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Identification of low molecular weight organic acids by ion
chromatography/hybrid quadrupole time-of-flight mass
spectrometry during Uniblu-A ozonation

Apollonia Amorisco, Vito Locaputo, Carlo Pastore and Giuseppe Mascolo*
Istituto di Ricerca Sulle Acque, Consiglio Nazionale delle Ricerche, Viale F. De Blasio 5, 70132 Bari, Italy

RATIONALE: The balance of organic nitrogen and sulfur during ozonation of organic pollutants often shows a lack of
complete mineralization. It follows that polar and ionic by-products are likely to be present that are difficult to identify
by liquid chromatography/mass spectrometry (LC/MS).

METHODS: The structural elucidation of low molecular weight organic acids arising from Uniblu-OH ozonation
has been investigated by ion chromatography/electrospray tandem mass spectrometry (IC/ESI-MS/MS) employing a
quadrupole time-of-flight mass spectrometer. Unequivocal elemental composition of the by-products was determined
by a combination of mass accuracy and high spectral accuracy.

RESULTS: The employed identification strategy was demonstrated to be a powerful method of unequivocally assigning a
single chemical composition to each identified compound. The exact mass measurements of [M—-H] ions allowed the
elemental formulae and related structures of eighteen by-products to be determined confidently. The main degradation
pathways were found to be decarboxylation and oxidation. The experimental procedure allowed the identification of
both nitrogen- and sulfur-containing organic acid by-products arising from Uniblu-OH ozonation.

CONCLUSIONS: The obtained results are of environmental relevance for the balance of organic nitrogen and sulfur
during the ozonation of organic pollutants due to the lack of complete mineralization of the compounds containing these
atoms. Copyright © 2012 John Wiley & Sons, Ltd.

It is known that the removal of organic pollutants during
wastewater and drinking water treatment can be success-
fully achieved by powerful chemical methods, such as ozone
treatment alone or ozone combined with UV or hydrogen
peroxide.'! The latter methods are known as advanced
oxidation processes (AOPs) and are based on the generation
of hydroxyl radicals («OH), which, in turn, are able to
oxidize contaminants in a non-selective manner.*””! AOPs
are not employed at high dosages due to the high opera-
tional costs. This leads, in addition to the complete removal
of parent organic pollutants, to the formation of several
degradation products, which may be more toxic than the
parent compounds.®! Tt follows that the identification of
the chemical structures of degradation products is a key
issue for the environmental understanding of the investi-
gated treatment process. As AOPs are oxidative processes,
the resulting degradation by-products are more polar
than the parent compounds, and liquid chromatography/
electrospray ionization mass spectrometry (LC/ESI-MS),
often employing accurate mass measurement, is a suitable
technique for their analysis.!"”'"! The degradation products
formed in the early stage of AOPs are transient compounds

|
* Correspondence to: G. Mascolo, Istituto di Ricerca Sulle
Acque, Consiglio Nazionale delle Ricerche, Viale F. De
Blasio 5, 70132 Bari, Italy.
E-mail: giuseppe.mascolo@ba.irsa.cnr.it

and they are further degraded, leading to the formation of
low molecular weight carbonyl compounds which, in turn,
are finally degraded to low molecular weight organic acids.
Previous investigation showed that during the ozonation of
dyestuffs, low molecular weight carbonyl compounds and
organic acids identified only on the basis of authentic
standards failed to account for the total organic carbon
present in the ozonated aqueous solution."?! Tt follows that
other low molecular weight compounds are present that
are not detectable in reversed-phase LC. Ion chromatography
(IC) can, however, also be conveniently interfaced to ESI-MS
and combined with accurate mass measurement, both in single
and tandem MS, for the identification of unknown low
molecular weight organic acids.

Such an approach was used herein to identify the final
degradation product during the ozonation of hydrolyzed
Uniblu-A (Uniblu-OH) at long contact times. Uniblu-A is a
representative reactive dyestuff based on the anthraquinone
structure used in cellulose fiber dyeing. Due to their fused
aromatic structure these compounds are more resistant to
biodegradation than azo-based ones.!'*! The recovery of
residual dye from spent baths is not possible because the
fixation reaction onto fibers leads to the formation of the
hydrolyzed dyestuff. As the fixation rate is usually below
90% the resulting spent waters are of no further use and they
should be disposed of properly. Therefore, the efficient
removal of residual hydrolyzed dye from wastewater is of
environmental relevance.
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It was previously shown that ozonation of Uniblu-OH led
to the formation of intermediate by-products more polar than
the parent compound.!"! Their further degradation led to the
formation of low molecular carbonyl compounds, aldheydes
and ketones,™ which, in turn, as a result of extensive
oxidation of the Uniblu-OH, disappeared leading probably
to hydroxylated organic acids.

Several methods, e.g. gas chromatography (GC capil-
lary electrophoresis (CE),[17’18] LC,19201 and various kinds of
ion chromatography, such as ion-exchange chromatography
and ion-exclusion chromatography,”??! are suitable for the
analysis of polyhydroxy organic acids. In particular, ion
chromatography with conductivity detection (IC-CD) has
been employed in many applications.l**!

The identification of final ozonation by-products should
be possible by coupling an IC system, equipped with a
membrane ion suppressor, and ESI-MS using accurate mass
measurement, both in single and tandem MS, using quadrupole
time-of-flight mass spectrometry (QqTOF-MS), although it is
not always possible to differentiate isomers. In IC/ESI-MS a
membrane ion suppressor is successfully used to minimize
background spectral interferences and to enhance the
[M-H]™ ion signal. Therefore, it is possible to combine
the advantages of the unique selectivity offered by IC with the
specificity and structural elucidation capability of MS.2¢%]
IC/MS has previously been successfully used for the detec-
tion of inorganic and organic species at low detection
limits.?%*!1 However, only a few studies have focused on
its use for the analysis of low molecular mass mono- and
dicarboxylic acids.”?=*! Specifically, in IC/ESI-MS the use
of a membrane ion suppressor has been proved to effectively
remove sodium ions from the mobile phase that cause
the formation in the MS interface of uncharged species (i.e.
organic/inorganic anion with a sodium counter-ion). These
neutral species reduce transfer efficiency from the atmospheric
part of the interface to the vacuum region causing, in turn, a
decrease in the MS detection sensitivity. Therefore, the ion
suppressor makes it possible to combine the advantages of
the unique selectivity offered by IC with the specificity and
structural elucidation capability of MS.1!35%]

The objective of this investigation was the identification of
low molecular weight aliphatic carboxylic acids, formed as
end products during the ozonation of hydrolysed Uniblu-A
(Uniblu-OH). The assignment of chemical structures was
made possible by combining high-resolution mass spectro-
metry data, obtained in single and in tandem MS mode, with
the information contained in high-resolution mass spectra
about the isotopic distribution of ions, defined as spectral
accuracy.’”*®! Several reports have focused on how isotope

) [15,16]

O NH,
SO,Na
200
E——
SO,CH=CH,

Uniblu-A

pattern can be used as a tool to help identify unknowns on
various mass spectrometer types. In this case the concept
of spectral accuracy was employed to further enhance
the formula determination using a high-resolution time-of-
flight instrument.

EXPERIMENTAL

Chemicals

Uniblu-A (95% purity; Sigma-Aldrich, Milan, Italy) was used
without further purification. Uniblu-OH was obtained by
hydrolyzing an aqueous solution of Uniblu-A (500 mg/L) at
pH 12 and 50 °C for 1 h (hydrolysis yield >90%),""*! as shown
in Scheme 1.

Water used for ion chromatography as well as for preparing
all standard aqueous solutions (18.2 M{cm, organic carbon
content <4 ng/L) was obtained from a Milli-Q Gradient A-10
system (Millipore, Billerica, MA, USA). NaOH used for IC
was from J.T. Baker (Deventer, The Netherlands). All other
reagents were analytical grade and purchased from VWR
(Milan, Italy) or Carlo Erba (Milan, Italy).

Ozonation experiments

Uniblu-OH aqueous solution (500 mL), after adjusting the pH
to 7 by the addition of HCI, was placed into a Normag reactor
(Hotheim am Taunus, Germany). Ozone was produced by a
502 ozonator (Fisher, Meckenheim, Germany) fed with oxygen.
The oxygen/ozone mixture (flow rate of 1 L/min, 16 mg/L)
was split to allow only 0.1 L/min to be bubbled into the
Normag reactor. The ozone output was monitored before
each experiment by determining (by titration with sodium
thiosulfate) the amount of free iodine liberated from a potassium
iodide solution. Samples (10 mL) were withdrawn from the
reaction mixtures at scheduled times and the residual ozone
was stripped from them by purging with air.

IC/ESI-QqTOFMS and IC/ESI-QqTOFMS/MS analysis
Data acquisition

Determinations were carried out by a GS50 chromatography
system (Dionex-Thermo Fisher Scientific, Sunnyvale, CA,
USA) equipped with an AS50 autosampler, an ED50 conduc-
tivity detector and an ASRS-ultra suppressor, operated at
100 mA in external water mode. Samples, injected via a
25 pL loop, were eluted at a flow rate of 0.5 mL/min through
an analytical JonPac AS-11 column (250 mm x 2 mm; Dionex)

O NH,
cooT
o NHQ

SO,CH,CH,OH
Uniblu-OH

Scheme 1. Uniblu-A hydrolysis employed to obtain Uniblu-OH.
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equipped with a IonPac AG-11 guard-column (50 mm x 2 mm)
with the following gradient: from 10/0/90 (NaOH 5 mM/
NaOH 100 mM/water), held for 2.5 min, to 100/0/0 in
3.5 min, then to 50/50/0 in 12 min, held for 5 min. The flow
from the conductivity detector of the IC system was split
1:1, by means of a zero dead volume T-piece, to allow one-half
to enter the interface of the mass spectrometer. The optimiza-
tion of the ESI-MS interface was performed by using only the
IonPac AG-11 guard column in isocratic mode (0/20/80 of
NaOH 0.5 mM/NaOH 100 mM/water) at a flow rate of
0.5 mL/min. These analytical conditions were carefully chosen
in order to elute all the organic acids within 2 min and, conse-
quently, to run several injections during a MS acquisition for
optimizing each ESI interface parameter. Ten pL of a standard
solution of organic acids (1 mg/L) was injected through a
7125-Ti Rheodyne valve.

A QSTAR QqTOFMS/MS system (AB Sciex, Framingham,
MA, USA) equipped with a TurbolonSpray source operated
in negative ion mode was used throughout this work.
High-purity nitrogen gas was used as both the curtain and
the collision gas, while high-purity air was used as the
nebulizer and auxiliary heated gas. The TurbolonSpray
interface conditions were: nebulizer voltage, —4200 V;
declustering potential, —40 V; focusing potential, -120 V;
nebulizer gas flow rate, 1 L/min; curtain gas flow rate,
0.66 L/min; and auxiliary gas (air) delivered by a turbo
heated probe, flow rate 5.5 L/min at 450 °C. Accurate mass
measurements (four decimal places) were carried out at a mass
resolution higher than 5000 (full width at half maximum) by
obtaining averaged spectra from chromatographic peaks and
then recalibrating them using the [M-H]" ions of a five-acids
mix injected post-column: C,H3O; at m/z 59.0139, C,HOj3 at
mfz 729931, C,H,CIO; at m/z 929749, CgH,O5 at m/z
151.0395 and C;oH;0O3Cl at m/z 213.0324 with its characteristic
fragment ion at m/z 126.9956. The product ion mass measure-
ments were carried out by fragmenting the target precursor
[M-H] ions at an optimized collision voltage (CV) and at a
collision gas pressure of 4 mTorr. Each averaged spectrum
was recalibrated using, as a lock mass, the precursor ion mass
obtained in single MS mode. The collision energy (CE) was
optimized for each compound in order to obtain, where
possible, spectra showing acceptable signal-to-noise (S/N)
ratios in the MS/MS spectra, with both the [M-H] ion
and the greatest number of product ions of high enough
abundance for accurate mass determination.

Data analysis

All MS data handling was performed using Analyst QS
software (AB Sciex). All mass spectral data acquired by
QqTOFMS were exported as ASCII data and analyzed by
sCLIPS (self Calibrated Line-shape Isotope Profile search)
through Mass Works (version 2.0; Cerno Bioscience, Danbury,
CT, USA). sCLIPS is a formula determination tool that performs
a peak-shape-only calibration and matches calibrated experi-
mental isotope pattern against possible theoretical ones
using the spectral accuracy as discussed later. The mass
tolerance for the sCLIPS searches was 10 ppm. The elemental
number was restricted to include C, H, O, N, and S. The
formula constraints were set by the software on the basis
of chemical rules, i.e. C, H, O>1, S>0, and N>0 or 1,
following the nitrogen rule. The number of double-bond

equivalents (DBEs) was set between —0.5 and 5.0. The profile
mass range, which determines the relative mass spectral range
used for the isotope profile comparison and the spectral
accuracy calculation, was set between —0.5 and 2.5. The
calibration range was centered to the approximate m/z value
of the monoisotopic peak and was 1 11/z unit wide. The spectral
accuracy was calculated as (1 - RMSE) * 100 where RMSE is the
fit error between the calibrated and theoretical spectra.

RESULTS AND DISCUSSION

A detailed screening of the degradation products formed
during Uniblu-OH ozonation was carried out. The intermediate
degradation products were identified employing conventional
reversed-phase HPLC/MS.!"?! At reaction times longer than
15 min such compounds disappeared completely. Several low
molecular weight aldehydes and ketones were identified
employing derivatization with 2,4-dinitrophenyl hydrazine
(DNPH)."™ Once again, these compounds disappeared after
time but the total organic carbon content of the aqueous solu-
tion did not reduce consistently. This suggested that a number
of very polar degradation products had been formed as a result
of extensive oxidation. Such compounds are likely to be low
molecular weight organic acids. This is also consistent with
the acidic pH (3.7) of the reaction mixture at longer ozonation
times. Ozonated samples were also analyzed for organic acids
on the basis of authentic standards (oxalic and formic acids).™!
Preliminary evidence on other minor peaks, not identified for
lack of authentic standards, suggested the presence of several
novel acids. In addition, on the basis of the low extent of both
nitrogen and sulfur mineralization during ozonation, it was
reasonable to assume the presence of very polar sulfur- and
nitrogen-containing by-products, presumably ionic, and there-
fore not detectable by reverse phase HPLC.

IC interfaced to ESI-QqTOFMS was employed for the
identification of such final by-products allowing 18
unknown by-products to be identified on the basis of
accurate mass measurements of the [M-H]™ ions (Table 1).
It should be noted that the mass-measured [M-H]  ions
reported in Table 1 often do have not a single unequivocally
assigned elemental composition due to the employed
QqTOFMS instrumentation (accurate mass error 5 ppm).
The number of candidates could be reduced by limiting the
possible elements as well as by applying other chemical
constraints. In the present investigation it was only possible
to set -0.5<DBE <5.0 and to include C, H, N, O and S
for elemental composition, consistent with Uniblu-OH
ozonation at a long reaction time. In order for the elemental
composition of each by-product to be unequivocally
assigned, spectral accuracy was also employed. Spectral
accuracy is the measure of similarity between the entire ion
isotope pattern spectrum and the theoretical one. Several
papers about the calculation of theoretical isotope distribu-
tions and on convolution of a peak shape function have
been published.**!! The results obtained using spectral
accuracy are also listed in Table 1. It should be noted that,
despite the limited instrumental mass accuracy, the employ-
ment of spectral accuracy allowed a single elemental compo-
sition to be obtained for most of the by-products although
the mass accuracy threshold was set to 10 ppm. These
results are consistent with the theoretical considerations of

Rapid Commun. Mass Spectrom. 2013, 27, 187-199
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Table 1. Possible elemental composition for the unknown [M-H]™ ions calculated by mass accuracy and by spectral accuracy

within error of 10 ppm, without atoms constraints (C>1, H>1, O>1, N>0, S>0) and with -0.5 <DBE <5.0. The correct

match is ranked as number 1 by Spectral accuracy. DBE: double-bond equivalent, RMSE: fit error between the calibrated

and theoretical spectrum

By-product ~ Measured mass, Elemental Calculated Error Elemental Spectral

number [M-H] (m/z) composition mass (m/z) (ppm) DBE  composition accuracy  RMSE

1 138.9704 C,H;055 138.9707 -1.9 1.5 GCH305S” 95.3373 14

2 140.9860 C,Hs05S™ 140.9863 22 0.5 C,H5058” 95.4909 8

3 196.9758 C,Hs0,S™ 196.9761 -1.8 25 CHs;0,5 95.6101 2
CsHyO,S; 196.9770 -6.2 1.5

4 212.9703 C4H;504S™ 212.9711 -3.6 25 C4H5055 96.2591 0
CH5NsOS3 212.9692 49 25  CHsNgOS; 95.1599 1
CsHoO5S; 212.9719 -7.6 1.5

5 212.9693 CH;5N4xOS;3 212.9692 0.3 25 C4H5055 98.0143 0
C4Hs05S™ 2129711 -8.3 25 1

6 2249733 CsHoO5S; 2249719 6.1 25  CsHs085 98.2773 0
C,HN,Oq 224.9749 -7.1 45  CHN,O5 95.0093 1
CsH504S™ 2249711 9.9 3.5

7 2249732 CsHoO5S5 2249719 5.6 25  CsHs5085 98.1916 0
C,HN,Oq 224.9749 7.6 45
CsH504S™ 2249711 9.5 35

8 177.9800 CsHNOGS™ 177.9816 -8.8 35 CHiNO4S™ 95.1120 0

9 193.9769 CsH4NOGS™ 193.9765 2.1 35 CHiNOGS™ 99.0034 0
CsHsNOS; 193.9773 -2.3 2.5

10 193.9749 CsHNOGS™ 193.9765 -8.1 35 CH4NO4S™ 99.0130 0

11 115.9978 C;H,NO; 115.9989 -9.7 35 GC3H,NO; 95.4047 1

12 119.9939 C,H,NO3 119.9938 0.4 25  GCH,NO;3 95.0147 1

13 116.9829 C;HO35 116.9829 -04 35 GC3HOs 98.0959 3

14 133.0145 C4H;5035 133.0142 1.9 25 C4H50;5 98.6007 0

15 149.0100 CsHy0S; 149.0100 -0.2 1.5 C4Hs054 98.6302 1
C4H505 149.0092 5.6 2.5

16 161.0102 CeHoOS; 161.0100 1.0 25  CsH50p6 97.9233 0
CsHsOpg 161.0092 6.4 3.5

17 179.0196 CsH,07 179.0197 -0.7 25  GCsH,O7 98.3357 0
CeH110,S; 179.0205 -5.5 1.5

18 192.9994 CsHsOp 192.9990 2.1 35 CsHs03 95.7336 0
CsHoO5S, 192.9998 24 2.5

Kind and Fiehn who mentioned that the use of isotopic
abundance information (i.e., spectral error) can eliminate
95% of the false candidates.!*?!

The effectiveness of spectral accuracy is particularly
evident for by-products 6 and 7 that being isomers both
have the elemental composition for their [M-H] ions of
CsHsOgS™. Specifically, despite their low mass accuracies
(9.9 and 9.3 ppm), the observed isotope patterns achieved
a spectral accuracy of better than 98%. The above reported
elemental composition was associated to their [M-H] ions
using the same s-CLIPS parameters. The comparison between
measured and theoretical isotopic pattern profiles for by-
product 6 is reported in Supplementary Fig. S1 (Supporting
Information). It should also be noted that although a second
possible elemental composition (C;HN4Og) for the [M-H]™
ion of by-product 6 resulted from the application of spectral
accuracy, this was not chemically reasonable due to the low
number of hydrogen atoms and high number of oxygen
atoms. There was a similar situation for by-product 4 (Table 1)
where the second elemental composition obtained employing
spectral accuracy was not chemically consistent for an
oxidized sulfur-containing compound, as each sulfur atom
usually requires at least two oxygen atoms. An excellent
result was obtained for by-product 9 at m/z 193.9769 for

which spectral accuracy is able to distinguish between the
[M-H]  ions of two possible compounds with similar
absolute mass accuracy error. A spectral accuracy value of
99.0% was assigned to the ion of elemental composition
C4H4NOGS ™. Once elemental compositions had been obtained
the chemical structure of the by-products was assessed by
obtaining accurate MS/MS spectra using, as a lock mass,
the precursor ion mass obtained in single MS mode. The
accurate mass measurements of both the [M-H] ions and
their main product ions are listed in Table 2.

By-products 1 and 2 show [M-H]™ ions at m/z 138.9704
and 140.9860, consistent with the elemental compositions
C,H3055 and C,H5055™ (errors —1.9 and -2.2 ppm, respec-
tively). Their MS/MS spectra (Figs. 1(a) and 1(b)) show
product ions at m/z 79.9563 and 79.9582 for by-products 1
and 2, respectively, which were attributed to the radical
anion SOj3' (errors —13.3 and 10.5 ppm), suggesting that they
are sulfur-containing degradation products. Fragmentation
of the [M-H] ion of by-product 1 also displayed the
presence of a carboxylic group in the parent compound
due to the product ion at m/z 94.9815 assigned to CH;055™
(error 6.9 ppm). These experimental results suggested that
by-product 1 was a carboxymethanesulfonate, probably
formed by further oxidation of the carbonyl group of the
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Table 2. Chemical structures of identified by-products, accurate mass measurements and elemental compositions of [M-H] ions
as well as their product ions detected using IC/QqTOFMS and IC/QqTOFMS/MS analysis. CV: collision voltage
Measured [M-H]" CV Major Elemental Calculated Error
By-product mass (m/z) (V)  ions (m/z) composition mass (m/z) (ppm)
1) O 138.9704 20 138.9704  C,H3;05S5" 138.9707 -1.9
)f\/ SO.H 949815 CH3055 94.9808 6.9
HO 3 79.9563 SO3 79.9574 -13.3
2) 140.9860 20 1409860 C,H505S5" 140.9863 2.2
122.9793 CoHz0,45 122.9758 28.8
HO™ > SOsH 949816  CH;05S" 94.9808 8.0
OH 79.9582 SOz 79.9574 10.5
3) O 196.9758 20 196.9758 C,H;0,5 196.9761 -1.8
A HO 178.9585  C4H;0.S” 178.9656 -39.6
SO.H 1529847  C3zH505S5™ 152.9863 10.6
3 134.9793 C3H;0,5 134.9758 26.3
@) OH 80.9661  HSOj3 80.9652 11.3
71.0167 C3H303 71.0139 40.1
O OH
B HO
i SO;H
(@]
OH O
€ HO
SO5H
O
OH O
@) HO 212.9703 10 212.9703 C4H5055 2129711 -3.6
SO.H 168.9782 C3H504S 168.9812 -17.9
3 150.9669  C3H;05S” 150.9707 -25.2
O OH 96.9471  HSOj 96.9601 ~134
0 OH
(5) HO 212.9693 10 212.9693 C4H5045™ 2129711 -8.3
SO-H 168.9832 C3H504S5™ 168.9812 11.6
3 120.9626 C,HO,S 120.9601 20.6
O OH
6) O OH 2249733 10 2249733 CsH5055™ 2249711 9.9
180.9802  C4Hs50:S™ 180.9812 -5.7
HO SO-.H 1429946  CsH305 142.9986 -27.9
3 1109784  CH;0,S 110.9758 23.8
@) (0] 96.9623 HSO; 96.9601 22.7
(Continues)

Rapid Commun. Mass Spectrom. 2013, 27, 187-199

Copyright © 2012 John Wiley & Sons, Ltd.
-5-

wileyonlinelibrary.com/journal /rcm



Rapid
Communications in

¥ Mass Spectrometry A. Amorisco et al.
Table 2. (Continued)
Measured [M-H]" CV Major Elemental Calculated Error
By-product mass (1m/z) (V)  ions (m/z) composition mass (1m/z) (ppm)
@) O o OH 224.9732 2249732 CsHs0sS™ 224.9711 9.5
1529861  C3Hs0sS 152.9863 -14
HO SO;H 1450146  CsH505 145.0142 24
o) 10 1349774  C3H;0.8 134.9758 12.2
1109770  CH;04S" 110.9758 112
106.9830  C,H;05S 106.9808 20.2
NO 96.9579  HSO; 96.9601 227
®) /\)\/SO H 177.9800 20 1779800  C4H,NOsS 177.9816 -8.8
0% 3 159.9744  C,H,NO,S 159.9710 212
96.0104 C,H,NO; 96.0091 13.5
80.9668  HSO; 80.9652 19.9
0]
) SO.H 193.9769 20 1939769  C4H,NOS 193.9765 2.1
HO A 3 149.9865  C3H,NO,S 149.9867 -1.0
113.0090  C4H;NO5 113.0118 -25.1
NO 106.9815  C,H;0:S 106.9808 6.2
80.9637  HSO; 80.9651 -18.4
(10) O NO 193.9749 20 1939749  C4HNOS 193.9765 -8.1
)J\)\/ SO.H 1759639 C4H,NOsS 175.9659 -115
HO X 3 119.9876  C3H,05S™ 119.9887 -89
112.0060  C4H,NO; 112.004 17.7
80.9648  HSO; 80.9652 48
(11) (0] 115.9978 20 1159975  CsH,NO; 115.9989 9.7
ON \/J\(OH 72.0099  C,H,NO; 72.0091 11.1
(0]
12) OH O 119.9939 20 119.9939  C,H,NO; 119.9938 0.4
HO _(': < 89.9968  C,H,Ox 89.9959 10.5
[\'jo OH
13) 0] 116.9829 10 1169829 C,HO; 116.9829 0.4
HoWOH 729906  C,HO; 72.9931 -345
o O
(14) OH O 133.0145 20 133.0145  C4H;05 133.0142 -1.9
HO 115.0026  C4H;0;% 115.0037 9.4
OH 89.0247  C3Hs03 89.0244 3.2
729931  C,HO; 72.9931 -0.2
0o 71.0142  C3H;0; 71.0139 49
59.0144  C,H;0; 59.0139 9.3
OH O Zeee
(15) HO OH 149.0100 20 149.0100 C,H:Of 149.0092 5.6
130.9991  C,H;0;5 130.9986 3.8
O OH 105.0185 CzH50; 105.0193 -7.9
87.0078  C3H;03 87.0088 -11.1
(Continues)
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Table 2. (Continued)
Measured [M-H]" CV Major Elemental Calculated Error
By-product mass (1m/z) (V)  ions (m/z) composition mass (1m/z) (ppm)
(16) 161.0102 20 161.0102  CsHsO4 161.0092 6.4
A 1429980 CsH305 142.9986 —4.2
0 117.0191  C4H504 117.0193 -2.0
99.0093  C,H;0;3 99.0088 5.4
HO MOH
O OH O
B
OH o
HOMOH
(0] O
17) 179.0196 20 179.0196  CsH;0O7 179.0197 -0.7
OH OH 161.0095  CsHsOp 161.0092 2.1
133.0142  C4H505 133.0142 -0.3
HO OH 103.0028  C5H;0; 103.0037 -8.6
99.0078  C4Hz03 99.0088 -9.8
@) OH O 89.0234  C3Hs0;3 89.0244 -11.4
71.0128  C3H50; 71.0139 -15.5
59.0126  C,Hz0; 59.0139 -21.2
(18) 192.9994 20 192.9994  CsHsOg 192.9990 2.1
') OH 149.0094  C4Hs05% 149.0092 1.6
121.0140  C3H505 121.0142 -2.0
HOMOH 105.0190  C3HsO; 105.0193 -3.2
77.0236  C,Hs03 77.0244 -10.6
0 on o

previously detected 2-oxoethanesulfonic acid." The
product ion mass spectrum of deprotonated by-product 2
(Fig. 1(b)) revealed an ion at m/z 122.9793 with elemental
composition of C;H304S™. It was formed through loss of
water from the [M-H]™ ion, indicating the probable presence
of a hydroxyl group in by-product 2. This compound was a
1,2-dihydroxyethanesulfonate, formed by cleavage of the
Uniblu-OH 2-hydroxyethylsulfonyl group and hydroxylation
at the 1-position. All the information obtained from the
product ion spectra of by-products 1 and 2 is rationalized in
the fragmentation pathways depicted in Supplementary
Fig. S2 (Supporting Information) and Fig. 2, respectively.
By-product 3 showed a [M-H] ion at 111/z 196.9758 consistent
with elemental composition C4;Hs0;5™ (error —-1.8 ppm) for
which three possible chemical structures can be proposed
(Table 2). Its product ion mass spectrum (Supplementary Fig.
S3, Supporting Information) revealed an ion at m/z 80.9661
attributed to HSOj3 (error 11.3 ppm) suggesting this compound
to be another sulfur-containing by-product. Examination of the
product ion spectrum reveals other minor ions at m1/z 178.9585,
152.9847 and 134.9793 with elemental compositions C,Hz06S™,
C3H5055™ and C3H30,4S7, respectively. The first two ions can be
rationalized through loss of water and carbon dioxide from the
precursor ion, respectively. Both these product ions led to the
formation of the third product ion (m/z 134.9793) through

further loss of CO, and water, respectively. Finally, a product
ion at m/z 71.0167, assigned to C3H3O; (error 40.1 ppm), can
be rationalized by loss of sulfurous acid from the above
discussed product ion at m/z 153. The high errors associated
with some of the product ions of by-product 3 are reasonable,
due to their low signal intensity. The product ion spectrum of
deprotonated by-product 3 did not allow us to unequivocally
assign its structure, there being three possible structures:
3-carboxy-3-oxopropane-1-sulfonate, substituted with a
hydroxyl group at position 1 (A) or 2 (B) and 3-carboxy-3-
hydroxy-1-oxopropane-1-sulfonate (C). All three structures
are consistent with the fragmentation pattern outlined in
Supplementary Fig. S4 (Supporting Information).
By-products 4 and 5 are two closely eluting isomers having
[M-H] ions at m/z 212.9703 and 212.9693. On the basis of both
spectral accuracy (Table 1) and mass accuracy (Table 2), their
elemental composition was assigned as C4;HsOgS™ (errors -3.6
and -8.3 ppm, respectively) suggesting that these by-products
were the result of a hydroxylation on by-product 3. Interest-
ingly, the product ion spectrum of deprotonated by-product
5 (Table 2) showed a diagnostic ion at m/z 120.9626, not
observed for by-product 4, with elemental composition of
C,HO,S™ (error 20.6 ppm). Its formation was rationalized by
consecutive loss of water and formaldehyde from the ion at
m/z 168.9832 assigned to C3HsOeS™ (error 11.6 ppm). This
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Figure 1. Calibrated product ion spectra of [M-H]"
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ions of (a) by-product 1, (b) by-product 2, (c) by-

product 9, and (d) by-product 10. [M-H]  ions at m/z 138.9707, 140.9863 and 193.9765 were used as lock

masses. CV =20 V.

s -H,0 0
HO/\/SO3 e .
S0,
OH H

[M-H] ion of by-product 2,
C,Hs05S", m/z 140.9863

C,H,0,8°
m/z 122.9758

-co,
shift H
S0, -——— HyC—S0;
m/z79.9574 m/z 94.9808

Figure 2. Proposed fragmentation pathway of [M-H] ion of
by-product 2 from IC/QqTOFMS/MS data at CV=20 V.
Accurate mass measurements of product ions are reported
in Table 2.

finding led to by-product 5 being unequivocally assigned
as 3-carboxy-1,2-dihydroxy-3-oxopropane-1-sulfonate. The
structure of by-product 4 was proposed to be 3-carboxy-2,
3-dihydroxy-1-oxopropane-1-sulfonate. The identified
product ions of these structures were consistent with the
fragmentation patterns outlined in Supplementary Figs. S5
and S6 (Supporting Information).

By-products 6 and 7 were two closely eluting isomers, which
showed [M-H] ions at m/z 224.9733 and 224.9732. The
elemental composition of both ions was determined to be
CsHs504S™ based on mass accuracy (errors —9.9 and 9.5 ppm,
respectively) and spectral accuracy (Table 2). Their fragmenta-
tion patterns showed significant differences, allowing the
different chemical structures to be determined. Both

compounds were sulfur-containing by-products as demon-
strated by the presence of product ions at m/z 96.9623 and
96.9579 assigned to HSOy (errors 22.7 and —22.7 ppm, respec-
tively). The ions at m/z 110.9784 and 110.9770 were consistent
with the elemental composition CH3O4S™ (errors 23.8 and
11.2 ppm, respectively). The presence of such a product ion
made it probable that both compounds had a hydroxyl
group at the a-position of the sulfur group. Two other ions
in the product ion spectrum of deprotonated by-product 6
(Supplementary Fig. S7(a), Supporting Information) at m/z
180.9892 and 142.9946 with elemental compositions
C4Hs5065™ and CsH3O0s (errors —5.7 and —27.9 ppm, respec-
tively) suggested neutral loss of CO, and H,50;, respectively,
from the [M-H] ion. The product ion spectrum of deproto-
nated by-product 7 (Supplementary Fig. S7(b), Supporting
information) showed a base peak at m/z 152.9861 with ele-
mental composition C3HsOsS™ (error —1.4 ppm) probably
arising from homolytic carbon-carbon cleavage between the
carbonyl groups in positions 3 and 4 of the [M-H]™ ion. This
product ion, in turn, gave rise to ions at 11/z 134.9774 and then
at m/z 106.9830 through consecutive losses of water and CO.
On the basis of the identified product ions of deprotonated
by-products 6 and 7, the fragmentation patterns outlined
in Supplementary Figs. S7(c) and S7(d) (Supporting
Information) were proposed.

By-products 8-12 all showed even-mass [M-H] ions
suggesting that they were nitrogen-containing compounds.
The product ion spectra of deprotonated by-products 8-10
revealed the presence of an ion at 17/z 81 whose accurate mass
was consistent with the elemental composition HSOj3, as
already found for by-product 3. By-products 9 and 10 showed
[M-H]  ions with the same elemental composition of
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C4H4NOGS™ (errors 2.1 and -8.1 ppm, respectively). However,
the fragmentation patterns of these ions showed significant
differences (Figs. 2(c) and 2(d)). Specifically, the product ion
spectrum of deprotonated by-product 9 showed a base peak
at m/z 149.9865 with elemental composition C;H4NO4S™
(error —1.0 ppm). This is consistent with CO; loss, indicating
the presence of a monocarboxylic acid group. A close exami-
nation of this product ion spectrum revealed another minor
odd-electron ion at m/z 113.0090, corresponding to the radical
ion with an elemental composition of C,H;NOj, which
derives from elimination of the HSOj3 radical ion from
the [M-H]™ ion. This by-product was assigned as 3-carboxy-
3-nitrosoprop-1-ene-1-sulfonate. The product ion mass
spectrum of deprotonated by-product 10 revealed an ion at
m/z 175.9639 and an odd-electron ion at m/z 119.9876, consis-
tent with elemental compositions C4H,NOsS™ and C;H,055™
(errors —11.5 and 8.9 ppm), respectively. The former ion was
derived through the loss of water, while the latter derived
from consecutive elimination of carbon dioxide and an NO
radical. Both these product ions suggest the presence of
a monocarboxylic acid. In addition, the base peak of the
product ion spectrum was at m/z 112.0060 with elemental
composition C,H,NOj; (error 17.7 ppm) probably arising
from loss of H,SO3; from the [M-H] ion and further
migration of the NO group to the terminal carbon. The
structure was thus assigned as 3-carboxy-3-nitrosoprop-1-
ene-2-sulfonate, with the nitro group probably located at the
B-position of the carboxylic acid group. This compound can

[}
SO;
a HO)H/\/
NO
[M-H] ion of by-product 9,
o, C,H,NOGS, m/z 193.9765
C3H,NO,S
m/z 149.9867
so - HSO3”
(\/ 3 -HSOy" m/z 80.9652
NO
O —
B X -S0s
o] 7N
NO C,H;058"
m/z 106.9808
C,H;NO;™
m/z113.0118
o NO OH NO

- X _-S05°

SOy
b HO)W s HO

[M-H] ion of by-product 10,
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Hz HSO4
mlgratwﬂ NO m/z 80.9652
\)\/303 OO
C,H,NOsS
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C3H,058™ C,H,NOy
m/z 119.9887 m/z 112.0040

Figure 3. Proposed fragmentation pathway of [M-H] ions
of by-product 9 (a) and 10 (b) from IC/QqTOFMS/MS data
at CV=20 V. Accurate mass measurements of product ions
are reported in Table 2

be correlated with by-product 8 by a further oxidation of
the terminal carbon. Based on the identified product ions of
by-products 9 and 10 the fragmentation patterns outlined in
Figs. 3(a) and 3(b) were proposed.

Table 1 also shows that by-products 13-18 yielded product
ions consistent with consecutive neutral loss of 44 and 18 Da,
indicating the presence of a carboxylic acid and a hydroxyl
group, respectively. Therefore, the structures of these com-
pounds were consistent with mono- and polyhydroxylated
dicarboxylic acids of low molecular weight. By-product 13
with its [M-H] ion at m/z 116.9829, assigned to C;HO5 (error
-0.4 ppm), was previously identified as the corresponding
DPNH derivative, derivatized at the oxo position.[”‘] By-
product 14 showed a [M-H] ion at m/z 133.0145 with
elemental composition C4Hs05 (error -1.9 ppm) whose
product ion spectrum (Fig. 4) showed an intense ion at m/z
115.0026 and a minor one at m/z 89.0247 with elemental
compositions C4H;0; and C3;HsO3 (errors -9.4 and
3.2 ppm, respectively). These ions were formed by competi-
tive loss of water and CO,, respectively, and both underwent
further fragmentation leading to acrylate and acetate
ions through CO, and formaldehyde loss. In addition, the
ion at m/z 72.9931, assigned to deprotonated glyoxylic acid
(error —0.2 ppm), could be rationalized by C,H,O, loss
through cleavage at the 2-3 position on the [M-H] ion
This information allowed us to assign by-product 14 to
2-hydroxysuccinic acid whose fragmentation pathway is
depicted in Fig. 5. On the basis of exact mass measurement
data, and confirmed by high spectral accuracy (better than
98%), by-products 15-17 were assigned as listed in Table 2.
In particular, by-product 15 showed a [M-H] ion at
m/z 149.0100 with elemental composition C4Hs0g
(error 5.6 ppm), consistent with the conjugated form of 2,3-
dihydroxysuccinic acid. This suggested that the compound
was formed by a further hydroxylation of by-product 14.
The product ion spectrum of deprotonated by-product 16
did not allow us to distinguish between two possible
dicarboxylic acid structures: 3-hydroxy-2-oxopentanedioic
acid and 2-hydroxy-4-oxopentanedioic acid. By-product 17
showed a [M-H] ion at mm/z 179.0196 with elemental compo-
sition CsH;O7 (error -0.7 ppm), assigned as deprotonated
2,3,4-trihydroxypentanedioic acid.

115.0026 OH O

% HON
50 OH

45 ©
71.0142 by-product 14

133.0142

Intensity, counts

15 72/9931

89.0247
51 59.0144 r
TR

L 1l L HHH\' i\ n 11 L Lol [N
50 60 70 80 90 100 110 120 130 140 150
m/z

Figure 4. Calibrated product ion spectrum of [M—-H]™ ion of
by-product 14 at CV =20 V. [M-H]  ion at m/z 133.0142 was
used as a lock mass.
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Figure 5. Proposed fragmentation pathway of [M-H] ion of
by-product 14 from IC/QqTOFMS/MS data at CV =20 V.
Accurate mass measurements of product ions are reported
in Table 2.

The last identified compound, by-product 18, showed a
[M-H] ion at m/z 192.9994, with elemental composition
CsHsOg (error 2.1 ppm), whose product ion spectrum
(Supplementary Fig. S8, Supporting Information) showed
major ions at m/z 149.0094 and 105.0190 with elemental
compositions C4Hz0g and C3HsOj (errors 1.6 and -3.2 ppm,
respectively). These ions were formed by consecutive losses of
CO; from the [M-H]  ion, indicating that this by-product was
a dicarboxylic acid. A product ion at m/z 121.0140 of elemental
composition C;HsO5 (error —2.0 ppm) was derived by CO
elimination from my/z 149. This finding allowed the oxo group
to be located at the 4-position. The structure of this compound
was assigned as 2,2,3-trihydroxy-4-oxopentanedioic acid.
Interestingly, the absence of any water loss in the product ion
spectrum could be explained by the fact that all positions on
the aliphatic chain are locked and thus the dehydration
pathway was not possible. The information obtained from
the product ion spectrum was rationalized in the fragmenta-
tion pathway depicted in Supplementary Fig. S9 (Supporting
Information).

Formation mechanism of identified low molecular weight
organic acids

The formation/degradation of identified organic acids was
monitored over a long ozonation time in order to gain
insights into their formation mechanism, and selected
measured profiles are depicted in Fig. 6. The identified
by-products were consistent with further oxidation and
decarboxylation of the previously identified carbonyl by-
products.™ From Fig. 6 it can be seen that by-product 12
was always formed at ozonation times longer than 90 min,
suggesting that it was an end by-product. A careful analysis
of the measured profiles shown in Fig. 6, including possible
structures of low molecular weight carboxylic acids
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8 —l- by-product 13
~ —{ by-product 15
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Figure 6. Formation/degradation profiles of selected
identified carboxylic acids (extracted ion peak area from
IC/ESI-QqTOFMS) during ozonation of Uniblu-OH.

identified over a long ozonation time, could help in
understanding the reaction pathway depicted in Fig. 7.
The identified organic acids (Table 1) arose from further
degradation of low molecular weight carbonyl compounds,
namely keto-acids and aliphatic aldehydes detected in the
early stage of the ozonation process." Although complex
competitive and consecutive reactions occurred during ozona-
tion, it was possible to describe a degradation pathway on the
basis of reasonable chemistry, supported by some observed
correlations between the by-products belonging to the same
class. After the formation of the sulfur-containing by-products
1-7 and by-products 16 and 17, the degradation proceeded
further with the decarboxylation of by-product 16 (A) and 16
(B) followed by oxidation of the terminal carbon of the formed
intermediate, leading to by-product 14. This oxidation process
was based on hydrogen homolytic abstraction by a hydroxyl
radical leading to a peroxy radical which, in turn, was
transformed into a hydroperoxide. By-product 13 was formed
from by-product 17 by means of the same oxidation route.
It followed that three of the detected by-products all led
to the formation of a single compound, 2-oxomalonic acid
(by-product 13). This was also consistent with the formation/
decomposition profiles of the detected by-products. By-
product 13 was the lowest molecular weight dicarboxylic acid
detected and it persisted in high abundance at long reaction
times (Fig. 6). The finding that 2-oxomalonic acid slowly
disappeared at longer ozonation time suggested that it was
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Figure 7. Proposed degradation pathway for Uniblu-OH ozonation leading to low

molecular weight organic acids.

degraded to oxalic and/or formic acid, according to previous
investigation employing authentic standards.!"! The same
aforementioned mechanisms including decarboxylation and
subsequent oxidation can be applied to all the sulfur- and
nitrogen-containing by-products 1-12 in order to explain
the formation of their lower molecular weight homologues.
Sulfur-containing by-products were still persistent at longer
ozonation time confirming that the sulfur present in Uniblu-
OH did not undergo complete mineralization. Finally, by-
product 12 was still formed at longer ozonation time (Fig. 6)
and therefore was another end product. This confirmed the
finding that the organic nitrogen compound, Uniblu-OH,
was not completely mineralized.

CONCLUSIONS

The coupling of ion chromatography (IC) and electrospray
ionization mass spectrometry (ESI-MS), proved to be a
powerful technique for the identification of low molecular
weight organic acids formed as final by-products of Uniblu-OH
degradation by the ozonation process, an oxidation method
widely employed to degrade recalcitrant organic pollutants
in industrial wastewater. Organic acid identification was
possible due to the employment of a NaOH gradient and
a membrane ion suppressor that minimized the background
spectral interferences and enhanced the signals of the [M-H]~
ions. The combination of mass accuracy, MS/MS information
and high spectral accuracy was demonstrated to be a
powerful method for unequivocally assigning a single
chemical composition to each identified compound. Specifi-
cally, the employment of the spectral accuracy concept using

the sCLIPS algorithm allowed the unequivocal identification
of 18 low molecular weight organic acids as a result of
extensive oxidation of the parent organic pollutant. Excellent
spectral accuracy of better than or close to 95% was found for
most of the identified compounds. Most of the by-products
gave rise in the MS collision cell to either single or
double CO, and water loss, consistent with assignment to
polyhydroxylated carboxylic acids. Some of identified
organic acids were shown to be both sulfur- and nitrogen-
containing carbonyl by-products. Due to the complexity of
reactions involved during Uniblu-OH ozonation it was
possible to assess the presence of correlations between
different identified by-products, such as polyhydroxylated
carboxylic acids. These compounds in turn decompose
to known low molecular weight organic acids through
decarboxylation and further oxidation and then undergo
complete mineralization. However, sulfur- and nitrogen-
containing compounds still remain at longer ozonation
times. This result is of environmental interest due to the
potential toxicity of such compounds.

SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article.
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Spectral accuracy of a new hybrid quadrupole time-of-flight mass
spectrometer: application to ranking small molecule elemental
compositions

Wei Jiang and John C. L. Erve”
Analytical Sciences, Novartis Institutes for Biomedical Research, Cambridge, MA, USA

RATIONALE: Determining the elemental compositions of unknown molecules is an important goal of analytical
chemistry. The isotope pattern revealed by a mass spectrometer provides valuable information regarding the elemental
composition of a molecule. In order to employ spectral accuracy considerations for elemental composition determination,
it is important to know how faithfully a mass spectrometer can record the isotope pattern and to understand the
magnitude of the errors of the relative isotopic abundances.

METHODS: Twenty-four small molecule drugs and two natural products representing a diverse range of elemental
compositions and ranging in molecular weight from 236 to 1663 Da were measured on a new hybrid orthogonal
acceleration quadrupole time-of-flight (Q-TOF) mass spectrometer by flow infusion analysis. The similarity between
the observed profile isotope pattern and the theoretical isotope pattern, denoted spectral accuracy, was calculated using
a computational algorithm in the program MassWorks.

RESULTS: The spectral accuracy for all compounds averaged better than 98%. When using spectral accuracy to rank
elemental compositions with the elemental constraints (Cq_100Ho-200No-5000-50F0-550-5Clo_sBro_s) further restricted by
empirical rules and a mass tolerance <5 parts-per-million, the correct formula was ranked first over 80% of the time.
In contrast, when using mass accuracy for ranking, only two compounds (8%) were ranked first. For quinidine and
troglitazone, the initial spectral accuracy measurements were lower than expected and further analysis indicated that
minor, structurally related components were present.

CONCLUSIONS: Our work has determined the magnitude of spectral accuracy that can be expected on a new Q-TOF
mass spectrometer. In addition, we demonstrate the utility of spectral accuracy measurements both for ranking elemental
compositions and also for obtaining insight into the chemical nature of the analyte that might otherwise be overlooked.
Copyright © 2012 John Wiley & Sons, Ltd.

Using mass spectrometry for elemental composition (EC)
determination is an important application of analytical
chemistry in diverse scientific fields including forensics,!
toxicology,?! environmental chemistry,”®! petrochemicals,™!
metabolomics,”” and pharmaceuticals.”! For molecules up
to ~500 Da containing the elements (CH)yo 1imitNo-500-10S0-3,
a theoretical study reported that a mass accuracy of 0.1 mDa
would give a unique EC.”! Such mass accuracies are typically
only obtained on Fourier transform ion cyclotron resonance
(FTICR) mass spectrometers capable of resolving powers of
m/Am (full width at half maximum (FWHM)) >400000. For
peptides with masses up to 700-800 Da, a theoretical study
argued that a mass accuracy of £1 ppm would give rise to a
unique EC®! in part because not all monoisotopic masses are
possible for peptides. Small molecules have a greater variety
of elements to consider and for this reason are more challen-
ging than peptides. For low molecular weight analytes
(<200 Da) high accuracy mass measurements (<1 ppm) may
give a single EC. However, as the mass of the analyte increases,
the number of feasible ECs increases exponentially and another

* Correspondence to: J. C. L. Erve, 250 Massachusetts Ave,
Cambridge, MA 02139, USA.
E-mail: john_erve@hotmail.com

theoretical study demonstrated that for metabolites from
0-500 Da with C, H, N, S, O, P, and potentially F, Cl, Br and Si
as elements, even a mass accuracy < =1 ppm is not sufficient
to arrive at a unique EC when searching metabolite data-
bases.””! In such situations, adding constraints to the type and
number of elements considered can reduce the number of
ECs although with true unknowns this poses the risk of
missing the correct EC.

Due to the limitations of mass accuracy alone, approaches
have been developed to use other readily obtainable mass
spectrometric information for EC determination. Making
high mass accuracy measurements of both the protonated
molecule and product ions following collision-induced disso-
ciation allows the elimination of ECs inconsistent with
observed product ions and neutral losses. When applied to
113 environmental chemicals with masses <410 Da using
MS data collected on a quadrupole time-of-flight (Q-TOF)
mass spectrometer, a uniq[ue EC was obtained for 65% of
the compounds measured.""”! Recently, a software program
called Multi-stage Elemental Formula has been developed
which uses as input MS" spectra from the mass spectral
tree for a compound of interest."! Applying this program
to 12 spectra for metabolites with masses from 150 to
450 Da acquired on an Orbitrap mass spectrometer at 30 000
resolving power (RP) provided a unique EC when considering
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the data acquired in MS" experiments (n =2-5) and it was also
shown that when acquiring higher order spectra (MS"),
greater mass error was tolerated.

Isotopic peak ratios (i.e. isotope abundances) are a valuable
source of information for EC determination as the natural abun-
dances of isotopes of elements such as S, Br and Cl can give rise
to informative isotopic clusters.'"?! Including isotopic peak
ratios can further limit the number of possible ECs for a given
mass and should thus be considered, especially as the mass of
the analyte increases.!”? Various workers have demonstrated
the utility of including isotope abundances in addition to
accurate mass of (1) precursor ion1314 and (2) precursor,
product ions and neutral losses!>'”! for EC determination for
a variety of analytes and matrices. Several reports have exam-
ined the accuracy of isotopic abundance measurements. In
one study, 137 commercially available compounds with masses
in the range of 75-810 Da were analyzed on an LTQ/Orbitrap
mass spectrometer and the experimentally measured relative
isotopic abundance (RIA) of [A+1]/A was compared with the
theoretical one.l"®! Approximately 40% of compounds had
RIA errors between 0 and 3% with the remaining compounds
equally distributed from 3-5%, 5-10%, 10-20% and >20%,
respectively. Although another study that compared the quality
of isotopic abundance measurements on an Orbitrap-Velos
mass spectrometer at 100 000 RP and an LTQ/FT Ultra between
100 000 and 750 000 RP reported that these measurements were
strongly dependent on the signal-to-noise ratio of the proto-
nated molecule under investigation, these measurements did
increase the number of single EC assignments by >3-fold
compared with measuring accurate mass alone.""!

Spectral accuracy (SA%), or spectral error (SE% =100 - SA%),
describes the goodness-of-fit between an observed and a theo-
retical isotope profile.?! The commercially available software
program MassWorks uses the algorithm self-Calibrated Line-
shape Isotope Profile Search (sCLIPS) to calculate spectral
accuracy. Briefly, this approach involves self calibrating the
experimentally observed mass spectral peak shape to give a
mathematically defined mass spectral profile spectrum which
is then compared with an MS profile spectrum for a given EC
calculated with the same mass spectral peak shape. The self-
calibration algorithm uses the isotopically pure monoisotopic
peak (e.g. the calibration range indicated in the Experimental
section) of any ion as the model line-shape for calibration,
which is then applied to the entire ion isotope pattern (e.g. the
profile mass range indicated in the Experimental section). Unlike
mass accuracy, a higher SA% implies a better match for a given
EC. Spectral accuracy was evaluated on an Orbitrap-XL mass
spectrometer for ten natural products with masses between 639
and 1663 Da at five RP settings. At a RP setting of 30000,
SA% ranged from 96.2 to 98.4% and for thiostrepton (1663 Da)
the correct EC was within the top seven hits out of 1900 ECs,
consistent with the elemental and 2 ppm mass accuracy
constraints.”!! Instrument manufacturers have also developed
algorithms to quantitatively score the match of a measured iso-
tope pattern such as Bruker’s Sigma-Fit® and Water’s i-FIT®.
The algorithm SIRIUS, which stands for Sum formula Identifica-
tion by Ranking Isotope patterns Using mass Spectrometry,
similarly determines ECs based solely on the exact mass and
isotope distribution of the analyte under investigation which,
when applied to spectra of organic compounds (100-900 Da)
obtained on a Q-TOF mass spectrometer, correctly identified
>90% of the metabolites as a top hit.??!

With the growing recognition of the importance of using
isotope abundance considerations for EC determination, it is
important to know the fidelity of a mass spectrometer with
regards to not only mass accuracy of the monoisotopic peak,
but also the relative abundances of the isotopic peaks (A+1,
A+2, etc.), i.e. the spectral accuracy. Thus, the aim of the present
work was to evaluate spectral accuracy on a new 0aQ-TOF
mass spectrometer. To this end, a diverse range of elemental
compositions was obtained consisting of 24 commercially
available small molecule drugs ranging in mass from 236
to 704 Da, and two natural products with masses of 639
and 1663 Da (Table 1). Flow infusion analysis (FIA) was
performed, the mass accuracy and SA% were determined,
and the resulting ECs were ranked based on their SA%.

EXPERIMENTAL

Chemicals

Tenidap and citalopram were purchased from Tocris
Bioscience (Bristol, UK), prochloperazine and trifluoperazine
were purchased from MP Biomedicals (Solon, OH, USA)
and moxidectin was purchased from Fluka (Stenheim,
Switzerland). Troglitazone was purchased from Calbiochem
(Gibbstown, NJ, USA). All other compounds analyzed in

Table 1. Molecular formulae and exact masses of the
molecules investigated in the study

Group 1 Formula Exact Mass
Carbamazepine C15H1,NO 236.0944
Trimeterene CioHi1N> 253.1070
Ketoprofen Ci16H1405 254.0937
Propranolol C16H>1NO, 259.1567
Metoprolol C15H5NO5 267.1829
Amitriptyline CooHpsN 277.1825
Imipramine C19H24N2 280.1934
Diclofenac C14H11C12N02 295.0161
Group II

Tenidap C14H9C1N203S 320.0017
Quinidine C20H24N202 324.1832
Citalopram C,oH»1FN,O 324.1632
Omeprazole C17H19N30355 345.1142
Meloxicam C14H13N304S, 351.0342
Oxybutynin CyH3:NO;5 357.2298
Prochloperazine CpoH24CIN3S 373.1374
Prazosin C19H21N504 383.1588
Group III

Trifluoperazine Co1Hy4F3N3S 407.1638
Ziprasidone C,;H,,CIN,OS 412.1119
Troglitazone C24H27NO5S 441.1604
Verapamil C27H38N204 454.2826
Nicardipine Cy6Hp9N304 479.2051
OH-taurosporine CogHosINL4Oy 482.1949
Ketoconazole Cr6HysC1LN4Oy 530.1482
Moxidectin C37H53N08 639.3766
Itraconazole C35H38C12N804 704.2388
Thiostrepton C72H85N1901SS5 1663.4918

Rapid Commun. Mass Spectrom. 2012, 26, 1014-1022

Copyright © 2012 John Wiley & Sons, Ltd.
-15-

wileyonlinelibrary.com/journal /rcm



Rapid
¥ Communications in
= &7 Mass Spectrometry

W. Jiang and J. C. L. Erve

the study were purchased from Sigma-Aldrich (St. Louis,
MO, USA) as were di-butylamine acetate (DBAA), dimethyl
isopropanolamine (DMIPA) and dimethyl sulfoxide (DMSO).
Formic acid (>99%) was purchased from Acros Organics (Geel,
Belgium) and HPLC grade acetonitrile was purchased from
Thermo Fisher Scientific (Fair Lawn, NJ, USA). Water used
was prepared from a MilliQ water system (Billerica, MA, USA).

FIA by electrospray ionization (ESI) on a Q-TOF mass
spectrometer

Stock solutions (1 mM) for all standard compounds prepared
in DMSO were diluted in water to 1-20 uM for positive or
negative mode mass spectrometric analysis. This typically
produced maximum ion abundances of the order of one to
five million ions/scan although, for data processing, spectra
with ion abundances of one hundred thousand ions/scan
were averaged. A tripleTOF 5600 hybrid Q-TOF mass
spectrometer (AB Sciex, Foster City, CA, USA) equipped with
a Shimadzu UFLC system (Kyoto, Japan), consisting of a
CBM-20A control module, an SIL-30 AC autosampler, a
DGU-20A5 degasser, and two LC-30 AD pumps, was used
for FIA. The mass spectrometer was operated in the positive
ion mode with a spray voltage of 5 kV or in the negative ion
mode with a spray voltage of —4.5 kV. Ion source gas 1, ion
source gas 2 and curtain gas (N,) were set at pressures of
45, 50, 30 psi, respectively, and the source temperature was
maintained at 600 °C. Samples (10 pL) were introduced into
the mass spectrometer via the UFLC system by flow injection
(no column) under isocratic conditions (50% A) at a flow rate
of 0.3 mL/min. In positive ion mode, the mobile phase
consisted of 0.1% formic acid in water (A) and 0.1 % formic
acid in acetonitrile (B). In negative ion mode, the mobile
phase consisted of 5 mM DBAA in water (A) and acetonitrile
with 0.2% DMIPA (B).

Full scan mass spectra were acquired over the range of m/z
100-800 (except for thiostrepton, where the scan range was
from m/z 900-1700) with an accumulation time of 0.1 s. A
data-dependent experiment collecting three product ion
spectra (70 ms each) was also included. The total acquisition
time was 1.5 min per sample and all four time-to-digital
converter channels were used for detection. Samples were
injected on three separate days in randomized order. The
tripleTOF instrument was calibrated by an integrated calibra-
tion delivery system (AB Sciex) using the manufacturer’s
positive and negative calibration solutions, with an injection
flow rate of 200-300 pL/min. These calibrant ions were
introduced via an orthogonal atmospheric pressure chemical
ionization source together with mobile phase flow from the
UFLC system. For sample analysis, calibration was
performed every six samples. Mass spectral data acquisition
and processing were performed using Analyst TF 1.5 (AB
Sciex) and Peak View 1.1.1.2 software (AB Sciex).

SA% was calculated by MassWorks software (version 3.0.0,
Cerno Bioscience, Danbury, CT, USA) using sCLIPS, which
is a formula determination tool that first performs peak
shape calibration and then matches the calibrated experimen-
tal isotope pattern against possible theoretical ones. The mass
spectra were first converted into text files (.txt) and loaded
sequentially into MassWorks for processing. The calculated
ECs were ranked by decreasing SA% with the chemical
elemental constraints (C1_100H0_200N0_5000_50F0_5So_5C10_5BI'0_5)

further restricted by enabling empirical rules’™! and a mass
tolerance of 5 ppm, except for thiostrepton in which the ele-
ments Cl and Br were excluded. The profile mass range
was chosen to include the monoisotopic peak and all other iso-
tope peaks, e.g. —0.5 to 3.5m/z units (relative to monoisotopic
mass) depending on the compound, and the calibration range
was +0.2m/z units from the monoisotopic peak. Searching
was limited to even-electron ions. The standard deviations
(SDs) reported in Table 2 were calculated over the three
replicate analyses.

RESULTS

The results for the compounds analyzed will be described in
three groups depending on the mass of the compound: group
I <300 Da; group II >300 Da and <400 Da; group III >400 Da.
When appropriate, specific compounds will be discussed in
greater detail. SA%, SE%, mass error and resolving power
(m/Am, FWHM) for the compounds in each group are
presented in Table 2.

Group I: compounds <300 Da

There were eight compounds in group I. All except ketoprofen
were analyzed using (+) ESI. SA% values ranged from
96.77 +£0.41 for diclofenac to 99.15+0.03 for trimeterene,
based on triplicate measurements corresponding to SE%
between 3.23 and 0.85, respectively. The mass errors were less
than 3 ppm for all compounds and averaged 1.59 4 0.24 ppm.
The distribution of SE and mass errors in mDa are illustrated
in Fig. 1. The average resolving power (m/Am) for these eight
compounds was 29 082. All compounds in group I were ranked
first based on having the highest SA% of the possible ECs
consistent with the search parameters (Table 3). In contrast,
if mass accuracy was used for ranking, only metoprolol and
imipramine were ranked first with other compounds in this
group ranging from 2 to 15. The difference in SA% between
rank one and two averaged 2.66% for the compounds in
group L.

Group II: compounds >300 Da and <400 Da

There were eight compounds in group II. All except tenidap
were analyzed using (+) ESI. SA% values ranged from
98.25+0.25 for tenidap to 99.13 £0.04 for citalopram based
on triplicate measurements, corresponding to SE% between
1.75 and 0.87, respectively. The mass errors were less than
2.5 ppm for all compounds and averaged 1.48+0.28 ppm.
The average resolving power (m/Am) for these eight com-
pounds was 31285. All compounds in group II were ranked
first, based on having the highest SA% of the possible ECs
consistent with the search parameters (Table 3). In contrast,
if mass accuracy was used for ranking, no correct ECs were
ranked first in this group. The difference in SA% between
the top two ranks averaged 1.5% for the compounds in
group 1L

Quinidine
The initial results for quinidine gave a SA% of 86.57 +0.26,

which was significantly different from that for the other
compounds in this group. Upon closer evaluation of the

wileyonlinelibrary.com/journal/rcm  Copyright © 2012 John Wiley & Sons, Ltd.
-16-

Rapid Commun. Mass Spectrom. 2012, 26, 1014-1022



Spectral accuracy on a Q-TOF

Rapid
¥ Communications in
£ 87 Mass Spectrometry

Table 2. Spectral accuracy, spectral error, mass error and resolving power for compounds analyzed

Group Compound SA% 4 SD SE (%) ppm m/Am

I Carbamazepine 98.66 +0.03 1.33+£0.03 0.82 29104
Trimeterene 99.154+0.03 0.8540.03 1.94 27 666
Ketoprofen 97.49 £0.04 2.51+£0.04 2.89 30097
Propranolol 98.55+0.22 1.45+0.22 1.61 27745
Metoprolol 98.88+0.20 1.12+£0.20 1.11 28176
Amitriptyline 97.81+£0.20 2.19+0.20 2.07 29736
Imipramine 98.354+0.30 1.65+0.30 0.98 30289
Diclofenac 96.77 +0.41 3.23+0.41 1.27 29842
Average 98.21+0.59 1.79 £0.59 1.59 29082

I Tenidap 98.254+0.25 1.75+£0.25 1.63 31742
Quinidine® 86.57 £0.26 13.43+0.26 1.74 31555
Quinidine® 98.85+0.05 1.15+0.05 1.74 31555
Citalopram 99.134+0.04 0.874+0.04 2.44 29700
Omeprazole 99.09 £0.11 0.91+0.11 0.23 30454
Meloxicam 99.10+0.13 0.90+0.13 2.20 31281
Oxybutynin 98.98 +0.08 1.02+£0.08 1.90 32011
Prochloperazine 98.82 +£0.01 1.18 +0.01 0.60 31332
Prazosin 99.07 +0.06 0.93+£0.06 1.06 31936
Average 98.91+0.29 1.09+0.29 1.50 31285

1T Trifluoperazine 99.27 +£0.09 0.73 £0.09 0.83 32329
Ziprasidone 96.61 4+0.92 3.394+0.92 0.34 32129
Troglitazone® 86.97 + 3.66 13.03 £ 3.66 1.48 30925
Troglitazoneb 97.13+0.10 2.874+0.10 1.48 30925
Verapamil 98.99 4 0.09 1.01£0.09 2.06 31651
Nicardipine 99.15+0.03 0.85+0.03 0.15 32661
7-Hydroxytaurosp 99.04+0.19 0.96+0.19 2.16 31590
Ketoconazole 98.53+0.17 1.47+0.17 1.35 33089
Moxidectin 98.09+0.37 1.91+0.37 0.88 37974
Itraconazole 98.194+0.32 1.81+£0.32 0.73 34390
Average 98.33 £0.94 1.67+0.94 1.15 32766
Thiostrepton® 97.86+0.83 2.14+0.83 0.68 39416
Thiostrepton® 95.77 £1.30 4.234+1.30 1.08 39416

“Excluded from average; Pmixture search; “best case n=3; n=9. SD =standard deviation.

spectrum, it appeared that the A+2 isotope peak was slightly
higher than expected (Fig. 2). A subsequent sCLIPS search
was performed which allowed for the possibility that quini-
dine and dihydroquinidine (+2 hydrogens) were present as
a mixture. A mixture search fitted the observed isotope
pattern with more than one elemental composition. SA% for
quinidine in this mixture search improved by over 10% to
98.85 £ 0.05.

Group III: compounds >400 Da

There were ten compounds in group III, which comprised
eight small molecules and two natural products. All except
moxidectin were analyzed using (+) ESL. SA% values
ranged from 96.61 +0.92 for ziprasodone to 99.27 +0.09 for
trifluoperazine, based on triplicate measurements, corre-
sponding to SE% between 3.39 and 0.73, respectively. The
mass errors were less than 2.2 ppm for all the compounds
and averaged 1.01 £0.24 ppm. The average resolving power
(m/Am) for these ten compounds was 33875. In group III,
all replicates of trifluoperazine, ziprasidone, verapamil,
and nicardipine were ranked first, based on having the

highest SA% of the possible ECs consistent with the search
parameters. Except for thiostrepton, which is discussed
below, all the other compounds in group III were not
ranked first for all replicates although no compound ranked
lower than 5" place. For example, itraconazole was ranked
in place one, two or five for the three replicates. In contrast,
if mass accuracy was used for ranking, only nicardipine and
ziprasidone were ranked in the top ten, with the other com-
pounds ranked between 15 and 266. Except for thiostrepton,
the difference in SA% between the top two ranks was
less than 1% and averaged 0.47% for the compounds in
this group.

Troglitazone

Initial results for troglitazone revealed a SA% of 86.97 +3.66,
which was significantly different from that for the other
compounds in the group. Upon closer evaluation of the
spectrum, it appeared that there were two peaks lower in
mass by one and two hydrogens (Fig. 3). A subsequent
sCLIPS search was performed which allowed for the
possibility that troglitazone and oxidized troglitazones with
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Figure 1. Mass errors in mDa (a) and spectral errors (SE%)
(b) for compounds in groups I, IT and III.

either 1 or 2 fewer hydrogens were present as a mixture.
SA% for troglitazone in this mixture search improved by over
10% to 97.13 +0.10.

Thiostrepton

The highest mass compound analyzed, the natural product
thiostrepton, posed some challenges when performing the
sCLIPS calculations. When using our standard elemental and
mass accuracy constraints, the number of possible ECs was
found to be more than 146 000. Processing took several hours
but was never completed before the program aborted. To over-
come this problem, the elements Cl and Br were excluded and
subsequent calculations generated about 7500 possible ECs.
Although the first thiostrepton sample analyzed showed a very
good SA% (98.53) and the correct EC tied for first place out of
7484 possible ECs, subsequent replicates had SA% values which
were as much as 3% lower. Due to this variability, we carried out
an additional six replicate analyses to get a better estimate of
SA%. Again, of these six replicates only one sample was
found to have a SA% of 98.12 and the variability remained
larger than was observed for the other compounds (average
SA%=95.88+£1.28). The best ranking of thiostrepton was
place one, five or ten for the three best SA% values obtained.
However, for the other thiostrepton samples with lower SA%,
rankings were in the hundreds (68-985) or even in the
thousands (1035).

DISCUSSION

An early study by Ibanez and coworkers on a Q-TOF mass
spectrometer noted that the accuracy of relative isotope
abundance measurements was approximately 20% although
the errors could be as high as 50% or less than 10%, depend-
ing on the ion intensity.*"! A more recent study by Abate and
coworkers reported that the overall accuracies for the [A+1]/
A and [A+2]/ A isotope ratios for 344 species were 2.6 +£2.5%
and 2.142.6%, respectively.’® In our investigation, the
overall fidelity for the measurement of protonated (or depro-
tonated) molecules was determined on a new 0aQ-TOF mass
spectrometer. To accomplish this objective, we obtained a
set of small molecules and two natural products with a
diverse set of ECs and used the sCLIPS algorithm to deter-
mine SA% of each protonated (or deprotonated) molecule.
SA% (or SE%=100% — SA%) is a measure of the overall
goodness-of-fit between an observed and a theoretical
protonated (or deprotonated) molecule for a given EC and
thus considers not only the measured accurate mass of the
monoisotopic peak, but also the relative abundances of the
isotopic peaks (A+1, A+2, A+3, etc.). Based on the com-
pounds that we measured, the results demonstrate that
SA% averages better than 98% for an average SE% of 1.6%.
The mass errors of the protonated (or deprotonated) mole-
cules were also determined and it was found that on average
the mass errors were better than 2.5 ppm. These findings
indicate that the AB Sciex 5600 Q-TOF instrument meets the
conditions suggested by Kind and Fiehn who predict that a
mass spectrometer with both mass errors better than 3 ppm
and isotope abundance accuracies of about 2% should outper-
form a mass spectrometer which has higher mass accuracy
but which does not consider isotopic abundances for EC
determination.””! In contrast to the observations of Bristow
and coworkers who found on a Bruker microQ-TOF mass
spectrometer that simple isotope patterns (C, H, N, F, O)
had higher ranking (i.e. better quality isotope pattern
match),*®! our data indicates that SA% was not influenced
by the presence of heteroatom(s) in the molecule. Specifically,
the fifteen compounds in this study without heteroatoms had
an average SA% of 98.68 £ 0.52% compared with the twelve
compounds with heteroatoms (Cl, Br, or S) which had an
average SA% of 98.16 +0.95% — not statistically different.
Limited elemental constraints and a 5 ppm mass tolerance
were used for the EC determination. For compounds with
masses between 236 and 412 Da, which included all
compounds in groups I and II, the correct EC was ranked first
out of as few as 20 (e.g. oxybutynin) to as many as 168 (e.g.
ziprasidone) formulae. In contrast to SA%, when mass
accuracy was used for ranking, only for two compounds in
group I was the correct EC ranked first, as shown in Table 3.
The significance of a large difference in SA% between the first
and second hit compared with the standard deviation of the
measurement is that it increases confidence in the top hit.
For compounds in group I, the differences between the first
and second rank were, as shown in Table 3, typically greater
than 1% and as high as 4% (e.g. imipramine), which is about
5-10 times the standard deviation. For group II compounds,
the difference between the first and second rank was still
more than 1% but for compounds in group III this averaged
much less than 1% and although the correct EC was ranked
first at least in one analysis, at times the rank was two, three,
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Table 3. Ranking of compounds elemental composition based on spectral or mass error
Rank SA% Formulae with ~ Formulae with Rank
Group Compound (spectral error) N? (1st - 2nd) SA >98% SA >95% (mass error)
I Carbamazepine 1 8 3.71 1 1 2
Trimeterene 1 10 1.02 2 4 7
Ketoprofen 1 13 1.56 0 3 3
Propranolol 1 9 3.53 1 1 3
Metoprolol 1 5 243 1 3 1
Amitriptyline 1 8 2.30 0 2 5
Imipramine 1 7 4.14 1 2 1
Diclofenac 1 38 2.57 0 1 15
Average 1 12 2.66 1 2 5
I Tenidap 1 83 1.64 1 6 22
Quinidine 1 24 0.84 0 0 9
Quinidine® 1 24 3.07 1 2 9
Citalopram 1 29 2.53 1 3 8
Omeprazole 1 48 2.49 1 5 2
Meloxicam 1 89 1.67 2 7 33
Oxybutynin 1 20 1.05 2 4 7
Prochloperazine 1 66 1.85 1 2 2
Prazosin 1 66 0.66 3 7 5
Average 1 46 1.77 1 4 11
I Trifluoperazine 1 91 0.58 2 7 16
Ziprasidone 1 168 0.55 0 2 7
Troglitazone 12o0r4 162 0.12 0 0 15
Troglitazone® lor2 684 0.32 0 9 15
Verapamil 1 89 0.70 2 7 51
Nicardipine 1 194 0.59 4 13 5
OH-taurosporine 1 253 0.93 2 9 24
Ketoconazole 1,20r3 590 0.30 3 12 266
Moxidectin lor4 527 0.50 2 24 16
Itraconazole 1,30r5 2121 0.14 4 32 44
Average N/A 488 0.47 2 12 46
Thiostrepton® 1,50r 10 7491 0.04 0-36 273-330 68
Thiostrepton“1 68-1035 7498 N/A 0-48 198-656 1452
“N =number of ECs obtained following the search; Pmixture search; “best case n=3; ‘n=9.

four or even five. This indicates that slight variations in the
spectral data quality can have an impact on SA% and be
enough to alter the rank, especially when the number of
possible ECs is in the hundreds or thousands (e.g. itraco-
nazole, thiostrepton). Bocker and coworkers also divided
the 86 compound spectra in their data set, acquired on a
MicroQ-TOF from Bruker, into groups and showed a similar
trend to ours with respect to correct ranking and mass./*
For compounds with masses 200-300 Da or 300-400 Da, the
correct EC was ranked first for every compound except one.
However, of the ten compounds with mass 500-600 Da, only
seven were ranked first and of three compounds with mass
800-900 Da, only two were ranked first.

Initially, SA% of both quinidine and troglitazone was
determined to be approximately 87% and this led to further
investigation of these two compounds since this was much
lower than for the other compounds. Dihydroquinidine is
the reduced form of quinidine that is present in various
amounts in commercially available sources.?®! Thus, we next
calculated SA% based on a mixture of quinidine and dihy-
droquinidine and this increased SA% to >98%. Moreover,

our analysis indicated that the amount of dihydroquinidine
was approximately 11%, consistent with literature reports./*”!
Figure 2 shows the increased intensity of the A+2 peak of
quinidine due to the contribution of the monoisotopic peak
of dihydroquinidine. Troglitazone can undergo oxidative
metabolism on the chromane system to form a quinone
metabolite (loss of two hydrogen atoms). Electrochemical
oxidation, which can occur during ESI, also readily generated
this quinone.[zgl Furthermore, generation of a radical with
loss of a single hydrogen atom has also been reported.'’!
Thus, we calculated SA% based on a mixture of troglitazone/
oxidized troglitazone with loss of one and two hydrogen
atoms and this increased SA% to >97%. Although initially
overlooked due to their low abundance, a closer examination
of protonated troglitazone revealed two peaks, 1 and 2 Da
lower than the monoisotopic peak of troglitazone. Figure 3
shows that the change in the monoisotopic peak of
troglitazone due to the presence of these other species sig-
nificantly reduces SA% although their absolute intensity is
low. In a previous investigation on an orbitrap in which both
rifampicin and its quinone oxidation product were present
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Figure 2. Spectrum of quinidine (red) with a small amount of 900 — Thiostrepton (1663 Da)

dihydroquinidine (+2m/z units, green) detected as a minor
component. The observed spectrum (blue) is a summation of
these two components. Dihydroquinidine increases the
abundance of the A+2 isotope peak of quinidine as can be seen
clearly in the insert. Note that the resolution of the spectrum
was set to 0.7 m/z units (FWHM) for illustrative purposes.
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Figure 3. Spectrum of troglitazone (red) with smaller
amounts of troglitazone quinone (—2m/z units, black) and
oxidized troglitazone (—1 m/z unit, green) detected as a minor
components. The observed spectrum (blue) is a summation of
these three components. The monoisotopic isotope peaks of
oxidized troglitazone and troglitazone are increased slightly
because of the presence of these components as can be seen
clearly in the insert. Note that the resolution of the spectrum
was set to 0.7 m/z units (FWHM) for illustrative purposes.

together in a commercially available source, SA% also
improved when a mixture search was performed, although
the improvement (~1%) was much smaller than the 10%
improvements observed here.”!! These examples demonstrate
that SA% determinations can point the investigator towards
additional structural information and chemical insight into
the analyte that might otherwise be easily overlooked.

Number of Formula
2
[=)
1

Spectral Error (%)

Figure 4. (a) Relationship between SE% and number of ECs for
imipramine, prochloperazine and itraconazole as representative
compounds of groups I, II and III, respectively. (b) Relationship
between SE% and number of ECs for thiostrepton, which shows
that when the SE% increases above approximately 3%, the
number of ECs is in the hundreds.

In similar experiments to ours on an LTQ/Orbitrap-XL instru-
ment, SA% values of ten natural products were determined
at five different RP set‘tings.m] Ata RP setting of 30000, equiva-
lent to the RP obtained on the present Q-TOF instrument,
SE% values ranged from 1.62 to 3.8%. Fortunately, a direct com-
parison of SE% for two compounds is possible: moxidectin
2.11% vs. 1.9% and thiostrepton 3.1% vs. 3.7% on the Orbitrap
and Q-TOF, respectively. However, at lower RP settings on
the LTQ/Orbitrap-XL, the SE% values were better than on the
Q-TOF: 1.58% for moxidectin at 15000; 2.38% and 1.41%
for thiostrepton at 15000 and 7500, respectively. At higher
RP settings (i.e. 60000 and 100000), SA% was shown to
decrease on the orbitrap, especially with compounds, such as
thiostrepton, possessing extensive fine structure. This was
manifested as decreasing isotope abundances in the higher
isotope peaks (i.e. A+3, A+4, A+5 ...). Erve and coworkers
suggested that destructive interference between isotopic fine
structure components that can occur in FTICR instruments
accounts for these decreased isotopic abundances and hence
lower SA%.?!! Although the Q-TOF would not be expected to
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be subject to these effects, thiostrepton displayed a better SE%
(3.59) on the orbitrap at 60000 RP and was only worse than
the Q-TOF at 100000 RP (SE% =5.64). It is not clear why the
Q-TOF used in this study could not provide SA% values con-
sistently of the order of 98% for thiostrepton.

The findings with thiostrepton best illustrate the impor-
tance of having a high SA% when the mass of the compound
increases. With the best SE% values obtained, namely 1.47,
1.88 and 3.06, thiostrepton did rank among the top ten ECs
(among >7400 ECs). However, for unknown reasons, this
SE% was not consistently obtained and the greater SE%
resulted in thiostrepton rankings in the hundreds or even
thousands. Employing a lower mass tolerance of 2.7 ppm in
the sCLIPS search could not improve the rankings enough to
make them truly useful (data not shown). The relationship
between the number of possible ECs and SE% is further illu-
strated in Fig. 4(a) using imipramine (group I), prochloperazine
(group 1), itraconazole (group III) and Fig. 4(b) with
thiostrepton (group III) as examples. With groups I and II,
significantly greater SEs (up to 10%) could be tolerated and
still only give rise to a small number of ECs. However, as
the mass increases, especially above 600 Da, having SE%
<2 becomes extremely important both for ranking of and
confidence in EC findings.

CONCLUSIONS

Determination of elemental composition (EC) for unknowns
remains an analytical challenge and a strategy involving
SA% determination on a mass spectrometer with high
fidelity of isotope measurement capability (<3% SE), such
as the AB Sciex 5600 Q-TOF, should be a powerful tool.
For analytes with mass <400 Da, ranking based on SA%
produced the top hit exclusively. Only with masses
>400 Da did the rankings become more variable although,
except for thiostrepton, the rank was always in the top
ten. SA% determinations in our work were based on
commercially available compounds and thus ion intensity
was not an issue as the full isotope profile was readily
observed. Although we did not systematically investigate
the influence of ion intensity on SA%, others have
reported that ion intensity is a major factor influencin

overall quality of isotope ratio measurements.!'*!*?* For
this reason, the SA% values that we obtained should be
considered as a ’best case’ scenario and for real-world
applications, such as metabolite identification in complex
biological matrices, SA% could be lower due to (1) insuffi-
cient ion intensity and/or (2) matrix peaks overlapping the
isotopic profile of interest. Importantly, we also demon-
strated that SA% determinations can alert the investigator
when the analyte under investigation may exist as a
mixture (1) due to the presence of structurally related
components (e.g. dihydroquinidine) or (2) due to chemical
or metabolic oxidation (e.g. troglitazone). In addition, this
analysis may provide quantitative estimates as to the
components of the mixture when the components are
similar structurally. The results of our work demonstrate
the utility of SA and should encourage manufacturers of
mass spectrometers to determine the specifications of not
only the mass accuracy, but also the spectral accuracy of
their instruments.
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A method is described for characterization of sulfur compounds in unaged and aged whisky. The
method is based on full evaporation dynamic headspace (FEDHS) of 100 wL of whisky samples fol-
lowed by selectable one-dimensional (!D) or two-dimensional (D) retention-time-locked (RTL) gas
chromatography (GC)-mass spectrometry (MS) with simultaneous element-specific detection using a
sulfur chemiluminescence detector (SCD) and a nitrogen chemiluminescence detector (NCD). Sequential
heart-cuts of the 16 sulfur fractions were used to identify each individual sulfur compound in the unaged
whisky. Twenty sulfur compounds were positively identified by a MS library search, linear retention
indices (LRI), and formula identification using MS calibration software. Additionally eight formulas
were also identified for unknown sulfur compounds. Simultaneous heart-cuts of the 16 sulfur fractions
were used to produce the 2D RTL GC-SCD chromatograms for principal component analysis. PCA of the
2D RTL GC-SCD data clearly demonstrated the difference between unaged and aged whisky, as well as two
different whisky samples. Fourteen sulfur compounds could be characterized as key sulfur compounds
responsible for the changes in the aging step and/or the difference between two kinds of whisky
samples. The determined values of the key sulfur compounds were in the range of 0.3-210ngmL"!
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Selectable 'D/2D RTL GC-MS
Element-specific detection

Principal component analysis (PCA)

(RSD: 0.37-12%,n=3).

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Sulfur compounds in alcoholic beverages such as wine, beer,
and spirits are of particular interest because of their low sensory
threshold and possible resulting effect on product flavor [1-5].
Moreover, the presence of several medium and high boiling sulfur
compounds can improve the flavor. These sulfur compounds
have hydrophilic properties and are present at ngmL~! levels
in complex matrices, which include several high concentration
compounds (g mL~! levels) such as fusel alcohols, fatty acids, and
esters. Therefore, in order to analyze sulfur compounds in those
alcoholic beverages, it is essential to have powerful extraction and
enrichment steps before gas chromatographic analysis. Although
liquid-liquid extraction (LLE) has been the most widely used tech-
nique, LLE is tedious, time consuming, labor intensive, and requires
large amounts of organic solvents. Headspace techniques, e.g. static
headspace (SHS), dynamic headspace (DHS), and headspace solid

* Corresponding author. Tel.: +81 3 5731 5321; fax: +81 3 5731 5322.
E-mail address: nobuo_ochiai@gerstel.co.jp (N. Ochiai).

0021-9673/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.chroma.2012.11.002

phase microextraction (HS-SPME), have been frequently used in
analysis of sulfur compounds in wine because they are simple,
solvent-less, and (can be) fully automated [1]. However, these
techniques are generally more selective for more volatile and/or
hydrophobic compounds. In 2012, a full evaporation dynamic
headspace (FEDHS) method, based on a classical full evaporation
technique (FET) developed by Markelov and Guzowski in 1993 [6],
was demonstrated for uniform enrichment of odor compounds
including hydrophilic sulfur compounds (e.g. 2-acethylthiazole
and 2-formylthiophene) in aqueous samples at ngmL~! levels [7].
By using FEDHS of 100 p.L of aqueous sample at 80 °C, a wide range
of odor compounds with different polarities could be uniformly
recovered (>85%) in contrast with conventional DHS and HS-SPME,
while leaving most of the low volatile matrix behind [8].

Several authors reported that gas chromatography-mass spec-
trometry (GC-MS) in combination with simultaneous selective
detection is a powerful tool for the identification of sulfur com-
pounds [1]. Bouchilloux et al. demonstrated combinations of GC
with olfactometry, flame photometry, and MS for identification of
three aromatic thiols in red wine [9]. In certain cases, identifica-
tion of trace sulfur compounds in complex samples by GC-MS with
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simultaneous selective detection can be challenging because co-
elution interferes with mass spectral identification of individual
compounds. A more effective way to improve the identification
capability and separation resolution is through two-dimensional
(D) GC with simultaneous mass spectrometric and selective detec-
tion. There are two established 2D GC approaches: heart-cutting 2D
GC (GC-GC) [10,11] and comprehensive 2D GC (GC x GC) [10,12].
The former approach is commonly used in target analysis of spe-
cific compounds in a sample. The latter approach is mainly used
in exhaustive analysis of a sample for total profiling. Although
several injections are often required for the identification of multi-
ple target compounds, heart-cutting 2D GC-MS with simultaneous
selective detection has higher ability to obtain a clean mass spec-
trum for each target peak because of a much longer second column
and proper temperature programming, resulting in higher peak
capacity and sample capacity in the second dimensional separa-
tion compared to GC x GC. Heart-cutting 2D GC-MS in combination
with a sulfur chemiluminescence detector (SCD) and nitrogen
chemiluminescence detector (NCD) was successfully applied for
analysis of trace sulfur and nitrogen compounds in whisky [13-15].
Recently, a novel selectable one-dimensional (1D) or 2D GC-MS
('D/2D GC-MS) with simultaneous selective detection was demon-
strated for simple and fast operation of both 'D GC-MS and 2D
GC-MS using GC equipped with LTM-technology in combination
with single quadrupole MS [8,16,17]. With this system, simulta-
neous mass spectrometric and selective detection can be performed
for both 'D GC and 2D GC separations, without any instrumental
set-up change. Therefore, the selection and confirmation of target
compounds in 2D GC analysis can be easily performed with both
mass spectral and olfactometric/element-specific information.

In this study, a combined approach consisting of FEDHS, 1D/2D
GC-MS with SCD and NCD for characterization of sulfur compounds
in two kinds of unaged and aged whisky is described.

2. Experimental
2.1. Reagents and materials

4,5-Dimethyl-1,3-thiazole, ethyl 2-methyl sulfanyl acetate,
ethyl 3-methyl sulfanyl propanoate, 1-(1,3-thiazol-2-yl)ethanone
(2-acetyl thiazole), 3-methylthiophene-2-carbaldehyde (3-
methyl-2-formylthiophene), 5-methylthiophene-2-carbaldehyde
(5-methyl-2-formylthiophene), (methyltrisulfanyl)methane
(dimethyl trisulfide), thiophene-2-carbaldehyde (2-formyl
thiophene), 1-thiophen-2-ylethanone (2-acetyl thiophene), and 1-
thiophen-3-ylethanone (3-acetyl thiophene) were kindly obtained
from Dr. Katsumi Umano of Takata Koryo Co., Ltd. (Hyogo, Japan).

Two kinds of malt whisky (“A” from Speyside, Scotland and “G”
from Highland, Scotland), unaged and 15 years old, were used for
the analysis. Both whiskies were of the “single malt” variety, i.e.
produced exclusively in the same distillery and not a mixture of
malt whiskies from different distilleries. The unaged whisky was at
65% (v/v) ethanol. The aged whisky was at 40% (v/v) ethanol.

2.2. Instrumentation

FEDHS was performed using a GERSTEL DHS module (GERSTEL,
Miilheim an der Ruhr, Germany) that enables dynamic purging of
the headspace above a sample combined with trapping of purged
analytes on an adsorbent trap using a dual-needle design [18].
The trapped compounds were subsequently analyzed by thermal
desorption (TD)-1D/2D GC-SCD/NCD/MS using a MPS2 robotic arm
and a TDU thermal desorption unit placed on top of a CIS4 pro-
grammable temperature vaporizing (PTV) inlet (GERSTEL). The
Agilent 7890 gas chromatograph (host GC) was equipped with
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a CTS2 cryo-trap system from GERSTEL, a dual LTM-GC system
(Agilent), a SCD (Agilent) and a NCD (Agilent). A 5975C mass spec-
trometer from Agilent was used. The dual LTM-GC-SCD/NCD/MS
system was configured as 'D/2D GC-MS with simultaneous selec-
tive detection previously described [16], which enables simple and
fast operation of both 'D GC-MS and 2D GC-MS with simultaneous
selective detection without any instrumental setup change.

The 'D/2D GC-SCD/NCD/MS system was equipped with dual
wide format LTM-GC column modules (5in.; 1in.=2.54 cm), an Agi-
lent capillary flow technology (CFT) Deans switch, a 2-Way splitter
and a 3-way splitter (with make-up gas line), which were controlled
with a pressure control module (PCM). PCM has two pressure con-
trol capabilities. One is called PCM (main) and the other is called
Auxiliary (AUX).

2.3. Sample preparation

One hundred micro-liters of whisky sample were transferred
into an empty 10 mL screw cap headspace vial. No further sample
preparation was necessary.

2.4. FEDHS and thermal desorption (TD)

For FEDHS, samples were transferred from the sample tray to the
DHS module at 80 °C. Analytes in the headspace vial were immedi-
ately purged with 3 L of nitrogen gas at a flow rate of 100 mL min~!
and trapped at 40°C on a TDU tube packed with Tenax TA. The
TDU tube was transported to, and subsequently desorbed in the
TDU. The TDU was programmed from 30°C (held for 0.5 min) to
240°C (held for 3 min) at 720°Cmin~! with 50 mLmin~! desorp-
tion flow. Desorbed compounds were focused at 10°C on a Tenax
TA packed liner in the PTV inlet. After desorption, the PTV inlet
was programmed from 10°C to 240°C (held for GC run time) at
720°Cmin~" to inject trapped compounds onto the analytical col-
umn. The injection was performed in the split mode with a split
ratio of 1-1 using the low split option (Gerstel KK, Tokyo, Japan)
controlled by the pneumatic box of the TDU system.

2.5. Selectable ' D/RTL 2D RTL GC-SCD/NCD/MS

Separations were performed on a 30m, 0.25mm i.d., 1.0 pm
film thickness DB-1 column (Agilent) as the first dimensional (D)
column and a 30m, 0.25 mm i.d., 0.25 wm film thickness DB-Wax
column (Agilent) as the second dimensional (2D) column. The col-
umn temperature for the 'D DB-1 was programmed from 40°C
(held for 2 min) to 240°C (held for 8 min) at 5°Cmin~". After the
retention time of 50 min, the sample matrix was back flushed. The
column temperature for the 2D DB-Wax was kept at 40°C dur-
ing 'D GC analysis, and programmed from 40°C at 10°Cmin~!
to 280°C (held for 10 min) for 2D GC analysis. The host GC oven
was kept at a constant temperature of 250°C. The inlet pres-
sure and the pressure of AUX of PCM for the 3-way splitter were
361 and 27 kPa, respectively. For the 2D RTL GC-SCD/NCD/MS
analysis, five individual runs, each at a different constant pres-
sure of the PCM for the Deans switch, were initially performed
with injections of the locking compound {3-methylthiophene-2-
carbaldehyde (3-methyl-2-formylthiophene)}. This is followed by
a 3-methyl-2-formylthiophene retention time versus the Deans
switch pressure (for the 2D column) regression calibration [19]
to allow calculation of the exact required pressure to achieve the
desired retention time of the locking compound. The pressure of
the PCM was initially set at 261 kPa so that the retention time of 3-
methyl-2-formylthiophene is exactly 64.80 min. A single run with
injection of 3-methyl-2-formylthiophene was performed to check
and relock the PCM pressure before every sequence.
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For simultaneous mass spectrometric and element-specific
detection, a split ratio of 1:1:1 was set to the MS, the SCD, and
the NCD. A deactivated fused silica capillary with 1.0m x 0.20 mm
i.d., was used for connecting from the splitter to the SCD, and
1.2m x 0.20 mm i.d., for connecting from the splitter to the NCD
and the MS. The MS was operated in scan mode using electron
ionization at 70eV. Scan range was set from m/z 29 to 300 and
a sampling rate equal to three was used, resulting in scan rate
of 2.68 scans~!. For the formula identification using MassWorks
software ver. 2.0.2.0 (Cerno Bioscience, CT, USA), the MS was oper-
ated in “raw scan mode” which generates a profile mass spectrum
(10-20 measurements per each integer m/z value in the spectrum).
The SCD burner temperature was set to 800°C and its flow rate
was 63mLmin~! and 45 mLmin~! for air and hydrogen, respec-
tively. The NCD burner temperature was set to 950°C and its flow
rate was 10mLmin~! and 5mLmin~! for oxygen and hydrogen,
respectively.

2.6. Data analysis

ChemStation ver. E.02.01.1177 (Agilent) and Aroma Office 2D
database ver. 2.01.00 (Gerstel KK) were used for a combined search
using a MS library and a linear retention indices (LRI) database.
Aroma Office 2D contains the most comprehensive database of odor
compounds available (>73,000 entries). This software is a search-
able database which contains LRI information for a wide range
of odor compounds from many literature references. MassWorks
software ver. 2.0.2.0 (Cerno Bioscience) was used for the formula
identification. MassWorks is a novel MS calibration software which
calibrates for isotope profile as well as for mass accuracy allowing
highly accurate comparisons between calibrated and theoretical
spectra. This calibration process has been published and detailed
elsewhere [20,21]. Principal component analysis (PCA) was per-
formed using Pirouette software ver. 4.0 (Infometrix, WA, USA).

3. Results and discussion

3.1. FEDHS recovery of sulfur compounds in ethanol-water
samples

Table 1 shows FEDHS recovery at 80°C for the test sul-
fur compounds in 40% ethanol-water and 65% ethanol-water
at 100ngmL-!. The logarithm of the octanol-water distribution
coefficient (logKow) of the test sulfur compounds ranged from
0.67 {1-(1,3-thiazol-2-yl)ethanone (2-acetyl thiazole)} to 2.09 (4,5-
dimethyl-1,3-thiazole). The log Ko values were calculated with a
SRC-KOWWIN v1.68 software package (Syracuse Research, Syra-
cuse, NY, USA). FEDHS was performed in six replicate analyses. The
recovery was calculated by comparing peak areas with those of a
calibration curve prepared by automated direct liquid injection of a
standard solution injected into a micro-vial in a thermal desorption

Table 1

Fig.1. 'D total ion chromatogram (TIC), SCD and NCD chromatograms of the unaged
whisky “A”. (a) 'D TIC; (b) 'D SCD chromatogram; (c) 'D NCD chromatogram.

liner through a septum head of the TDU (TDU liquid option, GERS-
TEL). Very good recoveries in the range of 92-99% and 88-98% were
obtained for both ethanol-water samples. Repeatabilities were
also good for both samples resulting in a relative standard devi-
ation (RSD) of less than 3.9%. As already described elsewhere [7],
FEDHS allows sample matrix independent analysis. Here, the high
concentration level of ethanol is assumed to be the main matrix
component during headspace sampling. FEDHS can provide high
recovery of hydrophilic sulfur compounds in ethanol-water sam-
ples.

3.2. Identification of sulfur compounds in single malt whisky

In order to identify sulfur compounds in the whisky samples,
the unaged and aged whisky “A” and “G” were first analyzed with
FEDHS-'D GC-SCD/NCD/MS. From the comparison of the D SCD
chromatograms, the unaged whisky “A” showed the highest num-
ber of sulfur peaks. Fig. 1 shows the ! D total ion chromatogram (TIC)
(Fig. 1a), SCD and NCD chromatograms (Fig. 1b and c) of the unaged

FEDHS recovery at 80 °C for the test sulfur compounds in 40% ethanol-water and 65% ethanol-water at 100 ngmL-!.

Compound (common name)? log Kow © 40% ethanol-water 65% ethanol-water
Recovery (%) RSD (%),n=6 Recovery (%) RSD (%), n=6

1-(1,3-Thiazol-2-yl)ethanone (2-acetyl thiazole) 0.67 92 2.0 98 1.1
Ethyl 2-methyl sulfanyl acetate 0.95 95 3.0 93 2.1
Ethyl 3-methyl sulfanyl propanoate 1.44 99 3.7 94 2.7
1-Thiophen-2-yl ethanone (2-acetyl thiophene) 1.49 93 21 96 1.7
Thiophene-2-carbaldehyde (2-formyl thiophene) 1.53 94 1.8 98 2.0
(Methyltrisulfanyl)methane (dimethyl trisulfide) 1.87 92 24 88 39
5-Methylthiophene-2-carbaldehyde (5-methyl-2-formyl thiophene) 2.08 93 1.9 96 1.9
4,5-Dimethyl-1,3-thiazole 2.09 92 1.5 91 1.7

2 Common name was shown in a parenthesis.

b Jog Ko values were calculated with SRC-KOWWIN software (Syracuse Research, Syracuse, NY, USA).
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Table 3

Formula identification of unknown sulfur compounds in the unaged whisky “A” by FEDHS-'D/?D RTL GC-SCD/NCD/MS.

No. Compound 2tg (min)? 2D LRI Formula® Theoretical m/z Mass error (mDa) Spectral accuracy®
S1 S1 58.12 1309 CsH100,S 134.0402 8.5 99.08
S2 s2d 61.39 1549 CsHq208S; 152.0330 8.6 99.16
S3 S3 66.22 1960 C11Ha3NOS 217.1500 4.5 99.47
S4 S4 66.24 1963 C5Hg0S; 124.0017 7.6 98.23
S5 S5 67.31 2061 CgHy5NOS 173.0874 45 99.47
S6 S6 67.72 2099 CoHINOS 179.0405 6.5 99.26
S7 S7 69.22 2236 C11H15NOS 209.0874 4.0 98.96
S8 S8 69.98 2306 C;H11NOS 157.0561 8.9 98.76

2 Second dimensional retention time (min).

b Formula identification was performed with MassWorks software (Cerno Bioscience, CT, USA).
¢ A measure of the similarity between the measured isotope pattern and the theoretical pattern.
d S2 was identified as 1-ethoxy-2-(methyldisulfanyl)ethane (3,4-dithiapentyl ethyl ether) from Refs. [4,22].

whisky “A”. Although numerous sulfur compounds were detected
in the 'D SCD chromatogram (Fig. 1b), these sulfur compounds were
completely buried in the 'D TIC (Fig. 1a). It is hard to extract a clean
mass spectrum for each sulfur compound because of significant
interference of co-eluting sample matrix. Therefore, we sequen-
tially performed 16 heart-cuts with 16 sulfur fractions selected by
the 'D SCD chromatogram for the identification in the 2D chro-
matograms. The transferred fractions were separated and profiled
under 2D RTL GC-SCD/NCD/MS. Fig. 2 demonstrates an example
of a single heart-cut in the 'D retention time (RT) 16.8-18.8 min
(the sulfur fraction 5 in Fig. 1b) and both D and 2D TIC (Fig. 2a),
SCD/NCD chromatograms (Fig. 2b and c) (separation obtained in
2D is zoomed and given in Fig. 3). After heart-cutting, the heart-cut
fraction was cryo-focused in the CTS2 at —100°C during the rest
of 1D GC run. At the RT 50 min, 'D GC was back-flushed and the

Fig. 2. An example of a single heart-cut in the ' D retention time (RT) 16.8-18.8 min
(the sulfur fraction 5 in Fig. 1) and both ' D and 2D TIC, and SCD/NCD chromatograms.
(a) 'D/2D TIC; (b) 'D/2D SCD chromatogram; (c) 'D/2D NCD chromatogram.

CTS2 was rapidly heated to start 2D RTL GC. For the identification
of sulfur compounds in the 2D SCD chromatogram, the correspond-
ing peak in the 2D TIC and the mass spectral data were used and
a combined search using the MS library and the LRI database was
performed. Besides this, the corresponding nitrogen peak in the
2D NCD chromatogram was used for confirmation of the pres-
ence of nitrogen. Using 2D LRI, Aroma Office 2D database, and
the MS library search, six sulfur compounds, e.g. ethyl 2-methyl
sulfanyl acetate, 1-(1,3-thiazol-2-yl)ethanone (2-acetyl thiazole)
and its isomer, thiophene-2-carbaldehyde (2-formyl thiophene),
thiophene-3-carbaldehyde (3-formyl thiophene), and 3-methyl
sulfanyl propan-1-ol (methionol), were positively identified in this
fraction from only 100 pL of sample. Additionally, the same 2D
analysis but with “raw scan mode”, which generates a profile mass
spectrum, was done and the formula identification was performed
with MassWorks software. After the calibration using MassWorks
software, the mass peak shape involving isotope distribution is
identical to the theoretical spectrum and the accuracy of mass

Fig. 3. 2D TIC, SCD and NCD chromatograms of the sulfur fraction 5 of the unaged
whisky “A”. (a) 2D TIC; (b) 2D SCD chromatogram; (c) 2D NCD chromatogram. 5,
ethyl 2-methyl sulfanyl acetate; 8, acetyl thiazole isomer; 10, 2-acetyl thiazole; 11,
3-formyl thiophene; 12, 2-formyl thiophene; 13, methionol.
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position is greatly improved (e.g. down to four decimal places even
with the unit resolution quadrupole MS measurement). Conse-
quently, a unique isotope distribution as well as an accurate mass
could be used for the formula identification. For these six sul-
fur compounds, the number one candidate formula obtained by
MassWorks software corresponded to the formula of the identified
compound by using the MS library and/or the LRI database. The
mass errors of molecular ions ranged from —5.9 to —8.8 mDa and the
spectral accuracies ranged from 98.63 to 99.63 (the spectral accu-
racy reflects the correctness of the complete mass spectral response
of an ion in the form of continuously sampled spectral error as a
function of all relevant m/z values [21]). From the 16 sulfur fractions
selected by the 1D SCD chromatograms, 20 sulfur compounds were
positively identified in the unaged whisky “A”. Table 2 summarizes
20 sulfur compounds with the parameters used for the identifica-
tion. Since the mass errors of less than 10 mDa and the spectral
accuracies of more than 98 were obtained for the identified 20 sul-
fur compounds, we used these values as criteria for the formula
identification of unknown sulfur compounds. Eight additional best
candidate formulas were obtained for the unknown sulfur com-
pounds (S1-S8) in the unaged whisky “A” (Table 3). We have suc-
ceeded in identifying S2 as 1-ethoxy-2-(methyldisulfanyl)ethane
(3,4-dithiapentyl ethyl ether) [4,22] and the further identification
of the others are work in progress. These 28 sulfur compounds were
used for multivariate analysis in the next section.

3.3. Principal component analysis of sulfur compounds in whisky
using 2D RTL GC-SCD with 16 simultaneous heart-cuts

FEDHS of 100 L of whisky transfer substantial amounts of non-
target compounds such as esters and fatty acids to the D column,
resulting in subtle retention time shift even with the thick film col-
umn such as DB-1 with dimensions 30 m x 0.25 mm i.d. x 1.0 pm
df. In this case, it is essential to have retention time alignment for
all the components in all the chromatograms before multivariate
analysis. In the meantime, 2D GC can reduce the effect of the non-
target compounds for the retention time shift. Also, the PCM and the
CTS2 cryo-trap system can provide highly reproducible injection of
the heart-cut fractions into the 2D GC column under RTL condition.
Therefore, we applied 2D RTL GC-SCD with 16 simultaneous heart-
cuts containing 28 sulfur compounds (listed in Tables 2 and 3) to
multivariate analysis. Triplicate analyses were performed for each
whisky sample. The data set which consists of 12 analyses was
used for multivariate analysis to consider repeatability of analy-
sis. Fig. 4 demonstrates an example of the 16 heart-cuts of the
unaged whisky “A” and both 'D and 2D TIC (Fig. 4a), SCD/NCD
chromatograms (Fig. 4b and c). Fig. 5 shows a comparison of the
2D RTL SCD chromatograms between all whisky samples. Com-
pared to the unaged whisky, many sulfur compounds (3, 5, 6,
8, 9, 13, 18-20, and S1-S8) dramatically decreased or were not
detected in the aged whisky. Masuda and Nishimura investigated
changes in sulfur compounds during whisky aging in wood casks
and found that low boiling sulfur compounds {e.g. methylsulfanyl-
methane (dimethyl sulfide) (DMS) and (methyldisulfanyl)methane
(dimethyl disulfide) (DMDS)} and some medium/low boiling sulfur
compounds (e.g. 3-methyl sulfanyl propyl acetate and methionol)
decrease rapidly during maturation [23]. Similar results have been
reported for DMS and DMDS in Irish whiskey [24]. These sulfides
have disagreeable aromas (e.g. asparagus, cabbage, and onion), but
disappear rapidly during maturation. Natural evaporation is a fac-
tor in the decrease, but oak wood is also necessary for their removal.
It is reported that the burnt char on the inside of the cask can act as
adsorption layer to remove these disagreeable volatile sulfur com-
pounds [25]. On the other hand, several sulfur compounds did not
appreciably change (1, 15, and 17) or even increased (4, 11, and 12
for both “A” and “G”, 10 for “G”, and 16 for “A”). Compounds that
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Table 4

Concentration of the key sulfur compounds in unaged and aged single malt whisky samples.

Aged “G”

Unaged “G”

Aged “A”

Unaged “A”

Formula

Compound (common name)?

No.

RSD (%),

Concentration
(ngmL-1)
0.73

75

RSD (%),

Concentration
(ngmL~")

RSD (%),
n=3

Concentration
(ngmL-1)
0.52

62

RSD (%),

Concentration
(ngmL-1)
100

28

0.37

7.3
6.1

3.7
2.1

93
50
20
15

3.4
1.5

22
2.0
25

C4H1903S
C3Hg0,S

Ethyl methanesulfonate

Diethyl sulfite

on <

0.35
17
18
28

2.6
12

12

0.32
9.1

35

CsH120,S

3-Methyl sulfanyl propyl acetate

3.1

44

7.6
5.9
3.6
35
4.6

13

CsHsNOS
CsH40S

1-(1,3-thiazol-2-yl)ethanone (2-acetyl thiazole)

Thiophene-3-carbaldehyde (3-formyl thiophene)

10

11

4.5

1.7
2.6
5.1

34

22
32

6.0
3.1

4.5

2.8

28
110

0.59

21

CsH40S

Thiophene-2-carbaldehyde (2-formyl thiophene)
3-Methyl sulfanyl propan-1-ol (methionol)
3-Methylthiophene-2-carbaldehyde

(3-methyl-2-formyl thiophene)
2-Methyl-1,3-benzothiazole +S4

1,3-Benzothiazole

S1

12
13
16

nd
13

nd
17

C4H100S
CgHgsOS

3.2

2.2

15

1.1

9.6

nd
1.0
nd

14
2.5

31
170

nd
1.2
nd

4.1

26
210

CgH7NS/C3Hg0S;

C7HsNS

18+54
19
S1

4.5

9.5

23

5.1

21

11 3.5

CsHq1002S
CsH120S;

10

0.30
nd

2.6
2.7

9.5
100

13

0.41
nd

4.3

6.4

110

S2P
S5

S2
S5

6.0

CgH15NOS

2 Common name was shown in a parenthesis.

b S$2 was identified as 1-ethoxy-2-(methyldisulfanyl)ethane (3,4-dithiapentyl ethyl ether) from Refs. [4,22].
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Fig. 4. An example of simultaneous 16 heart-cuts in the 'D GC and both 'D and
2D TIC, SCD/NCD chromatograms. (a) 'D/?D TIC; (b) 'D/?D SCD chromatogram; (c)
1D/2D NCD chromatogram.

increase during aging, such as thiophenes, originate from the wood
as Maillard reaction products. They have a roasted spicy and/or
fruity aroma which can contribute positively to the whisky flavor
[26].

A principal component analysis (PCA) was applied to all samples
to obtain a simplified view of the relationship between unaged and
aged whisky, as well as two different whisky samples. The three
principal components (PC) account for 99.98% of the total variance
of the data (PC1: 97.4%, PC2: 1.6%, and PC3: 0.98%, respectively).
Fig. 6a shows a PCA score plot using PC1 and PC2. PC1 clearly dif-
ferentiates between the unaged and aged whisky samples. From
the corresponding loading plot in Fig. 6b, the sulfur compounds
can be characterized according to the strength of the contribu-
tion to each PC (the compounds which have the PC factor of more
than £0.1 are labeled with a bold letter). Diethyl sulfite (3), 1,3-
benzothiazole (19), and S5 show higher contribution to the positive
PC1, while ethyl methanesulfonate (4) highly contributes to the
negative PC1. Also, methionol (13) and 2-methyl-1,3-benzothiazole
(18)+5S4 (these two compounds were not separated in the 2D RTL
GC-SCD with the simultaneous 16 heart-cuts) show moderate con-
tribution to the positive PC1, while 2-formyl thiophene (12) and
3-methyl-2-formyl thiophene (16) moderately contribute to the
negative PC1. In general, the positive PC1 is correlated with the
decrease of sulfur compounds during the aging, while the nega-
tive PC1 is correlated with the increase of sulfur compounds. PC 2
clearly differentiates between the unaged whisky “A” and “G”, how-
ever, the aged whisky samples are not appreciably differentiated.
From the loading plot, 2-methyl-1,3-benzothiazole (18)+S4 and
S5 show higher contribution to the positive PC2, while methionol
(13) highly contributes to the negative PC2. Also, diethyl sulfite
(3), ethyl methanesulfonate (4), 3-methyl-2-formyl thiophene (16),
S1, and S2 (3,4-dithiapentyl ethyl ether) show moderate contribu-
tion to the positive PC2, while 3-methyl sulfanyl propyl acetate (9)
moderately contributes to the negative PC2. In general, the posi-
tive PC2 is correlated with higher response of sulfur compounds in
the unaged whisky “G”, while the negative PC2 is correlated with
higher response of sulfur compounds in the unaged whisky “A”.

Fig. 5. A comparison of the 2D RTL SCD chromatograms between all whisky samples. (a) Unaged whisky “A”; (b) unaged whisky “G”"; (c) aged whisky “A”; (d) aged whisky
“G". The marked peaks represent positively identified sulfur compounds (see Table 2, 1-20) and unknown sulfur compounds which have candidate formulas (see Table 3,

S1-S8).
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Fig. 6. PCA score plot using PC1 and PC2 (a) and the corresponding loading plot (b). The compounds which have the PC factor of more than £0.1 are labeled with a bold letter.
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Fig. 7. PCA score plot using PC2 and PC3 (a) and the corresponding loading plot (b). The compounds which have the PC factor of more than £0.1 are labeled with a bold letter.

Although PC1 does not differentiate between the aged whisky
samples and PC2 shows very small difference, PC3 clearly differ-
entiates those samples. Also, the score plot using PC2 and PC3 can
clearly differentiates all whisky samples (Fig. 7a). From the corre-
sponding loading plot in Fig. 7b, 2-acetyl thiazole (10), 3-formyl
thiophene (11), and 2-formyl thiophene (12) show higher contri-
bution to the positive PC3, while 3-methyl-2-formyl thiophene (16)
highly contribute to the negative PC3. The positive PC3 is correlated
with higher response of sulfur compounds in the aged whisky “G”,
while the negative PC3 is correlated with higher response of sulfur
compound in the aged whisky “A”, if those sulfur compounds are
still detected in the aged samples.

Finally, quantification of fourteen sulfur compounds (3, 4, 9, 10,
11,12.13,16, 18 +54, 19, S1, S2, and S3), which could be character-
ized as key sulfur compounds with the PC factor of more than +0.1
in the loading plot, was performed using a linear and equimolar
response of the 2D RTL GC-SCD to sulfur compounds [27]. 1-
Thiophen-3-ylethanone (3-acetyl thiophene) (log Kow: 1.49), which
was not present in the samples, was chosen as a standard and
spiked into the sample between 1 and 200ngmL-! (7.9 and
1600 nmol mL~1). The recovery of 3-acetyl thiophene in the unaged
whiskey “A” spiked at 100ngmL-! was 101% (RSD: 2.0%, n=5).
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Concentrations of the key sulfur compounds in the unaged and
aged whisky samples were in the range of 0.3-210ngmL~! (RSD:
0.37-12%, n=3). Table 4 summarizes the determined values of the
key sulfur compounds.

Using the FEDHS-1D/2D RTL GC-SCD/NCD/MS system, once the
key sulfur compounds are identified in 2D GC mode (and sub-
sequent PCA), then it may be possible to routinely monitor and
quantify them in D GC mode with the selective detection such as
SCD. This would be a very user-friendly option, especially because
no instrumental configuration changes need to be made.

4. Conclusion

The combination of FEDHS, 'D/2D RTL GC-SCD/NCD/MS, the
combined search using mass spectra and LRI, formula identifica-
tion, and PCA, offers a very effective synergy for identifying key
sulfur compounds in the unaged and aged whisky. Twenty sulfur
compounds were positively identified in the unaged whisky by
sequential heart-cuts of the 16 sulfur fractions. Also, 8 formulas
could be obtained for unknown sulfur compounds.

2D RTL GC-SCD data obtained by simultaneous heart-cuts of
the 16 sulfur fractions clearly demonstrated the changes of sulfur



N. Ochidai et al. / J. Chromatogr. A 1270 (2012) 296-304

compounds during the aging step. PCA of the 2D RTL GC-SCD
data proved to be a remarkable tool for distinguishing between
unaged and aged whisky, as well as two different whisky sam-
ples. Fourteen sulfur compounds could be characterized as key
sulfur compounds and determined at sub-ngmL-! to ngmL™!
levels.
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ABSTRACT: Correct identification of a chemical substance in environmental Spectral accuracy = 96.6%

samples based only on accurate mass measurements can be difficult especially for ek — hwika
. . . Bl = = (zlibrated pattern
molecules >300 Da. Here is presented the application of spectral accuracy, a tool . — Theoreticel pattem
/ for CoMrbaOist
I/\
|

for the comparison of isotope patterns toward molecular formula generation, o=
as a complementary technique to assist in the identification process of organic
micropollutants and their transformation products in surface water. A set of nine
common contaminants (five antibiotics, an herbicide, a beta-blocker, an anti-
depressant, and an antineoplastic) frequently found in surface water were spiked
in methanol and surface water extracts at two different concentrations (80 and
300 pug L™"). They were then injected into three different mass analyzers (triple
quadrupole, quadrupole-time-of-fight, and quadrupole-orbitrap) to study the impact o A—
of matrix composition, analyte concentration, and mass resolution on the correct LI
identification of molecular formulas using spectral accuracy. High spectral accuracy

and ranking of the correct molecular formula were in many cases compound-specific due principally to conditions affecting signal
intensity such as matrix effects and concentration. However, in general, results showed that higher concentrations and higher
resolutions favored ranking the correct formula in the top 10. Using spectral accuracy and mass accuracy it was possible to reduce
the number of possible molecular formulas for organic compounds of relative high molecular mass (e.g., between 400 and
900 Da) to less than 10 and in some cases, it was possible to unambiguously assign one specific molecular formula to an
experimental isotopic pattern. This study confirmed that spectral accuracy can be used as a complementary diagnostic technique
to improve confidence levels for the identification of organic contaminants under environmental conditions.

12=10

Counts

B«10% &

4=10°%

he identification of organic micropollutants, such as pesticides, Bank, may help to reach confidence level 2 by searching library

pharmaceuticals, personal care products, plastic additives, spectrum matches, however it is difficult to perform such con-
and their metabolites, is a real challenge as a large number and firmation for less known organic micropollutants or their trans-
variety of compounds are present the environment." One of the formation products that might be absent from those databases.
first steps to identify a compound using mass spectrometry For that reason, complementary techniques have been recently
(MS) is to determine the molecular formula from its mass developed to obtain more information on the composition
spectrum. Recently, Schymanski et al.” proposed to improve the and structure of unknowns such as postcolumn hydrogen—

communication of identification confidence using MS based on
a five-level approach. According to the authors, accurate mass
represents the lowest confidence (level S), followed by
unequivocal molecular formula (level 4), tentative candidate
(level 3, based for example on tandem mass spectrometry or
other experimental data), probable structure (level 2, which
could be reached using library spectrum match or other
diagnostic evidence), and finally confirmed structure (level 1,
which requires a reference standard). Determination of an
unequivocal chemical formula (level 4) with mass accuracy
<S5 ppm for a unknown peak in the mass spectrum is

deuterium exchange” and comparison of data acquired in the
positive and negative ionization mode.”® The former could be
used as diagnostic evidence to obtain more information about
the presence of specific functional groups (e.g, exchangeable
hydrogens present in alcohol and amine groups) on a molecule,
while the latter can be employed to confirm the presence of
certain compounds. Dual ionization has been used for meta-
bolomic profiling in the past to broaden the range of detec-
tion of MS methods. Additionally, for some environmental

challenging for compounds with molecular masses >300 Da’ Received: May 10, 2017
and can often lead to incorrect conclusions. Using tandem mass Accepted: August 2, 2017
spectrometry (MS/MS) databases, such as mzCloud or Mass Published: August 2, 2017
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contaminants, such as pharmaceuticals, herbicides, and fluo-
rinated compounds, electrospray in the negative mode is the
preferred ionization polarity.” Obtaining additional structural
information from the mass spectrum for a precursor ion before
carrying on MS/MS experiments is of interest since it could
save time and resources. It could also help in the identification
process of unknown organic micropollutants and their trans-
formation products, often present in samples at low concen-
trations, since it is difficult or even impossible to obtain mea-
ningful MS/MS spectra for peaks of low abundance.

Previous studies have explored different approaches to
improve the identification of small organic compounds usin§
MS. The “Seven Golden Rules” established by Kind and Fiehn
provide a way to limit the sheer number of possible formulas
and are now widely used in the identification process of
compounds. In these rules, isotope pattern is the major
component for the formula determination, along with other
rules, such as hydrogen to carbon ratios and probable elements.
Recent studies based exclusively on accurate mass to assess
molecular formula are rare because MS/MS is normally used to
provide additional structural information; however alternatives
have been explored. Garcia-Reyes et al.” previously developed a
workflow for detecting and identifying pesticides and their
degradation products using liquid chromatography-time-of-
flight MS. The proposed method is efficient for compounds
containing S, Cl, or Br, which are a common occurrence in
pesticides, because of their very easily distinguishable isotopic
patterns. However, if an unknown compound does not contain
such elements, the number of possible molecular formulas for a
given accurate mass within an acceptable tolerance window
cannot be reduced significantly, which impairs the compound
identification process. For example, 187 possible molecular
formulas, within 5 mDa of mass error and having between 0 to
50 atoms of C, H, N, O, P, and F with up to 20 double bond
equivalents, were found for an hypothetical ion of m/z 400.1234.
Another approach proposed by Little et al,,'”"" used accurate
mass to perform searches on databases such as the Chemical
Abstracts Service or ChemSpider to identify unknown
compounds. The authors applied orthogonal filters based on
the number of literature references to prioritize the list of potential
candidates. Though this approach can be highly successful to
identify compounds that are commercially available, it can be
less suitable for the identification of transformation products of
environmental contaminants that may not be integrated in
databases.

An interesting alternative technique to improve the confidence
on the identification level of a given unknown is spectral
accuracy for MS as introduced by Wang and Gu.'” Spectral
accuracy is a metric that describes the similarity between a
calibrated experimental profile data of an ion, obtained through
a mathematical transformation of its experimental profile data
and the theoretical (calculated) isotopic pattern corresponding
to a given molecular formula. Thus, high spectral accuracy
(e.g, > 98%) indicates that the experimental isotopic pattern
fits well to the isotopic pattern of a specific molecular formula
within 2% spectral error'> (Figure 1). The main advantage of
spectral accuracy over mass accuracy is that in the latter error
is measured at a single point, while in the former error is
measured throughout the whole isotopic distribution. There-
fore, spectral accuracy uses all the information embedded in the
experimental mass spectrum to rank possible molecular
formulas accordingly to their level of likeness to the theoretical
mass spectrum. Spectral accuracy was successfully applied to
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Figure 1. Determination of spectral accuracy in the MassWorks
software using a known compound spiked in MeOH and analyzed
by LC-ESI-(+)-QqQMS. The raw data is first calibrated, that is,
mathematically transformed, and then compared to the theoretical
isotopic pattern of molecular formula candidates. The top figure shows
that the isotopic pattern corresponding to an ion of formula
CyHgN,S¢" (Am = —3.4 mDa), is not a good match for the
calibrated isotopic pattern, therefore the spectral accuracy is 75.00%
and was ranked 71st out of 71 possible formulas. The bottom figure
shows a better match between the calibrated and the theoretical
isotopic pattern of ion CyH,N,0;s" (Am = —0.7 mDa) and the
spectral accuracy (96.63%), was ranked 6th out of 71 possible for
molecular formulas within the software constraints (Ci_¢s, Ho_100,
No_200 Oo_2s5, So_13 mass tolerance = 5 mDa, electron state: even,
double bond equivalents range = —0.5 to 50). That ion corresponds to
the protonated molecule of roxithromycin, the compound spiked in
the sample.

the identification of high mass (639—1664 Da) natural
products in a previous study using a linear ion trap-orbitrap
mass spectrometer.”” On the basis of both mass and spectral
accuracy, it was possible in some cases to eliminate >99% of
formula candidates and the correct formula was usually ranked
among the top five candidates. However, data were obtained
using millimolar concentrations in pure solvents, experimental
conditions that do not correspond to environmental analysis.
Moreover, previous works on spectral accuracy showed that ion
abundance was a major factor impacting quality of results."*
The main objective of the present work was therefore to
determine if spectral accuracy could be used as a comple-
mentary technique for the identification of organic contami-
nants in environmental sample analysis. To answer this
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question, a set of frequently detected organic contaminants
were spiked in methanol and surface water extracts at two
different concentrations (80 and 300 ug L™"). Three different
types of mass analyzers (ie., triple quadrupole, quadrupole-
time-of-flight, and quadrupole-orbital ion trap) were used to
study the impacts of three important factors in environmental
analysis (matrix composition, analyte concentration and mass
resolution) on spectral accuracy and formula ranking of the
selected organic micropollutants (Figure SI-1).

B EXPERIMENTAL SECTION

Reagents and Standards. Water, acetonitrile (ACN),
methanol (MeOH), and 0.1% formic acid (FA) in ACN were
all LC-MS Optima grade and were obtained from Fisher
Scientific (Canada). Analytical standards of atrazine (acronym,
ATZ; purity, 98.1%), fluoxetine hydrochloride (FLX, 99.95%),
josamycin (JOS, >98%), metoprolol tartrate (MTP, >98%),
ofloxacin (OFL, 99.8%) roxithromycin (ROX, >90%), and
sulfamethoxazole (SMX, 99.9%) were purchased from Sigma-
Aldrich (Canada). Trimethoprim (TRI, >98%) and methotrexate
(MTX, >98%) were purchased from Santa Cruz Biotechnology
(UsA).

Collection and Preparation of Samples. Mixture
solutions of the aforementioned compounds were prepared
in MeOH each at high (300 ug L") and low concentration
(80 ug L7'). River surface water samples (250 mL) were
collected from the Magog River (Sherbrooke, Quebec) on
September 13, 2016 in amber high density polyethylene bottles
and conserved in an ice cooler until arrival to the laboratory,
where they were immediately stored at —20 °C. Upon
extraction, samples were thawed at room temperature and
buffered to pH 7 with phosphoric acid monobasic and
phosphoric acid dibasic. Water samples were then extracted
using a previously reported method.* Briefly, samples were
loaded in polymeric Strata-X solid-phase extraction cartridges
(Phenomenex, USA) and then eluted with 2 X 3 mL of an
ACN-MeOH (1:1, v/v) solution. Eluates were evaporated
under a nitrogen flow and reconstituted to 10 mL with MeOH
spiked at the same concentrations as the previous solutions
(80 and 300 pug L™"). Therefore, considering a preconcentration
factor of 25 (initial volume = 250 mL, final volume = 10 mL),
the high and low concentrations used for each compound are
equivalent to 3 and 12 ug L' respectively, which are in the
high range of environmental concentrations of many organic
micro?ollutants detected in surface waters around the
globe. 516 For all experiments, samples were injected three
times in order to evaluate reproducibility of the results.

Another set of analysis at lower concentrations (10, 20, 30,
40, and 50 pg L7') was added in order to assess the lowe
concentration limits of spectral accuracy on the quadrupole-
time-of-flight mass spectrometer and the quadrupole-orbital
ion trap mass spectrometer. Considering the preconcentration
factor, those concentrations were equivalent to 0.38, 0.75, 1.1,
1.5, and 1.9 ug L™". For these experiments, the same sample
was injected two times.

Instruments and Methods. Liquid Chromatography-
Triple Quadrupole Mass Spectrometry (LC-QqQMS). The
liquid chromatography-triple quadrupole mass spectrometry
instrument (LC-QqQMS) used for this work involved an
Acquity Ultra Performance LC coupled to a Quattro Premier
XE triple quadrupole mass spectrometer both manufactured
by Waters (USA). The LC column was a Waters Acquity
UPLC HSS T3 2.1 X 50 mm, 1.8 ym. The mobile phase was
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composed of solvent A, water with 0.1% (v/v) formic acid,
while solvent B was acetonitrile with 0.1% (v/v) formic acid.
Chromatographic separation was obtained using the following
elution gradient: at initial time, 5% B; at 5 min, 100% B; at
7 min, 100% B; at 7.01 min, 5% B; at 10 min, 5% B. Run time
was 10 min. Mobile phase flow rate was 500 xL min~" throughout
the run. Injection volume was 10 #L. The QqQMS system was
first mass calibrated via MassLynx with a solution of sodium
formate before the acquisition. Additional mass calibration was
performed through MassWorks by infusing an external calibrant
(sodium formate) before the acquisition or by LC-QqQMS
analysis of internal calibrants (MTP, FLX, OFL and JOS) mixed
with the samples. A detailed description of experiments carried
out to evaluate the mass accuracy stability of the QQQMS system
is presented in section SI-1 of the Supporting Information.

Liquid Chromatography-Quadrupole-Time-of-Flight Mass
Spectrometry (LC-QGTOF-MS). The instrument used in these
experiments involved a LC system manufactured by Shimadzu
(Japan) and composed of a Nexera LC-30AD pump module,
a SIL-30AC autosampler and a CTO-30A as column oven
module. This LC system was coupled to a high-resolution mass
spectrometer, the Maxis quadrupole-time-of-fight mass spec-
trometer (QQTOFMS) made by Bruker (USA). LC conditions
were identical as those used in the LC-QqQMS setup. Injection
volume was 1 yL. The QQTOFMS was calibrated with a sodium
formate solution in HPC mode after waiting 30 min for the
system to stabilize. The mass drift was monitored and all analyses
were done within 4 h of the calibration. No lock mass solution
was used. In these conditions, full width at half-maximum mass
resolution (Rgypn) at m/z 455 was about 25 000.

Liquid Chromatography-Quadrupole-Orbital lon Trap
Mass Spectrometry (LC-QqOrbitrap MS). The instrument
used in these experiments was composed of a Dionex Ultimate
3000 Rapid Separation System ultrahigh performance liquid
chromatograph coupled to a Q-Exactive hybrid quadrupole-
orbital ion trap mass spectrometer (QqOrbitrapMS) both
manufactured by Thermo (USA). LC conditions were the same
as for the LC-QqQMS setup. Injection volume was 2 uL. As for
the QqOrbitrapMS parameters, the ion source was ESI in
positive mode, spray voltage was at 4.2 kV, capillary temper-
ature was at 300 °C, sheath gas was S0 arbitrary units and
auxiliary gas was 25 arbitrary units. Rgyypy was set to 70 000 or
140000 at m/z 400. Mass range was m/z 200—1000. The
instrument was calibrated using the calibrant solution recom-
mended by the manufacturer, a solution containing n-butylamine,
caffeine, the tripeptide MRFA and Ultramark 1621, a mixture of
fluorinated phosphazines.

Software Parameters. Raw profile data of the mass
spectrum of the test analytes spiked in MeOH and river
water samples were extracted from acquisition files and
processed in MassWorks (Cerno Bioscience, USA). This
software uses two algorithms for the determination of spectral
accuracy and formula ranking: calibrated line shape isotope
profile search (CLIPS) and self-calibrated line shape isotope
profile search (sCLIPS). The former is used for low resolution
data and the latter for high-resolution data. Parameters for
both algorithms are shown on Table 1. As the analyses were
performed with electrospray ionization in the positive
ionization mode, the observed charges were mainly +1
(IM + H]"). Doubly charged species were only observed for
ROX, albeit it was not the major ion. Mass tolerance was highly
dependent on the type of calibration used for the CLIPS
algorithm. For the internal calibration with CLIPS, it was
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Table 1. Parameters for MassWorks Algorithms

mass double bond
tolerance equivalents elements
algorithm charge  (ppm) electron state (DBE) range allowed
CLIPS 1 1-15 even —05t030 C HN,O,F,
P, Si, S,
Cl, Br, I
sCLIPS 1 4—6 even —0.5 to 30 C,HN,O,F
P, Si, S,
Cl, Br, I

observed that a lower mass tolerance could be used than for
external calibration. Allowed elements in the formulas generated
were those commonly found in organic contaminants, such as
pharmaceuticals, pesticides, and plastic additives. The number
range for each element was set automatically according to the
Seven Golden Rules.® In some cases, certain parameters had to
be individually tuned. Such changes included a higher mass
tolerance window if the mass calibration was off. Cl, Br, and
Si atoms were also withdrawn to reduce computing time
when the spectra visually did not suggest the presence of such
atoms. Finally, in a few cases, chemically aberrant formulas, that
is, containing an unrealistic number of H, F, or P atoms, were
eliminated from the list given by MassWorks. Determina-
tion of the error of spectral accuracy is detailed in the Supporting
Information (section SI-2).

B RESULTS AND DISCUSSION

Impact of Matrix on Spectral Accuracy and Formula
Ranking on QqTOFMS Data. Mass accuracy for the 80 and
300 ug L™ samples analyzed in the QqTOFMS can be seen
in Table 2. As expected, values for the QqTOFMS were
generally lower or equal than 2 ppm. It was hypothesized that
environmental matrices such as river water would have no
impact on formula ranking and spectral accuracy for the
QqTOEMS since the risk of peak overlaps between analytes
and matrix interferences would be much reduced in high
resolution mass analyzers. However, results showed that the
river water extract (matrix) did have an impact, albeit minor, on
rankings (Table 3) and spectral accuracies (Table 4) measured
with the QgTOFMS especially for the compounds with
molecular mass >350 Da. For example, with samples spiked
at a concentration of 80 g L™, JOS (neutral nominal mass =
827 Da) was ranked 25 + 24 in the MeOH solution and 34 + 33
in the matrix. The impact of the matrix was however less
pronounced on OFL (361 Da) and FLX (309 Da) which were
always among the top 5 possible formulas in both MeOH and
the matrix. Interestingly, OFL had a slightly worse ranking in
the pure solvent than in the river extract, that is, 3 + 2 in
MeOH and ranked second or first in the matrix. This result was
interpreted as a consequence of the presence of matrix effects
causing signal enhancement that will be explained later.

Spectral accuracies were generally not affected by the matrix
and differences between MeOH and river extracts differed only
by approximatively 3 percentage points. The slight decrease in
spectral accuracy for SMX could be explained by the presence
of matrix interferences near the peaks of the isotope pattern
which were included in the spectral accuracy calculation. These
interferences can be corrected with the interference rejection
parameters which are discussed in the Supporting Information
(section SI-3). For OFL spiked at 80 ug L™, the same trend in
the ranking was observed in the spectral accuracy: higher
spectral accuracy in the matrix extract (96.3 + 0.1%) than in
MeOH solution (93.2 + 0.1%). Such improvement in ranking

Table 2. Mass Accuracy in ppm for the Test Compounds in the Three Different Mass Analyzers Employed”

140 K)

QqOrbitrapMS (Rezrwi

MeOH

QqOrbitrapMS (Reirwm = 70K)

MeOH

QqTOFMS (Rpgwy = 25K)

MeOH

QqQMS

MeOH

300 pug L™!

matrix

matrix

matrix

matrix

300 pg L™

80 ug L™

80 ug L' 300 ug L™ 80ugL™' 300pugLl 80ugL' 300 ug L
12

compounds 300 ug L™ 80 pug L' 300 ugL™' 80 ugL' 300 ug L7t
ATZ (215)
SMX (253)
MTP (267)

TRI (290)
FLX (309)

33+03
04+ 04
09 + 02

+ 0.9

1.6 £ 0.8
1.1

1.5+03

2+1
2+2

+ 0.2

1.8

+ 0.2

1.1 +£02
1.6 £ 0.3

1.4
0.67

+ 0.2
+ 0.2

03 £+ 0.2

0.73

0.5+ 0.3
0.7 £ 0.4

23 +£02
1.0 £ 04

+ 0.2

0.7 + 04

04+ 03

1.0+ 0.5

12

1.0

1.8 £ 09

NA

2+2

1.1+02
1.5+ 04
0.9 + 0.2
0.5+ 02
23 +£06
22+ 03

0.6 + 0.2

1.1 £ 0.5

0.8 +£ 04

0.7 £ 0.9

NA 6.0 £ 0.9

NA

1.1 +03

13

NA NA 1.5+ 08 19 0.70 + 0.03 2 +02 12 £03 + 0.7 14 +£02

OFL (361)
MTX (454)

JOS (827)

2+ 0.2 + 03

+ 0.2

0.5 +0.2

1.6 £03

1.0 + 09

3+2

0.9 + 0.7

0.6 0.3
1.0 £ 0.1

+ 0.2

0.9

22+ 07

43 +02

12 £ 0.6

0.7 £ 0.2 0.8 +£0.1 0.5 +£0.2 0.7 £ 0.2 1.1+07

ROX (837)

NA: Not available. Uncertainty for all values represents standard deviation of three replicate injections. When uncertainty is absent, standard deviation was zero.
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and spectral accuracy for OFL could be explained by signal
enhancement caused by coeluting sample components, which
has been reported previously'”'® and resulted in an improved
signal-to-noise ratio. The peak area for OFL was indeed about
3 to 20 times higher in the matrix compared to the MeOH
solution (Table SI-2). Matrix effects were quantified by
calculating the ratio of peak areas for a test compound in the
matrix and MeOH. Thus, for the results presented in Table SI-2,
area ratios >1 indicate signal enhancement and area ratios
<1 signal suppression. Signal enhancement occurs because
matrix components that coelute with target compounds can
improve access to the droplet surface during the electrospray
ionization process and thus increase ionization efficiency.'’
The opposite effect, known as signal suppression, was also
observed during the experiments. Signal suppression can be
significant (up to 90%) in some cases in other environmental
waters such as hospital and wastewater influents.'” While these
matrix effects can be hardly predicted, they could be reduced
by modification in the sample preparation and the chromato-
graphic separation.

Impact of Analyte Concentration on Spectral Accuracy
and Formula Ranking on QqTOFMS Data. Results in Table 3
show that concentration (80 vs 300 ug L™ spiked in the river
water matrix) was an important factor in deciding the correct
formula rank for the larger compounds (>350 Da). For smaller
compounds (<350 Da), the lower number of possible
outcomes for a given accurate mass requires less spectral
accuracy for correct formula identification. This was especially
true for ATZ and SMX which have very recognizable features
due to their Cl and S atoms, respectively. Spectral accuracy
of MTX (454 Da) (Table 4) was the most affected by
concentration, from 90.7% + 0.9% in the 80 ug L™' matrix
solution to 97.9% + 0.5% in the 300 g L™" matrix solution.
For the other compounds, differences were <4 percentage
points. This can be explained by a higher signal for the M+2
and M+3 peaks which allows for a more thorough comparison
of the calibrated experimental and theoretical peaks in
MassWorks. When peak intensities were <800 counts, major
discrepancies are observed between the calibrated experimental
and theoretical peaks. These differences result in much lower
overall spectral accuracy and less confidence in formula
determination. Since the signals for the other compounds
were relatively higher than those of MTX in the 80 ug L'
matrix solution, the increase in concentration had a less
noticeable effect. Finally, for SMX and OFL, standard
deviations >5 percentage points in spectral accuracies were
observed. SMX standard deviation was indeed almost 4 times
larger in the 300 ug L™ solution compared to the 80 ug L™*
solution. Such high variation is due to an outlier value. When
the outlier replicate was removed, the variation in spectral
accuracy was within 2 percentage points.

Impact of Mass Analyzer Resolution on Spectral
Accuracy and Identification. Triple Quadruple Mass
Spectrometer (QqQMS). Measurements with QqQMS were
done using both internal and external mass calibrations. Better
results were obtained using internal mass calibration and are
discussed here. Results obtained using external calibration are
discussed in the Supporting Information (section SI-1).

Mass accuracy results obtained after post-acquisition internal
calibration and determination of molecular formulas based
on the CLIPS algortihm can be seen in Table 2. For all
compounds, average mass accuracy was <5 ppm. As expected,
better mass accuracy was obtained in both QqTOFS and
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QqOrbitrapMS, but it is remarkable that a QQQMS can attain
such low errors in measuring accurate masses. However,
concentration had a major impact on both ranking and spectral
accuracy on the QqQMS data. In fact, it was possible to obtain
meaningful data only for the samples spiked at 300 ug L™
(Tables 3 and 4). In general, the matrix slightly increased spectral
accuracy but rank was not significantly affected. As explained
previously, the higher spectral accuracy in the river matrix could
be explained by signal enhancement during the ESI process, in
which the coeluting compounds improve ionization efficiency.
As it can be seen in the Supporting Information Table SI-2 for
QqQMS data, matrix/MeOH area ratios were between 1.2 and
2.8, indicating that signal enhancement due to the matrix, were
observed for all compounds except for ROX (0.9). However, for
TRI and MTX, lower rankings despite the matrix induced signal
enhancement were observed. These results illustrate the two
opposite effects of the matrix on spectral accuracy and formula
ranking: (1) ions of coeluting matrix compounds with overlapping
m/z values with the compound of interest may affect intensities of
the isotopic pattern and thus lower spectral accuracy and ranking
and (2) ions of coeluting matrix compounds of different m/z
from the compound of interest may increase spectral accuracy
and formula ranking by increasing the signal-to-noise ratio of
the all the peaks of the isotopic pattern.

As shown in Table 3, obtained rankings were not good enough
to allow acceptable certainty in formula determination in most
cases. Therefore, these results suggest that the use of a QqQMS
for the measurement of accurate masses and spectral accuracy
of small organic molecules at low concentrations in complex
matrices seems to be very challenging. Nevertheless, it could be
very helpful for other routine applications that use simpler
matrices and compounds at higher concentrations, e.g. monitoring
and confirmation of organic synthesis products or impurity and
degradation identification in pharmaceutical products.

Quadrupole-Orbital lon Trap Mass Spectrometer
(QqOrbitrapMS). Mass accuracy and ranking results at 80
and 300 ug L' in MeOH and the matrix solution obtained
with QqOrbitrapMS at Ry = 70 K and 140 K are shown in
Table 2 and 3, respectively. As expected, mass accuracy for the
QqOrbitrapMS were generally lower or equal than 2 ppm.
Concerning ranking, both low mass compounds (<350 Da) and
high mass compounds (between 350 and 837 Da) were not
affected by resolution considering that rankings were
consistently in the top ten for both resolutions. Generally,
lower spectral accuracy was observed for the low mass com-
pounds compared to the high mass compounds, but it did not
appear to be affected by resolution at lower concentration.
For MTP, TRI and OFL in the matrix samples spiked at the
higher concentration (300 ug L™"), the largest drops in spectral
accuracy, caused by an increase in resolution were between
2.2 to 2.7 percentage points. Those differences were statistically
significant at the 95% confidence level according to the t test.
Such a reduction in spectral accuracy is only about half of that
reported by a previous study using a linear ion trap-orbital ion
trap mass spectrometer, ~ where the spectral accuracy of
polar organic compounds (masses between 639 to 1664 Da)
was higher (>97%) at Rpwuy= 7.5 K than that obtained at
Rpwum= 100 K (<90%). According to the authors of that study,
high resolution hinders high spectral accuracy in the orbitrap
mass spectrometer. The authors explained those results as
the consequence of a phenomenon called “isotope beating”.
That phenomenon results from destructive interference of
signals having close m/z values, for example, isotopic peaks of
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Figure 2. Radar plots representing mean formula ranking for the target micropollutants in spiked matrix samples. Top left: QQTOFMS (Rpwy =
25 K). Top right: QQTOFMS results zoomed in. Bottom left: QqOrbitrapMS (Rpywy = 70 K). Bottom right: QqOrbitrapMS (Rpyy = 140 K).

multiply charged ions or closely located isotopes under a given
isotope cluster, such as M + 3, and produce errors in the
measurement of isotopic abundances.”’ Such effects have
been observed with polymers in ion cyclotron resonance mass
spectrometers (ICRMS)*’ and may also be present in the
QqOrbitrapMS, which is also an ion trap mass analyzer using
Fourier transform signal conversion. Interestingly, such
negative correlation between resolution and spectral accuracy
was not observed in the present study for compounds with the
highest molecular masses (ROX, JOS). It is likely that such
issues have been either reduced or corrected in the newer
orbital ion trap models, especially at the high masses
(m/z > 800). It is possible that enhanced Fourier transform
for orbitrap mass spectrometry, introduced in 2014, brought
some amelioration in peak shape with the addition of apodiza-
tion and triple zero-filling. These notably helped reducing spectral
leakage and side lobes around peaks.”” Another possibility,
proposed by Xu et al,,'" is the effect of the reduced-profile mode
for the recording of mass spectra in orbitraps. In that mode, the
noise is subtracted from the acquired mass spectra to reduce raw
file size. This signal processing can lead to underestimation of the
abundance of M + n peaks, thus reducing spectral accuracy. It has
yet to be confirmed how all these factors played a major role in
reducing spectral accuracy with higher resolutions, and it is out of
the scope of this article.

Although QqTOFMS are known to measure isotopic
patterns very precisely’ and accurately’® compared to other
mass analyzers, results showed that better spectral accuracies
for the tested compounds were obtained with the QqOrbi-
trapMS at Rpywpyv = 70 K and 140 K than with the QqTOFMS
at Rgpwpm = 25 K As it can be seen in Table 4, in the data
acquired with the QqTOFMS employing the matrix spiked at
300 pug L7, only 3 out of 9 test compounds had average
spectral accuracy >98%, while in the QqOrbitrapMS data
(Rewrm = 70 K), 7 out of 9 compounds had average spectral
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accuracy >98%. Formula rankings were also better with the
QqOrbitrapMS at both resolutions compared to the QQTOFMS.

It would be interesting to perform experiments at ultrahigh
resolution with an ICRMS to see the effect of full separation of
the isotope fine structure on spectral accuracy and formula
ranking. Nevertheless, the sCLIPS algorithm does already
factors in unresolved isotope fine structures in the calculation of
mass accuracy since it takes into account instrument resolution
to calibrate the mass spectrum signal.

An important observation from the QqOrbitrapMS results
shown in Tables 2 and 3 is that low spectral accuracy (e.g., <98%)
does not necessarily mean a low ranking as some compounds
consistently get low spectral accuracies, in our case SMX data
clearly illustrates that. It seldom or never had >98% spectral
accuracy but it was always ranked first nevertheless. Since there
are less possible formulas for compounds with low molecular
masses for a given accurate mass compared to compounds with
high molecular masses, the former requires less spectral
accuracy for correct formula identification than the latter.

Lower Concentration Limits for the Measurement of
Spectral Accuracy in Environmental Samples. Solutions
of lower concentrations, ranging from 50 to 10 pg/L, equivalent
to environmental concentrations of 0.38 to 1.9 ug L™ considering
solid-phase extraction preconcentration factor, were analyzed
with the intent to assess a minimum working concentration
for spectral accuracy. Rankings and spectral accuracies can be
seen in Figures 2 and 3, respectively. In the QqTOFMS,
the larger compounds such as ROX and in particular JOS were
heavily affected by the drop of signal intensity. JOS notably had
very low signal intensity; thus M+2 peaks and onward were
undistinguishable. Very high variability in the rankings was also
observed in the cases of JOS (4—157) and, to a lesser degree,
ROX (5—61). ROX did however improved significantly in
ranking at 40 and 50 g L™". ROX signal intensity was also much
superior to that of JOS (16 S00 counts at apex at 50 ug L™
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Figure 3. Bar plots representing mean spectral accuracy for the target
micropollutants in spiked matrix samples. Top: QQTOFMS (Repywm =
25 K). Middle: QqOrbitrapMS (Rpywy = 70 K). Bottom:
QqOrbitrapMS (Rpgwy = 140 K). Straight line indicates the threshold
of high spectral accuracy (98%). The same sample was injected twice.

compared to 2300 in the same conditions respectively); M + 2
and M + 3 were well-defined. Rankings were never lower than
4 for ATZ, SMX, MTP, TRI, FLX, and OLF in all instances.
MTX ranking varied from 3 to 12.

Those lower concentrations mixtures were also analyzed with
the QqOrbitrapMS at both 70 K and 140 K resolutions. Ranking
and spectral accuracy results can be seen in Figures 2 and 3,
respectively. Data showed excellent rankings (within top S) for
all compounds at all concentrations in both resolutions. Except
for MTX, which ranked consistently over 5. OFL had higher
ranking at the lower concentrations for both resolutions. JOS
was also affected at 140K resolution for the 10 and 20 pg L™".
Spectral accuracies were low for SMX, between 5.6% and 38.7%
for 70 K. and between 3.0% and 37.7% for 140 K. This was
caused by an impurity of high intensity at m/z 256, which
although well separated from the M + 2 peak, lowered the
match between calibrated and theoretical isotopic patterns of
SMX. This impurity was not observed in the QQTOFMS data,
thus spectral accuracy for SMX on that instrument was superior
(54.2—85.1%) than in the QqOrbitrapMS.
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As discussed in the previous sections, adequate measurement
of spectral accuracy depends on many factors such as nature of
the compound, matrix composition and even the chromatographic
and sample preparation methods employed. Therefore, the lower
concentration limits for the measurement of spectral accuracy can
be improved by using more selective solid-phase extraction or by
improving the chromatographic separation of analytes from
coeluting matrix compounds having overlapping m/z values with
the compound of interest. In summary, as long as the isotopic
pattern is free of interferences and significantly higher than the
noise, measurement of spectral accuracy will yield a dependable
value that could be used to improve the level of confidence in the
assignment of a molecular formula to an accurate mass.

Rules and Limitations. Comparison of spectral accuracy to
other techniques used for formula determination showed that
the algorithms used by MassWorks obtained better ranking of
the correct formula of larger compounds (>350 Da), and it was
more robust when using lower intensity signals (Supporting
Information, section SI-4). However, this spectral accuracy
determination has also a few drawbacks. Computing time
necessary for determination of ranking and spectral accuracy of
the high mass compounds such as JOS (827 Da) and ROX
(837 Da) was the biggest downside found in this technique.
Depending on the computer performance, the time to generate
thousands of formula candidates could go up to 40 min if
limitations were not made. Atoms like F and P being
monoisotopic means they can be fitted in most formulas
while a compound with high M+1 relative abundance like Si
compensated for the lack of M+1 distribution from the
inclusion of F and P. This results in a high number of generated
formulas with low C and H and high Si and P, which are not
realistic. In cases where a broad range of atoms are allowed in
the formulas, pre- and post-research rules need to be defined to
optimize formula generation using MassWorks. First, one must
observe the mass spectra and visually assess the presence or
absence of Cl and Br in the compounds. These two atoms are
very distinct with unmistakeable isotope patterns and they
could be withdrawn from the allowed atom list if abundant
M + 2, M + 4, or higher isotopes are not observed. Such
procedure will divide by two the total number of generated
formulas and thus save computing time. Additionally, the
maximum number of C for a formula using the empirical
parameters (Seven Golden Rules) needs to be used with
utmost caution since it may exclude the correct formula from
consideration. It was observed in one case that the empirical
parameters on MassWorks underestimated the maximum
number of C on a formula and the correct formula did not
appear in the list. Such event was observed with a background
contaminant, the plasticizer diisooctyl phthalate (C,,H;50,),
where the maximum number of C was 23 based on the
empirical rules implemented while the compound has 24 C.
Setting a more reasonable minimum number of C also helps to
reduce the number of generated formulas and saves computing
time. A corresponding number of H can be added for the
minimum and maximum values. A maximum H/C ratio of 2
was found to help reduce the number of formulas. P tends to be
inserted in all formulas and can be monitored by a O/P ratio of
minimum 3 as it mainly occurs in the form of organo-
phosphates with high O per P; double bond equivalents (DBE)
then also should be monitored as a P—O double bond implies a
higher DBE. Na or K adducts were not observed for the
selected compounds in this work, but adding them to the
allowed atoms might help to uncover the accurate formula in
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case positive alkaline adducts are formed. Adjusting pre-search
parameters is not necessary with smaller molecules as there are
only few possibilities for a compound with a narrow mass error
window. Finally, lack of automation is also an issue as each
compound mass spectrum needs to be evaluated individually.

Bl CONCLUSION

This study showed that spectral accuracy is a powerful tool for
the determination of chemical formulas from accurate mass
data. Spectral accuracy allowed to reduce the number of likely
molecular formulas for organic micropollutants of relative high
molecular mass (e.g., between 400 and 900 Da) to less than 10,
and in some cases, it assigned unambiguously one specific
molecular formula to an experimental isotopic pattern.
Experiments showed that the major parameter affecting spectral
accuracy and correct formula ranking for a set of common
organic micropollutants is signal intensity. Thus, conditions
increasing signal intensity, such as signal enhancement by the
matrix and higher compound concentration, favored higher
spectral accuracy and ranking of the correct molecular formula.
A significant improvement of both ranking and spectral accuracy
was also obtained with higher mass resolution of the mass analyzer.
Contrary to a previous study,13 a moderate (~7 percentage points)
decrease in spectral accuracy with higher resolution in the
orbitrap mass spectrometer was not observed.

Results also showed that high spectral accuracy (e.g., >98%)
and identification of the correct molecular formula were not
necessarily correlated for low molecular mass compounds
(<350 Da). It was however more prevalent for high molecular
mass compounds (>350 Da). Using MassWorks software it was
possible to acquire accurate mass data with less than 5 ppm
mass accuracy in a QqQMS. While the low resolution of the
QgqQMS impairs accurate mass and spectral accuracy deter-
mination in complex matrices such as river water, application of
spectral accuracy to routine analyses is of interest for laboratories
without access to high resolution MS technology. Experiments
demonstrated that for some compounds, high spectral accuracies
and rankings can be obtained at concentrations as low as 10 ug
L™" and in general, if the isotopic pattern of the compound is free
of major interferences and the signal is above the noise of the
instrument, it is possible to measure spectral accuracy correctly.

Finally, this study confirmed that spectral accuracy could be
used as a complementary technique to eliminate formula candi-
dates corresponding to an observed accurate mass during iden-
tification workflows of organic micropollutants based on liquid
chromatography-high resolution MS. Thus, spectral accuracy is
a powerful tool to elevate level S data (accurate mass) to level 4
(unequivocal molecular formula) according to the identification
confidence levels proposed by Schymanski et al.* In this way,
identification of unknowns present in environmental samples
can be a more efficient process.
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Abstract: A novel qualitative analytical method by using two-dimensional chromatographic correlation
spectroscopy techniques for recognizing impurity peaks of HPLC methods of quality control and LC-MS
chromatographic system was established. The structures of major degradation products of ceftizoxime and
cefdinir were identified by LC-MS and MassWorks application; the standard chromatographic and spectral
data of the degradation impurities were obtained by high-performance liquid chromatography with diode array
detection. The impurity peaks of two-dimensional chromatography were matched by comparison of spectra
and calculating correlation coefficients. Peaks in chromatography can be identified accurately and rapidly in
different chromatographic systems such as column and mobile phase changed. The method provides a new
way and thought to identify the peaks in quality control of impurities without reference impurity substances.
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Table 1 Relative retention time of impurity peaks in chroma-
tograms under Chinese pharmacopoeia condition

Degradation sample
Mix H,O, Acid Hydrolysis  Alkaline
1 0.282 0.283

Peak

2 0.336
3(F) 0359  0.359

4(A) 0438 0.435
5(8) 0591 0.592 0.593
6(C) 0685 0.681 0.685
7(d) 1000 1000  1.000 1.000 1.000
8(E) 1972 1.963 1.962
9 2.810 2.790
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W52 16, DSk £60 M 5 R A A A0 T AL 465 4 o
HL g 5 B b iz 382 (1A AR R v 4 1 B
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Table2 Accurate element composition measurement for impurities

Impurity Rank M+H Mono isotope Da Mass error p— :cielfrgcal/ DBE ;?;2;:‘
A 1 C11H14NgOsS, 402.052 9 -0.0430 -0.1070 96.920 9 9.0
2 Ci3H16Ns506S, 402.054 2 1.2997 3.2325 96.786 3 85 \/
3 C14H16N307S; 402.0430 -9.9337 —-24.707 5 96.695 4 85
B 1 C13H16N506S, 402.054 2 —6.200 3 -5.4214 955231 85 \/
2 C12H16N705S; 402.065 4 5.0330 125181 95.491 3 85
3 C11H14Ng0sS, 402.052 9 75430 -18.760 9 95.472 9 9.0
c 1 C13H14N505S, 384.043 6 0.8350 21741 96.922 3 9.5 \/
2 C11H12NgOsS, 384.042 3 -0.507 7 -1.3220 96.912 3 10.0
3 C15H16N206S; 384.0450 21776 5.670 3 96.695 0 9.0
E 1 C12H18NOoS, 384.042 3 —0.002 4 —0.006 3 96.726 7 45
2 Cu1H12Ng04S, 384.042 3 -0.007 7 -0.0201 96.708 1 10.0
3 C13H14N505S, 384.043 6 13350 34761 96.483 7 9.5 v
F 1 C13H14N506S; 400.038 5 1549 6 3.8736 97.742 6 9.5 v
2 C14H14N307S; 400.027 3 -9.6838 —24.207 3 97.732 6 9.5
3 C11H12Ng0sS, 400.037 2 0.206 9 05172 97.596 5 10.0
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Figure 2 MS? spectra of degradation impurities (A, B, C,
E, F represent different degradation impurities under LC-MS
condition)
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Figure 3 Proposed fragmentation pathway of impurities (A,
E, F represent different degradation impurities under LC-MS
condition)
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Figure4 2D chromatographic spectral correlative map of degradation samples analyzed in HPLC and LC-M S methods.

1I': Acid; III: Hydrogen peroxide; IV: Hydrolysis
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Abstract: MS/MS isotope ratio and accuracy mass measure were used to further confirm the
elemental composition and structural information of molecular formula by performing on an
LTQ/Orbitrap. The light and heavy isotopes of targer parent ion were detected when ser-
ting the ion trap”s isolation width at 6§ u. We reported the MS/MS isotope ratic and accura-
cy mass measure were used to elucidate the fragments pathway. Sulfamerazine was used as
an example, most of the fragmentations were analyzed by isotopic abundance ratio and peak
shape information, the result is as same as literature reported, However, the fragment ion
at m/z 65 is different from previous report. According to its accuracy mass measure and iso-
tope abundance ratio, there’s ng S atom in this ion, The result shows that the proposed iso-

tope distribute fragmentation method is a powerful trick to provide large amounts of the

necessary elemental composition to the fragment news of compounds,

Key words:

spectral accuracy
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Table 1 Comparison of accurate mass acquired by Orbitrap (Isolation width=6 u)
and the isotope pattern predicted by the Xcealibur software
BiE A
2T
A A+1 A+2 A A+l A+2
) 156,011 35 157,014 73 158, 007 17 156,011 38 157,014 91 158, 007 13
[Cs Ha NSO, ]+
(10 00%) (6. 491%) (4.52%) (100, 00%) (5. 25%) (4 19%)
108, 044 29 108, 047 ¢ 108, 044 38 109, 047 75
[Ce H-NOTH — .
(100, 00%) (6, 49%) (100, 00%) (3. 68%)
92. 019 48 32,052 83 92,049 34 93,052 57
[CeH NI — .
(100, 00%) {6, 49%) (100, 00%) {5, 79%)
65. 038 58 G6. 041 93 65138 31 66, 041 67
[CsHs]1* — —
{100 00%) {5, 10%) (100, 00%) (4, 522403
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Fig. 2 Tandem masy isotope pattern acquired by Orbitrap in different isolation width
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MassWorks LCESI-MS/MS
3 : K(C}; HyNO;) (C;H,
Noz) N- (CleloNoz) ;2 - F(C31H42N405) A(C31H42N404):
: (C20H24N04) ©
; s MassWorks ; LC-ESI-MS/MS
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Screening Methods of Trace Alkaloids Components
from Semen Zizyphi spinosae

HU Yan—zhou DING Ke” HAN Tao CHEN Xiang-ning
College of Food Science and Engineering Beijing University of Agriculiure Beijing Food Quality

and Safety Laboratory ; Microbiological and Safety Inspection and Control
of Pesticide Residues in Agriculiural Products Harmful Beijing Key Laboratory Beijing 102206 China

Abstract:To accurately and quickly screen and identify trace alkaloids components from Semen Zizyphi spinosae a
HPLC online separation method of alkaloids components was developed using the columns which belong to the nitrogen—
containing organic compounds (alkaloids) analysis kit. Then the alkaloids components separated on line were identified
with the help of MassWorks molecular recognition software and LCESI-MS/MS. Three compounds :sanjoinine K (C};H,,
NO,) caaverine (C;;H;;NO,) and N-methylasimilobine (CH,yNO,) belong to aporphine alkaloids and two com—
pounds Zsanjoinine F (C;, H, N,05) and sanjoinine A (C;, H,,N,0,) belong to cyclopeptide alkaloids were screened
and identified. In addition there was a pair of isomeric compounds: magnoflorine and zizyphusine (C,,H,,NO,) which
belong to aporphine alkaloids to be further identified. A rapid and efficient screening method for alkaloids from Chinese
medicine was established in this study.

Key words:Semen Zizyphi spinosae;alkaloid ; MassWorks ; LCESI-MS/MS
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Fig. 3 Mass spectra of aporphine alkaloids
1
Table 1 ~ CLIPS search results of aporphine alkaloids
Theoretical Absolute Relative Unsaturation
Name Order Formula mass error (mDa) error (ppm) Accuracy (%) degree
KSanjoinine K 1 C;Hy 03N 286. 1438 -1.0699 3.7392 98.5330 8.5
2 C3H,,ON; 286. 1411 1.6154 5.6455 98. 4629 9.5
3 G, Hig Ny 286.1523 9.6180 33.6125 98.4165 9.5
Caaverine 1 C;HgO,N 268.1332 1.1948 4.4558 98. 1075 9.5
2 Ci3sH, N, 268. 1305 3.8801 14.4707 97.9755 10.5
N-o 3 CpHO,N;,  268.1292 5.2175 19. 4585 97.5049 5.5
N-Methylasimilobine
1 CigHyO,N 282.1489 0. 0447 0.1584 98. 4007 9.5
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Name Order Formula Theoretical Absolute Relative Accuracy (%) Unsaturation
mass error (mDa) error (ppm) degree
2 Ci,HigN; 282. 1462 2.7300 9.6758 98.3709 10.5
3 Ci3Hy 04 N; 282. 1448 4.0674 14.4159 97.9040 5.5
. s . 1 CyHy O4N 342.1700 0.9847 2.8778 98.9620 9.5
Magnoflorine and Zizyphusine
2 CiHy 05N, 342.1673 1.7007 4.9702 98.6823 10.5
3 C5Hy,ONg 342.1785 9.5327 27.8597 98.5707 10.5
HiCO l H,CO G HO HyCO
f | Spealse
s ® C ®
B K LT N-FIAE B B4 Ia AL R
4
Fig. 4 Chemical stucture of aporphine alkaloids
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Fig. 6 Mass spectra of cyclopeptide alkaloids
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Table 2 CLIPS search results of cyclopeptide alkaloids

kaloids from seeds of Zizyphus wvulgaris. Phytochemistry
1990 29:3315-3319.
Wang YD Prest H. Accurate mass measurement on real chro—

matographic time scale with a single quadrupole mass spec—
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o T N gy U
FSanjoinine F 1 Gy Hy3 05Ny 551.3228 3.7969 6.8870 98.9025 12.5
2 C3,Hy306N, 551.3116 7.4365 13.4885 98. 8459 12.5
3 CsoHy7 Og 551.3215 2.4595 4.4612 98.7754 7.5
ASanjoinine A 1 C3; Hyz Oy N, 535.3279 -6.7823 2. 6696 98. 8227 12.5
2 C3,Hy;305N, 535.3166 4.4511 8.3148 98.7594 12.5
3 CyxHypO5Ng  535.3140 7.1364 13.3311 98.7344 12.5

R trometer. Chromatography 2006 27:135440.

MassWorks 9 GuM Wang YD Zhao XG et al. Accurate mass filtering of
ion chromatograms for metabolite identification using a unit
mass resolution liquid chromatography/mass spectrometry
system. Rapid Commun. Mass Spectrom.2006 20:764-770.

X 10 Wang YN ( ) Wang CH ( ) Li WJ (
A ° ). A new technology for accurate identify pesticide resi—
dues Massworks. J Agric Sci Tech China (
) 2009 11(S1):3942.

Zhao LH ( ) Qiao W ( ) XulL( ). Exper— 11 Ho HP Lee RJ Chen CY et al. Identification of new minor
imental study on anti-convulsion effect of alkaloids from se— metabolites of penicillin G in human serum by multiple-stage
men zizyphi spinosae. Tianjin Pharm ( ) 2007 19 tandem mass spectrometry. Rapid Commun Mass Spectrom
(4) :4-5. 2011 25(1) :2532.
Zhu TL ( ) Hu ZS ( ) LiL( ) etal 12 Liu K Ma B Wang YD et al. A new software method for ac—
Study on the antidepressant effect of active fraction from Se— curate mass measurements of drugs on unit mass resolution
men Zizyphi Spinosae. Acta Coll Med. CPAF ( mass spectrometer. Acta Pharm Sin 2007 42:1112-1114.

) 2009 18:420-425. 13 Wang YD Gu M. The concept of spectral accuracy for MS. A-
Cao JX Zhang QY Cui SY et al. Hypnotic effect of jujubo— nal Chem 2010 82:7055-7062.
sides from Semen Zizipht Spinosae. | Ethnopharmacol 2010 14 Li WJ ( ) Yuan YR ( ) Ouyang WM (
130:163-166. ) et al. Application of MassWorks™ molecular recogni—
Niu CY Wu CS Sheng YX et al. Identification and charac— tion technology in mass spectrometry. Mod Instrum (
terization of flavonoids from Semen Zizyphi Spinosae by high ) 2010 16(5):1149.
performance liquid chromatography/linear ion trap FTICR 15 Zhou W Zhang YH Xu HL et al. Determination of elemental
hybrid mass spectrometry. J Asian Nat Prod Res 2010 12: composition of volatile organic compounds from Chinese rose
300-312. oil by spretral accuracy and mass accuracy. Rapid Commun
Wang LE Bai YJ Shi XR et al. Spinosin a C—glycoside fla— Mass Spretrom 2011 25:3097-3102.
vonoid from Semen Zizyphi Spinosae potentiated pentobarbi— 16 Han BH Park MH Park JH. Chemical and pharmacological
tal-induced sleep via the sero-tonergic system. Pharmacol studies on sedative cyclopeptide alkaloids in some Rham-
Biochem Behav 2008 90:399-403. naceae plants. Pure Appl Chem 1989 61:443-448.
Han BH Park MH. Alkaloids are the sedative principles of 17 Kind T Fiehn O. Metabolomic database annotations via query
the seeds of Zizyphus vulgaris var. spinosus. Arch. Pharmacal of elemental compositions:Mass accuracy is insufficient even
Res 1987 10:203-207. at less than 1 ppm. Bme Bioinform 2006 7(6) :140.
Han BH Park MH Han YN. Cyclic peptide and peptide al- 18 Erve JC Gu M Wang YD et al. Spectral accuracy of molecu—

lar ions in an LTQ/Orbitrap mass spectrometer and implica—
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(L 730070; 2. 730320;
3. 730070)
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1 0657.63 A : 1000-0720( 2013) 03-098-05
(100%) . (100%) 3 - (95%)
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- - ( PCDDs) C
( PCDFs) o 0.05¢ o
34 o B: Color ball
( VOCGs) 2.3g
. 3 . 3 o 3 3
VOCs o 1.3
(TD) / ( GQC) - 90 mm x 6.4 mm
( MS) colorball 150 mg Tenax-TA ( 300C
N 1h) 30 mL/min
massworks 300°C 30 min .
o 1.4
1
1.1 . SKC
7890A - 5975C ( Tenax-TA 200 mL/min
) : ; 3 3h
( 90 mm 6.4 mm) Tenax-TA o
; :SE54 80 m x200um i.d x0.25um 1.5
o (1) 7 min
(95%) . (95%) . (98%) . 5 min 260°C
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200C 180°C 90 7.555 min
200°C -30C 65 C;H,0
280kpa 1455,
(2) 250°C Massworks
1:1 : 58.0419 Da CLIPs
74.7 kPa 0.5 min  68.85 kPa/min 20 m Da o
0.281 MPa 60 min :50°C 1 min C,;H,0 98. 1054
4°C /min 280°C 1.5 min C,;H(O
He. °
(3) : (EI) massworks NISTO8
230C 150°C o NIST
250°C 30 Da-600 Da. o
2 1 (C;Hg0,) m/z 43
2.1 CH,0 13-
Colourball (C,H,,) m/z 81
o 1.2 3h CH, 12 - ( CsHL0,)
3h T Cco 2 -
T
3h o o
2.2 a )
( CH,;) i m/z 54
Cerno Bioscience MassWorks ;2(3H) - (CsH40,) m/z 70
N (0(0) ; 2-
(CeHg0,)
MSIntegrity m/z 95 ;2(5H) -
100 ( C4Hg0,) m/z55
x107¢ 7, 7 CHO CO P 3- 4- (C4H,0,)
a C2H4
100% NIST m/7z70 o
NIST massworks
Tab. 1 Fragmentation’ s massworks retrieve table for

lower Matching degree materials in NIST library

¢/min ( Da) /( g/mol) ( )

C,H,0, 11. 146 C,H,0 43.0029 98.7456( 1)

C,H, 13. 680 CeHy, 81. 0340 98.8383( 1)
C,H,0, 18.649  C,H,0 54.0106 99.0945( 1)
C,H,0, 20.297 C,H,0 70. 0419 98.7027( 1)
C,H,0, 22,456 C4H,0, 94. 9980 99.2181( 1)
C,H,0, 2. 551 C,H,0 55. 0425 99.2284( 1)
C;H,0, 23.026 C;H,0, 70. 0419 98.4363( 1)
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Fig 1. Total ion chromatogram ( TIC ) of components from setting off firecrackers
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Fig.2 Total ion chromatogram ( TIC ) of components from setting off Color ball fireworks
2 2 )
Tab.2 Atmospheric organic pollutants of setting off Liuyang firecrackers (20000 ring )
Masswork
assworks NISTO8
t/min
( ) ( )
1 co, 6.254 44. 0098 99.0702( 1) 3(1)
2 S0, 6.543 63.9819  98.9336( 1) 90( 1)
3 CS, 8.336 75.9491 98.6913( 1) 83(3)
4 ) C,H,,0 10. 296 74.0732  98.2398( 1) 90( 1)
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2( Continued Tab. 2)
Massworks NISTOS
t/min
(S (

5 C.Hq 10.97 78. 0469 99.1202( 1) 90( 1)

6 C,H, 15.538 92. 0826 98.4301( 1) 80( 1)

7 C;H,0, 18. 476 96.0214  98.5139( 1) 91(1)

8 ) CyH,, 20. 189 106. 0783  99.2674( 1) 95(1)

9 : CgHy, 20. 562 106. 0783  99.5229( 1) 97(1)

10 ’ CgHy, 21. 838 106. 0783  98.5139( 1) 97(1)

o »
3 Colour ball
Tab. 3 Identification of atmospheric organic pollutants of setting off color ball fireworks
Massworks NISTOS
t/min
() (

1 CO, 6.252 44.0098 99.0702( 1) 3(1)
2 * SO, 6.528 63.9819  98.9336( 1) 90( 1)
3 . C;H,O 7.555 58.0419  98.1054( 1) 65(1)
4 C,HsO 10. 773 70.0419  98.2253( 1) 90( 1)
5 C;H( 0, 11. 146 74. 0368 98.1458( 1) 80(2)
6 * CoHg 11.33 100. 1252 96.3639( 1) 91(1)
7 3- ) C,Hyg 11. 499 100. 1252 98.0093( 1) 90( 1) 3-
8 1 3- C,H, 12. 127 98. 1095 98.8507( 1) 78(2)
9 12— * C,H, 12.225 98. 1095 98.1772( 1) 91(1)
10 * C,H 12. 397 100. 1252 99.1022( 1) 91(1)
11 ) C,H, 13. 68 98. 1095 98.3584( 1) 90( 1)
12 2- CsHO 14. 534 82.0419  98.5004( 1) 94(1) 2-
13 C,Hy 15.572 92. 0625 98.5044( 1) 94(1)
14 CsH,0, 18. 505 96. 0211 98. 6598( 1) 97(1)
15 2- CsHO 18. 649 82.0419  98.4523(1) 91(1)
16 2- CsH¢ O, 19. 333 98. 0368 97.0327( 1) 98(1)
17 ’ CgHy 20. 207 106. 0788  97.5458( 1) 93(1)
18  2(3H) - CsH 0, 20. 297 98. 0368 98.974( 1) 90(2)
19 CyH,, 20. 596 106. 0788  96.0368( 1) 97(1)
20 e CgH, 20. 888 102. 047 98.5621( 1) 93(2)
21 2- 4 4- CsH,0, 21. 092 96. 0211 98. 8668( 1) 91(1)
22 C.H,, 21. 863 106. 0788  98.8149( 1) 97(1)
23 CeHg O, 21.961 126.0317  99.2181( 1) 86( 1)
24 2- 2- 4- C,H;0 22.314 96. 0575 98.2712( 1) 91(1)
25 2- CeHg O, 22.456 110. 0368  99.0663( 1) 90( 3)
26  2(5H) - C,H,0, 22.551 84. 0211 98.3695(1) 72( 1)
27 3- - CsH( 0, 23.026 98. 0368 98.5279( 1) 80( 1)
28  5- CeHg O, 25.049 110. 0368 99.348(1) 95(1)
29 C,HsO 25.23 106.0788  98.8149( 1) 95(2)
30 C,H,N 26. 38 103. 0423 99.214(1) 95(3)
31 * CoH,, 26. 57 142.1722  98.1411(1) 92(1)
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3( Continued Tab. 3)

Massworks

NISTO8
t/min ( ) ( )
32 12 3- ! C,H,, 26. 866 120.0939  97.9927( 1) 91(1)
33 CgH,O 27.181 118.0419  98.7682( 1) 93(3)
34 1 4- : C.H,Cl, 27.944 145.989  98.1075(1) 97(1)
35 3- 4 2- CeH 0, 28. 165 112.0524  98.6419(1) 93(1)
36 C,HO 29. 068 108.0675  98.118( 1) 98(1)
37 CoHg 29.632 116.0616  99.261( 1) 95(1)
38 CyH O 30. 348 120. 0575  98.7219(1) 91(2)
39 N N- CgH| N 31. 546 121.0891  98.3029( 1) 94(1)
40 : C,oHg 36. 298 128.0625  98.6991( 1) 93(1)
41 CgH,N, 41.492 128.0374  98.7346( 1) 94(1)
42 : CLHy 43.969 154.0783  98.0581( 1) 93(1)
43 2 4- ) C,H,0 47.728 206. 1671  91.2075( 1) 97(1)
44 C,H,,0 48. 891 170.0732  99.1631( 1) 96( 1)
7 DR massworks 1
Colour ball 2 PDyke PColeman Ray James. Chemosphere 1997
24 34(1): 191
o (3 ) 3 . 2010
4.33% ., (11 ) (6):307
25, 649% . (6 ). 4 . 2010 29(2):56
Wang Y  Prest H.  Chromatography 2006
(2 ) 3.9% . .
27(3): 135
(2 ) 1.83% 6 GuM Wang Y D Zhao XG et al. Rapid Commun
Mass Spectrom 2008 20 (5):764
1 Fleischer O W ichmann H Lorenz W. Chemosphere 7 ErveJCL GuM Wang YD et al. ] Am Soc Mass
1999 39 (6) : 191 Spectrom 2009 20 ( 11 ): 2058

TD/GC-MS analysis of atmospheric organic pollutants from setting off fireworks and firecrackers

WEI Rong—=ia' ZHOU Wei' ' > XIE Ying-shuang® ZHANG Ya-heng” and WU Yue-hua’( 1. College of Geography
and Environment Science Northwest Normal University Lanzhou 730070; 2. Central Laboratory of Technical
Center of Gansu Entry-Exit Inspection and Quarantine Bureau Lanzhou 730020; 3. College of Food Science and
Engineering Gansu Agricultural University Lanzhou 730070)  Fenxi Shiyanshi 2013 32( 03) : 98 ~ 102
Abstract: The air organic pollutants of setting off fireworks and firecrackers in laboratory were analyzed
preliminarily by thermal desorption -gas chromatography/mass spectrometry ( TD/GC-MS) hyphenated technique
This study set off fireworks and firecrackers in closed chambers and the stainless steel sampling tube filled with
Tenax-TA adsorbent at a flow rate of 200 mL/min to enrich and connected to the thermal desorption device for
desorption finally GC-MS technique combined with the massworks software to identify the components. It was
concluded that setting off firecrackers generated 3 kinds of atmospheric pollutants such as Sulfur dioxide carbon
disulfide and furfural. And the Smoke-type fireworks generated 23 kinds of atmospheric pollutants including five
categories furans aldehydes and ketones aromatic hydrocarbons esters and phenols.

Keywords: Fireworks and firecrackers;  Atmospheric organic pollutions; Thermal desorption -gas

chromatography /mass spectrometry
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