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Summary

Columns containing differ ent types of cyclodextrin derivatives have
beenevaluatedfor chiral gaschromatographic separation of atrop-
isomeric PCBs,0,0-DDT and o,g-DDD. Separationwasattempted on
columns containing mixed chiral selectors,and the performance of
two closely related selectorswas also examined. The cyclodextrins
were: permethylated$-CD (PM-B-CD), heptakis(2,3-di-O-methyl-6-
O-tert-butyldimethylsilyl)- B-CD  (2,3-M-6-TBDMS-$-CD), hepta-
kis(2,3-di-O-methyl-6-O-tert-hexyldimethylsilyl)--CD (2,3-M-6-
THDMS- $-CD), and heptakis(2,3-di-O-ethyl-6-O-tert-hexyldimethyl-
silyl)-B-cyclodextrin (2,3-E-6-THDMS-$-CD). The cyclodextrins were
dissolvedin OV-1701or in a dimethylsiloxane/silarylene copolymer
containing 5% phenyl in the backbone. The application of mixed
chiral selectorsled to impr oved separations,however; at mosteleven
PCB congenerswere separatedon a single column. Chiral resolution
of 0,0-DDD was achieved. The use of a dimethylsiloxane/silarylene
copolymerasa matrix for the cyclodextrinsis a promising approach.
With sucha matrix, blocking of the CD cavities by silicone substitu-
ent groups can be avoided, and a reasonableCD solubility can be
provided. The selectivity of heptakis(2,3-di-O-ethyl-6-O-tert-hexyldi-
methylsilyl)-g-CD and heptakis(2,3-di-O-methyl-6-O-tert-hexyldi-
methylsilyl)-B-CD wasquite differ ent, the former selectorcould sepa-
rate four congenerswhile the latter separatedten congeners.

1 Intr oduction

Polychlorirated biphenys (PCB) are extrenely persisent
andthey are found world-wide as environmental pollutants.
Becauseof their potentid healh effects they needto be
monitored The importarce and magnitudeof the field is
illustrated in recent reviews[1—-3]. There are 209 possible
PCB congenersandthe separatiorof all theseis not a trivial
task. It hasbeenpredictedthat 19 tri- or tetra-ortho substi-
tuted congenes have a suficiently high enegy barrier of
internal rotation about the sp-sp# C—C singe bond of
bipheny to existin two enaniomeric forms at physiologicd
temperaures[4]. Rotaional bariers of atropisomericPCB
congenes havebeenexamined5, 6], andthe therma stabi-
lity wasfoundto be enoughfor gaschromatograpic separa-

tion. The interestin chiral separatia of environmentalpol-

lutants is mainly becawse the determinaibn of enantiomer
ratios allows the differentiation betweenabiatic and biotic

degradabn of organicxenobidics[7]. The areahasrecerily

been reviewed[8, 9]. Similarly, o,0-DDT and o,d-DDD

have a restrictedrotation, and thus they may occu in two

forms]9].

A numler of different staticnary phaseshas beenusedto

separatethe different atropisaners. This is summaized for

PCBin Table 1 andfor DDT andDDD in Table 2. Vetterand
coworkers usedheptis(2,36-tri-O-tert-butyldimetylsilyl)-

B-cyclodextrin (TBDMS-B-CD), synhesized accoding to

Blum andAichholz [10], aschiral sdector. It wasconsiderd

that this phasewasindispersablefor enantiosedctive analy-

sisof chiral organochorines[11]. Howeve, a sevee problem
with this sdectoris thatit cannotbe synthegzedin arepralu-

cible mannef{12]. Further this type of modified CD is not

stable,the large numker of remainingunreactedOH groups

leadsto a slow degradtion resuting in lossof any selectv-

ity [12]. However in situ crossinking of the stationay phase
in the columnleadsto stabiization. In summay, the separa-
tion peformancewill vary from batchto batchandthe prop-

ertiesof the selectorarechargedduring storage.

It wasrecentlyshownthatthe chiral selecto 2,6-di-O-pentyl-
3-trifluoroacety-y-CD (2,6-P-3-TFA-y-CD) could paitly
separatel5 PCB congenes[17]. However it hasalso been
shown that this selectoris highly unsable. It was thus
demonstatedwith ®F-NMR analsis that the trifluoroacetyl
groupwashydrolyzed[32].

Examination of Tablel showsthat noneof the stableselec-
tors can separateall atropsomers.It seemshat it would be
possibleto sepaate a larger numbe of PCB atropisanersif
more than one selectorwas emgoyed. This can be accom
plishedin two ways, viz. by the useof columrs coupledin
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Table 1. Separationseportedn theliteratureof enantiomer®n differentselectorandcolumns.

Selectors PM-B-CD* Ch-Dexwith Chiraldexwith 2,3-M-6-THDMS$-CD*  2,3-M-6-TBDMS$-CD° 2,3,6-TBDMS$-CD?
2,3,6-M$-CD? PM--CD?
Analyte Ref. Rs Ref. Rs Ref. Rs Ref. Rs Ref. Rs Ref. Rs
PCB45 [20] bl [19,17] 1.8
PCB84 [13] [17] 0.7 [17] 1.2 [20] [21] [24] bl
[14] 0.7 6] 1.12
[19] 0.79
PCB88
PCB91 [13] abl [17] 0.9 [19] 1.1 [20] bl [19] 2.02
[14] 0.9 [17] 1.4
PCB95 [13,15] abl [17] 1.3 [19] 1.25 [20] bl [19] 2.02 [40] bl
[14] 1.25 [17] 1.4
PCB131 [17] 0.6 [20] abl [20]
PCB132 [13.15] bl [17] 15 [17] 1.1 [19] 1.2(bl) [24] bl
[14] 15 6] 1.81
[19] 2.85
PCB135 [14] 0.8 [17] 0.8 [17] 1.2
[6] 0.97
PCB136 [13] abl [17] 0.8 [17] 0.91 [20] bl [19] 2.18
[14,16] 0.8 [6] 1.16 [17] 1
[19] 1
PCB139
PCB144 [17] 0.5 [24] ps
PCB149 [13,15] abl [17] 1.3 6] 1.65 [20] [22,23] 0.9 [24] ps
[14] 1.25 [19] 1.47 [19] 1.03
[17] 0.6
PCB171 [21] [24] hh
PCB174 [14] 0.8 [17] 0.8 [17] 1.3 [20] abl [19] 158 [24] hh
6] 0.86
PCB175 [17] 05 [20] hh [19] 1
PCB176 [14] 0.8 [17] 0.8 [17] 0.6 [20] abl [19] 1.99
[6] 0.85 [17] 0.6
[19] 0.92
PCB183 [20] abl [19] 0.81 [24] abl
[21]
PCB196
PCB197
Selectors Chiraldex 2,6-M-3-P$-CD? 2,6-M-3-P$-CD° Chiraldex Chiraldex Chiraldex 2,3-M-6-TBB-CD°
2,6-P-3-TRA-y-CD’ 2,3-M-B-CD® 2-HPMEB-CD" HPPMTFA-y-CD®
Analyte Ref. Rs Ref. Rs Ref. Rs Ref. Rs Ref. Rs Ref. Rs Ref. Rs
PCB45  [17] 1.1 [28.20] abl [17] 1.7
PCB84  [17] 0.8
PCB88  [17] 1.2 [20]
PCB91  [17] 07 [20] bl [17] 1.9
PCB95  [17] 0.4 [28.20] abl [17] 1.9
PCB131  [17] 1 [17] 0.6 [17] 05
PCB132 [17] 0.8 [20] [17] 0.7 [31] 1.2
PCB135 [17] 0.7 [20]
PCB136 [20] bl [17] 1.4 [17] 0.6 [17] 1
PCB139 [17] 1 [28.20] abl
PCB144
PCB149 [17] 1 [17] 1 [17] 0.4 [31] 0.9
PCB171  [17] 1
PCB174 [17] 07
PCB175  [17] 0.4 [17] 0.5
PCB176 [17] 0.9 [17] 1.2
PCB183 [17] 0.6 [17] 0.8
PCB196  [17] 0.7 [17] 0.4
PCB197 [17] 0.7

Rs= enantiomeriaesolution;abl = almostbaselinepl = baselinehh = half height;ps= partly separated
Heptakis(2,3,6-trio-methyl)-cyclodextrin.

Chirasil-Dexwith immobilizedpermethyl2,3,6-tri-O-methyl{f3-cyclodextrin.
Chiraldexwith heptakis(2,3,6-tri©-methyl){3-cyclodextrin.
Heptakis(2,3-di©-methyl-6-O-tert-hexyldimethylsiyl)- 3-cyclodextrin.
Heptakis(2,3-di©-methyl-6-O-tert-butyldimethylsily)-p-cyclodextrin.
Heptakis(2,3,6-trio-tert-butyldimethylsilyl)f3-cyclodextrin

Chiraldexwith 2,6-di-O-pentyl-3-trifluoroacetl-y-cyclodextrin.
Heptakis(2,6-di©-methyl-3-O-pentyl)$-cyclodextrin.
Octakis(2,6-di©-methyl-3-O-pentyl)-y-cyclodextrin.

Chiraldexwith 2,3-di-O-methyl-cyclodextrin.

Chiraldexwith (S)-2-hydroxypropyl-methygtherf3-cyclodextrin.
Chiraldexwith hydroxypropyl-permethytifluoroacetyl«-cyclodextrin.
Heptakis(2,3-di©-methyl-6-O-tert-butyl)-B-cyclodextrin.
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Table 2. Separationseportedn theliteratureof enantiomer®n differentselectorandcolumns.

Selectors 2,3-M-6-TBDMS$-CD!  2,3,6-TBDMS$-CD? 2,6-M-3-P$-CD® 2,3,6-Ey-CD* Ch-Dexwith PM-3-CD°
Analyte Ref. Rs Ref. Rs Ref. Rs Ref. Rs Ref. Rs
o,0-DDT [21] bl [26] 15-1.6 [28] abl [30] 12 [18] 0.5
[27] 2.8
o,p-DDD [27] 1.4 [28] ps [30] 1.14 [18] 0.6
Rs= enantiomeriagesolution;bl = baselineabl = almostbaselineps= partly separated.
1 Heptakis(2,3-di©-methyl-6-O-tert-butyldimethylsilyl)$-cyclodextrin.
2 Heptakis(2,3,6-trio-tert-butyldimethylsilyl)$-cyclodextrin.
3 Chiraldexwith 2,6-di-O-pentyl-3-trifluoroacetyly-cyclodextrin.
4 Octakis(2,3,6-tri©-ethyl)-y-cyclodextrin.
5 Chirasil-Dex,heptakis(2,3,6-tri@-methyl)f-cyclodextrin.
Table 3. List of columns.
Column Columnlength Siliconematrix Film thickness HETP Numberof PCBs
andi.d. separated
B: PM-B-CD and2,3-M-6-TBDMS- 15m, 0.32mm OV-1701 0.25pum 0.39mm 9
B-CD 25:25% (w/w)
C: PM-3-CD and2,3-M-6-TBDMS- 15m,0.25mm OV-1701 0.25pm 0.31mm 9
B-CD 10:40% (w/w)
D: PM-B-CD and2,3-M-6-THDMS- 15m,0.25mm OV-1701 0.25um 0.71mm 11
B-CD 10: 40% (w/w)
H: 2,3-E-6-THDMS$-CD 11 m,0.25mm Sila 0.15pm 0.78mm 4
30% (w/ww)
I: PM-B-CD and 2,3-M-6-TBDMS$- 11 m,0.25mm Sila 0.15um 0.44mm 8
CD 10:40% (w/w)
J:2,3-M-6-THDMS$-CD 11 m, 0.25mm Sila 0.15um 0.50mm 10

30% (w/w)

Sila, dimethylsiloxane/silaryleneopolymercontaining5% phenylin the backbone.

seriesor by the useof a column having mixed selectes. A
presuppoision for succeshul resultsis, of course thatthe dif-
ferentselectas actin the samedirection, i. e. they shoud not
counterat eachothe. Coupling columnsin seriesis a quite
simpleapproach.The advantagsof suchcoupling in connec-
tion with separatio of chlorinatedpestcideswere recernly
discussedy Bayan-Kelle andOehme[33]. In coupledcol-
umns,the chromatographigropeaties arethe simpleaddition
of the propertes of the pure statilmary phasesin columns
coatedwith mixed phasessynegistic or antagyonistic effects
may occu [34—-36]. Theseeffectsarethe simultareousinter-
action betweentwo types of host molecules and a solute
molecuk. BuserandMdiller preparecdchiral columrs by mix-
ing different chiral selector437]. However they were not
able to achiewe enarioselectivty on the mixed phasesfor
analytesthat were resolvedon the eachof the phasedn the
mixture when usedsepartely. On the other hand, Nie and
coworkers[38] showed that enartioseparéion wasimproved
significantly for somecompoundswhen using capilary col-
umns contaning mixtures of modified cyclodextrins The
aim of the presentwork wasto evalwate the performanceof
mixed chiral selectos with regard to possille synegistic
effectsandthe total numberof PCBs that could be sepaated

onasinglecolumn.In addtion, the perfamanceof two types
of modified CDswascompared.

2 Experimental

2.1 RefeenceCompounds

The 19 stableatropsomersof PCB ando,d-DDD were kindly

providedby P. Haglurd (Institute of Envirormental Chemis-
try, UmeaUniversity, Ume3 Sweden)Originally PCB45,84,
91,95,131, 132,135,136, 174,175,176, 196,and197 came
from Accustandard(New Haven, CT, USA), PCB 88 from

Ultra Scientific (North Kingstown RI, USA), PCB 149 from

CambrdgelsotopelLaboratories (Andover MA, USA), PCBs
144,177, and 183 from Institute of Applied Environrmental
Chemisty (Stockholm University, Stocklolm, Sweda). The
stock soluion of PCB 139 was diluted in cyclohexane.The
otherPCBsando,g-DDD were dilutedin isocctane Standard
solutionconcentationswere 100 pgiuL for PCBsand94.5pg/
uL for o,p’-DDD. A standardsolution of o,d-DDT, 100 pgiuL,

was prepaed from solid o,d-DDT, Riecel-de Haén (Seelze,
Germaly), using isooctaneassolvent.
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Figure 1. Gaschromatogram(ECD) of a mixture of PCB congenersColumn: fusedsilica 15m x 0.25mm i. d. coatedwith a
mixture of permethylated3-CD and heptakis(2,3-di©-methyl-6-O-tert-butyldimethylsilyl)$-CD and a home made silicone
phaseOV-1701,10:40: 50% (w/w/w), di = 0.25um (ColumnC). Conditions:splitlessinjection at 130°C,isothermafor 1 min,
thentemperaturgorogrammedat 0.05°/min to 180°C. Carriergas:H; at 40 cm/s.PeaksPCB# 45, 95,91, 136,149,131,176,

175,and174.

2.2 GasChromatogaphy

Separatios were performedon anHP6&0 (Hewlett Packad,
Wilmington, USA) gas chromatograp equippedwith an
auto-sarpler, HP 7673 (Hewlett Packad). A split/spitless
injectorwasused(200°C in method 3:8 and3:10,250°C in
the othermethods) A micro-cell electran captue detector, -
ECD, G2397A (Hewlett Packardl was used.Detectortem-
peraturesvere 250°C in method3:8 and3:10, 300°C in the
othermethods.The systemwas controlled by Hewlett Pack-
ard Chemstatio softwae. The temperatue programsare
givenin Table4 andin the Figurelegends. Modified cyclo-
dextrins were synthewwed under contolled condiions
accordirg to Ref. 25. The CDs were purified by meansof
liquid chromatograpy andrecrystalized twice. The purity of
the cyclodextrinswas >99% as contolled by *H-NMR, **C-
NMR, and MALD I/MS. Fusedsilica capillaries were from
Polymicro Techmology (Phaenix, AZ). Silicones OV-1701,
and a dimettylsiloxane/silanfene copolymercontining 5%
phenylin the backbor [39] were synthesisedin house Six
columnswere used;column propertesare givenin Table 3.
Hydrogenwas usedas carriergaswith differentlinearvelo-
city in the different method that were used.The electronic
pressurecontrd (EPC) was opeaated in the corstant flow
mode. The u-ECD detedor was operatedwith nitrogen as
makeupgaswith a constantflow of 60 mL/min. Injection of
1 uL aliguotsof the standardsolutionsweremadein the split-
lessmode (2 min splitlesg and the temperatue of the oven
wasthenprogrammed

3 Resultsand Discusson

3.1 Effectsof Mixing DifferentCD-Sekctors
Heptakig2,3,6-tri - O-tert-butyldimetylsilyl)- B-cyclodextrin
(TBDMS-B-CD), preparel accordirg to Ref. 10, is a mixture

of anumbe of isomers.The problemis, asmenticmedabove,
thatthe phaseis not synthe&zed undercontrolledcondiions

andcanthereforenotbereproduced Thus,differentbatchesof
theselectos mayhavedifferentcomposiions,leadngto differ-
ent chromatogaphic selectivities. For example,the elution
order of a-HCH enantiomes was inverseon sone different
batche of the sdector[11, 40]. It was suggestd that one
groupof thesynthesisproduds of TBDMS-B-CD elutes(+)-a-
HCH in front of (-)-a-HCH andonegroup elutesthe (-)-a-
HCH first. Theratio of the two groupsdetermineghe overall
elution orderof a-HCH ontherespective TBDMS-3-CD col-
umn.Both groupspaittly canceleachother andthis maybethe
explanaton of the poa enariomeric resoluton of a-HCH
observedn somebatcheof TBDMS-B-CD [40]. This expla-
nation suggest that selectvity is due to the addition of the
properties of the different selectorspresentin the mixture.
However therelatively high numker of chiral PCBcongenes
chirally separatedon somebatchesof TBDMS--CD suggests
the presenceof synegistic effects. An attemg was madeto
improvethereproducibility andperformanceof heptkis(2,3-
di- O-methyl- 6-O-tert- butyldimethylsilyl) - f- cyclodextin
(2,3-M-6-TBDM S-CD) by “purification” [41], butthechro-
matograpit sepaationwas,in gereral, inferior ascompared
to the resultsobtainedwith the unpuified selector Purifica-
tion maythusleadto improvedsdectivity in somecasewhile
selectivity will be impairedin other cags. Major batchto-
batch variations were also repoted for octaks(2,36-tri-O-
ethyl)-y-cyclodextrin[30, 42]. In our opinion, it is of funda-
mental importarce that the selectas can be preparedin a
reproducble way andthattheyaresuficiently stable.

The resdutions of the chiral PCBs obtainedon four different
columrs are summaized in Table4. Elevenout of nineteen
examinedPCBs could be resdved on column D. Separabn
on columnC is shownin Figure 1, on columnJin Figure 2,
andon columnD in Figure 3. In two casesPCB 196, Fig-
ure 4, ando,p-DDD, Figure 5, separéion hasbeenachieved
on CD-mixtures where separation has not been reported
beforeon any of the two CDsin the mixture alone.It should
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Figure 2. Gaschromatogram(ECD) of PCB congenersColumn:fusedsilica 11 mx 0.25mm |. D. coatedwith heptakis(2,3-dio-
methyl-6-O-tert-hexyldimethylsilyl)$-CD, 30% (w) in a dimethylsiloxane/silaryleneopolymercontaining5% phenylin the back-
bone,d:= 0.15um (ColumnJ). Conditions:splitlessinjection at 130°C, isothermalfor 1 min, thentemperaturggrogrammedht 0.1°/
min to 180°C. Carriergas:H, at 50 cm/s.PeaksPCB# 45,91, 95,and136.
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Figure 3. Gaschromatogram(ECD) of PCB congenersColumn: fusedsilica 15m x 0.25mm |. D. coatedwith a mixture of per
methylatedp-CD, heptakis(2,3-d®-methyl-6-O-tert-hexyldimethylsilyl)f§-CD and a homemadesilicone phaseof OV-1701type,
10:40: 50% (w/wi/w), di= 0.25um (columnD). Conditions:splitlessinjectionat 130°C, isothermalfor 1 min, thentemperaturgro-

grammedat 0.05°/min to 180°C. Carriergas:H,at40 cm/s.PeaksPCB# 95,91, 149,and176.

be noted, however that compari®nswith literaturedatamust
be mack with caufon. This is becawse,in gereral, commer

cially available modified CDs conskt of mixtures and the

compositon of a patticular batchmay strongly influencethe

selectivity Moreower, other researches may not have tried

suchslow temperatue progranming asapgdied here.Separa-
tion of PCB 196 by meansof GC was recently demon-
strated17], andthis congenethasearier beenseparatedn

HPLC[43]. Further, it is worth noting that the selectivity of

bondedanddissolvedCDs differs[44, 45]. Here bondedCDs
meansthe casewhen CD moieties are bondedas subsituent
groupsto thesiliconebackbonelt wasrecentlydenonstrated
that Chirasil-Dex (chemicdly bonded PM-B-CD) provided
separatiorof a numbe of atropsomericPCBswhile a corre-
spondingpolymerdissolvedselecto did not [45].

Column C containsthe sameselectorsas column B, PM-§3-
CD and 2,3-M-6-TBDMS-B-CD. However, in C the cortent
of 2,3-M-6TBDMS-B-CD has beenincreasd to 40% and
PM-B-CD hasbeendecrease to 10%. On this column the
resolutbns were higher or aboutequal as comparedto col-
umn B, this indicatesthat 2,3-M-6-TBDMS-B-CD is more
powerful for the presentapplicaton than the polymer dis-
solved PM-B-CD, but PCB 132 is an excepion from this,
Table4.

In the caseswhen resdution was achiewed, the resolutons
were higher or as high on the mixed phasesas repoted for
single selectorsin earlier work. The theaetical plate height
(H) wascalcultedfor PCB95at 130°C, Table 3. The highest
efficiencies were found for columns B, C, and |, while col-
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Figure 4. Gaschromatogram(ECD) of PCB # 196. Column: fusedsilica 15 m x 0.25mm i. d. coatedwith a mixture of per
methylatedB-CD, heptakis(2,3-di®-methyl-6-O-tert-hexyldimethylsilyl)f§-CD and a home made silicone phaseOV-1701,
10:40: 50% (w/w/w), dr = 0.25um (ColumnD). Conditions:splitlessinjectionat 130°C, isothermalfor 1 min, thentemperature
programmedat 0.05°/min to 160°C. Carriergas:H, at55cm/s.

Table 4. Enantiomeriaresolutionsachievedon columnsB (PM-3-CD and2,3-M-6-TBDMS{-CD, 25/25%,0V-1701,50%),C (PM-3-CD and2,3-M-
6-TBDMS-3-CD, 10/40%, OV-1701, 50%), D (PM-B-CD and 2,3-M-6-THDMS$-CD, 10/40%, OV-1701, 50%) and | (PM-B-CD and 2,3-M-6-
TBDMS-B-CD, 10/40%,dimethylsiloxane/silaryleneopolymercontaining5% phenylin the backbone).

ColumnB ColumnC ColumnD Columnl
Analyte Method Rs tR Method Rs tR Method Rs tR Method Rs tR
PCB45 5:2 15 74.9 04:11 1.8 83.0 04:18 14 43.7 04:22 0.8 34.3
PCB84
PCB88
PCB91 5:2 0.7 143.0 04:11 1.3 159 04:15 11 153 04:22 0.6 4.7
PCB95 5:2 1.9 130.2 04:11 2.4 146 04:15 17 134 04:22 14 66.9
PCB131 5:2 0.7 216.5 04:11 0.8 237 04:13 0.7 162 04:22 0.6 130
PCB132 5:2 0.7 260.6
PCB135
PCB136 5:2 1.8 175.6 04:11 2.0 194 04:15 1.7 187 04:22 14 96.6
PCB139
PCB144
PCB149 5:2 1.3 208.9 04:11 14 229 04:15 0.9 248 04:22 1.0 123
PCB171
PCB174 04:17 0.5 340 04:13 0.6 260
PCB175 5:2 0.5 273.1 04:11 0.6 297 04:15 0.7 352
PCB176 5:2 13 242.6 04:11 14 264 04:15 1.2 292 04:22 1.0 153
PCB183 04:18 0.7 280
PCB196 04:18 0.6 460
PCB197
0,p-DDT
o,0-DDD 5:2 0.7 215.8 03:10 0.9 347 03:08 0.7 263 04:22 0.6 115

Method 3:8 = 70°C 2 min, 1.0°/min to 140°C, 140°C in 400 min. He 36 cm/s; method 3: 10 = 70°C 2 min, 1.0°/min to 140°C, 140°C in 400 min.
H, 35 cm/s;method 4: 11 = 130°C 1 min, 0.1°/min to 180°C. H, 40 cm/s;method 4: 12 = 130°C 1 min, 0.08°/min to 180°C. H, 40 cm/s; method
4:13=130°C 1 min, 0.1°/min to 180°C. H, 55 cm/s;method 4: 15 = 130°C 1 min, 0.05°/min to 180°C. H, 40 cm/s;method 4: 16 = 130°C 1 min,
0.05°/min to 180°C. H, 55 cm/s;method 4 :17 = 130°C 1 min, 0.08°/min to 180°C. H, 55 cm/s;method 4: 18 = 130°C 1 min, 0.05°/min to 180°C.
H, 65 cm/s;method 5: 2 = 130°C 1 min, 0.1°/min to 180°C. H, 38 cm/s;method 5: 3 = 130°C 1 min, 0.05°/min to 180°C. H, 38 cm/s.
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Figure 5. GaschromatogranfECD) of 0,d-DDD. Column:fusedsilica 15 m x 0.25mmi. d. coatedwith a mixture of permethylated-
B-CD, heptakis(2,3-d@-methyl-6-O-tert-butyldimethylsilyl)-CD and a home madesilicone phaseOV-1701, 10:40:50% (w/w/
w), di=0.25um (ColumnC). Conditions:splitlessinjection at 70°C, isothermalfor 2 min, thentemperatureorogrammedat 1.0°/
min to 140°C. 140°C washeldfor 400min. Carriergas:H, at35cm/s.

umnsD andH were lessefficient. Differencesn plateheights
may be due to slow interactbn kinetics or insuficient CD
solubility in the silicone matrix, se2 below.

Our intention was to be able to separatea broade range of
chiral PCBsby the apgdication of mixturesof selectas. Col-
umn D offers an exanple of the approach Here sdectors
PM-B-CD and hept&kis(2,3-di-O-methyl-6-O-tert-hexyldi-
methylslyl)- B-CD are combired, and this facilitates the
separationof PCBs 45, 131, 132, 175, and 183 on a single
column, Table3. Possibly PM-B-CD separéed PCB 132
while PCBs45,131,175,and 183 wereseparatedby the inter-
actionwith the other selecta.

3.2 Influenceof Elution Temperatue and StationaryPhase
Matrix onthe Resoltion

In gereral,chiral selectvity in GCis improved astheelution
temperéure is deceased16]. This hasbeendenonstratedn
practice,cf. Refs.19and29. As it is known, elutiontempera-
ture is affectedby a numberof factors.For example type of
silicone and concentation of selectormay influence elution
temperdure aswell asseparatia efficiency [19]. In general,
non-polar statimary phases retain analytesless than more
polar phases.Thus non-polarphase lead to lower elution
tempergures.However it shodd be notedthat the solubility
of modified cyclodextrinsdeceasessthe polarity of the sili-
conematix deceasesln orderto avoid precipitation of the
CDs, the concentation of a polar chiral selectos hasto be
lower whenusing non-polarstationay phasesascompaedto
more polar phasesTypically, select@ predpitation leadsto
decresedplate numbers.The systemusedin column | was
examinedin a testtube. Crystalsof CD coud be observel,
but thesedisappeagd at temperaturesabovel20°C. It seems
that selectw solubility putsa limitation to the applicaton of
non-polarmatrixes atleastfor more polar CDs.

The advantag of more polar matrixesis that they provide a
better solubility of the chiral sdector. A high solubility is
desirablebecausdhe separatio powercanbe stronglyinflu-

encedby the conentrationof the CD. For exanple, Bicchi et
al. [46] haveshown that enanioselectivty canincreasewith

increaseof the contentof chiral selectw in the column How-
ever we must be careful what type of polar silicone we
chooseln casesvhenthe siliconehassubstituenhgroupsthat
fit into the CD cavity, thesegroupsmay enterthe CD cavity

and this therely becomesblocked.With suchblocked CDs,
chiral interacton is lesslikely [47]. Buda et al. [48] main-
tained that, using OV-1701 as matrix, the presenceof an
achiral componentin the stationay phasereduceshe effec-
tivenessof cyclodextrinanalyte interactions. On the other
hand,it hasbeenshown that phenyl containing polysiloxane
matrixes suchas OV-35 can provide excellentseparationsof
polychlorinated compounds[42]. It may then be specuated
thatit is the cyaropropyl substiuentgroup of OV-1701that
canblock CD-cauvities. For the sepaation of relatively vola-
tile compounds,it has beenrepoted that enanioselectivty

achiewed in apolar matrixes usualy are higher than those
obtainedwith increase CD contentin more polar polysilox-

aneg49-51]. In the presentwork, we attempedto avad CD
blocking by the applicatbn of a matrix having only metyl

substituengrous. Further, in orderto provide improvedCD
solubility, ascompaed to a pure methyl silicone, we useda
siloxanesilarylere copolymerhaving 5% phenylin the back-
boneasthe matrix. Howe\er, it seemghata somewhahigher
phenyl content would have beenbendicial sincethatwould
haveled to improvedsolubility of the CD moieties,for exam

plein columnl.

Of couse,long analysistimes, e.g. asreportedherefor col-
umn C, are not suitablein practice, and in an attemptto
decreaetheanalysistimes column | wasprepaed. This col-
umn contans the sameselectorascolumnC, but the statin-



Table 5. Enantiomeriaesolutionon columnH andJ andliteraturedata(from reference20).

ColumnH: ColumnJ: 2,3-M-6-THDMS-
2,3-E-6-THDMSB-CD! 2,3-M-6-THDMS$-CD? B-CD?
Analyte t Rs T, (°C) tn Rs T, (°C) Rs
PCB45 34.8 - 133.4 30.3 1.35 132.9 bl
PCB84 78.9 0.49 137.8 74.3 - 137.3 ?
PCB88 65.7 - 136.5 58.0 - 135.7
PCB91 73.3 - 137.2 68.3 1.64 136.7 bl
PCB95 67.8 - 136.7 60.9 1.34 136.0 bl
PCB131 134.7 - 143.4 122.4 0.66 142.1 abl
PCB132 152.7 1.03 145.2 150.4 - 144.9
PCB135 117.9 0.69 141.7 111.5 - 141.1
PCB136 99.0 - 139.8 86.3 1.41 138.5 bl
PCB139
PCB144 120.3 - 141.9 112.1 - 141.1
PCB149 127.6 - 142.7 118.1 0.63 141.7 ?
PCB171 229.2 - 152.8 216.3 - 151.5
PCB174 217.2 1.10 151.6 *274.5 0.97 143.7 abl
PCB175 188.4 - 148.7 *224.6 0.52 141.2 hh
PCB176 160.0 - 145.9 142.7 0.86 144.2 abl
PCB183 200.0 - 149.9 *245.9 0.54 142.2 abl
PCB196 305.4 - 160.4 293.0 - 159.2
PCB197 234.7 - 153.4 213.3 - 151.2
o,0-DDT
o,0-DDD 117.4 - 141.6 104.7 0.48 140.4

abl= almostbaselinepl = baselinehh = half height;? = separatedbut no datagiven.

1 heptakis(2,3-dio-ethyl-6-O-tert-hexyldimethylsilyl)f3-cyclodextrin.

2 heptakis(2,3-di@-methyl-6-O-tert-hexyldimethylsilyl) -cyclodextrin.

Methodusedfor columnH andJ: 50 cm/s,1.3mL/min. 130°C, 0.1°/min. *Rate= 0.05°/min.

ary phasefilm is thinne, 0.15um, the matrix is a relatively
non-polarsiliconeandcolumnlengh is shorte, 11 m. All the
changesortribute to shortenretention times. The resultsare
givenin Table4. Columnl givesconsideably shorte reten-
tion timesthancolumnC. For example PCB 136 waseluted
after 194 min on columnC but only 97 min wererecquiredon
columnl. For column|, condiions were selectedto shorten
separationtimes and resoluton can not be directly com-
pared.

3.3 Comparsonof Two Closel Rdated Selecbrs

Two closel relatedselectorsveresynthegzed andevalwated
for chiral PCB separation.The selecbrs were, heptkis(2,3-
di-O-methyl-6-O-tert-hexyldimethylsiyl)- B-CD  (2,3-M-6-
THDMS-B-CD) and hepakis(2,3-diO-ethyl-6-O-tert-hexyl-
dimethylsilyl)-B-CD (2,3-E6-THDMS--CD). The resllts of
the evaluation are presentedn Table 5. Seled¢or 2,3-M-6-
THDMS-B-CD separatedhe samePCBs asearlierpublished
by Kénig and coworkers[20] with one excegiion, PCB 84
that could not be resolvedhere. Charging the methyl group
of the sdector to ethyl resuted in drasticaly chargedselec-
tivity. Now PCBs 84, 132,and135thatwerenot separaten
2,3-M-6-THDMS-B-CD were separated.The PCB 174 was

separatedn both selectwos, but the othe PCBssepaatedon
2,3-M-6-THDMS-B-CD could not be separaten 2,3-E-6-
THDMS-3-CD.
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