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a b s t r a c t

The trifluoromethyl ion CF3
+ is evaluated as a chemical ionization (CI) precursor in a compact Fourier

Transform Ion Cyclotron Resonance (FTICR) mass spectrometer. It reacts with alkanes by hydride abstrac-
tion allowing characterization and quantification of alkanes up to C4 and cyclic. With larger alkanes
fragmentation occurs. Fluorocarbons react by fluoride abstraction. Rate coefficients have been measured
for reaction with alkanes, fluoroalkanes, chlorofluoroalkanes as well as several common VOCs. Use of
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CF3
+ for trace analysis in air has been tested on an air sample containing traces of acetone, toluene, ben-

zene and cyclohexane. The results are consistent with those obtained with H3O+ precursor and allow
additional cyclohexane quantification.

© 2010 Elsevier B.V. All rights reserved.
lkanes
luorocarbons

. Introduction

Real time analysis of traces of Volatile Organic Compounds
VOCs) in air is a crucial need for environmental and industrial
nalysis. Mass spectrometry is a versatile and sensitive tool for
etection of VOCs, provided it is associated with a soft and selec-
ive ionization technique such as an ion-molecule reaction with a
uitable precursor ion, referred as chemical ionization (CI) [1]. In a
race analysis context, the term “chemical ionization” means that
he sample interacts with a unique, well-identified precursor ion
nder well-defined pressure and time conditions so that quantita-
ive information is obtained. CI techniques using various precursors
ave been widely used for atmospheric trace gas measurements
2]. The most general CI reaction for VOC analysis is Proton Trans-
er Reaction (PTR) [3]. It has been associated with several types of

ass spectrometers [4–7] and found numerous applications such
s food and aroma components analysis [8], environmental analy-
is [9], and atmospheric research [10]. Recent areas of PTRMS study
re medical sciences [11] and detection of warfare agents [12,13]

r explosives [14]. Since it is a soft ionization technique resulting in
ittle or no fragmentation, identification is made directly from the

ass of the observed ions and can benefit from high mass resolution
echniques leading to the molecular formula of the ions. However
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PTRMS does not allow detection of compounds of very low basicity
such as alkanes or haloalkanes. For this purpose, ion O2

+ may be
an interesting CI reagent since it reacts with alkanes [15] and with
some halocarbons [16,17] by charge transfer. However, extensive
fragmentation makes its use difficult for identification.

Alkane CI characterization has been also achieved with ionic
metal complexes as CI precursors, namely �5-(C5H5)Co+ ion which
reacts with alkanes by H2 loss [18], and ClMn(H2O)+ ion reacting by
H2O ligand substitution [19], both without notable carbon–carbon
bond fragmentation.

The aim of the present work is to test the potentialities of tri-
fluoromethyl ion CF3

+ as a CI reagent for detection of alkanes and
fluorocarbons present as trace compounds in air. This ion is poten-
tially interesting since it has been reported to react with alkanes RH
by hydride abstraction leading to the R+ ion [20], with m/z = M−1
for an alkane of mass M. Therefore this reaction may lead to its
molecular formula. Analysis of dilute samples in air is likely possi-
ble, since no reactivity of CF3

+ with air major components has been
reported. This ion is also reported to be unreactive with water [21].
According to a recent study, the ionization energy of CF3 lies in
the range 9.0–9.1 eV [22], which is lower than the 12–15 eV ioniza-
tion energies of O2, N2, Ar, H2O and than the ionization energies

+
of most organic molecules (9–12 eV), confirming that CF3 cannot
undergo charge transfer with these molecules. However, CF3

+ dis-
plays other types of reactivity with most organic molecules: small
alkenes react by addition followed by HF elimination and/or react
by hydride abstraction [23], aromatic hydrocarbons react by elec-

dx.doi.org/10.1016/j.ijms.2010.09.033
http://www.sciencedirect.com/science/journal/13873806
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rophilic addition followed by HF elimination [24], charge transfer
eing reported under more energetic conditions [25]. The reactions
f CF3

+ with amines [26], phenols and various aromatics containing
xygen [27] or nitrogen [28] have been studied and often lead to
everal products. Carbonyl compounds react according to a charac-
eristic “metathesis” reaction in which the C O group is replaced
y a C+–F group, neutral COF2 being eliminated [29–33]. In most
ases further fragmentations occur. Since they do not allow for
asy determination of the analyte molecular formula, the reac-
ions of CF3

+ with oxygen- or nitrogen-containing molecules seem
nsuitable for analytical purposes. More interestingly for analyti-
al purpose, the trifluoromethyl ion is also reported to react with
ome haloalkanes, by halide [34] or hydride [35] transfer.

In the present study, the use of CF3
+ as a CI reagent for alkane

nd fluoroalkane detection under CI-FTICR conditions is investi-
ated: it includes characterization of CF3

+ reactivity under the
nalysis conditions, determination of the relevant rate coefficients
nd application to quantitative analysis of test samples diluted in
ir.

The experimental design used for this study is a compact Fourier
ransform Ion Cyclotron Resonance (FTICR) mass spectrometer
ased on a structured permanent magnet. These recently developed

nstruments [36] have been applied successfully to PTR analysis of
OC traces in air [37,38]. They are particularly suitable for CIMS
nalysis, due to the following points: (i) owing to the mass resolu-
ion of FTICR technique, the molecular formula of each detected ion
an be determined, improving analyte identification; (ii) since the
ons are trapped in the ICR cell, they can be submitted to a sequence
f operations (preparation by electron ionization, mass selection
sing selective ion ejection, chemical reaction, etc.) allowing clean
reparation of a variety of CI reagent ions; and (iii) in the case of
TR, the CI-FTICR technique has proven reliable for quantitative
nalysis of complex mixtures [39].

. Experimental

.1. The MICRA and BTrap mass spectrometers

The MICRA mass spectrometer has been described previously
36]. Briefly, it is a compact, transportable FTICR mass spec-
rometer based on a structured permanent magnet weighing ca.
0 kg and yielding an homogeneous 1.25 T magnetic field. Two
as inlet lines are used to introduce gas into the mass spec-
rometer, one for the neutral precursor of the CI reagent ions,
he other for the sample. Each line includes a three-way pulsed
alve that directs the gas flow either to the mass spectrome-
er main vacuum chamber or to a gas inlet evacuation line: this
onfiguration allows for sending controlled gas pulses into the
CR cell, and avoids pressure surges. Each measurement involved

programmed sequence of operations as described below. The
Trap mass spectrometer, built by LCP laboratory and AlyXan com-
any [40], is similar to MICRA but has been optimized for trace
nalysis. One of its gas inlets is appropriate for gas sampling
rom a flow at atmospheric pressure, via two stages of pressure
eduction: a leak valve and a 0.5 mm i.d. dimensioned capillary
ube.

In the present work MICRA is used for kinetic studies allow-
ng rate coefficient determination. The samples are introduced
s pure gases at low pressure: the pressure range during sam-

le admission in the cell is 10−7–10−6 Torr. Test experiments of
race analysis in air are performed with BTrap: standard mix-
ures of compounds diluted in air with a known mixing ratio
lose to 50 ppm are sampled in the cell, at a pressure in the
0−4–10−5 Torr range (typically 8 × 10−5 Torr during introduc-
ion).
ss Spectrometry 299 (2011) 113–119

2.2. Analytical sequence

The CF3
+ ions are produced in the cell by electron ionization of

CF4 at a typical pressure of 10−6 Torr using a 40 eV electron beam:
CF4 + e− → CF3

+ + F + 2e−

The succession of precursor ion preparation, chemical ionization
reaction and ion detection leading to the mass spectrum is carried
out according to a programmed operating sequence. The typical
sequence used for kinetic studies is scheduled as follows. The steps
are listed in consecutive order, with their duration indicated in
parentheses.

1 (20 ms)—Introduction of CF4 (a few 10−6 Torr).
2 (2 ms)—Electron ionization of CF4.
3 (20 ms)—Second introduction of CF4 for CF3

+ ion cooling (a few
10−6 Torr).

4 (>200 ms)—Delay for complete pumping of the cell before sample
introduction.

5 (Variable duration)—Introduction of the neutral sample
(10−7–10−5 Torr): during this stage, the analytes are con-
verted to ions by reaction with CF3

+. The duration assigned to
this stage is the reaction time. The amount of gas introduced
has been shown to remain proportional to the valve opening
pulse duration, including the case of short pulses for which
the instantaneous pressure does not follow a square temporal
profile and the static pressure limit obtained at long opening
durations is far from being reached [36].

6 (>200 ms)—Delay for complete pumping of the cell: this delay
allows the pressure to fall below 10−8 Torr, which ensures a sat-
isfying detection.

7 (50 ms)—RF excitation and detection of the signal: the ion cyclotron
frequencies are excited using RF pulses, leading to large radius
coherent motion of the ions. Each ion is rotating accordingly to its
cyclotron frequency. The amplified image current transient signal
is acquired for 50 ms. Depending on the mass resolution needed,
data treatment may cover only part of the signal (10–50 ms).

8 (2 ms)—Ion quench: all the ions into the cell are ejected by an
intense RF excitation.

The total duration of each sequence is 4 s. For each value of
the reaction time, this sequence is repeated 5–50 times for tran-
sient signal averaging, improving the signal-to-noise ratio. Then the
reaction time is incremented so as to record the temporal evolution
of the reaction. A 10 ms increment is generally used.

2.3. Mass calibration

Due to its high mass accuracy, FT-ICR spectrometry makes iden-
tification of the molecular formulae possible.

Experimental masses are obtained from the observed frequen-
cies � using a two-parameter calibration law m = A/� + B/�2 [41,42].
The A and B parameters are adjusted using either ions of known
molecular formula present in the mixture or ions from chemical
standards introduced for calibration purpose. In the present work,
mass calibration was conveniently carried out using the precursor
ion CF3

+ (m/z 68.9952) and H3O+ ion (m/z 19.0184), terminal ion
from electron ionization of the residual gas consisting of water.

For all identified compounds the difference between experi-
mental and calculated masses was less than 5 × 10−3 u.

2.4. Pressure measurement
Knowledge of the sample pressure in the cell is crucial, since it is
required for rate coefficient determination as well as for concentra-
tion measurement in air. The sample pressure in the reaction cell
was measured using a Bayard-Alpert ionization gauge. The pressure
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ead was multiplied by a correcting factor which is the product of
constant, device-dependent term and a gas-dependent term. The

ormer term is mainly related to the influence of the magnetic field
n the gauge indications, while the latter reflects the sensitivity
ariation of the ionization gauge with the nature of the gas, since
he gauge is normally calibrated for air. For trace analysis using
trap the gas is air in all cases: the correcting factor is due exclu-
ively to the magnetic field, and can be measured once for all. Since
he cell is removable from the magnet bore via an axial screw sys-
em, comparison of the gauge indication PB in the magnetic field and
0 without magnetic field was easily performed, leading to linear
alibration curves P0 = APB with A = 1.88 ± 0.05. Pressure measure-
ent for kinetic studies is less simple due to the gas-dependent

erm. Therefore, the global correction factor for methane was eval-
ated (by calibration measurements) using the reaction of CH4

+

ith CH4 which has a well-known rate coefficient [43]. The gas-
ependent term is proportional to the ionization cross section of
he gas, which has been shown to be proportional to its molecu-
ar polarizability [44]. The gas correction factors with respect to
itrogen are reported by ionization gauge manufacturers for sev-
ral gases among which methane [45]. The unreported factors were
valuated as the ratio of the polarizability of the molecule to that of
itrogen. If not available from data banks [46], the polarizabilities
ere evaluated using Miller empirical method [47]. This method

nvolves a sum of components related to each atom with a given
ybridization. It has been shown to lead to reliable results (2%
verage difference with reported experimental value) in numerous
ases including halogenated molecules.

.5. Kinetic data analysis and rate coefficient determination

The intensity of each ion signal is normalized to the total ion
ignal (sum of the ions with significant intensities) and plotted
gainst reaction time. For the CF3

+ precursor ion the expected curve
orresponds to an exponential decay with the apparent constant
ap = k[M], where k is the reaction rate coefficient and [M] the reac-
ant gas concentration in the cell, proportional to pressure. With all
eactants the relative intensity of CF3

+ actually followed an expo-
ential decrease, providing the CF3

+ ions had been correctly cooled
y collisions with CF4.

As shown by previous studies, the amount of gas delivered in a
as pulse of programmed time length t is actually proportional to
t + t0) rather than t. The time shift t0 depends on the gas pressure
nd does not exceed a few milliseconds. Therefore the abundance
urve of CF3

+ is best fitted by the following equation, where kap and
0 are two adjustable parameters:

CF+
3 ) = exp(−kap(t + t0))

If the reaction leads to more than one product, the branching
atios ˛i, . . ., ˛n are then obtained by fitting the abundance curves of
ach of the (n − 1) most abundant reaction product Pi

+ by equations
uch as the following, where ˛i is the adjustable parameter:

P+
i ) = ˛i (1 − exp(−kap(t + t0)))

The value of ˛n, resulting from the constraint �˛i = 1, is checked
o fit the last curve.

In some cases mentioned in text, secondary reactions were
bserved, and taken in account in the kinetic analysis.
For several of the ion-molecule reactions the rate coefficients
re compared with the capture rate coefficients, which were eval-
ated according to Su and Chesnavich [48]. This method requires
he knowledge of the polarizability and the dipole moment of the
eactant molecule.
Fig. 1. Scheme of the experimental setup used for test sample preparation.

2.6. Trace analysis in air

For preparation of test samples in air, a system delivering known
and variable amounts of VOCs in an air flow was required. The
device illustrated in Fig. 1 was proved to be appropriate for this
purpose. It allows for vaporizing a liquid VOC in a gas flow adjusted
between 0.2 and 4 L/min by a flowmeter (usual setting 0.500 L/min),
at a constant rate adjusted via a syringe pump between 23 pL/min
(0.5 �L syringe) and 26 mL/min (60 �L syringe).

The operating sequence used in BTrap is close to the sequence
used for kinetic studies in MICRA, except that the reaction time is
adjusted to a fixed value. The choice of the reaction time depends
on the introduction pressure and the concentrations to be detected.
Its optimum value corresponds to consumption of ca. 20–30% of the
precursor ion, which represents a compromise between two needs:
high signal-to-noise ratio favored by a high reaction yield, and neg-
ligible secondary reactions obtained for a low reaction yield [39].
For the experiments performed in this work, the reaction time is
typically 500 ms, for a sample pressure of 2.5 × 10−5 Torr in the cell
and analyte mixing ratio in the 0–150 ppm range. Since the signal-
to-noise ratio may be low for the products, the absolute intensities
are corrected from noise before further data analysis, by subtracting
the average noise measured in the absence of ions.

3. Results and discussion

3.1. Preparation and reaction conditions of the CF3
+ ions

As reported in the literature [21], trifluoromethyl ions are easily
obtained from electron ionization of CF4. The internal energy of the
CF3

+ reactant ions must be as low as possible, so that clean first-
order and reproducible reaction kinetics are obtained. Cooling of
the excited CF3

+ ions resulting from electron ionization is effected
by a CF4 pulse allowing collisional deactivation of excited states
and thermalization of the CF3

+ kinetic energy. If the CF3
+ ions are

not sufficiently cooled, they do not react according to first-order
kinetics.

When CF3
+ ions were trapped in the presence of ambient air

(10−4 Torr), no reaction of CF3
+ with N2, O2 or Ar was detectable

even at long reaction time (several seconds). No reaction with H2O
was detectable either under these conditions, corresponding to a
H2O mixing ratio of ca. 1%. However, when trapping CF3

+ ions with
pure water vapor at a pressure of 10−4 Torr, slow disappearance

of CF3

+ was observed, while H3O+ ions appeared. A closer look at
the spectrum showed the presence of a very minor ion with mass
67.000 u, corresponding to the molecular formula CF2OH+. There-
fore, we conclude to slow reaction of CF3

+ with water, followed by
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Table 1
Reactivity of CF3

+ with simple alkanes.

Alkane Product ion(s)
(m/z)—branching ratio in %

Secondary products Rate constanta Capture rate constanta Literature [20]

Methane CH4 No reaction – – n.r. [23]
Ethane C2H6 C2H5

+ (29) – 0.32 1.08 0.37
Propane C3H8 C3H7

+ (43) – 0.50 1.14 0.59
Butane C4H10 C4H9

+ (57) – 0.62 1.21 0.75
Pentane C5H12 C3H7

+ (43) C5H11
+ (71) 0.89 1.25 0.89

Hexane C6H14 C3H7
+ (43) — 45%

C4H9
+ (57) — 55%

C6H13
+ (85) 0.86 1.30 1.05

Cyclohexane C6H12 C6H11
+ (83) – 1.26 1.26 1.14

2,2-Dimethylbutane C6H14 C2H5
+ (29) — 1%

C3H7
+ (43) — 34%

C4H9
+ (57) — 65%

C6H13
+ (85) 0.98 1.30 –

Heptane C7H16 C2H5
+ (29) — 10%

C4H9
+ (57) — 90%

– 0.93 1.36 1.18

Octane C8H18 C4H9
+ (57) — 44%

C5H11
+ (71) — 52%

C6H13
+ (85) — 4%

– 0.88 1.42 1.37
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plified by the CF2Cl2 reactions:

CF3
++CF2Cl2 → CF2Cl+ + CF3Cl (a)

→ CFCl+2 + CF4 (b)
Decane C10H22 C4H9 (57) — 30%
C5H11

+ (71) — 35%
C6H13

+ (85) — 34%

–

a Rate constant in 10−9 molecule−1 cm3 s−1.

roton transfer reaction:

F3
+ + H2O → [CF3OH2

+] → HF + CF2OH+

F2OH+ + H2O → CF2O + H3O+

The first step has been shown to be thermodynamically favored
lthough it was not observed [21], and to involve easy HF loss via
somerization of CF3OH2

+ to the more stable (HF)CF2OH+ complex
49]. Since the proton affinity (PA) of CF2O (667 kJ mol−1), is lower
han the PA of water (691 kJ mol−1), the second step is thermo-
ynamically favored, and likely very fast as most proton transfer
eactions.

Since the relative amount of CF2OH+ remains negligible during
he reaction, the rate coefficient of H3O+ formation can be con-
idered as equal to the rate coefficient of the first step. It was
easured by following the reaction kinetics, leading to the value

H2O = 1 × 10−12 molecule−1 cm3 s−1.

.2. Reactivity of CF3
+ with alkanes

The reactivity of CF3
+ with simple alkanes has been investigated

nder FTICR conditions. The results are summarized in Table 1.
ig. 2 shows an example of kinetic study using small time incre-
ents.
All the alkanes tested react with CF3

+, with the exception of
ethane. For C2–C4 alkanes and cyclohexane, the reaction can be
ritten as follows:

F3
+ + RH → CF3H + R+

Methane could have been expected to react by a similar H
bstraction since it is exothermic by 33 kJ mol−1 [50,51]. No CH3

+

on was detected under the conditions used, leading to an upper
imit of 10−13 molecule−1 cm3 s−1 for the reaction rate coefficient.

Pentane undergoes complete fragmentation to C3H7
+, with

thene loss:

F3
+ + C5H12 → CF3H + C3H7

+ + C2H4

Higher alkanes are also fragmented to C2–C6 ions. Fragmenta-

ions leading to ions with less than four carbon atoms, or to ethene
oss, seem to be avoided when other possible pathways are avail-
ble. Ions arising from hydride loss on the alkanes are actually
etected in some cases such as hexane, but the kinetic study shows
hat they are products from secondary reactions, probably hydride
0.81 1.50 –

abstraction by the fragment ions on the alkane molecule. Therefore
these informative ions, the formation of which requires two suc-
cessive reactions with the alkane, are not likely to be formed under
trace analysis conditions.

3.3. Reactivity of CF3
+ with fluoroalkanes and

chlorofluoroalkanes, comparison with O2
+

The results concerning the reactivity of CF3
+ with some repre-

sentative HFCs and CFCs are summarized in Table 2.
The reactions observed consist in halide abstraction, as exem-
Fig. 2. Kinetics of the reaction of CF3
+ with propane at pressure 3.4 × 10−7 mbar

(corrected value): dependence of ion distribution with reaction time. The solid line
is an exponential fit of CF3

+ decay, corresponding to the time shift t0 = −7 ms and
apparent rate constant kap = 4.1 × 10−3 ms−1.
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Table 2
Reactivity of CF3

+ with fluoroalkanes.

Compound Product ion(s) (m/z)—branching ratio
in %

Reaction enthalpy (kJ mol−1) Rate constanta Capture rate constanta

CF2Cl2 (R12) CF2Cl+ (85, 87) 90%
CFCl2+ (101, 103, 105) 10%

−66
−144

0.57 1.05

CHF2Cl (R22) CHFCl+ (67, 69b) 50%
CHF2

+ (51) 50%c
−110
−39

1.32 1.46

CH3–CF3 (R143a) C2H3F2
+ (65) −143 1.50 2.24

FCH2–CF3 (R134a) C2H2F3
+ (83) −105 1.10 1.80

F2CH–CF3 (R125) C2HF4
+ (101) −64 1.14 1.40

ClCF2–CF2Cl (R114) C2F4Cl+ (135, 137) 85% 1.10 1.06

CF3
+ reagent ion.

l (see text and Fig. 3).
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C2F3Cl2+ (151, 153, 155) 15%

a Rate constant in 10−9 molecule−1 cm3 s−1.
b The intensity of this ion is not measurable because its m/z is the same as this of
c This ion undergoes a secondary reaction, likely fluoride abstraction from CHF2C

The product distributions reported in Table 2 show that chlo-
ide abstraction occurs preferentially to fluoride abstraction, itself
referential over hydride abstraction. The latter is not observed on
he HFCs studied here.

The origin of this Cl > F > H reactivity order has a kinetic rather
han thermodynamic origin, since most of these reactions are
xothermic, with F > H > Cl in order of increasing exothermicity. The
eaction enthalpies of the different channels observed, determined
rom Refs. [50–53] are given in Table 2. The unobserved hydride
bstraction reactions on R22, R143a, R134a and R125 correspond
o reaction enthalpies of −65, −15, +91, and +25 kJ mol−1, respec-
ively.

In the case of R22 there is a mass overlap at m/z 69 between the
F3

+ reactant (m/z 68.995) and the CH37ClF+ product (m/z 68.972,
o that the parent ion is not expected to decrease to zero. High reso-
ution mass measurements were not attempted, since data analysis
sing low resolution spectra and taking this overlap into account
ppears as a more accurate method for kinetic studies. Besides,
secondary reaction is observed, corresponding to formation of

HClF+ from CHF2
+. When increasing the reaction time, the rela-

ive intensity of CHF2
+ primary product attains a maximum, then

ecreases to zero. Meanwhile an increase is observed in the rate of
ormation of CHClF+, as shown in Fig. 3.

The most likely explanation lies in the following reaction
cheme:

CF3
+ + CHF2Cl → CHF2

+ + CF3Cl (a) ˛k1
→ CHFCl+ + CF4 (b) (1 − ˛)k1

CHF2
+ + CHF2Cl → CHFCl+ + CHF3 k2

Fitting the experimental relative abundance curves by the ana-
ytical functions corresponding to this reaction scheme leads to the
ollowing values:
k1 = 1.32 ± 0.1 × 10−9 molecule−1 cm3 s−1, ˛ = 0.50 ± 0.05,
2 = 2.06 ± 0.2 × 10−9 molecule−1 cm3 s−1.

Concerning the reaction of CF3
+ with R12 the present results are

n agreement with an earlier study reporting formation of CF2Cl+

nd CFCl2+ in a 80:20 branching ratio, with a global rate coefficient

able 3
eactivity of CF3

+ with common VOCs.

Compound Product ion(s) (m/z)—branching ratio in % Secondary products

Hexene C6H12 C3H7
+ (43)—65% C4H7

+ (55)—35% C4H9
+ (57) C5H11

+ (71)
Benzene C6H6 C7H5F2

+ (127)b –
Toluene C7H8 C8H7F2

+ (141)c –
Ethanol C2H6O C2H5

+ (29) C2H7O+ (47)
Acetone C3H6O C3H6F+ (61) C3H7O+ (59)
Propanal C3H6O C3H6F+ (61)—40% C2H5

+ (29)—60% C3H7O+ (59)

a Rate constant in 10−9 molecule−1 cm3 s−1.
b Traces of C6H6

+ (m/z 78).
c Traces of C7H8

+ (m/z 92).
Fig. 3. Kinetics of the reaction of CF3
+ with CHF2Cl (R22) at pressure 2.5 × 10−7

mbar (corrected value): dependence of ion distribution with reaction time. The solid
lines are analytical fits of ion relative intensities according to the reaction scheme
proposed in text.

of 0.58 × 10−9 molecule−1 cm3 s−1 [52]. Another study reports the
reactivity of CF3

+ with R134a leading to C2H3F2
+, and with R12 and

R22 leading to chloride and fluoride abstraction products [34].
The reactivity of O2

+ with simple chlorinated hydrocarbons is
known to consist in charge transfer [54] which may be followed
by Cl or HCl loss [16,17]. For comparison, the reactivity of O2

+

with the above fluorinated compounds was investigated. Care was
taken of ensuring correct deactivation of O2

+ electronic excited
states [55]. No reaction was detected except for R12 and R114.
The former yields CF2Cl+ (m/z 85, 87), the latter leads to the fol-

Rate constanta Capture rate constanta Literature

C6H11
+ (83) C6H13

+ (85) 0.78 1.29 –
0.74 1.24 [24]
1.0 1.31 [24]
1.10 1.87 –
1.11 2.64 1.13 [56]
1.8 2.40 –
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owing products: CF2Cl+ (m/z 85, 87) 67%, C2F4Cl2+ (m/z 170, 172,
74) 26%, C2F4Cl+ (m/z 135, 137) 6%. Both rate coefficients are
lose to the corresponding capture rate coefficients, 1.4 × 10−9 and
.6 × 10−9 molecule−1 cm3 s−1, respectively. These reactions can be

nterpreted as initial charge transfer followed by carbon–halogen
nd carbon–carbon bond cleavages. The charge transfer is expected
o occur when the ionization energy (IE) of the fluorocarbon is
ess than this of O2 (12.07 eV), which is the case only for CF2Cl2
IE = 12.0 eV). The unexpected reactivity of R114 (IE = 12.5 eV) was
onfirmed to occur even after collisional cooling of O2

+ precursor
ons. Since the reported value is a vertical ionization energy [51], the
diabatic IE of R114 may be somewhat lower, which would explain
ts reaction with O2

+. Consistently, the reported appearance energy
f CF2Cl+ from R114 is 12.33 eV [56].

Therefore O2
+ is of limited use as CI reagent for halocarbon

nalysis: while it does not react with HFCs, extensive frag-
entation occurring with CFCs prevents getting quantitative

nformation.

.4. Reactivity of CF3
+ with other common VOCs: discussion of

ossible interferences

In order to have an idea of the behavior of CF3
+ towards a com-

lex VOC mixture, the reactivity of CF3
+ with a few representative

OCs was investigated under the same experimental conditions.
he results are summarized in Table 3.

All the VOCs tested are reactive with CF3
+. The product ions

ay be identical to those formed from alkanes or fluorocar-
ons, which means that caution is needed when interpreting the
pectrum obtained by chemical ionization of a complex mixture
ith CF3

+. Examples of possible interferences are given in the
ollowing.

The C2H5
+ ion is the only product obtained from reaction with

thanol as well as from ethane. It is likely that other small alco-
ols behave in the same way as ethanol, giving the product ion
lso obtained from the corresponding alkane. In addition, C2H5

+ is
lso obtained from propanal. More generally alkyl ions of differ-
nt masses are produced from a variety of neutrals such as alkanes
ith more than four carbon atoms, hexene and probably higher

lkenes. Fluoroalkyl ions may also have an ambiguous origin, since
hey are produced from carbonyl compounds and can be expected
o be formed from difluorinated hydrocarbons (not tested in the
resent study).

Therefore CF3
+ cannot be used alone for analysis of an unknown

omplex mixture, especially if it includes significant compounds
ith more than three or four carbon atoms. However, many prob-
ems of interferences between different compounds are expected to
e solved by combining the use of CF3

+ with the use of H3O+, which
llows selective detection of unsaturated and oxygen- or nitrogen-
ontaining molecules. In particular, alcohols, alkenes and carbonyl
ompounds are well characterized by H3O+ so that their contribu-

able 4
eactivity of CF3

+ with a standard VOC mixture diluted in air.

Compound Acetone Ben

Injected mixing ratio (ppm) 50 50
H3O+ analysis

Characteristic ion (m/z) C3H7O+ (59) C6H
Rate constant useda 3.90 1.95
Detected mixing ratio 52 56
Error percentage +5% +12

CF3
+ analysisb

Characteristic ion (m/z) C3H6F+ (61) C7H
Detected mixing ratio 56 48
Error percentage +12% −4%

a Rate constant in 10−9 molecule−1 cm3 s−1, values from Refs. [39,56].
b Rate constants used are reported in Tables 1 and 3.
Fig. 4. Calibration curve for cyclohexane diluted in air with a variable mixing ratio.

tions can be predicted and taken into account in the CF3
+ chemical

ionization spectrum.

3.5. Trace analysis in air using CF3
+ reagent

3.5.1. Analysis of cyclohexane at variable concentration in air
In order to test the quantification ability of the method for sam-

ples diluted in air, a device delivering known and variable amounts
of a given VOC in a controlled gas flow was achieved and connected
to the sampling inlet line of BTrap. It is schematized in Fig. 1. This
device was used to prepare mixtures containing a controlled mixing
ratio of cyclohexane in air in the 10–100 ppm range, and the mix-
ing ratio determined by CI mass spectrometry was compared to the
injected mixing ratio. Fig. 4 shows the resulting calibration curve.

The calibration curve presents a good linearity. Its slope is close
to unity and its intersection point with the ordinate axis close to
zero. Assuming that the slope deviation from unity is due to the
error on rate coefficient measurement for the reaction of CF3

+ with
cyclohexane, the result indicates ca. 5% error, which is quite satis-
factory for a rate coefficient measurement.

However, measuring absolute ion-molecule rate coefficients is

always a delicate task, since the resulting accuracy depends on the
accuracy of pressure measurement in the ICR cell, which is often
poor because the ionization gauges, which are the most appropri-
ate in the pressure range used, give a gas-dependent answer (see

zene Toluene Cyclohexane

50 64

7
+ (79) C7H9

+ (93) –
2.27 –
38 –

% −25% –

5F2
+ (127) C8H8F2

+ (141) C6H11
+ (83)

35 65
−30% −1.5%
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ection 2). Therefore, when the gas-dependent correcting factor is
ifficult to estimate, drawing a calibration curve from controlled
ixtures of the compound in air is an interesting alternative way

f determining the rate coefficient, and may be the most accurate
ince the pressure to be measured is basically this of air carrier gas.

.5.2. Analysis of a standard gas sample in comparison with H3O+

Finally, a standard mixture of four VOCs in air was analyzed
sing CF3

+ and H3O+ CI precursor ions successively. This mixture
as prepared by addition of 64 ppm cyclohexane to a flow of dilut-

ng gas obtained from a commercial gas bottle containing 50 ppm
ach of acetone, benzene and toluene in air. The ions detected in
he CI spectra and the mixing ratios derived from ion intensities are
ummarized in Table 4.

The expected characteristic ions are detected on each CI spec-
rum. Acetone, benzene and toluene can be quantified using either
3O+ or CF3

+ precursor, with a good consistency between the mix-
ng ratios found with both precursors. For acetone and benzene
he results are close to the expected 50 ppm value. In the case of
oluene both precursors indicate a mixing ratio 25–30% lower than
xpected. Possible reasons are toluene adsorption on surfaces of the
as bottle or of the transfer line, or toluene degradation upon stor-
ge in the gas bottle. Finally, cyclohexane is not detectable by H3O+

ut is efficiently quantified with CF3
+ at its expected mixing ratio.

. Conclusions

The trifluoromethyl ion CF3
+, very easily prepared in the FTICR

ell, proves to be an interesting chemical ionization precursor for
uantification of small alkanes and cyclohexane. For alkanes larger
han C4 fragmentation prevents individual identification but global
nformation on alkanes present in the mixture remains available.
he CF3

+ ion is also particularly interesting as a precursor for HFCs
uantification, since no other convenient CI precursor reacts with
FCs. In the present work it has been shown that CF3

+ is quite usable
or trace analysis in air. However caution is needed in interpretation
f CI spectra of complex mixtures, because CF3

+ reacts with prac-
ically any VOC and may lead to ions of ambiguous origin. Many of
hese ambiguities can be raised by associating the use of H3O+ and
F3

+ precursors, when the sample contains mainly relatively small
olecules. For detection of larger, less volatile compounds, new

I precursors will be needed. In order to improve the sensitivity,
ssociation of Membrane Introduction Mass Spectrometry (MIMS)
ith the use of CF3

+ precursor is currently investigated and reveals
atisfying according to preliminary results.
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