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Abstract

The photosulfochlorination ofn-tetradecane by sulfuryl chloride leads to a reaction mixture containing unreactedn-tetradecane, chloro
n-tetradecanes andn-tetradecanesulfonyl chlorides. Direct and simultaneous GC analysis of the mixture of the sulfochlorinated and chlorinated
isomers is followed by mass spectrometry identification of all the components either by electron impact (EI-MS) and by negative and positive
chemical ionisation (NCI-MS and PCI-MS). With the goal of performing an accurate quantitative GC analysis, and asn-tetradecanesulfonyl
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hlorides prone to degrade partially into the corresponding chlorides, the former are converted toN,N-diethylsufonamides, more sta
hermally, and then analysed by GC/EI-MS and GC/PCI-MS. The chloron-tetradecanes, sulfonylchlorides and sulfonamides spectra p
trong similarities. However, some differences between terminal and internal isomers are noticed and the peculiar behaviour of su
s emphasized.
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. Introduction

Secondary alkanesulfonates (SASs) are biodegradable
urfactants largely used as active matter in detergent formula-
ions (especially liquid dishwashing), as emulsifying agents
nd even useful in flotation. Their detergent properties com-
are well with those of linear alkylbenzenesulfonates (LASs),
hereas their aqueous solubility and ultimate biodegradation

ate are slightly higher[1]. SASs are manufactured by pho-
osulfoxidation or photosulfochlorination using gas mixture
1,2]. Recent works investigated the photosulfochlorination
f single-length chain C7–C12 n-alkanes using sulfuryl
hloride (SO2Cl2) instead of SO2 and Cl2 gas mixture[3,4].
ll positional isomers of chlorides and sulfonyl chlorides

four and six in each family) were analysed simultaneously
y GC without derivatisation step, and identified by GC–MS

4,5]. Few detailed works have been reported on mass spec-
rometry ofn-alkanesulfonyl chlorides. Indeed, the different

studies are related especially to sulfonyl chlorides ha
alkyls chain R from C1 to C4, or R is aromatic (benzen
naphthalene,. . .) [6]. The technique currently used for the
sulfonyl chlorides is electron impact mass spectrom
(EI-MS) [6,7]. These compounds were rather analyse
EI-MS after their transformation into sulfonate salts[8–10].
Several theoretical and thermodynamic studies high
the formation of the SO2+ fragment which characterizes t
mass spectra of this kind of compounds[11–13], but long
chain sulfonyl chlorides can hardly be analysed directl
GC–MS because of their instability and their low volatil
so that their analysis requires their conversion, for exam
into esters or sulfonamides[14–19]. In fact, long-chai
n-alkanesulfonyl chlorides are rather analysed by LC–
after their transformation into sulfonates or sulfonam
[20]. In the present work, our previous studies are exte
to an in-depth analysis of then-tetradecane derivatives
GC–MS. These derivatives are obtained by photosulfoc
rination ofn-tetradecane at 25◦C using sulfuryl chloride an
a catalyst. The reaction mixture obtained contains unre
n-tetradecane, and all the positional isomers of ch



n-tetradecane andn-tetradecanesulfonyl chloride. These
components have been analysed by GC, and the isomeric dis-
tribution of n-tetradecane derivatives have been determined
[4].

We present here the direct and simultaneous GC–MS
analysis of chloron-tetradecane andn-tetradecanesulfonyl
chloride isomers. As there are different positional isomers,
the identification of isomer one has been achieved by cross
injection of samples obtained by organic synthesis and
characterised by usual spectroscopic methods. EI–MS was
used to identify then-tetradecanesulfonylchloride, chloro
n-tetradecane, andN,N-diethyl n-tetradecanesulfonamide
isomers produced by the photosulfochlorination ofn-
tetradecane. Positive (PCI) and negative (NCI) chemical ion-
isation techniques were chosen in order to enhance the signal
intensity of the molecular ion and to confirm the assignment
of molecular weight, difficult to obtain by EI.

2. Experimental

2.1. Chemicals

n-Tetradecane, with a purity of 99%, sulfuryl chloride,
97% pure, pyridine, 99.8% pure,N,N-diethylamine, 99.5%
p from

Fluka (Buchs, Switzerland). 1-Chlorotetradecane (98%), and
anhydrous sodium sulfate, extra pure, were purchased from
Merck (Darmstadt, Germany).

2.2. Sample preparation

The reaction mixture (containing unreactedn-tetradecane,
chloro n-tetradecane andn-tetradecanesulfonyl chlorides)
was obtained by photosulfochlorination ofn-tetradecane with
sulfuryl chloride using pyridine as a catalyst[3–5]. The
alkanesulfonyl chlorides produced were then derivatised
to the corresponding sulfonamides withN,N-diethylamine
using Berthold’s method[5–17].

1-Tetradecanesulfonyl chloride was obtained from the cor-
responding chloride by a Grignard reaction[21]. It was fur-
ther transformed into the corresponding sulfonamide. The
1-tetradecanechloride, 1-tetradecanesulfonyl chloride and 1-
tetradecanesulfonamide were analysed by IR,1H and 13C
NMR spectroscopies.

n-C14H29Cl: b.p. (◦C): 290760 [22]; IR (cm−1): 720
(C–Cl); 1H NMR (ppm): 0.8 <δ < 0.95 (t, 3H), 1.1< δ < 1.5
(m, 22H), 1.6< δ < 1.8 (q, 2H), 3.4 <δ < 3.6 (t, 2H); 13C
NMR: 45.15 (C1), 32.73, 32.00, 28.84, 28.74, 28.56, 28.45,
28.08, 26.98 (C2–C12), 22.77 (C13), 14.18 (C14).

n-C14H29SO2Cl: m.p. (◦C): 48.1; IR (cm−1): 1357, 1160
(
ure, and diethyl ether, 99.5% pure, were purchased
Fig. 1. Chromatogram of a reaction mixture obtained by photo
–SO2–); 1H NMR (ppm):δ = 0.85 (t, 3H), 1.1< δ < 1.6 (m,
sulfochlorination ofn-tetradecane with sulfuryl chloride at 25◦C.



22H), δ = 2.02 (q, 2H),δ = 3.63 (t, 2H);13C NMR: 65.54
(C1) 31.97, 29.69, 29.49, 29.40, 29.22, 28.94, 27.62, 24.33
(C3–C12), 22.74 (C13), 14.17 (C14).

n-C14H29SO2NEt2: m.p. (◦C): 37; IR (cm−1): 1330, 1140
(C–SO2–N); 1H NMR (ppm):δ = 0.8 (t, 3H), 1 <δ < 2.2 (m,
29H),δ = 2.87 (t, 2H), 3.1< δ < 3.4 (q, 4H);13C NMR: 52.42
(C1), 41.53 (C16–C17) 31.97, 29.70, 29.57, 29.56, 29.17,
28.52, 23.51, 22.74 (C2–C12), 14.54 (C3) 14.18 (C14).

2.3. Procedures

2.3.1. Gas chromatography GC/FID
GC separations were performed with a Hewlett-Packard

Model 5730 A gas chromatograph. An ULTRA 2, a poly
(5% phenyl/95% methylsiloxane) capillary column 25 m×
0.20 mm I.D., 0.33�m film thickness (Hewlett-Packard)
was used for the analysis with He carrier gas (0.6 ml/s).

F
(

ig. 2. (a) EI-MS analysis of chloron-tetradecane,n-tetradecanesulfonyl chlori
b) EI-MS analysis: intensities of the CnH2n−1 fragments.
de andn-tetradecanesulfonamide isomers: intensities of CnH2n+1 fragments.



Fig. 2. (Continued.)



Fig. 3. EI-MS analysis: intensities of the CnH2n fragments.

Direct analysis of the reaction mixture was carried out
with the following temperature program: initial temperature
180◦C for chlorides, and the temperature was increased at a
rate of 8◦/min up to 250◦C for sulfonyl chlorides. The GC
analysis of derivatised reaction mixtures started at an ini-
tial temperature of 180◦C for the chlorides, the temperature
was increased up to 270◦C at a rate of 8◦C/min, then held at
270◦C for all the sulfonamide isomers. Injector and FID tem-
peratures were 300◦C. One microliter samples were injected
into the column.

As the analysis ofn-tetradecanesulfonyl chlorides was
done at high temperature, it was necessary to verify the
stability of these compounds during the analysis. For this
purpose, the analysis 1-tetradecanesulfonyl chloride was
carried out by gas chromatography. The two peaks ob-
tained were analysed by GC/EI-MS. They correspond to 1-
tetradecanesulfonyl chloride and 1-chlorotetradecane. So, in
order to perform a quantitative analysis, it was necessary to
convertn-tetradecanesulfonyl chlorides into thermally more
stable sulfonamides.

2.3.2. Gas chromatography/mass spectrometry
The gas chromatograph, a Hewlett-Packard Model 6890

was coupled to a Hewlett-Packard Model 5973 mass
spectrometer. The column used was HP5 MS, a poly
(5% diphenyl/95% dimethylsiloxane) capillary column
30 m× 0.25 mm I.D., 0.25�m film thickness (Hewlett-
Packard), similar to ULTRA 2 phase. Then-tetradecane
derivatives can be detected either by EI (70 eV) or by chemi-
cal ionization (CI) techniques. The ion source was run under

Fig. 4. 1,4 rearrangement of chloron-tetradecanes.



Fig. 5. �-Cleavage of C–Cl bound in chloron-tetradecanes.

Fig. 6. Displacement reaction of chloron-tetradecane.

Fig. 7. GC/PCI-MS analysis: intensities of fragments atm/z213, 195, 196,
197, and 198.

positive (PCI) or negative (NCI) conditions using methane as
the reagent gas.

3. Results and discussion

3.1. Direct GC analysis of the reaction mixture

The direct GC analysis of the reaction mixture of
the photosulfochlorination ofn-tetradecane leads to the
chromatogram presented inFig. 1. It reveals the presence of

Fig. 8. GC/NCI-MS analysis ofn-tetradecanesulphonyl chloride isomers:
intensities of the peaks of Cl−, SO2Cl− and C14H29SO2Cl+Cl−.

two groups of peaks after that of the solvent and that of un-
reactedn-tetradecane at 2 min. The first group with retention
time 3.1–4.4 min corresponds to chlorinated isomers. The
second one at 11–15 min is composed of seven well-separated
peaks corresponding to the sevenn-tetradecanesulfonyl chlo-
ride positional isomers.

To complete this GC analysis, GC–MS analysis have
been achieved with different techniques (EI, PCI, NCI).
They were carried out in order to identify the various isomers
of sulfochlorinated and chlorinated tetradecane. The mass
spectrum of unreactedn-tetradecane was identified by
GC/EI-MS and compared well with that obtained in the
literature[23,24].



Fig. 9. Chromatogram of a reaction mixture obtained from photosulfochlorination ofn-tetradecane with sulfuryl chloride at 25◦C after the transformation of
sulfonyl chlorides to sulfonamides usingN,N-diethylamine.

3.2. GC/EI-MS and GC/PCI-MS analysis of chloro
n-tetradecanes

The GC analysis of chloron-tetradecanes gives five in-
stead of seven peaks, as the isomers five, six, and seven are not
well separated. The last one at 4.2 min is that of the primary
isomer, which is well separated. However, we have recorded
the mass spectra corresponding to the successive poorly re-
solved peaks in the region 3.1–4 min, which give similar spec-
tra, with fragmentations comparing well with those of the
primary isomer and with those found in the literature. As ex-
pected, the molecular ion peak is absent for all the isomers.
However, we note some differences between the spectra of
the secondary isomers and that of the primary one.

The fragments characterizing the linear alkyl chain, as
those atm/z29, 41, 43, 55, 57, 69, 71, and 85 are present
for all isomers with approximately the same intensities, re-
spectively. For the primary isomer, the relative intensities
are always quite different from that of the secondary isomers
(Fig. 2). Besides, the mass spectrum of 1-chloron-tetradecane
compares well with that reported in the literature[25,26].

We notice that the fragment atm/z196 is present for all
secondary isomers (Fig. 3). This fragment results from 1,4
rearrangement[26] with loss of HCl as presented inFig. 4.

The absence of this fragment in the spectrum of the
primary isomer is probably due to the fact that the primary

carbenium ion is less stable than the secondary one, for
which the abundance is almost the same (Fig. 3). It can
also be due to the competition of the loss of HCl by 1,4
rearrangement with the tendency to form cyclic divalent
chloronium ions as shown later.

Several peaks observed in the spectra of chloron-
tetradecanes, such as the fragments atm/z42, 56, 70, 84,
98, 112, 126, 140, 154, and 168 correspond to the CnH2n

•+

formula. They can be produced from the fragment ofm/z
196 (Fig. 3). We also found other fragments characterizing
chloro n-tetradecanes, as the peaks atm/z 49/51, 63/65,
77/79, 91/93, 105/107, 119/121, 133/135, 147/149, and
161/163. All these fragments result from the�-cleavage
[26,27]as presented inFig. 5.

The peak atm/z49/51 is present only for the primary iso-
mer, with a low intensity: it thus corresponds ton= 0 (R′ = H).
In the same context, the peaks atm/z91/93 and 105/107 are
very intense and provide a strong identification of the primary
isomer, as already reported in the literature[12,15,16,20,22].
It can be explained by the fact that, in this isomer, these
fragments correspond to five- and six-membered cyclic ions
formed by a displacement reaction giving divalent chloro-
nium ions (Fig. 6).

Since by EI the parent peaks do not appear, positive chem-
ical ionization was used to enhance its signal intensity. This
technique leads to spectra containing the peak atm/z231,



Fig. 10. EI fragmentation of primaryN,N-diethyln-tetradecanesulfonamide.

corresponding to [M− H]+, the quasi-molecular ion for all
isomers, even if its abundance is very low for the secondary
isomers (Fig. 7). Thus, this allows to confirm the molecular
weight.

The peaks atm/z195, 196, 197, and 198, corresponding
respectively to the [M− H2Cl]+, [M− HCl]+, [M− Cl]+ and
[M− Cl + H]+ fragments, are present for all isomers, but with
greater relative intensities for the secondary isomers, and
characterize probably the fragments [C14H28]+, [C14H29]+

and [C14H30]+ as shown inFig. 7.
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3.3. GC/EI-MS, GC/PCI-MS and GC/NCI-MS analysis
of n-tetradecanesulfonyl chlorides

As then-tetradecanesulfonyl chlorides are well separated
by GC, the analysis is easier than that of the correspond-
ing chlorides. The EI spectra ofn-tetradecanesulfonyl chlo-
rides show peaks atm/z29, 43, 57,. . . which characterize
the linear hydrocarbon chain, but their intensities are higher
in comparison with those ofn-tetradecane chlorides (Fig. 2).
Other fragments characteristic of the presence of a function
in the chain are also noticed, asm/z196, which correponds
to the 1,4 rearrangement ofn-tetradecanesulfonyl chlorides
with loss of HSO2Cl, in the same way as HCl inFig. 4. But
the most characteristic peaks in the spectra of these com-
pounds although of low intensity, are those atm/z64 and 65
present in the spectra of all isomers, assigned to the fragments
[SO2]+ and [SO2H]+, common with sulfonyl chlorides[6].
As in chloron-tetradecane spectra, peaks atm/z42, 56, 70,
84, and 98, first indicating the loss of HX, then the produc-
tion of CnH2n

•+ fragments are seen, but they are less abun-
dant than those of chloron-tetradecanes except form/z42
(Fig. 3).

To complete the EI analysis, PCI allows to observe the
peak of the quasi-molecular ion atm/z297 corresponding
to the [M+ H]+ adduct, but only for the primary isomer.
Other characteristic peaks, atm/z 65 and 229, corre-
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ig. 11. EI fragmentation of secondaryN,N-diethyln-tetradecanesulfo
mides.
pond to the [SO2H]+ and [C14H29S]+ fragments, respe
ively.

Finally, NCI was found necessary to complete prev
nalysis. It gives very simple spectra with fewer fragm

ations and peaks with higher abundances. The most in
eaks in the NCI-MS spectra ofn-tetradecanesulfon
hlorides are atm/z 35/37 corresponding to the Cl− ion,
/z 64 corresponding to the SO2

− fragment,m/z 99/101
orresponding to the [SO2Cl]− fragment andm/z331/333
orresponding to theM+ Cl− adduct, the quasi-molecu

on. These fragments, present for all isomers (Fig.
learly indicate the presence of the chlorosulfonyl gr
nd the predictable, above mentioned adduct confirm
ssignment of the molecular weight.

ig. 12. GC/PCI-MS analysis ofn-tetradecanesulphonamide isomers
ensity of the [M− H]+, [M]+ and [M+ H]+ peaks.



3.4. GC/EI-MS and GC/PCI-MS analysis of N,N-diethyl
n-tetradecanesulfonamides

Like sulfonyl chlorides, the corresponding sulfonamides
give seven well resolved peaks (Fig. 9). Their analysis by
EI gives spectra with peaks which reveal the linear nature
of the alkyl chain (m/z29, 43, 57,. . .) for all isomers, as
observed for chlorides and sulfonylchlorides but with lower
intensities (Fig. 2). Therefore, the nature of the functional
group affects the abundance of the fragments, in agreement
with McLafferty’s results onn-dodecane derivatives[26].

As expected, the molecular ion is not observed, and the
peak atm/z318 representing the [M− CH3]+ fragment, is
present only for the primary isomer (Fig. 10). This is probably
due to the fact that secondary isomers undergo 1,4 rearrange-
ment (Fig. 11). As with chlorides and sulfonyl chlorides, the
peak atm/z196 corresponds to [M− HSO2NEt2]+ with loss
of HX and is present for all the secondary isomers, with very
low intensity (Fig. 3). Some other peaks (atm/z43, 58, 73,
122, and 137) characterize the sulfonamide group specifically
(Figs. 10 and 11). Once more, peaks atm/z42, 70, 84, and
98 corresponding to CnH2n

•+ are present, but their intensities
are less important when compared to those of chlorides and
sulfonyl chlorides derivatives (Fig. 3).

By PCI analysis, the molecular ion (m/z333) appears for
all the isomers but with very low abundance. The peaks at
m
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of n-tetradecane derivatives exhibit a great similarity in
EI-MS, except for a few fragments typical of sulfonamides.
The parent peak does not appear in EI spectra, but all the
secondary isomers exhibit a peak atm/z196 corresponding to
the [M− HX]+ fragment obtained probably by 1,4 rearrange-
ment. The nature of the functional group has a significant
influence on the abundance of the common fragments, the
lowest intensities being observed for sulfonamides.
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