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Unusual collision-induced dissociation of fluorated and non-fluorated
�-nitrotoluene analogs in a gas chromatograph triple-stage quadrupole

mass spectrometer under electron-capturing negative-ion chemical
ionization conditions

Dimitrios Tsikas∗, Edzard Schwedhelm, Jürgen C. Fr̈olich
Institute of Clinical Pharmacology, Hannover Medical School, Carl-Neuberg-Strasse 1, D-30623 Hannover, Germany

Abstract

Unusual collision-induced dissociation (CID) of perfluorated and non-perfluorated�-nitrotoluene analogs in a gas chromatograph triple-
stage quadrupole (TSQ) mass spectrometer (GC–QqQ-MS) under electron-capturing negative-ion chemical ionization conditions is reported.
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ID of [M − 1] of �-nitro-2,3,4,5,6-pentafluorotoluene (C6F5CH2 NO2) and�-nitro-2,5-difluorotoluene (C6H3F2CH2 NO2) produced a
ntense ion withm/z66. By using15N- or 18O-labelled C6F5CH2 NO2 analogs, we found that this anion has the formula C3NO. By contrast
ID of [M − 1]− of �-nitrotoluene (C6H5CH2 NO2) and�-nitro-3,5-difluorotoluene (C6H3F2CH2 NO2) produced an anion withm/z 86
ith the formula C3H4NO2. The expected CID of the CN-bond of all�-nitrotoluene analogs to form the nitrite anion (NO2

−,m/z46) did not
ccur. We propose mechanisms for the formation of the anions C3NO and C3H4NO2 in the collision chamber of the TSQ mass spectrom
he most likely structures for the anion C3NO are :C C C N O− and N C C C O−. The unique CID behavior of C6F5CH2 NO2 can
e utilized to unequivocally identify and accurately quantify nitrite in biological fluids by GC–tandem MS.
2005 Published by Elsevier B.V.
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. Introduction

As a rule, analysis by gas chromatography–mass spec-
rometry (GC–MS) of most compounds requires preceding
hemical derivatization of one or more functionalities to in-
rease volatility and thermal stability and also to improve the
lectron-capture negative-ion chemical ionization (ECNICI)
ehavior of the original analyte. Unlike electron ionization
EI), ECNICI in the ion source of GC–MS instruments leads
o formation of a few anions. Usually, ECNICI is accompa-
ied by loss of moieties introduced into the molecules by
erivatization. For instance, ECNICI of pentafluorobenzyl
PFB) esters of carboxylic acids, which are obtained from the
eaction of the carboxylic acid with PFB bromide (PFB-Br),
eads to the formation of the carboxylate anion by loss of the

∗ Corresponding author. Tel.: +49 511 532 3959; fax: +49 511 532 2750.
E-mail address:tsikas.dimitros@mh-hannover.de (D. Tsikas).

PFB radical[1]. Analogous, ECNICI of�-nitro-2,3,4,5,6
pentafluorotoluene (PFB-NO2), which is formed from th
reaction of nitrite (NO2−) with PFB-Br in aqueous aceton
acetonitrile or methanol (Fig. 1), produces NO2− by loss of
the PFB radical (Fig. 2) [2–5]. The reduced fragmentati
occurring under ECNICI conditions can be utilized to se
tively quantify by GC–MS in biological fluids various clas
of compounds including carboxylic acids[1] and inorgani
anions such as nitrite and nitrate[2–5].

Subjection of intense and/or specific parent anion
collision-induced dissociation (CID) with a target gas suc
argon in the collision chamber of tandem mass spectrom
may generate characteristic product ions[1,6]. Generation o
product ion mass spectra from only a few picogram am
of an analyte or monitoring of specific product ions can
used for structure elucidation as well as for highly spe
quantification of various compounds in complex biolog
fluids such as urine and plasma[1,6,7].

021-9673/$ – see front matter © 2005 Published by Elsevier B.V.
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Fig. 1. Nucleophilic substitution reaction (SN2) between�-bromo-2,3,4,5,6-pentafluorotoluene (PFB-Br) and nitrite (NO2
−) in aqueous acetone to form

�-nitro-2,3,4,5,6-pentafluorotoluene (PFB-NO2).

Cleavage of CC-bonds during CID of anions produced
by ECNICI of simply or multiply derivatized compounds
rarely occurs[1,6]. For instance, CID of the carboxylate an-
ions of PFB esterified, methoximated and trimethylsilylated
eicosanoids is characterized by consecutive loss of trimethyl-
silanol and the methoxy groups[1]. First after complete
loss of all functionalities, cleavage of the C-1/C-2 bond oc-
curs leading to loss of CO2. An unusual CC-bond cleav-
age at C-4/C-5 has been observed during CID of the car-
boxylate anion of the trimethylsilyl ether derivative of 5-
hydroxyeicosanoic acid that apparently involves rearrange-
ment of the trimethylsilyl group from the hydroxyl group at
C-5 to the carboxylic group[6].

In previous work, we observed unexpectedly that CID of
[M − 1]− of C6F5CH2 NO2 in tandem mass spectrometry
performed in a gas chromatograph triple-stage quadrupole
(TSQ) mass spectrometer (GC–QqQ-MS) did not result in
formation of NO2

− (m/z46)[7], in contrast to nitroaromatics
such as 1-nitro-2,4,6-trimethoxybenzene[8], but it yielded a
product ion withm/z66. The corresponding product ion from
C6F5CH2

15NO2 was found to have anm/zvalue of 67. The
utility of GC–QqQ-MS to quantify nitrite and nitrate in hu-
man urine and plasma as C6F5CH2 NO2 was demonstrated
[7].

Preliminary investigations had showed that the product ion
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bromide, 3,5-difluorobenzyl bromide and benzyl bromide
were obtained from Aldrich (Steinheim, Germany). H2

18O
(99 at.% at18O) was obtained from CAMPRO Scientific (Em-
merich, Germany).18O-Labelled nitrite was prepared by dis-
solving solid sodium nitrite (6.9 mg) in H218O (100�l) and
acidifying with 1 M HCl followed by neutralization with 1 M
NaOH. GC–Q-MS analysis of the PFB derivatives of the reac-
tion product revealed a mixture consisting of ON O− (m/z
46; 24%), O N 18O− (m/z48; 48%), and18O N 18O− (m/z
50; 28%).

2.2. Derivatization procedure and product isolation

Derivatization of nitrite in aqueous acetone with PFB bro-
mide and other benzyl bromide agents was performed as de-
scribed elsewhere[5]. Briefly, aliquots (100�l) of aqueous
solutions of unlabelled and labelled nitrite (10 mM) were di-
luted with acetone (400�l), the bromide agent (10�l) was
added, and the reaction mixtures were allowed to stand at
50◦C for 5–60 min [5]. After cooling to room tempera-
ture, acetone was removed under nitrogen and reaction prod-
ucts were extracted by vortex-mixing with toluene (1 ml) for
1 min.

2.3. GC–Q-MS and GC–QqQ-MS conditions
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ithm/z66 may contain up to three C atoms, thus sugge
hat during CID of PFB-NO2 the aromatic ring must ha
een cleaved. This unusual fragmentation prompted

nvestigate the CID of C6F5CH2 NO2 in more detail, and,
ossible to identify the structure of the unusual produc
ith m/z66 and to elucidate the underlying mechanism.

his purpose, we used15N- and18O-labelled C6F5CH2 NO2
nalogs and�-nitrotoluene analogs with distinctly position
uorine atoms (F) in the benzene ring.

. Experimental

.1. Materials and chemicals

Sodium [15N]nitrite (98 at.% at15N) was bought from
ambridge Isotope Laboratories (Andover, MA, US
odium nitrite, acetone, acetonitrile and toluene w
urchased from Merck (Darmstadt, Germany). 2,3,4
entafluorobenzyl (PFB) bromide, 2,5-difluorobenzyl (D
Single-stage quadrupole GC–MS (GC–Q-MS) anal
ere performed on a Hewlett-Packard MS engine 58
onnected directly to a gas chromatograph 5890 s
I equipped with an autosampler Hewlett-Packard m
673 (Waldbronn, Germany). GC–Q-MS and triple-st
uadrupole GC–MS (GC–QqQ-MS) were carried out o
hermoquest TSQ 7000 apparatus (San Jose, CA, USA
ected directly to a Thermoquest Carlo Erba Instrument
hromatograph Trace 2000 equipped with an autosam
odel AS 2000. Optima 17 (15 m× 0.25 mm i.d., 0.25-�m

lm thickness) fused capillary columns from Macher
agel (D̈uren, Germany) were used. The following temp

ure program was used in GC–Q-MS and GC–QqQ-MS a
ses: the column was held at 70◦C for 1 min then increased
80◦C at a rate of 30◦C/min. In GC–QqQ-MS analyses, h

ium (at a constant pressure of 70 kPa) and methane (53
ere used as carrier and reactant gases, respectively. Fo
rgon (usually at 0.130 Pa) was used at collision energi
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Fig. 2. ECNICI mass spectra of (upper panel)14N- and (lower panel)15N-labelled�-nitro-2,3,4,5,6-pentafluorotoluene. Instrument, TSQ 7000.
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5–25 eV. Electron energy and electron current were 230 eV
and 300�A, respectively. Injector, interface and ion source
were held constant at 200, 280 and 180◦C, respectively.
Aliquots (1�l) were injected in the splitless mode in both
instruments. PFB derivatives of unlabelled and labelled
nitrite had practically identical retention times. Mass spectra
were generated by a scanning rate of 1 s per scan. The dwell
time in the selected-ion monitoring (SIM) as well as in the
selected-reaction monitoring (SRM) was 50 ms for all ions.

3. Results and discussion

3.1. Mass spectra and mechanisms of fragmentation

The ECNICI mass spectra of14N- and 15N-labelled
�-nitro-2,3,4,5,6-pentafluorotoluene (PFB-* NO2, * N means
14N or 15N) are shown inFig. 2. The most significant ions
in the ECNICI mass spectra of all compounds investigated
in this study are summarized inTable 1. Fig. 2 andTable 1
show that ECNICI of�-nitrotoluene analogs results in the
cleavage of the CN-bond to produce the nitrite anion, i.e.
[NO2]−, as the most intense anion, and less intense anions
due to [M− 1]−. The latter anions still contain the nitro group
and are most likely formed by loss of H from the methylene
g
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Table 2
C3-product ions in ECNICI mass spectra generated by CID of the parent
ions [M− 1]− of various�-nitrotoluene analogsa

�-Nitrotoluene analog [M− 1]−
m/z

C3-ion
m/z

Ion assignment

C6F5CH2
14NO2 226 66 C3

14NO
C6F5CH2

15NO2 227 67 C3
15NO

C6F5CH2
14N18O16O 228 66, 68 C314N16O, C3

14N18O
C6F5CH2

14N18O2 230 68 C3
14N18O

C6H3[2,5]F2CH2
14NO2 172 66 C3

14NO
C6H3[2,5]F2CH2

15NO2 173 67 C3
15NO

C6H3[3,5]F2CH2
14NO2 172 86 C3H4

14NO2

C6H3[3,5]F2CH2
15NO2 173 87 C3H415NO2

C6H5CH2
14NO2 136 86 C3H4

14NO2

C6H5CH2
15NO2 137 87 C3H4

15NO2

a Instrument, TSQ 7000.

produced in the collision chamber during CID. However, the
following line of evidence eliminates the possibility of such
an adduct formation. CID of [M− 1]− from PFB-N18O2 did
not result in formation of a product ion withm/z70 but only
of m/z68. This observation clearly indicates that the product
ion with m/z 68 carries only one18O atom. Other findings
(Table 2) strongly suggest that these product ions also contain
a single N atom. Therefore, we may assume that the product
ion atm/z 66 has the formula RNO, whereas R is a residue
with a molecular mass of 36.

Another possible explanation for the product ion withm/z
66 could be adduct formation of NO− with one molecule of
the reactant gas CH4 (molecular mass, 16) and one molecule
of HF (molecular mass, 20), i.e. a species with the formula
CH5FNO. However, this possibility has to be rejected for
several reasons.

First, the peak area ratio ofm/z 66 tom/z 68 produced
by CID of m/z 226 of [PFB-NO2 − 1]− and m/z 228 of
[PFB-N18O2 − 1]−, respectively, did not depend on CH4
pressure (130–530 Pa) in the ion source or argon pressure
(0.026–0.26 Pa) in the collision chamber (i.e. 1.040± 0.021,
mean± SD; RSD, 1.98%). However, a CH4 pressure of
260 Pa was necessary to obtain abundant formation of the par-
ent ions [M− 1]−. An argon pressure of 0.13 Pa was found
to be optimum. The ionm/z66 was observed at 0.026 Pa ar-
g . The
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CID of the parent ion atm/z226 ([M− 1]−) of PFB-NO2

esulted in the generation of an intense product ion withm/z
6 (Fig. 3, upper panel). CID ofm/z227 ([M− 1]−) of PFB-
5NO2 resulted in the generation of an intense produc
ith m/z 61 indicating that this product ion carries one15N
tom (Fig. 3, lower panel). The ions withm/z66 andm/z67
ere present in the ECNICI mass spectra of PFB-NO2 and
FB-15NO2 at an intensity of 0.06% with respect tom/z 46
ndm/z47 (100%). This indicates that the ions withm/z66
ndm/z67 are characteristic CID product ions. The prod

on mass spectra of all compounds investigated in this s
re summarized inTable 2. CID of all of these compounds d
ot result in formation of the nitrite anion (m/z46, [NO2]−).

Theoretically, the ions withm/z 66 andm/z 67 could be
dducts of unlabelled and labelled nitrite (molecular m
6) with a molecule of HF (molecular mass 20), which is

able 1
CNICI mass spectraa of �-nitrotoluene analogs investigated in this stu

-Nitrotoluene [Nitrite]−, m/z [M − 1]−, m/z

6F5CH2
14NO2 46 226

6F5CH2
15NO2 47 227

6F5CH2
14N18O2 50 230

6H3[2,5]F2CH2
14NO2 46 172

6H3[2,5]F2CH2
15NO2 47 173

6H3[3,5]F2CH2
14NO2 46 172

6H3[3,5]F2CH2
15NO2 47 173

6H5CH2
14NO2 46 136

6H5CH2
15NO2 47 137

a For simplicity only the nitrite ion and [M− 1]− are summarized. Instr
ent, MS engine 5890A.
on with an abundance one-seventh of that at 0.13 Pa
roduct ion was observed already at a collision energ
eV, but maximum formation required a collision ene
f 25 eV.

Second, SRM ofm/z 67 andm/z 66 from PFB-NO2 re-
ulted in a peak area ratio of 0.039± 0.004 (mean± SD,
= 5). By means of Eq.(1), the abundance ratio ofm/z 67
PM+1) tom/z66 (PM) for a compound containing C, N a

atoms was calculated according to Biemann[9]. It resulted
n the ratios of 0.015 for one C atom, 0.0262 for two C ato
.037 for three C atoms, and 0.0484 for four C atoms. T

he measured ratio of 0.039 is very close to the theore
alue of 0.037 for three C atoms, suggesting that the re
in the formula RNO of the product ion withm/z66 is a C3
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Fig. 3. Product ion mass spectra generated by CID of [M− 1]− from (upper panel)14N- and (lower panel)15N-labelled�-nitro-2,3,4,5,6-pentafluorotoluene.
Instrument, TSQ 7000.
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moiety.

PM+1

PM
= NC

[ 13C

100− 13C

]
+ NN

[
15N

100− 15N

]

+NO

[ 17O

100− 17O 18O

]
(1)

where PM is the abundance of molecules containing no
heavy isotopes;PM+1 is the abundance of molecules contain-
ing 13C (i.e. 1.1%),15N (i.e. 0.37%), or17O (i.e. 0.037%);
the natural abundance of18O is 0.2%;NC, NN andNO is
the number of C, N and O atoms present in the molecule,
respectively.

Third, we measured the13C to 12C ratio in the prod-
uct ion derived by CID of PFB-15NO2. SRM of m/z 68
([13C1

12C2
15NO]−) andm/z 67 ([12C3

15NO]−) that were
produced by CID ofm/z 228 ([C6F5CH2

15NO2 − 1]−) re-
sulted in the ratio of 0.72± 0.04 (mean± SD, n= 5). This
ratio is very close to the ratio of the probability for13C in
PFB-15NO2 (C7F5H2

15NO2) which is calculated as 3/7 (in
CFCCH2

15NO2) to 4/7 (in C4F4) = 0.75 (Fig. 4). Thus, all
observations strongly suggest that the formula of the product
anion withm/z66 is C3NO.

Formation of [C3NO]− implies cleavage of CC-bonds
of the aromatic ring of PFB-NO2. Product ions with this
f
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DFB-NO2 and 3,5-DFB-15NO2 werem/z 86 andm/z 87,
respectively, with the most likely formulas C3H4NO2 and
C3H4

15NO2, respectively (Table 2). In the case of 2,5-DFB-
NO2 and 2,5-DFB-15NO2, the corresponding ions were, how-
ever,m/z 66 andm/z 67 due to C3NO and C3

15NO, respec-
tively.

The existence of each three C atoms in all of these product
ions may imply a common mechanism of fragmentation, i.e.
intramolecular nucleophilic aromatic substitution. In the case
of �-nitrotoluenes with a F atom inortho position, such as
PFB-NO2, this F atom serves as a leaving group. Nucleophilic
attack on C-2 may occur both by the carbanion (Fig. 5A)
and by the mesomeric nitro-anion (Fig. 5B). Nucleophilic
aromatic substitution of F inortho position would produce
F−-molecule complexes to finally form the anions due to
[M − 1− HF]−, which were indeed present in the product
ion mass spectra of PFB-NO2 (i.e.m/z206) and PFB-15NO2
(i.e.m/z 207) (Fig. 3). Taking into consideration the results
presented here and the gas-phase anionic chemistry presently
known[10–12], the mechanisms shown inFig. 5are likely to
take place in the collision chamber of the TSQ mass spectrom-
eter. For PFB-NO2 both mechanisms provide anions with the
same formula C3NO but distinctly different structures, i.e.
the heterocumulene :CC C N O− (Fig. 5A) via the car-
banion attack and NC C C O− via the nitro-anion attack
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ormula were obtained from PFB-NO2 and 2,5-DFB-NO2
ut not from 3,5-DFB-NO2 and other�-nitrotoluene analog
Table 2). This observation strongly indicates that F
rtho-position is required for the formation of [C3NO]−,
nd is further supported by the observation that CID
/z 206 ([M− HF− 1]−) from PFB-NO2 and ofm/z 207

[M − HF− 1]−) from PFB-15NO2 did not producem/z 66
ndm/z 67 (data not shown), respectively. The most ab
ant product ions generated by CID of [M− 1]− from 3,5-

ig. 4. Structure of PFB-15NO2 (C7F5H2
15NO2) and cleavage be

ween C-2/C-3 and C-1/C-6. The probability for13C in PFB-15NO2

C7F5H2
15NO2) is calculated as 3/7 in CFCCH2

15NO2) and 4/7 in C4F4.
he calculated ratio of the probabilities, i.e. 3/7 to 4/7 = 0.75, agrees
ith the measured ratio of 0.72.
Fig. 5B). It is worth mentioning that anions of cumulen
uch as :CC C C C C O and carbene cumulenes suc
C C C C C CH2 and :C C C CH2 have been repea
dly produced in the gas phase in mass spectrometer
etected in remote galactic regions[13–18]. Interestingly

he anion N C C C O− with m/z 66 has been detect
n the gas phase of an ion cyclotron resonance mass
rometer from the nucleophilic attack of O− on C-2 of 1,2
icyanoethene (NC CH CH C N) which is accompanie
y loss of one HCN molecule[10].

In �-nitrotoluenes without F atoms inorthoposition, such
s 3,5-DFB-NO2, F does not serve as a leaving group for
ucleophilic attack of the carbanion (Fig. 5A, right panel). As
consequence the anion C3H4NO2 withm/z86 and the likely
tructure [HCH HC CH NO2]− is formed. Theoretically
he ionm/z 86 from [M− 1]− of 3,5-DFB-NO2 could be
he ionm/z 66, i.e. N C C C O−, clustered with HF vi
ydrogen bonding.

The reasons for these unusual fragmentations cou
he inability of the [M− 1]− parent ions of�-nitrotoluene
nalogs to form the nitrite ion and the correspond
table benzyl radical under CID conditions because o
receding loss of H from the methylene group during
CNICI, and the formation of F−-molecule complexe

11]. Remarkably, nitroaromates may show usual tan
ass spectrometric fragmentation such as 1-nitro-2

rimethoxybenzene, which yields abundantly nitrite[8].
ut they may also show unusual fragmentation suc
,3,5-trinitrobenzene in which theortho effect leads to th

oss of a OH radical from the nitro group and the arom
ing [19].
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Fig. 5. Proposed mechanisms for CID occurring in�-nitrotoluene analogs exemplified for�-nitro-1,2,3,4,5-pentafluorotoluene and�-nitro-3,5-difluorotoluene.
Intramolecular nucleophilic aromatic substitution starting by the attack (A) of the carbanion and (B) of the nitro-anion.

3.2. Considerations from the quantitative point of view

Nitrite concentrations [NO2−] can be accurately calcu-
lated by multiplying the concentration of the internal stan-
dard [15NO2

−] with the peak area ratio ofm/z 46 to m/z
47 (R46/47) measured by GC–Q-MS by using Eq.(2). Fig. 6
demonstrates the validity of Eq.(2). On the other hand,Fig. 6
shows that [NO2−] cannot be accurately calculated by simply
multiplying [15NO2

−] with the peak area ratio ofm/z 66 to
m/z67 (R66/67) measured by GC–QqQ-MS by using Eq.(3)
for R66/67 values above 1.0, because the curve of [NO2

−] be-
comes hyperbolic[20]. This phenomenon is mainly attributed
to the13C isotope of the anion C3NO originating from NO2

−,
which considerably contributes to the anion C3

15NO that
originates from the internal standard, i.e.15NO2

−. Knowl-

edge of the composition of the anions withm/z 66 andm/z
67 now enables to develop an equation, which considers the
contribution of the13C isotope and allows calculation of true
[NO2

−] from the R66/67 measured in GC–QqQ-MS analy-
ses.

[NO2
−] = [15NO2

−]R46/47 (2)

[NO2
−] = [15NO2

−]R66/67 (3)

In a sample containing NO2− at a concentration of [NO2−]
and 15NO2

− (with an isotopic purity of 98 at.% at15N in
the present study) at a concentration of [15NO2

−], the ratio
R66/67 can be expressed by Eq.(4), when the contribution
of 17O from the anion C3NO (m/z 66) to the anion C315NO
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Fig. 5. (Continued).

(m/z67) is neglected.

R66/67

= 0.9963× [NO2
−] + 0.02× [15NO2

−]

0.0037×[NO2
−]+0.98×[15NO2

−]+3×0.011×[NO2
−]
(4)

Fig. 6. Relationship between measured and added nitrate. Nitrite from re-
duced nitrate[7] was measured by GC–Q-MS and GC–QqQ-MS as pentaflu-
orobenzyl derivative. Nitrite concentrations were calculated by means of
three different Equations. The concentration of the internal standard15NO3

−
was 800�M. For more details see the text. Instrument, TSQ 7000.

Rearrangement of Eq.(4) leads to Eq.(5):

[NO2
−] = [15NO2

−] × 0.98× R66/67− 0.02

0.9963− 0.0367× R66/67
(5)

where the term 3× 0.011[NO2
−] represents the contribution

of the13C isotope.
Fig. 6shows that calculation of [NO2−] by means of Eq.

(5) and the measured ratios R66/67 from GC–QqQ-MS anal-
yses yields almost the same results as the measurement of the
R46/47 by GC–Q-MS analysis and use of Eq.(2).

4. Conclusions

Collision of argon atoms with [M− 1]− of �-nitrotoluene
analogs in the collision chamber of a GC–QqQ-MS instru-
ment induces an unusual fragmentation that causes cleavages
of C C-bonds at C-2/C-3 and C-1/C-6 of the aromatic ring
and produces unusual anions. Although this CID occurs in
all �-nitrotoluene analogs, the further CID process depends
upon the presence and position of F atoms in the benzene ring.
�-Nitrotoluene analogs carrying F inorthoposition form the
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product anion C3NO withm/z66.�-Nitrotoluene analogs not
carrying F at all or carrying F in other ring positions form the
product anion withm/z86. This unusual CID can be utilized
to unequivocally identify and accurately quantify nitrite in bi-
ological fluids by GC–QqQ-MS after its conversion by PFB
bromide to PFB-NO2. Tandem mass spectrometry carried out
in a triple-stage quadrupole mass spectrometer may be useful
in the quest for interstellar cumulenes and heterocumulenes
in the gas phase in the laboratory.
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