion (CH3CN)+ may help 
to produce a molecular ion, M+, a protonated molecular 
ion, [M+H]+, or an adduct species [M+CH2CN]+ as the 
base peak for the test compounds [23]. Unfortunately, 
the mass spectra of the test compounds were dominated 
by the appearance of a few specific fragments with 
high enough intensity that would allow for more reliable 
identification rather than a series of low intensity ions.  
The formation of a relatively weak molecular ion, M+, 
and the protonated molecular ion, [M+H]+, was only 
observed for the aromatic compound.  The adduct 
species, [M+CH2CN]+, was never observed for any 
hydrocarbon compound in this work. 

Possible explanations for not observing the adduct 
formation are: (1) the test compounds were relatively 
short chain hydrocarbons (all less than 12 carbons), 
while Traldi et al. [23] applied the reagent to long chain 
compounds (20 carbons and more); and (2) technical 
information obtained some time after doing this work 
indicated that CH3CN may have degraded the seals 
in the valve/vacuum interface system of the used ion 
trap, leading to poor performance of CH3CN as a CI 
reagent. We have not repeated these experiments with 
a chemically compatible valve system to date to verify 
whether the latter was in fact a problem.

Although extensive fragmentation is produced by 
electron ionization, the fragmentation patterns are 
useful for identifying target compounds by comparing 
mass spectra to those in the literature databases. This 
advantage becomes a significant obstacle with a MIMS 
experiment since MIMS lacks a physical separation step. 
When CH3CN CI is used, larger pseudo molecular ions 

peaks for some of the compounds were observed and 
this permits the MIMS technique to identify and quantify 
more easily. Some of these compounds do not show a 
strong unique fragment ion in EI mode.

3.1. Detection limits and Quantitation
Fig. 2 shows the calibration curves of two selected 
compounds (for simplicity) in the concentration range of 
100 to 1000 ppbv (parts-per-billion by volume in N2). The 
signals are the sum of selected fragments m/z 91+93 
for toluene and m/z 71+72 for pentane. The data 
demonstrate the linearity of the response of the MIMS 
system, correlation coefficients R2 ~ 0.97 and 0.98 for 
toluene and pentane respectively. 

The limits of detection for the selected hydrocarbons 
measured individually or in pairs by the MIMS system 
using CH3CN as the CI reagent varied significantly, 
depending on the chemical nature of the compounds 
(Table 1). The test compounds were chosen to 
represent the different types of non-polar hydrocarbons: 
alkanes, alkenes, and aromatics. For relatively low 
vapor pressure aromatics (p-xylene, and toluene) the 
detection limits were below 200 ppbv. For higher vapor 
pressure compounds (pentane, hexane, cyclohexane, 
and cyclohexene) the detection limits were found to 
be higher.  This can be primarily attributed to the low 
solubility and diffusivity of the higher vapor pressure 
compounds in the Silastic membrane. The detection 
limits were calculated from the calibration curves as 
the concentration corresponding to a signal as 3σ the 
blank.

Figure 2. Calibration curves for toluene and pentane using CH3CN
as the CI reagent. 
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The relatively low pressure of alkanes and alkenes, 
combined with low solubility and diffusivity in the 
membrane, makes the detection and analysis of non-
polar alkanes and alkenes in air a challenging problem. 
By using CH3CN as the CI reagent, this concentrates 
the ion fragmentation of these compounds into a series 
of intense peaks that may be suitable for improving the 
sensitivity and the ability of  the MIMS for direct mixture 
analysis [4,14,15,19,20,24].

Considering the proposed CI reagent produces high 
detection limits for the test compounds, it is believed 
that coupling CH3CN CI with a preconcentration step  
[7,25-28] or with a mathematical based multicomponent 
quantitation method such as a nonlinear asymmetric 
error function-based least mean square method 
(NALMS), which can identify and quantify individual 
compounds in sample mixtures based on the ability of 
computer generated software to analyze and separate 
complex multicomponent EI spectra into the individual 
constituents, could be useful in increasing the selectivity 
of MIMS when measuring non-polar hydrocarbons in air 
samples.

4. Conclusion
This work demonstrates that CH3CN can be used as a 
CI reagent in MIMS to identify non-polar hydrocarbons 
in gas mixture samples. Although the proposed 
chemical ionization reagent does not achieve state 
of the art detection limits for alkanes and alkenes, 
CH3CN CI is able to reduce the complexity of the mass 
spectra by producing molecular ion fragments, which 
can be used for quantitative purposes. The sensitivity 
could be improved if the MIMS method incorporated 
a preconcentration method, in which case the system 
could be useful for environmental field studies.
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