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Abstract

Organochlorinated pesticides are highly persistent organic pollutants having important adverse
effects in the environment. To study their fate, compound-specific isotope analysis (CSIA) may be used
to investigate their degradation pathways and mechanisms but is currently limited to **C isotope ratios.
The assessment of 3'Cl isotope ratios from mass spectra is complicated by the large number of
isotopologues of polychlorinated compounds. For method development, chlordecone (C10ClioO2Hz;
hydrate form), an organochlorine insecticide that led to severe contamination of soils and aquatic
ecosystems of the French West Indies, was taken as a model analyte. Chlorine isotope analysis of
chlordecone hydrate was evaluated using high-resolution liquid chromatography quadrupole time-of-
flight mass spectrometry (LC-QTOF-MS), enabling smooth ionization to detect the molecular ion. First,
a new evaluation scheme is presented to correct for multiple isotope presence in polychlorinated
compounds. The scheme is based on probability calculations of the most frequent isotopologues,
distributions by binomial probability functions, and corrections for presence of non-chlorine heavy
isotopes. Second, mobile-phase modifiers, ionization energy (sampling cone tension) and scan time were
optimized for accurate chlorine isotope ratios. Chlordecone standard samples were measured up to 10-
fold and bracketed with a second chlordecone external standard. 8%'Cl values were obtained after
conversion to the SMOC scale by a two-point calibration. The robustness of the analysis method and
evaluation scheme were tested and gave satisfactory results with standard errors (om) of £ 0.34%. for
precision and 0.89%. for long-term accuracy of chlorine isotope ratios of chlordecone hydrate. This work
opens perspectives for applications of the C-Cl CSIA approach to investigate the fate of highly toxic and

low reactive polychlorinated compounds in the environment.

Keywords: Stable isotopes; Chlorine-37; Polychlorinated molecules; Compound-specific Isotope

Analysis
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Highlights

Chlorine isotope ratios (3CI/*°Cl) of chlordecone were measured by LC-QTOF-MS

The novel evaluation scheme enables to correct for presence of other stable isotopes
Optimizing mobile phase and ionization parameters improved the chlorine isotope accuracy
Satisfactory precision and long-term accuracy were achieved (<0.89%o)

Validation of chlorine isotope analysis to track chlordecone degradation in the environment
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1. Introduction

The past use of highly chlorinated compounds as insecticides and wood-preserving
agents has caused a worldwide problem of soil and groundwater pollution. The list of
compounds includes y-hexachlorocyclohexane (lindane), dichlorodiphenyltrichloroethane
(DDT), aldrin, endrin, dieldrin, chlordane, chlordecone, mirex, heptachlor and
pentachlorophenol (PCP), classified as Persistent Organic Pollutants. > These compounds have
a high recalcitrance in soils, can bioaccumulate in the food chain and leach to water bodies,
further contaminating drinking water resources. Although these substances were banned by the
Stockholm convention in the early 2000’s ** or by national restrictions — in part for more than
twenty years already — they have persisted in soils and surface waters and still present a risk
today. >~" Appropriate monitoring tools are thus needed to understand the fate and persistence

of these polychlorinated compounds in the environment.

Compound-specific isotope analysis (CSIA) has become a widely applied tool for the
study of the fate of pollutants in the environment. 81! The CSIA approach is based on the
produced changes of stable isotope ratios in a pollutant during a reactive process. CSIA makes
use of kinetic isotope effects in which typically heavy isotopes react more slowly than light
isotopes when bond-breaking reactions occur. CSIA is also able to unveil phase-change
phenomena like sorption 12 or volatilization. * The use of CSIA thus offers the benefit of
distinguishing between degrading and non-degrading processes, and quantitatively evidencing
pollutant degradation extent. CSIA targeting carbon isotope ratios (i.e., 3C/*?C) has been
successfully applied to study transformation reactions of many low-molecular weight
chlorinated solvents, such as chlorinated ethenes 4, and few polychlorinated insecticides, such
as lindane, > DDT *” and chlordecone. ® Studies on the fate of chlorinated ethenes also used
additional isotope measurements on a second or even third stable isotope ratio (e.g., *’CI/*Cl

or 2H/*H) to enlarge the diagnostic power of CSIA to 3D-CSIA. 1%° The so-called multielement
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compound-specific isotope analysis (ME-CSIA) allows to understand different reaction
mechanisms that act upon pollutant degradation, e.g., abiotic versus biotic reduction. 2%%
Studies on stable chlorine isotope analysis of polychlorinated pesticides, however, remain

Scarce.

Chlorine isotope analysis on isotope ratio mass spectrometers (IRMS) was established
by Shouakar-Stash and coworkers in 2003. 2 With this technique, only low-molecular weight
chlorinated compounds like trichloroethene (TCE) can be followed. 2 Offline conversion of
large pesticide molecules to chlorine gases for dual-inlet IRMS is an alternative way for
chlorine isotope analysis, #?° but a considerable mass of analyte is required. 2® To offer a more
widely applicable way, chlorine isotope analysis using conventional mass spectrometers was
first developed by Sakaguchi-Soder and co-workers (2007) 27 targeting chlorinated ethenes on
a quadrupole MS. It was furthermore shown that isotope fractionation can be followed by
quantifying chlorine isotopologues of chloroethenes. 2 The accuracy of this method was
confirmed by an interlaboratory comparison for TCE involving both quadrupole and isotope
ratio mass spectrometers. 2° Improvements of the evaluation schemes and the bracketing with
two chlorine isotope standards of known isotope ratios further validated stable chlorine isotope
analysis of low-molecular weight chlorinated compounds on quadrupole MS. * These studies
advanced the use of ME-CSIA of chlorinated compounds with few chlorine atoms, such as
tetrachloroethene (PCE), 1,2-dichloroethane (1,2-DCA) and chloroform (CF), to elucidate their

degradation pathways and mechanisms. 332

Most recent advances on stable chlorine isotope analysis of pesticides by GC-gMS have
focused on herbicides such as atrazine, acetochlor and metolachlor containing only one chlorine
atom. 3 35 36 Aeppli and co-workers (2010) 1 were also able to analyze the 3'CI/*°Cl isotope
ratio in highly chlorinated insecticides such as pentachlorophenol and DDT by GC-qMS, thanks

to the presence of their molecular ions in the mass spectrum using electron impact ionization.

5
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Although highly chlorinated compounds can be analyzed by quadrupole MS, there is the
inconvenience that they exist as many isotopologues (i.e., isotopic species with different
numbers of heavy isotopes), which complicates the method by which the chlorine isotope ratio
is obtained. These isotopologues not only have a different number of 3’Cl atoms, but also a
different number of heavy carbon, hydrogen, or oxygen isotopes. Appropriate correction of

chlorine isotope ratios should thus be included in the evaluation of chlorine isotope signatures.

The problem of highly chlorinated compounds is that they also have rather high numbers
of carbon atoms, and it is not so rare that two *3C are present in the same molecule at natural
abundance ratios. For instance, the probability of having two *C atoms in a molecule with 10
carbon atoms is 5.1 %o, which is a significant number in isotope geochemistry. One of the
drawbacks of low-resolution MS is that the same mass is measured in an isotopologue having
two 13C substitutions for 2C and in an isotopologue having one 3'Cl substituted for 3°Cl. The
evaluation of chlorine isotope ratios of polychlorinated compounds may thus benefit with the
use of high-resolution mass spectrometers that must be capable of distinguishing such chlorine

isotopologues, according to their mass resolution.

Among the persistent organochlorinated pesticides, we choose the insecticide
chlordecone as model analyte. This organochlorine insecticide was extensively used from 1972
to 1993 in the French West Indies for protecting banana trees against a ravaging beetle. %’
Chlordecone (also known as Kepone) has a bis-homocubane cage of 10 carbon atoms which is
fully chlorinated with 10 chlorine atoms and has a ketone oxygen group (Figure 1a). In soils, it
is found in the hydrated form. Its high stability and sorption on organic matter reveals a severe
contamination of soils even 30 years since its ban. 3. The development of a ME-CSIA approach
of chlordecone may help improve the understanding of its degradation pathways and
mechanisms, 18 and provide another line of evidence for in situ degradation in contaminated

soils.
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This work provides a new multiple ion evaluation scheme that can correct for multiple
isotope presence in polychlorinated compounds, such as chlordecone hydrate, which are
unresolved by low resolution mass spectrometers and current calculation approaches. Chlorine
isotope analysis of chlordecone hydrate will be evaluated using high-resolution liquid
chromatography coupled to time-of-flight mass spectrometry with electrospray ionization
(LC/ESI-QTOF-MS), as it enables the detection of chlordecone’s molecular ion, conversely to
gas chromatography coupled to high resolution mass spectrometry (GC/HRMS) with electron
impact or electron capture negative ionizations. The proposed scheme will be tested on a
theoretical mass spectrum and compared to mass spectra from LC/ESI-QTOF-MS. The effect
of mobile-phase modifiers, ionization energy (sampling cone tension) and scan time on chlorine
isotope ratios will be further analyzed. Finally, the analysis of chlordecone hydrate by LC/ESI-
QTOF-MS will be tested to determine the robustness of the evaluation scheme on experimental
data and to characterize the performance and potential efficiency in the determination of 8%Cl

values.
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2. Materials and experimental methods
2.1 Chemicals and reagents

Chlordecone (CLD) analytical standards, CLDcruzeau and CLDsiema, Were purchased
from Cluzeau Info Labo (CLDcruezau, Dr. Ehrenstorfer, Ref. C11220000) and Sigma Aldrich
(CLDsicma, Supelco, Ref. LC00470V), respectively. Standard purities were 96.7% and 99.9,
respectively. Chlordecone standard stock solutions were prepared at 1 g/L in LC/MS-grade
acetonitrile (ACN, >99.9%, Optima LC-MS, Fischer). Standard solutions were further diluted

with ACN and kept at —20°C until analysis.

2.2 Chlorine isotope ratios by LC-QTOF-MS

Stable chlorine isotope ratios of chlordecone hydrate were measured using ultra-high
performance liquid chromatography (UPLC, Waters) coupled to a hybrid quadrupole-time of
flight (TOF) mass spectrometer (SynaptG2 HDMS, Waters), fitted with an electrospray
ionization source (ESI). Chromatographic separations were carried out with an UPLC column
(BEH C18, 2.1 mm x 100 mm, 1.8 um; Waters). The column and autosampler temperatures

were 30°C and 8°C, respectively, and the injection volume was 5 pIL.

First, chlordecone solutions were infused directly into the MS to evaluate chlordecone
signal, optimize source parameters and establish the mobile phase. Fresh chlordecone standard
solutions were prepared with LC/MS-grade water (Optima, Fischer) and ACN 30:70 (v:v)
acidified with 0.1% formic acid (FAc) and with or without addition of 5 mM of ammonium
formate (AF), at 1000 and 5000 pg/L. FAc and AF were initially tested as mobile phase
modifiers and allowed to compare the measured and theoretical mass spectra of chlordecone
hydrate for chlorine isotope analysis. A series of ten infusions were performed for two minutes
for each of the standard chlordecone solutions. Optimization of mobile phase modifiers, scan

time and cone voltage are discussed in Section 4.
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For chlordecone standard injections, LC/MS-grade water (A) and ACN (B), both
acidified with 0.1% FAc, were used as eluents for the chromatographic gradient at a flow rate
of 0.35 mL/min (60% to 98% B in 6 min, and held for 1 min,). ESI conditions were established
from a modified method *° as follows: negative ESI polarity, 1 kV capillary voltage, 30 V cone
voltage, 500 °C desolvation temperature, 150 °C source temperature, 10 L/h cone gas flow rate,
1000 L/h desolvation gas flow rate, resolution analyzer mode (up to 18,000 full width at half
maximum (FWHM) at 400 Th), and TOF mass range 50-600 Da. Additionally, the mass
spectrometer was daily calibrated with a solution of sodium formate (5 mM, HCOONa, Sigma
Aldrich) and leucine enkephalin (2 mg/L, C2sHs7NsO7, MW 555.2770, Sigma Aldrich) was
constantly infused (lock-mass pump: 7 puL/min) during each run for lock-mass correction and
accuracy. Data acquisition and mass spectra treatment were performed using the MassLynx

software (v.4.1, Waters).

2.3 Method performance

Chlorine isotope ratios of chlordecone hydrate obtained by LC-QTOF-MS were converted
to the international SMOC scale by an external two-point calibration, as suggested elsewhere.
2940 CLDsigma and CLDcrLuzeau standards were characterized at the University of Delaware by
dual-inlet IRMS after offline conversion using the method of Holt et al. (1997) *! after
conversion to CO2 and methyl chloride. CLDsigma and CLDcruzeau standards had §3'Cl values

of —0.11 £ 0.17%o and +0.52 + 0.17%o, respectively.

Chlordecone samples and standards were injected between 5 to 10 times in our LC-QTOF-
MS. These consecutive standard injections are considered as one “sample” measurement. Each
sample was bracketed by external chlordecone standards of similar concentrations (+20%), 2°
and a blank was measured after ten injections. Aeppli and coworkers 17 showed that when
concentrations of samples and standards vary significantly (>20%) chlorine isotopic signatures

can be affected and lead to an offset of >2%.. This has also been discussed in Bernstein and co-

9
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workers 2° showing the need for similar amplitudes (i.e., between standards and samples) for
accurate chlorine isotope ratios. Each session started and ended with duplicate measurements
of both chlordecone standards. The two external standards interspersed along the sequence
allowed to evaluate and correct for instrument drift. Measurement uncertainty of chlorine
isotope ratios was assessed taking into account the number of injections as o,,, = o/+/n, where

o is the standard deviation of n injections.

Precision, trueness, and instrument linearity were assessed to characterize the method
performance and the proposed evaluation scheme of chlorine isotope ratios (Section 3).
Precision was reported as + om for n measurements, and trueness was expressed as the offset
between the chlorine isotope ratios from LC-QTOF-MS and the referenced SMOC standards.
To evaluate the instrument linearity, i.e., the range of amount-dependent induced isotope
fractionation, a standard sample (i.e., CLDcLuzeau) was referenced to average ratios of the
second standard (i.e., CLDsiecma) SO that instrument-specific chlorine isotope ratios were
obtained. These values were subsequently normalized to the SMOC scale by a two-point linear
regression. Reported uncertainties include both accuracy and reproducibility based on long-

term measurements and standard errors (om).

3. Evaluation scheme of chlorine isotope ratios for polychlorinated pesticides
The evaluation scheme presented in this work is based on the mass spectrum of
chlordecone hydrate obtained by LC-QTOF-MS. The produced monoprotonated chlordecone
hydrate molecule (C10Cl1002H") is illustrated in Figure 1a, and its spectrum is depicted in Figure
1b. The evaluation scheme of chlorine isotope ratios of chlordecone hydrate focuses on the
intensities of the five most abundant ion peaks of the molecular ion, having theoretical masses
between 502.6862 and 510.6744 (Figure 1c and Table 1). lon peaks of higher masses

(>510.6878) were not considered due to lower intensities (<5% of relative abundance), resulting

10
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198 in lower repeatability and signal-to-noise ratios (Figure 1b and Supporting information (SI);

199  Section A).

(@) cl ¢l OH
0 cl 0°
@
a d diHo a —ad ' +H
0 ~Cl o ~cl pKa =9- 10 a ~Cl
Cl
Chlordecone Chlordecone hyd rate
506.6807 506.6803 .
1007 (b) TOF-MS  “515575 | 100 508.6773 (c) Theoretical spectrum
spectrum 52386%7328 504.6832
504.6834 510.6744
353134 50
502.6862 512.6714
. 510.6749 \
= 239118 o : - m/z
505 509 513 517 521 525
6867
5?58%82% 5126714
88913
507.6841|509 6812
505.6868 :
5036878 p0800 | 463°0 | 37738 |S1LETTO oo 516.6647 5188671 524.8858
0 5899 | | T 4946 2795 1647
T T T T T T T T T T T T T T T T 1
200 500 502 504 506 508 510 512 514 516 518 520 522 524

201 Figure 1. (a) Chemical structure of chlordecone (also called Kepone, CAS 143-50-0) in its
202 ketone form (left), and in its gem-diol form (chlordecone hydrate; right). (b) TOF-MS spectrum
203 (molecular ion) of chlordecone hydrate (Cl10C1002H2) at 500 pg/L. lon peak intensities are also
204  depicted. (c) Theoretical mass spectrum of chlordecone hydrate retrieved from the Isotope
205  Distribution Calculator at high resolution and with a minimum isotope abundance of 0.0001%.
206 #

207

208 The abundance of each isotopologue of chlordecone hydrate can be calculated as

209  follows: 4

- r s r—s u t—u u t—-v w
210 A= (P)nd,(1-ns;)" " (Onis(1-ms) (Orts(1—mis)  (nly(1—m7)  (R)my (1~
211 )" (1)
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212 7y, = i EC— )
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5180
_ <—1000+1)RSMOW
Tig = 5180
(1+(—1000 +1)RSMOW)

(4)

5170
(—1000+1)RSM0W

7 = ()t ©)

100

5%H
<—1000+1)R5MOW

8%H
(1+(—1000+1)R5MOW)

(6)

T, =

where p, r, t and h are the total numbers of chlorine, carbon, oxygen and hydrogen atoms in the
compound, respectively, and g, s, u, v and w are the numbers of heavy chlorine-37, carbon-13,
oxygen-18, oxygen-17 and deuterium isotopes in a chlordecone isotopologue, respectively. The
n values are the relative abundances of the heavy isotopes of each element. Rsmoc is the
abundance ratio of 3’Cl in standard mean ocean chloride (0.319766). ** Rvrps is the abundance
ratio of 13C in standard Vienna Pee Dee Belemnite (0.011237) *° and Rsmow are the abundance
ratios of 80 (0.0020052), 1’0 (0.00038) and 2H (0.0001575) in standard mean ocean water. 1*
To calculate the relative abundance of the isotopologues, the initial chlorine, oxygen, and
hydrogen isotope signatures of chlordecone hydrate were assumed as 0%o (5 20 = §1'0 = §
37C1 = § 2H = 0 %o). Initial carbon isotope signatures were considered for a §'3C value of —30
%o, approaching typical isotope ratios of chlordecone formulations ranging between —34 %o and

~31 %o. 8

The abundance of the 30 isotopologues of chlordecone hydrate were computed with egs.
1-7. This list contains isotopologues of the five most abundant molecular ion peaks of
chlordecone hydrate as a function of number of chlorine, carbon, oxygen and hydrogen
isotopes, and is presented in Table 1. These selected isotopologues have incremental masses of
nearly +2 from mass 502.6862 onward. The sum of the relative abundance of these

isotopologues is 0.8376. All other ion peaks represent the remaining 0.1624 of the total

12
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isotopologues and are not used for chlorine isotope ratio calculations. Hence, the relative
abundance of chlordecone hydrate isotopologues was normalized in order that their sum equals
1 (last column; Table 1). For clarity, chlordecone hydrate isotopologues without *C, 'O, 80

or 2H are printed in bold.

Table 1. Abundance of 30 isotopologues of chlordecone hydrate calculated with eq. 1 for §3C
=-30 %o and &80 =510 = §3'Cl = § 2H = 0 %o. In bold are isotopologues without *C 170,
180 or 2H. Isotopologues are based on the five most abundant molecular ion peaks.

Absolute Normalized
Exact 37 13 17~ 18 ., Abundance Relative

Isotopologue Mass @ Cl C O B0 °H babun dance
12C49 35Clyo **02 H 502.6862 0.055694 0.066496
12C44 35Cly 37CI °0, H 504.6832 0.178091 0.212630
12C1935Cly *0 80 H 504.6904 0.000223 0.000267
12C5 13C,35Cly 0, H 504.6929 0.000298 0.000356
12C4 13C33Clyp *0 YO H 504.6938 0.000005 0.000006
12C4 13C35Cly 37CI *0, H 504.6958 0.000001 0.000001
12¢,6 35Clg 3°Cl, %0, H 506.6803 0.256264 0.305963
2C403°Cly 3Cl 0 0 H 506.6875 0.000714 0.000853
12¢e B3¢, 3Cle 37CI %0, H 506.6900 0.000952 0.001137
12¢y B3¢ 35Cly 7€l 20 YO H 506.6908 0.000015 0.000018
2¢y B3¢ 35Cly 37Cl 20, 2H 506.6929 0.000003 0.000004
12C403°Clyo 80, H 506.6947 0.000000 0.000000
12 3¢, 3Clyp 0O H 506.6971 0.000001 0.000001
12C 13C4 35Cly %0, H 506.6996 0.000000 0.000000
12¢44 35Cl; 37Cl5 %0, H 508.6773 0.218518 0.260898
2,9 35Clg ¥Cl, 0 B0 H 508.6845 0.001028 0.001227

0.001370 0.001636
0.000021 0.000025
0.000004 0.000005

12¢,13¢,35C)g 37Cl, 60, H 508.6870
12C4 13C35Clg 37Cl, **0 YOH  508.6879
12¢, 13¢ 35C|4 37, 160, 2H 508.6899

12C403°Cls *’Cl 80, H 508.6917 0.000001 0.000001
12Cg 3C,*Clo *'CI**0®0H  508.6942 0.000004 0.000005
12C4 3C3°Clg *'Cl, **0, H 508.6967 0.000001 0.000001
12€10 *3Clg *’Cls *0, H 510.6744 0.122281 0.145996
12C10 %Cl73"Cl; 0, H 510.6816 0.000876 0.001046

124 13C, 35Cl; ¥7Cl3 10, H 510.6841
12¢, BC35¢l; ¥Cl3 %0 YOH - 510.6849
12¢4 3C35Cl; ¥7Cl5 %0, 2H 510.6870
12C10 3Clg *7Cl, ¥0, H 510.6888
12¢, 3¢, %Cls ¥Cl, %0 ®0H  510.6912 0.000005 0.000007
12C¢ 13C4 *°Cls *7C1, 02 H 510.6937 0.000001 0.000001
Total 0.8376 1.0000

0.001168 0.001395
0.000018 0.000022
0.000004 0.000004
0.000001 0.000001

NNNWWWWREARRRPEPENMNNNNWOOORRERPREPENOOOORDO
AP NVNOPFRPRFRLRNOOPMPPNORPRFELRNOOPMMNORFRPELERNOOFRRELENOODO
OC OO0 O0OFrRPO0O0O0O0O0D0ODO0OPFrRPROO0OO0OO0ODO0ODO0ODOFrR OO OoOOOoOroooo
OFrRrPNOOOFRFOOFRNOOOFOORFR,RNOOOPFRPOOOORR,ODO
[cNeNel el olNol-NeolNeo ol HoloNeol-NoNoNol N eNol«ll oo o]

2 From Isotope Distribution Calculator (C10Cl1002H"): https://www.sisweb.com/mstools/isotope.htm
b Relative to the total abundance of masses from the molecular ion in column “absolute abundance”, the latter calculated with
Eq. 1.
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Low resolution mass spectrometers such as quadrupole MS will not give the abundance
of all molecular ion peaks presented in Table 1. Rather, they will be added into the same peak
of rounded mass (502.7, 504.7, and so on). In case of TOF-MS, all peaks may be discriminated
in mass ratios. Nonetheless, the rare chlordecone hydrate isotopologues (non-bold in Table 1)
could not be isolated from the noise in our LC-QTOF-MS, because of their very low relative
abundance (<0.1%). Cutting-edge ultra-high resolution mass spectrometers such as
Electrospray-Orbitrap may offer sufficient resolution and enough sensitivity to enable the

detection of low abundant isotopologues of organic molecules.

Correction factors for the five most abundant ion peaks of chlordecone hydrate (in bold
in Table 1) were included in this evaluation scheme. In the second column of Table 2, only the
relative abundances of the bold isotopologues are listed (i.e., without the presence of other
heavy isotopes and calculated with Eq. 1). In the third column, the relative abundance of each
mass summing up all 30 isotopologues of the five most abundant ion peaks are given,
considering the presence of heavy isotopes of C, O and H (i.e., the numbers in column 3 are
additions of the numbers of the last column in Table 1 for each rounded mass). In the fourth
column, correction factors are presented which represent the offset between calculating chlorine
isotope ratios with and without the presence of other heavy elements. They can be called a
“theoretical” reference spectrum of rounded masses 502.7 to 510.7. Theoretical correction

factors for chlorine isotopes of chlordecone hydrate ranged from 1.066 to 1.084 (Table 2).
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Table 2. Calculation of theoretical correction factors for the abundance of impair masses of
chlordecone hydrate (rounded masses 502.7 to 510.7) without or with the presence of 13C, 180,
170, 2H isotopes.

Mass Relative Abundance if  Relative Abundance  Theoretical Number of ¥'Cl
(rounded) noisotopes of C,Oor H  with isotopes of C, correction atoms
are present 2 OandH"® factors ° jd
502.7 0.062378 0.066496 1.06601 0
504.7 0.199463 0.213259 1.06916 1
506.7 0.287017 0.307976 1.07302 2
508.7 0.244742 0.263797 1.07786 3
510.7 0.136955 0.148472 1.08409 4
Total 0.930556 1.000000

2 calculated with the chlorine term of eq. 2 uniquely

®sum of the normalized relative abundances of a given rounded mass with the presence of other heavy isotopes
(see Table 1)

theoretical correction factors = value of column 3/value of column 2

4number to be used ineq. 7

Aeppli and co-workers (2010) " used only the first two ion pair intensities of the mass
spectrum of pentachlorophenol and DDT to calculate 3'CI/%°Cl isotope ratios. However, Jin and
co-workers * recommended that more than one couple of ion intensities are exploited and
proposed the so-called multiple ion method. This includes information taken from several or all
ion mass intensities of the molecular ion mass spectrum, weighted as a function of their relative
intensities. We will adopt such a scheme in the following and call it multiple ion method with
correction factors, accounting for the five most abundant ion peaks of chlordecone hydrate

(rounded masses 502.7; 504.7; 506.7; 508.7; 510.7).

The relative abundances of the heavy chlorine isotopes accounting for the couple of
intensities of mass peaks differing by two mass units (3, ;) can be calculated with eq. 7, which

is to our best knowledge new.

N )
() ¥
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Where I is the measured intensity of an ion peak j, C; is the correction factor for each
ion peak accounting for *'Cl isotopologues (Table 2), j is a counter of chlorine atoms in peaks
from 0 to n, and p is the total number of chlorine atoms (10 for chlordecone) as in eq. 1. (i’)

are the binomial factors calculated as in equation 8 % and are numbers between 1 and 210 for

the five peaks chosen for chlordecone hydrate (SI; MS Excel worksheet).

0)-7 ®

J J'p-D!

Thus, equation 7 is evaluated for j = 0 to 4. Chlorine isotope composition of each couple

of ion intensities can be obtained using eq. 9. %’

m37.j

§37¢l; = G=ms75) 4 ) x 1000 (9)

Rsmoc

For any number j, a 3’CI/**Cl isotope ratio is therefore calculated. These may slightly
differ in practice due to instrumental non-linearity or uneven isotopic enrichment of the
molecular ions. To compute a weighted average of all §*'Cl values into one mean value,

weighting factors w; are computed from the relative intensities of dual peak groups (eq. 10) °

W = Ij+1j41 (10)

J 233207 1jrig
The mean chlorine isotope composition is finally calculated with eq. 11 %

Derivation of equation 7 is given in Sl, Section B. All equations were programmed in
an MS Excel worksheet, which is given as supplementary information for calculation of

chlorine isotope ratios based on multiple ions and molecular ion.
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4. Results and Discussion
4.1 Validation of the evaluation scheme based on a theoretical mass spectrum
4.1.1 Chlorine isotope ratios of chlordecone hydrate

The evaluation scheme of 3'Cl isotope analysis of chlordecone hydrate was first tested
on its theoretical mass spectrum obtained from the Isotope Distribution Calculator and Mass
Spec Plotter software available online, % and depicted in Figure 1c. For this, ion peak intensities
were retrieved from a low mass resolution spectrum with 0.0001% minimum abundance and
are given in Table 3. This theoretical mass spectrum was in accordance with the measured TOF

mass spectrum of chlordecone hydrate (S, Section A).

Evaluation of chlorine isotope ratios of chlordecone hydrate from the theoretical mass
spectrum, including correction factors shown in Table 2, resulted in a §*’Cl value of +13.1 %o
(Table 3). When chlorine isotopes were evaluated without including correction factors, a drift
of 5%’Cl values of +17.4 %o was calculated (Table 3). Neither of these values are close to the
anticipated 8°'Cl value of 0%o referenced to the SMOC scale. It must be noted that the
theoretical mass spectrum of chlordecone hydrate (Figure 1c) is calculated based on the
international standard ratio Rsmoc+ of 0.324. This value is often used in some literature
dedicated to structural identification by mass spectrometry. *® This Rsmoc+ value is
approximately 13.1 %o higher than the international standard ratio typically used for chlorine
isotope analysis in environmental studies (Rsmoc = 0.319766) *4. If we subtract 13.1 %o from
results in the last two columns of Table 3 we get a §°’Cl value of 0 %o for the evaluation method
with correction factors and +4.3 %o for the method without correction factors. The first value
results in the anticipated value of 0% referenced to the SMOC scale, thus satisfactory for mass
spectrometry and probably better than any measurement error. The significant drift between
5°’Cl values calculated with and without correction factors (>4 %o) suggests that the integration

of correction factors is needed for calculating chlorine isotope ratios of polychlorinated
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compounds, such as chlordecone hydrate. This is also necessary as changes in 53'Cl values in

biochemical reactions of polychlorinated compounds are usually not much larger than 5%o. *°

Table 3. Evaluation of §3'Cl values from the theoretical spectrum of chlordecone hydrate.?

No. of q Mass Relat_ivea C;"C‘_"i‘tedb Weighteq wi&acl:%l:flfetft?on withcc:)ﬁltcgcl)?ltfeegtion
atoms j (rounded) Intensity @  §°'Clj (%o) Factor wj 57Cl; (%0) © 55Cl; (%a) P
0 502.7 0.0646 131 0.15475 2.03 2.48
1 504.7 0.2099 131 0.29063 3.81 4.86
2 506.7 0.3071 131 0.32129 4.20 5.67
3 508.7 0.2665 13.1 0.23333 3.04 4.44
4 510.7 0.1519 na.*® n.a. n.a. n.a.
&%Cl $%Cl
Sum 1 n.a. 1 +13.1¢ +17.4

atheoretical mass spectrum of chlordecone hydrate (Sl, Section C and MS Excel supplementary information)
b calculated with equations 7-9 with Rsmoc of 0.319766

¢ calculated with equation 10, including weighted average calculated with equation 11

d correction factors were set to 1

¢ n.a. not applicable

Column 4 in Table 3 also shows that calculated 3°'Cl values from peaks of high
intensities are constant and close to the mean §%’Cl value of +13.1 %o. When the evaluation of
chlorine isotope ratios of chlordecone hydrate includes all ion peaks, 53'Cl values from peaks
of low intensities (rounded mass of 512.7 and higher) significantly vary of + 41 %o (SI, Section
D). The sum of weighted §°'Cl values is, however, well calculated since weighted values of
these low abundant ions are very small (<3.5%; SI, Section D). Moreover, TOF-MS
measurements did not show good reproducibility of the low abundant ion peaks (SI, Section
A). This supports the recommendation of only using the 5 most abundant ion peaks of

chlordecone hydrate for accurate chlorine isotope analysis by LC-QTOF-MS.

4.1.2 Correction for 13C, 170, 80 and ?H on the isotope ratio of 3’Cl of chlordecone hydrate
Correction factors accounting for variations of different elements in an isotopologue are

often considered. For chlordecone hydrate, the presence of *C, 70O, 180 and ?H can interfere in
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the measurement of chlorine isotope ratios, as shown in Table 3 for §*’Cl values calculated with
and without correction factors. In the TOF mass spectrum of chlordecone hydrate (Figure 1b),
a substitution of 80 for 10 will mimic the presence of one *’Cl instead of a >>Cl. The same can

be observed when a *3C is present together with either a second **C, a 'O or a ?H isotope.

Variations in the initial isotope signature of heavy C, O and H also can result in different
5%’Cl values of chlordecone hydrate. The correction factors for this study were initially
calculated for typical stable carbon (§*3C) and oxygen (5'20) isotope signatures of —30%o and
of +0 %o, respectively, and are presented in Table 2. We further investigated how the calculated
isotope ratio of 3'Cl would deviate from a true value if 13C and 80 isotope ratios were different
than —30 %o and +0 %o, respectively. To this end, both 5'C and §'80 values were varied from
—100 to +100 %o. Figure 2 shows that the variation in 30 values affects 5*Cl values by an
error smaller than 0.2 %.. Thus, calculations of 5°’Cl values in chlordecone hydrate will be
accurate even if the oxygen isotope ratio in the compound is unknown and largely differs from
zero. This is mainly because chlordecone hydrate has only two oxygen atoms (Figure 1a). For
polychlorinated compounds having more than two oxygen atoms, a more extended table of
isotopologues should be made analogously to Table 1 to quantify the effect of oxygen on

chlorine isotope ratios.
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Figure 2. Influence of heavy carbon (*3C) and oxygen (*8C) isotope ratios on the computed
5%"Cl value of chlordecone hydrate.

For variations in carbon isotope ratios in chlordecone hydrate, *’CI values showed
variations leading to an error of up to 1%. (Figure 2). It is thus recommended that the initial
313C value of the target compound is known and that this value should not be too far away from
the 83C value used for calculating the correction factors. 1 For chlordecone hydrate, four
commercial formulations from different manufacturers were analyzed previously with §'3C
values ranging between —34 %o and —31 %o. *® This is very close to the 5'°C value of —30 %o
used for the theoretical correction factors (Table 2). Figure 2 shows that the deviation in §%'Cl
for values close to —30 %o will be negligible (<0.02 %o0). Hence, the evaluation scheme presented
in this work for chlorine isotope analysis of highly chlorinated compounds can be validated for
chlordecone hydrate following the multiple ion method with correction factors, as long as the

&13C values remain close to —30 %o.

4.2 Validation of the evaluation scheme based on experimental LC-QTOF-MS data

4.2.1 Optimization of instrument parameters
To further assess the applicability of the proposed evaluation scheme with an

experimental mass spectrum, a series of chlordecone hydrate standards were analyzed using
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LC-QTOF-MS. The full spectral data (Figure 1b) was used for the 5 most abundant ion peaks
with rounded masses of 502.7 to 510.7. The precision and reproducibility of the method was
first evaluated for different TOF-MS conditions. First, formic acid (FAc) and FAc with
ammonium formate (AF) were tested to evaluate chlordecone signal and optimize the mobile
phase. FAc is one of the most common mobile-phase modifiers used for LC-based methods.
However, the addition of AF to FAc mobile phases has been suggested to improve signal

intensity, peak capacity and ionization efficiency. >

Evaluation of the chlordecone hydrate TOF-MS spectrum from standards infused at
1000 and 5000 pg/L, with and without AF, showed variations in chlordecone signal intensity
and distortion of the isotope distribution (Table 4 and SI, Section F). From each chlordecone
infusion, 25 scan points were retrieved. Chlordecone hydrate solutions amended with AF
resulted in higher peak intensity signals for rounded mass 506.7 compared to solutions acidified
with FA only, at a concentration of 1000 pg/L. While higher chlordecone peak intensity was
observed in solutions amended with AF, the standard deviation of the ten consecutive infusions
was significantly higher (o = 40%) compared to solutions acidified with FAc only (o = 2.5%).
A distortion of the isotope distribution of chlordecone hydrate also was observed with AF
amendments, in which the normalized abundance of the measured peak intensity of rounded
mass 506.7 was 0.3262 compared to the “theoretical” value of 0.3070 (Table 2). This effect was
also observed for chlordecone standard solutions at 5000 ug/L (Table 4). This suggests that AF
is not suitable as a mobile-phase modifier for chlordecone hydrate analysis, producing
deformation of the chlordecone hydrate isotope distribution by LC-QTOF-MS. Moreover,
chlordecone solutions above 1000 pg/L likely exceed the detector capacity, resulting in
saturated peak signals which are often observed in TOF-MS. 12 This is also indicated by the
comparison of the measured saturated peak signals with the theoretical mass spectra of the

target compound >3 (SI, Section F).
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Table 4. Effect of mobile-phase modifiers on ion intensity signals and mass spectra from
which chlorine isotope ratios of chlordecone hydrate are calculated.

Infused Mobile-phase Measured peak intensity  STDEV (%) Normalized
chlordecone e A _ abundance of
: modifiers of rounded mass 506.7 (n=10) b
solutions rounded mass 506.7
1000 pg/L  0.1% FAc + 5 mM AF 5.75x10% + 2.33x10° 40.6 0.3262
1000 pg/L  0.1% FAc 2.0x10° + 5.65x103 2.5 0.3115
5000 pg/L  0.1% FAc +5mM AF 1.20x10° + 3.64x10° 30.5 0.3282
5000 pg/L  0.1% FAc 2.4x10° + 7.38x10* 30.0 0.3163

ameasured by LC-TOF-MS (SlI, Section F)
btheoretical values are presented in Table 3

Chromatographic separation was then performed with the optimized mobile phase and
following classical column gradients for chlordecone analysis. 3*°* To test the effect of TOF-
MS instrument parameters on chlorine isotope ratios, chlordecone standard “samples”
(CLDcLuzeau) were first analyzed at different sampling cone tensions (20-40 V) and scan times
(100-400 ms). Each chlordecone standard sample represents ten consecutive injections
performed at 500 pg/L. The precision of the method was evaluated based on standard errors
(om). Overall, om ranged from 0.34 to 0.83%o., equivalent to a standard deviation (o) of 0.76 to
2.22%o, respectively (Figure 3a). The method was thus optimized according to the highest

precision obtained at an ionization energy of 30 V.

Different scan times can result in significant effects on method performance for chlorine
isotope ratios. *° For TOF-MS performance, the highest precision of the method was achieved
at a scan time of 300 ms, corresponding to approximately 25 scan points for background peak
definition. This resulted in a standard error (om) of 0.28%., which corresponds to a standard
deviation (1o, n = 8) of 0.64%. (Figure 3b). Particularly, the low and large scan times of 200
ms and 400 ms, respectively, resulted in om > 1%o. Generally, a large scan time reduces the scan
rate at which data is collected resulting in fewer data points from which the chromatogram peak
shape is obtained. At 400 ms, the peak shape of chlordecone hydrate consisted of approximately
14 scan points. Low numbers of scan points have been suggested to introduce errors in

calculating chlorine isotope ratios from conventional MS instruments. 1 While the peak
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capacity can be affected at large scan times, short scan times (e.g., 100 ms) can introduce more
variability and compromise sensitivity of ESI-MS due to lower signal-to-noise ratios. > Here,
chromatographic peak shape of chlordecone hydrate consisted of more than 70 scan points,
which likely introduced instrument variability affecting chlorine isotope ratios. Hence,

optimization of scan time is necessary to ensure the fidelity of chlorine isotopic data.

1 - 25 1 - - - - 25
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Figure 3. Effect of TOF-MS instrument parameters on the precision of chlorine isotope ratios
of chlordecone hydrate. (a) Influence of sampling cone voltage which varied from 20 to 40 V.
(b) Influence of scan time which varied from 100 to 400 ms. Standard errors (om) are for n = 5-
10. For comparison, standard deviation (o) is also included.

4.2.2 Method performance, linearity and two-point calibration

The amount of analyte entering the column and reaching the MS can affect both the
precision and accuracy of stable chlorine isotope analysis. The precision and linearity range of
our TOF-MS instrument was thus tested after optimization of the MS configuration.
CLDcrLuzeau standard samples were injected at varying concentrations of analyte (50-1000
Mo/L; n = 5-10) and bracketed with CLDsicma Which served as an external standard. This
bracketed standard was prepared at concentrations varying +20% from the CLDcLuzeau

standard sample concentrations. The linearity range of the instrument was tested in two different
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sessions. Figure 4a shows the 8*’Cl values of CLDcLuzeau obtained with TOF-MS, referenced
to the external standard and subsequent normalization relative to the SMOC scale with the two-
point linear regression. 2° Following the multiple ion method with corrected values (Section 3),
the lower and upper detection limits of chlordecone hydrate for valid chlorine isotope ratios
were 100 pg/L (i.e., 0.2 mM) and 1000 pg/L (i.e., 2 mM), respectively. Overall, a good
precision of chlorine isotope ratios was observed within the total accepted uncertainty of (om)

+ 1 %o (Figure 4a).
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Figure 4. Precision, trueness and instrument linearity for chlorine isotope analysis of
chlordecone hydrate. (a) Instrument linearity of amount of analyte injected for the chlordecone
standard CLDcruzeau. Symbols represent two independent sequences, and each symbol
represents n = 5-10. Solid horizontal lines represent the SMOC value of CLDcuzeau obtained
by dual-inlet IRMS. Dashed horizontal lines represent the accepted total uncertainty of TOF-
MS of £ 1%o (om). Error bars represent standard error (om) for n = 5-10. (b) Evolution of the
calibration slope (two-point calibration against the international SMOC scale) against number
of sequences. Each symbol represents n = 5-10, and sequences expanded for more than 3
months. Solid horizontal line represents the expected slope of 1 (QTOF-MS vs. SMOC values).
(c, d) Temporal monitoring of measured chlorine isotope ratios of chlordecone standards
CLDcrLuzeau (500 pg/L) and CLDsiema (500 pg/L), respectively, after conversion to the SMOC
scale and expressed as 5%'Cl values (%o). Solid horizontal lines are the average 5%'Cl values
obtained by dual-inlet IRMS of +0.52 + 0.17%0 and —0.11 + 0.17%o, respectively. Dotted
horizontal lines represent the accepted total uncertainty of QTOF-MS of 1%o (om). Standard
errors of measured CLDcrLuzeau and CLDsiema Standards by LC-QTOF-MS were 0.82%o0 and
0.89%o, respectively. Error bars represent standard error (om) for n = 5-10.
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The trueness of the calculated chlorine isotope ratios of chlordecone standards, i.e., the
offset between the TOF-MS values and the two SMOC referenced standards obtained by dual-
inlet IRMS, was also evaluated. For each TOF-MS sequence, consisting approximately of 15
measurements of n = 5-10, both CLDsicma and CLDcLuzeau standards were tested, allowing
evaluation of the instrument drift. Bernstein and co-workers (2011) ?° suggested that instrument
drift can produce nonsystematic changes in the analysis of chlorine isotope ratios, which can
affect the evolution of the slope of the external two-point regression. 23 Figure 4b shows the
normalized TOF-MS values relative to the SMOC scale. An average slope of 1.19 + 0.04 was
obtained for sequences performed within a span of three months, indicating a good long-term
accuracy of chlorine isotope ratios by TOF-MS. This also indicated that chlorine isotope ratios
obtained from TOF-MS and the two SMOC referenced standards were in good agreement

(Figure 4c-d).

Method performance between two independent sequences of CLDcrLuzeau and
CLDsicma resulted in accurate chlorine isotope ratios with no systematic drift (Figure 4c-d).
Standard errors of measured CLDcruzeau and CLDsigma Standards by LC-QTOF-MS were
0.82%o and 0.89%o, respectively, which are satisfactory for environmental studies. * This also
supports the reproducibility and accuracy of bracketed external standards within a sequence
consisting of 15 measurements for our LC-QTOF-MS. It is important, however, that the quality
of the raw data for each injection should be carefully evaluated, as aberrant values can be
introduced from unexpected instrument instability. For instance, TOF-MS instruments are
highly sensitive and prone to mass drift due to ambient temperature fluctuations, ¢ thus
requiring the use of a lock-mass calibration solution. For this study, a series of daily TOF-MS
instrument calibrations were performed prior to each sequence, and mass accuracy was

calibrated during each run. Moreover, cone cleaning was performed after 3 sequences to avoid
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overload MS signals. It is thus suggested that in-house TOF-MS instrument calibrations are
carried out prior to a sequence and during each run to ensure accurate chlorine isotope analysis

of polychlorinated compounds by LC-QTOF-MS.

5. Conclusions and outlook

The present work proposes a new evaluation scheme for obtaining chlorine isotope
ratios of polychlorinated compounds using conventional/common mass spectrometers, such as
LLC-QTOF-MS. The proposed scheme goes further than Aeppli and co-workers (2010) 17 who
corrected only for double presence of *3C and made use only of the intensities of the two peaks
of lowest mass with 0 or 1 heavy chlorine atoms. Integration of corrections factors for heavy
C, O and H isotopes was necessary to accurately calculate 3’Cl isotopes of chlordecone hydrate,
following our multiple ion method of the five most abundant ion peaks. Calculations of chlorine
isotope ratios for chlordecone hydrate are provided in an MS Excel worksheet. This Excel
worksheet can be adapted for other polychlorinated compounds with different numbers of

carbon, chlorine, oxygen or even hydrogen atoms.

Despite the improved evaluation scheme, great care must be given to account for
instrumental non-linearities. This issue has been discussed in detail by Ebert and co-workers %°
and can only be resolved when two isotope standards of different 53’Cl values are measured
along with the unknown samples. The problem today is that such standards are not available
for every compound and must be synthesized or enriched from case to case. Chlordecone
exemplifies this by having only two available commercial standards, which can be
characterized and used for external calibrations. Overall, the good accuracy of chlorine isotope
ratios of chlordecone hydrate by our evaluation scheme with LC-QTOF-MS data demonstrates
the promising use of C-Cl CSIA to investigate degradation pathways and mechanisms of

chlordecone hydrate.
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