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POLARITY OF OLIGOOXYETHYLENE DERIVATIVES OF ALCOHOLS,
THIO ALCOHOLS AND ALKYLAMINES AS MEASURED BY GAS
CHROMATOGRAPHY

ADAM VOELKEL

Technical University ofPoznan, Institute ojChemical Technology and Engineering, PI.M. Sklodowskiej-Curie
2, 60-965 Poznan (Poland)

(Received April 19th, 1988)

SUMMARY

The polarities of oligooxyethylene derivatives of alcohols, thio alcohols and
alkylamines were determined by gas chromatography. Relationships between empiri
cal, thermodynamic and dispersive force polarity parameters are discussed. The
influence of the structures of the compounds [lengths of oligooxyethylene and
hydrocarbon chains, heteroatom linked to the alkyl group(s), distribution of carbon
atoms in alkyl chains and the type of the group terminating the molecule] was
examined. The average structural increments of the considered parameters for
characteristic structural fragments were calculated and used in the prediction of the
polarities of compounds from their formulae.

INTRODUCTION

The polarity of pure model non-ionic compounds exhibiting surface activity and
used as surfactants and metal extractants has been extensively examined 1-1 0.

Oligooxyethylene derivatives of alcohols, thio alcohols and alkylamines have been
used as liquid stationary phases in polarity measurements 1. Their retention indices and
thermodynamic parameters in solution on different standard stationary phases have
also been reported11,12.

The aim of this work was to determine the polarities of a large number of
oligooxyethylene derivatives of alcohols, thio alcohols and alkylamines and to
correlate these polarities with their structures. Relationships between the empirical,
thermodynamic and dispersive force polarity parameters were determined and are
discussed.

EXPERIMENTAL

Sixty-one test compounds containing oligooxyethylene chains were used as
liquid stationary phases in a gas chromatographic (GC) column. The structures of the
compounds examined are as follows:

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.



292 A. VOELKEL

R R' n

I: RO(CH2CH2O)nR' C4Hg , C6H13, CgH17, H or CH 3 1-4
C1oH21 or C12H25

II: RR'N(CH2CH2O)nH C6H13 , CgH 17, H, CH 3 or 1-5
C lOH2b C12H25 or C4Hg

C14H29
III: RS(CH2CH2O)nH C6H13 , CgH17, C1oH21 1-4

or C12H25

IV: RO(CH2CH20)nCH2CH2Cl C6H13 , CgH17 or C1oH21 0-2

OH(CH 2CH2 0 )n H
1-3

V:

Information on the synthesis of these compounds and the conditions of the GC
measurements were reported previously'<:", The empirical and thermodynamic
polarity parameters were calculated as in the earlier work 4.5 and dispersive force
parameters according to the procedure given previously13. Increments of ,the
considered polarity parameters for characteristic fragments were calculated according
to the procedure described by Szymanowski et al.r",

RESULTS AND DISCUSSION

The empirical and thermodynamic polarity parameters calculated for the
compounds examined are given in Tables I and II, while dispersive force parameters
are presented in Table III. As previously, relationships between the polarity
parameters were examined. Higher values of the polarity parameters were obtained
when ethanol was used as the polar solute in comparison with methanol. The following
linear relationships were obtained:

ni2H,OH = 58.7 + 0.9857 niH3
0H;

PjC2H,OH = 29.97 + 0.8069 pjCH30H;

pC2H,OH = 0.6869 + 1.2602 pCH,OH;
LlG~(OHf2H,OH = -0.5956 + 0.8597 LlG~(OHfH,OH;

LlG~(C=O)MPK = -0.5442 + 0.9943 LlG~(C=O)MEK;

r = 0.9862
r = 0.9826
r = 0.9842
r = 0.9698
r = 0.9552

where IR = retention index; PI = polarity index; p = coefficient p, relative retention of
polar solute and n-hexane; LlG~(OH), Ll G~(C = 0) = partial molal Gibbs free energy
of solution of hydroxyl and carbonyl group, respectively; these parameters were
estimated for ethanol (e.g., ni2HsOH) and methanol used as polar solutes; MPK and
MEK denote 2-pentanone and 2-butanone, respectively. The regression coefficients in
the above equations are different to those reported for other homologues series.
However, such relationships allow the values of polarity parameters to be calculated
for ethanol when only data for methanol are available'Y'".

An accepted measure of stationary phase polarity is the sum of the first five
5

McReynolds constants, L Llh Generally, approximately linear relationships exist
i= 1

5

between the examined polarity parameters and L Al, (Table IV), similarly to results
i= 1

obtained ~::lTlieT4-6.13.
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TABLE I

POLARITY PARAMETERS

Group R R' n Solute I R PI P
of
compounds nrc 90°C 70°C 90°C 70°C 90°C

C4H 9 H 2 CH30H 746 708 104.0 97.4 3.33 2.20
CzHsOH 808 769 113.0 107.5 5.59 3.46

C4H9 H 3 CH30H 767 751 107.0 105.1 3.96 3.10
CzHsOH 822 805 115.0 112.6 6.18 4.62

C6H , 3 H CH30H 657 632 90.1 87.3 1.47 1,21
CzHsOH 723 708 104.0 101.8 3.00 2.46

C6H 13 H 2 CH30H 686 671 93.2 89.9 2.02 1.55
CzHsOH 750 739 106.2 103.3 3.60 3.01

C6H 13 H 3 CH 30H 716 691 98.7 94.6 2.57 2.01
CzHsOH 775 756 108.6 105.9 4.34 3.30

C6H , 3 H 4 CH30H 727 704 101.2 97.1 2.89 2.19
CzHsOH 783 766 109.7 107.4 4.59 3.48

C6H , 3 CH 3 3 CH 30H 597 567 70.7 58.7 0.97 0.77
CzHsOH 661 642 88.4 83.7 1.71 1.40

CSH ' 7 H CH 30H 617 593 77.4 72.2 1.17 0.93
CzHsOH 683 663 93.6 92.1 2.14 1.93

CSH 17 H 2 CH 30H 644 629 83.6 79.1 1.42 1.12
CzHsOH 709 700 97.6 93.2 2.63 2.11

CSH ' 7 H 3 CH30H 682 654 92.2 85.8 1.96 1.49
CzHsOH 731 714 101.5 98.4 2.94 2.34

CSH I 7 H 4 CH30H 700 684 96.1 93.1 2.33 1.91
CzHsOH 753 736 105.2 102.6 3.67 2.85

CSH 17 CH 3 3 CH30H 578 560 63.5 55.4 0.82 0.73
CzHsOH 643 627 84.0 79.6 1.47 1.24

ClOHz1 H CH30H 581 565 69.3 57.2 0.73 0.51
CzHsOH 648 638 87.8 80.3 1.46 1.02

C lOHz1 H 2 CH30H 611 575 75.2 62.1 1.10 0.82
CzHsOH 678 648 92.0 85.2 2.00 1.47

C,oHz1 H 3 CH30H 649 620 82.6 79.2 1.63 1.36
CzHsOH 699 671 95.7 89.7 2.54 2.27

C,oHz, CH 3 3 CH30H 569 543 59.8 45.7 0.98 0.62
CzHsOH 627 607 80.0 73.8 1.28 1.05

C,zHzs H 3 CH 30H 615 597 75.0 61.0 1.28 0.93
CzHsOH 659 638 89.7 74.2 2.07 1.71

II C6H 13 H CH 30H 760 733 108.1 101.1 3.07 2.73
CzHsOH 789 759 112.3 107.6 5.21 4.88

C6H , 3 H 2 CH 30H 811 802 113.9 112.1 5.50 5.32
CzHsOH 844 875 118.1 122.0 7.26 7.26

C6H 13 H 3 CH 30H 857 817 119.6 116.0 8.01 6.58
CzHsOH 881 836 122.8 121.6 10.48 9.63

C6H , 3 H 4 CH 30H 908 890 125.3 124.2 11.11 7.73
CzHsOH 945 942 128.4 127.5 14.25 9.98

CSH 17 H CH 30H 710 694 98.5 95.5 2.67 2.15
CzHsOH 749 742 105.0 104.1 3.74 3.15

CSH 17 H 2 CH30H 753 742 106.3 lOLl 3.77 3.32
CzHsOH 800 792 111.2 10.2.1 6.26 5.77

CSH 17 H 3 CH30H 807 805 113.9 111.3 5.77 5.14
CzHsOH 852 843 118.4 113.0 8.35 8.41

(Continued on p. 294)



294 A.VOELKEL

TABLE I (continued)

Group R R' n Solute I R PI P
of
compounds 70°C 90°C 70°C 90°C 70°C 90°C

C IOH 21 H CH 30H 688 669 97.5 93.3 2.70 2.68
C2HsOH 740 733 103.6 101.2 2.98 2.82

C,oH21 H 2 CH 30H 725 715 104.8 104.2 3.34 2.94
C2HsOH 786 776 110.1 108.8 4.45 3.69

C,oHz1 H 3 CH 30H 769 732 111.3 109.2 4.00 3.21
C2HsOH 825 778 115.6 113.7 5.63 4.86

C ,oH2, H 4 CH 30H 811 780 117.5 109.6 4.60 3.68
CzHsOH 874 811 122.0 113.8 6.86 4.60

C , 2Hzs H CH 30H 661 655 88.2 86.8 1.69 1.53
CzHsOH 712 708 98.6 98.0 2.63 2.32

C, 2Hzs H 2 CH 30H 693 664 99.8 98.1 2.73 2.47
CzHsOH 757 747 106.4 102.8 3.84 3.44

C14Hz9 H CH 30H 649 644 85.7 84.5 1.54 1.43
CzHsOH 698 693 98.3 95.4 2.39 2.13

C4H9 C4H9 CH 30H 720 708 102.0 98.3 2.62 1.77
CzHsOH 767 763 106.8 104.4 4.55 2.43

C4H9 C4H9 2 CH 30H 765 759 106.2 103.1 4.47 4.24
C2HsOH 815 809 113.0 108.7 6.75 5.98

C4H9 C4H9 3 CH 30H 817 813 114.0 109.6 6.34 6.11
C2HsOH 860 851 118.0 109.8 8.79 6.63

C4H9 C4H9 4 CH 30H 861 856 119.9 116.2 7.97 6.91
CzHsOH 906 897 124.1 121.! 9.80 8.57

C4H9 C4H9 5 CH 30H 920 901 125.6 122.5 9.96 8.11
CzHsOH 947 928 127.9 126.1 11.90 9.77

C ,oH21 CH 3 CH 30H 667 645 90.8 80.3 2.01 1.44
C2HsOH 724 694 101.8 97.2 2.71 2.14

C1oHz1 CH 3 2 CH 30H 700 695 98.1 94.3 2.84 1.98
C2HsOH 718 703 107.5 103.9 3.91 2.22

C1oH21 CH 3 3 CH 30H 729 709 103.6 98.4 3.61 2.34
C2HsOH 764 757 110.1 106.3 5.06 3.37

III C6H , 3 CH 30H 640 599 86.2 81.1 1.45 1.33
C2HsOH 720 700 95.3 90.3 2.91 2.77

C6H , 3 2 CH 30H 674 648 91.5 86.3 1.75 1.62
CzHsOH 745 741 99.1 95.5 3.33 3.08

C6H , 3 3 CH 30H 708 700 94.6 90.8 2.03 1.95
C2HsOH 771 761 105.2 103.2 3.76 3.59

C6H , 3 4 CH 30H 743 737 99.1 93.7 2.45 2.30
CzHsOH 780 773 109.6 107.3 4.38 4.17

CsH l1 CH 30H 611 583 81.2 75.8 1.19 1.08
CzHsOH 660 654 88.7 84.7 2.62 2.53

CSH 17 2 CH 30H 653 621 86.2 83.3 1.54 1.46
CzHsOH 682 670 93.8 90.2 3.00 2.87

CsH l1 3 CH 30H 689 649 91.3 85.6 1.88 1.50
CzHsOH 723 680 99.6 92.7 3.55 1.93

CSH ' 7 4 CH 30H 723 687 97.2 85.9 2.36 1.91
C2HsOH 740 725 105.5 103.8 4.10 3.42

C,oHz1 CH 30H 583 514 74.2 72.6 1.05 1.02
CzHsOH 626 580 85.6 82.5 2.36 1.92

C,oH21 2 CH 30H 629 600 79.8 75.5 1.27 1.19
CzHsOH 653 633 90.0 86.8 2.56 2.41
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TABLE I (continued)

Group R R' n Solute IR PI P
of
compounds 70°C 90°C 70°C 90°C 70°C 90°C

C l oH 2 1 3 CH30H 646 622 84.4 80.3 1.47 1.36
C2HsOH 680 667 95.0 92.2 2.83 2.77

C l 1H2 S CH30H 568 570 70.3 59.7 0.98 0.79
C2HsOH 669 642 82.9 83.8 1.86 1.40

C l 1H2 S 2 CH30H 606 579 73.5 63.5 1.06 0.84
C2HsOH 636 642 82.9 83.8 1.97 1.51

IV C6H 13 2 CH 30H 681 610 84.3 76.4 1.85 1.88
C2HsOH 734 715 91.4 89.0 2.33 2.40

CaH l 7 CH30H 612 618 61.9 60.8 1.47 1.43
C2HsOH 672 665 71.0 67.5 1.79 1.76

CaH\7 2 CH30H 672 663 80.7 72.3 1.78 1.72
C2HsOH 701 705 81.9 77.1 2.01 2.04

C l oH2 1 0 CH30H 530 520 47.5 45.5 0.54 0.50
C2HsOH 547 538 58.7 57.2 0.63 0.55

C l oH 2 1 CH30H 541 558 53.6 54.1 0.60 0.72
C2HsOH 583 575 6504 61.7 0.86 0.82

Cl oH 2 1 2 CH30H 609 555 65.5 62.7 1.08 0.71
C2H sOH 648 605 7604 73.1 1.52 1.04

V CH30H 811 807 113.2 lilA 5.16 4.93
C1HsOH 851 843 118.3 117.2 7.10 6.57

2 CH 30H 833 824 118.! 117.2 6.20 4.80
C2HsOH 903 896 121.3 11904 9.16 8.33

3 CH 30H 857 853 122.3 120.1 7.30 7.01
C2HsOH 949 944 124.7 122.3 12.13 9.98

TABLE II

POLARITY PARAMETERS

Group R R' n !JG~(OH) (kllmot) !JG~(C=0) (k.Jlmol]

of L;!JI;
compounds CH30H C2HsOH MEK* MPK* i=l

C4H9 H 2 -11.5 -10.9 - 9.5 - 8.9 1427
C4H 9 H 3 -12.0 -11.5 -10.0 - 9.5 1577
C6H l 3 H I -10.6 - 9.9 - 8.7 - 7.9 107l
C6H 1 3 H 2 -Il.l -10.3 - 9.1 - 804 1163
C6H 13 H 3 -1104 -10.8 - 9.4 - 8.7 1270
C6H13 H 4 -11.8 -11.2 - 9.8 - 9.2 1374
C6H 1 3 CH3 3 - 9.9 - 9.1 - 8.0 - 7.1 931
CaH I 7 H I - 9.9 - 9.1 - 7.0 - 7.0 933
CaH l 7 H 2 -10.2 - 9.6 - 8.2 - 7.5 1040
CaH\7 H 3 -10.7 -10.0 - 8.6 - 8.0 1161
CaH l 7 H 4 -11.3 -10.6 - 9.2 - 8.6 1262
CaH\7 CH3 3 - 9.1 - 8.5 - 7.1 - 6.5 887
Cl oH 2 1 H I - 9.1 - 8.4 - 7.1 - 6.4 856
Cl oH2 1 H 2 - 904 - 9.0 - 7.5 - 7.0 947

(Continued on p. 296)
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TABLE" (continued)

Group R R' n t1G;(OH) (k Jlmol) LlG;(C=O) (k.Jjmol}
of L st,
compounds CH30H C2H5OH MEK" MPK" i=l

C , oH 2 1 H 3 -10.0 - 9.4 - 8.1 - 7.5 1038
C , oH 2 , CH 3 3 - 9.2 - 8.6 - 7.3 - 6.7 812
C , 2H 2 5 H 3 - 8.6 - 8.0 - 6.6 - 6.0 943

II C6H 13 H I -12.0 -10.5 -10.2 -10.0 1455
C6H , 3 H 2 -12.5 -11.1 -10.6 -10.3 1642
C6H 13 H 3 -13.3 -11.8 -10.9 -10.5 1920
C6H , 3 H 4 -13.8 -12.4 -11.4 -11.0 2024
CSH 17 H I -11.3 - 9.8 - 9.5 - 9.2 1045
CSH 17 H 2 -12.1 -10.6 -10.0 - 9.8 1270
CBH 17 H 3 -12.9 -11.4 -10.4 -10.2 1506
C , oH 2 , H I -11.2 - 9.3 8.8 8.5 1099
C , oH 2 1 H 2 -11.7 -10.3 - 9.1 8.8 1136
C , oH 2 , H 3 -12.2 -10.9 - 9.6 - 9.4 1270
C 1oH 2 1 H 4 -12.8 -11.7 -10.1 9.7 1388
C , 2H 2 5 H I -10.2 - 9.6 - 8.6 8.2 888
C , 2H 2 5 H 2 -10.6 - 9.9 8.9 - 8.6 1028
C , 4H 29 H I -10.1 - 9.0 - 8.5 8.2 794
C4H 9 C4H9 I -11.6 -10.3 9.8 9.6 1080
C4H9 C4H 9 2 -12.3 -11.1 -10.1 - 9.9 1300
C4H 9 C4H 9 3 -13.0 -11.6 -10.4 -10.4 1513
C4H 9 C4H 9 4 -13.6 -12.7 -10.8 -10.8 1735
C4H 9 C4H 9 5 -14.0 -13.2 -11.1 -11.0 1970
C , oH 2 1 CH 3 1 -10.8 - 9.7 - 8.7 8.0 935
C , oH 2 1 CH 3 2 -11.1 -10.1 - 9.9 7.7 1138
C 1oH H • CH 3 3 -12.1 -10.5 -10.7 8.4 1633

III C6H 13 I -10.1 - 9.2 - 8.2 7.3 1032
C6H , 3 2 -10.6 - 9.7 8.6 - 7.7 1128
C6H 13 3 -10.9 -10.0 - 8.9 8.0 1245
C6H 13 4 -11.5 -10.6 9.5 8.6 1352
CSH 17 I - 9.3 8.7 - 7.2 6.7 920
CSH ' 7 2 - 9.8 - 9.0 - 7.8 7.0 1035
CBH , 7 3 -10.1 - 9.4 - 8.1 7.7 1152
CSH ' 7 4 -10.9 9.6 - 8.9 8.2 1249
C , oH 2 1 I - 8.9 8.3 6.8 6.1 847
C , oH 2 1 2 - 9.3 8.7 - 7.2 6.6 931
C , oH 2 , 3 9.7 9.0 7.6 7.0 1032
C , 2H 2 5 I 8.4 8.0 6.2 5.8 788
C , 2H 2 5 2 - 8.8 - 8.4 - 6.7 6.3 849

IV C6H , 3 2 -10.9 -10.2 - 8.8 8.5 1054
CSH 17 I - 8.9 7.9 7.4 7.1 936
CSH ' 7 2 9.3 - 8.6 - 7.5 7.2 1065
C , oH 2 , 0 8.0 7.5 - 6.0 5.5 773
C , oH 2 1 I - 8.5 8.2 6.7 6.5 860
C 1oH 2 1 2 - 9.1 - 8.9 - 7.4 7.2 937

V I -11.3 -10.1 -10.6 -10.0 1633
2 -11.8 -10.5 -11.0 -10.6 1799
3 -12.3 -11.0 -11.3 -10.8 1931

* MEK = 2-Butanone; MPK = 2-pentanone.
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TABLE III

DISPERSIVE FORCE PARAMETERS

Group R R' n Criterion A ,1GE(CH
2 ) (Jlmol) ,1GE(CH

2 ) ,1G: (CH 2 )

of (Jimol) (k.Jimol )
compounds nrc 90°C A* B* C*

C4H9 H 2 2.280 2.101 201 120 638 320 -2.30
C4H9 H 3 2.210 2.044 217 135 672 341 -2.33
C6H 13 H 1 2.275 2.139 171 94 573 279 -2.54
C6H1 3 H 2 2.266 2.111 186 109 608 301 -2.50
C6H 13 H 3 2.265 2.240 205 123 642 323 -2.43
C6H 13 H 4 2.240 2.063 219 138 677 345 -2.34
C6H 13 CH 3 3 2.379 2.160 192 109 611 304 -2.48
CSH 17 H 1 2.334 2.164 157 83 543 261 -2.46
CsH 17 H 2 2.310 2.120 174 97 575 282 -2.40
CsH 17 H 3 2.285 2.109 189 112 613 305 -2.34
CsH 17 H 4 2.265 2.062 206 126 647 326 -2.28
CsH 17 CH 3 3 2.325 2.170 177 97 581 285 -2.63
C 1oH 2 1 H 1 2.358 2.200 145 71 514 243 -2.58
C1oH 2 1 H 2 2.334 2.178 159 84 548 264 -2.54
C lOH 2 1 H 3 2.310 2.150 176 101 585 287 -2.48
C1oH 2 1 CH 3 3 2.367 2.201 135 86 551 257 -2.64
C12H25 H 3 2.332 2.208 160 89 553 267 -2.56

II C6H 13 H 1 2.334 2.133 179 102 594 292 -2.35
C6H 13 H 2 2.269 2.068 193 116 625 311 -2.22
C6H 13 H 3 2.217 1.999 211 133 663 336 -2.16
C6H 13 H 4 2.150 1.914 228 146 698 357 -2.11
CsH 17 H 1 2.358 2.168 165 90 564 274 -2.36
CsH 17 H 2 2.295 2.101 182 105 597 295 -2.32
CsH 17 H 3 2.237 2.033 197 120 635 317 -2.29
C10H 2 1 H 1 2.414 2.242 151 79 535 255 -2.39
C1oH2 1 H 2 2.348 2.186 167 93 569 276 -2.35
C 1oH2 1 H 3 2.306 2.116 185 108 604 299 -2.32
C10H2 1 H 4 2.259 2.066 199 122 636 319 -2.27
C 12H 2 5 H 1 2.399 2.263 135 67 505 236 -2.42
C 12H 2 5 H 2 2.388 2.213 152 82 540 258 -2.39
C 14H 29 H 1 2.397 2.257 123 56 475 218 -2.51
C4H9 C4H9 1 2.363 2.218 169 91 567 276 -2.31
C4H9 C4H9 2 2.321 2.168 183 106 605 298 -2.28
C4H9 C4H9 3 2.283 2.104 199 124 637 320 -2.21
C4H9 C4H9 4 2.217 2.058 216 135 669 340 -2.14
C4H 9 C4H9 5 2.150 2.000 233 150 703 362 -2.09
C1oH 2 1 CH 3 1 2.402 2.242 146 74 520 247 -2.46
C 1oH 2 1 CH 3 2 2.351 2.185 162 88 555 268 -2.44
C 1oH 21 CH 3 3 2.311 2.174 175 103 584 287 -2.42

III C6H 13 H 1 2.334 2.141 169 93 572 278 -2.51
C6H 13 H 2 2.240 2.100 184 106 603 298 -2.47
C6H 13 H 3 2.165 2.053 201 122 641 321 -2.42
C6H 13 H 4 2.080 2.040 218 135 678 344 -2.39
CsH 17 H 1 2.372 2.160 155 80 543 259 -2.56
CsH 17 H 2 2.280 2.125 172 96 575 281 -2.52
CSH 1 7 H 3 2.220 2.099 188 111 613 304 -2.48
CsH 17 H 4 2.112 2.093 203 125 645 324 -2.43

(Continued on p. 298)
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TABLE III (continued)

Group R R' n Criterion A LJGE(CHz) (Jlmol) ,1GE(CH
z) ,1G; ( CH z)

of (Jlmol) (k.Jlmol}
compounds 70°C 90°C A* B* C*

C1oHz1 H I 2.410 2.188 141 70 512 241 -2.59

C1oHz1 H 2 2.340 2.150 155 83 543 260 -2.56

C1oHz1 H 3 2.276 2.130 170 97 581 283 -2.52

C 1zHz5 H I 2.418 2.182 143 72 484 237 -2.63

C1zHz5 H 2 2.355 2.168 156 84 517 248 -2.61

IV C6H 13 2 2.296 2.109 197 III 625 311 -2.49

C8H 17 I 2.356 2.164 167 84 556 269 -":2.46

C8H 17 2 2.324 2.135 180 100 588 289 -2.43

C 1oH z1 0 2.383 2.202 135 60 501 232 -2.62

C1oHz1 I 2.357 2.172 147 70 527 248 -2.58

C1oHz1 2 2.293 2.139 160 87 555 267 -2.53

V 4 2.243 2.153 188 109 610 302 -2.24

I 2.117 2.078 205 123 642 323 -2.10

2 2.032 1.995 220 135 677 373 - 1.93

* A. Band C denote alkanes. alcohols and ketones. respectively. as solutes.

TABLE IV

RELATIONSHIP BETWEEN THE POLARITY PARAMETERS AND THE SUM OF THE FIRST
FIVE McREYNOLDS CONSTANTS

5
P = a + b L ,1/" where P represents any polarity parameter.

i=l

Parameter P Solute a b

/R Methanol 390.98 0.2575 0.9479
Ethanol 443.03 0.2548 0.9384

PI Methanol 30.707 0.0484 0.9824
Ethanol 55.447 0.0387 0.9584

p Methanol -4.888 6.589 . 10- 3 0.9308
Ethanol -5.808 8.584 . 10- 3 0.9470

Criterion A At 70°C 2.542 -2.078' 10- 4 0.8932
At 90°C - 2.376 -2.022' 10- 4 0.9175

,1G~(OH) Methanol -6.363 -3.731 . 10- 3 0.8673
Ethanol -5.589 -3.272 . 10- 3 0.8577

,1G~(C=O) 2-Butanone -4.421 -3.676' 10- 3 0.8776
2-Pentanone -3.643 -3.837' 10- 3 0.8770

,1GE(CH
z) Alkanes 95.36 0.0692 0.8593

Alcohols 30.73 0.0596 0.8700
Ketones 413.78 0.1474 0.8668

,1GE(CH
z) 180.03 0.0919 0.8687

,1G~(CHz) -2.8918 4.124 . 10- 4 0.9008
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The retention index of alcohol, the polarity index, the coefficient p, the partial
molar Gibbs free energy of solution per methylene group [LlG~(CH2)] and the partial
molar excessGibbs free energy of solution per methylene group [LlGE(CH2)] increase
with increasing polarity, whereas the criterion A and the partial molal Gibbs free
energy of solution of hydroxyl [Ll G~(OH)] and carbonyl [LlG~(C = 0)] groups decrease
(Fig. I). Typical relationships between polarity parameters are presented in Fig. 2 and
Table V. Generally, the polarity parameters can be correlated according to approxi
mately linear relationships, although in marty instances higher correlation coefficients
were obtained for parabolic equations. Lower correlation coefficients were obtained
for parameters calculated with lower precision, i.e., for the coefficient p and the
criterion A.

The inter-parameter relationships presented confirm the suggestion that all the
parameters considered properly describe the polarity of the compounds examined.
Significant differences are observed when the sensitivity ofthese parameters to changes
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in the structures of the examined compounds, [(Pmax - Pmin)/Pmin] 100%, is taken into
account (Table VI). The appropriate data for l,3-bis-(w-alkoxyoligooxyethylene)-2
propanols are added for comparison. These data show that the criterion A and
L1G~(CH2) are less sensitive to changes in the structures of the compounds. The
sensitivity of other parameters is higher and comparable to results reported for other
groups of compounds:'.

The individual values of L1GE(CHz) for alkanes, alcohols and ketones used as
solutes are significantly different but they all increase with increasing stationary phase
polarity.

The structure of the compounds significantly influences their polarities. The
length of the oligooxyethylene chain, the length of alkyl group(s), the distribution of
carbon atoms in the alkyl chain(s), the presence of different heteroatoms linked to
alkyl groupis) and a hydroxy or methoxy group or chlorine atom terminating the
molecule influence the polarity.
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TABLE VI

SENSITIVITY OF THE POLARITY PARAMETERS FOR THE COMPOUNDS EXAMINED (A)
AND I,3-BIS(w-ALKOXYOLIGOOXYETHYLENE)-2-PROPANOLS5,6 , 1 3 (B)

Pmax - Pmin.
. ,100%
r.:

Pm" and Pmin are the highest and the lowest values of P polarity parameters for a given group ofcompounds.

Parameter Solute Compounds used as the stationary phase

A B

IR Methanol 74 35
Ethanol 75 28

PI Methanol 165 79
Ethanol 120 48

P Methanol 1957 393
Ethanol 2162 292

LlG;"(OH) Methanol 76 23
Ethanol 91 25

LlG;"(C=O) 2-Butanone 105
2-Pentanone 160 22

ILlI; 331 128
i=l
Criterion A 24 17
LlG~(CH2) 37 13
LlGC(CH2) 86 109

An increase in the length of the oligooxyethylene chain increases the polarities of
compounds I-V (Figs, 3 and 4). The regression and correlation coefficients are
presented in Table VII, The slopes of the straight lines that describe the polarity vs.
number of oxyethylene units relationships depend on the length of the alkyl chain, the
type ofheteroatom linked to the alkyl group and the distribution of the carbon atoms
in one or two chains connected with a nitrogen atom. A decrease in the length of the
alkyl chain decreases the polarity. Compounds having two short alkyl groups
(compounds II, R = R' = C4H9 ) are more polar than those with one longer alkyl chain
(compounds II, R= CgH17, R' =H). This conclusion is consistent with those reported
for derivatives of lX,w-diaminooligoethers9 and diazapolyoxyethylene ethers!".
Compounds II having decyl and methyl groups are more polar than those having one
dodecyl group. However, the difference may, in part, arise from the lower total number
01 carholl atoms in the two alkyl chains.

An important factorinfluencing polarity is-the type of heteroatorn linked to the
alkyl group(s) in compounds I-III (Fig. 5). The highest polarities are exhibited by
derivatives of alkylamines and the lowest by derivatives ofthio alcohols. The polarities
of oxyethylene derivatives of alcohols and thio alcohols are similar, e.g., the values of
the polarity index (ethanol as solute) of CgH17X(CH2CH20hH are higher by 1.9
index units for derivatives of alcohols in comparison with derivatives of thio alcohols.

The influence of the group terminating the oxyethylene chain on retention was
reported earlier 12.Derivatives of alcohols having an oxyethylene chain terminated by
a methoxy group exhibit higher retention indices on non-polar phases (Apiezon K,
8E-30) than their analogues having a hydroxy group. An increase in the stationary
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TABLE VII

SLOPES AND CORRELATION COEFFICIENTS FOR THE RELATIONSHIPS Pi = a + hn

n denotes the number of oxyethylcne units. Pi is any polarity parameter.

Parameter Solute Type of compounds

I, R=CsH, 7 II, R=CsH' 7 III, R=CsH, 7 IV, R=ClOH2 1

h h b h

IR CH 30H 28.7 0.9918 48.5 0.9979 37.7 0.9987 39.5 0.9232
C2HsOH 23.2 0.9991 51.5 0.9999 28.1 0.9877 50.5 0.9865

PI CH 30H 6.47 0.9909 7.71 0.9999 5.31 0.9992 9.00 0.9831
C2HsOH 3.87 0,9998 6.72 0.9991 5.62 0.9994 8.85 0.9903

p CH 30H 0.402 0.9913 1.55 0.9862 0.385 0.9964 0.27 0.9122
C2HsOH 0.491 0.9867 2.31 0.9985 0.499 0.9965 0.455 0.9632

LlG~(OH) CH 30H -0.47 0.9910 -0.78 0.9999 -0.54 0.9883 -0.85 0.9979
C2HsOH -0.50 0.9978 -0.77 0.9999 -0.32 0.9825 -0.89 0.9926

LlG~(C=O) MEK* -0.45 0.9946 -0.45 0.9996 -0.53 0.9848 -0.97 0.9843
MPK* -0.51 0.9990 -0.49 0.9997 -0.52 0.9908 -0.88 0.9971

EM, 110.8 0.9984 230.4 0.9999 110.4 0.9901 82 0.9994
i=l
Criterion A -0.02 0.9989 -0.06 0.9997 -0.08 0.9946 -0.04 0.9938
LlG:"(CH2) 0.06 0.9996 0.04 0.9995 0.04 0.9982 0.04 0.9968
LlGE(CH 2) 21.8 0.9998 21.5 0.9999 21.8 0.9996 17.5 0.9988
LlGE(CH

2) A** 16.2 0.9997 16.0 0.9993 16.0 0.9996 12.5 0.9997
B** 14.4 0.9999 15.0 0.9999 15.0 0.9995 13.5 0.9890
C** 35.1 0.9995 32.5 0.9992 34.4 0.9994 27.0 0.9998

* MEK = 2-Butanone; MPK = 2-pentanone.
** A = alkanes; B = ketones; C = alcohols.
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Fig. 5. Influence of the heteroatom linked to the alkyl group(s) in C6H13X(CH2CH20)nH on (a) the
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phase polarity reverses this relationship. Intermolecular interactions other than
dispersive interactions increase the retention ofderivatives having an oligooxyethylene
chain terminated by a hydroxy group.

The polarities of compounds I and IV having different end-groups de
crease in the order RO(CHzCHzhCHzCHzOH > RO(CHzCHzhCHzCHzCI >
RO(CHzCHzhCHzCHzOCH3' This means that the change in polarity caused by the
introduction of the chlorine atom, as measured by GC, is smaller than that of
a hydroxy group but higher than that of a methoxy group.

The same conclusions result from the examination of all the parameters
considered. They describe the polarities in a similar way, although their sensitivities to
changes in the structures of the compounds are different.

All parts of the molecule influence the polarity and the effect of a particular
group depends on the presence ofother characteristic fragments. One should take into
account that the structural increments of the polarity presented previously'i-l' and
here are average values which can be attributed to the considered structural fragments.
However, such increments allow polarities to be predicted from the molecular
formulae of compounds and were also calculated for the tested group of oxyethylates.

The values of the structural increments for all the polarity parameters considered
are given in Table VIII. Errors in the calculation of polarity parameters from structural
increments are also presented. As expected, -OH and -N = groups have the most
significant influence on the polarity of the compounds examined. The relative
polarities of -OH, -N =, -NH-, -Cl, -0- and -S- are 2.19:1.90:1.81:1.57:1:0.74,

5

respectively (I J/; as a parameter). The relative polarities change for different
i= 1

parameters but generally they can be arranged in the above order (Table IX). These
relative polarities are different from those presented earlier 6

•
13 for 1,3-bis(w-alkoxy-

TABLE IX

RELATIVE POLARITIES OF STRUCTURAL FRAGMENTS

Parameter Solute -OH- : -N- : -NH- : -Cl : -0- : -S-

IR CH 30H 2.69 2.28 2.26 1.85 0.76
C2HsOH 2.62 2.24 2.17 1.50 0.69

PI CH 30H 3.47 2.43 2.33 1.58 0.71
C2H sOH 2.95 2.21 2.11 1.38 0.48

p CH 30H 2.35 2.43 2.23 1.90 0.71
C2H sOH 2.36 2.41 2.28 1.56 0.85

LlG:(OH) CH 30H 2.65 2.24 2.19 1.39 0.35
C2H sOH 2.85 1.79 1.62 1.48 0.13

LlG:(C=O) MEK* 2.68 2.24 2.07 1.47 0.22
MPK* 3.15 2.60 2.01 2.00 0.35

IIi 2.19 1.90 1.81 1.57 0.74
i=l
Criterion A 1.64 1.34 1.29 1.27 0.88
LlG:(CH 2) 2.43 2.61 2.29 2.28 0.45
LlGE(CH

2) 1.49 1.24 1.06 0.95 0.83
LlGE(CH

2) A** 1.63 1.25 1.01 1.14 0.84
B** 1.52 1.23 1.05 0.83 0.84
C** 1.42 1.24 1.07 0.92 0.82

* MEK = 2-Butanone; MPK = 2-pentanone.
** A = Alkanes; B = ketones; C = alcohols.
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oligooxyethylene)-2-propanols and aminoether alcohols and their ethers. Much higher
polarities of -N = and -NH- groups in relation to the '-0- group are observed, but
lower in comparison with the -OH group. Recently'i':' the opposite relationship
between the relative polarities of-N = and -0H groups has been observed. However,
the hydroxy group in 1,3-bis(w-alkoxyoligooxyethylene)-2-propanols is a secondary
group screened by the long oligooxyethylene and alkyl chains. The relative polarity of
the secondary hydroxy group is then lower than for the primary hydroxy group in
compounds I-V. The -N = group in aminoether alcohols and their ethers is also
screened by long chains and hence its relative polarity in comparison with the -O~

group was reported to be lower than in compounds I~V.

CONCLUSIONS

The polarity of oligooxyethylene derivatives of alcohols, thio alcohols and
alkylamines can be described satisfactorily by the polarity parameters considered.
Each of these polarity parameters arrange the compounds examined in the same order
according to their polarity. However, significant differences are observed when the
sensitivity of the parameters to the changes in the structures of the compounds is
examined. The most polar are derivatives of alkylamines, medium polarity is shown by
derivatives of alcohols and the lowest polarity by derivatives of thio alcohols. The
polarity increases with increasing length of the oligooxyethylene chain and decreasing
number of carbon atoms in the alkyl chain(s). The distribution of carbon atoms in
alkyl chains linked to the nitrogen atom (in II) significantly influences their polarity.
Compounds having two short alkyl chains exhibit higher polarities than their
analogues with one long alkyl chain. The average structural increments of the polarity
parameters considered were calculated for characteristic structural fragments. The
relative polarities of-OH, -N = ,-NH-, -Cl, -O-and -Svare 2.19:1.90:1.81:1.57:1:0.74

5

for LLHi used as a polarity parameter. These are different to those reported for
t> 1

amino ether alcohols and their ethers and 1,3-bis(w-alkoxyoligooxyethylene)-2
propanols. The higher relative polarities, arranged in a different order, may be
discussed in terms of the different structures of the compounds examined here and
recently4-6,13 .
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SUMMARY

A procedure for the rapid separation of histones and high-mobility-group
(HMG) proteins from Friend erythroleukaemic cells (line F4N) by reversed-phase
high-performance liquid chromatography is reported. By using a Nucleosil 300-5 C4

column and a multistep water-acetonitrile gradient containing 0.1% trifluoroacetic
acid, the HMG-l and HMG-2 proteins, several HI subfractions including HID, H4,
H2B, two H2A variants and two H3 subfractions were separated. Under changed
conditions, by applying a varied acetonitrile gradient system, even two H2B variants
were fractionated. The methods described seem to be a real alternative to the time
consuming polyacrylamide gel electrophoresis.

INTRODUCTION

In eukaryotic nuclei, DNA is assembled with histones into regular repeating
units called nucleosomes'. The nucleosomal core region contains the histone octamer
(H2A, H2B, H3, H4h, while the nucleosomallinker region is associated with HI 2

.

Four of these fivehistone classes are composed of variants, differing in their primary
structure"? Besides the histones, there is another class of so-called high-mobility
group (HMG) proteins present in chromatin. Both the histones and HMG proteins
undergo a large number of postsynthetic modifications such as acetylation,
phosphorylation, (ADP)ribosylation and methylation'<P, which are believed to be
important to regulatory functions'P"!".

Friend erythroleukaemic cells are used as a suitable model for studies of gene
expression and differentiation since they can be induced to differentiate and syn
thesize haemoglobin'? In order to analyse the histones and HMG proteins from
erythroleukaemic cells, sodium dodecyl sulphate-P-!", acetic acid-urea2o ,2 1 and ace
tic acid-urea-TritonPv" polyacrylamide gel electrophoresis (PAGE) have been ap
plied. The last mentioned gel system permits the separation of histones and some
non-allelic variants as wellas modified forms. The most effectiveseparation of several
H2A subspecies requires, however, a gel of a different composition to the one re-

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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quired for the fractionation of the other core histones. Furthermore, this gel system is
hardly suitable for separating HMG proteins. All three methods of PAGE, it is
suggested, have their shortcomings; they do not properly fractionate HI into several
subspecies or subfractions, moreover they are laborious and time-consuming.

We have previously reported rapid and simple methods for separating calf
thymus HI and core histones by reversed-phase high-performance liquid chromato
graphy (HPLC)24,25. Furthermore, we have demonstrated that reversed-phase
HPLC, using modified conditions, is capable of fractionating chicken erythrocyte
histones in a short time26,27.

In this paper we describe a rapid and efficient method for separating HMG-I
and HMG-2 proteins, several HI subfractions, HI D and all core histones including
some H2A variants and H3 subfractions derived from Friend erythroleukaemic cells
(line F4N) by reversed-phase HPLC. Furthermore, we have separated, under
changed chromatographic conditions, two H2B variants by means of reversed-phase
HPLC, a method which to our knowledge had not previously been demonstrated.

EXPERIMENTAL

Materials
HPLC-grade acetonitrile (Type S) was obtained from Rathburn Chemicals

(Walkerburn, Ll.K}, water was from Promochem (Wesel, F.R.G.) and trifluoroacetic
acid (TFA) from Sigma Chemie (Munich, F.R.G.)

Cell line and culture conditions
Friend erythroleukaemic cells (line F4N) were maintained in Basal Medium

Eagle (Serva Feinbiochemica, Heidelberg, F.R.G.) supplemented with 10% fetal calf
serum (Boehringer, Mannheim, F.R.G.) and amino acids as described elsewhere".
Penicillin (100 units/ml) and streptomycin (100 {lg/ml) were added routinely. Cell
cultures were incubated at 3rC in 5% carbon dioxide-95% air.

Preparation of histones and HMG proteins
F4N cells [(2-3) . 109

] were collected by centrifugation (800 g for 10 min),
washed two times in 0.01 M Tris-HCI, pH 7.0, 0.14 M sodium chloride, 0.01 M
sodium butyrate, 0.01 M 2-mercaptoethanol, 0.1 mM phenylmethanesulphonyl fluo
ride at 4°C, pelleted and frozen at - 70°C. The frozen cell pellet was washed once in
the same buffer; the crude nuclei were prepared according to Kostraba et al.2 9

. Cells
were lysed in 10 volumes of distilled water containing 0.01 M sodium butyrate, 0.01
M 2-mercaptoethanol and 0.1.mM phenylmethanesulphonyl fluoride with 30 strokes
of the L-pestle of a Dounce homogenizer and then centrifuged at 1000g for 10 min at
4°C. The pellet was extracted with 0.4 N sulphuric acid and the proteins obtained
according to Multhaup et al.t".

High-performance liquid chromatography
All reversed-phase HPLC experiments were performed on a Beckman HPLC

gradient system using two 114M pumps and a 421A system controller. The eluent was
monitored by the absorbance at 210 nm with a Model 165 variable-wavelength UV-
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VIS detector. The detector signal was documented on a Shimadzu C-R3A integrator
utilizing an automatic baseline correction.

The protein separations were performed on a Nucleosil 300-5 C4 column (100
mm x 4 mm 1.0.) and a Beckman Ultrapore" Cs column (75 mm x 4.6 mm 1.0.),
respectively. Both columns were packed with 5-Jlm spherical silica (pore size 30 nm).
The lyophilized proteins were dissolved in water containing 0.1% TFA, and samples
of 40-100 Jlg histones were injected onto the columns. The proteins were chroma
tographed at room temperature and at a constant flow-rate of 0.5 ml/rnin. Utilizing
the Nucleosil C4 column, the proteins were eluted with a 45-min multistep water/
TFA-acetonitrile/TFA gradient. Applying the Beckman Ultrapore C, column, the
proteins were chromatographed using a 52-min multistep water/TFA-acetonitrile/
TFA gradient starting at 60% A-40% B (solvent A, 0.1% TFA in water; solvent B,
0.1% TFA in 70% acetonitrile). The concentration of solvent B was increased linear
ly in the following order: from 40 to 54% (during 17 min), 54 to 56% (10 min), 56 to
60% (10 min) and 60 to 80% (15 min). In order to separate the histones including two
H2B variants, the Nucleosil C4 column was used applying a 75-min multistep water/
TFA-acetonitrile/TFA gradient.

Gel electrophoresis
Protein fractions from the HPLC were collected, lyophilized and stored at

- 20ce. The histones were identified by using three different polyacrylamide slab gel
systems: (i) SOS (sodium dodecyl sulphate) gels according to the method of Laemm
li3! (15% polyacrylamide-O.I % SOS); (ii) AU (acid-urea) gels according to the pro
cedure of Panyim and Chalkley'? (15% polyacrylamide-0.9 M acetic acid-6 M urea)
and (iii) AUT (acid-urea-Triton) gels as described by Zweidlerr ' (12% polyacryl
amide-0.9 M acetic acid-S M urea-0.37% Triton X-IOO). The gels were stained for 1
h with 0.1% Serva Blue R in 40% aqueous ethanol-5% aqueous acetic acid and
destained overnight in 20% aqueous ethanol-5% aqueous acetic acid.

RESULTS AND DISCUSSION

Procedures have recently been developed for the fractionation of HMG pro
teins from different cells by reversed-phase HPLC34,35. However, these methods re
quired long gradient times (80-300 min). Only the HMG-l and HMG-2 proteins
isolated from steer thymus were resolved by Kohlstaedt et al." within 30 min. Fur
thermore, Elton and Reeves" separated HMG-I and HMG-2 proteins prepared
from Friend erythroleukaemic cell nuclei using a C4 reversed-phase column during
the course of 50 min, and HMG-14, HMG-17 and HMG-I, respectively, within 25-30
min". Moreover, the same authors reported the simultaneous separation ofHMG-l,
HMG-2, HI, HMG-I, HMG-14 and HMG-17 proteins from Friend erythroleukaem
ic cells by using a different gradient system (45 min)39. This method, however, permits
no fractionation of different H I subspecies.

Utilizing our preceding studies 2
4-2 7 on a rapid separation of histones by means

of reversed-phase HPLC, we have attempted to develop a simple and fast method for
a simultaneous fractionation of HMG proteins, HI variants and core histones and
their variants, respectively, isolated from Friend erythroleukaemic cell nuclei. Using a
Nucleosil300-5 C4column and a 45-min multistep water/Tf'Ac-acetonitrile/Tf'A gra-
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Fig. I. Separation of total histones and HMO proteins (40 Jlg) from Friend erythroleukaemic cells (line
F4N) by reversed-phase HPLC. Column: Nucleosil 300-5 C4 (100 mm x 4 mm 10.). Flow-rate: 0.5
ml/rnin. Monitoring wavelength: 210 nm. Eluent: 45-min multistep gradient, where solvent A is water and
solvent B is 70% acetonitrile, both solvents containing 0.1% TFA; starting at 56% A-44% B, the concen
tration of solvent B was increased linearly in the following from 44 to 61% (17 min), 61 to 63% (15 min), 63
to 76% (5 min). The isocratic conditions (76% B) were continued for 8 min. In order to obtain the fractions
1-13, 100 Jlg of proteins were injected onto the column. Numbered fractions were lyophilized and used for
the electrophoretic analyses in Fig. 2.

dient we have separated in the course of one single experiment the HMG-I and
HMG-2 proteins and all major histone classes, including numerous variants, within
45 min (Fig. 1). The fractions of the eluate indicated on the abscissa were collected,
lyophilized and analysed by means of SDS-PAGE (Fig. 2a) with the following result:
fraction I, Hlo and an histone HI variant; 2, HMG-2, 3, HMG-I; 4, HI; 5, HI; 6, HI;
7+8, H2B; 9, H2A; 10, H4; 11, H2A; 12, H3; 13, H3. As shown in Fig. 1, histone HI°
and an HI variant were separated from each other, however, the two proteins were
jointly collected in fraction 1.To verify the assignment of fractions 2 and 3 to HMG-2
and HMG-I, these fractions were additionally subjected to an AU-PAGE (Fig. 2b).
The proteins exhibited the electrophoretic mobility characteristic of HMG-2 and
HMG-1, respectively. Due to their negligible concentration in the standard, the
HMG proteins may, however, hardly be detected in Fig. 2b. Noteworthy is that,
despite an heavy enrichment by the chromatographic separation, the proteins are
highly pure. To characterize the core histones with regard to variants the fractions
7+8 and 9-13 were analysed by AUT-PAGE (Fig. 2c) and identified as follows:
fractions 7+8, H2B.l + H2B.2; 9, H2A.2; 10, H4; 11, H2A.I; 12, H3.2 + H3.3; 13,
H3.1.

We also tested a Beckman Ultrapore C, column using a 52-min multistep
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Fig. 2. Gel electrophoresis ofhistones and HMG fractions separated with the HPLC system used in Figs. I
and 3. respectively. (a) SDS-PAGE of fractions 1-13; (b) AU-PAGE offractions 2 and 3; (c) AUT-PAGE
offractions 7-13. The sample containing histones and HMG proteins used for the HPLC separation in Fig .
I was also used as a mobility standard (st).
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Fig. 3. Separation ofcore histones (40 J.lg) from Friend erythroleukaemic cells (line F4N) by reversed-phase
HPLC . Column: Nucleosil 300-5 C4 (100 mm x 4 mm 1.0.). Flow-rate: 0.5 ml/rnin. Monitoring wave
length : 210 nm. Eluent: 75-min multistep gradient, where solvent A is water and solvent B is 70% aceto
nitr ile, both solvents containing 0.1% TFA ; starting at 57% A--43% B, the concentration ofsolvent B was
increased linearly from 43 to 58% (17 min), 58 to 61% (45 min), 61 to 75% (5 min). The isocrat ic
conditions (75% B) were continued for 8 min. In order to obtain the fractions 7 and 8, 100 J.lg of histones
were injected onto the column. These fraction s were lyophilized and subjected to the electrophoretic
analyses in Fig. 2.

waterfTFA-acetonitrilefTFA gradient, as described in Experimental. Essentially
identical elution profiles compared to Fig. I were obtained (data not shown).

Moreover, we also attempted to separate the variants H2B.I and H2B.2 from
each other. A 75-min multistep waterfTFA-acetonitrilefTFA gradient allowing opti
mum resolution using a Nucleosil 300-5 C4 column is shown in Fig. 3. The fractions 7
and 8 were identified by SDS- (Fig. 2a) and AUT-PAGE (Fig. 2c), respectively.
Consequently, fraction 7 comprises practically pure H2B.I and fraction 8, H2B.2
slightly contaminated by H2B.I .

Considering the results of the studies of Elton and Reeves38 ,3 9 , with the system
- described by-us-it should-also-be-possible -to separate HMG~14, HMG-17 and

HMG-I. This fractionation would require an extension of the gradient from 44 to
20% B (solvent B, 0.1% TFA in 70% acetonitrile), maintaining the gradient slope.
However, these proteins were not present in our preparation.

We may summarize the results of our examination as follows:
(I) The HMG-I and HMG-2 proteins may be separated from HI and Hl?

histones, respectively, and all other major histone classes isolated from Friend eryth
roleukaemic cell nuclei using reversed-phase HPLC within 45 min

(2) Two H2A variants, two H3 subfractions and four HI subspecies may be
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fractionated in one experiment as may be H4 from H2A.l. This H4jH2A.l separation
raises a difficult problem of histone fractionation which has frequently been exam
ined25.40.41.

(3) By varying the gradient, both H2B variants may be resolved by means of
reversed-phase HPLC, a method which, so far as we know, has not previously been
dem0 nstra ted.
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SUMMARY

An improved method for the determination of thiamine and its phosphate esters
in animal tissues using reversed-phase high-performance liquid chromatography with
precolumn derivatization is described. Thiamine and its phosphate esters were
converted into fluorophores by alkaline cyanogen bromide, and the derivatives were
applied to an ODS packed column. Then the effluent obtained by an acidic mobile
phase was mixed with an alkaline methanol solution to increase the fluorescence
intensity of the derivatives which was determined spectrofluorometrically. A complete,
rapid and quantitative separation of thiamin and its phosphate esters was achieved and
the use of the acidic buffer as a mobile phase improved the column stability. The
fluorophores of thiochrome ester peaks on the chromatogram were sensitive to
pretreatment with thiamine triphosphatase or acid phosphatase. The applicability of
the mehod to the determination of the form of thiamin in various tissues of rat is
demonstrated.

INTRODUCTION

Thiamine and its phosphate esters in animal tissues have been determined mainly
by column chromatography'<' and paper electrophoresisv ". Most recent studies,
however, used high-performance liquid chromatography (HPLC) because of its
rapidity and sensitivity7-14. The HPLC method requires the conversion of thiamine
compounds into fluorescent derivatives for sensitive determination. The conversion
was done by alkaline oxidation with potassium ferricyanide'r!" or cyanogen
bromide-" either prior t07.8.12-14 or after""!' the chromatography. Among these
methods, only a precolumn derivatization with oxidation by cyanogen bromide allows
an adequate blank experiment which excludes the contamination with non-thio
chrome compounds. The precolumn method/-" seems to be most suitable for
determination of thiamine compounds in biological preparations which contain
unidentified fluorescent materials. This method, however, has a shortcoming as
pointed out by Bontemps et al.12

•
1 3

: the column packed with silica-based material is

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.Y.
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not stable in the alkaline solution as a mobile phase which is necessary for maintaining
the fluorescence intensity. It is known that the fluorescence intensity of thiochrome is
decreased by lowering the pH of the buffer. Bontemps et al.13

,14 have recently reported
that a column packed with poly(styrene-divinylbenzene) beads which is stable in the
alkaline solution is well suited for the analysis of thiamine derivatives after the
precolumn chemical oxidation. On the other hand, we have found that the decrease in
fluorescence intensity under acidic conditions can be reversed by bringing the pH back
to an alkaline value. This finding has allowed us to develop an improved method using
an economic ODS column for the determination of thiamine and its phosphate esters
in animal tissues.

EXPERIMENTAL

Chemicals
Thiamine monophosphate (TMP) and acid phosphatase (from sweet potato)

were obtained from Sigma. Thiamine triphosphate (TTP) and thiamine diphosphate
(TDP) were synthesized by the method of Matsukawa et al.1s. O-Carbamoyl
thiochrome (Carb-Thc) was synthesized by the procedure of Ogawa et al.t". TTPase
(128 ,umol per mg protein per min) was purified from bovine brain supernatant as
previously reported 17. All other reagents were of the best grade commercially
available.

Apparatus
The HPLC system comprised an LC-3A pump, an SIL-IA injector, a Shim pack

CLC-ODS column (150 mm x 6 mm I.D.), a CTO-2A column oven (50°C), a CRB-IB
incubator box (50°C), a PRR-IA proportioning pump, an FLD-l fluorescence
detector (flow cell, 14 ,ul), a strip-chart recorder and a Chromatopac C-ElB. All the
equipment was obtained from Simadzu (Kyoto, Japan).

Preparation of tissue extracts
Male Sprague-Dawley rats, weighing 200-300 g, were killed by decapitation.

Their tissues were quickly removed and homogenized with cold 10% trichloroacetic
acid (TCA). The homogenate was centrifuged at 16000 for 15 min, the extract was
lyophilized after removing TCA from the deproteinized supernatant with water
saturated diethyl ether and stored at - 20°C until used. Under these conditions, the
decomposition of thiamine phosphate esters during the preparation seemed to be
negligible; killing of the animals in a microwave oven gave similar results to those
previously reported! 7.

Procedure
The procedure is shown in Fig. I. For the conversion of thiamine compounds

into fluorophores!", the extract was divided. To one aliquot (200 ,ul), 25 ,ul of 0.3
M cyanogen bromide were added, and the resulting solution was mixed for about I min
using a Vortex mixer. Then, 25,ulof 1M sodium hydroxide were added, again followed
by Vortex mixing for ca. I min. As the sample may contain not only thiochrome
derivatives but also non-thiochrome fluorescent materials", a blank experiment should
also be carried out. Therefore, to a second aliquot (200 ,ul) of the extract, first 25 ,ul of
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Fig. I. Procedure for determination of thiamine and its phosphate esters.
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I M sodium hydroxide were added (Vortex mixing for ca. I min), to destroy thiamine
compounds; then 25 ,ul of 0.3 M cyanogen bromide were added (again Vortex mixing
for ca. I min). After neutralization of both aliquots with 3 M hydrochloric acid, 20-40
,ul volumes were injected onto the column. The mobile phase, 100 mM sodium
dihydrogenphosphate-phosphoric acid buffer (pH 2.5)-8% methanol, was pumped at
a flow-rate of 0.5 mljmin, and the reagent (0.2 M sodium hydroxide-70% methanol)
was applied at the same flow-rate by a proportioning pump to increase the pH of the
effluent: the alkaline methanol solution was mixed with the mobile phase in the
incubator box before the fluorometric determination. The peak area on the
chromatogram was analyzed by the integrator. The contents of thiamine compounds
were calculated from the difference between the sample and the blank.

RESULTS AND DISCUSSION

Thiamin compounds were first oxidized by cyanogen bromide under alkaline
conditions and the resulting derivatives were separated under acidic conditions by
HPLC. The mobile phase and the reagent were optimized with respect to the
separation ofthiochrome derivatives and the fluorescence intensity. Higher concentra
tions of phosphate buffer in the mobile phase resulted in an incomplete separation of
thiochrome triphosphate (ThcTP) and thiochrome diphosphate (ThcOP), and con
versely lower concentrations prolonged the analysis (data not shown). The fluo
rescence intensity of the effluent after the chromatography was increased not only by
alkalization of the effluent, but also by including methanol in the reagent (data not
shown), in agreement with previous reports19

•
2 0

. Based on these observations, 0.2
M sodium hydroxide-70% methanol was used as the reagent: the pH value of the
effluent was 8.6.

Fig. 2 shows a typical chromatogram obtained with a solution containing
thiamine, TMP, TOP and TTP. Thiamine phosphate esters were converted into the
corresponding thiochrome (The) derivatives such as ThcTP (peak I), ThcOP (peak 2)
and thiochrome monophosphate (ThcMP, peak 3), while the oxidation of thiamin
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Fig. 2. Chromatogram of a standard solution containing thiamine TMP, TDP and TTP. Thiamine
compounds (each I pmol) were oxidized and applied on a column as described in Experimental. Peaks 1,2,3,
4 and 5 correspond to ThcTP, ThcDP, ThcMP, The and Carb-Thc, respectively.

produced two derivatives, ThCI (peak 4) and ThclI (peak 5). Ogawa et al.16 have
reported that the oxidation of thiamine by cyanogen bromide, but not K 3Fe(CN)6,

produces a new fluorescent compound, Carb-The, besides The, Nosaka et al," also
showed that thiamine oxidized with cyanogen bromide gave two peaks in HPLC,
though they did not comment on these peaks. To identify peaks 4 and 5 on the
chromatogram, we synthesized The and Carb-The and injected them onto the column.
From their HPLC retention times, these peaks were considered to be The and
Carb-The, respectively (data not shown). Since the fluorescence characteristics of these
compounds were essentially identical!", the thiamin content can be estimated from the
sum of these peaks.

When samples extracted from rat brain, liver, kidney and muscle were subjected
to HPLC, the first peak always appeared at 5.6 min. If to is 5.6 min, the capacity factors
for peaks 1, 2, 3, 4 and 5 were calculated to be 0.79, 1.01, 1.41, 2.86 and 4.34,
respectively. This result indicates that this method is satisfactory for the separation of
each thiamin and its phosphate esters.

Fig. 3 shows calibration graphs for standard solutions ofTTP, TDP, TMP and
thiamin. Linearity was observed up to 100 pmol of each derivative. The minimum
amounts reproducible determined were 0.1 pmol for thiamin phosphate esters and 0.5
pmol for thiamin. The sensitivity of this method is comparable to that of the previous
HPLC methods7,8, but less than that of the methodsvv' recently reported. In the latter
methods, however, there may be a limitation on the application to biological
preparations, since it is difficult to carry out a proper blank experiment as shown in the
former methods. Bontemps et alY showed that TTP in rat heart could not be
quantified by their method. In general, the sensitivity may be improved by using
a smaller cell and a more sensitive fluorometer.

The analytical pattern of thiamine and its phosphate esters in rat cerebral cortex
by the HPLC method described here is shown in Fig: 4. Though several peaks were
detected, peaks 1,2,3,4 and 5 were found to correspond to ThcTP, ThcDP, ThcMP,



HPLC OF THIAMINE AND ITS PHOSPHATE ESTERS

-M0 6...
u
0•.;.
.3

l: 4..
c
:
.5
0
u
c
0
u 2•0
(j
.:...

0
0.5 1.0 1.5 2.0

(pmol)

321

Fig. 3. Calibration graphs for the determination of thiamine and its phosphate esters. Each point represents
the mean of three determinations and the deviation is within the symbol. 0, TTP; ., TDP; 6, TMP; ... ,
thiamine.
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Fig. 4. Elution profile of thiamine and its phosphate esters in rat cerebral cortex. The extract from rat
cerebral cortex was divided as described in Experimental: one was used as the sample (A) and the other as the
blank (B). The retention times ofThcTP (I), ThcDE (2), ThcMP (3), Thc (4) and Carb-Thc (5) are indicated
in both experiments.
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TABLE I

EFFECT OF TREATMENT OF THE TISSUE EXTRACT WITH TTPase OR ACID PHOSPHATASE
ON ITS THIAMINE PHOSPHATE ESTERS

The tissue extract was treated with 0.38 mg TTPase in a medium of 0.4 ml containing 50 mM Tris-H'Cl (pH
9.0) and 6 mM magnesium chloride at 37°C for 30 min (experiment A) or with 5 U acid phosphatase in
a medium of 0.4 ml containing 25 mM imidazole buffer (pH 5.8) at 37°C for 60 min (experiment B). The
control experiment was simultaneously carried out without the enzyme. In this experiment. an extract from
rat soleus muscle was used since the TTP content was higher in this issue than in the other tissue'",
but a similar result was obtained for an extract from the cerebral cortex. The data from a typical experiment
are given which was repeated three times with similar results.

Distribution (%)

TTP TDP TMP Thiamine

Experiment A
Control 6.0 76.0 17.9 0.1
TTPase 0 82.8 16.8 0.4

Experiment B
Control 6.5 86.7 6.2 0.6
Acid phosphatase 0 0 94.0 6.0

The and Carb-Thc, respectively, from their retention times. The addition of each
authentic thiamin compound in the tissue extract enlarged the corresponding peaks in
HPLC (data not shown), and the recovery of the thiamine compounds added was
95-100%. Since the ThcTP and ThcDP, but not ThcMP and The, peaks were
contamined a little by the blank peaks (Fig. 4B), the measurement of The derivatives
should be based on the difference between the sample and blank fluorescence as
described in Experimental.

In the previous HPLC methods, the peaks were identified by comparing the
retention times with those of authentic compounds or by co-chromatography with

TABLE II

CONTENTS OF THIAMINE AND ITS PHOSPHATE ESTERS IN VARIOUS RAT TISSUES

The results (nrnol/g tissues) are the means ± S.D. from four or five experiments and the values in
parentheses are percentages of the total thiamine.

Total TTP TDP TMP Thiamin

Cerebral 7.25 ± 1.17 0.02± 0.01 5.85 ± 1.04 1.07 ± 0.05 0.30 ± 0.08
cortex (0.3) (80.7) (14.8) (4.1)

Crebellum 8.65 ± 0.63 0.03 ± 0.01 6.83 ± 0.40 1.49 ± 0.21 0.31 ± 0.14
(0.3) (79.3) (l7.2) (3.6)

Heart 17.9 ± 2.1 0.05 ± 0.02 16.1 ± 1.7 1.76 ± 0.36 0.16 ± 0.03
(0.3) (89.4) (9.8) (0.9)

Kidney 18.6 ± 1.6 0.03 ± 0.01 14.6 ± 1.6 1.51 ± 0.37 2.45 ± 0.13
(0.2) (78.5) (8.1) (13.2)

Liver 34.3 ± 1.5 0.18 ± 0.12 28.7 ± 1.4 4.20 ± 0.17 1.33 ± 0.15
(0.5) (83.7) (12.2) (3.9)
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added authentic compounds. These criteria, however, may not confirm that the
fluorophore is indeed due to a thiamine compound as previously pointed
out3

,5 , 1 7 . In this study, the tissue extract was treated with TTPase or acid phosphatase,
in order to ensure the specificity of the fluorophores (Table I). The TTPase treatment
resulted in disappearance of the ThcTP peak and a corresponding increase in the
ThcOP peak. Further, in the sample pretreated with acid phosphatase the ThcTP and
ThcOP peaks were not observed. When the extract was treated with adequate amounts
of acid phosphatase, all the The esters disappeared and a large peak of The was
observed (data not shown). In these experiments, the blank peaks as shown in Fig. 4B
were not influenced by the treatments (data not shown). This is the first demonstration
that thiamine ester peaks from a biological preparation subjected to HPLC are indeed
derived from thiamin compounds.

The applicability of the method is demonstrated by determination of thiamine
and its phosphate esters in rat tissues (Table II). In these tissue samples, the
contamination with the blank fluorescence was as follows; in TTP, 2.5 (brain), 2.8
(heart), lOA (kidney) and 0.8% (liver); in TOP, 1.0 (brain), 3.1 (heart), 3.6 (kidney) and
1.0% (liver); in TMP and thiamine, no contamination was detectable. TOP was the
most abundant thiamine compound and TTP was the least (less than 1% of the total
thiamine) in all the tissues. The low level ofTTP is in agreement with a recent report".
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SUMMARY

6-Nitrobenzo[a]pyrene (6-NBaP) occurs in the environment, is mutagenic in the
Ames assay in the presene of added S9 and is carcinogenic to male but not female
mouse liver when injected intraperitoneally (i.p.) into mice. In order to understand
what kinds of active metabolites could have been produced in vivo, both male and
female mice were injected i.p. with 6-NBaP in dimethyl sulfoxide. Twenty-four hours
after injection, urine, feces, blood, liver and spleen (non-target tissue) were examined
for metabolites by chromatographic and high-resolution mass spectral means. On the
basis of the mass spectral fragmentation patterns of synthetic and metabolic
standards, it was observed that both male and female animals excreted ring-hydroxyl
ated metabolites of 6-NBaP in the urine to differing extents. Male animals additionally
excreted 6-aminobenzo[a]pyrene and the significance of this observation is discussed.

INTRODUCTION

Nitro-substituted polycyclic aromatic hydrocarbons (nitro-PAHs) occur in the
environment and many of them are direct-acting bacterial mutagens 1. Benzo[a]pyrene
(BaP), a carcinogenic PAH, occurs widely in the atmosphere/ and can undergo
nitration in a simulated environment.' to produce 6-nitrobenzo[a]pyrene (6-NBaP) in
addition to 1-and 3-NBaP. 6-NBaP has been detected in air pollution samples", and its

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.Y.
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bacterial mutagenicity requires exogenous activation with Arochlor-induced rat liver
S95

. To investigate the nature of the metabolites of 6-NBaP that could have been
produced during the exogenous activation process, Fu et al.,6 examined the rat liver
microsomal metabolism of 6-NBaP and characterized 3-hydroxy-6-NBaP (3-0H-6
NBaP) as the major metabolic product, together with smaller amounts of 1-0H-6
NBaP, 1,9-dihydroxy-6-NBaP (1,9-di-OH-6-NBaP) and 3,9-di-OH-6-NBaP (hydro
quinones). A mixture of 3-0H-6-NBaP and I-OH-6-NBaP requires activation with
liver S9 to be mutagenic, suggesting the posibility that the monohydroxy compounds
were undergoing further metabolism. Later it was suggested, without experimental
details, that the hydroquinones are direct-acting mutagens7

.

As 6-NBaP was found to be mutagenically active:", the question naturally arose
as to whether it can pose a risk to human health. Therefore, the carcinogenicity of
6-NBaP and other nitro-PAHs was examined in a highly responsive newborn mouse
assay system by Wislocki et al ", During this bioassay it was found that when 6-NBaP
was injected intraperitoneally (i.p.) into newborn CD 1 male and female mice, it was the
male and not the female animal that developed hepatocellular adenoma and
carcinoma. Like Fu et al.6, we carried out a number of in vitro aerobic metabolism
experiments with 6_NBaP 5,9 , I O and observed that both liver and lung tissue produced
ring-hydroylated metabolites of 6-NBaP. The lung tissue is not a target of the
carcinogen 6-NBaP in either sex. Many nitro-PAHs may be activated via nitro-reduc
tion 7 . As 6-NBaP induced hepatocellular tumors in male and not female mice after i.p.
injections, showing a sex difference, it was our objective to determine what kinds of
metabolites were produced in vivo.

EXPERIMENTAL

Chemicals
The preparation and chromatographic purification of 6-NBaP and its spectral

properties have been described 5
,1l .

Synthesis of 6-aminobenzo[aJpyrene (6-ABP). Palladium-earbon red uction of
6-NBaP to 6-ABP has been described 12. However, we prepared 6-ABP according to
a new method, as follows.

6-NBaP (6 mg) was transferred into a 100-ml round-bottomed flask with 2 ml of
toluene. The flask was fitted with a reflux condenser and an adapter for a nitrogen gas
inlet. A 25-ml volume of 85% hydrazine hydrate (Matheson, Coleman and Bell, East
Rutherford, NJ, U.S.A.) and 1.4 mg of zinc dust were added. The apparatus was
evacuated, filled with nitrogen gas and then refluxed for 1 h. The reaction mixture was
cooled under nitrogen gas, the product was extracted into 500 ml of ethyl acetate, the
extract was washed with 4 x 50 ml of water and then dried over 100 g of anhydrous
sodium sulfate. The solvent was removed, the greenish fluorescing solid residue was
dissolved in 1 ml of benzene and resolved into its components by silica gel thin-layer
chromatography (TLC) (see later for details). The greenish fluorescent (360 nm light)
band with RF values 0.08 and 0.49 in solvents 2 and 3 (Table I) was scraped off,
extracted with acetonitrile, benzene and dichloromethane, the solvents removed and
the residue (1-1.5 mg) was again chromatographed to remove minor amounts of
impurities. The material, RF 0.49 in solvent 3, was extracted as above, the solvent
removed and the residue was characterized by UV, mass and proton NMR spectra.
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Synthesis of 6-(N-acetylamino)benzo[a]pyrene (6-AABaP). Many of the
metabolites of 6-NBaP are unstable; therefore, as we described earlier5

,9 and also
describe later, the crude mixture of metabolites isolated was subjected to acetylation
before subjecting them to extensive analytical processing. As 6-ABP was an in vivo
metabolite present in the mixture of metabolites (see later), we wished to prepare
6-AABaP for reference purposes.

6-ABP (0.5 mg) in 0.5 ml of dimethyl sulfoxide (DMSO) was diluted with ethyl
acetate to 21 ml, then a mixture of 0.1 ml ofacetic anhydride and 0.1 ml of pyridine was
added and the solution was stirred overnight (this is the method used for acetylation of
the metabolic mixture). In the morning 11 ml of water were added, the mixture was
stirred for 2 h to decompose the acetic anhydride, a further 90 ml of ethyl acetate were
added, the organic layer was washed with 5 x 10ml of water and the ethyl acetate layer
was dried over 109 anhydrous calcium chloride and then 25 g of anhydrous sodium
sulfate. The solvent was removed and the residue was chromatographed (Table I).
After a benzene run the mono-N-acetylamino derivative, RF 0.92, was characterized by
taking its high-resolution mas spectrum. It showed a molecular ion (M+·) at mjz 309
and a de-acetylation fragment (due to loss of ketene) at m]z 267.

Although the data were satisfactory for reference purposes, we wished to
examine whether the 6-AABaP can be prepared by reducing 6-NBaP in the presence of
acetic anhydride. To achieve this, a mixture of 6.5 mg of 6-NBaP, 14 m1 of acetic
anhydride and 14 g of zinc dust (Mallinckrodt, St. Louis, MO, U.S.A.) was refluxed
under a nitrogen atmosphere for 30 min. The reaction mixture was cooled, 35 g of ice
were added to decompose the acetic anhydride, the mixture was shaken with 250 ml of
ethyl acetate and the ethyl acetate extract was washed with 2 x 25 m1 of water, 2 x 25
ml of 5% sodium hydrogencarbonate solution and finally 1 x 25 ml water. The
organic extract was dried over 50 g of anhydrous sodium sulfate, the solvent removed
and the residue chromatographed (Table I). The major product (ca. 5 mg) had an RF

value of 0.08 in benzene. Mass and NMR spectral data (not shown) showed the
substance to be predominatly 6-(N,N-diacetylamino)-BaP. We attempted to release
the free amine by removing the acetyl groups with ammonia [2 ml of methanol + 2 ml
of ammonia solution (58%)] but failed and, therefore, this approach for preparing
6-AABaP was not pursued any further.

Instrumentation

For the characterization of synthetic substances, we used UV, NMR and mass
spectrometry. UV spectra were obtained with a Cary 15 UV-VIS spectrophotometer".
NMR spectra were obtained on a Varian XL-300 (300 MHz) spectrometer with
C2HCl

3 (99.96 atom% 2H) as the solvent.
In vivo metabolites were obtained in small amounts and, therefore, high-resolu

tion mass spectral determination was the method of choice for their identification.
Mass spectral data were acquired with an AEI MS-9 mass spectrometer

operating in the electron ionization mode (ca. 70 eV) at an acceleration voltage of8 kV.
Calibration ofeach spectrum (Table II) was obtained by using perfluorokerosene 755
(SCM Specialty Chemicals, Gainesville, FL, U.S.A.). Data were obtained and
processed by the DS-2000 data system. The resolution of the instrument was M/ iJM
= 10000 and the temperature of the source was ca. 220°C.
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TLC
Synthetic and metabolic samples were resolved on silica gel soft layer plates

containing 13% calcium sulfate binder and zinc-cadmium silicate as the fluorescence
indicator (Anasil) (Foxboro, North Haven, CT, U.S.A.). The separated products were
extracted with organic solvents in hich the inorganic binder and the indicator were
insoluble. The synthetic materials could be extracted from the gel and then analysed
spectralIy without much interference.

However,. 1 or 0.25 mm thick plates were used according to the size of the
samples. The solvent systems used in this work are shown in Table I. Other TLC
procedures used in this kind of work have been described 9

, 1 1, 13 .

Animal experiments
The in vitro microsomal aerobic metabolism of 6-NBaP has been describ

ed5 ,6 ,9- 11 , 14 and was shown to produce ring-hydroxylated metabolites of 6-NBaP.
Many nitro-PAHs are activated via reduction of the nitro group and in vitro such

reduction occurs under reduced oxygen tension or anaerobic incubation 7. With the
objective of determining whether under anaerobic incubation conditions the nitro
group of 6-NBaP underwent reduction, the folIowing experiment was carried out.

AlI biochemicals were obtained from Sigma (St. Louis, MO, U.S.A.). The
isolation of rat liver microsomal protein has been described 5 ,1 1 . The anaerobic
incubation was carried out in an argon atmosphere. After the addition of each
reactant, the 125-mlerlenmeyer reaction flask was evacuated and filIedwith argon gas.
A total incubation volume of 34 ml of 50 mM Tris (pH 7.5) contained 69 mg ofprotein,
0.72 mg (70 J1.M) of6-NBaP in 0.61 ml of acetone, 1 mM FMN, 3 mMMgClz' 6HzO,
20 mM glucose-6-phosphate, 10 mM NADP and 157 units of glucose-6-phosphate
dehydrogenase. Incubation was carried out in white light for 30 min. The reaction was
arrested by placing the flask on ice and adding 0.1 g of zinc sulfate and 20 ml of
methanol to precipitate protein. After centrifugation the supernatant was extracted
with 2 x 60 ml of dichloromethane and then 2 x 60 ml ofethyl acetate. The combined
organic extract was dried over 80 g of anhydrous sodium sulfate, the solvent was
removed and the residue chromatographed (Table I). The metabolic 6-ABP was
characterized by comparing its chromatographic and mass spectral properties with
those of our synthetic standard.

In vivo metabolites
In carrying out the carcinogenesis experiment, Wislocki et al.8 used male and

female CD, mice and injected 6-NBaP i.p. We used male and female Swiss mice,
available at the Eppley Institute.

Age of the mice
In order to isolate, chromatographicalIy resolve and spectralIy characterize the

in vivo metabolites, one needs to administer a large dose of the test substance, as
a number of metabolites, each occurring in smalI amounts, are excreted in the urine.
We acetylated the metabolites, resolved them by TLC and then characterized them by
mass spectrometry.

In many preliminary experiments using 17-days old mice (10-14 g), as were used
by Wislockiet al.8, we observed that deaths occurred when we tried to inject more than
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32 nmol (9.5 flg) of6-NBaP in 52 fllofDMSO. We therefore decided to use 5-week-old
(27-30 g) male and female mice. The tolerance ofi.p. DMSO was found to be 0.2 ml per
mouse, above which deaths occurred in female mice.

Dose of 6-NBaP administered
In each experiment twelve mice were used. With male mice, to each mouse 960

nmol of6-NBaP in 0.15 ml ofDMSO were given i.p. in the first experiment. In a second
experiment, 800 nmol of6-NBaP in 0.1 ml ofDMSO were used for each male mouse.
Thus, two doses of 6-NBaP were examined in the male mouse. With female mice, each
received i.p. 800 nmol of 6-NBaP in 0.1 ml of DMSO. After injections the mice were
transferred to cages.

Metabolism cages
"Metabowl" from Jencons (Hemel Hempstead, Hertfordsire, U.K.) was used.

Each cage accommodated four mice. A gentle stream of air was sucked through the
cages during the 24-h experiment. The mice had free access to water but no food.

Collection of samples
The duration ofeach experiment was 24 h, during wich both urine and feces were

collected and kept frozen over dry-ice. During collection of liver and spleen for
preparing the respective cytosols, the twelve male mice were decapitated and the blood
(8.8 g) was collected in 75 ml of ice-cold 1% sodium citrate (pH 8.4). Both liver (ca. 15
g) and spleen (ca. I g) were collected (1 g per 10 ml) in ice-cold 0.15 M sodium
chloride-50 mM Tris (pH 7.5)-200 u.M Desferal (STD buffer).

Isolation of metabolites
As described by Alexander et al. l s, blood proteins were precipitated with

tungstic acid, sedimented, the pH of the supernatant was adjusted to 5.5 and free
metabolites were extracted with an equal volume of ethyl acetate. The ethyl acetate
extract was processed as described below.

With liver and spleen, 20% homogenate was prepared in STD buffer, cytosols
were prepared by differential centrifugaton, cytosolic proteins were precipitated by
adding equal volumes ofacetone and then free metabolites, if any, were extracted with
an equal volume of ethyl acetate. As described below, free ring-hydroxylated
metabolites of 6-NBaP and 6-ABP present in the ethyl acetate extract, if any, were
acetylated, separated by TLC and then analysed by mass spectrometry. By this
procedure, blood, liver and spleen, at the sample size we have used, did not show any
metabolites (Tables II and III). These are not further discussed.

Urinary and fecal metabolites
Both urine and feces were collected for 24 h and frozen over dry-ice. As soon as

the dry-ice was removed care was taken that both urine and feces were treated with
organic solvents as soon as possible so that bacteria could not consume the organic
metabolite(s).

In a typical experiment involving twelve male mice in 24 h, 26 ml of yellow urine
(pH 6.0) mixed with feces was obtained. Urine and feces were separated by filtering
through a coarse (ASTM 40-60) funnel. Urine was immediately extracted with 2 x 52
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ml of ethyl acetate. Feces (4.7 g) were homogenized with a Polytron (Brinkmann,
Westbury, NY, U.S.A.) in 30 ml ofSTD buffer (which also contained both chloroform
and toluene as bacteriostats). The fecal homogenate was centrifuged for 5 min on
a bench-top centrifuge at speed 3 (International Equipment, Needham Heights, MA,
U.S.A.). The supernatant was collected and extracted with 2 x 40 ml of ethyl acetate.
To the aqueous portions obtained from both urine and feces after organic extractions,
both chloroform and toluene were added and left in the cold room while the free
metabolites were being processed.

Free urinary metabolites: treatment of ethyl acetate extracts
The 104 ml of ethyl acetate extract was washed with 2 x 1 ml water, the organic

layer was shaken with 109 of anhydrous calcium chloride until turbid, the upper layer
was decanted into another separating funnel, the lower aqueous layer was drained out
and the organic layer was further dried with 20 g of anhydrous sodium sulfate. The
organic extract was transferred into a 500-ml erlenmeyer flask which contained 10 g of
3 A molecular sieve (Mallinckrodt) to act as a drying aent. To the extract 0.4 ml (4
J.ll/ml of the ethyl acetate) ofacetic anhydride and 0.4 ml ofpyridine were added, mixed
and allowed to stand for 5 h. A batch of 0.1 ml each of acetic anhydride and pyridine
was again added, mixed, the acetylation allowed to proceed overnight, and finally
a last batch of 0.1 ml each of acetic anhydride and pyridine was added, the reaction
allowed to proceed for further 1 h and then terminated by adding a further 400 ml of
ethyl acetate and washing with 5 x 30 ml of water to remove the acetylating reagents.
The organic extract was dried with anhydrous calcium chloride and sodium sulfate as
described above, the solvents were removed and the residue was chromatographed
(Table I).

Free fecal metabolites
As with urinary free metabolites, the fecal free metabolites in the 80 ml of ethyl

acetate extract (above) were treated with acetylating reagents, the products chro
matographed (Table I) and materials in chromatographic bands selected with
reference to standards (Table I) were analysed by mass spectrometry.

Conjugated metabolites
Tong and Selkirk's work!" with in vitro cell culture systems suggested that the

ring-hydroxylated metabolites of 6-NBaP may be conjugated with glucuronides.
According to Hande et al.' 7, sometimes glucuronides are found to be resistant to
[3~glucuronidase, and according to their recommendation we used large excesses of
[3-glucuronidase and prolonged incubation.

Conjugated metabolites in urine. After the free urinary metabolites had been
removed in ethyl acetate (above), an aqueous layer, 54 ml (including washings ofethyl
acetate extract), was obtained. The aqueous layer was taken in a stoppered 250-ml
erlenmeyer flask, 50 mM acetate buffer (pH 5.5) was added, followed by 5.4 mg (0.1
mg/ml aqueous layer) of [3-glucuronidase (containing sulfatase activity from Helix
pomatia type H-l; Sigma), 0.5 ml each of chloroform and toluene and the mixture was
incubated at 37°C for 20 h. After the first 10 h another batch ofchloroform and toluene
was added, the reaction mixture cooled, the pH adjusted to 6.5 and the released
metabolites were extracted into 108 ml of ethyl aceate. The ethyl acetate extract was
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subjected to the acetylation process (see above, free urinary metabolites), the
acetylated products were resolved by chromatography (Table I) and then bands were
selected for mass spectrometry with reference to R F values of reference substances
(Table I).

Conjugated metabolites in feces. For this work the method used for releasing
conjugated urinary metabolites (above) was followed. After removing the free fecal
metabolites with ethyl acetate (see above), 25 ml of aqueous layer containing the
conjugated metabolites, if any, were obtained. To the aqueous layer, acetate buffer
(pH 5.5), f3-glucuronidase, chloroform and toluene were added, the mixture was
incubated and the released materials. if any, were processed as for conjugated urinary
metabolites.

RESULTS

Synthetic material
The 6-ABP synthesized by the zinc-hydrazine method had the chromatographic

properties shown in Table I. The UV, NMR and mass spectra of the product shown in
Fig. I were consistent with the structure of 6-ABP. Two protons in the NH 2 group
were seen at 6.92 ppm (not shown in Fig. IB).

In vitro anerobic metabolite
In order to determine whether, under reduced oxygen tension, 6-NBaP was

converted into 6-ABP, an in vitro experiment was carried out. It was found that an
amount of 6-ABP was formed (Table I). The metabolic amine had a mass spectrum
identical with that of the synthetic substance (Fig. 1C). During the in vitro incubation
the raction flask was repeatedly evacuated and filled with argon gas, but the residual
oxygen content, if any, was not determined. As such, in addition to the formation of
the amine, some ring-hydroxylated metabolites were also found to be present. The

TABLE I

s, VALUES OF BaP, ITS DERIVATIVES AND IN VITRO METABOLITES OF 6-NBaP

Compound Solvent 1: Solvent 2: Solvent 3:
hexane-benzene hexane-benzene benzene
(3:1) (I: I)

Synthetic:
BaP 0.43
6-Acetoxy-BaP 0.[3 0.28 0.57
6-ABP 0.08 0.49
6-(N-Acety[amino )-BaP 0.92,0.96
6-(N,N-Diacety[amino)-BaP O.O[ 0.08
6-NBaP 0.34
BaP-1,6- and
-3,6-quinone (mixture) 0.[9 0.27 0.2,0.3

In vitro metabolites5.6.9.10.
Monoacetoxy-6-NBaP 0.[9 0.27 0.44
Diacetoxy-6-NBaP 0.[9 0.20 0.15
6-ABP 0.0 0.08 0.52
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Fig. I. Spectral properties of 6-ABP synthesized by the zinc-hydrazine method. (A) Ultraviolet absorption
spectrum in acetonitrile. (B) Proton (aromatic) NMR spectrum of the substance in [2H6]DMSO.
Tetramethylsilane was used as internal reference substance. (C) Mass spectrum.
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chromatographic, UV and mass spectral properties of monohydroxy-6-NBaP have
been reported 1O.

Urinary metabolites
Accurate mass measurements are given in Table II. Most of the metabolites,

both free and conjugated, were seen in urine. As we have often mentioned, many of the
6-NBaP metabolites are unstable but are stabilized after acetylation. One such
substance is 6-hydroxy-BaP, which we characterized earlier from in vitroexperiments,
via UV, NMR and mass spectra of both the free and the acetylated products", In one in
vivo male mouse experiment we found 6-acetoxy-BaP (after acetylation) (m]z 310,
Table II), suggesting the occurrence of 6-hydroxy-BaP (m]: 268) as a urinary
metabolite. We also see the excretion of both BaP (mlz 252) and 6-NBaP im]z 297) by
both male and female (designated F, Table II) mice. In one male mouse experiment
UV-detectable amounts of 6-NBaP were excreted.

It as been suggested that activation of 6-NBaP occurred via ring oxidation" and
it has been reported that the nitro-PAR was carcinogenic to male and not to female
mouse liver. In Table II we find that both male and female mice produce

TABLE II

MASS SPECTRAL CHARACTERISTICS OBSERVED IN MOUSE URINARY METABOLITES

(F) means samples from female urine.

m]z Molecular Observed Calculated Probable compound
formula mass mass

252 C2oH , 2 252.0924 252.0939 BaP
252.0927
252.0933(F)

267 C2oH 13N 267.1028 267.1048 6-ABP
267.1052

C,gHgNO 267.0671 267.0684 Fragment of mono-OH-6-NBaP
268 C2oH 12O 268.0873 268.0888 Hydroxy-BaP

268.0884
268.0886

C,gH,ONO 268.0754 268.0762 Fragment of mono-OH-6-NBaP
268.0759(F)

282 C2oH,002 282.0658 282.0681 Fragment of mono-OH-6-NBaP
282.0664
282.0676

283 C2oH l102 283.0740 283.0759 Fragment of mono-OH-6-NBaP
283.0764

284 C2oHl202 284.0833 284.0837 Product of nucleophilic displacement
284.0850(F) of N02 group of mono-OH-6-NBaP
284.0858

297 C2oH,IN02 297.0764 297.0790 6-NBaP
297.0781
297.0808
297.0795(F)

310 C22H I402 310.0979 310.0993 6-Acetoxy-BaP
313 C20H llN03 313.0725(F) 313.0739 Mono-OH-6-NBaP
329 C2oH llN04 329.0704(F) 329.0688 Di-OH-6-NBaP
371 C22H 13NOs 371.0826(F) 371.0794 Monoacetoxy derivative of di-OH-6-NBaP
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TABLE III

MASS SPECTRAL FRAGMENTATION OF 3-0H-6-NBaP AS REPORTED EARLIER6 .
14

Charged ion Mol. formula Mol.wt. Calculated mass

M+' C2oHllN03 313 313.0739
[M-NOr' C2oHl102 283 283.0759
[M-NO-H]+ . C2oHIOO2 282 283.0681
[M-CHO-O]+ . C 19H toNO 268 268.0762
[M-CHO-O-H]+ . C 19H 9NO 267 267.0684

ring-hydroxylated metabolites. However, in male experiments there were more
chromatographic bands that contained the ring-hydroxylated metabolites. In charac
terizing the mass spectral fragmentation patterns of the ring-hydroxylated metabolites
isolated in these experiments and shown in Table Il, we utilized, for purposes of
comparison, the fragmentation pattern suggested by Fu et al." and shown in Table III
for 3-0H-6-NBaP. The parent peak (M+') atm/z 313 for a monohydroxy-6-NBaPwas
not seen in any of the male samples, although the appropriate fragments at m]z 283,
282,268 and 267 were present (Table 1I). In the female sample there was a peak at m]z
313 for a monohydroxy-6-NBaP. Also, there was a peak at mlz 329 for a hydro
quinone. The peak at mlz 371 is due to a monoacetoxyhydroquinone.

When we looked for the amine (mlz 267) we found that both male experiments
produced the amine. We carried out one experiment with females and could not detect
the formation of the amine. It is not known whether more experiments with females
will show excretion of the amine. In both male and female experiments dihydroxy-BaP
tm]z 284) was detected",

DISCUSSION

In Fig. 2, Scheme A, the mechanism of formation of ring-hydroxylated
metabolites of 6-NBaP is shown!". A monohydroy-6-NBaP may be the source of
a dihydroxy-BaP shown in Scheme C. In Scheme C we suggest that in the formaton of
both 6-hydroxy-BaP and the dihydroxy-BaP (Table II)5,9 water acts as a nucleophile
which displaces the NOz group to produce the hydroxylated compounds 18. In Scheme
B the formation of BaP is suggested to involve the formation of a nitroanion radical
involving electron transfer from NADPH via NADPH cytochrome P-450(c)reductase
to the nitro group. A carbon-centered radical may be produced from the nitroanion
radical!", The carbon-centered radical may be reduced to BaP. In Scheme D the
reduction of the NOz group to the amine is shown to involve the intermediacy of
a hydroxylamine, which is sometimes regarded as an active intermediate in the
reduction of a nitro-PAH 7 .

Whether it is the formaton of the epoxide (Fig. 2, Scheme A) or the
hydroxylamine (Fig. 2, Scheme D) in the activation pathway of 6-NBaP, the
metabolites are electrophiles capable of binding to DNA. The extent of DNA binding
sometimes correlated with the carcinogenic potency of the substance". In Table Il, we
find that both male and female mice can produce ring-hydroxylated (i.e., epoxide
intermediary) metabolites of 6-NBaP. Therefore, epoxide-mediated DNA binding of
6-NBaP will have lesser importance as 6-NBaP is carcinogenic to male and not female
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Fig. 2. Suggested schemes of product formation during the metabolism of 6-NBaP. (A) Microsomal ring
oxidation of 6-NBaP. (B) Probable route of BaP formation via a nitroanion radical. (C) Route for the
probable nucleophilic displacement of the NO z group by water. (D) Route for the reduction of the NO z
group to an amino group.

mice. We examined in vivo metabolites produced in one female and two male.
experiments. 6-ABP was found to be produced by the males. The activation of the
intermediate hydroxylamine (Fig. 2, Scheme D) may be different in male and female
mice, as was found by Miller and Miller2 1 with 2-acetylaminofluorene. Such activation
involved sulfation of a hydroxy group.

Sulfotransferase activity may be different in males and females'" and also may
be different among the species'". In explaining the fact that 6-NBaP is carcinogenic to
male and not to female mouse liver, it is possible that in the male liver a hydroxylamine
is produced via nitro reduction and the hydroxylamine is activated via sulfotransferase
activity. This possibility isjust speculation and the verification ofits correctness should
form the subject matter of future research.
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SUMMARY

A reliable stability-indicating method using reversed-phase ion-pair high-per
formance liquid chromatography for the determination of the anticholinergic drug
oxybutinin chloride in pharmaceuticals is reported. Sample extraction is easy and
fairly rapid and recovery and precision of the method are excellent. Due to the simul
taneous use of an organic amine and of an alkanesulphonate in the mobile phase,
good selectivity towards related (quaternary ammonium) anticholinergic drugs was
obtained.

INTRODUCTION

Oxybutinin chloride (OBU), iX-cyclohexyl-iX-hydroxyphenylacetic acid 4-(dieth
ylamino)-2-butynyl ester hydrochloride (I), is an anticholinergic drug used to relieve
the symptoms of neurogenic bladder'. A method was developed for the quantitation
ofOBU in pharmaceutical formulations for routine quality control purposes since we
were not aware of any published chromatographic method for OBU.

R: - CH2 - C=C - CH2 - N<CH2 - CH3 I
CH2 - CH3/;N)

R:-CH2-C II
\N

I
CH3

OH

@-~-COOR.HCI

6

The analytical procedure was based on an octadecylsilane column with an acid
ic methanol-water mixture containing two counter-ions Ofopposite charge, i.e., sodi
um octanesulphonate (SOS) and N,N-dimethyloctylamine (DMOA). Due to the ex-

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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treme simplicity and quantitative recoveries of the extraction procedure and to the
use of oxyphencycIimine hydrochloride (OXY) (II) as an internal standard a very
good precision could be obtained (coefficient of variation < I%). The method was
suitable for quality control, content uniformity and stability indication.

The selectivity of the chromatographic separation towards related anticholi
nergics was excellent. Moreover, the method can be applied as such or with minor
modifications to the analysis of several tertiary or quaternary ammonium anticholi
nergic drugs such as glycopyrrolate, penthienate bromide, oxyphenonium bromide,
hexocycIium, isopropamide iodide, fenpiverinium bromide and mepenzolate bro
mide.

EXPERIMENTAL

Chemicals
Oxybutinin hydrochloride (kindly supplied by Therabel, Brussels, Belgium) and

oxyphencycIimine hydrochloride (kindly supplied by Pfizer, Brussels, Belgium) were
used without further purification. a-Cyclohexyl-a-hydroxyphenylacetic acid was a
kind gift from Ciba-Geigy (Brussels, Belgium).

Methanol (UCB, Leuven, Belgium), I-octanesulphonic acid sodium salt (Jans
sen, Beerse, Belgium), N,N-dimethyloctylamine (Aldrich, Milwaukee, WI, U.S.A.),
85% orthophosphoric acid and 30% hydrogen peroxide (Merck, Darmstadt,
F.R.G.), all of analytical reagent grade, were used. Water was purified by ion-ex
change chromatography and subsequent distillation.

Apparatus
The liquid chromatographic equipment consisted of a Spectra-Physics SP 8000

liquid chromatograph, a Model 770 variable-wavelength detector (Spectra-Physics)
and a BD 8 single channel recorder (Kipp and Zonen, Delft, The Netherlands).

Chromatography
A 5-J.lm particle size RSil CIS column (150 mm x 4.1 mm 1.0.) (Alltech-Europe,

Eke, Belgium) was used. All separations were conducted at 25°C (flow-rate 1 ml/min)
and the column effluent was monitored at 220 nm. Injections of 10J.lI were made with
a Valco six-port injection valve.

The mobile phase was prepared by dissolving 6.49 g of SOS (30 mmol/l) and
1.50ml ofDMOA (7.5 mmol/l) in ca. 990 ml of methanol-water (65:35), adjusting the
pH to 5.0 with orthophosphoric acid and diluting to 1000 ml in the same methanol
water mixture. Before chromatography, the mobile phase was filtered through a 5-J.lm
filter and degassed with helium.

Analytical procedure
OBU was analysed in Ditropan'" tablets and syrup (Therabel) stated to contain

5 mg per tablet and 5 mg per 5 ml syrup respectively.

Calibration standards
Stock solutions containing ca. 145mg ofOBU and ca. 60 mg ofOXY (internal

standard) were prepared in methanol-water (65:35). Working standards were pre-



ION-PAIR LC OF OXYBUTININ CHLORIDE 339

pared by pipetting 7.0, 8.0,9.0 and 10.0ml of the OBU stock solution and 10.0ml of
the internal standard stock solution into a 50-ml volumetric flask and diluting to
volume in methanol-water (65:35).

Calibration graphs were constructed by plotting the peak area ratios ofOBU to
OXY versus the weights of OBU in the standard solutions and analysed by least
squares regression methods.

Determination of the oxybutinin chloride content of tablets
Twenty tablets were weighed and powdered in a mortar. An amount of powder,

equivalent to 2.5 average tablets, was transferred to a 50-ml volumetric flask. About
25 ml of methanol-water (65:35) and 10.0 ml of the internal standard stock solution
were added. The contents were mixed, sonicated for 2 min in an ultrasonic bath and
diluted to volume in the same methanol-water mixture. A portion of this suspension
was centrifuged at 3000g for 5 min. Aliquots of the supernatant were injected into the
liquid chromatograph.

Determination of the oxybutinin chloride content of syrup
An amount of syrup, equivalent to 12.5 ml of syrup, was weighed into a 50-ml

flask. About 25 ml of methanol-water (65:35) and 10.0 ml of the internal standard
stock solution were added. The contents were mixed, sonicated for 2 min in an ultra
sonic bath and diluted to volume in the same methanol-water mixture. Aliquots of
this solution were injected into the liquid chromatograph.

Accuracy analysis
Tablets. Known amounts between ca. 95 and 125% of the tablet claim of

OBU were added to a placebo tablet mixture. This sample was treated as described
for the determination of the OBU content of the tablets.

Syrup. A known amount of OBU at the 100% level of the syrup claim was
added to a placebo syrup mixture. This sample was treated as described for the
determination of the OBU content of the syrup.

Precision analysis
The precision of the method was tested by subjecting portions of the appropri

ate sample preparation to the entire assay procedure and calculating the coefficient of
variation (C.V.) of the results.

RESULTS AND DISCUSSION

Control of separation
The reversed-phase liquid chromatographic (RP-HPLC) separation of basic

drugs such as OBU and OXY often involves the interaction with residual silanol
groups'<" resulting in poor chromatographic performance'< ". The addition of an
organic amine such as DMOA to acidic aqueous-organic eluents greatly improves the
efficiency and peak shape of basic drugs but also reduces the capacity factors (k') to
such an extent that the resolution quickly decreases't-!". An advantage of the simulta
neous incorporation in the eluent of a counter-ion such as SOS is the possibility to
increase retention of the basic drugs through ion-pair formation while the selectivity,
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peak shape and the efficiencyare kept high or even improved. Hence, the resolution of
basic drugs will be enhanced 1o. Since the retention of neutral and acidic compounds
remains almost unaffected by the presence of SOS in the eluent, important selectivity
changes are easily achieved ll

.

A test mixture consisting of OBU, OXY, methyl p-hydroxybenzoate and a-cy
clohexyl-o-hydroxyphenylacetic acid (CPA) was used in the present chromatographic
optimization study. CPA is expected to be the main degradation (hydrolysis) product
of OBU as was confirmed by the stability experiments; the p-hydroxybenzoate ester is
present as preservative in the syrup formulation. Application of the optimization
strategy reported earlier for the quantitative analysis of quaternary ammonium drugs
in pharmaceuticalsf resulted in a mobile phase consisting of methanol-water
(65:35), 7.5 mmol/l DMOA and 30 mmol/l SOS at pH 5.0. The pH of the eluent
controls the retention of the acid CPA; below pH 5.0, CPA might interfere with the
elution of OBU. The combined effects of DMOA and SOS allow a baseline sep
aration of OBU and OXY (resolution = 1.8) in about 10 min with good peak shape
(asymmetry factor = 1.40 for OBU) and sufficient efficiency (plate count = 2600 for
OBU). Since no excipient or decomposition peaks interfere with the elution of OBU
(k' = 5.0), this eluent composition was used for the quantitation (Fig. 1).

3 4

2

MIN 12 8 4 o

Fig. I. Ion-pair liquid chromatographic separation of a standard mixture of oxybutinin chloride and
related.compounds. Stationary phase: RSil C 1 8, Spm, ISOmm x 4.1 mm J.D. Mobile phase: methanol
water (6S:3S), containing 30 mmol/l SOS and 7.S mmol/l DMOA, pH S.O. Chromatographic conditions:
column temperature 2SoC; flow-rate I ml/rnin; detection wavelength 220 nm. Peaks: I = OBU; 2 = OXY;
3 = CPA; 4 = methyl p-hydroxybenzoate.
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Stability
Accelerated and extreme degradation ofOBU in aqueous solution was achieved

by several methods: acid and base hydrolysis, oxidative decomposition in the pres
ence of hydrogel). peroxide, photolytic decomposition and decomposition by boiling.
No peaks interfering with the elution of OBU were observed in all cases. Several
minor peaks were detected in the OBU solution after oxidative decomposition, most
ly eluting with k' values less than 2.5. Analysis of the mixture formed after photolytic
decomposition for 1 week in daylight or after boiling an aqueous OBU solution
revealed no significant additional peaks. Decomposition occurred by acid and espe
cially by base-catalysed hydrolysis was most significant and rapid, CPA being the
only degradation product observed by UV detection at 220 nm, as expected.

From these experiments and from Fig. 1, it was concluded that the present
determination method is stability-indicating.

Specificity
The specificity of the analysis for related anticholinergic drugs is illustrated in

Fig. 2. A specific identification ofOBU in such mixtures is possible since most related
drugs are well separated from OBU. Only oxyphenonium bromide showed some
interference but by careful evaluation of the retention times. OBU could unambig-

5 3,4

2

6
8

9

MIN 12 8 4 o

Fig. 2. Ion-pair liquid chromatographic separation of a standard mixture of anticholinergic drugs. Mobile
phase, stationary phase and chromatographic conditions as in Fig.!. Peaks: I = OBU; 2 = OXY; 3 =
isopropamide iodide; 4 = fenpiverinium bromide; 5 = mepenzolate bromide; 6 = penthienate bromide;
7 = glycopyrrolate: 8 = oxyphenonium bromide; 9 = hexocyclium.
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uously be identified in the mixture also in that case. From Fig. 2 it appeared that the
chromatographic separation and probably the analytical method presented for aBU
would also be suitable for the determination of these related drugs since they are all
eluted efficiently as symmetrical bands in a reasonable analysis time.

Quantitative analysis
Typical chromatograms obtained for the quantitative analysis of the syrup and

the tablets were very similar to that presented in Fig. I, except that CPA could not be
detected in either case.

The coefficient of variation (C.V.) of eleven replicate standard injections was
0.65%. Calibration standard solutions were prepared such that a range of 81-116%
of the concentration claimed on the label was covered. A plot of the peak area ratios
of aBU to axy versus the amount of aBU in the standard solutions was linear as
indicated by the correlation coefficient, r = 0.9998.

Analysis of the spiked placebo mixtures showed a mean recovery of 100.8%
(n = 6, C.V. = 0.83%) for the tablets and of 100.9% (n = 6, C.V. = 0.96%) for the
syrup. The results of the quantitation, calculated for four independently prepared
commercial samples of both the tablets and the syrup were 99.2% (C.V. = 0.62%)
and 104.8% (C.V. = 0.67%) respectively. In both cases, the amount claimed on the
label agreed well with the results of the analysis.

CONCLUSION

The ion-pair liquid chromatographic method presented for the quantitation of
aBU in pharmaceuticals is simple, selective, precise and accurate, owing to a repro
ducible chromatographic elution system, a proper choise of internal standard and a
simple extraction procedure. The analytical methodology described for aBU might
be of use for the determination of several related anticholinergic drugs.
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SUMMARY

A series of chromatographic experiments were carried out to determine the
values of the separation factors for the l°B/lt B isotopic pair in the boron isotope
separation systems of an anion-exchange resin in halide forms at 25°C. In every
experiment, the lighter isotope, lOB, was enriched in the rear part of the boron zone
formed in the chromatographic column. The separation factors obtained were 1.0099
for the fluoride-form resin, 1.0018 for the chloride-form resin and 1.0014 for the
bromide-form resin, independent of the boron concentration. A theoretical conside
ration of them is given.

INTRODUCTION

Boron-If) is one of the most important nuclides in nuclear-related fields
including neutron capture therapy for melanotic cancer and brain tumours because of
its large neutron absorption cross-section. Methods for separating lOB from its heavier
isotope 11 B have been developed, among which ion-exchange chromatography is
promising. Many studies on the ion-exchange chromatographic separation of boron
isotopes have been carried out, not only to find practical separation systems but also to
obtain knowledge on the fundamental boron isotope effect; recently, they were briefly
reviewed.'.

In 1973, Hirao et al? reported that a boric acid band formed in a chromato
graphic column packed with a strongly basic anion-exchange resin in the fluoride form
can be eluted by pure water and lOB was markedly enriched in the rear part of the band
and 11 B in the front part after migration for about 45 em. Their experiments were all
carried out in band elution chromatography and, unfortunately, values of separation
factor, S, were not given.

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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As an extension of the work by Hirao et al.2, we performed a series of
chromatographic experiments in the breakthrough or reverse breakthrough manner in
order to determine S values in systems of a strongly basic anion-exchange resin in
halide forms at 25°C. In this paper, the results of such experiments are reported and
a comparison with theory is given.

EXPERIMENTAL

The ion-exchange resin used was a strongly basic anion-exchange resin, Diaion
SA-20A (20-50 mesh). All reagents were of analytical reagent grade and were used
without further purification.

Eight experiments were carried out, four in the breakthrough manner with the
resin in the chloride or bromide form and four in the reverse breakthrough manner
with the resin in the fluoride form. These operational modes were chosen from the
adsorption isotherms depicted in Fig. 1, in order to obtain sharper edges of the boron
adsorption zones. The experimental conditions are summarized in Table 1.

In breakthrough experiments, the resin was packed in a chromatographic
column ofPyrex glass (150 em x 1em) and was converted into the chloride or bromide
form by the usual method. After washing out the conditioning agent by pure water, an
aqueous boric acid solution was fed to the column at a constant flow-rate. The effluent
from the column was collected and divided into fractions (each 15 em"), In reverse
breakthrough experiments, first the resin packed in a chromatographic column (Pyrex
glass, 100 cm x 1 em) was converted into the fluoride form by using 0.5 M aqueous
sodium fluoride solution and excess of sodium fluoride was washed out by pure water.
Boric acid solution was fed to the column until the boron concentration in the effluent
became equal to that of the feed. Boron adsorbed on the resin was then eluted by pure
water at a constant flow-rate and the effluent was collected and divided into fractions
(each 15 em"),

The column temperature was kept constant at 25°C throughout an experiment
by circulation of thermostatted water through a jacket surrounding the column.
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Fig. I. Adsorption isotherms for the halide-form resin at 25°C. The vertical axis is the amount of boron
adsorbed in I g of resin in the chloride form.



IEC OF BORON ISOTOPES 345

TABLE I

EXPERIMENTAL CONDITIONS* AND SEPARATION FACTORS

Experi- Resin Operating Boron Bed height Flow-rate S
men! form mode solution (M) (em) (cni' em>? h- 1)

01 F- Reverse 0.010 95.0 12.5 1.0098
breakthrough

02 F- Reverse 0.053 93.5 12.9 1.0097
breakthrough

03 F- Reverse 0.101 94.0 13.3 1.0103
breakthrough

04 F- Reverse 0.500 94.0 12.2 1.0098
breakthrough

05 Cl- Breakthrough 0.106 150 17.6 1.00184
06 Cl- Breakthrough 0.661 146 17.1 1.00184
07 Br- Breakthrough 0.100 150 17.0 1.00137
08 Br- Breakthrough 0.677 140 18.4 1.00133

* Temperature = 25.0 ± 1.0°C; eluent = pure water.

The boron concentration of each fraction from each experiment was determined
by neutralization titration with 0.1 M sodium hydroxide solution after adding
a sufficient amount of mannitol and drops of Bromthymol Blue (BTB) indicator. The
boron isotopic ratios, 10Bjll B, of selected fractions were measured by the surface
ionization method" with a MAT 261 mass spectrometer. The fact that halide ions were
not eluted into the effluents was verified by using a complex of zirconium ion with
p-dimethylaminoazobenzenearsenic acid" in the case of fluoride ion and silver nitrate
solution in the cases of chloride and bromide ions.

RESULTS

Chromatograms and boron-IO atomic fractions for the eight experiments are
shown in Figs. 2-4. In each figure, the step-like line shows the boron concentration
profile, the open circles the atomic fractions and the "original" line that in the feed
solution. Note that the scaling of the axes is different from figure to figure.

Except for two cases, 01 and 04, the boron zones have satisfactorily sharp
boundaries. In all the experiments with the resin in the fluoride form, small fractions of
the boron loaded on the column appear to remain in the resin phase without being
eluted by pure water, which is consistent with the description by Hirao et al.2 that the
boric acid loaded was eluted "almost completely" by pure water.

In every experiment the lighter isotope, lOB, was enriched at the rear part of the
boron zone, i.e., it was preferentially fractionated into the resin phase. This trend is
consistent with the one reported by Hirao et al.2 and is independent of the resin form
(F-, cr, Br-).

For each of the experiments, the single-stage separation factor, S (= I + s), for
the lOB/IIB isotopic pair, defined as

(1)
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Fig. 2. Chromatograms and lOB atomic fractions of the separation systems of the fluoride-form resin.
Experiments: (A) 01; (B) 02; (C) 03 and (D) 04. Conditions as summarized in Table I.

where [A] denotes the isotopic concentration of A and the bar the resin phase, was
calculated using the equation":

e = 1'IRi - RoV;/[QRo(l - Ro)] (2)
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Fig. 3. Chromatograms and lOB atomic fractions of the separation systems of the chloride-form resin.
Experiments: (A) 05 and (B) 06. Conditions as summarized in Table I.

In eqn. 2, R o is the atomic fraction of lOB in the feed solution (the "original"), R; that in
the ith fraction.j, the amount of boron in the ith fraction, Q the total exchange capacity
of the column and the summation is taken over all fractions that are enriched or
depleted in lOB. The s values obtained are listed in the last column of Table 1. From
these values, Sis independent of the boron concentration in the feed for a given form of
the resin within experimental errors, and decreases in the sequence F - > Cl- > Br - ,
which is the same order as that of the exchange capacity of the resin (cf., Fig. 1).

DISCUSSION

Based on a theory of isotope distribution between two phases", the separation
factor is expressible in terms of the 10B_to_l lB isotopic reduced partition function ratio
(RPFR) of the boron species involved and their mole fractions in and outside the resin
phase. From the solution chemistry of boron7 it is known that B(OHh is the
predominant species existing in the solution phase in all the experiments. The boron
chemistry in the resin phase, on the other hand, is more complicated.

In general, the resin phase of the form R-X- (X = F, Cl or Br) can be regarded
as a concentrated solution of X-. For the experiments with X = F, three series of
reactions involving boron species are conceivable in the resin phase. The first one is the
direct reaction ofB(OHh with F-. Studies on the complex formation between B(OHh
and fluoride in aqueous solutionv'? indicated that the following successive reactions
occur:

B(OHh + F- --+ B(OHhF- (3a)

(3b)

B(OHhFi + F- --+ B(OH)F3 + OH

B(OH)F3 + F- --+ BFi + OH-

(3c)

(3d)
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The equilibrium constants were reported'? as log K 1 1.71 (eqn. 3a) and log K 2

= -7.15 (eqn. 3b), which means that reactions 3b, 3c, 3d are negligible in the present
experiments. Hence

(3a')

is the only viable reaction in the fluoride-form resin phase among 3a to 3d. The second
series that may occur in this resin are

and

B(OHh + OH- ~ B(OH)4

(4a)

(4b)

i.e., the hydrolysis of fluoride and the successive formation of B(OH)';:-. If reaction 4a
does occur in the resin phase, part of the HF formed is brought into the solution phase
and, in due course, will be found in the effluent. The very fact that fluoride was not
detected experimentally in the effluents, although the sensitivity was not very good,
indicates that reactions 4a and 4b are not the main reactions occurring in the resin
phase. The third series of reactions involve the formation of polynuclear species. It was
reported? that in aqueous boric acid solutions of concentrations greater than 0.025
M there are polynuclear species such as B30 3(OH),;:- and B30 3(OHH - in addition to
the monomeric species B(OHh and B(OH)';:-. The kinds of the species and their
distribution depend on the boron concentration and the pH of the solution. The
adsorption isotherm in Fig. 1 suggests that at higher boron concentrations in the
solution phase, there are polynuclear species in the resin phase. However, the nature of
the species, their structures and their distribution pattern are unknown at present. In
the absence of such knowledge the best approximation is to regard a polynuclear
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Fig. 4. Chromatograms and lOB atomic fractions of the separation systems of the bromide-form resin.
Experiments: (A) 07 and (B) 08. Conditions as summarized in Table I.
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species as consisting ofmonomeric parts such as B(OHh, B(OH)i and B(OHhF - and
to substitute its In(RPFR) value by a weighted sum of the In(RPFR) values of the
monomeric species. This approximation method was successfully applied to the boron
isotope separation systems of hydroxide-form resins 11 . For example, the polyborate
species B303(OH)i was regarded as comprised of two triangular groups B(OHh and
a tetrahedral group B(OH)i and hence its RPFR value was approximated as
InfB 0 (OH) - = (2j3)lnfB(oH) + (lj3)lnfB(oH) -, wherejj, is the RPFR of the species A.

" 4 3 4
To summarize, in the experiments with the fluoride-form resin, the boron species in the
solution phase is B(OHh alone and those in the resin phase can be considered to

comprise B(OHh, B(OHhF- and B(OH)i.
In the case of the resin in the chloride or bromide form, the possibility of the

occurrence of the second series of reactions is much smaller than in the case of the
fluoride-form resin because the degree of hydrolysis of CI- and Br - is expected to be
much less than that of F-. In addition, the existence of polynuclear species is
negligible, judging from the adsorption isotherms in Fig. I. Hence, for the chloride or
bromide form the only reaction of importance in the resin phase will be

or

B(OHh + CI- -4 B(OHhCI- (5)

(6)

Thus, in the experiments with these resins the boron species in the solution phase is

B(OHh and those in the resin phase are B(OHh and B(OHhX-.
Knowing the kinds of boron species in and outside the resin phase, the

separation factor in eqn. I can be rewritten as:

[11 B(OHhJ [lOB(OHhJ + eOB(OHhX-J + [IOB(OH)iJ

eOB(OHhJ' [llB(OHhJ + [l1B(OHhX-J + [lIB(OH)iJ

[llB(OHhJ [IOB(OHhJ [l1B(OHhJ + KX[IIB(OHhX-J + KOH[llB(OH)iJ

= [loB(OHhJ . [llB(OHhJ . [lIB(OHhJ + [l1B(OHhX-J + [IIB(OH)iJ

(7)

In eqn. 7, XA is the mole fraction of the boron species A in the resin phase (XB(OH)
+ XB(OH)3 X - + XB(OH)';:- = I and, in the case of X = CI or Br, XB(OH)';:- = 0) and Kphase:

s, and KOH are the equilibrium constants of the following boron isotope exchange
reactions:

----Kphase
IOB(OHh + II B(OHh ~ II B(OHh + IOB(OHh (8)
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(9)

(10)

Since K pham Kx and KOH are expressed as the ratios of the RPFRs of the two species
involved in the reactions, eqn. 7 is also expressible in terms of the RPFRs

where.j', andlA are the RPFRs of the species A in the solution phase and in the resin
phase, respectively:

(12)

(13)

and

(14)

The separation factor accompanying the phase change is usually much smaller
than those accompanying chemical reactions, and consequently, to a good approxi
mation, Kphase = I(fBIOH)3 = .!BIOH)3)·

Eqns. 7 and 11 are then simplified as:

Kahihana and Kotaka 12 had calculated the PRFR values of B(OHh and B(OH)i.
The RPFR values of the species B(OHhX - are calculable from those of B(OH)i and
BXi, the RPFR values of which had also been given by Kakihana and Kotaka, by
using the rule of the geometric mean:

InlB(oH) x- = (3/4) InlB(oH)- + (1/4) InlBx-
3 4 4

(15)

The values thus obtained at 25°C are listed in Table II, together with those for B(OHh
and B(OH)i and those of Kx and KOH'
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TABLE II

VALUES OF THE REDUCED PARTITION FUNCTION RATIOS OF BORON SPECIES, AND
EQUILIBRIUM CONSTANTS AT 2SOC

Boron species

Equilibrium constant

B(OHh
1.2008

B(OH)~

1.1780
KOH

1.0194

B(OHhF
1.1884
KF

1.0104

B(OH)3Cl
1.1602
Kel
1.0350

B(OHhBr
1.1556
KB ,

1.0391

For the systems of the chloride and bromide forms, we can estimate the mole
fractions of the species B(OHhX - in the resin phase from the data on the experimental
separation factors and Kx in Table II and eqn. 7'. For the chloride form resin systems,
S = 1.00184, KCI = 1.0350 and XB(OH) - = 0, then XB(OH) ci " = 0.053. That is, only

4 3

5.3% of total boron in the resin phase is in the form of B(OHhCl- and the rest is in the
form of B(OHh which gives rise to no boron isotope effect. Similarly, for the
bromide-form resin systems, S = 1.00135, KBr = 1.0391 and XB(OH) - = 0, then

4
XB(OH) Br - = 0.035. For the fluoride-form resin systems, it is not possible to estimate

3
the values of the mole fractions. However, it is interesting that the experimentally
obtained S values are nearly equal to the equilibrium constant of the isotope exchange
reaction observed when the boron species in the solution phase is B(OHh alone and
that in the resin phase is B(OHhF- alone. Quantitatively, assuming XB(OH) - = O.
XB(OH) F - is calculated to be 0.952. The decreasing order of XB(OH) F - > XHtoH) C\-

3 3 3
> XB(OH) Br - explains why the sequence of the separation factors is S (fluoride-form

3
resin) > S (chloride-form resin) > S(bromide-form resin) while that of the theoretical
Kx is KBr > Kc\ > KF •

CONCLUSION

The present work is summarized as follows.
(1) The lighter isotope lOB was enriched in the rear parts of the boron zones

formed in chromatographic columns packed with an anion-exchange resin in halide
forms.

(2) The values of the separation factor were 1.0099 for the fluoride-form resin,
1.0018 for the chloride-form resin and 1.0014 for the bromide-form resin at 25°C and
were independent of the boron concentration.

(3) A theoretical consideration suggested that the boron isotope fractionations
observed resulted mostly from the boron isotope effects between B(OHh in the
solution phase and B(OHhX- (X = F, Cl or Br) in the resin phase.
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SUMMARY

Arsenic(III) and -(V) were separated by ion-exclusion chromatography, using
0.01 M orthophosphoric acid eluent. Both forms of arsenic can be monitored by UV
detection at 200 nm, but sensitivity is poor. Amperometric detection with a platinum
wire electrode at an applied potential of + 1.00V allows arsenic(III) to be determined
down to 0.012 jJ.M. Detector response was shown to be linear to 1.00 jJ.M, at which
concentration, ten replicate injections of arsenic(III) gave a relative standard devia
tion of 1.3%.

In an application of the chromatographic procedure with amperometric detec
tion to analysis of bottled mineral waters, arsenic(III) was measured by direct in
jection, and total inorganic arsenic was determined as arsenic(III) after reduction of
arsenic(V) by sulphur dioxide.

INTRODUCTION

The measurement of arsenic in natural waters, particularly analysis for specific
chemical forms (chemical speciation), is important not only in identifying toxic levels
of the element, but also for gaining insight into its biogeochemical cycling. Arsenic
species also have potential to act as hydrologic tracers', an application that can only
be fully exploited with suitable analytical methods. Previous reports of As determina
tion in natural waters have used a wide variety of methods, with hydride generation
atomic absorption spectrophotometry being the most popular".

High-performance liquid chromatography (HPLC) is a powerful technique for
determining trace elementsv", as it separates the analyte from the sample matrix and
possible interferents. Ion-exchange has been the usual model for the chromatographic
separation of inorganic anions". This approach has been successful in measuring As
species, inorganic and organic, with detection by graphite furnace atomic absorption
spectrophotometry5

, hydride generation-atomic absorption spectrophotometry",
and inductively-coupled plasma atomic emission spectrophotometry7. However,
weak acid anions such as arsenite are often poorly resolved by conventional ion-

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B:V.
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exchange techniques. Ion-exclusion chromatography very effectively separates As
(III) from As(V) with no interference from most other inorganic anions". In this
chromatographic procedure neutral species such as undissociated acid molecules are
strongly retained within the pores of the polymeric cation-exchange resin, whereas
Donnan exclusion causes anionic species to elute early9 .10 .

As(llI) is well suited to anodic electrochemical detection in flowing
streams 11. 12. Tan and Dutrizac 13 determined As(lIl) and As(V) simultaneously in
metallurgical solutions by ion chromatography. Careful optimisation of the oper
ational parameters of an electrochemical detector was required to measure the former
species, while the latter was monitored by a conductivity detector.

In the present study, As(lIl) is separated by ion-exclusion chromatography and
detected by its oxidation at a platinum-wire electrode. This procedure, with simple
chemical pretreatment, is used to analyse the As(III) and As(V) content of bottled
mineral waters.

EXPERIMENTAL

Instrumentation
The chromatography system comprised commercially available equipment

apart from the electrochemical detector cell. Separation was achieved on a Bio-Rad
organic acid analysis column (Aminex HPX-87H ion-exclusion packing, 300 x 7.8
mm) using a Waters M45C pump, 0.2-llm in-line filter, guard cartridge (Aminex
HPX-85H resin, 40 x 4.6 mm) and a Rheodyne 7125 injector with a 200-lll sample
loop. The amperometric detector consistes of a BAS LC-3A controller and a flow-cell
(described below) incorporating a platinum-wire electrode. An LDC Spectromonitor
II spectrophotometric detector was also used in preliminary work. Chromatograms
were displayed on a YEW Type 3056 dual-pen recorder. Pulsation in the column
effluent was attenuated hydro pneumatically by placing an empty glass column, stop
pered, in a tee (dead-end) configuration before the amperometric detector.

The flow cell for the amperometric detector (Fig. I) is similar to that described
by Lown et al.14

• It was fabricated from a 50-mm cube Perspex block. The working
electrode is 0.34 mm J.D. platinum wire, with the sensing portion being 21 mm in
length. The platinum wire used for the auxiliary electrode has a diameter of O. 71 mm.
A Metrohm mini AgjAgCI reference electrode (6.0727.000) is screwed into an appro
priately threaded chamber opposite the auxiliary electrode. All channels are 0.80 mm
J.D. except for the 1.15 mm J.D. channel that exits through the reference electrode
chamber. Seals of silicone rubber (Silastic J RTV; Dow Corning) are compressed by
LDC polypropylene tube-end fittings, while leakage about the reference electrode is
prevented by an O-ring. For satisfactory performance of the amperometric detector,
the eluent is grounded via an HPLC tube fitting.

Reagents
All solutions were prepared from analytical reagent-grade chemicals and dis

tilled, deionised water from a Millipore Milli-Q water purification system. A stock
standard As(III) solution (5.00 mM) was prepared by dissolving 0.1237 g AsZ0 3 in
about 10ml of a 10% potassium hydroxide solution. After addition of 1.0 ml concen
trated sulphuric acid it was diluted to 250 ml. Working standards were prepared by
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Fig. I. Cross-sectional diagram of the flow cell for the platinum-wire amperometric detector. Platinum
wire working electrode (W) and auxiliary electrode (A) with Metrohm mini Ag/AgCl reference electrode
(R).

serial dilution with Milli-Q water or eluent. A primary As(V) standard solution was
obtained by treatment of As(III) solution with aqua regia!". As(V) solutions pre
pared from Na2HAs04 . 7H20 were calibrated by reference to the primary standard
solution. The eluent used was 0.01 M orthophosphoric acid, which was filtered
through a Whatman GF/F filter and degassed under vacuum in an ultrasonic bath.

Procedures
The eluent was pumped through the system at 0.6 ml/min. The working elec

trode was operated at a potential of + 1.00V vs. Ag/AgCI as recommended by Lown
and Johnson 11. Preliminary surface treatment of the electrode involved polishing
with diamond (6 j1m) and alumina (0.05 j1m) pastes, immersion in hot concentrated
perchloric acid for 1 min, and a thorough rinsing with distilled/deionised water. The
filter control on the BAS LC-3A controller was set at 1.0 s. All detector cables were
shielded and connected to a common ground. When in use the spectrophotometric
detector was placed before the amperometric detector and operated at a wavelength
of 200 nm. Chromatography was performed at 19 ± 1°C.

To analyse mineral waters, the undiluted sample was ultrasonicated for 10 min.
The decarbonated sample was then injected directly onto the column to determine
As(III). To determine total inorganic As, and hence As(V), the reduction procedure
of Bodewig et alY was used with minor modification. Instead of acidifying the
sulphur dioxide-treated sample (25 rnl) with 1 ml ofconcentrated sulphuric acid, 50 III
of concentrated orthophosphoric acid (low in As) was added and the solution was
bubbled with nitrogen for 45 min at 90°C. No interference from residual sulphur
dioxide was observed after this step. Arsenic concentrations were calculated by com
paring sample peak heights with those from injection of standard As(III) solutions.
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Performance characteristics
A standard mixture of As(III) and As(V) (0.50 mM of each dissolved in the

eluent) was used to evaluate the chromatographic separation of the As species (Fig.
2). Output from the spectrophotometric detector shows the peak for the mildly acidic
arsenate [As(V)]species, AsO(OHh appearing well before As(III), which is present in
solution as the very weak acid, As(OHh. Strong acid anions such as 0-, which are
excluded from the resin, elute with the void volume, and are adequately resolved from
the As(V) peak. Anodic detection at the platinum-wire electrode is specific for As
(III), since As(V) cannot be oxidised. This permits trace amounts of As(III) to be
easily discerned from a lOOO-fold excess of As(V) (Fig. 3).

Previous research has shown that adsorbed hydroxyl groups on platinum metal
(i.e. PtOH species) are important in the oxidation of As(III) to AS(V)16. PtOH forms
rapidly on the metal surface at potentials, E > 0.7 V, but its longer-term conversion
to PtO at these potentials results in some deterioration of electrode response for
As(III). The decline in sensitivity was evaluated by repeated injections of 1.0 p.M
As(III) solution at intervals over several days (Fig. 4). The background current was

IO.01AU. 2

1

i~

0.02]A.U.

inj
Ir---------'

I
I I

6 12 18 24
TIME (min)

! " !

12 18 24
TIME (min)

30

Fig. 2. Separation of As species by ion-exclusion chromatography. Chromatographic conditions as in text.
UV detection at 200 nm. Peaks: 1 = anions; 2 = As(V), 0.5 mM; 3 = As(III), 0.5 mM.

Fig. 3. Comparison of response of UV (upper trace) and amperometric (lower trace) detectors to As
species. UV detector: 200 nm. Amperometric detector: + 1.00 V vs. Ag/AgCI. Peaks: 1 = As(V), 1.00 mM;
2 = As(III), 1.00 JiM.
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o
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120100804020 60
TIME (hi

Fig. 4. Response decay for As(III), 1.0 pM, detection at platinum-wire electrode (0.34 mm J.D.). (0)
+0.80 V vs. Ag/AgCI; (0) + 1.00 V vs. Ag/AgCI.

allowed 2 h to stabilise after applying potential to the electrode. Trials were perform
ed at +0.80 V and + 1.00 V. In both cases it was evident that peak current, after
steady decline, levels off after 50 h to about 50% of the 2-h value. This gradual loss of
sensitivity is not, however, a problem when monitoring HPLC chromatograms, be
cause samples would be routinely interspersed with injections of standard solutions.
In fact reproducibility in the short term is very good. About 27 h after initial applica
tion of + 1.00 V, ten replicate injections of 1.0 uM As(III) standard solution were
made over a I-h interval.They yielded a mean peak current of 15.9 nA, range 15.8
16.1 nA, and a relative standard deviation of 1.3%. The response index, r, defined in
the power function:

y = Ac'

(where y is detector output, c is solute concentration and A is a constant) is a measure
of detector linearity!" Linear regression analysis of peak height data in the concen
tration range 0-1.00 p.Mgave an r value of 0.98. For a truly linear detector r = 1, but
the practical bounds for response linearity ascribed by Scott'? are 0.98-1.02. Above
10.0 p.M the relationship between concentration and peak height became non-linear.
For a similar platinum-wire amperometric detector, Lown and Johnson 11 recorded a
linear calibration curve, based on peak areas, from 0.017 to 50 p.M, Dispersion in the
chromatographic system, as well as the reasons given by the above authors contribute
to non-linearity in detector response at higher concentrations. The minimum detect
able As(III) concentration (signal-to-noise ratio = 2) with this system of ion-exclu
sion chromatography and amperometric detection is 0.012 f.l.M.

Anodic (oxidative) detection at platinum has been described for many inorga
nic and organic compounds 1

2. Whereas a complex mixture in the flow-stream passing
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over the electrode may produce chemical interference in As(III) determination, pre
liminary chromatographic separation often provides additional information on a
sample. Electroactive species such as sulphite and oxalic acid are well resolved from
As(III) after ion-exclusion chromatography (Fig. 5), while oxidisable ionic com
pounds, such as iodide, are not retained on the column and so do not interfere.

The sample may not be the only source of interference. Impurities derived from
the eluent or components of the HPLC system can also hamper accurate analysis. In
preliminary studies here it was observed that 0.01 M sulphuric acid eluent leached
interfering agents from the stainless-steel fittings of the chromatograph. Hydrochloric
acid, another acid used for ion-exclusion chromatography, was not considered be
cause of its known corrosive action and its unsuitability as an electrolyte for As(III)
determination with the platinum-wire amperiometric detector!!. Orthophosphoric
acid proved to be suitable for both good chromatography and sensitive electrochem
ical detection of As(III).

Application
Several bottled mineral waters on sale in the U.K. have been reported to con

tain As in excess of what might be considered a safe limit of 10 /lg/l (0.13 /lM)!8.
Three representative bottled mineral waters available in Tasmania (Australia)

were analysed. Two were national brands (samples 1and 2) and the third was import
ed from France (sample 3). As(III), if present, could be determined by direct injection
of the decarbonated mineral water (Fig. 6). Total inorganic As was measured after
reducing any As(V) to As(III) by treating the sample with sulphur dioxide. The
original As(V) concentration can be evaluated by difference. A standard addition of
1.0 /lM arsenate to a mineral water proved the reduction procedure effective, with

a ir-Mr--

inj

15nA 1

l
"""""""
"
"':
"

~~rVJLc I" ~ V :....
I I , [ I I

5 10 15 20 6 12 18
TIME (min) TIME (min)

Fig. 5. Separation of electro active compounds by ion-exclusion chromatography. Amperometric detector:
+ 1.00 V vs. Ag/AgCl. Peaks: 1 = oxalic acid, 50 pM; 2 = sulphite, 2.0 pM; 3 = As(III), 1.0 pM.

Fig. 6. Analysis of bottled mineral waters, (a) direct injection of mineral water 2, decarbonated; (b) mineral
water 2, after treatment with sulphur dioxide; (c) mineral water 3, after treatment with sulphur dioxide, and
standard addition of As(III) (0.25 pM, dashed line).
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95% recovered as As(III). In each of the selected mineral waters concentrations of As
were below the minimum detectable concentration( < 0.012 /lM) for either As(III) or
As(V), except for mineral water 2 where As(V) was just measurable at 0.013 p.M,
Farmer and Johnsorr" have observed that As in mineral waters exists mostly in the
higher oxidation state.

The analytical procedure as described here would be suited to screening of
groundwaters for elevated inorganic As levels (arsenite and arsenate), monitoring of
mining and industrial effluents, and conceivably, analysis of biological material after
appropriate acid digestion. In many natural waters, however, inorganic As concen
tration is close to or less than the minimum detectable concentration. For accurate As
speciation studies in such waters a prior preconcentration step will be needed. The
organoarsenic species, monomethylarsonate and dimethylarsinate are frequently pre
sent in natural waters. Although these compounds may be ineffectively separated
from inorganic As species by some strong cation-exchange resins", they will not
interfere in procedures reported here. Neither monomethylarsonate nor dimethyl
arsinate elicited a response from the amperometric detector at 5 p.M levels.

Arsenic is not the only metalloid detectable at positive potentials at the plati
num-wire electrode. Antimony(III) produced a similar response when the detector
was used in the "flow-injection analysis" mode. At pH 2.2 of the 0.01 M orthophos
phoric acid eluent antimony(III) is cationic to a small degree, so simultaneous deter
mination of the two metalloids, As and Sb, by ion-exclusion chromatography is not
possible under the conditions reported here.

In on-going work, a simple preconcentration technique for As(III) is being
sought, and chromatographic conditions are being modified to enable determination
of arsenic(III) and antimony(III) with a single injection.
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SUMMARY

An automated ion chromatographic method for analysis of low- and sub-ppb
(f.lg/l) levels of cadmium in water preserved with 0.2% nitric acid is described. The
detection limit of 0.1 ppb satisfies the various guidelines and objectives of 0.2 ppb
cadmium. The method is also applicable to determination of cobalt and manganese
down to 0.1 ppb. The automation, on-line concentration and simultaneous determi
nation of the three elements is an advantage over the flame and furnace atomic
absorption spectrometry.

INTRODUCTION

Cadmium is a toxic priority-element which has created a great deal of attention
and concern 1-6. In trend and long-term monitoring studies, reliable low-levelCd data
are not available due to lack of sensitive methods. Consequently, it has been
recommended that sensitive and reliable methods be developed",

Routine analyses of trace metals including cadmium are commonly carried out
using atomic absorption spectrometry (AAS) and inductively coupled plasma (ICP)
atomic emission spectrometry7,8. Lum and Callaghan? claimed to have validated
a direct injection graphite furnace-AAS method giving a < 2 ppt* detection limit.
However, Sturgeon!" recently pointed out some difficulties with direct trace analysis
by graphite furnace and stated that direct quantitative determination of low-ppt Cd
levels is not feasible without sample preconcentration.

Separate sample preconcentration is required for AAS and ICP analysis of low
levels":". Since ion chromatography (IC) techniques are potentially cost-effective as

* Throughout this article. the American billion (109) and trillion (10 ' 2) are meant.

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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recently shown for anions and cations!", and are suitable for studying metals and their
speciation I 2

, 13 , we decided first to test IC in investigating low-level Cd samples. It has
been stated that a detection limit as low as 0.1 ppb Cd 2 + is attainable by IC 12

, 13 but
Mn 2 + would coelute, which is unacceptable in water analysis. Recently, Rubin and
Herberling!" reported an IC method that separates Cd 2 + and Mn 2 + , but it is not very
sensitive for sub-ppb (Jig/I) Cd 2+.

In this study, we concentrated on developing an IC method which not only can
separate Mn2+ but also can detect Cadmium down to a O.2-ppb limit as required by
various guidelines and objectives (Table I). As will be shown low- and sub-ppb Cd 2 +,

Co 2 + and Mn 2 + levels can be simultaneously determined with recoveries ranging from
95 to 107% in 20 out of 21 attempted recoveries.

EXPERIMENTAL

Chemicals
Very-high-purity chemicals were used: acetic acid (Seastar Chemicals and Merck

739055 Suprapur), oxalic acid· 2H 20 (Fluka 75700), lithium hydroxide' H 20 (Fluka
62530), pyridine-2,6-dicarboxulic acid (PDCA) (Fluka 82790), nitric acid (Seastar
Chemicals and Baker Instra-analyzed), 4-(2-pyridylazo)resorcinol (PAR) (Fluka
83970), ammonium hydroxide (Seastar Chemicals and Merck 010983 Suprapur),
sodium chloride, sodium bicarbonate, sodium carbonate, sodium sulphate, and
sodium acetate (Merck Suprapur), 2-dimethylaminoethanol (DMAE) (Fluka 38990,
Aldrich DI5,740-6), metal standard stocks (Fisher Scientific). Mi)li-Q water (18 MQ)
was used. Labware was cleaned with 30% nitric acid 15.

Equipment and operation conditions
The system comprises a Dionex chromatograph 2000 equipped with an

analytical pump, a reagent delivery module and a membrane reactor, a Kratos visible
spectrophotometric detector (Spectroflow 757), an HP 3390 recorder-integrator,
a Technicon autosampler IV, two loading pumps (Dionex DQP-l) and an Auto Ion
100 for automation.

Fig. 1 shows the system schematic and valve configuration for sample
concentration, rinsing and injection. A typical run starts with sample loading via valve
I INJECT, sample flushing via port 5 of valve II to flush out any carryover, and sample
concentrating via ports 7 of valves II and III into the concentrator column CG3 (the
right one) and to waste. The run continues with sample rinsing by MQ water (18 MQ,
stripped of trace metals by CG5 column, via valve I LOAD), followed by sample
injection via valve III INJECT. The analyte metals are separated by CS5 column, and
in the reaction chamber react with PAR to form metal chelates, which are detected and
measured at 520 nm. The operating conditions are summarized in Table II. Calibration
curves and one-point calibrations were used.

RESULTS AND DISCUSSION

Chelate formation
The chelating reagent PAR is known to be a very sensitive reagent for

spectrophotometric determination of metals. For example, it has been successfully
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Fig. l. Valve positioning for sample enrichment and injection, and system schematic. MQ = Milli-Q.

used in spectrophotometric studies of trace cadmium and vanadium16-19. PAR is used
here for post-column chelating Cdz+ eluted from the cation-exchange column CS5 as
labile Cd-PDCAn complexes. The stable chelate is most likely Cd . PARz (ref. 20),
perhaps formed by the following reaction

Cd-PDCM- + 2PAR-H = Cd ' PAR z + 2HPDCA-

and is measured at 520 nm.

Choice of eluents and post-column reactants
Oxalic acid eluent was found to give very good sensitivity for Cdz + determina

tion but was incapable ofseparating Cdz+ from Mn z+. It is therefore unsuitable in any
water analysis of metals.

PDCA was found to be capable of separating Cdz+ and Mn2+ but several
variations and combinations of eluent/post-column reactant. had to be tested for
desired sensitivity. The chemicals for various eluents were PDCA, lithium hydroxide,
sodium chloride, sodium acetate, acetic acid and sodium sulphate. Those for various
post-column reactants were PAR, ammonium hydroxide, acetic acid, sodium
bicarbonate, sodium carbonate and dimethylaminoethanol (DMAE). The combina
tion giving optimum sensitivity and reproducibility for Cdz + was (PDCA + lithium
hydroxide + sodium sulphate + sodium chloride)/(PAR + ammonium hydroxide
+ DMAE), as detailed in Table II.

Enrichment process
On-line enrichment was necessary to achieve sub-ppb Cdz+ levels, The sample is

loaded and concentrated on CG3 in valve III OFF after the system has been flushed
with same sample to avoid carryover (Fig. 1 and Table II). It was found that 10 ml of
sample was enough to attain the desired sensitivity.

The enrichment process reveals that the background contamination can be
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serious for several metals, most notably Zn2 +, giving variable baseline peaks. For
ultra-trace works, a class 100 type environment is required to avoid this type of
contamination. Our laboratory is not such an environment. Nevertheless, for sub-ppb
Cd2 + levels and in this case also sub-ppb Co2+ and Mn2+ levels, the background
contamination is not a problem as we get consistantly clean baselines.

Effect of sample acidity
Unacidified natural or standard samples are easy to analyze, giving well-defined

chromatograms, but are in practice useless due to metal loss with storage time. Our
common practice is to preserve water samples with 0.2% (v/v) nitric acid. But this
acidity could elute Cd2+ from the CG3 concentration column and prevent concentra
tion process. Thus an acidity effect was studied on Cd2 + along with Ni2 +, Co2 + and
Mn 2 +, and plotted in Fig. 2. It can be seen that the metals are well-retained at 0.2%
and 0.5% nitric acid, but at 1.0% the acid starts acting as eluent, noticeably for Co2 +

and Mn2+.
The 0.2% acidity, however, upsets the behaviour of chromatograms, giving rise

to negative dip at the early part of the elution pattern. Coupled with the background
contamination mentioned above, the early peaks are a problem. Fortunately, this

0.9

0.8

0.7

• 0.6•c
0
0-•• 0.5II:..s:
~ 0.4
:I:
.Y-
D• 0.3n.

0.2

0.1

Hi Co Cd Mn

Fig. 2. Acid effect on response of NiH, Co2 +, CdH and MnH .
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effect does not significantly upset the CdH peak; in fact, a rinse ofCG3 with 3 ml of
Milli-Q water ensures sensitive and reproducible Cd2 + peaks to meet our objective of
0.2 ppb cability (Table I). Furthermore, under these conditions Co2 + and Mn 2 + peaks
were also more reproducible than other metals, and thus were included in this study
(Fig. 3). Rinsings with very dilute carbonate solutions, instead of water, were also
tested but showed no advantages.

Fig. 3 is a chromatogram of a spiked precipitation sample from Quebec. Peaks
1-4 were identified by matching the retention times (in min) of the standard, the
unspiked and the spiked sample as follows

Metal Standard Unspiked Spiked

ZnH 7.94 8.03 8.03
COH 8.78 Blank 8.84
Cd2 + 9.43 9.43 9.45
Mn H 10.52 10.53 10.51

Satisfactory recoveries of CoH, CdH and Mn H (to be discussed below, Table VI)
also confirm the peaks identification. Furthermore, the interference studies (discussed
next) show no co-elution of other metals with the above peaks.

Interferences
As discussed above, the hydronium ion is an interferent at 1% concentration

(pH 0.8). The concentration at which the ion starts interferring lies between 0.5-1.0%,
which is well above our normal use of 0.2%.

Time/min

Fig. 3. Chromatogram of a spiked precipitation sample from Quebec. Peaks: I = Zn2+, ca. 60 ppb;
2 = Co2+, 0.53 ppb; 3 = Cd2+, 0.87 ppb; 4 = Mn2+, 9.39 ppb. Conditions as in Table I.
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A standard of each of the heavy metals routinely analyzed here by AAS (V5 +,
Cr 6+, M0 6+, Mn 2+, Fe3 +, Fe2+, C0 2+, Ni 2+, Cu2+, Zn2+, Cd2+, Hg 2+, AI3+, Pb 2+,

As3 +, Se4
") was first tested for identification of individual retention time. Ten metals

were detected, and a mixture of them was analyzed in the same run, giving the
following sequential retention times: Pb2+ 5.80 min, Fe3+ 6.10 min, Cu2+ 6.57 min,
Ni2+ 7.27 min, Zn2+ 7.90 min, C0 2+ 8.73 min, Cd2+ 9.30 min, Mn2+ 10.53 min, Fe2+
11.45 min, and Hg2+ 14.16 min. Some other metals (Ag ", Tl+, TI3+, In3+, Sn2+,
Sb3 '. Bi3+, Ca2+, Mg2+, Sr2+, Ba2+, and La3+) were then individually tested with
the same mixture. No extra peak (except In 3 + at 4.19 min) nor response increase in any
of the existing peaks was observed, which indicates non-interference from any of these
metals on the analysis of Co 2 +, Cd 2 +, and Mn 2 +.

Zn 2 + and Mn2+ concentrations are often higher than Co2+ and Cd2+ in waters
and can become concentration interferents if present at much higher concentrations.
However, 100 ppb Zn2+ and 100 ppb Mn2+ do not interfere with analysis of 0.5 ppb
Co 2 + and 0.5 ppb Cd 2 +. In general, if the analytes are present in minute quantity
relative to other metals eluting nearby, the concentration interferences can be
a problem. This can, however, be solved by properly managing the waste solution from
the detector. By identifying and discarding the interfering-fraction of the solution,
one collects and re-analyzes the analyte-containing fraction.

Performance characteristics
Standard reference materials. A standard reference material, SRM 1643b (trace

metals in water) of the National Bureau of Standards was used. The materials
containing 0.5 M nitric acid had to be diluted to our normal working acid content of
0.2% nitric acid. The results found agree well with the certified values, taking dilution
into account (Table III). Two spikes were also added to the diluted material and the
recoveries were satisfactorily (Table IV). Calibration curves were used, one of which is
shown in Fig. 4.

Quality control samples. Two samples, regularly used in our interlaboratory
quality assurance (QA) programs, were tested. The first quality control sample,
TM201, was prepared using Lake Ontario water for direct aspiration atomic
absorption technique (high levels) and for solvent extraction technique after proper
dilution (low levels).

The sample was diluted 200 times, reacidified to 0.2% nitric acid, and analyzed.
The results found are in good agreement with the design values, which are the
multi-laboratory and multi-study averages (Table V).

The second sample, synthetic rain A, which was specifically prepared for an acid

TABLE III

SRM 1643b RECOVERY RESULTS

Metal Certified concentration
(ppb)

1.69
1.32
1.82

Recovery ± S.D.
(n = 9) (ppb)

1.64 ± 0.14
1.30 ± 0.03
1.83 ± 0.09

Recovery (%)

97
98

101
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Fig. 4. Cd2+ calibration curve.

rain-related QA program (the Long Range Transport of Airborne Pollutants,
LRTAP) was tested for the three metals. The results compared well with the median of
33 interlaboratory results (Table V)21.

Precipitation samples. Two precipitation samples preserved with 0.2% nitric acid
was analyzed for, and then spiked respectively with Co 2 +, Cd 2 + and Mn2+ as follows:
0.5, 0.5 and 2.0 ppb for Quebec sample; 0.5, 0.5 and 1.5 ppb for British Columbia
sample. Table VI shows satisfactory recoveries and precision.

Analytical range. The detection limits under the given conditions are 0.1 ppb for
each of the three elements and compare favourably with the revised detection limits of
the AAS solvent extraction methods of 0.5, 0.1 and 1.0 ppb 7,8 and those of the

TABLE IV

RECOVERY OF TWO SPIKES ADDED TO SRM 1643b

Metal Total recovery ± S.D.
(n = 5)
from J.5 ppb spike

3.13 ± 0.Q7
2.80 ± 0.11
3.23 ± 0.11

Recovery (%) Total recovery ± S.D.
(n = 5)
from 3.0 ppb spike

100 4.64 ± 0.23
99 4.34 ± 0.19
97 5.14 ± 0.20

Recovery (%)

99
100
107
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TABLE V

RESULTS FOUND IN TWO QUALITY CONTROL SAMPLES

V. CHEAM, E XUE LI

Metal TM 201 Synthetic rain A

Design value Found ± S.D. Recovery Median value Found ± S.D. Recovery
(ppb) (n = 6) (%) (ppb) (n = 6) (%)

Co 2 + 1.49 1.44 ± 0.1 I 97 1.10 1.16±0.Q3 105
Cd2+ 0.49 0.50 ± 0.06 102 1.20 1.26 ± 0.05 105
Mn 2 + 0.50 0.57 ± 0.07 II4 5.55 5.63 ± 0.19 101

TABLE VI

RECOVERY DATA FOR TWO PRECIPITATION SAMPLES

n = 5.

Metal Quebec sample British Columbia sample

Original Total Recovery Original Total Recovery
concentration recovery (%) concentration recovery (%)
found ± S.D. ± S.D. found ± S.D. ± S.D.
(ppb) (ppb) (ppb) (ppb)

0.0 0.53 ± 0.01 106 0.55 ± 0.03 1.03 ± 0.02 98
0.37 ± 0.03 0.87 ± 0.05 100 0.32 ± 0.05 0.82 ± 0.08 100
7.26 ± 0.14 9.39 ± 0.26 IOI 1.51 ± 0.07 2.85 ± 0.06 95

interlaboratory "specification" studies of 2.0, 1.0, 2.022 for Co2 + , Cd2+, and Mn2+ ,
respectively.

As this work centers around low- and sub-ppb analyses, the upper limit was not
studied. This limit, however, should be quite high since concentrated samples can be
easily dealt with by decreasing the concentrating volume and/or by sample dilution.

Advantages and disadvantages. The automation, on-line concentration and
simultaneous determination is a definite advantage over the flame and graphite AAS.
If a lower detection limit is required, one simply on-line concentrates more than 10 ml
of sample. For AAS and rcp on the other hand, routine analysis of low-level metals
first requires separate preconcentration of 100 ml sample by solvent extraction or
evaporation technique. The rc is also relatively cheap to operate.

Although it is a good complementary method to AAS and rcp, the somewhat
slow analysis time of rc would be a disadvantage in routine use when compared to
rcr.

CONCLUSIONS

A sensitive rc method has been developed for simultaneous determination of
low- and sub-ppb Co 2 +, Cd 2 + and Mn 2 + in ditute water samples. It is fully automated
and is a good complementary method to AAS and K'P.
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USE OF CYCLODEXTRINS IN ISOTACHOPHORESIS

VI. CYCLODEXTRINS AS LEADING ELECTROLYTE ADDITIVES FOR THE
SEPARATION OF BILE ACIDS
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SUMMARY

Cyclodextrins (CDs) and some of their methyl derivatives have been used for the
optimization of the isotachophoretic separation of bile acids in aqueous electrolyte
systems. The addition of heptakis(2,3,6-tri-O-methyl)-p-cyclodextrin to the leading
electrolyte proved useful for both the solubilization and the structural differentiation
of the solutes studied and led to the successful separation of their mixtures. Other CDs
tested, even if they gave a satisfactory solubilization effect, did not support the
resolution of bile acid mixtures.

INTRODUCTION

Bileacids are biologically active compounds synthesized from cholesterol in the
liver and secreted into the bile. They have been widely studied from the clinical and
pharmacological point of view. A close connection between serious hepatobiliary
diseases and bile acid metabolism failure was found. Some of bile acids proved to be
very active gallstone-dissolving substances which could be potentially utilized in
human medicine. Especially this fact initiated great progress in the isolation and
synthesis of bile acids, and a number of pure and stable semi-synthetic compounds
with high biological and clinical activity have been successfully prepared.

The monitoring of the synthesis of bile acids and their determination in
biological materials makes heavy demands on the choice of a suitable analytical
technique, because of the small structural differences between individual bile acid
derivatives. Capillary isotachophoresis (ITP) in non-aqueous solvents has been
successfully introduced into bile acid analysis': The use of a non-aqueous medium
solves especially the problems concerning the low solubility of bile acids in aqueous

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.



T
A

B
L

E
I

S
T

R
U

C
T

U
R

A
L

F
O

R
M

U
L

A
E

O
F

T
H

E
C

O
M

P
O

U
N

D
S

IN
V

E
S

T
IG

A
T

E
D

21

22

w ~

H

C
om

po
un

d
Su

bs
ti

tu
en

ts
in

po
si

ti
on

R
N

am
e

3
7

12

I
H

O
(a

),
H

H
O

(a
),

H
H

O
(a

),
H

C
H

2
C

O
O

H
3a

,T
a,

12
a-

T
ri

hy
dr

ox
y-

5f
3-

ch
ol

an
-2

4-
oi

c
ac

id
(c

ho
lic

ac
id

)
II

H
O

(a
),

H
H

O
(a

),
H

H
,H

C
H

2
C

O
O

H
3a

,7
a-

D
ih

yd
ro

xy
-5

f3
-c

ho
la

n-
24

-o
ic

ac
id

(c
he

no
de

ox
yc

ho
li

c
ac

id
)

II
I

H
O

(a
),

H
H

O
(f

3)
,H

H
,H

C
H

2
C

O
O

H
3a

,7
f3

-D
ih

yd
ro

xy
-5

f3
-c

ho
la

n-
24

-o
ic

ac
id

(u
rs

od
eo

xy
ch

ol
ic

ac
id

)
IV

H
O

(a
),

H
H

,H
H

O
(a

),
H

C
H

2
C

O
O

H
3a

,1
2a

-D
ih

yd
ro

xy
-5

f3
-c

ho
la

n-
24

-o
ic

ac
id

(d
eo

xy
ch

ol
ic

ac
id

)
V

H
O

(a
),

H
H

,H
H

,H
C

H
2

C
O

O
H

3a
-H

yd
ro

xy
-5

f3
-c

ho
la

n-
24

-o
ic

ac
id

(l
ith

oc
ho

lic
ac

id
)

V
I

H
O

(a
),

H
0

=
H

,H
C

H
2

C
O

O
H

3a
-H

yd
ro

xy
-7

-o
xo

-5
f3

-c
ho

la
n-

24
-o

ic
ac

id
V

II
0

=
0

=
0

=
C

H
2

C
O

O
H

3,
7,

12
-T

ri
ox

o-
5f

3-
ch

ol
an

-2
4-

oi
c

ac
id

(d
eh

yd
ro

ch
ol

ic
ac

id
)

V
II

I
0

=
0

=
H

,H
C

H
2

C
O

O
H

3,
7-

D
io

xo
-5

f3
-c

ho
la

n-
24

-o
ic

ac
id

IX
0

=
H

,H
0

=
C

H
2

C
O

O
H

3,
12

-D
io

xo
-5

f3
-c

ho
la

n-
24

-o
ic

ac
id

X
0

=
H

,H
H

,H
C

H
2

C
O

O
H

3-
0x

o-
5f

3-
ch

ol
an

-2
4-

oi
c

ac
id

(o
xo

li
th

oc
ho

li
c

ac
id

)
X

I
0

=
0

=
H

,H
C

O
O

H
3,

7-
D

io
xo

-2
4-

no
r-

5f
3-

ch
ol

an
-2

3-
oi

c
ac

id
X

II
H

O
(a

),
H

H
O

(a
),

H
H

,H
C

O
O

H
3a

,7
a-

D
ih

yd
ro

xy
-2

4-
no

r-
5f

3-
ch

ol
an

-2
3-

oi
c

ac
id

~ en
X

II
I

O
C

O
C

H
3

(a
),

H
O

C
O

C
H

3
(a

),
H

H
,H

C
O

O
H

3a
,7

a-
D

ia
ce

to
xy

-2
4-

no
r-

5f
3-

ch
ol

an
-2

3-
oi

c
ac

id
Z

X
IV

O
C

O
C

H
3

(a
),

H
0

=
H

,H
C

H
2

C
O

O
H

3a
-A

ce
to

xy
-7

-o
xo

-5
f3

-c
ho

la
n-

24
-o

ic
ac

id
0 -e

X
V

H
O

(a
),

H
O

C
O

C
H

3
(a

),
H

H
,H

C
H

2
C

O
O

H
3a

-H
yd

ro
xy

-7
a-

ac
et

ox
y-

5f
3-

ch
ol

an
-2

4-
oi

c
ac

id
tT

l
;;>:

:
X

V
I

H
O

(a
),

H
H

O
(a

),
H

H
,H

C
(O

H
)H

C
O

O
H

3a
,7

a,
23

R
-T

ri
hy

dr
ox

y-
5f

3-
ch

ol
an

-2
4-

oi
c

ac
id

~
(f

3-
ph

oc
ae

ch
ol

ic
ac

id
)

'"
O

C
O

C
H

3
(a

),
H

O
C

O
C

H
3

(a
),

H
H

,H
C

H
(O

C
O

C
H

3
)
C

O
O

H
3a

,7
a,

23
R

-T
ri

ac
et

ox
y-

5f
3-

ch
ol

an
-2

4-
oi

c
ac

id
:-

X
V

II



USE OF CYCLODEXTRINS IN ITP. VI. 375

solutions and specific interactions with an organic solvent ensure a satisfactory
resolution.

The aim of this paper is to propose an aqueous electrolyte system that could be
used in commercially available equipment made from Perspex. The search for an
aqueous electrolyte system suitable for the resolution of 17 investigated bile acid
standards is based on a study of cyclodextrin complex formation, which has proved
many times to be the decisive factor in altering the resolution of structurally related
compounds and isomers in ITp2

-
6

.

EXPERIMENTAL

Chemicals
Doubly distilled water from a quartz apparatus was used in the preparation of

the solutions of the electrolytes and compounds investigated.
All chemicals were of the highest quality commercially available: 37% hydro

chloric acid, tris(hydroxymethyl)aminomethane (Tris), histidine (His) (Merck,
Darmstadt, F.R.G.); 4-(2-hydroxyethyl)-I-piperazineethanesulphonic acid (HEPES)
(Calbiochem, Lucerne, Switzerland); Natrosol250 HR (hydroxyethylcellulose, HEC)
(Hercules, Wilmington, DE, U.S.A.); Zerolit DM-F (indicator) (BDH, Poole, U.K.);
rx- and y-cyclodextrins (rx- and y-CD) (Astec, Whippany, U.S.A.); fJ-cyclodextrin
(fJ-CD), heptakis(2,6-di-O-methyl)-fJ-cyclodextrin (dimethyl-fJ-CD) and heptakis
(2,3,6-tri-O-methyl)-fJ-cyclodextrin (trimethyl-fJ-CD) (Chinoin, Budapest, Hungary).

Cyclodextrins and Natrosol250 HR solutions were purified using Zerolit DM-F
mixed bed ion-exchange resin. Histidine was recrystallized from methanol-water (1:I)
solution.

The solutes investigated were provided by laboratories of the Department of
Organic Chemistry, Charles University. The formulae and numbering are given in
Table I. Sample solutions of 2 mgjml were prepared by dissolving each in ca. 1% Tris
and were stored in dark bottles in a refrigerator.

Methods
Isotachophoretic experiments were performed using a Tachophor 2127 (LKB,

Bromma, Sweden), equipped with a conductivity detector and a poly(tetrafluor
ethylene) capillary, modified for work under a nitrogen atmosphere. The sample
solution was injected with a 10-,ul microsyringe (Hamilton, Bonaduz, Switzerland).
The operating conditions are given in Table II.

TABLE II

ELECTROLYTE SYSTEMS AND CONDITIONS FOR ITP

Parameter

Leading electrolyte
Terminating electrolyte
Capillary
Current

Thermostat temperature
Detection

Condition

5 mM hydrochloric acid containing 0.4% HEC with His to pH 6.4
10 mM HEPES with Tris to pH 8.3
(I) 230 mm x 0.55 1.0.; (II) 370 mm x 0.55 mm J.D.
100JiA (for capillary I 5 min and for capillary II 7 min); for

detection 50 !J.A
l8°C
Conductivity
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Choice of electrolyte system
The physico-chemical properties of bile acids, especially their low solubility in

water and high molecular weight, complicate the choice of a suitable electrolyte
system. The pKa values of the investigated compounds lie between 5 and 7, depending
on their structures. Preliminary experiments confirmed that the pH of the leading
electrolyte must be higher than 5 to ensure sufficient dissociation and effective
mobility. In the pH range 6-7 HEPES as one of the slowest anionic terminators works
well and ensures a correct ITP migration order. In more alkaline electrolyte systems
there is a lack of suitable slow migrating terminators.

Measurements with the electrolyte system described in Table II require the
protection of the terminator against absorption of carbon dioxide. The amount of
carbonate in the alkaline terminator increases during the measurement in opened
electrolyte vessels. Therefore, it is necessary to preserve the terminator under nitrogen
or to modify the pH of HEPES solution with barium hydroxide.

Effect of cyclodextrins on the resolution of the solutes studied
Data obtained for single solutes, expressed as relative step height [(hi)re'] values,

are summarized in Table III. Almost half of the compounds studied do not migrate in
an aqueous electrolyte system without CD because of precipitation in a neutral
medium during the analysis. The same results were obtained when a-CD was added to
the leading electrolyte. It was shown that, in agreement with theory, a-CD is not able to
form stable complexes with bulky bile acid molecules and therefore the presence of
a-CD in the leading electrolyte does not support the solubility of studied compounds in
aqueous solution.

The situation changes when [3-CD is used as an additive in the leading
electrolyte. A strong retardation effect indicates stable complex formation. The
problems caused by insufficient solubility of solutes are completely overcome and all
of the compounds studied are able to migrate isotachophoretically and provide stable
zones. In spite of the lower stability of inclusion complexes formed with y-CD, the
solubilization effect of this most spacious cyclodextrin is of the same efficiency as that
of [3-CD. Comparable results were obtained with further studied CD derivatives.
Partially methylated dimethyl-[3-CD, which forms the most stable inclusion complexes
with the compounds studied, does not support, however, the solubility of solutes V and
XIII and, moreover, the addition oftrimethyl-[3-CD does not effect the solubilization
of solute X.

The results summarized in Table III givea general view of the possible resolution
of the bile' acids studied. Relatively high and similar (hi)rel values obtained for
measurements with the dimethyl-[3-CD-modified leading electrolyte indicate the
formation of strong inclusion complexes, the stability of which does not depend
significantly on the structural differences of the solutes. Therefore, dimethyl-[3-CD,
although providing good solubilization effects, could not be used effectively for the
resolution of the range of bile acids studied.

In contrast to dimethyl-[3-CD, the structural differentiation of the compounds
studied, using [3-CD-or y-CD-modified leading electrolytes, seems to be more efficient,
the (hi)rel values obtained for many solutes differing substantially. The ITP measure-
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Fig. 1. Separation of bile acid mixture. Leading electrolyte containing 4 mM trimethyl-fJ-CD; capillary II
(Table II). Numbering of acids as in Table I. R = Response of detector; i = conductivity; d = differential
conductivity.

ments with a mixture of the compounds investigated, however, provided almost
unresolved zones with poor boundary sharpness. The systems with {3-CD and y-CD,
although providing satisfactory solubilization effects, do not have any practical
significance for bile acids analysis.

The explanation of the loss of the separation power, which does not result simply
from ITP experiments probably lies in the stoichiometry of the inclusion complex
formation. It must be emphasized that the host-guest system utilized is very
complicated. The bile acids studied are known as a special type of surfactants with the
ability to aggregate in aqueous solution. Their fundamental cholane skeleton provides
a number of binding sites for the complex-forming cyclodextrin. Therefore, we can
hardly suppose that simple complex formation occurs. The statistical creation of
a mixed polycentral inclusion complex, especially when the host cavity-guest
interaction is not so tight, may substantially alter and complicate fast complex
forming equilibria established during the ITP run.

The largest (hi)re1 values and broadening effect for the compounds studied were
observed with trimethyl-{3-CD. We succeeded in resolving a mixture of nine bile acids
using 4 mM trimethyl-{3-CD in the leading electrolyte (Fig. 1). The resolution of the
corresponding keto and hydroxy acids (solutes I, VII or II, III, VI, VIII) and the
possibility of differentiation of nor-acids (solutes II, XII or VIII, XI) have practical
significance especially for the monitoring of the synthesis. From the analytical point of
view, the most interesting is the resolution of diastereomers II and III.
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The experiments confirmed that the problem of the ITPof bile acids in aqueous
electrolyte systems could be solved successfully by the addition of trimethyl-f3-CD to
the leading electrolyte, which proved to be useful for both the solubilization and the
structural differentiation of the solutes studied. Other cyclodextrins tested, even if they
gave an excellent solubilization effect, failed completely as structural discriminators.

The suggested aqueous electrolyte system, which could be used preferentially in
a commercially available Perspex apparatus, enables a wide range of structurally
related bile acids to be analysed without any pretreatment. The successful resolution of
positional isomers and diastereomers confirmed the high resolving power of the
suggested electrolyte system, which could be utilized especially for the analytical
monitoring of bile acid synthesis.
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SUMMARY

Lipopolysaccharides (LPSs) were analyzed by polyacrylamide gel electrophore
sis (PAGE) in the presence of sodium deoxycholate (DOC) or sodium dodecyl sul
phate (SDS) and the results obtained compared. Two-dimensional PAGE of the S
form of LPS revealed that, with SDS, bands which appeared to be single after the
one-dimensional experiment were resolved into several bands after two-dimensional
electrophoresis. In the presence of DOC, however, a diagonal of single bands was
obtained in one-dimensional electrophoresis indicating optimum resolution. The high
quality of resolution by DOC-PAGE was constant for amounts of LPS up to 20 ug.
Finally, DOC-PAGE does not require boiling of the samples in DOC, which may be
an advantage over SDS-PAGE.

INTRODUCTION

The lipopolysaccharides (LPSs) of Gram-negative bacteria are chemically het
erogeneous mainly because of variations in the number of repeating units in the
O-polysaccharide. Further heterogeneity may also result from the presence of an
incomplete core and from a non-stoichiometric substitution oflipid A1-5. Among the
different methods used to separate the many subclasses of molecules present in an
LPS preparation, sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS
PAGE)1-3,6,7 is a simple useful tool. It is also very sensitive because the silver staining
method" used detects less than 1 f..lg of LPS. In one-dimensional SDS-PAGE, sep
aration of the S form of LPS usually results in a ladder-like banding pattern showing
30-40 gray and red doublet bands depending on the LPS used. However, two-dimen
sional SDS-PAGE showed an aberrant migration pattern with faster and slower
bands, although each band in the first dimension appeared to be single. Further, in
the case of the R form or LPS, SDS-PAGE revealed a few intense bands with a long
smearing and/or tailing'':", These findings suggested that SDS does not completely
dissociate the LPS aggregates.

In the present study we investigated the effect of sodium deoxycholate (DOC)
on the migration pattern ofLPSs during PAGE. DOC is a well known surfactant and
has often been used for dispersing LPSs because of its strong surface activity. It will

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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be shown that DOC-PAGE is usefool tool for the molecular characterization of LPSs
and that it has certain advantages over SDS-PAGE.

MATERIALS AND METHODS

Lipopolysaccharides
LPS from Salmonella abortus equi (S form) was isolated and purified as de

scribed!". The SR form ofLPS from Salmonella typhimurium and the R form ofLPS
from Salmonella minnesota mutants, R60 (Ra), R345 (Rb), R5 (Rc), R7 (Rd 1) , R3
(Rd 2) , and R595 (Re), were isolated from bacteria and purified by the phenol-chloro
form-light petroleum method ll

. All preparations were free of protein and other
macromolecular contaminants.

SDS- and DOC-PAGE
Electrophoresis was performed with the buffer system of Laemmli and Favre!",

where, unless otherwise stated, separating gels were formed with 14% acrylamide and
1% SDS with a 4% acrylamide stacking gel. Samples were mixed 1:1 with sample
buffer (containing 4% SDS) and boiled for 3 min. Aliquots of 1-10 III were applied
onto the gels. Electrophoresis was performed with Tris-glycine buffer containing
0.1% SDS, with a constant current of 18 mA until the tracking dye entered the
separating gel and at 35 mA until the tracking dye reached the bottom of the gel.
Pre-electrophoresis was not carried out.

In DOC-PAGE, unless otherwise stated, separating gels were formed with 14%
acrylamide and 0.9% DOC with a 4% acrylamide stacking gel (containing 0.5%
DOC). Samples were mixed 1:1 with sample buffer containing 1.0% DOC, 0.1 M
Tris-glycine buffer, pH 6.8 and 20% glycerol and 1-20 III aliquots were applied onto
the gels. Where necessary, the samples were sonicated for 1 min to obtain complete
'dispersion. Some samples were boiled for 1 or 3 min to investigate the influence of
boiling but unless otherwise stated, samples were not boiled. The buffer contained
0.25% DOC.

Two-dimensional electrophoresis was carried out as follows: a lane from the
one-dimensional slab gel containing the S form of LPS was cut out immediately after
the analysis and placed directly on the stacking gel of a new gel and subsequently
electrophoresed in the second dimension as described above.

Molecular weight markers including phosphorylase (94000 daltons), bovine
serum albumin (67000 daltons), ovalbumin (43000 daltons), soy bean inhibitor
(20 100 daltons) and lysozyme (14400 daltons) were obtained from Bio-Rad Labs.
Some gels were stained with Coomassie Brilliant Blue R-250 according to the conven
tional method. LPS bands were detected by the silver staining method of Tsai and
Frasch".

RESULTS

Several Salmonella LPSs were subjected to electrophoresis in 14% polyacryl
amide gel in the presence of SDS or DOC, and visualized by silver staining as de
scribed in Material and methods. The results obtained are shown in Fig. lA and B.
The SDS-PAGE migration patterns of these LPSs were in principle similar to those
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2 3 4 .5 6 7 8 2 3 4 5 6 7 8

Fig. I. Migration patterns of purified LPS in 14% polyacrylamide gels in the presence ofSDS (A) or DOC
(B). LPSs in the gels were detected by silver staining. The amounts of LPS applied in both A and B were 7
Jlg (S), I Jlg (SR, Ra, Rb, Rc, Rd. and Rd 2) and 3 ug (Re). Lanes: I = S. abortus equi S form; 2 = S.
typhimurium SR form; 3- 8 = S. minnesota Ra, Rb, Rc, Rd2 and Re, respectively. The split of the gel in A is
artificial.

A B

Fig. 2. DOC-PAGE of purified LPS from Salmonella strains. LPSs in the gels were detected by silver
stain ing. Lanes: A: 1-10 = S. abortus equi, 20, 18, 16, 14, 12, 10,8 ,6,4 and 2 Jlg, respectively; in B: 1-3 =
S. minnesota Ra 9, 6 and 3 ug, respectively; 4-6 = S. minnesota Rc, 9, 6 and 3 ug, respectively; 7-9 = S.
minnesota Re, 9, 6 and 3 ug, respectively.
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reported previously by other investigatorsz.3.6.8.9. The DOC-PAGE migration pat
terns of the same LPSs were, however, apparently different from those of the SDS
PAGE. The S form of LPS of S. abortus equi exhibited approximately 32 regular
bands with one compact dense band near the front of the gel, which was similar to the
chemotype Ra (S. minnesota R-60). Three chemotypes , Rd (S. minnesota R7), Rdz (S .
minnesota R3) and Re (S. minnesota R595), seemed to have two bands.

Further, the doublet pattern observed in SDS-PAGE was not seen in DOC
PAGE with any of the LPSs examined. In addition, the migration patterns were
compact and very reproducible with amounts of LPS from 2 to 20 /lg (Fig. 2A, B).

The relationship between the migration distance and the molecular weight
among R chemotypes was more evident using a 17.5% polyacrylamide gel, as shown
in Fig. 3.

For two-dimensional electrophoresis, one lane containing S LPS from the gel
shown in Fig. lA and B was excised before fixation and staining, and subsequently
subjected to electrophoresis. The SDS-PAGE migration pattern obtained was similar
to that reported previously by Hitchcock!". On the other hand , the two-dimensional
DOC-PAGE showed the original migration pattern which was obviously a series of
single bands forming a diagonal , as shown in Fig. 4.

In the case of SDS-PAGE, LPS samples were usually boiled for a few minutes
to dissociate the LPS aggregates completely. To examine the effect of heating on the
migration patterns of LPS, in the DOC-PAGE system, LPS samples were boiled for 1
or 3 min, but the migration patterns of all Salmonella LPS chemotypes examined
under the experimental conditions used were not changed (data not shown). To ex
amine the effect of DOC on the migration behaviour of proteins in DOC-PAGE,
marker proteins with molecular weights of 14400-94000 daltons were electropho-

Fig. 3. Migration patterns of purified LPS in 17.5% polyacrylamide gel in the presence of DOC . LPSs were
detected by silver staining . The amounts of LPS applied to the gel were 7 pg (lane I: S) and I ug (lanes 2-8:
SR. Ra, Rb, Rc, Rd., Rd 2 and Re). Electrophoresis was carried out at 4 rnA for about 16 h. Arrows
indicate weak bands which were not clear in the photograph.
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20 10

Fig. 4. Two-dimensional (2D) electrophoresis of purified LPS from Sa/mona//a abortus equi in the presence
ofSDS (A) or DOC (B). LPSs were detected by silver staining. In both A and B, 7 ug LPS included in each
lane excised from the one-dimensional slab gel were subjected to two-dimensional electrophoresis in 13%
polyacrylamide gels. The dark-staining region at the bottom of gel B is art ificial due to incomplete removal
of DOC during the washing procedure prior to staining. ID = First dimension.

resed by both methods and the results obtained are shown in Fig. 5. The relative
migrations of the different proteins to one another were similar in both systems but
the bands obtained by DOC-PAGE were more compact than the corresponding ones
in SDS-PAGE.

DISCUSSION

The separation of the S form of LPS by DOC-PAGE resulted in a ladder-like
banding pattern, apparently reflecting the variation in the number of 0 antigen re
peating units. This is generally consistent with the findings of previous studies2.3.6.8.9
with the SDS-PAGE system except that, here, each band was single. The migration
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Fig . 5. Migrat ion patterns of low-mo lecular-we ight proteins in 13% po lyacrylamide gel in the presence of
SO S (A) or DOC (B). Proteins were sta ined by Coomassie Brilliant Blue R-250. Th e amo unts of proteins
app lied to the gels were 10 /lg in each case .

patterns of R chemotypes were charac teristic and the migration distances of the main
bands corresponded well to the expected molecular weights . In add ition, each R
chemotype LPS used in the present experiment migrated more quickly than or at least
at nearl y the some rate as the most rapid band of S chemoty pe LPSs, in contrast to
previous reports'' :", In the SOS-PAGE system a common observation reported in
several studies is that apparently single band s obtained after one-dimensional electro
phoresis were resolved into several hands during two-dimensional electrophoresis.
Th is problem was overcome by Hitchcock 13 by applying a pre-electrophoresis step on
the gel prior to the one- and two-dimensional experiments. Th e aberrant migrat ion
pattern of LPS in the two-dimensional electro phoresis, which indica tes an incomplete
resolution during the one-dimensional experiment , was suggested to be du e to the
dissociati on of SOS from LPS during electrophores is, result ing in the formation of
both slower and faster migration bands v' and/or to be the result of the formation and
dissociation of LPS multimers immediately before or during electrophoresis' ". The
migration pattern of LPS was also suggested to be influenced by the concentration of
both, LPS and SOSI4.

The above problems were not encountered during DOC-PAGE. In the two
dimen sional electrophoresis, the LPS separation was optimum, resulting in a diag
onal series of single bands, without the need for pre-electrophoresis. Further,
amounts up to 20 J1.g of the S form or 9 J.1.g of the R form LPS had no apparent
influence on migration patterns.

We believe that the concentration of 0.1% SOS often used in SOS-PAGE may
no t be high enough to prevent the formation of multimers, or to dissociate the LPS
aggregates completely as suggested previously!" . Average molecular weights of the
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SDS-dissociated LPS obtained by the sedimentation equilibrium method were found
to be larger than those of DOC-dissociated LPS 1 5

.

Unlike SDS-PAGE, in the DOC-PAGE system, samples do not require boiling
in sodium deoxycholate prior to electrophoresis, which may be an advantage especial
ly when analyzing preparations of unknown structure. As shown here; DOC-PAGE
may also be employed for protein analysis .

. We believe that DOC-PAGE is a useful tool for analyzing the heterogeneity of
LPS and has several advantages over SDS-PAGE. It should be mentioned however
that the single bands obtained by DOC-PAGE do not necessarily represent an homo
geneous population of identical LPS molecules. The presence of a microheterogeneity
resulting from the presence or absence of a single low-molecular-weight substituent
such as an ethanolamine residue or an acetyl or phosphate group may not be large
enough to be discriminated by the present system. The characterization of single
band patterns in DOC-PAGE is now in progress.
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Note

Open split interfaces in capillary gas chromatography-mass spectrom
etry

Yield and quantitative aspects

N. W. DAVIES
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(First received December 14th, 1987; revised manucript received June 9th, 1988)

One of the most common methods of coupling capillary gas chromatography
(GC) columns to mass spectrometers is the open split interface first described by
Henneberg et al,', These devices usually employ a capillary restrictor tube which
governs the amount of gas allowed into the mass spectrometer, with provision for
venting any excess gas to atmosphere or a second detector. There is also usually
provision for one or two "make-up" or "purge" gas lines to supplement column flow
where necessary, to sweep dead volumes within the interface and to enable "cutting" of
large GC peaks away from the mass spectrometer to avoid contaminationv". Under
these conditions the column exit is at atmospheric pressure and hence combined
GC-mass spectrometry (MS) results can be directly compared with those from normal
GC, since no change in retention times or resolution will have occurred for the same
flow-rates. These interfaces also facilitate the rapid exchange of columns as the mass
spectrometer is not directly exposed to atmospheric pressure, and enable columns
requiring relatively high flow-rates to be used in conjunction with mass spectrometers
of limited pumping capacity.

However, there are two related potential problems when open split interfaces are
used in conjunction with isobaric pressure control of the GC column flow-rate and
temperature programming, a combination found on several commercial instruments.
The first is that if the interface is independently heated at a constant temperature, the
"yield", defined as the proportion of any given compound that enters the mass
spectrometer, depends on the elution temperature of the compound. This is evident
since while the total flow-rate through the column will fall substantially as column
temperature rises", the flow to the mass spectrometer will be fixed. As a consequence of
this, it is possible for there to be insufficient gas at higher column temperatures if
flow-rates are not established at the maximum operating column temperature, or
appropriate allowances are not made. This results in an influx of air into the interface,
which will be potentialy damaging to both the interface and the mass spectrometer.

Quantitative work based on standard curves of the analytes is not affected by the
variation in yield provided the same temperature profile is used for standards and
samples. Direct quantitative or semiquantitative comparisons of different peaks

0021-9673(88($03.50 © 1988 Elsevier Science Publishers B.V.
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within a temperature programmed analysis will however require appropriate correc
tion factors to be applied. Direct semiquantitative analysis of different compounds in
a mixture by comparison of total ion currents is of course complicated by the different
ionization cross sections of each compound. Nevertheless compounds in a homol
ogous series such as alkanes will have a total ion current proportional to the total
weight of sample and independent of the molecular weight of the individual species7

•

Useful semiquantitative data are then available from the mass spectrometer provided
corrections for interface yield are made. If total ion current is indirectly determined by
software from the summation of electron multiplier response for all ions in a given
compound, then the dependence of the multiplier gain on ion sizeand structure further
complicates direct comparisons. Notwithstanding the complications of total ion
current, quantitative comparisons can be readily made using another detector
monitoring the flow from the open split vent after appropriate corrections.

Operation in this mode also means that the yield to the mass spectrometer can
only be maximized at the high temperature end of the analysis, causing losses in
sensitivity by up to a factor of three for the earlier eluting components.

The following discussion presents the appropriate correction factors required to
compensate for change in yield, and describes different methods for obtaining constant
and maximum yield from an open split interface.

EXPERIMENTAL

The experimental results were obtained on an HP 5890A gas chromatograph
with a 25 m x 0.32 mm J.D. fused-silica column installed, coupled to an HP 5970 mass
selective detector with an open split interface. The interface was held at 270°C and the
initial oven temperature (Ta) was 27°C. Flow-rates were measured at room tem
perature with a l-ml soap bubble flow meter (Alltech) after the GC oven had
equilibrated at the individual temperatures, with the average of three separate
measurements being used in each case. The column flow-rate was measured only at
27°C (i.e. Fa), and the split vent flow-rate (Fsaand Fsb) at all indicated temperatures. Fm

was determined from the difference between Fa and Fsa with no purge gas. Fp was
determined from the difference between values of Fsawith the purge on and purge off.

RESULTS AND DISCUSSION

The schematic diagram shown in Fig. I illustrates an open split interface of the
configuration described, with the flows used in the expressions below indicated. All
flow-rates discussed are measured after equilibration with room temperature, so that
the flux of gas can be compared fordifferent temperatures. Ignoring the very minor
changes in column dimensions with increased temperature, the flow-rate Fb through
the column at some elution temperature Tb (in Kelvin) will be":

(1)

where Fa is the original flow-rate at some temperature Ta, as measured after
equilibration to room temperature, and n« and '1b are the gas viscosities at T« and Tb
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Fig. I. Schematic diagram illustrating an independently heated open split interface with flows indicated.

respectively. The change in yield can be calculated from the following general case.
If the flow-rate going to the mass spectrometer is defined as E; and the purge gas

flow-rate is Fp, the initial percentage yield at T; is

100Fmy --
a - Fp+Fa

At temperature T; the percentage yield becomes:

(2)

(3)

Carrier gas viscosities can be calculated to within I% for the normal temperature range
of gas chromatography from the following relationship derived from empirical data":

where T is the temperature in Kelvin and k is 3.60 for helium, 1.63 for hydrogen and
3.29 for nitrogen. Substitution in eqn. 3 gives:

(4)

The ratio of the yields at Tb and Ta, which is the correction factor that integration
results at each value of elution temperature Tb will have to be divided by for
quantitative comparisons, is therefore:
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With no purge gas this reduces to:

391

(5)

(6)

As an illustration of the above effects, a change in temperature from I 00 to 300°C
results in slightly more than a doubling of the yield if no purge gas is employed. The
same temperature change results in a 35% relative increase in yield when half the initial
flow is from the purge line. The larger the proportion that the purge gas is of the total,
the smaller the increase in yield.

Naturally if quantitative comparisons are made using a second detector
monitoring the flow from the open split vent the correction will be opposite in
direction. The ratio will be:

where Ysb and Ysa are the percentage of total flow going to the split vent at
temperatures Tb and T; respectively. Substitution of eqns. 2 and 4 and simplifying
based on the fact that Fp + Fa = Fsa + Fmwhere Fsais the split vent flow-rate at oven
temperature Ta , results in:

Y IY = (Fp + Fa)[Fa(TaITb)1.7 + Fsa - Fa]
sb sa Fsa[Fp + Fa(TaITb)1.7]

(7)

Integration results for each elution temperature Ts; will need to be divided by this value
for direct quantitative comparisons on a second detector.

Arithmetical yields of more than 100% in eqn. 4 correspond to an influx of air
into the mass spectrometer. This situation is reached when

(8)

Fig. 2 shows the comparison ofcalculated and experimental values for the yield ratios
YblYaand Ysbl Ysafor the examples listed. The discrepancy between experimental and
calculated data ranged from - 2.5 to + 3.0% of the calculated yield ratio. During
relatively rapid temperature programming the column may not be at equilibrium with
the GC oven. Under these conditions there may be a somewhat greater discrepancy
from calculated data than indicated here.

The yield will remain constant throughout a temperature programmed analysis
only if the carrier gas is controlled by a mass flow controller, or if the interface is heated
at the same rate as the GC column. The former method results in significant increases
in average carrier gas velocity with increasing temperatures, but would be suitable in
many cases where it is desirable to maintain a constant and maximum yield. The latter
method can be achieved either by independently heating the interface at the same rate
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control of flow-rates. (a) Yb/Y., no purge gas, all values of Ya.For experimental points Fa = 2.88 ml/min, Y,
= 18.4%. (b) Yb/Y., Fp = 1.30ml/min, Fa = 2.83 ml/min, Ya = 12.4%. (c) Ysb/Y", same conditions as for
(b), Y" = 87.6%. (d) Ysb/Y", no purge gas, same conditions as for (a), Y" = 81.6%.

as the GC oven, or by incorporating the interface in the GC oven. The yield will be
maintaned at a constant value in the absence of purge gas since both the column and
restrictor flows will be reduced by the same factor. Provided that any purge gas added
is also isobarically controlled original yields will still be maintained across a tem
perature range. If only the purge gas is controlled by a mass flow controller there will
be a decrease in yield with rising temperature.

Incorporating the interface in the GC oven is the simpler alternative, but
increases the dead volume of the system and goes against the normal practice ofplacing
the interface as close as possible to the mass spectrometer. However, since the dead
volume is all on the high vacuum side it is rapidly swept out and should not result in any
detectable broadening due to diffusion. Apiece of deactivated fused-silica or
glass-lined tubing (50 cm in length) as the final connection to the mass spectrometer
will take less than 0.2 s to sweep out with a flow of 1.5 mljmin of belium!".

A second advantage of incorporating the interface in the GC oven is that it can
be removed simply and rapidly, allowing the option of direct coupling if required.

A disadvantage of having the open split interface remote from the mass
spectrometer could be in the transfer of relatively involatile compounds, such as those
boiling above about 500°C. The best results for these appear to be when the column or
the restrictor tube go directly into the ion source!!. This is despite the fact that vapour
pressure in equilibrium with a glass wall is higher than that with a liquid phase, and
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hence interface temperatures can in theory be lower than the column temperatue-'. The
"Joule-Thompson" cooling effect upon expansion of gas from the restrictor tube does
not explain this provided either helium or hydrogen are used as carrier gases, since
both have a negative Joule-Thompson coefficient resulting in heating of the gas upon
expansion.

The combination of type of flow control and method of interface heating
therefore depends on the analytical requirements. If maximum yield is not essential
and quantitative comparisons are not important, or the appropriate correction factors
are applied, then isobaric pressure control of column flow and an open split interface
that is held at constant temperature in association with temperature programmed
analyses presents no problems. Ifit is desired to yield almost 100% of the GC effluent
to the mass spectrometer over a wide temperature range, or to maintain a constant
yield of effluent to the mass spectrometer, then the method of flow control or the
method of heating the interface is relevant when an open split interface is employed.
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High-temperature polymers are finding increased usage in the electronics indus
try. Residual volatiles in these materials, either from processing chemicals or from
solvents in the original formulation, can be detrimental during later processing oper
ations, especially metallization or soldering. These processes may utilize temperatures
in excess of 300°C, causing the evolution of residual solvents from the polymer.
Processing of polymers prior to high-temperature operations must be optimized to
minimize out-gassing of the polymer.

Historically, analysis of volatile materials in solid samples has been carried out
by several techniques, including extraction with solvents.l-? solid injection methods,"
and state" and dynamict-" (purge-and-trap) headspace analysis. Of these techniques,
the dynamic headspace analysis proved to be the method of choice for our analysis
due to a number of factors described below. Dynamic headspace analysis involves
purging of the sample with an inert gas and trapping volatile components by ad
sorption on a trap, often using a porous polymer such as Tenax'" (Alltech, Deerfield,
IL, U.S.A.). The volatile components are thermally desorbed from the trap and back
flushed onto a chromatographic column for analysis. Advantages of the technique
include: (i) sample preparation is not required, (ii) quantitative results can be ob
tained, and (iii) required temperature profiles can be modeled using the heatable cell.

Because of the low quantity of residual volatiles in our samples, the susceptibil
ity of the polyimide to air oxidation, and the high temperatures required to simulate
processing conditions, we found that the standard purge-and-trap accessories were
not suitable. This note describes a custom-designed, gas-tight, purgable high-temper
ature cell for use as an attachment with the plumbing and electronics in a standard
purge and trap accessory.

EXPERIMENTAL

Polyimide films, prepared from pyromellitic dianhydride-oxydianiline
(PMDA/ODA) polyimide from E. I. du Pont de Nemours, sprayed on 36 mm square
ceramic substrates, are used to demonstrate this technique. The polyimide is obtained
as a solution of the polyamic acid in a mixed solvent of N-methyl-2-pyrrolidinone
(NMP) and xylenes. The solution is applied to the ceramic substrates, imaging steps
are carried out, the film is B-cured at approximately 200°C in air and finally C-cured
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Fig. I. Experimental setup for high-temperature purge-and-trap gas chromatography.

near 350°C in nitrogen. [For polyimide systems, a "B-cure" step is performed to
partially cure the polymer (ca. 90%). This is followed by a high-temperature "C
cure" which completes the imidization reaction and performs some annealing of the
polyimide]. After final C-cure, the films are approximately 8 ,urn thick. From the
dimensions of the substrate and the film thickness we can determine an approximate
polyimide film weight of 0.15 g, from which we thermally evolve about 1.5-15,ug of
residual volatiles.

A Hewlett-Packard 5592B-gas chromatographic-mass spectrometric GC-MS
system with a modified Hewlett-Packard 7675A purge-and-trap sampler was used for
the residual volatiles analysis. The analysis setup is shown in Fig. 1. During devel
opment of the method, the mass spectrometer was operated in the total ion monitor
ing mode, using B-cured parts to obtain the mass spectra and to verify the volatile
species. Because of the low levels of volatiles in the C-cured samples, the single ion
monitoring (SIM) mode was utilized for these parts since it offers two to three orders
of magnitude more sensitivity than the total ion mode.

Thermal desorption of the volatile materials was achieved through the use of a
special heatable, gas tight sample holder that was designed and built for this analysis.
A schematic of the cell is shown in Fig. 2. The cell employs cartridge type heaters,
thermocouples for temperature monitoring, and liquid nitrogen cooling for rapid
turnaround between samples. We found that a 0.015-cm soft copper gasket was the
most effective gasket material for maintaining a good seal, between the top plate and
the body of the cell, at the high temperatures required for the analysis. The cell was
made entirely from aluminum for good heat conduction and had an entry port with
septum to allow addition of an external standard.

Stanr' d.sampling conditions
Sample purge conditions. Helium purge flow, 50 ml/min; total purge time, 35

min; temperature ramp, ambient to 360°C at 20°Cjmin; 0.05 ,ul hexane injected at
200°C.

Desorb conditions. Desorb time, 2 min; desorb temperature, 250°C; trap col
umn, Tenax-Gc.

GC Conditions. Helium carrier flow, 30 mljmin; injection port temperature,
250°C; oven temperature, 2 min at 100°C, ramp 15°C/min to 220°C; column, 1.8 m x
6.4 mm a.D. glass 6.6% Carbowax 20M on 80/20 Carbopak B.
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Fig. 2. Schematic of a heatable, gas-tight sample holder for high-temperature purge-and-trap gas chroma
tography. Holes for rod heaters and thermocouples are omitted for clarity. N2 = Nitrogen.

MS conditions. SIM window size, 0.10 a.m.u.; ion masses, 86.1, 91.1, 99.1; dwell
times, 100, 100, 250 ms.

Sampling procedure
A C-cured polyimide film on ceramic was placed in the holder and the holder

was checked for leaks. The sample cell was purged at room temperature for 10 min to
remove all traces of air. The cell heater was then turned on and the hexane was
injected when the cell temperature reached 200°C. After the purge cycle was complet
ed the sample was desorbed from the Tenax column onto the GC column. The GC
was held at 100°C through the end of the the 2-min desorb cycle, then ramped to
220°C. Upon completion of the desorb cycle the valve was opened from a liquid
nitrogen cylinder to cool the cell to room temperature for the next sample.

The approximate time required to run a sample, including heating ramp, hold
time at maximum temperature, and cool down was 1.5 h. Without the liquid nitrogen
cooling this time would be extended by approximately 2-3 h.

RESULTS AND DISCUSSION

A chromatogram showing the sum of all the monitored ions (86.1, 91.1, and
99.1 a.m.u.) in a typical run is illustrated in Fig. 3. (Hexane is not normally observed
in the polyimide samples and was injected in each run to normalize the data and
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Fig. 3. Typical gas chromatogram of the residual volatiles in polyimide after C-cure plus the hexane
standard. Chromatograms are plotted in the SIM mode of the mass spectrometer. (Retraced from actual
chromatograms.)

account for potential leaks in the system.) NMP and xylene are major residual sol
vents (NMP is the solvent from the polyamic acid solution and xylene is used during
processing) in the polyimide after C-cure. Some small peaks are also present in the
SIM mode chromatograms that were not observed in the total ion monitored chro
matogram due to differences in sensitivity but these were not investigated further. Our
work focused on the relative amount of residual solvents left under varying process
conditions and therefore was semi-quantitative. Quantification could be achieved by
injecting standards of NMP and xylene in hexane.

CONCLUSIONS

The high-temperature purge-and-trap method can give good qualitative and
semi-quantitative identification of volatiles that might evolve from the polymer films
or porous materials during processing. For low levels of volatiles, the signal produced
by this method is much larger than that that would be observed from a dynamic
analysis. Quantitative measurement of the volatiles is possible by injecting an internal
standard into the cell to be run simultaneously with the sample.
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The manufacture ofethylene oxide by the reaction of ethylene and oxygen over
silver catalysts is a multibillion dollar business worldwide, There are continuing ef
forts to improve the process efficiency and understand the basic chemistry of the
reaction. The products of the reaction include CZH40 and equimolar amounts of
COz and HzO, together with unreacted CZH4 and Oz. Analysis requires quantita
tion of this five component mixture, This is usually achieved by gas chromatography
using one (or two) column systems comprising porous polymers'<" supplemented in
some cases by molecular sievesv". In recent work we have wished to study ethylene
epoxidation using mixtures of O2 and N 20 as the oxidant. The number of compo
nents is thus increased to seven since unreacted N 20 must be measured and N 2 is a
product. Conventional systems are not capable of this, The automated system de
scribed below provides quantitation of all components in less than 15 min using a
single injection. A particular feature is that the system is arranged so that H 20 and
C2H40 are eluted first. This is superior to the usual arrangement in which they
emerge last and tailing of the water peak is a problem-:", This advantage is particular
ly pronounced when ethylene conversions in the reactor are low as is commonly the
case in kinetic work.

EXPERIMENTAL

The heart of the system is formed by two electrically actuated multiport valves
(Vaico) located within the oven of a Shimadzu GC-8A gas chromatograph fitted with
thermal conductivity detectors. The valves are driven according to a time schedule
provided by a Shimadzu C-R3A programmable integrator. The arrangement of the
valves and their time programming are shown in Fig. I. The first valve has ten ports
and is fitted with a 2-cm 3 gas sampling loop and two 3.2-mm J.D. columns. Column I
is l.5-m Porapak S and column 2 is O.7-m Porapak QS. A third column (O.8-m 5A
molecular sieve) is attached to the second valve (6-port) together with a stainless-steel
Nupro metering valve (SS2-A) arranged to provide a similar pressure drop to the
column. Column I is located in the chromatograph oven and maintained isothermally
at 130°C and columns 2 and 3 are arranged external to the chromatograph, via
1/16-in. connecting tubes in an ice bath at O'C.

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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\

Prior to analysis (Fig. la) the gas stream from the catalytic reactor passes
through the sample loop to the vent and the three columns are flushed in the order 2,
1,3 with helium carrier gas (ca. 15 cm3jmin). On initiation of the time program (Fig.
1b) (by operation of the C-R3A integrator) the contents of the sample loop are swept
first into the heated column 1 and then to columns 2 and 3 respectively. After 20 s
(Fig. lc), valve 2 is switched, trapping nitrogen and oxygen in the now isolated
molecular sieve column 3. After 90 s (Fig. ld), valve 1 is switched back to its starting
position. At this time CO2 , N 20 and C2H4 are in column 2. On leaving this column
they traverse column 1 again before proceeding to the thermal conductivity detector
via the restrictor valve of valve 2. This takes longer than H 20 and C2H4 0 require to
elute from their position on column 1. As a result of this arrangement the order of
elution is H 20 (2.29 min), C2H40 (3.59), CO 2 (4.31), N 20 (5.06), C2H4 (7.08). After
10 min the time program reverts valve 2 to its original position allowing oxygen and
nitrogen to elute from column 3 at elapsed times of 11.48 and 13.42 min respectively.

A full chromatogram isshown in Fig. 2 (top). In addition to the seven analy-

d

*
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*c

a
e

b

9

h

d

c
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e

5 1'0

Retention Time (min)

Fig. 2. Typical chromatograms of stream leaving reactor: (top) using all three columns; (bottom) using
columns 1and 2 only. Peaks: a = H20; b = C2H40; c = CO2;d = N20; e = C2H4; f = 02; g = N2;h =
N2 + °2 , The asterisks indicate peaks associated with pressure surges.
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tical peaks, pressure surges associated with operation of valve 2 give rise to sharp
apparent peaks at 1.21 and 11.05 min. These can be minimised by careful adjustment
of the restrictor valve, but in any case cause no difficulty since they do not overlap
with component peaks and their areas are easily eliminated by programming of the
integrator. As can be seen the system provides baseline separation of all seven compo
nents and integration was possible with high reliability. Repeat analysis of the same
mixture agreed to within ± 1%.

If separate quantitation of nitrogen and oxygen is not required (as when oxygen
alone is used as oxidant) then a truncated program in which valve 2 is retained in the
position corresponding to Fig. lc and d throughout is possible. Nitrogen and oxygen
are then eluted as a composite peak with retention time of0.98 min whilst the position
of the remaining elutants are unchanged. As shown in Fig. 2 (bottom) the analysis is
then complete in 8 min.

The overall catalytic system incorporates an additional 4-port manually oper
ated valve to enable direct routing of gas mixtures through the sampling loop by
passing the catalyst (which can then be pretreated as required prior to use). Initial
determination of response factors for each component were carried out with carefully
made up gas mixtures containing one or more of the components in helium and
flowing on bypass. This calibration was routinely checked with a precise mixture of
5.08% COz and 3.00% CZH40 in helium (CIG Ltd.). The loop size used was chosen
to enable accurate analysis of mixtures in which each component made up 0.1-30%
of total flow at atmospheric pressure with helium as the balance gas. Ten-fold smaller
or larger pressures could be readily handled by adjustment of the loop size. The
system has proved ideal for the purpose required and been in continuous use for
many months apart from occasional regeneration of the molecular sieve column.
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The difficulties involved in effecting derivatization at a specific atom of a
heterocycle where reaction at another site is also possible, constitute a major problem
in heterocyclic chemistry'. The problem is particularly difficult in derivatization for
quantitative chromatogrpahic analysis since in this application, the cardinal require
ment of the derivatization protocol is the preferential and quantitative conversion of
the analyte to a single stable product for analysis. Recently, we required a method for
the gas chromatographic (GC) analysis and impurity profiling of bulk 1-[(3,5-difluo
rophenyl)methyl]-1,3-dihydro-2H-imidazole [SK&F 102698 (1)], the prototype mole
cule of a new class2

,3 of orally active antihypertensive whose effects are mediated by
the novel mechanism of dopamine p-hydroxylase inhibition", We report here our
strategy for the regio-selective derivatization of compound I with N-methyl-N-(tert.
butyldimethylsilyl)trifluoroacetamide (MTBSTFA) where regio-selectivity was ste
reochemically induced. Derivatization of compound 1 with other silylating and al
kylating reagents gave either incomplete conversion or formed multiple products
making it unsuitable for the impurity profiling of the drug substance.

X (1) X=F Y=H Z=F

~~ (2) X=H Y=CF3 Z=H
Z ::-...

~),.s (3) X=H Y=Br Z=H

I
(4) X=H Y=CH3 Z=HH

MATERIALS AND METHODS

Reagents
Pentafluorobenzyl bromide, MTBSTFA (with and without 1% tert.-butyldi

methylsilyl chloride), N-methyl- N-trimethylsilyltrifluoroacetamide (MSTFA) and
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) (both with and without 1% tri
methylsilyl chloride) were purchased from Regis (Morton Grove, IL, U.S.A.). Aceto
nitrile was dried before use. Compound 1 and its 6-trifluoromethyl- (2), 6-bromo- (3)
and 6-methyl- (4) analogues were obtained from Smith Kline & French Laboratories.
The purity of compound 1 was independently established to be >99.5% by high-

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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onstrated in the derivatization of adenine nucleotides? would also encourage such a
conversion. This was indeed what we found. Compound I was preferentially and quan
titatively converted to a single N-tert.-butyldimethylsilyl derivative with excellent
chromatographic behavior. With thick film (0.5 and I pm film thickness) and long (25

A

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0

B

MIN UTE S

iii' •• i' iii i "1' i • iii iii Ii' I i I • Iii' ••• i I • , , • I

13.3 1<1.6 15.9 17.2 18.5 19.8 21.1 22.<1 23.725.0

MINUTES

Fig. 1. Gas chromatogram of N-tert.-butyldimethylsilyl derivative of compound 1: (A) whole chroma
togram; (B) expanded chromatogram.
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m and 30 m) DB-5 or DB-17 columns respectively, the derivative exhibited some
thermal degradation. This was overcome by performing the assay on a thin film (0.32
JIm) and short (15 m) DB-210 stationary phase at lower isothermal temperature
without sacrificing resolution of other minor impurities (Fig. I). Regio-selectivity was
also achieved with the 6-trifluoromethyl- (2), 6-bromo- (3) and 6-methyl- (4) ana
logues of compound I in a similar manner.

Chemical derivatization followed by GC continues to play an important role in
meeting the analytical needs of biotechnology and medicine. The present results sug
gest that the aforementioned strategy may be employed with other similarly structur
ed heterocycles in their development as potential drug candidates. The approach is
attractive since in addition to stereochemically-induced regio-selectivity, the tert.
butyldimethylsilyl group also confers the characteristic M + - 57 fragment in GC
MS studies 10.
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Imazodan hydrochloride, 4,5-dihydro-6-[4-(IH-imidazol-I-yl)phenyl]-3(2H)
pyridazinone hydrochloride (I) is a new cardiotonic'; which was formulated as cap
sules and injection, and has been used in the clinical trials. The injection contains
preservatives, antioxidant and citrate buffer. 6-[4-(1H-imidazol-I-yl)phenyl]-3(2H)
pyridazinone (II) exists as a process contaminant in the bulk drug and is also as a
potential degradation product, which is structurally very similar to that of imazodan
with an additional unsaturation in the pyridazinone ring.

I~\~/-N\-O . HCI

N:::d~-

Imazodan hydrochloride (I)

--Q-O
N-NH

~N r; ~ 'I 0 • HCI
N~ __

6-[4-(IH -Imidazol- I-yl)
phenyl]-3(2H)-pyridazinone (II)

Reversed-phase high-performance liquid chromatography (HPLC) has been
successfully used in pharmacokinetic studies for imazodarr'. However, no separation
between imazodan and II was mentioned. Methylparaben and propylparaben are
commonly used preservatives in many cosmetic and pharmaceutical formulations.
Their HPLC analyses have often been cited3-

l 3
. This report presents a reversed-phase

HPLC assay of imazodan in an injection and the data validating it. The method
allows simultaneous determination of imazodan, a potential degradation product
(II), and two preservatives, methylparaban and propylparaban.

EXPERIMENTAL

Chemicals and reagents
Unless otherwise specified all chemicals and reagents were reagent grade and

obtained form Fischer Scientific(Springfield, NJ, U.S.A.). Compounds I and II were
synthesized at Parke-Davis Pharmaceutical Research Labs. Methylparaben and Pro-

0021-9673(88($03.50 © 1988 Elsevier Science Publishers RV.
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pylparaben were USP Reference Standards. Water was double-distilled and deion
ized.

Apparatus
The chromatographic system consisted of a Series 4 HPLC pump (Perkin

Elmer, South Plainfield, NJ, U.S.A.). An autosampler (Perkin-Elmer ISS-lOO auto
sampler equipped with a 20-j1100p), a reversed-phase CiS column (Altex ODS col
umn, 4-6 j1m, 15cm x 4.6 mm I.D., Beckman, San Ramon, CA, U.S.A.), a variable
wavelength UV detector (Perkin-Elmer LC-95 spectrophotometer, set at 267 nm),
and a computing integrator SP-4270, Spectra-Physics, San Jose, CA, U.S.A.).

Mobile phase
The mobile phase consisted of acetonitrile-D.05 M ammonium phosphate buf

fer adjusted to pH 3.0 with 1 M phosphoric acid-water (38:2:60, v/v). It was filtered
through a 0.45-j1m membrane filter, or equivalent, and degassed before use. The
flow-rate was 0.6 ml/min,

Standard stock solution
(A) Compound II stock solution. A known quantity of II monohydrate refer

ence standard, equivalent to about 20 mg of II base, was accurately weighed and
quantitatively transferred to a lOO-ml volumetric flask. The standard was dissolved in
and brought to volume with mobile phase. A 5.0-ml aliquot was diluted to 50.0 ml
with mobile phase and mixed.

(B) Imazodan-compound II stock solution. A known quantity of imazodan
hydrochloride monohydrate reference standard, equivalent to about 40 mg of imazo
dan was accurately weighed and quantitatively transferred to a 50-ml volumetric
flask. A 2.0-ml aliquot of the standard stock solution A was added, mixed to dissolve
the standard, brought to volume with mobile phase, and mixed.

(C) Propylparaben stock solution. About 16 mg of propylparaben USP Refer
ence Standard was accurately weighed and quantitatively transferred to a 50-ml volu
metric flask. The standard was dissolved in, brought to volume with mobile phase,
and mixed.

(D) Methylparaben-propylparaben stock solution. About 29 mg methylparaben
USP Reference Standard was accurately weighed and quantitatively transferred to a
lOO-ml volumetric flask. A 10.0-ml aliquot of the standard stock solution C was
added, mixed to dissolve the standard, brought to volume with mobile phase, and
mixed.

Standard preparation
A S.O-ml aliquot each of the standard stock solutions Band D was pipetted into

a 100-ml volumetric flask, brought to volume with mobile phase, and mixed.

System suitability
Six successive injections of the standard preparation should provide a relative

standard deviation (R.S.D.) of not greater than 2.0%. The number of theoretical
plates should not be less than 2300 for imazodan. The resolution between imazodan
and compound II should be greater than 1.5. If system suitability is not obtained,
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adjust the parameters, clean or replace the column, if necessary, until system suitabil
ity is achieved.

Assay preparation
A volume of 2.0 ml of the 2-mgjml injection was pipetted into a 10-ml volu

metric flask, or 2.0 ml of the 5-mgjmlinjection into a 25-ml volumetric flask, brought
to volume with mobile phase and mixed. A 5.0-ml aliquot was further diluted to 50.0
ml using the same medium. An appropriate aliquot was filtered through a 0.45-.um
membrane filter, or equivalent, discarding the first 5 m!.

Procedure
Separate 20-.u1 aliquots of the Standard and Assay preparations were injected

into the chromatograph and the chromatograms recorded.

Calculation
The quantity of imazodan, compound II, methylparaben, or propylparaben

was calculated according to the following formulae.
For the 2 mgjml injection

mgjml ofimazodan, methylparaben, or propylparaben = (RujRs)C(50j5)(lOj2)
= 50C(RujRs)

% compound II = (RujRs)C(50j5) (lOj2)(100jW)
= 5000(RujRs)(CjW)

For the 5 mgjml injection

mgjml of imazodan, methylparaben, or propylparaben = (RulRs)C(50j5)(25j2)
= 125C(RujRs)

% compound II =(RujRs)C(50j5)(25j2)(100jW)
= 12500(RujRs)(C/ W)

in which R; and R; are the peak areas for imazodan, compound II, methylparaben, or
propylparaben obtained from the Assay and Standard preparations, respectively, Cis
the concentration, in mgjml, of imazodan, compound II, methylparaben, or propyl
paraben in the Standard preparation, and W is the quantity, in mgjml, of imazodan
found in the injection.

RESULTS AND DISCUSSION

Method validation
Recovery and precision. The method was validated by spiking known amounts

of imazodan, compound II, methylparaben, and propylparaben into a placebo at
80--120% of label claim, except for compound II which was at 80--120%of the specifi
cation limit of 0.1% of imazodan. Average recoveries of 100.7% (R.S.D. 0.7%) for
imazodan, 99.5% (R.S.D. 3.3%) for compound II, 100.5% (R.S.D. 0.5%) for meth-
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TABLE 1

RECOVERY DATA OBTAINED FROM SPIKED PLACEBO USING REVERSED-PHASE HPLC

Sample No. Label claim (%) Recovery (%)

Imazodan Compound II Methylparaben Propylparaben

I 80 101.3 103.4 101.1 99.0
2 80 101.3 102.0 101.1 98.6

3 100 100.6 102.0 100.1 100.4
4 100 101.8 103.8 100.3 100.9
5 100 101.3 97.1 101.3 101.6
6 100 100.1 96.7 100.8 101.2
7 100 99.7 95.2 101.4 101.5
8 100 100.4 102.2 101.0 100.5

Average 100.7 99.5 100.8 101.0
R.S.D. (%) 0.7 3.3 0.5 0.5

9 120 99.3 98.0 98.6 99.2
10 120 99.8 96.6 99.8 99.4

C A

'" ...'" ~
'" co

o

B

TIME(min) --+

Fig. I. A representative chromatogram obtained from a standard preparation containing imazodan (A),
compound 11 (B), methylparaben (C), and propylparaben (D). Amount injected: 20 Jll.



NOTES 411

ylparaben, and 101.0% (R.S.D. 0.5%) for propylparaben, by peak area were ob
tained at 100% of label claim (Table I). The excipients do not interfere with the
recovery. Recoveries were quantitative and precise. Although the precision for com
pound II exceeds 2.0%, an R.S.D. of 3.3% is thought to be acceptable at such a low
level as 0.04 Jig/m!.

Selectivity. The proposed reversed-phase HPLC method affords baseline sep
aration of imazodan from compound II and two preserevatives, methylparaben and
propylparaben. Fig. 1 presents a typical chromatogram obtained from a standard
preparation. As seen, imazodan, compound II, methylparaben, and propylparaben
are well resolved, with resolution factors of 2.1 between imazodan and compound II,
4.9 between imazodan and methylparaben, and 8.3 between imazodan and propyl
paraben, respectively.

Linearity. The calibration curves (peak area vs. concentration) were constructed
at least with five different concentrations. The curves were linear in the range of 10-80
Jig/ml for imazodan (l0, 20,40,50,60 and 80 Jig/ml; r2 = 0.9998),0.01-0.08 Jig/ml
for compound II (O.oI, 0.02, 0.05, 0.06 and 0.08 Jig/ml; r 2 = 0.9999), 7-29 Jig/ml for
methylparaben (7.2, 14.4, 18.8,21.6 and 28.8 Jig/ml; r 2 = 0.9997), and 0.8-3.2 Jig/ml
for propylparaben (0.8, 1.6, 2.0, 2.4 and 3.2 Jig/ml; r 2 = 0.9997).

System suitability
Six replicate injections of a standard preparation containing 50 Jig/ml of imazo

dan, 0.05 Jig/ml of compound II, 18Jig/ml of methylparabwen, and 2 Jig/ml of propyl
paraben gave R.S.D. values of 0.4% for imazodan, 3.2% for compound II, 0.8% for
methylparaben, and 0.5% for propylparaben. The number of theoretical plates calcu
lated according to ref. 14 were 3300 for imazodan and 3100 for compound II. The
resolution factor between imazodan and compound II was 2.1. The tailing factors
calculated according ref. 14 were 1.4 for imazodan and 1.6 for compound II.

Limit of detection
The limit of detection for compound II was found 0.02% in imazodan.

TABLE II

ANALYTICAL DATA OBTAINED FROM REVERSED-PHASE HPLC ASSAY OF IMAZODAN
INJECTION

Sample Assay results (mgjml}

Imazodan Compound II* Methylparaben Propylparaben

Imazodan injection, lot A
Initial 4.86 0.04 1.69 0.18
6 Months at 370C 4.79 0.09 1.57 0.14
6 Months at 45"C 4.68 0.12 1.52 0.10

Imazodan injection, lot B
Initial 4.90 0.05 1.69 0.17
6 Months at 37'C 4.96 0.07 1.63 0.15
6 Months at 45"C 4.86 0.08 1.59 0.14

* As % of imazodan.
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Fig. 2. Typical chromatograms obtained from the analysis of imazodan injection, lot A, 6 months at 3rc.

Dosage form analysis
Table II presents the assay data on two lots of imazodan injection, stored

upright for up to 6 months at 37°C and 45°C, respectively. The contents of compound
II were all within the 0.1% tentative specification, except for lot A at 6 monthsJ45°C
which gave 0.12%. Fig. 2 shows the representative chromatograms obtained from the
analysis oflot A stored upright for 6 months at 37°C. No interference from excipients
was detected.
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Conjugated estrogens are defined in the USP XXI 1 as a mixture of sodium
estrone sulfate and sodium equilin sulfate obtained synthetically or from equine
urine. They may contain other conjugated estrogenic substances, such as equilenin,
estradiol, 17-dihydroequilin or 17-dihydroequilenin. Conjugated estrogens contain
50-63% of sodium estrone sulfate and 22.5-32.5% sodium equilin sulfate. The ana
lytical method for the determination of conjugated estrogens was recently changed
from a colorimetric method (USP XX) to a gas chromatographic (GC) method (USP
XXI) after hydrolysis. This method is very time consuming, and it was our goal to
explore the use of high-performance liquid chromatography (HPLC) for the determi
nation of conjugated estrogens in tablets. Such methods had been described for the
HPLC analysis of the estrogens after acid hydrolysis? and dansylatiorr'r" or forma
tion of the 2,4-dinitrohydrazine derivatives", In the present study we developed an
HPLC procedure for the direct analysis of the conjugated estrogens without any
hydrolysis and compared the results to those obtained after application of a sulfatase
hydrolysis.
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Materials
All estrogens as well as their sulfate esters were gifts from Embil Pharmaceut

icals (Istanbul, Turkey) and used as supplied. The sulfate standards are mixed with
tromethamine in a ratio of 60:40. Prednisolone hemisuccinate was a gift from
Hoechst (Frankfurt, F.R.G.). Sulfatase was obtained from Sigma (St. Louis, MO,
U.S.A.). All other reagents and solvents used were of analytical grade. Conjugated
estrogen tablets were supplied by Embil Pharmaceuticals (Istanbul, Turkey).

Instrumentation
The following instruments were used for the HPLC assay: high pressure pump,

Constametric III (LDCjMilton Roy, Riviera Beach, FL, U.S.A.), variable-wave
lenght UV detector (LDCjMilton Roy), manual injection valve 190 (Negretti, South
ampton, U.K.) with a 20-/l1 or 50-/llloop, integrator Model 3390 A (Hewlett-Pack
ard, Palo Alto, CA, U.S.A.) and a DuPont Zorbax ODS column, 15 em x 4.6 mm
J.D. (6 /lm packing) with a DuPont 5 em x 4.6 mm J.D. guard column filled with
Zorbax ODS (DuPont, Wilmington, DE, U.S.A.).

HPLC assay ofestrogens after hydrolysis
Chromatography. The mobile phase consisted of acetontrile-water (40:60) to

which 0.5 ml/l of phosphoric acid (85%) was added. The flow-rate was 1.0 ml/min,
UV detection was performed at 280 nm.

Sample preparation. A quantity of conjugated estrogens, accurately weighed
and equivalent to approximately 2 mg of total conjugated estrogens was obtained
from the powder of eight finely crushed conjugated estrogens tablets. Acetate buffer
(pH 5.2, 15 ml) and barium chloride (l g) were added. The tubes were shaken and a
sulfatase enzyme preparation equivalent to 2500 units was added. The samples were
agitated for 20 min in a 50°C water bath and left overnight at room temperature.
Then 15ml ethylene dichloride were added and the tubes were shaken and centrifuged
at 1500g for 10min. A 10-ml volume of the organic layer was removed and dried with
anhydrous sodium sulfate. From the dried solution 5 ml are evaporated under nitro
gen and reconstituted in I ml mobile phase. Of this solution 20 /ll were injected into
the HPLC system.

Calibration curves. For the calibration curves stock solutions of the estrogen
sulfates were diluted and treated in the same way as the tablet extracts.

Direct HPLC assay ofestrogen sulfates
Chromatography. The mobile phase consisted of acetontrile (400 ml), methanol

(350 ml), water (1000 ml) and tetrabutylammonium hydroxide (13 g). The pH of this
mobile phase was adjusted to pH 3.0 with phosphoric acid. The flow-rate was 1.0
ml/min. UV detection was performed at 214 nm.

Sample preparation. One tablet was pulverized and extracted with 8 ml deion
ized water. The sample was shaken for 10 min and centrifuged for 15 min. at 1500g.
The supernatant liquid was transferred in a clean tube and centrifuged again for 15
min at 1500g. To I ml of supernatant liquid was added: 0.5 mlO.l M acetate buffer
(pH 3), 0.5 ml internal standard (prednisolone hemisuccinate, 100 /lg/ml in aceto-
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nitrile-water, 50:50),0.2 ml tetrabutylammonium chloride (10 mg/ml) and 5 ml chlo
roform. The samples were shaken for 10 min and centrifuged for 10 min. The upper
aqueous layer was removed by aspiration and the chloroform was transferred into a
clean tube and dried under nitrogen at room tempeerature. The samples were recon
stituted in 200 III mobile phase. Of the samples 20 III were injected into the HPLC
system.

Standard solutions. The stock solution contained 500 Ilg/ml sodium estrone
sulfate and 12.5Ilg/ml sodium equilin sulfate in water. A l-ml volume of this solution
was treated the same way as 1 ml of the tablet supernatant liquid above.

Calibration curves. Dilutions of stock solutions of all investigated compounds
were made in the range of I to 500 Ilg/ml. Calibration curves were obtained by
plotting peak height ratios of the estrogens to the internal standard versus concentra
tions of the estrogens. Equations were calculated by the least square method using
linear regression.

RESULTS

Chromatography
As can be seen from Fig. IA chromatographic separation of estrone, equilin

and equilenin after enzyme hydrolysis can be achieved with retention times of 11.5,
10.5 and 8.5 min, respectively. Fig. IB shows the direct chromatographic separation
of the five steroids from their sulfate esters. Baseline separation was obtained for all
compounds. Since the sulfate esters of 17C(-dihydroequilin and 17C(-dihydroequilenin
were not available, their location in the chromatogram (Fig. IB) could not be deter
mined. Assuming a constant relationship between the retention times of the estrogens
and their corresponding conjugates the capacity factors (k') of the substances can be
used to predict the retention times of the not available sulfates of 17o-dihydroequile
nin and 17c.:-dihydroequilin. According to this calculation the peaks of both sub
stances will elute between the peaks of estrone 'and sodium equilenine sulfate
(l7C(-dihydroequilenin sulfate, 13.7 min; 17C(-dihydroequilin sulfate, 16.6 min). For
both methods the calibration curves obtained from these chromatograms were linear
up to 500 Ilg/ml with correlation coefficients of 0.998.

Sample preparation
The sample preparation for the direct HPLC assay is much simpler and less

time consuming than the enzymatic hydrolysis procedure. However, it was not pos
sible to chromatograph aqueous tablet extracts directly as other tablet ingredients
interfered with the estrogen peaks. So a clean-up step had to be added. The estrogen
sulfates were extracted as tetrabutylammonium ion pairs with chloroform. This pro
cedure resulted in clean chromatograms that allowed the quantification of the ste
roids in the investigated tablets.

Reproducibility
Accuracy and precision of the assay were evaluated by repetitive analysis on

five different days of the three estrogen esters in different concentrations (Tables I and
II). These solutions were subjected to the complete sample preparation procedures for
the two methods described above. The results indicate better accuracy and precision
for the direct method.
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Fig. I.· (A) Chromatogram of equilenin (4), equilin (5) and estrone (6) after hydrolysis of the respective
conjugates. UV detection was done at 280 nm. (B) Chromatogram of 17o:-dihydroequilenin (2), 170:
dihydroequilin (3), equilenin (4), equilin (5), estrone (6), sodium equilenin sulfate (7), sodium equilin
sulfate (8) and estrone sulfate (9) after extraction. Prednisolone hemisuccinate (I) was used as internal
standard. UV detection was done at 214 nrn.

Fig. 2. Content uniformity of estrone sulfate (left bars) and equilin sulfate (right bars) in ten tablets using
the direct HPLC method without hydrolysis.
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TABLE I

ACCURACY AND PRECISION OF THE HPLC ASSAY AFTER ENZYME HYDROLYSIS

C.V. = Coefficient of variation.

Concentration (pg/ml) Assayed (pg/ml) Mean (pg/ml) CY. (%)

Sodium estrone sulfate
10.0 10.6 12.2 6.8 8.3 9.9 9.6 21.8
50.0 53.7 55.7 43.3 51.6 44.2 49.7 11.3

100.0 91.4 88.9 86.9 111.1 95.2 94.7 10.2
250.0 231.3 226.6 244.5 243.4 258.9 240.9 5.2
500.0 510.9 507.7 496.2 496.2 511.4 504.5 1.5

Sodium equilin sulfate
10.0 10.1 10.0 9.1 14.4 12.6 11.2 19.5
50.0 44.5 51.3 48.9 58.1 61.6 52.9 13.1

100.0 100.6 97.5 90.1 89.8 97.6 95.1 5.1
250.0 264.4 250.5 262.7 256.5 229.0 252.6 5.7
500.0 491.9 492.6 491.4 513.3 469.1 491.7 3.2

Sodium equilenin sulfate
10.0 11.1 10.6 9.9 10.2 9.1 10.3 8.6
50.0 52.8 57.8 51.5 51.3 48.2 52.2 6.3

100.0 128.2 113.9 104.4 102.5 107.9 111.4 9.3
250.0 260.5 257.9 259.9 248.7 257.6 256.9 1.8
500.0 476.5 520.9 493.5 497.2 493.4 496.3 3.2

TABLE II

ACCURACY AND PRECISION OF THE DIRECT HPLC ASSAY

Concentration (pg/ml) Assayed (pg/ml) Mean (uglml) C.V. (%)

Sodium estrone sulfate
1.0 1.1 I.! 1.2 1.3 1.1 1.2 7.7

10.0 10.0 10.2 10.2 9.8 9.8 10.0 2.0
25.0 24.4 25.3 24.6 25.3 26.4 25.2 3.1
50.0 49.1 49.4 48.7 50.3 49.2 49.3 1.2

100.0 100.6 103.9 101.0 93.8 102.1 100.3 3.8

Sodium equilin sulfate
1.0 0.9 0.9 1.1 1.2 0.9 1.0 14.1
10.0 9.8 8.8 10.0 8.6 10.0 9.4 7.2
25.0 23.2 27.0 27.8 26.1 24.9 25.8 7.0
50.0 49.8 50.0 49.1 53.5 47.9 50.1 4.2

100.0 96.9 102.1 101.1 100.6 95.2 99.2 3.0

Sodium equilenin sulfate
1.0 1.0 1.1 1.0 0.8 0.9 1.0 11.9

10.0 10.4 10.1 9.8 9.7 9.2 9.8 4.6
25.0 25.0 25.3 24.1 25.5 25.7 25.1 6.3
50.0 49.1 49.9 48.1 52.0 50.6 49.9 3.0

100.0 103.5 95.9 101.9 98.7 100.3 100.0 3.1
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Content uniformity
To apply the described assay ten tablets were analyzed for estrone sulfate and

equilin sulfate. With the enzymatic method 406 ± 27 (mean ± S.D.) J1g estrone
sulfate and 112 ± 5 J1g equilin sulfate were measured, whereas the direct method gave
410 ± 18 J1g estrone sulfate and 91 ± 7 f.lg equilin sulfate. Fig. 2 shows a graphic
representation of the results.

DISCUSSION

The described direct HPLC assay is simpler and less time consuming than the
GC method specified in the USP or the described HPLC analysis of free estrogens
after enzymatic hydrolysis of the conjugates. It is also more specific and sensitive
since it analyzes the parent steroid ester and not its hydrolysis product. Therefore it is
recommended that this approach to the analysis of conjugated estrogens be consid
ered in future revisions of the USP.
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There is an increasing interest in the study of functional properties of peptides
produced by enzymic digestion of proteins':". In order to study the properties of
peptides in a systematic way it is necessary to work with highly purified peptides since
it is reported that small amounts of impurities can drastically effect functionality (e.g.
emulsifying properties"),

Peptides are often prepared in large quantities using trichloroacetic acid (TCA)
or solvent precipitation techniques'"". Conventional gel filtration 7,8 and ion-ex
change chromatography? are also extensively used together with reversed-phase high
performance liquid chromatographic (HPLC) or fast protein liquid chromatographic
(FPLC) techniques'Pr!", The HPLC/FPLC techniques are more suitable for prepar
ing highly purified peptides in milligram amounts12.

Large-scale purification of peptides is notoriously time consuming and a rapid,
reproducible, large-scale preparative method is needed. The LKB mass ion-exchange
cartridges provide one solution. This article describes the preparation of large
amounts of highly purified acidic and basic peptides using DEAE-ZetaPrep 250 and
SP-ZetaPrep 250 cartridges respectively. The acidic peptide is fragment 1-52 [f30-52)]
derived from f3-casein by the action of a-chymotrypsin and its sequence has now been
confirmed I3. The basic peptide described is fragment 1-23 [asI0-23)] of asI-casein
obtained by enzymic digestion with chymosin. Peptide asI0-23) has been prepared
previously'".

EXPERIMENTAL

Materials
All chemicals and biochemicals were from BDH (Poole, U.K.) unless stated

otherwise. Bovine chymosin (rennin) (product No. R7751, E.c. 3.4.23.4), and a-chy
motrypsin (type II, E.C. 3.4.21.1) were obtained from Sigma (Poole, U.K.).

Instrumentation
The LKB ZetaPrep 15 disks, ZetaPrep 250 mass ion-exchange cartridges, the

* Present address: Protein Chemistry Department, Celltech Ltd., 216 Bath Road, Slough, SLI
4EN. U.K.
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Frac-lOO fraction collector and the laser densitometer were all from Pharmacia LKB
Biotechnology (Milton Keynes, U.K.). A Perkin-Elmer PE-552 UV-VIS spectropho
tometer (Perkin-Elmer, Beaconsfield, U.K.) was used for monitoring the progress of
the chromatographic separations.

Preparation and purification of acidic and basic peptides from total casein
Production ofthe acidic peptide f3 (1-52). Hammarsten casein (sodium caseinate,

BDH), (100 g) was dissolved in 0.1 M sodium phosphate buffer, 0.02% (w/v) sodium
azide, at pH 7.0 to a volume of 41. a-Chymotrypsin (1 mg/ml in the same buffer) was
added to give 4.4 Sigma units of enzyme per gram of casein. The hydrolysis mixture
was incubated at 3rC for 24 h. It was then heated to 90°C for 15 min in a boiling
water bath to inactivate the enzyme.

The peptides were precipitated by addition of solid TCA to give a final concen
tration of 12.5% (w/v). After standing for I h at 4°C the precipitate was collected by
centrifugation at 2000 g and 4°C for 15 min. It was washed five times by suspension
and recentrifugation with acetone, air-dried and then dissolved in deionized water
with the addition of dilute ammonia to adjust the pH to 7.0, and freeze-dried.

Determination ofelution conditionsfor purification of f3 (1-52) using ZetaPrep 15
disks. DEAE- and QAE-ZetaPrep 15 disks were used to optimise elution conditions
required for purification of f3(1-52). Each disk was treated similarly. They were equili
brated with 0.05 M Tris-HCI, pH 7.0. The digest (0.75 g, prepared as above) was
loaded onto the disk and eluted using a step-wise gradient with 2 x 20 ml portions of
the same buffer for each step, containing increasing amounts of sodium chloride from
0.2 to 1.0 Min 0.05 M increments. A flow-rate of 5 ml/min was used throughout each
experiment. The absorbance of the eluates was measured at a wavelength of235 nm in
I-cm quartz cells. Polyacrylamide gel electrophoresis (PAGE), in T = 20%, C = 4%
gels [where T is the total acrylamide monomer concentration and C the percentage of
cross-linker (Bis) in 71 using the buffer system of Andrews''", was used to monitor the
progress of the separation and to assess purity. For the latter, gels were scanned with
a laser densitometer (LKB Ultroscan) and the peak area of interest expressed as a
percentage of the sum of the areas of all peaks present.

Large-scale purification of f3(l-52) using the DEAE-ZetaPrep 250 anion-ex-
. change cartridge. The DEAE-ZetaPrep 250 cartridge was pre-equilibrated with I lof

0.2 MTris-HCI at pH 7.3 and equilibrated with 5 I of0.05 MTris-HCI (pH 7.0) using
a flow-rate of 40 ml/min. Crude freeze-dried acidic peptide (18 g) prepared as de
scribed above was dissolved in 600 ml 0.05 M Tris-HCI, O. 15M sodium chloride, pH
7.0. It was filtered through a Whatman No.4 filter paper, in order to remove any
undissolved material, before loading the sample onto the cartridge. The sample was
loaded at a flow-rate of 10 ml/min to allow for maximum absorption of sample and,
when loaded, the flow-rate was increased to 40 ml/min for elution. The first 500 ml of
eluate was saved separately, then the sample components were eluted batch-wise
using 0.05 M Tris-HCI buffer (pH 7.0) containing 0.29,0.45 or 1 M sodium chloride.
The volume of buffer used at each salt concentration was 2 I and 25-ml fractions were
collected throughout the experiment. The absorbance of the eluate was measured in
l-cm quartz cells at a wavelength of 235 nm.

The fractions containing the purest peptide material (the 0.45 M sodium chlo
ride fraction) were diluted to 0.22 M in sodium chloride by adding 0.05 M Tris-HCl
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(pH 7.3) and recycled through the cartridge. Similar conditions to the first run were
used but with smaller increments in salt concentration (0.22, 0.30, 0.35 and 0.45 M
sodium chloride) to elute the peptide. The purest fractions were collected and the
acidic peptide was isolated by TCA precipitation. It was washed five times by suspen
sion and recentrifugation with acetone, air-dried, then redissolved in water with the
addition of dilute ammonia to give pH 7.0, and freeze-dried.

Production of the basic peptide asd1-23). Hammarsten casein (50 g) was dis
solved in 0.05 M sodium acetate buffer (pH 6.4) to a volume of 5 I and the pH was
readjusted to pH 6.4 with 5 M sodium hydroxide. Chymosin (1 mg/ml in the same
buffer) was added to give 3.7 Sigma units of enzyme per gram of casein. The hydroly
sis mixture was incubated at 37°C for 18 h. The enzyme was inactivated by heating to
90°C in a boiling water bath for 15 min. After cooling, deionized water was added to
give a final volume of 12.5 1and a buffer concentration of 0.02 M sodium acetate.

Determination of the elution conditions required for the purification ofas 1 ( 1-23)
using ZetaPrep 15 disks. An SP-ZetaPrep 15 disk was equilibrated with 40 ml of 0.05
M sodium acetate at pH 6.4. The casein digest [100 ml, 1% (w/v), prepared as above]
was loaded onto the disk and 200 ml of 0.05 M sodium acetate was passed through it.
Then the peptide was eluted with 6 x 20 ml portions each of the same buffer contain
ing 0.5 and 1 M sodium chloride. A flow-rate of 5 ml/min was used throughout the
experiment. The eluate was collected and the progress of the separation monitored by
acid PAGE using a method based on that of Reisfeld et al.t" and as described by
Maurer!", in T = 14.7%, C = 0.67% gels. Peptide purity was assessed by densitom
etry of PAGE patterns as above.

Large-scale purification of asd1~23) using the SP~ZetaPrep 250 cation-ex
change cartridge. The SP-ZetaPrep 250 cartridge was pre-cycled with 1.3 I of 0.1 M
trisodium phosphate followed by 0.25 Iof 0.1 M acetic acid. For final equilibration 51
of0.02 M sodium acetate at pH 6.4 was used. The digested casein containing the basic
peptide (12.5 I) prepared as described above was loaded onto the cartridge at a
flow-rate of 40 ml/min, The cartridge was then eluted stepwise with two 1-1 volumes
of 0.02 M sodium acetate (pH 6.4) followed by 2-1 portions at each step of the same
buffer containing 0.05 to 0.5 M sodium chloride increasing in 0.05 M increments.
Fractions (25 ml) were collected and the absorbance of the eluate was monitored in
l-cm path length quartz cells at a wavelength of 214 nm.

The appropriate fractions were pooled and the peptide precipitated by the addi
tion of solid TCA to give 12.5% (w/v). It was collected, washed in acetone and
freeze-dried as described for the isolation of the crude acidic peptide.

RESULTS AND DISCUSSION

Small-scale experiments using ZetaPrep 15 disks were used in order to deter
mine which salt concentrations were required for optimal separation of the two pep
tides. Using the DEAE-ZetaPrep disk it was evident that the acidic peptide P(1-52)
eluted at a salt concentration of 0.3-0.4 M sodium chloride. The QAE-ZetaPrep 15
disk did not give a better separation of the peptide and therefore a DEAE-ZetaPrep
250 cartridge was used for scaling-up the purification of this peptide. The basic pep
tide a51(1-23) eluted in the 0.5 M sodium chloride fraction when separated on the
SP-ZetaPrep 15 disk, together with one main impurity (most likely to be para-x-
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casein from the cleavage of residues 105-106 in x-casein by chyrnosin!"). For the
large-scale separation of iXs ! (1-23), shallower increments of sodium chloride were used
with the SP-ZetaPrep 250 cartridge.

Most peptides obtained by the enzymic hydrolysis of caseins with proteinases
are acidic. The casein digest containing the acidic peptide f3( I-52) was loaded onto the
DEAE-ZetaPrep cartridge at a salt concentration of 0.35 M sodium chloride which,
from the preliminary ZetaPrep disk experiments, was found to be just below the salt
concentration at which the acidic peptide of interest elutes. In this way the sample
loading can be increased, as some of the less acidic peptides are not retained by the
matrix of the cartridge while the required peptide and the more acidic peptides are.
The loading capacity of the DEAE-ZetaPrep 250 cartridge for casein peptides is
approximately 15 g. Peptide f3(l-52) eluted mainly in the 0.45 M sodium chloride
fraction during the first cycle through the cartridge. This method produced a peptide
with a purity of approximately 85% as monitored by densitometric scanning of poly
acrylamide gels. In order to obtain a purer peptide, the fractions containing the
required peptide were recycled through the cartridge, using smaller increments in salt
concentration . During the second cycle through the cartridge the peptide eluted in the
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Fig. I. Elution profile obtained for the separation of 15 g total casein digested with IX-chymotrypsin on a
DEAE-ZetaPrep 250 cartridge. For run condit ions see text.
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0.3 and 0.35 M sodium chloride fractions. Three chromatographic separations of this
type produced a total yield of P(I-52) of 3.9 g with a purity of approximately 95% .
Fig. I shows the elution pattern obtained for the preparation of the peptide P(I-52)
using the DEAE-ZetaPrep 250 cartridge, during the second cycle through the car
tridge .

The majority of peptides in the total casein digest being acidic, will pass straight
through the SP-ZetaPrep 250 cation-exchange cartridge. For this reason it is easier to
obtain the basic peptide in a pure form in one run than it is the acidic one. The yield of
basic peptide IXS 1(l -23) with a purity of more than 95% obtained from two separate
chromatographic runs, without recycling, using this method was 2.01 g.

Fig. 2 shows PAGE separation of the peptides obtained using DEAE- and

Fig. 2. PAGE patterns obtained for peptides prepared using LKB ZetaPrep 250 mass ion-exchange car
tridges. (a) Acidic peptide P(l-52) obtained after one cycle through the DEAE cartridge . (b) The same
peptide after recycling through the cartridge (T = 20%, C = 4% for the PAGE gel). (c) Basic peptide
a'l (1-23)obtained after one cycle through the SP cartridge (T = 14%. C = 0.67% for the acid PAGE gel).
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SP-ZetaPrep 250 cartridges. Fig. 2a shows the acidic peptide f3(l-52) obtained from
the first cycle through the cartridge (approximately 85% pure) and Fig. 2b shows the
purity of the peptide when it is recycled through the cartridge (approximately 95%
pure). Fig. 2c shows the basic peptide (;(51(1-23) obtained from one passage through
the SP-cartridge (> 95% pure), run on an acid polyacrylamide gel.

This method shows considerable advantages over conventional ion-exchange
chromatography. It is fast and convenient with run times being in minutes rather than
hours. LKB mass ion-exchange cartridges should be applicable to the separation of
large quantities of highly purified peptides and proteins from a wide variety of sourc
es. Due to their high loading capacities they may be particularly suitable for an initial
step in more complex purification regimes of peptides and proteins. We have shown
that conditions optimised on a small scale with ZetaPrep disks can be directly trans
posed to the much larger cartridges, with virtually unchanged separation results, in
spite of the scaling-up by a factor of about 150, so it seems reasonable to suppose that
even larger cartridges would perform similarly under the same conditions of pH,
buffer and ionic strength. Cartridges with larger capacities than used in this work and
capable of binding 500-1500 g of material are now available from Anachem*.
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Plastics cannot be used in practical applications unless they are protected by
several additives such as antioxidants, UV absorbers and light stabilizers. These
additives protect the polymer against degradation during the manufacturing process
and through long periods of usage. Since the introduction of hindered amine light
stabilizers (HALS) as commercial products in the early 1970s,numerous studies on the
mechanism by which HALS stabilize polymers against the effect of light irradiation
were published 1-8. Concurrently, the analysis of commercially known HALS such as
Tinuvin 770 and Tinuvin 144 has been well established by chromatographic and
spectroscopic techniques't!". However, since the introduction of polymeric-type
HALS such as Chimassorb 944and Tinuvin 622, the need arose for a good quantitative
method of determining the level of polymeric HALS in polymers. Satisfactory
methods have so far been developed for the determination of Chimassorb 9441 2

-
14 in

polymers. However, attempts to determine the concentration of Tinuvin 622 in
polymers'P"!? were either unspecific or required large-scale equipment such as an
FT-NMR spectrometer. This paper presents a method that is specific for the
determination of Tinuvin 622 with no interference from other known additives or
pigments. The method is accurate, reproducible and yields good recoveries.

PRINCIPLE OF THE METHOD

This paper describes the sample preparation and a chromatographic method for
the determination ofTinuvin 622 in polyolefins. The first part of the method consists in
dissolving the polyolefin in boiling toluene followed by the addition of an alcoholic
solution of tetrabutylammonium hydroxide. The polymeric light stabilizer Tinuvin
622 is thereby saponified to 4-hydroxy-2,2,6,6-tetramethyl-l-piperidineethanol
("diol") (see Fig. 1).

Saponification by tetrabutylammonium hydroxide is the first step in the
transesterification procedure described 18 for the preparation of methyl esters from
polyester resins. As we were interested in the analysis of the "diol" rather than in the

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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Fig. I. Saponification of Tinuvin 622 by tetrabutylammonium hydroxide (TBAH).

succinic acid moiety of Tinuvin 622, the derivatization of the succinic acid to the
corresponding methyl ester was omitted.

The addition of the alcoholic solution of the saponification reagent precipitates
simultaneously the polyolefin matrix. The "diol" is then quantified using either an
isocratic or a gradient high-performance liquid chromatographic (HPLC) system on
an amino-modified phase for separation. The advantage of the gradient system is the
separation ofany matrix interference if it occurs. The method can be used to determine
Tinuvin 622 in polyolefins in the concentration range 0.05-1 %, which represents the
usual application concentration.

EXPERIMENTAL

Materials
Tetrabutylammonium hydroxide (25% in methanol) was obtained from Fluka.

Toluene and ethanol were of analytical-reagent grade and were used without further
purification. n-Hexane (from Fluka) was ofHPLC grade. All solvents used for HPLC
analysis were vacuum degassed or purged with helium before use. 4-Hydroxy-2,2,6,6
tetramethyl-l-piperidineethanol ("diol") was obtained from Ciba-Geigy (Additives
Division).

Apparatus and chromatographic conditions
The HPLC system consisted ofa WatersM-45 pump, a Kratos Spectroflow 773

UV detector, a Rheodyne 7010 injection valve and a Hewlett-Packard 3390A
integrator. The analytical column used was made of stainless steel (250 x 4.6 mm J.D.)
packed with Nucleosil NHz, 10 J.lm (Macherey, Nagel & Co.) and operated at ambient
temperature. The injection volume was 20 J.ll. The mobile phase, pumped at a flow-rate
of2 ml/min, was n-hexane-ethanol-toluene (88:11:1, v/v). The ratio ofn-hexane vs.
ethanol has to be adapted to the quality of the column. The detector was operated at
225 nm.

In the event of matrix interferences, a linear solvent gradient of n-hexane
ethanol (from 1% to 16% ethanol in 12 min) was used. Advantageously, the gradient
system was run in cycles; e.g., after an equilibration period of 17min at I% ethanol the
gradient was started again.

The injection time depends on the dead volume between solvent mixing and the
injection valve. It may vary depending on the construction, e.g., pulse damper. The
injection was preferably carried out just in front of the baseline rise (see Fig. 3); in our
example the sample was injected at the start of the gradient.
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Fig. 2. Chromatogram of a low-density polyethylene sample containing 0.2% ofTinuvin 622 under isocratic
conditions (see chromatographic conditions); detection at 227 nm.

Fig. 3. Chromatogram of a high-density polyethylene sample containing 0.2% of Tinuvin 622 with the
solvent gradient (see chromatographic conditions); detection at 225 nm.

Calibration solution
The calibration solution contained 20 mg of the monomeric "diol" per litre of

toluene-ethanol (1:1, vjv).

Procedure
Approximately I g of polyolefin sample was weighed and dissolved in 50.0 ml of

toluene by refluxing. The solution was cooled to about 95°C. Slowly, 50.0 ml of
ethanol containing 2 ml of tetrabutylammonium hydroxide (25% in methanol) were
added through the top of the reflux condenser, whereupon the polymer precipitated.
After cooling to room temperature a 2-ml aliquot of the supernatant liquid was filtered
through a filter of 0.45 11m pore size.The filtrate was suitable for injection. Fig. 2 shows
a typical chromatogram of the isocratic method; Fig. 3 is an example of the gradient
method.

The calculation of the concentration of the "diol" was performed by the external
standard method. The concentration of Tinuvin 622 was calculated from the
concentration of the "diol" by multiplication by a factor of 1.41.

RESULTS AND DISCUSSION

To test the accuracy and. reproducibility of the method, additions of 0.20% of
Tinuvin 622 were made to blank polypropylene and high-density polyethylene before
the dissolution step. The analysis of Tinuvin 622 resulted in a recovery of 100-105% in
this concentration range. The relative standard deviations for an addition of 0.2% of
Tinuvin 622 to each of six samples of blank high-density polyethylene and of blank
polypropylene were 1.4% and 3.0%, respectively.

The advantage of the method is that (i) it is sufficiently specific and to our
knowledge other additives, e.g. pigments, do not interfere, (ii) it is accurate and
reproducible and (iii) because of the transformation of the polymeric structure into
a well defined monomer with a narrow peak shape, the sensitivity is high.
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To protect polyolefins from the degrading action of light, the addition of light
stabilizers is necessary", For the protection of thin materials such as fibres or films,
light stabilizers of both low volatility and low extractability had to be developed. The
polymeric amine Chimassorb 944 (Fig. 1), one of the commercially most important
light stabilizers for polyolefins, meets these requirements/ because of its relatively high
molecular mass. Because of its polymeric structure the determination of Chimassorb
944 in a polyolefin matrix is more difficult than that of a monomeric stabilizer.
Quantification by UV spectroscopy" at 245 nm after extraction into dilute sulphuric
acid proved to be reliable, similarly to the use ~f IR spectroscopy':". More specific
methods include pyrolysis-gas chromatography" and high-performance liquid
chromatography (HPLC) using a size-exclusion column with a flame ionization
detector 7.

This paper describes a specific reversed-phase HPLC method requiring only
standard HPLC equipment. It consists in dissolving the polyolefin in refluxing toluene
and after precipitation of the polyolefin, analysis of the filtrate using a CiS
reversed-phase column and UV detection at 240 nm. The method is applicable to the
determination of the stabilizer in virgin polymer.

EXPERIMENTAL

Apparatus
The HPLC system consisted of a Spectra-Physics 8700 pump, a Spectra-Physics

8780 XR autosampler equipped with a50-J.{1 injection loop, a Kratos Spectroflow 773

n

Fig. I. Chimassorb 944.

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.



NOTES 431

UV detector operated at 240 nm with a sensitivity of 1.0 a.u.f.s. and a Spectra-Physics
4270 integrator equipped with a replay module for baseline subtraction and
re-integration. The analytical column was made of stainless steel (125 x 4.6 mm I.D.),
packed with Nucleosil C 18 (5 11m) from Macherey, Nagel & Co. and operated at room
temperature.

Solvents and mobile phase
Toluene, methanol (for sample preparation) and acetone were of technical

quality. Diethanolamine was obtained from Merck. Tetrahydrofuran (Fluka) and
methanol (Merck) were of HPLC quality. The mobile phase consisted of solvents
A and B: (A) tetrahydrofuran-water-acetone (900 ml + 100 ml + 1 ml); (B)
tetrahydrofuran-methanol-diethanolamine (900 ml + 100 ml + 1.5 g). The gradient
was a linear gradient from 100% A to 100% B within 7 min, then 100% B for 10 min;
after 7 min of re-equilibration with 100% A, the next injection was started.

Procedure
A 0.9-1.1 g polyolefin sample was weighed into a flask and dissolved in 25 ml of

toluene by refluxing for about 40 min with stirring. After cooling to about 60°C, 75 ml
of methanol were added through the top of the reflux condenser. The suspension was
allowed to cool to room temperature and filtered under vacuum through a Buchner
funnel. The filter cake was washed with 10 ml of toluene. The combined filtrate was
evaporated to dryness and the residue dissolved in exactly 5 ml of tetrahydrofuran.

A calibration solution for HPLC was prepared by dissolving 25 mg of
Chimassorb 944 in 50 ml of tetrahydrofuran. This solution served as an external
standard solution.

RESULTS AND DISCUSSION

For a convenient HPLC determination of a polymeric mixture such as
Chimassorb 944, it is desirable that the peaks of the individual homologues elute as

Chimassorb 944

o 5 10 15 min

Fig. 2. Chromatogram of an extract of polyethylene stabilized with 0.3% of Chimassorb 944. Injection
volume: 50 JlI; UV detection at 240 nm, without baseline correction. Column: CIS' 5 .urn. The peak was
integrated in the region from 5 to 10 min. For other conditions see Experimental.
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closely as possible to form a narrow peak. On the other hand, HPLC conditions that
lead to a very narrow peak may not provide a sufficient separation from other
additives of similar structure such as Chimassorb 119. The chromatogram shown in
Fig. 2 is typical for the above-described conditions.

During the evaluation of these conditions it was found that diethanolamine must
be absent from the mobile phase at the beginning of the gradient in order to reduce the
peak width. The presence of a small amount of acetone in solvent A helped to reduce
the baseline shift, which itself depends on the quality of the solvents. For the evaluation
of the peak area, which was used for quantification by the external standard method, it
was helpful to subtract the baseline before integration; for reduced accuracy the peak
height could be used for calculation.

The method can be used to determine 0.05-0.5% of Chimassorb 944 in
polyolefins. To test the accuracy and reproducibility of the method, 0.25% of
Chimassorb 944 was added to each ofsix samples of base-stabilized polypropylene: the
mean recovery was 96% with a relative standard deviation of 2.2% (n = 6). The
recovery of 0.05% of Chimassorb 944 added to polypropylene was 83%. The method
was also tested for low-density polyethylene. Other additives that may be present in the
polyolefin such as phenolic antioxidants, processing stabilizers and UV absorbers are
eluted without retention and, therefore, do not interfere.
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The formation of chlorinated organic compounds during drinking water chlor
ination is well documented1-5. Attempts to identify these byproducts have been only
moderately successful. Low-molecular-weight volatile and acidic compounds such as
chloroform and trichloroacetic acid have been shown to account for a small fraction
of the total chlorine incorporation under drinking water conditions":". Under more
vigorous laboratory conditions these compounds have been shown to account for
one-fourth to one-half of the total organic halogen (TOX) produced'':", In addition,
chlorinated water has been shown to be mutagenic8 , 1 0- 1 3 . While some of the more
volatile mutagenic components have been identified, the contribution of identified
volatile products to the total does not account for a significant portion of the observ
ed mutagenicity", This fact suggests that much of the mutagenicity may be non
volatile and part of the TOX fraction 8,1l- 1 3 . The non-volatile TOX, because of its
nature, remains largely unidentified. This fraction has been postulated to be of high
molecular weight (macromolecuarj'f'" and/or very polar!". This work was initiated
to attempt a characterization of these non-volatile TOX fractions.

Naturally occurring organic matter, primarily humic substances, are the orga
nic precursors for TOX formation in drinking water through oxidation and sub
stitution by free chlorine. Aquatic humic substances, which impart the yellow-brown
color to natural waters, are usually subdivided into three fractions based upon solu
bility in acid and base!". Fulvic acid is the most hydrophilic and has the lowest
molecular weight of the three fractions. Furthermore, fulvic acid accounts for the
largest percentage of the dissolved organic carbon in surface waters attributable to
humic substances '". For this reason, isolated aquatic fulvic acid was chosen as the
model precursor in this study of chlorination byproducts.

Humic substances are polymeric and as such can be characterized by their
molecular weight distribution. Since humic substances are condensation products of
natural product material they are notlikely to polymerize in a consistent manner. The
source from which they are derived influences their composition as well as their
molecular weight. The conformation (size. shape and degree of aggregation) of humic
substances in solution is also influenced by the large number of functional groups
contained in the molecule 19

. Methods commonly used for molecular weight determi
nations of humic substances include low-pressure Sephadex (Pharmacia) gel filtra-

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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tion 7,20-25, ultrafiltration 'Y'", small-angle X-ray scattering27, and high-pressure
size-exclusion chromatography (HPSEC) including high-pressure gel filtration on sil
ica based supports15,28-30, and high-pressure gel permeation". Despite the wide
range of reported values, fulvic acid is generally found to be of low molecular weight
( <2000)27.

HPSEC was chosen because it would allow the fulvic acids to be separated for
further characterization. An aqueous mobile phase was sought because water is the
natural solvent offulvic acid. Because low-pressure SEC is time consuming and yields
poor resolution, a support which could withstand increased pressures to improve
resolution and speed the separation was sought. Rigid silica based supports hold up
well to the high pressures, but any free silanol units are possible sites for interaction
with the many functional groups offulvic acid. It was for this reason that a non-silica
support was chosen.

EXPERIMENTAL

Apparatus
A Hewlett-Packard Model 1084B liquid chromatograph equipped with an

auto-injection system, variable-wavelength detector and fraction collector was em
ployed. The oven temperature was maintained at 30°C. A Waters Model 410 differ
ential refractometer was used to monitor elution of non-UV absorbing standards.
TOX measurement utilized the Dohrmann MCTS-20 microcoulometric titration sys
tem. Total organic carbon (TOC) was measured with a Beckman 915B TOC analyzer.

Columns
The packing material consisted of a 10-tim particle size, highly cross-linked

polyacrylamide gel with a pore size distribution to separate polysaccharides between
100 and 10 000 dalton. The 30 em x 7.5 mm J.D. stainless-steel column was pre
packed and sold as PL-Aquagel 10 tim by Polymer Labs. (Shropshire, U.K.). A
precolumn of the same material (5 em x 7.0 mm J.D.) was used after the injector.

Reagents
All mobile phases were made using water prepared from either a Corning

LD-2a water purification system or a Millipore Milli Q system. Sodium tetraborate
decahydrate was soxhlet extracted with diethyl ether for 24 h prior to use. All mobile
phases were vacuum filtered using a 0.2-tim Nylon-66 (DuPont) membrane filter and
degassed.

Compounds used to calibrate the size-exclusion system are listed in Table I.
Aquatic fulvic acid was isolated from Singletary Lake, NC, U.S.A., by the modified
procedure of Thurman and Malcolm18

, 32 . Sodium hypochlorite (4-6% laboratory
grade, Fisher Scientific) was diluted I:10 with purified water and neutralized to pH 7
with phosphoric acid. Phosphoric acid, sodium hydroxide, sodium arsenite and all
salts used in the mobile phases were reagent grade.

Procedures
Sample preparation. Fulvic acid was dissolved to 50 ppm (as fulvic acid) in

purified water. The pH of this fulvic acid solution was adjusted to 7, followed by
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TABLE I

CALIBRATION STANDARDS

A = Sigma; B = Aldrich; C = Fisher Scientific; D = Mallinckrodt; E = Burdick & Jackson Labs.

Standard Molecular Supplier Detection
weight

Dextran 17900* A RI
Dextran 9000* A RI
Polyethylene glycol 8000* B RI
Polyethylene glycol 3400* B RI
Tannic acid 1701** A UV (254 nm)
Polyethylene glycol 1000* B RI
1,2,4,5-Benzenetetracarboxylic acid 254 B UV (254 nm)
1,3,5-Benzenetricarboxylic acid 210 B UV (254 nm)
Trichloracetic acid 163 A UV (210 nm)
Dichloroacetic acid 129 C UV (210 nm)
Acetic acid 60 D UV (210 nm)
Acetone 58 E UV (263 nm)

435

* Average molecular weight.
** Molecular weight information was not supplied by Sigma. The value listed is only an estimate for

this material'".

addition to the diluted preneutralized sodium hypochlorite to produce initial Cl, to C
molar ratios of 1.14, 0.63, and 0.065. Residual chlorine was measured by the DPD
ferrous titrimetric method-". The reaction proceeded for 24 h in darkness at ambient
temperature. pH was kept near 7 by addition of small amounts of acid or base.
Reactions were quenched by addition of sodium arsenite after final residual chlorine
analysis. Samples were freeze concentrated, vacuum filtered (0.5-flm Nylon-66 mem
brane filters) and pH adjusted to 9.2.

Sample analysis. Calibration standards were prepared with mobile phase as
diluent. Chlorinated and unchlorinated fulvic acid were eluted with 0.01 M borate
buffer (pH 9.2) at a flow-rate of G.S ml/rnin, Six fractions were collected for TOX and
TOC analysis. Calibration was accomplished by the peak position method.". Table I
lists the detection systems used in calibrating the system.

RESULTS AND DISCUSSION

Column and mobile phase selection
Choice of the size-exclusion column was made after careful comparison of

commercially available non-silica HPSEC columns compatible with aqueous mobile
phases. Size exclusion of humic materials has classically been done using Sephadex as
the support medium. Sephadex, however, contains some terminal carboxylic acid
groups which serve as sites for cation exchange'", has an affinity for aromatic and
heterocyclic compounds-", and is too soft to hold up to the pressures encountered in
high-pressure liquid chromatography. Only grade G-25 (molecular weight < 5000) is
rigid enough to be used in high-pressure systems, but only up to a pressure of 150
p.s.i.I". In addition, solute-support interactions are much more pronounced with the
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small pore sized, highly cross-linked grades such as G_253 6
. Bruchet et al,' used

low-pressure Sephadex G-25 gel filtration with distilled water elution to characterize
surface and chlorinated waters and found that most of the TOX was found in the
low-molecular-weight fraction « 1000). However, it is difficult to interpret his results
since calibration information was not provided. Lia0 3 7 used low-pressure SEC of
degraded and undegraded aquatic humic materials on Amberlite XAD-8, a semi
polar macroporous methylmethacrylate polymer (Rohm and Haas, Philadelphia, PA,
U.S.A.), and obtained relatively good separation although a polarity effect was seen.
Neither Sephadex nor XAD-8 were available commercially as HPSEC columns.

Bio-Gel P (Bio-Rad, Richmond, CA, U.S.A.) is a polyacrylamide gel common
ly used in SEC. It is produced by free radical polymerization via the vinyl functional
groups of acrylamide (a monovinyl monomer) and N,N'-methylene bisacrylamide (a
divinyl monomer which serves to cross-link the polymer chains). Polyacrylamide does
not contain a net charge, although the amide functional groups do display
acidic properties which convey the gel's hydrophilicity. Consequently, hydrogen
bonding between the amide functional groups and basic proteins'", heterocyclic com
pounds/", and substituents on aromatic cornpounds''? has been shown to occur.
Despite these possible drawbacks, polyacrylamide was chosen since it was commer
cially available as a high-pressure support (up to 1500 p.s.i.), its pore size distribution
would yield a separation in the range desired, and it had not been unsuccessfully used
in such an application. It was also felt that a mobile phase could be found to minimize
interactions'".

A number of different aqueous mobile phases were sequentially tested using
elution behavior of model compounds as indicators of mobile phase performance. A
mobile phase was sought to minimize aromatic adsorption, ion-exclusion and ion
exchange interactions between the solutes and support. Deionized-distilled water was
tried first since it represents the simplest possible eluent. However, resolution was
extremely poor and retention was highly dependent upon sample ionic strenght. In
creasing the ionic strength of the mobile phase to low values with neutral salts mark
edly improved resolution and retention of acids (i.e., reduced exclusion) but aromatic
adsorption was still a problem. Further increase of ionic strength only served to
increase retention of the acids beyond the inclusion volume without elimination of
aromatic adsorption. Low pH elution resulted in severe retention of acids and also
didn't overcome the problem with aromatics.

Elution as the ammonium salts was also unsuccessful. Swift and Posner'" sug
gested that larger size amines (e.g., Tris, triethylamine and ethylamine) reduce or
eliminate aromatic adsorption by complexing with the active sites in the gel matrix.
As weak bases, they also tie up ion-exchange sites. However, addition of organic
modifiers was to be avoided ifTOC balances were to be done. Swift and Posner-" also
suggested that use of a 0.025 M borate buffer would result in elimination of aromatic
interactions, although they found some humic acid fractions were still adsorbed on
the polyacrylamide. Borate is known to form borate esters of polysaccharides
through interaction with the vicinal OH groups'": Sephadex, which is a polydextran
gel, is likely to interact with borate in this manner. Polyacrylamide, however, contains
amide functional groups which probably interact through hydrogen-bond formation
with the borate. Low ionic strength (0.0001 M, pH 9.0) borate was first tried and it
appeared to overcome the aromatic adsorption but exclusion of acids (early elution)
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Fig. I. Calibration curve. Distribution coefficient, K, is defined as (VR - Vo)/(V, - Vo), where VR =

retention volume; Vo = void volume; V; = inclusion volume.

was still a problem. Since trichloroacetic acid is a major product of fulvic acid chlor
ination, it was desired that it elutes along the calibration curve, and this was achieved
with a borate concentration of0.01 M (pH 9.92). Fulvic acid did not appear to adsorb
under these conditions.

The calibration curve is shown in Fig. 1. Unavailability of humic-like standards
prompted the use of narrow-molecular-weight-range dextrans and polyethylene gly
cols. Low-molecular-weight degradation products of fulvic acid chlorination were
used to calibrate the lower end of the range. From the calibration curve it is seen that
in addition to the desired elution based on molecular weight, exclusion of acids was
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occurring. The series acetic acid, dichloroacetic acid, and trichloroacetic acid is seen
to elute in the order of increasing acid strength, independent of molecular weight.
This order of elution was seen with all mobile phases tested and could not be over
come by increasing mobile phase ionic strength as suggested by Williams 3 6

. These
results compare with those of Streuli"? who found trichloroacetic acid and acetic acid
to elute in the same order on bio-Gel F-2 using dilute sodium chloride elution. Ion
exclusion also occurred with the benzenecarboxylic acids. As with Sephadex, the
charge density is higher in the low-water-regain gels due to the larger percentage of
cross-linking and perhaps this is why ion exclusion is such a problem with this highly
cross-linked polyacrylamide".

Since all standards as well as chlorinated and unchlorinated fulvic acid eluted
within the total column volume, it was decided to use the 0.01 M borate buffer as
mobile phase. The obvious deviations from true size-exclusion behavior using this
system along with the evidence that silica supports also are inappropriate may be an
indication of the unsuitability of humic materials as solutes for SEC2 4

,4 2 .

Application to chlorinated aquatic fulvic acid
The non-purgeable organic halide (NPOX) produced in the reaction of Single

tary Lake fulvic acid with aqueous chlorine was separated, using this high-pressure
size-exclusion system, into six fractions based upon apparent molecular weight and
characterized for TOX. The NPOX distribution and UV absorbance at 254 nm were
observed while varying the initial Clz to C molar ratio of the reaction. Only NPOX
was measured since the purgeable fraction was lost in sample preparation and since
most of the unidentified and all macromolecular or highly polar TOX is in the non
purgeable fraction.

o

Distribution Coefficient, K

Fig. 2. UV absorbance at 254 nm as a function of distribution coefficient. - . - . -, Fulvic acid control, 20 III
(4.2 Jlg C); - - -, CI2:C = 0.065, 50 Jll (13 ug C); --, CI2:C = 0.63, 100 JlI (18.8 Jlg C).
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Fig. 3. UV absorbance at 254 nm as a function of distribution coefficient. - . - . -, CI2:C = 1.14, 100/11
(19.61Ig C); - - - -, CI2:C = 1.14,50 111(9.8 /1g C); --, fulvic acid control, 20 /11 (4.5 /1g C).

The effect of chlorination on the chromatogram was seen to be three-fold: (I)
decreased peak height or sample absorption at 254 nm (color); (2) shift to lower
~m.x.; and (3) change in peak shape. In Fig. 2 it is seen that the UV absorption was
less for CIz:C = 0.63 than for CI2:C = 0.065 even though less of the CI2:C = 0.065
sample was applied. In Fig. 3 it is seen that UV absorbance of the CIz:C = 1.14
sample was even less. The shift to apparently lower-molecular-weight compounds is
also seen. Finally, the peaks change from mononodal (no chlorination) to approxi
mately trinodal with increasing chlorination.

As illustrated in Fig. 3, despite changes in peak shape, peak position did not
vary with sample size-a criterion Swift and Posner'? suggest is necessary for a valid
SEC system. A second criterion is that all sample must elute within the total column
volume and this was also seen to occur. The final criterion is that re-injection of
fractionated material must result in distinct peaks at the expected M m • x .• As shown in
Fig. 4, re-injection of fractions 1-3 of the CI2:C = 1.14 sample did result in distinct
peaks. However, the maxima, except for fraction 1, occurred at volumes earlier than
expected. This makes interpretation of the third criterion difficult.

Because the size-exclusion system was strongly affected by ion exclusion, any
decreases in M m • x. could be due to increasing polarity of the reaction products, degra
dation to smaller molecules, or both. At low CI2 to C molar ratios where little ox
idation occurs, decreases in M m• x. due to degradation probably will be small since
substitution or addition of chlorine to a molecule will increase its molecular weight.
At high CI2 to C molar ratios where small chlorinated acids are the majority of
identifiable chlorine-containing products, a shift to apparently low-molecular-weight
chlorinated products was expected. However, since these chlorinated acids tend to be
excluded by the support material, TOX of apparently high molecular weight may
actually be these low-molecular-weight chlorinated acids.

The organic halide content of the fractionated material is listed in Table II. It is
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Fig. 4. Reinjection of fractions 1,2 and 3. CI2:C = 1.14.

seen that as initial CI2:C was increased, greater percentages of the TOX were found in
the later eluting fractions, especially fraction 5. Trichloroacetic acid [pK" = 0.65 (ref.
43)] eluted within this fraction and so this trend is in agreement with individual
product quantificationsV''!". Dichloroacetic acid [pK" = 1.29 (ref. 43)] eluted with
in fraction 3, but probably cannot account for all of fraction 3 TOX. There is too
much TOX present in fractions 1-3 to be accounted for by the other small chlorinated
acids. Therefore, this TOX (fractions 1-3) is likely to be larger weak acids or truly
macromolecular in nature. If any basic TOX (e.g., organic chloramines) was pro
duced it was likely to elute late in the chromatogram as a result of adsorption al
though the borate should have minimized this.

The stability of the column material at pH 9.2 was investigated since the manu
facturer suggests an upper stability limit of pH 10. Under the anaerobic conditions
and low operation temperature (30°C) of the chromatography, hydrolysis of the po
lyacrylamide should have been minimal. Analysis of the borate buffer for TOC both

TABLE II

TOTAL ORGANIC HALOGEN CONTENT OF FRACTIONATED CHLORINATED SINGLETARY LAKE
FULVIC ACID

Fraction

1
2
3
4
5
6

Apparent Molecular Distribution %TOX perfraction
molecular weight coefficient
weight at peak range CI2:C = 1.14 CI2:C = 0.63 CI2:C = 0.065

Exluded-3400 9420 - 0.186-0.206 16.1 ± 0.5 20.6 ± 0.5 34.3 ± 1.8
3400-1230 2050 0.206-{).402 23.2 ± 0.9 23.4 ± 0.03 19.0 ± 0.5
1230-380 685 0.402-0.629 13.0 ± 0.1 14.2 ± 0.6 14.3 ± 2.4
380-138 229 0.629-0.825 6.0 ± - 4.3 ± 0.08 9.6 ± 0.1
138 - 62 0.825-1.13 39.2 ± 3.3 35.8 ± 0.4 16.5 ± 0.4

1.13-1.55 2.4 ± 0.2 1.7 ± 0.4 6.3 ± 4.8
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before and after the column indicated that column bleed was not occurring to any
significant degree in the absence of sample. The TOC of the recovered sample, how
ever, was found to exceed the TOC injected by two to three times. This discrepancy
appeared to be independent of whether the sample was chlorinated or not. Since
dissolved carbon dioxide was purged prior to TOC analysis, it appears that the high
carbon values might be due to interactions between the sample and the polyacryl
amide, possibly leading to hydrolysis of the polymer. The apparent column bleed was
neither constant nor uniform, thus precluding TOC balances. There was no apparent
effect on the sample chromatogram at 210 or 254 nm, however. Chromatograms were
very reproducible and retention volumes did not decrease with use. Therefore there is
no reason to believe the results of the TOX measurements of fractionated samples
were adversely affected.

CONCLUSION

Despite the fact that this system is not a true size-exclusion system it does
provide useful descriptive information in its application to chlorinated and unchlor
inated fulvic acid. The results obtained are consistent with the hypothesis that in
creasing the chlorine dose serves to break up the macromolecular structure of the
fulvic acid and produce smaller, more polar chlorinated products. The failure of this
and previous attempts to separate humic substances solely by size enhances the hy
pothesis of Wershaw and Pinckney24 that these substances do not fulfill the require
ments necessary for solutes in size exclusion.
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Thin-layer chromatographic (TLC) grade silica gel has already been used in
column form to separate intermediates in aflatoxin biosynthesis but was packed
dry':". The method depends on capillary attraction to pull the solvent through the
column similar to solvent movement on a TLC plate. No large externally applied
forces are required to either push or pull the solvent. However, in some cases, partic
ularly when the solvent is alkaline, and in spite of precautions such as dampening the
silica gel with solvent before packing, the gel cracks and channels during develop
ment. To obviate this problem we packed the column wet, as in traditional column
chromatography, reasoning that the continual evaporation from the bottom of the
column would create the capillary forces needed to move the solvent through the geL
This is necessary because the TLC-grade silica gel is so fine that the solvent cannot
move through it under gravity or indeed under applied moderate pressure.

EXPERIMENTAL

The column design is shown in Fig. I and is self explanatory. It was packed with
a slurry ofTLC silica gel 60 GF2 54 (Merck, Darmstadt, F.R.G.) prepared by weigh
ing an amount of dry gel equal to the volume of the column multiplied by the factor
0.37 and vigorously shaking it with the column volume of solvent. The slurry was
briefly and carefully degassed at a water vacuum pump before being poured all at
once into the column. The silica was allowed to settle and the solvent to run until a
little remained to cover the gel, when the end of the column was sealed with a house
hold cling wrap.

The sample was loaded by dissolving it in volatile solvent, adding I to 3 g of
silica gel and taking to dryness in a rotary evaporator. The free running dry gel with
sample was then poured onto the column. A little eluent, bearing Sudan blue dye (fat
soluble) to act as indicator for the front, was carefully added to the dry load sufficient
just to mobilise it. Next, glass wool was pushed on top of the loaded column and
eluent added carefully before inserting the reservoir into the top of the column which
was left to develop.

Separation was deemed complete when the Sudan blue just exited from the
column. At this point the silica gel was extracted from the column using a suitable
plunger onto a sheet of Whatman 3MM chromatography paper.

0021-9673(88($03.50 © 1988 Elsevier Science Publishers B.V.
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The various components could be detected under short-wave length UV light
and simply sliced out to be eluted with a suitable solvent or the silica column could be
sliced into equal portions and each extracted with methanol for TLC analysis. The
extruded gel must not be allowed to dry otherwise it collapses into a fine powder.

Flow-rate depended on the column diameter, volatility and mobility of the
solvent system. The mobility of a solvent system can readily be gauged on a TLC
plate and slow moving systems, such as propanol and butanol, could not be used as
described here. Very suitable solvents include methanol, ethanol, ethyl acetate and
light petrolum (b.p. 80-100°C).

RESULTS AND DISCUSSION

Fig. 1 shows the separation of 125 mg of a chloroform extract of acidified
mycelium and medium of a culture of Penicillium cyclopium known to produce cyclo
piazonic acid mycotoxins. The silica gel column measured 30 x 2.5 em and required 8
h for development. Fig. 2 shows a TLC analysis of the separation obtained on this
column of silica gel. The RF differences between the original material (lane 8) and
separated material (lanes 0-7) are presumably due to the amount loaded and also to
the difference in environment each component causes for the others.

Truncated 250 mQ
Standard Flask

FineSilica Gel (TLC)
2

Extruded Gel Cut
3

4

B-Cyclapiazanic Acid

7 a-Cyclopiazonic Acid

Sudan Black

I 'r-"WJ.-~Silicone Rubber Tubing

Cation Cloth

Fig. I. A line drawing of a wet-poured TLC-grade silica gel 60 GF 25430 x 2.5 cm, with an extract (125 mg)
from P. eye/opium partially separated using ethyl acetate-methanol-cone. ammonium hydroxide (70:25:5,
v/v/v) as solvent. The numerals indicate the cut sections of the extruded gel that were extracted with
methanol and analysed as described in Fig. 2.
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Fig. 2. A line drawing copy of the analysis by Merck silica gel 60 GF2s4 TLC plates of the column
chromatography described in Fig. I. The mobile phase was ethyl acetate-me thanol-cone, ammonium
hydroxide (60:35:5. vjv jv) and the components detected under UV at 254 nm.

Fig. 3 shows a similar investigation by TLC of the results achieved in the
separation of the components of nutmeg oil on a gel column 25 x 1.2 em using light
petroleum (b.p. 8o-100·C)-diethyl ether (80:20, v/v). Here the time required for sep
aration was only 3 h, and even so a fast moving component was lost. It was this loss
that prompted the use of a fat-soluble dye as a marker for the front and for column
performance. The components were located under UV at 254 nm and cut from the
extruded gel to be eluted with methanol.

The relationship between the RF values on TLC plates and columns was in
vestigated (the column RF values were calculated using Sudan blue as the reference
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Fig. 3. A line drawing copy of the analysis by Merck silica gel F2S 4 high-performance TLC plates of the
column chromatography of the constituents of the oil of nutmeg. The mobile phase was light petroleum
(b.p. 8Q--100·C)-diethyl ether (80:20, vjv). The shaded area represents iodine uptake and the clear area is
absorp tion at 254 nm-
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Fig. 4. The separation of the dyes of 175 mg black ink on a column ofTLC-grade silica gel 60 GF2 s 4 (38 x
2.5 em) and of 17.5 mg black ink on a preparative layer chromatographic plate (20 x 20 x 0.2 ern) of the
same silica gel. The mobile phase was ethyl acetate-methanol-cone, ammonium hydroxide (60:35:5, v{v{v).
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TABLE I

RF VALUES OBTAINED BY TLC OF THE SECONDARY METABOLITES OF P. CYCLOPlUM
ON HIGH-PERFORMANCE SILICA GEL PLATES (10 x 10 em) AND ON 400 x 25 mm
COLUMNS OF TLC-GRADE SILICA GEL PACKED WET

Abbreviations : A = a-eyclopiazonate ; B = p-eyclopiazonate; C = eycloacetoacetyltryptophanyl; 0 and
E = unknown.

RF values

Ethyl acetate-methanol-cone. ammonium hydroxide

Columns

Plates

70:25:5. vjv]»

A(0.57), B(0.46),
C(0.28),D(0.10),
E(0.05)
A(0.39), B(0.38),
C(0.18), 0(0.06),
E(0.03)

60:35:5 . vlv]»

A(0.80), B(0.67),
C(0.39), 0(0.15),
E(O.lO)
A(O.44), B(0.32),
C(0.22), 0(0.09),
E(0.05)

Average ratio of
R f . (column) to RF (plate) 1.60 ± 0.18 1.87 ± 0.15

front) and the results are shown in Table I. While the RF values are not the same
between plate and column, a reasonably constant ratio is maintained. Thus, unlike
traditional column chromatography on coarser gels, one can fairly accurately predict
where the metabolite should be located . One can use TLC plates to investigate a
mixture for the best eluent and translate this directly into a column technique.
Though we have described an isocrfatic use, the column technique should lend itself
to stepwise elutions.

The effectiveness of the method is portrayed in Fig. 4 where the dyes of black
ink are shown separated on a TLC silica gel column and, for comparison, on a
preparative layer chromatographic plate (20 x 20 x 0.2 em) of the same silica gel, i.e.
60 GF2 54 ; the column was loaded with 175 mg ink compared to 17.5 mg on the plate.
Though the ink load on the column was ten times that on the preparative plate the
volume of silica gel used in the column was 190 ml compared to 80 ml on the plate.
Thus the ratio of load to silica gel was 0.92 for the column and only 0.22 for the plate,
and yet the plate was being used almost to its maximum capacity. The reasons for the
difference probably lie in the ease of loading of the column, which gave a more
uniform band, and the longer development time for the column (16 h) compared to
the plate (2 h).

The main advantages of this wet packing compared to dry packing of columns
are that it is easier to do, it gives more reproducible results, and can be used for
alkaline solvent systems. On the other hand it cannot be used for low-mobility solvent
systems when dry packing can. And copmpared to preparative layer chromatography
it is cheaper, easier to load, simpler to reclaim the separated components, and calcium
sulphate can be omitted since no binding is needed, and it takes a heavier load of
sample.

REFERENCES

1 J. J. Dunn, L. S. Lee and J. W. Bennett, Biotech . Lett., 2 (1980) 17.
2 J. W. Bennett, F. G. Kromberg, L. A. Goodman and M. A. Seltman, Mycologica, 75 (1983) 202.

-,



Journa l of Chromatography , 450 (1988) 448-45 1
Elsevier Science Publishers B.Y., Amsterdam - Printed in The Netherlands

CHROM. 20736

Note

Rap id rad io thin-layer chromatography for assay of lipase- cata lyzed
esterification and interesterification reactions

RICARDO SCHUCH

Departamento de Tecnologia Bioquimico-Farmaceutica, Faculdade de Ciencias Farmaceuticas , Universidade

de Sao Paulo, A v. Pro! Lineu Prestes 580 , 05508 Sao Paulo ( Brazil)

and
KUMAR D. MUKHERJEE*

Bundesanstalt fiir Fettforschung , InstitUl j iir Biochemie und Technologie -H. P. Kaufmann -Insti tute-r
Piusallee 68, D-4400 Munster ( F.R.G.)

(Fir st received May 3rd. 1988; revised manuscript received June 20th. 1988)

Radiochemical methods for the assay of enzyme-mediated lipid transforma
tions are well established techniques in lipid laboratories'<:'. Especially , isotopic de
rivative techniques of analysis are well known in the field of lipids 3

-
8

. Radiochroma
tographic techniques have been shown to be'convenient for monitoring and assaying
lipase-catalyzed interesterification reactions". Lipase activity has been determined by
the aid of radio thin -layer chromatography (TLC), using microplates coated with
silica gel containing sodium carbonate.'". This method facilitates a rapid separation
and quantification of fatty acids , which are retained at the origin of the chroma
togram as their sodium salts , from the various acylglycerols, which migrate together
close to the solvent front.

We describe here a rapi d radio TLC method for monitoring and assay ing
lipase-catalyzed esterification and interesterification of lipids using plates coated with
sodium carbonate/silica gel. This technique enables an accurate analysis of as many
as 20 samples on a single plate.

EXP ERIMENTAL

Materials
Glycerol, adsorbents for TLC and analytical grade reagents were from E.

Merck (Darmstadt, F. R.G .). Oleic acid and lipid standards for TLC were from Nu
Check-Prep (Elysian, MN , U.S.A.).- [1-14C]Oleic acid, 59.7 j.lCi/j.lmol, was from
Amersham Buchler (Braunschweig, F.R.G.) and toluene scinti11ator from Packard
Instruments (Downers Grove, IL, U.S.A.). Distilled solvents were used throughout.
"Lipase G", an immobilized lipase preparation from Penicillium sp., was a product of
Amano Pharmaceutical (Nagoya, Japan).

Methods
Oleic acid (0.4 j.lmol), containing a known amount (I j.lCi) of [1-14C]oleic acid,

and 0.4 j.lmol of glycerol were mixed with Lipase G (5% of the weight of the reac-

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.Y.
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tants), and the reaction mixture was stirred at 50°C. Samples (10 Ill) were withdrawn
from the reaction mixture after 20, 40, 60, 100 and 200 min, the reaction products
extracted with hexane and Lipase G was removed by centrifugation.

The reaction products were fractionated by TLC on glass plates (20 em x 20
em), coated with silica gel H containing 5% (wfw) sodium carbonate'", The chroma
toplates were subdivided into narrow lanes (9 em high x 2 em wide). Each of the
lanes was initially spotted with about 10 III of an aqueous solution of methanol (50%,
vfv) on the start line at about 0.5 em from one edge. Lipids were then applied to the
start line and water was evaporated by heating the plate briefly (10-15 s) on a hot
plate kept at 90°C. The chromatoplates were developed using diethyl ether-hexane
methanol (60:40:3, vfv fv), to a height of about 9 em, which requires only 5-6 min. The
chromatogram was stained with iodine vapour, the fractions corresponding to tri
acylglycerols (as trioleoylglycerol) , diacylglycerols (as dioleoylglycerols), monoacyl
glycerols (as monooleoylglycerols) and fatty acids (as sodium oleate) were scraped
off, and the radioactivity present in each fraction was deteremined in a Tri-Carb C
2425 liquid scintillation spectrometer (Packard Instruments), using toluene scintilla
tor . The amount of oleic acid esterified with glycerol was calculated from the total
radioactivity due to the [I-14C]oleoyl moieties incorporated into various acylglyce
rols, i.e., monooleoylglycerols, dioleoylglycerols and trioleoylglycerol.

RESULTS AND DISCUSSION

The technique described here involves retention at the start line of the chroma
togram of the fatty acids as their sodium salts by reaction with sodium carbonate,

Fig. I. Chromatogram showing the fractionation of lipid classes by TLC on sodium carbonate/Silica Gel
H. The chromatogram was developed using diethyl ether-hexane-methanol (60:40:3, v/v/v) up to a height
of9 em. The fract ions are (from origin to solvent front ): fatty acids ( 'IS sodium salts), monoacylglycerols,
1,2- (2,3-) plus 1,3-diacylglycerols and triacylglycerols.
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Fig. 2. Time course of esterificat ion of [1-' 4C)oleic acid with glycerol cata lyzed by lipase G.

which is present in the absorbent, in a similar manner to that described earlier 1
0 .

However, the present method enables a rapid yet clear -cut separation of unesterified
fatty acids and each of the different classes of acylglycerols that are likely to occur in
products of lipase-catalyzed esterification and interesterification reactions.

The salts are formed from the fatty acids only if water is applied to the start line.
To ensure that they do not migrate from the start line during development of the
chromatoplate , water must be totally remo ved by heating the plate briefly at 90·C.
Fig . I shows that fatty acids (in form of sodium oleate) are clearly retained at the sta rt
line. Moreover, other lipid classes are distinctly separated by this technique. Since the
two halves of one single 20 em x 20 ern plate may be subdivided into as many as 20
lanes (9 em x 2 em, each) and the time of development is very small (5-6 min), the
technique is especia lly convenient for the rapid assay of a large number of samples
used to monitor lipase-catalyzed esterification and interesterification reactions.

The method described has been applied to the assay of several lipase-catalyzed
reactions using radioactively labelled reaction partners. As a typical example, Fig. 2
shows the time course of the esterification of [1-14C]0Ieic acid with glycerol catalyzed
by an unspecific lipase from Penicillium sp. (lipase G) .

The standard deviation of the method, calculated from separate determina
tions, was found to be 0.43 for a mean value of 11.43 j.lmol oleic acid esterified to
glycerol (variance = 0.18; coefficient of variation = 3.77%) . The method described
should also be applicable to the assay of chemically catalyzed hydrolysis, esterifica
tion and interesterification reactions.
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Flucythrinate, (RS)-a-cyano-3-phenoxybenzyl-(S)-2-[4-(difluoromethoxy)phe
nyl]-3-methylbutyrate, is a synthetic pyrethroid pesticide of recent origin having an
high level of activity against insect, mite and tick pests. A scan of Analytical Abstracts
from January 1981 to April 1988 and reviews covering the literature on pesticide
analysis'<' published from October 1980 to December 15, 1986 revealed that no
method for thin-layer chromatographic (TLC) determination of this compound is
available. As TLC is a useful technique for confirmation of residues tentatively identi
fied in environmental and biological samples by gas or high-performance liquid chro
matography"", experiments were conducted to develop a TLC method for flucythri
nate by using silver nitrate incorporated in alumina G plates as a chromogenic
reagent and the findings are now reported.

MATERIALS AND METHODS

TLC equipment
This comprised 20 em x 20 em glass plates, a slurry applicator, a TLC drawing

board (Perfit), developing tanks (Kontes) and an 120-W UV lamp without filter
(Toshniwal Instruments).

Solvents and other chemicals
Alumina 60 G neutral, Type E (Merck), benzene, hexane (light petroleum frac

tion, b.p. 67-70°C) and silver nitrate (BDH), unless otherwise specified, were of ana
lytical quality.

Rejerence standard
Flucythrinate (PAY~OFF®)of97.8%purity was obtained from American Cy

namid (Princeton, NJ, U.S.A.).

TLC procedure
TLC plates of thickness 0.25 mm were prepared from a slurry of alumina G in

0.4% (wjv) aqueous silver nitrate". The coated plates were air dried and then activat
ed at 110°Cfor 45 min. On the plates cooled to room temperature, suitable aliquots of
solutions containing f1ucythrinate were spotted. The plates were developed to about
10 em using hexane-benzene (45:55, vjv) as a solvent, removed from the developing

0021-9673/88/$03.50 © 1988 Elsevier Science Publishers B.Y.
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tank, air dried and irradiated with ultraviolet light for 20 min (Caution: benzene is
toxic and considered to be a tumour-producing agent. Skin contact and breathing of
its vapour should be avoided").

RESULTS AND DISCUSSION

By following the procedure described, flucythrinate appeared as a single brow
nish yellow spot on a white background. Its RF value varied slightly with changes in
room temperature and was 0.29 ± 0.01 (mean ± S.D. of six determinations) on a day
when the laboratory temperature was 28.8·C. Ubiquitous organochlorine contami
nants like DDT, benzene hexachloride and polychlorinated biphenyl residues as well
as other halogenated synthetic pyrethroids (permethrin, cypermethrin, fenvalerate
and deltamethrin) are also detectable by this techniquev!" and can therefore interfere
with the estimation of flucythrinate. However, under the experimental conditions
employed, these compounds had RF values ranging from 0.50 to 0.99 and did not
affect the determination of flucythrinate.

While 200 ng of flucythrinate can be observed as a faint spot, 500-ng amounts
of the compound gave distinct and easily discernible spots by this method. Though
Sundararajan and Chawla10 detected only 100G-2000 ng of certain halogenated syn
thetic pyrethroids by using previously recommended chromogenic reagents like phos
phomolybdic acid ll and palladium chloride 12, they reported a sensitivity of 50 ng
each for permethrin, cypermethrin, fenvalerate and deltamethrin by using aluminium
oxide G plates impregnated with silver nitrate as a visualizing agent. The lower sensi
tivity of flucythrinate by using this chromogenic reagent may be due to the brownish
yellow colour of its spots which gave less contrast with the background than the black
spots observed for certain synthetic pyrethroid compounds by Sundararajan and
Chawla'? as well as by us when these compounds were cochromatographed with
flucythrinate. It may be noted that halogenated compounds are visualized in silver
nitrate-ultraviolet light due to the formation of silver halides. While flucythrinate is a
fluorinated compound, permethrin, cypermethrin and fenvalerate contain chlorine
atoms, whereas deltamethrin is a bromide-substituted derivative. Hawley':' has re
ported that silver chloride and silver bromide darken and finally turn black when
irradiated. However, silver fluoride only darkens and remains brownish yellow on
exposure to light.

As 1 g equivalent of soil, tomato fruit and plant extracts cleaned-up by the
procedure described by Sundararajan and Chawla10 were spotted without darkening
of the background or production of streaks, the limit of determination of flucythri
nate by this TLC method is 0.5 flg g-1.
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NEW BOOKS

Introduction to micro scale high-performance
liquid chromatography, edited by D. Ishii, VCH
Verlagsgesellschaft, Weinheim, 1988, XII + 208
pp., price OM 118, £ 41.45, ISBN 3-527-26636
4.

Automatic meth ods of anal ysis, by M. Valcarcel
and M.D. Luqu e de Cast ro, Elsevier, Amster
dam, Oxfo rd, New York, Tokyo, 1988, XII +
560 pp. , price US$ 131.50, Oil . 250.00, ISBN
0-444-43005-9.

AWARD

Vol. 450, No.3

Electrochemical detection techniques in the ap
plied biosciences, Volume I, Analysis and clini
cal application s, edited by G.A. Junter, Ellis
Horwood , Chicheste r, 1988, ca. 300 pp., price
ca. US$ 101.70, ISBN 07458-0494 -2.

Downstream processes: Equipment and tech
niques, edited by A. Mizrahi, Wiley, Chiches
ter , New York, 1988, ca. 380 pp., price ca. US$
117.50, ISBN 08451-3207-5.

THE CH ROMATOGRAPH IC SOCIETY 1988
MARTI N AWARDS

Th e first ofthe 1988 Martin Awards has been
mad e to J . Calvin Giddi ngs. He was born in
American Fork, UT, U.S.A., on September 26th,
1930 and studied at Brigham Young Un iversity
in Salt Lake City where he received his B.S. de
gree in 1952. Two years later, his researches into
chemica l kinetics, qu antum chemistry and
chrom atograph y, conducted under the aegis of
Henry Eyring , were rewarded with a Ph.D. He
then went to the University of Wisconsin to
work on the theory of Ilam es with J.S. Hirsch
felder. In 1957, he returned to the Univers ity of
Utah as assistant professor in chemistry , be
came associate professor in 1959, research pro
fessor in 1962 and, fina lly, was installed as
professor of chemistry in 1966.



The scope of his interests and activities is enormous - first, and foremost , is an extensive contri
bution to the understanding of many of the fundamentals of chromatography itself; in add ition he has
worked on the unification of separation theory, the theory of diffusion and last, chemical kinetics .
The development of new separation methodologies , techniques for measuring diffusion coefficients
and macromolecular separations are all well-documented in the literature under his name. His re
searches culminated in the invention offield flow fractionation and, as if that was not enough, his life
long love of skiing and mountaineering prompted an involvement in snow and avalanche physics. A
natural concern for the environment has seen much effort directed toward research into , and educa
tion, in respect of the world around us and he has contributed much to problems ofconservation.

As well as having been a member of the Advisory Board of Analytical Chemistry for several years
he is associated with many publications editorially, most notable is his direction of the series "Ad
vances in Chromatography" , now in its 28th volume.

His honours are legion - they include the ACS Award in Analytical Chemistry (twice) , the Tswett
Medal , the Dal Nogare Chromatography Award, the ACS Award in Separation Science and Technol
ogy and Honorary Degrees and Lecture Awards bestowed upon him by many Univers ities.

He plays as hard as he works, for his spare time is devoted to a divers ity of activ ities - river
running, mountaineering, skiing and hiking. He was President of the American Whitewater Affilia
tion , 1972-1977 and , in 1975, organised an expedition which achieved the first successful exploration
and descent of the upper canyons of Peru's Apimurac River, the source and head-waters of the Amazon.

ANNOUNCEMENT OF MEETINGS

WINTER CONFERENCE ON FLOW INJECTION ANALYSIS, ORLANDO, FL, U.S.A., JANU
ARY 5-7,1989

The Winter Conference on Flow Injection Analysis (FIA) will be held at the Embassy Suite Hotel
in Orlando, FL, U.S.A., January 5-7, 1989.

The purpose of this conference is to bring together a wide forum of FIA practitioners from indus
trial and government labora tories, from academ ia - including students, as well as vendors of FIA
equipment so that all participants can interact in an informal way in a convenient location.

The advanced registration fee is US$ 175 (after December 15, US$ 215; cancellation fee US$ 40;
student discount, 50%)

For further details , contact: Gary D. Christian or Jaromir Ruzicka, Department of Chemistry, BG
10, University of Washington , Seattle , WA 98195, U.S.A., or Gil E. Pacey, Department of Chemistry,
Miami University, Oxford , OH 45056 , U.S.A.

10th INTERNATIONAL SYMPOSIUM ON CAPILLARY CHROMATOGRAPHY, RIVA DEL
GARDA, ITALY, MAY 22-25,1989

The 10th International Symposium on Capillary Chromatography will be held at the Palazzo dei
Congressi in Riva del Garda, Italy, May 22-25, 1989. The format and atmosphere will be similar to
previous meetings in Hindelang, Riva del Garda, Gifu and Monterey . respectively.

The scientific programme will cover basic and practical aspects of micro separation techniques such
as: capillary gas chromatography; capillary liquid chromatography; capillary supercritical fluid chro
matography; and capillary electrokinetic chromatography; with emphasis on: stationary phases and
columns; instrumentation (sampling, detection, multidimensional and ancillary techniques) ; and ap
plications (petrochemistry, environment, biomedical food and drug analysis , etc.) . The symposium
will consist of: review papers by leading scientists on the latest developments; invited papers by young
scientists; submitted papers presented in poster sessions in order to achieve intensive discussion . Par
allel discussion sessions on special topics will serve to augment the formal presentation.



In "workshop type seminars" scientists of the instrument manufacturers will present and discuss the
latest developments in capillary instrumentation.

Authors intending to submit papers for the symposium will be required to adhere to the following
schedule: abstract (300 words) before December 15, 1988 (notification ofacceptance will be mailed
to the authors by December 31, 1988); manuscripts ready for direct reproduction before February I,
1989, to the address given below.

A book of the symposium proceedings will be available at the registration desk. The papers will be
published in Journal ofHighResolution Chromatography and Chromatographic Communications after
the usual reviewing.

In conjuction with the symposium there will be an exhibition of capillary chromatography instru
ments and accessories.

For further details contact: Dr. P. Sandra, Laboratory for Organic Chemistry, University of Ghent,
Krijgslaan 281 (S4), B-9000 Ghent, BELGIUM.

9th INTERNATIONAL CONFERENCE ON COMPUTERS IN CHEMICAL RESEARCH AND
EDUCATION, RIVA DEL GARDA, ITALY, MAY 28-JUNE 2,1989

The ICCCRE conferences have become a major meeting point of leading specialists in computer
chemistry. The IXth conference will be devoted to the following main topics: classical chemometrics,
expert systems in chemometrics, synthesis design, reaction prediction, structure elucidation, com
puter graphics, intelligent instrumentation and automated laboratory equipment, molecular model
ling, supercomputers in chemistry, personal computers and work stations, drug design and QSAR,
data aquisition, data banks, computers in protein design, and computer chemistry in industry. Invited
keynote and other lectures will cover the whole spectrum of topics. A parallel poster session will be on
display during the whole conference period.

The IXth ICCCRE will be held in Riva del Garda, at the north end of the Lake Garda, one of the
most beautiful natural areas of the world and only a short drive from Verona and Venice.

For further information, contact: Professor Dr. Mario Marsili, IXth ICCCRE, Piazza Gondar 14,
00199 Roma, Italy.

32nd IUPAC CONGRESS, STOCKHOLM, SWEDEN, AUGUST 2-7, 1989

The 32nd International Congress of Pure and Applied Chemistry will be organized by the Swedish
National Committee for Chemistry of The Royal Swedish Academy of Sciences.

The scientific programme will be mainly devoted to seven areas of chemistry. Sessions on these
areas will take place both concurrently and sequentially. Prominent chemists from all over the world
will be invited to present plenary and keynote lectures.

Participants are encouraged to contribute lectures as well as posters. The subject matter otthe pos
ters is not necessarily limited to the areas mentioned below.

The seven sessions of the Conference are as follows: Large-scale separation of biological macromo
lecules, cells and particles; Atmospheric and marine chemistry; Chemical communication and inter
action between organisms; Solid-state chemistry of inorganic materials, frontiers in the chemistry,
structure and dynamics of macromolecules; Electron-transfer reactions; and Chemistry and biochem
istry of bile acids.

For further details, contact: IUPAC, c/o Stockholm Convention Bureau, P.O. Box 6911, S-102 39
Stockholm, Sweden. Tel.: (46) 8230990, telex: 11556, FAX: (46) 8348441.



SHORT COURSE

CHROMATOGRAPHIC FUNDAMENTALS, KENT, OH, U.S.A., DECEMBER 5-9, 1988

Kent State University's Chemistry Department in cooperation with Spectra-Physics will present a
course on Fundamentals of Chromatographic Analysis, December 5-9, 1988. This is the sixth year
this programme is offered.

The objective of the programme is to provide an overview of chemical separations by chromato
graphic methods. The course will cover liquid, gas and thin-layer methods emphasizing these tech
niques as complementary rather than competing processes.The lecturers willpresent the theory relevant
to liquid, gas and thin-layer chromatography and describe the latest instrumentation advances. Ex
amples of testing methods that can be applied to everyday laboratory problems will be discussed.
Laboratory periods will allow for hands-on experience with various HPLC, GC, GC-MS and TLC
instrumentation. Dr. Roger K. Gilpin, Chairman of Chemistry at Kent State University, Dr. Neil D.
Danielson, Associate Professor at Miami University, Mr. Ronald L. Lewis, a consultant and Dr. Afaf
Wensky of Spectra-Physics will be the lecturers for the week.

Information on this course can be obtained from: Carl J. Knauss, Chemistry Department, Kent
State University, Kent, OH 44242, U.S.A. Tel.: (216) 672-2327.



PUBLICATION SCHEDULE FOR 1988

Journal of Chromatography and Journal of Chromatography, Biomedical Applications

MONTH J F M A M J J A S 0 N D

Journal of 435/1 436/2 437/1 438/1 439/1 441/2 444 447/1 448/2 449/2 453 456/1
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INFORMATION FOR AUTHORS

(Detailed Instructions to Authors were published in Vol. 445, pp. 453-456. A free reprint can be obtained by
application to the publisher, Elsevier Science Publishers BY, P.O. Box 330, 1000 AH Amsterdam, The
Netherlands.)

Types of Contributions. The following types of papers are published in the Journal of Chromatography
and the section on Biomedical App/ications: Regular research papers (Full-length papers), Notes, Review
articles and Letters to the Editor. Notes are usually descriptions of short investigations and reflect the same
quality of research as Full-length papers, but should preferably not exceed six printed pages. Letters to the
Editor can comment on (parts of) previously published articles, or they can report minor technical improve
ments of previously published procedures; they should preferably not exceed two printed pages. For review
articles, see inside front cover under Submission of Papers.
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