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Abstract

Electron-acceptor-bonded stationary phases, 2-(nitrophenyDethylsilyl (NPE) and 3-( p-nitrophenoxy )propylsilyl (NPO),
and electron-donor-bonded phases, 3-(N-carbazolyl)propylsilyl (CZP), 2-(1-pyrenyDethylsilyl (PYE), and 5-
coronenylpentylsilyl (COP), were prepared from silica particles and their selectivities were examined in both polar and
non-polar solvents for specific isomers of polychlorodibenzo-p-dioxins (PCDDs), hexachloronaphthalenes (HxCNs) and
planar and non-planar polychlorobiphenyl (PCB) congeners. Although no single stationary phase was able to separate all the
isomer pairs that are coproduced during the synthesis of the PCDDs and HxCNs, pairs can be separated by selecting a
suitable stationary phase and solvent. The separation of mixtures of PCDD isomers were found to be most successful with
PYE and NPO phases, which yielded the opposite elution orders for each isomer pair that is produced as a mixture. Similar
results were obtained for the HXCN isomers that were separated on PYE and CZP phases. The COP phase provided easier
separation of non-ortho-substituted and mono-ortho-substituted FCBs from the other PCBs based on the planarity than PYE
phase. © 1997 Elsevier Science BV.

Keywords: Stationary phases, LC; 2-(Nitrophenyl)ethylsilyl sitica; 3-(p-Nitrophenoxy )propylsilyl silica; 3-(N-Car-
bazolyl)propylsilyl silica; 2-(1-Pyrenyl)ethylsilyl silica; 5-Coronenylpentylsilyl silica; Polychlorodibenzo-p-dioxins; Hexa-
chloronaphthalenes; Polychlorobiphenyls; Tetrachlorodibenzofurans

1. Introduction they include several groups of polychlorinated com-
pounds which consist of a large number of congeners

Chlorinated aromatic compounds of environmental [e.g. 209 polychloro-biphenyls (PCBs), 75 poly-
concern provide unique separation problems because chlorodibenzo-p-dioxins (PCDDs). 135 pelychloro-

dibenzofurans (PCDFs) or 75  polychloro-
naphthalenes (PCNs)]. Complete separation of all the
*Corresponding author. congeners of any of these groups has not yet been
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achieved even by the most efficient separation
methods such as high resolution capillary gas chro-
matography (HRGC) [1,2] or electrokinetic chroma-
tography. Although high-performance liquid chroma-
tography (HPLC) is not directly applicable for the
environmental analysis for these types of compounds
in general due to the low efficiency, it should
provide means for the preparation of reference
standards (by achieving isomer separations) and for
the treatment of biological and environmental sam-
ples for GC-MS analysis (by providing class sepa-
ration among several groups of compounds).

In a previous report we showed the separation and
peak identification of 22 PCDD isomer pairs cop-
roduced during their synthesis. This was done by
reversed-phase liquid chromatography (RPLC) using
alcoholic mobile phases with an electron-donor
bonded stationary phase, 2-(1-pyrenyl)ethylsilyl
(PYE), and electron-acceptor bonded stationary
phases, 2-(nitrophenyl)ethylsilyl (NPE) and 3-(p-
nitrophenoxy )propylsilyl (NPO) silica [3]. In pre-
parative HPLC, the use of a single non-polar solvent
is often desirable since these solvents are more easily
recycled than aqueous—organic solvent mixtures,
which is important for environmental and economic
purposes. Additionally, non-polar organic solvents
show better solubilities for hydrophobic aromatic
compounds. High structural selectivity for chlori-
nated aromatic compounds can be provided by
stationary phases having electron-donor or acceptor
groups in non-polar solvents [4-8]. Pyell et al.
reported the use of several donor—acceptor bonded
phases including PYE and nitroaromatic-bonded
phases in methanol and in hexane for the separation
of tetrachlorodibenzo-p-dioxin (TCDD) isomers [7],
although the approach was not necessarily aimed at
the separation of the isomers that are synthesized as
mixtures and are difficult to separate. It has been
reported that 1,2,3,4,6,7-/1,2,3,5,6,7-hexachloro-
naphthalenes (HxCNs) are produced as a mixture
either by chlorination or by dechlorination reactions
[9-11]. Six PCDD isomer pairs, 1,2,4,6-/1,2,4,9-
tetrachlorodibenzo-p-dioxins  (TCDDs), 1,2,4,7-/
1,2,4,8-TCDDs, 1,2,4,6,7-/1,2,4,8,9-pentachloro-
dibenzo-p-dioxins (PnCDDs), 1,2,4,6,8-/1,2,4,7,9-
PnCDDs, 1,2,3,6,7,9-/1,2,3,6,8,9-hexachlorodiben-
zo-p-dioxins (HxCDDs) and 1,2,4,6,7,9-/1,2,4,6,8 9-

HxCDDs are also produced as mixtures during
synthesis from chlorocatechols and chloronitro-
benzenes [12,13]. These isomer pairs are particularly
hard to separate [9-11,14] and present in the en-
vironment as mixtures. It would be of interest to
examine how the separation of these isomer pairs are
affected by changes in stationary phases and mobile
phases, since variation of selectivity has been re-
ported for the separation of TCDD isomers in non-
polar solvents compared to reversed-phase mode [7].

Another area of intense interest that should be
achieved by HPLC is a class separation among
halogenated aromatic compounds which could be
employed as pretreatment of environmental or bio-
logical samples. In such chromatographic sample
preparation, the analytes could be extracted into a
non-polar solvent which then can be conveniently
concentrated and introduced into a GC-MS system.
The PYE stationary phase shows a preference toward
planar molecules [15] and has been employed for the
class separation of PCBs from other halogenated
compounds and additionally, between toxic, planar
and less toxic, non-planar PCBs [8,16-18]. PYE
provided higher efficiency in the class separation
than carbon packing materials that are more com-
monly applied {6,8,16-21], even though the reten-
tion of PCBs on PYE was relatively small and the
separations of planar non-ortho-substituted PCBs
from the other ortho-substituted ones was not com-
plete [6,16,18,19]. Some mono-ortho-substituted
PCBs account for more than 50% of the total effect
of halogenated aromatic hydrocarbons in terms of
toxic equivalency [22-24]. Thus the development of
a stationary phase which allows more complete
separation based on the planarity of solutes is
desirable [16-20,25].

In this study, two electron-acceptor-bonded, dipo-
lar stationary phases, NPE and NPO, an electron-
donor-bonded, dipolar phase, 3-(N-carbazolyl)
propylsilyl (CZP) and two electron-donor-bonded,
non-polar  phases, PYE and  5-coronenyl-
pentylsilyl (COP) silica particles were examined in
polar and non-polar eluents; (i) for the separation of
isomeric PCDDs and HxCNs coproduced during
synthesis and (ii) for the separation of non-ortho-
substituted and mono-ortho-substituted PCBs of high
toxicity from the other more prevalent PCBs.
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2. Experimental
2.1. Materials

2.1.1. Stationary phase

The alkyldimethylchlorosilane silylating agents
employed in the synthesis of bonded phases were
prepared from their corresponding alkenes by a
reaction with dimethylchlorosilane in the presence of
chloroplatinic acid catalyst. Surface modification of
silica particles was carried out as previously de-
scribed [26]. The NPE phase was prepared by the
nitration of 2-phenylethylsilylated silica particles
[27]. The structures of stationary phases are shown
in Fig. 1. All columns are 15 cmX4.6 mm 1D,
unless noted otherwise. A monomeric C,, phase
(C (1), Cosmosil 5C,4-MS), a polymeric C,; phase
(C,z(II), Cosmosil 5C5-AR), PYE (Cosmosil
5PYE) and NPE (Cosmosil SNPE) are commercially
available (Nacalai Tesque, Kyoto, Japan).

2.1.2. Chemicals

PCDDs were prepared at Centers for Disease
Control and Prevention as previously described [13].
The twelve pairs of isomers coproduced during their
synthesis were employed as samples in this study.
Thirty-three tetrachlorodibenzofuran (TCDF) iso-
mers out of the possible thirty-eight structures were
prepared at Daiichi College of Pharmacy {28]. The
chromatographic properties of all the TCDFs were
examined except 1,2,3,9-, 1,2,6,8-, 1,2,6,9-, 1,2,8,9-
and 2,3,7.,8-TCDF. A mixture of 1,2,3,4,6,7-/
1,2,3,5,6,7-HxCNs was prepared at Stockholm Uni-
versity [10]. PCBs were purchased commercially
(AccuStandard, New Haven, CT, USA). LC-grade
water, methanol, acetonitrile, hexane and isooctane
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Fig. 1. Structures of bonded phases.

were used. Sample concentrations were 0.5 mg/ml
{in toluene) in most cases, and less than 0.5 pl was
injected.

2.1.3. Instrumentation

Chromatographic separation was carried out at
CDC. A Beckman 126 pump and 168 detector with
NUVEAU software (Beckman, Fullerton, CA, USA)
and a Shimadzu LC-9A (Shimadzu, Kyoto, Japan)
system were employed for HPLC experiments with
detection at 254 nm. The columns were kept at 30°C
by using a water bath.

2.1.4. Safety

Special care should be taken when handling the
highly toxic substances. They should be handled in a
chemical hood in a well ventilated area with protec-
tive clothing. Solid materials and concentrated solu-
tions should be handled in a specially constructed
laboratory.

3. Results and discussion
3.1. Properties of stationary phases

Surface coverages and retention properties of the
stationary phases are shown in Table 1. The hydro-
phobic selectivity a(CH,) for each stationary phase
is expressed as the separation factor between toluene
and benzene in methanol-water (60:40, v/v) and
was found to be in the following order, C,g(1)>
COP>C,,(IIH>PYE>NE>CZP~NPE~PE>NPO.
The dipolar stationary phases were found to be less
hydrophobic than the non-polar stationary phases.
The selectivity of each stationary phase for solute
planarity, a(T/O), was examined by using triphenyl-
ene (T) and ortho-terphenyl (O), which have similar
hydrophobic properties, but a difference in planarity
[15,29,30]. The selectivities of the stationary phases
for solute planarity were also examined with planar
benz-(a)-pyrene (BaP) and non-planar tetraben-
zonaphthalene (TBN) [31] to show the selectivity
a(BaP/TBN). The a(TBN/BaP) values are also
listed in Table 1, because these values have been
used to describe the selectivities of various C g
phases [31]. The COP phase possessing large planar
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Table 1
Properties of electron-donor- and electron-acceptor-bonded silica packing materials
Stationary C Surface a(CH, ) a(T/0) a(BaP/TBN)"* a(TBN/BaP)"
phase (%) coverage

(mol/ mz)
C (D 18.3 3.2 1.96 1.92¢ 0.61 1.65
C, (1) 16.4 29 1.88 2.65¢ 0.82 1.22
PE* 11.5 3.4 1.60 1.21° 0.51 1.97
NE' 14.1 3.1 1.71 1.81° 0.50 1.99
PYE 18.4 3.0 1.83 3.50° 0.54 1.85
cor 220 2.6 1.91 5.86° 0.77 1.30
CzZp 13.2 2.0 1.62 2.96* 0.65 1.53
NPE 8.8 2.6 1.61 3.69¢ 0.63 1.59
NPO 10.5 2.9 1.57 4.34% 0.73 1.37

* k'(toluene)/k'(benzene) in 60% methanol.

® k'(triphenylene)/k'(ortho-terphenyl).

¢ BaP: benz[a]pyrene, TBN: tetrabenzonaphthalene.
¢ In methanol.

¢ 2-phenylethyldimethylsilyl bonded silica.

" 2-(1-naphthyl)ethyldimethylsilyl bonded silica.
#In 80% methanol.

aromatic moieties as well as polymeric C(1II)
showed clear preference toward planar solutes. NPE
and NPO also showed high selectivity due to the
favorable interaction between the electron-deficient
phenyl groups and a large, planar polynuclear aro-
matic hydrocarbon. Although the polymeric C,,
phase showed high selectivity based on the planarity
of solutes in methanol, the selectivity cannot be
utilized in non-polar solvents due to the lack of
retention, as shown later for the separation of PCB
congeners.

3.2. Selectivity for PCDD isomers

3.2.1. C,4(I) phase

Some PCDDs are produced as a mixture of two
isomers due to Smiles rearrangement during their
preparation from chlorocatechols and chloronit-
robenzenes [12,13]. We divided these isomer pairs
into two groups according to their chromatographic
behavior. The PCDDs in Table 2 (PCDDs in group
I) represent the PCDD isomer pairs which can be
easily separated with common stationary phases for
RPLC and GC, while the six pairs of PCDDs in
Table 3 (PCDDs in group II) represent the isomer
pairs that are particularly difficult to separate, even
by HRGC. Previously the isomers in these pairs have

only been separated by GC with a liquid crystal
stationary phase [14] or by RPLC with PYE or NPO
stationary phases [3]. The RPLC work has yielded
tentative peak identification for the isomer pairs
which is in general agreement with the identifications
that were based on spectroscopy [13,32], with some
contradictions in the case of 1,2.4,6-/1,2,4,9-TCDDs
and 1,2,4,7-/1,2,4,8-TCDDs [33]. Tables 2 and 3 list
the separation factors (&) for the PCDD isomer pairs
in the three solvent systems that were based on
methanol, acetonitrile and hexane.

The retention time for PCDDs in the reversed-
phase mode was found to increase with the higher
degree of chlorination. The PCDDs in group I were
easily separated with the monomeric C ,(I) phase
and polar mobile phases indicating a clear difference
in hydrophobic properties between the isomers in
each of these pairs (Table 2). It is interesting to note
that in the separations of these PCDD isomer pairs,
the minor isomer (smaller peak) was always eluted
first [3]. Relative peak size was then used for tracing
the elution order. During the preparation process,
more symmetrically substituted isomers are usually
produced to a greater extent than the less symmetri-
cally substituted isomers because of greater thermo-
dynamic stability with less steric congestions [34].
These more symmetric isomers therefore should
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Table 2
Effect of solvent and stationary phase structure on the separation factors for PCDD isomer pairs (group I)
Isomer pair aa:k!(PCDD-II/k’(PCDD-I[)
(PCDD-1/PCDD-II) C (D PYE (6(0)34 czp NPE NPO
Mobile phase”
1,6-/1,9-DCDD
Methanol 1.09 1.10 1.13 NS 0.80 0.76
Acetonitrile 1.07 1.08 1.28 NS NS NS(S)
Hexane - NS NS NS 0.67 0.61
1,2,6-/1.2,9-TrCDD
Methanol 1.08 1.14 1.10 1.07 0.75 0.67
Acetonitrile 1.06 1.15 1.14 1.07 0.93 0.89
Hexane - NS NS NS 0.65 0.58
1,2,6,7-/1,2.8,9-TCDD
Methanol 1.05 1.20 1.08 1.07 0.69 0.58
Acetonitrile 1.05 1.18 1.15 1.08 0.92 0.83
Hexane - 1.06 NS 0.78 0.63 0.56
1,3,6,8-/1,3,7,9-TCDD
Methanol 1.11 1.21 1.08 1.05 NS 0.96
Acetonitrile 1.05 1.28 1.13 NS NS NS(S)
Hexane - 0.96 NS 0.90 0.76 0.76
1,2,3,6,7-/1,2,3,8,9-PnCDD
Methanol 1.07 1.13 NS 1.07 0.83 0.74
Acetonitrile 1.06 i.16 1.07 1.08 0.95 0.88
Hexane - NS NS 0.95 0.71 0.65
1,2,3,6,7.8-/1,2,3,7,8,9-HxCDD
Methanol 1.08 1.09 NS 1.06 0.90 0.82
Acetonitrile 1.10 1.12 1.04 1.06 0.93 0.90
Hexane - 1.08 NS(S) 0.93 0.75 0.70

* Separation factor for the indicated pair; NS: not separated; NS(S) indicates a partial separation as a shoulder.

® Mobile phases are as follows when mixed solvents were used. C,,(I): 90% Methanol and 80% acetonitrile for all congeners.

PYE: Methanol for DCDD-TCDD, ethanol-CH,CI, (1:1, v/v) for PnCDD and HxCDD.

COP: Methanol for DCDD and TrCDD, ethanol-CH,Cl, (1:1, v/v) for TCDD-HxCDD, acetonitrile for DCDD-TCDD, acetonitrile—
CH,CI, (1:1, v/v) for PnCDD and HxCDD. Hexane for DCDD and TrCDD, hexane-CH,Cl, (1:1, v/v) for TCDD-HxCDD.

CZP: 90% Methanol for DCDD-TCDD, methanol for PnCDD and HxCDD, 80% acetonitrile for all congeners.

NPE: 80% Methanol for DCDD-TCDD, 90% methanol for PnCDD and HxCDD, 70% acetonitrile for all congeners.

NPO: 80% Methanol for DCDD-TCDD, 90% methanol for PnCDD and HxCDD, 70% acetonitrile for all congeners.

appear as larger UV peaks in the chromatographic
profile and should (as has been reported) have the
greater k' values on C , phase, reflecting the greater
hydrophobic surface area of the molecule [14,35,36].
The hydrophobic selectivity was not greatly affected
by changing the organic solvent in the RPLC mobile
phase from methanol to acetonitrile. The solutes
were not retained on the C,, phases in hexane. No
separation was achieved with the C,; phases (mono-
meric or polymeric) for any of the PCDDs in group
II regardless of mobile phase, indicating very little

difference in hydrophobic properties of each isomer
in these pairs.

3.2.2. PYE phase and COP phase

The PYE phase also showed greater retention for
the more symmetrically substituted PCDD isomers
with increased separation factors compared to those
on C 4(I) in reversed-phase mode. This is presumab-
ly due to the more favorable donor—acceptor interac-
tions provided by the electron-deficient aromatic
rings of these isomers and the favorable hydrophobic
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Table 3

Effect of solvent and stationary phase structure on selectivity for PCDDs (group II) and HxCNs

Isomer pair @ =k penp.yk’ pepp.r, &' last peak)

(PCDD-1/PCDD-II) PYE czp NPO NPO*

Mobile phase”

1,2,4,6-/1,2,4,9-TCDD

Methanol NS (17.6)
Acetonitrile NS (4.52)
Hexane NS (4.20)
1,2,4,7-/1,2,4,8-TCDD

Methanol 1.05 (16.5)
Acetonitrile NS (4.66)
Hexane NS (3.31)
1,2,4,6,7-/1,2,4,8,9-PnCDD

Methanol NS (2.51)
Acetonitrile NS (11.5)
Hexane NS(S) (10.2)
1,2,4,6,8-/1,2,4,7,9-PnCDD

Methanol NS (2.98)
Acetonitrile 1.03 (13.9)
Hexane 1.05 (10.7)
1,2,3,6,7,9-/1,2,3,6,8,9-HxCDD

Methanol NS (7.21)
Acetonitrile NS (39.1)
Hexane NS (29.4)
1,2.4,6,7,9-/1,2,4,6,8,9-HxCDD

Methanol 1.04 (7.61)
Acetonitrile 1.04 (39.0)
Hexane 1.06 (32.0)
1,2,3,4,6,7-/1,2,3,5,6,7-HXCN

Methanol -
Acetonitrile 0.95 (44.4)
Hexane 0.97 (10.8)

1.03 (9.81) 0.87 (11.4)

1.03 (3.52) 0.96 (4.17)

NS (1.44) 0.90 (0.65) 0.90 (1.19)
NS (9.24) 0.94 (10.2)

NS (3.68) NS (4.20)

NS (1.27) NS (0.46) NS (0.79)
NS (5.87) 0.87 (4.81)

NS (6.89) 0.94 (6.19)

NS (2.83) 0.91 (0.82) 0.90 (1.49)
NS (7.08) 0.94 (4.34)

1.02 (3.19) NS (6.09)

NS (2.37) NS(S) (0.50) 0.95 (0.86)
NS (14.6) 0.91 (6.50)

NS (16.5) 0.96 (8.99)

NS (5.09) 0.94 (0.74) 0.94 (1.32)
NS (19.8) 0.97 (6.17)

NS (19.0) NS (8.40)

NS (6.43) NS (0.67) NS (1.22)
1.07 (9.25) NS (4.60)

1.04 (12.7) NS (8.24)

1.03 (2.98) NS (0.32) NS (0.49)

" Separation factor for the indicated pair, according to the previous assignment [3,10]. NS: Not separated. NS(S) indicates a partial

separation as a shoulder.

® Mobile phases are as follows when mixed solvents were used. 30 ¢m column was used for NPO in hexane and isooctane.
PYE: Methanol for DCDD-TCDD, ethanol-CH,Cl, (1:1, v/v) for FnCDD and HxCDD.

CZP: 90% Methanol for DCDD-TCDD, methanol for PnCDD, HXxCDD and HxCN, 80% acetonitrile for all congeners.
NPO: 80% Methanol for DCDD-TCDD, 90% methanol for PnCDD, HxCDD and HXCN, 70% acetonitrile for all congeners.

© At 10°C in isooctane.

interactions due to the greater molecular surface
areas. The use of acetonitrile instead of methanol
resulted in little changes in the separation factors.
The separation of the PCDD isomers in group I that
have clearly different hydrophobic properties was
much poorer in hexane than in typical reversed-phase
mode. This, in part, is due to the lack of hydrophobic
selectivity in non-polar solvents which works to-
gether with donor—acceptor interactions in polar

solvents to favor the more symmetrically substituted
isomer [3,7]. The increased retention seen with
PCDD congeners with increased chlorine substitution
is understandable based on the increase in donor—
acceptor interactions. We do not currently understand
the elution order reversal for 1,3,6,8-/1,3,7,.9-TCDDs
in group I, or the loss of resolution for 1,2,4,7-/
1,2,4,8-TCDDs in group II with hexane (Table 3).
Interestingly, the separations of 1,2,4,6,8-/1,2.4,7,9-



K. Kimata et al. / J. Chromatogr. A 786 (1997) 237-248

PnCDDs and 1,2,4,6,7,9-/1,2,4,6,8,9-HxCDDs with
similar hydrophobic properties were notably better in
hexane than in the other solvents. The COP phase
showed similar retention characteristics as the PYE
phase, providing separation for 1,2,4,6,8-/1,2,4,7,9-
PnCDDs in hexane. The resolution was poorer on
COP than on the PYE phase because of the lower
column efficiency due to poor column packing and
possibly due to strong electronic interactions. PYE
can provide best separation in acetonitrile for the
PCDDs in group I, and in hexane or in methanol for
some isomer pairs in group IL

3.2.3. Nitrophenyl-type stationary phases

NPE and NPO eluted the major isomer (larger
peak) first followed by the smaller peak of the less
symmetrically substituted isomer for all the PCDD
isomer pairs in group I. The selectivity of the
nitrophenyl stationary phases can be explained by the
contribution of dipole—dipole interaction which over-
rides the contribution of hydrophobic interaction in
the reversed-phase mode [3,7]. The dipole—dipole
interaction is more favorable with the more dipolar
isomers which have the chlorine atoms closer to-
gether. Both NPE and NPO showed similar retention
properties for PCDDs, but NPO always gave the

a NPO/CH3a0H/H20(90/10)

b CZP/CH30OH/H20(90/10)
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better separation. This could be because the NPE
phase possesses a mixed stationary phase of ~70%
para- and ~30% ortho-nitro substitution [27], while
the NPO phase has only p-nitrophenoxy groups. The
use of acetonitrile in the mobile phase drastically
reduced the selectivity of both the NPE and NPO
phases for the separation of PCDD isomers. Dipolar
solvation of the stationary phase and the solutes with
the dipolar solvent molecules can explain these
results. Therefore alcohols should be used as an
organic solvent with dipolar stationary phases for
maximum selectivity in RPLC.

The k' values on NPE and NPO in hexane are
small but in a similar range for all the PCDDs from
dichlorodibenzo-p-dioxin (DCDD) to HxCDD. This
is in contrast to the results found in the RPLC mode
where an increase in k&' was observed with increasing
numbers of chlorine substituents. NPE and NPO
resulted in the greater separation factors, even with
the much smaller k£’ values, for the PCDDs in group
I with hexane compared to methanol, as shown in
Fig. 2 and Table 2. This can be explained by the lack
of contribution based on hydrophobic selectivity in
non-polar eluents. Hydrophobic interactions, which
should be more favorable for the more symmetrically
substituted isomers, work against dipolar selectivity

¢ PYE/C2HsOH/CH2CI2(50/50)

{min)

d NPO/Hexane

10
(min)

e CZP/Hexane

0
2 (min}

f PYE/Hexane

12367/1238%

0 5 10 0
(min)

3
3
| E\_

(min)

10
(min)

Fig. 2. Separation of 1,3,6,8-/1,3,7,9-TCDD and 1,2,3,6,7-/1,2,3,8,9-PnCDD. (a) NPO, column: 30 cmX4.6 mm I.D., mobile phase: 90%
methanol, flow-rate: 1 ml/min; (b) CZP, 15 cmX4.6 mm LD., 90% methanol, 2 ml/min; (¢) PYE, 15 cmX4.6 mm LD., ethanol-
dichloromethane (50:50, v/v), 1 ml/min, (d) NPO, hexane, 1 ml/min, (e¢) CZP, hexane, 1 ml/min, (f) PYE, hexane, 2 mi/min.
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in the reversed-phase mode [3,7]. The separation
factors for the PCDDs in group I on the nitrophenyl-
bonded stationary phases are in the order, hexane>
methanol >acetonitrile.

The correlation between log k' values and dipole
moments for the PCDDs is much better in hexane
than in methanol [7). Fig. 3 shows the plots between
the calculated dipole moments [34] and log &' values
of TCDDs, PnCDDs, HxCDDs and TCDFs obtained
with the NPO phase in methanol-water and in
hexane. In RPLC the k’ values are dependent on the
number of chlorine substitutions. The contribution of
the number of the chlorine atoms on k' seen in
RPLC, nearly disappeared in hexane, indicating both
the dominant contribution of the dipolar interactions
and the absence of hydrophobic interactions in non-
polar eluents. Greater slopes were obtained in hexane

0.5 1 Il | |

0 1 2 3 4
Dipole moment (D)

0 1 2 3 4
Dipole moment (D)

log k’
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and is more clearly seen with TCDFs, in spite of the
much smaller k£’ values in hexane. Deviations in the
plots of isomers having very small dipole moments
such as 1,2,6,7-TCDD and 1,2,3,6,7-PnCDD in Fig.
3 can be explained by the contribution of the local
dipoles to retention [7]. The TCDFs coproduced
during preparation (1,2,6,7-/2,3,6,7-, 1,2,7,9-/
1,3,7,8-, 1,6,7.8-/2,3,4,7-, 2,3,6,8-/1,2,6,8-, 1,3,4,9-/
1,3,4,7-, 1,2,4,9-/1,2,477-TCDFs) were easily sepa-
rated, whereas some peak overlapping has been
observed in GC [14].

Three PCDD isomer pairs of group II were
separated with NPO in hexane but with slightly
smaller separation factors than in methanol. This is
in contrast to the greater contribution of the dipolar
interactions seen with the PCDDs of group 1 in
hexane. The use of isooctane at 10°C provided ~70%
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Fig. 3. Plots of log k' values on the NPO phase against dipole moments {34] of PCDDs (a and c) and TCDFs (b and d) in methanol-water
(80% for TCDDs, 90% for PnCDDs and HxCDDs in (a) and 80% in (b)) and in hexane (c and d). B=TCDD, O=PnCDD, A=HxCDD,

®=TCDF.
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greater retention than in hexane at 30°C but with
similar separation factors. The hydrophobic inter-
action in a RPLC system seems to help the sepa-
ration of PCDD isomer pairs in group II possibly by
providing a tight association which leads to a greater
dipolar interaction between the solute and the
stationary phase, although the hydrophobic inter-
action itself does not show any preference for the
dioxin congeners of this group. The combination of
NPO and PYE phases can separate PCDD isomer
pairs in group II in hexane except for the 1,2,4,7-/
1,2,4,8-TCDD pair, which needed a methanol sys-
tem.

3.2.4. CZP stationary phase

The separation of PCDD isomers on CZP was
generally poorer than on the other donor—acceptor
phases. It is interesting to note that an elution order
reversal on CZP phase occurred between reversed
phase and normal phase mode (Fig. 2b and e and
Table 2). The CZP phase possesses dipolar property
due to the presence of a nitrogen in the five-mem-
bered ring (dipole moment of pyrrole, u=1.84 D
[37]), though much smaller than that of nitrobenzene
(u=4.22 D [37]). The hydrophobic property is also
smaller than that of C,; or PYE phase (Table 1).
Longer retention of the more symmetrically substi-
tuted isomer is expected if the hydrophobic inter-
action makes a dominant contribution, while dipolar
interaction can lead to the longer retention of the
more dipolar isomer. These two factors work against
each other on the CZP phase in RPLC mode. The
hydrophobic interaction seems to dominate, however,
since the less symmetrical PCDD isomer was eluted
first. A dominant contribution of the dipolar inter-
action resulted the reversed elution order in hexane,
which was similar to the separation with the NPO
phase but with much lower selectivity.

3.3. Separation of HxCN isomers

1,2,3,4,6,7-11,2,3,5,6,7-HxCNs are coproduced
during synthesis [9-11], and also known to be
difficult to separate. The partial separation of these
isomers was reported using PYE phase in hexane
[9-11]. C,5, NPE and NPO phases did not provide
separation in any mobile phase tested. We found that
the HXCNs could be separated by the electron-donor

bonded phases, more easily in polar solvents than in
hexane.

As shown in Table 3 and Fig. 4, the HXCNs were
separated on PYE and CZP with the opposite elution
order. The minor isomer (smaller peak) eluted first
followed by the larger peak of the major isomer on
PYE. The larger peak was assigned to be the more
symmetrical 1,2,3,5,6,7-HxCN [10,11] as with
PCDD isomer pairs. The contribution of donor—
acceptor type interactions and possibly hydrophobic
interaction provided the separation on PYE in polar
solvents. CZP phase provided separation presumably
based on the dipolar property according to the
elution order.

The results are of interest for the following

CZP/ CH,OH
I
I
AN
.
& 6 20 in)
PYE / CH:CN
I
I
[+] 10 20 30 40 {min)
PYE / Hexane
I
I
N A
0 10 20 30 40 (min) 50

Fig. 4. Separation of 1,2,3,4,6,7-HxCN (I1)/1,2,3,5,6,7-HxCN (II)
on (a) CZP (15 cmX4.6 mm 1.D.) in methanol (1.5 ml/min) and
(b) on PYE (15 cmX4.6 mm LD.) in acetonitrile (2 ml/min) and
(¢) on PYE (25 cmX4.6 mm L.D.) in hexane (1 ml/min).
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reasons; (1) the CZP phase, which was not very
selective for the PCDD isomers of group II, success-
fully separated the HxCNs while the NPO phase
failed (2) the more dipolar isomer was retained
longer and with a greater separation factor in re-
versed phase mode than in hexane on CZP phase in
spite of the possible contribution of hydrophobic
interactions which show the opposite preference. The
latter observation is similar to that seen with the
PCDD isomer pairs of group I on NPO phase where
the better separation factors were obtained in metha-
nol-water than in hexane. Hydrophobic interactions
seem to help the dipolar recognition and enhance the
separation in methanol for the isomers having little
difference in the hydrophobic properties, whereas
hydrophobic interaction reduces the selectivity based
on the dipolar interaction with the PCDD isomers of
group I which have a clear difference in hydrophobic
properties [3,7].

3.4. Separation of non-ortho-substituted and mono-
ortho-substituted PCBs of high toxicity from multi-
ortho-substituted PCBs

Group (class) separation among various chlori-
nated aromatic compounds is an important step in
environmental analysis. PYE phase has been em-
ployed for this purpose. Several authors have re-
ported the use of PYE for the isolation of one type of
chlorinated aromatic compounds and also non-ortho-
substituted and mono-ortho-substituted PCBs from
mixtures [8,16—18]. The retention on PYE phase in
non-polar mobile phase was not large enough, how-

ever, to completely separate non-ortho-substituted
and mono-ortho-substituted PCBs (which are of high
toxicity) from the others PCBs (of lower toxicity)
[6,16,18,19]. In order to examine the effect of the
aromatic ring size in the stationary phase on the
retention of PCBs in hexane, COP phase with its
larger aromatic system was examined. As shown in
Table 1, this stationary phase preferentially retained
planar compounds. NPE and NPO also showed high
selectivity based on solute planarity for PAHs in
reversed-phase mode, but showed small retention
and poor selectivity for PCBs in normal phase mode,
as shown in Table 4. Polymeric C (III) did not
provide significant retention for the PCBs in non-
polar solvents.

Table 4 shows the recognition of planarity for
planar and non-planar PCBs and Fig. 5 shows the
elution profile of non-ortho-substituted PCBs, 77,
126, 127 and 169, and mono-ortho-substituted PCBs
of high toxicity, 105, 118 and 157, which accounts
for considerable portions of the total dioxin-like
toxicity of halogenated aromatic compounds [22-
24], in hexane together with the elution profile of the
PCBs commonly found in human adipose tissues.
COP phase provided greater recognition based on
planarity of PCBs, and will make it possible to
fractionate the toxic PCBs at the tail of the other
PCBs more easily than with the PYE phase which
showed more overlap. Better column packing of
COP phase is expected to improve the peak shape. A
solvent gradient or a column back-flush will be
necessary, however, if TCDDs and TCDFs or higher
chlorinated PCDDs and PCDFs are to be collected

Table 4

Recognition of planarity of PCBs

Mobile a’(k’, last peak)

phase

solvent CZP PYE CopP NPO
77166 169/155 77766 169/155 77166 169/155 77166 169/155

n-Octane 1.8 - 2.2 20 2.8 60 1.4 4.5
0.51) - (1.16) (2.04) (1.91) 4.7) (0.81) (0.85)

Hexane 1.7 16 2.2 18 2.8 50 1.5 4.6
(0.68) (0.92) (1.45) (2.71) (2.59) (7.1) (0.94) (1.02)

Isooctane 1.8 14 2.3 20 3.1 69 1.5 4.7
(0.84) (1.13) (1.90) (3.53) (4.18) (1) (1.05) (1.09)

* Separation factor a=k'(planar PCB)/k’'(non-planar PCB). Structures of PCBs are as follows. No. 66: 2,3",4,4’-tetrachlorobiphenyl (TCB),
No. 77: 3,3’ ,4,4’-TCB, No. 155: 2,2',4,4',6,6'-hexachlorobiphenyl (HxCB) and No. 169: 3,3'.4,4' 5,5 -HxCB.
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Fig. 5. Elution profile of PCBs usually found in human adipose tissues (upper chromatogram; PCBs No. 22, 28, 30, 33, 37, 41, 44, 47, 49,
52. 56, 60, 66, 74, 87, 99, 101, 105, 110, 114, 118, 122, 130, 137, 138, 146, 151, 153, 154, 156, 157, 158, 167, 170, 172, 174, 177, 178, 180,
182, 183, 187, 189, 191, 193, 194, 195, 196, 197, 201, 203, 204, 206, 209 at equal concentrations) and PCBs of high toxicity (lower
chromatogram; non-ortho-substituted PCBs 77, 126, 127, 169 and mono-ortho-substituted PCBs 105, 108, 157) on (a) PYE and (b) COP in

hexane. The scale bars indicate 0.001 AU.

[8], since COP provides much longer retention for
PCDF and PCDD compared to PYE.

4. Summary

The combination of dipolar and non-polar bonded
phases is very effective for the separation of isomer
pairs of polychlorinated aromatic compounds with
close structural similarities. Isomer pairs of PCDDs
having significant differences in hydrophobic prop-
erties were most easily separated by NPO phase in
hexane and by PYE phase in acetonitrile, while those
with similar hydrophobic properties were better
separated on NPO phase in methanol-water or on
PYE phase in either hexane or methanol-water.
Hydrophobic selectivity seems to help dipolar recog-
nition for the dioxin isomers of group II and the

HxCNs with similar hydrophobic properties, whereas
hydrophobic selectivity works against the dipolar
selectivity for the dioxin isomers in group I with
clear difference in hydrophobic properties. Although
no single stationary phase was universally selective
for all isomer pairs which are produced as mixtures
during synthesis and are particularly difficult to
separate, all the isomer pairs of the PCDDs and
HxCNs tested in this study can be separated in
unmixed organic solvents by NPO/PYE and CZP/
PYE combination, respectively. COP phase, which
has a larger aromatic system than PYE phase,
provided the greater separation based on the planari-
ty of PCBs. Various donor—acceptor type stationary
phases are useful for providing separations which
would otherwise be very difficult to achieve. Isomer
separations are to be examined with dipolar and
non-polar stationary phases in polar (alcoholic) and
non-polar solvents to optimize conditions, while the
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dipolar stationary phases showed poor selectivity in
acetonitrile.
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