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The feasibility of utilizing a gas chromatograph-tandem quadrupole-Fourier transform ion
cyclotron resonance mass spectrometer (GC-MS/MS-FTICRMS) to analyze chlorinated-dioxins/
furans (CDDs/CDFs) and mixed halogenated dioxins/furans (HDDs/HDFs) was investigated
by operating the system in the GC-FTICRMS mode. CDDs/CDFs and mixed HDDs/HDFs
could be analyzed at 50,000 to 100,000 resolving power (RP) on the capillary gas chromato-
graphic time scale. Initial experiments demonstrated that 1 pg of 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) and 5 pg of 2-bromo-3,7,8-trichlorodibenzo-p-dioxin (BTrCDD) could be
detected. The feasibility of utilizing an FTICRMS for screening of CDDs/CDFs, HDDs/HDFs
and related compounds was also investigated by analyzing an extract from vegetation exposed
to fall-out from an industrial fire. CDDs/CDFs, chlorinated pyrenes and chlorinated tetracenes
could be detected from a Kendrick plot analysis of the ultrahigh resolution mass spectra.Mass
accuracies were of the order of 0.5 ppm on standards with external mass calibration and 1 ppm
on a samplewith internal mass calibration. (J Am SocMass Spectrom 2010, 21, 1918–1921) © 2010
American Society for Mass Spectrometry

Of the 210 chlorinated dibenzo-p-dioxins (CDDs)
and chlorinated dibenzofurans (CDFs), only sev-
enteen 2,3,7,8-substituted congeners are consid-

ered to have appreciable toxicity and are monitored by
regulatory agencies world-wide. Reviews of the toxicity
of these chemicals have been published [1, 2]. CDDs
and CDFs are often found as trace products of combus-
tion processes [3]. As bromine is present in many of the
same environmental matrices as chlorine is found, it
is reasonable to expect that brominated dioxins/fur-
ans (BDDs/BDFs), and mixed halogenated analogues
(HDDs/HDFs) of the CDDs/CDFs should also be
formed [4, 5]. Some reviews of the toxicity and health
assessment of the BDDs/BDFs have been published [6,
7]. CDDs/CDFs are routinely differentiated from poly-
chlorinated biphenyls (PCBs) on a gas chromatograph-
high-resolution (double-focusing magnetic sector) mass
spectrometer (GC-HRMS) operated at 10,000 RP (10%
valley); however, the differentiation of CDDs/CDFs
from mixed HDDs/HDFs can require RPs more readily
achievable on a Fourier transform ion cyclotron reso-
nance mass spectrometer (FTICRMS) or an Orbitrap
mass spectrometer [8]. For example, differentiation
of C12H3O2Br2Cl3 from C12OCl7

37Cl (OCDF) and of

C12H4O2Br2
81Br37Cl from C12O2Cl8 (OCDD) requires

�32,000 and 700,000 RP, respectively.
The first report of a GC coupled to an FTICRMS was

by Gross et al. [9] in 1980. This was followed by reports
by Sack and Gross [10] in 1983, by Cody et al. [11] in
1985, by Szulejko and Solouki [12] in 2002, and by
Solouki et al. in 2004 [13]. In 2009, CDD analysis by an
experimental GC-Orbitrap was presented [14].
In 2007, a gas chromatograph-tandem quadrupole-

Fourier transform ion cyclotron resonance mass spec-
trometer (GC-MS/MS-FTICRMS) was acquired from Var-
ian Inc. The initial objective was to demonstrate the
feasibility of performing ultra-trace analysis in the ultra-
high RP range (50,000 to 100,000 FWHM) on the capillary
gas chromatographic time scale. The feasibility of utiliz-
ing an FTICRMS for screening of HDDs/HDFs was also
investigated by analyzing an extract from an industrial
fire sample. The data were processed using Kendrick
plots, which enable the user to visually inspect a very
dense mass spectrum for various series and classes of
compounds [15, 16]. The chemical systems for which
Kendrick plot analysis has been employed include the
ultrahigh resolution mass spectrometric studies of pe-
troleum hydrocarbons [17, 18] and natural organic
matter [19, 20], where similar compounds with a vary-
ing number of CH2 moieties exist. In a similar fashion,
Kendrick plots corresponding to the substitution of
chlorine for hydrogen were used to facilitate the inter-
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pretation of data from vegetation exposed to fall-out
from an industrial fire. This approach could provide a
rapid means to identify unknown environmental contam-
inants because series of polychlorinated compounds are
expected to be present.

Experimental

Instrumentation

The analyses were performed on a Varian TQ-FTMS
(triple quadrupole-Fourier transform mass spectrome-
ter) (Varian Inc., Walnut Creek, CA, USA) consisting of
a Varian CP-8400 autosampler, a Varian CP-3800 GC, a
Varian J320-MS (triple quadrupole), a Varian 920-MS
(FTICRMS), and a Varian 9.4 Tesla superconducting
magnet. The CP-8400 autosampler was set up with a 10
�L syringe (Hamilton Co., Reno, NV, USA) to draw up
1.0 �L of solvent plug, 1.0 �L standard or sample, and
a 1.0 �L air plug. The split/splitless injector (Varian
1177) was operated in the splitless mode at 270 °C with
a 4 mm i.d. double-gooseneck liner (Restek U.S., Belle-
fonte, PA, USA) with pressure pulse injection activated.
Electronic flow control (EFC) was used to provide a

constant flow of 1.5 mL He/min into a J and W DB-5HT
column (length, 15 m; i.d., 0.25 mm; film thickness, 0.10
�m). The column oven temperature program was as
follows: initial temperature 120 °C; hold 1.5 min; to
170 °C at 40°C/min; to 320 °C at 10 °C/min. The Varian
J320-MS was operated with EI at 70 eV and was
auto-tuned (Q1 and Q3) with perfluorotributylamine
(PFTBA). To switch from GC-MS mode to GC-
FTICRMSmode, Q1 andQ3were operated in rf onlymode
to pass all ions and the dynode and electron multiplier
were turned off. The FTICRMS was operated with direct
mode (broadband) detection using arbitrary waveform
excitation and detection from m/z 250 to 850, an acquisi-
tion time of 262ms, an analog-to-digital conversion (ADC)
rate of 4 MHz and a cycle time of �1.5 s. External mass
calibration was performed using PFTBA at an optimal
concentration of ions for the ICR cell. Mass accuracy can
be adversely affected by mass shifts which can occur
when the concentration of ions in the ICR cell is outside of
the optimal range. Internal calibration can provide ade-
quate corrections for these mass shifts. Standards were
calibrated externally while samples were calibrated inter-
nally on column bleed peaks m/z 281 and m/z 355.

Figure 1. (a) Schematic of the GC transfer line and Varian J320-MS (diagram courtesy Varian Inc.). (b)
Schematic of the hexapole accumulation cell, rf ion guide, and ICR cell (diagram courtesy Varian Inc.).
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Standards and Samples

Dioxin standards CS-1 to CS-5 were obtained from Well-
ington Laboratories (Guelph, ON, Canada). Solutions
were diluted as required. 2-Bromo-3,7,8-trichlorodibenzo-
p-dioxin (BTrCDD) was obtained from Wellington Lab-
oratories (Guelph, ON, Canada). This solution was di-
luted as required. An extract from vegetation exposed to
fall-out from an industrial fire that had been previously
analyzed for CDDs/CDFs by GC-HRMS [21] was re-
analyzed by GC-FTICRMS. The transients were sum-
med to simulate an infusion experiment.

Data Analysis

To process the complicated ultrahigh resolution mass
spectra obtained, Kendrick plots were constructed. A
Kendrick plot involves expressing the mass defect of
each peak in a mass spectrum as a function of its
integer, or nominal mass. In addition, the IUPAC mass
scale of the mass spectra is transformed into a nominal
mass scale, such that the incremental increase in mass
resulting from the addition or substitution of a specific
chemical moiety does not correspond to any increase in
the mass defect. This will allow the analyst to visually
identify components of a related series because they
will be arranged in a horizontal line within the Ken-
drick plot. To transform a mass spectrum from the
IUPAC mass scale into a nominal mass scale, a new
anchor point is chosen and the mass of each peak in
the IUPAC mass spectrum, MIUPAC, is multiplied by the
ratio of the mass of the new anchor point, MAP, to the
mass of the new anchor point in the IUPAC scale,
MAP,IUPAC, eq 1.

Mnew � MIUPAC ·
MAP

MAP,IUPAC

(1)

The industrial fire sample was expected to contain
various polychlorinated compounds, so a mass scale
reflecting the substitution of 35Cl for H was chosen. This
will implicitly make the mass change associated with
this substitution equal to 34 Da, instead of 33.960128 Da,
as it would be in the IUPAC mass scale. Therefore, the
functional form of eq 1 used in this study can be found
below, eq 2.

Mnew � MIUPAC ·
34.000000

33.960128
� MIUPAC · 1.001148 (2)

Results and Discussion

The Varian GC-MS/MS-FTICRMS system (Figure 1a
and 1b) is unique in its inclusion of a triple quadrupole
mass spectrometer between the GC and the FTICRMS.
Instrument detection limits (IDLs) (signal-to-noise 	

3:1) at 50,000 to 100,000 RP (FWHM) were 1 pg for

TCDD and 5 pg for BTrCDD. These IDLs are insuffi-
cient for CDD/CDF analysis at 10,000 RP (10% valley)
but are comparable to those of a magnetic sector instru-
ment at 50,000 RP (10% valley). In addition, full scan
spectra are available from the FTICRMS. Experimental
and theoretical isotopic ratios for m/z 320/322/324 of
TCDD were 77/100/49 and 78/100/48, respectively,
and for m/z 364/366/368/370 of BTrCDD were 59/100/
68/17 and 52/100/64/17, respectively. The mass spec-
trum of BTrCDD also showed typical fragmentation of
halogenated dioxins, namely, fragment ions M-COBr at
m/z 257 and M-COCl at m/z 301. With external mass
calibration, mass accuracies were within 0.5 ppm of the
theoretical values.
An extract from vegetation exposed to fall-out from

an industrial plastics fire, previously analyzed for
CDDs/CDFs, was re-analyzed by GC-FTICRMS. To
simulate a screening procedure, the transients from
a 20-min GC-FTICRMS run of the fire sample were
summed, Fourier transformed, and then internally-
calibrated (Figure 2). By searching in the region of m/z
320, it was possible to confirm the presence of TCDD

Figure 2. (a) 2,3,7,8-Tetrachlorodibenzo-p-dioxin detected in a
fire sample. (b) 2-Bromo-3,7,8-trichlorodibenzo-p-dioxin not de-
tected in a fire sample.
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with a mass accuracy of 1 ppm (Figure 2a). By
searching in the region of m/z 366, it was shown that
BTrCDD was not detectable in this sample (Figure 2b).
Figure 3 shows a Kendrick plot for substitution of

chlorine for hydrogen. In addition to the expected
CDDs and CDFs, chlorinated pyrenes and chlorinated
tetracenes could be detected and identified from accu-
rate mass data. Within each homologous series, a dis-
tinct yet repetitive isotopic distribution can be ob-
served, with even and odd masses forming separate
bands due to the mass defect arising from the absence/
presence of one 13C.
These data suggest that FTICRMS could be used to

screen for a number of chlorinated compounds in a
single qualitative or semiquantitative analysis.While no
quantitative information is obtained from a Kendrick
plot, this type of analysis would be useful for samples
from a fire where the extent and severity of the contam-
ination could be determined more rapidly than by
conventional analyses.
Efforts are continuing to improve IDLs. The data for

the CDD/CDF and HDD/HDF were obtained with an
electron energy of 70 eV. Optimization of the electron
energy for CDD/CDF in the 30 to 40 eV range could
reduce detection limits by a factor of two to three.
Ion-molecule reactions occur in the hexapole ion accu-
mulation cell because of the 2 ppm of water present in
ultrahigh purity (UHP) nitrogen. Reduction of these
reactions as well as improvements in the detector
electronics could further reduce the IDLs.
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Figure 3. Use of a Kendrick plot for the identification of un-
known series of polychlorinated compounds. The mass defect,
Mdefect, is plotted as a function of nominal mass, Mnominal, in a
mass scale defined by the mass difference resulting from a
substitution of chlorine for hydrogen.
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