
VOL. 499 JANUA.RY 19, 1990
( ,

COM PLETE IN ONE ISSU E

Csaba Horvath Honou r Vo lume

.... '.
)< . --- •

EDITORS
R. W. Giese (Boston, MA )
J. K. Haken (Kensington, N.S.W.)
K. Ma cek (Pragu e)
L. R. Snyd er (Orinda, CA )

EDITOR, SYM POSIUM VOLUMES, E. Heftmann (Orind a. CA

EDITORIAL BOA RD
O. W . A rm stro ng (Ro lla, MO ,I
W . A. A ue (H alifax)
P. Bocek ( Bruo )
A. A. Bo u lton (Sas katoo n )
P W , Carr (Minneapol is. M N )
N . H , C. Cooke (Sa n Ramon, CAl
V. A. Davankov (M osc ow)
Z. Deyl ( Prague)
S. Dlli i (Kensi ngt on . N .SW.)
H. Eng elhardt {S aarbruc ken }
F. Em i ( Basle)
M . B Evans ( Hatfield )
J . L. Gla jch ( N. Bi lleri ca. MA)
G. A . Guioc hon ( Knox ville , TN )
P. R. Haddad { Kensinq to n. N .S.W. )
I. M . Hais ( Hradec Kralo ve)
W. S . Han co ck (S an Franc isco . CAl
S. Hj erten (Uppsa la)
Cs. Ho rva th ( New Haven . e T)
J . F. K. Huber (Vienna)
K.- P. Hu pe (Wa ld bronn)
T. W. Hutc hens ( Houston. I X)
J . J anak (Brno)
P. Jan dera ( Pardu bice )
B. L. Karge r (Bosto n. MA)
E. sz. Kovat s (Lausanne)
A J . P Marti n (Ca mbridge)
L. W. M cL aughlin (Chestnut Hill , MA)
R. P. Patience (Su nbur y-on -Tham es)
J . D. Pearson (Ka lamazoo, M I)
H. Popp e (A msterdam )
F. E. Regnier (Wes t Lafayette , IN )
P. G. Righett i ( Milan)
P. Schoenmakers ( Eindhov en)
G. Schom burg ( M il lheim / Ru hr)
~ ' Sc.hv:arzenbach { Duben dorf)
. '. E. .s.ll 'Up (We st Lafayette , IN )

i 6 , .'01 .. .:.>':?u ff i (M arseille)
D. J . Strydom ( Bo ston. MA)
K. K U nge r ( Ma inz)
J . 'T. Wa tson (East Lan sing . M:)
B. D . Wes te rl und, (U ppsala )

C')!TORS, BI 3 _ ~OG.RAPHY SECTION
z. Deyl ( Praque} , J . Janak (Bm o ). V. Schwarz ( Prague ) , K. Macek ( Prague )

ELSEVIER



JOURNAL OF CHROMATOGRAPHY

Scope. The Journal of Chromatograph y publishes papers on all aspects of chromatography. electrophoresis
and related methods. Contribut ion s consist main ly of research papers deal ing w ith chromatographic th eo
ry, instru mental development and their applicat ions. The sect ion Biomedical Applications, w hich is und er
separate editorship , deals with th e following aspects: developments in and applicat ions of chromatogra 
ph ic and electrophoret ic techniques related to clin ical diagno sis or alterat ions dur ing medical treatment;
screening and profi ling of bod y f luids or ti ssues with specia l reference to metaboli c disorders; results from
basic medical research with di rect consequences in clin ical practi ce; drug level mon itoring and pharmaco 
kin eti c studies; clinical to xicology; analytica l stud ies in occupationa l medicin e.

Submission of Papers . Papers in Engl ish, French and German may be submitted, in thr ee copies. Manu 
scripts shou ld be submitted to : The Editor of Journal of Chrom atograph y, P.O. Box 681 , 1000 AR Am 
sterdam, The Netherlands, or to: The Ed itor of Journal of Chrom atograph y, Biomedical Applications, P.O.
Box 681 , 1000 AR Am sterd am, The Neth erlands. Review articles are invit ed or proposed by lett er to the
Editor s. An outline of the proposed review should first be fo rward ed to the Editor s for preliminary d is
cussion prior to preparation . Submission of an arti cle is understood to impl y that th e artic le is origin al and
unpublished and is not being considered fo r publication elsewh ere. For copyright regu lat ion s, see below .

Subscription Orders . Subscription order s should be sent to: Elsevier Science Publ ishers B.V., P.O. Box
211, 1000 AE Am sterdam , The Netherland s, Tel. 5803911 , Telex 18582 ESPA NL. The Journal of Chro 
matography and the Biomedical Applications sect ion can be subscribed to separately.

Pub lication . The Journal of Chromatography ( inc l. Biomedical Applications) has 37 volumes in 1990 . The
subscript ion pr ices for 1990 are:

J. Chromatogr. ( inc l. Cum. Indexes, Vols. 451-500) + Biomed. Appl. (Vo ls. 498-534 ):
Df l. 67 34 .00 plu s Dfl. 1036.00 (p .p.h.) (tota l ca. USS 3564.25)

J. Chromatogr. (in cl. Cum . Indexes, Vols. 451 - 500) on ly (Vols. 498- 524) :
Dfl. 5616.00 plus Df l. 756.00 (p .p.h.) (total ca. USS 2923.00)

Biomed. Appl. on ly (Vo ls. 525-534) :
Dfl. 2080.00 plus Df l. 280.00 (p.p .h.) (total ca. USS 1082.50 ).

Our p.p .h. (postage, package and handling ) charge includes surface delivery of all issues, exce pt to sub
scribers in Argentina, Au stralia, Brasil, Canada, Chin a, Hong Kong , Indi a, Israel, Malaysia, Me xico , New
Zealand , Pakistan, Singapore, South Afri ca, South Korea, Taiwan , Thailand and the U.S.A. who receiv e all
issues by air delivery (S.A.l. - Surfa ce Air Lifted) at no extra cost. For J apan, air delivery requir es 50%
addit io nal charge; for all oth er countries airmail and S.A.L. charges are available upon request. Back vol
umes of the Journal of Chromatography (Vols. 1-497 ) are available at Dfl. 195.00 (plus postage) . Claims
for missing issues w ill be honoured, free of charge, within thre e months aft er publication of the issue.
Customers in the U.S.A. and Canada wi shing information on thi s and other Elsevier journals, please contact
Journa l Informati on Center , Elsevier Scien ce Publishing Co. Inc., 655 Avenue of th e Ameri cas, New York,
NY 10010. Tel. (2 12 ) 63 3 -3750.

A bst racts/ Co ntents lists pub lished in Ana lyti cal Ab stracts, ASCA, Biochemical Ab stracts , Bio log ical
Abstra cts, Chemical Ab stracts, Chemical Tit les, Chrom atography Abstracts, Clin ical Chemistry Lookout.
Current Contents/ Physical , Chemi cal & Earth Sciences, Current Contents/ Life Sciences, Deep-Sea Re
search / Part B: Oceanographic Liter ature Review , Excerpts Medica, Inde x Medicus, Ma ss Spectrometry
Bulleti n, PASCAL-CN RS, Pharmaceut ical Ab stracts, Referat ivnyi Zhurnal , Science Citation Inde x and
Trends in Biotech nology.

Se e inside bac k cover for Publ icat ion Schedu le, Informat ion for Authors and information on Adv erti se
ment s.

© ELSEVIER SCIENCE PUBLI SHERS B.V. - 199 0 0021-96 73 / 90 /$03.50

All rights reserved . No par t of th is publicat ion may be repro duced , stored in a retr ieval system or tran smitted in any form or by any mean s,
elect ronic, mechanical. photocop ying , reco rd ing or otherw ise. w itho ut the prior w ritten permission of the publisher. Elsevier Scie nce Pub lishers

B.V.. P.O. Box 330. 1000 AH Amsterdam. Til e Netherlands.
Upon acceptance of an arti cle by the jo urnal , the aut hor( s) wi ll be asked to transfer copyright of th e artic le to the pub lisher. The transfer w ill ensure

the w idest possibl e dissemination of info rmati on .
Submission of an art icle for publicati on enta ils th e authors' irrevocable and excl usive aut ho rization of the pub lisher to col lect any sums or
co nsiderat io ns for copying or reprodu ction payable by t hird part ies (as menti oned in arti c le 17 paragraph 2 of th e Dutch Copyright Act of 191 2
and th e Royal Decree of J un e 20, 1974 (S . 35 1) pursuant to articl e 16 b of th e Dutch Copyright Act of 19 12) and / or to act in or o ut of Court in

connect io n th erew ith .
Special regulations for readers in the U.S.A . Thi s jo urna l has been reg istered w ith the Copyright Clearance Center, Inc, Co nsent is gi ven for
copy ing of articl es for personal or interna l use, or for th e personal use of specific cl ient s. This consent is given on the condi t io n th at th e copier pays
through the Center th e per-co py fee stated in th e code on the f irst page of each art icle for copying beyond that permitt ed by Sect ions 107 or 108 of
the U.S. Co py rig ht Law . The appropriate fee should be forwarded w ith a copy of th e fi rst page of the art ic le to the Copyright Clearance Center.
lnc., 27 Co ngr ess Street, Salem, M A 019 70, U.S.A. If no code appears in an art icle . the author hI'Sno t gi ven broad consent to co py and permission
to copy mu st be obtained directl y fro m th e aut hor . All art icles publ ished prior to 1980 may be cooiso for a per-cop y fee of USS 2.25, also payable
through th e Center. This consent do es not ext end to ot her kind s &t ':oP/ln~ : suc h as h".r gene, e ~ dist ribut ion, resale, adverti sing and promot ion

pu rp oses, or for creat ing new collect ive w orks. Special W'I~t:ln 'p:t r~j ,s lo f) nu-st ce (,b t~i n6j from the publisher for such copying .
No respon sib ility is assumed by the Publi sher for any inju ry anrl !c,l damage to persons or prop erty as a matter of products liab ility, neg ligence or
otherwise , or from any use or ope ration c f .anv methods. product s, in itruct ions or ideas contained in the materials herein . Because of rapid

advances in th e med ical sc iences, th e Publi sher recommends that in dependent verif icat ion c: J ,dynoses and drug do sages should be made.
A lthough all adverti sing material is expected to conform to eth ical , (medica l) stand ards. t-rc' u-ion in th is pu blicat .on does not constitute a

guar antee or endorsement of t hp o; u~ r,t ·,: CT valw of s uch product ur " l'll t: claims made- fl f ,it b i' its man ufa cturer.
• 'Th1 1:S 'ssue 'Sprin ted en acid - free ~ailer ,

, , ~ . ' .< . .

Printed in The Neth erlands...
- - - - - - - ----- --------

Fo r c o ntents se e p. V II



JOURNAL OF CHROMATOGRAPHY
VOL. 499 (1990)





JOURNAL
of

CHROMATOGRAPHY
INTERNATIONAL JOURNAL ON CHROMATOGRAPHY,

ELECTROPHORESIS AND RELATED METHODS

EDITORS
R. W. GIESE (Boston, MA), J. K. HAKEN (Kensington, N.S.W.), K. MACEK (Prague),

L. R. SNYDER (Orinda, CAl

EDITOR, SYMPOSIUM VOLUMES
E. HEFTMANN (Orinda, CAl

EDITORIAL BOARD

D. W. Armstrong (Rolla, MO), W. A. Aue (Halifax), P. Bocek (Brno). A. A. Boulton
(Saskatoon), P. W. Carr (Minneapolis, MN), N. H. C. Cooke (San Ramon, CAl, V. A.
Davankov (Moscow), Z. Deyl (Prague), S. Dilli (Kensington, N.S.w.), H. Engelhardt
(Saarbrucken). F. Emi (Basle), M. B. Evans (Hatfield),J. L. Glajch (N. Billerica, MA), G.
A. Guiochon (Knoxville, TN), P. R. Haddad (Kensington, N.S.w.), I. M. Hais (Hradec
Kn310ve), W. S. Hancock (San Francisco, CAl, S. Hjerten (Uppsala), Cs. Horvath (New
Haven, CT), J. F. K. Huber (Vienna), K.-P. Hupe (Waldbronn), T. W. Hutchens (Hous
ton, TX), J. Janak (Brno). P. Jandera (Pardubice), B. L. Karger (Boston, MA), E. sz.
Kovats (Lausanne), A. J. P. Martin (Cambridge), L. W. McLaughlin (Chestnut Hill,
MA), R. P. Patience (Sunbury-on-Thames), J. D. Pearson (Kalamazoo, MI), H. Poppe
(Amsterdam), F. E. Regnier (West Lafayette, IN), P. G. Righetti (Milan), P. Schoen
makers (Eindhoven), G. Schomburg (MLilheim/Ruhr), R. Schwarzenbach (Duben
dorf). R. E. Shoup (West Lafayette, IN), A. M. Siouffi (Marseille), D. J. Strydom (Bos
ton, MA), K. K. Unger (Mainz), J. T. Watson (East Lansing, MI), B. D. Westerlund

(Uppsala)

EDITORS, BIBLIOGRAPHY SECTION
Z. Deyl (Prague), J. Janak (Brno). V. Schwarz (Prague), K. Macek (Prague)

ELSEVIER
AMSTERDAM - OXFORD - NEW YORK - TOKYO

J. Chromatogr., Vol. 499 (1990)



© ELSEVIER SCIENCE PUBLISHERS BY -1990 0378 -9673/90/$0350

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by any means,
electronic, mechanical, photocopying, recording or otherwise, without the prior written permission of the publisher, Elsevier Science Publishers

B.V., P.O. Box 330, 1000 AH Amsterdam, The Netherlands.
Upon acceptance of an article by the journal, the author(s) will be asked to transfer copyright of the article to the publisher. The transfer will ensure

the widest possible dissemination of information.
Submission of an article for publication entails the authors' irrevocable and exclusive authorization of the publisher to collect any sums or
considerations for copying or reproduction payable by third parties (as mentioned in article 17 paragraph 2 of the Dutch Copyright Act of 1912
and the Royal Decree of June 20, 1974 (S. 351) pursuant to article 16 b of the Dutch Copyright Act of 1912) and/or to act in or out of Court in

connection therewith.
Special regulations for readers in the U.S.A. This journal has been registered with the Copyright Clearance Center, Inc. Consent is given for
copying of articles for personal or internal use, or for the personal use of specific clients. This consent is given on the condition that the copier pays
through the Center the per-copy fee stated in the code on the first page of each article for copying beyond that permitted by Sections 107 or 108 of
the U.S. Copyright Law. The appropriate fee should be forwarded with a copy of the first page of the article to the Copyright Clearance Center,
Inc., 27 Congress Street, Salem, MA 01970, U.S.A. If no code appears in an article, the author has not given broad consent to copy and permission
to copy must be obtained directly from the author. All articles published prior to 1980 may be copied for a per-copy fee of US$ 2.25, also payable
through the Center. This consent does not extend to other kinds of copying, such as for general distribution, resale, advertising and promotion

purposes, or for creating new collective works. Special written permission must be obtained from the publisher for such copying.
No responsibility is assumed by the Publisher for any injury and/or damage to persons or property as a matter of products liability, negligence or
otherwise, or from any use or operation of any methods, products, instructions or ideas contained in the materials herein. Because of rapid

advances in the medical sciences, the Publisher recommends that independent verification of diagnoses and drug dosages should be made.
Although all advertising material is expected to conform to ethical (medical) standards, inclusion in this publication does not constitute a

guarantee or endorsement of the quality or value of such product or of the claims made of it by its manufacturer.
This issue is printed on acid-free paper.

Printed in The Netherlands



SPECIAL VOLUME

HONOUR VOLUME

on the occasion of the 60th birthday of

CSABA HORVATH

Editors

E. HEFTMANN
(Orinda, CA, U.S.A.)

L. R. SNYDER
(Orinda , CA, U.S.A.)





VOL. 499 JOURNAL OF CHROMATOGRAPHY

CONTENTS

JANUARY 19, 1990

HONOUR VOLUME ON THE OCCASION OF THE 60TH BIRTHDAY OF Cs. HORVATH

Preface
by L. R. Snyder

Determination of competitive adsorption isotherms for modeling large-scale separations in liquid
chromatography
by J. M. Jacobson (Brisbane, CA, U.S.A.) and J. Frenz (South San Francisco, CA, U.S.A.)

Quantitative comparison between the experimental band profiles of binary mixtures in overloaded
elution chromatography and their profiles predicted by the semi-ideal model
by A. M. Katti (Knoxville, TN, U.S.A.) and G. Guiochon (Knoxville and Oak Ridge, TN,
U.S.A.)

Scaling-up procedure from the range of milligrams to grams for the purification of amino acid
derivatives in displacement chromatography
by F. Cardinali, A. Ziggiotti and G. C. Viscomi (Rome, Italy)

Purification of monoclonal antibodies by complex-displacement chromatography on CM-ceIlulose
by A. R. Torres and E. A. Peterson (Logan, UT, U.S.A.) .

Preparative-scale high-performance liquid chromatographic separation and purification of 3'-azi
do-3' -deoxythymidine-5'-phosphate
by J. G. Turcotte, P. E. Pivarnik, S. S. Shirali, H. K. Singh and R. K. Sehgal (Kingston, RI,
U.S.A.), D. Macbride (Wakefield, RI, U.S.A.) and N.-I. Jang and P. R. Brown (Kingston,
RI, U.S.A.) . . . . . . . . . . . . . . .

Thermodynamic model for electrostatic-interaction chromatography of proteins
by I. Mazsaroff (Cambridge, MA, U.S.A.) and L. Varady, G. A. Mouchawar and F. E.
Regnier (W. Lafayette, IN, U.S.A.) . . . . . . . . . . .

Physicochemical studies of biologically active peptides by low-temperature reversed-phase high-per
formance liquid chromatography
by D. E. Henderson and J. A. Mello (Hartford, CT, U.S.A.) . . . . . . . . . . . .

Reversed-phase chromatographic behavior of proteins in different unfolded states
by S. Lin and B. L. Karger (Boston, MA, U.S.A.) .....

High-performance liquid chromatography of amino acids, peptides and proteins. XCV. Thermo
dynamic and kinetic investigations on rigid and soft affinity gels with varying particle and
pore sizes: comparison of thermodynamic parameters and the adsorption behaviour of pro
teins evaluated from bath and frontal analysis experiments
by F. B. Anspach, A. Johnston, H.-J. Wirth, K. K. Unger and M. T. W. Hearn (Clayton,
Australia) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Factors influencing the performance of peptide mapping by reversed-phase high-performance liquid
chromatography
by M. W. Dong (Norwalk, CT, U.S.A.) and A. D. Tran (Raritan, NJ, U.S.A.)

Binary and ternary salt gradients in hydrophobic-interaction chromatography of proteins
by Z. El Rassi, L. F. De Ocampo and M. D. Bacolod (Stillwater, OK, U.S.A.)

High-performance adsorption chromatography of transfer ribonucleic acids and proteins on 2-J1m
spherical beads of hydroxyapatite. Influence of sodium chloride and magnesium ions on the
resolution
by J. Lindeberg, T. Srichaiyo and S. Hjerten (Uppsala, Sweden)

5

21

37

47

55

63

79

89

103

125

141

153



VIII CONTENTS

Unexpected elution behaviour of peptides with various reversed-phase columns
by H. Engelhardt (Saarbriicken, F.R.G.), G. Appelt (Leipzig, G.D.R.) and E. Schweinheim
(Saarbriicken, F.R.G.) .

Hydrophilic-interaction chromatography for the separation of pep tides, nucleic acids and other polar
compounds
by A. J. Alpert (Baltimore, MD, U.S.A.) .

Investigation of some a-amylases by high-performance hydrophobic-interaction chromatography
by L. Szepesy, L. Vida, M. T6th and E. Laszlo (Budapest, Hungary) .

Analysis of glycoprotein-derived oligosaccharides by high-pH anion-exchange chromatography
by L. J. Basa and M. W. Spellman (South San Francisco, CA, U.S.A.)

Automated evaluation of tryptic digest from recombinant human growth hormone using ultraviolet
spectra and numeric peak information
by H.-J. P. Sievert (Avondale, PA, U.S.A.) and S.-L. Wu, R. Chloupek and W. S. Hancock
(South San Francisco, CA, U.S.A.) . . . . . . .

Protein chromatography with pyridine- and alkyl-thioether-based agarose adsorbents
by S. Oscarsson and J. Porath (Uppsala, Sweden) . .. .

New latex-bonded pellicular anion exchangers with multi-phase selectivity for high-performance
chromatographic separations
by J. R. Stillian and C. A. Pohl (Sunnyvale, CA, U.S.A.) .

Micropellicular stationary phases for rapid protein analysis by high-performance liquid chromato
graphy
by K. Kalghatgi (New Haven, CT, U.S.A.)

Comparison of retention behavior on polymeric resins and an alkyl-bonded silica phase in reversed
phase high-performance liquid chromatography
by S. Pedigo and L. D. Bowers (Minneapolis, MN, U.S.A.)

Physical and chemical characterization of microporous zirconia
by M. P. Rigney, E. F. Funkenbusch and P. W. Carr (Minneapolis, MN, U.S.A.)

Effect of coverage density on the retention mechanism in reversed-phase high-performance liquid
chromato gra ph y
by B. Buszewski, Z. Suprynowicz and P. Staszczuk (Lublin, Poland) and K. Albert, B. Pflei
derer and E. Bayer (Tiibingen, F.R.G.) . . . . . . . . . . . . . . . . . .

Studies on the stability of n-alkyl-bonded silica gels under basic pH conditions
by N. T. Miller and J. M. DiBussolo (Conshohocken, PA, U.S.A.)

165

177

197

205

221

235

249

267

279

291

305

317

Mechanism of retention in high-performance liquid chromatography on porous graphitic carbon as
revealed by principal component analysis of structural descriptors of solutes
by R. Kaliszan and K. Osmialowski (Gdansk, Poland) and B. J. Bassler and R. A. Hartwick
(Piscataway, NJ, U.S.A.) 333

Preparation of silicone-coated 5-25-/lm J.D. fused-silica capillary columns for open-tubular liquid
chromatography
by O. van Berkel-Geldof, J. C. Kraak and H. Poppe (Amsterdam, The Netherlands) . 345

Prediction of the high-performance liquid chromatographic retention behaviour of some benzodiaze-
pine derivatives by thin-layer chromatography
by K. Valko, S. Olajos and T. Cserhati (Budapest, Hungary) . . . . . . . . . . . . . 361

Study of partition models in reversed-phase liquid chromatography based on measured mobile phase
solute activity coefficients
by W. J. Cheong and P. W. Carr (Minneapolis, MN, U.S.A.) . . . . . . . . . . . . . 373

Retention characteristics of several compound classes in reversed-phase liquid chromatography with
fJ-cyclodextrin as a mobile phase modifier
by R. M. Mohseni and R. 1. Hurtubise (Laramie, WY, U.S.A.) . . . . . . . 395



CONTENTS

Reversed-phase ion-pair liquid chromatography of glucuronides. Retention and selectivity
by M. Stefansson and D. Westerlund (Uppsala, Sweden) . . . . . . . .

Basis of the rational selection of the hydrophobicity and concentration of the ion-pairing reagent in
reversed-phase ion-pair high-performance liquid chromatography
by A. Bartha and G. Vigh (College Station, Di" U.S.A.) and Z. Varga-Puchony (Veszprem,
Hungary) . . . . . . . . .

Estimation of the reversed-phase liquid chromatographic lipophilicity parameter log k',. using ET-30
solvatochromism
by 1. J. Michels and J. G. Dorsey (Gainesville, FL, U.S.A.)

Strategies of mobile phase transfer from thin-layer to medium-pressure liquid chromatography with
silica as the stationary phase
by S. Nyiredy, K. Dallenbach-Toelke, G. C. Zogg and O. Sticher (Zurich, Switzerland)

. Investigation and improvement of the Horvath-Lin equation of state
by P. Benedek and T. Janko (Budapest, Hungary)

Reversed-phase liquid chromatographic studies of non-ionic surfactants and related solutes
by P. Varughese, M. E. Gangoda and R. K. Gilpin (Kent, OH, U.S.A.)

Effect of alcohol chain length, concentration and polarity on separations in high-performance liquid
chromatography using bonded cyclodextrin columns
by I. Z. Atamna, G. M. Muschik and H. J. Issaq (Frederick, MD, U.S.A.) . . .

Optimization of selectivity, detectability and analysis time in high-performance liquid chroma
tography
by S. Ahuja (Suffern, NY, U.S.A.)

Strategy for peak tracking in liquid chromatography on the basis of a multivariate analysis of
spectral data )
by J. K. Strasters, H. A. H. Billiet and L. de Galan (Delft, The Netherlands) and B. G. M.
Vandeginste (Nijmegen, The Netherlands) . . . . . . . . . . . . . . .

Peak tracking and subsequent choice of optimization parameters for the separation of a mixture of
local anaesthetics by high-performance liquid chromatography
by J. K. Strasters, ·F. Coolsaet, A. Bartha, H. A. H. Billiet and L. de Galan (Delft, The
Netherlands) . . . . .. .

Performance of micro-liquid chromatographic columns in an industrial environment: a case history
by N. G. F. M. Lammers and J. H. M. van den Berg (Weesp, The Netherlands) and M.
Verzele and C. De~aele (Ghent, Belgium) . .

Direct coupling of capillary liquid chromatography with conventional high-performance liquid chro
matography
by T. Takeuchi, M. Asai, H. Haraguchi and D. lshii (Nagoya, Japan)

Appraisal of four pre-column derivatization methods for the high-performance liquid chromato
graphic determination of free amino acids in biological materials
by P. Furst, L. Pollack, T. A. Graser, H. Godel and P. Stehle (Stuttgart, F.R.G.)

IX

41 I

423

435

453

463

469

477

489

499

523

541

549

557

589

Preparation of electrophpric derivatives of N7-(2-hydroxyethyl)guanine, an ethylene oxide DNA
adduct
by K. Allam, M. Saha and R. W. Giese (Boston, MA, U.S.A.) . . . . . . . . . . . . 571

Application of 3-(2-furoyl)quinoline-2-carbaldehyde as a fluorogenic reagent for the analysis of pri
mary amines by liquid chromatography with laser-induced fluorescence detection
by S. C. Beale, Y.-Z. Hsieh, D. Wiesler and M. Novotny (Bloomington, IN, U.S.A.) 579

Chromatographic studies on the binding, action and metabolism of (- j-deprenyl
by H. Kalasz, L. Kerecsen, J. Knoll and 1. Pucsok (Budapest, Hungary) . .

Determination of fluoxetine and norfluoxetine by high-performance liquid chromatography
by S. H. Y. Wong, S. S. Dellafera, R. Fernandes and H. Kranzler (Farmington, CT, U.S.A.) 601



x CONTENTS

627

On-line high, performance liquid chromatography for the determination of cephalosporin C and
by-products in complex fermentation broths
by K. Holzhauer-Rieger, W. Zhou and K. Schiigerl (Hannover, F.R.G.) . . . . . . . . 609

Determination ofD-myo-1 ,2,6-inositol trisphosphate by ion-pair reversed-phase liquid chromatogra
phy with post-column ligand exchange and fluorescence detection
by H.lrth, M. Lamoree, G. l. de long, U. A. Th. Brinkman and R. W. Frei (Amsterdam, The
Netherlands) and R. A. Kornfeldt and L. Persson (Perstorp, Sweden) . . . . . . . . . 617

Separation of carotenes on cyclodextrin-bonded phases
by A. M. Stalcup, H. L. lin and D. W. Armstrong (Rolla, MO, U.S.A.) and P. Mazur, F.
Derguini and K. Nakanishi (New York, NY, U.S.A.) .....

Comparative supercritical-fluid chromatographic properties of carbon dioxide and sulphur hexafluo
ride-ammonia mixtures with packed columns
by l. L. Veuthey (Geneve, Switzerland) and l. L. lanicot, M. Caude and R. Rosset (Paris,
France) . . . . . . . . . . . . .. . .

Use of high-performance liquid chromatography for the characterization of synthetic copolymers
by G. Glockner (Dresden, G.D.R.) and H. G. Barth (Wilmington, DE, U.S.A.)

Effect of operating parameters on polymer molecular weight accuracy with time-delay, exponential
decay thermal field flow fractionation
by l. l. Kirkland and W. W. Yau (Wilmington, DE, U.S.A.) ...

Ion chromatography of transition metals on an iminodiacetic acid bonded stationary phase
by G. Bonn and S. Reiffenstuhl (Innsbruck, Austria) and P. landik (Milford, MA, U.S.A.)

Calculation of column performance in nitrate removal from water supplies by anion exchange
by R.-l. Leu, Y.-L. Hwang and F. G. Helfferich (University Park, PA, U.S.A.) . . .

Determination of inorganic anions by flow injection analysis and high-performance liquid chromato
graphy combined with photolytic-electrochemical detection
by L. Dou and I. S. Krull (Boston, MA, U.S.A.) .. .

Kinetics of cysteine oxidation in immobilized pH gradient gels
by M. Chiari, C. Chiesa, P. G. Righetti and M. Corti (Milan, Italy) and T. lain and R. Shorr
(Malvern, PA, U.S.A.) . . . . .

Capillary electrophoresis with indirect amperometric detection
by T. M. Olefirowicz and A. G. Ewing (University Park, PA, U.S.A.)

High-efficiency liquid extractor for isolation of a desired material from complex organic mixtures
by M. Brenner, C. Moirandat and R. Schlimme (Basle, Switzerland) . . . . . . .

Gas chromatographic study of the solution thermodynamics of organic solutes in tetraalkylammoni
urn alkanesulfonate and perfluoroalkanesulfonate solvents
by R. M. Pomaville and C. F. Poole (Detroit, MI, U.S.A.)

Author Index . . . . . . . . . . . . . . . . . . . . . . .

637

645

655

669

677

685

699

713

721

749

761

******************************************************************************************
* *
: In articles with more than one author, the name of the author to whom correspondence should be addressed is indicated in the ::
: articleheading by a 6-pointed asterisk (*) :

* *******************************************************************************************



Journal of Chromatography, 499 (1990) 1-3
Elsevier Science Publishers B.V., Amsterdam ~ Printed in The Netherlands

PREFACE

The present volume of the Journal ofChromatography is dedicated to Professor
Csaba Horvath, who celebrates his 60th birthday on January 25, 1990. Dr. Horvath
was born in Hungary and received his graduate degree in chemical engineering from
the Technical University of Budapest in 1952. He was on the faculty of the Depart
ment of Organic Chemical Technology until the end of 1956. At that time in the wake
of the Hungarian revolution he left his country for Germany, where for the next four
years he was employed at Farbwerke Hoechst AG in Frankfurt am Main-Hochst. His
work involved scaling-up of processes and then research on applied surface chem
istry, an experience that proved useful in his later work in chromatography.

In 1961 Dr. Horvath left industry and in 1963 received his Ph.D. in physical
chemistry from the Johann Wolfgang Goethe University in Frankfurt am Main. His
graduate research under the direction of the late Istvan Halasz was quite fruitful and
indicative of the directions his future career would take. In the course of his doctoral
research Csaba Horvath developed the first support-coated open-tubular columns!
for gas chromatography, as well as surface-treated beads? that would later evolve into
special column packings for high-performance liquid chromatography (HPLC). His
next position was as a research fellow at the Harvard Medical School, and in 1964 he
moved on to Yale University, where he has since remained. He currently holds the
rank of professor, and he is also chairman of the Department of Chemical Engineer
ing.

Since the late sixties Professor Horvath has established a vigorous research
program in biochemical engineering at Yale. His interest was first focussed on enzyme
technology and bioreactors, and later he devoted himself mainly to bioseparations
and established a leading research group in this field. Over the years he has tought
various courses in chemical engineering and supervised numerous doctoral theses.
Many of his former students have become eminent biochemical engineers.

During the mid 1960s Dr. Horvath (in collaboration with the late Sandy Lip
sky) pioneered the development of HPLC, and he was the first to construct and
publish a complete system for carrying out separations by this technique.':". Through
out the following two decades, Professor Horvath devoted most of his research efforts
to a better understanding of both the fundamentals and the practice of HPLC. More
than 200 technical publications and innumerable lectures during this period represent
an inspiring example of dedication to science -I personally know of no one who has
worked harder or accomplished more in this field.

Professor Horvath is associated with many specific innovations and new con
cepts that have collectively made an enormous impact on our use of chromatography.
His introduction of pellicular packings for HPLC played a significant role in the early
acceptance of this technique; he has also recently shown that similar particles with
diameters of 1-51lm are unique in their ability to separate large biomolecu1es in times
of a few seconds". Dr. Horvath was among the first to recognize the exceptional
promise of reversed-phase HPLC, aided by his further development of the solvo
phobic theory as a quantitative basis for understanding the physico-chemical basis of
retention in these systems":", and for interpretation of the hydrophobic effect". His
early application of reversed-phase chromatography to the separation of biochemical
mixtures stands as another landmark contribution. This theoretical work was later
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extended to a unified treatment ofHPLC retention based on concepts drawn from the
field of physical-organic chemistry.

In the late 1970s Professor Horvath began work in another major area of
HPLC: preparative separations, especially those based on displacement chromato
graphy9- 1 1 . This was a classic example of the use of some early (almost forgotten)
work to suggest a promising newline of research. At about the same time Profes
sor Horvath extended his earlier work on small biomolecules to the use of HPLC for
separating large biomolecules such as peptides, proteins and oligonucleotides. This
work aimed at both a theoretical understanding of these separations and the devel
opment of new column packings designed specifically for large biomolecules. In due
time his separate interests in preparative separations and analytical biotechnology
merged, and today he is an acknowledged leader in the area of preparative and
process chromatography of large biomolecules.

Professor Horvath is also famous for his interest in philology and his attention
to appropriate names for new (or old) ideas. Despite the fact he learned English
rather later in life upon arriving in the United States, he has mastered the language as
have few other chromatographers. We are indebted to him for coining many new
words such as "isocratic" which have become part of our language. His lectures are
always a highlight of any meeting, as much for their humor and entertainment as for
the novelty and importance of the results and ideas presented.

My own association with Csaba goes back to 1968, when, together with Barry
Karger we embarked on writing a book on separation science.'? -a project that
would stretch out over the next five years. I often recall this period with a smile,
because of our many meetings enlivened by Csaba's remarkable wit and ability to
express his thoughts in concise (and usually humorous) terms. Toward the end of our
book-writing activities, Csaba and I became involved in another project that lasted
for the balance of the 1970s. I was then at Technicon, and Csaba proposed that a
great improvement could be effected in the way certain clinical testing was carried out
-by making use of enzyme reagents that were immobilized on the inside of the
tubing used in the Technicon analyzers'P'!". He soon carried this concept from the
laboratory to production, and eventually these enzyme-coated tubes became a major
product line at Technicon. This work well illustrated Csaba's early involvement in
applied biochemistry and biochemical engineering, an area that he would later com
bine so successfully with HPLC.

During the past two decades I have often been in touch with Csaba, as have
many others. He is constantly traveling from one country to another, in order to
touch base with chromatographers and biotechnologists in all parts of the world. The
past two decades have brought him a wide recognition of his many contributions and
given him the opportunity to exercise his talents on a vast stage. Among his many
notable accomplishments, along this line I think first of his chairmanship of the
"HPLC'84" Symposium in New York City. This was at the time the best attended
HPLC meeting by far, with the most impressive collection of technical presentations.
Another important contribution is a series of volumes he has edited under the title
High-Performance Liquid Chromatography -Advances and Perspectives. He is also
the founder of the New England Chromatography Council, an active group of local
chromatographers, and was Chairman of the Chromatography Subdivision of the
American Chemical Society in 1987.
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He has served on the editorial boards of several journals, including the Journal
of Chromatography since 1977. Dr. Horvath has received numerous awards and other
honors, including the Dal Nogare Award (1978), the Commemorative Tswett Medal
of the USSR Academy of Science (1979), the M.S. Tswett Award in Chromatography
(1980), The Humboldt Award (1982), the American Chemical Society Award in
Chromatography (1983), the Chromatography Award of the Eastern Analytical
Symposium (1986), and honorary degrees from Yale (1986) and the University of
Technical Sciences in Budapest (1986). He is also an honorary member of the Hun
garian Chemical Society (1986).

Finally, I would like to acknowledge Csaba as both a personal and professional
associate, one who over the years has exhibited all the characteristics of a good and
loyal friend: sympathy, empathy, consistency, caring and sharing. It is encouraging to
see that he has not slowed down after 60 years, and we all wish him well in the years to
come.

Orinda, CA (U.S.A.) L. R. SNYDER
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2 1. Halasz and Cs. Horvath, Anal. Chem., 36 (1964) 1178.
3 Cs. Horvath and S. R. Lipsky, Nature (London), 211 (1966) 748.
4 Cs. Horvath, B. A. Preiss and S. R. Lipsky, Anal. Chem., 39 (1967) 1422.
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DETERMINATION OF COMPETITIVE ADSORPTION ISOTHERMS FOR
MODELING LARGE-SCALE SEPARATIONS IN LIQUID CHROMATO
GRAPHY
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BioWest Research, P.O. Box 135, Brisbane, CA 94005 (U.S.A.)

and

JOHN FRENZ*
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SUMMARY

Preparative and process-scale high-performance liquid chromatography has
assumed an increasingly important role in the production of highly purified
substances, such as proteins expressed by recombinant DNA technology for use as
human pharmaceuticals. The theory for modeling chromatographic separations is
well-developed, but requires data on the competitive adsorption behavior of all
mixture components for accurate predictions and process design. This paper describes
two new methods for determining competitive adsorption isotherms from multi
component frontal chromatography experiments. The first new method reported
here complements a method described previously that employed the theory of
chromatography to estimate Langmuir isotherm parameters from the breakthrough
volumes in frontal chromatography. The new method estimates Langmuir parameters
from the experimentally determined compositions of the breakthrough zones, rather
than from retention volumes, and so provides a check on the magnitudes of these
parameters, but also yields values that may more accurately predict the concentrations
of zones in a chromatogram than the Langmuir parameters estimated by other
methods. The second method is based on both the mass balance and composition
velocity approaches to analysis of the profile obtained in frontal chromatography. The
method does not require measurement of concentrations in the profile, instead,
concentrations are estimated according to the theory of chromatography from the
breakthrough volumes of zones of different composition. The resulting method
enables calculation of data points for mobile and stationary phase concentrations at
equilibrium, yet it eliminates the need for a tandem rapid analytical high-performance
liquid chromatographic unit to monitor effluent compositions.

INTRODUCTION

Preparative chromatography has long been an essential tool for purification of
compounds at the laboratory and production scales. Recently, large-scale high-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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performance liquid chromatography (HPLC) has become an important process
purification step, and is used in the production of biosynthetic human insulin 1. Such
proteins, produced by recombinant DNA technology, require extremely high purity
for their intended use as human pharmaceuticals". HPLC is one of the most important
analytical techniques for verifying purity:' and for isolating contaminants or variants
of a protein". The separation by HPLC can be relatively easy to scale-up", and so has
lately taken its place in the process stream as a purification step par excellence". In
order to support this extension ofHPLC into large-scale applications, a growing body
of theoretical work has been reported, to model the different modes ofLC, to describe
column behavior and to predict separation performance. Horvath has been a pioneer
in this area, working on both theoretical and practical aspects of preparative
HPLC6

-
23

, measuring adsorption isotherms24
,2 5 and demonstrating the importance

of theory in understanding the workings of large-scale HPLC that differs in certain
respects from the more familiar analytical modes 2 6

-
3 o

.

Large-scale HPLC is most efficiently operated at relatively high concentrations,
where manifestations of "column overloading" may be apparent '". These phenomena
give rise to asymmetrical peak shapes 3 2

, displacement effects'" and selectivity
reversals l" that may impede simple strategies for scale-up from the analytical
separation. Therefore, mathematical modeling of the process can provide valuable
insight into the physical processes occurring within the column and aid in design of the
HPLC system. Since HPLC is a relatively expensive process, and a very high resolution
step, an adequate understanding of the dynamics of the chromatographic process is
essential to an efficient and effective installation. While modeling is not a substitute for
experimentation with a variety of mobile and stationary phase systems in the
development process, it can be important to rapidly gaining insight into, and
optimizing the HPLC step in use".

A key element in accurately modeling the chromatographic process is the data
describing the equilibrium adsorption of each of the components in the system
constituting the feed material and mobile phase components. No prediction ofcolumn
performance can be made without first measuring or estimating adsorption isotherms
for these components under the conditions of interest, and the accuracy of the
prediction is strongly dependent on the accuracy of this data?". At elevated
concentrations, such as employed in large-scale separations, interference-v"? among
components is important, and an adequate description of the way in which species
mutually affect one another's adsorption properties also can improve the accuracy of
the modeling effort. Little effort, however, has gone into determining multicomponent
isotherms in chromatographic systems, until the work of Horvath cited above. This is
due to the low efficiency of "classical" chromatographic columns, where the influence
of such effects would be negligible compared to the large bandspreading forces, and
to the de facto restriction of HPLC systems to low, analytical-scale concentrations,
where interference effects are not manifest. Thus, the modern columns and equipment
for large-scale HPLC need a higher level of sophistication in isotherm determination in
order to represent column behavior that can differ substantially from that associated
with separations in analytical modes of chromatography.

Jacobson et al.24
,2 5 have presented methods for measurement of single- and

multicomponent isotherms in HPLC by frontal methods that are accurate and
economical of both time and sample. Two of the methods developed by these workers
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and reported in the chemical engineering literature-", describe techniques and
instrumentation for rapidly measuring competitive adsorption isotherms of systems
with, in principal, any number of components. These methods, described in the next
section, differ in experimental complexity and in their restriction to Langmuir
adsorption behavior. The first method utilizes a mass balance on the frontal
chromatographic concentration profile, and so requires monitoring of the column
effluent by a selective detector, such as the tandem HPLC analytical unit described in
ref. 25. The second method did not require the selective detector, but was restricted to
compounds whose adsorption behavior could individually be described by a Langmuir
model. In this report, two additional means of determining competitive adsorption
behavior are described and applied to the same data set as the earlier methods'". The
first new method reported here employs the theory of chromatography''" to obtain
Langmuir adsorption parameters that best describe the concentration levels obtained
within the frontal chromatogram. This complements the earlier method that was
optimized to predict the breakthrough volumes of the steps in the chromatogram. The
second new method employs a mass balance, but concentration values in the frontal
chromatogram are not measured, rather they are estimated from the results of the
compositions velocities method in ref. 25. This method has the advantage of yielding
discrete surface concentration data points, without the need for an ancillary analytical
HPLC. Incorporation of the mass balance approach in this method also relaxes the
strict adherence to Langmuir adsorption behavior that is associated with the other
simplified methods. This paper willalso show how the two new methods, together with
the earlier approaches, provide an arsenal of techniques for accurate data gathering for
modeling column performance in large-scale HPLC.

THEORY

The Langmuir isotherm
The Langmuir adsorption isotherm3 8 for a system of n components is commonly

expressed as

(I)

where qi is the surface concentration of component i in equilibrium with mobile phase
concentration Ci, and a, and b, are parameters characteristic of species i. It has been
shown:" that eqn. I violates the Gibbs-Duhem isotherm, unless adbi is constant for all
i, and so is thermodynamically inconsistent as an extension of single component
isotherms. Alternative models have been proposed"? but the resulting isotherms are
more complex, require collection of more adsorption data in order to evaluate
parameters, and do not satisfy the assumptions underlying the theory of chromato
graphy''", an analytic approach to solution of the equations for ideal multicomponent
chromatographic behavior. Thus the Langmuir model has retained broad popularity
as a means of expressing adsorption data. The aim of this and the previous report." is
essentially to put forward methods for conveniently and accurately evaluating the
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parameters in eqn. 1 for multicomponent systems in order to improve the reliability of
the Langmuir formalism in predictions of chromatographic behavior.

The h-transformation
The theory of multicomponent chromatcgraphy'P''l" is a comprehensive

treatment of ideal column performance that has been shown to accurately model
high-performance displacement chromatography in a reversed-phase system2 7

. This
theory underlies one approach to determination of isotherms described earlier? 5. Only
the results of the treatment are described here, and the reader is directed to the original
references for a full description of the approach.

The h-transformation, as developed by Helfferich" and Helfferich and Klein '",
is a means for transforming the dependent variables, c., to natural variables, dubbed hi,
in order to simplify mathematical analysis of chromatographic performance. For
compounds that obey the Langmuir isotherm, eqn. 1, the transformation is given by

(2)

Eqn. 2 is an n-th order polynomial with roots ordered as h, > hz > ... > h-. The
transformation simplifies calculation of breakthrough volumes, Vi, that are given in
reduced terms as

where

n i-l n

Pi = TI hj • TI h j b TI aj/al
j=i+l j=l j=l

(3)

(4)

and <p = Vsp/Va is the phase ratio in the column, Vspis the volume of stationary phase
in the column, Va is the column dead volume and Vi is defined as the reduced front
velocity'". hi. and hib are the values of hi ahead of and behind the composition change,
respectively.

The reverse of the h-transformation is given by

(5)

from which concentrations within a zone can be calculated from known values of hi.

Frontal chromatography
Frontal chromatography can be operationally defined as that mode in which the
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composition of the mobile phase flowing into the column is changed in a stepwise
fashion and the breakthrough profile is monitored from the initial conditions until the
final composition is reached. This technique can be used to very efficiently purify the
least-retained component of a mixture". Fig. 1 shows a general breakthrough profile
obtained for a two-component mixture, in which the composition at the column inlet
has been increased from CIa. CZa to Clb, CZb, where the subscripts 1 and 2 distinguish the
two components of the feed, and a and b refer to the initial and final conditions,
respectively. Fig. 1shows that intercalated between the initial and final compositions is
a band of intermediate composition, with concentrations Clm, cZm, where m indicates
the middle, or "mezzanine" band. The breakthrough profile shown in Fig. I is typical
of binary frontal chromatography, and in general, a frontal chromatogram of an
n component mixture will contain n-l zones of intermediate composition, each of
them a mezzanine band36. The other characteristic feature of an n-component frontal
chromatogram is that it contains n fronts between zones of changing composition,
such as those labelled VI and VZ in Fig. 136

.

Methods for isotherm determination
The method of mass balance (MM B). One way to determine points on the

competitive adsorption isotherm is by a mass balance on the profile shown in Fig. 1, as
has been described earlier". When the experiment is performed so that all
concentrations increase from the initial to the final conditions, and sharp fronts are
obtained as in Fig. 1, the increase in the amount of component i bound to the surface is

where VD is the system dead volume, VI and Vz are the breakthrough volumes of the
fronts and Vsp is the volume of adsorbent in the column. Thus the complete adsorption

o 1.0 2.0 3.0 4.0

Volume of Effluent 10.6• [m3]

Fig. I. Schematic of the profile obtained in a frontal chromatography experiment, in which the composition
of the mobile phase pumped into the column is changed from C'"C2a to C,b,C2b' The composition of the
mezzanine zone in the column effluent is Clm,C2m' VI and V2 are the breakthrough volumes of the boundaries
of the mezzanine zone and VD is the dead volume of the system. Reprinted with permission of the American
Chemical Society from ref. 25.
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isotherm over the concentration range of interest can be determined by several frontal
chromatography experiments with different combinations of initial and final con
ditions spanning the concentration range of interest. Jacobson et al.zs have
implemented this approach on a microbore column scale, and described an apparatus
for determining the mezzanine concentrations, Clm, CZm , which must be measured
along with the breakthrough volumes VI and Vz. One advantage of the mass balance
method for isotherm determination is that it is not restricted to compounds that exhibit
Langmuir adsorption behavior, but in principal can be applied to any system for which
frontal chromatographic data can be obtained.

The methodofcomposition velocities (MeV). An alternative means ofestimating
competitive adsorption isotherms of substances that approximate Langmuir behavior
was also advanced in ref. 25. This method, based on the theory of chromatography,
requires that the breakthrough volumes in the frontal chromatogram be measured, i.e,
VI and Vz in Fig. 1. These values can then be regressed to a model for chromatographic
retention to determine isotherm parameters. The model used is that due to Helfferich
and Klein 3 6

, which uses the h-transformation, eqn. 2, in order to simplify the
mathematical description of the chromatographic process. For two components eqn.
2 becomes a quadratic equation with roots given by

(7)

where

(8)

and

(9)

and the roots are indexed as h, > ha.
For two components, eqns. 3 and 4 become

(10)

and

(11)

A non-linear regression can be performed, as described previously, using eqns. 7-11
and values of Vi measured in several frontal chromatography experiments to obtain
Langmuir adsorption parameters, a, and hi, for each of the components of the mixture.
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The isotherms so obtained closely approximate the adsorption behavior as determined
by the more involved mass balance approach", at least for the system examined.

The method of mezzanine concentrations (MMC). The two new isotherm
determination methods reported here are complements to the approaches developed
earlier, viz., MMB and MCV. The first, termed the method of mezzanine concen
trations (MMC), employs measured compositions of the mezzanine bands and
correlation with the "reversed h-transformation", given for two components by

(12)

and

(13)

Together with eqns. 7-9, eqns. 12 and 13 express mezzanine concentrations in terms of
the Langmuir parameters a, and b, and the initial and final concentrations of the step
change in concentration at the inlet of the column. This model therefore provides an
alternative set of equations to which measured Cim values can be regressed in order to
obtain values of a, and b, that are optimized for prediction of concentration values in
the reversed h-transformation.

The hybrid method of mass balance (HMMB). The second method advanced
here is a modification of the mass balance approach, in which the values of Cim in eqn. 6
are not measured, but estimated by eqns. 12 and 13 using the Langmuir parameters
given by the regression ofMCV. Thus in this method, only breakthrough volumes, Vi,

are determined exprimentally, obviating the need for the tandem HPLC experimental
set-up employed in the rigorous mass balance approach'". This modification of the
mass balance, which is a hybrid ofMCV and MMB, is thus termed the hybrid method
of mass balance (HMMB). While HMMB employs the mobile phase concentration
values estimated by MCV, it yields discrete data points on the adsorption isotherm,
like MMB, and the restriction to Langmuir adsorption behavior is relaxed, compared
to MCV and MMC.

RESULTS AND DISCUSSION

Comparison of the methods
The two methods proposed here, together with those reported earlier" provide

four distinct approaches for the determination of competitive adsorption isotherms
from frontal chromatographic experiments. The approaches are all suited to
measurements with columns and equipment developed for HPLC, and rapidly provide
data of high precision with relatively small sample amounts. The four methods differ in
certain important respects that are summarized in Table 1. The mass balance method
(MMB) requires measurement of both Vi and Cim for isotherm determination, while the
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TABLE I

COMPARISON OF FOUR METHODS FOR DETERMINING COMPETITIVE ADSORPTION
ISOTHERMS

Y = Yes, N = no.

Method name abbreviation

MMB MCV MMC HMMB

Data required by each method
Measured Vi Y Y N Y
Measured Cim Y N Y N
Estimated Cima N N N Y

Values determined by each method
Isotherm data points" Y N N Y
Langmuir parameters N' Y Y N'

Restricted to Langmuir behavior N Y Y Nd

a Cim estimated by Langmuir parameters from MCV and eqns. 12 and 13.
• Y indicates that discrete surface concentrations are determined for each mobile phase composi-

tion.
c Langmuir parameters can be determined by regression of isotherm data points to eqn. I in

a subsequent analysis.
d Mezzanine concentrations are estimated by assuming Langmuir behavior, but the calculated

isotherm can show departures from the Langmuir form.

methods of composition velocities (MCV) and hybrid mass balance (HMMB) require
measurement only of Vi' The method of mezzanine compositions (MMC) employs
only the measured mobile phase concentrations, Cim' In HMMB, Cim values are
employed in the calculations, but these values are estimated from the results of the
MCV technique. The four methods also differ in the values that are produced by the
data manipulations. Both MMB and HMMB yield discrete isotherm data points, i.e.,
values of surface concentrations, q., for each experimental value of mobile phase
concentration, Ct. The MCV and MMC methods, on the other hand, yield parameters
of the Langmuir equation, a, and hi, since these methods are regressions of measured
data to models derived from the theory of chromatography that assumes Langmuir
behavior. In the discussion below the results of the isotherm determinations by each
new model are described and compared with the other methods.

The method of mezzanine concentrations (MMC)
The data employed in the regression of the mezzanine concentration values to

eqns. 12 and 13, taken from refs. 25 and 41, are given in Table II. Each line in Table II
represents one frontal chromatography experiment, in which the column equilibrated
with the solution of composition CIa> C2a was switched to Clb, C2b and the effluent
monitored with a fast analytical HPLC unit to determine the mezzanine composition
Clm, c2m' The data were collected over three regimes of compositions: the 3:1 regime in
which initial and final concentrations of p-cresol and phenol were in a 3:1 molar ratio,
the 1:1 or equimolar regime, and the 1:3 regime, in which the p-cresol to phenol molar
ratios were 1:3. To determine the Langmuir parameters of the two components these
data were regressed to the model for Cim given by eqns. 12 and 13 as outlined above.
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TABLE II

CONCENTRATION DATA EMPLOYED IN REGRESSION FOR DETERMINATION OF
LANGMUIR ISOTHERM PARAMETERS BY THE METHOD OF MEZZANINE CONCENTRA-
TIONS

Concentrations in mol/l, component I = p-cresol, component 2 = phenol, a = ahead of the composition
change, m = mezzanine composition, b = behind the composition change.

Initial Mezzanine Final

CIa CZa elm e2m Clb C2b

0.0000 0.0000 0.0000 0.0015 0.0038 0.0013
0.0038 0.0013 0.0042 0.0046 0.0113 0.0038
0.0113 0.0038 0.0122 0.0073 0.0188 0.0063
0.0188 0.0063 0.0205 0.0102 0.0263 0.0088
0.0263 0.0088 0.0293 0.0148 0.0375 0.0125
0.0375 0.0125 0.0403 0.0188 0.0488 0.0163
0.0488 0.0163 0.0515 0.0223 0.0600 0.0200
0.0600 0.0200 0.0649 0.0272 0.0750 0.0250
0.0000 0.0000 0.0000 0.0021 0.0025 0.0025
0.0025 0.0025 0.0026 0.0080 0.0075 0.0075
0.0075 0.0075 0.0082 0.0133 0.0125 0.0125
0.0125 0.0125 0.0133 0.0185 0.0175 0.0175
0.0175 0.0175 0.0191 0.0265 0.0250 0.0250
0.0250 00250 0.0263 0.0342 0.0325 0.0325
0.0325 0.0325 0.0332 0.0404 0.0400 0.0400
0.0400 0.0400 0.0416 0.0489 0.0500 0.0500
0.0000 0.0000 0.0000 0.0037 0.0013 0.0038
0.0013 0.0038 0.0016 O.Olll 0.0038 0.0113
0.0038 0.0113 0.0042 0.0186 0.0063 0.0188
0.0063 0.0188 0.0071 0.0268 0.0088 0.0263
0.0088 0.0263 0.0100 0.0389 0.0125 0.0375
0.0125 0.0375 0.0138 0.0493 0.0163 0.0488
0.0163 0.0488 0.0172 0.0583 0.0200 0.0600
0.0200 0.0600 0.0223 0.0713 0.0250 0.0750

The Langmuir isotherm parameters for p-cresol (component 1) and phenol
(component 2) resulting from this regression (MMC) are listed in Table III, along with
the corresponding parameters reported earlier for the mass balance (MMB) and
composition velocity (MeV) methods. The three methods yield differing values of the

TABLE 111

LANGMUIR PARAMETERS FOR p-CRESOL AND PHENOL DETERMINED BY THREE
MULTICOMPONENT FRONTAL CHROMATOGRAPHIC METHODS

Method

MMB
MCV
MMC

p-Cresol Phenol

a b (M- l ) a b (M- l )

32.0 24.2 11.0 11.6
23.1 13.2 10.3 10.8
33.0 14.9 9.34 7.97
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Fig. 2. Comparison of competitive adsorption isotherm of (A) p-cresol and (B) phenol determined by two
different methods. The data points, from ref. 25, were obtained by the method of mass balance withp-cresol
to phenol molar ratios of 3:1 (0), 1:l (D) and 1:3 (lI). The solid lines are the corresponding isotherms
calculated by eqn. I using the MMC parameters from Table III.

four parameters. These differences demonstrate that even the relatively simple system
examined here does not rigorously follow Langmuir adsorption behavior, since an
ideal Langmuirian system would yield identical parameters by all three methods. The
Langmuir model has been shown to be thermodynamically inconsistenr'", so this
result is unsurprising. As an empirical tool, however, the Langmuir isotherm provides
an adequate representation of the adsorption behavior of many systems't' and is the
most convenient competitive isotherm that satisfies the assumptions underlying the
theory of ideal multicomponent chromatography. Since the HPLC system does not
rigorously adhere to the assumptions underlying the Langmuir model, selection of the
appropriate method of determination of Langmuir parameters provides a means of
optimizing the parameters to most accurately model the system of interest. Thus, the
availability of several different means of determining isotherm parameters also
enhances the utility of the Langmuir model.

The adsorption isotherms predicted by MMC deviate significantly from the
adsorption data obtained by MMB, as seen in Fig. 2. The data obtained for each of the
three regimes of concentration are shown together in Fig. 2. In all three regimes the
MM C parameters greatly overestimate the amount ofp-cresol adsorbed to the surface,
while surface-bound phenol is accurately estimated. Examination of the Langmuir
parameters in Table III shows that hI for p-cresol is lower when determined by the
MMC method than by MMB, while the al values are similar. Since hI appears in the
denominator of the compound Langmuir isotherm, eqn. I, the result is an overestima
tion of the amount of p-cresol bound. The large deviation in Fig. 2A indicates that this
approach is not an accurate method for determining the adsorption isotherm of
individual species, at least for the system examined here. An analogous result has been
obtained for modeling displacement chromatography in a reversed-phase system?".
The Langmuir parameters obtained by frontal chromatography in that study yielded
results that matched retention times well, but were less successful at predicting
compositions of individual bands. Thus, a single set of parameters is inadequate to
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describe all features of the chromatographic system. These results reiterate the
finding that Langmuir models have limited scope in modeling the adsorption behavior
even of simple systems such as p-cresoland phenol in reversed-phase chromatography,
so the parameters must be optimized for the intended use.

MMC poorly predicts the adsorption isotherms of these compounds but, since it
is a regression of a model for Cim data, it would be expected to accurately predict mobile
phase concentration values. The Langmuir isotherm is a convenient means of
empirically representing adsorption data so a judicious choice of the protocol for
regression of the data can improve the accuracy of the predictions of a model based on
this isotherm. Fig. 3A compares the mezzanine concentrations predicted by the
Langmuir parameters of the MMB approach, with the experimentally measured
mobile phase concentrations. The calculated concentrations in the ordinate were
obtained with the MMB parameters of Table III and using eqns. 7-9, 12 and 13. The
results of the same comparison using the MMC parameters are shown in Fig. 3B, and
demonstrate that the MMC parameters, which are optimized for this calculation,
perform slightly better for prediction of mezzanine concentrations, particularly at high
concentrations. In calculations involving estimates of the concentrations in a band,
therefore, the MMC approach may be the best choice for representing Langmuir
parameters. In this way the choice of the approach to determining Langmuir
parameters may compensate for part of the inaccuracy of this means of data
representation in particular applications.

The hybrid method of mass balance (HMMB)
In the hybrid mass balance method of competitive isotherm determination, the

mezzanine concentrations are estimated by the MCV approach, and used in lieu of
measured concentrations in eqn. 6. This method is thus a hybrid of the MCV and
MMB methods, since it is experimentally as simple as the MCV, yet it retains some of
the stringency of the mass balance approach, which is not restricted to a particular
isotherm model. Fig. 4 shows the mezzanine concentrations estimated using eqns. 7-9,
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Fig. 3. Comparison of mobile phase concentrations in the mezzanine band, Cl m and C2m, calculated by eqns.
7-9, 12 and 13 with the Langmuir isotherms parameters determined by (A) MMB and (B) MMC. The
parameters were taken from Table III.



16 J. M. JACOBSON, J. FRENZ

0.08 r-~-r---r---r---"

:;;

r£ 0.06
.e
~
E..
U
l: 0.04
o
u

"D..
10
~ 0.02
u
10o

0.02 0.04 0.06 0.08

Measured concentration, M

Fig. 4. Comparison of mezzanine concentrations calculated by eqns. 7-9, 12 and 13 with the Langmuir
isotherm parameters determined by MCV. The parameters were taken from Table III.

12and 13with the MCV Langmuir parameters from Table III.The calculated HMMB
and measured MMB concentrations using this approach agree well. When these
estimated concentrations are used in Eqn. 1 along with the measured Vt and V2

breakthrough volumes given in Table I of ref. 25, a good fit to the measured isotherm
points results, as shown in Fig. 5. At the upper limit of the range of concentrations for
which the isotherms were determined the deviation between the two isotherms is
greatest. According to eqn. 6, errors in determination of Cim in this range will result in
a proportional error in L1qi. Nevertheless, over most of the concentration range studied
the fit to data points measured by MMB is excellent. Since it has been shown above
that this chromatographic system deviates from the Langmuir model, an approach
such as HMMB may be the most convenient for gathering accurate competitive
adsorption data.

The hybrid approach employs MCV only to estimate mezzanine concentrations,
so can be expected to more accurately estimate adsorption isotherms than MCV
proper, which is forced to obey the Langmuir model. Fig. 6A shows the excellent
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phenol determined by MMB (0) and HMMB(O) for the three concentration regimes described in Fig. 2.
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measured surface concentrations are those determined by MMB for p-cresol (0) and phenol (D) and shown
in Fig. 2.

match between surface concentrations determined by MMB and calculated by
HMMB. Fig. 6B shows the comparison between surface concentrations measured by
MMB with those calculated using the MCV parameters from Table III and the
Langmuir isotherm model, eqn. I. Comparison of the two figures illustrates the
significant improvement in representation of adsorption data afforded by the hybrid
approach. Since the reversed-phase system employed here does not stringently adhere
to the assumptions underlying the Langmuir model, the added flexibility provided by
the hybrid mass balance approach improves the accuracy of isotherm determination.

CONCLUSIONS

As noted previously, the Langmuir isotherm is not an exact representation of the
adsorption behavior of this reversed-phase system, as evidenced by the deviation of
adsorption parameters obtained by the four different approaches applied to the same
set of data. One way to improve accuracy in the face of this deviation is by regression of
measured data to a model for the variable of interest. This is the approach employed in
the method of mezzanine concentrations advanced here. The Langmuir parameters
then are optimized so that the best fit of calculated to measured concentration values in
the frontal chromatogram are obtained. This method is shown here to improve the
calculated concentration values, compared to other means of determining Langmuir
parameters. The parameters obtained by MMC are tailored for this calculation, and
poorly estimate other adsorption behavior, such as the amount of a component
adsorbed to the surface. Nevertheless, this method is one way to improve the utility of
the Langmuir model in predictions of column performance.

The second new method described here is an improvement on the method of
concentration velocities (MCV) previously described. The new method, termed the
hybrid mass balance method, requires the same experimental data as the MCV, but is
more accurate for systems, such as that examined here, that deviate from strict
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adherence to Langmuir adsorption. The method is a hybrid of the mass balance and
concentration velocity procedures reported earlier, with nearly the accuracy of the
former and the experimental simplicity of the latter approach.

With the increasing emphasis on large-scale HPLC, interest has grown in
modeling of column performance, so that techniques for assessing adsorption
behavior of systems of interest are required. The two new methods described here,
building on the approaches reported earlier, provide the tools for such an assessment.
Analysis of frontal chromatographic data with these methods can reveal the nature of
competitive adsorption, the degree of adherence to Langmuir isotherm behavior, and
provide optimal parameters to facilitate use of the Langmuir model in prediction of
HPLC system performance.
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QUANTITATIVE COMPARISON BETWEEN THE EXPERIMENTAL BAND
PROFILES OF BINARY MIXTURES IN OVERLOADED ELUTION CHRO
MATOGRAPHY AND THEIR PROFILES PREDICTED BY THE SEMI-IDEAL
MODEU
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and
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SUMMARY

The experimental elution profiles of the components of a binary mixture were
determined under conditions where the column is strongly overloaded and the two
bands interfere markedly. These profiles were derived from the analysis of approxi
mately 100 fractions collected during the elution oflarge samples of synthetic mixtures
of two similar compounds having different compositions. The system investigated was
the separation of 2-phenylethanol and 3-phenylpropanol on Vydac ODS silica eluted
isocratically with methanol-water (50:50).

The results demonstrate the displacement and the "tag-along" effects previously
predicted on the basis of theoretical investigations of the elution behavior of binary
mixtures in non-linear chromatography. The displacement of the first band by the
second takes place essentially when the concentration of the second eluted component
is the larger. The tag-along effect of the second component is observed when the major
component of the mixture is the first eluted.

Comparison between the experimental profiles and the profiles predicted by the
semi-ideal model was performed using the competitive Langmuir isotherm model. For
numerical calculations, the parameters of these isotherms were determined by
measurement of the single-component isotherms of each of the two compounds by
frontal analysis. The results of the comparison show that the competitive Langmuir
isotherm gives only a fair approximation of the multi-component adsorption behavior
of the two compounds studied. Competition between them for adsorption seems to be
stronger than predicted by the competitive Langmuir model.
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INTRODUCTION

A. M. KATTI, G. GUIOCHON

Recent investigations on the theory of non-linear chromatography have led to
the prediction of the profiles of incompletely separated bands, such as those which are
often observed in preparative liquid chromatography1,2 . These predictions are based
on simple assumptions and straightforward derivations, which gives them high
credibility", Comparison between these predictions and experimental results must be
performed systematically, because a detailed understanding of the processes involved
in preparative chromatography can only come from a fruitful combination of sound
theory and carefully planned and executed experiments. This understanding is
required in order to improve the methods used in the design and operation of
preparative chromatographs in laboratories and in plants.

Few experimental results are available at this stage that could permit a proper
investigation of the important new phenomena in overloaded elution chromatography
predicted by the theoretical models, the displacement and the "tag-along" effects".
Both effects result from the competition of the components of a mixture for the
stationary phase due to adsorption, exchange, complexation or reaction. The
displacement effect results from stronger interaction of the more retained compound
with the stationary phase. The higher the concentration of the second eluted
component and the larger the separation factor of the two components, the stronger is
the displacement effect. The tag-along effect results from the crowding of the
stationary phase by the molecules of the less retained component in the front part of
the mixed band between the two interfering components, when they are not completely
resolved. This crowding increases with increasing relative concentration of the first
component in the sample and with decreasing value of the separation factor.
Accordingly, the tag-along effect is most prominent when the relative concentration of
the second component is lower than that of the first and their separation factor is close
to unity.

The displacement effect is more common since displacement chromatography is
a well known process and an established technique of separation. Moreover, this effect
proceeds from the same phenomenon, but under slightly different conditions (there is
no wayan isotachic train can develop under elution conditions, as a plateau does not
form). This effect has been reported experimentally, on a qualitative basis, by
Newburger and co-workersv" and Hodges7

, among others". The tag-along effect has
not yet been documented experimentally.

Comparison between the band profiles predicted by the theory of non-linear
chromatography for a binary mixture and the experimental band profiles raises the
difficult problem of determining the two individual profiles. Although some tests can
be made under conditions when the elution bands are totally or nearly completely
resolved, the most definitive experiments will obviously involve the investigation of
bands which are incompletely separated. The use of the signal of conventional LC
detectors is unsuitable. Although pairs of solutes can be found such that one of them
absorbs at a UV wavelength where the other is transparent, there are several major
drawbacks to this approach. First, this scheme permits the detection of only one
component and not the other, which leaves half the problem unsolved. Second, the two
compounds selected will necessarily have markedly different chemical structures.
Their chromatographic separation is then a trivial problem. Moreover, few relevant
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conclusions can be derived from the results regarding the competitive adsorption
isotherms of chemically unrelated compounds. The important separation problems in
both preparative and analytical chromatography are those which involve closely
related compounds. Finally, the calibration of UV detectors under the conditions
where they must be used is a difficult task, complicated by the need to avoid any
response contribution due to the other component.

Accordingly, we have used a more direct approach. Bands are generated by
injecting large samples of binary mixtures of various compositions, where a certain
degree of band interference occurs. A large number of fractions are collected during
the elution of these bands and they are analysed by liquid chromatography under
conditions where total separation of these analytical samples occurs. From these
quantitative analyses, the desired elution profiles of each component are calculated.
The method is simple and powerful. This procedure is not very time consuming if an
automatic fraction collector and an automatic sampling system are used, especially in
overnight runs.

The second difficulty encountered in the systematic investigation of the validity
of theoretical predictions is the prerequisite for a suitable set of equations to describe
the equilibrium isotherms of the compounds used. The studies of phase equilibria
made so far have focused on single-compound equilibria and they are of little interest
in preparative chromatography. Of major concern, in contrast, is the competitive
isotherm behavior of the two components of the mixtures considered. In practice, there
is only one workable model available, the set of competitive Langmuir isotherms. The
validity of this model has not been investigated systematically in order to determine its
limitations. It has been shown that it cannot be used to model crossed isotherms'i-!".
The Langmuir model assumes ideal behavior of both the mobile phase and the
adsorbed layer, whereas we know that molecular interactions are pervasive in
condensed phases. Deviations between the predictions of the semi-ideal model and the
experimental results are important to determine, as they will give important clues
regarding the extent of the deviations between the actual adsorption behavior of the
compounds investigated and the predictions of the competitive Langmuir model.

This paper presents the first results obtained in a long series of experiments and
reports on the first experimental demonstration of the tag-along effect. Additionally, it
reports on the degree of agreement observed between the theoretical predictions and
the experimental profiles derived from the experiment. This leads to important
conclusions regarding the validity of the competitive Langmuir isotherm model.

THEORY

Band profiles in this paper are predicted by numerically solving the system of
partial differential equations that describes the band migration in liquid chromato
graphy", This system ofequations states the conservation of mass for each component
of the mixture in a column slice. For a binary mixture, assuming plug flow and
equilibrium for both components between the mobile and the stationary phases (ideal
model) at all points along the column, the mass balance equations are written as
follows for each component i in the mixture:

FdQJdt + dCJdt + uodCJdz = 0 (1)
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A solution of this system of equations requires a relationship between the Qi and
the C values (i.e., the composition of the stationary phase in equilibrium with the
mobile phase). One of the simplest relationships that describes this equilibrium is the
Langmuir competitive equilibrium isotherm:

(2)

The parameters of these two equations are obtained by determining successively
the single-component isotherms of each of the pure two components. This very simple
procedure and the functional simplicity of eqn. 2 explain the great interest for the
competitive Langmuir isotherm in practical applications of the theory of non-linear
chromatography.

Given the concentration-time functionality at the entrance of the column
(injection profile) and the values for the various parameters, the system of eqns. 1 and
2can be solved numerically2.3.The band-broadening effects of the axial dispersion and
the deviation of the system from thermodynamic equilibrium, which are the basic
reasons for the finite column efficiency, can be accounted for by employing a finite
difference algorithm for the calculations. The column is divided into a linear grid, nh,
and the concentrations of the two compounds are calculated at each summit of the
grid, at increasing times, lt: By using carefully chosen space (h) and time (t)
increments ll

•
1 2

, we can obtain a solution where the column height equivalent to
a theoretical plate (HETP) is based on the average variance of the two components
eluting under linear conditions. Thus, the finite nature of the column efficiencyis taken
into account numericallyv'.

EXPERIMENTAL

Equipment
The modular liquid chromatograph used for the preparative separations was

assembled from two Waters Assoc. (Milford, MA, U.S.A.) Model 510pumps, a Valco
(Houston, TX, U.S.A.) electrically actuated six-port valve fitted with a 100-,u1 sample
loop, a Kratos (Ramsey, NJ, U.S.A.) Spectroflow 757 variable-wavelength detector
operated at 272 nm and a Gilson (Middleton, WI, U.S.A.) Model 232/401 automatic
sample processor and injector with a Model 401 diluter operated in the fraction
collection mode. The pumps were controlled and the detector signal was monitored via
a Waters Assoc. system interface module using the Waters Assoc. Maxima 860
Dynamic Solutions (Ventura, CA, U.S.A.) software installed on an NEC APCIV
Powermate 2 computer. The collected fractions were then diluted using the Model
232/401 sample processor in the dilution mode.

The modular chromatograph used for the analysis of the collected fractions was
assembled by connecting the Model 510 pump outlet directly into the Model 232/401
sample processor in the autosampler operation mode, fitted with a 20-,u1 loop. The
column effluent was monitored at 254 nm with the Spectroflow 757 detector.
Quantitative determinations of the unknown concentrations of the two components in
each of the collected fractions was accomplished using the Maxima 860 software.
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Columns and chemicals
The 25 em x 4.5 mm J.D. preparative column and the 5 em x 4.5 mm J.D.

analytical column were packed in our laboratory at 9000 p.s.i. with 1O-,um Vydac ODS
stationary phase (The Separation Group, Hesperia, CA, U.S.A.), generously donated
to us.

3-Phenylethanol and 2-phenylpropanol were purchased from Fluka (Ron
konkoma, NY, U.S.A.) and used without further purification. High-performance
liquid chromatographic grade methanol and water (Burdick and Jackson, Baxter
Chemical, Muskegon, MI, U.S.A.) were used.

Procedure
The experiments were carried out by first injecting 100,u1of the selected mixture

at a concentration at which the preparative separation is incomplete. During the
elution of the partially separated mixture, fractions are collected on a time basis, at
a rate of one vial every 3 s (i.e., the fractions collected were ca. 50 ,ulfor a mobile phase
flow-rate of 1 ml/min). Then, a dilution was performed on each fraction by adding 300
,ul of solvent to each vial at a rate of ca. 3 ,ul/s. Finally, the automatic sampler was
employed to aspirate 100 ,ul of the sample at a rate of 6 ,ul/s, dispense these 100-,u1
aliquots into the 20-,ulloop at the same rate and then inject the sample. After 5 min the
run was complete. The apparatus rinsed the syringe needle with solvent and the whole
process was repeated until the contents of each vial had been analyzed.

On switching the sampling valve from load to inject, the sampling system sent an
electric signal to the interface box to initiate data acquisition. Chromatograms were
obtained automatically and sequentially. The detector signal was acquired by the
software, which opens a file for each fraction analyzed, acquires data for 5 min at a rate
of 2 points/s, closes and stores the file and repeats this process for each sample. The
peak area of the two components was obtained by running an analysis program on
each of the stored files. The concentration of each component in each fraction was
calculated from a linear calibration graph previously determined for the two
compounds and adjusted according to the dilution factor.

All experiments were conducted at ambient temperature. The preparative
column was operated at 1 ml/rnin with methanol-water (50:50) as the mobile phase
and with detection at 272 nm. The analytical column was operated at 1 ml/min with
methanol-water (35:65) as the mobile phase and with detection at 254 nm.

Detector calibration
This is a most delicate problem, as the UV detector gives an optical absorbance

profile of the eluent, whereas we are interested in the concentration profile. As the
concentration of the solutes in the eluent is high when the column is overloaded, the
detector response is not linear and thus the calibration is more difficult.

Depending on whether we are dealing with the single-component elution profiles
or with those of binary mixtures, the problem is different. For the single-component
band profiles, the use of a non-linear calibration graph is possible. For binary
mixtures, it is not possible and fractions have to be collected and analyzed. Then
a conventional linear calibration graph is employed in quantitation.

Single component. Conversion of the single-component overloaded chromato
grams (i.e., the elution profiles supplied by the detector response) into concentration
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profiles of each of the corresponding compounds (2-phenylethanol and 3-phenyl
propanol) was accomplished by using a non-linear concentration versus response
calibration graph. This graph was derived from experimental absorbances measured
for standard solutions having concentrations between 0 and 80 mg/ml of each
compound studied. However, the curve fitting was done only over the concentration
range required for prediction of the band profiles. The concentration versus
absorbance data were fitted to a polynomial. In fitting the calibration data for
2-phenylethanol, oscillations were found when using a third- or a fifth-degree
polynomial. These oscillations lead to artifactual humps on the concentration profiles.
This problem was avoided by eliminating the odd power terms greater than 1 (ref. 14).
The 3-phenylpropanol response calibration was fitted to a fifth-degree polynomial.

In practice,the experimental data for the calibration graphs were derived from
the detector responses obtained for each concentration plateau recorded in frontal
analysis during the determination of the equilibrium isotherm for each of the
compounds studied 15.

Fig. 1 shows the non-linear calibration graph at 272 nm of 2-phenylethanol and
3-phenylpropanol used for quantitation of the single-component band profiles. Note
that 3cphenylpropanol absorbs more strongly than 2-phenylethanol.

Binary mixtures. The concentration of each component in each fraction was
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Fig. I. Calibration graphs of the response (absorbance) of a UV spectrophotometric detector for (1, D)
2-phenylethanol and (2, 0) 3-phenylpropanol at 272 nm. Experimental points and polynomial curve fit.



BAND PROFILES OF BINARY MIXTURES 27

determined by using standard analytical techniques. The fractions are small and dilute
enough that their analysis can be carried out under linear conditions. Twelve standards
were prepared and samples were injected in the same way as the fraction aliquots. The
peak areas were calculated from the detector responses monitored at 254 nm, where the
absorbance is much stronger than at 272 nm. A linear calibration graph of
concentration versuspeak area was determined by a least-squares fit of the data to the
equation of a straight line for each of the two components. The standard deviation was
0.99991 and 0.999992 for the 2-phenylethanol and 3-phenylpropanol fits, respectively.

RESULTS AND DISCUSSION

The retention times at infinite dilution for 2-phenylethanol and 3-phenyl
propanol were measured on the preparative column by injection of several samples at
decreasing concentrations. This procedure insures that the retention times obtained
correspond to the slope of the tangent to the isotherm at the origin of coordinates. The
dead time was measured from the solvent peak. The dead time was 3 min, which
corresponded to a mobile phase volume of 3.0 ml and a column porosity of 0.755. In
the methanol-water (50:50) mobile phase, the capacity factors of the two compounds
were 0.68 and 1.25, respectively. The separation factor was 1.84.

The single-component isotherms of the two compounds were measured by
frontal analysia'"' 7. The parameters were obtained by a least-squares fit of the data
on the linearized equation (l/Qi = l/aiCi + adbD or by a non-linear least-squares fit.
The values obtained were aE = 1.9239 ml/ml, bE = 1.8092 ml/rnmole, ap = 3.554
ml/rnl and bp = 3.479 ml/rnmole, respectively (the subscripts E and P represent
2-phenylethanol and 3-phenylpropanol, respectively). The values of the phase ratio
derived from the porosity (3.09) and from the ratio of the isotherm slope to the column
capacity factor (2.84) were in good agreement.

The total column saturation capacity corresponding to monolayer coverage is
140 mg for the first and 150 mg for the second component. The saturation capacities
differ by 7% (whereas the total number of carbon and oxygen atoms in their molecules
differ by 10%), which suggests that Langmuirian behavior for the competitive
isotherms is a possibility. However, we know that the Langmuir competitive isotherms
are consistent with thermodynamics only if the column saturation capacity is the same
for the two compounds (otherwise they do not satisfy the Gibbs-Duhem equation).
Further, Cox et al.1 8 have shown that the profiles of overloaded interfering bands
depend on the ratio of the column saturation capacities of the two components.

For the calculation of the amount loaded onto the column in terms of the
percentage of the column saturation capacity for monolayer coverage,

Column saturation capacity = 1/2EaiVsp/b i (3)

an arbitrary average value of 145 mg was used in all the calculations. This equation
gives an approximate value of the degree of column overloading.

Two experimental single-component overloaded elution Chromatograms were
measured by injecting successively amounts corresponding to 5% of the column
saturation capacity for 2-phenylethanol and 3-phenylpropanol. The detector response
profiles were converted into concentration profiles by using a polynomial fit to
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a non-linear calibration graph as described above. The symbols in Fig. 2a and b show
the concentration-time profiles for 2-phenylethanol and 3-phenylpropanol, respec
tively, determined experimentally. The solid line represents the theoretical prediction
based on the fit of the single-component adsorption isotherm data to the single
component Langmuir isotherm and calculated using the program for the single
compound semi-ideal model '. The excellent agreement suggests that the Langmuir
expression is a good model for the equilibrium data. Additionally, the validity of the
assumptions of the semi-ideal model is confirmed1,3. This model can give a very
accurate quantitative prediction of the band profiles provided accurate isotherms are
determined, which classical frontal analysis permits!".

For binary mixtures, the individual band profiles were determined by analysis of
collected fractions. For the purpose of evaluation of this technique, a comparison was
made with the profiles obtained for 2-phenylethanol by direct calibration of the
detector. The results (Fig. 3) are in excellent agreement and demonstrate that the
fraction collection system contributes very little to band broadening. .

A comparison was made between experimental and theoretical profiles for 1:3
and 3:I mixtures of 2-phenylethanol and 3-phenylpropanol. The theoretical profiles
were calculated using the program for the two-component semi-ideal model". The
competitive Langmuir isotherms were derived from the parameters of the single
component Langmuir isotherms measured by frontal analysis (see Theory section).
The experimental band profiles for the two-component mixtures were measured using
the technique described above.

Fig. 4 shows the comparison between theory and experiment for the 1:3mixture.
The sample size used corresponds to 5% of the column saturation capacity for
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Fig. 3. Evaluation of the fraction collector. Solid line: concentration profile derived from the detector signal
and a calibration graph. Symbols: composition of the collected fractions. Experimental conditions as in Fig.
2a, except amount injected (30 mg).
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Fig. 4. Comparison of the experimental and theoretical band profiles of the two components for a 1:3
mixture of(1, 0) 2-phenylethanol and (2,0) 3-phenylpropanol using a competitive Langmuir adsorption

.isotherm (eqn. 2). Column as in Fig. 2. Sample sizes: 7.6 mg of 2-phenylethanol and 21.1 mg of
3-phenylpropanoL Symbols: experimental results. Solid lines: prediction of the semi-ideal model of
chromatography using the competitive Langmuir isotherm (eqn. 2) with the coefficients derived from the
single-component adsorption isotherms determined by frontal analysis.

component 1 and 15% of that for component 2. This is a significant degree of
overloading, but the relative retention of the two components is high so partial
resolution of the band is expected. The experimental profile shown includes the effect
of extra-column and post-detector dead volume whereas the theoretical profile
assumes no dispersion as the effluent elutes through these volumes. The experimental
profiles demonstrate the displacement effect encountered in the elution of high
concentration bands of a binary mixture.

The agreement observed in Fig. 4 between experimental results and theory is,
however, of an approximate nature, within 10%. The rear boundary of the second
component coincides with the predicted boundary, which is an important test of the
applicability of the semi-ideal model. The rear boundary of the second component
bandprofile should be identical with the band profile of the same amount of the second
component when it is pure, a profile which is predicted by the single-component
isotherm data. It appears that there is slightly more dispersion at the very end of the tail
than predicted, probably the result ofsome additional and unavoidable diffusion in the
tubing of the fraction collector.
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Fig. 5. Comparison of the experimental and theoretical band profiles calculated for the elution of the 1:3
mixture in Fig. 3, using a non-interacting (single-component) Langmuir isotherm model for each compound
(solid lines). (1, 0) 2-Phenylethanol; (2, 0) 3-phenylpropanol.

Fig. 5 shows a comparison of the experimental data for the mixture and the band
profiles predicted as if the two components did not interact. The solid line represents
the band profile predicted for two components having as their competitive isotherm
their respective single-component isotherms (or, alternately, the profiles obtained
when each component is injected alone). The symbols represent the experimental data
which were also shown in Fig. 4. The presence of a displacement effect of the second
component on the first is clearly seen in the experimental results, because the first
component elutes faster in the experimental mixture than if the two bands were not
interacting. The band obtained for the first component is taller and narrower than it
would be if it were injected alone. In conclusion, Fig. 5 demonstrates that
a non-interacting isotherm model (i.e., two single-component isotherms) gives a poor
representation of the chromatographic behavior of the two components of interfering
bands. Together, Figs. 4 and 5 show the existence and potential importance of the
displacement effect and the necessity for modelling accurately the competitive
adsorption behavior in the chromatography of binary mixtures at high concentration.

Fig. 6 illustrates acomparison between theory and experiment for a 3:I mixture
for the same compounds. The experimental profiles are shown by the symbols and the
predicted profiles are the solid lines. Here the major component of the mixture is eluted



32

0
co

---1
0

0
N

.o

S

0,,-

0-,

{ 3 4 5 6

CJ>0

E'"
u

1-

0
N

A. M. KATTl, G. GUIOCHON

0+------,,----..............->..:
a 4 6

Time (Min)
8 10

Fig. 6. Comparison of the experimental and theoretical band profiles of the two compounds for a 3:I mixture
of (I, D) 2-phenylethanol and (2, 0) 3-phenylpropanol, using a competitive Langmuir adsorption isotherm
(eqn. 2). Main figure: same conditions as in Fig. 4, except sample composition (3:1) and size (30.1 mg of
2-phenylethanol and 10.2 mg of 3-phenylpropanol). Symbols: composition of the collected fractions. Solid
lines: prediction of the semi-ideal model of chromatography using the competitive Langmuir isotherm (eqn.
2) with the coefficients derived from the single-component adsorption isotherms determined by frontal
analysis. Inset: theoretical band profile calculated as for the main figure, but for twice the sample size.

first, not second. The column is loaded to 21% and 7% of the column saturation
capacity for the first and second components, respectively. The tag-along effect
predicted on the basis of computational resultsv" is demonstrated for the first time. As
observed previously", this effect is a consequence of the first component being in large
excess in the front of the zone where the two components coexist and thus covering
a large fraction of the adsorption sites. As there is near equilibrium between the mobile
and the stationary phases, adsorption of the second component follows according to
eqn. 2. The second component must move faster than it would ifit were alone, because
fewer sites are available for adsorption of its molecules, and this gives rise to the
profiles shown in Fig. 6. Experimentally, the bands overlap to a greater extent than
predicted, which means that the exclusion of 2-phenylethanol molecules from the
surface by 3-phenylpropanol molecules is not as strong as predicted by the competitive
Langmuir isotherm.

The inset in Fig. 6 shows the calculated elution profiles of the two components of
the same 3:1 mixture at twice the loading factor and at the same composition. This
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Fig. 7. Theoretical band profile calculated for the 3:1 mixture at the same loading as in Fig. 6, but using
a non-interacting (single-component) Langmuir isotherm model (same as for Fig. 5).

permits a qualitative comparison of the second component profile with the experi
mental profile in the main part of Fig. 6. The inset shows that the semi-ideal model of
chromatography can predict the strange shape of the elution profile of the later eluting
component. This comparison suggests that the difficulty in predicting the interference
profile observed experimentally is in the proper representation of the competitive
adsorption isotherm and not in the assumptions made in the semi-ideal model.

The band profiles of the two components, predicted by the semi-ideal model in
the assumption that they are not competing for access to the stationary phase, are
shown in Fig. 7. Comparison of the band profiles in the interacting and non
interacting cases shows that there is no significant difference in the profiles predicted
for the first component. The experimental profile is very slightly wider than the
predicted profiles. In contrast, large deviations are predicted and seen for the front part
of the profile of the second component. The profile front is no longer a sharp
boundary; it is very flat and the plateau predicted by the theory of non-linear
chromatography! can be observed in Fig. 6. The rear boundaries of the profiles
predicted with and without interaction and of the profile determined experimentally
for the second component coincide. Experiments are in progress-? to determine
whether the slope of this front is related to the column efficiency, as predicted by the
semi-ideal model':
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CONCLUSION

A. M. KATTI, G. GUIOCHON

While the agreement between the experimental results and the calculations
derived from the semi-ideal model of non-linear chromatography show excellent
agreement for the single-component elution profiles under all the experimental
conditions investigated, substantial differences are observed for the elution profiles of
binary mixtures. The reason for this disagreement stems from the fact that, although
the single-component Langmuir isotherm offers most often a very good description of
the adsorption equilibrium of a pure compound in a chromatographic system, the
competitive Langmuir isotherms offer only a first-order approximation to the
adsorption behavior of the components of a binary mixture. Owing to the lack of
a suitable set of equations describing the competitive equilibrium ofthe components of
a mixture in a biphasic system, it is not yet possible to predict more accurately the
individual component profiles of the interfering zones in overloaded elution chroma
tography of binary mixtures.

In the system investigated here, which seems fairly simple with its two
homologous components, we note that the exclusion of the lower molecular weight
component by the heavier one is less than predicted on the basis of the Langmuir
model. This lower extent of competition results in the second component travelling
faster than predicted in the presence of the first component. A more detailed
understanding of the competitive adsorption behavior must wait until the competitive
isotherms are determined experimentally2o.
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SCALING-UP PROCEDURE FROM THE RANGE OF MILLIGRAMS TO
GRAMS FOR THE PURIFICATION OF AMINO ACID DERIVATIVES IN
DISPLACEMENT CHROMATOGRAPHY"

F. CARDINALI, A. ZIGGIOTTI and G. C. VISCOMI"·b

Eniricerche, 00015 Monterotondo, Rome (Italy)

SUMMARY

A scaling up method in displacement chromatography was applied to the
purification of the amino acid derivative Na-9-fluorenoxycarbonyl-S-tritylcysteine

[Fmoc-Cys(Trt)-OH]. Once the adsorption isotherm of the compound and some
related impurities had been determined, the displacement chromatographic runs were
carried out in the normal phase. The influence of parameters such as particle diameter
of the stationary phase, carrier composition, nature of the displacer, concentration of
the loaded sample and flow-rate is reported. The eluates were analysed directly at the
outlet of the preparative columns with dedicated on-line detection equipment.

The results demonstrate that, once the proper conditions have been established,
it is possible to purify in one run 100 mg and 38 g offeed mixture by proportionally
increasing the amount of the stationary phase, using a larger column and maintaining
the linear velocity and displacer concentration constant.

INTRODUCTION

High-performance displacement chromatography has recently been proposed as
a potentially useful technique for the the preparative purification of natural and
synthetic compounds1-5. Relative to the elution mode, displacement chromatography
offers the advantages of a higher loading capacity, concentrated eluates and a low
consumption of solvents as eluents.

In displacement chromatography, the column is first equilibrated with an eluent,
the carrier, which has to be able to dissolve the feed components and the displacer at
high concentrations and has to retain the bulk of the desired products on the stationary
phase. After sample loading, an eluent containing a displacer, namely a compound
that is strongly adsorbed on the stationary phase, is pumped so as to push the adsorbed
feed components out of the column. The main feature of a compound to be considered

a Preliminary data were presented at the 2nd International Symposium on Preparative and Up-Scale
Liquid Chromatography, Baden-Baden, February 1-3, 1988. The majority of the papers presented at this
symposium have been published in J. Chromatogr., Vol. 450, No. I (1988).

b Present address: Peptide Synthesis Laboratory, SCLAVO SpA, 00015 Monterotondo, Rome,
Italy.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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as a displacer is that its adsorption isotherm overlies those of the feed components to be
displaced.

The aim of this work was to show the feasibility of a scaling-up procedure from
the range of milligrams to grams in displacement chromatography for preparative
purifications. The choice of Na-9-fluorenoxycarbonyl-S-tritylcysteine [Fmoc-Cys
(Trt)-OH] as a model for this study came from considerations that the retention time
(t R ) of the desired product falls between the tRs of the impurities, that the presence of
a polar carboxyl group makes its purification by normal-phase elution chromato
graphy difficult because of tailing and that the compound cannot be purified by
reversed-phase chromatography because it is not soluble in aqueous solvents at high
concentrations.

As the concentrations of the eluted components in displacement chromato
graphy are so high as to saturate completely common detectors, dedicated on-line
detection equipment was set up to provide the information needed for the appropriate
pooling of the fractions within the time of a displacement run. The proposed
equipment carries out the following functions: picking up and appropriately diluting
a small amount of the eluent, injecting it into a high-speed chromatographic system
and analysing the corresponding chromatographic data. The entire sequence of the
events is performed in less than 2 min and can be repeated any number of times.

EXPERIMENTAL

Materials
Fmoc-Cys(Trt)-OH was synthesized following the general procedure described

by Kruse and Holden6
.

Benzyltributylammonium chloride (BTBA), benzylhexadecylammonium chlo
ride (BHDA), triphenylmethanol (Trt-OH), 9-fluorenylmethanol (Fmoc-OH) and
trifluoroacetic acid (TFA) were supplied by Fluka (Buchs, Switzerland); TFA was
distilled prior to use. Methanol, chloroform and acetonitrile [high-performance liquid
chromatographic (HPLC) grade] were purchased from Merck (Darmstadt, F.R.G.).

Water was purified with a Milli-Q system (Millipore, Bedford, MA, U.S.A.).
The aqueous eluents were filtered through a 0.45-.um cellulose acetate filter and the
organic solvents through a 0.5-.um PTFE filter; all the eluents were degassed by helium
purging prior to use.

Apparatus
Displacement chromatographic runs in the milligram range were carried out on

a LiChrocart RP-18 (10 .urn) column (250 x 4.0 mm J.D. (Merck). The HPLC
equipment consisted of a Model M-45 pump (Waters Assoc., Milford, MA, U.S.A.),
a Model 7010injector (Rheodyne, Cotati, CA, U.S.A.) with a 3 mlloop, a PU 4025 UV
detector (Pye Unicam, Cambridge, U.K.) and a Model 2210 recorder (LKB, Bromma,
Sweden). The column effluent was collected with a Model 2070 Ultrarack II (LKB).

The displacement runs in the gram range were carried out on axial compression
columns of J.D. 20, 40 and 80 mm (Jobin-Yvon, Longjumeau, France) and packed
with LiChroprep Si 60 silica (25-40 .urn) (Merck). The pump was a Model 590
programmable HPLC pump (Waters Assoc.) and the effluents were collected with
a Model 2211 Superrac fraction collector (LKB).
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Fig. I. Flow scheme of the on-line detection equipment used for displacement chromatographic monitoring.

The columns of J.D. 4, 20, 40, and 80 mm were equilibrated with the carrier for
20 min at a flow-rate of 0.4, 8, 32 and 128ml/min, respectively. The same procedure,
except the solvent that was methanol, was applied to regenerate the stationary phase
after the displacement runs. Taking in account the steps of equilibration, elution and
regeneration, the total chromatographic time for the displacement runs was about 230
min. The presence of the displacer agent in the fractions was monitored by thin-layer
chromatography or spectrophotometry7

.

The on-line detection equipment (Fig. 1) consisted of a Model 401 dilutor
(Gilson, Villiers-Ie-Bel, France), a Model 7010 injector controlled by a Model 7163
solenoid valve (Rheodyne), an isocratic HPLC system composed of a Model M-45
pump, a Model 231 sample injector (Gilson), a 100 x 2.1 mm J.D. HS C-18 (3 ,um)
column (Perkin-Elmer, Norwalk, CT, U.S.A.), a PU 4025 UV detector and a Model
7700Professional Computer with Chrom 3 software (Perkin-Elmer) for data handling.
This apparatus differs slightly from that described previously" because it permits
controlled dilution of the eluate so as not to overload the analytical column.

An appropriate programme on the Model 231 sample injector directly controls
the run time, the dilution volume, the injection onto the analytical column and,
indirectly, through some relays, the turning of the pneumatic valve, the change of the
fractions of the collector and the start of the data acquisition on the computer.

The adsorption isotherms, calculated by frontal chromatography", were ob
tained on equipment consisting of a Model 303 micro-pump (Gilson), a Model 7001
pneumatic actuator connected to two Model 7010 injectors with I-ml loops and
a solenoid valve (Rheodyne), a 51 x 2.1 mm J.D. stainless-steel column packed with
LiChroprep Si 60 silica (25--40 ,um), a Model 875 UV detector with a micro-cell (Jasco,
Tokyo, Japan) and an Omniscribe Model 0-2000 recorder (Houston Instruments,
Austin, TX, U.S.A.). The column and the injection system were thermostated to the
appropriate temperature in a Model 12B bath (Julabo, Seelbach, F.R.G.).

RESULTS AND DISCUSSION

Fig. 2 shows the reversed-phase analytical chromatogram of crude material to be
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Fig. 2. Analytical chromatogram of crude Fmoc-Cys(Trt)-OH with isocratic elution. Column, Perkin-Elmer
HS-3 'C 1 8 (100 mm J.D.); eluent, 83% acetonitrile with 0.1% TFA; flow-rate, 1.7 ml/rnin; sample, 8 J.lg of
Fmoc-Cys(Trt)-OH mixture.

purified; 75% of the mixture was calculated to be Fmoc-Cys(Trt)-OH (retention time,
tR = 1.2 min). The impurities at tR 0.75 and 0.87 min were Fmoc-OH and Trt-OH,
respectively.
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Fig. 3. Adsorption isotherms of (.) BTBA, (*) Fmoc-Cys(Trt)-OH, (.) Fmoc-OH and (0) Trt-OH on
a 51 x 2.1 mm I.D. LiChroprep Si 60 (25-40 J.lm) column with chloroform at 25°C. Q = J.lmol/ml of
adsorbent in the column.



PURIFICAnON OF AMINO ACID DERIVAnVES 41

12 -- -..--.----.- ..-..- -- -- ..- -.- -..-..-.- -.

14- -- ..-.-.- -..-.- ..-..-.-.--.- - - -..--.--- ---.- ..- . Trt-OH

I I
Fmoc-OH

~
Fmoc-Cys

91
81614-1

33 51 71
Fractions ( Q.2m1 )

28
23

2

4- -.- ..•-- .

8 - ---- - .

16,------------------:---,

10 -- ..-- -.- - - .
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x 4.0 mm 1.0.); carrier, chloroform; displacer, 50 mM BTBA in chloroform; flow-rate, 0.1 ml/min;
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Based on the adsorption isotherms on silica of Fmoc-Cys(Trt)-OH, Fmoc-OH,
Trt-OH and BTBA, measured in chloroform and shown in Fig. 3, BTBA was selected
as the displacer compound for the Fmoc-Cys(Trt)-OH mixture. Chloroform was
chosen as the carrier eluent because it dissolved large amounts of crude material and it
did not elute Fmoc-Cys(Trt)-OH in normal-phase chromatography.

The histogram of displacement chromatography for the purification of 100 mg
of Fmoc-Cys(Trt)-OH mixture on a 250 x 4.0 mm J.D. LiChrocart Si 60 column,
constructed on the basis of the reversed-phase analysis of the fractions, is shown in Fig.
4. The displacement conditions are given in the caption. About 65 mg of pure
Fmoc-Cys(Trt)-OH were recovered from the pool of fractions 39-87 with a collected
volume of9.8 ml. The chromatographic yield was 95%, calculated as the ratio of pure
collected compound to the total amount present in the crude sample.

In the first step of the scaling-up procedure, a 20 mm J.D. column packed with 30
g of LiChroprep Si-60 silica (25-40 flm) was employed. With respect to the
chromatographic conditions in Fig. 4, 1.5 g of Fmoc-Cys(Trt)-OH mixture, dissolved
in 30 ml of chloroform, was loaded to maintain a ratio of 50 mg of loaded sample per
gram of stationary phase and a concentration of 50 mg/ml of injected sample. The
flow-rate was increased to 2 ml/rnin to obtain the same breakthrough time of the
displacer front.

Fig. 5 shows the relative histogram; 1.08 g of pure Fmoc-Cys(Trt)-OH was
collected in 145 ml of eluate from fractions 42-70 with a recovery of 95%.

As under the last chromatographic conditions the separation efficiency and the
yield were as good as those obtained on the analytical column, the diameter of the
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Fig. 6. Gram-scale displacement chromatography. Column, 25-40 J.lm LiChroprep Si 60 (270 x 40 mm
J.D.); carrier, displacer and temperature as in Fig. 4; flow-rate, 8 ml/rnin; feed, 9.5 g of Fmoc-Cys(Trt)-OH
mixture in 190 ml of chloroform.
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preparative column was increased further to 40 and 80 mm J.D. The two columns were
packed with 200 and 800 g of LiChroprep Si-60 silica (25-40 /lm), respectively, and, to
maintain the same ratio of sample per gram of stationary phase, 9.5 and 38 g of
Fmoc-Cys(Trt)-OH mixture, respectively, were injected. The flow-rate was increased
4- and 8-fold, respectively, all the other chromatographic parameters being maintained
constant.

Figs. 6 and 7 show the relative displacement histograms. From the 40 mm J.D.
column 6.42 g of pure material were obtained from fractions 50-102 (1040 ml of
collected eluate, yield 92%), whereas from the 80 mm J.D. column 25.4 g were
recovered in fractions 59-79 (2520 ml of collected eluate, yield 89%). After each
displacement run, the stationary phase was washed with 3.7 ml of methanol per gram
of stationary phase and no reduction in the column efficiency was detected after the
regeneration cycles.

The influence of various operational parameters was investigated. Fig. 8 shows
a displacement chromatogram obtained under the same conditions as in Fig. 5 except
that the flow-rate was increased 3-fold. A 960-mg amount of pure material was
recovered from fractions 40-60 with a yield of 86%.

The replacement of LiChroprep Si-60 (25-40 /lm) silica with LiChroprep Si-60
(40-60 /lm) silica or with Baker 30-60 /lm silica significantly increased the area of the
overlapping zones, reducing the yield to 30%. When BTBA was replaced with BHDA,
the breakthrough volume of the displacement train increased, but no appreciable
differences in the recovery of the products were detected. An elution rather than
a displacement mechanism was observed when chloroform, used as the carrier and the
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Fig. 7. Gram-scale displacement chromatography. Column, 25-40 J-lm LiChroprep Si 60 (270 x 80 mm
1.0.); carrier, displacer and temperature as in Fig. 4; flow-rate, 32 ml/min; feed, 38 g of Fmoc-Cys(Trt)-OH
mixture in 760 ml of chloroform.
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solvent for the displacer solution, was replaced with ethyl acetate-chloroform-hexane
(33:57:10, v/v/v), an eluent that under analytical conditions gave for a similar
performance to chloroform with respect to the Fmoc-Cys(Trt)-OH mixture. A small
reduction in the yield occurred when the concentration of the loaded sample was
increased.

The reported separations demonstrate that a scaled-up purification of an amino
acid, i.e., Fmoc-Cys(Trt)-OH, can be carried out in the displacement mode from 100
mg up to 38 g simply by proportionally increasing the amount of the stationary phase
and adjusting the flow-rate to the column and the particle diameter. Indeed, the
advantageous performance of displacement chromatography, namely a high recovery
(90%), a high sample loadings [50 mg of crude Fmoc-Cys(Trt)-OH per gram of silica],
concentrated eluates (10-20 mg/ml) and low consumption of solvents as eluents and
displacer washing (0.5 ml/mg of purified material), were maintained over the whole
range of purified material.

The need to minimize the cost of the preparative columns prompted us to replace
the expensive 10 ,urn stationary phase with the less expensive 25-40 ,urn material. This
substitution did not have any significant effect on the displacement performance and
also permitted the use ofa reduced velocity in the run in Fig. 5 that was faster than that
employed in Fig. 4. A further increase in the flow rate (Fig. 8) caused a decrease in the
recovery from 97% to 86%10. However, as 86% might still be a satisfactory yield, it is
a matter of optimization to decide whether the lower recovery could be justified by
a reduction in the run time. Silica with particle diameters larger than 40 ,urn did not
seem to be usable because the recovery was drastically reduced.

The change in the elution mechanism observed when the chloroform was
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replaced with ethyl acetate-chloroform-hexane could be explained by the fact that
when the silica is equilibrated with a mixed eluent, the solvent with the highest polarity
in the mixture is preferentially absorbed on the stationary phase 1 1

. During the
displacement run this solvent is displaced out of the stationary phase by the injected
sample and mainly by the displacer solution, so that close to the displacer front the
eluent becomes richer in the more polar solvent, causing the elution of the products.

CONCLUSION

The major requirements in a scaling-up procedure in preparative chroma
tography are that, in order to save time and materials, the conditions for purification
should be optimized in milligram-scale runs and that the same conditions should be
applied to the gram or kilogram scales without any extra experiment to adjust the
chromatographic parameters. In this work it has been demonstrated that these
requirements are fulfilled by displacement chromatography; indeed, when parameters
such as the composition of the carrier, nature of the displacer, stationary phase,
amount of sample loaded per gram of stationary phase, concentration of the injected
sample, linear velocity and regeneration procedure were maintained constant in all
preparative experiments in runs in which from 100 mg to 38 g of crude mixture were
loaded, similar performances were obtained.
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PURIFICATION OF MONOCLONAL ANTIBODIES BY COMPLEX-DIS
PLACEMENT CHROMATOGRAPHY ON CM-CELLULOSEa

ANTHONY R. TORRES· and ELBERT A. PETERSON

Bio-Fractionations, 1725 S. State Highway 89-91, Logan, UT 84321 (U.S.A.)

SUMMARY

A single high-capacity chromatographic procedure was used to purify a mono
clonal antibody from ascites fluid. A new displacement procedure involving a dis
placer protein complex is described. The scale-up from 1 ml to 450 ml of ascites
sample was easily accomplished with this complex-displacement system. A mono
clonal antibody recovery of 79% was measured for the largest-scale purification.

INTRODUCTION

There is an increasing demand for purified monoclonal antibodies. These highly
specific antibodies! have found uses in many fields, including agriculture, biochem
istry, medicine, immunology, microbiology, pharmaceutics and virology. In addition,
larger amounts (g to kg/year) are required, as diagnostic and therapeutic applications
expand. At the present time, chromatographic methods offer the best means of puri
fication and there are several methods which work well for small-scale purifica
tions":". However, the purification of large amounts of monoclonal antibodies re
mains a challenge". The use of displacement chromatography seems advantageous in
monoclonal antibody purification, since high resolution, high capacity and high re
covery are important for expensive proteins.

The advantages of displacement chromatography in the separation of small
molecules were pointed out by Tiselius9 as early as 1943 and this approach has been
pursued by Porath and Lil o as well as other investigators l l for protein separations.
However, because of the lack of suitable spacing displacers, separations of complex
protein mixtures were inadequate and the method was not considered useful. The first
successful application of protein displacement chromatography was published by
Peterson? in 1978with the description of carboxymethyldextran (CM-D) displacers,
both as final displacers and spacing displacers for anion-exchange columns. It was
subsequently shown by Torres and Peterson l 3 that the chromatographic behavior of
model proteins in such a system matched that observed with small molecules in
established displacement systems. This was an important observation, as it showed
that these CM-Ds were classical displacers as described by Tiselius in the theory of

a Patent pending.
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displacement chromatography. The high resolution and high capacity of the CM-D
displacement system were demonstrated with simple protein mixtures, such as the
genetic variants of the very similar ,G-Iactoglobulins A and B14. Chromatography was
first performed on classical cellulosic ion exchangers and then on high-performance
liquid chromatography (HPLC) columns under very similar conditions. The sep
arations of 12.8 mg of the ,G-Iactoglobulins A and B on a 150-1l1 HPLC anion-ex
change column was the first demonstration of a separation of proteins by ion-ex
change displacement chromatography by this column technology'>. Horvath's
laboratory has more recently repeated the separation of these two proteins on an
HPLC column, using a natural anionic carbohydrate, chondroitin sulfate as a final
displacer!". Their separation was accomplished without adding spacing displacers
and relied on protein protein displacement. Although protein protein displacement
can be useful, as discussed in the early years 17, spacing displacers will usually be
necessary to separate proteins from complex biological mixtures.

The use of spacing CM-D displacers to isolate proteins from complex mixtures
has been demonstrated with the separation of Gc-globulin from human serum l",
alkaline phosphatase from E. coli periplasm!", and the resolution of an artificial
mixture containing ovalbumin and other proteins?". The displacement separation of
Gc-globulin represents a good model for a difficult separation, as serum contains well
over a 100 proteins, and previous researchers have used up to 11 chromatographic
steps to purify Gc-globulirr". The separation of E. coli alkaline phosphatase clearly
shows that high-capacity separations can be achieved in displacement chromatogra
phy as the column was 80% saturated with protein sample before the displacer was
applied.

In this paper, a new type of displacement chromatography is described. The
same negatively charged CM-Ds used on anion-exchange columns were used as dis
placers with cation-exchange columns. However, the displacer in the latter case binds
to the immobilized proteins and not the adsorbent. When an adequate amount of
displacer has been bound to the protein, the protein is released from the column as a
CM-D-protein complex. The single-step purification of mg to g amounts of a mono
clonal antibody from mouse ascites fluid is described.

EXPERIMENTAL

Materials
Kontes (Vineland, NJ, U.S.A.) supplied the columns (5 ern x 2.5 em J.D., 10

em x 4.7 em J.D., and 20 cm x 9 em J.D.), column end-plates and mobile phase
reservoirs. The smallest column (3 ml) was constructed from a 3-ml polypropylene
syringe. The solutions, including the sample, for the last experiment (Fig. 4) were
applied through a Kontes six-valve manifold and a Kontes Chromoflex LC pump.
Flow-through pH and conductivity meters (Kontes) were used for selected experi
ments. Columns were packed with Whatman CM-52 (Clifton, NJ, U.S.A.). An Isco
(Lincoln, NE, U.S.A.) UA-5 detector and recorder and an Isco Foxy fraction collec
tor were used. Goat anti-mouse immunoglobulin G (IgG) (heavy and light chain)
whole serum was obtained from Hyclone Lah. (Logan, UT, U.S.A.). The CM-D
(reciprocal of the pellet volume, RPV = 25) was manufactured by Bio-Fractionations
(Logan, UT, U.S.A.). An RPV of25 indicates a high incorporation of carboxymethyl
groups14.
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Sample preparation
Mouse ascites fluid containing an IgG Zb monoclonal antibody (4.6 mg/rnl) was

centrifuged at 500 g for 15 min to remove particulate matter. The ascites fluid was
then filtered through Whatman No.2 filter paper and finally through a 0.45-l1m filter.

The ascites samples were diluted ten-fold with a 20 mM histidine· HCI, pH 5.7,
buffer in order to decrease the normal saline to a level which would not interfere with
the chromatographic process. For example, 1 I of 0.1 M histidine (free base) was
added to a 500-ml ascites sample, then the mixture was adjusted to pH 5.7 with 1 M
hydrochloric acid and diluted to 5 I with water.

Column chromatography
A 20 mM histidine· HCI buffer (pH 5.7, column buffer) was used to equilibrate

the ion-exchange columns. The CM-D was used as a 1.5% solution in the same
buffer. All buffers, displacers, and salt solutions were filtered through sterile 0.22-l1m
filters into sterile, autoclaved reservoirs for the last experiment (FigA). This was done
to decrease the chances of contaminating the purified antibody with endotoxin or
bacteria. The flow-rate was set for 2-3 column volumes/h and fractions equal to ca. 1
column volume were collected. After each experiment, the column was washed with 1
column volume of 1.0 M sodium hydroxide, followed by several column volumes of
water. The columns were equilibrated with 20 mM histidine· HCI (pH 5.7) when
ready for reuse.

Gel electrophoresis
The Pharmacia (Piscataway, NJ, U.S.A.) PhastSystem with 10-15% gels and

sodium dodecyl sulfate (SDS) buffer strips and the standard method from the Phast
System manual were used to analyze the protein components. Samples were diluted
with water to give an absorbance of ca. 1 at 280 nm. The diluted samples (10 Ill) were
mixed with 2 11 of 10% SDS and placed on a block at 95°C for 5 min. The microcentri
fuge tubes were spun for 5 s in a microcentrifuge to move condensate to the bottom.
The sample strip for application of 0.5 III of each sample was used. The gel was
stained with Coomassie Brilliant Blue R 350 (Pharmacia) according to the standard
method in the PhastSystem manual.

Protein quantitation
The protein concentrations for the purified monoclonal antibodies were deter

mined spectrophotometrically, using an extinction coefficient of 15 for a 1% solution
at 280 nm with a I-em pathlength.

Nephelometry
A Beckman (Brea, CA, U.S.A.) Auto ICS rate nephelometer was used to mea

sure the amount of mouse IgG in the chromatographic fractions (circles in Fig. 3). A
I: 16 dilution of goat anti-mouse IgG (heavy and light chain) whole serum (42 Ill) was
used with 10 III of column fraction, following the Beckman instructions for manual
operations. This instrument measures the rate of change of light scatter resulting from
an immunoprecipitation reaction between antigen and antibody. Although this meth
od can be used to determine concentrations, it was used in this project only to identify
those fractions containing mouse IgG. The circles in Fig. 3 show the relative rate units
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for each fraction. Background polyclonal antibodies present in ascites fluid could not
be distinguished from the monoclonal antibody with this method as used.

CM-D determination
Small portions (50 pI) of the column fractions (Fig. 3) were allowed to react

with anthroneP and then read at 625 nm to provide a measure of the CM-D carbo
hydrate concentration.

RESULTS AND DISCUSSION

A cation-exchange column was selected, because immunoglobulins are among
the proteins most tightly bound to this type of sorbent and provides the highest
capacity for purifying this class of proteins. Instead of a classical displacement system
with positive displacers competing with the sorbed proteins for column sites, the same
negatively charged displacers (CM-Ds) were employed that are used with anion
exchange columns. Under these conditions, the displacer is not sorbed by the nega
tively charged sorbent but forms complexes with proteins immobilized on the sor
bent. When sufficient amounts of displacer are bound to the protein, the complex is
released from the column. It was found that contaminating proteins could be re
moved as protein-CM-D complexes without removing the antibody. Transferrin was
the critical contaminant, since it was present in relatively large concentrations and is
the most difficult protein to separate from monoclonal antibodies by ion exchange".
After washing the unbound displacer from the column with column buffer, the mono
clonal antibody was eluted with phosphate-buffered saline.

Figs. 1-4 show the separation of 1 ml, 8 ml, 65 ml and 450 ml of ascites fluid by
complex-displacement chromatography on 3-ml, 20-ml, 160-ml, and 1200-ml CM
cellulose columns, respectively. The results in these four experiments were very simi
lar and demonstrate the ease of scale-up. The first large peak in the chromatogram
contained several unbound proteins, mainly albumin. Some of these had little or no
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Fig. I. Purification of a monoclonal antibody from I ml of ascites fluid. A I-ml volume of ascites fluid was
chromatographed on a 3-ml column of CM-cellulose. The column was equilibrated with 20 mM histidine'
HCI (pH 5.7). The 1.5% displacer also contained 20 mM histidine' HCI (pH 5.7). The arrows show the
application of the displacer and 0.15 M sodium chloride containing 10 mM sodium phosphate (pH 7.4).
The column effluent was monitored at 280 nm at 2 a.u.f.s. DIS = Displacer; NS = phosphate buffered
saline.
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Fig. 2. Purification of a monoclonal antibody from 8 ml of ascites fluid. Conditions as for Fig. I except 8 ml
of ascites fluid was chromatographed on a 20-ml column.

affinity for the sorbent under these conditions, but others were displaced by more
tightly bound proteins that remained on the column.

The direct dilution of the normal saline (0.15 M sodium chloride) in ascites fluid
with 9 volumes of 20 mM histidine· HCl (pH 5.7) allowed the binding of transferrin,
the monoclonal antibody, and other proteins. It also obviated a dialysis or desalting
step, which is often necessary before column chromatography. The samples were
followed by column buffer (2-3 column volumes) and a 1.5% displacer (1-3.3 column
volumes) in the same buffer. One column volume was found to be as effective as larger
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Fig. 3. Purification of a monoclonal antibody from 65 ml of ascites fluid. Conditions as for Fig. 1 except 65
ml of ascites fluid was separated on a 160-mlcolumn. The circles show the rate units (R.U.) or relative IgG
levels. Conductivity (in mS) and pH tracings are shown above.
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Fig. 4. Purification of a monoclonal antibody from 450 ml of ascites fluid. Conditions as for Fig. I except
450 ml of ascites fluid was separated on a 1200-mI column.

amounts. The displacer removed large amounts of transferrin and other proteins. The
column was then washed with 2-3 column volumes of buffer to remove unbound
displacer. This step was quite effective in removing displacer, as shown by a decrease
in dextran concentrations from 7.1 mg/ml in fraction 8 to 0.035 rngjrnl in fraction 12
(Fig. 3), as measured by the anthrone reaction. After this buffer wash, normal saline
(0.15 M sodium chloride), containing 10 mM sodium phosphate (pH 7.4) was
pumped into the column. The salt front eluted some transferrin and immunoglobulin.
The last peak, containing the monoclonal antibody, was eluted when the effluent pH
increased due to the phosphate buffer (Fig. 3). The pH increase followed about 2
column volumes behind the normal saline, as the dilute sodium phosphate buffer
interacted with the sorbent and the remaining protein. This delayed pH increase was
beneficial, as it allowed a more tightly bound transferrin (fraction 16, Fig. 4) to be
separated from the monoclonal antibody. Transferrin is an iron-binding glycopro
tein, which can contain one or more negatively charged sialic acids 24

. These negative
charges as well as the amount of bound iron alter the isoelectric point and column
affinity of transferrin.

Samples from the experiment shown in Fig. 4 were examined for purity by gel
electrophoresis in Fig. 5. The gel photograph in Fig. 5 is representative of all the
experiments. Lane 1 shows the proteins in the ascites fluid sample. Lanes 2 and 3
show the proteins present in the first peak (mainly albumin). Lane 4 contains the
proteins in the second peak (fraction 12) after the displacer addition (mainly transfer
rin), lane 5 contains the proteins in the third peak (fraction 16) after the normal saline
addition and the last three lanes show the purity of the monoclonal antibody from the
last peak (fractions 18-20). A single chromatographic step thus resulted in a high
purity monoclonal antibody that was contained in normal saline with 10 mM sodium
phosphate. A 79% antibody recovery was calculated from the ascites fluid used for
Fig. 4: 1.63 g of purified monoclonal antibody from 2.07 g of sample.

The scale-up from 1 ml to 450 ml of ascites fluid was easily accomplished.
Scale-up was limited by the amount of ascites fluid available and not by the chroma
tographic process. It should be possible to purify much larger amounts, if the me
chanical stability of the sorbent in larger columns permits. Although there would be
little advantage, this procedure should also work with HPLC cation-exchange col
umns.
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Fig. 5. Examination of column fractio n by polyacrylamide gel electro phoresis. Fractions from Fig. 4 were
subjected to electro phoresis in the presences of SDS on a 10- 15% gel. Lane I shows the proteins in the
ascites standa rd, lanes 2 and 3 show the prote ins in the first peak (fractions 6 and 8) and lane 4 shows the
prot eins in the second peak (fraction 12) after the displacer addition (largely transferr in). Lane 5 shows the
proteins in the peak (fractio n 16) just after the additio n of normal saline containi ng 10 mM sodium
phosphate. Lanes 6- 8 contain the purified monoclonal an tibody (fractions 18- 20).

The same chromatographic results have been observed for one IgG 3 , three
IgG 2a , and two IgG 2 b isotypes from ascites fluid. However, two IgG I monoclonal
antibodies could not be separated by this system, as they did not bind to the CM
cellulose adsorbent. IgM immunoglobulins have not been examined.

An IgG 2a monoclonal antibody against Pichinde virus (Arena virus family) was
assayed for viral recognition before and after purification. The purified monoclonal
antibody was undistinguishable by an indirect immunofluorescent assay from the
unchromatographed one and the titer did not change" . Another purified monoclonal
antibody against A ctinobacillus seminis has been successfully used in an Eliza assay".
These immunoassay result s are an indication that this complex-displacement chroma
tographic method is a mild procedure.

Mouse serum was chromatographed with this complex-displacement system to
obtain an estimate of the percentage of the full range of antibodies that might be
separated by this system. The wide variation in isoelectric points (pI 5.8-8.2) in
polyclonal antibodies" ? indicates the potential range of isoelectric points that might
be encountered in monoclonal antibodies. The results were very similar to tho se
obtained with ascites fluid, with four peaks app earing. There was a large amount of
polyclonal antibody in the same location as the monoclonal antibody in the above
experiments (fractions 18-20, Fig. 4). However, nephelometric assays also showed the
presences of IgG in the first two peaks . Using the distribution of serum polyclonal
antibodies as a guide, we estimate that 60-80% of monoclonal antibodies can be
separated by this system as described. Changes in buffers and pH should make it
possible to separate other polyclonal or monoclonal antibodies that do not bind to
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the sorbent under present conditions. The observations on serum antibodies also
indicate that the low nephelometer rate unit readings in the albumin and transferrin
peaks (Fig. 3) may be due to contaminating polyclonal antibodies present in ascites
fluid. The same data indicates that about 60- 80% of the host polyclonal antibody is
in the monoclonal antibody peak .

The ion-exchange complex-displacement system described in this manu script of
fers another method for monoclonal antibody purification. It should be useful for
man y purification s since it is a mild single step procedure with good recoveries. Stan
dard ion-exchange elution chromatography offers several advantages over Protein A
affinity chromatography for bulk monoclonal antibody purifications" . These ad
vantages include the ab ility to routinely sanitize the columns with sodium hydro xide,
mild conditions, less expensive and the ability to remove host polyclonal antibodies.
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SUMMARY

Crude 3'-azido-3'-deoxythymidine-5'-phosphate (AZT-P), obtained from direct
phosphorylation of 3'-azido-3'-deoxythymidine (azidothymidine, AZT), was separat
ed and purified by isocratic preparative high-performance liquid chromatography.
The components in a 2.5-g load of crude AZT-P, obtained from work-up of the
phosphorylation reaction, were separated in 50 min to give 1.8 g of 99,5% pure
AZT-P. AZT-P was analyzed by high-performance liquid chromatography and by
high-resolution nuclear magnetic resonance eH, l3C, 31 P) spectroscopy, The practi
cal and rapid preparative chromatographic method is being applied to the puri
fication of AZT-P and other antiretroviral dideoxynucleotides, used as intermediates
in the synthesis of target-directed experimental drugs for the treatment of AIDS.

INTRODUCTION

3'-Azido-3'-deoxythymidine (azidothymidine, AZT), an antiretroviral ana
logue of thymidine, is presently the principal drug used for the clinical treatment of
acquired immunodeficiency syndrome (AIDS) and early AIDS-related complex
(ARC). It is used thereapeutically as a single agent or in combination with other
anti-AIDS drugs. Since AZT exhibits hematologic toxicity and other undesirable
side-effects, new target-directed derivatives of the drug are currently being synthe
sized1. For these syntheses, relatively large quantities of pure 3'-azido-3'-deoxythymi
dine-S'-phosphate (AZT-P) are required. Consequently, a reversed-phase high-per
formance liquid chromatographic (RP-HPLC) method was developed for the
separation and purification of AZT-P on a preparative scale. Analytical HPLC meth
ods have been reported (e.g. refs. 2-5) for the determination of the nucleoside AZT,
its metabolically derived glucuronide, and other antiretroviral dideoxynucleosides in
plasma, serum, and urine. However, little work is reported in the literature on the
analysis of the nucleotide AZT-P, which is of interest in the monitoring of synthetic

0021-9673(90($03.50 © 1990 Elsevier Science Publishers B.V.
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reactions in the purification of starting materials for the synthesis of AZTderiv
atives, and as an intracellular metabolite of AZT itself.

o H 0
o yNy
\I ~N~CHP 3

HOj '-0 .

HO N 3

AZT-P

EXPERIMENTAL

Materials
AZT was obtained from five different sources: by synthesis according to two

independent routes'<"; as a gift from the U.S. National Cancer Institute; from com
mercial capsules of AZT (Zidovudine, RetrovirP'); and from Sigma (St. Louis, MO,
U.S.A.). AZT-P was synthesized by phosphorylation of AZT with phosphorus oxy
chloride-trimethylphosphate according to known proceduresf-!", Potassium dihy
drogenphosphate, ammonium acetate, and the solvents absolute methanol, chloro
form, and diethyl ether (HPLC grade) were purchased from Fisher (Fairlawn, NJ,
U.S.A.).

All solvents used in sample preparation and for the mobile phases were pre
pared with doubly distilled, deionized water, filtered through 0.45-,um Nylon-66
membrane filters (AllTech Assoc., Deerfield, IL, U.S.A.). Mobile phases, which were
deaerated by helium, contained either KH2P04 or ammonium acetate at a concentra
tion of 10 mM and were mixtures of buffer and methanol. The pH of the mobile phase
was adjusted to 5.0 with phosphoric acid or potassium hydroxide (Fisher). A stan
dard solution of AZT, which was prepared by dissolving AZT in the buffer solution at
pH 6.0, was stored at - 20°C. A solution of the reaction mixture, which contained
AZT-P and trimethylphosphate, was diluted with the solvent and kept at 4°C.

Since residual trimethylphosphate, the solvent used in the AZT phosphoryla
tion reactionv!", was difficult to separate from the crude reaction mixture by distilla
tion in vacuo at relatively low temperature ( < 30OC), the following preliminary proce
dure was developed to remove the compound prior to preparative HPLC. Typically,
crude AZT-P (5 g, containing trimethylphosphate) was dissolved in chloroform (18
ml, HPLC grade). A column of silica gel (190 g, mesh 70-230, "flash" type, EM
Science, Cherry Hill, NJ, U.S.A.) was prepared in anhydrous diethyl ether, and the
chloroform solution of crude AZT-P was loaded onto the column. It then was eluted
sequentially with diethyl ether (600 ml), chloroform (700 ml), and chloroform-metha
nol (95:5, 300 ml). The solvent was drained from the column, the silicagel was emp
tied into a 1000-ml flask and stirred with chloroform-methanol (1:1) (3 x 250 ml),
and then filtered through a sintered-glass funnel. The filtrate, upon evaporation of the
solvent, gave a white solid (0.19 g, 0.21 g theoretical) which contained a slightly
yellowish oily contaminant. The latter solidified upon cooling and addition of a small
amount of hexane. Thin-layer chromatography (TLC); RF 0.60, ammonium hydrox
ide-e-propanol-water (20:20:3, v/v/v).
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Methods
The chromatograph used for analytical and methods development studies con

sisted ofa Waters 6000A pump (Waters Division, Millipore, Milford, MA, U.S.A.), a
Rheodyne 7125 injector (Rheodyne, Berkeley, CA, U.S.A.), and a Waters M440
absorbance detector at a fixed wavelength of 254 nm. The separations were per
formed on a Waters .uBondapak C1Scolumn (30 em x 4.6 mm 1.0., 10 .urn particle
size) with a guard column (5 em x 4.6 mm 1.0.) containing Whatman C1Spellicular
packing (37-53-.um particle size). AZT and AZT-P were isocratically eluted with a
mobile phase of 0.01 M KH2P04-methanol (85:15, v/v), or 0.01 M ammonium ace
tate-methanol (85:15, v/v) (pH 5.0). The flow-rate was I ml/min, Data were recorded
on both a HP 3390A integrator (Hewlet-Packard, Avondale, PA, U.S.A.) and an
Omniscribe recorder (Houston Instruments, Austin, TX, U.S.A.). All separations
were achieved at ambient temperature.

For analytical HPLC studies on the starting material itself, AZT, the conditions
were: Perkin-Elmer (Norwalk, CT) C1S reversed-phase column (25 em x 4.6 mm
1.0., 10-.um particle size); mobile phase 0.01 M ammonium acetate-methanol (85:15,
v]v; pH 5); flow-rate, 1 ml/rnin; sensitivity, 0.2 a.u.f.s.; chart-speed, 5 rnm/rnin; detec
tor, 254 nm; sample (AZT) size, 0.03 mg.

The methods development system was the same as the analytical system, except
that the detector was a Knauer variable-wavelength detector (254 nm) (Sonntek,
Woodcliff Lake, NJ, U.S.A.) and the column was a SepTech methods-development
column (20 ern x 4.6 mm 1.0., Separations Technology, Wakefield, RI, U.S.A.),
containing CIS reversed-phase packing material (10-15-.um particle size, YMC, New
ark, NJ, U.S.A.). Aliquots of the crude product were injected and eluted isocratically
with a mobile phase of 0.01 M ammonium acetate-methanol (85:15, vjv; pH 5).
Loading studies on larger amounts of crude product were also performed. The flow
rate was 1.0 ml/rnin.

A SepTech ST/800A preparative chromatograph (Separations Technology)
with a SepTech Annular Expansion (A/E) CIS (YMC, 1O-l5-.umparticle size) prepar
ative column (20 em x 7.3 em 1.0.), and a Knauer variable-wavelength detector
(fixed wavelength, 254 nm) were used. A sample of 30 ml (equivalent to 2.5 g of crude
AZT-5'-P) was injected into the system with a 10-ml syringe (Hamilton, Reno, NV,
U.S.A.) flushed immediately with 10 ml of the mobile phase. AZT-P was eluted
isocratically within 50 min with a mobile phase of 0.01 M ammonium acetate-metha
nol (85:15, v/v) at pH 5.0. The flow-rate was 150ml/rnin. Data were recorded on both
a strip-chart recorder and a HP 3393A integrator. Ten fractions were collected.

An aliquot of each preparative HPLC fraction was subsequently characterized
on the analytical system. The fractions that contained the product were pooled, evap
orated to a small volume, and lyophilized, giving a white, amorphous solid (AZT-P;
diammonium salt); TLC, RF 0.60, ammonium hydroxide-a-propanol-water (20:20:3,
v/v/v); lNMR (300 MHz, 2H20) s 1.90 (singlet, 3H, methyl), 2.48 (triplet, 2H, H-2'),
4.06 (broad singlet, 2H, H-Y), 4.19 (broad singlet, IH, H-4'), 4.50 (multiplet, lH,
H-3'), 6.27 (triplet, IH, H-I'), 7.78 (singlet, IH, H-6); 13CNMR (75.4 MHz, 2H20) s
169.23(C-4), 154.44(C-2), 140.18 (C-6), 114.52(C-5); 87.86 (C-!'), 86.10 (C-4'), 67.31
(C-5'), 63.60 (C-3'), 39.04 (C-2'), 14.33 (C-methyl); 31p NMR (121.5 MHz, H 20) (j

0.28 (broad singlet).
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AZT-P was synthesized in ca. 90% yield (crude) by direct phosphorylation
(phosphorus oxychloride-trimethylphosphate)IO.11 from its dideoxynucleoside pre
cursor, AZT. Analytical RP-HPLC of the starting material obtained by direct syn
thesis!" and from commercial capsules (Retrovir) showed a broadening at the higher
retention sides of the AZT peaks (retention time, 50 min) in each case, as well as a
contaminant at a retention time of 5-6 min. That the contaminant is thymine was
suggested by the retention time and by a chromatogram of a mixture with an authen
tic sample of thymine.

Optimal capacity factors (k') of AZT and AZT-P were obtained with a mobile
phase of 0.01 M ammonium acetate-methanol (85:15, v/v) at pH 5.0. When the pH
was 6.8 (the pH which has been used in HPLC assays for AZT has ranged from 2.2 to
7.12

-
5

) , the AZT-P peak appeared as a triplet. This phenomenon has been observed in
the HPLC of other nucleotides 11. Therefore, a mobile phase, buffered to pH 5.0, was
used for analytical, methods development, and preparative chromatography. AZT-P
was eluted at 5.4 min and AZT at 13.8 min (Fig. 1); the k' values were 0.6 and 3.19,
respectively. These k' values were adequate for the loading studies and the prepara
tive separation. When the separation was scaled up to a methods-development col
umn, good separation of AZT and AZT-P was obtained (Fig. 2). In a separate experi
ment, ca. 240 til of crude reaction mixture were loaded on the column, and 24 mg of
AZT-P were isolated. To facilitate removal of the mobile phase from the isolated
AZT-P, a more volatile buffer, ammonium acetate, was used instead ofKH2P04 . To
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Fig. I. Analytical RP-HPLC chromatogram of components in crude AZT phosphorylation reaction mix
ture. Conditions: Waters )1Bondapak CIS column (30 cm x 4.6 mm J.D., lO-)1m particle size); mobile phase,
0.01 M KH 2P04-MeOH 5:15, vjv); pH 5.0; flow-rate, 1.0 mljmin; sensitivity, 0.05 a.u.f.s.; detector, Waters
M440 absorbance detector; injection volume, 2 )11; sample size, 1.7 ng.
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Fig. 2. Methods-development RP-HPLC chromatogram of separation of phosphorylation reaction mix
ture. Conditions: column, SepTech CIS (YMC) methods-development column (20 cm x 4.6 mm 1.0.,
iO-15-J'm particle size); mobile phase, 0.01 M ammonium acetate-methanol (85:15, v/v), pH 5.0; flow-rate,
1.0ml/rnin; sensitivity, 2.0 au.f.s.; detector, Waters M440 absorbance detector (254 nm); injection volume,
100 It!; sample size, 10 mg).

prevent saturation of the detector a Knauer detector with a larger flow-cell was used
instead of the Waters detector.

Impurities not seen in the analytical separation were observable when larger
amounts of the crude reaction mixture were injected onto the column. These impuri
ties were eluted prior to AZT-P. In the reaction mixture, unreacted AZT was also
present. The scale-up factor for the preparative system was determined by the soft
ware from Separations Technology. A chromatogram of the crude product at a 2.5-g
load (30 m!) is shown in Fig. 3. AZT, which has a longer retention time than AZT-P,
was eluted at 40 min and did not interfere with recovery of the AZT-P. Ten fractions
containing AZT-P were collected. These fractions were tested for the purity of the
AZT-P with the analytical system; representative chromatograms are seen in Fig. 4.
No AZT-P was recovered from fraction 1. Fraction 2 contained ca. 50% AZT-P and
50% impurities, including thymine. In fraction 3 the amount of impurities had de-
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Fig. 3. Preparative RP-HPLC chromatogram showing the AZT-P and contaminants in the reaction mix
ture. Conditions: column, SepTech CIS (YMC) preparative column (20 em x 7.3 em 1.0., 1O-15-J'm
particle size); mobile phase, 0.01 M ammonium acetate-methanol 85:15, v/v); pH 5.0; flow-rate, 150
nil/min; detector, Knauer variable-wavelength (254 nm); injection volume, 30 ml; sample size, 2.5 g of
crude reaction mixture. Numbers indicate fractions taken for analytical RP-HPLC (see Fig. 4).
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Fig. 4. Analytical RP-HPLC of aliquots of AZT-P-containing fractions (fractions 2-5) obtained from
preparative RP-HPLC (Fig. 3). For chromatographic conditions, see Fig. 1.

creased to ca. 5%, and in fraction 4, only 0.7% of impurity was present. In fractions
5-10 the amount of impurity was negligible; relatively little AZT-P is present in
fractions 8-10. In the pooled fractions 4-10,1.81 g of AZT-P were obtained in 99.5%
purity. When fractions 3~10 were pooled, 2.2 g of product (97.3% purity) were ob
tained. Four subsequent preparative HPLCruns gave comparable results.

The structure of the purified 3'-azido-3' -deoxythymidine-5'-phosphate was con
firmed by tH, l3C and 31p NMR spectroscopy.
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SUMMARY

A thermodynamic model derived by Record et al. [M. T. Record, Jr.,
Biopolymers, 14 (1975) 2137 and M. T. Record, Jr., C. F. Anderson and T. M.
Lohman, Q. Rev. Biophys., 11 (1978) 103J from Wyman's linkage theory [l. Wyman,
Adv. Protein Chern., 19 (1964) 223J using Manning's condensation model [J. Manning,
J. Chern. Phys., 51 (1969) 924Jwas extended to electrostatic interaction chromatogra
phy. Mixed, electrostatic and hydrophobic interactions of a model protein, ovalbumin
were characterized by ion and water release.

INTRODUCTION

Retention properties of proteins on ion-exchange surfaces were explained
qualitatively on the basis of the law of mass action by Boardman and Partridge! and
applied to describe weak cation-exchange behavior by Aranyi and Boross''. Barford et
al.' have also developed an ion-exchange theory applying the mass action law. Based
on the work of Boardman and Partridge, a stoichiometric displacement model was
introduced". Barford et al. 3 pointed out the possibility of a "mixed-mode" mechanism
occurring during protein adsorption. Mixed electrostatic and hydrophobic interactions
of proteins were investigated in detail by Kennedy et al." and Horvath et al.6

•

The importance of interactions of biopolymers with ions and ligands and their
effects on macromolecular interactions was placed at the center ofbiothermodynamics
as early as the late 1940s7. Wymant-? developed a general thermodynamic approach to
interpret the effects of ligands on the oxygenation of hemoglobin and the effects of
ligands on hemoglobin dissociation. Tanford 1 0 extended Wyman's theory taking into
account the Gibbs-Duhem relationship between solvent and ligand activities, i.e.,
between solvation and ligand binding. Aune and Tanford 11.12 extended the binding
analysis to cover cation and anion participation in a macromolecular equilibrium.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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Record et al.1 3 ,14 utilized the results of Wyman, Aune and Tanford and established
a unified theoretical approach to interpret the effects of electrolyte ions and solvent on
macromolecular equilibria involving biopolyelectrolytes in solution. This theory
includes solubility equilibria, binding and aggregation equilibria and conformational
transitions.

Record et al.t " focused, in particular, on salt-dependent macromolecular
equilibria in which the phenomenological association constant expressed in terms of
macromolecular concentration, increases dramatical1y with decreasing electrolyte
concentration. These authors offered evidence that the complexes are stabilized partly
by the formation of ionic interactions and the concomitant release of low-molecular
weight ions previously associated with the charged groups on the biopolymers. Since
ions are released in these ionic interactions, the equilibrium shifts to favour complex
formation when the salt concentration is reduced. Consequently, ion release, or In
other words, reduction in electrolyte activity, can be considered to drive these
reactions 15, 16. Reduction in electrolyte activity is an "entropic" phenomenon in its
nature. According to Record et al.t", there are at least five potential origins of the
effect of an electrolyte (CA) on the phenomenological equilibrium quotient, Kobs'

(I)
d In aL

L1nL--
d In a±

YOM1M2

d In a±

d In Kobs pm
---'-'- = L1(nc + nA- -- nw) + -~'-"-'-"''---
d In a± 55.5

These are: (1) differential cation binding (L1nc -=f- 0); (2) differential anion binding (L1nA

-=f- 0); (3) differential hydration (L1nw -=f- 0) at high salt concentration, m; (4) differential
screening (Debye-Hiickel) effects of electrolyte on macroion charges reflected in
a variation of the macromolecular activity coefficient ratio with a±, and (5) the effect
of a± on the ligand activity coefficient, YL.

In eqn. 1, a± = (ac P+ aAP - ) I /P, the mean ionic activity of the salt; L1nc=

nCM1 + nCM2 -nCM1M2, the number of moles of cations released at association of one
mole of M, and one mole of M, macromolecules, and in the same way, L1nA, L1nw and
L1nL are the number of moles of anions, water molecules and ligands released, the
Y terms are the activity coefficients of the macromolecular reference states, aL is the
ligand activity and p is the valency of the ion.

It should be emphasized that eqn. 1 is completely general and independent of any
molecular model for the macromolecular binding process. Interpretation of experi
mental values of the derivative (d In Kobs/d In a±) in terms of molecular quantities
(number of cations, anions or watermolecules released, number of ionic interactions,
etc.) requires a molecular model. According to Record et a1. 14

, the association of ions
with charged biopolymers can be modeled as either (a) mass action binding of ions to
discrete classes of identical non-interacting sites on a macroion of arbitrary structure
and charge distribution 7, or (b) condensation, the ionic strength-indepenent asso
ciation of counterions with a linear polyion 17 (see details in Appendix I).

Based on Manning's condensation model!", Record et al.14 have derived
a model from eqn. 1 to evaluate the stoichiometry of binding ofcationic oligopeptides
to nucleic acids (summary of their derivations are in Appendix II.).

The logarithm of the phenomenological equilibrium quotient derived by Record
et al.14 is
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and

(
d In K Ob S ) = _ C[t/J _ ~-1 d In y±]
d In m T, p, pH d In m
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(2)

(3)

A series of experiments shows good agreement with data predicted by eqn. 3 (ref.
IS, 18-21). It should be stressed, however, that this model neglects possible co-ion
release and change in hydration during association.

The stoichiometric displacement model considers a pure ion-exchange process,
where co-ion release and change in hydration are neglected, and estimates the number
of counterions released at protein binding by d In k' /d In m, (k' = capacity factor). The
thermodynamic model provides the same parameter (cf eqn. 3). Basis of this
similarity, the retention equation of the stoichiometric displacement model, at least
formally, can be traced to Wyman's linkage theory".

In this paper, extension of this fundamental thermodynamic model to elec
trostatic interaction chromatography of proteins is studied. Using a stationary phase
with known structure, polyethyleneimine (PEI), parameters of interaction of a large
biopolymer, ovalbumin, were estimated at different mobile phase pH values.

EXPERIMENTAL

Ovalbumin (OVA), conalbumin (CON) and fJ-Iactoglobulin A (B-LAC) were
obtained from Calbiochem (La Jolla, CA, US.A.). Piperazine, 2,2-bis(hydroxy
methyl)-2,2' ,2"-nitrilotriethanol (bis-tris) and 1,3-bis[tris(hydroxymethyl)methyl
amino]propane (bistrispropane) were obtained from Aldrich (Milwaukee, WI,
U.S.A.), tris(hydroxymethyl)aminomethane (Tris) from Boehringer Mannheim (In
dianapolis, IN, U.S.A.) and sodium chloride from Fisher Scientific (Fair Lawn, NJ,
U.S.A.).

Experiments were carried out on a Model 1090 liquid chromatograph equipped
with a filter-photometric detector (.tl = 280 nm) from Hewlett-Packard (Palo Alto,
CA, US.A.) and with a Rheodyne 7125 injection valve fitted with a 20-111 loop (Cotati,
CA, U.S.A.). Chromatograms were recorded by using a Linear Series 1200 recorder
(Reno, NV, U,S.A.).

A 50 x 4.6 mm J.D. column was packed with Synchropak Q300 strong
anion-exchang support (Synchrom, Lafayette, IN, US.A,).

The mobile phase contained 20 mM piperazine' HCI at pH 4.8, 5.0 and 6.0,
bis-tris . HCl at pH 6.5, bistrispropane . HCl at pH 7.0, Tris . HCI at pH 8.0 and
various amounts of sodium chloride in order to vary the protein retention factor from
1 to 10 in isocratic elutions. Calculation of k' was performed according to k' = (VR

- Va)/Va, where VR is the retention volume of the solute and Va is the hold-up volume
which was determined according to the method described in ref. 22. Averages of three
parallel determinations were used in the calculations, standard deviations of these
measurements were always less than 2%. Mobile phase flow-rate was I ml/rnin and the
temperature 25°C, in all cases.

A fourth order polynomial equation was fitted to the logarithm of retention
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factor for ovalbumin vs. the logarithm of salt concentration. Linear regression
analyses were used to fit eqn. 5 and 8 to retention data of ovalbumin.

RESULTS AND DISCUSSION

Extension of thermodynamic model to electrostatic interaction chromatography
As a first step, a quasi two-dimensional ion-exchange surface with N charges is

considered instead of linear array charges on a polynucleotide. Therefore, in the
equilibrium equation (eqn. A8) S represents the stationary phase and P is a symbol for
peptides or proteins with' number of charges in their binding sites. For the sake of
simplicity, a possible release of co-ions bound to the charged groups of the protein
binding site and change in the protein's hydration state are neglected. This means that
the reference state equilibrium and, consequently, the expression for the apparent
equilibrium quotient (eqns. A8, 2, 3) remain unchanged.

The k' is expressed by the equation2 2 , 2 3

k' = Kobs qJ (4)

where qJ is a chromatographic phase ratio that is independent of salt concentration.
From eqn. 2 and 3

and

In k' = In Kj. + In qJ + ,~- 1 In by± - 't/J In m

(
d In k') __, [t/J _ ~-1 d In y±]
d In m T, p, pH - d In m

(5)

(6)

Eqn. 5 is considered as the retention equation of electrostatic interaction
chromatography of proteins. According to eqn. 6, the slope of the plot In k' vs.ln m is
a function of the number ofprotein charges interacting with the stationary phase, " the
average charge spacing, b and the effect of mobile phase salt concentration on the
mean ionic activity coefficient of the salt. For sodium chloride, d In y±/d In m is
constant between 0.1 and 0.5 M concentration (r = 0.9999), and its value is - 0.04 (ref.
24). Below 0.1 M, the absolute value of this slope decreases. Error arising from
neglecting the second term in the right-hand side of eqn. 6 is expected to be
approximately 3%.

Evaluation of the quaternized polyethyleneimine stationary phase
Distance between two nitrogen atoms in PEl was estimated by using atomic

distance and angle values of glycine and trimethylamine-". Based on the significant
repulsion forces between charged amine groups, it was assumed that two neighbouring
N atoms are in the trans position. Therefore, the charge spacing, b, is approximately
3.9 A. According to Rounds'"; the degree ofquaternization of a well made quaternized
PEl coating at maximum is 70%. At least 75-80% of tertiary amine groups left are
ionized at pH 6.0 (ref. 27). At 65% quaternization of amine groups in PEl and 80%
ionization of the residual tertiary amines, approximately 90% of the amino groups in
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PEl are ionized. Therefore, the average charge spacing, b, is ca. 4.5 A. Since PEl
coatings can be several layers thick, the influence oflayer thickness on the electrostatic
potential must be considered. When the mobile phase salt concentration is over 0.1 M,
the electrostatic field of the amine groups below the surface of the PEl coating is mostly
shielded by mobile phase ions and their effect can be ignored.

Using the estimated b value (4.5 A), the model provides values for the other
parameters: c; = 1.59 and lj; = 0.686. Assuming the quaternized PEl chain has an
average radius about 4 A(ref. 25), the thickness zlx of cylindrical shells of volume
V around the polyelectrolyte chain (see eqn. A5), in the case of sodium chloride as
electrolyte, is 12 Awhich is equivalent to about four water layers.

Evaluation of elution data for ovalbumin
Retention of ovalbumin as a function of mobile phase salt concentration was

measured at pH 5, 6, 7 and 8 (Fig. I). The isocratic elution profiles were alwayssingle
peaks. Eqn. 6 was used to determine ( values (Table I). The slope of In k' vs. In
m determined from polynomial equation, as a function of mobile phase salt
concentration, m, is shown in Fig. 2. As expected, an increase in mobile phase pH
increases the value of dIn k' jd In m. The change in the derivative is most pronounced at
pH 5 and decreases with increasing pH. The constant k' curves represent isoenergetic
conditions. Increasing mobile phase pH and consequently the number of interacting
charges decreases the free energy change of the interaction per unit ((~ dIn k' jd In m);
moreover, the smaller the k', the greater the change.

The isoenergetic curves are linear over 0.1 M salt concentration. The slope of
these straight lines is equal to

(
d d In k')

d m d In m k'. m > 0.1 M
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Fig. I. Plot of In k' vs. In m for ovalbumin at pH 5, 6, 7, and 8. Solid lines represent the fit of a fourth order
polynomial equation.
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TABLE I

(VALUES OF OVALBUMIN DETERMINED BY EQN. 6

pH (

5 4.82 0.984
6 7.48 0.997
7 8.53 0.998
8 11.06 0.999

I. MAZSAROFF et al.

which is depending on the change of stoichiometry, and decreases with an increase in
binding energy (~k') as it is shown in Fig. 3. According to this, it can be stated that this
interaction is more sensitive to the change of' at low k' values than at higher ones.
Below 0.1 M salt concentration, the isoenergetic curves deviate from a straight line.
Plots of (d In k'/d In m)pH 5 VS. m are non-linear and shifted to higher values. At higher
salt concentrations (m > 0.05 M), however, the plot is straight and deviation of[(d In
k'/d In m)pH 5, nbs - (d In k' /d In m)pH 5, lin] as a function of salt concentration
approaches zero (Fig. 4). According to the thermodynamic model by Record et a1. 14

,

d In k'/d In m is constant. This prediction is more or less realized at the high salt
concentration range (at pH 8). When decreasing mobile phase pH and concomitantly
salt concentration required to elute OVA, the change in slope is more pronounced (Fig.
2). The slope of the isoenergetic curves at greater than 0.1 M salt concentration shows
that the increase in d In k'/d In m as a consequence of an increase in the' value (or in
pH) is a linear function of the salt concentration required to elute OVA at constant free
energy change.

If ovalbumin has a mixed (electrostatic and hydrophobic) interaction with the
stationary phase, the contribution of hydrophobic interaction to the overall interac
tion would be greater when the contact area of the protein is more hydrophobic (in
other words, contains less charges). The closer the mobile phase pH is to the

Fig. 2. (d In k'jd In m) vs. m for OVA at different pHs.
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Fig. 3. Slope of the isoenergetic curves observed over 0.1 M salt concentration vs. retention factor.
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isoenergetic point, the less charge there is on the protein surface. The isoelectric point
ofOVA is 4.7 (ref. 28); therefore, one would expect the binding site of OVA to be more
hydrophobic at pH 5 than at higher pH values?". Thus, when evaluating the retention
equation of OVA, both electrostatic and hydrophobic interaction should be con
sidered?".

The first term on the right-hand side ofeqn. I derived by Tanford!", considers
hydrophobic interaction at high salt concentration. Ifwe extend Tanford's equation to
the low salt concentration range as proposed by Aune et al. 31, the slope of the retention
equation can be expressed as follows:

(
d lin k') = _ (l/J + LI(nc + n: _ mp nw) (I + In y±)
d n m 55.5 In m

(7)

The number of moles of water molecules released at binding of 1 mole protein
can be determined from the slope of the plot (d In k'jd In m) liS. m (Table II). According
to eqn. 7, ( and (LIne + LlnA) cannot be determined independently. Other authors
should have faced the same problem earlier 1 1

.
12

,3 1 . If we assume that there is no ion
release due to hydrophobic interaction, (can be estimated to be 6.92 at pH 5, 12.7 at
pH 6, 13.4 at pH 7 and 12.9 at pH 8. (values show a jump between pH 5 and 6, but
remain constant between pH 6 and 8. Therefore, ion release as a consequence of
hydrophobic interaction cannot be ignored.

If ( is set to be equal to that determined by eqn. 6, the total ion release due to
hydrophobic interaction, Llni ~ (LlnA + LIne) can be estimated as well (Table II). At pH
6, 7, and 8, plots of d In k' jd In m are quasi linear and the slope of the plot [djd m (d In
k' jd In m)] decreases with increasing pH and concomitantly ( values (i.e., the
contribution of change in hydration due to hydrophobic interaction). At pH 5,
however, the plot is non-linear. The straight line relating to the slope of hydrophobic
interaction (d In k'jd In m liS. m) at pH 5, was estimated using isoenergetic functions
(Fig. 2). Parameters were determined fitting eqn. 7 to the estimated change in d In k' jd
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TABLE II

PARAMETERS DETERMINED BY FITTING EQN. 7

I. MAZSAROFF et al.

pH

5'
6
7
8

L1n: L1n~

839 1.36
655 3.02
552 2.81
172 1.03

a Calculated for mid salt concentration value of measured range.
b Calculation based on ( = (eQn.6'

c Fit on (d In m'/d In m)PH 5. lin vs. m.

In m as well (Table II). Non-linearity of the plot d In k'/d In m VS. m shows that the
model does not take into account a phenomenon which has a significant role at low salt
concentration. Change in Llnj and Llnw as a function of pH reflects to opposite effects
on hydrophobic ion release. At low pH, close to protein isoelectric point, the binding
site contains a relatively small amount of changes, i.e., it is relatively hydrophobic
(large -Llnw value) and the salt concentration necessary to elute the protein is low.
This means that the population of ions at hydrophobic binding sites is low (low - Llnj
value). When the mobile phase pH is increased and concomitantly salt concentration
required for the elution of OVA also increases, the binding site of the protein contains
an increasing number of charges, i.e., its hydrophobicity decreases ( - Llnw and number
of hydrophobic binding sites decrease) but the occupation level of remaining
hydrophobic binding sites increases. Consequently, - Llnj has a maximum.

The discrepancy between the model and measured data near the pI of a protein
was found not only in the case of OVA but in that of conalbumin and f3-lactoglobulin
as well. Slopes (s), intercepts (/), correlation coefficients (r) of linear regression
analyses were s=-1.56, /=-5.41, r=0.986 for CON and s=-1.81, 1=-4.98,
r=0.988 for B-LAC, respectively. This deviation may originate from neglecting
possible change in co-ion release, effect. of the unshielded amino groups below the
surface of the PEl coating, change in hydration of ions, and in the worst case,
aggregation or a possible conformational change in protein structure.

Relatively weak interactions of electrolyte ions with charged groups or polar

:E (0)

on :§ (b)

I3 ";3
~Q.

I

":.:I
E ~Q.

~.E: ":.:IE"0 "0 .E.E----- 2
~

2I •a r
0 '".,; .c

0

I

'"~Q.I II

":.:IE ~Q.

£E ":.:IE"0"0 £.!:
----- ~00 0.050 0.100 00 5 10

m k'

Fig. 4. Deviation of the change in the slope ofln k' vs.ln m at pH 5 from straight line observed over 50 mM, as
a function of (a) salt concentration and (b) retention factor.
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residues on the surface of a protein are important in determining its conformation,
biological activity, solubility, aggregation and chromatographic behavior. There have
been many investigations of salt effects on macromolecular equilibria started by
Hofmeister'? about one hundred years ago. The most detailed information currently
available on ion-protein interaction can be obtained by using halide NMR33.

Thermodynamic modeling of macromolecular binding has been used extensive
ly7 , 10 ,1 1 ,3 4 . In the case of electrostatic interaction chromatography of proteins, co-ion
release at protein binding can be considered as an additional energy term to the total
free energy change 12 , 3 4 :

(8)

where k; and a; are the intrinsic binding constant and activity of co-ion, respectively,
and Llqc is the number of co-ions released. Considering the fact that the isocratic
measurements of the plot In k' vs. In m are usually performed at relatively low and in
a narrow salt concentration range, changes of activity coefficient of salt can be
neglected. Furthermore 14

,

(9)

where ee = kern/(1 + kern).
Combining eqns. 8 and 9, the logarithm of the equilibrium quotient for

ion-binding is

(10)

In the case of a uni-univalent salt, interaction between a co-ion (with respect to the
ion-exchange surface) and a protein charged group is relatively weak, i.e., kern <%' 1,
therefore, the additional term to the retention equation is

(11)

or

Eqn. 11 describes a convex curve which is the opposite curvature of the measured
function. Therefore, based on the theory for site binding, co-ion release cannot be
responsible for discrepancy observed at pH near pI of proteins.

The other possible explanation for the non-linear nature of the slope of (d In k' /d
In rn) vs. m is the effect of the unshielded amino groups below the surface of the PEl
coating at low salt concentration in the eluent. In this case an apparent decrease of
b number should be considered. Quantitative description of this effect needs further
investigation.

At a pH near to pI, where the binding is relatively weak (low (value), elution salt
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concentration is below 0.1 M. In this concentration region, the Debye-Hiickel theory
is valid, and the thickness of double layer around a charged group (11K) varies steeply
with ionic strength of the mobile phase, while above 0.1 M, the change of 11K is
relatively small. Deviation observed may be originated from the assumption that the
change in macromolecular hydration can be neglected. In the Debye-Hiickel region,
this assumption is, probably, not valid. To consider change in ionic hydration, a model
is needed to describe the binding of proteins to an ion-exchange stationary phase. At
present a satisfactory model has not been developed for large biomolecules.

According to Eisenman 3 5, interaction of ionic species can be described as the
sum of free energy change of electrostatic interaction and that of hydration.

L1G = L1Ge .s . + L1Ghyd r . (12)

In the case of electrostatic interaction of proteins and stationary phase, the
influence of L1Gh yd r . on the overall process is a function of the nature of the interacting
ions (cosmotrop, chaotrop) and the salt concentration of the bulk (thickness of the
hydration shells).

According to Manning", though, the free energy of stabilization of the charged
fraction due to the short-range effect accompanying dehydration, is expected to be
fairly small compared to the non-specific long-range polyelectrolyte effect. Never
theless, short-range effects due to dehydration of ions and polar groups may be the key
to some of the most crucial problems in biology. If the affinity of a counterionic species
for sites on the polyion contains a non-ionic component, the binding is more tight and
localized resulting, probably, in an even greater change in ionic hydration. Since there
is no quantitative description of this phenomenon available today, the possible
contribution of dehydration of ions and polar groups cannot be evaluated.

At low salt concentration (below 0.1 M), the nature of the protein can be altered
due to the unshielding effect of its charged groups-". The increased hydrophobicity of
a protein due to the mobile phase pH set near to the pI and the alteration in protein
structure at low salt concentration may result in protein aggregation.

Deviation of measured data from the model at the protein pI may be considered
as a consequence of the combination of phenomena mentioned above. This founding
warns us that care must be taken at designing a protein separation to obtain a desired
purity and biological activity of the product.

CONCLUSION

The model investigated in this paper is an applied form of Wyman's linkage
theory which is completely general. Consequently, it is valid not only for association,
precipitation and conformational changes of proteins but for any kind or surface
mediated chromatography of proteins (electrostatic interaction, hydrophobic inter
action, reversed-phase, bioaffinity, and metal-chelate interaction) as well. Gradient
elution chromatography of proteins can be characterised with a general relationship:

{ (
aLI G) /11 }

Kobs ~ exp -a- RT
/11 T, p

(13)
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where /11 = - RTln at. subscript 1 stands for ligand in general, and special solutions
of eqn. 1 for different kind of interactions, provides expressions for (aJGja/11h,p.
Under practical separation conditions, the extended form of this thermodynamic
model was successfully applied to the retention of a protein.
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APPENDIX I

In the case of site binding, the association of a single ligand L with a class of
N identical, independent sites on a macromolecule M is considered. Ignoring
hydration effects and using the unligated macromolecule as the reference state, the
binding polynomial" is

(Al)

where aL is activity of the ligand and kL .M the intrinsic binding constant ofL to a site on
M. Applying Wyman's linkage theory", the derivative of eqn. Al is

(A2)

where (h,M = nL,MjN is the binding density.
According to Manning's condensation theory! 7, if the macromolecule can be

modeled as a linear array of N univalent charges of average spacing b, then the extent
of association of monovalent counterions with the polyion can be determined by
a dimensionless charge density parameter,

(A3)

where D is the bulk dielectric constant, k is the Boltzman factor and T is the absolute
temperature.

Assuming that the interaction of bound and free ions with the solvent is the
same, and the "bound" ions may translate freely within the volume V centered along
the axis of the polyelectrolyte, charging the ionic groups of a polyelectrolyte against
their mutual electrostatic repulsion and mixing free cations, bound cations and solvent
molecules, were found to result in an equilibrium state where the number of associated
counterions per fixed charge, eD, has a value between 0 and I. Furthermore, 8Ddoes
not tend to zero with m but remains positive". For a 1:I salt, at the free energy
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minimum, in the limit m~O, the fraction of a counterion condensed on a infinite
polyion per structural polyion charge is

fJD = l-C 1 (A4)

The quantity of fJD has been determined for native DNA using 23Na NMR, and it was
found to be independent of sodium chloride concentration in the range of 0.005 to 0.5
M (ref. 33). The volume of the region surrounding the polyelectrolyte within which
cations are "bound", V, is described by eqn. 6 (ref. 38):

(A5)

where v is the number of Z-valent ions per formula salt, and K is the Debye-Hiickel
parameter. V is independent of m, since the ratio K

2/m is independent of m.
The thermodynamic binding parameter, t/J, contains two important quantities

characterizing the interaction of the polyion with the counterions: the extent of
condensation, fJD, and the screening effect of low-molecular-weight ions on the
interactions of these residual polyelectrolyte charges, which is thermodynamically
equivalent to the binding of an additional fraction (2~) -1 of a counterion per polyion
structural charge 15

(A6)

APPENDIX II

The equilibrium where a nucleic acid, S, consisting of N nucleotides interacts
with an oligopeptide, P, with ~ positive charges in its binding site for S, and forms
a complex, SP, is described as:

K obS
S + P ~ SP

and the phenomenological equilibrium quotient, Kobs> is

[SP]
K --

obs - [S] [P]

(A7)

(A8)

This equilibrium is established in a dilute aqueous solution of the oligopeptide which
contains an excess of salt C, + Ap _. (Effect ofpH on Kobs is not considered here.) Kobs is,
in general, a function of the activities of the participant species, as a result of indirect
effect oflow-molecular-weight ions on the macromolecular activity coefficients. lfthe
change in macromolecular hydration during associaton is negligible, the reference
state equilibrium where the polypeptide is in hydrated but unligated form and the
nucleic acid is hydrated and with its complement of condensed counterions is

(A9)
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where 0 is the counterion,
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(AIO)

the number of moles of counterion released at the binding of I mole of oligopeptide,
and

= Kj. 'Ys°'Ypo
'Yspo

(AlIa)

(Allb)

where JG. is the thermodynamic equilibrium constant and 'Y terms are the activity
coefficients at the reference state. The phenomenological equilibrium rati0 9 , 10 .3 4 is

(AI2)

where L terms are the binding polynomials-" reflecting activity coefficient effects and
interrelationhips among "ligand" activities. Combining eqns. All and Al2 leads to

where the binding polynomials

L~ = I

° _ '0L s - aD S

° 0L sp = aD'sP

From eqns. A9, and A13-AI6, it follows that

'Yp°'YSo . °In Kobs = In JG. + In -- - Llr In aD
'YspO

According to the condensation moder'"

and

(AI3)

(AI4)

(AI5)

(AI6)

(AI7)

(AI8)

(AI9)
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Assuming that ~s -1 = ~sp -1 = C 1
, then fromeqns. A9, A18, and Al9 it follows that

(A20)

Note that the following approximations are made to obtain the activity coefficients in
eqn. A 17: (a) only electrostatic contributions to the activity coefficients are considered;
(b) since In Y is an excess electrostatic free energy, contributions to In Y from different
regions on a macroion may be additive.
Extending this derivation further,

In Ypo = In Ypo,site + In ypo,remainder

Assuming that

In ypO,site = ( In Yo

and

N-(
In Yspo = N In Yso + In ypo,remainder

and moreover, for the polynucleotide"

NG el -1 1 -1
In YsO = RT = -N~ In xb = -0.5N~- In [D] - N~ In <5

(A21)

(A22)

(A23)

(A24)

where Gel is the excess electrostatic free energy per mole of structural charges, K is the
Debye-Hiickel screening parameter and <5 = 0.33b in aqueous solution near 25°C.
Therefore,

YpoYso
In -- = (C 1 (0.5 In [D] + In <5) + ( In Yo

Yspo

For uni-univalent electrolyte, [D] = [C] = m, and assuming that Yo = Yc= Y±

and

(A25)

(A26)

(
d In KOb S )

d In m T, p, pH

NOTE ADDED IN PROOF

-([l/J - C 1 d In Y±]
d In m

(A27)

During the review of this paper, Melander et al. 3 9 have published an article in
which they have also used Manning's condensation theory to treat retention data of
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proteins obtained on different ion-exchange columns. This article has provided
a different perspective of the phenomena involved in ion-exchange chromatography of
proteins. The retention equation developed by Melander et at. which combines both
electrostatic and hydrophobic theory has allowed a comprehensive analysis of
retention data of proteins.
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PHYSICOCHEMICAL STUDIES OF BIOLOGICALLY ACTIVE PEPTIDES
BY LOW-TEMPERATURE REVERSED-PHASE HIGH-PERFORMANCE
LIQUID CHROMATOGRAPHya

DAVID E. HENDERSON* and JILL A. MELLO

Department of Chemistry, Trinity College, Hartford, CT 06106 (U.S.A.)

SUMMARY

The high-performance liquid chromatographic separation of biologically active
peptides containing l-prolyl residues is demonstrated. Rapid isomer interconversion
between cis- and trans-isomeric forms at the prolyl peptide bond is shown to produce
classical secondary equilibrium effects in the peak shapes. By operating the column at
temperatures in the range -IYC to SoC it is possible to obtain normal separations of
the various isomeric forms. The use oflow column temperatures makes physicochem
ical studies possible, e.g., the effect of pH on isomer composition in free solution as
reported here for morphiceptin.

INTRODUCTION

Low-temperature high-performance liquid chromatography (HPLC) has
proved to be an effective method for the study of physicochemical properties. Work
to date has demonstrated this for both metal coordination complexes! and for rota
tional cis-trans-isomerism of the peptide bond in proline dipeptides'. For both of the
above chemical systems, isomerization processes with moderate energy barriers result
in impared chromatographic performance at room temperature. For chemically re
versible systems, the resultant chromatographic behavior is that of a classic second
ary equilibrium system, as described by Horvath and co-workers ':".

The specific isomerization addressed in this report arises in pep tides and pro
teins containing proline residues. While the peptide bonds at the proline nitrogen are
sufficiently rigid to prevent free rotation, the rate of isomerization is typically too fast
to permit separation of the isomers by HPLC at room temperatures. The resulting
chromatograms contain broad peaks that are highly flow-dependent. Subambient
temperatures slow the rate of isomerization, enabling the separation of the pure
rotational forms by HPLC2

• This has allowed the use of HPLC for the analysis of
isomer concentrations and for physicochemical studies of molecular conformation.

° This paper is dedicated to Csaba Horvath on his sixtieth birthday with deepest thanks for his
introducing me to the areas of peptide separations and secondary equilibrium studies and for his friendship
and many helpful suggestions.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers a.v.
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The investigation reported here is part of a long-term project leading to the
separation and characterization of pure isomers by physicochemical, spectroscopic
and eventually biological methods. The ultimate goal is the elucidation of the struc
ture function relationships of the isomeric forms of biologically active peptides. Low
temperature HPLC allows the analysis of isomeric composition as a function of
solvent, temperature, pH, etc. and can provide information about the hydrophobic
surface of isomeric forms. The information obtained by HPLC6 provides an impor
tant adjunct to that obtainable from the traditional techniques used for this type of
study, most importantly nuclear magnetic resonance (NMR) spectroscopy. The
HPLC techniques are more accessible and cheaper than NMR.

A survey of commercially available bioactive peptides indicates the prevalence
of pep tides containing proline. This amino acid residue is found in peptides of virtual
ly every class of biological activity. The peptides selected for this study were chosen so
as to allow a survey of a number of important types of biological activity and to
identify classes of peptides for which the active site might depend on one isomeric
form of the proline residue. The peptides used in this study, along with their primary
structures, are shown in Table J. In the ccourse of this work, a number of important
studies by others have come to light which indicate the significance of this type of
analysis. The work of Castiglione-Morelli et al.' is particularly interesting in that
their results correlate well with the findings of this study and demonstrate the poten
tial of low-temperature HPLC as a route to understanding the activity of morphicep
tin.

EXPERIMENTAL

The liquid chromatograph consisted of a Constametric-Il pump (Laboratory
Data Control, Riviera Beach, FL, U.S.A.), a Rheodyne 7126 valve with IO-,ul injector
loop (Rheodyne, Berkeley, CA, U.S.A.), a Pecosphere-3 x 3 CiS 33 x 4.6 mm J.D.
(Perkin Elmer, Norwalk, CT, U.S.A.) and a ,uLC-IO detector (ISCO, Lincoln, NE,
U.S.A.). The column was immersed in a constant temperature bath controlled by an
Exatrol controller and cooled by a PBC-4 bath cooler (Neslab, Portsmouth, NH,

TABLE I

BIOLOGICALLY ACTIVE PEPTIDES SEPARATED AT LOW TEMPERATURE

Peptide

Aliphatic peptides
Diprotin B
Elastin chemotactic fragment

Arginine peptides
Bradykinin

Tyrosine peptides
Morphiceptin
p-Casomorphin

Arginine and tyrosine pep tides
Proctolin

Sequence

Val-Pro-Leu
Val-Gly-Val-Ala-Pro-Gly

Arg-Pro-Pro-Ala-Phe-Ser-Pro-Phe-Arg

Tyr-Pro-Phe-Pro~NH2

Tyr-Pro-Phe-Pro-Gly-Pro-Ile

Arg-Tyr-Leu-Pro-Thr
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U.S.A.). Chromatograms were recorded, using LabTech Notebook (Laboratory
Technologies, Wilmington, MA, U.S.A.) with an AT & T 6300 Personal Computer
and integrated, using Lotus 123 (Lotus Development, Cambridge, MA, U.S.A.). A
Model 90 digital pl-l/temperature meter and a micro-electrode (Markson Science,
Phoenix, AZ, U.S.A.) were used for pH measurements. The pH of THAM buffers
was adjusted with phosphoric acid. All mobile phases were prepared from HPLC
grade solvents (Fisher Scientific, Pittsburgh, PA, U.S.A.), which were filtered and
then degassed by helium purge. Flow-rates were 1.0 mljmin except where otherwise
noted and the chromatograms were monitored at 210 nm.

Ion-pairing reagents were obtained from Eastman Kodak (Rochester, NY,
U.S.A.) and from Aldrich (Milwaukee, WI, U.S.A.) Trizma base for buffer prep
aration and all peptides were obtained from Sigma (St. Louis, MO, U.S.A.). All
peptide solutions contained I mg/ml of peptide dissolved in the mobile phase unless
otherwise noted.

RESULTS AND DISCUSSION

Isomer separations at low temperature
HPLC separations of isomers of four classes of peptides were developed: ali

phatic peptides, peptides with a tyrosine residue, peptides with an arginine residue
and those with both arginine and tyrosine residues. Aliphatic peptides, Ala-Pro,
Leu-Pro, Ala-Pro-Gly, Val-Pro-Leu, Phe-Ala-Pro and Val-Gly-Val-Ala-Pro
Gly, were initially studied using 0.05 M phosphate mobile phases with varying
amounts of methanol. All of the peptides produced broad peaks, characteristic of
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Fig. I. Separation of Val-Pro-Leu isomers. (A) Room temperature; column Pecosphere 3 x 3 CIS 33 x
4.6 mm I.D.; mobile phase methanol-0.05 M phosphate (pH 7.0) (15:85);flow-rate 2.0 ml/min; detection at
210 nm, 0.5 AUFS. (B) Column temperature -OTC; mobile phase methanol-phosphate buffer (pH 7.0)
(20:80); flow-rate 2.0 ml/min; detector 1.0 AUFS. (C) Column temperature -lIT; flow-rate 1.8 ml/min;
detector 1.0 AUFS.
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Fig. 2. Chromatograms of proctolin as a function of temperature. Column and detector as in Fig. I;
mobile phase acetonitrile-0.05 M phosphate buffer (pH 7.0)/0.02 M hexanesulfonic acid 20:80; flow-rate
2.0 ml/min; detector 1.0AUFS. (A) Column temperature O'C, (B) Column temperature - 5'C. (C) Column
temperature, - 1O.0'C.

secondary equilibria, at room temperature and two peaks, attributable to the cis- and
trans-isomers, when the temperature was reduced to O'C. This is typified by the
chromatograms for Val-Pro-Leu shown in Fig. 1. The ability to obtain baseline
separation depends on the rate of isomerization, flow-rate and retention time. At
-lOoe, baseline resolution is obtained even at a flow-rate of 1.0 mljmin (chroma
togram not shown), which yields a retention time of about 6.5 min for the second
isomer peak. At O'C a retention time of 3.2 min still produces a noticeable region of
sample interconversion between the two peaks, as shown in Fig. 1B.

Separation of polar peptides containing Tyr residues is typified by the sep
arationsshown in Fig. 2 for proctolin. This separation required the addition of a alkyl

42oo2 2
Time (min)

Fig. 3. Separation of bradykinin isomers as a function of temperature. Mobile phase acetonitrile-o.05 M
THAM, 0.02 M octanesulfonic acid (pH 7.0) (30:70);flow-rate 1.0ml/min; 0.5 AUFS; other conditions as
in Fig. I. (A) Column temperature 25T. (B) Column temperature O'C. (C) Column temperature -IO'C.
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Fig. 4. Van 't Hoff plots for morphiceptin, showing variation of capacity factor (k') as a function of the
reciprocal of absolute temperature. Mobile phase acetonitrile-0.05 M THAM, 0.02 M octanesulfonic acid
(pH 7.0) (25:75); other conditions as in Fig.!. - = Peak I; ... = peak 2; - ~ - = peak 3.

sulfonate to improve separation of the isomers. The use of acetonitrile instead of
methanol as the non-polar component of the mobile phase improved most separa
tions. However, the column became plugged due to salt precipitation when this sys
tem was used with phosphate buffers at sub-zero temperatures. The substitution of
trishydroxyaminomethane (THAM) for phosphate eliminated this problem.

The separation of peptides containing the Arg residue is demonstrated in Fig. 3
for bradykinin. This peptide contains three proline residues and could occur in eight
possible isomeric forms. The chromatograms show the appearance of additional
peaks as the column temperature is reduced. It is not clear whether the absence of
eight peaks is due to inability to separate the isomers or to the absence of some
isomers due to low stability.

The effect of temperature on the capacity factor (k') was studied for morphicep
tin and p-casomorphin. A graph of In k' vs. reciprocal of temperature (Fig. 4) demon
strates the effect of reduced temperature on the resolution obtained for the three
isomers of morphiceptin. Note that as the temperature increases no resolution of the
isomers is observed due to rapid interconversion. Good separation was attained at
-lO.O°C with a mobile phase of 0.05 M THAM (pH 7.0), 0.02 M octanesulfonic

3.65
1/T·1000

3.75 3.85

Fig. 5. Van 't Hoff plots for p-casomorphin. Conditions and lines as in Fig. 4.
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TABLE II

PERCENT ISOMER AS A FUNCTION OF SOLUTION pH FOR PHE-ALA-PRO

pH % Isomer·

Peak I Peak 2

3.08 46.9 53.1
4.01 32.6 67.4
5.01 28.8 71.2
5.95 28.5 71.5
6.98 27.2 72.8
7.94 23.7 76.3
8.90 20.9 79.1
9.94 20.4 79.6

acid-acetonitrile (75:25). The results of this study for fJ-casomorphin are shown in
Fig. 5. Figs. 4 and 5 clearly demonstrate the variation in retention as a function of
temperature for these two peptides. Such studies can also provide useful information
about the hydrophobic character of the individual isomers.

Isomer composition vs. solution pH
Three peptides: Phe-Ala-Pro, bradykinin and morphiceptin, which had been

separated most completely were chosen for a study of the effect of pH of the peptide
sample on the amount of each isomer. These studies were conducted using the opti
mal mobile phase and temperature conditions. Eight peptide solutions, identical ex
cept for their pH were prepared, covering the pH range from 3.0 to 10.0. All peptide
solutions contained ca. 0.5 mgjml. Phe-Ala-Pro solutions were prepared in phos
phate buffers, while the other two peptides were prepared with THAM.

Phe-Ala-Pro, Baseline separation of two peaks was obtained for Phe-Ala-Pro
at O°C with a mobile phase of 0.05 M phosphate (pH 7.0)-methanol (70:30). Excellent

1098765
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Fig. 6. Composition cis- and trans-isomers of Phe-Ala-Pro as a function of pH in 0.05 M phosphate
solution at room temperature. Mobile phase, methanol-0.05 M phosphate (pH 7.0) (30:70); column tem
perature O·C;flow-rate 1.0 ml/min; column and detector as in Fig. I. Peak I is the trans-isomer (-), peak 2
the cis-isomer (. ..).
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TABLE III

PERCENT ISOMER AS A FUNCTION OF SOLUTION pH FOR MORPHICEPTIN

85

Peak areas are based on the total area of the three peaks as 100%. A very small leading peak (retention
time, 56 s) at low pH which could be the cis-cis-isomer is not included.

pH

3.06
3.87
5.06
6.02
6.98
7.95
8.92
9.98

% Isomer

Peak 1 Peak 2 Peak 3

31.8 47.4 20.8
32.5 44.6 22.9
38.5 42.3 19.2
37.4 45.9 16.7
35.5 50.0 14.5
23.3 65.7 11.0
21.7 67.8 10.6
20.5 70.2 9.3

separation was obtained for the eight peptide samples. The pH of each sample, cov
ering a range of3.08 to 9.94, is listed in Table II. A graph of percent isomer vs. pH for
each Phe-Ala-Pro isomer is shown in Fig. 6. There is a significant shift in isomer
composition from pH 3.08 to 9.94. Based on similar behavior for Ala-Pro previously
reported, the first peak is assigned to the trans-isomer. It has been previously shown
for similar aliphatic peptides that the cis-isomer predominates at high pH 8 .

predominates at high pH 8
.

Morphiceptin. The isomeric composition of morphiceptin solutions at various
pH values are listed in Table III. A graph of percent isomer vs. pH, including alI three
peaks (Fig. 7) shows the trend of each peak over the entire pH range. Chromatograms
for solutions of pH 3.87 and 6.98 are shown in Figs. 8 and 9, respectively. A signif
icant change in the distribution of the area between the first two peaks is obvious
from the chromatograms themselves.

The most significant change occurs at the interval between pH 6.98 and pH
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20 - - --
10

0
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pH

Fig. 7. Variation of morphiceptin isomers as a function of pH. Chromatographic conditions as in Fig. 8.
Lines as in Fig. 4.
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Fig. 8. Chromatogram of morphiceptin solution in 0.05 M THAM at pH 3.87. Column and detector as in
Fig. 1. Mobile phase acetonitrile-o.05 M THAM, 0.02 M octanesulfonic acid (pH 7.0) (25:75); flow-rate
1.0 ml/min.
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Fig. 9. Chromatogram of morphiceptin solution in 0.05 M THAM at pH 6.98. Chromatographic condi
tions as in Fig. 8.
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7.95, as the first and second peak change by 12.2% and 15.7%, respectively. Thus, a
large shift in the conformation ofmorphiceptin occurs at a biologically important pH
range. Recent studies of morphiceptin and its analogues containing other amino acids
to restrict conformational flexibility, indicate that the cis-cis-form is the biologically
active form. This form is not quantitatively measured in the chromatograms, but the
small first peak in Fig. 8 may be due to the cis-cis-isomer. The isomer ratios for the
four peaks in Figs. 8 and 9 imply that the peaks can be assigned to the cis-cis-,
cis-trans-, trans-trans- and trans-cis-isomers based on a comparison with NMR
spectra. The first designation in each pair corresponds to the Tyr-Pro bond and the
second to the Phe-Pro bond. The relative amounts of the four isomers reported in
dimethyl sulfoxide solution were 7%, 23%, 56% and 14% for the cis-cis-, cis-trans-,
trans-trans- and trans-cis-conformations respectively 7

. Further study of the peaks
and isolation of individual peaks for spectroscopic study will be necessary to confirm
the peak assignments.

CONCLUSIONS

There are broad implications of the present study for the entire area of protein
and peptide separations. Secondary equilibrium effects due to conformational chang
es at proline residues can be expected in a large number of proteins and peptides, as
the fractions of such molecules which contain at least one prolyl residue is large. The
peak-broadening effects of these equilibria may represent a significant contribution to
the overall band broadening observed for peptides and proteins. Several solutions to
these separation problems are evident. The mobile phase can be selected to provide
extreme conditions at which only a single conformation predominates. This will often
result in separations which, while of higher efficiency for analytical purposes, have
little relevance to the actual structure of the protein. A second alternative is to in
crease the temperature to accelerate attainment of equilibrium. Again, this approach
will often destroy the biological activity and preclude the acquisition of conforma
tional information. Finally, one can reduce temperature to preserve protein structure
and attempt to deal with the mutliple peaks produced. This approach produces the
greatest amount of information about structural factors. The cost of this approach is
a greater demand on the chromatographic column in terms of selectivity, particle
diameters and pressure to cope with the high viscosity and slow diffusion rates at low
temperatures. Clearly, the optimal approach will depend on the goals of the specific
separation.
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02II5 (U.S.A.)

SUMMARY

A series of standard small globular proteins in different unfolded states was
studied by gradient reversed-phase liquid chromatography. The retention parameters
Z [slope of log capacity factor (k') vs. log molar concentration of organic modifier,
I-propanol, in the mobile phase] and log I (the value of log k' at I M I-propanol) were
derived from gradient retention data. Each protein in four different conformational
states, i.e., folded, chromatographic surface-unfolded, urea-unfolded and disulfide
bridge reduced-unfolded, showed a variation of IO-fold in Z and up to 1Ol2-fold in
I values. For the different states of all the proteins studied, the order of Z and I values
was as follows: folded ~ surface-unfolded < urea-unfolded < reduced-unfolded. The
differences in the values of the coefficients suggest, in agreement with literature
reports, that proteins with their disulfide bridges cleaved have the largest degree of
unfolding. In addition, the Z and I values and solution refolding kinetics all suggest
that chromatographic surface-unfolded proteins have a lower degree of unfolding than
their urea-unfolded forms. It was also found that an additional chemical cross-link in
lysozyme caused a significant decrease in the first-order rate constant of the
surface-induced unfolding process.

INTRODUCTION

Currently reversed-phase liquid chromatography (RPLC) plays an important
role in the analysis of peptides and proteins. This significance has prompted numerous
studies aimed at a better understanding of the retention process of these biopolymers in
order to optimize separations':". Despite some differences between the RPLC
behavior of proteins and low-molecular-weight molecules, recent experience indicates
that linear solvent strength (LSS) gradient elution theory developed for simple organic
molecules can also be used to characterize the retention behavior of proteins".

The LSS model is based on the fact that the retention of solutes in RPLC can be

a Dedicated to Professor Csaba Horvath on the occasion of his 60th birthday. A dear and loyal
friend and an outstanding scientist.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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approximated by a logarithmic relation between the capacity factor (k') and volume
fraction (cp) of organic solvent in the mobile phase:

log k' = log k'o - Scp (1)

where k'o is the extrapolated capacity factor at zero volume fraction of the organic
modifier. The slope S, which is dependent on the organic modifier and the specific
solute, can be used to predict gradient retention time and band width". For proteins,
the plot oflog k' vs. cp is generally very steep yielding a large value of S. In addition, it
has been found that the S value is in part related to the size and contact area of the
protein molecule.

Based on ion-exchange chromatography, Geng and Regnier? have developed
a displacement model for retention in RPLC which can be described by the following
equation:

(2)

where P stands for protein, M for organic solvent, Z is the number of organic solvent
molecules needed to displace the adsorbed protein from the surface, and subscripts m,
a represent mobile and adsorbed states, respectively. Based on this displacement
model, retention can be written as

log k' = log I - Z log [Do] (3)

where [Do] is the molar concentration of the organic modifier and I the value of k' at
[Do] = I M.

Assuming a constant amount of organic solvent adsorbed (imbibed) to the
bonded phase and a constant activity coefficient of the organic modifier in the mobile
phase as Do is varied, Z can be used as a measure of the contact area of the adsorbed
protein. In addition, I represents a measure of the relative binding strength of
individual proteins under a fixed mobile phase composition. From the relation of
molar concentration [Do] and volume fraction cp, Z can be related to S by the
expression 7

Z = 2.3cpS (4)

Determination of Sand k'o from the gradient retention data thus permits calculation of
Z and 1.

The stoichiometric parameters Sand Z have been shown to be related to protein
molecular weight in RPLC; however, different dependencies have been found as
a function of the extent of denaturation under the mobile phase conditions. For
example, Stadalius et at.8 examined values of S vs. molecular weight (MW) from
several studies and obtained a relationship of S~(MW)O.44.On the other hand, Geng
and Regnier2 found that Z was linearly dependent on the protein molecular weight,
when a strong denaturing mobile phase [formic acid-isopropanol (60:40)] was used.
Aguilar et at.9 have also reported S values for peptides and found significant scatter in
the S vs. molecular weight correlation. The variable dependence of Sand Z on the
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molecular weight of proteins implies different degrees of unfolding of proteins on the
chromatographic surface.

It is well-known that proteins can alter conformation on chromatographic
surfaces, resulting in changes in retention, sometimes with broad asymmetrical
peaks!", or multiple peaks 4 , l l ,12 . It is a general rule that water-soluble peptides and
proteins adsorbed on hydrophobic surfaces elute later in an unfolded form than in
a folded conformation. Moreover, the Sand Z values for various states of unfolding of
a protein could be significantly different/-l:'. It is now recognized that Z values of
proteins in RPLC are determined in large part by the hydrophobic contact area or the
number of the interaction sites established between the solute and the stationary phase
during the adsorption process, The hydrophobic contact area is, in turn, dependent on
the conformation of the protein on the chromatographic surface,

To date, no direct measurement of Z or S values for proteins in the native (or
folded) conformation on a reversed-phase column has been reported. Previous work
from this Iaboratoryt!" has shown that on a short alkyl (C4 ) bonded silica gel column
with l-propanol as organic modifier and at low temperature (4°C), a number of
proteins yielded two well-separated peaks corresponding to the folded and an unfolded
conformation, respectively. The conversion of the folded conformation to an unfolded
one allowed the measurement of the first-order unfolding kinetics of several proteins
on the C4 bonded phase surface!".

This paper examines the behavior of proteins in various conformational states
on a C4 reversed-phase column and correlates Z and log I values to the extent of
unfolding of the protein on the chromatographic surface. The values were derived
from gradient elution data generated by varying gradient time. Multiple peaks
corresponding to different conformational states of proteins were observed, and the
parameters of these conformations were determined within the same gradient run. In
addition, chemical cross-links were incorporated into the protein molecules, and the
chromatographic behavior of these more rigid species was examined. Solution
refolding and surface unfolding kinetics were also measured to provide further
information on the changes of solute structure within the chromatographic column.

EXPERIMENTAL

Equipment
The chromatographic system consisted of two Altex IIOA pumps with an Altex

420 system control programmer (Beckman, San Ramon, CA, U.S.A.), a fast-scan
photodiode array detector (Hewlett Packard, Palo Alto, CA, U.S.A.) and a Model
7125 syringe loading sample injector containing a 20-plloop (Rheodyne, Cotati, CA,
U.S.A.). The chromatograms were collected and stored in an HP 9000 workstation
(Hewlett Packard) through HP 7996A operating software (Hewlett Packard).

The C4 reversed-phase packing material was made using standard bonding
procedures '". Vydac silica (5.6Ilm, 300 A, 64 m2 jg) (Separations Group, Hesperia,
CA, U.S.A.) was bonded with n-butyltrimethoxysilane (Petrarch Systems, Bristol, PA,
U.S.A.). The C4 ligand density was determined by elemental analysis to be 7.1
Ilmoljm2, assuming a bonding stoichiometry of two methoxy groups. The 10em x 4.6
mm J.D. column was slurry packed in I-propanol-methanol (30:70, vjv) with
methanol as driving solvent.
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The column temperature was maintained within ±0.5°C by immersing the
injector, the column, and the tubing connecting the mobile phase mixer to the inlet of
the column in a thermostated water bath (Neslab, Newington, NH, U.S.A.). Mobile
phase A was either 0.5% I-propanol in 10 mM H3P04 , pH 2.1, 2% I-propanol in 10
mM H 3P04 or 2% I-propanol in I mM hydrochloric acid, pH 3.0 and mobile phase
B was either 45% I-propanol in 10 mM H3P04 , pH 2.1 or 45% l-propanol in I mM
hydrochloric acid, pH 3.0. The mobile phases were degassed with helium during all the
experiments to remove oxygen dissolved in the solvent. Linear gradients from mobile
phase A to B in various gradient times with a flow-rate of 1.0mljmin were used for the
measurement of S. For the determination of the refolding kinetics of ribonuclease A,
the flow-rate was varied in the same proportion as the gradient time to maintain the
gradient volume constant, see ref. 15.

Reagents
All proteins used in this study were obtained from Sigma (St. Louis, MO,

U.S.A.) in the highest available grade and used as received. The proteins and their
biological origin are as follows: papain (papaya latex, type IV), lysozyme (chicken egg
white, grade I), a-chymotrypsinogen A (bovine pancrease, type II), myoglobin (horse
skeletal muscle, type I) and ribonuclease A (bovine pancrease, type IlIA). Reagent
grade phosphoric acid, I-propanol, and other reagents were obtained from J. T. Baker
(Phillipsburg, NJ, U.S.A.).

Preparation of protein samples
The urea-denatured protein samples were prepared as follows: 2.5 mgjml protein

solutions in 8 M urea were heated to 90°C for 2-5 min and cooled to 5°C before
injection. The disulfide-bond reduced protein samples were prepared using a standard
method from the literature 1 6

. In particular, a 5-mgjml protein solution in 8 Murea was
incubated overnight with 0.3 M mercaptoethanol at 25°C. Before injection, each of the
solutions was diluted two-fold with water to obtain the reduced protein sample in
a final concentration of 2.5 mgjml.

Lys(7)-Lys(41) (intramolecular) cross-linked ribonuclease A was prepared using
the method of Lin et al. 1

? Ribonuclease A (55 mg) was dissolved in 100 ml of 50 mM
Tris-HCI buffer (pH 8.5). A 10-ml volume of 2,4-difluoro-I,3-dinitrobenzene in
methanol-water (2:98) was added at a rate of 0.02 mljmin while the solution was
stirred in the dark at room temperature. The solution was stirred for 20 h, and the
reaction was quenched by adding hydrochloric acid to reach pH 2. The reaction
mixture was then desalted and concentrated on an ultracentrifugation cell, Prep-l O,
(Amicon, Danvers, MA, U.S.A.) to a final concentration of about 2.5 mgjml.

Glu(35)-Trp(108) cross-linked lysozyme was prepared by following the proce
dure ofImato et al.r". Lysozyme (20 mgjml) was oxidized with 12 (0.6 mol 12 per mol of
protein) for 7 h at room temperature. The reaction mixture was then applied to a 90 cm
x 4 em J.D. CM-Sephadex C-25 column, equilibrated with 0.05 M sodium
borate-0.05 M sodium carbonate buffer, pH 10, and eluted with a ten-step gradient
over 2 I of solution from 0.02 to 0.1 M sodium chloride in the same buffer. The last
eluting component corresponding to the ester bond cross-linked lysozyme between the
carboxyl group of Glu(35) and the indole C-2 of Trp(108) was collected and
concentrated to roughly 2.5 mgjml before use.
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Derivation of Z and log Ifrom gradient data
Operating under linear-solvent strength (LSS) conditions, the relationship

between the instantaneous capacity factor k' and time t in a gradient elution can be
expressed as:

log k' = log k~ - b(t/to) (5)

where b is the gradient steepness parameter and to is the migration time of the
unretained species through the column. The gradient retention time (tg) can be derived
from eqn. 5 (see ref. 6) as:

tg = (to/b)log(2.3bk~ + 1) + to + to (6)

in which to is the gradient delay time, i.e., the time needed for the mobile phase to travel
from the mixer to the inlet of the column. The gradient steepness parameter b is related
to important gradient and solute parameters as

(7)

where L1cp is the gradient range, i.e., the difference in the volume fraction of the organic
modifier from the start to the end of the gradient and tG is the gradient time. By
substituting eqn. 7 into eqn. 6 and assuming 2.3bk~ ~ 1, we can obtain an expression of

t-~-~ 1 1
g = - -- log ta + -S log(2.3SL1cptok~)

tG SL1 cP L1 cP
(8)

Since S is independent of tG, a plot of (tg - to - to)/t G vs. log tGwill yield a straight line
of slope I/SL1cp. The values of S and k~ can then be determined from the slope and
intercept of the plot. This method is similar to that based on two gradient runs!".

The solvent displacement stoichiometric parameter Z can be derived from the
corresponding S value by the use of eqn. 4:

where

Z = 2.3ijJS

_ tG L1cp
cp = CPo + (t - to - to - 0.3 --) -

g LlcpS tG

(9)

(10)

and ijJ is the valu~ of volume fraction of the organic solvent as the solute band passes
the center of the column and CPo is the volume fraction at the start of the gradient. For
l-propanol, [Dol = 1 M at cp = 0.075. The binding strength, log I, can then be
determined by calculating log k' at this volume fraction in eqn. 1 from corresponding
S and log k~ values.
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Z and log I for folded and unfolded states
The gradient elution chromatograms for four proteins, papain (PAPN),

lysozyme (LYSO), a-chymotrypsinogen A (CHTG), and myoglobin (MYOG) are
shown in Fig. 1. As described beforer-!", the first peak for PAPN, LYSO and CHTG
are ascribed to the folded state of these proteins, and the second peak to an unfolded
state. By lengthening the contact time of each protein with the stationary phase, the
area of the second peak increased at the expense of the first peak.

It is interesting to note that the first eluted peak of PAPN, LYSO and CHTG
could not be observed with the gradient of Fig. 1 using a C, bonded phase column of
the ligand density of 4.6 {lmoljm 2

• Evidently, the hydrophobicity of the Cs phase was
sufficient to unfold the proteins rapidly at soc. In addition, even on the C4 bonded
phase column, the first peak for CHTG could only be substantially seen when a less
acidic (pH ~ 3.0) mobile phase was used. Therefore, in Fig. 1, a mobile phase of pH
3 was used for CHTG to obtain a sufficient amount of the folded conformation. These
results emphasize that both the stationary and the mobile phase contribute to the
unfolding of proteins on the adsorbent surface.
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Fig. 1. Reversed-phase chromatographic behavior of (A) papain (PAPN), (B) «-chymotrypsinogen
A (CHTG), (C) lysozyme (LYSO) and (D) myoglobin (MYOG). Column: JOcm x 4.6mm I.D., C4 bonded
phase on Vydac silica (S.6 lim, 300 A). Sample: 2.S mg/rnl protein in HPLC-grade water, 20 {tl injection.
Mobile phase A: O:S% l-propanol in IOmMH 3P04 , pH 2.1 (LYSO), 2% I-propanol in IOmMH 3P04 , pH
2.1 (PAPN, MYOG), 2% l-propanol in ImM hydrochloric acid, pH 3.0 (CHTG). Mobile phase B: 4S%
I-propanol in 10 mM H 3P04 , pH 2.1 (LYSO, PAPN, MYOG), 4S% l-propanol in I mM HCI, pH 3.0
(CHTG). Gradient time: A to B in 20 min. Flow-rate: 1.0 ml/min. Column temperature: soc. I-PrOH
= l-Propanol,
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It is also to be noted that the first peak of MYOG was eluted at a time
corresponding to the unfolded peaks of other proteins and the second peak was eluted
even later. The on-line UV spectrum collected from the photodiode array detector
identified the second peak as the prosthetic heme group (A'max = 400 nm) released from
myoglobin upon unfolding and the first peak as apomyoglobin (APMY) (}'max = 280
nm). This result is consistent with that found by others!".

Plots of (tg - to - tD)/tG vs. log tG for each folded and unfolded state of the above
proteins were linear (r2

;" 0.98). The values of S and log k'o were derived from the slope
and intercept of these plots, with the relative standard deviation of 10% (n = 6). Care
was also taken to avoid potential errors in accuracy 19 . From S and log k'o, the values of
Z and log I were determined as described previously. Table I presents these latter
values along with S in order to compare with the results ofother workers who reported
this coefficient":".

Before proceeding, it is useful to note that while the displacement model has been
shown to be applicable to RPLC 2

, it does require that the adsorbed amount of the
organic modifier on the bonded phase be maintained approximately constant over the
whole mobile composition range of interest. Since the range over which the different
conformational states of the solutes elute is between roughly 5 and 25% (v/v)

TABLE I

Z. S AND LOG I VALUES OF PROTEINS IN DIFFERENT CONFORMATIONAL STATES

For chromatographic conditions, see Fig. I.

Proteins and states MW Z S log I

Heme 618
In water 10 ± 1" 17 ± 2.3 ± 0.3
In urea to ±I 17 ± 2.3 ± 0.3

RNase A 13000
Surface-unfolded II ±I 36 ± 4 2.5 ± 0.7
Urea-unfolded 16 ± 2 38 ± 4 4.9 ± 0.4
Disulfide-reduced 21 ± 3 44 ± 4 7.0 ± 0.7

LYSO 14300
Folded 2.6 ± 0.1 25 ± 2 -0.6 ± 0.2
Surface-unfolded 20 ± I 46 ± 3 4.9 ± 0.6
Disulfide-reduced 35 ± 3 57 ± 5 11.6 ± 1.2

APMY 17000
Surface-unfolded 22 ± 2 45 ± 4 6.5 ± 1.I
Urea-unfolded 34 ±1 52 ± 5 11.2 ± 1.2

PAPN 21000
Folded 4.3 ±O.I 26 ± 2 -0.3 ± 0.3
Surface-unfolded 23 ±l 43 ± 2 6.1 ± 0.5
Urea-unfolded 33 ± 3 53 ± 5 10.7 ± 1.1

CHTG 25000
Folded 3.9 ± 0.3 34 ± 2 -1.3 ± 0.1
Surface-unfolded 27 ± 2 53 ± 5 7.9 ± I.l
Urea-unfolded 38 ± 3 61 ± 5 9.6 ± 0.1

a ± Standard deviation (n = 6).
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propanol, some change in the amount of adsorbed or imbibed propanol may be
expected. Consequently, the 2 values for different conformational states should be
viewed in a qualitative fashion, rather than as quantitative differences in contact area.

As can be seen from Table I, the prosthetic heme group has a much smaller
2 value (2 = 10) than the unfolded parent protein APMY (2 = 22). This result is
expected when the differences in the sizes of the two species are considered. On the
other hand, compared to small peptides in the same molecular weight range (MW
:::::: 600)S, the 2 (or S) value for heme is still large. This is undoubtedly due to the
relatively large contact area of the porphyrin moiety with the hydrophobic surface.

It is interesting to note that the S values for the unfolded conformation ofPAPN,
LYSO and CHTG are above 40 and are close to the values reported by others" for
these particular proteins under more unfolding-favored conditions (Cs-bonded silica
as stationary phase, and/or acetonitrile as organic solvent at room temperature). By
using less destablizing conditions (5°C, Cz-bonded stationary phase, l-propanol), we
were able to maintain both unfolded and folded conformations of these proteins in the
chromatographic process.

Table I shows that the 2 and log I values for each of the folded proteins are much
smaller than those for the corresponding unfolded species. Low 2 values have also
been found in hydrophobic interaction chromatography (HIC) of proteins under mild
conditions13. The results demonstrate that proteins adsorbed in a folded conformation
have less contact area with the hydrophobic surface than in the unfolded state. In the
folded form, the proteins appear to act as weakly binding small molecules. When the
protein unfolds on the surface, the contact area increases, leading to stronger binding
and an increase in the values of each of the parameters.

It is also interesting to note in Table I that the I values for the folded proteins are
only in the range of 0.05-0.5 and are 101 1_101 2 times smaller than the I values for
unfolded proteins. This substantial difference in binding strength for the two
conformers emphasizes the important point that the chromatographic surface can act
as a means of amplifying structural differences in macromolecules. Finally, it is seen
that the I values for the folded proteins are even smaller than that of heme, a small
molecule. The reason for this result, in spite of the larger S values for the folded
proteins, is probably due to the quite hydrophobic porphyrin moiety of heme.

Urea-unfolded and reduced-unfolded states
In order to investigate further the relationship of 2 and log I to the conformation

of the protein on the chromatographic surface, we next measured the appropriate
values for urea-unfolded and disulfide-reduced proteins. Fig. 2 presents the chromato
grams for the urea-unfolded proteins (PAPN, CHTG and MYOG) obtained under the
same column conditions as in Fig.!. The 2 and log I values are listed in Table I. (For
urea-treated LYSO, a complex elution pattern was observed and measurements were
not possible.) Note in Fig. 2 that the first peak corresponding to the folded form does
not appear in the elution profile of the urea-treated PAPN and CHTG, and the second
peak corresponding to the unfolded form is shifted to longer retention. Note also that
the urea-unfolded APMY appeared as a broader peak with larger retention than the
surface-unfolded APMY.

As can be seen from Table I, the 2 values were larger for each of the
urea-unfolded proteins (PAPN, CHTG and APMY) than for their surface-unfolded
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Fig. 2. Chromatographic behavior of urea-unfolded proteins. (A) PAPN; (8) CHTG; (C) MYOG.
Conditions are same as in Fig. I.

form. On the other hand, as expected, the values for heme did not change with the urea
treatment. The above results suggest that the urea-treated proteins are more unfolded
and adsorb on the chromatographic surface with a larger contact area than the
surface-induced unfolded state of these proteins. It is important from the separation
point of view to recognize that urea can alter the conformation and retention of
proteins, although at times complex peak shape can be observed/".

The next step was to investigate the influence of disulfide bonds on the
adsorption behavior of these globular proteins on the C4 reversed-phase support.
Upon reduction of the disulfide bridge(s), proteins can be completely unfolded to
a random coil structure. For LYSO, the reduced species was eluted later in the gradient
than the surface-unfolded species and with larger Z and log I values, see Fig. 3. The
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Fig. 3. Chromatographic behavior of (A) LYSO and (8) reduced LYSO. Conditions are same as in Fig. 1C.
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longer retention of the reduced LYSO is in agreement with other published results-", in
which it is suggested that the stronger interaction is due to the more exposed
hydrophobic residues on the protein.

Ribonuclease A (RNase A) is another well-defined globular protein. Injection of
urea-denatured and disulfide reduced RNase A yielded similar peak shapes to that of
the unmodified RNase A shown previously 1

5, although the retention for the former
two species was longer (see Fig. 4). In agreement with earlier results 10, the on-line
absorbance ratio determined at 288 and 254 nm (A288/A254) for the folded
conformation of RNase A was close to unity whereas the ratio was less than one for an
unfolded state. The A 288/A 254 for each of the late eluted peak maxima of Fig. 4A-C,
was found to be 0.55,0.50 and 0.69, respectively. On the other hand, the A288/A254
ratio measured at the maxima of each of the early eluting shoulders was 0.91, 0.88 and
0.71, respectively. These absorbance ratios suggest that the late eluted peak of each of
the RNase A samples corresponds to an unfolded conformation 10. The shoulder in the
case of the urea-unfolded RNase A (see Fig. 4B), in analogy to the surface unfolded
results, is assumed to be the refolded form.

It is known that unfolded RNase A can gradually refold in solution once the
denaturant is removed or diluted'". In the present case, the denaturant urea was
washed away from the adsorbed RNase A at the beginning of the chromatographic
process and the conformational stress of the hydrophobic surface was released upon
desorption. Therefore, favorable conditions existed for RNase A to refold in the
mobile phase upon desorption. However, the shoulder in the case of reduced RNase
A (see Fig. 4C) had an A288/A254 ratio similar to that of the major peak. While not
proven, it is possible that this shoulder may represent an intermediate in the refolding
pathway of the reduced RNase A. More work is required to identify this band in Fig.
4C.
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Fig. 4. Chromatographic behavior of (A) RNase A; (B) urea-unfolded RNase A; (C) reduced RNase A.
Conditions are same as in Fig. lC.
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The results of Z and log [reveal a similar pattern for RNase A as that of the other
proteins studied. The urea-unfolded form had larger Z and log [ values than the
surface-unfolded form, supporting the argument that urea unfolds the protein to
a larger extent with a resultant larger contact area and stronger interaction with the
stationary surface. The even larger Z and log [values of the reduced-unfolded RNase
A indicate that the reduced species is the most unfolded with the largest contact area.
From the results with all the above studied proteins, the order of binding strength for
different states can be summarized as: folded <:g surface-unfolded < urea-unfolded
< reduced-unfolded.

Effect of additional cross-link on surface unfolding
In contrast to the reduction of the internal disulfide bridges, modification of

proteins with additional cross-links would be expected to yield a more rigid structure
with restricted conformation. Two well-characterized cross-linked proteins -dinitro
phenyl cross-linked [Lys(7)-Lys(41)]RNase A and the ester bond cross-linked
[Glu(35)-Trp(l08)]LYSO- were used in this study. X-Ray crystallographic studies
have shown that the dinitrophenyl cross-link in the 7-41 positions of RNase A is
blocked in the enzymatic pockerZ3

. Furthermore, the ester bond cross-link between the
carboxyl of Glu(35) and the indole C-2 of Trp(l 08) in the 35-108 positions of LYSO is
also buried in the cleft of this enzyme 1 S

. The three-dimensional structures of these
cross-linked proteins are almost identical to their corresponding intact folded
structures except for a very small movement of the two cross-linked residues.

The Z and log [values for the cross-linked and unmodified LYSO and RNase
A are listed in Table II. For LYSO, there is essentially no difference in the values for the
two folded species. Evidently, the cross-link in the active site cleft does not influence
the surface position of contact which is believed to be opposite the catalytic site24

,2 5 .

However, in the unfolded state there is a small but meaningful difference in the two
forms, with the species with the extra cross-link displaying a smaller Z and [value, as
might be expected". In agreement with these results, Perry and Witzel" have recently
found that Tdysozyme engineered with an additional disulfide bridge eluted earlier
than its non-cross linked mutant on a C, reversed-phase column.

For RNase A, the unfolded forms of the two species reveal identical Z and
[ values. Only when the reduced forms are compared is a significant difference
observed between the two species. Four disulfide bridges in RNase A were destroyed
upon reduction, while the artificial Lys(7)-Lys(41) cross-link remained in the reduced
(7-41) RNase A. This cross-link restricted the unfolding and reduced the contact area
of (7-4I)RNase A with the stationary phase, resulting in a smaller value of Z and I.

The results of Table II suggest that in certain cases it may not be possible to
observe differences in folded forms of protein variants where disulfide scrambling
takes place. Sometimes examining the surface-unfolded forms may be helpful (LYSO),
but this is not always true (RNase A). Another sensitive approach is to determine the
rate of surface unfolding or solution refolding upon desorption. Kinetic parameters
can prove to be highly useful in characterizing variants as shown in the following
sections.

SUI/ace unfolding kinetics of cross-linked LYSO
In order to study the effect of a cross-link III protein molecules on the
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TABLE II

Z, S AND I VALUES vs. NUMBER OF CROSS-LINKS OF PROTEINS

S. LIN, B. L. KARGER

For chromatographic conditions, see Fig. 1.

Protein Cross-links Z S log I

Folded (35-108)LYSO 5 2.5 ± 0.1 22 ± 2 -0.3 ± 0.1
Folded LYSO 4 2.6 ± 0.1 25 ± 2 -0.6 ± 0.2
Unfolded (35-108)LYSO 5 16 ± I 40 ± 4 4.6 ± 0.7
Unfolded LYSO 4 20 ±l 45 ± 4 4.9 ± 0.6

(7--4I)RNase A 5 10 ± I 34 ± 2 2.6 ± 0.7
RNase A 4 II ±l 36 ± 2 2.5 ± 0.7
Reduced (7--4I)RNase A I 16 ±I 39 ± I 3.0 ± 1.1
Reduced RNase A 0 21 ± 3 44 ± 2 4.5 ± 0.7

surface-induced unfolding kinetics, we measured chromatographically the first-order
unfolding rate constant of the cross-linked (35-108)LYSO as well as that ofLYSO. As
previcusly '", the area of the first peak, corresponding to the concentration of the
folded conformation, decreased with contact time of the protein with the chromato
graphic surface. The area of the second peak correspondingly increased. By following
the reduction in the area of the first peak with on-column incubation time, the
first-order unfolding rate constant k; could be determined 14. At 20°C the first order
unfolding rate constant was found to be 9.1 . 10-4

S-I for the cross-linked
(35-108)LYSO and 6.7 . 10-3 S-I for unmodified LYSO. The significantly slower
unfolding rate constant for the cross-linked LYSO variant corresponds to a higher
activation energy of 1.2 kcal/mol. A solution study of (35-108)LYSO in l-propanol
water (4.6 M or 35%) also showed that the cross-linked LYSO was more stable
towards thermal unfoldingj '. Since the Glu(35)-Trp(108) cross-link spans the
catalytic cleft of LYSO I 8

,2 7 , it is reasonable to conclude that the opening of this cleft is
part of the unfolding process on the surface.

The assumption that the Glu(35)-Trp(l08) region participates in the unfolding
process is also in agreement with the results of chromatographic and surface
spectroscopic studies. Using a series of Iysozymes obtained from different biological
species, it was shown, as already noted, that the protein adsorbed on a hydrophobic
patch that is on the opposite side of the catalytic cleft'". The same conclusion was
arrived at with computer modeling of the hydrophobic sites on the surface of LYS02 5

,

and the on-column intrinsic fluorescence ofLYSO on a C4 reversed-phase surface also
suggested the opening of the catalytic cleft'". The cross-linking of Glu(35) and
Trp(l08) restricted the opening of the cleft and therefore increased the activation
energy of the unfolding process.

Based on these results, the kinetics of surface unfolding may be a useful tool for
evaluating protein conformation resulting from cross-linking. In particular, it may be
possible to differentiate in a sensitive manner species that have formed incorrect
disulfide bridges. In combination with retention patterns7

, the surface unfolding
kinetics as determined by chromatography or by on-line intrinsic fluorescence of
adsorbed species may represent a powerful analytical approach.
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Refolding kinetics of RNase A upon desorption
As noted in Fig. 4, the shoulder for urea-denatured RNase A was lower than that

of surface-unfolded RNase A. Since on-line spectroscopy revealed that in both cases
the shoulder was due to refolding in the mobile phase upon desorption, the first-order
rate constants in each case were measured as described previously '". At 20°C, the
refolding rate constant k, for the surface-unfolded RNase A and urea-unfolded RNase
A were 1.04' 10-2

S-l and 4.33 . 10-3 S-l, respectively, corresponding to a difference of
0.51 kcaljmol in the activation energy of the refolding process. The slower refolding of
urea-unfolded RNase A may be a result of the more unfolded structure of this
denatured protein on the chromatographic surface.

It might be argued that since urea-unfolded RNase A desorbed at a slightly
higher concentration of l-propanol in the gradient elution, the slower refolding could
simply be the effect of the propanol. However, from the previous calibration of k, VS.

percentage propanol'", such a small difference in the concentration of I-propanol at
desorption (14.8% for urea-unfolded RNase A and 14.0% for the surface-unfolded
RNase A) could not cause a 2-fold change in the refolding rate constant. It can be
concluded that the solution kinetics upon desorption may be a function of the state of
the molecule on the chromatographic surface.

CONCLUSIONS

It has been demonstrated that a protein can exist on a chromatographic surface
with different extents of unfolding. These states lead to changes in Z and log I and
hence retention patterns. Particularly striking were the large differences in I between
the folded and unfolded state, indicating the amplifying nature of the support surface
for structure variations. This amplification could also be observed in the kinetics of
unfolding on the surface. Indeed, the measurement of the rate of unfolding ofadsorbed
species either by chromatography or intrinsic fluorescence in which precisions of rate
constants of better than 10% relative standard deviation are possible-" may represent
in appropriate cases a significant method for characterization of protein variants.
Finally, it needs to be recognized that sample pretreatment can have a significant effect
on the ultimate chromatographic separation. This point should be kept in mind as
separation procedures are being developed.
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PEPTIDES AND PROTEINS

XCV". THERMODYNAMIC AND KINETIC INVESTIGATIONS ON RIGID
AND SOFT AFFINITY GELS WITH VARYING PARTICLE AND PORE SIZES:
COMPARISON OF THERMODYNAMIC PARAMETERS AND THE AD
SORPTION BEHAVIOUR OF PROTEINS EVALUATED FROM BATH AND
FRONTAL ANALYSIS EXPERIMENTSb

F. B. ANSPACH, A. JOHNSTON, H.-J. WIRTH, K. K. UNGER' and M. T. W. HEARN"

Department ofBiochemistry and Centre ofBioprocess Technology. Monash University, Clayton. Victoria 3168
(Australia)

SUMMARY

The thermodynamic constants, associated with the interaction of three proteins
with triazine dye affinity sorbents, have been derived from bath and frontal analysis
experiments. In cases where mass-transfer restrictions are very high, calculation of the
thermodynamic constants directly from frontal analysis experiments could not be
achieved. In such cases, a portion of the adsorbate was always present in the effluent,
a situation which has its effect as the split peak phenomenon. With Fractogel-based
triazine dye affinity sorbents none of the test proteins applied in frontal analysis were
adsorbed. A similar behaviour was observed for a Cellufine sorbent during the
adsorption of human serum albumin and the Blue Sepharose CL6B sorbent during the
adsorption of alcohol dehydrogenase, which displayed much slower apparent
adsorption kinetics than observed in the bath experiments. These phenomena were
shown to be associated with changes in the gel structure, caused in part by the column
packing procedure.

Silica-based sorbents performed better in the adsorption of lysozyme in the
column mode than soft-gel affinity sorbents, as was evident in the higher capacities and
steeper breakthrough curves. At high protein concentrations (feedstock concentration
> 0.2 mg/ml) breakthrough curves obtained with small- and large-particle-size
sorbents, but of constant pore size, were found to be identical. This finding
demonstrates that the use of small-particle-size sorbents (e.g. particle diameter,

a For Part XCIV, see ref. I.
b The authors wish to acknowledge the enormous enthusiasm, insight and scholarship which Csaba

Horvath has brought to the field of chromatographic sciences. His example has stimulated them in
numerous ways over the past decade to examine in greater detail more systematic methods to elucidate
chromatographic processes and phenomena. For these reasons alone, this manucript is dedicated to Csaba
Horvath in celebration of his sixtieth birthday.

C On sabbatical leave from the Institut fur Anorganische Chemie und Analytische Chemie, Johannes
Gutenbcrg-Universitat, 6500 Mainz, F.R.G.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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dp :::; 5 JIm) for the preparative isolation of proteins may not be justified when
operating in the overload mode.

With other higher-molecular-weight proteins and the silica-based sorbent
systems examined, the small-particle-size sorbents (dp = 5 JIm) displayed less
symmetrical shapes of their breakthrough curves than the larger-particle-size and
soft-gel sorbents. This behaviour was further exacerbated when non-porous glass or
silica-based sorbents were utilized. These non-porous affinity sorbents displayed
nearly rectangular breakthrough shapes at the onset of the adsorption process, but
comparatively slow adsorption kinetics became evident as saturation was approached.
This phenomenon has been attributed to surface rearrangement and/or reorientation
of the adsorbed proteins, particularly with sorbents of high ligand densities.

INTRODUCTION

The evaluation of thermodynamic data from continuously stirred bath experi
ments has been addressed in an associated publication", including the description of
a simple method for comparing apparent adsorption kinetics with different types of
affinity sorbents. Such data have been found useful for the prediction of the capacity of
affinity sorbents for the preparative chromatographic isolation of proteins. Further
more, the observed adsorption kinetics in the bath experiments can be related to the
breakthrough behaviour of sorbents. Collectively, guidelines, derived from bath
experiments, provide a basis for the choice of sorbent for a particular chromatographic
isolation procedure. For example, after the application of mathematical models which
incorporate the kinetics during adsorption, we and others have shown that thermo
dynamic and kinetic data, obtained from bath experiments, can be used to predict the
position and the shape of the breakthrough curve'<",

The comparison of thermodynamic data derived from static bath and dynamic
chromatographic experiments was thus of major interest in this investigation.
Chromatographic data were obtained by the application of frontal analysis, a tech
nique which lends itself to systematic acquisition of data over a very wide range of
experimental and loading conditions. Furthermore, as has been discussed extensively
by Jacobsen et al.' and Kasai et al", frontal analysis is an accurate method for
quantitative description of the characteristics of the chromatographic adsorption of
solutes, including proteins.

In this study, we extend our earlier investigations with a variety of affinity
sorbents in the bath experiments to include the use of small-particle-size and
non-porous silica-based sorbents (particle diameter, dp :::; 5 JIm).We were interested to
examine whether these sorbents displayed enhanced adsorption performances when
used at the upper part of the equilibrium isotherm, or whether they would display the
same characteristics shown by large-particle-size sorbents, when used in the overload
mode, as reported for zonal chromatographic systems".

THEORY

According to Graves and Wu 10, equilibrium isotherms can be measured by static
(bath) methods, where discrete points on the isotherms are calculated on the basis of
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the concentrations of the adsorbate in solution and the adsorbate in the sorbent. In
order to follow the kinetics of adsorption in bath systems, protein concentrations must
be monitored continuously by techniques similar to those described by Horstmann et
al.t! or by Anspach et al. 2. The results of our previous and current studies clearly
demonstrated that bath adsorption methods can display the characteristics of column
affinity systems in a realistic way, allowing information about diffusion restrictions of
the affinity sorbents to be enunciated. However, there are drawbacks with bath
techniques, such as limitations of the type of stationary phases which can be subjected
to investigation. Similar conclusions have been reached by Jacobsen et al.',
Furthermore, when soft gel sorbents are examined in column systems, the structure of
the porous network may change as a consequence of the pressure on the bed leading to
bed compression. This will influence the permeability and porosity of the gel and at the
same time will affect the accessibility of the adsorbate to the immobilized ligands.
When thermodynamic and kinetic parameters from bath experiments are employed to
design fixed bed procedures, any change in these sorbent characteristics will lead to
a significant decrease in separation efficiency, productivity and loadability.

The determination of thermodynamic parameters by means of zonal or frontal
chromatographic methods has been described in numerous publications (for reviews
see refs. 12-14). As discussed by Jacobsen et al.' frontal analysis appears to be the
method of choice when proteins with relatively large diffusion restrictions are
subjected to chromatographic separation. In particular, frontal analysis is particularly
suited for adsorbate-ligand interactions when the dissociation constant, Kd , is in the
range 10- 4_10- 7 M, e.g. ion-exchange, hydrophobic interaction or reversed-phase,
metal chelate and some forms ofbiomimetic and biospecific affinity chromatography.
In frontal analysis ideally, after a step increase of the protein concentration at the
column inlet, an equivalent step increase in protein concentration should develop at
the column outlet when saturation of the column is achieved. Due to mass-transfer
resistances (associated with film, pore and surface diffusion and surface reaction
resistances) and dispersion effects (mediated by axial, molecular and Eddy diffusion
and external dead-volume), the breakthrough front is established as a sigmoidal
profile. When the system reaches equilibrium (column inlet concentration equals
column outlet concentration), the breakthrough volume can be calculated. This
volume at a particular protein concentration corresponds to one point on the
equilibrium isotherm. As outlined in our previous publication", the feed concentra
tion, c, and solid-phase concentration, q, can be transformed, as required, to yield K d ,

the accessible ligand concentration, and the effective capacity of the sorbent, qrn' Using
Scatchard plot analysis, the heterogeneity of the affinity sorbents can additionally be
recognised.

Using the approach developed by Nichol et al.i", which assumes a Langmuir
type isotherm, the equilibrium constant, K., and qrn can be determined without
consideration of the shape of the equilibrium isotherm. In the absence of any
competing ligand, the relationship between c and qrn can be simplified to

c---+-
Vo qrn K a Vo qrn

(1)

where Ve is the breakthrough volume, Vo the elution volume of a non-retained
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component with a molecular weight similar to that of the protein of interest, c is the
concentration of the applied feed solution, and qrn is the capacity of the affinity
sorbent. For the purposes of the present studies, experimental data were fitted to
eqn. 1 by standard methods of numerical analysis.

EXPERIMENTAL

Chromatographic supports
The soft-gel chromatographic support Trisacryl GF 2000 was obtained from

Reactifs IBF (Villeneuve la Garenne, France), Cellufine GC 700 Medium from
Amicon (Danvers, MA, U.S.A.) and Sepharose CL6B and Blue Sepharose CL6B from
Pharmacia LKB (Uppsala, Sweden).

The porous silica-based supports, Spherosil (Type: XOB030) were obtained
from Rhone-Poulenc (Usine de Salindres, France); Nucleosil 300-2540, 4000-2540,
300-5, 1000-5,4000-5 and Polygosil 300-2540 from Machery-Nagel (Diiren, F.R.G.).
Non-porous silica with a particle size of 1.5 ,urn was made in our laboratories and is
commercially available from E. Merck (Darmstadt, F.R.G.), under the tradename
Monospher. Non-porous glass beads were a gift from Polters-Ballotini (Kirchheim
bolanden, F.R.G.) and were size-fractionated as described in our previous publica
tion '.

Chemicals
3-Mercaptopropyltrimethoxysilane (MPS) was obtained from EGA (Steinheim,

F.R.G.). Tris, hen egg white lysozyme (E.C. 3.2.1.17, dialysed and lyophilized) and
alcohol dehydrogenase (ADH) (E.C. 1.1.1.1,crystallised and lyophilized) from baker's
yeast were purchased from Sigma (Sydney, Australia). Cibacron Blue F3GA was
obtained from Serva (Heidelberg, F.R.G.). Human serum albumin (HSA) (chromato
graphically isolated, containing 250 mgjml protein, 85-130 mM sodium chloride and
40 mM sodium octanoate) was a gift from the Commonwealth Serum Laboratories
(Melbourne, Australia).

Preparation of affinity sorbents
Spherosil XOB030 and Nucleosil 300 were chemically modified with MPS as

described in an earlier publication 16. With silicas oflarger pore sizes, such as Nucleosil
1000and 4000, preliminary investigations established that 5 times the amount ofMPS
was needed compared to that calculated on the basis of specific surface area and
hydroxyl group content. When lower quantities were employed the coverage with MPS
was insufficient, and this resulted in low immobilization levels of reactive dyes and
non-specific interactions of adsorbed proteins with free hydroxyl groups at the silica
surface. Due to the higher silane concentration, the reaction time was reduced to 2 h, in
order to avoid polymerization of the silane at the surface of the supports.

The immobilization of Cibacron Blue F3GA on MPS-activated silica and glass
beads, and on soft-gel supports was performed as described in refs. 2 and 17.

Chromatographic setup for the frontal analysis experiments
Frontal analysis experiments on soft affinity sorbents and on silica-based and

non-porous glass affinity sorbents were performed using the Pharmacia LCC-500
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Fig. I. Schematic diagram of the equipment design used for frontal analysis. Up to eight columns and eight
protein concentrations can be investigated with a Pharmacia Fast Protein Liquid Chromatograph in this
configuration, with the unit automatically performing under the control of the Pharmacia LCC-500.
A: Regeneration buffer [50 mM Tris-HCI (pH 7.8) + 2.5 M KSCN]; C: equilibration buffer [50 mM
Tris-HCI (pH 7.8)]; PI: pump for different protein concentrations; P2: pump for equilibration buffer;
P3: pump for regeneration buffer; VI: valve for selection of different protein concentrations (eight inlets);
V2: valve for the selection of either adsorbate or equilibration buffer; V3: valve for control of either
equilibration, adsorption, or wash cycles; V4 and V5: valves for selection of up to eight different columns;
D: detector (cell volume: 10 {tI, absorbance 280 nm); R: chart recorder; I: integrator (Shimadzu C-R3A);
T: thermostat (e.g., at 35.SOC). MV-8 and MV-7 are eight- and seven-port valves, respectively.

system, connected with 4 MV-8 and I MV-7 motor valves as outlined in Fig. I. This
chromatographic system was controlled exclusively by the LCC-500. Ina single frontal
analysis experiment four columns could be tested automatically in a period of24-48 h,
depending on the adsorption capacity of the affinity sorbents. Eight protein solutions
of increasing concentrations were applied in each set of experiments, in order to
obtain, where possible, data encompassing every part of the isotherm. The dimensions
of the affinity columns were 25-35 mm x 5 mm I.D., depending on the adsorption
capacity of the affinity gel. Columns were packed by attaching a syringe to one end of
each column and applying suction to transfer suspended affinity sorbent to the
columns. In order to saturate the active sites on "virgin" chromatographic supports,
which lead to non-specific and often irreversible interactions with adsorbed proteins,
a solution of 0.2 mg/ml lysozyme was pumped through the columns prior to their
experimental use. The columns were then placed in a water bath thermostated at
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3SSC and equilibrated with the regeneration buffer. It should be noted that although
this procedure can be used in a practical context to mimic the well documented
differences between new and regenerated sorbents, it is appreciated that presaturation
of non-specific sites on a sorbent with a particular protein will mask contribution of
these sites to the overall adsorption process and could even induce specific
protein-protein interactions. Each experimental run was terminated when the test
protein concentration at the column outlet was equal to the inlet concentration. The
column was regenerated immediately after saturation until no further change in the
UV absorption of the effluent was measurable. The regeneration buffer was then
maintained in the column, and the next column was investigated via the multiway
valves. Each column was equilibrated with the equilibration buffer prior to the
adsorption studies with the proteins. After examination of the breakthrough volume
of the columns, the valve controlling the protein concentration steps was switched to
the next position until the highest concentration was accomplished. The UV
absorption at the column outlet was digitalized by an integrator and the equilibrium
capacity (q*) of a given adsorbate concentration (c*) was evaluated by numerical
integration of the area beneath the breakthrough curve. Ve refers to that point of the
breakthrough curve where SO% of the amount of adsorbate, as determined by the
values of the initial and final condition of the breakthrough curve, was found in the
effluent stream. Utilizing this procedure, breakthrough volumes and hence break
through times could also be calculated when the corresponding breakthrough curves
were not symmetrical around the inflection point. Va was determined as the retention
volume of a non-retained contaminant of the protein applied to the column.

Evaluation of thermodynamic data
The equilibrium capacity, q*, was plotted against the corresponding protein

concentration, c*, at the column inlet (see Fig. 2a and b). As described in a prior
publication", the shape of the isotherm can be utilized to evaluate the type of
interaction. qm and K d were determined from a double reciprocal plot. In addition, the
determination of K; and of qm was performed by the method of Nichol et al.15, utilizing
eqn. 1.

RESULTS

Comparison of thermodynamic data
Adsorption behaviour of lysozyme. Compared to the values obtained from the

corresponding bath experiments", affinity constants for lysozyme binding to Cibacron
Blue F3GA were considerably lower than affinity constants for HSA, based on the
same affinity sorbents and buffer conditions (see Table I). Because of the attenuated
interaction oflysozyme with the Cibacron Blue F3GA sorbents in the absence ofNaCl,
most experiments with this protein were accomplished with at least O.S M NaCl added
to the equilibration buffer. As a result, Kd values for the lysozyme Cibacron Blue
F3GA interaction obtained in the presence of O.S M NaCl were at least one order of
magnitude larger than in absence of salt, a result which conforms to Kd values
determined with the bath experiments. The interaction of HSA with immobilised
Cibacron Blue also decreased in the presence of O.S M NaCl, but the change in Kd

values was far less significant than K d values derived from the corresponding bath
experiments.
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Fig. 2. Equilibrium isotherms for the adsorption of lysozyme on Cibacron Blue F3GA. (a) Adsorption of the
protein on the soft-gel sorbents gives typical Langmuir-type isotherms. 0 = Cellufine GC 700;
("\, = Sepharose CL6B; • = Trisacryl GF 2000. (b) Adsorption on silica-based affinity sorbents gives
rectangular-shaped isotherms for some of the sorbents due to non-specific interactions with the silica
surface. 0 = Nucleosil 1000-5; • = NucleosiI4000-5; ("\, = non-porous glass beads (2~0 I'm).

The interaction behaviour of lysozyme with the dye affinity sorbents increased
on Sepharose and Cellufine chromatographic sorbents with increasing protein
concentration, resulting in non-linear Scatchard plots, as evident from Fig. 3. This
behaviour was not displayed with the corresponding Trisacryl-based affinity sorbents.
The participation ofmultimodal interactions, including "non-specific" binding effects
between lysozyme and other (non-triazine dye) chemical groups accessible on the
chromatographic supports as well as protein-protein interactions, must thus be taken
into account. This "non-specific" binding behaviour may have its origin in processes
that are mechanistically similar to those observed for the interaction between lysozyme
and Sephadex 0-100 sorbents15. When calculation of the thermodynamic parameters
was accomplished from data obtained at low and high protein concentrations, affinity
constants corresponding to a low and a high affinity binding site could be
distinguished, as displayed in Table I. Furthermore, evaluation of the Scatchard plots
in terms of a two-component binding model permitted the number of binding sites per



110

TABLE I

THERMODYNAMIC CONSTANTS FROM FRONTAL ANALYSIS

q", (mollml) «, (M)

Trisacryl GF 2000
Lysozyme" 2.0 10- 7 4.9 10- 5

HSA (without salt) 9.7 . 10- 8 5.5 10- 7

HSA (with 0.5 M NaCI) 6.1 · 10- 8 5.7 . 10- 7

Cellufine GC 700
Lysozyme (low affinity)" 4.0 10- 7 3.6 . 10- 5

Lysozyme (high affinity)" 1.6 10- 7 1.0 10- 5

Sepharose CL6B
Lysozyme (low affinity)" 1.4 10- 7 6.4 10- 5

Lysozyme (high affinity)" 7.0 10- 8 2.7 . 10- 5

HSA (without salt)' 2.4 10- 7 6.5 10- 7

HSA (with 0.5 M NaCl) 5.1 . 10- 8 1.5' 10- 6

Nucleosil 300-2540
Lysozyme (A)" (0.5 M) l.l · 10- 6 4.7 10- 7

(B)" (0.8 M) 1.5 10- 6 5.4 10- 6

Polygosil 300-2540
Lysozyme (B)" (0.8 M) 4.8 10- 7 4.7 . 10- 7

Nucleosil 4000-2540
Lysozyme (A)" (0.5 M) 8.5 10- 8 1.5' 10- 6

(B)" (0.5 M) 2.5 10- 7 1.1 . 10- 5

(B)" (0.8 M) 2.2 . 10- 7 1.2 10- 5

(B)" (1.2 M) 2.1 · 10- 7 1.7' 10- 5

Nucleosil 300-5
Lysozyme (C)" (1.0 M) 9.1 . 10- 7 2.4 10- 5

(B)" (0.8 M) 9.0 10- 7 5.5 10- 7

Nucleosil 1000-5
Lysozyme (A)" (0.5 M) 3.1 · 10- 7 3.3 10- 7

(B)" (0.5 M) 2.5 10- 7 8.3 10- 6

(B)" (0.8 M) 2.4- 10- 7 1.0 10- 5

(B)" (I.2 M) 2.2 10- 7 1.6 10- 5

Nucleosil 4000-5
Lysozyme (A)" (0.5 M) 2.2 . 10- 7 2.2 . 10- 6

(B)" (0.5 M) 1.7' 10- 7 1.6 10- 5

(B)" (0.8 M) 1.7 10- 7 1.8 . 10- 5

(B)" (1.2 M) 1.5 10- 7 2.4 10- 5

Glass beads fraction 2
Lysozyme 3.3 . 10- 8 < 10- 5

Glass beads fraction 3
Lysozyme 1.1 . 10- 8 < 10- 5

Glass beads fraction 4
Lysozyme (low affinity) 4.4 . 10- 9 2.8 . 10- 5

Lysozyme (high. affinity) 3.8 10- 9 2.3 . 10- 6

Non-porous silica, 1.5 J1m
Lysozyme (C)" 3.3 . 10- 7 1.3 . 10- 6

F. B. ANSPACH et al.

a Adsorption of lysozyme on Cibacron Blue F3GA-immobilized soft-gel supports was always
accomplished with 0.5 M NaCI in the adsorption buffer.

b Experiments with sorbents prepared from different MPS derivatisation reactions. The dye
sorbents derived from these different batches are indicated with (A), (B), and (C).

c These data are results from previous investigations",
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Fig. 3. Scatchard plot analysis of the adsorption of lysozyme on Cibacron Blue F3GA, immobilized on
different chromatographic supports. Changes in the mechanism of the affinity interaction can be perceived
by changes of the slope of the corresponding graph. ("') Trisacryl GF 2000: specific adsorption of lysozyme
on immobilized Cibacron Blue F3GA only. (6) Sepharose CL6B: at higher lysozyme concentrations
protein interactions with low-affinity sites (Scpharose support) cause alteration in the slope of the graph.
(0) Cellufine GC 700: deviation from affinity interaction is higher than for Sepharose CL6B.
(.) Non-porous glass beads: interaction of lysozyme with the silica surface overrides affinity interaction at
low protein concentration.

unit column (or area) of gel matrix to be determined. When determined in this way, the
ligand densities associated with the high-affinity sites were (i) generally oflower value
compared to those of the "non-specific" low-affinity sites, and (ii) of similar in
magnitude to those calculated from the amount of triazine dye immobilised per ml of
gel. Consequently, the high-affinity sites were attributed to the immobilized triazine
dye ligand, whereas the low-affinity sites were attributed to binding sites on the
chromatographic support itself. However, the values of the dissociation constants,
associated with these non-specific interactions, were in the same range as those found
for the interaction of the protein with the immobilized ligand.

In the column mode, Cibacron Blue F3GA immobilized on Fractogel HW 55,
HW 65 and HW 75 sorbents exhibited very little binding with lysozyme and no binding
with HSA. Furthermore, leakage of the triazine dyes was observed for all Fractogel
sorbents during each chromatographic run. In contrast, when bath experiments were
utilized with the same batch of dye immobilised Fractogel affinity gel only small
amounts of triazine dye were released during the adsorption experiments. The origin of
this anomalous leakage behaviour remains to be determined.

In the matrix systems we have examined, silica-based affinity sorbents prepared
under different chemical derivatization conditions occasionally displayed higher
affinity constants with lysozyme than the soft-gel sorbents, presumably due to
non-specific polar interactions between hydroxyl groups at the silica surface and the
basic protein. Associated studies revealed that these free hydroxyl groups were present
largely as a result of unsatisfactory modification conditions. When the modification
conditions described in the Experimental section were used, these ionic interactions
could be minimized and dissociation constants for lysozyme binding to silica-based
triazine dye affinity sorbents were in the same range as those obtained for soft-gel
affinity sorbents. Furthermore, when adsorption studies were carried out over a range



112 F. B. ANSPACH et al.

of salt concentrations (0.8-1.2 M NaCl) during the frontal analysis experiments, the
derived values of qrn and Kd were also similar (Table I). Association constants for the
interaction of the protein with the silica-based sorbents decreased dramatically up to
0.5 M NaCl when this salt was added to the buffer, but subsequently did not change
substantially in value when higher salt concentrations were utilized (ef Table I). This
salt-dependent effect was also reflected in changes in the capacity of the sorbents.
These results indicate that for silica-based sorbents the interaction of Cibacron Blue
F3GA with lysozyme is protein-specific in the presence of 0.5-1.2 M NaCI. When low
protein concentrations were utilized, as for the studies with non-porous glass affinity
sorbents (size fraction 4), both ionic and biomimetic affinity interactions could be
distinguished by Scatchard analysis (Fig. 3). In these cases, the dissociation constant,
which corresponded to the low-affinity sites, was found to be comparable to
dissociation constants of the soft-gel affinity sorbents associated with specific protein
dye interactions.

Based on data provided by the manufacturer on the physical properties of the
porous silica supports, the theoretical capacity of silica affinity sorbents was estimated
from the known molecular dimensions of the adsorbates. Analogously, the theoretical
capacity of non-porous supports was estimated based on their geometric particle
dimensions. As anticipated, the effective capacity was less than the theoretical
capacity, because portion of the surface area was not accessible to proteins due to steric
restrictions. When the estimated and measured capacities of the silica-based dye
affinity sorbents were compared, the large-pore-size and non-porous silica sorbents
tended to have improved accessibility for the adsorbate, as is evident from Table II.
However, our experience with silica-based sorbents over several years has shown that
batch-to-batch fluctuations of affinity sorbents from individual reactions with MPS
can be significant and result in different capacities and dissociation constants for
nominally the same affinity sorbent. The relatively low dissociation constant of the
Nucleosil 300 sorbents -compared to the other silica-based sorbents- may be one
reason why the capacity of these sorbents is higher. In addition, with non-porous glass
beads (or other silicas), polymerization of the silane at the surface of the beads can lead
to higher capacities than is theoretically possible on the basis of the geometric
dimensions of the particle covered with a monolayer of MPS groups.

As is evident from the data used in Fig. 2a and b, the dissociation constant also
influenced the shape of the equilibrium isotherms. For example, when the Cibacron
Blue F3GA affinity sorbents were saturated with lysozyme by using very low lysozyme
concentration in the feed stock, relatively low values of the dissociation constants and
rectangular-shaped equilibrium isotherms were observed. Such isotherms have been
previously described by Horvath and co-workers7 , 1 8 and by Kopaciewicz et al.1 9 for
protein ligand binding on ion exchangers and have been attributed to very strong ionic
interactions. The determination of thermodynamic constants from rectangular
isotherms presents difficulties, because very low protein concentrations must be
utilized to obtain data in the ascending part of the isotherm. At such concentrations
(e.g. below 10 Ilg/ml) , breakthrough times become unacceptably long (in some
experiments > 24 h with 0.002 mg/ml protein solution) and, in addition, detector or
baseline fluctuations can lead to significant errors in the numerically derived values of
qrn and Kd • With protein concentrations between 0.01 and 1 mg/ml the evaluation of
the dissociation constants from rectangular isotherms is again difficult because the
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TABLE 11

COMPARISON OF CALCULATED AND EXPERIMENTAL CAPACITIES OF THE SORBENTS

Experimental Calculated Ratio of
capacity capacity coverage
(mollml) (mollml) (%)

Nucleosi1300-2540 (A)" 1.1. 10- 6 1.0' 10- 5 II
(B)" 1.5' 10- 6 1.0 10- 5 14

Polygosil 300-2540 4.8 10- 7 1.0 10- 5 5
Nucleosil 300-5 (A)a 4.8 10- 7 1.0 10- 5 5

(B)" 9.0 10- 7 1.0' 10- 5 9
N ucleosil 1000-5 3.1 . 10- 7 3.1 . 10- 6 10
N ucleosil 4000-5 2.2 . 10- 7 1.0 10- 6 21
Nucleosil 4000-2540 8.5 10- 8 1.0· 10- 6 8
Glass beads (20-40 /lm) 5.5· 10- 8 1.1 . 10- 7 52
Glass beads (10-25 /lm) 1.8 10- 8 1.8 10- 7 10
Glass beads (5-10 /lm) 3.3 . 10- 8 4.2 10- 7 8
Non-porous silica (1.5 /lm) 3.3 10- 7 2.1 . 10- 6 16

a Experiments with sorbents prepared from different MPS derivatisation reactions. The dye affinity
sorbents prepared from these batches are indicated by (A) and (B).

sorbents under these conditions may be nearly (or completely) saturated. In addition,
small errors in the determination of the protein concentration or breakthrough volume
will lead to significant fluctuations in the adsorption capacity. Such errors can result in
the calculation of apparent negative dissociation constants, as was observed, for
example, in our investigations with lysozyme adsorption on several dye affinity
sorbents under low salt-binding conditions. Adsorption oflysozyme on Cibacron Blue
F3GA, immobilized on soft-gel supports resulted in an adsorption behaviour
reminiscent of Langmuir-type isotherms, as shown in Fig. 2b.

Calculation of thermodynamic constants from breakthrough curves, based
solely on application of eqn. 1, will not provide information about the shape of the
isotherm. As demonstrated in Fig. 4 for the adsorption oflysozyme on silica-based dye
affinity sorbents, in each case with three different sorbents, linear dependencies
between (Ve - VO) - 1 and column inlet concentration, c*, were observed, i.e. the
adsorption process is apparently characterized by eqn. I. However, as demonstrated in
associated studies, the interaction of lysozyme with the silica surface of Nucleosil
300-2540 and Nucleosil1000-5 sorbent was initially dominant, due to the high affinity
constant for the binding of the silica surface sites with the protein. As a consequence,
data on the specific, biomimetic binding of the dye ligand with the protein were only
available from the upper partOfthe equilibrium isotherm. Because of the limitations
described above, regression analysis of the frontal analysis data corresponding to the
adsorption of lysozyme to Cibacron Blue F3GA, immobilized on Nucleosil 300-2540,
resulted in a negative value of the (Ve - Vo)-1 intercept at c * = O. The low
dissociation constant corresponding to the specific adsorption with the Nucleosil
1000-5 sorbent is questionable, on the basis of the same argument.

Adsorption behaviour of HSA and ADH. Adsorption of HSA on the Trisacryl
GF 2000 and Sepharose CL6B dye affinity sorbent in packed columns displayed
almost the same accessible ligand concentrations as were found in the bath



F. B. ANSPACH et al.

0.02

0.04

0.06

0.08

•

W M W ~

column inlet concentration c" [nmol/ml]

,----------------;:z----, 0.10

114

0.50

0.40

~

I
0.30S

~I~
0.20

>~ 0.10

0.00
0

Fig. 4. Evaluation of thermodynamic constants from frontal analysis experiments by application of eqn. I.
D = Nucleosil 300-2540; 0 = Nucleosil 1000-5; • = Nucleosil 4000-5.

experiments? (c[ Table III). The value of the dissociation constants determined by
these two methods differred by < 15%. This difference may simply reflect the specific
experimental conditions, since the average adsorbate concentration range in the
frontal analysis experiments was usually higher than in the bath experiments.
Furthermore, we experienced more frequent data fluctuation in the equilibrium
isotherm data in the column experiments than in the bath experiment. Due to very slow
adsorption kinetics during the adsorption of HSA on the Cellufine GC 700 dye
sorbent, no thermodynamic constants could be determined with this system. Since
HSA could not be desorbed from the silica- and glass-based affinity sorbents, these
sorbents were also excluded from frontal analysis experiments.

The adsorption of ADH on Blue Sepharose CL6B appears to be mainly
controlled by mass-transfer restrictions, and this results in an early breakthrough of
the protein, as shown in Fig. 5. This result was in contrast to the corresponding bath
experiments where ADH was adsorbed on Blue Sepharose CL6B at a relatively rapid
rate. Since the breakthrough volume, as calculated by numeric integration from the
breakthrough curve, did not show a dependency on the increasing protein concentra
tions, as predicted by eqn. 1, calculation of thermodynamic data was not possible. One

TABLE III

COMPARISON OF THERMODYNAMIC CONSTANTS FROM FRONTAL ANALYSIS AND
BATH EXPERIMENTS

Frontal analysis Bath experiment

q; (mollml) Kd (M) q", (mollml) K" (M)

Trisacryl OF 2000
Lysozyme 2.0 . 10- 7 4.9 . 10- 5 4.7- 10- 6 1.2 10- 3

HSA (without salt) 9.7 10- 8 5.5 . 10- 7 ' 7.8 10- 8 1.0 10- 6

HSA (+ 0.5 M NaCI) 6.1 . 10- 8 5.7 10- 7 6.4 10- 8 2.1 . 10- 6

Sepharose CL6B
HSA (without salt) 2.4 10- 7 6.5 . 10- 7 4.9 10- 8 5.2 10- 7

HSA (+ 0.5 M NaCI) 5.1 . 10- 8 1.5 10- 6 6.8 10- 8 7.3 10- 7
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Fig. 5. Shape of the breakthrough curve and retention volumes during the adsorption of proteins on Blue
Sepharose CL6B. Flow-rate, 0.3 ml/rnin. --- = Lysozyme (hen egg white, 0.05 mg/rnl); = serum
albumin (human, 0.33 mg/rnl); -- = alcohol dehydrogenase (yeast, 0.02 mg/rnl).

reason for this early breakthrough of ADH in the frontal analysis experiments with
Blue Sepharose CL6B would appear to be a consequence of aggregation of ADH at the
selected protein concentrations. The average concentration of the feed solution was
higher in the frontal analysis experiments than in the corresponding bath experiments.
In addition, deformation of the soft-gel sorbent, which has its origin in the mechanical
properties of the gels, led to deformation of pore entrances and/or connectivity of the
network of the sorbent. Evidence for the elastic deformation of Sepharose gels
occurring during the packing procedure or as a consequence of the pressure associated
with the flow-rate is well known. In the present studies, the bed volume decreased
approximately 30% over the flow-rate range of 0.3-0.5 ml/min. Both effects result in
an increase of diffusion restrictions and, consequently, slower adsorption kinetics.

Evaluation of the experimental data for all three proteins (lysozyme, HSA and
ADH) as breakthrough curves obtained with the dye affinity sorbents in terms of the
chromatographic model developed by Nichol et at. 15 or by double reciprocal plots,
derived from equilibrium isotherms, resulted in values of the thermodynamic
constants that were in close agreement for all affinity sorbents (cf Table I). Deviations,
which were never greater than 10% from predicted values with these different
theoretical models, could be attributed to the sample rate of data acquisition by the
detector integrator, which varied from I datapoint per 15 s to I datapoint per 120 s,
depending on the capacity of the sorbent and the protein concentration used for the
experiment.

Comparison of breakthrough curves
The capacity of affinity sorbents and the dissociation constant of the affinity

complex are reflected in the retention volume of the breakthrough curve. Similarly, the
kinetics during adsorption of the protein to the dye affinity sorbent are reflected in the
shape of the breakthrough curve. As demonstrated in Fig. 6, normalised retention
times for lysozyme shifted significantly when dye affinity sorbents with higher binding
capacity, such as the Nucleosil 1000-5-derived sorbent, were employed under the same
chromatographic conditions. Due to the relatively small capacity of the Sepharose and
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Fig. 6. Shape of the breakthrough curve and retention volume of various chromatographic sorbents with
different pore sizes and particle sizes during the adsorption of lysozyme. Flow-rate, 0.5 nil/min; protein
concentration, 0.10 mg/ml. -- = Nucleosil 1000-5 (5 ).tm); --~ = Nucleosil 4000-2540 (25-40 ).tm);
----- = SepharoseCL6B(40-165).tm);-··~··- = TrisacrylGF2000(40-80).tm);-·_·_· = Cellufine
GC 700 (45~105 ).tm); _... . .. = Spherosil XOB030 (100-300 ).tm);· .... = non-porous glass beads
(20-40 urn).

Trisacryl dye affinity sorbents for lysozyme, the solute breakthrough occurred
relatively early in the chromatogram. In contrast, the Cellufine sorbent, which
contained a higher Cibacron Blue F3GA density, was capable of adsorbing more
lysozyme than the other soft-gel sorbents. However, the pore size of this sorbent is
relatively small (pore diameter < 40 nm), and this resulted in shallower breakthrough
curves. Because of the small pore size of this matrix, the adsorption of HSA on the
Cellufine GC 700 dye affinity sorbent was a very slow process, resulting in a shape of
the breakthrough curve similar to that displayed in Fig. 6 for the adsorption of
lysozyme on the Spherosil XOB030 dye affinity sorbent. These results suggest that the
Cellufine GC 700-based affinity sorbent will be unsuitable for the high-capacity
adsorption of proteins with molecular weights larger than 20 000.

Although silica gel affinity sorbents displayed lower dissociation constants when
only partial modification of the silica surface was accomplished, the steepness of the
breakthrough curve was largely dependent on the pore size. Breakthrough curves
obtained with low lysozyme concentrations and the Nucleosil 4000 dye affinity
sorbents with particle sizes of 5 ).lm were steeper than the corresponding 25 to
40-).lm-diameter sorbents, as illustrated in Fig. 7. At higher protein concentrations,
which corresponded to the plateau of the equilibrium isotherm, only minor differences
could be observed in the shape of the breakthrough curve for both types of
Nucleosil-based sorbents of different particle diameter. This behaviour is similar to
that observed in zonal chromatography, where the number of theoretical plates per
column volume.decreases more dramatically with small particle sizes than with large
particles, when-the column is operated in the overload mode". In particular, major
differences occurred at the onset of the breakthrough curves when small-particle or
non-porous dye affinity sorbents were employed, and this resulted in a rapid increase
in the protein concentration at the column outlet. As saturation was approached, the
shape of the breakthrough curves became similar for sorbents of different particle size.
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Fig. 7. Profile of breakthrough curves on silica-based affinity sorbents with different particle sizes but
constant pore sizeduring the adsorption oflysozyme in 50mMTris-HCl (pH 7.8)/0.8 MNaCl at a flow-rate
of 0.5 mljmin. (a) - - - - - = Nucleosil 4000-5; -- = Nucleosil 4000-2540; (protein concentration,
A = 1.0 mg/rnl, B = 0.2 mg/rnl, C = 0.05 mg(ml). (b) . . .... = Polygosil 300-2540; - - - - - = Nucleosil
300-2540;-- = Nucleosil 300-5 (protein concentrations, 1.0 mg/ml and 0.2 mg/rnl).

This adsorption behaviour resulted in rather asymmetrical curves when small-particle
size sorbents were utilized. During investigation of breakthrough curves at three
different salt concentrations (0.5 M, 0.8 M, and 1.2 M NaCl) but under otherwise
identical conditions, the normalised breakthrough curves for the 5-,um particles
crossed the breakthrough curves of the 25- to 40-,um particles a second time near the
saturation point, indicating that overall adsorption was slower, or at least of similar
rate in this region of the breakthrough curve (ef Fig. 7). The most shallow
breakthrough curves and therefore the silica-based dye affinity sorbent which
performed poorest in our tests, was the Polygosi1300-2540dye sorbent. This sorbent is
based on an irregularly shaped silica with characteristics claimed by the manufacturer
to be otherwise indentical with those described for the Nucleosil 300-2540 support.

As noted above, asymmetrical shapes of the breakthrough curves were evident
with all small-sized silica affinity sorbents and were extremely marked when
non-porous glass beads or silica beads were used (see Fig. 6). This type of
breakthrough phenomenon might be based on secondary equilibrium effects,
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associated with the rearrangement of already adsorbed proteins. Similar breakthrough
shapes have been found for the adsorption of lysozyme on monoclonal antibodies
immobilized on non-porous, activated silicas" and the adsorption of trypsin on
non-porous benzamidine sorbents 16.

DISCUSSION

This study documents the further use of MPS for the chemical modification of
microparticulate glasses and silicas. Under reaction conditions where the molar ratio
of introduced silane to the silanol group content is maintained constant affinity
sorbents with different levels of dye ligands are generated when silica particles of
different pore sizes or non-porous glass and silica beads are used. For example, a 5-fold
increase in the amount of MPS, based on the theoretical quantity required for the
large-pore-size silicas Nucleosil 1000 or 4000 was needed to achieve comparable
immobilization levels of Cibacron Blue F3GA to that obtained with small-pore-size
silicas Nucleosil 300. A consequence of increasing the MPS concentration in the
modification reaction with silicas is however increased polymer coverage by the silane.
This has a subsequent effect on the protein adsorption capacity of the dye-affinity
sorbent. Typical of these effects are the results obtained with the non-porous glass
beads where the polymerization levels increased with increasing particle size, leading to
higher immobilization levels of Cibacron Blue F3GA than would be theoretically
possible, based on the geometric dimensions of the particle and its known silanol
content. Although non-specific protein silanol or protein silane polymer interactions
could not be suppressed completely, as demonstrated, e.g. in Fig. 3 by the Scatchard
plots for non-porous glass affinity sorbents, interactions between the protein and
polymerized silane molecules were found to be less important than interactions
between the protein and hydroxyl groups at the silica surface. Furthermore, the
polymerization of the silane at the silica surface also does not appear to influence the
overall adsorption kinetics dramatically, because breakthrough curves for non-porous
glass affinity sorbents and also for Nucleosil4000-5 showed nearly rectangular profiles
typical of very good adsorption characteristics. However, the capacities of the
non-porous glass dye affinity sorbents were considerably lower than those of the
porous silica and soft-gel affinity sorbents.

Dissociation constants for the affinity interactions of lysozyme with Cibacron
Blue F3GA, immobilized on soft gel as well as silica sorbents, were generaJly one order
of magnitude higher when 0.5 M NaCl was added to the equilibration buffer. This
indicates that the adsorption mechanism in the absence of salt might be controlled
mainly by ionic interactions of oppositely charged groups on the dye and protein
molecules. Results reported by Chase:' for the adsorption of lysozyme on Blue
Sepharose CL6B in the absence of NaCI also demonstrated dissociation constants
(Kd = 1.7 . 10- 6 M) that were lower than ours for salt-free silica-based systems.
Increasing the concentration of NaCI above 0.5 M did not significantly affect the
dissociation constant and this suggests that specific biomimetic affinity interactions
contribute to the adsorption under these conditions.

As is evident from Fig. 5 for the adsorption of lysozyme to Spherosil XOB030
and from Fig. 6, showing the adsorption of ADH on Blue Sepharose CL6B,
breakthrough curves characteristic of unusual adsorption behaviour, typically
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associated with the breakthrough of a portion of the selected protein solution at Va,
were observed. This behaviour was also observed for the adsorption of HSA on
Cellufine GC 700 dye affinity sorbents and may be related to the split peak
phenomenon in zonal chromatography. This phenomenon occurs when sorbents with
high mass-transfer restrictions are employed for the separation of proteins under
conditions of relatively high flow-rates 20

,2 1 . Under these experimental conditions, two
peaks can be observed for a single protein, the relative abundance of the two zones
depending on the flow-rate. Using sorbents exhibiting a relatively high ratio (A) of
protein size to pore size, a percentage of the adsorbate wil1 not be able to enter the
porous system nor wil1 it be able to interact with the outer surface of the sorbent due to
prior saturation of these external binding sites. A portion of the protein concentration
wil1 therefore pass through the column without interaction. This behaviour wil1 be
particularly important in protein particle system involving (i) long diffusion pathways
of the adsorbate from the eluent stream to the outer surface of the sorbent, (ii)
significant mass-transfer restrictions at pore entrances and (iii) significant film
thickness of stagnant mobile phase surrounding each particle. When unusual shapes of
the breakthrough curve were observed for the protein adsorption on the immobilised
dye sorbents, these curves were invariably associated with long adsorption times and
an almost horizontal progress of the adsorption curve. Due to the smal1 but
monotonously incremental changes in adsorption it is difficult to judge when the
system had reached equilibrium. Even when this problem is overcome, as was achieved
for the adsorption of ADH on Blue Sepharose, the determination of thermodynamic
constants for some protein systems stil1 remains problematical. For example, when
human immunoglobulin G (IgG) was adsorbed on Cibacron Blue-immobilized
Sepharose CL6B, the breakthrough volumes monotonously increased over the protein
concentration range from 0.04~0.32 mg/ml, Instead of being anticipated by eqn. I for
al1 human IgG concentrations, the calculated breakthrough volumes continued to
change with increasing protein concentration when a particular protein concentration
was exceeded. Although human IgG has a molecular weight similar to that of ADH,
the adsorption of this protein may involve a different interaction mode-": The
explanation for such specific behaviour may have its origin in the inability of al1
adsorbate molecules to interact with the dye affinity sorbent due to steric effects, some
protein molecules being simply flushed through the column and therefore not being
accounted for in the equilibrium equation.

Some dye affinity systems showing typical adsorption behaviour in the bath
experiments", such as the HSA/Cel1ufine GC 700 sorbent system or the ADH/Blue
Sepharose sorbent system, also displayed very slow adsorption kinetics and early
breakthrough of proteins occurred when they were used as packed columns. Incase of
the Fractogel dye sorbents, no noticeable adsorption occurred of any of the three
proteins in the column mode. These unexpected results may have their origin in
changes in the gel structure of these sorbents as a result of the operating conditions,
such as the influence of flow-rate and attendant pressure on the bed. In the column
systems the porous structure of the Fractogel dye sorbents is significantly deformed so
that even lysozyme could not penetrate the porous system. These changes observed in
the adsorption kinetics with column systems clearly il1ustrate a major limitation of the
bath model. Although the thermodynamic constants from bath and column experi
ments with several protein dye sorbent systems corresponded very well, where changes
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in the gel structure were not dominant or could not occur, for other dye affinity systems
the data from the bath experiments did not agree with the column experiments.
Consequently, comparative behaviour of the bath and column model can only be
expected for sorbents having a rigid gel structure, such as silica-based sorbents, where
no significant deformation of the porous network structure occurs. The nature of the
dependency of pressure drop, Ap, upon flow-rate for a packed column may thus be an
important parameter in comparing bath and column models of adsorption behaviour,
i.e. whether the dependency is linear over a wide range of flow-rates or exhibits the
asymptotic behaviour characteristic of many soft gels at higher flow-rates.

Sorbents based on small-particle-size supports generally showed steeper break
through curves and therefore better performance than the large-particle-size sorbents
in the lower part of the breakthrough curve. With the non-porous dye sorbents based
on either silica or glass beads, a nearly rectangular shape was observed. However, the
shape of the breakthrough curve with these high-performance sorbents was never
symmetrical around the inflection point and when compared to large-particle-size
sorbents the adsorption process displayed considerably slower adsorption kinetics in
the upper part of the curve than in the lower part tcf. Fig. 7). This adsorption
phenomenon was also observed in our previous studies, when non-porous silica
supports were employed as sorbents in frontal analysis experiments with immobilized
ligands, such as benzamidine for the adsorption of trypsin 16 and with monoclonal
antibodies against lysozyme", The relatively slow adsorption kinetics for proteins
displayed in the upper part of the breakthrough curves may be attributable to
a rearrangement of adsorbed proteins, which in the initial phase of adsorption are
statistically distributed at the surface of the sorbent, but become more densely packed
towards the end of the adsorption process. In addition, a reorientation of adsorbed
proteins may also take place, directed by specific protein-protein and protein-ligand
interactions and leading to the most favoured arrangement ofadsorbed proteins at the
surface of the sorbent. Such a phenomenon would be less apparent when large
particle/pore-size sorbents are employed, since in these cases adsorption of proteins is
mainly diffusion-controlled throughout the adsorption process and rearrangement of
adsorbed proteins might occur with a similar time scale to diffusional transport. To
substantiate this hypothesis, more studies are needed at much lower protein
concentrations than utilized in the present study in order to provide data relevant to
the linear part of the equilibrium isotherm.

Apart from the asymmetric breakthrough curves discussed above, the adsorp
tion kinetics in the upper part of the curve were consistently slower with small-par
ticle-size than with larger-particle-size sorbents at identical protein concentrations. In
order to equate adequately the effect of particle size for various sorbent systems, the
experimentally determined breakthrough volumes for sorbents with different particle
sizes were corrected by appropriate multiplication factor in order to yield normalized
values. Reevaluation of the data then revealed an inverse relationship between
adsorption kinetics and particle size for protein loads approaching saturation. This
dependency may have its origin in one or more of the possibilities discussed below.

Non-ideal pore connectivity
The particle-size/pore-size ratio of Nucleosil 4000-5 is very low (12.5) compared

to Nucleosi14000-2540 (> 62.5). Supports having particle-sizejpore-size ratios of < 30
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are, based on the theoretical considerations of Guiochon and Martin/:', presumed to
experience unimpeded flow through the porous system. However, Nucleosil supports
have been reported/" to show lower performance in size-exclusion chromatography
than expected for their particle size. A similar phenomenon might occur during frontal
analysis, since the pathway of the protein through the porous system will be impeded
by non-ideal pore connectivity. Since residence times of the protein inside the pores of
the sorbent will then be shorter, breakthrough might occur earlier and at lower protein
concentrations, whilst protein-ligand rearrangements could become more dominant
at higher protein concentrations. Further experiments, in which dye affinity sorbents
with pore sizes of30 nm, 100nm and 400 nm, and a particle size of 5 J.lm are compared,
may confirm this hypothesis. In this connection it is noteworthy that the data for
Nucleosil 1000-5 which has a particle-size to pore-size ratio of 50, demonstrated that
this dye affinity sorbent performed best in terms of kinetic phenomena (cf Fig. 8).

Ligand gradients
Ligand heterogeneities (denser immobilized ligands at the surface than at the

centre of the sorbent) have been previously discussed as a major factor in adsorption
anomalies. The current evidence/" on this aspect suggests that for small-particle-size
sorbents, chemical modification of the matrix surface results in a more homogeneous
layer of immobilized ligands over the accessible surface of the particle than for
large-particle-size sorbents. Furthermore, more homogeneous sorbents are believed to
perform better than heterogeneous sorbents. In this respect the 5-J.lm sorbents should
perform better, than, e.g., a 25-J.lm porous sorbent. In our studies, this could only be
confirmed at the lower part of the breakthrough curve, but never at the upper part. If
rearrangement and, possibly, reorientation of adsorbed proteins" are a major
contributing factor to the adsorption kinetics at the upper part of the breakthrough
curve, no real justification exists a priori why sorbents with a more homogeneous
ligand densities and distribution over the whole surface of the particle should perform
better than those with a ligand gradient in the pores. Sorbents having lower ligand
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Fig. 8. Profile of breakthrough curves on silica-based affinitysorbents with different pore sizes and constant
particle size during the adsorption of lysozyme in 50 mM Tris-H'Cl (pH 7.8)/0.8 M NaCI at a flow-rate of
0.5 ml/min. . . = Nucleosil 300-5; - - - - - = Nucleosil 1000·5;-- = Nucleosil 4000-5.
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densities in the centre of the sorbent than at the outer surfaces may conceivably display
better adsorption characteristics and kinetics due to much more specific interaction of
the adsorbate with the ligand, in which case reorientation will not be necessary.
Invoking this hypothesis would explain the better performance of large particle-size
sorbents of both the Nucleosil 300- and Nucleosil4000-based supports (cf Fig. 7a and
b).

Changes in dissociation constants
Differences in the adsorption capacities and dissociation constants of the

various dye affinity sorbents can be considered as an obvious explanation of the
observed dependence of kinetics on particle sizes in the overload condition. As shown
in Table I, the capacity of the Nucleosi14000-2540 dye affinity sorbent was higher and
the dissociation constant was lower than that of the Nucleosil 4000-5 dye affinity
sorbent, whilst for the Nucleosil 300 dye affinity sorbents, the opposite was observed.
If the kinetic effect was solely due to differences in the dissociation constants, one
would expect the breakthrough curve behaviour of Nucleosil 300 and Nucleosil4000
to be different. Since this was not the case (cf Fig. 7a and b), other influences, besides
dissociation constant differences, must be involved.

CONCLUSIONS

With preparative batch chromatographic isolations, feed stock loading of
proteins is interrupted when a certain amount of the protein of interest is detected in
the effluent. In such situations, slow adsorption kinetics in the upper part of the
breakthrough curve will not represent a serious limitation in terms of productivity or
performance. Ifprotein rearrangement and/or reorientation plays a central role in the
adsorption, for sorbents containing more immobilized ligands than required on
a stoichiometric basis to bind the adsorbate (i.e. excess ligands are always available)
then, the effective capacity of these "high-ligand-density" sorbents may not necessarily
be higher than the capacity of a sorbent with a lower amount of immobilized ligands.
In such "high-ligand-density" cases a proportion of the immobilized ligands may not
be accessible whilst high density patches of ligands may even contribute to slower
adsorption kinetics. The use of small-particle-size sorbents will not circumvent this
limitation. Beside the technical and economic issues of pressure, cost of manufacture,
and packing requirements, the use of small-particle sorbents (e.g., dp < 10 /lm) in
preparative chromatography does not appear to be justified, especially, if a break
through of 10% or 20% of the protein of interest can be tolerated. Such conditions
occur commonly in large-scale chromatographic isolations involving recycling
capabilities. Collectively, these conclusions argue in favour of larger-particle-diameter
sorbents in process applications.

An important outcome of the studies discussed in this publication is the further
demonstration of the usefulness of the chromatographic model, based on frontal
analysis, in characterizing and providing essential data on the thermodynamic
parameters and the dynamic performance of sorbents. Changes in the adsorption
behaviour of proteins due, e.g., to steric hindrances is not as obvious in bath
experiments and may not be recognized. Furthermore, the influence of changes in the
gel structure after packing the columns, as observed for the Fractogel and Blue
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Sepharose sorbents, will also not be recognised, if only bath experiments are
considered.

The adsorption of proteins on sorbents is still a poorly understood and obviously
a very complex process. Interpretation of observed adsorption phenomena often
cannot be adequately explained by first order models, which account only for
homogeneous protein-ligand interaction. Irreversible adsorption, as observed for
example with HSA and some silica-based affinity sorbents, may ultimately become
predictable if a full picture of the molecular basis of protein-protein interactions,
protein unfolding, or rearrangement of the tertiary structure and reorientation of
proteins at the surface of the sorbent were available. To account for -and predict
such effects, much more information about the molecular events occurring between
proteins and their environment in adsorption on biomimetic affinity sorbents remains
to be acquired. Approaches to such studies on protein adsorption and chromato
graphic behaviour form part of associated investigations to be described in subsequent
publicationsPr'". As eloquently noted by Jacobsen et al. in a seminal publication7 on
the measurement of adsorption isotherms "The continued importance of adsorption
and chromatographic processes in various areas of science and technology has made
them a common focus of study".
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FACTORS INFLUENCING THE PERFORMANCE OF PEPTIDE MAPPING
BY REVERSED-PHASE HIGH-PERFORMANCE LIQUID CHROMATO
GRAPHY
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SUMMARY

Factors controlling the performance of peptide mapping on reversed-phase
columns were systematically evaluated. Performance criteria included resolution (peak
capacity and selectivity), system reproducibility, sensitivity and analysis speed.
Column configuration, characteristics of packing materials, mobile phase composi
tion, operating variables and instrumental designs were found to influence the
performance of peptide mapping. Considerations for peptide identification techniques
are discussed.

INTRODUCTION

Peptide mapping is a powerful method for the structural identification of proteins 1,2 .

In peptide mapping, a sample protein is selectively cleaved by enzymes (e.g., trypsin,
chymotrypsin, endoproteinase Lys-C, V8 proteinase from Staphylococcus aureus,
pepsin, subtilsin, clostripain, etc.) or by chemical digestions (e.g., cyanogen bromide).
Trypsin, the most common agent, cleaves the carboxyl side of the peptide bonds of
lysine, arginine and aminoethyl cysteine and forms many fragments averaging 7-12
amino acid resid ues3

. In contrast, cyanogen bromide cuts the protein at the methionine
site and yields relatively large fragments.

The digest is then analyzed by liquid chromatography to yield a peptide map.
Reversed-phase high-performance liquid chromatography (RP-HPLC) is the primary
mode used because of its high resolution and selectivity". The resultant peptide map is
a unique "fingerprint" profile of the protein and may be compared to a reference
chromatogram to establish equivalency.

Fig. 1 shows two comparative tryptic maps of recombinant tissue-type
plasminogen activator (rt-PA), a glycosylated protein ofapproximately 64 000 daltons
which was recently approved by the Food and Drug Administration (FDA) for
treating heart attack patients":". The bottom map of a mutant rt-PA is virtually
identical to the reference map except the retention time of one peptide is shifted. This is
due to the substitution of glutamic acid for arginine in position 275. Such a variance in
peak retention is used to identify changes in the amino acid sequence of the protein.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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Fig. I. Tryptic map chromatograms of the rt-PA reference standard and a mutant form of rt-PA with
a glutamic acid residue in place of the normal arginine residue at position 275. Arrows illustrate the
differences in the two chromatograms caused by the substitution. Courtesy of Garnick et al., from ref. 6.

Peptide mapping is the premier method for the structural elucidation of newly
discovered proteins. Since 80-90% of the eukaryotic proteins cannot be sequenced
directly due to blocked amino-termini", peptide mapping is used to isolate fragments
for sequence analysis. The technique is also used to locate glycosylation sites9.!O and
disulfide linkages!!. Today, peptide mapping is increasingly used in biotechnology for
the quality control of recombinant proteins. Mapping provides vital information on
lot-to-lot product consistency, expression errors, and mutation or deamidation
sites ':".

Peptide mapping is one of the most demanding applications of HPLC. A typical
map contains 20-150 peaks, all of which should be totally resolved (or near totally
resolved). A high level of column resolution and system precision is required to
accurately reproduce the maps, often in sub-nanomole quantities. This places stringent
demands on both the compositional and flow repeatability of the solvent delivery
system and also the sensitivity and stability of the detection system.

This paper describes a systematic study of the factors controlling the per
formance of peptide mapping by RP-HPLC. Performance criteria include resolution,
system reproducibility, sensitivity and analysis speed. Factors (column, operating
conditions and instrumentation) leading to optimized peptide mapping as well as
considerations for sequence analysis and peptide identification are discussed.

EXPERIM ENTAL

Apparatus
The LC system used in this study consisted of a Model 250 binary LC pump,

a Rheodyne Model 7125 injector, an LC-135 dual-channel diode array detector, and
a GP-IOOprinter/plotter. In addition, an LC-I0l oven for column temperature control
and an ISS-IOO automatic sampler were used for evaluating system reproducibility.
Solvent degassing was accomplished by helium sparging and pressurization in
polyethylene solvent bottlers (2-1 and 4-1 capacity). All equipment was from
Perkin-Elmer (Norwalk, CT, U.S.A.).



PEPTIDE MAPPING BY RP-HPLC 127

Columns
Vydac columns packed with polymeric CIS bonded phase were used. These

columns, available from Perkin-Elmer or from the Separations Group (Hesperia, CA,
U.S.A.) had the following dimensions: 250 mm x 4.6 mm 1.0.; 150 mm x 4.6 mm
J.D.; 50 mm x 4.6 mm 1.0. and 250 mm x 2.1 mm 1.0. The packings had nominal
particle diameter and pore size of 5 /lm and 300 A, respectively. An experimental
column (83 mm x 4.6 mm 1.0.) packed with 3-/lm C, materials was also evaluated.

A scavenger column (33 mm x 4.6 mm 1.0.) packed with lO-/lm CIS particles
placed between the pump and the injector protects the analytical column from mobile
phase contaminants12. This precolumn eliminates the need for solvent filtration
through membrane filters, which can introduce gradient artifacts 13,and also helps to
prolong column lifetime. A low-capacity guard column (30 mm x 2.1 mm J.D.)
dry-packed with 40-/lm CIS pellicular materials was also found to be satisfactory in
offering protection against sample contaminants without adversely affecting per
formance of the analytical columns v'.

Chemicals and reagents
All sample proteins, L-l-tosylamide-2-phenylethyl chloromethyl ketone

(TPCK)-treated trypsin, and trifluoroacetic acid (TFA) were obtained from Sigma (St.
Louis, MO, U.S.A.). Other chemicals and reagents were obtained from Aldrich
(Milwaukee, WI, U.S.A.) and Fisher Scientific (Fairlawn, NJ, U.S.A.). HPLC-grade
acetonitrile was obtained from EM Science (Gibbstown, NJ, U.S.A.). Water was
filtered and purified by passage though mixed-bed, ion-exchange, and activated
charcoal cartridges.

Mobile phase preparation
Three mobile phase systems were used:

Mobile phase system

(I) 0.1% TFA
(II) Balanced absorbance

(III) Phosphate

Strong solvent (A) Weak solvent (B)

0.1% TFA acetonitrile 0.1% TFA in water
0.054% TFA in 0.06% TFA in water

acetonitrile-water (80:20)
Acetonitrile 50 mM NaH,P04 (pH 2.6)

Most proteins/peptides yield better peak shapes under acidic pH 14. The use of
0.1% TFA with acetonitrile has been adopted by most analysts as the "standard"
mobile phase for RP-HPLC of proteins. However, use of mobile phase system I (0.1%
TFA) is limited to low sensitivity applications because baseline shifts due to
unbalanced absorbance preclude its use in mapping below 250 pmol levels.

Procedure for preparing tryptic digests
Reduction and S-carboxymethylation of proteins were carried out according to

the procedure of Crestfield et al.'? with the exception that mercaptoethanol was
replaced by dithiothreitol (DTT)16. The procedure works well for milligram quantities
of protein. However, lower levels are problematic because of the loss of proteins during
the dialysis and lyophilization steps. An alternate tryptic digestion procedure suitable
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for subnanomole levels of proteins in which these low yield steps were replaced with
a dilution step with water, was used for the human transferrin sample!".

RESULTS AND DISCUSSION

Table I lists the performance criteria and the key factors controlling the
performance of peptide mapping by liquid chromatography. These factors fall into
three distinct categories: column parameters, operating conditions and instrumenta
tion. Each performance criterion and its influencing factors are discussed in detail
below.

Resolution
The primary goal in mapping is the resolution of all peptide fragments. Since

their size and hydrophobicity vary, gradient elution techniques are used. Resolution is
a function of column efficiency (N), retention (k'), and selectivity («). In complex maps
in which all peaks need to be resolved, the overall peak capacity is the most important
criterion 18. In contrast, for resolving co-eluting peaks, increasing the chromato
graphic selectivity by changing the gradient time (tG), the mobile phase or the bonded
phase is often sufficient. Above all, the peptide columns used must yield symmetrical
peak shapes with quantitative mass recovery for all fragments.

Peak capacity. Peak capacity is an empirical parameter defined as the maximum
number of peaks that can theoretically be resolved in the chromatogram. Peak
capacity is calculated by dividing the net retention time of the last peak in the
chromatogram by the average peak width t8. It is primarily a function of N, gradient
time (tG)' and flow-rate (F).

Fig. 2 shows how peak capacity varies with ta and column length (L). Three
Vydac C 1 8 columns of 5, 15 and 25 em length were used in the experiments. Peak

TABLE I

FACTORS INFLUENCING THE PERFORMANCE OF PEPTIDE MAPPING BY LC

Criteria

Resolution
Column peak capacity
Selectivity
Peak shape and mass recovery

System reproducibility

Detection sensitivity

Analysis speed

Key factors

Column efficiency
Flow-rate and gradient time
Mobile phase, bonded phase, gradient time
Silica type, pore size

Pump flow and gradient precision
Temperature fluctuations
LC system reliability
Column lot-to-Iot reproducibility and lifetime

Detector noise and drift
Mobile phase purity and absorbance
Monitoring wavelength
Column diameter
Flow-rate

Column length, particle size
Flow-rate and gradient time
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Fig. 2. Graph showing the variation of peak capacity vs. gradient time and column length (L.). Columns
were packed with 5-Jlm Vydac C , 8 materials. Mobile phase: A = 0.1% TFA in acetonitrile, B = 0.1% TFA
in water; Gradient conditions: 2% A to 32% A, I ml/rnin and 40°C; sample = lysozyme digest. Peak
capacities were calculated from peaks 4,8, 12 and 15 of the digest (see Fig. 6a).

capacity was found to increase with column length and gradient time. The lower curve
(5-cm column) shows that peak capacity increases rapidly with t G up to about 30 min
and flattens out beyond 40 min to a value of90. Fig. 2 also demonstrates that to achieve
high peak capacities (> 150), longer columns (15 or 25 ern) should be used with
gradient times of80-120 min. For gradient times beyond 2 h, peak capacities appear to
reach a constant level for the 15-cm column and a point of diminishing return for the
25-cm column (at 1 ml/min).

Fig. 3 shows a high-resolution tryptic map of human transferrin (unmodified
molecular weight 75 000 daltons) using a 25-cm column and a tG of95 min at 1 ml/min.
The complexity of the chromatogram is typical for tryptic maps of larger proteins. As
Fig. 2 indicates, these operating conditions are near optimum for the 5-llm Vydac
columns used.
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Fig. 3. High-resolution tryptic map of human transferrrin (140 pmol). LC conditions: column: 5-Jlm Vydac
C , 8 (250 x 4.6 mm 1.0.). Mobile phase: A = 0.056% TFA in acetonitrile-water (80:20); B = 0.06% TFA in
water; gradient conditions 2-37% A in 63 min, 37-75% A in 32 min, 75-98%A in 10 min, I ml/rnin, ambient
temperature, pressure drop 1200 p.s.i. From ref. 35.
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A systematic treatment relating peptide resolution to gradient parameters is
found elsewhere l 9 . Gradient parameters have a profound effect on peptide resolution
because they control average retention (k) as shown in eqn. 119

.

(I)

Where k
cp
L1cp =

Vm =
S

Average solute capacity factor under gradient
Fraction of organic solvent in the mobile phase
Change of tp during gradient
Column void volume
Solute parameter (slope of log k' vs. cp)

k describes the average solute retention under gradient conditions and is analogous to
k' for isocratic separations. Eqn. I indicates that an increase in tc (holding F constant)
leads to higher values of k. Higher k is equated to higher resolution (or peak capacity)
since greater volumes of a lower strength mobile are passed through the column. This
phenomenon was confirmed by data presented in Fig. 2.

Fig. 4 demonstrates the relationship between peak capacity and k at different
flow-rates for the IS-cm Vydac column. Peak capacity was found to increase with
k (1-40) over a flow-rate range of 0.5 to 3 nil/min. Fig. 4 also shows that for constant
retention (e.g., k = 10), peak capacity decreases as flow-rate increases. This is caused
by a loss of column efficiency at high flow-rates due to the low diffusivities of peptides
(see Fig. 9). The highest value of peak capacity in the graph (peak capacity = 168)was
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Fig. 4. Graph showing the variation of peak capacity vs. k. using different flow-rates. Column: 5-jlmVydac
CIS (ISO mm x 4.6 mm 1.0.). Mobile phase and sample were identical to that used in Fig. 2.
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achieved at F = 0.5 ml/min and K = 20 (tG 208 min). Thus, for high resolution
mapping, these data suggest the use of 15 to 25 em column lengths, operating at
flow-rates of 0.5 to I ml/rnin and gradient times between 60 and 200 min or Kbetween
10 and 20.

Selectivity. Chromatographic selectivity (0:) is primarily a function of the mobile
phase composition (e.g., ion-pairing reagent, pH, organic solvent)!" and the nature of
the bonded phase (e.g., C4 , Cs, CIS, phenylfO,21.

Fig. 5 shows two comparative tryptic maps of p·lactoglobulin A (molecular
weight 34000 daltons) using different mobile phases. The figure illustrates how
co-eluting fragments can be resolved completely by just changing the mobile phase.
Further more, compared to 0.1% TFA (system I), phosphate buffer (system III) yields
sharper peaks and less gradient baseline shift due to its higher transparency at 220
nm 22,23.

The use of bonded phases with shorter alkyl chains (e.g., CcCs) often yields
sharper peaks and different selectivity than CIS phases for hydrophobic peptides21,22.

However, the retention of small or hydrophilic pep tides found in many tryptic digests
is also lower in these phases.

Peak symmetry and peptide mass recovery. Peptide separations are sensitive to
silica types 23-25. The purity, acidity and residual silanophilic activity of the silica
material appear to be the critical factors. Residual silanols interact with basic amino
acid groups and cause peak tailing or even adsorption. The suitability of bonded
phases for peptide mapping can be assessed by basic test probes such as N,N-diethyl·
aniline'" or standard peptides?", Alternatively, the peptide map on a new column can
be compared to that of a known reference column (e.g., Vydac CIS) for the total
number of peaks and peak symmetries. Pore size of packing materials should be
125-300 A6 for peptides to prevent band broadening due to "restricted diffusion" 19.23.
Wide-pore packings (i.e., 300 A) are preferred for partial digests or if substantial levels
of undigested proteins are present in the sample.
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Fig. 5. Comparative tryptic maps of /l-lactoglobulin A using mobile phase system I (upper) and III (lower).
Gradient conditions: 0-15% A in 15min, 15-30% A in 40 min, I ml/min at 40°C. The peak marked with an
asterisk in the upper chromatogram was resolved in the bottom chromatogram by changing chromato
graphic selectivity.



132 M.W.DONG,A.D.TRAN

Optimizing resolution in peptide mapping. The utility of predictive modeling in
gradient optimization of peptide mapping has been demonstrated28,29. Primary
structures of individual fragments of known proteins, best separation mode and
retention order can also be predicted3o,31. For very complex maps, the use of
sequential digestionsf and combined ion-exchange/reversed-phase chromatography:'
3,34 might be required to resolve all peaks.

System reproducibility
In peptide mapping, shifts in retention time might be interpreted as a variance of

primary protein structure", Thus, retention reproducibility of the LC system is a prime
prerequisite. Shallow gradients (0-30% acetonitrile in water in 60-120 min) under low
flow (0.2-1 ml/min), conditions that are optimal for mapping, are difficult to
reproduce for many LC pumps6,26,35,36. Inaccurate mixing at low percentages of
organic solvent (0-10%) is exacerbated by peptides which have steep elution isotherms
or large S values/".

Retention time reproducibility can be evaluated by calculating the standard
deviation of retention time of selected fragments from 6-10 repetitive runs or by visual
inspection of the plotted chromatograms in an overlay (Fig. 6A) or splitscreen format
(Fig. 6B). In our study, relative standard deviations (R.S.D.) of 0.1 to 0.25% in
retention times were demonstrated under various operating conditions (F = 0.3-2.5
ml/min and tG = 10-95 min). These experiments were conducted with thermostatted
columns at 40°C to eliminate column temperature fluctuations and with pressurized
solvent reservoirs (since even gentle continuous helium sparging tends to reduce TFA
levels in the mobile phase).

While short-term reproducibility is attained with precise LC pumps35.36,
long-term reproducibility is dependent on factors not easily controlled by the analyst
(e.g., long-term LC system reliability, column stability and lifetime, and batch-to
batch reproducibility of the packing materials).

Column batch-to-batch reproducibiliy is dependent on the exactness of the silica
manufacturing process and the quality control procedures of the vendor. Column
stability and lifetime can be extended by judicious column maintenance and washing
procedures/", sample cleanup techniques and the use of scavenger and guard
columnsl '.

Limited data suggested a column life expectancy of 200-300 injections or 10-30
I of mobile phaseI8,37. The shortened column life (compared to several thousand
injections for general RP-HPLC38 might be caused by the prolonged use of an acidic
mobile phase (0.1 % TFA, pH 2) which can cleave the bonded groups or the end caps,
exposing the silanols that cause peak tailingj '. This problem might be addressed via
the use ofpolymerized C l8phases (e.g., Vydac), novel bonding chemistries.'? and other
proprietary treatment techniques (e.g., Phase Separations pH-stable phases).

Sensitivity
Sensitivity is important in biochemical research because of the limited amount of

sample protein available for characterization. Since digestion procedures for sub
nanomoles of proteins have previously been demonstrated17 and sequencing can be
performed routinely at the low picomole levels't", enhancing the detection sensitivity in
peptide mapping is therefore the next logical step.
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Fig. 6. System reproducibility. (A) an overlay of six tryptic maps of lysozyme. Column and mobile phase
conditions identical to those used in Fig. 5 (upper). Retention time R.S.O. < 0.25%; peak area R.S.D.
< 0.4%. From ref. 35. (B) Split-screen format of seven tryptic maps of human transferrin using
a narrow-bore column at 0.3 rnl/rnin. LC conditions: column: 5-pm Vydac C , 8 (250 x 2.1 mm 1.0.); mobile
phase: A = 0.056% TFA in acetonitrile-water (80:20), B = 0.06% TFA in water, gradient conditions:
2-37% A, in 63 min, 37-75% A in 32 min, 75-98% A in 10min, 0.3 ml/rnin, 40°C, pressure drop 1800 p.s.i.

Analytical sensitivity in peptide mapping is limited by mobile phase purity and
absorbance as well as by detector noise and driftt ', Fig. 7 shows a high-sensitivity
tryptic map of lysozyme at the 15-pmol level using mobile phase system III
(phosphate). Note that all peaks are readily identifiable with an acceptable signal to
noise ratio at this very low level. A detection limit of about I pmol was achieved under
these conditions.

Sensitivity is enhanced by using a lower monitoring wavelength (i.e., 210 nm)
and by reducing the column diameter. Lowering the monitoring wavelength from 220
nm to 210 nm increases the molar absorptivity of most peptides by a factor of two to
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Fig. 7. High-sensitivity tryptic map ofO.2llg or 15pmol oflysozyme shown with the elution profile of a blank
gradient (data sampling rate was higher for the blank gradient run). LC conditions are identical to those used
in Fig. 5 (lower). From ref. 35.

four. However, 0.1% TFA mobile phase (system I) cannot be used effectively at 210
nm due to the increased gradient baseline shifts caused by the unbalanced absorbance.
Since phosphate buffer (system III) might be less compatible with commercial
sequencers (> 200,111), the use of the balanced absorbance TFA mobile phase (system
II) is recommended for general high-sensitivity mappingf '.

Reducing the column diameter from 4.6 mm to 2.1 mm while maintaining the
same linear flow velocity further enhances the mass sensitivity by a factor of five. This
is due to the reduction of column void volume which leads to a lower sample dilution.
This results in higher peak concentrations in the detector flow ce1l4 2

. Fig. 8 is a tryptic
map of60 pmol of human transferrin using a narrow-bore Vydac e1 8 column (250 mm
x 2.1 mm J.D.) at 0.3 ml/min. The mobile phase system II was used here at 210 nm.
Substantial increases in mass sensitivity are apparent when the peak heights are
compared with those found in Fig. 3 (after normalization). Any remaining gradient
shift can be eliminated by making fine adjustments with TFA41.

Sensitivity can be further enhanced by using l-mrn microbore columnsf '.
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Fig. 8. High-sensitivity tryptic map ofhuman transferrin (60 pmol) using narrow-bore column. Column and
mobile phase conditions are identical to those used in Fig. 6B. From ref. 35.
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However, their resolution performance might be limited by the column packing
technique and also severely hampered by the extracolumn band broadening effects
from the instrument''".

Lowering the flow-rate while maintaining tG can dramatically increase detection
sensitivity since retentions (k) are reduced (see eqn. 1). Although the peak capacity is
adversely affected (see Fig. 4), the number of detected peaks which can be collected
might not be substantially reduced'", This approach is particularly useful for
collection runs because the decrease of peak volumes facilitates direct applications to
commercial sequencers.

Analysis speed
Fast separation is desirable to increase productivity in quality control labs if

other performance characteristics are not sacrificed (e.g., resolution, sensitivity,
reproducibility, column lifetime)23,3s. This can be achieved by using shorter columns
packed with small particles (2-3 ,urn) operated at faster flow-rates. Fig. 9 shows the
Van Deemter curves of columns packed with 10-, 5- and 3-,um particles for peptides.
3-,um particles display lower minimum plate heights (i.e., more plates per unit length)
and less resistance to mass transfer (or lower C term, i.e., less efficiency loss at high
flows)32. The use ofelevated column temperatures (40-50°C) enhances performance of
fast separations by increasing peptide diffusivities37,43.

By using an 8 em long column packed with 3-,um porous C s materials at high
flow-rates (3 nil/min) and short tG, tryptic maps of small proteins can be generated in
3-4 min (Fig. 10) . These columns generate very high resolution maps at low flow (1
nil/min) and longer to (20-60 min)3s. Fast peptide analysis is particularly well suited
for checking peptide identity and purity from collected fractions.

The elimination of intraparticular diffusion in non-porous particles constitutes
a novel approach to fast peptide mapping as demonstrated by Kalghatgi and Horvath

a 1 2 3 4

Flow-Rate (ml rrnln )

Fig. 9. Van Deemter curves for 10-, 5- and 3-llm particle columns. Mobile phase: acetonitrile-O.l % TFA
(25:75), 40°C; sample: met-enkephalin.
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Fig. 10. Fast peptide mapping using an experirnental Lurn porous C, bonded phase column. LC conditions:
experimental fast peptide mapping column packed with 3-pm porous C8 bonded phase particles (83 x 4.6
mm 1.0.); mobile phase: A = acetonitrile, B = 50 mM phosphate buffer (pH = 2.6); Gradient conditions:
0-15% A in 0.8 min, 15-30% A in 3 min, 3.0 ml/rnin at 40°C, pressure drop = 3200 p.s.i. Sample is a 50-pmol
tryptic digest oflysozyme. Peak numbers refer to tryptic fragments oflysozyme in order of elution. Injection
was coincidental with the onset of the gradient. From ref. 35.

(Fig. II)t6. A very complex tryptic map ofrt-PA is achieved in 16 min compared with
an analysis time of 100 min (see Fig. 1) on conventional columns.

Peptide identification techniques
Traditional methods ofpeptide identification by amino acid analysis or sequence

analysis can be supplemented by on-line detection techniques. Fig. 12 shows
a dual-wavelength tryptic map of protein A. The 220-nm map (which monitors all
peptide bonds) is very complex but the 280-nm map is more selective because only
peptides containing the aromatic amino acids, phenylalanine, tryptophan and
tyrosine, are detected. Typical diode array UV spectra of non-aromatic and aromatic
peptides are also shown in Fig. 12. The non-aromatic peptide is not present in the
280-nm map due to a lack of absorbance at that wavelength.

Dual-wavelength detection is a powerful means for peptide identification.
Research in spectral deconvolution techniques migh eventually lead to an improved

EO.20
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Fig. II. Tryptic map ofrt-PA using an experimental z-um micropellicular C I 8 column (75 x 4.6 mm 1.0.).
Flow-rate 1.5 ml/min, temperature 80°C; ACN = acetonitrile. Courtesy of Kalghatgi and Horvath, from
ref. 16.
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Fig. l2. Tryptic maps of protein A using dual-wavelength detection. Column and mobile phase identical to
Fig. 5 (upper).

identification method of aromatic peptides'"'. In addition, coupling the UV detector
with a fluorescence" or electrochemical detector!' offers very selective detection for
peptides containing tryptophan or cysteine residues.
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SUMMARY OF PARAMETERS FOR PEPTIDE MAPPING BY RP-HPLC

Table II summarizes some recommended guidelines on column parameters,
operating variables and instrumental requirements for peptide mapping.

TABLE II

GUIDELINES FOR PEPTIDE MAPPING

Column parameters
Packings

Dimension

3-5 /lm C8 or C I 8 bonded phase
125-300 A pores
100-250 mm long
1-2 mm I.D. for high-sensitivity

Operating variables
Mobile phase

Flow-rates

Gradient time
Column temperature

Instrumental requirements
Pump

Detector

Strong solvent: 0.052% TFA in acetonitrile-water (80:20)
Weak solvent: 0.06% TFA in water
0.5-2 ml/min for 4.6 mm columns
0.2--D.4 ml/min for narrow-bore columns
30-120 min
Ambient to 50°C

Excellent flow and composition precision
Low pulsation and gradient delay volume
Solvent degassing and pressurization
Low dispersion and long pathlength
Low noise and drift
Dual-channel (210 and 280 nm)
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High-resolution mapping is achieved by using column 150-250 mm long, packed
with 5-J.lm low-silanophilic materials operating at low flow-rate and long gradient
time. Reproducibility is achieved with precise LC pumps and stable analytical columns
protected by precolumns. High sensitivity is achieved with sensitive detectors
operating at 210 nm and by using the balanced absorbance TFA mobile phase.
Narrow-bore columns are used to further maximize sensitivity. Fast peptide mapping
is achieved by using short columns packed with 3-J.lm porous or 2-J.lm non-porous
materials. Dual-wavelength and selective detection techniques are effective for quick
peptide identification.
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BINARY AND TERNARY SALT GRADIENTS IN HYDROPHOBIC-INTER
ACTION CHROMATOGRAPHY OF PROTEINS

ZIAD EL RASSI*, LUCILA F. DE OCAMPO and MARIA D. BACOLOD

Department 0/ Chemistry, Oklahoma State University, Stillwater, OK 74078-0447 (U.S.A.)

SUMMARY

Hydrophobic-interaction chromatography of mixtures of acidic and basic pro
teins having a wide range of molecular weights and hydrophobic character was car
ried out by using binary and ternary salt gradients. Chaotropic and antichaotropic
salts as well as organic salts were incorporated in the eluents. The stationary phase
consisted of macroporous silica with surface-bound polyether moieties. At constant
eluent surface tension, gradient elution with two or three aqueous salt solutions was
found to be superior to single-salt gradients in modulating hydrophobic-interaction
chromatography retention and selectivity. The effect was attributed to the compet
itive salt-specific binding to the protein molecule and/or the stationary phase surface.
Chaotropic/antichaotropic salt gradient systems exhibited vastly different selectivities
upon changing the nature and concentrations of salts in the eluents. In general, the
retention of basic proteins increased while that of acidic proteins either decreased or
remained unchanged with the use of chaotropic salts. At the same surface tension of
the eluent, KSCN and KCl04 yielded different selectivities. The addition of organic
salts, such as tetrabutylammonium bromide was found to be suitable for the sep
aration of proteins having a wide range of isoelectric points.

INTRODUCTION

Hydrophobic-interaction chromatography (HIC) with rigid, microparticulate
stationary phases is increasingly used for the analysis and purification of proteins.
Due to the weakly hydrophobic character of the stationary phase, proteins are first
adsorbed to the column, equilibrated with an eluent of relatively high salt concentra
tion at or near neutral pH, and subsequently eluted by a decreasing salt concentration
gradient.

The retention behavior of proteins in HIC can be described by the thermo
dynamic model of Horvath and co-workers'< based on the solvophobic theory of
Sinancglu and co-workers ':". According to the model, at relatively high salt concen
trations in the eluent the retention increases with the salt molality and at constant salt
concentration with the molal surface tension increment of the salt used in the aqueous
eluent. The validity of the model requires that there be no specific binding of the salt

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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to the protein molecule. The retention-surface tension dependency parallels the Hof
meister series, which is based on the ability of the salts to cause precipitation of
proteins from aqueous solutions. Proteins are more retained on an HIC column with
antichaotropic salts (e.g., phosphates, sulfates, tartrates and citrates) than with chao
tropic salts (e.g., perchlorates and thiocyanates). The solvophobic theory was success
fully applied to treat the retention behavior of proteins in HIC as a function of the
salt concentration in the eluenr':", the hydrophobic character of the proteins", and
the hydrophobicity of the stationary phase ligates 7.

Selectivity in HIC is altered by means of several operating parameters, in
cluding the nature and concentration of the salt used in the eluent":", slope of the salt
gradient 'P'!", eluent pH I 2- 14 , addition of organic solvents'V'", denaturing agents-?
and surfactants!? to the eluent, column temperature 'V'" and the nature of the sta
tionary phase ligates 19-21.

This study is concerned with investigating the potential of binary and ternary
salt gradients in modulating retention and selectivity in HIC of proteins. The terms
binary and ternary salt gradients refer to changing the composition of two and three
salts in the eluent, respectively. The significance of such an approach resides in its
analytical and preparative applicability to a wide range of separation problems of
relevance to many areas of the life sciences.

EXPERIMENTAL

Instrumentation
The liquid chromatograph was assembled from an LDC/Milton Roy (Riviera

Beach, FL, U.S.A.), Model CM4000, solvent delivery pump with a dual-beam
variable-wavelength detector, Model SpectroMonitor 3100. The column effluent was
monitored at 280 nm. Samples were injected by a Model 7125 sampling valve with a
100-.u1 sample loop (Rheodyne, Cotati, CA, U.S.A.). Chromatograms were recorded
with a Shimadzu (Columbia, MD, U.S.A.) Model C-R6A integrator, interfaced with
a single floppy disk drive.

Columns
Zorbax PSM 300, a spherical silica, having mean particle and pore diameters of

7.5 .urn and 300 A, respectively, was obtained from DuPont (Wilmington, DE,
U.S.A.). The polyether stationary phase was prepared by covalent attachment of
polyethyelene glycol (PEG) of average mol. wt. 1000 to the surface of the Zorbax
silica gel, using well-established proceduresv". The silica-bound polyether was
packed from a methanol slurry at 8000 p.s.i., using a Shandon column packer in
strument (Keystone Scientific, Bellefonte, PA, U.S.A.). All columns were made of 100
x 4.6 mm J.D. No. 316 stainless-steel tubes (Alltech, Deerfield, IL, U.S.A.).

Materials
The proteins used in this study are listed in Table J. They were purchased from

Sigma (St. Louis, MO, U.S.A.). Reagent-grade hydrochloric acid, glacial acetic acid,
phosphoric acid, sodium hydroxide, ammonium sulfate, sodium chloride, disodium
hydrogen phosphate, sodium tartrate, sodium citrate, potassium thiocyanate, potas
sium perchlorate and methanol (HPLC grade) were obtained from Fisher (Pitts-
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burgh, PA, U.S.A.) or J. T. Baker (Phillipsburg, NJ, U.S.A.). Tetrabutylammonium
bromide was obtained from Aldrich (Milwaukee, WI, U.S.A.).

Procedure
Proteins were dissolved in water at concentration of 5 mg/ml for fetuin, oval

bumin, p-lactoglobulin A, and ribonuclease A and at 2 mg/ml for lysozyme, cyto
chrome c, and a-chymotrypsinogen A. They were chromatographed by using 30-min
linear gradient elution of one, two, or three salts at room temperature and a flow-rate
of 1.0 ml/min.

The surface tension, y, of aqueous salt solutions was estimated from the molal
salt concentration, 111, the molal surface tension increment, a, of the salt, and the
surface tension of pure water, Yo (72 dynes/em at 25°q, using the equation y = Yo +
(f111. An extensive listing of molal surface tension increments of salts can be found in
ref. 1.

RESULTS AND DISCUSSION

A mixture of seven proteins (Table I), having a wide range of isoelectric points,
molecular weights and hydrophobic character was chromatographed on a silica
bound PEG (mol.wt = 1000) column by using single, binary, or ternary salt gra
dients. In this regard, several salts were used including ammonium sulfate, sodium
tartrate, sodium citrate, sodium chloride, potassium perchlorate, potassium thiocya
nate and tetrabutylammonium bromide. In all cases, a 30-min linear gradient was
used and the background buffer was 50 mM phosphate (pH 6.5).

Linear gradients of decreasing ammonium sulfate, sodium tartrate or sodium
citrate concentrations in the eluent (single-salt gradients) were first used in order to
evaluate their effectiveness in HIC of the proteins under investigation and to establish
a reference to which the retention data obtained by using binary and ternary salt
gradients could be compared. Binary salt gradients were carried out (i) by decreasing
the concentration of two antichaotropic salts in the eluent, (ii) by decreasing the
concentration of an antichaotropic salt while increasing the concentration of a chao
tropic salt in the eluent or (iii) by decreasing the concentration of an antichaotropic
salt while increasing the concentration of an organic salt in the eluent. Ternary salt
gradients were run by decreasing the concentration of two antichaotropic salts while
increasing the concentration of a third salt, a chaotropic salt.

TABLE I

PROTEINS USED IN THIS STUDY

Protein Symbol Mol. wt. pI Source

Cytochrome c a 12200 10.6 Horse heart
Ribonuclease A b 13700 9.5 Bovine pancreas
fJ-Lactoglobulin A c 35 000 5.1 Bovine milk
Lysozyme d 14 000 1l.0 Chicken egg white
Ovalbumin e 44 000 4.7 Chicken egg
a-Chymotrypsinogen A f 25500 9.5 Bovine pancreas
Fetuin g 48400 3.2-4.4 Fetal calf serum
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The adjusted retention volumes of proteins, measured with single-salt gradients
at decreasing ammonium sulfate, sodium tartrate or sodium citrate concentrations in
the eluent, are reported in Table II (gradients T, III and V). Sodium citrate and
tartrate yielded higher retention than ammonium sulfate at approximately the same
eluent surface tension (76.9 dynes/em). The effectiveness of these salts in protein
adsorption on the HIe matrix increased in the order: ammonium sulfate < sodium
tartrate < sodium citrate. The adjusted retention volumes of basic proteins, such as
cytochrome C, ribonuclease A and lysozyme increased to a larger extent than those of
other proteins in the sample when changing ammonium sulfate to either sodium
citrate or sodium tartrate. A reversal in the elution order for the eluite pair lysozyme
and ovalbumin was observed with both sodium citrate and tartrate, when compared
with ammonium sulfate. It is believed that both citrate and tartrate (but to a larger
extent citrate) form ion pairs with the proteins and especially the basic ones, which
make these proteins more hydrophobic than with ammonium sulfate. At the pH of
the experiment, i.e. pH 6.5, citrates are trivalent anions (pKa 1 = 3.06, pKaz = 4.74
and pKa 3 = 5.40), whereas tartrates are divalent anions (pKa 1 = 2.96 and pKa z =
4.24).

As expected, binary salt gradients of decreasing concentrations of both ammo
nium sulfate and sodium citrate in the eluent, from 1.0 to 0 M and from 0.69 to 0 M,
respectively, yielded an elution pattern significantly different from that obtained by
using either ammonium sulfate or sodium citrate gradients while maintaining the
surface tension of the eluents constant (compare gradient IX with gradients I and V in
Table II). The adjusted retention volumes of fetuin and a-chymotrypsinogen A in-

TABLE II

ADJUSTED RETENTION VOLUMES OF PROTEINS

Polyether column (100 x 4.6 mm J.D.) with linear gradient elution in 30 min. The background buffer was 50 mM
phosphate (pH 6.5); flow-rate, I ml/min; temperature, 2Ye. Gradients: I = ammonium sulfate gradient from 2.0 to 0
M; II = ammonium sulfate and potassium thiocyanate gradients from 2.0 to 0 M and from 0 to 0.5 M, respectively;
III = sodium tartrate gradient from 1.70 to 0 M; IV = sodium tartrate and potassium thiocyanate gradients from
1.70 to 0 M and from 0 to 0.5 M, respectively; V = sodium citrate gradient from U8 to 0 M; VI = sodium citrate and
potassium thiocyanate gradients from 1.38 to 0 M. and from 0 to 0.5 M, respectively; VII = ammonium sulfate and
sodium tartrate gradients from 1.0 to 0 M and 0.85 M to 0 M, respectively; VIII = ammonium sulfate, sodium tartrate
and potassium thiocyanate gradients from 1.0 to 0 M, from 0.85 to 0 M and from 0 M to 0.5 M, respectively; IX =

ammonium sulfate and sodium citrate gradients from 1.0 M to 0 M and from 0.69 M to 0 M, respectively; X =

ammonium sulfate, sodium citrate and potassium thiocyanate gradients from 1.0 to 0 M, from 0.69 to 0 M and from 0
to 0.5 M, respectively.'

Protein Gradient

I lJ JJJ IV V VI VlJ VJJJ IX X

Cytochrome c 0.30 0.85 0.70 1.40 2.13 5.71 0.40 0.77 0.53 1.93
Ribonuclease A 5.77 5.59 7.50 9.50 12.62 12.64 6.93 7.85 9.02 9.98
fJ-Lactoglobulin A 10.98 13.27 13.80 13.70 15.07 15.48 11.36 13.22 13.98 14.55
Lysozyme 12.66 22.10 17.13 24.27 19.05 26.95 17.13 23.96 18.60 24.96
Ovalbumin 13.28 14.72 14.18 13.70 16.97 16.69 14.39 14.63 17.00 15.98
a-Chymotrypsinogen A 20.14 24.63 21.60 25.40 23.26 26.20 21.10 23.70 23.69 25.37
Fetuin 19.97 22.89 22.12 22.60 23.25 24.97 21.60 22.65 24.43 24.02
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Fig.!. Hydrophobic-interaction chromatography of proteins. Column, silica-bound polyether, 100 x 4.6
mm J.D.; temperature 25'C; flow-rate, 1 ml/rnin. (A) Ammonium sulfate gradient from 2.0 M to 0 M; (B)
sodium citrate gradient from 1.38 to 0 M; (C) binary salt gradient of ammonium sulfate and sodium citrate
from 0.375 to 0 M and from 1.125 to 0 M, respectively. In all cases, a linear gradient of 30 min was used.
The background buffer was 50 mM phosphate (pH 6.5). For symbols sec Table J.

creased and a reversal in their elution order was observed with the binary salt gradient
as compared to ammonium sulfate.or sodium citrate gradients. Whereas the adjusted
retention volume of ovalbumin, measured with the binary salt gradient, equaled that
obtained by using sodium citrate gradient, the retention volumes of other compo
nents of the protein mixture ranked between those obtained by using individual salt
gradients of ammonium sulfate and sodium citrate, respectively.

Upon changing the composition of ammonium sulfate and sodium citrate in the
starting eluent to 0.375 M and 1.125 M, respectively, while keeping the eluent surface
tension roughly the same as in the preceding experiment, the elution profile of pro
teins under investigation became slightly different. As seen in Fig. lC, with the binary
salt gradient, the seven proteins were retained to an extent closer to that obtained by



146 Z. EL RASSI, L. F. DE OCAMPO,M. D. BACOLOD

using a sodium citrate gradient than an ammonium sulfate gradient. However, the
e1uitepairs ribonuclease A and fJ-lactoglobulin A, ovalbumin and fJ-lactoglobulin A,
and fetuin and a-chymotrypsinogen A are better resolved with the binary salt gra
dient than with single-salt gradients at virtually equal eluent surface tension (compare
Fig. ic with Figs. IA and IB).

Also, binary salt gradients of decreasing concentrations of both ammonium
sulfate and sodium tartrate in the eluent (gradient VII in Table II) produced an
elution pattern different from that obtained by using single-salt gradients of ammoni
um sulfate (gradient I) or sodium tartrate (gradient III) at practically the same eluent
surface tension of ca. 76.9 dynes/em. Whereas an increase in the adjusted retention
volume of ovalbumin was observed with the binary salt gradient as compared to
ammonium sulfate or sodi urn tartrate gradients, the retention of lysozyme measured
with the binary salt gradient was identical to that obtained by using sodium tartrate
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gradient. The adjusted retention volumes of other proteins, measured with the binary
salt gradient, fell in between those obtained by using single-salt gradients. However,
the elution order with the binary salt gradient paralleled that obtained by using a
sodium tartrate gradient.

Salt selectivity in HIC arises from quantitative differences in salt-specific bind
ing to proteins s , 2 3- 2 s and/or from differential hydration of both stationary phase and
protein surfaces. In the light of the above results, by using binary salt gradients of
different salt composition and types of salts, different selectivities can be generated.
This may be due to competitive, salt-specific binding to protein and/or the stationary
phase.

Other types of binary salt gradients were also tested for their effectiveness in
modulating retentivity and selectivity in HIe. Fig. 2B depicts the chromatogram
obtained by using a binary salt gradient of decreasing sodium citrate and increasing
potassium thiocyanate concentrations in the eluent. Comparison of this chroma
togram to that in Fig. 2A, which was obtained by using sodium citrate gradient,
reveals that the binary salt gradient has resolved most of the proteins in the mixture
and yielded a different selectivity, as manifested by the reversal in the elution order of
the eluite pair p-Iactoglobulin A and ovalbumin and the pair lysozyme and «-chy
motrypsinogen A as well as the pair fetuin and z-chymotrypsinogen A. The addition
of 0.5 M KSCN to the gradient former, i.e. the strong eluent, increased the surface
tension by only 0.22 dynes/em. However, lysozyme, and to lesser extent cytochrome c
and «-chymotrypsinogen A were much more retained in the presence than in the
absence of KSCN. In addition, whereas the retention of ribonuclease A was not
affected by the presence of KSCN, acidic proteins, such as ovalbumin and
p-Iactoglobulin A were less retained with than without KSCN in the gradient former.

Keeping the concentration of KSCN in the gradient former identical to that
used in the above binary salt gradient, but using 1.38 M instead of 1.5 M sodium
citrate in the starting eluent (gradient VI in Table II) produced an elution pattern
different from that in Fig. 2B as far as the elution order of the eluite pair ovalbumin
and p-Iactoglobulin A is concerned. The selectivity of the sodium citrate-KSCN
gradient system toward the proteins has also changed upon reducing the concentra
tion of KSCN from 0.5 M to 0.2 M in the gradient former. Binary salt gradients of
decreasing antichaotropic salt concentration and increasing chaotropic salt concen
tration in the eluent offer the opportunity for the optimization of selectivity in HIC,
because changing the concentration of the salts in the starting eluent and the gradient
former leads to widely different selectivities.

When using chaotropic/antichaotropic saltgradient systems, sample selectivity
can also be varied by keeping the eluent surface tension constant while exchanging
one antichaotropic salt for another in the starting eluent. The adjusted retention
volumes of proteins, measured with ammonium sulfate-, sodium tartrate- or sodium
citrate-KSCN gradients, are summarized in Table II (gradients II, IV and VI, respec
tively). The adjusted retention volumes of proteins were the highest with the sodium
citrate-KSCN gradient and the lowest with the ammonium sulfate-KSCN gradient.
When using a citrate-KSCN gradient the elution order of the fol1owing eluites was:
fetuin < (X-chymotrypsinogen A < lysozyme. It changed to fetuin < lysozyme <
o-chymotrypsinogen A and to lysozyme < fetuin < o-chymotrypsinogen A when
using tartrate-KSCN and sulfate-KSCN gradients, respectively, instead of the sodi
um citrate-KSCN gradient.
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In order to examine the influence of the nature of the chao tropic salt on HIC
selectivity in a binary salt gradient system, gradient elution of decreasing ammonium
sulfate concentration and increasing KCl04 concentration was carried out. The con
centration of KCl04 in the gradient former was adjusted to give approximately the
same surface tension as with KSCN (ca. 72.22 dynes/em). The chromatogram ob-
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tained with this binary salt gradient is illustrated in Fig. 3D. It can be seen that the
potassium perchlorate-ammonium sulfate gradient system exhibited less retentivity
toward the proteins and yielded different modulation of selectivity than the potassi
um thiocyanate-ammonium sulfate gradient at the same eluent surface tension tcf.
Figs. 3D and 3C).

Based on the above results, thiocyanates and perchlorates are likely to bind
electrostatically to the protein molecule/", causing different structural alterations.
Indeed, replacing KSCN or KCI04 by sodium chloride in the gradient former and
keeping the surface tension constant (72.22 dynes/em) did not result in improvement
of resolution and selectivity; instead, the retention of all proteins in the sample in
creased slightly in the same way (ef Figs. 3B and 3A). The salt-specific binding to
protein would likely be responsible for selectivity changes in HIC of proteins when
KSCN or potassium perchlorate are present in the eluent. This is in agreement with
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the finding that the retention volumes of some proteins decreased while those of
others increased with increasing sodium-perchlorate concentration in the eluent".

Binary salt gradients of decreasing ammonium sulfate concentration and in
creasing tetrabutylammonium (BU4N+) bromide concentration (organic salt of nega
tive molal surface tension increment) in 50 mM phosphate buffer (pH 6.5) were
carried out. The chromatograms obtained by using 0, 10,20 or 40 mM BU4N+ in the
gradient former are depicted in Fig. 4. Whereas cytochrome c was eluted in the void
volume of the column in the presence of BU4N+, ribonuclease A was slightly more
retained at 10 and 20 mM than at 0 or 40 mM BU4N+ in the eluent. Lysozyme,
«-chymotrypsinogen A, and fetuin retention decreased monotonically but at different
rates with increasing BU4N+ concentration in the eluent. In contrast, the retention of
{3-lactoglobulin A first increased when going from 0 to 10 mM BU4N+ in the gradient
former and then remained unchanged as the concentration of the organic salt in
creased in the concentration range studied, while the retention of ovalbumin in
creased almost monotonically with the concentration of the organic salt in the gra
dient former.

The effect of BU4N+ concentration on protein retention can be explained by
ion-pair formation in the eluent as well as by the adsorption of such ions on the
stationary phase surface. Both mechanisms can explain the general increase and de
crease in retention of acidic and basic proteins, respectively, with increasing BU4N +
concentration in the eluent. The exception that fetuin (an acidic protein) retention
decreased with increasing BU4N+ concentration can be explained by the decrease in
surface tension of the eluent, since fetuin was eluted at the end of the gradient run.
Ion-pair formation between BU4N + and the acidic residues of proteins would increase
the hydrophobicity of the proteins and therefore their retention. On the other hand,
at relatively high salt concentrations in the eluent, BU4N+ ions are likely to be ad
sorbed on the surface of the stationary phase, thus creating a dynamically coated
surface with positively charged sites. It has been showrr'" that a hydration layer
deficient in salt exists on a protein surface when in contact with aqueous solutions
containing high concentrations of salt. Hydrophobic interactions are of short range,
allowing a close association of the protein and the stationary phase. Therefore, in the
presence of positively charged sites on the hydrophobic surface, cooperative hydro
phobic and coulombic interactions may take place at the contact surface area between
the analyte and the stationary phase. This may explain the increase in retention for
ovalbumin and {3-lactoglobulin A upon adding BU4N+ to the mobile phase. In con
trast, the presence of adsorbed BU4N+ ions on the stationary phase surface would
explain the decrease in retention for basic proteins, due to weak electrostatic re
pulsion between species of same charges. Indeed, EI Rassi and Horvath2 6

•
2 7 and

Kennedy et al.2 8 have shown that ion-exchange stationary phases could be used in the
HIe mode with eluents containing a high salt concentration. The elution pattern of
proteins with such phases was different from that obtained by using neutral and
weakly hydrophobic stationary phases, due to the interplay of hydrophobic and elec
trostatic interactions. Due to the specific binding of Bu.N" to the proteins and/or the
stationary phase, the observed retention behavior is different from that predicted by
the surface tension argument of the original retention model of Horvath and co
workers-r' (see Introduction). Such binding may affect retention to a certain degree,
thereby leading to changes in selectivity.



HIe:: OF PROTEINS 151

HIC selectivity can be further manipulated by using ternary salt gradients. The
adjusted retention volumes of proteins, measured with a linear gradient of increasing
both ammonium sulfate and sodium tartrate concentrations and decreasing potassi
um thiocyanate concentrations in the eluent are reported in Table II; gradient VIII. It
is seen that the elution pattern with a ternary salt gradient is quite different from that
obtained by using any of the binary salt gradients (compare gradient VIII with gra
dients III, IV and VII in Table II) at virtually the same eluent surface tension. Com
parison of ternary gradient VIII with the binary gradient VII reveals that protein
retention has increased and a reversal in the elution order of the eluite pair lysozyme
and a-chymotrypsinogen A and the pair fetuin and a-chymotrypsinogen A has oc
curred when going from the binary to the ternary salt gradient.

The adjusted retention volumes of proteins, measured with a ternary salt gra
dient of decreasing ammonium sulfate and sodium citrate concentrations and in
creasing potassium thiocyanate concentrations in the eluent are shown in Table II;
gradient X. The comparison of retention data, obtained by using the ternary gradient
(X in Table II) with those measured with the binary gradient (IX in Table II) shows
that the adjusted retention volumes of all the components of the mixture increased,
except for ovalbumin, which decreased when using the ternary gradient instead of the
binary gradient. In addition, the elution order, which was lysozyme < a-chymotryp
sinogen A < fetuin with the binary salt gradient, has changed to fetuin < lysozyme
< a-chymotrypsinogen A with the ternary gradient.

In conclusion, sample selectivity in HIC can be varied conveniently by holding
the surface tension of the eluent constant while (i) exchanging one salt for another in
single-salt gradients or (ii) varying the composition and nature of salts in binary and
ternary salt gradients. Gradient elution with two or three salts is more efficient than
single-salt gradients in modulating HIC selectivity. Work is continuing in this lab
oratory on the use of mixed aqueous salt solutions in HIC of proteins; isocratic
elution is being carried out, and the results will be reported in an upcoming article.
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HIGH-PERFORMANCE ADSORPTION CHROMATOGRAPHY OF TRANS
FER RIBONUCLEIC ACIDS AND PROTEINS ON 2-llm SPHERICAL BEADS
OF HYDROXYAPATITE

INFLUENCE OF SODIUM CHLORIDE AND MAGNESIUM IONS ON THE
RESOLUTION

JOHAN LINDEBERG, TASANEE SRICHAIYO and STELLAN HJERTEN*

Institute ofBiochemistry, Biomedical Center, University of Uppsala, P.O. Box 576, S-751 23 Uppsala (Swe
den)

SUMMARY

The influence of sodium chloride and magnesium chloride on the adsorption of
tRNA and proteins on a high-performance liquid chromatographic column of 2-llm
spherical hydroxyapatite beads was investigated. The resolution of 14C-labelled ami
noacyl-tRNA isoacceptors was improved in the presence of sodium chloride. In
clusion of magnesium chloride in the buffers led to a separation of two tRNA species
that could not be fractionated with or without sodium chloride in the eluting buffers
(the original properties of the column were lost, however, and could not be regenerat
ed by simply returning to magnesium chloride-free phosphate buffer). Also, the ad
sorption of some proteins was affected when salt was included in the buffers. For
instance, the elution order of proteins could be changed by choosing an appropriate
concentration of sodium chloride. This finding might be utilized to facilitate the
purification of certain proteins.

INTRODUCTION

Spherical beads of hydroxyapatite have been developed recently for use in high
performance liquid chromatographic (HPLC) systems. We have previously described
some basic properties of this bed material, and we also briefly discussed the effects of
including sodium chloride in the eluting phosphate buffer in connection with the
purification of y-globulin from whole serum 1. The general influence of sodium chlo
ride on the adsorption of proteins on hydroxyapatite has been studied by Gorbu
noff2

.
3 and Gorbunoff and Timasheff", but has not in our knowledge been used for

the fractionation of ribonucleic acids. In this paper we report some further investiga
tions on the application of this technique to both protein and tRNA. In addition, as
magnesium ions are known to change the three-dimensional structure of tRNA 5, the
effect of including magnesium chloride in the eluting buffers was investigated.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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EXPERIMENTAL
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The chromatographic equipment included a Model 2152 HPLC controller, a
Model 2150 HPLC pump and a Model 2210 recorder (LKB, Bromma, Sweden), a
Model 786 variable-wavelength detector (Micromeritics, Norcross, GA, U.S.A.), a
Model 7125 injector (Rheodyne, Cotati, CA, U.S.A.), a Microcol TDC 80 fraction
collector (Gilson, Villiers Ie Bel, France) and a Model LS 2800 liquid scintillation
system (Beckman, Irvine, CA, U.S.A.).

The high-performance hydroxyapatite columns (100 mm x 7.5 mm 1.0.) were
a gift from Toa Nenryo Kogyo (Tokyo, Japan). DEAE-Sepharose and Sepharose 6B
were obtained from Pharmacia (Uppsala, Sweden), sodium chloride from KEBO
Lab. (Stockholm, Sweden), sodium dihydrogenphosphate, disodium hydrogenphos
phate, potassium dihydrogenphosphate, dipotassium hydrogenphosphate, potassium
chloride, magnesium chloride, sodium acetate and hydrochloric acid (37%) from E.
Merck (Darmstadt, F.R.G.), L-[U-14C]leucine(340 mCi/mmol), L-[U-14C]valine (265
mCi/mmol) and L-[U-14C]phenylalanine (536 mCi/mmol) from New England Nucle
ar (Dreieich, F.R.G.), the xylene-based scintillation liquid (Quickszint 212) from
Zinsser Analytic (Maidenhead, U.K.), tris(hydroxymethyl)aminomethane (Tris),
chicken egg albumin and lysozyme from Sigma (St. Louis, MO, U.S.A.) and chy
motrypsinogen A from Pharmacia (Uppsala, Sweden). Human serum albumin and
human transferrin were gifts from KabiVitrum (Stockholm, Sweden).

Preparation of bulk tRNA
Bulk tRNA was prepared from Escherichia coli MRE 600 as described by Zu

bay". After deacylation at pH 9.0 in 1 M Tris-HCI for 1 h, high-molecular-weight
RNA was removed by chromatography on Sepharose 6B7

.

Preparation of aminoacyl-tR'NA ligase
A crude extract of aminoacyl-tRNA ligase was prepared from Escherichia coli

B according to Muench and Berg". The preparation was stored at -70°C in portions
of 0.1 m!'

Preparation of [ 14C[aminoacyl-tRblA isoacceptors
Pools of specific tRNA isoacceptors, obtained from chromatography on cross

linked agarose beads? (see Fig. 1), were labelled with their cognate 14C-Iabelled ami
no acids. The reaction mixture contained 1 volume (100-200 ,ul) of the chosen tRNA
pool, 1 volume of amino acid mixture (see Table I), 2 volumes of distilled water and
0.01 volume of ligase. After incubation at 37°C for 20 min, the reaction was in
terruptedby addition of 0.25 volume of 1 M sodium acetate buffer (pH 4.5).

The solution obtained was diluted with an equal volume of 0.02 M sodium
acetate (pH 4.5) and applied to a DEAE-Sepharose column (20 mm x 10 mm J.D.),
equilibrated with 20 mM sodium acetate (pH 4.5). The column was then washed with
the equilibration buffer, containing 0.3 M sodium chloride, until UV-absorbing mate
rial (unreacted amino acids, ligase, ATP, etc.) ceased to appear in the effluent. The
tRNA isoacceptor was finally eluted with-the same buffer, containing 1 M sodium
chloride. The eluted tRNA fraction was precipitated with 2 volumes of 95% ethanol,
then vacuum dried and stored at - 20°e.
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Fig. I. Fractionation of E. coli tRNA by HPLC on cross-linked agarose beads", Aliquots of each fraction
were assayed for leucine, valine and phenylalanine acceptance. The fractions corresponding to each activity
peak were pooled as indicated: Leu(I), Leu(II), Leu(III), Leu(IV), Val(I), Val(II) and Phe(I). tRNA in each
pool was labelled with its cognate 14C-labelled amino acid prior to hydroxyapatite chromatography (see
Figs. 3-6).

Radioactivity measurements
Scintillation liquid (3.0 ml) was carefully mixed in a scintillation tube with 0.9

ml of each fraction collected in the agarose and hydroxyapatite chromatography
experiments, and counted in a scintillation system for 10 min. The radioactive decay
in counts per minute (cpm) was calculated and plotted on the chromatograms.

TABLE I

COMPOSITIONS OF AMINO ACID MIXTURES

HEPES = N-2-Hydroxyethylpiperazine-N'-2-ethanesulphonic acid; ATP
DTT = dithiothreito\; 2-ME = 2-mercaptoethanol.

adenosine 5'-triphosphate;

Amino acid [ ' 4CjAmino

acid
(pM)

Leucine 3.08
Valine 5.68

Phenylalanine 1.50

0.4 M buller Concentration (mM)

Type pH Mg 2+ K+ NH
4+ ATP DTT 2-ME

HEPES 8.0 40 24 \6 80
Sodium 7.\ 40 40 8
cacodylate
HEPES 7.\ 40 20 16 4
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Influence of sodium chloride on the adsorption of bulk tRNA on hydroxyapatite
A solution of bulk tRNA (27 AZ60 units) was applied to the column and eluted

immediately with a gradient in phosphate concentration from 0.044 to 0.102 M at pH
6.8 over 180 min. Fractions of 1.0 ml were colIected and measured for radioactivity.
The experiment was then repeated with 0.1 M sodium chloride included in alI buffers.

The absorbance pattern at 260 nm (see Fig. 2) was altered when sodium chlo
ride was added to the buffers, and showed that some peaks became narrower and that
the resolution seemed to be improved. The recovery was 99% in the presence and
100% in the absence of salt, as determined by absorbance measurements and the
"cut-and-weigh" technique.

HPLC of 14C-labelled aminoacyl-t.RblA isoacceptors on hydroxyapatite in the absence
and presence of sodium chloride

In order to investigate the influence of sodium chloride on the separate amino
acyl-tRNA isoacceptors, a series of e4 C]aminoacyl-tRNA isoacceptors were pre
pared as described above (see Experimental).

The vacuum-dried isoacceptor was dissolved in 30 .ul of 5 mM sodium phos
phate buffer (pH 6.8). Of this sample, 29 .ul were applied to the hydroxyapatite col
umn and eluted immediately with a phosphate gradient from 0.044 to 0.102 Mover
180 min. Fractions of 1.0 ml were colIected and analysed for radioactivity. A similar
experiment was then performed with 0.1 M sodium chloride added to the buffers.

This procedure was repeated for each of the aminoacyl-tRNAs used. Also,
when an aminoacyl-tRNA appeared in several peaks on chromatography on cross
linked agarose beads (see Fig. 1), each peak was studied separately on the hydroxy
apatite column.

A

I
o 50 100

Time (min)

150

B

50 100

Time (min)

150

Fig. 2. Influence of sodium chloride on the adsorption of tRNA on hydroxyapatite. Samples, bulk tRNA
(0.7 A 2 6 0 units); volume, 29 jll; column dimensions, 100mm x 7.5 mm J.D.; flow-rate, 0.4 ml/min, Elution:
(A) a gradient from 0.044M sodium phosphate buffer (pH 6.8) to 0.102 Mover 180 min; (B) as in A, but
the buffers also contained 0.1 M sodium chloride.
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Following the course described above, four [14C]leucyl-, one [14C]phenylalanyl
and two [14C]valyl-tRNA isoacceptor pools (see Fig. I) were used to investigate the
influence of sodium chloride on the adsorption to hydroxyapatite (see Figs. 3-5).

The resolution seemed to be improved for all [14C]aminoacyl-tRNAs when 0.1
M sodium chloride was included in the buffers, with the possible exception of the
second [14]valyl-tRNA sample [Val(II) in Fig. I] and the two e4C]leucyl-tRN A sam
ples [Leu(I) and Leu(II) in Fig. I], which appeared more heterogeneous in the absence
of salt (see Figs. 3 and 4). The fourth [14C]leucyl-tRNA [Leu(IV)], which in the
sodium chloride-free chromatography experiment seemed to consist of a single com
ponent, could be resolved easily into two distinct peaks when sodium chloride was
present in the buffers (see Fig. 3).
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Fig. 3. HPLC of 14C-labelledleucyl-tRNA isoacceptors on hydroxyapatite in (A) the absence and (B) the
presence of 0.1 M sodium chloride. Samples, p4C]leucyl-tRNA isoacceptors [Leu(I)-Leu(IV) in Fig. 1].
Conditions and elution (A and B) as in Fig. 2.
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Fig. 5. HPLC of 14C-labelled phenylalanyl-tRNA isoacceptors on hydroxyapatite in (A) the absence and
(B) the presence of 0.1 M sodium chloride. Sample, [14C]phenylalanyl-tRNA isoacceptors [Phe(I) in Fig.
I]. Conditions and elution (A and B) as in Fig. 2.

HPLC of t4C-labelled valyl-tRNA on hydroxyapatite in the presence of magnesium
chloride

As magnesium ions are known to influence the three-dimensional structure of
tRNA 5, the adsorption of tRNA on hydroxyapatite might be expected to change on
inclusion of magnesium chloride in the buffers (magnesium might also interact with
the phosphate ions in the hydroxyapatite and thereby change its chromatographic
properties).

To examine this, the [t4C]valyl-tRNA isoacceptor I [Val(I) in Fig. 1] was ap
plied again and eluted from the hydroxyapatite column, but in this experiment the
sodium chloride was replaced with 10 mM magnesium chloride.

The apparently homogeneous peak observed in both the absence and presence
of sodium chloride (Fig. 4) was split into two distinct peaks when 10 mM magnesium
chloride was included in the phosphate buffers (see Fig. 6).



160

o 50 100 150

Val (()

o

]i~

]:
200

J. LINDEBERG, T. SRICHAIYO, S. HJERTEN

Time (min)

Fig. 6. HPLC of 14C-labelled valyl-tRNA isoacceptors on hydroxyapatite in the presence of 10 mM
magnesium chloride. Sample, ['4C]valyl-tRNA isoacceptors [Val(I) in Fig. I]. Conditions as in Fig. 2.
Elution, gradient of sodium phosphate buffer (pH 6.8), including 10 mM magnesium chloride, from 0.044
to 0.102 Mover 180 min. The chromatogram in the absence of magnesium chloride is shown in Fig. 4.

Influence of sodium chloride and potassium chloride on the adsorption of proteins on
hydroxyapatite

Chloride ions at moderate concentrations are known to elute mainly basic pro
teins from hydroxyapatite columnsv ". If chloride ions were included at non-eluting
concentrations in the eluting buffer, one could expect the elution order of the proteins
to change. To investigate this, the hydroxyapatite column was equilibrated with 0.01
M phosphate buffer (pH 6.8). A sample consisting of 90 f.1g of ovalbumin, 90 f.1g of
human transferrin, 340 f.1g of human serum albumin, 16 f.1g of lysozyme and 21 f.1g of
chymotrypsinogen A dissolved in 120 f.1l of the equilibration buffer was applied to the
column and allowed to be adsorbed for 10 min. The proteins were then eluted with a
gradient in phosphate concentration from 0.01 to 0.19 ¥ over 90 min.
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Fig. 7. HPLC of a model protein mixture in the presence of increasing sodium chloride concentrations: 1 =

chicken egg albumin (90 J1g); 2 = human transferrin (90 J1g); 3 = human serum albumin (340 J1g); 4 =

lysozyme (16 J1g); 5 = chymotrypsinogen A (21 J1g). Sample volume, 120 J11; column dimensions, 100 mm
x 7.5 mm 1.0.; flow-rate, 0.3 ml/rnin. Elution: (A) 0.01 M sodium phosphate buffer (pH 6.8) for 28 min,
then a gradient from 0.01 to 0.19 Mover 90 min; (B), (C) and (D) as in A, but the buffers also included 0.1,
0.2 and 0.5 M sodium chloride, respectively.

This procedure was followed four times, using sodium phosphate containing
0.0, 0.1, 0.2 and 0.5 M sodium chloride. In order to investigate the influence of the
cation, the experiment was repeated using potassium phosphate and potassium chlo
ride.

As expected, the two basic proteins, lysozyme (pI 10.5-11) and chymotrypsino
gen A (pI 8.8-9.6), showed markedly decreased adsorption on inclusion of sodium
chloride in the buffers (Fig. 7). Human transferrin, although fairly acidic (pI 5.2-6~2),

was also eluted earlier at increasing chloride concentrations. On the other hand,
chicken egg albumin (pI 4.6) was adsorbed more strongly when chloride ions were
included. Finally, the elution of human serum albumin (pI 5.8) was more or less
independent of the chloride concentration in the buffers.

Only minor differences in the elution patterns were seen on using sodium or
potassium as cations.
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In HPLC of any kind it is generally preferable to keep the elution conditions as
simple as possible in order to maximize reproducibility. Sometimes, however, it can
be of advantage to utilize an additional parameter to manipulate the appearance of
the chromatogram.

We have shown that although sodium chloride alone cannot desorb tRNA
from a hydroxyapatite column, it does have the attractive property of improving the
separation of tRNA compared with elution by sodium phosphate buffers alone. A
general narrowing of the eluting zones was observed (Figs. 2-5), and sometimes an
apparently homogeneous peak split into two parts [Leu(IV) in Fig. 3] when sodium
chloride was present in the buffers. This zone-narrowing effect may be attributed to a
reduction in the number of ways tRNA can be adsorbed on hydroxyapatite. The
sodium chloride concentration (0.1 M) was found to be suitable in our experiments,
but may not be the optimum concentration for all separations.

Magnesium ions are known to alter the three-dimensional structure of tRNA 5

and should also compete with the calcium ions of the hydroxyapatite for the phos
phodiester bridges of the ribonucleic acids. In addition, it should interact with phos
phate groups on the column, and might therefore be expected to influence the ad
sorption oftRNA on hydroxyapatite. We have demonstrated here that a valyl-tRNA
isoacceptor appearing homogeneous in both the presence and absence of sodium
chloride [Val(I) in Fig. 4] could be resolved into two distinct components when mag
nesium chloride was included in the buffers (Fig. 6). Unfortunately, the column could
not be regenerated by washing with phosphate buffers not containing magnesium
chloride, and thereby lost its original properties.

Inclusion of sodium chloride in the eluting phosphate buffer has previously
been used for the specific purification of y-globulin from whole serum 1,1 0. In this
work we further demonstrated this phenomenon by separating a model protein mix
ture with increasing concentrations of sodium chloride in the eluting buffers. As
expected, the adsorption of the basic proteins lysozyme (pI 10.5-11) and chymotryp
sinogen A (pI 8.8-9.6) was lowered considerably in the presence of sodium chloride
but, surprisingly, that of human transferrin (pI 5.2-6.2) was also reduced. Chicken
egg albumin (pI 4.6), on the other hand, was bound more strongly to the column
when sodium chloride was included in the buffers, whereas human serum albumin (pI
5.8) was hardly affected. By an appropriate choice of chloride and phosphate concen
trations in the eluting buffers, one might be able to elute selectively one specific
protein out of several proteins adsorbed on the column (e.g., y-globulin from whole
serum as in ref. I) or to elute all but one particular protein from the column. An
example of the latter possibility might be human serum albumin in Fig. 7D, provided
that the eluting phosphate concentration.is chosen properly. This cannot be achieved
with only sodium phosphate in the eluting buffer (see Fig. 7A).

The reproducibility was high for both the tRNA and the protein experiments.
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UNEXPECTED ELUTION BEHAVIOUR OF PEPTIDES WITH VARIOUS RE
VERSED-PHASE COLUMNS
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SUMMARY

Gastrin and cholecystokinin peptides were separated by reversed-phase chro
matography on conventional bristle-type and polymer-coated stationary phases. The
retention of the sulphated and non-sulphated isomeric forms of both peptides is
governed by the structure of the peptide, the net charge and additional polar interac
tions with the stationary phases. Polymer-coated phases are optimum for separations
according to chain length, whereas polar interactions are required for the separation
of sulphated and non-sulphated peptides of identical chain length.

INTRODUCTION

Gastrin and cholecystokinin (CCK), peptides of the CCK family, are present in
both the gut and brain tissues and the corculation 1,2. Both peptides are structurally
related. They have the same carboxyl-terminal pentapeptide, and a further structural
similarity is a sulphated tyrosine at the Cvterminus':". The release of gastrin and
cholecystokinin pep tides into the peripheral blood occurs in response to a protein
and fat-rich meal. In the gut, the physiological role ofCCK is to regulate gall-bladder
contraction and pancreatic exocrine secretion, whereas gastrin stimulates the gastric
acid secretions. Various multiple molecular forms of gastrin and cholecystokinin
pep tides, varying in peptide length and charge, have been identified and separated by
means of gel-filtration column chromatography and reversed-phase high-perform
ance liquid chromatography (RP-HPLC), followed by radioimmunoassay':", Fur
ther, the octapeptide of CCK (CCK8) and the CCK variant containing 33 amino
acids (CCK33), and also the heptadecapeptide (G 17) and the 34 amino acid sequence
(G 34) of gastrin, exist naturally in both a sulphated and non-sulphated form I, 7.

Because the concentrations of these pep tides in body fluids are below the usual detec
tion sensitivity, optimization of separation must be performed using standards. The

0021-9673/90($03.50 © 1990 Elsevier Science Publishers B.V.
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resolution should be high in order to obtain fractions at expected elution windows
and to use the fractions for the more sensitive immunological assays.

There have been long and lively discussions about the effects of stationary
phase properties on peptide and·protein retention'':". The use of silica-based materials
in the RP-HPLC of peptides and proteins has at least two inherent disadvantages.
First, the presence of silanols at the surface, which have not been covered or shielded
by the "classical" silanization process, is responsible for irreversible adsorption of
basic solutes or elution with asymmetric peak shapes!", This has been extensively
discussed for RP-HPLC oflow-molecular-weight solutes 1 I. Anomalous behaviour of
peptides, i.e., increase in retention at high acetonitrile concentrations'P, could be
attributed to such silanophilic interactions. It has been shown that with "good"
stationary phases, where surface silanols have been completely shielded, this beha
viour could no longer be observed 13. The second problem is the stability of the silica
matrix or the cleavage of the siloxane bonds to the organosilane, resulting in a loss of
carbon and non-reproducible retention times, owing to the harsh elution conditions
required for peptide separations-". Standard peptide separation conditions are gra
dient elution at low pH ( < 3) or addition of ion-pairing reagents, such as trifluoro
acetic acid (TFA). Several strategies have been described to overcome these restric
tions. The influence of silica gel structure on hydrolysis IS was studied and the use of
new silanization reagents1 6 for preparing more stable modified silicas was discussed.
The use of cross-linked polymeric stationary phases has been discussed 1 7,18. They are
stable toward hydrolysis? and show different selectivities, but do not generate the
efficiency of silica-based stationary phases of identical particle diameter!".

Polymer-coated or polymer-encapsulated silicas seem to combine the advan
tages of microparticulate silica (defined pore structure, mechanical rigidity) and the
polymeric phases by totally shielding of surface silanols. Different approaches led to
this new type of stationary phase by either coating the silica with a convenient pre
polymer, which is then immobilized at the silica surface 2 o

,2 1, or by allowing the silica
to react with an olefinic silane and polymerizing an olefin coated onto the surface'".
Both methods give stationary phases with excellent retention properties for basic
solutes and show normal elution behaviour of proteins.

For optimization of the separation of gastrin and CCK, commercially available
peptides, such as the sulphated and non-sulphated forms of cholecystokinin and
gastrin, have been used. The influence of stationary phase properties on absolute and
relative retention has been evaluated. In addition to conventional bristle-type RP
systems, new polymer-coated reversed-phase materials have been included in the
study2 I ,22 . Because they should exhibit only hydrophobic and very few silanophilic
properties.

EXPERIMENTAL

A modular liquid chromatograph, consisting of two M 510 pumps (Waters
Assoc., Milford, MA, U.S.A.), a Waters Chromatography Data Station 840, a multi
wavelength detector (Knauer, Berlin, F.R.G.), detection wavelength 220 nm, and a
Rheodyne 7125 sample injector (Rheodyne, Berkeley, CA, U.S.A.) with a 20-jllloop,
was used.

Different stationary phases with classical modification by organosilanes or with
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TABLE I

COLUMNS USED

Material Particle
size, (um )

Pore size
(nm)

Column Distributor
length x J.D.
(em)

12.5 x 0.4 Bischoff

12.5 x 0.4 Laboratory prepared"

25 x 0.4 Gynkotek, Gerrnering,
F.R.G.

25 x 0.4 Bischoff
25 x 0.4 Macherey, Nagel & Co., Du

ren, F.R.G.
25 x 0.4 Laboratory prepared"

Bischoff, Leonberg, F.R.G.
Bischoff
Bischoff

12.5 x 0.4
12.5 x 0.4
12.5 x 0.4

Macherey, Nagel & Co.:
Nucleosil C, 5 12
N ucleosil CIS 5 12
Nucleosil Cs 5 30

Merck:
Lichrospher C18 10 30

Vydac C4 214 TPB 10 30

PolyEncap 10 10
Silica:LiChrosorb
Vinyl ether CIS 10 10
Silica: LiChrosorb
MHI 5 12

Silica: Nucleosil
PolyEncap 5 30
Silica: Nucleosil

a Prepared in our laboratory, as described in ref. 22.

polymer-coating were used. The columns, their dimensions and the distributors are
summarized in Table I. The Vydac C4 phase was purchased as bulk material and
packed into columns in our laboratory with a standard slurry-packing technique. The
synthesis of the PolyEncap and the octadecyl vinyl ether phases have been described
recently':".

Mixtures of water (purified with a Milli-Q equipment; Millipore, Eschborn,
F.R.G.) and acetonitrile of HPLC grade (ACN) (Baker, Gross-Gerau, F.R.G.; were
used isocratically (30% ACN) or in gradients (28% to 40% ACN in 30 min for
12.5-cm columns and 60 min for 25-cm columns). All eluents contained 0.1% TFA.
The ionic strength was adjusted with potassium chloride.

Cholecystokinin (Pancreomycin) octapeptide (CCK8), sulphated and non-sul
phated, and gastrin-17 (peptide with 17 amino acids), sulphated and non-sulphated,
were purchased from Sigma (Munich, F.R.G.). The amino acid sequence ofCCKS is
Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-Nl-lj. Sulphatation occurs on tyrosine. The
sequence of gastrin-17 is p-G1u-Gly-Pro-Trp---Leu-(Glu)s-Ala-Tyr-Gly-Trp-Met
Asp-Phe-Nl-lj. Sulphatation also occurs on tyrosine.

RESULTS AND DISCUSSION

Peptide separations with gradient elution
For protein and peptide analysis, several brands of specially designed reversed

phase columns are now available. One of the most widely applied is the Vydac RP
column with C4 bristles and this system was used for the first experiment. As can be
seen in Fig. 1, under standard gradient conditions the two CCK8 pep tides (l and2)
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Fig. 1. Separation of gastrin and CCK8 peptides on Vydac C4 30 nm. Solutes, I = CCK8 sulphated; 2 =

CCK8 desulphated; 3 = gastrin-I? sulphated; 4 = gastrin-I? desulphated. Column, Vydac C4 30 nm (see
Table I); eluent, gradient from 28% aqueous ACN-O.I % TFA to 40% ACN-o.I % TFA in 60 min.
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Fig. 2. Separation of standard peptides on LiChrospher CIS 30 nm. Column, see Table I. Samples and
conditions as in Fig. 1.
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are not adequately separated for the desired collection of fractions. The elution order
is as expected, the octapeptides being eluted before the non-sulphated ones. This
finding led us to increase retention by increasing the carbon content of the stationary
phase. The separation obtained under the standard gradient conditions with an RP
C t 8 coating on silica with identical surface area and pore diameter (LiChrospher C t 8 ,

30 nm) is shown in Fig. 2. The retention of the non-sulphated peptides (2 and 4)
increased, as expected, with increasing carbon content of the stationary phase. How
ever, the elution of the sulphated peptides (1 and 3) was hardly affected by the change
in carbon content, thus leading to simultaneous elution of non-sulphated CCK8 with
gastrin-I?, sulphated. These observations can be explained with the superposition of
at least two retention mechanisms: hydrophobic and ionic interactions.

Ionic interactions, which always playa role in the separation of nitrogen-con
taining pharmaceuticals, have been minimized in HPLC by the introduction of poly
meric-coated stationary phases. With these columns, even strongly basic solutes,
which are extremely sensitive to silanophilic interactions, are eluted with symmetrical
peaksv'. Fig. 3 shows the separation of the peptides from such a polymeric phase
where octadecyl vinyl ether had been polymerized on the surface of a silica modified
with vinylsilane'i". Owing to the high carbon content, the retentions are relatively
high, the sulphated and non-sulphated solutes cannot be separated and, surprisingly,
the elution order for the sulphated and non-sulphated forms of CCK8 (1 and 2,
respectively) has changed. Another difference from the separations shown in Figs. I
and 2 was that here a silica base material with a specific surface area of 300 m2 jg was
used. To differentiate between the influence of the surface area and the type of coat
ing, a conventional reversed phase with the same surface area was also used. In Fig. 4
a standard separation with a Nucleosil C t s column is shown. With this column, the
separation of all four peptides is possible and the elution order was identical with that
on the wide-pore materials (30 nm).

In order to evaluate the different retention mechanisms and their influence on
elution sequence more closely, additional isocratic studies of absolute and relative
retention with stationary phases of different types were performed.

Polymer-coated vs. bristle-type phases
It is impossible to study the retention behaviour of proteins by isocratic elution.

However, with the short-chain pep tides used in this work, isocratic measurements of
absolute and relative retentions are possible. Hence, it seems feasible to use these
peptides for more general observations of protein retention in RP-HPLC. Figs. 1-4
show that sulphated and non-sulphated peptides exhibit different and surprising be
haviour on conventional bristle-type and polymer-coated columns. Because of the
low molecular weights and the greater variability of phases, silica with standard pore
diameters of ca. 10 nm were used. Behaviour identical with that described for this
material has been observed with wide-pore material (pore diameter 30 nm). Differ
ences in absolute retention between the various stationary phases have been observed
and could easily be related to the carbon content of the stationary phase and peptide
chain length. However, the selectivities of the stationary phases are different for the
separations according to peptide chain length and for sulphated and non-sulphated
species. In Fig. 5 the relative retentions of CCK8 and gastrin-I? and their sulphated
isomers are shown. In contrast to this selectivity according to chain length, Fig. 6
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tivity for the separation of sulphated and non-sulphated peptides, as can be seen in
Figs. 3 and 6. In contrast, the opposite is true for the conventional bristle-type sta
tionary phases MN 8 (Nucleosil Cs), where the hydrophobic selectivity is much low
er. The two other polymer-coated stationary phases also included in Figs. 5 and 6 are
in between these two extremes. Owing to its more polar surface groups the stationary
phase (PolyEncap) where a butyl acrylate had been polymerized on silica modified
with vinylsilanef", shows, despite the small change in carbon content from C18 vinyl
ether (less than 3%), less hydrophobic selectivity and a slightly enhanced polar selec
tivity. The other polymer-coated stationary phase (MH 1) resembles the conventional
bristle-type phases much more. This can be explained by the preparation technique
used for this type of stationary phase. In this instance, a trimethylsilylated silica is
covered with a polysiloxane containing octadecyl groups".

From these findings, it may be concluded that stationary phases for peptide and
protein separations require not only optimum coverage of surface silanols, usually
determined by measurement of the peak symmetry of basic solutes, but also addition
al centres for polar interactions to permit the separation of isomers differing only in a
polar functional group.

Influence of ionic strength
In protein and peptide separations with silica-based stationary phases, sila

nophilic interaction with unmodified surface silanols is observed in addition to the
main retention mechanism, i.e., hydrophobic interaction. It has been demonstrated'"
that these silanophilic interactions, like ion exchange of basic peptides and ion exclu
sion of acidic peptides, can be minimized by increasing the ionic strength of the buffer
solution by the addition of salts, such as potassium chloride. As can be seen in Fig. 7,
the retention of the non-sulphated CCK 8 decreases with increasing ionic strength,
whereas the retention of the sulphated isomer is only slightly affected by increasing
the ionic strength, especially up to 0.15 M potassium chloride solutions. At first
glance, this is not understandable, because for the sulphated species ion exclusion
should be expected. However, if one calculates the net charge for the two isomers at
pH 2.5, the sulphated CCK has a net charge of zero (positively charged, terminal
amino group and a negatively charged sulphate group), whereas the non-sulphated
CCK has a net charge of + 1 (positively charged terminal amino group only). Conse
quently, this species (non-sulphated) can interact with surface silanols by an ion
exchange mechanism. Enhancement of retention by increasing salt concentration,
usually applied in hydrophobic-interaction chromatography (HIC), could not be ob
served for this small peptide up to a concentration of 1 M.

In Fig. 8, the influence of ionic strength on retention is shown for a polymer
coated stationary phase. Here, the retention increases for both isomers at low ionic
strength. In their preparation surface silanols are totally covered by a polymeric layer.
The increase in eluent hydrophilicity due to increasing potassium chloride concentra
tion increases the retention of both solutes. The retention of the non-sulphated isomer
with larger hydrophobicity increases continuously, whereas that of the sulphated
species remains constant. The polar ester functionalities in the polymeric layer may be
the reason for this behaviour.

The differences between the two types of stationary phases can be seen much
more clearly from the dependence of relative retentions on ionic strength, as shown in
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Fig. 9. The selectivity with the conventional bristle-type stationary phase decreases as
ionic strength increases, because for the non-sulphated CCK (one positive charge) the
additional contribution of ion exchange for the non-sulphated CCK (one positive
charge) decreases with increasing ionic strength. At a salt concentration above 0.5 M,
additional contributions to the retention mechanism are excluded, and selectivity is
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determined solely by differences in peptide hydrophobicity. It has also been observed
in size-exclusion chromatography of proteinsf ' that a salt concentration of 0.5 Mis
necessary for suppression of electrostatic interactions.

With a polymer-coated stationary phase at low ionic strength the sulphated
peptide is more strongly retarded than the non-sulphated peptide. At a salt concen
tration of ca. 0.05 M the elution sequence changes, and the selectivity increases with
increasing ionic strength. This is due to the stronger dependence of the retention of
the non-sulphated peptide on ionic strength (see Fig. 8). At salt concentrations above
0.5 M the dependence of selectivity on ionic strength is identical with that observed
for conventional bristle-type stationary phases, indicating an identical separation
mechanism. It should be mentioned that all polymer-coated phases investigated be
have identically, in spite of differences in functional groups and pore sizes (data not
shown). This demonstrates the advantages of polymer-coated stationary phases due
to the absence of additional retention mechanisms.

CONCLUSIONS

The complexity of peptide and protein structures, together with the hetero
geneity of stationary phases for HPLC, can cause surprising retention behaviour. The
charges of pep tides cause, in addition to hydrophobic interactions, electrostatic inter
actions with polar surface groups on the stationary phases. At present, two different
types of stationary phases are used for RP-HPLC of proteins: conventional brist1e
type phases and polymeric-coated phases. The latter have been developed for the
analysis of basic nitrogen-containing pharmaceuticals to reduce silanophilic interac
tions, which usually cause peak asymmetry. Both types of stationary phase exhibit
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different retention behaviour in protein analysis. With "good" conventional bristle
type stationary phases (symmetrical peaks for peptides with one positive net charge)
at low ionic strength (below 0.3), an ion-exchange mechanism contributes to peptide
retention. With polymer-coated stationary phases the ion exchange does not contrib
ute noticeably to retention. However, for the separation of isomeric peptides, differ
ing by one suIphonic acid group, polar interactions with either surface silanols (bris
tle-type phases) or siloxanes (polysiloxane-coated phases) are necessary for
separation.
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HYDROPHILIC-INTERACTION CHROMATOGRAPHY FOR THE SEPARA
TION OF PEPTIDES, NUCLEIC ACIDS AND OTHER POLAR COMPOUNDS

ANDREW J. ALPERT

*PolyLC, 9052 Bellwart Way, Columbia, MD 21045 and Department of Medicine. The Johns Hopkins
School of Medicine. Baltimore. MD 21205 (U.S.A.)

SUMMARY

When a hydrophilic chromatography column is eluted with a hydrophobic
(mostly organic) mobile phase, retention increases with hydrophilicity of solutes. The
term hydrophilic-interaction chromatography is proposed for this variant of normal
phase chromatography. This mode of chromatography is of general utility. Mixtures
of proteins, peptides, amino acids, oligonucleotides, and carbohydrates are all re
solved, with selectivity complementary to those ofother modes. Typically, the order of
elution is the opposite of that obtained with reversed-phase chromatography. A hy
drophilic, neutral packing was developed for use in high-performance hydrophilic
interaction chromatography. Hydrophilic-interaction chromatography is particularly
promising for such troublesome solutes as histones, membrane proteins, and phos
phorylated amino acids and peptides.

Hydrophilic-interaction chromatography fractionations resemble those ob
tained through partitioning mechanisms. The chromatography of DNA, in partic
ular, resembles the partitioning observed with aqueous two-phase systems based on
polyethylene glycol and dextran solutions.

INTRODUCTION

A hydrophilic, strong-cation-exchange (SCX) material, poly(2-sulfoethyl as
partamide)-silica (PolySulfoethyl A) was introduced recently! for high-performance
liquid chromatography (HPLC) of pep tides. The material is a complement or alterna
tive to reversed-phase chromatography (RPC). Columns of this material are eluted
with a salt gradient in a buffer at pH 2.8~3.0, often with some acetonitrile present. At
low levels of CH3CN, retention and selectivity are governed primarily by the number
of basic residues or positive charges in peptides t-3. This property permits isolation
and analysis of specific entities, such as C-terminal peptides", disulfide-linked pep
tides", and pyroglutamyl-terminated peptides", The material is also useful, in combi
nation with RPC, for peptide mapping7 and purification of natural or synthetic pep
tides 1,5 .

The selectivity changes markedly when the mobile phase contains high levels of
organic solvent: (1) Retention increases dramatically above 70% CH 3CN, while e1ec-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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trostatic effects on the retention of Gly-Tyr diminish in importance"; (2) Hydrophilic
peptides([Arg8]-vasopressin, f3-endorphin (1-16)) are retained more strongly relative
to more hydrophobic peptides (somatostatin, f3-endorphin (1-17))1; (3) A mixture of
four decapeptide standards, differing only in hydrophobic character, is largely resolv
ed with 50% CH3CN

1
, but not with lower concentrations", The order of elution is

least to most hydrophilic'', opposite from the order in RPC.
These data suggest that increasing the proportion of organic solvent in the

mobile phase increases the sensitivity of the sorbent to the hydrophilic residues of
peptides. Retention due to such residues, normally a minor "mixed-mode" effect,
seems to become a major factor above 70% CH 3CN. The same effect has been ob
served with a variety of stationary phases9- 11. This is "normal-phase" chromatogra
phy in that elution is promoted by the use of more polar (here, more aqueous) mobile
phases. However, a new term, hydrophilic-interaction chromatography, is proposed
to describe the combination of hydrophilic stationary phases and hydrophobic, most
ly organic mobile phases. A suitable acronym would be HILlC (HIC having been
preempted by Hydrophobic-Interaction Chromatography). This is descriptive, as will
be evident from the data to follow, and thus more accurate than the historical term
"normal-phase chromatography".

The conditions of HILlC have been used extensively for the analysis of sugars
and oligosaccharides-v!? but only in isolated cases for other classes of compounds.
The objectives of this report are: (1) to find out whether these disparate applications
involve a single mode of chromatography; (2) to explore the utility of HILlC for the
separation of polar solutes; (3) to introduce a packing designed for use in HILle.

EXPERIMENTAL

HPLC apparatus and columns
Isocratic HPLC was performed with a Model 300 pump from Scientific Systems

(State College, PA, U.S.A.), a spectroMonitor 3100 detector from LDC (Riviera
Beach, FL, U.S.A.), and a Lloyd Instruments recorder, Model GRAPHIC 1000
(Vector Group, Newburgh, NY, U.S.A.). Gradient elution HPLC was performed
with a 5500 liquid chromatograph, a VISTA 402 data system and a UV200 detector,
all from Varian (Walnut Creek, CA, U.S.A.). The HPLC columns are manufactured
by PolyLC (Columbia, MD, U.S.A.). PolySulfoethyl A and PolyHydroxyethyl A are
available under the tradenames PolySulfoethyl Aspartamide and PolyHydroxyethyl
Aspartamide, respectively. The C 18 column was manufactured by Column Engineer
ing (Ontario, CA, U.S.A.). The particle diameter was 5 /lm unless noted otherwise;
the pore diameter was 300 A.

Titanium frits were obtained from Mott Metallurgical (Farmington, CT,
U.S.A.). Ultra High Molecular Weight (UHMW) polyethylene frits were a gift from
Upchurch Scientific (Oak Harbor, WA, U.S.A.). Alumina frits were purchased from
Alltech (Deerfield, IL, U.S.A.).

Reagents
Cyclo(Ala-Ser), cyclo(Ala-Gly) and cyclo(Ser-Ser) were purchased from Re

search Plus (Bayonne, NJ, U.S.A.); [Des-Glnj-Substance P from Chemical Dynamics
(S. Plainfield, NJ, U.S.A.); oxytocin, [Arg8]-vasopressin, somatostatin, Substance
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P(4-11) and Substance P(5-11) from Bachem (Torrance, CA, U.S.A.); Substance
P(6-11) and Substance P(7-II) from Peninsula Laboratories (Belmont, CA, U.S.A.);
and oligothymidylic acid pd(Ths-3o from Pharmacia LKB (Piscataway, NJ, U.S.A.).
Oligothymidylic acid pd(T)12-18 and pd(Th9-z4 and all other peptides, amino acids,
phosphorylated amino acids, organic acids, and oligonucleotides were obtained from
Sigma (St. Louis, MO, U.S.A.).

The mixture of homologous 3-hydroxy-2-nitropyridinyl-f3-D-maltooligoglyco
sides, as well as purified calibration standards, were a gift from Dr. A. M. Fathy
(Diagno-Chemie, Stolberg, F.R.G.).

Organic reagents were purchased from Aldrich (Milwaukee, WI, U.S.A.). All
reagents and solvents were of HPLC grade or of the purest grade available.

Preparation oj mobile phases
Stock solutions of triethylamine phosphate (TEAP), 2 M in phosphate, were

prepared by addition of triethylamine (TEA) to a concentrated solution of phospho
ric acid till the desired pH was obtained, followed by appropriate dilution. This stock
solution was stored in the refrigerator when not in use. The same method was used to
prepare stock solutions of other salts not readily obtainable. Since the pH of amine
salt buffers tends to drift, stock solutions should be prepared fresh monthly.

Mobile phases containing CH 3CN were prepared by addition of stock solution
and the required volume of water to a volumetric flask, followed by addition of
CH 3CN to a level several ml below the mark. After mixing, the flask was placed in a
sonicator bath for 5 min, which both degasses and warms the cool solution. CH 3CN
was then added to the mark.

Preparation oj PolyHydroxyethyl A
PolyHydroxyethyl A was prepared by the incorporation of ethanolamine into a

coating of polysuccinimide, covalently bonded to silica, using a procedure similar to
that detailed in previous papers on polysuccinimide-based coatingsZO

,21 .

RESULTS

Retention vs. hydrophilicity
Fig, I shows the separation of amino acids with a column of PolySulfoethyl A

and a mostly organic mobile phase. The order of elution is approximately the oppo
site of that expected for RPC. This is quite evident in Fig. 2, which compares the
relative order of elution of the non-basic amino acids (except for cysteine, which
tailed badly) on several types of columns. PolySulfoethyl A and PolyHydroxyethyl A
(described below) were used in the HILlC mode and displayed elution orders similar
to each other and nearly the opposite of that reported for RPC22

. Minor changes in
the order of elution were observed with changes in the pH and salts used in the HILlC
mobile phases (e.g., a reversal of the position of Gly and Ser). The elution order is
also given for a sulfonated polystyrene-divinylbenzene (PS-DVB) SCX packing, typ
ically used in amino acid analyzers-:'. The elution orders in Fig. 2 suggest that sep
aration on this column is due to relative hydrophobic interaction.

The same effects are observed with non-electrolytes, albeit at higher concentra
tions of CH 3CN. The cyclopeptides listed in Fig. 3 lack ionizable groups, the N- and
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TEAP (pH 2.8) with 80% CH 3CN; flow-rate, 2 ml/rnin.
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Fig. 3. HILIC of cyclopeptides. Column, as in Fig. 2; mobile phase (isocratic), 15mM TEAP (pH 2.8) with
95,90, 75 or 60% CH

3CN
as noted; flow-rate, I ml/min. Peaks: A = cyclofl.eu-Gly); B = cyclo(Phe-Ser);

C = cyclo(Ala-Gly); D = cyclo(Ala-Ser); E = cyclo(Ser-Ser).

C-termini being linked in an amide bond to form a diketopiperazine ring. Nonethe
less, retention increases with hydrophilicity of the residues involved and is inversely
proportional to the polarity of the mobile phase.

All these cyclopeptides were eluted in doublets depending on the mobile phase
used, as is evident here for cyclo(Ala-Ser). Presumably these correspond to geometric
isomers, since the corresponding linear peptides, with blocked termini, gave single
peaks (data not shown).

Preparation ofpoly (2-hydroxyethyl aspartamide)-silica
To facilitate the study of the HILlC mode, a new HPLC packing was syn

thesized (Fig. 4). This material is poly(2-hydroxyethyl aspartamide)-silica, or Poly
Hydroxyethyl A. The new material, more hydrophilic than PolySulfoethyl A (see
below) but lacking its charged character, is well suited for the study of HILlC.

HILIC of amino acids on SCX and neutral supports
The graphs in Fig. 5 show HILlC effects on retention of ordinary and
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phosphorylated amino acids. In the absence of an organic solvent, Arg- and His- are
retained on PolyHydroxyethyl A (Fig. 5, right) to an insignificant extent. All other
ordinary amino acids are eluted in the void volume. There is a dramatic increase in
retention of the basic amino acids as the organic solvent content of the mobile phase
is increased. This suggests that positively charged amino acids are quite hydrophilic.
The same is true of negatively charged amino acids, as evidenced by the pronounced
retention of phosphorylated amino acids in the HILlC mode; for example, phospho
rylation increases the capacity factor (k') of Tyr- by one order of magnitude. How
ever, not all charged species are equally hydrophilic; k' increases markedly for the
series cysteic acid < glutamic acid < phosphorylated amino acids. In fact, cysteic acid
is less well retained than is Leu-. Neutral amino acids are well retained and resolved,
starting at ca. 70% CH 3CN.

HILlC effects on PolySulfoethyl A (Fig. 5, left) are similar, but are super
imposed on electrostatic effects. Even in the absence of organic solvents, the basic
amino acids are well retained. Values for k' increase with organic solvent concentra
tion, probably due to hydrophilic interactions, since the shape of the retention curves
are the same in both graphs. Above 50% CH 3CN, hydrophilic interactions are more
prominent than electrostatic effects, which contribute to retention as a minor "mixed
mode" component.

The negatively charged Glu-, cysteic acid, and phosphorylated amino acids are
eluted from PolySulfoethyl A before the void volume (k' = - 0.15) in the absence of
or at low levels of organic solvent, indicating electrostatic repulsion. However, at
CH 3CN levels above 50%, HILlC effects overcome this repulsion, and thereafter,
retention is similar on both columns.

Phosphorylated amino acids are retained and resolved on PolyHydroxyethyl A,
even in the absence of organic solvents (Figs. 5 and 6). This makes their analysis in
protein hydrolyzates convenient, since other amino acids are not retained under these
conditions (Fig. 6), although the separation of P-Thr- and P-Ser- needs to be opti
mized. The order of elution does not correlate with that of the corresponding non
phosphorylated amino acids (Fig. 2). P-Tyr- is anomalously well retained. This is also
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o 4 8 12
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Fig. 6. HILIC of phosphorylated and non-phosphorylated amino acids. Column, PolyHydroxyethyl A (3
pm). 100 x 4.6 mrn, with titanium frits; mobile phase (isocratic), 10 mM TEAP (pH 2.8); flow-rate, 0.5
rul/rnin. Peaks: A = His-; B = Ser-. Leu- (void volume); C = P-Thr-; D = P-Ser-; E = P-Tyr- ..
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the order of elution observed with anion-exchange columns 24
,2 s . This suggests that

the PolyHydroxyethyl A column may be operating as a low-capacity anion-exchange
column, a view supported by the elution of basic amino acids in doublets with mobile
phases of low ionic concentration. One peak of the doublets coincides with and the
other precedes the void volume, suggesting an element of electrostatic repulsion. This
would be readily apparent in Fig. 6, for example, except that the presence of Ser- and
Leu- in the void volume masks the void volume peak of the His- doublet. However,
raising the concentration of the mobile phase from 10 to 25 mM (Fig. 5) not only
eliminates the peak splitting, but leads to negligible retention of Arg- and His- (k' =

0.1). Thus, the interpretation of Fig. 6 may not be a straightforward matter. In any
case, the selective retention of phosphorylated amino acids raises the possibility ofthe
selective isolation of phosphorylated peptides from a protein digest.

In the course of this study, it was observed that phosphorylated amino acids did
not pass through HPLC columns with stainless-steel frits from certain manufacturers.
The problem was not encountered with frits of titanium, alumina, or UHMW poly
ethylene. It was subsequently learned 2 6 that the recovery of phosphorylated peptides
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Fig. 7. HILIC of dipeptide standards. Column, PolyHydroxyethyl A, 200 x 4.6 mm; mobile phase (isocrat
ic), TEAP buffer (concentration and pH as noted) with 80% CH 3CN; flow-rate, 2 ml/rnin. Peaks: A =

Gly-Phe; B = Gly-Leu; C = Gly-Ile; D =, Gly-Met; E = Gly-Val; F = Gly-Tyr; G = Gly-Ala; H =

Gly-Glu; I = Gly-Asp; J = Gly-Thr; K = Gly-Gly; L = Gly-Ser; M = Gly-Asn.
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from HPLC columns improved significantly when stainless-steel frits were replaced
by titanium frits. These data imply that non-ferrous frits should be used in HPLC of
phosphorylated species.

HILle ofpeptides
Fig. 7 shows the separation, under HILIC conditions, of dipeptides with the

composition Gly-X on a column of PolyHydroxyethyl A. As with the amino acids,
retention appears to be governed by hydrophilic interactions, increasing with polarity
of the solute. Retention is inversely proportional to pH and ionic concentration.

Fig. 8 (I) shows the resolution by HILIC of peptide standards with varied
composition. The coincidence of Tyr-Gly and Gly-Tyr is an example of the in
sensitivity of the HILIC mode to a change of sequence that does not affect charge
(and thus hydrophilicity). By contrast, location of the acidic residue of Asp-Val next
to the N-terminus probably creates an ion pair in which the charged centers are close
enough to neutralize each other. Evidently this decreases their hydrophilicity, in view
of the greater retention of Val-Asp, where the charged centers are more isolated.
Glu-Ala-Glu provides a good demonstration of the sensitivity of HILIC to the com
position of the hydrophilic residues in a peptide, since addition of an Asn- residue
nearly doubles the k' of the peptide. This addition also moves the C-terminal carboxyl
group further away from the carboxyl of the side chain of Glu-. However, the Asn
residue probably does not promote retention through electrostatic effects, since a
similar increase is observed with the addition of Gln- residues to the N-terminus of
small peptides with neutral N-terminal residues (see Fig. 9).

Chromatogram II of Fig. 8 shows the (non-optimized) separation by HILIC of

A II

A

c

B

o

12

Fig. 8. HILIC of peptide standards (isocratic). Column, as in Fig. 7; mobile phase, 40 mM TEAP (pH 2.8)
with 80% (I) or 70% (II) CH 3CN; flow-rate, 2 ml/min. Peaks: (1) A = Asp-Val; B = Val-Asp; C =
Tyr-Gly + Gly-Tyr; D = Glu-Ala-Glu; E = Glu-Ala-Glu-Asn; (II) A = Oxytocin; B = [Tyr'j
somatostatin; C = somatostatin; D = [Tyr"j-somatostatin; E = [Des-Glnj-Substance P; F = Substance
P; G = [Arg8j-vasopressin.
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N-TERMINAL VARIANT PEPTIDES
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Fig. 9. Gradient elution of Substance P fragments from (I) a PolyHydroxyethyl A column (HILlC mode);
(II) a Poly'Sulfocthyl A column (HILlC mode); (III) a CIS column (RPC mode). Column dimensions, 200
x 4.6 mm; flow-rate, 0.8 ml/min; detection, absorbance at 215 nm, 0.5 a.u.f.s. Elution: (I), (II) 90-min
linear gradient, 0-100% eluent B. Eluent A, 10mM TEA-methylphosphonate (pH 3.0) with 80% CH

3CN.
Eluent B, same + 125 mM sodium perchlorate. (111) 90-min linear gradient, 0-100% eluent B. Eluent A,
O.I%.TFA in 30% CH 3CN; eluent B, 0.1% TFA in 55% CH 3CN. Peaks: Substance P fragments: A =

(7-11); B = (6-11); C = (4-11); 0 = (5-11). MeCN = Acetonitrile.

some polypeptide hormones. The concentration of CH 3CN used was lower than for
chromatogram I in order to achieve isocratic elution of these peptides in a reasonable
time. With the exception of oxytocin, the order of elution is the opposite of that
observed for RPC 2 7 and HIC2 8

. As may be surmised from the amino acid data,
basicity of a peptide promotes retention, but to a much lesser extent than would be
the case with a PolySulfoethyl A column operated in the cation-exchange mode; the
time for the isocratic elution of peptides of + I, + 2 and + 3 charge is considerably
shorter. At the same time, the sensitivity of the hydrophilicity of the nonbasic residues
results in a selectivity complementary to that of cation exchange. Thus, while [Arg"}
vasopressin has a charge of +2, it is eluted after somatostatin, Substance P and their
analogues, all with a + 3 charge but also with more hydrophobic character.

N- Terminal variant pep tides
Eucaryotic proteins, manufactured by recombinant methods, are sometimes
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found to vary in composition, particularly at the N-terminus. There may be an addi
tional N-terminal Met- or N-formyl Met- residue; conversely, exoprotease activity may
remove one or two residues from the end. Assessment of the purity of a recombinant
protein involves digestion of the product and analysis of the N-terminal peptide
fraction for the presence of such variant sequences. RPC often fails to distinguish
between such variants.

Fig. 9 shows the separation of a series of Substance P fragments with residues
removed in sequence at the N-terminus. HILIC was used to obtain chromatograms I
and II, while chromatogram III is RPe. Gradient rates were chosen to give compara
ble peak widths in both modes. While RPC features the best overall selectivity in this
case, the degree of separation of these variant peptides is greatest with HILle. This is
particularly the case when the capacity is increased by the superposition of electro
static effects and hydrophilic interactions, as with PolySulfoethyl A (chromatogram
II). Selectivity differences with PolyHydroxyethyl A may reflect the "contact region"
of the peptides (see Discussion).

Peptides may be eluted from HILIC columns with decreasing organic gradients
as well as increasing salt gradients. This topic is addressed in the Discussion section,
as is the selection of the salts. .

Partition mechanisms and HILIC of carbohydrates
HPLC of carbohydrates has been performed since 19751Z- 15,17,19 with columns

of silica with an aminopropylsilane coating (Nl-Ij-silica); mobile phases typically
contain about 80% CH3CN. These conditions are effectively those of HILIC. This
implies that NHz-silica retains carbohydrates not directly through its basic
charge l 5-17 but because the basic groups are hydrophilic. The uncharged, hydrophil
ic PolyHydroxyethyl A also works well for HILIC of carbohydrates. This is demon
strated in Fig. 10 with a homologous series of oligoglycosides and various concentra
tions of CH3CN. Other hydrophilic stationary phases can also be used, such as
diol-l " and polyol_16-18 type packings. PolySulfoethyl A can be used, but retention
times are 25% less than with PolyHydroxyethyl A. Presumably, this reflects the rela
tive hydrophilicity of these stationary phases.

Reducing sugars are well retained and resolved on PolyHydroxyethyl A, but are
eluted in doublets corresponding to the {J.- and f3-anomers (data not shown). This
complicates the elution pattern. The problem is overcome by addition of a small
amount of amine to the mobile phase; this speeds up the rate of mutarotation15-17
and collapses the doublets.

Chromatography of carbohydrates as conducted above has been shown to in
volve a partitioning mechanismz9-31. The stationary phase retains asemi-immobi
lized layer of mobile phase enriched with water. Chromatography of carbohydrates
involves partitioning between this stagnant aqueous layer and the bulk of the (mostly
organic) mobile phase. It would be reasonable to suppose that the partition mecha
nism advanced for the chromatography of carbohydrates represents the mechanism
of HILIC fractionations of other classes of polar solutes as well.

Aqueous two-phase systems and HILIC of oligonucleotides
In order to gain additional insight into the mechanism of HILlC, the chromato

graphy of oligonucleotides was studied. Nucleic acids can be fractionated by parti-
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Fig. 10. HILIC (isocratic) of a homologous mixture of 3-hydroxy-2-nitropyridinyl-p-D-maltooligoglyco
sides. Peaks were identified with purified standards. Column, PolyHydroxyethyl A, 200 x 4.6 mm, 5 Jlm;
mobile phase, acetonitrile-water, 80, 75, 70, 65, 60 or 55% acetonitrile as noted; flow-rate, 2 ml/rnin. Peaks:
1, 2, 3 ... = degree of polymerization; A = aglycon.

tioning between two aqueous phases, rendered immiscible by small amounts of two
polymers that differ sufficiently in hydrophilicity, such as polyethylene glycol (PEG)
and dextran. Albertssorr'? has developed the potential of such systems for the bulk
fractionation of cells and proteins as well as nucleic acids, and Muller and Kute
meier~3,34 have applied the phenomenon to the chromatographic fractionation of
nucleic acids.
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Fig. II. HILIC (gradient elution) of oligothymidylic acid, pd(T)12_3o. Column, PolyHydroxyethyl A (3
/lm), 100 x 4.6 mm; gradient, 200 min linear, 0-100% eluent B. Eluent A, 40 mM TEAP (pH 5.0) with
70% (vjv) CH 3CN. Eluent B, 75 mM TEAP (pH 5.0) with 80% (vjv) CH 3CN; flow-rate, I mljmin;
detection, absorbance at 260 nm, 0.1 a.u.f.s,

Fig. 11 shows a homologous series of thymidylic acid [pd(T)] oligomers. A
gradient of increasing salt was used; in addition, a slightly increasing gradient of
CH 3CN concentration was employed to promote retention near the end of the salt
gradient and thus increase resolution of closely related species. The results obtained
with HILlC resemble those obtained with the above partitioning systems in the fol
lowing respects: (1) Retention increases with oligomer size; (2) Retention of oligo
pd(A)6 was about three times greater than that of oligo-pdfTjg, while retention of
oligo-pdrC), and oligo-pdrG), was more than one order of magnitude greater (the
opposite of the trend observed with anion-exchange HPLC35); (3) Retention was
extremely sensitive to the ionic strength of the mobile phase (permitting elution with
unusually shallow salt gradients).

HILIC of organic acids and bases
A column of PolyHydroxyethyl A was eluted with 75 mM TEAP (pH 5.0),

containing 70% CH3CN. Glyceric acid, tartronic acid and phosphoglyceric acid were
completely resolved, with k' values of 0.46, 1.29 and 1.75, respectively. This demon
strates once again the hydrophilicity of charged groups, especially phosphate groups.

Organic bases contain hydrophilic functional groups, and should lend them
selves well to analysis by HIlle. In fact, HILlC conditions are already used for the
analysis of basic drugs, both with uncoated silica36.37 and NH2-silica38.39.

DISCUSSION

The mechanism of HILIC
The mechanism by which the HILlC mode operates can be discussed at several

levels:
At the empirical level, HILlC is a variant of normal-phase chromatography.

Retention is proportional to the polarity of the solute and inversely proportional to
the polarity of the mobile phase.

The data in this paper suggest that the mechanism ofHILlC involves partition
ing between the (hydrophobic) mobile phase and a layer of mobile phase enriched
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with water and partially immobilized on the stationary phase. This distinguishes this
variant of normal-phase chromatography from other variants involving adsorption
directly on the stationary phase. The following observations support a partitioning
mechanism: (1) Analogy with the partitioning mechanism already worked out for the
fractionation of carbohydrates; (2) The decreasing differences between charged and
uncharged stationary phases with increasing levels of organic solvent in the mobile
phases (cf Fig. 5); (3) In HILIC of oligonucleotides, the sensitivity to factors known
to affect the partitioning of nucleic acids between PEG-containing aqueous phases
and (more hydrophilic) dextran-containing aqueous phases: ionic concentration, base
composition, and molecular weight. In fact, 25% CH3CN can substitute for the PEG
in such two-phase systemst'',

The phenomena responsible for the partitioning of solutes between the two
layers are obscure. Some form of dipole-dipole interactions may be involved, al
though Nikolov and Reilly'? found that retention of sugars under HILIC conditions
was better correlated with their hydration number than with the potential to form
hydrogen bonds. The partitioning of solutes in aqueous two-phase systems is not well
understood either3 2

. A great deal of study will be required to clarify these questions.

HILIC as a mixed-mode effect in RPC
One can increase the retention of solutes through hydrophilic interactions by

increasing the concentration of organic solvent in the mobile phase. For example,
when Nikolov and Reilly3 1 eluted a column of uncoated silica with 90% CH3CN,

they obtained k' values for sugars comparable to those obtained by elution of NH 2

silica with 80% CH3CN. This raises the question of how hydrophobic a stationary
phase can be and still be used in the HILIC mode if one is prepared to use levels of
organic solvent approaching 100%. An extreme case of this may be RPC packings
that are not end-capped. On such columns, the retention of many proteins and pep
tides as a function of % CH3CN is aU-shaped curve4 1

-
4 9

. Bij et al.4 1 have ascribed
retention at lower CH3CN levels -the conventional RPC region- to "solvophobic"
interactions and retention on the other side of the minimum to "silanophilic" interac
tions.

A reinterpretation of these observations may be warranted by the data in the
present study. Retention in the organic solvent-rich region of the U-shaped curves
may reflect hydrophilic interactions. In that case, the order of elution of solutes
should be the reverse of that in the other branch of the curve. This is in fact the case
for peptides4 2

,4 3 , proteins't'v?", and small molecules", Bij et al/" even obtained U
shaped curves for polar solutes by eluting silica in a reversed-phase mode. Their
explanation is succinct: " .. .it simply demonstrates that the polarity of the eluent
relative to that of the stationary phase determines whether the retention behavior is
'normal' or 'reversed'." This explanation will serve as well, at the empirical level, for
the results presented here.

Cyclodextrin-bonded phases offer vivid examples of these effects. With mobile
phases low in organic solvent, retention is of the RPC type, through inclusion-com
plex formation with the hydrophobiccyclodextrin cavity". Retention at high levels
of organic solvent is evidently due to HILlC, reflecting the hydrophilic nature of the
exterior of the cyclodextrins. Thus, plots of k' vs. % CH3CN are Ll-shaped curves for
dansylated amino acids", showing at least partial inversion of the elution order.
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These stationary phases also resolve carbohydrates satisfactorily at high CH 3CN

levels5 2 , 5 3 , again reflecting a possible HILIC mechanism.
RPC is probably a "mixed-mode" process, reflecting the presence of both hy

drophobic and hydrophilic interactions. The hydrophobic interactions are negligible
at high levels of organic solvent. The data from this study suggest that the hydrophilic
interactions are negligible at low levels of organic solvent, except for the most hydro
philic solutes observed here: organic bases. Such compounds are notorious for tailing
in RPC. The phenomenon is usually ascribed to electrostatic attraction to silanols. A
gradient of increasing organic solvent decreases retention through hydrophobic inter
actions, but would increase hydrophilic interactions. The presence of the latter as a
mixed-mode effect would lead to the opposite of the focussing effect normally expect
ed from gradient elution and cause tailing. It should be noted that any mobile phase
component that decreases retention in HILIC also decreases tailing of basic com
pounds in RPC. Agents used for this purpose include amines'", amine salts"! and
inorganic salts?". Hydrophilic amines are less effective for this purpose than hydro
phobic amines'", an observation difficult to explain in terms of electrostatic effects
but consistent with HILIC effects. It may also be noted that U'-shaped curves are not
obtained if no hydrophilic interactions are possible, whether due to a lack of polar
sites in the stationary phase 9 , 54 or to the non-polar nature of a particular solute'".

The contact region ofpeptides
Some HILIC effects can be understood in terms of the "contact region" concept

developed to describe the region of a protein's surface that preferentially makes con
tact with a chromatographic sorbent'": For example, Substance P has basic (and thus
hydrophilic) and hydrophobic domains at opposite ends of the molecule. This could
permit the selective adsorption of the hydrophilic domain on a HILIC stationary
phase surface. No such segregation of domains is obtained with somatostatin; a
hydrophobic region is bracketed by two basic residues. This may explain the lesser
retention of somatostatin compared to Substance P on both PolySulfoethyl A1 and
PolyHydroxyethyl A.

The same concept can account for the relatively poor ability of RPC to resolve
N-terminal variant peptides and the success noted with HILIC (Fig. 9). As with other
basic groups, a charged N-terminus is quite hydrophilic. In RPC, this will tend to
exclude the N-terminus as a preferred contact region. An example of this was ob
served" in RPC of several nonapeptides with the same composition but different
sequences. With a blocked N-terminus, retention was greater with three Leu- residues
at this terminus than when they were located in the interior, presumably reflecting
steric accessibility. The elution positions were reversed when the N-termini were un
modified.

The best mode for the analysis of N-terminal variant peptides must be deter
mined on a case-by-case basis. The modes of greatest utility may be those in which the
N-terminus is a preferred contact region. Cation-exchange certainly qualifies, as does
a combination of cation-exchange and hydrophilic interaction (Fig. 9, chromatogram
II). However, the electrostatic effects may be so marked as to lead to some insensitiv
ity to the composition of the non-basic residues relative to the basic residues and the
N-terminus itself. Thus, PolyHydroxyethyl A, operating purely through hydrophilic
interaction, is better able than PolySulfoethyl A to discriminate between some pep
tides differing in the composition of non-basic residues (Fig. 9).
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HILIC on miscellaneous stationary phases
A number of reports in the literature describe the use of hydrophilic stationary

phases under HILIC conditions. Mant et al. l o studied the use of SynChropak GPC
for size separation of peptides. This neutral, reasonably hydrophilic packing dis
played HILIC effects when the mobile phase contained over 60% CH 3CN (Fig. 6 in
ref. 10). A similar packing, LiChrosorb DIOL, has also been used for HILIC (see
below).

Carunchio et al. l l coated LiChrosorb with chitosan. The resulting material was
a hydrophilic, low-capacity anion exchanger. Nucleotides, amino acids and dipep
tides were resolved under HILIC conditions; a mixture of hydrophilic interactions
and electrostatic effects was evident. For example, electrostatic repulsion appears to
have counteracted the pronounced hydrophilic interaction of the basic amino acids,
leading to their elution in the same period of time as the other amino acids.

HILIC ofproteins
Perhaps the first purifications of proteins with HILIC conditions were those of

Rubensteinet al.56
,5 7 , Interferon" and serum proteins" were purified on LiChro

sorb DIOL, using a decreasing gradient of I-propanol.
Soluble proteins tend to become denatured in the presence of CH 3CN concen

trations above 20%. Thus, HILIC would not be useful for the purification of most
soluble enzymes, However, for many proteins a high organic solvent content in the
eluent is of no concern, For example, some enzymes and proteins function in the
hydrophobic milieu of membranes, and might be expected to respond well to chroma
tography with a mostly organic solvent mobile phase, Several reports have described
the purification of integral membrane proteins by "ion-exchange" chromatography
with such mobile phases; the sorbents used were the hydrophilic packings CM-Tris
acryl58-60 and DEAE-cellulose61. Yields and purity were appreciably higher than
with the standard aqueous mobile phases containing surfactants.

With some protein mixtures, the objective may be simply to determine the
number of components present. In the case of HI histone from chicken erythro
cytes'", RPC yields 3 peaks, while HILIC on the cation exchanger PolyCAT A20

yields 21 (using an increasing gradient of sodium perchlorate).

Practical aspects of HILIC mobile phases and gradients
Gradient elution in HILIC can be accomplished by increasing the polarity of

the mobile phase, using either a decreasing organic solvent or an increasing salt
gradient. When ion-exchange columns are used in the HILIC mode for a sample of
unknown characteristics, then a salt gradient is preferable, since it insures the elution
of most solutes in a reasonable time. By contrast, uncharacterized solutes are prob
ably best eluted from PolyHydroxyethyl A columns with gradients of decreasing
organic solvent 63. This guarantees elution of all components in the sample, since they
are retained by PolyHydroxyethyl A only through hydrophilic interactions. Salt gra
dients may then be evaluated for complementary selectivity. CH3CN is a convenient
solvent to use, since it yields less viscous mobile phases and greater retention of
solutes than mobile phases containing equivalent amounts of methanol or 2-propa
nol. At levels of CH 3CN above 70%, every 1% increase leads to an increase of about
10% in the (isocratic) k' values for small molecules.
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One of the problems with HILlC is the poor solubility of many salts in mobile
phases containing high concentrations of organic solvents. Sodium perchlorate is one
salt that is quite soluble in such media and which also does not absorb light at the low
wavelengths (ca. 215 nm) frequently used for detection of peptides. Organic salts also
offer reasonable solubility. Salts of phosphonic acids, such as sodium methylphos
phonate, are promising. The buffering ranges and optical transparency of these salts
are similar to those of the corresponding phosphate salts, and the solubility in HILlC
mobile phases is superior. The same is true of amine salts such as TEAP. Unfortu
nately, TEA salts sometimes yield rising baselines and artifactualpeaks in gradient
elutions; this reflects the accumulation of oxidation products of TEA 64. Sodium,
potassium, and ammonium salts do not possess this liability. However, substitutions
involving either counterion of a salt can affect the selectivity, sometimes in a dramatic
fashion. This topic will be addressed in a future study.

Pep tides can be purified for sequencing purposes using PolyHydroxyethyl A
columns with volatile mobile phases, due to the low concentrations of salt required
with this column. In such cases, a descending gradient of CH 3CN is convenient. A
suitable salt is the triethylamine salt oftrifluoroacetic acid?". This salt is both volatile
and transparent at 215 nm. The TEA must be scrupulously purified to avoid the
baseline artifacts described above. An alternative volatile salt is ammonium for
mate" 5, although this is less volatile than the triethylamine salt of trifluoroacetic acid,
and absorbs below 240 nm.

It is not necessary to include salts in the mobile phase for HILlC of non
electrolytes, such as carbohydrates. However, omission of salt leads to broad peaks
and variable retention times for amino acids and peptides.

The selectivity of HILlC complements that of RPC. The two modes, used in
sequence, may afford useful fractionations of complex mixtures. It would be conve
nient to use HILlC as the second step, since a fraction collected from the RPC
column would merely need to receive sufficient additional organic solvent to assure
good binding to the HILlC column. The capacity of PolyHydroxyethyl A columns
for peptides is several times less than that of suitable ion-exchange columns, and is
comparable to that of an RPC column.

It may be difficult to elute polyelectrolytes from ion-exchange columns in the
HILlC mode, owing to the high levels of salt required. An example would be the
elution of very basic peptides from PolySulfoethyl A. In such cases, PolyHydroxy
ethyl A is a suitable alternative, requiring one-fifth to one-tenth as much salt. For
the preparative purification of oligonucleotides, it is a particularly promising alterna
tive to anion-exchange HPLC35.66~70, which typically requires 0.5-2.0 M salt and
often 5 M urea (which will interfere with sensitive biological experiments).

CONCLUSIONS

HILlC is potentially as general a mode as reversed-phase and ion-exchange
chromatography. It affords good resolution within every class of polar solutes eval
uated to date, and works best with hydrophilic solutes least suitable for fractionation
by RPC. Thus, it has the potential to resolve mixtures not heretofore amenable to
fractionation by chromatography. A variety of hydrophilic stationary phases can be
used in the HILlC mode; the choice depends on the application. For example, an
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ion-exchange column may display superior selectivity which reflects the superposition
of electrostatic and HILlC effects, while PolyHydroxyethyl A may be preferred if a
volatile mobile phase is necessary. Some properties of columns other than HILlC
columns can also be ascribed to hydrophilic interaction, present as a mixed-mode
effect.

Perhaps the most important single property described in this study is the pro
nounced hydrophilicity of charged, basic groups, which influences the chromatogra
phy of any solute to which they are attached. This hydrophilicity can account for the
successful analysis of some mixtures by HILlC that are not successfully analyzed by
RPC, as well as the tailing of basic compounds in RPC.

There are some applications for which HILlC seems to be especially well suited.
PolyHydroxyethyl A shows a particular affinity for phosphorylated amino acids un
der some conditions, and may be useful for the selective isolation of phosphorylated
peptides. Another is the analysis and purification of polyelectrolytes, such as very
basic peptides and oligonucleotides, which are eluted from columns of Poly
Hydroxyethyl A at levels of salt far lower than those needed for ion-exchange col
umns. Purification of some membrane proteins and histones seems to be easier to
achieve by HILlC than by other modes of chromatography.

PolyHydroxyethyl A is promising as a stationary phase for which HILlC effects
are the only ones of significance. It is possible to prepare uncharged stationary phases
that are still more hydrophilic. This would permit the operation of HILlC at lower
levels of organic solvent. Such stationary phases are currently under development.
The polyaspartamide coatings used in this work are stable polymers of derivatives of
asparagine, the most hydrophilic neutral amino acid, and the packing materials devel
oped by this laboratory for HILlC will continue to be based on such coatings.
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SUMMARY

a-Amylases of different origins were investigated with a Synchropak propyl
column and a linearly descending salt gradient in order to isolate the active fraction
from among the inactive proteins present. Fractions collected by several injections
were assayed for enzymatic activity by the modified Wohlgemut method. An experi
mental hydroxypropyl packing was tested for the separation of a-amylases under
isocratic conditions, usinga dilute buffer or plain water as eluent. The chromato
grams obtained can serve as fingerprints for the quality control of some industrial
proteins.

INTRODUCTION

Hydrophobic-interaction chromatography (HIC) was first developed in the
early 1970s, using agarose gels with bonded alkylamine ligands">', High-perform
ance HIC is a relatively new addition to the rapidly advancing methods of protein
separation.

The retention mechanism is based essentially on the same forces (London-type
dispersion) as in reversed-phase chromatography. In both instances hydrophobic
functional groups are bound to the substrate and used as the stationary phase. How
ever, in reversed-phase packings the functional groups are very densely distributed,
producing a strong hydrophobic interaction between the proteins and the stationary
phase. As a result, organic solvents must be used to elute the proteins, which then lose
some of their activity.

By contrast, the functional groups in hydrophobic-interaction packing materi
als are much more sparsely distributed, short, hydrophobic ligands, so that elution
can be accomplished by buffers without appreciably denaturing the proteins. This is
generally achieved by using reverse gradients in which the sample is eluted by going
from high to low salt concentrations. Because proteins retain their structures under
such conditions, it is especially suitable for studies where enzymatic activity is of
prime importance.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.



198 L. SZEPESY et al.

Melander and Horvathr-" have given an explanation for the role of neutral salts
in the hydrophobic interaction of proteins, based on the solvophobic theory of Sina
noglu and co-workers''". According to their treatment, the effect of salt type on
protein retention can be related to the molal surface tension increment of the salt".
Thus, salts with higher molal surface tension increments produce increased retention
at equal molal salt concentrations. The magnitude of the effect depends also on the
properties of the protein and the stationary phase. The effect of the stationary phase
and the operational variables'r!" have been extensively investigated. Separation and
investigation of a-amylases by HIC have also been reportedf?''.

In our laboratory, hydrophobic-interaction HPLC has been used to study a
series of industrial enzymes such as a-amylases, glycoamylases and glycooxidases. In
this paper, we report some results obtained in the investigation of a-amylases. The
goal of this investigation was to isolate the active fraction from among the inactive
proteins present in enzyme preparations of different origins.

EXPERIMENTAL

Materials
The investigation was carried out on a Merck-Hitachi HPLC system consisting

of a Model 655A-II pump, a Model L-5000 low-pressure gradient system, a Rheo
dyne (Berkeley, CA, U.S.A.) 7125 injector valve with a 20-/l1 loop and a Model
655A-22 variable-wavelength UV detector. Chromatograms were recorded and eval
uated with a Merck-Hitachi Model 0-2000 chromato-integrator.

Separations were performed on a SynChropak propyl (particle size 6.5 /lm)
column (250 x 4.1 mm 1.0.), obtained from SynChrom (Linden, IN, U.S.A.) and an
experimental hydroxypropyl (particle size 10 /lm) column (250 x 4.6 mm 1.0.) devel
oped by Dr. R. Ohmacht at the University Medical School, Pees, Hungary.

Protein standards (ribonuclease A, ovalbumin, chymotrypsin, chymotrypsino
gen A) and a-amylase (Type II A, bacterial) were obtained from Sigma (St. Louis,
MO, U.S.A.), Brew-n-zyme AT, a thermostable bacterial a-amylase, from Jan Dek
ker BV, Naarden International (Wormerveer, The Netherlands) and Termamyl 60 L
thermostable a-amylase from Novo (Denmark).

Analytical-reagent-grade ammonium sulphate and potassium dihydrogenphos
phate were obtained from Reanal (Budapest, Hungary). Distilled water was prepared
by double distillation in glass.

Methods
On the SynChropak propyl column, a descending linear salt gradient was used

from 1.0 to 0.1 M ammonium sulphate in 0.02 M potassium dihydrogenphosphate
buffer at pH 7.0. The flow-rate was 1 ml/min, and detection was accomplished at 280
nm. On the experimental hydroxypropyl column, isocratic elution was carried out by
using 0.1 M ammonium sulphate in 0.02 M potassium dihydrogenphosphate buffer at
pH 7.0 or plain distilled water containing 20 ppm of Ca 2 + .

Samples were prepared by dissolving about 10 mg of a-amylase in 1 ml distilled
water. The industrial enzyme samples were diluted with distilled water in a 1:9 ratio.
Each sample was chromatographed at least in triplicate.
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Determination of enzymatic activity
The enzymatic activity of ex-amylase was determined by the modified Wohlge

mut method'" (Naarden Assay No. 2-124). This assay is based on determining the
time required to hydrolyse starch to dextrin of a definite size, as indicated by the
colour of the dextrin-iodine complex. This colour is compared with a colour standard
of glass disks (Hellige No. 620 S-5).

RESULTS AND DISCUSSION

Before injection of the ex-amylase samples, the SynChropak propyl column was
tested by injection of some protein standards generally used for the evaluation of HIC
columns. First, a 30-min linear gradient was used in accordance with the test chro
matogram published. In order to shorten the analysis time and improve peak sharp
ness, a steeper 20-min linear gradient was also applied, as shown in Fig. 1. Since with
the 20-min gradient the retention times decreased and the peaks became sharper
without a significant decrease in resolution, the enzyme samples were investigated
under these conditions.

Fig. 2 shows the chromatogram of the Sigma ex-amylase standard. After the first
chromatogram, sample injection was repeated five times and the eluent fractions
corresponding to the individual peaks were pooled. In this instance, only two frac
tions were collected. Enzymatic activity in the collected fractions was determined by
the modified Wohlgemut method. The enzyme activity measured is indicated in Fig. 2
by the dashed line.

In Fig. 3 the chromatogram of Brew-n-Zyrne AT is shown. Again, the separated
fractions from five chromatograms were pooled. In this instance, three fractions were
collected and tested for enzyme activity. The dashed line shows the enzyme activity of
the fractions.

Fig. 4 shows the chromatogram of Termamyl 60 L. Three separate fractions
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Fig. 1. Separation of a standard protein mixture by HIe. Column, SynChropak propyl; mobile phase A, I
M (NH4)2S04-o.02 M KH 2P04 (pH 7.0); mobile phase B, 0.1 M (NH4)2S04-o.02 M KH 2P04 (pH 7.0);
20-min linear gradient from A to B; flow-rate, I ml/min. Standards: I = ribonuclease A; 2 = ovalbumin;
3 = ex-chymotrypsin; 4 = chymotrypsinogen A.
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Fig. 2. Chromatogram of a-amylase (Sigma). Conditions as in Fig. I.

Fig. 3. Chromatogram of Brew-n-zyme AT industrial enzyme. Conditions as in Fig. I.

were collected and tested for enzyme activity. Again, the fraction eluted between 16
and 18 min contains the activity, as shown by the dashed line.

Fig. 2 shows that in the purified Sigma product almost all proteins present are
responsible for the enzymatic activity. In contrast, in the industrial enzyme prep
arations a large amount of other proteins can also be found. For instance, in the
Brew-n-Zyme chromatogram (Fig. 3), there are other proteins in the vicinity of the
active protein, which may represent other types of enzymatic activity. The chro
matograms shown demonstrate at the same time that HIC can also be efficientlyused
for preparative purposes, producing enzyme preparations of high purity and high
specific activity.

Next, some preliminary results will be reported on the use of the experimental
hydroxypropyl packing. This packing shows an intermediate retention capacity be
tween reversed-phase and HIC columns. A test mixture containing dimethyl, dipropyl
and dibutyl phthalate was used to compare the hydrophobicity of the two columns
investigated. With methanol-water (1:1) as the mobile phase, the hydroxypropyl col
umn provided a well resolved chromatogram with symmetrical peaks and retention
times of 5.6, 10.0 and 16.1 min, respectively. Under the same conditions the Syn
Chropack propyl column furnished two overlapped peaks at 3-3.6 min. On this
column a much weaker mobile phase, methanol-water (1:9), provided a similar sep-



HIC OF a-AMYLASES

TERM AMYL 60L NOVO

, M

'-----t 0.1 M

201

o 10 20
TIME (min)

Fig. 4. Chromatogram of Termamyl 60 L industrial enzyme. Conditions as in Fig. I.

aration of the test mixture to that obtained on the hydroxypropyl column (retention
times 4.6, 7.6 and 14.2 min, respectively).

The retention of proteins on the hydroxypropyl column at high salt concentra
tions was very strong, resulting in long retention times and broad peaks under HIC
conditions. For this reason we tried to use this column under isocratic conditions,
instead of the reverse gradient used for HIC columns.

First, we compared the performance of the column with buffer B of the previous
buffer system (0.1 M ammonium sulphate in 0.02 M potassium dihydrogenphos
phate) or distilled water containing 20 ppm of Ca2+ in the form of calcium acetate.
According to the literature2 1,2 2 , metal ions have been used to protect a-amylase
activity against pH, temperature and proteases. Calcium has been found the most
effective metal ion in preserving the activity of the enzyme.

With both eluents we obtained chromatograms containing a large number of
completely or partially resolved peaks. However, the chromatograms obtained with
water as eluent were superior, the peaks being better resolved than in the buffer
system. In Fig. 5, the chromatogram of the Sigma a-amylase shows that, in contrast
to the two large peaks obtained by HIC, a large number of peaks (about 10-12) can
be distinguished in the chromatogram. In Fig. 6 the chromatogram of Brew-n-zyme
and in Fig. 7 the chromatogram of Termamyl 60 L are shown. There are a large
number of peaks of different proportions and partly at different retention times.
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Fig. 5. Chromatogram of a-amylase (Sigma). Column, hydroxypropyl (experimental); mobile phase, dis
tilled water (20 ppm Ca 2 +); flow-rate, I ml/min (isocratic).

Fig. 6. Chromatogram of Brew-n-zyme AT industrial enzyme. Conditions as in Fig. 5.

Culture filtrates of Bacillus subtilis are the richest sources of a-amylase and
different proteases, and the industrial enzyme preparations are more or less purified
culture filtrates. For this reason, several other proteins of different molecular weights,
even peptides, may be present in the enzyme preparations2 1 ,2 3 .

The chromatograms obtained under isocratic conditions and using plain water
or very dilute buffers as eluent were highly reproducible and can serve as fingerprints
for the characterization of some industrial protein products.

CONCLUSIONS

High-performance HIC can be used for the comparison and characterization of
industrial enzymes of different origin. In addition, HIC can be efficiently used for
preparative purposes, producing enzyme preparations of high purity and high specific
activity.

Packings with intermediate retention capacity (hydrophobic character) between
reversed-phase and HIC columns seem to possess a high resolving power for certain
proteins under isocratic elution conditions and can be used for the quality control of
some industrial protein products. .
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SUMMARY

The technique of high-pH anion-exchange chromatography with pulsed ampe
rometric detection has recently been shown to be a powerful method for resolving
closely related oligosaccharides [M. R. Hardy and R. R. Townsend, Proc. Natl. Acad.
Sci. U.S.A., 85 (1988) 3289-3293]. This report describes separations involving a total
of nineteen different high-mannose, hybrid and complex-type oligosaccharides isolat
ed after peptide:N-glycosidase F (PNGase F) or endo-p-N-acetylglucosaminidase H
digestion of glycoproteins. Separations were carried out at a constant base concentra
tion (0.1 M NaOH) using linear gradients from 0 to 0.2 M sodium acetate. The
applicability of this chromatography for profiling the N-linked oligosaccharides of
glycoproteins was demonstrated by generating "oligosaccharide maps" of PNGase
F-liberated oligosaccharides from recombinant human tissue plasminogen activator,
ribonuclease b, human transferrin, and bovine fetuin. Methods for recovering salt
free oligosaccharides after this chromatography were also investigated. On-line ion
suppression with an anionic micromembrane suppressor cartridge was found to be
capable of effective desalting up to a total sodium ion concentration of 0.15-0.2 Mat
a flow-rate of I ml/min, After high-pH anion-exchange chromatography with ion
suppression, collected oligosaccharides were analyzed by fast-atom bombardment
mass spectrometry after conversion to permethyl derivatives or after reductive am
ination with p-aminobenzoic acid ethyl ester.

INTRODUCTION

A significant recent development in carbohydrate analysis has been the applica
tion of high-pH anion-exchange chromatography (HPAEC) for monosaccharide
analysis! and for the separation of oligosaccharidesv ". These separations take ad
vantage of the fact that the hydroxyl groups ofcarbohydrates are weakly acidic" and,
at pH values greater than 12, the resulting oxyanion derivatives can be separated by
anion-exchange chromatography. When used in conjunction with pulsed ampero
metric detection'' (PAD), HPAEC permits carbohydrate analysis to be carried out at
the picomole level.

The use of HPAEC for separations of neutral oligosaccharides was described

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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first by Hardy and Townsend", who reported on the separation of positional isomers
of chemically synthesized, neutral oligosaccharides. They found that the separations
were sensitive to molecular size, sugar composition and linkage of the monosaccha
ride units. In most cases, the elution order within a series of compounds was consis
tent either with the known hierarchy of acidities (hemiacetal> > 2-0H > > 6-0H > 3
OH > 4-0H) of the unsubstituted hydroxyl groups" or with the accessibility of the
ionized groups to the functional groups of the anion exchange column. One limitation
of that work was that many of the model oligosaccharides used were structurally
related, but not identical, to typical N-linked oligosaccharides that would be obtained
after digestion of a glycoprotein with peptide:N-glycosidase F (PNGase F) or endo-B:
N-acetylglucosaminidase H (endo H). HPAEC has also been shown to be useful in
the separation of sialylated and phosphorylated oligosaccharides ' and in separating
high-mannose and hybrid oligosaccharides".

In this paper we report on separations of a variety ofN-linked oligosaccharides
including high-mannose and hybrid oligosaccharides released by endo H, and di-, tri-,
and tetra-antennary complex oligosaccharides released by PNGase F. We also de
scribe methods for on-line desalting of oligosaccharides to permit subsequent identifi
cation by chemical or spectroscopic techniques.

EXPERIMENTAL

Materials
Recombinant human tissue plasminogen activator (rt-PA; Activase"?') is the

product of Genentech. Recombinant gp120 (rgp120) was produced by expression in
Chinese hamster ovary (CHO) cells and immunoaffinity purified? Ribonuclease b,
human transferrin and bovine fetuin were purchased from Sigma. Endo H was ob
tained from Genzyme. PNGase F and «-fucosidase were purchased from Boehringer
Mannheim.

Model oligosaccharides
Compounds 1-4, 15, 18, 19 and the sialylated counterparts of compounds 11

13 were isolated from CHO-expressed rt-PA. Their structures were confirmed by
methylation analysis, fast-atom bombardment mass spectrometry (FAB-MS) and
500 MHz lH nuclear magnetic resonance (NMR) spectroscopy", Compounds 5-7
were isolated from rgp1209,lO. Compound 10 was purchased from Biocarb AB. Com
pound 17 was isolated from human transferrin. Compounds 8, 9 and 11-13 were
prepared by treatment of their sialylated counterparts with 0.02 M trifluoroacetic
acid for 60 min at 80°C to remove sialic acid. Compounds 14 and 16 were prepared by
treatment of compounds 13 and 15,respectively, with «-fucosidase (40 mU) in 0.1 M
sodium phosphate buffer (pH 4.5) at 3TC overnight.

Reduction and Ss-carboxyrnethvlation ofglycoproteins
Samples ofrt-PA, rgp120, ribonuclease B, human transferrin and bovine fetuin

were reduced and S-carboxymethylated prior to glycosidase digestion, as follows.
Samples were dialyzed into 0.36 M Tris-HCl buffer (pH 8.6) containing 8 Murea and
3 mM EOTA. Dithiothreitol (OTT) was added to a final concentration of 10 mM.
After 4 h at room temperature, iodoacetic acid was added to a final concentration of
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25 mM and the samples were incubated at 25°C for 30 min in the dark. Samples were
then quenched with excess DTT, dialyzed into 100 mM NH4HC03 and lyophilized.

Digestion with PNGase F
Reduced and S-carboxymethylated glycoprotein samples to be digested (typ

ically 0.5 mg) were reconstituted in 0.25 M sodium phosphate buffer (pH 8.6) contain
ing 10 mM EDTA and 0.02% (wjv) sodium azide. PNGase F (3.2 units) was added,
and the samples were incubated overnight at 37°C.

Digestion with endo H
Reduced and S-carboxymethylated glycoprotein samples (typically 0.5 mg)

were reconstituted in 0.05 M sodium phosphate buffer (pH 6) containing 0.02%
sodium azide. Endo H (0.05 units) was added and the samples were incubated over
night at 3TC.

Chromatography on Sephadex G-15
Glycosidase digestion mixtures were applied to a column (47 x I em I.D.) of

Sephadex G-15 equilibrated in 0.1 M NH4HC03 • The flow-rate was 0.6 mljmin.
Carbohydrate-containing fractions were detected by the phenol-sulfuric acid assay!".

CiS Sep-Pak
Glycosidase digestion mixtures were applied to C l S Sep-Pak cartridges that had

been preconditioned with ethanol and acetonitrile'? and then equilibrated in water.
After sample application the cartridge was washed with 0.3 ml of water. Oligosaccha
rides were eluted with 0.5 ml of water followed by I ml of 40% (vjv) aqueous aceto
nitrile and then dried on a centrifugal evaporator.

Ethanol precipitation
At the termination of glycosidase digestion, samples were mixed with three

volumes of ice-cold ethanol 1 3 and centrifuged at 11 600 g for 10 min at 4°C. Pellets
were washed three times with ice-cold 75% ethanol. The combined supernatants were
evaporated under a stream of nitrogen and then reconstituted in water for chromato
graphy.

HPAEC conditions
HPAEC was carried out on a Dionex BioLC system (Dionex, Sunnyvale, CA,

U.S.A.) equipped with a pellicular anion exchange column (AS6) and a pulsed ampe
rometric detector (Dionex PAD-2). The detector potentials used were 0, +0.75 and
- 0.85 V with a duration of 180 ms at each potential. Detection was facilitated by the
addition of 0.5 M NaOH (at a flow-rate of 0.75 ml/rnin) to the column effluent
upstream of the detector cell. Semipreparative runs were made without any post
column addition of base, and the column effluent was passed through an anion micro
membrane suppressor unit (Dionex AMMS) for on-line desalting. The regenerant
solution for the AMMS unit was 0.03 M H 2S04 at a flow-rate of 6.5 mljmin.

The chromatograms shown here were generated using either of two gradient
programs. For both gradient programs, solvent A was 0.1 M NaOH, solvent B was
0.1 M NaOH containing 0.5 M sodium acetate and the flow-rate was I ml/min,
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Gradient program 1:. the column was pre-equilibrated in 100% solvent A; after a
5-min hold, oligosaccharides were eluted with a linear gradient from 0 to 20% solvent
B in 40 min. Gradient program 2: the column was pre-equilibrated in 5% solvent B;
after a 2-min hold, oligosaccharides were eluted with a two-stage linear gradient from
5% to 15% solvent B in 5 min, and from 15% to 40% solvent B in 25 min.

Methylation analysis
Collected oligosaccharides were pre reduced with sodium borohydride and per

methylated using methyl iodide and methylsulfinyl-carbanion in methyl sulfoxide l2.

The permethylated oligosaccharides were recovered by chromatography on C 1 8 Sep
Pak cartridges (Waters Assoc.).

Derivatization with p-aminobenzoic acid ethyl ester (A BEE)
Oligosaccharides collected after HPAEC with ion suppression were lyophilized

and then reconstituted in 0.01 ml of water. To this was added 0.04 ml of a reagent
consisting of 165 mg of ABEE, 35 mg of sodium cyanoborohydride, 0.041 ml of acetic
acid and 0.35 ml of methanol'f!". Samples were incubated at 80°C for 30 min. After
cooling, the samples were partitioned between water (0.3 ml) and chloroform (0.3 ml).
The aqueous phase was subjected to reversed-phase high-performance liquid chroma
tography (HPLC) on a Novapak C1 8 column (15 em x 4.6 mm I.D., Waters Assoc.)
using an acetonitrile-water gradient system to recover the ABEE derivatives. The
HPLC column effluent was monitored for absorbance at 254 nm.

FAB-MS
FAB mass spectra were acquired on a JEOL HXIIOHFjHXllOHF tandem

mass spectrometer operated in a normal two-sector mode. All other conditions were
as previously described",

RESULTS AND DISCUSSION

Separation of neutral oligosaccharides
HPAEC provides efficient separation of neutral oligosaccharides of the types

found attached to asparagine residues of glycoproteins. Chromatograms obtained by
HPAE analysis of high-mannose oligosaccharides are shown in Fig. 1. Fig. lA shows
the separation of a mixture of MansGlcNAc (1), Man6GlcNAc (2) and
Man-GlclxAc (3 and 4) structures released by endo H digestion of CHO-expressed
rt-PA. These oligosaccharides have been characterized by other methods" and shown
to have the structures indicated in Table I. In particular, lH NMR analysis indicated
that the Man7GlcNAc structures consisted of a mixture of two isomers. These iso
mers are partially resolved by HPAEC (retention time of 32 min, Fig. lA). Fig. IB
shows the high-mannose oligosaccharides released by endo H digestion of CHO
expressed rgpl20. In this case, the size distribution of the high-mannose oligosaccha
rides is in good agreement with that determined by gel-permeation chromatography
of the high-mannose oligosaccharides released by hydrazine treatment of rgp 1209 , 10.

The rgp120 sample contains the MansGlcNAc (1), Man6GlcNAc (2) and both of the
Man-GlclvAc (3 and 4) structures found in the rt-PA sample. In addition, the rgp120
sample' contains another major Man7GlcNAc peak (5), at 31.5 min, which is well
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Fig. 1. Separation of high-rnannose oligosaccharides. Oligosaccharides from (A) rt-PA and (B) rgpl20
were liberated by treatment of the glycoproteins with endo H, recovered by ethanol precipitation, and
analyzed by HPAEC using gradient program 1. Peak identifications are given in Table 1.

resolved from the other two Man-Glc.NAc isomers. Compounds 6 and 7 are
MansGlcNAc and MangGlcNAc, respectively.

The separation of three, closely related, asialo diantennary complex oligosac
charides is shown in Fig. 2. Compounds 8 and 9 differ in that the former structure has
a fucose residue attached a(l ~6) to the reducing GlcNAc residue. The addition of
fucose to an oligosaccharide has been shown with other model compounds- to cause
a shift to earlier retention time in HPAEC. Compound 10, which lacks the innermost
GlcNAc residue of compound 9, elutes latest of the three diantennary structures. The
elution order of the three compounds in Fig. 2 is the opposite of that predicted for a
purely size-based separation. Therefore, although the general trend in HPAEC is that
oligosaccharides of a homologous series elute in order of increasing size, certain chain
extensions can actually result in decreased retention presumably either by substitu
tion of a particularly acidic position or by limiting accessibility of ionized groups to
the functional groups of the column.

Separation of a more complex mixture of desialylated di-, tri- and tetraanten
nary complex oligosaccharides is shown in Fig. 3. Once again, the effect of fucosyla
tion of the reducing GlcNAc residue is a shift to earlier retention time, as is illustrated
by the diantennary oligosaccharides plus/minus fucose (peaks 8 and 9) and the te
traantennary oligosaccharides plus/minus fucose (peaks 13 and 14). Two branching
isomers of fucosylated triantennary oligosaccharides were also resolved by this tech
nique: the fucosylated 2,4-branched triantennary structure (compound 11) eluted at
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TABLE 1

STRUCTURES OF THE MODEL OLIGOSACCHARIDES USED

L. J. BASA, M. W. SPELLMAN

Compound

2

3

4

Structure

Maner(l_6)~ .
Maner(l-6)

Maner(1_3/ ) Manp(1_4)GlcNAe

Maner(l-3)

Maner(l-6)\.
janer(l_6)

Maner(l-3) i Manp(l-4)GlcNAe

Maner(1_2)Maner(1_3)

Maner(I_6)\.
janer(l-6)

Maner( 1_3) " Manp(1_4)GlcNAe
Maner(I_2)Maner(I_2)Mancr(I_3)

Maner( 1_2)Maner(1_6)\r aner(l - 6)
Maner(1-3) i Manp(l_4)GlcNAe

Maner( 1_2)Maner(1_3)

{
Maner(1_6)\

aner(l-6)
5" Maner(l-2) Maner(1_3)1 iManp( 1_4)GlcNAe

Maner(1_2)Man,,(1_3)

{
Mancr(l-6)

Maner(l-2) ~an,,(l-6)
6" Mancr(l-3) ) ManPO_4)GlcNAe

Maner(l-2)
Maner( 1_2)Man,,(1_3)

7

8

9

10

Maner( 1_2)Maner(1_6)\
Maner(l-6)

Maner(l_2)Maner(l-3)1 1\Manp(l_4)GlcNAe

Maner(1_2)Maner(1_2)Maner(1_3)

Galp(1_4)GlcNAep(I_2)Maner(I_6) Fueer(1_6)

) Manp(l-4)GlcNAeP(l-4}GlcNAe
Galp(1_4)GlcNAep(1_2)Maner(1_3)

Galp(1_4)GlcNAep(1_2)Maner(1_6)
) Manp(l_4)GlcNAep(l_4)GlcNAe

Galp(1_4)GlcNAep(1_2)Man,,(1_3)

Galp(1_4)GlcNAep(1_2)Maner(1_6)
) Manp(l_4)GlcNAe

Galp(1-4)GlcNAep(1_2)Maner(1_3)
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Compound

11

12

13

14

15

16

17

18

19

Structure

Gal,9(I-+4)GlcNAc,9(1_2)Mana(I_6) Fuca(I_6)

Gal,9( 1_4)GlcNAc,9(1_4), . .~Man,9( 1-+4)GlcNAc,9(1_4~lcNAc
Mana(I_3)

Gal,9( 1-4)GlcNAc,9(1_2/

Gal,8( 1-4)GlcNAc,8(1_6),
/Mana(I_6) Fuca(l_6)

Gal,8( 1-4)GlcNAc,9(1_2) /'Man,8( 1-+4)GlcNAc,8(1-+4)GlcNAc

Gal,8( 1-4)GlcNAc,8(1_2)Mana(1_3)

Gal,8( 1_4)GlcNAc,8(1_6»
. Mana(l_6) Fuca(l_6)

Gal,8(1-4)GlcNAc,8(l-2), ,

/
Man,8( 1-+4)GlcNAc,8(1_4)GlcNAc

Gal,8(1-4)GlcNAc,8(1_4»
Mana(l_3)

Gal,8( 1_4)GlcNAc,8(1_2)

Gal,8( 1_4)GlcNAc,8(1_6)
)Mana(l_6)

Gal,8(l-4)GlcNAc,8(l-2) ,

/
Man,8(1- 4)GlcNAC,8(1_ 4)GlcNAc

Gal,8( 1-4)GlcNAc,8(1_4»
Mana(I_3)

Gal,8( 1-4)GlcNAc,8(1_2)

NeuAca(2-3)Gal,8( 1-4)GlcNAc,8(1_2)Mana(1_6) Fuca(1_6)

)Man,8(1-+4)GlcNAc,8(1_4)ClcNAc
NeuAca(2_3)Gal,8( 1-4)GlcNAc,8(1_2)Mana(1_3)

NeuAca(2_3)Gal,8( 1-4)GlcNAc,9(1_2)Mana(1_6)

)Man,8(1-+4)GlcNAc,8(1_4)GlcNAc
NeuAca(2_3)Gal,8( 1_4)GlcNAc,8(1_2)Mana(1_3)

NeuAca(2_6)Gal,8( 1-4)GlcNAc,8(1_2)Mana(1_6)

)Man,8(1-4)GlcNAc,8(1_4)GlcNAc
NeuAca(2_6)Gal,8( 1-4)GlcNAc,8(1_2)Mana(1_3)

Mana(1_3)Mana(1_6)

)Man,8(1_4)GlcNAc
NeuAca(2_3)Gal,8( 1-4)GlcNAc,8(1_2)Mano(1_3)

Mano(l_6)\. .
Mano(l-6)

Mano(l_3/ )Man,8(l-+4)GlcNAC

NeuAca(2_3)Gal,8( 1-4)GlcNAc,8(1_2)Mana(1_3)

a The attachment positions of the peripheral mannose residues have not been determined for these
compounds.
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Fig. 2. Separation of three asialo-diantennary complex oligosaccharides. Chromatography was carried out
using gradient program I. Peak identifications are given in Table I.

29.5 min, and the fucosylated 2,6-branched triantennary oligosaccharide (compound
12) eluted at 31 min. On the basis of the pKa values of the unsubstituted hydroxyl
groups of these two compounds, one would predict that the 2,4-branched oligo
saccharide should elute after the 2,6-branched oligosaccharide (the 2,4-branched
structure has an unsubstituted 6-0H, which is more acidic than the unsubstituted
4-0H of the 2,6-branched structure). The observed elution order is the opposite of
that predicted solely on the basis of pKa values, suggesting that the elution of these
two compounds is dominated by the accessiblity of the ionized groups to the column
matrix. These results are similar to those reported by Hardy and Townsend? for a
pair of related compounds. Fig. 3 shows only the fucosylated forms of the two trian-

28 30 32
Time (min)

Gl
III
C

8-
~
c
oa:

22

8

9

11

12 14
13

34 36 38

Fig. 3. Separation of asialo-complex oligosaccharides. Chromatography was carried out using gradient
program 1. Numbered peaks are identified in Table I. Peaks not numbered are oligosaccharides present as
contaminants in the model compounds.
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tennary structures. Defucosylation of the triantennary structures caused the expected
shift to later retention times. In the elution program used to generate Fig. 3, the
defucosylated 2,4-branched triantennary oligosaccharide coelutes with the fucosylat
ed 2,6-branched structure, and the defucosylated 2,6-branched oligosaccharide co
elutes with the fucosylated tetraantennary structure (not shown).

Separation of sialylated oligosaccharides
Several experiments were performed to examine the ability of HPAEC to re

solve structurally related sialylated oligosaccharides. As would be expected, the sep
aration is dominated by the number of residues of sialic acid attached to an oligo
saccharide. However, significant resolution was still attainable among related
structures with the same formal charge. Fig. 4 shows that a fucosylated di-o:(2-+3)
sialylated diantennary oligosaccharide (compound 15) is well resolved from the
equivalent, non-fucosylated, di-o:(2-+3)-sialyl-diantennary oligosaccharide (com
pound 16). The separation is also affected by the attachment position of sialic acid to
galactose, as shown in Fig. 5. Both of the compounds in Fig. 5 are non-fucosylated
diantennary complex oligosaccharides; they differ only in that compound 17 has sialic
acid attached to the 6 position of galactose whereas the sialic acid in compound 16 is
attached to the 3 position of galactose.

The separation of two (monosialyl) hybrid oligosaccharides is shown in Fig. 6.
Compound 19 contains one more mannose residue than compound 18, which causes
a shift to later retention time. The elution characteristics of these hybrid oligosaccha
rides are similar to those reported previously for oligosaccharides isolated from oval
bumin".

"Mapping" of oligosaccharides released from glycoproteins
The speed, sensitivity and selectivity of HPAEC make it a promising technique

for profiling the oligosaccharides of glycoproteins. This is illustrated in Fig. 7, which

15 16

..
III
c:
0
Q.
III..
a:
c
c(
11.

........... ..A "
I;\J

-
16 18 20 22 24 26 28 30 32 34

Time (min)

Fig. 4. Influence of fucosylation on the elution of sialylated dian tennary oligosaccharides. Both com
pounds are di-a(2-+3)-sialyl diantennary oligosaccharides. They differ by the presence (15) or absence (16)
of fucose attached to the reducing GlcNAc residue. Elution was with gradient program 2.
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Fig. 5. Influence of sialylation position on the elution of diantennary oligosaccharides. Both compounds
are disialyl diantennary oligosaccharides. Sialic acid is linked a(2-->3) to galactose in compound 16 and
a(2-->6) to galactose in compound 17. Elution was with gradient program 2.

shows the HPAEC profiles obtained after PNGase F treatment of four glycoproteins
to release their N-linked oligosaccharides. As described above, the separations are
dominated by the number of sialic acid residues on a particular oligosaccharide; as a
result, the chromatograms contain regions where neutral, mono-, di-, tri- and tetra
sialyl oligosaccharides elute (designated N, 1,2,3 and 4, respectively, in Fig. 7). For
each glycoprotein, the HPAEC profile agrees well with what has been published
previously on the N-linked oligosaccharides of the glycoprotein. rt-PA (Fig. 7A) is
known to contain attached high-mannose, hybrid, and mono-, di-, tri- and tetrasialyl
complex oligosaccharides". Ribonuclease b (Fig. 7B) contains exclusively neutral
(high-mannose) oligosaccharides 16. The predominant oligosaccharide structure of

19

41

'"c:
0
Co

'"41 18a:
c
<
CL

~

16 18 20 22 24 26 28 30 32 34
Time (min)

Fig. 6. Separation of hybrid oligosaccharides. Compounds 18 and 19 were released by endo H digestion of
rt-PA. Elution was with gradient program 2.
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Fig. 7. Oligosaccharide profiles of four glycoproteins. The glycoproteins were reduced and Svcarboxy
methylated and then treated with PNGAse F. The oligosaccharides released were recovered by ethanol
fractionation and analyzed by HPAEC using gradient program 2. (A) rt-PA; (B) ribonuclease h; (C) human
transferrin; (D) bovine fetuin. The labels at the top indicate the elution positions of neutral (N), monosialyl
(I), disialyl (2), trisialyl (3) and tetrasialyl (4) oligosaccharides.

human transferrin (Fig. 7C) is a non-fucosylated disialyl diantennary oligosaccharide
in which sialic acid is attached to the 6-position of galactose! 7. The carbohydrate
structures of bovine fetuin (Fig. 7D) are quite heterogeneous, differing in the extent of
sialylation, the number of peripheral branches (i.e. diantennary vs. triantennary), and
the linkage (PI,4 vs. PI,3) of galactose residues! 8

. Hardy and Townsend2 have dem
onstrated with fetuin glycopeptides that HPAEC is capable of resolving structures
that contain pI,3-linked galactose from those with pI,4-linked galactose", .

It should be noted that HPAEC is not able to resolve closely related acidic
molecules as efficiently as it resolves their desialylated counterparts. For example,
rt-PA contains nearly equimolar amounts of (trisialyl) fucosylated 2,4-branched and
2,6-branched triantennary oligosaccharides. These oligosaccharides coelute in Fig.
7A (retention time of 30.5 min), whereas their desialylated equivalents are well re
solved by HPAEC (see Fig. 3).
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Methods of preparing oligosaccharides for HPAEC
HPAEC separations depend upon ionizing oligosaccharides at high pH to pro

mote their interaction with the anion exchange resin. As a consequence, the sep
arations are easily perturbed by the presence of buffer salts in the sample matrix. We
have investigated several techniques to recover oligosaccharides released by glycosi
dase digestion, with the goal of conveniently and reproducibly obtaining suitably salt
and protein-free samples for HPAEC analysis. Fig. 8 compares the HPAEC profiles
obtained when oligosaccharides were recovered by gel-permeation chromatography
(Fig. 8A), by chromatography on a C1 S Sep-Pak cartridge (Fig. 8B) or by ethanol
precipitation (Fig. 8C). The chromatograms obtained after ethanol precipitation were
superimposable with those obtained after gel permeation. The C1 S Sep-Pak cartridges
did not prove to be efficient for this application, since desalting was incomplete (not
shown) and varying recoveries were observed for different oligosaccharides (compare
traces A and B in Fig. 8). As a result, we routinely use ethanol precipitation for
sample preparation because it is simple, lends itself to the preparation of multiple
samples in parallel, and gives results comparable to those obtained after gel-permea
tion chromatography.

On-line desalting of oligosaccharides
The high-resolution oligosaccharide separations attainable by HPAEC make

A.

B.
CIl
til
coa..
til

ti-
c
c:r:
11.

c.

Fig. 8. Comparison between three methods of recovering oligosaccharides after PNGase F digestion.
Identical aliquots of reduced and S-carboxymethylated rt-PA were treated with PNGase F, and the re
leased oligosaccharides were recovered by (A) gel permeation chromatography, (B) reversed-phase chro
matography on C , 8 Sep-Pak, and (C) ethanol precipitation. Elution was with gradient program 2.
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the technique useful for general carbohydrate characterization. However, in the ab
sence of supporting analytical results (e.g. mass spectrometry and/or NMR), chro
matographic retention time alone is not sufficient to identify an oligosaccharide. One
difficulty with HPAEC is that the eluents contain high concentrations of non-volatile
salts (typically sodium acetate and sodium hydroxide); therefore, an unidentified
oligosaccharide must be desalted prior to carrying out conventional methods of struc
ture elucidation.

We have evaluated the use of an anionic micromembrane suppressor (AMMS;
Dionex) downstream of the detector to achieve on-line desalting. Within the AMMS
cartridge, the column effluent passes along one face of a polyanionic membrane,
which is permeable to cations but impermeable to anions. Sodium ions in the effluent
stream are exchanged for protons from an aqueous sulfuric acid regenerant solution
on the other face of the membrane, thus converting the sodium hydroxide and sodium
acetate to water and acetic acid, respectively. After "ion suppression", salt-free oligo
saccharides can be recovered by lyophilization of column fractions. The main limita
tion of this approach is the exchange capacity of the AMMS cartridge: the cartridge is
able to exchange ca. 0.15-0.2 M sodium ions at a flow-rate of I ml/min. Thus, al
though the capacity of the cartridge is generally satisfactory for desalting neutral
oligosaccharides, it may be overwhelmed by the sodium acetate concentrations neces
sary to elute multiply charged oligosaccharides.

We have used this approach succesfully to desalt high-mannose and hybrid
oligosaccharides, separated by HPAEC, and mono- di-, tri- and tetrasialyl complex
oligosaccharides, separated by neutral-pH anion-exchange chromatography on a
Mono Qcolumn. The lyophilized oligosaccharides collected in this manner were then
analyzed by IH NMR at 500 MHz, which yielded good spectra that contained only
minimal acetate signals (not shown; see ref. 8).

Although oligosaccharides can be prepared succesfully for NMR analysis after
HPAEC, the inherent insensitivity of NMR and the low capacity of the HPAEC
columns make it desirable to be able to prepare samples for more sensitive analytical
methods, most notably mass spectrometry. Preparation of samples for FAB-MS
analysis requires thorough desalting, since even small amounts of contaminating salt
adversely affect ionization and result in reduced sensitivity!". We have examined two
methods for derivatizing oligosaccharides after HPAEC with ion suppression. The
goal with both techniques was to make a derivative that could be purified by reversed
phase HPLC and would be suitable for FAB-MS analysis.

The first approach was to reduce and permethylate oligosaccharides that had
been separated by HPAEC and desalted by on-line ion suppression (Fig. 9). Permethy
lated oligosaccharide alditols are suitably non-polar for reversed-phase chromatogra
phy and have been shown to exhibit good ionization and useful fragmentation in
FAB-MS 19

. Fig. 9A shows the HPAEC separation of a mixture of high-mannose
oligosaccharides released by endo H treatment ofrt-PA. The peak indicated with the
arrow was collected, recovered by lyophilization, reduced and permethylated. The
resulting permethylated oligosaccharide alditol was recovered by reversed-phase
chromatography on a CIS Sep-Pak cartridge I2 and analyzed by FAB-MS (Fig. 9B).
The mass spectrum of this derivative contained abundant [M +Ht (m]z 1328.4) and
[M +Na]+ (m]: 1350.4) ions.

We were able to use this technique successfully to obtain mass spectra of a
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Fig. 9. FAB-MS analysis of the permethylated derivative of a high-mannose oligosaccharide after HPAEC.
(A) Separation of a mixture of high-mannose oligo saccharides by HPAEC using gradient program I. The
column effluent was passed through an anionic micromembrane suppressor cartridge for on-line desalting.
The collected oligosaccharide (arrow) was recovered by lyophilization, permethylated and analyzed by
FAB-MS. (B) The FAB-MS spectrum of the derivatized oligosaccharide. The ions at m]z 1328.4 and m]z
1350.4 correspond to [M +H] + and [M +Na]+, respectively, for reduced and permethylated Man.Glclvac
(compound 1, Table I).

variety of high-mannose and desialylated complex oligosaccharides". There are, how
ever, several disadvantages to using permethylated derivatives for this application: (1)
sample preparation is rather laborious and time-consuming; (2) the presence of even
fairly low levels of salt can interfere with the permethylation chemistry, resulting in
undermethylatiorr'"; and (3) the permethylated derivatives lack a good UV chro
mophore, which would be useful for monitoring the reversed-phase purification.

To overcome the limitations of the permethyl derivatives, we examined a differ
ent derivatization method: reductive coupling of p-aminobenzoic acid ethyl ester
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(ABEE) to reducing oligosaccharides collected after HPAEC and ion suppression.
ABEE derivatives'Y'" and derivatives with longer-chain alkyl esters of p-aminoben
zoic acid" have been demonstrated to have desirable properties for FAB-MS. This
type of derivatization chemistry offers several advantages over permethylation for use
after HPAEC: (1) the derivatization should not be affected by residual sodium acetate
resulting from incomplete ion suppression; (2) the derivatization introduces a UV
chromophore, which simplifies subsequent reversed-phase HPLC purification; and
(3) the longer-chain alkyl esters of p-aminobenzoic acid have been demonstrated to
yield derivatives that ionize extremely efficiently, making sub-nanomole sensitivity
feasible 2 1

.

To test the suitability of ABEE derivatives for FAB-MS analysis after HPAEC
separations, an aliquot of an asialo diantennary oligosaccharide (compound 10, Ta
ble I) was collected after HPAEC using gradient program 1 with ion suppression. The
sample was derivatized with ABEE and the derivative isolated by reversed-phase
HPLC, as described in Experimental. The FAB mass spectrum of the isolated ABEE
derivative is shown in Fig. 10 and contains a prominent [M + H]+ ion tm]: 1587.5).
Thus it appears to be quite feasible to analyze ABEE derivatives of oligo saccharides
after HPAEC separations. As has been demonstrated by Poulter et al.21

, the use of
longer-chain alkyl esters of p-aminobenzoic acid results in significantly improved
sensitivity over ABEE derivatives and, therefore, will probably prove to be the re
agents of choice for this application.

In conclusion, the results presented here demonstrate that HPAEC is a versatile
method for separating both neutral and acidic oligosaccharides of the types common
ly found as N-Iinked substituents of glycoproteins. The resolution and reproducibility
of the separations make the technique suitable for oligosaccharide profiling. When
used in conjunction with on-line ion suppression, HPAEC can be a "semipreparative"

30

25

Q)
o
s::as 20

'1::l
s::
;:]

.J:)

« 15
Q)

>
~
Qi 10
IX

5

1~00 1100 11:00 1300 1400
m/z

1500

1587.5

1500 1700

Fig. 10. FAB-MS analysis of the ABEE derivative of compound 10. Compound 10 was subjected to
HPAEC and collected as described in the legend to Fig. 9. The collected oligosaccharide was derivatized
with ABEE as described in Experimental, and analyzed by FAB-MS. The ion at m]z 1587.5 corresponds to
[M +H]+ for the ABEE derivative of compound 10.
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technique, permitting identification of collected oligosaccharides by conventional
chemical and spectroscopic methods. It should be noted that, although pulsed ampe
rometry is a destructive method of detection, only a small percentage of the column
effluent ever comes into contact with the detection electrode. Therefore, in our semi
preparative work it has been possible to collect oligosaccharides downstream of the
detector without stream splitting. We have not observed significant degradation
products in NMR spectra, in mass spectra, or by rechromatography of collected
oligosaccharides.
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SUMMARY

UV spectra were successfully employed in identifying peptide fragments from
a tryptic digest of recombinant-DNA-derived human growth hormone (r-hGH). It
was possible to distinguish very similar peptides utilizing a digital comparison of the
UV spectra. An automated procedure was developed to generate a calibration library
for the tryptic digest of a reference standard. The calibration library was then
evaluated for reproducibility and selectivity and found to provide superior perfor
mance in correctly identifying ambiguous peaks as compared to the use of a conven
tional calibration table.

Spectral match factors together with numerical information, derived from peak
retention time, area and height, were used to arrive at a "peak score" descriptive of the
similarity between standard and sample peaks. "Peak scores" could be combined to
calculate a "sample score" indicative of overall similarity between an unknown and
a standard. The scoring procedure was automated to generate a final report without
operator intervention and successfully assigned appropriate scores to similar as well as
dissimilar samples, e.g., native and oxidized r-hGH.

INTRODUCTION

One method for the characterization of recombinant-DNA-derived proteins or
peptides utilizes digestion with trypsin to obtain a number of characteristic peptide
fragments which can be separated and quantified using high-performance liquid
chromatography (HPLC)l,2. This "tryptic map" provides a key analytical technique
that can be applied during the development stage as well as in the routine quality con
trol of manufactured lots. However, the unambiguous identification ofall peaks in the
tryptic map is a laborious exercise which cannot be repeated on a day-to-day basis.

a Presented as paper No. 892 at the 39th Pittsburgh Conference and Exhibition, held at New Orleans,
February 22-26, 1988.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.



222 H.-J. P. SIEVERT et al.

Thus, a typical lot release procedure relies on comparing replicate analyses of the tryp
tic map for the sample in question with those of well characterized reference material.

The comparison makes use of numerical peak data such as retention time, area
and height. A major challenge in this context is that of assigning the correct identity to
the chromatographic peaks obtained for each tryptic map. Careful control of the
chromatographic equipment and separation conditions are required to reduce the
variability of peak data to a minimum.

Peak assignment, however, becomes very difficult if more than one candidate
peak is found in a given search window, a situation that is not uncommon with tryptic
digests of larger proteins. Traditionally, the peak with the largest response in the
window is considered to be the correct match. If additional chromatographic signals
are available from parallel detection with the same or a second detector, the response
of the standard under the different conditions of detection can also be used. With the
advent of the diode array detector it becomes possible to obtain spectral information
for each of the peaks in the tryptic map. This information has tremendous potential to
facilitate peak identification by comparing the UV spectra of standard and unknown.

For a number of years, algorithms for the point by point numerical comparison
of two spectra have been available and have been used successfully to distinguish
between very similar compounds-:". Utilizing one such algorithm, this study tried to

I

determine whether UV spectra can be of use in the identification of the tryptic peptide
fragments of recombinant human growth hormone (r-hGH). A critical question in this
context was whether the spectra contain enough information to allow one to
differentiate between compositionally very similar peptides, especially in the absence
of aromatic amino acids.

Our study proceeded in four stages: (I) develop a procedure for the generation of
a calibration library from reference standards; (2) determine the sensitivity and
selectivity of this calibration library; (3) define an algorithm for calculating a peak
score which reflects the confidence of correct identification; (4) combine individual
peak scores to arrive at an overall similarity score to characterize a tryptic map.

EXPERIMENTAL

Chemicals and solvents
Acetonitrile (UV-grade, Burdick and Jackson), trifluoroacetic acid (spectro

grade, Pierce), water (purified by a Milli-Q system, Millipore) and trypsin (TPCK
treated, Sigma) were used. r-hGH (Protropinw) was produced as described previ
ously".

Oxidation of r-htiH
Samples were oxidized by adding 50 III of chilled performic acid (9 parts 88%

formic acid and I part 30% hydrogen peroxide) to 1 mg r-hGH and reacting the
mixture for 1 h at O°e.

Tryptic digest of r-hiiH
Samples were digested in a buffer solution containing 100 mM sodium acetate,

10 mM Tris base and 1 mM calcium chloride at pH 8.3 at 37°C by addition of 1:100
trypsin (trypsin: r-hGH, by weight) at time zero and at 2 h. Samples were acidified after
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Fig. I. Tryptic map ofr-hGH separated with gradient I (TFA). A 100-/lgsample was loaded in 0.2 ml ofO.l
M ammonium bicarbonate and separated using gradient system I as outlined in the Experimental section.
The tryptic fragments as identified by FAB-MS are indicated in the figure, actual amino acid composition is
as follows (c indicates a chymotrypsin-like cleavage; a indicates a pyroglutamic acid (q) containing residue;
- denotes a disulfide bridge): T7 = EETQQK; Tl4 = QTYSK; TI4a = qTYSK; Tl4c = QTY; Tl2 =

LEDGSPR; TlOcl = SVFAN; Tl3 = TGQIFK; T20-T21 = IVQCR -SVEGSCGF; TIS =

FDTNSHNDDALLK; Tl9 = VETFLR; TS = SNLELLR; TITTIS-TI9 = K-DMDK-VETFLR
(incomplete digestion); T2 = LFDNAMLR; TlS-Tl9 = DMDK -VETFLR (incomplete digestion);
TI = MFPTIPLSR; TIl = DLEEGIQTLMGR; TlOc2 = SLVYGASDSNVYDLLK; T4
LHQLAFDTYQEFEEAYIPK; TIO SVFANSLVYGASDSNVYDLLK; T6-Tl6
YSFLQNPQTSLCFSESIPTPSNR -. NYGLLYCFR; T9 = ISLLLIQSWLEPVQFLR.

a total of 4 h with 100 pi of phosphoric acid (pH < 3) per ml of sample and analyzed
directly or stored for up to three days at 2-8°C. It had been determined elsewhere
(unpublished results) that digestion of r-hGH was complete after 4 h.

High-performance liquid chromatography
Separations were performed using a Hewlett-Packard 1090M HPLC system

equipped with a DR5 ternary pumping system, an automated injection and sampling
system, a heated column compartment and a diode array detector and controlled by an
HP 79994A ChemStation.

Two gradient systems were employed for the separation of the tryptic fragments.
System I used trifluoroacetic acid (TFA) in water at 0.1% as solvent A, solvent B being
0.08% TFA in acetonitrile. The gradient was linear from 0 to 60% B between 0 and 120
min at a flow-rate of 1ml/rnin with the oven temperature set at 40°C. System II utilized
50 mM sodium phosphate in water, pH 2.85, as solvent A, solvent B was acetonitrile.
The gradient profile was linear from 0 to 40% B over 120 min at a flow-rate of 1rnl/rnin
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with the oven temperature set to 40°C. For both gradient systems we used a 15em x
0.46 em Nucleosil C I 8 reversed-phase column, particle size 5 !lm, particle size 100 A,
packed by Alltech Assoc. Fig. 1 shows a typical chromatogram of a mixture of tryptic
peptides derived from an r-hGH reference standard analyzed with the TFA gradient
system.

Data processing
For all analyses, spectra were acquired at one-second intervals over the range

from 200 to 350 nm. In addition, chromatographic signals were recorded at 220, 230,
254,274,280, and 292 nm with a reference wavelength of 350 nm in all cases. Rawdata
were stored on magnetic media and were processed on the ChemStation using the
built-in spectral library functions as well as additional evaluation software which was
written for that purpose using a high-level command language available on the
ChemStation.

Spectral matching
Numerical point by point comparison of two UV spectra is implemented on the

ChemStation with the COMPARE command" and is illustrated in Fig. 2 where spectra
for peptides Tl3 and Tl4 are compared (Fig. 2a). At each wavelength, absorbance
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Fig. 2. Spectral match between tryptic peptides Tl4.and T13 as an example of moderate similarity. Part
a shows the uv spectra for the two peptides (T13 shown as dotted line). Part b presents the distribution
arising from plotting pairwise absorbance values for both peptides at identical wavelengths; the solid line is
the linear least squares fit through the data. The square of the correlation coefficient multiplied by 1000 is
defined as the match factor and is shown atthe top of part b. Part c shows a comparison of the match factor
for all of I I spectra for the two peptides, either comparing each with hs own average spectra (automatch) or
with the average for the other peptide (crossmatch). The mean match factor is given as solid line in each case,
the dotted lines indicate the upper and lower limits of ±3 standard deviations, respectively.
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values for the two peptide spectra are plotted as abscissa and ordinate and a linear
regression is applied to the resulting scatter plot (Fig. 2b). The square of the correlation
coefficient, multiplied by 1000, is defined as the match factor for the two spectra.
A value of °indicates no match at all, a value of 1000 would characterize a perfect
match. The two peptides shown in Fig. 2a differ in the nature of the aromatic amino
acid residue which is phenylalanine for Tl3 and tyrosine for Tl4. Their spectra are
clearly different, even on visual comparison, and the match factor accordingly has a
low value of919. Thus, even though a match factor could be as low as 0, spectral dis
similarities are quite apparent to the naked eye once the match factor drops below 900.

Fig. 3 illustrates how the match factor is affected when we compare Tl3 with
Tl2, a peptide fragment which does not contain any aromatic amino acid at all (Fig.
3a). The spectra now are very similar and the match factor increases to 997 (Fig. 3b),
approaching the value expected for identical spectra. Visual identification of the two
compounds could at best be considered ambiguous. We will show later how the
significance of a given match factor, even in close proximity of 1000, can be assessed in
statistical terms.

RESULTS AND DISCUSSION

Spectral calibration library
The first step towards characterizing the tryptic map of r-hGH was to compile

a library of standard spectra for the various fragments in the map. For this purpose
a reference standard was injected four times and analyzed with gradient systems
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Fig. 3. Spectral match between tryptic peptides TI2 and TI3 as an example of strong similarity. The
presentation of data is as explained in the legend to Fig. 2.
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I (TFA based) and II (phosphate based). Each of the resulting data files was processed
in the following fashion. After integration of the signal at 220 nm, apex spectra were
identified for all integrated peaks. They were corrected for solvent background by
subtracting a reference spectrum which was interpolated from two baseline spectra at
either side of the peak. The resulting peak spectra were then stored into a library file
which we referred to as a sample library since it contained all spectra characteristic of
a given sample.

The two-point reference correction employed here is especially important in the
case of gradient I, since TF A undergoes a significant change in spectral properties as
the acetonitrile concentration is increased during the course of the gradient elution 7

•

Fig. 4 illustrates how the uncorrected upslope and downslope spectra for fragment T9
differ significantly from the apex spectrum and each other (Fig. 4a). After baseline
correction all three spectra match closely (Fig. 4b).

We next used a retention time window of ± 0.5 min centered on the apex of each
peak from the first standard to find the spectrum with the best match from each of the
other three standards. Those spectra that were common to all four standards were then
averaged, normalized, smoothed, and transferred into a new spectral library file which
we named the calibration library. For each peak of the tryptic map, this library file
contains the UV spectrum and values for area, height, retention time, and scaling
factor, all based on averages from the four standard runs.

Fig. 4. Background correction for peak spectra as demonstrated for the tryptic peptide T9 separated with
gradient I (TFA). Part a shows the comparison of uncorrected upslope, downslope and apex spectra for the
T9 peak with a standard T9 spectrum (dotted line); match factors are given to indicate the degree of
similarity. Part b presents the same spectra after background correction had been applied, match factors
again refer to comparison with T9 standard.
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From previous characterization studies the identity of the tryptic fragments had
been determined by amino acid analysis and fast atom bombardment (FAB) mass
spectrometry (MS)1. Library entries for peaks eluting prior to the first and after the
last tryptic fragment as well as entries for peaks with area or height below one percent
of total area or height were then removed. It had also been shown 1 that most of the
minor peaks were not related to r-hGH but were nonspecific background, presumably
derived from trypsin or due to other interferences like baseline noise or solvent
impurities. The final calibration library for the TFA system contained 40 entries, 19of
which represented tryptic fragments of known identity; the phosphate library in its
final form consisted of 31 entries. These two calibration libraries were used in all
subsequent experiments.

Correlation of data from different standard runs relies heavily on good
chromatographic reproducibility. In Fig. 5, chromatographic traces from four
replicates analyzed with gradient II are overlaid to demonstrate that instrument
performance is excellent even towards the end of the gradient. Statistical analysis of
retention time variations showed the average standard deviation for all peaks
incorporated into the calibration library to be 0.027 min (1.6 s) and 0.021 min (1.3 s) for
gradient system I and II, respectively.

Reproducibility and selectivity of the calibration library
Two key properties of the match factor that determine the usefulness of the

spectral data incorporated into the calibration library are reproducibility and
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Fig. 5. Reproducibility of the tryptic map analyzed with gradient II (phosphate). A 100-lig sample was
loaded in 0.2 ml of 0.1 M ammonium bicarbonate and separated using gradient system II as outlined in the
Experimental section. The figure shows the superimposition of four replicate elution profiles. Some of the
data have been shifted along the absorbance axis to provide greater clarity.
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selectivity. We therefore decided to investigate these properties in a systematic fashion
in order to obtain some quantitative guidelines. Results in this section were obtained
using gradient I, since TFA, when employed as modifier, presents a greater challenge
for LC detector and pump than does phosphate.

Reproducibility of the match factor determines the absolute limit for the
similarity between any two spectra and thus defines the sensitivity of spectral
matching. Two spectra can be considered different only when mean and standard
deviation for the match between the two differ significantly from those obtained by
repeatedly matching identical spectra. It is not sufficient to use a match factor cutoff as
criterion for positive identification, additional statistical information is needed to
determine the significance of a given match factor.

Spectra for T13 or Tl4 derived from eleven different injections were averaged to
obtain a representative spectrum for each peptide. All individual spectra were then
matched against their respective average (Fig. 2c, automatch; Tl3 ....... Tl3av, Tl4 .......
Tl4av) and the resulting distribution of match factors was compared with that
obtained from matching individual Tl3 spectra against the average Tl4 spectrum and
vice versa (Fig. 2c, crossmatch; Tl3 ....... Tl4av, T14 ....... TI3av). It can be seen that the
means for automatch and crossmatch are quite different, the match factor for the
crossmatch of918.6 is certainly a good indication of dissimilarity. More importantly,
confidence intervals of three standard deviations above and below each mean as
indicated in Fig. 2c do not overlap, but show a significant gap. Thus, we can
distinguish TI3 from TI4 with a great degree of confidence.

Fig. 3c shows the corresponding plot of auto match and crossmatch for Tl3 and
T12. These peptides are very similar in their spectral characteristics as can be seen by
the mean crossmatch score of997.25. Nonetheless, there is still a clear gap between the
confidence intervals for automatch and crossmatch, indicating that it is possible to
differentiate between compounds of extreme similarity. In statistical terms, if weapply
Student's r-test for unequal variances to the data in Fig. 3c, we obtain a z-valueof 57
and a probability of better than 99.99% that the mean values obtained for automatch
and crossmatch are indeed different.

The r-test for the comparison ofTI3 and TI4 (Fig. 2c) results in a z-valueof 542
and a probability of 100.00% that the spectra are different. z-Values expressing the
similarity among the four aliphatic peptides (T7, T8, Til, and TI2) ranged from 13 to
133which is sufficient for a statistically valid distinction. (For a population size of II
a z-valueof at least 6.2 is required to provide greater than 99.99% probability that two
means are different.)

When we analyzed the reproducibility of match factors for the four standard
runs using gradient I, we found that the mean match factor ranged from 998.76 to
1000.00 with standard deviations from less than 0.001 to 1.306. This indicated to us
that we could employ very stringent match criteria for spectral identity. Since
variability of the match factor increases as peak concentration decreases and since the
relative concentrations of the tryptic fragments from r-hGH should be fairly constant,
we decided to define individual match criteria for each entry in the calibration library
rather than using a fixed match threshold. To be considered a positive match, an
unknown spectrum had to have a match score above a threshold of three standard
deviations below the mean match for a given standard. This gives us a 99.8%
probability that only correct matches are assigned.
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Our next concern was the selectivity of the calibration library, that is, its stability
against false positive matches. To establish selectivity, each standard in the calibration
library had to be matched against every entry from a typical sample library to
determine the number of potential mismatches. A mismatch in this context was defined
as a standard entry for which more than one match candidate was found with a match
factor inside the confidence limits established earlier. Selectivity can be greatly
enhanced by defining a retention time window around a given standard to limit the
number of search candidates.

When we used a retention time window of ± 1 min, which is twice the window
employed for later experiments, we found incorrect matches only for three standards.
These mismatches were all minor peaks with peak heights between 3 and 6 mAU and
did not correspond to any known tryptic fragments of r-hGH. With a ± 0.5 min
window no mismatches were found at all. We concluded from this that, with selection
of an appropriate retention time widow, the calibration library for r-hGH provides
accurate identification of all fragments.

Traditional calibration procedures for peak identification based only on
retention times resulted in mismatches for 5-8 standards inside a ±0.5 min retention
time window. When the window was increased to ± 1 min, nearly all standards
exhibited mismatched peaks. Thus, the spectral information contained in our
calibration library presents some clear advantages in reducing the potential for
incorrect peak matching.

Definition and application of the peak score
Since chromatographic conditions are not always stable, resolution between

adjacent peaks might change or additional peaks might appear in a tryptic map
making it difficult to positively identify an unknown peak even when spectral matching
is employed. However, in addition to peak spectra, other quantitative information is
available for each peak and could be utilized to develop a procedure that would assign
a numerical similarity score to each match between a standard and an unknown peak.
Table I shows the variability of the different parameters available to construct this
score. Based on the relative standard deviations, it is obvious that the greatest
confidence can be placed in the match factor. Retention time information on one hand
and peak area and height on the other hand exhibit deviations larger than those for the
match factor by one and two orders of magnitude, respectively.

These findings are not surprising, if one considers that variability of area and
height can be attributed not only to the chromatographic separation but also to the
sample preparation, particularly the tryptic digestion. Retention time deviations, in
turn, are primarily affected by variations in the chromatography. Assuming proper
background correction, UV spectra should be completely invariant even under
conditions that lead to noticeable fluctuations in retention times. The major cause for
variability of the match factor would be detector noise, especially for fragments
present at low concentrations.

Based on the statistical information in Table I, we can empirically define the
following peak score (PS) which weights each parameter according to its variability:

PS = {IO x Delta(MF) + Delta(RT) + 1/10 x [Delta(AR) + Delta(HT)]}jI1.2 (1)
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Delta(MF) [MF(Std)-MF(Unk)]/[3 x sdev(MF)], MF(Std) > MF(Unk) (2)

Delta(MF)

Delta(RT)

Delta(RA)

Delta(RH)

0,

IRT(Std)-RT(Unk)I[3 x sdev(RT)]

IRA(Std)-RA(Unk)I/[3 x sdev(RA)]

IRH(Std)-RH(Unk) 1/[3 x sdev(RH)]

MF(Std) ~ MF(Unk)

(3)

(4)

(5)

Unk refers to the unknown, Std to the standard, and sdev indicates the standard
deviation obtained for the four replicate standards. MF, RT, RA and RH are match
factor, retention time, relative area and relative height, respectively; area and height
values are expressed relative to a reference peak to eliminate concentration effects. To
avoid unrealistically high delta values, we established minimum values for sdev of 0.1
(MF), 0.05 min (RT) and a I % relative standard deviation for RA and RH.

Eqn. I accounts for the fact that the spectral match is the most significant
parameter for peak recognition and therefore is weighted most heavily. Even if all
other parameters indicate a perfect match, a large deviation in the match factor

TABLE I

STANDARD DEVIATIONS FOR RETENTION TIME, AREA, HEIGHT, AND MATCH FACTOR
OF TRYPTIC DIGESTS FROM r-hGH ANALYZED WITH TWO DIFFERENT CHROMATO-
GRAPHY METHODS

Gradient I (TFA)" Gradient II (phosphate )"

Mean' Low' High" Mean' Low' High e

Retention time
Standard deviation (min) 0.027 0.007 0.174 0.021 0.004 0.041
Relative standard deviation (%) 0.136 0.008 1.882 0.075 0.007 0.594

Peak area!
Standard deviation (mAD' s) 0.568 0.006 3.498 0.403 0.006 2.847
Relative standard deviation (%) 6.265 0.006 33.508 4.004 0.006 40.485

Peak height!
Standard deviation (mAD) 0.501 0.006 5.476 0.464 0.000 2.682
Relative standard deviation (%) 3.281 0.006 16.425 3.109 0.000 41.555

Match factor
Standard deviation 0.156 0.000 1.306 0.080 0.000 0.661
Relative standard deviation (%) 0.016 0.000 0.131 0.008 0.000 0.066

a Standard deviations are based on a calibration library of 40 peaks.
b Standard deviations are based on a calibration library of 31 peaks.
c Overall. mean for all peaks in the calibration library of standard deviations calculated for each

individual peak from four replicate injections of r-hGH.
d Minimum value for the standard or relative standard deviations as defined in c.
e Maximum value for the standard or relative standard deviations as defined in c.
r Peak area and peak height counts were normalized to fragment TIO as ·100.
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indicates that the peak in question has the wrong identity. The scaling factor of 11.2 is
the sum of all weighting factors and normalizes the peak score to unit weight. The use
of a one-sided delta value for the match factor in eqn. 2 reflects the fact that only match
factors below the standard should be penalized.

By definition, a perfect peak score would be zero, a score of 1will give us a 99.8%
probability that we would not miss any positive matches but usually indicates rather
marginal similarity between standard and unknown. Peak scores for all entries in the
four sample libraries used to construct the calibration library ranged from 0.002 to
0.465 with an average score of 0.051. Because the score is open-ended, we somewhat
arbitrarily decided that a score of2 or larger indicated a totally mismatched peak. The
probability that a positive match would result in a score of 2 is less than 0.0000002%.

Automated evaluation of digests using a sample score
At this point we had in our hands a quantitative procedure to describe how well

a peak from a calibration library is matched by any given peak in an unknown sample.
Our next step was therefore aimed towards developing a scoring procedure that
describes the overall similarity between all the peaks in an unknown and a calibration
sample. Such a sample score would make it possible to evaluate and score a tryptic
digest in completely automated fashion requiring no operator intervention.

Our definition of the sample score (SS) is:

SS = ~ (Jl SSi + 2 x MP + EP) (6)

where MP is the number ofmissed standard peaks, EP the number ofextra peaks in the
sample, and N the number of standard entries in the calibration library.

The sample score allows us to account for missed calibration peaks as well as for
supernumerary peaks found in a sample. Furthermore, the score is normalized so as to
be independent of the number of entries in the calibration library which becomes
important if the library is modified. A peak score larger than 2 has previously been
defined as a mismatch, therefore all peak scores are truncated to 2 so that missed and
mismatched peaks have the same peak score. The penalty score of I for extra peaks is
strictly empirical at this point, another possible approach could be to have the penalty
reflect the size of the extra peak.

Even though a perfect sample score is easily defined as being exactly zero, it is
more difficult to arrive at a criterion for what constitutes the limit between a passing
and a failing score. Meaningful limits will have to be established through statistical
analysis of typical sample scores for reference standards to account for variability due
to different lots of growth hormone and trypsin as well as overall chromatographic
variability.

Table II gives the sample scores for the four sample libraries (lA-D) used to
construct the calibration library as well. as for additional samples (2A-C and 3A-D)
derived from the same reference-standard-but injected in different amounts. As
expected, the calibration samples therriselves,-(lA-D), injected at 100 fJ.g, show a very
good score of 0.076 or less, with an average value of 0.050 indicative of the extreme
similarity between all four replicates.
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TABLE II

SIMILARITY BETWEEN REPLICATE SAMPLES OF TRYPSIC DIGESTS OF r-hGH ANALYZED
WITH GRADIENT I (TFA)

Sample" Amount Individual sample scores" A verage sample
(Jig) score"

A B C D

I 100 0.076 0.025 0.048 0.052 0.050
2 50 0.882 0.793 0.719 0.798
3 200 0.341 0.499 0.553 0.379 0.443

a All samples were tryptic digests of r-hGH reference material analyzed as described in the
Experimental section.

b Sample score as defined in eqn. 6.

The increase in sample score for the 50-j.lg injections (2A-2C) to an average value
of 0.798 is partly due to a drift in chromatographic conditions resulting in resolution
changes for several peaks. The coeluting fragments Tl4a and Tl4c were separated into
two peaks, each with a spectrum different from the composite spectrum contained in
the calibration library. The partially resolved peak pair Til and TlOc2 (Fig. 1), on the
other hand, was not separated at all and consequently neither fragment was identified.
Furthermore, the fragment with the lowest concentration (TI9) was not detected at
this smaller sample size.

The 200-j.lg injections (3A-D) show an average score of 0.443 and thus fall
between the 100- and the 50-j.lg samples. The increased sample score results from the
same problematic peaks encountered with the 50-j.lg injection. In both the 50- and the
200-j.lg injections, the additional standard peaks which were missing were all small
peaks of unknown identity. This would indicate that the significance of these
unidentified peaks with respect to sample identity needs to be investigated in some
more detail.

For the phosphate gradient system (gradient II), similar data are shown in Table
III. Again, the four calibration samples (lA-D) exhibit very low scores of 0.064 and

TABLE III

SIMILARITY BETWEEN REPLICATE SAMPLES OF NATIVE AND OXIDIZED TRYPTIC
DIGESTS OF r-hGH ANALYZED WITH GRADIENT II (PHOSPHATE)

Sample Amount Individual sample scores" A verage sample
(Jig) score"

A B C D

I b 100 0.025 0.016 0.037 0.064 0.036
2b 100 0.671 0.671
3' 100 1.687 1.723 1.677 1.681 1.692

a Sample score as defined in eqn. 6.
b Sample was tryptic digest of r-hGH reference material analyzed as described in the Experimental

section.
c Sample was tryptic digest of oxidized r-hGH reference material analyzed as described in the

Experimental section.
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less, with the average at 0.036. An additional sample (2), which also contained
reference material, but was analyzed at a different time, shows a higher score of 0.671.
This score is in the range of scores obtained for the 50- and 200-tlg injections of
reference material with gradient 1.Closer inspection revealed that here, too, changes in
peak resolution had an adverse effect on the sample score.

To provide some data on the kind of sample score obtained with a sample that is
known to differ from the standard, we also analyzed samples of r-hGH which was
oxidized prior to digestion with trypsin to simulate potential degradation pathways.
As can be seen quite clearly (Table III, 3A-D), the average sample score of 1.692 lies
significantly above the scores obtained for reference material and reflects the
difference between oxidized and native r-hGH. Furthermore, reproducibility for the
four samples is very good, indicative of the similarity among replicate injections of the
oxidized samples.

To relate this abstract score to the more traditional visual method of evaluation,
Fig. 6 shows a chromatogram for the oxidized r-hGH digest. Peaks that disappeared
due to oxidation and those peaks that appear as new fragments and are not
encountered in native r-hGH are clearly labeled. Although it is quite obvious, even to
the casual observer, that the chromatogram in Fig. 6 differs considerably from the
standard fragmentation pattern as indicated by the arrows, there are two clear
advantages to the use of the sample score: (1) the whole evaluation procedure can be
automated to obtain a final sample score without the need for operator intervention;
(2) the scoring procedure is completely digital and therefore not subject to observer
bias.
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CONCLUSION

H.-J. P. SIEVERT et al.

We believe that we have been able to show that, in spite of the overall similarity in
their UV spectra, the individual peptides of the tryptic digest of r-hGH can be
identified with a great deal of confidence. We developed a scoring procedure for tryptic
digests that incorporates the cumulative similarity between the peaks in unknown and
standard samples to assign a digital score to the match between the two.

At this point there are three major areas where further work is needed. The
problem of mixed component spectra has to be addressed, possibly with the use of
multi-component analysis. The significance of the small peaks of unknown identity,
which might reflect lot to lot variability of either growth hormone or trypsin, requires
further investigation. Finally, more data on the overall variability of the scoring
procedure are needed to define the criteria that determine the cutoff between a pass or
fail score.

Refinements in both the peak and the sample score could incorporate very
specific knowledge about the expected behaviour of the r-hGH digest after chemical
modification. Disappearance of peaks characteristic of oxidation, for instance, could
be coupled to a search for the known oxidation products with a corresponding
adjustment to the sample score. System suitability criteria like resolution between
critical peak pairs could also be used to modify the sample score. For quality control
applications, the peak score could be adjusted to place a greater weight on area and
height deviations.

The methodology described here is by no means limited to r-hGH, tryptic digests
from other proteins could be analyzed in a similar fashion, although the validation of
selectivity for the calibration library has to be undertaken for each tryptic map. Peptide
fragments, by nature of their rather non-descript and similar spectra, probably are
more difficult to deal with than other chromatographic samples of comparable
complexity but with more spectral variety. Tryptic maps might therefore be a good test
case in the development of future expert systems for compound identification in
complex samples.
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PROTEIN CHROMATOGRAPHY WITH PYRIDINE- AND ALKYL
THIOETHER-BASED AGAROSE ADSORBENTS

SVEN OSCARSSON* and JERKER PORATH

Institute of Biochemistry (Box 576) and Biochemical Separation Centre (Box 577), Biomedical Center,
University of Uppsala, S-751 23 Uppsala (Sweden)

SUMMARY

In an attempt to identify the part of the ligand of 3-(2-pyridylthiol)-2-hydroxy
propylagarose that is responsible for the specific adsorption of immunoglobulins and
!X2-macroglobulin from serum,nine agarose derivatives were prepared: (I) 3-(N-2
iminopyridyl)-2-hydroxypropyl-, (II) 3-(4-pyridylthio)-2-hydroxypropyl-, (III) 3-(2
pyridylthio-N-oxide)-2-hydroxypropyl-, (IV) 3-(2-pyridylthio)- 2-hydroxypropyl-,
(V) 3-(ethylthio)-2-hydroxypropyl-, (VI) 3-(n-butylthio)-2-hydroxypropyl-, (VII) 3
(2-aminoethylthio)-2-hydroxypropyl-, (VIII) 3-(2-hydroxyethylthiol)-2-hydroxypro
pyl- and (IX) 3-(N-2-pyridyl-2-one)-2-hydroxypropylagarose. The selective adsorp
tion of the above serum proteins to these derivatives was analysed by chromatogra
phy. The electron distributions were calculated for three of the investigated pyridine
derivatives in order to establish whether there is any relationship between the electron
distribution in the molecule and the absorption properties of the pyridine derivatives.
By optimizing the preparation methods for the different derivatives, the possible
side-reactions were minimized and checked. The adsorbed serum proteins were deter
mined by the Ouchterlony technique and electrophoresis. The concentration of hu
man serum albumin in the different fractions was determined by conventional ra
dioimmunological methods. These data make it possible to classify the adsorbents
according to their selectivity and hydrophobic thiophilic behaviour.

INTRODUCTION

Ligands of different types coupled to matrices have been investigated as poten
tial adsorbents for chromatography, and we have attempted to identify the structural
features responsible for the cooperative effects often observed between the ligand, the
polymer matrix of the adsorbent and the protein":". In 1985 Porath et al" reported a
new type of adsorbent, the thiophilic gels, typified by T-gel, which exhibited a charac
teristic, group-specific adsorption of immunoglobulins, C3, C4 and !X2-macroglobu
lin. This explorative work was based on the use of divinyl sulphone-activated agarose
gel. The sulphone group, together with a thioether, seemed to be essential for the
characteristic salt-promoted adsorption of proteins. However, on further investiga
tion of the thiophilic adsorption, we discovered that epichlorohydrin-activated gels to
which 2-mercaptopyridine had been coupled exhibit similar behaviour".

0021-9673/90/$03.50 © [990 Elsevier Science Publishers B.V.
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In an attempt to correlate structure and adsorption properties we have under
taken a chromatographic study of a number of adsorbents with ligands differing with
respect to the presence or absence of atoms or groups of atoms.

EXPERIMENTAL

Chemicals
Sepharose 6B, 2-aminoethanethiol, I-ethanethiol and the human serum albu

min-radioirnrnunological assay (HSA-RIA) kit for HSA detection were kindly sup
plied by Pharmacia (Uppsala, Sweden). Potassium sulphate, l-butanethiol, 2-mer
captopyridine and 2-mercaptopyridine-l-oxide sodium salt were purchased from
Fluka (Buchs, Switzerland), 2-aminopyridine and 4-mercaptopyridine from Aldrich
(Steinheim, F.R.G., and Milwaukee, WI, U.S.A., respectively), sodium borohydride,
ethylene glycol, 2-propanol, NaH 2P04 • H20, hydrochloric acid and epichlorohydrin
from Merck (Darmstadt, F.R.G.), Trisma base from Sigma (St. Louis, MO, U.S.A.),
acetone and NaHC03 from May and Baker (Dagenham, U-K-), toluene from Rie
del-de Haan (Seelze, F.R.G.), 2-mercaptoethanol from Carl Roth (Karlsruhe,
F.R.G.) and ethanol (99.5%) from Svensk Sprit (Stockholm, Sweden). Normal hu
man serum was obtained from the Blood Bank at the University Hospital (Uppsala,
Sweden) and gradient polyacrylamide gels (PAA 4/30) for electrophoresis and PD 10
columns for desalting from Pharmacia. Antisera against human serum proteins were
kindly supplied by Professor C. B. Laurell (Department of Clinical Chemistry, Mal
mo Hospital, Malmo, Sweden).

Preparation methods
Epoxy-activated agarose gel beads. Thoroughly washed and suction-dried Se

pharose 6B (50 g) was added to a stirred mixture of 25 ml of 4 M NaOH, 4.25 ml of
l-chloro-2,3-epoxypropane and 0.17 g of NaBH4 . After reaction for 30 min with
stirring, 10 ml of 4 M NaOH were added to the suspension, followed by continuous
addition of 20 ml of l-chloro-2,3-epoxypropane over a period of 1 h. After a total
reaction time of 15 h, the slurry was washed with deionized water on a sintered-glass
filter until the filtrate was neutral.

(I) 3-(N-2-Iminopyridyl)-2-hydroxypropylagarose (PyNHrgel). Suction
dried epoxy-activated agarose (25 g), prewashed with 0.1 M sodium phosphate buffer
(pH 7.0), was added with stirring to a mixture of 50 ml of 0.1 M sodium phosphate
buffer and 10 g of aminopyridine at pH 7.0. After 24 h at room temperature with
stirring, the gel was transferred to a glass filter and washed with deionized water,
ethanol and again with deionized water. The gel was found to contain 1343 pmol N
per gram of dried product.

(II) 3-(-t-Pyridylthio)-2-hydroxypropylagarose (Py-S-4-gel). Suction-dried
epoxy-activated agarose (25 g), prewashed with 0.1 M sodium phosphate buffer (pH
6.8), was added to the reaction vessel. While nitrogen was allowed to flow through the
reaction vessel for 10 min, 1.5 g of NaBH4 was successively added to 100 ml of0.1 M
sodium phosphate buffer (pH 7.5) containing 3 g of 4-mercaptopyridine. The pH of
this solution was adjusted to 6.8 before addition to the gel in the reaction vessel. After
a 3-h reaction time with stirring in a nitrogen atmosphere at room temperature, the
gel was washed with deionized water, ethanol and again with deionized water. The
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ligand concentration was found to be 759 and 724 /lmol per gram of dried product, as
calculated from the sulphur and nitrogen content, respectively.

(III) 3- (2- Pyridylthio-Nroxide] -2-hydroxypropylagarose (Py-S-NO-gel).
The preparation was performed according to the same method as described for 3-(4
pyridylthio)-2-hydroxypropylagarose. The ligand concentration was found to be 768
and 750 /lmol per gram of dried product, as calculated from the sulphur and nitrogen
content, respectively.

(IV) 3-(2-Pyridylthio )-2-hydroxypropylagarose (Py-Scl-gel), The prepara
tion was performed according to the same method as described for 3-(4-pyridyl
thio)-2-hydroxypropylagarose. The ligand concentration was found to be 825 and
793 /lmol per gram of dried product, as calculated from the sulphur and nitrogen
conten t, respectively.

(V) 3-(Ethylthio) -2-hydroxypropylagarose (Et-Ssgel). Suction-dried epoxy
activated agarose (25 g), prewashed with 0.1 M sodium phosphate buffer (pH 8.5),
was added to 40 ml of 0.1 M sodium phosphate buffer (pH 8.5), then 20 ml of
ethanethiol were added to the reaction vessel with stirring, followed by 40 ml of
ethanol. The pH of the solution was adjusted to 8.5. After a total reaction time of24 h
at room temperature with stirring, the gel was transferred to a glass filter and washed
thoroughly with deionized water, ethanol and again with deionized water. The wash
ing procedure was repeated four times in the course of 2 days with 1-2-liter portions
of the respective washing solutions. The ligand concentration was found to be 797
/lmol per gram of dried product, as calculated from the sulphur content.

(VI) 3- (n- Butylthio) -Z-hydraxypropylagarose (Bu-S-gel). The preparation
was performed according to the method described for 3-(ethylthio)-2-hydroxypropyl
agarose. The ligand concentration was found to be 771 /lmol per gram of dried
product, as calculated from the sulphur content.

(VII) 3-(2-Aminoethylthio )-2-hydroxypropylagarose (NHret-S-gel). Suc
tion-dried, epoxy-activated agarose (25 g), prewashed with 0.2 M NaHC03 , was
added to 75 ml of 0.2 MNaHC03 (pH 8.5), then 0.5 g NaBH4 was added gradually to
25 ml of 0.2 M NaHC0 3 containing 1 g of aminoethanethiol. After adjusting the pH
to 8.5, the aminoethanethiol solution was added to the stirred gel suspension. After a
total reaction time of 15 h at room temperature, the slurry was washed with deionized
water, ethanol and again with deionized water on a sintered-glass filter. The ligand
concentration was found to be 832 and 922 /lmol per gram of dried product, as
calculated from the sulphur and nitrogen content, respectively.

( VIII) 3- (2-Hydroxyethylthio) -2-hydroxypropylagarose (0H-et-Ssgel). Suc
tion-dried, epoxy-activated agarose (25 g), prewashed with 0.1 M sodium phosphate
buffer (pH 7.5), was added to 50 ml of 0.1 M sodium phosphate buffer (pH 7.5), then
20 ml of mercaptoethanol were added to the stirred gel suspension. After a total
reaction time of 21 h at room temperature, the slurry was washed with deionized
water, ethanol and again with deionized water. The ligand concentration was found
to be 881 /lmol per gram of dried product, as calculated from the sulphur content.

(IX) 3-(N-Pyridyl-2-one )-2-hydroxypropylagarose (pya-gel). The gel was
prepared according to ref. 9, except that the reaction time was 3 h. The ligand concen
tration was found to be 729 /lmol per gram, as calculated from the nitrogen content.
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Analytical procedures
Nitrogen and sulphur analyses were performed by Microkemi (Uppsala, Swe

den). The effluent from the chromatographic column was monitored at 280 nm on an
Ultrospec II Biochrom spectrophotometer (LKB, Bromma, Sweden). Electrophoretic
analyses of the pooled and concentrated fractions were performed in slabs of 4-30%
polyacrylamide gradient gel according to the manufacturer's manual (Pharmacia).
Serum proteins were immunologically identified by the conventional Ouchterlony
technique, using monospecific antibodies against !X2-macroglobulin, orosomucoid,
hemopexin, IgG, IgA, IgM, albumin, prealbumin, transferrin, !Xl-antitrypsin, ceru
loplasmin, haptoglobin, chymotrypsin, C3 and C4. The concentration of human se
rum albumin in the pooled fractions was determined by conventional immunological
methods, such as radioimmunoassay (RIA) or enzyme-linked immunosorbent assay
(ELISA). Chromatography was performed according to standard procedures by use
of a fast procedure liquid chromatographic (FPLC) system from Pharmacia,
equipped with a programmable LCC-500 control unit.

Thiol and disulphide content in the prepared agarose derivatives
Disulphide determination. To a glass test-tube, 0.1 g of freeze-dried product of

the respective gel and 5 ml of 50 mM dithioerythritol (DTE) in 0.1 M Tris buffer (pH
7.5) were added. After a total reaction time of 180 min at room temperature, the gel
was suction-dried on a glass filter and the absorbance of the eluate was measured at
343 or 324 nm against a blank solution, consisting of 50 mM DTE in 0.1 M Tris
buffer (pH 7.5). The concentration and amount of mercaptopyridine released from
the gel were calculated by use of molar absorptivity of 0.71 . 104 I mol- 1 for 2
mercaptopyridine!" and 1.98 . 104 I mol- 1 em -1 for 4-mercaptopyridine10.

Thiol determination. To a glass test tube, 0.1 g of the respective freeze-dried gel
and 5 ml of 5 mM 2,2-dipyridyl disulphide in 0.1 M Tris buffer (pH 8.1) were added.
After a total reaction time of 180 min at room temperature, the gel was suction-dried
on a glass filter and the absorbance of the eluate was measured at 343 nm against a
blank solution consisting of 5 mM 2,2-dipyridyl disulphide in 0.1 M Tris (buffer (pH
8.1).

MO calculations
The electron distribution in the investigated molecules was calculated at the

Department of Quantum Chemistry, University of Uppsala, by use of an Alliant FX
80 computer at the Faculty of Sciences (University of Uppsala) and a program,
SCFjMO SCF Sirius, developed by Jensen and Agren 11,12. Ab initio MO wave func
tions were derived for the three molecules, using standard minimal basis sets of con
tracted Gaussian orbitals (STOj4G). All computations were carried out using the
parameters published for 2-hydtoxypyridine in ref. 13, for 2-mercaptopyridine in ref.
14 and for 2-aminopyridine in ref. 15.The coordinates for the last two molecules were
transformed to the orthorhombic system. The coordinates for the hydrogens in 2
mercaptopyridine were calculated by use of a bond length of 1.738 A and the same
Z-coordinate as the corresponding carbon.

Chromatography
A 10 x 1 em J.D. column was packed with the test gel to obtain a bed volume
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of 4.6-4.7 ml, while maintaining a flow-rate of 50 ml/crrr' . h during the sedimenta
tion. The column was equilibrated with 0.1 M Tris buffer (pH 7.5), containing 0.5 M
KZS04 • Potassium sulphate was added to the sample to a final concentration of 0.5
M. A 500-,u1 sample (containing 68 mg protein/ml) of centrifuged human serum (a
pool of fifteen different serum samples) was applied to the column. A pump (P-500;
Pharmacia) maintained a flow-rate of 25 ml/cmz . h via an injection valve (V7; Phar
macia), equipped with a 500-,u1 sample loop. The chromatographic procedure was
programmed by use of a LCC-500 control unit (Pharmacia). The experiments were
performed at room temperature. Fractions of 5 ml were collected. The adsorbed
material was eluted from the column in three successive desorption steps: the first
with 0.1 MTris (pH 7.5), the second with 40% (v/v) ethylene glycol in 0.1 M(pH 7.5)
and the third with 30% (v/v) 2-propanol in 0.1 M Tris (pH 7.5).

RESULTS

Nine different types ofligands have been studied in order to clarify the effect of
one essential factor in the adsorption process, the ligand structure. In two earlier
studies/-!" we investigated 2-(N-pyridyl-2-one)-2-hydroxypropyl-, 3-(phenylthio)-2
hydroxypropyl-, 3-(phenyloxy)-2-hydroxypropyl- and 3-(2-pyridyldisulphanyl)-2-hy
droxypropylagarose. The effect of the pyridine nucleus in combination with the exo
cyclic sulphur in gel preparation IV (see Fig. 1) was investigated by replacing the
pyridine nucleus with alkylmercaptans ofdifferent length (gel preparations V and VI)
and alkylmercaptans with hydroxyl or amino groups as functional groups (gel prep
arations VII and VIII). The role of the exocyclic sulphur in gel preparation IV was
investigated by replacing sulphur with nitrogen (gel preparation I) or oxygen (gel
preparation IX) (see Fig. I). The cooperative effect between the exocyclic sulphur and
nitrogen in pyridine was investigated by comparing the adsorption on gel prepara
tions III and II with the adsorption on gel preparation IV. We shall now classify all
the investigated structures according to their ability to absorb proteins, especially
immunoglobulins, in the presence of 0.5 M KZS04 and at a ligand concentration of
about 800 ,umol S per gram of dried product.

Ligand structure vs. protein adsorption
Of nine ligands investigated, four can adsorb significant amounts of proteins,

which can also be desorbed. All of the adsorbing ligands contain sulphur, but sulphur
is effective as an adsorption promoter only when combined with either a fully aromat
ic ring, as in thiophenol, with a less aromatic ring, such as pyridine, or with an
unsubstituted alkyl group with a chain length of at least two carbon atoms without
hydroxyl or amino groups as functional groups (see Table I).

Simultaneous adsorption of immunoglobulins and a minor amount of albumin
is possible only with gel preparations II and IV. When the pyridine nucleus is replaced
by an alkyl chain, at least two carbon atoms long, the albumin will be adsorbed
preferentially, and the amount of albumin adsorbed will increase from 0.28% of the
total applied albumin to 11.5% for ethanethiol- and 18% for butanethiol-derivatized
gels (see Table I and Fig. 2).
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NH

• CHz • CH • CHz-0
6H ~ I

I. 3- ( N • 2 • Imlnopyrldyl ) • 2 • hydroxypropyl

• CH2 • ~H • Cft2 • S-@N

OH

II. 3- ( 4 • pyrldylthlo ) • 2 • hydroxypropyl

- CH2 • C~ - CHz • S -f§)
OH N

I
o

III: 3 • ( 2 • pyrldylthlo • N • oxide) • 2 • hydroxypropyl

- CH2 • ICH • CH2 •~
OH N

IV: 3 • ( 2 • pyrldylthlo) • 2 • hydroxypropyl

• CH2 • ICH • CH2 • S • CH2 • CH.

OH

V: 3 -( at hylthlo ) • 2 • hydroxypropyl

- CHz • CH • CH2 • S • CH2 .CH2 • CH2 • CH.
I
OH

VI: 3- ( n • butylthlo ) • 2 • hydroxypropyl

• CHz • p H • CH2 • S • CH2 • CH2 • NH2

OH

VII: 3 • ( 2 • amlnoatylthlo ) • 2 • hydro xypropyl

• CH2 • p H • CH2 • S • CH2 • CH2 • OH

OH
VIII: 3- ( 2 • hyd roxyetylthlo ) • 2 • hydroxypropyl

o

• CH2 • fH • CHz .N~
OH V

IX: 3- ( N • 2 • pyrldyl • 2 • one ) • 2 • hydroxypropyl

Fig. l. Structures of the ligands in the prepared agaro se gels.
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Synthesis of mercaptopyridine gel derivatives
In the synthesis of mercaptopyridi ne gel derivatives, severa l pr oblems mu st be

defined and solved. Th e mercaptopyridines tend to become oxidized, and the result 
ing product, 2,2'-dipyrid yl disulphide or 4,4' -dipyridyl disulphide, can also react with
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Py-S-2-gel
I II

Py-S-4-gel
I II

Et-S-gel
I II

-

S. OSCARSSON, J. PORATH

But -S-gel
I II

- I

-
--

- -
Fig. 2. Gel electropherogram of huma n serum that had passed the chromatographic bed of the adsorbent
(I) and the material tha t was eluted deleting K2SO. from the buffer (II).

oxirane to yield a ligand having a undesired structure (Fig. 3). Therefore , a thiol 
disulphide exchange reaction should, if possible, be avoided, as should also the for
mation of a mixture ofligands, caused by simultaneous coupling to both nitrogen and
sulphur. The first problem was min imized by using NaBH4 and a nitrogen atmo-

}
0 • CH2 • CH • CH2" /o

5=0
H

b) NaBH4;N2

5=0
H

l-ig, 3. Three possible pathways for the reaction of oxirane structures on the agarose with rnercaptopyri
dine. (a) In the presence of Na BH. and in a nitrogen atmosphere the undesired disulphide structures are
minimized. (b) The presence of two nueclophilic centres in the mercaptopyridine molecule can result in a
coupling of the mercapt opyridine via the nitrogen atom instead of the exocyclic sulphur, as in reaction
pathway (a). (c) In the absence of NaBH. and in air in the presence of 2,2-dipyridyl disulphide in the
reaction mixture , a mixture of reaction products can result from either pathway (a) or (b) together with the
undesired disulphide product.
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sphere during the synthesis. With gel preparation II (Fig. I), the protein remaining on
the gel after desorption was reduced from 13.6 to 1.6%, and for gel preparation IV
(Fig. I) from 6.8 to 1.5%, after a final reduction of proteins on the gel with DTE,
followed by amino acid analyses of these gels. The second problem has been in
vestigated, and coupling will occur only via sulphur!".

Determination of the amount of thiol and disulphide groups on the agarose derivatives
To complement the above-mentioned analyses, the thiol concentration in the

prepared gels was also determined according to a modified version of the method of
Grassetti and Murray!". The thiol content was found to be low for gel preparation IV
(see Table II) but was about five times higher for gel preparation II. The possible
presence of disulphides in gel preparations II and IV was investigated by reduction
with DTE, followed by spectrophotometric detection of released 2-mercaptopyridine
and 4-mercaptopyridine at 343 and 324 nm, respectively. Two gel preparations of
3-(2-pyridylthio)-2-hydroxypropyl- (gel preparation IV) and two of 3-(4-pyridyl
thio)-2-hydroxypropylagarose (gel preparation II) were compared. Preparations 2
and 4 were performed under nitrogen in the presence of NaBH 4 and show the lowest
disulphide content. In order to minimize the disulphide content, it is therefore neces
sary both to include NaBH4 and to exclude oxygen.

Molecular orbital calculation of the electron distribution in the ligands calculated by an
MO method

The results (Fig. 4) obtained on calculation of the electron distribution show
that the electron excess is of nearly the same magnitude in the three molecules and is
concentrated on the exocyclic atom and the pyridine nitrogen. 2-Mercaptopyridine
has a lower electron density in the ring ( - 0.40 electrons) compared with 2-hydroxy
pyridine (- 0.03 electrons) and 2-aminopyridine (- 0.05 electrons). These figures
were obtained by summing the calculated electron density values contributed by the
different atoms in the ring. These figures were subtracted from the sum of electron in
the ring, where each carbon contributes six electrons, nitrogen seven electrons and
hydrogen one electron.

(a) 16.35
S

H t.79
6 C H

0.7~.3Y 1~ /0.~5I ~2 6.18

Cs S 5.99

/5.9~C/ -.
Hs 146.13 H 3

0.87 0.88

H4
0.91

(b) 8.31

o

H 11 5 .9 6
6 C H

0.77~.3Y 1~ /6.~1I ~2 6.1 e

C5 C 6.00

/'5.93~ -: 3"",
Hs C4 6 . 13 H

3
0.90 I 0.94

H4
0.92

(e) H. H
7

0.7S~.~S/.74

15 .74
o ...e:::: C1 H 27.2V '<, /0.92i ~2 6.12

Cs C 6.05

~.96" ..-/' 3"""
H C H

5 146.12 3
0.92 0.92

H.
0.92

Fig. 4. Calculated electron densities (SCF/MO SCF Sirius) for (a) 2-mercaptopyridine, (b) 2-hydroxypyri
dine and (c) 2-aminopyridine. The value for each respective atom represents the total number of electrons.
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TABLE III

PROTEINS ADSORBED ON Py-S-2-, Py-S-4-, Et-S- AND Bu-S-GELS

The serum sample was applied to the column in the presence of 0.5 M K2SO4-0.1 M Tris. After elution of
the proteins not adsorbed on the gel, the column was desorbed by deleting K 2S0 4 from the buffer. These
fractions were collected, and the amounts of IgG and HSA were determined. For Ouchterlony analysis, the
pooled fractions were concentrated to an A 2BO value of 1.0.

Gel type Preparation Amount of Identified components
No. HSA (ug ) (major components in italics)

Py-S-2- IV 65 albumin, IgG, [X2-macroglobulin,
IgA, C3, C4, IgM

Py-S-4- II 42 albumin, C3, C4, [X2-macroglobulin, IgG, IgA
Et-S- V 2880 albumin, C4, IgA, [Xl-antitrypsin, C4,

[X 2-macroglobulin , IgG, chymotrypsin
Bu-S- VI 4550 [X2-macroglobulin, IgG, IgA, albumin,

[Xl-antitrypsin, C3, C4

DISCUSSION

In our first publication on the pyridine agarose gels", we pointed out that the
ligands studied could be arranged in order of increasing hydrophobicity, The mercap
topyridine-derivatized gel was found to be weakly hydrophobic. A relationship seems
to exist between the water solubility of the ligand-forming substances (their degree of
hydrophilicity or hydrophobicity) and adsorption capacity of the type of protein
being adsorbed. This is confirmed by the results obtained for the ligands studied here.
The ligand affinity for proteins can be arranged in order of decreasing water solu
bility. 2-Mercaptopyridine and 4-mercaptopyridine are more hydrophilic than thio
phenol. The thiophenol gel therefore adsorbs comparatively more albumin per ligand
equivalent, and the electrophoretic pattern of the adsorbed proteins is different and
more complex. Albumin adsorption on the thiophenol gel reflects the fact that the
hydrophobicity of the thiophenol ligand is higher than that of the pyridylsulphido
group.

When the pyridine nucleus in gel preparation IV is replaced by alkylthioethers,
such as ethanethiol or butanethiol, the hydrophobicity of gel preparations V and VI
increases, and consequently also the albumin adsorption (Table III). The introduc
tion of functional groups, such as hydroxyl or amino, into the alkylthioethers (gel
preparations VII and VIII) lowers the hydrophobicity of the ligands and consequent
ly the capacity to adsorb proteins.

If mercaptopyridine in 3-(2-pyridylthio)-2-hydroxypropyl agarose (preparation
IV) is replaced with aminopyridine (gel preparation I) or hydroxypyridine (gel prep
aration IX) or oxygen, the adsorption capacity is drastically reduced (see Table I).

In an attempt to investigate the factors responsible for the different adsorption
capacities for the pyridine derivatives, the following parameters were investigated: (1)
the sites of attachment of the pyridine nucleus to the matrix; (2) the hydrophobicity,
and (3) the difference in electron distribution between the mercaptopyridine deriv
ative and the distribution in 2-amino- and 2-hydroxypyridine derivatives.
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The exact position of attachment of the pyridine derivatives (amino-, thio- and
hydroxypyridines) to the epoxide groups on agarose has been determined. These
results!" show that amino- and hydroxypyridine (gel preparations I and IX, respec
tively) are attached only via the pyridine nitrogen, whereas mercaptopyridine is at
tached only via the sulphur (see Fig. 1). During the isolation of synthesized model
substances of pyridine derivatives by flash chromatography, the relative hydropho
bicities of the different pyridine derivatives could be compared, as the solvent used for
elution of the different pyridine derivatives from the silica in flash chromatography
reflects the hydrophobicity of the substances. The aminopyridine derivative could be
eluted with methanol, whereas the mercapto- and hydroxypyridine derivatives could
be eluted with diethyl ether. These results clearly show that there is no difference in
hydrophobicity between the hydroxypyridine and mercaptopyridine derivatives.

The arylthioether gels treated here are only weakly hydrophobic in nature, as
shown by their extremely low affinity for serum albumin. However, it is evident that
the pyridine adsorbents possess affinity properties of a different kind (Table III). It is
possible that they are electron donor to acceptor adsorbents'". Clearly, therefore, it is
of interest to know the electron distribution over the ligands. The results of ab initio
calculations have revealed a deficit of electrons on the pyridine-S-gels. It is highly
unlikely that the water medium would convert the ligand properties to those of an
electron donor. Admittedly, neglecting the influence of water in the calculation is a
weakness in our attempt to formulate the basis for a theory, but that weakness is
shared with application of quantum mechanics in other areas. As a parallel to our
attempts to apply calculations of electron distributions in the gas phase to experi
mental results obtained in solution at room temperature, we can refer to results where
the chemical shift value obtained from NMR studies in solution at room temperature
shows a good correlation with the electron density calculated for the corresponding
atom in the gas phase 19 ,2 o .

Unsubstituted pyridine nitrogen is a prerequisite for the characteristic protein
affinity, as is also demonstrated by the properties of gel preparations I and IX.
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NEW LATEX-BONDED PELLICULAR ANION EXCHANGERS WITH MUL
TI-PHASE SELECTIVITY FOR HIGH-PERFORMANCE CHROMATO
GRAPHIC SEPARATIONS

JOHN R. STILLIAN* and CHRISTOPHER A. POHL

Dionex Corporation, 1228 Titan Way, P.O. Box 3603, Sunnyvale, CA 94088-3603 (US.A.)

SUMMARY

A new polymeric "multi-phase" chromatographic packing material that com
bines ion exchange in a pellicular format with adsorption and ion-pair retention on a
neutral macroporous core bead is described. The material isstable from pH 0 to 14
and from 1 to 100% (vjv) of common reversed-phase solvents in aqueous mixtures.
The ability to independently control ion exchange and adsorption or ion-pair reten
tion is demonstrated on a variety of inorganic and organic analytes.

INTRODUCTION

In 1973 Horvath wrote "Ion-exchange resins are particularly suitable station
ary phases because of their versatility and stability. Although their application has
been mostly aqueous systems, it is not so restricted, and it is safe to say that ion
exchange resins represent the most universal class of stationary phases in liquid chro
matography. The favorable chromatographic properties of ion-exchange resins are
enhanced by the pellicular structure, although at the cost of reduced column loading
capacity"l. Some of the most successful ion chromatography columns today are
pellicular. To realize their full potential for liquid chromatography, they lack only
solvent compatibility. This limitation of current pellicular ion-exchange materials is
related to the low cross-link of the core bead polymer. Traditionally ion chromato
graphy applications were entirely aqueous and low cross-linked materials were ade
quate. As ion chromatography progressed to organic ion problem solving, the need
for a solvent amenable ion-exchange packing material became obvious. In the process
of developing solvent-stable pellicular ion-exchange materials a new type of "multi
phase" material, that combines the features of a pellicular ion-exchange phase with
the features of high-adsorption surface area of reversed phase on the same packing
material, was developed. A multi-phase material provides multiple modes of reten
tion during the separation process, including ion exchange, ion pair when a "pairing
agent" is added, and adsorption retention. This paper will describe the new multi
phase material, will describe some of the effects of different solvents on ion-exchange
selectivity and will postulate on mechanisms of retention during multi-mode sep
arations.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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BACKGROUND

J. R. STILLIAN, C. A. POHL

Pellicular ion-exchange materials have come to be recognized as materials that
have a relatively inert core with a thin layer or "skin" of active ion-exchange material
applied to the outer surface. This ion-exchange layer is fully functionalized and is
applied either as an encapsulating layer, where there is no physical attachment of the
active layer to the core, or as a layer that is electrostatically bonded to the core and
usually takes the form of latex beads. Pellicular materials are desirable over fully
functionalized gel ion-exchange materials because capacity is controlled allowing rea
sonable eluent ionic concentrations. They are also chromatographically more desir
able because the pellicular layer guarantees a much shorter analyte diffusion path
allowing column efficiencies approaching that of reversed-phase columns.

Until Small and Stevens? made the first electrostatically agglomerated pellic
ular ion-exchange materials in the 1970s2

, encapsulation techniques developed in the
1960s3 were the only method known for making pellicular ion-exchange materials.
Encapsulation techniques, however, suffer from non-reproducible thickness of the
pellicular layer and delamination of the pellicular layer as a result of shrinking and
swelling of the pellicular layer with use. Encapsulation is nonetheless a viable pellic
ular ion-exchange packing. Recently a pellicularcation-exchange column, based on
encapsulation, for the analytical determination of alkali metals and alkaline earths,
was introduced". Fig. la is a schematic of an encapsulated pellicular ion exchanger.
Methods for making surface functionalized anion and cation polystyrene-divinylben
zene (PS-DVB) "pseudo" pellicular ion exchangers have also been known for some
time, but these had poor analytical performance, because swelling, due to hydration
of the sulfonated or aminated sites in the surface functionalized layer, was non
uniform. This non-uniform swelling was a result of a high to low gradient of function
al sites with respect to depth.

Electrostatic agglomeration
Most of the ion chromatography columns in use today are electrostatically

latex-coated pellicular ion exchangers. These materials consist of three regions: (l) an
inert PS-DVB core, (2) a shallow sulfonated layer on the surface of the inert core, (3)
a mono-layer coating of colloidal ion-exchange particles which are permanently at
tached to the oppositely charged, functionalized surface of the inert core. The latex
coating consists of fully functionalized anion-exchange latex particles made from
vinylbenzylchloride (VBC) polymer cross-linked with DVB and fully functionalized
with an appropriate tertiary amine for desired anion-exchange selectivity':", Fig. 1b is
a schematic representation of an electrostatically agglomerated ion-exchange pack
mg.

Ion-exchange materials prepared by electrostatic agglomeration have several
distinct advantages over the encapsulated materials. First, agglomerates are easily
prevented during the attachment process using electrostatic agglomeration since the
core beads and the latex beads are polymerized independently and any agglomerates
can be removed by filtration before the attachment step. Phase thickness is also easily
controlled because only a mono-layer of essentially mono-disperse latex beads can be
attached. Therefore phase thickness and uniformity is controlled by the latex bead
diameter. Because the latex is fully functionalized, column capacity increases as latex
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(a)
Encapsulated Pellicular Material

( b)

Pellicular Material with Electrostatically Attached Phase

Surface Sulfonated Core
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Fig. 1. (a) Schematic of an encapsulated pellicular ion-exchange packing. (b) Schematic of an electro
statically agglomerated latex-coated pellicular ion exchanger.

diameter increases, so latex diameter is also used to control column capacity. The
diameters of the different latexes that are commonly used range from 50 to 500 nm
and column capacity ranges from 5 to 150 Ilequiv.jcolumn. Because the core beads
and latex beads are independently manufactured and brought together only at the last
steps of making a column, each can be subjected to independent quality control in
their manufacture. This provides very reproducible pellicular ion-exchange materials,
with respect to capacity and selectivity, and greatly improves manufacturing' effi
ciency. The electrostatic forces of adhesion are so strong that it is virtually impossible
to separate the two phases. Theoretically there can be as many as several hundred
electrostatic bonds holding a single aminated latex bead to the surface sulfonated core
bead. Finally, the surface of the functionalized core has the same charge as that of the
analyte. This means the analyte is effectivelyexcluded from the core, thus concentrat
ing analytes in the active pellicular layer, maintaining chromatographically favorable
short diffusion paths into and out of the stationary phase. This is analogous to the
very hydrophilic core of C18 derivatized silica which excludes hydrophobic analytes
from the core in reversed-phase high-performance liquid chromatography (HPLC).
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Electrostatic agglomeration has two major disadvantages. The latex functional
ization chemistry must be aqueous compatible to maintain the aqueous latex suspen
sion prior to agglomeration. This effectively limits available chemistries to rather
hydrophilic reagents. Also the functional groups on the surface of the inert core can
also interact with sample components causing chromatographic anomalies. For ex
ample, transition metals in the sample matrix can concentrate on the residual cation
exchange sites and result in the complexation or precipitation of analyte ions such as
phosphate and sulfate on subsequent injections.

EXPERIMENTAL

Instrumentation
The chromatographic system used for all chromatograms shown was a Dionex

4500i gradient ion chromatograph (Dionex, Sunnyvale, CA, U.S.A.) equipped with
0.010 in. I.D., 0.063 in. O.D. polyetherether ketone (PEEK) tubing on the high
pressure side of the analytical pump. The instrument was equipped with a conductiv
ity detector (Dionex CDM-II) and a multi-wavelength UV-VIS detector (Dionex
CDM-II). A helium heads pace was maintained on the eluents with a Dionex eluent
degas module (EDM-II). The ion chromatograph was interfaced to a Dionex Au
tolon 450 data system. The Autolon 450 is an IBM-compatible computer system with
software for complete system control, data collection and data reprocess that is writ
ten within the Microsoft Windows operating environment.

Columns .
The ion-exchange columns used are the Dionex Omnil'ac" PAX-IOO, Omni

Pac PAX-500 and the Hamilton PRp™_XIOO (Hamilton, Reno, NV, U.S.A.). Both
Dionex columns are250 mm x 4 mm I.D. These columns are latex-coated pellicular
anion-exchange columns. The substrate is 8-J.lm diameter particles made from ethylvi
nylbenzene (EVB) cross-linked with > 50% DVB. The PAX-IOO is made with a mi
croporous substrate with no significant adsorption surface area and is strictly a sol
vent compatible anion-exchange column. The substrate for the PAX-500 is
macroporous with approximately 300 m 2/g of adsorption surface area and 60-A
pores. The latex for both columns is approximately 60 nm in diameter, fully qua
ternized, polyVBC, cross-linked with 4% DVE. Both column types have the same
ion-exchange selectivity and average 40 J.lequiv./column ion-exchange capacity. Be
cause it is macroporous the PAX-500 packing is a less dense material and measures
approximately 25 J.lequiv.jg whereas the microporous PAX-IOO packing has approxi
mately 16 J.lequiv./g ion-exchange capacity.

The Hamilton PRP-XIOO is a surfaced quaternized (trimethylamine) macro
porous PS-DVB 10 J.lm packing in 250 mm x 4.6 mm I.D. column and has approxi
mately 200J.lequiv./g ion-exchange capacity 7

. The column used measured 580
J.lequiv./column ion-exchange capacity..

Ion-pair chromatography was performed on a 250 x 4 mm I.D, Dionex Ion
pac" NSI column packed with 10 pm neutral, macroporous EVB-DVB with an
average of 300 m2/g surface area and an average pore size of 60 A.

For conductivity detection the.system was equipped with a Dionex micromem
brane suppressor (AMMS)8.A Dionex micromembrane suppressor for Mobile Phase



LATEX-BONDED PELLICULAR ANION EXCHANGERS FOR HPLC 253

Ion Chromatography (MPIC™) (AMMS-MPIC) was used if an ion-pair reagent is
used in the eluent since the membranes in this suppressor are optimized for transport
of the large hydrophobic alkyl quaternary ammonium ion-pair reagents used in ion
pair chromatography. Both the AMMS and the AMMS~MPIC suppressors are com
patible with any concentration of acetonitrile, methanol, ethanol, isopropanol and
other common reversed-phase HPLC solvents. In all cases the suppressor regenerant
solution was 0.02 N sulfuric acid, flowing at 10 ml/min using a Dionex AutoRegen
system.

Reagents
Sodium hydroxide eluents were made from 50% analytical grade (J. T. Baker,

Phillipsburg, NJ, U.S.A.). Sulfuric acid was of J. T. Baker Instra-analyzed grade.
Sodium chloride and sodium carbonate were Mallinckrodt (Mallinckrodt, Paris, KY,
U.S.A.) analytical-reagent grade. Tetrabutylammonium hydroxide (TBAOH) was
MPIC grade 0.1 M concentrate from Dionex. Acetonitrile, isopropanol and methanol
were Fisher brand "Optima" grade solvents for HPLC (Fisher Scientific, Fair Lawn,
NJ, U.S.A.0741O).

Substrate resin and latex were polymerized from EVB-DVB and VBC-DVB
respectively (Dow, Midland, MI, U.S.A.).

RESULTS AND DISCUSSION

Synthesis
In this paper we are presenting a new method for latex attachment in order to

generate a pellicular ion-exchange material and a new multi-phase column packing
made possible by the new latex attachment method. The. new pellicular material
consists of three regions: (I) a highly cross-linked (> 50%) EVB-DVB polymer, mi
croporous substrate bead which is compatible with all common reversed-phase
HPLC solvents, (2) a highly reactive surface on the substrate bead created at the time
of polymerization, and (3) an ion-exchange pellicular phase comprised of a polymeric
VBC latex cross-linked with DVB that is electrostatically or covalently attached to
the inert substrate bead. During manufacture, neutral latex can either be covalently
attached to the substrate bead via the reactive surface and subsequently functional
ized, or function alized prior to electrostatic attachment to the substrate bead. As in
traditional electrostatic attachment the inert core and' the latex are independently
polymerized regardless of the attachment mechanism.

The reactive surface on the substrate bead is generated by a proprietary meth
od. During polymerization another polymer is added to: the polymerizing solution,
and is ultimately incorporated only onto the exterior surface of the substrate bead
polymer. The concentration of polymer added controls the density of reactive sites on
the surface of the core bead and a very low density of "reactive sites" can be achieved.
For example, the added polymer can be chosen that has sulfonate, carboxylate or
amine functional groups. These functional groups then allow electrostatic agglomer
ation of previously functionalized latex beads of opposite charge to the substrate.
However, contrary to traditional electrostatic agglomeration, after agglomeration
there is no measurable residual ion-exchange capacity onthe surface of the substrate
bead. This was verified by measuring breakthrough capacity for cation exchange on a
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Fig. 2. (a) Schematic of a covalently attached, latex-coated pellicular ion exchanger. (b) Schematic of a
multi-phase pellicular material with a macroporous substrate and latex ion-exchange coating.

column agglomerated as described. The column was treated with 0.001 M LiCI (pH 8
with LiOH) at 1 ml/min for 30 min.. Then the column was connected to a pump
primed with 0.001 M KCI (pH 8 with KOH) and KCI was pumped at 1 ml/min. The
effluent was monitored, using direct conductance, until breakthrough of the KCI was
indicated by the increase in the effluent conductance. The milliliters of column void
volume (previously determined) is subtracted from the total milliliters of KCI to
breakthrough. The net milliliters of KCl times the normality of KCI in Jlequiv./ml
gives Jlequiv.jcolumn cation-exchange capacity; Using this method the residual cat
ion-exchange capacity was measured for three columns and all three measured less
than 1 Jlequiv./column.capacity, below the detection limits of the technique. A col
umn of the same dimensions, made by traditional electrostatic agglomeration, mea
sured II Jlequiv./colurrtn residual cation-exchange capacity by the Same method. The
method asdescribed was used so that there was no interference from anion-exchange
selectivity and so that weak and strong acidcation-exchange capacity both were
measured.
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In a second possibility, the added polymer can be chosen with reactive function
al groups allowing covalent attachment of neutra11atex beads for agglomeration. The
neutral, covalently agglomerated latex beads can then be functiona1ized after agglom
eration allowing non-aqueous functiona1ization chemistries. Latex can be selectively
functiona1ized in the presence of the core bead polymer by judiciously choosing the
latex polymer and functionalization chemistry. For example, if an EVB-DVB sub
strate is covalently agglomerated with DVB cross-linked po1yVBC latex, then the
latex can be selectively aminated via traditional amination chemistry. Alternatively
the latex can be selectively sulfonated, for example, by first reacting VBC with thio
urea in alcohol to generate a thiouronium quaternary amine site, followed by hydro
gen peroxide oxidation to a benzyl sulfonate cation-exchange functional group. Nei
ther of these routes generates anion-exchange or cation-exchange groups on the core
bead surface because the chemistries are not reactive with EVB-DVB.

This new attachment method has the advantages that no measurable residual
ion-exchange sites exist on the substrate bead after agglomeration in either of the new
attachment schemes, and latex is attached prior to functionalization in the covalent
scheme oflatex attachment and therefore functiona1ization is not limited to aqueous
chemistries to maintain a latex suspension as in the traditional electrostatic attach
ment method. This allows for the possibility of amination with amines with low water
solubility and for functionalization with che1ating groups where functionalization
chemistry is non-aqueous", A schematic of a latex coated, highly cross-linked, micro
porous resin bead made by the new attachment process is shown in Fig. la.

Effect of solvent on ion-exchange selectivity
The ability to add significant concentrations of solvents, e.g. 1-100% aceto

nitrile or methanol, to ion-exchange eluents gives the added selectivity control of the
influence of solvent on ion exchange. The degree of hydration of the ions in the bulk
eluent, and the enthalpy of hydration of a hydrated ion in solution, which determines
how easily an ion sheds waters of hydration to become associated with an ion-ex
change site and vice versa, is a major determining factor in ion-exchange selectivity!".
Ions that are highly hydrated tend to have shorter retention times than ions of lower
hydration. This is generally the argument given for the order of elution of halides by
anion exchange'':". Divalent and polyvalent selectivity is generated by the three-di
mensional orientation of. adjacent ion-exchange sites combined with the degree of
hydration of the gel polymer phase!". For example, for a particular divalent ion to be
retained as a divalent it must find two adjacent fixed ion-exchange sites that are
appropriately spaced. Also, these sites must have the right degree of hydration to
make it thermodynamically favorable for the divalent ion to shed waters of hydration
and become associated with both sites, displacing the co-ions (other ana1yte ions or
eluent ions) which then become fully hydrated in the bulk eluent. Latex cross-linking
is one of the three major parameters about the stationary phase that controls ion
exchange selectivity", the other two being the nature of the amine used to generate the
quaternary anion-exchange site" and the nature of the base polymer of the active
ion-exchange layer. Higher latex cross-linking results in higher density of ion-ex
change sites (because of the higher polymer density) and therefore, statistically a
higher number of sites that will thermodynamically "fit" a particular divalent ion
over another divalent ion. Just about everything that affects ion-exchange selectivity
is related to the enthalpy of hydration of ions and ion-exchange sites.
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Adding a solvent to an ionic eluent disrupts the water structure in the bulk
solution and changes the degree of hydration of the ions in solution and the ion
exchange sites in the polymer. The degree to which hydration changes is probably
dependent on the degree of hydration in the 100% aqueous solution. Ions that are
highly hydrated, e.g. have high enthalpies of hydration, tend to hold on to waters of
hydration more strongly and will lose fewer waters of hydration than ions that are less
hydrated and tend to give up waters of hydration more readily. Protic solvents like
alcohols can also affect ionic eluents containing hydroxide by the formation of alkox
ide ions.

Fig. 3a, band c indicate an unexpected affect on the selectivity of ion exchange
on a latex-coated pellicular ion exchanger with the addition of solvent. Fig. 3a shows
the selectivity of a pellicular ion-exchange material with 4% cross-linked latex with
no solvent in the eluent. Fig. 3b shows that by adding 20% (vjv) acetonitrile without
changing the ionic concentration of the eluent, the selectivity has greatly changed.
This chromatogram is approximately the same as would be seen on a I% cross-linked
latex anion exchanger with a 100% aqueous eluent. The chromatogram in Fig. 3c,
generated with 40% acetonitrile in the eluent is equivalent to approximately a 0.25%
cross-linked latex with a 100% aqueous eluent. In general, the addition of acetonitrile
to the eluent tends to decrease the retention of analytes, apparently by changing
(lowering) the "effective" cross-linking of the latex.

Table I is a summary of experiments where the concentration of the ionic
component of the eluent (25 mM sodium hydroxide) is kept constant while the nature
and concentration of the solvent is varied. The trend for eluent systems in Table I
containing increasing amounts of methanol is for steadily increasing the capacity
factor, k', It might be predicted that adding solvent to a hydroxide eluent would tend
to cause increasing retention since hydroxide is a highly hydrated ion and would tend
to shed fewer waters of hydration on the addition of a solvent, as compared to other
ions in solution or the ion-exchange sites in the polymer. This should tend to decrease
the selectivity of the stationary phase ion-exchange sites for the hydroxide eluent ion

Fig. 3. Effect of acetonitrile on retention with OmniPac PAX-IOOmulti-phase column. Analytes are: I = I
ppm fluoride; 2 = 2 ppm chloride; 3 = 3 ppm nitrite; 4 = 5 ppm sulfate; 5 = 5 ppm bromide; 6 = 8 ppm
nitrate; 7· = 8 ppm phosphate. Flow-rate I mlmiin; 10-111 injection loop; suppressed conductivity lOllS/em
full scale. Eluents as indicated on figures. ACN = Acetonitrile.
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TABLE I

ANALYTE k' VS. SOLVENT TYPE AND CONCENTRATION ON OMNIPAC PAX-IOO

Analyte Solvent Solvent concentration in 0.025 M sodium hydroxide

0% 5% 30% 50% 80%

Fluoride Acetonitrile 0.05 0.05 0.01 0.01 0.0
Methanol 0.05 0.03 0.07 0.09 0.15
Isopropanol 0.05 0.13 0.18 nd nd

Chloride Acetonitrile 0.55 0.71 0.38 0.24 0.0
Methanol 0.55 0.37 0.62 0.79 0.15
Isopropanol 0.55 1.4 l.l nd nd

Nitrate Acetonitrile l.l 1.4 1.2 0.56 1.9
Methanol l.l 1.2 2.4 5.9 8.4
Isopropanol l.l 7.0 3.4 nd nd

Sulfate Acetonitrile 2.6 2.4 1.7 1.0 1.9
Methanol 2.6 2.5 2.4 2.8. 2.5
Isopropanol 2.6 8.8 8.0 nd nd

Phosphate Acetonitrile 4.0 3.7 6.0 1.9 1.9
Methanol 4.0 1.9 5.2 5.9 8.4
Isopropanol 4.0 > 15 > 15 nd nd

causing a general increasing of retention for other ions. Methanol is also a pro tic
solvent and capable of reacting with hydroxide to form a methoxide ion which is
generally a weaker eluting ion than hydroxide. Although significant numbers of
methoxide ions are usually only formed at high methanol concentrations, the hydro
phobic polymer backbone of the ion-exchange latex will tend to concentrate metha
nol causing higher methanol concentrations in the stationary phase compared to the
bulk eluent. The affect of a solvent on the hydration of ions, combined with methox
ide formation, probably accounts for methanol containing eluents causing an in
crease in the k' of analytes with increasing methanol concentration. Methanol does
not appear to change the effective cross-linking ofthe latex like acetonitrile.

The data in Table I indicate that, of the solvents tested, acetonitrile has the
greatest influence on decreasing the k' values of the test analytes. With 30% aceto
nitrile added to the eluent there is a significant decrease in k' values of all the analytes
except phosphate, which has increased. The k' of phosphate ion has probably in
creased due to the pH change as a result of the addition of acetonitrile to the eluent.
The pH of 0.025 M NaOH is 12.4, the "apparent" pH of 0.025 M NaOH in 30%
acetonitrile in water measures approximately 12.8, and the last pH of phosphate is
12.36(at 2YC). By the addition 50% acetonitrile to the eluent, the influence ofpH on
phosphate is overcome by the selectivity influence of the solvent on the ion-exchange
phase and phosphate has a much shorter k' along with the rest of the test ions. It's
interesting that at 80% acetonitrile the k' actually begins to increase again for nitrate
and sulfate.

We hypothesize that the pellicular ion-exchange phase formed by a latex with
low cross-linking is probably swollen to a greater extent in an acetonitrile-water
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mixture than in water alone. The result of this swelling is lower effective cross-linking
since there is just less polymer, and therefore fewer ion-exchange sites, per unit vol
ume of latex. Acetonitrile probably does cause a change in hydration of ions like
other solvents but this effect is over-ridden by the swellingeffect until high acetonitrile
concentrations where the polymer is swollen to its maximum. This may explain the
increase in retention for nitrate and sulfate at 80% acetonitrile in Table I.

Isopropanol seems to have the similar effect of reducing retention times for
some ions bu\not for all ions tested. It certainly seems reasonable that the more
hydrophobic alcohol isopropanol is capable of swelling the ion-exchange gel polymer
to some extent while the more hydrophilic alcohol methanol can not. 5% Isopropanol
causes an increase in k' for all ions tested probably due to the effect of the low
dielectric constant of isopropanol on ion exchange! o. It is also possible that even at only
5% isopropanol there is sufficient isopropanol concentrated in the stationary phase
polymer to cause a significant concentration of alkoxide ion formation. With the
addition of 30% isopropanol, chloride, nitrate and sulfate all have a lower k' value
than with 5% isopropanol, nitrate showing the greatest change. Fluoride and phos
phate, however have increased in k' at 30% isopropanol. The fact that some ions have
increased k' and some decreased k' suggests that the effect of isopropanol is not
simply swelling but also the competing effect of a solvent on ion hydration and
therefore ion-exchange selectivity.

Before the advent of these solvent amenable pellicular ion-exchange packings
the only way to change the effective cross-link of a material was to change the syn
thesis parameters. The ability to control active phase cross-link with the addition of
acetonitrile, and ion-exchange selectivity with the addition of other solvents means
that separations that previously required several different ion-exchange columns can
be performed on one ion-exchange column. Although other types of non-latex-coated
ion-exchange columns may be solvent compatible, the only solvent selectivity effect
that can be achieved is the influence on the degree of hydration of the ion-exchange
site and the analyte, which tends to increase retention.

Table II is a tabulation of k' values from the Hamilton PRP-XIOO anion
exchange column with 0, 5 and 50% acetonitrile, and 0, 5, 50 and 80% methanol in a
sodium carbonate eluent using chemically suppressed conductance detection. Note
that the retention of ions on the PRP-XIOO is generally increasing with increasing
acetonitrile concentration. This is different from the effectof acetonitrile on the pellic
ular latex-coated ion-exchange column where k' first decreases as the solvent concen
tration is increased, due to solvent swelling effects on cross-linking, and then k' tends
to increase due to solvent effects on the ion-exchange process directly. Because metha
nol is a poorer latex swelling solvent, the trend for methanol on the PAX-IOO column
is the same as the PRP-XIOO where the retention of the ions tends to increase due to
directeffects of solvent on ion exchange as described earlier.

Carbonate was used as the eluent for the PRP-XIOO because this column does
not have the hydroxide selectivity the PAX-IOO does. The PRP-XIOO is designed for
use with ionic aromatic eluents commonly used in single column ion chromatography
such as potassium phthalate and is therefore too hydrophobic for hydroxide to be an
'efficient eluent. For this reason k' changes for analytes on each column cannot be
directly compared but trends in k' values due to solvents used on each column can.
80% acetonitrile selectivity could not be determined on the PRP-XIOObecause 0.010
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TABLE II

ANALYTE k' VS. SOLVENT TYPE AND CONCENTRATION ON HAMILTON PRP-XIOO

NO = Not determined due to insolubility of 0.010 M Na2C03 in acetonitrile.

Analyte Solvent Solvent concentration in 0.010 M Na2COJ

0% 5% 50% 80%

Fluoride Acetonitrile 0.65 0.63 0.68 NO
Methanol 0.65 0.66 0.90 1.5

Chloride Acetonitrile 2.4 2.6 3.2 NO
Methanol 2.4 2.4 2.7 4.3

Nitrate Acetoni trile 15 16 19 NO
Methanol 15 9.6 13 8.0

Sulfate Acetonitrile 6.0 7.2 9.3 NO
Methanol 6.0 6.2 6.5 8.0

Phosphate Acetonitrile 4.6 5.9 7.8 NO
Methanol 4.6 4.6 7.3 17

M carbonate is not soluble in 80% acetonitrile. To allow the comparison of at least
two analytes on both columns under similar eluent conditions fluoride and chloride
were chromatographed on the PRP-XlOO using 0.040 M sodium hydroxide with 30%
(v/v) methanol and 0.040 M sodium hydroxide with 30% (v/v) acetonitrile. Retention
times for fluoride were 5.5 and 6.0 min and for chloride 24.5 and 32.0 min, respec
tively. Acetonitrile actually seemed to cause slightly longer retention times than meth
anol on the PRP-XIOO. Although the PRP-XIOOis not a true pellicular ion exchanger
as defined earlier, the surface of the resin is fully functionalized and should have a
gel-like nature similar to a latex coating. Because the bead is made up of a polymer
with very high cross-linking, however, the fully functionalized ion-exchange gel-like
surface is resistant to swelling in acetonitrile, unlike the latex coating.

Fig. 4 demonstrates another example of the advantage of using solvent in con
junction with pellicular latex-coated ion-exchange packing. By adding 20% aceto
nitrile to the eluent, enough to prevent any significant interfering adsorption reten
tion, a mixture of mono- and polyvalent aromatic carboxylates and sulfonates are
separated with a simple salt gradient. Sodium hydroxide is added (0.0002 M initially)
to ensure all the acids are ionized. Sodium hydroxide is increased linearly, along with
sodium chloride, to 0.0016 M to maintain a constant chloride-hydroxide ratio.in the
eluent which facilitates a more rapid equilibration of the ion-exchange phase back to
initial conditions for the next gradient. When the ratios of different ions of the same
valency in the gradient eluent are kept constant. throughout the gradient, typical
reequilibration times are 5 to 10 min. This is a difficult separation for reversed-phase
HPLC and is usually done in the ion-suppression or ion-pair mode, as shown on a
NovaPak C 18 column in Fig. 5. The peaks have poorer symmetry in the ion-suppres
sion mode and peak resolution in either chromatogram is not as good as the ion
exchange separation for the same analysis time. Also notice there is a logical order to
the elution by ion exchange; monovalents elute first followed by divalents followed by
trivalents.



10

5 8 13
6

7
2 11 12

9
3

\ ~
4

~ Ic,--

260

1 .

I
10

Minutes

I
15

I
20

J. R. STILLIAN, C. A. POHL

Fig. 4. Separation of aromatic acids on OmniPac PAX- 100. Eluent: 20% (vjv) acetonitrile isocratic, 0.050
to 0.40 M NaCl gradient in 20 min, 0.0002 to 0.0016 M NaOH gradient in 20 min simultaneous with NaCI
gradient. Detection: absorbance 254 nm 0.1 AUFS. Peaks: I = benzoate; 2 = benzenesulfonate; 3 =
toluenesulfonate; 4 = p-chlorobenzenesulfonate; 5 = p-bromobenzoate; 6 = 3,4-dinitrobenzoate; 7 =
phthalate; 8 = terephthalate; 9 = p-hydroxybenzoate; 10 = p-hydroxy-benzenesulfonate; II = genti
sate; 12 = trimesa te; 13 = pyromellitateo

Multi-phase packing
In addition to forming conventional pellicular ion-exchange materials, the new

covalent attachment method allows the production of an entirely new class of multi
phase materials combining ion-exchange, ion-pair and reversed-phase retention
mechanisms. The multi-phase material is comprised of the same three regions as
described earlier. In the case of the multi-phase materials, the core bead is macro
porous with an average surface area of about 300 m2 jg and an average pore size of
approximately 60 A. Latex is attached only to the exterior surface of the macro-
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Fig. 5. HPLC separation of aromatic organic acids, Column: NovaPak C18 , 5 pm. Flow-rate: 1.0 ml/min,
UV absorbance detection O. I AUFS. (a) Ion-pair separation. Peaks as in Fig. 4. Eluent: 0.010 M tetrabutyl
ammonium phosphate, pH 6.5; 25-50% (vjv) acetonitrile gradient in 20 min. (b) Ion-suppression sep
aration. Peaks as in Fig. 4. Eluent: 0.020 M phosphoric acid, 0.020 M ammonium sulfate buffer; 10-80%
(vjv) acetonitrile gradient in 20 min.
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porous bead, using less than I% of the total surface area. The latex beads are too
large to enter the pores, defining two distinctly different areas for retention, ion
exchange in the latex coating and adsorption on the surface area of the interior of the
pores. Fig. 2b is a schematic representation of a multi-phase bead. The new latex
attachment route (covalent or electrostatic) allows the production of the multi-phase
packing since the method generates no significant residual ion-exchange sites on the
high surface area that would otherwise interfere with reversed-phase or ion-pair re
tention processes.

Pinkerton and Hagestarrr" describe a material that has two distinct and sep
arate phases in one packing material. The external of the macroporous bead defines
one phase that is neutral and very hydrophilic, designed to prevent retention of
proteins. The internal phase in the interstices of the macroporous bead is functional
ized with peptides containing hydrophobic moieties. This packing material is de
signed to allow sample preparation or direct injection of physiological, high protein
containing samples for drug analysis with minimal protein interference or fouling
since proteins or other macromolecules are too large to enter the pores and the
external surface is too hydrophilic for their retention. Although this material has two
distinct phases, only one of the phases is designed for analyte retention, the other is
intended to prevent retention.

This multi-phase material is also distinctly different from the mixed-mode sup
ports described by Hartwick and co-workers'<r?". Specifically, the mixed-mode sup
ports, besides being silica based, are a heterogeneous mixture of ion-exchange and
hydrophobic ligands in a single active layer. Because they are mixed together it is not
possible to take full advantage of the properties of ion-exchange selectivity which rely
on a three dimensional relationship of ion-exchange sites. To understand the proper
ties of the new multi-phase material it is important to understand the difference
between ion-exchange and ion-pair selectivity.

Mixed ion-exchange/ion-pair selectivity
The literature suggests that for the most part, ion-exchange selectivity is an

enthalpy driven process 6
, l l . 1 5 . A net free energy decrease for an ion from the bulk

solution associating with an ion-exchange site in the active phase and displacing a
previously associated co-ion, is due to a favorable enthalpy change in the hydration
energy difference of the eluent ion, the analyte ion and the ion-exchange site. Ion
exchange selectivity is due to differences in the net change in free energy of the
ion-exchange process for different analyte ions resulting from differences in the free
energy of analytes and the free energy of fixed ion-exchange sites. The free energies of
analytes are relatively constant in the bulk solution but are usually different for each
analyte due to differences in hydration energies. Ion-exchange site free energies vary
as a result of the degree of hydration of the ion-exchange site, which is determined by
its environment in the polymer. Polymers do not have uniform density throughout
the latex bead. Areas of higher density (higher cross-linking) are less hydrated and
have less hydrated ion-exchange sites. Areas of lower density (lower cross-linking) are
more hydrated and have somewhat more hydrated ion-exchange sites. This hetero
geneity in the degree of hydration of the fixed ion-exchange sites creates good selec
tivity for either ions of high hydration energy, or ions oflow hydration energy but not
both on the same ion-exchange phase. It is not possible to affect the heterogeneity of a



262 1. R. STILLIAN, C. A. POHL

single ion-exchange phase dramatically enough to provide optimum selectivity for
very high and very low hydration energy ionic analytes.

Ion exchange has good selectivity for polyvalent ions particularly polyvalent
ions of the same charge because ion-exchange site density is high in the gel structure
of a fully functionalized ion exchanger such as the latex coating. Polyvalent ions can
more often be retained with some or all charges satisfied by the charges of the fixed
ion-exchange sites as discussed earlier.

Ion exchange is rather narrow in the scope of ions that can be separated on one
ion-exchange phase of a given selectivity. This limitation results in the requirement
for several ion-exchange columns with different selectivities to separate a broad spec-
trum of analytes. .

Ion-pair chromatography, originally described by Haney and Wittmer!", is for
the most part an entropy driven system and, whether one subscribes to the ion-pair
formation theory?'!", the dynamic ion-exchange theory19- 2 1 or the ion-interaction
theory2 2- 24 of retention, is a surface phenomenon. As with adsorption retention the
entropy of the system has to be thermodynamically favorable for "ion-pair" retention
to take place 1 9

,2 5 . That is the hydrated analyte ion is driven from the bulk solution
onto the stationary phase to form an ion pair because the analyte ion pair imparts less
order to the water already ordered in the vicinity of the stationary phase as compared
to the much less ordered water in the bulk solution. Contrast this to ion exchange
which is a three dimensional phenomenon where ions penetrate into the gel network
of the active ion-exchange phase, as described earlier. The resulting ion pair is not
very useful for divalent ions because retention is essentially only in two dimensions
and divalent ions are not likely to be retained in a unique environment where they
"fit" better thermodynamically than other divalent ions because the fit for any ana
lyte ion only has two degrees of freedom.

Ion-pair chromatography has quite different strengths and weakness compared
to ion exchange. Selectivity strengths include (I) good resolution of monovalent ions
particularly when monovalent ions have low and very similar hydration energies (e.g.
nitrate and chlorate) because "absorption" based ion-pair retention is mostly entropy
driven and is not dependent on enthalpies of hydration as is ion exchange. This is why
fluoride; a highly hydrated ion, is unretained by ion exchange but is retained by ion
pair; (2) good resolution and selectivity for surface active, or large hydrophobic ions
because the technique allows the hydrophobic tail to enhance the retention mecha
nism; (3) good selectivity for large polarizable ions like iodide since they readily form
ion pairs in the solvent rich environment near the hydrophobic surface of the sub
strate; (4) a broad scope of ions can be eluted and resolved due to the generally lower
overall selectivity of the method as compared to ion exchange. The weaknesses of
ion-pair chromatography are mainly polyvalent ions. In particular, polyvalent ions of
the same valency (e.g. sulfate and many divalent organic acids) are difficult or impos
sible to resolve by ion pair.

Obviously the advantages of the two techniques are complimentary. The new
multi-phase material takes advantage of this by providing the selectivity of both
retention mechanisms on the same column at the same time. Ion exchange takes place
in the pellicular layer, ion pair on the high surface area of the rest of the macroporous
core bead, when an ion-pair reagent is added to the eluent. Since the latex is agglom
erated only to the exterior surface of the macroporous bead, it takes up less than
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Fig. 6. Comparison of ion-exchange (a), ion-pair (b) and multi-phase (ion-exchange and reversed-phase,
(c) selectivity. Peaks: I = fluoride I ppm; 2 = chloride 2 ppm; 3 = nitrite 3 ppm; 4 = succinate 10 ppm; 5
= sulfate 10 ppm; 6 = oxalate 10 ppm; 7 = bromide 5 ppm; 8 = nitrate 8 ppm; 9 = chlorate 10 ppm; 10
= phosphate 8 ppm. Flow-rate: I ml/min; suppressed conductivity 10 JlS/cm full scale; IO-JlI injection loop.
Eluent: 17% acetonitrile, 42 mM NaOH, I mM TBAOH. Column: (a) OmniPac PAX-IOO; (b) IonPac
NSI; (c) OmniPac PAX-500.

0.1% of the total available surface area in the bead. Fig. 6 illustrates that multi-mode
ion pair/ion exchange is a combination of the selectivities of the two retention mecha
nisms. Fig. 6a shows only ion-exchange selectivity on a pellicular latex agglomerated
phase that is agglomerated on a highly cross-linked but microporous core bead so
there is no neutral surface area available for adsorption retention. This shows the
strengths of ion exchange, with the divalent components sulfate, oxalate and succi
nate are separated from each other, but bromide, nitrate and chlorate, however, are
poorly resolved and fluoride is in the void. Note that there is no evidence of ion-pair
selectivity with 1 mM TBAOH in the eluent. Fig. 6b is strictly an ion-pair separation
ofthe same set of analytes with the same eluent on a neutral macroporous stationary
phase. The ion-pair separation displays good resolution of bromide, nitrate and chlo
rate and fluoride is retained, but the divalent ions are co-eluting. Actually, with
ion-pair there are about two dozen divalent inorganic anions and divalent organic
acids that all have the same selectivity and all co-elute under any eluent conditions.
Fig. 6c shows the same analytes with the same eluent on the multi-phase material. The
multi-phase material is actually the sum of the two selectivities. Notice that to a first
approximation the k' values for the multi-phase separation are the sum of the k'
values of ion exchange and ion pair. The divalent ions are resolved, and bromide,
nitrate and chlorate are resolved. Fluoride is retained from the void.

Ion exchange/adsorption
If no ion-pair reagent is added to the eluent the high, neutral hydrophobic

surface area of the substrate in the multi-phase column is available for adsorption
retention. The separation shown-in Fig~ T demonstrates the differences between ion
exchange selectivity with the added~dvantage()fsolvent selectivity control and multi
phase selectivity this time combining ion-exchange and adsorption retention.

Fig. 7a shows a chromatogram generated on the Omnipac PAX-lOO with sul-
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Fig. 7. Control of selectivity with the OmniPac PAX-100 (a) and PAX-500 (b) columns. Eluent: 40 mM
NaOH, 20% acetonitrile. Suppressed conductivity, 10 JlS/cm full scale; flow-rate = I ml/min; 10 Jll in
jection loop. Peaks: I = SO~ -; 2 = benzenesulfonate; 3 = p-toluenesulfonate; 4 = p-chlorobenzenesulfo
nate.

fate and benzene sulfonate co-eluting. Using the PAX-500 (Fig. 7b) with the same
eluent conditions sulfate and benzene sulfonate are resolved. Benzene sulfonate is
retained longer on this column due to the combination of ion-exchange and ad
sorption retention. The concept of combining ion-exchange and adsorption retention
selectivities on multi-phase materials can be extended to combinations of neutral and
ionic analytes as shown in Table III.

Table III shows retention times of 2-aminopyrimidine, a neutral compound in
the pl-I of the eluent throughout. the gradient, and 2-thiouracil and 5-carboxy-2
thiouracil which are anionic over the full pH range of the gradient. Note that the
anionic analytes, 2-thiouracil and 5-carboxy-2-thiouracil decrease in retention as the
ionic portion of the gradient is made steeper, whereas 2-aminopyrimidine retention
stays constant. The retention of 2-aminopyrimidine changes only as a result of a
change in the solvent gradient from 1-23% acetonitrile to 1-27% acetonitrile in 10
min. This is because 2-aminopyrimidine is the only one of the three to be retained
only by adsorption retention.

TABLE III

EFFECT OF IONIC AND SOLVENT GRADIENT CHANGE ON THE RETENTION TIME OF
NEUTRAL AND IONIC ANALYTES ON A MULTI-PHASE COLUMN

Retention time R.SD. < 1%.

Ana/yte Gradient conditions

J to 30 mM J to 50 mM J to 75 mM
Sodium carbonate, Sodium carbonate, Sodium carbonate,
J to 27% acetonitrile J to 23% acetonitrile J to 23% acetonitrile

2-Thiouracil
2-Aminopyrimidine
5-Carboxy-2-thiouracil

8.15 min
8.65 min

17.4 min

7.85 min
8.90 min

15.4 min

7.57 min
8.90 min

13.9 min
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2-Thiouracil, a monovalent anion, was affected to a lesser extent than 5-car
boxy-2-thiouracil, a divalent anion, as a result of the change in ionic strength because
the change in retention of a monovalent analyte due to a change in the concentration
of a divalent eluent ion (CO z-) is one-half that of a divalent analyte'". Table III
indicates that during methods development on a multi-phase column adsorption re
tention selectivity for neutral compounds and ion-exchange selectivity can be manip
ulated independently providing relatively easy control over the selectivity power of
the column. Carrying this to a logical extreme, Fig. 8 shows it is possible to elute
analytes by class. Neutral analytes are eluted first with an eluent containing solvent
and water only, with no buffer added. After all neutral compounds are eluted the
eluent is changed to lower solvent and a gradient of ionic strength to elute the anionic
analytes. This capability has implications for "on-column" sample clean-up as well as
two dimensional selectivity control on one column. We have already begun demon
strating in our lab the feasibility of selectively eluting otherwise interfering neutral
compounds prior to elution of ionic compounds of interest, or vice versa, within one
injection.

CONCLUSIONS

A new type of multi-phase material that combines strong base anion-exchange
retention and adsorption retention has been developed. The construction of this mul
ti-phase column aIIows simultaneous ion-exchange and ion-pair or adsorption reten
tion combining the positive attributes of both retention mechanisms. The ability to
use solvents in conjunction with ion-exchange was discussed and the significant im
provement of gradient focusing power (efficiency) of an ion-exchange salt gradient for
some organic ions, over reversed-phase ion pair or ion suppression was demonstrat
ed. PeIIicular ion-exchangers built on a highly cross-linked, neutral, hydrophobic

1011

2
4

13

1
8

9

5
12

3
6

I ll7~
R.""rsedPh... ..J- ~n E,cI1ange

I I I I '1
10 15 20

Minutes
25 30

Fig. 8. Two-dimensional chromatography with a single column. OmniPac PAX-500 column, I mljmin.
Absorbance detection 254 nm, 0.1 AUFS. 1O-.u1 injection loop. Gradient: 80% (v/v) acetonitrile isocratic
for 10 min; at 10.1 min: 20% (v/v) acetonitrile, 0.050 M NaCl, 0.0002 MNaOH, which is ramped to 20%
(v/v) acetonitrile, 0.4 M NaCI, 0.0016 M NaOH in 10 min and held isocratic for 10 min. Peaks: I =

benzylalcohol; 2 = diethyltoluamide; 3 ":' benzene; 4 = benzoic acid; 5 = benzenesulfonic acid; 6 =

toluenesulfonic acid;.7 = p-chlorobenzenesulfonic acid; 8 = p-bromobenzoic acid; 9 = phthalic acid; 10
= terephthalic acid; II = p-hydroxybenzenesulfonic acid; 12 = 1,3,5-benzenetricarboxylic acid; 13 =

I,2,4,5-benzenetetracarboxylic acid.
•
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substrate allow a new dimension in selectivity control for ion exchange, by allowing
control of the ion-exchange gel phase cross-link with solvent concentration as well as
changing ion-exchange selectivity by the nature of the solvent. Because ion exchange
and adsorption are independent retention mechanisms they can be independently
controlled on the multi-phase column providing two-dimensional selectivity control
that has on-column sample preparation implication as well as analyte selectivity
control. Ion-pair and ion-suppression techniques practiced on reversed-phase systems
are a means for dealing with ionic organic analytes with a technique that doesn't
handle ionic analytes well. The new multi-phase columns could well eventually re
place reversed-phase ion-pair and ion-suppression techniques for many applications,
and realize the potential of ion exchange alluded to by Horvath.
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MICROPELLICULAR STATIONARY PHASES FOR RAPID PROTEIN
ANALYSIS BY HIGH-PERFORMANCE LIQUID CHROMATOGRAPY

KRISHNA KALGHATGI

Department of Chemica/Engineering, Yale University, New Haven, CT 06520-2159 (U.S.A.)

SUMMARY

The high separating speed, efficiencyand operational stability of various micro
pellicular stationary phases are demonstrated in the high-performance liquid chroma
tography (HPLC) of biopolymers. The micropellicular sorbents were prepared from
2-,um fluid-impervious silica micro spheres as the support, with a thin layer of different
retentive materials at the surface. These include a molecular fur of octyl or stearyl
chains for reversed-phase chromatography as well as a hydrophilic layer with amino
groups and polyethylene glycol chains for anion-exchange and hydrophobic interac
tion chromatography, respectively. The use of appropriate micropellicular stationary
phases for protein separation by metal-interaction and affinity chromatography is
also illustrated. In most cases, operation at elevated column temperature was found
to be preferable for rapid separations. Preliminary results show that the stability of
micropellicular columns compares very favorably with that of columns conventional
ly used in HPLC and that they are easy to maintain.

INTRODUCTION

Reversed-phase chromatography (RPC) continues to be a leading analytical
technique for separation of proteins and peptides. The success of this method is due
to its general applicability, availability of highly efficient columns and of highly so
phisticated (HPLC) instrumentation. By virtue of its versatility, RPC has successfully
met the new challenges of modern biotechnology in both analytical and preparative
chromatography of biological macromolecules'<". Recently, there has been consid
erable interest in further improvement of speed and column efficiencyby employment
of micropellicular stationary phases for the separation of biopolymers 4-11. In com"
parison to the usual porous sorbents, pellicular sorbents allow faster mass transfer
due to the absence of intraparticle diffusional resistances. This leads to higher column
efficiency, particularly at relatively high flow velocities and for large molecules with
low diffusivity. Due to the solid, fluid-impervious core and low surface area, the
micropellicular stationary phases are generally more stable at elevated temperature
than conventional, porous column materials. An increase in temperature results in
the improvement of sorption kinetics as well as an increase in solute diffusivity, with a
concomitant decrease in the viscosity of the mobile phase. Therefore, use of small-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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particle, pellicular stationary phases and elevated temperatures, together, are expect
ed to facilitate rapid analysis of proteins, peptides and other biopolymers.

Historical background
The role and importance of mass transfer in chromatographic processes is well

described in the literature1 2
- 1 5 and therefore, appropriate choice of conditions that

provide favorable mass-transfer properties is essential for high-efficiency separations.
Particle size is an important parameter contributing to the efficiency of the column
and reduction in particle size leads to greater column efficiency. However, this ap
proach is generally restricted by the concomitant decrease in column permeability due
to excessive pressure. Another important factor is the support material itself. In
column liquid chromatography of proteins the packing material has consisted of
porous particles, which are characteristically weak and have a low efficiency, due to
diffusional resistances in the stagnant mobile phase in the retentive material. At
tempts to improve mass-transfer properties of the stationary phase have been met,
with limited success, in the 1950s by the use of surface-coated packings, such as
Celite, coated with a layer of ion-exchange resins for the separation of proteins'P- 17
or by the use of polyethylenimine (PEI)-coated cellulose for the separation of nucleic
acid constituents by thin-layer chromatography'". With the advent of HPLC, anoth
er approach was used to reduce diffusional resistance to mass transfer by reducing the
diffusional path length in the stationary-phase support. Horvath and co-workers 19-24

were first to demonstrate the merits of pellicular stationary phases in HPLC, and this
approach was further pursued by Kirkland2 5

,2 6 . The separation of nucleic acid con
stituents on the pellicular ion exchangers, prepared from relatively large glass beads
[particle size (dp) ~ 40 pm] as supports, marked an advance in stability at elevated
temperature and pressure, in separation efficiency, and in high-speed analysis by
HPLC. The concept of pellicular sorbents was successfully extended also to the use of
immobilized enzymes!" ,28. In the early years of HPLC, a wide variety of these sor
bents found commercial applications". They were made from relatively large glass
beads and used for the separation of small molecules.

Advances in particle classification technology in the late sixties led to the com
mercial availability of 5- or lO-pm particles with narrow particle size distribution.
This was the beginning of an era of bonded phases on totally porous microparticulate
supports. This brought about the decline in the use of pellicular sorbents of much
greater particle size. The microparticulate porous bonded phases had greater effi
ciency and higher sample load capacity. In addition, availability in the last decade of
a wide variety of totally porous supports in a wide range of particle sizes and poros
ities has established such porous microparticulate stationary phases as a standard in
HPLC of small molecules.

In recent years HPLC has made very significant advances in the separation of
large molecules of biological origin. Such compounds are generally analyzed by gra
dient elution by the use of columns packed with small particles (3-10 pm in size) with
relatively large pores (300-500 A). However, low diffusivity of biopolymers and re
stricted mass transfer in the porous interior of the column packings often results in
long analysis times for high-molecular-weight substances. Even the macroporous
(pore size > 50 nm) stationary phases have been described as showing poor perform
ance, as well as low recovery of mass and biological activity". Although an increasing



RAPllJ PROTEIN ANALYSIS BY HPLC 269

pore diameter is expected to alleviate some of these problems, particles with very large
pores (> 1000 A) do not possess sufficient mechanical strength for use in HPLC. In
the mid-1980s, Unger and co_workers5 ,2 9 , 3 o revived the concept of pellicular sorbents,
and introduced 1.5-j1m, monodisperse, non-porous, reversed-phase silica packings
into biopolymer chromatography, This was followed by other micropell1icular sor
bents, based on siliceous8- 10 , 3 1 , or polymeric4 ,7 , 1 1,3 2 , 3 3 supports for the HPLC of
large molecules. Recent work 8- 1 0 ,3 3 from our laboratory has demonstrated the mer
its of micropellicular sorbents in allowing high speed of analysis and high column
efficiency. Furthermore, their superior stability at elevated temperature for protein
separation and peptide mapping, has also been established 8

. This study illustrates the
versatility of micropellicular stationary phases in HPLC for rapid separation of pro
teins by different types of chromatography.

EXPERIMENTAL

Materials
Insulin, ribonuclease A, a-chymotrypsinogen A (all from bovine pancreas),

cytochrome c (horse heart), lysozyme (chicken egg white), myoglobin (sperm whale),
{I-lactoglobulin A (bovine milk), ovalbumin (chicken egg), concanavalin A (Con A)
(jack bean), a-methylmannoside and trifluoroacetic acid (TFA) were purchased from
Sigma (St. Louis,MO, U.S.A.). r-Human growth hormone (r-hGH) and tissue plas
minogen activator (r-tPA) were from Genentech (South San Francisco, CA, U.S.A.).
N-Tosyl-L-phenylalanine chloromethylketone (TPCK)-treated trypsin was obtained
from Worthington (Freehold, NJ, U.S.A.). Iminodiacetic acid (IDA) disodium salt,
ethylene diamine tetraacetic acid (EDTA) tetrasodium salt, polyethylene glycol
(PEG) 600, polyethylenimine (PEl) 600, y-glycidoxypropyltrimethoxysilane, boron
trifluoride etherate, NiS04 . 7H20 were obtained from Aldrich (Milwaukee, WI,
U.S.A.). HPLC-grade acetonitrile, methanol, reagent-grade orthophosphoric acid
and buffer salts were from J. T. Baker (Phillipsburg, NJ, U.S.A.). Tetraethylammoni
um hydroxide (TEAH) and octylsodium sulfate were products of Eastman Kodak
(Rochester, NY, U.S.A.). Eluents were prepared with deionized water, prepared with
a NanoPure system (Barnstead, Boston, MA, U.S.A.), filtered through a 0.45-j1m
filter, and degassed by sparging with helium before use.

Instruments
A Hewlett Packard Model 1090 Series M liquid chromatograph (Avondale,

PA, U.S.A.), equipped with a ternary DR5 solvent delivery system, diode-array de
tector, ColorPro graphic plotter and autosampler, were used. The chromatographic
system and data evaluation were controlled by Series 79994A Chern Station comput
er. The column effluent passed through heat exchangers in the diode-array detector
before entering the flow cell.

Other experiments wre carried out with a Series 400 pump and a Model LC 95
detector, both from Perkin Elmer (Norwalk, CT, U.S.A.), which were assembled with
a heat exchanger coil and a Model 7125 injector (Rheodyne, Cotati, CA, U.S.A.).
temperature circulating bath (Haake Buchler, Saddlebrook, NJ, U.S.A.). The flow
cell of the detector was pressurized, and the chromatograms were processed by C"
R3A Chromatopak integrator (Shimadzu, Columbia, MD, U.S.A.).
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Column stability measurements were performed by using a chromatograph
assembled together with a Series 10 pump, Model LC 65T detector/oven (both from
Perkin Elmer), and a Model 728 autosampler from (Micromeritics, Norcross, GA,
U.S.A.). Silica micro spheres were sized by Model CAPA-700 particle size analyzer
(courtesy of M. Perlstein, Horibo Instruments, Irvine, CA, U.S.A.).

Columns
Non-porous silica microspheres (dp = 2 j.Lm) and Hy-Tach C18 micropellicular

reversed-phase columns were obtained from Glycotech (Hamden, CT, U.S.A.). Con
canavalin A (Con A) was bound to non-porous silica microspheres according to the
procedure described previously1o. The micropellicular anion exchanger was prepared
by reaction with y-glycidoxypropyltrimethoxysilane to form epoxy silica, followed by
treatment with PEl, according the procedure of Regnier and Noe13 4

. Similarly, the
micropellicular stationary phase for hydrophobic interaction chromatography (HIC)
was prepared by reaction of epoxy silica with PEG in the presence of boron trifluo
ride. In most cases, the stationary phases were packed into 30 x 4.6 mm J.D. col
umns. The 0.5-j.Lm dual-density frits (Mott Metallurgical, Farmington, CT, U.S.A.)
and connecting lines were made of No. 316 stainless-steel.

Experiments with a totally porous stationary phase were carried out by using a
Vydac C18 column (Type 2l8TP54, 250 x 4.6 mm 1.0., Separations Group, Hespe
ria, CA, U.S.A.).

Procedures
Reduction, S-carboxymethylation of r-tPA, and subsequent digestion with

trypsin were carried out according to the procedure described previously". Sample
injections were made to coincide with the commencement of the gradient, and actual
gradient profiles were determined by tracer technique",

RESULTS AND DISCUSSION

Stability of micropellicular sorbents
A scanning electron micrograph of non-porous silica microspheres is shown in

Fig. 1. These particles have a nominal diameter of2 j.Lm and exhibit a narrow particle
size distribution, as shown in Fig. 2. The specific surface area was found to be 1.20
m2/g by the BET method. This is in agreement with the calculated value (1.35 m2/g)

for the geometric surface area, of solid spheres 2 j.Lm in diameter and, thus, suggests
the absence of internal pore structure in the silica microspheres. Due to very small size
and lack of porosity, the columns packed with such silica particles are expected to be
much more stable at high inlet pressures and elevated temperature than traditional
HPLC packings made from porous silica or polymeric supports. The stability of
micropellicular C 18 stationary phase was investigated at elevated temperature in acid
ic and moderately alkaline medium. The column performance was tested for the
separation of standard proteins at various stages of elution with the mobile phases
given in Table I. The chromatograms in Fig. 3 showed no sign of deterioration of the
column after pumping 35 000 and 30 500 column void volumes of acidic and alkaline
eluents, respectively, at 80°C. Stability was also tested under conditions analogous to
those employed in protein chromatography for cleaning of the column by injecting an
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Fig. I. Electron micrograph of micropellicular silica.
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ap pro priate cleansing age nt. Micropellicular C I 8 sorbents were stable after 128 in
jections (70 pi each) of 0.25% TEAH (pH 12), and perfusio n with 6000 column void
volumes of the mobi le phase at pH 9.0. However, the column performance was se
verely affected by injection of TEAH at a higher concentration ( I% , pH 13) or 0.1 M
sodium hydroxide.

Reversed-phase chromatography
Rapid analysis. RPC is an increas ingly used meth od of ana lysis for proteins and

pep tides. It is employed successfully for the determination of sample composition ,
assay of purity for the detection of trace impurities in protein sam ples, and for mon
itoring of biological processes1,2 . Previous work from this laboratory has shown that
silica-based micropellicular stationary phases can be successfully used for rapid pro
tein ana lysis", peptide mapp ing? and trace analysisl ". The absence of pore struct ure
in microp ellicular sorbents, which pro vide significant adva ntages, such as complete
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Fig. 2. Pa rticle size d istributi on of micrope llicular silica . A suspension of sillica bead s (100 mg) in 25 ml of
water was sonica ted for 30 min and the particle size was anal yzed with a Model CA PA-700 particle size
ana lyzer.
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TABLE I

STABILITY OF MICROPELLICULAR STATIONARY PHASES

,
K. KALGHATGI

Micropellicular CIS columns, 30 x 4.6 mm I.D., were maintained at 80·C in an oven and perfused with the
eluents listed below . The performance of the column at each step was tested for separation of proteins, as
described in Fig. 3.

Column perfusate pH Volume" Injection" Test of
effi ciency'

Methanol-water (1:1, v(v) + 0.1% TFA 2.0 3500 NC
Methanol-water (45:55, v(v) + 0.1% TFA 2.0 8000 NC
Methanol-water (15:85, v(v) + 0.1% TFA 2.0 5500 NC
Methanol-water (15:85, v(v) + 0.1% TFA 2.0 9000 NC
50 mM Ammonium bicarbonate 8.5 9000 NC
50 mM Tris-orthophosphoric acid 8.5 9000 NC
Methanol-50 mM Tris (15:85, v(v) 9.0 12500 NC
50 mM Trisodium phosphate 11.0 5500 LE
50 mM Tris-phosphoric acid 8.5 6000 0.25% TEAH NC
50 mM Tris-phosphoric acid 8.5 3000 1.0% TEAH LE
50 mM Tris-phosphoric acid 8.5 3000 0.1 MNaOH LE

" Expressed as column void volumes.
b Sample (70 JlI) injected 64 times at 5-min interv als during perfusion of the column.
c NC = no change in column performance; LE = loss of column efficiency.
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Fig. 3. Stability of micropellicular CIS stationary phase. Columns (30 x 4.6.mm I.D .) were eluted with
various mobile phases under conditions described in Table 1. Sample, 20 Ill, containing 0.5 Ilg each of
ribo nuclease A (I) , cytochrome c (2), lysozyme (3) and p-Iactoglobulin A (4); flow-rate, 3 ml/min ; temper
ature, 80·C; eluent A, 0.1 (v(v) aqueous TFA; eluent B, 95% aqueous acetonitrile containing 0.1% (v(v)
TFA. The sample components were eluted by a linear increase of eluent B from 20 to 90% in 1.5 min.
Chromatogram A was obtained at init ial stage of a newly packed column, whereas Band C were obtained
with the same column after elution with 26 000 column void volumes of aq ueous methanol con taining
0.1% (v(v) TFA, 9000 column void volumes each of 50 mM NH 4HC03• Tris-orthophosphoric acid (both
pH 8.5) and 50 mM Tris (pH 9.0).
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exposure to large molecules and rapid solute equilibration with the stationary phase,
is demonstrated in Fig. 4 by high-speed analysis of five proteins in less than 8 s.
Current practice of protein chromatography does not require analyses to be carried
out in seconds, and analysis on a time scale of seconds imposes additional constraints
on the instrumentationP"?". The results presented here demonstrate the potential of
micropellicular sorbents for fast analysis of biological macromolecules.

Comparison with totally porous stationary phases. Columns packed with micro
pellicular (2 pm) and totaly porous (5 pm; 300 A) reversed-phase sorbents were used
for the separation of proteins. The analyses were carried out at constanttemperature,
Column inlet pressure and gradient conditions were optimized for each column to
achieve base-line resolution of all components. Although both columns provided
excellent resolution of five proteins at room temperature, the analysis time was three
times shorter with the micropellicular column (Fig. 5A and B). Since the speed of
analysis is proportional to the velocity of the mobile phase, it is necessary to operate
the column at flow-rate as high as possible without significant loss in separation
efficiency.This approach is limited by (i) pressure constraints due to low permeability
of the columns packed with micropellicular sorbents and (ii) significant departure
from the minimum of the Van Deemter curve,resulting in loss ofefficiencyfor porous
particles 15. At elevated temperature, the solute diffusivity and sorption rates increase,
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Fig. 4. High-speed analysis of proteins. Column, 5.0 x 4.6 mm I.D. micropellicular CIS; flow-rate, 5
ml/min; temperature, 80·C; sample, ca. 100 ng each of ribonuclease A (I), cytochrome c (2), lysozyme (3),
L-asparaginase (4) and f3-lactoglobulin A (5). Elution was carried out by a linear gradient of acetonitrile
from 18 to 90% in 30 s.

Fig. 5. Reversed-phase chromatography of proteins on micropellicular (A) and totally porous (B) station
ary phases. Sample components were ribonuclease A (I), insulin (2), lysozyme (3), myoglobin (4) and
r-hGH (5); temperature, 22OC. For details see Table II.
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leading to reduction of plate height and abatement of pressure restrictions". In
contrast with porous supports, the micropellicular packings can be used at elevated
temperatures without adverse effect on column performance. Due to the absence of
pores in micropellicular sorbents, columns packed with such stationary phases can be
regenerated faster than those with porous stationary phases after gradient elution. A
comparison of operating conditions and productivity of protein chromatography
with micropellicular and totally porous stationary phases is given in Table II. Where
as both types of columns yielded satisfactory results for the resolution of sample
components, the micropellicular column had a shorter cycle time and consumed less
solvent than the column with porous stationary phase, On the other hand, the col
umns with conventional porous stationary phases have certain advantages, such as
greater column permeability and higher load capacity, which can be important in
certain applications.

Other methods of protein chromatography. The surface of non-porous silica
microspheres was modified with appropriate functions and the stationary phases thus
obtained were used in the separation of proteins by ion-exchange HIC and metal
interaction chromatography (MIC). A commercial sample of ovalbumin was ana
lyzed in 2 min with a salt gradient on a micropellicular PEl column. Various peaks in
Fig. 6 represent the microheterogeneity of ovalbumin due to glycosylation and phos
phorylation of the protein3 9 ,4 0 . Figs. 7 and 8 illustrate the rapid separation of pro
teins by HIC and MIC, respectively.
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C III
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Fig. 6. Ion-exchange chromatography of commercial ovalbumin. Column, micropellicular PEl (30 x 4.6
mm I.D.). The sample components were eluted by a linear increase of NaCI from 0 to 0.5 Min 5 min with
25 mM phosphate buffer (pH 7.5). The main peak represents ovalbumin and its glycosylated/phosphory
lated conformers are shown by the minor peaks. Flow-rate, 2 ml/min; temperature, 70'C.

Fig. 7. Hydrophobic interaction chromatography. Column: micropellicular polyether (30 x 4.6 mm I.D.);
flow-rate, 3 ml/min; temperature, 50'C. Sample components, cytochrome c (I), ribonuclease A (2), lyso
zyme (3) and «-chymotrypsinogen (4). Eluent, decreasing gradient of ammonium sulfate from 3 to 0 Min 3
nun.
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Fig. 8. Metal-interaction chromatography. Column, micropellicular IDA complexed with nickel (30 x 4.6
mm I.D.). Sample components: ,B-1actoglobulin A (I), chymotrypsinogen A (2), cytochrome c (3) and
lysozyme (4). Eluent, linear gradient of NaCI from 0 to 0.5 M in 3 min; flow-rate, 2 ml/min; temperature,
50'C.

Fig. 9. Separation of glycopeptides and non-glycopeptides in a tryptic digest of r-tPA. Column, micropel
licular Con A (30 x 4.6 mm J.D.). The protein digest (25 fJ.g) was injected and the bound fraction,
containing the glycopeptides, was eluted with 50 mM o-methylmannoside (2 min) in the starting eluent,
consisting of 25 mM Tris-Q.15 mM NaCI (pH 7.5); flow-rate, I ml/min; temperature, 25'C.

Combination of chromatographic techniques (LC-LC). Since micropellicular
stationary phases are suitable for rapid analysis of proteins and peptides on a time
scale of a few minutes or less, it seemed appropriate to explore a combination of more
than one chromatographic technique (LC-LC) for the separation of complex mix
tures of biological substances. An example shown is the separation of glycopeptides
and non-glycopeptides in the tryptic digest of r-tPA by rapid affinity and RPC. A
micropellicular Con A column was used for fractionation ofglycopeptides and non
glycopeptides (Fig. 9). In this experiment, various peptides in the original digest as
well as the glyco- and non-glycopeptides fractions were separated off-line by RPC. As
shown in Fig. 10, excellent separation of peptides was obtained in less than 15 min.
The glycopeptide fraction contained a predominant peptide, eluted shortly after 8
min and a few components in trace amounts with retention times of 0.6 and 7.5-8.0
min. Although no effort was made to characterize the sugar moiety in the peptide (a
retention time of 8.2 min), its absence in the non-glycopeptide map is taken as suffi
cient evidence for a glycopeptide. These results are in agreement with the chro
matographic profiles described by Spellman't '.

CONCLUSION

Micropellicular stationary phases have particle diameters about 20 times
smaller than those of conventional pellicular sorbents which played an important role
in the early days of HPLC. Columns packed with micropellicular sorbents are emi-
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Fig. 10. Separation of tryptic fragments of r-tPA. Column, micro pellicular C t s (75 x 4.6 mm 1.0.). The
flow-through fraction (non-glycopeptides) and glycopeptide fraction (Fig. 9) were freeze-dried prior to
injection into the column. Eluent A, 50 mM phosphate buffer, containing I mM octylsodium sulfate (pH
2.8); eluent B, 60% (v/v) acetonitrile (ACN) in 50 mM phosphate buffer (pH 2.8); flow-rate, 1.5 ml/min;
temperature, 80°C.

nently suitable for the chromatography of proteins and offer a gain in separating
speed, efficiency, stability and reproducibility comparable to that brought about by
the introduction of microparticulate stationary phases in HPLC. The advantages of
micropellicular sorbents demonstrated here are expected to secure for them an impor
tant place in the growing list of novel stationary phases for HPLC.
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AN ALKYL-BONDED SILICA PHASE IN REVERSED-PHASE HIGH
PERFORMANCE LIQUID CHROMATOGRAPHY

SUSAN PEDIGO and LARRY D. BOWERS·

Department of Chemistry and Department of Laboratory Medicine and Pathology, University ofMinnesota,
420 Delaware St. S.£., Minneapolis, MN 55455 (U.S.A.)

SUMMARY

The two most obvious differences between alkyl-bonded silica phases and
polystyrene-divinylbenzene resins as reversed-phase chromatographic supports are
the aromaticity and the lack of hydrogen bonding ability in the polymeric resin. The
effect of these differences on the selectivity for a set of small solutes was studied
through the use of asolvatochromic comparison method, For retention on a polymeric
phase for mobile phases with the modifiers methanol and acetonitrile, the linear
solvation energy relationship indicated an increased dependence on the polarizabil
ityjdipolarity ofsolutes. For the modifier tetrahydrofuran, retention on the poly
styrene-divinylbenzene resin was indistinguishable from that on the alkyl-bonded
silica phase. The hydrogen bonding ability of a solute was found to playa greater role
in retention on alkyl-bonded silica than on the polymeric resin for all three modifiers,
Since the mobile phase compositions were chosen such that the Hildebrand solubility
parameters were equal, the dependence of retention on molar volume was found to be
the same for all mobile phase-stationary phase combinations examined,

INTRODUCTION

Silica-based bonded phases currently dominate the high-performance chro
matographic field as stationary phase materials, In order to be chromatographically
useful, stationary phases must meet many requirements, such as mechanical stability at
high pressure and chemical inertness toward chromatographic solvents, Although
these characteristics are met by silaceous stationary phase materials, problems
inherent in the silica support material present limitations, Instability at high pH and
the presence of residual silanol groups, which have been implicated as a source of poor
protein recovery! and poor peak symmetry in amine chromatography", are most
frequently mentioned. These problems have generated interest in exploring non
silaceous alternatives as reversed-phase sorbents.

Polystyrene-divinylbenzene (PS-DVB) polymeric materials meet the require
ments of mechanical stability and chemical inertness, Since they are stable in alkaline

.solution, they present an alternative to alkyl-bonded silica as a reversed-phase

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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material. There are two obvious structural differences between alkyl-bonded silica
phases and PS-DVB resins as reversed-phase materials. These are the aromaticity of
the polymeric phase and its lack of silanol groups. These differences are significant
because they may influence selectivity. Because of the potential impact of polymeric
stationary phases, it is important to characterize their chromatographic behavior,
particularly in comparison with alkyl-bonded silica phases.

The behavior of PS-DVB as a reversed-phase sorbent has been studied under
a variety of mobile phase conditions including pR3

-
7

, electrolyte concentratiorr':" and
mobile phase modifiert-", Of these factors the role of the mobile phase modifier has
been studied most extensively. Mori 8 and Robinson et al," discussed the influence of
solvent polarity on the chromatographic separation mode. They found that as the
solvent became more polar, the separation mode changed from adsorption to gel
permeation and then to reversed-phase partition. Several authors have used a reten
tion index scale to compare solvent-dependent selectivity differences for the elution of
solutes from PS-DVB resins 9- 1 1 .

In a previous paper1 2
, we reported the solvent-dependent differences between

the performance of a hydrophobic polymeric resin and an alkyl-bonded silica phase.
A distinct correlation exists between peak symmetry and the swelling of the polymeric
stationary phase. The observed changes in the polymer beads appear to be intra
particulate. Some solvents, such as tetrahydrofuran (TRF), swell the polymer with
a concomitant improvement in the peak symmetry. Conversely, a more hydrophilic
solvent, such as methanol, shrinks the polymer and asymmetric peaks are observed.
This suggests a significant difference in the nature of the stationary phase or the
retention mechanism depending upon the mobile phase modifier. Although interest
ing, none of the work done so far elucidates the role of aromaticity and hydrogen
bonding in the retention process.

Several recent reports in the literature on the comparison of solvatochromic
polarity measurements with chromatographic retention-V'" will allow us to address
these issues directly. These research workers have utilized a solvatochromic com
parison technique to isolate several properties of a solvent previously dealt with under
a collective "polarity" value. The solvent properties include the hydrogen bond
accepting (RBA) basicity!", hydrogen bond donating (RBD) acidity'" and the
polarizability/dipolarity!" of a solvent. In a linear solvation energy relationship
(LSER), these solvatochromic parameters are useful for discussing solute-solvent
interactions'". Taft etal:'? used LSER to predict octanol-water partition coefficients.
Sadek et al. 1 3 used the same approach for examining retention in reversed-phase
high-performance liquid chromatography (RP-RPLC). The combination of the
solvatochromic parameters of the solute with the molar volume ofthe solute in a LSER
were shown to correlate with log k' (capacity factor) values, determined experimental
ly. We chose this method for the present study because of the information it can yield
about the stationary phases involved.

According to the solvatochromic comparison method, a solubility property (SP)
of a solute is given by the following equation.

Previously established19 rules for the symbols will be followed: i.e. I, 2, and 3 denote
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the mobile phase, stationary phase and the solute, respectively; the molar volume,
dipolarityj polarizability, hydrogen bond donating acidity and accepting basicity are
denoted by V, n*, IX, and fJ, respectively. The last term in eqn. I will be omitted for
reasons discussed elsewhere18

. Eqn. 1 may be represented as follows

SP = SPo + mVjlOO + sn* + bfJ (2)

The magnitudes of the coefficients m, s, and b are due to a difference between mobile
phase and stationary phase properties. The sign of the coefficient is determined by
whether the term represents an exoergic or endoergic factor in the retention process. In
the case ofreversed-phase chromatography, SP is the logarithm of the capacity factor.

In the present study, two types of stationary phase were examined, an
octadecyl-bonded silica (ODS) and two PS-DVB polymeric resins. The retention of
twelve test solutes was compared for the two stationary phase materials under the same
mobile phase conditions. We correlated retention data for the solutes with their
solvatochromic parameters. In identical mobile phases, differences in the coefficients
in eqn. 2 indicate differences in the stationary phases. In addition, we looked at overall
selectivity differences between the phases under the same conditions.

EXPERIMENTAL

Table I lists the test solutes and their solvatochromic parameter values. All of the
solutes are small aromatic compounds, which were chosen to span a wide range of V,
n* and fJ values. This is important in order to have a statistically meaningful
correlation in eqn. 2 with a limited number of solutes. All of the solutes were obtained
from Aldrich (Milwaukee, WI, U.S.A.), and diluted in the mobile phase prior to
injection. Samples contained 1to 2 /lg, depending upon the solute. Because of apparent
problems with isotherm non-linearity at relatively low solute concentrations (5.
/lgjinjection), a study was performed for each test solute to ensure that data were taken
in a linear portion of the isotherm. The non-linearity was observed on all polymeric
columns tested.

Mobile phases were prepared with water purified by the Milli Q system
(Millipore, Milford, MA, U.S.A.). Unless otherwise noted, the mobile phase modifiers
methanol, acetonitrile and THF (Fisher Scientific, Fairlawn, NJ, U.S.A.) are in the
concentrations 70%, 50% and 40%, respectively. At these volume fractions, the
Hildebrand solubility parameters/? are nearly equal for the mixtures. The system
dead-volume was determined with either uracil or 2H20 (Aldrich).

Three columns were used in this study. They included a PLRP-S column (40 x
4.6 mm J.D., 300 Apores, 8-/lm particle diameter) from Polymer Labs. (Amherst, MA,
U.S.A.), a PRP-l column (150 x 4.6 mm J.D., lO-/lm particle diameter) from
Hamilton (Reno, NY, U.S.A.), and a Hypersil ODS column (20 x 4.6 mm J.D., 5-/lm
particle diameter) from Shandon (Sewickley, PA, U.S.A.). The last column was
upward-slurry-packed in methanol in our laboratory.

The chromatographic system consisted of a Beckman 110A pump (Fullerton,
CA, U.S.A.), Rheodyne Model 7125 valve (Cotati, CA, U.S.A.) with a 20-/l1100p, and
a Perkin Elmer LC-15 detector (Norwalk, CT, U.S.A.) at 254 nm. The detector was
equipped with a Max-N flow-cell and associated electronics (LDCjMilton Roy,
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TABLE I

SOLVATOCHROMIC PARAMETERS" TOR SELECTED SOLUTES AND SOLVENTS

n* fi V!lOO IX

Solutes
Benzene 0.59 0.10 0.989
Toluene 0.55 0.11 1.l39
tert.-Butylbenzene 0.49 0.12 1.649
ChIoro benzene 0.71 0.07 1.118
lodobenzene 0.81 0.05 1.215
Benzyl alcohol 0.80 0.55 1.169
Anisole 0.73 0.22 1.186
2-Phenyl-2-propanol 0.75 0.61 1.305
Acetophenone 0.90 0.49 1.269
Nitrobenzene 1.01 0.30 1.129
3-Nitrotoluene 0.97 0.31 1.285
Benzonitrile 0.90 0.37 1.l30

Solvents
Methanol 0.60 0.93
Acetonitrile 0.75 0.19
Tetrahydrofuran 0.58 0.00
Water 1.09 1.17
Aliphatics 0.00 0.00

a Taken from ref. 25. Solvatochromic parameters defined in text.

Riviera Beach, FL, U.S.A.). All experiments were performed at room temperature.
Quadruplicate experiments were performed for all solutes. The data were taken on
a strip-chart recorder: When the peaks were asymmetrical (B/A > 1.6)21, the data
were acquired with an Apple Ile computer equipped with an Adalab board (Interactive
Microware, State College, PA, U.S.A.) and stored with the Vidichart program. The
data were subsequently analysed for the peak centroid via a moments program. The
experimental k' values were regressed against the solvatochromic parameters via
a standard multivariable least-squares linear regression program.

RESULTS AND DISCUSSION

As an initial test of our solute set, we compared values obtained on a ODS
bonded phase with values in the literature for similar conditions. Table II contains the
regression results for eqn. 2 for alkyl-bonded silica data sets. These include the present
data, the data of Smith'f and the data ofHaky and-Young'". The regression results of
the data of Smith and ofHaky and Young were previously reported by Sadek et al.1 3

•

The present data and Smith's data were obtained with identical mobile phase systems
and columns (HypersiI ODS). Even though only three of the test solutes were common
to the two data sets, the correlations were statistically equivalent. Likewise, the
regression results were the same for our data and the data of Haky and Young, even
though the mobile phase compositions and the size of the solute data sets were
different. We take this agreement as evidence that our selection of solutes is valid for
evaluating the solvatochromic parameters. Table IIIcontains the regression results for
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TABLE III

LOGk' DATA AND SOLVATOCHROMICPARAMETERS FORA PLRP-S STATIONARY PHASE

Chromatographic conditions and terms defined in Table II.

Solute Methanol Acetonitrile Tetrahydrofuran

Benzene 1.139 0.769 0.611
Toluene 1.559 0.999 0.820
tert.-Butylbenzene 1.458 1.163
Chlorobenzene 1.547 1.056 0.801
Iodobenzene 1.387 0.963
Benzyl alcohol 0.093 -0.197 -0.247
Anisole 1.381 0.755 0.576
2-Phenyl-2-propanol 0.400 0.071 0.075
Acetophenone 0.959 0.382 0.134
Nitrobenzene 1.218 0.649 0.482
3-Nitrotoluene 1.405 0.886 0.709
Benzonitrile 0.850 0.446 0.247

SPo -1.75±0.63 -0.65±0.29 -0.41 ±0.39
m 2.80±0.59 1.31±0.18 1.04±0.20
-b 3.39±0.30 2.60±0.16 2.06±0.19
s 0.73±0.31 0.64±0.20 0.31 ±0.23
r 0.979 0.988 0.976
Average residual 0.12 0.09 0.10

the data obtained with the two polymeric stationary phases. The differences between
the two phases will be discussed as they are reflected in the individual coefficients.

Generally, the molar volume coefficient (m) is always large and positive. The
cavity-forming process is energetically unfavorable in the aqueous mobile phase. As
a result, an increase in the molar volume of a solute results in an increase in retention.
For the sake of simplicity, the specific forces determining the magnitude of mare
neglected, except for its dependence upon the Hildebrand solubility parameter (see
eqn. I). Since the <5 2 values for the solvent systems are nearly equal and <5 2 for the
non-polar stationary phases is small, the value of m (molar volume coefficient) should
be nearly equal for the data correlations involving all solvent-stationary phase
combinations tested in this experiment (see Tables II and III). The single obvious
exception is methanol-water (70:30). In this case the organic modifier is also
a hydrogen-bond donor, as will be discussed below.

The dependence ofretention upon the hydrogen bond forming abilities of the
stationary and mobile phases is a complex issue. One would expect that if a solute can
form a hydrogen bond, it will do so with the mobile phase, thereby decreasing its
retention relative to a non-hydrogen bond-forming solute. For this reason, the
coefficient b is negative and always significant in the correlation of log k' with the
solvatochromic parameters in eqn. 2. Hydrogen bonding in the mobile phase can occur
with water and, in some situations, with the modifier, depending upon the nature of the
modifier. Generally, the water in the mobile phase would be expected to dominate the
hydrogen bond donating character of that phase. A mobile phase mixture with less
water will show less of a dependence upon the hydrogen bond accepting ability of
a solute. Our data yield two examples of this. For acetonitrile-water mobile phases on
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PLRP-S, the magnitude of b (coefficient of hydrogen bond-donating acidity) decreases
as the water content changes from 50% to 30%. The same decrease is seen for
methanol-water mixtures. The - b for 70% methanol is 3.39 (±0.30) (see Table III),
and for 85% methanol it is 2.56 (± 0.37). This decrease in the magnitude of the
coefficient of hydrogen bond-donating acidity (b) does not indicate that an increased
modifier concentration increases retention; rather it indicates a decrease in the
importance of the hydrogen bond-accepting basicity of a solute as a factor in the
retention process as the concentration of water in the mobile phase is decreased.

As mentioned earlier, the ability of the modifier to form a hydrogen bond will
influence the hydrogen bond donating acidity of the mobile phase. Of the three
modifiers used in this study, methanol is the strongest hydrogen bond donor (see Table
I). For equal modifier concentrations in the mobile phase -and assuming the
stationary phase does not have significant hydrogen bond-donating character- the
b coefficient for the methanol should have the greatest magnitude. This is seen for the
polymeric resin in Table III [lb(70% methanolj] > Ib(70% acetonitrilejl].

The assumption that the polymeric phase is a poor hydrogen bond donating acid
is probably valid. There are no hydrogen bond donating functionalities in the
polymeric phase itself, but some researchers have reported oxidation of the PS-DVB
or traces of initiator or catalyst. The absence of hydrogen bond donating ability in our
studies suggests that this was not a problem, although we did not specifically test for
their presence. In addition, PS-DVB shows poor solvent uptake of water or
methanol/", either of which could lend hydrogen bond donating character to the
phase. ODS, on the other hand, is likely to have significant hydrogen bond donating
character. Yonker et al.25 have shown that methanol and a significant amount of water
are adsorbed on alkyl-bonded silica phases which, in addition to the residual silanol
groups, further increases their hydrogen bond donating (HBD) character. As
mentioned earlier, the coefficient, b, for PLRP-S (poor HBD acidity) in methanol
water mobile phases (good HBD acidity) is greater than b for the other two modifiers.
Because of the enhanced HBD character of ODS in methanol (e.g., modification of the
stationary phase), this is not seen for the ODS phase, where (b(methanol) =

b(acetonitrile) = b(THF))oDs.
The greatest difference in the behavior of the polymeric and alkyl-bonded phases

is seen in s, the coefficient for the dipolarity/polarizability term in eqn. 2. Because of
the aromaticity of the polymeric phase, the coefficient s for the correlations is always
positive. This indicates that a solute with a large n* is relatively more retained on
a polymeric phase than a solute with a low n*. In contrast to PLRP-S, alkyl-bonded
silica phases show s values close to zero (THF and acetonitrile) or negative (methanol),
indicating that the polarizability and dipolarity of a solute are less important in
retention on ODS phases.

The values of son PLRP-S are all positive. However, they are not equal. There
appears to be a relationship between the mobile phase modifier and the dependence of
retention on the solute n*. In a study performed by Pietrzyk?", THF was found to be
adsorbed on a polystyrene resin to a greater extent than acetonitrile. Methanol and'
water are also adsorbed on the aromatic resin, but to a lesser extent than either THF or
acetonitrile. There is an inverse correlation between the amount of adsorbed solvent
and the dependence of retention upon the solute n*(s(THF) < s(acetonitrile) <
s(methanol)). The relatively small s value for PLRP-S in a THF environment indicates
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that there is less of a difference in the n* parameters between the PS-DVB stationary
phase and THF-water mobile phase. We postulate that the adsorbed THF creates an
environment on the adsorbent which is more similar to the environment in the mobile
phase, and therefore the influence of the polarizability of the polymeric phase is
reduced. In contrast, the relatively small amount of methanol adsorbed on the
polymeric phase from methanol-water mobile phases will not significantly alter the
polarizability of the polymeric phase. As a result, the s value for PLRP-S in
methanol-water is large and positive.

Alkyl-bonded silica phases also exhibit a solvent dependent s value. Our ODS
data show that methanol yields an s value that is significantly different from that with
the other two modifiers. One possible explanation for this involves the amount of
modifier adsorbed on ODS and the polarizability of that modifier. Since all of the
modifiers are more polarizable than the aliphatic phase, the adsorption of modifier will
increase the polarizability of ODS, thereby decreasing the value of s. Yonker et al.26

found methanol to be adsorbed to a lesser extent than either THF or acetonitrile. The
relatively low amount of adsorbed methanol and the low n* of methanol indicate that
it will not enhance the polarizability ofthe ODS phase to the same extent as either THF
or acetonitrile. This results in a large negative s value for methanol-water mixtures.

In order to determine whether the behavior observed for PLRP-S was
characteristic of PS-DVB phases in general, a similar set of experiments was
performed on PRP-l at 70% acetonitrile (Table IV). The correlation for the test
solutes was identical on the two polymeric phases.

TABLE IV

COMPARISON OF TWO POLYSTYRENE-DIVINYLBENZENE HPLC SORBENTS

Columns as described in Experimental; mobile phase, 70:30 MeCN-H 20 . Solvatochromic terms defined in
Table II.

Solute PLRP-S PRP-I

log k'
Benzene 0.195 0.467
Toluene 0.485 0.617
tert» Butylbenzene 0.786 0.885
Chlorobenzene 0.550 0.664
lodobenzene 0.884 0.917
Benzyl alcohol -0.445 -0.264
Anisole 0.308 0.439
2-Phenyl-2-propanol -0.325 0.172
Acetophenone -0.017 -0.078
Nitrobenzene 0.154 0.348
3-Nitrotoluene 0.348 0.512
Benzonitrile O.oI8 0.211
Solvatochromic parameters
SPa -0.87±0.26 -0.45±0.23
m 1.03±0.16 0.83±0.14
-b 2.13±0.15 1.91±0.13
s 0.58±0.18 0.47 ±0.16
I' 0.985 0.985
Ave. residual 0.08 0.07
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The modulus concept, as introduced by Melander et al.27, compares differences
in retention between two stationary phases. The modulus, or the selectivity for a solute
between two columns in identical mobile phase systems, is given by:

kA_I CPI [( GO ° )/J1 = -,- = -exp Ll A-2 - LlGA_I RT]
k A _2 CP2

(3)

The solute is denoted by A and the two columns by I and 2. In identical mobile phases,
assuming that only solvophobic interactions" are responsible for retention, the
modulus cancels out the mobile phase effects. Retention differences would then be due
to preferential interactions with either phase I or phase 2. If J1 is not constant, there is
a difference in the selectivity between the two columns.

Using the modulus technique for examining the selectivity differences between
stationary phase materials, Melander et al.27 compared several aromatic bonded
phases with alkyl-bonded silica phases. Even though the selectivity differences were
much smaller than those reported for the present data on a PS-DVB phase, they found
differences which were due to more than just a difference in the phase ratio (<p). There
was greater selectivity for alkyl benzenes on the alkyl-bonded phases and greater
selectivity for polyaromatic compounds on the aromatic bonded phases. This would
clearly be the situation if we considered the differences in the relative n* values of
polyaromatic molecules (more polarizable) and alkyl benzenes (less polarizable). Other
authors have discussed the unique selectivity afforded by the polarizable phenyl
groups in phenyl-bonded silica phases2 7

-
3o. However, the role of the aromatic groups

in retention on phenyl-bonded phases is not clear, owing to the variation of phase ratio
and the effect of the residual silanol groups3!.

As Fig. I shows, methanol produces very drastic differences in relative retention
for the test solutes on PS-DVB in comparison with alkyl-bonded phases. The large
average modulus (J1 = 16.8) indicates how much more strongly the solutes are retained
on the polymer. The large variation in the modulus values shows the wide range of
relative retention between the solutes. It is interesting to note that in MeOH solutions,
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Benzonitrile
3-Nitrotoluene
Nitrobenzene

Acetophenone
2-01PA
Anisole
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Fig. I. The modulus for the retention offourteen test solutes on PLRP-S in comparison with their retention
on ODS. The mobile phases were 40% THF, 70% methanol and 50% acetonitrile, 2-cpIPA =

2-phenyl-2-propanol; t-butyl-benz = tert.-butylbenzene.
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Fig. 2. The modulus for the retention of twelve test solutes on PRP-I in comparison with their retention on
ODS. The mobile phase was acetonitrile-water (70:30, v/v).

alcohols (HBD acids) are more retained on ODS relative to the mean modulus (Fig. I,
solutes 1~4). This is additional confirmation that the ODS phase has enhanced HBA
basicity in methanol-water mobile phases. Fig. 1 also shows that solutes with high n*
values are more retained on PLRP-S relative to the mean modulus for a methanolic
mobile phase. This agrees with the results from the solvatochromic comparison
technique study discussed previously (s(methanoI)PLRP_s is large and positive). With
methanol-water mixtures, PLRP-S offers an advantage in selectivity over ODS, the
potential limitations are lengthy analysis times and asymmetrical peaks (BjA = 3)
(ref. 12).

The mean modulus for acetonitrile is 3.1. Acetonitrile-water mobile phases
afford significant selectivity when a polymeric column is used. THF has a mean
modulus very close to unity (J1. = 1.2), which indicates a similarity between the ODS
and polymeric phases when in the THF environment. Little selectivity enhancement is
obtained by using an aromatic phase with this organic modifier in comparison with
alkyl-bonded silica sorbents.

For comparison purposes, data taken for a different polymeric column (PRP-l)
are shown (Fig. 2). The retention of test solutes on the two columns is very similar. The
fact that the mean modulus is greater than unity may reflect a difference in the phase
ratio. Because ofa smaller pore size (60~lOO Apore diameter), the PRP-l has a larger
surface area than the PLRP-S column.

CONCLUSIONS

Significant differences exist between polymeric phases, such as PS-DVB, and
alkyl-bonded silica phases. In addition to the extended usable pH range of polymeric
supports, unique selectivity is observed. For organic solvents, such as methanol, which
are not adsorbed on the support, the aromatic nature of the backbone is clearly
expressed, as shown by the increase in the s term of the solvatochromism studies. For
solvents such as THF, which are adsorbed on the polymer, a similarity exists between
the polymeric and bonded silica phases. This finding confirms the importance of
solvent modification of the stationary phase as a major factor in reversed-phase
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chromatography. It also presents the chromatographer with two additional advan
tages. Ifa separation at high pH is desired, but the aromatic nature of the solutes is not
significantly different, the use of THF will be the best organic co-solvent, since the
overall hydrophobicity of the solutes wil1 be the major factor in the separation. The
unique selectivity of the polymeric phase for halogen-substituted compounds and
other compounds with polarizable groups presents additional means of separation.

In contrast to the differences observed with alkyl-bonded phases, polymeric
phases from different manufacturers seem to show more similarities than differences.
It remains to be seen whether the polymeric phases are more reproducible from
lot-to-Iot than the silica-based chromatographic materials.
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PHYSICAL AND CHEMICAL CHARACTERIZAnON OF MICROPOROUS
ZIRCONIA

M. P. RIGNEya.*, E. F. FUNKENBUSCHb and P. W. CARR

Department ofChemistry, University ofMinnesota, 207 Pleasant St. S.E., Minneapolis, MN 55455 (US.A.)

SUMMARY

Small ( < 10 ,urn) microporous zirconia has been prepared and evaluated as an
alkaline stable high-performance liquid chromatographic support. Zirconia is an
amphoteric metal oxide which exhibits both anion- and cation-exchange properties
depending on the solution pH and the nature of the buffer. The affinity of zirconia for
polyoxy anions, particularly the effect of phosphate on the properties of the zirconia, is
examined. Most significantly, the exceptional stability of zirconia, even under extreme
conditions, is demonstrated and compared to the stability of alumina.

INTRODUCTION

At present, 3- and 5-,um microparticulate silica gels, and related bonded phase
supports are the most versatile and advanced chromatographic supports available.
The popularity of silica as a chromatographic support results from the cumulative
impact of its excellent mechanical strength, availability in a wide range of pore sizes,
nearly ideal pore structure (and hence mass transfer properties), the great versatility of
the silanization chemistry and the availability of reagents for altering the chemical
properties of its surface. However, silica gel also has a number of significant
limitations, particularly its solubility in aqueous alkaline media.

The dissolution of silica in aqueous mobile phases is widely recognized and has
been extensively documented1-6. The stability of silica-based bonded phase supports is
also limited in acidic solution due to the acid-catalyzed hydrolysis of the siloxane
bonds (Si-O-Si) anchoring the bonded phase to the surface 7-9. Silica and bonded
phase supports can be stabilized to alkali by acid and base pretreatment of the silica10,

the use of a sacrificial presaturation column 11, and by cladding the silica surface with
alkaline-stable metal oxides such as zirconia and titania12-20. Although all such
measures improve the stability, and in some cases the support can be used at a pH as
high as 10, the stability is not as great as one could desire for a number of applications,
particularly for biological separations.

a Present address: Ecolab, Inc., Ecolab Center, St. Paul, MN 55102, U.S.A.
b Present address: 3M Company, 3M Center, St. Paul, MN 55144, U.S.A.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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A variety of substrates have been evaluated in an effort to develop chemically
stable chromatographic supports. For example, rigid and semi-rigid organic polymers,
particularly polystyrene-divinylbenzene (PS-DVB) supports, have been widely stud
ied as alternatives to silica-based reversed-phase supports21-24. The two major
advantages of PS-DVB supports in comparison to silica-based supports are their
excellent stability over a broad pH range, and the absence of silanol groups on their
surface. However, reversed-phase chromatography on these support materials is often
characterized by asymmetric peaks and undesirably long retention times, particularly
for aromatic solutes. Although improvements have been made with these supports, the
chromatographic efficiency attainable on PS-DVB supports is generally not com
parable to the efficiencies attainable on silica-based bonded phase microparticulate
supports21,24.

Carbon (in the form of charcoal) was widely used as an adsorbent in the early
days of chromatography, particularly in the displacement and frontal modes25~29.

Since that time various carbonaceous adsorbents have continued to attract interest as
reversed-phase chromatographic supports, primarily because of their excellent
stability over a broad pH range. However, it was clear even in the early work ofTiselius
cited above27-29 that the surface of charcoal is very heterogeneous as reflected in peak
asymmetry and irreversible adsorption of many solutes. The most homogeneous form
of carbon is graphite, but most forms of graphite have a very low surface area or are
too fragile for use as a high-performance liquid chromatographic (HPLC) support.
Knox and Gilbert"? developed a method of preparing porous graphitic carbon (PGC)
by pyrolysis of a phenol-formaldehyde polymer coated on silica followed by
dissolution of the silica "template" and thermal treatment to improve surface
homogeneity. PGC has adequate mechanical stability for use as an HPLC.support, but
the surface remains somewhat heterogeneous and is likely to be subject to the type of
long term oxidation common to all carbon surfaces.

The search for a material which possesses the desirable mechanical and physical
properties of silica but with improved aqueous stability has also led to the preparation
and evaluation of alumina-based stationary phases. Alumina has historically been
widely used as a support for normal phase adsorption chromatography, although its
use has not been as widespread as that of silica due at least in part to the greater
complexity of the adsorption mechanism on alumina. Recently, high-performance
ion-exchange and reversed-phase supports have been prepared by coating polymers
onto the surface of alumina31

,32 , and these supports have shown considerable
improvement relative to silica with respect to alkaline stability.

We believe there are potential advantages to the use of an inorganic support,
particularly for applications at the preparative and process scale, and our objective is
to develop and characterize a microparticulate, zirconia-based support with the
desirable physical and mechanical properties of silica, but with chemical stability
superior to any other inorganic support. We are also interested in chemically
modifying this support for use in a variety of chromatographic modes, including
reversed-phase (RP) HPLC33.

Zirconia and zirconium phosphate have been widely used as ion-exchange
chromatographic supports, particularly in the nuclear industry for applications such
as the treatment of reprocessing solutions?", high-level waste treatment, recovery of
fission products and high-temperature ion-exchange separations. The attributes of
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zirconia and zirconium phosphate that have made them particularly appealing in these
applications are their extreme chemical and thermal stability. For example, hydrous
zirconia is stable to water treatment at temperatures as high as 300°C35,and zirconium
phosphate has also been used at temperatures as high as 300°C for extended periods of
time36,37.

The porous zirconia spherules used in this work were comprised of monoclinic
zirconia crystals. Crystalline zirconia has an extremely high melting point (2700oq ,
exceptional resistance to attack by both acids and alkalis, and excellent mechanical
properties. The surface of zirconia, like most metal oxides, is highly hydroxylated. The
existence of hydroxyl groups on the surface of zirconia has been confirmed spec
troscopically38-41. Two distinct hydroxyl infrared bands have been reported38,39,41

and have been assigned to surface bridging and terminal hydroxyl groups. We expect
that the bridging hydroxyl, being strongly polarized by two zirconium(IV) ions will be
more acidic while terminal hydroxyls more basic.

As with other metal oxides, the surface hydroxyl groups on zirconia control the
surface chemistry, particularly with respect to the acid-base properties. Zirconia is an
amphoteric metal oxide. The isoelectric point (lEP) and/or point-of-zero charge
(pzq, range from less than 3 to higher than 1042-48.It is obvious from the wide range
of these values that the source, type, chemical and thermal pretreatment and method of
measurement can have a profound effect on the apparent acidity and basicity.

The presence of acidic and basic groups on the surface of zirconia is reflected in
its cation- and anion-exchange properties. Zirconia has anion-exchange properties in
neutral and acid solution and cation-exchange properties in alkali solutlons49-51.

Zirconia has a unique selectivity for polyoxy anions such as borate, carbonate,
phosphate, sulfate, chromate, arsenate, arsenite, molybdate and tungstate52 . A partic
ularly interesting property, first observed by Amphlett et al.4 8 is that treatment of
zirconium oxide with phosphoric acid converts it to zirconium phosphate and that the
treated support displays cation-exchange properties at 2 < pH < 14.

There has only been one previous report on the use of zirconia as a HPLC
support", and this work involved the use of a low-surface-area zirconia (9 m2/g even
after hydrothermal treatment) that was dynamically modified with a hydrophobic
quaternary 'ammonium salt. No attempt was made to characterize the chromato
graphic properties of the zirconia nor to develop a permanent means of surface
modification.

On the basis of this brief review it is obvious that, despite more desirable
chemical stability, the potential of zirconia as an HPLC support has not been
evaluated. The objective of the present paper was to study the properties of unmodified
zirconia as a prelude to other studies in which its surface is chemically modified".

EXPERIMENTAL

Chemicals
All reagents were obtained from commercial sources and were reagent grade or

better unless noted below. Triphenyl phosphine oxide, diphenyl phosphoric acid and
diphenyl phosphinic acid were obtained from Aldrich (Milwaukee, WI, U.S.A.).
Phenyl phosphonic acid was obtained from Alfa Chemicals (Danvers, MA, U.S.A.).
The disodium salt ofnicotine amide adenine dinucleotide, reduced form (grade III) was
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obtained from Sigma (St. Louis, MO, U.S.A.). Methanol and 2-propanol were
CHROMAR grade obtained from Mallinckrodt (St. Louis, MO, U.S.A.). The water
used in all experiments was from a Barnstead Nano-Pure system with an "Organic
Free" final cartridge. All chromatographic mobile phases were filtered through 0.45
or 0.22-j.lm filters prior to use. Water for use in the preparation of solutions for the
alkaline stability tests can be boiled to remove carbon dioxide prior to use.

Chromatographic supports
The porous zirconia spherules were provided by the Ceramic Technical Center of

3M Co. (St. Paul, MN, U.S.A.). The spherules were prepared by a proprietary process,
fired at high temperature (typically 600°C), and sized by air classification. During the
course of this work several different lots of zirconia with widely different physical
properties were used. Some of the relevant physical properties, as determined by the
BET nitrogen adsorption isotherm technique, are summarized in Table I.

The alumina used was from two sources: Woehlm acidic alumina, activity grade
I obtained from Alupharm Chemicals (New Orleans, LA, U.S.A.), and 5-j.lm
Spherisorb 5AY alumina (Phase Separations, Norwalk, CT, U.S.A.). The physical
properties of these supports are also given in Table I.

Apparatus
HPLC studies were carried out on one of two chromatographic systems. System

I consisted of a Hewlett-Packard (Palo Alto, CA, U.S.A.) Model 1090L liquid
chromatograph with a DR5 binary solvent delivery system and a filter photometric
detector with a 254-nm filter installed. For stability testing with alkaline mobile phases
an expanded pH range kit was installed. Absorbance data were digitized, integrated
and plotted using a Hewlett-Packard Model 3393A integrator interfaced to the
chromatograph via a HP-IL interface loop.

System 2 consisted of an IBM Instruments (Danbury, CT, U.S.A.) Model 9533
liquid chromatograph. a Rheodyne Model 7125 injection valve and an IBM Model
9522 fixed-wavelengthUV detector with a 254-nm filter installed. Absorbance data
were typically digitized and stored on an IBM 9000 computer using the chromato-

TABLE I

PROPERTIES OF POROUS ZIRCONIA SPHERULES

NA = Data not available.

Sample Particle size Surface area Pore diameter Porosity
(pm) (m 2/g) (A) (%)

Zr02 I 50 50 100 NA
2 30-40 30 106 30
3 1-40 41 150 48
4 20-40 50 24 47
5 5-10 55 146 53
6 <8 61 96 45
7A 5-10 62 95 35
78 10-15 62 95 35

A1203 5 92 132 NA
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graphic applications package (CAP), version 1.4 provided by IBM: Chromatograms
from System 2 were printed either on the IBM 9000 printer or on a Hewlett-Packard
Model 7470 plotter using a BASIC program to read the data files and drive the plotter.

System 2 was used with a Tracor Model 965 photoconductivity detector for the
chromatography of inorganic anions on zirconia. In order to make a differential
conductivity measurement, the photoreactor coil was disconnected and a "T" placed
in the eluent stream between the pump and the injector to divert mobile phase into the
reference cell of the conductivity detector.

For experiments in which chromatographic supports were exposed to hot
(l00°C) 1 M sodium hydroxide, an Altex (Berkeley, CA, U.S.A.) ModelllOA pump
and a Fisher (Pittsburgh, PA, U.S.A.) Isotemp oven were used.

The columns used in the experiments were packed in 5 em x 0.46 em I.D. or
5 cm x 0.21 em LD. column blanks of 316 stainless-steel (316 SS). Two different end
fitting configurations based on i-in., 316 SS Parker-Hanifin end fittings were used.
Type 1 used an unmodified end fitting with a i in. x lz in. 2-.um titanium frit. Type
2 used a 2-.um 316 SS screen in a specially modified Parker-Hanifin end fitting as
described by Sadek'". Particles greater than 15.umdiameter were packed by preparing
a dilute slurry of the support material in methanol or isopropyl alcohol, and then
drawing this slurry through a column with a type 2 end fitting by house vacuum (or
aspirator). Particles smaller than 15 .urn were packed at 6000-9000 p.s.i. from
a methanol or isopropyl alcohol slurry using a stirred upward slurry packing
technique. .

Acid-base titrations
The titrations of zirconia and silica with 0.1 M hydrochloric acid and 0.1

M sodium hydroxide were performed by preparing a lu-mgjml slurryof the support in
20% (w/v) sodium chloride in a beaker thermostatted at 30°C and blanketed with
a flow of nitrogen. The titrant was dispensed in increments of 0.025 ml with a 2.5-ml
capacity Radiorneter pl-l Stat autoburette, and after each addition the pH of the slurry
was measured with an Orion Model 801 pH meter equipped with an Orion Ross
combination pH electrode.

Stability testing
The stability of zirconia and alumina at pH 1, 3, 10, 12 and 14 was examined

under static conditions by adding 100 mg of support to 900 ml of the appropriate
solution and monitoring the appearance of zirconium or aluminum in the supernatant
solution. Solutions at pH 10, 12 and 14 were 0.0001, O.oI and 1.0 M carbon
dioxide-free sodium hydroxide, respectively. Solutions at pH 1 and pH 3 were 0.1
M hydrochloric acid and 0.00 I M hydrochloric acid, respectively. The solutions were
stored at ambient temperature and were agitated twice per day. Testing was performed
at various time intervals by withdrawing 10 ml from the supernatant solution, filtering
through a 0.45-.um filter and determining the concentration of zirconium or aluminum
by inductively coupled plasma emission spectrometry (ICP-ES). The amount of
zirconia and alumina dissolved was determined as follows:

0/' • d' I d zirconium.: Vs 123.22' 100%
/0 ztrcorua 1SS0 ve = -------'------

91.22' u,
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where zirconium, = J.lgjml of zirconium found by ICP-ES; Vs = ml of solution before
sample aliquot is removed; M; = mass of zirconia in sample solution.

aluminum.: Vs ' 101.96' 100%
% alumina dissolved = ----'-----'-------

26.9815' 2' M A

where aluminum, = J.lgjml found by ICP-ES; Vs = ml of solution before sample
aliquot is removed; M A = mass of alumina in sample solution.

The stability of zirconia under "sterilizing conditions" was determined by
exposing a 5 cm x 0.46 em 1.0. zirconia column (type 1end fitting) to a mobile phase
of 1M sodium hydroxide for 3.25 h at 100°Cand determining the amount of zirconium
in the column effluent by ICP-ES.

RESULTS AND DISCUSSION

The proprietary procedure for preparing porous microparticulate zirconia
produces very regular spherical particles. Initially, zirconia with a mean particle
diameter as large as 50 J.lm was produced, however, considerable progress has been
made through the course of the work in the production of small zirconia particles.
Mean particle diameters in the 5-1O-J.lm range can now be prepared routinely. The
mechanical stability of the zirconia particles appears to be comparable to that of silica.
Columns have been slurry packed at pressures as high as 9000 p.s.i. and operated under
extreme conditions for long periods of time without any evidence of mechanical
instability.

The surface areas given in Table I are low when compared to the surface areas of
the silica supports typically used in HPLC, however, it is important to recognize when
considering the surface area data that the true density of monoclinic zirconia is
approximately 5.8 gjm1 5 5

, whereas the true density of a common commercial silica
packing is approximately 2.3 gjml (ref. 2). Due to its higher density, the surface area of
zirconia is comparable to that of silica when considered in terms of surface area per
unit volume. It has been estimated that a high-performance silica column usually has
a surface area to volume ratio of 125 m2 jm1 5 6

. By comparison, a typical zirconia
column has a ratio of 122 m2jm1 5 7

.

The particle size distribution for a 5-l0-J.lm fraction of zirconia is shown in
Fig. 1.A typical pore sizedistribution, determined by mercury intrusion porisimetry, is
shown in Fig. 2. Note that the size distribution is fairly uniform although there is some
skewing of the distribution towards small particle diameters. Because of the high
density of zirconia the size classification of the particles has been somewhat problem
atic, however, considerable improvement continues to be made in the classification of
zirconia particles and hence narrower size distributions can be obtained.

As noted above, the reported acid-base properties of zirconia vary over a wide
range. Many previous reports5 8

-
6 1 examined the acid-base properties of zirconia by

adsorption of acidic and basic compounds from the gas phase, however, in most
chromatographic applications zirconia will be used in a partially aqueous environ
ment, therefore the determination of its acid-base properties in aqueous media seemed
most relevant to its end use. Consequently the acid-base properties of zirconia were
briefly studied by titration in aqueous media. Titration of zirconia with hydrochloric
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acid gave no indication of any strongly basic sites. As shown in Fig. 3, a titration with
sodium hydroxide gave very similar results to those obtained for silica, when the data
are presented per unit area. The pH of the 1% aqueous suspension of zirconia was 5.5,
compared to a pH of 4.2 for the 1% suspension of silica. These titration results are
consistent with other reports in the literature'".

In addition to its acid-base properties, another consideration relevant to the
derivatization and chromatographic use of zirconia is the concentration of adsorptive
sites on its surface. The concentration of these sites was roughly estimated from the
thermogravimetric analysis curve (TGA) shown in Fig. 4. Based on the water loss
determined by TGA, a value of9.8 J1mol/m 2 of active sites is obtained if we arbitrarily
assume that the mass decrease from 205-455°C is due primarily to the loss of strongly
hydrogen-bonded water and that the mass decrease from 455-81O°C results from the
condensation of neighboring zirconium hydroxides. This is not a truly quantitative
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Fig. 2. Pore size distribution of zirconia sample 5 from Table I.
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measure of the surface population of ZrOH groups but it does provide a rough
estimate of the hydroxyl content of the zirconia surface. Estimates of the surface
hydroxyl population based on adsorption of organic and inorganic phosphates are of
the same order of magnitude and indicate that 9.8 ,umol/m2 is an upper limit.

As already noted, the primary motivation for evaluating zirconia as a support
material is its stability at extreme pH values, particularly under alkaline conditions.
Therefore, its stability from pH 1-14 was determined under static conditions and
compared to that of alumina. Alumina was chosen as a "reference" because it has been
studied and is being used as an alkaline-stable alternative to silica as a chromato
graphic support material. No comparison was made to silica since it is known to
dissolve in aqueous alkaline media1-6. The results of the static stability test for
zirconia, as well as for alumina are shown in Fig. 5. Note that there was no zirconium
detected in the supernatant solutions at any pH (detection limit = 0.03 ,ug/ml). By
contrast, detectable levels ofaluminum were found at pH 1,3, 12 and 14. The superior
stability of zirconia relative to alumina at pH ;;:, 12 and pH ~ 3 is obvious. Although
it is very likely that different forms and sources of alumina will have different relative
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Fig. 4. Thermogravimetric analysis of zirconia.
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Fig. 5. Alkaline stability of zirconia and alumina .... = Zr02, pH 1-14; 0 = A120 3 , pH 14; 0 = A120 3 ,

pH 12; • = A120 3 , pH 3.

stabilities, it is still clear that in terms of stability in aqueous mobile phases at extreme
pH (either acidic or basic), zirconia is the material of choice, not silica or alumina. It
should be noted that the static conditions used in this experiment constitute amuch less
stringent test of stability than the dynamic conditions inherent in typical chromato
graphic usage.

The stability of zirconia under alkaline conditions was further tested by exposing
a column of zirconia particles to a mobile phase of I M sodium hydroxide at lOoDe for
3.25 h at a flow-rate of I mljmin. There was no zirconium detected in the column
effluent after this treatment. Even if zirconium were present at just below the detection
limit (0.03 ,ugjml) this corresponds to the dissolution ofless that 0.001% of the mass of
zirconia originally present in the column under these very extreme conditions.

Given that the extreme stability of the zirconia makes it a viable alternative
inorganic support, it is important to understand its surface chemistry. The ion
exchange retention of a variety oforganic ionic solutes on zirconia was studied in order
to develop a better understanding of its surface properties. The capacity factors (k') for
these test solutes under a variety of conditions are given in Table II. Several qualitative
conclusions can be made based on this data. Zirconia acts as an anion exchanger at pH
5in an acetate buffer and at pH 8 in a Tris buffer. Note that as the pH is increased from
5 to 8 the retention of anionic solutes decreased as expected. However, even at pH
8 there was still no retention of cationic solutes. At pH 9.2 in a borate buffer, only
cations are retained on the zirconia. Although zirconia has been reported to have
a very strong interaction with borate (and other oxygen containing polyanions), the
addition of borate did not cause any irreversible changes in the properties of the
zirconia. This is indicated by the agreement between the capacity factors obtained in
acetate buffer before and after exposure of the column to borate, as shown in Table II.
The data in Table II also show that at pH 8 in Tris buffer, treatment of the column with
5 mM phosphate resulted in retention ofonly cations. This conversion ofzirconia from
an anion exchanger to a cation exchanger at pH 8 by treatment with phosphate was not
readily reversible as evidenced by the fact that overnight flushing with a Tris buffer
containing no phosphate followed by a redetermination of the retention of the test
solutes in Tris buffer at pH 8 (again with no phosphate present in the mobile phase)
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TABLE II

ION-EXCHANGE PROPERTIES OF ZIRCONIA

Column: 5 em x 0.21 ern 1.0. packed with 30-40 J.lm zirconia. Mobile phase: 100 mM aqueous buffer as
specified in table heading. Flow-rate: I ml/rnin. Column temperature: 25°C.

Solute pKa Acetate (pH 5)" Tris (pH 8jb Borate
(pH 9.2)

A B A B C

Benzylamine 9.3 0 0 0 1.9 1.9 0.3
Oiphenyl cyclam 12 (pKtl 0 0 0 6.0 6.0 1.0
p-Nitrobenzoic acid 3.4 2.2 2.3 0 0 0 0
Benzoic acid 4.2 5.8 6.2 1.7 0 0 0
cis-Cinnamic acid 3.9 7.0 6.7 2.3 0 0 0
trans-Cinnamic acid 4.4
Hydroxybenzoic acid 4.5 (PK1 ) 14.8 14.6 8.6 0 0 0

9.3 (pK2 )

Acetophenone 0 0 0 0 0 0

a A = Before exposure to borate buffer; B = after exposure to borate buffer.
b A = Before exposure to phosphate buffer; B = 50 mM phosphate in mobile phase; C = no

phosphate in mobile phase after extensive flush with Tris buffer.

gave essentially the same results as those obtained in Tris buffer with 5 mM phosphate
present in the mobile phase. Thus, although the acid-base titration data gave no
indication of amphoteric acid-base properties, the ion-exchange results do show both
anion- and cation-exchange properties, depending on the solution pH and the nature
of the buffer. The transition from an anion exchanger to a cation exchanger occurs
between pH 8 and pH 9.2.

An example of a separation of four weak organic acids at pH 5 in an acetate
buffer is shown in Fig. 6. The efficiency of the zirconia column was determined as
a function of flow-rate in the same mobile phase. The results are given in Fig. 7. Note
that there is a strong dependence of efficiency on flow-rate, with the efficiency
decreasing as the flow-rate increases. The efficienciesachieved are comparable to those
observed for ion exchange on unmodified alumina'f and silica'".

The retention of a variety of inorganic anions on zirconia in a 10 mMacetate
buffer at pH 5.0 is summarized in Table III. Note that the oxyanions N03, SOl. -,
Br03' B40~- and S20~ - are strongly retained on zirconia, as expected given the
strong interaction between zirconia and oxygen-containing anions which was noted

8 o

Fig. 6. Anion-exchange separation on zirconia. 5 em x 0.46 em 1.0. column packed with 10-15 J.lm
zirconia. Mobile phase: 10 mM acetate buffer at pH 5.0. Flow-rate: I ml/min. Column temperature: 40°C.
A = p-Nitrobenzoic acid; B = benzoic acid; C = cinnamic acid; 0 = hydroxybenzoic acid.
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above. The halides elute in the order CI-, Br", I - which is consistent with their elution
order on polystyrene-divinylbenzene R4N+ type ion exchangers'iv'". The elution
sequence for these anions on alumina is reversed'". The chromatographic efficiencies
determined for these anion~ were comparable to those reported for the organic acids.

As already noted when describing the ion-exchange behavior of zirconia,
phosphate has an essentially irreversible effect on the properties of zirconia. This
strong interaction with phosphate has many implications for the use of zirconia as
a chromatographic support and we have therefore examined the adsorption of several
different phosphate species on zirconia. The adsorption of NADH onto the zirconia
surface was studied a static adsorption experiment in the summarized in Table
IV. Clearly NADH does adsorb onto zirconia. 3.5 flmol/g adsorbed under the
experimental conditions, although this is not necessarily an upper limit. Zirconia
pretreated with inorganic phosphate did not adsorb NADH to a measurable extent.
Washing the zirconia with 0.1 M sodium hydroxide after phosphate treatment gave
a product which adsorbed some NADH, although not as much as the untreated
zirconia. This is not surprising since it is known that phosphate is stripped from
zirconium phosphate at high pH. Washing the phosphate-treated zirconia with 0.1
M nitric acid had no apparent effect, that is, it did not adsorb NADH after washing

TABLE III

RETENTION OF INORGANIC ANIONS ON ZIRCONIA

Column: 5 em x 0.46 cm 1.0. packed with 10-15 11m zirconia. Mobile phase: 10 mM acetate buffer, pH 5.
Flow-rate: I ml/min. Injection volume: 20 Ill. Solute concentration: ca. 15 mM. Detector: Tracor 965
photoconductivity detector.

Solute k' Solute k'

Chloride 2.2 Sulfate 6.2
Bromide 3.0 Bromate 6.5
Iodide 3.5 Tetraborate 10.6
Nitrate 4.9 Thiosulfate 15.0
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TABLE IV

NADH ADSORPTION ON ZIRCONIA

,umol of NADH adsorbed onto 100 mg of zirconia from 5 ml of 100 mM pH 8 Tris buffer.

Sample treatment"

None
100 mM phosphate, pH 8, NaOH wash"
100 mM phosphate, pH 8
100 mM phosphate, pH 8, HN03 wash'
100 mM phosphate, pH 8, NaOH wash"
100 mM borate, pH 8

urnol umol NADH
NADH NADH Adsorbed
added adsorbed umollg 2r02

0.5 0.15 3.5
0.5 0.28 2.8
0.5 0 0
0.5 0 0
0.5 0.082 0.82
0.5 0.25 2.5

a 100 mg of support were washed with 2 x 2 ml of the designated buffer before addition of NADH.
b Sample of zirconia with 3.5 ,umol/m2 adsorbed NADH washed with 1 x 0.2 m! of] M phosphate,

pH 8.
c 100 mg of phosphate-treated zirconia were washed with 2 x 2 ml of 0.1 M HN0 3 before addition

ofNADH.
d 100 mg of phosphate-treated zirconia were washed with 2 x 2 ml of 0.1 M NaOH before addition

ofNADH.

with 0.1 M nitric acid. This finding is consistent with the known stability of zirconium
phosphate in acidic solutions. Inorganic phosphate was able to displace some fraction
of previously adsorbed NADH. The presence of borate reduced the extent ofNADH
adsorption, but not as dramatically as phosphate.

Additional experiments were done to more clearly define the variables
effecting the adsorption of oxyphosphorus compounds onto zirconia. In these
experiments, the static adsorption of phenylphosphonic acid, diphenyl phosphate,
diphenyl phosphinic acid and triphenyl phosphine oxide on zirconia was studied under
a variety of solvent conditions. As shown by the data in Table V, all three compounds
with an hydroxyl group adsorb to nearly the same extent in methanol. In carbon
dioxide-free water diphenyl phosphate and diphenyl phosphinic acid adsorb to
a greater extent than in methanol, presumably due to their lower solubility in water. In
the absence of a strong adsorption competitor it is not surprising that the solubility

TABLE V

STATIC ADSORPTION OF ORGANOPHOSPHORUS COMPOUNDS ON ZIRCONIA

,umo] of compound adsorbed from 100 ,uM solution onto 100 mg of zirconia. Determined by decrease in
absorbance of solution at 214 nm after 1 h of exposure to zirconia.

Compound pmol adsorbed per g zirconia

Phenyl phosphonic acid
Diphenyl phosphate
Diphenyl phosphinic acid
Triphenyl phosphine oxide

50mM
Tris

3.2
o
o
o

C02~free

water

3.3
0.9
2.6
o

Methanol

2.0
1.7
2.0
o
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would determine the extent of adsorption. The adsorption of diphenyl phosphate was
significantly reduced in water relative to methanol. In 50 mM Tris buffer only phenyl
phosphonic acid adsorbed to a measurable extent. The Tris, present at a much higher
concentration than the adsorbates, is preferentially adsorbed except in the case of the
phenyl phosphonic acid which has two hydroxyl groups. We have interpreted this as
evidence for the formation of a "bidentate" surface complex. In fact, the formation of
bidentate surface complexes between phosphonic acids and metal oxides has
previously been demonstrated spectroscopically'i" ,68. In general, these adsorption
results seem to indicate that hydroxyl groups on the organophosphorus compounds
are essential for adsorption and that adsorption of phosphonates, with two hydroxyl
groups per molecule is stronger than that of other phosphate species.

CONCLUSIONS

The evaluation of porous microparticulate zirconia spherules is reported. The
physical and mechanical properties of these spherules make them appropriate for use
as HPLC supports. Zirconia has both anion-. and cation-exchange properties,
depending on solution pH and buffer composition. Inorganic phosphate adsorbs onto
zirconia and alters its anion-exchange properties, transforming it from an anion
exchanger below pH 9 to a cation exchanger. Organophosphates and organophos
phonates, particularly thelatter, are strongly adsorbed on zirconia. Most importantly,
it has been demonstrated that these porous zirconia spherules are stable at pH 1-14
under static conditions and that their alkaline stability is superior to that of
chromatographic alumina.
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SUMMARY

The chromatographic properties of reversed-phase high-performance liquid
chromatographic (RP-HPLC) packings with chemically bonded C18 groups of
controlled coverage were characterized by correlation of the capacity factor and the
composition of the mobile phase, taking physico-chemical properties of the pac kings
into account. On the basis of a cylindrical model of pores and the. dependence of
retention on density and homogeneity of the surface coverage with alkylsilylligands,
an attempt was made to describe the retention mechanism in the RP-HPLC system. It
was found that pac kings with a coverage density higher than 3.8 J,lmol/m2 were dense,
homogeneous and shielded the unblocked surface silanol groups sufficiently.

INTRODUCTION

The separation mechanism in reversed-phase high-performance liquid chroma
tography (RP-HPLC) is based on the hydrophobic interactions between the solute and
alkylsilyl groups chemically bonded to the support surface1-6. In previous papers7-11
the controlled preparation ofpackings with chemically bonded C18groups resulting in
materials with various surface coverages of alkylsilylligands was discussed. A maxi
mum density of the stationary phase of aRP > 4 J,lmol/m2 can be obtained. In most of
the previous papers7-14, however, the correlation between the physico-chemical
properties of the phases and the separation of various substances was only partially
discussed.

The determination of the free surface energy of packings has been demonstrated
to be very useful 13 . Depending on the coverage with octadecyl ligands15-18, the
surface of the packing showed significantly different properties and interactions,
especially13 for C18ligands with a coverage density aRP ~ 3.8 J,lmol/m2.It follows from
the Iiterature-r': 7 ,10-12.1 7-20 that during elution in the RP- HPLC system, C18 ligands

a Present address: Institut fur Organische Chemie, Auf der Morgenstelle 18, D-7400 Tubingen,
F.R.G.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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change their conformation13,15,21 which significantly influences the retention, reso
lution and peak shape. This can result from (i) the presence of free, unblocked silanol
groups, which causes an increase in the interactions at the mobile phase-solute
stationary phase interface, (ii) specific interactions between individual alkylsilyl
ligands (especially when the surfaces are blocked homogeneously) and (iii) the
composition of the mobile phase and the nature of the sample.

Investigation of the separation mechanism in columns ofpackings with different
surface coverages of C I 8 alkylsilyl ligands therefore appears to be very interesting.
Correlations between the retention data of the solutes and the coverage density (aRP)
and the mobile phase composition were therefore studied. In addition, an evaluation of
the density and the homogeneity of the coverage density of the packings was attempted
on the basis of the experimental data.

EXPERIMENTAL

Materials
Monochlorooctadecylsilane (Petrarch Systems, Bristol, PA, U.S.A.) mixed with

dried morpholine (Reakhim, Moscow, U.S.S.R.) and specially dried toluene " (POCh,
Gliwice, Poland) was used as the modifying reagent.

TABLE I

PHYSICO-CHEMICAL CHARACTERISTICS OF THE PREPARED PACKING MATERIALS

A = activator; ODMCS = monochlorooctadecylsilane; iXRP =:' concentration of chemically bonded CIS
groups (J.lmol(m 2

) ; iXS;OH = concentration of accessible silanol groups ('mol(m 2
) ; D = mean pore diameter

(nm); Vp = pore volume (cm3(g); SBET = specific surface area (m2(g). .

No. of Type of A:ODMCS Surface coverage Porosity
packing packing ratio

(mol(mol) C (%) iXRP tXSiOH D Vp S8ET

Bare silica gel (SG) 5.21 20.00 2.10 361
I Silica gel CIS 2.60:1 5.08 0.72 4.53 18.28 1.92 338
2 monomeric structure 2.35:1 11.69 1.61 3.45 17.37 1.81 323
3 2.10:1 17.20 2.60 2.52 15.71 1.65 314
4 1.85:1 21.20 3.46 1.58 15.24 1.60 203
5 1.60:1 24.50 4.24 0.42 14.28 1.55 175

Spherical silica gel (SG-7 jG) (Polymer Institute, Bratislava, CzechoslovakiajP

was used as the support for the chemically bonded phase. Its characteristic data are
given in Table J. The solvents used (analytical-reagent grade) were toluene, benzene,
methanol and dimethyl ether (POCh).· Binary eluents for RP-HPLC systems
(methanol-water) were prepared as described previously'? using water with a con
ductivity of 10-5 Sjm. In measurements carried out by gelpermeation chromatography
(GPC), tetrahydrofuran (THF)(VEB Laborchemie, Apolda, G.D.R.) was used as the
mobile phase. Stainless-steel tubes (100 x 4 mm J.D.) were purchased from the
Chemical Reagent Factory-ZOCh (Lublin, Poland).
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Apparatus
Chromatographic measurements were made using a liquid chromatograph

consisting of an LC-20 piston pump (Pye Unicam, Cambridge, U.K.), a Model 7120
injection valve (Rheodyne, Berkeley, CA, U.S.A.) equipped with a 10-.u1 injection
loop, a Model 254 M ultraviolet detector (Techma Robot, Warsaw, Poland) equipped
with an 8-.u1 flowcell and a TZ-4100 linear recorder (Laboratorni Pfistroje, Prague,
Czechoslovakia). The dead volume was determined on the basis of the solvent peaks.

The porosity parameters characterizing the starting material and chemically
modified pac kings (the specific surface area, SBET, the pore volume, Vp , and the mean
pore diameter, D) were determined by low-temperature adsorption and desorption of
nitrogen using a Model 1800 automatic apparatus (Carlo Erba, Milan, Italy).

The concentration of surface silanol groups (aSiOH) before and after modification
was determined using the method proposed by Nondek and Vyskocil 24. The degree of
coverage of the surface with alkyl ligands (aRP) was calculated as described
elsewhere'": The percentage of carbon was determined using a Model 185 CHN
analyser (Hewlett-Packard, Palo Alto, CA, U.S.A.).

Solid-state NMR measurements were performed on a Bruker MSL 200
spectrometer with samples of 200-300 mg in double-bearing rotors of Zr02.
Magic-angle spinning (MAS) was carried out at a spinning rate of 4 kl-lz. 29Si
cross-polarization (CP)-MAS-NMR spectra were recorded with a pulse length of 5 .us
together with a contact time of 5 ms and a pulse repetition time of 2 s. For 13C
CP-MAS-NMR spectra a contact time of 12 ms was used. All NMR spectra were
externally referenced to liquid tetramethylsilane (TMS) and the chemical shifts are
given in parts per million (ppm).

Chemical bonding procedure
Chemical modification of the surface of silica supports was carried out as

described elsewhere using only monofunctional silanes":". Changes in the molar ratio
of the modifier monochlorooctadecylsilane (ODMCS) and activator (morpholine)
permit the preparation of supports with strictly defined amounts of carbon on the
support surface 10

,1 1 . Numerical volumes of the molar ratio are given in Table I, which
also contains the physico-chemical characteristics of the surface of the prepared
packings after their chemical modification.

Column packing procedure
The columns were packed under a pressure of 450 Pa using a laboratory-built

apparatus described previously". An 8% (v/v) solution of carbon tetrachloride in
methanol was used as the dispersing medium. The prepared columns were evaluated by
determining characteristic basic parameters such as the number of theoretical plates
(NT), reduced parameters: h (plate height) and v (velocity), column resistance (<p) and
asymmetry coefficient (jAs)27,28. The columns prepared can be described according to
Bristow and Knox'" as "good" or even "very good", as confirmed by the data
presented in Table II.
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RESULTS AND DISCUSSON

Table I lists the physico-chemical data of the monofunctionally modified silica
gels (C18) with different carbon contents. The data indicate that a change in the
activator-modifier (ODMCS) molar ratio permits the preparation of packings with
different carbon contents. The data show that with increasing C(RPa decrease in C(SiOH is
obtained. The sum of C(RP and C(SiOH is approximately constant and equal to the initial
C(SiOH value. The densest packing (No.5) is an exception, because the sum of C(RP and
C(SiOH is significantly smaller. This can be explained by steric masking of unreacted
silanol groups10-12.15-18.29,30 on the whole surface by the dense population of
alkylsilyl ligands. An analysis of the porosimetric data indicates similar conclusions
(Table I).

In all instances the decrease in D, Vp and SBET values can be correlated with an
increase in the percentage ofcarbon. From the typical GPC curves presented in Fig. 1it
can be concluded that in spite of the increase in carbon content, even packing 5, with
the highest degree ofmodification, is capable of typical GPC separations, which means
that the pores are not blocked by long C18chains. A correlation between porosimetric
(Table I) and chromatographic data is possible. The increase in C(RPvalues leads to an
decrease in the elution volume (Ve) 10 ,14 .

6

, , , , ,,,,,,,
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1.00.5
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v. [em 3]

Fig. 1. Plot of log mol.wt. (M w) of polystyrene standards vs. elution volume (V,) for unmodified support
(dashed line) and for packings with chemically bonded C I 8 groups (continuous line). ()(RP: (I) 0.72; (2) 1.61;
(3) 2.60; (4) 3.46; (5) 4.25 Jlmol/m 2 Chromatographic conditions: mobile phase, THF; flow-rate, 0.5 rnl/min;
detection, UV (254 nm).

We showed recently that in material of dense coverage (C(RP ? 4.0 flmoljm2),
about 85% of the silanol groups are blocked and the surface area decreases by about
60%10,11. These findings are supported by 29Si CP-MAS-NMR data. In Fig. 2A the
29Si CP-MAS- NMR spectrum of native silica gel is depicted. The existence ofgeminal
silanol groups Q2, silanol groups Q3 and siloxane units Q4 can easily be recognized by
the corresponding signals at - 90, -100 and -110 ppm, respectively-<!". With
modified silica gel with an 11.69% carbon loading (packing 2), a new signal arises at
14.0 ppm due to the introduced Si-O-Si moiety (Fig. 2B). Correspondingly, the signal
intensity of the Q2 and Q3 units decreases.
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Fig. 2. 29Si CP-MAS-NMR spectra (39.75 MHz) of silica gel samples: (A) unmodified silica gel; (B)
monofunctionally modified silica gel with a carbon loading of 11.67% (packing 2); (C) monofunctionally
modified silica gel with a carbon loading of 24.5% (packing 5).

In the spectrum of the modified silica gel with the highest carbon loading
(packing 5, Fig. 2C), the Q2 units can no longer be detected and the signal intensity of
Q3 units is also dramatically reduced. In contrast to Fig. 2A, the signal of Q4 units
dominates the spectral pattern between - 90 and - 110 ppm.

The CP excitation technique used for recording of the 29Si NMR spectra is
dependent on the number of protons associated with the investigated species.
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Therefore, at a distinct contact time, only the M/(Q2 + Q3) ratio can be quantitatively
determinedl". The decreasing signal intensity of Q, and Q3 units in Fig. 2B and C is
consistent with an increasing signal intensity of the M unit. This clearly confirms the
formation of a covalent Si-O-Si linkage even at a high surface loading.

In the 13C CP-MAS-NMR spectrum of the modified material with the highest
carbon loading (packing 5), no signal of adsorbed material can be found, in contrast to
earlier observationsl ' (Fig. 3).

Experiments permitting the determination of the free surface energy of packings
prepared were also carried out13. From these investigations it follows that the
materials with a coverage above 3.8 .umol/m2 are so dense and homogeneous that the
free surface energy decreases by a factor of 5 in comparison with unmodified silica gel
and is very similar to that of a hydrocarbon surface. These data are consistent with the
results obtained from elemental and porosimetric analysis!".

A'

CfH3 1 2 3 4-15 16 17 18-3; O-~i - CHZ- CHZ- CHZ-( CHZ)lZ-CHZ-CHZ - CH3

CH3

C-4-C-15

C-16 A"

40 30 20 10 0
PPM

Fig. 3. 13C CP-MAS-NMR spectrum (50.33 MHz) of mono functionally modified silica gel with a carbon
loading of 24.5% (packing 5).

The prepared phases were investigated in the RF-HPLC system and compounds
ofdifferent chemical natures were used as test substances. Fig. 4 presents the results for
the five columns packed with the materials described in Table I. The column data are
given in Table II. Correlation of the capacity factors (k') of benzene derivatives and the
composition of the binary mobile phase (<1» showed a dependence of the selectivity on
the surface loading. An increase in the coverage density results in an increase in the
separation selectivity for different substances. In all instances the k' values of
individual substances increase with increase in the water content in the mobile phase
(when the water content exceeds 50%, vIv). This effect, however, is most significant for
materials with CXRP values of 3.46 and 4.24 .umol/m2 (Fig. 40 and E, respectively). The
selectivity improves when the mobile phase contains 60-80% of methanol.
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Fig. 4. Relationship between the capacity factor (k') and the composition of the mobile phase (<P)for benzene
derivatives obtained on columns packed with materials with a controlled content of CiS groups on the
surface. aRP: (A) 0.72; (B) 1.60; (C) 2.60; (D) 3.46; (E) 4.25 J.lmol(m2

(- .. ) chlorobenzene; (------) toluene;
(-. -' -) benzene; (--) nitrobenzene; (- .. - .. ) phenol. MeOH = Methanol.

It can be concluded that hydrophobic interactions between the mobile phase and
chemically bonded hydrophobic C t s ligands should be especially observed for
materials with high surface loading (aRP = 4.24 ,umol/m2). In such materials, polar
molecules of benzene derivatives cannot interact because of great cohesive (chain-

TABLE II

COLUMN PROPERTIES

Mobile phase: methanol-water (70:30, v(v). k' = capacity factor; NT = number of theoretical plates per 100
mm column length; h = reduced plate height; v = reduced velocity; cp = column resistance parameter;
fA, = asymmetry factor.

No. of packing Solute naphthalene

k' N r h cp r;
1 0.29 2620 5.45 6.2 782 1.42
2 1.09 2835 5.05 5.95 778 1.39
3 2.79 2978 4.80 5.80 742 1.20
4 3.26 3215 4.45 5.09 717 1.19
5 4.40 3605 3.96 4.90 695 l.ll
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Fig. 5. Examples of the separation of benzene derivatives on columns packed with materials with different
coverage densities of CIS groups. aRP: (A) 3.46; (B) 4.25 Ilmol/m2

. Chromatographic conditions: mobile
phase, methanol-water (60:40, v/v); flow-rate, I ml/min; detection, UV (254 nm). Peaks: I = phenol;
2 = nitrobenzene; 3 = benzene; 4 = toluene; 5 = chlorobenzene.
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Fig. 6. Selectivity coefficients (ai) for three pairs of substances as a function of the mobile phase composition
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packing 2; (_.- ._)packing 3; (---) packing 4; (_.. _...) packing 5. For column packing characteristics, see
Tables I and II.
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chain) interactions. It seems that for the materials with a high coverage density, the
mechanism of separation can be described as a partition process'":", because the
resolution of peaks 2 and 3 and 4 and 5 is improved with increasing coverage density.
This suggestion is confirmed by the chromatograms in Fig. 5, which shows the
separation of the test mixture obtained on columns containing packings 4 and 5 (Table
I).

In order to explain more precisely the processes that occur in the packings during
the HPLC test, three other test mixtures were used: benzene-toluene, phenol
nitrobenzene and phenol-benzene. The relationship between the selectivity of
separation ((Xij = kj/k;) and composition of the mobile phase is plotted in Fig. 6, from
which it can be concluded that their slopes change depending on the chemical nature of
the test substances and on the properties of the surface!". In two cases (Fig. 6A and C)
the elution order correlates with the changes in percentage ofcarbon (Table I) and with
increasing (Xij' In Fig. 6B, the sequence of the curves is the opposite of that in Fig. 6A
and C. In this connection, it can be assumed that the mechanism of the elution is
slightly different.

Fig. 6A presents the plots determined for the non-polar mixture, benzene
toluene. The form of these plots is consistent with hydrophobic theoryl - 7 , 1 2 . 2 9 , 3 1- 3 3 ,

where interactions between the mobile phase and the support surface dominate. Thus
(Xij values will change with increase in the hydrophobic nature of the prepared packing
and a small concave in the course of the curves can be observed. Fig. 6B presents the
curves plotted for the phase containing polar components, which can interact with the
unblocked surface silanol groups. The lack of any interactions results in a smaller
selectivity for the separation of polar substances chromatographed on the material of
high coverage (packing 5). The resolution improves, however, owing to prolongation
of the retention time on the materials characterized by less dense coverage (packings
I and 2). This behaviour is indicated by different slopes of the curves corresponding to
the materials characterized by a low percentage of carbon (the (XRP values for these
materials are 0.72 and 1.61 ,umol/m2

, respectively, see Table I). Hence the previous
conclusion about a different mechanism (adsorption type) for these materials is
supported. Free silanol groups also seem to playa role. With a low surface loading the
surface is not masked sufficiently by the "mobile" bonded C 1 S chains, in contrast to
materials with a high surface loading9 , 1 2 ,2 9 ,3 o .

The curves corresponding to packings 3, 4 and 5 are similar in general, but the
significantly hydrophobic nature of the packing with a coverage density (XRP = 4.24
,umol/m 2 increases with increase in methanol content in the mobile phase (stronger
interactions of the chain-chain type). This phenomenon is probably responsible for the
penetration of polar solute molecules to silanol groups. For this reason, the (Xu values
are significantly lower. Considering Fig. 6C, where the plots of the mixture of
non-polar (benzene) and polar (phenol) solutes are shown, typical slopes for the
materials of a hydrophobic nature are observed'P'!". The high-coverage material
(packing 5) shows the smallest retention of phenol, because the (Xu = k~enzene/k~henol

values are the highest. This is due to the shielding of residual silanol groups by C 1 S

ligands. From the point of view of separation selectivity, the slope of the curve
corresponding to packing 5 ((XRP = 4.24 ,umol/m 2

) seems to be optimal.
The significant maximum of the selectivity ((XiJ in relation to the changes in

composition of mobile phase (4)) indicates different interactions of the substances
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separated between the mobile phase and the packing surface 3 1-33. The 6-fold increase
in coverage density for packing 5 compared with packing 1 (Table I) leads to an
increase in separation selectivity of about 30%.

The slopes of the curves for packings I, 2 and 3 are similar, but differ
significantly from those of packings 4 and 5. The slight differences in selectivity
probably result from the increase in interactions between the test substances and the
stationary phases and the increase in the hydrophobic nature of the packings
investigated. This may also indicate a different accessibility of these surfaces for polar
phenol molecules.

Convergence of the results is observed as in the calculations of surface free
energy!" on the basis of adsorption of two different substances, n-octane and water.
Similar conclusions can also be drawn from the linear relationship between log
(k'jSIlET) and the number of carbon atoms (n c) for the benzene homologues, which are
presented in Fig. 7.
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Fig. 7. Dependence of log (k'jSBET) on the number of methylene groups (n,) in the homologous series of
alkylbenzenes (benzene, toluene, ethylbenzene, propylbenzene and butylbenzene). For packings 1-5, see
Tables] and n.

Correlations with the slopes in Fig. 4A-E can be found. A different slope
corresponding to the materials with higher iXRP values shows a homogeneous coverage
of the support surface, and the unblocked silanols are shielded by the C 1S ligands in
materials with a high surface loading.

The slopes of the straight lines corresponding to packings I, 2 and 3 (Fig. 7)
characterized by smaller degrees of coverage (specific solvent-surface interactions are
preferred to cohesive and hydrophobic interactions), in contrast, show a different
elution mechanism and it seems that these materials show an adsorption mechanism.
This can only be explained by a larger number offree silanol groups. These unblocked
silanol groups are especially susceptible to interactions with polar substances having
free electron pairs or t: electrons. For this reason, the most sensitive test to define the
nature of the surface and its density and homogeneity is undoubtedly the elution of
organic bases, e.g., amines 1 2

,2 9 . In these instances not only the retention data but also
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the tailing effect due to the specific interactions with unblocked silanols can reveal the
separation mechanism. For these investigations, pyridine and 2,6-dimethylpyridine
(lutidine) were used as the test substances in the RP-HPLC system [methanol-water
(70:30, vjv)] (Fig. 8).

4

3

2 •
o

1.0 2.0 3.0 4.0
C(RP[~mOI 1m 2

]

Fig. 8. Effect of coverage density of CIS groups (aRP) on the peak asymmetry (f~,) for (0) lutidine and (.)
pyridine. Chromatographic conditions: mobile phase, methanol-water (70:30, vjv); flow-rate, 1 mljmin;
detection, UV (254 nm).

The relationship between the asymmetry coefficient (JAs) and concentration of
C 18 ligands (aRP) indicates that the more hydrophobic packing No.5 (IXRP = 4.24
.umoljm2) shows for both amines the smallest j~s value calculated according to
Buszewski et al.2 7 and Bristow and Knox". The increase in the amount offree silanol
groups leads to an increase in tailing (i.e.JAs value)!". It can be concluded that the
presence of polar basic substances changes not only the mechanism of the process, but
also the "mobility" and the conformation ofC18ligands 12.16.17,19. In this connection,
the assumption that for the materials with a coverage density IXRP :;::: 3.46 .umoljm2
(packing 4) the/As values are less than 2 seems to be reasonable. The behaviour of the
packings with a coverage density of aRP :;::: 3.46 .umoljm2 is similar to that with IXRP

:;::: 4 .umol/m2 (No.5), although the coverage is not dense.

CONCLUSIONS

The CP-MAS-NMR data confirm the high surface coverage of the investigated
materials. In materials with a high surface loading (4.24 .umol/m2), the n-alkylligands
are exclusively covalently bonded to the silica surface. For dense coverages (IXRP = 4.24
.umoljm2), 85% of the accessible silanol groups are blocked by alkylsilylligands.

The retention mechanism based on hydrophobic interactions is dependent on the
surface coverage. In materials having a dense coverage (aRP :;:::' 3.8 .umol/m2), the
partition process predominates, whereas in materials with less dense coverages (IXRP

< 3.8 .umol/m2), the adsorption process is of increasing importance.
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STUDIES ON THE STABILITY OF n-ALKYL-BONDED SILICA GELS UN
DER BASIC pH CONDITIONS

N. T. MILLER· and 1. M. DiBUSSOLO

The PQ Corporation, Research and Development Center, Conshohocken, PA 19428 (U.S.A.)

SUMMARY

Mobile phase and stationary phase parameters that influence stability of silica
based reversed phases are examined under high pH conditions. Mobile phases con
taining 0.1 M NaOH and variable methanol content were cycled through columns
packed with various alkyl-bonded phases. Chromatography of small molecules and
%C analysis were used to probe changing chromatographic performance as phase
hydrolysis proceeded. It was evident that the rate of bonded phase hydrolysis was
increased when the 0.1 M NaOH solution contained a high amount of organic sol
vent, especially when followed by a high organic-containing acidic wash. C4 bonded
phases were less stable than C1Sbonded phases. In the latter case, low bonded ligand
coverage or the lack of endcapping also reduced stability against base hydrolysis.
Reversed phases borided to acid-washed silica showed greater base stability than
those bonded to non-treated silica. The use of a silica precolumn did not serve to
increase system usefulness. However, the use of soluble sodium silicate in the NaOH
solution increased column lifetime for both short (i.e. C4) and long (i.e. CiS) n-alkyl
chain reversed phases.

INTRODUCTION

Recent advances in synthesis and characterization of n-alkyl-bonded silicas for
reversed-phase liquid chromatography (RPLC) have resulted in improved reproduc
ibility and stability of these packings. While a number of reports are concerned with
the use of silica-based column packings in mobile phases of pH ca. 2_71-4, several
groups have been concerned with packing stability in the region of eluent pH > 7.
Various approaches to this problem have included the use of metal oxide doped
silica5,6, polymer coatings on silica7-9, alumina or polymers as alternative stationary
phase supports iO-12 , as well as mobile phase additives including organic amines or
aluminum salts 1 3,14. A frequently employed approach is the use of a short precolumn
loosely packed with silica gel or the bonded phase placed between the pump and
injector to allow equilibration of the mobile phase with silica1 5

.

A distinction should be made between the use of basic pH eluent conditions in
order to achieve the separation as opposed to a column cleaning step. The former case
may employ relatively dilute basic conditions (e.g. 10-100 mM triethylamine or am-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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monium acetate) for longer periods of time, while column washing may require a
more concentrated base (e.g. 0.1 M NaOH) for a relatively short time (ca. five column
volumes). Apparently, the use of 0.1 M NaOH as a column regeneration solution
stems from the conventional biochemical practices on agarose and dextran-type
gels!". Several advantages of this 0.1 M NaOH solution include cost-effective disin
fectant action for pyrogen removal, safe presence in the final product, and easy dis
posal. Interestingly, although so-called base-stabilized reversed phases are commer
cially available, the problem of packing stability under basic conditions can be of
greater concern for more hydrophilic bonded phases, i.e. ion-exchange and size-exclu
sion packings I 7

-
1 9

. Moreover, acidic solutions of high organic content are frequently
promoted as cleaning recipes for silica-based reversed phases I 7,2o. Thus, column
stability across a wide pH range is often given as a general reason for the use of
polymer-based stationary phases'":

It is well known that silica-based packings can be unstable in basic pH systems.
The solubility of silica in water at room temperature is roughly 100-150 ppm over the
pH range 2_922. From pH 9-10.7, there is an increase in silica solubility to ca. 1000
ppm, owing to the formation of silicate ion and monomeric Si(OHk At high pH
conditions, the solubility of silica decreases from ca. 75 ppm in 25% aqueous metha
nol to ca. 15 ppm in 75% aqueous methanol. The reduction in silica solubility with
increase in organic modifier content may explain in part the successful use of silica
columns for polar solute separation using alkaline (e.g. ammonium acetate or ammo
nium nitrate) mobile phases rich in organic modifier (e.g. methanol?3,24. Impurities
in the silica or organic coatings on the silica can provide altered solubility depending
on the type of impurity or coating and its distribution on the surface".

In this paper, we describe several results of our studies on the stability of 11

alkyl-bonded silicas at high pH. We will show that base stability of C I 8 reversed
phases in 0.1 M NaOH is a function of organic modifier content in the mobile phase
as well as stationary phase variables, including bonded alkyl chain length, coverage,
endcapping and acid-washing of the base silica gel. Lastly, we will show that column
lifetime can be extended by the use of soluble sodium silicate in the mobile phase.
Taken together, these data can serve to improve the knowledge base concerning the
reliability of silica-based reversed-phase systems under basic pH solution conditions.

EXPERIMENTAL

Equipment and materials
The liquid chromatograph was composed of a Series 410 four-solvent delivery

liquid chromatography (LC) pump, a Model ISS-IOO autosampler with injector, and
a Model LC-95 variable-wavelength UV detector (Perkin-Elmer, Norwalk, CT,
U.S.A.). Data were collected on a C-R6A Chromatopac integrator (Shimadzu, Co
lumbia, MD, U.S.A.) and processed using a Nelson Analytical (Cupertino, CA,
U.S.A.) Model 2600 chromatography software package on an IBM-PC AT (Boca
Raton, FL, U.S.A.).

Alkylsilanes were obtained from Petrarch Systems (Bristol, PA, U.S.A.). IM
PAQ((') RG20IOSi, RG201O-CI8, RG2020-C18 andRG2010-C4 silicas and bonded
phases (nominal 200 A pore diameter, 10 /lm or 20 /lm diameter packings) were
obtained from The PQ Corporation (Conshohocken, PA, U.S.A.). The physical and
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TABLE I

CHARACTERISTICS OF SILICA GELS USED

RG20/o s. RG2020 Si

319

Pore volume (ml/g)"
Surface area (m2 /g)"
Median pore diameter (A)a
Particle size properties

o; 50 (jJm)b
ti; 501D , 50b

P bo; IOIDv , 90
Metals, anions (ppm)'

Al
Ca
Fe
Na
S042-
Cl-

pHd
Loss on drying"

1.34
246
198

8.92
1.22
1.72

77
<25

54
30

<25
<25

5.1
5.6

1.37
257
196

17.15
1.14
1.66

85
<25

51
36

<25
<25

5.2
4.6

a Porosimetry determined by nitrogen sorption (BET method).
b Particle-size analysis by Coulter counter. 0v.50 = 50% point on the cumulative volume (mass)

distribution of particle size; 0p.50 = 50% point on the cumulative population (frequency) distribution of
particle size.

c Cation analysis by HF digestion of silica followed by flame atomic absorption spectroscopy for
Na and inductively coupled plasma spectroscopy for AI, Ca, Fe and Mg determination. Anion analysis was
by ion chromatography of water extracts of the silica.

d pH measured of a 10% slurry of silica in water.
e Loss on drying determined by the weight change of the silica after heating at 105'C for 2 h.

chemical characteristics of these silica gels are shown in Table L The bonded packings
utilize monomeric n-alkylsilane chemistry with endcapping on acid-washed silica. In
certain experiments to study stationary phase variables, n-alkyl-bonded silicas were
synthesized using a modified procedure of Kinkel and Unger"', Elemental analyses
were determined on a Perkin-Elmer Model 2400 CHN analyzer with a precision of ca.
1% R.S.D.

Column hardware was obtained from Extrudehone (Irwin, PA, U.S.A.) and
Valco Instruments (Houston, TX, U.S.A.). Small molecule solutes were obtained
from Sigma (St. Louis, MO, U.S.A.) and Aldrich (Milwaukee, WI, U.S.A.) and used
as received. Orthophosphoric acid was a "Baker Analyzed" grade reagent (1. T.
Baker, Phillipsburg, NJ, U.S.A.), while monobasic and dibasic sodium phosphate
were obtained from Sigma. Urea was from Bio-Rad (Richmond, CA, U.S.A.) Sodi
um hydroxide, HPLC-grade methanol and isopropanol (IPA) were from E. M.
Science (Cherry Hill, NJ, U.S.A.). Sodium silicate "N" Clear was obtained from PQ
Corporation. HPLC-grade water was prepared in-house.

Chromatographic procedures
The stationary phases were packed into 15 x 0.46 cm LD. columns using

standard slurry procedures with methanol as the driving solvent. Methanol-water
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and IPA-water mobile phases were prepared by adding the correct volumes of organ
ic solvent and water following by dissolution of the appropriate acid or buffer salt.
pH was adjusted as desired by use of the appropriate acid or base.

The multi-solvent LC pump and autosampler were programmed to automate
column testing with repeated exposure of the column to alkaline mobile phases. In the
typical experiment, an initial evaluation was performed on the freshly packed re
versed-phase column using a standard test mixture of uracil, N-acetylprocainamide
(NAP), caffeine and phenol ' in a standard mobile phase (i.e. solvent A) of methanol
water (20:80) containing 0.1% (ca. 15 mM) orthophosphoric acid. This analysis last
ed 20 min. Keeping the flow-rate constant at 1 ml/rnin, the pump then delivered a
5-min linear gradient to reach 100% solvent B consisting of 0.1 M NaOH in metha
nol-water (80:20 or 20:80, see Table III). Solvent B was then pumped isocratically for
15 min and was followed by a 5-min linear gradient to 100% solvent C consisting of
0.1 M or 25 mM HN03 in aqueous IPA. After isocratic operation of solvent C for 15
min to wash away any hydrolyzed hydrocarbon chains from the packing, the LC
pump then delivered a 5-min linear gradient back to 100% solvent A. After equili
bration of the column in solvent A for 15 min, the autosampler made an injection of
the standard test mixture for reevaluation of solute retention. This solvent program

A

3

2

5

4

10

B

4 2 3

I I

5 MIN 10

15 MIN 20

Fig. I. Chromatography of uracil (I), NAP (2), caffeine (3) and phenol (4) on C t 8 columns. The solutes
were chromatographed in a mobile phase 0£20% (v/v) aqueous methanol containing 15 mM H

3
P0

4
at 1.0

rnl/rnin and 25T. (A) Bonded silica containing 3.41 flmol/in2 C t 8 groups. (B) Bonded silica containing
1.97 flmol/m2 C t 8 groups. IMP = Impurity.
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could be recycled as many times as needed. At the end of the study, the columns were
washed with IPA and sacrificed to obtain elemental analysis data.

RESULTS AND DISCUSSION

The aim of this paper was to evaluate the effects of basic pH eluents on n-alkyl
phases bonded to silica gel. Our first experiments involved the development of a small
molecule test mixture to characterize the reversed-phase columns prior to treatment
with a NaOH solution. Fig. 1 compares chromatograms of the solute mixture uracil,
NAP, caffeine and phenol from a fully bonded (i.e. 3.41 I1mol/m2) C1 8 packing and
from a partially bonded (i.e. 1.97I1mol/m2) C1 8 packing, both based on high purity
IO-flm granular silica gel having 200-A pores (Table I). Note that altered selectivity
for NAP, caffeine and phenol is obtained on the two C1 8 bonded phases. Table II
shows the results of alterations in the methanol-water (20:80) mobile phase to in
vestigate the retention behavior of these solutes on the fully bonded C1 8 reversed
phase. Decreases in mobile phase pH or increases in ionic strength caused a decrease
in k' or band sharpening of NAP, suggesting a largely ionic interaction of this solute
with the surface (i.e. with acidic silanols). The NAP solute is also retained relatively
longer on the partially bonded C1 8 packing, which is known to have accessible sila
nols. Caffeine retention is largely independent of pH, but is reduced upon addition of
urea (or acetonitrile) to the mobile phase. This result suggests that caffeine is mainly
sensitive to hydrogen bonding with the surface silanols?". Lastly, the solute phenol
can be used to gauge the hydrophobicity of the bonded phase except at high pH (pKa

of phenol is ca. 1027). The results obtained for caffeine and phenol for the partially
bonded C1 8 reversed phase in Fig. IB support the above explanation.

In the next sections of this paper, we will examine the role of mobile phase
components and stationary phase variables on column stability under high pH condi
tions. Lastly, we will briefly examine the use of soluble sodium silicate as an aid to
extended column lifetime. Taken together, the results provide a perspective on pa
rameters that control the stability of silica-based n-alkyl reversed phases at high pH.

Effect of mobile phase variables
In this study, we examined mobile phase parameters of the basic pH solution

that influence the stability of n-alkyl-bonded silicas. Several 15 x 0.46 em I.D. col
umns of a fully bonded C1 8 reversed phase based on lO-l1m granular silica of 200 A
pore diameter were packed and evaluated using the standard 20 min separation of
uracil, NAP, caffeine and phenol. Subsequent to this result, the mobile phase was
changed to 0.1 M NaOH in aqueous methanol as outlined in Experimental. A final
wash of the column with acidic aqueous IPA was programmed before return to the
standard conditions for reevaluation of the column.

Table III summarizes the variables studied in this set of experiments including
NaOH concentration, and the effects of methanol and IPA content in the wash solu
tions and reports initial and final %C and k' results. Interestingly, losses in %C do
not correlate well with observed changes in k', For example, the C1 8 packing of
experiment 3 shows a loss of 1.76%C with reduction in k' for NAP, caffeine and
phenol, while in experiment 5, a loss in selectivity for caffeine and phenol is observed
with roughly the same ca. 10% loss in bonded carbon. Note that experiment 7 in-
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dicates bonded phase hydrolysis is not due to the acidic aqueous IPA as observed
previously". It is likely that chromatographic performance is more sensitive to phase
hydrolysis than %C measurements. Moreover, the entire column was sacrificed to
provide a sample for %C, which may represent an "averaging" of the result. More
study is required.

Fig. 2 presents a plot of caffeine-phenol selectivity change as a function of
base-catalyzed hydrolysis of the CiS bonded silica surface, while Fig. 3 shows chro
matograms from the CiS column through 12 cycles of the 0.1 MNaOH wash condi
tions causing the greatest degradation, experiment 5 (see Table III). Typically, the
change in chromatography occurs as a loss of k' for phenol and a k' increase for
caffeine, i.e. a loss in caffeine/phenol selectivity. We also frequently noticed an in
crease in operating pressure of the LC system, often enough (i.e. > 6000 p.s.i.) to shut
down the HPLC solvent pump. Interestingly, NAP retention was not often affected in
these experiments. Fig. 2 indicates that the most deleterious condition results from
washing the CiS bonded silica with a basic solution high in organic modifier content.
One may speculate that the organic modifier solvates the hydrophobic surface and
permits access of Oll "; however, it is not possible at this time to identify the point of
hydrolytic cleavage on the packing. The increased IPA content (80%) of the acidic
solution decreased the CiS column stability only when this solution was used in
conjunction with the 80% aqueous methanol containing 0.1 M NaOH. This result
suggests that the high IPA content is needed for elution of the cleaved stationary
phase ligands. In fact, washing the columns at the end of experiments 1 and 2 with
IPA-water (80:20) containing 25 mM HN03 did not change retention of caffeine or
phenol.

In separate experiments, we found that 20% aqueous methanol did not wet the
CiS bonded silica upon suspension of the bonded phase with this mobile phase in a
test tube. Chromatography of the small molecules using this mobile phase on an
originally "dry" column resulted in one peak eluting at the V0 position. After passage
of methanol (either during the column packing operation or as a separate step) and
return to the 20% aqueous methanol, retention and separation of the small molecule
probes occurs. This phenomenon probably relates to the presence of a solvent layer
enriched in methanol sorbed to the CiS bonded surface'": Thus, if NaOH is chosen to
sanitize a column, one caveat is to minimize the organic content of the basic solution
where possible, such that the desired cleaning action is still obtained and column
lifetime is maximized.

Effect of stationary phase variables
We next examined in greater detail the role of stationary phase parameters on

the stability of the column to basic pH conditions. Table IV lists the characteristics of
several packings synthesized for this study, while Fig. 4 plots caffeine-phenol selec
tivity as a function of passage of 0.1 M NaOH in 80% aqueous methanol. With the
exception of the partially bonded CiS packing (experiment 4) and the C4 reversed
phase (experiment 5) based on 10-J1m silica of 200 Apore diameter, the remaining
bonded phases were synthesized on 20-J1m silica with 200 Apores with similar surface
chemistry to the lO-J1m material (see Table I). In each of the experiments in Table IV,
we varied some aspect of the bonding chemistry ranging from a fully bonded material
with endcapping on a acid-washed silica (experiment 1) to a partial bonding with no
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Fig. 2. Caffeine-phenol selectivity on several C, 8 columns as a function of 0.1 M NaOH solution passed
through the column. Caffeine and phenol k' values were measured on each column using the conditions of
Fig. I. See Table III and text for the conditions of experiments 1-7.
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Fig. 3. Chromatography of uracil (1), NAP (2), caffeine (3) and phenol (4) on a C , 8 column through twelve
cycles of 0.1 M NaOH aqueous methanol solution passed. The solutes were chromatographed on the C , 8
column usirig the conditions of Fig. l. See Experimental, Table III, and experiment 5 in Fig. 2 for descrip
tion of the 0.1 M NaOH treatment. (A) Initial evaluation; operating pressure was 150 p.s.i. (B) Column
evaluation after cycle 4 of treatment, equivalent to passage of 60 m! each of 0.1 M NaOH in 80% aqueous
methanol and 25 mMHN0

3
in 80% aqueous IPA through the column. (C) Column evaluation after cycle

7, equivalent to 105 ml of each of the wash solvents in (B) passed through the column. (D) Column
evaluation after cycle II, equivalent to 165 ml of each of the wash solutions in (B) passed through the
column. Operating pressure was 180 p.s.i.
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Fig, 4. Caffeine-phenol selectivity as a function of passage of 0.1 M NaOH solutions through columns of
various stationary phase chemistries. The solutes were chroma tographed under the conditions of Fig. I.
See Table IV and text for the conditions of experiments 1-5.

endcap or acid-washing (experiment 4). Finally, a C4 bonded phase was synthesized
with endcapping on the acid-washed silica as indicated in experiment 5. Each of the
packings was exposed to the most deleterious conditions of Table III, i.e. the 0.1 M
NaOH in 80% aqueous methanol followed by the 25 mM HN03 in 80% aqueous
IPA wash. In these experiments, a rough correlation was observed between %C loss
in the packing and loss of caffeine-phenol selectivity. Thus, the CIS column of experi
ment 1 showed the greatest resistance to hydrolysis corresponding to a ca. 13% loss of
%C, while the partially bonded CIS column of experiment 4 deteriorated (i.e. exces
sive operating pressure) within one cycle with a ca. 27% loss of bonded carbon. Fig. 4
indicates that full CIS coverage with endcapping on a acid-washed silica provides the
greatest resistance to base hydrolysis. Interestingly, inverted elution order of caffeine
and phenol was obtained on the non-endcapped (non-acid-washed) CIS column (ex
periment 3) by the fourth cycle (Fig. 4). This column also showed a ca. 25% loss in
bonded carbon by the end of the experiment. Lastly, the short chain C4 column
(experiment 5) deteriorated within two cycles and high column back-pressure had
shut off the LC system by the fourth cycle. Thus, for the same bonded phase chem
istry and the same basic pH eluent conditions, the C4 column appears less stable
relative to the CIS column. This result agrees with column stability under acidic
conditions, in that a more hydrophobic surface shows greater stability to hydrolysis".
In the next section, we briefly examine stability of the columns against base hydrolysis
using soluble sodium silicate.

Use of sodium silicate
In the past, workers have used precolumns containing silica or bonded phase to

presaturate the mobile phase with stationary phase such that the analytical column is
not degraded 15. In a single experiment, we dry-packed a 5 x 0.46 em J.D. precolumn
with lO-Jim silica of200 Apore diameter and used it in the system in conjunction with
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a freshly packed 15 x 0.46 em J.D. column of the fully bonded C t 8 (endcapped,
acid-washed) bonded phase based on the same silica. The wash solutions employed
were the 0.1 M NaOH in 80% aqueous methanol followed by the 25 mM HN03 in
80% aqueous IPA.

Initially, the operating pressure of the chromatograph was ca. 150 p.s.i. By the
fourth cycle, the instrument had shut down owing to the 5000 p.s.i. back-pressure of
the precolumn. The analytical column showed only ca. 180 p.s.i. Note that in the
absence of the precolumn we could achieve all eleven of the cycles on this C t 8 packing
(see experiment 5 in Fig. 2 and Fig. 3) with initial and final operating pressures of 150
and 180 p.s.i. respectively.

We next examined the use of a commercially available sodium silicate solution
in the 0.1 M NaOH in 80% aqueous methanol for the purpose of pre-saturating this
solution with silica. This solution has a weight ratio of 3.22 Si02/Na20 with 8.9%
Na20 and a pH of 11.329. We diluted this solution by ca. 400 times with water to
obtain concentrations of ca. 12 mM Si02 (ca. 1000 ppm silicate) and ca. 7.2 mM
NaOH. We then dissolved additional NaOH (ca. 20 gil of solution) into this solution
to raise the NaOH concentration to 0.5 M such that the mixture of 200 ml of this
solution with the 800 ml of methanol would bring the final NaOH concentration to
0.1 M. Upon addition of the methanol, silica was observed to precipitate from solu
tion, which was not unexpected as the literature indicates a ca. 15 ppm solubility of
silica in this systemP. After stirring, the solution was filtered and placed in the chro
matograph. All of the solutions and dilutions were done in polyethylene containers to
avoid dissolution of silica from the walls of glass solvent bottles. As with use of any
mobile phase containing salt, compatibility with other solvents used in gradients is
mandatory. We did not notice any precipitation of silica when aliquots of the 25 mM
HN03 in 80% aqueous IPA were contacted with the silica-saturated 0.1 M NaOH in
80% aqueous methanol. Table V and Fig. 5 present the results of substitution of this

1.1

105

a
EXP.l

S

EXP.2

EXP.3

EXP.4

50 100 150 200

Vdume of Bosic ScJution Possed, ml

Fig, 5. Caffeine-phenol selectivity on CIS and C4 columns as a function of 0.1 M NaOH solution passed
through the column with and without silicate-saturation of the basic solution. The solutes were chroma
tographed under the conditions of Fig. 1. See Table V and text for the conditions of experiments 1--4.
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Fig. 6. Chromatography of uracil (I), NAP (2), caffeine (3) and phenol (4) on C'8 columns after passage of
0.1 M NaOH in 80% aqueous methanol with and without dissolved silicate. The solutes were chroma
tographed using the conditions of Fig. I. (A) 165 ml each of 0.1 M NaOH in 80% aqueous methanol and 25
mM HN0 3 in 80% aqueous IPA were passed through the column. Operating pressure was 180 p.s.i. (8)
The same volumes of the same solutions as in (A) were cycled through the column except the 0.1 M NaOH
in 80% aqueous methanol was saturated with silicate, see text. Operating pressure was 260 p.s.i. IMP =

Impurity.

silica-saturated basic solution for that containing no silicate. Loss of bonded carbon
was reduced by ca. 40% in the C1 8 system and by ca. 50% in the C4 system by virtue
of silica-saturation of the 0.1 M NaOH solution. Increased column lifetime in terms
of caffeine-phenol selectivity was observed for both the C4 and C1 8 columns using
this approach. Undoubtedly, with adjustment of the organic modifier content of the
wash solutions in the C4 system as appropriate for cleaning, the column lifetime could
be improved further. Fig. 6 presents the chromatograms on the C1 8 columns after
passage of ca. 165 ml of the unsaturated (Fig. 6A) and saturated (Fig. 6B) silicate
solutions of basic pH. It is obvious that the addition of silicate to the mobile phase
improved the column stability. Note that some increase in operating pressure is ob
served in Fig. 6B, but that the result achieved is acceptable. Thus, silicate-saturated
basic pH solutions can be used to wash silica-based reversed phases with extended
lifetimes of the columns.
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This paper examined several variables in the stability of silica-based reversed
phases to basic pH. Chromatography of small molecule test probes and %C mea
surements proved to be valuable in qualitatively evaluating bonded phase stability as
a function of passage of hydro-organic solutions of 0.1 M NaOH. Increased organic
modifier content of the 0.1 M NaOH wash solution decreases the operating lifetime of
the reversed-phase column as measured by resolution and operating pressure. High
organic modifier content of an acidic wash following the 0.1 M NaOH solution also
high in organic modifier further decreases column lifetime, probably because cleaved
ligand chains are more effectivelywashed away. High coverage and endcapped bond
ed phases containing long chains (i.e. C ts) based on a acid-washed silica showed an
increased lifetime under basic pH conditions relative to those cases where anyone of
these conditions was not met. The use of a silica precolumn does not serve to enhance
system usefulness. Finally, the use of silica-saturated (via soluble sodium silicates)
mobile phases of high pH can increase column lifetime for long or short (i.e. C4 ) chain
columns over the case where silica-presaturation is not used.
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MECHANISM OF RETENTION IN HIGH-PERFORMANCE LIQUID CHRO
MATOGRAPHY ON POROUS GRAPHITIC CARBON AS REVEALED BY
PRINCIPAL COMPONENT ANALYSIS OF STRUCTURAL DESCRIPTORS
OF SOLUTES
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Department of Biopharmaceutics and Pharmacodynamics, Medical Academy, K. Marksa 107, 80-416
Gdansk (Poland)
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and
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SUMMARY

High-performance liquid chromatographic retention data derived for a set of
non-congeneric aromatic solutes on a graphitic carbon stationary phase with hexane
as the eluent were analysed. The capacity factors were quantitatively related to struc
tural information extracted from nineteen molecular descriptors of solutes by multi
variate analysis. The descriptors considered included molecular weight, molecular
refractivity, topological indices, information content indices, quantum chemical in
dices and structural indices based on electron charge distribution within a molecule.
The first three principal components obtained by factor analysis of nineteen structur
al descriptors appeared meaningful for the description of retention. Most important
for retention were structural features reflecting abilities of solutes to participate in
intermolecular interactions of the electron pair donor-acceptor and dipole-induced
dipole type. The structural factor related to molecular size appeared less important
for retention but decisive for the prediction of boiling points. Multivariate analysis of
structural descriptors was demonstrated to provide systematic information useful for
the explanation of the mechanism of a chromatographic process.

INTRODUCTION

Quantitative structure-retention relationships (QSRR) have been extensively
studied in the last decade for three main purposes: explanation of the mechanism of
retention, retention prediction and parameterization of the structures of solutes 1.

Most published QSRR were derived by means of a multiple regression analysis of a
set of retention data (dependent variable) and various empirical, semiempirical and
theoretical structural parameters assumed to be independent variables. Unfortunate
ly, the independent (i.e., explanatory) variables considered have often been interrelat-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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ed by simple or multiple correlations. Sets of intercorrelated chemical data are un
suitable for multiple regression but can be the subject of multivariate analysis with
factorial methods.

Factor analysis was first applied to chromatographic data in the early 1970s2
-

4
.

More recent examples of the application of multivariate analysis in chromatography
may be found in refs. 5-15. The analyses reported were mostly aimed at the prediction
of the retention of a particular set of solutes with various mobile-stationary phase
systems. However, Wold and co-workers I 4

, 1 5 used chromatographic data to extract
some structural properties of amino acids. Little attention has been paid to the multi
variate analysis of structural descriptors of solutes. In fact, Massart and co-work
ers'':? performed factor analysis of a set of topological and quantum chemical indices
of a series of compounds but dit not relate the factors extracted quantitatively to the
gas chromatographic retention indices studied.

It appeared soon after Knox et al.16 introduced porous graphitic carbon as a
high-performance liquid chromatographic (HPLC) stationary phase that the reten
tion behaviour observed was different to that expected for a reversed-phase material.
Our QSRR studies!" demonstrated that specific, polar, size-independent solute-sta
tionary phase interactions are decisive for retention. In this work we attempted to
apply multivariate analysis in order to obtain some insight into the mechanism of
HPLC retention on graphitic carbon.

EXPERIMENTAL

Materials
The test solutes selected for study are simple aromatic derivatives. The whole

set of 20 solutes is diverse enough to avoid congenericity and includes various func
tionalities. On the other hand, a subgroup of phenol derivatives can be separated to
allow specific comparisons.

For the sake of comparison, boiling point data were collected 18 for the solutes
analysed and these data are given in Table I together with chromatographic and
structural indices.

Chromatographic determinations
Solutes dissolved in heptane were chromatographed with neat heptane as the

mobile phase on 30 em x 1 mm I.D. columns slurry-packed with porous graphitic
carbon material. A standard HPLC system was applied. Details of the analytical
procedure have been given previouslyl7.

The column void volume was determined by the change in the refractive index
of an injection of pentane in hexane. Logarithms of capacity factors (log k') are given
in Table 1.

Structural descriptors
Non-empirical structural descriptors were considered, i.e., molecular param

eters that can be calculated based exclusively on the structural formula of a solute.
The total of nineteen descriptors determined included molecular weight (molwt),
molecular refractivity (bondrefr), four topological indices, three information content
indices, six quantum chemical indices and four modifications of quantum chemical
data.
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Molecular refractivity (bondrefr) was calculated as the sum of the bond refrac
tivities for all pairs of connected atoms according to Iophphe!". A list of individual
increments can be found in ref. 1, p. 96.

The following indices based on molecular topology were considered: (i) indices
of molecular shape (kappa values) of second and third order, K

2 and K
3 (kappa2 and

kappa3), according to Kier 20; (ii) the Kier and Ha1l21 generalized molecular connec
tivity index of second order, X2V(chi2v); and (iii) the average distance sum connectiv
ity index of Balaban/? calculated according to Barysz et at.23 (balaban). It should be
mentioned that being in full agreement with mathematical topology, one can compare
topological indices derived for closely congeneric compounds only, such as aliphatic
hydrocarbons. The indices considered here are empirical modifications of graph theo
retical indices and were introduced to provide the diversity of structures observed in
real chemical systems.

The next group of structural indices considered were information indices of
neighbourhood symmetry of zeroth order, icO, first order, icl, and second order, ic2
(ref. 24). These information content indices were calculated by means of the general
information theory equation (Shannon's equation) from probabilities of finding
equivalent atoms (icO) or patterns of atoms in a given structural formula.

The separate group of non-empirical structural descriptors studied were quan
tum chemical indices. The indices were calculated for each solute by using the
MND03 method/P on molecular coordinate files obtained from the Cambridge Crys
tallographic Database". Calculations were done on a VAX 780 computer with an
array processor. The following quantum chemical indices were considered: total ener
gy (etotal), heat of formation (heatf), energy of core-core repulsion (corer), energy of
highest occupied molecular orbital (ehomo), energy of lowest unoccupied molecular
orbital (elumo), dipole moment (dipolem) and eelctron excess charges on individual
atoms.

The last group of molecular descriptors considered here were parameters de
rived from excess charge distribution within a molecule. These were submolecular
polarity parameters, L1 (delta), electronic-geometric index, yE (geoeli), and the local
dipole index, DL (diploe). The submolecular polarity parameter delta 1 was calculated
as the largest difference of excess charges for a pair of atoms in a molecule/". The
second-order submolecular polarity parameter, delta2, was determined analogously
as the second largest difference of excess charges. Determination of the local dipole
index according to Kikuchi" is based on the equation

where QA and QB are net charges of atoms A and B which are bonded together. The
summation is made over all pairs of bonded atoms and NAB is the number of such
pairs. The electronic-geometric index, yE (geoeli), is based on excess charge distribu
tion and on molecular geometry, as proposed previously29.

Statistical analysis
Principal component analysis (PCA)30.31 was performed on a set of nineteen

structural descriptors of twenty solutes. The resulting principal component object
scores were related to chromatographic data and boiling points by means of a step
wise multiple regression.
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By PCA, a multi-dimensional parameter space may be reduced to a few signif
icant components which concentrate the information distributed over many
variables. In other words, all those original parameters which are interrelated by
simple or multiple correlations are combined (linear combination) to a few orthogo
nal principal components.

Principal component loadings (vectors) and principal component object scores
are usually displayed graphically on the plane spanned by two principal component
axes. A vector representation of the original parameters in the principal component
space is obtained by plotting the loading values of the principal components on the
variable against each other.

In PCA, high loadings of almost all variables on the first principal component
are usually observed, whereas the other PCs contain much less information. In such a
situation it may be difficult to interpret the meaning of individual principal compo
nents and rotation of the principal coordinate system is often applied. The VARI
MAX procedure was applied here using standard statistical software.

RESULTS AND DISCUSSION

For the set of twenty solutes studied, logarithms of HPLC capacity factors,

TABLE I

RETENTION DATA (log k'), BOILING POINTS AND NINETEEN NON-EMPIRICAL STRUCTURAL DE-

SCRIPTORS FOR,THE SET OF SOLUTES ANALYSED

No. So/utes log k' b.p. (K) molwt" bondrefr" kappa2' kappas" chilv" balaban! icOO • icl h

I Phenol 0.431 454.7 94.11 27.768 1.755 1.016 1.336 8.640 1.314 1.914
2 p-Cresol 0.456 474.9 108.14 32.416 1.968 1.331 1.836 9.717 1.272 2.272
3 4-Ethylphenol 0.277 492 122.17 37.064 2.646 1.541 2.020 10.600 1.236 2.325
4 4-n-Propylphenol 0.312 505.6 136.19 41.712 2.194 1.229 2.416 11.365 1.207 2.275
5 2-Isopropylphenol -0.171 486 136.19 41.712 2.843 1.834 2.517 11.992 1.207 2.275
6 2-tert.-Butylphenol -0.419 494 150.22 46.360 2.666 1.808 3.767 13.351 1.183 2.209
7 4-tert.-Butylphenol -0.022 512.5 150.22 46.360 2.666 2.054 3.797 13.064 1.183 2.209
8 Carvacrol -0.194 510.7 150.22 46.360 3.055 1.808 3.001 13.192 1.183 2.259
9 Thymol -0.148 506 150.22 46.360 3.055 1.808 3.217 13.262 1.183 2.259

10 Benzene -1.060 353.2 78.11 26.184 1.606 0.845 1.155 7.330 1.000 1.194
\I Toluene -0.791 383.6 92.14 30.832 1.783 1.038 1.411 8.435 0.997 1.533
12 a-Xylene -0.433 417.4 106.17 35.480 1.994 1.101 2.084 9.661 0.991 1.658
13 m-Xylene -0.666 412.1 106.17 35.480 1.994 1.353 2.158 9.596 0.991 1.658
14 p-Xylene -0.658 411.3 106.17 35.480 1.994 1.353 2.155 9.542 0.991 1.658
15 Anisole -0.317 428 108.14 32.616 2.468 1.331 1.517 9.711 1.272 1.774
16 Benzyl alcohol -0.211 478.3 108.14 32.416 2.478 1.331 1.644 9.420 1.272 2.046
17 Chlorobenzene -0.606 405 112.56 31.018 1.987 1.204 1.296 8.928 1.325 1.650
18 Acetophenone 0.283 475.6 120.15 35.618 2.444 1.389 1.922 10.770 1.264 1.993
19 Nitrobenzene 0.799 483.8 123.11 31.858 2.259 1.253 1.654 11.376 1.727 2.006
20 Methyl benzoate 0.236 472.6 136.15 37.232 3.129 1.662 1.858 12.034 1.392 2.192

a Molecular weight. b Sum of bond refractivitles-"" Index of molecular shape of second order!". d Index ofmolec-

ular shape of third order!". e Valence connectivity index of second order-": J Modified Balaban index2 3 . '.h,i In-

formation content indices of zeroth, first and second order, respectively". j Total energy (eV). k Heat of formation

(kcal). I Energy of core-core repulsion (eV). m Energy of the highest occupied molecular orbital (eV). n Energy of the

lowest empty molecular orbital (eV). 0 Dipole moment calculated quantum chemically (D). P Submolecular polarity

parameter of first order (electrons). q Submolecular polarity parameter of second order (electrons). ' Local dipole
index" (electrons). S Geometric electronic index-? (electrons/A").
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boiling points and nineteen non-empirical structural descriptors are collected in Table
I. The correlation matrix (not included) for all 21 data sets reflects high intercorrela
tions among most of the structural descriptors under study.

Stepwise multiple regression analysis of log k' data against the nineteen non
empirical structural descriptors of the solutes did not yield any statistically significant
multi-parameter equation.

Intercorrelations among structural parameters limit the applicability of mul
tiple regression analysis in QSRR studies. On the other hand, according to current
chemometric theory, as many relevant data as possible should be used because this
increases the probability of good characterization of the solutes"". The large data
tables resulting from such an assumption can be subjected to multivariate analysis to
extract the systematic information contained in the data. The set of structural data
considered here consisted of the last nineteen columns in Table I.

Basing on the eigenvalues of the correlation matrix, we decided to extract five
main factors from the data. The first factor accounted for 57% of the variance in
structural data, the second for 21%, the third for 7%, the fourth for 6% and the fifth
for 3% of the variance. Altogether, the principal components extracted accounted for
about 95% of the variance in the structural data considered.

Subsequently, we calculated loadings (eigenvectors) of the five principal com
ponents extracted. The loadings were next subjected to VARIMAX rotation. The
VARIMAX-rotated PC loadings, PCvrl to PCvr5, are given in Table II. In Fig. 1 the
loadings of two first principal components by individual structural descriptors are
graphically depicted.

ie2 i etotal! heatf" corer' ehomo'" elumo" dipolem" delta I" delta2' diploe' geoeli'

2.661 1172.37 \2.443 3336.\9 - 9.3347 -0.0245 1.55 0.444 0.347 0.\411 2.436
3.203 1328.68 10.938 4272.77 -9.2302 0.\309 1.52 0.441 0.36\ 0.\578 3.001
3.471 1484.60 18.407 5320.72 -9.0901 0.1767 1.36 0.435 0.342 0.\25\ 3.102
3.698 1639.92 39.683 6360.\3 -9.1356 -0.0370 1.68 0.450 0.338 0.\045 3.080
3.482 \639.88 40.626 6723.87 -9.4610 0.0874 1.66 0.453 0.346 0.1056 3.472
3.152 \794.76 71.972 8189.62 - 9.5373 0.0712 1.56 0.462 0.350 0.1028 4.2\7
2.992 \795.46 55.862 7919.10 -9.\947 0.170\ 1.50 0.440 0.347 0.1236 4.2\9
3.593 1795.88 53.090 7828.34 -9.2813 0.0302 1.46 0.454 0.372 0.1\33 4.09\
3.593 1795.77 48.596 7920.80 - 9.3971 0.0472 1.66 0.453 0.368 0.1038 4.000
2.661 848.65 249.257 2255.72 -7.4078 -0.475\ 0.13 0.168 0.164 0.7960 1.506
2.386 \006.14 59.026 3319.61 -9.2088 0.1824 0.03 0.204 0.169 0.085\ 1.727
2.4\9 \157.34 175.358 4451.23 -9.3617 0.2491 0.\4 0.201 0.200 0.0796 2.318
2.530 1\57.88 160.664 4343.00 -9.0636 0.0498 0.16 0.23\ 0.223 0.9170 2.440
2.197 \\58.56 \47.252 4298.57 -9.3\61 0.2503 0.02 0.218 0.217 0.9440 2.309
2.858 \327.77 31.882 4321.22 - 8.8705 0.2100 1.35 0.501 0.388 0.1901 3.540
3.031 1328.\3 23.574 4293.52 - 9.3306 0.2758 1.46 0.531 0.494 0.1655 3.488
2.459 1190.88 41.735 3192.70 -9.6014 -0.1082 1.43 0.\26 0.124 0.5\00 1.008
3.013 1455.63 33.040 5002.93 - 9.8255 -0.3894 2.66 0.550 0.416 0.\327 2.936
2.700 \683.97 71.757 5\39.94 - \0.2590 -1.0730 4.88 0.842 0.819 0.2428 3.666
3.\55 \777.78 -6.\23 6161.55 -9.7408 -0.3392 1.76 0.764 0.7\6 0.2399 5.\50
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TABLE II

VARIMAX-ROTATED LOADINGS OF THE EXTRACTED PRINCIPAL COMPONENTS BY IN-
DIVIDUAL STRUCTURAL DESCRIPTORS DENOTED AS IN TABLE I

Structural PCvr J PCvr 2 PCvr 3 PCvr 4 PCvr 5
descriptor

molwt 0.9411 0.1939 0.2309 0.0404 0.0422
bondrefr 0.9812 -0.1106 0.1058 0.0650 -0.0114
kappa2 0.7672 0.1657 0.2620 0.1219 0.4263
kappa3 0.9148 -0.0014 0.1633 0.0234 0.2406
ehi2v 0.9570 -0.1417 -0.0115 0.'0224 -0.0605
balaban 0.9476 0.2351 0.1739 0.0377 0.0993
ieO -0.0039 0.8805 0.3678 -0.0455 0.1296
icl 0.5796 0.2746 0.3280 0.6257 0.1320
etotal 0.8451 0.3942 0.2930 0.0901 0.1687
heatf -0.1619 -0.2388 ~0.8694 0.0240 -0.2526
corer 0.9688 0.0949 0.1654 0.0971 0.0826
ehomo -0.3170 -0.4787 - 0.4550 0.6322 -0.0343
elumo 0.1390 -0.8985 0.3036 -0.0758 0.1436
dipolem 0.1863 0.9190 0.2916 -0.0120 -0.0287
delta 1 0.2626 0.7589 0.3085 0.0940 0.4708
delta2 0.1773 0.8080 0.1819 0.0074 0.5053
diploe -0.2855 -0.1426 -0.8155 -0.1542 0.0290
geoeli 0.6868 0.3201 0.2065 0.1365 0.5749

The principal component scores for the set of twenty solutes studied, scaled to a
variance of 1, obtained after VARIMAX rotation, are collected in Table III. For
illustration the first two PC scores for the solutes considered are presented in Fig. 2.

As can be observed in Table II (see also Fig. I), the first principal component,
PCvrl, is loaded mostly by such structural descriptors as molecular refractivity
(bondrefr), energy of core-core repulsion (corer), valence connectivity index of sec
ond order (chi2v), Balaban index (balaban), molecular weight (molwt), kappa param
eter of third order (kappa3) and total energy (etotal). To a lesser extent PCvrl is
loaded by kappa2, electronic-geometric index (geoeli) and information content in
dices of first and second order (ici and ic2). It is evident that all these structural
descriptors strongly loading PCvr1 reflect basically the size (bulkiness) of the solutes.
In such a situation PCvrl condenses information on molecular size.

The second principal component, PCvr2, is loaded predominantly by the fol
lowing structural descriptors: dipole moment (dipolem), energy of LUMO (elumo),
information content index of zeroth order (icO) and the submolecular polarity param
eters of the first and second order (delta 1 and delta2). Hence it may be concluded that
PCvr2 concentrates structural information related to the so-called molecular polarity.
Specific, polar properties of chemical compounds are the result of electron distribu
tion within a molecule. From the chromatographic point of view, such properties
determine the ability of a solute to participate in intermolecular interactions with the
stationary and/or mobile phase of the dipole-dipole, dipole-induced dipole and elec
tron pair donor-acceptor type.

A separate discussion requires high loading of PCvr2 by icO. The index icO
reflects the diversity in the atom composition of a molecule. For the set of solutes
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Fig. I. VARIMAX-rotated laodings of two first principal components by individual structural descriptors
denoted as in Table I.

studied it also reflects their molecular polarity as demonstrated by correlation of icO
with dipole moment (r = 0.93) and with the submolecular polarities deltal and delta2
(r = 0.81 and 0.82, respectively).

The third VARIMAX-rotated principal component, PCvr3, is highly loaded by
the heat of formation (heatf) and the local dipole index (diploe). The next loading
structural descriptor would be the energy of HOMO (ehomo), with a contribution of
- 0.4550. The parameter ehomo is one of the three structural descriptors most signif
icantly loading PCvr4, the other two being icl and ic2. The loading values for these
descriptors are 0.6322, 0.6257 and 0.6377, respectively. Loadings of PCvr4 by the
remaining parameters are insignificant ( < 0.15). There is no parameter strongly load
ing PCvr5 but several descriptors provide contributions of about 0.5; geoeii, deltal,
delta2 and kappa2. It may be speculated that PCvr5 contains some information on
the molecular shape of the solutes.

The principal component scores after VARIMAX rotation for the solutes stud
ied (Table III and Fig. 2) differentiate a subgroup of phenolic solutes from the re
maining benzene derivatives. As il1ustrated in Fig. 2, phenols are distributed along the
PCvrl axis and are characterized by low values of PCvr2. The reverse situation is
observed for non-phenolic compounds.

It seemed interesting to apply the structural information condensed in five prin-
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TABLE III

VARIMAX-ROTATED PRINCIPAL COMPONENT SCORES FOR THE SOLUTES ANALYSED

The solutes are numbered as in Table I.

Solute PCvr 1 PCvr 2 PCvr 3 PCvr4 PCvr 5
No.

I 1.4096 -0.1692 1.0508 -0.1146 -0.1675
2 0.7181 0.0879 1.0513 0.8746 -0.0358
3 0.0823 0.3454 0.9058 1.1894 0.2208
4 -0.3910 -0.1595 0.6249 1.3567 -1.2177
5 -0.8082 0.1659 0.5300 0.4910 -0.0839
6 -1.7161 0.1006 -0.1624 -0.2756 - 0.4645
7 - 1.7017 0.3733 -0.2055 -0.2137 -0.0352
8 - 1.4317 0.1615 0.0534 0.6297 0.0020
9 - 1.5090 0.1269 0.1492 0.4699 - 0.2106

10 1.4856 0.0749 - 2.6331 2.5015 - 0.5728
11 1.1533 1.1636 0.7842 -0.9680 -0.5168
12 0.2404 0.9928 - 0.1926 -0.9950 -0.7277
13 0.0362 0.6940 -1.8420 -0.8304 0.3305
14 0.0419 0.9590 -1.6122 - 1.5784 0.5789
15 0.7642 0.3651 0.4583 -0.0071 1.5090
16 0.7810 0.2429 0.8289 0.1247 1.5695
17 0.7581 -0.0330 0.4278 -1.3157 - 1.8248
18 0.1020 -0.9377 0.4288 -0.3581 -0.6119
19 0.2569 - 3.5829 -0.6015 -0.8545 - 0.3883
20 -0.2719 -0.9712 -0.0440 -0.1264 2.6470

cipal components to correlation studies with HPLC data derived on graphitic carbon
as stationary phase with hexane as the eluent. The stepwise regression analysis of log
k' against PCvrl to PCvr5 for the whole set of 20 solutes yielded the following
equation:

log k' = -0.145 - 0.323 PCvr2 + 0.259 PCvr3 (1)

characterized by a correlation coefficient R = 0.85, standard error of estimate s =

0.271 and F-test value 22.2. The equation is significant at the 1.8 . 10- 5 level and the
significance levels for the coefficientsat the variables PCvr2 and PCvr3 are 0.0001 and
0.0005, respectively.

On analysing eqn. 1, one notes the absence of the molecular size-related PCvr1.
As is well known, the bulkiness of chemical compounds determines their ability to
participate in non-specific dispersive intermolecular interactions. The lack of signif
icance of PCvrl for a description of the retention of the whole set of diverse solutes
means that the net London-type attraction of solutes and stationary phase is compa
rable to that between solutes and mobile phase molecules. The PCvr2 term in eqn. 1
can be interpreted as compromising the charge-transfer attractive interactions of the
solutes and the graphitic carbon stationary phase on the one hand and the solute
hexane inductive interactions on the other. The contribution of PCvr3 to eqn. 1 is
difficult to interpret in terms of the retention mechanism. Bearing in mind the input
by the local dipole index to the third PC, one could consider PCvr3 as reflecting
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Fig. 2. Principal component scores after VARIMAX rotation for the solutes numbered as in Table I.

dipole-induced dipole interactions involving solute molecules and the molecules of
both chromatographic phases.

Eqn. 1 may give some insight into the mechanism of separations in the graphitic
carbon-hexane HPLC system. Its statistical value, however, is too low for the reliable
prediction of retention. When phenolic derivatives are excluded from regression then
the equation derived for the remaining eleven benzene derivatives has much increased
predictive properties:

log k' = -0.100 - 0.373 PCvrl - 0.299 PCvr2 + 0.159 PCvr3 (2)

Eqn. 2 is characterized by the statistical parameters R = 0.977, s = 0.140 and F-value
= 49.5. The significance level for eqn 2 is 4.4 . 10- 5 and for the variables PCvrl,
PCvr2 and PCvr3 the respective values are 0.001, 0.00001 and 0.002. The relationship
between the measured log k' data and values calculated by eqn. 2 is illustrated in Fig.
3.

On comparing eqn. 1 and 2, one notes that in the latter the term PCvrl, related
to molecular size, becomes significant. It may also be noted that PCvrl scores for the
solutes studied (Table III) attain higher values for smaller compounds. Thus, a nega
tive coefficient for PCvrl suggests that more bulky non-phenolic solutes will be more
strongly retained in the HPLC system under study. This in turn can be interpreted as
a result of weaker dispersive interactions between a solute and the solvent than the
respective solute-stationary phase interactions. The terms PCvr2 and PCvr3 in eqn. 2
may be interpreted analogously as in eqn. 1 for a whole set of solutes. Again, the term
PCvr2 predominates over others.

The following regression equation was derived for a subset of nine phenolic
derivatives:

log k' = 0.204 + 0.247 PCvrl (3)
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Fig. 3. Plot of observed values against values calculated from eqn. 2 of log k' for non-phenolic solutes.

For eqn. 3 the statistical characteristics are R = 0.884, s = 0.158 and F-value = 25.0.
The significance levels for eqn. 3 and the variable PCvrl are 0.002 and 0.001, respec
tively. As could be expected, similarity of the electronic properties of a closely conge
neric group of phenols made the terms PCvr2 and PCvr3 insignificant for the reten
tion differentiation. In such a situation, retention within a series depends on the
ability of an individual member to participate in non-specific dispersive interactions.
This does not mean that there are no polar intermolecular interactions present in the
system. These interactions, as revealed by the general eqn. 1, may still be decisive for
the retention of the whole homogeneous group of phenols studied. The contributions
of polar interactions to the retention of individual phenols must be similar, however.
The principal components extracted from the nineteen structural descriptors consid
ered are not precise enough to account for changes in polar properties within a closely
congeneric set of phenolic compounds. Hence the structural information contained in
the non-empirical descriptors considered here does not suffice for the precise pre
diction of retention.

The same fundamental intermolecular interactions that determine chromato
graphic separations are also responsible for various physico-chemical properties of
chemical compounds. These interactions, for instance, take place among molecules of
a substance in a liquid state. It therefore seemed interesting to establish whether and
to what extent the structural information extracted by PCA would be of value for the
calculation of the boiling points of the solutes studied.

A stepwise regression analysis of boiling point data of the solutes, b.p., against
the VARIMAX-rotated principal component scores yielded the following four-pa
rameter regression equation:

b.p. = 457.9 - 33.2 PCvrl - 15.2 PCvr2 + 23.0 PCvr3 + 9.2 PCvr4 (4)

Eqn. 4 includes all twenty solutes studied and is characterized by R = 0.944, s = 17.3
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and F-value = 30.9. The significancelevels for eqn. 4 and the variables PCvrl, PCvr2,
PCvr3 and PCvr4 are 0.0001, 0.00001, 0.001, 0.00001 and 0.03, respectively. The
variable PCvr4 is hardly significant and thus the relationship described by eqn. 4
resembles eqn. 2. In both eqns. 2 and 4 the coefficients at PCvrl and PCvr2 are
negative whereas that at PCvr3 is positive. In eqn. 4, however, the variable PCvrl
predominates, reflecting strong dispersive attractions among molecules in liquid state.
Also, the significance of PCvr3 is higher than that of PCvr2 in eqn. 4, in contrast to
eqn. 2. Therefore, it may be concluded that in order to hold the solutes considered in
the liquid state, dispersive intermolecular interactions are decisive, supplemented by
specific polar interactions, whereas the reverse is true for HPLC retention in the
graphitic carbon-hexane system.

The QSRR studies using principal components extracted from nineteen non
empirical structural descriptors provide evidence for the decisive role of specific,
polar, electronic intermolecular interactions for the separation of solutes in a.graphit
ic carbon-hexane HPLC system. This is in agreement with the general conclusions of
our earlier work, in which we analysed retention on graphitic carbon from the point
of view of the metallic character of the stationary phase and electron pair donor
acceptor interactions of solutes!"

The principal component analysis of nineteen well established topological, in
formation content and quantum chemical structural indices confirmed that these
indices provide information mainly about the molecular size of chemical compounds.
The information on electronic properties of the compounds. which was condensed in
PCvr2 and PCvr3 was also meaningful. Information contained in PCvr4 and PCvr5 is
difficult to identify and has little relevance for the physico-chemical properties of the
solutes considered here. The non-empirical molecular descriptors most often applied
in QSRR studies still lack the full structural information required for the reliable
prediction of molecular properties, including chromatographic retention. A further
search for more specific structural parameters is required.
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PREPARATION OF SILICONE-COATED 5-25-pm I.D. FUSED-SILICA
CAPILLARY COLUMNS FOR OPEN-TUBULAR LIQUID CHROMATO
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Laboratory for Analytical Chemistry, University of Amsterdam, Nieuwe Achtergracht 166, 1018 WV
Amsterdam (The Netherlands)

SUMMARY

Fused-silica capillaries of I.D. of 5, 10 and 25 pm were coated with PS-255 or
PS-264 in order to achieve highly efficient columns for reversed-phase open-tubular
liquid chromatography. Various coating solvents were tested, of which Freon-l 14
showed the most promising features with respect to speed of coating and ease of
handling. The highest efficiency was obtained with aim x 5.0 pm J.D. column,
showing 250000 and 58800 plates for solutes with capacity factors 0.2 and 2.6,
respectively, at approximately six times the optimum linear velocity.

INTRODUCTION

Open-tubular liquid chromatography (OTLC) will only be competitive with
packed-column LC with respect to speed of separation and efficiency provided that
capillaries with inner diameters of 5-10 pm can be coated with a uniform,
non-extractable layer 0.1-1 pm thick1-4. The requirements put on the magnitude ofthe
external peak broadening, which should be kept at about 1 nl (ref. 2), can be met by
applying the techniques of on-column laser-induced fluorescence detection":" and
split injection10.

For on-column optical detection and for practical reasons, fused-silica capil
laries are to be preferred to glass capillaries. However, deposition of a retentive layer
by chemical bonding on the fused-silica surface is difficult because of the inertness of
this material. Recently, the techniques used for coating and immobilization of silicone
phases on fused-silica capillaries to prepare columns for gas chromatography (GC)
and supercritical fluid chromatography (SFC) have been applied successfully to the
preparation of 5-50-pm I.D. columns for LC l l

-
14

.

An important factor in the coating of thick films is the viscosity of the coating
solution. On the one hand too high a viscosity of the stationary phase may prevent the
coating of thick filmsbecause of poor solubility in the coating solvent, and on the other
too low aviscosity of the stationary phase appeared to cause droplet formation during
evaporation and cross-linking!". In addition, the physical properties of the coating
solvent may play a crucial role in the successful' preparation of fused-silica'
open-tubular columns. The application of different coating solvents is discussed
below.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers BY
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It is known that the methylvinylsilicone gum PS-255 is to be preferred in the
preparation of thick, immobilized layers!". In this study, PS-255 and PS-264,
a methylphenylvinylsilicone gum, were selected for coating small-diameter capillaries.

EXPERIMENTAL

Materials
Fused-silica capillaries of I.D. 10 and 25 flm were obtained from SGE

(Ringwood, Australia) and 5-flm I.D. fused-silica capillary from Polymicro Tech
nologies (Phoenix, AZ, U.S.A.).

The stationary phases were polymethylsilicone fluid OV-IOI purchased from
Chrompack (Middelburg, The Netherlands), PS-255 (dimethyl- + 1-3% methyl
vinyl-silicone gum) and PS-264 (dimethyl- + 3-7% diphenyl- + 0.5-1 % methyl
vinyl-silicone gum) from Fluka (Buchs, Switzerland) and polymethylhydrosilane and
dicumyl peroxide from Merck (Darmstadt, F.R.G.).

The coating solvents were n-pentane (J. T. Baker, Deventer, the Netherlands),
n-butane (Matheson, Oevel, Belgium) and 1,2-dichlorotetrafluoroethane (Freon-I 14)
(Ucar, Nieuw Vennep, The Netherlands).

Polyaromatic hydrocarbons and anthracene derivatives, used as test com
pounds, were obtained from Janssen (Beerse, Belgium). Stock solutions of these
compounds were prepared in acetonitrile-water (40:60, vjv).

All solvents were of spectroscopic quality and were filtered through a 0.2-flm
Optex filter (Millipore, Molsheim, France) prior to use.

Apparatus
The chromatographic system is shown schematically in Fig. I. For 25-flm I.D.

columns and low flow-rates, the system was equipped with a helium-pressurized vessel,
acting as a constant-pressure pump, which was replaced with an LC pump (Orlita,

a -. He

recorder
:r

b

fl uorescence detector
420 nm

Fig. L Schematic representation of the chromatographic OTLC set-up. Supply of the mobile phase by (a)
helium pressurized vessel and (b) LC pump.
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Giessen, F.R.G.) for 5- and 1O-.um J.D. columns. Injections were made by means of
a 0.5-.u1 injection valve (Model 7520, Rheodyne, Berkely, CA, U.S.A.) combined with
a laboratory-made splitting device, allowing injection volumes of a few picolitres.

On-column laser induced fluorescence detection was performed with a He-Cd
laser as excitation source, excitation wavelength, Aex = 325 nm (Model 4207 NB,
Liconix, Sunnyvale, CA, U.S.A., or Model 56X, Omnichrome, Chino, U.S.A.) and
a modified fluorimeter (M4Q III, Zeiss, lena, G.D.R.) as photodetector, with emission
wavelength, Aem = 420 nm.

Column preparation
The capillaries were pretreated and coated as described previously'". Briefly,

after hydrothermal treatment with a 10% (vjv) solution of hydrochloric acid and
deactivation of the fused-silica surface by polymethylhydrosilane, the capillaries were
coated by the static method. Stationary phase solutions were prepared in n-pentane,
n"butane or Freon-1l4.

Fig. 2 shows the reservoir for filling the capillaries at ambient temperature with
a coating solution, prepared in n-pentane at least one day before use. Dicumyl peroxide
was added in the ratio stationary phase: dicumyl perioxide = 20:I (wjw) just before
filling.

The filling vessel for coating solutions in either n- butane or Freon-l 14 is shown
in Fig. 3. The cooled vesselcontaining the stationary phase and dicumyl peroxide in the
ratio 20:1 (wjw) was filled with the solvent, closed and allowedto stand overnight at
room temperature to dissolve the silicone. The capillaries were filled at a temperature
of 5°C below the boiling point of the applied solvent (n-butane, b.p. = -OSC;
Freon-114, b.p. = 3.8°C)

After filling, the capillaries were connected to a vacuum pump with both ends
when n-pentane was used and with one end in the case of n-butane or Freon-114. In the
latter instances one end of the capillaries was closed by means of a septum. Evacuation
was carried out at 1O-l5°C above the boiling point of the applied solvent.

Next, the columns were purged with helium to remove traces of solvent and
oxygen and, after flame-sealing, the silicone phase was immobilized by cross-linking at
260°C. Finally, the column was rinsed with acetonitrile-water (40:60, vjv) and dried at
140°C under a stream of helium.

screw thread

r

coupl i ng

metal reservoir

glass bottle

He pressure

Fig. 2. Schematic representation of the reservoir to rinse and fill the fused-silica capillaries.
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n-butane
or

Freon-1l4
{,

helium~ ~ fused-silica capillary

.'; e-swaqe l ok coupling

stainless-steel capillary
J.D. O.2mm J.D. ~

a

cooling jacket

~

I-ml glass vial

f---1- stationary phase

screw cap

~I=III:c>I./

b
Fig. 3. Schematic representation of the device for (a) dissolving the stationary phase and (b) filling the
fused-silica capillaries with the coating solution in n-butane or Freon-l 14.

Film thickness
Before and after coating, the inner diameter of the capillaries was determined by

an aerodynamic method, based on the Hagen-Poiseuille relationship, as described
previously '". The dimensions of the fused-silica capillary columns and coating
conditions are given in Table I. The expected film thickness, d., was calculated from the
column diameters before coating and the amount of silicone material applied,
according to the equation

(1)

where C = concentration of the coating solution in g mr", d = capillary diameter
before coating and p = density of the silicone phase (0.98 g ml"). For the calculation
of the immobilization yield, the film thickness obtained from measurement of the
column diameter before and after the treatment was compared with the expected film
thickness. The stationary to mobile phase ratio was found from the equation

where Vs = volume of stationary phase, Vm

column diameter after coating and rinsing.

(2)

volume of mobile phase, and de =
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It should be noted that for the 5-/lm J.D. columns the film thickness and phase
ratio were calculated from the capacity factor versus phase ratio plots (see Fig. 4).

Retention and efficiency
Capacity factors (k') were calculated from k' = (tr/tO) -1, where trand to are the

retention times of a retained and an unretained solute (anthranilic acid), respectively.
The experimental data for plate heights (H) and linear velocities (v) were fitted to

the theoretical values as calculated with the Golay equation:

The diffusion coefficients of the test solutes in the mobile phase, D m , calculated
according to the Wilke-Chang equation!", are given in Table n.

TABLE II

DIFFUSION COEFFICIENTS OF THE TEST SOLUTES IN ACETONITRILE-WATER (40:60, v(v)
CALCULATED ACCORDING TO THE WILKE-CHANG EQUAnON

Solute

Anthranilic acid
Anthracene
9-Cyanoan thracene

Diffusion coefficient,
o; (m? 05-1)

0.70' 10-9

0.57 . 10-9

0.54 . 10-9

Solute

9-MethyIanthracene
9-Vinylanthracene
9-Phenylanthracene

Diffusion coefficient,
o; (m? S-I)

0.54 . 10-9

0.5l . 10-9

0.46 . 10-9

Diffusion coefficients in the stationary phase, D" of anthracene and pyrene in
immobilized polymethylsilicones have been found to be 5' 10-1 2_27' 10-1 2 m2 S-I (ref.
14). It was assumed that the diffusion coefficients using a different stationary phase in
the present systems are of the same order of magnitude and a value for D, of 10- 1 1 m'
S-I was assumed in calculations of the theoretical plate height.

RESULTS AND DISCUSSION

Column preparation
Effect ofpretreatment. Although it has been reported that fused-silica capillaries

possess sufficient wettability for polymethylsilicones'P-!", others have found that it is
necessary to pretreat this inert material before coating in order to achieve highly
efficient columns 20

-
22

. Then the coating procedure should involve four steps:
hydrothermal treatment, deactivation, static coating and cross-linking.

The effect-of the pretreatment was examined by coating untreated fused-silica
capillaries and comparing the coating yield with that for pretreated capillaries. From
Table I it can be seen that in the two instances of coating untreated fused-silica
capillaries only half of the expected film thickness was obtained. This phenomenon is
probably due to a loss of stationary phase by solvent rinsing, which leads to the
conclusion that the immobilization of the stationary phase is insufficient. In contrast,
hydrothermally treated and deactivated fused-silica columns show a coating and
immobilization yield of 84-90%.
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Coating solvent. Apart from the structure of the stationary phase and the nature
of the capillary surface, the successful coating ofcapillaries also depends on the choice
of the coating solvent and coating temperature". The use of dicumyl peroxide as
cross-linking agent prevented the application of high coating temperatures. Coating
with n-pentane as coating solvent at 45°C took several days, leading to an increasing
risk of blockage during evaporation, possibly also due to premature decomposition of
dicumyl peroxide and cross-linking. A high coating speed at low temperature has been
reported by application of liquefied gases as coating solvents24

•
2 5

. Because of their
favourable boiling points and solubility of the stationary phase, n-butane (b.p.
-OSC) and Freon-l 14 (b.p. 3.8°C) were tested for their applicability as coating
solvents. It appeared to be impossible to dissolve over 6% (w/v) of the gum phases in
Freon-114 and therefore with this solvent the phase ratio is limited to about 0.05.

In n-butane, up to 15% (w/v) of the silicone gums could be dissolved easily. The
main drawback of these concentrated coating solutions was the high viscosity,
resulting in longer times for filling and evaporation at an increasing risk of blocking
and "bubble bursting", especial1y when coating smal1-diameter capillaries. Never
theless, the use of n-butane rather than n-pentane is to be preferred, because coating is
less time consuming (a few hours versus a few days).

Probably the long coating times with n-pentane at 4SOC had an adverse effect on
the column stability. During chromatographic testing of the columns, columns 1 and
8a became blocked at high flow-rates and, after removal of the blocked part of the
column, a significantly smal1erphase ratio was indicated by lower capacity factors. It is
assumed that the insufficient immobilization of the stationary phase is due to
degradation of the cross-linking agent DCuP under these coating conditions. The
coating times with Freon-I 14 appeared to be similar to those with n-butane.

The choice of the coating solvent should be based on the speed of coating at low
temperatures, the film thickness required and ease of handling. Considering these
aspects, Freon-l 14appears to be the preferred choice as a solvent for coating a layer on
the inner wal1 of fused-silica capillaries, unless very thick layers are required, in which
case n-butane could be used.

Performance of prepared columns
Retention. A linear relationship between the phase ratios of different columns

coated with PS-255 and the capacity factor of various test solutes was found, as shown
in Fig. 4. The good reproducibility of the coating method is demonstrated by the fact
that no significant differences in the retention behaviour of columns with various inner
diameters were observed.

As shown in Table III, the capacity factors of the test solutes obtained with the
PS-264 column are approximately double those with comparable PS-255 columns.
A further increase in capacity factors can be achieved by coating a thicker film of
PS-264 with n-butane as coating solvent.

Efficiency. A number of columns prepared with the described procedure were
tested with respect to efficiency by measuring chromatograms of mixtures of
anthracene derivatives at various mobile phase velocities and by the construction of
H]v plots from the data obtained. Figs. 5-10 show some results acquired during this
study, which wil1 now be discussed briefly in the order 25-,um I.D. columns (Figs. 5 and
6), 1O-,um J.D. columns (Figs. 7 and 8) and 5-,um I.D. columns (Figs. 9 and 10).
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Fig. 4. Capacity factors of test solutes versus the phase ratio on different fused-silica columns coated with
PS-255. Mobile phase: acetonitrile-water (40:60, vjv).• = 9-Cyanoanthracene; • = anthracene;
.;. = 9-methylanthracene; * = 9-phenylanthracene.

The chromatogram in Fig. 5 illustrates the mediocre efficiency that can be
obtained with these large-diameter columns. In fact, a packed HPLC column leads to
higher resolution in the same or a shorter analysis time. The study of such columns was
included, however, in order to obtain a clear idea of the performance as a function of

2

3

o 2 3 4 5

------. min

Fig. 5. Chromatogram of a test mixture of anthracene derivatives on column 2, 66.5em x 26.1 /lm I.D. fused
silica coated with PS-255. Film thickness, 0.3 /lm; mobile phase, acetonitrile-water (40:60, vjv); pressure,
6 bar; linear velocity, 15.6 mm S-I. Peaks: I = anthranilic acid; 2 = 9-cyanoanthracene; 3 = anthracene;
4 = 9-methylanthracene; 5 = 9-vinylanthracene; 6 = 9-phenylanthracene.
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Fig. 6. Theoretical and experimental H versusv plots for anthracene derivatives on column 2. Mobile phase,
acetonitrile-water (40:60, v/v). Theoretical curves calculated with Dm values from Table II and D, values
equal to 10- 1 1 m2

S-l. Solid lines, theoretical calculated H values; broken lines, experimental H values.
• = 9-Cyanoanthracene, k' = 0.35; 0 = anthracene, k' = ] .34; ... = 9-methylanthracene, k' = 1.75;
o = 9-vinylanthracene, k' = 2.9; * = 9-phenylanthracene, k' = 5.0.
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Fig. 7. Chromatogram ofa test mixture of anthracene derivatives on column 5,112 em x 10.2pm 1.D. fused
silica, coated withPS-255. Film thickness, 0.08 pm; pressure, 80 bar; linear velocity, 29 mm S-l. Other
experimental conditions and peaks as in Fig. 5.
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diameter. The experimental H]v plots obtained with these columns, illustrated in Fig.
6, are straight lines that pass through the origin. This is in accordance with theory, as
the axial diffusion can be neglected at these large diameters. For comparison, the
theoretical lines, calculated with the extended Golay equation, are shown.

The diffusion coefficient in the mobile phase, Dm , was calculated by means of the
orginal form of the Wilke-Chang equation, while the value for the stationary phase
was set at 10-1 1 m2

S-l. It should be noted that for all columns the contribution of the
stationary phase term, HE" is less than 10%.

Although the discrepancy between the calculated and experimental curves in
Fig. 6 is not dramatic, a systematic deviation occurs, the experimental values for the
retained components being 20--40% smaller than the predicted values. This indicates
first that uniform stationary layers were probably obtained and second that some
inaccuracies were present in the calculation of theoretical H values. Possible causes
include inaccurate capacity factors, inaccurate Dm and/or D, values or secondary flow
effects. The first is not likely as the unretained marker (anthranilic acid) elutes together
with, or earlier than, compounds such a uranyl acetate,2-naphthol and salicylic acid.

Inaccuracies in D m values may occur; e.g., Snyder" published another
calculation scheme for which a higher accuracy is claimed and that generally leads to
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Fig. 8. Theoretical and experimental H versus v plots for anthracene derivatives on column 5. Details as in
Fig. 6.• : k'=O.27; D: k'=O.97; A: k'=1.28; 0: k'=2.11; *: k'=3.77.
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Fig. 9. Chromatogram ofa test mixture of anthracene derivatives on column 8b, 67 em x 5.4 /lm J.D. fused
silica, coated with PS-255. Film thickness, 0.02 /lm; pressure, 50 bar; linear velocity, 9.2 mm S-I. Other
experimental conditions and peaks as in Fig. 5.
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Fig. 10.Theoretical and experimental H versusvplots for anthracene derivatives on column 8b. Details as in
Fig. 6. • : k'=;0.18; D: k'=;0.51; .&: k'=;0.68; 0: k'=;I.08; *: k'=;1.96.
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about 30% higher values. The method of choice, ofcourse, would be the experimental
evaluation of D« values, e.g., based on the Aris-Taylor equation as described by
Huber and van Vught2 7

. In fact, the H measurements of the unretained solute
constitute such a determination in rudimentary form. Unfortunately, the virtual
coincidence of the calculated and experimental values for anthranilic acid does not
support the assumption of higher values of Dm • As a rough estimate of D, is inserted for
all solutes, inaccuracies in these values are very large. The observed deviation,
however, cannot be explained by these inaccuracies as the term containing D, in the
expression for the plate height constitutes less than 10% of the total H value.

As for the secondary flow effect, calculation according to the work of Tijsserr"
shows that this effect will not exert any significant influence with the narrow tubes used
here. At present, therefore, one has to conclude that the 30% deviation between the
theoretical and experimental H values remains unexplained.

The data for the analytically more interesting experiments with lfl-um 1.0.
columns show a similar deviation, although of smaller magnitude. The experimental
curves for the unretained solute are slightly lifted upward, which may indicate the
onset of the influence of external volume broadening effects. However, this would
hardly affect the H values for more retained solutes.

According to the analysis by Knox and Gilbert 1
, lO-/lm 1.0. columns would be

preferable to packed columns when plate numbers, N, in excess of 30000 are required.
Fig. 7 illustrates this. Although the N value is only 4000 for component 5 (k' = 2.1), the
retention time and pressure are very favourable. Therefore, the operation of a similar
column with, e.g., five times this length at the same linear velocity would indeed
constitute a very good performance.

Columns of 5-/lm 1.0. are even more attractive from the point of view of
application. In the chromatogram in Fig. 9, peak 5 has 16800 plates, generated with to
= 73 s. A few of these short columns in series or one 2-m long, would generate over
50000 plates in a few minutes. The comparison of the expermental and calculated
values for H gives completely different results, the experimental values being 1.5-2.5
times higher than expected. The deviation is more severe for the less retained solutes. It
is noteworthy that the peaks are slightly fronting on this column (8b), resulting in peak
asymmetries with A values from 0.95 to 0.77 for all solutes. With column 7 (1 m x 5.0
/lm 1.0.), the peaks were symmetrical, which leads to a higher efficiency. Plate numbers
of 250 000 (k' = 0.2) and 58800 (k' = 2.6) were obtained at a linear velocity of 3 mm/s,
which is about six times the optimal linear velocity. However, with this column the
experimental H values are about 30% higher than expected on the basis of theory.

Although at present we are not in the position to account fully for these
deviations, we believe that the following effects playa role:

(i) External peak broadening, especially important for the less retained
compounds. This would explain the decrease in the relative deviation at increased
retention.

(ii) Stationary phase overload. This, to our knowledge, is the only mechanism
that explains the fronting of peaks. For better analytical utility, the layer thickness
should be increased by a factor of 4-10, allowing for higher mass loadability.

(iii) Possibly non-uniformity of the stationary layer also contributes to the high
H values.

Although these results still leave numerous questions open, we believe that the
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Fig. 11. Chromatogram of a coal tar extract on column 5, 10I em x 10.1 /lm J.D. fused silica, coated with
0.08 /lm PS-255. Mobile phase, acetonitrile-water (40:60, vjv); pressure, 15 bar; linear velocity, 5.6 mm s-l;
A" = 325 nm; Aem ~ 385 nm.

successful demonstration ofOTLC performance, close to theoretical predictions (i.e.,
generally within a factor of 1.5-2), is an important step towards the development of
analytically useful OTLC systems. The immobilization of silicones appears to be
a viable route towards such systems.

An example of the high separation power of a lO-fim I.D. column is given in Fig.
11, showing the separation of po1yaromatic hydrocarbons in a tar extract.
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SUMMARY

The reversed-phase retention behaviour of eighteen benzodiazepine derivatives
was studied using high-performance liquid chromatography (HPLC) and thin-layer
chromatography (TLC). In each instance the retention decreased with increasing
concentration of the organic mobile phase in the eluent, that is, no anomalous effect
was observed. In reversed-phase TLC the RM value of benzodiazepine derivatives
depended linearly on the organic phase concentration and logarithmically on the
buffer concentration in the eluent. A highly significant correlation was found between
the HPLC log ko value and the reversed-phase TLC parameters, suggesting that TLC
can be used for predicting the HPLC retention behaviour of benzodiazepine deriv
atives. As the TLC parameters explained about 75% of the total variance, the pre
dictive power of TLC is limited.

INTRODUCTION

Benzodiazepine derivatives (BZDs) have found growing acceptance and appli
cation in the modern therapeutic practice". BZDs are of considerable importance,
having hypnotic, tranquillizing and anticonvulsant properties. As the range of BZDs
available has expanded rapidly over the last 10 years, many chromatographic meth
ods have been developed for their separation and identification. The early separations
were based on adsorption thin-layer chromatographyv? (TLC) or pH-gradient
TLC 4

. Earlier high-performance liquid chromatographic (HPLC) methods have been
reviewed". Both adsorption'' and reversed-phase methods7 have been used in the
HPLC separation of BZDs, and gas chromatography (GC) has also been frequently
applied'':". The performances of the various chromatographic methods (TLC, GC
and HPLC) have been compared10.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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TABLE I

STRUCTURES OF BENZODIAZEPINE DERIVATIVES

R,
I R2

J§XN-C~=R3

'5 C&'::

K. VALKO, S. OLAJOS, T. CSERHATI

Compound Common name R, R2 R3 R4 Rj R6

1 7-Aminonitrazepam H =0 H H NH z H
2 Bromazepam H =0 H H Br
3 Uxepam CH 3 =0 H CONH z Cl H
4 Oxazepam H =0 OH H H H
5 Lorazepam H =0 H H CI CI
6 Nitrazepam H =0 H H NO z H
7 Clonazepam H =0 H H NO z Cl
8 Chlordiazepoxide H NHCH 3 H 0 CI H
9 Alprazolam R,C(CH 3)=NN= n, H H Cl H

10 Desmethyldiazepam H =0 H H CI H
II Flunitrazepam CH 3 =0 H H NO z F
12 Clorazepat H (OH)z COOH H Cl H
I3 Diazepam CH 3 =0 H H Cl H
14 Midazolam R,C(CH 3)=NCHzRz H H CI F
15 Medazepam CH 3 H H H CI H
16 Prazepam CHZ-cPb =0 H H CI H

CH3
I 0

f§XN-C:o CH2

CI ~~

17 Clobazam

a 2-Pyridinyl instead of phenyl group.
b cP = cyclopropyl.
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The biological activity of a molecule is controlled by many factors, one of the
most important being its lipophilicity, because penetration of the membranes of tar
get organisms is governed by molecular lipophilicityl l , 12 , Lipophilicity can be deter
mined by the traditional method of partition between water and n-octanoI13, by
HPLC 14,15 and by reversed-phase TLC (RP-TLC)16, The use of GC methods for
determining lipophilicity has its limitations'T'" and the results have sometimes been
contradictory!", Chromatographic methods have some advantages: they are rapid
and relatively simple, require only small amount of the compounds and the com
pounds need not to be very pure. When a compound contains one or more dissociable
polar substituents, the pH of the elueneO,21 and the ionic strength 22-24 modify the
lipophilicity. As chromatographic retention data are used extensively in quantitative
structure-activity relationship (QSAR) studies", comparison of the performances of
various chromatographic techniques to determine lipophilicity is of great practical
and theoretical importance.

The objectives of this work were to determine the lipophilicity of some ben
zodiazepine derivatives, to compare the lipophilicity values determined by HPLC and
RP-TLC and to test the predictive power of RP-TLC for the HPLC retention beha
viour of BZDs26.

EXPERIMENTAL

The structures of the BZDs are given in Table I. The compounds were pur
chased from Hoffman-La Roche (Basle, Switzerland) (compounds 1, 2, 11 and 14),
Gedeon Richter (Budapest, Hungary) (compounds 3, 4, 6, 10, 13 and 15), Wyeth
Laboratories (Princetown, NJ, U.S.A.) (compound 5), VEB Arzneimittelwerk (Jena,
G.D.R.) (compound 7), POLFA Pharmaceutical Works (Yelenia Gora, Poland)
(compound 8), Upjohn Pharmaceutical Works (Kalamazoo, MI, U.S.A.) (compound
9), Mack Chemische Pharmazeutische Fabrik (Illertissen, F.R.G.) (compound 12),
Godecke (Augsburg, F.R.G.) (compound 16), Hoechst (Frankfurt, F.R.G.) (com
pound 17) and Egis Pharmaceutical Works, (Budapest, Hungary) (compound 18).

The HPLC system consisted of a Model 750 pump (Micromeritics, Norcross,
GA, U.S.A.), Model OE-308 20-pJ injector (Labor-MIM, Budapest, Hungary), a
LiChrosorb RP-CI8 column (250 x 4.6 mm I.D.) (Merck, Darmstadt, F.R.G.), a
Model OE-308 variable-wavelength UV detector (Labor-MIM and a Type OH-850
recorder (Radelkis, Budapest, Hungary). The separations were carried out at room
temperature, with detection at 230 nm. The compounds were dissolved in methanol to
give a I mg/ml stock solution, which was then diluted with the eluent in a 1:19 (v/v)
ratio. The dead volume was determined with 0.5 mM sodium nitrate solution. The
retention times were determined with acetonitrile-O.06 M KH 2P04 (pH 4.8) eluent
mixtures. The acetonitrile concentration was varied from 30 to 70 vol.-% in steps of
5%. The retention parameters of the BZDs were also determined in 0.15 M Sorensen
buffer?" (pH 7.4) at 40 and 50 vol.-% acetonitrile concentrations. Five independent
determinations were performed with each eluent system.

The log k' values, measured with KH 2P04 buffer, were extrapolated to zero
acetonitrile concentration separately for each BZD:

log k' = log k o + b-C (I)
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where log k' is the actual log k' value of a: BZD determined at C vol.-% acetonitrile
concentration, log ko is the log k' value of a compound extrapolated to zero aceto
nitrile concentration, b is the decrease in the log k' value caused by a I% increase in
the acetronitrile concentration and C (vol.-%) is the acetonitrile concentration.

For reversed-phase TLC at pH 4.8, Silcoplat F 2 5 4 plates (Labor-MIM) were
impregnated with paraffin oil, as previously described'": The stock solution for the
HPLC experiments was applied; 3 III of each solution were spotted on the plates. The
eluent contained from 0 to 32.5 vol.-% of acetonitrile in steps of 2.5% and 6, 12, 30,
60 and 90 mM KH2P04 solution. After development, the plates were dried at lOYC
and the BZDs were detected by their UV absorption spectra. As it was previously
established that the mobility of various buffers in RP-TLC may deviate from that of
the eluent?", the phosphate front was detected by use of the ammonium molybdate
tin(ll)chloride reagent'". All experiments were performed in quadruplicate. The RM

values were calculated spearately for each individual spot and each eluent. It was
assumed that the buffer and acetonitrile concentrations of the eluent may simultane
ously influence the RM value. Moreover, the exact type of correlation (linear or loga
rithmic) between independent (acetonitrile and buffer concentrations) and dependent
(RM value) variables was not previously established. We used stepwise regression
analysis to select the independent variables influencing significantly the RM value.":
The RM values were taken as dependent variables and the linear and logarithmic
forms of acetonitrile and buffer concentrations (a total of four variables) as indepen
dent variables.

The significance level of accepted variables was set at 95%. This calculation
allows the separation and determination of the relative effects of the acetonitrile and
buffer concentrations on the retention behaviour of the BZDs, which in our case
cannot be determined experimentally.

To study the effect of various organic modifiers on the RP-TLC retention of
BZDs, their RM values were determined at 40 and 50 vol.-% acetonitrile and metha
nol concentrations, the aqueous phase being Sorensen buffer (pH 7.4).

To assess the predictive power of RP-TLC for HPLC, two different methods
were applied. The HPLC retention parameters of eqn. 1. were correlated with the
results of the stepwise regression analysis described above. The log k o and slope (b)
values were separately taken as dependent variables. The RM O value and the regres
sion coefficients of the independent variables significantly influencing the RP-TLC
retention of BZDs were taken as independent variables. Referring to the previous
considerations, their linear, quadratic and logarithmic (if mathematically possible)
forms were included in the calculations. The stepwise regression analysis was applied
in this case under the same conditions as before.

The retention data obtained in Sorensen buffer (two HPLC and four RP-TLC
retention parameters) were compared by principal component analysis (PCA)32. The
data matrix consisted of the chromatographic parameters of the BZDs. The sum of
variance explained was set at 99%. The non-linear map of PCA loadings and
variables was also calculated3 3.

RESULTS AND DISCUSSION

The dependence of the retention of some BZDs on the acetonitrile concentra
tion in the eluent is shown in Fig. I. In each instance the correlation follows the



HPLC RETENTION BEHAVIOUR OF BENZODIAZEPINES 365

log k'

1.0

~"9 x\x
x,,;" -,

OS~ -,-.x\ x"<,<,
x

x

7050
OL-----~------.i;;-

Acetonitrile vol. %

Fig; 1. Dependence of the HPLC retention of BZDs on the acetonitrile concentration in the eluent.
Numbers refer BZDs in Table I.

general rule that the retention decreases logarithmically with increasing concentra
tion of organic modifier. The parameters of eqn. 1 are given in Table II. The equation
agrees well with the experimental data, the significance level in each instance being

TABLE II

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHIC RETENTION CHARACTERISTICS
OF BENZODIAZEPINE DERIVATIVES: PARAMETERS OF EQN. I

Numbers refer to BZDs in Table I.

Compound Log ko Slope. 103

Mean Standard deviation Mean Standard deviation

I 1.186 0.103 - 23.07 2.41
2 1.231 0.038 -16.79 0.83
3 1.807 0.022 - 29.10 0.47
4 1.802 0.090 -28.84 1.97
5 1.746 0.038 -27.00 0.76
6 1.479 0.020 - 20.76 0.37
7 1.754 0.103 - 25.47 1.95
8 1.448 0.042 -18.31 0.75
9 1.628 0.106 -19.26 1.91

10 1.699 0.032 - 22.43 0.58
11 1.806 0.026 - 23.97 0.43
12 1.618 0.054 -20.95 0.90
13 1.849 0.042 -22.01 0.70
14 1.514 0.056 - 20.41 2.79
15 2.376 0.085 -25.86 1.30
16 2.328 0.094 -26.59 1.45
17 1.736 0.035 -22.64 0.59
18 1.799 0.059 -22.11 0.94
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higher than 99.9% (the lowest regression coefficient was 0.9860). This result indicates
that the linear approximation describes welI the dependence of the log k' values of the
BZDs on the acetonitrile concentration in the concentration range applied.

The coefficient of variation between the paralIel determinations in RP-TLC
never exceeded 6%. The mobility of the phosphate front in the RP-TLC experiments
was near that of the eluent; the mean RF value was 0.95. As the R F value did not
change systematicalIy with either the acetonitrile or buffer concentration, we did not
correct our retention data for the different mobilities of the phosphate front ".

The dependence of the RM value of some BZDs on the buffer concentration in
the eluent is shown in Fig. 2. The data show that the dependence is markedly non
linear. The change is high at lower buffer concentration range and levels out at higher
concentrations. This phenomenon can be explained by the assumption that the paraf
fin oil does not cover the active adsorption centers of the silica surface entirely. The
free silanol groups also influence the retention; in our case they increase it. As the
buffer is in a more or less dissociated form, its ions may be adsorbed on the silanol
groups not covered by the impregnating agent. This adsorption results in a lower
retention capacity.

The concentration dependence is of saturation character, because the number
of active silanol groups is limited and decreases non-linearly with increasing concen
tration of free ions". We are welI aware that our data can also be explained by the
salting-in effect". However, taking into consideration the highly lipophilic character
of BZDs this is not probable.

The parameters of the equations describing the dependence of the RM values of
BZDs on the acetonitrile and buffer concentrations are given in Table III. The blank
entries in Table III are due to the fact that with compounds 1,6,7,9, II, 13 and 18

o

1.0

1J
90

o
o I

45
mM KHZP04

. Fig. 2. Dependence of RM values of some BZDs on the KH 2P04 concentration in the eluent at 25 vol.-%
acetonitrile concentration. A = medazepam (compound 15); B = midasolam (compound 14); C = diaze
pam (compound 13); D = 7-aminonitrazepam (compound 1).
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only the acetonitrile concentration influenced significantly the retention of BZDs.
Therefore, the beta weights, b2 , and the standard deviation of the bi value are zero. In
these instances, the beta weights of b, are equal to ,2. The equations fit the experi-
mental data well; the significance level of the correlation in each instance was over
99.9% (see F values). The change in the independent variables accounts for about
91.75 and 98.40% of the change in the RM value (see r? values). Except for compound
1, which is a metabolite,each compound has considerable lipophilicity (see RM O

TABLE III

DEPENCE OF R M VALUES OF BENZODIAZEPINE DERIVATIVES ON THE ACETONITRILE
(C I ) AND BUFFER eC2) CONCENTRATIONS IN THE ELUENT

Results of stepwise regression analysis. R M = R M O + b l C I + b.log C z. Numbers refer to BZDs in Table I.

Parameter Compound

2 3 4 5 6

Sample number 23 20 18 20 18 19
R M O 1.41 2.68 2.85 2.68 3.16 2.30
s 0.13 0.08 0.08 0.09 0.08 0.07
bl

-5.30 -7.32 -7.37 -6.70 -7.92 -6.18
s 0.28 0.34 0.46 0.42 0.51 0.24
Beta weight -1.08 -1.08 -1.09 -U5
b2

-15.38 -12.94 -16.25 - 23.38
s 5.67 5.92 6.99 6.55
Beta weight -0.14 -0.15 -0.16 -0.26
r2 0.9451 0.9708 0.9666 0.9596 0.9599 0.9741
F 378.5 217.1 202.0 179.7

7 8 9 10 11 12
Sample number 19 18 17 18 18 18
R M O 2.51 3.28 3.46 3.45 2.83 3.26
s 0.08 0.07 0.09 0.08 0.09 0.06
bl -6.67 -8.19 -8.89 -8.74 -7.53 -8.19
s 0.30 0.44 0.45 0.51 0.40 0.39
Beta weight -1.11 -1.08 -1.08
b2 -18.01 - 15.10 -13.33
s 5.64 6.55 5.01
Beta weight -0.19 -0.15 -0.14
r2 0.9675 0.9740 0.9625 0.9709 0.9559 0.9806
F 281.0 250.2 379.1

13 14 15 16 17 18
Sample number 17 15 16 14 19 17
RM O 3.36 4.82 4.27 4.10 3.25 3.62
s 0.Q9 0.08 0-10 0.11 0.07 0.10
b l

- 8.44 -11.21 -8.67 -9.80 -8.19 -9.69
s 0.45 0.68 0.73 0.85 0.34 0.50
Beta weight -1.26 -1.24 -1.08
b 2 - 38.94 - 35.08 -13.82
s 6.48 8.00 5.01
Beta weight -0.46 -0.46 -0.12
r2 0.9587 0.9656 0.9319 0.9175 0.9840 0.9613
F 168.6 88.9 490.9
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values), which makes it probable that they bind preferably to the lipophilic membrane
substructures and/or to the hydrophobic core of proteins. The logarithmic form of
the acetonitrile and the linear form of the buffer concentration do not influence the
retention of BZDs significantly, i.e., the lipophilicity depends linearly on the concen
tration of the organic modifier and, with some derivatives, logarithmically on the
buffer concentration. The increase in both the acetonitrile and buffer concentration
decreases the retention (see b, and b2 values). The fact that the retention of some
derivatives did not depend significantly on the buffer concentration in the eluent does
not prove that the retention of these compounds is not influenced by the buffer
concentration. This finding only indicates that in these instances the impact of the
buffer concentration on the retention is probably low. Therefore, it is below the
detection limit of our method. The relative importance of the two independent
variables differs considerably (see beta weights). The impact of the acetonitrile con
centration is 3-9 times higher than that of the buffer concentration. This result in
dicates that in the determination of the retention of BZDs the buffer concentration is
of secondary importance.

The parameters of the equation describing the dependence of the log ko values
on the RP-TLC characteristics of BZDs are given in Table IV. The changes in the
independent variables selected by the stepwise regression analysis account for ca.
75% of the variance of the log k o value (see ,2 value). The calculated F value (see
Table IV) is higher than the tabulated F value corresponding to the 99.9% signif
icance level (F = 9.34), that is, the equation is highly significant.

Each RP-TLC parameter showed a significant correlation with the HPLC log
ko value. However, their relative impacts were different. The beta weights show that
the R M O value has the highest and the buffer sensitivity the lowest impact on the log k o
value. This is understandable because the RM O and log ko values are theoretically
similar parameters in RP-TLC and HPLC. As the correlation between the RP-TLC
and HPLC retention data is highly significant, it can be assumed that the HPLC
retention can be predicted on the basis of RP-TLC measurements. However, from a
practical point of view, the fit of the equation (the RP-TLC parameters explain ca.
75% of the variance) is not sufficient to predict exactly the HPLC retention. We
conclude that with BZDs the RP-TLC retention data are of limited value for pre
dicting HPLC retention behaviour. This observation is supported by the finding that
there was no significant correlation between the slope value of eqn. I and the RP-TLC
parameters. This phenomenon can be explained by the assumption that the coverages

TABLE IV

DEPENDENCE OF THE LOG k o VALUES OF BENZODIAZEPINE DERIVATIVES ON THEIR
RP-TLC PARAMETERS

Results of stepwise regression analysis. Log k o = a + b3RM O + b4b 1 + bsb2 , where R M O' b, and b2 are the
parameters of the equation in Table III. n = 18; F = 13.94; a = 2.00; r2 = 0.7492.

Parameter RM O b, .10 b2 . 102

b 1.22 4.93 1.74
s 0.21 1.07 0.45
Beta weight 3.11 2.28 0.71
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of the silica surface are different in RP-TLC and HPLC, resulting in different re
sponses of the chromatographic system to changes in the organic modifier concentra
tion.

The data matrix for the PCA is shown in Table V. The firstPCA component
contains most of the variance (eigenvalue 5.11; variance explained 85.24%). This
finding indicates a strong relationship between the reversed-phase chromatographic
systems studied. This result is in accordance with that of stepwise regression analysis,
i.e., the RP-TLC and HPLC retention mechanisms are similar but not identical. The
second PCA component (eigenvalue 0.60; variance explained 9.92%) is of negligible
importance.

The F 1 and F2 axes of the two-dimensional non-linear maps do not have any
concrete physical or chemical meanings. They only show the relative (projected in two
dimensions) distances between the BZDs chromatographic systems in multi-dimen
sional space. The BZDs did not form separate groups on the two-dimensional non
linear map of PCA variables (Fig. 3). This finding indicates that the various sub
stituents influence the retention to similar extents, i.e., that there is no single sub
stituent that governs retention. The _six chromatographic systems on the
two-dimensional non-linear map of PCA loadings form two distinct groups, one for
the HPLC and the other for the RP-TLC systems (Fig. 4). This result supports our
previous conclusions that the two methods may produce slightly different but corre
lated retention parameters.

TABLE V

RETENTION PARAMETERS OF BENZODIAZEPINE DERIVATIVES AT pH 7.4

Numbers refer to BZDs in Table I. I = log k' at 40 vol.-% acetonitrile concentration; II = log k' at 50
vol.-% acetonitrile concentration; III = RM value at 40 vol.-% acetonitrile concentration; IV = R

M
value

at 50 vol.-% acetonitrile concentration; V = RM value at 40 vol.-% methanol concentration; VI = R
M

value at 50 vol.-% methanol concentration.

Compound No. of parameter

I II Il1 IV V VI

I 0.222 0.035 -0.50 -0.58 -0.28 -0.40
2 0.581 0.301 -0.35 -0.47 -0.11 -0.19
3 0.653 0.216 -0.46 -0.56 -0.21 -0.41
4 0.669 0.390 -0.37 -0.53 -0.09 -0.31
5 0.734 0.368 -0.29 -0.41 -0.02 -0.23
6 0.734 0.368 -0.20 -0.41 0.15 -0.15
7 0.761 0.426 -0.11 -0.35 0.21 -0.11
8 0.778 0.442 -0.33 -0.45 -0.10 -0.27
9 0.928 0.558 -0.24 -0.37 -0.04 -0.24

10 0.932 0.561 -0.15 -0.37 0.18 -0.14
II 0.942 0.592 -0.12 -0.34 0.19 -0.10
12 0.885 0.515 -0.14 -0.35 0.16 -0.16
13 1.151 0.772 -0.09 -0.32 0.22 -0.08
14 1.431 1.014 -0.17 -0.37 0.05 -0.13
15 1.645 1.149 -0.10 -0.27 0.00 0.23
16 1.446 0.970 0.16 -0.16 0.59 0.09
17 0.934 0.584 -0.19 -0.40 -0.Q2 -0.25
18 1.073 0.661 -0.22 -0.40 -0.10 -0.29
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STUDY OF PARTITION MODELS IN REVERSED-PHASE LIQUID CHRO
MATOGRAPHY BASED ON MEASURED MOBILE PHASE SOLUTE AC
TIVITY COEFFICIENTS

WON 10 CHEONG and PETER W. CARR*

Department ofChemistry, Smith Hall, 207 Pleasant Street, University ofMinnesota, Minneapolis, MN 55455
(U.S.A.)

SUMMARY

Lack of accurate values for solute activity coefficients in aqueous organic solvent
mixtures has been an impediment to the development of a detailed model of
reversed-phase liquid chromatography (RPLC). In this study we have employed
a recently measured set of infinite dilution activity coefficients for the alkylbenzenes
(benzene to n-butylbenzene) in mixtures of water with four of the more common
organic cosolvents in order to explore the mechanism of the retention process in
RPLC. The work indicates that the solvophobic theory of reversed-phase chromato
graphy is essentially correct, that is, most of the free energy of transfer arises from
processes taking place in the mobile phase. Analysis of relative solute activity
coefficients of two solutes in the bonded phase shows that the stationary phase
environment is considerably more polar than that of a bulk long chain alkane. This
supports the idea that sorbed organic modifier plays a substantial role in establishing
the chemistry in the bonded phase domain. The fact that measurements of the activity
coefficients of non-polar solutes in methanol-saturated adecane are insignificantly
different from those in pure hexadecane strongly s gests that the vastly different
surface area to volume ratio of bonded and bu phases is vitally important in
bonded-phase RPLC.

INTRODUCTION

The primary purpose of this study was to examine the effect of mobile phase
composition on the retention of a series of non-polar solutes and to apply the results to
the study of the retention mechanism of reversed-phase liquid chromatography
(RPLC).

In this work we choose to study the retention of the alkylbenzenes for many
reasons. First we felt that the solute-condensed phase interaction would be simplest
with a non-polar solute thereby making data interpretation easier. Secondly the
alkylbenzenes can be readily measured with common liquid chromatographic
detectors. Finally and most importantly the use of non-polar solutes would circumvent
the complexities introduced when solutes interact with underivatized silanol groups
which are inevitably present in bonded phases1,2.

0021-9673(90($03.50 © 1990 Elsevier Science Publishers B.Y.
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The partition model
The retention of a series of homologous alkylbenzenes was studied and the

results were analyzed in terms of three partition-like models of bonded-phase
chromatography. The retention mechanism in RPLC has been the subject of a great
deal of attention and controversy. Many rnechanismsv"? have been proposed, but
none has been conclusively demonstrated. This is due to the complexity of RPLC with
bonded phases and difficulties in obtaining the appropriate experimental data needed
to test the proposed mechanisms. It should be noted that most, but certainly not all,
studies ofRPLC have been rather qualitative. In many studies In k' was correlated with
some property of the mobile phase (e.g. its surface tension", or empirical solvent
strengh parameters (e.g. a solvatochromic property of the solvent ll , 1 2 ) . In contrast,
there have been few attempts to relate observed capacity factors to capacity factors
computed from the amount of stationary and mobile phases and fundamental theories
involving specific properties of the phases and the probe solutes. The work of Schantz
et al.1 3 is a notable exception to this generalization.

Fundamentally a detailed mechanism of the retention process requires the
development of an equation which predicts the free energy of transfer of the solute
from the mobile to stationary phase in terms of independently measurable properties.
This can be done at many levels of sophistication. In this work we choose to rely upon
measurements of as many properties as possible and to minimize the need for
estimating unknown parameters.

In the simplest terms retention can be viewed as a distribution of a solute between
a mobile and stationary phase. The free energy change for the transfer process can be
related to the activity coefficients of the solute in both phases under a given set of
conditions (mobile phase, stationary phase, temperature). Technical and fundamental
difficulties arise from the fact that the stationary phase in bonded-phase RPLC is not
a uniform bulk liquid. Several different definitions of what constitutes the effective
stationary phase in RPLC have been proposed 3-6,14-18.

Some workers have paid particular attention to the interaction of the solute and
mobile phase with the hydrophobic surface 6 , 19- 2 1 . Such models are most ap
propriately termed adsorption mechanisms. The above cited papers employed
Everett's specific definition of the surface activity coefficiene2

,2 3 . In these approaches
one deals with an effective surface phase activity coefficient that is represented as the
product of two terms. The first of these terms takes into account the contribution of the
interfacial tension of the system to the solute chemical potential in the bonded phase.
The second term is a more conventional activity coefficient, that is, it is related to the
transfer free energy as if the interfacial contribution to the free energy of transfer were
zero.

This emphasis on surface-solute and surface-eluent interaction terms can be
contrasted with Snyder's view of normal phase liquid chromatography-". Snyder
assumed that the difference between the surface-eluent and surface-solute interaction
is the major driving force for solute retention in normal-phase chromatography and
that the mobile phase effects are small compared to stationary phase effects.

In RPLC most models minimize the importance of the solute-surface inter
action3-5,7-9. In contrast, work which emphasizes the adsorption model considers the
surface effect to be a major term 1 9

-
2 1

. Everett's definition of a surface activity
coefficient was used and consequently the surface interaction effect was separated
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from the other energy terms. Of the many studies of the retention mechanism of RPLC
the work of Locke" and Lochmuller and Wilder4 are closely related. Locke" based his
estimate of a solute's activity coefficient on its solubility in water and was able to
demonstrate a linear relationship between the logarithm of this activity coefficient in
the mobile phase and the logarithm of the capacity factor.

The study of Schantz et al.13, who examined the partition model in detail, is very
relevant to the present study. These authors compared measured partition coefficients
(K) for a series of alkylbenzenes between various methanol-water mixtures and bulk
phase hexadecane to the net retention volume (VN ) of the same solutes on
a bonded-phase RPLC column operated at the same mobile phase composition. The
ratio of K to VN is completely independent of the solute activity coefficient in the
mobile phase. They found that this ratio was not independent of the solute. The
difference in the ratio varied by 0.4 In units from benzene to n-butylbenene. This is
unambiguous evidence that the effective activity coefficient ofthe solute in the bonded
phase is not the same as the activity coefficient in bulk hexadecane. If they were
identical there could be no variation upon change in solute.

More importantly they observed that the ratio of retention in bulk phase
hexadecane to bonded phase octadecane decreased, roughly linearly, by 0.9 In units as
the mobile phase composition varied from pure methanol to about 50% (v/v)
methanol. This implies that there is a very substantial differential effect ofthe mobile
phase on the solute activity coefficient in the bonded and bulk phases. This ratio
depends upon the amount of both phases. It is evident from their data that the volume
of stationary phase will decrease with an increase in the fraction of water in the mobile
phase thereby decreasing the bonded phase activity coefficients as water is added to the
mobile phase. Martire and his co-workers also showed by direct measurement that the
amount of methanol in hexadecane when equilibrated against pure methanol is very
small (approximately 0.003 mole of methanol per mole ofhexadecane). This seems to
be a trivial quantity and ought not alter the activity coefficient of a solute in bulk
hexadecane.

THEORY

The thermodynamic equilibrium constant for a partition model can be written as
follows:

where

X\ ii
=--=

Xl (1'
(1)

X\ = nl/nz

Xl = n1'/n'2

(2)

(3)

The terms X and ( denote the mole fraction and the activity coefficient of the solute
(subscript I) in the mobile (m) and stationary (s) phases, respectively. In addition the
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terms nl designate the number of moles of solute in each phase whereas n~ and
n2' represent the total number of moles of stationary phase and mobile phase in the
column.

Certainly in the case of liquid-liquid chromatography with two perfectly
immiscible fluids the meaning of the number of moles of stationary and mobile phase is
quite clear. It is far more ambiguous in bonded-phase chromatography. For example
we can certainly disregard the number of moles of silica in the column for all solutes
that do not interact with silica. However, it is not clear whether sorbed organic
modifier 1 8 should be counted as part of the stationary phase. Ifit can be shown that the
sorbed organic modifier alters the properties of a solute when it is in the stationary
phase then it is reasonable to include it as being part of the total number ofmoles in the
stationary phase. The number of moles of ligand chemically bonded to the support
should constitute a minimum estimate of the amount of stationary phase in any simple
partition model of bonded-phase RPLC. Thus at this point we feel that it is best to
defer a precise definition of what we mean by n~.

The capacity factor can be defined as follows:

k' = nl/nl'

Combining eqn. 1-4 we obtain

k' = (Yl'!Y1) (n~/n2')

In k' = In Yl' - In Yl + In n~ - In n2'

(4)

(5)

(6)

We now examine the above equations in terms of those quantities that are
measureable. The capacity factor and the solute activity coefficient." in the mobile
phase can be measured. Assuming that the column void volume is a good measure of
the volume of mobile phase in the column the number of moles of the mobile phase in
the column can be computed without further approximation as follows:

(7)

where Vm is the void volume of the column, dm the density of the mobile phase, M o the
molecular weight of the organic modifier, M'; the molecular weight of water, w, the
weight fraction of organic modifier in the mobile phase, and Ww the weight fraction of
water in the mobile phase. Eqn. 6 can be rewritten as follows:

A = In k' + In (n2'/Yl') = In (n~/yl) (8)

In eqn. 8, all of the measureable mobile phase terms are placed on the left and the
stationary phase terms on the right. A very important idea is that the parameter A can
be measured and studied as a function of the volume fraction of organic modifier in the
mobile phase (cp). When A is independent of cp then it must follow, based only on
thermodynamics, that n~!Y1 will be independent of ip,

In an effort to define what actually constitutes the number of moles of material
comprising the stationary phase we will consider three distinct "partition" type models
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of the stationary phase. In model I we assume that the stationary phase only consists of
the bonded phase ligand. It follows in this case that the number of moles of stationary
phase must be independent of tp, The number of moles of stationary phase would also
appear to be independent of cp if, beyond some minimum value of tp, the stationary
phase were saturated with organic modifier. Thus in model II the stationary phase is
assumed to consist, over the range in cp studied, of the bonded ligands and a fixed
amount of sorbed modifier. In both of the above models it follows that the solute
activity coefficient will not depend on cp since the solute's environment is fixed. A final
possibility (model III), which will provide a solute environment that is independent of
tp, is based on the idea that active stationary phase, that is the region into which the
solute partitions, is comprised of a sorbed multilayer of pure organic modifier. In this
model the bonded phase ligands serve only as a substrate onto which the multilayer of
modifier sorbs. In model III the amount of stationary phase might vary with cp due to
an increase in the number of multilayers but since the solute's environment is fixed one
expects, as a first approximation, that the activity coefficient in the multilayer will be
independent of cp.

In all of the above models a solute molecule in the stationary phase experiences
an environment that is independent of tp, Consequently the stationary phase solute
activity coefficient will be independent of cp. For cases I and II we must conclude on
purely thermodynamic grounds that when the stationary phase composition is
independent of cp the term A will be independent of cp. This is not true in case III.

Obvious cases II and III cannot hold over the entire range of cp (0-1.0). There
must come a point where cp becomes so small that the amount of modifier in the
stationary phase (case II) or the number of multilayers (case III) decreases. We will
show below that for a variety of mobile phase modifiers and for a series of
alkylbenzenes the term A and therefore n'2/Y~ does depend on cp but the dependence is
weak.

A purely arithmetic examination of eqn. 8 indicates that A can appear to be
independent of cp in two different ways. This will be so when both the solute activity
coefficient in the stationary phase and the number of moles of stationary phase are
both independent of cp. A second is that both the solute activity coefficient in the
stationary phase and the number of moles of stationary phase vary with cpo in such
a fashion that the measured ratio appears to be independent of cp (see the right-hand
side of eqn. 8).

In attempting to differentiate between these two possibilities we will consider the
ratio of capacity factors for two similar soiutes. Eqn. 5 can be rewritten for solutes
I and 2 as follows:

k'(I) n2'/Y'1(l) = n'2M(l)

k'(2) n2'/Y'1(2) = n~M(2)

Dividing eqn. 10 by 9 we get

[k'(2)/k'(1)] [Y'1(1)/Y'1(2)] = y~(1)M(2) = BZ/l

(9)

(10)

(11)

In this approach the number of moles of stationary phase drops out. If the left-hand
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side of eqn. 11 is independent of tp then the ratio (B2/ 1) of the stationary phase activity
coefficients of the two solutes must be independent of qJ.We hypothesize that when the
ratio of activity coefficients is independent of qJ then the individual activity coefficients
will also be independent of qJ or else the two activity coefficients must vary so similarly
with qJ that the ratio appears to be constant. This point will be discussed in more detail
later.

EXPERIMENTAL

Activity coefficients
The activity coefficients of the alkylbenzenes in aqueous solvents were measured

by head space gas chromatography (HSGC)2s. The background and experimental
details can be found in a previous report26 and other references 27.28.

HPLC
Retention data for the methanol-water system29.3 0 and the acetonitrile-water

systemj ' were taken from the literature. The data for the isopropanol-water and
tetrahydrofuran-water systems were measured in this laboratory. A Hypersil ODS
column (l00 x 4.6 mm J.D., 5 ,urn, Hewlett-Packard, Avondale, PA, U.S.A.) was used
throughout this study. The column was placed in a water jacket and the temperature
was controlled at 25 ± 0.2°C. An Altex pump with a pulse dampener (Model 1IOAQ,
Altex Scientific, Berkeley, CA, U.S.A.) was used to deliver the mobile phase. Samples
were injected via a home-made auto-injector by using a VaIco air-actuated injector
(Model AC6W, VaIco Instruments, Houston, TX, U.S.A.) equipped with a 1O-,ulloop.
A Hitachi variable-wavelength UV-VIS dectector (Model 100-10, NSI/Hitachi
Scientific Instruments, Mountain View, CA, U.S.A.) was used to generate the solute
elution profiles. All retention times were based on the peak maximum position. The
eluent flow-rate was varied from 0.2 to 1.0 ml/min depending on the mobile phase
composition. Water was used as the void volume marker-".

The capacity factor data for the isopropanol-water and tetrahydrofuran-water
systems measured in this study are given in Tables I and II. Some important column
characteristics were obtained from the literatureP-'" and are summarized in Table III.

TABLE I

CAPACITY FACTORS OF ALKYLBENZENES IN ISOPROPANOL-WATER MIXTURES

Measured in a Hypersil ODS column (46 x 100 mm, 5 jlm) at 25°C with a 10-jll sample loop.

Solute Volume fraction of isopropanol

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3

Benzene 0.220 0.258 0.374 0.579 0.948 1.666 3.052 7.50
Toluene 0.224 0.306 0.455 0.722 1.253 2.425 5.031 14.78
Ethylbenzene 0.227 0.347 0.513 0.878 1.579 3.250 7.633 27.37
Propylbenzene . 0.233 0.372 0.612 1.051 2.015 4.512 12.0 55.06
Butylbenzene 0.242 0.401 0.739 1.269 2.596 6.213 18.34 107.9
Cumene 0.238 0.346 0.589 0.972 1.852 4.097 10.64
tert.- Butylbenzene 0.256 0.382 0.648 1.099 2.174 5.008 14.04
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TABLE II

CAPACITY FACTORS OF ALKYLBENZENES IN TETRAHYDROFURAN-WATER MIXTURES

Measured in a Hypersil ODS column (46 x 100 mm, 5 11m) at 2YC with a 10-111 sample loop.

Solute

Benzene
Toluene
Ethylbenzene
Propylbenzene
Butylbenzene
Cumene
tert.- Butylbenzene

Volume fraction of tetrahydrofuran

0.9 0.8 0.7 0.6 0.5 0.4 0.3

0.210 0.312 0.572 0.955 1.674 3.292 7.486
0.217 0.354 0.673 1.181 2.302 4.980 13.87
0.253 0.378 0.754 1.401 2.972 7.350 25.07
0.261 0.423 0.849 1.720 3.965 11.18 47.27
0.274 0.452 0.965 2.048 5.130 17.10
0.261 0.406 0.834 1.637 3.804 10.32
0.273 0.426 0.897 1.852 4.580 13.47

RESULTS AND DISCUSSION

Plots ofln k' and In yT versus cp are shown in Fig. 1. We believe that these results
provide unequivocal thermodynamic evidence that the principal driving force for the
change in retention in RPLC upon variation in cp are due to changes in the
solute-solvent interactions in the mobile phase and are only secondarily due to
solute-solvent interactions in the stationary phase. The variation in the stationary
phase contributions to k' are represented by the parameter A. Comparison of Fig. 2 to
Fig. I shows that the variations due to the mobile phase interactions are much greater
than those due to the stationary phase interactions. Note that the scale of the ordinate
in Fig. 1 is five-fold larger than the ordinate in Fig. 2.

TABLE III

COLUMN CHARACTERISTICS

V = Column volume (ml), calculated by using the column dimensions; d, = packing density of stationary
phase (g/rnl); Vrn = column void volume (m!); Ws = weight of stationary phase (g); Asp = specific surface
area of silica substrate.

Column LiChrosorb Zorbax ODSb Develosil Hypersil
characteristic RP-c18 a ODS-5' ODSd

V 3.77 2.492 2.492 1.661
d, 0.5 0.783 0.8 0.8
Vrn 2.26" 1.414 1.49S" 1.150
Ws 1.885 1.95 1.99 1.329
Asp 343 150f 150f 150f

a Used in work of Schoenmakers et a12 9 .

b Used in Barmam's work 30

c Used in Hanai and Hubert's work".
d Used in this study.
e Calculated assuming the total porosity is 0.6.
f Best available estimate.
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It is evident from the data summarized in Fig. I that the variations in k' and
yT with q> are both very large and strikingly similar. The data for ethylbenzene shown in
Fig. 1 are quite typical. For all solutes examined plots ofln k' and In YT versus q> were
almost parallel. In contrast the variation in factors related to the stationary phase (see
Fig. 2), summarized in term A (see eqn. 8), are much smaller compared to the variation
in In k' and In YT. We note that for ethylbenzene in methanol a nO-fold greater change
occurs in the mobile phase than in the stationary phase. For the other mobile phase
modifiers the changes in the term A with q> are smaller (see Fig. 2) and in the case of
isopropanol and tetrahydrofuran they are not monotonic. Because the variations in In
yT and In k' with q> are quite large a I% change in q> willcause a 10% change in k' or YT.
Clearly small experimental errors in establishing the q> value for both k' and yT could
easily account for some of the non-monotonic trends. It is unrealistic to believe that the
A values are accurate to better than 0.1-0.2In units. On the whole it is clear that A does
vary with q> in the methanol-water and tetrahydrofuran-water systems, possibly in the
acetonitrile-water system and at most very slightly in the isopropanol-water system.

The data presented above do not prove that the major overall driving forces for
retention in RPLC are the processes going on in the mobile phase. It is possible, but
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very unlikely, that the large k' values are due to very low stationary phase activity
coefficients. We addressed this issue by estimating the activity coefficients in the
bonded phase by the use of bulk phase analogs. Two extreme points of view can be
adopted in estimating the solute activity coefficients in the bonded phase. First one can
assume, as in model I above, that a non-polar environment is established by the
bonded alkyl chains. In this case solute stationary phase activity coefficients should be
modeled by their values in, for example, n-hexadecane. In another study'" we found
that the activity coefficient of toluene in hexadecane was equal to 0.96. The values for
the activity coefficients of a series of alkylbenzenes in hexadecane, as measured by
Schantzand Martire'", along with those computed by the UNIFAC method'" for
estimating limiting activity coefficients are given in Table IV. We see that all of the
values are, in accord with intuition, similar and close to unity.

Values measured in this work by HSGC for benzene, toluene, ethyl benzene and
propyl benzene are in good agreement with the literature. The value for n-butylbenzene
disagrees with that of Schantz and Martire. The error in activity coefficients measured
by HSGC for very low volatility solutes such as n-butylbenzene (b.p. 180°C) could be
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TABLE IV

MEASURED AND COMPUTED SOLUTE ACTIVITY COEFFICIENTS IN HEXADECANE

Solute Activity coefficients

Measured" Measured" Measured' Computed by
UNIFAC

Benzene 1.09 1.07 1.08
Toluene 1.03 1.05 1.07
Ethylbenzene 1.15 1.16 1.18
n-Propylbenzene 1.14 1.21 1.22
n-Butylbenzene 1.14 1.30 1.31

a From Schantz and Martire'".
b In this work.
c In hexadecane saturated with methanol.

0.91
1.03
1.05
1.09
1.13

greater than 10% due to adsorption/condensation of the solute in the transfer lines
especially when the solvent is also non-volatile.

In any instance it is evident that if bulk hexadecane were a good model for the
stationary phase activity coefficients then the B2 / 1 values would be close to unity and
would not vary from solute to solute nearly as much as do the mobile phase values.
Consequently based on model I we conclude that the principal driving force for
retention in RPLC lies in the mobile phase.

A second perspective is that the stationary phase solute activity coefficient is
completely controlled by the sorbed organic modifier as would be the case if model III
were to prevail. Here the activity coefficients in the stationary phase should be modeled
by their values in the pure bulk organic modifier. We measured these quantities as part
of this study (see Table V). Relative to the huge activity coefficients in the

TABLE V

ACTIVITY COEFFICIENTS IN PURE ORGANIC LIQUIDS

Measured by head space gas chromatography in the indicated solvent at infinite dilution at 25°C. Based on
the mole fraction concentration scale and Raoult's law reference state.

Solute Methanol Acetonitrile Isopropanol Tetrahydrofuran

Benzene 6.82 2.83 4.24
Toluene 9.67 4.03 5.08 0.84
Ethylbenzene 13.2 5.59 6.07 0.90
n-Propylbenzene 17.5 7.79 6.95 0.91
n-Butylbenzene 24.5 11.1 8.51 0.90

Reciprocal relative activity coefficients"
Benzene 1.42 1.43 1.20
Ethylbenzene 0.73 0.72 0.83 0.93
n-Propylbenzene 0.55 0.52 0.74 0.93
n-Butylbenzene 0.39 0.37 0.60 0.94

a The activity coefficient of toluene divided by the activity coefficient of the solute of interest.
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hydro-organic mobile phase these values are on the order of unity. Therefore
regardless of the two extreme points ofview outlined above it is unreasonable to expect
that the non-polar solutes studied here will be "pulled" into the stationary phase by
virtue ofa very small stationary phase activity coefficient. In addition the differences in
the solute activity coefficients in the pure organic modifiers are not nearly large enough
to account for the solute to solute variations in k'.

Based on the above we believe that the basic concept that retention in RPLC is
due to the solvophobic effect is validated. This is not to say that any specific
solvophobic model, such as that of Horvath and co-workers":", is correct in detail.
Given that the mobile phase provides the major driving force for retention this does
not mean that changes in the type of non-polar bonded ligand will be chromato
graphically unimportant. The results of Schantz et al.t", as do our A values, indicate
that solute activity coefficients in a bonded stationary phase are significantly altered by
the mobile phase. One must expect that the type of the bonded phase will modify its
propensity for sorption of the mobile phase. Based on the very large difference in the
solubility of methanol in hexane and in hexadecane it would be surprising if there were
no differences in the amount of organic modifier sorbed by bonded octyl and octadecyl
groups. Further in view of the fact that a reasonably efficient column can easily sense
differences in transfer free energies of two solutes of less than 100 cal/mol, subtle
changes in the stationary phase can significantly alter chromatographic selectivity
factors.

We next examine the relative retention of two solutes on the same column as
a function of ip, The term E 2/ 1 is the relative stationary phase activity coefficient of two
solutes. The data given in Table VI summarize our results using toluene as the
reference solute. In view of the fact that the mobile phase activity coefficients are only
precise to a few percent the relative stationary phase activity coefficients are, within
experimental error, almost independent of tp over the range 0.3-1.0 for all four mobile
phase modifiers (see Table V, and Figs. 3 and 4). The variation in E 2 / 1 with <p is much
smaller, particularly for the methanol-water system, than the variation in A with <po

The sole possible exception being the tetrahydrofuran-water system where there does
appear to be a significant increase in E 2 / 1 as the volume fraction of tetrahydrofuran
approaches unity. These results may, however, be due to the experimental difficulties
encountered in measuring the very low k' values in this system. This data should not
be taken to mean that the stationary phase is not modified by the organic constituent
of the mobile phase. We believe that it is (see below).

It is extremely interesting to note that despite the considerable variations of the
solute activity coefficients in the pure polar organic solvents (see Table V) the
differences in the relative stationary phase solute activity coefficients among the four
types of organic modifiers are surprisingly small. In addition variations in the relative
stationary phase activity coefficient from solute to solute are much greater than are
those based on the use of bulk hexadecane as a model for the stationary phase. That is
the variation in E2 / 1 (see Table V) from benzene to n-butylbenzene is much greater than
one would predict based on the activity coefficients in hexadecane given in Table IV.

Given the two-fold change in E 2 / 1 between benzene and n-butylbenzene we must
conclude that the stationary phase environment is more polar than hexadecane. Thus
case I, described above, is ruled out. This conclusion is in agreement with many
fundamental studies of chromatography that indicate that a substantial amount of
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Fig. 3. Dependence of the relative stationary phase activity coefficient (B 2 f1 ) on the solute and volume
fraction of organic modifier in the mobile phase. All results are for the indicated solute relative to toluene in
methanol-water mobile phases. Solutes: 0 = benzene; • = ethylbenzene; 6 = n-propylbenzene;
... = n-butylbenzene.

Fig. 4. Dependence of the relative stationary phase activity coefficient (B
2 f1

) on the type of mobile phase
modifier and volume fraction of organic modifier in the mobile phase. All results are for the n-butylbenzene
relative to toluene in the indicated mobile phases: methanol-water (0), acetonitrile-water (e),
isopropanol-water (6). tetrahydrofuran-water ("').

mobile phase is sorbed by the stationary phasev'-!", More importantly it agrees with
the solvatochromic studies of Stahlberg and Almgrerr'", and Carr and Harris 3 9 in
which the stationary phase polarity was directly probed with pyrene.

The BZ/l values in all four organic modifiers are strikingly similar to those
measured in bulk isopropanol (see the last line in Table V). This suggests the very
simple idea that perhaps the absolute values of the stationary phase activity
coefficients of all of the solutes in all of the mobile phases can be modeled by setting
them equal to or proportional to their activity coefficient in pure bulk isopropanol
(hereafter denoted as yIPA).

We will now investigate the consequences of making the following universal
approximation:

(12)

Based on the approximate constancy of A and BZ/ 1 as cp is changed over the range
0.3-1.0 we believe that it is reasonable to make the rough approximation that the
number of moles of stationary phase is constant. This is consistent with case II
described above. We now combine eqn. 12 with eqns. 2 and 7 to give

(13)

Since we have assumed that the number of moles of stationary phase is a constant the
capacity factor can be computed as a function of cp to within an unspecified constant of
proportionality. Taking the logarithm of both sides of eqn. 13 after combining the
constants yields the following equation:
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In k' C + In yT - In yl[A - In {Vrndrn [wo/Mo + (1 - wo)/Mw])

C + In k~alc

(14)

We will refer to the sum of all the known terms on the right-hand side of eqn. 14as In
k~alc' In view of the above arguments the difference between In k' and In k~alc is an
unknown offset that should not affect the slope of a plot of In k' versus In k~alc' The
resulting plots for all four mobile phases for all solutes are shown in Fig. 5. Linear least
squares analysis of this data was carried out and the results are summarized in Table
VII. These are in all cases very good correlations, as are those based on the data shown
in Figs. 6 and 7 (see below). The average least squares slopes for methanol, acetonitrile,
isopropanol and tetrahydrofuran are: 1.089, 1.078, 1.007, and 0.941, respectively. For
all but the isopropanol system there is a slight downward trend in the slope and a more
distinct trend in the intercept as the solute size increases.

The slope for the isopropanol system is closest to unity and shows only random
variations among the seven solutes investigated. The same is true of the intercepts, that
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Fig. 5. Plot of measured In k' vs In k;alo based on the isopropanol model for the stationary phase activity
coefficient. The values of In k;a', were obtained from eqn. 14. Solvent system: (a) methanol-water; (b)
acetonitrile-water; (c) isopropanol-water; (d) tetrahydrofuran-water. Solutes: 0 = benzene; • = toluene;
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TABLE VII

REGRESSION ANALYSIS OF EFFECT OF !f! ON SOLUTE RETENTION

The data below are the results of regressing the In k' vs. the in k;alc as defined in eqn. 14. In all cases the solute
activity coefficient in the stationary phase was assumed to be equal to that in bulk isopropanol. The results
were obtained by regression of the individual solutes one at a time. The average result was obtained by
regression of all of data for all of the solutes in the indicated solvent simultaneously.

Solute Intercept (S.D.) Slope (S.D.) n

Methanol-water
Benzene - 5.27(0.042) 1.103(0.007) 0.9999 13
Toluene - 5.23(0.026) 1.104(0.004) 0.9999 13
Ethylbenzene - 5.18(0.029) 1.095(0.004) 0.9999 13
Propylbenzene - 5.06(0.032) 1.076(0.005) 0.9999 12
Butylbenzene -5.01(0.036) 1.068(0.005) 0.9999 II
Average - 5.15(0.02) 1.089(.003) 0.99976 62

Acetonitrile-water
Benzene -4.77(0.174) 1.177(0.043) 0.9974 6
Toluene -4.73(0.111) 1.153(0.025) 0.9990 6
Ethylbenzene -4.59(0.077) 1.116(0.016) 0.9995 6
Propylbenzene - 4.45(0.055) 1.070(0.0 II) 0.9997 6
Butylbenzene -4.50(0.034) 1.087(0.006) 0.9999 6
Cumene -4.54(0.063) 1.102(0.013) 0.9997 6
Average -4.42(0.06) 1.078(0.0I I) 0.99797 36

Isopropanol-water
Benzene - 5.870(0.1 10) 1.018(0.019) 0.9989 8
Toluene - 5.769(0.088) 1.010(0.015) 0.9993 8
Ethylbenzene -5.709(0.084) 1.000(0.013) 0.9994 8
Propylbenzene - 5.724(0.086) 0.999(0.013) 0.9995 8
Butylbenzene -5.750(0.092) 1.010(0.013) 0.9994 8
Cumene - 5.751(0.131) 1.007(0.022) 0.9988 7
tert.- Butylbenzene - 5.650(0.155) 0.989(0.025) 0.9983 7
Average - 5.76(0.04) 1.007(0.005) 0.99915 54

Tetrahydrofuran-water
Toluene -4.126(0.129) 0.927(0.026) 0.9980 7
Ethylbenzene - 4.088(0.096) 0.930(0.018) 0.9990 7
Propylbenzene -4.124(0.071) 0.943(0.0 13) 0.9995 7
Butylbenzene - 4.063(0.085) 0.966(0.0 I7) 0.9993 6
Cumene -4.121(0.110) 0.953(0.021) 0.9990 6
tert.-Butylbenzene -4.122(0.111) 0.958(0.020) 0.9989 6
Average - 4.090(0.056) 0.941(0.012) 0.99749 39

is, for the isopropanol system the intercepts for the various solutes do not differ beyond
their individual standard deviations. In contrast the slope for the tetrahydrofuran
system is the smallest, although it does not differ from unity as much as does the slope
for methanol. We note that activity coefficients in bulk tetrahydrofuran are quite close
to unity whereas the other bulk solvents induce much larger activity coefficients (see
Table IV).

In three of the solvent systems the intercepts for the various solutes are so similar
that the above approximation for y~ leads to a universal curve for the retention of
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Fig. 6. Plot of measured In k' vs. In k~,,, based on the hexadecane model for the stationary phase activity
coefficient. Solvent system: (a) methanol-water; (b) acetonitrile-water; (c) isopropanol-water; (d)
tetrahydrofuran-water. Solutes: 0 = benzene; 0 = toluene; D = ethylbenzene; ... = n-propylbenzene;
o = n-butylbenzene.

non-polar solutes. In other words three of the data sets are very similar except for the
presence of an offset in the plot; this amounts to a proportional difference in k' which
corresponds to the term 0( in eqns. 12 and 13.

Other approaches to estimating the solute activity coefficient in the stationary
phase were tested including the assumption that the activity coefficients are equal (or
proportional) to those in bulk hexadecane (see Fig. 6), and assuming that they are
equal (or proportional) to that in the pure bulk organic solvent used in the mobile
phase (see Fig. 7). Systematic, that is solute dependent deviations, are evident in Figs.
6 and 7. It is clear that except for the tetrahydrofuran-water system the best single
unifying factor is the isopropanol approximation (see eqn. 12).

We believe that this supports the idea that the effect of a change in stationary
phase composition and the concomitant change in environment sensed by a solute
immersed in the stationary phase are quite small relative to the enormous change in the
solute environment in the mobile phase over the range in mobile phase compositions
explored in this work. At this time we do not have an explanation for the different
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behavior of tetrahydrofuran other than the fact that it is the least polar of all of the
modifiers based on factors such as its dielectric constant, Kamlet-Taft n* dipo
larity/polarizability''? and the fact that the activity coefficients of non-polar solutes in
tetrahydrofuran are close to unity. When the solute's activity coefficient in the
stationary phase is set equal to its activity coefficient in bulk tetrahydrofuran the slope
of the regression line ofln k' versus In k~aJc is equal to 0.943 which is not different from
that based on the isopropanol assumption.

An important point that should be addressed is why do the three modifiers act as
if the stationary phase environment has a polarity similar to isopropanol. We have no
solid answer to this question but believe that isopropanol may simply be the best model
for the combined effect of the bonded phase ligands, sorbed mobile phase components,
including water, and the polarity of the accessible silanol groups on the stationary
phase chemical potential of the solute.

The intercepts of all of the plots shown in Fig. 5 are significantly different.
Physically the intercepts correspond to the offset term in eqn. 14. Ifwe assume that (X in
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TABLE VIII

COMPARISON OF MOLES OF BONDED PHASE FROM COLUMN CHARACTERISTICS AND
VALUES CALCULATED FORM THE PARTITION MODEL

Data set Amount ofstationary phase (mmoles)

Aa

Methanol'
Acetonitrile"
Isopropanol"
Tetrahydrofuran"

1.3
0.6
0.4
0.4

5.8
12
3.2

17

a Computed from the column characteristics given in Table III and ligand surface coverage
= 2 jimol/m2

b Computed from the intercept given in Table VII.
c This is the Zorbax column used by Barman?".
d This is the Develosil column used by Hanai and Hubert".
e This is the Hypersil column used in this work.

eqn. 12 is unity, that is, the activity coefficient of the solute in the stationary phase is
equal to the value in pure bulk isopropanol, then we can compute the number of moles
of stationary phase. The results are summarized in Table VIII. It is evident that the
number of moles of stationary phase is, in all cases, much larger than that computed
based on estimates of the amount of bonded phase by using the column characteristics
given in Table III. For the Hypersil column used in this work we find that the amount
of stationary phase is much larger for the tetrahydrofuran mobile phase than for the
isopropanol mobile phase despite the fact that the same column was used. In addition
the number of moles of stationary phase is impossibly large. For example the data for
the tetrahydrofuran system corresponds to a volume of 1.4cm 3

. This is larger than the
void volume of the column (1.15 em"). The above computations are contingent upon
the assumed value of the constant of proportionality (a) between the bulk phase
activity coefficient and the activity coefficient in the stationary phase being unity. It is
much more likely that the actual stationary phase activity coefficient is intermediate
between the value in hexadecane and that in the pure organic liquid. A decrease in
a will decrease our estimate of the number of moles of stationary phase to more
reasonable values. However, activity coefficients in tetrahydrofuran are very close to
those in hexadecane and the extraordinarily large amount of sorbed modifier
computed based on a partition model cannot be rationalized. This suggests that the
data analysis is not consistent with a "pure" partition model 4 1

.

It seemed to us that, no matter how small, within reason, one chooses to make
the activity coefficients in the stationary phase, one cannot deny that a considerable
amount of the organic modifier is sorbed into the bonded phase thereby altering its
properties. However, given the very small amount of methanol needed to saturate bulk
hexadecane (0.3 mole %) we felt that it would be impossible for this minute amount of
methanol to exert a substantial effect on the activity coefficient of a.non-polar solute.
This was verified by measuring the activity coefficient of a series of alkylbenzenes in
bulk methanol-saturated hexadecane (see Table IV). Our assumption is clearly
validated; saturation of bulk hexadecane with methanol does not change the
environment experienced by a non-polar solute.
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Based on this we are convinced that the very high surface to volume ratio of
a bonded phase column, relative to that of a bulk liquid, must allow for the sorption of
a much larger amount of organic modifier into the bonded phase than occurs in
experiments with bulk liquid phases such as our HSGC experiment or the "sit flask"
experiment of Schantz and Martire.". Using literature data on sorption of organic
modifiers 7 , 14 , 1 8 , 34, we infer that at least 1-2 moles of the organic modifier per mole of
bonded ligand can be adsorbed into the bonded phase. In essence then we feel that
bonded-phase RPLC cannot be accurately described as a pure partition process even
for non-polar solutes.

We turn now to reconciling our observations to those of Schantz et al.i", If one
assumes that the activity coefficient of the solute in bulk hexadecane is independent of
the amount of methanol that can partition into the phase then the change in our A term
with qJ should be directly comparable to the change in the natural logarithm of the
ratio of the hexadecane partition coefficient to net retention volume studied by
Schantz et al.i". For the methanol-water system A varied by about 0.5 In units in the
same direction and over the same range in qJ that the parameter of Schantz et al. 1 3

varied by 0.9 In units. Given the vastly different methodologies and the different
experimental difficulties we believe that these results are only marginally inconsistent.
Nonetheless if the difference is real it can be reconciled. Based on our preceeding
results that the bonded phase acts as if it is more polar than an alkane we hypothesize
that one must include some number of moles of organic modifier in the number of
moles of stationary phase (see eqn. 8). Consequently the term A must vary less than the
ratio of the sit flask partition coefficient to the net retention volume because of
a cancellation of effects. That is the amount of stationary phase increases by sorbing
the organic modifier and very possibly some water into the bonded phase domain. This
has the effect of simultaneously increasing the stationary phase solute activity
coefficient and the number of moles of stationary phase. Since the term A is a ratio of
these two factors it appears to vary less than either factor alone.

CONCLUSION

It is clear from the above results that the solute-mobile phase activity coefficient
is tremendously important in RPLC. Consequently all models of RPLC, such as that
of Geng and Regnier 4 2

,4 3, which do not incorporate this term should be re-examined.
Because mobile phase interactions are the dominant factor in establishing the
dependence of k' on qJ and the ym values are so large it is evident that the solvophobic
mechanism of RPLC is correct in spirit if not in detail. This does not mean that the
stationary phase is a non-participating spectator. The results clearly show the
importance of the very high surface area in bonded-phase RPLC. Solute activity
coefficients in the stationary phase cannot be modeled by treating the solute as being
dissolved in a non-polar bulk phase such as hexadecane.
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RETENTION CHARACTERISTICS OF SEVERAL COMPOUND CLASSES IN
REVERSED-PHASE LIQUID CHROMATOGRAPHY WITH [3-CYCLODEX
TRIN AS A MOBILE PHASE MODIFIER

REZA M. MOHSENI and ROBERT J. HURTUBISE*

Chemistry Department, University of Wyoming, Laramie, WY 8207/ (U.S.A.)

SUMMARY

[3-Cyclodextrin was investigated as a mobile phase modifier in the reversed
phase liquid chromatography of polycyclic aromatic hydrocarbons, nitrogen hetero
cycles and hydroxyl aromatics. A wide range of [3-cyclodextrin concentrations was
employed, and the retention properties of the compound classes were compared in
methanol-water and ethanol-water mobile phases at 25°C. [3-Cyclodextrin-solute
dissociation constants were obtained for the compounds in several methanol-water
and ethanol-water mobile phase compositions, using the chromatographic data. The
trends in the retention data and dissociation constants for the compound classes were
discussed. Several conclusions were drawn concerning the mechanism of retention
when [3-cyclodextrin is present in the mobile phases. Also, comparisons were made
between the structural features of the compounds and their capacity factors and
dissociation constants.

INTRODUCTION

Cyclodextrins (CDs) ani: cyclicoligosaccharides, constructed from a-(l,4)-linked
glucose units arranged in a torus'. The most common cyclodextrins are a-, [3- and
y-cyclodextrin, containing six, seven and eight glucose units, respectively. Because the
cavity of a CD molecule contains C-H groups and glucosidic oxygens, the interior part
of the molecule is relatively hydrophobic", Generally, the external part of the CD
molecule is hydrophilic compared to its cavity. The hydrophilic nature of the external
portion of the molecule is due to primary and secondary hydroxyl groups being located
on the smaller and larger sides of the CD molecule, respectively. Cyclodextrins have
the ability to form inclusion complexes with a variety of molecules. The formation of
an inclusion complex depends upon shape, size and spatial geometry of the solute, the
diameter of the CD cavity and other factors 1,2 .

There are essentially two approaches for applying CDs in liquid chromato
graphy (LC). The first involves the use of CDs bonded to silica gel, and the second
involves the use of CDs as a mobile phase additive. Armstrong and DeMond3 have
reviewed cyclodextrin-bonded phases for LC separations. Tarr et al." studied the
influence of mobile phase alcohol modifiers on the separation of polynuclear aromatics

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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with a fJ-CD bonded phase column. However, relatively little work has been reported
on the chromatographic aspects of CDs added to mobile phases when a C 18 column is
used. Armstrong" and Hinze and Armstrong" used CD mobile phase modifiers in
thin-layer chromatography (TLC) for separating structural isomers. Debowski et
al. 7

,8 resolved enantiomers of mandelic acid and mandelic acid derivatives by using
reversed-phase liquid chromatography (RPLC) for (X- and fJ-CD inclusion complexes.
Gazdag et al" employed (X-, fJ- and y-CDs as mobile phase additives in RPLC for
enantiomer separation of D,L-norgestrels. Gazdag et al. 10 added a mixture of CDs to
the mobile phase to develop a simple optimization technique for the separation of
isomeric compounds. They studied the effects of CD concentration, pH and ionic
strength on the capacity factors of model compounds. Armstrong et al. 1 1 resolved
a variety of racemic compounds, including drugs, nicotinoids, amino derivatives,
sulfinates, metallocenes and crown ethers with fJ-CD in the mobile phase by RP-TLC.

The separation of structural isomers 12-14 and aromatic amino acids'f has been
achieved by the addition of CDs to the mobile phase. Bazant et al. 16 used either fJ-CD
as the mobile phase additive or fJ-CD, chemically bonded to the stationary phase, for
the separation of structural isomers of some biologically important hydroxy-,
methoxy- and amino-substituted aromatic carboxylic acids by LC. They emphasized
that CDs can be applied to the separation of compounds that are difficult to separate in
other systems.

The formation of inclusion complexes between host/guest molecules is mainly
responsible for altering solute retention in RPLC. There have been some reports
relating the concentration of CD and stability constants of inclusion complexes to
retention characteristics'T>". For example, Fujimura et al.2o derived an equation
relating capacity factor to CD concentration in the mobile phase and the stability
constant of the CD complex. Zukowski et al. 19 derived a similar equation that relates
the observed capacity factors to the total CD concentration.

Because very little retention data and mechanistic information have been
published on the effects of fJ-CD added to the mobile phase in RPLC, the retention
characteristics of several polycyclic aromatic hydrocarbons (PAHs), nitrogen hetero
cycles and aromatic hydroxyl compounds as a function of both fJ-CD concentration
and organic modifier concentration were investigated. Furthermore, the dissociation
constants of the inclusion complexes for the model compounds were obtained by using
equilibrium concentrations of fJ-CD, and various mechanistic aspects of the chromato
graphic interactions with fJ-CD were investigated.

EXPERIMENTAL

Materials
The liquid chromatograph used was a Waters unit with a Model 6000A pump

(Waters Assoc., Milford, MA, U.S.A.), a U6K injector, a dual-channel ultraviolet
detector, set at 254 nm, and a dual-channeIIO-mV strip-chart recorder. A Model FE
Haake (Saddle Brook, NJ, U.S.A.) constant temperature bath was used to keep the
temperature of the column at 25°C. The column employed was a ,uBondapack C 18

(300 mm x 4 mm J.D.) purchased from Phenomenex (Torrance, CA, U.S.A.). PAHs
and nitrogen heterocycles were obtained from commercial sources. The model
compounds and fJ-CD were purchased from Aldrich (Milwaukee, WI, U.S.A.). Table I
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lists the structures of the model compounds studied in this work. Methanol was of
HPLC-grade and purchased from Baker (Phillipsburg, NJ, U.S.A.).

Methods
Methanol and water were prefiltered through a Millipore type FH 0.5-,um filter.

P-CD was vacuum dried at 0.78 atm pressure at 75°C for 8 h prior to use. Then, P-CD
was dissolved in purified water, and methanol was added to the fJ-CD solution. The
maximum amount of fJ-CD that dissolved in all the mobile phases investigated was
6.81 gin 11 of methanol-water (30:70). The largest analytical concentrations of fJ-CD
in methanol-water mixtures of 30:70,40:60,50:50 and 60:40 were 6.0, 5.0,4.0,3.0 mM,
respectively. The largest analytical concentration of fJ-CD in ethanol-water solvents
was 5.0 mM. Eqn. 11 was used to calculate the equilibrium concentrations of fJ-CD.
The formation constants for methanol and ethanol used in eqn. 11 were 0.32 and
0.93M- 1, respectively'". The methanol-water mixtures used for the PAHs were 55:45,
60:40,65:35,70:30 and 75:25, and those for the nitrogen heterocycles were 50:50, 55:45,
60:40 and 65:35. The methanol-water compositions that were used for the hydroxyl
aromatics were 30:70, 40:60, 50:50 and 60:40. The ethanol-water compositions used
for the hydroxyl compounds were 35:65, 40:60, 45:55 and 50:50. The concentrations of
all the samples injected were 1 mg/rnl in methanol, except for the concentration of
anthracene, which was 0.5 mg/ml. The temperature was kept constant at 25°C, and the
column void volume was obtained by injecting a methanol-solution of potassium
nitrite.

RESULTS AND DISCUSSION

Theore tical considerations
The following equilibria occur when a solute (S) is involved in a reversed-phase

chromatographic system with P-CD in the mobile phase:

Ko
Sm + (CD)m EO ,. (CD,S)m

~~ K~ ~K'
S, (CD.M)m (CD.S),

where subscripts m and s refer to the mobile and stationary phase, respectively, and
M is the organic modifier. The distribution constants of the solute and the inclusion
complex are given in eqns. 1 and 2, respectively.

[(CD . S)s]/[(CD . S)m]

The dissociation constant of the inclusion complex is given in eqn. 3, and

(1)

(2)

(3)
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TABLE I

NAMES AND STRUCTURES OF MODEL COMPOUNDS

R. M. MOHSENI, R. J. HURTUBISE

Compound Structure Compound Structure

CO W
OH

(1) Naphthalene I h h (12) l-Indanol ,..1

(2) Biphenyl 0-0 aO:J(13) 5-Indanol H ,..

(3) Acenaphthene CO OH
h h

(14) 1,7-Dihydroxynaphthalene HOmr "
,.. 1 h

(4) Phenanthrene u9 roOH"'I (IS) 2,3-Dihydroxynaphthalene
: J :

,.. /.

OH

(5) Anthracene OCO HO OHs, h h

d-b(()
(16) o,o'-Biphenol

(6) Quinoline ,.. ,
N

(7) Isoquinoline (Ci (17) p,p'-Biphenol Ho-Q---O-oH

e-, ,N
OH

09 (18) I-Naphthol ro(8) Benzo(f)quinoline ,.. I /.
r /
,.. I h

~
(19) 2-Naphthol

(Cr0H
" 1 /

,.. /.

(9) Benzo(h)quinoline 1 N
OH/.

0-0OH (20) 2-PhenyJphenol

(10) 1,3-Dihydroxybenzene 6u HO,.. H

b-oOH
(21) 3-Phenylphenol

(II) 1,4-Dihydroxybenzene

~ (22) 4-Phenylphenol Ho-O-O

the formation constant for the formation of (CD' M)m is given in eqn. 4:

[(CD'M)m]

[(CD)m][M]

The capacity factor (k') of the solute is defined as

k' = <p([Ss] + [(CD' S)sD/([SmJ + [(CD' S)mD

(4)

(5)

where <p is the phase ratio of the column. Since the external part of the CD is
hydrophilic, the interaction between CD and the stationary phase is considered
negligible/". Thus, eqn. 5 can be written as



fJ-CD AS MOBILE PHASE MODIFIER IN RPLC

k' = cp[Ssl/([Sml + [(CD· S)m])
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(6)

Substituting into eqn. 6 for [Ssl and [(CD· S)ml by using eqns. 1 and 3, respectively,
results in

(7)

Since ko= cpKo, where kois the capacity factor with no fJ-CD present, eqn. 7 is written
as

11k' = llko + [(CD)mllkoKD (8)

Eqn. 8 is similar to the equation derived by Fujimura et al.20. However, the equilibrium
concentration of fJ-CD appears in the equation instead of total fJ-CD concentration.
The main reason for using the equilibrium concentration of fJ-CD is that methanol
weakly competes with the solute for the formation of an inclusion complex with
fJ-CD 22

.

To obtain the equilibrium concentration of f3-CD, the mass balance for CDs is
used:

[(CDhl = [(CD)ml + [(CD· M)ml + [(CD· S)ml + [(CD· S)sl (9)

If it is assumed that the last two terms on the right side of eqn. 9 are negligible
compared to the first two terms, because the solute concentration is very small, then
the following equation results:

[(CDhl = [(CD)ml + [(CD· M)ml (10)

By substituting [(CD· M)ml from eqn. 4 into eqn. 10 the following equation is obtained:

[(CD)ml = [(CDhl/(l + KM[M]) (11)

Zukowski et aU 9 used eqn. 11 to obtain the equilibrium concentrations of f3-CD in
reversed-phase chromatographic systems.

Dependence of capacity factors on organic modifier at a given f3-CD concentration
Methanol (used as the main organic modifier in this work) competed somewhat

with the solute in occupying the f3-CD cavity. This aspect has not been considered in
detail in chromatographic systems. Matsui and Mochida'P determined the stability
constants of {'J.- and f3-CD complexes for several alcohols; using a spectrophotometric
method. According to their data, the association constant of methanol with fJ-CD was
0.32 M- 1. The small value for the association constant shows that methanol interacts
weakly with f3-CD, and the interaction with f3-CD can normally be considered
a constant effect at a given methanol composition. However, because of the relatively
large concentration of methanol used in the mobile phase, a substantial amount of
methanol can interact with f3-CD. This aspect will be discussed in more detail later.
Fig. 1 illustrates the effect of methanol concentration on log k' for the PAHs in the
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Fig. 1. Plot of log k' vs. percentage of methanol (MeOH) for PAHs on a C I 8 column with 1.5 mM {3-CD.

presence of 1.5mM f3-CD. This figure shows that with increasing amounts of methanol
the capacity factors decrease for a given compound in the presence of the same amount
of f3-CD, as would be expected. The other mobile phases containing different amounts
of f3-CD gave similar graphs. The dependence of log k' on the organic modifier
concentration and f3-CD concentration for quinoline, isoquinoline, benzo(f)quinoline
[B(f)Q], and benzo(h)quinoline [B(h)Q] was also investigated. The same general
retention characteristics were found for these compounds as were found for PARs as
the methanol concentration increased at a given f3-CD concentration. The other set of
compounds investigated was hydroxyl aromatics. Linear relationships were also
obtained between log k' and methanol concentration in the presence and absence of
f3-CD for the hydroxyl aromatics.

Dependence of capacity factors on f3-CD concentration
The capacity factors of the PARs and nitrogen heterocycles for different

analytical concentrations of f3-CD (0.0, 0.5, 1.0, 1.5, 2.0 and 2.5 mM) in methanol
water were obtained. The methanol-water ratios employed were 75:25, 70:30, 65:35,
60:40 and 55:45. The k' values showed relatively small decreases for the PARs on the
Ct s column with increasing concentration of f3-CD. For example, the k' value of
naphthalene changed from 3.51 with no f3-CD in the mobile phase to 3.15 with 2.5 mM
f3-CD in the methanol-water (65:35) mobile phase. These results indicated that weak
inclusion complexes were formed and that the uncomplexed PARs interacted readily
with the hydrocarbonaceous ligand of the stationary phase. The small change in the k'
values was essentially the same for all the PARs investigated. Pyrene had a long
retention time with a methanol-water (65:35) mobile phase, and its chromatographic
band was much broader compared to the other PARs investigated. Pyrene only
partially fits into the cavity of f3-CD 2 3

, and thus f3-CD would have little influence on its
retention under the experimental conditions used in this work.
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Quinoline and isoquinoline showed little change in k' values with the addition of
fJ-CD to the mobile phase. Also, addition of fJ-CO caused the bands to broaden to
some extent. The broadening of the bands with the addition of fJ-CDcould possibly be
explained by an increased interaction between the nitrogen atom of the solute with
residual silanol groups of the stationary phase2 4

. However, additional work is needed
to substantiate this. The broad bands and small k' values for quinoline and
isoquinoline indicated that they did not form strong complexes with fJ-CD. The k'
value for quinoline in the absence of fJ-CO was 1.36, whereas with 2.5 mM fJ-CD
present it was 1.24. B(f)Q and B(h)Q gave well-defined chromatographic bands,
although fJ-CD had little effect on the k' values for B(f)Q and B(h)Q. This indicates
that these nitrogen heterocycles interacted with C t s more readily than with fJ-CO. For
example, B(f)Q had ak' valueof3.13 with no fJ-CO, butak' value of3.01 with 2.5 mM
fJ-CO.

The retention characteristics of thirteen hydroxyl aromatics over a wide range of
methanol-water compositions with different concentrations of fJ-CDwere also studied
(Table I). This class of compounds showed much greater changes in k' values than the
PAHs and nitrogen heterocycles. In fact, several of the hydroxyl aromatics showed
rather dramatic changes in k' values as a function of fJ-CDconcentration. Table II lists
the capacity factors of the solutes in methanol-water (40:60) on a C t s column at 25°C
with different amounts of fJ-CD. Fig. 2 shows the effect of fJ-CDon the retention of2-,
3- and 4-phenylphenol and indicates that addition of fJ-CO to the mobile phase causes
a substantial decrease in the retention of all three solutes. The relatively large changes
in k' values occur because of the formation of strong inclusion complexes between the
fJ-CD and the hydroxyl aromatics, and thus the solutes interact less with the
hydrocarbonaceous ligand of the stationary phase.

TABLE II

k' VALUES OF HYDROXYL AROMATIC COMPOUNDS FOR METHANOL-WATER (40:60)
WITH DIFFERENT CONCENTRATIONS (mM) OF {3-CD

The names and structures of the compounds are given in Table I.

Solute {3-CD (mM)

0.0 1.0 2.0 3.0 4.0 5.0

10 0.732 0.682 0.651 0.624 0.544 0.530
II 0.496 0.450 0.422 0.395 0.337 0.330
12 4.33 4.06 3.96 3.73 3.46 3.40
13 9.98 8.64 7.70 6.74 5.94 5.47
14 4.37 4.06 3.91 3.63 3.32 3.22
15 5.35 4.86 4.56 4.11 3.70 3.50
16 9.62 9.06 8.86 8.42 7.92 7.69
17 5.90 3.61 2.74 2.14 1.71 1.45
18 11.64 10.04 8.99 7.98 7.06 6.50
19 10.18 9.05 8.34 7.55 6.82 6.35
20 22.95 20.14 18.28 16.39 14.72 13.65
21 25.89 19.23 15.30 12.47 10.36 9.02
22 25.40 17.49 13.34 10.57 8.56 7.40
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Fig. 2. Plot of k' values vs. equilibrium of fJ-CD concentration for 2-phenylphenol (20), 3-phenylphenol (21)
and 4-phenylphenol (22) with methanol-water (40:60).

Dependence of KD values on the methanol content
Eqn. 8 relates the capacity factor to the dissociation constant of the inclusion

complex and the equilibrium concentration of f3-CD and shows that a graph of 11k' vs.
[(CD)mJ would give a straight line with an intercept of l/k'o and a slope of l/k'oKD •

Therefore, KD values can be obtained by using eqn. 8. The linear relationship between
Ilk' and f3-CD concentration also indicates a 1:1 ratio between the solute and {3-CD2 0

.
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Fig. 3. Plot of 11k' !'s. equilibrium of {i-CD concentration for PAHs with methanol-water (60:40).
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TABLE III

Ko (M) VALUES OF PAHs FOR METHANOL-WATER MOBILE PHASES IN THE PRESENCE OF
{3-CD

Solute

Naphthalene
Biphenyl
Acenaphthene
Phenanthrene
Anthracene

Methanol-water

55:45 60:40 65:35 70:30 75:25

3.14 . 10- 3 3.30' 10- 3 3.25 . 10- 3 3.87· 10- 3 2.53 . 10- 3

1.62 . 10- 3 1.95 . 10- 3 2.27 . 10- 3 2.91 . 10- 3 2.12 . 10- 3

2.02· 10- 3 2.65· 10- 3 3.57· 10- 3 4.00 . 10- 3 2.99 . 10- 3

4.88 . 10- 3 5.11 . 10- 3 5.52 . 10- 3 3.33 . 10- 3

2.58 . 10- 3 3.38· 10- 3 4.20 . 10- 3 2.50 . 10- 3

In addition, it is important to mention that the equilibrium concentration of f3-CD
should be used in obtaining K D values rather than the analytical concentration of
f3-CD. This is because the effect of methanol interaction with f3-CD can be substantial
due to the large amount of methanol present in the mobile phase. For example,
a methanol-water (75:25) mobile phase is 18.4 M in methanol.

Fig. 3 shows the linear relationships between Ilk' values and the equilibrium
concentration of f3-CD for the PAHs, investigated with methanol-water (60:40). The
equilibrium concentrations of f3-CD were calculated from eqn. II. The slopes of these
lines were small, indicating that f3-CD concentration had little effect onthe retention of
the solutes. The nitrogen heterocycles showed fairly good linear relationships between
Ilk' and f3-CD concentration. However, as stated above, the change in k' values was
even smaller than for PAHs. Table III lists dissociation constants of the inclusion
complexes of the PAH model compounds obtained from eqn. 8 for several different
methanol-water compositions. Table III shows that by increasing the methanol
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Fig. 4. Plot of percentage of methanol vs. Ko values for PAHs with methanol-water.
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concentration in the mobile phase from 55 to 70%, the dissociation constants ofPAHs
increase. Thus, the higher the methanol content, the weaker the association of the
solute with fJ-CO. The methanol concentration in the mobile phase as a function of the
dissociation constant in the range of 55-70% methanol is shown in Fig. 4 for biphenyl,
acenaphthene and phenanthrene. Naphthalene and anthracene also showed the same
general trend. As Fig. 4 shows, there is an approximate linear relationship between
methanol concentration and KD values of 55-70% methanol. However, the 75%
methanol data points did not fall near the lines (Table III). It is possible that another
mechanism is operative at 75% methanol. Additional information is needed to explain
the results at 75% methanol.

Linear relationships were also found for Ilk' vs. the equilibrium concentration of
fJ-CO for the hydroxyl aromatics. The largest slope in this series of compounds was
obtained for the hydroxyl aromatics in methanol-water (30:70) and the smallest slope
was obtained in methanol-water (60:40). Fig. 5 illustrates the linear relationships
between Ilk' and equilibrium concentration of fJ-CO for some of the hydroxyl
compounds in methanol-water (40:60).Table IV lists the dissociation constants for the
hydroxyl compounds in different methanol-water mobile phases at 25°C. Table IV
shows that with the addition of the methanol to the mobile phase the K D values
generally become larger, except for the two dihydroxybenzene compounds. The
increasing methanol content causes more competition between the solute and the
methanol for binding to the fJ-CO, even though methanol binds relatively weakly to
fJ-C0 22

• As a result, the inclusion complex of the solute is dissociated to a greater
extent in stronger mobile phases. Fig. 6 shows typical relationships between K D and
methanol concentration for two hydroxyl aromatics. These graphs contrast with the
graphs for PAHs in Fig. 4. This is probably related to the much smaller changes in k'
values for PAH compared to hydroxyl aromatics. Table V lists typical intercepts,
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Fig. 5. Plot of Ilk' vs. equilibrium values of fJ-CD concentration for 2-naphthol (19), o,o'-biphenol (16) and
3-phenylphenol (21) with methanol-water (40:60).
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TABLE IV

s; (M) VALUES OF HYDROXYL AROMATICS FOR METHANOL-WATER MOBILE PHASES
IN THE PRESENCE OF fJ-CD

See Table I for the names and structures of the compounds.

Solute

10
II
12
13
14
15
16
17
18
19
20
21
22

Methanol-water

30:70 40:60 50:50 60:40

3.76 . 10- 3 3.01 . 10- 3 1.75 . 10- 3 8.65 . 10- 3

2.42' 10- 3 2.24 . 10- 3 1.08 . 10- 3 3.27 . 10- 3

4.10 . 10- 3 4.20 . 10- 3 3.74 . 10- 3 7.06 . 10- 3

1.07 . 10- 3 [.41 . 10- 3 1.95 . 10- 3 3.27 . 10- 3

2.18 . 10- 3 3.24 . 10- 3 3.21 . 10- 3 4.43' 10- 3

1.52 . 10- 3 2.[7' 10- 3 2.57 . 10- 3 3.62 . 10- 3

3.98 . 10- 3 4.75 . 10- 3 4.57 . 10- 3 7.70 . 10- 3

1.66 . 10- 4 4.10 . 10- 4 7.94 . 10- 4 1.90 . 10- 3

8.89 . 10- 4 1.49 . 10- 3 2.24 . 10- 3 3.88 . 10- 3

1.25 . 10- 3 [.93 . 10- 3 2.58 . 10- 3 4.27 . 10- 3

1.05 . 10- 3 1.74 . 10- 3 2.52 . 10- 3 4.72 . 10- 3

2.18 . 10- 4 6.18 . 10- 4 1.17 . 10- 3 2.38 . 10- 3

2.95 . 10- 4 4.72 . 10- 4 9.27 . 10- 4 1.95 . 10- 3

slopes and correlation coefficients of the hydroxyl compounds with methanol-water
(40:60). The correlation coefficients indicate good linearity between Ilk' and {3-CD
concentration, showing that 1:1 complexes were formed.

As discussed in the derivation of eqn. 8, it was assumed that the interaction of the
CD . S complex with the stationary phase was negligible. The linear relationship
obtained from the 11k vs. [(CD)mJ graphs support this view for the compounds
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Fig. 6. Plot of percentage of methanol vs. Ko values for p,p'-biphenol (17) and 4-phenylpheno[ (22).
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TABLE V

SLOPE, INTERCEPT AND CORRELATION COEFFICIENT VALUES OF HYDROXYL ARO
MATICS FOR METHANOL-WATER (40:60) WITH {3-CD

See Table I for the names and structures of the compounds.

Solute Intercept Slope Correlation
coefficient

10 1.35 0.449 0.976
11 1.99 0.889 0.981
12 0.230 0.548 0.988
13 0.0988 0.0702 0.999
14 0.228 0.0703 0.992
15 0.184 0.0847 0.995
16 0.104 0.0219 0.996
17 0.174 0.424 0.999
18 0.0853 0.0574 0.998
19 0.0973 0.0504 0.999
20 0.0434 0.0250 0.999
21 0.0376 0.0608 0.999
22 0.0381 0.0807 0.999

investigated. However, there is the possibility that the CD . S complex could interact
with the stationary phase, and the mechanism is more complex. By using an equation
proposed by Zukowski et al.i", in which the distribution of the CD . S complex
between the stationary and mobile phase was taken into consideration, very little of
our experimental data could be fitted to this equation. The data from the phenyl
phenols though did correlate reasonably well with the equation considered by
Zukowski et al?". These results suggest that the CD . S complexes of the phenyl
phenols interacted with the stationary phase. More work would be needed to establish
the extent to which the CD . S complexes interacted with the stationary phase.

Effect of ethanol content on the retention of hydroxyl compounds
The model compounds investigated with ethanol-water mobile phases were l

and 2-naphthol, 2-, 3- and 4-phenylphenol. Ethanol-water mobile phases were
investigated because ethanol forms a stronger complex with fJ-CD than does methanol.
The formation constant for ethanol with fJ-CD has been reported as 0.93 M- 1 and for
methanol 0.32 M- 1 (ref. 22). The retention characteristics of the solutes were obtained
in different ethanol-water mixtures in the presence of increasing amounts of fJ-CD.
The ethanol-water mixtures used were 35:65,40:60, 45:55and 50:50.Table VI gives the
capacity factors of the compounds in ethanol-water (40:60). The overall change in k'
values with the addition of fJ-CD was less than that for methanol-water (40:60) for any
given solute. Graphs of 11k' vs. fJ-CD concentration gave fairly good linear
relationships. However, the correlation coefficients indicated that better linearity was
obtained with methanol-water than that with ethanol-water.

The dissociation constants of the inclusion complexes of the compounds for
ethanol-water compositions are listed in Table VII. It shows that the KD values depend
upon the ethanol content in the mobile phase. By comparing the KD values of the
inclusion complexes for methanol-water (40:60) with the corresponding K D values for
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TABLE VI

k' VALUES OF SEVERAL HYDROXYL AROMATICS FOR ETHANOL-WATER (40:60) IN THE
PRESENCE OF DiFFERENT CONCENTRATIONS (mM) OF {J-CD

See Table I for the names and structures of the compounds.

Solute {J-CD (mM)

0.0 1.0 2.0 3.0 4.0 5.0

18 5.20 4.73 4.58 4.22 4.20 3.97
19 4.37 3.91 3.86 3.54 3.51 3.36
20 8.43 7.70 7.55 7.05 7.09 6.61
21 8.48 7.55 7.22 6.54 6.40 5.86
22 8.47 7.35 7.01 6.18 5.92 5.36

TABLE VII

KD VALUES (M) OF THE HYDROXYL COMPOUNDS FOR ETHANOL-WATER IN THE
PRESENCE OF {J-CD

See Table I for the names and structures of the compounds.

Solute

18
19
20
21
22

Ethanol-water

35:65 40:60 45:55 50:50

1.86' 10- 3 2.32 10- 3 2.18 . 10- 3 1.53 . 10- 3

2.17' 10- 3 2.46' 10- 3 2.48" 10- 3 1.63 " 10- 3

2.31 . 10- 3 2.83 " 10- 3 2.82 . 10- 3 1.84 " 10- 3

1.12' 10- 3 1.61 . 10- 3 1.98 . 10- 3 1.71 . 10- 3

8.28 . 10- 4 1.22 . 10- 3 1.56 . 10- 3 1.38 . 10- 3

ethanol-water (40:60) (Tables IV and VII), it can be concluded that the solutes
associate with the fJ-CD cavity more readily in methanol-water than that in the
corresponding ethanol-water mixtures. A similar comparison of methanol-water with
ethanol-water at 50:50 shows that the K D values are greater in methanol-water for
compounds 18, 19and 20, but the K D values for compounds 21 and 22 are smaller than
the K D in ethanol-water (Tables IV and VII). Generally more stable inclusion
complexes were obtained in methanol-water mixture than that in ethanol-water.
However, as discussed above, there are exceptions to this.

Structural}"eatures
The dissociation constants can be considered as a measure of how tightly a solute

fits inside the fJ-CD cavity. They also indicate the importance of the molecular
structure in determining whether the solute fits into the fJ-CD cavity. Table IV shows
that the K D value of 0,0'-biphenol is greater than that of p,p'-biphenol in methanol
water (30:70),namely, 3.98' 10- 3 and 1.66' 10- 4

, respectively.This was the case for all
of the methanol-water mixtures investigated for these two compounds. The KD values
of 0,0'- and p,p'-biphenol showed that p,p'-biphenol fits more readily into the fJ-CD
cavity than 0,0'-biphenol. The comparison between KD values of 1- and 2-naphthol
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shows that the Ko value of 2-naphthol is larger than that of I-naphthol. If the two
compounds were to approach the f3-CD cavity from their wide sides, there would be
more steric hindrance for 2-naphthol in forming an inclusion complex with f3-CD than
for I-naphthol. Table IV shows that the Ko values for 2-naphthol are greater than
those for I-naphthol. Thus, steric considerations are more important for 2-naphthol.
4-Phenylphenol gave smaller Ko values than 2-phenylphenol (Table IV). This result
indicates the importance of the spatial geometry of solutes in forming an inclusion
complex. 4-Phenylphenol fits more readily into the f3-CD cavity than 2-phenylphenol
because the hydroxyl functionality is in the para position, causing less hindrance than
in the case where the hydroxyl group is in the ortho position. For 3-phenylphenol the
Ko values are greater than the Ko values for 4-phenylphenol, except in the
methanol-water (30:70) mobile phase. These data again indicate the importance of
steric factors.

Fig. 2 and Table II illustrate that among the phenylphenols, 4-phenylphenol
shows very large changes in k' values. From 0.0 to 5.0 mM f3-CD, the Ak' was
18.0 units. On the other hand, 3-phenylphenol gave a Ak' of 16.9, and 2-phenylphenol
showed a relatively smaller change in k' values with a iJk' of9.3. The Ak' values show
that 4-phenylphenol fits in the cavity of f3-CD more completely than 3- and
2-phenylphenol. As another example, 0,0'-biphenol had a Ak' of 1.93, whereas
p,p'-biphenol gave a Ak' of 4.45 (Table II). Thus, p,p'-biphenol fits more effectively
into the f3-CD cavity than 0,0'-biphenol. The relatively smaller changes in k' values for
2-phenylphenol and o,o'-biphenol are most likely due to the positions of the hydroxyl
groups in the molecules. The position of the hydroxyl groups would not permit these
compounds to fit as readily into the f3-CD cavity as the compounds with hydroxyl
groups in the para positions. The Ak' for I-naphthol was 5.14, and for 2-naphthol it
was 3.83 (Table II). This showed that I-naphthol fits into f3-CD more completely than
2-naphthol. I,3-Dihydroxybenzene showed a Ak' of 0.20 in methanol-water (40:60),
and for 1,4-dihydroxybenzene the iJk' was 0.17 (Table II). Because of the small changes
in k' values for these two compounds, they did not interact readily with the f3-CD.
These two compounds are small relative to the size of the f3-CD cavity and would not
fit tightly into the f3-CD cavity. The number of polar groups in the solute also affects
the capacity factors. For instance, 2,3-dihydroxynaphthalene showed a Ak' value of
1.85, while I-naphthol had a Ak' of 5.14. This implies that I-naphthol fits in the cavity
more tightly than 2,3-dihydroxynaphthalene.

The nature of the binding forces for the formation ofan inclusion complex is not
completely understood. Some researchers believe that London dispersion forces
between guest and host molecules are a major driving force in the formation of an
inclusion complex'": However, others believe that hydrogen bonding between the
guest and the hydroxyl groups of CDs is important':". The release of high-energy
water molecules or release of strain in the macromolecular ring of CDs are also
considered to be important'>". Some insights into the interactions in inclusion complex
formation can be obtained by comparing Ko values. For convenience, the K o values of
several hydroxyl aromatics, naphthalene and biphenyl are compared in Table VIII.
Biphenyl, 4-phenylphenol and p,p'-biphenol have essentially the same dissociation
constants in methanol-water (60:40). This implies that hydrogen bonding is not very
important in the formation of an inclusion complex for these compounds. Ifhydrogen
bonding were a major driving force, the dissociation constants would most likely
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TABLE VIII

KD VALUES (M) OF SEVERAL COMPOUNDS FOR METHANOL-'WATER (60:40) IN THE
PRESENCE OF f3-CD

Solute KJ) Solute. KJ)

Biphenyl 1.95· 10- 3 p.p'-Biphenol 1.90 . 10- 3

4-Phenylphenol 1.95 . 10- 3 Naphthalene 3.30 . 10- 3

3-Phenylphenol 2.38 . 10,3 I-Naphthol 3.88 . 10- 3

2-Phenylphenol 4.72 . 10- 3 2-Naphthol 4.27 . 10- 3

0,0' - Biphenol i70 . 10- 3

decrease in going from biphenyl to 4-phenylphenol to p,p'-biphenol. As another
example, naphthalene has a KD value similar to the K D values of 1- and 2-naphthol.
However, if hydrogen bonding were important, a larger difference would be seen in the
KD values of 1- and 2-naphthol compared to naphthalene.

The same questions can be raised about compounds with the same, or essentially
the same KD values, but different k' values under the same chromatographic
conditions. For example, 4-phenylphenol and biphenyl have the same KD value in
methanol-water (60:40), but different k' values in this mobile phase as the fJ-CD
concentration increases. For example, in 1.5 mM fJ-CD with methanol-water (60:40),
biphenyl has a k' of8.3, whereas 4-phenylphenol has a k' of2.5. K D can be considered
as a function of the ratio [(CD)ml/[(CD . S)m] and [Sm], showing that three
concentration terms are involved. However, by rearranging eqn. 8, it can be solved for
k', and by multiplying the numerator and denominator by l/k'oKD, one obtains

k' = . 1
l/k'o + [(CD)m]/k'oKD

(12)

Eqn. 12 shows that for two compounds at a fixed value of [(CD)m] and with the same
KD value, the magnitude of k'o will be a major factor in determining the value ofk'. For
example, the k'o for 4-phenylphenol is 3.18 for a methanol-water (60:40) composition,
whereas it is 9.40 for biphenyl. Thus, one would not expect the same change in k' for
4-phenylphenol as for biphenyl as the fJ-CD concentration changes. Obviously, k' is
not just a function of K D, as shown in eqn. 12.

CONCLUSIONS

The retention properties of PAHs and nitrogen heterocycles were affected little
by the presence of fJ-CD in the mobile phase, because the solutes interacted more
readily with the stationary phase than with fJ-CD. However, the retention characteris
tics of most of the hydroxyl aromatics were affected significantly with fJ-CD as
a mobile phase modifier, showing that fJ-CD could compete with the C1 8 column for
the solute. The linear relationship obtained for l/k~ vs. [fJ-CD] showed that 1:1
complexes were obtained between the solutes and fJ-CD.

Methanol-water was a better mobile phase than ethanol-water, because the
chromatographic data were more reproducible and methanol-water permitted greater
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selectivity to be achieved for the solutes. Ethanol competed somewhat more effectively
for f3-CD than did methanol, and this partly explains the better selectivity for
methanol-water.

The structural features of the hydroxyl aromatics played an important part in
determining whether the hydroxyl aromatics would interact strongly with f3-CD. The
KD values for the hydroxyl aromatics and changes of k' values as a function of f3-CD
concentration were shown to be good indicators of which structural isomer would
interact the strongest with f3-CD. However, it was shown that KD values alone could
not be used to predict the change in k' values because k' is also a function of k'o and
[(CD)m] at any given mobile phase composition.
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REVERSED-PHASE ION-PAIR LIQUID CHROMATOGRAPHY OF GLUCU
RONIDES

RETENTION AND SELECTIVITY

MORGAN STEFANSSON and DOUGLAS WESTERLUND-

Department 0/Analytical and Pharmaceutical Chemistry, Uppsala University Biomedical Center, P.O. Box
574, S-751 23 Uppsala (Sweden)

SUMMARY

The parameters that influence the retention and selectivity of glucuronides in
reversed-phase ion-pair liquid chromatography were investigated. The extent of
ion-pair retention was dependent on the degree of substitution of the ammonium
counter ion used and increased in the order 4- < 2- < 3-< l-substituted, comparing
counter ions with the same number of carbon atoms. The retentions and selectivities
were influenced by the type of buffer system, solid phase and organic modifier used.
The selectivities obtained were so high that a urine sample spiked with four
glucuronides could be analysed by a direct injection technique and UV detection (254
nm).

INTRODUCTION

Glucuronides are metabolic conjugation reaction products", i.e. phase II
metabolites, and for a long time have been considered to be inactive end products.
However, later work suggested.' that some compounds do form pharmacologically
active conjugates or may be hydrolysed to reform the active parent compound.

The glucuronic acid that is covalently coupled to the parent compound by
UDP-glucuronyltransferases transforms the parent compound to a considerably more
polar and als ionizable compound, pKa 3-41

, making bioanalysis more difficult.
By using a hydrophobic ammonium compound as counter ion", the glucuro

nides can be retained as ion pairs in reversed-phase (RP) high-performance liquid
chromatographic (HPLC) systems. This technique made the simultaneous and
selective analysis of glucuronides and parent compounds possible when direct
injections of incubated homogenates (liver micro somes) and UDP-glucuronyltransfer
asepreparations were performed".

In this study, the retention and selectivity of glucuronides and parent com
pounds were investigated using different organic modifiers and solid phases. The
character of the buffer system and the amine used .as counter ion were shown to be
efficient parameters in the regulation of retention and selectivity. By choosing
appropriate conditions, direct injection of a spiked urine sample for UV detection of
four glucuronides was possible.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Instrumentation
An Altex Model 100 A HPLC pump, Rheodyne 7125 injector with a 20-j.11100p,

Waters Assoc. Model 440 UV detector, Kipp & Zonen BD 40 recorder and HETO
Type 02 PT 923 water-bath (Birkerod, Denmark) for thermostating the chromato
graphic system were used. The pH measurements were made with a Metrohm
(Herisau, Switzerland) 632 pH meter.

Chemicals and solid phases
2-Aminophenyl-f3-n-glucuronide, 4- nitrophenyl-ji-n-glucuronide, phenyl-ti-n

glucuronide, 2-aminophenol, 4-nitrophenol and 2-(N-morpholino)ethanesulphonic
acid were obtained from Sigma (St. Louis, MO, U.S.A.). All other chemicals were of
HPLC or analytical-reagent grade and were used without further purification.

The column packings were Partisil-IO ODS (10 j.lm), 5% carbon loading
(Whatman, Maidstone, U.K.), TSK-gel LS 410 (5 j.lm), 24% carbon loading (Toyo
Soda, Tokyo, Japan), NucIeosil C I 8 (5 j.lm), 14.5% carbon loading, NucIeosil CN (10
j.lm) (Machery-Nagel, Duren, F.R.G.), and PRP-I (10 j.lm) (Hamilton, Bonaduz,
Switzerland).

Column preparation and chromatographic conditions
The TSK-gel, Partisil-lO ODS, NucIeosil C I 8 and CN were packed into

stainless-steel columns (50 x 4.6 mm J.D.) with a slurry medium containing
methanol-propanol (6:4, v/v), followed by 200 ml of methanol. The PRP-I column
was packed with a slurry medium containing 2.5% sodium chloride, 10% glycerol and
a small amount ofacetone in water, followed by 200 ml of slurry medium and 100 ml of
water. The column dimensions were 100 x 4.6 mm J.D.

Prior to analysis, the systems were equilibrated with at least 100 ml of mobile
phase. The mobile phases were prepared by dissolving the counter ion, as base or salt,
in the organic modifier. The buffer phase and organic modifier were then mixed
together and degassed in an ultrasonic bath. The mobile phase flow-rate was 1.0
ml/min at 25.0°C (thermostated water-bath). The volume of the mobile phase in the
column, Vm , was obtained from the front disturbance in the chromatogram by
injection of water and monitoring the UV signal at 254 nm. The capacity ratio, k', was
calculated from k' = (Vr - Vm)/ Vms where Vr is the retention volume. The solutes were
dissolved in deionized water (Millipore) and stored at - 20°C before analysis.

Retention models
In this study it is assumed that the general retention models evaluated according

to the ion-pair adsorption mechanism? are valid. No efforts have been made to
calculate the equilibrium constants involved, the reason being that in most experi
ments the data points are too few in relation to the large number ofconstants present in
the equations. The qualitative discussions are based on the following equations:

Uncharged solute (S):

(1)
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Cation (HA +):

, qK,O [KDK'. + KHAB[B-]aH]
kHA+ = (K'. + aH)(l + KBQ[B ][Q +])

Zwitterion (+Z-):

k' _ qK,OKBZQ[B-][Q+]
+z- - 1 + KBQ[B ][Q+]

413

(2)

(3)

(4)

The retention of a zwitterion will change with pH. At low pH it will distribute as
cationic solute (eqn. 3), whereas at high pH it becomes anionic (eqn. 2).

In these equations:
K,O = capacity of the solid phase;
q = phase ratio (the ratio of the solid phase in grams to the volume of the mobile

phase in millilitres);
KD == distribution constant for an uncharged solute;
K G Q = stoichiometric distribution constant for the ion pair;
KBQ = stoichiometric distribution constant for the ion pair of an anionic buffer

component and an ammonium counter ion;
KHAB= stoichiometric distribution constant for the ion pair of a cationic solute and an

anionic buffer component;
KszQ= stoichiometric distribution constant for the ion-pair complex of zwitterionic

solute, ammonium cation and anionic buffer component;
K'. = acid dissociation constant;
aH = hydrogen activity

The equations are valid on the assumptions that (i) a linear distribution
isotherm, i.e., a constant capacity factor independent of concentration, prevails, (ii)
a zwitterionic solute distributes as an ion pair, not as uncharged species, and (iii) the
solid phase has one active site of adsorption.

RESULTS AND DISCUSSION

Influence of pH
In Fig. 1 the logarithm of the retention is plotted versus pH for three

glucuronides differing in character by the substituents on the phenyl ring. At low pH
two of the glucuronides are retained as uncharged acids (eqn. 1), but as the pH is
increased the retention. increases as the glucuronides become charged and they are
retained as ion pairs (eqn. 2) with dodecylethyldimethy1ammonium (DDEDA). The
additional decrease in retention at low pH for 2-aminophenyl-fJ-D-glucuronide is
caused by the protonation of the aromatic amino function (pK.~5) tcf., eqn. 3). The
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Fig. I. Log k' versus pH. Column, TSK-Gel C, 8 (5 ,urn),50 x 4.6 mm J.D.; mobile phase, phosphate buffer
(,u = 0.1),50% (v/v) methanol and 20.0 mM DDEDA-Br. 0 = Phenyl-fJ-D-glucuronide; 6 = 2-amino
phenyl-ji-u-glucuronide; 0 = 4-nitrophenyl-fJ-D-glucuronide.

slight decrease in retention with increasing pH (> 5) is probably caused by the change
in buffer composition with pH. At higher pH a higher concentration of divalent
phosphate anion will be present. This anion may compete more efficiently for the
hydrophobic counter ion than the monovalent ion (see Influence ofbuffer components
in the mobile phase, below).

Influence of organic modifier
The retention and the selectivity (defined as the ratio k~arent compound : k~lucuronide)

of glucuronides and their parent compounds were investigated using methanol,
acetonitrile and tetrahydrofuran as organic modifiers (Table I). The percentage of
organic modifier were chosen in order to give about the same magnitude of the
capacity ratios. The influence on the selectivity differs depending on the structure of
the parent compound. For the simple monoprotolytic compounds, phenol and

TABLE I

INFLUENCE OF ORGANIC MODIFIER

Column, Nucleosil C'8 (5 ,urn),50 x 4.6 mm J.D.; mobile phase: phosphate buffer (pH 4.95,,u = 0.1),20.0
mM DDEDA and modifier [methanol, acetonitrile (ACN) or tetrahydrofuran (THF»).

Substrate 50% Methanol 25% ACN 22% THF

k' (Xa k' (Xa k' (Xa

Phenyl-ji-n-glucuronide 5.21
0.58

4.79
1.23

3.73
2.64

Phenol 3.01 5.90 9.83
2-Aminophenyl-fJ-D-glucuronide 3.93

0.32
3.37

0.56
2.96

0.93
2-Aminophenol 1.25 1.88 2.75
4-Nitrophenyl-fJ-D-glucuronide 5.28

1.14
7.50

1.84
9.44

2.64
4-Nitrophenol 6.04 13.8 24.9

-0 CI. = k~arcnt compound/k~lucuronide'
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1.0
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30 40 50 % MaOH

Fig. 2. Log k' versusmethanol concentration. Column, TSK-Gel CIS (5 ,urn), 50 x 4.6 mm I.D.; mobile
phase, phosphate buffer (pH 4.95,,u = O. 1),20.0 mM DDEDA-Br and methanol (MeOH). 0 = Phenyl
jJ-oglucuronide; £', = 2-aminophenyl-jJ-o-glucuronide; 0 = 4-nitrophenyl-jJ-o-glucuronide; • = phenol;
... = 2-aminophenol; • = 4-nitrophenol.

4-nitrophenol, the selectivity increases on changing from methanol to acetonitrile to
tetrahydrofuran. .

This indicates that a hydrogen-accepting solvent is to be preferred when a high
selectivity is needed for such compounds. On the other hand, for 2-aminophenol the
selectivity decreases with a change in solvents in the same direction. However, using
pH as a parameter, the selectivity can easily be modified. The retentions for the parent
compounds and the 4-nitrophenyl-p-o-glucuronide increase on changing the solvent
from methanol to acetonitrile to tetrahydrofuran, whereas they decrease for the
remaining two compounds.

No general guidelines can be drawn from these limited studies, but they indicate
that each pair of compounds has to be studied separately regarding retention and
selectivity effects.

As expected, the retentions of all the compounds decrease with increasing
concentration of methanol in the mobile phase (Fig. 2), but there are no linear
relationships. For the phenol pair there is even a retention reversal at methanol
concentrations higher than 30% when the glucuronide has the highest retention. This
is another illustration of the complex retention mechanism, which is to be expected
considering the many equilibria prevailing in systems of this kind. A change in the
concentration of the organic modifier in the mobile phase leads to several changes.
When the concentration of methanol is increased, there is a non-linear decrease in the
adsorption of a quaternary ammonium counter ion", and there is also a non-linear
increase in the solvating ability of the mobile phase. Recent studies 5 on solute retention
in methanol-water mixtures showed that the "free" ti.e., not associated with water)
methanol concentration increases non-linearly with increasing methanol content The
relative adsorption of buffer components and solutes may change on increasing the
content of organic modifier. Finally, the possibility of solutes being retained by more
than one site of adsorption on the solid phase must be taken into account". With this
background, it is obvious that a linear relationship between k' and the concentration of
organic modifier in the mobile phase is not to be expected in this kind of system.
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Influence of the solid phase
The retention and selectivity were investigated using different solid phases

(Table II). The character of the solid phase may have an influence on many parameters
involved in the retention eqns. 1--4: the capacity (~), the equilibrum constants (KG Q ,

KD, etc.) and the phase ratio (q). The selectivities obtained for different carbon loadings
(5, 14.5 and 24%) are fairly constant whereas the retentions increase up to the level of
14.5% (Nucleosil). A further increase in carbon content does not increase the retention
except for 4-nitrophenol. The different solid phases were obtained from different
suppliers and the methods used to produce the solid phases may differ, including the
character of the basic silica used as raw material. However, non-derivatized silanol
groups and steric hindrance may also playa part in the total retention7

.

For the PRP-I phase, which is highly hydrophobic and has 7[-7[ interaction
possibilities, the glucuronides are relatively less retained compared with their parent
compounds. The cyano phase gave lower retentions in general, and the methanol
concentration in the mobile phase had to be decreased. This might prove useful with
a coupled column system, assuming that the glucuronide is retained on a precolumn of
the nitrile type during the clean-up step and later transferred on-line to the analytical
column by changing the mobile phase.

Influence of buffer components in the mobile phase
According to the retention models many parameters may influence the retention

of solutes. For charged solutes a hydrophobic counter ion often dominates the
retention. However, if its concentration is kept constant, other parameters such as the
concentration of buffer components may have an influence on the retention. This is
demonstrated in Fig. 3, where two commonly used buffer systems, citrate and
phosphate, plus a zwitterionic buffer system, 2-(N-morpholino)ethanesulphonic acid
(MES), were compared at pH 4.95. Phosphate and citrate had an ionic strength of 0.1,
equivalent to 98.0 and 35.0 mM, respectively. MES was 50.0 mM and the pH was
adjusted by addition of sodium hydroxide. There is a dramatic effect on glucuronide
retention and the selectivity depending on the buffer used. The parent compounds are

k'

10

8

6

4

2 -------I I I
Citrate ~=O., Phosphate ~=O.' Morphollnoethane

sulphonic acid O.OSM

Fig. 3. Variation of k' with buffer system. Column, Nucleosil C I 8 (5 Jim), 50 x 4.6 mm 1.D.; mobile phase,
buffer (pH 4.95) in 50% (v(v) methanol and 20.0 mM DDEDA-Br. Solutes as in Fig. 2.
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only slightly affected; MES buffer gives the lowest retentions. At this pH there are
differences in the concentrations of the monovalent anions of citrate and phosphate
and also MES, being 21.3, 97.5 and 3.0 mM, respectively.

The character and concentration of the buffer components determine their
influence on the retention of the solutes. The citrate buffer, which gives the lowest
retentions of the glucuronides, contains in addition to the monovalent anion about the
same concentration of divalent anion. Divalent buffer ions may have a higher
competing ability than a monovalent ion for the hydrophobic counter ion. Hence, the
MES buffer exhibits the lowest competing ability and gives the highest retentions for
the glucuronides. Undoubtedly, large selectivity differences can be obtained by
choosing an appropriate buffer system, as will be demonstrated below.

Influence of counter ion in the mobile phase
In RP ion-pair LC the distribution of an ion pair is governed by its hydro

phobicity and interaction with the solid phase. Ammonium compounds of similar size,
but differing in carbon chains and substitution at the nitrogen, were compared as
counter ions (Fig. 4). Clearly, the existence of one long chain favours retention rather
than several short chains (compare decylamine, dipentylamine and tetrapropylammo
nium). Also, nonyltrimethylammonium gives a higher retention than tetrapropyl
ammonium. Dimethyloctylamine and octylamine both have the same main chain but
differ in nitrogen substitution. At 50 mM they give approximately the same retention
for 2-aminophenyl-jJ-D-glucuronide, although octylamine contains two carbons less
and hence is less hydrophobic. Apparently, the increased polarity (low degree of
substitution at the nitrogen) counteracts the decreased hydrophobicity by an increased
interaction in ion-pair formation with the glucuronic moiety and/or the solid phase,
probably by hydrogen bonding.

In order to obtain a high retention, the counter ion should be a primary amine
with a long carbon chain. Unfortunately, the solubility in water-based mobile phases is

k 4 2-aminophenyl-B·D-
glucuronide

10 20 30 40 50 mM [Q+]

Fig. 4. Variation of k' for 2-aminophenyl-p-D-glucuronide with Q+ concentration. Column, Nuc1eosilC , 8 (5
lim), 50 x 4.6 mm J.D.; mobile phase, phosphate buffer (pH 4.95, /-l = 0.1),25% (v(v) acetonitrile and Q.
o = Decylamine . HCI; D = nonyltrimethylammonium . Br; 0 = dimethyloctylamine; ... = octylamine
. HCl; 0 = dipentylamine; III = tetrapropylammonium . OH.
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k' 2-aminophenyl-B-D-
glucuronide
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15

10

10 15 20 25

Fig, 5, As Fig. 4. 0 = Oodecylamine ' HCI; 0 = hexadecyltrimethylammonium ' Br; /', = dimethyl
dodecylamine; ... = tetrahexylammonium ' Br.

low for this kind of compound and further one long carbon chain favours micelle
formation. Differently substituted ammonium compounds with as many methylene
groups as possible preventing micelle formation were tested as counter ions (Fig. 5).
Again, the primary amine, dodecylamine, gives the highest retention. Fig. 6 shows the
retention for three glucuronides and their parent compounds when using dodecyl
amine in combination with the zwitterionic MES buffer, 40% methanol and 5%
tetrahydrofuran as organic modifiers. The retention can be varied over a wide range
and suitable selectivitiescan be selected by varying the counter-ion concentration. The
parent compounds have all capacity factors below 4 at all dodecylamine concentra
tions.

Direct injection of spiked urine sample'
A chromatogram from a direct injection of a urine sample, spiked with four

k'
30

10 20 mM

Dodecylamine ' Hel

•
o ..

•.. •.. •.. •..

Fig. 6. Variation of k' with dodecylamine concentration. Column, Nucleosil CIS (5 um), 50 x 4.6 mm 1.0,;
mobile phase, MES buffer (0.05 M, pH 4.95), 40% (vjv) methanol, 5% (vjv) tetrahydrofuran and
dodecylamine ' HC!. Solutes as in Fig, 2,
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min 20 10

Fig. 7. Top chromatogram: 20-J.t! injection of a spiked urine sample containing 12-40 nmol of each
glucuronide. Bottom chromatogram: Blank urine sample. The urine was filtered and diluted 5-fold before
analysis. Column, Nucleosil C I 8 (5 11m), 150 x 4.6 mmID.; mobile phase, glycine buffer (0.05 M, pH 3.00),
50% (vjv) methanol and 20.0 mM dodecylamine . HC!. UV detection at 254 nm. Peaks: I = 2-amino
phenyl-fi-n-glucuronide; 2 = 8-hydroxyquinoline-p-o-glucuronide; 3 = 4-nitrophenyl-p-D-glucuronide;
4 = Phenyl-ji-n-glucuronide.

glucuronides, together with the blank urine sample is shown in Fig. 7. In this instance
a pH of 3.0 was used to suppress the ionization of acids, present in the urine, with pKa

values of 4-5. The zwitterion glycine was used as the buffer system. The small glycine
probably acts as a strong dipoles which, in combination with its polarity, should
minimize competition on the solid phase. Even the highly polar and charged
2-aminophenyl-jJ-D-glucuronide is well retained, showing the suitable selectivity
obtained with this system.
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CONCLUSIONS
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RP ion-pair LC of glucuronides has been shown to be considerably influenced by
many parameters. Suitable retention and selectivity can be obtained by appropriate
choices of the buffer system, organic modifier, pH, solid phase and concentration and
character of the counter ion. Of the counter ions tested, dodecylamine exhibited the
greatest influence on retention, but also the concentration of organic modifier in the
mobile phase had a large effect. On direct injection of a urine sample spiked with four
glucuronides, the pH could successfully be utilized to suppress the ionization of
endogenous acids present, hence improving the glucuronide selectivity. Character,
concentration and charge are distinctive features for the choice of the buffer system.
The introduction of zwitterionic buffer components decreased the competition for the
counter ions, thereby promoting the ion-pair formation and retention of an anionic
solute. When using coupled columns, a lesshydrophobic precolumn should be used for
the preconcentration of the glucuronide during the clean-up step. The glucuronide
could then be desorbed by changing the mobile phase and transferred on-line to a more
hydrophobic analytical column where it will be enriched on the top of the column.
Several conjugation reaction products are possible, often present in low concentra
tions, which is why the enhanced selectivity and sensitivity possible with coupled
column systems would make this a suitable technique for metabolic studies of polar
and ionizable compounds.
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SUMMARY

The retention of ionic solutes in ion-pair chromatographic separations can be
controlled efficiently only when the surface concentration of the pairing ion, and the
resulting surface potential, vary over a reasonably broad range. To achieve a broad
operating range, the hydrophobicity and the mobile phase concentration of the pair
ing ion must be matched to the organic modifier concentration of the eluent. Pre
ferred combinations of the eluent methanol concentrations and the commonly used
alkylsulphonate and tetraalkylammonium pairing ions are reported, allowing for the
rational selection of these parameters.

INTRODUCTION

The effects of the chain length and the concentration of ion-pairing reagents on
the retention of ionic solutes have been studied since the early applications of ion-pair
chromatography. Horvath et al.t , Deelder and co-workersv'' and Knox and Hart
wick", among many others s- 1 1, pioneered this subject. In addition to pH, organic
modifier and pairing ion concentrations of the eluent, the hydrophobicity (length of
the alkyl chain) of the pairing ion is one of the main parameters in the optimization of
retention12. Generally, the retention of oppositely charged ionic solutes increases
with increasing hydrophobicity of the pairing ions when used at identical mobile
phase concentrations.

An important step in the progress of ion-pair chromatography was the recog
nition that solute retention depends primarily on the surface concentration of the
adsorbed ion-pairing reagent>:". Alkylsulphonate pairing ions of different chain
length at similar surface concentrations were shown to result in identical solute reten
tiont-!", This implies that the hydrophobicity of ion-pairing reagents affects solute
retention only through their hydrophobicity-controlled adsorption4 , 1o , 1 ! .

a On leave from the University of Chemical Engineering, Veszprem, Hungary.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Goldberg et al. !3 also suggested that, in principle, a single pairing ion can be
used for the optimization of separation selectivity, provided that its adsorption covers
a sufficiently wide range. On the other hand, studies by Bartha and co-workers 'P'!"

have shown that the organic modifier concentration of the eluent greatly influences
the adsorption of both positively and negatively charged ion-pairing reagents. No
single, commercially available pairing ion could ensure sufficiently high surface con
centrations in eluents with widely differing organic modifier concentrations.

Pairing ion selection is still largely a trial-and-error procedure in most optimiza
tion schemes and previous chromatographic experience plays a large role. A rule of
thumb calls for the replacement of the pairing ion with a more hydrophobic ion when
sufficient retention shifts are not obtained.

Unfortunately, most optimization strategies'P"!", and even some expert sys
terns!", continue to adopt this very simple approach. They rely on the (convenient)
use of a single (positively or negatively charged) pairing ion, irrespective of the organ
ic modifier concentration in the eluent. Arguments used to support pairing ion selec
tion (such as solubility and column equilibration time.':' or "reasonable effect on
solute retention"!") apply only over a limited range of organic modifier concentra
tions. Popular choices tend to favour the less hydrophobic reagents.

Low et al.!8 suggested a rational approach for the selection of the types and
ranges of the mobile phase variables to be used in the optimization of ion-pair chro
matographic separations. The primary parameters include the charge type of the
pairing ion, the pH and/or the methanol (or other organic modifier) concentration of
the eluent. Essentially, these parameters are determined by the nature (charge type
and relative hydrophobicity) of the sample solutes!".

This approach can be extended to the selection of the hydrophobicity (chain
length) and mobile phase concentration of the pairing ion. Until now, however, the
complexity of this problem (i.e., the interrelationship of the mutually dependent pa
rameters ionic strength, chain length and concentration of the pairing ion and organic
modifier concentration) prevented the rational selection of these parameters. Recent
ly, two important developments in the electrostatic theory of ion-pair ohromatogra
phy!9-21 contributed to an improved understanding of the simultaneous effects of
these parameters. The basic assumption of this theory is that the adsorbed amphiphil
ic ions and the counter ions form an electrical double layer at the surface and create a
surface potential. This surface potential will influence both the adsorption isotherm
of the pairing ion and the retention of ionic solutes. The magnitude of the surface
potential depends primarily on three parameters: the surface concentration of the
pairing ion, the dielectric constant and the ionic strength of the mobile phase!".

Stahlberg and Hagglund P have shown that the type and concentration of the
electrolyte influences both solute retention and pairing ion adsorption through the
surface potential, confirming the notion that eluent pH and ionic strength can be
considered independent parameters.

Stahlberg and Bartha." demonstrated that the hydrophobicity of the pairing
ion and the concentration of the organic modifier affect the surface potential by
influencing the adsorption of the pairing ions.

In this paper, we discuss the interrelationship of the organic modifier and the
hydrophobicity and concentration of the pairing ion, and provide a rational basis for
their selection. We show that the use of a single pairing ion irrespective of the concen-
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tration of the organic modifier may be convenient, but it is not efficient. Based on an
extensive compilation of adsorption isotherms and retention data, recommendations
are made for matching the hydrophobicity and mobile phase concentration of typical
positively charged (tetraalkylammonium) and negatively charged (alkylsulphonate)
ion-pairing reagents to the organic modifier concentration in the eluent. Pairing ions
used in special applications, such as indirect UV detection and enantiomer or peptide
separations, will not be discussed.

EXPERIMENTAL

All chemicals were of analytical-reagent grade. Drugs and ion-pairing reagents
were obtained from Janssen (Beerse, Belgium), Fluka (Buchs, Switzerland) and
Merck (Darmstadt, F.R.G.). Distilled, ion-exchanged water was used for the prep
aration of buffer solutions and eluents. An LC 5000 liquid chromatograph, equipped
with UV (254 nm) and RI detectors (all from Varian Aerograph, Walnut Creek, CA,
U.S.A.) and two Model 7010 six-port injection valves (Rheodyne, Cotati, CA,
U.S.A.) were used. Columns were thermostated at 2SOe. The chromatographic sys
tem allowed the determination of both the breakthrough curves of the pairing ions
(surface concentrations) and the retention data (capacity factors) of the solutes, as
described previously/". The analytical columns (120 x 4.6 mm I.D.) were slurry
packed with 5-,um ODS-Hypersil (Shandon, London, U.K.), Nucleosil CiS (Mache
rey-Nagel, Bad Diirkheim, F.R.G.), Supelco S CiS (Supelco, Bellefonte, PA, U.S.A.)
and 5-,um LiChrosorb RP-8 and RP-18 (Merck). Three non-commercial stationary
phases, received as gifts, were also used: DiMeODS (10-jlm dimethyloctadecylsilica)
(Prof. E. Sz. Kovats, Ecole Polytechnique, Lausanne, Switzerland), BST CiS (5-,um
octylsilica) (Bio-Separation Technologies, Budapest, Hungary) and HTS RP6 (IO-,um
dimethylhexylsilica) (Prof. Th. Welsch, Karl-Marx University, Leipzig, G.D.R.). De
tails of the stationary phase studies will be published elsewhere'":

The eluents were prepared by weighing as described previouslyi". They con
tained 25 mM phosphoric acid, 25 mM sodium dihydrogenphosphate and different
concentrations of ion-pairing reagents and sodium bromide (to maintain the ionic
strength constant). Methanol was used as an organic modifier.

RESULTS AND DISCUSSION

Role of the surface concentration of the pairing ion in the optimization of separations
A nine-component mixture of strong bases and weak acids (catecholamines and

some of their acidic metabolites) was taken as an example to demonstrate the impor
tance of pairing-ion selection in the retention control of ionic solutes. All solutes are
considered to be of interest and must be separated from each other.

In Fig. 1 the solute capacity factors are shown as a function of pH using a
methanol-aqueous buffer (10:90, vjv) eluent. The curves represent the idealized beha
viour of weak acids (solutes 1-4) and strong bases (solutes 5-9) between pH 2.5 and
7.5. This separation problem can be solved fairly simply: the retention of the early
eluting solutes must be increased. One alternative is to decrease the methanol concen
tration at high pH: in order to increase the retention of all ionized solutes. However,
their retention remains very low even in pure aqueous buffer. The same strategy at
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Fig. I. Variation of the capacity factors (k') of a mixture of weak acids and strong bases as a function of
the eluent pH. Column, 5-JIm ODS-Hypersil; eluent, 10% (v/v) methanol in 50 mM aqueous phosphate
buffer, constant (175 mM) ionic strength adjusted with sodium bromide. Solutes: I = homovanylmandelic
acid; 2 = 3,4-dihydroxyphenylacetic acid; 3 = 3,4-dihydroxymandelic acid; 4 = 5-hydroxyindole-3-acetic
acid; 5 = noradrenaline; 6 = adrenaline; 7 = octopamine; 8 = dopamine; 9 = 3,4-dihydroxyphenylala
nme.

low pH results in excessively retained weak acids. The only good alternative is to
increase the retention of the strong bases by adding a negatively charged pairing ion
to the eluent. However, this must be done at low pH, because at high pH, owing to the
ionic repulsion of the ion-pairing reagent, all acids elute close to the solvent front.
These considerations result in a simple optimization vector space: a single line [pH
2.5, 10% (v/v) methanol and varying concentration of a negatively charged pairing
ion], shown in a three-dimensional representation in Fig. 2. Next, the concentration
limits and the hydrophobicity of the pairing ion to be used along this single line must

% organic
modifier1DOl.1---------"

101-----4----1

2.6 0

pH
7.6,JL -Y

pairing-ion
concentration

(mM)

Fig. 2. Three-dimensional representation of the combination of eluent optimization parameters: eluent
pH, methanol concentration and ion-pairing reagent concentration. The bold horizontal line at 10% (v/v)
methanol represents the selected optimization parameter space.
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Fig. 3. Capacity factors (k') of solutes 1-9 in Fig. 1 as a function of the surface concentration (Ps) ofhexyl
and octylsulphonate pairing ions. Mobile phases between arrows A and B contained 0 to 70 mM hexylsul
phonate and those between Band C contained 0.5 to 10mM decylsulphonate pairing ion. Other conditions
as in Fig. 1.

be selected. First, we shall analyse the possible consequences of an improper choice,
and in the last part of the paper we show a practical solution to this problem.

The use of two alkylsulphonate pairing ions of different hydrophobicity was
evaluated experimentally. The mobile phase concentration was varied from 0 to 70
mM for sodium hexylsulphonate and from 0 to 10 mM for sodium decylsulphonate.
In Fig. 3 the solute capacity factors are plotted against the surface concentration (Ps)
of the alkylsulphonates. All strong bases become more retained as the pairing ion is
added, while the retention of the four weak acids (1-4) gradually decreases. Although
there is a small break in the retention curves as hexylsulphonate is replaced with
decylsulphonate, the difference is negligible, in accordance with earlierfindings!":':'.

The chromatograms shown in Fig. 4 were obtained as follows: (A) without any
ion pairing reagent, (B) with 70 mM sodium hexylsulphonate and (C) with 10 mM
decylsulphonate. Although sodium hexylsulphonate enhanced the retention of the
positively charged solutes, certain solute pairs (e.g., 2-7 and 3-8) could not be sep
arated. The highest surface concentration of this pairing ion is 110 /lmol/g. When
sodium decylsulphonate is used, higher surface concentrations (and potentials) are
obtained; the positively charged basic solutes become more retained than the weak
acids. High surface concentrations of decylsulphonate result not only in increased
retention, but also in improved separation selectivity as indicated by the complete
separation of the components in chromatogram C in Fig. 4. (Incidentally, a number
of local optima can be found in this high surface concentration range.)

Thus, the main question is how one can find the eluent composition limits that
probably contain the global selectivity optimum. According to our experience, the



428

~ 8.9
:::J
a
.q-
a
c:i 6.7
x 5

>
::::>

o
o

00
"
:::J
a

N
a
a
x
>
::::>

2.7

5

J.8

A

time (min)

B

4

10

A. BARTHA, G. VIGH, Z. VARGA-PUCHONY

15

0
0 10 15

time (min)

C

00
"-
:::J
a

N
a
c:i
x
> 6::::> 5 8

0
A A

0 5 10 15
time (min)

Fig. 4. Chromatograms of the catecholamine mixture shown in Fig. I. (A) No pairing ion added; (B)
eluent containing 70 mM sodium hexylsulphonate; (C) eluent containing 10 mM sodium decylsulphonate.
Other conditions as in Fig. I.

surface concentration of the ion-pairing reagents should reach at least 100-200
,umol/g if the solute retention is to be affected significantly (see, e.g., Fig. 3). One
possibility is to increase the concentration of hexylsulphonate even further and an
other is to use a more hydrophobic pairing ion.
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This example highlights some important points that any optimization strategy
must confront. If the hydrophobicity and/or the concentration range of the pairing
ion are not selected appropriately, then the surface concentration of the pairing ion
(and the retention controlling surface potential) will vary only over a limited range.
Higher surface potentials can only be reached by decreasing the ionic strength of the
eluent (if possible at all)19 and/or by increasing the mobile phase concentration and
the hydrophobicity of the ion-pairing reagent. Although a given pairing ion can
perform well at a certain organic modifier concentration, its effects may not be large
enough in a less polar eluent.

The separation selectivity does not necessarily improve as surface concentra
tions are increased even higher. At very high surface concentrations, the retention of
oppositely charged solutes will reach a maximum (see Fig. 3) and a number of second
ary effects (which are difficult to handle both theoretically/ ' and empirically) might
influence the separation selectivity.

Limitations following from the use ofa single pairing ion irrespective of the concentra
tion of the organic modifier in the eluent

Ionic solute retention is best controlled through ionic interactions established
by sufficiently high surface potentials, i.e., pairing-ion surface concentrations. In this
respect, all optimization strategies that rely on the use of a single pairing ion are
limited. This limitation becomes obvious when one compares the adsorption iso
therms of ion-pairing reagents measured at different organic modifier concentrations.

In Fig. 5 the adsorption isotherms of sodium octylsulphonate are shown for 0,
10, 25 and 40% (v/v) methanol-aqueous phosphate buffer (pH 2.1) eluents. With
increasing methanol concentration, the surface concentration of the pairing ion de
creases rapidly. This effect is shown in Fig. 6 in a different representation: the corre
sponding methanol concentrations and pairing-ion adsorption data (for hexyl-, octyl
and decylsulphonates) are plotted at constant mobile phase pairing-ion concentra
tions. The adsorption decreases almost three-fold when the methanol concentration is
increased to 40% (v/v).

Mixture designs used for mobile phase optimization often require the addition
of pure methanol to a base eluent with a given pairing-ion concentration 13

•
15. This

results in even lower surface concentrations, because dilution and weakened adsorp
tion strength act in concert [i.e., the eluent at 40% (v/v) methanol will contain only 3
mM octylsulphonate'"]. Alternatively, one could increase the mobile phase concen
tration of the selected pairing ion to compensate for the decreased adsorption
strength. The limitations of this method are demonstrated by Fig. 6. Compared with
octylsulphonate (5 mM curve), four-fold higher mobile phase concentrations of sodi
um hexylsulphonate (20 mM curve) still result in much lower (30-50%) surface con
centrations.

A more efficient approach adapts the hydrophobicity and concentration of the
pairing ion to the organic modifier concentration that is required for the separation.
A lower concentration of a more hydrophobic pairing ion can extend the range in
which the surface concentration (and potential) can be varied (see data for decylsul
phonate in Fig. 6).
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Fig. 5. Adsorption isotherms of sodium octylsulphonate from 0, 10,25 and 40% (v/v) methanol (MeOH).
pH, 2.1; aqueous phosphate buffer eluents on ODS-Hypersil at constant temperature (25T) and ionic
strength (175 mM). Ps = surface concentration; Pm = mobile phase concentration.

Practical recommendations for pairing-ion selection
Often one must face the problem of pairing-ion selection without a knowledge

of the adsorption isotherms of the pairing ions and their dependence on the organic
modifier concentrations. Instead of attempting to describe mathematically the effects
on the surface potential of the chain length and eluent concentration of the pairing

40

30

20

10
2 mM Cl0

O+-------,--------'l'------"EI---,---------,
o 50 100 150 200

Ps (pmoljg)

Fig. 6. Variation of the surface concentration (Ps) of hexyl- (C6), octyl- (C8) and decylsulphonate (CIO)
pairing ions at constant (20, 5 and 2 mM) mobile phase concentrations with increasing methanol (MeOH)
concentration of .the eluent. Other conditions as in Fig. 5.
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ion and the organic modifier concentration (which would require a very large and
complete dataset for all these variables), we used our extensive solute retention and
adsorption isotherm 10 , 14 ,2 3- 2 5 datasets and derived recommended pairing ion-or
ganic modifier combinations which can help the chromatographer to select the appro
priate pairing ions, These operating ranges were defined such that the selected pairing
ions must (i) be sufficientlysoluble to yield at least 100flmol/g surface concentrations
in the organic modifier range assigned, (ii) permit fast column equilibration and
regeneration and (iii) not form micelles,

Figs. 7 and 8 summarize our recommendations (which represent a compromise
between the above requirements) for the different chain length, ion-pairing reagent
and methanol concentration combinations for both alkylsulphonate and tetraalkyl
ammonium ions. These pairing ions are thought to cover most of the common ion
pair chromatographic applications. The bars represent the methanol and highest
practical pairing-ion mobile phase concentration combinations that lead to surface
concentrations of 100 flmol/g or higher for each reagent, and which can be safely
dissolved without micelle formation. The initial electrolyte concentration in these
eluents must not exceed 100 mM. Once the methanol concentration of the eluent has
been selected, the appropriate pairing ion and its concentration limits (typically be
tween a and Pm mM) can be selected from the diagrams, When the bars of several
pairing ions overlap, those most centered around the selected methanol concentra
tions are to be preferred.

Certain other popular pairing ions, such as pentyl- and heptylsulphonates, were
not included because sufficient adsorption and retention data were not available,
However, their respective limits can be estimated by extrapolation between the neigh
bouring members of the homologous series. Owing to the possibility of irreversible
adsorption on reversed-phase columns, very hydrophobic asymmetric quaternary
ammonium salts also were not considered in Fig, 7, However, published adsorption

Pm
(mM) Tetraalkylammonlum bromides

100

lelramelhyl

lelraelhyl-

lelrabulyH·

lelrapenlyl-

1008040 60

MeOH %(v/v)
20

10 +---------r----+------j-----+-------.J
o

Fig. 7. Recommended maximum mobile phase concentrations (Pm) of tetraa1kylammoniumpairing ions
and their application ranges as a function of the methanol (MeOH) concentration of the mobile phase.'
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Fig. 8. Recommended maximum mobile phase concentrations (Pm) of alkylsulphonate pairing ions and
their application ranges as a function of the methanol (MeOH) concentration of the mobile phase.

data for cetrimide": 7 indicate that it can be used over a wide range of organic modifier
concentrations with characteristics close to the tetrapentylammonium ion.

In Fig. 9 the capacity factors of the positively charged octopamine are plotted
against the mobile phase concentration of sodium octylsulphonate for eight different

k'
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-s- 8
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20155o 10
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Fig. 9. Capacity factor (k') of positively charged octopamine as a function of the mobile phase concentra
tion (Pm) of sodium octylsulphonate on eight reversed-phase columns. All measurements were made in
methanol-aqueous phosphate buffer (pH 2.1) (10:90, v/v) eluents of constant ionic strength (175 mM,
adjusted with sodium bromide) at 25T. 1 = LiChrosorb RP-18; 2 = Nucleosil CIS; 3 = DiMeODS; 4 =
LiChrosorb RP-8; 5 = Supelco S CIS; 6 = BST CIS; 7 = HTS RP6; 8 = ODS-Hypersil.
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reversed-phase columns. The eluent pH (2.1), organic modifier concentration [10%
(v/v) methanol] and ionic strength (175 mM, adjusted with sodium bromide) were
kept constant throughout these experiments. The most notable feature is that a com
parable increase in retention is observed on these diverse packings, indicating that the
recommendations in Figs. 7 and 8 are fairly generally applicable. The effects of the
stationary phase will be discussed in detail in another paper".

A further generalization is possible by extension of the electrostatic theory of
ion-pair chromatography to include the effects of the type and concentration of the
organic modifier/". Using "isopotential" binary methanol-, acetonitrile- and
tetrahydrofuran-water eluents, diagrams similar to Figs. 7 and 8 can be obtained.

The recommendations described here are part of a knowledge base used in the
development of an ion-pair chromatographic expert system. This expert system is
intended to aid users in the selection of the mobile phase optimization parameters by
considering the nature (charge type and relative retention) of the solutes in the sam
ple. Once the primary parameters (pH, organic modifier concentration and charge
type of the pairing ion) have been selected, the hydrophobicity and concentration of
the pairing ion are matched with the organic modifier concentration of the eluent.

CONCLUSIONS

We have shown that one must be able to vary the surface concentration of the
pairing ion, i.e., the surface potential, over a reasonably broad range in order to
optimize the separation of a complex mixture of differently charged solutes. When the
organic modifier concentration is increased, the mobile phase concentration and/or
the hydrophobicity of the pairing ion must also be increased to counter the weakened
adsorption strength. Based on a comprehensive dataset which contains pairing-ion
adsorption isotherms and solute retention data, preferred combinations of typical
(both positively and negatively charged) pairing ions (hydrophobicity and concentra
tion) and organic modifier concentrations have been selected. The need for facile
column regeneration, solubility and/or the prevention of micelle formation have also
been used as constraints.
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ESTIMATION OF THE REVERSED-PHASE LIQUID CHROMATOGRAPHIC
LIPOPHILICITY PARAMETER LOG k'; USING ET-30 SOLVATOCHRO
MISM

JAMES J. MrCHELS" and JOHN G. DORSEy··b

Department of Chemistry, University of Florida, Gainesville, FL 32611 (U.S.A.)

SUMMARY

The estimation of the reversed-phase liquid chromatographic lipophilicity pa
rameter log k'; has been studied using the solvatochromic ET(30) polarity scale. Over
200 sets ofchromatographic retention data were used to compare the log k'w estimates
made from the volume percent of organic modifier (%) and ET(30) models of mobile
phase strength. It was found that linear extrapolations oflog k' versus ET(30) plots to
the polarity of unmodified aqueous mobile phase gave a more reliable value of log k';
than linear regressions of log k' versus volume percent. This evaluation was based
upon the relative value of the 95% confidence interval about log k'w, the point of
intersection of log k' versus solvent strength plots for different modifiers, the scatter of
estimations with different modifiers and the goodness-of-fit of the data to the linear
model. Estimations of log k; using the solvatochromic approach are found to give a
more sensitive lipophilicity description than the volume percent approach. Recom
mended procedures for carrying out lipophilicity estimations with reversed-phase
liquid chromatography are also discussed.

INTRODUCTION

A growing application of reversed-phase liquid chromatography (RPLC) is the
estimation of the physico-chemical properties of chemical compounds, also known as
quantitative structure-retention relationships (QSRR). QSRR constitutes a large
subset of quantitative structure-activity relationships (QSAR). One such physico
chemical property, lipophilicity, is a descriptor of the hydrophobic partitioning char
acter of a compound and has many uses in the environmental and biological
sciences1

, 2 . A recent Chemical Abstracts database search performed by this laborato
ry revealed that since 1975 the number of papers published each year regarding
chromatography and QSAR has increased steadily. In 1975, the percentage of those
papers concerning high-performance liquid chromatography (HPLC) was approxi
mately 12% and as of 1988 that portion has expanded to about 25%.

"Present address: The NutraSweet Company, 601 E. Kensington Road, Mt. Prospect, IL 60056,
U.SA

"Present address: Department of Chemistry, University of Cincinnati, Cincinnati, OH 45221,
U.S.A.
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Recent reviews have covered research studying the use of RPLC retention data
as an estimator of lipophilicity"". The major advantages of using RPLC over shake
flask methods are that it is faster, shows a larger dynamic range of log P, is more
convenient to perform experimentally, is extremely reproducible and can be automat
ed. RPLC also works well because precise peak-height or -area quantitation is not
necessary and the sample need not be 100% pure. An experiment is usually carried
out by obtaining the logarithm of the capacity factor for a solute, log k', Since the
capacity factor is directly proportional to the chromatographic partition coefficient",
capacity factors have been used to estimate P.

Various approaches have been devised to obtain capacity factors for lipophilic
ity information, but one that has received much attention is the parameter log k~, the
logarithm of the capacity factor using only an aqueous phase as the eluent. The
advantage of using log k'; is that it is independent of any organic modifier effects,
reflects polar-non-polar partitioning in a manner similar to shake-flask methods't-!"
and is dependent on the solute's structure and polar functionalities 1 1

.

The log k'; parameter, however, is difficult to measure directly in an RPLC
experiment because of poor partitioning kinetics across the stationary phase-mobile
phase interface and prohibitively long retention times. It is arduous both to detect
and locate a peak centroid because of the skewing of the peaks.

Log k'; can be estimated by the intercept of the regression equationl ':

log k' = S% + log k'; (I)

where S is Snyder's strength value and % is the volume percent of organic modifier in
the mobile phase. The retentivity of the chromatographic system with respect to
changes in mobile phase "strength", denoted here by %, is inferred by S. It has been
suggested that log k'; itself be a direct measure of lipophilicity for neutral solutes
because it minimizes hydrogen bonding effects!" and has been found to be reproduc
ible between C 1 8 columns used!". These columns must be from the same manu
facturer, however, since log k'; should vary from column to column because of bond
ing density and phase ratio differences.

Despite the utility of log k'; as a lipophilicity descriptor, a problem exists in the
fundamental detail of its estimation. While eqn. I holds on a qualitative basis, curva
ture exists in these plots 1 S

-
1 7 and could lead to erroneous extrapolation results. A

solution to this problem of mobile phase strength characterization for QSRR has
been to describe retention data with the equation l 8 , 1 9

log k' = A % 2 + B% + log k'; (2)

where A and B are the mobile phase- and solute-dependent first and second coeffi
cients of the second-order polynomial regression. While a second-order or higher
polynomial will almost always give a better fit to the data, additional uncertainty in
an extrapolation occurs due to the A%2 term and that uncertainty can only be re
duced by measuring extra data points closer to the point of extrapolation.

One possible solution to the problem of describing mobile phase strength for
lipophilicity studies lies in empirical solvatochromic solvent polarity scales. These
methods are useful for this purpose because they quantify some of the significant
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intermolecular interactions experienced by a solute in the chromatographic system.
One such scale, ET(30)20, is attractive for use in RPLC because the ET-30 molecule is
readily soluble in RPLC solvents, is spectrally influenced by interactions character
istic to those solvents such as hydrogen bonding, dipolar and charge-transfer interac
tions, and is extremely sensitive to small changes in organic modifier. It has been
shown previously'" with 332 sets of RPLC retention data that when solute retention
is modeled by the equation

log k' = m[ET (30)] + b (3)

a more linear relationship is found than when using eqn. 1.
Ifeqn. 3 provides a more linear description of the retention process than eqn. 1,

a more accurate estimation of log k'; should result upon extrapolation to the polarity
of mobile phase containing no organic modifier. It has been reported? that values of
log k'; estimated by eqn. I are dependent on the modifier used. Also, since the ET(30)
polarity scale shows a linear relationship with log k', eqn. 3 should produce results
rivaling or surpassing results from using eqn. 2. A prior study using homologous
alcohols and acetonitrile as RPLC organic modifiersP has shown two important
conclusions. When the retention data for solutes were plotted with both eqns. I and 3
using methanol, ethanol and acetonitrile as single organic modifiers, (i) the average
difference between estimated log k'; values between two different modifiers was im
proved by 40% with the ET(30) model compared to volume % modifier and (ii)
ET(30) plots for all three modifiers converged toward the polarity of water while
volume percent plots diverged at 0% modifier. These conclusions imply that a solva
tochromic model of eluent strength, like ET(30), may yield reliable values of log k'; in
more than just one modifier.

These types of convenient linearizations are likely the best application of solva
tochromic measurements in liquid chromatography as it is not clear that any type of
true fundamental information can be obtained from them. This paper compares the
estimation of log k'; by the ET(30) and % models of solute retention through the
calculation of comparative figures of merit. A brief discussion of recommended exe
cution of lipophilicity experiments using estimated log k'; values is also presented.

EXPERIMENTAL

Solvatochromic measurements
Solvatochromic solvent polarity measurements were made on binary solutions

of pure organic solvent and aqueous buffer using ET-30 (Reichardt's dye) (Aldrich,
Milwaukee, WI, U.S.A.). The organic solvents were Fisher (Austin, TX, U.S.A.)
HPLC-grade methanol and acetonitrile and all water used was purified using a Barn
stead (Newton, MA, U.S.A.) purification system. One buffer was composed of 0.02
M 3-morpholinopropanesulfonic acid (MOPS) (Kodak, Rochester, NY, U.S.A.) and
0.2% (vjv) n-decylamine (Aldrich) and another made up of 66.6 mM ACS certified
sodium phosphate monobasic (Fisher). Both buffers were adjusted to a pH of7.4 with
aqueous sodium hydroxide. Binary organic-buffer solutions were prepared by mixing
additive volumes of pure organic solvent and buffer solution in increments ranging
from 0 to 100% organic modifier for MOPS buffer and from 0 to 70% for phosphate
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buffer. ET-30 was added to the simulated mobile phases to a final concentration of
approximately 100 mg/l, Samples were placed into a Fisher 5-cm path length glass cell
and spectra obtained with an IBM Instruments (Danbury, CT, U.S.A.) Model 9420/
9430 UV-visible spectrophotometer. Six spectra were acquired for each sample and
the ET(30) values averaged. Maximum absorbance wavelengths were determined us
ing a first-derivative algorithm on the instrument. The ET(30) data were taken every
10% organic and fit to an appropriate degree polynomial using the Crickett Software
(Philadelphia, PA, U.S.A.) program STATWORKS run on an Apple (Cupertino,
CA, U.S.A.) Macintosh SE microcomputer. Any unmeasured ET(30) values (i.e.,
45% methanol in MOPS buffer) were determined by interpolation. ET(30) polarity
values for methanol-water, acetonitrile-water and ethanol-water mobile phases were
the same as those used in previous studies 2 1

-
2 3

.

Retention measurements
All retention measurements were taken from the literature 1 8 , 19 ,2 1 ,2 2 ,2 4 , 2 5 . Each

reference employed a C1 8 column and Table I summarizes the pertinent experimental
details.

Calculations
All computations were done on the Apple Macintosh SE computer with the

exception of the polynomial confidence intervals, which were done on an Apple II
48K microcomputer using the program POLYCONFINT written in this laboratory.
Linear and polynomial regression were performed with STATWORKS and all other
calculations accomplished with the Microsoft (Redmond, WA, U.S.A.) spreadsheet
EXCEL.

TABLE I

EXPERIMENTAL CONDITIONS FOR REVERSED-PHASE RETENTION DATA TAKEN FROM THE LIT
ERATURE FOR LOG k~ STUDY

Ref

22

18

21

24

25

Column Modifiers

Ultrasphere ODS Methanol
Ethanol
Acetonitrile

LiChrosorb RP-18 Methanol
Acetonitrile
MOPSa

n-Decylamine
Ultrasphere ODS Methanol

Acetonitrile
Spherisorb S5 ODS-2 Methanol

Ethanol
NucleosiIIO-RP-18 Methanol

Acetonitrile
Tetrahydrofuran

a Morpholinopropanesulfonic acid.

to method

Solvent elution

Solvent elution

Solvent elution

NaN03 elution

Set to = 125 s

Solutes

Nitro-, amino-,
alkyl-, keto- and
polycyclic aromatics
Nicotinate esters

Alkylbenzenes

5-Dimethylamino
I-sulfonyl derivatives
Nitro-, amino-, alkyl-,
keto-, halo- and
polycyclic-aromatics,
alcohols, heterocyclics
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Solvatochromic solvent polarity measurements for neutral electrolyte solutions
Studies have been previously performed on the solvatochromic polarity of sur

factant and electrolyte solutions. One study of ionic surfactant solutions2 6 showed
that the ET(30) polarity of a surfactant solution was dependent on the presence of
added buffer salts. Using NMR data, it was shown 2 6

,2 7 that the charged groups of
ET-30 are coulombically influenced and align with the other oppositely charged
groups of the surfactants. Another study using Kosower's Z scale'", which uses a
probe similar to ET-30, has also shown solvatochromic polarity increasing with the
addi tion of electrolyte. Table II presents our results showing the effects of increasing
the amount of electrolyte on ET(30) polarity. ET(30) values were measured for mix
tures of organic modifier with neutral buffers and sodium chloride solutions. Within
an experimental error of about 0.10 kcal/mole, an increase in polarity is observed
with increase in electrolyte concentration. ET(30) values of electrolyte solutions, how
ever, should be viewed with caution, when directly compared to values taken in non
electrolyte solutions because of the added coulombic interactions between the
charged functional groups of the dye and the electrolytes. This is evident when com
paring the water-organic to electrolyte-organic mixtures.

The ET(30) polarity of a solution is also influenced by acidity. Langhals/" has
shown thatET(30) values cannot be measured in acidic electrolyte solutions because
the phenoxide group of ET-30 becomes protonated and the character of the charge-

TABLE II

DEPENDENCE OF ET(30) POLARITY ON THE CONCENTRATION OF ELECTROLYTE IN
NEUTRAL AQUEOUS-ORGANIC MIXTURES

Solution' ET(30) (kcallmole] Solution" Ed30) (kcallmole )

Water- 58.30 99 mM phosphate- 57.76
50% (v/v) methanol 40% (v/v) acetonitrile

I mMNaCl- 58.03 Water- 57.46
50% (v/v) methanol 60% (v/v) methanol

10mMNaCl- 58.03 10mMMOPS- 58,08
50% (v/v) methanol 0.2% (v/v) DA-

60% (v/v) methanol

100 mMNaCl- 58.25 20 mMMOPS- 58.73
50% (v/v) methanol 0.2% (v/v) DA-

60% (v/v) methanol

Water- 57.46 31 mMMOPS 59.29
40% (v/v) acetonitrile 0.2% (v/v) DA-

60% (v/v) methanol

31 mM phosphate- 57.40
40% (v/v) acetonitrile

66 mM phosphate- 57.48
40% (v/v) acetonitrile

'NaCI = sodium chloride; phosphate = sodium phosphate monobasic; MOPS = morpholinopro
panesulfonic acid; DA = n-decylamine.
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transfer functionality is destroyed. There are no problems of complete protonation of
the dye with the work presented here on account of ET-30 spectra being obtained in
mobile phases buffered at pH 7.4. The pKa of the dye has been reported to be 8.4 in
50% methanol-water". Based on its pKa and the pH ofthe solutions used, ET-30 can
sense acidic interactions. Reichardt'? has defined polarity as the total solvating power
of the solvent and thus these forces can be included in the ET(30) "polarity" of basic
solutions.

The relationships between the ET(30) polarity and the volume percent ofmetha
nol and acetonitrile added to the buffer solutions are shown in Figs. I and 2. The
methanol-MOPS buffer curve in Fig. I expressed non-linear behavior from 0 to
100%. One explanation of the shape of this plot could be that the probe is more
specifically solvated by the MOPS and n-decylamine molecules at the high and low
percentage methanol regions. Furthermore, the random mixing approximation is
likely to fail at these composition extremes. Mobile phases of compositions between
30 and 70% methanol give almost a linear polarity response with respect to %. The
acetonitrile-MOPS buffer curve in Fig. 1 shows the polarity decreasing non-linearly
from 0 to 80% acetonitrile and rapidly decreasing from 80 to 100%. This behavior is
similar to what has been seen with acetonitrile-water mixtures 2 1

.

Mixtures of phosphate buffer with both methanol and acetonitrile were studied
and their polarity profiles are presented in Fig. 2. The ET (30) polarity for these solu
tions also exhibited non-linear behavior in the range of % organic compositions
studied for both solvent systems. Due to problems with solubility of the phosphate
buffer salt with the organic modifiers, the maximum mobile phase compositions al
lowed were 70% methanol and 60% acetonitrile, so no polarity measurements could
be made at organic compositions greater than these.

Estimation of log k'; by extrapolation methods
Values of log k'; were estimated by extrapolating linear regression plots oflog k'

versus % organic for each solute to 0% organic modifier and plots of log k' versus
ET(30) to the polarity of pure water. If a buffer solution was used as the aqueous
component of the mobile phase, the ET(30) plots were extrapolated to the measured
ET(30) polarity of the pure buffer (63.36 kcal/mole for the MOPS-decylamine buffer).

64 -.---------------,

61

ET(30) 58

(kcal/mole) 55

52

49

20 40 60 80 100

% (vlv) Organic Modifier

Fig.!. Ey(30) polarity change as a function of the volume % of organic modifier in a mixture with 0.02 M
MOPS (pH 7.4)-0.2% (v/v) n-decylamine buffer. 0, methanol; +, acetonitrile.
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62

ET(30)

(kcal/mole) 60

58

56 -1--~-..---~----r-~-~--!

o 20 40 60

% (vlv) Organic Modifier

Fig. 2. E
T(30)

polarity change as a function of the volume % of organic modifier in a mixture with 66.6 mM
phosphate buffer (pH 7.4). D, methanol; ., acetonitrile.

Literature data sets were used that had reported log k' versus % organic on a C 1 8

column for both methanol and a second solvent modifier, such as acetonitrile or
ethanoI 1 8 .2 1 ,2 2 ,2 4 , 2 5 . A data set refers to a collection of log k' values for one solute
'taken at different mobile phase conditions using one modifier. A summary of the
experimental conditions from all of the references can be found in Table I.

Three restrictions were placed on each set of log k' data used. The first re
striction was to not use log k' values above 90% methanol or 80% of the second
modifier. It has previously been discussed 21,22 that a limitation of the ET(30) polarity
scale used as a measure of mobile phase "strength" forRPLC is the occurrence of
specific solvation effects between the probe molecule and the solvent components at
high percentages of organic modifier. Changes in the solvent polarity above these %
values were found not to relate linearly to log k'; this is no problem, however, because
log k' values measured with more aqueous-rich mobile phases should be used to
extrapolate to log k'w. This reasoning will be explained later in the discussion dealing
with confidence intervals. A second restriction was not to use log k' values much less
than -0.30 to try to minimize measurement errors associated with small values of log
k'. The last restriction is directly related to the first two such that if a data set con
tained less than four log k' values, it was not used. This will also be explained by the
confidence interval discussion.

In order to compare the reliability of the log k'; values estimated by both the %
and ET(30) models, four figures of merit (FOM) were calculated using a total of 204
data sets. Final results for each reference based entirely on linear extrapolations are
summarized in Table III. The first FOM was the correlation coefficient, r, which is a
descriptor of the "goodness-of-fit" of a linear model to a set of data. It would be
desirable to use a model that gives the most linear description to the data to minimize
errors associated with forcing a line through data points that do not express linear
behavior. In the previous study oflinearity oflog k' versus ET(30)21, only ten data sets
on a C 1 8 column were obtained, so r was monitored in this study as well to check if
similar linearity improvements over the % model are obtained. From Table III, it can
be seen that the average correlation coefficient was greater using the ET(30) model
with the only exception being where the average r for both models was the same. The
overall apparent correlation improvement usinKET(30) over % may only be consid-
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ered marginal, however, since all of the average r values are greater than 0.99. It was
found that retention plots using methanol as the modifier were comparable between
the two models but acetonitrile and ethanol showed much, better linearity with the
ET(30) model as compared to volume %. An F-test 3 1 of 95% confidence performed
on the variances of the averaged correlation coefficients for both models, however,
determined the two average r values (n = 204) to be significantly different. These
results solidify previous findings on linearity improvements and support the observa
tion that a solvatochromic polarity scale such as ET(30) provides a more linear de
scription of the strength of the mobile phase than the bulk organic modifier composi
tion.

A second FOM was zllog k~, the difference between the log k~ values estimated
by two different modifiers. Since it would often be useful to employ another modifier,
the difference between estimations by the two modifiers should be minimized. Fur
thermore, agreement of log k'; values from two (or more) modifiers lends confidence
to the accuracy of the extrapolated value. Previous work has shown that for 27 data
sets a 40% decrease in the zllog k'; occurred when using the ET(JO) model over %22.
Table III shows a zllog k'; improvement of roughly 21% when using the ET(30) model
for all reference data sets (N = 117) [zllogk~ = 0.4089 for ET(30) and 0.5144 for %].

The third FOM is the extrapolated intersection point of linear regressions for a
solute using two different modifiers. This intersection determines if two different
retention plots converge toward a point indicating an unmodified aqueous mobile
phase. Ifa given retention model describes the strength of the mobile phase in a useful
manner, then % plots should converge to 0% organic or the ET(30) plots to 63.11
kcal/rnole (the polarity of pure water). It will be defined here that % intersections less
than 50% organic and ET(30) intersections greater than a polarity of 58 kcal/mole
(the approximate polarity of 50% organic mobile phase) will be considered converg
ing toward log k~. From Table III it can be seen that all of the average intersections of
the ET(30) data sets converged toward the polarity of water while it is difficult to infer
the same about the % data. Some of the average % intersections were negative, some
were positive and the standard deviations of those averages were large.

In order to extract more meaning out of the intersection results, frequency
histograms were constructed to demonstrate the distribution of these values. Fig.' 3
shows the spread of the % intersections.covering a range from - 200 to 500% organic
for 97 of the 114 total data sets. Some intersections could not be calculated because
the two retention plots of interest were parallel. It was found that 70% of those
intersections occurred at values greater than 50% organic, with 41% of the total sets
being in the range between 100 and200% organic. Fig. 4 illustrates the spread of the
ET(30) intersections in the range from 55 to 70 kcal/rnole for 94 of the 117 total data
sets. It was found that 78% of these intersections were greater than 58 kcal/mole, with
42% of the total sets occurring between 60 and 63 kcal/mole. The mentioned in
tersection results indeed show that linear regressions oflog k' versusET(30) do con
verge toward the polarity of a pure aqueous mobile phase while log 'k' versus% plots
diverge at 0% organic modifier. Based on these intersection results,' a more useful
estimation of the partitioning processes occurring in a chromatographic system at
100% aqueous mobile phase may be obtained with the ET(30) solvent strength model.

AJast FOM is the relative confidence interval, RCI. The RCI for a solute using
a particular organic modifier indicates the relative uncertainty in a log k'; value and
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Fig. 3. Frequency histogram of the distribution of linear-linear intersections between plots of log k' versus
% methanol and log k' versus % acetonitrile or ethanol.

can be compared with other solutes in the same and another retention model. For a
given solute this figure is calculated by the equation

RCI = [(95% CI)/log k~] . 100 (4)

where 95% CI is the 95% confidence interval at log k'; and is the product of Student's
z-value and the standard deviation of the regression at log k~31,32. The 95% confi
dence interval is a function of the residual error of the regression, the number and
spread of the data points on the ordinate (or x) axis and the difference between the
centroid of the x values and the predicting x [0% organic or the aqueous ET(30)). A
minimum in an RCI would occur for a predicted y value that was positioned near the
mean of the x values of a regression model having a correlation coefficient near I and
consisting of a large number of data points (N > 10) spanning a wide range of x
values. Based on these statistical criteria, the data points taken to perform the extra
polation to log k'; should be done. with water-rich mobile phases as close to 0%
modifier added as possible. This is why the limitation of the ET(30) polarity scale at
very high organic compositions does not become a limiting factor, because at high %
organic the extrapolated value is much less reliable. Also, at least four log k' values
are needed for a linear extrapolation (where the degrees of freedom for the regression
equal the number of data points minus the number of parameters in the regression

40.---------------------,

30

Counts

20-1------

10-1----

o-l""-r-l""-
56 70

Fig. 4. Frequency histogram of the distribution of linear-linear intersections between plots of log k' versus
ET(30) for methanol-water mixtures and log k' versus ET(30) for acetonitrile-water or ethanol-water
mixtures ..
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model, N - P) because the Student's t-value for less than four data points increases
significantlyV.

The RCI results are shown in Table III. For all data sets (N = 193 for % and
202 for ET) , the overall relative uncertainty in the estimated log k'; values is lower
when using the ET(30) model. An F-test statistically verified this observation. The
greatest difference in RCI between the two retention models is with the data sets of
Reymond et al. 1 S and Lehtonerr'" because data points were taken as low as 10%
organic in many cases and the ET(30) plots were very linear. The average of the RCI
data of Johnson et al.2 l, Michels and Dorsey22 and Schoenmakers et al.2 5 did not
favor the ET(30) model to as large an extent, but the standard deviation of those RCls
was also lower. As was seen with zllog k~, the magnitude of improvement in RCI
varied with the data reference because some experiments were done with more log k'
data points than others but in all cases the ET(30) data was more favorable than the
% data.

The four figures of merit in this study were also recalculated for the data sets
using the second modifiers acetonitrile and ethanol in which a polynomial regression
was fit to the data. Table IV presents a comparison of the polynomial % and the
ET(30) results from Table III. The rand RCI results are only for the polynomial
regressions of acetonitrile and ethanol and the ztlog k~ and intersection results are for
linear methanol data used with polynomial acetonitrile or ethanol data. As statistical
ly expected, the polynomial regression yielded correlation coefficients of almost I.
Another positive aspect of using the polynomial over the linear regression is seen in
the zllog k'; and intersections data, where the scatter in the log k'; values was reduced
and the regression models intersected near 0% organic. Fig. 5 exhibits the frequency
histogram for the intersections between the linear methanol plots and the polynomial
acetonitrile or ethanol plots. All of these data were found to converge to 0% organic
with 82% of them occurring between -10 and 20% organic.

Relative confidence intervals were also calculated for the polynomial-extrapo
lated log k~ values. It was found that the RCls for the % polynomial fits were still
larger than those for ET(30) and determined to be statistically different by an F-test.
An added level of uncertainty is contributed to the % organic retention model by the
squared-term of the second-order polynomial equation. The number of degrees of
freedom when calculating a second-order polynomial will be a value of one larger
than that for a linear regression because the value of P increases by 1. A solution with
which to improve the RCI for polynomial estimated log k'; is to measure at least five
or six points on the log k' versus % plot toward 0% organic and thus increase the
number of degrees of freedom of the regression. While this a worthy solution, the time
of analysis would be greatly increased over using a linear solvatochromic model
which only requires four or five points.

Procedures for the estimation of log k';
Certain procedures should be followed to ensure reliable results from the esti

mation of log k'; by extrapolation methods. Both the solvatochromic and linear
polynomial % models give reasonable statistical results. It is recommended that only
polynomial fits should be used for acetonitrile or ethanol % plots. The log k'; values
estimated by both models, however, are different and deciding which model gives the
most accurate estimation of the lipophilic properties ofsolutes could only be done by
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Fig. 5. Frequency histogram of the distribution of intersections between linear plots of log k' versus %
methanol and polynomial plots of log k' versus % acetonitrile or ethanol.

comparative QSSR or QSAR studies with real biological and environmental parti
tioning data. This work is currently underway in our laboratory. Table V shows the
results of correlation analysis between log k'; and log Pow for the data of Reymond et
al.t", Michels and Dorsey'? and Schoenmakers et al.2 5

• The values of log Pow were
taken from shake-flask measurementsP and calculation". A separate correlation
was done for each mobile phase system and the slopes, intercepts and correlation
coefficients are reported. Fig. 6 shows an example correlation between ET(30)-esti

mated log k'; from the data of Schoenmakers et al.2 5 and log Pow. It can be seen from
Table V that for all solvent systems the ET(30)-estimated log k'v, values give larger
slopes and comparable correlation coefficients. This implies that the solvatochromic
method gives a more sensitive scale with which to measure solute lipophilicity, but not
a direct measure oflog Pow values. Log k'v, has been proposed to be a useful lipophilic
ity descriptor by itself!" and these results support this belief.

A recent paper by Minick et al.34 reported attempting the use of the ET(30)

polarity scale for log k'; extrapolations. The authors, however, did not carry out any

TABLE V

RESULTS OF THE CORRELATION ANALYSIS OF LOG k'w VERSUS LOG Pow USING DIFFER
ENT BINARY HYDROORGANIC MOBILE PHASES FOR THE ET(30) AND % MODELS

Parameter

Slope"
Intercept"
r"
Slope"
Intercept"
l
Slope'
Intercept'
r"

Methanol-water Ethanol-water Acetonitrile-water

%(v/v) ET(30) %(v/v) ET(30) %(v/v) ET(30)

0.936 1.41 0.979 1.25 0.871 l.ll
0.203 -0.166 0.366 0.187 0.338 0.700
0.971 0.970 0.924 0.937 0.976 0.983
0.880 1.28 0.832 0.958
0.148 -0.622 0.243 -0.040
0.982 0.976 0.970 0.982
0.814 1.53 0.769 1.10
0.536 -0.287 0.662 0.510
0.960 0.959 0.907 0.881

o N = 10 from ref. 22.
b N = 18 from ref. 18 (ethanol-water not used).
c N = 34 from ref. 25 (ethanol-water not used).
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Fig. 6. Correlation between ET(30)-estimated log k~ from the data of Schoenmakers et al.2 5 and octanol
water partition coefficientsP.

extrapolations of log k' versus ET(30) plots because of observed non-linearity. A
normalization procedure producing "LlET(30)" values was used as the solvent
strength descriptor instead of directly measured ET(30). Using any type of normalized
ET(30) values, such as Reichardt's ET

N values-", distorts the behavior of the retention
model and is not recommended. They did show graphically, however, that the extra
polated log k'w values give a more accurate measure oflipophilicity than using isocrat
ic values. The elution order of solutes can invert at lower % organic ranges to yield
incorrect lipophilicity assignments.

Following sound statistical practice is important for estimating log k'; values of
minimal uncertainty. Data points on a plot of log k' versus mobile phase strength
should be taken in water-rich eluents as close as possible to the value of unmodified
aqueous mobile phase. The variance in the regression model is dependent on the
centroid as well as the spread and number of the data points along the ordinate axis.
Ideally, log k' values should be taken down to 10% modifier, but the chromatograph
ic partition coefficient limits this process so that the lowest modifier composition for
the elution of some compounds is roughly 50% methanol. Since the solvatochromic
ET(30) model yields linear retention behavior for modifiers that are slightly stronger
than methanol, like acetonitrile and ethanol, and ET(30) plots for all three of these
modifiers converge toward the polarity of unmodified mobile phase, a solvatochrom
ic model would be useful for this type of experiment. Using organic modifiers stron
ger than acetonitrile or ethanol, such as propanol or tetrahydrofuran, is not desirable,
however, because of specific solute." and stationary phase2 2

,3 6 solvation effects that
produce a different mechanism of retention. It is also crucial to measure accurately
the void time of the chromatographic system since to is dependent on the bulk compo
sition of the mobile phase, but there is much debate over the best way to measure this
parameter3 7

-
4 1

.

To study statistically how the reliability of a log k' versus solvent strength
extrapolation changes with the range and centroid of the data points, a data set with
twelve points covering a wide range of solvent compositions was used. In Table VI the
data point closest to pure water was removed in succession until five data points
remained in the high organic portion of the plot. As the range and number of data
points became smaller and more removed from water, the value of the ReI became
larger. Also note that for both solvent strength models the value of log k'; became
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TABLE VI

CHANGE IN THE RELATIVE CONFIDENCE [NTERVAL (RCI) ABOUT LOG k'w ESTIMATED
WITH METHANOL-WATER MOBILE PHASES FOR METHYLAMINO-5-DIMETHYL
AMINO-[-SULFONATE2 4 AS A FUNCTION OF THE SPANN[NG OF LOG r; VALUES TO
WARD PURE WATER

Lowest %(vjv) N EJ30) log k'w ET(30) RCI % log r; % RCI

35 [2 3.578[ 4.48 2.7730 . [2.92
40 1\ 3.4789 3.57 2.6267 [2.53
45 [0 3.4775 4.53 2.4895 [2.08
50 9 3.4390 5.53 2.3742 13.50
55 8 3.4415 8.04 2.2246 14.60
60 7 3.3964 14.15 2.0761
65 6 3.2276 16.78 1.8999 25.24
70 5 3.0366 29.74 1.6880 32.39

a Calculation yielded an empty set result.

smaller when the data points were in the organic-rich region. Table VII shows the
effects of shifting the centroid of the ordinate axis further from water when the range
of the data points is kept constant. As the centroid reaches a value of 75% organic,
the uncertainty in the extrapolation with both models becomes very large. These
results illustrate that log k' values must be measured in water-rich mobile phases to
keep the uncertainty about the extrapolated log k'; value at as Iowa level as possible.

Of the I 17 intersections calculated in this paper using the ET(30) model, four
teen were found not to converge to the polarity of unmodified mobile phase. Of those
fourteen divergent sets, ten included a nitrogen-containing functional group that
could be highly interactive with a surface silanol (eighteen nitrogen-containing sets
altogether). We have also investigated the use of ET(30)-estimated log k~ values for
the calculation of solute-solvent contact free energy in RPLC3 6 and have found the
same problem of nitrogen-containing compounds interacting with surface silanols.

Employing a stationary phase that provides the most possible non-polar sur
face would be desirable since the influence of residual silanols would be minimized.
Silanol interactions can be negated by using masking agents in the mobile phase or by

TABLE VII

CHANGE IN THE RELATIVE CONFIDENCE INTERVAL (RCI) ABOUT LOG r; ESTIMATED
WITH METHANOL-WATER MOBILE PHASES FOR METHYLAMINO-5-DIMETHYL
AMINO-I-SULFONATE2 4 AS A FUNCTION OF THE MOVEMENT OF THE ORDINATE CEN
TROID FROM PURE WATER

Four values of log k' are taken in each % range, with each log k' taken every 10% organic.

% (vjv) range ET(30) RCI Average ET(30) % RCI Average %

35-65 10.18 58.28 22.91 50
40-70 6.29 57.94 16.27 55
45-75 57.56 15.84 60
50-80 11.13 57.24 25.20 65
55-85 8.67 56.93 29.83 70
60-90 33.08 56.64 49.70 75

a Calculation yielded an empty set result.
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using monomeric stationary phases of very high alkyl ligand bonding density. Studies
using masking agents like tetraethylamine or n-decylamine in the mobile phase4 2

,43

have observed that for hydrogen-bond accepting solutes, the masking agent binds to
the silanol and allows the polar solute to interact primarily with hydrophobic ligands.
A disadvantage with using these agents, however, is that they can form ion pairs with
specific solutes and alter the measured hydrophobicity. Another method of mini
mizing silanol interactions is by exhaustively end-capping and/or producing a high
bonding density C I 8 phase. It has been shown that exhaustive end-capping with a C I

functional group deactivates surface silanolst" and for small, polar solutes, directly
measured log k'; values are more reproducible'".

CONCLUSION

The RPLC estimation of solute lipophilicity, in the form of the parameter log
k~, has been discussed using the solvatochromic ET(30) solvent polarity scale. Com
parative figures of merit were calculated for 204 data sets to contrast the % and
ET(30) models of mobile phase strength. Results show that the ET(30) model is more
useful than the linear % model because of increased statistical confidence in log k';
values. Calculations done with a polynomial % model on retention data generated
with acetonitrile and ethanol modifiers found log k'; values statistically comparable
to those estimated by linear % extrapolations of methanol-generated data. The ET

(30)-estimated log k'; values, however, were still statistically more certain than poly
nomial % estimated values. Correlations relating log k'; and log Pow have shown
ET(30)-estimated log k'; values producing a more sensitive scale of hydrophobicity
than %-estimated values.

Suggested guidelines for the execution of RPLC lipophilicity estimations have
been presented. The most desirable chromatographic system would be an end-capped
high bonding density C I 8 stationary phase and an aqueous mobile phase modified
with methanol, ethanol or acetonitrile. A high bonding density stationary phase
would minimize interactions between the solute and surface residual silanols and
maximize the partitioning capabilities of the chromatographic system. Using organic
modifiers stronger than acetonitrile or ethanol such as propanol or tetrahydrofuran
would be undesirable because the mechanism of retention changes with the stronger
solvents. Retention measurements for a solute of interest should be taken over a
minimal range of 40% organic modifier with the most water-rich mobile phase used
being as close to unmodified eluent as possible. Qualitative structure-activity rela
tionships for solutes of biological and environmental interest also need to be per
formed using log k'; values estimated by ET(30), and this work is ongoing in this
laboratory.
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SUMMARY

The location of the fronts in thin-layer chromatography (TLC) with multi
component mobile phases is discussed with reference to the possibilities of mobile
phase transfer via analytical overpressured-layer chromatography (OPLC) to prepar
ative medium-pressure liquid chromatography (MPLC). The advantage of this proce
dure is that the mobile phase of the TLC separation where the substance zones are
distributed over the whole R F range can be transferred to preparative column chro
matography without limitations. Because OPLC may be used as equilibrated or non
equilibrated planar column systems and all mobile-phase fronts may be seen, it can be
applied as a pilot method for preparative MPLC. Depending on the results of the
analytical OPLC separation, four possibilities exist for mobile phase transfer to
MPLC; these are discussed.

The generally useful method is to equilibrate the dry-filled column (silica of
TLC quality with an average particle size of 15 ,urn) with a solvent in which the
substances to be separated do not migrate and which was used for the prerun in
analytical OPLC. The separation is then started with the optimized TLC mobile
phase where the substances are distributed over the whole R F range. Transfer of the
optimized TLC mobile phase via OPLC to MPLC is demonstrated by the separation
of furocoumarin isomers from the roots of Heracleum sphondylium and the ginseno
sides from Panax ginseng C. A. Meyer. The separation of anthraquinone aglycones
from Rhamnus frangula is an example of the direct transfer of the mobile phase from
TLC to MPLC.

INTRODUCTION

High-performance liquid chromatography (HPLC) is the best established
method 1,2 for scale-up to different preparative column liquid chromatographic
(CLC) methods. Thin-layer chromatography (TLC) is accepted in many laboratories
as a rapid pilot method for preparative normal-phase (NP) CLC 3

-
7

• However, the
disadvantage is that, for a successful preparative separation, the TLC separation

0021-9673/90/$03.50 © [990 Elsevier Science Publishers B.Y.
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should be obtained below RF = 0.38
. It is almost impossible to achieve a separation in

this small range for complex separation problems, and the result cannot always be
predicted by using multi-component mobile phases.

In this paper we report different strategies for transfer of the optimized TLC
mobile phase via analytical overpressured-layer chromatography (OPLC) to prepara
tive NP medium-pressure liquid chromatography (MPLC)9, using the whole RF

range (0.1-0.9) of the TLC plate for the analytical separation.

EXPERIMENTAL

The analytical separations were carried out on silica 60 F254 TLC Alufoils from
Merck (Darmstadt, F.R.G.) in unsaturated chromatographic chambers. MPLC glass
columns obtained from Labomatic (Schonenbuch, Switzerland) (735 x 26 mm 1.0.
and 584 x 37 mm 1.0.) and from Biichi (Flawil, Switzerland) (460 x 36 mm 1.0.)
were dry-filled with TLC silica gel GF254 having an average particle size of 15 lim
(Merck).

Analytical reagent grade solvents were used for all separations. The mobile
phase was delivered with either a Labomatic MD-80j100 MPLC pump, a Lewa (Le
onberg, F.R.G.) Lab M5 pump or a Biichi 681 chromatography pump.

The prepurified extract of furocoumarins was obtained from Heracleum sphon
dylium'"; the ginsenosides from Panax ginseng C. A. Meyer ll and anthraquinone
aglycones from a hydrolysed extract from Rhamnus frangula'", Samples were applied
with a Linomat IV TLC spotter from Camag (Muttenz, Switzerland) for the analyt
ical separations." For MPLC separations, sample injection was performed with a
Rheodyne (Cotati, CA, U.S.A.) four-way valve.

For OPLC separations a Chrompres 10 apparatus (Labor-MIM, Budapest,
Hungary) was used at 10 bar overpressure. For the one-directional linear OPLC
separations all four sides of the plates were impregnated with Impres II polymer
suspension (Labor-MIM). Two channels were scratched out at a distance of 18 em for
the solvent inlet and outlet.

The densitograms in the absorption mode were recorded at 313 nm for furocou
marins (mercury source lamp) and at 254 nm for the anthraquinone aglycones with a
Camag TLC scanner II, coupled with an HP 9000-216 computer (Camag) and an
SC-920 high-speed TLC scanner (Shimadzu, Kyoto, Japan). For visual detection of
ginsenosides, 1% vanillin in sulphuric acid was used and the densitograms were rec
orded at 540 nm.

For the on-line preparative MPLC separations, an LKB (Bromma, Sweden)
detector with a 313-nm filter for furocoumarins and a 254-nm filter for anthraquinone
aglycones, coupled with an LKB 2210 recorder and an LKB 7000 Ultrarac fraction
collector, was used.

RESULTS AND DISCUSSION

Theoretical aspects
The main difference between TLC and CLC is that TLC is a non-equilibrated

system, whereas CLC is generally a system equilibrated with the mobile phase. The
rule that the substances have to be separated below RF = 0.3 in TLC for a successful
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transfer to preparative CLC8 is based on the fact that below RF 0.3 the TLC
system is generally also equilibrated, meaning that all compounds migrate within the
last front of a multi-component mobile phase (see Fig. l a). In all theoretical cases
shown in Fig. I the mobile phase consists of four solvents. The fronts (a, P, Y, (j) are
rarely visible in TLC, except for the a-front. On transferring the mobile phase of the
TLC separation shown in Fig. Ib to CLC, the compounds migrating between the Y
and (j front will be eluted together, because the TLC solvent composition between
these two fronts is not identical with the eluent of the equilibrated column. All other
compounds could be separated under these conditions by CLC.

It

I-
a

--
b

It ----------
c

----------
d

Fig. I. Location of the fronts of a multi-component mobile-phase system and the compound zones in TLC
(for explanation, see text).

On using the whole RF range for the separation of the compounds in TLC, an
ideal distribution, as depicted in Fig. lc, is obtained, with all compounds separated.
However, owing to the several fronts occurring between these compounds, a prepara
tive CLC separation would not be possible with this mobile phase. A special case is
shown in Fig. Id, where all compounds migrate within the last front and are well
separated. This mobile phase could be used for CLC separation and a good result
would be obtained.

Because OPLC can be used as an equilibrated or non-equilibrated "planar
column", this method may be employed as a pilot technique for the transfer of the
optimized TLC mobile phase to the various CLC methods, e.g., MPLC with silica as
stationary phase. The plates must be prepared as described under Experimental. The
optimized TLC mobile phase obtained from an unsaturated chromatographic tank
cannot generally be transferred to analytical OPLC because gas and/or air are ad
sorbed on the surface of the stationary phase. This causes a disturbing zone13 in the
completely closed OPLC chamber, which distorts the substance zones within its
range. The location of the disturbing zone depends on the mobile phase composition
and pressure relationships, which are influenced primarily by the flow-rate.

As shown in an earlier study on the disturbing zone, three possibilities exist for
transfer of the TLC mobile phase to analytical OPLC 14 , 1 5 :

(1) Variation of the flow-rate to either extremely high or low values to place the
disturbing zone in an RF range where it does not distort the separation.

(2) Reduction of the solvent strength of the mobile phase and further devel
opment. This method can be used only for the separation of closely related structures,
where the reduction of the solvent strength does not result in a change in order of
elution of consecutive compounds.
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(3) A prerun with a suitable solvent, in which the applied samples do not
migrate and which is miscible with the mobile phase. For non-polar compounds this
solvent is usually n-hexane; for polar compounds such a solvent must be considered
during the TLC mobile phase optimizatiorr'". The plate is developed with this solvent
until no more air bubbles are eluted from the plate. The separation may then be
started with the mobile phase.

Among these possibilities, the third is generally applicable to the transfer of the
optimized TLC mobile phase to analytical OPLC. Because OPLC is used in this way
as a specially equilibrated planar column, the OPLC mobile phase (including pre run)
can also be transferred to preparative MPLC.

Mobile phase transfer to preparative MPLC
The mobile phase transfer strategy for preparative MPLC separation can be

deduced from the results of the analytical OPLC experiments used as a pilot method.
As the TLCjOPLC experiments are carried out on plates with an average particle size
of 11 ,um,silica with an average particle size of 15,um is used for preparative MPLC.
The column is dry-filled with the aid of a vacuum and nitrogen overpressure", Theo
retically, all transfer possibilities described above for OPLC can also be applied to
preparative MPLC.

(1) A good preparative separation is problematic when starting with a dry
column with an adequate mobile phase velocity, because the location of the dis
turbing zone is difficult to predict. This method can only be used when the substances
to be separated are in the lower RF (RF < 0.3) range in the OPLC separation.

(2) The saine effect can be achieved by reduction of the solvent strength (ST) of
the TLC mobile phase. The influence of the solvent strength reduction on the sep
aration must always be checked in analytical OPLC. This method is applicable to the
separation of compounds with different structures only in certain instances.

(3) The dry-filled column must be equilibrated with the solvent used in the
OPLC prerun, and then the separation may be started with the TLC/OPLC mobile
phase. This method can be used independently of the structures of the substances to
be separated and the location of the fronts (see Fig. lc). With this method a certain
dilution of the mobile phase has to be considered for the first-eluted compounds (R F

< 0.8 in TLC). With on-line detection, a shift of the baseline may be observed owing
to the different mobile-phase compositions between the various fronts. Substances
migrating on or near these fronts give very sharp peaks, but this can also be predicted
from analytical OPLC. However, these effects have almost no influence on the quality
of the preparative separation.

(4) In the special case where all substances are spread over the whole RF range,
and migrate within the last front of the multi-component mobile phase (in both TLC
experiments and analytical OPLC as well), the column can be equilibrated with the
TLC mobile phase (see Fig. l d). As a result, the preparative separation will be similar
to that in analytical OPLC.

In all transfer possibilities mentioned above for the determination of the
amount of sample for MPLC, the TLC plate wil be overloaded in analytical fully
off-line OPLC until the densitometric resolution is no longer satisfactory. Calculation
is performed approximately according to the amount of extract per unit volume of the
stationary phase (e.g., 6.5 ml for the TLC plate and 468 ml for the glass columns
investigated for the separation of furocoumarins).
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Separation offucocoumarin isomers from Heracleum sphondylium roots
Separation of the five main furocoumarin isomers from Heracleum sphondylium

is shown as 'a typical example of the separation of apolar compounds. Optimization
was started with TLC preassays, where diethyl ether, ethyl acetate and chloroform
were selected. Optimization with the regular part of the PRISMA model 1 6

, 1 7 gave the
best separation at a solvent strength of ST = 1.6 [ethyl acetate-chloroform-diethyl
ether-a-hexane (8.8:17.6:17.6:56]. The densitogram of the TLC separation with this
mobile phase is shown in Fig. 2a.
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Fig. 2. Analytical TLC and OPLC separations of Heracleum sphondylium extract on TLC plates. I
Isobergapten; 2 = pimpinellin; 3 = bergapten; 4 = isopimpinellin; 5 = sphondin. (a) TLC separation in
unsaturated chamber (separation distance, 8.5 ern); (b) OPLC separation after an n-hexane prerun; condi
tions, flow-rate 0.5 ml/rnin, development distance 18em, overrunning; (c) OPLC separation with reduced
solvent strength (ST = 1.0); (d) overloaded OPLC separation on TLC plate (volume. 6.5 ml) with a 4-mg
sample and an n-hexane prerun.

The TLC mobile phase was transferred directly to analytical OPLC over an
18-cm separation distance. The adsorbed air or gas was eliminated either by a prerun
with n-hexane (Fig. 2b) or by decreasing the solvent strength of the mobile phase to
ST = 1.0 (Fig. 2c). All five main compounds could be baseline separated by these
methods. In the next step, under the same chromatographic conditions, the plate was
overloaded to find the maximum amount of sample that could just be separated on a
TLC plate by the OPLC technique (Fig. 2d).

In the next step, the mobile phase was transferred to MPLC. The results of the
various mobile phase transfer procedures are shown in Figs. 3 and 4.

First, the separation was carried out with a dry-filled column to which the
sample was applied. Separation was started with a mobile phase that was diluted with
n-hexane, as an alternative method for eliminating adsorbed air and gas. Of course,
the effectiveness of this procedure was tested first by analytical OPLC. The chro
matogram of this MPLC separation is shown in Fig. 3.

Using the generally applicable method similar to analytical OPLC, the column
was first equilibrated with n-hexane, then the sample was applied and the separation
was started with the optimized TLC mobile phase. The resulting separation is de
picted in Fig. 4a. Because in the analytical OPLC separation all compounds to be
separated were migrating within the last front of the four-component eluent, the
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Fig. 3. MPLC separation of Heracleum sphondylium extract on non-equilibrated column. I = Isobergap
ten; 2 = pimpinellin; 3 = bergapten; 4 = isopimpinellin; 5 = sphondin. Column dimensions, 460 x 36
mrn I.D. (468 ml); dry-filled with TLC silica gel GF2 54 ; mobile phase, ethyl acetate-chloroforrn-diethyl
ether-a-hexane (5.5:11:1 I:72.5); flow-rate, 5 ml/rnin; sample amount, 300 mg.

Fig. 4. MPLC separations of Heracleum sphondylium extract on an equilibrated column. 1 = Isobergapten;
2 = pimpinellin; 3 = bergapten; 4 = isopimpinellin; 5 = sphondin. Column dimensions: 460 x 36 111m I.
D. (468 ml); dry-filled with TLC silica gel GF254; TLC mobile phase, ethyl acetate-chloroforrn-diethyl
ether-a-hexane (8.8:17.6:17.6:56); flow-rate, 5 ml/min; sample amount, 300 mg. (a) Equilibration with
n-hexane; (b) equilibration with the TLC mobile phase.

separation of the furocoumarin-containing extract was also carried out on a column
that had been equilibrated with the TLC mobile phase. The resulting chromatogram
is shown in Fig. 4b.

On comparing the chromatograms obtained using the three mobile phase trans
fer possibilities, all methods are seen to give high-resolution separations. As expected,
the longest separation time was observed with the lowest solvent strength, although
the flow-rate was increased by 70%.

Equilibration of the column with n-hexane exerts a very small effect on the
retention times, especially on those of the first-eluted compounds. Because all com
pounds migrated within the last front in OPLC, the chromatograms of the separation
started with an n-hexane-equilibrated column or with a column equilibrated with the
mobile phase are almost identical. As may be concluded from Figs. 3 and 4, the
separation time could be reduced dramatically'f by increasing the flow-rate, but this
was not the aim of these experiments.

Separation of ginsenosides from Panax ginseng roots
Separation of the main ginsenosides (Rg2, RgI, Rf, Re, Rd, Rc, Rb2, Rbi)

from Panax ginseng is given as a typical example of the transfer of the optimized TLC
mobile phase for polar compounds. From the TLC preassays in unsaturated cham
bers, methyl ethyl ketone, methanol and water were finally selected for further opti
mization of the mobile phase with the irregular top part of the PRISMA modeI 19 ,2 0 .

In the next step, the optimized TLC mobile phase [methyl ethyl ketone-metha-
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noI-water (70:22:8)] was transferred to analytical OPLC. The prerun was carried out
with methyl ethyl ketone, in which the substance do not migrate. Then the separation
was started with the mobile phase from the TLC separation. The densitogram of the
analytical OPLC separation on a TLC plate is shown in Fig. 5a; the separation
distance was 17 em.

For the MPLC separation of the ginsenosides, the column, dry-filled with
15-llm silica ofTLC quality, was equilibrated with methyl ethyl ketone. Thus, start
ing conditions were obtained that were similar to those in the OPLC separations.
After the application of 150 mg of sample to a 73.5 x 2.6 em I.D. column, the
separation was started with the optimized mobile phase from the TLC separation.
The eight main ginsenosides could be isolated almost without mixed fractions, as
demonstrated in Fig. 5b.

Re

RF
Rgi 6.9 mg Rg2-

18.9 mg Rg 1
0.40 ' -

7.8mg RI
RbI Rc -Rb2 Rd 28.9 mg Re

0.30 -
17.7 mg Rd-

Rg2 20.6 mg Rc
0.20 -Rf

12.7 mg Rb2- 16.1 mg Rb1

0.10 -
i I I>

0 0.5 RF 50 100 150 200 250

Fraction number

a b
Fig. 5. Analytical OPLC and preparative MPLC separation of Panax ginseng extract. Mobile phase,
methyl ethyl ketone-methanol-water (70:22:8) (a) OPLC separation on TLC plate after a methyl ethyl
ketone prerun; conditions, flow-rate 0.5 ml/rnin; development distance 18 ern; (b) MPLC separation;
column dimensions, 735 x 26 mm J.D. (410 ml), dry-filled with TLC silica gel HF 254; flow-rate 2 ml/rnin;
sample amount 150 mg.

Separation of anthraquinone aglycones from Rhamnus frangulae cortex
The TLC separation of a prepurified, hydrolysed extract, containing three an

thraquinone aglycones (chrysophanic acid, physcion and frangula emodin) was
achieved in two steps: chrysophanic acid and physcion were separated with a mobile
phase of tetrahydrofuran-n-hexane (1:7) (mobile phase A), as shown in Fig. 6a; then,
to facilitate rapid migration of frangula emodin, tetrahydrofuran-n-hexane (3:7)
(mobile phase B) was employed (see Fig. 6b).

This latter mobile phase was not suitable for the complete separation, as chry
sophanic acid and physcion were not adequately resolved in this system. Therefore,
the MPLC separation of the three compounds was carried out with a solvent strength
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step gradient. The dry-filled (IS-11m silica) column (584 x 37 mm J.D.) was first
equilibrated with n-hexane. After the sample application, the separation was started
with mobile phase A at a flow-rate of 9 ml/min. After elution of chrysophanic acid
and physcion, the mobile phase was changed to B. The on-line MPLC trace is de
picted in Fig. 6c. From a 1200-mg extract, 37.2 mg of chrysophanic acid, 48.4 mg of
physcion and 819 mg of frangula emodin could be obtained.

3

a 3

b 3

~R

c

1

2

I
2 3 4 5 6 h

Fig. 6. Analytical TLC and preparative MPLC separation of anthraquinone aglycones. I = Chrysophanic
acid; 2 = physcion; 3 = frangula emodin. (a) TLC separation in an unsaturated chromatographic tank
with tetrahydrofuran-x-hexane (1:7); development distance, 9 em, (b) TLC separation in an unsaturated
chromatographic tank with tetrahydrofuran-n-hexane (3:7); development distance, 8.5 cm. (c) MPLC
separation with a step gradient (for explanation see text); column dimensions, 584 x 37 mrn J.D. (615 ml),
dry-filled with TLC silica HF 254; flow-rate, 9 rnl/rnin; sample amount, 1200 mg.

CONCLUSION

Four basic possibilities exist for mobile phase transfer from TLC to MPLC
with silica as stationary phase. It is advantageous to use OPLC as a pilot method,
because it is a forced-flow "planar-column" chromatographic system. OPLC sep
arations may be carried out in both the fully off-line mode and the fully on-line
mode 2 l

•
22

, and both techniques can be applied to these transfer strategies. Transfer
possibilities via analytical OPLC and directly from TLC to MPLC are summarized in
Fig. 7.

If MPLC separation is carried out starting with a dry column, solvent strength
reduction at a higher flow-rate is a good approach, provided that the influence of the
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Fig. 7. Mobile phase transfer possibilities from TLC to MPLC with silica as stationary phase.

change of these parameters has been checked in analytical OPLC. This mobile phase
transfer is possible if the correlation between solvent strength and RF values is similar
for all compounds to be separated. An extremely high mobile phase velocity can be
employed only for the separation of non-polar compounds.

Equilibration of dry-filled MPLC columns with the optimized TLCjOPLC mo
bile phase is possible only if all compounds migrate within the last front of the
multi-component eluent. This behaviour may be tested by analytical OPLC. General
ly, the MPLC columns can be equilibrated with the solvent used for the prerun in
analytical OPLC. This method is feasible regardless of the structures and properties
of the substances to be separated. The solvent for the prerun is always n-hexane for
non-polar compounds; for polar compounds, it must be decided during the mobile
phase optimization process". The compounds to be separated should not migrate in
this solvent, and it should be either part of the mobile phase or at least miscible with
the eluent.

The major advantage of the strategies presented is that mobile phase transfer
starts from a TLC separation where the whole RF range is used, in contrast to the
general rule applied until now that all zones should be below RF = 0.3 in TLC.
However, prediction of the final MPLC result can be improved, especially when using
the OPLC technique as a pilot method. Needless to say, these strategies can also be
applied for the mobile phase transfer from TLC to all preparative column liquid
chromatographic methods in which silica is used as the stationary phase.
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INVESTIGATION AND IMPROVEMENT OF THE HORVATH-LIN EQUA
TION OF STATE

pAL BENEDEK* and TAMAs JANKO

Department of Chemistry. L. Eotvos University, P.O. Box 32, H-1518 Budapest 112 (Hungary)

SUMMARY

In connection with a thermodynamic analysis of high-performance liquid
chromatography, Horvath and Lin developed a three-parameter equation of state.
The dimensionless multipliers of this equation were correlated with the critical
compressibility factor, zc. A different temperature-correction relationship is now
suggested. It is shown that the coefficient m in the modified temperature correction is
component-specific and, with polar substances, it is also temperature dependent.
Equations that correlate it with the acentric factor and with the polarity factor are
given.

INTRODUCTION

Horvath and Lin t proposed the following three-parameter equation of state
with a critical compressibility factor correlation:

P = RTj(v - b) - a/v(v + c)

where

with arT,] given by eqn. 15;

c = vb

(1)

(2)

(3)

(4)

The root of eqn. 1 at the critical temperature, Tc, and critical pressure, Pc, is the
reference volume of the fluid, Vo; a, f3 and yare dimensionless multipliers which are
interrelated and dependent on the reference compressibility factor, Zo:

(5)

0021-9673(90($03.50 © 1990 Elsevier Science Publishers B.V.
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The dimensionless multipliers are involved in the folIowing system of equations
derived from the canonical form of the critical isotherm:

Z6 = exfJ

3Z6 = _yfJ2 - yfJ + ex

3zo = -yfJ + fJ + 1

(6)

(7)

(8)

The numerical solution of this non-linear system of equations is given as the folIowing
cubic polynomials of the reference compressibility factor, Zo:

ex = 0.12233 + 5.22425zo - 22.4011z6 + 28.43065z6

fJ = 1.494495 - 14.62351zo + 47.4259z6 - 48.69008z6

y = 1657.483 - 16001.19zo + 51711.96z6 - 55874.32z6

b, - b? = 3.287697 - 35.07038zo + I 16.9788z6 - 124.1009z6

(9)

(10)

(11)

(12)

where b, is the reduced limiting volume (b, = b/vo).
The Horvath-Lin equation of state is one of the possible realizations of the

three-parameter corresponding states principle:

(13)

with the critical compressibility factor, zc, selected as the third parameter. The
correlation between the critical compressibility factor, zc, and the reference compress
ibility factor, zo, is calculated from the data in the original Horvath-Lin paper and is

Zo = -0.4734192 + 7.320713zc - 23.58415z~ + 27.45711z~ (14)

It is obvious that eqn. 14 and the relationships expressed in eqns. 9-12 generate
a family of Horvath-Lin equations of state (eqn. 1) with critical compressibility factor
correlation. For example, if we take the premultiplier y as equal to unity, then b =
b? and eqn. 1 simplifies to the Redlich-Kwong equation of state". It can be seen that
the presence of the third parameter, C, in the Horvath-Lin equation of state is
responsible for the value of the component-specific reduced limiting volume, b, =
b/vo, and consequently for the profile of the isotherm. Because of this, the calculated
isotherm fits the experimental P-v curve.

In the original Horvath-Lin paper, the dimensionless coefficient a[Tr] is
suggested to be given by

(15)

Our investigations proved that this relationship limits the performance of eqn. 1.
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IMPROVEMENT OF THE HORVATH-LIN EQUATION OF STATE FOR APOLAR SUBSTANCES

The coefficient arT,] is certainly component-specific and its temperature
dependence is slightly more complicated than suggested by eqn. 15. We selected
another relationship, which was first proposed by Soave.':

arT,] = [I + m(1 - T;J.S)]2 (16)

Here the component-specific parameter m = m, is correlated with Pitzer's acentric
factor", w:

m; = 0.4S036 + l.5701w - 0.16S14w 2

Pitzer's acentric factor is very component-specific:

(17)

w = -logP? - I (T, = 0.7) (IS)

However, in the case of the Horvath-Lin equation of state, not only ex, j3, y and b, are
functions of zo, but also the parameter from eqn. 16. We have found that the following
two-variable polynomial shows this phenomenon:

mO.7 = (0.4S036 + l.570lw - 0.16S14w 2
) +

+ (0.57200 + 0.4S044w - 0.OSI44w2
) (b, - b?) +

+ (- 5.0607 - 4.2736w + 0.S0413w 2)(br - b?? (19)

Applying eqn. I together with eqn. 16 and with the correction expressed in eqn. 19
represents the first improvement of the Horvath-Lin equation of state. In the class of
apolar substances there is a correlation between wand z,;

z.; = 0.291 - O.OSw (20)

Taking into account this relationship, we can consider that the acentric factor, w, and
the critical compressibility factor, zc, carry the same information about the shape and
size of a molecule. Thus, with this first improvement of the Horvath-Lin equation of
state suggested here for apolar substances we do not leave the domain of the
three-parameter corresponding states principle.

Improvement of the Horvath-Lin equation of state for polar substances
The correlation expressed in eqn. 20 loses its validity with polar substances. It is

true that the critical compressibility factor, zc, and the acentric factor, w, carry
different information about the size and shape of a molecule on the one hand, and
about its polarity on the other. There is a departure from the relationship expressed in
eqn. 20, however, and its interpretation would be very difficult. Consequently, we have
to apply the four-parameter corresponding states principle for polar substances.
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We selected the polarity factor as the fourth parameter, by a definition similar to
eqn. 16:

Wp = -logP? - 1 (T, = 0.6) (21)

This definition corresponds to the fact that the lower the temperature, the better will
the polarity of the molecule manifest itself. Hence the difference in the acentric factor,
w, and the polarity factor is very significant. We have found a two-variable polynomial
for the component-specific parameter mO.6:

mO.6 = (-0.07725 + 1.0699wp - O.l252w~ + 0.013377w~) +

+ (-0.36434 + 0.3236wp - 0.6249w~ + 0.009049w~) (br - b?) +

+ (-3.2220 - 2.8792wp - 0.5501w~ + 0.0791225w~)(br - b?)2 (22)

The value of min eqn. 16 at the reduced temperature of T, = 0.7 has to be m = mO.7,
and at the reduced temperature of T, = 0.6 it has to be m = mO.6. This means that m is
a temperature-dependent coefficient in eqn. 16. One can calculate m for temperatures
T, > 0.34 by the following linear relationship:

m = (lOTr - 6)(mO.7 - mO.6) + mO.6 (23)

Applying eqn. I with eqn. 16 and together with the correlations expressed in eqns. 10
and 22 involved in the relationship expressed in eqn. 23 represents, for polar
substances, the second improvement of the Horvath-Lin equation of state.

HOW TO USE THE IMPROVED HORVATH-LIN EQUATION OF STATE

Let us consider eqn. 1 in a detailed form:

[RT/(v - {3[zo](RTc/Pc)) - {iX[zo](R2T~/Pc){1 + m[w,wp, ib, - b?)[zo]]) (1- T?5)2}/
v{v - y[zo]{3[zo](RTc/Pc)}] - P[v,1] = 0 (24)

This is a non-linear equation with only one unknown variable, Z00 Fitting eqn. 24 to
a single experimental point [P, v, 1], one can calculate the value of the unknown
variable, Z00 Knowing Zo, wand Wp for the given substance, one can use the improved
Horvath-Lin equation of state for direct calculation.

The correlations between z, and Zo for polar and apolar substances would
eliminate the determination of Zo by the mentioned fitting procedure. Elaboration of
such correlations will be the subject of another paper.
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REVERSED-PHASE LIQUID CHROMATOGRAPHIC STUDIES OF NON
IONIC SURFACTANTS AND RELATED SOLUTES

P. VARUGHESE", M. E. GANGODA and R. K. GILPIN*

Department of Chemistry, Kent State University, Kent, OH 44242 (U.S.A.)

SUMMARY

Homologous series of alkyl ester, ether and amide polyoxyethylene non-ionic
surfactants have been synthesized and their retention properties have been studied
under reversed-phase conditions. In addition, methylene group selectivities have been
determined for the three types of surfactants as well as for a homologous series of
ethyl esters of alkanoic acids. In the composition range studied for a given mobile
phase, methylene selectivity was nearly independent of the head group of the surfac
tants. This supports the idea that the retention mechanism is governed by hydrophob
ic interactions between the alkyl tail of the surfactant and the bonded stationary
phase.

INTRODUCTION

The analytical chemistry of non-ionic surfactants has been summarized in a
recently published monograph 1. Only relatively few studies have systematically dealt
with the retention properties of this class of compounds. Examples of these studies
may be found in refs. 2-5.

In the current investigation, homologous series of three types of alkyl oxyethyl
ene monodispersed non-ionic surfactants with differing head groups and identical
hydrocarbon tails were synthesized. The compounds which were prepared fit the
general formulas: CH3(CHz)n- 1COZ(CZH40)4H, CH3(CHZ)n-1 (OCZH4)40H, and
CH3(CHz)n-1CONH(CzH40hH. The retention behavior of these three classes of
surfactants were studied under reversed-phase liquid chromatographic conditions,
using aqueous methanol as the mobile phase and an octyl surface as the stationary
phase. The incremental changes in retention per addition of a methylene carbon in the
tail of the surfactant (i.e., methylene selectivity") have been determined for alkyl
chain lengths varying from C 3 to Cs for each of the three different head groups.
Additionally, the changes in solute retention have been correlated with the hydrophilj
lipophil balance (HLB) determined by the Griffin equation 7

,S .

" Permanent address: Department of Chemistry, Indiana University of Pennsylvania, Indiana, PA
15·705, U.S.A.
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Surfactant synthesis
All chemicals were purchased from Aldrich (Milwaukee, WI, U.S.A.).
The ether surfactants (i.e., CH3(CHz)n-l(OCzHs)mOH, were n = 3-8 and m =

2-4) were prepared by addition of a 1:5:1 molar ratio of sodium hydroxide pellets,
appropriate polyethylene glycol, and a given alkyl bromide. The resulting mixture
was refluxed for several hours, cooled, and digested with water. The product was
extracted with multiple portions of chloroform, and the extract was dried over an
hydrous sodium sulfate. The extract was filtered, the chloroform removed in a rotary
evaporator, and the remaining oily residue was fractionally distilled under reduced
pressure to obtain the purified surfactant.

The amide surfactants, (i.e., CH3(CHz)n-1CONH(CzH40hH where n = 5-8)
were prepared by the method of Afzal et al.9 with a slight modification in the work-up
procedure.

The ester surfactants ti.e., CH 3(CHz)n _1COZ(CZH40)4H, where n = 5-8) were
prepared by refluxing a given alkanoic acid with tetraethylene glycol (1:5 mol ratio) in
the presence of a cation-exchange resin, which was used as a catalyst (H+ form). A
Dean-Stark trap was attached, and 50 ml of toluene were added to the flask. After ca.
6 h of refluxing, the toluene was distilled off; the mixture was cooled and then filtered
to remove the resin. Subsequently, the mixture was digested with a saturated solution
of NaCl and extracted with chloroform. The product was isolated from the chloro
form in a similar fashion to that described for the ether surfactants.

In all of the above cases the purity and identity of the surfactants were estab
lished by thin-layer chromatography, infrared and nuclear magnetic resonance spec
trometry.

Chromatographic experiments
All chromatographic analyses were performed on an IBM Instruments (Dan

bury, CT, U.S.A) Model LCj9533 liquid chromatograph, using a 250 mm x 4.6 mm
I.D. IBM column packed with an octyl stationary phase (Part No. 8635316). The
refractive index detector used was an IBM Model LCj9525 instrument. The HPLC
grade methanol was obtained from Fisher Scientific (Pittsburgh, PA, U.S.A.) and the
deionized water was prepared using a Milli-Q (Millipore, Milford, MA, U.S.A.) puri
fication system. Mobile phases were prepared on a v]» basis and degassed before
usmg.

After switching mobile phases, the column was conditioned with at least 20-30
column volumes of the new mobile phase. Retention data were collected at a flow-rate
of 1.0 ml/min. The surfactant test solutes were prepared in either methanol or in
binary mixtures of methanol and water at an approximate concentration of 1.0 mg/
ml. Reported capacity factors, k', are mean values from 2-5 replicate injections,
calculated using zHzO to determine the void volume.

RESULTS AND DISCUSSION

Free energies of transfer of straight-chain solutes from water to a non-polar
phase are linear with respect to the number of carbons in the chain 10

, l1 . Thus, for
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Fig. 1. Log k' vs. C, for homologous series of solutes. Mobile phase: methanol-water (55:45). Solutes: 0 =

ester surfactants; L = ether surfactants; • = amide surfactants; ... = ethyl alkanoates. Correlation
coefficients for all plots are 0.998 or better.

homologous series of solutes log k' also is linearly related to the number of carbon
atoms 1 2- 2 0 . This latter relationship can be expressed as

log k' = cC; + b (1)

where the slope, a, is the incremental change in retention as a function of increasing
carbon number, C; The intercept, b, is related to the functional groups in the solute
and their influence on retentiori'Y".

The plots of log k' vs. en for homologous series of surfactants (ester, ether and
amide) and for comparison purposes ofethyl esters of alkanoic acids using methanol
water (55:45) as the mobile phase are shown in Fig. 1. Similar plots were observed in
methanol-water (65:35) and (75:25) mobile phases. Values for a and b for the three
classes of non-ionic surfactants and simple esters are given in Table 1. These values
are consistent with those reported by others'".

The above results reflect several trends. Firstly, the methylene selectivity, a,
increased directly with the water content of the mobile phase. Tanaka and Thorn
ton 2 1 have reported similar observations for homologous series of alkanes, alcohols
and carboxylic acids. Secondly, the slopes were nearly constant for a given mobile
phase composition, irrespective of the homologous series (i.e., the ester, ether or

TABLE I

SLOPE (a) AND INTERCEPT (b) VALUES OF LOG k' VS. C,

Solute Methanol-water

55:45 65:35 75:25

a b a b a b

Ether surfactants 0.285 -1.005 0.235 - 1.149 0.191 -1.29
Ester surfactants 0.284 -1.140 0.229 - 1.136 0.196 -1.33
Amide surfactants 0.293 - 1.544 0.241 -1.572 0.191 -1.68
Ethyl esters 0.282 -0.505 0.233 -0.669 0.188 -0.85
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Fig. 2. Methylene selectivity vs. percent methanol. Solutes: 0 = ester surfactants; /':, = ether surfactants;
• = amide surfactants; ... = ethyl alkanoates. The correlation coefficient is 0.992.
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Fig. 3. Log k' vs. number of ethylene oxide (EO) units in the heptyl polyoxyethy1ene ethers,
CH3(CHz)6(EO)m0H. Mobile phase: methanol-water: • = 55:45; /':, = 65:35; 0 = 75:25. The correla
tion coefficient is 0.999.

TABLE II

CALCULATED VALUES OF HLB

Surfactant

C3H7CO,cCzH40)4H
C4H9CO,cCzH40)4H
C6H13COZ(CzH40)4H
C7H1SCOZ(CzH40)4H
CSH17COZ(CzH40)4H
C3HP(CzH40)4 H
C4H90(CzH40)4H
C6H130(CzH40)4H

HLB

16.74
15.90
14.44
13.81
13.23
16.36
15.44
13.88

Surfactant

C7Hls0(CzH40)4H
CSH170(CzHP)4H
C7HIsO(CzHP)zH
C7HIsO(C ZHP)3H
CsH IICONH(CzH40)zH
C6H13CONH(CzH40)zH
C7HlsCONH(CzH40)zH
CSH'7CONH(CzH40)zH

HLB

13.22
12.61
10.29
12.02
13.00
12.17
11.43
10.78
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amide head groups). Thirdly, as shown in Fig. 2, there was a linear and nearly super
imposable correlation between the methylene selectivity and volume percent ofmeth
anol in the mobile phase for all four homologous series. These latter results also
demonstrate that the hydrophilic head groups do not influence the methylene selec
tivity.
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Fig. 4. Logk' V.I. HLB for the estersurfactants, Mobile phase: methanol-water: • = 55:45; f':, = 65:35; 0 =
75:25. The correlation coefficient is 0.995.
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Fig. 5. Log k' V.I. HLB for the ether surfactants. Mobile phase: methanol-water: • = 55:45; ... = 65:35;
o = 75:25. The correlation coefficient is 0.998.
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Fig. 6. Log k' V.I. HLB for amide surfactants. Mobile phase: methanol-water: • = 55:45; f':, = 65:35;
o = 75:25. The correlation coefficient is 0.999.



474 P. VARUGHESE, M. E. GANGODA, R. K. GILPIN

The retention behavior was also studied for a series of heptyl ethers containing
2, 3 and 4 ethylene oxide units by using three different aqueous methanol mobile
phase compositions. Plots of log k' vs. the number of ethylene oxide groups for
methanol-water (55:45), (65:35) and (75:25) mobile phases are given in Fig. 3. The
plots are nearly parallel and the slopes very small. These data further support the idea
that the interactions between the hydrophobic tail of the surfactant and the stationary
phase are primarily responsible for the observed changes in retention for the ethylene
oxides studied.

Approximately forty years ago Griffin7,8 proposed an empirical relationship,
which he termed the hydrophiljlipophil balance (HLB), to quantify the relationship
between the two parts of a surfactant molecule, the hydrophilic and the lipohilic
groups. This relationship is given in eqn. 2.

HLB =
Mol. wt. of hydrophilic part x 20

Mol. wt. of the surfactant
(2)

The HLB, which increases with increasing polarity of the molecule, has been employ
ed in a general sense for characterizing surfactants '.

Calculated HLB values are given in Table II for the various surfactants exam
ined in the current study. When these values were plotted against log k'; linear corre
lations were observed, as shown in Figs. 4-6 for the ester, ether, and amide surfac
tants, respectively. The overall negative slopes indicate that retention decreases with
decreasing hydrophobicity of the surfactant. The nearly identical slopes between sur
factant type for the compounds are consistent with the above hydrophobic retention
mechanism. Further studies are needed to determine the generality of this relation
ship for other classes of surfactants.
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SUMMARY

The effect of alcohol chain length, concentration and polarity on separation in
high-performance liquid chromatography using f3-cyclodextrin-bonded silica is dis
cussed. The results show that retention times cannot be predicted merely from the
polarity of the binary mobile phase. Although organic modifiers with the same phys
ico-chemical properties and from the same solvent group were used, the retention
times obtained using binary mobile phases having the same polarity, were different. It
was also observed that normal-chain carbon alcohols gave retention times shorter
than those obtained with a branched-chain alcohol (n-propanol vs. isopropanol), and
the longer the alcohol chain the shorter the retention times. A plot ofln k' vs. alcohol
volume fraction for benzene, toluene, ethylbenzene, propylbenzene, butylbenzene,
I-phenylhexane and I-phenyloctane gave a linear relationship in methanol, ethanol
and propanol (except for I-phenylhexane). A non-linear relationship was obtained
for all the solutes in isopropanol, tert.-butanol and I-butanol, in the alcohol volume
fraction studied.

INTRODUCTION

Since the introduction of bonded cyclodextrins (CDs) as stable high-perform
ance liquid chromatography (HPLC) stationary phases in 1984by Armstrong 1

, many
applications have been generated which show the potential of these materialsv ".
These phases have been used for reversed-phase type separations, including polyclic
aromatic hydrocarbons", mycotoxins", quinones' cyclic and acyclic nitrosoamines7,
and for normal phase type separations for mixtures of substituted anilines" (posi
tional isomers), and for the separation of chiral, geometrical, optical and positional
isomerst:" in addition to enantiomers; epimers and conformersr-!". Most separations
achieved using CD-bonded phases are caused by differential migration of the solutes
based on the formation of inclusion complexes by the different solutes entering the
CD cavity. .

The retention time of a given solute using CD-bonded phases is a function of
many factors (eluotropic strength of mobile phase, temperature, mobile phase flow-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.



478 I.Z. ATAMNA, G. M. MUSCHIK, H. J. ISSAQ

rate, type and shape of solute, pH and chirality), which determines the formation
constant.

Manipulation of the mobile phase composition is undoubtedly the most power
ful and the easiest means of adjusting both retention and selectivity in LC. In re
versed-phase type separations (inclusion complexes) not only the volume of water can
be changed but also the volume and nature of the organic modifer. Tarr et al.t?
recently showed the effect of tert.-butanol on retention of selected polynuclear aro
matic compounds using a f3-CD-bonded column. They found a significant effect on
retention by adding 1% of tert.-butanol to the mobile phase. For example, the reten
tion of I-methylnaphthalene increased from 7.7 min in 100% water to 13.4 min in
tert.-butanol-water (1:99), while the retention of 2-methylnaphthalene decreased to
11.0 min in 1% tert.-butanol, from 23.0 min in 100% water. A literature survey
showed that there is no systematic study on the effect of different alcohols in the range
0-100% in water (where possible) on the retention time and selectivity of solutes
using f3-CD-bonded columns.

In this study the effect of different alcohols, methanol, ethanol, propanol, iso
propanol, butanol and tert.-butanol and their content in the mobile phase on reten
tion of several alkylbenzenes was evaluated. Also, the effect of using different alco
hol-water mobile phases having the same polarity index on retention, selectivity and
resolution were studied.

EXPERIMENTAL

Materials
The f3-CD column (50.0 x 4.6 mm J.D.) was a gift from Advanced Separation

Technologies (Whippany, NJ, U.S.A.). Methanol, isopropanol, propanol, benzene
and toluene were purchased from Burdick & Jackson Labs. (Muskegon, MI, U.S.A.).
Ethanol (spectroscopic grade) was obtained from NSI Chemicals (Newark, NJ,
U.S.A.). l-Butanol and tert.-butanol (99.7%), ethylbenzene (99%), propyl benzene
(98%), l-phenylhexane (97%) and l-phenyloctane (99%), biphenyl, 2-phenylphenol,
diphenylamine and fluorene were purchased from Aldrich (Milwaukee, WI, U.S.A.).
Water was deionized glass distilled. All chemicals were used as received without
further purification.

Methods and apparatus
A Hewlett-Packard Model 1090 liquid chromatograph equipped with built-in

oven for temperature control, a photodiode array detector, an automatic injector, a
strip-chart recorder, a Hewlett-Packard Model 3392A integrator and a Hewlett-Pack
ard Model 85 computer/controller was used. All the alkylbenzenes were dissolved in
methanol at concentrations of approximately 4· 10- 4 M. Test samples were run in all
the different alcohol modifiers at different concentrations with water. Note that of the
alcohols selected for this study methanol, ethanol, propanol, isopropanol and tert.
butanol are freely miscible in water, while butanol is not. Also, the test solutes may
not be retained and will elute with the dead volume in mobile phases with a high
content of alcohols. The experiments and the results will, therefore, reflect these two
restrictions, where applicable.

During all the experiments, the flow-rate was kept constant at 1 ml/min, and the
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temperature at 400C, unless stated otherwise. Approximately 150-300 column vol
umes were allowed for column equilibration with each new mobile phase composi
tion. All the retention times of the different solutes in all the different concentrations
and types of the alcohol modifiers are an average of three injections of 5 III each. The
value of to was determined by injecting 5 III of 10- 3 M sodium nitrite at each mobile
phase used.

RESULTS AND DISCUSSION

Interactions of the solutes in HPLC with bonded-phase CDs and other constit
uents of the stationary phase sorbents are governed to a large extent by the composi
tion of the mobile phase. The elution volume of a given solute is a function of the
formation constant which depends on many factors such as mobile phase composi
tion, temperature, barriers to the formation of inclusion complexes, stabilization
energies, etc. Tarr et al.t ' proposed that the apparent equilibrium constant may be
used to estimate the chromatographic interactions of the solute with both the station
ary and the mobile phase, because it expresses the ratio between the solute fraction
included (inclusion complex) to the free solute in the mobile phase. Increased mobile
phase hydrophobicity is expected to increase the free fraction of the solute resulting in
decrease of retention time. Therefore, measuring the retention times of different alkyl
benzenes at different concentrations of organic modifiers (alcohols) would be a valua
ble information which would aid chromatographers in the prediction of solute reten
tion.

Effect of methanol content on retention
There are quite a few articles dealing with the dependence of the capacity ratio

on the modifier when reversed-phase columns were used12-17. The exact dependence
is still a contested issue. The two most frequently used relationships are a linear
function:

In k' = Ax + B

and a quadratic function

In k' = A'x2 + B'x + C

where A, A', B, B' and C are coefficients, the values of which depend on the solute.
Recently Geng and Regnier 'P'!? detailed a study for the dependence of the coeffi
cients A, A' and B' on the structure of the solute molecule in reversed-phase systems.
They concluded that an increase in the non-polar surface area of a solute would lead
to an increase in retention which would require a larger number of solvent molecules
for solute displacement. In contrast, increasing the surface area of the solvent will
cause a decrease in the number of solvent molecules required for displacement of a
particular solute. Figs. I and 2 show the variation of the In k' valuesfor seven solutes
as a function of the methanol concentration in the range between 0.2 and 0.8 of the
fraction of methanol in water. The figures represent the best possible linear fit of the
data. The correlation coefficients, slopes and intercepts for the different solutes are
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Fig. I. Variation of retention with the binary mobile phase composition for methanol-water mixtures on a
fJ-CD column. Solutes: 0 = toluene; • = propylbenzene; /':, = l-phenylhexane. The flow-rate was 1.0
ml/min, the temperature was 40 ± 0.1'C using a fJ-CD (cyclobond ll) bonded silica gel column, 5 11m
spherical (50.0 x 4.6 mm J.D.). Detection was carried out at 254 nm. MeOH = Methanol.

Fig. 2. Variation of retention with the binary mobile phase composition for methanol-water mixtures on a
fJ-CD column. Solutes: 0 = benzene; • = ethylbenzene; /':, = butylbenzene; ... = l-phenyloctane.
Experimental conditions as in Fig. I. MeOH = Methanol.

shown in Table I. It is observed that the longer the side chain of the benzene ring the
greater the decrease in retention as methanol content increases. These results (slope
values are increased with solute size) agree with the displacement model postulation
of Geng and Regnier 18, 19 . However, this sharp decrease in retention is not seen for
benzene. According to standard reversed-phase LC theory one should get an orderly
change in retention behavior with change in the alkyl chain length as mentioned
above. However, benzene behaves as ifit was not a member of the homologous series.
Since all the solutes examined in this study are small enough to be included in the
f3-CD cavity, it seems that factors other than size are affecting retention. In fact,
benzene seems to be too strongly retained. If it behaves as a normal member of the
homologous series it should be less retained than toluene. This means that the binding
constant of benzene is greater to f3-CD than one might expect. Another interesting
observation is that as the percentage of the organic modifier increases, the benzene
molecules compete even more effectivelyfor the f3-CD relative to other compounds. It
is difficult to find the exact answer to this behavior but it may be entropic in nature.

TABLE I

SUMMARY OF RETENTION PARAMETERS FOR BONDED fJ-CYCLODEXTRIN OF ALKYL
BENZENES, WHEN METHANOL WAS USED AS MODIFIER

Compound Intercept Slope Correlation coefficient
(r)

Benzene 2.25 -4.84 0.9973
Toluene 2.50 -6.03 0.9983
Ethylbenzene 3.23 -6.99 0.9989
Propylbenzene 4.47 -8.18 0.9994
Butylbenzene 5.38 -9.18 0.9995
l-Phenylhexane 6.64 -10.83 0.9996
1-Phenyloctane 7.97 -12.65 0.9989
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Fig. 3. Variation of retention with the binary mobile phase composition for ethanol-water mixtures on a
{J-CD column. Solutes: 0 = benzene; • = ethylbenzene 6 = butylbenzene ... = l-phenyloctane,
Experimental conditions as in Fig. I. EtOH = Ethanol.

Fig. 4. Variation of retention with the binary mobile phase composition for ethanol-water mixtures on a
{J-CD column. Solutes: 0 = toluene; • = propylbenzene; 6 = l-phenylhexane. Experimental condi
tions as in Fig. 1. EtOH = Ethanol.

The other solutes all have aliphatic groups which would carry them into the CD. This
hydrophobic binding to CD may restrict their motion and geometry in the CD cavity
(less entropy) which is not helpful for binding/". Benzene on the other hand, is free to
assume many orientations and positions in the CD cavity ti.e., high entropy).

Effect of ethanol content on retention
As mentioned in the introduction several alcohols with different side chain length

are used to examine the effect of their content in the mobile phase on retention. The
second alcohol is ethanol, which is rarely used in practice for chromatographic sep
arations. Figs. 3 and 4 show the effect of increasing ethanol content in the mobile
phase on retention. It was found that the correlation coefficient (R) for the linear and
quadratic fits between In k' and ethanol volume fraction are very close, as seen from
Table II. Most of the values for both linear and quadratic fits are close to or higher
than 0.99. For practical considerations it is assumed here to be linear. Several points
are worth mentioning here: the slope values (Table II) for the different solutes, show
that as the non-polar surface area of the solute increases the retention decreases with

TABLE II

SUMMARY OF RETENTION PARAMETERS FOR BONDED {J-CYCLODEXTRIN OF ALKYL
BENZENES, WHEN ETHANOL WAS USED AS MODIFIER

Compound Intercept Slope r (linear fit) r (quadratic fit)

Benzene 1.11 -4.50 0.9932 0.9956
Toluene 1.33 -5.87 0.9863 0.9941
Ethylbenzene 2.02 -7.28 0.9882 0.9959
Propyl benzene 3.52 -10.00 0.9981 0.9984
Butylbenzene 4.38 - 11.46 0.9977 0.9982
l-Phenylhexane 6.31 -15.87 0.9994 0.9996
l-Phenyloctane 8.44 -20.78 0.9989 1.0000
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Fig. 5. Variation of retention with the binary mobile phase composition for propanol-water mixtures on a
[J-CD column. Solutes: 0 = benzene; • = ethylbenzene; 6 = butylbenzene. Experimental conditions as
in Fig. I.

Fig. 6. Variation of retention with the binary mobile phase composition for propanol-water mixtures on a
[J-CD column. Solutes: 0 = toluene; • = propylbenzene; 6 = I-phenylhexane. Experimental condi
tions as in Fig. I.

increase in ethanol content. However, for the solutes l-phenylhexane and I-phenyl
octane there is a noticeable drop in retention as ethanol content increases. For exam
ple, the retention time of l-phenyloctane was close to the dead volume at 35% (vjv)
ethanol, while it was 15 min at 25% ethanol. This change in retention for small
changes in ethanol content can be explained by the competition of the formation of
inclusion complexes between the ethanol molecules and the solutes. It seems that at
higher concentrations of ethanol the stabilization energy and the barriers for the
formation of inclusion complexes favors the ethanol. The second competing factor is
the increase in hydrophobicity of the mobile phase, which causes an increase in the
free fraction of solute, a decrease in formation constant and thus decrease in reten
tion.

Effect of l-propanol content on retention
Figs. 5 and 6 show the plots of In k' of the test solutes against the volume

content of l-propanol in the mobile phase. At 30% l-propanol all the test solutes
eluted with the dead volume. The same effect was observed with 80% methanol and
65% ethanol. This is due to the fact that the solubility of the different solutes is much
better in the long-chain alcohol, because of the increase in hydrophobicity. Table III

TABLE III

SUMMARY OF RETENTION PARAMETERS FOR BONDED [J-CYCLODEXTRIN OF ALKYL
BENZENES, WHEN PROPANOL WAS USED AS MODIFIER

Compound Intercept Slope r (Iinearfit ) r (quadratic fit)

Benzene 0.378 -7.32 0.9480 0.9499
Toluene 0.757 -9.59 0.9675 0.9683
Ethylbenzene 1.46 -12.50 0.9818 0.9819
Propylbenzene 2.56 -16.62 0.9899 0.9899
Butylbenzene 3.38 -19.57 0.9949 0.9963
I-Phenylhexane 5.03 -25.93 0.9930 0.9996
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Fig. 7. Variation of retention with the binary mobile phase composition for isopropanol-water mixtures on
a {J-CD column. Solutes: 0 = benzene; 0 = ethylbenzene; /:;, = butylbenzene. Experimental conditions
as in Fig. I. IsoPrOH = Isopropanol.

Fig. 8. Variation of retention with the binary mobile phase composition for isopropanol-water mixtures on
a {J-CD column. Solutes: 0 = toluene; • = propylbenzene. Experimental conditions as in Fig. I. Iso
PrOH = Isopropanol.

shows that the correlation coefficient values of the linear and quadratic fits are very
close. Here also, as in the case of ethanol, a linear fit is assumed. The decrease in
retention of the solutes benzene and toluene, over the whole range of propanol con
tent, is moderate relative to the decrease in retention of other solutes as can be seen
from the slope values. This is attributed to the relatively free movement of these
solutes, in and out of the cavity, because of their small molecular volume, as com
pared to the size of the CD cavity. The solute I-phenylhexane, exhibits a more gradu
al decrease in retention, high slope values than the other solutes.

At this point it is clear that the longer the side chain of the alcohol used the less
volume fractions are needed in the mobile phase to obtain the same decrease in
retention time using a shorter chain alcohol, i.e., methanol, as discussed earlier. Such
behavior was observed using micellar chromatography where water forms.the bulk of
the mobile phase"! and reversed-phase chromatography'P'!".

Effect of isopropyl alcohol content on retention
It was of interest to examine the effect of the same number of carbon alcohols

but with different geometry on the retention of the same solutes. Figs. 7 and 8 give the
plots of the behaviour of the In k' against the isopropanol content in the mobile
phase. A small change in mobile phase alcohol content caused a sharp decrease in
retention times for all the solutes. At 20% isopropanol all the test solutes eluted close
to the dead volume. The best fit was found to be a quadratic one, this means that the
mechanism of separation (or retention) is a complex function of both the mobile and
stationary phases, in I-propanol it was mostly linear. Overall the retention time of the
solutes was shorter in isopropanol than in I-propanol.

Effect of tert-butanol content on retention
Tarr et al.11 found that the retention of some of the polycyclic aromatic hydro

carbons decreased with the addition of I% butanol to the mobile phase butanol
water (1:99) and increased for others. This small change in the content of alcohol in
the mobile phase is not enough to give the chromatographer a clear idea of the
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Fig. 9. Variation of retention with the binary mobile phase composition for tert.-butanol-water mixtures
on a fJ-CD column. Solutes: 0 = benzene; 0 = ethylbenzene /:, = butyl benzene. Experimental condi
tions as in Fig. 1. t-BuOH = tert.-Butanol.

Fig. 10. Variation of retention with the binary mobile phase composition for tert.-butanol-water mixtures
on a fJ-CD column. Solutes: 0 = toluene; 0 = propyl benzene. Experimental conditions as in Fig. I.
t-BuOH = tert.-Butanol.

behavior of several classes of compounds when higher quantities of tert.-butanol is
used. Therefore, it was important to examine the effect of higher concentrations of
tert.-butanol on the retention of the alkylbenzenes and to compare the results to those
obtained using n-butanol. Figs. 9 and 10, which are the plots of In k' against volume
fraction of tert.-butanol, show that the retention time is a complex function of the
alcohol content. At 2-4% alcohol a decrease in retention time for all the solutes
except butyl benzene at 4% is observed. However, the addition of higher percentages
of alcohol results in higher retention times, except for benzene and toluene where the
change in retention is minimal.

This decrease in retention at the low concentrations of tert.-butanol and reten
tion increase at the higher quantities of the alcohol supports the explanation given by
Tarr et alY and Nelson et al.22. The presence and type of alcohol have a substantial
effect on the fluorescence lifetime of the pyrene-CD inclusion complex systems 22 .

This observation indicates that the changes in the (X-CD interactions are not merely a
solvent effect due tot he bulk presence of alcohol outside the (X-CD cavity. If no local
participation of the alcohol molecules with the pyrene-Cl) complex occurs then a
change in the fluorescence lifetime of the complex would not be expected. It was
proposed that the increased solvent hydrophobicity and enhancement by coinclusion
of alcohols are the two competing factors that influence the retention behavior. So at
the low tert.-butanol concentrations the equilibrium reaction for the inclusion com
plex formation is:

CD + solute = CD-solute

and for the higher tert.-butanol concentrations is:

CD + tert.-butanol = CD-tert.-butanol

CD-tert.-butanol + solute = CD-tert.-butanol-solute
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Fig. II. Variation of retention with the binary mobile phase composition for l-butanol-water mixtures on
a f3-CD column. Solutes: 0 = benzene; '" = toluene; e = ethylbenzene; D = propylbenzene; 6, =

butylbenzene. Experimental conditions as in Fig. I.

Deactivation of the amphiphalic hydroxyls of the CD outer surface, causes an in
crease in the core hydrophobicity.

Fig. 11 gives the behavior of In k' against the volume percentage of l-butanol.
The maximum solubility of l-butanol in water was 8%. An addition of2% l-butanol
resulted in a large decrease in retention for all the solutes. Increasing l-butanol vol
ume fraction from 6 to 8% in the mobile phase caused a minor decrease in retention
of the small molecules benzene, toluene and ethylbenzene but a slight increase in
retention ofthe solutes propylbenzene and butylbenzene. The decrease in retention at
the low percentages of the alcohol is the same for the two alcohols (l-butanol and
tert.-butanol). The effect is caused by an increase in the hydrophocibityof the mobile
phase.

Effect. of different binary alcohol-water mobile phases having the same polarity on
separation and selectivity

In a previous work 2 3 the effect of mobile phase composition on separation and
selectivity using reversed-phase thin-layer chromatography plates and a water-alco
hol mobile phase was studied. As an extention to the present study it was of interest to
see what effect the different alcohols in the mobile phase would have, if all the mobile
phases had the same polarity index. The polarity of each mobile phase was calculated
according to Snyder '" based on the following equation:

where P' is the polarity of the mixture, P l and P2 are the polarity of the pure solvents
and rP 1 and rP 2 are the volume fractions of the two solvents.

The experiment was run at room temperature, using a 5-,um spherical f3-CD
colume (125 x 4.6 mm 1.0.), at a flow-rate of I ml/min. The solutes used were
2-phenylphenol diphenylamine, fluorene and biphenyl. The alcohols used in the bina
ry mobile phase mixture were methanol, ethanol, n-propanol, isopropanol and tert.
butanol. Butanol and isobutanol were not miscible in water at the required volume.

Table IV shows the results obtained with the above mentioned fivealcohols. All
the mobile phases had a polarity index of approximately 8.94. Several interesting
features are clear from examining the results.
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The selectivity, solute elution order, of the four test compounds is divided into
two groups: one in methanol and ethanol, the other in propanol, isopropanol and
tertiary butanol, but different than in the first two alcohols. The difference between
the two groups is the peak reversal of biphenyl which eluted last in methanol and
ethanol, but eluted before fluorene in the second group. A second observation is that
although the percent of alcohol decreased in the mobile phase from methanol, etha
nol to propanol, the retention times decreased considerably almost 8-fold for biphe
nyl. Increasing the chain length of the alcohol increases the hydrophobic properties of
the alcohol, i.e. increasing the chain length increases the solubility of the solutes in the
mobile phase and also weakens the formation of the inclusion complex in the CD
cavity which results in a decrease in retention time.

A third observation is that when the retention times in n-propanol are com
pared to those in isopropanol better separation and longer retention times are ob
tained using the isopropanol mobile phase. The explanation for this was given earlier.

A fourth observation is that when the retention times obtained using isopropa
nol and tert.-butanol are compared (isopropanol is not soluble in water at the re
quired level), the retention times decreased with increasing the total number of car
bons as was observed with the straight-chain alcohols. A fifth and final observation is
that although all the mobile phases (with the five alcohols) had the same polarity, the
retention times obtained were different in each case. On the other hand this behavior
can be used to an advantage in that when the components of a mixture are not
resolved in one alcohol, using a different alcohol may resolve them.
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OPTIMIZATION OF SELECTIVITY, DETECTABILITY AND ANALYSIS
TIME IN HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

S. AHUJA

Development Department, Pharmaceuticals Division, Ciba-Geigy Corporation, Old Mill Rd., Suffern, NY
10901 (U.S.A.)

SUMMARY

The resolution requirements in pharmaceutical analysis by high-performance
liquid chromatograpy are frequently higher than those for other multicomponent
separations where the components are present in similar proportion. Furthermore, it is
often necessary to separate a large number of components most of which are present at
very low levels and have unknown structures. This places extraordinary requirements
in terms of selectivity of separation and resolution of minor components as they may
not be detected because of variability of stationary phase, improper selectivity
evaluations, or poor resolution at the tail end of the major peak. Discussion with
respect to resolution, detectabilityjquantitation, and analysis time is included.

INTRODUCTION

It is possible to separate a variety of compounds even at ultra trace levels by
high-performance liquid chromatography (HPLC)I. Unfortunately, it is not easy to
determine ab initio, from the published literature, the specific condition for a given
separationv". The difficulty stems from a narrow focus provided by most researchers,
i.e. the publications tend to deal primarily with the separations of components of
interestto them. The theory in many cases has been oversimplified to provide simple
equations. When a significant number of compounds are present with different
aromaticity, functional groups, and acidic, basic, or neutral character in a given
sample, the development of a separation method becomes very difficult. These points
will be addressed with regard to reversed-phase separations of pharmaceutical
compounds by HPLC. The discussion should be useful for separation of pharma
ceutical compounds as well as other multifunctional compounds.

EXPERIMENTAL

A variety of C, and CIS HPLC columns were investigated with different mobile
phases. To evaluate various CIS columns, the mobile phase was composed of
methanol-water-acetic acid (70:23:2)and the flow-rate ranged from 0.8 to 1.6mljmin.
Detailed molecular probe investigations were conducted on the selected Cs Whatman
column that proved to be most useful for a complex separation of acidic, basic, and

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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neutral compounds after investigation of various manufacturer's columns (see case
I under Separation of peak pairs). Details on mobile phases and columns used are
provided in the text.

THEORY

The following resolution equation is familiar to most chromatographers ':

k'
s, = ~ (a-I) jN I + k' (I)

Where R, = resolution; N = number of theoretical plates; a = separation factor; k'
= capacity factor. It should be noted that this equation has been oversimplified since
the following assumptions are made for the two components whose resolution is to be
determined: (a) k,' is approximately equal to kz' therefore their average value (k') is
used; (b) peak width is equal; (c) Nis same. This equation is useful when a value is se I;
the resolution value is inflated by I% at a = 1.01 and> 50% at a = 1.5as compared to
eqn. 2. In general, the average of the R, values predicted by these two equations is often
better than with either equation.

Ifwe assume Nto be the same for both components but use the peak width of the
second peak in calculations, the equation takes the following form:

. a-I k'
s, = ~ -a- jN 1 + k' (2)

In those cases where the asumptions stated above do not hold, appropriate
equations should be derived and used". In most practical work, however, the
resolution is calculated by eqn. 3:

(3)

Where t z and t1 = retention times of the two components; Wz and W1 = peak widths of
the same components.

For reliable quantitation, the goal should be to obtain a value of R, ~ 1.5 for
every peak pair'. However, this resolution is not always possible when a significant
number of multifunctional compounds are present. For two bands of equal size one
can use R, = 1.0 (2% of one band overlaps the other), since most electronic integrators
can easily calculate peak areas. However, for a given value of R" band overlap
becomes more serious when one of the two bands is much smaller than the other. For
example, this resolution is insufficient when the concentration of the minor component
is I in 16.Furthermore, as the relative concentration of the minor band decreases, there
is decreasing accuracy in the measured area of the minor band. This suggests that
resolution requirements increase as the concentration of the minor component



RESOLUTION REQUIREMENTS IN PHARMACEUTICAL ANALYSIS BY HPLC 491

decreases to trace or ultratrace levels. Discussed below are a few examples of
separations with respect to resolution, detectabilityjquantitation, and analysis time.

RESULTS AND DISCUSSION

Impurities in pharmaceutical compounds originate mainly during the synthetic
process from raw materials, solvents, intermediates, and by-products7

. Degradation
products and contaminants of various types make up some of the other sources of
impurities. As a result, it is necessary to incorporate stringent tests to control
impurities in pharmaceutical compounds. This fact is evident from the requirements of
the United States Food, Drug & Cosmetic Act and various pharmacopeias which
provide tests for control of specific impurities. It is interesting to note that
specifications for impurities can vary between pharmacopeias. Because a pharma
ceutical compound can be prepared by a variety of methods, the need for methodolo
gies suitable for controlling low levels of impurities and rational .limits becomes
apparent. This is essential to assure that the observed toxicologic or pharmacologic
effects are due to the compound of interest and not due to impurities.

Analytical methods that can control impurities to ultratrace levels are avail
able1.8- I O; however, the level to which any impurity should be controlled is primarily
determined by its pharmacologic and toxicologic effects. This should include all
impurities: those originating from synthesis and those originating from other sources
such as degradation II. For example, penicillins and cephalosporins have been known
to undergo facile cleavage of the fJ-lactam bond in aqueous solution. This is of special
interest since some studies on penicillins have shown that their instability may effect
possible reactions involved in penicillin allergyl 2 . The control of low levels of
impurities is extremely important when a drug is taken in large quantities for

TABLE I

STATIONARY PHASE EVALUATONS

Mobile phase, methanol-water-acetic acid (70:23:2); 0.8 nil/min, except flow-rate, with column E and
F = I ml/rnin and with column G = 1.6 ml/min.

Column Manufacturer d, N claimed L (em) N (found") Impurities
(um) (minimum)

A Nucleosil C I 8 5 10000 25 5384 5
(Chromapak)

B PartisilODS 5 10000 25 2800 6
(Whatman)

C Ultrasphere ODS 5 25000 25 3900 9
(Altex)

D Zorbax ODS 5 10000 25 1410 7
E pBondapak C18 10 5000 30 864 7

(Waters)
F pBondapak C l 8 10 5000 30 1369 7

(Waters)
G Radial compression C I 8 10 5000 10 2340 6

(calc.)

a For compound 1.
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therapeutic purposes or as a fad, such as the use of methotrexate (10-20 g) to treat
neoplasia or faddist use of vitamins, especialy vitamin C.

Variabilities in stationary phase
Resolution of impurities or by-products in pharmaceutical compounds depends

on appropriate selection of a mode of chromatography, column, mobile phase, and
detector. Even when all other conditions are optimum, variability in columns from
manufacturer to manufacturer or from the same manufacturer can affect separations.
Table 1 lists evaluations of impurities in a potential anti-inflammatory compound (I)
with the following structure13

:

O2

((s~

x~_
NaO CONHR

A review of the table reveal that almost a two-fold number of impurities (9 vs. 5)
can be seen when column C is used as opposed to column A. The differences can be
attributed to variability in selectivity offered by these columns rather than the
theoretical plates, because N (found) for compound 1was higher in column A than in
column C. A comparison of columns from the same manufacturer, i.e., columns E and
F, shows that N (found) is significantly different; however, the number of impurities
found is the same and lies between those of columns A and C. Again, there is no
correlation with the number of theoretical plates. The radial compression column
G from the same manufacturer actually shows one impurity less even though the
calculated number of theoretical plates is higher than columns E and F. Smaller
particle size (5 Jim) alone is not responsible for higher resolution as is obvious from
differences in results for columns A-D. Also columns E-G with twice the particle size
show almost the same number of impurities as columns Band D. The result of this
study shows that resolution of components is clearly a function of the selected
stationary phase( which is variable from manufacturer to manufacturer and even from
the same manufacturer) and the mobile phase. This investigation suggests the need of
select probes to a asure that the selected stationary phase is providing the desired
resolution and. detectability.

Studies with select probes
Columns from various manufacturers were evaluated for a separation that

entailed mixture of acidic, basic, and neutral compounds14
. The columns that were not

end-capped were found unsuitable for further investigations. From the remaining, one
manufacturer's column (Whatman) was selected for in-depth investigation. The type
of data provided by this manufacturer is given in Table II. It is readily apparent that
the probes given in Table II (benzene, naphthalene, and biphenyl) are similar in
structure, i.e., they are all aromatic hydrocarbons, and the effect of polar groups
cannot be determined with this approach.
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TABLE II

TYPICAL MANUFACTURER'S DATA FOR A Cs COLUMN (10 um)

Whatman column, 25 em x 4.6 mm 1.0.; methanol-water (80:20).

Benzene Naphthalene Biphenyl

Retention time (tR, min)
Peak width at 60% height (W60%, min)
Efficiency (N)
Capacity factor (k')
Asymmetry ratio

4.53
0.102

7890
0.69
1.41

5.90
0.139

7207
1.20
1.33

7.31
0.173

7142
1.73
1.29

Many workers'<:"? have discussed the types of silanols that can exist and the
problems of separations of basic samples in the presence of free si1anols. Frequently,
mobile phase additives are used to circumvent problems resulting from silanols.
A large number of solutes have been used for characterizing selectivity of the
reversed-phase columns!", however, no single test solute is useful for this purpose. Of
the various solutes used for evaluating silanols, nitrobenzene is the most well-known
and, perhaps, as useful as any. Therefore, it was selected to evaluate three columns
from different batches with a mobile phase of n-heptane to determine the differences in
terms of residual silanol sites in these columns. The results are given in Table III. The
data do not permit clear differentiation, e.g., column 1585 has the highest number of'
theoretical plates, a desirable characteristic for a column, but it gives the same peak
width for nitrobenzene as column 1887 (the column with the lowest N).

The same three columns could be differentiated more clearly with a new
molecular probe (II). It has the following characteristics: (1) aromatic character; (2)
carbonyl group and substituted nitrogen in its structure; (3) hydroxyl and carboxyl
groups on the same asymmetric C atom; (4) a short carbon chain (C4) .

Ar-N-R

I
o=c

\
HOOC-C-OH

\
CH2CH2CH2CH3

II

The data with the new molecular probe are given in Table IV. With a mobile
phase containing acetonitrile-0.02 M acetate buffer (41:59, v/v) (pH 4.1), significant
differences can be observed among the three columns from the same manufacturer. At
the 0.1 p.g level, the new molecular probe was not detected with column 1887,whereas
the other two columns gave a peak for it. With column 1646, the peak tails and has
a width two times that of column 1585. It should be noted that the number of
theoretical plates is also significantly higher (~3.5 x) with column 1585 (the number
of theoretical plates was calculated for the tailing peak with column 1646 to provide
a relative value).

As can be seen from the data in Table IV, column 1887behaves very differently
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TABLE III

EVALUATION C B COLUMNS WITH NITROBENZENE14

Whatman column, 10 /lm, 25 em; mobile phase, n-heptane; Dow-rate, I ml/min; amount injected, 0.04 /lg
(15 /ll).

Column number

Retention time (fR , min)
Peak width (W, min)
Retention (f R) benzene
Capacity factor (k')
Theoretical plates (N)

IR 1585

13.7
I.2
8.5
0.6

2027

IR 1646

14.5
1.4
8.4
0.7

1789

IR 1887

1[.4
1.2
8.0
0.4

1447

from the other two in that 0.1 J..lg of the new probe is not detected (0.2 J..lg and upward
were detected). A plot of this data, when extrapolated down to the 0.1 J..lg level,
indicates a much broader peak width (2.3 min) for this column as compared to the
other columns (~ 1 min). This shows that detectability of a component at low levels
(0.1 ug or ~ 0.1%) can vary from one batch of columns to the next. Detectability
decreases because there is a concomitant loss of peak height due to peak broadening.
As the peak broadens, the resolution for closely resolved peaks is also affected
negatively; this can eventually result in the complete loss of resolution and detectabili ty
as observed at the 0.1 ug level for column 1887.Hence it is important to select a probe
that is useful for monitoring selectivity and detectability of a given separation while
recognizing no single probe is likely to be universal for this purpose.

Separation ofpeak pairs
Selectivity optimizations generally entail improving the separation of a pair of

peaks where the observed resolution is minimum or more simply, the a value is low.
However, this rule does not work well in pharmaceutical analysis for a very large
number of cases because a significant number of compounds have to be simultaneously
resolved that may vary in aromaticity, functional groups and their acidic, basic or
neutral character. Two such cases are discussed below.

TABLE IV

EVALUATION OF THE COLUMNS WITH THE NEW PROBE (COMPOUND 11)14

Whatman C 8 10 /lm, 25 em; 0.1 /lg molecular probe injected; mobile phase, acetonitriIe-0.02 M acetate
buffer (pH 4.1) (41:59, v(v); Dow-rate, 2.4 ml(min.

1585 1646 1887

Retention time (min) 3.4 3.8 Not-detected"
Peak width 0.5 1.0· Not detected"
Capacity factor (k') 1.9 2.2
Theoretical plates (N) 740 214

a Tails.
b Sample of I /lg gives fR = 4.4 min; W = 6.0 (large tail); k' = 2.7..
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Case 1. An optimum separation, both in time and resolution, was developed for
a substituted diphenylhydrazino compound (III) on a 25 em x 4.6 mm I.D. C, column
with a mobile phase containing acetonitrile-acetate buffer pH 4.1 (44:56).

Ar-N--N-Ar

I I
o=c......... /c=o

C
H/ ......... R

III

The HPLC method (Fig. I) resolves various potential transformation products
from compound III3 1

. Of interest in this separation are the peak pairs 7, 8 and 8, 9.
Peak 7 is well resolved from peak 8. The calculated resolution of this peak pair is <1.0
and is more than adequate for quantitation of peak 7. However, this resolution is not
enough for the component at the tail end of peak 8, i.e., see peak 9. This is due to the
fact that in pharmaceutical analysis it is necessary to inject sufficient amounts of the
active ingredient to allow quantitation oflow levels of impurities. In this case it is 7 f.,Lg
per injection, an amount which allows quantitation of impurities down to a few
hundredths of percent. This produces a very broad peak for the main component
which can have a width re 10x that ofa minor component. The calculated required

10
;:;

4 5

Fig. 1. Resolution of transformation products of a diphenylhydrazino compound.".
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resolution is ~ 1.25 for peaks 8 and 9. This puts an extra premium on mobile phase
optimization and selectivity. Furthermore, it becomes necessary to assure that no
component is eluting under the substantial area of the main peak. These requirements
were met in the mobile phase optimization for this compound.

Case 2. Frequently separations are encountered where one of the components
has unusually long retention time. For example, with separation of compound IV, the
elution of the thioether impurity takes an unduly long time on a 25 em x 4.6 mm J.D.
Cs column packed with 5- or IO-,um particles.

Ar-N---N-Ar

I I
o=c c=o 0

'-....c/ II
H/ '-....CH2CH2-S-Ar

IV

o
u

~
o

10

@

Minute-s

20 2S 30

Fig. 2. Resolution of transformation products of Compound IV32 .
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The problem primarily required a reduction in analysis time with a minimal loss
of resolution. This was attained by selection ofa smaller column length, i.e., 10em with
the mobile phase containing 0.3% phosphoric acid-(acetonitrile-tetrahydrofuran,
4:1) (65:35). Fig. 2 shows such a chromatogram-". It can be seen that most of the
components, except component 8, are fairly well resolved and the retention time of the
thioether impurity (peak 13) is ~ 30 min, a reasonable analysis time for most practical
purposes. A component, peak 8, eluting at the tail of the main peak is poorly resolved
and requires much higher resolution. Poor resolution can affect quantitation
significantly. For example, alteration of the aqueous content of the mobile phase to
70% can provide excellent separation with R, = 1.3 and much better quantitatiorr':'.
However, this improvement in resolution is possible at the expense of a significant
increase in analysis time. Hence, it is important to assess various priorities in the
optimization of mobile phase.

CONCLUSIONS

(1) Variabilities in the stationary phase, i.e., differences in columns from
different manufacturers or the same manufacturer can significantly influence the
number of impurities resolved with a given mobile phase.

(2) Studies with the selectal probes can help select reliable columns and assure the
same detectability for the observed components.

(3) It is important to work with R; values greater than 1.25 for close peak pairs
especially when the component of interest elutes at the tail end of the main peak. It is
best to let the concentration of the minor component and the analysis time dictate the
acceptable R; value.
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SUMMARY

Peak tracking, required for the interpretive optimization of the mobile phase in
reversed-phase high-performance liquid chromatography, is performed by means of
multiwavelength detection followed by a multivariate analysis of the resulting data.
A combination of techniques (target factor analysis and iterative target transforma
tion factor analysis) is necessary to circumvent problems caused by a limited resolution
or lack of knowledge regarding spectral characteristics and to determine the number of
relevant components. A procedure to perform the actual peak tracking, which
combines data related to the spectral characteristics and relative peak areas of
separated and coeluting components, is presented.

INTRODUCTION

A number of strategies developed to optimize the mobile phase composition in
high-performance liquid chromatography (HPLC)1-5 requires knowledge of the
individual retention behaviour ofall components in the sample, irrespective of whether
the separation of all or only a part of the solutes is desired". One of these so-called
interpretive optimization strategies is the iterative regression design 7

, which estimates
the retention at various mobile phase compositions on the basis of a limited number of
chromatograms of a given sample under various experimental conditions and a linear
retention model. In order to derive this model, the location of the components in
successive chromatograms must be known. The determination of the elution order in
a set of chromatograms is refered to as peak tracking.

A simple method of peak tracking uses the relative areas of the peaks to derive
the individual retention characteristics. Because of the expected peak overlap (one of
the reasons to optimize the separation), some of the individual peak areas will be
difficult to determine without assumptions on peak shape. Although an algorithm
using combinations of areas to analyse coeluting peaks has been described", the result

0021-9673/90/$03.50 !['1 1990 Elsevier Science Publishers BY
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will depend heavily on -the number of components assumed in the mixture, usually
defined as the maximum number of peaks observed in any chromatogram. Otto et al.?
circumvented problems related to the variation in area of peaks of the same component
by applying fuzzy set theory and assuming a limited variation in the retention
behaviour.

Drouen et al.1o described the use of wavelength ratios, which should result in
a characteristic level for every component. However, due to the variability of the
spectra in different mobile phase systems and disturbances in the ratios caused by
drifting or shifted baselines, a direct matching of levels is not always possible.
Furthermore, in cases of severe overlap (resolution lower than 0.5) the individual levels
of the components are no longer observed. The logical extension to multiwavelength
detection by means of linear photodiode array detection (LPDA) and a subsequent
comparison by eye of the resulting spectral data was described by the same authors 11.

Although individual spectra of the components are not always observed in peak
clusters containing more than two components with severe chromatographic overlap,
a simultaneous visual evaluation of a number of spectra recorded in a peak group can
be used to estimate the number of components and select specific adsorption
characteristics to aid in the peak tracking.

For a further automation of the method and an extension to more complex
mixtures, we recently described the application of various multivariate analysis
techniques to spectral data resulting from multi wavelength detection of peak
clusters'P: depending on the amount of information available, one or more of these
techniques can be applied to assist in the determination of separate elution profiles
and/or spectra of components in peak clusters. The multicomponent analysis applied
to separate mixture spectra requires no resolution, but all components should be
available in a library containing reference spectra measured in the same mobile phase.
A selection of the relevant library spectra by means of a target factor analysis lowers
the demands on the spectral quality of these spectra, but requires some chromato
graphic resolution. Various techniques related to self-modelling curve resolution such
as the iterative target transformation factor analysis determine both spectral
characteristics and elution profiles, but produce reliable results only when the
chromatographic resolution is sufficiently large I 3

•
14

.

In this study we have used a combination of these techniques in a systematic
approach to track peaks in various chromatograms of the same sample. The procedure
is described by referring to two practical examples with special emphasis on a practical
method to determine the number of relevant components.

THEORETICAL

The principal component analysis (peA) 15

The two multivariate methods applied in the peak-tracking procedure are the
target factor analysis'" and the iterative target transformation factor analysis '". Both
methods use the results of an abstract analysis of the spectral data: since the spectra
observed are a linear combination of contributions of individual components present
in the cluster, the original data matrix, D, of ns spectra over n; wavelengths can be
written as a product of the spectral characteristics of the components and the
corresponding concentration profiles (Beer's law):
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(1)

S contains the nc pure component spectra over nw wavelengths and C contains the n,
individual elution profiles over n; points. An analysis of the variance observed in the
data by means of a principal component analysis 15 produces an alternative decompo
sition:

(2)

When this description is derived from the covariance matrix DTD, the matrix
V contains the ns principal components (dimensions ns x ns) which correspond to the
eigenvectors ofthecovariance matrix. The matrix R (dimensions nw x ns) is derived by
a projection of D on V. When only the significant eigenvectors are considered
(described in the next section) an equation with reduced matrices, R' (dimensions n.; x
nc) and V' (dimensions ns x nc), is derived which results in a reconstructed data matrix,
D'. Apart from the experimental noise, D' is equal to D. The reduced matrices, R'and
V', can be transformed to their physically meaningful counterparts, Sand C:

D' = R'V,T

= RTT- 1V,T

(3a)

(3b)

(3c)

The matrix T is the transformation matrix (dimensions nc x nc)' Different methods
indicated by the general descriptor "factor analysis" try to derive either T or T- 1

depending on the available information on the system and/or by imposing a number of
boundary conditions.

The target factor analysis 1 5 ,1 7

The target factor analysis (TFA) selects the appropriate components from
a library by an individual examination of the spectral characteristics: every reference
spectrum is approximated in a least squares sense by means of the columns of R (the
reference spectrum, s, is projected onto the hyperspace defined by R and is compared
with its projection,s'):

= Rt

(4a)

(4b)

If the projection is valid, i.e., if the spectrum resembles its projection closely and
consequently is a component present in the examined cluster the required projection
produces one of the columns of T, t. Once all components present in the cluster have
been identified, T, and hence T- 1

, is known and the corresponding elution profiles are
calculated.

The requirements for this analysis to work are the following: the spectral
characteristics for all components should be (slightly) different and some resolution
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(approximately R = 0.1) should be present in order to derive an hyperplane with the
correct dimensionality. A slight change in spectral characteristics, for instance caused
by a change in the mobile phase composition, is acceptable as long as the correct
components are selected from the library1 z .

The iterative target transformation factor analysis (ITT-FA) 13.14.16

Like other forms of self-modelling curve resolutiorr'P'!", the ITT-FA derives
both elution profiles and spectra by imposing a number of boundary conditions on the
derived solution, i.e., non-negativity of concentrations and a restriction to unimodal
profiles. However, as the name indicates, no specific peak model is assumed.

The ITT-FA starts with a first estimate of the elution profile, which is a spike at
the location derived by means of an orthogonal abstract rotation (the varimax
rotation). This estimate, eb is projected onto the hyperplane described by V, and the
resulting projection, e'l, is corrected for negative concentrations and secondary
maxima. The resulting profile, ez, is again projected and corrected until no significant
improvement in subsequent projections is observed:

= Vti

ei + 1 == (ei)corrected

(Sa)

(Sb)

(6)

The final transformation found to derive the profile, t.; is one of the rows ofT- 1 in eqn.
(3b). Once all profiles in a peak cluster have been determined in this way, the
transformation matrix, T, is constructed and the corresponding spectra are calculated
(eqn. 3c).

Similar to TFA, the spectra should show some dissimilarity in order to derive the
correct hyperplane used for the derivation of the elution profiles. However, the
amount of resolution required for a correct analysis is significantly greater in
comparison with TFA (approximately R = 0.4 for components present in equal
concentrations). The quality of the resulting spectra, used in a subsequent comparison
between various chromatograms of the same sample, will also depend on the spectral
similarity of the components and the relative quantities. In a previous publication 13 we
described a selection criterion to decide on the reliability of the derived spectra based
on the observed values of these parameters (as opposed to the real, unknown values).

The number of relevant components
A specific problem confronting the analyst in practical optimization problems is

how to determine the number of components is an unknown mixture that can be
detected by UV spectroscopy. Often, one assumes this number to be equal to the
maximum number of peaks in any chromatogram of the sample. However, this
number is a good guess at best. A similar problem must be dealt with in the case of
separate peak clusters: the individual elution profiles (TFA) or spectra (ITT-FA) can
be calculated only once all spectra or profiles have been determined. Consequently,
a knowledge of the number of (relevant) components is essential to obtain the desired
information.
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A much better estimate as compared to the observed number of peak maxima
canbe derived by a multivariate treatment of the spectral data. As indicated before, the
number of principal components (PCs) derived is originally equal to the number of
columns, n., in the data matrix, i.e., the number of spectra recorded. However, because
each PC describes the maximum amount of variation in the data which is not described
by the previous ones, only the first n; PCs are related to the relevant information with
regard to spectra and elution profiles. The remaining PCs are required only to describe
the exprimental noise and can be removed wi£hout changing the information content
of the resulting data matrix, 0' (eqn. 3a). A number of methods to determine the
number of significant PCs has been described in the literaturels.2o-22 and can be
roughly divided into two depending on the knowledge of the experimental error.

When the experimental error is known, one can reconstruct the data matrix
O~ using the reduced matrices R~ and V~ ; nc indicates the number of columns and
hence the assumed dimensionalityof the data, i.e., the number of components. O~ is
compared with 0 and when the difference falls just within the experimental error the
correct number of components is used. Adding more components to the description
corresponds to overfitting of the data and will not result in a significant improvement
of the quality. When using the reduced matrices, R' and V', part of the experimental
error is removed from the data. Malinowski and Howery! 5 defined this removed error
by the term "extracted error" (XE):

n, nw

XE;', = L L [dij - (d;)nY/nsnw
i= 1 j= 1

This error can be used to estimate the real error, RE, in the data:

(7)

(8)

Several short-cuts to determine the value of RE exist.using the eigenvalues Arelated to
the eigenvectors of the covariance matrix, Z (the PCs). Since the last n, - n;
eigenvalues are related only to the experimental error, this error can be estimated from:

n,

RE;', = L Ad[nw(ns - nc)]
t>», + 1

(9)

The real error is estimated for different values of n; and the value of nc where the error
drops below the known experimental error is taken as the number of components.
A similar measure of uncertainty, the chi-squared criterion of Bartlett, is also based on
the difference between the original and the reconstructed data matrix (see ref. 15,p. 76)

(10)

where the known experimental error, 0", is assumed to be constant over the full
wavelength range, which is acceptable to a first approximation. This value is compared
with the theoretical value:
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(11)

The value ofnc where the difference between Xn"exptl. and Xn"th. is minimal is taken as the
correct dimensionality of the data.

When the experimental error is not known, one has to evaluate the amount of
variance added to the data by the inclusion of an additional PC as compared to the
remaining variance in the non-significant PCs. One of the functions used for this
evaluation is the indicator function, IND, described by Malinowski?":

(12)

This value should reach a minimum when the correct number of factors is used in the
reproduction. However, this minimum is observed clearly only when the real (true)
factors underlying the data are significantly different, i.e., the angles between axes
representing these factors in the data space are sufficiently large to distinguish
differences between spectra or elution profiles from deviations caused by the
experimental error. A computationally more complicated but also more fundamental
approach is the so-called cross-validation:": the principal component analysis is
repeated a number of times with part of the data omitted from the data matrix. This
data section is predicted on the basis of models derived from the PCs by applying
varying dimensionali ties. This is repeated for all sections of the data matrix (preferably
all individual elements). The resulting estimates are compared to the true values and
the decrease in the remaining error observed with an increase in the number of factors
used for the prediction is evaluated to derive the correct number of components.

All methods described in this section have one important characteristic in
common: they are all devised to determine the number of statistically significant
factors or components. Unfortunately, this also includes deviations in the normally
distributed experimental error caused by drifting baselines, non-linearities in the
absorbance characteristics of the diode array, insignificantly small contributions of
impurities, etc. What we are really interested in is the number of relevant components,
i.e., those components exhibiting significant UV absorption and physical meaningful
chromatographic behaviour. When the ITT-FA is used to analyse the above
disturbances, a unimodal is possibly forced upon non-unimodal profiles, resulting in
large errors in the subsequent inverse transformation (eqn. 3b) and consequently in
erroneous spectral characteristics. Incorrect profiles can influence other spectra
derived for the cluster under examination, including those related to physical
significant solutes, or give rise to apparent components without any physical
significance.

In order to avoid these kinds ofdeviations, we propose an alternative procedure.
The ITT-FA is repeated a number of times using different dimensionalities, nco Each
analysis, the resulting profiles and spectra are corrected for negative absorbances and
concentrations in case the procedure was stopped before physically meaningful
elements were derived. The calculated and corrected profiles and spectra are used to
recalculate the data matrix:

(13)
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By a comparison of this reproduced data matrix with the original one, the extracted
error is calculated (eqn. 7). When XE reaches a minimum, the cluster is described by
the nc most reliable profiles and spectra which can be derived given the aforementioned
boundary conditions. Although the neglect of small impurities, drifting baseline, etc.,
will result in a larger extracted error than would be expected on the basis of the
experimental error, this deviation is less serious than the one resulting from the use of
forced unimodal profiles and is a better indication of the number of relevant
components in a cluster.

EXPERIMENTAL

Chromatographic conditions
The full peak-tracking procedure will be described on the basis of two examples.

The first example consists of two chromatograms of a mixture of thirteen components
listed in Table 1. The mixture was eluted on a Novapak C t 8 column (Millipore Waters,
Milford, MA, U.S.A.), 10 em x 8 mm 1.D. and particle size 5 pm, using 1.5 ml/min.of
tetrahydrofuran (THF)-water (40:60) and methanol-water (60:40) as mobile phases,
respectively (Fig. 1).

The second example was part of a study on full and limited optimization'' and
consists of three chromatograms of a mixture of nine components (Table I). The
mixture was eluted on a 20 em x 4.6 mm 1.D. column packed with 5-pm
ODS-Hypersil using 1.0 ml/min of THF-water (31:69), methanol-water (50:50) and
acetonitrile-water (38:62) as mobile phases, respectively (Fig. 2).

Retention times of the nine-component mixture observed during the subsequent
steps of the optimization procedure can be found in ref. 6. The solutes were obtained
from Fluka (Buchs, Switzerland) and E. Merck (Darmstadt, F.R.G.) and used in
suitable concentrations (0.1-0.2 mg/ml).

TABLE I

THE COMPOSITION OF THE TWO MIXTURES USED IN THE EXAMPLES

Mixture A

I Acetanilide
2 Methylparaben
3 Benzaldehyde
4 Acetophenone
5 Cinnamyl alcohol
6 Nitrobenzene
7 Methyl benzoate
8 Anisole
9 Diethyl phthalate

10 Methyl salicylate
II Ethyl benzoate
12 I-Nitronaphthalene
13 Benzophenone

Mixture B

I Benzyl alcohol
2 Dimethyl phthalate
3 Phenol
4 Benzonitrile
5 p-Cresol
6 Diethyl phthalate
7 3,4-Dimethylphenol
8 Benzene
9 2,4-Dimethylphenol
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Fig. I. Two chromatograms of a thirteen-component mixture (composition in Table 1). Experimental
conditions in the text. The peak clusters selected for the multivariate analysis are indicated by the brackets
below the chromatograms. MeOH = methanol.
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Fig. 2. Three chromatograms of a nine-component mixture (composition in Table 1).ACN = Acetonitrile.
Other details as in Fig. I.
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Instrumentation
The chromatographic system consisted of an HP 1090chromatograph, equipped

with an HP 1040A linear photodiode array detector (Hewlett-Packard, Waldbronn,
F.R.G.). The detector was connected to an HP-85 desktop computer, equipped with an
HP-IB IEEE-488 interface and RS-232C serial interface. The data were temporarily
stored on 5;!-in. flexible disks using an HP82910M disk-drive.

The data files collected by means of the detector were transferred to an Olivetti
M24 personal computer (Olivetti, Ivrea, Italy) by means of serial interfaces on both
computers. Further analysis of the data was performed on an IBM-PC (IBM, U.S.A.),
equipped with two 5±-in.disk-drives, an expansion unit with two lO-Mbyte hard disks,
the Intel 8087 mathematical coprocessor and an HP-7470A graphics plotter with serial
interface.

The spectra were recorded between 210 and 400 nm. The first 10 min of the
chromatograms were sampled with approximately 30 spectra per minute. The
remainder was analysed using 20 spectra per minute, since broadening of the peaks
reduced the requirements on the sampling frequency.

Software
All software used in the procedure was developed using the Turbo Pascal

compiler version 4.0 (Borland International, CA, U.S.A.). The algorithm for the TFA
was adapted from the description by Malinowski and Howery!"; the ITT-FA was
adapted from the description by Vandeginste et al.16. Correlation coefficients were
calculated according to Reid and Wong 2 3

. The eigenvectors and eigenvalues of the
covariance matrix of the data matrix were determined by the HQRII algorithrrr'".

Curve fitting, to estimate resolutions and concentrations, was performed on the
basis ofbigaussian profiles and a non-linear procedure described by Bevington i". This
procedure was preferred to a direct calculation of peak width and areas based on the
calculated profiles, because of the limited sampling frequency over the chromato
graphic peaks, and the inherent uncertainty in the derived results.

RESULTS AND DISCUSSION

In order to illustrate the procedure currently under investigation, two mixtures
were eluted under varying chromatographic conditions (Table! and Figs. 1 and 2). In
the following discussion the thirteen-component mixture will be referred to as mixture
A, and the corresponding chromatograms as AI (60% methanol) and A2 (40% THF).
The nine-component mixture is referred to as mixture B, and the chromatograms will
be identified by BI (50% methanol), B2 (32% THF) and B3 (38% acetonitrile).
Although the composition of both mixtures was accurately known, the strategy as such
assumes no prior knowledge of the number of components or their identities, hence
chromatograms of "unknown" mixtures can be analysed in the same way.

An overview of the full procedure is given in Fig. 3. In the following sections the
separate steps of the strategy will be discussed in more detail.

Processing of separate clusters
The first step is the partition of every chromatogram in peak clusters. These

clusters are for instance selected on the basis of a critical absorbance threshold. This
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Analysis of separate
clusters using peA and

In-FA:

* number of components
* spectra and profiles

Fig. 3. Overview of the peak tracking: procedure.

J. K. STRASTERS et al.

level is tested for at all wavelengths, thus ensuring detection of all components in the
mixture exhibiting significant absorption at any wavelength. Once all regions with
significant UV activity have been selected, the corresponding mixture spectra are
subjected to the principal component analysis, resulting in the abstract matrices Rand
V.

Fig. 4 illustrates the procedure applied to the separate peak clusters (step 2 in
Fig. 3). After the principal component analysis, the maximum number of components.

I Perform peA I
I

Determine maximum number of

components, nc(max), using

estimate RE

I
Determine minimum number of

components, nc(min), based

on number of peakmaxima

I
For dimensionolities varying from

nc(min) to nc(max):

I
* perform In-FA

* determine XE

I

I
Evaluate profiles at nc

Iyielding minimum XE

Fig. 4. The analysis of an individual peak cluster.



STRATEGY FOR PEAK TRACKING IN LC 509

nCm,,' present in the cluster is determined on the basis of the real error (RE, eqn. Y)
determined for different dimensionalities, nc, and compared with the known experi
mental error of 0.15 ma.u. The minimum number of components, n; ., is defined by
the number of observed peak maxima in the cluster. Of course, n., ;hould be larger
than or equal to nCm;"' otherwise one is confronted with split peaks o";~omponents with
high spectral similarity and a correct analysis of the cluster by means of the ITT -FA
will not be possible. The next step consists of a repeated execution of the ITT -FA
varying the number of components from nCm;" to nCm,,' The extracted error, XE, is
calculated for every dimensionality as the difference between the elements of the
original and of the reconstructed data matrix (eqn. 7). The dimensionality yielding the
smallest XE is taken to be the true number of components, nco

The last step in Fig. 4 consists of an evaluation of the calculated profiles: by
a non-linear fitting procedure a bigaussian profile is used to estimate the area and peak
width for every profile determined by means ofITT-FA. The area is based on profiles
corresponding with normalized spectra (normalization to the norm, i.e., the sum of
squared absorbances equals I), and is used to distinguish between minor components
(less than I% of the mixture) and major components. The minor components are
ignored in the remainder of the analysis and the relative peak areas of the other
components are calculated. The peak width is used to determine the resolution from
neighbouring components, for the subsequent selection of reliable spectra.

The above procedure is illustrated in Fig. 5 for the third cluster in chromatogram
AI. The number of components based on the value ofRE was four. Since the number
of peak maxima observed was two, the ITT-FA was performed with two, three and
four components, resulting in XE values of 0.9, 2.6 and 6.9. As a comparison, the
ITT-FA was also performed with an assumed dimensionality of I, resulting in XE =

310.3. The latter value is extremely high, as expected, since two peaks are clearly
observed in the original chromatogram. The spectrum which corresponds with this
profile will be equal to the first column of R, hence it will be a mixture spectrum
containing elements of the spectra of both components. When three components are
assumed to be present, a small profile is observed fronting the first real component,
which is characterized by a rather "noisy" spectrum. This deviation is probably caused
by a shift in the baseline or a small impurity in the front of the peak. Although the
profile derived for this disturbance is not correct, as expressed by the increased value of
XE, the confusion caused by a profile like this will be minimal since the peak area
derived is negligible. However, iffour components are assumed to be present, a large
additional peak is observed, probably corresponding with non-linearities in the
observed absorptions as indicated by the similarity of spectra I and 4. Since this fourth
profile is in fact bimodal, the error introduced by the ITT-FA will be more noticeable,
as indicated by the value of XE. Obviously, these kind of disturbances will cause
confusion with regard to the correct number of components in the mixture and must be
avoided. By selecting the dimensionality corresponding with the minimum value of
XE, the best profiles and spectra are derived to define the cluster. Consequently the
number of components in the cluster was taken to be two.

The full results for all chromatograms in the two examples are summarized in
Tables II (mixture A) and III (mixture B). In most cases the number of components
based on the value of RE, X2 and/or IND is too high because of the disturbances
mentioned in the Theoretical section. Especially the IND function is much too
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Fig. 5. The results of the ITT-FA for the third peak cluster in chromatogram AI. The analysis is performed
for different dimensionalities of the cluster, resulting in the individual elution profiles and the corresponding
spectra. The value of the extracted error, XE, is indicated for each analysis.

sensitive to disturbances in the chromatograhic process, even in the case of pure peaks.
By comparison, the repeated execution of ITT-FA is much better, although it still
overestimates the total number of solutes in the sample. Ifwe impose a threshold of I%
for the relative peak area of a component to be considered as significant, the numbers
reduce to Nest which are equal to the true numbers, Nael> in the three chromatograms.
Indeed, only two discrepancies remain: in cluster 2 of chromatogram Al and cluster
3 of chromatogram B2 an additional component is detected. The relative areas of the
peaks are equal to 1.5 and 2.0% respectively of those of the total mixtures and are
probably due to minor impurities or disturbances in the chromatographic process.
When these solutes are also detected in chromatograms A2, BI and B3, they will be
regarded as impurities in the mixtures. However, if they are not detected in the other
chromatogram(s), either because we are dealing with an artefact, or because of close
coelution with a component present in excess, they are ignored because of the low
concentrations. Since only thirteen components are detected in chromatogram A2 and
nine components in both chromatograms BI and B3, these two solutes will not be
detected in the other chromatograms. The point is stressed here because in practical
experiments it is almost impossible to avoid these kinds of disturbances, and
automated procedures should be equipped to handle them.
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TABLE II

ESTIMATED DIMENSIONALITIES OF THE CLUSTERS IN THE TWO CHROMATOGRAMS OF
THE THIRTEEN-COMPONENT MIXTURE, BASED ON THE KNOWN EXPERIMENTAL
ERROR (RE), THE ,/ TEST, THE INDICATOR FUNCTION OF MALINOWSKI (IND) AND THE
RESULTS OF THE ITT-FA (ITT)

In addition the number of significant components selected after examination of the concentrations, N,,,, and
the actual number of components, based on knowledge of the mixture, Naot , are listed. The two
chromatograms are identified as AI, recorded in 60% methanol, and A2, recorded in 42% THF (Fig. I).

Cluster RE X2 IND ITT Nest «:
AI-I 10 10 21 8 6 6
AI-2 5 5 10 4 4 3
AI-3 4 4 9 2 2 2
AI-4 4 4 12 3 2 2

Al total 23 23 52 17 14 13

A2-1 3 2 7 2 I I
A2-2 6 5 II 5 4 4
A2-3 3 3 7 2 2 2
A2-4 2 2 5 I I I
A2-5 4 4 13 3 3 3
A2-6 2 2 8 1 I I
A2-7 3 3 13 1 I I

A2 total 23 21 64 15 13 13

The selection of reliable spectra
Step 3 in Fig. 3 refers to an evaluation of the calculated spectra and profiles. The

results of the ITT-FA are dependent on the extent of chromatographic resolution, the
spectral similarity between the components and the relative concentrations of the
components13. Since the peak tracking is based primarily on a comparison of spectra,
the quality of the calculated spectra, i.e., the similarity between the true and calculated
spectrum expressed by the correlation coefficient, p, is essential. Based on simulations
of two-component clusters, described by bigaussian profiles, relationships to derive
this quality by evaluating the observed chromatographic resolution, observed spectral
similarity of both components and observed relative concentrations were developed.
Especially in the case oflow resolution, these observed values will deviate from the true
ones due to reconstruction errors in the ITT-FA. In general, when two components are
reasonably resolved (resolution> 0.4), not too dissimilar (P12 > 0.5) and present in
approximately equal concentrations, the calculated spectra will have a high quality
(p > 0.999), sufficient for reliable results in comparison with spectra observed in other
chromatograms. However, at lower resolution or in the case of large differences in
relative concentrations, this quality will not be obtained for one or both calculated
spectra, in which case they will not qualify for use in a direct comparison. Although the
relationships applied were derived for two-component clusters, an extension to larger
clusters by means of a pairwise evaluation of subsequent peaks seems justified to a first
approxirnatiorr'".

However, application of the above procedure in practical situations sometimes
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TABLE III

ESTIMATED DIMENSIONALITIES OF THE CLUSTERS IN THE THREE CHROMATOGRAMS
OF THE NINE-COMPONENT MIXTURE

The three chromatograms are identified as BI, recorded in 50% methanol, B2, recorded in 32% THF and
B3, recorded in 38% acetonitrile (Fig. 2). Other details as in Table II.

Cluster RE '1.
2 IND ITT Nest »:

BI-I 3 2 6 3 2 2
BI-2 3 3 9 3 3 3
BI-3 I I 3 I I I
BI-4 3 3 7 2 2 2
BI-5 2 I 3 I I I

BI total 12 10 28 lO 9 9

B2-1 2 2 5 I I I
B2-2 I I 4 I 1 1
B2-3 3 3 6 3 3 2
B2-4 2 I 3 2 I I
B2-5 2 I 5 I I I
B2-6 I I 2 I I I
B2-7 2 2 4 I I I
B2-8 2 2 3 I I I

B2 total 15 13 32 II 10 9

B3-1 I I 4 I I I
B3-2 2 I 3 I I I
B3-3 I I 3 I I I
B3-4 3 3 7 3 3 3
B3-5 2 I 3 I I 1
B3-6 2 2 4 I I 1
B3-7 I I 3 1 I I

B3 total 12 10 27 9 9 9

leads to acceptance of components not quite fulfilling the demands imposed on the
spectral quality, i.e., in the case of closely coeluting components (resolution R < 0.4)
with high spectral similarity (P12 > 0.9) and increased tailing not very well described
by the bigaussian model used in the derivation of the relationships used in the
evaluation. In order to make the selection procedure more flexible, spectra derived
from closely coeluting solutes will remain suspect and candidates for improvement.
Furthermore, the selection procedure is directed only at the quality of the spectra and
consequently may result in incorrect relative areas in the case of components with
similar spectra but different concentrations at low resolutions. If the relative areas are
required in order to derive an unambiguous identification, the conclusions with regard
to these clusters based on the results of the ITT-FA must be regarded with caution.

In view of the previous discussion, we make the following distinctions.
A cluster is considered fully resolved when only one component is present or

when all components are sufficiently resolved with respect to the concentrations
(minimum resolution 0.4) to rely on both spectral data and related concentrations.
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PCA + In-FA

A cluster is unresolved when one or more of the components involved are
uncertain with respect to the spectra and/or relative areas. These clusters are analysed
in more detail in the next steps of the procedure.

A component is fully defined when both its spectral characteristics and its
relative area are known.

A component is tentative when some assumptions are available with respect to
its spectrum, but due to the close proximity of other undefined or tentative
components the exact characteristics are not yet defined.

A component is undefined when, due to its low concentration or close proximity
to other components, its spectral characteristics are unknown.

The spectra selected on the basis of the above evaluation, are stored in a library
identified by the code of the chromatogram. For instance, chromatogram Al will
produce library AI, which will be compared with library A2 derived from chromato
gram A2.

The result of the selection procedure for the first example is illustrated in Fig. 6a.
The required spectral quality was set at 0.995, a practical compromise between an high
correlation, ensuring acceptance of only correct spectra, and a larger deviation from
the ideal value of I in order to include most components in the library. Since some
changes in the spectra are often observed due to differences in the mobile phase,
extreme high demands on the quality of the spectra will be impractical. Obviously, the
resolution in the second cluster of chromatogram A2 is too low to rely on the derived

a)

A1 [-,---I--'------..L-"--J-.-Jl I I 1 I IITJ _

A2 DE~_ITJD~DD

b)

A1

c)

A1

Direct Comparison

DD
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Fig. 6. The results of the three steps in the peak tracking procedure for the two chromatograms of the
thirteen-component mixture, AI and A2. Numbers refer to Table I. The unknown component is indicated by
"T". (a) The conclusions of the evaluation of the spectra. Spectra are defined as: reliable (D), tentative (~) or
unreliable (. ). (b) Components recognized by a direct comparison, indicated by a line connecting matched
solutes. (c) Components recognized by means of TFA. Arrows point from the targets to the clusters.
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pure component spectra (the observed resolutions were 0.33, 0.40 and 0.26 and
consequently the real resolutions are approximately 0.25, 0.34 and 0.10; ref. 13). Only
the spectrum of the second component is included in the library as tentative, because of
an higher concentration and consequently a more reliable spectrum. The same holds
for the last two components in the fifth cluster (observed resolution 0.28, real
resolution 0.15). The last cluster of chromatogram Al contains two components with
resolution 0.29 (real resolution approximately 0.17). Since the concentration (UV
activity) ofthe second component is much higher than that of the first one, its spectrum
is tentatively used in the subsequent comparison. As a result, the first example contains
thirteen (perhaps fourteen) components (Table II), and produces two spectral
libraries: AI, containing twelve reliable and one tentative spectrum, and A2 containing
seven reliable and one tentative spectrum. In chromatogram Alone unresolved cluster
remains to be analysed in the next steps of the procedure since it contained one
unreliable spectrum. In chromatogram A2 two unresolved clusters remain: cluster
2 (three unreliable spectra) and cluster 5 (two unreliable spectra).

The same procedure is followed for the second example (Fig. 7a): the
chromatographic resolution in the first cluster of chromatogram BI is very low
(observed 0.32, estimated 0.23), however, due to the large difference in concentration,
the spectrum of the first component is tentatively used in the spectral comparison. The
resolution between the first and second components in the third cluster of chromato
gram B2 is 0.48 (estimated real resolution 0.44) but, due to the fact that the
concentration of the first component seems very low (observed fraction in the cluster
0.13, estimated true fraction 0.09), its spectral characteristics are not included in the
library. The same holds true for the last component (impurity) in the cluster. The
spectral characteristics of the central component are probably sufficiently accurate,
but the component is regarded as tentative because of the overall uncertainty in the
cluster. Although a fraction of 0.13 cannot be considered negligible, the ITT-FA does
not perform well when used to analyse a cluster with widely varying concentrations13.

The identity of the component(s) present in low concentration must be determined by
other methods (step 5 in Fig. 3). Finally, the resolutions between the three components
in the fourth cluster of chromatogram B3 are estimated to be 0.25 and 0.32. Despite an
high spectral similarity, the spectral characteristics and relative areas cannot be relied
upon, and are not included in the library. Apparently we are dealing with a nine
(perhaps ten) component mixture (Table III) which produces three spectral libraries:
Bl and B2, both with seven reliable and one tentative spectrum and B3, with six
reliable spectra. In chromatogram B1 the first cluster is unresolved (one spectrum was
unreliable), in chromatogram B2 the third cluster is unresolved (two .unreliable
spectra) and in chromatogram B3 the fourth cluster must be examined in the next steps
of the procedure (three unreliable spectra).

The direct comparison of spectra
The fourth step in the peak tracking procedure consists of a direct comparison of

the spectra (both the reliable and tentative ones) derived from the chromatograms.
When all components differ sufficiently in their spectral characteristics a close match
between the spectra, expressed by a correlation coefficient, is adequate for identifica
tion purposes. However, when two or more components have very similar spectral
characteristics, for instance in the case of homologues, an additional source of
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a) PCA + In-FA
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Fig. 7. The results of the four steps in the peak tracking procedure for the three chromatograms of the
nine-component mixture, BI, B2and B3. Numbers refer to Table I. The unknown component is indicated by
"?". (a) The conclusions of the evaluation of the spectra. Spectra are defined as: reliable (D), tentative (§l) or
unreliable (.). (b) Components recognized by a direct comparison, indicated by a line connecting matched
solutes. (c) Components recognized by means ofTFA using spectral data from chromatograms B2 and B3.
Arrows point from targets to clusters. (d) Component recognized by means of TFA using the updated
spectral library of chromatogram B2.
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information is required. This is supplied by the relative areas of the peaks. In the rare
situation that two different components in the sample have identical spectra as well as
equal areas, it will be impossible to distinguish between them and one has to work with
two or more hypotheses to describe the retention behaviour of the mixture. As a first
assumption, the hypothesis without cross-over of peaks seems the most reasonable
one, since homologues will usually react in a similar fashion to changes in the
specificity of the solvent. This assumption is equivalent to the assumption of limited
variation in retentiorr'P.

During the comparison of the spectra (and areas) of two chromatograms, two
additional libraries are produced containing those spectra which are not observed in
the other chromatogram. Again this is decided on the basis of a critical value of the
correlation coefficient, for instance p > 0.995, and an assumed variance in the relative
area, for instance 10%. Due to the variable nature of the chromatographic process, the
spectral comparison is used as a first selection criterion, and the relative area is used to
check the validity of the identification. When a solute from a series of spectrally similar
components is not yet included in a library, this will be detected by the comparison of
relative areas as well (provided the solutes do not have both similar spectra and equal
area). This is illustrated in Table IV: when comparing the spectrum of the second
component of chromatogram B2 with the spectra in library BI, two spectra with high
correlation are observed. By examining the relative areas of the two components and
comparison with the relative area of component B2-2, component Bl-5 is clearly
matched with the component in question. Since this component is missing in library B3
due to close overlap with other components, only a considerable similarity with one of
the other solutes is observed. This is detected by a large difference in the relative areas
(13.8 VS. 7.9%), and consequently component B2-2 is not yet found in chromatogram
B3, so that its spectral characteristics are retained for use in the next step of the
procedure.

When processing more than two chromatograms, one starts by selecting the
chromatogram with the maximum number of reliable spectra. Next, the contents of the

TABLE IV

ILLUSTRATION OF THE COMPARISON OF THE SPECTRA AND RELATIVE AREAS RESULT
ING FROM THE ANALYSIS OF CHROMATOGRAMS BI, B2 AND B3

P is the correlation coefficient of spectrum B2-2 (library B2) with the spectra in libraries BI and B3. When the
correlation exceeds a value of 0.995, the relative areas are compared with the relative area of component
B2-2 (13.8%). An unambiguous identification is indicated by an asterisk.

Component p
library BI

BI-I 0.83245
BI-3 0.90942
BI-4 0.90383
BI-5 0.99976
BI-6 0.91285
BI-7 0.91648
BI-8 0.76731
BI-9 0.99983

Area
(%)

13.9*

7.9

Component p
library B3

B3-1 0.82032
B3-2 0.87021
B3-3 0.90818
B3-7 0.92077
B3-8 0.7680 I
B3-9 0.99942

Area
(%)

7.9
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library related to this chromatogram are compared to all other libraries collected
during the previous step in the procedure.

The results for both examples are presented in Figs. 6b and 7b. Example A is
based on a comparison ofspectral characteristics only, resulting in a recognition of five
components. The tentative spectrum (corresponding with component 13) is not
matched with any of the spectra in library A2. Consequently a library Ala containing
the spectra of solutes 2-4, 10, 11and 13(tentative) of chromatogram Al is created. At
the same time a library A2a with solutes 12and 13ofchromatogram A2 is constructed.

Example B is analysed in two steps. First the library derived from chromatogram
B2 is compared with library B1. The tentative components are recognized since both
spectra and areas are matched with solutes in Bl and consequently are now considered
as "defined". Since all components in library B2 are matched with the spectra in library
81, no spectra remain to be used in the next step of the analysis. The next comparison
involves libraries B2 and B3. Five components are identified unambiguously, indicated
by the lines and numbers in Fig. 7b. Despite high correlation between the spectra of
components 2, 4 and 7 with the spectra in library 83, no direct match is observed
because of large differences in the relative areas. As a consequence a new library, B2a,
is developed containing the spectra of these compounds. Simultaneously, a library B3a
is created containing the spectrum of the second component of library 83, since no
direct match was observed between this spectrum and the spectra in library B2.

Analysis of unresolved clusters
The unresolved clusters remaining after the PCA and ITT-FA are analysed using

the libraries created in the previous step in a TFA. Since the requirements.with respect
to the resolution are considerably reduced, clusters which cannot be analysed by means
of the ITT-FA can be resolved, provided the spectra of the components are known.

The procedure continues as follows: for every unresolved cluster one determines
which pure component spectra ("defined components") are available from the cluster
itself because of a reliable performance of the ITT-FA for the corresponding section of
the cluster, for instance component 8 when analysing the fifth cluster in chromatogram
A2. These components are required to determine the complete transformation matrix
T and have often been identified in the previous step of the procedure. The spectra are
added to the library containing the unidentified spectra from the other chromatogram
and the TFA is performed. On the basis of the results of the projection (eqn. 4), the
relevant spectra are selected from the library. The inverse transformation is applied to
derive the corresponding elution profiles. However, before the profiles, and hence
retention times (required for the optimization procedure!), can be determined, spectra
of all components in the cluster should be available. When only minor components in
a cluster are not yet identified, the retention times can be estimated by performing the
TFA assuming a reduced dimensionality. In the case of severe spectral similarity
within the mixture, the relative areas of the profiles can now be determined and used as
an additional indication of the identity.

An example of this approach is given in Table V: the library Ala is used in
a target test on the unresolved clusters of chromatogram A2, starting with the second
cluster. First the library is extended by including the spectrum of component 5 as
determined by means of ITT-FAin step 2 of the procedure. After projecting the
spectra, the components 2-4 (and obviously component 5) are selected as solutes
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TABLE V

RESULTS OF THE TFA WITH FIVE SPECTRA SELECTED FROM LIBRARY AI, STORED IN
LIBRARY Ala, ON THE SECOND AND FOURTH CLUSTERS OF CHROMATOGRAM A2

The success of the test is expressed by means of the correlation coefficients, pz and P4, between the target
spectra and their projections on the hyperplanes related to the clusters. The conclusion expresses the number
of the cluster in which the components are situated in chromatogram A2.

Target Cluster A2-2 Cluster A2-4 Tested spectrum
spectrum pz P4 present in cluster

AI-2 0.99623 0.42776 2
AI-3 0.99722 0.55250 2
AI-4 0.99962 0.70628 2
AI-IO 0.83222 0.99818 4
AI-II 0.92815 0.99974 4

present in cluster 2 on the basis of the high correlation between the target spectra and
their projections. Since all major components have been identified in this cluster, the
inverse transformation is performed and the cluster is fully resolved. Similarly, the
components 10 and II (in combination with component 8) are identified in cluster
5 and used to determine the individual profiles. In this way, all unresolved clusters are
analysed and the locations of the missing components are determined.

When more than two chromatograms are involved, the procedure is repeated
a number of times: when a new component has been identified on the basis ofTFA, its
spectrum is removed from the library used in the TF A and added to the library
corresponding with the chromatogram in which the compound has been identified.
This adjusted library is then used in a direct comparison with the other chromatograms
involving only those components not yet recognized in a previous step. New
components not identified in a chromatogram by a direct comparison are added to the
library used in the TFA of unresolved clusters in that chromatogram, etc. These steps
are repeated until all components are identified or the contents of the libraries remain
constant. This is summarized in Fig. 8.

The results for example A are illustrated in Fig. 6c. By a combination of the
spectral data in both chromatograms all components in chromatogram A2 are
identified, and only one impurity in chromatogram Al remains unrecognized.
Example B requires two steps, illustrated in Fig. 7c and d: first the unresolved cluster in
chromatogram B3 is analysed with the reliable, but as yet unidentified spectra from
chromatogram B2. The three components (2,4,7) contained in library B2a are all
located in the fourth cluster of chromatogram B2. Since it was the only remaining
cluster, this result was expected, but the principle can be applied when more unresolved
clusters are present in the chromatogram (example A); vise versa, the only remaining
unidentified spectrum from B3 is found in the unresolved cluster of chromatogram B2
(correlation 0.99924). We are left with chromatogram Bl. In the preceding step all of
the known reliable spectra from B2 were matched. From B3 we have found a new,
ninth component (3). Not surprisingly, in a TFA this component is found to be located
in the unresolved cluster of chromatogram BI (Fig. 7d). Since an high correlation is
observed, nine components are now recognized in all three chromatograms, and only
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Fig. 8. The comparison and combination of spectral data derived from the separate chromatograms.

'the impurity observed in the third cluster of the second chromatogram remains
unidentified.

The conclusions with respect to the peak tracking in the two examples are
summarized in Figs. 9 and 10. Tables with retention times corresponding to the
individual solutes are now available for use in an interpretive optimization strategy",

Limitations
The procedure described in this section has a number of limitations. First and

foremost it is assumed that the spectral characteristics of the components do not
change too much with varying experimental circumstances. It is clear that none of the
methods described in the introduction can be applied if the absorption characteristics
of the components change, for instance because of dissociation or association with
varying pH. If reversed-phase chromatography is restricted to a change in organic
modifier such as methanol, tetrahydrofuran and acetonitrile, such strong conforma
tional changes do not occur. Although shifts and other changes in the spectra have
been reported 10.12, the shape of the spectra remains fairly constant throughout, and an
unambiguous identification is usually possible, although slight distortions are
observed in the profiles derived by means of TFA. However, when other modes of
liquid chromatography are involved (for instance ion-pairing chromatography) these
assumptions no longer hold and peak tracking is limited to those components which
have stable spectral characteristics. Increased uncertainty will result in the case of
coelution of components with unstable spectra.

Also in the case where the spectra of the components do not change too much,
a number of limitations exists. When a particular component is coeluted closely with
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other components in all available chromatograms, no reliable spectrum is obtained for
tracking that component. Here two situations may be observed: if the same
components are coeluted together in all chromatograms, the changes of finding
a suitable optimum are limited. On the other hand, a given component may be closely
coeluted with different components in subsequent chromatograms. For example,
between chromatograms Bl and B2 only, it would have been impossible to find the
spectral characteristics, and hence the exact retention times, of component 3. Now, as
long as only one component remains unknown, its uniqueness automatically allows
approximate tracking. When two or more components are involved, only a limited
peak tracking might be possible, resulting in several alternatives with respect to the
retention behaviour of a number of components. Often it will be possible to choose one
of the alternatives on the basis of subsequent chromatograms. Otherwise an increase in
peak capacity (decrease in elution strength) will often result in the additional
resolution required for reliable spectral data.

CONCLUSIONS

The procedure described is capable of unambiguous peak tracking in chromato
grams of unknown mixtures based on a multivariate handling ofspectral data resulting
from multiwavelength detection. The number of analytically significant components is
best estimated on the basis of the results of the ITT-FA, combined with an
examination of the responses involved (UV activity).

The combination ofTFA and ITT-FA eliminates the limitations of each method
separately: unknown spectra of moderately coeluting components are determined by
means of the ITT-FA. Clusters with too little resolution for the ITT-FA are resolved
by means of TFA, using spectra derived from other chromatograms.

When components with very similar spectra are present in a mixture, additional
information such as the relative areas of the peaks must be used in order to perform an
unambiguous identification. Clearly, by limiting the comparison to the areas of
spectrally similar components, the number of possible matches is greatly reduced, and
hence the accuracy of the analysis is increased.

The major assumption is that the spectral characteristics of the components do
not change much with varying experimental conditions. However, the probability of
erroneous identifications is limited and the procedure issues a warning when not all
components have been tracked in all chromatograms. The influence of the remaining
components on the quality of the separation can be determined on the basis of
a measure of concentration. Especially if procedures are to be implemented in
automated systems, this last point is of great importance: a procedure should be able to
indicate success or failure, rather than issue an answer at any cost.
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SUMMARY

A peak tracking strategy based on multivariate analysis of multiwavelength
spectral data was applied to four chromatograms of a mixture of eight local
anaesthetics and extended to cope with coelution of components having identical
spectral characteristics. The resulting characterization of the retention behaviour of
the individual components was used to select a suitable parameter space for the
subsequent improvement of the observed separation.

INTRODUCTION

During recent years a number of strategies for a systematic optimization of the
mobile phase composition for high-performance liquid chromatographic (HPLC)
separations has been developed 1,2. Especially reversed-phase HPLC has been
extensively studied, resulting in a number of so-called interpretive optimization
methods, which base the prediction of the location of the optimum on a model of the
retention behaviour of the individual components in a mixture-:". By a suitable
concentration of organic modifier, determined by means of a gradient scan, the
retention range is fixed. By using isoeluotropic mixtures of different types of organic
modifiers [methanol, acetonitrile or tetrahydrofuran (THF)] the specificity of the
mobile phase is varied, hopefully resulting in the desired separation ofall components.
Depending on the number of modifiers in the mixture, a one- or two-parameter
optimization is performed: with a mixture of two isoeluotropic solvents, the mixing
ratio is the only parameter. When three solvents are involved two mixing ratios are
varied and accordingly a two-parameter optimization is performed.

The above procedure is mainly restricted to mixtures containing uncharged
solutes. When one is dealing with more complex samples, with both charged and
uncharged species, different mobile phase additives, such as ion-pairing reagents, are
required to ensure sufficient retention'?". Consequently the number of parameters
involved increases dramatically: apart from the type and concentration of organic
modifier, the type and concentration of ion-pairing reagent and the pH will influence

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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both the overall retention and the specificity of the separation. However, current
strategies become extremely time consuming when a large number of parameters is
involved. Furthermore, a large number of initial experiments will be required to gauge
the influence of the parameters on the retention of the individual solutes in sufficient
detail and to construct a response surface describing the quality of the separation for
different values ofthe parameters. Consequently, theoptimization is usually restricted
to a smaller number of parameters, one of which is the ion-pair concentrations. This
selection of parameters is done on the basis of experience.

Apart from practical considerations in the restriction of the parameter space
with respect to the number of experiments and the limitations of the software, this
restriction is often fundamentally correct, since large areas in the extended parameter
space will never produce a suitable separation and will play no role of importance in
the actual optimization. Recent studies by Low et al.6

,7 were directed at an efficient
selection of parameters and determination of a suitable range of values based on
a limited number of preliminary experiments. An important aspect is the charac
terization of the mixture: the type of components determine which parameters will
influence the retention behaviour. For instance, when a (strong) acid is fully
dissociated at low pH, inclusion of the pH as a parameter will be useless to influence
the retention of this component and will only increase the number of experiments.

With this in mind, the following distinctions can be made between different types
of solutes": neutral solutes (N), not ionized within the specified pH range; strong acids
and bases (SA/SB), fully ionized within the specified pH range; weak acids and bases
(WA/WB) which change their ionic state in the specified pH range. Once all
components in a mixture have been characterized according to this specification,
a suitable selection of parameters for the optimization will be possible: the retention of
neutral solutes is influenced solely by the type and concentration of the organic
modifier(s). Weak acids and bases are sensitive to changes in the pH of the mobile
phase. All charged solutes are influenced by the concentration of ion-pairing reagent.
Acids are retained by a positively charged reagent such as quaternary ammonium salts,
and bases by negatively charged ones, for instance sodium octanesulphonate. It is
often possible to perform this characterization on the basis of a limited number of
experiments, as will be demonstrated in the following discussion.

A separate problem, both in the interpretive optimization strategies and in the
characterization of unknown mixtures, is peak recognition: in order to describe the
influence of a change in the values of the parameters on the retention of the individual
solutes, one must be able to identify the peaks between the chromatograms. Since one
is not immediately interested in an identification of the solutes, but in which peaks in
two chromatograms of the same mixture correspond to the same solute, this process is
referred to as peak tracking. A number of methods are available to perform peak
tracking based on relative areas'v" or wavelength ratios!", Introduction of linear
photodiode array detection (LPDA) increased the potential of tracking considerably,
since full spectra can now be compared11 .

Recently, we described a strategy for further automation of the tracking
procedure based on a multivariate analysis of spectral data, collected by means of
LPDA12. In order to compare the spectral characteristics of overlapping components
in peak clusters, these characteristics must be extracted from a set of mixture spectra.
In peak clusters with more than two more or less closely coeluting solutes, pure
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component spectra are not observed directly and must be determined in some other
way. By means of a multicomponent analysis or target factor analysis (TFA)
deconvolution of peak groups is possible, but these techniques require library
spectra13. Other techniques referred to as "self-modelling curve resolution", such as
the iterative target transformation factor analysis (ITT-FA)14, require no spectral
information from other sources, but are more sensitive to the amount of chromato
graphic resolutiorr'". We have demonstrated'? for two examples of typical complexity
that the combination of ITT-FA and TFA assisted by peak areas allowed un
ambiguous identification of nine and thirteen components, respectively. In both
examples all solutes were uncharged.

Ofcourse, additional problems arise when two or more components have similar
spectra. When these components are fully separated, additional information on peak
areas can be used to track the peaks. However, if these components are present in the
same cluster a correct analysis is no longer possible, as will be discussed in the following
sections. More seriously, all methods indicated above assume that the spectral
characteristics of the components do not change too much with varying experimental
conditions, This is generally true for uncharged solutes, but is not necessarily the case
for solutes with different states of dissociation in various mobile phases. However,
peak tracking in chromatograms of mixtures containing ionized solutes is not a priori
a waste of time, since some conclusions with respect to the uncharged or fully ionized
solutes can always be drawn.

In order further to test the potential of the tracking procedure in other
applications, this paper focusses on a mixture of eight local anaesthetics. With
a minimum of knowledge regarding this mixture, i.e., a reasonable retention in 50%
methanol and the presence of basic solutes, we will try fully to characterize the mixture
by means of peak tracking in order to select a suitable parameter space where
improvement of the separation can be expected.

THEORETICAL

In order to describe some of the phenomena observed during the analysis of the
mixture, a short description is provided here of the mathematical background. For
further details the reader is referred to refs. 12-16.

Every mixture spectrum observed during the elution of a peak cluster can be
described 'as a sum of the contributions of the individual pure component spectra,
weighted by means of a concentration factor. When a component does not contribute
to a spectrum, its concentration is equal to zero. When this decomposition is
performed for every mixture spectrum of the cluster, the set of spectral data can be
expressed by means of a matrix

(1)

where the mixture spectra are the columns of the data matrix D (dimensions nw

wavelengths x ns spectra). When nc components are present, this decomposition
results in a matrix S (dimensions n.; x nc)containing the pure component spectra and
a matrix E (dimensions n; x nc) with the contributions, i.e., the elution profiles.
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Without knowledge of the pure component spectra, an alternative decomposition is
possible, based on a principal component analysis (PCA)16:

D = R VT (2)

The matrix V (dimensions n, x ns) contains the eigenvectors of the covariance matrix
of D and can be thought of as an abstract description of the elution profiles: every
elution profile in the mixture can be described as a linear combination of the columns
of V. The same holds for matrix R (dimensions nw x ns) which can be used to
reconstruct the pure component spectra. Since the columns of V and R are ordered
according to the amount of variance they describe in the original data, only the first n;
columns are required to reconstruct the original data within the experimental error.
The other columns describe the experimental noise. The reduced matrices, R'
(dimensions n.; x ne) and V' (dimensions n, x ne), can be transformed into their
physical counterparts, Sand E, by means of a suitable transformation, T (dimensions
n; x ne), resp. 11:

D' = R'V'T (3a)

(3b)

(3c)

Different techniques to determine T are available and described by the general term
factor analysis. The target factor analysis (TFA) first determines the separate factors
which are thought to contribute to the overall variance in the data by projecting an
assumed factor, for instance a spectrum, on the relevant hyperspace, in this case R'.
When the target and projection coincide, the factor is accepted and the transformation
required for the projection is used as an element of T. Once all factors (components)
have been identified, the inverse transformation is calculated and the elution profiles
are derived.

The ITT-FA I 4 does not require pure component spectra or profiles to test as
factors, but searches for solutions which conform to two boundary conditions, i.e.,
non-negativity of the concentrations and unimodality of the derived profiles. Once all
profiles have been determined, the inverse transformation is used to calculate the
spectra.

One way to check whether the correct dimensionality, i.e., the correct value ofne,

has been applied in the analysis, is to compare the reconstructed data matrix, D', with
the original data matrix, D. The difference, expressed in the form of a sum of squares,
was defined by Malinowski and Howeryl6 as the extracted error, XE:

n n
2 w S t 2

XE = 1: 1: (dij - diJ ln-»,
;=1 j=1

(4)

When the analysis is performed with different values of ne, that value is accepted as
correct which yields the smallest extracted error.
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Mixture and chromatographic conditions
The composition of the mixture was selected on the basis of separation problems

described in the literature?'!". The molecular formulas of the eight components are
given in Fig. 1.Reference to the components is made by the numbers in this figure. The
concentration of all components was 1mg/ml, except for bupivacaine (0.5 mg/ml). An
examination of the spectral similarities in a solvent of methanol-l 5 mM triethylamine
(TEA) (50:50), pH 7 (Fig. 2), expressed by means of a correlation coefficient'",
indicated an extreme similarity between components 2 and 5 and between components
3,4 and 7 (Table I). Comparison of the structures of the components (Fig. 2) endorses
these conclusions, since the chromophoric groups (aromatic structures) are identical
for the components specified.

The mixture was eluted on a Novapak C18 column, particle size 5 {lm, 7.5 em
x 3.9 mm J.D. (Millipore Waters, Milford, MA, U.S.A.) using a mobile phase of
methanol-I 5mMTEA (50:50).The flow-rate was set at 1ml/min, The pH of the buffer
was fixed at 3 and 7. At each pH value two experiments were performed, one without
the ion-pairing reagent, the other with 5 mM sodium octane sulphonate added to the
mobile phase. The four chromatograms resulting from these preliminary experiments
are shown in Fig. 3; only the one at pH 7 with the ion-pairing reagent reveals eight
significantly, but widely differently, resolved peaks.

Instrumentation
The chromatographic system consisted of an HP 1090chromatograph, equipped

with an HP 1040A linear photodiode array detector (Hewlett-Packard, Waldbronn,
F.R.G.). The detector was connected to an HP-85 desktop computer, equipped with an
HP-IB IEEE-488 interface and RS-232C serial interface. The data were temporarily
stored on 5i-in. flexible disks using an HP829l0M disk-drive.

The data files collected by means of the detector were transferred to an Olivetti
M24 personal computer (Olivetti, Ivrea, Italy) by means of serial interfaces on both

o c{ls

'~<C2HS 1: procainamide ~cf'/"N<C2HS 5: butacaine
H H H C2HS

2 2

o C
2HS 2: procaine pC2HS 6: benzacaine

'~<C2HS
2

2

~ 0 CH 3: lidacaine ~!6C4H9o !vN< 2 S 7: bupivacaine
H C2HS

~!6CH3
o CH3

4: mepivacaine C4H\'~<CH3 8: tetracaine

Fig. I. The molecular structures of the eight local anaesthetics in the mixture.
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Fig. 2. UV spectra between 210 and 400 nm of the eight local anaesthetics of Fig. I.

computers. Further analysis of the data was performed on an IBM-PC (IBM, USA.),
equipped with two 5-l-in.disk-drives,an expansion unit with two 10-Mbyte hard disks,
the Intel 8087 mathematical coprocessor and an HP-7470A graphics plotter with serial
interface.

The spectra were recorded between 210 and 400 nm. The sampling frequency was
set at 30 spectra per min.

Software
All software used was developed using the Turbo Pascal compiler version 4.0

(Borland International, CA, U.S.A.). The algorithm for the TFA was adapted from
the description by Malinowski and Howery':", the ITT-FA was adapted from the
description by Vandeginste et al.'", Correlation coefficients were calculated according

TABLE I

THE SPECTRAL SIMILARITY OF THE EIGHT COMPONENT IN THE MIXTURE, EXPRESSED
BY MEANS OF THE CORRELAnON COEFFICIENTS

The spectra were recorded in methanol-If mM triethylamine (50:50), pH 7. Two sets of components
(2,5 and 3, 4, 7) with a very high similarity are observed and indicated by underlining. The numbers refer to
Fig. I.

2 3 4 5 6 7 8

I 1.000 0.93005 0.66438 0.66365 0.94787 0.97463 0.66316 0.64652
2 1.00000 0.51212 0.51187 0.99789 0.98027 0.51151 0.81042

3 1.00000 0.99998 0.52209 0.54496 0.99996 0.45219

4 1.00000 0.52171 0.54456 0.99999 0.45208

5 1.00000 0.99091 0.52142 0.77808
6 1.00000 0.54419 0.70918
7 1.00000 0.45159
8 1.00000
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Fig. 3. The four preliminary chromatograms of the mixture at 210 nrn, recorded in 50% methanol at pH
3 and 7, without and with 5.0 mM sodium octanesulphonate (IP). Further experimental details in the text.
The clusters selected for further analysis according to the peak tracking procedure are indicated by brackets.

to Reid and Wong 19
. The eigenvectors and eigenvalues of the covariance matrix of the

data matrix were determined by the HQRII algorithrn/".
Curve fitting, performed to estimate resolutions and concentrations, was

performed on the basis of bigaussian profiles and a non-linear procedure described by
Bevington.". This procedure was preferred to a direct calculation of the peak width
and areas based on the calculated profiles, because of the limited sampling frequency
over the chromatographic peaks, and the inherent uncertainty in the derived results.

RESULTS AND DISCUSSION

The following discussion is split into two parts. The first section will concentrate
on the peak tracking in the four chromatograms of Fig. 3, referred to as I-IV.
Consequently, we will assume that no further prior knowledge of the mixture is
available apart from the assumptions mentioned in the Introduction. In the second
part, the results of the peak tracking will be used to select the appropriate parameters
to improve the separation.

Peak tracking
The results of the peak tracking strategy are summarized in Fig. 4. The strategy

consists of a number of steps, performed sequentially and aimed at a combination of
the results derived for the individual chromatograms. The first step is the selection of
clusters on the basis of an absorbance threshold. The clusters selected are indicated in
Fig. 3. The next step consists of a separate analysis of all peak clusters by means of
a PCA, followed by the ITT-FA. The results of the ITT-FA, estimates of the individual
elution profiles and pure component spectra, are corrected for negative concentrations
and absorbances and used to calculate a reconstructed data matrix, D' (eqn. 3c). The
difference between the reconstructed data matrix and the original one is a measure of
the success of the analysis. By repeating the ITT-FAa number of times with different
dimensionalities, i.e., assuming a different number of components, and selecting the
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Chromatogram IV pH: 7, [IP): 5 mM Chromatogram III pH: 7, [IP]: 0 mM
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PCA + lIT:
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Chromatogram pH: 3, [IP]: 0 mM

Chromatogram II pH: 3, [IP]: 5 mM

Direct Comparison with IV:
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Fig. 4. A schematic representation of the results of the peak tracking procedure. Components in clusters are
categorized with respect to the quality of the corresponding spectral and quantitative data as reliable (D),
tentative (~) or unreliable (.). The component numbers refer to the components in Fig. 1.Chromatograms
are indicated by Roman numbers corresponding to Fig. 3. Chromatogram IV is the reference to which the
other three are correlated as discussed in the text.

best result indicated by the extracted error (eqn. 4), the number of components in the
cluster best described by unimodal profiles and physically realistic spectra is selected.
On the basis of a 1% concentration threshold, possible impurities, described by an
additional unimodal profile in negligible quantity, are rejected. The conclusions of this
step, the number of components, Nc, in each cluster, are summarized in the third
column of Table II.

The first observation is that more components are found in chromatograms III
and IV than in chromatograms I and II, e.g., eight and seven respectively. However, all
concentrations exceeded the threshold value of 1%, so that none can be considered as
an impurity. There are two possible explanations to account for this observation: two
components are eluted at exactly the same time, i.e., the observed mixture spectra all
contain the same ratio of pure component spectra and consequently one of the degrees
of variation is removed from the observed data. Only one profile and one
corresponding mixture spectrum is formed which will not be found in any of the other
chromatograms (if this coelution occurs in every chromatogram the problem passes
undetected since the analysis will simply be performed with one component less then
those thought to be present in the mixture). However, the chances of a coelution as
extreme as this.(resolution below approximately 0.01) are remote and will probably
only be observed early in the chromatogram close to the dead-volume.

A second explanation, which will occur more frequently, is the coelution of two
components with an high spectral similarity (p > 0.999). Even when two separate peak
maxima may be observed, the variation in the spectral data will still be reduced, and the
number of components derived for the cluster will be one less than the true number of
components. Two examples will be discussed later.
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TABLE II

THE CONCLUSIONS OF THE FIRST AND SECOND STEPS OF THE PEAK TRACKING
PROCEDURE

For every cluster in each chromatogram (identification according to Fig. 3), the number of relevant
components, Nc, as determined after PCA, ITT-FA and evaluation of concentrations is listed. In addition
the minimum observed extracted error, XEmin> is displayed. The final column presents the number of reliable
or tentative spectra in everycluster, Ns, based on an evaluation of resolution and spectral similarity (cf'.,Fig.
4).

Chromatogram

II

III

IV

Cluster Ne xs.; Ns

I 2 1.41 2
2 3 1.64 3
3 2 0.12 I

Total 7 6

I 2 0.24 2
2 I 0.05 I
3 2 3.73 2
4 I 0.02 I
5 I 0.01 I

Total 7 7

I 2 0.54 2
2 I 0.02 I
3 I 0.02 I
4 I 0.02 I
5 2 0.02 I

Total 8 7

I 3 1.05 3
2 2 0.01 2
3 I 0.01 I
4 I 0.01 I
5 I 0.01 I

Total 8 8

In order to perform the actual peak tracking by a comparison of pure component
spectra, the next step consists of a judgement of the reliability of the spectra resulting
from the ITT-FA. Due to the fact that errors are introduced in the reconstruction of
the profiles when the resolution becomes too low (below approximately R = 0.4 for
components present in equal concentration, i.e., equal UV activity), not all calculated
spectra are sufficiently free from errors to be used directly. Since the extent of the
observed distortion also depends on the spectral similarity of the components and on
their concentrations, a further analysis of these quantities is required to select the
appropriate spectra. Such an analysis has been presented previously using two
component clusters'> where the observed resolution, the observed spectral similarity
and the apparent concentrations were used to judge the reliability of the derived
spectra. The expected similarity between the derived spectra and the true spectra is
estimated and expressed by means of a correlation coefficient. However, the demand
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that this quality index exceeds for instance 0.995 does not guarantee that the calculated
concentrations are accurate. Consequently, three types of· components are dis
tinguished after the ITT-FA: reliable components, accurately described with respect to
both the spectral characteristics and concentration; tentative components, of which
the spectra are sufficiently accurate, but the derived concentration is suspect; and
unreliable components, which are present in too Iowa concentration or coelute too
closely with other components to rely on the corresponding calculated spectra.
Unreliable spectra can be determined only in a second step involving the TFA where
the demands on the resolution for a successful analysis are greatly reduced (the amount
of information provided during the analysis is increased since spectra derived from the
other chromatograms are used as targets). Tentative components are accepted as such
but are candidates for further improvement by means of TF A.

The results of the classification are indicated in Fig. 4 by means of open
(reliable), shaded (tentative) or dark (unreliable) blocks. The resolution of the first
cluster in chromatograms I and II is fairly low (estimated 0.36) but the spectra are
tentatively accepted because of the high spectral similarity of the components, and
hence the reduced influence of the error introduced by the distortions in the calculated
profiles. The resolutions, in the third cluster of chromatogram I and in the fifth cluster
of chromatogram III are definitely too low to rely on the spectrum of the fronting
component due to the low relative concentration in comparison with the tailing
component.

The resolution in chromatogram IV is sufficient to derive reliable spectra of all
components, and thus enables us to decide that we are indeed dealing with an
eight-component mixture (Fig. 4). Indeed, a comparison of the spectra, as illustrated in
Table I and Fig. 2, gives an indication ofthe spectral complexity of the mixture. Since
three components do have extremely similar spectra, the reduced dimensionality of
chromatograms I and II is probably caused by coelution of two of these components in
one cluster.

Since chromatogram IV produces the largest number of components and the
largest number of reliable spectra (Table II), the resulting library of eight spectra is
used as a basis for a direct comparison of pure component spectra and in the TF A
performed on unresolved clusters in the other chromatograms. The components can
therefore be numbered as indicated in Fig. 4. Although we proceed on the assumption
that we are dealing with an unknown mixture, for the convenience of the reader and to
facilitate the discussion we use the same numbering as in Fig. 1.

The comparison between the chromatograms III and IV is straightforward.
A direct comparison of spectra and concentrations identifies all components, except
3 and 4. Due to the fact that both components have equal spectral characteristics and
similar concentrations, an unambiguous identification is not possible. Component 7,
though also spectrally identical to 3 and 4, is identified since its concentration is
different. Consequently, cluster 3 of chromatogram III contains either component 3 or
4. Since the other is not detected by a direct comparison of spectra, it must be situated
in cluster 5 (dark block). This is verified by means of the TFA. A definite choice of the
location of components 3 and 4 is discussed in the next section.

The comparison between chromatograms I and IV is more difficult, because of
the lower resolution in chromatogram 1. A direct comparison of spectra and
concentrations tracks the components 2, 5, 6 and 8. Although there is a high
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correlation between component I and the first component in the first cluster of
chromatogram I, no positive identification is possible because the concentrations are
too dissimilar. The same is true for components 3, 4 and 7 that correlate highly with the
central solute in the second cluster of chromatogram 1.The decision on the location of
component 1can be made on the basis of its spectral uniqueness (Table I), although the
procedure implies a verification by means of TFA. In the case of components 3, 4 and
7 there is the additional problem of extreme spectral similarity that makes it impossible
to determine which of the three components matches. This spectral similarity also
complicates the application ofTFA: when virtually identical spectra are used as targets
they cannot be distinguished. To put it differently: components with identical spectra
will not produce meaningful elution profiles. In technical terms, such targets produce
closely similar transformations of the columns of R' (eqn. 3b). Consequently, in the
inverse transformation resulting after a selection of all matching components, the
determinant ofT is very small (an ill conditioned matrix), resulting in large errors in the
calculated profiles.

Hence, a library is constructed containing only the spectral characteristics of
components 1and 3, with the latter being representative of solutes 4 and 7 as well. This
library is extended with component 2 (already identified but required for the
determination of the correct inverse transformation) and used in the TFA performed
in cluster 1. Component 1 is now identified unambiguously and is situated in this
cluster. The same procedure is followed for cluster 2, after extension of the library with
components 5 and 6, and on cluster 3 after extension of the library with the spectrum of
component 8. In both cases an high correlation between the spectrum of component
3 and the projections on the spectral description of the clusters (matrix R') is observed,
indicating that all three components, 3,4 and 7, are located in clusters 2 and 3. The
concentration of the peak in cluster 3 corresponds with the concentration of
component 7, which leaves components 3 and 4 to be situated in cluster 2. When the
concentrations of 3 and 4 are summed, the result equals the concentration of the
combined profile derived by means of both the ITT-FA and TFA. Since the two
components are poorly resolved, the combined profile can be described by a unimodal
profile, as illustrated in Fig. 5, and both the profile and the derived spectra correspond

3

I
0.7

I I

t (min)
I

1.4

210 nm 400

Fig. 5. The results of the ITT -FA performed on cluster 2 of chromatogram I (Fig. 3), indicated by the dashed
line, as compared to the results of the TFA (solid line) performed with the pure component spectra of
components 3, 5 and 6. The left side of the figure displays the elution profiles, the right side shows the spectra
derived by means of ITT-FA (dashed line) compared with the true pure component spectra (solid line).
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with the ones derived by means of the TFA. The minor distortion in the spectrum of
component 5 derived by means of the ITT -FA is caused by the incorrect reconstruction
of the tail of the profile and is not sufficient to hinder a correct identification. In this
case the result of the ITT-FA together with a combination of areas can be applied to
track all components in the second cluster. The exact identification of components
3 and 4 is not relevant since they have approximately the same retention time.

Similar problems are encountered with the comparison of the spectral data of
chromatograms II and IV. The tracking of components 2, 6, 7 and 8 is unambiguous.
Component 1 is identified in the same way as above using a library consisting of
spectra from components 1, 2 (already identified), 3 and 5. We are left with
components 3-5 which must all reside in the third cluster of chromatogram II. It might
be surprising that component 5 is not found in this cluster from ITT-FA, despite its
reasonable resolution from the fronting component (estimated resolution 0.86). An
explanation is found after cluster 3 has been analysed by means of a TF A using the
spectra of components 3 and 5, illustrated in Fig. 6. The TFA correctly reconstructs
a combined profile of components 3 and 4, containing two distinctive maxima. It
should be remembered, however, that ITT-FA assumes an unimodal profile, and thus
results in the incorrect profile indicated by the dashed line coinciding with the first
peak maximum of the bimodal profile. Through the inverse transformation, this error
is introduced in the spectrum derived from the second component, which thus deviates
strongly from the spectrum of component 5 (see Fig. 6, dashed versus solid line in the
spectrum of solute 5). Consequently this distorted spectrum is not observed in the
other chromatograms and should not be included in libraries used for peak tracking.
By contrast, the results of the TFA can be used to estimate the concentration of the
individual profiles, for instance by means of a perpendicular division of the profile,
yielding the identification displayed in Fig. 4, with again the exact location of
components 3 and 4 uncertain.

The detection of the occurrence ofa bimodal profile must be based on one of the
following points: when it is observed that one or more spectrally identical solutes are
missing in a chromatogram, clusters producing spectra similar to the spectra of these
components are suspect and must be checked by means ofTFA. If the resulting profiles

I
1.9

I I
t (min)

I
2.6

D
WJ/"5
\. ,: I

, .

210 nm 400

Fig. 6. The results of the ITT-FA performed on cluster 3 of chromatogram II (Fig. 3), indicated by the
dashed line, as compared to the results of the TFA (solid line) performed with the pure component spectra of
components 3 and 5. Other details as in Fig. 5.
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are identical to the ones derived by means of ITT -FA, a direct match or a combination
of areas will produce one or more possible solutions. However, when the TFA results
in bimodal profiles, other spectra reconstructed previously by ITT-FA for this cluster
will become unreliable and must be removed from libraries derived for the
chromatogram in question. The tracking of the corresponding solutes can be
performed only by means of TFA. It is for this reason that the third cluster of
chromatogram II is darkened after the direct comparison of the spectra. Usually, the
occurrence of bimodal profiles can also be detected by an increase in the minimum
extracted error (Table II) since the removal of part of a profile can be compensated for
only partly by other components in the cluster.

After the above procedure, the chromatograms I and IV have been identified as
far as the retention times of the components are concerned. In chromatograms II and
III, the exact location of the components 3 and 4 remain interchangeable. If one or
both of these components are available, a separate injection will solve the dilemma, as
has been done to produce Fig. 7. If not, then consecutive experiments must be based on
both alternatives. However, often the identity wil remain uncertain, even when the
separation is complete.

Parameter selection
Now that the components have been localized in the four chromatograms, their

response to the elution conditions can be analysed. An idealized representation of the
observed behaviour is given in Fig. 8. The behaviour of the solutes in Fig. 8 is not
measured as such but serves to help the reader better understand the following
discussion.

Components I and 2 both display very low retention at both low and high pH
and only display a (small) increase in retention with the addition of a negatively
charged ion-pairing reagent. Apparently they are positively charged solutes, pro
tonated over the full pH range examined with a weak dependence on the ion-pair
concentration. Consequently, we are dealing with components which behave like
strong bases in the parameter space examined.

8 7

pH: 3
IP : 5

IV pH: 7
IP 5

8 7

0.0 t (min) 10.0 0.0 t (min) 10.0

Fig. 7. The results of the peak tracking procedure. The component numbers refer to Fig. I; the
chromatograms are identical to those in Fig. 3. S = Solvent.
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Fig. 8. The characterization of the components in the mixture. On the basis of the retention behaviours at
low and high pH, taking the response of the ion-pair reagent concentration into account, the components are
identified as behaving like strong bases (SBs), moderately strong bases (~SBs), weak bases (WBs) or
neutrals (Ns).

Components 4, 5, 7 and 8 are substantially retained when the pH is increased
from 3 to 7, hence the degree of protonation is changed. Since the components react to
the addition ofan ion-pairing reagent at both low and high pH, they are still charged at
high pH. Because of this behaviour, the solutes are categorized as moderately strong
bases.

The retention of component 6 is not influenced by either a change in pH or the
addition of an ion-pairing reagent and consequently it is considered to be neutral.

The retention of component 3 increases at low pH with the addition of
a negatively charged ion-pairing reagent, thus it is protonated at this pH. However, at
high pH the (much larger) retention is no longer influenced by the addition of
ion-pairing reagent and the component behaves like a neutral solute. Apparently we
are dealing with a component with a retention behaviour like a weak base, which is
protonated only at low pH. Here we have an additional indication of the identity of
components 3 and 4 in chromatogram III, as compared to chromatogram IV. Due to
an increase in retention with increasing pH, the components are identified as bases, but
a protonated base will not suffer a decrease in retention with the addition of
a negatively charged ion-pairing reagent. Consequently the elution order of the
components does not change in chromatograms III and IV. This information is
essential when interpretive optimization techniques are applied.

When we compare these conclusions with the molecular structures in Fig. 1,
a few observations regarding the retention behaviour are immediately confirmed.
Component 6, benzocaine, clearly contains no strong basic groups and can be
considered as neutral. The tertiary amino groups in the other components are
responsible for their basic behaviour, while the long hydrophobic aliphatic chains in
the components 7, bupivacaine, and 8, tetracaine, cause the long retention times of
these compounds. The reason why component 3 appears less basic than components
4 and 7 is the fact that the piperidine group is a stronger base than a tertiary amine
group with alkyl chains 2 2

•
2 3

.

One of the requirements of the applied peak tracking procedure is the
invariability of the pure component spectra under varying experimental conditions.
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Although this cannot always be expected for charged solutes, in this case the
requirement is fulfilled since a direct comparison of the pure component spectra of well
resolved components produces correlation coefficients ranging from 0.9996 to 1.0000.
Apparently, despite the change in protonation (different behaviours at pH 3 and pH
7), the spectra of the components are fairly constant, probably because the
chromophoric groups are not affected by the protonation of the basic tertiary amino
groups.

Although most components are reasonably separated in chromatogram IV, the
retention of components I and 2 is still limited and it is desirable that their separation is
improved. An inspection of the four chromatograms recorded so far indicates that the
changes of finding a better separation within the parameter space examined (pH from
3 to 7 and ion-pairing reagent concentration from 0 to 5 mM) are minimal, since the
critical pair is coeluted in every chromatogram. However, from the characterization of
the components we can also draw the following conclusions regarding the retention
behaviour of the components outside the above parameter range: due to the limitations
of the stationary phase, a further increase in pH willnot be possible, and an increase in
the retention of components I and 2 can be obtained only by an increase in the
ion-pairing reagent concentration. However, this will result in a strong increase in the
retention of components 8 and 7, leading to impractically long chromatograms. In
order to decrease the retention of these latter components one could increase the
methanol content, but this would result in a decrease in the retention of component 6,
which would then be coeluted with either component I or 2. Therefore the best
chromatogram is observed at pH 7 and an ion-pairing reagent concentration of 5 mM
and further changes in the pH, methanol content or the ion-pairing reagent
concentration are not expected to improve the overall separation or quality of the
chromatogram. However, there is a possibility that a change in the nature of the
organic modifier will provide additional specificity.

The use of isoeluotropic mobile phases, changing the specificity of the mobile
phase, but keeping the overall retention constant, has been described extensively1,2 .

When we determine the isoeluotropic mobile phase composition of 50% methanol by
means of transfer rules, 38% acetonitrile or 32% THF is advised?". However, the
retention times observed in chromatograms recorded with these compositions were
too short, and corrections were required. The desired retention range was reached at
30% acetonitrile and 18% THF (Fig. 9). A number of changes in specificity are clearly
observed. Especially the neutral component 6 shows a considerable change in retention
behaviour, eluting in the proximity of component 4 in the chromatogram recorded in
acetonitrile and coeluting with component 3 in the chromatogram recorded in THF.
Although the retention of the charged solutes is influenced less dramatically by the
change of organic modifier, some changes of the elution order are observed, for
instance components 7 and 8 change their order in the chromatogram recorded in
THF. In addition, the retention of components I and 2 is influenced such that the
hoped for increase in resolution is obtained. Additional experiments showed that
a simple increase in the water content of the mobile phase did not achieve a similar
result but actually decreased the resolution of components I and 2. Unfortunately the
overall separation in the chromatogram recorded in THF is insufficient, due to the
coelution of components 3 and 6, but in the chromatogram in 30% acetonitrile
sufficient separation of all components is observed. If desired a further optimization
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Fig. 9. Three chromatograms of the mixture recorded at 210 nm in isoeluotropic mobile phase compositions
consisting of 50% methanol (MeOH), 30% acetonitrile (ACN) and 18% THF respectively. The aqueous
phase contained 15mM TEA and 5 mM octane sulphonate, pH 7. The numbers refer to Fig. I. S = Solvent.

can be performed according to one of the established methods, for instance the
iterative regression design",

An acceptable separation was reached on the basis of a limited number of
experiments: four preliminary chromatograms, two chromatograms to determine
isoeluotropic compositions and the two-actual isoeluotropic binary compositions.

Table III summarizes the retention times of the solutes in the chromatograms of
Fig. 9. The exact chromatographic conditions are given in the caption.

TABLE III

RETENTION TIMES OF THE EIGHT LOCAL ANAESTHETICS (SEE FIG. I FOR THE IDENTI
FICATION) IN THE CHROMATOGRAMS OF FIG. 9 UNDER THE CHROMATOGRAPHIC
CONDITIONS GIVEN IN THE CAPTION

Elution order Acetonitrile 18% THF

Solute no. tR (min) Solute no. tR (min)

1 I 0.63 1 0.70
2 2 0.88 2 l.l8
3 4 1.84 4 2.33
4 6 2.09 3 3.63
5 3 4.52 6 3.90
6 5 5.23 5 10.20
7 8 6.48 7 12.60
8 7 10.60 8 14.30
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Peak tracking is not only required in the final stage of interpretive optimization
strategies, but can also playa useful role in preliminary scouting procedures, required
for an intelligent selection of the optimization parameters. Based on the change in
retention, detected by means of the peak tracking procedure in a limited number of
chromatograms, the components can be categorized. When the characteristics of the
components in the sample examined are known, the response to a change in one of the
parameters can be predicted, and the desirability of this change will playa role in the
decision to include the corresponding parameter in the actual optimization. In this way
irrelevant parameters are removed from consideration, reducing the number of
experiments required to find an acceptable separation.

Peak tracking procedures which can be applied to chromatograms of unknown
mixtures are limited in the sense that the spectral characteristics of the components
must not be influenced too much by the experimental circumstances. However, if this
requirement is fulfilled the application of advanced detection techniques such as
LPDA, in combination with extensive mathematical treatment, will be able to solve
most problems related to peak tracking, even in th~ case of severe peak overlap in one
or more chromatograms.

If coelution of components with identical spectra is observed, additional analysis
of this cluster by means ofTFA is required, since bimodal profiles cannot be derived by
means of the ITT-FA and will introduce errors in the spectra derived for other
components present in these clusters. Furthermore, a better estimate of the related
areas will be possible using the TF A. When coelution of components with identical
spectra results in unimodal profiles a systematic combination of areas will be required
to affirm the exact location.

Bya rigorous analysis of the retention behaviour of the components in a mixture
of local anaesthetics, useless experiments involving pH or ion-pairing reagents can be
avoided, and an acceptable separation was derived by a variation of the selectivity of
the mobile phase.
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SUMMARY

Packed fused-silica capillary liquid chromatography (micro-LC) columns, with
an inner wall polymer coating stabilizing the packed column bed, were evaluated in
an industrial laboratory environment. Data on their performance and long-term sta
bility in "real-world practice" are reported. The results indicate that micro-LC is a
viable proposition for routine application.

INTRODUCTION

Micro-liquid chromatography (micro-LC) is that form of liquid chromatogra
phy (LC) carried out on packed fused-silica (or other capillary) columns of I.D.
50-500 JIm. Initially, the most interesting aspect of micro-LC was thought to be the
reduced amounts of solvent and packing material needed. Hirose et al.: showed,
however, that micro-LC is a relatively easy route to LC with high plate numbers.
Another important feature of packed fused-silica capillary LC is that the columns are
more permeable than conventional columns". This high column permeability is the
result of the "direct wall effect", which leads to a less densely packed column bed in
columns of capillary dimensions". Possible column instability can be avoided by
using an elastic polymeric inner-wall coating which "holds" the packing. This higher
permeability with good stability of micro-LC columns made from polymeric inner
wall-coated tubing, leads to a number of important advantages of micro-Lfr'"!".

This contribution to the miniaturization of LC emphasizes the excellent column
stability of micro-LC. It is shown that this is available in routine application in an
industrial environment. Packed fused-silica capillary LC combined with low-disper
sion chemiluminescence detection11 proved to be a sensitive and suitable method for
analyses where only a small sample volume is available. Currently a method is being
developed to permit neurotransmitter release studies in vitro (brain slices) and in vivo
(brain dialysis) in which fmoi/Ill sensitivity is required. Chemiluminescence and mi
cro-LC are used for this purpose. During the development of this method, the charac
teristics of the packed fused-silica capillary columns were measured for a period of
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nearly 3 years. The reduced plate height, h, was monitored at several linear velocities,
u, and the column resistance parameter, CfJ, peak asymmetry, As, and retention ratio,
(RR)", were determined for the dansyl derivatives of fi-histine {2-[2-(methylamino)
ethyl]pyridine dihydrochloride} relative to a by-product of the dansylation. The linear
velocity was calculated assuming a total porosity of 0.50.

EXPERIMENTAL

The columns were a 500 x 0.5 mm J.D. column packed with 5-/lm RoSiL-C 1 8

(a spherical octadecylated silica gel from RSL, Eke, Belgium) and a 270 x 0.32 mm
fused-silica capillary packed with 10-/lm RSiL-C1 8 (a highly loaded irregularly
shaped octadecylated silica gel phase from RSL). The instrument consisted of an
MCP 36 pump (Haskel, Burbank, CA, U.S.A.), a Type 7520 or 7010 six-port in
jection valve (Rheodyne, Berkeley, CA, U.S.A.), a Perfusor ED2 syringe pump
(Braun, Melsungen, F.R.G.), a 25-/l1 glass-coil flow cell of 0.4 mm J.D., a mixing
cross (Valco Instruments, Houston, TX, U.S.A.), a Model PR-305 photomultiplier
(Products for Research, St. Danvers, MA, U.S.A.), a Type PM 28B power supply
(Thorn EMI, Middlesex, U.K.), a Type C-10 photon counter (Thorn EMI) and an
HP 3392A integrator (Hewlett-Packard, Waldbronn, F.R.G.).

Further chromatographic conditions are given in the legends to the figures. A
detailed description of the instrumental set-up for chemiluminescence LC has been
published elsewhere 1 1

. Eltoprazine [l-(2,3-dihydro-I,4-benzodioxin-5yI)piperazine
hydrochloride], a drug under development for the indication of pathological destruc
tive behaviour, was used.

RESULTS AND DISCUSSION

Immediately after production, the columns were tested with polycyclic aromat
ic hydrocarbons as samples and with acetonitrile-water (75:25) as the mobile phase at
the optimum linear velocity. The smaller column had a reduced plate height of 2-2.5
whereas for the larger J.D. column it was ca. 3-4 (compound and k' dependent).
Under these chromatographic conditions the optimum linear velocity, or the mini
mum in the Van Deemter plot, is observed at u values between 1 and 2 mm/s. With the
probes and eluting solvents studied here a minimum in the hlu curve is not observed
(even down to 0.3 mm/s) and the efficiencieswere generally not as good, although the
smaller J.D. column shows astonishingly low h values at very low flow-rate (Tables I
and II). That the hlu relationship and the h values are strongly solvent and compound
dependent is well recognized and is illustrated again here.

The first column was used to analyse dansylated amino acids and dansylated
drugs; the other column was used to analyse catecholamines. Because the concentra-

a The retention ratio (RR) is measured instead of the IXvalue or selectivity factor. This is unusual and
needs some clarification. Measuring "dead time" is awkward for two reasons: it was too difficult to find a
chemiluminescence active compound that really showed no interaction with the column packing, and in
some instances large volumes were injected with deliberately different composition to the eluent. This
creates gradient effects which render "dead time" measurement nearly impossible. For these reasons RR
values are used to express the degree of separation in the analysis being studied. The aim was to control the
RR reproducibility.
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TABLE I

SEPARATIONS OF DANSYLATED DRUGS AND AMINO ACIDS ON THE 0.5 mm 1.0. COL-
UMN

Column, 500 x 0.5 mm 1.0., 5-J1m RoSiL-C ,s' Eluent acetonitrile-water (65:35) with 10 mM imidazole.
Samples, dansylated drugs and amino acids (see legend to Fig. I). RR values for the dansyl derivatives of
P-histine relative to a byproduct of the dansylation. Detection, chemiluminescence.

No. of injections u (rnm]s )" h RR A, ({J

50 0.39 5.6 2.20 1.05 520
0.70 9.4
1.49 17
2.40 24
3.27 28

125 0.27 6.4 2.20 1.30 540
0.5l 9.4
1.38 18
2.19 23
3.20 28

200 1.04 13 2.20 1.27 580
1.40 18
2.14 19
2.95 27

300b 0.47 6.0 2.19 0.96 590
0.83 13
1.10 14
1.66 19
2.40 22
3.08 26

400 0.49 7.9 2.19 1.02 772
0.93 10
1.53 14
2.31 18

500 0.40 6.9 2.20 1.04 1050
0.95 9.8
1.70 18

a U measured with f.
1

(total porosity) = 0.50.
b Column shortened to 480 mm.

tion of the buffer influences the rate of the chemiluminescence reaction, the concen
tration was kept constant at 10mmol/dm' (ref. II). This resulted in a relaxation time
of the reaction ofless than I s, which has only a small influence on the peak width and
peak shape. The peak width of the first eluting compound was about 6 s at the
indicated flow-rate.

Some column chromatographic characteristics for the 0.5 mm 1.D. column as a
function of the number of injections are presented in Table 1. It can be concluded that
the column is stable with respect to asymmetry and selectivity of the peaks. However,
it suffers from clogging owing to dirty sample injection, which results in a gradually
increasing back-pressure and a higher resistance parameter. A doubled <p value was
observed after 4 months of regular use.

Similar experience over a period of nearly 3 years is tabulated for the 0.32 mm
1.D. column in Table II. Whenever the back-pressure became excessive, a I-cm piece
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TABLE II

SEPARATION OF DRUGS AND AMINO ACIDS ON THE 0.32 mm J.D. COLUMN

Column. 270 x 0.32 mm 1.0.. lO-pm RSiL-C,R' Eluent. acetonitrile-water (65:35) with 10 mM imid
azole.

No. of injections u (mm]s ) h A, <p Date"

10 0.30 1.3 1.47 870 March 86
0.42 1.6 (I)
0.60 1.9
1.52 2.4
1.82 4.0
3.8 8.0
6.4 10.7

10.2 14.8
50 1.4 1.4 1.51 860 March 86

2.9 2.7 (I)
4.3 2.8
4.9 3.1

11.8 10.7
250d 1.6 2.1 1.52 1060 Aug. 86

10.3 5.8 1.05b (2)
500' r.t 2.2 2600' Oct. 86

1000! 4.6 6.2 1.98 1550 (2)
1250· 2.2 2.9 1.23 2960 Apr. 87

(3)
1500 2.3 3.0 2830 May 87

(3)
1600' 8.2 6.2 1.33 1000 Apr. 88

(2)
1900' 4.0 4.0 1.29 1230 Aug. 88

(2)
2000j 2.5 3.5 1.40 1550 Jan. 89

(2)

U Measurements with (1) dansylated drugs and amino acids; (2) dansylated catecholamines [aceto-
nitrile-water (85:15) with 10 mM imidazole]; (3) dansylated Eltoprazine in plasma.

• Measured under optimum chemiluminescent conditions.
c High <p reached, leading to shortening of column.
d-j Column shortened to 250, 240, 230; 210,170,145 and 130 mm, respectively.

of the column top was removed, which restored the performance to acceptable levels.
Breaking off a piece of the column has to be carried out carefully so that an even,
clean break is produced. We do this with a capillary scoring tool (Supelco, Bellefonte,
PA, U.S.A.).

Restoring the column in this way was necessary, with our sample, after about
every 250 injections and was kept up for 2000 injections. The peak asymmetry ap
pears high for this column, but the chemiluminescence was not performed under ideal
conditions. As soon as these conditions were further optimized ll a more favourable
value for As was observed. As Tables I and II show, the columns were shortened by
1-2 cm every time the back-pressure or the reduced plate height increased excessively.
Even after 2000 analyses the reduced plate height had hardly changed. The back-
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pressure of the column was higher than at the start, however, probably because
clogging occurs not only at the injector site but also at the end frit site. Clogging of the
top end is removed by cutting off a piece of the column, but clogging of the bottom
frit cannot be repaired so easily. However, the results are aceptable.

The catecholamines were derivatized (in some instances "on-line") with dansyl
chloride. For the plasma analysis of Eltoprazine, derivatization was carried out off
line. Examples of this chemiluminescence analysis on both columns are shown in
Figs. 1 and 2. In Fig. 1 for the 0.5 mm J.D. column, the separations after 50 and after
300 runs are shown at eluent flow-rates far above the optimum. In Fig. 2 similar
chromatograms are shown for the 0.32 mm J.D. column of length 250, 230 and 210
mm. The detection limits for the compounds analysed are in the femtomole range.

1 2

3

4

5

10

6

A

15 min

o

1 2 4 5

10 20

6
B

min.

Fig.!. Separation of dansylated amino acids. Column, 500 x 0.5 mm I.D., packed with 5-llm RoSiL-C I 8 .

Eluent, acetonitrile-water (65:35) with 10 mM imidazole. Sample, 0.2 III of dansy1 derivatives of the
compounds mentioned. Dansyl derivative of tJ-histine at 1.6 ng/ill. Peaks in order of appearance: I, DNS
OH; 2, methionine; 3, tryptophan; 4, mebeverinic acid; 5, byproduct of the dansylation of tJ-histine; 6,
tJ-histine. Detection, chemiluminescence. Trace A after 50 analyses and at 15 Ill/min (2.4 mm/s or far above
the optimum). Back-pressure, 19 MPa. Trace B after 300 analyses on a 480-mm column and at 7 Ill/min
(l.l mm/s). Back-pressure, 10 MPa.

In Tables I and II, entries which are derived from the chromatograms in Figs. 1
and 2 are given in italics. The chromatograms in Fig. 2B, C and D do not appear in
Tables I and II. Table II shows that the 0.32 mm J.D. column, finally shortened to
nearly half its original length (130 em), was still performing well.
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Fig. 2. Separation of dansylated drugs and amino acids. Column, 250 x 0.32 mm J.D. packed with 10-Jlm
RSiL-C, 8' Eluent, acetonitrile-water (85:15) with 10 mM imidazole. Chemiluminescence detection. Peaks
in order of appearance: I, serotonin (5-HT); 2, noradrenaline (NA); 3, dopamine (DA). (A) Sample, 5 Jllof
catecholamines each at I pg/JlI; flow-rate, 15 JlI/min (u = 6.4 mm/s); back-pressure, 15 MPa. (8) Same as
under A but with 0.5 JlIof a catecholamine solution at 20 pg/JlJand with a flow-rate of 2.5 Jll/min (u ~ 1.0
rnm/s); back-pressure, 2.5 MPa. (C) After 1000 analyses with a column shortened to 230 mm with a
flow-rate of20 Jll/min (u = 8.3 mm/s), 20 It! of catecholamine solution and on-line derivatization. (D) After
1500 analyses with a column shortened to 210 mm. Eluent, acetonitrile-water (65:35) with 10 mM imida
zole; 0.5 Jll of plasma extract. Sample, Eltoprazine at 25 pg/ Jll;internal standard (an analogue of Elkopra
zine) at 75 pg/Jll. Flow-rate, 10 Jll/min (u = 4.1 mm/s); back pressure, 13 MPa.

CONCLUSION

This case study shows that in a practical environment, micro-LC columns be
have remarkably well. An increasingly interesting aspect of micro-LC is the low
volume of spent solvent.
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SUMMARY

A capillary column liquid chromatograph was combined with a conventional
liquid chromatograph and the system was evaluated by using aromatic hydrocarbons
as test analytes. A capillary fused-silica column of 0.35 mm I.D. was employed in the
former chromatograph. The combination of normal-phase and reversed-phase
separations was possible because the first dimension involved separation with the
capillary column, which resulted in very small peak volumes. A whole sample band
from the former chromatograph could be transferred to the sample loop of the latter.
The system was applied to the normal- and reversed-phase separation of aromatic
hydrocarbons in a fuel for body warmers (benzine).

INTRODUCTION

There are inherent limits to improvements of the selectivity in liquid chromato
graphy (LC). Successive column chromatography is one of the best means of
increasing the separation efficiency. Giddings! defined the peak capacity, <P, as
a measure of the separation efficiency:

<P = 1 + .jN In (1 + k')
m

where N is the theoretical plate number, k' is the capacity factor of the last-eluted peak
of interest and m is the number of standard deviations, (1, that are taken as equalling
the peak width.

Freeman- has shon that if two or moe different chromatographic modes are
coupled, the total peak capcity of a multi-dimensional separation, <PT, approaches

n

<PT = I1 <Pi (2)
i= 1

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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\
3

where qJi are the peak capacities of each mode and n is the number of modes. Coupled
chromatographic systems offer much greater peak capacities than single-column
systems, but the addition of band broadening is a critical factor in the design of an
interface. In order to combine two conventional LC systems, the heart-cutting method
has been proposed, in which a portion of a primary band is transferred into the
secondary system.':".

Capillary LC systems facilitate direct combination with conventional LC
systems, because the peak volumes of the former systems are so small that a whole
primary band can be quantitatively transferred to the secondary systems. FloydS has
recently published a paper on "two-dimensional" LC-LC, in which microbore LC
systems with 1 mm J.D. columns and conventional LC systems are employed as the
primary and secondary systems, respectively.

The attractive features and requirements for coupled LC-LC and LC~gas

chromatographic separations have been described". A coupled chromatographic
system, capillary LC--eonventional LC, was used in this work, and the system assembly
was evaluated by using aromatic hydrocarbons at test analytes.

EXPERIMENTAL

Apparatus
The coupled system was composed of a capillary liquid chromatograph and

a conventional high-performance liquid chromatograph. The former chromatograph
was assembled from a Microfeeder (Azumadenki Kogyo, Tokyo, Japan), equipped
with an MS-GAN 050 gas-tight syringe (0.5 ml) (Ito, Fuji, Japan) as a pump, an
ML-525 micro valve injector (0.02 pI) (lASCO, Tokyo, Japan), a laboratory-packed
fused-silica column and a UVIDEC-lOO UV spectrophotometer (.TASCa) with a
modified flow cell. A schematic diagram of the modified flow cell is shown in Fig. 1.
Stainless-steel tubing of 0.05 mm J.D. x 0.30 mm a.D. (Nomura Chemical, Seto,
Japan) was glued in fused-silica tubing of 0.32 mm J.D. with an epoxy-resin adhesive.
The detection volume was ca. 0.1 pI. The capillary fused-silica columns were prepared
according to previous work 7.

/
I

l
- 1.5-

1
t

~o.21-r
uv

Fig. 1. Schematic diagram of the modified flow cell. I = Fused-silica tubing of 0.32 mm J.D.; 2 = polyimide
resin; 3 = stainless-steel tubing of 0.05 mm J.D. x 0.30 mm a.D.; 4 = epoxy-resin adhesive.
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The conventional chromatograph was composed of an 880-PU pump (JASCO),
a laboratory-modified loop injector, a 100 or 250 x 4.6 mm J.D. column and
a UVIDEC-100V UV spectrophotometer (JASCO). The micro LC and the conven
tional LC instruments were interfaced by small-bore (50-70 11m 1.0.) fused-silica or
stainless-steel tubing having a dead volume of < 1111. The effluent from the capillary
LC system was introduced into the loop tubing of the valve injector of the conventional
LC system. The valve was manually operated, taking account of the time lag due to the
dead volume of the interface. The loop injector of the secondary system was prepared
from a Model 7000 switching valve (Rheodyne, Cotati, CA, U.S.A.) and a stainless
steel loop with various volumes.

Aminopropylsilica, TSKgel NHz-60 (5 11m) (TOSOH, Tokyo, Japan), Oevelosil
OOS-3K (311m) (Nomura Chemical) and Oevelosil OOS-5 (511m) (Nomura Chemical)
were employed as packing materials. The capillary LC columns were prepared from
fused-silica tubing of0.35 mm 1.0. (Gaskuro Kogyo, Tokyo, Japan) in the laboratory.
The conventional columns were supplied by Nomura Chemical.

Reagents
All the reagents were of analytical-reagent grade, except for HPLC-grade

distilled water. The reagents were supplied by Wako (Osaka, Japan) or Tokyo
Chemical Industry (Tokyo, Japan) and employed without any treatment.
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Fig. 2. Reversed-phase separation of an artificial mixture of aromatic hydrocarbons. Column, Develosil
ODS (250 x 4.6 mm 1.0.); mobile phase, acetonitrile-water (70:30); flow-rate, 1.0 ml/rnin; sample, ca.
0.01% each. la = Benzene; Ib = toluene; Ic = a-xylene; ld = m- and p-xylene; Ie = ethylbenzene;
If = cumene; Ig = mesitylene; lh = n-propylbenzene; Ii = sec.-butylbenzene; lj = n-butylbenzene;
Ik = n-amylbenzene;l1 = n-hexylbenzene; 2m = naphthalene; 2n = biphenyl; 20 = I-methylnaphthalene;
2p = 2-methylnaphthalene; 3q = phenanthrene; 3r = anthracene. Sample volume, 12Ill;detection, 220 nm.
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RESULTS AND DISCUSSION
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The peak volume depends on the column dimensions and efficiency and also on
the capacity factors of the analytes when isocratic elution is applied. The peak volumes
observed in capillary LC with 100 or 250 x 0.25 or 0.35 mm J.D. columns are ca. 10,ul
or less. This volume is smaller than the acceptable injection volumes for ordinary
columns in conventional LC (ca. 100 ,ul). This situation facilitates direct combination
of the capillary and conventional LC systems", The sample-loop volume of the
secondary system must at least be larger than the peak volumes observed in the
primary system, because the sample band increases in volume when passing through
the interface capillary and the sample loop itself. The loop employed 25 em x ca.
0.25 mm J.D. allowed quantitative injection into the secondary system of up to 10 III at
a flow-rate of 4.2 Ill/min.

The two-dimensional separation system was evaluated by using aromatic
hydrocarbons as test analytes. The reversed-phase separation of an artificial mixture
of aromatic hydrocarbons is demonstrated in Fig. 2. Several peaks overlapped and
could not be separated under the operating conditions used. Real samples will give

30

l/l ••k
0
0

C
!-20
w elj

:!
j:::: .3'
Z eli .3q
Q
I- .'g
Z •• f

12P
W 20
I- A2nW
0:: 10

.'e A2m

••b.,a

RETENTION TIME(min):NH2

Fig. 3. Retention times on the ODS column versus those on the NH 2 column. Columns, Develosil ODS-3K
(100 x 0.35 mm 1.0.); TSKgel NH 2-60 (150 x 0.35 mm 1.0.); mobile phases, acetonitrile-water (70:30) for
the ODS colomn, hexane for the NH 2 column; flow-rate, 4.2 Ill/min; sample as in Fig. 2.
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much more complicated chromatograms. In such a case, the coupled-column system
will improve the separation efficiency and simplify the chromatogram. For example,
aromatic hydrocarbons can be separated on the basis of differences in aromatic
moieties in the normal-phase mode and then separated on the basis of differences in
aliphatic moieties in the reversed-phase mode.

Fig. 3 illustrates relationships between retention times of the analytes on the
ODS column in the reversed-phase mode and those on the NH z column in the
normal-phase mode. In the normal-phase separation mode the analytes are separated
on the basis of differences in the number and size of their aromatic ring moieties, while
both aromatic and aliphatic moieties significantly affect the retention times in the
reversed-phase mode.

Fig. 4 demonstrates the normal-phase separation of nineteen aromatic hydro
carbons on the NH z column. The first peak contains thirteen monocyclic aromatic
hydrocarbons, the second contains three bicyclic aromatic hydrocarbons, the third
contains biphenyl and the fourth contains two tricyclic aromatic hydrocarbons. The
volume of the last peak is 5.3 /11.

The fraction containing the first peak in Fig. 4 was transferred to the secondary
separation system and subjected to reversed-phase separation, as shown in Fig. 5. The
detection wavelength was 210 nm. All monocyclic aromatic hydrocarbons examined,
except xylenes, were well separated.

Fig. 6 demonstrates the reversed-phase separation of the components in the
fraction containing the second and third peaks. Fig. 7demonstrates the reversed-phase
separation of the components in the fraction containing the fourth peak. Fig. 6 was
obtained with detection at 220 nm and Fig. 7 at 250 nm. In order to carry out the
reversed-phase separation of the components present in each fraction, a normal-phase
separation was carried out prior to each reversed-phase separation.

2m
20
2P

la-II

20

10
TIM E (MIN)

Fig. 4. Normal-phase separation of an artificial mixture of aromatic hydrocarbons. Column, TSKgel
NH 2-60 (150 x 0.35 mm I.D.); mobile phase, hexane; flow-rate, 4.2 /iI/min; sample as in Fig. 2, except
concentration (ca. 0.1% each); detection, 220 nm.
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Fig. 5. Reversed-phase separation of a fraction of monocyclic aromatic hydrocarbons. Column, Develosil
ODS (250 x 4.6 mm I.D.); mobile phase, acetonitrile-water (70:30); flow-rate, 1.0 ml/min; detection,
210 nm.

The coupled system was applied to the analysis of aromatic hydrocarbons in
a fuel for body warmers (benzine). The results are shown in Fig. 8. A few peaks were
observed in the normal-phase separation. Fig. 8 also shows the reversed-phase

3r

2m

aq

20
P

)/256
250NM

I I I

o 10 20
TIME (min)

1/512 2n
220HM \

I I I

o 10 20
TIME (min)

Fig. 6. Reversed-phase separation ofa fraction ofbicyclic aromatic hydrocarbons and biphenyl. Detection,
220 nm; other operating conditions as in Fig. 5.

Fig. 7. Reversed-phase separation of a fraction of tricyclic aromatic hydrocarbons. Detection, 250 nm; other
operating conditions as in Fig. 5.
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Fig. 8. Coupled-column chromatography of aromatic hydrocarbons in a fuel for body warmers (benzine).
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hexane; flow-rate, 4.2 Itl/min; sample, 0.02 Itl of 10% benzine; detection, 220 nm. Operating conditions of
conventional system: column, Develosil ODS (250 x 4.6 mm 1.0.); mobile phase, acetonitrile-water
(70:30); flow-rate, 1.0 ml/rnin; detection, 210 nm for monocyclic aromatic hydrocarbons fraction and
220 nm for bicyclic aromatic hydrocarbons fraction.

separation of the components in the fraction containing the first or second peak in the
normal-phase separation. Several components were identified on the basis of their
retention times. The use of a multi-channel UV detector will give more reliable
qualitative information.

In addition to the above separation modes, various other modes are available in
LC, e.g., ion exchange, ion pair, size exclusion and chirality recognition. There are
many possibilities for selecting two different separation modes for coupled-column
chromatography. This technique is generally capable of increasing the peak capacities
and will be of practical importance for the separation of complex mixtures.
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APPRAISAL OF FOUR PRE-COLUMN DERIVATIZATION METHODS FOR
THE HIGH-PERFORMANCE LIQUID CHROMATOGRAPHIC DETERMI
NATION OF FREE AMINO ACIDS IN BIOLOGICAL MATERIALS

P. FURST', L. POLLACK, T. A. GRASER", H. GODELb and P. S;rEHLE

Institutefor Biological Chemistry and Nutrition, University ofHohenheim, Garbenstrasse 30, D-7000 Stutt
gart 70 (F.R.G.)

SUMMARY

Reversed-phase high-performance liquid chromatography (RP-HPLC) is a
powerful method for assaying physiological amino acid concentrations in biological
fluids. Four pre-column derivatization methods, with o-phthaldialdehyde (OPA), 9
fluorenylmethyl chloroformate (FMOC-Cl), phenyl isothiocyanate (PITC) and 1
dimethylaminonaphthalene-5-sulphonyl chloride (dansyl-Cl), were assessed with re
spect to their applicability in biological research.

The methods permit the measurement of 21-26 major amino acids in 13-40
min. The superior sensitivity favours the use of OPA, FMOC-Cl and dansyl-Cl tech
niques. Because of instability of the OPA adducts, automated on-line derivatization is
required when using this method in general practice. Application of the PITC meth
od, although less sensitive, is useful in clinical chemistry, where sample availability is
rarely a problem. Cystine determination is not feasible when using OPA or FMOC-Cl
and with PITC the reproducibility and linearity are poor, whereas the dansyl-Cl
method allows reliable quantitation.

The four methods are currently used to perform ca. 8000 OPA and 5000-6000
FMOC-CI, PITC and dansyl-Cl analyses of biological samples per year. The results
obtained with the RP-HPLC methods compare favourably with those derived from
conventional ion-exchange amino acid analyses. When the guard column is regularly
changed after 120 analyses, the separation remains satisfactory for at least 700 OPA,
800 FMOC-Cl, 150 PITC and 500 dansyl-Cl analyses. Careful control of factors and
limitations inherent in the various methodologies is a prerequesite for proper identifi
cation and appropriate quantitation.

INTRODUCTION

For nearly 30 years, amino acid determinations have been carried out mainly by
means of various automated ion-exchange post-column derivatization (mostly nin-

a Present address: F. Hoffmann-La Roche, CH-4002 Basle, Switzerland.
b Present address: Hewlett Packard, D-7517 Waldbronn 2, F.R.G.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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hydrin) methodsv ". Reversed-phase high-performance liquid chromatography (RP
HPLC) is now recognized as a powerful method in biological research, and the useful
ness of this technique for determining amino acids has been amply demonstrated in
numerous publicationsv!", In these reports, adequate separation and subsequent
determination of free amino acids in tissues9,11-14 and reduced analysis times and
enhanced sensitivity are claimed in comparison with alternative methods9,11,15-19.

Although this advanced technology may allow the proper application of HPLC in
routine biological practice2o,21, the validity and value of this approach have not yet
been adequately examined and/or verified.

In this paper we compare the applicability of four pre-column derivatization
RP-HPLC methods, with o-phthaldialdehyde (OPA), 9-f1uorenylmethyl chlorofor
mate (FMOC-CI), phenyl isothiocyanate (PITC) and I-dimethylaminonaphtha
lene-5-sulphonyl chloride (dansyl-CI) to the analysis of physiological fluids (plasma,
muscle, liver, kidney and leucocytes). Special attention was devoted to the control of
factors and limitations inherent in these techniques and in the interpretations of their
findings.

EXPERIMENTAL AND RESULTS

o-Phthaldialdehyde method
This derivatization method, introduced as early as 197122, is probably the most

commonly used in RP-HPLC for the determination of free amino acids.
Manual procedure. In a previous paper" we reported analytical conditions

allowing the precise measurement of 26 free amino acids in biological samples (plas
.rna, muscle and liver) in the low picomole range. Derivatization was performed
manually, and the adducts were detected by fluorescence. Previously reported prob
lems of poor resolution between asparagine and serine and between valine and me
thionine/" with 2-mercaptoethanol as a thiol component could be overcome by the use
of 3-mercaptopropionic acid (3-MPA) and by substituting acetonitrile for methanol.
Applying these optimized conditions, 23 major physiological amino acids can be
separated in less than 13 min in the lower picomole range".

These favourable results with 3-MPA are presumably due to the introduction of
an a-carboxyl group into the amino acid adduct, thereby reducing the hydrophobicity
of these adducts in comparison with those formed with other mercaptans-tv".

We use the manual OPA method commonly at the sensitivity level of 10 pmol
amino acid per injection. The limit of sensitivity (0.8 pmol) was determined21,26 at a
signal-to-noise ratio of 2.5:1. Exceptions are histidine and lysine, detected at a mini
mum of 2.5 and 3.5 pmol, respectively.

The reproducibility was determined on the basis of 25 standard analyses and
yielded values between 4.2 and 6.8% [coefficient of variation (C.V.)], respectively. The
reliability of the method was assessed by twenty repeated injections of the same
derivatized plasma sample, ranging between 1.8% and 6.0% (C.V.), except for tyro
sine and histidine (9.8% and 8.6%, respectivelyr". The error of the method was
determined on the basis of twenty duplicate analyses of human plasma samples. The
estimate of errors includes the sample preparation and all analytical procedures used.
The error in a single determination, based on duplicates, ranged between 4.5 and
8.2% (C.V.) for the individual amino acids. The error in duplicate determinations
ranged between 3.2 and 6.1% (C.V.)21,26,27.
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TABLE I

FREE AMINO ACID CONCENTRATIONS IN HUMAN PLASMA (nmoljml), DETERMINED BY
HPLC (PRE:COLUMNDERIVATIZATION WITH OPA, FMOC AND PITC) AND ION-EX
CHANGE CHROMATOGRAPHV(NINHYDRIN POST-COLUMN DERIVATIZATION)

Free amino acid concentration in muscle, liver and kidney, as determined by
OPA-HPLC, were in the expected physiological range and agree with those obtained
by a conventional amino acid analyzer2 8

, 2 9 , In plasma (Table I), the correlation
between the two methods were highly significant (r = 0,97,p < 0,001) in 120compar
ative analyses.

Automated method. The instability of the Ol'Ai-amino acid adducts seriously
limits reproducibility and proper quantification. Hence it is necessary to develop an
automated derivatization procedure allowing a given optimum derivatization time
for the reaction to be maintained 2 6 ,2 7 , 3o , 3 1. Another advantage of an automated
on-line derivatization system is the considerably higher capacity.

As suitable refrigerated sample injectors were not commercially available at
that time, we modified an LKB 2153 autoinjector to permit automated pre-column
derivatization and subsequent injection 2 6 , 2 7 , 3 o ,3 1 . In this system, the normal digitally
pre-set functions of the autoinjector for flush cycles and the injection-fill cycles were
changed into digitally pre-set functions for pump time (0-90 s) and derivatization
time (0-990 s), respectively. On-line derivatization was facilitated by attaching a peri
staltic pump to the autoloader. This permitted mixing of the sample with the OPA-3
MPA reagent in an external mixing T-piece (reaction vessel) in the pumping mode.
The prepared samples and the reagent bottle were placed in a thermostated box on
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the top of the autoinjector, which was held at ambient temperature (25°C) or cooled
to 4°C. As the external reaction vessel was not thermostated, the temperature of the
reactants rose to ca. 7°C after a 1.5-min reaction time. In the complete, automated
HPLC system, the autoinjector was connected to the controller by an interface cable.
Full control of the analysis time and gradient profile for each sample injection and of
the number of repetitive injections from each vial was then achieved2 6

,2 7 , 3 o ,3 1 ,

Compared with the manual method at similar sensitivity, considerable im
provement in reproducibility could be achieved in the range 0.4-2.2%. The reliability
of the method, as calculated from twenty consecutive analyses of the same plasma
samples, was improved to 0.5-3.8% (C.Y.). Exceptions were aspartic acid and «-ami
nobutyric acid (5.8% and 6.9%, respectivelyr": The error of the method was assessed
from 180 duplicate analyses of human plasma samples. The resulting variations were
in the range 1.0-4,7% (C.Y,) (except for aspartic acid, 10.4%), which are consid
erably less than observed with the manual technique'": As expected, the limit of
sensitivity (0.8 pmol) is identical with that measured with the manual procedure,

This automated method has been used in our laboratory for analysing biolog
ical samples, such as plasma and extracts of leucocytes, muscle, liver, kidney and gut,
and has now been introduced in numerous other laboratories. Typical analysis of (A)
standard and (B) human plasma are shown in Fig. 1, When the guard column is
regularly changed after 100-150 analysis, the separation remains satisfactory for at
least 700 analyses, as indicated by unaltered relative retention time and peak
width 2 1, 2 6 , Indeed, the major disadvantage of the OPA method lies in the fact that
only primary amines form OPA adductsP:

Ultrasensitive HPLC applications. In certain very particular and demanding
applications, it is necessary to determine trace levels of amino acids in minute
amounts of samples, By using microbore HPLC columns, we achieved the resolution
of all amino acids present in protein hydrolysates at a sensitivity of 25 fmol of amino
acid per injection in less than 30 min (Fig. 2). The limit of sensitivity was 5 fmol at
signal-to-noise ratio of 2.5, However, it must be emphasized that elution must be
carried out at a flow-rate of 50-80 J11/min, and that reliable and reproducible mixing
of the gradient solvents is difficult to accomplish at this flow-rate. In addition, fluo
rescence detection must be performed with a microcuvette of volume less than 3 J11.
These crucial limitations may render microbore chromatography impractical in most
applications.

Another ultrasensitive application is the narrow-bore method, employing RP
HPLC columns of J.D. 1.8 mm!". Representative separations from (A) a standard
and (B) a plasma sample are shown in Fig, 3, The sensitivity of the analysis is about I
pmol of amino acid per injection and the reproducibility and reliability range between
4 and 8% (C.Y.), The separation of23 major free amino acids can be accomplished in
22 min, The limit of sensitivity is about 150 fmol at a signal-to-noise ratio of 2.5,

The great advantage of narrow-bore chromatography compared with conven
tional column technology is the considerably reduced consumption of expensive and
polluting organic solvents, the actual use of such reagents with the narrow-bore
method being only 15-20% of that with conventional RP-HPLC.

FMOC-Cl-method
Pre-column derivatization with FMOC-CI permits the fluorimetric detection of

primary and secondary amino acids as stable FMOC adducts 3 2
-

3 4
.
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Fig. 1. Typical chromatograms of an (automated) OPA-3-MPA derivatized (A) amino acid standard and
(B) human plasma. SSA = sulphosalicylic acid (deproteinization agent); CYA = cysteic acid; CIT =

citrullin; TAU = taurine; CAR = carnosine; SAR = sarcosine; ABU = «-amino butyric acid; AAD =

IX-aminoadipic acid; AVL = norvaline (internal standard); ORN = ornithine. Chromatographic condi
tions: column, Spherisorb ODS II (3 /lm) (150 x 4.6 mm J.D.); guard column, 10 x 4.0 mm J.D.; eluent A,
0.5% tetrahydrofuran in 12.5 mM sodium phosphate buffer (pH 7.2); eluent B, 35% methanol and 15%
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Fig. 2. Typical microbore HPLC of a hydrolysate standard mixture (OPA-3-MPA derivatization). Chro
matographic conditions: column, Spherisorb ODS II (3 pm) (250 x 1.0 mm 1.0.); eluent A, 0.5% aceto
nitrile + 2.5% methanol in 12.5 mM sodium phosphate buffer (pH 7.2), eluent B, 25% acetonitrile + 5%
methanol in 12.5 mM sodium phosphate buffer (pH 7.2); flow-rate, 80 pI/min; gradient, 0 min 0% B, 20
min 100% B, room temperature; fluorescence detection, A" 330 nm, A,m 450 nm; injection volume, I pI; 25
fmol per amino acid.

A typical chromatogram of a physiological standard mixture (Fig. 4A) demon
strates the separation of 22 amino acids in 23 min. An application of this method to
biological material (human plasma) is shown in Fig. 4B. Elongation of the column
and extension of the running time permit the satisfactory separation of additional
amino acids, such as citrulline and hydroxyproline-":

The mean free amino acid concentrations in human plasma determined by
employing HPLC with FMOC-CI, as compared with conventional ion-exchange
analysis of the same plasma samples from ten healthy subjects, are included in Table
I. As shown, the results of these two methods are in good agreement. Exceptions are
histidine and taurine, yielding considerably lower concentrations (20 and 30%, re
spectively) with FMOC-CI than those found by ion-exchange chromatography. Mea
surements of free amino acids in muscle, liver or kidney tissues are troublesome with
the FMOC-CI method owing to the low buffering capacity of the reaction mixture.
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Fig. 3. Narrow-bore HPLC of (A) a standard mixture consisting of 22 amino acids and (B) TCA-precip
itated rat plasma after derivatization with OPA-3-MPA. Abbreviations as in Fig. I. Chromatographic
conditions: column, Spherisorb ODS II (3 Jim) (200 x 1.8 mm 1.0.); eluent A, 0.5% tetrahydrofuran in
12.5 mM sodium phosphate buffer (pH 7.2); eluent B, 25% acetonitrile in 12.5 mM sodium phosphate
buffer (pH 7.2); flow-rate, 200 JII/min; gradient, 0 min 0% B, 20 min 100% B; room temperature; fluo
rescence detection, Je" 330 mm, Je,m 450 nm (Merck F-IOOO); injection volume, 1 JIl; standard, 1 pmol per
amino acid.

The reproducibility of the FMOC-Cl derivatization procedure was calculated
from twenty standard analyses. The C.V. ranged between 1.9 and 3.6%, except for
histidine (4.6%). This can be explained by the low relative fluorescence response of
FMOC-histidine which is only about 20% of that of the other FMOC-amino acids.
This difference is probably caused by intramolecular quenching". It is worth noting
that determination of free tryptophan and cystine is not feasible with the FMOC-Cl
method because the fluorescence of the adducts is also quenchedv-?", The error of
the method, based on 30 duplicate analyses of human plasma samples, ranged be
tween 1.1 and 5.9% (C.V.), with the exception of histidine (9.2%). The detection limit
at a signal-to-noise ratio of 2.5 was 1.0 pmol for all amino acids, except histidine (4.5
pmol).

The FMOC-Cl method suffers from the disadvantage that excess of strong
fluorescent reagent has to be extracted manually with pentane in order to stop the
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Fig. 4. Elution profiles of (A) an amino acid standard and (B) human plasma after derivatization with
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min 30% B, 17 min 60% B, 18 min 100% B; temperature, 35"C;fluorescence detection, A" 265 nm, Ac m 310
nm (Merck F-1000); injection volume, 20 J.lI; standard, 5.2 pmol per amino acid, except His (10.4 pmol) and
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derivatization reaction and to avoid spontaneous hydrolysis of the FMOC adducts".
This laborious manual extraction procedure prevents the wide acceptance of this
method. This shortcoming, however, might be overcome by using specially designed
autosamplers and/or a combination of the FMOC-CI and OPA methods".

PITC method
Derivatization with Edman's reagent (PITC) results in the formation of phenyl

thiocarbamyl (PTC) adducts of primary and secondary amino acids, which can be
separated by RP_HPLC3 8

,3 9 . After phenylthiocarbamylation (within 5 min at room
temperature), excess of coupling reagent must be thoroughly evaporated by vacuum
centrifugation (Speed Vac; Savant, Farmingdale, NY, U.S.A.) to furnish acceptable
separation conditions and to protect the column. The PTC-amino derivatives are
stable for several days and can be automatically injected with an autosampler".

The elution profile of a PITC-derivatized standard mixture containing 21 physi
ological amino acids, including proline and cystine, is depicted in Fig. 5A and that of
a human plasma in Fig. 5B. It is important to note that under the conditions used,
tryptophan coelutes with ornithine. The mean free amino acid concentrations of
plasma acquired from ten healthy subjects agreed well with values derived from con
ventional amino acid analyses, with the exception of glutamic acid (Table I).

The reproducibility of the method ranged between 2.6% and 5.5% (C.V.) for all
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in Fig. l. Chromatographic conditions: column, Spherisorb ODS II (311m) (125 x 4.6 mm 1.0.); guard
column, 10 x 4.0 mm 1.0.; eluent A, 3% tetrahydrofuran in 15 mM sodium phosphate buffer (pH 6.3);
eluent B, 60% acetonitrile in 15 mM sodium phosphate buffer (pH 6.3); flow-rate, 1.2 ml/rnin; gradient, 0
min 15% B, 15 min 30% B, 18 min 40% B, 25 min 45% B, 30 min 60% B, 35 min 60% B, 40 min 100% B;
temperature, 25'C; fluorescence detection, "-" 330 nm, "-em 550 nm (Merck F-lOOO); injection volume, 20 Ill;
standard, 40 pmol per amino acid and peptide except cystine (20 pmol).
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amino acids except histidine (6.3%) and cystine (10.0%). Apart from the poor repro
ducibility, PTC-cystine also revealed an inferior linearity, and therefore the determi-
nation of free cystine is not practicable with this method. .

As UV detection has to be employed, the sensitivity of the PITC method is low
compared with that of the other methods. The limit of sensitivity is 50 pmol at a
signal-to-noise ratio of 2.5, which is ca. 50 times less sensitive than detection of OPA
or FMOC adducts. This is in excellent agreement with most previous studies 3 8

,40 , but
is in contrast to Bidlingmeyer et al.39, who reported a 10-fold lower detection limit (4
pmol at a signal-to-noise ratio of 5) when.analysing a standard amino acid mixture.
However, such a level is of little practicable value for routine analysis of biological
materials.

In addition to poor sensitivity, inferior linearity with cystine and the lengthy
sample preparation, we observed rapid deterioration of the columns when analysing
biological fluids. This is a serious shortcoming of the PITC method. According to our
experience, a maximum of 150 physiological analyses could be performed in spite of
the use of rigorous sample preparation and suitable guard columns. The reduced
column lifetime is probably caused by traces of the PITC reagent obviously present in
the samples, despite careful vacuum evaporation.

Dansyl-Cl method
Dansyl-Cl is a well known f1uorogenic reagent for the determination of primary

and secondary amines 4 1
,42. According to Tapuhi et al.43, dansyl-amino acid adducts

are formed under optimal conditions within 35-50 min at room temperature in the

3000 -
CYS'1'INE

2500 -

2000 -

<
III
IX 1500<
::.::
< (GLY-CYS)2III
c.

1000 -

AMOUNT INJECTED Ipmol)

Fig. 7. Linearity obtained with dansyl derivatives of cystine [(Cys)21, bis glycyl-r-cystine [(Gly-Cys)21 and
bis-r-alanyl-i.-cystine [(Ala-Cys)2] in the range 5-150 pmol.
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dark4 2
. After separation by RP-HPLC, the dansylated derivatives are detected fluori

metrically. Under these conditions, histidine formed multiple peaks whereas for cys
tine, ornithine, lysine and tyrosine only the didansyl derivatives were detectable. The
minor histidine peak (corresponding to the monoderivatized adduct) eluted between
asparagine and glutamine and therefore did not interfere with the determination of
the other amino acids.

Fig. 6A shows a typical chromatogram of a dansylated standard mixture con
taining 22 primary and secondary amino acids, including cystine, and two cystine
containing short-chain peptides. The elution profile of a dansylated human plasma is
depicted in Fig. 6B. All the major physiological amino acids can be separated in 35
min.

The reproducibility of the method was calculated from ten standard analyses;
the C.V. ranged between 1.5% and 4.1% for amino acids and peptides, except histi
dine (6.4%). The poor reproducibility for histidine can be explained by the low rela
tive fluorescence response of the didansylated adduct (only about 10% of the other
amino acids), which is caused by intramolecular quenching-" and by the formation of
two dansyl derivatives. The error of the method was calculated from 30 duplicate
analyses of rat plasma and ranged between 1.7% and 4.5% (C.V.).

In contrast to the PITC method, the dansyl-Cl technique shows excellent
linearity for cystine and also for cystine-containing short-chain peptides (Fig. 7).
Hence, the dansyl-Cl method appears to offer the only quantitative approach for
measuring free cystine in biological material by HPLC techniquesf".

CONCLUSION

Each of the four methods investigated permits the measurement of the concen
trations of the 21-26 major free amino acids in 13-40 min 2 1, 2 3 ,2 6 ,2 7 , 3 4 ,4 4 . The sensi
tivity, errors of the methods, advantages and disadvantages and problems with cer
tain "difficult" amino acids are summarized in Table II.

Automated derivatization and the wide range of applicability clearly favour the

TABLE II

HPLC ANALYSES OF FREE AMINO ACIDS: COMPARISON OF FOUR DERIVATIZATION METHODS

Parameter

Limit of sensitivity, pmol
(Signal-to-noise ratio = 2.5)

Error of the method (C.V., %)
(based on duplicate determinations)

Reproducibility (C.V., %)
Stable adducts"
Detection of secondary

amines/cystine"
Laborious
Problematic amino acids

a Y = yes; N = no.

OPA
(automated method)

0.8

1.0-4.7

0.4-2.2
N
N/N

Asp, Trp

FMOC-CI PITC Dansyl-Cl

1.0 5.0 1.5

1.1-5.9 3.6-7.0 1.7-4.5

1.9-4.6 2.6-5.5 1.5-4.1
Y Y Y
YIN Y/Y Y/Y

+++ ++ +
His, Trp Om, Trp, His, (CYS)2 His, Asn



HPLC OF FREE AMINO ACIDS 569

OPA method for routine analyses of primary free amino acids (except cystine) in
biological fluids. If determination of secondary amino acids is desirable, the use of the
FMOC-CI method or a combination of the OPA and FMOC-CI techniquesf? is
recommended. The use of the dansyl-CI technique is suggested when the determina
tion of free cystine or cystine-containing short-chain peptides is required. Application
of the PITC method might be beneficial in frame of clinical and/or protein chemistry,
if sufficient sample material is available.
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PREPARATION OF ELECTROPHORIC DERIVATIVES OFN7-(2-HYDROXY
ETHYL)GUANINE, AN ETHYLENE OXIDE DNA ADDUCT

KARIMAN ALLAM, MANASI SAHA and ROGER W. GIESE"

Department of Medicinal Chemistry in the College of Pharmacy and Allied Health Professions, and Barnell
Institute 0/Chemical Analysis and Materials Science, Northeastern University, Boston, MA 02115 (U.S.A.)

SUMMARY

Ethylene oxide, a potential human carcinogen, mainly damages DNA by react
ing at guanine sites to form N7-(2-hydroxyethyl)guanine. In order to determine this
DNA adduct with high sensitivity by gas chromatography, we have prepared, for
comparison purposes, four electrophoric derivatives. The two that are most promis
ing to date are bis- and tris-pentafluorobenzyl products prepared by first chemically
transforming the N7-(2-hydroxyethyl)guanine to a corresponding xanthine, and then
reacting the latter with pentafluorobenzyl bromide. These two derivatives are ob
tained in good yields and give molar responses of 0.6 and 0.5, respectively, relative to
that of lindane by gas chromatography with electron-capture detection.

INTRODUCTION

Ethylene oxide is considered to be a potential human carcinogen! and is weakly
mutagenic", Its genotoxic effects and their reference to human cancer have been
reviewed.':". It causes cancer in exposed animals (see, e.g., ref. 5). This chemical is
widely used: approximately 2.5· 106 tons per year are consumed in Western Europe,
and about 8 . 105 tons are produced annually in the U.S.A. where roughly 150000
workers deal with it daily in various industrial processes" (1986 data). For example it
is commonly used in hospitals to sterilize medical equipment".

As an alkylating agent, ethylene oxide reacts with both proteins and DNA.
Hemoglobin adducts of ethylene oxide have been measured to monitor animal or
human exposure to this chemical?"!", The reaction of ethylene oxide with DNA is
probably the reason for its carcinogenic and mutagenic effects. N7-(2-Hydroxyethyl)
guanine (1) is the main product when it reacts with DNA 7

. Other, less abundant
adducts are 06-(2-hydroxyethyl)guanine, and Nl, N3 and N7 adenine products!l.

Our approach to quantifying a DNA adduct such as that from ethylene oxide is
to isolate the adduct as a modified nucleobase, derivatize it with an electrophore, and
quantify the product by gas (GC) or liquid (LC) chromatography with detection by
electron-capture negative-ion mass spectrometry (ECNI-MS). Such methodology is
attractive because of its potential for high sensitivity and specificity, which is required
for measurement of DNA adducts in human samples. Towards this general goal, we

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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have been optimizing appropriate electrophoric derivatives, sample preparation steps
and instrumental conditions (see, e.g., ref. 12). It is useful toform a pentafluorobenzyl
derivative of an alkyl and related DNA adduct that can be isolated as a modified
nucleobase, because of the excellent GC-ECNJ-MS properties of such a derivative.
Prior work has included the development of a sensitive electrophoric derivative of
06-(2-hydroxyethyl)guanine1 3 . Here we report the preparation of such a derivative of
N7 -(2-hydroxyethyllguanine.

EXPERIMENTAL

Materials
N7-(2-Hydroxyethyl)guanine was purchased from Chemical Science Labs. (Le-

• nexa, KS, U.S.A.). N7-Methylxanthine was purchased from Sigma (St. Louis, MO,
U.S.A.). Pentafluorobenzyl bromide (PFBzBr), potassium carbonate, chloro
acetaldehyde, diethyl ether, methyl iodide and tetrabutylammonium hydrogen sul
phate were from Aldrich (Milwaukee, WI, U.S.A.). Organic solvents were from
American Scientific (Boston, MA, U.S.A.). They were distilled and dried over molec
ular sieves prior to use. Preparative and analytical thin-layer chromatography (TLC)
separations were performed with GHLF silica gel Uniplates with fluorescence in
dicator (Analtech, Newark, DE, U.S.A.). Flash column chromatography was per
formed with silica gel 60 (200-300 mesh) from (EM Science, NJ, U.S.A.).

All compositions were vIv unless indicated otherwise.

Synthesis
N2,3-Etheno-N7-(2-hydroxyethyl)guanine (2). A mixture of N7-(2-hydroxy

ethyl)guanine (30 mg, 0.15 mmol) and chloroacetaldehyde diethyl ether (7 ml, 46
mmol) in 30 ml of water was heated at 80°C for 15 h. The reaction turned clear and
homogenous after 6 h. Formation of product was monitored by TLC (fluorescence
spot). The residue after rotary evaporation was further evaporated with 10 ml of
benzene. The crude product was purified by flash column chromatography using
methanol-dichloromethane(15:85), yielding 25 mg (80%) of product. lH NMR (300
MHz, C2H

30
2H) s 8.32 (s, IH), 8.0 (d, IH), 7.65 (d, IH), 4.59 (t, 2H), 3.56 (t, 2H).

Nl-Pentafluorobenzyl-N2,3-etheno-N7-(2-hydroxyethyl)guanine (3). To a
stirred suspension of2 (10 mg, 0.046 mmo\) in 5 ml of acetonitrile-acetone (4: I) were
added 12 mg (0.085 mmol) of potassium carbonate. The reaction mixture was stirred
for 3 min and pentafluorobenzyl bromide (0.1 ml, 0.65 mmol) was added. The reac
tion mixture was stirred at room temperature for 20 h and filtered. The filtrate was
vacuum evaporated and the crude product was purified by preparative TLC using
methanol-chloroform (1:10), to yield 7.3 mg (45%) of product. -n NMR (C 2H

30
2H

(j 8.01 (s, IH), 7.65 (d, IH), 7.35 (d, IH), 5.49 (s, 2H), 4.59 (t, 2H), 3.95 (t, 2H).
N7-(2-Hydroxyethyl)xanthine (4). N7-(2-Hydroxyethyl)guanine (20 mg, 0.102

mmol) was dissolved in I M hydrochloric acid (1.5 ml) and the solution was cooled to
We. A cold solution of sodium nitrite (105 mg, 1.52 mmol) in 0.8 mil M hydrochloric
acid was added dropwise and the resulting solution was stirred at room temperature
for 30 min and continued at 80°C overnight. TLC indicated the disappearance of
starting material and appearance of a new product with higher RF value using n
butanol-acetic acid-water (10:0.5:2). The reaction mixture was neutralized with sodi-
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um hydroxide and cooled to O'C, The precipitated product was isolated by centrifu
gation, washed three times with cold water and once with hexane. It was vacuum
dried yielding product as a white powder (14 mg, 70%). MS (electron impact, EI): 196
(M+), UV: Amax 260,228 nm (1 MHCI). IH NMR (300 MHz, 2H20/2HCI) s8.75 (s,
IH), 4.65 (t, 2H), 4.01 (t, 2H).

1,3-Bis-(pentafluorobenzyl)-N7-(2-hydroxyethyl)xanthine (5). To a stirred
suspension of potassium carbonate (46 mg, 0.33 mmol) in dry acetone-acetonitrile
(1: I, I ml) at room temperature was added 6.5 mg (0.033 mmol) of N7-(2-hydroxy
ethyl)xanthine. Pentafluorobenzyl bromide (0.49 ml, 3.3 mmol) was added followed
by continued stirring for 24 h. TLC using ethyl acetate-hexane (85:15), showed the
product at RF = 0.54. The potassium carbonate was removed by filtration and
washed with acetone-acetonitrile (1:1). Evaporation of the solvent yielded a yellow
solid which was purified by flash column chromatography using ethyl acetate-hexane
(80:20), followed by evaporation. Hexane addition and overnight storage in the re
frigerator gave, after filtration and drying, 9.5 mg (52%) of white solid. IH NMR
(C2HCI

3 , 300 MHz) s7.67 (s,\JH), 5.29 (s, 2H), 5.40 (s, 2H), 4.45 (t, 2H), 3.95 (t, 2H).
l,3-Bis-(pentajluorobeniyl)-N7-(2-methoxyethyl) xanthine (7). To a stirred so

lution of5 (4 mg, 0.007 mmoljin dichloromethane (1.4 ml) was added 0.7 ml of 1 M
potassium hydroxide followed QY (C4H9)4NHS04 (12.2 mg, 0.035 mmol). After the
resulting solution was stirred at room temperature for 5 min, methyl iodide (0.028 ml,
0.45 mmol) was added and stirring was continued for 18 h. TLC using ethyl acetate
hexane (I: 1), indicated the disappearence of starting material and formation of a new
product (R F = 0.4). The organic layer was separated, the aqueous layer extracted
three times with dichloromethane and the combined dichloromethane fractions were
washed with 5% hydrochloric acid, brine, and dried over anhydrous sodium sulfate.
The filtered solution was evaporated in vacuo to yield a crude product which was
purified by flash column chromatography using ethyl acetate-hexane (1:1), yielding a
white solid (3.7 mg, 90%). IH NMR (300 MHz, C2HC1

3 : b 7.68 (s, IH), 5.04 (s, 2H),
5.25 (s, 2H), 4.25 (t, 2H), 3.79 (t, 2H), 3.25 (s, 3H).

1s-ms-:pentafluorobenzyl)-N7- (2-[pentajluorobenzyloxy]ethyl)xanthine (6).
To a stirred solution of5 (2 mg, 0.0035 mmol) in dichloromethane (0.6 ml) was added
0.3 ml of 1 M potassium hydroxide, (C4H9)4NHS04 (6.1 mg, 0.018 mmol) and
pentafluorobenzyl bromide (0.01 ml, 0.07 mmol). After stirring at room temperature
for 20 h, the reaction mixture was worked up the same as for 5. Flash column chro
matography using ethyl acetate-hexane (3:7), yielded a yellow oil (1.2 mg, 47%). IH
NMR (300 MHz, C2HCI

3) s7.58 (s, IH), 5.45 (s, 2H), 5.25 (s, 2H), 4.64 (s, 2H), 4.45
(t, 2H), 3.80 (t, 2H). MS (EI) m]: 735 (M+), 554 (M - PFBz), 181 (PFBz).

Compound 6 was also synthesized as follows: to a stirred solution of 4 (2.4 mg,
0.012 mmol) in dichloromethane (0.4 ml), I M potassium hydroxide (0.2 ml),
(C4H9)4NHS04 (22 mg, 0.073 mmol) and pentafluorobenzyl bromide was added.
The work-up procedure was the same for 6, giving 8 mg (80%) of product after flash
column chromatography.

1;3-Bis-(pentajluorobenzyl)-N7-methylxanthine (10). To a stirred solution of
N7-methylxanthine (6.5, 0.039 mmol) in 5 ml of acetonitrile-acetone (1:1), was added
46 mg (0.33 mmol) of potassium carbonate. The reaction mixture was stirred for I
min and pentafluorobenzyl bromide (0.25 ml, 1.4 mmol) was added. The reaction was
stirred for 24 h at room temperature and filtered. The filtrate was rotary-evaporated
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and the crude product was purified by flash column chromatography using ethyl
acetate-hexane (5:3), to yield 11.5 mg (55%) of product. 'H NMR (300 MHz,
2HCI3 ) : b 7.5 (s, IH), 5.39 (s, 2H), 5.28 (s, 2H), 3.95, (s, 3H).

RESULTS AND DISCUSSION

It is attractive to determine alkyl and related DNA adducts by GC-ECNI-MS
as their pentafluorobenzyl derivatives, because such derivatives generally are formed
easily in high yield, chemically and physically stable, and detected readily with high
sensitivity by this technique:'. Thus we sought such a derivative for N7-(2-hydroxy
ethyl)guanine, an ethylene oxide DNA adduct.

Unfortunately, the derivatization procedures that we used previously to form
pentafluorobenzyl derivatives of a series of pyrimidines and purines l 3

-
1 5 including

06-(2-hydroxyethyl)guanine I 3
, were not successful when applied to N7-(2-hydroxy

ethyl)guanine (1). Basically we either recovered unreacted starting material or ob
tained a complex mixture of products, based on analysis by TLC or HPLC. It ap
peared that starting material was recovered because it failed to dissolve in the reaction
mixture. Efforts to overcome this latter problem by conducting the reactions on
smaller amounts of 1, or starting with 1 predissolved in aqueous acid or base, gave
similarly poor results.

Faced with this difficulty, we adopteda strategy of chemically transforming the
N7-(2-hydroxyethyl)guanine prior to derivatizing it with pentafluorobenzyl bromide
(PFBzBr). One of two approaches that we investigated in parallel is shown in Scheme
1. Following a known procedure 16, which is a modification of the procedure of Oesch
and Doerjer!", we subjected 1 to a cyclocondensation reaction with chloroacetalde
hyde diethyl ether in water at 80°C. This gave a high yield (see Table I) of N 2,3

etheno-N7-(2-hydroxyethyl)guanine (2), a fluorescent compound. This product in
turn could be pentafluorobenzylated under mild conditions (potassium carbonate) to
form 3. However, further derivatization of 3 with PFBzBr under phase transfer con-

°:.xHN NCH,CH,OH

I"" I) CICH,CH(OEt),

NI.~N N H,O

Scheme I.

Multiple products
PFBz8r

p.t. conditions 0

<. ""I~,>,a;oo
ANJlN

\~
3
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TABLE I

PREPARATION AND GC-ECD PROPERTIES OF DERIVATIZED PURINES

575

Reaction

1 -> 2
2 -> 3
1->4
4->5
4->6
5->6
5->7
9 -> 10

Product

% Yield
(preparative)

80%
45%
70%
52%
80%
47%
90%
49%

Retention
time (min)"

7.9

8.0
10.7
10.7
7.3
7.2

Response"

0.06

0.6
0.5
0.5
0.05
0.1

a For GC conditions, see Fig. 1.
b Molar response by GC-ECD based on a comparison of the peak area relative to the peak area

relative to that of lindane.

A

L

6

5

3

o 6

TIME (minutes)

12

Fig. I. GC-ECD chromatogram of lindane (L, 6.6 pg), aldrin (A, 6.6); 3 (73.6); 5 (2.5); and 6 (2.7). A I-Ill
solution of these compounds in toluene was on-column injected onto a 15 m x 0.321 mm Ultra cross
linked 5% phenyl methyl silicone fused-silica capillary column, 0.17 11m film thickness (Hewlett-Packard,
Palo Alto, CA, U.S.A.); injector 50°C; column 120°C. The injector was programmed immediately at a
setting of 180T/min up to 260°C, and the column was programmed, after a 2 min hold, at 80°C/min up to
260T. The carrier gas was helium at 6 rnl/min and the make-up gas was nitrogen at 24 ml/rnin.
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ditions, or of 2 directly, gave a complex mixture of products. Although 3 itself could
be determined by GC-electron-capture detection (ECD) (Fig. 1, Table I), it gave a
tailed GC peak. Further, its inherent fluorescence was considered a drawback as well,
since it therefore would tend to decompose upon exposure to light.

The second type of chemical transformation that we investigated is shown in
Scheme 2. Using reaction conditions similar to those employed by others to convert
guanine to xanthine!", we treated I with nitrous acid to form N7-(2-hydroxyethyl)
xanthine (4), in a 70% yield. Further reaction of 4 with PFBzBr under mild condi
tions gave 5. The fully pentafluorobenzylated product 6 could be obtained by reacting
either 4 or 5 with PFBzBr under phase transfer conditions. The better of the two
pathways is the direct conversion of 4 to 6, since this saves a step and also gives a
slightly higher yield than the two step pathway. We also methylated the hydroxy
group of 5 with methyl iodide under phase transfer conditions, forming 7.

To help establish the generality of the nitrous acid-pentafluorobenzylation re
action sequence (shown in Scheme 2) for similar N7-substituted guanines, and also to
provide a related product for comparison purposes, we subjected N7-methylguanine
(8), to two of the same reactions. This work is summarized as well-in Scheme 2,
showing the successive formation of N7-methylxanthine (9) and then NI,N3-bis
(pentafluorobenzyl)-N7-methylxanthine (l0).

Table I summarizes the yields for above reactions, along with the retention
times and molar ~sponses of the appropriate products of GC-ECD. Basically the
behavior of the compounds by GC-ECD is good, as revealed by the moderate reten
tion times and, as shown in Fig. I, relatively sharp peaks. Noteworthy is the good
behavior of the pentafluorbenzyl derivative 5, in spite of its free, primary hydroxyl
group. This makes it puzzling why 7, the corresponding methyl ether, gives a much

°:xHN NR

NH~N I )
I, R = CH 2CH20H

8, R = CH 3

NaN02

HCl

PFBzBr

°

:l-):'>° N N
H

PFBzBr

4. R = CH2CH20H

9, R = CH3

p. t. conditions on 4o

PFBZN~NCH2CH20PFBZ
AJ- > PFBzBr° N N ....,---

I p.t. conditions on 5

PFBz 6

°
PFBZN~NCH2CH,OCH3 CH 3!

A..J- > _.----° N N p.t. conditions on 5

I
PFBz 7

Scheme 2.

5, R = CH2CH20H

10, R = CH3
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lower response. For to as well, the related N7-methyl derivative, the response is also
low. Whether these differences in response reflect variations in the losses of the com
pounds in the GC-ECD, or inherent differences in their electrophoricity, is not clear.
In studies of other structurally complex, strong electrophores by GC-ECD, we have
encountered similar, complex results of this type!",

Although it is difficult to prove, we believe that, in the present study, the varia
tions in response reflect differences in the recoveries of these compounds in the GC
ECD: There are two considerations that encourage this hypothesis. First is that the
compounds probably all undergo electron capture by the same mechanism: dissocia
tive electron capture forming a parent anion and pentafluorobenzyl radical, based on
our studies of related derivatives by ECNI-MS 13

. Secondly, we have observed that
surface effects producing losses of structurally complex, strong electrophores in a GC
ECD can be highly specific1 9

-
2 1

.

Taking into account both the reaction yields and th, GC-ECD behavior of the
compounds, two emerge as the best ones for the trace determination of N7-(2-hy
droxyethyl)guanine by GC-ECD or GC-ECNI-MS: 5 and 6. They are comparable in
terms of ease of formation as well as GC-ECD properties. Whether they will both
continue to perform similarly at lower trace levelswill be defined in our future studies,
including an extension of the method to the determination of N7-(2-hydroxy
ethyl)guanine in biological samples.

The results presented here are relevant to N7-guanine adducts derived from
exposure of DNA to other chemicals of industrial importance besides ethylene
oxide. Ethene is metabolized to ethylene oxide, and, not surprising then, also gives
rise to hydroxyethylations of nucleophilic sites on protein and DNA 7

. One of the
DNA adducts arising from in vivo exposure to vinyl chloride, a known human carci
nogen, is N7-(2-oxoethyl)guanine2

. Potentially this adduct could be reduced to the
corresponding alcohol for subsequent derivatization by our technique. The carcino
gen styrene, via metabolism to styrene-7,8-epoxide, predominantly reacts like ethyl
ene oxide at the N7 position of guanine producing a mixture of positional and dia
stereomeric hydroxyphenethyl adducts". These products should also be amenable to
our procedures.
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CENCE DETECTION
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SUMMARY

3-(2-Furoyl)quinoline-2-carbaldehyde (FQCA) has been synthesized and char
acterized as a fluorogenic derivatizing reagent for liquid chromatography. The re
agent forms highly fluorescent isoindoles upon reaction with primary amines. The
spectral properties and optimum reaction conditions for the formation of isoindoles
have been investigated. The utility of FQCA for the high-sensitivity analysis of amino
acids by laser-induced fluorescence with an argon-ion laser is demonstrated.

INTRODUCTION

Increasing the sensitivity of the determination of primary amines (e.g., amino
acids and peptides) resulting from the controlled degradation of biologically impor
tant macromolecules is currently a focus of intense research in modern biochemistry.
Over the years, a number of chromatographic procedures have been developed for
use in this capacity. A suitable derivatizing reagent which adds a chromophore or
fluorophore to the molecule, thereby converting the target compounds into a form
amenable to high-performance liquid chromatography (HPLC), is often the key to
such determinations. Suitable reagents have included ninhydrin", fluorescamine/:",
7-chloro-4-nitrobenzene-2-oxa-I,3-diazole (NBD chloride)", and ortho-phthalalde
hyde (OPA)S-8. Recently, naphthalene-2,3-dicarboxaldehYde (NDA)9 has been add
ed to the list of effective fluorogenic reagents.

OPA has been perhaps the most popular reagent for use in both pre- and
post-column derivatization schemes. This is due to the fact that its reaction with a
primary amine results in very rapid formation of an intensely fluorescent isoindole
from non-fluorescent starting materials. However, sensitivity of the OPA analysis has
typically been limited to the picomole range. Moreover, OPA derivatives have been
plagued by their sensitivity to light, air oxidation, and attack by acids!". Thus, the
isoindoles formed by this reaction tend to be unstable.

A newly developed reagent, NDA9is structurally very similar to OPA in that it
features the ortho-dialdehyde moiety and forms an isoindole in the presence of a
primary amine and suitable nucleophile. Considerable work has been done to opti-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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mize the nucleophile for the derivatization reaction9,11. The cyanide ion was found to
be superior to the more conventional thiol, yielding more stable derivatives with a
higher quantum yieldII.

Most fluorogenic reagents have been developed from the perspective ofconven
tional HPLC and commercially available detection systems. As a consequence, the
sensitivity exhibited by such methods is adequate for most applications, but not for
state-of-the-art protein "nanoscale" isolations'F-!". Isolation of low picogram quan
tities of protein has recently been demonstrated with short, packed capillary LC
columns J2. The degradation of a protein on this scale will yield femtogram or lesser
amounts of each amino acid. Determinations at such levels require ultra-sensitive
detection combined with a separation technique suited to low-volume trace analysis.
The combination ofcapillary LC with laser-induced fluorescence detection provides a
unique means for meeting such a challenge.

Since virtually all fluorogenic reagents for primary amines do not yield deriv
atives with excitation maxima near the lines of convenient high-intensity light sourc
es, such as the helium-cadmium or argon-ion lasers, we have undertaken the task to
synthesize and test novel reagents!". As the result of our systematic studies in this
area, 3-benzoyl-2-quinolinecarboxaldehyde (BQCA)15 and 3-benzoyl-2-naphthalde
hyde (BNA)16 were prepared and characterized as superior reagents for chroma
tographic analysis and detection with a helium-cadmium laser at the 442 nm blue line.
In this communication we wish to report on yet another promising reagent, 3-(2
furoyl)-quinoline-2-carbaldehyde (FQCA), the structure of which is shown below.
FQCA yields fluorescent isoindoles with an excitation maximum near the 488 nm
(main line) of the argon-ion laser.

~
,,- O / \

I 0

" /.
N CHO

FQCA

EXPERIMENTAL

Chemicals
The starting materials for the FQCA synthesis were obtained from Aldrich

(Milwaukee, WI, U.S.A.). A set of L-amino acids (Kit No. LAA-21; Sigma, St. Louis,
MO, U.S.A.) was used as the amino acid standard. The solvents for the synthesis,
chromatography, and fluorescence measurements were from Mallinckrodt (St. Louis,
MO, U.S.A.). Water was doubly distilled and deionized in-house.

Synthesis
The synthetic pathway leading to FQCA is shown below. The identity ofall

intermediates was established by NMR and/or mass spectral data.
N-(p-Tolyl)-o-nitrobenzaldimine (1). A mixture of 9.68 g (90.5 mmol) p-tolui

dine and 10.89 g (72.1 mmol) o-nitrobenzaldehyde in 25 ml ethanol was kept at 25°C.
The precipitate, which began to form after 5 min, was collected on a filter, washed
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a: p-toluidine; b: Na 2S . 9H20; e: NaH, (CH3)2CO; d: piperidine; e: Se02

with cold ethanol, and air-dried. Additional precipitate was obtained by dilution of
the filtrate with water and refrigeration. A yield of 16.0 g, 66.7 mmol (93%) was
obtained.

N-(p-Tolyl)-o-aminobenzaldehyde (2). The procedure for the preparation of2
was carried out as described by Borsche et al. I

? To a solution of 16.0 g (66.7 mmo\)
nitroamine 1 in 33 m195% ethanol at reflux temperature was added a solution of 31 g
(129 mmol) Na2S . 9H20 in 30 ml 50% aq. ethanol over 15 min, so as to maintain
reflux. The mixture was heated under reflux an additional 15 min and cooled to effect
crystallization. Solid was collected on a filter, washed with water, and air-dried, yield
ing 4.09 g (19.5 mmol, 29%) 2. No attempt was made to secure additional product
from the filtrate.

(2-Furoyl)acetone (3). Intermediate 3 was prepared according to a modifica
tion of the procedure of Swarner and Hauser-"; 4.27 ml (5.04 g, 40 mmol) methyl
2-furoate was added to a suspension of NaH (made from 3.83 g commercial NaH
slurry by removal of the mineral oil with pentane) in 30 ml anhydrous diethyl ether.
To this was added, so as to maintain the temperature below 30°C, 5.87 ml (4.64 g, 80
mmol) acetone (dried over CaCI2). This mixture was heated under reflux for 2 h,
cooled, and divided between diethyl ether and 3 M HCI. The ether layer was washed
with brine, dried (MgS04 ) , and concentrated to yield 6.06 g of a red oil (raw yield
99%) which was purified by vacuum distillation (b.p. 85-90°Cjl torr).

3-(2-Furoyl)-2-methylquinoline (4). A solution of 410 mg (1.95 mmo\) aminoi
mine 2, 326 mg (2.15 mmo\) diketone 3, and 50 mg piperidine in 4 ml 95% ethanol
was heated overnight under reflux. Removal of the volatile materials left a black,
gummy oil which was taken up in dichloromethane and, after being washed with 3 M
NaOH, brine, and dried (MgS04 ) , purified by flash chromatography [eluent, 3:2
pentane-diethyl ether (3:2)] yielding 355 mg (1.50 mmol, 77%) product.

3-(2-Furoyl)quinoline-2-carbaldehyde (5). A mixture of 355 mg (1.50 mmol) 4
and 183 mg (1.65 mmol) Se02 in 6 ml acetic acid was heated for 17 h in an 80°C bath.
The solvent was removed by rotary evaporation. The dichloromethane extract of the
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residue was washed with I M NaOH and brine and dried (MgS04 ) . Concentration
yielded 284 mg oil, 1.13 mmol, 75% raw. The ultimate purification was done by LC as
discussed below.

Liquid chromatography
A Perkin-Elmer (Norwalk, CT, U.S.A.) Series 3B liquid chromatograph with

detection (Perkin-Elmer LC-55 absorbance detector) at 330 nm was employed for
purification of the FQCA reagent. The separation was performed on a Phenomenex
(Rancho Palos Verdes, CA, U.S.A.) 5-pm, CiS column. A linear gradient from 60%
aq. methanol to 100% methanol, in 30 min, was sufficient to isolate FQCA from
contaminants introduced during the synthetic procedure.

The micro-LC system consisted of an ISCO (Lincoln, NE, U.S.A.) Model 314
syringe pump equipped with an ISCO HPLC pressure controller and a Model 314
metering pump. Separations were accomplished on a 0.5 m x 0.25 mm fused-silica
(Polymicro Technologies, Phoenix, AZ, U.S.A.) capillary, packed in-house with 5-pm
CiS particles (Shiseido Corp., Kyoto, Japan). Detection was accomplished with an
argon-ion laser-based detection system similar in design to that described in previous
studies'V'". Injections were made in the stopped-flow mode. The derivatized amino
acids were eluted with a stepwise gradient, beginning with 20% acetonitrile in water
containing 0.2% triethylamine and 0.2% acetic acid, in steps of 5% to 50% aceto
nitrile in water containing 0.2% triethylamine and 0.2% acetic acid.

Fluorescence measurements
Static fluorescence measurements were made with a Perkin-Elmer 650 spectro

fluorometer. For quantum yield studies, the emission spectrum was corrected accord
ing to the method of Parker!", and compared to that of quinine bisulfate.

RESULTS AND DISCUSSION

The development, synthesis, and characterization of fluorogenic derivatizing
reagents for primary amines has been of continuing interest to our laboratory'f<l".
We are mainly concerned with the design of reagents that combine the advantages of
OPA and NDA with the added feature of an absorbance maximum closely matching
the principal output radiation wavelength of an inexpensive and easily maintained
laser system. Use of a laser-based detection scheme for HPLC has been shown to
enhance the detection limits in a variety of experiments2 0

-
2 4

. Our efforts have cen
tered on the development of reagents having absorption bands in the visible range.
Exploitation of a band in the visible range eliminates many interferences present in
biological samples, which typically feature absorption maxima in the UV region.
Moreover, two lasers (He-Cd and Ar ion), which are both relatively inexpensive and
easy to operate, feature output radiation in the visible range. We have previously
described reagents compatible with the 442 nm He-Cd line 14-16, and in this paper we
present a similar reagent for use with the 488 nm line of the Ar-ion laser.

Our design considerations for a fluorogenic reagent include the formation of an
isoindole upon reaction with a primary amine and the capability of building a variety
of functional moieties into the reagent. The ability to modify the reagent facilitates
adaptation to almost any type of detection scheme. In addition, the absorbance of the
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derivative should be sufficiently different from that of the reagent itself, thus eliminat
ing interferences from unreacted starting materials. The final criterion of our devel
opmental strategy is the stabilization of the resulting isoindoles so that they may be
reliably used in the pre-column derivatization mode, since post-column derivatization
is often impractical for capillary LC.

We postulated that the stability of isoindoles can be enhanced through sub
stitution of the proton adjacent to the nitrogen atom of the indole ring. This led us to
the ortho-aroylaraldehyde backbone instead of the more conventional ortho-dialde
hydes!". In the scheme shown below, both positions adjacent to the indolic nitrogen
are substituted. Also, the use of a keto-aldehyde:

~R1
~,,~~'"N CHO ~

/ ~1
N- R2

" '<, '<,
N

CN

facilitates the incorporation of various moieties into the parent molecule, resulting in
the ability to "fine-tune" the absorption maximum of the derivatized molecule.

In a previous communication14, we outlined a number of criteria for compari
son of the various fluorogenic reagents developed. These are: (I) high quantum yield;
(2) good reaction rate; (3) stability of the derivative with time; and (4) proximity of
the absorption maximum to the target laser line. Here, we examine FQCA with
respect to these criteria and optimization of the derivatization conditions.

FQCA was originally synthesized as an analogue of BQCA 15, which has an
absorption maximum at 460 nm. In order to effect a hypsochromic wavelength shift,

400 450
I I

700 nm

Fig. I. Absorption and emission spectra of the methionine product.
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Fig. 2. Stability-time curves for (D) alanine and (+) valine.

we replaced the R 1 (scheme above) phenyl group with a furan moiety. In actuality,
the absorption was bathochromicaIIy shifted to 480 nm (emission maximum 590 nm),
which happens to coincide with the main line (488 nm) of the argon-ion laser. Fig. I
depicts the absorption and emission spectra for a typical FQCA derivative. Further
investigation indicated that the quantum yield of FQCA, derivatized with glycine, is
0.3.

When OPA reacts with primary amines, the fluorescent product forms within 5
min. While FQCA does not react that quickly, the isoindole product reaches its
fluorescence maximum in about 45 min. Reaction time on this scale does not present
major problems. Primarily, we are concerned with the formation of a stable derivative
within a reasonable time and under mild conditions (3rC without stirring or ag
itation). Fig. 2 depicts the time-stability curve for FQCA-derivatized glycine and
lysine. Once the fluorescence maximum has been reached, the derivatives are stable in
solution for more than 2 h. In fact, when the dry derivatives are stored in the freezer,
they maintain their fluorescence intensity for about 2 weeks.

The optimum concentrations of cyanide ion and reagent for maximum reaction
yield have been investigated. The dependence of the reaction yield upon the concen
tration of cyanide ion and reagent is depicted in Figs. 3 and 4, respectively. These
experiments were carried out by allowing FQCA to react with glycine or lysine under
the appropriate conditions for 45 min. The reaction mixture was then diluted with
methanol to 1.5 ml, and triplicate peak height readings were acquired from the spec
trofluorometer, with excitation at 490 nm and emission at 590 nm. Each point on the
curve represents an average of three readings. Examination of these data reveals that
the fluorescence maximum is reached with ca. four-fold molar excess of FQCA and a
two-fold excess of cyanide ion. In a previous stud y1 5, we found that the optimum pH
for the derivatization of amino acids is between 7 and 9. This finding also applies to
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Fig. 5. Standard amino acid chromatogram (conditions given in the text). Peaks 1 = Glu; 2 = Asp; 3 =
His; 4 = Ser; 5 = Arg; 6 = Gly; 7 = Tyr; 8 = Ala; 9 = Thr; 10 = Met; 11 = Val; 12 = Phe; 13 = lIe;
14 = Leu.

FQCA, so that the reaction may be carried out in methanol, as opposed to the
traditional borate buffer.

Fig. 5 represents a microcolumn LC chromatogram of amino acid standards
with high-sensitivity laser-induced fluorescence detection. The chromatographic con
ditions are as described in the Experimental section. Peak identities are given in the
figure legend. The practical detection limits obtained with FQCA-derivatized amino
acids were found to be in the femtomole range.

In summary, we have presented the design considerations and synthesis of a
fluorogenic reagent for primary amines, rendering them amenable to high-sensitivity
detection following microcolumn LC separation. FQCA is shown to be compatible
with argon-ion laser-induced fluorescence detection. In addition, flexibility in the
design of our reagents through a generalized synthesis scheme'" is demonstrated.

FQCA in the presence of an amino acid and a suitable nucleophile (cyanide ion,
chosen here) forms an intensely fluorescent isoindole the absorption maximum of
which closely matches the 488 nm output radiation of the main line of the argon-ion



FLUOROGEN[C REAGENT FOR LC OF PRIMARY AMINES 587

laser. The reaction proceeds reproducibly under mild conditions (pH 7-9, 37°C) to
yield stable products which can be satisfactorily separated chromatographically. Fu
ture studies will aim at the optimization of retention.

ACKNOWLEDGEMENT

This research was supported by Grant No. PHS ROI GM 24349 from the
National Institute of General Medical Sciences.

REFERENCES

[ M. Rubenstein, S. Chen-Kiang, S. Stein and S. Udenfriend, Anal. Biochem., 95 (1979) 1[7-121.
2 S. Stein, P. Boehlen and S. Undenfriend, Arch. Biochem. Biophys., 163 ([974) 400-403.
3 S. DeBernado, M. Weigele, V. Toome, K. Manhart, W. Leimgruber, P. Bohlen, S. Stein and S. Uden-

friend, Arch. Biochem. Biophys., [63 ([974) 390-399.
4 P. B. Ghosh and M. W. Whitehouse, Biochem. J., [08 (1968) 155-[60.
5 M. Roth, Anal. Chem., 43 (1971) 880-"882.
6 P. Lindroth and K. Mopper, Anal. Chem., 51 (1979) 1667-1674.
7 J. C. Hodgin, J. Liq. Chromatogr., 2 (1979) 1047-1059.
8 Z. Deyl, J. Hyanek and M. Horakova, J. Chromatogr., 379 (1986) 177-250.
9 P. De Montigny, J. F. Stobaugh, R. S. Givens, R. G. Carlson, K. Srinivasachar, L. A. Sternson and T.

Higuchi, Anal. Chem., 59 (1987) 1096-1101.
10 J. D. White and M. E. Mann, Adv. Heterocycl. Chem., 10 (1969) 113-[47.
II B. K. Matuszewski, R. S. Givens, K. Srinivasachar, R. G. Carlson and T. Higuchi, Anal. Chem., 59

(1987) 1102-1105.
12 C. L. Flurer, C. Borra, S. C. Beale and M. Novotny, Anal. Chem., 60 (1988) 1826-1829.
13 C. L. Flurer, C. Borra, F. Andreolini and M. Novotny, J. Chromatogr., 448 (1988) 73-86.
14 S. C. Beale, J. C. Savage, D. Wiesler, S. Wietstock and M. Novotny, Anal. Chem., 60 (1988) 1765-1769.
15 S. C. Beale, Y.-Z. Hsieh, J. C. Savage, D. Wiesler and M. Novotny, Talanta, 36 (1989) 322-325.
16 Y.-Z. Hsieh, S. C. Beale, D. Wiesler and M. Novotny, J. Microcolurnn Sep., 2 (1989) 96-100.
17 W. Borsche, W. Doeller and M. Wagner-Roemmich, Ber. Dtsch. Chern. Soc., 76B (1943) 1099-1104.
18 F. W. Swarner and C. R. Hauser, 1. Arn. Chern. Soc., 72 (1950) 1352-1356.
19 C. A. Parker, Photoluminescence of Solutions, Elsevier, Amsterdam, 1968,261-265.
20 L. W. Hershberger, 1. B. Callis and G. D. Christian, Anal. Chem., 51 (1979) 1444-1446.
21 E. S. Yeung and M. J. Sepaniak, Anal. Chem., 52 (1980) 1465A-1481A.
22 R. B. Green, Anal. Chern., 55 (1983) 20A-32A.
23 R. N. Zare, Science (Washington, D.C.), 226 (1984) 298-303.
24 1. Gluckman, D. Shelly and M. Novotny, J. Chromatogr., 317 (1984) 443-453.





Journal of Chromatography, 499 (1990) 589-599
Elsevier Science Publishers B.Y., Amsterdam - Printed in The Netherlands

CHROMSYMP. 1660
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SUMMARY

Serum binding, the effect on striatal dopamine release and the metabolism of
( - )-deprenyl [N-methyl-N-propargyl(2-phenyl-I-methyl)ethylammonium chloride],
TZ-650 [N-methyl- N-propargyl(2-phenyl)ethylammonium chloride] and J-508 [N
methyl-N-propargyl(indanyl)ammonium chloride] were investigated using various
chromatographic methods. A strong interaction between (- )-deprenyl and macro
globulins was found, Deprenyl enhanced the dopamine release from striatal slices of
the rat brain and also inhibited the dopamine-DOPAC conversion. Deprenyl ana
logues showed either smaller or no effect. Hydroxylation of ( - )-deprenyl takes place
in the para position, in addition to the usual oxidative N-dealkylations, which are
known from various metabolic studies on N-substituted phenylalkylamines.

INTRODUCTION

(- )-Deprenyl, also called Eldepryl", Jumexs', Moverganv and Selegiline'", is a
potent, irreversible and specific inhibitor of the monoamine oxidase B enzyme":". Its
peculiar pharmacological properties and beneficial clinical effects in Parkinson's dis
ease prompted investigations of its binding, action and metabolism and studies of
structural analogues.

Johnston" reported that clorgyline preferentially inhibits the oxidative deam
ination of serotonin, while Knoll and Magyar? found that ( - )-deprenyl is a selective
inhibitor of the deamination of benzylamine. These facts furnished indirect evidence
that there are two different types of monoamine oxidase enzyme, monoamine oxidase
A (MAO-A) and monoamine oxidase B (MAO-B). MAO-A is clorgyline-sensitive,
whereas MAO-B is clorgyline-insensitive and deprenyl-sensitive. These inhibitors be
long to the so-called suicide inhibitor group, meaning that while the enzyme splits this

a Present address: Department of Pharmacology and Cell Biophysics, University of Cincinnati, 231
Bethesda Avenue, Cincinnati, OH 45267-0575, U.S.A.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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substrate, it suffers covalent binding, which results in an irreversible inhibition. Sa
lach et al.6 provided direct evidence that these enzyme inhibitors covalently interact
with the flavin-active site of the enzyme. Ekstedt et al.' and Birkmayer and Yahr8

showed that, in spite of repeated administration of ( - )-deprenyl, a fairly selective
inhibition pattern was maintained in the brain of rats and liver of human subjects.

(- )-Deprenyl is a monoamine oxidase inhibitor lacking the so-called cheese
effect. It is not only free of this side-effect of MAO inhibitors but also, as Knoll et al.?
have shown, it inhibits the uptake of tyramine. Similar observations in normal and
Parkinsonian volunteers showed no adverse pressor reaction after a challenge with an
oral dose of tyramine in amounts considerably larger than those likely to be encoun
tered in a normal diet. These properties of ( - )-deprenyl allow its safe administration
to Parkinsonian patients on levodopa treatment:'.

EXPERIMENTAL

Materials
(- )-Deprenyl [N-methyl-N-propargyl(2-phenyl-I-methyl)ethylammonium

chloride], o-methyldeprenyl, m-methyldeprenyl, p-methyldeprenyl, TZ-650 [N-meth
yl-N-propargyl(2-phenyl)ethylammonium chloride] and J-508 [N-methyl-N-propar
gyl(indanyl)ammonium chloride] were kindly supplied by Chinoin (Budapest, Hun
gary). In some experiments, (- )-deprenyl was labelled in position 2 of the
(2-phenyl-I-methyl)ethyl moiety (Fig. 1).

3,4-Dihydroxybenzylamine (DHBA) (Calbiochem, San Diego, CA, U.S.A), do
pamine hydrochloride (Serva, Heidelberg, F.R.G.), 3,4-dihydroxyphenylacetic acid
(DoPAC) (Fluka, Buchs, Switzerland), alumina, Brockmann Grade Il, neutral, and
LiChrosorb C 1 8 , 5 Jim (Merck, Darmstadt, F.R.G.) and sodium octanesulphonate
(Aldrich, Milwauke, WI, U.S.A.) were used. All the other chemicals and solvents
were of the highest commercially available quality.

Sephadex G-I5 and Sephadex G-200 Fine (Pharmacia, Uppsala, Sweden) were
used for size exclusion chromatography. They were packed into glass columns 90 or
60 em x 2.5 or 5.0 cm l.D. For elution 0.05 M ammonium acetate solution was used,
and IO-ml fractions of the eluate were collected with an automatic fraction collector
(Labor-MIM, Budapest, Hungary). Experiments were carried out with parts of a
ReCyChrom system (LKB, Bromma, Sweden) including a cold box adjusted to 4°C, a
peristaltic pump, a Uvicord UV detector set at 254 nm and a recorder.

For thin-layer chromatography (TLC), all-glass developing chambers (Desaga,
Heidelberg. F.R.G.) were used. The spots were revealed with ninhydrin reagent and
by autoradiography by previously published methods!".

For high-performance liquid chromatographic (HPLC) experiments a Liquo
pump 312 solvent-delivery system with injection valve fitted to a 20-Jilloop was used
(Labor-MIM). The 250 x 4.6 mm l.D. column (Labor-MIM) was packed with Li-

CH3
FL1< I
~CH2-CH-N-CH2-C -CH

I
CH3

Fig. I. Structure of deprenyl. The asterisk indicates thc position of 14C labelling.
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Chrosorb CIS' A TL-3 thin-layer electrochemical detector cell with a paraffin oil
based carbon paste working electrode was purchased from Bioanalytical Systems
(West Lafayette, IN, U.S.A.). It was used at 0.7 V and connected to an electronic
controller, developed by the Biomedical Engineering Workshop of the Department of
Pharmacology, Semmelweis University of Medicine (Budapest, Hungary). The signal
from the amplifier was observed on an OH 814/1 potentiometric recorder (Radelkis,
Budapest, Hungary). The mobile phase was a triethylamine phosphate buffer (pH 3).
This buffer also contained 75 mgjl sodium octanesulphonate as an ion-pairing agent
and l8 mg/I of NazEDTA to reduce the spike activity of the detector. Finally, 6%
(v/v) acetonitrile was added to the mobile phase, which was degassed under vacuum
and sonication. The internal standard was 3,4-dihydroxybenzylamine. Results were
calculated from the peak-height ratios of dopamine to internal standard and DOPAC
to internal standard; the dopamine release from rat brain striata was expressed in
pmol/g . min. For statistical evaluations Student's t-test for two means was applied.
The significance level was set at P < 0.05.

An HP-5985B gas chromatograph-mass spectrometer (Hewlett-Packard, Palo
Alto, CA, U.S.A.) was connected to an HP-2648A data analyser. Separation was
achieved by temperature programming from 100 to 320°C at 5°C/min II. Glass capil
lary columns (25 x 0.25 mm 1.0.) were used. The stationary phase was 20% diphenyl
and 80% dimethylpolysiloxane (SPB 20) (Supelco, Bellefonte, PA, U.S.A.) and the
flow-rate of the helium carrier gas was 1 ml/min, The gas chromatograms and the
mass spectra were recorded with a thermal printer.

Methods
To investigate protein-deprenyl adducts, human serum (obtained from the Na

tional Institute for Blood Transfusion, Budapest, Hungary) was incubated with ra
diolabelled deprenyl for 2 h. The sample was immediately separated by gel chromato
graphy on Sephadex G-15. Proteiri-deprenyl adducts, eluted at the void volume of
the column, were further separated on Sephadex G-200.

The study on dopamine release following chronic pretreatment was performed
after three weeks of subcutaneous administration of ( - )-deprenyl, TZ-650 or J-508
in one daily dose to rats. Twenty-four hours after the last injection, the rats were
decapitated. Striata were immediately removed and halved according to the method
of Glowinski and Iversen IZ,13, then soaked in Krebs solution. Four striata were
pooled in one organ bath, incubated for I h, and then the Krebs solution was re
placed. Subsequently, the Krebs solution was changed twice at 10-min intervals.
Finally, the Krebs solution was changed to one which contained 20 mM potassium
chloride. The striata were exposed to the latter medium for 10 min in order to stim
ulate the transmitter release. Samples were collected after each 10-min incubation
period. The samples were spiked with 40 ng of 3,4-dihydroxybenzylamine (internal
standard) and prepurified on a 90-mg alumina microcolumn according to the method
of Anton and Sayre!". The effluent from the microcolumn was injected into the
HPLC column 13

.

For the metabolic study, albino Wistar rats of both sexes, weighing 120-150 g,
were used 14. Solutions of (- )-deprenyl, TZ-650 and J-508 were injected subcutane
ously in doses of 50 rng/kg. Urine was collected for 24 h, and either immediately
extra ted or kept at - 40°C until analysed as follows. Urine was adjusted to pH I l
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with 0.5 M sodium hydroxide solution and the basic metabolites were extracted with
chloroform-ethyl acetate (3:1). The organic layer was re-extracted into the buffer at
pH 1.5, and the extraction with chloroform-ethyl acetate (3:1) was repeated after the
pH had been adjusted to 11.

RESULTS

In the study of the binding of ( - )-deprenyl to serum proteins the radiolabelled
drug was incubated with human serum for 2 h. The gel chromatograms are presented
in Fig. 2. The radioactive peak at the void volume of the gel column indicates that
there is definite binding between serum proteins and deprenyl (Fig. 2a). A substantial
portion of deprenyl was bound to macroglobulins, while the albumins contained the
smallest fraction of the radioactivity (Fig. 2b).
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Fig. 2. (a) Gel chromatography of free and protein-bound deprenyl on Sephadex G-15. (b) Gel chroma
tographic separation of proteins containing deprenyl on Sephadex G-200. E254nm = absorbance at 254 nm.
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These experiments give direct evidence that the link between deprenyl and se
rum proteins is strong or irreversible, because deprenyl-protein adducts remained
intact even after several hours of gel chromatography. Parallel experiments with
reversibly binding substances did not show such a stability of drug-protein adducts in
gel chromatography. Similar studies were performed using equilibrium dialysis cells.

Because the specific inhibitory effect of deprenyl on monoamine oxidase B does
not explain its effectiveness as medication in Parkinsonism, its action was investigated
on the release of dopamine from the striatum. The in vitro addition of ( - )-deprenyl
to the organ bath did not result in a noticeable change in dopamine release, except at
very high concentrations, which were well above any therapeutic range. Three weeks
of pretreatment with one daily dose of ( - )-deprenyl increased the dopamine release
and decreased its transformation to DOPAC in rats. Both the so-called resting release
and the release induced by 20 mM of potassium were measured. It was found that 3
weeks of pretreatment with a 0.25 mg/kg daily dose of deprenyl increased the dopa
mine release to ca. five times the control level and inhibited the transformation of
dopamine to DOPAC. A similar phenomenon was observed in the potassium-stim
ulated release where the increase was even more expressed (Table I). In experiments
with the two structural analogues of ( - )-deprenyl, TZ-605 was almost ineffective but
J-508 was a stronger MAO inhibitior (less DOPAC was observed) (Table I).

In preliminary investigations of the metabolism of ( - )-deprenyl, two-dimen
sional TLC was used. Development in the first dimension was performed by elution
chromatography and displacement chromatography was applied in the second di
mension (Fig. 3).

The metabolites of ( - )-deprenyl, TX-650 and J-508 were identified by gas chro
matography-mass spectrometry (GC-MS). The chromatograms obtained by total
ion monitoring are presented in Figs. 4,5 and 6, respectively. Neither deprenyl nor its
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Fig. 3. Displacement TLC of deprenyl metabolites on silica plates with chloroform-methanol-water
(29:20:4, vjvjv) and chloroform-triethanolamine (96:4, vjv) in the first and second dimensions, respec
tively. a = Deprenyl; b = propargylanara; c = methaphetamine; d = amphetamine; e, f and g are
unidentified metabolites; u = urine sample; UrSa = urine sample for two-dimensional separation; fr =

solvent front.
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TABLEI

RELEASE OF DOPAMINE (DA) AND DOPAC UNDER VARIOUS CONDITIONS

Release ± S.D. [pmol g-I min- I)

Control
Deprenyl, 0.25 mg/kg
J-508, 0.1 mg/kg
TZ-650, 0.1 mg/kg

Resting 20 mM KCI stimulated

DA DOPAC DA DOPAC

91 ± 7 258 ± 18 200 ± 15 291 ± 19
503 ± 20 72 ± 10 1451 ± 183 120 ± 36
360 ± 27 18 ± 3 650 ± 26 19 ± 3
151 ± 18 291 ± 23 272 ± 35 340 ± 36

metabolites gave a molecular ion, but only two main fragments. One of them orig
inates from the benzyl part (the phenolic ring and the neighbouring methyl), which
forms a cycIoheptatrienium cation in the mass spectrometer, while the other fragment
is the tri-, di- of monoalkyl-substituted nitrogen, i.e., the remaining part of the com
pounds. Thus deprenyl gave fragments with mass numbers 91 + 96, while its de-

~MIH 2 .. 5 .. ~ s .

FIn. TIMe
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4528

400

748

184
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3 4

Fig. 4. GC-MS identification of deprenyl metabolites by selected ion monitoring. Peaks a, b, c and dare
deprenyl, propargylanara, methamphetamine and amphetamine, respectively.

Fig. 5. GC--MS identification ofTZ-650 metabolites by selected ion monitoring. Peaks a, b, c and d are the
unaltered drug and its demethylated, depropargylated and didealkylated metabolites, respectively. The
white numbers in the black boxes are the scanning ranges of the ion fragments (e.g., 90.7 to 91.6 for m]z
91).
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Fig. 6. GC-MS identification of J-508 metabolites using selected ion monitoring. Peaks a. b. c and d are the
unaltered drug and its demethylated, depropargylated, and didealkylated metabolites, respectively. For the
white numbers in the black boxes. see legend to Fig. 5.

methylated, depropargylated and demethylatedjdepropargylated products, propar
gylanara (its other name is propargylamphetamine), methamphetamine and
amphetamine gave mass numbers 91 + 82, 91 + 58 and 91 + 44, respectively,
indicating the respective losses of the nitrogen substituents. The results are shown in
Fig. 4.

Figs. 5 and 6 show the results of the GC~MS investigations of the metabolism
of TZ-650 and J-508. Mass fragment 91 characterizes the intact phenolic ring, where
as the ions with mass numbers 82, 68, 44 and 30 represent the intact side-chain of
TZ-650 and its demethylated, depropargylated and demethylatedjdepropargylated
derivatives, respectively.

With J-508, molecular ions with mass numbers 185, 171, 147 and 133 indicate
the presence of 1-508 and its demethylated, depropargylated and demethylatedjde
propargylated derivatives, respectively.

To find the hydroxylated metabolites of deprenyl, trimethylsilylated derivatives
were prepared. This changed the mass fragment belonging to the phenolic ring which
contained not only the cycloheptatrienium ion but also its trimethylsilylhydroxy de
rivative, having a molecular ion of m]z 179.These studies proved that a considerable
amount of hydroxymethamphetamine and trace amounts of hydroxypropargylanara
were produced during the metabolism of deprenyl, in addition to the earlier known
metabolites such as propargylanara, methamphetamine and amphetamine (Fig. 7).

To find the position of (phenolic) hydroxylation during metabolism, some or
tho-, meta- and para-methylated deprenyl analogues were investigated. After the ad
ministration of the drugs, collection of urine and prepurification by extraction, acetyl
derivatives were prepared. With hydroxylated metabolites of the ortho- and meta-
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Fig. 7. GC-MS identification of deprenyl metabolites after trimethylsylation. Peaks a, b, c, d, e and fare
deprenyl, propargylanara, methamphetamine, amphetamine, p-hydroxypropargylanara and p-hydroxy
methamphetamine, respectively. For the white numbers in the black boxes, see legend to Fig. 5. Numbers
equal to A are the relative amounts of ion fragments.

substituted deprenyl derivatives, the presence of hydroxylated metabolites was detect
ed, whereas they were absent when the metabolites of the para-substituted drug were
analysed (Fig. 8).

DISCUSSION

Serum binding of (- )-deprenyl is probably a strong interaction, as the binding
remained unaffected by several hours of gel chromatography. The blood level of
( - )-deprenyl shows a remarkably fast onset and decline. The maximum deprenyl
level in the brain of mice was observable 30 after intravenous injection, whereas the
brain and blood levels of ( - )-deprenyl decreased to several percent of the peak level
after 2 h of intravenous administration to mice.

After 3 weeks of pretreatment with deprenyl, rats showed a highly enhanced
dopamine release in the brain striatal slices. This may be important in the explanation
of the mechanism of action of ( - )-deprenyl.

Ehringer and HornykiewiczP observed that in the brain of Parkinsonian pa
tients the striatal dopamine concentration is lower than that in normal brain. This is
probably due to the loss of dopaminergic neurons, and this loss is compensated by
glial cells yielding the monoamine oxidase enzyme. Dopaminergic modulation in the
brain and especially in the striatum and hypothalamic area declines in senescence.
Moreover, an increased monoamine oxidase B activity can be found. This age-related
biochemical lesion can be corrected by (- )_deprenyI3,4,13
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Fig. 8. GC-MS of (A) o-methyldeprenyl, (B) p-methyldeprenyl and (C) m-methyldeprenyl metabolites.
Peaks: a = 2-methyldeprenyl; b = 2-methylamphetamine; c = 2-methylmethamphetamine; d = 2-methyl
propargylanara; e = 4-hydroxy-2-methyldeprenyl; f = 4-hydroxy-2-methylamphetamine; g = 4-hy
droxy-2-methylmethamphetamine; h = 4-hydroxy-2-methylpropargylanara; i = 4-methyldeprenyl; j =
4-methylamphetamine; k = 4-methylmethamphetamine; 1 = 4-methylpropargylanara; m = 3-methylde
prenyl; n = 3-methylamphetamine; 0 = 3-methylmethamphetamine; p = 3-methylpropargylanara; r =
4-hydroxy-3-methyldeprenyl; s = 4-hydroxy-3-methylamphetamine; t = 4-hydroxy-3-methylmethamphe
tamine; u = 4-hydroxy-3-methylpropargylanara.

Reynolds et at. 1 6 also investigated the deprenyl metabolism by Gc. They iden
tified amphetamine and methamphetamine in the urine of patients but neither de
methylated deprenyl (propargylanara) nor hydroxylated derivatives of deprenyl were
found.

The metabolism of deprenyl was explored by displacement TLC. The results
indicate the presence of some fragments that are the products of oxidative demethyla
tion, depropargylation and demethylation/depropargylation. However, some addi
tional spots were also present that can be considered to be products of para-hydroxy
lation of either deprenyl or its identified metabolites.

Verification of the presence of dealkylated deprenyl metabolites was obtained
by GC-MS. Amphetamine, methamphetamine and propargylanara were found to be
metabolites of deprenyl (Fig. 3). Similar experiments were carried out to identify the
metabolites of J-508 and TZ-650 (Figs. 4 and 5). The GC-MS identification of further
metabolites required derivatization. Acetylation of the urine extract produced ade
quately volatile derivatives. Their GC-MS spectra showed the presence of p-hydroxy
propargylanara and a trace amount of p-hydroxymethamphetamine among the me
tabolites (Fig. 7). Similar findings have been published by Yoshida et al.' 7.

Experiments with para-substituted deprenyl derivatives definitely proved that
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Fig. 9. Metabolic pathway of deprenyl. a, b, c, d, e and fare deprenyl, propargylanara methamphetamine,
amphetamine, p-hydroxypropargylanara and p-hydroxymethamphetamine, respectively.

hydroxylation takes place at the para position of the deprenyl, if this process is not
hindered by the presence of a para substituent in the parent drug (Fig. 8). The metab
olic pathway of (- )-deprenyl is shown in Fig. 9.

It is worth mentioning that the very fast onset and decline of the deprenyllevel
in the brain strongly suggest that the parent drug, ( - )-deprenyl, is responsible for the
therapeutic effect and that the metabolites do not play any role.
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SUMMARY

A high-performance liquid chromatographic assay was developed for a recently
introduced atypical antidepressant, fluoxetine and its demethylated metabolite, nor
fluoxetine. Prior to analysis, aliquots of alkalinized plasma were extracted with n
hexane and isoamyl alcohol, followed by back-extraction with diluted phosphoric
acid. These extracts were injected into a 10 ,urn, reversed-phase C 1 S column with
phosphate and acetonitrile as the mobile phase and detection at 214 nm. Peak height
ratios were linearly correlated up to 800 ,ug/l. Acceptable coefficients of variation were
demonstrated for both within-run and day-to-day studies. Selected drugs were
checked for interference. The assay was used to monitor nine patients receiving 20 to
80 mg of fluoxetine per day. Plasma concentrations of fluoxetine and norfluoxetine
ranged from 37 to 301 ,ug/l and 29 to 326 ,ug/l respectively.

INTRODUCTION

Antidepressant measurement by high-performance liquid chromatography
(HPLC) has been advocated for the monitoring of first generation, as well as the
recently introduced atypical antidepressants such as trazodone and its metabolite,
l-metachlorophenyl piperazine.':". Currently, the enzyme multiplied immunoassay
technique (EMIT) with monoclonal antibodies may be used for quantitative mea
surement of selected first generation antidepressants such as imipramine, desipra
mine, amitriptyline and nortriptyline". Rapid screening for these antidepressants may
be achieved by using polyclonal antibody-based EMIT and fluorescence polarization
immunoassay (FPIA)4. However, for newly introduced antidepressants, reversed
phase HPLC is still the method of choice for analysis due to its reproducibility. The
current study demonstrated that a newly introduced antidepressant, fluoxetine (FLU)
and its demethylated metabolite, norfluoxetine (N-FLU), may be quantitated in plas
ma by modifying a previously published, simple procedures.

Fluoxetine, N-methyl-8-[4-(trifluoromethyl)phenoxy] benzenepropanamine, is

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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a non-tricyclic antidepressant'v ':'. It exhibits selective inhibition of serotonin uptake
in presynaptic neurons, and is indicated for unipolar depression. After oral adminis
tration, peak plasma concentration is reached within 6 to 8 h and absorption is not
affected by the presence of food. Mean elimination half-life of FLU is 2 days follow
ing a single dose, and 4 days following long-term administration, while that of N
FLU is 7 days, independent of dosage regimen!". Fluoxetine is metabolized to norflu
oxetine, also an inhibitor of serotonin reuptake, via demethylation, as shown in Fig. I
(ref. 10). Other unidentified metabolites and glucuronides are also detected in the
urine.

FLU and N-FLU were quantified by gas chromatography with electron-cap
ture detection according to Nash et al.i", Orsulak et al.t? described a procedure using
a multi-step extraction and a reversed-phase HPLC analysis with a phenyl column
and detection at 226 nm. For 24 patients administered daily doses of 20-60 mg of
fluoxetine during the preceding three weeks, the plasma concentrations of FLU and
N-FLU were 47-469 and 52--446 flg/l, respectively. More recently, Kelly et al. 14

developed an HPLC assay in order to correlate plasma concentrations with clinical
response. The assay involved an organic extraction, followed by reversed-phase anal
ysis with a CN column and detection at 226 nm. From data on thirteen patients
receiving daily doses of 20 to 60 mg of fluoxetine, the FLU and N-FLU serum
concentrations were 73--453, and 54-362 {ig/l respectively. Antidepressant response,
however, was not correlated with serum concentrations.

For ready adaptation in the clinical laboratory, a previously published HPLC
procedure for quantification of antidepressants" was modified by using a readily
available internal standard, clomipramine, a CIS column, a binary mobile phase and
a readily available UV detection at 214 nm. This assay was used to quantitate plasma
concentration of nine patients medicated with fluoxetine.

Fluo.eline glucuronide 5.2% Norfluo.etlne glucuronide 9.5%

Fig. I. Metabolites of f1uoxetine identified in urine collected for 35 days from normal subjects given
['4C]f1uoxetine. (From ref. 10.)
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Chemicals
Fluoxetine hydrochloride and norfluoxetine maleate were kindly provided by

Eli Lilly (Indianapolis, IN, U.S.A.). Clomipramine, the internal standard, was ob
tained from Ciba-Geigy (Summit, NJ, U.S.A.). Primary stock solutions of f1uoxetine
and norfluoxetine, lO mg/lO ml, were prepared by dissolving the appropriate
amounts in lOml ofdistilled water inside volumetric flasks, while methanolic solution
of clomipramine was similarly prepared. From these primary stock solutions, work
ing aqueous stock solutions of FLU and N-FLU and working methanolic stock
solution of clomipramine were prepared by diluting 100 III of the above solutions in
10 ml of water or methanol. Acetonitrile, n-hexane and methanol were "UV" grade,
distilled in glass (Burdick and Jackson, Muskegon, MI, U.S.A.). Isoamyl alcohol,
potassium dihydrogen phosphate and orthophosphoric acid were "Baker Analyzed"
reagent grade (1. T. Baker, Phillipsburg, NJ, U.S.A.). The extraction solvent, n
hexane isoamyl alcohol (99:1), was prepared by mixing 990 ml of n-hexane with 10 ml
of isoamyl alcohol, while 0.05% diluted phosphoric acid was prepared by diluting 59
III of the orthophosphoric acid into 100 ml with distilled water. The mobile phase
consisted of 0.05 M, pH 4.7, KHzPOs-acetonitrile (6:4). The phosphate solution was
prepared by dissolving 13.61 g of monobasic phosphate in 2 I of distilled water,
followed by adjusting the pH with diluted potassium hydroxide.

For checking the precision of the assay, quality control samples containing
about 200 Ilg/I each of FLU and N-FLU were prepared by mixing 2 ml each of the
working stock solutions of FLU and N-FLU with 96 ml of drug-free plasma in a
silanized volumetric flask.

Chromatographic system
The chromatograph was a Model 5000 liquid chromatography (Varian, Walnut

Creek, CA, U.S.A.). The detector was a Spectro-Monitor III variable wavelength UV
detector (Laboratory Data Control, Riviera Beach, FL, U.S.A.). Chromatograms
were recorded by an Omniscribe recorder (Houston Instruments, Austin, TX,
U.S.A.). The analytical column was a IlBondapak C I 8 (30 em x 4.6 mm I.D.) col
umn, connected to a guard column packed with Bondapack/Corasil C I 8 (both from
Waters/Millipore, Milford, MA, U.S.A.).

Sample collection
A total of ten blood samples were collected from nine patients (one patient had

repeat samples drawn), 2 days to 5 months after the initiation of f1uoxetine therapy
with daily doses of 20 to 80 mg. Sampling was performed at 8 h following a bedtime
dose or just before the ingestion of a morning dose. Blood collection was performed
with evacuated tubes containing EDTA. Afterward, the sample tubes were centri
fuged, followed by transferring the plasma to a polypropylene tube, and kept frozen
until subsequent analysis.

Procedures
The extraction was a simple three step procedure: alkalinization, organic ex

traction and back-extraction. To a series of polypropylene tubes, 2-ml aliquots of
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drug-free plasma were transferred, followed by addition of 0, 20, 40, 80 and 160,u1 of
each of the working stock solutions of FLU and N-FLU. The resultant plasma con
centrations were 0, 100,200,400 and 800 ,ugjl.To these standards, quality control and
patient samples, 160 ,ul of the working internal standard solution of clomipramine
were added. These tubes were vortexed, followed by addition of 2 ml aliquots of I M
sodium hydroxide and further vortexing. Then, these mixtures were extracted with 5
ml aliquots of n-hexane-isoamyl alcohol (99:1) by rotation for 5 min, and centrifu
gation for 10 min. The organic layers were transferred to another series of marked
polypropylene test tubes, followed by addition of200,u1 of 0.05% dil. phosphoric acid
for back-extraction. These tubes were rotated for 5 min and centrifuged for 10 min.
The lower aqueous, acidic layer, containing FLU and N-FLU, was carefully pipetted
into a small test tube for reversed-phase HPLC analysis.

Chromatographic parameters
Flow-rate was maintained at 2 mljmin. Column temperature was 50°C. Detec

tion wavelength was 214 nm, 0.01 a.u.f.s. Injection volume ranged from 25 to 50,u1.

RESULTS AND DISCUSSION

Fig. 2 shows the chromatograms for the extracts of drug-free plasma, a 200 ,ugjl
standard, and a patient sample. Retention times of N-FLU, FLU and the internal
standard were 5.8, 6.8 and 9.5 min respectively, with the corresponding capacity
factors (k') of 2.9, 3.5 and 5.3. Fig. 3 shows the linear calibration up to 800 ,ugjl for
both FLU and N-FLU, with excellent correlation coefficients. Precision studies
showed acceptable coefficients of variation for both within-run and day-to-day stud
ies, as shown by Table J. Recoveries ranged from 55 to 60% for N-FLU, and 79 to
86% for FLU, comparable to those of other antidepressant assays":". Sensitivity,
defined as signal-to-noise ratio = 3, is estimated to be 6 ,ugjl for both FLU and
N-FLU. Selected drugs, checked for potential interference, their capacity factors are
listed in Table II, showing the co-elution of imipramine with N-FLU and amitripty
line with FLU.

In modifying a previously published assay, our goal was to develop a simple
and fast procedure that is adaptable by clinical laboratory personnel. Since clinical
laboratory personnel would most likely be performing HPLC assays of the first gen
eration tricyclics as well as the newer, atypical antidepressants, the simplicity of the
described procedure would allow direct adaptation without lengthy daily change-over
of extraction chemicals, solvents and columns. Since different personnel of a given
laboratory would be using this procedure, the simplicity of the assay would ensure
precision. This approach has been successfully applied in our clinical laboratory
where the monitoring of first generation antidepressants, as well as new antidepres
santsand metabolites is routinely offered.

Simplicity of the procedure is evident in the use of a readily available C 1 8

column and detection wavelength of214 nm. This was chosen instead of226 nm, as in
the assays of Orsulak et al.16 and Kelly et al.t", because 214 nm detectors are readily
available in most clinical laboratories as a filter or variable-wavelength detector. In
the procedure of Kelly et al.t", protriptyline was used as an internal standard. In our
procedure, clomipramine was used as the internal standard for this as well as other
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a
.MINUTES

10

Fig. 2. Chromatograms of extracts of: (left) drug-free plasma (center) plasma with 200 Ilg/1 each of FLU
and N-FLU, and (right) a patient's plasma with 163 ILg/I of FLU, and 208 Ilg/1 of N-FLU. Peaks: 1 =

N-FLU; 2 = FLU; 3 = internal standard, clomipramine.

clinical procedures for the first generation tricyclics. The choice of protriptyline and
clomipramine as the internal standards enhances ready clinical adaptation of these
procedures, even though the chemical structure of the tricyclic rings of both internal
standards are different from those of FLU and N-FLU, as shown by Fig. 1.

__ Fluoxetine

--- Norfluoxetine

0.8

..s 0.6

l!
:;:

0.4'"Qj
s:

"".. 0.2..
Q.

0.0
0 200 400 600 800 1000

Concentrations In ~gll

Fig. 3. Calibration curves for FLU and N-FLU. (FLU: y = 9.24. 1O-4x- 0.0049, r = 0.9999; N-FLU:
y = 8.19. 1O-4x-0.0024, r = 0.9999).
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TABLE I

WITHIN-RUN AND DAY-TO-DAY COEFICIENTS OF VARIATION (C.V.) IN THE DETERMI
NATION OF FLU AND N-FLU

Mean (fJ.g/f) CY. (%) n

Within-run
FLU 197.8 1.6 6
N-FLU 201.8 0.7 6

Day-to-day
FLU 191.4 4.1 18
N-FLU 193.1 5.5 18

Since the precision and recovery of the assay are comparable to those of other
antidepressant assays, it was used to check the plasma FLU and N-FLU concentra
tions of a patient medicated with 80 mg of f1uoxetine. Plasma concentration of FLU
and N-FLU were 163 and 208 Jigjl respectively. Table III lists the data for a group of
nine patients medicated with 20-80 mg of f1uoxetine and other medications, their
FLU and N-FLU plasma concentrations, and relevant clinical information. Since
FLU is a newly introduced antidepressant, its use in combination with other drugs
may be enhanced by monitoring FLU and N-FLU. It is in this respect that our study
differs from those of Orsulak et al.16 and Kelly et al.t" in terms of the observed
concentrations. However, the range of FLU and N-FLU are comparable in all three
studies.

In general, there was a direct relationship between dosage and the combined
.f1uoxetine and norfluoxetine plasma concentrations measured by us. A similar rela
tionship appears to exist between duration of treatment and plasma concentrations.
Notable exceptions to these trends are evidenced by patients 3 and 4, who as out
patients were less likely to have been compliant with the precribed dosage, and by
patients 7 and 9, who were on a variety of medications concomitant with f1uoxetine.

TABLE II

CAPACITY FACTORS (k') OF SOME COMMON DRUGS TESTED FOR INTERFERENCE

Drug k' Drug k'

Acetaminophen 0.00 Desipramine 2.44
Codeine 0.00 Nortriptyline 2.74
Meperidine 0.12 Norfluoxetine 2.90
Phenobarbital 0.84 Imipramine 2.90
Amoxapine 1.67 Propoxyphene 3.48
Phenytoin 1.40 Amitriptyline 3.49
Pentobarbital 1.56 Fluoxetine 3.50
Oxazepam 1.79 Diazepam 3.99
Lorazepam 1.88 Chlorpromazine 4.15
Secobarbital 1.88 Perphenazine 4.92
Flurazepam 2.04 Clomipramine 5.30
Chlordiazepoxide 2.18 Prochlorperaxine 6.04
Doxepin 2.20 Thioridazine 8.44
Cimetidine 2.36 Trifluoperazine 8.44
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Repeated sampling from one patient (No.7) resulted in very similar plasma values for
both f1uoxetine and norfluoxetine, following a 20 mg oral dose. While the limitations
imposed by variability in compliance, concomitant medication, and individual phar
macokinetic factors cannot be disentangled in the present sample of patients, the
present study demonstrated the suitability of the assay for typical clinical monitoring
of FLU and N-FLU.

As shown by Kelly et al.t", serum concentrations are not well correlated to
clinical response. However, Orsulak!? has suggested monitoring of f1uoxetine may be
helpful in the future for patients medicated with f1uoxetineand other drugs. Recently,
he observed that patients switching medications such as f1uoxetine for tricyclics may
benefit from monitoring due to possible drug-to-drug interactions. This may be ex
plained by inhibition of the metabolism of first generation tricyclics by f1uoxetine,
resulting in possibly elevated levels of the first generation tricyclics. However, the
described assay is not able to resolve the first generation tricyclics from f1uoxetine and
norfluoxetine due to co-elution with imipramine and amitriptyline as shown by Table
II. Thus, there may be a need for future development of an alternative 'assay that can
resolve combinations of tricyclics and serotonin-inhibiting antidepressants.
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ON-LINE HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY FOR
THE DETERMINAnON OF CEPHALOSPORIN C AND BY-PRODUCTS IN
COMPLEX FERMENTAnON BROTHS

K. HOLZHAUER-RIEGER, W. ZHOU and K. SCHOGERL*

Institut fur Technische Chemie, Universitdt Hannover, Callinstr. 3, D-3000 Hannover 1 (F.R.G.)

SUMMARY

A fully automated high-performance liquid chromatographic system was devel
oped for optimization of cephalosporin C production. Using a simple, isocratic, re
versed-phase method, cephalosporin C, deacetylcephalosporin C, deacetoxycepha
losporin C, penicillin N, methionine and its decomposition product 2-hy
droxy-4-methylmercaptobutyric acid were determined. The method worked reliably
for 250 h and supplied information on the influence of many parameters of the
process.

INTRODUCTION

Cephalosporin C (CPC) is a f3-lactam antibiotic and its biosynthesis (Fig. 1) is
similar to that of penicillin. CPC is produced by the mold Cephalosporium acremoni
um by a fed-batch fermentation technique.'. Optimization of this process requires
accurate and reliable measurements of substrates and products over a long period.
Process analysis allows the detection of contamination at an early stage and the
monitoring of the ratio of product to by-products to estimate the end-point of culti
vation. Further, the influence of dissolved oxygen tension and the feed of substrate
solutions [such as methionine (MET) and phosphate] on the production of CPC is
particularly interesting. The determination of MET is important because it is a source
of sulphur for antibiotic production.

An on-line method for cephalosporin determination using an automatic analys
er system has been described 1. The cephalosporins show an absorbance at 260 nm
that disappears when they are treated with cephalosporinase, a f3-lactamase. The
reaction is specific for all cephalosporin derivatives, so that it only indicates the
overall concentration of CPC, deacetylcephalosporin C (DAC) and deacetoxycepha
losporin C (DAOC). This disadvantage prompted us to employ high-performance
liquid chromatography (HPLC), which offers the possibility of determining several
substances simultaneously. Moller et al? used an on-line HPLC system for the deter
mination of penicillin V. For several years, HPLC has been used for cephalosporin
analysisv" but not for process control. The aim of our investigations was the optimi
zation and automation of a chromatographic method for on-line cephalosporin de
termination that would work reliably for 250 h. For on-line analysis, a continuous,

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Fig. I. Biosynthetic cephalosporin pathway.

sterile and cell-free sampling stream is required. The sampling module must work
dependably over a period of days. The results are presented in this paper.

EXPERIMENTAL

Fermentation conditions
CPC production was carried out in a 20 I stirred-tank reactor by fed-batch

operation. The complex fermentation medium contained 50-100 gil of solid peanut
flour and other substrates such as glucose, salts and antifoam. A glucose-methionine
solution containing 500 gil of glucose and 20 gil of MET was used as the feed. In
order to avoid catabolic repression, continuous feeding was started after the initial
glucose in the medium had been used up. By varying the feeding rates (0.25-1.5
ml/min), a low glucose level could be maintained during the production phase.

Materials
CPC, DAC, DAOC, penicillin N (PEN N) and 2-hydroxy-4-methylcaptobutyr

ic acid (MMBS) were supplied by Ciba-Geigy (Basle, Switzerland), tetrabutylammo
nium hydrogensulphate (TBAHS), phosphate salts and MET by Fluka (Neu-Ulm,
F.R.G.) and HPLC-grade methanol by Merck (Darmstadt, F.R.G.). Doubly distilled
water was obtained using a deionization system from Millipore (Eschborn, F.R.G.).
Mobile phases and standard solutions were prepared with Milli-Q water (Millipore).
The eluents were degassed with a stream of helium before and during the analysis.
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San1pling systen1
For continuous sampling, different laboratory-built systemso':" are in use in

our Institute. Two modules were employed for Cl'C fermentation. One is a flat,
porous-plate filter2

,8 with polysulphone membranes (molecular weight cut-off
100000; Sartorius, Gottingen, F.R.G,). The active filtration area is 47.5 cm' and the
dead volume is 2.5 m!. For a low solid content in the medium (50 g/I of peanut flour)
this sampling system showed very good results, but when using 100 g/I of peanut
flour, the filtration rate decreased. This prompted us to employ another type of
module (Fig. 2),which had been developed for Ecoli fermentation. It turned out that
it could also be used for Cl'C production. The module (ABC, Puchheim, F.R.G.) is
made of stainless steel and contains a tubular membrane (polypropylene, 200 x 5.5
mm J.D.; pore size, 0.2 11m; Enka, Dusseldorf, F.R.G.). Both modules are positioned
in the lower section of the reactor in a well areated region. They can be steam
sterilized at l2rc, A permeation rate of 0.5-1.0 ml/rnin could be maintained during
fermentation. The filtrate was pumped continuously through capillary Teflon tubes
into the injection valve of the HPLe system. For sampling, two tubes were used and
alternated daily; one was connected with the sample loop and the other was flushed
with formaldehyde and then with water in order to avoid microbial growth. The
sampling dead time in the tubes, including the sampling module, was 10 min.

) Connection tube

Connection piece

Extension piece

without

mierofiltration

membrane

o
o

o

Sampling module
with

rnicrofiltration

membrane

o
o

o

Sampling module

Fig. 2. Sampling module with tubular micromembrane.
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HPLC equipment
The HPLC equipment used for cephalosporin analysis consisted of a peristaltic

pump (Verder Deutschland, Dusseldorf, F.R.G.), a Spectroflow 400 HPLC pump
(Applied Biosystems, Weiterstadt, F.R.G.), an electrical injection valve (VICI Valco
Europe, Schenkon, Switzerland) with a IO-I-t! sample loop, a separation column, a
Spectroflow 757 variable-wavelength UV detector (Applied Biosystems) and an
SP4270 integrator. The analytical column (250 x 4.6 mm) was packed with Nucleosil
100-5C1 8 or Nucleosil 100-IOC1 8 (Macherey-Nagel & Co., Duren, F.R.G.) and was
protected by a guard column (50 x 4.6 mm J.D.) containing Vydac-201 SC reversed
phase material (Macherey-Nagel & Co.; 30--40 pm, dry packed). The columns were
thermostated in a water-bath at 25-30CC.

The HPLC system was controlled by the integrator, which operated the in
jection valve, started automatically after a previously designated time (0.5-2 runs/h),
set the auto-zero-point at the detector, started the pump before the injection (flow
rate 1.0 ml/rnin) and reduced the flow-rate after the end of the run (0.1 ml/min).
Further, the integrator recorded the chromatograms, calculated the concentrations
and transmitted them to a process computer (PDP-ll/23, Digital Equipment, Mun
ich, F.R.G.) or a PC (Epson, WINner software, Spectra-Physics) for on-line storage.

RESULTS AND DISCUSSION

During CPC fermentation, the following components are of special interest:
CPC and its precursors DAC, DAOC, PEN N in the biosynthesis, MET and its
degradation product MMBS. The cephalosporins show a UV maximum at 260 nm
due to the cepham chromophore. This 0 = CNC = C group is not present in PEN N.
MET and MMBS also did not show any absorbance at 260 nm. Consequently, the
analytical wavelength must be lowered; the most suitable one for monitoring all
compounds turned out to be 225 nm.

Different eluents were tested. A mobile phase consisting of 5-10% metha
nol-90-95% 14 mM phosphate buffer solution, containing 10.3 mM TBAHS (pH
adjusted to 6.5), proved to be optimal for the separation of the six compounds. A 2-1
volume of the mobile phase was prepared at a time and used during one fermentation
by recycling the solvent. A constant flow-rate (1 ml/rnin) was maintained during the
analysis. The methanol content depended on the age of the analytical column. For
new separation columns, we started with 10% methanol in the eluent and, if the
separation becomes unsatisfactory, the content was reduced to 5%. Further, it was
possible to adjust the analysis time by controlling the temperature of the column;
during one fermentation, however, the composition of the eluent and the temperature
were kept constant. Over a period of200 h, a 2-min reduction in the retention time for
CPC and an increase in the back-pressure was observed. This was due to the complex
medium containing proteins which were accumulated on the stationary phase. As the
filling material is a highly efficient filter, it was advisable to change the guard column
material before each fermentation. The lifetime of the separation column was about
three fermentations, after which the selectivity of the column was insufficient so that
the separation of the major components from other substances was not satisfactory
for quantification.

At the beginning of a fermentation, the HPLC system was calibrated by mea-
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suring the peak areas of a standard solution containing MET, DAC, DAOC, PEN N,
CPC and MMBS. During the fermentation, there was no need for any additional
calibration. The substances in the chromatograms of the fermentation samples were
identified by the retention times of the peaks and by mixing a sample with a standard
solution. The recovery for DAC and CPC in fermentation samples was nearly 100%.
Fig. 3 shows selected chromatograms of a standard solution and a sample after 75 h
of a C. acremonium fermentation. It can be seen that the separation of the standard
compounds is excellent, but the chromatogram of the fermentation sample shows
many unknown substances, particularly at the beginning. Thus, for CPC, DAC and
PEN N, the most important components, the resolution was good, but the quantifica
tion of MET became difficult at lower concentrations. The linearity of the assay
system was established by examining the response of CPC as a function of concentra
tion, and a linear behaviour was obtained from 0.5 to 8.0 gil. The relative standard
deviations (R.S.D.) for the calibration solution (ten runs) are shown in Table I.

The results of typical on-line measurements for the main components involved
in the biosynthesis are shown in Fig. 4. DAOC is not included because of its low
concentration in the fermentation samples (below 0.5 gil). After 200h, a steady state

Q)
o
c
(11
.c
t
o
(l)
.o
a:

>-0w<
::! Q

oo
Cl

til
III
::!
::!

z
z
W
0.

o
0.
o

o 12 24 o 12 24

Time [min]

Fig. 3. Chromatograms of a calibration and a fermentation sample. Column, Nucleosil 100-5C, 8 (250 x
4.6 mm 1.0.); temperature, 30OC; eluent, methanol-14 mM phosphate buffer containing 3.5 gil TBAHS
(pH 6.5) (5:95); flow-rate, 1.0 ml/min; range, 0.1 a.u.f.s. (A) Chromatogram of a standard solution: MET,
2.38 gil; DAC, 0.4 gil; DAOC, 0.2 gil; PEN N, 0.26 gil; CPC, 1.297 gil; MMBS, 1.32 gil. (B) Chroma
togram of a CPC fermentation sample.
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TABLE I

MEAN VALUES AND STANDARD DEVIATIONS FOR A CALIBRATION SOLUTION

Results calculated from the integrator for ten chromatograms. Concentrations in the standard solution:
MET, 2.09 gil; DAC, 0.50 gil; DAOC, 0.20 gil; PEN N, 0.25 gil; CPC, 1.29 gil; MMBS, 1.01 gil.

Component

MET
DAC
DAOC
PENN
CPC
MMBS

Mean S.D. R.S.D.
concentration (gil) (%)
(gil)

2.17 0.039 1.8
0.51 0.005 1.1
0.21 0.004 1.8
0.26 0.006 2.4
1.29 0.015 I.I
1.09 0.033 3.0

between CPC formation and decomposition was reached, and it was impossible to
increase the CPC concentration by longer fermentation times. The main reason is
probably the enzymatic degradation of the .CPC to DAC by an acetylhydrolase,
produced by the fungi, or repression of the last step of the biosynthesis. Therefore, the
DAC and PEN N concentrations increased only slightly while the CPC production
decreased.

Fig. 4 also shows a comparison of on-line and off-line measurements during
fermentation. There is good agreement for the CPC and DAC analytical data. At the
end of the production phase, the off-line values for PEN N differ from the on-line
measurements, probably owing to inaccurate integration of the small peaks. This
demonstrates the advantage of on-line determinations compared with a few off-line
data.
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Fig. 4. Cephalosporin C production: comparison of on-line (solid lines) and off-line (points) determina
tions. Fresh samples: 0 = CPC; 8 = PEN N; x = DAC.
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DETERMINATION OF o-myo-I,2,6-INOSITOL TRISPHOSPHATE BY ION
PAIR REVERSED-PHASE LIQUID CHROMATOGRAPHY WITH POST-COL
UMN LIGAND EXCHANGE AND FLUORESCENCE DETECTION

H. IRTH*, M. LAMOREE, G. 1. DE lONG, U. A. Th. BRINKMAN and R. W. FREI"

Department ofAnalytical Chemistry, Free University, De Boelelaan 1083, 1081 HV Amsterdam (The Neth
erlands )

and

R. A. KORNFELDT and L. PERSSON

Perstorp Pharma, 28480 Perstorp (Sweden)

SUMMARY

A detection system for o-myo-I,2,6-inositol trisphosphate (1,2,6-IP 3) has been
developed which is based on the strong complexing properties of the phosphate
groups and which includes a post-column ligand-exchange reaction. The weakly fluo
rescent complex of Felli with methylcalcein blue (MCB) is used as a reagent. Analytes
that form a stronger complex with Felli than MCB cause a ligand-exchange reaction;
the amount of strongly fluorescent MCB released during this reaction is proportional
to the analyte concentration and can be measured sensitively by direct fluorescence
detection. The influence of the pH, the reagent concentration, the FeIIl to MCB ratio,
the content of organic modifier and the dimensions of the post-column reaction sys
tem on the sensitivity of the detection system are discussed. In combination with
ion-pair reversed-phase liquid chromatography, a detection limit of 3-10 ng has been
obtained for 1,2,6-IP3 . The present system has been combined with a preconcentra
tion technique, based on ion-pair formation, which allows the determination of low
ppb concentrations of 1,2,6-IP3 .

INTRODUCTION

Interest in the biochemistry of inositol phosphates is increasing because of their
important role in signal transmission in the living cell': o-myo-I ,4,5-Inositol trisphos
phate (l,4,5-IP 3) was found to act as "second messenger", being released by hydroly
sis of a cell membrane constituent, phosphatidylinositol-4,5-bisphosphate1,2 after
agonist stimulation. Another inositol trisphosphate isomer, o-myo-I ,2,6-inositol tris
phosphate.' (l,2,6-IP3 ) , which has interesting pharmacological properties, is currently
in a preclinical development phase at Perstorp Pharma (Perstorp, Sweden). The phar
macological properties of 1,2,6-IP3 include inhibition of platelet thrombus formation,

u Author deceased.
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as shown by Siren et al,", and prevention ofcomplications of diabetes, as described by
Renaud et al.". The compound also shows antiinflammatory effects". Unlike 1,4,5
IP 3, 1,2,6-IP3 does not release calcium from intracellular stores7

.

Most data published on the determination of inositol phosphates are based on
radioisotope techniques. They are applicable to cells and tissue samples, which are
incubated with, e.g., myo-[3H]inositol, in order to obtain labelled inositol phosphates.
These techniques have limitations as they do not provide absolute concentrations and
are not suitable for the analysis of a large number of samples. In order to obtain and
interpret the pharmacokinetics of, e.g., 1,2,6-IP3, the need for a direct method is
apparent.

Several liquid chromatographic (LC) techniques have been developed for ino
sitol phosphates in order to overcome the problems connected with radioactive label
ling. The separation of the inositol phosphates is based on ion-exchange or ion-pairing
principles" -18. However, the detection of inositol phosphates still remains the main
problem for LC, as this type of compound is difficult to detect by conventional
methods, such as with UV or electrochemical detectors. The low reactivity of the
sugar-type OH groups limits the applicability of derivatization reactions for fluo
rescence detection. Post-column reaction detection systems developed so far are
based on either enzymatic reactions with subsequent determination of the released
inorganic phosphate 'Pi'" or inositol!", An alternative is the application of Iigand
exchange reactions that make use of the strong complexing properties of the phos
phate groups.

The latter principle was used in 1953 by Wade and Morgan i? as a method to
detect phosphate esters in paper chromatography. The reaction is based on the de
crease of the colour intensity of the red Felll-sulphosalicylic acid complex at low pH
when organic or inorganic phosphate-containing compounds are added. Cilliers and
Van Niekerk '? applied this principle to the LC detection of phytic acid (inositol
hexakisphosphate), and Mayr? used the same ligand-exchange principle in a system
based on coloured complexes of 4-(2-pyridylazo)resorcinol (PAR) with transition
metal ions, such as holmium and ytterbium. Meek and Pietrzyk l l developed a post
column indirect fluorescence detection system based on the quenching of the AIIII



morin fluorescence by phosphorus oxo acids. Detection limits as low as 15 ng were
obtained for, e.g., difluoro(methylene) phosphonic acid.

The colorimetric or fluorescence methods described have the disadvantage that
detection is based on the decrease in a steady signal, that is, the analyte signal is
measured against a high background signal caused by the reagent. We have previous
ly developed a direct fluorescence detection system based on a post-column ligand
exchange reaction which causes an increase in the signal against a low background/".
In this paper, we report the application of this principle to the determination of
1,2,6-IP3. In order to decrease the detection limit of 1,2,6-IP3 further, we have also
developed an ion-pairing preconcentration system that allows the introduction of
larger sample volumes than direct with loop injections.

EXPERIMENTAL

Chemicals
All reagents were of analytical-reagent grade. The organic solvents and iron-
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(III) nitrate were Baker (Oeventer, The Netherlands) Analyzed Reagents. l,2,6-IP3

and inositol bisphosphate (a mixture of 1,2-IP2 and 1,6-IP2) was purchased from
Perstorp Pharma, tetrapentyl- (TPABr) and tetrabutylammonium bromide (TBABr)
from Kodak (Rochester, NY, U.S.A.), methylcalcein blue (MCB) from Janssen
(Beerse, Belgium) and Tris buffer from Sigma (St. Louis, MO, U.S.A.). Stock solu
tions (I mM) of iron(III) nitrate and MCB were prepared in 0.1 M nitric acid and
methanol, respectively. The reagent solution (Fe:MCB = 1:3, [FellI] = 6.6.10- 6 M)
was prepared by adding iron(III) nitrate to a solution of MCB in methanol-20 mM
Tris buffer (pH 7.0) (95:5, v/v).

Instrumentation
Experiments were carried out in an LC system consisting of a Waters Assoc.

(Milford, MA, U.S.A.) Model 510 LC pump, a Valco six-port injection valve, a 200
x 4.6 mm 1.0. stainless-steel separation column packed with 5-,um Hypersil ODS
(Shandon Southern, Runcorn, U.K.) and a Kontron (Zurich, Switzerland) SFM 23
fluorescence detector (excitation wavelength 328 nm, emission wavelength 440 nm).
The precolumn (10 x 4.6 mm 1.0.), used for the preconcentration of l,2,6-IP3 , was
purchased from Chrompack (Middelburg, The Netherlands) and packed manually
with a slurry of 10-ttm LiChrosorb RP-18 (Merck, Darmstadt, F.R.G.) in methanol.
For preconcentration a Kontron 414 LC pump was used at a flow-rate of 2 ml/min.
Samples were dissolved in the carrier solution [5 mM Tris buffer (pH 7.0)-2 mM
TPABr] and injected onto the preconcentration column via a 1-mlloop. The washing
solution was acetonitrile-IO mM Tris buffer (15:85, v/v) containing 1 mM TPABr.
The LC mobile phase was acetonitrile-5 mM aqueous Tris buffer (pH 7.0) (37.5:62.5,
v/v) containing 1 mM TPABr. The reagent pump was a laboratory-built syringe
pump used at a flow-rate of 0.3 ml/rnin. Mixing of the eluent with the reagent solution
was performed by using a T-type mixing union. The reaction coils (volume, 300,u1for
heating and 180 ,ul for cooling) consisted of 0.3-mm 1.0. PTFE tubing; the reaction
temperature was 5SOC.

RESULTS AND DISCUSSION

Optimization of the ligand-exchange reaction
The direct fluorescence detection method developed in our laboratory21 is

based on a post-column ligand-exchange reaction of organosulphur compounds, such
as ethylenethiourea, cysteine or glutathione with the non-fluorescent Pd'l-calcein
complex. The sulphur-containing ligands usually possess a higher affinity for Pd"
than oxygen- and nitrogen-containing ligands, such as calcein (Fig. I). Therefore, this
strongly fluorescing compound is released during the ligand-exchange reaction in an
amount proportional to that of the analyte. The fluorescence detection of calcein is
favoured by the low background of the reagent because palladium efficiently quench
es the calcein fluorescence. However, this system cannot be applied to the detection of
inositol phosphates, as the Pd'l-inositol trisphosphate complex is weaker than the
Pd'l-calcein complex.

We found that the complex stability of 1,2,6-IP3 with different metal ions at pH
7, obtained by potentiometric titration, increases in the order Hgll < Call < Pb" <
Ni" < Crill ~ Zn" ~ Cd" < AIIII < FellI. This suggests Al lII or Fe'" as the metal ions
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Fig. 1. Ligands investigated with regard to their use in a post-column ligand-exchange detection system.
1 = Sulphosalicylic acid; 2 = chromotropic acid; 3 = catechol; 4 = calcein (R = CH 2COOH) or
methylcalcein (R = CH 3) ; 5 = calcein blue (R = CH 2COOH) or methylcalcein blue (R = CH 3 ) .

of choice. Preliminary experiments showed that AIIIl does not efficiently quench the
fluorescence of the ligands investigated (see Fig. I). In further work, we therefore
investigated only the corresponding Fe Ill complexes. The fluorescence of suitable li
gands should efficiently be quenched by FeIll

, and 1,2,6-IP 3 should form a stronger
complex with Fe'" than the ligand of choice. We found that sulphosalicylic acid,
chromotropic acid and MCB meet these requirements. Ligands with-an iminodiacetic
acid (e.g., calcein and calcein blue) or an o-dihydroxy (catechol) group form complex
es with FeIll that are too strong, while the fluorescence of methylcalcein is hardly
quenched by Fe Ill

• Table I shows the optimum pH values for the ligand fluorescence
and the ligand-exchange reaction with 1,2,6-IP3 and the detection limits obtained in
flow-injection analysis (FIA). MCB (Aexc = 370 nm, Aem = 440 nm) is clearly the most

TABLE I

pH RANGE FOR FLUORESCENCE AND LIGAND-EXCHANGE REACTION AND DETECTION
LIMIT FOR THE 1,2,6-IP3-Felll LIGAND REACTION FOR DIFFERENT LIGANDS

Ligand"

SSA
CTA
MCB

pH range/or

Fluorescence

>4.0
3.5-5.5
4.0-10.0

Maximum
fluorescence

>4.0
3.5-4.0
6.0-7.0

Ligand
exchange

1.0-4.5
1.0-5.0
1.0-8.0

Detection limit
(FJA) (ng)

138
18
3

a SSA = Sulphosalicylic acid; CTA = chromotropic acid; MCB = methylcalcein blue.
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favourable ligand regarding the compatibility of the optimum pH values of ligand
exchange and fluorescence and the sensitivity of the detection system. All further
experiments were therefore carried out with the system FelIl-MCB.

Post-column parameters
Several parameters that influence the post-column ligand-exchange reaction

were investigated by FlA. The mobile phase pumped with the LC pump was the same
as the ion-pair LC eluent.

pH. pH has a strong influence on (i) the complexing strength of 1,2,6-IP3, as it
determines the degree of its ionization; (ii) the formation of hydroxo complexes of
FeIIl

, which interferes with the formation of Fe-MCB above pH 8 and results in a
large increase in the background fluorescence; (iii) the fluorescence of MCB, which
has its maximum at pH 6-8, and (iv) the stability of 1,2,6-IP3 (see below). Batch
experiments showed that the ligand-exchange reaction between 1,2,6-IP3 and Fe
MCB proceeds at a pH as low as 1, but the pH range suitable for the ligand-exchange
reaction and fluorescence detection lies between 4 and 8. Owing to the instability of
1,2,6-IP3at pH 4-5 (see below), a pH of7.0, obtained with Tris buffer, was chosen for
the post-column reaction system.

Organic modifier. The type and content of organic modifier have a strong influ
ence on the fluorescence of MCB, whereas the ligand-exchange reaction between
Fe-MCB and 1,2,6-IP3 is not affected. In aqueous solutions MCB fluoresces only
weakly, and a considerable increase in fluorescence is observed if the content of
organic modifier, e.g., methanol, is increased above 50%. At a content of70% metha
nol the fluorescence of MCB reaches its maximum. As optimum LC conditions were
obtained with a mobile phase containing 37.5% acetonitrile, the total, i.e., the post
column, content of organic modifier was increased to about 50% by preparing Fe
MCB in 95% (v/v) methanol and mixing the eluent and reagent solution at a flow-rate
ratio of 1.0:0.3.

Molar ratio of Fe'!' and MCB. The molar ratio of Fe'" and MCB has a strong
influence on both the 1,2,6-IP3 response and the fluorescence background and, there
fore, on the signal-to-noise ratio. It is obvious that the 1,2,6-IP3 response will de
crease if an excess of FelIl is present in the reagent solution, as the analyte will then
complex the free Fe3+ ions before reacting with Fe-MeB. An excess of MCB, on the
other hand, will increase the noise levelcaused by background fluorescence and there
fore increase the detection limit of 1,2,6-IP3.

Fig. 2 shows the dependence of both the 1,2,6-IP3response and the background
fluorescence on the MCB:Fe ratio measured by means of FlA experiments. The
response factor for 1,2,6-IP3 increases steadily with increasing MCB:Fe ratio and
reaches a more or less constant level at a ratio of 3.5:1. The fluorescence background
starts to increase significantly at an MCB:Fe ratio higher than 3:1. The presence of
free MCB then leads, as expected, to a higher fluorescence background. An MCB:Fe
ratio of 3:1 was chosen for further experiments.

Reaction time and-temperature and concentration of Fe-MCB. Fig. 3 shows the
dependence of the response factor of 1,2,6-IP3 on the reaction temperature for three
different reaction coil volumes at a reagent (i.e., Fe3+) concentration of 6.6· 10- 6 M.
The reaction times (total flow-rate 1.3 ml/rnin) are 8.3, 13.8, and 23.0 s for the 180-,
300- and 500-1l1 coils, respectively. Fig. 3 shows that the optimum temperature is ca.
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Fig. 2. Dependence of (A) the response factor for r,2,6-IP 3 and (D) the fluorescence background on the
Fe:MCB molar ratio.

5YC for all the reaction coils tested. The response factors for the 300- and 500-J.d
reaction coils at 5YC are only slightly different, and a further increase in the reaction
time by choosing lower flow-rates or higher reaction-coil volumes did not result in
higher response factors; this indicates that the ligand-exchange reaction is virtually
complete under these conditions. Decreasing the reagent concentration in order to
reduce the background fluorescence caused a decrease in the reaction rate. At a
reagent concentration of 1.6 . 10-6 M the reaction-coil volume had to be increased to
700 J.d and the temperature to 60°C in order to obtain similar response factors to those
obtained with 6.6 . 10- 6 Mat 300 Jil and 5YC, but the detector noise was three times
lower. A further decrease in the reagent concentration required longer reaction times,
i.e., a higher reaction-coil volume, which led to increased peak broadening and did
not result in a lower detection limit for 1,2,6-IP3'

Analytical data
Using a reagent concentration of 6.6· 1O-6M, the detection limit for 1,2,6-IP3

in ion-pair LC amounted to 10 ng (signal-to-noise ratio = 3:1). The detector response
was linear (r > 0.999, n = 4) up to 1000 ng 1,2,6-IP 3.The relative standard deviation
for 10-JiI injections of 50 ng of 1,2,6-IP3 was less than 2% (n = 6). If the reagent
concentration was decreased to 1.6.10- 6 M, the detector response was linear only up
to 100 ng, whereas the detection limit could be decreased to 3 ng.
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Fig. 3. Dependence of the response factor of 1,2,6-IP 3 on the reaction temperature for reaction-coil vol
umes of (I) 500, (2) 300 and (3) 180 Ill. Reaction-coil volume used for cooling, 180 )11.
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Fig. 4. (a) Chromatogram of a standard solution containing 10 ppb of 1,2,6-IP3 and 1 mM sodium
phosphate. Peaks: I = phosphate; 2 = TPABr impurities; 4 = 1,2,6-IP3' Conditions: preconcentration to
I ml; washing of the precolumn with 5 ml of acetonitrile-I 0 mM Tris buffer (15:85, vIv) containing I mM
TPABr. For other conditions, see Experimental. (b) Chromatogram of a standard solution containing 10
ppb of 1,2,6-IP3 and 100 ppb ofIPz. Peaks: 2 = TPABr impurities; 3 = IPz; 4 = 1,2,6-IP3 . Conditions:
preconcentration to I ml; no washing step. For other conditions, see Experimental.

Trace enrichment of 1,2,6-IP3 via ion-pair formation
Precolumns are frequently applied in LC in order to increase the injection

volume and also to achieve an on-line clean-up-". For highly ionized compounds,
such as 1,2,6-IP3 , ion-exchange or ion-pairing techniques can be used for trace enrich
ment. The high capacity ratio of 1,2,6-IP3 in ion-pair LC with TBABr or TPABr
suggested the addition of alkylammonium-type counter ions to the sample in order to
preconcentrate 1,2,6-IP3 from aqueous solutions on Cis-bonded silica. The desorp
tion of 1,2,6-IP3 can occur by simply switching the preconcentration column to the
analytical column.

By using a 10 x 4.0 mm J.D. precolumn packed with Cis-bonded silica, break
through volumes above 25 ml were obtained with both TBABr and TPABr at a 2 mM
concentration. Counter-ion concentrations higher than 5 mM led to a significant
decrease in recovery. At pH 7 and 2 mM TPABr the recovery for a 3-ml preconcen
tration ofa solution containing 28 ppb (or 5.1· IO- s M) 1,2,6-IP3 was 95% with a
relative standard deviation of 1% (n = 6). The detection limit for I-ml preconcentra
tions was 5 ppb. For both direct injections and preconcentrations the pH of the
sample solution had a large influence on the stability of 1,2,6-IP3 . At pH 4 the recov-
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eries for 1,2,6-IP3 were below 20%, probably owing to hydrolysis of the ester link
ages. The recoveries increased steadily with increasing pH and reached a maximum at
pH 7.

Owing to the strong retention of 1,2,6-IP3 as a TPA ion pair on C1s-bonded

silica, the precolumn can be washed with solutions having a low acetonitrile content
(5-15'%) in order to remove interfering components, such as inorganic phosphates,
which are present in a large excess, e.g., in plasma samples. We found that flushing the
precolumn with 5 ml of acetonitrile-Itl mM Tris buffer (15:85, v/v) containing I mM
TPABr removed the inorganic phosphate present in the sample without losses of
1,2,6-IP3 .

A chromatogram for the trace enrichment of a standard solution of 10 ppb of
1,2,6-IP3 in the presence of I mM sodium phosphate [preconcentration of I ml,
washing with 5 ml of acetonitrile-1O mM Tris buffer (15:85, v/v) containing I mM
TPABr] is shown in Fig. 4a. Fig. 4b demonstrates the ability of the present method to
detect 1,2,6-IP3 (10 ppb) in the presence of inositol bisphosphates (IPz; 100 ppb)
which are formed during the metabolic degradation of 1,2,6-IP3 in blood. IPz is
probably present as a mixture of isomers, which may explain the occurrence of two
peaks. The slightly different retention times in Fig. 4a and b may be caused by slight
changes in the LC eluent composition as a result of prolonged re-use. In both chro
matograms, peak 2 has the same shape and size for injected blanks and standard
solutions and therefore cannot be attributed to hydrolysis products of 1,2,6-IP3 .

CONCLUSIONS

The use of a post-column reaction detection system based on ligand exchange
between phosphate ions and an FeJII-MCB reagent with subsequent fluorescence
monitoring allows the successful determination of low-nanogram amounts of 1,2,6
IP 3 with good reproducibility and low standard deviation. If the ion-pair LC-reac
tion detection system is combined with an on-line trace enrichment step based on
ion-pair formation, preconcentration of l-ml sample volumes permits a detection
limit of ca. 5 ppb to be achieved.

Preliminary investigations have shown that the present detection technique is,
as expected from results with other metal ions and ligands?'!", generally applicable to
the determination of organic phosphates, such as metabolites of 1,2,6-IP3 (inositol
mono- and bisphosphates). Currently the application of the method to the determina
tion of 1,2,6-IP3 in plasma is being investigated. Owing to the presence of a large
number of phosphate-containing compounds in plasma (including inorganic phos
phates), the optimization of the trace-enrichment system is 'of major concern in this
work. Primarily, different washing steps for the removal of interfering anions are
being investigated. The preconcentration of inositol phosphates on metal-loaded
phases " will also be studied.
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SEPARATION OF CAROTENES ON CYCLODEXTRIN-BONDED PHASES

APRYLL M. STALCUP, HENG L. lIN and DANIEL W. ARMSTRONG*

Department of Chemistry, University of Missouri-Rolla, Rolla, MO 65401 (U.S.A.)

and

PAUL MAZUR, FADILA DERGUINI and KOJI NAKANISHI

Department of Chemistry, Columbia University, New York, NY 10027 (U.S.A.)

SUMMARY

The separation of carotenoids and retina ids on a fJ-cyelodextrin-bonded sta
tionary phase with conventional mobile phases is reported. Compounds studied in
elude fJ-carotene (all-trans), 15,15'-cis-fJ-carotene, 7,8,7',8'-dihydro-ji-carotene, «-ca
rotene, Iycopene, lutein, zeaxanthin, retinal, retinol, retinol palmitate and retinol
acetate. The best resolution of carotenes was obtained with low concentrations
(:( 1%) of polar solvents (e.g., 2-propanol or ethyl acetate) in hexane or cyelohexane.
Xanthophylls required much higher concentrations of polar solvents. The best sol
vent for the resolution of lutein and zeaxanthin was found to be dichloromethane.
The resolution of cis/trans-isomers and the tentative identification of other isomers
present in newly synthesized carotenoid standards is also reported. All-trans-isomers
were found to be eluted before cis-isomers.

INTRODUCTION

Retinoids, carotenes and their more polar analogues, the xanthophylls, are
ubiquitous in plant and animal tissues. Although the extensive conjugation makes
visualization and detection of these compounds fairly straightforward, it also contrib
utes to the instability of these compounds to acid, heat and light 1. Much of the early
work involving carotenes was concerned with the isolation of carotenes from biolog
ical matrices and with determining the total carotenoid concentration". In many of
these studies thin-layer or paper chromatography was employed as a means of isolat
ing the carotenoids from other materials present in the matrix:'. One of the difficulties
encountered in the application of these methods to the analysis of carotenes was their
decomposition or isomerization. Therefore it has been desirable to find an analytical
technique that is rapid, highly selective, and requiring minimal sample manipulation
to limit the exposure of the sample to factors that contribute to decomposition or
isomerization.

High-performance liquid chromatography (HPLC) is rapidly becoming the
method of choice for the analysis of carotenoids'"". Although silica gel has proven
effective for the separation of some cis/trans-isomers, resolution of structural isomers

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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such as rx- and f3-carotene was not accomplished", Adsorption chromatography has
been used successfully to separate cis/trans-retinal isomers", but silica gel has been
suspected of initiating carotenoid decomposition and/or isomerization". Reversed
phase partition chromatography with hydro-organic mobile phases has limited appli
cability due to the relatively low solubility of carotenoids in aqueous mobile phases
and low retention of hydroxycarotenoids, which often are present in carotenoid sam
ples, on non-polar stationary phases. Non-aqueous reversed-phase chromatography
was found useful for the isocratic resolution of individual carotenoids but cis/trans
isomeric pairs were not included in that study". Separation of cis/trans-isomers of
f3-carotene 10 and canthaxanthin 11 has been achieved on calcium hydroxide columns.
Cyclodextrins (CD) have been used extensively to separate a wide variety of optical
and geometric isomers12-16. Although the most common applications of CD station
ary phases involve hydro-organic mobile phases, CD can also be used in the normal
phase mode!".

The recent interest in the role of carotenoids in cancer prevention18,19 necessi
tates the synthesis and characterization of standards. Several carotenes were syn
thesized and analyzed chromatographically to determine isomeric purity. The pur
pose of the work presented here was to evaluate the unique selectivity characteristics
of cyclodextrin-bonded phases in the normal-phase mode, as applied to natural and
synthetic carotenoid samples.

EXPERIMENTAL

The chromatographic measurements were made on a LC-6A liquid chroma
tograph, interfaced with a C-R2AX Chromatopac data system and a SCL-6A system
controller (Shimadzu Scientific Instruments, Columbia, MD, U.S.A.). Detection was
accomplished using a Shimadzu Model SPD-6A variable-wavelength UV detector
(Columbia, MD, U.S.A.).

The chromatographic column was made of 250 x 4.6 mm J.D. stainless steel
and packed with 5-/lm Cyclobond I (f3-CD) (Advanced Separations Technology,
Whippany, NJ, U.S.A.).

«-Carotene, f3-carotene (all-trans), lycopene, retinal, retinol, retinol palmitate
and retinol acetate were obtained from Sigma (St. Louis, MO, U.S.A.); the xan
thophylls (lutein and zeaxanthin) from Atomergic Chemetals Corp. (Farmingdale,
NY, U.S.A.); and the solvents (all HPLC grade) from Fisher Scientific (St. Louis,
MO, U.S.A.).

15,15'-Didehydro-ji-carotene was synthesized according to the method of Sur
matis and Ofner?", The mixture of isomers obtained by this procedure was then
thermally isomerized to all-trans-15,15'-didehydro-ji-carotene. 15,15'-cis-f3-Carotene
was prepared by catalytic hydrogenation of all-trans-15,15'-didehydro-f3-carotene.
II-cis and all-trans-I5, 15'-dihydro-ji-carotene were synthesized by alkylation of f3-io
nylideneethylphenylsulfone-l-P with 1,8-dichloro-2,7-dimethyl-2,6-octadiene2 3 , fol
lowed by elimination of benzenesulfinic acid with potassium isopropoxide/". IS-cis
and all-trans-7,8,7',8' -tetrahydro-ji-carotene were obtained by TiCI 3/LiA1H 4 cou
pling" of all-trans-7,8-dihydroretinaI 2 6

.
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The structures of the carotenoids used in this study are presented in Fig. 1.
Various mobile phases were tested to optimize carotenoid separations. In general, the
best separations of carotenes and retinoids were observed with fairly low concentra
tions (~ 1%) of a polar solvent in hexane or cyclohexane. In order to elute the more
polar xanthophylls, it was necessary to employ higher concentrations of more polar
solvents (e.g., chloroform or ethanol). The retention times and capacity factors for
several carotenoids and retinoids with various mobile phases are presented in Table I
and sample chromatograms are shown in Figs. 2 and 3. As expected, the non-polar
solutes are eluted first and the more polar solutes are retained the longest. For in
stance, retinyl palmitate and retinyl acetate are eluted earlier than retinol because
they are less polar. The selectivity of the cyclodextrin column resembles that of the
silica gel columns in that the cyclodextrin column is unable to resolve (J.- and fJ-caro
tene but does resolve their xanthophyll analogues, lutein and zeaxanthin.

Separations of compounds on CD-bonded phases when using hydro-organic
mobile phases are thought to be the result of preferential formation of inclusion
complexes of the more retained solute within the CD cavity?". When using non
aqueous mobile phases, the CD cavities are most likely occupied by non-polar solvent
molecules. The solutes in this study are probably too large to reside entirely within
such a cyclodextrin cavity. Retention and selectivity are, therefore, most probably the
result of solute interaction with the hydroxyl groups that line the CD cavity. This
would account for the similarity in elution order of the solutes between the CD
bonded phase and silica gel. A similar conclusion regarding the role of the CD hy
droxyls on retention and selectivity was drawn in a recent report of the separation of
mono- and polysaccharides on CD phases:". In addition, the bulky CD groups limit
the accessibility of solute molecules to silica surface silanols, which are more acidic
than the CD hydroxyls and may contribute to isomerization". Additional studies on
this potentially useful aspect of CD-bonded phase are in progress.

The retention times and capacity factors for the carotenoid standards under
various chromatographic conditions on the fJ-CD column are listed in Table I. These
include 15,15'-dehydro-, 7,8,7',8'-tetrahydro- and 15,15'-didehydro-fJ-carotene. Pro
ton NMR of the synthetic carotenoid samples revealed the presence of cis-isomers
along with the predominant all-trans-isomers. Based on the NMR, UV, and chroma
tographic data, the principal contaminants in the standards are tentatively identified
and also listed in Table I. The chomatographic factors which aided in the determina
tion of peak identity were elution order (all-trans-isomers eluted before cis-isomers)
and the change in relative peak height with changing wavelength. The retention of
15,15'-dihydro-fJ-carotene seems anomalously long when compared to the retention
of the other fJ-carotenes. It may be that the flexibility about the molecular center of
symmetry afford enhanced solute bonded ligand interactions than are possible with
the other, more rigid fJ-carotenes. Resolution and selectivity for geometric and struc
tural isomeric pairs are presented in Table II. Note that trans-isomers are linear, while
the presence of a cis-double bond within the polyene backbone confers a more bent
configuration to the molecule. This spatial orientation of the cis-isomers may allow a
more efficient interaction with the bulky CD moiety than is possible for the linear
all-zrcus-isomers'".
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Fig. 2. Chromatographic separation of Ii-carotene (I), 15,15'-cis-li-carotene (2), Iycopene (3), retinyl palmi
tate (4) and retinyl acetate (5) on a Ii-CD column with dichloromethane-cyclohexane (5:95) as mobile
phase at 1.5 ml/rnn. (Details given in Experimental and tables.)
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Fig. 3. Chromatographic separation of retinal (I), retinol (2), lutein (3), and zeaxanthin (4) on a Ii-CD
column with ethanol-hexane (5:95) at 1.5 ml/min as mobile phase. (Details given in Experimental and
tables.)
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SUMMARY

The separation of polar compounds by supercritical-fluid chromatography is
difficult with carbon dioxide as mobile phase. In this work, we tested mixtures of
ammonia with sulphur hexafluoride as mobile phase and we have compared the
solvating power of these mixtures with carbon dioxide for five solutes. The results
show that the solvating power of sulphur hexafluoride-ammonia is weak in compari
son with carbon dioxide, except for aniline. Ammonia plays only a role as silanol
masking agent. Furthermore, ammonia is harmful for the pumping system.

INTRODUCTION

The development of supercritical-fluid chromatography (SFC) was mainly ac
complished with carbon dioxide (COz) as the mobile phase.'. This fluid has numerous
advantages: low cost, mild critical parameters and non-toxic nature. However, COz
behaves as a non-polar mobile phase (solubility parameters varying between hexane
and dichloromethane depending on the pressure and the temperature). Therefore,
very few results for polar compounds and particularly basic compounds- have been
reported with pure COz. For these compounds and with packed columns, polar
modifiers are commonly added to CO Z

3
-

6
. However, the advantages of SFC over

liquid chromatography (higher diffusion coefficients, lower viscosities and higher effi
ciencies per unit time) can be partly lost in this way when the concentration of the
polar modifier becomes significant. Further, when modified phases are used it results
in a poor or no sensitivity with a flame ionization detector.

It is now recognized that a more polar mobile phase (compatible with a flame
ionization detector) is necessary. Sulphur hexafluoride (SF 6) has not been used exten
sively as a mobile phase for SFC 7,8 owing to its weak solvating power". On the
contrary, ammonia (NH 3) is known as a polar supercritical fluid, but very few results

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.



638 J. L. VEUTHEY et al.

are available in SFC 10 , 1 1 owing to its critical parameters (T; = 132.4°C; P; = 111.3
bar) and because it requires a stationary phase and a device specially designed to
work with such an harmful medium 12, Therefore, a mixture of NH 3 with an inert
fluid, such as SF6 , might be a more convenient way to obtain a polar supercritical
fluid, This mixture would be less corrosive, have more easily obtainable critical pa
rameters (SF 6 , T; = 45SC; P; = 37.1 bar) and would be compatible with a flame
ionization detector. In this work, we tested three mixtures of NH 3 with SF 6 for the
elution of some model compounds and have compared the results with those obtained
with CO 2 ,

EXPERIMENTAL

Apparatus
The design has been described elsewhere.':'. CO2 and the SF6-NH3 mixture are

contained in a cylinder with an eductor tube and supply the pump of a Varian 5500
chromatograph (Varian, Palo Alto, CA, U.S.A.). Cooling of the pump head with cold
ethanol (YC) is necessary to improve the pump efficiency.Temperature control of the
fluid and the chromatographic column was achieved by using a constant-temperature
water-bath (Polystat 22; Bioblock Science, Illkirch, France). The injector was a Rheo
dyne 7125 six-way switching valve with a loop of 10 fll, its rotor being made of Tefzel
to be compatible with basic media. A Varian UV 2550 spectrophotometer was used
with a detection cell modified in order to withstand pressures up to 350 bar. The
pressure in the system was monitored by a back-pressure regulator (Model 26-3220
24004; Tescom, Minneapolis, MN, U.S.A.).

The stainless-steel columns (15 ern x 0.46 em 1.0.) were packed with Nuc1eo
sil-l00 bare silica (5 flm) (Macherey, Nagel & Co., Duren, F.R.G.) and with MCH-5
reversed-phase RP-18 silica (5 flm) (Varian).

Chemicals and reagents
CO 2 (N45 grade) and three SF6-NH3 mixtures, containing 1, 2 and 5% (w/w)

of ammonia, were obtained from Air Liquide (Paris, France). The ammonia content
of the three mixtures was determined by bubbling the SF6-NH3 through citrated
hydrochloric acid solutions and titrating the excess of acid with sodium hydroxide
solution. The ammonia contents of the three mixtures were found to be 1.1 ± 0.1, 2.3
± 0.3 and 5.2 ± 0.5% (w/w) (n = 3), respectively.

Benzonitrile, nitrobenzene, methyl benzoate, phenol and aniline were obtained
from Merck (Darmstadt, F.R.G.) and were used without purification. Solutions of
solutes in hexane were injected directly into the loop.

RESULTS AND DISCUSSION

In order to compare the properties of the two supercritical fluids, solutes were
chosen on the basis of their adsorption energies on bare silica14 and of the presence of
typical basic or acidic functions such as NH 2 or OH, which can interact strongly with
the silica surface or with NH 3 itself.

Separations were first done on bare silica with CO 2 as the supercritical mobile
phase. Then, with SF 6-NH 3 mixtures, bare silica and octadecyl-bonded silica were
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used. With both fluids, the influence of pressure and temperature on the retention
times of solutes was studied.

Results with CO 2

On bare silica, all compounds were eluted with CO 2 as the supercritical mobile
phase, as shown in Fig. I. The order of elution follows the adsorption energies14, as in
normal-phase liquid chromatography.

Aniline is the most retained solute, because of its strong adsorption energy and
the presence of an amino function, which can strongly interact with silanol groups of
the silica surface in an apolar medium'P:'".

For all compounds the capacity factors decrease with increasing pressure at
constant temperature. Likewise, at constant pressure, the capacity factors of the sol
utes increase with increasing temperature, except for aniline, as shown in Table 1.
Indeed, the density of the mobile phase plays the major role in the retention mecha
nism, as mentioned previously'>' 7. However, for aniline, the slight decrease in capac
ity factor with increasing temperature can be explained mainly by its high volatility!".

Results with SF6-NH3 [1, 2 and 5% (wlw) NH3 J
On bare silica. On this stationary phase the order of elution is modified in

comparison with the results obtained with CO 2 , methyl benzoate being eluted first
(Fig. I). Phenol is not eluted even with a 5% NH 3 content. The strong retention of
phenol can be attributed to the substitution of silanol groups by NH 3 which modifies
the acidic character of the support surface. This modification of the stationary phase
is clearly confirmed by the results obtained with aniline, where the peak tailing is

30

20

+

10

g, mobile

5'/, phaseCO2 1'/, 2'/,

'10 NH3 in SF6

Fig. l. Capacity factors of test solutes as a function of the supercritical mobile phase. Stationary phase,
bare silica, 5-/lm Nucleosil-IOO; temperature, 50'C; pressure, 190 bar. Mobile phases: CO 2 (P, = 2.61,
T, = 1.06);SF6-NH3 containing 1,2 and 5% (w/w) of NH 3 (P, = 4.20, T, = 0.99; P, = 3.69, T, = 0.97;
P, = 3.01, T, = 0.93, respectively); flow-rate, 4 ml min -1. Detection: UV at 254 nm. Solutes: 0, aniline;
0, benzonitrile; ", nitrobenzene; \l, methyl benzoate; +, phenol.
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TABLE I

CAPACITY FACTORS (k') OF TEST SOLUTES ON BARE SILICA WITH CO 2 AS MOBILE PHASE
AS A FUNCTION OF PRESSURE AT CONSTANT TEMPERATURE (3[3 K) AND AS A FUNC
TION OF TEMPERATURE AT CONSTANT PRESSURE (190 bar)

Pressure
(bar)

165
215
265
288

190

Temperature
(K)

313

323
333
343
353

Aniline Methyl Benzonitrile Nitrobenzene
benzoate

35.1 2.7 2.4 1.3
29.8 2.3 1.9 l.l
28.6 2.3 1.9 l.l
25.2 1.9 1.6 1.0

26.5 2.6 2.2 l.l
26.~ 2.7 2.7 1.5
26.3 3.1 3.0 1.7
22.6 3.5 3.4 2.1

minimized in comparison with the results obtained with CO Z
16

, the interaction of
amino functions with silanols being masked. Moreover, the influence ofNH3 concen
tration is more important for aniline (Fig. I) than for other solutes without basic or
acidic functions.

The solvating power of SF6-NH3 mixtures is governed by two factors, the
composition and the density. The calculated critical parameters of the mixtures are
reported in Table IT 1

7. From these values, it is observed that when the percentage of
NH 3 increases, the critical density of the mobile phase decreases. In addition, as NH 3

is far less dense than SF 6 at any given pressure and temperature, the higher the
percentage ofNH3 in the mixture, the lower is the final density. As shown in Fig. I, as
the NH 3 concentration increases, the capacity factors decrease. Hence, the change in
mobile phase composition has a more important effect on solute retention than densi
ty, and finally the mobile phase polarity is enhanced by addition of NH 3 . Never
theless, as shown in Fig. I, it is not necessary to increase the NH 3 concentration in
SF 6 above 5% as the capacity factor plotted against percentage of NH3 becomes
constant. Indeed, at this percentage the density fall balances the effect of NH 3.

Hence, under our thermodynamic test conditions, the solvating power of SF 6

NH 3 , at any percentage of NH 3 , appears to be lower than that of COz for the tested
solutes. Only aniline has similar capacity factors in both fluids (Fig. 1). SF 6 , having a
weak solvating power in comparison with CO Z

8 [solubility parameters: SF 6 = 5.5

TABLE II

CRITICAL PARAMETERS OF SF 6-NH 3 MIXTURES AND OF CO 2

Parameter

Pc (g cm t ')

Pc(bar)
TJK)

CO 2 SF6-NH3

1.1% NH3 2.3% NH3 5.2% NH3

0.464 0.694 0.653 0.577
72.9 43.6 49.6 60.8

304.3 326.2 333.2 346.4
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(cal cm- 3)"t ; CO2 = 7.5 (cal cm- 3)"t], a small addition ofNH3 to SF6 appears to be
insufficient to give a more polar mobile phase than CO2 •

Further, the weak solvating power of SF6-NH3 results in the volatility of the
solutes having a more pronounced influence on capacity factors in SF6-NH3 than in
CO2 , as shown in Fig. 2 for aniline. Therefore, if the temperature increases, the
capacity factors decrease dramatically, as already mentioned elsewhere".

k'

30

- CO2

20

] SF5-NH3

10

L-_- ~____:~T(·C)

40 50 50 70 80 90

Fig. 2. Influence of temperature at constant pressure (P = 190 bar) on aniline capacity factors as a
function of the mobile phase. Other conditions as in Fig. I. NH 3 concentration: ., 1%; 0, 2%; \1, 5%
(wjw); +, CO

2
, .

On reversed-phase silica. On octadecyl-bonded silica and under the same oper
ating conditions with SF6-NH3 as the mobile phase, all solutes are less retained than
on bare silica. These results can be explained by the small number of silanol groups
available on this stationary phase. Moreover, the elution order for nitrobenzene,
benzonitrile and methyl benzoate follows the inverse polarity order as in reversed
phase liquid chromatography; it is exactly the reverse of that obtained on bare silica
with supercritical CO 2 as the mobile phase (Fig. 3).

Consequently, two mechanisms can exist on this surface, the most important
being a silanophilic interaction which can be decreased by ammonia impregnation as
on bare silica (Fig. 3), and the other based on non-polar-non-polar partition.

Practical considerations of the use of SF6- NH3

No degradation of the silicas has been observed and the SF6-NH3 mixtures
were homogeneous as the capacity factors for test solutes remained constant.

The low solvent power of SF6-NH3 causes problems during the injection
process, some solutes diluted in hexane being precipitated in the injection valve. This
phenomenon has been observed with some morphinic alkaloids, benzaldehyde and
some other moderately polar compounds. These observations indicate that ammonia
plays the role of a silanol masking agent rather than of a polar modifier.

The most important drawback to SF6-NH3 mixtures is their corrosive nature
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Fig.3. Influence of percentage ofNH 3 on solute capacity factors on two stationary phases: solid lines, bare
silica; and broken lines, reversed-phase silica. Conditions as in Fig. I. Solutes: 0, benzonitrilc; T, nitro
benzene; v, methyl benzoate.

toward the pumping system material, even when using a low percentage ofNH 3 . In I
month, we had to change the inlet-valve seal and the spring-loaded seal twice and the
piston itself once.

CONCLUSION

The solvating power of SF6-NH 3 (even containing 5% of NH 3) is weak in
comparison with CO 2 , the capacity factors for all the tested solutes being higher in
SF 6-NH3 than in CO 2 . Further, this weak solvating power induces the precipitation
of some solutes in the injection valve. The role of ammonia under these conditions is
mainly limited to that of a silanol masking agent and therefore it is unnecessary to
increase its concentration in SF 6 above 5% (wjw).

Finally, only basic molecules, such as aniline, show a better behaviour with
SF 6-NH 3 than with CO 2 , the silanophilic interactions with the amino groups being
minimized by ammonia impregnation.
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SUMMARY

The evaluation of copolymer distribution as a function of molecular weight and
chemical composition requires two separations, known as cross-fractionation. This
procedure can be substantially improved by using high-performance liquid chro
matographic (HPLC) techniques, including size-exclusion chromatography for the
separation by molecular size. The separation by chemical composition can be
achieved by gradient HPLC. Examples are given for copolymers of styrene and ethyl
methacrylate (S-EMA). Gradient HPLC of these and similar copolymers can be
performed in both normal-phase and reversed-phase modes with inversion of elution
order. In isooctane-tetrahydrofuran (THF) mixtures on polar columns, the elution of
S-EMA samples occurs at a higher THF concentration than required by solubility,
i.e., with a distinct contribution of adsorption to retention. In contrast, reversed
phase elution with methanol-THF mixtures takes place almost exactly at the solu
bility borderline of the system.

INTRODUCTION

Synthetic polymers are not the most attractive type of samples for analysis by
high-performance liquid chromatography (HPLC). They are composed of such an
enormous number of components that, at present, even under favorable conditions
scarcely more than the distribution of the constituents can be evaluated experimental
ly. However, no matter how accurate and precise statistical average molecular
weights are, polymers cannot be sufficiently characterized by average values alone,
because any mean value can be connected to an unlimited number of different distri
butions. Samples that have identical average data may behave very differently in
certain applications because of differences in the distribution of constituents. As a
result, efficient separation methods for mixtures as complex as polymers are urgently
required.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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The basic property of a polymer molecule is the chain length (or degree of
polymerization (OP), i.e., the number of repeat units per macromolecule). A typical
polymer contains molecules with hundreds or thousands of different DP values. Only
with oligomers is there a chance of separating individual species. One of the finest
studies in this field is the separation of ethylene oxide oligomers published by Melan
der et al.' a decade ago. With oligomer samples of higher molecular weight (MW),
baseline separations of individual homologues deteriorate at the high-MW end of the
distribution.

The most versatile technique for evaluating the chain-length distribution is
size-exclusion chromatography (SEC). Modern equipment consists of columns with
inert packings of 3-5 .urn particle diameter, pumps which deliver solvents at precise
flow-rates and, more recently, molecular-weight-sensitive detectors, based on light
scattering or viscosity. Although SEC can be applied satisfactorily to homopolymers,
difficulties arise during the SEC analysis of copolymers because copolymer macro
molecules are made of more than one kind of repeat unit. The chemically differing
units can be composed of blocks or branches, they can alternate or be distributed
statistically along the polymer chain. Because SEC separates on the basis ofhydrody
namic volume rather than molecular weight, the contents of the detector cell at each
elution volume increment consist of a mixture of structurally and chemically different
components of the same hydrodynamic volume.

Statistical copolymers, produced by copolymerizing monomer mixtures, have a
molecular weight distribution (MWO) similar to that of homopolymers and, in addi
tion, a chemical composition distribution (CCO). Further, there is a sequence distri
bution which is a distribution along a polymer chain, related to the average composi
tion of the respective chain by the rules of statistics.

Copolymers can be separated by chain length and by composition. Separation
by average sequence length is, through the rules of statistical copolymerization, relat
ed to a separation by composition. However, any separation by individual sequence
lengths, e.g., diads, triads, tetrads, maybe possible only after destructive degradation
of thepolymer, as is done in pyrolysis-gas chromatography'.

The properties of copolymers are determined by the complex distribution in
chain length and composition. Chemical compositional heterogeneity can arise from
fluctuations of batch composition in the vicinity of a growing chain end. This in
stantaneous heterogeneity will diminish with increasing MW because, during the
sufficiently long lifetime of a growing chain, random fluctuations become more effec
tive.

If, for kinetic reasons, the average composition of a copolymer differs from the
batch composition, the latter is depleted in the preferentially consumed monomer.
Hence, subsequent portions polymerize from a different batch composition. This
gives rise to the chemical heterogeneity due to conversion, which increases with the
difference in composition of the starting monomer mixture and of the copolymer
formed at the very beginning of the reaction. Mixing problems and changes in reac-

. tion conditions by drifting temperature or decreasing initiator concentration may
further affect the chemical composition distribution.

The complex MWD/CCD of a binary copolymer can be evaluated by cross
fractionation in bulk solution which requires at least two solvent-non-solvent combi
nations:'. (It is not necessary that one combination fractionates, on addition of the
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non-solvent, strictly according to MW and the other strictly according to composi
tion.)

Other workers'v" have treated the method theoretically in terms of the Flory
Huggins theory of polymer solutions. Unfortunately, effective solvent-non-solvent
combinations are not readily available, which may be one reason why only a small
number of publications have reported experimental results of cross-fractionation.
Another reason may be the time-consuming procedure of fractionation in one direc
tion, subsequent separation of each fraction in another direction and, finally, the
characterization of some dozens of subfractions with regard to amount of polymer,
molecular weight and chemical composition. In this way, several months of labor
intensive studies are required for the evaluation of the MWD/CCD of a copolymer
sample.

Chromatographic cross-fractionation employs the potential of HPLC for sep
arating the copolymer in two different directions", In this way, the limits set by
solvent-non-solvent properties can be overcome through specific interactions of the
individual solutes with the stationary phase. As an added attraction, the sample size is
reduced from ~ 10 g to about 1 mg per copolymer and the time for characterization is
decreased from about 10 weeks per sample to about four samples per day 7-9. Among
the possible combinations of methods for chromatographic cross-fractionation are
those which employ SEC for separation by molecular size, followed by separation by
composition by gradient HPLC 1 0

.

An interesting version of chromatographic cross-fractionation, called orthogo
nal chromatography, was introduced by Balke and Patel 1 1

•
12

. In this technique, the
sample is first fractionated by SEC. The fractionated components are then eluted
through a second series of SEC columns, utilizing a different mobile phase that will
either change the conformation of the polymer or encourage partitioning.

Investigators who have reported on the chemical composition distribution of
styrene-acrylate copolymers by HPLC include Danielewicz and Kubin':', Teramachi
and co-workers 'P'!", Sato and co-workers'P'!", Mourey!? and Mori and co-work
ers 18-25,

The applicability of gradient elution HPLC to synthetic polymers is not as
commonly used as expected. In view of this, the purpose of this paper is to report
studies involving gradient elution HPLC of styrene-ethyl methacrylate (S-EMA)
random copolymers with the hope that chromatographers can use this approach to
characterize these and other types of copolymers.

EXPERIMENTAL

Samples
Statistical copolymers of styrene (S) ~nd ethyl methacrylate (EMA) were pre

pared by radical copolymerization in bulk, as described elsewhere/". Sample (codes
as used in Figs. 1 and 4) A: 4.7% (w/w) EMA (MW 51.6.103) , C: 32.2% (63.1.10 3) ,

E: 54.6% (65.2 . 103
) , G: 68.0% (83.6 . 103) , I: 92.5% (61.6 . 103) .

Solvents
Tetrahydrofuran (THF) without stabilizer (BASF, Ludwigshafen, F.R.G.) was

distilled over potassium in a silver-coated column. The middle fraction was sub-
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sequently refluxed over potassium continuously in a closed apparatus and used as
needed in the HPLC and SEC systems. Sample solutions were prepared using analyt
ical-reagent grade THF with 0.025% stabilizer (butylatedhydroxytoluene; E. Merck,
Darmstadt, F.R.G.). Isooctane (iOct) and methanol were of LiChrosolv grade
(Merck). In the HPLC solvent reservoir, the eluents were continuously sparged with
helium.

Gradient HPLC
The liquid chromatograph was a Model 1090 A (Hewlett-Packard, Waldbronn,

F.R.G.) with a ternary solvent delivery system (Model DR5), equipped with an auto
sampler and autoinjector, diode-array detector and data-processing unit. The system
was controlled by an HP85 personal computer.

The following columns were used: cartridge columns, 60 x 4 mm J.D. (Knauer,
Bad Homburg, F.R.G.), packed with either Nucleosil CN (pore diameter, do;;' 5 nm,
particle diameter dp = 5 ,urn, column I), Nuc1eosil 50 (do= 5 nm, dp = 5 ,urn, column 2)
or Nucleosil C 1 S (do;;' 5 nm, dp = 5 ,urn, column 3). Column 4 (150 x 4.6 mm J.D.) was
packed with Polygosil 60-5 (do= 6 nm, dp = 5 ,urn).

The gradient conditions were as follows: gradient I, iOct-THF with 1% metha
nol throughout, THF concentration = 0% at time zero, 30% (I min), 70% (9 min),
flow-rate 0.5 ml/rnin; gradient 2, iOct-(THF + 10% methanol), THF + 10% metha
nol concentration = 10% at time zero, 50% (8 min), 80% (10 min), 100% (11 min),
flow-rate 1 ml/min, reduced to 0.3 nil/min between 9.9 and 10 min; gradient 3, iOct
methanol, injection ofiOct-methanol (98:2) solution, followed by a sudden transition
in THF content to the indicated level (see Fig. 4), after which a 5%/min linear in
crease in methanol concentration was used at a flow-rate of 0.5 ml/rnin.

Size-exclusion chromatography
A Model BT 3020 HPLC pump (Biotronik, Maintal, F.R.G.) was connected to

a Model 7010 injection valve (Rheodyne, Latek, Heidelberg, F.R.G.), a bank of two
GMH6 mixed-gel columns (Toyo Soda, Japan), each 600 x 7.8 mm J.D., dp = 8-10
,urn) and a Model 51.78 refractive index detector (Knauer). The following conditions
were used: THF flow-rate, 1 ml/min; injection volume, 0.2 ml; and sample concentra
tion, 0.5% for preparative fractionations.

RESULTS

Normal-phase gradient H PLC of statistical S-EMA copolymers [stat-copolytS
EMA)}

A model mixture of five S-EMA samples was prefactionated by SEC and the
fractions were analysed by gradient HPLC (see Fig. 1). The elution curve gives no
indication ofa mixed sample. This can be understood from the similarity of the MWs,
which are within the limits 51 600 (sample A) and 83 600 (sample G). The presence of
different copolymers is clearly visible in the HPLC traces. In the normal-phase (NP)
system employed, retention increases with increasing EMA content. The compara
tively high MW of sample G is reflected in the appearance of this component in the
HPLC trace of SEC fraction 1, which contains the high-MW portions of the mixture
and by its predominance in SEC fraction 2. The predominance of Sample A with MW
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Fig. I. Separation of a mixture of five stat-copoly(styrene-ethyl methacrylate) samples by SEC and
normal-phase gradient HPLC on CH-bonded phase (column I) by gradient elution with iOct-THF (No.
I). Temperature, 50T; flow-rate, 0.5 ml/min; injection volume for gradient HPLC, 100JlI; detection at 259
nm. Vc = Elution volume; t, = elution time; fr = fraction.

51 600 in the low-MW SEC fractions 5-7 is also straightforward. (In comparing the
HPLC peaks in Fig. 1, it must be acknowledged that only styrene units are monitored
at 259 nm. This accounts for, e.g., the small peak area of sample 1.)

Without SEC prefractionation, the copolymers were not baseline separated
under the conditions used for Fig. 1. This can be understood as the superimposition
of a molecular-weight effect. Separate injections of the individual copolymers yielded
well shaped peaks. Their first moment was used for calculating the eluent composi-

4e~

~1
50

20 40

Fig. 2. Elution characteristics in iOct-THF gradients and solubility of stat-copoly (styrene-ethyl methacry
late) samples. + = Silica column 2, gradient I; 0, • = gradient elution from two CN-bonded phase
columns of the same size (see column I) with iOct-THF (0-100% in 10 min). Solubility borderline deter
mined by turbidmetric titration (dots) with n-hexane at 20'C. (From ref. 27, with permission from Wiley).
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tion at the elution of a given sample. These data (obtained in two laboratories) are
shown as open and filled circles in Fig. 2. The curve marked by crosses is from a
similar investigation but on a silica column. The higher activity of the latter accounts
for the fact that ca. 5% more THF is needed for elution from silica than from a
nitrile-bonded phase.

The elution characteristics of both columns are well above the solubility bor
derline. Although the latter had been determined with n-hexane non-solvent and at
2ace, both solvent systems are comparable because of the similar solubility param
eters ofn-hexane (14.9 MPaO.5 ) and iOct (15.3 MPaO.5 ) 2 7 .

The separation of S-EMA copolymers according to composition is more diffi
cult than the separation of stat-copoly(styrene-methyl methacrylate) (S-MMA)
samples. This can be appreciated from a synoptic presentation of the elution charac
teristics (see Fig. 3) of S-MMA (curva a), S-EMA (curve b) and stat-copoly (styrene
tert.-butyl methacrylate) samples (S-TBMA, curve c). The shielding effect of the alkyl
groups increases with the bulkiness of the latter and diminishes the adsorption inter
actions between the ester linkages and polar groups on the surface of the stationary
phase.

Normal-phase HPLC with separate adjustment of solubility and polarity
The differences between elution characteristics and solubility line in Fig. 2 in

dicate that retention is due to adsorption. However, the parallelism between the two
different types of curves suggests that solubility behavior may also playa role in
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Fig. 3. Shielding effect of alkyl groups in poly(methacrylate esters) on the adsorption of styrene copoly
mers. Elution characteristics as in Fig. 2 on silica columns. (a) S-MMA, column 4, gradient 2; (b) S-EMA;
(c) S-TBMA; (b) and (c) on column 2 with iOct-THF gradient (0-100°1., in 10 min).



HPLC CHARACTERIZATION OF SYNTHETIC COPOLYMERS 651

retention. (From past studies?", we believe that polymer HPLC is generally governed
by solubility and adsorption effects. A pure adsorption mechanism or a pure precip
itation-redissolution mechanism are limiting cases.)

Usually, we performed normal-phase gradient elution with THF as gradient
eluent B. THF is more polar than iOct, which was used as eluent A, but THF is at the
same time a better solvent for all of the copolymers investigated. Thus, in the usual
gradient technique we increased simultaneously the dissolution power and elution
strength of the eluent. The chromatograms shown in Fig. 4 were obtained under
modified conditions, where solubility and displacement effects could be adjusted sep
arately. A linear gradient of increasing methanol concentration was used after a
sudden increase in THF content from zero to a selected level. The starting eluent was
iOct, which contained 2% methanol in order to suppress adsorption of any impurities
during the pre-run period.

The starting eluent containedno THF. As a strong precipitant and poor eluent,
it should enable the injected polymer to be retained at the beginning of the column. Of
course, the sudden transition in THF concentration caused disturbances of the base
line but, fortunately, the latter became stable again before the sample components
were eluted (the trace at 20% 'THF concentration shows this by the flat section
between 3 and 3.5 min). At 20% THF content, all five components were properly
eluted when methanol was used, but the resolution was poor. Optimum resolution
was found at 25-30% THF. At 35% THF content, the first component of the model
mixture disappeared in the 'noise' which had been caused by the transition in THF
concentration. The elution in rOct-methanol-THF (63:2:35) is in accordance with the
elution characteristics of this copolymer sample in iOct-THF (see Fig. 2).

The independent adjustment of polarity at a selected level of solubility has
several advantages in optimizing a separation. In the present instance, i.e., with THF
as the solvent and UV detection, elution at a constant THF level has the additional

35

i I

S/£MA

I

6
I

2

o.lAV

8t ' .) 10
elmm

Fig. 4. Separation of a mixture of five stat-copoly (styrene-ethyl methacrylate) samples by linear gradients
of iOct-methanol after a sudden increase in THF content from 0% to the indicated level (CN column 1,
gradient 3). Detection at 230 nm; flow-rate 0.5 ml/min.
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benefit that detection is possible at shorter wavelengths. The chromatograms in Fig. 4
were monitored at 230 nm, where THF usually shows adsorption. In the gradients
used for Fig. 4, the THF absorption causes a difference in baseline level only before
and after the addition of THF, but no baseline rise. The change in baseline can be
suppressed within certain limits, whereas a rising baseline renders quantitative eval
uation more difficult. Further, for the present system, the effect of copolymer compo
sition on signal size is less severe at 230 than at 259 nm (compare the peaks of sample I
in Figs. 4 and I).

Reversed-phase chromatography with inversion of elution order
Low-MW and polymer HPLC may have the same physico-chemical basis2 8

,2 9 .

Some peculiarities of the latter can be understood as a consequence of the narrow
solubility window of polymers, the possibility of multiple attachment of flexible
chains on a rigid surface and the fact that synthetic polymers are npt chemically
uniform substances but mixtures of a huge number of similar homologs. It should be
noted, however, that Boehm and Martire.'? have recently developed a theory that
suggests that homopolymer HPLC cannot be predicted from small-molecule results.

Gradient HPLC of low-MW substances can be performed in normal-phase
(NP) or reversed-phase (RP) modes. Retention in NP chromatography increases with
increasing polarity of the samples. The NP retention of S-EMA copolymers is in
accordance with the general rule. In RP gradient HPLC, samples of equal molecular

1/1

2

3

5

6
7

93
/

5 6 7
fe/min

Fig. 5. Reversed-phase separation of the mixture of five stat-copoly(styrene--ethyl methacrylate) samples
after prefractionation by SEC. Same sample as in Fig. 1; CIs-bonded phase (column 3), methanol-THF
gradient (0-100% in 10 min); flow-rate 0.5 ml/min; temperature 50°C;detection at 259 nm. Numbers refer
to the % (w/w) of ethyl methacrylate.
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Fig. 6. Elution characteristics in methanol-THF gradients and solubility of stat-copoly(styrene-ethyl
methacrylate) samples. x = elution characteristic of fraction 1/2 in Fig. 5; + = same for fraction 1/5.
Solubility borderline determined by turbidimetric titration with methanol (MeOH) at 20°C (dots). (From
ref. 27, with permission from Wiley).

size have greater retention the less polar they are, i.e., with S-EMA copolymers, the
less EMA units they contain.

S-EMA samples have been chromatographed on RP CiS columns with metha
nol-THF gradients3i,32. Fig. 5 shows that retention indeed increased with decreasing
EMA content. An analogous inversion of elution order in NP- from that in RP
HPLC has been independently observed with stat-copoly(S-MMA) samplea'<-!".

Fig. 6 shows the elution characteristic of SEC fractions 1/2 and 1/5 from Fig. 5,
together with the solubility line. In contrast with the behavior on polar columns,
S-EMA copolymers are eluted almost precisely at the solubility borderline.

CONCLUSIONS

Interactive HPLC of SEC-fractionated samples is a useful approach for the
characterization of copolymers. By analyzing components of similar hydrodynamic
volumes, the uncertainty due to the superimposition of molecular weight and compo
sition is removed. By a judicious choice of mobile phases and gradient conditions, as
outlined in this paper, separations of copolymers can be effected. Also, the applica
bility of this approach for protein characterization has recently been reportedf '. In
addition to NP and RP separations, it should also be possible to use ion-exchange
chromatography, combined with aqueous SEC, to cross-fractionate polyelectrolytes.
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-EFFECT OF OPERATING PARAMETERS ON POLYMER MOLECULAR
WEIGHT ACCURACY WITH TIME-DELAY, EXPONENTIAL-DECAY
THERMAL FIELD FLOW FRACTIONATION

J. J. KIRKLAND' and W. W. YAU

E. l. DuPont de Nemours and Co., Central Research and Development Department, Experimental Station,
B-228, P.O. Box 80228, Wilmington, DE 19880-0228 (US.A.)

SUMMARY

Previous studies have demonstrated the advantages of determining polymer
molecular weight distributions (MWD) by time-delay, exponential-decay thermal
field flow fractionation (TDE-TFFF). The method is especially promising for charac
terizing the MWD of fragile, ultra-high-molecular-weight (MW) polymers. With this
method, high-resolution separations are carried out by imposing a thermal gradient
across a flowing mobile liquid phase in a thin channel formed with parallel plates. The
TDE-TFFF technique permits highly reproducible MW measurements to be made
without frequent recalibration. This study examines the effect of important operating
parameters, flow-rate and time-delay/decay time constant T values, on the accuracy of
MW measurements by TDE-TFFF. Separation resolution and molecular-weight ac
curacy are increased in TDE-TFFF by operating at longer T values and higher flow
rates. Nomographs are given that allow the selection of optimum operating param
eters using results from a preliminary separation.

INTRODUCTION

A wide range of organic-soluble polymers':" and certain water-soluble poly
mers" can be characterized by thermal field flow fractionation (TFFF). This method
uses a temperature gradient across a thin, open channel formed by parallel plates to
separate materials on the basis of molecular weight (MW) differences7

.8 . As result of
the temperature difference between the two plates, sample components are pushed
against an accumulation wall. Higher MW components that are pushed closer to this
wall are intercepted by slower flowstreams of the essentially laminar flow profile
formed between the two plates, and elute after the lower MW components that are
carried away by faster flowstreams, Compared to the widely used method of polymer
characterization by size-exclusion chromatography (SEC), TFFF provides higher
resolution for better MW accuracy and superior capability for characterizing ultra
high MW polymers".

A useful technique for characterizing polymers by TFFF involves program
ming a temperature gradient (Al) decrease during the separation, so that a wide MW

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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range can be covered during a single experiment. A convenient programming method
involves maintaining a constant temperature differential ,1T for a time r after in
jecting the sample, after which ,1T is exponentially decreased, also with a time con
stant r. This approach, called time-delay, exponential-decay TFFF (or TDE-TFFF),
results in a linear plot of log MW versus retention time tR that provides convenient
and accurate calibrations over a wide MW range". Previous studies have demon
strated that the TDE-TFFF method is capable of reproducing number- and weight
average MW values for polymers within 3% (1 0) without the need for frequent
recalibration '. This method also has been used with a continuous viscosity detector to
produce unique intrinsic viscosity distributions that closely correlate with polymer
end-use and solution properties".

The object of this study was to determine the effect of major operating variables
on the accuracy of MW values that are measured by TDE-TFFF. Such information
should assist in defining experimental conditions for conveniently determining accu
rate molecular weight distribution (MWD) values for polymer samples.

THEORY

The basis for solute retention in TFFF has previously been established 1. 7. With
TDE-TFFF, the Mw-retention relationship can be expressed as":

In M = (l/a) In {(2.2 b r F)/[DT Vo (,1T)o]) + (tR/ar) (1)

where M is the molecular weight (gjrnol), a (a constant describing polymer conforma
tion) is ::::::; 0.6 for random-coil polymers, b is a channel constant, r is the exponential
delay/decay time constant, F is the flow-rate (ml/min), DT is the thermal diffusion
coefficient (apparently independent of polymer molecular weight M), Vo is the chan
nel dead volume (ml), (,1 no is the initial temperature difference between the hot and
cold plates Ce), and tR is the retention time (min) of the solute. Eqn. I predicts that
sample analysis time is primarily controlled by r. Flow-rate exhibits less influence on
retention, as does (,1 no. The level of the latter often is dictated by the retention
needed to separate the lowest MW component in the sample from the channel dead
volume peak at Vo. As a result, (,1 no often is not an experimental variable used in
optimizing a particular TDE-TFFF measurement.

Resolution and the .ultimate MW accuracy of the measurement are also func
tions of the operating variables in a separation, as predicted by!",

Rsp = 0.58 «i]«

M w* = e+(lT/arj 2 -

(2)

(3a)

(3b)

where, the specific resolution value Rsp represents the usual chromatographic resolu
tion for a pair of bands having a decade of MW difference, and the band standard
deviation 0 is the square root of the band variance contribution resulting from in
strumental band broadening. The MW accuracy parameters M w* and M;* describe
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the expected errors in the calculated M'; and M; values as the result of instrumental
band broadening.

Eqns. 2 and 3 describe the influence of the exponential time delay/decay I value
and flow-rate on band broadening, and their resultant effect on MW accuracy1

0.

Therefore, information on the level of effect of these variables in experimental sit
uations is needed to anticipate errors in MW measurements that can be expected
under particular operating conditions.

The effect of operating variables on TDE-TFFF retention can be predicted
from the relationship in eqn. 1. The change in retention time with change in I is
described by,

(4)

where LltR = (tRZ- tRI) is the change in retention time, t RI is the retention time of the
initial experiment, tRZ is the retention time of the proposed experiment, II is the
exponential time delay/decay constant for the initial experiment, and Iz is the expo
nential time delay/decay constant for the proposed experiment. This expression is
useful in application studies to determine the change in time of a separation when the
I value is varied, or conversely, after a preliminary separation with an initial II value,
to predict the Iz value that will result in desired separation time. For example, if a
TDE-TFFF separation was carried out with an initial II value of 20.0 min and
showed an initial retention time tRI of 60 min, eqn. 4 predicts that if a new value I z of
25.0 min is used, the change in the retention time of the peak would be,

LltR = 60[(25/20) -1] - 25 In(25/20) = 9.4 min

Thus, the new retention time for the larger I value would be 60 + 9.4 = 69.4 min.
Similarly, the effect of a flow-rate change on TDE-TFFF retention is predicted

by,

(5)

or in another form,

(5a)

Fig. 1 shows a nomograph that can be used to predict the separation time change for
a desired flow-rate change, or the flow-rate change required for a particular sep
aration time change. This nomograph relates the change in analysis time to the initial/
proposed flow-rate ratio for a range of exponential delay/decay I values. For exam
ple, this nomograph can be used to predict the change in TDE-TFFF analysis time
with flow-rate change. If the flow-rate in a I = 20 min separation is changed from
(Fd 0.15 ml/min to (Fz) 0.67 ml/min, the resulting FdFz ratio (0.22) in the Fig. 1
nomograph indicates a 30-min decrease in analysis time (as illustrated by the black
circle in the figure).

An analogous relationship exists for the effect of changing the initial channel
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block temperature difference (.d1')0 on solute retention time III TDE-TFFF. This
relationship can be expressed as,

(6)

or, alternatively,

(6a)
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Shown in Fig. 2 is a nomograph describing the effect of varying (Ll no to produce a
change in TDE-TFFF separation time. For example, when the initial temperature
difference (Ll To)1 of 80°C is changed to a proposed temperature (Ll Toh of 40.0°C
(ratio = 2.00), the nomograph in Fig. 2 indicates a decrease in analysis time of 13.9
min (as indicated by the black circle in the figure).

EXPERIMENTAL

The apparatus used in this study has been previously described'"". TDE-TFFF
separations were performed using the following conditions: channel thickness, 132
,um; initial hot block temperature, 90°C; cold block temperature, 20°C; mobile phase,
dioxane; sample, 25 ,ul, I mg/rnl of each standard; UV detector, 260 nm. HPLC-grade
dioxane was from American Burdick and Jackson (Muskegon, MI, U.S.A.). Polymer
standards were obtained from Polymer Labs. (Amherst, MA, U.S.A.).

Peak analysis measurements were conducted with a new software program
called THEOPS written in Fortran 77 on a Hewlett-Packard 1000 Series computer i".
Separation data were collected on a Hewlett-Packard LAS data handling system.
Polymer MW calculations were carried out with the software previously described".

't = 20.0 min

27.1 49.2

't = 30.0 min

24.6 58.1

't = 50.0 min

28.6
Time. min

67.3

Fig. 3. Effect of exponential time-delay, time-decay T values on separation resolution. Narrow MW poly
styrene standards; initial hot block temperature, 90T; cold block temperature, 20T; exponential time
delay, time-decay constant, T, as shown; dioxane carrier Jlow-rate, 0.15 ml/min; sample, 25 ILl, I mg/ml
each; UV detector, 260 nm.
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RESULTS AND DISCUSSION

Effect of,
Eqn. 2 predicts that separation resolution should increase as the, value used

for the TDE-TFFF separation is increased. Therefore, the effect of increasing,
should be to increase the accuracy of MW measurements as a result of decreasing the
effects of instrumental band broadening. Fig. 3 shows the increasing resolution for
MW 194000 and 1 000000 polystyrene standards with increasing, values.

However, peak width or the variance of the peak can also be affected by the
extent that individual components making up the polymer standard are resolved by
the separation method. Since TFFF is a high-resolution method, capable of higher
resolution than SEC4

, 5 , the end effect is that apparent band broadening can be mainly
a method-resolution effect, rather than instrumental band-broadening effects. If this

TABLE I

EFFECT OF T VALUES ON PEAK VARIANCE AND SHAPE

Polystyrene standards

T 194K 515K 1000K 1850K
(min)

Variance" Skew" Variance Skew Variance Skew Variance Skew

20 7.45 0.03 8.41 -0.42 11.42 0.50 9.55 0.24
25 9.76 0.06 9.39 -0.12 14.79 0.56 14.13 -0.30
Repeat 9.66 0.09 12.79 0.27
Repeat 9.62 0.14 13.58 0.43
30 11.85 -0.10 14.22 0.60 15.51 -0.19 17.70 -0.04
40 18.57 -0.20 18.82 -0.26 22.98 -0.40 29.55 -0.21
50 18.93 -0.19 24.13 -0.17 35.79 -0.71 40.00 -0.25

"Variance in min '.
"Mathematical peak skew from ref. 11.

50 .--------------------------,

N
c
'E
iii 30
u
c
o.;:
g 20
"0
C
o

CD
10

...........
............ ..'
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EFFECT OF TAU VALUES ON BAND VARIANCE

O'--_-'-_-!...._--'-_--''--_-'--_-'-_-'-_--L__L.----J

10

Fig. 4. Effect of exponential time-delay, time-decay 1: values on band variance. Conditions as in Fig. 3 (* )
194K; (0) 515K; (D) 1000K; (Li) 1850K.
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is the case, it would be expected that as resolution is increased by increasing r values,
the variance of the bands actually should increase (rather than the intuitively expect
ed decrease) as larger r values are used in the separation. This trend is borne out by
the data in Table I with narrow MW polystyrene standards.

As the separation r value is increased, the measured peak variance values also
increase as a result of greater resolution of the individual constituents in the polysty
rene standards. This trend is graphically shown in Fig. 4, where the increase in band
variance with increasing r values is almost linear, with plots for the higher MW
components showing a steeper slope. This latter trend could be due to the higher
resolution that TDE-TFFF exhibits for higher MW (more strongly retained) compo
nents (smaller impact of instrument band broadening.) A less likely explanation is the
larger polydispersity of the higher MW standards, resulting in broader bands because
of larger resolution of the individual components as resolution is increased (larger r
values).

The effect of increasing resolution by increasing the r values is also illustrated
by the data for band skew in Table I. The general trend is a decrease of the mathemat
ical band skew values as resolution is increased (increase in r]. The tendency of the
data to slightly negative values (slight frontal band skew) with r increase could be due
to the natural MW distribution of the sample towards the low MW end -as resolu
tion increases, the instrumental band broadening is decreased so that the true MWD
is now more apparent.

The effect of increasing the separation r values on measured molecular weights
is also shown in Table II, which contains calculated MW values for four narrow MW
polystyrene standards. As the separation r value was increased (increased resolution),
calculated M w values generally decreased, indicating increased accuracy due to the
decreased effects of instrumental band broadening. Note that instrumental band
broadening generally tends to increase measured M'; values as a result of the positive
bias that is given to the features of the distribution curve from which values are
calculated5

.

Because of the bias of the level of resolution on measured M'; values, the
influence of t values is especially reflected in calculated polydispersity values d, as
shown in Table II. As r is increased (increased resolution), the calculated polydisper
sity values decrease. The "true" polydispersity values for these standards probably
still are not approached by the conditions of these experiments. Other TFFF studies
have shown that these ionic-polymerized polymers have polydispersities of < 1.01
(ref. 12).

Flow-rate effects
Eqn. 1 predicts that a plot of log MW versus retention time tR obtained with a

particular r value should produce a straight-line (except at tRvalues approaching the
channel dead volume Va). Also predicted by eqn. 1 is that a change in flow-rate
should result in a change in the intercept of this straight-line plot, but no change in its
slope. This effect was verified in previous work", and is further confirmed by the data
in Fig. 5. Here, as the flow-rate is increased from 0.1 to 0.4 ml/min, the intercept
increases and the absolute level of MW accessible during the experiment also in
creases, as predicted by Eqn. 4. For example, at 0.4 ml/min it can be anticipated that
polystyrenes in the 5 . 104-3 . 106 MW range could be accessed and measured under
these particular operating conditions.
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Fig. 5. Effect of flow-rate on TDE-TFFF calibration plots. Conditions as in Fig. 3, except flow-rates as
shown.

Flow-rate and the initial temperature differential (Ll7)o both can influence sep
aration resolution and significantly affect the accuracy of molecular weights deter
mined by TDE-TFFF. Flow-rate is often of more concern, since the level of (Ll7)o
usually is dictated by the range of molecular weights in the sample, and normally is
not a parameter that is changed after the desired resolution from the channel dead
time peak is established. Intuitively, one would expect that increasing the flow-rate, F,

F = 0.075 ml /min

F=0.15ml/min

30.2 53.9

F = 0.30 ml /min

11.1 Time, min 32.3

Fig. 6. Effect of flow-rate on separation resolution in TDE-TFFF. Conditions as in Fig. 3, except flow-rates
as shown; r = 25.0 min.
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Fig. 7. Effect of flow-rate on band volume standard deviation. Conditions as in Fig. 3, except r = 25.0 min,
flow-rates as shown.

would decrease resolution because of added band broadening caused by resistance to
mass transfer effects. However, as illustrated in Fig. 6, increasing F (constant r)
actually increases resolution in TDE-TFFF. The reason for this is that at higher
flow-rates, solutes under a higher thermal-gradient field elute earlier from the chan
nel, staying closer, on average, to the accumulation wall. This results in shorter dis
tances for diffusion-limited mass-transfer contributions to band broadening within
the channel; less-than-expected band broadening at higher flow-rates is observed, and
higher resolution results. This same effect has been predicted and experimentally
observed in exponential time-delay, time-decay sedimentation FFF 13

.

The unique increase in resolution in TDE- TFFF with increased flow-rate is also
shown by the data in Table III. As illustrated by the plot in Fig. 7, the standard
deviation of the bands in volume units show the usual increase with increased flow
rate because of resistance to mass transfer effects, as previously described". The in-
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Fig. 8. Effect of flow-rate on band time standard deviation. Conditions as in Fig. 3, except r = 25.0 min,
flow-rates as shown.
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crease in band volume is somewhat less for the smaller MW 194000 polystyrene
standard because of the larger solute diffusion coefficient. The increased band vol
umes for the higher MW components in Fig. 7 is a combination of poorer diffusion
(poorer mass transfer) and larger sample polydispersity effects. On the other hand, as
shown in Fig. 8, the band standard deviation in time units decreases with increasing
flow-rate, verifying the increased time-based resolution seen in Fig. 6.

The effect of flow-rate on band skew shown in Table III is variable, and no
significant trend is apparent.

The effect of flow-rate on the calculated molecular weights for polystyrene
standards is shown in Table IV. The data indicate that satisfactorily accurate MW
values for polymers can be obtained over a wide range of flow-rates. However, as
discussed earlier, separations performed by TDE-TFFF at higher flow-rates provide
somewhat higher resolution and more accurate MW measurements. Note that the
concentration of eluting species is decreased at higher flow-rates because of increased
band volumes (Fig. 8); increasing the flow-rate reduces the detector/background
noise ratio and decreases the precision of the MW measurement. Therefore, a com
promise of flow-rate and other operating parameters often is indicated.

As expected, polydispersity values at higher flow-rates are generally smaller as a
result of better resolution and reduced instrumental band broadening.

CONCLUSIONS

Nomographs relating retention to the exponential time-delay, time-decay con
stant T values and flow-rate levels are useful in arriving at practical operating condi
tions for MW measurements by TDE-TFFF. Most-accurate MW and polydispersity
measurements are obtained with conditions for highest resolution with TDE-TFFF:
large T values and high flow-rates. However, in most practical situations, a compro
mise is often in order, since large T values mean long analysis times. With the channel
thickness and apparatus used in this study, it appears that a flow-rate of 0.15-0.2
ml/rnin and a T value of about 25 min represent a reasonable compromise between
MW accuracy, precision and sample detectability. However, other studies '? suggest
that thinner channels will permit higher resolution, improved sample detectability
and faster analyses by using smaller T values.
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ION CHROMATOGRAPHY OF TRANSITION METALS ON AN IMINO
DIACETIC ACID BONDED STATIONARY PHASE
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Institute of Radiochemistry, University of Innsbruck, Innrain 52a, A-6020 Innsbruck (Austria)

and

P. JANDIK

Waters Chromatography, Millipore Corporation, 34 Maple Street, Milford, MA 01757 (U,S.A.)

SUMMARY

A stationary phase synthesized by covalent binding of iminodiacetic acid to a
porous silica support was investigated for the separation of transition metals by ion
chromatography, Eluents containing carboxylic acids either alone or in combination
with stronger complexing agents were studied in order to examine the elution mecha
nisms of alkali, alkaline earth and transition metal ions. It was found that both
complexation reactions and ion-exchange mechanisms occurred, their rate being gov
erned by the stability of metal complexes. These investigations were used to find
optimum conditions for the determination of transition metal ions in alkali and alka
line earth metal-rich matrices, e.g., sea water.

INTRODUCTION

The need for rapid and convenient methods for the determination of heavy
metals in environmental and biological samples has induced a great deal of research
work in the field of cation chromatography 1-3. This method allows the separation
and subsequent detection of a large number of bivalent transition metals in liquid
samples without tedious sample cleanup procedures'":". Short analysis times, simple
handling and low cost of equipment and maintenance are assets that make ion chro
matography (IC) very attractive for the screening and routine analysis of metal ions.

Stationary phases generally applied to the ion-chromatographic determination
of transition metals are low-capacity cation-exchange materials with sulfonic acid
functional groups':". These packing materials give good results if aqueous standard
solutions are analysed, but frequently fail as soon as more complex real samples are
injected. One problem often encountered during IC of environmental or biological
samples is interference from other ionic constituents. For instance, in samples such as
sea water the large system peak produced by the predominant ions Na + and Mg 2 +

impedes the determination of trace levels of heavy metals. This shows that new sta
tionary phases with higher selectivities for transition metal ions are required. Dicar
boxylie acids show high affinities toward transition metals 8-10, especially if a nitrogen
atom is part of the chelating center9 , 1 1 . 12 ,

002 I-9673/90/$03,50 © 1990 Elsevier Science Publishers B.V.
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Iminodiacetic acid (IDA) gels have found extensive application as powerful
chelating agents for the preconcentration of heavy metal ions from complex matric
es1 3-

1 7
. In this study, a newly synthesized, pressure-stable, silica-based material with

IDA functions covalently coupled to its surface was examined for use in cation chro
matography.

EXPERIMENTAL

Chromatographic conditions
Analyses were performed on an HPLC system consisting of a Model 501 pump

(Waters Assoc., Milford, MA, U.S.A.), a Model 7010 injection valve (Rheodyne
(Cotati, CA, U.S.A.), equipped with a 100-,u1 loop, and a Model 430 conductivity
detector (Waters Assoc.). The peaks were integrated by a CR-2A integration system
(Shimadzu, Kyoto, Japan). The column temperature was maintained at 2ST.

Column
The stationary phase was a 'l-iat: silica-based material with an average pore size

of 300 A(NucleosiI300-7; Macherey Nagel & Co., Duren, F.R.G.). The silica was
derivatized with y-glycidoxypropyltrimethoxysilane. IDA was covalently coupled to
the epoxy activated surface'V'". The stationary phase in a methanol slurry was
packed into a 100 x 4.6 mm J.D. stainless-steel column.

Materials
The mobile phases were prepared by dissolving analytical-reagent grade L( +)

tartaric acid, citric acid monohydrate, ethylenediamine (EDA) and pyridine-2,6-di
carbonic acid (Merck, Darmstadt, F.R.G.) in deionized water. In some instances the
pH was adjusted by addition of 1 M hydrochloric acid. Metal ion solutions were
prepared from analytical-reagent grade chlorides or nitrates (Sigma, St. Louis, MO,
U.S.A. and Fluka, Buchs, Switzerland). The stock solutions (1000 mg/l) were ad
justed to pH 1 with nitric acid.

RESULTS AND DISCUSSION

IDA exhibits a strong complexing ability for transition metal ions, which can be
attributed to the carboxylic groups and the nitrogen atom. Free carboxylate groups
act as ion-exchange sites, especially with ions that have low tendencies to form com
plexes, such as alkali or alkaline earth metal ions.

Chromatography ofalkaline earth metal ions with an ethylenediamine-citric acid eluent
The behavior of IDA columns as a normal cation exchanger was investigated

for alkaline earth metal ions using an ethylenediamine-citric acid eluent system. In
order to optimize the composition of the mobile phase, both the citric acid and the
ethylenediamine concentrations were varied independently.

The (ethylenediammonium)? - concentration has a strong influence on reten
tion time. Addition of citric acid increases the retention of cations owing to the
decrease in pH caused by the acid dissociation (Fig. I). This means that the complexa
tion ability of the citrate ions is mainly governed by pH.
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Fig. 1. Influence of ethylenediamine and citric acid concentration on retention times. (a) 4.0 mmol/l citric
acid; (b) 3.0 mmol/l ethylenediamine. Stationary phase, 'l-iut: porous silica coupled with iminodiacetic acid
(IDA-silica); flow-rate, 1.0 nil/min; samples, 1 ppm of each ion; detection, conductivity. • , Mg 2 +; 0,
Ca 2 +; T, Sr2+; ., Ba2 +

Fig. 2. Separation of alkaline earth metals. Stationary phase, IDA-silica; mobile phase, 3.0 mmol/l ethyl
enediamine-4.0 mrnol/l citric acid; flow-rate, 1.0 ml/min: detection, conductivity. Sample concentration:
(I) 1.5 ppm Mg2 +; (2) 5 ppm Ca2+; (3) 10 ppm Sr2 +: (4) 20 ppm Ba2+.

The chromatogram of a standard mixture of Mg 2 + , Ca 2
", Sr2 + and Ba2 + , as

depicted in Fig. 2, was obtained under optimized conditions, using an eluent consist
ing of 3.0 mmol/l EDA and 4.0 mmol/l citric acid.

Chromatography ofalkali, alkaline earth and transition metals with organic acid eluents
Different organic acids were screened for their ability to elute alkali, transition

and alkaline earth metals from the IDA column. Citric acid and tartaric acid showed
very similar elution behavior, but the retention times achieved with citric acid were
slightly longer owing to its lower degree of dissociation.

Retention times of alkali, alkaline earth and transition metal ions are plotted
against the tartaric acid concentration in Fig. 3. The eluent concentration affects the
retention of bivalent ions more markedly than that of monovalent ions. Although in
the pH range investigated (2.5-3.0) there is evidence for ion-exchange processes tak
ing place additionally (also between transition metals and partially protonated IDA
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functions), the elution order reflects the affinity of metal ions to iminodiacetic acid as
a complexing ligand. Alkali metal ions, which obviously do not form IDA complexes,
are eluted first, followed by alkaline earth metal ions (plus Mn2+ and Fe2 +), then by
the transition metals Cd 2 +, Co 2 + and Zn 2 +. Ions that form IDA complexes of higher
stability, such as Cu 2

+ and Ni 2 +, remain on the column under these conditions. This
fact and the long retention times of transition metals observed with citric or tartaric
acid justified further efforts to find more efficient eluents for the IDA column.

One complexing agent that proved particularly useful for this purpose was
pyridine-2,6-dicarboxylic acid (dipicolinic acid, DPA). Both DPA and IDA have
three centers involved in complexation (Fig. 4), i.e., the two carboxylate groups and
the nitrogen atom, which are apparently very similarly arranged within the molecules.
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Fig. 3. Influence of tartaric acid concentration on retention times. Stationary phase, IDA-silica; mobile
phase, tartaric acid (2.5-12.0 mmol/l); flow-rate, 1.0 ml/min; detection, conductivity.
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Fig. 4. Correlation between basicity and stability of Co 2 + complexes. DPA = dipicolinic acid; TA
tartaric acid; IDA = iminodiacetic acid; CA = citric acid.
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Fig. 5. Addition ofDPA to 10.0 mmol/l citric acid. Stationary phase, IDA-silica; mobile phase, citric acid
(10.0 mmol/I)-DPA (0-0.10 mmol/l); flow-rate, 1.0 ml/rnin; detection, conductivity; sample concentration,
5 ppm each.

Fig. 6. Separation of transition metals. Stationary phase, IDA-silica; mobile phase, (a) 10.0 mmol/l citric
acid, (b) 10 mmol/I citric acid-Q.04 mmol/I DPA; flow-rate, 1.0 ml/rnin; detection, conductivity. Sample:
standard solution containing (I) 1 ppm Mg2+; (2) 3 ppm Fe2+; (3) 5 ppm Co 2 +; (4) 10 ppm Cd2+; (5) 10
ppm Zn 2 +

Nevertheless, the IDA molecule has a flexible structure, whereas the nitrogen atom of
DPA is part of an aromatic system, which rigidly holds the two carboxylate groups in
a position coplanar to the pyridine ring, thus favoring complex formation.

Normally the tendency of the ligand to bind a proton parallels its complexation
ability. In Fig. 4 the stability constants of cobalt complexes are plotted against the
protonation constants of the corresponding acids. If a double-logarithmic scale is
employed, the values for IDA, tartaric acid and citric acid lie on a straight line,
showing that the stability of metal complexes is in direct proportion to the affinity of
the ligand for protons. The dipicolinic acid anion, on the other hand, shows a chelat
ing ability higher than would be expected from its basicity. This is due to the steric
effect discussed above. The uniquely high degree of complexation of DPA is especial
ly advantageous in acidic solutions. In this investigation, the complexing ability of
DPA in acidic solution was monitored. An eluent consisting of 10.0mmol/l citric acid
was modified by addition of up to 0.10 mmol/l DPA which caused a slight decrease in
pH from 2.58 to 2.50. The retention times achieved with these eluents are depicted in
Fig. 5. A concentration of 0.03 mrnol/l DPA, added to the citric acid eluent, halves
the retention times of transition metals, whereas the elution of alkaline earth metal
ions and manganese is not significantly influenced by the DPA concentration. The
small decrease in retention time observed for the latter is rather caused by the pH
changes. This indicates that in the pH range investigated DPA acts as a strong com
plexing agent for transition metals but has little affinity for alkaline earth metal ions
(Fig. 6). If the log k' values are plotted against the logarithm of DPA concentration,
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straight lines with slopes proportional to the stability constants of the metal-DPA
complexes are obtained. Owing to the high affinity of the ligand for cadmium, the
elution of this ion is speeded up most, and this causes the observed cross-over of
Cd2+ and Co2+ (Fig. 5).

In order to investigate the equilibrium between complexation of DPA and imi
nodiacetic acid, further experiments were carried out in a simpler system. Hydro
chloric acid was used instead of citric acid for pH adjustment to eliminate any com
plexation reactions apart from those involving DPA and IDA (Fig. 7). The retention
of Na + and Mg2+ showed a strong dependence on pH but was not significantly
influenced by the amount of DPA in the eluent.

Transition metals, on the other hand, exhibit a strong dependence on both
DPA concentration and pH. The order of affinity towards DPA is Cd < Co < Zn <
Cu. At low DPA concentrations (Fig. 7,0.04 mmol/l) even transition metals of high
complex stability, such as Cu 2 + or Co 2 +, exhibit a retention behavior similar to that

0.04 mmol/I Dipicolinic Acid 0.10 mmol/I 0.25 mmol/I
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Fig. 7. Influence of pH of DPA eluents on the retention of alkali, alkaline earth and transition metals.
Stationary phase, IDA-silica; mobile phase, dipicolinic acid (0.04, 0.10 and 0.25 mmol/l), pH adjusted with
I M HCl; flow-rate, 1.0 ml/min; sample, 5 ppm of each ion.
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of other bivalent ions, such as Mg2+. Under these conditions elution is governed
mainly by ion-exchange mechanisms. If higher levels of DPA are incorporated in the
eluent, the graphs for metal ions with a high affinity towards DPA change their shape,
indicating that complexation processes are favored. This causes lower retention times
at higher pH (see Zn2+ and Co2+ in Fig. 7; 0.10 and 0.25 mmol/l DPA).

In Fig. 8 the log k' for two representative ions (Co 2 + and Na +) are plotted
against the logarithm of the DPA concentration. The different lines of the graph
correspond to different pH values.

Co 2 + shows the behavior typical of transition metals, with a linear relationship
between log k' and the logarithm of DPA concentration. The slopes of these regres
sion curves increase with increasing pH, reflecting the increasing dissociation and
complexing ability of the ligand.

Sodium is representative of ions with a low tendency to form chelates. The
regression curves have a slope of zero, indicating that the amount of DPA present in
the eluent has no influence on elution. One must bear in mind, however, that two
complexation reactions take place under these conditions. The metal ions form che
lates with either the IDA groups immobilized on the stationary phase or with DPA
incorporated in the eluent. Changes in pH influence the complexing ability of both
agents. By careful choice of the experimental conditions, either complexation by an
eluent ion or complexation by the stationary phase can be favored.

Conditional stability constants? were calculated from the original stability con
stants to account for the loss of chelating properties due to protonation of the ligand.
These conditional constants were plotted against pH. Fig. 9a shows the conditional
stability constants of Mg 2 +, a cation with a generally low tendency toward complex
formation. The conditional constants for IDA are negative throughout the pH range
studied, indicating that Mg2 + reacts with IDA only by ion exchange under acidic
conditions. Tartaric acid and DPA show higher affinities to Mg2 +, but their complex
ation ability can also be neglected at pH < 3. pH alone is the determining factor in
eluting metals of low complexation tendency.

Co 2 + (Fig. 9b) behaves differently. The conditional stability constants are posi
tive, which means that all three of the acids are capable of forming cobalt chelates.
The stability of cobalt-DPA complexes is high throughout the pH range studied,
confirming the ability of this complexing agent to accelerate the elution of transition
metal ions under acidic conditions.
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Fig, 9. Conditional stability constants of Mg 2 + and Co 2 + complexes with change in pH. IDA = iminodi
acetic acid; TA = tartaric acid; DPA = dipicolinic acid.
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Fig. 10. Separation of transition metals in sea water. Stationary phase, IDA-silica; mobile phase, ro
mmol/l tartaric acid (pH 2.54); flow-rate, 1.0 ml/rnin; detection, conductivity; integration, attenuation 8.
Sample: sea water spiked with (I) 5 ppm Co 2 + , (2) 5 ppm Zn2+ and (3) 10 ppm Cd2+.

The affinity of the IDA stationary phase towards transition metal ions is a great
advantage for the determination of trace metals in samples containing high levels of
alkali and alkaline earth metal ions, such as sea water, which contains large amounts
of Na + and Mg2 +, among other ionic constituents. In order to investigate the influ
ence of high concentrations of alkali metal ions on the determination of transition
metals, solutions containing up to 10% ofNa2+ and Mg2 + were chromatographed.
These ions were well separated from the transition metal peaks and did not exert any
significant influence on either retention times or signal strength. This means that
transition metals can be determined in alkali and alkali earth metal-rich matrices. Fig.
10 shows a chromatogram of sea water spiked with transition metals in the range
5-10 ppm.

In subsequent work, these investigations at ambient temperatures will be ex
tended to include the influence of higher temperatures on separations.
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Contamination ofdrinking water supplies by nitrate from agricultural run-off is
a serious environmental problem and health hazard. Anion exchange suggests itself as
an effective means of nitrate removal and has been studied by several investigators 1-3.

The present communication addresses calculation of column performance in such
operations on the basis of independently determined parameters.

In practice, nitrate removal by anion exchange is a multicomponent problem
because the water usually also contains chloride, sulfate, and carbonate in comparable
concentrations. Moreover, in most cases, the stepwise dissociation equilibrium of
carbonic acid and, if weak-base resins are used, the association equilibrium of the fixed
ionogenic groups, must be accounted for.

The most detailed previous study has been by Clifford and Weber 1
,4. A promising

procedure was found to be a two-column operation. The water is acidified in
a cation-exchange column in H+ form, an'd i~ then passed through an anion-exchange
column in free-base form. Breakthrough occurs in the sequence of increasing affinity
of the anions for the ion exchanger: carbonate, chloride, nitrate, sulfate, The column is
run to nitrate breakthrough. Best economics are obtained with weak-base resins
because they can be regenerated with carbonate.

Clifford4 was able to account for much of the effluent history by using
independently determined separation factors of the anions and the .Helfferich-Klein
theory of multicomponent chromatography". This theory does not include dis
sociation-association equilibria and so cannot predict early column behavior
involving pH variation from alkaline to acidic and protonation of carbonate and fixed
weak-base groups. However, from chloride breakthrough onward, the acidity of the
feed guarantees complete protonation of the fixed groups and thus approximately
constant pH and carbonate association. This allows the remainder of the effluent
history to be calculated in good approximation, beginning with chloride break
through.

The present communication demonstrates calculation of the entire effluent
history, based on a recent extension? of the original theory. The theory as presented
postulates local equilibrium and absence of dispersive effects and so gives no
information on the sharpness of the breakthrough waves.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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The multicomponent theory of Helfferich and Klein" operates with the concept
of "coherence" of waves (concentration variations). Coherence is an asymptotically
stable state in which the waves of all species present at the respective location and time
travel at the same velocity and so do not separate from one another. In the case at
hand, with an acidic feed entering a column with anion exchanger in free-base form, all
waves are shocks, i.e. would be concentration discontinuities under conditions oflocal
equilibrium and absence of dispersive effects. For systems without reactions, the
velocity vAxof a concentration discontinuity zlx, (shock) of a species i can be related to
the concentration variations across the shock by a material balance argument
(notation follows ref. 6):

(1)

For the shock to be coherent, this velocity must be the same for all species present, i.e.,

for all i present (2)

where A has the same value for all species.
The extended theory allowing for reactions" views the system as composed of

"moieties", which are conserved with respect to the reactions. For example, the species
co;, HC03, H 1C03 , and H+ are considered as composed of the moieties C03 and
H in different proportions. Eqns. 1 and 2 remain formally valid for moieties even if
reactions occur. The normalized concentrations of moieties (Sk and qk)and species are
interrelated as follows:

(3)

where J.lki and Jiki are reaction-coupling factors of species i with respect to moieties k in
the solution and ion exchanger, respectively. Combination of these factors and the
stoichiometric coefficients of the reactions leads to a reaction matrix for each phase as
a compact representation of the reactions. For the system considered here, the reaction
matrices are listed in Table 1.As these matrices show, sulfate is assumed to be entirely
in the form ofSO~- ion and its association is disregarded as in the work of Clifford and
Weber!.4. The calculation here will focus on the early effluent history involving the
protonation of carbonate and fixed weak-base groups of the resin.

Required in addition are equations describing ion-exchange equilibria of the
species. Here, binary separation factors (f.ij are assumed to be constant:

YiXjYjXi == (f.u = constant (4)

Such a set of equilibrium equations in terms of {x;} and {y;} can be converted to a set of
relations between {sd and {qk} with eqns. 3, the reaction matrices, the equilibrium
constants of the reactions and the electroneutrality conditions.

In the case at hand, a "frontal analysis" pattern! ,4,7 is known to develop:
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TABLE I

SPECIES, REACTIONS, MOIETIES AND REACTION MATRICES OF NITRATE REMOVAL SYSTEM

Moiety/reaction Species"

ct- NO~ SO~- CO;- HCO~ H 2C03 OH- H+ -B -BH+

Solution phase
CI I a a a a a a a
N03 a 1 a a a a a a
S04 a a I a a a a a
C03 a a a 1 1 1 a a
H 0 0 a a 1 2 -I 1
H20 <-> H+ + OH- a a a a 0 a 1 1
H2C03 <-> H+ + HCO~ a 0 a a 1 -I a 1
HCO~ <-> H+ + CO;- a a a I -I a a 1
HSO';:- <-> H+ + SO~- a 0 1 a a a a 1

Exchanger phase
Cl 1 a a 0 a 0 0 a 0 a
N03 a 1 a a a a a a a a
S04 a a 1 a a a a a a a
C03 a a a 1 1 1 a a a a
H a a a a 1 2 -1 1 a I
B a a a a a a a a 1 I
H20 <-> H+ + OH- a a a a a a 1 1 a a
H2C03 <-> H+ + HCO~ a a a a 1 -1 a 1 a a
HCO~ <-> H+ + CO;- a a a 1 -1 a a 1 a a
-BH+ <-> -B + H+ a a a a a a a 1 1 -1

a Species -B and -BH + denote the fixed base group and its ionic conjugate, respectively.

traversing the column in the direction of flow, an observer sees one moiety disappear at
each successive wave; specifically, of the moieties left, each time that with highest
affinity for the ion exchanger disappears. This makes it possible to calculate the
velocities of the shock waves one by one, starting with the slowest, the sulfate front, at
which the S04 moiety disappears. Upstream of that wave the column is in equilibrium
with the feed, and downstream of it no S04 in any form is present. Accordingly, for this
moiety, the concentration differences Llsso• and Llqso. across the wave equal the feed
concentration SS040 and exchanger concentration qso40 in equilibrium with feed,
respectively. With these substitutions, the value of A is obtained from eqn. 2 and the
velocity of the sulfate front can then be calculated from eqn. I. Now, the
concentrations of the other species in the plateau zone downstream of the front can be
calculated from eqn. 2 and the equilibrium equations. The procedure is then repeated

- for the other waves in succession, first for the nitrate front, at which sulfate is entirely
absent and N03 now is the moiety with highest affinity for the exchanger; then for the
chloride front, etc. From the column inlet to the chloride front the fixed weak-base
groups of the resin can be assumed to be completely protonated, so their deprotona
tion reaction can be disregarded in the calculations. That reaction, however, becomes
essential in the calculation of the carbonate front (that of the C03 moiety), across
which the resin is converted from its initial free-base to its ionic form.
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For demonstration, the calculation of column performance in one of the
experiments by Clifford and Weber1 is presented. Their run No. 10 was selected
because of its low flow-rate, ensuring a reasonably close approximation to local
equilibrium as evident from its relatively sharp waves. Data on the ion exchanger,
column, flow-rate, and feed composition are summarized in Table II. The total
normality of the solution and the ion-exchange capacity of the resin are chosen as
reference concentrations for the purpose of normalization.

The values of the separation factors and reaction equilibrium constants are
shown in Tables III and IV. As far as available, values independently determined by
Clifford" were used. In addition, the fractional water content and the Cl " jHC03
separation factor was assumed to be the same as for the similar anion exchanger
Amberlite IRA-93 (ref. 8); the HC03jOH - separation factor was taken to be 1.00 as
ideal Donnan equilibrium would demand. The column void volume, not reported by
Clifford, was estimated from his calculated effluent history for another run" with the
same resin. The dissociation constants in solution were taken from the literature? and
converted to the concentration scale used here (normalized molarity). The dissociation
constants in the resin were assumed to have the same values as in solution if expressed
in terms of molalities; the values in Table IV are those after conversion to the
normalized-molarity scale.

RESULTS

Fig. 1 shows a comparison of the measured and calculated effluent concen
tration histories. The agreement is quite good, except for the lack of ideal sharpness of

TABLE II

DATA FOR EXPERIMENT OF NITRATE REMOVAL

Weak-base resin (Duolite ES-368) pKb

Exchange capacity (equiv.jl)
Fractional water content

lon-exchange bed Length (em)
Diameter (ern)
Flow-rate (mljmin)
Fractional void volume

Simulated water supply NO; (mequiv.jl)
cr (mequiv.jl)
SO; - (mequiv.jl)
HCO; (mequiv.jl)
pH
Total normality (mequiv.jl)

6.2
1.54
0.57"

61
2.54

100
0.57 b

1.5
1.5
1.5
1.0'
6.5
5.5d

a Value from ref. 8 for Amerlite IRA-93 is used here for Duolite ES-368 because of similar resin
characteristics.

b Estimated from calculated effluent history (using the original Helfferich-Klein theory) in ref. 4 for
another run with the same resin.

c Total carbonate (C03 moiety) expressed in terms of the normality of HCO; ion':".
" Total normality of simulated water supply containing calcium, magnesium, and iron.
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TABLE III

SEPARATION FACTORS OF NITRATE REMOVAL SYSTEM
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Counter ion pair il)

SO~-/NO~

NO~ ICl
Cl-/HCO~

HCO~/OW

Separation factor rxij

2.83
3.87
4.00·
1.00b

a Value from ref. 8 for Amberlite IRA-93 is used here for Duolite ES-368 because of similar resin
characteristics.

b Based on ideal Donnan equilibrium.

TABLE IV

REACTION CONSTANTS OF NITRATE REMOVAL SYSTEM

Reaction

Solution
H20 +-> H+ + OH
H2C03 +-> H + + HCO~

HCO~ +-> H+ + CO;-

Exchanger
H20 +-> H+ + OH
H2C03 +-> H + HCO~

HCO~ +-> H+ + CO;
-BH+ +-> -B + H+

Normalized equilibrium constant

3.31 . 10- 10

8.36· 10-5

8.00· 10-9

1.37· 10-'5
1.70 . 10-7

1.63 . /0- 1 1

5.87 . 10-9

the observed waves and slight discrepancies in the carbonate breakthrough and nitrate
concentration after its breakthrough. Specifically, the breakthroughs of the various
fronts and the compositions of the intermediate plateau zones match the observations
satisfactorily.
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Fig. I. Comparison of observed and calculated effluent concentration histories (observed histories are from
Clifford and Weber'; following them, total sulfate and total carbonate are presented in terms of the
normalities ofSO~- and HCO~ ions, respectively). - = Predicted; 0 = HCO~; + = Cl"; L = NO~;

o = SO~-. Effluent concentration is in mequiv./1.
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DISCUSSION

R.-J. LEU, Y.-L. HWANG, F. G. HELFFERICH

It is to be noted that the calculation was carried out with best available input data
and without any adjustment of parameters. It is possible that the use of CI- IHCO]
and HC03/0H- separation factors experimentally determined for the ion exchanger
used and of more accurate values for the fractional water content and column void
volume might improve the agreement between observed and calculated effluent
histories. Moreover, since SO~ - is divalent, a selectivity coefficient rather than the
separation factor measured by Clifford should be used for the SO~- INO] exchange
equilibrium.

For practical purposes, an accurate prediction of the point of breakthrough of
first traces of nitrate will require the relaxation of the premise of local equilibrium, to
account for the lack of ideal sharpness of the waves. However, this need be done only
for the nitrate front and can be applied as a correction after the approximate effluent
history with ideally sharp shocks has been calculated with the premise of local
equilibrium.

SYMBOLS

y

A
Ilk;

Ilki

normalized concentration" of moiety k in exchanger
normalized concentration" of moiety k in solution
linear velociy of bulk flow of solution
wave velocity of shock L!Xi

normalized concentration" of species i in solution
normalized concentration" of species i in exchanger
separation factor of counterion i to counterion j

(fractional exchanger volume) (exchanger capacity)

(fractional column void volume) (total normality of solution)
eigenvalue of coherent shocks
reaction-coupling factor of species i with respect to moiety k in solution
reaction-coupling factor of species i with respect to moiety k in exchanger
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DETERMINATION OF INORGANIC ANIONS BY FLOW INJECTION
ANALYSIS AND HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY
COMBINED WITH PHOTOLYTIC-ELECTROCHEMICAL DETECTION

L. DOU and I. S. KRULL'

Department ofChemistry, The Barnett Institute (34l MU), Northeastern University. 360 Huntington Avenue,
Boston, MA 02115 (U.S.A.)

SUMMARY

Post-column, on-line photolytic derivatization in liquid chromatography with
electrochemical detection for some inorganic anions is described. Flow injection
analysis and ion-pair reversed-phase chromatography followed by photolysis and
electrochemical detection were used for the determinations of anions. Several
operation conditions, such as mobile phase, lamp used for the photolysis, flow-rate,
and applied potential, have been optimized for the determinations. Analytical figures
of merit were determined. Method validation was carried out by the analysis of single
blind, spiked samples. Inherent from the advantages of electrochemical detection in
liquid chromatography, the method is of high sensitivity and selectivity for anion
analysis.

INTRODUCTION

The powerful separation ability of high-performance liquid chromatography
(HPLC) has been widely employed for the analysis of organic and biochemical
mixtures. The availability of many chromatographic methods, based on the different
models of separation, provides very sensitive and selective determination of many
organic and biochemical species. The analysis of inorganic ions by HPLC, however,
has not been as well developed. The reasons for this, in brief, may be two: (1) the poor
retention of inorganic ions on the most commonly used reversed- and normal-phase
columns; and (2) the poor detectability of most inorganic ions by the most commonly
used ultraviolet (UV) (254 nm) and fluorescence (FL) detectors. Ion-exchange or
ion-suppression chromatography (single or dual column), are the most commonly
used methods for the analysis of ionizable compounds. Newly developed polymeric
resins for ion chromatography column packings can be used within a wide range ofpH
and under high pressure with good reproducibility and high column efficiency. It
provides a means for sensitive and selective determinations of inorganic ions. Another
chromatographic method for ionizable compound separation is ion-pair chromato
graphy", Operated in the normal or reversed-phase modes, it also provides an efficient
technique for the analysis of many ionogenic substances. With suitable detection

0021-9673(90($03.50 © 1990 Elsevier Science Publishers B.V.
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methods, ion-pair chromatography can be used easily for inorganic anion analysis. At
present, the detection techniques available for inorganic anion analysis using ion-pair
HPLC need to be improved.

Post-column, on-line, continuous photochemical irradiation has been shown to
be an excellent derivatization approach for improved detection of many classes of
organics by liquid chromatography-electrochemical detection (LC-ED)Z-s. More
recently, we have shown that a photoreduction process can occur in an aqueous
methanol mobile phase, whereby nitrate can be efficiently converted into nitrite". The
nitrite was then detected at a variety of oxidative working potentials using thin layer
amperometry with glassy carbon (GC) electrodes (dual parallel) to detect the original
nitrate injected. Ion-pair chromatography was used together with photolytic-ED
(hv-ED) in order to first separate nitrate from nitrite. It was clear that HPLCjflow
injection analysis (FJA)-hv-ED could be immediately applicable to various inorganic,
oxidized species, wherein these did not possess inherent oxidative ED properties.

This paper shows that it is possible to develop optimized HPLC and FIA-hv-ED
analytical procedures to photoreduce and then sensitively detect inorganic anions
under mild oxidative potentials with a GC electrode. It is likely that many other related
inorganic species will prove suitable analytes for this basic analytical protocol. We
describe in this paper the basic approach, instrumentation, optimized operational
conditions, analytical figures of merit, and typical chromatograms using dual
electrode detection. Qualitative and quantitative results will be presented for single
blind, spiked sample determinations using ion-pair HPLC-hv-ED methods.

EXPERIMENTAL

Apparatus
The design of LC-hv-ED instrumentation has been described in detail".

Basically, the instrumentation consisted ofan HPLC system, an irradiation apparatus,
and an amperometric electrochemical detector. The HPLC system was composed of
a Model 590 solvent delivery system (Waters, Milford, MA, U.S.A.), a LiChroma
Damp IIIpulse dampener (Handy and Harmon Tube Co., Norristown, PA, U.S.A.),
a Rheodyne Model 7010 injector with a 20- or 50-,u1 sample loop (Rheodyne, Cotati,
CA, U.S.A.), and a JO-,um LiChrospher CIS reversed-phase column (E. Merck,
Darmstadt, F.R.G.). Mobile phase conditions will be given in the Discussion section.
All mobile phases were filtered and degassed using a 0.45-,um solvent filtration kit
(Millipore, Milford, MA, U.S.A.). Electrochemical detection was performed using
dual amperornetric controllers (Model LC-4B), a dual glassy carbon working electrode
cell half operated at potentials of + 1.15 V (all potentials were vs. AgjAgCl reference
electrode) and + 1.00 V (dichromate and chromate ions, see figure captions for other
anions) in parallel, a stainless-steel auxiliary electrode cell half, and a AgjAgCl
reference electrode (RE-l B), all obtained from Bioanalytical Systems (West Lafayette,
IN, U.S.A.). The photolysis apparatus included a Photronix Model 816 UV batch
irradiator (Photronix, Medway, MA, U.S.A.) with a quartz tube coil of 1.8 ml in
volume. A zinc lamp (main irradiation line at 214 nm) and accompanying power
supply obtained from BHK (Monrovia, CA, U.S.A.) were used as the UV light source
for the irradiation of the samples. Also a photolytic reactor consisted ofa knitted open
tubular (KOT) reactor coil, constructed from 0.5 mm J.D. PTFE tubing (Rainin
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Instruments, Woburn, MA, U.S.A.) and wound about a low pressure, mercury arc
discharge lamp, was used for the photolysis of the analytes. The irradiation apparatus
was maintained at O-soC using an ice-water bath. Upchurch fingertight fittings
(Alltech Associates, Deerfield, IL, U.S.A.) were used to connect the column,
irradiation unit, and electrochemical detector. The data were collected on an
OmniScribe dual pen, strip chart recorder (Houston Instrument Co., Houston, TX,
U.S.A.).

Chemicals, reagents and solvents
Inorganic standards were obtained in the highest available purity as follows:

potassium dichromate, sodium thiocyanate and sodium perchlorate from Aldrich
(Milwaukee, WI, U.S.A.), sodium chromate from J. T. Baker (Phillipsburg, NJ,
U.S.A.), and potassium periodate from Fisher Scientific (Fairlawn, NJ, U.S.A.).
Reagent grade sodium hydrogenphosphates (monobasic and dibasic) and sodium
chloride were also obtained from Fisher Scientific. Ion-pair reagents, tetrabutyl
ammonium hydrogensulfate (TBAHS) and tetraethylammonium hydrogensulfate
(TEAHS), were bought from Fluka (Ronkonkoma, NY, U.S.A.), and tetrabutyl
ammonium phosphate (TBAP) (IPC A) from Alltech Assoc. Methanol, the organic
solvent used for preparing the mobile phase, was obtained from EM Science (Cherry
Hill, NJ, U.S.A.) as their Omnisolv grade. Deionized water was prepared in our
laboratory using a Barnstead water purification system (Sybron, Boston, MA,
U.S.A.).

Procedures
Flow injection analysis (FlAj-photolysis (hv)-ED was carried out for the

analytes before ion-pair HPLC-hv-ED was performed. Hydrodynamic voltammetry
(HDV) was carried out using the FIA-hv-ED method. It was not necessary for this
study to be carried out with an HPLC column on-line. The potential range forHDV
studies was from +0.1 to + 1.2 V. The hydrodynamic voltammograms were obtained
in the conventional manner, by plotting ED response vs. applied potentiaL

The optimization of residence time of analytes in the photolytic reactor was
performed by measuring the change in ED response with the change of flow-rate. The
flow-rates used for this study were from 0.4 to 2.0 ml/min. The plot of peak height vs.
flow-rate gave the optimal flow-rate condition for subsequent determinations.

The optimization of ion-pair HPLC-'hv-ED detection involved the choice of
proper mobile phase, including the ion-pair reagent, the electrolyte, pH and
composition of the organic solvent in the mobile phase. Several mobile phases were
tested for optimization of the mobile phase conditions. Details will be discussed below
(Results and Discussion). Studies of linearity, reproducibility of the determinations,
and determinations of spiked samples, were carried out under optimal mobile phase
and flow-rate conditions using different concentrations of samples, all dissolved in the
mobile phase. Calibration plots used for all quantitative determinations were obtained
conventionally, by plotting peak height vs. concentration of samples.
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Determination for dichromate and chromate ions
Both dichromate and chromate ions are oxidized species which have no inherent

oxidative ED properties. Direct ED after HPLC for these anions is difficult. However,
it is known by photochemists that both anions have a photoreduction ability"?"!".
Although there is still some disagreement on the final photoreduction products, the
photoderivatization ofanions can be taken advantage offor the sensitive and selective
detection of these anions combined with ion-pair reversed-phase chromatography. ln
Fig. 1, chromatograms are shown for dichromate ion, under both lamp on and lamp
off conditions. When the lamp was off, there was no irradiation of the analyte, and the
anion showed no ED response. However, it did show a sensitive ED response when the
lamp was on. The same results were obtained for chromate ion. Since very little
difference exists between the structures of dichromate and chromate ion, and in
solution, both structures can be converted into hydrochromate ion, HCrOi (refs. 15

+1.15 v

4 8 12 16 20

(min

(a)

4 8 12 16 120
(min ) \

(b)

Fig. I. Ion-pair RPLC-hv-ED chromatograms of20 ppm dichromate ion (potassium salt). (a) Lamp off; (b)
lamp on. CIS reversed-phase column, 250 mm x 4.0 mm I.D., mobile phase, methanol-Na-Hl'O; and
NaH 2P04 (0.0070 and 0.0072 M) (30:70) (pH 6.8) with 0.0030 MTBAHS, flow-rate, 0.8 rnl/rnin, injection
volume, 50/11. ED at + 1.15 V, glassy carbon working electrode, Ag/AgCl reference electrode.
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and 16), they were never separated chromatographically. There are apparently no
literature reports of the HPLC separation of dichromate and chromate ions, under any
conditions!", perhaps due to the fast equilibria in solution. Thus, a quantitative
determination of either species actually represented a combination of the mixtures, at
least at a pH of 6.8. We have compared different pH conditions in FIA-hv-EO, and
sensitivity of detection did not change greatly from pH 3.0 to 7.5, a range determined
by the silica based RP column. This also indicated that FIA/HPLC-hv-EO methods
for the detection of dichromate and chromate were actually the detection of total
amounts of Cr6 + in solution.

Characterization ofphotolysis-Eli for dichromate and chromate ions
Initially, as part of the optimization for both anion's detection, hydrodynamic

voltammetry (HOV) and the peak height change vs. flow-rate were performed using
FIA-hv-EO. In Fig. 2, the HOV for potassium dichromate is shown. EO did not have
a good response (lamp on) until the applied potential reached +0.6 V. A good linear
relationship existed between EO response and applied potential between +0.6 and
+ 1.15 V, suggesting that diffusion controlled EO was taking place. There were
diffusion limited responses at Ea pp ~ + 1.20 V (E 1/ 2 = +0.91 V). The optimal
potential for detection should be above + 1.20V. Considering the maximum possible
potential of a GC working electrode (+ 1.25 V), working potentials for the
determination of dichromate and chromate ions were chosen to be + 1.15 V vs.
Ag/AgCI. In Fig. 3, the plot of FIA-hv-EO responses vs. flow-rate for chromate is
shown. Two factors can affect the final response under FIA/HPLC-hv-EO conditions
when the flow-rate is changed. One is flow-rate itself, and another is residence time of
the analyte in the irradiation tubing (photolytic reactor). According to the hydro
dynamic equations for laminar flow, an amperometric response is dependent on the
cube root of the linear velocity of a flowing solution (without irradiation)!", i.e., the
EO amperometric response should increase with the increase of flow-rate. However, as
shown in Fig. 3, the lower flow-rates (longer residence times) gave much better
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Fig. 2. Hydrodynamic voltammogram of irradiated dichromate ion (potassium salt) obtained using on-line
photolysis with FIA-hv-ED. Mobile phase as in Fig. I; flow-rate, 1.0 ml/min, injection volume, 50,ul. ED:
glassy carbon working electrode, Ag/ AgCI reference electrode.
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Fig. 3. Flow-rate optimization for the determination of chromate ion (sodium salt). CIS reversed-phase
column, 250 mm x 4.0 mm 1.0.; mobile phase as in Fig. I; injection volume, 50 Jil. ED, glassy carbon
working electrode at + 1.15 V, Ag/AgCI reference electrode.

responses. This simply indicated that the residence time of the anions in the irradiator
played a more important role than flow-rate itself. However, at very low flow-rates
«0.7 mljmin), the peak broadening problem became more serious. From a practical
point of view, a flow-rate of 0.7-1.0 mljmin was chosen.

Optimization of ion-pair HPLC-hv-ED
On-line, post-column photolysis-ED combined with ion-pair reversed-phase

liquid chromatography for dichromate and chromate ions was initiated by using
methanol-I MNaCI (2:98, vjv) solution with TBAP ion-pair reagent (5 mM) as mobile
phase. Later tetrabutylammonium hydrogensulfate (TBAHS) (5 mM) was used with
the same methanol-NaCI solution instead of TBAP as ion-pair reagent. Finally,
a NazHP04-NaHzP04 buffer solution was used instead of NaCI as the electrolyte.
The reason for changing the mobile phase was to reduce the background current so as
to improve the sensitivity of detection. Commercial TBAP ion-pair reagent was found
to have a large background current when used with hv-ED. Also, chloride ion
contributed to the background current, especially at potentials> + 1.10 V.

However, by using NazHP04-NaHzP04 buffer (0.0070 and 0.0072 M) as the
electrolyte and TBAHS (0.0030 M) as the ion-pair reagent, the background current
was lowered to a few nA. Several mobile phases with different compositions of
methanol-NazHP04 and NaHzP04 buffer (10:90, 20:80, 30:70, vjv), all used with
ion-pair reagent, were checked for the optimization of mobile phase conditions.
Although mobile phases with 10 and 20% methanol gave longer retention times, the
hv-ED response was significantly increased with a mobile phase containing 30%
methanol. It seemed that methanol could help the photoreduction of dichromate or
chromate ions or stabilize the photolytic products that were electrochemically active 1z.

Finally, the optimal mobile phase for both ion-pair reversed-phase chromatographic
retention and hv-ED was found to be methanol-Na-Hl'O, and NaHzP04 buffer
(0.0070 and 0.0072 M) (30:70, vjv) (pH 6.8) with 0.0030 M TBAHS ion-pair reagent.
All the following experiments were carried out using this optimal mobile phase.
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Both the zinc lamp (with quartz coil) and mercury lamp [with a PTFE knitted
open tubular (KOT) reactor] were used as light sources for the study of their effect on
the photolytic responses. With the zinc lamp, maximum emission line at 214 nm, and
a quartz coil used as the light source, under optimal mobile phase conditions, detection
limits were in the sub-ppm range. However, signifiant band broadening resulted from
the quartz coil (the zinc lamp can only be used with a quartz coil) and prevented any
improvement of detection limits. However, there was no hv-ED response when the
mercury lamp was used (with KOT). The energy of the main emission line of Hg (254
nm) was probably not high enough for dichromate ion to be photoreduced.
Dichromate ion absorbs UV three times more strongly at 214 than at 254 nm, thus
there is absorption at 254 nm, but the lower absorption and decreased intensity of
irradiation may not be enough to promote photoreduction.

The linearity of the determinations for both dichromate and chromate ions are
shown in Table I. A good linearity was observed within the working concentration
range (2-100 ppm extended to detection limit, 0.5 ppm). The ,2 term was 0.9993 for
dichromate and 0.9997 for chromate ion. The fact that relative standard deviations
(R.SD.s) (n = 3) for all data points were within 4% suggested that run-to-run
reproducibility was excellent (dichromate standard as analyte). There is no compari
son of slopes between dichromate and chromate ions due to the difference of absolute
amount of total Cr6 + of the same concentrations ofdichromate and chromate ions (in
ppm) as well as the poor day-to-day reproducibility of the electrode surface.

In Table II, the mean, standard deviation (S.D.) and R.S.D. of three
determinations are given for four single blind, spiked dichromate samples. Determina
tions were carried out by using a calibration curve. All determinations were performed
in the same day as the calibration curve data were obtained. A comparison is made of
the determined concentrations of dichromate samples with the actual spiked levels.
The relative errors were within 5%.

Table III shows the three determinations, mean, S.D., and R.S.D. for four
spiked chromate samples. The determinations shown were performed in 3 days with
one determination per day. Each determination used a calibration curve obtained on

TABLE I

LINEARITY STUDY OF THE DETERMINAnONS

Y = AX + B. Y was the ED response and X was the concentration of the analyte in ppm. See Table V for
linear response ranges. Chromatographic conditions: see Table II, Fig. 5 and text.

Analyte Potential J" Potential 1L~'

A B ,2 A B ,2

Dichromate 0.993 3.339 0.9993 0.369 3.643 0.9971
Chromate 0.651 -0.241 0.9997 0.220 0.197 0.9995
Perchlorate 0.906 -1.025 0.9994 0.459 -2.211 0.9947
Thiocyanate 11.586 47.01 0.9973 1.833 12.109 0.9965

a Potential Ifor dichromate was + 1.l5 V, chromate + 1.l5 V, perchlorate + I.l0 V, and thiocyanate
+1.05 V.

b Potential II for dichromate was + 1.00 V, chromate + 1.00 V, perchlorate +0.90 V, and thiocyanate
+0.90 V.
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TABLE II

SUMMARY OF THE DETERMINATION OF CONCENTRATIONS OF SPIKED DICHROMATE
SAMPLES·

Chromatographic conditions, C I 8 reversed-phase column, 250 mm x 4.0 mm 1.0.; mobile phase,
methanol-Na-Hl-O, and NaH 2P04 (0.0070 and 0.0072 M) (30:70) with 0.003 M TBAHS; flow-rate, 0.8
ml/min; injection volume, 50 Ill. ED, dual glassy carbon working electrode at + 1.15 V and + 1.00 V;
Ag/AgCI reference electrode.

that day. Although these determinations were performed on different days, the
R.S.D.s for these three determinations (four spiked samples) were less than 6%, and
the relative errors between determined concentrations and actual spiked levels were
within 4%. However, good agreement of the three different day's results did not mean
good day-to-day reproducibility. Each determination used its own calibration curve,
which was different from day-to-day. In fact, good agreement between different day's
determinations was a direct result of good run-to-run reproducibility. The error was
very small if both spiked sample determinations and calibration curve were obtained
within a day. This is not surprising if we consider the fact, in general, of short term
reproducibility for all ED, especially in flowing solutions.

In Table IV, the dual electrode response ratios are listed for both anions
(obtained separately) with the S.D. and R.S.D. of measurements. The dual electrode
response ratios for different sample concentrations were obtained by monitoring the
samples at two different potentials (+ 1.15 V!+ 1.00 V) and taking the ratio of these

TABLE III

SUMMARY OF THE DETERMINATION OF CONCENTRATIONS OF SPIKED CHROMATE
SAMPLES

At a potential of + 1.15 V. Chromatographic conditions and ED as in Table II.
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responses (peak heights). In general, there is good reproducibility of response ratios at
all concentration levels. However, the response ratios changed slightly with the
concentration change for both anions and also the response ratios for dichromate and
chromate were a little different. The reason may again be the short term reproducibility
of the electrode surface (these data were obtained on different days). In fact, we
measured some of these response ratios again (only at some concentrations) on the
same day, and found the same number for these ratios. This indicated that the dual
electrode response ratio did not change with the concentration, and that they were the
same for both dichromate and chromate ions, if the data were obtained on the same
day.

Ion-pair HP LC-hv-ED for thiocyanate, perchlorate, and periodate ions
Besides dichromate and chromate ions, a number of inorganic anions have been

evaluated for ED activity, with and without photolysis!". The results indicated that
other anions, including perchlorate, periodate and thiocyanate, had oxidative
responses photolytically induced, although they showed no ED responses under
normal conditions (no irradiation). These anions were also evaluated for their
detection using ion-pair HPLC-hv-ED. Perchlorate and periodate ions had no
inherent ED responses because of their high oxidation states, but both were ED active
after proper irradiation. In Fig. 4, the ED responses of periodate are shown with
irradiation (lamp on) and without irradiation (lamp oft). Thiocyanate ion had an ED
signal with both lamp on and lamp off at higher applied potentials, i.e., > + 1.00 V.
However, improved detection sensitivity was obtained for this anion after irradiation.
We have discussed other instances where organic compoundshaving native oxidative
ED properties showed improved detection sensitivity following irradiation".

FIA was used to optimize the applied potential and residence time of each
analyte in the photoreactor. As shown in Fig. 5, the HDV of perchlorate ion indicated
that a higher applied potential could give higher responses. However, the GC working
electrode could only tolerate potentials less than + 1.25 V. Meanwhile, the back-

TABLE IV

SUMMARY OF DUAL ELECTRODE RESPONSE RATIOS, it/i2

Chromatographic conditions and ED as in Table II.

Concentration Dichromate ion" Chromate ion"
(ppm)

idi2' R.S.D. (%) it/i2' R.S.D. (%)

0.5 2.00 ± 0.20 10.0
1.0 2.20 ± 0.26 11.6
5.0 1.87 ±0.05 2.8 2.64 ± 0.06 2.2

10.0 1.96 ± 0.09 4.5
25.0 2.11 ± 0.04 2.0 2.60 ± 0.06 2.5
50.0 2.33 ± 0.01 0.3 2.78 ± 0.01 0.2

100.0 2.56 ± 0.03 1.0 2.96 ± 0.02 0.6

a As potassium dichromate.
b As sodium chromate.
c it was the ED response at potential of + 1.15V, and i2 was the ED response at potential of + 1.00V.
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Fig. 4. Ion-pair RPLC~hv-EDchromatograms of period ate ion (potassium salt). (a) Lamp off, 40 ppm; (b)
lamp on, 10 ppm. C , 8 reversed-phase column, 250 mm x 4.0 mm I.D.; mobile phase, methanol-Na jHl'O,
and NaH 2P04 (0.0140 and 0.0144 M) (10:90) (pH 6.7) with 0.0060 M TBAHS; flow-rate, 0.8 mljmin;
injection volume, 20 pl. ED at + 1.00 V, glassy carbon working electrode, AgjAgCI reference electrode.

ground currents at potentials higher than + 1.15 V became too large. The final applied
potential was selected as + 1.10 V for perchlorate detection. For thiocyanate ion, the
HDV was also obtained, and the final applied potential was selected as + 1.05 V.

Flow-rate optimization was also carried out by FIA for these anions. The lower
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Fig. 5. Hydrodynamic voltammogram of irradiated perchlorate ion (sodium salt) obtained using on-line
photolysis with FlA~hv-ED. Mobile phase, methanol-NajHl'O; and NaH2P04 (0.0070 and 0.0072 M)
(20:80) (pH 6.8) with 0.0050 M TBAHS; flow-rate, 0.8 mljmin; injection volume, 20 pl. ED, glassy carbon
working electrode, Agj AgCl reference electrode.
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the flow-rates, the larger the responses. As in the case of chromate/dichromate ions,
too low flow-rates gave greatly broadened peaks. The optimal flow-rates were
determined to be 0.7 and 0.8 ml/rnin for thiocyanate ion and perchlorate ion,
respectively.

Both thiocyanate and perchlorate ions were well retained on the ion-pair
RP-HPLC column with TBAHS. However, when tetraethylammonium hydrogen
sulfate (TEAHS) was used, both ions showed no retention even when the concentra
tion of methanol in the mobile phase was as low as 2%. This was understood because
of the shorter carbon chain of TEAHS. After trying several mobile phases (different
methanol concentrations), the final mobile phase compositions for both ions were
methanol-phosphate buffer (20:80) (thiocyanate) and methanol-phosphate buffer
(18:82) (perch lora te). The separation of anions under study by ion-pair reversed-phase
chromatography followed by photolysis-ED was carried out and the chromatograms
obtained under both lamp on and lamp off are shown in Fig. 6. The mixture of
periodate, perchlorate and thiocyanate could be well separated within 15min. The ED

1n A

1. periodate

2. perchlorate

3. thiocyanate

1. thiocyanate

2

..
4 8 12 16 20

(min )
4 8 12 16 20

(min )

Fig. 6. Ion-pair RPLC~hv-EDchromatograms of anions. (a) Lamp on; (b) lamp off. Sample concentration:
10 ppm periodate, 25 ppm perchlorate, I ppm thiocyanate. CIS reversed-phase column, 100 mm x 4.0 mm
J.D.; mobile phase, methanol-NayHl'Oj and NaH2P04 (0.0140 and 0.0144 M) (15:85) (pH 6.7) with 0.001
MTBAHS; flow-rate, 0.8 ml/min: injection volume, 20 Ill. ED at +1.10 V, glassy carbon working electrode,
Ag/AgCI reference electrode.
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TABLE V

SUMMARY OF LINEARITY RANGES AND LIMITS OF DETECTION FOR INORGANIC
ANIONS USING ION-PAIR RPLC-hv-ED

See Table II, Fig. 5 and text for chromatographic and ED conditions.

Anion

Dichromate
Chromate
Perchlorate
Thiocyanate

Limit of detection"
(ppb)

300
500
300

70

Linearity range"
(ppm)

100
100
200
200

a Obtained experimentally at signal-to-noise (SIN) equal to 3.
b Listed are only the maximum concentrations which were within the linear response ranges.

response differences between lamp on and lamp off offered another potential of
selectivity in addition to the selectivity provided by the selection of working potential
applied. For example, if another anion with inherent oxidative ED properties has the
same retention time as perchlorate, the quantitative determination of this anion is
possible under lamp off conditions, because there is no ED response for perchlorate.
The peak obtained under lamp on conditions (containing two components) can be
used to determine quantitatively the concentration of perchlorate (subtracting the
peak area or peak height contributed from the first anion from the total peak area or
peak height).

The linear response ranges for perchlorate and thiocyanate ions were measured,
Table V, from the detection limits to 200 ppm. Thedata for the linearity study for these
ions were given in Table I. The linear equation fitting the responses vs. concentrations
gave ,2 values of 0.9973 and 0.9994 for thiocyanate and perchlorate. Detection limits
(Table V) were 70 and 300 ppb (ltg/I), respectively.

Periodate ion was not well retained on -the RP column even with higher
concentrations of ion-pair reagent. However, Fig. 4, periodate was very sensitive to
hv-ED. 40 ppm potassium periodate was injected under lamp off conditions and
nothing could be detected. On the other hand, 10 ppm of the same sample gave an
off-scale response with the lamp on. The detection limit for this anion may also be
several hundred ppb, though it was not physically determined.
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SUMMARY

It was recently found that, during the gel polymerization step, persulphate
could oxidize the alkaline Immobiline species (acryloyl weak bases used for produc
ing immobilized pH gradients, IPG) by forming N-oxides. When focusing proteins in
alkaline pH ranges, free SH groups were oxidized to -S-S- bonds, generating artefac
tual, higher pI bands. The kinetics of this phenomenon were investigated in a model
system consisting in incubating free Cys with a crushed IPG gel auto-buffered at pH
9.0 under aerobic or anaerobic conditions. After appropriate incubation periods, any
excess free SH was blocked with acrylonitrile. After dansylation, Cys and its oxidized
derivatives were separated and quantified by high-performance liquid chromatogra
phy in a C 1 8 column. Under anaerobic conditions, control Cys (incubated in the
absence of IPG gel) showed 30% oxidation after a period of 12 h, whereas Cys
incubated with a pH 9.0 crushed IPG gel was 100% oxidized to cystine. When the
same experiment was repeated under aerobic conditions, the oxidation process was
accelerated by a factor of 3-4. Successful focusing of alkaline proteins can still be
achieved if (a) the IPG gel is washed in 100 mM ascorbic acid, prior to the run, for
elimination ofN-oxides from the matrix, (b) the IPG gel is run anaerobically and (c)
the focusing time is kept to a minimum (e.g., 4 h vs. the standard overnight run).

INTRODUCTION

Recently, when focusing recombinant or urine-purified urokinase [a 50000
dalton glycoprotein consisting of two chains of 20 000 and 30 000 dalton, connected
by a disulphide bridge, containing an unusually high level of Cys residues (a total of
24)], used in human therapy as a fibrinolytic agent, we detected an extreme charge
heterogeneity (at least ten major and ten minor bands in the pH range 7-10)1. This

0021"9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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protein, extensively purified by immunoaffinity and ion-exchange chromatography-,
gave in sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) a
single, size-homogeneous zone and was classified as a therapeutic-grade product,
already distributed by Lepetit (Gerenzano, Italy) for human use as a thrombolytic
agent in acute myocardial infarction. The finding of this extensive heterogeneity was
therefore a cause of great concern. In an extensive investigation 1, we could eliminate
glycosylation, isoelectric focusing (IEF) artefacts [e.g., binding to carrier ampholytes,
(CA)] or carbamylation as potential sources of this polydispersity. Finally, a great
part of this heterogeneity could be traced back to the existence of a multitude of
protein molecules containing Cys residues at different oxidation levels (SH, -S-S-,
possibly even cysteic acid). The cause of these different redox states of Cys in uroki
nase was not apparent, although part of it might be attributed to spontaneous ox
idation by atmospheric oxygen, owing to the relatively high pI of native urokinase
(ca. 9.5-9.8 by conventional IEF).

We subsequently discovered that, to a large extent, this oxidation power was
inherent to the Immobiline matrix because, during the polymerization step, at appro
priate pH values, the persulphate could oxidize, to different extents, all four alkaline
Immobilines (the pK 6.2, 7.0, 8.5 and 9.3 species) used as buffers for focusing in basic
pH regions:'. It was hypothesized that, on exposure to ammonium persulphate, there
would be addition of oxygen to the tertiary amino group of deprotonated alkaline
Immobilines, producing amine oxides (RrN+O-). This reaction is facile and usually
occurs readily at room temperature in water, alcohol or benzene solvents in the
presence of even dilute solutions of organic peracids". Hence the assumption that, on
washing, or electrophoretically pre-running an immobilized pH gradient (IPG) ma
trix, the latter would be devoid of any oxidizing power, as harmful persulphate would
be washed away or be discharged at the anode, proved to be fallacious because these
"oxidizing units" were indeed anchored to the gel matrix in the form of N-oxides
(R 3N+O-). As the redox potential in reactions involving nitrogens is of the order of
+ 0.5 V, whereas that of similar reactions involving sulphur is of the order of - 0.5 V,
it was apparent that the N-oxides anchored to the IPG matrix would act as oxidizing
agents on free SH groups (possibly even on -S-S- bridges) of proteins migrating
through the gel, producing species of higher oxidation level. Hence the alkaline Im
mobiline themselves (oxidized by persulphate during polymerization) would act as
electron acceptors in this redox process. During the IPG run, two reactive Cys resi
dues in a protein would release two protons and two electrons which would be cap
tured by an oxygen atom bound to the tertiary amine, thus reducing the latter and
forming a water molecule. This phenomenon was verified when focusing human
a-globin chains" and its suppression could be achieved by simply reducing the matrix,
e.g., by a washing step in 100 mM ascorbic acid at pH 4.5.

More recently, the same phenomenon could be observed even in conventional
IEF, in presence ofCA buffers"; when polymerizing the gel at low ammonium persul
phate (AP) levels (0.025%), the aox/ared ratio was only 15:85; at the normal AP levels
(0.04%) this ratio was increased to 35:65, whereas at high AP levels (e.g., 0.2%) the
oxidized a-chain was clearly predominant (aox/ared = 80:20). Here also a remedy
could be found by polymerizing an "empty" gel, washing, drying it and reswelling in
the presence of the desired CA interval.

In this work, we have devised an experimental model for studying the kinetics
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of this oxidation process: free Cys is incubated, at pH 9.0, in presence of a crushed
IPG gel and its reaction products are analysed and quantified, after blocking of free
SH groups with acrylonitrile and dansylation, by high-performance liquid chromato
graphy (HPLC) on a CIS column. The process was studied both under anaerobic and
aerobic conditions and guidelines are given for the successful fractionation of alkaline
proteins.

EXPERIMENTAL

Cysteine, cystine, cysteic acid, acrylonitrile and spectrophotometric-grade sol
vents [trifluoroacetic acid (TF A) and acetone] were obtained from Merck (Darm
stadt, F.R.G.) and Ellman's reagent (5,5'-dithiobis-2-nitrobenzoate, DTNB) from
Serva (Heidelberg, F.R.G.). The HPLC apparatus was equipped with a Model 655
A-12 pump, a Model D-2000 integrator, a Model 655A variable-wavelength detector
and a Model L-5000 gradient programmer (all from Merck-Hitachi). Detection of
dansylated compounds was by UV absorption at 254 nm.

Thin-layer chromatography (TLC)
TLC analyses were carried out on silica gel 60F254 plates (Merck), developed

for 10 min with ethanol-2.5% ammonia solution (7:3). The plates were stained either
with iodine vapours or by spraying with ninhydrin and incubating at 90°C for 20 min.

Titration offree SH groups with DTNB
A 10mM solution of DTNB in 300 mM Tris-HCl (pH 8.0) was prepared in the

dark just prior to use. For the assay, 100 III of DTNB and 10 III of sample solutions
are added to 890 III of the above buffer. The absorbance at 410 nm is measured after
10 min against blank tubes. The calibration graph is constructed using standards of
cysteine (0-12 mmol). The molar absorption coefficient of reduced DTNB is taken as
13600, according to Ellman 6

.

Preparation of dansyl derivatives
A stock solution (l00 mg in 2 ml) of dansyl chloride is prepared in spectroscop

ic-grade acetone. Prior to use, it is diluted 1:10 in acetone. Mix 350 III of 0.1 M
hydrogencarbonate buffer (pH 9.5) with 20 III of a 2.5 mM sample solution (Cys and
oxidation products thereof) and with 100 III of freshly diluted stock dansyl chloride.
Incubate at 37°Cfor 60 min; the reaction is stopped by adding 750 III of 25 mM TF A.

Synthesis of Si-cyanoethylcysteine
The S-cyanoethyl Cys standard is prepared according to Friedman et al.' as

follows. A solution of 6.7 g (0.056 mole) of Cys in 15ml of water is titrated to pH S.l
with dilute ammonia. The solution is diluted to 60 ml, transferred into a 100-ml
reaction flask and stirred with nitrogen flushing. A 0.057-mol (3.7-ml) amount of
acrylonitrile is added and the reaction is continued with stirring for 4 h. The solution
is evaporated to dryness under vacuum at 30-33°C and the residue is recrystallized
first from 75% ethanol and then from 80% ethanol. At 5°C, white crystals are formed
(80% yield). The IR spectrum of the product shows a nitrile signal at 2240 em-1. 1H
NMR spectrum (in deuterated TFA): () 4.7 ppm [IH,CH(NH 3)COOH]; 3.53 ppm
(2H. CH 2CN); 3 ppm [4H. (CHhS].
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Incubation of Cys with an IPG granulated matrix
The IPG gel contains IO%T, 8%ca and 10 mM pK 6.2, 10 mM pK 7.0,5 mM

pK 8.5 and 5 mM pK 9.3 Immobilines titrated to a single pH value of 9.0 with the pK
3.6 species. After polymerization" and standard washing procedures", the gel is
crushed through a 100 mesh/in. Z sieve and placed (a total of 5.5 g wet weight of gel) in
a 100-ml reaction flask equipped with a mechanical stirrer and flushed with nitrogen.
A 10 mM Cys solution is prepared in 100 mM borate buffer (pH 9.0), 10 ml of this
solution are added to the flask containing the crushed IPG gel and the reaction is
followed by harvesting and analysing aliquots after 4 and 12 h of incubation. In
parallel, the same stock Cys solution is incubated in another flask in the absence of
IPG matrix and under a nitrogen atmosphere, as above. At the appropriate time
intervals, (a) duplicate aliquots are taken for immediate titration of free SH groups
with Ellman's reagent, and (b) additional aliquots are harvested and acrylonitrile (10
,ul of a O. 15m solution, pH 8.1) is added in order to block unreacted free SH groups
(this will prevent further reaction during the subsequent manipulation steps prior to
HPLC analyses). After completion of reaction the pH is increased to 11.5 by addition
of 6 M sodium hydroxide solution (this solubilizes cystine, which tends to precipitate
at lower pH) and finally the reaction products are dansylated for HPLC analysis.

HPLC analysis
After acrylonitrile and dansyl derivatization, the samples, freed from gel parti

cles, are injected into the column (300 x 4 mm J.D. microparticle reverse-phase
Hypersil CiS from Gynkotek, Miinchen, F.R.G.) of an HPLC apparatus. Gradient
elution (flow-rate 1.0 nil/min) is performed with two solutions, (A) acetonitrile-25
mM sodium trifluoroacetate buffer, pH 7.2 (10:90) and (B) sodium trifluoroacetate
buffer, pH 7.2-acetonitrile (30:70), with the following gradient composition at the
times indicated: 0-4 min, 96% A-4% B; 12min, 70% A-30% B; 16 and 19 min, 30%
A-70% B; 21 min 96% A-4% B. The column and sample temperature was 40'C. For
calculating the percentage oxidation with time, calibration graphs were constructed
with standards (2.5 mmol) of S-cyanoethyldansylcysteine and of dansylcystine in
jected into the HPLC column.

RESULTS

When standards of Cys are incubated in the presence of IPG particles contain
ing all the four alkaline Immobilines, titrated to a constant pH of 9.0 (the approxi
mate pI value ofa-globin chains in an IPG gel) and analysed by TLC, it is clearly seen
that there is substantial conversion to at least the oxidized cystine stage (possibly also
to other oxidation products, as an additional spot is clearly visible at 5 and 10 h just
below the Cys zone; see Fig. lA). After 10 h of incubation, it is seen that no free Cys
remains, most of it being converted to cystine (Cys-) and to the unknown product
below the Cys band. Conversely, when the same experiment is repeated in the pres
ence oflPG particles which had been reduced in 100 mM ascorbate (pH 4.5), prior to
the incubation, it is seen (Fig. 1B) that substantial amounts of Cys remain even after
10 h of incubation (in both instances the experiments were performed in atmospheric

a C = g Bis/%T; T = (g acrylamide + g Bis)/IOO ml solution.
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(B)

Fig . 1. Kin etics of Cys oxidation in the presence of IPG particle s as monitored by TL C. 10 mM Cys
solutions were incubated with (A) unr educed and (B) reduced IPG gel particles (pH 9.0) under aerobi c
conditions for 0,5 or 10 h (To' T s and TI D' respectively). Ct. = Contro l incubations, in the absence ofIPG
particles; CYS2 = standard of cystine. The vertical arrow indicates the direction of migration . The TL C
plate was developed with a ninh ydrin spray.

oxygen). However, it was found to be impossible to obtain reliable kinetic data by
spot integration and densitometry. This system was therefore abandoned in favour of
HPLC fractionation and analysis .

In HPLC, although analysis ofCys has already been reported!" , we still found
the system to suffer from many practical problems. First, the reproducibility was very
poor, and this was related to the time lag between the end of the reaction (incubation
in the presence or absence of IPG particles) and the injection time. During the dansy
lation step , in fact , additional oxidation by atmospheric oxygen could take place. This
problem was solved by reacting, at the end of the incubation period and prior to
HPLC analysis , the excess free SH group with acrylonitrile, thus producing a stable
S-cyanoethyl-Cys. In addition, it was found that the peaks of cystine were highly
irreproducibile, and often absent, even though we could follow the disappearance of
the Cys peak in the chromatogram and the decrement of free SH groups by the
Ellman reaction. This loss of cystine was traced back to its insolubility at the pH
preavailing during the incubation step with IPG particles (pH 9.0). Hence the system
had to be extracted at pH 11.5. When all these precautions were taken, highly repro
ducible results could be obtained.

The HPLC gradient utilized was selected for its ability to separate the most
common conversion products of Cys, i.e., cystine and the fully oxidized cysteic acid,
as we suspected that the terminal product of oxidation in presence of an IPG gel
could be this latter compound. Fig. 2 shows than the HPLC method adopted can
indeed separate Cys, Cys, and cysteic acid, in addition to the blocked derivative,
S-cyanoethyl-Cys. Fig. 3A demonstrates the oxidation progress of Cys to - S-S
bonds in a control incubation during a l2-h period in the absence of IPG particles
and under anaerobic conditions. It is seen that, even in this controlled environment,
auto-oxidation (presumably due to traces of oxygen still present) takes place up to a
level of 29% at the end of the l2-h period. However, when the same experiment is
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Fig. 2. HPLC fractionation of Cys derivatives. The gradient utilized (see Experimenta l) allows the sep
ara tion of cysteic acid, cysteine, cystine and S-cyanoethylcysteine [the two other major peaks are acetone
and excess dansyl (DNS)I.

repeated in the presence of the pH 9.0 IPG particles (cont aining all four alkaline
Immobiline species; Fig . 3B), at the end of this 12-h period 100% oxidati on has taken
place and the Cys peak has completely disappeared (in agreement with Fig. IA).

When the two experiments are repeated und er aerobic conditions, the con
version rate is accelerated by a factor of 3-4. As seen in Fig . 4A, in the control 30%
oxidation has already taken place in only 4 h, whereas in the presence of IPG particles
100% oxidation has already occurred in the same time period (Fig . 4B; cf., only 18%
und er anaerobic conditions, Fig. 3B). The kinetics of both phenomena are summa
rized in Fig. 5. The left-h and side shows the oxidation kinetic s (under aerobic and
anaerobic conditions ) of control incubates and in presenc e of unreduced IPG parti-
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Fig. 3. Kinetics ofCys oxidation as followed by HPLC analysis. (A) Control incubations in the absence of
IPG particles at 0,4 and 12h (To, T4 and T12' respectively); (B) incubations in the presence of unreduced
IPG gel particles titrated to pH 9.0 at the same time intervals. In all instances the incubations were done
under a nitrogen atmosphere. Cys = Cysteine; CYS2 = cystine. Note that, in the presence of the IPG
matrix, an unknown oxidation peak with a retention time of 14.11-14.47 min appears, the chemical nature
of which is unknown.
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Fig. 4. Kinetics of Cys oxidation as followed by HPLC analysis. (A) Control incubations in the absence of
IPG particles at 0, 4 and 12h (To' T4 and T 1 2 , respectively); (B) incubations in the presence of unreduced
IPG gel particles titrated to pH 9.0 at the same time intervals. In all instances the incubations were done
under aerobic conditions. Cys = Cysteine; CYS2 = cystine. Note that, in presence of the IPG matrix, an
unknown oxidation peak with a retention time of 14.11-14.47 minappears, the chemical nature of which is
unknown. Note also the much accellerated oxidation kinetics in presence of atmospheric oxygen.
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Fig. 5. Kinetics of Cys oxidation as followed by HPLC analysis. The data are presented as percentage
cysteine oxidation as measured by peak integration in the HPLC traces in Figs. 3 and 4. The values
reported refer to both aerobic and anaerobic conditions. Left, unreduced IPG particles; right, reduced IPG
matrix. 0 = Control, anaerobic; ... = lPG, anaerobic; 0 = control, aerobic; • = lPG, aerobic.

des. On the right, the same values are reported but in the presence of a reduced IPG
matrix (i.e., treated with 100mM ascorbate, pH 4.5). It is seen that, under anaerobic
and reducing conditions, oxidation of Cys is greatly reduced. Fig. 6 gives the same
data obtained by monitoring in parallel the incubates with the DTNB reaction (Ell
man's reagent); even though, in this last instance, only. the disappearance of free SH
groups could be quantified, the two sots of data (HPLC fractionation and direct
chemical analysis) agree fairly well.

CYS OXIDATION IN 02 (DTNB)

1284
0+-~-...Jl;::;~==="T"'==="4'

o
Time (hours)

Fig. 6. Kinetics ofCys oxidation as followed with Ellman's reagent. A 6 mM Cys solution was incubated at
pH 9.0 either as such C., control) or in the presence of C.) unreduced or C6) reduced IPG particles. All
data points refer to aerobic conditions. The disappearance of free SH groups is followed by the DTNB
reaction.

DISCUSSION

A vast literature exists on the oxidation of thiols in aliphatic and aromatic
compounds (for a review, see Capozzi and Modena11). Whereas in protein chemistry
courses, we are used to dealing with only three oxidation states (free thiols, disul
phides and, in extreme cases, cysteic acid), in reality thiols are oxidized by a variety of
reagents to a whole series of higher oxidation products, depending on the specific
reaction conditions (see Fig. 7). There are therefore two main oxidation chains, with a
number of interconversions, which could occur via the hydrolytic products shown on
the right-hand side of Fig. 7. In principle, all these intermediate reaction products
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Fig. 7. Scheme of possible oxidation pathways ofCys. Note that several sulphone intermediate products of
Cys, exist as stable compounds, in addition to the well known CYS2 and cysteic acid terminal products.
(From ref. II.)

could exist in a thiol compound, except for the very labile sulphenic acid (shown in
brackets), the isolation of which is virtually impossible. Perhaps the most popular
oxidation pathway for thiols is via molecular oxygen. The ease of oxidation of thiols
on exposure to air is well known, as is the sensitivity of this reaction to catalysts, such
as metal ions, UV light and other initiators of radical reactions 1 2. It is also reported
that auto-oxidation of thiols is accelerated by bases. Of great concern to protein
chemists dealing with electrophoresis in polyacrylamide gels is the chemical oxidation
of thiols by peroxidic compounds. The oxidation of thiols by hydrogen peroxide,
alkyl hydroperoxides and peroxy acids is a well known reaction 13: the initially formed
product is the corresponding disulphide in most instances, which can easily be further
oxidized by excess of oxidant. As polyacrylamide gels are routinely prepared by
radical reactions in the presence of persulphate ions, it is in general recommended to
deplete this strong oxidant electrophoretically by discharging it at the anode during a
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short prerun. With this precaution, electrophoresis of native proteins has always been
considered to be a safe procedure, as no residual oxidizing activity is left in the gel
matrix after passage of the persulphate boundary ti.e., the pendant amido groups are
not oxidized by persulphate).

With our recent findings, it became clear that in IPG gels, all the alkaline
Immobilines (except for the quaternary titrant, QAE-arylamide) can be oxidized, at
appropriate pH, to Nsoxides' of the type R 3N+-0-, and that in CA-IEF gels, the
carrier ampholyte buffers are oxidized forming primary to tertiary amine oxides".
Hence in an IEF experiment, the idea of prerunning the gel to discharge harmful
per sulphate has proved to be fallacious, as neither the CA buffers nor the Immobi
lines can leave the gel. The former will migrate at different velocities to their pI
position until a steady state is reached; the latter are anchored to the gel matrix and
therefore can only oscillate about their bond in a strong electric field. We have con
tended that these N-oxides could act as "oxidizing units" on thiol groups of proteins
according to the following scheme:

where Pr-SH represents a protein macroion with a reactive thiol and RrN+-0- is
an oxidized alkaline Immobiline (see Chiari et al.14

, 15 for their formulae and proper
ties) or an oxidized carrier ampholyte buffer (see Righetti 16 for an extensive review on
these chemicals), In fact, we have proved that in an IPG run, human a-globin chains
(pI ~ 9.2) were at least 50% oxidized in an overnight run, whereas if the IPG matrix
were reduced in ascorbic acid prior to the run, full protection of globin chains would
ensue". The same was true in a CA-IEF gel: depending on the initial1evel of persul
phate used, as much as 80% oxidation of a-chains could be elicited in only 4 h".

As we are dealing here with IPG gels, can in reality our presumptive R 3N+-0
species oxidize thiols? In addition to the data presented here, there is ample evidence
in the literature for such a mechanism. Thus, it is known that nitroso and nitro
compounds can indeed oxidize thiols. In basic media, thiols are oxidized to disul
phides by nitrobenzene or nitrosobenzene!", which are in turn reduced mainly to
azoxy- and azobenzene. Among the oxidizing species reported, 4-nitropyridine N
oxide (a weakly basic compound which could mimic grafted Immobilines) seems to be
among the most reactive species18.

Another aspect we should consider is the kinetics of the phenomenon: when
incubated in the presence of oxidized IPG particles under aerobic conditions, full
oxidation of Cys to cystine is seen to occur in 4 h. There are examples in the literature
of even faster reactions. Thus, 2-propene-l-thiol is 90% oxidized by diethyl azodi
carboxylate at room temperature in only 30 min 19; 2-mercaptobenzothiazo1e is con
verted into the disulphide by the same reagent with 95% yield in 30 min at the
refluxing temperature of benzene. We should, however, distinguish between oxida
tion kinetics under anaerobic or aerobic conditions. In the former instance, the kinet
ics are slowed by a factor of ca. 3 (full oxidation in 12 h anaerobically vs. 4 aero
bically). Hence the presence of both oxidized IPG particles and atmospheric oxygen
has a synergistic effect on the reaction. We also emphasize that in proteins Cys ox
idation does not necessarily occur at the rate we have demonstrated here for free Cys.
In fact (see Fig. 10 in ref. 3), under anaerobic conditions and with a reduced IPG
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matrix, oxidation of Cys in «-globiu chains is fully inhibited in an overnight run.
Probably the protein moiety shields the Cys group and thus considerably slows the
oxidation process.

Can a higher oxidation level be obtained in the presence of oxidized IPGs or
CAs? At present we have only been able to see the conversion SH to -S-S-, whereas
Jacobs" has reported oxidation to cysteic acid. Although in our HPLC system we
cannot see any cysteic acid (which is well separated by our system; see Fig. 2), we
cannot exclude the presence of other oxidation intermediates, as the TLC plate (see
Fig. I) gave a clear hint of two oxidized spots. Jacobs''? reported oxidation of cysteine
to cysteic acid in alkaline proteins, such as ribonuclease, after CA-IEF. As his data
were based on total hydrolysis of ribonuclease isoforms, followed by chromatogra
phy with an amino acid autoanalyser, traces of CAs present in the protein during
hydrolysis could have catalysed full oxidation to the cysteic acid form. It is known, in
fact, that weak thiols can be partially transformed into their conjugated base by
amines. As the anion oxidation proceeds much faster than on the undissociated thiol,
this could account for Jacobs' data.

We conclude with the following guidelines for performing successful IPG frac
tionations of proteins:

(a) reduce the IPG gel by a washing step in 100 mM ascorbate (pH 4.5);
(b) run the IPG gel anaerobically (either submerged under paraffin oil or sand

wiched between two plates);
(c) try to minimize the focusing time (4-5 h, instead of an overnight run).
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SUMMARY

The use of indirect amperometric detection with capillary electrophoresis is
demonstrated. The system consists of a porous glass coupler which allows ampero
metric detection at a carbon fiber electrode placed in the end of the capillary.
3,4-Dihydroxybenzylamine is added to the buffer system as a continuously eluting
electrophore. Indirect amperornetric detection in 9~J.lm I.D. capillaries provides
detection limits as low as 380 attomole for the amino acid arginine. Finally, both direct
and indirect amperometric detection can be accomplished simultaneously.

INTRODUCTION

Capillary electrophoresis (CE) is a highly efficient, small-volume separation
technique that can be used to separate a wide range of biological compounds'r".
However, many biological compounds do not inherently possess the necessary
characteristics for sensitive detection. Laser fluorescence and amperometric detection
both provide subattomole detection limits and are among the most sensitive detectors
available for CE 2

.4--9 . Although these detection methods are very sensitive, selectivity
is limited to those species which possess native fluorescence or are easily oxidized.

An area of great interest in CE is its use for separation' and detection of
substances removed from biological microenvironments. A microinjector'? has been
used to acquire samples from the cytoplasm of single nerve cells":". An important
aspect of this experiment is the use of amperometry for sensitive detection of
underivatized substances. We have developed a system which uses a porous glass
coupler to allow electrophoresis in a "separation" capillary and an off-column
amperometric detector in a "detection" capillary7

• This system can provide sub
attomole detection limits for the easily oxidized catechols and indoles"; however, many
solutes of interest are not easily oxidized and are, therefore, not detectable via this
method.

Detectability Can be provided by sample derivatization-v'P'", but there are
several drawbacks to this approach. The derivatization procedure can result in
multiple products for peptides, derivatization is difficult with very small volume
samples, and detection by this method is still far from universal. Indirect detection
provides an alternative scheme that promises to be more universal. This detection

0021-9673/90/$03.50 © '1990 Elsevier Science Publishers B.Y.
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scheme has been demonstrated with CE for the detection of bromide and several
organic acids by indirect UV absorbance1 1 and for native amino acids, nucleotides and
nucleosides by indirect fluorescence'F'V. In these experiments, a lower limit of
detection of 50 amol was obtained for several native amino acids.

Previous reports of indirect detection in CE have centered on the detection of
anions by use of UV absorbance or laser fluorescence'{r P. In this paper, we
demonstrate the use of indirect amperometry for the detection of several cationic
amino acids and dipeptides. The advantages of indirect amperometric detection
include sensitivity and instrumental simplicity while providing, in concept, detection of
all ionic solutes.

EXPERIMENTAL

CE apparatus
The system used for electrochemical detection has been described by Walling

ford and Ewing 7
. In this work, 5-pm and lO-pm diameter carbon fibers (Amoco

Performance Products, Greenville, SC, U.S.A.) with an exposed length of200-250 pm
were used as the working electrodes for electrochemical detection. Detection was
performed in the amperometric mode with a two-electrode configuration. The
reference electrode was a sodium-saturated calomel electrode (SSCE). The low
currents measured required that the detection end of the system be housed in
a Faraday cage in order to minimize the effects of external noise sources. Untreated
fused-silica capillaries having internal diameters of26 and 9 pm and outer diameters of
260 and 370 pm, respectively, were obtained from Polymicro Technologies (Phoenix,
AZ, U.S.A.). Injections were performed by electromigrationl".

Chemicals
2-Morpholinoethanesulfonic acid (MES) and 3,4-dihydroxybenzylamine

(DHBA) were obtained from Sigma (St. Louis, MO, U.S.A.). All solutions were
adjusted to the appropriate pH using dilute sodium hydroxide. Lysine (Lys), arginine
(Arg), histidine (His), lysylphenylalanine (Lys-Phe), histidylphenylalanine (His-Phe),
arginylleucine (Arg-Leu), histidylglycine (His-Gly), dopamine, norepinephrine, and
epinephrine were used as received from Sigma.

RESULTS AND DISCUSSION

Indirect detection of amino acids
Indirect detection involves the addition of a detectable ionic component to the

electrophoretic buffer. Zones of non-detectable analyte ions displace the added ions
during zone migration. For analytes with the same charge as the detectable
component, displacement of the detectable ions results in a lower level of the
detector-active component, and negative peaks result. A schematic diagram outlining
this process is shown in Fig. 1. Although this is a simplification and it is likely that
many processes are occurring simultaneously, detectability is based on the properties
of the detector-active component which results in a universal detection scheme.

Indirect electrochemical detection has been accomplished by addition of
a cationic electrophore, DHBA, to the electrophoretic buffer. When the working
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Fig. I. Schematic diagram of cation displacement by migrating zones of cationic solutes.

electrode is held at a constant potential of +0.7 V versus the SSCE, the DHBA
undergoes a two-electron two-proton transfer to give the corresponding orthoquinone
as follows:

Continuous oxidation of this species, as it passes through the detector region, produces
a constant background current. Due to the need to preserve charge neutrality, the
cationic DHBA in the buffer is displaced by cationic analyte zones. As these cationic
zones pass through the detector region, a lower levelof oxidizable species is observed in
these zones and the background current decreases. As a result, negative peaks are
expected in the detection of cations.

Detection of several cationic native amino acids by indirect amperometry is
demonstrated in Fig. 2. The electropherogram shows the separation of three
non-electroactive amino acids obtained in a 26-llm J.D. capillary. Ethanol was added
to the electrophoretic buffer in an attempt to change the zeta potential at the capillary
surface and thus change the electroosmotic flow-rate. This, however, did not
significantly enhance the resolution, although the peak tailing was decreased relative
to a separation obtained without ethanol (not shown).

The first peak in the electropherogram represents a zone in which the DHBA is
virtually absent. This displacement peak is present since all samples were prepared in
buffer without the DHBA. A system peak, labelled S, is observed at a migration time
corresponding to the rate of electroosmotic flow. The injected amounts of amino acids
were 160, 160, and 150fmol, respectively, for peaks A, Band C in an injection volume
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Fig. 2. Electropherogram of amino acids with indirect amperometric detection on a 26-pm J.D. capillary:
buffer, 0.1 mM DHBA-0.025 M MES (pH 5.50)-10% (v/v) ethanol; n.l-cm-Iong separation capillary;
0.6-cm detection capillary; injection by electromigration, 3 s at 15 kV; separation voltage, 15 kV; electrode
potential, 0.7 V vs. SSCE. Peaks: A = Lys; B = Arg; C = His; S = system peak (electroosmotic flow
velocity).

of 1 nl (based on the electroosmotic flow-rate). This corresponds to detection limits
ranging from 14 to 43 fmol. To calculate the detection limit we used two times the
peak-to-peak noise measured over a period of baseline equal to ten peak widths at half
height'". Thus, detection limits reported are twice those that would be calculated using
three times the root-mean-square noise.

Detection in narrow-bore capillaries
An important parameter in indirect detection is the dynamic reserve (DR)16.

This dimensionless parameter is defined as the ratio of the background signal to the
noise on that signal. Using indirect amperometric detection, we have found DR values
ranging from 50 to 300. This wide range of DR values appears to be the result of
differences in electrode response between detectors. These differences are believed to
be due mainly to varying electrode area, but could be caused by cracks in the carbon
fiber. Variations in the procedure used to seal the small electrodes with epoxy could
also increase the surface area of the electrode. Electrochemical noise is thought to be
governed, in part, by the exposed electrode area. The DR can be used to determine the
minimum concentration (Clim ) that should theoretically be detectable under a given set
of conditions. 'C lim is defined as

(DR)(R)
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Fig. 3. Electropherogram of amino acids and peptides with indirect amperometric detection on a 9-l'm LD.
capillary: buffer, 0.01 mM DHBA-0.025 M MES (pH 5.65); 97-cm separation capillary; I.O-cmdetection
capillary; injection, I sat 20 kV; separation voltage, 20 kV. Peaks: A = 8.5 fmol Lys; B = 8.2 fmol Arg;
C = 7.4 fmol His; D = 7.0 fmol Arg-Leu; E = 6.4 fmol His-Gly; F = 5.8 fmol His-Phe; S = system peak.

where em is the concentration of the electrophore and R is the displacement ratio,
which takes into account the net charges of the electrophore and analyte ions!".
Although the displacement ratio can only be roughly estimated for zone electro
phoresis, this equation is useful because it predicts that lowering the electrophore
concentration will lead to lower detection limits. Fig. 3 shows an electropherogram
obtained for the separation of three non-electroactive amino acids and three
non-electroactive dipeptides by using an electrophore concentration only one-tenth
that used for the data shown in Fig. 2. In this separation, the numbers of theoretical
plates for each peak were calculated from the peak half-widths and were found to be
355 000 for Lys, 169 000 for Arg, 69 000 for His, 161 000 for Arg-Leu, 228 000 for
His-Gly, and 71 000 for His-Phe. The amount of each substance injected ranged from
8.5 fmol for Lys to 5.8 fmol for His-Phe in an injection volume of 52 pl. The detection
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Fig. 4. E1ectropherogram of catecholamines and peptides with combined direct and indirect amperometric
detection in a 9-pm I.D. capillary. Conditions are the same as for Fig. 3, except as follows: injection, 5 s at
25 kV; separation voltage, 25 kV. Peaks: A = dopamine; B = norepinephrine; C = epinephrine;
D = Lys-Phe; E = His-Phe. The broad peak between peaks D and E is an unknown impurity in the Lys-Phe.

limit for Arg was 530 amol injected. Detection limits as low as 380 amol have been
obtained for Arg with this system (not shown).

Simultaneous direct and indirect amperometric detection
An advantage ofiridirect amperometric detection is the ability to determine both

electroactive and non-electroactive species simultaneously. Fig. 4 shows the separation
of three easily oxidized catecholamines and two non-electroactive dipeptides in a 9-,um
J.D. capillary. In this case, the detector is responding directly to the oxidation of
separated catecholamines, and via the indirect mode for detection of the dipeptides.
Total injections are 500 amol for each of the catecholamines, which coresponds to
a detection limit of 74 amol when operated under these conditions. The amounts of
dipeptides injected are 45 fmol for Lys-Phe and 37 fmol for His-Phe with corre
sponding detection limits of 5.2 and 5.5 fmol.

CONCLUSIONS

The results presented here demonstrate the utility of indirect amperometric
detection with narrow-bore capillary electrophoresis. Separation efficiencies in the
range from 69 000 to 355 000 theoretical plates are maintained with this method for
the separation of relatively small molecules. A detection limit as low as 380 amol of Arg
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has been achieved, and further buffer optimization could reduce this to the level of
a few attomoles. In addition, amperometric detection has a distinct advantage over
most other detectors in that it can easily be used in both the direct and indirect mode
simultaneously. Combination of sensitive detection, instrumental simplicity and
a universal nature make this a powerful approach to detection in capillary electro
phoresis.
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SUMMARY

A novel counter flow liquid extraction system is described that offers major
potential advantages for the purification of fine chemicals and biochemicals. This
system utilizes the flexibility of liquid extraction to provide a much more effective
operating mode than is possible in elution chromatography. It is based on a novel
contactor design which provides highly effective mass transfer, and is operated via
a control system which facilitates process optimization. .

The apparatus is a multi-stage liquid extractor with provision for independent
control of each stream rate and also the feed schedule. It can therefore be operated in
a wide variety of processing modes, including both transient and steady-state
operation. One particularly useful mode for the batch purification of complex
mixtures is described in detail. A transient feed to the centre of the column is combined
with a stream rate ratio which reduces the migration velocity of the desired product to
zero. All other species then pass out at one or other end of the column and operation is
continued until dispersion begins to result in leakage of the desired material. It is
shown by an extension of the plate theory of Martin and Synge that such an operation
is much more efficient than that used in elution chromatography, and that its
advantage increases with increasing difficulty of the separation. The column design is
also an important feature in providing much higher resolution than conventional
liquid extractors. Another important feature is a computer-controlled valving system
which simplifies optimization and control of stream flows. The accessibility of
sampling ports over the entire length of the extractor greatly facilitates control of the
separation process.

INTRODUCTION

The increasing need for the purification of complex chemical species not
amenable to crystallization has led to increasing interest in chromatographic

a Presented at AIChE Biotechnology Conference, New York, November 15-17,1987, Session No. 165.
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Fig. 1. Qualitative comparison of conventional elution chromatography with the proposed counterflow
extraction system. Shown is the end of separation of a I: 1:I mixture of closely related species A, Sand B:
Typically, the chromatographic peak width W" i.e., the column length occupied by the wanted species S, is
much smaller than the total column length T but similar to the total length of the extractor. Ideally, the
extractor length and extractive peak width Ware identical. The evident saving of equilibrium stages,
expressed by W « T, reflects the superiority of dual- over single-flow operation.

techniques. These can achieve a very high resolution, but column packings are
expensive, and the chromatographic mode does not use these packings efficiently.
Column inefficiency arises in large part from the need to keep the solid phase
stationary. In liquid extraction, this restriction can be relaxed in such a way as to
reduce the required number of stages substantially. This point is illustrated in Fig. 1,
where the separation of a I: I:1 mixture A-S-B by conventional elution chromato
graphy up to the beginning of elution of S is compared with the same separation by
a transient counter-flow liquid extraction process.

We begin by contrasting these two processes qualitatively. To do this, we
consider a chromatographic column and an extractor in which "plates" and "stages"
are drawn to the same scale tcf., Fig. 1). In normal elution chromatography, a narrow
band of mixed solutes migrates from the feed end of the column and gradually
separates into the partially overlapping bands at peak positions tA , ts and tB

(imaginary), shown at the upper right section. In the process, the entire column volume
is used at one time or another, but at all times most of it is essentially solute free and
contributes nothing to the separation. The total number of plates required for this
separation is T, but the maximum portion of the column occupied at any instant by S is
the much smaller number of plates We'

In the extraction process, performed with W stages, the feed mixture is
introduced to the central region of the separator, and the centre of mass of the desired
solute, S, is stationary. Unwanted solutes, A and B, are discharged from the two ends
of the column as indicated in the lower right section, and all stages of the extractor are
helping to effect the separation, except at the very early stages. Operation is now
continued. until product leakage begins. To a first approximation, valid under the usual
conditions of chromatographic separation, the total number of stages W required is
now approximately We, the same number as those occupied in th'e chromatograph at
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the end ofthe separation. The difference N = T - We may be considered the number
of non-working plates in the chromatographic column.

Later we provide mathematical descriptions for these two processes, which
provide the basis for quantitative comparison, and we show that the advantage of the
proposed extraction mode increases with increasing difficulty of the separation. This is
basically because the number of non-working plates N increases in proportion to the
time required for separation while the number of working plates Wincreases only with
the square root of time. First, however, we point out that a large number of stages, W,
is required even for the extractor and therefore that there is a need to provide
multi-stage operation at low capital cost. The solution we recommend for this purpose
is the apparatus described in Figs. 2 and 3. We also note in this introductory section
that an effective control system is needed for transient operations of this type. The
approach that we use for this purpose is described under Apparatus.

ANALYSIS

We need a means of describing the migration of the centre of mass ofeach species
and its spatial distribution about this centre. Here we provide such a description in the
context of the apparatus shown in Figs. 2 and 3, and we introduce approximations to
simplify the description and emphasize the key features of the system behaviour.

The column consists of two or more rotating cylinders (Fig. 3), each divided into
a number of discrete stages by partitions perpendicular to the column axis (Fig. 2).
Each stage has a total volume, v,of which a portion VL is occupied by the lower phase L,
and a portion "u by the upper phase U. Each stage is totally liquid filled so that

(1)

and we define the hold-up ratio by

(2)

The upper phase is taken as moving to the right and the lower phase to the left. Rates of
flow are defined by 0 Vu, 0 VL = volume of upper and lower phase, respectively, fed to
the column per unit time. These volumetric flow-rates will be assumed to be constant
over position and time during the analysis, neglecting volume changes accompanying
the redistribution of solutes. In practice, however, the flow-rates will be manipulated
during operation to establish the stationarity of the desired peak.

Analysis will be made in terms of ideal stages, defined as producing thermo
dynamic equilibrium between the two streams leaving each stage, but it is recognized
that the physical stages in Figs. 2 and 3 may not be as effective as ideal stages.
Therefore, we define a stage efficiency factor f by the relation

(3)a

a The same ratioJexists between the final volumes of the respective product solutions, and between
the amounts of solvents required in the ideal and the real processes that effect the same resolution; cf.,
footnote to eqn. 11.Depending on the operating conditions, the observed values of{ range from 0.3 to 0.8.
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where WreaJ = the number of real extractor segments needed to perform the same
resolution as Wid ea ) ideal stages (cf, Extractor and column lengths).

It will be assumed that/is a constant, but in reality it is expected to depend on the
flow-rates of the streams and other operating conditions. In general, / may be
significantly different for each species, but we will not consider such a refinement here.
Ideal operation corresponds to assuming complete mixing and equilibrium within each
stage but no mixing between stages.

Solutes injected into the centre of the column are subject to transport by the
flowing phases. Their migration rates depend only on the volumetric stream rates and
their ratio,

(4)

the hold up ratio, r (eqn. 2), and the respective partition coefficients, K. K x of solute
X is defined by

Kx = [X]u/[XlL (5)

the brackets and subscripts denoting equilibrium concentrations of X in the upper and
the lower phase, respectively".

We describe the migration rates as displacements Ll (in terms of stage numbers)
of the centre of mass produced on feeding volumes Vu and VL of the upper and lower
phases, respectively:

(6)

where

(7)

and the probability of residence of X in the lower phase is

Qx = 1/(1 + Kxr) (8)

The concentration ratio K x, which depends on the physical properties of solute X and
the phases involved in the distribution of X, shares its impact on that distribution with
the volume ratio r of the said phases within the system (hold-up ratio) (cf, eqns. 2 and
8). The mass distribution ofX between the phases is thus a function of the product Kgr,
the reciprocal of which in partition chromatography is termed "capacity factor", and
denoted by k~.

Considering the equal weights ofK and r in eqn. 8, and the increase in descriptive

a In partition chromatography, Kx is defined by the ratio of concentrations of X in the moving
(numerator) and in the stationary (denominator) phase, whereas in adsorption chromatography Kx would
be related to the reciprocal of the adsorption coefficient. For convenience it is assumed that K x is
independent of the overall concentration. Clearly, partition coefficients in liquid-liquid and in liquid-solid
systems depend on different mechanisms and generally cannot be expected to be of the same order.
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and experimental range covered by their product, we adopt

Kxr = 11k'x

725

(9)

as the operating variable actually governing the overall behaviour of X in the
distribution process. Treating Kx as the variable would unduly reduce the role of r to
that of a parameter and unnecessarily complicate the following discussion.

It must be emphasized in this context that the hold-up ratio r is to some extent,
depending on the type of apparatus, amenable to choice by the operator. Thus, within
the constraints defined by physical realities (stage geometry, flow mechanics, bulk
phase mixing), there exists an important degree of freedom with respect to
optimization of the numerical value of k'x.

Dispersion of solutes about the centre of mass for an idealized system can be
obtained very simply by extending the concept of equilibrium stages introduced by
Martin and Synge! to motion of both phases. This is because the Poisson distribution
of a solute X derived for the motion of a single phase is determined completely by the
variance O'~, which in turn is just equal to the net displacement of X. Since variances
due to individual disturbances in a linear system are additive, one may then write for
any solute X that the variance for motion of both phases is just the sum of those for the
individual motions:

with

O'~.ideal = Ll u.x + LlL.x

O'~,real = O'~,ideadf

(10)

(11)"

where it should be noted that both contributions Ll are now positive. Note that both
Llu,x and LlL.X, the magnitudes of migrations resulting from the motions of X by the
individual phases in terms of numbers of ideal stages, are dimensionless, as is O'~.

The description of the solute distributions may be simplified by noting that
Poisson distributions can be adequately approximated by the normalized Gaussian
probability distribution function

with

U = wslo«

(12)

(l2a)

(l2b)

where Wx = distance, on either side, from the maximum of peak X, in terms of the
respective number of plates, where cp(u), the probability density for a deviation
between u and u + Ll u from the maximum, is to be determined; 0'x = standard
deviation of the Poisson distribution; cf., eqn. 10; Llwx = 1 (width of one plate).

a Eqn. II reflects the ratio .Jfof the widths of calculated and observed mass distributions in ideal
and real systems that are effected by throughput of the same amounts of solvents; cf., footnote to eqn, 3.
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Eqn. 12a provides a convenient means of defining the width of a solute band in
a chromatographic column or an extractor. Thus, the width of the S peak in Fig. 7 may
denoted by

W = 2u(Is (13)

where U is the number of standard deviations on either side of the peak considered to
comprise a major fraction of the solute band. Numerically, the respective fraction
corresponds to the area A enclosed by the curve <p(u) and the abscissa within u = ± u,
and is given by

u

A = 2f<p(u)du

o

(14)

Values of A are tabulated in any treatise on statistics: limits u = 2 or 2.33 define areas
representing 95.45 or 99% of the total peak area, which is defined by the limit u = 00.

We shall show (cf., eqn. 20a), for a desired solute S, that the displacement Lis
becomes zero when the flow ratio R (cf., eqn. 4), is set to

R = IlKs (15)"

Assume that we have a stationary peak, formed under this condition, finally extending
over the whole length of the extractor. Assume that length corresponds to u = 2 or
2.33 standard deviations on each side of the peak centre. On the basis of the notions
above, we conclude that the mass of S represented by this peak corresponds to 95 or
99% ofthe total S distributed in the operation. We can therefore quantitatively express
S recoveries from distributions, observing that missing material is not lost, but
recoverable from the eluates collected during the operation.

Assume we have (Fig. 7) an extractor containing sufficient plates to accom
modate the stationary S peak assumed above and, in addition, the migrating peaks
A and B, emerging from peak S, on the grounds of the presence ofcontaminants A and
B, where K B > Ks > KA, and the respective weights are m« = ms = mB. The
separation of species S from contaminant B is readily observed as a distance between
peak centres Sand B, LIB - Lis, which can be expressed as a multiple u of the sum (IB +
(Is. Thus,

(16)

When u = 2 or 3, we speak of4- or 6-(I separations between Sand B. On the basis of the
notions above, the 4-(I separation, followed for example by stagewise withdrawal and
pooling of the extractor contents from extractor stage 0 (centre of S peak) up to stage
+2(Is (approximate site of the S peak front), corresponding to that half of the Speak
facing the B peak, would provide a recovery of an S fraction representing 47.5% of all

a The formalism of diffusion leads to the same general conclusion, verified by experiment",
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S originally present, with an S content of95% and a Bcontent of5%. The opposite half
of the peak would obviously provide an S fraction with an S content of 100%.

The number u, characteristic of the degree of a given separation (recovery,
purity), will be denoted as the "separation parameter".

An approximate estimation of peak widths in terms of standard deviations is
possible in practice by concentration measurements at various distances from the peak
centre, considering that the concentration in the extractor of solute X at u = 2 or 3 is
about 10 or 100 times smaller than at u = 0 [cf, the respective ordinates ({l(u) of the
Gaussian probability distribution function].

APPARATUS

Separation unit
The extractor consists essentially of two or more serially connected horizontal

cylinders of the kind shown schematically in Figs. 2 and 3. They rotate about their
axes, and each is divided into a large number of narrow segments, which act as the
separation stages. To provide these segments the cylinder is coaxially partitioned by
tightly fitting circular discs, held in place by PTFE gaskets. A small opening at the
periphery of each disc provides for inter-segment communication. Aligning these
openings yields a channel for flow of liquid throughout the entire cylinder. Each
cylinder end bears a cover perforated at its centre to accommodate anon-rotating
piping system. It provides separate access to the lower and upper section of the
adjacent segment (Fig. 2).

Neighbouring cylinder ends are connected by means of their respective piping.
The piping at the outer cylinder ends serve for throughput ofU, e.g., from left to right,
and for throughput of L in the opposite direction, assuming the separation unit is
completely filled with a partially miscible solvent pair. Clearly, such throughput
requires the channels of serial cylinders to be aligned and to be immersed in the same
particular phase which is going to be transferred. Phase throughput is timed by the
cylinders' rotation and, consequently, pulsed.

The upper section of Fig. 3 shows a transient position of the communicating
holes above the phase boundary, allowing for throughput of a pulse of upper phase U.
The opposite situation, allowing for throughput of a pulse oflower phase L, is pictured
in the lower section. Onset and shutdown of the pulses are programmable as a function
of periodically attained angular positions of the communicating holes". Fig. 3 shows

o rotating part

.~ non rotating parts

Fig. 2. Separation cylinder (schematic) with inlets and outlets for the flowing phases, and holes in the
partitioning walls which provide for interchamber communication. Not shown are additional holes in the
cylinder wall which allow samples to be drawn. At least two such cylinders are aligned to form the basic
element of the extractor (cf., Fig. 3).
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position
of phase
boundary

.................. -1 +1 +z·)

.) numbering of the stages and, by ±, the cylinders

Fig. 3. Phase transfer coupled to cylinder rotation: periodic passage of the communicating holes through
space occupied by UP and LP, respectively, illJows for alternate pulsed throughput of solvent streams
coming from opposite ends of the system, and thus effects a quasi-continuous counterflow.

also the serial numbering of the elements ± I, ±2, ... , ±z, the numbers and the
cylinders left or right from the centre bearing a negative or positive sign, respectively.
The centre of the system coincides with the location of the feed (cf., Fig. 4).

Owing to differing surface tensions, the walls of the segments (glass, PTFE or
stainless steel) become uneq ually wetted by U and L. The better wetting phase tends to
form a film which, on rotation, is drawn through the lesser wetting phase. Back in its
mother phase this film is replenished. This concept was introduced by Signer".

The film and its immediate surroundings represent a mixing zone, and the bulk
phases constitute the conjugate settling zone. No additional stirring is required to
promote solute transport between the phases. Such transport is admittedly slower than
in a dispersion of droplets, but this is partly compensated for by the system's
insensitivity to the presence of emulsifiers.

Permissible rates of rotation must still be determined by practical experience, but
satisfactory operation has generally been obtained over a range of0.3-2 rad/s (~3-20
rpm). Mixing between phases becomes a problem at too low a speed, and film
detachment (with excessive formation of droplets) when the system is rotating too fast.
Some of the segments, equidistant from each other, are equipped with sampling holes
(ports) drilled into the cylinder wall.

This design offers important advantages. The horizontal orientation of the
column makes it possible to stop the operation for sampling purposes and solves many
of the problems associated with flooding. Together with the valve controls discussed
below, it makes possible the accurate control of phase ratios. The gentle motion of the
rotating disk surface minimizes emulsification and at the same time provides good
bulk mixing within each compartment.

Valve and piping systems
Computer-controlled on-off valves are provided for each inlet and outlet

stream, as indicated in Fig. 4. These valves permit the input and output flows of both
solvents and feed streams to be controlled. They can be used for withdrawal of product
from the central region of the extractor after a transient separation process, and to
compensate for flow ratio changes between the right and left extractor sections,
relative to the feed point, in the case of repeated feeds.
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a 2-way valve II 3-way valve

Fig. 4. The inner valving system. Valve functions and respective valve conditions are summarized in Table 1.

Pumps PI and P5 in Fig. 5 operate continuously on the U and L reservoirs
shown, to pump liquid from the reservoirs to valves IA and 5A. These valves then
provide either input or circulation of the phases (valve lA, upper phase; valve 5A,
lower phase). Valves lL and 5L are used to readjust the phase boundary levels as
needed. Thus, if the boundary in stage - z (Fig. 5) is too low it can be raised by
energizing valves 5A, 5,6, I and IL, which is a single programmable operation (cf,
Table I).

Figs. 4 and 5 show the valve positions and functions needed for column
operation. It must be recognized that there are two types of valves used: (1) two-way
valves, indicated by a single black square can only provide straight-through flow and
are either open (energized, +)or closed (de-energized, - ); (2) three-way valves, shown
as black oblongs, can provide flow in either of two directions, as indicated by arrows.
When not energized (-) they provide what shows as straight-through flow in the
figure. When energized ( +) they provide the branched flow indicated.

The various valve positions needed for extractor operation are summarized in
Table I.

Control unit
The complex sequence of valve sequences needed for operation of this apparatus

is automated by an electronic control unit which performs the following functions:
(1) All of the valve positions listed in Table I are automatically synchronized.
(2) Operation is based on a master cycle which corresponds to one rotation of the

cylinders, and the time periods for each set of valve positions are determined by the

Solvent Supply/Level Adjustment

1:1 2-way valve

___+ flows from level
..: adjustment
: .... ·1 L energized

.. 5 L energized

4

---]~--~.®.~
--- -. ,: ~~~tj1

9 ••

') A: circulation; L: adjust levels

EI
®
I]

3-way valve'

pump

tank

Fig. 5. The outer valving system: see caption to Fig. 4.
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TABLE I

VALVE CONDITIONS FOR EXTRACTOR OPERATION

Function Valve conditions (+ 01' -)

2 3 3" 4 5 6 7 7" 8 IA lL 5A 5L

Throughput of U + + + +
Throughput of L + + + +
Input of feed in U" + +
Input of feed in L" + +
Output of product in u- + + +
Output of product in Lb + + +
Pressure build up (U input) + + +
Pressure release (U output) + +
Pressure build up (L input) + + +
Pressure release (L output) + +
Increase of I' in stage -z' + + +
Decrease of r in stage - I, - z' + + + + +
Increase of r in stage - I, - z' + + + + +
Decrease of r in stage + I, + z' + + + + +
Increase of I' in stage +z, + I' + + + + +
Decrease of I' in stage + z' + + +
All flows stopped

a By gravity; transient and continuous process.
b Transient process.
c See Figs. 3, 4 and 5 for numbers and locations of stages.

angular positions of the communicating holes in the discs. Both the initiation and
duration of each setting are programmable to specify:

(i) throughput of the upper and lower phases;
(ii) input of feed, which may be dissolved in either solvent (batch or continuous

operation);
(iii) withdrawal of product, again from either phase (only batch operation);
(iv) withdrawal of upper or lower phase (reflux, in case of continuous operation);
(v) input of upper or lower solvent without concomitant output (pressure

adjustment);
(vi) output of upper or lower phase without concomitant input (pressure

adjustment);
(vii) reversal of sense of rotation (to eliminate any propeller effect, no valves are

affected);
(viii) vacant: all flows stopped.
The present controller can produce any desired combination of program steps

(up to 80) within anyone program cycle. The "zero" point (beginning) of the master
cycle is programmable and must be set to coincide with the crossing of the
communicating holes from the lower to the upper phase.
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SAMPLE CALCULAnONS

73I

Extractive mode
We now illustrate operation of the extractor by showing how one may isolate

a desired species S from a solution contaminated with closely related species A and B,
using the extractive mode described briefly above.

Operating principle
We start the separation by dissolving as much as possible of the mixture A-S-B

in the phase which is the better solvent, avoiding, however, viscosities that prevent easy
flow through the piping and valves which lead the solution into the stage assembly. The
volume of the feed solution should not exceed one tenth of the extractor volume. The
equilibrated extractor is set in rotation, and phase throughput is initiated at a flow
ratio R = lor, if Ks is approximately known, R ~ IlKs.

The extractor is now ready for input of the feed. This input is pulsed, the feed
pulses replacing totally or partly the pulses of the respective phase throughput (cf., Fig.
3). Any desired sequence of the two sorts of pulses can be programmed. This program
is changed to replace feed pulses by solvent pulses when the feed solution is used up.
The operation is then continued until the distribution of S broadens to the point of
noticeable leakage of S from the ends of the extractor.

Clearly, replacement of ideal (= instantaneous) by gradual feed input as
described above is not without effect on the mass profile of the final solute distribution.
However, calculations and practice show that the distortion of the ideal Poisson
profiles is moderate enough to be neglected in the prediction and control of
experimental separations.

We do not need an exact knowledge of Ks and its dependence on solution
composition. Instead, we can find the required flow ratio R by trial and error, i.e., by
monitoring the evolution of the S distribution through the sample ports and making
heuristic adjustments of the solvent streams as the separation proceeds. We do this by
making a series of semi-quantitative measurements of relative concentrations of
S along the entire length of the extractor.

This is indicated in Fig. 6, which refers to an actual example, the isolation of
a cyc1osporin derivative from 200 g of raw material in an extractor composed of 200
segments containing a total volume of 20 1. Shown here are spots on three thin-layer
chromatograms obtained from samples drawn at three different states of the
operation, defined by the respective total solvent throughputs VI, V2 , V3 where Vi =
(Vu + Vdh and overall flow ratios R I , R 2 , R 3 where R, = (VuIVL)i:

State defined by:

VI = 0.297 I; R I

V2 16.9151: R 2

Samples drawn from segments:

1.16 -12 to + IS yielded spots (top) which reveal a complex
distribution of a largely unresolved mixture centered
around the feed point

1.23 -lOa to + lOa yielded spots (centre) now revealing an
advanced state of purification, with the centre of mass
of the cyclosporin peak almost ideally located
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Fig. 6. Example of thin-layer chromatographic monitoring of the evolution of an extractor separation, and
of heuristic manipulation thereof.

38.050 I; R3 2.77 -100 to + 100 yielded spots (bottom) revealing a pure
cyclosporin peak, asymmetric owing to the more diffi
cult elimination of material eluted to the left by the
lower phase.

Note the continuing increase in R, first necessary to keep the wanted peak centred in
the extractor, and later necessary to avoid product loss with outgoing lower phase".

Stage requirements
We now show how such an extractor may be designed by considering some

representative hypothetical situations: we assume mixtures of equal amounts of A,

a Evidently, all manipulations that involve monitoring distributions and adjustment of solvent
streams are amenable to full automation".
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Extractive
Mode

733

2 u 0'$

=W

Fig. 7. Extractive mode. Ternary A-S-B (1:1:1) separated up to incipient loss ofS. Shown are the elements
of calculation used in the long column approximation assuming the separating system to extend beyond the
actual extractor boundaries. The virtual peaks are imaginary. ±i = serial stage number; i = 0, location of
the feed point. u = number of standard deviations a providing a desired recovery and purity of species S.
Vertical arrows point to actual extractor boundaries. The figure corresponds to aAS = asn and k' = I,
producing a symmetrical distribution with respect to the feed point: Ll A = -u(aA + as); LIn = +u(as +
O"n). The drawing shows a resolution such that u = 2 on both sides of the Speak.

Sand B; we consider conditions such that K A < Ks < KIl , and for convenience we
shall assume that

(17)

where rx is the separation factor; and we note that the extractor operates best with
holdup ratios (eqn. 2), between 1/4 and 4, and we therefore choose as representative
examples r = 1/4, I and 3.

Our purpose isto determine the number of ideal stages Wideal needed for a given
degree of purification in terms of the fractional removal of contaminants A and B from
a ternary A-S-B mixture subjected to extraction. The number of ideal stages Wideal for
the separation is that which willjust hold species S within the extractor at the end of the
separation operation. To find that number, we first shall consider 4-0' separations of
S from binaries A-S and S-B as examples. The extension to corresponding 6-0'
separations will then be quite obvious.

Binaries A-S and S-B. We base calculations on the mathematical assumption
that the extractor is infinitely long, as suggested in Fig. 7. Then the calculated required
length of the actual extractor needed, in terms of the number of chambers, is given by
eqn. 13, with the proviso that 0'; (ef, eqn. 10), is known, which by eqn. 7 calls for
a knowledge of the turnover numbers Vu/vu and VL/VL' These are interrelated by the
holdup and volume ratios rand R, and related to the sums V = Vu + VL (the total
volume throughput) and v = Vu + VL (the total plate volume) in the following manner:

Vu/Vu = (V/v) [(R/(1 + R)] [(1 + r)/r]

VL/VL = (V/v)[(1 + r)/(1 + R)]

(18)

(19a)

For convenience, VL/VLas expressed by eqn. 19a, is termed the "volume factor",

(19b)
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Now note (Fig. 7 and eqn. 6), that

LIs = Llu.s - LlL,s = 0

or, from eqns. 2, 7, 15, 19a and 19b

= iPs(KsR - 1)Qs

M. BRENNER, C. MOIRANDAT, R. SCHLIMME

(20a)

= [volume factor] [mobility factor]

where iPs so far is indeterminate, but (eqn. 15), KsR = 1 and (eqns. 8 and 9),

Qs = k'/O + k')

where, for convenience, k' is an abbreviation defined by

k' = k's

Note further (eqn. 10), that

O"~ = Llu,s + LlL,s

= iPs(KsR + I)Qs

while (eqns. 15 and 17),

LlA = iPA[(l/a) - I]QA < 0

and

0"1 = iPA[(l/a) + I]QA

where (eqns. 8,9, 17 and 22)

QA = ak'/(l + ak')

and

LlJl = iPJl(a - l)QJl > 0

O"~ = iPJl(a + I)QJl

with

QB = k'/(a + k')

where all iPs are still indeterminate. However, as may be seen from Fig. 7,

(21a)

(22)

(23a)

(20b)

(23b)

(21b)

(20c)

(23c)

(21c)
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determining a simultaneous value 4>AS for 4>Aand 4>s;

735

(24a)

(24b)

determining a simultaneous value 4>SB for 4>B and 4>s.
On the basis of these equations, especially remembering the condition expressed

byeqn. 15, we derive expressions for the volume factors 4>AS, 4>SB tcf., Appendix, eqns.
40 and 41) and for VAS, VSBin eqns. 19a and 19b, and hence arrive at the following
approximations for W:

Case 1: separation A-S:

(ef, eqn. 13), which from eqns. 15 and 23a

(25)

tcf., Appendix, eqn. 25a, and Fig. 8).

Case 2: separation S-B:

W = W SB = 2U(J"SB

(26)

tcf., Appendix, eqn. 26a, and Fig. 8).

When k' = 1, then eqns. 25 and 26 reduce to

_ 2. IX + I
WAS - W SB = 4u -

\I.-I
(27)

Eqn. 27 represents a useful approximation of eqns. 25 and 26 because, within the
accessible range, the k' dependence of W is moderate.

Ternaries A-S-B. Assuming equal amounts of the components A, Sand B, and
using eqns. 25 and 26, one must choose the larger of the two values to obtain the
desired separation of S with respect to neighbouring A or B. The separation of S from
the opposite neighbour B or A is then better than estimated from the value of u. Thus,
the plate requirement for the separation of a I: I: I ternary with separation factors
\l.AS = IXSHis conveniently read from graphs ofthe type shown in Fig. 9, which is derived
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Fig. 8. Extractive mode: binaries. Stage number requirements, WAS and WSIl,for desired separations (4cr)of
binaries A-S or S-B (I: I), retaining S and eluting A by LP, or B by UP. Data based on separation factors
IXAS = IXSIl = 2'/2,2'/4,2'/8.

from data in Fig. 8. If the separation factors for the two binary pairs A-S and S-B are
different, then the above calculation of W may tentatively be made only for the smaller
factor. Caution is indicated.

Evaluation of the separation of ternaries composed of unequal weights of A,
Sand B can also be based on eqn. 14. However, overlaps cannot be estimated in terms
of overlapping peak areas, with the a-scale on the abscissa, unless the individual peaks
of A, Sand B are drawn on individual ordinate scales ((l(a) that are proportional to the
underlying masses inA, Ins and InH'

Separating power ofa given set of W stages. In practice, the separation power of
an extractor is fixed by the number W of its stages. Suppose W = 120, and a binary
A-S distributed until S appears in the effluents from stages - 60 and +60. What is
then the degree of separation of S from A in terms of u = u, when IX = .J2 and k' =
101.5?

One way to find the answer comes from inspection of the algebraic form of eqn.

200 -,----------------,

w

---. .----. .---, ./

V
2a-1

lBO +--f--t-----\--+--t----I----+---+
-2

log Ks . r = -log k'

Fig. 9. Extractive mode: ternaries. Stage number requirements, W, for desired separations (4cr)of ternaries
A-S-B (I: I: I), retaining S and eluting A by LP, and B by UP. Data based on separation factors IXAS = IXsn=
2'/

4
, and taken from Ws for binaries in Fig. 8, selecting the larger value within each pair WAS, Wsn as

explained in the text.
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25, using calculated values of WAS' Accordingly, 105 stages would provide a 4-0"
separation, i.e., u = 2. Therefore, with 120 stages available,

and u' = 2.14.

Recoveries and purity
The boundaries of the extractor affect the system behaviour, because solutes

cannot be returned to the system by non-existent streams. The error introduced into
the calculation of the distribution of S by assuming an infinite extractor is small,
because loss of S is negligible. The errors for A and B, however, are significant, but
proper allowance for them is difficult mathematically". We therefore content ourselves
here by noting that the long-column approximation overestimates the contamination
of S by A and B, and therefore provides a conservative estimate.

Chromatographic mode
We now turn our attention to the extraction analogue of elution chromato

graphy, to justify the comparison already shown in Fig. 1.

Operation principle
Note that the extractor described above can be operated in a chromatographic

mode and then provides a system which simulates partition chromatography; we just
shift the feed point to the stage next to the inlet of either of the phases, the upper phase
for example, and then suppress the flow of the lower phase. Accordingly, stage
numbering t becomes unidirectional and begins at the feed point. Finally, using
chromatographic language, stages become plates tcf., Figs. 1 and 10).

End of real
Column

Start

1
• We ·r---FSB' (l-QAI_

Endof Sectionof supposed infiniteColumn

---TSB-------- 1 ·· · ·

u=2

1
r., \, \, \, \

: B \
" virtual \

--- Column--=---=~=;~.~.":' ~:-.':' .

Fig. 10. Extractor in chromatographic mode. Ternary A-S-B (1:1:I) separated up to incipient loss of S.
Shown are the elements of calculation used in the long column approximation, assuming the column to
extend beyond its actual length, TSR, in terms of ideal plates. The virtual peak is imaginary. 11 = 2, number of
standard deviations (Js and (JR providing the desired resolution between species Sand B; 11 = 2.2, measure of
the resulting resolution A-S, due to inherent distribution asymmetry; Woo width of the Speak; FSR' turnover
number of the mobile phase per plate which brings the front of the S peak up to TSR; FSR(l - QA) is the
concomitant displacement Ll A . The figure corresponds to aAS = aSR = 21/ 2 and k' .= 1.
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Fig. II. Chromatographic mode: binaries. Stage number requirements TAS and TSB for desired separations
(4rr) of binaries A-S or S-B (I: I), retaining A and eluting S, or retaining S and eluting B. Dala based on
separation factors ()(AS = ()(SIl = 2 1

/
2

.

Plate requirements
We base the discussion on Fig. 10, in which the situation at the end of the

chromatographic process in a column with TSIl plates is shown; peak B would be
present in a hypothetical column of infinite length. The column length, in terms of its
number of plates Tneeded for the separation of binaries, can be derived in the manner
used above by combinations of displacements LIe from the origin and standard
deviations a; = .JLIe, the suffix c referring to the chromatographic mode. The
procedure, familiar to chromatographers, is outlined in the Appendix tcf., eqns.
27a-34).

Binaries A-S and S-B. The column length needed for the separation of A from
S (not shown in Fig. 10), or S from B (cf., Fig. 10) is described by eqn. 32 or 33. The
peak width of S after removal of B" is given by eqn. 34.

Graphs of eqns. 32-34, when (XAS = (XSIl, are shown in Figs. I I and 12. TAS is
always slightly smaller than TSH' It may be recalled at this point that there was no such
fixed relation between WAS and W sn. Both TSIl and WSIl represent column lengths
required for S-B separations with retention of S and removal of B. There is no such
symmetry between TAS and WAS: the former refers to removal ofS with retention of A,
the latter to removal of A with retention of S.

Ternaries A-S-B. Assuming equal amounts of A, Sand B in a ternary, and
(XAS = (XSH, the stage requirement for separation in the extractive mode was defined by
the larger of the two numbers WAS, W sn. That number equalled the width of the Speak.
Now, adopting the same assumptions with respect to the properties of the ternary, we
define the plate requirement for separation in the chromatographic mode by the larger
number Tsll . The separation S-B to be expected is then characterized by the value of
the parameter u which was used in calculating TSIl by eqn. 33. How good is the
separation A-S at this stage of the process (Fig. 1O)? It must be better (characterized,
for example, by u = 2.2), since the A-S separation could have been achieved with
a shorter column (cf., Fig. 11).

" Driving B beyond the plate with serial number TSB in the infinitely long column is considered as an
equivalent to elution from the last plate (Tsll) of a finite column.
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Fig. 12. Chromatographic mode: binaries. Stage number requirements, TSB' and space requirement, We' for
desired separations (4a) of binaries S-B (1: I), retaining S and eluting B (cf., Fig. 1).Data based on separation
factors aAS = aSB = 2'/2,2'/4,2'/8.

EXTRACTIVE VERSUS CHROMATOGRAPHIC MODE

Stage and plate requirements for binary separations S-B, with retention of S
F'or comparison, calculated stage and plate number requirements for the

separation of S from binaries A-S and S-B, and from the ternary A-S-B by the
extractive and the chromatographic modes are presented in Figs. 8,9, 11, 12 and 13 as
functions of the variable Ksr = IIk', with separation factors « = 2 1

/
2

, 21
/
4 and 21

/
8 as

parameters. The lower groups ofcurves in Figs. 12 and 13furnish a further comparison
of corresponding peak widths We and WSR'

All data refer to 4-(T separations, i.e., to a numerical value of2 for the separation
parameter u, corresponding to about 95% recovery of S from a supposed symmetri
cally distributed 1:1:1 ternary. Multiplication of these data by 1.36 or 2.25 yields plate
numbers theoretically req uired for 99 and 99.7% recoveries, respectively. Recall in this
context the slight distribution asymmetry due to WAS =F W SR, and TSIl =F TAS, and the
section on Recovery and purity. The range of Ksr, chosen from 0.01 up to 100, is
broader than is accessible in practice. It is assumed to illustrate trends. Also;.« = 21

/
8

presents a lower limit to feasibility in the extractor.

Extractor and column lengths
A straightforward comparison is based on W (= W SIl) and TSB (c{, Fig. 13).

Clearly, there is a stage-saving effect of dual flow, and it becomes increasingly
attractive with increasing difficulty of the separation. Extractors with several hundred
real stages, with a stage efficiency" of about 50%, may well match separation by
chromatography, especial1y when the demand on yields is lessened: minor elution (c{,
Fig. 7) of S from either or both of its peak ends in order to wash out contaminating
peak tails of A and/or B is equivalent to an increase in extractor length. A yield-saving
alternative is offered by repetition of a run after recovery and concentration of the

a See footnote to eqn. 3.
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Fig. 13. Extractive versus chromatographic mode: binaries. Stages WSIl and plates TSIl required for desired
separations (4cr) of binaries S-B (I :1), retaining S, eluting B. Data based on separation factors Ct.AS = Ct.SIl =
2'/2,2'/4,2'/8

reactor contents. In fact, with each repetition the mass of contaminants A and B in the
tails of the outgoing peaks will drop in geometrical progression.

Space requirements of retained S
In the Introduction, the number ofextractor stages W =or (WS B) accommodating

S was said to be expected to be of the same order as the number of column plates We
occupied by S after elution of B (Fig. I). In fact, this holds only when k' ~ 1. The
deviations from expectation as shown by Figs. 12 and 13 appear as a consequence of
the impact on peak widths of the migration mechanism. The displacement Ll of a peak
and its standard deviation (J (or peak width), when effected by uni- or bidirectional
flow, are based on mobility probabilities which are characteristically different.

In the chromatographic mode tcf., Appendix, eqns. 27a and band 28a and b), the
standard deviation (Jx = J[F(l - Qx)J depends, apart from the volume factor F,
exclusively on the probability (l - Qx) for residence of X in the mobile phase.

In the extractive mode (eqns. 23a--e),

(Jx = J[ifJ(KxR + l)j(Kxr + I)J = J[ifJ([RjrJKxr + l)j(Kxr + I)J (nd)

depends, apart from the volume factor ifJ, on both (l - Qx) and Qx, the probabilities
for residence of X in UP and in LP, but with weight Rlr for 1 - Qx and weight 1 for
Qx. Therefore, the extractive peak widths Ware similar at all values of k', whereas the
chromatographic peak widths We change rapidly with small shifts in k', even within the
chromatographically preferred range of k' = 3-10.

Solvent consumption
The feasibility of a separation process depends on the equipment and on the

solvent consumption. Comparison from this aspect of the extractive and the
chromatographic modes must be done under comparable situations. For example,
operations may be considered to start with a solvent-charged extractor and
a conditioned column, and to end with the extractor and column ready for a restart. It
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may further be considered that these conditions are met by draining the final product
solution off the extractor, followed by recharging with fresh solvent on the one hand,
and by total non-gradient elution of all materials from the column on the other.

It appears convenient to state solvent consumption in terms of multiples of the
total volume of an extractor stage or a column plate. Of course, these multiples are
related to the turnover numbers rp and F.

Extractive mode
For the extractive separation of a ternary A-S-B, the so-defined solvent

consumption is derived from the volume factor rp (cf., eqns. 19a and b and Appendix,
eqns. 40 and 41) belonging to the larger value WAS or W SB (Figs. 8 and 9) used to
perform the separation. Hence, the total relative volume Vetlv required in the
extractive mode is given by (eqns. 19a and b, 25 and 26)

(35a)

or by

Vet. snlv = rpSB(l + R)/(1 + r) + Wsn (35b)

Recall that Vet is biphasic, being composed of UP and LP. Note the explicit
dependence of Vet on the holdup ratio r. It adds to an implicit dependence which via k'
is hidden in cPo There is no comparable dependence on the flow ratio R because the
latter is a parameter fixed by the relationship given in eqn. 15.

Graphs combined from the functions 35a and 35b, by choice of the larger
ordinate Vet.Aslvor Vet.sBlv at each abscissa, are shown in Fig. 14 with holdup ratios
r = 0.25, I and 3 as parameters. It must be noted that the choice of r fixes the point on
the abscissa corresponding to log Ksr when Ks is fixed by the nature of the feed and the
solvent.

4.5 -,------------~

4.0 +-'r\:----------+~

o Yet/v, 0.25

• Vet/V, 1

• Yetlv, 3

2
2.5 +--+-+--t--+--+-l----+---+

-2 -1 0 1

log KS . r = -log k'

Fig. 14. Extractive mode: solvent consumption. Desired separations (4tJ)of ternaries A-S-B (1:I:l), based
on Wstages, where Wis the larger value selected from the pair WSB, WAS (ef, Figs. 8 and 9), require a total
solvent volume Vet as defined in the text. This figure shows relative volumes V"lv at holdup ratios r = 0.25,
I and 3, when aAs = aSB = 21

/
2

.
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Minimizing the solvent consumption is seen to involve just a shift via r of the
product Ksr as close to I as is physically possible in view of the hydrodynamics of the
system. This shift will be accompanied by another advantage, i.e., a slight simultaneou
s decrease in the stage number requirement icf., Fig. 9). Adaptable holdup ratios thus
prove to be a valuable feature of the equipment presented in this paper.

Chromatographic mode
Turning to the chromatographic mode, proceeding up to complete elution of the

slowest moving species A (at least 30' with respect to the tailing half of the peak), we
must remember that it is always eqn. 33 which determines the column length
(separation ofS with respect to neighbouring B). Complete elution of A from a column
of Tsn plates requires at least the volume

(36)

where

(37)

is the retention volume of A, and

is the standard deviation about VR,A' Hence (eqn. 2Ib),

Vet/V = (r/l + r) (l + rxk') (TslI + 3.JTsn)

(38)

(39)

Recall that Vel is monophasic. Note again the explicit dependence on the phase ratio r.
Graphs of the function 39 are shown in Fig. 15 with holdup ratios r = 0.25,

1 and 3 as parameters. Note the differences when compared with Fig. 14: there is no

log Vctlv

6+----------------,j

4 ~~------_n"'__T_-___+

o Vet/v, 3

• Vet/v, 1

• Vel/v, 0.25

2+-----t---t---+-+---+-+---+-+
-2 -1 0 1

log KS' r =-Iog k'

Fig. 15. Chromatographic mode: solvent consumption. Desired separations (40-) of ternaries A-S-B (l: I: I),
based on TSB plates (cr, Fig. 12), require a total solvent volume VOl as defined in the text. This figure shows
relative volumes V,,/v at holdup ratios r = 0.25, I and 3, when C(AS = C(SB = 2'/

2
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curve crossing, and the minima are displaced to log Ksr < O. However, the remarks
with respect to the evaluation of Fig. 14 apply, and the minimization rule remains
valid .

Extractive versus chromatographic mode
With the proviso of identical holdup ratios in the extractor and the chromato

graphic column, we deduce from Figs . 14 and 15 that the latter, within the range of k'
accessible to chromatography, offers a slight advantage with respect to solvent
consumption. However, the adaptability of the holdup ratio, characteristic of the
extractor.js largely non-existent with columns, and the estimate of Vct/v according to
the previous section is highly conservative.

HARDWARE AND APPLICATIONS

Several units of the type described above have been built and put into operation.
The smallest, shown in Fig . 16 (Mechanische Werkstatte Max Kohler, Basle,
Switzerland) consists of two glass cylinders, each 15.26 m x 5 em J.D . Each consists of
282 stages and five interdispersed sampling chambers. The former (latter) have a width
of 0.4 (I) em and contain about 7.7 (19) ml of liquid. The cylinders are arranged
parallel to each other, with If-turns for the flows and a feed port in each line. The unit is
equipped with a motor and a controller, located near stages ± I, with two solvent
reservoirs, two receiving flasks and two ceramic pumps, located near stages ±282. The
supporting bench is movable.

Fig. 16. Laboratory-scale extractor. Volume, 4.5 I; feed ~ 450 ml; motor and controller near feed point ,
pumps , solvent reservoirs and receiving flasks at oppos ite end, movable bench.
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Fig. 17. Assembling two cylinde rs, pilot-scale extrac tor. Volum e, 250 I; feed ~ 25 1; explosion- proofmotor
underneath . other accessories located in a sepa rate roo m; movable.

Th e lar ger , show n in Fig. 17 (Mec hanische Werk statte Max Kohler ), is int end ed
for pilot-scale opera tion and has an 1.0. of 40 em. It co nsists of two cylinders (sta inless
steel) mounted end to end, each with 100 inner stages of width I em and two outer
stages with terminating glass walls. Each inner stage is accessible through a sampling
hole.

Result s obta ined on peptide purification s with the sma ller uni t were reported by
a gro up from Smith Kline and French Laboratories7

• A mor e detailed discussion of
that work will be provided in a forthcom ing paper.

SYMBOLS

A area defined by the normalized Gaussian probability distribution func-
tion ; eqn . 14

A contaminant of S, with sma ller affinity to upper phase than S
A' contaminant of S, with sma ller affinity to upp er phase than A
(Xu separation factor Ks/KA or Kfl/Ks; (Xij = K[K, > 1
B contamina nt of S, with greater affinity to upper phase than S
B' contaminant of S, with greater a ffinity to upper phase than B
Ll x total displacement from the origin of the centre of ma ss of the migrating

species X
Ll L.X displacement from the origin of the centre ofmass of the migrating species

X, effected by flow onl y of LP
Ll u.x displ acement from the origin of the centre of ma ss of the migrating species

X, effected by flow onl y of UP
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f

cp(u)
F ij

c[>ij

±i
k'
Kx
L, LP

N
Qx
r

R

S

(jv,x

t

t x
T
Tij

u

u'
U, UP
v
V

Vij
°VL

°VU

VebVet

an empirical efficiency factor, relating
for a given degree of resolution, Wre• 1 to Wid e• l; cf., eqn. 3;
for a given throughput of solvent, by .Jf, real (= observed) and ideal
(= theoretical) peak widths; cf., eqn. 11

ordinates in the normalized Gaussian probability distribution function
volume factor (chromatographic mode); eqns. 28 and 29
volume factor (extractive mode); eqn. 19b
serial numbering of reactor stages; cf., Figs. 3-5
chromatographic capacity factor for species S, synonym of l/Ksr
partition coefficient of species X; eqn. 5
lower phase
mass of species X present in a mixture or, after separation, represented by
the respective peak in a distribution profile
non-working plates in a chromatographic column
probability of residence of solute X in the lower phase; eqns. 2la-c
holdup ratio VU/VL, i.e., ratio of volumes oflight (upper) and heavy (lower)
phase present in a plate or stage; eqn. 2
flow ratio, i.e., ratio of volumetric stream rates °VLand °Vu passing
through an extractor; eqn. 4
species to be separated from contaminants A and B present in a ternary
A-S-B
standard deviation about Ll x
variance about Ll x; eqn. 10
standard deviation about displacement Ll of species i or) after a separation
process involving i and); eqns. 25 and 26
standard deviation about VR,x; eqn. 38
serial numbering of plates in a chromatographic column; cf., Fig.
position of peak X in a chromatographic column; cf., Fig. 1
total number of plates in a chromatographic column; cf., Fig. 1
T required for separation of species i and) by elution of the faster moving
one; Fig. 13, eqns. 27a and band 28a and b
variable in the normalized Gaussian probability distribution function;
eqns. 12 and 14
separation parameter, a measure of resolution defined by eqn. 16, or
a preset value of the variable a providing a desired resolution; eqns. 25, 26,
32 and 33
resolution to be expected by a given number W of stages
upper phase
total volume of liquid present in a plate or stage; eqn. 1
sum of VL + Vu = total solvent volume used during an extractive
separation
V needed for the separation of species i and)
volumetric stream rate of LP
volumetric stream rate of UP
total solvent volumes required for extractive and chromatographic
separations of a ternary, with complete recovery of the feed
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effluent volume of mobile phase (driving the faster component of a binary
beyond a certain plate of an infinitely long chromatographic column);
eqns. 28 and 29
retention volume of species X in elution chromatography; eqn. 37
volumes of LP and UP present in a stage or plate
total volumes ofLP and UP used during an extractive separation process
number of extractor stages
number of ideal extractor stages required to store a wanted species S being
separated from A and/or B
= Wideadfwhich is the real number of extractor stages required to store S;
eqn.3
Wideal required to separate species i and} by retention of either and elution
of the other one; eqns. 25 and 26
peak width of species S at impending elution from a chromatographic
-eelurnn
concentration of species X in a solution
ultimate serial stage numbers in reactor cylinders (+) and ( - ); cf., Figs.
3-5

Stage requirements
From eqns. 20b, 21a and band 24a

[(ak' + 1)/k']1/2{(a + 1)1/2 + [2(ak' + I)/(k' + I)F/2}
(cP AS) I /2 = u: (40)

a-I

From eqns. 20c, 21a and c and 24b

[(a + k')/k'F/2{(a + 1)1/2 + [2(a + k')/(k' + 1)P/2}
(cPSB)1/2 = u -------'-------'------'---------'-

a - I

From eqns. 25 and 40

(41)

2 2{2(ak' + l)/(k' + I) + [2(a + I)(ak' + 1)/(k' + 1)P/2}
WAS = U . (25a)

a - I

From eqns. 26 and 41

2. a{2(a + k')/(k' + I) + [2(a + I)(a + k')/(k' + I)F/2
}

~=u ~~
a-I

Plate requirements
For the binary A-S separation we have tcf., Fig. 10)

(27a)

(27b)
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where

FAS = CVrn,As/v)[(1 + r)/r]

747

(28)

FA S is the "volume factor" separating A-S, and has the dimension of a total turnover
number of the mobile phase present in a plate;
(I - Qx) = probability of residence of X in the mobile phase (UP); it represents in this
context the "mobility factor" of species X, Qs = Qs(k'), QA = QA(a, k') tcf., eqns,
9 and 21a and b);
Vrn,AS = effluent volume of mobile phase needed for the separation of A-S;
vr/(I + r) = fraction of the plate volume occupied by mobile phase,

For the binary S-B separation we have icf., Fig, 10)

where

FSB = CVm,SH/V)[(I + r)/r]

(28a)

(28b)

(29)

FSB is the "volume factor", separating A-S; FSB =1= FAS, because Vm,SB =1= Vrn,AS;
I - Qx: see comment on eqns. 27a and b; Qil = QB(a, k') (cf., eqn. 2Ic); Qs = Qs(k')
tcf., eqn. 2Ib).

Each of the pairs of eqns. 27a and band 28a and b can now be solved to obtain

(F )1/2 _ U

AS - [l/(k' + 1)P/2 _ [I/(ak' + 1)]1/2

and

(F )1/2 _ U

SB - [a/(k' + a)p/2 - [l/(k' + l)F/2

and these are used to determine the column lengths.
From eqns. 27b and 30

[(ak' + 1)/(1 + k')F/2
TAS = u

2
, {[(ak' + 1)/(1 + k')F/ 2 _ 1}2

From eqns. 28b and 31

2. [a(k' + l)/(k' + a)p/2
TSB= U {[a(k' + I)/(k' + a)p/2 _ 1}2

(30)

(31)

(32)

(33)
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-From eqn. 28b we deduce for the peak width We of species S

which from eqn. 29 becomes

(34a)

2
W - u2 . ---------;--,-;;---

C - [tx(k' + I)/(k' + tx)]1/2 - I
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GAS CHROMATOGRAPHIC STUDY OF THE SOLUTION THERMODY
NAMICS OF ORGANIC SOLUTES IN TETRAALKYLAMMONIUM AL
KANESULFONATE AND PERFLUOROALKANESULFONATE SOLVENTS
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Department of Chemistry, Wayne State University, Detroit, MI48202 (U.S.A.)

SUMMARY

The partial molar Gibbs free energy, enthalpy, and entropy of solution for
a number of test solutes are determined in five pairs of tetraalkylammonium
alkanesulfonate and perfluoroalkanesulfonate salts that are liquid at 121°C, The
presence of fluorine is shown to reduce retention due to dispersive interactions, to have
little influence on orientation and electron-donor interactions, and to have a large
influence on proton-donor interactions, These properties are correlated with the weak
dispersive interactions characteristic of highly fluorinated solvents and the inductive
effect of fluorine which affects the electron density on the sulfonate group.

INTRODUCTION

Highly fluorinated stationary phases have been used in gas chromatography
(GC) for the separation of chemically reactive compounds such as metal halides,
interhalogen compounds, and the halides of hydrogen, sulphur, and phosphorus':
Fluorinated stationary phases also show unique selectivity for the separation of
fluorocarbon homologues and freons. They have not been accepted, however, for
general use in GC due to their poor support coating characteristics manifesting
themselves in low column efficiencies and poor film stability at moderate to high
temperatures. Fluorocarbon groups also exhibit weak support deactivating properties
resulting in columns of high activity exhibiting poor peak shape for polar molecules.
The film stability, column efficiency and support deactivating properties of highly
fluorinated solvents can be dramatically enhanced by incorporating polar anchor
groups into the solvent structure using poly(perfluoroalkyl ethersj'<', fluorocarbon
surfactants containing polar functional groupst" and tetraalkylammonium per
fluoroalkanesulfonate salts". The organic salt phases have low melting points, upper
column operating temperature limits in the range 160-220°C, and acceptable
chromatographic properties towards a wide range of polar solutes". The alkane
sulfonate analogues of the fluorinated salts are easily prepared and provide
a convenient model system to study the influence of replacing alkane chains by
perfluoroalkane chains on retention. In an earlier study it was shown that retention
changes were significant and could be qualitatively explained by two types of behavior;
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weak intermolecular interactions with the perfluorocarbon chain tending to diminish
retention in a non-specific manner and selective retention of proton-donor solutes
resulting from the high electronegativity of fluorine and its inductive effect". In this
paper a quantitative interpretation of solute-solvent interactions in the perfluoro
alkanesulfonate saItsis attempted to better explain the above observations using
chemical thermodynamics.

EXPERIMENTAL

The synthesis, physical and spectroscopic properties oftetra-n-butylammonium
methanesulfonate (QBA MS), tetra-n-butylammonium trifluoromethanesulfonate
(QBA FMS), tetra-n-butylammonium butanesulfonate (QBA BuS), tetra-s-butyl
ammonium perfluorobutanesulfonate (QBA FBuS), tetra-n-butylammonium octane
sulfonate (QBA OS), tetra-n-butylammonium perfluorooctanesulfonate (QBA FOS),
tri-n-butylmethylammonium butanesulfonate (TBMA BuS), tri-n-butylmethylam
monium perfluorobutane sulfonate (TBMA FBuS), tri-n-butylmethylammonium
octanesulfonate (TBMA OS), and tri-n-butylmethylammonium perfluorooctanesul
fonate (TBMA FOS) are described elsewhere". Chromosorb W AW (40-60 mesh) and
Gas Chrom Q (60-80 mesh) were purchased from Anspec Co. (Ann Arbor, MI,
U.S.A.). All other chemicals and reagents were analytical or reagent grade in the
highest purity available.

For column evaluation a Varian 3700 gas chromatograph (Walnut Creek, CA,
U.S.A.) was used and modified to permit the measurement of the inlet pressure with
a mercury manometer (± 1 mmHg) and the average column temperature with
a National Bureau of Standards certified thermometer (±0.2°C). Nitrogen was used
as the carrier gas at an accurately known flow-rate of approximately 20 ml/rnin
determined with a thermostated soap-film bubble meter. Column packings were
prepared by the rotary evaporator technique using standard procedures'':", Accurate
phase loadings were determined by exhaustive Soxhlet extraction, 20-30 h, with
acetonitrile--". Samples were injected as headspace vapors to approximate the
conditions for infinite dilution/zero surface coverage. All sample peaks were
symmetrical and retention volumes were independent of sample size in the measure
ment region.

The net retention volume was determined using eqn. I

(1)

where P is PJ Pa, Pi the column inlet pressure, P; the column outlet pressure, tR the
retention time, t m the gas holdup time (assumed to be equal to the retention time of
methane at Tc) , Fa the column flow-rate measured at P; and Ta, T; the column
temperature (K), T; the ambient temperature, and Pw the vapor pressure of water at
Ta . Since retention was known to occur by a combination of gas-liquid partitioning
and interfacial adsorption", the gas-liquid partition coefficients independent of
interfacial adsorption were determined from plots of V~/VL VS. l/VL using eqn. 29

-
13

(2)
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where V~ is the net retention volume per gram of packing, VL the volume of liquid
phase per gram of packing, K L the gas-liquid partition coefficient, AGL the gas-liquid
interfacial area, KGL the coefficient for adsorption at the gas-liquid interface, ALS the
gas-support interfacial area, and KG LS the coefficient for adsorption at the support
surface. The K L value for each test solute at a fixed temperature were obtained by linear
extrapolation of the data for four columns with phase loadings between 7 and 18%
(w/w). The gas-liquid partition coefficients were determined at five temperatures in the
range llO-140°C and the data fitted to eqn. 312

(3)

where A and B are constants determined by linear regression and T; is the column
temperature (K). The correlation coefficients, ,2, were generally better than 0.998
except for butylbenzene (0.991), nitropentane (0.997), nitrobenzene (0.997), 2-methyl
2-pentanol (0.997), nonanone (0.995), dihexyl ether (0.996), and benzodioxane (0.983)
on QBA BuS; tetradecane (0.996), butylbenzene (0.990), nitropentane (0.988),
nitrobenzene (0.995), nonanone (0.994), and dihexyl ether (0.993) on QBA FBuS;
dodecyne (0.997), butylbenzene (0.996) on QBA FOS; dodecyne (0.990) on TBMA
FBuS; and butylbenzene (0.993), nitropentane (0.996), and 2-methyl-2-pentanol
(0.987) on TBMA FOS.

The liquid organic salt densities used to convert phase loadings into VL values
were taken from ref. 6.

The polarity of the liquid organic salts was determined by the solvent strength
parameter (the partial molar Gibbs free energy of solution for a methylene group per
unit solvent volume) using eqn. 4 14

-
16

(4)

where LlG~(CH2) is the partial molar Gibbs free energy of solution for a methylene
group and Pc the stationary phase density at the column temperature, Table 1. The

TABLE I

SOLVENT STRENGTH PARAMETERS FOR TETRAALKYLAMMONIUM ALKANESULFO
NATE AND PERFLUOROALKANESULFONATE SALTS AT I2loC

Phase iJGUCH2) SSP
(cal/mol) (eqn.4)

QBA MS -384 -403
QBA FMS -371 -358
QBA BuS -403 -432
QBA FBuS -374 -337
QBA OS -446 -469
QBA FOS -385 -293
TBMA Bus -374 -395
TBMA FBuS -360 -300
TBMA OS -426 -459
TBMA FOS -371 -278
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partial molar Gibbs free energy of solution for each test solute was calculated
according to eqn. 51 7

-
2°:

L1G~(X) = -2.3 RTc log K~ (5)

The partial molar enthalpy of solution for solute X was calculated according to eqn.
620

(6)

where L1H~(X) is the partial molar enthalpy of solution for solute X and B the
regression coefficient defined in eqn. 3. The partial molar entropy of solution for solute
X, L1S~(X), was calculated by difference according to eqn. 7:

L1S~(X) = [L1H~(X) - L1G~(X)]/Tc

RESULTS AND DISCUSS10N

(7)

An established property of fluorocarbon solvents is the large positive deviations
from Raoult's law for their mixtures with alkane solvents that in some cases are so
large as to cause limited miscibility'". It is also well known that derivatives formed
with fluorocarbon-containing reagents are less retained on most non-fluorinated
stationary phases than their hydrocarbon analogues when retention occurs exclusively
by gas-liquid partitioning and selective interactions are absent 2 2

, 2 3 .

In support of the above arguments the solubility of n-alkanes in the tetraalkyl
ammoni urn alkanesulfonate salts is more favorable than for the perfluoroalkane
sulfonate salts. The partial molar Gibbs free energy of solution for a methylene group
is in all cases more positive for the fluoroalkanesulfonate salts than for their
alkanesulfonate analogues, Table 1. Likewise, the partial molar Gibbs free energy of
solution for tetradecane in the tetraalkylammonium salts, Table II, is more positive for
the fluoroalkanesulfonate salts than their analogous alkanesulfonate salts. These
differences in properties are due to enthalpy differences as demonstrated by Fig. I.
From the figure it can be seen that entropy changes accompanying solution of the
n-alkanes are adequately accounted for by the changes in freedom of migration
associated with the differences in strength of the solute-solvent enthalpic interactions
(enthalpy-entropy compensation). The differences in slope for QBA BuS and QBA
FOS compared to the other salts indicates that the capacity of the salts for
solute-solvent interactions may also depend on solvent structure. There is no thorough
knowledge of the structure of liquid organic salts but most studies indicate that the
salts are at least partially ordered and held together by the strong Coulombic fields
between ions, and in some cases, by additional ion-ion molecular interactions to form
ion aggregates I 2 ,2 4- 2 6 . For QBA BuS and QBA FOS we might infer that differences in
the melt structure exist compared to the other salts which influence the solubility of the
n-alkanes but since the n-alkanes can only interact by dispersive and inductive forces
there is no change in the selectivity of these interactions due to changes in solvent
structure. Confirmation ofthis observation comes from plotting either the enthalpy or
Gibbs free energy of solution for tetradecane in the fluoroalkanesulfonate salts against
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TABLE II

SOLUTION THERMODYNAMICS OF TEST SOLUTES IN THE TETRAALKYLAMMONIUM
SULFONATE SALTS AT in-c

Stationary Test -LlG~ -LlH~ -LlS~
phase solute [kcallmol ) (kcaljmol ) (cal/mol' K)

QBAMS Tetradecane 4.24 ± 0.03 12.7 ± 0.3 21.4 ± 0.8
QBA FMS 4.18 ± 0.03 11.5 ± 0.3 18.6 ± 0.8
QBA BuS 4.50 ± 0.03 13.2 ± 0.7 22.1 ± 1.8
QBA FBus 4.28 ± 0.05 10.8 ± 0.7 16.7 ± 2.0
QBA OS 5.08 ± 0.04 12.5 ± 0.4 18.9 ± 0.9
QBA FOS 4.50 ± 0.03 11.7 ± 0.2 18.3 ± 0.4
TBMA Bus 4.60 ± 0.03 12.4 ± 0.3 19.7 ± 0.8
TBMA FBuS 4.44 ± 0.03 10.5 ± 0.2 15.4 ± 0.4
TBMAOS 4.89 ± 0.03 11.8 ± 0.2 17.5 ± 0.4
TBMA FOS 4.29 ± 0.03 11.1 ± 0.2 17.2 ± 0.5

QBAMS n-Butylbenzene 4.04 ± 0.04 10.4 ± 0.3 16.2 ± 0.7
QBA FMS 4.08 ± 0.03 9.9 ± 0.4 14.8 ± 0.9
QBA BuS 4.02 ± 0.03 11.7 ± 0.5 19.4±1.0
QBA FBuS 3.85 ± 0.05 9.4 ± 1.2 14.0 ± 2.0
QBAOS 4.35 ± 0.02 9.7 ± 0.2 13.5 ± 0.5
QBA FOS 3.93 ± 0.03 10.9 ± 0.5 17.6 ± 1.2
TBMA BuS 4.17 ± 0.03 9.9 ± 0.2 14.6 ± 0.5
TBMA FBuS 4.21 ± 0.03 9.9 ± 0.7 14.4 ± 1.8
TBMA OS 4.22 ± 0.06 9.6 ± 0.3 13.7 ± 0.8
TBMA FOS 3.71 ± 0.03 9.5 ± 0.8 14.6 ± 2.0

QBA MS I-Nitropentane 4.87 ± 0.03 10.7 ± 0.1 14.7 ± 0.3
QBA FMS 4.76 ± 0.03 9.7±0.2 12.5 ± 0.5
QBA BuS 4.79 ± 0.02 11.6 ± 0.6 17.2±1.5
QBA FBuS 4.51 ± 0.03 7.2 ± 0.1 6.7 ± 0.1
QBAOS 5.13±0.10 10.0 ± 2 12.0 ± 6
QBA FOS 4.42 ± 0.02 9.6 ± 0.1 13.2 ± 0.3
TBMA BuS 4.94 ± 0.03 10.5 ± 0.5 14.2 ± 1.2
TBMA FBuS 4.89 ± 0.03 8.8 ± 0.2 10.0 ± 0.4
TBMA OS 4.71 ±0.03 9.4 ± 0.2 11.8 ± 0.4
TBMA FOS 4.35 ± 0.03 8.5 ± 0.5 10.6 ± 1.3

QBA MS Nitrobenzene 6.06 ± 0.03 12.0 ±·O.I 15.1 ± 0.3
QBA FMS 5.78 ± 0.03 10.7 ± 0.4 12.6 ± 1.0
QBA BuS 6.19 ± 0.03 12.7 ± 0.7 16.5 ± 1.7
QBA FBuS 5.44 ± 0.03 9.3 ± 0.7 9.8 ± 1.7
QBA OS 5.94 ± 0.04 10.9 ± 0.4 12.6 ± 0.9
QBA FOS 5.27 ± 0.03 9.9 ± 0.3 11.8 ± 0.6
TBMA BuS 6.11 ± 0.03 11.9 ± 0.5 14.7 ± 1.3
TBMA FBuS 5.76 ± 0.03 9.5 ± 0.2 9.6 ± 0.4
TBMA OS 5.80 ± 0.03 10.5 ± 0.2 12.0 ± 0.4
TBMA FOS 5.16 ± 0.03 9.8 ± 0.3 11.7 ± 0.8

QBAMS 2-Methyl-2-pentanol 4.27 ± 0.03 12.2 ± 0.1 20.1 ± 0.1
QBA FMS 3.45 ± 0.03 9.8 ± 0.1 16.1 ± 0.2
QBA BuS 4.26 ± 0.07 13.2 ± 0.7 22.7 ± 1.8
QBA FBuS 3.33 ± 0.02 9.9 ± 0.4 16.8 ± 1.0
QBA OS 4.36 ± 0.05 11.7 ± 0.3 18.7 ± 0.7
QBA FOS 3.22 ± 0.02 10.5 ± 0.4 18.4 ± 0.9
TBMA BuS 4.54 ± 0.03 12.3 ± 0.4 19.6 ± 1.0

(Continued on p. 754)
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TABLE II (continued)

TBMA FBuS
TBMA OS
TBMA FOS

QBA MS
QBA FMS
QBA BuS
QBA FBuS
QBA OS
QBA FOS
TBMA BuS
TBMA FBuS
TBMA OS
TBMA FOS

QBA MS
QBA FMS
QBA BuS
QBA FBuS
QBA OS
QBA FOS
TBMA BuS
TBMA FBuS
TBMA OS
TBMA FOS

QBA MS
QBA FMS
QBA BuS
QBA FBuS
QBA OS
QBA FOS
TBMA BuS
TBMA FBuS
TBMA OS
TBMA FOS

Nonanone

Dihexyl ether

Benzodioxane

R. M. POMAVILLE, C. F. POOLE

-L1G~ -iJH~ -iJS~

(k caljmol) (kcal/mol) (cal/mol' K)

3.63 ± 0.03 8.7 ± 0.4 12.7 ± 1.l
4.23 ± 0.03 10.8 ± 0.2 16.6 ± 0.6
3.19±0.04 10.8 ± 1.2 19.2 ± 3.2

4.57 ± 0.03 11.2 ± 0.1 16.9 ± 0.2
4.71 ± 0.03 10.7 ± 0.3 15.1 ± 0.7
4.57 ± 0.03 12.4 ± 0.9 20.0 ± 2.3
4.56 ± 0.01 9.8 ± 0.8 13.4 ± 2.0
4.81 ± 0.04 10.8 ± 0.4 \5.2 ± 0.9
4.64 ± 0.03 10.8±0.4 15.6 ± 1.0
4.68 ± 0.02 11.2 ± 0.5 16.5 ± 1.3
4.98 ± 0.03 9.7 ± 0.1 11.9 ± 0.3
4.65 ± 0.03 \0.1 ± 0.2 13.9 ± 0.4
4.48 ± 0.04 10.2 ± 0.2 14.4 ± 0.6

4.03 ± 0.Q3 11.7 ± 0.2 19.6 ± 0.5
4.07 ± 0.04 10.9 ± 0.3 17.3 ± 0.7
4.50 ± 0.01 11.4 ± 0.1 17.5 ± 0.2
4.08 ± 0.04 10.6 ± 0.9 16.6 ± 2.3
4.67 ± 0.03 11.8 ± 0.3 \8.2 ± 1.0
4.24 ± 0.04 11.2 ± 0.3 17.8 ± 0.8
4.22 ± 0.03 \1.2 ± 0.4 18.9±1.1
4.33 ± 0.02 10.1 ± 0.2 14.7 ± 0.4
4.53 ± 0.03 11.0 ± 0.4 16.5 ± 1.1
4.04 ± 0.03 10.5 ± 0.2 16.5±0.7

6.02 ± 0.03 12.6 ± 0.1 16.7 ± 0.2
5.76 ± 0.03 11.3 ± 0.3 14.1 ± 0.8
5.84 ± 0.02 160 ± 2.1 25.8 ± 5
5.40 ± 0.03 10.0 ± 0.1 11.7 ± 0.3
5.96 ± 0.01 11.5 ± 0.1 14.0 ± 0.4
5.21 ± 0.03 10.5 ± 0.2 13.4 ± 0.6
5.69 ± 0.03 11.9 ± 0.7 15.8 ± 1.8
5.74 ± 0.03 10.4 ± 0.4 11.8 ± 1.0
5.83 ± 0.Q3 11.0 ± 0.1 13.2 ± 0.3
5.12 ± 0.03 10.6 ± 0.3 \3.9 ± 0.7

the analogous alkanesulfonate salts which line up into two groups with parallel slopes
that depend only on the identity of the cation (QBA or TBMA).

The solvent strength parameter (SSP) has been suggested as a single parameter to
evaluate solvent polarity'<-!". It is equivalent to the partial molar Gibbs free energy of
solution for a methylene group per unit solvent volume and, unlike the free energy
itself, has been demonstrated to show linear relationships with changes in solvent
composition for homologous solvents. For the salts studied in Table I the SSP
parameter shows a linear correlation for both series of salts with increasing number of
methylene groups or carbon difluoride groups in the alkane- and perfluoroalkane
sulfonate anions, With increasing chain length the SSP value decreases by approxi
mately 23 cal' cm' jg.mol for each carbon unit when a carbon difluoride group replaces
a methylene group in the alkanesulfonate chain. This value encompasses two trends.
An increase in the magnitude of the SSP value for the alkanesulfonate anion with
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Fig. l. A plot of LlG~ against LlH~ for the C,rC'6 n-alkanes on the tetra-n-butylammonium sulfonate salts.
Identification.. I, QBA FBuS and QBA OS; 2, QBA FOS; 3, QBA FMS; 4, QBA MS; 5, QBA BuS.
Numerical values for axes are negative.

increasing chain length and a decrease in magnitude of the SSP value for the
perfluoroalkanesulfonate anion with increasing chain length.

The aromatic test solute n-butylbenzene and dodecyne, Table III, were selected
as examples of non-polar test solutes that are readily polarized and might be expected
to show different solution behavior to the n-alkanes due to the presence of strong
Coulombic fields in the liquid organic salts. Dodecane and dodecyne have similar
boiling points (difference is 1.2aC at atmospheric pressure) and have similar molecular
sizes. They should, therefore, have similar cavity terms and differences in their solution
properties must be due largely to selective interactions of a dipolar nature. Differences
in the free energy of solution for dodecane and dodecyne in the analogous
alkanesulfonate and fluoroalkanesulfonate salts are substantial being greatest for the
methanesulfonates (1.11 kcal/mol) and least for the octanesulfonates. If the dispersive
interactions of dodecane and dodecyne are assumed to be of similar magnitude then
there is a small but significant difference between the free energy of solution for the
solutes in analogous alkane- and fluoroalkanesulfonate salts. The selective interaction
for dodecyne, then, is primarily due to the presence of strong Coulombic fields between
ions which are modified to a small extent by the inductive effect of fluorine which
lowers the electron density on the sulfonate group compared to the analogous
alkanesulfonate anion. Similar behavior is seen for n-butylbenzene except that
compared to dodecyne the differences in free energy and enthalpy of solution for the
alkanesulfonate and perfluoroalkanesulfonate salts are much smaller.

l-Nitropentane and nitrobenzene, were selected as test solutes expected to have
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TABLE JIJ

SOLUTION THERMODYNAMICS FOR DODECANE AND DODECYNE IN TETRAALKYL-
AMMONIUM ALKANESULFONATES AND PERFLUOROALKANESULFONATES AT 121°C

Average uncertainty in LfG~ is 0.03 kcal/mol, LfH~ 0.35 kcal/mol, and LfS~ 0.7 cal/mol' K.

Stationary Dodecane Dodecyne
phase

-LfG~ -LfH~ -LfS~ -LfG~ -LfH~ -LfS~

(kcallmol ) (kcallmol) ( cal/mol' K) (kcallmol ) (kcaljmol) ( cal/mol' K)

QBAMS 3.43 11.0 19.2 4.54 12.9 21.2
QBA FMS 3.32 10.2 17.5 4.30 11.5 18.1
QBA BuS 3.72 11.0 18.5 4.51 16.3 29.9
QBA FBuS 3.49 9.3 14.8 4.09 11.7 19.2
QBA OS 4.15 10.8 16.8 4.97 12.5 19.2
QBA FOS 3.73 10.2 16.4 4.24 11.5 18.4
TBMA BuS 3.55 10.9 18.5 4.70 12.6 20.1
TBMA OS 3.93 10.2 15.8 4.83 11.7 17.5
TBMA FOS 3.61 9.4 18.6 4.07 11.0 17.5

a large contribution from orientation interactions to their retention (dipole moments
3.52 and 3.97 respectively!"). In all cases the free energy and enthalpy of solution are
less for the fluoroalkanesulfonate than for the analogous alkanesulfonate salts. From
a plot of .dG~ VS . .dH~, shown for nitrobenzene in Fig. 2, there is a reasonable grouping
of points around a central line for all salts except those containing a perfluoro-

6.2

6.0

5.8

~
N
<::

15g 5.6

g
o ,.,.
o
<] 5.4

5.2

13121110
5.0+-~--r-----r----,--~-,

9

Ll.Hk (Nitrobenzene)

Fig. 2. Plot of LfG~ against LfH~ for nitrobenzene in the sulfonate salts illustrating the anomolous behavior
of the perfluorooctanesulfonate salts. Identification: I, tri-e-butylmethylarnmoniurn and 2, tetra-n-butyl
ammonium perfluorooctanesulfonates. Numerical values for axes are negative.
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octanesulfonate group (this behavior is typical of l-nitropentane as well). The
octanesulfonate chain is fairly flexible and can be packed into the ordered structure of
the liquid organic salts. The covalent radius of fluorine (0.67 A) is somewhat larger
than that of hydrogen (0.37 A) reducing the flexibility of the perfluorooctane chain
which does not pack as easily into the salt structure. The Coulombic fields between
ions is changed to accommodate the stiffer perfluorooctanesulfonate anions compared
to the octanesulfonate anions which in turn influences the strength of orientation
interactions. The difference in solution enthalpy and entropy between the alkanesulfo
nate and fluoroalkanesulfonate salts is significantly greater for the methanesulfonates
and butanesulfonates than for the octanesulfonate salts suggesting an increase in
enthalpy (and decrease in entropy) associated with solution of the dipolar solutes in the
perfluorooctanesulfonate salts.

2-Methyl-2-pentanol, dihexyl ether, nonanone, and benzodioxane were selected
as test solutes to evaluate proton donor-acceptor interactions. The sulfonate group is
the most likely proton-acceptor center in the sulfonate salts and 2-methyl-2-pentanol
should be the most sensitive test solute for observing changes resulting from 'the
inductive effect of fluorine on the electron density on the sulfonate group. In all cases
the free energy and enthalpy of solution are less favorable for solution of 2-methyl-2
pentanol in the fluoroalkanesulfonate salts than for the analogous alkanesulfonate
salts. The differences in free energy and enthalpy of solution for the alcohol in the
alkanesulfonate and fluoroalkanesulfonate salts are large by comparison to the other
test solutes. This difference is largest for the methanesulfonate salts and then increases
only shallowly as the length of the alkyl chain is increased. The differences in solution

14

13
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o "";a 10
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8+--r-~,--~,..--.--.--~-,

12 14 16 18 20 22 24
o

~Sk (2-Methyl-2-Pentanol)

Fig. 3. Plot of LlH~ against LlS~ for 2-methyl-2-pentanol in the sulfonate salts indicating the difference in
behavior for I, alkanesulfonates and 2, perfluoroalkanesulfonates. Numerical values for axes are negative.
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enthalpy increase from the methanesulfonates to the butanesulfonates and then
decline significantly to the octanesulfonates. A plot of jH~ against jS~ for
2-methyl-2-pentanol in the sulfonate salts, Fig. 3, divides the salts into two essentially
linear groups depending upon whether the anion contains fluorine or not. Enthalpy
entropy compensation is similar for both groups (slope of the line) indicating that the
difference between the two groups depends primarily on enthalpy differences. The
fluoroalkanesulfonate salts exhibit lower enthalpic interactions compared to their
alkanesulfonate analogues due to the inductive effect of fluorine which reduces the
electron density on the sulfonate group and is reinforced by weaker dispersive
interactions for the perfluorocarbon chains compared to the analogous hydrocarbon
chains. It is well established that in aqueous solution the perfluoroalkanesulfonic acids
are very strong acids, much stronger than the alkanesulfonic acids, which has been
explained in terms of the inductive effect of fluorine/". The first carbon difluoride
group adjacent to the sulfonic acid moiety is most responsible for the acid strength and
the addition offurther carbon difluoride groups has only a small effect. This picture is
entirely consistent with the interpretation of the thermodynamic solution data for
2-methyl-2-pentanol in the alkanesulfonate and fluoroalkanesulfonate salts.

For nonanone and dihexyl ether the differences in free energy and enthalpy of
solution between the alkanesulphonates and fluoroalkanesulphonates are generally
small indicating a specific interaction between the electron-donor solutes and the
fluoroalkanesulfonate salts that must occur in opposition to the general reduction in
dispersive interactions. In a few cases, particularly for the methanesulfonates, the free
energy of solution for the test solutes is more favorable for the fluoroalkanesulfonates
than the alkanesulfonates. Either the sulfonate group or the carbon backbone of the
fluoroalkanesulfonate group could act as electron-donor acceptor sites as their
electron density are both influenced by the inductive influence of fluorine. The
magnitude of the observed differences is not so large as to suggest that electron-donor
interactions for fluoroalkanesulfonate salts are strong selective interactions, partic
ularly when compared to the differences observed for proton-donor solutes. There are
of course two possible explanations for this. Either the observed interactions are not
very selective compared to those for the alcohols or dihexyl ether, nonanone, and
benzodioxane are much weaker electron-donor test solutes than the alcohols are
examples of proton-donor test solutes. This question cannot be answered adequately
at present but there is reasonable evidence to suggest that the conventional selection of
ethers and ketones as electron-donor solutes in schemes designed to evaluate
stationary phase selectivity in GC may have to be revised 1 4

, 1 6 , 1 8 .

The model solvent systems studied here permit a quantitative evaluation of the
influence of replacing the alkyl chains by perfluoroalkyl chains in sulfonate anions on
the solvent properties of tetraalkylammonium alkanesulfonate solvents used as
stationary phases for Gc. The general influence of fluorine is to diminish dispersive
interactions and to selectively reduce proton-donor interactions through the inductive
removal of electron density from the sulfonate group. The inductive effect of fluorine
does not seem to have a large influence on the strength of the Coulombic fields between
ions which dominate orientation interactions. The stiffness of the perfluorooctane
chain may influence orientation interactions compared to the analogous alkanesulfo
nate salts by changing the ion separation distances in the ordered structure of the liquid
salts. The Coulombic fields also influence the solubility of easily polarizable molecules
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such as aromatic and unsaturated alkanes which are retained much longer than their
saturated analogues of similar volatility.
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e Change LC scale
easily from drops
to liters; min. Collect in anything
from microcentrifuge tubes to off
deck containers.

e Easy-to-follow menus. Setup is quick
and intuitive for any
HPLC or prep LC
protocol.

e Collect only the
peaks you want.
Peak detection
by slope, height,
and/or time win
dows is built in.
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