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Abstract

A comparison is presented of the performances of three mass spectrometers of high specificity in the determination c
dioxin/furan congeners. The three instruments used in this study were a triple-sector EBE mass spectrometer operated at hi
mass resolution (HRMS), a quadrupole ion trap (QIT) mass spectrometer, and a triple-stage quadrupole (TSQ) ma:s
spectrometer. The QIT and TSQ instruments were operated in tandem mass spectrometric mode. A mixture of tetra- t
octa-chlorodibenz@-dioxins (T,-OgCDD) containing in all seven dioxin congeners was used for much of this study. The
factors considered in this comparison were the tuning of each instrument, the preparation and comparison of calibration curve
the 2,3,7,8-JCDD detection limit for each instrument, ion signals due §CBDs obtained with each instrument from two
real samples (air and pyrolysed polychlorinated phenols), average relative response factors, and ionization cross sections. |
each dioxin congener, the response factor is expressed relative to that fof@B¥®@ongener, whereas the electron impact
ionization cross section is expressed relative to that for ti@DD congener. The relative ionization cross sections for
T,-OCDD from HRMS and QIT, and for FP;CDD from TSQ are in good agreement, and show an overall decrease of some
10-20% with increasing degree of chlorine substitution; the variation among th@®Hcongeners is identical in each case.

With TSQ, lower relative ionization cross sections foi-8,CDD are ascribed to mass-dependent fragment ion scattering in
the RF-only collision cell. (Int J Mass Spectrom 197 (2000) 283—-297) © 2000 Elsevier Science B.V.

Keywords:Mass spectrometry; High resolution mass spectrometry; Quadrupole ion trap; Triple-stage quadrupole; Tandem mass spectrometr
Collision-activated dissociation; Poly-chlorodibenzaioxins/furans
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tetrachloro-substitution [1]. In the United States spectrometry (HRGC/HRMS). Several other jurisdic-
alone, some 500 kg of PCDDs/PCDFs are releasedtions follow similar methods though with minor
annually into the environment [2] from municipal and variations; for example, Environment Canada calls for
industrial waste incinerators [3,4], automobile exhaust the monitoring of but one labelled compound per
[5], pulp and paper mill effluents [6,7], and the group for PCDDs and PCDFs. Such determinations
manufacture of chlorophenol products [8]. The poten- are costly since PCDD/PCDF determinations require
tial threat to human health posed by PCDDs/PCDFs in extensive sample preparation, the use of the above 17
the environment is confirmed in the recent reassess-expensive-*C,-2,3,7,8-substituted internal standards
ment of “2,3,7,8-TCDD and Related Compounds” [9] [10], and mass spectrometers of high capital cost.
carried out by the United States Environmental Pro- Initially, in order to differentiate between (a) PC-
tection Agency (US EPA). In view of adverse health DDs/PCDFs and interferents, such as polychlorinated
effects and the widespread and persistent presence obiphenyls [11], and (b)*°C,,-PCDFs and native
PCDDs/PCDFs in the environment, these compounds PCDDs whose isotopic clusters overlap, HRMS
are monitored in air, rain, effluents, soil, and biota [12,13] was necessary because only HRMS had the
matrices. sensitivity and specificity required. Later, it was
A comparison of the performance of each of three shown that with tandem mass spectrometry, using a
mass spectrometric methods for the determination of triple stage quadrupole (TSQ) instrument, limits of
tetra- to octa-chlorodibenzo-dioxins/furans (7- detection (220-600 fg) that begin to approach those
O4CDD) is reported here, where the three instruments obtainable by HRMS could be achieved [14]; both
used are a high resolution mass spectrometer mass spectrometric methods used HRGC. The selec-
(HRMS), a triple-stage quadrupole (TSQ) mass spec- tivity of tandem mass spectrometry has been demon-
trometer, and a quadrupole ion trap (QIT) mass strated in a number of cases [15-17]. Tondeur et al.
spectrometer. While most of the results reported here [15], who developed an HRGC/(hybrid)MS/MS
are for dioxins, it is not expected that the trends method for the analysis of ,CLDDs in environmental
among the furans would differ significantly from samples, have shown that MS/MS can be more
those exhibited by the dioxins, other than that, gen- selective than HRMS in certain cases, especially
erally, the sensitivity for detection of furans is greater when high concentrations of polychlorinated biphe-
than that of dioxins. Calibration curves obtained by nyls are present in sample extracts. Charles et al. [18]
each of the three instruments for a furan are included were able to eliminate interferences present in HRMS
in this comparison. With HRMS, the signal intensities chromatograms of municipal incinerator ash and pulp
of two mass-selected isotopomers from the molecular and paper effluent extracts by using HRGC/(hybrid)
ion isotopic cluster were monitored as in single ion MS/MS. Slayback et al. [19] used tandem mass
monitoring (SIM). With TSQ and QIT, tandem mass spectrometry to eliminate interferences in complex
spectrometry (MS/MS) was employed, wherein the sediment samples that could not be removed through
signal intensities of fragment ions formed from iso- repeated cleanup and that required a mass resolution
lated molecular ion isotopomers were monitored. of 32 000 to be eliminated by HRMS. Fraisse et al.
Currently, the US EPA method 1613 (revision B), [20] have shown that interferences seen in HRGC/
the European standard EN-1948-1, and the Ontario (hybrid)MS/MS mass chromatograms of some flyash
Ministry of Environment (MOE) method call for the  extracts were not present in HRGC/HRMS chromato-
monitoring of the total concentration of all PCDD/ grams, thus demonstrating that tandem mass spec-
PCDF congener groups (i.e. total tetrachlorinated trometry is not invariably more selective than HRMS.
dioxins, total pentachlorinated dioxins, etc.) and the Reiner et al. [21], in comparing the selectivities of
concentrations of each of the seventeen 2,3,7,8-sub-HRMS and tandem mass spectrometry (using TSQ),
stituted toxic isomers. The method prescribed is high reported that TSQ and HRMS can filter out different
resolution gas chromatography/high resolution mass interferences; however, neither technique can remove
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Fig. 1. Two chromatograms for tetrachloro-dibenzodioxins ob-
tained from a clam extract using each of HRMS and QIT. The upper
chromatogram (HRMS) was obtained in the single ion monitoring
mode form/z321.8936; the lower shows the original ion signals for
m/z259 obtained by MS/MS (loss of COGlom isolatedm/z322)
with the QIT. The variations in relative abundances g€DDs in
each chromatogram are seen to be remarkably similar.

all interferences, and this makes the two techniques

complementary.
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T,CDDs in each chromatogram are seen to be remark-
ably similar. Thus it can be concluded that there is a
common activation energy for loss of COGtom
each T,CDD congener. This observation made possi-
ble the use of a single QIT scan function (with
constant resonant excitation conditions) for the colli-
sionally-induced dissociation (CID) of each congener
group. A further impediment, imposed by the soft-
ware at that time, was the inability to perform quan-
titation using internal standards which coeluted chro-
matographically with their native analytes. These
impediments have been overcome by software ad-
vances such that it is possible now to deconvolute
mass spectra generated from analytes which coelute
chromatographically [24,25]. When operated in
MS/MS mode, the ion trap is now capable of multi-
ple-reaction monitoring (MRM) daughter ions from
tetra- to octa-PCDDs/PCDFs in a single chromato-
graphic acquisition. An MS/MS method for the ultra-
trace detection and quantitation of the tetra- to octa-
PCDDs/PCDFs using isotopic dilution techniques has
now been developed.

Thus it is now appropriate that a comparison be
presented of the performances of the three major mass

Recently, a rapid screening technique was reported spectrometric methods that can be used for the deter-

for the detection and quantitation of 2,3,7,8-TCDD

mination of dioxin/furan congeners. In this compari-

using a quadrupole ion trap operated tandem massson, each of the following aspects of the determina-

spectrometrically (MS/MS) [22,23]. While the sensi-
tivity of the ion trap MS/MS technique at that time
(500 fgjuL instrumental detection limit with a S/N of
5:1) was shown to be comparable to that of TSQ, only
one scan function could be applied to the determina-
tion of a single congener group (i.e., tetra) in each
chromatographic run. A comparison of two chromato-
grams for tetrachloro-dibenzodioxins, obtained from a
clam extract using HRMS and QIT, is shown in Fig.
1. The upper chromatogram (HRMS) shows the orig-
inal ion signals as obtained in the SIM mode for fM
2]"" molecular ions ofm/z 321.8936; the lower
chromatogram shows the original ion signals fiaiz
259 obtained by MS/MS with the QIT. The ion
species 0fm/z 259 corresponds to the loss of COCI
from isolated [M+ 2] molecular ions ofm/z 322.
The variations in relative peak signal intensities of 12

tion of dioxins/furans is examined: (a) the tuning of
each instrument; (b) preparation of calibration curves
obtained with a furan; (c) the 2,3,7,80DD detec-
tion limit for each instrument; (d) examples of ion
signals from 2,3,7,8-JCDD obtained with each in-
strument at a sample level some>5@he detection
limit for HRMS; (e) ion signals due to §€DDs
obtained with each instrument from an air sample and
a product mixture following pyrolysis of some poly-
chlorinated phenols; (f) relative response factors; and
(g9) ionization cross sections. As explained abavi#h
HRMS, the signal intensities of two mass-selected iso-
topomers from the molecular ion isotopic cluster were
monitored as in SIM. With TSQ and QIT, tandem mass
spectrometry, MS/MS, was employed, wherein the sig-
nal intensities of fragment ions formed from isolated
molecular ion isotopomers were monitored.
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2. Experimental

For the determinations of dioxins/furans by
HRGC/HRMS, a VG Autospec (Vacuum Generators,
Altringham, UK) triple sector instrument of EBE
geometry (E, electrostatic; B, magnetic) linked to the
gas chromatograph (GC) by a direct capillary inter-
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time-varying voltage, the resultant distribution of
electron energies depends on the RF phase upon entry
of the electrons. Calculations have suggested an
average electron energy 6f50 eV in the QIT when
operated at a low-mass cut-off (LMCO) of 20-30 Da
[29]. In this work, the LMCO varied from 128 to 183
Da, such that a linear extrapolation of the above

face was used and was operated at a resolving powercalculations would suggest electron energies appre-

of 10 000 (10% valley) [26]. The GC was a Hewlett-
Packard 5890-11 equipped with a splitless injection

ciably >50 eV. Because in the QIT the lifetime of
electrons having energy 100 eV is relatively short,

system and temperature programming. An OPUS datathe ionization cross section has begun to fall off for such

system was used for collecting, recording, and storing
of all MS data. For the determinations of dioxins/
furans by TSQ, a Finnigan MAT TSQ 70 triple-stage

electrons, and the observed mass spectra do not differ
significantly from those obtained with 70 eV electrons, it
is reasonable to assume that the distribution of elec-

guadrupole mass spectrometer (Finnigan MAT, San tron energies does not exceed 50-100 eV. The source

Jose, CA) linked to the GC via a direct capillary

interface was used. The GC was a Varian 3400
equipped with a splitless injection system and tem-
perature programming. The collecting, recording, and
storing of MS data were by an ICIS Il data system.
The resolution of each of the first and third quadru-

temperature was 280 °C in HRMS, 245 °C in TSQ,
and the manifold temperature in the QIT was 240 °C.
In Table 1 are listed the ions monitored in each
mass spectrometric method;"Ms the molecular ion
with all 3°Cl atoms, [M+ 2]"" is the molecular ion
with a single®’Cl atom, and [M+ 4] is the molec-

poles was set to unit mass resolution. The secondular ion with two 3’Cl atoms. In each method,

guadrupole mass filter (radio frequency only) was
used to perform CID of the two mass-selected molec-
ular ions isolated consecutively in the first quadrupole
mass filter [17]. Argon was used as the collision gas.
For the determinations of dioxins/furans by QIT, a
Varian Saturn 3D GC/MS/MS instrument, equipped
with a waveform generator and linked to a GC via a
direct capillary interface was used. The QIT had unit

generally but not invariably (see Table 1), the two
most abundant molecular ions were isolated and/or
selected. In HRMS, the ions selected were the ions
detected. In TSQ, the fragment ions monitored were
those resulting from the loss of COQipon CID of
the mass-selected ions. In QIT, the fragment ions
monitored were those resulting from the loss of COCI
and 2COCIl upon CID of the mass-selected ions.

mass resolution. The GC was a Varian 3400 equipped Thus, for the determination of DD, two noniso-

with a splitless injection system and temperature
programming. Saturn software version 5.2, which was
used for data acquisition, is compatible with the multiple
scan function software lon Trap Toolkit for MS/MS 1:0
(Varian Chromatography Systems, Walnut Creek,
CA, USA). Multiple frequency resonant excitation in

baric molecular ion species were detected in HRMS;
three fragment ion species, two of which were iso-
baric, were detected in TSQ; and nine fragment ion
species, of which three pairs of ion species were
isobaric, were detected in QIT. For HRMS and TSQ,
the approved methods called for the observation of

the presence of helium buffer gas was used to perform ions at two mass/charge ratios; for QIT, there is no

CID of mass-selected or isolated molecular ions
[27,28]. All three GCs had capillary GC columns of
fused silica, 60 min length, 0.25 mmi.d., J&W, DB-5
stationary phase, and 0.28n film thickness.

The electron energy was 35 eV in HRMS, 22-30
eV in TSQ, and was believed to vary between 50 and
100 eV in QIT. Since the QIT operates with a

approved method and so additional ion species were
monitored in order to increase sensitivity and selec-
tivity. The relative contributions of the detected frag-
ment ion signals resulting from the loss of CO&hd
2COCI, for each of the dioxins investigated, are
shown in Fig. 2; the average signal ratio of these loss
channels is-2:1 in favour of loss of COCIHowever,
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Fig. 2. The relative contributions of the detected fragment ion
signals resulting from the loss of CO@hd 2COC| from each of
the dioxins investigated, as detected with the QIT.

since the fragmentation channel involving the loss of
2COCl is used in TSQ for confirmation (and, previ-
ously, in HRMS also), it was decided to include
consideration of this channel in the tuning procedure
for QIT. A standard solution containing 1 000 pg of
each of six dioxin congeners (2,3,7,80DD;
1,2,3,7,8-RCDD; 1,2,3,4,7,8-4CDD; 1,2,3,6,7,8-
H,CDD; 1,2,3,7,8,9-iCDD; and 1,2,3,4,6,7,8-
H,CDD) and 2 000 pg of gCDD was used for all
three methods. The furan congener, for which calibra-
tion curves obtained using HRMS, QIT, and TSQ
were prepared, was 2,3,4,7,8DF. Standard CS-
series solutions containing 2.5-1 000 pg/ of
2,3,4,7,8-RCDF were used.

3. Results and discussion
3.1. Tuning

For the detection of extremely low concentrations
of PCDDs and PCDFs, optimization of all instrumen-

R.E. March et al./International Journal of Mass Spectrometry 197 (2000) 283-297

the collision chamber, or target gas thickness), the
collision energy (the duration of the interaction be-
tween the parent ion and collision gas), electron
energy (proportional to the initial internal energy of
the parent ion), the potential of the third quadrupole
with respect to that of the second quadrupole, the
design of the collision cell, RF voltage amplitude and
frequency, the restrictive interquadrupole aperture of
the second quadrupole, and the type of detector. For
the QIT, the parameters include the nature and pres-
sure of the collision gas; the RF voltage amplitude
during CID; and the supplementary RF potential
amplitude, frequency, and duration of application.
Perfluorotributylamine (PFTBA) is used com-
monly for the optimization of MS/MS parameters
when analyzing organic compounds and is introduced
at a low partial pressure into the ion source of the
HRMS for obtaining lock mass/charge ratios. The
fragmentation of PFTBA under CID conditions does
not parallel the behaviour of all analytes because
according to the quasiequilibrium theory [31], the
pattern and degree of fragmentation of the parent ion
is dependent on its internal energy. Excitation by
collision can form a series of daughter ions with a
distribution of internal energies. Kefittma and
Cooks [32] concluded that, by using breakdown
graphs, parameters such as collision energy and col-
lision gas pressure have a significant effect on parent
ion internal energy and, therefore, its pattern of
dissociation. In principle, parameters that affect par-
ent ion internal energy can be set to direct fragmen-
tation toward the desired fragmentation, such as the
loss of COCI (or COCI + 2 COCI) in the case of
PCDDs and PCDFs. Catlow et al. [33] have shown
that the optimum collision energy and collision gas
pressure for one dissociation channel will almost
certainly not be the optimum values for another
dissociation channel of that or any other parent ion.
This observation implies that the optimization of a
particular fragmentation channel using the analyte of

tal parameters is important. Martinez and Cooks have interest is critical in order to obtain the maximum ion
reported [30] that the parameters that affect ion signal signal strength possible.

strength in the TSQ include the nature of the collision

In each case, the instrument was mass calibrated

gas (i.e., He, Ar, etc.), the collision gas pressure (the with PFTBA. The TSQ was first mass calibrated in Q

number of collisions the parent ion undergoes within

MS mode, then in QMS mode, and finally in MS/MS
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Fig. 3. Breakdown graphs: (a) ion abundance curves of 2,3,/G8D obtained by plotting molecular and fragment ion abundances (expressed
as percentages of total ion current) as a function of ion collision energy using a TSQ instrument and argon as collision gas at a pressure
~3.3 mTorr; (b) ion abundance curves of 2,3,7,&£DD obtained by plotting molecular and fragment ion abundances as a function of
supplementary RF waveform amplitude using a QIT instrument.

mode. Once mass calibration was complete, a tetra-fragment ion signal intensities monitored. From these
chloro-dioxin/furan congener on a direct insertion data, a breakdown graph of fractional ion abundance
probe was introduced into the ion source and used for (expressed as a percentage of total ion current) as a
tuning. The parent ion is first optimized in,QMS function of ion energy, similar to that shown in Fig.
mode, then the instrument is switched to the MS/MS 3(a) [27] for 2,3,7,8-TCDD with argon as collision
mode and collision gas is allowed to enter the colli- gas at a pressure 6£3.3 mTorr, can be constructed.
sion quadrupole. For a given fixed collision gas It is seen that, at a collision energy in the vicinity of
pressure, the ion collision energy is varied and the 25 eV, the ion current due to the loss of CO@)
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attains a maximum relative value, recalling that it is
the total ion current at each collision energy that is
plotted on the ordinate of this figure. Additional

graphs can be constructed for other collision gas

R.E. March et al./International Journal of Mass Spectrometry 197 (2000) 283-297

Note also that the curves differ with respect to the
behaviour of the COCloss channel &) at high

collision energy and high waveform amplitude; in
TSQ [Fig. 3(a)], the nascent fragment ion due to loss

pressures so as to obtain the optimum collision gas of COCI suffers further collisions and is itself frag-
pressure and ion energy for a selected fragment ion mented further, while in QIT [Fig. 3(b)], the same

channel. At the optimum collision gas pressure
(~3 x 102 Torr) for fragmentation of 2,3,7,8-
T,CDD, the collision energies were set to optimize
the ion signal strength for fragment ions arising from
loss of COCI from P,CDD, HsCDD, H,CDD, and
OgCDD congeners, all of which are 2,3,7,8-substitut-
ed; these values increased from 18 to 27 eV in the
laboratory frame with increasing number of chlorine
atoms. Chromatograms obtained with PFTBA tuning
and dioxin/furan congener tuning, which are shown
elsewhere [21], show clearly that the signal:noise
ratio for dioxin/furan fragment ions is much improved
with specific dioxin/furan congener tuning.

For the QIT, the pressure of helium collision gas is
optimized 102 Torr) with respect to the peak-
widths of the PFTBA ions used as mass markers.

fragment ion is not resonantly excited and reaches a
plateau in relative abundance at high waveform am-
plitude.

3.2. Calibration curves

Once each instrument has been mass calibrated and
tuned, calibration curves for each congener can be
constructed. For example, calibration curves have
been constructed for 2,3,4,7,8¢DF, as the sole
illustration of the performances of the three methods
with respect to a furan, using /AL injections of five
CS series solutions containing 2.5, 10, 50, 200, and
1000 pglL. For HRMS, TSQ, and QIT, the corre-
lation coefficients were 0.9997, 0.9997, and 0.9999,
respectively, and the mean relative response factors

Resonant excitation was carried out at a fixed value of (with standard deviation in parentheses) were 1.11

the g, trapping parametery, = 0.4) for theisolated

ion species of higher mass/charge ratio. The wave-

form employed for CID using multiple frequency
irradiation (MFI) was composed of 13, 15, or 17

(0.117), 0.618 (0.104), and 1.05 (0.028), respectively.
These calibration curves were virtually identical.

3.3. Detection limits

frequency components spaced at intervals of 0.5 kHz

covering a 6—8 kHz range of frequencies [34]. A Most of the limits of detection obtainable by the
constant MFI waveform amplitude was applied for 10 TSQ are between 1 and 2 orders of magnitude lower
ms for each group of congeners; the amplitude varied when the MS/MS dioxin/furan congener tune method

from 2.65 to 3.10 ¥, for the dioxins and, for the
2,3,4,7,8-RCDF, was 3.60 ¥,,. The optimized con-
ditions for each congener group were obtained from
breakdown graphs of fractional ion abundances (ex-

is used for optimization rather than when PFTBA is
used, and, with the former method, these limits of
detection begin to approach those obtainable by
HRMS. The current detection limits of the three

pressed as percentages of total ion current) as ainstruments, with respect to 2,3,7,8aDD, are 10

function of the amplitude ¥, of a single-frequency
waveform, at a fixed duration of irradiation, similar to
that shown in Fig. 3(b) [27] for 2,3,7,8;,CDD. The
suffixes Op and p-p refer to the amplitude of an

fg/ul by HRMS, 150 fgil by TSQ, and 100 fgiL
by QIT [35], where the TSQ and QIT instruments
have been tuned as described above.

sinusoidal waveform and correspond to zero-to-peak 3.4. Comparison of ion signals at low concentration

and peak-to-peak, respectively. Note the similarity in
Fig. 3(a) and (b) in that both curves show the higher
threshold required for observation of the 2CQIG$s
channel relative to the threshold for loss of COCI

Examples of the ion signals obtained with each
instrument for low concentrations of 2,3,7,8DD
are shown in Fig. 4. Note that the top trace (HRMS)
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HRMS 0.5 pg T,CDD

/\\/\/“/\W

N A A A

TSQ MS/MS 1.0 pg T,CDD

QIT MS/MS 0.5 pg T,CDD

Fig. 4. lon signals obtained with each instrument for low concen-
trations of 2,3,7,8-JCDD: (a) HRMS, 0.5 pg injected in &L, the
signal intensity sum due t@/z320 and 322 is shown here; (b) TSQ,
1.0 pg injected in JuL, the signal intensity sum due to/z257 and

259 is shown here; (c) QIT, 0.5 pg injected inuL, the signal
intensity sum due ton/z257, 259, 194 and 196 is shown here. The
signal/noise ratios for HRMS and QIT are comparable and lower
than that for TSQ (as expected for the higher concentration injected
in TSQ).

was obtained with an amount B0the detection limit,
the middle trace (TSQ) was obtained with an amount
some K the detection limit, and the bottom trace
(QIT) was obtained with an amount some Bhe
detection limit.
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3.5. Real samples

Two examples are given of the determination by
HRMS, TSQ, and QIT of ECDDs in real samples;
the first example is a sample of ambient air, Fig. 5,
while the second is a sample obtained following the
pyrolysis of polychlorinated phenols and is shown in
Fig. 6; in each figure, the last three congeners to elute
are 2,3,7,8-tetra chloro-containing congeners. The
agreement among the chromatograms in Fig. 5, with
respect to peak relative signal intensities and peak
resolution is quite good with the exception of the first
peak; here, the QIT shows some tailing of the peak. In
Fig. 6, again agreement is good with respect to peak
relative signal intensities (note that the peak relative
signal intensities in Fig. 6 differ from those of Fig. 5),
but the QIT has failed, on this occasion, to resolve the
peak that is centered at16.88 and is resolved by
HRMS and TSQ.

3.6. Relative response factors

The relative response factor (RRF) is calculated as

(A7 + ADCyqe

RRE= (At + A2)C,

(1)
where Al and A2 are the areas of the primary and
secondary ions, respectively, of the native speoﬁé;
and Ags are the areas of the primary and secondary
ions, respectively, of the quantitation standard com-
pound,C,, is the concentration of the native species in
the standard solution, ar@s is the concentration of
the quantitation standard compound in the standard
solution. The average RRFs for the seven dioxin
congeners are given in Fig. 7 for each of HRMS, QIT,
and TSQ; because the absolute values of the average
RRFs for QCDD obtained with each method are in
good agreement (1.31 for HRMS, 1.32 for TSQ, and
1.31 for QIT), the average RRFs have been plotted
relative to the average RRF forgODD and were
obtained fom = 35 for each of HRMS and TSQ, and
for n =5 for QIT. There is excellent agreement
among the normalized average relative response fac-
tors for HRMS and TSQ. The values for QIT are
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Ambient Air Sample — Hs«CDD
HRMS

miz 390

QIT

m/z
327 -
miz 327 T SO

oy T T T T ﬂ
15.82 16.24 16.65 17.07 17.49 M A

Retention time (/min)

Retention time (/min)

Fig. 5. Chromatographs obtained by HRMS, TSQ, and QIT showing the presence of se@&iB&)$in ambient air. Note that one ion species
only is monitored in each case.

PCP Reactor Sample — HsCDD

OIT miz 330 I‘[RMS
i Tl
327 =
miz 327 T SO
J L[UL

1561 1594 127 1661 16.54 1727 17.61 | A

Retention time (/min)

Retention time (/min)

Fig. 6. Chromatographs obtained by HRMS, TSQ, and QIT g€BIDs showing the presence of severglQBDs in a sample obtained
following the pyrolysis of polychlorinated phenols. Note that one ion species only is monitored in each case.
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08 -

06

04 4

_e—QIT
o..HRMS
—v—TSQ

0.2

Normalized relative response factor

0.0

T,CDD P,CDD H,CDD H,CDD 0,CDD

Fig. 7. Normalized relative response factors for seven dioxin
congeners obtained by HRMS (open circle); QIT (filled circle); and
TSQ (filled triangle).

generally higher than for HRMS and TSQ, except for
the T,CDD value, which is quite low. For HRMS, the
percent relative standard deviation (% RSD) of the
RRFs varies from 3.11 to 4.86%, while for TSQ, the
% RSD of the RRFs varies from 1.87 to 4.97% and for
QIT, the % RSD of the RRFs varies from 1.78 to
3.81%.

3.7. lonization cross sections

3.7.1. HRMS

For HRMS, the observed ion signal intensity per
picogram of material injected for each chloroconge-
ner, (Ag)cong IS related directly to the electron
impact ionization cross section,,, as given by

(AEI)cong: leL(Fiso)congo'conchong‘x (2)

where (Ag))cong €XPressed as an area, is the sum of
the ion signal intensities of the two mass-selected

molecular ions for each chlorocongener as reported in

Table 1,1, is the electron beam intensity, is the
ionization path length, Kisg)cong is the sum of the
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be constant over the mass range examined in this
work, though this assumption is possibly an oversim-
plification for HRMS and undoubtedly an oversimpli-
fication of a complex process for the TSQ, vide infra.
In order to effect a comparison among the HRMS and
TSQ beam methods with the QIT pulsed method, each
(Ag))cong Value was normalized to that for,CDD

for each of the three methods; the resulting relative
ionization cross sectionot,,dJor,cpp) for each
dioxin congener examined was calculated accord-
ing to

|

Similar expressions can be obtained fowd,d
071,cop) 150 aNd Ocond 07,cop)air- It should be noted
that the signal intensity Ag,) is expressed in
counts/pg andN.,,,Was calculated using the follow-
ing expression:

_ ( AEI)cong( I:iso)Tz,CDDNTA‘CDD
( AEI)T4CDD(Fiso)conchong

Ocong

(3)

O-T4CDD>HRMS

WEight X NAvogadro

NI MW, ong X Volume

~ 1x10*%(g) x 6.022x 10*(molecules/mol)
- Ivlvv(:ong>< (g/m0|) X 22 414X (Cm3)

(4)

For the tandem mass spectrometric methods,
TSQ and QIT, the fragment ion signal intensities,
(Acip)econg @re equal to the product of the observed
ion signal intensity for each chlorocongener,
(Age1)cong @nd the CID efficiency for each chlorocon-
gener, Qicip)cong @S Shown in Eq. (5);

(ACID)cong: le X LX (Fiso)cong X Ocong
(5)

(Mcip)eong 1 defined as the ratio of the detected

X Ncong X n(CID)cong X a

fractional abundances of the two mass-selected ions,fragment ion signal intensities for each congener to

Neong is the number of molecules per picogram of
congener in the HRMS ion source, ands a fraction
corresponding to the ratio of the number of ions
detected to the number of ions formed in the ion
source. To a first approximation,can be assumed to

the ion signal intensities of the mass-selected ions
prior to CID.

Each (Acip)cong Value was normalized to that for
T,CDD and the following ratio was computed for
each dioxin congener:
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Averaged relative ionization cross section for seven dioxin congeners obtained with HRMS. Signal inteAgifigs,4 are given from
24 determinations of the dioxin congeners;q()..ny Was calculated according to the data given in Table 1

(AEI)cong (COUntS/ Ncong O'conJ
Congeners pg x 1073) (Fiso)cong. (molecules/cr) O7,coD
2,3,7,8-T,CDD 504.3 0.652 8.%x 10° 1.000
1,2,3,7,8-BCDD 439.3 0.572 7.5 10 1.099
1,2,3,4,7,8-4CDD 346.8 0.584 6.% 10 0.923
1,2,3,6,7,8-CDD 372.0 0.584 6.% 10° 0.991
1,2,3,7,8,9-4CDD 358.2 0.584 6.% 10* 0.954
1,2,3,4,6,7,8-HCDD 307.1 0.571 6.% 10 0.916
O4CDD 254.0 0.543 5.& 10 0.866

2Molecular weights have been calculated using the masses 1.00797, 12.0111, and 15.999 for H, C, and O respectively, and 34.96885 a

36.96590 for the chlorine isotopes.

|

_ (A(:ID)cong>< (Fiso)T4CDD X (nCID)T4CDD X NT40DD
(ACID)T4CDD X (Fiso)cong X (”"]CID)cong>< Ncong

(6)

where MS/MS refers to both TSQ and QIT. Eq. (6) is
an expression for the relative ionization cross section,
(0condor,cop)msivs: fOr €ach dioxin congener and
for each MS/MS method.

Twenty-four determinations of the selected di-
oxin congeners were carried out with HRMS, and

Ocong

(TT4CDD> MSIMS

calibration curve was used to determine the fragment
ion signal intensity, Acip)cong fOr €ach congener.
During the multifrequency irradiation to effect CID,
the trapping field for the precursor ions of each dioxin
congener of higher mass/charge ratio was set at a
working point ofq, = 0.4. Theresults are shown in
Table 3. A striking feature of this Table is that the
relative CID efficiencyneondmr,cop, decreases by a
factor of 2.5 as the degree of chlorine substitution
increases. This decrease is ascribed to a lowering of
the pseudopotential trapping well leading to dimin-
ished fragment ion trapping efficiency as the frag-
ment ion mass/charge ratio increases. The pseudo-

the results are shown in Table 2. The average value potential trapping well in the radiat)and axial )

of the ion signal intensityAg,, is given in counts/
pg. The values ofF,,, for each congener were
calculated for the ions monitored as given in Table
1.

3.7.2. QIT

A calibration curve was obtained for each dioxin
congener using five standard solutions ranging in
concentration from 2.5 to 1 000 pg.. Nine quanti-
ties of each dioxin congener were injected on the
column using JuL from each solution and gL from
each solution, except that of 1 000 p/ The cali-
bration curve was constructed from the nine datum
points, where each datum point was the arithmetic
mean of three total fragment ion signal intensities
resulting from two replications. The fragment ions
monitored are given in Table 1. The slope of the

direction is proportional to the square of the stabil-
ity parametersg,(u = r, 2). In Fig. 8 are plotted the
calculated values ofqf)? for the two major frag-
ment ions formed from the mass-selected molecular
ions of each dioxin congener. In this work, molec-
ular ions were held at a constant value of the
trapping parameter, and subjected to CID at a
fixed frequency; thus the magnitude of the trapping
potential well for fragment ions formed by constant
neutral loss will be reduced for fragment ions
formed from molecular ions of higher mass/charge
ratio.

3.7.3. TSQ

Thirty four determinations of the selected dioxin
congeners were carried out with TSQ. The averages
of the signal intensities are shown in Table 4. With
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Table 3
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Averaged relative ionization cross sections for seven dioxin congeners obtained with QIT. The average signal ion int@pgijgs.(

were obtained from the slope of calibration curves derived from 27
according to the data given in Table 1

determinations of the dioxin congeggrs.dwas calculated

(AC|D)cong Ncong ncongl (Tcong{
Congeners counts/pg Eiso)cong (molecules/crf) Nr,cop Or,cop
2,3,7,8-,CDD 132.40 0.655 8.% 10 1.000 1.000
1,2,3,7,8-BCDD 55.70 0.575 7.5 10 0.585 0.907
1,2,3,4,7,8-4CDD 42.72 0.586 6.% 10* 0.557 0.778
1,2,3,6,7,8-4CDD 61.86 0.586 6.% 10° 0.692 0.908
1,2,3,7,8,9-5CDD 56.06 0.586 6.% 10* 0.711 0.800
1,2,3,4,6,7,8-HCDD 31.92 0.572 6.% 10° 0.486 0.748
OgCDD 33.43 0.608 5.& 10 0.395 0.985

TSQ, the observed fragment ion signahdip)cong
exhibits a marked intensity decrease in passing from
PsCDD to H,CDD and beyond; that is, with increas-
ing degree of chlorination, in contrast with that of QIT
and with the observed variation ofAf,)cong With
HRMS. In addition, the observed variation in the
relative CID efficiency, neondnr,cop, €Xhibits an
increase by a factor of 2.3 as the degree of chlorine
substitution is increased from four to eight and is,
again, in contrast to the behaviour observed with QIT
(Table 3, decrease by a factor of 2.5). These contrast-
ing observations are due clearly to the radically
different CID processes in TSQ and QIT with respect
to ion energy, collision gas, collision energy, number
of collisions, and duration of the CID process. In the
TSQ, the attenuation of the main beam in the collision
cell was~60% so that=60% of the mass-selected

b) L@

5 6 7
Number of chlorine atoms

Fig. 8. Square of the stability parametgrfor two major fragment
ions formed from the mass-selected molecular ions of each dioxin
congener.

ions were dissociated; whereas in the QIT, dissocia-
tion of the mass-selected ions was complete. The
scattering of ions in the TSQ collision cell reduces the
CID efficiency; this scattering effect is more marked
for fragment ions of relatively low mass/charge ratio,
and it is seen in Table 4 that the relative CID
efficiency, neondMr,coos iNCreases as the degree of
chlorine substitution and mass increase.

In the TSQ with its alternating concatenation of
lenses and quadrupole mass filters, the aberration in
each lens leads to increasing ion transmission as a
function of mass, whereas the confinement in each
guadrupole leads to decreasing ion transmission as a
function of mass. The net result is a small decrease in
ion transmission as a function of mass [36]; the
decrease is of uncertain magnitude though it is mini-
mized by the purposeful increase in collision energy,
as discussed above, with increasing degree of chlorine
substitution. Qualitatively, the average kinetic energy
for each of the mass-selected ions transmitted into the
TSQ collision cell is more or less constant (18-27 eV)
and is, to a first approximation, proportional to the
acceleration voltage of the len¥(,J:

eVlens_ mpvgz)lz (7)

wheree is the charge of the molecular ion transmitted
andm, andv,, are its mass and velocity, respectively.
For each dioxin congener, it is seen from Eq. (8)

(Vp)cong _ \/m
= (8)
(Vo) o,coD V(My)cong
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Table 4
Averaged relative ionization cross sections for seven dioxin congeners obtained with TSQ. Signal ion inteAsitigs,ng are given for
34 determinations of the dioxin congenerss().,,q Was calculated according to the data given in Table 1

(AC|D)cong Ncong ncong! 0-conJ
Congeners (counts/pg) Eisd)cong (molecules/cr) Mr,cop Or,coD
2,3,7,8-T,CDD 8384 0.652 8.% 10* 1.000 1.000
1,2,3,7,8-RCDD 7658 0.572 7.5 10* 1.091 1.056
1,2,3,4,7,8-4CDD 5029 0.584 6.% 10 1.818 0.443
1,2,3,6,7,8-CDD 5575 0.584 6.% 10 1.727 0.517
1,2,3,7,8,9-HCDD 5330 0.584 6.% 10* 1.796 0.476
1,2,3,4,6,7,8-HCDD 4772 0.571 6.% 104 1.955 0.438
0OgCDD 4405 0.543 5.8 10 2.273 0.397

that the parent ion velocities, relative to that of and QIT instruments, the ion signals observed in
O4CDD, are {p)t,cop = 1.196, ¢p)p.cop = 1.137, each instrument can be related directly to the
(Vp)ucoo = 1.085, and Yp) . cpp = 1.039. In view ionization efficiency, or cross section, for each
of their greater velocities, ions of lower mass/charge congener in the ion sources of the three instru-
ratio will experience fewer RF cycles of the quadru- ments. The close agreement among HRMS and QIT
pole field and will tend to be less well confined within - values of o.ondot cpp @among the three §CDD
the quadrupole collision cell. Thus, thg,,q values congeners is of interest, particularly since the same
are expected to be lower for congeners of relatively trend is exhibited by TSQ.
low molecular weight and to increase in value with
molecular weight, as is observed. .
4. Conclusions
3.7.4. HRMS, QIT, and TSQ Three mass spectrometers have been compared
The relative performances of the three mass spec- with respect to their performance in the determination
trometric methods can be compared on the basis of of dioxins/furans. While the HRMS detection limit for
congener-specific relative ionization cross sections, T,CDD is lower than that of TSQ and QIT, there is
Tcond97,cop: Obtained by HRMS, QIT, and TSQ. In  evidence that all interferences are not eliminated by
Fig. 9 are plotted the values of,.Jor cpp for each high mass resolution alone, thus there is a need also
dioxin congener as given in Tables 2, 3, and 4. On the
abscissa in Fig. 9 are shown the congeners examined;
the lines have been drawn merely to facilitate recog- e QlT
nition of the datum points obtained with each method. Ry
As may be expected, the data obtained by the three -
methods are generally quite similar except for the
marked decrease with TSQ in passing frog&BD to
the congeners of higher degree of chlorine substitu-
tion. For HRMS and QIT there is a decrease of some
10-20% in the normalized ionization cross section as
the degree of chlorination increases, because there is
but a small increase of the correlated ionization T,CDD PsCDD H,CDD H,CDD  O,LDD
energy; theoretical calculation [24] has shown an
increase of the ionization energy o100 meV as the F_ig. ‘9. Relative ionizat_ion cross sectioncgnJaTACDD)_for.seven
. - . .. dioxin congeners obtained from 24 HRMS determinations (open
degree of chlorine substitution increases. Despite circle); from 27 QIT determinations (filled circle), and from 34
the enormous differences between the HRMS, TSQ, TSQ determinations (filled triangle).

1.0 1

Gcong/ GT4 CDD

0.5 - AN
v Te—
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for instruments that achieve high specificity by tan-
dem mass spectrometric operation. Normalized rela-
tive response factors were found to be generally
similar for the three methods. The relative ionization
cross sections for ,;FJO;CDD from both HRMS and
QIT, and for T,-PsCDD from TSQ are quite close; in
addition, the variation among three;EDD conge-
ners is identical for the three methods. For TSQ, the
values of the relative cross sections fogGDD,
H,CDD, and QCDD congeners are somewhat lower
than those obtained for HRMS and QIT, and this
behaviour has been explained in terms of mass-
dependent fragment ion scattering in the RF-only
collision cell.
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