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Abstract

Changes in the enantiomer fraction of chiral polychlorinated biphenyls (PCBs) are a powerful tool
to investigate the movement of PCBs in the environment, for example as part of source
apportionment and ecological studies. Environmental studies typically employ a series of
cyclodextrin-based gas chromatography columns to separate all environmentally relevant PCB
congeners. The elution order of most PCB atropisomers has not been established on different
enantioselective columns due to the unavailability of analytical standards. To overcome this
limitation, the current study generated atropisomerically enriched fractions of chiral PCBs with rat
liver microsomes. Subsequently, the enrichment profile of the enriched PCB fractions was used to
determine the elution order of PCB atropisomers on selected enantioselective gas chromatography
columns. While the elution order of PCB 95, 131, 132, 136, 149 and 176 atropisomers was
identical on all enantioselective columns investigated, an inversion of the elution order was
observed for PCB 45, 84, 91 and 174 atropisomers on a few columns. These results demonstrate
that atropisomerically enriched fractions obtained from microsomal metabolism can be used to
unambiguously establish the relative elution order of the atropisomers of PCBs and potentially
other environmental pollutant, especially if pure enantiomers are not available.
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1. Introduction

Chirality is a characteristic of many small biological molecules and also of a large number
of manmade chemicals. For example, 25% of all pesticides currently on the market are
chiral [1], which has implications for environmental health. The two enantiomers of a chiral
compound may be able to interact differently with biological macromolecules, such as
enzymes or receptors. As a result, chiral compounds can undergo enantiomeric enrichment
in the environment and display enantioselective biological effects [2]. The enantiomeric
enrichment of chiral environmental pollutants is a powerful tool to study the transport and
transformation of chiral pollutants in the environment. At the same time, the enantiomeric
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enrichment of pollutants in the environment represents a potential environmental and human
health concern, especially if the more toxic enantiomer is enriched in the food chain.

PCBs are one important group of chiral environmental pollutants. Nineteen out of the 209
possible PCB congeners exist as rotational enantiomers, called atropisomers, which are
stable at room temperature and during gas chromatographic analysis [3-5]. Gas
chromatographic separation of PCB atropisomers is possible on different chiral stationary
phases. Over the years, considerable effort has been devoted to in-house synthesis of
cyclodextrin-based gas chromatography columns and studies of the effect of cyclodextrin
derivatization on separation of PCB atropisomers [6,7]. However, to this day no
commercially available enantioselective gas chromatography column can resolve the
atropisomers of all chiral PCBs [8], which represents a major challenge when studying the
atropisomeric enrichment of PCBs in environmental samples. Consequently, the
atropisomeric enrichment of PCBs is typically assessed using several different
enantioselective columns. Unfortunately, the elution order of enantiomers can vary on
diametrically different gas chromatographic phases [9,10]. It is therefore crucial to
unambiguously establish the elution order of PCB atropisomers on different enantioselective
columns.

The elution order of enantiomers on different enantioselective stationary phases can be
easily established using pure enantiomers. Pure atropisomers of several PCB congeners have
been isolated using enantioselective HPLC [3,11-13]. Unfortunately, the isolation of PCB
atropisomers by HPLC so far proved to be tedious and time consuming. Furthermore, the
atropisomers of several environmentally important congeners, such as PCBs 91, 95 and 149,
cannot be readily separated using this approach. Alternatively, the elution order of PCB
atropisomers can be established by comparing the enrichment patterns of environmental
PCB samples on different columns [14-16]. This approach has the disadvantage that
environmental PCB samples may not display a characteristic atropisomeric enrichment.
Moreover, co-eluting impurities may suggest a wrong elution order [17], a problem that can
be overcome by application of two dimensional gas chromatography [16,18].

Cytochrome P450 (CYP) enzymes are the major family of enzymes responsible for the
oxidative metabolism of PCBs and many other environmental contaminants [19]. CYPs
atropselectively oxidize individual PCB congeners to hydroxylated metabolites. As a result,
both the parent PCBs and the corresponding hydroxylated PCB metabolites display
significant atropisomeric enrichment [20-23]. Since PCBs and their hydroxylated
metabolites can be easily separated from each other, CYP-mediated metabolism represents a
straightforward approach to generate atropisomerically enriched samples of individual PCB
congeners. Furthermore, CYPs are readily available as recombinant enzymes or
microsomes. Microsomes are subcellular fractions obtained by differential centrifugation
from liver or other tissues, and contain complex CYP mixtures. Therefore, microsomes are
an inexpensive tool for laboratory studies involving the metabolism of PCBs and other
environmental contaminants.

The present study employed liver microsomes as an alternative approach to prepare
atropisomerically enriched fractions of fourteen environmentally relevant PCBs. These PCB
fractions were subsequently employed as analytical standards to establish the elution order
of PCB atropisomers on six commonly used enantioselective gas chromatography columns.
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2. Materials and methods

2.1. Chemicals

The chemical structures of the chiral PCB congeners investigated are shown in Fig. 1.
Racemic PCB 45 (2,2’ ,3,6-tetrachlorobiphenyl, purity 99.9%), PCB 84 (2,2",3,3’,6-
pentachlorobiphenyl), PCB 88 (2,2”,3,4,6-pentachlorobiphenyl, purity 99.6%), PCB 91
(2,2°,3,4” 6-pentachlorobiphenyl, purity 100%), PCB 95 (2,2",3,5",6-pentachlorobiphenyl,
purity 99.7%), PCB 131 (2,2,3,3",4,6-hexachlorobiphenyl, purity 100%), PCB 132 (2,2,
3,3”,4,6”-hexachlorobiphenyl, purity 99.8%), PCB 135 (2,2",3,3",5,6 -hexachlorobiphenyl,
purity 99.7%), PCB 139 (2,2,3,4,4" ,6-hexachlorobiphenyl, purity 99.4%) and PCB 149
(2,2°,3,4" 5’ 6-hexachlorobiphenyl, purity 100%), PCB 174 (2,2",3,3,4,5,6 -
heptachlorobiphenyl, purity 100%), PCB 176 (2,2",3,3",4,6,6 -heptachlorobiphenyl, purity
100%), PCB 183 (2,2",3,4,4,5’ 6-heptachlorobiphenyl, purity 99%) were purchased from
Accustandard (New Haven, CT). Racemic PCB 136 (2,2",3,3’,6,6 -hexachlorobiphenyl)
was synthesized as described previously [24].

2.2. Enantioselective columns

HP-Chiral-20B (20B; 20% B-cyclodextrin in in (35%-phenyl)-methylpolysiloxane, 30 m x
250 wm x 0.25 um), Cyclosil-B (CB; 30% hepatkis (2,3-di- O-methyl-6- O-tert-butyl
dimethyl-silyl)-p-cyclodextrin, 30 m x 250 pum x 0.25 pum) and Chirasil-Dex columns (CD;
2,3,6-tri- O-methyl-p-cyclodextrin, 30 m x 250 pum x 0.39 um) were purchased from Agilent
(Santa Clara, CA). The BGB-172 column (BGB; 20% tert-butyldimethyl-silyl-p-
cyclodextrin, 30 m x 250 pwm x 0.25 pm) was obtained from BGB Analytics, Boecten,
Switzerland. ChiralDex B-DM (BDM; 2,3-di- O-methyl-6- fert-butyl-silyl-p-cyclodextrin, 30
m x 250 um x 0.12 um) and ChiralDex B-PM columns (BPM; 2,3,6-tri- O-methyl-silyl-p-
cyclodextrin, 30 m x 250 pm x 0.12 wm) were acquired from Supelco (St. Louis, MO).

2.3. Preparation of atropisomerically enriched PCBs using rat liver microsomes

Polychlorinated biphenyl congeners were incubated with liver microsomes prepared from
phenobarbital-treated rats as describe previously [20]. The microsomal incubation mixture
consisted of 0.1 M phosphate buffer (pH 7.4), 3 mM magnesium chloride, 0.5 mM NADPH
and 0.77 mg/mL of microsomal protein in a final volume of 16 mL. The samples were pre-
incubated for 5 min before 80p.L of a 10 mM PCB solution in DMSO was added followed
by incubation for 30 min at 37 = 1°C in shaking water bath. The reaction was stopped by
adding 10 mL of ice cold sodium hydroxide (0.5 M), followed by heating samples at 90°C
for 10 min. Samples were then acidified with hydrochloric acid (1 mL, 6 M) and proteins
were further denaturated with 2-propanol (2 mL) before extraction with hexane-methyl-zerz-
butyl ether (5 mL, 1:1) [20,25]. Hydroxylated metabolites were separated before subjecting
the PCB fractions to clean-up with sulfuric acid as described previously [24,25].

2.4. Enantioselective analysis

PCB containing fractions from the microsomal incubations and the corresponding racemic
standards were analyzed on different enantioselective columns. An Agilent 7890A gas
chromatograph equipped with an micro electron capture detector (u-53Ni-ECD) was used
for the enantioselective analyses. The following temperature program was used: 50°C for 1
min, 10°C/min to 140°C, hold for X min, 10°C/min to Y, hold for 20 min. Time X varied
from 250 to 500 min to allow the elution of all PCB congeners during the isothermal part of
the temperature program. Temperature Y varied from 180°C to 250°C, depending on the
maximum column temperature recommended by the manufacturer. The flow was 3 mL/min
and the injector and detector temperatures were 250°C. All chromatograms were integrated
using the valley drop method [26].
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The atropisomeric enrichment was expressed as enantiomeric fraction, defined as EF = E;/
(E1+E)) where E; and E; are the area of the first and second eluting peak, respectively [27].
In addition, the deviation from racemic (DFR) was calculated to simplify the comparison of
the atropisomeric enrichment determined with different enantioselective columns for
different PCB congeners. The DFR uses the enriched and not a pre-defined atropisomer (i.e.,
the first eluting atropisomer) in the nominator and was calculated as |0.50-EF| [28]. The EF
of the racemic standard was used to calculate the DFR because the racemic standard on
some columns had EFs # 0.50 (Table S1, Supplementary Material). The DFR can vary from
0.00 (no enrichment, racemic mixture) to 0.50 (pure atropisomer).

3. Results and discussion

3.1. Separation of PCB atropisomers

The determination of the elution orders of enantiomers on different stationary phases
represents a major challenge for laboratory and environmental studies involving chiral
environmental pollutants, such as PCBs, because pure atropisomers or atropisomerically
enriched standards are not readily available. We and others have shown that oxidation of
racemic PCB congeners by rat liver microsomes or recombinant cytochrome P450 enzymes
results in a pronounced atropisomeric enrichment of the parent PCB [20,22,23]. Building on
this finding, the present study employed microsomal incubations to generate
atropisomerically enriched samples of fourteen environmentally relevant, chiral PCB
congeners. Subsequently, the atropisomer profile was used to determine the elution order of
the respective atropisomers on different, commercially available enantioselective gas
chromatography columns. This approach offers the advantage of using pure, racemic PCB
congeners for the preparation of atropisomerically enriched standards, thus avoiding the
problem of co-eluting impurities inevitably present in environmental samples. A
disadvantage of this approach is that some chiral PCB congeners are not readily metabolized
by cytochrome P450 enzymes; however, most of these congeners are of limited
environmental and/or toxicological relevance [5].

The six enantioselective gas chromatography columns investigated in this study contained
differently modified B-cyclodextrin on polysiloxane stationary phases (Table 1). The 20B
column contained 20% unmodified B-cyclodextrin. All remaining columns contained
methylated cyclodextrins or, in the case of the BGB, BDM and CB columns, methylated and
fert-butylated cyclodextrins. Two of the columns investigated—the BGB and CD columns—
are the most versatile columns for enantioselective PCB separations and are frequently used
to determine the EFs of PCBs in environmental samples (for examples see: [16,29-31]). The
other columns were included in this study because they may represent an alternative for
enantioselective analyses of selected PCB congeners of environmental or toxicological
relevance [32-35]. In our study, an isothermal temperature program was used for the
enantioselective PCB analysis to maximize the resolution of the PCB atropisomers [36].

Representative chromatograms of the atropisomerically enriched fractions for the
microsomal incubations are shown in Fig. 1. No single column separated the atropisomers of
all fourteen chiral PCBs investigated (Fig. 1, Table 1), as noted previously by Wong and
Garrison [8]. The BGB and CD columns resolved the atropisomers of nine out of the
fourteen PCB congeners used in this study; however, only PCB 135 was baseline separated
on the BGB column (Rg = 1.0). The resolution of the remaining congeners on the BGB
column was < 1.0. Baseline separation was achieved for PCBs 132, 136 and 176 on the CD
column. The CB column resolved the atropisomers of eight congeners, with PCBs 45, 91, 95
and 136 being baseline separated. Similarly, the BDM column resolved the atropisomers of
eight congeners, with baseline separation of PCBs 45, 91, 95 and 149. The least versatile
columns were the B20 column, which separated the atropisomers of five PCB congeners,
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and the BPM column, which separated the atropisomers of PCBs 132 and 149 with a
resolution < 1.0.

A comparison of the resolution of the atropisomers revealed that some PCB congeners are
more readily separated on cyclodextrin-based columns than others (Table 1). Specifically,
the atropisomers of PCB 149 were resolved on all six enantioselective columns. The best
resolution for PCB 149 was achieved on the BDM column. PCB 91 atropisomers were
resolved on all columns investigated, with the exception of the BPM column. Baseline
separation of PCB 91 atropisomers was achieved on the BDM and CB columns (Rs= 1.7 and
1.6, respectively). Most other congeners were resolved on three or four of the columns
investigated, with at least one of columns providing baseline separation. In our study, the
resolution of PCBs 95 and 149 on the CD column was lower (Rg = 0.65 and 0.57,
respectively) compared to the resolution reported previously by Wong and Garrison (Rg =
0.9 and 1.3, respectively) [8]. PCBs 84 and 174 atropisomers were partially resolved on CB
column in our study (Rs = 0.42 and 0.61, respectively), whereas both congeners were not
resolved in the study by Wong and Garrison. Atropisomers of PCBs 88 and 139 were not
resolved on any enantioselective column used in our study and, therefore, were not further
studied. In contrast, the GTA column resolved the atropisomers of both congeners in the
study by Wong and Garrison (Rg =1.2 and 1.0, respectively). The differences in the
resolution of different PCB atropisomers in our study and the study by Wong and Garrison
are likely due to the differences in the temperature programs.

The results presented in Table 1 suggest structural features associated with the resolution of
PCB atropisomers on cyclodextrin-based columns. Most PCB congeners with a 2,3,4,6
chlorination pattern in the higher chlorinated phenyl ring (i.e., PCBs 88, 131, 139, 176 and
183) were more difficult to resolve on the enantioselective columns investigated, with PCB
176 being the only exception. Similarly, Haglund and co-workers reported that the
separation of PCB atropisomers with a 2,3,4,6-substitution pattern is unfavorable on the CD
column, with PCB 176 being a notable exception [37].

Congeners with a 2,3,6 substitution pattern in one phenyl ring tended to resolve better on the
cyclodextrin-based columns used in this study. Likewise, Haglund et al. reported that a 2,3,6
substitution pattern is favorable for the PCB atropisomer separation on CD column [37]. As
a general rule, the present study suggests that the structure-resolution relationships described
by Haglund for the CD column also apply to other cyclodextrin-based columns, with a 2,3,6
substitution pattern being favorable and a 2,3,4,6 substitution pattern being unfavorable for
the separation of PCB atropisomers.

3.2. Enrichment of PCB atropisomers in microsomal incubations

The present study used rat liver microsomes to prepare atropisomerically enriched PCB
samples as analytical standards for gas chromatographic analysis. Since multiple ortho
substituted PCBs are metabolized by CYP2B enzymes [22,38,39], microsomes were
prepared from phenobarbital-treated rats to induce CYP2B activity and, thus, maximize the
biotransformation of PCB atropisomers. The microsomes used in this study indeed showed a
100-fold increase in benzyloxyresorufin- O-dealkylase activity, a measure of CYP2B
activity, compared to microsomes from vehicle-treated animals [20]. The deviation from
racemic (DFR) for the each PCB sample was determined after extraction from the
microsomal incubation using different enantioselective columns (Table 2). All PCB
congeners displayed a clear, congener specific atropisomeric enrichment. Most importantly,
there was excellent agreement between the DFRs obtained on different columns,
independent of the resolution. The only notable exception was PCB 136, which appeared to
be racemic on the BDM column, but showed clear enrichment of the second eluting
atropisomer of PCB 136 on the B20, CB and CD columns. It is currently unclear if this
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discrepancy is due to co-eluting impurities, the use of the valley drop integration method
[26] or other factors.

It is interesting to note that the PCB congeners showing the most pronounced atropisomeric
enrichment in this study were congeners with different degrees of chlorination. For example,
the most distinct atropisomeric enrichment was observed for the heptachlorinated PCB 176
(DFR = 0.18). A slightly less pronounced atropisomeric enrichment was observed for the
pentachlorinated PCB 95 (DFR = 0.15) and the hexachlorinated PCB 132 (DFR = 0.12). At
the same time, tetrachlorinated PCB 45, the lowest chlorinated chiral PCB congener
investigated, showed only a moderate enrichment (DFR = 0.08).

Analysis of the DFR values also suggests some structural features that are associated with a
more pronounced atropisomeric enrichment in metabolism studies using microsomes from
phenobarbital-treated rat. Typically, PCB congeners containing a 2,3,6 substitution pattern
in one phenyl ring displayed the larges DFR values. This can be explained with the
availability of unsubstituted 4,5-vicinal positions, which are favorable for PCB metabolism
by cytochrome P450 enzymes [40]. However, PCB 135, which also possesses a 2,3,6-
substituted phenyl ring, displayed a near racemic signature (DFR = 0.01). At the same time,
an atropisomeric enrichment was observed for PCB 183, one of the most persistent PCB
congeners [41], with a DFR of 0.03. These findings demonstrate that the atropisomeric
enrichment of PCBs in rat liver microsomes prepared from phenobarbital-treated rats is
governed by more complex rules than expected based on established structure-activity
relationships for the metabolism of PCBs [40].

3.3. Comparison of PCB atropisomer elution order on different columns

Only few studies have reported the elution orders of selected PCB atropisomers on
enantioselective gas chromatography columns. The most comprehensive work was
performed by Haglund and co-workers, who used pure atropisomers to establish the elution
order of PCB atropisomers on the CD column [3,37]. Elution orders were also reported by
Konwick et al. for PCB 84, 132 and 174 atropisomers on the BGB column [42] and by
Wong et al. for PCB 136 atropisomers on the CB column [43]. Unfortunately, both studies
provide no experimental details regarding the determination of the elution order. In the
present study, the atropisomerically enriched PCB fractions obtained from microsomal
incubations were used to establish the relative elution order of PCB atropisomers on six
commonly used chiral gas chromatography columns.

The atropisomer profiles of PCBs 95, 131, 132, 136, 149 and 176 shown in Fig. 1 are
representative of the profiles observed on all enantioselective columns resolving the
atropisomers of the respective PCB congeners (see also Figs. S1-S3 and S5-S7,
Supplementary Material). Consequently, the relative elution orders of these congeners are
identical on the different enantioselective columns. A determination of the relative elution
order was not possible for PCBs 135 and 183. For PCB 135, a slight atropisomeric
enrichment of the first eluting PCB 135 atropisomer was observed on the BGB column,
whereas no enrichment relative to the racemic standard was observed on the CD column
(Fig. S4, Supplementary Material). PCB 183 was only resolved on the BGB column (Fig.
S8, Supplementary Material).

More complex, column-dependent atropisomer profiles were observed for PCBs 45, 84, 91
and 174 (Fig. 3-6). PCB 45, the lowest chlorinated PCB congener investigated, displayed an
enantiomeric enrichment of the first eluting atropisomer on the BGM and CB columns (Fig.
3). An inversion of the elution order was observed on the BDM column, as indicated by an
enrichment of the second eluting atropisomer. PCB 84 displayed an enrichment of the
second eluting atropisomer of the BGB and CD columns (Fig. 4). An inversion of the elution
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order of PCB 84 atropisomers was observed on the CB column. For PCB 91, the second
eluting atropisomer was enriched on the 20B and the BDM columns, with an inversion of
the elution order observed on the BGB column (Fig. 5). An inversion of the elution order on
the CD column compared to the BDM, BGB and CB column for PCB 174 (Fig. 6).
Similarly, inversions of the elution of enantiomers on different enantioselective columns
were previously observed for various organochlorine pesticides [44,45], as well as for PCBs
[8,16] and their metabolites [20].

3.4. Elution order of (+)- and (—)-PCB atropisomers

Another common way to define the elution order of PCB atropisomers is the elution order of
the (+)- and (-)-atropisomers. Unfortunately, this approach is limited to congeners for which
pure atropisomers have either been isolated [3,37,46] or for which the elution order has been
defined otherwise [42,43]. A summary of the respective elution orders determined in the
present study is shown in Table 3. Typically, the (-)-PCB atropisomers eluted first on the
various enantioselective columns. However, (+)-PCB 84 eluted first on the CB column and
(+)-PCB 174 eluted first on the BGB and CD columns. The later finding is in contrast to the
elution order of (+)- and (-)-PCB 174 described by Konwick and co-workers [42], who
report no inversion of the elution order on the BGB compared to the CD column. Since the
authors provide no description of the elution order determination for PCB 174 atropisomers,
it is difficult to explain the discrepancy between the present study and the study by Konwick
and co-workers.

4. Conclusions

It is currently impossible to predict the absolute elution order of PCB atropisomers on
enantioselective columns based on their molecular structure because mechanism governing
chiral separations on cyclodextrin-based columns are poorly understood. Therefore, the
elution order of PCB atropisomers on different columns still needs to be determined
experimentally. Unfortunately, pure PCB atropisomer standards are not readily available
and, with exception of a few congeners [11,46,47], their absolute configuration has not been
established, which makes it challenging to determine both the absolute and relative elution
order of PCB atropisomers. Consequently, the elution order of different PCB atropisomers
on commonly used enantioselective gas chromatography columns is mostly unknown, which
makes it difficult to compare the atropisomeric enrichment reported in different studies.

The present study generated atropisomerically enriched extracts of chiral PCBs using rat
liver microsomes to partially overcome these limitations. The enrichment profile of the
respective PCB fractions on different columns was then used to establish the relative
atropisomer elution order of twelve environmental relevant PCB congeners. Since liver
microsomes are readily available, this approach provides a straightforward access to
analytical standards useful for the assignment of the relative elution order of PCB
atropisomers on different enantioselective columns. Since many chiral environmental
contaminants are enantioselectively metabolized by cytochrome P450 enzymes, our
approach can be used to establish the relative elution orders of a broad range of compounds.
However, future studies need to determine the absolute elution order of PCB atropisomers
based on their absolute configuration and establish the molecular basis for enantioselective
separations of PCB atropisomers on cyclodextrin-based stationary phases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Chemical structure of the chiral PCBs used in the current study.
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Fig. 2.

Separation of atropisomers of selected chiral PCBs requires more than one enantioselective
gas chromatography column. Representative chromatograms showing the separation of (A)
PCB 45 atropisomers on the BGB column; (B) PCB 84 atropisomers on the BGB column;
(C) PCB 91 atropisomers on the BGB column; (D) PCB 95 atropisomers on the CD column;
(E) PCB 131 atropisomers on the BGB column; (F) PCB 132 atropisomers on the BGB
column; (G) PCB 135 atropisomers on the BGB column; (H) PCB 136 atropisomers on the
CD column; (1) PCB 149 atropisomers on the BGB column; (J) PCB 174 atropisomers on
the BGB column; (K) PCB 176 atropisomers on the CD column; and (L) PCB 183
atropisomers on the BGB column.
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The elution order of PCB 45 atropisomers on the BDM, BGB and CB columns reveals an
inversion in the elution of the atropisomers on the BDM and CB columns compared to the
BGB column. (A) Incubation, BDM column, EF = 0.58; (B) racemic standard, BDM
column, EF = 0.50; (C) incubation, BGB column, EF = 0.41; (D) racemic standard, BGB
column, EF = 0.48; (E) incubation, CB column, EF = 0.59; (F) racemic standard, CB

column, EF = 0.50.
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The elution order of PCB 84 atropisomers on the BGB, CB and CD columns reveals an
inversion in the elution of the atropisomers on the CB column compared to BGB and CD
columns. (A) Incubation, BGB column, EF = 0.45; (B) racemic standard, BGB column, EF
= 0.49; (C) incubation, CB column, EF = 0.54; (D) racemic standard, CB column, EF =
0.46; (E) incubation, CD column, EF = 0.43; (F) racemic standard, CD column, EF = 0.49.
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Fig. 5.

The elution order of PCB 91 atropisomers on the 20B, BDM, BGB, CB and CD columns
reveals an inversion in the elution of the atropisomers on the BDM and CB columns
compared to 20B, BGB and CD. (A) Incubation, 20B column, EF = 0.37; (B) racemic
standard, 20B column, EF = 0.50; (C) incubation, BDM column, EF = 0.57; (D) racemic
standard, BDM column, EF = 0.50; (E) incubation, BGB column, EF = 0.38; (F) racemic
standard, BGB column, EF = 0.48; (G) incubation, CB column, EF = 0.56; (H) racemic
standard, CB column, EF = 0.50; (1) incubation, CD column, EF = 0.43; (J) racemic
standard, CD column, EF = 0.50.
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The elution order of PCB 174 atropisomers on the BDM, BGB, CB and CD columns reveals
an inversion in the elution of the atropisomers on the CD column compared to BDM, BGB
and CB columns. (A) Incubation, BDM column, EF = 0.44; (B) racemic standard, BDM
column, EF = 0.48; (C) incubation, BGB column, EF = 0.45; (D) racemic standard, BGB
column, EF = 0.48 (E) incubation, CB column, EF = 0.45; (F) racemic standard, CB column,
EF = 0.48; (G) incubation, CD column, EF = 0.55; (H) racemic standard, CD column, EF =

0.50.
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