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Abstract

A gas chromatographic relative retention time (GC-RRT) model was developed to predict retention times of the 209 individual
polybrominated diphenyl ether (PBDE) congeners. Using the available 46 PBDE standards with mono- to deca-bromination, a
multiple linear regression equation of the form RRT= b0+b1(no. o-Br)+b2(no. m-Br)+b3(no. p-Br)+b4(µ)+b5(ln MW) was
used to predict the RRTs of the remaining 163 PBDE congeners. Molecular descriptors in the model included the number ofortho-,
meta-, andpara-bromine substituents (no.o-Br, m-Br andp-Br, respectively), the semi-empirically calculated dipole moment (µ),
and the natural logarithm of molecular weight (MW). A high level of predictability (R2 = 0.9972) was obtained for the model.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Polybrominated diphenyl ether (PBDE) flame re-
tardants (Fig. 1) are the first class of halogenated
diaryl compounds to cause widespread environmen-
tal concern since polychlorinated biphenyls (PCBs),
polychlorinated dibenzo-p-dioxins and dibenzofu-
rans (PCDD/Fs), and dichlorodiphenyltrichloroethane
(DDT) were discovered in environmental samples dur-
ing the 1940s to 1960s. Although other halogenated
diaryl compounds have been observed in the environ-
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ment over the last half-century (e.g. polychlorinated
diphenyl ethers (PCDEs), polychlorinated naph-
thalenes (PCNs), polybrominated biphenyls (PBBs),
polybrominated dibenzo-p-dioxins and dibenzofurans
(PBDD/Fs), mixed halogenated dibenzo-p-dioxins
and dibenzofurans (PXDD/Fs) where X= Cl, Br),
the concentrations and/or toxicological importance
of these compounds are generally much less than
PCBs and PCDD/Fs. Only PBDEs have recently been
found at high concentrations (up to the mg/kg level
in sediments and higher trophic level organisms such
as marine mammals) that in some cases approach or
even exceed that of PCBs and DDT[1–5]. While the
acute toxicity of PBDEs is thought to be low relative
to PCDD/Fs and non-ortho-substituted PCBs[2], the
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Fig. 1. Structure of polybrominated diphenyl ethers.

chronic effects may result in endocrine disruption and
immunosuppression, among others[2,6,7]. However,
there is limited toxicological data for only the most
prevalent individual PBDE congeners in environmen-
tal samples (e.g. 2,2′,4,4′-BDE47; 2,2′,4,4′,5-BDE99;
and 2,2′,4,4′,6-BDE100) [2,6], and our experience
with the widely differing acute toxicities of individual
PCB and PCDD/F congeners (toxic equivalent factors
(TEFs) range of >6 orders of magnitude) demon-
strates the necessity of identifying and monitoring
concentrations of all PBDE congeners in environ-
mental matrices. Additionally, analytical standards
are available for only 46 of the 209 individual PBDE
congeners, further hindering comprehensive assess-
ments of environmental concentrations and patterns,
as well as more complete toxicological investigations.

Thus, there is a need for predictive tools to help
identify the remaining 163 PBDE congeners for which
analytical standards are currently unavailable, but yet
for which environmental data is needed. We have pre-
viously published a gas chromatographic relative re-
tention time (GC-RRT) model for a reduced set of
mono- to hexa-BDEs[8,9], but did not calculate the
predicted RRTs for unknown congeners nor consider
PBDEs with greater than seven bromine substituents.
Here we report a GC-RRT model for all the 209 PBDE
congeners from mono- to deca-brominated using a
“practical” multi-linear temperature program currently
used to identify known PBDE congeners in environ-
mental samples within our high-throughput research
laboratory.

2. Methods

PBDE standards obtained from Cambridge Isotope
Laboratories (Andover, MA, USA) and Welling-
ton Laboratories (Guelph, Ont., Canada) were ana-
lyzed by high-resolution gas chromatography/high
resolution mass spectrometry (HRGC/HRMS) us-
ing a VG-Autospec mass spectrometer (Micromass,

Manchester, UK) equipped with a Hewlett-Packard
model 5890 series II gas chromatograph. BDE101 was
generated photochemically from BDE153 in 100%
CH3CN at 302 nm irradiation and was identified as
the only remaining unidentified penta-BDE congener
from the primary photodebromination of BDE153
(analytical standards were available for the other two
primary photodebromination products, BDEs 99 and
118, although BDE118 was initially identified in
the photoproduct mixture using previously published
RRT models for a smaller set of mono- to hexa-BDEs
[8,9]). Details on this debromination process, as well
as the general solution photochemistry of BDE153,
are soon to be published. The GC was operated in
the splitless injection mode, and the splitless injector
purge valve was activated 2 min after sample injection.
The volume injected was 1�l of sample plus 0.5�l of
air. A 15 m DB-5HT column (0.25 mm i.d.× 0.1�m
film thickness) coupled with 1.2 m of pre-column
of the same properties was used with UHP-He at
42 kPa and the following temperature program: hold
at 100◦C for 1 min; 2◦C/min to 140◦C; 4◦C/min to
220◦C; 8◦C/min to 330◦C; and hold 1.2 min. The
splitless injector port, direct HRGC/HRMS interface,
and the HRMS ion source were maintained at 300,
275, and 315◦C, respectively. Further details on the
HRGC/HRMS methods for individual PBDE con-
gener identification and quantitation are published
elsewhere[3,4,8–11].

Physicochemical properties for the analytes of in-
terest were calculated using CambridgeSoft Chem3D
Ultra 6.0 (Cambridge, USA). Molecular structures
were optimized using the MM2 energy minimiza-
tion program. The physicochemical properties were
then calculated using the MOPAC2000 MNDO-PM3
program; a table of these values for the 209 PBDE
congeners is not included in the manuscript but is
available from the corresponding author. Data were
subsequently treated using Microsoft Excel 2002
(Redmond, WA, USA), and multiple linear regres-
sion models were developed using forward selection,
backward elimination, and stepwise selection meth-
ods with KyPlot v.2.0 b.13 (Tokyo, JPN) and SPSS for
Windows v.10.0.5 (Chicago, USA). Potential variables
examined in the RRT model included dipole moment,
ionization potential, number ofortho-, meta-, and
para-bromine substituents, number of total bromine
substituents, square of the number of total bromine



S. Rayne, M.G. Ikonomou / J. Chromatogr. A 1016 (2003) 235–248 237

Table 1
Observed and predicted RRTs for the 46 mono- to deca-brominated diphenyl ethers used in constructing the model

PBDE congener Observed RRT Predicted RRTa �RRTb

2-BDE1 0.256 0.234± 0.008 0.022 (49.3)
3-BDE2 0.270 0.265± 0.008 0.005 (11.8)
4-BDE3 0.284 0.283± 0.009 0.001 (1.8)
2,6-BDE10 0.464 0.496± 0.008 −0.032 (−71.9)
2,4-BDE7 0.530 0.560± 0.006 −0.030 (−66.6)
2,4′-BDE8 0.561 0.556± 0.005 0.005 (11.7)
3,3′-BDE11 0.561 0.559± 0.009 0.002 (4.3)
3,4-BDE12 0.578 0.588± 0.005 −0.010 (−22.1)
3,4′-BDE13 0.584 0.583± 0.005 0.001 (3.2)
4,4′-BDE15 0.604 0.593± 0.007 0.011 (24.6)
2,4,6-BDE30 0.701 0.739± 0.006 −0.038 (−85.3)
2,4′,6-BDE32 0.755 0.752± 0.006 0.003 (7.3)
2,2′,4-BDE17 0.773 0.751± 0.006 0.022 (48.7)
2,3′,4-BDE25 0.778 0.776± 0.004 0.002 (4.4)
2′,3,4-BDE33 0.796 0.785± 0.005 0.011 (25.1)
2,4,4′-BDE28 0.796 0.793± 0.005 0.003 (7.1)
3,3′,4-BDE35 0.813 0.811± 0.006 0.002 (4.2)
3,4,4′-BDE37 0.829 0.825± 0.006 0.004 (9.0)
2,4,4′,6-BDE75 0.914 0.937± 0.005 −0.023 (−50.6)
2,2′,4,5′-BDE49 0.928 0.919± 0.006 0.009 (19.6)
2,3′,4′,6-BDE71 0.930 0.939± 0.010 −0.009 (−21.2)
2,2′,4,4′-BDE47 0.950 0.941± 0.005 0.009 (19.7)
2,3′,4,4′-BDE66 0.969 0.972± 0.004 −0.003 (−7.4)
3,3′,4,4′-BDE77 1.000 0.999± 0.007 0.001 (1.2)
2,2′,4,4′,6-BDE100 1.054 1.056± 0.006 −0.002 (−4.8)
2,2′,4,5,5′-BDE101 1.062 1.062± 0.007 0.000 (0.5)
2,3′,4,4′,6-BDE119 1.064 1.091± 0.004 −0.027 (−60.9)
2,2′,4,4′,5-BDE99 1.084 1.082± 0.004 0.002 (4.1)
2,3,4,5,6-BDE116 1.089 1.066± 0.006 0.023 (51.8)
2,3′,4,4′,5-BDE118 1.107 1.119± 0.005 −0.012 (−26.5)
2,2′,3,4,4′-BDE85 1.130 1.091± 0.004 0.039 (88.3)
3,3′,4,4′,5-BDE126 1.139 1.132± 0.008 −0.012 (−26.8)
2,3,3′,4,4′-BDE105 1.145 1.151± 0.005 0.020 (45.3)
2,2′,4,4′,6,6′-BDE155 1.137 1.125± 0.008 0.005 (10.5)
2,2′,4,4′,5,6′-BDE154 1.155 1.166± 0.005 −0.011 (−24.9)
2,2′,4,4′,5,5′-BDE153 1.184 1.198± 0.004 −0.014 (−31.9)
2,2′,3,4,4′,6′-BDE140 1.200 1.170± 0.005 0.030 (67.2)
2,2′,3,4,4′,5-BDE138 1.218 1.202± 0.004 0.011 (24.8)
2,3,4,4′,5,6-BDE166 1.218 1.207± 0.004 0.016 (35.4)
2,2′,3,4,4′,5′,6-BDE183 1.255 1.275± 0.004 −0.020 (−44.4)
2,2′,3,4,4′,5,6-BDE181 1.288 1.278± 0.004 0.010 (22.7)
2,3,3′,4,4′,5,6-BDE190 1.292 1.310± 0.005 −0.018 (−41.3)
2,2′,3,3′,4,5,5′,6,6′-BDE208 1.394 1.381± 0.009 0.013 (29.9)
2,2′,3,3′,4,4′,5,6,6′-BDE207 1.400 1.401± 0.008 −0.001 (−1.2)
2,2′,3,3′,4,4′,5,5′,6-BDE206 1.412 1.440± 0.008 −0.028 (−62.2)
2,2′,3,3′,4,4′,5,5′,6,6′-BDE209 1.472 1.465± 0.010 0.007 (16.5)

a RRTs were calculated as relative to 3,3′,4,4′-BDE7 and include standard errors for the predicted values.
b �RRT was calculated as observed minus predicted RRT; values in parentheses are deviations from observed RTs in seconds.
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substituents, and the molecular weight and various
mathematical transformations of these variables (e.g.
inverse, logarithmic, exponential, square/square root,
and the trigonometric functions [sin, cos, tan]). RRTs
were obtained by dividing the RT for the analyte of
interest by the RT of 3,3′,4,4′-BDE77, which had a
RT of 37.24 min using the instrument conditions de-
scribed above. Other combinations of retention time
normalization were examined, including other indi-
vidual congeners from mono- to deca-brominated, as
well as combinations of low and high MW congeners
(e.g. BDEs 28 and 153). These other normaliza-
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Fig. 2. RRT model for PBDEs (error bars are 95% confidence intervals on predicted RRT values) and distribution of residuals over the range
of observed RRTs. A regression equation of the form predicted RRT= 0.9972(observed RRT) + 0.0026 with anR2 = 0.9972 is shown.

tion techniques did not improve the quality of the
model.

3. Results and discussion

A gas chromatographic retention time model for
the 209 polybrominated diphenyl ether congeners was
developed. The multiple linear regression equation
shown below utilizes the bromine substitution pat-
tern, semi-empirical MNDO-PM3 method calculated
dipole moment, and molecular weight of individual
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Table 2
Predicted RRTs for the 163 di- to nona-brominated diphenyl ethers for which analytical standards were not currently available at the time of model construction

PBDE congener Predicted RRTa PBDE congener Predicted RRT PBDE congener Predicted RRT PBDE congener Predicted RRT

2,2′-BDE4 0.501± 0.033 2,3,3′,5-BDE57 0.943± 0.027 2,3,3′,5,5′-BDE111 1.084± 0.031 2,2′,3,3′,4,6,6′-BDE176 1.214± 0.031
2,5-BDE9 0.524± 0.031 2,3,3′,5′-BDE58 0.948± 0.027 2,3,4,4′,6-BDE115 1.087± 0.020 2,3′,4,4′,5′,6-BDE168 1.214± 0.023
2,3′-BDE6 0.532± 0.031 2,3,4′,5-BDE63 0.956± 0.020 2,3′,4′,5′,6-BDE125 1.087± 0.022 2,3,3′,4,4′,6-BDE158 1.217± 0.023
2,3-BDE5 0.535± 0.031 2,3′,4,5′-BDE68 0.959± 0.020 2,2′,3,3′,6,6′-BDE136 1.097± 0.032 2,2′,3,3′,4,4′-BDE128 1.218± 0.023
3,5-BDE14 0.563± 0.033 2,3,3′,4-BDE55 0.962± 0.020 2,3′,4,5,5′-BDE120 1.100± 0.024 2,3,3′,4,5,5′-BDE159 1.222± 0.030
2,2′,6-BDE19 0.701± 0.030 2,3′,4,5-BDE67 0.964± 0.020 2,3,3′,4′,5-BDE107 1.104± 0.023 2,2′,3,4,5,6,6′-BDE186 1.224± 0.031
2,3,6-BDE24 0.723± 0.026 2,3′,4′,5-BDE70 0.964± 0.020 2,3′,4′,5,5′-BDE124 1.108± 0.023 2,3,3′,4′,5,5′-BDE162 1.227± 0.029
2,2′,5-BDE18 0.724± 0.026 2,3,3′,4′-BDE56 0.965± 0.020 2,2′,3,5,6,6′-BDE152 1.108± 0.032 2,2,3,4,4′,6,6′-BDE184 1.230± 0.031
2,2′,3-BDE16 0.738± 0.027 2,3,4,5-BDE61 0.967± 0.020 2,3,3′,4,5-BDE106 1.108± 0.023 2,2′,3,3′,5,5′,6-BDE178 1.235± 0.036
2,3′,6-BDE27 0.739± 0.027 3,3′,5,5′-BDE80 0.968± 0.033 2,3,3′,4,5′-BDE108 1.109± 0.023 2,3′,4,4′,5,5′-BDE167 1.242± 0.026
2,3′,5-BDE26 0.762± 0.027 2,3′,4′,5′-BDE76 0.972± 0.021 2,3,3′,4′,5′-BDE122 1.116± 0.024 2,3,3′,4,4′,5-BDE156 1.242± 0.026
2,3,5-BDE23 0.766± 0.027 2,4,4′,5-BDE74 0.973± 0.020 2,3,4,4′,5-BDE114 1.120± 0.021 2,2′,3,4,5,5′,6-BDE185 1.246± 0.030
2,3′,5′-BDE34 0.766± 0.027 2,2′,3,6,6′-BDE96 0.980± 0.030 2,2′,3,4′,6,6′-BDE150 1.121± 0.028 2,2′,3,3′,4,5′,6′-BDE177 1.247± 0.030
2,3,3′-BDE20 0.767± 0.027 2,3,4,4′-BDE60 0.981± 0.019 2,3′,4,4′,5′-BDE123 1.125± 0.021 2,3,3′,4,4′,5′-BDE157 1.248± 0.026
2,4′,5-BDE31 0.775± 0.021 3,3′,4,5′-BDE79 0.992± 0.025 2,2′,3,4,6,6′-BDE145 1.126± 0.028 2,2′,3,3′,4,5,6′-BDE174 1.252± 0.030
2,4,5-BDE29 0.782± 0.021 3,3′,4,5-BDE78 0.997± 0.025 2,2′,3,3′,5,6′-BDE135 1.134± 0.031 2,2′,3,3′,4,5′,6-BDE175 1.253± 0.030
2,3,4′-BDE22 0.784± 0.021 2,2′,4,6,6′-BDE104 1.005± 0.027 3,3′,4,5,5′-BDE127 1.134± 0.030 2,2′,3,4′,5,5′,6-BDE187 1.253± 0.030
2,3,4-BDE21 0.788± 0.022 3,4,4′,5-BDE81 1.008± 0.023 2,2′,3,5,5′,6-BDE151 1.135± 0.031 2,2′,3,3′,4,5,6-BDE173 1.261± 0.030
3,3′,5-BDE36 0.793± 0.030 2,2′,3,5,6′-BDE94 1.018± 0.027 2,2′,3,3′,5,6-BDE134 1.148± 0.031 2,2′,3,4,4′,5,6′-BDE182 1.265± 0.028
3,4′,5-BDE39 0.800± 0.025 2,2′,3,5′,6-BDE95 1.020± 0.027 2,2′,3,4′,5,6′-BDE148 1.150± 0.025 3,3′,4,4′,5,5′-BDE169 1.273± 0.032
3,4,5-BDE38 0.818± 0.024 2,2′,3,5,6-BDE93 1.023± 0.027 2,2′,3,4,5′,6-BDE144 1.150± 0.025 2,2′,3,3′,4,4′,6-BDE171 1.281± 0.028
2,2′,6,6′-BDE54 0.839± 0.030 2,2′,4,5′,6-BDE103 1.030± 0.022 2,2′,3,3′,4,6′-BDE132 1.154± 0.025 2,2′,3,3′,4,5,5′-BDE172 1.284± 0.032
2,2′,5,6′-BDE53 0.872± 0.026 2,2′,3,3′,6-BDE84 1.031± 0.028 2,2′,3,4′,5,6-BDE147 1.163± 0.025 2,3,3′,4,5,5′,6-BDE192 1.285± 0.032
2,2′,3,6′-BDE46 0.872± 0.026 2,2′,3,4′,6′-BDE98 1.037± 0.022 2,2′,3,4,5,6′-BDE143 1.163± 0.025 2,3,3′,4′,5,5′,6-BDE193 1.291± 0.032
2,2′,3,6-BDE45 0.878± 0.026 2,2′,3,4,6′-BDE89 1.041± 0.022 2,2′,3,4′,5′,6-BDE149 1.163± 0.025 2,2′,3,4,4′,5,5′-BDE180 1.300± 0.029
2,2′,4,6′-BDE51 0.891± 0.023 2,2′,4,5,6′-BDE102 1.042± 0.022 2,2′,3,4,5,6-BDE142 1.164± 0.025 2,2′,3,3′,4,4′,5-BDE170 1.309± 0.028
2,2′,5,5′-BDE52 0.895± 0.025 2,2′,3,4,6-BDE88 1.042± 0.022 2,2′,3,3′,4,6-BDE131 1.167± 0.025 2,3,3′,4,4′,5′,6-BDE191 1.309± 0.028
2,2′,4,6-BDE50 0.896± 0.023 2,2′,3,4′,6-BDE91 1.045± 0.023 2,2′,3,3′,5,5′-BDE133 1.168± 0.033 2,2′,3,3′,4,4′,6,6′-BDE197 1.324± 0.035
2,3,5,6-BDE65 0.905± 0.025 2,3,3′,5′,6-BDE113 1.049± 0.028 2,3,3′,5,5′,6-BDE165 1.171± 0.033 2,3,3′,4,4′,5,5′-BDE189 1.337± 0.032
2,2′,3,5-BDE43 0.913± 0.025 2,2′,3,5,5′-BDE92 1.055± 0.028 2,2′,3,4,4′,6-BDE139 1.181± 0.025 2,2′,3,3′,4,5,5′,6′-BDE199 1.343± 0.036
2,3,3′,6-BDE59 0.917± 0.025 2,3,3′,5,6-BDE112 1.059± 0.028 2,3,3′,4,5′,6-BDE161 1.190± 0.025 2,2′,3,3′,4,5,6,6′-BDE200 1.343± 0.036
2,2′,3,5′-BDE44 0.917± 0.025 2,2′,3,3′,5-BDE83 1.060± 0.028 2,2′,3,4,5,5′-BDE141 1.191± 0.025 2,2′,3,3′,4,5′,6,6′-BDE201 1.343± 0.036
2,3′,5′,6-BDE73 0.918± 0.025 2,3′,4,5′,6-BDE121 1.069± 0.021 2,2′,3,4′,5,5′-BDE146 1.191± 0.025 2,2′,3,3′,5,5′,6,6′-BDE202 1.343± 0.036
2,2′,3,3′-BDE40 0.923± 0.026 2,3,4′,5,6-BDE117 1.070± 0.021 2,2′,3,3′,4,5′-BDE130 1.194± 0.025 2,2′,3,4,4′,5,5′,6-BDE203 1.343± 0.036
2,3′,4,6-BDE69 0.927± 0.019 2,2′,3,4′,5-BDE90 1.071± 0.021 2,2′,3,3′,5,6,6′-BDE179 1.195± 0.036 2,2′,3,4,4′,5,6,6′-BDE204 1.343± 0.036
2,3,4,6-BDE62 0.929± 0.019 2,3,3′,4,6-BDE109 1.077± 0.021 2,3,3′,4,5,6-BDE160 1.196± 0.026 2,3,3′,4,4′,5,5′,6-BDE205 1.343± 0.036
2,3,4′,6-BDE64 0.929± 0.019 2,2′,3,4′,5′-BDE97 1.080± 0.021 2,2′,3,3′,4,5-BDE129 1.199± 0.026 2,2′,3,3′,4,5,5′,6-BDE198 1.347± 0.036
2,2′,4,5-BDE48 0.932± 0.019 2,2′,3,4,5′-BDE87 1.080± 0.021 2,3,3′,4′,5,6-BDE163 1.199± 0.026 2,2′,3,3′,4,4′,5,6′-BDE196 1.359± 0.034
2,2′,3,4′-BDE42 0.936± 0.020 2,2′,3,4,5-BDE86 1.082± 0.021 2,3,3′,4′,5′,6-BDE164 1.202± 0.026 2,2′,3,3′,4,4′,5,6-BDE195 1.374± 0.033
2,2′,3,4-BDE41 0.939± 0.020 2,3,3′,4′,6-BDE110 1.083± 0.021 2,2′,3,4,4′,5-BDE137 1.210± 0.023 2,2′,3,3′,4,4′,5,5′-BDE194 1.399± 0.035
2,3′,5,5′-BDE72 0.940± 0.027 2,2′,3,3′,4-BDE82 1.083± 0.021 2,2′,3,4′,5,6,6′-BDE188 1.213± 0.031

a RRTs were calculated as relative to 3,3′,4,4′-BDE7 and include standard errors for the predicted values.
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congeners to successfully predict the relative reten-
tion times of 46 PBDE congeners for which analytical
standards were available,

RRT= b0 + b1(no. o-Br) + b2(no. m-Br)

+ b3(no. p-Br) + b4(µ) + b5(ln MW)

where RRT is the retention time for the congener of
interest relative to that of 3,3′,4,4′-BDE77, b0 to b5
are the regression coefficients, no.o-Br is the number
of ortho bromine substituents, no.m-Br is the number
of meta bromine substituents, no.p-Br is the number
of para bromine substituents,µ is the dipole moment
in Debye, and ln MW is the natural logarithm of the
molecular weight (Table 1andFig. 2). This model was
then used to predict the RRTs for the remaining 163
PBDE congeners for which analytical standards were
not available (Table 2).

The regression model was generated using the back-
ward elimination method (criterion: probability for
F-to-remove≥0.100) and had a multiple correlation
coefficient (R) of 0.9986 and a coefficient of multiple
determination (R2) of 0.9972 (Table 3), indicating that
>99.7% of the total variation in the predicted RRT
values is explained by the fitted model. Forward se-
lection and stepwise selection provided similar results
with equally strong models using the same variables
in the optimized model. TheF-value for the model, a
statistical measure of goodness of fit, was 2843, which
greatly exceeds the criticalF-value 2.5 atα = 0.05,
with a P(F > Fcrit) = 6.7 × 10−50. These results
suggest that the regression explained by the model
is significant. The residuals between predicted and
observed RRTs show little systematic tendency when
plotted against observed RRT (Fig. 2). The standard
error (S.E.) for the model was 0.01774, correspond-
ing to a coefficient of variation (CV) of 0.01892 and
%CV = 1.89, which is the relative percentage of er-
ror at the mean of the RRT values. To further examine
the model’s validity and accuracy, the PRESS statis-
tic was investigated. The PRESS statistic arises from
generating a regression equation using (N − 1) ob-
servations, predicting the RRT value for the omitted
observation, and summing the squared residuals for
each of theN models created in this manner. For the
current model, the PRESS statistic was 0.01645 which
is a 1.76% error at the mean, implying a very strong
model.

Table 3
Regression coefficients and statistical descriptors for the RRT
model: RRT= b0 + b1(no. o-Br) + b2(no. m-Br) + b3(no. p-Br) +
b4(µ) + b5(ln MW)

Value ± S.E.a (R.S.E.b)

b0 −6.5967± 0.2526 (3.8%)
b1 −0.0763± 0.0071 (9.3%)
b2 −0.0410± 0.0068 (16.5%)
b3 −0.0210± 0.0108 (51.7%)
b4 0.0120± 0.0061 (50.9%)
b5 1.2474± 0.0462 (3.7%)
R 0.9986
Fobs/Fcrit

c 2843/2.5
P(Fobs > Fcrit)d 6.7 × 10−50

S.E.e 0.01774
CVf 0.01892
PRESSg statistic 0.01645
Nh 46

a Standard error of the regression coefficients.
b Relative standard error of the regression coefficients.
c Observed and criticalF-values.
d Probability thatFobs is greater than the criticalF-value (Fcrit)

at α = 0.05.
e Standard error of the regression model.
f Coefficient of variation.
g PRESS, predicted error sum of squares.
h Number of observations.

Additional testing of the model was performed by
dividing the training set (the 46 congeners for which
analytical standards were available) into two subsets
of 23 congeners each (i.e. assigning the first eluting
congener to subset 1 (the “odd” set), the second elut-
ing congener to subset 2 (the “even” set), etc.). Mul-
tiple linear regression was performed using the five
independent variables discussed above on each subset
to generate a corresponding RRT model. Each model
was then used to predict the RRTs for the remaining
23 congeners in the other subset for which RRTs were
known. Good predictive ability was demonstrated by
this approach, as is shown inFig. 3for the “odd” (R2 =
0.9953; predicted RRT= 0.9873(observed RRT) +
0.0070) and “even” (R2 = 0.9983; predicted RRT=
0.9994(observed RRT)+0.0027) sets. RRTs were also
calculated using a 1/2-RRT model approach initially
applied to polychlorinated diphenyl ethers[12] and
the results of this model are shown inFig. 4. The
1/2-RRT model, based only on bromine substitution
pattern, has a weaker fit (R2 = 0.9856; predicted
RRT = 0.9776(observed RRT) + 0.0092) than the
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Fig. 3. RRT models for PBDEs over the range of observed RRTs using training set of every second “odd” (e.g. BDEs 1, 3, . . . ) and
“even” (e.g. BDEs 2, 10, . . . ) congener from the ordered list of congener elution times given inTable 1. Regression equations of the form
predicted RRT= 0.9873(observed RRT) + 0.0070 with anR2 = 0.9953 and predicted RRT= 0.9994(observed RRT) + 0.0027 with an
R2 = 0.9983 are shown, respectively.

models presented inFig. 2 (R2 = 0.9972) andFig. 3
(R2 = 0.9953 and 0.9983), and appears to have diffi-
culty addressing bromine substitution skewed to one
aromatic ring as is evident in the outlying predicted
RRTs for 2,3,4,5,6-BDE116 and 2,3,4,4′,5,6-BDE166.
As well, the slope of the 1/2-RRT model is lower
than the ideal value of unity more closely approached
using the other models (m = 0.9972, 0.9873, and
0.9994 forFigs. 2 and 3, respectively). The results
of these three tests, along with that of the PRESS

statistic, suggest a superior predictive model using the
approach shown inFig. 2 andTable 3. Furthermore,
the R2 value for the model inFig. 2 (0.9972) is in
good agreement with isothermal GC-RRT models de-
veloped for PCDEs (0.996−0.998)[12], polyaromatic
hydrocarbons (0.990[13], 0.987[14], and 0.993[15]),
PCDD/Fs (0.9995[16] and 0.927−0.981 [14]), and
PCBs (0.997[17], 0.9973[18], and 0.964[14]).

The emphasis of the current model is estimating
RRTs for the 163 PBDE congeners without available



242 S. Rayne, M.G. Ikonomou / J. Chromatogr. A 1016 (2003) 235–248

0.000

0.200

0.400

0.600

0.800

1.000

1.200

1.400

1.600

0.000 0.200 0.400 0.600 0.800 1.000 1.200 1.400 1.600

Observed RRT

P
re

di
ct

ed
 R

R
T

2,3,4,5,6-BDE116

2,3,4,4',5,6-BDE166

Fig. 4. RRT model for PBDEs over the range of observed RRTs using the 1/2-RRT model previously published for polychlorinated diphenyl
ethers (PCDEs) as described in the manuscript. A regression equation of the form predicted RRT= 0.9776(observed RRT) + 0.0092 with
an R2 = 0.9856 is shown.

analytical standards using a realistic retention time
program for a commercial or research laboratory
regularly analyzing environmental or experimental
samples for this class of analytes. It must be stressed
that the model is not attempting to set out a theo-
retical framework for how PBDEs behave within a
gas chromatograph, nor was the aim to optimize the
predictability of the model without considering the
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Fig. 5. Observed retention times for the mono- through tetra-brominated PBDE standards shown inTable 1using the multi-linear and isother-
mal temperature programs described in the manuscript. A regression equation of the form isothermal elution time= 1.2785×exp(0.1498×
multi-linear thermal elution time) with an R2 = 0.9850 is shown.

length of the GC run. In principle, an isothermal or
iso-linear temperature program would be needed to
fully optimize the predictive ability of the model, as
has been demonstrated elsewhere for PAHs,[13–15]
PCBs, [14,17] PCDD/Fs, [14,16] and PCDEs[12],
although our model optimized for analytical utility
in a high-throughput laboratory using a multi-linear
temperature programming approach performs either
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as good or better than the isothermal/iso-linear mod-
els. Thus, while our model also has a high level of
predictability, its advantage lies in the retention of
predictability with the use of multi-linear temperature
programming. Without the multi-linear temperature
programming, the higher brominated congeners, es-
pecially those with more than five to six bromines,
would take unreasonably long times to elute. While
theoretically more useful in a predictive model, such
long elution times (>1 h) are practically troublesome
in high-throughput research and commercial labs due
to challenges associated in maintaining long-term in-
strument stability and retention time reproducibility.
Indeed, to demonstrate this problem, we analyzed
the 46 PBDE standards using the instrumental con-
ditions described above except with an isothermal
GC temperature program set at 120◦C. As is seen
in Fig. 5, under the isothermal conditions the first
eluting congener (BDE1) comes off the column at
6.40 min; however, the last available congener for
which a reliable response was observed is BDE66 at
394.77 min (i.e.∼6 h 35 min). Extrapolating the re-
gression equation shown inFig. 5out to the observed
multi-linear thermal programming retention time for
BDE209 (54.81 min) gives a predicted isothermal
retention time of 4704 min (78 h, 24 min). Thus, an

Table 4
Predicted range of potential identities for the 19 unknown PBDE congeners commonly observed in freshwater and marine sediment and
biota samples

Number of Br RRT Potential identities

2 0.562 BDEs 6/5/14
3 0.715 BDEs 19/24/18/16/27
3 0.778 BDEs 16/23/34/20/31/29/22/21/36/39
5 1.012 BDEs 104/81/94/95/93/103/84
5 1.018 BDEs 104/81/94/95/93/103/84/98/89
5 1.021 BDEs 104/81/94/95/93/103/84/98/89/102/88
5 1.034 BDEs 94/95/93/103/84/98/89/102/88/91/113/92/112/83
5 1.041 BDEs 94/95/93/103/84/98/89/102/88/91/113/92/112/83
5 1.044 BDEs 94/95/93/103/84/98/89/102/88/91/113/92/112/83
5 1.066 BDEs 91/113/92/112/83/121/117/90/109/97/87/86/110/82/111/125/136
5 1.075 BDEs 91/113/92/112/83/121/117/90/109/97/87/86/110/82/111/115/125/136
5 1.108 BDEs 111/115/125/136/120/107/124/152
6 1.168 BDEs 134/148/144/132/147/143/149/142/131/133/165/139/161/141/146
6 1.177 BDEs 134/148/144/132/147/143/149/142/131/133/165/139/161/141/146/130/179/160/129/163/164
8 1.320 BDEs 189/199/200/201/202/203/204/205/198
8 1.323 BDEs 189/199/200/201/202/203/204/205/198
8 1.326 BDEs 189/199/200/201/202/203/204/205/198/196
8 1.335 BDEs 189/199/200/201/202/203/204/205/198/196
8 1.340 BDEs 189/199/200/201/202/203/204/205/198/196

isothermal model for full congener PBDE retention
times appears impractical. A strong correlation is
observed between the isothermal and multi-linear pro-
gramming, suggesting the validity of our multi-linear
approach to predicting GC retention times in the case
of analyte groupings having an extremely wide range
of potential isothermal elution times.

Additionally, it is anticipated a number of the >160
as yet unknown PBDE congeners will be identified
from rigorous, yet routine, analyses of multiple envi-
ronmental samples given the difficulty in synthesizing
many of the PBDE congeners. Unfortunately, the labil-
ity of the aryl-bromine bond compared to the stronger
aryl-chlorine and aryl-fluorine bonds makes the
needed coupling reactions between two brominated
aryl precursors a non-trivial exercise. These various
unknown congeners may arise from environmental de-
bromination of the penta-, octa-, and deca-BDE tech-
nical mixtures in major usage today[10,11], and the
resulting debromination patterns are known to depend
on the environmental matrix (e.g. seawater, freshwa-
ter, sediments, and soil) and debrominating agent (e.g.
photolysis, microorganisms, abiotic thermal reduc-
tion). Thus, by careful choice of the parent congener
and the mode of debromination, select congeners may
be “synthesized” by such non-traditional methods.
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To demonstrate the potential utility of the model,
our group routinely observes a number of unknown
PBDE congeners by HRGC/HRMS in environmental
samples. Using the predicted RRTs and their associ-

Table 5
Bromine substitution patterns, semi-empirical MNDO-PM3 method calculated dipole moments, natural logarithms of the molecular weight,
and observed retention times for the 46 PBDE congeners used in constructing the RRT model

Number of
ortho-Br

Number of
meta-Br

Number of
para-Br

Dipole
(Debye)

ln MW RT
(min)

2-BDE1 1 0 0 1.9774 5.5179 9.54
3-BDE2 0 1 0 1.5977 5.5179 10.06
4-BDE3 0 0 1 1.4705 5.5179 10.56
2,6-BDE10 2 0 0 1.5916 5.7930 17.27
2,4-BDE7 1 0 1 2.2789 5.7930 19.74
2,4′-BDE8 1 0 1 1.9439 5.7930 20.89
3,3′-BDE11 0 2 0 0.9434 5.7930 20.89
3,4-BDE12 0 1 1 1.6749 5.7930 21.53
3,4′-BDE13 0 1 1 1.2311 5.7930 21.73
4,4′-BDE15 0 0 2 0.4317 5.7930 22.49
2,4,6-BDE30 2 0 1 1.1825 6.0086 26.10
2,4′,6-BDE32 2 0 1 2.2259 6.0086 28.10
2,2′,4-BDE17 2 0 1 2.1834 6.0086 28.79
2,3′,4-BDE25 1 1 1 1.3061 6.0086 28.97
2′,3,4-BDE33 1 1 1 2.0351 6.0086 29.65
2,4,4′-BDE28 1 0 2 1.0399 6.0086 29.65
3,3′,4-BDE35 0 2 1 1.2869 6.0086 30.26
3,4,4′-BDE37 0 1 2 0.7735 6.0086 30.89
2,4,4′,6-BDE75 2 0 2 0.9633 6.1858 34.02
2,2′,4,5′-BDE49 2 1 1 1.1768 6.1858 34.55
2,3′,4′,6-BDE71 2 1 1 2.8659 6.1858 34.65
2,2′,4,4′-BDE47 2 0 2 1.3409 6.1858 35.38
2,3′,4,4′-BDE66 1 1 2 0.9892 6.1858 36.10
3,3′,4,4′-BDE77 0 2 2 0.3051 6.1858 37.24
2,2′,4,4′,6-BDE100 3 0 2 1.6373 6.3363 39.24
2,2′,4,5,5′-BDE101 2 2 1 0.8274 6.3363 39.56
2,3′,4,4′,6-BDE119 2 1 2 1.6152 6.3363 39.61
2,2′,4,4′,5-BDE99 2 1 2 0.8585 6.3363 40.36
2,3,4,5,6-BDE116 2 2 1 1.1623 6.3363 40.57
2,3′,4,4′,5-BDE118 1 2 2 0.9697 6.3363 41.24
2,2′,3,4,4′-BDE85 2 1 2 1.5534 6.3363 42.08
3,3′,4,4′,5-BDE126 0 3 2 0.7058 6.3363 42.41
2,3,3′,4,4′-BDE105 1 2 2 1.4619 6.3363 42.65
2,2′,4,4′,6,6′-BDE155 4 0 2 0.7483 6.4671 42.36
2,2′,4,4′,5,6′-BDE154 3 1 2 0.6234 6.4671 43.02
2,2′,4,4′,5,5′-BDE153 2 2 2 0.3542 6.4671 44.11
2,2′,3,4,4′,6′-BDE140 3 1 2 0.9356 6.4671 44.70
2,2′,3,4,4′,5-BDE138 2 2 2 1.0732 6.4671 45.35
2,3,4,4′,5,6-BDE166 2 2 2 0.6766 6.4671 45.35
2,2′,3,4,4′,5′,6-BDE183 3 2 2 1.0773 6.5827 46.74
2,2′,3,4,4′,5,6-BDE181 3 2 2 1.3231 6.5827 47.95
2,3,3′,4,4′,5,6-BDE190 2 3 2 1.0992 6.5827 48.12
2,2′,3,3′,4,5,5′,6,6′-BDE208 4 4 1 0.7966 6.7802 51.92
2,2′,3,3′,4,4′,5,6,6′-BDE207 4 3 2 0.7868 6.7802 52.13
2,2′,3,3′,4,4′,5,5′,6-BDE206 3 4 2 1.1164 6.7802 52.60
2,2′,3,3′,4,4′,5,5′,6,6′-BDE209 4 4 2 0.6199 6.8661 54.81

ated standard errors shown inTable 2, we can assign
potential identities to these 19 congeners as shown
in Table 4. Synthetic efforts should possibly be di-
rected at these 84 potential congener assignments
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Table 6
Bromine substitution patterns, semi-empirical MNDO-PM3 method calculated dipole moments, and natural logarithms of the molecular
weight for the remaining 163 PBDE congeners for which analytical standards were not available and whose RRT was calculated

Number ofortho-Br Number ofmeta-Br Number ofpara-Br Dipole (Debye) ln MW

2,2′-BDE4 2 0 0 2.3345 5.7930
2,3-BDE5 1 1 0 2.1760 5.7930
2,3′-BDE6 1 1 0 1.9377 5.7930
2,5-BDE9 1 1 0 1.2445 5.7930
3,5-BDE14 0 2 0 1.5576 5.7930
2,2′,3-BDE16 2 1 0 2.5786 6.0086
2,2′,5-BDE18 2 1 0 1.4632 6.0086
2,2′,6-BDE19 3 0 0 2.4469 6.0086
2,3,3′-BDE20 1 2 0 2.0770 6.0086
2,3,4-BDE21 1 1 1 2.1614 6.0086
2,3,4′-BDE22 1 1 1 1.7934 6.0086
2,3,5-BDE23 1 2 0 1.9595 6.0086
2,3,6-BDE24 2 1 0 1.3691 6.0086
2,3′,5-BDE26 1 2 0 1.6690 6.0086
2,3′,6-BDE27 2 1 0 2.7149 6.0086
2,4,5-BDE29 1 1 1 1.6231 6.0086
2,4′,5-BDE31 1 1 1 1.0770 6.0086
2,3′,5′-BDE34 1 2 0 2.0092 6.0086
3,3′,5-BDE36 0 3 0 1.2804 6.0086
3,4,5-BDE38 0 2 1 1.7427 6.0086
3,4′,5-BDE39 0 2 1 0.1706 6.0086
2,2′,3,3′-BDE40 2 2 0 2.6949 6.1858
2,2′,3,4-BDE41 2 1 1 2.4167 6.1858
2,2′,3,4′-BDE42 2 1 1 2.1622 6.1858
2,2′,3,5-BDE43 2 2 0 1.9004 6.1858
2,2′,3,5′-BDE44 2 2 0 2.2509 6.1858
2,2′,3,6-BDE45 3 1 0 1.8754 6.1858
2,2′,3,6′-BDE46 3 1 0 1.4197 6.1858
2,2′,4,5-BDE48 2 1 1 1.7741 6.1858
2,2′,4,6-BDE50 3 0 1 1.7826 6.1858
2,2′,4,6′-BDE51 3 0 1 1.2989 6.1858
2,2′,5,5′-BDE52 2 2 0 0.3816 6.1858
2,2′,5,6′-BDE53 3 1 0 1.4079 6.1858
2,2′,6,6′-BDE54 4 0 0 1.5765 6.1858
2,3,3′,4-BDE55 1 2 1 1.3971 6.1858
2,3,3′,4′-BDE56 1 2 1 1.6070 6.1858
2,3,3′,5-BDE57 1 3 0 1.4448 6.1858
2,3,3′,5′-BDE58 1 3 0 1.8841 6.1858
2,3,3′,6-BDE59 2 2 0 2.1972 6.1858
2,3,4,4′-BDE60 1 1 2 1.2337 6.1858
2,3,4,5-BDE61 1 2 1 1.7344 6.1858
2,3,4,6-BDE62 2 1 1 1.5143 6.1858
2,3,4′,5-BDE63 1 2 1 0.8685 6.1858
2,3,4′,6-BDE64 2 1 1 1.5845 6.1858
2,3,5,6-BDE65 2 2 0 1.1797 6.1858
2,3′,4,5-BDE67 1 2 1 1.5102 6.1858
2,3′,4,5′-BDE68 1 2 1 1.0901 6.1858
2,3′,4,6-BDE69 2 1 1 1.4201 6.1858
2,3′,4′,5-BDE70 1 2 1 1.5315 6.1858
2,3′,5,5′-BDE72 1 3 0 1.1901 6.1858
2,3′,5′,6-BDE73 2 2 0 2.3009 6.1858
2,4,4′,5-BDE74 1 1 2 0.6007 6.1858
2,3′,4′,5′-BDE76 1 2 1 2.1609 6.1858
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Table 6 (Continued )

Number ofortho-Br Number ofmeta-Br Number ofpara-Br Dipole (Debye) ln MW

3,3′,4,5-BDE78 0 3 1 1.3549 6.1858
3,3′,4,5′-BDE79 0 3 1 0.9168 6.1858
3,3′,5,5′-BDE80 0 4 0 0.5743 6.1858
3,4,4′,5-BDE81 0 2 2 0.5410 6.1858
2,2′,3,3′,4-BDE82 2 2 1 2.2485 6.3363
2,2′,3,3′,5-BDE83 2 3 0 1.9213 6.3363
2,2′,3,3′,6-BDE84 3 2 0 2.4508 6.3363
2,2′,3,4,5-BDE86 2 2 1 2.0866 6.3363
2,2′,3,4,5′-BDE87 2 2 1 1.9811 6.3363
2,2′,3,4,6-BDE88 3 1 1 1.7239 6.3363
2,2′,3,4,6′-BDE89 3 1 1 1.6216 6.3363
2,2′,3,4′,5-BDE90 2 2 1 1.2295 6.3363
2,2′,3,4′,6-BDE91 3 1 1 2.0183 6.3363
2,2′,3,5,5′-BDE92 2 3 0 1.5086 6.3363
2,2′,3,5,6-BDE93 3 2 0 1.8475 6.3363
2,2′,3,5,6′-BDE94 3 2 0 1.4284 6.3363
2,2′,3,5′,6-BDE95 3 2 0 1.6098 6.3363
2,2′,3,6,6′-BDE96 4 1 0 1.1971 6.3363
2,2′,3,4′,5′-BDE97 2 2 1 1.9633 6.3363
2,2′,3,4′,6′-BDE98 3 1 1 1.3485 6.3363
2,2′,4,5,6′-BDE102 3 1 1 1.7064 6.3363
2,2′,4,5′,6-BDE103 3 1 1 0.7145 6.3363
2,2′,4,6,6′-BDE104 4 0 1 1.5947 6.3363
2,3,3′,4,5-BDE106 1 3 1 1.3679 6.3363
2,3,3′,4′,5-BDE107 1 3 1 1.0151 6.3363
2,3,3′,4,5′-BDE108 1 3 1 1.3965 6.3363
2,3,3′,4,6-BDE109 2 2 1 1.6731 6.3363
2,3,3′,4′,6-BDE110 2 2 1 2.2296 6.3363
2,3,3′,5,5′-BDE111 1 4 0 1.0195 6.3363
2,3,3′,5,6-BDE112 2 3 0 1.8834 6.3363
2,3,3′,5′,6-BDE113 2 3 0 1.0181 6.3363
2,3,4,4′,5-BDE114 1 2 2 0.7117 6.3363
2,3,4,4′,6-BDE115 2 1 2 0.8907 6.3363
2,3,4′,5,6-BDE117 2 2 1 1.1097 6.3363
2,3′,4,5,5′-BDE120 1 3 1 0.6867 6.3363
2,3′,4,5′,6-BDE121 2 2 1 1.0782 6.3363
2,3,3′,4′,5′-BDE122 1 3 1 2.0089 6.3363
2,3′,4,4′,5′-BDE123 1 2 2 1.1113 6.3363
2,3′,4′,5,5′-BDE124 1 3 1 1.3198 6.3363
2,3′,4′,5′,6-BDE125 2 2 1 2.5796 6.3363
3,3′,4,5,5′-BDE127 0 4 1 0.5565 6.3363
2,2′,3,3′,4,4′-BDE128 2 2 2 1.6828 6.4671
2,2′,3,3′,4,5-BDE129 2 3 1 1.7725 6.4671
2,2′,3,3′,4,5′-BDE130 2 3 1 1.3969 6.4671
2,2′,3,3′,4,6-BDE131 3 2 1 2.0355 6.4671
2,2′,3,3′,4,6′-BDE132 3 2 1 0.9347 6.4671
2,2′,3,3′,5,5′-BDE133 2 4 0 0.8640 6.4671
2,2′,3,3′,5,6-BDE134 3 3 0 2.1494 6.4671
2,2′,3,3′,5,6′-BDE135 3 3 0 0.9384 6.4671
2,2′,3,3′,6,6′-BDE136 4 2 0 0.7992 6.4671
2,2′,3,4,4′,5-BDE137 2 2 2 1.0302 6.4671
2,2′,3,4,4′,6-BDE139 3 1 2 1.5132 6.4671
2,2′,3,4,5,5′-BDE141 2 3 1 1.0945 6.4671
2,2′,3,4,5,6-BDE142 3 2 1 1.7884 6.4671
2,2′,3,4,5,6′-BDE143 3 2 1 1.7345 6.4671
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Table 6 (Continued )

Number ofortho-Br Number ofmeta-Br Number ofpara-Br Dipole (Debye) ln MW

2,2′,3,4,5′,6-BDE144 3 2 1 0.6528 6.4671
2,2′,3,4,6,6′-BDE145 4 1 1 1.6083 6.4671
2,2′,3,4′,5,5′-BDE146 2 3 1 1.0983 6.4671
2,2′,3,4′,5,6-BDE147 3 2 1 1.7015 6.4671
2,2′,3,4′,5,6′-BDE148 3 2 1 0.6354 6.4671
2,2′,3,4′,5′,6-BDE149 3 2 1 1.7460 6.4671
2,2′,3,4′,6,6′-BDE150 4 1 1 1.1963 6.4671
2,2′,3,5,5′,6-BDE151 3 3 0 1.0929 6.4671
2,2′,3,5,6,6′-BDE152 4 2 0 1.7463 6.4671
2,3,3′,4,4′,5-BDE156 1 3 2 0.7521 6.4671
2,3,3′,4,4′,5′-BDE157 1 3 2 1.2275 6.4671
2,3,3′,4,4′,6-BDE158 2 2 2 1.5692 6.4671
2,3,3′,4,5,5′-BDE159 1 4 1 0.7538 6.4671
2,3,3′,4,5,6-BDE160 2 3 1 1.5564 6.4671
2,3,3′,4,5′,6-BDE161 2 3 1 1.0323 6.4671
2,3,3′,4′,5,5′-BDE162 1 4 1 1.1860 6.4671
2,3,3′,4′,5,6-BDE163 2 3 1 1.7853 6.4671
2,3,3′,4′,5′,6-BDE164 2 3 1 2.0653 6.4671
2,3,3′,5,5′,6-BDE165 2 4 0 1.1175 6.4671
2,3′,4,4′,5,5′-BDE167 1 3 2 0.7066 6.4671
2,3′,4,4′,5′,6-BDE168 2 2 2 1.3717 6.4671
3,3′,4,4′,5,5′-BDE169 0 4 2 0.3718 6.4671
2,2′,3,3′,4,4′,5-BDE170 2 3 2 1.2177 6.5827
2,2′,3,3′,4,4′,6-BDE171 3 2 2 1.8958 6.5827
2,2′,3,3′,4,5,5′-BDE172 2 4 1 0.8027 6.5827
2,2′,3,3′,4,5,6-BDE173 3 3 1 1.8675 6.5827
2,2′,3,3′,4,5,6′-BDE174 3 3 1 1.1409 6.5827
2,2′,3,3′,4,5′,6-BDE175 3 3 1 1.1943 6.5827
2,2′,3,3′,4,6,6′-BDE176 4 2 1 0.8688 6.5827
2,2′,3,3′,4,5′,6′-BDE177 3 3 1 0.6716 6.5827
2,2′,3,3′,5,5′,6-BDE178 3 4 0 1.3743 6.5827
2,2′,3,3′,5,6,6′-BDE179 4 3 0 0.9946 6.5827
2,2′,3,4,4′,5,5′-BDE180 2 3 2 0.5002 6.5827
2,2′,3,4,4′,5,6′-BDE182 3 2 2 0.5259 6.5827
2,2,3,4,4′,6,6′-BDE184 4 1 2 0.5726 6.5827
2,2′,3,4,5,5′,6-BDE185 3 3 1 0.6494 6.5827
2,2′,3,4,5,6,6′-BDE186 4 2 1 1.7559 6.5827
2,2′,3,4′,5,5′,6-BDE187 3 3 1 1.2024 6.5827
2,2′,3,4′,5,6,6′-BDE188 4 2 1 0.8475 6.5827
2,3,3′,4,4′,5,5′-BDE189 1 4 2 0.6731 6.5827
2,3,3′,4,4′,5′,6-BDE191 2 3 2 1.2750 6.5827
2,3,3′,4,5,5′,6-BDE192 2 4 1 0.9045 6.5827
2,3,3′,4′,5,5′,6-BDE193 2 4 1 1.4465 6.5827
2,2′,3,3′,4,4′,5,5′-BDE194 2 4 2 0.7064 6.6863
2,2′,3,3′,4,4′,5,6-BDE195 3 3 2 1.6021 6.6863
2,2′,3,3′,4,4′,5,6′-BDE196 3 3 2 0.3595 6.6863
2,2′,3,3′,4,4′,6,6′-BDE197 4 2 2 0.3479 6.6863
2,2′,3,3′,4,5,5′,6-BDE198 3 4 1 0.9791 6.6863
2,2′,3,3′,4,5,5′,6′-BDE199 3 4 1 0.6463 6.6863
2,2′,3,3′,4,5,6,6′-BDE200 4 3 1 1.1814 6.6863
2,2′,3,3′,4,5′,6,6′-BDE201 4 3 1 0.6565 6.6863
2,2′,3,3′,5,5′,6,6′-BDE202 4 4 0 0.8725 6.6863
2,2′,3,4,4′,5,5′,6-BDE203 3 3 2 0.7553 6.6863
2,2′,3,4,4′,5,6,6′-BDE204 4 2 2 0.6434 6.6863
2,3,3′,4,4′,5,5′,6-BDE205 2 4 2 0.9480 6.6863
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as they may “round out” the identification of nearly
all environmental relevant PBDE congeners with
concentrations greater than the 0.1–1 pg/g detection
limits. Such an approach to narrowing the potential
synthetic field using readily available retention time
models can immediately reduce the immediate syn-
thetic requirements by∼50% (i.e. from 163 potential
congeners to 84). Further refinements in both GC
retention time models and detailed examinations of
the mass spectral fragmentation patterns for PBDEs
should further reduce this number. The large num-
ber of potential congener identities for several of the
penta- and hexa-brominated unknowns also attests
to the chromatographic congestion for these homo-
logue groups. Hence, full congener resolution and
reliable quantitation of all 209 PBDEs on a single
column may either require significant advances in
column materials and instrumental programming, or
simply may not be possible. As well, our group is
currently examining photochemical debromination
techniques of higher brominated congeners as a means
of “photo-synthesizing” unknown congeners through
judicious choice of potential debromination pathways
(i.e. only a select group of debrominated congeners
may be formed from a parent congener, and choosing
systems where the debromination products have sub-
stantially different predicted RRTs facilitates more
certain structural identification). In combination with
these potential unknown identities using environmen-
tal samples, such RRT models coupled with novel
“synthetic” routes offer potential to help identify the
∼80% of currently unknown PBDE congeners poten-
tially residing in environmental matrices that may be
of toxicological concern.

4. Supplementary materials

Bromine substitution patterns, semi-empirical
MNDO-PM3 method calculated dipole moments, nat-
ural logarithms of the molecular weight, and observed
retention times for the 46 PBDE congeners used in
constructing the RRT model are given inTable 5
while the bromine substitution patterns, semi-empirical

MNDO-PM3 method calculated dipole moments, and
natural logarithms of the molecular weight for the
remaining 163 PBDE congeners for which analytical
standards were not available and whose RRT was
calculated are given inTable 6.
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