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Introduction

Chlorinated paraffins (CPs) are a class of polyhalogenated compounds produced on a large scale since the early
1930s." In different industries they are used as high pressure lubricants in metal working fluids and especially as
plasticisers and flame retardants in polymers, paints and sealants.! CPs can be sub-divided into three classes
depending on the length of their carbon backbones, i.e. short-chain CPs (SCCPs, C;p-C;3) which are strictly
regulated by law, as well as medium-chain (MCCPs, C4-C;7) and long-chain CPs (LCCPs, >C7).>*

CPs were rated as the most complex class of polyhalogenated contaminants in the environment and their analysis is
still challenging.* The group of MCCPs alone may include >100.000 congeners due to different chlorination degree
and position of the chlorine atoms.” Due to the high complexity, technical CP congeners and their residues in
environmental samples cannot be separated by gas chromatography and the resulting co-elutions of many CP
congeners lead to signal overlapping, even when mass spectrometry is used as detection technique.’

The aim of this study was to synthesize less complex MCCP mixtures by means of the chlorination of one individual
backbone (n-tetradecane) to different chlorine content. The synthesis mixtures were analyzed by different methods
(NMR, EA-IRMS, GC/FID, GC/ECD, GC/ECNI-MS and GC/EI-MS).

Materials and methods

Chemicals and standards. Sodium sulfate (water free, p.a., > 99%), iso-octane (for pesticide residue analysis) and
sulfuryl chloride (> 97%) were from Sigma-Aldrich (Steinheim, Germany). n-Tetradecane was from Alfa Aeser
(Karlsruhe, Germany), whereas n-hexane (HPLC grade, > 95%), dichloromethane (p.a., 99.8%) and acetonitrile
(HPLC grade, > 99.9%) were from Th. Geyer (Renningen, Germany). Deuterated chloroform (CDCl;, 99.8%) was
from Deutero (Karlsruhe, Germany). The internal standard perdeuterated a-hexachlorocyclohexane (a-PDHCH) was
synthesized in our lab.”

Synthesis of MCCPs. Photochlorination of n-tetradecane was executed based on the method of Tomy et al.® .
n-Tetradecane (2 mL) was combined with 15 mL sulfuryl chloride and 10 mL dichloromethane in a 50 mL-quartz
glass beaker. For irradiation, the beaker was stored at 20 °C in a water bath in front of a water cooled 150 W
mercury medium pressure lamp (TQ 150, Heraeus Noblelight, Hanau, Germany) at a distance of 10 cm. To
investigate the reaction process, 1 mL aliquots of the reaction solution were taken after 25 min, 70 min, 120 min,
250 min and 300 min of irradiation. The reaction was stopped by adding 10 mL of water and shaking in 30 mL glass
flasks. The solutions were extracted twice with 5 mL of n-hexane in a separating funnel. The combined hexane
phases were washed alternately with 15 mL of 10% sodium bicarbonate solution (w/w) and 15 mL of bidest. water
until pH neutralization. The organic phase was concentrated to ~1 mL by rotary evaporation and solvent was
removed by a gentle stream of nitrogen.

Gas chromatography coupled with electron-capture negative ion mass spectrometry (GC/ECNI-MS). Analyses were
performed on a 7890/5975C system (Agilent, Waldbronn, Germany) equipped with a HP-5 MS column (30 m x
0.25 mm 1i.d., 0.25 pm d;, Agilent, Waldbronn, Germany). The carrier gas helium 5.0 (Westfalen, Miinster,
Germany) was used at a constant flow of 1.2 mL/min. Methane 5.5 (Air Liquid, Bopfingen, Germany) was used as
the reagent gas at 1.6x10™ Torr. Temperatures of ion source and transfer line were set at 150 °C and 300 °C,
respectively. Splitless injections (1 pL) were performed with a PTV injector (CIS-4, Gerstel, Miilheim, Germany) in
pulsed pressure mode (25 psi, 1 min). The PTV temperature program was 80 °C (0.01 min), then at 700 °C/min to
300 °C (2 min) and finally cooled with 10 °C/min to 260 °C until the end of the run. The GC oven was programmed
at 50 °C (1 min), then at 10 °C/min to 300 °C (14 min). Measurements were run in the full scan mode (m/z 50-800)
or in SIM mode by recording the two most abundant isotope peaks of the [M-CI] - and [M-HCI] ions of Cl,- to Cl;,-
chlorinated tetradecanes.

Gas chromatography with electron-capture detection (GC/ECD) and with flame ionization detector (GC/FID).
Analysis were performed both on a 5890 series II system (Hewlett Packard, Waldbronn, Germany), equipped with a
DB-5 column (30 m x 0.32 mm i.d. x 0.25 um dy). The operation parameters are reported elsewhere.’

Response factors of chlorinated n-tetradecanes in different detectors. The synthesized product mixtures were diluted
in iso-octane to ~500 ng/pL for GC/FID and GC/EI-MS measurements and to ~50 ng/uL. for GC/ECD and
GC/ECNI-MS measurements, respectively. a-PDHCH was added as internal standard and response factors of the
different detectors were calculated from the internal standard corrected peak areas of the MCCP hump peak to the
corresponding mass concentrations of the synthesis aliquots. The responses were normalized to the highest response
(= 100%) of each detector type.

Elemental analysis coupled to isotope-ratio mass spectrometry (EA-IRMS). The chlorine content of the synthesis
mixtures were determined by EA-IRMS using a Euro EA elemental analyzer (Eurovector, Redavalle, Italy) coupled
to a Finnigan DELTAplus XP system (Thermo Fisher Scientific, Bremen, Germany). The oxidation and reduction
tube temperatures were set at 1000 and 650 °C, respectively. A molecular sieve was used as column and the oven
temperature was set at 90 °C with a purge flow of 80 mL/min.” Aliquots (~ 2 mg dissolved in 20 pL n-hexane) were
filled in 2.0 x 5.0 mm tin capsules (99.9% Sn) for liquid samples (IVA Analysentechnik, Meerbusch, Germany) and
the solvent was vaporized over night at room temperature before the capsules were sealed.'

Organohalogen Compounds Vol. 77, 427-431 (2015) 427



"H and " C nuclear magnetic resonance spectroscopy (‘H/>C-NMR). "H-NMR and *C-NMR spectra were recorded
with a 300 MHz INOVA system (Varian, Palo Alto, California, USA). For '"H-NMR and for *C-NMR about 20 mg
and 150 mg synthesized chlorinated n-tetradecane mixtures were dissolved in 300 uL. CDCl;. Chemical shifts were
referenced to the residual signal of CHCl; ("H: 7.26 ppm / '*C: 77.2 ppm).

Results and discussion

Photochlorination of n-tetradecane

Our goal was to synthesize MCCP mixtures with same chain length but varying chlorination degree. This was
achieved by photochlorination of n-tetradecane with sulfuryl chloride. Five aliquots were taken during the synthesis
at different time points. The first sample, taken after 25 min, showed a chlorination degree of 44.3% according to
elemental analysis (EA). Subsequent aliquots taken after 70 min, 120 min, 250 min and 300 min reaction time had
chlorine contents of 51.4%, 55.4%, 55.4%, 58.7% and 59.5%, respectively. GC/ECNI-MS chromatograms of the
five aliquots showed no isolated peaks but unresolved “hump” peaks (Fig. 1a) although the mixtures were less
complex due to the same carbon backbone in comparison to technical MCCP mixtures. Moreover, the elution range
was shifted to higher retention time with increasing ClI content.
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Fig. 1: (a) Overlay of GC/ECNI-MS full scan chromatograms of the synthesis products obtained after 25 min
(aliquot 1, blue), 70 min (aliquot 2, violet), 120 min (aliquot 3, orange), 250 min (aliquot 4, brown) and 300 min
(aliquot 5, black) reaction time and (b) the corresponding polychlorotetradecane isomer composition (in %) as well
as the resulting calculated chlorination degree of the mixture (X%CIl).

Congener composition of the polychlorotetradecane synthesis mixtures

The congener composition of the polychlorotetradecane mixtures was estimated by integrating the hump peaks of
the most abundant isotope peaks of [M-CI]" of tetra- to dodecachlorinated isomers in the GC/ECNI-MS
chromatograms. The resulting peak areas were divided by the number of chlorine atoms to take into account the
chlorine depending response in GC/ECNI-MS measurements. This procedure was also suggested by Tomy et al. for
determination of the congener composition of C;o-C;3 SCCPs."" For example, the area of the [M-CI] ion of
C14H,4Clg (m/z 369) was divided through a factor of five. The percentage of the congeners was calculated by the
ratios of this corrected peak areas to the sum of all corrected peak areas. The average chlorination degree calculated
out from the congener composition agreed well with the degree of chlorination determined by elemental analysis
(Fig. 1b). Accordingly, division of the peak areas by the number of chlorine atoms resulted in an acceptable
approximation. Synthesis aliquots 1 and 2 were
dominated by Cls-tetradecane congeners, whereas
synthesis aliquot 3 was dominated by Cl;-, aliquot 4 by
Clg- and aliquot 5 by Clo-tetradecanes. With increasing
reaction time the amount of Cls- and Clg-tetradecanes was
continuously decreasing in favor of Clo- to Cl;;-isomers.
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chlorine content of the mixtures (Fig. 2). In contrast, GC/EI-MS and GC/FID responses decreased although the
GC/FID responses were expected to be independent of the chlorine content after the correction for the carbon
content. This effect was most likely due to the high complexity of the mixtures with several thousand co-eluting
congeners. The average response factors of MCCP mixtures are heavily influenced by the average chlorine content
of the CP mixture and small deviations between the degree of chlorination of a standard mixture and residues in
environmental samples can falsify the quantification result.

Measurements of mass-to-charge ratios

The isotope clusters of polychlorotetradecanes in GC/ECNI-MS full scan mode were characterized by overlaps of
[M-CI]" and [M-HCI] fragment ions of isomers (data not shown). In the GC/ECNI-MS SIM mode, the two most
abundant isotope peaks of the [M-CI| fragment ions were selected for quantification (Tab. 1). The measured
abundance ratio of the isotope peaks of congeners with more than seven chlorine atoms agreed well with the
theoretical isotope ratio (Tab. 1).

Tab. 1: Theoretical and measured ratios of two most abundant signals of the respective [M-Cl] isotope clusters of
polychlorinated n-tetradecanes in the GC/ECNI-MS-SIM mode as well as the corresponding percentage amount of
the congeners in synthesis aliquot 1 and 5.

Aliquot 1 Aliquot 5

most second theoretical ngener ngener
molecular  abundant  abundant . ca congene measured congene measured

. . 1sotope composition . . composition . .

formula isotope isotope X o isotope ratio o isotope ratio
m/z m/z ratio [%] [%]

C14H,5Cls 335 333 100 : 78 27.2 100 : 89 n.d. n.d.
C14H,4Clg 369 371 100 : 64 45.2 100 : 73 1.90 100 : 43
C14H»3Cl, 403 405 100 : 80 21.5 100 : 103 7.40 100 : 70
C14H5,Clg 437 439 100 : 96 5.00 100 : 101 14.1 100 : 89
C14H,,Cly 473 471 100 : 89 1.10 100 : 88 55.3 100 : 91
C4H20Clyg 507 505 100 : 78 n.d. n.d. 18.6 100 : 78
C14H4Cly4 541 543 100 : 86 n.d. n.d. 2.50 100 : 85
Cy4H,5Cly 575 577 100 : 96 n.d. n.d. 0.20 100 : 95

n.d.: not detectable

In contrast, lower chlorinated congeners in synthesis aliquot 1 showed higher ratios than the theoretical isotope
(Tab. 1, highlighted in red when ratios were >5% than theoretical ratios) ratios which was most likely due to the
overlapping of [M-Cl] with [M-HCI] fragment ions. However, in the presence of a high amount of high-chlorinated
congeners such as in aliquot 5, the measured isotope ratios of the hexa- to octachlorinated tetradecanes were lower
than the theoretical values (Tab. 1, highlighted in blue when ratios were <5% than theoretical ratios). This could be
the result of the mass overlap of [M-Cl]” with [M-CI-HCI] fragment ions of isomers with one chlorine more (e.g.
[M-CI] of hexachlorinated with [M-CI-HCI] of heptachlorinated n-tetradecanes).

"H- and C-NMR measurements of synthesis aliquots 1-5

'H-NMR spectra of the synthesis mixtures showed poorly resolved multiplets with chemical shifts ranging from
0.8 to 5.2 ppm (Fig. 3a). Signals at 0.8 to 1.15 ppm originated from terminal methyl groups whereas non-chlorinated
methylene groups [-CH,-] gave rise to broad multiplet peaks at 1.15 to 3.2 ppm. Monochloromethylene groups
[-CHCI-], chloromethyl groups [-CH,Cl] and dichloromethylene groups [-CCl,-] were found at lower field (3.4 to
5.2 ppm).
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Fig. 3. Overlay of (a) '"H NMR and (b) >C NMR spectra of synthesis aliquot 2 (70 min reaction time, black) and
synthesis aliquot 4 (250 min reaction time, red). Unresolved signal groups were found in the range of methyl groups
[-CH;], methylene groups [-CH,-] and monochloromethylene groups [-CHCI-].

The chemical shift ranges in the aliquots were in accordance with those of technical MCCP mixtures'® and
polychlorohexadecane mixtures of varying chlorination degree."> Likewise, ?C-NMR spectra were characterized by
poorly resolved multiplets of (various) methyl (5-12 ppm), methylene (15-45 ppm) and monochloromethylene
groups (50-68 ppm) (Fig. 3b).

Integration of the specific methylene and monochloromethylene peak groups of polychlorinated n-tetradecanes
allowed us to estimate the average chlorination content of the mixtures. Based on the general molecular formula for
polychlorinated n-tetradecane congeners (i.e. Ci4H30.,Cly), the average number of chlorine substituents (y) in the
synthesis aliquots was calculated from the percentage area ratios (X) of the corresponding methyl-, methylene- and
monochloromethylene-signals by:

y = 30-(14 -(X[-CHCI-]+2 -X[-CH,-]+3 - X[-CH3]))

Accordingly, the average chlorine content (Cly,) was determined by using the molecular weight of carbon (Mc),
hydrogen (Mp) and chlorine (M¢) by:

_ y ‘Mg . o
Cly,= 14 -Mc+(30-y)-Mc+y -Mq) 100%

The chlorine content (Cly,) of the synthesized polychlorinated n-tetradecanes determined by 'H- and “C-NMR
agreed well with the results obtained by elemental analysis (EA) (Tab. 2). Due to the higher sensitivity of "H-NMR
(~35fold lower detection limit) this technique appears more suitable for determination of the chlorine content.
Compared to that, GC/ECNI-MS-SIM determinations by means of the [M-CI] fragment ions deviated more from
NMR and EA measurements (Tab. 2).

Tab. 2. Average chlorination degree by weight determined by 'H-NMR, *C-NMR, elemental analysis (EA) and
GC/ECNI-MS-SIM measurements of two synthesis mixtures after 70 min (aliquot 2) and 250 min (aliquot 4)
reaction time.

'H ("C) signal area ratio [%] chlorination degree [%] measured by
Aliquot  reaction time [min] [-CHCI-]  [-CH,-] [-CH;] 'H(“C)-NMR EA  GC/ECNI-MS
A2 70 30.7 (30.4) 65.3(66.9) 4.0 (2.7) 51.4 (52.0) 51.4 54.4
A4 250 43.4 (44.3) 53.7(53.4) 2.9(2.4) 58.8 (59.4) 58.7 62.5

The synthesized polychlorotetradecanes have been characterized with regard to their chlorination degree and
congener composition, therefore they can be used to test and compare established CP quantification techniques.
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