
Journal of Chromatography A, 1063 (2005) 193–199

Analytical strategies for successful enantioselective separation
of atropisomeric polybrominated biphenyls 132 and 149

in environmental samples

Arntraut G̈otscha, Espen Mariussenb, Roland von der Reckea,
Dorte Herzkeb, Urs Bergerb,∗, Walter Vettera,∗∗

a University of Hohenheim, Institute of Food Chemistry (170), DE-70593 Stuttgart, Germany
b Norwegian Institute for Air Research (NILU), NO-2027 Kjeller and NO-9296 Tromsø, Norway

Received 6 August 2004; received in revised form 15 November 2004; accepted 18 November 2004
Available online 13 December 2004

Abstract

terannular
p y
a onmental
s l phase (NP)
h tographic
( to coelution
w allow for
t ntiomeric
e roportions
o f PBB 132
o This method
p
1 the
b tioselective
H f
i non-chiral
G tistically
p
©

K

w

ively
ment
ted

r

0
d

Some of the polybrominated biphenyls (PBBs) found in the environment are axially chiral, due to hindered rotation about the in
henyl–phenyl bond. This applies for PBB congeners having two or more bromine substituents inortho-position to this bond. In this stud
nalytical methods were developed that allow determining the enantiomer fraction (EF) of axially chiral (atropisomeric) PBBs in envir
amples. A white-tailed sea eagle egg was used as test sample. The egg extract was purified and further fractionated by norma
igh performance liquid chromatography (HPLC), yielding enriched fractions of axially chiral PBB 132 and PBB 149. Gas chroma
GC) enantioseparation of the atropisomers of PBB 149 was achieved on one of nine tested modified cyclodextrin phases. Due
ith an unknown brominated compound, conventional GC/ECNI-MS, which is based on the detection of the bromide ion, did not

he establishment of the EF. However, by means of GC/EI-MS-MS it was possible to verify an EF of 0.42–0.43, i.e. a significant ena
nrichment of the second eluting atropisomer of PBB 149 in the white-tailed sea eagle egg. This is the first proof of non-racemic p
f a chiral PBB in environmental samples. Despite the testing of nine different chiral stationary phases, GC enantioseparation o
r other atropisomeric PBB congeners failed. For this reason, an enantioselective reversed-phase HPLC method was developed.
roved to be a powerful tool for the separation of PBB atropisomers. It was found that even a standard of the di-ortho substituted PBB
53 could be partially separated into atropisomers at 0◦C but already enantiomerized at 5◦C. For establishing the EF of PBB 132 in
ird egg sample a combination of enantioselective HPLC followed by non-chiral gas chromatography was employed. Using enan
PLC, the atropisomers of PBB 132 were quantitatively targeted into two separate fractions at room temperature (20◦C). After addition o

nternal standards for volume adjustment the relative amounts of the atropisomers in the isolated fractions were quantified by using
C/EI-MS analysis. A deviation from the racemic mixture of the atropisomers of PBB 132 in the egg extract could not be sta
roven.
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1. Introduction

Polybrominated biphenyls (PBBs) have been extens
applied as flame-retardants in textiles, electronic equip
and plastics[1]. Technical PBB products have been marke
under trade names such as Firemaster BP-6®, Firemaste
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FF-1®, Bromkal 80® and Flammex-B®. Due to their struc-
tural analogy to polychlorinated biphenyls (PCBs), PBBs
came into the spotlight of environmental research as early
as in the 1970s[2,3]. Furthermore, in 1973, an accidental
contamination of human food with PBBs in Michigan re-
vealed the toxicological threat of this group of chemicals
[4,5]. Despite a continuous reduction of the worldwide an-
nual production since the late 1970s and slightly declining
levels in the environment in the last decade, the ubiquitous
presence of PBBs has been documented in a wide range of
samples[6–9].

PBBs exist in a theoretical variety of 209 congeners[1].
Several PBB congeners, containing two to four bromine
ortho-substituents, cannot rotate about the interannular
phenyl–phenyl bond due to steric hindrance. Such PBB
congeners, which additionally possess non-symmetric sub-
stitution patterns on both aromatic rings, form pairs of axially
chiral compounds (atropisomers)[10,11]. Analogously, 19
axially chiral PCBs proved to form stable atropisomers
under environmental conditions[12,13]. However, due to the
more bulky bromine substituent it was assumed that more
than 19 PBB congeners would form stable atropisomers at
physiological temperatures[11]. Six axially chiral PBBs,
including PBB 132 and PBB 149 (Fig. 1) were recently
enantioseparated by means of high performance liquid
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information on the bioavailability and accumulation of
anthropogenic contaminants in the food web[10,14]. This
is due to the fact that chiral contaminants originally applied
as racemates (enantiomer fraction (EF) = 0.5 or enantiomer
ratio = 1.0) may undergo preferable depletion/accumulation
of one enantiomer in biological systems[10,14]. Thus, a
deviation of the EF from 0.5 in environmental samples is a
direct indicator for bioactivity of the given chiral compound.
Today, information about enantiomeric distribution in
environmental samples exists for a large number of chiral
chemicals including atropisomeric PCBs[15–18]. However,
no studies investigating the fate of atropisomeric PBBs in
the environment have been published so far.

2. Experimental

2.1. Chemicals and samples

Technical hexabromobiphenyl (Firemaster BP-6®,
10 mg, Michigan Chemicals) was purchased from Pro-
mochem (LGC Promochem, Borås, Sweden). 2,2′,4,4′,5,5′-
hexabromobiphenyl (PBB 153, 5 mg) was supplied by
Dr. Ehrenstorfer GmbH (Augsburg, Germany). Other
single PBB congeners and enantiomers were previously
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hromatography (HPLC). In addition, the enantiomer
BB 149 were partially resolved by enantioselective
hromatography (GC)[11].

In this study, methods were developed providing ana
al data on PBB enantiomers in environmental samples
ethods were applied to an egg of a Norwegian white-t

ea eagle, representing a biological matrix with relati
igh PBB contamination[6]. Results from enantioselecti

nvestigations of chiral compounds may add valu

ig. 1. Chemical structures of 2,2′,3,3′,4,6′-hexabromobiphenyl (PBB 13
), 2,2′,3,4′,5′,6-hexabromobiphenyl (PBB 149; B), and 2,2′,4,4′,5,5′-
exabromobiphenyl (PBB 153; C).
repared[11]. PCB 138, PCB 153, PCB 180, PBDE
,p′-DDE, HCB, �-HCH, heptachlor, trans-nonachlor
ndcis-nonachlor were used for method development
ctachloronaphthalene (OCN) as well as13C12-PBDE 77
ere used as internal standards (see later). These comp
ere obtained from Promochem or, alternatively, f
ambridge Isotope Laboratories (Woburn, MA, US
cetonitrile (for HPLC),n-hexane (for GC), isooctane (f
C), ethyl acetate (for organic trace analysis), and s
el 60 (particle size 0.063–0.200 mm, 70–230 mesh AS
ere obtained from Merck (Darmstadt, Germany). W
as purified with a Milli-Q system (Millipore SAS, Mo
heim, France). Helium carrier gas (quality 6.0, Hydro
orsgrunn, Norway or, alternatively, quality 5.0, Lin
öllriegelskreuth, Germany), methane reactant gas (qu
.5, Hydrogas or 5.0, Linde), nitrogen make-up gas
inde) and argon collision gas (4.5, Linde) were used
as chromatographic and mass spectrometric analys
on-hatched white-tailed sea eagle egg was analyzed
gg was collected in Vikna, Nord-Trøndelag (Norway) a
he hatching period in 1998 by the Norwegian Institute
ature Research, Trondheim (Norway). The hen’s egg

or method development (see below) was purchased
ocal Norwegian supermarket.

.2. Sample preparation

Two separate aliquots of the same egg sample wer
racted and cleaned-up. Homogenization, drying, and
olumn extraction of about 20 g (one aliquot) of the bird
s well as clean-up of the extract by GPC and a florisil col
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were performed according to Herzke et al.[6]. For separation
of brominated compounds from PCBs, the purified sample
extract in isooctane was concentrated in a Turbovap evapora-
tor (Zymark, Hopkinton, MA, USA) to approximately 0.5 mL
and fractionated on 8 g activated silica adapting a method
published elsewhere[19]. The fractionation was optimized
with a test mixture containingp,p′-DDE, PCB 138, PCB 153,
PCB 180, PBDE 77, and Firemaster BP-6® (technical mix-
ture) and tested with the extract of a hen’s egg spiked with the
same test mixture. No effects of the egg matrix on the frac-
tionation were observed. The bulk of the PCBs eluted with
48 mL n-hexane in the first fraction, which was discarded.
Brominated compounds were then eluted with another 10 mL
n-hexane plus 50 mLn-hexane/ethylacetate (9/1, v:v). This
combined fraction also contained most organochlorine pes-
ticides[19]. Isooctane (1 mL as keeper) was added and the
fraction was concentrated in the Turbovap system and under
nitrogen to a final volume of approximately 150�L.

2.3. Fractionation by normal phase HPLC

Normal phase (NP) HPLC was used for the separation
of PBBs from most of the PBDEs and organochlorine
pesticides. The HPLC system consisted of a Waters 616
low-pressure quaternary gradient pump (Waters, Milford,
M h a
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six-port injection valve equipped with a 200�L loop
(sample volumes≤150�L injected) and a Waters 2487
UV detector set to 220 nm. Atropisomers of PBB 132 and
PBB 153 were separated on a Nucleodex [�]-PM column
(�-PMCD; heptakis(2,3,6-tri-O-methyl)-�-cyclodextrin on
silica, 200 mm× 4 mm i.d., Macherey–Nagel) employing an
isocratic flow of 0.5 mL/min acetonitrile/water (60/40, v/v).
For partial separation of PBB 153 atropisomers the solvent
container and the column were cooled to 0◦C in an ice
bath. In contrast, enantiomers of PBB 132 were separated
at room temperature (20◦C) and five fractions (12–17 min,
17–22.5 min, 22.5–24 min, 24–35 min, and 35–40 min)
were collected manually (see also Section3.2). The middle
fraction (22.5–24 min) was concentrated under nitrogen
to approximately 50�L (mainly water remaining), taking
advantage of the minimum azeotrope (boiling point 76.5◦C)
of acetonitrile/water (85/15, v/v). A volume of 50�L
acetonitrile was added and the solution was again manually
fractionated on the�-PMCD HPLC column using the same
retention time windows as before. The corresponding frac-
tions of the first and second fractionation were combined and
2 ng13C12-PBDE 77 (in 20�L acetone) was spiked to each
of these combined fractions. Then they were extracted five
times with 2 mLn-hexane and the combined extracts were
concentrated to approximately 50�L. After addition of 4 ng
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A, USA), a manual six-port injection valve equipped wit
00�L loop (Rheodyne, Rohnert Park, CA, USA) and a W

ers 996 photodiode array detector (scanning 190–250
silica precolumn (10 mm× 3 mm i.d., Varian, Palo Alto
A, USA) and two silica HPLC columns (250 mm× 4.6 mm

.d., 5�m particles, Varian and 200 mm× 4 mm i.d., 5�m
articles, 100̊A pore size, Nucleosil®, Macherey–Nage
üren, Germany) were coupled in series. The separ
as performed at room temperature employing an isoc
ow of 1 mL/minn-hexane. A test mixture containing HC
-HCH, heptachlor,trans- and cis-nonachlor,p,p′-DDE,
BDE 77 and Firemaster BP-6® was used for metho
evelopment and again the spiked hen’s egg extract
nalyzed for evaluation of matrix effects. A slight s

owards longer retention times was observed in pres
f the egg matrix, despite the exhaustive clean-up it
ndergone. The 150�L extract from silica fractionation we

njected and the following fractions were collected manua
–7 min, 7–8 min, 8–9.5 min, 9.5–10.5 min, 10.5–11.5 m
nd 11.5–30 min (see also Section3.1). These fraction
ere first concentrated to approximately 100�L for GC-MS
valuation. The fraction containing PBB 149 was t
oncentrated to 50�L for enantioselective GC analysis a
he fraction with PBB 132 was gently evaporated to dryn
nd redissolved in 150�L acetonitrile/water (60/40, v/v) fo
nantioselective HPLC separation.

.4. Enantioselective HPLC

Enantioselective HPLC was performed on a sys
onsisting of a Waters 515 HPLC pump, a manual Rheo
CN (in 20�L isooctane) the fractions were concentra
o a final volume of 20�L for GC-MS quantification (se
ection2.5).

.5. Non-chiral GC-MS

Non-chiral GC-MS was performed using a Mega
065 gas chromatograph (Fisons, Milan, Italy) couple
n MD800 low-resolution quadrupole mass spectrom
Finnigan, San Jose, CA, USA) operated in the electron
zation mode (GC/EI-MS). Samples (2�L, solventn-hexane
r isooctane) were injected on-column (AS800 auto-injec
ystem, Fisons) onto a DB5MS capillary column (phenyl
ene polymer, 30 m length, 0.25 mm i.d., 0.25�m film thick-
ess, J&W Scientific, Folsom, CA, USA). Separations w
erformed using helium carrier gas at a constant column
ressure of 80 kPa. The GC oven was programmed as fol
0◦C (hold time 2 min), then at 15◦C/min to 180◦C, then a
◦C/min to 280◦C (hold time 5 min), and finally at 5◦C/min

o 300◦C (hold time 7 min). The GC-MS interface and
on source temperatures were hold at 250 and 200◦C, re-
pectively. The mass spectrometer was operated in sing
onitoring (SIM) mode. For evaluation of NP-HPLC fra

ions the following mass to charge ratios were monitoredm/z
47.6 and 549.6 (pentabromobiphenyls),m/z625.6 and 627.
hexabromobiphenyls),m/z 705.5 and 707.5 (heptabrom
iphenyls),m/z283.8 and 285.8 (HCB),m/z216.9 and 218.
�-HCH),m/z 271.8 and 273.8 (heptachlor),m/z 406.8 and
08.8 (trans- andcis-nonachlor),m/z246.0 and 248.0 (p,p′-
DE), m/z 483.7 and 485.7 (PBDE 77). For quantificat
f PBB 132 atropisomers in fractions from enantioselec
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HPLC the following ions were monitored:m/z 625.6 and
627.6 (hexabromobiphenyls),m/z 403.8 and 405.8 (OCN),
m/z495.8 and 497.8 (13C12-PBDE 77).

2.6. Testing of enantioselective GC columns

Studies on the enantioseparation of PBB 149 and PBB
132 were performed by gas chromatography (HP 5890 series
II, Agilent, Palo Alto, CA, USA) with a63Ni electron cap-
ture detector (GC/ECD). Nine columns with different chi-
ral stationary phases (CSPs) were tested (see below). Stan-
dards (1�L in n-hexane or isooctane) were injected splitless
at an injector temperature of 250◦C. After initial tests with
slow heating ramps the enantiomer separation was performed
isothermal (after injection at 80◦C and heating at 15◦C/min
to the target temperature) and optimized by stepwise low-
ering the isothermal elution temperature. The column head
pressure was varied between 60 and 160 kPa.

The following GC columns were tested for separation of
the atropisomers of PBB 132 and PBB 149 standards previ-
ously isolated from the technical product[11]: (1) 20 m�-
TBDM column, 0.25 mm i.d., 0.15�m film thickness (BGB
Analytik, Adliswil, Switzerland); (2) 10 m�-BSCD col-
umn, 0.25 mm i.d., 0.23�m film thickness (BGB Analytik);
(3) 25 m Chirasil-Dex�-PMCD column (chemically bonded
t n
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149 started at 80◦C (hold time 1 min), was then raised at
20◦C/min to 190◦C (hold time 93.5 min), and finally at
5◦C/min to 210◦C/min (hold time 26 min). The total run
time was 130 min. The injector and transfer line tempera-
tures were both set to 220◦C. Samples of 1�L (splitless
time 4 min) were injected using an initial pressure pulse for
4 min at 15 psi. Mass spectra were recorded in the selected
reaction monitoring (SRM) mode applying a source temper-
ature of 200◦C, an electron energy of 70 eV, and a filament
emission current of 150�A. Fragmentation of the most abun-
dant [M]+-isotope signal atm/z627.6 ([C12H4

79Br381Br3]+)
to the most abundant [M− Br]+ isotope signal atm/z546.7
([C12H4

79Br381Br2]+) was performed at a collision cell pres-
sure of∼1 mTorr (argon) and a collision voltage of 20 V. The
detector voltage was set to 2000 V. More details are reported
elsewhere[21].

3. Results and discussion

3.1. Liquid chromatographic enrichment of PBB 132
and PBB 149

After a general clean-up procedure for organohalogens in
extracts from bird egg samples[6], two fractionation steps
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o CP-Sil 5), 0.25 mm i.d., 0.25�m film thickness (Varia
hrompack, The Netherlands); (4) 30 m polysiloxane

uted �-PMCD column, 0.25 mm i.d., 0.25�m film thick-
ess (�-dex 120, Supelco, Taufkirchen, Germany); (5) 2
S-LIPODEX column, 0.25 mm i.d., 0.25�m film thickness
Macherey–Nagel, D̈uren, Germany); (6) 15 m�-PMCD col-
mn, 0.25 mm i.d., 0.25�m film thickness (shortened�-dex
20, Supelco); (7) 15 m�-TBDM column (0.25 mm i.d.
.25�m film thickness, F0 fraction[20]; (8) 15 m�-TBDM
olumn (0.25 mm i.d., 0.25�m film thickness, F2 fractio
20]); (9) 15 m�-TBDM column (0.25 mm i.d., 0.25�m film
hickness, F5 fraction[20]). Columns 7–9 were lab-made (n
ommercially available) from fractions obtained from L
ractionation of the�-TBDM phase, which was also used
olumn 1. It was previously shown that the�-TBDM phase
as a mixture of at least six major products. For this rea

he raw product was LC-fractionated as described by R
t al. [20]. Fractions were labeled in order with increas
olarity, and fractions F0, F2, and F5 gave best result
ome individual organochlorine compounds.

.7. Enantioselective GC/EI-MS-MS analysis of PBB
49

GC/EI-MS-MS experiments were performed with
P-3800 gas chromatograph interfaced to a 1200
uadrupole MS/MS system (Varian, Darmstadt, Germa
amples were introduced with a CP-8410 auto injector (

an). A �-TBDM column (no. 1, see above) was instal
n the GC oven. Helium was used as carrier gas at a
tant flow of 1 mL/min. The GC oven temperature for P
ere employed in order to separate PBBs from most o
rganohalogen compounds, which could have impaire
nantioselective analyses. PCBs were separated from
n deactivated silica (see Section2.2). The collected frac

ion quantitatively contained all investigated PBBs. O
race amounts of PCBs were left, however, PBDEs and
rganochlorine pesticides have been shown to coelute

he PBBs[19]. Therefore, the concentrated sample ex
as further fractionated using silica HPLC (Fig. 2). This

echnique allowed separating PBB 132 and PBB 149 q
itatively into two fractions (Fig. 2, fractions 8–9.5 min an
.5–10.5 min). This was important, since these two conge
ad to be treated separately in enantioselective separ
he total extracted amounts of PBB 132 and PBB 149
2 ng and 3 ng, respectively (based on the response
f PBB 153). Furthermore, HCB,�-HCH, the nonachlo

somers, and PBDE 77 were separated from the PBB
he standards tested, besides other PBB congeners onl
achlor andp,p′-DDE partly eluted into the fractions whe
BB 132 and PBB 149 were found. These fractions w
oncentrated and used for enantioselective studies.

.2. Enantioselective separations of PBB 132 and PBB
53 by HPLC

Despite the testing of nine different CSPs, the e
ioselective GC separation of PBB congeners other
BB 149 failed. Therefore, additional experiments were

ormed with enantioselective HPLC, which proved to b
owerful tool for the chromatographic enantioseparatio
any PBBs[11]. Previous studies showed that lowering
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Fig. 2. Separation of PBBs from most PBDEs and organochlorine pesticides by normal phase (NP) HPLC in the extract of a spiked hen’s egg (for more details
see text).

temperature of the�-PMCD HPLC column to 5◦C led to a
very broad peak of the di-ortho substituted PBB 153, indi-
cating a slow conversion from one enantiomeric form into
the other[11]. In fact, when the HPLC column was cooled
to 0◦C, PBB 153 enantiomers could partly be resolved (data
not shown), even though there are no “buttressing” bromine
substituents in adjacentmeta-positions to the twoortho-
bromines (see also[11,22]).

In contrast to PBB 153, baseline separation of the at-
ropisomers of the tri-ortho substituted PBB 132 was easily
achieved employing the�-PMCD column at room temper-
ature (Fig. 3A). Unfortunately, PBB 153 coeluted with the
first eluting atropisomer of PBB 132 in the enantioselective
HPLC separation. Since PBB 132 and PBB 153 were present
in the same fraction of the egg extract (seeFig. 2), a di-
rect HPLC/UV quantification of the PBB 132 enantiomers
was not possible. Therefore, an enantioselective HPLC frac-
tionation of PBB 132 with consecutive non-chiral GC-MS
quantification of the isolated PCB 132 atropisomers was at-

tempted. Initial experiments to establish retention time win-
dows were performed with a standard solution of PBB 132
previously isolated from the Firemaster BP-6® mixture[11].
To control the quantitative collection of the atropisomers, a
fractionation method with five fractions was elaborated, of
which the 2nd and 4th contained the PBB 132 enantiomers,
respectively, while fractions 1, 3, and 5 should be free of
any PBB 132 (Fig. 3A). According to this method (see Sec-
tion 2.4) the egg extract was injected and fractionated. Since
an aqueous mobile phase was used in HPLC, the fractions
had then to be extracted withn-hexane for GC analysis. To
control the efficiency of this step and to be able to correct
for injection volume variability as well as sensitivity fluctu-
ations of the MS instrument, internal standards were added
to the fractions before extraction (13C12-PBDE 77) and after
extraction (OCN), respectively (see Section2.4). The HPLC
fractions were five times extracted and the five extracts were
pooled. A sixth extraction of HPLC fractions 2 and 4 was
free of PBB 132 and13C12-PBDE 77 and thus discarded.

F e enan ical mixt
F . (B) GC ed
f egg ext
ig. 3. (A) HPLC/UV chromatogram (220 nm, room temperature) of th
ive fractions collected for subsequent GC-MS analyses are indicated

rom enantioselective HPLC separation of the white-tailed sea eagle
tioseparation of a PBB 132 reference standard isolated from the technure.
/EI-MS mass chromatograms (SIM mode,m/z625.6) of the five fractions obtain

ract.
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Fig. 4. Enantioselective GC/EI-MS-MS determination (for details see text) of PBB 149 in the technical mixture Firemaster BP-6® (A) and in the extract of the
white-tailed sea eagle egg (B).

GC/EI-MS SIM-chromatograms of the pooled fraction ex-
tracts of the bird egg are shown inFig. 3B. It can be seen that
fractions 2 and 4 quantitatively contained the PBB 132 at-
ropisomers, respectively, whereas fractions 1, 3, and 5 were
free of PBB 132. Quantification of the noise in the chro-
matograms revealed that the detection limits of PBB 132 in
fractions 1, 3, and 5 were <1% relative to the peak areas of
fractions 2 and 4. These latter fractions were analyzed four
times by GC-MS and the absolute signal areas of the PBB
132 enantiomers in fractions 2 and 4 were corrected relatively
to the signal area of one of the internal standards. The calcu-
lated EF of PBB 132 (first eluting enantiomer on the HPLC
column) was 0.48–0.50 (n= 4; correction with13C12-PBDE
77) or 0.47–0.50 (n= 4; correction with OCN). These results
might indicate a minor relative enrichment of the second elut-
ing enantiomer of PBB 132. However, due to the variability
of the method (especially consecutive GC-MS analyses), the
deviation from the racemic mixture was not significant.

3.3. Enantioselective separation of PBB 149 in the egg
extract by GC/EI-MS-MS

Among the nine CSPs tested only�-TBDM enabled a suf-
ficient resolution of PBB 149 atropisomers. The column used
in the present study provided a slightly better enantiomer res-
o mn
[ ria-
t
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i er.
A tion
i er
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w n
t nical

pentabromodiphenyl ether (DE 71) were analyzed on the
chiral �-TBDM column. The PBB 149 atropisomers eluted
after the tetra- and pentaBDEs and BC-2 but before the hexa-
BDEs. None of the PBDE congeners with abundance higher
than 0.5% in the DE 71 mixture was the interfering com-
pound, and its structure could not be elucidated. However,
using GC/EI-MS-MS solved the problem with the interfer-
ence. With this more selective detection method, no interfer-
ence was found for both, technical Firemaster BP-6® and the
egg extract (Fig. 4). Repetitive injections of PBB 149 enan-
tiomers in both standard and sample showed slight variations
in the retention times (±8 s), which was considered accept-
able in view of the long retention times. Furthermore, theα-
values in both standard (α = 1.044–1.048;n= 10) and sample
(α = 1.045–1.046;n= 3) agreed very well. The EF for PBB
149 in Firemaster BP-6® was 0.49–0.54 (n= 10; Fig. 4A).
Enantioselective GC/EI-MS-MS analysis of the bird egg ex-
tract confirmed the relative enrichment of the second eluting
atropisomer of PBB 149 (Fig. 4B). For establishing the EF
of PBB 149 in the white-tailed sea eagle egg, two separate
aliquots of the same egg sample were extracted, cleaned up
and analyzed independently. GC/EI-MS-MS measurements
resulted in an EF for the first eluting atropisomer of 0.42–0.43
(n= 3) for both extracts. The signal-to-noise ratio of the PBB
149 enantiomers was >20:1 so that the integration could be
c s in-
d 149
i or-
t esent
i iso-
m BB
m rved
i -
n ucts
o ated
b

4

ards
a enge.
lution than was previously obtained with a similar colu
11]. This is most likely due to minor batch-to-batch va
ions, which are known to occur for this kind of CSP[23].
nfortunately, when applying conventional GC/ECNI-MS

he SIM mode, monitoring of the bromide ionsm/z79 andm/z
1 was not selective enough for determination of the E
BB 149 in the sample. An interfering brominated compo
as detected which eluted between the separated PB
nantiomers. Since the interfering compound was not pr

n Firemaster BP-6®, it appeared not to be a PBB congen
lthough PBDE 77 was well separated from the PBB frac

n silica HPLC (Fig. 2), it could not be excluded that oth
BDE congeners were still present in the fraction contai
BB 149. Other candidates for the co-eluting organobro
ompound might be halogenated natural products, which
ere identified in comparable samples[6]. For this reaso

he major halogenated natural product BC-2 and tech
arried out with high accuracy. Therefore, these result
icate a significant enantioselective enrichment of PBB

n this predatory bird egg from Norway. It is also notew
hy, that there was a hexabromobiphenyl congener pr
n the egg extract, eluting just after the PBB 149 atrop

ers (Fig. 4B), which was not present in the technical P
ixture (Fig. 4A). Such congeners have also been obse

n other Norwegian bird of prey eggs[6]. They may origi
ate from applications/uptake from other technical prod
r they might be degradation products of higher bromin
iphenyls.

. Conclusions

Enantioseparation of PBB atropisomers in both stand
nd environmental samples remains a technical chall
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Despite new efforts only the enantiomers of PBB 149 could be
separated using gas chromatography. GC/EI-MS-MS proved
to be a powerful tool providing sufficient selectivity and sen-
sitivity for an interference-free, direct quantitative determi-
nation of the EF of PBB 149. This was demonstrated by
analyzing a predatory bird egg, where a non-racemic com-
position of PBB 149 was found. This is the first report on
enantioselective PBB data in environmental samples.

Direct determination of the EF of PBB 132 in an envi-
ronmental sample could not be achieved, neither by GC-MS
nor HPLC/UV techniques. However, an analytical method
was developed allowing enantioselective studies of PBB 132
by a combination of HPLC fractionation of the atropisomers
followed by GC-MS quantification of the volume-adjusted
fractions. This novel approach was successfully applied to
the predatory bird egg sample, but did not give a clear pic-
ture whether or not PBB 132 was present in a non-racemic
mixture. Nevertheless, it is clear that the EF of PBB 149 in
the bird egg differed much more from the racemate than the
EF of PBB 132. Quantitative chiral HPLC fractionation of
enantiomers followed by non-chiral GC-MS determination
of the relative concentrations is a promising tool for estab-
lishing enantioselective data for compounds that cannot be
enantioseparated by GC. The here presented results indicate
that with this technique, enantioselective enrichment can be
p ndant
t

A

mic
E il of
N PP-
N A.G.
f sepa-
r art-
n /UV
i owl-
e ni-
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T ch)
f hme
( tive

HPLC column and Georg Hottinger (BGB Analytik, Switzer-
land) for providing several enantioselective GC columns.
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