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Scope. The journal of Chromatography publishes papers on all aspects of chromatography, electrophoresis and
related methods. Contributions consist mainly of research papers dealing with chromatographic theory, instru-
mental development and their applications. The section Biomedical Applications, which is under separate editor-
ship, deals with the following aspects: developments in and applications of chromatographic and electrophoretic
techniques related to clinical diagnosis (including the publication of normal values); screening and profiling
procedures with special reference to metabolic disorders; results from basic medical research with direct
consequences in clinical practice; combinations of chromatographic and electrophoretic methods with other
physicochemical techniques such as mass spectrometry. In Chromatographic Reviews, reviews on all aspects of
chromatography, electrophoresis and related methods are published.

Submission of Papers. Papers in English, French and German may be submitted, in three copies.
Manuscripts should be submitted to: The Editor of Journal of Chromatography, P.O. Box 681, 1000 AR Amster-
dam, The Netherlands, or to: The Editor of Journal of Chromatography, Biomedical Applications, P.O. Box 681,
1000 AR Amsterdam, The Netherlands. Reviews are invited or proposed by letter to the Editors and will
appear in Chromatographic Reviews or Biomedical Applications. An outline of the proposed review should first
be forwarded to the Editors for preliminary discussion prior to preparation. Submission of an article is under-
stood to imply that the article is original and unpublished and is not being considered for publication elsewhere.
For copyright regulations, see below.

Subscription Orders. Subscription orders should be sent to: Elsevier Scientific Publishing Company, P.O.
Box 211, 1000 AE Amsterdam, The Netherlands. The fournal of Chromatography and the Biomedical Applications
section can be subscribed to separately.

Publication. The Journal of Chromatography (incl. Biomedical Applications, Chromatographic Reviews and Cumulative
Author and Subject Indexes, Vols. 201-210 and 211-220) has 24 volumes in 1981. The subscription prices for
1981 are:

|. Chromatogr. (incl. Chromatogr. Rev. and Cum. Indexes) + Biomed. Appl. (Vols. 203-226):

Dfl. 3240.00 plus Dfl. 432.00 (postage) (total ca. US$ 1468.75)

J. Chromatogr. (incl. Chromatogr. Rev. and Cum. Indexes) only (Vols. 203-220):
DAl. 2556.00 plus Dfl. 324.00 (postage) (total ca. US$ 1152.00).

Biomed. Appl. only (Vols. 221-226):

Dfl. 852.00 plus Dfl. 108.00 (postage) (total ca. US$ 384.00).

Journals are automatically sent by air mail to the U.5.A. and Canada at no extra costs, and to Japan, Australia
and New Zealand with a small additional postal charge. Back volumes of the jfournal of Chromatography
(Vols. 1 through 202) are available at Dfl. 156.00 (plus postage). Claims for issues not received should be made
within three months of publication of the issue. If not, they cannot be honoured free of charge. For customers
in the U.S.A. and Canada wishing additional bibliographic information on this and other Elsevier journals,
please contact Elsevier/North-Holland inc., Journal Information Centre, 52 Vanderbilt Avenue, New York,
NY 10164. Tel: (212) 867-9040.

Abstracts/Contents Lists published in Analytical Abstracts, Biochemical Abstracts, Biological Abstracts, Chemi-
cal Abstracts, Chemical Titles, Current Contents/Physical, Chemical & Earth Sciences, Current Contents/
Life Sciences, Index Medicus, and Science Citation Index.

See page 3 of cover for Publication Schedule, information for Authors, and information on the News Section
and Advertisements.
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Acetonitrile

New Specifications
Min % transmission
(1 cm cell v. water)

205 nm 90 %
225 nm 98 %

Suitability
for gradient elution is tested for each batch
using LiChrosolv® Water.
Therefore both gradient partners
are best correlated to each other
as required for HPLC.




HPLC investigations. The optical
transparency and high purity of the BDH
range of solvents and ion pair reagents for
liquid chromatography ensure accurate
sample analysis. These competitively
priced HPLC solvents and reagents are
outlined in a free booklet available from

W

BDH provides the right background for your

BDH Chemicals Ltd Poole 0202 745520

Hopkin & Williams Chadwell Heath 01 590 7700

MACHEREY-NAGEL - DUREN

“colurnns.

Our standard HPLC columns (stainjess steel tub-
ing 6 x 4 mm, 4" fittings with reducing unions
to 1/16") are also available.

Our new HPLC brochure, presenting our entire
programme in detail, can be mailed to you on
request.

MACHEREY-NAGEL GMBH & CO. KG
P.O. Box 307, 5160 Diiren, West-Germany
Tel. . 2421 /6 10 71 - Telex 08 33 893




The Acknowledged
Symbol of Excellence
Since 1959

HPLC
Solvents
from
Burdick

& Jackson

Purified to

the exacting
requirements of HPLC,
gas chromatography,
fluorescence and
spectrophotometric
analysis.

Call or write for more information.

BURDICK & JACKSON
LABORATORIES, INC.

1953 South Harvey Street
Muskegon. Michigan U.S.A. 49442
(616) 726-3171
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Acetone

Acetonitrile

Benzene

Butanol-1

Butanol-2

n-Butyl Acetate

Butyl Chioride

Carbon Tetrachloride
Chlorobenzene
Chloroform
Cyclohexane
Cyclopentane
o-Dichlorobenzene
Diethyl Carbonate
Dimethyl Acetamide
Dimethyl Formamide
Dimethyl Sulfoxide
Dioxane
2-Ethoxyethanol

Ethyl Acetate

Ethyl Ether

Ethylene Dichloride
Heptane

Hexadecane

Hexane

Isobutyl Alcohol
Iso-hexanes

Methanol
2-Methoxyethanol
2-Methoxyethyl Acetate
Methyl t-Butyl Ether
Methyl Ethyl Ketone
Methyl Isoamyl Ketone
Methyl Isobutyl Ketone
Methy! n-Propyl Ketone
Methylene Chloride
N-Methyipyrrolidone
Nonane

Pentane

Petroleum Ether
beta-Phenethylamine
Propanol-1

Propanol-2

Propylene Carbonate
Pyridine
Tetrahydrofuran
Toluene
Trichloroethylene
Trichlorotrifluoroethane
2,2,4-Trimethylpentane
Water for HPL
o-Xylene




Methods

W. G. Jennings (USA)
Comparisons of Fused Silica
and other Glass Columns in
Gas Chromatography

1981, 81 pp., 39 figures and tables,

hard cover, $ 19.00
ISBN 3-7785-0729-X

Abdel Salam Said (Saudi Arabia)

Theory and Mathematics
of Chromatography
1981, 210 pp., 44 figures, hard cover,

$ 28.00
ISBN 3-7785-0166-1

W. Bertsch (USA)

W. G. Jennings (USA),

R. E. Kaiser (Germany) (Editors)
Recent Advances in Capillary
Gas Chromatography

1981, 592 pp., hard cover, $ 38.00
ISBN 3-7785-0711-7

G. Schwedt (Germany)

Chromatographic Methods
in Inorganic Analysis
1981, 226 pp., 35 figs. and 62 tables,

hard cover, $ 38.00
ISBN 3-7785-0690-0

R. E. Kaiser and E. Oelrich (Germany)
Optimization in HPLC

1981, 278 pp., 108 figs., hard cover,
$ 33.00
ISBN 3-7785-0657-9

W. Bertsch (USA), S. Hara (Japan),
Rudolf E. Kaiser (Germany),
A. Zlatkis (USA)

Instrumental HPTLC

1980, 390 pp., 200 figs., hard cover,
$ 49.00
ISBN 3-7785-0658-7

Dr. Alfred HiithigVerlag GmbH
Postfach 102869
D-6900 Heidelberg 1

(Address of our New York Office:
611 Broadway, Room 227,

\ New York, N. Y. 10012)

/ A NEW BOOK SERIES \

€hromatographic

Order your desk copy of:
CUMULATIVE AUTHOR

AND SUBJECT INDEXES

OF THE JOURNAL OF

CHROMATOGRAPHY

covering Volumes 1-50.
1972 282 pages.
Price: US $56.00/Df1.115.00.

covering Volumes 51-100.
1975 354 pages.

Price: US $78.00/Dfl. 160.000.
covering Volumes 101-110.
1975 126 pages.

Price: US $26.75/Dfl. 55.00.

covering Volumes 111-120.
1976 128 pages.

Price: US $26.75/DAl. 55.00.
covering Volumes 121-130.
1977 84 pages.

Price: US $19.50/Dfl. 40.00.

covering Volumes 131-140.
1978 88 pages.

Price: US $19.50/Df1. 40.00.
covering Volumes 141-160.
1978 168 pages.

Price: US $34.25/DAfl. 70.0C.

covering Volumes 161-180.
1980 179 pages.
Price: US $35.00/DAl. 70.00.

One copy of the Cumulative Author an
Subject Index is supplied free of charge
to subscribers of the Journal of

Chromatography. Additional copies car
be purchased.

Y P.O. Box 211, Amsterdam.
alk.. The Netherlands.

The Dutch guilder price is definitive. US $ price are subject to
exchange rate fluctuations.

/
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High resolution

is not enough!
High fidelity

is also necessary
to assess quantitative
sample composition.

Unique

Specially cooled, automatic, non-vaporizing
septum-less on-column injector

allowing true:

non-discriminating

non-destructive

non-contaminating

sampling into capillary column.

Automatic split-splitiess injector.

innovative

Zero dead volume, true all-glass system.
New accurate all-metal pneumatic system.
Constant flow/constant pressure option
for carrier gas.

Ultra-rapid amplifier.

Wide range of easily interchangeable
detectors.

These are only some of the most advanced features making the

Fractovap 4160 Series
the only real answer
for true quantitation

in capillary

gas chromatography.

CARLO ERBA
STRUMENTAZIONE

319 FARMITALIA CARLO ERBA SUBSIDIARY §3 monTeosson aroup



Electron Capture -
Theory and Practice in Chromatography
edited by A. ZLATKIS, Houston, TX, USA, and C.F. POOLE, Detroit, Ml, USA
JOURNAL OF CHROMATOGRAPHY LIBRARY - Volume 20
This comprehensive coverage of all aspects of the theory, design, operation and
applications of the electron-capture detector in chromatography contains

solutions to instrumental and technical problems which can arise during practice.
NE It includes an extensive tabulation of all pertinent data concerning the use of this

technique in gas and liquid chromatography. Each chapter has been prepared by
experts in their fields and contains in-depth coverage of its topic.

Sept. 1981 viii + 376 pages

Price: US$76.50/Dfl. 180.00
BOO KS ISBN 0-444-41954-3

Affinity Chromatography and Related
Techniques

edited by T.C.J. GRIBNAU, Oss, J. VISSER, Wageningen, and R.J.F.
NIVARD, Nijmegen, The Netherlands

ANALYTICAL CHEMISTRY SYMPOSIA SERIES - Volume 9

The 45 papers in this Proceedings volume cover the theoretical aspects of
affinity chromatography, review the preparation and properties of polymeric
matrices and methods for ligand immobilization, and illustrate the increasing
importance of affinity techniques in industrial and biomedical/diagnostic
applications. A wide variety of the applications of organic dyes are included,
as well as information on the application of affinity techniques in high-performance
liquid chromatography.

Nov. 1981 xviii + 584 pages

Price: US $83.00/Dfl. 195.00
ISBN 0-444-42031-2
Drugs of Abuse
by L. FISHBEIN, Jefferson, AR, USA
CHROMATOGRAPHY OF ENVIRONMENTAL HAZARDS 4
This is both a practical text and a literature reference source for chromatographic
procedures used in the separation, detection and quantification of a spectrum of
commonly abused drugs from biological, licit and illicit samples. These
procedures are primarily useful in therapeutic monitoring, pharmacokinetic
studies, emergency, clinical, forensic and toxicological analyses, and monitoring
in drug abuse screening programs. It is the final volume in this series which also
covers carcinogens, mutagens and teratogens, metals, gaseous and industrial
poliutants, and pesticides.
Oct. 1981 x +490 pages

= Price: US$95.75/Dfl. 225.00
Order from your bookseller ISBN 0-444-42024-X

or directly from Mass Spectrometry in Biochemistry,

ELSEVIER SCIENTIFIC Medicine and Environmental Research, 7
PUBLISHING COMPANY  Proceedings of the 7th International Symposium on Mass Spectrometry in

P.O. Box 211, Biochemistry, Medicine and Environmental Research, Milan, Italy, 16-18 June 1980
‘T%OO@EhA'r?Stgfdamy edited by A. FRIGERIO, Milan, taly

& Rathoriancs ANALYTICAL CHEMISTRY SYMPOSIA SERIES~Volume 7
ELSEVIER The main topics covered in the 32 papers presented at this symposium are the
NORTH-HOLLAND INC. applications of mass spectrometric techniques in drug metabolism, metabolism
52 Vanderbilt Ave. of other substances, the identification and/or quantitation of endogenous

compounds, studies involving respiratory gases, and environmental studies.
New York, NY10017 Advances in methodology are also included.
Prepaid orders are supplied postfree. Oct. 1981 x + 360 pages

e Dutch guilder price is defini Price: US $72.50/Dfl. 170.00
;’;e g:l:icehc?tolgxcﬁangesr:t?;‘?t:'é\r/:éltt}zﬁv‘s.p"ces ISBN 0-444-42029-0
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Beckman reinvents the
liquid chromatograph.

First as Altex, and now as part
of Beckman, we have led the way
in HPLC pump technology. Seven
years ago we introduced the inno-
vative Model 100, a dual pis-
ton, electronic pulse corrected
pump—still considered the
standard of the industry. This
was followed by the cost-effec-
tive 110A— the world’s first high
performance single piston
rapid refill pump.

Now, 10,000 pumps later, Beck-
man introduces the Model 112—
with the p-Flow™ Solvent Deliv-
ery System, combining the best
of both technologies into the
most advanced solvent delivery
system available.

The Model 112 was “reinvented”
to meet industry needs demanding
a liquid chromatograph with pre-
cision and accuracy plus trouble-

free operation. Built right into the
high-pressure piston chamber is a
new p-Flow™transducer. Regard-

less of solvent changes, p-Flow
System automatically adjusts
the compressibility compensa-
tion to produce flow rates
accurate down to .01 ml/min.

We reinvented the drive
system using direct
torque conversion

—no gears!

With fewer

mechanical parts, the 112 pro-
vides greater reliability.

Totally new 340 Series utilizing
the u-Flow Solvent Delivery
System, is designed for high
resolution gradient separa-
tions. Combined with the 160-
165 Detectors you receive un-
surpassed HPLC performance.

Write for brochure #7396 for

more information on the

Model 112 Solvent Delivery

System and 340 Sys-

tems HPLC, 1716

Fourth St., Berkeley,

CA 94710 or call

your Beckman rep-
resentative.

BECKMAN



ISCO’s variable wavelength
monitor detects
sugars to

Take advantage of variable wave-
length detection and ISCO’s low
price to upgrade your liquid chro-
matography. Whether you’re doing
conventional or HPLC, and pre-
sently have a complete chromato-
graph, a system made of compo-
nents, or are just getting started,
an ISCO Model 1840 is the next
step for you to consider.

Ten sensitivity ranges from 0.002
to 2.0 AUFS, fast response, and
interchangeable flow cells allow
you to handle practically any LC
application. Several optical and
electronic innovations increase the
useful deuterium lamp life many
times—lamp costs no longer
need keep you from putting
the whole spectrum in
your chromatograph.

1S

..and
everything
in between

You can use this detector with
any recorder, but the optional 10
cm built-in recorder is hard to beat
for convenience. Another option is
the ISCO Peak Separator which can
control a fraction collector to put
separate peaks in individual tubes.

An ISCO Model 1840 gives you
all the advantages of continuously
selectable wavelengths for $2995.
And with the built-in recorder and
Peak Separator, it’s still only
$3795—less expensive than many
other variable detectors with the
same specifications but without
these features. To find out more,
send for an ISCO catalog, or phone

us toll free at [800] 228-
4250 (continental U.S.A. ex-
cept NE). ISCO, Box 5347,
Lincoln, NE 68505.

365 Instruments with a difference
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Would you like
to reduce your
sample wastage?

The answer: MSI 660 -
Automatic sample injector

Reproducible — no cross-contamination
Easy to use

No contamination

60 samples (30 or 120 as option)
Positive sample identification

' KONTRON LTD. System control using modern technology
g ‘ Analytic International

g.i‘ Bernerstrasse Siid 169
CH-8048 Zurich, Switzerland

Australia (Sydney) (02) 9383433 France (Vélizy) (3) 9469722 Netherlands {(Maarssen) {03465) 60894
Austria (Vienna) {0222) 945646 Germany (Munich) {08165)771 Norway (Oslo) {02) 170390
Belgium (Brussels} {02) 3444900 Great Britain (St. Albans) (0727) 66222 Spain (Madrid) (01} 7348413
Canada {Mississauga) (418) 6781151 Italy (Milan) (02) 50721 Sweden (Taeby) (08) 7567330
Denmark (Ballerup) (02) 651666 Japan (Tokyo) {03214) 5371 Switzerland (Zurich) {01) 629262

U.S.A.: Kontron Electronics Inc., 630 Price Avenue, Redwood City/California 94063, {415) 3611012
336




& exPeErRIENCE

THE

[ STATE ofthe ART

A N

n ANALYTICAL CHEMISTRY
AND

APPLIED SPECTROSCOPY

X X% ¥

iMvARCH 8-13,1982
ATLANTIC CITY
g|SONVENTIONHAL
wNEW JERSEY,U.S.A.

X X ¥

®OVER 1300

= EXHIBITION BOOTHS
@ TECHNICAL PROGRAM
. of BS0 PAPERS

®17 INVITED SYMPOSIA

5 OSPECIAL SHORT
. COURSES

@ OVER 6000 ROOMS
Wji WALKING DISTANCE
of CONVENTION HALL

OSPOUSES & EVENING
SOCIAL PROGRAMS

O@SPECIAL DOMESTIC &
EUROPEAN TRAVEL
- ARRANGEMENTS

/

/

a for further information
clip & mail coupon below

N to:Pittsburgh Conference
437 Donald Rd.dept: j=-057
Pittsburgh, Pal15235

U.S.A.

‘ name:

address:

545

TrAC Travel from Europe to the 198]
Pittsburgh Conference

e

TrAC - Trends in Analytical Chemistry is
Elsevier’s new monthly which covers the
latest trends and developments in analyt-
ical chemistry. It is easy to read, informa-
tive and affordable to the individual
scientist.

TrAC Travel is a low price travel package
from Europe to the Pittsburgh Conference
and Exhibition on Analytical Chemistry
and Applied Spectroscopy, Atlantic City,
NJ, U.S.A., March 8-12, 1982.

The package includes:

e airfare from several European cities
to and from New York

e transfer by luxury coach to Atlantic
City, NJ

e 5 nights accomodation in a first class
hotel in Atlantic City

e 1 night accomodation in a first class
hotel in New York, and a sight-seeing
tour of “The Big Apple”

@ porterage, taxes, service charges, guid
services and airport assistance

Prices (based on shared double room occup
cy) at 1st October, 1981: Bfr. 32627; DM
2,195; Ffr. 4848; Dfl. 1995; £ 523; Sfr. 19

For further details and a free sample
copy of TrAC write now to

TrAC,
Elsevier/North-Holland,
68 Hills Road,
Cambridge,

England CB2 1LA,

(tel. 0223-325961)

analytical chemists toget




BUCHI 670
DCC Chromatograph

separations and isolations

of

medium to strong polar samples

by

Droplet Countercurrent Chromatography

@ Liquid-liguid method

® No solid column packing
material

® easy to use

@ reproducible separations

® sample quantities up to
several grams

® hundred percent sample
recovery

Blchi
Laboratory-Techniques Ltd.
CH-9230 Flawil
Switzerland

Tel. 071-834083

Telex 77 403




A NEW JOURNAL

Editor-in-chief:

B. DELMON, Louvain-la-Neuve.
Belgium

Editors:

J. A. CUSUMANGO, Santa Clara, CA.

L. GUCZI, Budapest, Hungary

D. L. TRIMM, Kensington, Australia
D. A.WHAN, Edinburgh, UK.
Supported by an international
Editorial Board.

Subscription Information:
1981 Volume 1 (in 6 issues)
$80.50/173.00 Dutch guilders
including postage

Further details and a
free sample copy are
available on request.

P.O. Box 211
1000 AE Amsterdam
The Netherlands

52 Vanderbilt Ave
New York, N.Y. 10017
U.S.A.

An International Journal Devoted to
Catalytic Science and its Applications

The scope includes:

e catalytic phenomena occurring in industrial processes or in
processes in the stage of industrial development and in cor
ditions similar to those of industrial processes. Both hetero-
geneous and homogeneous catalysis are included, togethe
with aspects of industrial enzymatic catalysis;

e scientific aspects of preparation, activation, ageing, poison
ing, rejuvenation, regeneration and start up transient effect:

e methods of catalyst characterization when they are both
scientific and have potential applications in industry;

e aspects of chemical engineering retevant to the science of
catalysis;

e new catalytic reactions of practical interest, and new
catalytic routes

A News Brief section, provided by correspondents, contains
information gathered from patents, technical journals etc.,
on new catalytic reactions, catalysts and processes, new
methods of catalyst preparation, and on new scientific facts
related to the application of catalysis.

Rapid publication will be a special feature

LSEVIEE

The Dutch guilder price is definitive. US $ prices are subject to exchange rate fluctuations.




Participation in the Copyright Clearance
Center (CCC) assures you of legal photo-
copying at the moment of need.

Libraries everywhere have found the easy
way to fill photocopy requests legally and
instantly, without the need to seek permis-
sions, from more than 3000 key publica-
tions in business, science, humanities and
social science. You can:

Fill requests for multiple copies, interlibrary
loan (beyond the CONTU guidelines), and
reserve desk without fear of copyright
infringement,

Supply copies from CCC-registered publica-
tions simply and easily.

The Copyright Clearance Center is your one-
stop place for on-the-spot clearance to photo-
copy for internal use.

Its flexible reporting system accepts photo-
copying reports and returns an itemized
invoice. You send only one convenient
payment. CCC distributes it to the many
publishers whose works you need.

And, you need not keep any records, the
CCC computer will do it for you. Register
now with the CCC and you will never again
have to decline a photocopy request or
wonder about compliance with the law for
any publication participating in the CCC.

To register or for more information, just
contact:

Copyright Clearance

Center
21 Congress Street
Salem, Massachusetts 01970
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Errata

J. Chromatogr., 218 (1981) 123135

Page 130, 6th line below eqn. A7, “a;” should read “os”.

Page 135, ref. 9 should be added, as follows: *“9 J.C. Maxwell, A Treatise on Electricity
and Magnetism, Vol. 1, Oxford, 3rd ed., 1904, p. 441.”.

J. Chromatogr., 218 (1981) 299-326

Page 308, legend to Fig. 5, 3rd line, “ , pyridine” should read “O, pyridine”.
Page 310, 5th line, “miror” should read “minor™.

Page 313, 32nd line, “eqn. 7” should read “eqn. 4”.

Page 320, Table VIII, mobile phase 26, m value, “0.43”" should read “0.69”.
Page 326, ref. 5, 2nd line should be deleted.

J. Chromatogr., 218 (1981) 341-354
Page 351, Fig. 11 should be replaced by the figure below.

8 T T T 160
6 — 120
K 4 4go Cads
— Hmol/g
2F - 40
0 1 | 1 0
2 3 4 5 6
pH

J. Chromatogr., 218 (1981) 365—393

Page 372, 4th line below eqn. 6, “hl; t, hil; p and hyl; p” should read
“hilit, hili r and hgl; p”.

Page 372, 11th and 14th lines below eqn. 6, “c” should read “i”.
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FOREWORD

The Vth Symposium on Column Liquid Chromatography has been organized
Jointly by GAMS, the Chromatography Discussion Group of UK, the Arbeitskreis
Chromatographie der Fachgruppe Analytische Chemie der Gesellschaft Deutscher
Chemiker, the Division of Analytical Chemistry of the French Chemical Society, the
Swiss Chemical Society (SCV), the Austrian Chemical Society (VOeV), the Royal
Dutch Chemical Society (KNCV) and the Chromatography Forum of the Delaware
Valley. It is a pleasure to acknowledge the support of these societies and the excellent
cooperation with them.

The success of such a meeting depends mainly on the quality of its scientific
program. Thus, I wish to express my gratitude to the many authors who contributed
to it and to the members of the Scientific Committee (H. Colin, R. S. Deelder, Cs.
Horvath, J. F. K. Huber, K. P. Hupe, B. L. Karger, J. J. Kirkland, J. H. Knox, M.
Martin, G. Schill, W. Simon, L. R. Snyder) for having helped me in the difficult task
of inviting or selecting and organizing such a large number of excellent contributions.

Thanks are due also the Editor of the Journal of Chromatography for his help
in publishing these proceedings which contain a large proportion of the papers pre-
sented at the meeting.

The success of the Symposium is also largely due to the ability, dedication and
kindness of Ms. M. Jacquet who helped me in arranging all the details of the scientific
program and the relations with authors, publisher and printers, and of Ms. de Haro,
delegate of the Centre des Congres du Palais des Papes, Avignon, who was respons-
ible for the Social Programme and the solution of the many problems associated
with the organization of a large meeting of over 600 scientists. The financial equi-
librium of such a symposium could not be achieved without a successful exhibition.
I acknowledge the contributions of the companies which were present at the Palais
des Papes and the efficient help of Mr. Lauret (Touzart et Matignon, France), Chair-
man of the Exhibition Committee.

Finally, thanks are due to all the chromatographers who, in spite of their busy
schedule and a terrible weather, came to Avignon between May 10 and 15, 1981,
participated actively in the meeting and made it so successful.

G. GUIOCHON
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FLUORESCENCE DETECTION OF CHLOROANILINES IN LIQUID CHRO-
MATOGRAPHY USING A POST-COLUMN REACTION WITH FLUORES-
CAMINE

COMPARISON OF REACTOR TYPES AND MIXING TEES
A. H. M. T. SCHOLTEN, U. A. Th. BRINKMAN and R. W. FREI*

Department of Analytical Chemistry, Free University, de Boelelaan 1083, 1081 HV Amsterdam ( The Nether-
lands)

SUMMARY

The fluorescamine (Fluram) reaction for primary amines has been used for the
post-column derivatization of three chloroanilines at relatively low pH values. Sepa-
ration was carried out on a CN-modified bonded phase with acetonitrile-water (pH
3) as the mobile phase. Various types of reactors (tubular, packed-bed and air-seg-
mented) and mixing tees have been studied and compared for their suitability in post-
column reactor systems.

Under optimal conditions, detection limits for the derivatized chloroanilines
are in the 100-pg range, which 1s about 10-fold better than with UV detection. The
linearity of the calibration graphs is excellent (» = 0.9999-1.0000) over a concentra-
tion range of 2-3 orders of magnitude.

INTRODUCTION

Halogenated anilines, especially chloroanilines, can be released into the en-
vironment either directly as industrial effluents or indirectly as breakdown products
of phenylcarbamates and phenylurea herbicides, and materials such as paints. Over
the years, many papers on the determination of halogenated anilines have been pub-
lished (see, e.g., refs. 1-4 and the literature cited therein). Here, we call attention to a
paper by Sherma and Marzoni®, who separated these anilines by thin-layer chromato-
graphy and quantitated them by fluorescence detection after spraying with fluores-
camine {4-phenylspiro[furan-2(3H),1'(3'H)-isobenzofuran]-3,3'-dione}. Fluores-
camine (Fluram) is a well known reagent for the detection of primary and secondary
amino groups®”’ in a variety of compounds such as amino acids®®, polyamines!?,
peptides!**2, proteins'®, cephalosporin!®, phenelzine!®, ampicillin!® and fluvox-
amine and clovoxamine!”’. The non-fluorescent reagent reacts with the primary
amines to form pyrrolinones which, upon excitation at 390 nm, emit strong fluores-
cence at 475-500 nm; in the quoted work both pre- and post-column derivatization
were used. Several thorough investigations on the selection of suitable conditions for

0021-9673/81/0000-0000/$02.50  «© 1981 Elsevier Scientific Publishing Company



4 A. H. M. T. SCHOLTEN e «l.
the reaction between amines and Fluram have been published®'*'*2! It has been
shown that, in general, reaction must take place at pH 7-9 and that in organic
solvents the reaction proceeds much more slowly than it does in an aqueous medium.
Under non-aqueous conditions, 50 %, conversion into the Fluram derivative typically
takes from several minutes®' to several hours®®, compared with seconds in an
aqueous solution.

Hydrolysis of Fluram, which takes place parallel to the derivatization reaction,
can be a serious interference, particularly for kinetically slow reactions. According to
Stein et al.?°, who studied the use of various aqueous—organic solvent mixtures, the
rate of hydrolysis of Fluram increases with increasing pH, and depends strongly on
the nature of the organic co-solvent and the buffer selected. The authors also state
that the product of hydrolysis is non-fluorescent. According to our observations,
however, and also those of Castell et al.'?, a fluorescence signal appears upon hydro-
lysis. The latter workers suggested two possible hydrolysis reactions, viz., a reversible
one, in which merely the lactone ring of Fluram is opened, and one which results in
the formation of a yellow (fluorescent) end-product.

In this paper, the separation of three of the more important chloroanilines (3-
and 4-chloroaniline and 3,4-dichloroaniline) by high-performance liquid chromato-
graphy (HPLC) and their subsequent determination by post-column derivatization
with Fluram at relatively low pH values is described. The system has been used to
compare the potential of a tubular reactor with that of a packed-bed reactor and a
reactor based on the air-segmentation principle. Also, the dependence of band broad-
ening and, thus, system performance, on the construction of mixing tees has been
evaluated.

EXPERIMENTAL

Chromatography

The experimental arrangement is shown in Fig. 1. The system consisted ol an
Altex (Berkeley, CA, U.S.A.) Series 100 pump, a Valco (Houston, TX, U.S.A.) six-
port injection valve with a 20-ul sample loop, a 10 cm x 4.6 mm [.D. stainless-steel
column packed with Polygosil 60-10 CN (Macherey, Nagel & Co.. Diiren. G.F.R.). a
Perkin-Elmer (Norwalk, CT, U.S.A.) LC 55 variable-wavelength UV detector set at
243 nm, a post-column reaction system (see below) and a Perkin-Elmer Model 204A
or 3000 fluorescence spectrophotometer with 10-nm slits operated at 4,, = 398 nm
and #.,, = 498 nm. The signals were recorded with Kipp (Delft, The Netherlands)
BD-& recorders.

Post-column reaction system

For reagent addition, a home-made syringe pump with a capacity of 300 ml
was used. With this constant-pressure pump a regular and pulse-free reagent stream
could be added to the mobile phase, with a pressure limit of about 200 bar. In the air-
segmentation experiments, a Technicon (Tarrytown, NY, U.S.A.) AutoAnalyzer
pump was installed in the system. Routinely, the reagent stream and mobile phase
were mixed in a stainless-steel tee-piece, in which the capillaries (0.25 mm 1.D. and
1/16 in. O.D.) made a 120" angle. In order to prevent the formation of tiny air bubbles
in this tee-piece. which often occurred, a piece of stainless-steel capillary or Tygon



FLUORESCENCE DETECTION OF CHLOROANILINES 5

reagent pump

recorder
tee —
column piece
uv reaction  fluorescence
pump inj. detector system  detector

Fig. 1. Instrumental arrangement of the chromatographic system.

tubing, which will give a back-pressure of a few bars, was installed at the outlet of the
detector flow-cell. In such cases, the Perkin-Elmer Model 3000 fluorospectrometer
had to be used for analysis, as its flow-cell can withstand back-pressures of up to 35
bar.

Three types of reactor were used: (1) the packed-bed reactor consisted of a 10
cm x 4.6 mm I.D. stainless-steel column packed with 15-um glass beads (Euroglas,
Delft, The Netherlands); (2) the tubular reactor was a stainless-steel capillary of
varying length (618 m) and 0.3 mm [.D. with a helix diameter of 3 ¢cm; (3) for the air-
segmentation system a 2-m long PTFE capillary purchased from Omnifit (Biolab,
Cambridge, Great Britain) of 0.8 mm I.D., 1/16 in. O.D. and a 5-cm helix diameter
was used as the reactor. Air was added via a Technicon A-10 glass tee-piece at a flow-
rate of 0.6 ml-min~!. A modified?? tee-piece of 1/16 in. I.D. in order to allow
insertion of the PTFE capillary was used as a phase separator; 50-80 9, of the liquid
stream passed through the phase separator to the flow cell of the detector.

Reuagents

Fluram and 3- and 4-chloroaniline were obtained from Fluka (Buchs, Switzer-
land) and 3.,4-dichloroaniline from Merck (Darmstadt, G.F.R.). Acetonitrile and all
other chemicals were of analytical-reagent grade from Merck. Aqueous buffer solu-
tions were prepared using appropriate amounts of sodium acetate and acetic acid; the
total acetate concentration was 0.05 M.

Stock solutions of the anilines were prepared in the mobile phase and kept in
the dark. Solutions of Fluram in acetonitrile were degassed in an ultrasonic bath for
10 min. Mobile phases were degassed under vacuum for 2 min.

RESULTS AND DISCUSSION

HPLC conditions

HPLC on chemically bonded stationary phases is often carried out with meth-
anol-water or acetonitrile-water mixtures as the mobile phase. Acetonitrile was pre-
ferred as the organic solvent, as methanol (and other alcohols) are known to effect a
considerable increase in the time of reaction between Fluram and amino groups
because of reversible hydrolysis of Fluram by the alcohol??; consequently, the net
fluorescence 1s low.

Initially, 10-um LiChrosorb RP-18 (Merck) was used as the stationary phase.
A good separation of 3- and 4-mono- and 3,4-dichloroaniline with capacity ratios (k")
of 1-3 was obtained with acetonitrile-0.05 M sodium acetate (4:6) as the mobile
phase. One should realize, however, that Fluram has to be added to the mobile phase
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as a solution in acetonitrile. This implies that the post-column reaction medium
contains 50-60 9%, or more of acetonitrile. Such high proportions of organic solvent
are known'2'!? to have a negative effect on the formation of the fluorescent reaction
products. This was confirmed in a series of batch experiments (Fig. 2) in which the
optimal percentage of acetonitrile was found to vary from 209, for 3.4-di- and 3-
chloroaniline to 359 for 4-chloroaniline.

As a consequence of the above, with a flow-rate of 1.0 ml-min~"' through the
HPLC column and even with a reagent flow-rate as low as 0.2 ml-min~"! (scc below)
the mobile phase had to consist of an organic-aqueous solvent mixture containing
about 959 of water. The use of more polar packing materials such as LiChrosorb
RP-2 and Polygosil 60-10 CN as the stationary phase therefore had to be studied.
Excessive retention could be avoided only by using the CN-modified bonded phase.
Unfortunately, however, at an aqueous phase pH of 5 or higher, the resolution
between 3- and 4-chloroaniline was negligible, and a 95:5 mixture of a pH 3 acetate
buffer and acetonitrile had to be used to create well resolved peaks. Under these
conditions, the capacity ratios were: 3-chloroaniline 1.7, 4-chloroaniline 1.4 and 3,4-
dichloroaniline 4.4. The results of a subsequent batch study (10 min reaction time

hpeqk

100+

704

34-di-CA

4-CA
304

104

T T

100 300 600

™ Cruram (I“g/ml )

Fig. 4. Influence of Fluram concentration on fluorescence intensity, measured in the dynamic system at pH
3. Reaction time, 60 sec; further conditions and symbols, see text and Fig. 2.
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with optimal acetonitrile—acetate conditions) on the influence of pH on fluorescence
intensity are shown in Fig. 3. A pH of about 4 is seen to be the best overall choice;
however, the decrease in signal intensity observed for 3-mono- and 3,4-di-
chloroaniline on lowering the pH to 3 certainly is not dramatic.

Fluram concentration and reaction time

Fig. 4 shows the dependence of fluorescence peak height on Fluram concentra-
tion, recorded at pH 3 under dynamic conditions. The time of reaction was 60 sec and
the composition of the reaction system corresponded to the optimal conditions es-
tablished in the previous section. For all further work, a concentration of 600
pg-ml~" of Fluram was used; higher concentrations were found to result in precipi-
tation of Fluram and clogging of the capillaries on mixing of the reagent and carrier
stream.

The influence of the reaction time on fluorescence yield was studied by using
different lengths of capillary, each 6 m x 0.3 mm L.D. capillary causing a 30-scc
residence time in the post-column reactor. An increase in the reaction time from 30 to
60 sec resulted in a 10-40 9; increase in peak height, the actual percentage depending
on the chloroaniline tested. A further increase to 90 sec led to a diminution of the
peak heights, although the peak areas still showed an increase. As the resolution was
found to deteriorate considerably on increasing the capillary length, a 30-sec resi-
dence time was deemed to offer the best compromise as regards band broadening and
fluorescence peak height.

Linearity and detection limits

Calibration graphs were constructed using the following conditions: mobile
phase, acetonitrile-pH 3 acetate buffer (5:95) at a flow-rate of | ml-min~!; reagent
stream, 600 pg of Fluram per millilitre of acetonitrile at 0.2 ml-min~!; reaction time,
30 sec. Over the concentration ranges investigated the linearity was excellent, as is
evident from the following data: 3-chloroaniline, » = 1.0000 (0.03-4.1 ug-ml™1); 4-
chloroaniline, r = 0.9999 (0.1-12.7 ug-ml~1); 3,4-dichloroaniline, = 0.9999 (0.09-
11.8 pug-ml™1).

The detection limits for the Fluram derivatives of the chloroanilines, calculated
for a signal/peak-to-peak noise ratio of 2:1, were 60 pg for 3-chloroaniline and 130 pg
for 4-mono- and 3,4-dichloroaniline. The UV detection limits, recorded at 243 nm,
were 0.6 ng for the former and [ ng for the latter two compounds. It should be em-
phasized that under the experimental conditions used, the fluorescence background
signal of hydrolysed Fluram was relatively high. Consequently, especially when work-
ing at high sensitivities, a pulse-free pumping system had to be used in order to avoid
undue baseline fluctuations.

Reactor design

Comparison of reactors. The work reported so far was carried out with a coiled
tubular reactor. On the basis of literature data, it could not be expected that, for the
reaction times used (30 sec), a segmented system can compete with a tubular or a
packed-bed reactor. Recently, we have calculated??, however, that the use of a seg-
mented instead of a non-segmented system should be beneficial for fast reactions. For
example. it was found that with reaction times of over about 8 sec in a capillary of
0.25mm I.D., and a time of over 19secina 10cm x 4.6 mm 1.D. rcactor packed with
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Fig. 5. (A) HPLC trace for air-segmented system. (B) Resolution of peaks due to Fluram derivatives of 3-
and 4-chloroaniline: 1, tubular non-segmented reactor; 2, packed-bed reactor; 3, air-segmented reactor.
For conditions and explanation, see text and Table 1.

15-um glass beads, a segmented reactor should be preferred. The three types of
reactor were therefore compared. Typical chromatograms are shown in Fig. 5. Fur-
ther results are summarized in Table I; the data on band broadening and resolution
are average values from five measurements.

The main conclusion from the data in Table [ is that the air-segmented system
shows a distinctly smaller total band broadening of 67, = 8500 ul? compared with
the systems in which a coiled tubular or a packed-bed reactor was inserted (62, =
18,000 p1*). This corresponds to ¢, values of ca. 90 and 130 ul, respectively, a dif-
ference which is reflected in the considerably improved resolution of the peaks due to
3- and 4-chloroaniline, viz., from 0.69-0.71 to 0.89. It is disappointing that the band
broadening for the packed-bed reactor system is as high as that for the tubular
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TABLE I

COMPARISON OF PERFORMANCES OF COILED-TUBULAR REACTOR, PACKED-BED
REACTOR AND AIR-SEGMENTED SYSTEM

Reactor nype I Deet 7, ‘7\2‘,10' R.\
(sec) (ul - sec™ 1) (sec) (ul?)

Coiled tubular 30 18 7.4 18.000 0.71
(1 capillary)

Packed-bed 4] 18 7.4 18,000 0.69
(15-um glass beads)

Air-segmented 38 14.7 6.3 8600 0.89

UV signal - 16 5.1 6700 1.14

t, = Retention time; ¢, = flow-rate through the flow-cell; R, = resolution.

reactor system (which is at least partly due to the relative large variance contributions
caused by the other parts of the HPLC system). Still. the experimental results agree
satisfactorily with calculated band-broadening data (o, = 125, 115 and 100 gl for
systems involving the tubular reactor, packed-bed reactor and segmented reactor,
respectively). Obviously, also when using a system as complicated as the present post-
column reaction system, our previous conclusions hold true, i.e., segmentation is an
experimentally sound principle to suppress band broadening even with relatively
short reaction times.

Detection limits determined with the air-segmented reaction system were 30
409, better than those obtained with the tubular reactor. Such a relatively minor
improvement is to be expected on the basis of the g, results quoted in Table 1. An
attempt to substitute liquid for air segmentation (with n-hexane as segmentation
liquid) was only partly successful. Peak shapes were much the same in both instances;
however, the signal of the Fluram derivative of 3-chloroaniline was seriously reduced.
possibly owing to dissolution of the compound in hexane.

Mixing tees. In the literature, information on the proper construction of
mixing tees, and especially on the contribution of these devices to band broadening, is
rather scarce. A short study was therefore made using three different home-made tee-
pieces (for constructional details, see Fig. 6), in which complete mixing was shown to
occur by means of an indicator technique. Two further series of experiments were
performed. In one, two purely aqueous streams were mixed; in another series, ac-

60 180° 120°
Fig. 6. Home-made stainless-steel tee-pieces tested (diameter, 2 cm). 1 = Eluent stream; 2 = reagent
stream; 3 = to detector. Capillaries: 0.25 mm L1.D. and 1/16 in. O.D.; channels: 0.25 mm 1.D.
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TABLE 11

DEPENDENCE OF BAND BROADENING (0, .. ul) OF VARIOUS TEE-PIECES ON FLOW-
RATE

Conditions: water-water system with 20 ul of sodium nitrate solution injected in the “eluent” stream; for
tee-pieces, see Fig. 6.

Eluent flow-rate, @, Tee-piece Reugent flow-rate, ¢,
(miljmin) (mlimin)
0.5 1.0 2.0 3.0
0.5 60 28 44 66 90
120° 26 36 65 83
180" 26 38 64 84
1.0 60 20 24 41 60
1200 17 15 37 48
180 20 24 42 55
2.0 60 21 22 31 40
120° 16 18 26 32
180~ 19 22 31 40
3.0 60 11 17 22 33
120 <l 4 20 25

180" 20 24 34 42

etonitrile-water (15:85) mixtures were mixed with pure acetonitrile. Measurements
were performed by injecting 20 ul of a sodium nitrate solution into the pure water and
a p-aminobenzoic acid solution into the acetonitrile—water stream.

In order to calculate the variance contribution of the tee-piece, o} ..., experi-
mentally determined and/or calculated values of the variance contributions for the
injector, connective tubing, coupling pieces and detector flow cell were subtracted
from the total band broadening of the system, o2 .. The results so obtained for the
water—water system are shown in Table II. With the acetonitrile-water/acetonitrile
system, the o7 . values showed the same trend, but they generally were up to 309,
lower than for the purely aqueous system.

From the data in Table Il two main conclusions can be drawn. First, there
appears to be little difference in performance between the three geometrical configu-
rations tested. The 120 angle device gives slightly better results; however, one should
consider that, for each configuration, only a single tee-piece was tested. Secondly,
07 .. is seen to increase with increasing dilution of the mobile phase by the reagent
stream (horizontal rows from left to right; vertical columns from bottom to top). This
implies that, in practice, the use of a relatively low flow-rate of the reagent stream has
to be recommended. As for an interpretation, one should realise that ¢} .. is made up
from contributions due to (1) the dilution which inevitably occurs upon mixing and
(2) band broadening inside the tee-piece itself. As regards the dilution effect, it seems
reasonable to assume that, if the solute zone emerging from a HPLC column is #-fold
diluted [n = (¢, + @,)/@,; cf., Table II} by the addition of a reagent stream, the
variance due to injection, a ., = V%,/4, will increase n*-fold. In other words, the

variance contribution due to dilution, ¢ 4, can be written as

62gn = = )V /4 (1)

inj

2
-
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Use of this equation allows the rapid calculation of a7 ;;, and thus also of the actual
contribution of the tee-piece, for any set of experimental (V;,;; 1) conditions. Using
this procedure, we have calculated from the data in Table Il that, cxcept with im-
practical values of n greater than about 4, a, . is largely (80-95%,) caused by band

7o
broadening inside the tee-piece, with a relatively minor (20-5 %) contribution due to
dilution.

CONCLUSION

The potential of a post-column reactor for the fluorescent detection of
chloroanilines after their derivatization with Fluram at low pH values ( < 5) and short
reaction times (30 sec) has been demonstrated. Hydrolysis of Fluram causes a rela-
tively high fluorescence background; for optimal performance a pulseless reagent
pump is therefore required. The use of the Fluram reactor instead of dircct UV
detection of the substituted anilines increases both the sensitivity and selectivity; the
latter aspect has been demonstrated in a previous paper?? on the determination of the
phenylurea herbicide diuron in soil samples.

The Fluram reaction has been used to compare three reactor designs, viz.. a
tubular non-segmented, a tubular (air-)segmented and a packed-bed reactor. Even for
the short reaction time mentioned above, the segmented system has been shown (o
give less band broadening and, thus, higher resolution. As for the miniaturized tee-
pieces used in this work, their design does not appear to be very critical. Under
normal operating conditions, their contribution to band broadening is mainly duc (o
the tee-piece proper, with a minor contribution from dilution effects.

ACKNOWLEDGEMENTS

We thank Mr. H. Bruins for performing the batch experiments and Dr. H.
Poppe of the University of Amsterdam for giving us the possibility of sieving the glass
beads. Sandoz Ltd. (Basle, Switzerland) are thanked for partial financial support.

REFERENCES

1 G. Fuchsbichler, Thesis, Technische Universitit Miinchen, Munich, 1977.

2 D. E. Bradway and T. Shafik, J. Chromatogr. Sci.. 15 (1977) 322.

3 G. Voss, Deutsche Forschungsgemeinschaft, Riickstandsanalviik von Pflunzenschuizmitteln, Band 11,
Verlag Chemie, Weinheim, 1977, p. S6-1.

4 K. Ramsteiner, Deutsche Forschungsgemeinschaft, Riick standsanalyviik von Pflanzenschutzmitteln, Band

11, Verlag Chemie, Weinheim. 1977, p. S6-A-1.

J. Sherma and G. Marzoni, dmer. Lab, 6 (1974) 21.

A. M. Felix, V. Toome, S. De Bernardo and M. Weigele, Arch. Biochem. Biophys., 168 (1975) 601.

H. Nakumura and Z. Tamura, Anal. Chem., 52 (1980) 2087.

A. M. Felix and G. Tekelsen, Arch. Biochem. Biophys., 157 (1973) 177.

C. J. Little, J. A. Whatley and A. D. Dale, J. Chromatogr., 171 (1979) 63.

H. Veening, W. W. Pitt, Jr. and G. Jones, Jr., J. Chromatogr., 90 (1974) 129.

R. W. Frei, L. Michel and W. Santi, J. Chromarogr., 142 (1977) 261.

12 R. W. Frei, L. Michel and W. Santi, J. Chromatogr., 126 (1976) 665.

13 J. V. Castell, M. Cervera and R. Marco, Anal. Biochem., 99 (1979) 379.

14 E. Crombez, G. van der Weken. W. van den Bossche and P. de Moerloose. J. Chromatogr.. 177 (1979)
323,



FLUORESCENCE DETECTION OF CHLOROANILINES 13

15 B. Caddy and A. H. Stead, Analyst ( London), 103 (1978) 937.

16 J. Kusnir, V. Adameova and K. Barna, Arzcneim.-Forsch., 28 (1978) 2058.

17 G. ). de Jong, J. Chromatogr., 183 (1980) 203.

18 S. Udenfriend, S. Stein, P. Bohlen, W. Dairman, W. Leimguber and M. Weigele, Science, 178 (1972)
871.

19 S. De Bernardo, M. Weigele, V. Toome, K. Nanhart, W. Leimguber, P. Bohlen, S. Stein and S.
Udenfriend, Arch. Biochem. Biophys., 163 (1974) 390.

20 S. Stein, P. Bohlen and S. Udenfriend, Arch. Biochem. Biophys., 163 (1974) 400.

21 B. A. Tomkins, V. H. Ostrum and C.-H. Ho, Anal. Lett., 13 (1980) 589.

22 A. H. M. T. Scholten, U. A. Th. Brinkman and R. W. Frei, J. Chromatogr., 205 (1981) 229.

23 A.H. M. T. Scholten, B. J. de Vos, J. F. Lawrence, U. A. Th. Brinkman and R. W. Frei, Anal. Lett., 13
(1980) 1235.



Journal of Chromatography, 218 (1981) 15-19
Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands

CHROM. 14,258
THERMAL LENS CALORIMETRY

APPLICATION TO CHROMATOGRAPHIC DETECTION

R. A. LEACH and J. M. HARRIS*
Department of Chemistry, University of Utah, Salt Lake City, UT 84112 (U.S.A.)

SUMMARY

The laser-induced thermal lens effect has been applied to the calorimetric de-
tection of absorbing samples having negligible fluorescence quantum yields. A simple
but fast method for numerically fitting the thermal lens transient data, during the
0.25-sec period while the sample cools, allows the instrument to serve as a real-time
absorbance monitor. Preliminary results, using 190 mW laser power, indicate detec-
tion limits of 4,,;, = 1.5-1077 cm ! for.a 5-sec response time.

INTRODUCTION

The incorporation of laser sources into spectroscopic detectors for liquid chro-
matography! ™ has produced improvements in limits of detection. While the most
significant advances have been made in fluorescence detection due to the large exci-
tation intensity of the laser, a similar advantage should exist for detecting samples
having insignificant fluorescence quantum yields by a calorimetric absorbance
measurement using a laser source. This concept was first proposed by Kreuzer* for
thermocouple calorimetry and first demonstrated by Oda and Sawada® for laser-
induced photoacoustic spectroscopy. In this work, we report the suitability of a
related technique, thermal lens calorimetry®, for detection of liquid chromatographic
eluents.

The thermal lens effect, first reported by Gordon et «l.”, produces a time
dependent divergence of a chopped laser beam due to the additional heat deposited in
an absorbing sample at the center of a Gaussian laser beam profile, where the in-
tensity is greatest. When the sample is located one confocal length beyond a waist in
the beam, the strength of the thermal lens can be determined by the loss of intensity
from the center of the beam measured by a detector having its field of view restricted
by a pinhole. For a motionless sample, the intensity change is governed by thermal

diffusion”®
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where 0 is proportional to the absorbance of the sample, 4 ‘

0

—2.303P(dn/dT) Ajrk (2)
= 2.303 EA

where P is the laser power, (dn/dT) is the change in refractive index with temperature,
/ is the laser wavelength and & is the thermal conductivity. It is convenient to group
the terms which effect sensitivity into a constant, E, which is the enhancement of the
linear response portion compared to Beer's law®. The time constant, ¢, depends on
the radius of the laser beam in the sample, w

.= wlp C,/4k (3)
where ¢ is the density and C, is the heat capacity of the sample.

The modification of this theory, to account for the additional heat transport
which occurs when the sample is flowing, has been recently studied®. For sufficiently
slow flow-rates, the effect of mixing within the path of the laser beam can be modeled
as a perturbation increase to the effective thermal conductivity. This allows the data
to be fit to the thermal diffusion response, which is extremely beneficial in reducing
the uncertainty of the measurement®, while £ and _ are somewhat smaller due to the
increase in the effective value of k.

EXPERIMENTAL

The argon ion laser based, thermal lens calorimeter is shown in Fig. 1. The
major construction details for the instrument have been previously published!®. The
laser beam, 4 = 458 nm, P = 190 mW, is focused by a 33 cm focal length lens, L,
through an electronic shutter, S, and an 18-ul, | cm pathlength flow cell, C, obtained
from Helma Cells, Inc. The beam propagates along a 5 m folded optical path to a
Silicon Detector Corp., photovoltaic detector, D, which is constrained to view the
center of the beam profile by a pinhole, P, having an aperture of 2.5 mm radius.

The laser calorimeter flow cell is connected in series directly to the outlet of a
Beckman-Altex Model 153 UV-VIS detector equipped with a 470 + 5 nm wave-
length interference filter, which also monitors the eluent from the liquid chromato-
graph, Beckman-Altex Model 330. The column is ODS on 5-um silica support, 25 cm

Laser
@Q
L S C

Fig. 1. Thermal lens calorimeter. L = 33 ¢m focal length lens; S = electronic shutter; C = tlow cell; P =
pinhole; D = photovoltaic detector.
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(a)

Imin

(b)

Fig. 2. Nitroaniline isomers detected by thermal lens calorimetry. Order of elution: para, metu and ortho.
Amounts injected are: (a), 330, 210, 26 ng; (b), 6.6, 4.2, 0.53 ng. The initial rise on the left (b) is due to the
moving average settling from an initial value of 0 = 0.

x 4.6 mm, held at a temperature of 60°C; the solvent is methanol-water (50:50),
pumped at a rate of | ml/min. Standard solutions of the positional isomers of nit-
roaniline were prepared in methanol-water (50:50), and their absorbances at 458 nm
are checked spectrophotometrically. Quantitative dilutions of these solutions were
combined into mixtures to assess the performance of the instrument.

RESULTS AND DISCUSSION

A major challenge in application of thermal lens calorimetry to detection of
transient samples is to have adequately short response time while maintaining the
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many advantages® of fitting the data to the kinetic response of eqn. 1. Although the
time constant can be measured in advance for a particular beam size, solvent com-
position and flow-rate, there are still two independent parameters, /.. (0) and 8, which
describe a given thermal lens transient. An optimum fitting procedure allows both
parameters to be adjusted but requires, for a 100 point transient, about | min to
converge running an efficient FORTRAN algorithm on a DEC LSI-11 microcom-
puter.

As a compromise between precision and speed, we choose to assign /(o) the
value of the first data point in the thermal lens transient. This reduces the fit to a
single parameter, 6, but adds a component of noise associated with the short-term
fluctuations effecting the value of I, (0). For an N point transient, each point, Iy (1 >
0), contributes to the average value of 0 after applying a correction term which
accounts for the time dependence, obtained by rearranging eqn. 1:

9 - Nl_ 1 ) Z(l + [0/21) {[21bc(0)/1bc(t) - 1]% - l} (4)

For a 100 point transient, this weighted average can be determined in about 250 msec
using the same microcomputer hardware, as above. This speed allows real-time moni-
toring of the sample absorbance on a sufficiently fast scale for LC detection.

To trade-off unnecessary speed for precision, a digital filter or moving average
may be applied to the result of each transient, 8,. For this study ten experiments were
correlated to form an average, 0,, by allowing an individual result, 0,, only a 109
influence in changing the old value of the average, 0,_,:

g =098_, +0.186, (5)

At the repetition rate of the experiment, 2.0 Hz, this provides a 5.0 sec response time
(10-90 %7).

In order to determine the time constant, required to implement eqn. 4, and the
enhancement, needed for interpreting absorbance information from 6, a solution
diluted from stock of known absorbance is pumped through the flow cell using a
syringe pump operated at rates which closely bracket the flow-rate for chromatogra-
phy. For each flow-rate, 100 transient are averaged together and fit® to the three
parameters, I, (0), 0 and t,. For the chromatographic conditions, methanol-water
(50:50), 1.0 ml/min, the enhancement, £ = 120, and time constant, f, = 28 msec, are
found by linear interpolation®.

These values are then used in a computer routine which gathers 100 point
transients of 50 msec duration (2 kHz clock rate), fits the data according to eqns. 4
and 5, and plots 0;, which requires ten transients to settle from the initial value of J =
0. Preliminary results are obtained for the detection of substitutional isomers of
nitroaniline, shown in Fig. 2. The peak absorbance values thus measured agree,
within the error of measurement, with the values calculated from the known absor-
bance of the injected sample and the concentration profile of the peak. For the more
concentrated runs, agreement was also observed with the commercial optical detec-
tor, corrected for the differences in molar absorptivities at the two different wave-
lengths. The limit of detection, which depends on particular solvent composition and
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flow-rate as well as laser power, is determined from the fluctuations in the baseline to
be 4,;,, = 1.5-107° cm ™!, in this case.

These preliminary results appear promising for future applications of the ther-
mal lens effect to chromatographic detection. Further work to reduce the laser in-
tensity fluctuations, the primary noise source, must be carried out in order to improve
the detection capabilities. Since discrete wavelength, continuous wave, gas lasers (e.g.,
He-Ne, Ar*,Kr*, CO,, CO), which have the continuous power and spatial coherence
required for thermal lens measurements, are uniquely simple to operate and are rela-
tively inexpensive, their use in routine detection applications is plausible. Although
their lack of continuous tunability precludes the generation of spectra, they should be
quite suitable for single wavelength detection which could allow, for example, func-
tional group monitoring in the infrared. In addition, detection of post-column reac-
tion products in the near-UV and visible would transfer the specificity of the reaction
to a detector which is very sensitive, but otherwise only semi-selective.
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MIDDLE MOLECULE MASS SPECTROMETRY (A REVIEW)
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The Johns Hopkins University School of Medicine, Department of Pharmacology and Experimental Thera-
peutics, 725 North Wolfe Street, Baltimore, MD 21205 (U.S.A.)

SUMMARY

This paper reviews some recent advances in the application of mass spectrometry to
the analysis of middle molecules in the mass range of 1000 to 10,000 daltons, and of
very polar molecules (organic salts). The quantitative analysis of components of
mixtures will be illustrated, carried out by creating a spectrum which consists primar-
ily of molecular ion species whose relative intensities correspond to the relative molar
concentrations of the various components.

In the analyses of heavy and/or polar substances, four components of the mass
spectrometer must all be considered: the inlet system, ionization method, ion analyser
and ion detector. Reading the spectrum also requires some special considerations, as
will be seen later. Among the inlet systems, the direct probe and liquid chromatogra-
phy (LC) are suitable for middle molecules or for organic salts. Suitable detectors can
presently be constructed to detect ions of any size, relying, if necessary, on post
acceleration or on smashing the large ions into smaller ones after separation in the
analyser. All three of the most commonly used kinds of analyzers (magnetic, qua-
drupole and time-of-flight) have been shown to transmit ions of masses in excess of
5000 daltons; however, only magnetic analyzers can do so with unit resolution. Cur-
rently, the limiting factor in the extension of mass spectrometry (MS) to analysis of
middle molecules is ionization. No ionization technique has as yet gained complete
acceptance as a reliable, versatile and efficient technique for middle molecules and
organic salts.

As a brief history of middle molecule MS, four specta may be mentioned. In
1966, Fales' published the electron impact mass spectrum of a tetrameric phospha-
zene of molecular weight 3628. The spectrum was obtained using a magnetic analyzer
and unit resolution was achieved in the molecular ion region. The spectrum of a set of
cluster ions of isopropyl alcohol formed in a high-pressure source and transmitted
through a quadrupole analyzer has been measured by Beuhler and Friedman?-3.
While the resolution is low, the clusters sixty units apart in mass may be distinguished
above 8000 daltons. The spectrum of a mixture of polystyrene polymers of average
mass 8500 has been published by Japanese workers*. This spectrum was obtained by
field desorption with resolution of about 2000 using a toroidal magnetic analyzer.
lons are formed, transmitted, and detected above 10,000 daltons.

0021-9673/81/0000--0000/$02.50  « 1981 Elsevier Scientific Publishing Company
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The fourth spectrum to be mentioned in this short history is that of an oli-
godeoxyribonucleotide containing derivatized phosphotriesters. A peak at m/z 6301
corresponds to (M + Na)* ions and one at 12637 is proposed as a cationized dimer>.
The spectrum was measured on a time-of-flight analyzer using Cf.252 plasma desorp-
tion as the ionization technique. Although the resolution of this analyzer is below
1000, centroids of the broad peaks are calculated by computer and related to average
masses®.

Thus it seems that ions in the middle mass range can be analyzed by MS.
However this kind of work is not yet done routinely, and one of the main reasons is
the difficulty of forming ions of heavy or polar, i.e. involatile, substances.

Two transformations are required initially for mass spectral analysis. Each
molecule must be put into gas phase and each molecule must be ionized. The older
ionization techniques for organic samples, electron impact and chemical ionization,
require that vaporization precede ionization. Thus they are well suited for coupled
gas chromatography-MS.

Some inroads have been made into the middle molecule mass range using
electron impact or chemical ionization. The spectrum of phosphazene molecular
weight 3628 mentioned above provides an early example. A most influential paper
from Gif-sur-Yvette® reported not only the molecular weight of the nonapeptide
fortuitin, but also electron-impact induced fragmentation which permitted the se-
quence of the peptide to be deduced. Eventually it was realized that this analysis of
fortuitin was made possible because the compound was naturally derivatized. The
terminal amine occurred as the amide of a long chain acyl group, and three of the nine
amides in the peptide were themselves alkylated. By these means intermolecular hy-
drogen bonding is sufficiently reduced as to permit the vaporization required for mass
spectral analysis. Derivatization has also permitted analysis of important polysac-
charides in the middle molecule mass range by electron impact (permethylation)” and
chemical ionization®.

However, derivatization is not always desirable, and even with derivatization
many molecules can not be vaporized without pyrolysis. To paraphrase Fales®, the
more important a compound is, the less likely it is to produce a molecular ion.
Consequently considerable energy has, in recent years, gone into the development of
new techniques to produce desorption and ionization of samples in the solid phase.
These include field desorption, laser desorption, fast atom bombardment, and fast ion
bombardment or plasma desorption. Work will be reviewed here from the Middle
Atlantic Mass Spectrometry laboratory (an NSF Regional Instrumentation Facility)
in which two of these techniques are evaluated, field desorption and fast atom bom-
bardment (FAB). Emphasis is placed on analysis of middle molecules, organic salts
and mixtures.

Fig. 1 (ref. 10) compares the electron impact mass spectrum and the field
desorption mass spectrum of a mixture of soluble polystyrene oligomers of average
molecular weight 1020, and dramatically makes the point that a solid phase ioniza-
tion technique enhances the production of molecular ions and reduces pyrolysis.
Lattimer et al.'! have shown that the relative abundances of molecular ions, pro-
duced by careful field desorption of a number of oligomer mixtures of average mass
above 1000, can be directly related to the relative molarities of the components of the
mixture as measured by vapor pressure osmometry, gel permeation, or LC. In Fig. 2
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the distribution measured by high-performance liquid chromatography (HPLC) of
oligomers in a polystyrene mixture may be compared with the distribution measured
by field desorption. The number average molecular weight was 811 measured by
vapor pressure osmometry, 855 by LC, and 928 by field desorption MS*!. The molec-
ular ion distribution of a heavier polystyrene mixture is shown in Fig. 3. The number
average molecular weight determined by MS was 2900 as compared with 3100 by
vapor pressure osmometry’!. These mass measurements were made on a Kratos MS-
50 mass spectrometer with a special 23K gauss magnet and a Daly detector. Several
scans were averaged and corrections were made for the multiplicity of molecular ions
resulting from isotope abundances in these heavy hydrocarbons. This approach
works best if little fragmentation or pyrolysis occur, and if there is little instrumental
discrimination through the mass range.
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Fig. I. Electron impact and field desorption mass spectra of a polystyrene mixture of number average mass
1020. (Reprinted with permission from ref. 10, copyright 1979 American Chemical Society.)

Lattimer and Hansen'? have also shown that polyglycol oligomers (polyethy-
lene glycol, polypropylene glycol and polytetrahydrofuran) can be assessed by field
desorption using the high field magnet. In the cases of these more polar polymers
abundances of (M + H) or (M + Na) ions were measured.

The need for corrections for multiplicity of molecular ions due to isotope
abundances leads to an interesting point. The abundances of molecular species con-
taining '3C become significant in these hydrocarbon middle molecules, and the mass
defect of hydrogen (and other atoms) can contribute significantly to the molecular
weights observed. Thus while the nominal molecular weight for polystyrene n = 33,
C,76- Hyg, 18 3594, based on the convention that C = 12 daltons and H = 1, actually
H = 1.0078 and 282 x 1.0078 = 284.2 daltons. In working with middle molecules we
define the monoisotopic mass as the molecular weight calculated from the most
abundant isotope of each atom present in the molecule, in this case C = 12.000 and
H = 1.0078. Consequently, the monoisotopic mass for polystyrene n = 33 is 3596.2
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Fig. 2. Distribution of oligomers determined in a polystyrene mixture by field desorption-MS (bottom)
and HPLC (top)!!.
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Fig. 4. Theoretical distribution of the molecular ions of polystyrene n = 33, generated by computer.

daltons. However, this is not the mass of the most abundant molecular ion. The
abundance of '*C is about 1.19%; for each atom of carbon in the molecule. If the
abundance of monoisotopic ions is set as equal to 100 9, the relative abundance for
13C, 12C,5. Hyg, = 3159, and the most abundant ions (487 %,) in the molecular ion
group will be '*C; '*C,, H,y,. The theoretical distribution of the molecular ions for
polystyrene n = 33 is shown in Fig. 4, generated by computer and including con-
sideration of ?H abundances as well. The high mass end of the field desorption
spectrum of trehalose octapalmitate synthesized in the MAMS laboratory is present-
ed in Fig. 5. Here again the multiplicity of molecular ions is visible and the mono-
i1sotopic mass is indicated.

The intermittent nature of the ion flux produced by field desorption and the
resultant inadequacies in ion statistics have been remarked by many workers. We
illustrate the problem and our solution in Figs. 6 and 7. A single scan of the molecular
ion region of polystyrene n = 33 is shown in Fig. 6, and a spectrum of this region
compiled from 10 scans recorded and added on a multi-channel analyzer is shown in
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Fig. S. Partial field desorption mass spectrum of trehalose octapalmitate.
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Fig. 7. The signal-to-noise ratio is much improved in the latter, and the relative
intensities correspond well to the theoretical distribution in Fig. 4. A similar set of
distributions is shown in Fig. 8 for the molecule hexapus synthesized by F. Menger at
Emory University. Again the single scan is visibly aberrant, while the averaged spec-
trum matches the theoretical distribution more closely.
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Fig. 6. A single field desorption scan of the molecular ion region of polystyrene n = 33. Resolution, ca.
4000.
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Fig. 7. Spectrum accumulated from 10 scans by multichannel analyzer.

We conclude that field desorption is a useful technique for analysis of some
middle molecules. We have found it difficult, however, to obtain accurate molecular
ion distributions of some more polar polymers. Thus we are currently evaluating a
complementary solid phase ionization technique, called by its developers'® Fast
Atom Bombardment (FAB). The partial spectra in Fig. 9 and 10 indicate that middle
molecules may be analyzed by FAB, as either positive or negative ions. In addition to
the molecular ion species presented here, fragment ions are observed in the spectra of
both neurotensin and y-cyclodextrin. It should be pointed out that neurotensin con-
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tains two polar arginine residues in addition to one asparagine. FAB exhibits many of
the characteristics of thermal desorption'#-!% including the fact that preformed ions,
i.e. organic salts, are readily analyzed. An interesting example is the dimer of guano-
sine monophosphate crosslinked by the alkylating metabolite of cyclophosphamide,
phosphoramide mustard'®. Isolated by LC, this compound contains two quaternary
ammonium cations and two potentially ionized phosphate groups. Yet it is readily

p-Glu-teu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-lle-Leu

'S+

1670 (phosphazene 1652
reference)

Fig. 9. Molecular ion region of the positive ion FAB mass spectrum of neurotensin.
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analyzed by FAB, which produces a positive molecular ion species of mass corre-
sponding to the ion shown in Fig. I1. Structurally significant fragmentation is also
indicated in Fig. 11 (ref. 16).

In Fig. 12 a partial FAB spectrum is shown of a mixture of long chain alkyl
quaternary amines. These are industrially important biodegradable surface active
compounds (annual U.S. sales 10® kg/year), which occur in mixtures reflecting the
origin in beef tallow of the two long chain alkyl groups. The analytical question of
primary interest here is the abundance of each long chain alkyl group represented in
the mixture of dialkyldimethyl quaternary amines. FAB provides per cent abun-
dances comparable to those provided by other techniques'’. A second question ad-
dresses the percent of trialkyl monomethyl quaternary amines present as impurities.
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Fig. 11. Positive ion FAB spectrum of guanosine monophosphate dimer crosslinked by phosphoramide
mustard'®.
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In this case FAB allows a value of 109 to be calculated while HPLC gives a value of
7.7%, (ref. 17).

An example of the analysis of biovariability by FAB is presented in Fig. 13,
where the array of molecular ion species of bovine sphingomyelin is visible!®. This
compound also contains a quaternary ammonium center and a polar phosphate
group.

We suggest that FAB as well as field desorption has good potential for the
analysis of mixtures based on the principle of generating an array of molecular ion
species whose relative abundances correspond to the molarities of different species in

the mixture.
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Fig. 13. Molecular ion region of the FAB spectrum of bovine sphingomyelin.
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The FAB spectra shown here were measured with the Kratos FAB source on
the MS-50 with the 23K gauss magnet.

Advances made in many laboratories in recent years in ionization methods for
MS have brought many compounds within analytical reach which cannot be chro-
matographed in hot gas phase systems. If these compounds are to enjoy the con-
siderable advantage of analysis by combined chromatography-MS, the chromatogra-
phy must be in the liquid phase.

Among the solid phase ionization techniques proven for polar molecules and/
or middle molecules, field desorption is unique in its incompatibility for use in on-line
LC-MS. On-line coupling of plasma desorption (fast ion bombardment)'®, secondary
ion MS2?, laser desorption and FAB are underway in a variety of laboratories. The
thermospray method used by Blakeley e al.?! for on-line LC-MS should be included
as a proven technique.
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SUMMARY

Reversed-phase systems have been developed that permit the detection and
quantification of down to 0.1 nmole of non-UV-absorbing cations and anions using a
UV detector. The samples give positive or negative peaks depending on their charge
and retention relative to the UV-absorbing ionic component in the mobile phase. The
relative detector response has a maximum, which can be considerably more than
100 %, when the sample and the UV-absorbing mobile phase ion have about the same
retention. Detection and separation studies on, ¢.g., sulphonates, sulphates, carbox-
ylates, amino acids, dipeptides and alkylammonium compounds of different degrees
of substitution are described.

INTRODUCTION

In ion-pair chromatography it is usual to regulate the retention and separation
selectivity for the ionic samples by changing of the nature and the concentration of
the counter ion. The counter ion can, however, have a double function in these
systems and it can also be used to improve the detection possibilities to a considerable
extent. The technique has so far mainly been utilized on photometric detectors, where
the ion-pair chromatographic principle offers excellent possibilities of a high detector
response even for non-UV-absorbing compounds by using a counter ion of high
molar absorptivity at the measuring wavelength.

The principle was applied initially to lquid-liquid straight-phase systems,
where the connection to ion-pair extraction by the batch technique is striking. The
UV-absorbing counter ion (Xy) is applied in solution on a hydrophilic solid phase.
A non-UV-absorbing sample with the opposite charge (Q*) will migrate with the
organic mobile phase as an ion pair which, owing to the high absorptivity of the
counter ion, will have a high UV absorbance:

Q+ + X(:\: = QXUV
aqueous stationary phase organic mobile phase

The technique was first used in low-pressure systems'™ but its usefulness in

0021-9673/81/0000- 0000/$02.50  «" 1981 Elsevier Scientific Publishing Company
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high-performance systems has been demonsirated in several recent publications®'°.

The 1on-pair principle can, however, also be applied in reversed-phase systems
with a hydrophobic adsorbent as the stationary phase. The sample is distributed to
the adsorbent which, owing to the prerequisite for electroneutrality in the phases,
might give rise to changes in the concentration of the UV-absorbing counter ion in
the mobile phase. The basic principle can be illustrated by

QJr + Xy = QXyy
aqueous mobile phase stationary phase
Parris' 12 used diisobutylethoxyethyldimethylbenzylammonium and aromatic

sulphonates as UV-absorbing counter ions in the aqueous mobile phase in chromato-
graphic separations of bile acids and ionic surfactants. Improvements in detection by
using UV-absorbing counter ions in reversed-phase systems have also been obtained
by Bidlingmeyer and co-workers'*!# with phenethylammonium and cetylpyridinium
as counter ions and alkylsulphonates as samples.

Our studies on reversed-phase ion-pair chromatographic systems with a UV-
absorbing counter ion in the mobile phase have shown that they can be highly
suitable for the detection of non-UV-absorbing anions and cations of widely different
kinds. The samples give rise to positive or negative peaks depending on their charge
and retention and both positive and negative peaks are well suited for quantification.
The response depends basically on the molar absorptivity of the counter ion, but it
can be changed by varying the composition of the chromatographic systems and it is
even possible to limit the response to certain groups of compounds.

This paper describes studies of the influence of the mobile phase composition
on the response for cationic and anionic compounds of different kinds using one
cation, 1-phenethyl-2-picolinium, and one anion, naphthalene-2-sulphonate, as UV-
absorbing components and a moderately hydrophobic adsorbent, pBondapak
Phenyl, as stationary phase.

EXPERIMENTAL

Apparatus

The detectors were an LDC UV-I11-Monitor and an LDC Spectromonitor III.
The pumps were a Gynkotek 600/200 and an Altex 100 A. Rheodyne 70-10 and 71-25
injectors with loop volumes of 25.2 and 15.5 pl. respectively, were used.

The columns (100 x 3.2 mm 1.D.) were made of stainless steel with a polished
inner surface, equipped with modified Swagelok connectors and Altex 250-21 filters.

The pH measurements were made with an Orion Research Model 801 instru-
ment with Ingold Type 401 combined electrode. The spectrophotometric measure-
ments were made with a Zeiss PMQ 11 Spektralphotometer.

Chemicals and reagents

Sodium naphthalene-2-sulphonate was obtained from Eastman-Kodak (Ro-
chester, NY, U.S.A.) and was recrystallized from water before use. 1-Phenethyl-2-
picolinium bromide (Eastman-Kodak) was converted into the hydroxide by use of an
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ion exchanger in the hydroxide form and freed from UV-absorbing impurities by
repeated extractions with methylene chloride.
All other chemicals were of analytical-reagent grade.

Chromatographic system

uBondapak Phenyl (10 um) (Waters Assoc., Milford, MA, U.S.A.) was used
as packing. The mobile phases were aqueous solutions of naphthalene-2-sulphonate
or 1-phenethyl-2-picolinium, which usually also contained buffering compounds or
other salts.

Column preparation

The columns were packed by a slurry technique using water—ethanol (58:42) as
the suspending medium. They were washed with 200 ml of water-methanol (1:4)
before use. Column testing was carried out with water-methanol (2:3) as mobile
phase and toluene and mesitylene as retained samples, giving capacity ratios (4") of
about | and 4 respectively. Columns that gave reduced plate heights of less than 10
were accepted.

Clromatographic technique

The eluent reservoir, injector, column and connecting tubes were thermostated
at 25.0 £ 0.1'C in a water-bath. Detection was effected at 254 nm.

The mobile phase flow-rate was 0.50 ml/min. Equilibrium was obtained after
passage of 30—50 ml of mobile phase. No recirculation of mobile phase was used. The
samples were injected dissolved in the mobile phase, if not stated otherwise. The
volume of mobile phase in the column, V,,, was obtained from the front peak of the
chromatogram. Peak areas were determined by planimetry.

RESULTS AND DISCUSSION

The basic reversed-phase chromatographic studies were performed with alkyl-
sulphates, alkylsulphonates, alkylcarboxylates and alkylammonium ions of different
degrees of substitution. The only UV-absorbing components were the counter ions,
naphthalene-2-sulphonate (NS) or 1-phenethyl-2-picolinium (PEP), and the observed
chromatographic peaks were duc to changes in the concentration of the counter ions.

Injections of ionized samples in systems of this kind gives rise to two kinds of
migrating zones: one tor each of the ionized components in the sample and one zone
thatis typical of the chromatographic system (the system zone). If the sample ion and
the UV-absorbing ion have opposite charges, the first peak in the chromatogram is
negative, and it can be given by the sample or by the system zone, whichever comes
first. The sums of the areas of the positive and the negative peaks are equal. The
system peak always has the same capacity ratio, whether it is negative or positive. It is
also easy to recognize: injection of mobile phase containing an excess or a deficiency
of the counter ion gives a positive or negative peak at the A" of the system peak.

Injection of a sample with the same charge as the UV-absorbing ion in the
mobile phase also gives a chromatogram with a sample peak and a system peak, but
the direction of the peaks is reversed. The first peak is positive and the second is
negative.
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Fig. 1. Carboxylic acids in a system with PEP as UV-absorbing ion. Mobile phasc: |-phencthyl-2-
picolinium (PEP), 3-10~% M in acetate buffer (pH 4.6). Solid phase: gBondapak Phenyl. Sample: | =
acetic acid; 2 = propionic acid; 3 = butyric acid; 4 = valeric acid; 5 = caproic acid (12 nmole of each).
S = system peak.
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Fig. 2. Quaternary ammonium ions in a system with PEP as UV-absorbing ion. System as in Fig. 1.
Sample: | = trimethylphenylammonium; 2 = trimethylbenzylammonium; 3 = methyltripropylam-
monium; 5 = tetrapropylammonium (1.5 nmole of each); 4 = system peak.

Fig. 3. Anionic and cationic compounds with NS as UV-absorbing ion. Mobile phase: naphthalene-2-
sulphonate (NS), 4-107* M in 0.05 M phosphoric acid. Solid phase: uBondapak Phenyl. Sample: | =
butyl sulphate; 2 = pentylamine; 3 = hexanesulphonate; 4 = system peak; 5 = heptylamine; 6 =
octanesulphonate; 7 = octyl sulphate.
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It has been verified that the total amount of an injected compound is eluted in
the sample peak. The tests were made with compounds with inherent UV absorbance
in other wavelength regions than that of the counter ion and measurement of peak
areas at the wavelength specific for the sample.

A typical chromatogram is given in Fig. 1, which shows the separation of
carboxylates with 1-5 alkyl carbon atoms in a system with the cationic PEP as
counter ion. The separation factor is about 3 per alkyl carbon atom. The same system
can also be used for quaternary ammonium ions but the number of carbon atoms in
this case must be higher, 9-12 (Fig. 2).

Fig. 3 shows the separation of a mixture of anionic and cationic compounds,
two alkylamines, two alkylsulphates and two alkylsulphonates, with the anionic NS as
the UV-absorbing component. The separation factors in this case are also 2.5-3 per
alkyl carbon atom. The direction of the peaks tollows the general principle, without
exception. The anionic samples give positive peaks when they appear before the
sample peak (butyl sulphate, hexanesulphonate) and negative after (octanesul-
phonate, octyl sulphate). The cations are negative before (pentylamine) and positive
after (heptylamine) the system peak.

This NS system has pH 2 and some amino acids and dipeptides have acidities
such that they are ionized and can be detected at that pH. Some examples are shown
in Figs. 4 and 5.

Substances with inherent UV absorbance should, if possible, be chromato-
graphed in systems where they give positive peaks, as inherent UV absorbance de-
creases the height of a negative peak. An example is given in Fig. 6. Tyrosine and
phenylalanine, with low molar absorptivities, give negative peaks, whereas DOPA,
with a considerably higher molar absorptivity, gives a positive peak.

In the above cases. the sample was dissolved in the mobile phase. Dissolution
of the sample in water does not seem to affect the sample peak, as demonstrated in Fig.
7. The main difference from the previous systems is that the system peak is strongly

A 0.002 A 0.002

L 1 1 1 1 1 | - 1 { 1 1 I

0 2 4 6 8 10 min 0 2 4 6 8 10 min
Fig. 4. Amino acids with NS as UV-absorbing ion. System as in Fig. 3. Sample: | = norleucine (2 nmole);
2 = phenylalanine (0.8 nmole); 3 = system peak.

Fig. 5. Dipeptides with NS as UV-absorbing ion. System as in Fig. 3. Sample: | = leucylserine; 2 =

leucylalanine; 3 = system peak.
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A 0.002

L 1 1 L 1 1 1

0 2 4 6 8 10 12 min

Fig. 6. Amino acids with NS as UV-absorbing ion. System as in Fig. 3. Sample: 1 = DOPA (1.3 nmole);
2 = tyrosine (0.7 nmole); 3 = phenylalanine (0.6 nmole); 4 = system peak.

negative, exactly as when pure water is injected. Some extra front peaks are also
obtained.

Retention model

Negative peaks are used for detection purposes in “vacancy chromatogra-
phy™'®, in which the mobile phase contains a series of detectable compounds at
constant concentration. On injection of a sample, negative or positive peaks can be
obtained depending on whether the sample contains these components at lower and
higher concentration than the mobile phase. Scott er al.'® used this principle for
detection of nucleic acid bases separated by cation exchangers.

Slais and Krej¢i'? used a different technique for the detection of organic sol-

Br System peak

Fig. 7. Sample dissolved in water. Mobile phase: 3-10~* M |-phenethyl-2-picolinium in 0.1 M acetic acid.
Solid phase: uBondapak Phenyl. Sample: bromide.
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Fig. 8. Retention of anionic and cationic compounds with PEP in mobile phase. Mobile phase: 1-
phenethyl-2-picolinium (PEP) in 0.1 M acetic acid. Solid phase: pBondapak Phenyl.

vents with a refractive index detector after separation on charcoal. Cyclohexane with
a low content of diethyl ether was used as the mobile phase and chromatograms were
obtained that contained a sample peak and a ““system peak’™ with constant retention.
The two peaks had opposite directions. No mechanism for the observed effect was
suggested.

Chromatograms with positive and negative peaks are also obtained by gel
permeation chromatography of proteins on columns equilibrated with UV-absorb-
ing, low-molecular-weight cofactors. The phenomenon is due to binding between
protein and cofactor and binding constants have been calculated from the peak
areas!¥20,

In the present case, the column is equilibrated with a mobile phase containing a
UV-absorbing ion and it is likely that the observed peaks are due to changes in its
distribution to the solid phase as an ion pair. The distribution changes can be eluci-
dated to a certain extent by studies of the influence of the composition of the mobile
phase on the capacity ratio of samples of different charge.

The relationship between the capacity ratio and the concentration of the UV-
absorbing mobile phase component (the counter ion) is demonstrated in Fig. 8. The
k" of the counter ion (PEP) and & of all samples of the same charge decrease with
increasing PEP concentration, whereas the retention of samples of opposite charge
increases.

Addition of other ions to the mobile phase will also affect the retention. In a
system with an anionic UV-absorbing mobile phase component, NS, an increase in
the concentration of an ion of opposite charge, tetramethylammonium (TMA™),
increases the retention of the UV-absorbing component, whereas samples of the same
charge as the added ion show decreased retention (Fig. 9).

Further illustrations are given in Fig. 10, which shows the influence of the
hydrophobicity of the ions that are added to the mobile phase. A change in the
cationic component from Na™ to tetraethylammonium increases the retention of the
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Fig. 9. Retention of cationic compounds with NS and tetramethylammonium in mobile phase. Mobile
phase: 4-10™* M naphthalene-2-sulphonate (NS) and tetramethylammonium in phosphate buffer (pH
2.0). Solid phase: uBondapak Phenyl.

Fig. 10. Retention of cationic and anionic compounds with NS and different cations and anions in mobile

phase. Mobile phase: 4- 10~* M naphthalene-2-sulphonate in aqueous salt solutions (pH 5). Solid phase:
uBondapak Phenyl.

sulphonates considerably whereas the retention of the ammonium ion decreases to
such an extent that a sample peak can no longer be observed. A change in the anionic
component from acetate to pentanesulphonate has the opposite effect.

The response pattern seem to depend on the presence of ions-in the mobile
phase besides the UV-absorbing component. A system with 4-107% M sodium
naphthalene-2-sulphonate in water as the mobile phase only gives a normal response
for strongly hydrophobic ions.

These results indicate that the retention of the ionic samples and the UV-
absorbing mobile phase ion follows the general rules for reversed-phase ion-pair
chromatography with a hydrophobic adsorbent as the stationary phase?! 2%, The
UV-absorbing mobile phase component is distributed to the hydrophobic adsorbent
as an jon pair with other mobile phase components (cations for NS; anions for PEP).
The sampile is distributed to the stationary phase as an ion pair with the UV-absorb-
ing ion or with other mobile components of the opposite charge. There is a com-
petition between the ion patrs for the limited capacity of the adsorbent. Measure-
ments of the adsorption of NS from a mobile phase with 0.05 M phosphoric acid as
solvent have shown that it follows a Langmuir expression, as indicated by a reciprocal
plot of amount adsorbed versus mobile phase concentration?®!.

These facts can be summarized in the following expressions for the capacity
ratio of a cationic sample, HA ™, and an anionic sample, Z~, when the mobile phase
contains NS~ (UV-absorbing component), Y~ and Q*:

log kys = log Ky ¢ + log (KyansINS] + Kyay[YD —
log {1 + [HA] (KyansINS] + Kiyay[Y]D + [Q] (Kons[NS] + Koy [Y])} (1)
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log k; = log Ky-q + log K,[Q] —
log {1 + [Q] (Kogy[Z] + KonsINS] + Koy [YD) (2)

[NS], [Z], [HA], [Q] and [Y] represent concentrations of the ionic components in the
mobile phase in the migrating zone, Kyans: Kuav. Kons: Koz and K,y are constants
for ion-pair distribution between mobile and stationary phase, K, is the capacity of
the adsorbent and ¢ the phase ratio in the column?'23 It is assumed that the ad-
sorbent has one kind of adsorption site only.

Response

The injection of an ionic sample can be assumed to give rise to changes in the
concentrations of all ionic mobile phase components in the injection zone. All of these
ions (UV-absorbing ion, other anions and cations) will migrate in separate zones with
the mobile phase, which is supplied to the system at constant composition.

The sample usually has a low concentration (about 10™* M) and it will give rise
to small changes in the concentrations of the other mobile phase ions. The effect on
the capacity ratio, which is controlled by the concentration of these ions, is therefore
very limited: an increase in the concentration of a cationic sample (A° = 16) from
21077 t0 2-10™* M decreases its retention by about 2% in an NS system similar to
that used in Fig. 3. A small change in the concentration of a highly UV-absorbing ion
can, however, be measured with high precision with a UV detector, which registers
the difference in concentration.

The response pattern in the chromatograms is due to competing distribution
processes comprising of binding and displacement of the UV-absorbing ion. A quali-
tative interpretation can be based on assumptions regarding the distribution changes
on application of the sample. An example is given in Table 1. The concentration of
the UV-absorbing ion in the mobile phase, [NS], changes in the injection zone. This
gives rise to a migrating NS-zone beside the sample zone, and the change of [NS] is
transferred to the faster of the migrating zones. The change of NS-concentration in
the system zone compensates that in the sample zone.

The UV-absorbing ion is usually the only mobile phase component that gives

TABLE |
RESPONSE WITH ANIONIC UV-ABSORBING ION IN MOBILE PHASE
Ions in mobile phase: NS~ (UV-absorbing), Y~ and Q.

Sample Capacity Distribution processes NS~ peak Sample peuk
ratio (system peak )
HA* Kua < Aus Binding of HANS dominates Positive Negative
over displacement of QNS
Kua > Kis Negative Positive
z" ki < kng Displacement of QNS domi- Negative Positive

nates over binding of QZ
ki > ki Positive Negative
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TABLE 11
OBSERVED MOLAR ABSORPTIVITY (¢') OF NAPHTHALENE-2-SULPHONATE

Solvent: water.

Maximum concentration AC-10° AA 2
in the range (moljl)
(mol/l-10*)

2.41 5.98 0.155 2595

3.70 4.24 0.100 2374
3.91 211 0.0494 2341
4.23 318 0.0740 2327

5.43 6.04 0.135 2243

an easily observed chromatographic peak. Q* and Y~ are often highly hydrophilic
with short retentions and give peaks that appear close to the front.

The amount of counter ion in the sample peak can be calculated from the peak
area and the motar absorptivity of the ton. The absorbance of the mobile phase at 254
nm ranges between 0.3 and 1.2, depending on the concentration of the UV-absorbing
counter ion. The observed molar absorptivity of the counter ions decreases gradually
with increasing absorbance in the range A = 0.1--1.0, probably owing to stray-light
disturbances in the UV detector. The changes obtained with naphthalene-2-
sulphonate are demonstrated in Table II, which gives the observed molar absorp-
tivity, ¢© = 4A4,;4C, in difterent concentration ranges, where 44 is the change in
absorbance given by a certain change in concentration, AC.

The peak heights (positive and negative) correspond under normal chromato-
graphic conditions to an absorbance change of less than 0.05 units. The observed
molar absorptivity under these conditions can be considered as almost constant. as
seen from Table I1, and it can be used in a calculation of the amount of counter ion in
a chromatographic peak from the measured peak area.

The response factor, i.e., the amount of counter ion in the peak divided by the

system peak

¥ moles of NS in sample peak
Y Y=response factor = —
| \A moles of sample injected
|
| \
\
1ok " \
! \A\
~
| ~
- S~
I A~ a
05F |
!
/
/
/
A
1 1 1
f
10 20 30 A

Fig. 11. Response in system with NS as UV-;lbsorbing ion. Mobile phase: 3.7-10 * M naphthalene-2-
sulphonate in 0.01 M phosphoric acid. Solid phase: gBondapak Phenyl.
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amount of sample injected, is strongly dependent on the capacity ratio of the sample,
asillustrated in Fig. 11. The response factor increases with increasing 4, goes through
a maximum when the sample and the system peak have about the same retention and
levels out at higher &’. The influence of the composition of the system on the response
factor at high A" has so far not been elucidated.

Remarkably high response factors are often obtained when the sample and the
counter ion have about the same capacity ratio and even response factors higher than
4 have been obtained. The effect seems to be due to interaction between the ions in the
two zones.

Optimization of the response factor of a sample can be achieved by changing
the mobile phase composition in such a way that the A’ values of the sample and
system peak coincide. If the sample and the UV-absorbing ion have different charges,
an increase in the response factor might be obtained by changing the concentration of
the UV-absorbing component, as demonstrated by Fig. 8§ and Table III.

TABLE 111
RESPONSE FACTORS WITH [-PHENETHYL-2-PICOLINIUM AS UV-ABSORBING ION

Conditions as in Fig. 8.

PEP:-10* Response fuctor

(moljl) oo - - - - T T
Pentunesulphonate Octylumine Nonylamine

1.01 1.14 2.16 0.63

2.07 0.95 2.16 0.58

3.08 0.60 1.97 0.60

4.13 0.60 1.75 0.53

Pentanesulphonate and PEP have about the same retention when the PEP con-
centration is about 1-107* M (Fig. 8). The response factor is about 1.1 under these
conditions (Table 111), but it decreases with increasing PEP concentration and in-
creasing deviation in retention. Octylamine, which has the same charge and also
about the same retention as PEP, retains a very high response in the whole concentra-
tion range. The more strongly retained nonylamine gives a considerably lower re-
sponse.

The retention and the response factors can also be regulated by other mobile
phase components, as has been demonstrated for hexylamine and hexanesulphonate
in Fig. 10 and Table 1V. An increase in the size of the cation in the mobile phase has
a drastic effect on the response of hexylamine. In the presence of 0.02 M tetramethyl-
ammonium the sample peak is close to the system peak (NS) and a response of more
than 1.5 is obtained. Addition of tetracthylammonium, on the other hand, will de-
crease the retention to such an extent that no response at all is obtained.

Quantitation
The relationship between amount injected and peak height has shown good
linearity up to 10 nmoles for both positive and negative peaks. The counter ions used
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TABLE 1V
RESPONSE FACTORS WITH NAPHTHALENE-2-SULPHONATE AS UV-ABSORBING ION

Conditions as in Fig. 10.

Mobile phase Response factor
Hexylamine Hexanesulphonate

Sodium pentanesulphonate 0.24 0.05

(0.02 M)

Sodium acetate 0.62 0.30

0.02 M)

Sodium bromide 0.60 0.67

(0.02 M)

Tetramethylammonium 1.58 0.18

acctate (0.02 M)

Tetraethylammonium — 0.12

acetate (0.012 M)

in these studies have molar absorptivities between 2300 and 3100 and they permit the
quantitation of about 0.1 nmole of a sample with acceptable precision if the con-
ditions are such that the response factor is about 0.5.

The background absorbance of the mobile phase is high, as mentioned above,
and the observed changes in absorbance are often only a few parts per thousand. It is
obvious that the precision is highly dependent on the quality of the equipment and the
stability of the experimental conditions. High-quality pumps with pulseless flow and
careful thermostating of the whole system are prerequisites for good precision in
quantitation at the lowest levels.

The systems are usually very easy to prepare: a stable baseline is normally
obtained within | h after the introduction of a new mobile phase. The stability is
extremely good: with mobile phases of pH 2-6 it is possible to run the systems for
several months without a significant change in their properties.

Studies have so far been performed only with UV-absorbing counter ions and
UV detectors. It might also be possible, however, 1o use fluorescent or electroactive
counter ions to obtain higher sensitivity.
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EXTRA-COLUMN EFFECTS IN POLAROGRAPHIC VERSUS UV DETEC-
TION IN HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

W. KUTNER*, J. DEBOWSKI and W. KEMULA
Institute of Physical Chemistry of the Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw
{ Poland )

SUMMARY

A comparison of extra-column effects of chromatographic peaks in high-per-
formance liquid chromatography recorded using a flow-through polarographic detec-
tor and a typical UV (254 nm) detector is presented. The diameter of the detection
channel of the polarographic detector was 2 mm and the volume of the detection
channel of the UV detector was 9.2 ul. When extra-column effects due to injection,
tubing and the electronic system were considered. it was found that within experi-
mental error the values of the peak variances are comparable for UV and polarograph-
ic detection and equal to (2.7 + 1.0)-10° pul%

INTRODUCTION

One of the most important features of a good detector for high-performance
liquid chromatography (HPLC) is a minimal detection volume in order to eliminate
broadening of the chromatographic peaks. This extra-column effect of peak broaden-
ing, which in practice should not exceed one tenth of the peak volume''?, becomes
important for narrow bands in high-performance size-exclusion chromatography and
also when small-volume analytical columns with a diameter of the support particles
smaller than 5 um are used. For integrating detectors in which changes of some physi-
co-chemical bulk property of a flowing liquid is measured, e.g.. a UV detector, a
decrease in extra-column effects due to the detector may be achieved by making its
detection volume smaller. However for non-integrating detectors in which detection
is performed from a thin layer of solution directly contacting a sensor, ¢.g., a wall jet
detector, the problem is more complicated. Then, the shape of the detection channel
and the hydrodynamics of the mobile phase flow are responsible for peak broadening
due to detection. Therefore, it is impossible to predict which of these two types of
detectors causes a larger extra-column effect if one simply compares solely the
geometrical volumes of the detection channels.

We have mentioned this problem previously* and, for polarographic detec-
tors it has also been considered by other workers®. For the determination of washing
out, i.e., the “active” volume of the detector, a frontal method in a flowing system in
the absence of a column was used*. In this work we have considered this problem in

0021-9673/81/0000-0000/$02.50 @ 1981 Elsevier Scientific Publishing Company
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detail using methods more relevant to the usual operating conditions in HPLC. A
comparison of extra-column effects of a flow-through polarographic detector with
those of a commonly used UV (254 nm) detector is presented.

The total variance of a gaussian chromatographic peak expressed in volume

units, 62 .. can be presented as a sum of independent variance components!+2°™ of
column o7 . and extra-column, o ., effects of peak broadening.
2 __ 2 2
O o = 04 ol + Oy ext (1)
where
2 2 2 i 2
0\.0.\\ - G\.dcl + O\,im + Gx.luh + (T\,olhcr (2)
Here 0 4o 02 100 621 and a7 ., denote, respectively, peak variances due to detec-

tion, injection. tubing and other possible factors, c.g.. electronic apparatus delay,
67 - The peak variance due to detection can be calculated when other components of
eq. 2 are evaluated.

Column peak variance is related to the retention volume, F,. by the number of
theoretical plates, N:

4 l/ Z
N = ((R> (3)
Iy, col

So. from egns. | and 3 it follows that the dependence of 67, on V3 for a mixture of
substances with similar diffusion coefficients separated on the column should be
linear and, when extrapolated to zero, one could obtain the value of the extra-column

effects o7 .-
For the estimation of the values of a7 ;,;, eqn. 4 can be applied:
O\Z,in,‘: = k Vizny (4)

where }, is the volume of sample injected and & is a constant for the given system.
For a plug type of injection a7 ,; is independent of flow-rate.

For sufficiently long and narrow straight tubes. the value of a2, can be
calculated from the dependence'-'*'3

4

: 5
O\JUh - 24D ( )
where  and / are the radius and length of the connecting tubing, respectively, fis the
mobile phase flow-rate and D is the diffusion coefficient of the substance in the mobile
phase. Eqn. 5 holds in the absence of mixing in tubes.

EXPERIMENTAL

The high-performance liquid chromatograph, columns and packings, chroma-
tographic procedure and detectors, i.e., UV (254 nm) with a detection channel of
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length 10 mm and diameter 1.08 mm and a polarographic flow-through detector with
a detection channel of diameter 2 mm, have been described previously*.

Polarographic detection was performed using an LP-7 polarograph and an EZ-
7 y—t recorder (Laboratorni Pristroje, Prague, Czechoslovakia). For recording chro-
matograms with UV detection a TZ 21 y—t recorder (Laboratorni Pristroje) was used.
Samples were injected with a Rheodyne Model 7120 injection valve with a 10-ul
sample loop unless stated otherwise. The dropping mercury electrode capillary
characteristics in dynamic (flow-through) experiments were m = 3.005 mg sec ’, ¢,
= 0.9 sec at hy, = 150 cm and £ = —1.0 V vs. Hg pool, and in steady-state
experiments for the determination of diffusion coefficients they were m = 3.56 mg
sec ' and 1, = 1.875 sec at hy, = 50 cm. Current oscillations due to the mercury
dropping were eliminated using electronic damping of the polarograph. The time
constant of this damping at I — l/e = 0.632 of full scale of the recorder was 2.2 sec
and for UV detection it was 0.5 sec. A Hewlett-Packard Model 9830 A minicomputer
was used for linear regression analysis calculations.

Analytical-reagent grade chemicals and doubly distilled water were used for
the preparation of solutions. The mobile phase was methanol-1/15 M phosphate
buffer (pH 6) (2:3) according to Michaelis. A mixture of substances that were easily
detectable by UV and polarographic methods was used to represent model com-
pounds, i.e., p-, m- and o-nitroaniline and f-(5-nitrofuryl-2)acrylic acid.

RESULTS AND DISCUSSION

For the calculation of extra-column effects, high-performance liquid chroma-
tograms of the mixture of model compounds were recorded independently with UV
and with polarographic detectors (Fig. 1). It can be seen that nitrate, the ion often
used as a marker of column dead volume, V', (peak 1) can be detected by the UV
method whereas it is polarographically inactive, and oxygen dissolved in a sample is
polarographically active (peak 3) but is UV inactive. The retention volume of potassi-
um nitrate was 2.2 ml, whereas the theoretical value of V', for a cylindrical column
closely packed with spheres was 1.04 ml. The mean value of the peak asymmetry
factor measured at 109, of the peak height?1® was 2.7 for oxygen and 1.7 + 0.1 for
all nitro compounds.

In Fig. 2, the dependence of ¢, on Vj is plotted for all substances being
separated using linear regression analysis at flow-rates of 0.2, 0.5, 1.0 and 2.0 ml
min~'. It can be seen that the plots recorded with both UV and polarographic
detectors are linear with a mean correlation coefficient for all curves close to 0.999.
The value of ¢, for nitrate and oxygen were not taken into account in this calcu-
lation as they deviated markedly from this linear dependence, presumably owing to
some other retention mechanism resulting in higher peak asymmetry factor for
oxygen and peak splitting for nitrate. The intercepts of the plots in Fig. 2 represent
67 . With a mean value for both polarographic and UV detection of 2900 + 1000 zl?
at a significance level of 90 Y.

For the elucidation of the extra-column effect due to injection, eqn. 4 was
tested. Fig. 3 shows the dependence of 62, on the square of the injection volume,
Vi, for o- and m-nitroaniline for a flow-rate of 0.2 ml min~ ! using the UV detector.

inj

The mean value of k (eqn. 4) calculated from the slopes of these curves was 1.36.
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Fig. 1. HPLC traces recorded with (a) a UV (254 nm) detector and (b) a polarographic flow-through
detector. Separation conditions: 250 x 4 mm [.D. column filled with LiChrosorb RP-18 (10 um); mobile
phase, methanol-1/15 M phosphate buffer (pH 6) (2:3) according to Michaelis; flow-rate, 0.5 ml min~*';
sample size, 10 ul; £ = —1.0 V vs. Hg pool. Peaks: 1 = | M KNO;; 2 = 7.5-107* M -(5-nitrofuryl-
acrylic acid; 3 = 0,; 4 = 10°* M p-nitroaniline; 5 = 10°* M m-nitroaniline; 6 = 10™* M o-ni-
troaniline.

which is much higher than 1/12, the theoretical value for plug-type injection®. Hence,
for a 10-ul injection volume a7 ;,; = 136 ul*.

Extra-column effects originating in the tubing were calculated using eqn. 5.
Diffusion coefficients of nitro compounds in the mobile phase were calculated from

the polarographic steady-state diffusion limiting currents using the Ilkovi¢ equation.
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Fig. 2. Dependence of total peak variance, a7, on square of retention volume, V3. Flow-rate: (O, @)0.2;
(A, A) 0.5 (0, M) 1.0); (V.¥) 2.0 ml min~". Open symbols represent the polarographic detector and

closed symbols the UV detector. Separation conditions as in Fig. 1. Numerals indicate separated com-
pounds as in Fig. 1.

Fig. 3. Dependence of total peak variance. o . on square of sample volume injected, Vi, with UV
detection. (O) 4-10~* M o-nitroaniline; (A) 7-10°* M m-nitroaniline. Flow-rate, 0.2 ml min~ !, Other
separation conditions as in Fig. 1.
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For m-nitroaniline it was D = 7.05- 10" ° cm? sec " ! and for other nitro compounds it
did not deviate more than 159,. The radius of the connecting stainless-steel capillary
tubing was 0.015 cm and its length was 20 ¢cm for both detectors. Hence, the value of
ol . for a flow-rate of 0.2 ml min ! was close to 60 ul?>. When the other factors
contributing to peak broadening are small enough. o ., for both the polarographic
and UV detector is close to (2.7 + 1.0)- 10 pul?. This result confirms our previous
estimation? and enables one to conclude that regardless of the great differences in the
geometrical volumes and shapes of the detection channels of the two detectors, our
polarographic flow-through detector causes practically the same peak broadening as
the UV detector.

The comparison of 7 ., for the two detectors does not require any assumption
with regard to the presence or absence of mixing of the sample in the detection
channels. In the limiting cases of a non-mixing or ideal mixing behaviour of the
detection channel, o 4, may be calculated for integrating detectors from eqn. 5 or
taken as V3,1, respectively. For our UV (254 nm) detector these values were 84.64
and 61,816 ul?, respectively. The deduced value of o7 . of (2.7 £ 1.0)-10° pul’
indicates that some mixing occurs in both detectors. This was confirmed by the
dependence of a7, on flow-rate with ', kept constant. This dependence of the mean
slope of log 6, on log f is close to 0.5 and 0.25 for the UV and polarographic
detector, respectively, for o-nitroaniline (Fig. 4). For other nitro compounds this
slope for the UV detector is also higher than that for the polarographic detector and
the values of these slopes do not differ much from those for o-nitroaniline. Hence the
greater the mobile phase flow-rate, the greater is the extra-column effect caused by
the UV detector compared with the polarographic detector.

10g 162 gy (11 ?)]

L L " L | 1
-06 -04 -02 0 02
fog [ f{mt:min™]
Fig. 4. Dependence of the logarithm of 62, on logarithm of flow-rate, f. for o-nitroaniline. ( ®) UV
detector; (O) polarographic detector. Separation conditions as in Fig. 1.
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FLUORESCENCE DERIVATIZATION OF TERTIARY AMINES WITH 2-
NAPHTHYL CHLOROFORMATE

G. GUBITZ*, R. WINTERSTEIGER and A. HARTINGER
Institut fiir Pharmazeutische Chemie, Universitiit Graz, A-8010 Graz ( Austria)

SUMMARY

2-Naphthyl chloroformate (NCF) was found to be a suitable fluorescence re-
agent for the derivatization of drugs containing a tertiary amino group. The tertiary
amines undergo dealkylation when heated with NCF, forming fluorescent carba-
mates. The reaction has been applied to the pre-column derivatization of some anti-
histamines.

INTRODUCTION

A great problem in high-performance liquid chromatography (HPLC) is the
detection of drugs with low UV absorbance. In such instances it is advantageous to
form UV-absorbing or fluorescent derivatives for detection enhancement. Most drugs
contain amino groups, and for primary and secondary amines a number of reagents
have been described' *. No satisfactory reactions, however, are known for the deriva-
tization of tertiary amines. On the other hand, many drugs contain a tertiary amino
group as the only functional group.

A reaction principle already used in gas chromatography is the reaction of
tertiary amines with chloroformates, which undergo dealkylation under suitable con-
ditions, forming carbamates with the resulting secundary amine.

The aim of this work was the development of reagents on this basis for the
HPLC analysis of tertiary amines with fluorescence detection.

5-11

EXPERIMENTAL

Apparatus

A Perkin-Elmer Series 2 liquid chromatograph and an LC 55 UV detector
connected to a Perkin-Elmer MPF 44 fluorimeter were used with a 25-ul flow-through
cell.

Reagents and chenticals

2-Naphthyl chloroformate (NCF) was synthesized according to the litera-
ture'*'13. The reagents used were potassium carbonate (p.a. grade, anhydrous) and sat-
urated methanolic potassium hydroxide. All solvents were of analytical-reagent grade.

0021-9673/81/0000-0000/$02.50 ) 1981 Elsevier Scientific Publishing Company
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Derivatization procedure

About 10 pmol-5 nmol of the tertiary amine (as the free base) were heated with
a 10-fold molar excess of NCF and 10 mg of potassium carbonate in 100 ul of dry
benzene at 100°C for 1 h in a sealed conical vial. After cooling, the excess of the
reagent was removed by shaking the reaction mixture with 300 ul of saturated meth-
anolic potassium hydroxide for 1 min. After phase separation by adding 1 ml of
water, an aliquot of the benzene layer was injected into the chromatograph.

Chromatography

The column contained Knauer RP-18 and the following mobile phases were
used: 1, methanol-water (80:20); 11, methanol-water (70:30); and III, methanol-
water—tetrahydrofuran (65:30:5).

RESULTS AND DISCUSSION

2-Naphthyl chloroformate can be synthesized easily by reaction of -naphthol
with phosgene!?'!3, The reagent is sensitive to moisture, but is stable for several
months if stored under the cool and dry conditions.

In addition to primary and secondary amines, tertiary amines also form carba-

"

(0]

-c_)_ _6-$+_
OO otci__ o rs'C: .

SR

—N

Fig. 1. Scheme of the reaction of NCF with tertiary amines.

Il | e L 4 1 L 1 1

L 1
200 300 400 nm

max. €XCi-

Fig. 2. Fluorecence spectrum of the diphenhydramine derivative in methanol-water (80:20). 4,
tation, 275 nm; emission, 335 nm.
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Fig. 3. Kinetics of the reaction of NCF with diphenhydramine. O, Without catalyst; @, with K,CO,
catalyst.

mates under dealkylation when heated with chloroformates. The scheme of the reac-
tion of NCF with tertiary amines is shown in Fig. 1.

Highly fluorescent carbamates were formed, which showed fluorescence sta-
bility for more than 24 h. The fluorescence spectrum showed an excitation maximum
at 275 nm and an emission maximum at 335 nm (Fig. 2).

Optimization of the reaction conditions was carried out with the antihistamine
diphenhydramine as a model compound. As can be seen from Fig. 3, the use of
potassium carbonate as a catalyst permits a higher reaction rate. The excess of the
chloroformate can be destroyed by shaking the reaction mixture with alcoholic
alkali® followed by the addition of water to obtain a better phase separation.

In addition to methyl groups, ethyl and benzyl groups can also be split off. The
reaction is also applicable to N-methyl groups in heterocyclics such as N-methylpiper-
idine. As far as more complicated compounds are concerned, however, the reaction
does not take place homogeneously. For example, by-products were formed during
the reaction of mebhydroline, clemizol and antazoline. In comparison with the main

fluorescence
L]

1
0 1 5 10 ng

Fig. 4. Calibration graph for diphenhydramine.
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Fig. 5. HPLC of 500 pg diphenhydramine after derivatization with NCF. Column: RP-18, 25 x 0.4 cm
1.D. Mobile phase: methanol- water (80:20). Flow-rate: 2 ml/min. Detection: fluorescence, 4., = 275 nm,
Aem = 335nm. 1, 2 = Decomposition products of the reagent; 3 = 500 pg of diphenhydramine.

2
1
4
3 5
l IR i i | L ] 1 1 1 1 1 ! 8 1 J
o} 10 20 min

Fig. 6. HPLC scparation of antihistamine derivatives. Conditions as in Fig. 5, except mobile phase is
methanol-water—tetrahydrofuran (65:30:5). 1, 2 = Decomposition products of the reagent; 3 = diphenyl-
pyraline; 4 = diphenhydramine; 5 = thenalidine.



FLUORESCENCE DERIVATIZATION OF TERTIARY AMINES 55

TABLE I
k” VALUES AND DETECTION LIMITS OF SOME ANTIHISTAMINE DERIVATIVES

Column: RP-18, 25 x 0.4 cm 1.D. Mobile phase: methanol-water (70:30). Flow-rate: 2 ml/min. Detection:
fluorescence, 4,, = 275 nm, 4., = 335 nm.

Compound Formula Detection limit Kk’
(ng per 20 ul)

On
Diphenhydramine / 0.5 17.9

CH—0O~——CH,—CH;—N

Diphenylpyraline CH-—04<3N—CH3 1 16.6

o
Mebhydroline N 5 18.5

Thenalidine [S]-C Hp—N ‘CN — CHs [ 20.1

Cl

H3C\
Clemastine CHs c 5 19.9

|
:"S/CH.‘,———CHZ——O/ @
gy
Clemizol Y CHy— N(] 10 19.0
|
CHz—Q»Ci

H
N

Antazoline @—CHZ—N—CH2—<\ ] 5 17.9
N

product, however, the by-products amounted to only 1-109%/. Quantitativé determi-
nation is not possible in these instances. It has been found that the reaction also fails
with pyridyl-substituted compounds!*.

The absolute yield of the carbamate from diphenhydramine is 81 9/, estimated
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by comparison with a known amount of a synthetic authentic sample. The reaction,
however, although not absolutely quantitative, shows good reproducibility. The rel-
ative standard deviation determined for 200 ng of diphenhydramine is 1.6 %; and for
20 ngitis 39% (n = 9).

The linearity of the reaction was investigated by preparing calibration graphs
for various antihistamines. Linearity was observed over a range of more than one
order of magnitude. The correlation coefficients lay between 0.997 and 0.999. A
calibration graph for diphenhydramine in the lower nanogram range is shown in Fig.
4.

The capacity ratios (k') and detection limits for some antihistamines are given
in Table I. A high sensitivity was observed for diphenhydramine. Fig. 5 shows a
chromatogram for 500 pg diphenhydramine after derivatization. The use of a UV
detector is also possible, although of course it is much less sensitive.

Fig. 6 shows the separation of a mixture of three antihistamine derivatives.

In addition to the application of the method to antihistamines, it was also
applied to examples of other groups of drugs containing tertiary amino groups. such
as analgesics, local anaesthetics and psychotropic drugs. The adaption of this method
to the determination of drugs in plasma samples is now being examined. Further
promising reagents, such as anthrylmethyl chloroformate and fluorenylmethyl chlo-
roformate'®!”, are under investigation,

This derivatization procedure has also been applied with good results to thin-
layer chromatography with fluorodensitometric evaluation'®.

P
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[ON CHROMATOGRAPHY OF INORGANIC AND ORGANIC IONIC SPE-
CIES USING REFRACTIVE INDEX DETECTION

F. A. BUYTENHUYS
Akzo Research Laboratories Arnhem, Corporate Research Department, PO Box 60, 6800 AB Arnhem ( The
Netherlands)

SUMMARY

Ion chromatography of inorganic and non-UV-absorbing organic species can
be monitored with a differential refractive index detector if aromatic counter ions are
used. Practical applications show that in this way refractive index (RI) detection can
compete with systems for ion chromatography (1C) using electric conductivity detec-
tion. 1C with RI detection can be carried out with any liquid chromatograph. Hence
high efficiency ion-exchange columns can be used.

INTRODUCTION

The analysis of ionic species in aqueous solutions is becoming increasingly
important. It is well known that the specificity of ion exchange can be utilized for
liquid chromatography of ionic compounds. In high-performance liquid chromato-
graphy (HPLC), however, the application of ion-exchange chromatography is limited
because of poor detection sensitivity. This is not a problem if the ionic solutes absorb
in the UV or visible range, but ion-exchange chromatography of inorganic ions is
limited by the lack of sensitivity inherent in universal detectors such as the refractive
index and electrical conductivity detectors. Thus, the development of ion-exchange
chromatography has not been as rapid as that of other liquid chromatographic tech-
niques such as straight phase adsorption, reversed-phase and size exclusion chroma-
tography.

In 1975 Small e¢f al.! reported a new chromatographic method using electrical
conductometric detection and mentioned ion chromatography (IC). In addition to
the separation or analytical column they used a stripper or suppressor column. The
stripper column removes the buffer used for the elution of the ionic species from the
separation column, which results in a low background activity for the conductivity
cell. This principle has been adopted in the ion chromatographs of the Dionex Cor-
poration,

Gjerde and co-workers?® demonstrated that a suppressor column is not ab-
solutely necessary for ion chromatography with electric conductivity detection. They
used an anion exchanger having a low exchange capacity and an eluent having a very
low conductivity. In this way the background conductivity is low enough to allow the

0021-9673/81/0000-0000/$02.50  « 1981 Elsevier Scientific Publishing Company
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separated anions to be detected with a simple conductance detector. Molnar et al.*
applied a specially designed conductivity detector both with and without a suppressor
column, for the separation of anions and cations on C,4 columns using secondary
equilibria in the mobile phase. For the separation of cations a silicious cation ex-
changer was used.

Besides ion exchange, some researchers have used ion exclusion for the separa-
tion of weak acids. Turkelson and Richards® employed this technique for separation
of the acids of the citric acid cycle, and Tanaka er a/l.® described the ion-exclusion
behaviour of a large number of sirong and weak acids. Bio-Rad Labs. (Richmond,
CA, U.S.A)) recently introduced a so-called organic acid analysis column, based on
ion exclusion. The use of diluted sulphuric acid as the mobile phase allows UV
detection at 210 nm and thus high sensitivity for a variety of weak organic acids.
However, ion-exclusion chromatography is not capable of selectivity for the separa-
tion of strong acids.

A large number of applications of the Dionex equipment in the fields of process
control and environmental research and in the power industry have been reported’.
From the chromatographic point of view, there are some drawbacks:

(1) the number of injections is restricted by the capacity of the suppressor
column

(2) the suppressor column introduces extra band broadening, which results in
lower resolution

(3) special equipment is needed for IC

(4) only those buffers can be applied which, after passage through the sup-
pressor column, result in a low electrical background conductivity.

In this paper, a promising mode of 1C monitored by a refractive index detector
is described. The method allows IC to be carried out with commercially available
HPLC equipment. It differs in certain aspects from the 1C technique employed by
Dionex, and attains a sensitivity similar to that obtained by conductivity detection.

THEORETICAL

In an ion-exchange process, counter ions are removed from the ion exchanger
on injection of a sample solution. The excess of the counter ions in the mobile phase
results in a ““solvent peak™ at the unretained place (the elution “volume™ of com-
pounds not interacting with the ion exchanger, such as glucose) in the chromatogram.
In addition, since there is a dynamic exchange process between the solute and the
counter ions, the migration of the solute ions through the column is accompanied by
a local deficiency of the buffer ions. If a differential refractive index detector is em-
ployed the signal obtained will be the result of these two concentration changes, which
are always opposite. The sensitivity is determined by the difference in refractive index
between the buffer ions and the solute ions.

If, as usual, inorganic buffers are used for the separation of inorganic ionic
species, the sensitivity is very low. Therefore, to increase the sensitivity, buffers with a
very high (or very low) refractive index relative to that of the solute have to be used,
e.g., an aromatic anion for an anion-exchange process and an aromatic cation for a
cation-exchange process.
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EXPERIMENTAL

Apparatus

The high-performance liquid chromatograph consisted of a high-pressure
pump (Model 6000 A, Waters Assoc.) equipped with a differential refractometer
{Waters R 401), a high-pressure sampling valve (Rheodyne RH 7010), a linear poten-
tiometric recorder (Kipp and Zonen BD 8) and a GCA precision thermostat. The
latter was used for thermostating in series both the column (via a water-jacket) and
the detector.

‘Three different anion-exchange packings were used in stainless-steel columns
Nucleosil SB, 5- and 10-pum particles, 150 and 250 x 4.6 mm ((Chrompack, Middel-
burg, The Netherlands); Partisil 10 SAX, 250 x 4.6 mm (Whatman), and Zorbax
AX, 250 x 4.6 mm (DuPont). For cation-exchange chromatography use was made of
a 250 x 4.6 mm stainless-steel column packed with Nucleosil 10 SA (Chrompack).

Chemicals
The eluents used were prepared from distilled water and reagent grade chemi-
cals (Baker, Deventer, The Netherlands), and degassed carefully.

T N T S N | A L L Ll
+ t
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Fig. 1. IC chromatogram of a synthetic mixture of inorganic anions. Column: 250 x 4.6 mm Nucleosil 10
SB. Mobile phase: 0.03 M sodium salicylate, pH 4.0; flow-rate 0.5 ml/min. Sample size: 20 ul. Detection:
RI, attenuation x 8. Peaks: I = solvent effect; 2 = phosphate (20 ug); 3 = chloride (10 ug); 4 = nitrate
(20 ug); 5 = sulphate (20 pg).

Fig. 2. IC chromatogram of halogens. For conditions see Fig. 1. Peaks: 1 = solvent effect; 2 = chloride (14
ug); 3 = bromide (25 ug); 4 = iodide (50 ug).



60 F. A. BUYTENHUYS

RESULTS AND DISCUSSION

In Figs. 1 and 2 the separations of some mixtures of inorganic anions are given.
A good resolution was obtained by using 0.03 mol/l sodium salicylate, pH 4, as
the eluent. Since the decrease in the buffer ion concentration is measured, the corre-
sponding decrease of the refractive index has been plotted along the vertical axis.

The selectivity can be altered by changing the counter ion, e.g., benzoate, p-
hydroxybenzoate, sulphobenzoate or phthalate, and the pH (see Figs. 3 and 4). More-
over, the selectivity depends on the type of column. The Zorbax AX packing (Du-
Pont) has a much higher capacity than the Partisil SAX and the Nucleosil SB material
and hence requires stronger eluents.

Organic anions can also be separated, as shown in Fig. 5 for chloroacetates.

DS SR

L L 1 L J L L L L L l‘_,, =
20 16 12 8 4 0 20 16 12 8 4 0
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Fig. 3. IC chromatogram of a synthetic mixture. Mobile phase: 0.075 M sodium p-hydroxybenzoate, pH
5.6. Other conditions as in Fig. 1. Peaks: 1 = solvent effect; 2 = glycolate (20 ug); 3 = chloride (20 ug);
4 = nitrite (20 ug); 5 = chlorate (20 pg); 6 = nitrate (20 ug); 7 = sulphate (20 ug).

Fig. 4. IC chromatogram of a synthetic mixture. Mobile phase: 0.05 M potassium biphthalate, pH 3.9.
Other conditions as in Fig. 1. Peaks: | = solvent effect; 2 = dihydrogen phosphate (25 ug); 3 = chloride
(10 ug); 4 = nitrite (25 ug); S = bromide (25 pg); 6 = nitrate (25 ug); 7 = sulphate (25 ug).



ION CHROMATOGRAPHY OF IONIC SPECIES 61

2
2
2
3 !
\
| 1
[
|
4 l |
I ‘
| |
i | / o
/ J 1 |
s 12N 1 A I B
\“ J | \‘ !
| JUL T L
! ~
| I q |
1 1 1 1 1 ‘\ 1 1 L 1 ]U 1 1 lLJ
30 20 0 0 12 8 4 0 12 4 0
Minutes Minutes Minutes
Fig. 5. 1C chromatogram of chloroacetates. For conditions see Fig. 1. Peaks: 1 = solvent effect; 2 =
monochloroacetate (20 pg); 3 = dichloroacetate (20 ug); 4 = trichloroacetate (20 ug).

Fig. 6. A, IC chromatogram of a synthetic mixture of sodium glycolate (1) and sodium chloride (2). B, IC
chromatogram of a water-methanol extract of carboxymethyl-cellulose. Column: 250 x 4.6 mm Partisil
10 SAX. Mobile phase: 0.035 M sodium salicylate, pH 5.0; flow-rate 1 ml/min. Sample size: 20 ul.
Detection: RI, attenuation x 8.

The efficiencies of the separations are in principle better than those obtained
with the Dionex system’. The absence of a suppressor column and the use of silica
based ion exchangers with a mean particle size of 5 or 10 um result in less peak
dispersion.

In Fig. 6A the IC chromatogram of a standard mixture of sodium glycolate
and sodium chloride is shown. These two compounds are present in water—methanol
extracts of sodium carboxymethyl-cellulose, as is seen in Fig. 6B. Since the efficiency
of the carboxymethylation and the degree of substitution can be calculated from the
amounts of sodium glycolate and sodium chioride, quantification is important. For
these ions a linear relationship between peak area and concentration was established
up to an injected amount of 100 ug chloride and 30 ug glycolate; the correlation
coefficient was better than 0.9999. The relative standard deviation for the two ions,
based on data from six independent measurements, was less than 19/ for chloride (at
the 209 level) and about 29, for glycolate (at the 5% level).

The sensitivity is reflected in Fig. 7, where the chromatogram of 180 ng nitrate
is presented at attenuation position 4 of the Waters R 401 refractive index detector.
For this detector the detection limits for some ions are: CI-, 20 ng; NO3, 30 ng; SOZ-,
30 ng; H,POy, 50 ng and tetramethylammonium (TMA "), 50 ng.
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Fig. 7. 1C chromatogram of 180 ng nitrate. Column: 150 x 4.6 Nucleosil S SB. Mobile phase: 0.03 M
sodium salicylate, pH 4.0; flow-rate 0.5 ml/min. Sample size: 20 ul. Detection: Rl, attenuation x 4.

Fig. 8. 1C chromatogram of tap-water from Arnhem. Sample size: 100 ul. Other conditions as in Fig. 7.
Peaks: 1 = solvent effect; 2 = chloride; 3 = nitrate; 4 = sulphate.

Fig. 9. IC chromatogram of spring-water from Westervoort. for conditions and peak assignments see Fig.
8.

Figs. 8, 9 and 10 show the chromatograms of 100 ul tap-water (from Arnhem,
The Netherlands), spring-water (Westervoort, The Netherlands) and channel-water
(Hengelo, The Netherlands), respectively. Calculations with external standards show
that the tap-water contains about 12 mg/l chloride, 10 mg/l sulphate and 300 ug/l
nitrate. It is evident that the sensitivity, which depends to a small extent on the kind of
counter ion, can be improved by increasing the concentration of these ions. In this
way, less peak dispersion occurs and, accordingly, the peak height increases. On the
other hand, it should be borne in mind that the sensitivity decreases with increasing
molecular weight (see Figs. 2 and 5).

The sensitivity can also be improved indirectly by concentration methods. The
detection limit of sulphate in brine decreased appreciably when the brine solution was
first passed through a small amount of a cation exchanger (H"). The liberated hy-
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Fig. 10. IC chromatogram of channel-water from Hengelo. Column: Nucleosil 10 SB. Mobile phase: 0.07
M sodium p-hydroxybenzoate, pH 5.0; flow-rate 0.5 ml/min. Sample size: 20 pl. Detection: RI, attenuation
x 8. Peaks as in Fig. 8.

Fig. 11. IC chromatogram of sulphate in brine after cation-exchange treatment. For conditions and peak
assignments see Fig. 10.

drochloric acid was evaporated during the concentration of the sulphuric acid, any
loss of the latter being prevented by adding one drop of a 0.01 M sodium hydroxide
solution. A chromatogram representing 200 mg sulphate per kg brine is given in Fig.
11.

For the separation of cations, aromatic cations have to be used as counter ions.
With a Nucleosil 10 SA column and trimethylphenylammonium as the counter ion, a
baseline separation has been obtained for mono-, di- and triethylamine (Fig. 12).

The advantages of IC with RI detection can be summarized as follows:

no suppressor column is required so that peak dispersion is less, resulting in a
better resolution; moreover, no regeneration step has to be included

any ion-exchange material, silica or polystyrene based, can be applied, not only
specially prepared low capacity separation columns
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Fig. 12. IC chromatogram of ethylamines. Column: 250 x 4.6 mm Nucleosil 10 SA. Mobile phase: 0.03 M
trimethylbenzylammonium formate, pH 3.5; flow-rate 1.0 ml/min. Sample size: 20 gl. Detection: RI, atten-
uation x 8. Peaks: 1 = solvent effect; 2 = monoethylamine (40 pg); 3 = diethylamine (60 ug); 4 =
triethylamine (60 ug).

no special equipment is needed; the separations can be achieved on any liquid
chromatograph equipped with a differential refractometer
the sensitivity is within the nanogram range.
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SEPARATION AND DETERMINATION OF PHENYL ISOCYANATE-DE-
RIVATIZED CARBOHYDRATES AND SUGAR ALCOHOLS BY HIGH-PER-
FORMANCE LIQUID CHROMATOGRAPHY WITH ULTRAVIOLET DE-
TECTION

BORIJE BJORKQVIST
Kemira*Oy, Espoo Research Centre, P.O. Box 44, SF-02271 Espoo 27 ( Finlund)

SUMMARY

The free hydroxyl groups of saccharides and sugar alcohols react with phenyl
isocyanate to yield very stable and strongly UV-absorbing derivatives, which possess
good chromatographic properties in a reversed-phase system. UV monitoring at ca.
240 nm allows detection down to the 0.5-10 ng level.

Reducing sugars yield a peak for each enantiomer, while non-reducing sugars
and sugar alcohols yield a single peak. The chromatograms resemble those obtained
by gas-liquid chromatography after silylation.

Oligomers containing eight glucose units have been separated with good res-
olution by this method. Applications to the separation and determination of sugar
alcohols and wood hydrolysates are described.

INTRODUCTION

Underivatized carbohydrates are usually separated and determined by high-
performance liquid chromatography (HPLC) using bonded aminophases', amino-
modifiers on silica® or ion exchangers® together with a refractive index (R1) detector.
This allows detection down to the ug level.

Trimethylsilylation followed by gas chromatography (GC)* results in a detec-
tion limit of ca. 10 ng of the carbohydrate. A peak for each anomeric form (if present)
is obtained. Nachtmann and Budna®® have described the use of 4-nitrobenzoyl chlo-
ride as derivatizing agent for carbohydrates and related compounds. The derivatives
are chromatographed in a straight phase system and monitored by UV detection at
260 nm. The anomers are well separated and the detection limit is at the nanogram
level for the appropriate carbohydrate.

The use of phenyl isocyanate (PHI) as derivatizing agent for compounds con-
taining active hydrogen atoms, such as alcohols, water and amines, has been describ-
ed in our previous papers” °. PHI also reacts with the free hydroxyl groups of carbo-
hydrates and sugar alcohols. The resulting derivatives are very stable and show ex-
cellent chromatographic properties in a reversed-phase system. UV-monitoring at
240 nm permits detection down to the nanogram level.

0021-9673/81/0000-0000/$02.50  «» 1981 Elsevier Scientific Publishing Company
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The corresponding chromatograms resemble those of GC following silylation,
i.e, reducing sugars give a peak for each enantiomer while non-reducing sugars and
sugar alcohols give a single peak. Thus five peaks of derivatized L(+ )-arabinose and
one peak of derivatized sucrose are obtained. Oligomers containing up to eight glu-
cose units have been separated with good resolution by this method.

EXPERIMENTAL

Apparatus

A Varian 5020 gradient liquid chromatograph (Varian Aerograph, Walnut
Creek, CA, U.S.A)) equipped with either a Perkin-Elmer LC-55B or LC-75 variable-
wavelength UV-VIS detector (Perkin-Elmer, Oak Brook, IL, U.S.A.), a Goerz-Ser-
vogor 541 recorder (Goerz Electro, Vienna, Austria), a Valco loop injector and self-
packed Spherisorb 5 ODS columns (125, 160 or 250 x 4.6 mm I.D.) (Phase Separa-
tions, Deeside Industrial Estate, Clwyd, Great Britain) was used for the chro-
matographic separation and detection of the derivatives. A Hewlett-Packard 3352
Lab Data System (Hewlett-Packard, Karlsruhe, G.F.R.) was used to calculate reten-
tion times and peak areas.

Reagents

The eluent was a mixture of acetonitrile (HPLC Grade S; Rathburn Chemicals,
Walkerburn, Great Britain) and 0.01 M K,HPO, adjusted to pH 7 with H;PO, in
twice distilled water. Phenyl isocyanate (PHI), methanol and pyridine (E. Merck,
Darmstadt, G.F.R.) were of analytical grade.

The sugars and sugar alcohols (E. Merck, except for cellobiose, Koch-Light,
and maltotriose, Sigma) were of biochemical grade. Commercial oligomers having
more than three glucose units could not be found. Caution: use of a fume cupboard
is recommended when handling PHI, because it is an eye and respiratory irritant.

Derivatization procedure

Tertiary nitrogen atoms seem to catalyze PHI reactions. Dimethylformamide
(DMF) has proven to be an excellent solvent when derivatizing, e.g., aliphatic al-
cohols and amines”®, but in this case pyridine was chosen. It has the same catalytic
properties but is a better solvent for sugars and sugar alcohols than DMF.

Standards. A 1-ml volume of a standard solution containing about 2 mg sugar
per ml of pyridine was pipetted into a 10-ml measuring flask equipped with a short
magnetic rod. The flask was placed in a 323°K oil-bath on a heatable magnetic stirrer.
A 2-ml volume of PHI was added and the mixture allowed to react for 1 h in the
stoppered flask. A 1-ml volume of methanol was added to the cooled flask in order to
destroy the excess of PHI. After 5 min the measuring flask was filled to the mark with
either pyridine or DMF. Appropriate dilutions were made so that the injected solu-
tion usually contained <0.1 mg/ml of each sugar in the calibration solution.

Samples. Aqueous samples containing not more than 1 mg of each sugar to be
determined were brought to dryness in a 10-ml test-tube in a rotary evaporator. A
short magnetic rod, 1 ml of pyridine and 2 ml PHI were added, the tube was stoppered
and treated in the same way as for the standards. The reaction mixture was then
transferred into a 10-ml measuring flask and filled to the mark. Solid samples or dry
samples in pyridine were directly weighed or pipetted into the measuring flask.
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Blanks. It is advisable to prepare a blank in the same way as for the standards
in order to check the “purity” of the chromatogram in the carbohydrate region.

Liquid chromatographic separation and quantitation

Derivatized samples and standards dissolved in pyridine or pyridine-DMF
and free of particulate matter were injected (1-5 ul) into the chromatographic system
via the Valco loop injector. To avoid tailing of the pyridine peak, it is important to
turn the valve back to the load position after cu. 5 sec.

The Spherisorb 5 ODS column was at ambient temperature. The eluent, con-
sisting of water and acetonitrile, was pumped (2 ml/min) either isocratically or using
differént gradients depending on the quality of the compounds to be determined. The
peaks were monitored at 240 nm (Fig. 1). It is also important to employ low concen-
trations of the individual derivatives, usually <0.1 mg/ml as free sugar or sugar
alcohol, so that they fall in the relatively narrow linear range.

1+ I
] HINI

24 8 2 6 6}
min

Fig. 1. Chromatogram of derivatized galactose and sorbitol. Column: Spherisorb 5 ODS, 120 x 4.6 mm 1.D.
UV detection at 240 nm, 0.05 a.u.f.s. Gradient: 45-80", acetonitrile at 1%;/min. Peaks: R = reagents;
A = a- and fB-galactose; B = sorbitol.

Quantitation was carried out either in the usual way® using, e.g., O-nonyl-N-
phenylurethane or derivatized sorbitol as internal standard, or by the method of
Nachtmann and Budna® which means that each reacted hydroxy group gives rise to a
constant increase of the extinction coefficient. Thus a certain “‘response factor™, f,
for each known sugar can be calculated using eqns. 1 and 2:

Agear Caana
C _ sugar  “standard (1)

sugar A

standard f
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]. _ Mwslandﬂrd 3 ’I(OH)SUgm’ 2
MW n(OH)slandard (—)

sugar

Where ¢ = amount (concentration) reacted, 4 = peak area, MW = molecular
weight and #(OH) = number of hydroxy groups reacted.

In this work sorbitol (# = 6) was used as internal standard. The Hewlett-
Packard Lab Data System was employed for peak area calculations.

RESULTS AND DISCUSSION

Amount of PHI, reaction time and temperature, destruction of excess of PHI

Alcohols, amines, carboxylic acids and water react with PHI. Therefore a large
excess of the derivatizing agent should be used, at least with unknown samples. Water
should be removed before derivatization® . In contrast to amines and aliphatic al-
cohols, carbohydrates and sugar alcohols do not react at room temperature. Various
temperatures and reaction times were tested but the ““‘smoothest’ reaction conditions
were found to be | h at 323"K; a time of 15 min at 353"K could also be used, at least
for non-degradable sugars.

PHI reacts under these conditions with all free hydroxyl groups of the sugar or
sugar alcohol. This was shown by infrared and !*C nuclear magnetic resonance
studies of the crystalline derivative of D(+ )-glucose.

The excess of PHI must be destroyed before injection. Otherwise it reacts with
water in the column. Methanol was found to be a suitable reagent for this purpose
because the corresponding urethane is eluted before the sugar derivatives. It is ad-
visable to cool the reaction vessel before adding methanol.

Standards

Standards were prepared from commercial sugars and sugar alcohols, when
available, by the procedure mentioned above. Crystalline derivatives were not pre-
pared except for D( + )-glucose, because they always tend to contain diphenylurea, the
reaction product of water and PHI.

Oligomers were prepared from acid-hydrolyzed cellulose. No standards were
available and peaks were identified from a comparison of the measured retention
times with those of standard pentoses, hexoses and di- and trisaccharides (Figs. 2 and
3). A mass spectrometric study or exclusion chromatography would probably give
further confirmation of these ““unknown™ peaks, but no such work has yet been done.

Nore: Fructose decomposes during the derivatization procedure.

Stability of the derivatives

Derivatized standards and samples were stored in solution at room temper-
ature for several days with no noticeable changes in the chromatograms. The ureth-
ane bond is not very pH-sensitive.

Liguid chromatography

As mentioned above, reducing sugars yield a peak for each enantiomeric form
present. Thus, five peaks of derivatized L(+ )-arabinose, three of D( + )-xylose, two of
D( + )-glucose, etc., are obtained. This also leads to some degree of overlapping of
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Fig. 2. Chromatogram of mono-, di- and trisaccharides. Column: Spherisorb 5 ODS. 150 x 4.6 mm I.D.
Gradient elution: 55-959Y/ acetonitrile in 25 min. UV detection at 240 nm, 0.08 a.u.fs. Peaks: R =
reagents; | = xylose; 2 = arabinose; 3 = glucose; 4 = mannose; 5 = sorbitol (0.03 mg/ml internal
standard); 6 = cellobiose; 7 = maltotriose. Injection: 2 ul, ca. 0.06 mg/ml of each saccharide.

36 30 24 ) © B o)
min

Fig. 3. Chromatogram of cellulose hydrolysate. Conditions as in Fig. 1. Gradient: 55-99 % acetonitrile in
30 min. Peaks: R = reagents; 1 = pentoses; 2 = hexoses; 3 = sorbitol (internal standard); 4 = di-; 5 =
tri-; 6 = tetra-; 7 = penta-; § = hexa-; 9 = hepta-; 10 = octasaccharide.
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similar sugars (Fig. 2). The ratio between, e.g., the - and f-forms, varies depending
on the origin of the sample and whether it is dissolved in pyridine before adding PHI.
The sugars are eluted in the order of the number of free hydroxyl groups present in
the original compound. Thus, pentoses are eluted before hexoses which are eluted
before disaccharides, etc.

Non-reducing sugars and sugar alcohols (Fig. 4) yield a single peak as ex-
pected.

Linear gradients, starting from at least 459 acetonitrile, were usually em-
ployed to elute the compounds. To avoid tailing of pyridine the water was adjusted to
ca. pH 7.2. Column lengths varied from 12.5 to 25 ¢cm (0.46 cm 1.D.), but ca. 15 cm
packed with 5-um ODS particles is sufficient for most purposes. Oligomers containing
eight glucose units could be eluted by using this chromatographic system.

Detection and linearity
The derivatives show a very strong UV maximum at c¢a. 240 nm. This enables

min

Fig. 4. Chromatogram of sugar alcohols. Conditions as in Fig. 2. Peaks: R = reagents; | = erythritol; 2
arabitol; 3 = xylitol; 4 = rhamnitol; 5 = dulcitol; 6 = sorbito! + mannitol.

Fig. 5. Chromatogram of wood hydrolysate. Conditions as in Fig. 2. Peaks: R = reagents; | = xylose; 2 =
glucose; 3 = mannose; 4 = sorbitol (internal standard); 5 = di-; 6 = tri-; 7 = tetra-; 8 = penta-; 9
hexasaccharide.

I
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detection down to the 0.5-10 ng level of the starting compound. A 1-ng amount of
sorbitol gave a signal to noise ratio of 1:12.

The derivatization is quantitative, as shown by the reaction of various amounts
of b(+)-glucose with PHI.

Derivatized D(—)-sorbitol was used as internal standard. Quantitation was by
the usual internal standard method and by use of eqns. 1 and 2. The graphic plot of
concentration vs. peak area was shown to be linear in the range 5-1000 ng counted as
e.g. free glucose. If larger amounts are injected the curve becomes non-linear. This is
due to peak broadening and poor resolution because of the relatively high molecular
weights of the derivatives. For examples glucose (MW 180) has MW = 180 + 5 x 120
(PHI) = 780 when derivatized. Raising the column temperature to, e.g., 323°K may
extend the range of linearity.

Applications

This method has mainly been used to determine the content of mono, di-, tri-
and oligomeric sugars in wood hydrolysates (Fig. 5). Since the anomer ratio was not
of interest, no attempts were made to keep it constant, not even in the derivatization
of standards. Sugar alcohols in various samples have also been determined by this
method.

During the evaluation of the method the following sugars and sugar alcohols
were derivatized with good results: D( — )-ribose, L( + )-arabinose, D( 4 )-xylose, L( + )-
rhamnose, D(+ )-mannose, D( + )-galactose, D(+ )-glucose, maltose, lactose, sucrose,
p-cellobiose, maltotriose, meso-erythritol, p( + )-arabitol, xylitol, dulcitol, rhamnitol,
D( —)-sorbitol and mannitol.
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zerland)

SUMMARY

By use of the law of propagation of error it is possible to determine how the
internal standard technique affects the reproducibility of a given chromatographic
analysis. The usefulness of this procedure is demonstrated with practical examples.
Guidelines are provided for the proper application of the internal standard technique
in the analysis of drugs in biological materials. It can be shown that, in practice, an
external calibration is often advantageous compared to the internal standard tech-
nique.

INTRODUCTION

The internal standard technique is widely used in chromatography. In this
approach an accurate amount of a known compound is added to the sample solution
prior to analysis. Thereby errors in the analytical measurement are often reduced,
since any loss of sample is compensated by the loss of an equivalent amount of
internal standard. Instead of the absolute value of the peak height (or peak area), the
ratio of the peak height of the compound to the peak height of the internal standard is
used in calibration and in the evaluation of the unknown samples.

In gas chromatography (GC), where small quantities (often only a few micro-
litres) are injected onto the column, the internal standard technique considerably
improves the reproducibility of determinations. The volumes injected in high-per-
formance liquid chromatography (HPLC) are much higher and yield a better preci-
sion of injection. With modern sample injectors, the precision of injection is reported
to be 0.3 9 for partial loop filling and 0.05 9, for complete loop filling'. These excel-
lent results were obtained without the use of an internal standard. Therefore the
question arises as to whether, in HPLC procedures, the addition of an internal stan-
dard is necessary.

Furthermore, some critical remarks have recently been published? about the
usefulness of the internal standard technique in the analysis of drugs. In the present
paper it will be shown by means of the law of propagation of error how an internal
standard can improve or impair the reproducibility of an assay. The application of
the formulae is illustrated by experimental data.

0021-9673/81/0000 0000/$02.50  «: 1981 Elsevier Scientific Publishing Company
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THEORETICAL
Law of propagation of error in the internal standard technique

Some simple formulae may be used to get information about the precision of
the quantitative evaluation of chromatographic procedures, both with and without

an internal standard.

Peak of

Substance A
47
Peak of

Substance B
(internal standard)

4

Detector
response
in
arbitrary
units

5

f

Start

Time

Fig. 1. Chromatogram of a substance A and internal standard B.

In Fig. I a chromatogram is shown of two substances. This record could
originate from a GC, HPLC or thin-layer chromatographic separation. Peak A is the
signal of the substance to be determined and peak B that of the internal standard. The
corresponding peak heights (or peak areas) are ¢ and b. If the same sample amount is
chromatographed repeatedly, the peak heights show distinct variations. A measure of
this variation, corresponding to the precision of the determinations, is the relative
standard deviation, also called the coefficient of variation. The following symbols and
definitions will be used.

For peak A (substance to be determined) the standard deviation of the peak
height «

s = [l . s

where # is the number of the individual measurements «;. The relative standard
deviation of «
Sy el = S,j@ (2

u,rel

n
where @ = X a;/n, the mean of individual values.

1
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For peak B (internal standard) the standard deviation of the peak b

/n _
(b — B
= A ST 3)

where n is the number of the individual measurements b,. The relative standard
deviation of b

: Sp,rel = Sb/B 4

where b = 2 by/n, the mean of the individual values.

i
In the internal standard technique the quotient Q,, rather than the absolute
values a;, is used:

Q; = afb,

For this quotient the standard deviation

(3

where # is the number of the individual ratios Q;, and the relative standard deviation

Sg.rel = sQ/Q (6)

where O = X Q,/n. If the internal standard technique improves the precision of a

method
SQ,rel < Sa,rel (7)
or:
32 <2 ’
‘SQ,rel < ‘sa,rel (7 )

It is obvious that the relative standard deviation of the quotient, s, ., is related to the
relative standard deviations s, . and s, .. From the theory of propagation of

error>#
a\ [ (s,\? s\ i, 8
GG+ G) -] ®

wheres,, = (I/n — 1) b (a; — @) (b; — b). When @b is approximated by Q, relation 8

%]

Q

So

can be transformed to:



76 P. HAEFELFINGER

Sab o Sp

2 ~ 2 2 a
SQ, rel =S4 rel -+ Shorel — 2 R - T (9)
s, a b
Using the definition*® of the correlation coefficient r = s,,/s,s, one obtains:
2 A @l 2 " 3
“Q,rel xSy rel + Shorel 2,"Sa,rel‘sb,rcl (10)

This approximation approaches equality as s, ., and s, ., tend to zero. In general,
values of less than 10 9, are allowable. The approximation for sé,,e, can be substituted
in eqns. 7 and 7" respectively

2 W2 i . 2
‘su,rel + ‘sh,rel - 2}‘Su,rel‘sb,rel < ‘Sa,rcl

and rearrangement yields:

Sb,rel < 2’.Su,rel (ll)

Only if this relation holds true will an internal standard procedure improve a par-
ticular method.

The correlation coefficient is within the limits®> —1 < r < + 1. Furthermore
Sq.re and s, ., are positive, therefore the relation 10 can only holds true if r > 0. This
requirement is obvious, since a positive correlation must exist between the peak
height of the internal standard and of the analyte.

Some special cases are now discussed.

(1) Correlation coefficient r = + 1. There is a strong linear correlation between
the peak heights ¢ and . Formula 11 yields s, ., < 2s, .. This means that the
precision of a method cannot be improved with an internal standard, even under best
correlation, if the relative standard deviation of the internal standard is more than
twice the relative standard deviation of the substance to be determined.

(2) The relative standard deviations of the substance to be determined and of the
internal standard are of equal size: s, ,,; = S, .- In this case formula 11 gives r > 0.5.
Only if the correlation coefficient between « and b is larger than 0.5 will use of the
internal standard improve the precision.

(3) The relative standard deviation of the substance to be determined is twice that
of the internal standard. In this case, use of the internal standard improves the preci-
sion of the method, if ¥ > 0.25. This finding can be generalized: The smaller s, ., is
compared to s, ., the weaker will be the correlation between a and b.

Practical examples will illustrate the usefulness of formula 11. In all the cases
described below, the relative standard deviations are expressed as a percentage.
Practical examples

In many cases the relative standard deviations s, and s, are not calculated and
only 55 . i1s evaluated, but the data required to calculate s, ., and s, ,,, are available.
With the small advanced calculators of today it is possible to get all the parameters
needed with minimal effort.

Example 1: HPLC with manual injection and partial loop filling. The same
volume (100 ul) of a mixture of the substance to be determined and the internal
standard was injected several times and chromatographed. The loop volume was 200
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TABLE I
EXAMPLE 1: HPLC WITH MANUAL INJECTION AND PARTIAL LOOP FILLING

Correlation coefficient, r = +0.949.

Injection Peak height, a, of Peak height, b, of Peak height

No. substance A substance B ratio, Q

(mm) (internal standard)
(mm)

1 96 98 0.9796

2 101.5 104 0.9760

3 100 103 0.9702

4 100.5 104 0.9663

5 98.5 102 0.9657

6 101 104 0.9712

7 100 102 0.9804

8 97.5 101 0.9653

9 98.5 101.5 0.9704

10 101.5 104.5 0.9713

11 100 104 0.9615

12 101 104.5 0.9665
a = 99.7 b= 102.7 0 = 0.9704
Sa, urel = = L. 7/0 Sporet = 1.97% SQrel = 0 60,

ul. The calculated peak heights are in Table 1. To interpret the results the individual
relative standard deviations of signals A and B and the correlation coefficient have to
be calculated. They are: s, ., = .79, 8 . = 1.99% and r = +0.949. Substitution of
these values in formula 9 gives an estimation of the relative standard deviation of the
ratio: s . (approx.) x 1.7% + 1.9 — 2.0.949-1.7-1.9, i.e., s5q . (approx.) =
0.61 9. This value is in good agreement with the value (0.60 %) found directly with
formula 6.

In this example the precision of the volume of injection is the limiting factor
and the internal standard technique improves the reproducibility, since the relative
standard deviation of the substance to be determined (s, ., = 1.7%) is much larger
than sy, (0.60%). This shows that the imprecision due to the variation of the
injection volume can largely be eliminated by use of an internal standard. There exists
a high correlation between the peak heights @ and b (r = 0.949), s, ., and s, ., are of
the same order of magnitude and therefore the internal standard is appropriate (spe-
cial cases 1 and 2 respectively).

Example 2: as in example 1, but automatic injection with complete loop filling
(100 p!). The peak height measurement was done by a data system. The data are
summarized in Table II. The following values were calculated: s, ., = 0.82%, 5, o =
0.89%; and r = +0.496. Formula 9 yields s, ., (approx.) = 0.87%. This is again in
good agreement with the value (0.81 %) calculated directly from formula 6.

In contrast to example 1, use of the internal standard does not improve the
precision of the method. The reason is that, when s, ., and s, .., are of equal magni-
tude, then the correlation coefficient must be larger than 0.5 for the internal standard
to improve the precision of a procedure (special case 2). This example shows that
when an automatic sample injector is used in HPLC the precision of the injection
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TABLE 1l
EXAMPLE 2: HPLC, AUTOMATIC INJECTION WITH COMPLETE LOOP FILLING

Correlation coefficient, r = +0.496.

Injection Peak height, a, of Peak height, b, of Peak height ratio,

No. substance A substance B Q
(arbitrary units) (internal standard)

(arbitrary units)

1696 1771 0.9577

1

2 1685 1774 0.9498

3 1665 1772 0.9396

4 1648 1737 0.9488

5 1658 1754 0.9453

6 1678 1746 0.9611

7 1672 1727 0.9682

8 1663 1744 0.9536

9 1673 1756 0.9527

10 1677 1749 0.9588
a= 1672 h = 1753 0 = 0.9536
Sarer = 0.8295 Spret = 0.897] Sg.eear = 0.879

volume is not the limiting factor for the reproducibility and the internal standard
brings no evident advantages.

Example 3: HPLC of plasma extracts. Aliquots of plasma, which had been
spiked with the substance to be determined, were mixed with the internal standard
and extracted. The extracts were injected with an automatic sample injector with

TABLE 111

EXAMPLE 3. HPLC OF PLASMA EXTRACTS WITH AUTOMATIC INJECTION AND
COMPLETE LOOP FILLING

Correlation coefficient, r = —0.672.
Injection Peak height, a, of Peak height, b, of Peak height
No. substance A substance B ratio, Q
(mm) (internal standard)
(mm)

1 114 119 0.9580

2 112 120 0.9333

3 112 120 0.9333 2
4 112 120 0.9333

5 112 121 0.9256

6 112 123 0.9106

7 110 122 0.9016

8 11 124 0.8952

9 11 124 0.8952

10 111 125 0.8880
11 111 126 0.8801

a= 1116 b= 1222 Q = 0.9140

= 0.92% Spret = 1.9 SQ.rel = 2.6%;

Sa,vel
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complete loop filling (100 pl). The peak heights found are summarized in Table I1I.
The following data were calculated: s, ., = 0.929(, 5, ., 1.9% and r = —0.672.
Formula 9 gives s, ., (approx.) = 2.6 %, which is equal to the value (2.6 %) found
with formula 6.

In this example, the internal standard procedure considerably impairs the pre-
cision of the assay; instead of s, .., = 0.929, a precision of s, ., = 2.6% is obtained
There are two reasons for this phenomenon. On the one hand s, ., is more than twice
5, re1> @s mentioned under special case 1, even with the best correlation (r = 1) use of
the internal standard cannot improve the precision under these circumstances. On the
other+hand, there , is negative and therefore there is no correlation between the
signals of substances A and B in the chromatogram. The reasons for this finding will
be discussed below.

Example 4: GC of plasma extracts. The following example, from the GC de-
termination of a drug, illustrates the general applicability of formula 11. Plasma

a,re

TABLE IV
EXAMPLE 4: GC OF PLASMA EXTRACTS WITH AUTOMATIC INJECTION

Correlation coefficient, r = +0.558.
Injection Peak area, a, of Peak area, b, of Peak area
No. substance A substance B ratio, Q
(arbitrary units) (internal stundard)
(arbitrary units)
1 2109 1338 1.576
2 2056 1356 1.516
3 1970 1272 1.549
4 1937 1285 1.507
5 1757 1285 1.367
6 1984 1315 1.509
7 1943 1294 1.502
8 1884 1332 1.414
9 1942 1308 1.485
a = 1954 b = 1309 0 = 1.492
Sapet = 517 Sprer = 2.2% Sg.re = 4375

extracts containing an internal standard were injected with an automatic sample
injector and the peak areas measured with a data system. The results are compiled in
Table IV. The values calculated were: s, ..; = 5.1%,, 8y ;a0 = 2.2%;, and r = +0.558.
From formula 9, 5, .., = 4.3%,, the same value as calculated directly from the ratios
of Table IV.

The relative standard deviation of the internal standard, s, .., is considerably
smaller than s, ., and therefore a correlation coefficient of +0.556 is sufficient to

improve the precision of the procedure with an internal standard.
DISCUSSION

The variations of the injection volume can be overcome by the internal stan-
dard technique as demonstrated by example 1. But in many chromatographic assays
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the injection volume is not the only source of the methodological variations. The
chromatographic systems are often responsible for fluctuations which are indepen-
dent of the injection volume. In example 3 the relative standard deviation of the
internal standard is larger than that of the substance being analysed. The chromato-
graphic conditions, which are not optimal for the internal standard, are one reason
for this effect. The peak shape deviates in some cases from the ideal gaussian curve.
Possibly, peak area measurement could improve the precision in this case. However,
the main point in this example is the variation of the extraction. Even though the
internal standard and the substance to be determined are similar compounds, the
extraction behaviour is different and is responsible for the higher relative standard
deviation. This phenomenon can be often observed in the analysis of drugs in bio-
logical materials®. The extraction conditions and the chromatographic system could
be changed in example 3. However, this is no guarantee that the precision will be
improved, since all the conditions described below must be met. In this example,
therefore, external standardization provides the best precision. In the analysis of
drugs and metabolites in biological materials the precision of the assays is often in the
range of 2-59.. In example 3 a relative standard deviation of 0.99, was found for
substance A. It is unlikely that the precision would be improved using an internal
standard.

Curry and Whelpton? have mentioned several important points which are
often overlooked. It is often fallacious to use a second compound as internal standard
for checking the extraction, stability or derivatization: *it is naive to expect two
compounds (even homologous) to exhibit identical chemistry —be it extraction, de-
rivatization or stability - and there is no reason to suppose the inclusion of an
internal standard will inevitably produce a more satisfactory assay. The probability
that the internal standard adversely affects the data should even be considered™.
Example 3 demonstrates that these remarks are well-founded.

Guidelines for application of the internal standard technique in the assay of drugs in
biological materials

The following are general requirements of the internal standard:

(i) It must be completely resolved in the chromatogram from the other known
and unknown substances

(i1) It must be eluted near the peak of interest

(111) The peak height (or peak area) of the internal standard must be similar to
that of the substance to be determined

(iv) It must be chemically similar to the substance of interest

(v) It must be chemically stable

The following points have to be observed in the analysis of drugs in biélogical
materials:

(i) The internal standard must be added to the biological samples in solution.
Whenever possible, aqueous solutions should be used. After addition, the samples
must be mixed thoroughly to obtain a uniform distribution of the internal standard

(i1) If there are extraction steps prior to chromatography, the internal standard
should show similar behaviour to the analyte; namely, the partition coefficients
should be equal

(1ii) The internal standard should not be a metabolite of the drug of interest
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(iv) The internal standard should not interfere with metabolites of the drug or
endogenous compounds

Unsuitable approaches are as follows:

(i) Evaporation of an organic solution of the internal standard and addition of
the biological sample to the residue followed by mixing is not recommended. It is
impossible to guarantee in each case a complete dissolution of the internal standard
under these circumstances.

(ii1) The addition of an “internal standard’ to the extract after extraction prior
to chromatography is only of limited value in HPLC, since with modern injectors
excellerit precision of the injection volume is obtained. The variation of the injection
volume is small, compared to the variation of the clean-up steps. An exception is the
case where the extract i1s injected in a volatile solvent. The addition of an “internal
standard’ can eliminate evaporation losses.

CONCLUSIONS

The aim of this study was to show that the internal standard technique will not
inevitably improve the precision of an assay. In every case the relative standard
deviation of both the analyte and internal standard should be considered as well as
S.rei» according to the law of propagation of error. In this way it is possible to
evaluate whether the precision of a method is better with external calibration or with
an internal standard. When use of the internal standard gives no improvement or
even impairs the precision the critical steps can be found by the decoding method
mentioned. If these steps can be improved or eliminated the internal standard tech-
nique should be used. If niot, it is better to avoid the use of an internal standard, since
it is often easier and less time-consuming to look for a suitable external calibration
approach. In any case, if an assay for a drug in biological material has been developed
with the use of an internal standard, it should be established that this technique does
not impair the precision of the method.
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SUMMARY

A solvent programmer for high-performance liquid chromatography is de-
scribed that consists of a dual-piston reciprocating pump equipped with displacement
transducers, and two synchronously switching two-way valves connected to the sol-
vent reservoirs. The system is controlled by a PDP 11/03 microcomputer. The soft-
ware includes correction for solvent compressibility, generation of gradients of widely
varying shape and delivery of binary mixtures between 0 and 1009,

INTRODUCTION

The mobile phase is usually a mixture of two or more solvents in high-per-
formance liquid chromatography (HPLC) especially in the reversed-phase mode. If
the composition changes during the chromatographic run, we speak of gradient elu-
tion chromatography. More commonly, the mobile phase composition varies be-
tween chromatographic runs, because different samples require different mobile
phases for optimum separation. In either case it is desirable to make mixtures of
arbitrary composition from the parent solvents. To this end a variety of solvent
programmers has been developed that can be broadly divided into two categories:
dual-pump systems with a mixing chamber at the high-pressure side, and single-pump
systems with a switching valve at the low-pressure side. In a previous publication?® the
two designs were compared and it was demonstrated that single-pump programmers
can provide optimum performance, provided that the distributing valve between the
solvent reservoirs is switched synchronously with the stroke of the pump piston.
Specifically, it was shown experimentally that a single-pump system using synchronized
valve switching rapidly delivers a very stable mixture. On the other hand, the
accuracy of the solvent composition was less than desired. with deviations of up to
189, between the imposed composition and the actual output. Also, the system was
not tested for gradient elution, because it was manually operated.

In the single-pump system to be described presently the principle of synchron-
ized valve switching is maintained. The pump is interfaced with a microcomputer to
provide gradient elution facilities. The problem of obtaining high accuracy is ad-
dressed specifically, because other studies in this laboratory have shown that the

0021-9673/81/0000-0000/$02.50  «) 1981 Elsevier Scientific Publishing Company
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composition of the mobile phase is critically important in reversed-phase liquid chro-
matography (RPLC)?-*. Accurate solvent composition has also been shown to be
essential for predictable gradient elution chromatography*->.

PRINCIPLE OF OPERATION

A single-pump solvent programmer operates on the principle that the composi-
tion of the mixture 1s determined by the periods during which the distributing valve
before the pump is open to either of the parent solvents. For example, if the valve is
open to either of two solvents for equal periods of time, then the delivered mixture
should contain equal fractions of the two solvents (50:50 composition). In our previ-
ous publication’ we showed that this is indeed the case for the overall composition,
avaraged over a large number of pumping cycles, but not necessarily for each stroke
of the pump piston. In fact, if the switching sequence of the valve is unrelated to the
pumpstroke, successive strokes may yield quite different mixtures leading to a peri-
odically varying composition. To a certain extent, the problem can be overcome by
mcorporating a large mixing chamber after the reciprocating pump, but this makes
the system rather sluggish.

It has been pointed out that constant delivery by successive pump strokes is
easily accomplished when the valve switching is synchronized with the stroke of the
moving piston. In our previous design this was realized with an optical encoder that
sent a switching command after a predetermined lapse-time during each refill period
of the pump. The delivered mixture was indeed very stable: better than 0.2 %, of the
actual composition. On the other hand, a certain ratio of the two time fractions in one
refill period does not produce the same ratio in the binary composition. The reason
for this inaccuracy can be explained as follows.

Understandably, pump manufacturers place great emphasis on the constant
flow of the solvent during the delivery period of the piston. Dual pistons with partial-
ly overlapping delivery periods, as well as acceleration and retardation of the pistons,
are used to provide nearly pulse-free delivery. Much less attention is given to the refill
stroke of the piston, with the result that the inflow of the solvent is far from uniform
during the refill pertod. As a result, partitioning of the refill period on a time basis
does not yield the expected solvent composition. This is llustrated in Fig. 1, where an
experimentally measured refill profile is presented, which is clearly not square-wave.
Consequently, switching the distributing valve after 70 %, of the total refill time has
elapsed does not produce a 70:30 mixture, but in this case a 84:16 mixture. It should
be noted that this difficulty is inherent to the synchronization principle. If the valve
switching is not synchronized to the piston stroke, the switching moment, changes
from one stroke to another and the deviations average out to zero. This means that
the ouput of non-synchronized systems fluctuates, but on the average accurately
represents the value imposed by time partitioning.

The remedy for this problem seems trivial. Once the refill profile is known, it is
casy to draw up a conversion table connecting the desired composition to the switch-
ing moment during the refill period. In the example of Fig. | a desired composition of
70:30 could be obtained by switching the valve after 599 of the refill period has
elapsed. This can easily be programmed into a computer provided that the refill
profile of the pump remains unaltered.
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Fig. 1. Inaccuracy of synchronized valve switching based on time partitioning. The lower graph illustrates
the non-linear relationship between the delivered binary composition and the fractional periods of the
switching valve, if the inlet profile of the reciprocating pump piston is not square-wave as exemplified by
the upper graph.

In practice. this condition is not always fulfilled. Certainly, the refill profile
varies from one pump to another, requiring calibration for each individual specimen.
Also, the refill profile is neither square-wave nor symmetrical, so that the conversion
must probably be put in tabular form. More important is the fact that some reci-
procating pumps incorporate a pressure feed-back device that again ensures constant-
delivery flow independent of column resistance or solvent viscosity. As a result, how-
ever, the refill profile of such pumps varies in shape and duration with the pressure
after the pump. This makes synchronized valve switching on a time basis quite im-
possible and, consequently, this principle would lose its general applicability.

It must be realized that the integrated refill profile at the top of Fig. 1 actually
represents the non-linear movement of the piston in the pump chamber. Consequent-
ly, the switching command to the valve should not be based on the time elapsed since
the turning moment of the piston, but on the displacement of the piston since its
turning point. In that case, the correct solvent composition will always be delivered,
independent of any variation in the speed of the piston either during its refill stroke or
during an entire chromatogram. The only condition is that the position of the pump
piston is monitored continuously, so that the total length of the piston stroke can be
determined and switching commands to the valve can be issued at the appropriate
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position. A possible solution will be presented in the next section. Here we note only
that it appears to be rather difficult to impose switching commands close to the
turning points of the moving piston. Therefore, if the valve is switched only once
during each refill stroke, binary mixtures containing only a few percent of one com-
ponent become rather irreproducible. The precision is significantly enhanced if the
valve is switched twice. so that the minor component is bracketed in between the
major component. In other words, a switching cycle A/B/A is recommended over a
switching cycle A/B. The two switching points should be positioned symmetrically to
the midpoint of the piston stroke. The A/B/A switching cycle ofters the further ad-
vantages of requiring less supervision time from the computer and improved mixing
inside the pump chamber. This removes the need for an additional mixing chamber
after the pump, so that the solvent delivery system responds rapidly to changes in
imposed composition.

CONSTRUCTION

The equipment consists of two Angar Scientific two-way switching valves (368-
NQO-24-30 Z), and a Pye Unicam LCX-3 dual-piston reciprocating pump equipped
with two EMI Labs. SE 373115 displacement transducers. The latter convert the 9-mm
stroke of a piston into a voltage varying by about 2 V. The signal from the transducer
is sampled every millisecond by a 12-bit analogue-to-digital converter (ADC) and the
digitized signal is processed by a DEC Model PDP 11/03 microcomputer supplied
with 8 K memory. The configuration is shown in Fig. 2 and will be discussed with
reference to Fig. 3, which shows schematically the movement of the two pistons.

A
transduciﬂ analogue -
| - [Multiplexer = D
transducer?2
A C
piston1
CPU
pra s
o 7z
piston 2
commands
¥

{ 5 solvent
reservolir
U digital domain g

Fig. 2. Schematic picture of the microcomputer controlled single-pump solvent programmer using syn-
chronized valve switching based on position partitioning. Two simultaneously switching two-way valves
allow either of two solvents. A or B, to enter the chambers of a dual-piston pump. The position of each
piston is detected by a displacement transducer, the digitized signal of which is processed by the micro-
computer, indicated in the figure as Central Processing Unit (CPU), to derive the switching commands for
the valves. :
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Let us consider piston | just before it ends its delivery stroke. The digitized
stgnal from its displacement transducer is smoothed by a running eight-point averag-
g routine and the minimum value is stored in the memory. At the end of the refill
period the process is repeated to detect the maximum position of piston 1. Because
the pistons take more time to deliver the solvent than for refilling there is now a void
period. where both pistons 1 and 2 are delivering. This period is used by the computer
to calculate the positions of piston 1 where thevalve will be ordered to switch from
solvent A to B and back again. As discussed in the preceding section, these positions
arc located symmetrically around the midpoint. Their separation, of course, is deter-
mined by the desired composition of the minor component B present with the excess
of A. Well before piston 2 reaches the end of its delivery stroke the computer is ready
10 accept the signals from the displacement transducer of piston 2, whereupon its
minimum and maximum position are also stored in the computer memory. In the
next void period the computer calculates the switching positions for piston 2.

calculate
detect detect switch execute
min. max. positions switch

[
o
| ‘ piston1
]\

N
BN
| N
| | e S
[ | \\

| / . VI
I - Y ~ -
| inlet ____delivery -] >

Fig. 3. Sequence of computer operations. The vertical scale represents the transducer signal, indicative ol
the piston position. Thick line segments represent periods during which the computer supervises the piston
movement, thin line segments the void periods reserved for data processing. The sequence of computer
operations in the horizontal scale at the top refers to piston | and is explained in the text.

Returning to piston 1, the first task of the computer is to update the minimum
position of this piston at its turning from delivery to refill. After a brief void period the
computer picks up the signal from the displacement transducer of piston 1| again to
compare this with the first switching value calculated from the previous refill stroke.
At the appropriate position a switching command is sent simultaneously to both two-
way valves so that component B is allowed to enter the pump chamber. At the second
command position the two-way valves are switched back to let solvent A enter the
pump chamber again. Once again the computer is momentarily relieved of its super-
vising task. It then updates the value for the maximum position of piston I, recal-
culates the switching positions, returns to piston 2, etc.

The continuous updating of the turning positions of the pistons corrects for
drift in the transducer signal, but this drift is small enough to allow extrapolation
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{rom one refill stroke of a piston to the next one. Possible differences between the two
pistons are taken into account by using two displacement transducers.

Ascanbeseenin Fig. 3 the total cycle time of a piston is divided into four equal
parts. The first quarter is taken up by the refill stroke, the second quarter is free for
calculating the switching positions and in the final two quarters these processes are
repeated for the other piston. The actual duration of the periods obviously depends
upon the imposed flow-rate of the solvent. The present pump is designed for flow-
rates up to 10 ml/min, at which rate the piston cycle time is 1200 msec and each
quarter takes 300 msec.

Because the transducer signal 1s sampled every millisecond, the switching points
and hence the solvent composition can be determined to better than 19,. This could
be improved by increasing the sampling frequency from the present value of 1 kHz to
a few kHz. Obviously, however, the sampling error is already quite insignificant at
more common flow-rates of about 2 ml/min.

Similarly, at the highest flow-rate at least 300 msec are available tfor the com-
puter to calculate the switching positions needed in the next refill stroke. As is clear
from Fig. 3, the actual time is even longer #f we take into account the two additional
void times during each refill stroke. Clearly, 300 msec are abundant for the straight-
forward calculation of switching positions when the pump is operating in a constant
delivery mode, say 30°, B and 70°, A.

In the case of gradient elution the desired solvent composition varies continu-
ously according to an imposed time function. Linear gradients are the most widely
used®, but in order to test the system more fully, two subroutines that generate more
complex gradient shapes have been written in assembler language. The first subrou-
line permits gradients with the general shape

(1) = @(0) + Sr" ()

where ¢(7) 1s the volume fraction of solvent B at time 7 and S the speed of the gra-
dient. The shape of the gradient is determined by the exponent »#, which can be selected
between 1/9 (convex) through n = 1 (linear) and 9 (concave). The second subroutine
generates gradients according to

(1) = (Ljgy [1 — (1 — ¢)'""] (2)

where 7, is the total gradient time and ¢ has values from 0 (linear gradient) to 0.9
(convex gradient). The shape expressed by eqn. 2 has been proposed by Schoenma-
kers et ul.’. ,
Even at the highest flow-rates the calculation of either gradient did not inter-
fere with the data processing of the transducer signals.
We conclude. therefore, that the proposed system is sutficiently versatile for
practical HPLC.

RESULTS AND DISCUSSION

Valve switching
The system described differs in several respects from the design proposed in our
previous publication'. The changes will be discussed first.
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The changeover from time partitioning of the refill period to position parti-
tioning of the piston displacement is essential for pumps using pressure feed-back.
The feed-back option is designed to ensure constant solvent delivery against variable
column pressurc. This is realized by adjusting the piston speed at the start of the
delivery stroke. As a result, the refill period of the other piston varies, depending on
solvent viscosity. column deterioration, etc. Indeed, the calibration curve relating the
binary composition to the switching moment is not only non-linear (Fig. 1), but also
varies significantly from one solvent to another. By contrast, a similar calibration
curve based on piston position is perfectly linear and independent of solvent or of
column<pressure.

The accurate determination of the total length of the piston stroke is an es-
sential requirement in the present system. Initial attempts to detect the turning points
of the pistons by analogue devices failed, because the derivative circuitry is very sen-
sitive to noise in the transducer signal. The use of a microprocessor allows all soft-
ware functions to be executed in the digital domain. A simple smoothing routine
readily overcomes the noise problem and guarantees precise determination of the
piston stroke length.

Changing the valve switching routine from A/B to A/B/A improves the mixing
of the two solvents inside the pump chamber. It also decreases the period during
which the transducer signal must be supervised to exccute the valve switching com-
mands. The resulting additional void time can be utilized for composition calcula-
tions or other tasks.

Either valve switching routine may be realized by a single three-way valve.
However, moderately priced valves take non-negligible time to open or close. In fact,
the two lag times are unequal, so that the amount of the interspaced component, B,
differs somewhat from its intended value. For example, a typical three-way valve used
by us switches in 8 msec to one solvent by applying a 24-V pulse, but takes 43 msec to
switch to the other solvent due to a slow spring release. The difference of 35 msec is
significant in relation to the total refill time varying between 300 and 3000 msec.

This problem was overcome by replacing the single three-way valve by two
symmetrical two-way valves, both of the normally open type. At the start of the refill
cycle valve A is open to solvent A and valve B is closed. At the first switching
command valve A is closed after 8 msec, whereas valve B is opened only after 43 msec.
There is thus a period of 35 msec during which both valves are closed. At the second
switching command the situation is reversed: valve B closes rapidly and valve A
opens more slowly, again leaving a period of 35 msec with both valves closed. This
arrangement gave satisfactory results. A 50:50 mixture could be produced by either
sequence A/B/A or B/A/B, provided no chromatographic column is connected.

Compressibility correction

With a chromatographic column present the delivered binary composition
differs systematically from the imposed composition, as shown in Fig. 4a. Appar-
ently, when operating against column pressure, the contribution of the interspaced
minor component is larger than anticipated on the basis of the switching commands.
The deviation is proportional to the concentration of the minor component, being
larger for more compressible solvents, and increases with the pressure exerted by the
pump during delivery.
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Fig. 4. Influence of the compressibility correction upon the delivered composition. a, Binary composition
of a mixture of water (A) and 0.1 9, acetone in water (B) as a function of the fractional separation between
the two switching positions ot the valves; the pump is operating against a pressure of 15 MPa. — — —.
Without compressibility correction; - -, with compressibility correction after eqn. 4; the same straight

lines are observed when the pump is operating at 100 kPa, i.c.. without a chromatographic column. b,
Generation of a mixture of 50%, methanol and 50 ¢, water against a pressure of 30 MPa, without and with
correction for solvent compressibility.

The obvious explanation is that the true refill stroke experienced by the piston
is less than derived from the turning positions of the piston. The influences of solvent
compressibility and back pressure seem to indicate that the pump piston upon re-
tracting from its delivery stroke does not start to refill the pump chamber immedia-
tely. Rather, the release of the pressure induces some back flow of solvent through the
outlet valve of the pump chamber. Also, the decompression of the dead volume in the
pump chamber and the connection tubes to the outlet and inlet valves will reduce the
actual refill stroke length.

The latter effect can easily be expressed mathematically as

L* =L —[BP (3)

where L* is the true refill displacement, L is the stroke length derived from the turning
points of the piston, / is the equivalent length of the pump dead volume, f§ is the
compressibility of the liquid in the pump chamber and P is the pressure. With this
correction the separation between the two positions for the switching commands to
the distributing valves becomes

D=¢@l*=¢L(l —[BP/L) (4)
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where ¢ is the desired volume fraction of the minor component. Experimentally, the
correction factor varies from about 1, for pure water to 3°, for pure methanol at
15 MPa. This is in the ratio of the compressibilities of the two solvents. Quantita-
tively, however, the correction expressed by eqn. 4 can only be reconciled if //L is
taken to be as large as 3. Although the dead volume ot the pump is certainly less than
the volume of the pump chamber (100 wul), it appears that eqn. 4 approximately
corrects for both solvent compressibility and back-flush through the closing outlet
valves (Fig. 4a).

The correction expressed by eqn. 4 can readily be incorporated in the computer
program even for mixed solvents, provided that we know the compressibility of
mixtures of variable composition. Unfortunately, such information is not available.
However, crude interpolation between data for pure liquids appears to yield accept-
able results. With the compressibility correction, the calibration curve becomes very
accurate, as shown in Fig. 4a. This is also confirmed by the recorder trace of
methanol-water (50:50) with and without the correction (Fig. 4b).

Performance

Fig. 5 shows a stepwise and linear variation of a binary mixture of water and
methanol. Perfectly linear gradients have been obtained for tlow-rates up to 4 ml/min.
When the correction for compressibility is applied the accuracy of the delivered
binary mixture is better than 19, and over a period of several hours no drift in the
composition is noticeable. When the pressure filter of 1.5 ml supplied with the pump
is removed, the response of the system to a stepwise variation takes only 0.71 ml,
which compares favourably to existing commercial solvent programmers'.

On the other hand, removal of the pressure filter gave rise to small rapid
fluctuations in the delivered binary composition, synchronous to the piston movement
(Fig. 6a). The amplitude of the oscillations is proportional to the concentration of the

linear gradient 100r isocratic compositions —100
F
%B
3minutes
e 60.5
|
504 ‘ | 50.1
b j 396
29.6
F ——19.5
IHmimnutes o
- S -
e - L - —g-
time 0 time

Fig. 5. Generation of linear gradient (left) and isocratic mixtures (right) against 15 MPa with compres-
sibility correction. Flow-rate: 1 ml/min. The dashed line shows the imposed gradient and the solid curve
represents the delivered gradient measured at the top of the chromatographic column. Isocratic composi-
tions are varied in steps of 10°, and the numbers represent the experimentally obtained binary composi-
tions.
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minor component and rarely exceeds 0.1 9. Apparently, the effect is due to a slight
mismatch of the two transducer units. As is clear from Fig. 6b, it is readily overcome
by including the pressure filter, which acts as a mixing chamber, but obviously this
lengthens the response time of the system.
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Fig. 6. Stability of the delivered composition intended to be 50 9, methanol and 50 9, water (worst case). a.
Without pressure filter; b, with pressure filter added to the pump; ¢, with strong analogue filtering of the
transducer signals.

Unfortunately, the displacement transducers used in our system produce a
rather noisy signal. Consequently, the location of the turning points of the pistons
and the switching commands becomes somewhat imprecise. Therefore, the stability of
the delivered binary composition is less than aimed for. Under scale expansion, slow
(1 min) variations with amplitude up to 0.39, can be observed (Fig. 6b), which
cannot be removed with the pressure filter. When the output of the transducer is
passed through an analogue filter before it is fed into the ADC, the solvent compo-
sition becomes more stable (Fig. 6¢), but also inaccurate because the analogue filter
retards the detection of the turning points of the pistons too much. (For improved
performance, see Note added in proof.)

Finally, the system was tested under true chromatographic conditions by sub-
Jjecting a sample with six solutes to eight consecutive isocratic and gradient elution
runs. Under isocratic conditions (acetonitrile-water, 35:65) the average standard
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deviation of the solute retention times was 0.4 9. When a mixture of the mobile phase
was pumped continuously no improvement in precision was observed. Under gra-
dient elution conditions (15 min from pure water to pure methanol), the solute reten-
tion times showed a standard deviation of 0.4 9% or less.

CONCLUSIONS

The equipment described has been used to demonstrate that a single-pump
solvent programmer can be constructed that fulfils all current needs of HPLC. The
programmer provides a rapid response and yields binary mixtures that are stable and
accuratg to within 19%,. With improved displacement transducers the specifications
could be improved to better than 0.1 %,. This is considered to be adequate for current
chromatographic requirements.

It should be emphasized that the present design is largely dictated by the
features of the dual-piston reciprocating pump available to us. Specifically, the pres-
sure feed-back option necessitates the use of displacement transducers. For other
pumps this need not be true. For example, pumps operating at constant motor speed
could be instructed on the basis of time partitioning provided that the non-uniform
inlet profile (Fig. 1) 1s taken into account by the computer software. Alternatively, the
presently employed linear displacement transducer can be replaced by more sophis-
ticated revolution encoders coupled directly to the rotating shaft that drives the pump
pistons.

Whatever solution is adopted, the present investigation has shown that single-
pump solvent programmers can be highly competitive for liquid chromatographic
practice.
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NOTE ADDED IN PROOF

After completion of the manuscript, the low frequency noise of the transducer
signal has been significantly reduced by:

(1) Using separate power supplies for both displacement transducers.

(i) Maximizing the transducer sensitivity with an increased impedance (20
kOhm).

As a result, the stability of the delivered binary composition has been improved
from 0.39, (Fig. 6b) to 0.1°,.
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SUMMARY

The theory of spreading of a sample peak in a long straight open tube is
known. However, when the tube becomes shorter than 30 theoretical plates, the
eluted peak becomes non-gaussian and the theory for long tubes does not apply. This
is the case for connecting tubes, injection loops and detector flow cells in liquid
chromatographic (LC) systems. In earlier work, we studied the theory of this case
using & computer model combining Poiseuille flow with diffusion, obtaining unexpec-
ted results about how samples wash out of short tubes. This work extends that study
to obtain the peak shapes and bandwidths eluted from straight open tubes ranging
from 0.01 to 30 plates in length.

An empirical expression was found for peak width which fits the results of the
computer model to within 49 over this entire range. Below 3 plates, the normalized
peak width is approximated by a constant times the inverse fourth root of normalized
tube length in plates. It becomes as small as a quarter of the value predicted by the
long tube theory for 0.01 plates. Experimental measurements on short tubes agree
approximately with the computer model when diffusion is the only cause of radial
mixing. An expression was derived which determines whether a tube is sufficiently
straight so that secondary flow is unimportant compared with diffusion as a cause of
radial mixing. Measurements on curved tubes are consistent with the expression. The
conditions under which measurements of peak spreading in an open tube can be used
to obtain the diffusivity of an LC sample are discussed.

A consequence of these results is that LC systems can be designed with sub-
stantially less bandwidth contribution from extra-column components than would be
predicted using the long tube theory. Another consequence is that variances con-
tributed by consecutive segments of short open tubes are not additive unless there is
complete radial mixing at the connections between segments.

INTRODUCTION

The theory of dispersion of a sample peak injected into Poiseuille flow in a long
straight tube is well known from the works of Taylor! and Golay?. When the tube is
long there is ample time for radial diffusion to average each sample molecule’s for-
ward progress over the parabolic velocity distribution in the tube. The eluted peaks

0021-9673:81,/0000-0000/$02.50  «: 1981 Elsevier Scientific Publishing Company
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are gaussian in shape and the theory is in excellent agreement with experiments.

However, when the tube is short, or the diffusivity of the sample is low, or the
flow-rate is high enough so that there is insufficient time for velocity averaging, the
peak eluted from a small injection becomes markedly non-gaussian, and the theory
for long tubes does not apply. This typically occurs for the connecting tubes, injection
loops, and detector flow cells of liquid chromatography (LC) systems.

Gill and Ananthakrishnan® solved the convective-diffusion equations in a short
tube and found that the peaks at the end of the tube may have double maximums.
Golay and Atwood* studied this early phase of dispersion of the sample using a
computer model combining diffusion and Poisseulle flow in an open tube with no
retention. It was found that for the conditions typically encountered in LC systems,
the shape of the peak eluted from the tube as a function of time depended only on the
normalized length of the tube in theoretical plates, treating the tube as an open
tubular column with zero retention?. The bandwidth of the eluted peak was propor-
tional to tube volume, and when normalized by tube volume depended only on the
normalized tube length in plates. It was found, surprisingly, that the washing out of
the sample in the slowly moving layer near the tube wall occurred as a hump at the
rear of an otherwise rectangular distribution along the length of the tube. This hump
was shown by the computer model to cause a peculiar doubly curved shape in the
peaks eluted from tubes shorter than 30 theoretical plates. Computer-calculated
shapes of six peaks from tubes ranging from 30 down to 0.1 theoretical plates in
normalized length were published, but no analysis of their bandwidths or variances
was presented. Maycock er al.® solved the shape of peaks from tubes in the same
range of normalized lengths by an entirely different numerical method and obtained
results in general agreement.

This paper extends the earlier work as follows. Because some LC components
such as detector flow cells may typically be as little as 0.01 theoretical plates in
normalized length, the computer model was revised so that the calculation could be
extended to tubes as short as this. Bandwidth and other properties of the peak shapes
were calculated, and the way these properties vary with normalized length of the tube
was studied. The purpose was to characterize these highly non-gaussian peaks so that
more accurate estimates could be made of the bandwidth contributions of the com-
ponents that produce them.

It was found that as the tube becomes longer than 3 plates, the normalized
peak bandwidth, expressed as standard deviation, o, divided by the tube volume, V,
becomes asymptotic to the inverse square root of normalized tube length as predicted
by the theory for long tubes'-2. But as the tube becomes shorter than 3 plates. the
normalized peak bandwidth becomes significantly smaller than predicted by the long
tube theory. At 0.01 plates it is only one fourth as large.

A consequence of this result 1s that it appears possible to design LC com-
ponents that make significantly less contribution to extra-column bandwidth than
would be predicted using the long tube theory only.

Another consequence of the result is that the variances contributed by con-
secutive segments of short open tubes are not additive unless there is complete radial
mixing at the connection between the segments.

Several experiments are described which tend to verify the correctness of the
computed results, yet show the limits of their applicability. The principal limitation is
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that in the theory for laminar flow in straight tubes, diffusion is the only cause of
radial mixing. Therefore, any experiments to be governed by such a theory must be
free of the radial mixing effects of secondary flow such as is caused by curved tubing
paths or abrupt changes in cross section. It was found necessary in the experiments to
keep tubes surprisingly straight to get results in agreement with the theory, except at
very low flow-rates. A simple expression was derived from the work of Golay® which
determines in advance whether a tube is sufficiently straight so that secondary flow is
unimportant compared with diffusion as a cause of radial mixing. Measurements of
peak dispersion made in a curved tube are consistent with this expression. Many
other:predictions of the theory remain to be tested experimentally, however.

THEORY

A stratght open tube can be treated as an open tubular column without reten-
tion?, Tt has an optimum velocity at which the height of a theoretical plate is min-
imum. Multiplying the expression for the optimum velocity by the area of the tube’s
cross-section gives the corresponding optimum flow-rate, £, as

Fop = \/48 nDry (n

where D is diffusivity of the sample in the mobile phase and r,, 1s the inside radius of the
tube. For a typical sample with D = 107° cm?/sec in a tube with 0.009 cm radius, £,
x 2:107° em?/sec, or roughly 10~* ml/min. Thus, the flow-rates in typical LC
systems are of the order of 1000 to 10,000 times the optimum flow-rates in the
connecting tubes. Even for detector cells with 0.025 cm radius, F,, =~ 3-107*
ml/min, so that a flow-rate of 10 ul/min, as is typically used with microbore columns®
is about 30 times £, . Under these conditions, except for a brief instant at the start,
convection due to Poiseuille flow is always far more important than longitudinal
diffusion as the cause of axial dispersion of the sample and we may use only the
dynamic diffusion term of the expression for plate height, /1, in the tube. Expressed in

terms of flow-rate, F, it is
h = F/24 nD (2)

Using this expression we can determine the number of theoretical plates, #, in a tube
of length L:

n= Lih =24nDL/F (3)

For long tubes where n > 30, the shape of the eluted peak is very close to
gaussian, and its variance, ¢, is the familiar

o* = Vi/n (4)
where V; is the volume of the tube, and the standard deviation is expressed in units of

volume.
Ref. 4 shows that as n decreases below about 30, the eluted peak becomes
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increasingly non-gaussian and the assumptions under which eqn. 4 is derived become
less and less true. It is then necessary to compute the shape of the eluted peak from
a numerical computer model.

It is sufficient for typical LC systems to compute the eluted peak shape for each
tube length at only one flow-rate. Referring to Figs. 6 and 8 of ref. 4, and noting that
FIF o = vo/vep (Where v, and v, are the average flow velocity and the optimum flow
velocity, respectively) it is clear that the variance and skewness of the sample distri-
bution inside the tube are almost independent of flow-rate when F/F,, > 30, even
when the average flow has traveled only 0.015 theoretical plates. This is the earliest
event observable in this computer model. It is a single iteration. Thus, it is justifiable
to use peak shapes calculated for F/F,,, = 100 as reasonably representative for all
flow-rates such that F/F,, > 30, the range of interest for short tubes in LC systems.

THE NUMERICAL COMPUTER MODEL

The model used to calculate the peak shapes is described in detail in ref. 4.
Briefly. it divides the tube into volume elements consisting of 20 concentric rings at
equal increments of radius and slices at equal increments of length along the tube.
Poiseuille flow is simulated by advancing the sample in each volume element along the
tube according to the velocity at that radius. Diffusion is simulated by redistributing
part of the.sample in each volume element to the elements adjacent to it. One cycle of
simulated flow followed by simulated diffusion is defined as one iteration and cor-
responds to the time unit in the model. Sample injection is simulated by starting with
an initial sample in all the rings of the first slice of the tube. Thousands of iterations
over tens of thousands of volume elements simulate the combination of Poiseuille
flow with diffusion which disperses the sample in the tube. The model can be asked to
describe the distribution of sample along the tube after a certain time, or the sample
content in all the rings of a certain slice as a function of time, or the rate of elution of
sample from a tube of a certain length as a function of time.

After a sufficient number of iterations, the sample is smoothly distributed over
a large number of volume elements, and the model can be expected to simulate the
physical process with very great accuracy. However, it can be seen by referring to Fig.
5 of ref. 4 that for FjF,, = 100, it takes only 3 iterations for the sample to reach the
end of a tube 0.1 plates long, and the computed distribution of sample still shows
substantial effects from the discreteness of the model.

Therefore, to study peak shapes eluted from tubes as short as 0.01 theoretical
plate, it was necessary to modify the computer model to give it a finer grid in space
and time. This was done by changing the number rings into which the tube was
subdivided from 20 to 50. This raised the iterations per theoretical plate from 66.67 to
416.67. In the 50-ring model, the sample reaches the end of a tube 0.01 plates long at
the second iteration.

Both models become increasingly accurate after several iterations because the
width of the features being measured becomes larger than a few slices. These con-
ditions, however, do not apply for the initial onset and rapid drop at the start of peaks
where n < 0.3 plates. The accuracy of computer-calculated properties such as width
at half height and retention volume at the peak maximum are thus visibly affected by
the coarseness of the grid of the models. Fortunately, for these limiting cases, reliable
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simple theory of dispersion by Poiseuille flow without diffusion indicates the correct
limiting values.

In this work, data for normalized tube lengths of 0.3-30 plates were calculated
using the 20-ring model of ref. 5. For normalized tube lengths from 0.1 to 0.01 plates
the 50-ring model described above was used. For a normalized tube length of 0.1
plate, the two models agreed as to standard deviation of the eluted peak to within
1.5%,. This small discrepancy is believed to be caused in part by the fact that at 0.1
plate. the 20-ring model’s accuracy is slightly affected by having an insufficient
number of iterations at the onset of the peak to average out the discreteness of the
model¢

The calculated peak shapes were processed by another program which de-
termined the location of the peak maximum, the location of the centroid, the stan-
dard deviation, and the minimum width containing 95 %, of the peak’s area. Since this
program was designed to process relatively noisy experimental data, its accuracy in
calculating standard deviation of the computed peaks is estimated to be about 0.597.

COMPUTED RESULTS

Elution peak shapes

Elution is the average concentration of sample in the fluid leaving the end of a
tube as a function of time, after a very narrow injection uniformly across the entrance
to the tube. It is the signal that would be seen by a detector with very small volume
that mixes together the fluid from all parts of the end of the tube and responds to the
instantaneous concentration that results.

Fig. 1 shows the peak shapes eluted from tubes from 0.01 to 30 plates in length.
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Fig. 1. Llution peak shapes as a function of normalized tube length, #. in plates. Eluted sample concentra-
tions from numerical computer model are normalized to represent injections of a small, constant sample
mass into tubes of constant volume V. and plotted versus normalized eluted volume V¥ . When n < 0.3
plates, the true peak shape has an almost instantancous onset and peak maximum at };}° = 0.5. Sloping
onscts and angularity of the computed curves for these values of # are caused by coarseness of the model
for very early events. Transition from the short-tube peak shape to gaussian peaks for long tubes as n
increases can be seen to occur by the development of @ hump which moves in from the tail to a normalized
retention volume of 1.0, where it grows and narrows to become the main peak.
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Sample concentration in arbitrary units is plotted versus normalized eluted volume,
ViV, where V is the volume eluted since the time of injection. Each peak computed
by the model is normalized by dividing its abscissa scale by the length of the tube in
theoretical plates. Thus, each curve represents elution from a tube of unit volume.
Each ordinate scale is adjusted so that all curves have the same area. Thus the curves
simulate an experiment in which a sample of fixed mass and very small volume is
injected into a tube of fixed volume whose length in theoretical plates is varied by
changing the flow-rate or sample diffusivity.

When n < 0.3, the Poiseuille velocity profile should result in each peak having
a very abrupt onset at V/ V' = 0.5, followed by a hyperbolic decay proportional to
(V/V1)~ 2 in the early stages. The results show this only approximately. The sloping
onset for the shortest tubes is attributable to the aforementioned coarseness of the
model grid for the earliest stages of dispersion.

As shown in ref. 4, the hyperbolic tail of each peak is truncated by combined
radial diffusion and velocity shear. This sweeps the sample at the walls ahead as a
“hump” of concentration which accelerates until it catches up with the average flow
in the tube. This hump can be seen in the curves of Fig. 1 moving in from near V'V
= 8 when n = 0.01 toward V/V; = 2 at n = 0.3. Finally, for n = 3, the hump
becomes the main peak at V/V; = 1.0. The onset peak at V/V; = 0.5 finally disap-
pears at n = 30 as diffusion destroys the sharp front on the axis of the tube and the
eluted peak approaches a gaussian shape. For » = 30 the longitudinal sample distri-
butions at all radii in the tube are close to being gaussian, with the distribution on axis
leading the distribution at the wall by 3 theoretical plates, and the eluted peaks are
very close to gaussian.

Table I gives quantitative data on the persistence of the tails on elution peaks
from short tubes. The first four columns give the number of tube volumes that must
be eluted before the concentration drops below 10, 1 and 0.1 Y% of its peak value, as a
function of normalized tube length, #.

TABLE |

LENGTHS OF TAILS OF ELUTION AND SLICE CONTENT PEAKS IN TERMS OF NORMAL-
IZED ELUTED VOLUMES, V/¥V; TO ATTAIN CONCENTRATIONS LESS THAN 10, | AND 0.1%,
OF PEAK CONCENTRATION

Normalized Elution peaks Slice content peaks
tube length, - - C - T
plates ViV for these percents of ViV for these percents
peak concentration: of peak concentration:
10 1 0.1 10 I 0.1 ,
0.01 2.1 8.6 15.4 9.4 16.5 22.6
0.03 1.9 7.5 10.9 7.2 1.1 13.8
0.10 1.7 5.8 7.5 5.4 7.5 8.8
0.30 2.3 4.6 —* 4.2 5.5 —*
1.0 2.4 3.4 — 3.1 39 —
3.0 2.1 2.7 - 2.4 2.9 —
10 1.7 2.1 - 1.8 2.3 -

30 1.4 1.6 - 1.4 1.6 -

* Data not available from peaks computed with the 20-ring model.
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Fig. 2. Elution bandwidth versus tube length on log log scales. Normalized standard deviation o/ V) versus
normalized tube length # in plates for the peak eluted from a straight open tube. Solid dots are values from
the numerical computer model. The solid line is from egn. 5. Open circles arc means of measurements on a
straight stainless-steel tube (366 cm x 0.41 mm 1.D.) where flow-rate was varied from 4.2 to 0.105 ml/min
to vary the normalized tube length. Sample was sodium benzoate in water at room temperature. Broken
line shows cxtension of #~ '"? asymptote which applies for n > 30.

Elution bandwidth

Fig. 2 shows a log-log plot of the normalized standard deviation, o/V,, of
eluted peaks vs. tube length in plates. It shows that for n > 3 plates, o/V, is as-
ymptotic to 1~ V2, in expected agreement with the theory for long tubes. For n < 3
plates, o/} has a continually decreasing slope indicating that it is approximately
proportional to n~'#. It can be seen that when n < 10, significant errors in calcu-
lation of o result it the long-tube tormula is used.

Table I gives some properties of the computed peak shapes for 13 different
normalized tube lengths. The second column gives the normalized standard devi-
ation, a/ V4. An empirical expression was found that closely approximates these com-
puted values down to n = 0.01 plates. It is

alVyx n7'2 (0 + 3y n = 0.01 (5)

The third column of Table I gives the ratio of this approximate expression to the
computed o/}, It shows that the maximum error of the approximation is 3.8 9.
Thus, for many purposes, eqn. 5 has adequate accuracy within its range down ton =
0.01. The empirical character of this equation must be emphasized: theoretical con-
siderations indicate that for indefinitely decreasing values of n, o/ V¢ approaches a
constant times n~ 7°,

To measure the true o of non-gaussian peaks in experimental work involves
substantial computation. Therefore it is of interest to see how the commonly used
simpler methods of estimating o perform for the particular non-gaussian shapes
which occur for n = 30. One such measure is width at half height, W, ,, which equals
2.355 ¢ for a gaussian peak. The fourth column of Table II gives the ratio W, ,/2.355
o. A similar measure also used is width at 0.6067 of peak height, W, , which equals 26
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Fig. 3. Accuracy of commonly used measures of bandwidth in determining the standard deviation of peaks
cluted from a straight tube. W, is bandwidth containing 95.46 % of peak area. W, s and W, are widths at
halt and 0.606 of maximum height. respectively. Each measure is divided by its value in terms of the
standard deviation, o, for a gaussian peak. These ratios are plotted versus normalized tube length on a log
scale. Values are from the numerical computer model.

for a gaussian peak. The fifth column gives W, ,/26. A third measure is ““base width™,
Wys. the minimum width containing 0.9546 of the peak area. Though harder to
measure than W, , and W, .. it is easier to measure than true o, especially when the
peak is recorded on a system which can integrate peak area. It equals 40 for a
gaussian peak. The sixth column gives W,./40. Fig. 3 shows these three ratios plotted
rs. tube length in plates.

These results show that W, ,, and W , give reasonable values down ton = 10
plates, but for shorter tubes become an extremely unreliable measure of a. Below 0.3
plates, when the early part of the peak has adopted its sharp onset and hyperbolic
decay, both measures again assume a fixed ratio with the true o.

For n = 0.1 plates, these ratios are

W, ~ /12 (6)

and

We, = o/l4 (7)

W, varies much less with n than the others. For n < 0.3 plates,

Wys = 0.79 (8)
and for n < 4 plates, eqn. 8 is still accurate to 3%,

Peak location and centroid
It is common to estimate the ““dead™ volume of a tube or column by measuring
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Fig. 4. Retention volume of the centroid V', and the maximum }, of elution peaks from the numerical
computer model of a straight tube versus tube length. Normalized retention volumes V/} and V', j V' arc
plotied versus normalized tube length, n, in plates on a log scale. Above 10 plates, both curves are
asymptotic to 1.0. For lower plates, the centroid becomes increasingly delayed owing to the tail caused by
slow moving sample near the wall. The peak has two maxima between about 3 to 10 plates. For shorter
tubes the correct theoretical maximum is extremely close to the onset at };1; = 0.5. Values above 0.5 for
0.01 < n < 0.1 plates show errors caused by the coarseness of the model for early events.

the delay between injection into it and elution of a peak from it at a known flow-rate.
This method implies an assumption that there has been sufficient velocity averaging
so that the injected peak has traveled at the average flow-rate in the tube. In straight
open tubes where n < 30 plates, this condition is not true. Fig. 4 is a plot of the
normalized retention volumes of the eluted peak’s maximum V,/ V', and its centroid,
V./Vy as a function of tube length in plates. Data for the centroid are in the seventh
column of Table 11.

Above a length of 10 plates, the eluted peak has a single maximum near J .
Between 10 and 3 plates, the peak has two maxima, one near V', and onc near }',;2.
Below 3 plates, the location of the maximum approaches V,/2 very closcly, as ex-
pected by the simple theory. That the computed values of 7, below 0.1 plates lie
slightly above V/V; = 0.5 can be ascribed entirely to the aforementioned coarseness
of the model for the very earliest events.

The centroid on the other hand, is predominately determined by the center and
long tail of the peak, which are more accurately computed than the peak maximum,
even for the shortest tube. Fig. 4 shows that for n < 10, the centroid of the cluted
peak becomes delayed to far beyond V/V, = 1. For a tube 0.01 plates long, a large
error will be made by estimating its volume to be equal to the retention volume of the
eluted peak. The estimate will be a factor of 2 low if the peak maximum is used, ahd a
factor of 2 high if the centroid is used as the measure of retention.

Slice content peuks

Some detectors respond to the total sample content of a slice across the tube,
regardless of the radial location or longitudinal velocity of the sample within the slice.
An example is a fluorescence detector whose beam crosscs a transparent segment of
the tube, and responds to concentration of the sample.

Fig. 5 shows the peak shapes seen by detectors that respond to slice content in
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0 w 20 30 40
NORMALIZED ELUTED VOLUME V/Vyt
IFig. 5. Slice content peak shapes as a function of normalized tube length, n, in plates. Computed average
sample concentration in the last slide of the tube is plotted versus normalized retention volume. Normaliza-
tions are the same as for the elution peaks of Fig. 1. Slice content peaks are broader and show a more

pronounced development of the transition hump than the corresponding clution peaks because relatively
greater weight is given to the slowly moving sample near the tube wall where the hump develops.

the slice at the end of the tube for tubes from 0.01 to 30 plates in length. The abscissa
scales are normalized in the same way as for the elution curves of Fig. 1 to represent
tubes of constant volume. The ordinate scales are set to simulate the same mass of
sample injection for all peaks.

Just as for elution curves, the slice content curves for 7 < 3 plates should all
rise abruptly to a peak at ;¥ = 0.5. But unlike elution curves, they should then
decline with a hyperbolic form (¥/V,) ! until the passage of the hump. Except for

NORMALIZED BANDWIDTH

0.01 J 1 L
[eX]] 0.1 1.0 10 100 1000

NORMALIZED TUBE LENGTH, PLATES

Fig. 6. Slice content bandwidth versus tube length on log log scales. Normalized standard deviation o/ V)
versus normalized tube length n in plates for the peak seen by a slice content detector at the output end of
the tube. Solid dots are values from the numerical computer model. Broken line shows extension of n'/?
asymptote which applies for n > 30.



J. G. ATWOOD, M. J. E. GOLAY

£€0'1 €860
L0l 1c6°0
€LT1 S¥8°0
LYS'1 SI8°0
966°1 +08°0
$0S°C L8LO
S¥9'C S8L°0
808°C 78L°0
cire G8L0
LI1TE P8LO
0v9°¢ $8L°0
LT6'E ¢8L0
oLy’ 88L°0
EV m@.o\x

L4 DD
‘proajuan ybad fo 9pCe ()
PITYDPULION Buinininod yipry

108

1!
el
811
£vC0
PL1'0
911’0
clro
901°0
$960°0
9680°0
[1L0°0
5L90°0
0£60°0

bm 7o

1312y

10 99090
10 yipiy

SO'1
9¢T'l
490!
LTLO
0TT0
8r1°0
6£1°0
Pero
0ci™o
1o
S¥60°0
9€60°0
611°0

686°0
0960
6560
LL60
S00°'[
8001
80071
81071
910°1
010°1
801
0c0°l
9660

o¢ce Tt m
1431y
fimy 1 yipi

UONIDIIPD PADPUDIS O] SAINSDIUL YIPIMPUDG 131{10 \Q soumyr

(talo)f,  (uig + 1) o

1 nduion wo.f

HONIDIAIP PADpUnIS

pazypuLIOn 01 pIuLiof

gy oaddn fo ouny

8L1'0
0e0
660
8YL0
el
VL9l
PI8l

90¢”

Iy
A9

ioinduwiod woaf

uoNDILAP
pADpunIs
pazypuLIoN

0°0¢

00t
0¢
01
0t'0
010
080°0
0900
0r0°0
0£0°0
0c0°0
S10°0
0100

u
sainyd w
yi18uaj agni
PAZHDULION

SA1V1d TVOILAYOIHL NI HLONAT
24N1L dIZITVINION 40 NOILONNA V SV F4NL THDIVILS LIOHS V 40 ANT FHL LV TYNDOIS INTINOD dD17S GHL 40 SHILYIJ0Ad

11 379dVL



DISPERSION OF PEAKS IN LC SYSTEMS 109

sloped onsets for the shortest tubes, the computed curves show this form. Their tails
are higher and longer than the (¥/V;)~ 2 tails of the elution curves. In slice content
peaks, sample near the wall is weighted equally with sample near the axis of the tube,
in spite of its slower velocity. Since the sample hump that terminates the tail is largely
at the wall in the early stages, its passage in slice content peaks is much more pro-
nounced than in the corresponding elution peaks. Table | shows that the persistence
of slice content peaks is always greater than for elution peaks for the same tube, and
much greater for very short tubes.

. Fig. 6 shows plots of normalized standard deviation o/V; versus tube length in
platés. As for elution, the normalized standard deviation of slice content peaks is also
asymptotic to n~ '/ for large n, but is approximately proportional to n~ %% for 0.01
< n < 0.3 plates.

Table 111 gives computed values for a/Vy,, W, ,/2.355 6, W, ¢ /20, Wos/4e and
V./Vr. These results show that for slice content peaks, W, , and W, . are also poor
measures of bandwidth, while W, bears nearly the same ratio to true ¢ as it does for
clution peaks. For slice content peaks, the centroid is delayed more than twice as
much as for elution peaks.

An approximate empirical formula for a/¥V; for slice content peaks is

olVe = n Y2 (1 + 8/n) 17, n = 0.0l 9

Over the range n = 0.01 it agrees with computed results to within 4.1 %, as shown in
Table I11. As for eqn. 5 eqn. 9 is completely empirical, and there is no justification for
extending it to values of i below 0.01.

Curved tubes and inertial mixing

If a tube is not perfectly straight, smooth, and of uniform cross section, then at
high flow-rates, an inertial flow may develop in it. This may cause radial mixing in
addition to that caused by diffusion alone. If this additional radial mixing is signifi-
cant compared to that caused by diffusion, then the straight tube theory will not
apply. In LC systems this occurs while the Reynolds number is still too small for true
turbulence, and both the main and secondary flows are laminar.

Since the radial mixing effect of inertial flow generally increases rapidly with
increasing flow-rate, while the mixing effect of diffusion alone does not, we can expect
there to be a transition flow-rate, F,,,,., at which the inertial mixing effect becomes
significant compared to diffusion.

When the tube is coiled into a helicoidal path, the centrifugal force on the faster
flowing fluid on the tube’s axis causes it to drift radially outward from the center of
the curved path. This gives rise to a secondary flow superposed on the Poiseuille flow
which divides it into two kidney-shaped counter-rotating circulations in the plane
normal to the tube’s axis. Under these conditions, the secondary flow will cause a
decrease in the plate height, and at the transition flow-rate, the fractional plate height
reduction will be proportional to the fourth power of the main flow-rate, as de-
termined by Golay®. Using his eqn. 35 for the diffusion constant, k:

V22
k=D + -2 — 18.43¢2 (10
+ 48D ( a’) )
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this fractional decrease is given by his term 18.4367, wherein, from his eqn. 23 o
designates the dimensionless quantity

vl oF?
o — - , ()
525 Dur, 525 n*Duryr,

where 1, is the radius of its helicoidal path, g is the mobile phase’s viscosity and g its
density. Defining the transition point as that at which ¢ has the value 0.1, for which
we would have an 18 % decrease in plate height, we derive the transition flow-rate as

F

wane = (518 1o Dpfo)'? (12)

The same relationship can be derived from Tijssen’ (Table I, eqn. 1) by setting
his D/D,, = 1.1843 and solving for flow-rate. The cocflicient resulting within the
parentheses is 491, which is in substantial agreement with eqn. 12.

It is worth noting that with any likely tube curvature in an LC system, the
transition flow-rate. F,,, .. will be much less than the flow-rate at which turbulence
will occur which is for a Reynolds number of the order of 2000, i.c., for a flow-rate
given by

F‘lurh X 1000 7[,“/'()/’() ( 1 3)
Setting F,.ns = Fium» We determine for r;:
(1000 7)? [ p
PO e _ A, 14
" 518 (QD o (4)

For the dimensionless ratio p/oD. the lowest reasonable value in LC mobile
phases is about 102, so we obtain

rox 2100 7, (15)

Even for a very small tube with r, = 0.05 mm, the radius of curvature r; would
be about 100 m. For all such tubes less straight than this, as flow-rate is increased,
transition flow would occur at a lower flow-rate than turbulence.

In the case of the continuously curved tube, the inertial mixing occurs un-
iformly throughout the length of the tube, as does ditfusion mixing. However, signifi-
cant inertial mixing can also occur at single locations in a tube, such as sharp hends,
step changes in diameter, or internal projections which partially block the cross
section of the tube.

The mixing effect of features such as these will also increase rapidly with the
flow-rate so that when they are present, a transition flow-rate will exist beyond which
experimentally determined plate heights may be markedly lower than predicted by the
straight tube theory.
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EXPERIMENTAL AND RESULTS

Measurements on a straight tube

The peak shapes and bandwidths eluted from a straight tube of fixed length
were measured over a wide range of flow-rates. In this way the normalized length of
the tube was varied by varying the flow-rate only.

A 366cm x 1/16in. O.D. x 0.38 mm (0.015 in.) I1.D. stainless-steel tube was
fastened to a groove in a long wood beam so that it was maintained straight within
about 5 mm over its entirc length. Samples were injected into the tube using a
Rheédyne Model 7120 valve with an injection loop modified to deliver 6 ul, and
connected to the straight tube with about 10 ¢m of 0.18 mm 1.D. tube and an SSI
(State College. PA, U.S.A.) low dead-volume union. The peaks eluted from the tube
were measured by a specially made 3 x | mm 1.D. UV flow cell, with a volume of
about 2.6 ul, connected to the straight tube by about 25 ¢m of 0.18 mm tube and 2 SSI
unions. The cell was mounted in a Perkin-Elmer Model LC-55 UV detector set at 254
nm. Output peaks were recorded on a strip chart recorder. The mobile phase was
deionized water pumped by a Perkin-Elmer Series 2 pump. Flow-rates were measured
by timing collection of effluent in a graduated cylinder. The samples injected were 0.1
or 0.2% sodium benzoate in water. At each of 11 flow-rates, from 0.105 to 4.16
ml/min, at least two injections were recorded. Recorded peaks were digitized on a
Bendix Datagrid (Fairfield, CT, U.S.A.) and processed to obtain bandwidth
measures by the same program used to process peaks generated by the computer
model described above.

The length of the tube was chosen so that at the three lowest flow-rates used,
0.105,0.21 and 0.31 ml/min, its normalized length was over 30 plates, and the eluted
peaks were nearly gaussian. This made it possible to measure the tube volume ac-
curately by measuring the retention volume V, of the centroid of the eluted peak.
Also it permitted a determination of the actual sample diffusivity by measuring the
peak spreading in the tube under conditions where the long tube theory of eqns. 3 and
4 applied. Knowledge of the diffusivity was necessary to determine n, the normalized
tube length in plates, at higher flow-rates where n cannot determined directly from the
peaks themselves because of their extreme departure from gaussian shape.

First, the instrumental contribution to retention volume, V|, and standard
deviation o, were determined by replacing the 366-cm tube with a short segment of
0.18 mm L.D. tube having negligible volume contribution, and recording the output
peaks at the same flow-rates. At the three lowest flow-rates, the instrumental reten-
tion volume J varied little and averaged 42 pl. With the 366-cm tube in place, the
average difference between the total retention volume V, and the instrumental reten-
tion volume }; measured at the three lowest flow-rates gave a value of tube volume V',
ol 485 ul. This corresponds to an inside diameter of 0.41 mm, 8 9 above the nominal
for the tube. This value for ', was used in normalizing all measurements on the 366-
cm tube.

To determine sample diffusivity, two measurements of o corrected for instru-
mental contribution o, were made at each of the three lowest flow-rates used. From
cach of these ¢ measurements, a plate height, /1, in the tube was calculated, using eqn.
4 to calculate n in eqn. 3. The results are shown in Table V.

From eqn. 2, under conditions where the long tube theory applies. and S is the
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TABLE IV
MEASURED PLATE HEIGHT F'S. FLOW-RATE FOR 366-cm STRAIGHT TUBE

Sample was 0.1 %, sodium benzoate in water at 24 C. These data were used to determine the dittusivity of
sodium benzoate to be 8.1-107° ¢cm?;scc.

Flow-rate, F Plate height, It (cmy
(il min ) o
First run Second run
0.105 4.3 3.3
0.21 7.6 6.1
0.31 7.1 7.7

slope of the straight linc which passes through the origin and relates plate height to
flow-rate:

D = 1,24 7S {16)

A least squares best fit straight line passing through the origin was fitted to the
data of Table 1V and its slope was determined. From eqn. 16, D was found to be
8.1-107° em?/sec. This value of difTusivity was used in analyzing all experiments with
sodium benzoate sample in water mobile phase. As a check on its recasonableness, it
may be compared with the valuc of 9+ 107 ° cm?/sec for toluene. a molecule of similar
size, in water at 20" C given by Bristow”.

Using the measured value of D and eqn. 3, n was found for each flow-rate. The
mecasured o at each flow-rate was normalized by the measured tube volume. Fy. The
results are plotted on Fig. 2. to compare them with the values predicted by the
computer model.

Measurement of transition flow in a curved tube

The 366-cm tube described above was removed {rom its straight wooden sup-
port and coiled into a circle of radius R = 56 em. Eluted peaks were recorded at 6
flow-rates from 0.105 to 4.16 ml/min and their standard deviations were measured.
Fig. 7 shows a plot of the normalized measured standard deviations vs. flow-ratc.
Also shown for comparison are the theoretical values for this tube calculated using
the measured V¢, D and Fin eqn. 3 to obtain n, then using the approximate formula
of eqn. 5 to calculate a/ V.

It can be seen that at and below about 0.5 ml/min. the measured bandwjdth
agrees well with the straight tube theory, but above this flow-rate it becomes lower. At
4 mlymin, it is half that predicted for a straight tube. The calculated transition flow-
rate for this tube using eqn. 121s F,,,,. = 0.38 ml/min.

Fig. 8 shows comparison of the peak shapes at the same flow-rate for the
straight tube and the same tube curved to 56 cm radius. The effect of curving the tube
is to delay and slope the sharp onset of the typical short-tube peaks, truncate the tail
and make the profile much more gaussian. Ref. 4 showed that in short tubes the sharp
onsct is caused by sample on the tube axis while the tail is from sample at the wall, so
these changes in peak shape indicate that radial mixing has occurred.
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Fig. 7. Bandwidth versus flow-rate for a curved tube on log log scales. Normalized bandwidth .17y versus
flow-rate for a tube 366 ¢cm long with sodium benzoate sample in water mobile phase at room temperature.
Solid curve is calculated from eqn. 5 for the tube when straight. Broken line is extension of asymptote
applicable when # > 30. Circles are measurements made when the tube was curved into a circular path with
radius 36 cm. Arrow indicates the transition flow-rate above which theory tor straight tubes does not
apply. caleulated from eqn. 12.

In another experiment the 366-cm tube was folded into a ““hairpin™ shape with
a 180 bend of 10 cm radius between two straight segments 167 cm long. In this shape,
the tube’s bandwidth obeyed straight tube theory up to a flow-rate of about 0.7
ml;min, but departed at higher flow-rates with bandwidth only 0.6 of that for the
straight tube at 2.08 ml/min.

Meusurements on u fluorescence flow cell

To study the applicability of the computer model to very short tubes, measure-
ments were made on an experimental flow cell for a fluorescence LC detector. The
flow ccll consisted of a cylindrical fused-silica tube (8§ x 1.5mm 1.D.). At each end of

N
/N \
— _/ \\ . —
[\

/ \

106 ml /min
4.2ml /min 2.1ml /min

Fig. 8. Effect of curved path on eluted peak shape. Measured peak shapes cluted from u stainless-steel tube
(366 cm x 0.38 mm 1.D.) at three flow-rates. For upper curve ol each pair (marked R = ), the tube was
straight. For lower curve, the same (ube was coiled in a circular path of radius R = 56 em. Sample was
sodium benzoate in water at room temperature. These peak shapes for the curved case are from among the
runs wveraged to obtain the three corresponding experimental points plotted in Fig. 7. Though the radius
of the curved path was about 1 700 times the radius of the tube. curvature reduced the standard deviation of’
the cluted peak more than a factor of 2 at 4.2 mlymin. Repeated curving and straightening of the same tube
showed that these peak shapes and bandwidth cffects were quite reproducible.
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Fig. 9. Bandwidth of a fluorescence flow cell versus flow-rate. Measured bandwidth containing 959, of the
peak area, Ws, is plotted versus flow-rate on log-log scales. The cell had 1.5 mm 1.D. and was 8.5 mm
long. The excitation and fluorescence beams intersected at a focus 4.3 mm from the cell entrance. Sample
inlet was axially via a 0.38 mm diameter tube and a conical transition piece of 90 included angle. Cell
volume from inlet to beam focus was 7.5 ul. Sample was naphthalene in isopropanol. Calculated curve is
from eqn. 9 and assumed the cell acted as a slice content detector. Bandwidth lower than calculated at high
flow-rates may be evidence of inertial mixing at the junction of the inlet tube and cell entrance.

this silica tube, an entrance or exit tube of 0.38 mm [.D. connected to it coaxially with
a conical transition piece of 90" included angle. The optical excitation and fluores-
cence beams crossed at the center of the cell. Their images were about 1.5 mm high
and 1.5 mm wide, effectively filling the cross-section of the cell.

The mobile phase was isopropanol. The sample was naphthalene at 0.5 to 2
ug/ml in isopropanol. The experimental fluorimeter was set for 280 nm excitation and
340 nm fluorescence with 10 nm spectral slit width in both beams. Pumps used were a
Perkin-Elmer Series 2 for flow-rates from 2 to 0.2 ml/min, and a specially modified
version of the same pump with smaller piston and stroke below 0.2 ml/min. A Valco
injection valve with 0.5-ul loop was connected to the detector with 10.5 cm of nominal
0.007 in. stainless-steel tubing and an SSI union. Measurements were made at 8 flow-
rates from 0.0065 to 2.0 ml/min. Three to five injections were recorded at each flow-
rate on a Bascom Turner recorder. The integrating feature of the recorder was used 1o
determine W5, the bandwidth containing 95.46 9, of the peak area. The results are
shown in Fig. 9.

The theoretical bandwidth of the detector was calculated as follows. The cell
was treated as a tube 1.5 mm in diameter with a uniform injection over its input end,
and a slice content detector 4.25 mm from the input. Its tube volume was caldulated
to be 7.5 ul. The diffusivity of naphthalene in isopropanol was estimated to be
4.1-107° cm?/sec by multiplying published values in methanol and benzene® by the
ratios of the viscosities of those solvents to the viscosity of isopropanol. The norma-
lized length at each flow-rate was calculated using eqn. 3. It ranged from 1.21 plates at
0.0065 ml/min to 0.0039 plates at 2 ml/min. At 0.01, 0.1 and ! ml/min, the ¢ for the
cell was calculated using eqn. 9 for slice content detectors, and corrected for the error
of this expression by interpolation from column 3 of table 111. Then W, was calcu-
lated by multiplying by the tabulated ratio Wys/40 from column 6. Similar calcu-
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lation of the elution bandwidth of the connecting tubes show that their contribution
should range from a W, of about 2zl at 0.01 ml/min to about 4 pl at 1 ml/min even if
they were straight, which they were not. The contribution of the 0.5-ul injection value
was previously measured and found insignificant. Therefore their contributions were
ignored. The calculated results are plotted on Fig. 6 for comparison with the
measured values.

Measurements on tubes of varving length at fixed flow-rate

Four diflerent straight lengths of a nominal 0.007 in. 1.D. stainless-steel tube
were connected. between the injection valve and the detector of an LC instrument
system and the bandwidth contribution of the instrument and of each length of
tubing were determined.

The instrument consisted of a Perkin-Elmer Series 2 pump, a Valco injection
valve with 0.5-ul loop, a Perkin-Elmer Model LC-75 UV detector with flow cell (3 x
I mm [.D.) with a volume of about 2.6 ul, but slightly different design than that
described in the previous experiment.

First a 100-cm straight length of 0.007-in. tube was put in place, several injec-
tions were made, and the detector signal was recorded. Then, 4 25-cm length was cut
from this tube, leaving 75 cm of the original tube. A new ferrule was mounted on it
and the 75-cm piece was reconnected in place and more injections were made. This
process was repeated leaving 50-, then 25-cm lengths of tubing in place. For each
length of tubing, three to five injections were recorded. The flow-rate was measured to
be 0.5 ml/min.

Data were processed as follows. First, the actual volume of each length of tube
was determined as shown in Table V. It was assumed that each 25-cm segment of tube
had the same unknown volume, V,, and that the instrument alone contributed a
fixed volume with centroid ¥V, in all the measurements. It was also assumed that the
centroid of the instrumental contribution ¥, and of the peak cluted from each tube,
V.. added to give the measured centroid in each experiment. The mean measured
centroid is given in the third column of Table V with 90 %, confidence limits calculated
from the measured standard deviations and Student’s ¢ factor'®.

From Fig. 4, the ratio of V_ to V; for each tube was determined. Using it, an
equation relating measured centroid, instrumental centroid, and tube volume was
written as shown in the fifth column of Table V. Three independent solutions from
the four equations gave mean values of 25.9 ul for V| and 7.56 ul for V5. The volume
of each tube was taken to be the appropriate multiple of V5. They correspond to an
inside diameter of 0.196 mm (0.0077 in.), 109, larger than nominal.

The mean variance measured for each tube length is shown in the fourth
column of Table VI, with 90 %, confidence limits calculated from the standard devi-
ation of the measurements and Student’s ¢ factor. It was assumed that each mean
variance was the sum of the fixed instrumental variance o, plus the variance of the
tube. Using the measured tube volumes and eqn. 5 the variance of each tube was
calculated as shown in the sixth column of Table V1. The instrumental variance was
determined as the single value which when added to the four calculated tube variances
gave the least squares best fit to the four measured mean variances. This instrumental
variance was 66.3 pl?. The difference between it and each measured total variance was
taken as the variance of each tube from measurements. This is compared in column 5
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TABLE VII
BANDWIDTH OF TUBES JOINED BY UNIONS

A total length of 100 cm of nominal 0.007-in. tube divided into segments joined by unions, and measured in a U’
instrument system with an estimated instrumental variance of 66.3 ul?. Sample was sodium benzoate in water mobil
phase at room temperature.

Length of tube Measured variance of Variance of joined tubes Standard deviation

segments joined Joined tubes plus - © of joined tubes

by unions (¢m) instrument, with 90%, From Theoretical B o
confidence limits measurenents from col. 6, From Theoretical
(ut*) (ul*) Table V (ul?)  measurements from col. 4,

(ul) this table (ul)

100 164.8 + 26.2 98.5 104.7 9.9 10.2

75, 25 155.0 + 159 88.7 94.5 9.4 9.7

50, 25,25 150.0 + 4.7 83.5 84.2 9.1 9.2

25,25,25,25 138.8 +

1.7 72.5 76.4 8.5 8.7

of Table VI. Standard dewviations of the tubes from measurement and theory are the
square roots of these variances shown in columns seven and eight.

Measurements on coupled tubes

The effect of breaking a single straight tube into an assembly of shorter seg-
ments coupled with unions was studied as follows. During the performance of the
previously described experiment on tubes of varying length, after each 25-cm segment
was cut from the initially 100-cm tube, it was joined again to that tube with an SSI
union, together with all other 25-cm segments previously cut off, so that the overall
length was still 100 cm. Several injections were made and peaks were recorded. All
conditions were otherwise the same as in the previous experiment. This resulted in
measurements on 100 cm of tube in these four configurations: one piece, 100 cm; one
piece 75 cm, one piece 25 cm and one union; one piece 50 cm, two pieces 25 cm and two
unions; four pieces 25 cm and three unions. The means of variances measured on each
configuration, with 90 9, confidence limits are shown in the second column of Table
VIIL.

The variance of each tube configuration was determined by subtracting from
the mean total variance the 66.3 ul* instrumental variance determined in the pre-
viously described experiment with tubes of varying length. The results are shown in
the third column of Table VIL. In the fourth column the theoretical variance for each
configuration is given. It was calculated by adding the theoretical variances of the
appropriate components previously calculated and given in the sixth column of Table
VI, and ignoring the contribution of the unions. For example, the theoretical variance
for the combination of 50-, 25- and 25-cm pieces is the sum of the calculated variance
for the 50-cm tube plus twice the calculated variance of the 25-cm tube from Table VI.
The corresponding standard deviations from measurement and theory are compared
in the fifth and sixth column of Table 1.
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DISCUSSION

Applicability of the results for straight tubes

In the experiments on the 366-cm tube, its normalized length ranged from 126
down to about 3 plates. Though the predicted doubly curved peak shapes were
observed in the transition region near 10 plates, this is an insufficient range of » to
show conclusively that the experimental results agree with the results of the computer
model. However, the good agreement of the measurements on the fluorescence detec-
tor with the predictions for low flow-rates suggests that the results of the computer
model apply to very short tubes. Long tube theory applied to the fluorescence cell
would predict a minimum bandwidth contribution 2.5 times greater than observed at
0.1 ml/min. *

We speculate that the measured bandwidths ot the fluorescence cell which are
much lower than predicted at high flow-rates are caused by an inertial mixing effect at
the junction of the 0.38 mm diameter lead-in tube and the 1.5 mm diameter cell.
Rough calculations show that at 0.1 ml/min, the kinetic energy of the liquid leaving
the lead-in tube is more than adequate to sustain a toroidal secondary circulation in
the initial part of the cell. This circulation may extend | or 2 tube diameters into the
cell. Since the cell’s length from entrance to detector beam is less than 3 tube diam-
eters, such an inertial mixing process could be expected to substantially reduce its
bandwidth. Just as for other inertial mixing effects, it should exhibit a transition flow-
rate. If this is true, the experimental data suggest that the transition flow-rate is of the
order of 0.05 ml/min in this case.

Curved tubes .

Measurements on the curved 366-cm tube confirm the applicability of the
transition flow eqn. 12. No effort was made in this work to study quantitatively the
bandwidth of curved tubes at higher than the transition flow-rate.

Significant findings are the surprising sensitivity of bandwidth of connecting
tubes to slight curvature, and that a single bend functions as a localized mixing
feature at flow-rates common in LC systems. These results mean that in practical LC
systems so much of the tubing is operated above its transition flow-rate that its
contribution to extra-column bandwidth is generally much less than straight tube
theory would predict, except at the very low flow-rates used with microbore col-
umns®,

Additivity of variances

A uniform tube can contribute a variance proportional to its length if and only
if the variance of any segment of the tube obeys eqn. 4, the long-tube case. In the
results of the computer model for short tubes where n < 30 the variance departs
increasingly from eqn. 4. Therefore, according to the model the variances of succes-
sive short segments of a tube do not add.

The results of the experiment with four tubes of different length reported in
Tables V and VI. are consistent with the results of the computer model, but they may
not be proof of the non-additivity of variances because, within the errors of the
assumptions and measurement, other interpretations may be possible. But this ex-
periment established reasonable values for the tube volumes and the instrumental
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variance used in the parallel experiment on the effect of unions on the bandwidth of |
m of tube reported in Table VII. In this parallel experiment, it was clearly shown that
the sum of the measured variances of separate segments of tube joined by unions is
less than the measured variance of the same segments when in one continuous piece.
This is in agreement with the computer model’s results for short tubes.

An explanation of the bandwidth-reducing effect of unions is as follows. A
necessary condition for variances of successive components in a flow path to add is
that the concentration of sample entering and leaving each component must be de-
scribable by a single-valued function of time. This is not the case for short segments of
open tube smoothly joined together to form a continuous piece. Sample injected on
the axis of a short segment is eluted close to the axis. Sample injected near the wall is
eluted much later, near the wall. Even in a very long straight tube, when a sample is
injected uniformly and simultaneously over the entrance to the tube, it emerges at the
end with the sample distribution on the axis leading the distribution at the wall by 3
theoretical plates. Because of this, the variance of a segment which is connected as a
continuation of the tube will be additive to the variance of the original tube only if the
normalized length of the continuation is much greater than 3 plates. Then the spread
of 3 plates between axis and wall as the sample enters the continuation will be neglig-
ible compared to the spreading effect of the continuation segment itself.

If the second segment is added not as a continuation of the first tube, but is
coupled to it with a union, the union may act as a localized mixing feature which
thoroughly mixes sample {rom the axis and the walls of the first segment of tube and
redistributes it uniformly over the entrance to the following segment, without adding
significant spreading of its own. Any such localized mixing component causes a
transfer of sample from one segment to the next which is describable by a single-
valued function of time. Therefore, variances of tube segments joined by such mixing
components should add, no matter what the normalized length of the segments.

The experimental results of Table VII show that the measured total variances
of the tubes segmented by unions approximately equalled the sum of the variances of
their separate segments. This is consistent with the assumption that at 0.5 ml;min,
each union functioned as a localized mixing component.

Within the errors of measurement, there was no evidence that the unions con-
tributed variance that was significant compared to the variance contribution of a 25-
cm segment of the tube. Since the nominal volume of the through hole in these unions
was of the order of 0.2 ul, this is a reasonable result.

It is very likely that most of the radial mixing process in the union is inertial,
caused by step changes in cross section or by misalignment. Hence there is probably a
transition flow-rate below which the union becomes relatively ineffective as a mixing
component. Therefore, one can speculate that in systems used with microbore col-
umns with much lower flow-rates and instrumental bandwidth, the variance contri-
bution of such unions may be higher, their mixing effectiveness lower, and their
contribution to instrumental bandwidth no longer negligible.

An ideal column end fitting should also function as a radial mixing component.
At the input, it should mix sample from the axis and the wall of a small-bore connec-
ting tube and distribute the resultant fluid uniformly and simultaneously across the
top of the column without adding significant variance. At the output of the column, it
should perform a corresponding transter of sample mixture from axis and wall of the
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column uniformly and simultaneously cross the entrance to the connecting tube.

Ideal end fittings could have an important effect in joining together a set of
packed columns that share a defect which permits samples to travel at a different ve-
locity on axis than at the wall, especially if these columns are short compared to the
length that permits radial dispersion to redistribute sample uniformly over the cross-
section. The variances of the peaks eluted from these columns should add if they are
coupled in series with ideal column fittings and short connecting tubes of negligible
bandwidth contribution. But if the columns are coupled in sertes by removing the end
fittings and butting their ends in drilled out unions, it can be expected, for the same
reasons as for short open tubes, that their variances should not add. and that the
variance of the combination should be greater than the sum of the variances
measured on separate segments between column end fittings. Golay'! proposed
mixing devices similar to a pair of ideal end fittings, but internal to the column for
large preparative gas chromatographic columns.

Use of a long straight tube to determine diffusivities

When the diffusivity of an LC sample in a particular mobile phase is not
known, a convenient method to determine it is to use an LC instrument system to
measure the spreading of the sample peak injected into a long straight tube between
injection valve and detector. The method should be accurate if precautions are taken
against mixing effects other than diffusion, and the tube is long enough so that the
long-tube theory applies. These conditions are assured if the measured plate height in
the tube is accurately proportional to flow-rate over at least a 2 to [ range of flow-
rates.

To achieve this the tube must be smooth and in a single piece, and straight
enough so that F, . calculated using eqn. 12 is substantially larger than the largest
flow-rate at which measurements will be made. It must be long ecnough so that at the
highest flow-rate and for the diffusivity being mecasured, its normalized length is
greater than 30 plates. This will generally require physically separating the injection
valve from the detector so that they can be connected to the opposite ends of the long
tube with short connections. Naturally, the eluted peaks from the tube should have
variances at least an order of magnitude greater than that of the instrumental system
alone, so that no significant error is caused by correcting for the instrumental volume
and variance. This can be measured by replacing the long tube with a very short tube
of small diameter having negligible volume and variance contribution.

Axially illuminated absorbance flow cells

The results presented in this paper do not apply directly to axially illuminated
flow cells such as are typical in Ultraviolet absorbance detectors. In these cells the
sample is injected at one end of the cell and remains fully in the beam until it reaches
the other end. The detector signal is thus neither an clution curve nor a slice content
curve. Instead, it is the initial amount of sample injected into the tube minus the
integral of the elution curve from a short tube of the same length and volume as the
cell. Curves for axially illuminated cells and their moments can be derived from the
results of the computer model reported here by additional data processing. These
results will be reported in another paper.
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EFFECT OF RADIAL THERMAL GRADIENTS IN ELEVATED TEMPERA-
TURE HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

S. ABBOTT*, P. ACHENER, R. SIMPSON and F. KLINK
Varian Associates Instrument Group, Walnut Creek Division, 2700 Mitchell Drive, P.O. Box 9016, Wulnut
Creek, CA4 94598 (U.S.A.)

SUMMARY

The advent of highly efficient columns in high-performance liquid chromato-
graphy (HPLC) requires careful design of extra-column components such as injec-
tors, coupling tubing and detectors in order to minimize peak dispersion. A disper-
sion effect which has not been treated in detail in the chromatographic literature is
that of a radial thermal gradient at the column inlet generated by an imbalance
between the inlet fluid and column temperature. The significance of this effect and a
means to reduce it in elevated temperature HPLC is demonstrated in this report.

INTRODUCTION

A potential limit to achieving the separation efficiency inherent to an high-
performance liquid chromatographic (HPLC) column is the variance due to a mis-
match of the temperature of the mobile phase entering the column and the column
temperature. Typical HPLC solvents and packings such as silica and polystyrene are
poor thermal conductors relative to stainless steel. Thus, the fluid segment entering
the wall region of the column will come to the column set temperature before the fluid
segment entering the center of the column. The resultant radial thermal gradient
translates into a radial retention gradient and hence into solute band broadening.

THEORETICAL

A detailed theoretical treatment of a radial thermal gradient in a column.
generated by a mismatch of inlet fluid and column temperatures is given in Appendix
I. The radial thermal gradient, T,.,,.. — Ty Should be dependent on the difference
between the inlet fluid and column temperature, the flow-rate and column bore and
should be essentially independent of the mobile phase, the particle size of the packing
and the solute.

The theoretical treatment of Appendix I predicts that radial thermal gradients
can be minimized by reducing the column bore (decreases with the second power of
the column bore) and by heating the mobile phase to the column temperature prior 1o
the column inlet. The success of the latter procedure is demonstrated later in this
report.

0021-9673/81/0000-0000/$02.50  «> 1981 Elsevier Scientific Publishing Company
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The variance due to the presence of a radial thermal gradient in an HPLC
column is a complex function of several factors. Since the temperature at the column
center will be lower than that at the walls, the center fluid will have a higher viscosity,
n, and thus center molecules will not only experience a higher capacity factor, k', but a
lower flow velocity, u, and different eddy diffusion and mass transfer plate heights
than do wall molecules. These radial effects should lead to increased peak dispersion.

The degree to which a centrally injected solute band diffuses out towards the
column walls during its migration through the column will determine the degree to
which it “sees” the radial thermal gradient. A centrally injected sample slug and a
smaller particle size' packing should decrease outward diffusion of the solute band
and thus reduce the the variance observed for a given radial thermal gradient.

One should also note that frictional heating of the mobile phase produces a
radial thermal gradient opposite in direction to that of the inlet fluid/column tem-
perature mismatch. The magnitude of this effect has been shown by Halasz er «l.” to
increase linearly with operating pressure.

Factors which determine the degree to which a radial thermal variance affects
chromatographic performance are the column plate height and column length. Since
radial thermal gradient and column plate heights are additive, the effect of a given
radial thermal gradient variance on chromatographic performance will increase as
column plate height is reduced. The fraction of the column in which the radial ther-
mal gradient is significant increases as column length decreases. The theoretical treat-
ment of" Appendix | predicts that the radial thermal gradient is significant over the
initial 1.5-2.5 ¢m of a typical column. Thus, use of shorter columns such as 5-10 cm
should increase the effects of radial thermal variances over those seen with 15-30 ¢cm
columns.

EXPERIMENTAL

Chromatography was performed using a Varian Model 5060 liquid chromato-
graph and a Varian UV-50 variable-wavelength detector having an 8-ul flow cell and
selectable time constants of 2, 1, 0.5 sec. Injections (2 ul) were made using a six-port
Valco sample injection valve with a 10-ul loop. The 139, C moderate loading C,,
reversed-phase columns used were Varian MicroPak MCH-10 (4 x 300 mm) and
MicroPak MCH-5 (4 x 150 mm). The inlet mobile phase was pre-heated between the
injector and column, using an aluminum bar in which two slots were milled, to hold a
10-cm loop of 0.23 mm [.D., 316 stainless-steel tubing. The bar was placed in the A
side of the Model 5060 column heater, and connected viaa Scm x 0.23 mm [.D. tube
to the analytical column in the B side of the heater. The 5-cm connector was insulated
with a short piece of refrigeration tubing.

RESULTS AND DISCUSSION

Radial thermal gradients in reversed-phase chromatography (RPC) of non-polar so-
lutes

The chromatographic consequences of a radial thermal gradient are shown in
the experimental plate height-temperature data of Fig. I, obtained on 4 x 300 mm
MCH-10 (10-um C,g) and 4 x 150 mm MCH-5 (5-um C,;) columns. Data was taken
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Fig. 1. RPC of anthracene. Temperature dependence of plate height: A, theoretical prediction (see Ap-
pendix ). B, experimental data, with inlet mobile phase heated to column T with preheater loop; C,
experimental data, without pre-heating of inlet mobile phase. Lower section is data for 4 x 150 mm
MicroPak MCH-5. Upper section is data for 4 x 300 mm MicroPak MCH-10. Mobile phase: 709,
acetonitrile in water; flow-rate | mi/min.

with and without heating of the mobile phase to the column temperature prior to the
column inlet. The **pre-heating” was achieved simply by fixing a 10-cm loop of 0.23
mm 1.D. tubing in an aluminum bar which was placed in one compartment of the
Model 5060 dual column heater. Calculation of the tubing length necessary to pre-
heat the mobile phase to a given temperature at a given flow-rate, is described in
Appendix Il. The heated loop was connected to the column, located in the second
compartment of the column heater, via a 5 x 0.23 cm tubing length which was
insulated with a short piece of refrigeration tubing.

The 10-um C,, traces of Fig. | represent a theoretical prediction of H(T), as
described in Appendix IIl (Trace A); experimental H(T) data, using pre-heated
mobile phase (Trace B); and experimental H(7T) data, without pre-heating of the
mobile phase (Trace C).

The experimental data demonstrate the efficacy of the pre-heater loop in that
its experimental H(7) curve matches the theoretical H(T) curve up to 50°C, the

TABLE 1
RADIAL THERMAL GRADIENT PLATE HEIGHT CONTRIBUTIONS

Non-polar solute: anthracene. Mobile phase: 70° acetonitrile in water; flow-rate | ml/min. Column:
MicroPak MCH-10 (10-um C,y), 4 x 300 mm.

Plate height term Contribution (pun)

30°C (k" 4.9) 50°C (k' 3.7)

Column 47 42
Hy, radial thermal

gradient (uncorrected) 4.8 14.9
Pre-heater loop for

elimination of H* 0.41 0.46

* Theoretical estimate based on treatment of ref. 3.
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normal operating range of silica-based HPLC columns. The deviation between curves
B and C at 7 > 50°C may indicate increased radial diffusion of the solute band rather
than a radial thermal gradient effect. The reduction in plate height with temperature
is due to dominance of the eddy diffusion and mobile phase diffusion terms which are
proportional to D,,~ %33 and D, ' respectively, where the mobile phase diffusion
coefficient, D,,, is proportional to 7T/y (y = viscosity).

Curve C, representing H(7T) without the pre-heater loop demonstrates the
consequences of a radial thermal gradient. The plate height increase is significant
above ~25°C. The difference between the B and C curves can be taken to be the
radial thermal gradient plate height, H;. The data of Table I shows that at 30°C and
50°C, the thermal term Hp is highly significant. These experimental values are com-
pared to theoretical estimates of variance due to laminar flow through the pre-heater
loop (based on treatment of ref. 3).

The data of Fig. 1 suggests that optimum operation of the 10-um column for
RPC of non-polar compounds would be at a temperature ~10°C above ambient in
order to control column T and thus optimize retention reproducibility, and obtain
x> 109 lower plate height. Higher temperature does not significantly reduce the plate
height. Thus, 30-40°C operation with a pre-heated mobile phase is recommended for
10-um RPC of non-polar compounds.

The 5-um C, ¢ traces of Fig. | again demonstrate the efficacy of the pre-heater
loop in that its experimental curve matches the theoretical prediction of H(T). The
relatively flat H versus T curve was predicted due to the fact that in reducing particle
size to 5 um, the mobile phase diffusion term loses relative significance and the eddy
diffusion and longitudinal terms, which are proportional to D, ~%3% and D_ "' gain
significance.

The C curve of the 5-um data indicates that up to 40°C, the thermal plate
height H is relatively small {~1.5 pum). This may be due to increased frictional
heating of the mobile phase, which could balance the inlet fluid/column temperature
thermal gradient and to the reduced degree of solute diffusion to the walls with the 5-
um particle bed. The 5 um, 15 cm column operated at ~2.6 x the pressure of the 10
um, 30 cm column and thus should have a 2.6 fold greater degree of frictional heating.

The Hy term (B minus C curves) becomes significant above 40°C, presumably
due to the simultaneous decrease in frictional heating due to reduced operating pres-

10~
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Fig. 2. Variance due to radial thermal gradient, o2, as function of temperature for 4 x 150 mm MicroPak
MCH-5 and 4 x 300 mm MicroPak MCH-10 columns. Details as in Fig. 1. Note: in absence of secondary
effects. a7 would be equivalent for the columns.
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TABLE II
RADIAL THERMAL GRADIENT PLATE HEIGHT CONTRIBUTIONS
Conditions as in Table I, except for MicrgPak MCH-5 (5-um C ), 4 x 150 mm.

Plate height term Contribution (um)

30°C (k 3.7) 50°C (k" 2.9)

Column 20 20
Hy, radigl thermal

gradient (uncorrected) 1.5 11.5
Pre-heater loop for

elimination of H.* 1.3 1.3

* Theoretical estimate based on treatment of ref. 3.

sure, the increase in solute band diffusion to the walls due to increased D,, and the
increasing radial thermal gradient. However, the 5-um Hp values are still significantly
less than one would predict in the absence of the secondary effects of frictional
heating and reduced radial diffusion. This fact is shown clearly in Fig. 2, a plot of
radial thermal gradient variance, 6%, versus temperature for the 10-um and 5-um
RPC columns. The ¢2; values for the 5-um column are 5-10 fold lower than those of
the 10-um column in the 25-50"C operating range.

The data of Table II indicates that heating of the 5-um column will not signifi-
cantly reduce plate height, and that operation slightly above ambient (25-30°C) with a
pre-heated mobile phase, in order to optimize retention reproducibility (due to
column 7T control) is optimum. The pre-heater loop can be reduced to less than 5 cm
for this low T operation.

Radial thermal gradients in reversed-phase chromatography of ionic compounds
Reversed-phase plate heights of ionic solutes are significantly larger than those
observed fornon-polar solutes. The increased plate height of an ionic compound is

300,
4 x 300mm
® MCH-10
°
= 200r
g ®
T
4 x 150mm
100+ MCH-5
®
201
L ! . L ,
20 30 40 0 20 60 70
T QO

Fig. 3. RPC of quinidine. Temperature dependence of plate height: A, experimental data, with inlet mobile
phase heated to column T with pre-heater loop. B, experimental data, without pre-heating of inlet mobile
phase. Mobile phase: 90 %; aqueous KH,PO, buffer (0.02 M, pH 2), 109 acetonitrile, 0.02 M in tetrameth-
ylammonium chioride (competing base); flow-rate 1 ml/min.
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presumably due to slower mass transfer in the stationary and/or mobile phase. These
processes are dependent on the first power of the diffusion coefficient. Thus, the plate
height of an ionic solute such as the base quinidine should decrease more rapidly with
an increase in column temperature than does that of a non-polar solute such as
anthracene. This effect is shown in the experimental data of Fig. 3. Again, one notes
that the use of a pre-heated mobile phase provides a significant reduction in observed
plate height.

The data of Fig. 3 suggests that optimum ionic RPC operation should be at
& 35-50"C to reduce plate height by 20409 for 10-um and 10-20 9, for 5-um col-
umns. Higher temperatures can result in a significant reduction in column life due to
increased rate of silica dissolution by aqueous RPC buffers. As is the case for non-
polar solutes, mobile phase pre-heating is recommended for elevated temperature
RPC of ionic solutes.

CONCLUSIONS

An imbalance between the inlet fluid temperature and the column temperature
should generate a radial thermal gradient in the initial 1.5-2.5 cm of a 4 mm L.D.
reversed-phase column. Peak dispersion in RPC due to a radial thermal gradient has
been shown to be significant for 4 mm x 15-30 ¢cm columns and has been shown to be
greater for the case of 10-um particles than for 5-um particles. The latter observation
may be due to the action of secondary effects such as frictional heating, which creates
a radial thermal gradient opposite in direction to that generated by an inlet fluid/col-
umn temperature imbalance; and reduced radial diffusion of a centrally injected slug
outwards to the walls with the smaller particles.

The use of a short “pre-heater” loop of 0.23 mm [.D. tubing in the column
thermal block has been demonstrated to be effective in reducing the radial thermal
gradient effect. A theoretical treatment of temperature gradients in packed columns
(Appendix 1) indicates an exponential decrease in the radial thermal gradient as
column bore decreases, predicting that this dispersion effect should be significantly
reduced with future microbore (e.g., | mm 1.D.) packed columns.

APPENDIX |

Theoretical treatment of temperature gradients in packed columns

The mechanism of heat transfer in packed cylinders has been studied, both
experimentally and theoretically, by a number of investigators. One of the most
successful analyses was developed by Singer and Wilhelm* who obtained an, analyti-
cal solution and applied it to the data of Leva®, Leva and Grummer® and others. The
result of these authors for the temperature distribution in a cylindrical geometry is

O _ 2y 5 exp (=482 E,4/D) (Al)
0. = LB, By T \Pr )P TR
1

where
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0y = 1, — t; = (wall temperature) — (fluid temperature along the column), "C
0, = t, — t, = (wall temperature) — (entrance temperature of fluid), "C

J, and J; = Bessel functions of zero and first order respectively

f,, = nth root of J, (#)

R = D/2 = inner radius of tube, cm

r = radius in the cylindrical coordinate system, cm

¢ = axial coordinate

1 g 1 D

p

+ +
(Pe)o (pe)z:.U D

(A2)
Kf

(Pe)(\ — + S
K

H
€,8

where

(Pe), = a reduced Pe’clet number = U, D /%

(Pe), o = a reduced and modified Pe’clet number = U D, /E

U, = superticial velocity that would exist if the tube were empty, cm/sec

D, = particle diameter, cm

o; = thermal diffusivity of the fluid, cm?/sec

¢ = eddy diffusivity, cm?/sec

o = void fraction between particles

S, = a dimensionless quantity which can be shown to be negligible in the cases
of interest in the present study

K. . = an equivalent thermal conductivity for the combined fluid and the solid
particles, cal/cm -sec- 'C

K; = (true) thermal conductivity of the fluid, cal/cm - sec- C

then E, reduces to:

K o 1 D,
— e o . p ,;
E |:(pe)u Kl" * (Pe)o * (Pe)z:.():l D (A‘ )

Inserting numerical values for 5, and J, in eqn. Al gives the following equation for
the temperature distribution:

0‘ : > ; ' -12 :
o = 1602, <2.405 ;{) e 23D ] 065 J, <5.52 ;) e IIOED

+ 0.851 J, (8.65 ;) e 299550 0,730 J, <11.79 k) e SOOEMD 4o (Ad)

To apply this equation, the dimensionless parameter £ must be first evaluated
and this requires that K, ,, the equivalent thermal conductivity of the combined liquid
and solid particles be calculated. Maxwel® derived an equation which described the
thermal conductivity of a mixture of two phases of properties K, (continuous) and Ky
(discontinuous)
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K =K

<

[Kd + 2K, — 274 (K, — KJJ (A35)

Ky + 2K, + 74 (K, — Ky)
where y, is the concentration of the discontinuous material. Substituting our previous

notations, K, = K; for the fluid, K; = K, for the solid particles and y;, = | — a, eqn.
AS can be written:

K, - K [3& ~ 20(K, — Kf)] A6)

3K, + o(K, — Kp)

Inserting this expression in eqn. A3 and replacing (Pe), and (Pe), , by their values
gives the simplified equation:

. 3K = 20K~ K)| 1 A
= qa ooy + 6p v
"1 3K, + oK. — K)) T UD (A7)

[t is noted that the particle diameter, D, has dropped out which is due to the fact that
the dimensionless parameter S, was neglected in eqn. A2.

For the case of water flowing at 1 ml/min into a packed column, one can
evaluate E by substitution of the following thermal properties: K, = 1.43 x 107
cal/ecm - sec-"C; ¢ (density of fluid) = 1.0 g/ml; C, (specific heat of fluid) = 1.0
cal/g-"C; o = K;/oC, = 1.43 x 1077 ecm?/sec: thermal conductivity of fused silica,
K, =370 x 107 % caljem-sec- 'C; 6 = 0.53; U, = Q/4 = (1/60) x 4/(0.4)*> = 0.133
cm/sec (Q = flow-rate; 4 = cross-sectional area of tube); ¢ = 1.5 x 107° cm?/sec.
Inserting the above values in eqn. A7 yields:

E = (226 x 1073 + 7.58 x 107* + 1.5 x 107%)/0.133 x 0.4 (A8)

0.0570

The first term in eqn. A8, which involves the equivalent thermal conductivity, is seen
to be predominant. Using the above value for F the temperature profile of the fluid at
the entrance of the column was calculated for /R = 0, 0.25, 0.5 and 0.75 assuming a
constant wall temperature 7, = 40°C and an inlet fluid temperature of 25°C. The
resulting temperature profile is shown plotted in Fig. Al. It is seen that it takes about
1.5 c¢m for the fluid temperature to come to equilibrium with the wall temperature.

The data of Fig. Al was replotted in Fig. A2 to show the radial temperature
gradients at different distances y from the entrance.

TABLE Al
THERMAL PROPERTIES OF COMMON HPLC SOLVENTS

Solvent K, 0 C

r Xy
(caljem-sec-°C)  (g/ml) (callg-"C) (cm?/sec)
Hexane 3.29 x 1074 0.659  0.542 9.21 x 1074
Methanol 483 x 1074 0.787  0.608 1.0l x 1073

Dichloromethane 2.91 x 1074 1.317 0.284 7.77 x 107%
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Fig. Al. Theoretically predicted radial thermal gradient in packed silica column. y = Axial coordinate;

r =

radial coordinate; R = inner radius of column; ¢, = inlet fluid temperature = 25°C; 1, = wall

temperature = 40°C; 1, = temperature of fluid in column at given (r, y) coordinates. Mobile phase: water;

flow-rate 1 ml/min.

It is of interest to examine the manner in which other solvents behave in
comparison with water. Table Al gives the values of the properties that were used for

that purpose.

The resulting values for £ are given below for hexane

E= (2499 x 1073 4+ 488 x 107* + 1.5 x 107%)/0.133 x 0.4 = 0.0564

40 x=10cm 40

38 138
36 136
34 134
£ 32 | 132
£ 30k 1305
=0.25cm
28 X i los
26 \ 26
24 \ \ A 24
02 01 0 Y
wall - dg — wall

Fig. A2. Radial thermal profiles at different points along column length, y. d, = Column diameter; 7, =

25°C; t,, = 40°C. Mobile phase as in Fig. AL
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for methanol
E = (2463 x 1073 4+ 535 x 107% + 1.5 x 107%)/0.133 x 0.4
= 0.0566

and for dichloromethane
E=(2171 x 107% + 412 x 107* + 1.5 x 107%)/0.133 x 0.4
= 0.0488

It is interesting to note that even though there are significant differences be-
tween the properties of water and those of the other solvents there is but a slight
difference in the resulting values of E which determines how fast the fluid will heat up.
This is due to the fact that the dominant factor in £ is the first term which is con-
trolled to a large extent by the thermal conductivities of the solid silica particles.

APPENDIX I1

Heating of a fluid inside a narrow bore tube with constant wall temperature

The solution of this problem is of interest for the determination of the length of
tubing required to pre-heat the mobile phase to a given temperature prior to entering
the column. The problem will be solved using the dimensionless approach developed
by Kays and London’ for compact heat exchangers. The assumption will be made
that the tubing is in good thermal contact with a heater block and that the inner wall
of the tube is thus at constant temperature. It is first necessary to determine the heat
transfer coefficient across the laminar layer. An empirical correlation due to Hausen®
is applicable to the case of laminar flow in a circular tube with constant wall tempera-
ture

0.0668 (d/) RePr

Nu = 3.65 ‘ A9

! T 0.04 (@) RePr2? (A9)
where

Nu = /hd/K = average Nusselt number over the length /. dimensionless

i = heat transfer coefficient, cal/cm? - sec - "C

d = inside tube diameter. cm

K = thermal conductivity of fluid, cal/cm -sec- C

Re = 4Q¢/ndy = Reynolds number (A10)

Pr = yC,/K = Prandtl number (ALl

Q = flow-rate, ml/sec
¢ = fluid density, g/ml
n = fluid dynamic viscosity, poise
C, = fluid specific heat, cal/g-'C

Once the heat transfer coefficient has been determined, the number of heat transfer
units, Ntu, can be calculated. This is a non-dimensional expression of the “heat
transfer size™ of the exchanger and is given by
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Ntu = Ah/C,, (A12)

where
A = heat transfer area, cm?

C,, = QoC, = fluid capacity rate, cal/sec-"C (A13)

Finally, the heat transfer effectiveness, ¢, is calculated from which the temperature of
the fluid at any point along the tube can deduced. For a constant wall temperature the
relation between Ntu and ¢ is

g=1— e N (Al14)
and furthermore
e = (1, — 1)/(t, — 1) (ALS)

where
t; = entrance fluid temperature, "C
t, = fluid temperature at distance / from entrance, 'C
t, = wall temperature, "C

The first HPLC system to consider is that of hexane flow since hexane, having a
low thermal conductivity and low thermal diffusivity, can be expected to be more
slowly heated than aqueous solvents and thus constitutes a worst case example.
Assume a flow-rate of 1 ml/min inside a stainless steel tube having an internal diame-
ter of 0.23 mm. Hexane physical properties are: €, = 0.542 cal/g-"C; ¢ = 0.659
g/ml; n = 0.00313 poise; K = 3.29 x 107 cal/cm -sec- “C; Re = 194; Pr = 5.16.
Using these values the Nusselt number and heat transfer coefficient are then calcu-
lated for various lengths of tubing and the corresponding number of heat transfer
units, heat transfer effectiveness and temperatures are determined. For instance at/ =
5cm:(d/l)-Re-Pr = 4.60; Nu = 3.65 4+ 3.93; /1 = 0.056 cal/cm? -sec- “C; C,, = 5.95
x 1073 calfsec-'C; A = ndl = 0.361 cm?; Ntu = 3.40; ¢ = 0.966.

The fluid temperature can now be calculated for any desired fluid inlet and wall
temperature. Taking for example ¢1;, = 20°C and ¢, = 70°C the fluid temperature at
[ = 5 cm can be calculated from eqn. AlS5:

L =1t + e, — ) =0683C

Similar calculations have been carried out for different points along the tube and for
wall temperatures of 30°C and 50°C. The results are shown plotted in Fig. A3A.

Another set of temperature profiles was calculated for hexane at a flow-rate of
2 ml/min and these data are shown plotted in Fig. A3B. It can be seen that in the
worst case, that of hexane flow at 2 ml/min and a wall temperature of 70°C, a length
of tubing of 12 cm is sufficient to raise the fluid temperature to within 1°C of the final
temperature.

For comparison purposes, the heating behavior of water under the conditions
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Fig. A3. Fluid temperature r,, at a distance / from the tube inlet for a narrow bore tube. inside heater
block. 1, = Wall temperature = heater block temperature. Inlet fluid r = 20 C. Mobile phases: 1 ml/min
hexane (A); 2 ml/min hexane (B); 2 ml/min water (C).
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previously described for hexane has been estimated using the following average prop-
erties: C, = 1.0 cal/g-"C; ¢ = 1.0 g/ml; n = 0.01 poise; K = 1.43 x 1077
cal/em -sec - “C. The calculated profiles for water at 2 ml/min are shown plotted in
Fig. A3C. It can be seen that in the worst case, that of 7, = 70°C, a length of only 7.5
cm of tubing is required to raise the fluid temperature to within 1°C of the final
temperature.

APPENDIX 111

Theoretical estimate of H(T) for RPC of anthracene
The theoretical values of Fig. Al were obtained using the Knox equation

h = A3 + (B/y) + Cv (A16)

where
h = reduced plate height = H/D,
v = reduced velocity = ud /D,
= eddy diffusion constant
= longitudinal diffusion constant
= mass transfer term constant

RIS

For example, the /1(v) plot of the columns studied was approximated by the Knox
equation using values of 1.23, 2.8 and 0.04 for the A, B, C parameters of the 10-um
column.

The diffusion coefficient D, was estimated by assuming D, ~ 1 x 1073
cm?/sec for anthracene at 20'C in the mobile phase (70 acetonitrile-309, water)
and the relationship:

T . o . .
D, o« — (from Wilke-Chang equation, 7 in “K, # in poise)
n

The relative viscosity at each temperature was obtained from the experimental data
of column pressure as f(T). Thus, one calculates D (7T) and by insertion into eqn. A16
derives H(T) for the experimental condition of ¥ = 0.25 cm/sec (1 ml/min on 4 x 300
mm column).
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MICROCAPILLARY LIQUID CHROMATOGRAPHY IN OPEN TUBULAR
COLUMNS WITH DIAMETERS OF 10-50 um

POTENTIAL APPLICATION TO CHEMICAL IONIZATION MASS SPEC-
TROMETRIC DETECTION

R. THSSEN*, J. P. A. BLEUMER, A. L. C. SMIT and M. E. VAN KREVELD
Koninklijke/Shell-Laboratorium ( Shell Research B.V.), Amsterdam ( The Netherlands)

SUMMARY

The theoretical separation efficiency of open microcapillary liquid chromato-
graphy (LC) columns, including peak-broadening effects resulting from interphase
resistance to mass transfer, has been considered and an expression is derived for the
plate height caused by interphase resistance.

The use of such columns with internal diameters down to 10 um is explored for
LC separations. The columns were prepared from soft glass tubing and coated with
polar and non-polar stationary phases. Several applications in straight phase as well
as reversed-phase systems demonstrate the high separation speed (up to 50 effective
plates per second). Relatively wide (30-50 um) and short (1-5 m) columns allow rapid
analyses within minutes. Smaller (10-30 pm) and longer (5-25 m) columns yield
extremely high plate numbers (up to 5-10°), permitting very difficult separations in a
reasonable time (2-5 h). The required pressure never exceeds the generally accepted
value of 400 bar. Preliminary results obtained with fused silica columns are discussed.

Split-injection and addition of make-up mobile phase through the (UV) detec-
tor have been applied. In order to avoid undesirable dilution of the sample zones by
the make-up hiquid, the microcapillaries were directly coupled to a mass spectrometer
(in the chemical ionization mode). This technique has yielded promising results.

INTRODUCTION

Gas chromatography (GC) with capillary columns is a well-accepted method
for gas analysis. This technique is becoming increasingly popular, as open tubular or
capillary columns (with tube diameters of about 0.25 mm) offer more separation
power than classical packed columns. In principle, the same applies to liquid chroma-
tography (LC), but, in view of the much slower diffusion in liquids, much smaller
column diameters are required (of the order of 10--50 um)*. The practical difficulties
accompanying this microcapillary LC technique have prevented its successful appli-
cation until very recently. Apart from the work done in our laboratory, studies of
microcapillary LC in columns with diameters down to about 30 ym have recently

0021-9673;81,;0000-0000;$02.50  « 1981 Elsevier Scientific Publishing Company
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been reported?~’. In the present work we describe the results obtained in columns
with diameters down to 10 um.

In earlier work we tried to enhance radial diffusion in open tubular columns by
introduction of secondary flow effects®!°, which turned out to be successful in GC
and in flow injection analysis (FIA) but not in LC. Here the only way to obtain
satisfactory results 1s to apply drastic miniaturization.

EXPERIMENTAL

Apparatus

Apart from the columns and their connections, only commercially available
LC apparatus was used. The main pump was a Perkin-Elmer Series 2 liquid chroma-
tography pump, a dual pump capable of delivering 60 ml/min at pressures up to 4000
p.s.i. A Tracor 950 pump, suitable for low flow-rates ( <1 ml/min), was used for
delivering “*make-up’ or scavenger liquid to the detector. A Waters U6K injector was
employed.

The main detectors used were UV absorption detectors, of three types: fixed
wavelength (254 nm), Waters Model 440; variable wavelength, Jasco Uvidec 100-11;
variable wavelength, Spectra-Physics SP 8400. For all three detectors it was necessary
to reduce dead volumes by circumventing the inlet connecting tubes. The most simple
way to achieve this is by using the detector cell outlet as the inlet, which can be done
with the Waters and the SP detectors without any problems. The result is that the
column exit actually protrudes into the measuring cell, thus minimizing dead volumes
to the cell volume itself. With the Jasco detector some modifications were required to
reach the same goal.

In this way the total dead volumes in the detectors were reduced to the order of
2-8 ul. This, however, is still too large!"’ for direct application of the detectors in
microcapillary LC, where mobile phase flow-rates through the column of 1-10 ul/min
are common. When such flow-rates enter the detector cell the time constant will be
about | min, far too large for the detection of peaks which are only a few tens of
seconds wide, at most. Reduction of cell volumes to around 1 ul has recently been
described”!'*, but even so scavenger (“‘make-up’’) liquid has to be added to the detec-
tor in order to reduce the time constant and peak broadening to acceptable levels.
Using specially made T-pieces, each tatlored to suit the particular column O.D., we
added 0.3~1 ml/min of make-up liquid to the column effluent (just before it entered
the detector cell) in order to eliminate most of the peak broadening in the detector.
The Jasco detector, although having the lowest cell volume, required a flow-rate of
about | ml/min, probably due to an unfavourable cell geometry.

The addition of make-up liquid to the column effluent has the major drawback
that sample concentrations are diluted by at least a factor of 100. An alternative
method of detection which avoids this dilution problem is chemical ionization mass
spectrometry (CIMS), using the mobile phase as the ionizing reagent gas. As the
column exit can be positioned directly into the ion source via a slightly modified
hollow sample probe, no make-up liquid is necessary, thus ensuring far lower detec-
tion limits than are possible with UV detectors. A Finnigan 4000 mass spectrometer
was used in this work.
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Sumple introduction

The split injection method was employed to introduce samples into the micro-
capillary LC columns. Specially made splitting T-pieces were connected to the outlet
of the Waters U6K injector, carefully avoiding any additional dead volumes. The
inside diameter of each T-piece was adapted to the outside diameter of the particular
column used, such that the dead volume inside the splitter was minimized. Nonethe-
less, splitting ratios of 1:100 to 1:5000 had to be applied to avoid peak broadening
from injection. The relatively large split flow (up to 30 ml/min) was recirculated to the
mobile phase vessel, except for a short moment during injection, when this flow was
directed to waste.

Injection with the U6K turned out to be most efficient when the injector was
switched into the injection position only for a very short time (say 0.2-1 sec). Switch-
ing back into the “load’ position ensures that the rear ends of sample zones are cut
off. When this technique was used, especially the earlier peaks in the chromatograms
were much more symmetrical and narrower than those found when the injector re-
mains in the injection mode until the next injection.

Injection of samples, either pure or dissolved in some solvent, invariably leads
to increased peak widths, especially for the earlier peaks. Obviously, mixing of the
sample with the mobile phase requires a finite time, which may affect the efficiency of
separations. Therefore samples were dissolved in the mobile phase.

Columns

With the aid of a modified Shimadzu GDM|1 Glass Drawing Machine, soft-
glass (AR) microcapillaries with internal diameters in the range of 10-100 um (lengths
up to 50 m) were drawn from either standard 6 x 0.3 mm glass tubing (different
manufacturers) or thermometer glass capillaries. The fragile microcapillaries ob-
tained in this way required very careful handiing and mounting on a supporting
frame onto which both splitting and make-up T-pieces were fastened. The ends of the
columns were glued into these T-pieces using epoxy type resins; such connections can
easily withstand pressures up to 600 bar. The low-pressure T-piece connection to the
column exit can also be effected with a graphite ferrule.

With samples of high molecular weight (MW >250) and using a mass spec-
trometer as the detector, enhanced transfer of the column effluent into the ion source
1s found when a liquid jet is produced at the column outlet. As for packed LC
columns'?, this requires that the column effluent should leave the column exit
through a very narrow orifice of about 1-5 um. This can be effected by melting the
soft-glass column end and drawing out rapidly. Thus, a conically shaped tip is ob-
tained as the column exit, which is polished to the required opening of a few um
(microscopic inspection).

Recently S.G.E. (Australia) kindly supplied us with fused silica microcapil-
laries with internal diameters in the range 7-40 um. Manual handling of these flexible
columns is so convenient that no supporting frame is needed.

Coating of the columns

As in capillary GC, it has been possible to coat the inner wall of the column
with a thin layer of some polar stationary liquid phase, using the dynamic coating
technique'®. As the shear forces in LC with a liquid mobile phase are appreciably
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greater than in GC with a gaseous mobile phase, the shear stability of film coatings
has to be enhanced by some surface-roughening technique. We used a modified al-
kaline etching technique for the soft-glass column wall, originally proposed by
Mohnke and Saffert'*. Under somewhat milder conditions than proposed by these
authors, viz., 0.5-1.5 N KOH at 100°C for 15-30 min, we produced a very thin but
highly adsorptive siliceous layer on the column wall. Nota ef al.'® and recently Tes-
atik and co-workers!®!7 have described analogous procedures.

This porous and active layer can be used either as an adsorptive stationary
phase or supplied with a liquid phase by the dynamic coating technique; even the
possibility of attaching a chemically bonded phase for reversed-phase L.C has to be
considered. The latter has been shown to be feasible?*7, but in this work we only
applied physically adhering coatings. .

We also tried to attach a porous adsorptive layer to the column wall, as de-
scribed by Schwartz and co-workers'® 2% and Cramers er al.?! for GC capillaries.
Recently Hibi et al.?? applied the method to LC capillaries. In this method submicron
silica particles are deposited onto the column wall from a stabilized suspension of the
aerogel Cab-O-Sil (Cabot Corp., Boston, MA, U.S.A)) in water, again using the
dynamic coating procedure. Like etched glass surfaces, Cab-O-Sil coatings can be
used either as a stationary adsorbent or subsequently coated with a liquid phase.

For straight-phase LC we used oxydipropionitrile (ODPN) as the stationary
liquid on beth types of roughened and activated glass surfaces. The mobile phase was
isooctane saturated with ODPN. For reversed-phase LC we first determined which
non-polar materials were stable against aqueous mobile phases without droplet for-
mation after some time. Using microscope slides we found that many silicon liquid
phases (OV-101, SE-30, silicone oils) produced neat layers at first, but when immersed
in aqueous mobile phases these layers disintegrated into separate droplets, even if the
mobile phases contained a surfactant to reduce surface tension. Only very viscous
greases like Apiezon L, M or N were stable for long periods of time. Therefore, for
reversed-phase separations we coated the microcapillaries with Apiezon L.

We did not succeed in achieving any stable physically adhering coating on the
fused silica columns. Probably, chemical bonding is to be preferred here as the coat-
ing technique; examples have been described for GC?*2° and recently also in LC’.

Data handling

Signals from the UV detectors were stored in digital form on a cassette tape,
such that each peak was described by at least 100 data points. From these data the
first statistical moment, y,, and the second central moment {variance), u,, were care-
fully obtained and used to calculate the plate height, H, from: s

H = L p,/ui (h

As has been discussed?®?”, the commonly used plate height in chromatography, H =
L(a,/tg)*, may differ appreciably from the moment-based plate height of eqn. 1 for
asymmetrical peaks. The mobile phase linear velocity, u, is obtained from the resi-
dence time, p,, of non-retained solutes:

u = Lju, (2)
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THEORETICAL

Dispersion and separation speed

According to the theory of Golay?® for capillary chromatography in straight
open tubular columns, the axial dispersion in terms of plate height, neglecting axial
molecular diffusion, is given by:

H = (Cy + Cyu 3

The convective dispersion term, Cy, represents the combined effect of velocity profile,
radial diffusion and partitioning between mobile and stationary phase

L+ 6k+ 11k R?

Cu = (1 + k) 24D, )

and the stationary phase term, Cy, represents the slowness of mass transfer by diffu-
sion in the liquid phase film:

k o?

2
Ci=-.- .=
3+ k) Dy

(5)

For sufficiently thin films (6 < 1 um), Cs has values of 10~ * sec or less, which are
small in comparison with the C,, term, values of which are in the range of 1072-1073
sec. Therefore Cj is negligible and eqn. 3 reduces to:

_1+6k+11k2 R%u

H = - .
Cuu (1 + k2 24 D, ©)

When comparing experimental plate heights reported in the literature (mainly
GC) with the predicted values according to eqn. 6, one invariably finds that the theory
underestimates the experimentally observed peak broadening. An obvious reason for
this 1s the additional peak broadening in extra-column parts of the apparatus (injec-
tor, detector, connections)?®. Even in carefully designed apparatus, however, ob-
served plate heights are not in agreement with eqn. 6°2°.

Several attempts have been made to correct the Golay equation for slow inter-
phase mass transfer. Most notable are the theories by Aris*?-*!, Khan*? and Petho33,
where an additional C term in the plate height equation has been introduced, which
contains a mass transfer coefficient, k. This coefficient describes the mass flux in the
mobile phase perpendicular to the phase boundary, i.e., the mass flux that is trans-
ferred between the two phases. The plate height equation in all three theories is:

H=Cyu + Cu =

1+ 6k + 11Kk R?u k 2 Ru
( ) ™)

A1 2D, T\ +k) &
The physical meaning of ky, and its magnitude are still a matter of debate, how-

ever?973*
On the basis of the analogy between heat and mass transfer and using relations
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given by Giddings’ non-equilibrium theory for chromatographic dispersion®*, we
have been able to find (see Appendix) an approximate expression for &k, which leads
to a simple relationship between C; and Cy:

Ci = kCy/(1 + k) (8)

Eqn. 8 is not exact, but gives an impression of the magnitude of the interphase
resistance effect. Combining eqns. 7 and § leads to:

g2k o (L4200 4 6k + 1K) Ru o)
STy kM T (1 + k) 24 Dy,

Eqn. 9 shows that observed plate heights can indeed be well in excess of the Golay
estimation, depending upon the capacity factor & up to a factor of 2. In this work we
investigate whether eqn. 9 is able to describe relative peak broadening in straight
microcapillary columns for LC.

Eqn. 9 can be used to find an expression for the speed of separation in micro-

SEPARATION SPEED Nefs /g

GOF
50
a0t
30
COLUMN RADIUS
Rigm)
5
20
6
7 .
//‘\ o)
- 12
15
0] 1 1 | 1 |
0 | 2 3 4 5

CAPACITY FACTOR k

Fig. 1. Separation speed in microcapillary liquid chromatography according to eqn. 10, as a function of
relative retention. The diffusion coefficient in eqn. 10 has been taken as 2.94-10~% cm?/sec (aniline in
isooctane).
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capillary LC in terms of the number of effective plates generated per unit time. As H
= Lin,u = Lity, tx = tyy (I + k) and ng = n(k/1 + k)2, we find that

Nyr 24 Dy k?
e R (1 4+2k + 6k + 114?

(10)

which is plotted as a function of £ in Fig. 1, for different column radii, R. Differenti-
ation of eqn. 10 with respect to k shows that the maximum separation speed is
obtained at k = 0.72; this value is sqmewhat lower than in packed LC columns,
wher¢ the optimum is found in the range k& = 2-4*°, Fig. | clearly shows this maxi-
mum: values of more than five effective plates per second, which are of practical
interest, can only be obtained in very narrow capillaries with diameters less than 30
um. As the separation speed is inversely proportional to the square of the column
diameter (eqn. 10), high separation speeds can be expected, especially in columns of
diameter 10 um or less. Fig. 1 shows that, e.g., at k = 1 a 10-um microcapillary yields
about 50 effectrve plates per sec, which is much more than can be obtained with
modern packed high-performance liquid chromatography (HPLC) columns, even
with the smallest (2-5 um) particles.

The high separation speed of microcapillary columns can be exploited in two
ways: for rapid analyses of not too difficult separations (e.g., 10 effective plates are
available in about 20 sec); or for a very high separation efficiency in the case of very
difficult separations, at the cost of longer analysis times (of the order of =1 h). For
instance, in 1 h a 10-um column at k = 1 yields 2-10° effective plates (i.e., 7-10°
theoretical plates). The number of plates obtained may be well 'above 10°, which
indicates that very difficult separations which cannot be carried out in packed col-
umns can potentially be performed.

An estimation of the pressure drop required for the operation of microcapillary
columns can be based on the Poiseuille equation

u= R*Ap/8yL (1)

where the high permeability (R?/8) of open tubular columns is an important ad-
vantage. The linear velocity, u, in eqn. 11 equals L/t,, or L(1 + k)/tg, where g is the
retention time required to obtain n, effective plates from eqn. 10; eliminating ¢ from
eqns. 10 and 11 yields:

192 L y Dy k2 (1 + k)

. 12
R* e (I + 261 + 6k + 11 4% (12)

dp

For the near-optimum case & = 1, the pressure drop has been plotted in Fig. 2 as a
function of the number of effective plates, n., generated, for different column
lengths, L, and for two retention times (tx = 1 min and 1 h). For example, a 10 m x
20 um column yields 3 - 10* effective plates in 1 h, requiring a pressure drop of only 22
bar. The same performance can be obtained in | min alsoina I m x 2.5 um column,
requiring some 800 bar as the inlet pressure. Although Tesafik ef al.° claimed to have
prepared columns with such small diameters (down to 3 um), 1t seems questionable
whether these columns can be operated in an efficient way in view of the extra-column
broadening. With respect to more practical column diameters of 10 um or more, Fig.
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Fig. 2. Operational parameters for microcapillary LC for analysis times of I minand 1 h. &k = 1, Dy, =

21075 em?jsec; y = 5-107° P,

2 reveals that easy separations with several thousand effective plates can be per-
formed within 1 min in columns of about 3 m in length, applying an inlet pressure of
300--600 bar. The required pressure sharply drops with decreasing column length (cf.,
eqn. 12: Ap is proportional to 2?): a 1-m column can be operated at the same
performance as a 3-m column, but requires a tenth of the pressure.
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The scope for optimization towards ever shorter columns is limited, however,
for two reasons. First, the extra-column broadening should not become the major
source of peak broadening, and secondly the length should be chosen such that the
velocity u = Lj/ty, does not drop below the chromatographic “optimum’ velocity
where axial diffusion becomes an important source of peak broadening (H = 2 Dy/u
= Bju). As the optimum velocity is given'-'>** by i, . = (B/C)*, we find with C =
+ Cy = (1 + 2k) Cy/(1 + k) that:

apt

_ Dy 48 (1 + k)? (13)
Yot TR+ 6k + LLADI + 24 ‘
Foru = u,, withu = Ljty = L(1 + k)jty we obtain:
D [ 48 (1 k BE
L > Omlx 8( +2 ) (13b)
R [ (1 +6k+ 11E5(1 4+ 2k) |

In the near-optimum case where A = 1, and for R = 10 um and ¢ < 10 h, we have L
= 10 m, for example. For 7 = | h and t = | min the dashed lines in Fig. 2 indicate the
condition set by eqn. 13b, in the case where & = 1.

From Fig. 2 it may be concluded that rapid analysis by microcapillary LC
should be performed in short (L < 3 m) and very narrow columns (R < 10 um). On
the other hand, very difficult separation problems can be handled by wider (R = 10—
20 pum) and longer (L = 2-20 m) columns. In neither case are the required inlet
pressures unacceptable.

Direct LC-MS coupling with jet formation

As stated above, the residence time and peak broadening in the commonly used
LC detectors, with cell volumes in the range of 1-10 ul, should be kept within ac-
ceptable limits by the use of a scavenger liquid flow of the order of 1 ml/min. This flow
causes dijution by a factor of 100-1000, such that only major components of sample
mixtures can be detected (contents >0.01°,).

A detector which avoids this severe dilution by accepting column effluent flows
up to 20 pl/min is the mass spectrometer, when used in the chemical ionization (CI)
mode. In fact, direct microcapillary LC flows of this magnitude ensure a nearly ideal
compatibility with the requirement of ion source pressures of about 0.2-1 Torr for the
CI process.

Interfacing of LC effluents from packed columns with MS in the CI mode has
recently been studied intensively!?37*%. The main conclusion was that sufficiently
rapid and effective vaporization of the column eftluent can be obtained only by using
additional vaporization techniques such as rapid heating®®, electrospraying*®, laser
irradiation®®*'*? or jet formation'?. Especially for samples of high molecular weight
(>250), for high concentrations and for thermally unstable or solid materials, where
blocking of the microcapillary column exit can be envisaged, it is worthwhile to
consider the liquid jet formation technique in connection with (soft-glass) microcapil-
lary LC. A liquid jet created at the column exit avoids deposition of sample material
there by ejecting the whole of the column effluent rapidly into the ion source. For
packed HPLC columns this jet interface has already shown promise'? (with per-
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Fig. 3. Schematic representation of the liquid jet forming tip at the column exit.

forated membranes at the column outlet and an orifice of about 2-5 um). Small
diameters of that magnitude are necessary to create the high liquid velocities for jet
formation.

Notably with soft-glass microcapillaries, it is possible (although tedious) to
produce a conical tip at the column exit with an outlet diameter near the required
value of 1 pm. Fig. 3 shows a schematic representation. In practice, the tip length, /, is
typically 3 mm, and from this we can calculate the pressures needed for jet formation,
on the basis of the viscous dissipation within the conical tip.

According to the literature**#4, liquid jet formation occurs only above a cer-
tain critical liquid velocity in the orifice:

uje\ > 2 (y/Q)% "je;% (14)

For most liquids (y/@)?* lies in the range 4-10 dyne-cm?-g~!

purposes eqn. 14 can be written as:

, and for estimating

u,iel =10 "jel‘—i (15)

For orifice radii smaller than 25 um this implies very high velocities, in excgss of 200
cm/sec, increasing with decreasing diameter. These velocities are too high for chroma-
tographic purposes and so it will never be possible to reach the ideal situation where
the column itself constitutes the jet forming channel. Hence, jet formation in combi-
nation with chromatographic separation implies that r,,, < R in order to obtain
sufficiently low column velocities for efficient separation as well as sufficiently high jet
velocities.

As the flow-rate is the same in the column and in the jet, we have, with eqn. 15:

UR? = ujp rie” = 10 5,3 (16)

jet ' jet
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At position x, where the local radius, #, of the conical tip may be approximated by
the linear relation

#=R|1 -1 =l 17
S R S 3 (a7

(e, # = Ratx = 0and # = r;, at ¥ = /), the continuity of flow requires that:
uR* = u,  R* (18)

The average velocity, u,, at location x is now obtained from the Poiseuille equation

as*s

y = ~(Cp/Cx) (A*[8 1) (19)
i.e., the pressure gradient in the tip, taking eqn. 18 into account, is given by:
—(Cp/Cx) = 8nuR*A* (20)

If this is integrated over the tip length, /, using eqn. 17 for 4, we obtain the pressure
drop, 4p, = p(x = 0) — p(x = 1), as:

8 nulR r o\
Ap, = 2.1 1o Jee g (e 21
Pr=37003 [ "R +<R>J (1)

jet

In eqn. 21 the terms in (r;,/R) can be neglected with respect to the term 1 between
brackets, as r,,, € R. With the jet formation condition eqn. 16, we then find from eqn.
21:

jet

80 nl
apy = 3P R (22)
Je

As a typical example, 4p, for a 2-um orifice at the end of a column of diameter
20 pm and a tip length, /, of 3 mm amounts to 80 bar. Such a high pressure differs
considerably from the low pressures needed for pin hole jets in very thin membranes
as discussed by Arpino ef al.’? for packed HPLC columns. The reason is that, in our
case of a finite tip length, viscous dissipation dominates over kinetic energy losses, i/.e.,
the Poiseuille equation rather than the Bernouilli equation is valid.

The total pressure drop over the column of length, L{4p, after eqn. 11) and the
jet forming tip of length, / (Ap, after eqn. 22) now amounts to:

80 [/ [ R\ P}
ap = —on |5 L= 2
() o

In Fig. 4, Ap has been plotted as a function of r;,, for a specified column radius R =
16 um and various column lengths, L. It is seen that the minimum pressure drop can
be obtained for a rather narrow range of jet radi (between | and 2 um) only. The
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Fig. 4. Pressure drop in a microcapillary column (diameter 32 ym) with jet formation, as a function of the
jet radius.

minimum pressure drop and accompanying jet radius are obtained from eqn. 23 by
differentiation with respect to rj,:

1 (LN )
Apmin = W(T) (24)

/ 1/3
r_iel,upl = R ﬁ (25)

From this it follows that not too small column radii, R, should be used to keep 4p,.;.
within reasonable limits. As a typical example, for R = 10 um, L = I mand/ = 0.3
cm, we obtain 4p,,;, = 100 bar and r = 1 ym.

min iet.ont
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Now, the column radius, R, and length, L, are chosen such that a sufficient
number of effective plates, ., can be generated (eqn. 10 and Fig. 2). For the near-
optimum case of A = | we obtain from eqn. 16 with v = Ljty = L(1 + k)/t, = 2
L/‘IRI
2 L(R?ty) = 10 372 (26)

From eqn. 10 with & = 1 and Dy, = 2-10~° cm?/sec the ratio R?/t in eqn. 26 can
be derived:

Rty = 1073/ (27)

So, combining eqns. 26 and 27 yields the required length for a microcapillary column
which produces s effective plates and forms a liquid jet as well:

it

L=5x105n,r? (=1 (28)
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Fig. 5. Operating parameters for microcapiilary LC with liquid jet formation. The data on the lines indicate
the maximum allowable pressures (bar).
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A standard jet radius of 1 ym then implies that:
L= %’%rf (e = I ym, k = 1) (28a)

Aseqn. 16 resultsinu = 107 °/R* for r,, = 1 um, the required column radius, R, that
produces n; = 2 L effective plates from the Poiseuille equation for u, provided that
Ap, dominates over Ap, (i.e., r;., is slightly larger than r;,, ,..; ¢f., Fig. 4):

1
R = (4n-ng/Ap, - 107%) (29)

For an allowed pressure drop 4dp, = 400 bar, eqn. 29 yields approximately R* =
10713 <51, i.e., with eqn. 27:

tg = 31073 n 32 (30)

The required operating parameters R, L and r, are plotted in Fig. 5 as a function of
the required separation efficiency ., for Ap;, = 400 and 100 bar.

Lengths in excess of about 50 m are not practical, which implies that the
microcapillary LC-MS combination with jet interfacing will at most yield about 10*
effective plates (in about 1 h), a very useful number, although less than with conven-
tional detection (c¢f., Fig. 2).

RESULTS AND DISCUSSION

UV-detection and non-retained solutes

Non-retained solutes were used to obtain the amount of extra-column broad-
ening resulting from injection, column connections and detection. Ideally, peak
broadening only occurs in the column itself by convective dispersion, producing plate
heights which are expected to follow the predictions of the well-established theories of
Taylor**™*¥_ Aris*®3! and Golay (for k = 0)*®. From eqn. 3 with & = 0 it is seen that
plate height depends on velocity as:

H = R? u/24 D,, (31)

We measured H vs. u relationships for columns with diameters ranging from 100 to 10
um and found little deviation from the theoretical relation eqn. 31, provided that
make-up flows were in the range of 0.3-1 ml/min and splitting ratios well below 1:50.
The most sensitive test for extra-column broadening is to measure plate heights in
columns of very small diameters, where column broadening is only slight.*Fig. 6
shows the H—u curve we obtained from two of the smallest columns available at
present, a soft-glass column (diameter 14 pym) and a fused silica column with a
diameter of 10 um (diameters obtained from microscopic measurement).

The peak shapes are nearly symmetrical, but the resulting plate heights deviate
from the theoretical prediction, the more so for smaller make-up flows. With these
smaller flows a distinct tailing occurs, accompanied by an increase in plate height.
This is shown in Fig. 7.

The additional broadening observed for the best detector (Waters) can be
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Fig. 6. Plate height vs. velocity for a non-retained solute in microcapillaries with diameters of 10 um (L =
291 cm; M) and 14 um (L = 472 cm; @) using UV detection. Solute: toluene. Mobile phase: isooctane.
Detector: Waters 440 at 254 nm, with make-up flow of 1.3 ml/min. The dashed lines represent the theoret-
ical predictions.
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Fig. 7. Extra-column broadening in UV detectors as a function of the make-up flow-rate. Solute: toluene
(k = 0). Mobile phase: isooctane, ¥ = 3 cm/sec. Column: R = 13.5 um, L = 325 cm. The theoretical col-
umn variance (R? 1z/24 D,) = 0.32 sec? has been subtracted from measured variances.
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1£]
S

Fig. 8. Typical separation of polar aromatic compounds by microcapillary LSC. Column: etched soft glass,
355¢m x 32 um. Mobile phase: isooctane. Detector: Waters UV, 254 nm. 0.01 a.u.f.s.; make-up flow 0.3
ml/min. Solutes (in order of elution): toluene; Sudan yellow; 2-ethylanthraquinone; 1,4-naphthoquinone;
benzoquinone; p-aminoazobenzene.

characterized as the dispersion from an ideally mixed dead volume of 8 ul at a make-
up flow-rate of 1 ml/min, which corresponds well with the detector cell volume.
Recently, it has been shown'! how this cell volume can be diminished.

UV-detection and adsorption microcapillary LSC
As described in the Experimental, alkaline etching of soft glass produces a

l

Fig. 9. Generation of very large plate numbers with microcapitiary LC. Column: etched soft glass, 27.5 m
X 32 pum. u = u,, = 0.12cmysec, n = 2.8-10°(!), H = 9.8 um. Mobile phase: isooctane. Detector: Waters
UV (254 nm, 0.01 a.u.f's.). Solutes: toluene and N-propylaniline (relative retention 1.009). Analysis time:
6.5 h.
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Fig. 10. Separation of aromatic compounds in a microcapillary (a) and a packed column (b). Columns: a,
325cm x 27 um; b, 10 em Partisil S (particle size 5 gm). Stationary phase in both cases: ODPN. Mobile
phase: isooctane (in b 1Y, methanol i1s added to reduce tailing); flow-rate 1 mlymin. Detection: UV
absorption at 212 nm. Solutes: | = toluene; 2 = benzophenone; 3 = benzonitrile; 4 = o-toluidine; 5 = m-
toluidine; 6 = aniline; 7 = benzyl alcohol.

highly adsorptive siliceous layer on the inner wall of the column, which layer can be
used as the stationary phase.

Using isooctane as the mobile phase, saturated with water to suppress tailing,
very useful chromatograms were obtained, examples of which are shown in Figs. 8
and 9. Fig. 9 demonstrates how several millions of plates were obtained in a separa-
tion in an etched 32-um microcapillary column by using velocities near the optimum.
The rather long time (6.5 h) required in this particular case may be drastically reduced
by using smaller diameter columns. A 10-um column of the same length would pro-
duce even more plates (9-10°!) in less time (2 h), operating at 80 bar only.

The present result illustrates the potential application of microcapillary LC to
extremely difficult separations of closely related compounds, requiring separation

7 I min

o b
Fig. 11. Separation of aromatic compounds in a microcapillary (a) and a packed column (b). Conditions as
in Fig. 10 except that velocity in b was 4 ml/min.
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efficiencies of several million plates, which cannot be obtained with packed HPLC
columns.

UV-detection and straight phase microcapillary LLC

Etched and Cab-O-Sil-treated microcapillaries could easily be coated by the
dynamic coating technique with a polar stationary liquid phase like ODPN. Using
isooctane (saturated with ODPN) as the mobile phase, these columns were stable for
long operating periods (months).

Figs. 10-13 show separations of different samples at different velocities, il-
lustrating that microcapillary LC can be used either as a rapid separation technique
or as a more time-consuming but very efficient technique for more difficult separa-
tions. The presence of a small amount of ODPN in the mobile phase prohibited the
use of a mass spectrometer as the detector, as this would lead to rapid contamination
of the ion source.

UV-detection and reversed-phase microcapillary LLC

Reversed-phase LC in microcapillary columns has been achieved by coating
etched capillaries with the non-polar phase Apiezon L. With methanol-water as the
mobile phase, a | m x 32 um column readily separated aromatic compounds within
several minutes. When the retention time of the last peak is chosen to be about 20
min, as in the lower trace of Fig. 14, a comparison can be made with a separation of
aromatics recently published by Yang’. This author used a chemically bonded ODS
phase in @ 2 m x 30 um fused-silica column. The present separation compares very

| min
-
7 6 3
5 2

H

F—0.0‘% AUFS CHART SPEED 3 cm/min

AN

Fig. 12. Rapid separation of aromatic compounds in a microcapillary column. Conditions as in Fig. 10
except for velocity.
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Fig. 13. Microcapillary LC separation of aromatic compounds by straight phase partitioning. Analysis
time: 13 min. Inlet pressure: 200 bar. Separation speed: 16 effective plates per sec (last peak), in accordance
with eqn. 10. Column: R = 6 um, L = 4.95 m, etched soft glass, coated with ODPN as the stationary
phase. Mobile phase: isooctane (saturated with ODPN at 23°C). Detector: UV absorption at 212 nm, 0.04
a.ufs.; make-up mobile phase 0.4 ml/min. Solutes: | = diisoheptyl phthalate; 2 = dibutyl phthalate; 3 =
dipropyl phthalate; 4 = 2.4,5-trimethylaniline; 5 = N-methylaniline; 6 = diethyl phthalate; 7 = o-
chloroaniline; 8 = 2.3-dimethylaniline; 9 = o-toluidine; 10 = p-toluidine; 11 = m-toluidine; 12 =
benzoquinone; 13 = dimethyl phthalate; 14 = aniline; 15 = m-chloroaniline; 16 = p-chloroaniline.

Fig. 14. Separation of polynuclear aromatic compounds by reversed-phase microcapillary LC. Upper
trace: programmed flow (after 6 min increase of flow at the rate of 27 % /min). Lower trace: constant flow.
Column: 108 cm x 32 pm 1.D. Stationary phase: Apiczon L. Mobile phase: methanol-water (75:25).
Detector: UV absorption at 254 nm, 0.01 a.u.f.s. Selutes (from right to left): benzene; naphthalene;
anthracene and pyrene.

favourably with the cited work, as is evident from the plate numbers obtained for the
pyrene peak [n = 1600 (n., = 400) on our l-m column vs. n = 200 {(n, = 90) in the
2-m (!) ODS column] as well as from the peak shapes (symmetrical on our column, see
Fig. 14; several tailing peaks on the ODS column).

The same separation can be used to illustrate the profitable use of flow pro-
gramming, provided that the chromatogram is not too crowded. By increasing the
mobile phase flow-rate through the column during the analysis (or alternatively only
during the elution of a peak), peak heights are appreciably enhanced, as is seen from
the upper and lower traces in Fig. 14.

Direct coupling of microcapillary LC with MS detection

For samples of low molecular weight (MW < 250) the direct inlet of column
effluent from unmodified microcapillary columns is very well suited for practical
qualitative as well as quantitative analysis. An example which illustrates this is the
reversed-phase separation of polynuclear aromatics (PNAs), as discussed in the
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MASS SPECTROMETRIC SIGNAL TUNED TO SPECIFIC MASSES
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Fig. 15. Chromatogram showing the superimposed signals of four specific masses for polynuclear ar-
omalics separated by reversed-phase microcapillary LC. (Benzene in CI-MS behaves differently from other
PNAs and is detected at m/z = MW — 1.) Peak heights (in counts): benzene, 383; naphthalene, 2939;
anthracene, |158; pyrene, 539. Sample concentrations: 1072 g/ml. Flow-rate: 2 ul/min. Splitting ratio:
1:5000. Each peak contains 10 ng of the compound.
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Fig. 16. CI mass spectrum of triphenylphosphinetungsten pentacarbonyl as obtained by microcapillary

liquid jet introduction.
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Fig. 17. Chromatogram obtained by microcapillary LC-MS with jet formation. a, Solutes: toluene (scan
22); Sudan yellow (scan 25); 2-cthylanthraquinone (scan 29); 1.4-naphthoquinone (scan 33) and p-
aminoazobenzene (scan 87). Column: 322 em x 32 um. ry,, = 2.5 pm, ciched glass. Mobile phase:
isooctane. b, Mass spectrum accompanying the Sudan yellow peak.

above paragraph, using Apiezon L as the stationary phase. This separation was
performed on a4.5m x 32 um column within 3 min, as is shown by Fig. 15. The peak
shapes are quite symmetrical and the peak widths do not differ much from those
obtained by UV detection. Samples of about 100 pg can still be detected, far smaller
than with UV detectors.
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For concentrated samples of high molecular weights (MW > 250), irregular
peak shapes as well as fluctuating ion source pressures are observed, however, indicat-
ing deposition and discontinuous evaporation of sample near the column outlet.
Liquid jet formation could be realized by providing a conical tip with r, = 2.5 um at
the end of a 322 cm x 32 um etched glass microcapillary. In this case, samples of high
molecular weight could be introduced into the ion source without difficulty; sym-
metrical peaks were recorded and good CI spectra obtained, e.g., for heavy hydro-
carbons (squalane; MW = 422), undecane benzene sulphonic acid (MW = 312),
sucrose (MW = 342), and Lubad J (4,4-methylenebis-ters.-butylphenol; MW =
424).

Thermally unstable compounds such as triphenylphosphine tungsten penta-
carbonyl (MW = 584) and volatile solids such as Ionol (2,6-di-tert.-butyl-p-cresol;
MW = 220), notoriously problematic when other introduction techniques (e.g.,
moving belt) are used, are flawlessly introduced into the ion source by the jet interface
technique and yield good CI spectra, see Fig. 16. Fig. 17 shows an example of a rapid
separation in this etched column with liquid jet formation, and an accompanying CI
mass spectrum.

H{cm)
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0.02

Q0!

J
o] | 2 3 4 5
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000

Fig. 18. Plate height vs. vélocily for retained solutes in microcapillary LLC. Column: 472 cm x 14 um,
etched and coated with ODPN. Mobile phase: isooctane. Detector: Waters UV (254 nm) with make-up
flow of 1.3 ml/min. @, o-Toluidine, kx = 0.80, Dy, = 2.53 x 107 ° cm?/sec; M, dimethyl phthalate, k =
1.30, Dy, = 1.88 x 10~ % cm?/sec. ———, Golay theory for k = 0.80; ————, Golay theory for k = 1.30; ——
——., present theory for & = 0.80; — — —, present theory for & = 1.30. In view of the non-linear partitioning
isotherms, plate heights were determined from moments extrapolated to zero concentration.
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Fig. 19. Interphase resistance to mass transfer in microcapillary LC columns with diameters in the range of
11-100 gem. Capacity factors: 0.07- 3.7. Velocities: 0.2-5 cm/sec. Adsorption as well as partitioning.

Separation speed and axial dispersion

Notwithstanding careful avoidance of extra-column broadening effects, and
even after correction for these effects (by subtracting moments?®), we observe that the
experimental plate heights are invariably larger than those predicted by the Golay
equation, up to a factor of about 2. A typical illustration of this can be seen in Fig. 18.

In the Theoretical we suggested that the additional broadening may originate
from interphase resistance effects analogous to the resistance to heat transfer in
tubular heat exchangers. If this is correct, the experimentally obtained coeflicient k,,,
which describes the additional broadening, should be in accordance with the ap-
proximation given in the Appendix (eqn. A7).

In other words, if we plot the experimentally observed &, in the dimensionless
form of the Sherwood constant, given in the Appendix, as a function of (dimension-
less) velocity (ReSc) under different experimental parameters (R, k, phase system), the
theoretical value of 48 should be approached independently of the experimental pa-
rameters mentioned. Fig. 19 shows the resulting plot and it is observed that a tend-
ency to approach the theoretical value of 48 is indeed present for column diameters
in the range of 11-100 um, for capacity factors in the range of 0.07-3.7, for velocities
in the range of 0.2-5 cmy/sec and for adsorption (etched glass and Cab-O-Sil) as well
as partitioning (ODPN).

The spread observed around the value of 48 can largely be attributed to errors
in the determination of the moments®® as well as of the column diameters. In anticipa-
tion of more precise experiments and a more exact theoretical background for the
mass transfer coeflicient, on which we are working at present, we conclude that our
approach of including interphase resistance in chromatographic dispersion is sound.
At least it is clear that the mass transfer coefficient model for interphase resistance is
able to describe the observed axial dispersion, which deviates from the Golay predic-
tion by a factor between 1 and 2 in our experiments.
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Fig. 20. Separation speed of microcapillary LC columns as a function of the column diameter. Retained
solutes with capacity tactors 0.6-0.9. The theoretical zone for the packed column is based on work by
Snyder*?,

Although our theory is somewhat more conservative than Golay's, this does
not imply that the technique of microcapillary LC will have less favourable prospects.
This is illustrated by the separations shown. and is further supported by the observed
separation speeds.

Fig. 20 shows the dependence of experimental separation speed on column
diameter; it is clear that our theory describes these results very well. Evidently, col-
umns with diameters of less than 30 um will have the greatest future, as the separation
speeds obtained are well above those of packed HPLC columns.

CONCLUSIONS

(1) It has been shown experimentally that microcapillary columns for liquid
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chromatography with diameters of 10-50 ym can be prepared and coated with polar
as well as non-polar stationary phases. Both LSC (adsorption) and LLC (partitioning
i straight- and reversed-phase modes) have proved to be of practical interest.

(2) The separation performance of a column of 30 um 1.D. compares very well
with that of modern packed HPLC columns (5-um particles) and yields about five
effective plates per second as the separation speed. Smaller diameter columns have
been found to have a much higher speed of separation, ¢.g., 50 effective plates per sec
for a 10-pum column,

(3) In small diameter (10-30 ym [.D.) and long (5-25 m) microcapillary col-
umns operated at the optimum velocity, extremely high separation efficiencies (up to
about 107 plates) can be obtained within a few hours, which is still reasonable. Very
difficult separations can thus be performed.

(4) Avoidance of extra-column peak broadening is a4 major problem in micro-
capillary LC. Especially detection with (UV-absorption) flow-through cells (relatively
large volumes, 1-10 ul, and non-ideal cell geometry) requires the application of a
scavenger liquid flow to reduce peak broadening. This make-up liquid flow amounts
to 0.3-1 ml/min and causes dilution of the column effluent by a factor of 100-1000,
such that only the main components can be detected.

(5) When a mass spectrometer is used as the detector and is operated in the
chemical ionization mode, direct inlet of the total column effluent ( <10 ul/min) is
possible. The dilution problem is absent, which implies that trace components can be
determined (qualitatively and quantitatively) down to pg levels. Compounds of low
molecular weight (MW < 200) can be separated and introduced; higher molecular
weights require an additional transfer technique. Liquid jet formation at the column
exit. under chromatographically still attractive velocity conditions, has been found to
be of practical interest.

(6) The observed peak broadening, carefully corrected for extra-column ef-
fects, cannot be interpreted with the common Golay theory of capillary chromatogra-
phy. Experimental plate heights are a factor of 1-2 larger than those predicted by that
theory. By introducing interphase mass transfer in analogy with heat transfer to a
solid pipe wall in tubular heat exchangers, we have expressed the additional peak
broadening in terms of a mass transfer coefficient, using expressions from the theories
of Aris, Khan, Peth6¢ and Giddings. It is concluded that the observed peak broaden-
ing can be adequately described by a sum of convective dispersion (Golay) and
interphase mass transfer effects.

APPENDIX

Estimation of the uxial dispersion from interphase resistance to inass transfer

Golay’s theory for peak broadening in open tubular columns for chromatogra-
phy is based on a solution to the mass balance equations which are coupled to each
other by the condition of equilibrium in the partitioning of solute molecules between
the two phases. Upon removing this equilibrium condition and allowing for a resist-
ance 1o interphase mass transfer to be described by linear kinetics with a transfer
coeflicient, ky. several other theories** > yield an additional C term for peak broad-
ening. which we call the interphase term, C;:
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H = (Cy + G5 + Cpu (A1)

Cy and Cg are the same as in the Golay theory (eqns. 4 and 5), while C, in all three
theories is expressed as:

C.__R_._ﬁ_z (A2)
kg \L 4+ K -

So far, a conclusive model for &y, has not been presented and we propose that
ky be found from the analogy of the mass transfer problem with the well-known
solution to the heat transfer problem in tubular heat exchangers*®-%°. Earlier, Wong
et al.* proposed the same, but they took an unrealistic extreme value for k,,, not
recognizing the important dependency of ky on the partition ratio, k. This will be
illustrated in the following approximate derivation, where use is made of the results
obtained by Giddings®* in his non-equilibrium theory.

The mass transfer coefficient, Ay, is defined as the proportionality constant
between the mass flux, ¢;’, at the phase boundary and the driving force for that flux
(i.e., concentration difference) in the mobile phase:

¢ = ky (¢; = Coun) (A3)
By continuity, this flux at the interface i equals those in both phases

O = P = 9 (A4)
where both ¢y; and ¢¢ can be expressed as diffusional fluxes by Fick’s first law. Using
the appropriate expressions in the non-equilibrium theory?®* for ¢y and ¢y, from eqn.
A4 we arrive at an expression for ky:
uR k Coy
ky = 2"1'"":{_7'"(:;:1/(('M,i — Cym,bulk) (AS5)

In all dispersion theories”2*3%, concentration differences in a cross-section of the

column are so small that ¢, ; may be replaced by the average concentration ¢y, in eqn.
AS. o

The concentration difference (¢y — ¢y pu) Plays an important rdle in Gid-
dings’ non-equilibrium theory®* as total plate height is determined by this difference:

H =2 _ (7& ’
= 2(cy — (M,bulk) 3, (A6)

We know already that H = Cu, where C = (), according to Golay, i.e., from egns.
A5 and A6:

Rk
Ty 1+ k

K (AT)
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Hence, when ky, is substituted in eqn. A2:
C, =~ kCy/(1 + k) (A8)

The dimensionless Sherwood number Sh = 2 Rk,,/D,, and we find from eqn. A7 and
eqn. 4 for Cy, that

2 Rk k(1 + k)
Dy Oy L+ kT T (1 +6k+ 11KY

Sh (A9)

i.e., the Sherwood number is a constant, which we will call the Sherwood constant
(with the theoretical value of 48), times a function that depends on the retention, 4.
For infinite retention, & — oc and Sh = 48/11, which is exactly the result reported for
heat transfer*® as well as for mass transfer®® in tubes.

To test the usefulness of the present approximation for k,; we plotted

2 R*uy (1 +6k+11kH)k
DM (Hexp - CM ll) (1 + /‘)3

as a function of dimensionless velocity ReSc = 2u R/D,; in Fig. 19. The figure shows
that the theoretical value of 48 is approached. Although the present derivation of
eqns. A7-A9 is only approximate, these equations seem to describe experimentally
observed dispersion data quite well. A more exact derivation of mass transfer effects
is under study.

NOMENCLATURE

B 2 Dy. plate height term (cm?/sec) for axial diffusion

¢ Concentration (mole/cm?)

Cm Concentration of solute in the mobile phase (mole/cm?)

¢y Concentration of solute in the stationary phase (mole/cm?)
c Average concentration

Cpux  Mean cup concentration, (1/u)- | c¢(r)-u(r) rdrdo

C H/u, plate height term (sec)

C H/u, plate height term (sec) for interphase resistance

Cu H/u, plate height term (sec) for convective dispersion in the mobile phase
Cy Hju, plate height term (sec) for diffusion in the stationary phase

Dy, Diffusion coefficient (cm?/sec) in the mobile phase

D

S Diffusion coefficient (cm?/sec) in the stationary phase
H Plate height (cm), L u,/p,* = L (0,/1R)?
k Capacity factor, (tgx — ty)/tu
Ky Mass transfer coefficient (cm/sec)
L Column length (cm)
/ Length (cm) of the conical jet tip
MW  Molecular weight
n Number of plates, L/H

ny;  Effective number of plates, n (k/1 + k)?
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Ap Pressure drop (bar)

r Radial coordinate

R Column radius R = 1.D./2 (cm)
ReSc Dimensionless velocity, 2 u R/Dy,

R Radius (cm) in the jet tip

Sh Dimensionless Sherwood number, 2 R ky,/Dy

Iy Retention time (sec) of a non-retained solute = residence time of the mobile
phase

Ix Retention time (sec) of a retained solute, 1y (1 + k)

u Average linear velocity (cm/sec), Liy, = Lty

z longitudinal coordinate along the column (cm)

¥ Surface tension (dyne/cm)

0 Film thickness (cm) of the stationary phase

] Dynamic viscosity (poise)

U First time moment (sec). (1/¢o) - | ¢(2)- 1 di = 1,

iU Second central moment (sec?), (1/¢,)- { ¢ (t — py)- 2 dt = a?

0 Density (g/cm?)

o3 Variance (sec?) of symmetrical peaks

¢ Angle

¢ Mass flux (moljcm? - sec)
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FLOW CHARACTERISTICS AND TECHNOLOGY OF CAPILLARY
COLUMNS WITH INNER DIAMETERS LESS THAN 15 um IN LIQUID
CHROMATOGRAPHY

M. KREJCI*, K. TESARIK. M. RUSEK and J. PAJUREK
Institute of Analvtical Chemistry, Czechoslovak Academy of Sciences, Brno 61142 (Czechoslovakia)

SUMMARY

The flow characteristics of capillary columns at flow-rates up to 10> pul/sec
have been studied experimentally as a function of the column diameter and of the
pressure drop. Theoretical conclusions based on the Poiseuille equation and band
broadening for unsorbed solutes have been tested.

The preparation of glass capillary columns is described, and the role of the
glass melting temperature is discussed. The inner diameters (5-34 um) of the columns
were measured both by microscopy and hydrodynamically. The maximum difference
between the two measurements was 2.8 um, but in most cases it did not exceed 1.5 um.
The modified flame-ionization detector was used.

INTRODUCTION

The development of liquid chromatography in capillary columns has led to the
use of columns with very small diameters on the grounds of efficiency and the time
required for analysis'™. However, scepticism as to whether such usage can be justified
has arisen because of the untried technology for the preparation of capillary columns
with diameters, ¢, <15 um, and the lack of suitable sampling and detection methods.
The present paper describes an attempt to solve some of these problems.

We have examined experimentally some of the significant parameters in capil-
lary liquid chromatography, such as the dependences of the dead time, number of
theoretical plates and the pressure drop on the diameter of the column. In addition,
hydrodynamic values are used to compare the diameters of capillary columns with
diameters at discrete points determined with the aid of a microscope in order to
evaluate the homogeneity of the capillary column throughout its length.

Previous studies®™ 7 have made use of open tubular capillary columns, usually
with diameters from 50 to 30 um. The liquid-liquid system has most often been used,
although adsorption and even ion-exchange liquid chromatography have been em-
ployed'®. Attention was therefore concentrated upon columns with diameters less
than 30 um and on the liquid-liquid system.

0021-9673/81/0000-0000/$02.50  «) 1981 Elsevier Scientific Publishing Company
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THEORETICAL

In order to study the influence of the diameter of the capillary column on some
chromatographic parameters, we started from a relationship derived from the
Poiseuille equation

tw = @ n L/d? Ap (1)

where ¢ is the column resistance parameter (= 32 for capillary columns), # is the
viscosity of the mobile phase, L is the column length, d, is the column diameter, Ap
is the pressure drop in the column and ¢, i1s the dead retention time.

The dead retention time and thus also the analysis time increase for a given
capacity ratio, k, with decreasing column diameter, provided the other parameters in
eqn. | remain constant. However, if the optimum velocity of the mobile phase, u,,. is
employed, which corresponds to the minimum height equivalent to a theoretical plate
for an unsorbed solute, H;,

Hmin = 2\/Z;C‘n: unp[ = \/B/Cm (2)

where the coefficient of longitudinal diffusion B = 2 D, and the coefficient of the
mass transfer in the mobile phase

c o LHok+ 1k d?
"o I+ k? 96 D,,

the corresponding retention time for an unsorbed solute can be expressed as

t* = Ldj13.9 D, (3)

m

where D, is the diffusion coefficient of the solute in the mobile phase. Under these
conditions (u,, and constant L and D), the dead retention time decreases with
decreasing diameter of the capillary column. For high column efficiency, it is neces-
sary that extra column contributions to the height equivalent to a theoretical plate are
negligible.

For the total time constant of the detector, ¢, the following conditions must be
satisfied

Id < ,m/z\/?v (4"‘)
ty < (L' P22 D, v " (4b)

where N is the number of theoretical plates, / is the reduced height equivalent to a
theoretical plate (= H/d,) and v is the reduced velocity of the mobile phase (=
ud,/D,). At the optimum velocity of the mobile phase, relationship 4a can be ex-
pressed as:

rt f0.29d, 1 L &
< / SIS - (5)

tj,“\2
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Requirement of the time constant of the detector diminishes, /.¢., even a higher value
of the detector time constant can be admitted (according to eqn. 4 or 5) under the
assumption that N decreases or d, increases. For instance, when L = 1l m, D, =
1-107° m?/sec and d, = 5 um, 1, = 0.22 sec, while when ¢, = 10 um, 7, = 0.62 sec.
By substituting real values into relationship 4 or 5, the values of ¢, obtained are so
small that the technical requirements of the design of the classical detection methods
such as spectrophotometry, fluorometry, refractometry, etc., are immediately ob-
vious. All these methods, based on the measurement of a change in an analytical
property, require that the cuvettes employed have lengths of 0.01-0.1 mm and diam-
eters équal to the column diameter. These requirements are unrealizable. Still less
realizable therefore are any connections between the column and the detector.

For the reasons mentioned above, we consider transport detectors as promis-
ing. In such detectors the solute is transported quickly from the column outlet into
the detection system where it gains a velocity substantially higher than the velocity of
the mobile phase in the column. Examples are mass spectrometric detectors, flame
jonization detectors!® and their modifications and electrochemical detectors.

EXPERIMENTAL AND RESULTS

Drawing of cupillaries

Glass can be applied to advantage in the preparation of capillaries of this type,
owing to the properties described previously'?2°. Capillaries are drawn in the device
described by Desty er «/.?'. The diameters required can be drawn in a single or double
run. The former procedure is commonly used for capillaries with larger inner diam-
eters. It is necessary that the initial glass tube has dimensions about 8 x 0.3 mm in
order for a suitable outer diameter (0.7-0.8 mm) to be obtained with an orifice of 30
um or less. The latter procedure makes it possible to prepare a suitable capillary
without the use of a thick glass tube??. A capillary of 0.95 mm O.D. is first drawn
from a commonly available 7 x 1 mm tube and is then inserted into another 7 x 1
mm tube. Both tubes are then drawn into a capillary of 0.7-0.8 mm O.D. The inner
diameter of this composite capillary corresponds to the dimension that is required.

The temperature of the oven in the drawing device is decisive for either pro-
cedure. The start of drawing is dependent on the melting temperature of the glass and,
dynamic equilibrium in the oven having been reached, the dimensions of the capillary
are controlled by the following relationship

dcl/‘dn:Z = \/ﬁ/’\/:.’:

where ., and d_, are the diameters of the tube and the capillary, respectively, and ¢,
and ¢, the velocities of the tube feeding and the capillary drawing from the oven,
respectively. If the temperature increases and the glass is overheated, the capillary
closes inside and the inner diameter is thus diminished. An increase of about 30°K
(above the drawing temperature at which the relationship d, /d, = /¢,/c; is valid)
will result in a solid glass rod. The effect of temperature on capillary narrowing is
shown in Tables 1 and 1I and Fig. 1.

The temperature range in which capillaries having the required diameters can
be drawn is 20-30"K (Fig. 2) and is, of course, different for each kind of glass.
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TABLE |

DEPENDENCE OF THE CAPILLARY DIAMETER ON THE TEMPERATURE OF THE OVEN IN
THE DRAWING DEVICE

Time Temperature d, Time Temperature d,
(min) (“K) (um) (min) ("K) (um)
10 917 40 51 933 20
11 918 36 53 934 20
13 920 34 55 933 20
15 . 922 32 59 934 20
17 923 30 61 934 18
19 926 28 63 934 20
21 926 25 65 934 18
23 927 24 67 934 16
25 928 24 69 935 16
27 927 24 71 936 16
29 929 24 73 939 12
31 929 24 75 940 12
33 929 24 77 941 13
35 929 24 79 942 11
37 930 24 81 943 10
39 930 24 83 942 8
41 930 24 85 943 8
43 932 22 87 943 8
45 933 22 89 943 8
22

49 933

Modification of the internal surface

Etching of the internal surface of a glass capillary can be performed in the
gaseous phase with hydrogen chloride, hydrogen fluoride, methyl trifluorochloroeth-
yl ether, etc., or in the liquid phase with acidic or basic reagents. The procedures for
the gaseous phase are less exacting since relatively low pressures, about 1-2 MPa, of
an inert gas are sufficient for filling the capillary and activating its surface. In order to
fill the capillaries with liquids, the operating pressures must be increased to 10-15
MPa and the probability of capillary blocking during filling or washing is greater.

The device for capillary filling with gases, vapours or liquids should have a

TABLE 11

DEPENDENCE OF CAPILLARY DIAMETER ON THE OVEN TEMPERATURE AT CONSTANT
OPERATING CONDITIONS

Time Temperature d. Time Temperature d,
(min) ("K) (um) (min) (°K) (um)
22 938 19 34 943 12
24 941 16 36 943 11

26 942 16 38 943 11

28 942 14 48 943 11

30 942 14 75 944 It

32

943 12 90 944 11
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Fig. 3. Device for coating capillaries under pressure.

Fig. 4. Diagram of the burner of the flame ionization detector.

small working volume with respect to the small volume of the capillaries (up to 10 ul)
and should be able to withstand even higher operating pressures. To fill the capillary
with a liquid, a short polyethylene capillary (Fig. 3), containing a measured volume of
the liquid is placed at the inlet of the glass capillary in a glass pressure tank. The
pressure is increased and the liquid is forced into the capillary. The velocity of the
liquid forced into the capillary is observed from the decrease in level in the poly-
ethylene capillary. This capillary serves as a pressureless transparent reservoir of the
liquid. The passage of the liquid is observed at the outlet of the glass capillary to
which another thin polyethylene capillary is connected. The liquid can thus be col-
lected in the latter capillary and forced out with gas pressure.

The concentration of the solution, velocity of filling and operating pressure arc
determined by the inner diameter of the capillary. The internal surface of the capillary
diminishes linearly with decreasing diameter, while the volume of the liquid or the
vapour in the capillary decreases with the square of the diameter. This decrease may be
compensated by increasing the concentration or repeating the process until a regular
stationary phase film or adsorption layer on the capillary wall is obtained.

Detection technique
A special burner was designed for liquid chromatography capillary columns,
which was used in flame ionization and in alkali flame ionization detectors. The
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burner (Fig. 4) consists of a quartz tube into which one tip of the capillary column is
inscrted. The column outlet is thus washed with a hydrogen—nitrogen mixture (50:50
v;v). The temperature of the end of the column can be varied from room temperature
up to ¢u. 1000'K, depending on the type of burner and the distance from the flame.
Under suitable conditions, the velocity of transfer into the detector is identical for
solutes with boiling points within the range 350-600°K.

The flame ionization detector was of a common design with electrometric
amplifiers, Vibron Model 33C (Electronic Instruments, Richmond, Great Britain)
and one manufactured by Laboratory Instruments (Prague, Czechoslovakia). The
alkali flame ionization detector in dual arrangement?®3-2* was operated with the same
electrometric amplifiers.

The flame ionization detector can also be used with such mobile phases for
which the detector provides a response. If the detector response to solute /, RP°, with
water as the mobile phase is employed as a standard, then the detector response, R,
to a mobile phase containing one detectable component b (e.g., methanol) is de-
termined by

R, = R.*‘z“(l - rar ‘/ > c) (6)

where C*'" is the effective number of carbon atoms of component b or solute i and y,
is the molar fraction of component b in water. The detector response thus decreases
as the value of the fraction at the right-hand side of eqn. 6 increases; likewise, in gas
chromatography it decreases with the increasing tension of the stationary phase leav-
ing the column for the detector?®. A negative response is obtained in the case when
Y. < Y CY vy The ionization efficiency of the flame ionization detector used was
0.02 C/mole for isopropanol in water + 59, methanol as mobile phase. The detector
efficiencies for other solutes were similar.

The alkali flame ionization detector extends substantially the application
range”® of this detection principle in capillary liquid chromatography. For instance, a
hydrocarbon mobile phase can be employed for halogen and phosphorus containing
compounds. Sufficient sensitivity of detection of these substances is ensured by the
high selectivity of the detector response.

A spectrophotometric detection using a scavenger liquid'? was also used to
measure retention time. A Variscan flow-through cuvette (volume 8 ul; Varian, Palo
Alto, CA, U.S.A.) was washed with a mobile liquid with a ratio of mobile phase flow-
rate from the capillary column to scavenger liquid flow-rate of 1:500-10,000 in such a
way that the chromatogram obtained from measurements in the capillary column
was not affected by the cell volume.

Hyvdraulic measurements of the column diameter

The homogeneity of the diameter of the capillary column throughout its length
was checked for several columns by breaking the column and measuring with the aid
of a microscope. The common procedure of determining the diameter at the begin-
ning and at the end of the column was not considered sufficient when investigating a
new method of preparation of glass columns.

Eqn. I was used to calculate the diameter of the capillary column. The dead
retention time, 7, (sec), the length of the capillary column, L (m), and the pressure at
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TABLE 111

DIAMETERS OF CAPILLARY COLUMNS MEASURED BY MICROSCOPY AND CALCU-
LATED ACCORDING TO EQN. 1

Column d. (um) to +o L Mobile phase

— Yrel
No. T T T T (um?) (%) (n1)
Microscope Calculated

1 5 4.8 0.13 2.70 1.00 Water + 29, methanol
2 8-9 8.0 0.17 2.12 2.20 Isopropanol

3 8-9 7.3 0.38 520 2.20 Water + 59, methanol
4 8-9 7.7 0.23 2.98 2.20 Water + 59, methanol
5 8-9 8.6 0.31 3.63 1.65 Cyclohexane

6 8 8.5 0.12 1.47 2.70 Cyclohexane

7 13 11.4 0.49 4.36 1.40 Methanol

8 13 13.7 0.68 5.97 1.60 Methanol

9 13 11.3 0.32 2.83 2.06 Cyclohexane

9a 6-8 13.7 0.37 2.71 2.05 Cyclohexane

10 15 16.3 0.34 2.08  3.60 Water

11 17 16.9 1.24 7.30 2.05 Cyclohexane

12 17 17.1 1.73 10.10 1.96 Cyclohexane

13 34 37.6 11.77 31.31 2.00 Cyclohexane

the column inlet, 4P (MPa), were measured experimentally. The following values
were assumed: ¢ = 32; viscosities (N - sec/m?) at 295.7°K, Mo = 0.0942, Nyeon =
0.0548, ¢ u,, = 0.0306, 1, p,on = 0.195and ., jonexane = 0.0710. Table 111 shows the
satisfactory agreement between the diameter at the beginning of the column de-
termined by microscopy and the diameter calculated by using eqn. 1. Each d, value
was calculated as the average of measurements performed at up to ten different
mobile phase flow-rates (at ten different pressures at the column inlet). The standard
deviation of an individual measurement was on the average 3.6 %,. These measure-
ments were also performed at various points of the same column and for selected
columns with different mobile phases. The values of the standard deviation were in
the range 6-8 9.

In some instances, particularly for capillary columns with diameters d, <15
um, anomalies in the mobile phase flow-rate were observed in the course of measure-

TABLE 1V

CHANGE IN ¢, DETERMINED ACCORDING TO EQN. | IN THE COURSE OF THE MEASURE-
MENT

L =25m.

d. (um) to o
— (%)
calculated (um)

nucroscope

6-7 5.7 0.194 3.4
6-7 6.3 0.154 2.5
6-7 6.9 0.111 1.6
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ment. The rapid response of the flame ionization detector made it possible to measure
not only the overall change in the flow-rate, appearing as a change in 7, at a constant
pressure, but also an instantaneous change in the flow-rate, appearing as a periodic
decrease almost to zero followed by its re-establishment. In some instances, the
mobile phase flow-rate ceased, as described earlier!?; in the majority of instances,
however, a pressure of up to 16 MPa was not sufficient to renew the flow-rate.

Table I'V shows an example of the change in flow-rate and thus aiso the change
in the value of d, calculated for a column with a diameter of ¢, = 6-7 um (micros-
copy). The height equivalent to a theoretical plate was measured simultaneously with
the parameters required for the calculation of ¢.. The dependence of the reduced
values is shown in Fig. 5. Boundary values, marked on this graph as 5 and 9 ym, were
measured independently in other columns. The column described in Table IV and
Fig. 5 became blocked after the injection of about 80 samples of isopropanol. At first,
the flow-rate could be re-established temporarily by an increased pressure; ultimately,
at a pressure of 30 MPa and at 80"C, the column remained blocked. Blocking of the
inlet or outlet of the column was circumvented by gradual removal of sections at the
column ends. It is assumed that the observed phenomenon is associated with the
presence of surface active substances in the binary mobile phase.

Meusurement of the efficiency of capillury columns

The dependence of the reduced height equivalent to a theoretical plate, A, on
the reduced velocity, v, for an unsorbed solute (isopropanol) in columns with diam-
eters d, = 15, 14,9 and 5 um is presented in Fig. 6. Columns of diameter d. = 9 um
or larger exhibit dependences which deviate significantly from the theoretical depen-
dence. the values of / being about four-fold greater than expected. However, the
theoretical values are approached at the curve minimum and at low reduced veloc-
ities. The column of diameter 5 um exhibits even great deviations although it was
studied under identical conditions. In this case, the values of the reduced plate height
approach the theoretical ones at low reduced velocities, but in the region of the
minimum and at higher linear velocities the difference between the experimental and
theoretical values of /4 increases rapidly. The main reason for this phenomenon would

L I L 1 1

' L
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Fig. 5. Dependence of the reduced height equivalent to a theoretical plate, 4. on the reduced velocity, v, for
a column with ¢, = 6-7 um. Apparent diameter: ~5.7 um (A); 6.3 um (O); 6.9 um (0J).
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seem to be that the demands placed on the detection mode are so great that they are
not satisfied by the given arrangement.

The dependence of the detection time, #,, calculated according to eqn. 4b, on
the difference between the theoretical and experimental reduced plate heights is pre-
sented in Fig. 7. This shows that a column with d, = 5 um requires ¢, to be of the
order of seconds, which could not be achieved with our flame ionization detector, not
only with respect to the electronics but also probably because of the speed of the
solute transfer into the detection system. However, the detector is suitable for col-
umns with larger diameters, where the required value of 7, is larger.

L I 1 1 | 1 1 I
02 05 1 2 5 10 20 S0 sh

Fig. 7. Dependence of detection time, ¢, (according to eqn. 4), on the difference between the theoretical and
experimental values of the reduced height equivalent to a theoretical plate, 4/4. Other conditions as in Fig.
6.
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Fig. 8. Dependence of /1 vs. v for o-nitrobenzaldehyde (k = 0), m-cresol (k = 0.28) and S-naphthol (k =
0.88). Column: 3m x 25 um 1.D., coated with 1,2,3-tris(cyanoethoxy)propane. Mobile phase: cyclohexa-
none saturated with 1,2,3-tris(cyanoethoxy)propane. UV detection at 220 nm. Theoretical values of k, were
calculated for thickness of the stationary phase, d; = | ym, D,, = 1.2-10~° m?%/sec and diffusion co-
efficient of the solute into the stationary phase, D, = 1.4-10'! m?/sec.

1

L

15 10 6 0

t (min)
Fig. 9. Example of a chromatogram with flame ionization detection. Column: 3m x 14 ym [.D. Stationary
liquid: OV-101. Mobile phase: water. Solutes: 1 = triethylene glycol; 2 = m-cresol; 3 = 2 4-dimethyl-
phenol; 4 = 2-methyl-4-ethylphenol; 5 = 2-isopropylphenol.
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To evaluate the effect of retention on column efficiency, a glass capillary with d,
= 25 um was coated with 1,2,3-tris(cyanoethoxy)propane (Lachema, Brno, Czechos-
lovakia). The coating procedure and the detection were described earlier'?. The re-
sults are shown in Fig. 8. The column efficiency is significantly lower and expected,
and is ascribed to non-homogeneities in the film thickness; for the solutes used, non-
ideal behaviour in both the mobile and stationary phases cannot be excluded.

CONCLUSIONS

The possibility of preparing columns of 5 um diameter or larger has been
demonstrated. Column diameters determined with the aid of a microscope and by
flow-rate measurements were in good agreement. Anomalies in the flow-rate were
found for columns with small diameters, caused probably by surface active sub-
stances present in the capillary. Conditions for application of a flame ionization
detector have been suggested. A typical separation is shown in Fig. 9.
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MICRO-COLUMN HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY
AND FLAME-BASED DETECTION PRINCIPLES

V. L. McGUFFIN and M. NOVOTNY*
Department of Chemistry, Indiana University, Bloomington, IN 47405 (U.S.A.)

SUMMARY

Novel detectors are described for micro-column high-performance liquid chro-
matography; they are based on the well-known principles of flame photometric and
thermionic detection. These devices exhibit good selectivity and sensitivity for or-
ganophosphorus compounds in both aqueous and selected organic solvents. The
extremely small volume of these flame-based detectors and their enhanced response at
low flow-rates make them particularly attractive for capillary-column high-perform-
ance liquid chromatography.

INTRODUCTION

Miniaturized high-performance liquid chromatography (HPLC) systems are
rapidly gaining recognition in modern separation science because of their very high
efficiency and reduced consumption of sample and solvent. In recent communi-
cations, Guiochon' and Knox and Gilbert? discussed the theoretical and practical
potential of such systems with optimistic conclusions, yet both papers emphasized the
necessity for low-volume, sensitive detectors in order to realize the full potential of
capillary-column technology.

Conventional concentration-sensitive detectors, such as UV absorbance?, fluo-
rescence*, and electrochemical® devices, have been modified to incorporate low-
volume (ca. 0.1 pul) flow-cells. Although such devices are adequate at the current stage
of column development, the consequences of further cell-volume reduction become
immediately apparent. It will be necessary in the future to develop certain detection
and ancillary techniques that are inherently well suited to the unique conditions of
micro-column HPLC. Among such techniques, direct-interface micro-liquid chro-
matography—mass spectrometry (LC-MS) has recently been demonstrated®’ and
shows promise in its application to complex samples of limited volatility. Similarly,
direct-interface Fourier-transform IR spectroscopy should be feasible, and will
greatly facilitate solute identification. In addition, detectors based on a transport
system or flame should also benefit greatly from the reduced flow-rates characteristic
of micro-columns.

Flame-based detection has been largely unsuccessful in conventional HPLC
because the large volume of solvent disrupts the delicate balance of chemical and

0021-9673/81/0000-0000/$02.50 ) 1981 Elsevier Scientific Publishing Company
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physical processes that occur in the flame. Chemical interference severely limits the
range of compatible mobile phases. In addition, the introduction of combustible
organic solvents changes the temperature and fuel-to-oxidant ratio of the flame, thus
influencing detector response and restricting the use of gradient elution. Despite the
inherent incompatibility of these methods, there have been several attempts to use
flame-based detection in conventional HPLC.

Julin et al ® described a flame photometric detector (FPD) in which the HPLC
effluent was pneumatically nebulized, and a fraction (25 %;) was aspirated into a cool,
hydrogen-rich diffusion flame. Phosphorus and sulfur compounds were selectively
detected by monitoring the optical emission of the HPO (526 nm) and S, (384 nm)
species. Under favorable conditions, this device was capable of sensing 2-107° g/l of
phosphorus, and 2-10~* g/l of sulfur. Organic solvents severely quenched emission
from the chemiluminescent species, so that applications of this detector were limited
to purely aqueous systems. Chester®!? later developed an inverted-flame FPD for
conventional HPLC in which interference by many organic solvents, metal ions and
buffers was minimized. However, the detection limits obtained with this modified
FPD were not significantly improved; 1-107° g/l of phosphorus could be detected
with continuous sample introduction.

Flame ionization'! and thermionic'?''? detectors have been utilized in HPLC
with a transport system for solvent evaporation before analysis. Such devices permit
the use of a wide range of solvent systems and of gradient elution, but the sensitivity
and stability are frequently inadequate for routine applications. The transport system
introduces a significant amount of band dispersion and limits the linear dynamic
range of the detector. The volatility of lower-molecular-weight solutes may further
limit the accuracy of quantitative measurements.

In contrast to conventional HPLC columns, micro-columns (and capillary
columns in particular) are very well suited to selective flame-based detection. The
reduced flow-rate of solvent, typically 1 ul/min for open-tubular or packed capillary
columns, may be directly introduced with minimal disruption of the flame.

A novel flame-based detector has been developed and characterized, in which
the total capillary-column effluent is concentrically nebulized and aspirated directly
into a hydrogen-air diffusion flame. Solutes are then selectively detected using either
optical emission or secondary ionization phenomena. This preliminary report illus-
trates the performance and potential of these versatile new detectors, which are be-
lieved to be the predecessors of other useful flame-based devices for micro-column
liquid chromatography.

EXPERIMENTAL

Flume photometric detector

The flame base and housing are shown schematically in Fig. 1 and have been
described previously'#.

Hydrogen (55 ml/min) and nitrogen (90 ml/min), a non-combustible nebulizing
gas, are pre-mixed in a baffle and flow through a stainless-steel flame jet (0.76 mm
I.D.). Purified air (75 mi/min) is supplied to the fuel-rich flame by diffusion through a
fritted metal disk. A glass capillary (50 yum 1.D., 0.6 mm O.D., and 10 cm in length) is
inserted through the baffle, burner base and flame jet, and extends approximately 1



MICRO-COLUMN HPLC 181

7AJ [_. THERMIONIC DETECTOR

FLAME PHOTOMETRIC DETECTOR E} - ——— COLLECTOR ELECTRODE

IGNITION COIL é ANALYTICAL FLAME

o FIBER OPTIC
———"—-— HYDROGEN AND AIR INLET

FLAME JET

e RUBIDIUM BEAD

AIR INLET é — = e —— PRIMARY FLAME

/— CAPILLARY

| == e
T AIR INLET

= | /2 . —

FUEL INLETS j

e —i . _——— CAPILLARY
—~— ] e —_
BAFFLE r T HYDROGEN INLET
4 L R S —

Fig. 1. Schematic diagram of the flame photometric detector for capillary-column HPLC.

Fig. 2. Schematic diagram of the dual-flame thermionic detector for capillary-column HPLC.

mm above the top of the flame jet. The other end of this capillary is connected to the
HPLC micro-column with shrinkable PTFE tubing. The total column effluent is
nebulized by the concentric flow of gases over the orifice of the capillary.

A fiber-optics probe is fixed in the wall of the housing, and views the cooler
central region of the diffusion flame. THe emission from the chemilumifieseent species
is then measured with an interference filter (530 nm, FWHM 14 nm) and photo-
multiplier tube (Hamamatsu Corp., Model R-372). The electrical signal from the
photomultiplier is amplified by a picoammeter (RCA, Model WV-511A) and filtered
to remove high-frequency noise; the output is then displayed on a strip-chart recorder
(Shimadzu, Model R-101).

Thermionic detector

A schematic diagram of the dual-flame thermionic detector for micro-column
HPLC is shown in Fig. 2. The baffle and lower burner base are similar to those
described for the FPD. The lower flame housing is constructed of aluminum and
includes an ignition coil and a thermocouple to monitor flame conditions.

Hydrogen (60-70 ml/min) and nitrogen (90 ml/min) are pre-mixed in the baffle,
and nebulize the micro-column effluent at the glass-capillary orifice; purified air (140
ml/min) is supplied to the flame by diffusion through a fritted metal disk. Organic
solutes and solvents are decomposed in the lower primary flame; the combustion
products are combined with additional fuel (50-65 ml/min of hydrogen) and are
swept into the analytical flame, which is also supplied with air by diffusion (280
ml/min). The analytical flame is not allowed to ignite and burn freely; the best re-
sponse is obtained when combustion is carefully controlled in the region near the
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alkali bead. If the upper flame should accidentally ignite, a large increase in
background ion current is observed.

The alkali bead (rubidium nitrate), fabricated according to the procedure of
Lubkowitz et al.!®, is positioned 1-2 mm directly above the analytical flame jet. This
bead is electrically heated by a controlled-current source (Perkin-Elmer). The cylin-
drical collector electrode is polarized to 200 V by a high-voltage power supply (Keith-
ley, Model 244), and the upper flame jet is grounded to minimize solvent background.
The ion current is amplified by using an electrometer (Perkin-Elmer), filtered to
remove high-frequency noise and then displayed on a strip-chart recorder (Linear,
Model 355).

Liquid chromatograph

A syringe pump (Varian, Model 8500) was utilized in this investigation to
minimize fluctuations in pressure and flow-rate, which were expected to significantly
affect the mass-sensitive FPD and the thermionic detector.

Packed micro-capillary HPLC columns were prepared as described pre-
viously'#; octylsilane and octadecylsilane bonded phases were utilized in this investi-
gation. Samples (0.2 ul) were injected directly on to the column as described by Hirata
and Novotny*.

A variable-wavelength UV detector (Jasco Uvidec 100-11), with modified flow-
cell (¢a. 0.1 ul), was used for comparison of response and dead volume with those of
the flame-based detectors.

Reagents

Trimethyl phosphate, a model solute used to characterize the flame-based de-
tectors, was obtained from Aldrich.

Organophosphorus pesticide standards were of ““qualitative grade”, and were
purchased from Anspec. Cygon [O,0-dimethyl-S-(N-methylcarbamoylmethyl) phos-
phorothioate; 98 % purity], DDVP (2,2-dichlorovinyl phosphate; 93 9 purity), ethion
[0,0,0°,0’-tetraethyl-S,S’-methylenebis(phosphorothioate); 959, purity], guthion
[0,0-dimethyl-S-(4-0x0-1,2,3-benzotriazin-3(4H)-ylmethyl) phosphorothioate; 99 ]
purity], malathion [O,0-dimethyl-S-(dicarbethoxyethyl)dithiophosphate, 959
purity] and zolone [O,0-diethyl-S-(6-chloro-2-oxybenzoxazolin-3-ylmethyl)phospho-
rodithioate; 98 %, purity] were used as standards in this investigation.

“Nanograde” methanol was purchased from Mallinckrodt; water was de-
ionized, distilled, and finally redistilled from alkaline permanganate.

RESULTS AND DISCUSSION

Flame photometric detector

The FPD was nominally optimized in the phosphorus mode by independently
varying the hydrogen, nitrogen and air flow-rates to obtain the maximum signal-to-
noise ratio. The temperature of the central portion of the flame under optimum
conditions was 400-450°C (measured with a thermocouple), when water was as-
pirated at | yl/min. The optimum fuel-to-oxidant ratio was 3.7, which is comparable
with that of the gas chromatographic detector of this type!S. These results confirmed
the work of Dagnall et al.'”: the HPO species is formed most efficiently in a cool,
highly reducing flame.
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Fig. 3. Linearity of the flame photometric detector as a function of mobile phase composition. Column:

o/

10-m octylsilane micro-column. Mobile phase: O, pure water; [0, 109, aqueous methanol; A, 259
aqueous methanol. Solute: trimethyl phosphate.

The effect of selected organic solvents on phosphorus emission was studied
using trimethyl phosphate as a model solute. Methanol, ethanol, acetone and acetoni-
trile were added to the aqueous mobile phase in concentrations ranging from 0 to
509%,. For moderate concentrations of alcohol or acetone, a slight enhancement in
emission intensity was observed. As shown in Fig. 3, a twofold enhancement was
achieved when 10 9 aqueous methanol was used as mobile phase. Methanol could be
tolerated in concentrations up to 50 9, with no loss in signal intensity; however, the
flame background was substantially increased. Similarly, ethanol and acetone pro-
vided small increases in analytical sensitivity, and could be tolerated in concen-
trations up to 40 9. In contrast, acetonitrile severely quenched phosphorus emission
and increased background noise even at very low concentrations (1-59%;). Similar
results were reported by Chester®!® in an investigation of solvent effects on the
inverted-flame FPD in conventional HPLC.

The increase in emission intensity in the presence of alcohols and acetone does
not indicate that quenching of the type described by Julin e a/.® and Dagnall et al.'”
does not occur in this detector. It merely suggests that vast improvement in other
areas may overshadow any slight decrease in emission due to chemical quenching in
the flame. The signal enhancement is most probably due to changes in the physical
properties of the HPLC effluent, such as surface tension, viscosity, volatility and
combustibility, which result in improved nebulization and desolvation.

The flame-based detector was able to accept in excess of 20 ul/min of 10-25Y%
aqueous methanol without extinction of the flame or production of luminous soot.
The best response was obtained at flow-rates less than 5 ul/min, which is typical of
open-tubular and packed capillary HPLC columns.

The detection limits were determined according to the method of McGuffin
and Novotny'#, with trimethyl phosphate as a model solute under non-retained con-
ditions. The minimum detectable quantity was 2.0 + 0.1 ng of phosphorus at a
signal-to-noise (RMS) ratio of 5 (99.5 %, confidence level). This corresponds to a mass
flux of 71 + 3 pg/sec at the maximum of the Gaussian peak.

The linear range of this detector was determined for mobile phases containing
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Fig. 4. Chromatogram of organophosphorus pesticides using the FPD Column: 10-m octylsilane micro-
column. Mobile phase: 42 %] aqueous methanol (50 atm). Peaks: 1 = so'vent front; 2 = cygon (80 ng of
phosphorus); 3 = DDVP (280 ng of phosphorus); 4 = phosphor us- Lontdmmg impurities; 5 = malathion
(230 ng of phosphorus); 6 = guthion (200 ng of phosphorus). UV detector range: 0.02.

pure water, 109, aqueous methanol and 259, aqueous methanol. The results sum-
marized in Fig. 3 indicate that response is linear for all three solvent systems from the
detection limit to at least 100 ng of phosphorus.

To illustrate the potential of the FPD, a mixture of four structurally diverse
organophosphorus pesticides was separated on a short reversed-phase micro-column.
The response of the FPD was compared with UV detection at 254 nm; the sensitivity
of the UV detector was adjusted to give approximately the same signal-to-noise ratio
as the FPD for the last peak (guthion). As shown in Fig. 4, the FPD exhibited good
sensitivity and selectivity for all pesticides, and additionally revealed the presence of
three phosphorus-containing impurities in the pesticide standards. In general, flame
photometric detection was superior to UV detection whenever the molar absorptivity
(¢) of the phosphorus-containing solute was less than 500 to 800 I/mol-cm at the
wavelength of interest.

Although this investigation has been limited to the determination of organo-
phosphorus compounds, flame-emission detection may also be utilized for sulfur, ni-
trogen, boron, and some organometallic species.

Thermionic detector

The dual-flame thermionic detector spatially separates the analytical measure-
ment process from the fundamental flame processes, such as nebulization and desolva-
tion. For this reason, higher concentrations of organic modifiers may be added to
the mobile phase with less matrix interference. The thermionic detector has been
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Fig. 5. Linearity of thermionic detector. Column: 10-m octylsilane micro-column. Mobile phase: meth-
anol. Solute: trimethyl phosphate.

utilized with mobile phases containing 75 to 100 %, aqueous methanol; gradient elu-
tion is also feasible with minimal baseline drift. In addition, pump pulsations seem
to have little, if any. effect on the detector response.

Although the device has not as yet been optimized, the sensitivity seems quite
good. From preliminary experiments, the detection limit appears to be at least one,
and possibly two, orders of magnitude less than that of the FPD. An injected quantity
of 2 ng of phosphorus was clearly visible above the background noise [signal-to-noise
(RMS) ratio > 30].

The linear dynamic range of the thermionic detector was investigated using

1

R\\\««m

} I n } | 1 t I
T T T

TIME (mind
Fig. 6. Chromatogram of organophosphorus pesticides using thermionic detection. Column: 27-m oc-
tadecylsilane micro-column. Mobile phase: 859, aqueous methanol (120 atm). Peaks: | = guthion (97 ng
of phosphorus); 2 = zolone (87 ng of phosphorus); 3 = ethion (130 ng of phosphorus). Detector range: 16
x 1.
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trimethyl phosphate as a model solute and methanol as mobile phase. As shown in
Fig. 5, the device was linear from 2 ng up to at least 750 ng of phosphorus injected.

To demonstrate the potential of the thermionic detector, several of the more
strongly retained organophosphorus pesticides were chromatographed on an octa-
decylsilane capillary column, with 85 %, aqueous methanol as mobile phase. The high
sensitivity and low background noise characteristic of the dual-flame thermionic de-
tector are .illustrated in Fig. 6; guthion, zolone and ethion were easily detected in
amounts ranging from 87 to 130 ng of phosphorus.

In these preliminary investigations, the thermionic detector has been utilized
primarily for the determination of organophosphorus compounds; however, selec-
tivity has also been demonstrated for some nitrogen-containing compounds, such as
caffeine and pyrazine.

CONCLUSION

A novel flame-based detector has been developed, which benefits highly from
the reduced flow-rates of capillary HPLC columns. The total micro-column effluent is
nebulized and aspirated directly into a hydrogen-air diffusion flame. Solutes may
then be selectively detected by their characteristic optical emission or secondary-
ionization phenomena.

The total-consumption burner utilized in this investigation provides efficient
use of the small samples and low flow-rates associated with capillary column HPLC.
In addition, it ensures that a representative fraction of the effluent reaches the flame;
thus, no pre-concentration of volatile solutes or solvents occurs, as it might with
separate, heated nebulizer chambers. Another advantage is the very small dead
volume of this design; the end of the capillary column may be inserted directly into
the flame. Although this investigation has been limited to packed capillaries, the
detectors should also be compatible with open-tubular columns, provided that chemi-
cally bonded stationary phases are utilized.

The FPD and the thermionic detector exhibit high selectivity and good sensi-
tivity for organophosphorus compounds. Moreover, the detectors permit the use of a
wide range of organic mobile-phase concentrations; thus, sufficient variety is
available to design chromatographic systems that will accomplish useful separations.

The selective detection of nitrogen-containing compounds will be the desirable
extension of this research. Potential applications include the determination of nitro-
gen-containing drugs and their metabolites in physiological fluids, the detection of
polynuclear heteroaromatic compounds in energy-related samples, and the determi-
nation of alkaloids in plant material. A more thorough characterization and optimiza-
tion of the thermionic detector will be necessary before routine application is
possible.
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STUDY OF THE PERFORMANCE OF CATION-EXCHANGE COLUMNS IN
OPEN-TUBULAR MICROCAPILLARY LIQUID CHROMATOGRAPHY

DAIDO ISHII* and TOYOHIDE TAKEUCHI
Department of Applied Chemistry, Fuculty of Engineering, Nagoyua University, Chikusa-ku, Nagoya-shi 464
(Jupan)

SUMMARY

Aromatic and aliphatic cation-exchange columns have been prepared for open-
tubular microcapillary liquid chromatography. The performance of these columns
was evaluated by using a UV spectrophotometer as the detector and nucleosides as
samples. The dependence of solute retention on the pH and salt concentration of the
mobile phase or column temperature was examined. A difference in selectivity between
aromatic and aliphatic cation-exchange columns was observed, and is ascribed to the
difference in matrices. The ion-exchange capacity per unit column length was about
2107 equiv./m.

INTRODUCTION

During the last five years a number of studies of the use of small-bore columns
in high-performance liquid chromatography (HPLC) have been published. The con-
sumption of both solvents and packing was found to be reduced and the low flow-
rates facilitated the direct combination to a mass spectrometer.

Open-tubular microcapillary columns have also been observed to have higher
efficiencies in terms of theoretical plate numbers compared with conventional HPL.C
columns. We have prepared various types of open-tubular microcapillary columns
and examined their chromatographic performances: columns physically coated with
silicone grease'. . -oxydipropionitrile? and polyethylene glycols?; solid columns®*#;
chemically bonded octadecylsilane columns®-® and polystyrene columns’. Good re-
sults were obtained on the various columns and the applicability of the columns was
substantiated. The results were also supported theoretically by Knox and co-work-
ers®?,

The theoretical plate height (H or HETP) was determined from the equation
proposed by Golay!’

2D, (1A + 6k" + 1) & 2k d
+

l‘l = e e L2 —_— . ]
u 96 (1 + ky D, "7 : u L

where D, and D, are the diffusion coeflicients of a solute in the mobile and the

0021-9673/81/0000-0000/$02.50  «> 1981 Elsevier Scientific Publishing Company
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stationary phase, u is the linear velocity of the mobile phase, k" is the capacity factor,
d, is the column diameter and d is the thickness (or depth) of the stationary phase,
respectively. Eqn. | indicates that d; and d should be minimized in order to attain a
low H value. Since the contribution of the first term in eqn. 1 (a longitudinal diffusion
term) is usually small, the desired chromatographic system is one which results in large
D, and D, values.

We have found? that the contribution of the mass transfer resistance in the
mobile phase (the second term in eqn. 1) to H was predominant for physically coated
columns of 30-60 ym 1.D. Thus, the stationary phase can be considered to exist as a
thin layer having low resistance to mass transfer.

The above results encouraged us to develop narrower-bore and/or longer col-
umns which can generate larger numbers of theoretical plates. However, it is difficult
to prepare columns having such dimensions, especially chemically bonded columns.

Recently, a preparation technique for chemically bonded stationary phase has
been developed and chemically bonded octadecylsilane (ODS) columns (5-20 m x
30-50 pum 1.D.) were prepared®. The conditions, such as temperature of pre-treatment
with an alkaline solution, reaction temperature and time and diluents of silane re-
agents, were examined in detail. The reactions between silane reagents and silanol
groups were promoted by heating for longer than 4 h at 150°C. In the case of the
above ODS columns, the contribution of mass transfer resistance in the mobile phase
was predominant. Thus, it is expected that narrower-bore columns can be prepared.

This method can be applied to the preparation of various kinds of stationary
phases, and we now describe the preparation of chemically bonded cation-exchange
columns. Both aromatic and aliphatic cation-exchange columns have been prepared
and some parameters which affect solute retention have been examined. The use of
aliphatic cation-exchange columns in HPLC has previously been reported!!-!2,

EXPERIMENTAL

The reagents were purchased from Wako (Osaka, Japan), unless noted other-
wise.

A liquid chromatograph was assembled from a micro feeder (Azumadenki
Kogyo, Tokyo, Japan) and a gas-tight syringe as a pump, a UV spectrophotometer
UVIDEC-100 (Japan Spectroscopic, Tokyo, Japan) with a modified flow cell and a
home-made column oven comprising an asbestos board equipped with a heater and a
tan. The temperature was adjusted by a slide rheostat which altered the applied
voltage.

Soda-lime glass capillary tubing (30-60 um 1.D.) was prepared with a glass
drawing machine, as described previously?, and treated with a | N sodium hydroxide
aqueous solution at 20-50"C for 2 days. Subsequent to pre-treatment, the capillary
tubings were washed with pure methanol or hydrochloric acid or with a mixture of
these compounds and then dried in a stream of helium at 120°C for 5 h. The capillary
wasfilled with a toluene solution of phenyltriethoxysilane or 2-mercaptoethyltriethoxy-
silane (Tokyo Chemical Industry, Tokyo, Japan) and the reaction was promoted at
elevated temperature (ca. 140°C). Alternatively, the capillary was coated with a 209,
(v/v) phenyltriethoxysilane solution in dichloromethane by the dynamic coating
method. as previously reported’:*°. Solvents employed were dried on a column
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packed with 4-A molecular sieves (8-12 mesh; Yoneyama Yakuhin kogyo, Osaka,
Japan). Ion-exchange groups were introduced into the capillaries by treatment with
concentrated sulphuric acid at 90 C for 4 h (for phenylsilyl groups) or with 1 N
sulphuric acid containing 2 % (w/w) potassium permanganate at room temperature
(for 2-mercaptoethylsilyl groups). After the reaction, the columns were washed with
deionized water in the former case and with 0.1 M oxalic acid and deionized water in
the latter case.

Reaction models are given in Fig. 1. Silane reagents are shown as reacting
mono-functionally with silanol groups, but in practice, some reagents react bi-func-
tionally.

(A) Aromatic cation-exchange column

1 1 (I)C2H5
-Si-0H  +  (HgC,0)3Si-CeHg ——— -Si-0-Si-CyHg
' 0C,Hs
OCH
conc. HpS504 ! P2ns
———— -§1-0-Si-CgH,SO04H
at 90°C ] |
0C,Hs
(B) Aliphotic cation-exchange column
1 , QCZHS
-Sli—OH +  (H5C,0) 3Si-C,H,SH > -51-0-S1-C,H,SH
0C,H,
2% KMnOy , QC2H5
———»-51-0-Si-C,H,SO3H
at R.T. ! 6C2H5

Fig. 1. Reaction models for cation-exchange columns.

A support coated open-tubular column was also prepared in order to compare
the properties of the chemically bonded stationary phases with commercially
available packings, e.g., Shodex 125S (sodium polystyrene sulphonate, 12.5 um;
Showa Denko K.K., Tokyo, Japan). A soda-lime capillary, which had previously been
treated with an alkaline solution, was filled with an aqueous suspension of the pack-
ing material {(ground to particles less than 1 um). It was then heated at a rate of
4°C/min from 30 to 130"C before being kept at 130°C overnight. Finally, the capillary
was washed with deionized water.

lon-exchange capacities were measured by the following method. A sodium
chloride solution (0.1 M, 50-100 ul) was passed through the prepared cation-ex-
change column (H*) converting it completely into the sodium form. The effluent
contained hydrochloric acid in an amount equivalent to the capacity of the column,
which was then determined by titration with sodium hydroxide solution (107* M).

The performance of cation-exchange columns was estimated by employing
nucleosides (Kohjin, Tokyo, Japan) as test samples and formic acid~ammonium for-
mate as the mobile phase. The pH of the mobile phase was adjusted with formic acid.
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Fig. 2. Effect of pre-treatment temperature on retention for phenylsilane column. Stationary phase: phenyl-
silane, reacted for 15 h at 170°C. Mobile phase: acetonitrile—water (2:8 v/v). Samples: /\, naphthalene;
O, biphenyl.

RESULTS AND DISCUSSION

The treatment of soda-lime glass capillaries with a 1 N sodium hydroxide
aqueous solution effectively increases their surface areas. Fig. 2 shows the effect of
pre-treatment temperature on solutes retention for a phenylsilane column. In this
case, a 209, silane solution in dichloromethane was coated by the dynamic coating
method, as described earlier®. The retention of solutes increases with increasing pre-
treatment temperature, /.., more phenylsilyl groups are introduced on the glass sur-
face at higher temperatures.

Tables I and II show the variations of solute retention with sulphonation for
the aromatic and aliphatic cation-exchange columns, respectively. On both cation-
exchange columns, retention of aromatic hydrocarbons decreased after sulphonation,
while that of nucleosides increased. This is ascribed to the decrease of hydropho-
bicity, which results in the introduction of ion-exchange groups. Nucleosides were

TABLE 1

VARIATION OF SOLUTE RETENTION WITH SULPHONATION ON THE AROMATIC
CATION-EXCHANGE COLUMN

Mobile phase Solute K

LC H, C H,SOH
Acetonitrile-water Biphenyl 0.35 0
(3:7) Pyrene 0.69 4}
2-107°* M Uridine 0 0
Ammonium formate, Guanosine 0 0.06
pH 2.7 Adenosine 0.08 0.46

Cytidine 0.19 0.43
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TABLE 11

VARIATION OF SOLUTE RETENTION WITH SULPHONATION ON THE ALIPHATIC
CATION-EXCHANGE COLUMN

Mobile phase Solute '
C,H,SH ~-C,H,SOH
Acetonitrile-water Biphenyl 0.25 —
(2:8 v/v) Pyrene 0.80 0.18
1 x 107 M Ammonium formate,  Uridine 0 0
pH = 3.4 Guanosine 0.03 0.06
Adenosine 0.26 0.93
Cytidine 0.19 0.98

retained on phenylsilane and 2-mercaptoethylsilane columns, leading to a difference
in sclectivity between the aromatic and aliphatic cation-exchange columns.

In ion-exchange HPLC, solute retention depends on various parameters such
as the pH and the ionic strength of the mobile phase, concentration of organic
solvent, column temperature, etc. Fig. 3A and 3B illustrates the influence of pH of the
mobile phase on solute retention for support coated and chemically bonded aromatic
cation-exchange columns, respectively. Similar pH dependences were observed, con-
firming that the chemically bonded columns possessed ion-exchange properties. The
k" valtues and elution order of adenosine and cytidine were sensitive to pH, while the
retention of guanosine increased gradually with decreasing pH. However, uridine was
not retained. Four nucleosides could be separated at low pH (e.g., 2.2).

Fig. 3C illustrates the dependence of solute retention on pH of the mobile
phase for the aliphatic cation-exchange column. The behaviour of adenosine and
cytidine was different from that on the aromatic cation-exchange columns. The two

(A) (B) ()
c
1r 1F g
[+5]
=
2 C /C\ ,
X | -
._A A
¢ A ¢
) c A 6
MDG ST Mg | :\?:3;8:*&6
oru U| oru Ul ofu i
1 i 1 L 1 1 1

Fig. 3. & values as a function of pH of the mobile phase. Columns: A, coated with Shodex HC-125S R-
SO;Na; B, chemically bonded aromatic column, -C H,SO;H; C, chemically bonded aliphatic column,
~C,H,SO,H. Mobile phases: ammonium formate, 5 x 107* M (A)or2 x 10" * M (B and C). Sample: U =
uridine; G = guanosine; C = cytidine; A = adenosine.



194 D. ISHII, T. TAKEUCHI

nucleosides could not be separated at low pH (less than 3), but they could be sep-
arated at pH ca. 3.5. This difference in selectivity between the two kinds of stationary
phases may be due to difference in the matrices.

Fig. 4 shows the effect of the concentration of a salt on the retention of cy-
tidine. The smaller the salt concentration the larger is the k” value obtained, which is
consistent with the results of conventional ion-exchange chromatography.

k' value

PH
Fig. 4. k" value of cytidine as a function of the pH and ionic strength of the mobile phase on the aliphatic
cation-exchange column (5.3 m x 52 pym L.D.). Mobile phases: ammonium formate, 1-1073° M (O),
5-1073 M (0O), 1-1072 M (A). The pH was adjusted with formic acid.

Typical chromatograms obtained with chemically bonded cation-exchange
capillary columns are shown in Fig. 5. Operating conditions were selected according
to the above observations. Four nucleosides are satisfactorily separated on both
columns. The peak shapes are symmetrical on the aliphatic cation-exchange column,
but slight tailing is observed on the aromatic cation-exchange column.

The diffusion coefficients of solutes in the mobile phases employed in ion-
exchange chromatography are small. Thus, it is preferable to operate at higher tem-
peratures. In general, the column temperature affects both the column efficiency and
solute retention. Fig. 6 shows the effect of column temperature on both parameters.
For the non-retained solute (uridine), theoretical plate numbers increased with in-
creasing temperature, whereas those for cytidine decreased at 75°C. The chromato-
graphic peaks observed at higher temperature had pronounced leading edges for
retained solutes, resulting in poor efficiency. The &’ value of cytidine decreased with
increasing column temperature and plots of A’ value on a logarithm scale against
reciprocal of absolute temperature were linear.

Baseline separation of nucleosides was achieved at 43°C, as shown in Fig. 7.

Eqn. 1 indicates that a lower H value can be attained with a smaller-bore
capillary column. Fig. 8 shows the relationship between linear velocity, u, and HETP
obtained with columns of different bores. Lower H values and lower slopes of the
plots are observed for the smaller-bore column, in agreement with the preceding
discussion.

The ion-exchange capacity is a significant characteristic of ion-exchange chro-
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Fig. 5. Separations of nucleosides on cation-exchange columns at room temperature (¢a. 20°C). Columns:
A,52m x 44 ym1.D., -C;H,SO,H; B, 5.3 m x 52 ym L.D., -C,H,SO,H. Mobile phases: ammonium
formate, 2-107* M, pH 2.2 (A); 1 - 1073 M, pH 3.4 (B). Flow-rate: 1.1 pl/min (A); 1.7 pl/min (B). Sample:
12 ng uridine; 12 ng guanosine; 13 ng cytidine; 11 ng adenosine. Wavelength of UV detection: 260 nm.
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Fig. 6. Effect of column temperature on column efficiency and retention of nucleosides. Column: 5.1 m x
46 um 1.D., aliphatic cation-exchange. Mobile phase: 1 - 10~ % M ammonium formate, pH 3.4; flow-rate 1.7
ul/min. Samples: A A, uridine; O @, cytidine.
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Fig. 7. Separation of nucleosides at 43°C, on the aliphatic cation-exchange column (6.0 m x 39 ym 1.D.).
Mobile phase: 2-10™* M ammonium formate, pH 3.4; flow-rate 0.83 ul/min. Sample: 6.9 ng uridine; 6.8
ng guanosine; 6.2 ng adenosine; 9.0 ng cytidine; eluted in that order. Wavelength of UV detection: 260 nm.

Fig. 8. Relationship between linear velocity and HETP. Columns (-C,H,SO,H): O,4.2m x 47 um 1.D.;
0,6.0m x 39 um I.D.; A, 5.8 m x 33 um L.D. Sample: cytidine; A° 1.5 (O), 1.2 (O), 1.2 (A).

matography. Commercial ion-exchangers possess 2-5000 wuequiv./g of ion-ex-
change capacity, depending upon the porosity and type of matrix. The cation-ex-
change capacities of some capillary columns prepared in this work are shown in Table
II: 1-107°8-2-10"% equiv./m of cation-exchange capacity is obtained. For the
second column the total cation-exchange capacity of 7.2 - 10~ ® equiv. corresponds to
the number of sulphonic groups, 4.3 - 10*°, and the density of ion-exchange groups is
calculated to be 7.3+ 10'° groups per cm? when the glass surface is assumed to be bare
(or smooth). Since it is accepted that there are 4 - 10'*-8 - 10'* silanol groups per cm?
on silica gel, at most 4-10'*-8-10'* ion-exchange groups can be introduced of sur-
face per cm?.

The above results indicate that the second capillary column in Table III
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TALBE III
CATION-EXCHANGE CAPACITIES

Capillaries were treated with 1 N sodium hydroxide aqueous solution for 2 days.

Pre-treatment  Stationary 1.D. Length Volume  lon-exchange capacity

temperature phase (pum) (m) (ul) I c T T T T

(C) Total Per unit Per unit
(equiv.) volume length

(equiv.jpl) (equiv./m)

35 ~C4H,SO,H 60 5.35 15.1 80 x 107% 53 x 107° 1.5x 107%
50 ~C,H,SO,H 45 4.18 6.6 72 % 107% 11 x 107% 1.7 x 1078
C,H,SO,H 7.2 6.6 x 107 92 x 107° 1.1 x 107®

48 — 39 6.02

possesses a larger surface area than that of bare glass, due to the pre-treatment with
an alkaline solution: the surface area increased by a factor of at least 9-18 upon
treatment with a 1 N sodium hydroxide aqueous solution for 2 days at 50" C.

CONCLUSION

Cation-exchange capillary columns prepared in this work showed similar
characteristics to conventional ion-exchange columns. A difference in selectivity be-
tween aromatic and aliphatic cation-exchange columns was observed, which would
serve to improve resolution. Operation at higher temperatures gave better results.
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SUMMARY

A pre-column concentration technique in ultra-micro high-performance liquid
chromatography has been developed and applied to trace analysis. The micro pre-
columns are composed of PTFE tubing (3-12 x 0.1-0.2 mm [.D.) packed with
commercially available materials. Components in water or samples are collected in a
micro pre-column and then separated on ultra-micro packed columns (ca. 10 cm X
0.12 mm 1.D.). Polynuclear aromatic hydrocarbons, phthalates and corticosteroids
can be separated on these columns, in spite of the small dimensions. Phthalates in
water and corticosteroids in serum have been determined by this technique.

INTRODUCTION

The use of micro-bore columns in high-performance liquid chromatography
(HPLC) has several advantages: (1) consumption of the mobile phase, which is some-
times toxic, is low; (2) the amounts of packing materials can be reduced; (3) the
amounts of sample required for analysis are small, which is especially favourable in
vivo; (4) the low flow-rate of the mobile phase facilitates the direct combination of a
liquid chromatograph with a mass spectrometer.

Ishii and co-workers have developed micro-HPLC! and examined various
modes of chromatography with columns of 3-20 cm x 0.5 mm 1.D.?”. The internal
volume of these columns was one-hundredth that of conventional HPLC columns.
Since solute band broadening in a micro-HPLC column is small, solutes can be
detected sensitively.

We have recently developed ultra-micro-HPLC and examined the parameters
which affect the column efficiency®. Pyrex glass columns gave the highest efficiencies
and satisfactory separations of aromatic hydrocarbons were obtained with columns
of 310 ecm x 0.12 mm 1.D. The dimensions of columns employed in ultra-micro-
HPLC are about one-tenth of those of micro-HPLC and one-thousandth of those of
conventional HPLC. The sensitivity increased by a factor of ten compared with that
in micro-HPLC and the consumption of the mobile phase could be markedly re-
duced.

In ultra-micro-HPLC the amounts of sample injected should be as small as

0021-9673/81/0000-0000/$02.50 ¢ 1981 Elsevier Scientific Publishing Company
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possible (around 0.02 pl). Thus, the pre-treatment of a sample prior to injection is
indispensable in the case of the analysis of constituents existing in dilute solutions.

The micro pre-column method was useful for the analysis of samples in vivo, as
previously reported*. The pre-columns were composed of PTFE tubing (1-3 cm x
0.5 mm I[.D.). The samples were first placed on the micro pre-column and then
required solutes eluted by a mobile phase. The solutes were then loaded onto a
separation column.

We now describe the use of the micro pre-column method in ultra-micro-
HPLC, and the application of this technique to trace analysis.

EXPERIMENTAL

The apparatus employed was nearly the same as described previously®. Pyrex
glass tubing was selected as the column material since a pyrex glass column gave the
highest efficiency of all the materials examined.

The micro pre-column was composed of PTFE tubing (0.1-0.2 mm 1.D.)
packed with commercially available packings. After the concentration step, the pre-
column was connected to a separation column by stainless-steel tubing (3-5 x 0.13
mm [.D.), as shown in Fig. 1. For the analysis of corticosteroids, the pre-column was
freed {from water using an Hitachi rotary oil vacuum pump (Hitacht, Tokyo, Japan).

Both separation and collection columns were packed with commercially
available packing materials: silica ODS SC-01 (5 um; Japan Spectroscopic, Hachioji-
shi, Japan); Develosil ODS (3, 5 and 10 gm; Nomura Chemical, Setoshi, Japan);
porous polymer Hitachi GEL No. 3011 (12 um, Hitachi) and Nucleosil NH, (10 gm).
The preparation of these micro-bore columns was as described previously®.

The sample solution was passed into a pre-column by one of two methods: (1)
manual feeding using a gas-tight syringe (1 ml) or (2) feeding via a glass pipe (ca. 0.3
mm [.D.) and nitrogen pressure (ca. 20 atm). The gas-tight syringe and glass pipe
were carefully washed with organic solvents and distilled water prior to use, otherwise
solutes were sometimes adsorbed on the vessel walls. For a micro pre-column (5 x
0.2 mm [.D.) packed with 10-um materials, 5-20 min were required to pass | ml of an
aqueous solution. The performance of the pre-columns was examined with poly-
nuclear aromatic hydrocarbons and phthalates as samples.

4

[ 10 mm
3 4 4 3 4
-
L
1 5
Fig. 1. Schematic diagram of a micro pre-column and the inlet of a separation column. | = Separation

column; 2 = stainless-steel tubing (3-5 x 0.13 mm L.D.); 3 = packing; 4 = quartz wool; S = micro pre-
column.
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Fig. 2. Separation of aromatic hydrocarbons on an ultra-micro column (10.1 cm x 0.12 mm L.D. Pyrex
glass capillary) packed with silica ODS SC-01. Mobile phase: acetonitrile-water (65:35); flow-rate 0.83
ul/min. Sample: 1 = 130 ng benzene; 2 = 11 ng naphthalene; 3 = 2.4 ng biphenyl; 4 = 3.4 ng fluorene;
5 = 0.6 ng phenanthrene; 6 = 0.4 ng anthracene; 7 = 3.4 ng fluoranthene; 8 = 3.4 ng pyrene; 9 = 3.4 ng p-
terphenyl; 10 = 1.0 ng chrysene; 11 = 1.3 ng 9-phenylanthracene; 12 = 1.0 ng perylene; 13 = 4.1 ng
1,3,5-triphenylbenzene; 14 = 1.1 ng 3,4-benzopyrene. Wavelength of UV detection: 254 nm.

All reagents were purchased from Wako (Osaka, Japan) or Tokyo Chemical
Industry (Tokyo, Japan). Horse serum was filtered through a membrane filter (0.45
um) prior to use.

RESULTS AND DISCUSSION

Performance of ultra-micro columns

Despite the fact that the internal volume of an ultra-micro column (10 cm x
0.12 mm I.D.) is only about 1 ul, sufficient separability is observed. Fig. 2 illustrates
the separation of polynuclear aromatic hydrocarbons. Solute amounts less than 1 ng
can be detected since there is little spreading through the column; solute band broad-
ening is only 0.3-1.5 pul.
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Fig. 3. Influence of particle diameter of packing materials on column efficiency. Columns: O, 4.9 cm x
0.12mm LD, packed with Develosil ODS, 3 um; A, 10.1 cm x 0.12 mm 1.D., packed with Develosil ODS,
5pum; [1,10.1em x 0.12mm 1.D., packed with Develosil ODS, 10 um. Mobile phases: O, [, acetonitrile—
water (60:40 v/v); A, acetonitrile-water (65:35 v/v). Sample: pyrene.

The influence of the particle diameter of the packing materials on column
effictency is shown in Fig. 3. A column packed with smaller particles gave a lower
value of the height equivalent to a theoretical plate (HETP). However, the pressure
drop over the column, which was packed with 3-um particles, was larger than usual.
Thus, columns packed with 5-10 ym packings were effective in ultra-micro-HPLC.

Examination of the micro pre-column method

The effect of pre-column length on height equivalent to an effective theoretical
plate (HEETP) was examined using SC-01 as the packing for both the separation and
collection columns. Fig. 4 shows that a slightly lower HEETP value was observed for

0,05~ ‘O—O——O——O—\_O_

HEETP (mm

Pre-column Length (mm)

Fig. 4. Effect of pre-column length on column efficiency. Column: 10.1 cm x 0.12 mm 1.D. packed with
SC-01. Pre-column: 0.15 mm 1.D., packed with SC-01. Mobile phase: acetonitrile-water (65:35); flow-rate
0.83 pl/min. Sample: 58 ppb anthracene in distilled water; volume 10 ul. Wavelength of UV detection: 254
nm.



APPLICATION OF ULTRA-MICRO-HPLC TO TRACE ANALYSIS 203

x1072 x10_2
2+ 5+
: Ll"
~ [ P
@
gt 2 @
L RS
+~ L =
Sk 3
T L =
-
~ T E 2+
8 - 2
[
L 1k
0_1 L 1 1 L L 1 1 0 A T T [N T U S N Y S S S |
0 50 0 0.5 1 1.5
Sample Volume (ul) Sample Volume (ml)

Fig. 5. Relationship between sample volume and peak height. Pre-column: 4 x 0.15 mm I.D. Sample: 42
ppb phenanthrene in distilled water. Other operating conditions as in Fig. 4.

Fig. 6. Relationship between sample volume and peak height. Column: 10.1 cm x 0.12 mm 1.D., packed
with SC-01. Pre-column: 4 x 0.15 mm L.D., packed with SC-01. Mobile phase: acetonitrile-water (65:35);
flow-rate 0.83 ul/min. Sample: 20 ppb diisopropyl phthalate in distilled water. Wavelength of UV detec-
tion: 230 nm.

the longer pre-column. However, too much time was required to pass an aqueous
solution through this column. The peak heights of solutes were similar for the dif-
ferent lengths examined, indicating that solutes were collected completely in a micro
pre-column. Thus, pre-columns with dimensions of 46 x 0.1-0.2 mm 1.D. were
selected for the following studies; the internal volume was 0.03-0.19 pul.

Fig. 5 shows the relationship between sample volume and peak height, which is
linear in the range 10-70 ul. A linear relation was also observed in the range 0.1-1.4
ml, Fig. 6. In the former case 0.42-2.9 ng phenanthrene and in the latter case 2-28 ng
diisopropyl phthalate were collected, respectively. In addition, similar HEETP values
were obtained, independent of sample volume.

Fig. 7 shows the relationship between sample concentration and peak height,
which is linear in the range 0.02-0.88 ppm. The samples were prepared in acetonitrile—
water (20:80). The effect of sample concentration on the column efficiency was
negligible, as illustrated in Fig. 7. A linear relationship between sample concentration
and peak height was obtained at low concentrations (1-20 ppb*), Fig. 8.

For dilute sample solutions, the problem of adsorption of solutes on the vessel
walls is serious. Ogan et al.® found that adsorption could be reduced by treating glass
walls with dimethyldichlorosilane. In contrast, we found that addition of 1 ppm of
ethylene glycol to a sample solution was sufficient to reduce adsorption of phthalates.

The non-zero intercept in Fig. 8 indicates that di-n-butyl phthalate is present as
an impurity in distilled water and/or ethylene glycol. Unfortunately, di-n-butyl

* Throughout this article, the American billion (10°) is meant.
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Fig. 7. Dependence of peak height and column efficiency on sample concentration. Sample: phenanthrene
in acetonitrile-water (20:80); volume 15 ul. Other operating conditions as in Fig. 4.

phthalate and diisobutyl phthalate have the same retention in the reversed-phase
system employed. Ishida er a/l.'® reported that di-n-butyl phthalate was present as an
impurity in water and various organic solvents. The content of di-n-butyl phthalate
was determined, assuming the absence of diisobutyl phthalate, to be ca. 3 ppb in
distilled water containing | ppm ethylene glycol.

x1072

Peak Height (Abs.)

Concentration (ppb)

Fig. 8. Relationship between sample concentration and peak height. Column: 9.9 ecm x 0.12 mm [.D.,
packed with SC-01. Pre-column: 5-6 x 0.15 mm 1.D., packed with SC-01. Mobile phase: acetonitrile-
water (65:35); flow-rate 0.83 ul/min. Sample: di-n-butyl phthalate in distilled water containing 1 ppm
ethylene glycol; volume 1 ml. Wavelength of UV detection, 230 nm.
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Fig. 9. Analysis of phthalates in water. Column: 10.2cm x 0.12 mm 1.D., packed with SC-01. Pre-column:
5 x 0.19 mm L.D., packed with Develosil ODS (10 um). Mobile phases: acetonitrile-water (55:45) (a);
(65:35) (b); (90:10) (c); flow-rate 0.83 ul/min. Samples: A, 1 = 9.9 ng dimethyl; 2 = 9.8 ng diethyl; 3 = 9.8
ng diisopropyl; 4 = 9.8 ng di-n-butyl; 5 = 6.6 ng diheptyl; 6 = 7.3 ng di-2-ethylhexyl; 7 = 8.3 ng
dinonyl phthalate; B, deionized water, 200 ul; C, tap-water, 400 ul. Wavelength of UV detection: 235 nm.

Application to trace analysis

The pre-column method was applied to the analysis of phthalates in water. Fig.
9A shows the stepwise gradient separation of standard mixtures of phthalates. Gra-
dient elution was performed as follows. Prior to a chromatographic run, different
proportions of mobile phases were stored in a fused silica glass capillary tubing (0.25
mm I.D.) in the order as indicated in Fig. 9 and then forwarded onto the separation
column via the injection part by feeding the third solution (c¢) from a pump. A sample
solution was sucked in the top of the mobile phase manually.

Fig. 9B and C shows the analysis of phthalates in deionized and tap-water
using the pre-column method, respectively. Solutes were identified from their reten-
tion times and the amounts of di-n-butyl and di-2-ethylhexyl phthalate were deter-
mined from standard samples. The results are given in Table I.

Fig. 10 shows the analysis of drained water from a sewage treatment plant. A



206 T. TAKEUCHI, D. ISHII

TABLE 1
ANALYTICAL RESULTS FOR PHTHALATES IN WATER
DBP = di-n-butyl phthalate; DEHP = di-2-ethylhexyl phthalate.

Sample Concentration (ppb)
DBP DEHP

Deionized water 101 8.4

Tap-water 14 4.0

Distilled water 1.5 2.8

number of peaks were detected. Unfortunately the solutes could not be identified, but
use of a mass spectrometer may solve this problem.

The analysis of corticosteroids can be performed with the pre-column method,
as previously reported*, using either reversed- or normal-phase systems. In this work,
the latter mode was adopted. However, trace amounts of water remaining in the

le——>!
0.002 Abs.

Retention Volume (ul)
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Fig. 10. Analysis of drained water from a sewage treatment plant. Column: 10.0 cm x 0.12 mm LD,
packed with SC-01. Pre-column: 4 x 0.2 mm L.D., packed with SC-01. Mobile phases: acetonitrile-water
(3:7) (A); (4:6) (B); (5:5) (O); (6:4) (D); (7:3) (E); (8:2) (F); (9:1) (G). Sample: drained water, 100 ul. Flow-
rate: 0.42 ul/min. Wavelength of UV detection: 220 nm.

Fig. 11. Influence of drying time on solute retention. Column: 10.1 cm x 0.12 mm LD., packed with
Nucleosil NH,. Pre-column: 4-6 x 0.19 mm 1.D., packed with Hitachi GEL No. 3011. Mobile phase:
dichloromethane saturated with water-methanol (98.5:1.5); flow-rate 0.83 ul/min. Samples: O, cortico-
sterone; [J, cortisone; A\, cortisol.
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TABLE I1
EFFECT OF THE INJECTION METHOD ON COLUMN EFFICIENCY

Operating conditions as in Fig. 11.

Injection method Corticosterone Cortisone Cortisol

HETP Retention HETP Retention HETP Retention

(mm) volume (mm) volume (mm) volume
(1) (ul) ey,
On-column injection 0.086 3.0 0.1t 5.0 0.12 10.5
Pre-column injection 0.074 3.1 0.077 5.3 0.090 10.6
B 2
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Fig. 12. Analysis of corticosteroids. Conditions as in Fig. 11. Samples: A, 0.024 pl dichloromethane
solution containing 0.019 9 (w/w) corticosterone (1), 0.017 %/ cortisone (2) and 0.016 %; cortisol (3); B, 500
ul of aqueous solution containing 12 ppb corticosterone, 11 ppb cortisone and 9.9 ppb cortisol; C. 16 ul of
horse serum in 144 pl distilled water. Wavelength of UV detection, 240 nm.
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collection column affect the separation of solutes. Thus, after a concentration step,
the micro pre-column was dried in vacuo by using a rotary oil pump.

Fig. 11 shows the influence of drying time on the retention of corticosteroids.
Drying for longer than 10 min gave constant solute retention.

Table 11 shows the effect of the injection method on column efficiency. Despite
the fact that the extra-column dead volume for the pre-column injection is larger than
for the on-column injection, lower HETP values are observed with the former
method. This indicates that collected solutes are removed from the collection column
in a narrower band by the mobile phase and loaded onto the separation column
quantitatively.

Separations of standard mixtures of corticosteroids are shown in Fig. 12A and
B, with on-column injection and pre-column injection, respectively. Fig. 12C shows
the analysis of corticosteroids in horse serum, which was diluted in distilled water ten
times after filtration. In previous work*, certain components interfered with the de-
termination of corticosterone; here this problem was absent. This difference seems to
be due to the difference in packing materials: silica gel (used previously) and silica-
NH,. In 1| ml of horse serum 0.24 ug corticosterone, 0.28 ug cortisone and 0.23 ug
cortisol were present.

CONCLUSION

The pre-column method developed in this work is useful for the analysis of
constituents in natural water and iz vivo. In combination with mass spectrometry, this
technique has great potential.
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HIGH-RESOLUTION SEPARATIONS BASED ON ELECTROPHORESIS
AND ELECTROOSMOSIS
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SUMMARY

The related electrokinetic effects of electrophoresis and electroosmosis may be
used to achieve high resolution separations. An “instrumental™ version of zone elec-
trophoresis carried out in 75 um 1.D. glass capillaries is described. This technique
demonstrates excellent resolution of charged substances in a short time. Using virtu-
ally the same apparatus, reversed-phase chromatography is performed with elec-
troosmotic pumping of an acetonitrile mobile phase. This technique also produces
separations with excellent efficiency. Very low values of reduced plate height are
found, which suggests that column packing irregularities are less important when
electroosmotic flow is used instead of flow generated by pressure.

INTRODUCTION

Electrophoresis and electroosmosis are related electrokinetic effects. Electro-
phoresis is the familiar phenomenon of migration of charged particles in solution in an
electric field gradient. The velocity of migration, v, is given by:

Vep = Hep £ (H

where ., is the electrophoretic mobility and E the electric field gradient. The related
phenomenon of electroosmosis is perhaps a little less familiar. If charged particles are
held stationary (as, for instance, silica particles packed tightly in a tube), then in the
presence of an applied electric field, instead of the particles migrating through the
liquid, the liquid migrates or flows through the bed of particles. The velocity of this
electroosmotic flow, v,,, is given by:

€0

Veo = Heo E (2)

where ., is the coefficient of electroosmotic flow. In 1952 Mould and Synge!+ first
demonstrated the use of electroosmotic flow in a thin-layer chromatographic system
for the separation of polysaccharides in collodion membrane strips. This method of
generating flow was applied to both thin-layer and column chromatographic systems
in 1974 by Pretorius ef «l.*. In their column work, these authors reported only on
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their results with unretained solutes. Their initial data on column efficiency were
promising, and electroosmotic flow appeared to offer some interesting possibilities
from a chromatographic point of view.

The purpose of this paper is to describe two forms of high-efficiency separa-
tions based on these two electrokinetic effects. First we will consider zone electropho-
resis in open tubes, and second, chromatography in packed columns with flow gene-
rated by electroosmosis. The equipment used in the two separation systems is essen-
tially the same. However, for the sake of clarity, the topics will be treated in two
separate sections.

ZONE ELECTROPHORESIS IN OPEN TUBES

Theory

Zone electrophoresis is fundamentally a simple process of migration of zones
of charged substances in an electric field. Certainly molecular diffusion contributes to
some of the broadening of an initially narrow zone. However, it is by no means the
only cause, and in most cases it is actually a fairly insignificant contributor to zone
broadening. The real situation is generally more complex. Heat is generated uni-
formly throughout the separation medium by the passage of electric current, but is
only removed at the edges of the medium. The inevitable result is a temperature
gradient within the medium, and associated with this, a density gradient*. Some
means must be used to suppress convective flows associated with density gradients or
else zone broadening will result. The most common approach is to perform zone
electrophoresis in a gel. Although gels solve the problem of convection, they intro-
duce new zone-broadening phenomena such as eddy migration and adsorptive inter-
actions between solutes and gel*. A more sophisticated solution to the problem of
convection which circumvents the difficulties associated with gels is the free zone
electrophoresis technique developed by Hjertén®. In this method, stabilization is
achieved by the continuous rotation of the electrophoresis tube about its longitudinal
axis. Another approach is the group of methods known as continuous-flow deviation
electrophoresis. This ingenious group of techniques uses flow in “‘serpentine” or
“helical” paths to combat convection, and has been reviewed by Kolin®. A still
simpler approach involves the use of capillary tubes as the separation chamber, as
described by Mikkers et al.”. The walls of a tube act with the liquid’s viscosity to
counteract flow. As the tube diameter is decreased this stabilizing “wall effect” is
enhanced.

Although these various approaches are effective ways to minimize convection
they do not eliminate the temperature gradient. Since electrophoretic mobility in-
creases at an approximate rate of 29, per “C (ref. 4), solute molecules in the hotter
interior of the medium will migrate faster than solute at the cooler edges, resulting in
significant spreading of the zones. According to Wieme*, when electrophoresis is
performed in tubes of circular cross-section the magnitude of the temperature dif-
ference from the center to the wall of the tube is proportional to the square of the tube
diameter. Thus a reduction in tube diameter will result in a significant decrease in
temperature differences across the tube. Even with tubes of very small diameter some
temperature gradient will persist, and thus some zone broadening should result owing
to the temperature dependence of migration velocity. However, if the tube diameter is
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small enough, the solute molecules will be able to diffuse back and forth across the
tube’s diameter many times during their migration down the length of the tube. In
this way they randomize their occupancy of the tube’s cross-section, which tends to
average-out any radially dependent velocity differences. This will tend to minimize
the importance of any remaining temperature gradient.

If zone electrophoresis were carried out in an open tube of small diameter, a
situation may develop where zone broadening occurs predominantly by molecular
diffuston. If electrophoresis is carried out in tubes, substances could be introduced at
one end and would migrate under the influence of the electric field to the far end. At
the far end they could be detected as they migrated past a detection device. This
would yield a plot of solute concentration as a function of time, which is called an
electropherogram. The migration velocity, v, , was given by eqn. |. This equation
may be rewritten as:

ep*

Vep = Hep £ = p, V/IL (3)

where V is the voltage applied across the length, L, of the tube. The time, ¢, that a
solute takes to migrate the entire length of the tube is given by:
L L?

! = =
Vep  Hep V

4
Diftfusion will be occurring during this time. If an initially infinitely thin zone is
allowed to diffuse for a time, ¢, the spatial variance, 2, of the zone will be:

_ 2pL?
Hep V

(5

where D is the diffusion coefficient of the solute. We can express the separation
efficiency of an electrophoretic system in terms of the number of theoretical plates, as
suggested by Giddings®. The number of theoretical plates, N, is defined as:

LZ
N = (6)
L
and by substituting eqn. 5 into eqn. 6,
Ueo V
N = Zep 7
2D -

This simple result suggests that the most direct approach to high separation ef-
ficiencies in zone electrophoresis is the use of very high voltages. Interestingly, as long
as heat dissipation is adequate, tube length plays no direct role in separation ef-
ficiency. If very high voltages are applied to narrow-bore capillary tubes, high separa-
tion efficiencies should be obtained.
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Experimental

Glass capillary tubes were drawn from Pyrex borosilicate glass to an 1.D. of 75
um, an O.D. of 550 pum, and a length of 1 m, using a Shimadzu (Kyoto, Japan) GDM-
I B glass-drawing machine. These tubes were filled with a 5- 10~2 M phosphate buffer
(pH 7) as the electrophoresis medium. A Megavolt (Hackensack, NJ, U.S.A.) Model
RDC-30-10 high-voltage d.c. power supply, delivering from 0 to + 30 kV, provided
the electric field for electrophoresis. Accidental contact with the high-voltage end of
the system was prevented with an interlock mechanism. The high-voltage end was
encased in a plexiglass box, and opening this box automatically shut off the high
voltage. Graphite electrodes were used to connect the power supply to the buffer
reservoirs located at each end of the capillary. Samples were introduced at the posi-
tive (high-voltage) end and the detector was located at the negative (ground) end of the
system. Samples were introduced into the capillary by replacing the buffer reservoir
with a sample container. A brief application of high voltage caused the migration of a
small amount of sample into the tube. The buffer reservoir was then replaced, voltage
applied, and electrophoresis proceeded. The detector used was a home-made on-
column fluorescence detector. This device permitted the sensitive detection of solutes
while still in the capillary and thus avoided extracolumn zone broadening. However,
only fluorescent solutes were detectable. Details of the design of this detector will be
published. In all instances, 30 kV potential was applied to the system, and the current
measured under these circumstances was 1-107% A.

Results and discussion

Fig. 1 is an electropherogram of a series of n-alkylamines labeled with fluores-
camine (note the truncated time axis). Each amine derivative differs from its neighbor
by only one methylene unit and yet all are well resolved. Each addition of a methylene

F.G

i A A

8 16 iz i
Time (minutes)

Fig. 1. Electropherogram of n-alkylamines as fluorescamine derivatives. Peaks: A = octyl; B = heptyl;

C = hexyl; D = pentyl; E = butyl; F = unknown impurity; G = propyl. Approximately 7 pmoles of

each derivative, except for propylamine.
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Fig. 2. Electropherogram of fluorescaming labeled peptides obtained from a tryptic digest of chicken
ovalbumin.

unit represents roughly a 4 9/ increase in molecular mass or a 19, increase in molecu-

lar diameter of the derivative. This is an indication of the very high efficiency of this
electrophoresis system, An interesting aspect of this separation is that all these deriva-
tives are negative ions and yet migrate toward the negative electrode. This apparent
paradox is explained by the fact that the buffer is undergoing a very strong elec-
troosmotic flow, and is carrying the negative ions with it toward the negative elec-
trode. The solute ions are migrating against this flow, but are eventually carried by it
to the detector. This also explains why the larger amine derivatives appear at the
detector first. The larger derivatives have lower mobilities, and thus are less effective
in migrating against the electroosmotic flow. Electroosmotic flow modifies the equ-
ations describing the separation process somewhat. However, owing to the flat flow
profile of electroosmotic flow*:°, the basic linear dependence of separation efficiency
on applied voltage remains correct!®. Electroosmotic flow is an advantage in this
system in that it permits analysis of both positive and negative ions in a single run.
Fig. 2 is an electropherogram of fluorescamine labeled peptides. The peptides were
obtained from a tryptic digest of heat-denatured chicken ovalbumin'!. Both very
high resolution and speed of analysis are evident in this separation of a complex
mixture.

The potential of this technique for yielding rapid and efficient separations has
been clearly demonstrated. However, fluorescence detection is rather limiting, and a
wider range of detection devices will be desirable. The possibilities for protein analysis
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are particularly promising, and continuing development in this direction will be pur-
sued.

ELECTROOSMOTIC FLOW IN CHROMATOGRAPHY

Theory

As previously mentioned, electroosmosis is the flow of liquid through a porous
medium under the influence of an applied electric field. This phenomenon was well
reviewed by Pretorius e al.?, as well as in standard texts'?. The flow velocity was
given in a simple form by eqn. 2. An extended form gives the flow velocity as:

vw=[%]5 (8)
4ny

where ¢ 18 the dielectric constant and # the viscosity of the solvent, and { is the zeta
potential of the liquid-solid interface®. One interesting aspect of electroosmotic flow
is that unlike other forms of flow it generates a flat flow profile*°. In a chromato-
graphic system this should result in a lower resistance to mass transfer in the mobile
phase. Perhaps a more important facet of electroosmosis is that, according to eqgn. 8,
the velocity of flow is independent of the geometry and size of the channels in the
packing. This means that, in a packed column, flow should be uniform across the
column regardless of packing irregularities. Lower values of the height equivalent of a
theoretical plate (HETP) should thus be obtained with electroosmotic flow than with
other forms of flow. Indeed this was found to be the case for unretained solutes by
Pretorius et al.®. The purpose of this investigation was to study the performance of
electroosmotic flow in realistic chromatographic systems.

Experimental

A straight length of Pyrex glass tube was drawn to an 1.D. of 170 ym, an O.D.
of 650 um, and a length of 68 cm on a glass-drawing machine (Shimadzu GDM-1B).
This column was to be packed with a 10 um packing, and thus the column end had to
be “‘plugged” with a porous plug. To accomplish this, ca. 5 mm of one end of the tube
was filled with Permaphase ODS pellicular packing (DuPont, Wilmington, DE,
U.S.A)) of ca. 30-um diameter. This end was then heated in a flame, sintering the
pellicular packing into the end of the tube and forming a porous plug. Partisil-10
ODS-2 (Whatman, Clifton, NJ, U.S.A.), a 10-um reversed-phase packing, was then
pumped at 1000 p.s.i.g. as an acetonitrile slurry into the column in a “down-flow”
manner. This was continued until the column appeared fully packed. The acetonitrile
was then forced from the column with gas pressure, and the remaining end *“‘sealed”
by sintering another 5-mm plug of pellicular packing in this end. Once sealed, the
column was again filled with acetonitrile and was ready for use. This column was
operated in essentially the same manner as described for the electrophoresis. Samples
were introduced to the column by replacing a solvent reservoir with sample and
applying voltage briefly. Flow of solvent was in the direction of the negative elec-
trode. The on-column fluorescence detector was again used to detect solutes. The
distance from the column inlet to the detector was 58 cm, which represents the
portion of the column available for separation prior to detection.
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Fig. 3. Chromatogram obtained with electroosmotic flow. Peaks: A = 9-methylanthracene; B = perylene.

Results and discussion

With acetonitrile as the mobile phase, and with 30 kV applied across the
column, a current of ca. 50 nA was observed. Fig. 3 shows a chromatogram of 9-
methylanthracene and perylene obtained in this system. The efficiency for 9-meth-
ylanthracene is 31,000 theoretical plates while for perylene it is 23,000 theoretical
plates. These efficiences are relatively good although retention times are long. The
values of the HETP for the two peaks are 19 um and 25 um, respectively. This leads to
values for the reduced plate heights of 1.9 and 2.5, respectively. In view of the crude
methods and low pressure used in packing this column, these plate heights are quite
good'2. Current theories of column packing would predict that this column is poorly
packed, and should give mediocre performance. However, if the flow is uniform and
independent of packing irregularities, as predicted by the theory of electroosmotic
flow, then these good results are to be expected.

Our experience in using electroosmotic flow in a chromatographic system has
been that the method is a bit difficult and inconvenient to work with. Certainly part of
this is due to the novelty of this approach to chromatography. However, electroos-
mosis lacks the direct and simple control over mobile phase flow that we are ac-
customed to with conventional pumping systems. The performance of these columns
appears to offer a modest improvement over conventional flow, but may not justify
the increased difficulty in working with electroosmotic flow.

The possibility that packing irregularities cause little peak broadening is inter-
esting. One might infer from this that a narrow particle size distribution is also not
essential to good performance when electroosmotic flow is used. An ideal application
of electroosmotic flow may be in large diameter preparative-scale columns. The low
power dissipation of 1.5 mW for our column indicates that columns of several centi-
meters inside diameter could be operated without overheating problems. The great
expense of high-performance small-particle packing virtually precludes their use in
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columns of large volume. Also, application of the necessary high pressure to large
diameter tubes is potentially dangerous, although not an insurmountable problem.
Furthermore, uniform packing of a large diameter column may prove difficult. If
small-particle packings with a broader size distribution were used, the expense of the
packing would drop dramatically, and if packing irregularities are less significant,
column packing would be less of a problem. It appears that preparative-scale separa-
tions may be the area of most potential impact for electroosmotic flow in chromato-

graphy.
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COMPARISON OF SEDIMENTATION FIELD FLOW FRACTIONATION
WITH CHROMATOGRAPHIC METHODS FOR PARTICULATE AND HIGH-
MOLECULAR-WEIGHT MACROMOLECULAR CHARACTERIZATIONS

W. W. YAU* and J. J. KIRKLAND
Central Research and Development Depurtment, E. 1. Du Pont de Nemours and Company, Experimental
Station, Wilmington, DE 19898 (U.S.4.)

SUMMARY

Quantitative particle size and molecular weight determinations by time-de-
layed exponential force-field sedimentation field flow fractionation (TDE-SFFF) can
currently be carried out in 15-20 min using automated apparatus with force fields of
up to 50,000 gravities. New resolution parameters provide a common basis for com-
paring the ability of the commonly used separation methods for particle size analyses.
These parameters show that TDE-SFFF has a 5-10 fold and 10-50 fold greater
specific resolution than size-exclusion chromatography (SEC) and packed column or
capillary hydrodynamic chromatography (HDC), respectively. Because of high re-
solving power and other characteristics, TDE-SFFF provides superior accuracy in
particle size distribution analyses relative to these other separation methods, as con-
firmed by direct comparisons with typical literature data for a range of particulate
samples. TDE-SFFF also has similar advantages over conventional non-chromato-
graphic methods. For example, SFFF exhibits approximately the same resolving
power as disc centrifugation but a much wider dynamic range of particle diameter
separation in a single analysis.

SFFF provides higher separation resolution than SEC and HDC because of
intrinsic differences in retention mechanisms. These latter chromatographic methods
separate species by size-exclusion effects —peaks elute prior to the mobile phase
solvent —therefore, HDC and SEC are basically limited by available fractionation
volume. On the other hand, SFFF exhibits true retention like the affinity liquid
chromatography (LC) methods —peaks elute after the unretained mobile phase sol-
vent. In contrast to SEC and HDC, but like LC, TDE-SFFF has the potential for
very high peak capacity.

INTRODUCTION

There is growing interest in high-resolution separation methods for charac-
terizing colloidal particles and macromolecular suspensions. Recently, the unique
analytical capabilities of sedimentation field flow fractionation (SFFF) have been
demonstrated for such materials"™. A new SFFF technique with a time-delayed
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exponential force-field decay (TDE-SFFF) has many advantages over constant-field
(CF) SFFF for particle size or mass distribution analyses®”’. This new approach
permits accurate quantitative analyses in the <0.01-1 ym range in a few minutes.

In addition to TDE-SFFF, other separation methods such as hydrodynamic
chromatography (HDC), size-exclusion chromatography (SEC) and disc centrifuga-
tion have also been used for characterizing colloidal particles and macromolecular
suspensions of <1 um. Electron or optical microscopy can be applied to particles in
the 0.01-10 um range, but this approach is tedious and often imprecise. Other separa-
tion methods such as the Coulter counter are commonly used for particles of > 1 um.

Unfortunately, direct comparison of the capabilities of these various methods
has not previously been attempted. Such a comparison is needed so that potential
users might have the information needed to decide which method would be best for a
particular analytical goal. Important features of any particle size analytical method
should include the total particle size separation dynamic range achievable in a single
experiment, separation resolution or the ability to discriminate between particle sizes,
analysis time, convenience and the applicability to various particle types. Unfortu-
nately, two of the most important features, particle size dynamic range and resolu-
tion, previously have not been evaluated for the various methods.

The resolution capability inherent in a separation method measures the quality
of the separation or the quality of the particle size information obtainable in the
optimum size range. High resolution is a prerequisite to accurate and precise particle
size analyses®. Recently there has been particular interest in methods such as HDC,
SEC and disc centrifugation for the <0.1-1 um particle range. Until now there has
been a lack of a common basis for comparing the resolutions of the various particle
size analysis methods.

In this paper we propose new specific resolution expressions to serve as a
common basis for objectively comparing the resolving power of these most com-
monly used separation methods for particle analysis. The useful separation range and
the dynamic range of some of these methods are also documented. Finally, a descrip-
tive separation performance parameter has been developed that defines the peak ca-
pacity of each method. Typical examples of published separations have been utilized
to compare the important performance features of some of the separation methods.
Comparative data from some conventional non-separation particle size analytical
techniques also are included.

COMMONALITY IN RESOLUTION

The extent of separation for two species can be described by the well-known
chromatographic resolution expression®;

AV
R, =
: 4g ()

where, 4V i1s the difference in peak retention volumes for the individual species and o
is the peak standard deviation in retention volume units resulting from instrumental
band broadening. The resolution value R, provides a measure of the fidelity of the
information in terms of the discriminating power (4V};) as modulated by the un-
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certainties () in the analytical information. This resolution expression can be applied
to many types of analytical information, as well as to chromatographic results. How-
ever, the general resolution expression can provide specific information about the
resolving power of particle size separation methods only when these resolution values
can be normalized in terms of particle size differences. This situation is further com-
plicated by the fact that the dependence of 4V, and ¢ on particle size varies greatly
from one particle size analytical method to the other. Thus, the direct use of common
R, values to compare different separation methods is not practical and a more basic
resolution parameter is needed.

In previous studies of SEC® and SFFF> we described the use of the specific
resolution factor to provide a general description of resolving power through reduced
parameters. In the case of particle size analysis, a variety of particle retention and
band broadening mechanisms are involved, and an exact resolution parameter that
can serve all separation methods equally well does not appear to be feasible. How-
ever, we show here that the specific resolution parameter can satisfactorily describe
the capability of many separation methods. Approximations are necessary in this
comparison since the specific resolution values are not strictly independent of particle
mass M and particle diameter d,. However, errors due to these approximations ap-
pear to be small, and the large differences in the resolution which exist between some
methods are clearly demonstrated. Thus the proposed semi-quantitative resolution
concepts provide for the first time a reasonable comparison of different separation
methods on the same scale.

We have considered the resolution of two general forms of particle size separa-
tions. In Fig. 1a, for Case I peak band broadening increases with peak retention and is

BAND BROADENING: o = Vg/VN
(a)

|

RETENTION: Vg = V, *+ aMP = v, + o' d>°

VR ™

(b) DISC CENTRIFUGE (c) CONSTANT-FIELD SFFF

or
dp

VR
(DECREASING M) Vo (INCREASING M)

Fig. 1. General forms of particle size separation —Case I.
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BAND BROADENING: o = CONSTANT

(a)

RETENTION: Vg=dVy+ ¢ In M = eVy+ 3c Ln dp
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(] ] [}
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Fig. 2. General forms of particle size separation —Case 11.

described by ¢ = VR/‘\/TV. where plate count N remains constant. For case Il band
broadening is independent of peak retention and peaks exhibit a constant ¢, as in Fig.
2a. For Cases I and 11 the dependence of retention volume V', on particle mass M and
particle diameter d, is considered as:

Case I:

Ve = Vo +aM® =V, + a'd’ ()
Case II:

Ve =dVy + ¢-In M = ¢V, + 3c-Ind, (3)

where, M oc a’;} for spherical particles, ¥V, is retention volume for an unretained
solvent peak, and a. b, ¢. d. and ¢ are numerical constants. While actual band broad-
ening and particle retention for particular separation methods may deviate somewhat
from Cases [ and 11, there usually is a sufficient resemblance to identify the separation
method of interest with one of these cases. For example, the general non-linear
retention relationship expressed by eqn. 2 approximately describes disc centrifugation
(Fig. 1b), where V, = 0 and b = —2/3, and CF-SFFF with b = 1 (Fig. I¢). Both of
these separation methods have peak dispersion characteristics similar to that de-
scribed by Case 1. SEC, both column chromatography and HDC, and TDE-SFFF
identify with Case II (Figs. 2b and 2¢ and eqn. 3). The logarithmic separation depicted
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by eqn. 3 describes HDC and SEC with a negative value for the constant c, as
illustrated in Fig. 2b. Data from TDE-SFFF demonstrate a positive ¢ value, as
depicted in Fig. 2c.

The band broadening and retention characteristics of Cases I and 11 (Figs. 1
and 2) approximate most of the typical separations commonly encountered in particle
size analyses. Therefore, these two cases have been used in this work as a basis for
developing a comparison of various particle size analysis methods.

Case I (retention of eqn. 2, constunt N)
To develop the resolution relationship for Case 1, eqn. 2 is combined with eqn.
| to yield:

a AM?®
L2 4)

R = _
T AV UN

For significantly retained peaks, and small AM differences, Vi =~ «M" and AM® =
(hMP~ 1) AM. Therefore, R_may be defined in terms of particle mass M as:

o < bl MY A <| h| JN) <AM> (54)

) 4¢1M"/‘\/’N 4 M

or for particle diameter ¢,

(1B /N [3d} Ad)\ (3| bl N (4d,
R~ <“4 U )T 4 )4, (55)

where AM and Ad, are the particle mass or diameter differences, respectively, for a
pair of species of interest. (Note that the absolute value | 4] is used in these expres-
sions.)

To provide a general measure of separating power, it is appropriate to define a
specific resolution factor, R, . which in terms of particle mass M, may be ex-
pressed as:

aAM
R 4 = YRS 64
s (1 +x) X \/< M > ( l)

and for particle diameter d:

Ad
R.i+n = .\'R»\/( (p> (6b)
d,

where, x is the fractional particle mass or diameter differences for a pair of species of
interest. For example, a particle diameter resolution of R, , , = 1 describes a separa-
tion method that can distinguish a 20 %, difference in particle diamcter with a resolu-
tion of unity. This definition of particle resolution will become clearer in later discus-
sions.

I
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The specific resolution parameter is very similar in form to that previously
developed for SEC®. For the Case I type separations presently under consideration,
we can also show for particle mass:

[RARVEL ;/Nf (7a)

Rs,(l +x) T

and for particle diameter:

It should be noted that eqns. 7a and 7b are approximate expressions that are valid for
small particle size differences (small x values). The exact specific resolution expres-
stons derived in the Appendix should be used to calculate specific resolution values
tfor large particle size differences.

Case 11 (retention of eqn. 3; constant a)

In a manner equivalent to that described for Case I, specific resolution factors
can be developed for Case 11 for small particle size differences. By combining eqn. 3
with eqn. 1, we can define R, in terms of particle mass M as:

R _AVRN|c'|AlnM~|c| AM (8a)
T 40 T 40 T 40 \ M 4
and in terms of particle diameter d,:
| (" 3d? Ad 3| c‘| Ad
R, =|— PP ~ -
) < da dﬁ T 4o d, (8b)

(Note that the absolute value |¢| is used in these resolution expressions.) The specific
resolution factors R, ;. ,, for Case Il can now be defined. For particle mass:

| ¢] x
Rs.(1+x) = 40 (9a)

and for particle diameter:

3| ¢f x
R 1+x = 4q (Ob)

Eqns. 9a and 9b are approximate expressions that are only valid for small particle size
differences (small x values). Exact specific resolution relationships are developed in
the Appendix.

It is important to note that in eqns. 5 and 8, resolution R, is directly propor-
tional to AM/M or Ad,/d,, the fractional difference in particle mass or particle diame-
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ter, respectively. Because of this unique result, we now can expect the specific resolu-
tion R, 4., to compare adequately the resolving power capability of each of the
various forms of particle size separations discussed for both cases above. This specific
resolution factor generally is used to describe the performance of a particular method,
independent of sample polydispersity. However, monodispersed standards typically
are used for evaluating the specific resolution values of particular separation meth-
ods.

Discrimination capacity

Based on the R, ., concept, another resolution parameter'® termed the par-
ticle mass or particle diameter discrimination capacity X,, or X, 1s defined. X, and
X, values describe the minimum fractional differences in M or in d that a particular
method can separate with a resolution of unity. Stated otherwise, X and X, values
are simply the required x values to satisfy eqn. 6 by setting R, , ,,, = 1. For example
a XL, value of 0.2 means that a particular method can discriminate a pair of species
with'a 20° %, or larger difference in particle diameter with resolution of unity or more.

The discrimination capacity relationship takes the form:

Xy = <AA3~4>/ R, (10a)
Xy = <Ai">/ R, (10b)
p d,

For Case I separations, eqn. 10 becomes:

and

4
Xy = ———= (11a)
ERG
or
4
Xy = (11b)
3B N
and for Case II separations:
X, =2 (122)
K
or
X, = (12b)
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Peak capacity

Another useful resolution parameter in particle separations is the peak ca-
pacity of the method!!. For particle size or mass separations we propose the parame-
ter N, to describe the maximum number of fully resolved (R, = 1) peaks that can
be obtained within the dynamic range of a separation method. This peak capacity
parameter is based on the discrimination capacity X,, or X, of the method in relation
to the dynamic range DR,, or DR, for the same method. Based on the definition of
the discrimination capacity (eqns. lOd and 10b), the particle mass or diameter ratio of
the resolved species is defined by (1 + X,,) or (1 + X; ). The number of pairs of
these resolved species that can fit into the available dynamic range is specified by:

(1 + X,)¥ = DR,,

or
(1 + XdV)N'““*- = DR, (13a)
Then by rearranging:
In DR, in DR,

mux. ln (1 + XM) ln (1 + Xd,,) (l3b)

where DR, and DR, are the dynamic ranges of a separation expressed in terms of
the ratio of the largest to the smallest particles separable in a single experiment for
either particle mass M or particle diameter . For example, for a method having a
discrimination capacity X, of 0.5 (minimum fractional difference in particle diameter
that can be clearly discerned), the particle diameter ratio corresponds to (1 + X, ) =

TABLE 1
SPECIFIC PARTICLE DIAMETER RESOLUTION EXPRESSIONS

Method Specific Discrimination
resolution*, capacity**,
LN /\,u,,
3N ' 4
CF-SFFF Y
IUN
. . 3tFx 44
Exponential SFFF - .
4o Ridy
RAS 46D,
HDC. SEC : °
40D, 3
X JN 2
Disc centrifugation Y :
2 \/N
* For molecular weight, R4, s = 1/3 R +xa,

** For molecular weight, X, = 3X‘,p.
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Fig. 3. CF-SFFF data; effect of rotor speed. (a) Fractogram; (b) calibration. Channcl, 57 x 2.54 x 0.0254
cm; mobile phase, 0.1, FL-70; flow-rate, 2.0 cm*/min; relaxation, 10.0 min at w, = 10,000 rpm; sample,
25 ul of 0.1% 0.085 um, 0.09%; 0.091 um; 0.04 %, each of 0.176-, 0.220-, 0.312-um PS latex standards;

detector, UV, 300 nm; temperature, 22°C. (Taken from ref. 5.)
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1.5. In this case, for a dynamic range DR, = 10, peak capacity N_,, = 5.7 as
calculated by eqn. 13b (N,,, = In 10/In 1.5'= 5.7).
Working equutions for specific separation methods

Specific particle diameter resolution expressions for SFFF, HDC, SEC and
disc centrifugation are summarized in Table 1. These relationships have been based
on: b = 1 for CF-SFFF, b = —2/3 for disc centrifugation, ¢ = v F for TDE-SFFF
and ¢ = —1/D, for SEC and HDC, where 7 is SFFF exponential-decay time constant
(min)®, F is the volumetric flow-rate (cm3/min) and D, = molecular weight cali-
bration curve constant (ml ™ *)*2,

RESULTS

Data taken from the literature have been used to develop comparative infor-
mation in Table 11 on the dynamic range DR, , the specific resolution of R, , ,, the
discrimination capacity X, » and the peak capacity N,,, of several separation meth-
ods used for particle size analysis. These comparative values are based on polystyrene
latex standards of approximately the same particle size range and separation times of
no more than one hour. The highly discriminating R, , , value was arbitrarily selected
to enable a critical comparison of the high-resolution methods, SFFF and disc centri-
fugation.

CF-SFFF

The CF-SFFF fractograms shown in Fig. 3a were taken from ref. 5 and ana-
lysed in the following manner. At a rotor speed of w = 1710 rpm the retained 0.312
um polystyrene (PS) latex peak exhibits a plate number N = 103 for the separation.
The specific resolution R, | , is calculated by eqn. 7b as 1.5 for this run. Since SFFF
separations do not exhibit a constant plate number as a function of retention
volume'®, the calculated plate number of the higher force field separation at 4360 rpm
increases from 112 to 243 then to 313 for PS peaks C, D and E, respectively. This
result causes a R, , , value increase of 1.59 to 2.34 to 2.65, respectively. The last peak
elutes at about 2.5 h and is not tabulated in the Table II summary because it exceeds
our arbitrary comparison guideline of limiting separation times to about one hour.
The dynamic range of the separations in Fig. 3a is estimated to be about 2 in particle
diameter. This means that in a one-hour analysis with CF-SFFF, the range in particle
diameter covered by the separation would be no more than two-fold difference in
diameter. This is a very narrow dynamic range and is the inherent disadvantage of
CF-SFFF for the analysis of samples with wide particle size distributions.

The calibration plot in Fig. 3b shows the expected linear relationship between
particle mass (molecular weight) and retention time, and a non-linear (cubic power)
dependence on particle diameter®. Increase of force field decreases the slope of the
calibration plot, leading to an increase in resolution at the expense of reduced dy-
namic range for the separation.

TDE-(exponential )-SFFF
The TDE-SFFF separations in Fig. 4a (from ref. 5) performed at two different
flow-rates were similarly evaluated in terms of performance. The peaks for F = 3.0
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and 1.5 cm?/min runs exhibited average ¢ values of 1.8 and 1.2 ml, respectively (1 =
4.76 min). It should be noted that the results tabulated for TDE-SFFF in Table Il are
based on a 20-min separation; much higher performance is expected for an one hour
analysis. Note also that resolution improves with'increasing flow-rate. This result is in
keeping with the fact that higher resolution occurs at a higher force field in SFFF.
Higher flow-rates in TDE-SFFF cause all particles to elute at a higher force field with
resultant higher resolution®.

Fig. 4b shows the predicted log-lincar TDE-SFFF calibration relationship be-
tween the logarithm of particle diameter and retention time®. As expected, flow-rate
variation changes the range of particle separation but has only a small effect on
resolution.

Based on the data in Table II, it is apparent that the dynamic range and peak
capacity of TDE-SFFF are significantly larger than those of CF-SFFF. For TDE-
SFFF, the dynamic range and peak capacity have been improved with only a slight
degradation of values for the specific resolution R, , , and discrimination capacity
X, , relative to CF-SFFF. However, on balance, TDE-SFFF is much superior for
Carprying out particle size analysis. Band broadening corrections are negligible in
SFFF and generally are not required in data handling for accurate particle size
analyses”.

Disc centrifugation

The values in Table 11 for the performance of the disc centrifugation method
are calculated from the separation in Fig. 5a (taken from ref. 13). The disc centrifuga-
tion method exhibits high resolution but a narrow dynamic range, much like CF-
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Fig. 4. Exponential field-programmed SFFF data; effect of flow-rate. 10-ul of polystyrene standards:
0.099,0.091 um; 0.04 9, ea. of 0.176-, 0.220- and 0.312-um; 0.05 ", 0.481 pum; detector, UV, 254 nm; 0.1 %,
FL-70 mobile phase; channel. 57 x 2.54 x 0.0125 ¢m; flow-rate, 3.0 and 1.5 c¢m?/min; initial rotor speed.
10.000 rpm; decay time constant 7, 4.76 min.
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Fig. 5. Disc centrifugation data. 0.5 ml of polystyrene latex mixture dispersion. (1) Separation pattern.
Effect of rotor speed on separation: (b) 2000 rpm. (¢) 4000 rpm. (Taken from ref. 13.)

SFFF. From the retention characteristics shown in Fig. 5b, the dynamic range of disc
centrifugation can be estimated as only about 2, regardless of the ficld strength used
for the separation. As a matter of fact, as shown in Fig. 5c, if the field is too high, the
separation range is significantly shifted so that resolution now is seriously degraded.
While programming the field strength during analysis would increase the dynamic
range of disc centrifugation, such facilities are not currently available in commercial
instruments.

Clearly, disc centrifugation exhibits excellent specific resolution, discrimi-
nation capacity, and pcak capacity, but its dynamic range is relatively small -
roughly comparable to CF-SFFF. This limited dynamic range places severe restric-
tions on the utility of disc centrifugation as a general method for particle size analysis.
Also. the high level of operator skill needed with this technique curtails its appli-
cation.

Disc centrifugation can be used to measure larger particle sizes, up to about 5
pum, compared to about | um for SFFF. Therefore, these methods are somewhat
complementary in providing useful data on particles. Because SFFF separates par-
ticles according to effective mass while disc centrifugation separates according to
sedimentation velocity or particle cross-sectional area, some information regarding
particles shape also can be deduced by using both techniques. The Sedigraph is
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Fig. 6. Column hydrodynamic chromatographic data. (a) Chromatogram; (b) calibration. Polystyrene
latices; columns, three 110 x 0.9 cm of non-porous styrene-divinylbenzene beads, 20 um; mobile phase,
1.29 mM sodium dihexylsulfosuccinate; detector, UV. (Taken from ref. 14.)

another sedimentation velocity technique for particle size analysis, but is generally
applicable only to larger particles.

Packed-column hydrodynamic chromatography (Col-HDC)

The typical HDC chromatogram shown in Fig. 6a (from ref. 14) exhibits a o
value of 0.68 ml and a D, value of 2.11 ml~'. The calibration curve in Fig. 6b
indicates a dynamic range of about 5 for Col-HDC. The tabulated data in Table II
show that Col-HDC has a much poorer specific resolution, discrimination capacity,
and peak capacity than any of the previously discussed methods, but a fairly wide
dynamic range is available.

Capillary hydrodynamic chromatography (Cap-HDC)

From the Cap-HDC chromatogram shown in Fig. 7a (from ref. 15), a peak ¢
value of 4.95ml, a D, value of 0.55ml ! and a (¢D,) value of 2.7 is calculated. The
calibration curve in Fig. 7b shows an effective separation range of 1 um to about 50
um, indicating a dynamic range of 50. Based on these values, the performance of Cap-
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Fig. 7. Capillary hydrodynamic chromatographic data. (a) Chromatogram; (b) calibration. Polystyrene
latices; column, 200 ft. x 0.015 in. I.D.; mobile phase, methanol. (Taken from ref. 15.)



SEDIMENTATION FIELD FLOW FRACTIONATION 231

HDC was calculated and listed in Table I1. This method shows poorer resolution and
discrimination capacity than Col-HDC, but a significantly wider dynamic range.
However, Cap-HDC clearly is much inferior to all of the other separation techniques
in terms of specific resolution, discrimination capacity and peak capacity.

The dynamic range of 50 for Cap-HDC as shown in Fig. 7b seems to be
unrealistically large. This reported dynamic range is based on a peak retention
volume which elutes 30 9 earlier than that of the marker peak, thatis, Vg/Vy = 0.7 as
indicated in Fig. 7b. However, it has been predicted by theory'® that the earliest
possible elution is limited to a volume of only 159 prior to peak elution volume of
the total permeating marker peak, V. If indeed the smaller available volume for
separation predicted by theory is more typical, Cap-HDC exhibits a smaller dynamic
range and an even poorer performance than suggested by data in ref. 15.

Unfortunately, both Col- and Cap-HDC suffer from problems of potential
column pluggage and poor solute recovery. In both methods, quantitative particle
size distribution calculations are difficult and relatively imprecise because of the ne-
cessity for making very large corrections for instrumental peak broadening. In many
instances HDC also suffers from undesirable effects as result of changes in solute
concentration, flow-rate and mobile phase composition.

Size-exclusion chromatography

The use of SEC for particle size separations has been reported in several publi-
cations!™!%, Published data on polystyrene standards again can be used'® for com-
paring the performance of SEC with the various other separation methods. The two
chromatograms in Fig. 8a indicate a ¢ D, value of about 0.57 for PS standards. The
SEC particle size calibration curves shown in Fig. 8b indicate that SEC has a dynamic
range DR, of about 3 for materials of this type. Calculations with these data provide
the resolution performance information summarized in Table II. SEC compares
poorly with SFFF and disc centrifugation, but is generally superior to HDC in most
areas.
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Fig. 8. Size-exclusion chromatographic data. (a) Chromatograms; (b) calibration. Columns: two 2 ft. x
0.35 in., 3000 A CPG; mobile phase, water with 1 g/l of Aerosol OT and NaNO;; flow-rate, 0.78 ml/min.
(Taken from ref. 19.)
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Particle size analyses with SEC sometime suffer from column pluggage and
poor solute recovery. Also, since the permeation process in SEC requires that solute
particles encounter much of an internal porous surface of the column packings,
particle size analyses can be complicated by surface adsorption effects!®. Data han-
dling techniques for SEC also are somewhat complicated, because of significant correc-
tions for peak broadening which must be applied. However, this compares favorably
with the extensive peak broadening corrections required for particle size analyses by
HDC.

MECHANISTIC VIEW OF RESOLUTION IN SEPARATIONS

The much higher resolution of SFFF documented in Table II compared to
SEC and HDC is the result of basic differences in retention mechanisms. SFFF is
similar to most liquid chromatography (LC) methods in that all solute particles elute
after the unretained solvent peak. In this retentive mode, both LC and SFFF have
essentially unlimited retention volumes available for separating sample components.
On the other hand, the retention volumes available to SEC and HDC are very limited.
Retention in these methods is the result of wall-exclusion effects that cause all solute
particles to elute prior to the solvent peak. For SEC, separation is confined within the
available pore volume of the column packing, that is, between the interparticle (or
total exclusion) volume V' and the total permeation volume ¥, as shown in Fig. 9a.

The HDC effect occurs only in the interstitial volume between the column
packing particles. Relative to SEC, an even smaller volume is available for separation
in HDC, as illustrated in Fig. 9b. The HDC effect is superimposed on SEC retention
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Fig. 9. Comparison of column hydrodynamic and size-exclusion chromatography.
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and 1s only significant when small packing particles are used. In Fig. 10 the elution
charactertstics of both packed column and capillary HDC are illustrated. A non-porous
packing is shown here, but the HDC effect occurs in packed column of both porous
and non-porous packing particles. Note that in these methods, just as in SEC, large
solute particles elute prior to the mobile phase peak. In both packed-column and
capillary HDC the available volume for separation is very small. Only about 159, of
the void volume between the column packing particles (i.e., interstitial space) 18
available for separation. This represents an inherent limitation in the available elution
volume range and is directly responsible for the poor resolution of HDC.

On the other hand, SFFF exhibits retention more like LC, with peaks cluting
well after the unretained solvent peak. Because of this retentive feature, SFFF has the
potential for a very large peak capacity. Fig. 11 illustrates the retention characteristics
of SFFF compared to HDC. SFFF is in essence a flow-enhanced equilibrium sedi-
mentation separation. Under an equilibrium sedimentation condition, poorly resolved
solute layers are separated by the mobile phase flow which has a laminar (parabolic)
velocity profile. With the aid of this flow profile, peaks are highly resolved in SFFF
just as in the sedimentation velocity techniques. However, as suggested by the data in
Table II, SFFF can have a much higher dynamic range than other methods. In
contrast to that found in HDC and SEC, open SFFF channels are expected to be
relatively free from pluggage and surface effects.

OTHER PARTICLE SIZE ANALYSIS METHODS

It is also generally feasible to apply the same performance criterta described
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Fig. 11. Comparison of hydrodynamic chromatography and sedimentation field flow fractionation.

above to non-separation particle size analytical methods such as transmission electron
microscopy (TEM) and quasi-elastic laser light scattering (LLS) techniques. For ex-
ample, the Coulter counter is commonly used for determining the size of larger par-
ticles, and a typical result is shown in Fig. 12 (taken from ref. 20). In this case, two
particle populations with about a seven-fold difference in size are completely resolved.
This roughly corresponds to a specific resolution R, | , value of 0.04 and a discrimina-
tion capacity X 4, value of 5.5, indicating the relatively poor resolution capability of
this method. It should be noted that this calculation could be somewhat in error since it
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Fig. 12. Coulter counter particle size data. Polystyrene latex standards. (Taken from ref. 20.)
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Fig. 13. Accessible particle size range of separation methods.

assumes that the latex particles of each population measured are monodispersed.
Nevertheless, it is clear that the resolution of this method is inferior to the other
particle size analytical methods listed in Table 11. This result suggests that the per-
formance criteria described in this paper can be used for particle size distribution
methods other than those based on separations.

Quasi-elastic LLS has been used as a method for rapidly measuring the
average size of particles?'. A computer curve-fitting approach to prepare particle size
distribution histograms also has been proposed in an attempt to extract particle size
distribution information from the frequency distribution data obtained from light
scattering?!. Unfortunately, the specific resolution of this method is poor. However
with the latest techniques, a bimodal distribution has been resolved with a rather poor
specific resolution R, , , value of 0.3. Also, in this method problems of non-unique
solutions sometime occur in the attempt to extract true particle size distributions. The
LLS method also suffers from the effect of solute particle concentration dependence
and the effect of the angular dependence of the scattered light on particle sizes.

CONCLUSIONS

As illustrated by typical literature data plotted in Fig. 13, SFFF shows a larger
total separation range than any of the other separation methods for particle size
analysis. However, the more important feature 1s the range of particle sizes which can
be separated in a single experiment, since this feature largely dominates the practical
utility of the analytical method. The dynamic range DR, of the particle size methods
in a single optimum separation is given in Fig. 14a. While Cap-HDC potentially has a
wider dynamic range than the other methods, this range is only available for larger
particles and at very low resolution.

Fig. 14b has plots of comparative R, | , values for the various methods. (R, ,
distinguishes a 20 9 difference in particle diameter with a resolution of unity.) SFFF
shows approximately equivalent values compared to disc centrifugation, and these
methods are highly superior to the others in this regard. For example, TDE-SFFF
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shows R, |, values which are about 5 times that of SEC and about 11 times that of
Col-HDC.

As shown in Fig. 14c, SFFF and disc centrifugation are about equivalent in
discrimination capacity Ays the lower limit in fractional particle diameter difference
that can be discerned by a particular method with a resolution of unity. In terms of
X, values, SEC and Col-HDC are significantly less effective, followed by Cap-HDC
which is very poor in this regard.

TDE-SFFF clearly is shown in Fig. 14d to have a distinct superiority in peak
capacity N, . the maximum number of resolved peaks that can fit into the dynamic
range of a particular separation. This is an important advantage since it represents
the range of particle sizes which can be characterized in a single experiment. Less
effective in this regard are CF-SFFF, disc centrifugation, Cap-HDC. SEC and Col-
HDC, in that order.

Since numerical values are sometimes difficult to picture, the specific resolu-
tions of the various methods are compared schematically in Fig. 15 for the particle
size methods at two specific resolution levels, R, | , and R_;, (the latter calculated
from the exact specific resolution expressions in the Appendix.) At R, ,. SFFF and
disc centrifugation effectively resolves two particles with a 20, difference in diame-
ter; however, no resolution is evident with the other methods. For a three-fold par-
ticle size difference at R, ;. little or no resolution still is characteristic of the HDC
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Fig. 15. Comparative resolving power of different separation methods. Left. for R, | ,; right. for R_; .

methods and SEC now resolves the two particles. However, TDE-SFFF and disc
centrifugation now show enormous resolution for these materials, with CF-SFFF
being the most effective.

Clearly, TDE-SFFF is a powerful method for particle size analysis since it
possesses a combination of desirable properties, a wide total particle size range, a
wide dynamic range for a single experiment, a large specific resolution, a good dis-
crimination factor, and a large peak capacity.
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APPENDIX
EXACT SPECIFIC RESOLUTION EXPRESSIONS
Cuse | (see Fig. 1 and text)

Vi, = Va, aM?by — aM?}

R = o
2(aMb + aMb)i /N

W V) YN
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For particle mass:
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For particle diameter:

N X

Ry = 5 }7’3“’?_}, I (Ib)

where X is ratio of particle masses or particle diameters for a pair of reference particle
species. For example, an R, ; value for particle diameter separation describes the
expected resolution for a pair of particles with a three-fold difference in particle
diameter.

Cuse 1l (see Fig. 2 and text)
For particle mass:
JefAn M el nx

R
=X 4 4a

(Ia)

For particle diameter:

B §|<] In X

R
X 4g

(11b)
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SUMMARY

The principles of bioaffinity chromatography are presented and illustrated by
some applications. The practicability of bioaffinity chromatography depends very
much on the solid support (matrix) and the methods chosen for covalent attachment
of the ligands that serve as adsorption centres. Some of the significant developments
in this area that led to a breakthrough in modern bioaffinity chromatography and the
technical developments that ensued are discussed. Future developments are con-
sidered.

INTRODUCTION

Several centuries ago a skilful university professor was reputed to be omni-
scient regarding the accumulated scientific facts and truths of his time. From a Chair
in Natural Science he could advance through law and medicine to a position as
professor in theology or even to become a bishop. How times have changed! Now we
are hardly able to master completely a narrow sector of a specified branch of science.

Consider chromatography, for example, a limited area of separation science
which in itself is only a minor division of chemistry. Nobody can keep pace with the
output of papers in chromatography, and if one is rash enough to try, there will be no
spare time left for one’s own research. High-performance liquid chromatography
(HPLC) and affinity chromatography are two rapidly developing branches and most
participants in this Symposium are experts in HPLC. This is the background, 1
suppose, for the invitation to me to present a survey of affinity chromatography at
this session. I shall outline the main concepts and the scope of bioaffinity chromato-
graphy. and shall take the liberty of exemplifying applications by frequent reference
to contributions made by my co-workers and myself. This will undoubtedly make my
presentation personally biased but perhaps also more authoritative. Those who wish
to delve deeper into the subject may consult excellent books!™ or collections of
published lectures in symposia books and review articles* ™.

* Permanent address: Institute of Biochemistry, Biomedical Center, Box 576, S-751 23 Uppsala,
Sweden.

0021-9673/81/0000-0000/$02.50 @ 1981 Elsevier Scientific Publishing Company
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GENERAL PRINCIPLES AND POTENTIAL APPLICATION AREAS

Objections have been raised to the term “affinity chromatography™ as en-
compassing a broader area than was originally intended. In this review I shall cover
bioaffinity chromatography in the restricted sense that the adsorbents used consist of
inert solid supports to which naturally occurring substances or closely related com-
pounds of high selectivity have been introduced by covalent coupling to act as ad-
sorption centres. The interactions involved in the adsorption process are usually
similar or identical to interactions that occur in nature.

It is indeed true that bioaffinity chromatography in its various forms can be
extremely effective and extraordinarily selective. What makes the “"new” technique so
fascinating is the fact that it takes advantage of nature’s own ways of selectively
joining, separating and regulating its elements of matter: to form molecular com-
plexes and aggregates of lower or higher order, be it a simple enzyme-inhibitor
complex, complicated multienzyme units, antigen-antibody complexes, hormone-
receptor complexes or other membrane components or viruses. Indeed, by its nature,
biospecific affinity chromatography offers not only means for the rapid and effective
isolation of desired biomolecules but also for the study of molecular interactions.

Biologically functioning complexes are formed under the influence of familiar
molecular forces and interactions that are systematized under the terms ionic bonds,
hydrophobic interactions, hydrogen bonding, Van der Waal's forces, London disper-
sion forces, dipole-dipole interactions, charge-transfer interactions, etc. Some of
these interactions, which take place in aqueous media, often in or at the phase bound-
aries, are not so well understood. Although there is nothing mysterious about bio-
specificity it is a concept with blurred or ill-defined boundaries.

Affinity chromatography implies the use of affinity adsorbents, although some-
times the term is used also for the affinity elution of non-specifically adsorbed sub-
stances. A chosen matrix substance (matrix substance forms the solid macroreticular
network) of natural origin may itself specifically adsorb substances from biological
extracts or exudates. For example, polysaccharide-based gels may in rare instances
adsorb lectins with affinity for monosaccharide units of the matrix. Usually the af-
finity adsorbent is prepared by covalently coupling one of the complex-forming part-
ners to the matrix. The covalently immobilized substance is called a “ligand” or
adsorption centre and its soluble complement a “ligate™. The ligand-ligate complex is
an “‘adsorption complex’ (Figs. 1, 4 and 8).

The anchoring of the ligand molecule to the matrix reduces its freedom to
interact with the ligate. To counteract this effect, a spacer arm may be introduced
between the matrix and the ligand. An important fact that was not recognized in the
early days is that the spacer arm should not impart any adverse properties to the
adsorbent. For example, it should not act as an adsorption centre itself. In addition,
the coupling reaction may result in an immobilized derivative of lower or even negligi-
ble biospecificity (meaning the ability to form a specific complex as in free solution).

In its most schematic form, the adsorption—desorption of the ligate may be
described by the law of mass action applied to the reaction

L+ 1l=Ll (1)
where L is the ligand and | the ligate. The upper limit (presumably) of the distribution
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MULTISUBSITE LIGAND
MULTISUBSIIE LIGATE

MONO-SITE LIGAND
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Fig. 1. Schematic representation of the principle of bioaffinity chromatography. An adsorption complex is
formed between an insoluble, matrix-bound ligand and a solute (the ligate). Biospecific adsorption occurs
as the sum total of many cooperating (unit) interactions within a region of high complementarity (indicated
by five interaction sites in the upper figure). Monosite ligands and ligates (if they indeed exist in a strict
sense) are likely to form weak, less specific complexes.

constant is the affinity or association constant, K, for L and 1 in free solution. When
K > 10° M~! the ligand concentration in the solid phase may be kept low and still
permit good chromatographic performance. K for an enzyme-inhibitor or —substrate
complex is usually in the range 10*~10® M~ and the same is true for many antigen—
antibody systems.

Usually the adsorption involves multipoint interactions, and the law of mass
action in its simple form gives only a very crude account of the thermodynamics of
the complex formation and dissociation. Theories on affinity chromatography based
on mass action-governed equilibria do not deviate from those of ordinary chromato-
graphy. In fact. no theory has been advanced that is uniquely adapted for bioaffinity
chromatography. Such a theory should describe chromatographic behaviour in terms
of molecular interaction parameters, which means that in addition to all of the com-
plexities encountered in describing molecular interactions of polymers in solution the
restrictions caused by the matrix should also be included. It is especially important to
clarify. at least in a semiquantitative way, the importance of water. Water plays a
fundamental role as a mediator in the ligand-ligate and ligate-matrix interaction.

Yon?® introduced the concept “unit interactions™ to describe individually weak
non-covalent bonds acting to form the complex and to adsorb the ligate to non-
specific sites in the adsorbent. Unit interaction, although not possible to define
strictly. is a useful descriptive term to account for multipoint adsorption. A protein is
adsorbed to a celtulosic-type ion exchanger primarily (in certain pH ranges, perhaps
exclusively) by one type of unit interaction, namely, by formation of ionic bonds
{perhaps ion exclusion caused by electrostatic repulsion should also be considered as
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a kind of unit interaction?). In “pure” amphiphilic agarose adsorbents protein ad-
sorption occurs almost exclusively by unit interactions that are hydrophobic in
character.

The same kinds of unit interactions operate in biospecific and non-specific
adsorption. However, biospecific adsorption occurs as a result of numerous coopera-
tive unit interactions with localized, close-fitting surface regions on complex-forming
biomolecules. In other words, biospecificity depends on the complementarity between
the ligand and the ligate molecules with respect to surface geometry and spatial
distribution of binding sites within the contact areas. Small deviations from the nat-
ural structures of the binding sites occasionally strengthen but usually weaken the
adsorption. Attenuation of the interaction by appropriate derivatization may some-
times be recommended to facilitate mild and complete desorption.

In bioaffinity chromatography we exploit some of nature’s own information
channels. Proteins provide an almost unlimited array of molecular structures. Com-
plementary adaptation to almost any conceivable substance, be it natural or artificial,
has therefore been possible. Nature makes use of such adaptative interactions be-
tween proteins, enzyme cofactors, nucleic acids, carbohydrates, etc., in catalytically
governed reactions and in its molecular signal systems and regulatory devices.

Bioaffinity chromatography may be used as an in vitro method to discover
unknown biological interactions. For example, a suspected cancerogen may be cou-
pled to agarose and allowed to make contact with liver extract to discover possible
interference with liver proteins. Bioaffinity chromatography can also serve to screen
biological extracts for the presence of promoters or inhibitors of vital functions, ¢.g.,
hormones, nerve impulse transmitters, antihumoral factors and antibiotics.

Adsorbents may be designed that are capable of sensing individual species of
very closely related substances. An antibody directed toward a particular unique
antigen may thus be singled out from a mixture containing thousands of “sister
molecules”, all so closely similar in their molecular characteristics that only a bio-
logical recognition system can distinguish the substance of interest from the “im-
purities™.

Biospecific hybridization, used in phylogenetic studies and “"genetic engineer-
ing”, depends on base pairing between complementary nucleotide sequences. In fact,
such interactions are the background for the functioning of nucleic acids as biological
information molecules. Hybridization may be used for affinity chromatographic frac-
tionation of nucleic acids and their degradation products. Complications may be
encountered due to complex formation among the nucleotides present together in the
liquid phase.

To give some further insight into the potential of bioaffinity chromatography I
shall borrow an example from the work of D. E. Koshland and co-workers in which
the “induced fit hypothesis™ is used to enlighten the complicated key interactions in
chemotaxis®!®. Fig. 2 is a schematic representation of how interactions are thought
to occur. The small-sized substances, in the concentration gradient in which the
bacteria move, interact directly with a membrane protein (as with aspartic acid) or
indirectly (as with carbohydrates) by formation of ternary adsorption complexes in
which a protein serves to link a substance of small molecular size to another protein.
The figure also indicates induced long-distance conformational changes that may be
transmitted through the membrane, 30-40 A or more away from the surface to the
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interior of the cell, with the result that carboxylic groups become internally exposed
and can react with cytoplasmic proteins. Such changes are suggested to occur in
“domino™ fashion where amino acid residues slide from one side to the other. This
mechanism illustrates how nature makes use of affinity adsorption. Koshland and co-
workers used immunoprecipitation to elucidate some of the interactions, but it is easy
to visualize how adsorbents carrying the appropriate ligands may be used to isolate
free or membrane fragment-bound proteins. In terms of our nomenclature the inter-
linking protein may be considered either as a secondary ligand or a primary ligate and
we have a “sandwich-type™ adsorbate of another kind than that to be discussed later.

Fig. 2. Hypothetical scheme for induced conformational changes that are involved in the mechanism of
bacterial chemotaxis according to Koshland et af. It illustrates a system of naturally occurring very
complicated ligand-ligate interactions. Methyl-accepting chemotaxis proteins (MCP), coded by the genes
tar and trg, are located in the bacterial membrane. Upon ligand binding the proteins change conlormation.
As a result, carboxylic groups are exposed on the inner side of the membrane and can interact with
cytoplasmic methyltransferase. Aspartic acid binds directly to the primary receptor protein in the mem-
brane while the low-molecular-size solutes galactose, ribose and maltose bind indirectly to the trans-
membrane proteins via periplastic solute-binding proteins denoted by GBP, RBP and MBP, respectively.
Reproduced by permission of the authors [E. A. Wang and D. E. Koshland, Jr., Proc. Nuat. Acad. Sci. U.S.,
77 (1980) 7157].

DEVELOPMENT OF MODERN BIOAFFINITY CHROMATOGRAPHIC METHODS

Sometimes it is said that chromatography was never discovered, as chromato-
graphic processes occur in the earth’s crust when minerals are formed and deposited.
If we take this attitude towards the concept of chromatography, we may also main-
tain that bioaffinity chromatography indeed occurs on a macroscale in nature, e.g.,
when humus and other debris from rotting plants, microbes or animals filter down
through the soil. In the laboratory, occasional attempts have been made to use bioaf-
finity chromatography during more than half a century before the breakthrough at
the end of the 1960s. Those interested in the early contributions in the field should
consult our review!! and other books!™.

The introduction of Sephadex and agarose as supporting media and cyanogen
bromide as a coupling agent were contributions that paved the way for the advent of
modern bioaffinity chromatography. The methods involved were first briefly de-
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scribed in 1967'% and 1968'° and later, together with my co-workers, in more
detail'*13,

The term “‘affinity chromatography’ was coined in 1968'® with the intention of
covering a “new’ form of chromatography based on biological recognition. This
paper by Cuatrecasas et al. signalled an immediate breakthrough for affinity separa-
tion techniques. Suddenly. all kinds of short cuts to the isolation of biomaterials
seemed to be opened. 1 should point out, however, that our research in Uppsala,
which was aimed at the conversion of the molecular sieves Sephadex and Sepharose
to a variety of derivatives that could be useful as biospecific adsorbents and for the
immobilization of proteins, was a prerequisite for the classical paper of Cuatrecasas
et al.'®.

The biotin—avidin complex was chosen early as a suitable model for develop-
mental work'=. It also stimulated me to develop charge-transfer chromatography in
aqueous solvent systems, a topic that will not be discussed here. The association
constant is very large, which makes adsorption extremely efficient but renders elution
difficult. The adsorption and desorption of ['*C]biotin went smoothly with quantita-
tive recovery. The reverse procedure, i.e., with biotin as ligand, was a disappointment.
We could concentrate avidin directly from diluted hen’s eggwhite and obtained in a
single-step operation more than a 10,000-fold purification. However, the yield was
low and. worse, the adsorption capacity decreased rapidly upon each exposure. The
gel thus became useless after two or three adsorption—desorption cycles. The low yield
was due to unintended 1onic adsorption. The adsorbent had been prepared by cou-
pling avidin to isothiocyanato-Sephadex, which in turn originated from amino-Seph-
adex. There was thus an excess of free amino groups. This example convinced me
that removal of non-specific adsorption centres was an obhigatory condition for the
preparation of adsorbents of the extreme specificity desired. The fact that cross-linked
dextran with a low matrix content is too soft forced me to abandon Sephadex in
favour of agarose as a supporting matrix'’. Even with the technical improvements
made shortly thereafter, the biotin—avidin model was not easily managed; Cuatre-
casas et al.'® used 6 M guanidinium chloride to accomplish desorption.

The state of the art at the end of 1967 was described in a paper in Nature'?,
from which I cite, “Particularly interesting, however, are the specific adsorbents that
can be synthesized by binding adsorption active substances to “Sephadex™ or
agarose. Substances present in trace amounts in tissue extracts or biological fluids
might be purified ten thousand times or more in a single step by specific adsorption.
For this reason specific adsorbents, especially immunosorbents, based on cellulose,
polystyrene, polyamino acids and other polymers have been prepared in many labo-
ratories. Desorption, however, is a bottle-neck problem. Unsatisfactory desorption
may depend on several factors, one of the most important being the presence of fixed
charged groups in the polymer used for the preparation of the adsorbents. In my
opinion, therefore, ““Sephadex’ and agarose, particularly the latter, are superior base
materials for specific adsorbents... Activation of the carbohydrate with cyanogen
bromide in alkali followed by treatment with proteins (amino acids, peptides and so
on) in alkaline, neutral or slightly acidic solution will result in coupling of the solute,
via its amino group(s), to ““Sephadex’, agarose or any other carbohydrate. The yields
are high under optimum conditions.” I have also taken the next example of early
applications from the same paper.
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Partially deacetylated blood group substance A was covalently coupled to a gel
of 29, swollen agarose. A 30-ml volume of human plasma was introduced into the
bed of the bioadsorbent which in volume (I x 10 ¢m) was smaller than the sample.
The anti-A-isoagglutinin [immunoglobulin(s)], together with some other proteins,
were adsorbed on to the column. Most of the non-specifically adsorbed proteins were
removed by decreasing the pH from 7.4 to 5.0. Further lowering of the pH to 3.5
caused the desorption of isoagglutinin. The protein concentration was too low to
determine by spectrophotometric measurements, but calculation indicated a purifi-
cation factor in excess of 25,000. The chromatogram is shown in Fig. 3. A more
detailed account of our early work may be found in refs. 17 and 18.
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pH 7.4

E254

01 Desorption at pH 5.0
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Fig. 3. Isoagglutinin A purification. Human plasma (30 ml) was subjected to bioaffinity chromatography
on a column (I x 10 cm) of agarose with blood group substance A as ligand. The purification was
estimated to be well over 25,000-fold. This experiment was carried out together with T. Kristiansen and L.

Sundberg. J. Porath, Nature ( London), 218 (1968) 837.

Immunoaffinity chromatography, as just exemplified by the purification of
haemagglutinin, deserves some discussion to indicate its potentialities. I shall confine
myself to simple complex formation between an antigen (Ag) and immunoglobulin
(IgG). The IgG molecule consists of a pair of identical short peptide chains and a pair
of identical long chains. The four chains are interconnected so as to give two identical
combining sites for the antigen. In other words, the antibody is divalent with respect
to the antigen. It is possible to evoke antibodies, in humans or any other mammal,
against almost any foreign biopolymer (in the natural state or a derivative, such as a
protein to which a low-molecular-weight substance has been coupled as a “*hapten™).

If an antibody, 1gG (anti Ag), i.e., directed toward the antigen, Ag, is coupled
to an insoluble carrier, an adsorbent is obtained that can specifically adsorb Ag:

M-1gG (anti Ag) + Ag 2M~1gG (anti Ab)---Ag (2)
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MATRI X~
Fig. 4. Schematic representation of the adsorption of (a) antigen, Ag, to its immobilized antibody, Ig (anti
Ag) and (b) antibody to immobilized antigen.

The adsorption is shown schematically in Fig. 4a.

It is possible, of course, to attach the antigen (or part of an antigen) to the
matrix and thus to obtain an antibody-selective adsorbent, as in the experiment
referred to in Fig. 3 and represented schematically in Fig. 4b, according to the reac-
tion:

M-Ag + 1gG (anti Ag) =2 M-Ag---1gG (anti Ag) (3)

It is also possible to make antibodies directed toward the whole IgG class of anti-
bodies, for example, anti-human IgG. Such an antibody can thus in turn be coupled
to the antigen—antibody complex to form a ternary adsorption complex —a **sand-
wich complex” (Fig. 5a). The formation of such complexes is utilized in certain types
of immunoassays.

(a)

ADSORPTION SITE

f_/;:slgG(antiAg)

CROSS-LINKS

Fig. 5. Schematic representation of the sandwich-type adsorption of (a) immunoglobulin, IgG (anti Ag)
against the antigen (Ag) followed by adsorption of antibody to the whole class of immunoglobulin IgG and
(b) specific adsorption of antigen (Ag) to a complex ligand formed by covalent fixation of I1gG (anti 1gG)
and subsequent binding of an antibody against antigen. The composite ligand may be cross-linked to
prevent elution of I1gG (anti Ag).
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The flexibility in the use of immunoadsorption methods is perhaps even more
apparent if we reverse the order of coupling and anchor 1gG (anti IgG) to the matrix
(Fig. 5b). We have now prepared an adsorbent directed against Ag but different in
nature from that indicated in Fig. 4a.

IgG (anti 1gG) may be replaced by Protein A from Staphylococcus aureus.
Protein A is thus a specific ligand for the class of IgG immunoglobulins'®. It is
commercially available under the trade name Protein A-Sepharose CL-4B (Phar-
macia, Uppsala, Sweden) as a ready-to-use adsorbent.

Sandwich systems of various kinds are useful for more than the fractionation
and isolation of desired substances. For example, multienzyme systems and proteins
composed of many subunits may be coupled to the matrix with attachment points in
only one or a limited number of the polypeptide chains. The multicomponent system,
thus immobilized, is packed to form a bed. Buffers and solvents are passed through
the column. Dissociation may be followed by identifying the eluted components. The
residual ligands may then be used to study reconstitution of the original complex.
Such operations may be regarded as a particular form of bioaffinity chromatography.
A useful survey of immunoaffinity methods was given by Ruoslahti?®.

We realize now that bioaffinity chromatography is closely related to enzyme
immobilization, to hybridization methods with one of the nucleic acid partners ad-
sorbed on to paper or other solid supports and to immunoassay techniques with
granular gels. The last technique was first introduced by us prior to the cyanogen
bromide method?'.

Anti IgG-agarose is a group-specific adsorbent binding all kinds of antibodies
belonging to the class IgG. Group-specific adsorbents are very useful. The affinity of
lectins for carbohydrates has recently been extensively exploited by means of affinity
chromatography. Lectins are proteins, often found in plants, which are characterized
by their abilities to bind specified hexoses and hexosamines. They also form com-
plexes with many polymers and other derivatives containing hexose or hexosamine
residues (glucosides, oligo- and polysaccharides, glycopeptides. glycoproteins and
glycolipids). Lectins are therefore effective tools for the isolation of biologically im-
portant polymolecular complexes and particles such as viruses. bacteria, whole plant
and animal cells and cell fragments.

Agrawal and Goldstein®? in 1967 were the first to isolate a lectin by affinity
chromatography, followed not much later by another lectin purification in our labo-
ratory”®. In both cases, the plant extract was passed through a bed of Sephadex and
the adsorbed lectin was eluted by including glucose in the buffer. Concanavalin A and
alectin from Viciu cracca, respectively, were thus isolated in single-step procedures. It
is worth pointing out that the matrix itself exhibits the affinity for the lectin ligate. In
the same manner, agarose may be used to ““fish out’ certain galactose-specific lectins.
However, when the affinity requires terminal galactose units it may be advisable to
hydrolyse the gel partially or preferably to couple galactose or lactose to the gel. In
this way, Ersson er «/.** increased the adsorption capacity of agarose gel for Crotu-
luria juncea lectin (Fig. 6).

The converse procedures with coupled lectin as a specific adsorbent for glyco-
proteins were first published in 1970 by Lloyd?® and independently by Aspberg and
myself2°,

Many viruses carry binding sites for lectins. In our laboratory Kristiansen has
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Fig. 6. Bioaffinity chromatography of sunn hemp seed extract. The lectin forms a complex with terminal
galactose units. Partially hydrolysed and cross-linked Sepharose 6B is therefore an excellent adsorbent for
the lectin (B), whereas untreated gel is not (A). Samples of 40 ml of extract were applied to each column
(1.9 x 10 cm) in 0.05 M sodium phosphate buffer (pH 7.5) containing 1 M sodium chloride (to suppress
protein—protein interactions in the solution). After washing, the lectin was eluted biospecifically with 0.1 M
lactose included in the buffer. Lactose at that high concentration competes effectively with the galactose

residues in the gel. Duration of the experiment: 8 h (at 4’C). —— -, 4,45 o ("protein™); —-—~_ haemag-
glutinin titre; ----- . As40am (sugar). B. Ersson, K. Aspberg and J. Porath, Biochim. Biophys. Acta, 310
(1972) 446.
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Fig. 7. Bioaffinity chromatography of influenza virus on Vicia ervilia lectin-Sepharose 2B. Column volume:
50 ml. Amount of immobilized lectin: 50 mg. The sample (5 ml) was applied at the point indicated by the
left-hand arrow and 2 M glucose was then included in the buffer for biospecific affinity elution (right-hand
arrow). The numbers refer to haemagglutination titres. The solid lines indicate concentration of solute.
With author’s permission. T. Kristiansen, Protides Biol. Fluids, 23 (1976) 663.
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purified whole influenza virus on Vicia ervilia lectin Sepharose (Fig. 7). The same
column was used more than 20 times with recoveries up to 100 %,%7. Kristiansen and
co-workers have also prepared vaccines by lectin affinity chromatography. The virus
and 1ts glycoprotein split products adsorb more strongly to concanavalin A-Seph-
arose than to the Vicia ervilia lectin adsorbent, but the yield is much lower. Too
strong an interaction is thus a disadvantage, a statement which is true generally in
bioaffinity chromatography.

To illustrate the principle as applied to the formation of an enzyme-inhibitor
complex, | have selected our isolation of human carbonic anhydrase (Fig. 8). Car-
bonic anhydrase is the enzyme that catalyses the hydration of carbon dioxide. Simple
as this reaction is, it plays a key role in cellular respiration. The enzyme structure has
been elucidated by Nyman and collaborators in Gothenburg (primary structure) and
by Strandberg, Kannan and their associates in Uppsala (secondary and tertiary struc-
ture).

(LIGATE) (LIGAND)
CARBONIC ANHYDRASE SULPHANILAMIDE
MATRIX ; '

IODIDE ION

+ @ =

SPACER ARM  ADSORPTION COMPLEX SOLUBLE ENZYME -~
INHIBITOR COMPLEX

Fig. 8. The principle of using an inhibitor ligand for specific adsorption of an enzyme (carbonic anhydrase)
and another inhibitor (iodide ion) for specific desorption. The binding site is often located at an indented
region (“cleft” or “cavity”) at the protein surface.

The molecule consists of a single peptide chain of 259 amino acid residues
folded so as to create a catalytically active site in a 15 A deep cavity. The cavity has
the form of a cone, half the surface of which is hydrophobic and the other half
hydrophilic. A zinc atom is located at the bottom of the groove. Inhibitors penetrate
into the groove and block the site by replacing water liganded to the zinc. The active
site has been mapped in detail. Fig. 9 shows a spacefilling model with the active site in
a deep groove?®. Halide ions are stronger inhibitors the larger are the ions?°. Certain
sulphonamides are also strong inhibitors. The binding is reversible. This extensive
knowledge of the structure and properties of the enzyme was used by us to design
procedures for its isolation™®.

Carbonic anhydrase exists in two forms (isoenzymes) in human erythrocytes.
The problem is to eliminate all other proteins, including haemoglobin, except the
desired enzyme. To this end the cells are first burst by an osmotic shock and the lysed
cells are centrifuged to remove the membranes. The clear, strongly red-coloured
solution is drained into a bed of Sephadex or Sepharose to which sulphanilamide has
been coupled. A chromatogram from such an experiment is shown in Fig. 10. The
chromatogram was developed by passage of buffer through the bed followed by the
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Fig. 9. Packing model of the active site of human carbonic anhydrase C and the same site (cavity) partially
occupied by a sulphonamide inhibitor (indicated by the arrows). I. Vaara (1974), Thesis, Uppsala Uni-
versity, Uppsala, Sweden. With the author’s permission.

same bufler to which sodium iodide had been added. The iodide displaced the sul-
phonamide from the active site and mobilized the carbonic anhydrase B isoenzyme.
leaving the type C enzyme still adsorbed. By exchanging iodide for cyanate the C
isoenzyme was easily eluted. Both the B and C isozymes were recovered in pure form
and in quantitative yield. The purification factors were of the order of 200 and 4000,
respectively.

A very slight modification of the active site may change the adsorption be-
haviour profoundly. Fig. 11 shows the separation of human carbonic anhydrase B
from its monocarboxymethylated derivative.

Sulphanilamide is a “general ligand™ for carbonic anhydrase and inhibits the
enzyme from any organism. For example, the carbonic anhydrase from the bacterium
Neisseria sicca can also be isolated from a crude extract by chromatography on
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Fig. 10. Chromatogram showing isolation of two human carbonic anhydrase isoenzymes in a haemolysate
of erythrocytes (red blood corpuscles). A 25-ml volume of haemolysate was applied to a column (total
volume 47 ml) of sulphanilamide-Sephadex G-150 with 0.1 M Tris-sulphate as equilibrating buffer. The
isoenzymes were separated by including first 0.1 M sodium iodide and then 0.01 A/ KOCN in the buffer.

Protein concentration, —— — ; enzyme activity, —-—— . S. O. Falkbring, P. O. Géthe, P. O. Nyman, L.
Sundberg and J. Porath, FEBS Lett., 24 (1972) 229,
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Fig. 11. Chromatogram showing the separation of human carbonic anhydrase B from its derivative in
which a histidine side-chain in the active site region has been carboxymethylated. The derivatization
reaction was interrupted halfway before completion. The modified protein is not retarded and the native
protein requires a competing inhibitor for desorption. In molecular weight the protein and its derivative
differ by only about 0.2%. The separation is even more remarkable, however, considering that the outer
parts of the surface area are identical for the two molecular species. The separation is almost complete.
Adsorbent and reference as in Fig. 10.
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Fig. 12. Chromatogram showing isolation of bacterial carbonic anhydrase on the same adsorbent as in
Figs. 10 and 11. The crude extract of Neisseria sicca was applied to a 10 x 1.2 ¢cm L.D. column. Flow-rate.
18 ml/h; fraction volume, 3 ml. Equilibrating buffer, 0.1 M Tris-sulphate, pH 7.5; displacer, 0.01 M
KOCN in the equilibrating buffer. Enzyme activity, - - - —~; protein concentration, — — -- . Reference as
in Fig. 10.

sulphanilamide-Sephadex (Fig. 12). The bacterial and human enzymes resemble each
other in their inhibition properties and therefore presumably also in their active site.

TECHNICAL ASPECTS

The bioaffinity principle is attractive, simple and almost self-evident. Why,
then, did it take so long before affinity chromatography became a routine method in
biochemists™ laboratories? The reason is trivial: no suitable matrix substance had
been found. The introduction of cyanogen bromide as a coupling agent was also of
significant importance. Agarose is superior to Sephadex and, according to my ex-
perience, also to other matrix media, including polyacrylamide. It is not ideal but has
been gradually improved. Many of its assumed weak points seem to have been de-
liberately exaggerated to favour other products. For example, it has been claimed or
insinuated that agarose, being of natural origin, will be microbially degraded. In fact,
agarose is attacked by very few organisms*! and when cross-linked the gel appears to
be resistant even to isolated agarases. Another weakness often pointed out is mechani-
cal instability. Certainly granules of agarose are elastic and will be damaged by harsh
treatment. However, the gels are considerably strengthened by cross-linking with
agents of suitable length?, but admittedly, even such gels cannot resist the pressures
used for HPLC. Are such high pressures necessary or desirable?; possibly for very
rapid analysis, but in many instances batch procedures may be preferable and less
expensive, as for example for serial immunoassays as practiced in hospitals.

A new type of agar/agarose gel has recently been prepared in my laboratory,
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on the basis of our old ideas (Fig. 13). Particles or macromolecules that can be
dissolved under conditions that leave agarose gel untouched are included in agarose
beads of low matrix concentration. The water is displaced by washing the gel with a
suitable organic solvent, ¢.g., methanol. Upon evaporation of the solvent the gel
beads shrink but retain their shape. The gel is then cross-linked in a medium in which
the shrunken gel does not swell. The included particles, ¢.g.. silica or protein mole-
cules, are then dissolved out to leave a spongy gel. Such a gel combines the ad-
vantages of mechanical strength with high permeability and efficient ligate—ligand
interaction.

. 7

D)
7
Fig. 13. Schematic representation of how a strong, highly permeable agarose gel may be produced. Small

particles or large molecules are included in a gel matrix. The gel is contracted (see text) and cross-linked.
The included material is dissolved, leaving “imprints™ in the gel (unpublished work).

Porous ceramics and silica gels seem to be the matrix material of choice when
extreme mechanical stability is needed. However, non-specific adsorption must be
minimized, or preferably eliminated completely, so that protein yields exceeding 99 %
can be attained. Glyceropropylsilylation, as suggested by Regnier and Noel®3, seems
to be promising. :

The gels formed by agar and agarose are, owing to their open structure and
inner stabilization due to arrangement of the polysaccharide chains into dense bun-
dles of helices, very suitable as starting materials for biopolymer adsorbents. Interest-
ingly, agarose adsorbs proteins and nucleic acids at high salt concentrations. The
weak hydrophobicity is presumably due to the ether structure of the anhydrogalac-
tose residues. In my opinion, the adsorption caused by bound water acts as a screen
which keeps the solutes away from the matrix and thus provides the biopolymer with
a mild environment,

If affinity binding is very weak, the cooperative effect of non-specific ligands
may perhaps be an advantage. However., when devising coupling methods we have
tried to avoid the introduction of extra adsorption centres that may lower the speci-
ficity and complicate desorption. Selection of simple methods has been another guid-
ing principle. Additional demands are that the covalent ligand—matrix linkage should
be stable, the coupling yield should be high and the ligand not unduly damaged.

The cyanogen bromide method, which has been criticized as not fulfilling the
demand of giving completely stable coupling, is still the most popular method for
preparing affinity adsorbents. 1 prefer oxirane coupling with halohydrins, bis- or
trisoxiranes®** and divinylsulphone*®. Oxiranes give extremely stable ether, thioether
or amine linkages, the drawback being the slow and/or incomplete reactions at low
alkalinity. Divinylsulphone and quinone coupling*® have not yet been optimized. As
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we would stray too far from the main theme if we go deeper into this subject, I shall
instead refer to reviews!™7*%,

Detailed studies aimed at revealing the role of the spacer arm have been carried
out by Cuatrecasas et al.'®, Lowe®” and O’Carra et l.*®. The early belief that the
spacer arm serves only to reduce steric hindrance received a hard blow when f-
galactosidase was observed to adsorb to a ““mock affinity’" gel with non-ionic spacer
arms but without affinity ligands®®. The desirability of using hydrophilic non-ionic
spacer arms is now generally agreed upon. Such spacer arms of extreme length can be
obtained by coupling butanediol bisglycidyl ether to the gel and then converting the
terminal oxirane into a sulphydryl group followed by repeated coupling with the same
bisglycidyl ether under more mildly alkaline conditions. The hydrophilic spacer arm
will then contain 25 atoms with a terminal oxirane group (unpublished work).

If the affinity binding is very strong, desorption may become a serious problem,
as was discussed for the biotin—avidin case. Drastic elution procedures may be neces-
sary. For example, in order to dissociate antigen—antibody adsorption complexes
extreme pH or chaotropic ions of high concentrations may be tried. There is a con-
siderable risk of damage to the ligate, the ligand or both. Morgan et al.*® devised a
very mild procedure in which the ligate is eluted electrophoretically by application of
an electric field across the gel. Excellent yields were claimed.

Few large-scale applications have been published so far. At the Biochemical
Separation Centre in Uppsala Ersson and Brink are routinely processing hundreds of
litres of plant extracts for the isolation of lectins on affinity columns with a volume of
ca. 11

To improve the separation power of bioaffinity methods further we should
strive for higher chemical selectivity rather than for increased plate numbers. The
distribution is almost always one-sided, i.e., the ligate is found quantitatively in one

Magnetic
stirrer

Fig. 14. The “tea bag™ procedure for simultaneous adsorption of many solutes. Each nylon net bag is tilled
with different granular adsorbents and immersed in the solution or suspension containing the desired
substances. The bags are removed after equilibrium has been attained and placed in funnels that fit the
bags, and elution is executed with suitable displacers.
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of the phases: in solution or adsorbed. Isocratic elution is seldom practicable in
bioaffinity chromatography, which means that bed procedures are used more for
convenience than of necessity. At the extremes, where very small or large volumes are
to be handled, batch procedures are more appropriate. Extraction from a solution
only | ul or less in volume may be easier by means of a single particle or a slip of paper
with covalently bound ligand followed by washing. For large amounts, when many
substances are to be isolated, the “'tea bag™ principle!! can be used (Fig. 14). Indus-
trial application may require fluidized bed techniques.

“Magnetogels” with permanent magnets, usually iron oxide particles, in the gel
may be included to facilitate collection of the gel from the suspension®®, but the risk
of extra adsorption and other adverse effects should not be neglected.

RECENT DEVELOPMENTS AND FUTURE PROSPECTS

Hydrophobic interaction, charge-transfer and metal-chelate adsorption chro-
matography as applied to biological materials are all closely related to the topic of
this review, but I shall not discuss them here. Covalent chromatography may also be
included among the affinity methods that are in a phase of rapid development. Chro-
matography is thus joined to solid-phase synthesis, carrier-bound drugs and the use
of immobilized enzymes as tools in biotechnology. The synthesis of ligands of high
stereoselectivity is in an initial stage of development. Polymer-attached crown ethers
and other ion-selective substances should be mentioned, as well as adsorbents for
resolving racemic mixtures. In the end we may perhaps synthesize extremely selective
adsorbents suitable for fractionation work in organic solvents.

Chryobiology seems to have enormous potentialities and will no doubt be even
more exploited in the future. Relevant to my subject is the pioneering work carried
out by Douzou and Balny*!*2, who have begun to perform subzero bioaffinity chro-
matography. Denaturation is retarded upon lowering the temperature and ceases
almost completely well below zero. Isolation may then take place in hydroorganic
solvents. A new field of application opens up, wherein it might be possible, for
example, to isolate enzyme-substrate complexes which at ordinary temperatures exist
with half-lives of the order of milli- or microseconds.

An increasing demand for extremely selective methods for the isolation and
analysis of highly complex natural, reconstituted or semi-synthetic biologically func-
tioning entities including cells and modified cells can be anticipated. For such pur-
poses chromatography is likely to be replaced by other methods. Batch procedures
based on biospecific adsorption have often been used in the past. The elegant nylon
fibre method of Edelman et ¢/.** should be mentioned. Liquid-liquid extraction with
polymer phase systems as introduced by Albertsson** is another attractive technique
of great potential. High selectivity in the extraction can be obtained by including
polymeric bioaffinity carriers in the system (“bioaffinity partition’"). The conversion
of such methods into bioaffinity partition chromatography is a challenging task,
perhaps not entirely hopeless if only a suitable support can be found. In any case,
accumulated knowledge from the developmental work aimed at the refinement of
bioaffinity chromatography will also serve to improve the related methods men-
tioned.



258 J. PORATH
CONCLUDING REFLECTIONS ON THE ART OF SEPARATION

When enjoying a masterpiece of painting we usually think of the painter but
never give a thought to the inventor of the paint; when we listen to a symphony we
never give a thought to those who made music possible, the instrument makers.
Artists are more likely to be recognized than the artisans, who used to be anonymous.
Yet art could never have come into existence without invented tools. We may expand
the analogy to other fields, to science and technology. The increase in our knowledge
of the structure and function of living matter on the molecular level that we have
witnessed during the last 25 years would hardly have been possible without the intro-
duction and refinement of physical and chemical methods for the fractionation of
biological material down to its molecular entities. This simple fact is seldom ap-
preciated by those who receive the credit for progress in molecular biology.

The points I have just made will perhaps be interpreted in terms like the cook’s
appraisal of his own food. This is not my intention. In a world of diminishing under-
standing and support of research, especially in natural sciences, and, as a consequence
of that attitude, the harder struggle for financial backing and personal recognition, it
becomes necessary that we who devote our time and labour to the art of fraction-
ation, advertise our achievements and struggle for a better general understanding of
the key role of our specialities, and by doing so, contribute to the further advance of
other more illustrious branches of natural science.

Separation science, especially as applied to biology in the.form of affinity
methods, offers thrilling adventures and challenging strategic problems often closely
associated with biologically highly significant and important phenomena. In ad-
dition, separation science is justified in itself, being a branch of ““scheikunde™ (the
Dutch name for chemistry).
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SYSTEMATIC STUDY OF TERNARY SOLVENT BEHAVIOUR IN REVERS-
ED-PHASE LIQUID CHROMATOGRAPHY~*

PETER J. SCHOENMAKERS*, HUGO A. H. BILLIET and LEO DE GALAN
Laboratorium voor Analytische Scheikunde, Technische Hogeschool Delft, Juffalaan 9, 2628 BX Delft ( The
Netherlands)

SUMMARY

An extensive experimental survey of the retention behaviour of 32 solutes in
the system methanol-tetrahydrofuran—-water and 49 solutes in the system methanol-
acetonitrile—water is presented. The retention data are fitted to a second order six-
parameter equation, describing the capacity factor as a function of mobile phase
composition. Iso-eluotropic lines, i.e., lines that connect solvents of equal eluotropic
strength, are constructed in the ternary diagrams for the two systems and compared
with theoretical lines, predicted from solubility parameter theory. Specific effects are
defined as variations in retention for a particular solute, using solvents of equal
eluotropic strength. Such effects appear to be larger between different binary mixtures
than within the ternary triangle. Ternary solvents thus provide a smooth transition
between two limiting binary mixtures.

INTRODUCTION

Phase systems in liquid chromatography can be evaluated using three charac-
teristics:

(i) Retention which is determined by the polarity of the solute, relative to that
of the mobile and stationary phases, and by the absolute difference between the
polarities of the two phases.

(it) The latter factor also determines the selectivity of the system, i.e., its gen-
eral separation power. Therefore, in general, the selectivity of the system cannot be
increased without at the same time increasing retention. For example, in reversed-
phase liquid chromatography (RPLC), the addition of more water to the mobile
phase usually results in an increase of both retention and selectivity'.

(111) The specificity of the system, i.e., its increased separation power for cer-
tain pairs of solutes, which arises from specific interactions between the solute mole-
cules and those of the chromatographic phases. Unlike retention and selectivity,
specificity is hard to predict for LC phase systems.

In PPLC we use a single stationary phase of low polarity for many different

* Part of the Ph.D. Thesis of P.J.S.
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samples. By using binary mixtures, the polarity of the mobile phase can be increased
continuously until, for a given sample, retention reaches a practical upper limit. This
mobile phase will lead to the highest possible selectivity. Different binary mobile
phases can be prepared with the same polarity, e.g., a mixture of 60 % (v/v) methanol
and 40 9, water has the same polarity as acetonitrile-water (47:53) or tetrahydrofuran
(THF)-water (37:63)%. Such binary mobile phases of equal polarity can be shown to
produce considerable specific effects®. There is, however, a very small number of
organic modifiers that can be used in such binary mixtures with water. Many more
mobile phases of the same polarity can be used, if we include ternary mixtures. For
example, the 60 %, methanol and the 479, acetonitrile solvents can be mixed in any
arbitrary ratio to yield an infinite number of possible ternary mobile phases. Hence,
ternary mobile phases greatly increase our flexibility to search for optimum speci-
ficity.

In recent years, many practical examples of the advantageous use of ternary
mobile phases in RPLC have been published (e.g., refs. 4-8). Also, the combination
of water with three organic modifiers has been shown to be of practical use®.

The first systematic investigation of ternary mobile phases was performed by
Bakalyar et al.*. They compared seven ternary mixtures containing 50 % (v/v) water,
40 9 methanol and 109 of a second organic modifier. The binary mixture of 50
methanol and 50 9, water was used as a reference. At first sight the specific effects they
reported appear to be striking, but they are obscured by considerable differences in
retention between the different mobile phases. Indeed, the specific effects largely
vanish when we normalize the retention data in such a way that the same average
retention is obtained as for the reference mixture. The remaining differences are
much smaller, and give a better insight into the specificity of the different systems.
Nevertheless, it 1s true that even such minor differences can be exploited in practice.

A more recent systematic study of the behaviour of ternary and quaternary
mixtures of water, methanol, THF and acetonitrile was reported by Glajch er al.8.
They describe procedures to search for optimal multicomponent mobile phases.

In this paper we report a systematic study of the retention behaviour of two
ternary mobile phase systems (methanol-acetonitrile-water and methanol-THF-
water). We varied the composition of all constituents from zero to 100 %,. The data
are used to define ternary compositions of equal polarity and to analyse specific
separation effects.

THEORETICAL

Retention in RPLC using ternary mobile phases

In previous work we have used the solubility parameter concept to establish the
general shape of the relationship between the capacity factor and the binary mobile
phase composition®. Moreover, this concept yields good estimates of the compo-
sitions of different binary solvents that lead to equal retentions?. Therefore, we feel
encouraged to use it in a similar way for ternary systems.

In LC, the capacity factor can be expressed in terms of activity coefficients'®

k.o = 1bm s 1))
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where v, and vy, are the activity coefficients of the solute / in the mobile and
stationary phase, respectively, and n, and n,, are the number of moles of the two
phases present in the column. Eqn. 1 is based on the pure liquid solute as the standard
state for both phases.

We described elsewhere? how the activity coefficients can be expressed in terms
of total solubility parameters. If we neglect entropy effects (¢f., ref. 2), we find

RT Iny;; = v; (3; — 51‘)2 (2)

where R is the gas constant (1.9865 cal K™ ! mole '), T is the absolute temperature
("K), ;¢ is the activity coefficient of solute / in phase f, v; is the molar volume of the
solute (cm” mole™') and & is the solubility parameter (cal'’? cm~*?)*. Combination
of eqns. 1 and 2 now results in:

V;

In k; = 20 [(0; = 0, = (6, = 8% + In = (3)

n

m

As before”, we will assume that the solubility parameter of a mixture can be
found from that of its constituents as

N
émix = Z (pj 6j (4)
i=1

for a mixture of N constituents, each with volume fraction ¢; and solubility parame-
N

ter o;. Since, of course, ) ¢; = I, eqn. 4 can be written for a ternary mixture as:
Jj=1

Omix = @10 + @, 6, + (1 — @ — @) J; (3)

From now on we will assign the subscript 1 to methanol and 3 to water. The subscript
2 will then refer to the second organic modifier (acetonitrile or THF).
Substitution of eqn. 5 into eqn. 3 yields

v X . . . . . n,
Ink; = RT {0, =910, — 9,0, — (1 —¢, — 902)(33]2 —(0; — os)z} + In
n

and after rearrangement: (6)

m

v;

RT

In k; = [‘Pf (0, — 53)2 + (Pg (0, — 53)2 +
+ 2¢,(0; — 03)(05 — ;) + 2 ¢, (6; — &3) x
x (03 — 0y) + (83 — 0% — (6, — 8)* +

nS

+ 29, 0,03 — 6;)(d; — ;)] + In (7N

m

* Historically (¢f., ref. 10) the solubility parameter is expressed in cal'’? cm ™32, The conversion to
S.I. units reads: 1 cal’? cm™*? = 2.05 MPa!/2,
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This equation describes the dependence of the capacity factor on the composition of
the mobile phase. It is of the form

Ink =401+ 4,05+ B ¢, + B,o, + C+ Do, o, (8)
with:

v .

Al = }é7(()1 — ()3)2 (9)
Vi .

A, = RT'(OZ — ;) (10)
2v, Sy .

B = RT'(O,- — 03)(03 — 0y) (11)
2y, e .

B, = (6 = 6333 — 8)) (12)
C= (S, — 8) — (0. — 0] + In > (13)
=Ry N TG L N »

AV S :
D= 210 = 8,) (05 — 8)) = 2/ A 4, (14)

Eqn. 8 expresses a non-linear dependence of the logarithm of the capacity factor on
the two volume fractions of organic modifier. A representative example of its be-
haviour is shown in Fig. 1. The composition of the ternary mobile phase is rep-
resented by the usual equilateral triangle in the horizontal plane at the base. The
capacity factor is plotted vertically on a logarithmic scale. The surface described by
eqn. 8 1s curved, but otherwise quite smooth. Local maxima or minima, discon-
tinuities or asymptotes cannot be observed.

In binary mobile phase systems, the generally non-linear relationship between
In k£ and composition can be approximated by a straight line over a limited range of &
values (1 < k < 10)'. It should be noted, however, that it does not appear to be
teasible to approximate the surface described by eqn. 8 by a plane over a wide range
of ternary compositions.

If we consider the values of the solubility parameters of the different mobile
phase constituents, some further predictions can be made. The respective ¢ values are
given in Table 1. Using these values we expect 4, to be much larger than A4,, and, of
course, both are positive. Since the solubility parameter of the solute will be of the
order of 10 cal'> cm ™32, B, and B, are expected to be strongly negative, again with
the absolute value of B, larger than that of B,. The value of D is the geometric mean
of that of 4, and A4, and is thus expected to be positive. Finally, C is, strictly speak-
ing, equal to In k. the logarithm of the capacity factor of the solute in pure water.
The parameters for o-cresol in the methanol-THF-water system that were used to
construct Fig. | follow these guidelines.
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J -3
(3dwater

(DTHF

Fig. 1. Dependence of the capacity factor on mobile phase composition, for o-cresol in the system
methanol (MeOH)- THF-water. The curved surface obeys eqn. 8 with coefficients from Table I1.

For each solute the experimental retention data have been fitted to eqn. 8,
yielding a set of coefficients (4, through D) for a particular solute in each mobile
phase system.

We preferred the six-parameter linear equation given by eqn. 8 over a five-
parameter non-linear version, in which D = 2./A4, 4,, because it yielded a closer fit
in the regression analysis. One reason for this may be found in the factor n/n,,. It may
be argued that n /n,, varies with the composition of the mobile phase. With decreasing
waler content, /7, probably increases due to solvation (see, e.g., refs. 11 and 12). Even
without this effect, n,,, is bound to decrease, due to the increase in the molar volume of

TABLE 1

SOLUBILITY PARAMETERS FOR THE SOLVENTS USED IN THE PRESENT STUDY

Data taken from ref. 10.

Mobile phase component  Subscript Solubility parameter

(cal'’? em™32)
Methanol 1 15.85
Tetrahydrofuran (THF) 2 9.88
Acetonitrile 13.14

Water 3 25.52
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the mobile phase from water (v = 18 cm® mole ') to methanol (40), acetonitrile (52)
or THF (81). The latter effect can be mathematically accounted for, by introducing
the logarithm of the molar volume of the mobile phase into eqn. 8. In doing so,
however, we did not find a significant improvement in the regression analysis. There-
fore, we decided to treat (n/n,,) as a constant, which means that its variation with
mobile phase composition is included in the coefficients A4, through D in eqn. 8.

Iso-eluotropic diagrams

As stated before, ternary systems in high-performance liquid chromatography
(HPLC) offer the possibility to exploit specific effects. For certain solute pairs, the
relative retention can be increased considerably, while retention itself remains
roughly constant. Theoretically (eqn. 3), different mobile phases will lead to the same
retention times if their polarities (solubility parameters) are equal.

Let us consider a sample for which a chromatogram has been obtained in a
binary mixture of water and methanol, the volume fraction of the latter being ¢}. We
will refer to this mobile phase as the (binary) reference. Let us assume that the
reference chromatogram shows reasonable retention times, but insufficient separa-
tion. Eqn. 4 shows that a ternary phase expected to yield roughly the same retention
times obeys:

0% = ooy + (1 — @} 03 = 0,0, + 030, + (I — @, — @,) 93 (15)
02 = (Pp — @) (0, — 83)/(6, — I3) (16)

Here 0% is the polarity of the binary reference mixture. As usual, subscript I refers to
methanol and subscript 3 to water. According to eqn. 16 all ternary mixtures of water,
methanol and a second organic modifier that possess a given polarity follow a straight
line between two limiting binary compositions. This is illustrated in Fig. 2a. If ¢, =
@1y, @, becomes zero and eqn. 16 defines the reference binary composition of metha-
nol and water. If ¢, = 0, a binary mixture of water and the second organic modifier
results. The straight line connecting the two binary compositions will be called a
(theoretical) iso-eluotropic line. Empirical iso-eluotropic lines can be constructed
from experimental data collected for a large number of solutes. The procedure is
illustrated in Fig. 2b. Let us consider a ternary mobile phase of composition P (259
methanol, 259, THF, 509, water).

The solute dimethyl phthalate shows a capacity factor of 0.8 in this solvent.
The same capacity factor is observed with a binary mixture of 70 %, methanol and
309, water. Consequently, for dimethyl phthalate the iso-eluotropic line through bi-
nary reference composition @3 = 0.7 passes through P. Other solutes eluted with the
lernary composition P not only show different capacity factors, but also yield slightly
different binary reference compositions ¢f. If, as is the case in practice, the variation
in @ is small, we can take the average reference composition of a large number of
solutes and assign this value to the ternary composition P. As shown in Fig. 2b, this
average turns out to be 0.63. The same procedure can be applied to other ternary
compositions and each of them can be assigned a particular reference value. The data
thus obtained are shown in Fig. 2b for a few compositions. Linear interpolation along
straight composition lines through the top of the composition triangle then yields the
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ternary composition P’, for which ¢ = 0.7. Finally, all the mixtures that yield the
same reference value can be connected to form an (empirical) iso-eluotropic curve.
The example in Fig. 2 shows the difference between the theoretical prediction (eqn.
16) and the empirical curve. Theory predicts a straight line running from ¢ = 0.7 to
¢rmr = 0.43. The empirical curve is slightly concave and intersects the opposite side
at @rur = 0.44.

@ HO

\&

g
(pM 70

MeOH THF MeOH THF

Fig. 2. lllustration of the construction of iso-eluotropic lines. a, Theoretical; the straight line from 70 9,
methanol to 439, THF is calculated from eqn. 16. b, Experimental: the numbers at each composition
(indicated by a black dot) represent the corresponding reference binary methanol-water composition (in %,
methanol) averaged over a large number of solutes. The solid, curved line connects interpolated points of
equal eluotropic strength.

The approach outlined here resembles the one used previously for relating
different binary compositions>.

EXPERIMENTAL

The instrumentation used was the same as described before', except that a
Varian Model 8050 autosampler was used for some of the measurements. Mobile
phases were mixed from individually measured volumes of methanol, THF (both
from J. T. Baker, Phillipsburg, NJ, U.S.A.), acetonitrile (E. Merck, Darmstadt,
G.F.R.) and water (carefully treated as described before!). Columns (30 cm x 4.6
mm 1.D.) were home-packed with Nucleosil 10-RP18 from Macherey, Nagel & Co.
(Diiren, G.F.R.).

The flow-rate was set at 1.5 ml min~' and was measured at regular intervals.
All measured retention times were corrected for variations in the flow-rate and for the
residence time outside the column.

For these columns at this flow-rate we chose a uniform hold-up time of ¢, =
125 sec. Although there are indications that the hold-up volume of an RPLC column
varies with mobile phase composition!?!3, there seems to be no valid experimental
method for its accurate determination. The two methods that give the most realistic
results in binary methanol-water systems!® cannot be used in the present ternary
systems.

The injection of large amounts of inorganic salts leads to solvent demixing. The
linearization of a plot of In & vs. carbon number for homologous series yields un-
realistic results because the Martin rule cannot be applied with mobile phases rich in

1
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acetonitrile or THF'#. The use of 2H,0 (deuterium oxide) as a t,-marker, which has
recently been studied extensively!?, also has serious disadvantages.

The exchange of deuterium with hydrogen atoms in water, methanol and even
residual silanols might cause a problem'>. Moreover, the necessary assumption that
water is not absorbed into the stationary phase clearly does not hold over the whole
composition range. Therefore, we decided to use a uniform, realistic ¢, value. The
consequences of this decision are limited, because the conclusions drawn in this paper
apply equally well to gross retention times as to capacity factors.

The present study includes 32 solutes in the system methanol (1)-tetrahydrofu-
ran (2)-water (3) and 49 solutes in the system methanol (1)-acetonitrile (2)-water (3).
These two sets of solutes are listed in Tables Il and 11, respectively. They were used in
the highest purity available and diluted in the corresponding mobile phases, if neces-
sary enriched with organic modifier.

The compositions of the two systems that were included in the measurements
are indicated in Fig. 3. For each composition solute retention times were measured,
up to a maximum value of about 1.5 h (k = 40), for practical reasons.

@ H,O @ H0

MeOH THF  MeOH ‘ ACN

Fig. 3. Overview of the mobile phase compositions used in the present study. ACN = Acetonitrile.

RESULTS AND DISCUSSION

The basic retention data (capacity factors) are given in Appendix I for the
methanol-THF-water system and in Appendix Il for the methanol-acetonitrile—-
water system.

For all solutes the experimental retention data were fitted to eqn. 8. The result-
ing coefficients for each solute are given in Table 11 for the methanol (1)-THF (2)-
water (3) system and in Table I11 for the system methanol (1)-acetonitrile (2)-water
(3). The total number of datapoints, N, for each solute is also listed in the tables. The
coeflicients follow reasonably well the general behaviour discussed in Theoretical.
The values of 4, and A, are usually positive and the values of 4, are much larger
than those of 4,. However, some 4, values are negative. As expected, all B values are
strongly negative, with the absolute value of B, being larger than that of B,. Cis, of
course, positive, but the two C values for a solute that appears in both tables are not
exactly the same. The values of D are usually positive, but larger than the geometric
mean of 4, and 4,. Considering the approximate character of eqns. 9-14 after omit-
ting entropy and phase ratio terms, these results are not discouraging.



TERNARY SOLVENT BEHAVIOUR IN RPLC 269

The last column in Tables 11 and 111 shows the average error between the model
(eqn. 8) and the experimental data points. Note that the absolute deviations in In k
are approximately the same as the relative deviations in k. The average deviation for
all data points is 139, for the THF-containing system and 129 for the system with
acetonitrile.

Closer examination of the data reveals that moderate capacity factors (k < 10)
are described consistently better (deviations less than 109,) than large capacity fac-
tors (k > 10). This is due to the fact that a fixed C term was adopted. In reality,
different ternary systems (compare Tables 11 and I11) and different binary systems'-°
yield different values of C for the same solute.

As a result, the average deviation between the model (eqn. §) and the larger
values observed in water-rich solvents is 209, for the THF system and 189/ for the

TABLEII
RETENTION BEHAVIOUR OF 32 SOLUTES IN THE SYSTEM METHANOL-THF-WATER

Coeflicients according to eqn. 8. N = Number of data points included in the regression analysis; a.d. =
average deviation between the experimental value for In & and the calculated value from eqn. 8, for all data
points.

No. Solute A, A, B, B, C D N a.d.
1 Acetophenone 0.25 466 —5.54 —11.27 3.89 390 35 0.16
2 Anethole —2.44 3.51 —4.51 —12.68 647 —0.05 22 0.09
3 Aniline 0.09 .10 —491 — 6.54 290 220 31 0.18
4 Anisole 0.44 494 —7.02 —1288 5.51 4.79 30 0.12
5 Anthracene —2.53 417 —4.72 —14.34 7.38 0.06 18 0.07
6 Benzaldehyde 0.10 292 —497 - 9.12 3.39 242 35 0.12
7 Benzene —-0.51 208 =517 — 9.15 470 1.20 30 0.07
8 Benzonitrile 1.08 339 —6.69 —10.35 4.00 4.00 36 0.12
9 Benzophenone 0.37 621 —828 —16.07 691 519 27 0.15
10 Benzyl alcohol 0.71 440 -537 —1043 296 4.69 36 0.16
11 Biphenyl —2.60 4.08 —499 —1392 7.15 028 22 0.09
12 Chlorobenzene 0.28 521 —=7.82 —14.25 6.70 499 27 0.08
13 0-Cresol 1.68 294 —827 —11.13 497 522 32 0.10
14 Diethyl phthalate 0.05 6.11 —7.37 —15.08 5.84 4.90 30 0.17
15 N,N-Dimethylaniline 2.30 8.13 -990 —16.59 7.04 10.73 25 0.23
16 2,4-Dimethylphenol 1.89 452 —940 —13.82 6.13 6.67 30 0.07
17 Dimethy! phthalate 0.75 593 —6.75 —1331 427 523 34 0.18
18 m-Dinitrobenzene 0.06 —-0.79 —592 — 698 4.26 —0.05 31 0.1%
19 Diphenyl ether —2.16 405 —-368 —14.00 7.20 0.86 22 0.08
20 Ethylbenzene -1.70 330 533 —11.99 642 0.78 23 0.06
21 N-Methylaniline 0.92 500 —7.52 —12.04 5.19 6.69 26 0.21
22 Naphthalene —3.28 6.23 —4.10 —15.64 7.10 -0.21 22 0.27
23 p-Nitroacetophenone 1.17 2,17 —7.09 — 991 44l 3.57 33 0.07
24 o-Nitroaniline 2.21 300 —-8.56 —10.99 4.70 6.45 32 0.11
25 Nitrobenzene 1.03 322 —-7.23 —10.92 486 4.14 32 0.05
26 m-Nitrophenol 1.04 .16 =747 — 935 454 321 32 0.19
27 Phenol 1.48 099 -6.79 — 785 347 2.86 36 0.09
28 1-Phenylethanol 0.19 425 —551 —10.78 3.65 3.65 35 0.11
29 2-Phenylethanol 0.25 527 -563 —12.03 3.69 4.55 35 0.11
30 3-Phenylpropanol 1.59 7.52 —8.33 —1591 533 8.58 33 0.16
31 Quinoline 0.74 947 —6.15 —1556 4.60 8.25 26 0.26

32 Toluene —0.18 416 —6.80 —12.58 6.23 325 26 0.07
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acetonitrile system. Somewhat surprisingly, such large deviations are not observed
for very small capacity factors (k < 1). Measurement errors and the assumption of a
uniform hold-up time, which would predominantly affect the smallest capacity fac-
tors, appear to be of little significance.

Iso-eluotropic lines

Following the procedure outlined in Theoretical, iso-eluotropic lines of con-
stant solvent strength have been constructed for both ternary systems. Theoretically
predicted and empirical lines are presented in Figs. 4 and 5. A good agreement is
observed, except for the very strong solvents, which are of limited practical value.
This suggests that eqn. 16 offers a good first order approximation of iso-eluotropic
lines in other ternary systems.

As expected from Fig. 1, the iso-eluotropic lines show a very regular behaviour.
Significant maxima or minima are absent, not only for the averaged curves in Figs. 4
and 5, but also for iso-eluotropic lines referring to individual solutes. This indicates
that ternary mixtures provide a smooth transition from one binary solvent to an-
other.

Specific effects

Each iso-cluotropic line in Figs. 4 and 5 offers a guideline to the elution of a
given sample with different mobile phases, but with roughly constant retention. Since,
however, the iso-eluotropic line represents the average over a large number of solutes,
minor variations in retention should be expected for individual solutes. We will refer
to these variations as specific effects.

When we gradually replace the methanol in a binary methanol-water mixture
by THF (i.e., move to the right along one of the iso-eluotropic lines in Fig. 4), some
solutes will move forward in the chromatogram and will be eluted more quickly than
with the binary reference mixture. Obviously, such solutes show a specific preference
to THF over methanol. On the other hand, other solutes interact more favourably
with methanol, and hence are comparatively retarded when methanol is replaced by
THF.

Fig. 6 illustrates the specific effects that can occur in ternary systems. It shows a
series of chromatograms taken along the curve for ¢ = 0.5 in the methanol-THF-
water system. The upper chromatogram shows that in methanol-water (50:50) the
sample is eluted in 20 min, but that the first two solutes coincide. When we ¢lute the
sample with the corresponding binary mixture of THF-water (32:68), the total analy-
sis time indeed remains approximately the same, but the separation is again incom-
plete. However, the solute pair that coincides in methanol-water (benzyl alcohol and
phenol) 1s different from the unresolved couple in THF-water (phenol and 3-phenyl-
propanol). Moreover, the sequence of the last bands eluted has reversed in going from
methanol-water to THF-water. This reversal originates from the specific acceleration
of 2,4-dimethylphenol and the specific retardation of diethyl phthalate. The third
solute, benzene, is hardly affected by the changing composition.

Such changes as observed between the top and bottom chromatograms of Fig.
6 form a strong argument in favour of ternary mobile phase systems.

The second chromatogram from the top in Fig. 6 shows the elution with a

ternary mixture, in which only a small amount of THF (10%)) is present. Not un-
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TABLE II1
RETENTION BEHAVIOUR OF 49 SOLUTES IN THE SYSTEM METHANOL-ACETONITRILE-

WATER

Details as in Table II.

No.

|

00 ~J OV L B W N —

32
33
34
35
36

38
39
40
4
4
43
44
45
46
47
48
49

n-Butylbenzene —1.43
p-Chlorobenzaldehyde 0.59

Chlorobenzene 1.73
p-Chlorophenol 1.88
p-Chlorotoluene 0.08
0-Cresol 2.04
o-Dichlorobenzene -0.31
Diethyl phthalate 2.85
Dimethyl phthalate 2.58
m-Dinitrobenzene 1.71
o-Dinitrobenzene 2.50
p-Dinitrobenzene 1.71
2,4-Dinitrotoluene 1.77
2,6-Dinitrotoluene 2.33
3,4-Dinitrotoluene 3.07
Diphenyl ether 0.25
Ethylbenzene —0.76
m-Fluoronitrobenzene 1.41
o-Fluoronitrobenzene 1.77
p-Fluoronitrobenzene 2.10
p-Fluorophenol 0.70

p-Hydroxybenzaldehyde 1.55
p-Methoxybenzaldehyde  0.49
p-Methylbenzaldehyde 0.08

Methyl benzoate 2.87
Naphthalene 0.36
p-Nitroacetophenone 2.18
p-Nitrobenzaldehyde —0.18
p-Nitrilobenzaldehyde ~0.63
Nitrobenzene 2.18
m-Nitrophenol 1.57
o-Nitrophenol 1.44
p-Nitrophenol 1.98
Phenol 0.92
2-Phenylethanol 0.61
p-Phenylphenol 2.83
3-Phenylpropanol 1.53
n-Propylbenzene —1.04
Toluene ~0.91
a,o,a-Trichlorotoluene 0.09
2,4-Dimethylphenol 1.95

Solute A,

Acetophenone 1.07
Anisole 2.13
Benzaldehyde —-0.18
Benzene 2.31
Benzonitrile 2.67
Benzophenone 1.68
Benzyl alcohol 0.47
Biphenyi 0.00

B,

— 780 —11.45
9.06 —11.97
6.08 — 9.55
8.66 —10.82
9.24 —10.81
10.15 —13.85
6.09 —10.38
8.60 —12.78
7.46 —12.46
5.52 - 5.09
9.75 —13.56
9.26 —13.75
796 —11.80
8.56 —11.79
6.85 —10.13
11.87 —1579
10.06 —13.07
8.44 —10.14
996 —11.41
8.48 — 9.36
9.41 —11.77
10.30 —12.72
11.59 —13.65
9.22 —-13.48
6.18 — 9.35
8.27 —10.83
8.67 —11.04
9.06 —10.81
7.04 —10.51
7.54 —12.32
6.74 —10.29
7.05 —10.66
10.27 —13.84
8.01 —11.53
8.97 —11.11
6.48 — 8.42
6.14 — 8.78
8.88 —10.90
8.16 —11.96
7.46 —10.25
8.43 —11.64
6.38 — 9.02
6.68 —12.02
1221 —17.68
8.82 —14.72
6.61 — 9.97
8.12 —10.83
9.72 —14.77

9.46

—13.89

27

D N a.d.
7.77 33 0.11
6.79 30 0.12
6.62 34 0.18
5.42 29 0.14
7.87 32 0.08
6.81 26 0.12
8.09 34 0.09
3.02 24 0.13
1.10 23 0.12
337 26 0.33
6.96 27 0.13
9.58 32 0.10
328 25 0.10
835 33 0.09
1.94 25 0.12

10.10 29 0.14
9.72 31 0.14
5.52 31 0.10
7.41 31 0.10
535 32 0.09
5.84 29 0.11
7.23 28 0.11
9.07 30 0.11
384 24 0.12
0.65 22 0.12
544 30 0.09
6.45 31 0.11
6.51 30 0.11
7.90 35 0.11

11.59 36 0.12
6.82 28 0.08
7.39 29 0.14
9.16 29 0.15
3.39 25 0.11
7.27 32 0.12
6.64 32 0.20
7.69 34 0.23
6.59 31 0.09
8.56 35 0.11
5.47 33 0.13
8.65 35 0.12
6.80 36 0.09
8.39 35 0.10

11.56 28 0.12

10.16 37 0.09
0.29 25 0.13
3.97 28 0.14
5.20 18 0.09
9.17 3] 0.11
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experiment

10

MeOH THF
Fig. 4. Iso-eluotropic diagram for the system methanol-THF-water. Theoretical and experimental curves
are constructed as shown in Fig. 2, for reference methanol-water compositions at 109, intervals.
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Fig. 5. Iso-eluotropic diagram as in Fig. 4 for the system methanol-acetonitrile-water.

expectedly, the three early peaks are now well separated. However, the three later
bands merge into a single peak. This is not surprising, considering the top and bottom
chromatograms. The third chromatogram from the top shows the excellent separa-
tion that can be obtained by applying the appropriate ternary composition to this
particular sample.

We can define the specificity of a mobile phase with respect to a binary mixture
of methanol and water for a solute / as:

S; = In k¥y/k; (17)

Here k; is the capacity factor of / in the mobile phase, while k¥, is the capacity factor
in the binary reference solvent. Defined in this way, zero specificity (S; = 0) results if
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Fig. 6. Chromatograms illustrating the specific effects occurring in some iso-eluotropic mixtures of
mcthanol. THF and water. Retention data taken from Table 11. Mobile phase compositions follow the
experimental iso-eluotropic curve for ¢% = 0.5 in Fig. 4.

the capacity factor remains unaltered when a binary methanol-water mixture is re-
placed by another solvent of equal eluotropic strength. Positive S values indicate a
specific acceleration of the solute i. A very high S value is found when the solute is
essentially non-retained in the eluent chosen. Negative S values signify a specific
retardation of the solute relative to its behaviour in methanol-water.

As an example, Fig. 7 shows the specificities of the mobile phases used in the
chromatograms of Fig. 6 towards each of the six solutes, as a function of the decreas-
ing methanol content of the solvent. Two additional horizontal axes have been drawn
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Fig. 7. Specificity according to eqn. 17 in ternary mobile phases containing methanol, THF and water, for
the six solutes shown in Fig. 6. The mobile phase composition follows the experimental iso-eluotropic line
for ¥ = 0.5n Fig. 4.

Fig. 8. Specificity for four solutes as a function of THF content in binary mixtures with water. The (non-

linear) scale at the bottom indicates the composition of the corresponding reference methanol-water
mixture.

to indicate the volume fractions of THF and water, respectively. Note that both of
these axes are slightly non-linear.

Obviously, all curves in Fig. 7 start at § = 0 for the binary reference com-
position of methanol-water (50:50). With decreasing amount of methanol and in-
creasing amount of THF the positive specific effects for benzyl alcohol, 3-phenylpro-
panol and diethyl phthalate become clear, whereas phenol and 2,4-dimethylphenol
show negative specificity. Benzene shows approximately zero specificity along this
particular iso-eluotropic line. Fig. 7 suggests that the specificity changes quite reg-
ularly when methanol is gradually replaced by another organic modifier. This ap-
pears to be a general rule for all solutes. A binary solvent almost always shows a more
pronounced specific effect relative to methanol-water than the intermediate ternary
solvents of the same eluotropic strength. Indeed, in Fig. 6, phenol is separated from
its neighbours because the specific effect of a ternary mixture of methanol, THF and
water is smaller than that of a binary mixture containing only THF and water.

It should be noted that the specificity curves in Fig. 7 correspond to one
particular iso-eluotropic line, the one for ¢ = 0.51in Fig. 4. Hence, a large number of
specificity curves can be constructed for each solute. However, we can simplify the
discussion, if it 1s realized that the specificity of ternary mixtures is intermediate
between those of the limiting binary mixtures. Therefore, a classification of the specif-
ic effects in binary mixtures is indicative of the behaviour of ternary systems. We
can now construct specificity curves that cover the entire binary composition range,
and hence a wide range of retention times. Some examples are shown in Fig. 8, where
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the specificity of THF-water mixtures towards four solutes is presented. Each point
represents the specificity of a particular mixture of THF and water, relative to the
corresponding binary methanol-water reference mixture. For example, the points at
¢ryr = 0.4 indicate the specificity relative to a binary mixture of 65 %, methanol and
35 %, water (@3 = 0.65). Note that binary mixtures containing more than 70 %, THF
have a solvent strength larger than that of 1009, methanol. For the solutes included
in the present study, such very strong solvents are of little interest. When such sol-
vents are required for very hydrophobic solutes, binary mixtures of water and THF
can be taken as a reference instead of methanol-water mixtures.

Naturally, all curves start at S = 0 for ¢, = 0, which point refers to pure
water. Two typical shapes can be observed, one with a minimum and one with a
maximum. Only occasionally (e.g., benzene in THF-water) the S vs. ¢ curve shows
no extrema. An equation for the specificity as a function of binary mobile phase
composition can be derived from eqns. 8 and 16. If we substitute the appropriate
compositions in eqn. 8, i.e.,.@; = 0tofind k;, and ¢, = ¢¥. ¢, = 0to find k}y,, we
obtain:

S;=Ink¥y —Ink,,

1

= 4, ((Pf\k/[)z - A, (Pi + By oy — By ¢, (18)

Moreover, for the binary mixture of the second modifier and water, we can substitute
@, = 01n eqn. 16 and hence

0y — 03 P
S =4 19
¢ = Pt (()2 — 53) A (19)

where / is the constant ratio of solubility parameter differences. Combination of eqns.
18 and 19 now yields:

S (Pg (Alllz — A4y)) + ¢,(BiA — B,)

Po3 + Qo, (20)

The solid lines drawn in Fig. 8 represent the quadratic curves according to eqn.
20. The P and Q values for the individual solutes are found from regression analysis on
the experimental data for S and are represented in Fig. 9 for the THF-water system
and in Fig. 10 for the acetonitrile-water system. The numbers in these two figures
refer to the solutes as they occur in Tables I1 and I11. Solutes that experience positive
specificities can be found in the upper left corner, while the retarded solutes are
situated at the bottom right.

The correlation between the P and Q values is remarkable. In fact, al-
most all solutes fall close to the line P = —Q included in Figs. 9 and 10. If we now
substitute P = — Q into eqn. 20, we find that the specificity S is zero for ¢, = 1. This
leads to the conclusion that solvents rich in either acetonitrile or THF show very little
specific effect in comparison to methanol-water mixtures. If specific effects occur they
are most pronounced in mixtures containing moderate amounts of water (40-70 %¢).
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From Figs. 9 and 10 it appears that the specific effects in THF—water mixtures
are larger than those in acetonitrile~water mixtures. Note that Figs. 9 and 10 differ in
scale by a factor of 2. Several groups of solutes can be identified. In the THF-water
system, large hydrophobic solutes appear to be specifically accelerated, e.g., naph-
thalene (22), biphenyl (11), anthracene (5), diphenyl ether (19) and ethylbenzene (20).
Note that quinoline (31) behaves similarly to naphthalene, despite the introduction of
a heterogeneous nitrogen atom. Phenolic compounds, such as phenol (27), o-cresol
(13) and 2,4-dimethylphenol (16), and nitro compounds, such as m-nitrophenol (26),
m-dinitrobenzene (18), o-nitroaniline (24), p-nitroacetophenone (23) and nitroben-
zene (25), are specifically retarded. The specificities for aliphatic alcohols [benzyl
alcohol (10), 1-phenylethanol (28), 3-phenylpropanol (30) and 2-phenylethanol (29)]
are slightly positive, in sharp contrast to the large negative effects observed with
phenolic hydroxy groups. Esters (14, 17), ketones (1, 9), ethers (4) and aldehydes (6)
show small specific effects. In acetonitrile-water mixtures, a large positive specificity
is observed for aliphatic alcohols (solutes 45, 43 and 7). Again, phenolic solutes (14,
42 and 49) behave differently, with only slight positive effects. Substituted phenols
(40, 41, 39, 29, 12, 44) all behave similarly. Nitro compounds all show negative
specificities. The specific effects seems to be larger for dinitro compounds (20, 19, 23,
18, 22, 21) than for molecules containing only one nitro group (28, 38, 27, 26). The
specific effects are small for non-polar compounds, esters, ethers and ketones. The
behaviour of the various para-substituted benzaldehydes is somewhat puzzling. The
specific effects are small for most of these compounds (3, 32, 31, 37, 36). However, p-
hydroxybenzaldehyde (30) shows a large acceleration, while p-chlorobenzaldehyde
(10) is greatly retarded.
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Fig. 9. Coefficients describing the specificity in the system THF-water (eqn. 20). Numbers refer to solutes
listed in Table I1. A positive Q value indicates specific acceleration in THF-water in comparison to
methanol-water. A negative Q value indicates specific retardation of a solute. The straight line represent

Q=P
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Fig. 10. As Fig. 9, but for the system acetonitrile-water. Solute identification numbers refer to Table I11.

Table IV gives a summary of the specific effects encountered in the two binary
systems classified according to functional groups. Slight effects are indicated by
square brackets.

TABLE IV

SUMMARY OF SPECIFIC EFFECTS IN BINARY MIXTURES OF THF-WATER AND ACE-
TONITRILE-WATER FOR VARIOUS SUBSTITUENTS

Specific effect THF Acetonitrile

Retardation

Acceleration

Negligible

Phenolic OH
NO,

NH,

CN

CH,
CH,
Phenyl

Ketones

Esters
Aliphatic OH
Ethers
Secondary and

NO,
CN

Aliphatic OH
[Phenolic OH]
[CH3; CH,]
[Phenyl]

(1

Ketones
Esters
Ethers

ternary amines
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CONCLUSIONS

The retention of a wide variety of solutes in the ternary systems methanol—
THF-water and methanol-acetonitrile—water can be described by a regular but non-
linear three-dimensional surface. A quadratic equation relates the logarithm of the
capacity factor to the volume fractions of the two organic modifiers.

Retention data on a large number of solutes can be used to construct iso-
eluotropic lines, that connect mixtures of equal solvent strength within the ternary
triangle. All the mixtures on such a line will yield roughly the same retention times for

APPENDIX 1
EXPERIMENTAL CAPACITY FACTORS IN THE SYSTEM METHANOL-THF-WATER

No. Solute
Pumeon 0.10 0.20 0.30 0.40 0.50 0.55 0.60 0.65
fr - 0 0 0 0 0 0 0 0
D water 0.90 0.80 0.70 0.60 0.50 0.45 0.40 0.35
1 Acetophenone — 32.54 13.82 6.94 4.37 2.49 1.78 1.29
2 Anethole - — — — — — 22.38 13.28
3 Aniline — 6.27 3.64 2.71 1.48 1.19 0.96 0.70
4 Anisole — — — 38.84 9.02 5.42 3.97 2.7
5 Anthracene - - -~ - - - - -
6 Benzaldehyde — 13.01 9.08 5.06 3.63 2.02 1.45 1.10
7 Benzene — — 21.76 13.86 8.40 6.12 4.17 2.94
8 Benzonitrile 41.40  20.61 9.90 5.14 2.83 2.00 1.44 1.02
9 Benzophenone - - — - 27.40 14.78 9.14 5.28
10 Benzy! alcohol 16.99 8.47 4.52 2.78 222 1.18 0.90 0.69
11 Biphenyl — - — - — — 30.68  17.96
12 Chlorobenzene - - - - 19.70 13.42 8.34 5.41
13 0-Cresol - 22.83 12.80 6.44 3.96 2.50 1.73 1.26
14 Diethyl phthalate — — — 34.76 13.58 6.92 4.26 2.70
15 N,N-Dimethylaniline - - — - — 11.96 8.12 5.48
16 2,4-Dimethylphenol — — 29.00 14.47 7.26 5.15 3.24 2.14
17 Dimethyl phthalate — — 22.38 8.45 4.04 2.25 1.64 1.06
18 m-Dinitrobenzene — 14.60 10.95 6.58 4.82 2.81 2.00 1.48
19 Diphenyl ether — - - - - - 24.78 14.70
20 Ethylbenzene - — - — - 23.48 14.41 9.35
21 N-Methylaniline — — — — 4.92 4.18 2.84 1.98
22 Naphthalene - - - - - - - 37.88
23 p-Nitroacetophznone - 20.82 13.08 6.83 3.70 2.48 1.74 1.29
24 o-Nitroaniline — 13.22 9.63 5.42 2.86 1.96 1.40 1.05
25 Nitrobenzene - 27.70 15.64 8.72 5.33 3.48 2.54 1.74
26 m-Nitrophenol 31.80  16.37 9.30 5.04 2.94 1.98 1.38 0.98
27 Phenol 13.40 7.66 4.61 2.76 1.64 1.22 0.95 0.66
28 1-Phenylethancl - 19.92 9.90 5.21 2.84 1.95 1.40 1.03
29 2-Phenylethanol - 18.57 9.15 4.97 3.09 1.95 1.39 1.02
30 3-Phenylpropanol - 51.56  23.00 11.03 6.27 3.48 2.35 1.64
31 Quinoline — - — — 9.08 5.78 3.64 2.37
32

Toluene - - - - 19.10 12.58 8.10 5.51

1
|
|
|
|
|
|
i
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a given sample. However, mixtures of equal solvent strength will show variations in
retention for certain solutes. These variations can be referred to as specific effects.

The specificity of ternary systems along one iso-eluotropic line appears to vary
quite regularly, and therefore can be expected to lie in between those of the limiting
binary mixtures, at each end of the corresponding iso-eluotropic line. Hence, some
predictions as to the specific effects taking place in ternary mixtures can be made, if
the specific effects in the limiting binaries can be classified. A sensible classification of
specific effects can be obtained for binary mixtures of THF and water and acetonitrile
and water, relative to binary methanol-water mixtures.

0.70

0.90 1.00 045 0.60 0.75 0.05 0.10 020 025 030 0.35

0 0 0 0 0.10 0.15 020 0.25 005 0.0 015 020 0.25 030 035
030 020 0.10 O 0.60 040 020 O 090 0.80 070 060 0.50 040 0.30
098 0.57 040 0.26 298 086 034 022 1692 844 422 203 1.10 0.63 0.36
843 331 171 0.55 - 7.22 1.39 031 - - - — 9.03 395 1.58
0.54 033 025 0.18 268 088 034 017 - - — — 221 122 0.58
203 1.07 069 0.35 8.86 202 066 026 - - 13.48 6.03 293 1.59 0.78
- - 370 094 — 1436 227 045 — — — — 16.84 6.08 2.24
0.84 050 038 024 246 1.07 033 0.18 1327 721 383 194 1.14 057 0.38
220 L1I5 074 036 — 238 0.76 028 4562 - 15.68 7.23 346 188 096
080 043 032 0.21 312 078 030 0.18 1660 959 488 238 120 0.67 0.37
344 137 081 035 2276 263 058 022 -~ - — 10.76  3.79 1.68 0.78
0.53 035 026 0.18 1.62 072 0.34 0.18 681 384 214 109 066 039 0.22
11.14 4.03 194 057 - 9.22 161 032 - - — — 13.26 4.68 1.88
379 1.64 098 040 2473 396 099 031 - - — 1485 571 290 1.22
094 050 035 020 6.77 204 036 0.18 — - 11.09 466 204 1.09 0.54
1.79 076 046 0.22 825 190 034 0.16 — - 1292 438 192 087 046
364 162 098 044 1436 3.54 093 098 — - - 11.52 691 3.78 1.62
1.58 073 047 024 11.73 198 0.51 022 — - 20.58 7.53 3.06 143 0.69
0.78 042 030 0.19 258 0.60 024 0.13 27.79 982 380 156 0.79 045 0.26
1.10 0.58 0.39 0.20 7.09 165 040 017 - - 1266 6.07 280 144 0.70
895 320 154 047 - 790 142 030 — — - - 11.93 457 1.74
630 264 142 050 -— 6.16 140 035 — - — — 9.31 4.13 1.82
1.36 0.67 045 0.26 620 1.86 0.58 031 - — — — 449 230 1.13
2444 8.18 143 052 — 553 1.22 033 - — - 21.80 7.14 3.13 140
096 052 037 0.22 435 1.07 039 0.18 — 13.79  7.32 346 177 098 048
0.79 044 032 0.20 513 1.57 034 0.14 — — 9.19 392 170 0.85 0.45
1.30 0.68 048 0.26 6.68 1.59 048 020 - - 10.80 4.85 230 1.18 0.62
0.74 042 029 0.18 6.68 199 034 0.12 - — 1455 572 232 102 0.50
0.53 030 025 0.17 291 0.79 028 0.14 1484 946 474 240 121 0.66 0.34
0.78 045 031 0.20 3.04 078 032 0.17 1576 692 347 192 098 059 033
0.78 042 031 0.20 269 074 026 0.14 1420 697 338 1.65 0.83 049 0.29
1.18 0.57 038 0.22 570 1.64 032 040 - 17.37 7.11 290 1.29 0.69 0.34
1.74 0.89 0.62 041 — 1.00 0.37 0.65 — — - — 1.54 0.78 0.51
393 185 1.08 - 1.08 - - - 13.98 5.83 298 1.36

0.80

0.30

0.15

0.44

4.02

0.32

(Continued on p. 280)
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APPENDIX I (continued)
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Solute No.
Preon 040 045 0.50 0 0 0 0 0 0 0 0 0
Prur 040 045 050 0.10 020 030 040 050 060 070 0.80 090 1.00
Poater 020 010 O 090 0.80 070 0.60 050 040 030 020 0.10
1 024 0.15 0.10 12,60 566 261 126 0.70 038 0.21 0.12 0.08 0.06
2 0.76 036 0.18 — - — 7.13 271 1.20 053 025 0.14 0.06
3 034  0.15 0.11 7.79 509 366 1.64 080 058 026 0.12 0.08 0.17
4 046 026 015 - 21,12 7.78 3.05 146 075 039 021 013 0.07
5 099 043 018 - — - 9.97 338 1.33 0.55 025 0.13 0.06
6 0.25 0.16 011 10.18 533 270 1.3t 076 043 023 0.11 0.09 0.06
7 0.55 030 0.18 — — 10.04 380 1.86 098 0.50 0.27 0.18 0.09
8 024 0.14 009 1401 8.01 374 161 082 045 022 0.10 0.08 0.05
9 040 021 011 -— - 13.87 3.86 1.62 074 033 0.16 0.08 0.04
10 0.14 0.08 0.09 502 264 140 072 042 022 010 0.06 0.06 0.05
11 0.85 038 0.18 -— — — 922 329 134 058 027 0.14 0.06
12 065 033 018 - — 1947 521 230 1.08 053 028 0.17 0.08
13 030 0.16 009 - 1879 7.16 245 1.09 0.53 024 0.10 0.07 0.05
14 025 0.14 0.09 - 2097 6.15 214 102 050 022 0.10 0.06 0.03
15 071 034 — - - 1458 6.06 244 131 060 0.27 0.17 0.38
16 0.35 0.17 0.10 — — 10.86 3.16 1.39 0.64 026 0.14 007 0.04
17 0.15 0.10 0.07 1655 564 222 098 052 028 0.13 0.09 0.06 0.03
18 0.37 0.18 0.08 -— — 9.81 3.63 1.58 0.71 032 0.14 0.08 0.03
19 0.78 034 0.15 -— — - 9.32 326 134 0.58 026 0.13 0.06
20 0.89 042 0.19 - — - 842 339 1.53 071 036 021 0.09
21 048 0.23 — — 1459 8.17 386 1.61 099 042 0.18 0.10 0.34
22 0.70 034 0.18 — - 26.30 6.23 251 113 053 026 0.16 0.07
23 027 0.14 0.10 - 11.93 528 214 1.05 054 024 0.1l 007 0.03
24 025 0.14 0.17 - 16,02 578 198 091 043 020 0.10 006 0.04
25 0.35 019 0.12 - 16.86 696 2.55 1.20 0.60 030 0.16 0.10 0.06
26 026 0.12 0.07 - - 8.63 249 1.02 045 0.18 0.06 0.06 0.04
27 022 0.12 0.07 1343 7.72 372 1.53 0.78 038 0.19 0.10 0.06 0.04
28 021 0.12 0.08 9.59 6.02 222 1.06 058 032 0.17 011 0.06 0.06
29 0.18  0.10 0.07 9.60 457 1.88 0.86 042 023 0.1l 0.06 0.06 0.05
30 022 0.10 0.06 - 9.66 338 1.18 0.58 030 0.13 006 006 0.05
31 026 0.17 - 1537 646 278 099 048 040 0.19 0.12 0.10 0.37
32 0.72  0.37 — 0.34

— 18.50 5.75 2.60 125 0.61 020 0.10



APPENDIX 11
EXPERIMENTAL CAPACITY FACTORS IN THE SYSTEM METHANOL-ACETONITRILE-WATER

No.
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Solute

(/)MIIOH
(/)»\('N
Brarer

Acetophenone
Anisole
Benzaldehyde
Benzene
Benzonitrile
Benzophenone
Benzyl alcohol
Biphenyl
n-Butylbenzene

p-Chlorobenzaldehyde

Chlorobenzene
p-Chlorophenol
p-Chlorotoluene
0-Cresol
o-Dichlorobenzene
Diethyl phthalate
Dimethyl phthalate
m-Dinitrobenzene
o-Dinitrobenzene
p-Dinitrobenzene
2,4-Dinitrotoluene
2,6-Dinitrotoluene
3,4-Dinitrotoluene
Diphenyl ether
Ethylbenzene

m-Fluoronitrobenzene

o-Fluoronitrobenzene
p-Fluoronitrobenzene
p-Fluorophenol

p-Hydroxybenzaldehyde
p-Methoxybenzaldehyde
p-Methylbenzaldehyde

Methyl benzoate
Naphthalene
p-Nitroacetophenone
p-Nitrobenzaldehyde

p-Nitrilobenzaldehyde

Nitrobenzene
m-Nitrophenol
o-Nitrophenol
p-Nitrophenol
Phenol
2-Phenylethanol
p-Phenylphenol
3-Phenylpropanol
n-Propylbenzene
Toluene
Trichlorotoluene
2,4-Dimethylphenol

0.10
0
0.90
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0.20
0
0.80

0.30
0

0.70

14.18

9.51

10.60

4.50

7.54

18.51

10.93

22.30
13.15
15.15
10.49

0.40
0
0.60

6.66
12.78
4.89
11.54
5.26

2.54

3,39

9.24

5.57
3152
8.15
727
7.22
5.97
15.42
14.73
14.33

11.07
8.28
8.54
3.50
1.94
7.10
10.61
15.35

6.81
4.00
2.66
8.78
5.00
7.78
4.43
2.50
4.62

9.25

12.63

0.50
0
0.50

3.3}
6.66
2.58
6.53
2.73
22.01
1.43

1.67
15.42
4.38

294

10.54
3.34
3.97
3.71
3.04
7.14
6.97
6.28

5.81
4.35
4.32
1.89
0.99

5.07
6.83
3.41
2.17
1.34
4.62
2.65
4.10
2.28
1.39
2.34
15.71
4.32

14.22

5.87

0.60
0

1.90
3.66
1.62
3.70
1.55
8.04
0.89
25.87
45.65
1.48
7.62
2.34
14.56
1.67
14.04
4.74
1.78
2.38
2.03
1.82
4.02
3.53
3.09
23.52
12.23
3.53
2.49
2.48
1.10
0.58
1.90
2.01
3.58
13.31
1.98
1.33
0.86
2.72
1.48
2.38
1.34
0.94
1.36
5.57
2.22
24.06
7.30
24.74
3.06

0.40

281

0.70 0.80

0 0
0.30 0.20
0.90 0.48
1.68 0.90
0.78 0.46
1.71 0.91
0.74 0.42
2.91 1.28
0.48 0.27
7.52 2.78
11.67 4.10
090 0.72
2.87 1.33
098  0.54
4.85 1.99
0.78  0.44
4.58 1.94
.59  0.73
0.74  0.40
1.12 0.60
0.86 043
0.87 0.47
1.61 0.82
142 0.72
1.19  0.58
6.45  2.32
443 1.89
1.49  0.77
1.11 0.58
.14 0.66
0.53  0.27
032 0.20
0.87  0.51
1.26 0.74
1.50  0.82
4.54 1.96
0.91 0.48
0.61 0.35
0.40 0.22
1.26  0.67
0.71 0.38
1.14  0.63
062 035
046 0.26
0.65 0.37
2.07  0.90
097 0.52
729 274
2.91 1.42
693 255

1.23  0.62

( Continued on p. 282 )
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APPENDIX II (continued)

Solute No.

Prmeon 0.90 1.00 0.15 0.225 030 0.375 045 0.525 0.60 0.675 0.75 0.25 030 0.35

Pacn 0 0 0.05 0.075 0.10 0.125 0.15 0.175 0.20 0.225 0.25 0.25 030 035
Posater 010 0 08 070 060 050 040 030 020 0.10 0 0.50 040 0.30
1 036 0.10 27.78 1210 6.66 254 133 083 059 038 026 1.70  1.03 0.81
2 0.68 028 — 27.84 11.75 474 214 126 084 048 0.28 2,53 1.66 1.26
3 033 020 -— 27.29 1311 480 225 1.27 081 049 0.27 265 1.66 1.27
4 1.14 041 — - 1512 487 220 134 093 045 0.29 303 176 1.32
5 031  0.18 2230 11.77 538 224 1.19 078 0.58 031 0.23 1.62  1.01 0.78
6 0.76 033 — - - 1291 423 206 1.12 0.57 032 694 322 214
7 0.14 0.1 7.65 457 248 125 0.74 053 046 025 0.19 0.85 0.58 0.48
8 .40 050 - - — - 9.76 425 196 082 040 16.79 6.69 4.04
9 1.98 057 - — - - 17.75 7.18  3.09 1.06 0.49 31.32 12,07 6.50
10 - 049 - — - 11.90 417 215 130 - 0.32 565 321 222
11 0.86 034 — - 3314 990 403 201 119 — 0.34 492 289 202
12 032 015 — 2090 838 294 149 1.00 061 034 021 1.68 1.10 0.82
13 1.09 042 - - - 18.88 698 314 169 070 038 1017 470 3.02
14 031 0.18 21.88 1177 559 218 1.18 074 051 031 021 1.46 094 0.71
15 1.16 044 - - - 1426 6.17 3.13 1.66 0.75 0.39 8.40 458 299
16 0.50 0.19 - — 2586 5.00 270 1.30 0.77 041 0.23 434 212 1.39
17 027 015 ~ 17.01 7,69 193 129 086 058 032 0.20 1.61 1.03 0.77
18 038 017 — 1736 8.17 288 1.54 093 065 031 0.21 2,19 1.26 092
19 032 012 - 17.13 805 286 139 081 052 027 0.18 2,16 117 0.81
20 031 013 — 15.16 6.84 284 1.39 086 055 028 0.20 2.07 1.20 0.88
21 0.50 019 — — 1461 537 222 124 075 035 022 346 177 1.22
22 043 018 — - 14.58 431 210 L.14 075 034 0.21 338 1.69 1.15
23 034 0.14 — 36.26 11.11 398 202 1.03 063 035 0.21 322 l.66 1.10
24 1.18 041 - - - — 9.38 396 1.78 070 0.37 1564 629 3.71
25 1.14 040 - — - 1298 6.02 - 1.50  0.70 0.37 9.42 430 276
26 0.54 022 — 20.10 11.32 442 205 133 078 041 025 2.84 1.56 1.15
27 038 0.18 — 20.78  8.88 345 1.58 097 068 — 0.22 1.95 1.29 0.94
28 038 0.18 — 2068 894 356 1.65 094 070 - 0.22 209 139 1.02
29 0.18 0.07 1210 745 350 166 093 0.57 047 027 0.19 0.97 0.67 0.54
30 0.17 0.06 7.37 338 187 091 058 042 036 022 0.18 0.66 045 0.38
31 036 022 - - - 365 218 1.18 079 039 0.29 286 1.62 —
32 0.18 025 — - - 6.43 344 178 L1l 054 0.32 5.01 248 2.07
33 0.64 028 — 3L64 1362 373 200 1.14 082 - 0.29 253 1.60 1.22
34 1.13 044 — - — 17.20 570 327 149 072 0.38 9.09 419 276
35 034 0.18 — 1645 730 222 126 081 060 034 0.21 .70 1.10 0.82
36 023 ot - - 17.18 585 234 1.36 089 044 025 312 1.92 1.38
37 022 005 - 2497 107t 271 1.73 098 0.70 0.34 0.24 238 1.31 098
38 046 023 — 1770 873 314 1.70 099 070 040 0.26 242 142 1.04
39 0.26 0.14 1922 11.73 474 190 1.08 072 047 026 0.19 1.39  0.83 0.63
40 050  0.21 1554 1275 587 191 142 087 063 034 025 1.99 1.21 0.90
41 027 0.13 2388 808 394 130 098 058 049 025 0.18 1.26  0.78 0.58
42 0.19  0.11 830 503 259 121 0.78 051 041 026 0.18 0.97 0.62 0.49
43 025 0.4 171t 771 412 1.79 1.04 072 053 0.30 021 1.05 0.74 0.58
44 0.57 020 — — 27.14 7.07 344 145 081 042 0.24 4.67 214 1.40
45 033 016 - le.64 822 298 142 0.86 0.64 031 0.22 1.77  1.04 0.77
46 1.38 048 — — - 1694 988 454 207 086 041 1675 7.18 4.23
47 086 036 — - 2498 925 373 200 122 057 0.34 5.30 2.81 1.95
48 1.38 043 - - - — 202 087 - - -

49 040 0.19 — 26.72 1092 400 175 099 0.65 050 025 234 1.34 098
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0.40
0.40
0.20

0.57
0.80
0.81
0.83
0.53
115
0.36
1.92
2.86
T1.23
1.16
0.53
1.56
0.49
1.60
0.79
0.52
0.57
0.50
0.54
0.70
0.66
0.62
1.73
1.48
0.70
0.60

0.28
0.32
0.46
0.36
0.99
0.67
0.97

0.39

0.50
0.50

0

0.30
0.34
0.34
0.36
0.25
0.39
0.23
0.50
0.61
0.42
0.42
0.27
0.47
0.26
0.50
0.28
0.24
0.22
0.21
0.21
0.24
0.23
0.22
0.43
0.46
0.29
0.26
0.26
0.22
0.21
0.30
0.40
0.34
0.47
0.24
0.30
0.26
0.30
0.24
0.28
0.22
0.22
0.26
0.30
0.26
0.53
0.42
0.54

0.15
0.45
0.40

1.26
2.10
1.14
2.16
1.17
4.51
0.49
9:59
14.94
1.43
3.69
1.10
6.17
0.95
5.94
2.54
1.74
1.69
1.41
1.66
2.47
1.98
2.18
8.30
5.66
2.06
1.66
1.77
0.65
0.40
1.15
0.90
1.90
6.18
1.79
1.22
0.75
1.71
0.94
1.45
0.72
0.56
0.68
2.66
0.98
9.45
3.70
9.55

1.45

0
0.20
0.80

13.58

10.25

3.72

24.22

19.78

0
0.30
0.70

6.32
14.10
5.72
13.94
7.46

1.99

8.57
33.67
8.22

5.76
28.14

8.42
11.34
13.43
11.42
21.86
22.13
25.47

14.20
11.43
12.85
3.77
1.60
6.30
10.94
13.34
8.80
6.48
4.53
11.32
5.10
8.28
4.15
2,70
3.20
31.76
6.11

30.67

10.63

0
0.40
0.60
2.95
5.89
2.74
6.26
3.38
15.02
1.06
36.28
3.11
11.82
322
21.38
2.74
19.94
8.89
3.41
4.66
4.94
4.86
7.73
7.88
8.07
35.34
19.58
5.97
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HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY OF ORGANIC
ACIDS ON BARE SILICA
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Laboratory for Analytical Chemistry, University of Amsterdam, Nieuwe Achtergracht 166, Amsterdum ( The
Netherlands)

SUMMARY

Unmodified silica gel in combination with mixtures of dichloromethane, meth-
anol. buffer and water as the mobile phase was investigated as a phase system for the
scparation of aromatic acids by high-performance liquid chromatography. The in-
fluence of parameters such as the amounts of methanol and water and of the type,
concentration and pH of the buffer in the mobile phase was systematically investi-
gated. For many mobile phase compositions the composition of the adsorbed layer
on the silica gel was also determined. The results show that the distribution process in
these phase systems is very complex. However, these phase systems are efficient and
applicable to the separation of carboxylic and even sulphonic acids. This is dem-
onstrated with a number of separations of test mixtures and the analysis of additives
in foods.

INTRODUCTION

Since the introduction of chemically modified silica gels in high-performance
liquid chromatography (HPLC), interest in applying unmodified silica gel as an ad-
sorbent for the separation of very polar substances. such as acids, has diminished
considerably. It is doubtful whether this reduction in interest is justified nowadays,
particularly if one considers the contribution that bare silica made to the popularity
of thin-layer chromatography (TLC) for the separation of a great variety of sub-
stances, including acids, in recent decades'™.

In almost all TLC systems applied to the separation of organic acids the de-
veloping liquid consists of an apolar solvent acting as a diluent for a very polar
solvent component, such as an alcohol, and further contains a considerable amount
of an organic acid, such as acetic or formic acid, and in some instances a small
amount of water. The results from these TLC experiments were adapted to compose
mobile phases for the separation of carboxylic and sulphonic acids on bare silica by
HPLC. Thus, diethyl ether—n-propanol-aqueous acetic acid was found useful for the
separation of oxypurines® and dichloromethane-methanol-aqueous ammonium for-
mate buffer was used for the rapid separation of nucleic acids’. Aromatic carboxylic
and sulphonic acids could be well separated on bare silica by using n-butanol-etha-

0021-9673/81/0000 0000/$02.50  « 1981 Elsevier Scientific Publishing Company
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nol-aqueous sodium acetate as the mobile phase®. In one study the possibility of chro-
matographing amino acids and sulphonic acids on bare silica with an aqueous mobile
phase has been reported®. Recently, it was demonstrated that the pre-treatment of
bare silica with a crystalline salt or acid allows tailing-free separations of a variety of
aromatic carboxylic acids with mixtures of n-hexane and diethyl ether as the mobile
phase!®.

All of these studies have clearly shown the potential of bare silica gel for the
separation of organic acids. However, in most instances very little attention was given
to the possibility of varying the retention via the mobile phase composition. In this
paper we report the results of an extensive and systematic investigation on the reten-
tion behaviour of aromatic carboxylic acids on bare silica with dichloromethane-
methanol-acetate buffer mixtures containing small amounts of water as the mobile
phase.

It is shown that many parameters can be used to vary the retention and that the
mobile phase composition has to fulfil certain requirements in order to be able to
chromatograph carboxylic and sulphonic acids under optimal conditions. Various
examples of the applicability of unmodified silica gel are demonstrated.

EXPERIMENTAL

Apparatus

The HPLC experiments were carried out with a Hupe-Bush 1010A liquid chro-
matograph (Hewlett-Packard, Avondale, PA, U.S.A.) equipped with a Rheodyne
7120 high-pressure sampling valve fitted with a 20-ul sample loop and a Pye-Unicam
UV-LC variable-wavelength UV detector. The columns (250 x 4.6 mm 1.D.) were
made of 316 stainless steel. All measurements were performed at ambient tempera-
ture.

The gas chromatographic (GC) experiments were performed with a Packard-
Becker 427 gas chromatograph equipped with a thermal conductivity detector
(TCD). The column (I m x 4 mm [.D.) was made of copper and was filled with
Porapak Q (100-120 mesh) (Waters Assoc., Milford, MA, U.S.A)).

Mauterials

All chemicals and solvents were of analytical-reagent grade from commercial
sources and were used as delivered. The sulphonic acids were kindly donated by
Professor H. Cerfontain, University of Amsterdam. The silica gel used in HPLC was
Hypersil, mean particle size 5 um (Shandon, London, Great Britain).

Procedures

The HPLC columns were packed according to the procedure recommended by
the supplier of the silica (Shandon). When changing the eluent the columns were
washed successively with 25 ml of absolute ethanol, and 100 ml of dichloromethane
and then equilibrated with the mobile phase until constant retention of the solutes
was achieved. In all experiments toluene was used as the non-retarded solute.

In order to determine the composition of the adsorbed phase on the silica gel
after each set of experiments, the column was washed with 25 ml of absolute ethanol.
To the collected ethanol fraction 5 ml of ethyl acetate were added (as an internal
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standard) and this mixture was then analysed by GC on a Porapak column using
helium as the carrier gas at a flow-rate of 50 ml/min at 180°C. This gives the total
amount of water, methanol and dichloromethane present in the column. The amount
of mobile phase components adsorbed can then be calculated from the composition
of this mixture, the mobile phase composition and from the mobile phase volume
(V,,) which was determined from fp, and the flow-rate. The volume of the adsorbed
liquid phase (V) was determined from the void volume (V) of the column (V, = ¥,
— V,). which was determined by equilibrating the column with pure dichlorometh-
ane and determining the dichloromethane content after its elution with ethanol and
GC analysis. The results agreed with those obtained according to ref. 11.

RESULTS AND DISCUSSION

Table I shows the structures of the carboxylic acids selected to study the reten-
tion behaviour on bare silica. The dependence of the capacity ratio (k') of these acids
on the amounts of methanol and water and on the type, concentration and pH of the
buffer present in the mobile phase was systematically investigated. The effect of the
mobile phase composition on the peak shape and column efficiency was also studied.

In order to obtain some more insight into the distribution process, the com-
position of the adsorbed phase on the silica gel was determined as described under
Experimental.

TABLE ]
STRUCTURES OF THE ACIDS

R; R,
R, R,
Name Abbreviation R, R, R, R, pK,
4-Hydroxybenzoic acid 4HB COOH H H OH 4.67
3-Hydroxybenzoic acid 3HB COOH H OH H 4.30
4-Hydroxycinnamic acid 4HC CH=CHCOOH H H OH 4.64
4-Aminobenzoic acid 4AB COOH H H NH, 4.68
Homovanillic acid HVA CH,COOH H H OH 441
Hippuric acid HA CONHCH,COOH H H H —
2-Hydroxyphenylacetic acid 2HP CH,COOH OH H H -

Ho CH,COOH
5-Hydroxyindole-3-acetic acid SHIA -
N

H

Retention behaviour

Influence of water. The influence of water on k" is shown in Fig. 1; k" for each
acid increases significantly with increasing water content and for some solutes it
reaches a constant value in the region of 1-2.6 9 (v/v) of water. However, for hip-
puric acid (HA) and 5-hydroxyindoleacetic acid (SHIA) k" increases with increasing
water content up to 19 and then gradually decreases again up to 2.6 %, of water.
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404 SHIA
kl
] 3HB
30-
201 4HC
HA

104 L J 2HP

o T T T3
——>%H0 279 284

Fig. 1. Dependence of the capacity ratio (k') on the water content of the mobile phase. Mobile phase
composition: dichloromethane- methanol (8:2) + 0.01 M acetic acid (HAc¢) + 0.01 M potassium acetate
(KAc) + 0-2.849% (v/v) of water. Solutes: for abbreviations see Table I.

0/

On increasing the water content from 2.6 to 2.79 9% (which is very close to the
saturation point), a significant increase in &’ for all solutes is observed. When the
mobile phase is saturated with water (corresponding to 2.84 %/ of water) &’ for all
solutes increases by a factor of about 2.5.

In order to obtain insight into the distribution process occurring in this phase
system, the possible modification of the surface of the silica gel, by preferential ad-
sorption of mobile phase components, was measured. Fig. 2 shows the amounts of
methanol, water, dichloromethane and potassium acetate {(obtained by evaporation
of the collected ethanol fraction) adsorbed on the surface of the silica gel as a function
of the water content of the mobile phase.

Comparison of Figs. 1 and 2 shows that there is no clear relationship between
the variation of k" and the composition of the adsorbed layer up to 2.6 9, of water in
the mobile phase. However, the significant increases in k" at 2.79 and 2.84 %/ coincide
very well with the steep increase in the adsorbed layer owing to partial (2.79 %) and
complete (2.84 %) pore filling with a co-existing, relatively water-rich liquid phase!?.
The results in Figs. 1 and 2 suggest a complex mixed distribution process. The vari-
ation of the amount of adsorbed potassium acetate (KAc) as function of the water
content indicates a similar effect. Also, the change in the selectivity factors with
increasing water content might be an indication of the occurrence of a mixed distri-
bution process.

Influence of methanol. The influence of methanol on k', other variables remain-
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Fig. 2. Amount of adsorbed mobile phase components as a function of the water content of the mobile
phase. Conditions as in Fig. 1. ¥, = volume of the adsorbed liquid phase.

ing constant, is shown in Fig. 3. In contrast to water (see Fig. 1), methanol acts as a
strong moderator and its concentration can be used to adjust the order and degree of
retention over a wide range. As can be seen from Fig. 3, the graph of log &” versus log
[methanol] is approximately linear for most acids in the region 15-40Y, of methanol,
as is commonly found in adsorption systems’?. For some solutes a deviation occurs at
109, of methanol, which might be attributed to significant pore filling as at lower
methanol contents the actual amount of added water (0.6 %)) comes closer to the
saturation point. For two acids (HA and HVA), significantly different behaviour of
with respect to methanol content compared with the other acids is found. The graph
of log k" versus log [methanol] is curved and shows a significantly different slope
compared with the other acids.

Fig. 3 shows that the methanol content of the mobile phase is a valuable
parameter for adjusting the degree and in some instances even the order of retention.

Influence of buffer concentration. The influence of the buffer concentration on
&', with other parameters constant and keeping the ratio of HAc and K Ac constant, is
shown in Fig. 4. If no bufler is present in the mobile phase all acids are only slightly
retained. However, after the addition of only 5-10™% M of buffer a considerable
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Fig. 3. Dependence of the capacity ratio on the methanol content of the mobile phase. Mobile phase
composition: dichloromethane + 10-40%, (v/v) methanol + 0.01 M HAc + 0.01 M KAc + 0.6% (v/v)
H,0.

increase in k&’ for all acids occurs. A further increase in the buffer concentration causes
a small increase in k" up to 107* M, and from this point the k" values of the acids
decrease again, with different slopes, up to about 210~ 2 M of buffer. At very high
buffer concentrations the k" values of all acids increase again. The last effect can be
attributed to significant pore filling as the mobile phase comes closer to the water

! 157 HI \«\1
\\ mg KAc
8
HA — \ / !
/ i
10 . \ 1 f200 !
:\‘ /
HB N
\\\// |
aHB |
\
AHC I
1 \7 100
4AB ‘\/I 1
0 a5 2 4 8 16 24 48 96

—» Buffer concentration x10° (mol/l)
Fig. 4. Dependence of the capacity ratio on the buffer concentration in the mobile phase at a constant
HAc/KAc ratio. Mobile phase composition: dichloromethane-methanol (8:2) + 29 (v/v) water + 0-0.1
M HAc + 0-0.1 M KAc.
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saturation point as a result of the high salt concentration (i.e., the water saturation
level is about 2.4% at 10~ M of buffer). The significant increase in k& when only a
small amount of buffer is added to the mobile phase leads to the conclusion that the
solute has to be present in the mobile phase in an ionized form (possibly as an ion pair
associated with potassium ions) in order to be transferred to the stationary phase. It
can be seen from Fig. 4 that a buffer concentration of about 1073 M is needed in
order to create the adsorptive environment for the solutes. However, at a buffer
concentration of 10~ 3 M k’ decreases again, possibly owing to a competitive effect of
K Ac. The difference in the slope of this decrease for the acids might be attributed to
the relative magnitude of the different distribution processes occurring.

Neglecting any speculation about the distribution process, Fig. 4 clearly shows
that significant changes in the degree and order of retention can be introduced by
variation of the buffer concentration.

Influence of pH of the buffer. The influence of the ratio of the amount of HAc
and K Ac added (for simplicity expressed in terms of the pH that an aqueous solution
with the same concentrations would have) on k& was measured from 0.1 M HAc to
0.02 M K Ac, and is shown in Fig. 5. It can be seen that the pH has a large influence on
k’. At tow pH (pure HAc) the solutes are almost unretained, indicating again that the
acids in their undissociated form (and thus also HAc) show little affinity for the silica
in combination with the selected mobile phase composition. Certainly the retention of
the acids will increase with decreasing methanol content.

On changing the ratio of HAc and K Ac in favour of the latter (increasing pH)
k' starts to increase considerably and tends to level off at higher pH. The behaviour of
k" as a function of pH coincides well with the degree of dissociation of weak acids in

K
25
5HIA
204
3HB
4HB
154
HVA
4HC
107 4AB
HA
54 2HP
2HB
0 T T
3 4 5 6 7
pH

Fig. 5. Influence of the ratio of HAc and KAc (pH) in the mobile phase on the capacity ratio. Mobile phase
composition: dichloromethane-methanol (8:2) + 1% (v/v) water + 0.02 M KAc and various amounts of
HAc. Solutes: see Table I; 2HB = 2-hydroxybenzoic acid.



292 W.J. Th. BRUGMAN, S. HEEMSTRA, J. C. KRAAK

aqueous systems with pH and shows that the distribution coefficient, leaving the
distribution process as unexplained, is roughly proportional to the term (1 + [H*]/
K, !. From Table I and Fig. 5 it can be seen that there is no clear correlation
between the pK, of the acids and their k” values. '

Whether the pH effect occurs in the mobile and/or stationary phase is not yet
clear. It seems that the effect is mainly due to the pH change of the mobile phase, as
the amount of KAc adsorbed on the silica (and therefore probably the pH of the
adsorbed layer) was found to be constant in the pH range 4-7. However, to under-
stand the pH effect it is necessary to know precisely the pH of the adsorbed layer. So
far attempts in our laboratory to measure the pH of the adsorbed layer have failed.

As a parameter for adjusting the retention, the ratio of HAc and KAc (the pH)
seems to be one of the most effective.

Influence of the type of buffer. The effect of the cationic and anionic part of the
buffer on A" was investigated with mobile phases containing a buffer composed of
acetic acid (HAc) and potassium, sodium, ammonium and lithium acetate (KAc,
NaAc, NH,Ac, LiAc) and from potassium formate, acetate, propionate and
chloroacetate and their corresponding acids. The results of these measurements are
shown in Figs. 6 and 7.

HA
64 HA K //
10-/

—_—

34 __ 3B \\
$§§

K* Na* NH; Li* Fo Ac Pr CIAC
Fig. 6. Effect of the nature of the cationic part of the buffer on the capacity ratio. Mobile phase com-
position: dichloromethane-methanol (8:2) + 29, (v/v) water + 0.05 M HAc + 0.01 M KAc, NAc,
NH,Ac or LiAc. pH = 4.05.

Fig. 7. Effect of the nature of the anionic part of the buffer on the capacity ratio. Mobile phase composition
as in Fig. 5; the buffer was composed of formic acid/potassium formate; HA¢/K Ac; propionic acid/potas-
sium propionate (Pr™); chloroacetic acid/potassium chloroacetate (ClAc ).

As can be seen from Fig. 6, the type of the cationic part of the buffer has a
significant effect on the retention. The degree of retention decreases in the order K*
> Na* > NHJ > Li* and the amount of adsorbed salts decreases in the order K*
> Na* > Li" (NH] could not be determined). This result does not indicate a
competition effect, but more to a pH effect on the surface of the silica due to the
adsorption of different amounts of acetate with varying types of cation. The type of
the anionic part of the buffer seems to have only a small effect on &', as can be seen
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from Fig. 7. However, in some instances “fine tuning™ of the selectivity can be intro-
duced by varying the type of the anionic part of the buffer, as can be seen from Fig. 7.

Colummn performance

Apart from the influence of the various parameters on &', their effect on the
peak shape and column efficiency was also studied. In order to determine whether the
column efficiency decreases with the investigated phase systems, all freshly packed
columns were first tested with pure dichloromethane as eluent and 4,4-dinitrodi-
phenyl (kK ~ 0.3) and acetophenone (k" ~ 1.5) as solutes. The plate numbers of the
columns tested under these conditions ranged between 11,000 and 13,000 for a 25-cm
column at a linear velocity of 2.5 mmy/sec. This plate number decreased to 60007000
when using dichloromethane-methanol-buffer mixtures as the mobile phase and
acids as the solutes.

Most of the variables seem to have only a small effect on the column efficiency.
However, some restrictions apply with certain mobile phase compositions. Serious
leading was noticed when mobile phases were used that contain less than 4- 1073 M
of KAc or of which the pH is lower than 3.0. Further, the water content must not be
too low in order to obtain reproducible retention (e.g., with 209, of methanol the
water content must be >0.5%,). On the other hand, maximal column efficiency (7000
plates) was found with eluents of higher pH (ca. 7) and of high KAc concentrations
(ca. 2-1072 M) and with eluents with a water content near the saturation point or
saturated with water.

The columns used in this study were used for several months with a great
varicty of eluents without any significant change in column characteristics. However,
the performance of columns exposed (o an eluent of high pH (8.8) for a longer period
showed a large decrease in column efficiency (from 7000 to 3000) and a change in
retention characteristics.

< ®
<
® < s
I
< —
< . to 5
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X
to

0 10 20 30 4omin o 10 20 min
Fig. 8. Effect of the addition of 18-crown-6 to the mobile phase on the retention of some carboxylic acids.
Stationary phase: silica. Mobile phase: (a) dichloromethane-methanol (8:2) + 0.01 M K Ac, saturated with
water; (b) dichloromethane-methanol (8:2) + 0.02 M KAc + 0.0l M 18-crown-6, saturated with water.
Solutes: 7, = toluene; indole-3-acetic acid (IAA); homovanillic acid (HVA); vanilmandelic actd (VMA); 5-
hydroxyindole-3-acetic acid (SHIA).
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Of about 40 carboxylic acids chromatographed so far with many phase sys-
tems, only a few acids showed bad peak shapes (broad and tailing) in all phase
systems investigated. These are the acids that are able to form intramolecular hydro-
gen bonds such as the substituted mandelic acids and salicylic acid. However, promis-
ing results for these types of acids were obtained with water-saturated mobile phases
and by the addition of a crown ether to the mobile phase!*. The applicability of
partition systems for carboxylic acids was demonstrated previously!®.

Fig. 8 shows the effect of the addition of 18-crown-6 to the mobile phase on the
retention of some carboxylic acids of biomedical interest. Significant changes in the
degree and order of retention can be introduced by adding 18-crown-6. Investigations
of the favourable effects of crown ethers on the retention of acids are being continued.

Practical utility

The results obtained so far indicate that bare silica is applicable to the separa-
tion of carboxylic acids. With respect to efficiency, selectivity and stability bare silica
can compete with alkyl-modified silica gels and is often a useful supplement.
Moreover, bare silica is a relatively cheap and stable material compared with alkyl-
modified silicas, which makes it attractive as a column support for preparative liquid
chromatography, and also because of the ease of removing the organic solvent after
collection of the sample.

The applicability of bare silica for the separation of a variety of acids is dem-
onstrated in Figs. 9-12. Fig. 9 shows the rapid separation of a test mixture of

? 3

N+

[ Il

— : T T T T T T )
0 s ' S 10 min 0 5 min
Fig. 9. Separation of a test mixture of aromatic carboxylic acids. Stationary phase: silica. Mobile phase:
dichloromethane-methanol (8:2) + 29 (v/v) water + 0.1 M HAc + 0.01 M KAc (“pH” = 3.75). Solutes:
to, = toluene; 1 = 3,4-dimethoxybenzoic acid; 2 = benzoic acid; 3 = 4-hydroxybenzoic acid; 4 = 3-
aminobenzoic acid; 5 = 4-hydroxyphenylacetic acid; 6 = 3-hydroxybenzoic acid; 7 = 3,4-furandicarbox-
ylic acid; 8 = nicotinic acid; 9 = hippuric acid; 10 = 4-aminohippuric acid.

Fig. 10. Rapid separation of closely related cinnamic acids. Conditions as in Fig. 8, except 0.1 M HAc +
0.02 M KAc (“pH” = 4.0). Solutes: | = toluene; 2 = 2-methoxycinnamic acid; 3 = cinnamic acid; 4 = 4-
hydroxy-3-methoxycinnamic acid; 5 = 4-hydroxycinnamic acid; 6 = 2-hydroxycinnamic acid; 7 = 3-
hydroxycinnamic acid.
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Fig. 1. Rapid separation of nucleobases. Mobile phase composition: (a) dichloromethane-methanol (8:2)
+ 1% (v/v) water + 0.2 M HAc + 0.02 M KAc (pH = 4.75); (b) dichloromethane-methanol (8:2) + 2%,
(v/v) water + 0.1 M HAc + 0.01 M KAc (pH = 3.75). Solutes: ¢, = toluene; Thy = thymine; Ura =
uracil; 5-Cyt = 5-methylcytosine; Cyt = cytosine.

aromatic carboxylic acids of different classes and Fig. 10 shows the separation of
closely related cinnamic acids. The developed phase system can also be applied to the
efficient separation of a number of nucleobases, as can be seen from Fig. 11. Even
aromatic sulphonic acids can be chromatographed on bare silica, as is demonstrated
in Fig. 12.

f T T T T T T T T
0 5 min
Fig. 12. Rapid separation of aromatic sulphonic acids. Mobile phase composition as in Fig. 11b. Solutes:
fo = toluene; | = anthraquinone-2-sulphonic acid; 2 = benzosuberone-4-sulphonic acid; 3 = indane-4-
sulphonic acid; 4 = benzenesulphonic acid; 5 = 1-naphthol-5-sulphonic acid; 6 = 6-hydroxynaphthalene-
2-sulphonic acid.
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Another advantage of bare silica is the possibility of injecting directly extracts
of, for instance, foodstuffs, as is demonstrated in Fig. 13, which shows the analysis of
benzoic and sorbic acids extracted with dichloromethane from rye bread and fruit
juice.
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Fig. 13. Analysis of benzoic acid and sorbic acids extracted from foodstufts and from fruit juice. Mobile
phase composition: dichloromethane-methanol (8:2) + 2.3 9, (v/v) water + 0.01 M HAc + 0.01 M KAc
(pH = 4.75). (a) Separation of sorbic and benzoic acids; (b) benzoic acid in fruit juice; (c) sorbic acid in
rye bread.

CONCLUSIONS

Bare silica in combination with mixtures of dichloromethane-methanol-ac-
ctate buffer as the mobile phase are very useful for the chromatography of carboxylic
and even sulphonic acids. It seems to be necessary to add at least a small amount of
water and acetate buffer in order to obtain symmetrical peaks and to retain the acids.
Of the available parameters, the ratio of HAc and KAc (the pH) seems to be the most
useful for adjusting the retention.

With the available data it is too speculative to postulate the distribution pro-
cess that occurs. However, a complex mixed distribution process seems the most
obvious process.

Future experiments in our laboratory will be devoted to the effect of the type of
organic components of the eluent and of the effect of crown ethers on the retention of
acids, and further attempts will be made to determine the magnitude of the various
separate distribution processes.
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THEORETICAL BASIS FOR SYSTEMATIC OPTIMIZATION OF MOBILE
PHASE SELECTIVITY IN LIQUID-SOLID CHROMATOGRAPHY

SOLVENT-SOLUTE LOCALIZATION EFFECTS

L. R. SNYDER*

Technicon Instruments Corp., Tarrytown, NY 10591 (U.S.A.)
and

J. L. GLAJCH and J. J. KIRKLAND

E. 1. Du Pont de Nemours & Company, Central Research & Development Department, Experimental Station,
Wilmington, DE 19898 (U.S.A.)

SUMMARY

The optimization of retention in liquid-solid chromatography (LSC) is ex-
plored in the present paper. Previously it was shown possible to calculate solvent
strength (¢° values) for multi-component mobile phases, and specifically for quater-
nary solvent mixtures A—-B—C—-D. With £° held optimum and constant for a particular
sample, the composition of A-B-C-D can be further varied for optimization of
separation factors a (solvent selectivity) for various solute-pairs in the sample of
interest. The selection of optimum pure solvents A-D for this purpose and the sys-
tematic variation in the proportions of these solvents for optimum separation are
approached here in terms of a fundamental description of how solvent selectivity
arises in LSC. In this paper we discuss two major contributions to solvent selectivity:
solvent/solute localization and solvent-specific localization. In a later paper we apply
these findings for the development of a systematic approach to the optimization of
retention in LSC separation.

INTRODUCTION
Optimization in liquid chromatography (LC) refers to the selection of experi-

mental conditions for adequate separation and acceptable elapsed time per sample.
Most optimization strategies are based on eqn. 1 for resolution, R':

R = %.(a — D) JN-KI + K] )

Here, o is the separation factor (ky/ky), N is the plate number of the separation
system (column or bed) and &’ is the average capacity factor for bands X and Y (ky
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and ky). It is customary to separately optimize the terms o, N and & of eqn. 1 for a
given separation. The optimization of N in column chromatography (so-called high-
performance liquid chromatography, HPLC) is now on a sound theoretical basis!™>,
which allows calculations of preferred conditions for the best compromise between
large N and short separation time, ¢. The optimization of retention (& and «) is less
well understood, and is usually approached more empirically.

Strategies for retention optimization in LC fall into one of three groups:

(1) empirical (trial-and-error) approaches guided by experience and whatever
theory is available'

(2) statistical-design or computer-search routines which allow intelligent
guesses for successive trial-and-error changes in conditions®™®

(3) development of an overall theory of retention as a function of separation
conditions; this would then allow the development of optimization schemes based on
preselection of a small number of well-chosen LC systems, followed by interpolation
to an optimum system for a given sample.

Several LC variables are discontinuous in nature (e.g., selection of mobile
phase solvents A, B, C, ..., choice of a particular adsorbent, etc.) so that only the third
approach above offers the possibility of absolute optimization, i.e., choosing con-
ditions that provide the best possible separation of a given sample.

In this paper we consider the third approach to optimizing LC separation.
Earlier papers®® have illustrated how optimization in this fashion might proceed,
based on partial theories of retention for reversed-phase LC. However, adequately
complete theories of retention —particularly as regards sample a values— have not yet
been presented for any of the LC methods. Here we examine one particular LC
method: liquid—solid (adsorption) chromatography (LSC). Retention for LSC is
better understood at present than for the remaining LC methods!®'4; LSC therefore
offers a better opportunity for exploring the possibility of the third approach to
optimization. Aside from being of value in its own right, optimization in LSC may
offer guidance for a similar approach to the other LC methods.

A PRACTICAL SUMMARY OF THE PRESENT PAPER

A general approach to optimizing retention in LSC is as follows:

(1) determine the best solvent strength £° of the mobile phase for optimum &’
values (0.5 < &’ < 20) of the given sample; this is done by varying the composition
(% v/v B) of a mobile phase A—B which consists of a weak solvent A and a strong
solvent B.

(2) while holding ¢° constant, further vary conditions for an optimum spacing
of sample bands within the chromatogram (maximum « values); this can be done in
various ways: (a) vary the mobile phase composition by substituting other strong
solvents (C, D, ...) for solvent B (Ch. 9 of ref. 1); (b) vary the adsorbent chosen as
column packing; silica is the usual first choice, but alumina offers different selectivity
for some samples'®; (¢) vary the temperature of the column; often temperature has no
significant effect on « values; however, exceptions have been noted!'®; (d) take ad-
vantage of special chemical effects via change in mobile phase pH or the use of com-
plexing agents (e.g., silver ion for olefins); this approach is limited to samples that are
acidic or basic, and/or can undergo complexation. In this paper we consider only the
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theory of LSC solvent strength as a function of mobile phase composition (1, above),
and the variation in o values as a result of change in mobile phase composition (2a).
This will in turn allow a major improvement in our ability to develop final LSC
methods with a minimum of experimental effort. Further improvement in this ap-
proach (options 2b—d above) can best be attempted after we achieve a good under-
standing of steps 1 and 2a. An optimization scheme based on steps 1 and 2a is
presented in a later paper!®.

Once a mobile phase composition (A-B) has been found that has the optimum
& value for the sample of interest, we need to be able to calculate other mobile phase
compositions (A-C, A-D, ...) that give the same value of £°. These new mobile phases
will then allow us to vary separation selectivity for improved resolution. It has been
found elsewhere®!"1? that mobile phases containing more than two solvents (e.g.,
A-B-C) are required for the maximum exploitation of selectivity in reversed-phase
LC, when the sample contains several components (this is not the case for a two-
component sample). This is true of LSC as well. Therefore, a general theory 1s needed
for the calculation of £° for any multi-component mobile phase. In practice, ternary
and quaternary-solvent mobile phases will be used. Previous papers'?:!'* have shown
that it is possible to calculate the strength of multicomponent mobile phases in LSC
with adequate precision.

Changes in o which result from a change in the mobile phase composition are
presumably due to various physico-chemical phenomena that affect sample retention.
These changes in o are very much affected by the particular sample (mixture of
solutes) selected for study, and there are an almost unlimited number of possible
mobile phase compositions from which to choose. Consequently, the empirical study
of mobile phase selectivity will be quite complex, and there is little hope that the
results obtained will apply to all possible samples. On the other hand, there are a
much smaller number of these discrete physico-chemical effects that can contribute
significantly to sample « values. If we can identify these effects and relate them to
mobile phase composition in a way that is independent of the nature of the sample to
be separated, we can bypass much of the potential difficulty in understanding and
using mobile phase selectivity.

Several of these physico-chemical effects have already been identified in LSC
systems'?!!:

solvent/solute localization

solvent strength

hydrogen-bonding in the stationary phase

hydrogen-bonding in the mobile phase
In this paper we examine solvent-solute localization. At this time we believe that their
contribution to sample o values is generally more important than are hydrogen-
bonding effects. Later papers will discuss hydrogen-bonding and its exploitation in a
total-optimization scheme for LSC. Table I summarizes such an approach.

Solvent strength and mobile phase composition

Preceding papers!®!* have described a general model of solvent strength in
LSC for the case of mobile phases that contain two to four solvent components. This
model is based upon a displacement mechanism of solute retention in LSC. Thus, for
adsorption of a solute X from a mobile phase B, it is assumed that one molecule of X
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TABLE 1
RETENTION OPTIMIZATION IN LSC: CLASSIFICATION OF A TOTAL APPROACH

hex = Hexane; MC = methylene chloride; MTBE = methyl terr.-butyl ether; ACN = acetonitrile;
TEA = tricthylamine; M = methanol.

Effect Solvent variables
1 Optimize solvent strength in terms of &’ A-B hex-MC
2a Optimize selectivity in terms of polar solvents
(B, C, B-C, etc.) selected for the mobile phase
Optimize solvent/solute localization (value A-B-C hex- MC -MTBE
of m)
Optimize solvent-specific localization A-B-C-D hex-MC-MTBE-ACN
Fine-tune solvent strength A-B-C-D vary N,
Create solvent—solute hydrogen-bonding
in stationary phase
Use proton-acceptor (basic) solvent A-B-C-E hex-MC-MTBE-TEA
Use proton-donor (acidic) solvent Less effective
Create solvent—solute hydrogen-bonding
in mobile phase
Use proton-donor (acidic) solvent A-B-C-F hex-MC-MTBE-M
Use proton-acceptor (basic) solvent Less effective
2b Optimize column packing (adsorbent type) Silica, alumina; repeat
steps | and 2a*
2¢ Optimize separation temperature After step 2a**
2d Optimize pH, add complexing agents After 2ax**

* Solvent strength and selectivity must be reoptimized when adsorbent is changed.
** Increase N, to compensate for lower &” at higher temperatures; maintain other N values in same
ratio (e.g., No/Ny constant).
*** Do not change N,, Ny, etc.

in the mobile phase (X,) displaces some number, s, of solvent molecules B from the
stationary phase (B,)

X,+nB,=X, + nB, (2)

to give a molecule of adsorbed X (X,) and n molecules of B in the mobile phase (B,).
The effect of solvent strength, £°, on sample retention is then given as

log (ky/k,) = o A, (e, — &) (3)

where for a given solute X, k; and &, refer to &” values for mobile phases 1 and 2, ¢,
and ¢, refer to solvent strength (¢°) values for mobile phases 1 and 2, &’ is an ad-
sorbent activity parameter and A, refers to the cross-sectional area of the molecule X.
Values of £° for multicomponent mobile phases can be related to the mole fractions,
N,, of each solvent component i in the mobile phase, and to the £° values (g;) of each
pure solvent /. For so-called “localizing” solvents j (see next section), the value of £
varies with the mole fraction, 0, of j in the stationary phase. The stationary phase is
assumed to consist of a monolayer of adsorbed solvent molecules. Values of & are
relatively constant (¢; = ¢’) at low values of 6, but ¢; decreases as 0, approaches a
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value of 0.75 (toward a lower limiting value ¢ for 8; > 0.9). The condition 8; ~ 0.75
corresponds to the approximate completion of a “*localized”™ layer of solvent mole-
cules j in the stationary phase. Further filling of the monolayer by j (6, > 0.75)
corresponds to adsorption of non-localized j molecules. The treatment of refs. 13, 14
yields values of 0, for all mobile phase components /. The next section suggests that
solvent selectivity 1s also dependent upon values of 6, for different mobile phase
components i.

Fig. 1a plots experimental values of £° vs. values calculated according to ref. 13,
for 98 different binary-solvent mobile phase compositions and 22 different strong
solvents (B, C, ...). Similarly, Fig. 1b plots data calculated according to ref. 14 for
mobile phases consisting of ternary and quaternary-solvent mixtures. The experi-
mental data are taken from the review!? as well as from ref. 14 and the present paper.
These data suggest that the procedures of refs. 13, 14 allow the prediction of £° in LSC
within 40.02 units. This is adequate for selecting optimum-strength mobile phase
compositions, since resolution, R, is not a sensitive function of k', when k" > 1.
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Fig. 1. Comparison of experimental solvent strength values for muiti-component mobile phases with
calculated values as in refs. 13, 14 for alumina and silica as adsorbents. a, Binary-solvent mobile phases 13;
b, mobile phases containing three (O) or four ([1) solvents (from ref. 14 and present study).

Solvent selectivity: solvent/solute localization

This selectivity effect has been discussed previously'?#°, but not developed
to the degree required for optimization as in a later paper'®. Localization refers
to the direct interaction of the most polar substituent group, k, in a molecule of solute
or solvent with a corresponding polar adsorption site which forms part of the ad-
sorbent surface. Localization of a polar solvent molecule, C, is illustrated in Fig. 2a—-
d. In the case of silica as adsorbent, the polar surface sites are silanols (= Si-OH), as
illustrated in Fig. 2a for a side view of the silica surface. These silanol groups are
shown as asterisks in Fig. 2b from an overhead view of the silica surface; they are
randomly distributed across the surface, which accords with the current belief that
porous silicas are non-crystalline!®. Adsorbing solvent molecules C are shown in Fig.
2¢, d as discs, with the polar group k centered on one face of the disc (this assumed
molecular shape is arbitrary). Fig. 2¢ shows a side view of the adsorbed monolayer of
solvent C, with two of the three C molecules (i), shown centered over adsorbent sites,
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i.e., these molecules (i) are adsorbed with localization. The third molecule of C in Fig.
2¢ (i1) cannot assume the optimum configuration required for localization and is
therefore delocalized. Fig. 2d shows an overhead view of the monolayer of adsorbed
solvent C. Molecules of delocalized C are shown as broken curves, while localized
molecules are shown as full circles. Delocalization can be the resuit of either (a)
imperfect alignment of the solvent group k with a surface site (ii in Fig. 2c, iia in Fig.
2d), or (b) crowding of adsorbed C by adjacent molecules in the monolayer (iib in Fig.
2d, i.e., steric hindrance to adsorption). Localized molecules (i) are held much more
strongly to the adsorbent surface than are delocalized molecules (ii).

(a) (b)
e e
S oo ***: : :
{c) (d)

= ~0-, ~CHO,—CO,CHy3, etc. n

(e)
PURE SOLVENT B

r=ar=1r-"
*x [ [}
Cadla Lo

r=ar==r-q

L 1 11

Lodead b

Fig. 2. Visualization of adsorbed solvent monolayer on silica, showing the localization of a polar solvent
C. a, Side view of silica surface. showing silanol groups: b, overhead view of silica surface. with silanols
shown as *; c, side view of monolayer of adsorbed solvent molecules C, with polar solvent-group k shown;
d, overhead view of solvent monolayer in c; e, overhead view of adsorbed monolayer of solvent B (non-
localizing). See text.

When a molecule of solute or solvent possesses no strongly polar group k, there
is no reason for that molecule to prefer a specific position or configuration within the
adsorbed monolayer, i.e., all molecules will be delocalized. This is illustrated for a less
polar solvent molecule, B, in Fig. 2e, where molecules of B in the adsorbed monolayer
are shown as squares. Since all molecules of B are delocalized, they are shown as
broken squares with no tendency toward centering of the molecule with respect to
surface sites (vs. Fig. 2d for the localizing solvent C). Polar groups k which can cause
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the localization of either solvent or solute molecules include such substituents as —O-
(ether), -COR (ketone), —-CO, R (ester), -NR, (amine) and other functional groups of
similar polarity. Non-localizing solvents B are less polar compounds such as chloro-
form, dichloromethane, benzene and RCI, RBr or RI (monohaloalkanes). Localizing
solvents C include ethers, esters, nitriles and alcohols.

In LSC separation, moderately polar solvents B and/or polar solvents C are
generally used in admixture with a non-polar solvent A such as hexane, heptane or
isooctane. Fig. 3 shows the resulting arrangement of adsorbed solvent molecules
within the monolayer, for the solvent system A-B (Fig. 3a) and A-C (Fig. 3b).
Adsorbed molecules A are shown as broken (i.e., delocalized) triangles. The adsorp-
tion of a solute molecule X (localizing) or Y (non-localizing) from the mobile phase
A-B is illustrated in Fig. 3c. In either case, because B is non-localizing, the adsorbing
solute molecule displaces a non-localized molecule of B (or A). In the case of the
adsorption of X or Y from a mobile phase A—C that is localized (Fig. 3d), X adsorbs
with localization and must therefore displace a preadsorbed molecule of localized C.
Because Y is non-localizing, it adsorbs by displacing a non-localized molecule of A
(or C). If we assume that X and Y have the same &’ values (¢« = 1) in the system A-B
(Fig. 3c), then the k" value of X must be less than that of Y (a # 1) in the system A-C
(Fig. 3d). The reason is that the free energy required to displace a solvent molecule in
Fig. 3c is the same for both X and Y, because for each solute the displaced solvent
molecule (A or B) is delocalized. In Fig. 3d. however, solute X {but not Y) must
displace a localized molecule of C during adsorption, and the energy required for this
will be greater than for displacement of a delocalized molecule of C (or A) by an
adsorbing molecule of Y.

As a result of solvent/solute localization, a change from a localizing mobile
phase (A-C) to a non-localizing mobile phase (A-B) can create large differences in
solvent selectivity and the « values of various solute-pairs. The effect is limited to
solutes which show some degree of localization, and is therefore more pronounced for
more polar samples and the stronger mobile phases that are required for their op-
timum separation.

A quantitative model: binary-solvent mobile phases. In the general case, both
solutes and solvents will exhibit varying tendencies toward localization, rather than
being characterizable as simply “localizing™ or “non-localizing”. Thus, the effects of
solute/solvent localization will increase with increasing tendencies toward localiza-
tion of solute and solvent (i.e., increase in polarity of the localizing group k in each
molecule). The effect of solvent localization will also be more pronounced for higher
mole fractions, N, of the localizing solvent in the mobile phase A-C, as illustrated in
Fig. 4. Here, for a lower value of Nc and a resulting value of 0, = 0.5, a molecule of X
can adsorb with localization by displacing a delocalized molecule of A. However, for
a higher value of N, such that 0. = 0.75, localized adsorption of X requires displace-
ment of a localized molecule of C. The reason is that with increase in 0 from zero to
0.75, all adsorbing molecules C can localize onto the surface; when 0 exceeds a value
of 0.75, additional molecules of C adsorb without localization'3. Therefore, the effect
of solvent localization on selectivity will increase in magnitude with increase in N
and 0, until O = 0.75.

Eqn. 3 already recognizes the localization of the solvent and solute. Thus,
localization of the solvent leads to a predictable change in the value of ¢° (ref. 13, 14),
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Fig. 3. Visualization of adsorption of localizing solute X and non-localizing solute Y from mobile phases
A-B (non-localizing) and A-C (localizing); overhead view in each case. a, Solvent monolayer A-B (non-
localizing); b, solvent monolayer A-C (localizing); c. adsorption of X and Y from mobile phase A-B (with
displacement of adsorbed solvent molecule); d, adsorption of X and Y from mobile phase A-C (with
displacement of solvent molecule). See text.

while localization of the solute leads to a change in its apparent A, value (silica as
adsorbent!?). However, eqn. 3 does not take into account the interaction of these two
effects as in Fig. 3c, d. Therefore, for the case of polar (i.e., localizing) solutes and
solvents, a term A4, must be added to eqn. 3:

log (ky/ky) = o A (e, — &) + 4, (4)

The term A, corrects eqn. 3 for the interaction of solute and solvent localization, and
its effect on &’. From our discussion of Fig. 3 (see also ref. 20), it is clear that A,
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Fig. 4. Visualization of adsorption of solute X from localizing mobile phase A-C. Effect of surface
coverage, 0., on solvent molecule displaced by X.

should depend upon both the nature of the solute (X) and the mobile phase (i); A, will
become larger for increasing localization of both X and /. We therefore expect that A,
will be a function of parameters Ay (solute) and m; (mobile phase); Ay measures the
relative localization of X, and m; increases with both the degree of localization of
some mobile phase solvent j and with its relative coverage of the adsorbent surface
(0)). A linear-free-energy relationship between 4, and the parameters 4, and m, is
expected, because 4, is a free-energy term which is the result of the interaction of
effects produced by solute localization and solvent localization; such a linear-free-
energy relationship was verified experimentall?®:*

4, = —Ay m; (3)

Because solute/solvent localization leads to decreased retention of the solute, the term
4, 1s negative.

The expected increase of Ay with increasing localization of X has been ob-
served??. Thus, solute localization increases with the polarity or adsorption energy,
Oy, of the most strongly adsorbing group k in the solute molecule, and A, is found
to increase with Q.

The solvent selectivity parameter, m, of eqn. 5 is of primary interest in terms of
controlling separation. Thus, the sample components in a given LSC separation (and
values of A for those solutes) are fixed, but we can vary mobile phase composition so
as to change m and sample « values. As described in a following section, values of m
can be related to mobile phase composition as follows. For the case of a mobile phase
A—j, where the weak solvent A cannot localize and the strong solvent j can, the value
of mis determined by the polarity of pure j (") and by the mole fraction, 6, of j in the
adsorbed monolayer

m = m° f(0,) (6)

where (6)) varies from zero for 0; = 0 to one for 6, = 1. Eqn. 6 is tested in Fig. 5a,
where values of (m/m°) are plotted vs. 6; (data of ref. 20 for alumina) for several
polar solvents. For a total of 35 mobile phases listed in Table 11, it is found that m
1s predicted by eqn. 6 with an accuracy of +0.07 units (1 S.D.), for —0.29 < m < 1.16.
The function f(6)) vs. 0; used in this calculation is shown as the solid curve in Fig. 5a,
b, and is listed in Table II1. This function was determined as a best fit to the data of
Fig. S.

* Eqn. 5 is expressed in ref. 20 as A = A° m; we have changed the terminology here (see Glossary).

~
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Fig. 5. Verification of eqn. 6 for dependence of solvent-selectivity function, m, on surface coverage, ), bya
localizing solvent j. a, Constancy of m/m°® = f(0)) vs. 0; for different solvents C and mobile phases A-C

(alumina, data of Table II). O, Solvent j is acetonitrile; &, pyridine; (J, acetone; W/, tetrahydrofuran; v
®, ethyl acetate (see Table II). b, Dependence of f(0,) on 0, for multi-component mobile phases and silica
(data of this study and ref. 14, scc Table V). O, Solvent j is MTBE; [, acetonitrile. Solid curve in each

case (a, b) is the function taken from Table I1L.

As expected, the solvent parameter m° increases with the adsorption energy QY
of the most polar solvent group k. Thus, as discussed in a later section, m° is 0.6 or
larger for solvents with Qf > 3.5. For solvents with QY < 1.8, m° is less than 0.4.
Therefore, more polar solvents j with large values of m° (and ¢°) can provide larger
values of 4, and greater solvent selectivity variation. With such solvents, eqns. 5, 6
allow us to vary 4, in continuous fashion over wide limits, by varying m via change
in the concentration of j (V).

Consider next two solutes X and Y, with « referring to ky/ky. Assume two
mobile phases 1 and 2 which have equal strengths (¢, = ¢,), let o, and «, refer to «
values in each mobile phase, and let m, and m, refer to their solvent selectivity (m)
values. Further assume that the solvent selectivity m, for mobile phase 2 is equal to
zero. From eqns. 4. 5 we can write

log a; = log a, + (4y — Ay) m,
or
loga =C, + C, m (7}

The constants C, and C, are now defined by the particular pair of solutes (X, Y)
selected. Eqn. 7 is tested for representative data from ref. 20 in Fig. 6. The agreement
of experimental data with the best fit of eqn. 7 in these plots is 3 0.05-0.06 log units (1
S.D.), for a range in log a of —0.2 to +0.5. Other solute-pairs from ref. 20 show
comparable agreement with eqn. 7.

A quantitative model: mobile phases containing more than two solvents. Assume
a mobile phase composed of solvents A, B, C, ..., where A is non-localizing (m° = 0)
and solvents B, C, ... exhibit increasing localization -—and therefore increasing values
of m®. The coverage of adsorption sites, with localization of the solvent molecule, can
be pictured as proceeding in steps: initial adsorption of the strongest solvent j until its
equilibrium surface coverage 6; is attained, then adsorption of the next strongest
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TABLE 11
ANALYSIS OF SOLVENT-SELECTIVITY PARAMETER, m, FOR DATA FROM REF. 20

Alumina as adsorbent, binary-solvent mobile phases. Solvent A is pentane.

Mobile phase A-B m* Og** m° Q?

(%o viv) -
Exptl. Calc.

1 Acetonitrile 1.31 5.0
0.1 0.39 0.45 0.31
0.14 0.46 0.57 0.47
0.3 0.87 0.85 0.59
0.4 0.95 0.91 0.64
0.6 0.98 0.94 0.66
0.7 1.09 1.04 0.68

2 Pyridine 1.22 4.8
2 1.16 « 1.14 0.83
5 1.1 117 0.87

3 Acetone 1.02 5.0
0.2 0.42 0.58 0.55
0.4 0.79 0.74 0.64
0.6 0.77 0.80 0.67
0.8 0.91 0.83 0.70

4 Tetrahydrofuran 0.82 3.5
2 0.73 0.72 0.76
5 0.77 0.77 0.84

S Triethylamine 0.82 44
S 0.77 0.77 0.83

6 Ethyl acetate 0.77 5.0
1 0.65 0.65 0.73
4 0.72 0.72 0.85

7 Diethyl ether 0.62 3.5
2 0.32 0.26 0.47
5 0.55 0.47 0.63
9 0.47 0.53 0.73
23 0.43 0.58 0.85

8 1,2-Dichloroethane 0.35 1.8
15 0.33 0.33 0.85

9 Chloroform 0.34 0.7
15 0.23 0.30 0.76
30 0.41 0.33 0.90

10 Dichloromethane 0.29 0.8
13 0.25 0.25 0.73
23 0.26 0.27 0.85
35 0.33 0.28 0.93
60 0.22 0.29 0.97
100 0.30 0.29 1.00

11 Ethyl sulfide 0.29 2.6
8 0.18 0.20 0.62
15 0.27 0.25 0.76

12 Chlorobenzene 0.12 0.3
30 0.12 0.12 0.91

13 Bromoethane 0.08 2.0

40 0.08 0.08 0.87

( Continued on p. 310)
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TABLE II (continued)

Mobile phase A-B nr* 0 >* m® Q?

(%o vIv) T
Exptl. Cale.
14 2-Chloropropane 0.02 1.8
35 0.02 0.02 0.79
60 0.02 0.02 0.91
15 Perchloroethylene 0.03 0.3
100 0.03 0.03 1.00
16 Carbon tetrachloride —-0.09 0.3
S0 —0.08 —-0.08 0.78
17 Benzene —0.15 0.3
i5 —0.04 —0.13 0.72
28 —-0.02 —0.14 0.86
50 —0.25 -0.15 0.95
80 —-0.29 -0.15 0.99
18 Toluene —0.16 0.3

30 —0.15 —-0.15 0.90

“~* Data of ref. 20; calculated values from eqn. 6.
** Calculated as described!?.

solvent 7 until a surface coverage equal to (6; + 0)) is reached, and so on until
completion of adsorption of the weakest solvent A so that 20 = 1 (completed mo-
nolayer of solvent). At some point during the successive adsorption of weaker sol-
vents (J, 7, h, ...) a value of X0 = 0.75 will be reached, beyond which localization of
later solvents is not possible, and their contribution to m will be migor (Fig. 5). , g

Based on the foregoing discussion, we can infer that m for a four-solvent
mobile phase A-B-C-D will be given as:

m = mOD f(0p) + mg[f(BC + 0p) — f(0p)] + mg[f(HB + 0c + 0p) — f(0c + 0p)] (8)

For a three-solvent mobile phase A-B-C, eqn. 8 can be used with 0y and f(0) set
equal to zero. In eqn. 8, mY, m& and m} ref to values of m° for solvents B, C and D;
f(0c + 0p) refers to the value of f{6))) for 0, = (0 + 0p); (0 + 0 + Op) refers to the

TABLE 111

VALUES OF THE SOLVENT-LOCALIZATION FUNCTION, f(6,), FROM EQN. 6 V'S. THE FRAC-
TIONAL COVERAGE, 0, OF THE ADSORBENT SURFACE BY LOCALIZING SOLVENT (SEE
FIG. 5)

0, 10 0, 109,

0.0 0.00 0.6 0.68
0.1 0.04 0.7 0.83
0.2 0.11 0.8 0.92
0.3 0.20 0.9 0.97
0.4 0.32 1.0 1.00

0.5 0.47
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Fig. 6. Variation of log « values with m, and verification of eqn. 7; data for binary-solvent mobile phases

and alumina®®. a, X = I-naphthaldehyde, Y = I-cyanonaphthalene; b, X = l-nitronaphthalene, Y =
1.7-dimethoxynaphthalene; ¢, X = 1.5-dinitronaphthalene, Y = l-acetylnaphthalene.

value of f(0)) for 0; = (03 + 0c + 0p). In a later section we will see that eqn. 8
provides calculated values of m that agree well with experimental values for both
ternary-solvent and quaternary-solvent mobile phases.

The apphicability of eqn. 7, which describes « as a function of m, is illustrated in
Fig. 7 for silica as adsorbent and several mobile phases which consist of ternary- and
quaternary-solvent formulations. Representative plots for three different solute-pairs
arc shown, based on experimental data from ref. 14 and the present study. The scatter
of the data points in Fig. 7 around the best fit to eqn. 7 (4 0.05 log units, 1 S.D.) is
comparable to that for the plots in Fig. 6 for binary-solvent mobile phases and
alumina. There are eighteen different polar solvents j represented in Fig. 6, and four
such solvents in Fig. 7.

Based on the foregoing discussion, we can now select a pair of polar solvents (B
and C) with different values of m§ and m2. These can be blended with a non-polar
solvent A in ternary formulations to allow the continuous and independent variation
of both ¢° and m for the mobile phase. This then allows the simultaneous optimiza-
tion of both solvent strength and solvent selectivity (based on solvent/solute localiza-
tion) as described in ref. 16.

Solvent selectivity vs. mobile phase composition: solvent-specific solvent/solute localiza-
tion

Eqn. 7 allows us to predict values of « for given solute-pairs as a function of the
mobile-phase m value, once we know the values of C, and C, for that solute-pair.
However, although the correlations of Fig. 6 confirm the importance of m in de-
termining solvent selectivity, there is still significant scatter of experimental data
around these plots (4 0.05-0.06 log units, 1 S.D.). Consequently, two mobile phases
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Fig. 7. Variation of log o values with m; data for multi-component mobile phases and silica (this study and
ref. 14). a, X = I-nitronaphthalene, Y = 2-mecthoxynaphthalene; b, X = 1,5-dinitronaphthalene, ¥ =

1.2-dimethoxynaphthalene; ¢, X = methyl 1-naphthoate. Y = 2-naphthaldehyde. O. Solvent j is
chloroform or dichloromethane: [, solvent j is MTBE; B, solvent j is acetonitrile.

which have the same value of /m can still exhibit somewhat different selectivities
toward different solute-pairs. Thus, once we have optimized selectivity in terms of
choosing the best mobile phase m value, the use of different mobile phases of similar
m value may lead to further improvement in selectivity. It is therefore of interest to
explore the basis of these deviations from eqn. 7 so that we can use them to practical
ad véntage.

Deviations from eqn. 7 of the type discussed above suggest similar deviations
from eqn. 4. This additional selectivity effect -—which we will call solvent-specific
solvent/solutepcalization (see below)— requires the addition of a further term (4,) to
eqn. 4:

log (ki /ky) = o A (e, — &) + A, + A, (4a)

We have found that A4, is a function of both the mobile phase composition and of the
two solutes (X, Y) used to measure «.

Deviations from eqn. 4 (non-zero values of 4,) were found in ref. 20 and the
present study to occur for sample—solvent combinations that do not include proton-
donor compounds. Therefore, hydrogen-bonding in the stationary or mobile phase
can be ruled out as a possible cause of this effect. An alternative explanation is
provided by the solvent/solute localization model per se. So far we have considered
the degree of localization of solute and solvent molecules (values of Ay and m,), but
have ignored the molecular details of the configuration of adsorbed solute and solvent
molecules; that is, how do localized molecules of solvent or solute “*fit” into the
monolayer in relationship to surrounding molecules and to the adjacent silanol group
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of the silica surface? Differences in configuration between solvent and solute mole-
cules would be expected to lead to differences in the net adsorption energy of the
solute, which translate into a further contribution to o (i.e., 4,).

The configuration of localized molecules within the adsorbed monolayer is
probably a function of the nature of the bonding between silanol groups and ad-
sorbed molecules. A later section in fact suggests that the relative basicity of the
solvent is a major factor in determining the magnitude of 4, as a function of mobile
phase composition. This in turn leads to a criterion for selecting two localizing sol-
vents C and D, such that maximum differences in 4, (and in solvent selectivity) can be
achieved: the two solvents should have different relative basicities as defined by the
selectivity triangle??. Thus, solvent C can be a less basic solvent from group VI of ref.
23, such as acetonitrile or ethyl acetate. The second solvent D should then be selected
from solvent groups I or HI; e.g., tetrahydrofuran, methyl terz.-butyl ether, triethyl-
amine, etc. The weakly localizing, moderately polar solvent B is ideally a solvent such
as dichloromethane, with a small m° value. In this way, by varying the proportions of
B, C and D in the mobile phase, ¢° can be held constant while values of « are
continuously varied over wide limits through change in both solvent/solute localiza-
tion (value of m) and solvent-specific localization (4,); see ref. 16.

The above hypothesis for solvent-specific localization suggests that the molecu-
lar structures of the localizing solutes (X. Y) and solvent C will together determine the
values of 4, in eqn. 4a. This in turn implies that eqn. 4 (which ignores 4,) should be
more accurate when s 1s varied by changing the concentration of a strongly localizing
solvent C (in a mixture A-B-C, where B is weakly localizing), rather than by chang-
ing to another localizing solvent D*. That is, for a given solvent C and solute X, the
value of 4, will remain constant while N is varted. This conjecture is tested in Fig. 7
for several solute-pairs from the present study and ref. 14. In the case of each solute-
pair in Fig. 7, data for the two strongly localizing solvents used (methyl terz.-butyl
ether, MTBE, and acetonitrile) are differentiated in these plots (0, MTBE; M, aceto-
nitrile). It is clear that separate straight-line plots for each of these latter two solvents
are generally better fit by eqn. 7 (£0.02 log units, 1 S.D.) than are the composite plots
(+0.05 log units) for each solute-pair. This is expected in terms of the above discus-
sion. That is, significant change in A4, and consequent failure of eqn. 4 (with larger
S.D.s) should occur when changing the localizing solvent C, rather than when the
concentration of C in the mobile phase is simply varied. The form of the experimental
plots of Fig. 7 suggests that C, in eqn. 7 is only approximately independent of the
localizing solvent j in the mobile phase. Thus, for maximum accuracy, C, in eqn. 7
will be a function of the localizing solvent j in the mobile phase A—j (or A-B—).

EXPERIMENTAL

All measurements were done on a DuPont Model 850 liquid chromatograph
(DuPont, Wilmington, DE, U.S.A.) equipped with a Model 870 pump, a UV absorb-
ance detector operated at 254 nm and a Model 845 refractive index detector. Sam-
ples were introduced with a Model 725 Micromeritics Auto-Sampler (Micromertitics,

* Note that the somewhat scattered plots of Fig. 6 are based on a number of different localized
solvents (Table 1), with differing values of 4,.

lind n,.ﬁq 4
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Norcross, GA, U.S.A.) using a 25-ul sampling loop. A 15 x 0.46 cm column packed
with Zorbax-SIL chromatographic packing was used for all studies.

All solvents were distilled-in-glass grade (Burdick & Jackson Labs., Mus-
kegon, MI, U.S.A.) except n-hexane, which was Spectrograde (Phillips Petroleum
Co., Bartlesville, OK, U.S.A.). The mobile phases were 509, water-saturated using
the procedure described in ref. 1. The solvents were all degassed individually, and
then mixed before the water-saturation procedure. The substituted naphthalenes were
dissolved in hexane.

All retention measurements and A’ calculations were carried out with a PDP-10
computer system?2. Other calculations were performed on a PDP-11/60 minicom-
puter (Digital Equipment, Maynard, MA, U.S.A.) programmed in FORTRAN. The
t, measurements for accurate determination of A" were done by injecting a sample
aliquot of the mobile phase which had already passed through the column, but which
had been diluted slightly with hexane. This had the effect of injecting a sample which
was slightly weaker than the mobile phase into the system. Both short- and long-term
reproducibility measurements of k" values were shown to have a standard deviation
of less than 2 9/. The & data for the mobile phases with silica as adsorbent discussed
in this paper are shown in Table IV.

RESULTS AND DISCUSSION

Solvent/solute localization

Binary-solvent mobile phases and alumina. The study of ref. 20 examines sol-
vent/solute localization for alumina as adsorbent in considerable detail. The retention
of 20 different solutes was studied in 44 different binary-solvent mobile phases A-B,
involving 20 different polar solvents B. The m values found?® are summarized in
Table Il. The measurement of these m values and the verification of eqn. 5 for these
LSC systems is further described in ref. 20.

Best values of m° for each B solvent of ref. 20 were derived in the present study,
along with the function f{0,) of eqn. 6. Values of m® are given in Table II; f(0,) is
plotted in Fig. 5 and listed in Table 111. Table II also provides values of s calculated
from eqn. 6, using the m° values of Table 11 plus values of f(0;) from Table I1I. These
experimental and calculated values of m agree within +0.07 units (1 S.D.), for —0.29
< m < 1.16.

Values of m° correlate roughly with Q9 for the solvent as required by theory.
Thus solvents 1-9 of Table Il have QY > 3, and their m° values are greater than 0.6.
Solvents 10-20 of Table II have Qf < 2, and their m° values are less than 0.4. An
exact correlation of m® vs. QP is not observed, possibly because of secondary effects of
the type involved in solvent-specific localization.

The shape of the f(6)) vs. 0; curve in Fig. 5 is reasonable in terms of theory.
Thus, we expect m/m° to increase only slowly with increase in 0, until completion of a
localized solvent layer at §; = 0.75 is approached. The reason is that prior to com-
pletion of the localized solvent layer, a localizing solute molecule can adsorb with
displacement of a non-localized solvent molecule. Under these conditions, solvent/
solute localization effects are less important in affecting solute « values. How-
ever, as f; approaches and exceeds a value of 0.75, a rapid increase in m/m° is
expected. The ratio m/m® should then level out at a value of x1 for 0; > 0.75.
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Ternary and quaternary-solvent mobile phases and silica. Table V summarizes m
values for several multicomponent mobile phases and silica as adsorbent. The ap-
proach used in ref. 20 to determine values of 4, cannot be used for silica as adsorbent,
because the reference hydrocarbon solutes (for which A, = 0) have very small &’
values on silica, when £° » 0. We therefore used eqn. 7 to extract values of m from the
data of ref. 14 and the present study. Since the product C,m of eqn. 7 is obtained
from plots such as those of Fig. 6, the ratio of C, to m is arbitrary. We have chosen a
value of this ratio such that m° values for silica and alumina are of similar size for the
same solvents. The detailed procedure used by us to obtain m values in this study is
given in Appendix 1.

The agreement of present data with eqn. 7 is illustrated in Fig. 7 for rep-
resentative solute-pairs. Eqn. 7 calculates values of log « for silica and multi-compo-
nent mobile phases with an accuracy of +0.05 units (1 S.D.)*, which is comparable to
that found for alumina and binary-solvent mobile phases.

Values of m for multi-component mobile phases. Calculated values of m from
eqn. 8 are compared with experimental values in Table V, for silica as adsorbent.
The agreement of these two sets of values (4 0.08, 1 S.D.) is comparable to that found
in Table II (£0.07) for alumina and binary-solvent mobile phases. For ternary-
solvent or quaternary-solvent mobile phases with only a single strongly-localizing
solvent D, the term [in — m{, f(6;)] of eqn. 8 is small, so that accurate values of f(6,)
can be calculated from eqn. 8 for each value of m. Resulting values of f(6p) for
different localizing solvents D are plotted in Fig. 5b with the solid curve from Table
T superimposed. Thus, the general relationship of {(0;) vs. 0; from Table 111 applies
for both alumina and silica as adsorbents, and for binary-, ternary- and quaternary-
solvent mobile phases. This in conjunction with the similar plots of Figs. 6 and 7 (eqn.
7) for these various systems suggests that solvent/solute localization occurs in essen-
tially the same manner in these various LSC systems. This similarity of effects and
their quantitative adherence to a small number of simple mathematical relationships
(eqns. 6, 7) serves as additional evidence for the correctness of the present model and
of the displacement mechanism (eqn. 2) on which it is based.

The calculation of m for any mixture of solvents is described in Appendix 1.

Solvent-specific localization

Binary-solvent mobile phases and alumina. Values of 4, for the mobile phases of
Table 11 were reported?® for nine standard solutes that do not include proton-donor
compounds (compounds I-1X of Table 1112%). These 4, values were determined ex-
perimentally, using eqn. 4 and assuming that 4, = 0. In fact, the values of 4,
reported?® are actually equal to (4, + 4,). We will refer to these latter values as
“apparent 4, values™ equal to 4;. These A7 values can be used to further analyze the
role of the solvent in affecting solvent-specific selectivity.

Consider first the case where 4, is in fact zero, and solvent-specific localization
is unimportant. Further assume two different mobile phases p and q, with values of m
equal to m, and n,. From eqn. 5 we then have

(A1), = (my/my) (A7), )

* A single (average) value of C, is used for all solvents j in Fig. 7, corresponding to fitting data for
each solute-pair to a single curve (rather than two curves as in Fig. 7).
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where (47), and (4]), are apparent 4, values for mobile phases p and g, and a given
solute X. If we now plot values of (47),, vs. (4}), for different solutes, all points should
fall on a straight line, according to eqn. 9. Similarly, if a least squares correlation is
carried out, a correlation coefficient, r, near unity should be obtained.

The situation is altogether different if values of 4, for either mobile phase p or
q are not zero. In this case, different solutes experience varying degrees of localiza-
tion, depending on the polar solvent C or D which forms part of the mobile phase.
That is, values of &’ and « (Fig. 7a, ¢) depend upon the exact solvent (C or D) used in
the mobile phase, as well as on the m value of that mobile phase. Therefore, we should
be able to determine the relative importance of solvent-specific localization among
different mobile phases studied in ref. 20, by carrying out correlations of apparent 4,
values among different pairs of mobile phases, according to eqn. 9. Those mobile
phase-pairs exhibiting r values near unity can be presumed to be relatively free of
solvent-specific localization, while poor correlation and smaller values of r must be
associated with the presence of relatively large A4, values for one or both mobile
phases. Furthermore, maximum differences in solvent selectivity among mobile phases
of similar strength and m value should likewise occur for mobile-phase pairs that exhibit
poor correlation (see related discussion??).

Correlations of A{ values from ref. 20 were carried out among various pairs of
mobile phases, according to eqn. 9. Since a high degree of correlation is expected for
mobile phases containing the same polar solvent (C or D), the mobile phases chosen
were binaries A—C where the solvent C was different in each mobile phase*. Further-
more, only relatively polar solvents C (large m° values) were tested. The results of
these correlations are summarized in Table VI. It is seen that the first four solvents of
Table VI (nitromethane, acetonitrile, acetone and ethyl acetate) show excellent corre-
lations with each other (0.98 < r < 0.99) implying an absence of solvent-specific
localization for these mobile phases. The last five solvents of Table VI (dimethyl
sulfoxide, triethylamine, tetrahydrofuran, diethyl ether and pyridine) show poorer
correlation with the first four solvents (0.87 < r < 0.97), and not much better
correlation within this group of five solvents (0.91 < r < 0.97). Therefore, it appears
that solvent-specific localization is most important for mobile phases containing one
of these latter five solvents.

The ranking of various polar solvents in Table VI according to solvent-specific
localization effects closely parallels the classification of solvents in ref. 23 according to
the relative importance of hydrogen-bonding vs. dipole-interaction tendencies. Thus,
the first four solvents of Table VI show little solvent-specific localization, and all
belong to selectivity groups VI or VII of ref. 23. These latter solvent-groups (VI, VII)
are characterized by strong dipole interactions and lesser proton-donor or acceptor
strength. The last five solvents of Table VI show significant solvent-specific localiza-
tion, and belong to groups I or III of ref. 23. The latter selectivity groups (I, III)
comprise solvents that are good proton-acceptors, but show little proton-donor
strength or dipole-interaction. Since both alumina and silica behave as acidic ad-
sorbents'®?*, this suggests that solvent-specific localization occurs mainly for sol-
vents that strongly hydrogen-bond to the adsorbent surface. This is confirmed in the

* Several mobile phase compositions were reported?? for each C solvent; e.g., 2, 5, 9 and 23 % (v/v)
diethyl ether—pentane. In these cases, values of A; were averaged for each C solvent and a given solute-pair.
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TABLE VI
MAXIMALLY DIFFERENT SOLVENTS IN TERMS OF SOLVENT-SPECIFIC LOCALIZATION

Correlation, r, of solvent selectivity among different solvent pairs (i) from study of ref. 20 for alumina as
adsorbent in terms of eqn. 9

Solvent i Solvent j

NM ACN ACT EA DMSO TEA THF EE PYR
Nitromethane (NM) 1.00 0.98 0.99 0.98 0.97 0.93 092 092 090
Acetonitrile (ACN) 0.98 1.00 0.98 0.98 0.96 0.96 090 090 0.87
Acetone (ACT) 0.99 0.98 1.00 0.99 0.96 0.94 094 095 092
Ethyl acetate (EA) 0.98 0.98 0.99 1.00 0.97 0.95 096 096 094
Dimethyl sulfoxide 0.97 0.96 0.96 0.97 1.00 0.96 097 090 094

(DMSO)

Triethylamine (TEA) 0.93 0.96 0.94 0.95 0.96 1.00 092 0.89 091
Tetrahydrofuran (THF) 0.92 0.90 0.94 0.96 0.97 0.92 1.00 093 097
Diethyl ether (EE) 0.92 0.90 0.95 0.96 0.90 0.89 093 1.00 094

Pyridine (PYR)

0.90 0.87 0.92 0.94 0.94 0.91 097 094 1.00

nextsection for silica, where large values of 4, (and poor correlation) are observed for
the solvents MTBE (group I) vs. acetonitrile (group VI).

Maximum differences in solvent selectivity as a result of solvent-specific local-
ization are predicted for solvent-pairs with small r values in Table VI. Pyridine-
acetonitrile has the poorest correlation of these solvents (+ = 0.87), but pyridine is not
a suitable solvent for LC with photometric detection. Diethyl ether—acetonitrile and
tetrahydrofuran—acetonitrile have correlations that are almost as poor (r = 0.90),
and appear to be suitable solvents (C, D) for use in an optimization scheme based on
maximizing differences in localization selectivity. Since MTBE should be quite similar
to diethyl ether in terms of solvent selectivity, and is better suited for routine appli-
cation in LSC?, we recommend the use of MTBE and acetonitrile as optimum localiz-
ing solvents C and D. Because of the poor correlation among the last five solvents of
Table VI, we anticipate that additional solvent selectivity is achievable by using more
than one of these solvents, i.e., use of additional solvents E, F, ... in a retention-
optimization scheme for LSC.

Multi-solvent mobile phases and silica. We have seen in this paper and in ref. 20
that solvent/solute localization effects are similar for silica and alumina, and for
mobile phases that contain two, three or four solvent components. We might there-
fore infer that solvent-specific localization effects are also similar for these various
LSC systems. Limited data from the present study suggest that this is the case. We
should therefore expect to see significant differences in selectivity between mobile
phases A-B-C (hexane-dichloromethane-MTBE) and A-B-D (hexane-dichloro-
methane—acetonitrile) on the basis of Table VI and the related discussion in a preceding
section. Using the solute-pairs defined in Table VII, this premise is confirmed in Table
VIIIL.

The seven solvent systems shown in Table VIII were selected for use in a
systematic optimization scheme'®. Their compositions are selected to provide roughly
equal changes in selectivity within a “‘selectivity triangle”. We refer to them as “selec-
tivity-spaced” mobile phases. These mobile phases are believed to cover the range of
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SOLUTE-PAIRS USED FOR CALCULATION OF m VIA EQN. i-1

Solute-pair X Y C, C,
MTBE ACN

A I-Nitro 2-Methoxy 0.08 0.56 0.36
B I-Nitro 1,2-Dimethoxy -0.21 0.76 0.53
C 1,5-Dinitro 1,2-Dimethoxy 0.25 0.56 0.50
D 1,5-Dinitro 1-Formyl —-0.06 0.30 0.53
E 2-Methoxycarbonyl  1-Formyl 0.06  0.00 0.13
F 1-Methoxycarbonyl  2-Methoxycarbonyl 0.01 0.03 0.07
G 1-Methoxycarbonyl  2-Formyl —-0.06 0.03 0.20
H 1-Cyanomethyl 2-Formyl —0.04 0.50 0.50
1 1-Cyanomethy! [-Acetyl —-0.15 0.56 0.59
J 2-Acetyl 1-Acetyl 0.13  0.00 -0.03

possible a values, for mobile phases of ¢ = 0.22, and exclusion of proton-donor
solvents and solutes (i.e., localization-selectivity effects only). Of interest in the pres-
ent discussion are the mobile phase groupings (a) 5, 23 and 19 and (b) 17, 26 and 18.
The first group has m constant at 0.37 + 0.06 while for the second group n1is 0.68 +
0.01. Within each of these two groups, the localizing-solvent concentration varies
from pure MTBE (5, 17) to pure acetonitrile (19, 18), with an intermediate com-
position that is roughly 509 of each (23, 26).

The relative importance of various contributions to selectivity can be evaluated
from these data. First, for a change in m from 0.1 (mobile phase 1 of Table VIII) to
0.7 (either 17 or 18), we can calculate the change in log o for a given solute-pair, e.g..

TABLE VIII

SEPARATION FACTORS, LOG a, FOR STANDARD SOLUTE-PAIRS OF TABLE VII AND
SEVEN “SELECTIVITY-SPACED™ MOBILE PHASES OF PRESENT STUDY AND REF. 14

For identification of mobile phases see Table V. C = MTBE; D = ACN.

Solute-pair  Mobile phuse 1 5 23 19 17 26 18 0.4
m 0.09 032 037 043 0.68 069 00y b
Ne/(Ne + Np) —* 1.00 0.45 0.00 1.00  0.49 0.00 *

A 0.17 0.21 0.18  0.23 0.44 0.31 0.32

B —0.12 —0.03 —-0.05 0.03 0.21  0.16 0.17

C 0.31 0.45 0.43 047 0.57 0.58 0.60

D —0.08 0.08 0.06 0.13 0.18 0.23 0.29

E 0.06 0.06 0.08 0.13 0.06 0.15 0.12

F 0.00 0.03 0.04  0.02 0.04 0.05 0.09

G —0.09 —0.02 0.00 0.01 —0.02 0.07 0.04

H 0.01 0.13 0.17  0.18 0.35 0.33 0.28

I —0.11 0.05 0.07  0.12 0.31  0.27 0.26

J 0.15 0.11

0.14  0.14

013 0.13 0.11

* No MTBE or acetonitrile present in mobile phase.
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solute-pair A, 0.32 units for 17 and 0.16 units for 18. We can then average these
changes in log « for all ten solute-pairs and mobile phases 17 and 18 (twenty values):
equal 0.21 log units. Since the localizing solvent (MTBE or acetonitrile) is not changed
during each of these comparisons of the effect of m, the average change in log o
(0.21 units) is due only to solvent/solute localization (4, effect).

Second, with /m held constant (mobile phase 17 vs. 18), we can compare log «
values for a given solute-pair and MTBE vs. acetonitrile as localizing solvent. For
solute-pair A and m equal 0.7, the difference in log « values is 0.16 units. The average
change in log « values for all ten solute-pairs is 0.07 units, and this corresponds to the
relative contribution of solvent-specific localization (4, effect) to mobile phase selec-
tivity for the systems of Table VIII.

Finally, consider the agreement of experimental values of log « for mobile
phases 17 and 18 with values calculated from eqn. 7 using values of C, and C, from
Table VII. The average difference between experimental and calculated log « values is
0.02 units. The latter value comprises other selectivity contributions plus the effects of
experimental imprecision in measured values of log «. Imprecision contributes about
0.01 log unit, so that other selectivity contributions must be small.

Similar calculations of these various selectivity contributions can be made for
alumina using the data of ref. 20. For the same solute-pairs, but substituting the
solvent ethyl acetate for acetonitrile, we obtain the data summarized below:

Selectivity alumina silica

A, (av.) 0.09 0.21
4, (av.) 0.05 0.07
residual (av.) - 0.02

The overall conclusions appear as follows. Mobile-phase selectivity is similar for both
adsorbents, but more important for silica. Solvent/solute localization, A4, is signifi-
cantly more important than solvent-specific localization, 4,, in affecting selectivity.
Other contributions to selectivity are minor.

Returning to Table VIII, it is of interest to examine the log « values of various
solute-pairs for the mobile phases which have N./(N. + Np) =~ 0.5. These are
roughly intermediate in value between the corresponding log « values (m constant)
for No/(Ne + Np) = 0 and 1. That is, to a first approximation these log « values for
Ne/(Ne + Np) = 0.5 can be calculated from eqn. 7, using a value of C, that is the
average of C, values (Table VII) for MTBE and acetonitrile. However, the latter
relationship is sufficiently imprecise (S.D. = +0.03 log units) to suggest that a simple
linear interpolation of log o values between No/(N. + Np) = 0 and 1 is not recom-
mended.

Solvent strength and solvent-solute localization. We have seen that the value of
m for the mobile phase can be varied while solvent strength £° is held constant.
However, the maximum possible value of m increases with increasing £°. This is
illustrated in Fig. 8 for alumina as adsorbent. In Fig. 8, we plot m vs. £° for different
solvents B as Ny is varied. The resulting plots are experimentally indistinguishable for
solvents B of similar polarity, i.e., where the pure solvents have similar ¢° values.
Therefore, each plot in Fig. 8 is for a group of similar B solvents, e.g., group 1V is for
£° = 0.38 (diethyl ether); group VI is for solvents with &° values greater than 0.56
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(acetonitrile, nitromethane, etc.). For localizing B solvents, which comprise groups
IV, V and VI in Fig. 8, there are two characteristic features of these plots. At low &°
values (small values of Ng), all B solvents give about the same value of m for a given
value of ¢°. However, at higher values of & for the mobile phase, the less polar
solvents (e.g., group 1V) approach a limiting value of m beyond which no increase in
Ny, or & will give greater solvent-selectivity.

V1(0.56 € £°50.75)
1.0 Vla (£°=0.65)
0.8}
V (0.54 5£°£058
m L
0.6}
B TV (£°= 0 38)
04
[ (0.38 <€°<0 44)
0.2}
T (0.25<€£°50.35)
o}
-0.2
-04 ] 1 1 1(0182£°5032)
0] 02 03 04 05

eo
Fig. 8. Dependence of mobile phase m values on solvent strength for binary-solvent mobile phases and
alumina; different plots (I, II, ...) refer to different groups of B solvents. From ref. 20.

—_  The practical significance of the plots of Fig. 8 is as follows. First, for a given
value of mobile phase strength £°, there is a maximum possible value of m2. This value
increases with ¢° so that larger m values are possible for the separation of more polar
samples which require larger ¢° values for optimum &’ values. In the case of MTBE-
hexane, the maximum value of m is almost reached for 2% (v/v) MTBE and ¢° = 0.22
(m = 0.75 = 909 of m° for MTBE). For stronger mobile phases (¢2 > 0.22), it is
possible to increase m significantly (m > 0.8), but only by substituting a more polar
solvent for MTBE. On this basis, it is tempting to select the most polar solvents
possible for the solvents C and D used to control localization selectivity in LSC
separation. However, for weaker mobile phases this will mean very small concentra-
tions of these solvents, which may be experimentally inconvenient in some appli-
cations.

CONCLUSIONS

In this paper we have further examined the nature of solvent selectivity in LSC
separation. It has been confirmed that localization of solvent and solute molecules
can lead to large changes in the o values of different solute-pairs. Detailed mathemat-
ical relationships have been derived to describe this dependence of sample separation
sequence on mobile phase composition. These equations have been verified by numer-
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ous data for alumina and silica as adsorbents, with mobile phases containing two to
four solvent components.

We also describe the basis for an overall optimization strategy in LSC separa-
tion, as summarized in Table I. A later paper'® describes the reduction of this scheme
to practice using a computer-optimization program. Another paper?’ will offer a
simplified version of retention-optimization for use without detailed calculations or
access to a computer.

We propose that sample retention be varied for maximum resolution using a
four-solvent mobile phase A~B—C-D. Each of these four solvents A-D is selected for
its ability to contribute in a unique and independent way to optimum retention. The
optimum solvent strength, ¢°, for the sample of interest is first established empirically
(as in ref. 1) using a binary-solvent mobile phase A-B. Compositions A-B-C-D of
equivalent strength, for optimum separation, are then calculated. The solvent A will
be a saturated hydrocarbon such as hexane or isooctane. Variation of its concentra-
tion allows £° to be held constant, while the proportions of B, C and D are varied for
change in separation selectivity.

Solvent B should be a weakly localizing compound (small value of #°) such as
methylene chloride. Varying the proportions of B vs. (C + D) allows change in the
relative localization (m value) of the mobile phase. This in turn allows continuous
variation in solvent/solute localization over wide limits, which generally results in
substantial changes in the « values of various solute-pairs within the sample. An
acceptable spacing of solute bands within the chromatogram can often be achieved by
simple variation of the mobile phase m value.

The localizing solvents C and D are chosen for their differing contributions to
solvent-specific localization. Each solvent will have a large value of m°, which means
that C and D will be relatively polar solvents. Solvent C should be relatively basic
(e.g., an ether such as MTBE), while D should be strongly dipolar (e.g., acetonitrile).
Varying the concentration ratio of C and D (N/Np) results in a further change in «
values. The possible variation of « with change in N./Ny is about 1/3 as great as for
variation of the total concentration of C plus D (N + Np). Therefore, No/Ny, should
be varied only after the optimum value of (N-. + Np) has been determined. Ad-
ditional solvent selectivity can be achieved by exploring other basic solvents in place
of C (solvents from groups I or 111 of ref. 20).

APPENDIX 1

Derivation of m values for mobile phases used with silica as adsorbent

The various mobile phases reported here and in ref. 14 were characterized as to
their m values as follows. First, the procedure described?® for alumina as adsorbent
could not be used. The latter approach is based on &’ values for reference aromatic-
hydrocarbon solutes, but with silica these compounds have generally small & values
whenever ¢° exceeds about 0.1. Therefore, a different procedure was used here.

For the various reference solutes of Table IV and ref. 14 we can select adjacent
solute-pairs and determine their « values for various mobile phases. We selected ten
such pairs as summarized in Table VIII. The solutes 1- and 2-naphthol were excluded
because of possible hydrogen-bonding effects that would complicate the interpre-
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tation of A, values and related values of m. For a given mobile phase i, we can sum
the values of log «; for the ten solute-pairs A-J of Table VIII to give:

10 10 10

Yloga, = > Cp +m Y G,
(i-1)

I

Dy + Dymy

The values of D, and D, are functions only of the ten solute-pairs selected (Table
VIII), and moreover their absolute values are arbitrary. We arbitrarily define D, = 0
and D, = 3.3, so that:

10

m; = 03 Y log o (i-2)

As example, consider mobile phase 8 of ref. 14. The values of log o; for solute-pairs
A-Jare: 0.17, —0.07, 0.40, 0.03, 0.06, 0.02, —0.04, 0.10, 0.00, 0.13, and their sum is
0.80. The value of m is then 0.3 x 0.80 = 0.24. The present convention of assigning
D, = 0 and D, = 3.3 gives m° values for silica which are similar in magnitude to
values for alumina.

Values of m for other mobile phases can be calculated from eqn. 7, using
average values of C; and C, for any of the solute-pairs of Table VIII. However, it is
seen that the complication of solvent-specific effects and varying values of 4, can be
minimized by selecting solute-pairs which have similar (relatively large) values of C,
for both MTBE and acetonitrile (e.g., solute-pairs C, H, I of Table VIII).

APPENDIX I1

Examples of the calculation of m for different mobile phases

Binary solvent mobile phase. Consider mobile phase 17 of Table V, MTBE-
hexane (A-B) with Ny = 0.042. The value of 0 (or ;) for the polar solvent MTBE is
calculated as 0.77 (refs. 13, 14). The value of f(0;) from Table 11 is then 0.89. From
eqn. 6, with m® = 0.82, we then have m = 0.89 x 0.82 = 0.73. The experimental
value determined as in Appendix 1 is 0.68.

Ternary solvent mobile phase. Consider mobile phase 5 of Table V, MTBE-
chloroform-hexane (C-B-A) with N = 0.0135 and N, = 0.399. The values of 0 are
calculated as in ref. 14; 0,, = 0.39, 0. = 0.50. Eqn. 8 is now used to calculate m, with
m® = 0.10 for chloroform (= mg) and m® = 0.82 for MTBE (= m2). Note that
0, and f(0p) are zero.

First, determine the function f(0c + 0p) = f(6:) = 0.47 (Table I1I). Similarly,

f(0g + 0¢ + 0p) = £(0.89) = 0.97. Now inserting these values into eqn. 8.

m =0+ 0.82(0.47 — 0) + 0.10 (0.97 — 0.47)

0.44
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The experimental value was 0.36 determined in Appendix I.

Quaternary solvent mobile phase. Consider mobile phase 23 of Table V, aceto-
nitrile-MTBE-dichloromethane-hexane (D-C-B-A). Values of ¢ for each polar sol-
vent (B-D) are given in Table V determined according to the procedure of ref. 14.
The value of m° are 0.10 (B), 0.82 (C) and 1.19 (D). These data with Table III allow
solution for m in terms of eqn. §:

m = 1.19 x 0.075 + 0.82 x (0.21 — 0.075) + 0.10 (0.96 — 0.21)
= 0.28

The experimental value was 0.37.

GLOSSARY

A, B,C, D refers to specific solvents comprising the mobile phase; see Table I

A, the cross-sectional area of a solute molecule as required on the ad-
sorbent surface during adsorption; one unit is equal to 0.08 nm?

B,, B, a solvent molecule B in the adsorbed (a) or non-sorbed (n) phase

C,, G, constants in eqn. 9; C, varies with the localizing solvent j in the
mobile phase, as shown in Table VII

D,, D, constants in eqn. i-1

f(GB)s f(gj)

a solvent-localization function (Table III) which varies with the
fractional coverage 0 of the adsorbent surface by a localizing sol-
vent B or j; eqns. 6, 8

ij solvent components of a mobile phase; j is always a localizing sol-
vent

Kk’ solute capacity factor, equal to fraction of solute molecules in
stationary phase divided by fraction in mobile phase

ky, ky values of &’ for solutes X and Y in a given LC system

ki, k, value of &’ for a solute X in mobile phases | and 2; eqn. 3

m°

my, me, m

solvent-localization parameter for pure solvent; e.g., m® = 0.1, 0.1,
0.82 and 1.19 for dichloromethane, chloroform, MTBE and
acetonitrile (silica); see Table II for alumina

values of m® for solvents B, C and D

MTBE methyl fert.-butyl ether

n number of solvent molecules B displaced by an adsorbing solute
. molecule X; eqn. 2

N column plate number

Ny, Ny, Ne, N, mole fraction of solvents A, B, etc., in mobile phase

m mobile-phase-localization parameter

m; value of m for mobile phase i; eqn. 5

my, hy values of m for mobile phases 1 and 2; eqn. 7

oy dimensionless free energy of adsorption (4G/RT) for a substituent

group k on a solute molecule; k is normally the most polar or
strongly-adsorbing group in the molecule

correlation coefficient for least-squares regression analysis, as of
eqn. 9 in Table VI
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R, resolution function, equal to difference in retention times for two
solute bands, divided by average band width

X, X, a solute molecule X in the adsorbed (a) or non-sorbed (n) phase

o separation factor for two solutes X and Y; equal to k, /ky

oy, Oy value of « for mobile phases 1 and 2; eqn. 7

o adsorbent activity function; eqn. 3

A,, 4y solute localization parameters for solutes X and Y; egns. 5, 7

A, contribution to £” from solvent/solute localization (eqn. 4); dif-
ference in log &’ values for two mobile phases | and 2 when ¢, = &,

a4, contribution to £’ from solvent-specific localization; eqn. 4a

A equal to 4, + 4, for a particular mobile phase (relative to a mobile
phase with A" = 0)

45, 4, values of 4’ for mobile phases p and q, or localizing solvents P and
Q;eqn. 9

&0 solvent strength parameter; eqn. 3; also, values of ¢° for pure sol-
vents A, B, C, etc.

&, &; values of &° for pure solvents i and j

g). & values of £° for mobile phases 1 and 2

g, e’ value of ¢° for localizing solvent j with 0; = 0 or |, respectively; see
discussion in refs. 13, 14
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STUDY ON THE RETENTION OF AMINES IN REVERSED-PHASE ION-
PAIR CHROMATOGRAPHY ON BONDED PHASES

R.S. DEELDER* and J. H. M. VAN DEN BERG
DSM Research, P.O. Box 18, 6160 MD Geleen ( The Netherlands)

SUMMARY

The retention behaviour of a series of amines was investigated in phase systems
consisting of an alkyl-modified silica as column packing material and an aqueous
buffer or buffer—propanol mixtures containing low concentrations of alkylsulphonates
as the mobile phase. The adsorption of the alkylsulphonates on the surface of the col-
umn packing material was studied by measuring adsorption isotherms. The amphiphilic
ions form monomolecular films at the support-eluent interface. Charged electrical
double layers are formed, with the sulphonate ions constituting the surface charge
and the counter ions forming a diffuse layer in the eluent phase. The adsorption can
be described by a Langmuirian equilibrium in which allowance is made for the elec-
trical contributions to the adsorption energy. The retention of amines can be de-
scribed by an ion-exchange process, i.e., the protonated amines exchange with the
counter ions concentrated near the charged surface. The molar ion-exchange selec-
tivity constants were found to depend on the density of the ionized monolayer.

INTRODUCTION

It is common knowledge that the retention of ionized compounds in reversed-
phase liquid chromatography is strongly enhanced by the addition of a suitable
amphiphilic ion such as a long chain quaternary ammonium compound, an alkylsul-
phate or alkylsulphonate to the agueous mobile phase. Johansson et al.! have in-
vestigated the influence of the addition of l-octanesulphate to the mobile phase on the
retention of protonated amines in a reversed-phase liquid-liquid partition system.

Increased retention due to the presence of amphiphilic ions in the eluent is also
observed for alkyl-modified silica without any liquid bulk coating. Haney and co-
workers?™ and Knox and co-workers®'® have pioneered this technique, which is com-
monly referred to as paired-ion chromatography*, soap chromatography®, dynamic
solvent generated ion-exchange chromatography’ or hetaeric chromatography®. As
for this technique, Kissinger® and Kraak and co-workers”'® demonstrated the strong
adsorption of amphiphilic ions on the hydrophobic column packing material, and
recent results are indicative of a relation between the adsorption of the amphiphilic
1on and the capacity factors of ionized solutes as predicted by simple 1on exchange
models'®2,

0021-9673/81/0000-0000/$02.50  «> 1981 Elsevier Scientific Publishing Company
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The adsorption of amphiphilic ions at the interface between water and non-
aqueous phases has been the subject of a great many studies (e.g., refs. 13 and 14).
The interaction between the adsorbed amphiphilic ions and the aqueous phase is
strongly influenced by the charge at the interface resulting from the adsorption. The
main objective of the present study was further to elucidate the retention mechanism
of ionized solutes on alkyl-modified silica in the presence of amphiphilic ions. To that
purpose, we have investigated the formation of charged films of these ions at the
surface of reversed-phase packing materials, and examined the relation between the
adsorption and selectivity. Particular attention was paid to the reliability of the reten-
tion data.

THEORETICAL

The ion-exchange model

Detailed discussions of the ion-exchange model for **paired-ion” chromatogra-
phy can be found elsewhere!? 2!, We confine ourselves to recalling some simplified
basic equations.

Amines which are present in the eluent as cations HA* are considered to
exchange with the counter ions B* at the ion-exchange sites formed by the alkylsul-
phonate X, which is adsorbed on the hydrophobic surface:

B*X + HA* =HA*'X + B*

The bar denotes the “*complex’ site-solute at the surface. This equilibrium can be
described by the molecular selectivity constant for 1on exchange

x _ [HA"X7][B"]

" [BTXTJ[HAT]

(1

where [B*] and [HA*] are the concentrations of the species B¥ and HA™ in the

aqueous bulk solutions, and [HAjr X7 ]and [B* XT] denote the surface concentra-
tions of the respective complexes (mol/g).
For a partition process based on ion exchange the partition coefficient, K, of a
protonated amine may be written as:
[HAT X B X7]

_ X1
&= AT TS

Now we find for the capacity factor, k',

— (2)

where ¢ is the phase ratio, which can be calculated from the amount of packing
material in the column and the liquid hold up.
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Fig. 1. Hydrocarbon chain ions at a liquid interface.

Model of the double layver

Amphiphilic ions such as long-chain alkylsulphonates are known to be readily
adsorbed at the interface between two immiscible liquids of greatly different polarity,
e.g., octane and water. A model of the ionized monolayer formed is shown in Fig. 1. It
is analogous to that proposed by Haydon and Taylor'®'” and Davies and Rideal!*.
The adsorbed amphiphilic ions are oriented such that the ionic headgroups are
situated in the aqueous phase and the apolar alkyl chains in the hydrocarbon phase.
The ionic headgroups will project some distance into the aqueous phase. The ad-
sorbed i1ons are referred to as potential-determining ions, since they are responsible
for a potential difference, v/, between the plane of the ionic headgroups (charge
plane) and the bulk solution. The concentration of electrical charge near the phase
boundary brings about a non-random distribution of other 1ons in the aqueous solu-
tion. Ions of opposite charge (counter ions) are attracted towards the fixed charges at
the charge plane. It is generally accepted that the counter 1ons may penetrate into the
zone between the charge plane and the phase boundary'®!”?. On the other hand, ions
of like charge (co-ions) are repelled from the surface region.

The methods for estimating the potential ¥, as a function of the amount of
detergent adsorbed have been reviewed (e.g., ref. 13, 14, 18). In the present study we
used a simplified method due to Van den Tempel!®. In this model it is assumed that,
for the counter ions, two zones may be distinguished. A proportion of the counter
ions is contained, together with the ionic headgroups, in a layer situated in the im-
mediate neighbourhood of the interface. This layer, which is commonly referred to as
the Stern layer, has a depth of only several times 10~ % cm. It is assumed to have a
uniform potential i, with respect to the homogeneous bulk solution. The remaining
counter ions are located in the diffuse Gouy layer and neutralize the net charge of the
Stern layer.

The charge, o,, of the counter ions located in the Stern layer is calculated from
a simplified Langmuir-Stern equation

6, = Ny zF [l + (1/x) exp (zFyo/RT)] ! (3)
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where N, is the number of available sites in 1 cm? of the Stern layer, x is the mole
fraction of the counter ions of valence z in the homogeneous bulk solution, F is
Faraday’s number, R the gas constant and 7 the temperature. The number of sites in
the Stern layer, N,, may be estimated as 10'° if the depth of this layer is taken as
3107 % cm. The charge g, of the diffuse Gouy layer is given by

_ [egg RTC\} zFy,
oy, = <125 ) smh< RT (4)

where ¢ is the dielectric constant of the medium, &, is the permittivity constant and C
1s the counter ion concentration in the bulk solution. The condition for electric neu-
trality of the whole double layer systems is:

0, +0,=0 (5)

where o is the charge associated with the adsorbed amphiphilic ions. Thus, the poten-
tial Y4 can be calculated as a function of the adsorbed amount of the detergent, ¢, and
the counter ion concentration (C and x,).

This model comprises some drastic simplifications compared with more recent
and more elaborate models. Moreover, it is essentially derived for flat surfaces and
neglects geometrical complications such as curved interfaces. Recently, Cantwell and
Puon?® used a model derived from the Stern-Gouy-Chapman theory for describing
the adsorption of aromatic ammonium compounds on Amberlite XAD-2. In this
model it 1s assumed that counter ions are completely excluded from the region be-
tween the ionic headgroups of the detergent and the phase boundary. It is not realistic
for ionized layers of adsorbed detergents!#1617,

EXPERIMENTAL

Apparatus

Separations were carried out on a Spectra-Physics Type 3500 liquid chromato-
graph equipped with a Model 770 variable-wavelength UV photometer; catechol-
amines were detected at 220 nm. All columns (15cm x 4.6 mm 1.D. x 6.35mm O.D.)
were of precision-bore stainless-steel tubing, thermostatted to within 0.1°C by water-
Jjackets connected to a water-bath. The eluent was thermostatted before the injection
valve by means of a heat-exchanger consisting of 1 m of stainless-steel tubing (0.051
cm 1.D.). High-pressure sampling valves (Rheodyne Type 70-10) equipped with 20-ul
sample loops were used for sample injection. A Waters Type R401 refractive index
detector was used for monitoring breakthrough curves.

Chemicals

Quartz-distilled water and analytical-grade solvents were used for all experi-
ments. Catecholamines were obtained from Aldrich and Serva: NADR = noradren-
aline; ADR = adrenaline; DOP = dopamine; OCT = octopamine and TYR =
tyramine. The sodium salts of I-octanesulphonic acid and 1-dodecanesulphonic acid
(zur Tensid-analyse) were purchased from E. Merck (Darmstadt, G.F.R.). The purity
of the surfactants was verified by surface tension measurements: the curve of surface
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tension against surfactant concentration showed no minimum?!+?2, Buffers were pre-
pared from Titrisol solutions of sodium hydroxide and orthophosphoric acid (E.
Merck). The sodium concentration in the aqueous phosphate buffers was 0.01 or 0.05
M. Mixed organic aqueous eluents were prepared from known volumes of 1-propanol
and aqueous phosphate buffers.

The reversed-phase packing material was prepared from n-octadecyldimethyl-
monochiorosilane and 10-gm SI-100 silica (E. Merck)??; the carbon content was
17.6 %,. The specific surface area was determined by the BET method as 180 m? g~ 1.
This packing material is coded as C,4.

Procedures

The columns were packed by a balanced-density slurry technique with 1,1,2,2-
tetrabromoethane-tetrachloromethane-dioxane (36:32:32) as the suspension
medium and at pressures of about 50 MPa. The columns were washed successively
with 100 cm? each of 2,2,4-trimethylpentane, dichloromethane, 1-propanol and water
before the mobile phase was applied.

The capacity factor, k[, for a component / was determined from its retention
volume, Vy;, and the hold-up of the column, Vg,. The hold-up of the column and the
amount of adsorbed l-propanol, V,, were determined as follows. The column, which
had previously been filled with the eluent, was rinsed with about 45 cm? dimethylform-
amide. The eluate was collected in a 50-cm? calibrated flask and diluted to 50 cm?.
The water content of the collected eluate was determined by Karl Fischer titration,
and the amount of 1-propanol by gas chromatography. The composition of the eluent
was determined in the same way. From these data Vi as well as V, can be calculated.
The repeatability of this procedure was found to be better than 1 9 (rel.) for both Vg,
and V.

Adsorption isotherms were calculated from breakthrough curves?*. At the
beginning of the experiment the column was equilibrated with the eluent but without
the sulphonate. Then the eluent containing a known concentration of the detergent
was fed to the column and the breakthrough volume was measured with the refractive
index detector. By using a series of eluents with increasing sulphonate concentrations
the adsorption isotherm could be constructed. Generally, the increase of the surface
excess concentration of the sulphonate, AI'(n), resulting from a stepwise change
from concentration C, (n — 1) to C,(n) with C,(n) > C,(n — 1) can be calculated
from?*

[VB(”) - Vl][CZ (ny — Cy(n — D]
mS

ATy = (6)

where V(1) represents the corresponding breakthrough volume. V| is the difference
between the volume of the empty column and the volume of the packing material, m
the mass of the adsorbent and S its specific surface area. Its value was determined
by filling the column with the aqueous buffer, rinsing it with dimethylformamide and
determining the water content of the collected eluate. The surface excess I'5(#) cor-
responding to the bulk concentration of the sulphonate, C,(n), is obtained by adding
up the successive AIy(n) values. In the present study we identify the surface excess
I, with the amount of detergent ion, n,, adsorbed on unit surface area'®. If no excess
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of inert electrolyte is present, I will not correspond exactly with #,, because of the
deficiency of soap anions in the diffuse part of the double layer. This deficiency
amounts to only a few percent of n,, however!¥32°,

RESULTS AND DISCUSSION

Adsorption of 1-propanol
Adsorption of non-electrolytes from binary mixtures at a homogeneous sur-
face can often be described by the Langmuir equation

Ag/(A — Ag) = xe 49RT (7)

where A is the area (A?) occupied by the adsorbed molecule at the interface, 4, the
limiting value of A at monolayer coverage, x the mole fraction of the solute in the
bulk solution and AG the free energy of adsorption. This equation can easily be
transformed into the more familiar form:

1 1 1

n,  Kx + g, (8)
Here n, is the number of molecules of solute adsorbed at the interface per unit of
surface area (cm™~?2), i, is the limiting value of n at monolayer coverage and K is a
constant.

We measured the adsorption of I-propanol from an aqueous phosphate buffer
(pH 3.00, 0.01 M Na™) on the reversed-phase packing material. A plot of the data
according to eqn. 8 yielded 1/n,, = 22 A? for the limiting area per molecule, A,
which corresponds very well with the value of 20 A? found by surface tension measur-
ements for alcohols at the water—decane interface!®. In the latter case, the low limiting
area is adduced as proof that the molecules are oriented perpendicularly to the inter-
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Fig. 2. Adsorption isotherm (eqn. 7) for the adsorption of 1-propanol from an aqueous phosphate buffer
(0.01 M Na™, pH = 3.00) at 40°C on C,; silica.

Fig. 3. Adsorption isotherms (Freundlich plots) of sodium l-octanesulphonate on C,y silica at 40°C.
Eluents: O, phosphate buffer (0.05 M Na™*, pH 3.00); ¥/, phosphate buffer (0.01 M Na*, pH 3.00) + 2%
(v/v) l-propanol.
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face. Fig. 2 shows the plot of the adsorption data according to eqn. 7 for 4, = 22 A2,
From the slope we find — 4G = 12.9 kJ mol ™!, which is in good agreement with the
value of 13.4 kJ mol ™! reported for the adsorption of 1-propanol at the water—decane
interface!®.

Adsorption of alkylsulphonates

Fig. 3 shows the adsorption isotherms for sodium 1-octanesulphonate from an
aqueous phosphate buffer and a phosphate buffer containing a low concentration of
I-propanol, respectively. In accordance with earlier findings''!2, these isotherms are
well fitted by a Freundlich equation

n, = aC® 9)
where C is the detergent concentration in the bulk solution. The error made by
assuming n, = [} for the adsorption of the sulphonates may be estimated as
follows. From the experimental data on the exclusion of inorganic anions from re-
versed-phase columns “loaded” with anionic detergents?® it may be concluded that
the external void volume of the columns is almost completely accessible to anions. If
the detergent is completely excluded from the internal void volume, i.e., the pore
system of the column packing material, V; in eqn. 6 should be replaced by V., the
external void volume of the column. For the columns used we found V, = 1.6-1.7
cm?, depending on the mobile phase composition, and ¥, = 1.1-1.2 cm®. Since the
breakthrough volumes, ¥y, usually exceeded 10 cm?, the error in n, will be 59 at
most.

The use of the Freundlich equation for describing the adsorption of ionic
detergents on reversed-phase packing materials is merely empirical and has no
theoretical background'!"*2, The adsorption of amphiphilic ions at the interface be-
tween water and an apolar hydrocarbon can also be described by a Langmuirian form
of the adsorption isotherm, e.g., eqn. 7 (refs. 14, 16, 27). The free energy of adsorption,
4G, represents the work done by one mole of the surfactant ion on adsorption. This
work may be divided into two parts: the work of transfer of the molecules from the
aqueous bulk phase to the surface, 4AG,; and the work done against the electrical
potential at the surface, AG,,. Therefore we may write:

AG = AG, + 4G, (10)

For the present study AG, is assumed to be constant. This simplification is justified by
experimental data?’. Further, the electrical work, 4G,,, done by a univalent ion is
given by

ql()
AGy, = N | zedy = zFy, (1
(4]

where e is the elementary charge and N is Avogadro’s number.

The validity of the modified Langmuir isotherm for describing the adsorption
of ionic detergents on reversed-phase packing materials was checked in two ways.
First, we consider the case that 4 » A4,. Now eqn. 7 can be written as follows:

Ag/A — xo~4GIRT (12)
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Fig. 4. Test of eqn. 13 for the adsorption of sodium 1-octanesulphonate on C, silica at 40°C. Eluents as in
Fig. 3.

Fig. 5. Adsorption isotherms (Freundlich plots) of sodium 1-dodecanesulphonate on C,q silica from

phosphate buffer (0.01 A Na™, pH 3.00) containing various amounts of added 1-propanol. Temperature:
40°C.

For low concentrations of the detergent ion in water the mole fraction x can be
replaced by C/55.5. With 4 = 10'®/n_we find by combining eqns. 10-12

n, ZFy,
In=> =a —
C RT

(13)

where « = In (1.8 x 10'* RT/A, AG,). In Fig. 4 In(n,/C) is plotted as a function of y,,
for the adsorption data from Fig. 3. The lines have the theoretical slope — F/RT, and
¥, i1s calculated by eqns. 3-5. At low values of i, deviations from the straight line are
observed, which may result from the very low surface coverage, n =~ 5-10'2 cm™2.

As a second test for the validity of eqns. 7, 9 and 11 we used the adsorption
data for a strongly adsorbed detergent. Fig. 5 shows the adsorption isotherms for
sodium |-dodecanesulphonate from an aqueous phosphate buffer and mixtures of
phosphate buffer and increasing amounts of 1-propanol. For the neat aqueous buffer
and for mixtures containing low propanol concentrations the isotherms approxi-
mately obey the Freundlich equation. As the surface coverage is rather high, the
approximation of the adsorption by eqn. 12 cannot be applied. The general equation
for adsorption of amphiphilic ions is

A ZFY AG
o o} _ X _ o 14
A — A, exP( RT> * exP( RT) (14)

A plot of the left-hand side of this expression vs. x should yield a straight line from the
slope of which 4G, can be calculated. This expression, however, can be verified only
when a value for A, is avatlable. It has been deduced from surface-tension measure-
ments that a constant area per molecule adsorbed at the air—water or hydrocarbon-
water interface is obtained when the bulk surfactant concentration is at the critical
micelle concentration, CMC?®:2° For linear alkylsulphonates, values of 50-55 A?
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Fig. 6. Saturation adsorption of sodium l-dodecanesulphonate from phosphate buffer (0.01 M Na*, pH
3.00) on C,y silica at 40°C.

Fig. 7. Test of eqn. 14 for the adsorption of sodium |-dodecanesulphonate on C, silica from phosphate
buffer (0.01 M Na™, pH 3.00) at 40°C.

have been reported for A,. Fig. 6 shows the adsorption isotherm for sodium 1I-
dodecanesulphonate from an aqueous phosphate buffer. At low concentrations the
adsorption isotherm obeys a Freundlich equation. When the surfactant concentration
approaches the CMC, the adsorption isotherm flattens and tends to a limiting value
for n, which corresponds to a limiting area, 4,, of approximately 55 A? per ion
adsorbed. Flattening of adsorption isotherms near the CMC has also been observed
for the adsorption of alkylsulphonates on Graphon?°.

Now, we may estimate AG, by means of eqn. 14 from the adsorption data in
Fig. 5 and the calculated ¥, values for the eluents containing 0 and 29 1-propanol
assuming 4, = 55 A% Fig. 7 shows plots according to eqn. 14 for these eluents.

n. 10-%cm-2
n . 10"%em-2
B ik Cal S oo T
= total - total
2 4 4 L
//
3
propanol-1 propanol-1
1 21
octane-1-sulphonate sulphonate
1
dodecane-1-sulphonate,
?nch}lane-%sulphonate, M P
10 20 30 0 1 2 3 4

Fig. 8. Simultaneous adsorption of 1-propanol and sodium I-octanesulphonate on C silica from phos-
phate buffer (0.01 M Na*, pH 3.00) + 2%, (v/v) I-propanol. Temperature: 40°C.

Fig. 9. Simultaneous adsorption of l-propanol and sodium I-dodecanesulphonate on C,y silica from
phosphate buffer (0.01 M Na*, pH 3.00) + 10%, (v/v) 1-propanol. Temperature: 40°C.
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Straight lines are obtained for both eluents and from the slopes we calculated 4G,
For the adsorption of sodium l-dodecanesulphonate from an aqueous phosphate
buffer we find — 4G, = 43 kJ mol™!. A value of 46 kJ mol ™' has been reported for
the adsorption of the corresponding alkylsulphate at the water—petroleum ether inter-
face'®. The value of — AG, decreases upon addition of propanol. For the eluent with
2% propanol we find —AG, = 41 kJ mol~!. Apparently, the detergent displaces
propanol from the surface. The influence of the adsorption of alkylsulphonates on the
amount of propanol adsorbed is illustrated in Figs. 8 and 9. The coverage of the
surface increases upon adsorption of the detergent, the amount of propanol displaced
being only a fraction of the detergent adsorbed.

Since we had no value for 4 in the eluents containing high propanol concen-
trations we could not check the validity of eqn. 14 for these cases. At first sight it is
surprising that the adsorption of the sulphonates can be described by the modified
Langmuir isotherm (see eqn. 8) as well as by a Freundlich isotherm (see eqn. 9).
However, in a number of cases'?, the values for ¥, obtained by solving eqns. 3-5 are
well fitted by the following empirical relation

Y, = + ylnn, (15)

where f§ and y are constants. Combining eqns. 13 and 15 we find, after some rear-
rangements

n,=acC®

which is equivalent to the empirical Freundlich equation.

Retention behaviour of amines
Fig. 10 shows the £” values for some catecholamines on C,, reversed-phase
packing material as a function of the l-octanesulphonate concentration in an

k{
|
. 1
ADR
20 |
20
151 ADR
NADR
101 101
NADR
54
octane-1-sulphonate,
= M —=[Na*X]/[Na"],cm’g’
0 1 2 3. 4 5 0 0.5 1.0 1.5

Fig. 10. Capacity factors of catecholamines as a function of sodium l-octanesulphonate concentration.
Column packing: C, silica. Eluent: phosphate buffer, 0.05 M Na*, pH 3.00. Temperature: 40°C.

Fig. 11. Capacity factors from Fig. 10 plotted according to eqn. 2.
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Fig. 12. Capacity factors of catecholamines as a function of sodium I-octanesulphonate concentration.
Column packing: C,, silica. Eluent: phosphate buffer, 0.01 M Na*, pH 3.00, 29 (v/v) l-propanol.
Temperature: 40°C.

Fig. 13. Capacity factors from Fig. 12 plotted according to eqn. 2.

aqueous phosphate buffer. Fig. 11 shows the dependence of the capacity factors on

[Na* X~]/[Na™]. Although at first sight a fairly good linear dependence is observed
according to eqn. 2, the plots show a slight but significant curvature. Close exami-
nation of earlier data also indicates a non-linear dependence!!*3!. It turns out that K,
as calculated from eqn. 2, increases with increasing coverage of the surface by the
amphiphilic ion, [Na™ X ™). Plots of k" against sulphonate concentration for eluents
containing propanol are given in Fig. 12. These plots show the characteristic maxima
for k81112 1t seems most unlikely that these maxima arise from micelle formation,
since the CMCs in the eluents are about 0.1 M and 0.012 M for 1-octanesulphonate
and I-dodecanesulphonate, respectively. A striking feature is the reversal of the elu-
tion order of ADR and NADR shown in Fig. 14. which is incompatible with the

20 m
*1 DOP
15+ NADR
ADR
10
5 4
dodecane-1-
sulphonate, mM

0 t 2 3 4 5
Fig. 14. Capacity factors of catecholamines as a function of sodium 1-dodecanesulphonate concentration.
Column packing: C,4 silica. Eluent: phosphate buffer, 0.01 M Na', pH 3.0, 109 (v/v) l-propanol.
Temperature: 40 C.
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simple linear relationship expressed by eqn. 2. Deviations form the linear behaviour
are also observed for octyisulphonate as the ampbhiphilic ion, see Fig. 13. These
results confirm earlier findings for eluents containing propanol®!.

In the simple model of the double layer used in this study we assumed that the
counter ions neutralize the ionized groups of the adsorbed detergent in two ways. A
fraction of the counter ions is found in the Stern layer, the remainder being located in
the diffuse Gouy layer. The latter ions are retained by non-specific, electrostatic forces
and there is no selectivity. Therefore, we may write for the species HA* and B* (ref.
32)

Aya+ [HA+]
_ 16
mye  [B'] (16)

where #; is the number of counter ions of species i in the diffuse layer. Selectivity will
result from specific interactions in the Stern layer between the ionic species and the
primary surface charge. The surface densities of the ions concerned in both the Stern

and Gouy layers are denoted by [HAX] and [ﬁ], respectively, and the fractions
retained in the Stern layer by the combination of electrostatic and specific interactions
by ayax and oyy. Now we may write:

muat _ 1= owax [HA™ X7] (17)
hg+ I —agx  [BY X7

Combination of eqns. 16 and 17 gives:

K — [&X][B+] — [ (18)
° [BX][HA*] 1 — aax

This equation relates the selectivity constant for ion exchange and the specific interac-
tions between, on the one hand, the ions B* and HA™ and, on the other, the charged
surface.

Actually, the Stern-Langmuir equation (eqn. 3) as used by Van den Tempel for
calculating the number of counter ions in the Stern layer accounts for electrostatic
interactions only, neglecting any ““specific”” or “‘chemical” interaction. These interac-
tions may be expressed through an additional energy term in the exponent of the
Stern-Langmuir equation'®

6, = N, zF{l + (I/x)exp[(zFy, + $)/RT}}!

where ¢ is the specific adsorption energy of the ions.

The results of the present study indicate that the simplified eqn. 3 holds for the
adsorption of alkylsulphonates in the presence of sodium as the counter ion. This
suggests that for sodium the specific interactions are relatively minor compared with
the purely electrostatic interactions, i.e., ¢ <€ zFy,. On the other hand, the results of
the study on the retention of amines indicate a strong specific interaction between the
sample ions HA™ and the charged interface. As for the counter ions, the value of o,y
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can be calculated from eqns. 3-5 since oy = 6,/(6; + ;). For the diluted buffers and
the detergent concentrations used in this study a typical value for ayy is about 0.5. As
indicated earlier, the value for K, is 10. Then, we find from eqn. 18 that oy, = 0.95.
This result indicates a strong specific interaction in the Stern layer.

At present, however, no theoretical or experimental method allows for the
estimation of the specific adsorption energy, ¢, for the sample ions. Levine et al.3?
have predicted that for simple ions the specific adsorption energy will increase with
the charge density of the monolayer. This theoretical result seems to be confirmed by
experimental data**. The increase of the specific adsorption energy with increasing
surface concentration of the amphiphilic ion may account for the dependence of K,
on the surface concentration of the sulphonate shown in Fig. 11. However, more
quantitative information about the specific adsorption energy, ¢, is required for a
better understanding of the retention of ionic compounds on surfaces covered by
ionic detergents.
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MECHANISM OF ZWITTERION-PAIR CHROMATOGRAPHY

I. NUCLEOTIDES

JOHN H. KNOX* and JADWIGA JURAND
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ (Great Britain)

SUMMARY

The basis of retention of zwitterionic solutes in reversed-phase liquid chroma-
tography in the presence of zwitterionic pairing agents has been studied using long-
chain amino acids (1 1-aminoundecanoic acid, C11AA and 12-aminododecanoic acid,
CI2AA), a tripeptide (L-leucyl-L-leucyl-L-Leucine, LLL), and a long-chain diamine
(1.10-diaminodecane, C10DA). The adsorption has been determined for each pairing
agent under the conditions used for chromatography to show up any correlation
between retention and surface concentration of the pairing agents. Eluents were
water-methanol (88:12) or water—-dimethylformamide (90:10) buffered with acetic
acid—acetate, or phosphoric acid—-phosphate in the pH range 3-7. The most charac-
teristic feature of zwitterion-pair chromatography is the existence of maxima in reten-
tion of zwitterionic solutes at pH where both solute and pairing agent exist as zwit-
terions. With CI1AA and C12AA as pairing agents this occurs at pH of 4.4 and with
LLL as pairing agent at pH of 3.5. The peak in retention is most noticeable when the
1onic strength of the buffer is small (in the millimolar-range). The pH behaviour of
retention in the presence of zwitterionic pairing agents is in striking contrast to that in
the presence of C10DA which not only provides much reduced retention when present
at the same surface concentration of amino groups, but shows no marked dependence
on pH.

It is concluded that zwitterionic pairing agents provide a new mode of reten-
tion for zwitterionic solutes, namely the formation in the stationary phase of quad-
rupolar ion pairs between the zwitterionic forms of the solute and pairing agent when
an appropriate pH is employed.

Ilustrative separations of mono-, di- and triphosphate nucleotides, and of
selected monophosphate nucleotides are shown.

INTRODUCTION

In a previous paper! we demonstrated that excellent separations of nucleotides
could be achieved on a reversed-phase silica gel (ODS Hypersil®) with predominantly
aqueous eluents containing millimolar concentrations of zwitterionic pairing agents
(11-aminoundecanoic acid, C11AA and 12-aminododecanoic acid, C12AA) when,

0021-9673;81/0000 0000/$02.50  «* 1981 Elsevier Scientific Publishing Company
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without the added pairing agent, little or no retention could be observed. The separa-
tions achieved by this method showed excellent plate efficiency, selectivity and flex-
ibility. The term “‘zwitterion-pair chromatography™ was coined for this form of ion-
pair chromatography in which both the solute and the pairing agent could exist as
zwitterions, but it was not clear from the preliminary work whether or not retention
depended upon the formation of quadrupolar ion-pairs or the more conventional
dipolar ion-pairs. However, it was observed that while adsorption of CI11AA varied
somewhat with pH, the variation of column capacity ratio, &', was much more dra-
matic with the greatest retention occurring at about pH 4.2 where there was near
maximal overlap of the zwitterionic forms of the pairing agent and the nucleotides.
Somewhat similar results had been obtained in connection with the chromatography
of tetracyclines in the presence of ethylene diamine tetraacetate (EDTA)? when the
idea of zwitterion-pairing was first suggested.

Undoubtedly if genuine quadrupolar ion pairing occurred it should be as-
sociated with retention maxima at pH values around those where maximum overlap
of the zwitterionic forms of the solutes and pairing agents exists. However, such
maxima could also arise from interactions of oppositely charged forms of the solute
and pairing agent if the range of overlap of the zwitterionic forms was small. It was
the purpose of this work to see whether the expected maxima could be clearly ob-
served and, if so, to distinguish between the two possible explanations of the en-
hanced retention brought about by addition of the zwitterionic pairing agents. Since
it had previously been shown by several groups®™ that there exists a strong corre-
lation between retention and concentration of adsorbed pairing agent we have de-
termined the adsorption isotherms for the pairing agents used in this study over a
wide range of conditions to be certain that major changes in retention were not simply
due to changes in the concentration of adsorbed pairing agent. We have also
measured the degree of retention over the pH range 3—7 under a variaty of conditions
of ionic strength.

With dilute buffers, maxima in retention have been found at pH of 4-4.2 with
Cl11AA and CI2AA, and at pH of 3.5 with L-leucyl-L-leucyl-L-leucine (LLL) as
zwitterionic pairing agents. The maxima are most marked with buffers of lowest ionic
strength. When [,10-diaminodecane (C10DA) is used as pairing agent no maxima are
observed and the overall retention in the region of pH 4 is very much less than with
CI1AA added to give the same surface concentration of amino groups. The results
provide strong evidence for the formation of quadrupolar ion pairs being the main
cause of the enhanced retention produced by the amino acids as pairing agents.

EXPERIMENTAL

Adsorption isotherms were determined by the breakthrough method pre-
viously reported! using a refractive index monitor (Optilab Multiref Model 902,
Vallingby, Sweden) coupled to the chromatographic column which was supplied with
eluent by a membrane microdosing pump (Model 1515; Orlita, Giessen, G.F.R.). The
whole equipment downstream of the pump was thermostatted by circulating water at
25°C, and was additionally mounted within an air-box likewise thermostatted at
25°C.

Liquid chromatography was carried out using a thermostatted photometer—
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column-oven unit maintained at 25°C( Shandon Southern Products, Runcorn, Great
Britain). The column was supplied with eluent by a single piston reciprocating pump
(Model 110; Altex, Berkeley, CA, U.S.A.). Samples were introduced by a Rheodyne
injection valve (Model 7120; Rheodyne, Berkeley, CA, U.S.A.). Columns were 5 mm
bore and 100 or 125 mm long (Shandon Southern Products) and were packed with
ODS Hypersil (Shandon Southern Products) using isopropanol as the slurry liquid
and a pressure of 400 bar. The isopropanol-slurry was followed by 200 ml hexane
before conditioning the column with methanol and finally eluent.

Eluents were water-methanol (88:12) or water-dimethylformamide (90:10).
The pH was adjusted within the range 3-7 by addition of phosphate buffer mixture
(KH,PO,~Na,PO,-H,PO,), acetate buffer mixture (NaCH;COO-CH;COOH),
pure acetic acid, or pure phosphoric acid. Methanol was HPLC grade (Rathburn
Chemicals. Walkerburn, Great Britain). Dimethylformamide was AnalaR Reagent
(BDH, Poole, Great Britain). CI11AA, CI2AA and CIODA were obtained from
Aldrich (Gillingham, Great Britain). Nucleotides were obtained from BDH Bio-
chemicals or from Sigma (Poole, Great Britain)

RESULTS AND DISCUSSION

Adsorption isotherms

Recent investigations of the mechanism of ion-pair chromatography using
monopolar long-chain pairing agents®*™ have established that the degree of retention
of monopolar solutes can be closely correlated with the surface concentration of the
adsorbed pairing agent. Thus, for a given pairing agent and eluent, the column ca-
pacity ratio, k', is almost exactly proportional to the surface concentration, C, ., of

T T T
150 |- C12AA—0O ]
Cose L —m
{pmol/g)
100 |- : -
CNAA
50 - =
C10DA
0 1 1 1
0 2 4 6
Cm (mMM)

Fig. 1. Adsorption isotherms for C12AA, LLL. C11AA and C10DA. Column packing, ODS Hypersil.
Eluent, water—-methanol (88:12) containing 75 mM phosphate butler at pH 5.8,
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Fig. 2. Adsorption isotherms for CI1AA at different phosphate butfer concentrations. Column packing.
ODS Hypersil. Eluent, water—dimethylformamide (90:10) containing phosphte buffer at pH 5.35.

the pairing agent up to the point when micelle formation begins in the eluent. At this
point or just before it multiple ion clusters form in the eluent and the retention may
become constant or even begin to fall while C,4, continues to increase. In our previous
study' somewhat similar results were reported for the retention of nucleotides in the
presence of added C11AA. It has also been noted** that with a series of homologous
pairing agents, while the adsorption coefficients differ greatly, the degree of retention
for a given surface concentration is relatively little dependent upon the chain length of
the pairing agent. With these results in mind we considered it essential to determine
the adsorption isotherms of the various pairing agents used in this study over the
range of eluent compositions used.

Fig. | shows the adsorption isotherms on ODS Hypersil for the four pairing
agents, C12AA, LLL, CI1AA and CI0ODA using a standard eluent of water-mcth-
anol (88:12) containing 75 mM phosphate buffer pH 5.8. The isotherms are lincar
over the range studied. Surface concentrations, C,g,, ranged up to 180 umol/g for the
most strongly adsorbed C12AA. C12AA and LLL are twice as strongly adsorbed as
Cl1AA, and C11AA is about twelve times as strongly adsorbed as CI0DA under the
same conditions. Since the surface area of Hypersil before bonding is about 170 m?/g
(ref. 6), the surface concentrations based upon the original area ranged up to about |
pmol/m?. This compares with a concentration of bonded groups of about 2.5
wumol/m?. Typical concentrations used in the chromatographic experiments were
from 35-90 ymol/g or 0.2-0.5 pmol/m?. In comparing k" values using C11AA and
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CIODA the eluent concentrations of the pairing agents werc chosen so as to provide
about the same concentrations of amino groups, namely about 40 umol/g.

Fig. 2 shows three dimensional isotherms for C11AA adsorbed from water-
dimethylformamide (90:10) for different concentrations of phosphate bufler up to 250
mM with pH 5.3. At low buffer concentrations the isotherms are linear up to a
concentration of pairing agent in eluent, C,,. of 2 mM, but when the phosphate
concentration exceeds about 100 mAM the isotherms become increasingly curved to-
wards the C,, axis. At low cluent concentrations of CI1AA, increase in the phosphate
buffer concentration causes a gradual increase in C,g, but at higher concentrations of
Cl1AA, C,, passes through a maximum. The maximum occurs at lower buffer
concentrations the higher is C,. In the chromatographic experiments described below
the concentrations of CI1AA and buffer were held below 2 mM and 100 mM respec-
tively where the isotherms are linear and C,,, increases smoothly with buffer concen-
tration.

Fig. 3 shows how pH affects the adsorption of CI1AA from the standard
cluent containing 75 mM phosphate buffer. For any pH between 3 and 7 the iso-
therms are more or less linear, but there is a flat maximum in the dependence of C,,,
upon pH at pH 4-4.5. Data from Fig. | for pH 5.8 and from Fig. 4 for 0.75 mM
C1H1AA are included in Fig. 3. For C10DA C,,. at an eluent concentration of 4 mM
was found to be 19 umol/g independent of pH in the range 5-7 {see Fig. 5).

The results on the adsorption of CI1AA. C12AA and C10DA may be sum-
marised as follows:

(1) Addition of CH, to the chain of C11AA increase its adsorption by a factor
of about two.

(2) Replacement of CH,NH, in C11AA by COOH to give CI0DA reduces
adsorption by a factor of (welve.

100

Cads

(pmol/g)
50

Fig. 3. Adsorption isotherms for C11AA at different pH. Column packing, ODS Hyperstl. Eluent, water--
methanol (88:12) containing 75 mA phosphate bulter.



346 J. H. KNOX., J. JURAND

(3) The adsorption isotherms of the three pairing agents are essentially linear
in the chromatographically useful range.

(4) Addition of phosphate buffer increases C,,, slightly when the concentra-
tion of C11AA is low. At higher concentrations of C11AA in eluent a maximum in
C 4. 1s found as phosphate concentration increases.

(5) pH has only a slight effect on C,,, for C11AA adsorbed from 75 mM
phosphate buffer. A flat maximum is observed at pH 4-4.5.

50

40
Cads
(umol/g)
30
W

20

10

Fig. 4. Dependence of k” of nucleotides and of €, tor C11AA upon pH. Column packing, ODS Hypersil.
Eluent, water-methanol (88:12) containing 75 mM phosphate buffer and 0.75 mM CI1AA as pairing
agent.

(6) CITAA is about twice as strongly adsorbed from water-methanol (88:12)
as from water-dimethylformamide (90:10).

(7) Although no quantitative experiments were carried out on the effect of
temperature, it was observed that the amount of pairing agent adsorbed decreased
with increase of temperature. Accordingly thermostatting of the system was essential
for reproducible results. In an independent study on the adsorption of cetylpyri-
dinium by ODS Hypersil’, an enthalpy of adsorption of — 32 kJ/mol was observed
corresponding to a temperature coefficient of about 59, per degree.
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Fig. 5. As for Fig. 4 but with 4 mM CI10DA as pairing agent.

Dependence of retention upon pH, C114AA4 and C10DA

Figs. 4 and 5 compare the effects of pH upon retention of nucleotides when
using CITAA and CI0DA as pairing agents and standard eluent containing 75 mM
phosphate. The concentrations of pairing agents, 0.75 mM for C11AA and 4 mM
for C10DA were chosen to give approximately the same surface concentrations of
~NH;* groups. The effect of pH upon &’ for the two pairing agents may be seen to be
completely different. With C10DA (Fig. 5) a fall in pH from 7 to 3 causes a slight
overall decline in retention while the surface concentration of C10DA remains con-
stant at 19 umol/g (giving 38 umol/g of amino groups). By contrast, with CI1AA as
pairing agent (Fig. 4), there is a massive increase in & as the pH is reduced from 7 to

m 104
VO A5 © cma
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2 ) X@ C10DA
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_ 15 38 63 12:3
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347

Fig. 6. lonisation diagrams showing the fractions of ditterent ionic forms as a function of pH for pairing
agents, C11AA, CI2AA, C10DA and LLL, and for a typical solute, AMP. Note that higher phosphates
have additional primary phosphate ionisations at pH around 1.5-2.
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Fig. 7. Dependence of A for AMP upon pH, with pH adjusted by pure acetic ucid or pure phosphoric acid.
and dependence of (', for CI1AA upon pH. Column packing. ODS Hypersil. Eluent, water - methanol
(88:12) containing 1.25 mM CI1AA.

Fig. 8. Dependence of A" for AMP upon pH. with pH adjusted by acetate buflers of difterent strengths
(marked on lines). and dependence of (. tor CI1AA upon pH for low and high bufler strengths. Other
conditions as for Fig. 7.

adls

about 4.2, and there is evidence for a maximum in A" of several of the nucleotides at
about pH 4.2. Over the pH range 3-7 the surface concentration of C11AA changes by
only about 40 %, while A" values change by up to 50-fold. Evidently the small change
in C,,, does not in any way account for the massive changes in k” values. Again com-
paring Figs. 4 and 5 it is noted that at pH around 7 retention with C11AA is only a
[raction of that with C10DA, but is many times greater at pH 4.2. Finally a weak
maximum (Fig. 5) or bulge (Fig. 4) in the A’-dependence is observed at pH 5.3 for
both pairing agents which is superimposed upon the general trends.

Over the entire pH range, as shown for the ionisation diagrams given in Fig. 6,
the amino groups of CITAA and C10DA are fully ionised (pK, 10.4). Likewise the
primary phosphate groups of the nucleotides are fully ionised at any pH over 3 (pK,
< 2). Thus the strength of the interactions of the amino groups with the phosphate
groups must remain constant over the pH range 3-7. This is in agreement with the
absence of any strong variation of &” with pH when using C10DA as pairing agent.
The slight fall in A" as pH is reduced may be due to the onsct of a repulsive interaction
between the positive N atoms of the nucleotides (pK, in range 3-4) and the amino
groups of CI0DA as pH is reduced.

The strong increase in A" when using C11AA as pH is reduced from 7 to 4.2 can
only be due to an increasing interaction between the partially ionised carboxyl group
of C11AA (pK, 4.4) and the partially ionised nitrogen of the nucleotides (pK, 3-4).
These interactions which will appear relatively weak when averaged over all mole-



MECHANISM OF ZWITTERION-PAIR CHROMATOGRAPHY. 1. 349

T T T T T T T T
12k 60
1ol yenc acid 50
. 08 40
k
- 06 30 Ct\ds
o (pmol/g)
04 20
(g/pmol)
a/pma) | 0
0
0 2

Fig. 9. Dependence of A'/(C,,, upon pH for AMP. Data and conditions as for Figs. 7 and 8.

Fig. 10. Dependence of A'/C,,, upon pH for AMP and 3'5'-cylic AMP with CI2AA as pairing agent, and
dependence of C,4, for C12AA upon pH. Column packing, ODS Hypersil. Eluent, water-dimethylform-
amide (90:10) containing 1.0 mM CI12AA. pH adjusted by acetic acid.

cules will nevertheless reinforce the strong interactions of the phosphate groups and
the 1onised amino groups of C11AA which remain unchanged over the pH range. The
weak interactions will, however, vary over the pH range due to the variation in the
degrees of ionisation of the two species and should be a maximum at a pH which is
midway between the pK| values of the two weakly interacting groups, that is at a pH
of about 4.1 (taking pK, for the nucleotide as 3.8, the value for adenosine phos-
phates). This predicted value for maximal retention agrees gratifyingly with the ob-
served value of 4.2. When the pH is reduced below 4.2 the decreasing degree of
ionisation of the carboxyl group of C11AA more than compensates for the increasing
ionisation of the nitrogen of the nucleotides, and &k begins to fall.

The prime interaction which brings about the strong retention on addition of
CITAA when the pH is about 4.2 must therefore be due to a quadrupolar interaction
of the zwitterionic forms of the nucleotide and the pairing amino acid.

The low retention of the nucleotides in the presence of C11AA at high pH
when compared to the retention in the presence of CI0DA is most likely due to the
increased repulsive interaction between the carboxyl group of the amino acid and the
phosphate groups of the nucleotides. This is especially notable for the nucleotides
containing secondary phosphate groups with their pK, of around 6.3. It is notable
that 3’.5"-cyclic AMP which has no secondary phosphate group is much less affected
than the other nucleotides.

Dependence of retention upon pH and ionic strength: C114A, CI12AA and LLL

It is well established in ion-exchange and in ion-pair chromatography that a
reduction in the ionic strength of the eluent increases retention by reducing the com-
petition for charged sites in the stationary phase®. In order to provide maximum
scope for zwitterion pairing and so for the exhibition of a maximum in retention as
pH is varied, the retention of selected nucleotides in eluents of very low ionic strength
was Investigated. With the present group and with standard eluents containing low
buffer concentrations it proved impossible to elute di- and triphosphate nucleotides
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with reasonable & values, and therefore only the monophosphates AMP and 3',5'-
cyclic AMP were used for the experiments now described.

Fig. 7 shows the dependence of A" for AMP upon pH in the presence of C11AA
with pH adjustment by (1) pure acetic acid, and (ii) pure phosphoric acid, and without
addition of C11TAA with pH adjustment by pure acetic acid. The isotherm for CITAA
in the presence of acetic acid i1s shown. The & values for AMP in the presence of
CITAA show strong maxima at pH of around 4.4. The adsorption of C11AA, how-
ever, falls quite steeply as the pH is reduced below about 5.2. This decrease is pro-
portionately less marked with higher concentrations of buffer (see Fig. 8) and then
occurs at slightly lower pH. The fall in C,, with decrease of pH is presumably due to
the decreasing ionisation of the carboxyl group and the development of a net positive
charge by CI1AA. There is only slight retention of AMP in the absence of CI1AA.

Fig. 8 shows corresponding curves when the pH is adjusted by acetate buffers
of various strengths from 0.5 to 75 mM. With the weak buffers strong maxima in A" as
a function of pH are observed but even with bufler concentrations as low as 1.25 mM
the maximum retention is reduced by a factor of two compared to that with no buffer
present. Increase of buffer concentration to 75 mM increases the adsorption of
CI11AA significantly but greatly reduces the retention of AMP at pH 4.5. Evidently
the zwitterion-pairing effect is extremely sensitive to the presence of other ions in the
eluent.

At pH below 5 the adsorption of C11AA decreases significantly especially with
buffers of low ionic strength. In order to allow for this change in C,,, the data from
Figs. 7 and 8 where acetic acid and acetate were used have been replotted in Fig. 9
after dividing the k" values by the concentration of adsorbed C11AA. The normalised
curves so obtained confirm that the maxima are not associated with changes in ..
The maxima in the normalised curves now occur at pH in the range 4.0-4.2 with the
maximum being sharpest when pure acetic acid is used to adjust pH. The pH for the
maximum is now almost exactly that predicted, that is midway between the pK, of the
nucleotides (3.8) and of the carboxylic acid group (4.4), and corresponds to maximal
overlap of the zwitterionic forms of AMP and C11AA.

Fig. 10 shows similar data for CI12AA as pairing agent and water—~dimethylfor-
mamide (90:10) as eluent, again normalised to unit surface concentration of pairing
agent. Retention is significantly lower as is expected when dimethylformamide is used
as organic modifier, but the maximum in retention is still relatively sharp and occurs
at pH 4.2 with AMP and at pH 3.7 for 3".5-cyclic AMP. Again 3',5'-cyclic AMP
behaves somewhat differently from the other nucleotides.

Fig. 11 shows results obtained with the tripeptide LLL. With AMP and LLL the
range of zwitterion overlap is greater than with C11AA and AMP (see Fig. 6) since
the first ionisation of the peptide occurs at pH 3.3 instead of 4.4. The position of the
peak retention now occurs at pH 3.5, again midway between the relevant pK, values
of the nucleotide (3.8) and the pairing agent (3.3). Retention of AMP in the presence
of 1.0mAM LLL is much less than in the presence of a similar concentration of CI11AA
in spitc of the stronger adsorption of LLL. This may be due to the unfavourable
stereochemistry of the interaction of LLL and the nucleotide.

The following conclusions may be drawn from the results of the last two
sections.

(1) Retention of nucleotides in the presence of C10DA is little dependent upon
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Fig. I1. Dependence of " for AMP upon pH with LLL as pairing agent, and dependence of €, for LLL
upon pH. Column packing, ODS Hypersil. Eluent, water-methanol (88:12) containing 0.5 mM phosphate
bulfer and 1.0 mM LLL.

pH. Retention in presence of CITAA changes greatly with pH showing maximum
retention at pH 4.2,

(2) Bufler strength greatly affects retention: A" decrcases greatly as ionic
strength increases up to 75 mM and the effect is already noticeable with an ionic
strength of 1.25 mM.

(3) In eluents of low ionic strength the maximum in &” as a function of pH is
most pronounced.

(4) The maximum retention as a function of pH occurs at a pH which is
midway between the pK, values for formation of zwitterionic forms of the pairing
agent and the nucleotide. This occurs at pH 4.2 for CIIAA-AMP and C12AA-AMP,
and at pH 3.5for LLL-AMP. The predicted pH-values are 4.1, 4.1 and 3.5 respectivc-
ly.

(5) The occurrence of maxima in k" as a function of pH is independent of
buffer concentration, nature of buffering system, nature of pairing agent and nature
of solute within the limits of this study.

Examples of separations

Scparations of nucleotides in the past have normally been carried out by ion-
cxchange chromatography (for references see ref. 1). The results are generally poor in
terms of plate efficiency, and gradient elution is required to separate mono- from di-
from triphosphates. As shown previously' addition of CI1AA allows reversed-phase
separations of the three groups to be carried out in an isocratic separation with high
plate efliciency. Fig. 12 shows such a separation using optimal conditions. At pH 5.4
there is good resolution of the three groups from one another but fairly small reten-
tion of the monophosphates. CI0DA instead of CI1AA at the same surface concen-
tration gives much poorer separation of these compounds as seen from Fig. 13.
Selectivity and peak shape are both poor. In this respect C10DA differs from cetyl-
trimethylammonium used successfully by Gilbert® for nucleotide separations. The
reason for the poor peak shape with CI0DA, particularly for ATP is not clear. If the
asymmetry arose from a non-linear partition isotherm for ATP, the position of the
peak maximum would be expected to depend upon sample size. The comparison of
the broken with the full line in Fig. 13 shows that this is not the case. Conventional
chromatographic theory would then argue that the broadness of the peak must arise
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Fig. 12. Separation of mono-, di-, and triphosphate nucleotides using CI1AA as pairing agent. Column
packing, ODS Hypersil. Eluent. water methanol (88:12) containing 75 mM phosphate buffer (pH 5.45)
and 1.0 mM C11AA. Column 100 x 5 mm 1.D. Flow-rate. 1.2 ml/min. Detector, UV at 254 nm.

Fig. 13. Separation of nucleotides using C10DA as pairing agent. Packing, column and eluent as Fig. 12
except pH 4.25 and 4.5 mM CIl0DA usecd as pairing agent.

from slow equilibration of ATP between the mobile and stationary phases, but there
scems no obvious reason why this should be the case with C10DA and not with the
other pairing agents which have been used.

Although C11AA provides excellent separations of the mono-, di-, and tri-
phosphates, it has proved difficult to resolve a large range of monophosphates, even
when the 4" values are increased by change in pH and buffer concentration. For this
group LLL gives very good selectivity as shown in Fig. 14. IMP and GMP now elute
after AMP whereas with C11AA they elute before. The relative retention of the
deoxy- to unreduced monophosphates remains roughly the same at about 1.3-1.5.
Unfortunately with LLL, IMP and GMP are no longer resolved. To obtain complete
resolution of the chosen group of nucleotides it is necessary to use a mixture of the
two pairing agents, which breakthrough experiments show are independently ad-
sorbed. Optimal results with such a mixture are shown in Fig. 15. The separations in
Figs. 12, 14 and 15 show excellent plate efficiencies of between 3000 and 5000 for 125-
mm columns.

Evidently variation of the nature and concentration of the pairing agent, and
of the pH and ionic strength of the buffer, provide great flexibility in the control of
retention and selectivity so that the method should be readily adaptable to any speci-
fic problem.
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Fig. 14. Separation of mainly monophosphate nucleotides using LLL as pairing agent. Column packing.
ODS Hypersil. Eluent, water-methanol (88:12) containing 2.3 mM phosphate buffer (pH 3.3) and 1.0 mM
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Fig. 15. As for Fig. 14 except 1.0 mM Cl11AA and 1.0 mM LLL used as mixed pairing agent.
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CONCLUSIONS

The experiments described above, we believe, provide compelling evidence that
under the correct conditions of pH zwitterionic solutes can interact strongly with
zwitterionic pairing agents by the formation of quadrupolar ion pairs in reversed-
phase HPLC systems. This new form of ion-pair chromatography offers great flex-
ibility in the control of retention and selectivity by adjustment of the nature and
concentration of the pairing agent, by control of pH and of buffer concentration.
Thus it is possible to tune the conditions to separate nucleotides according to the
number of phosphate groups, or to separate individual nucleotides with the same
number of phosphate groups. Because formation of quadrupolar ion pairs involves
the formation of two strong interactions between the solute and the pairing agent, it
should be possible to exploit zwitterion-pair methods in the resolution of enantiomers
by using an optically active zwitterion-pairing agent.
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NOTE ADDED IN PROOF

Separation of enantiomers by this method has now been achieved and will be
reported shortly (J. Chromatogr., in press).
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CHROM. 14,072
MECHANISM OF ZWITTERION-PAIR CHROMATOGRAPHY

II. AMPICILLINE, LYSERGIC ACID, TRYPTOPHAN AND OTHER
SOLUTES

JOHN H. KNOX* and JADWIGA JURAND
Depurtment of Chemistry, University of Edinburgh, West Muins Rouad, Edinburgh EH9 3JJ (Great Britain)

SUMMARY

The dependence upon pH of the column capacity ratio for the zwitterionic
solutes ampicilline (zwitterionic from pH 2.5-7.3), lysergic acid (3.3-7.8) and L-tryp-
tophan (2.3-9.3) has been determined on ODS Hypersil® using 1.25 mM acetate and
75 mM phosphate buffers with and without the addition of 1.25 mM 11-aminoundec-
anoic acid (C11AA) (4.4-10.0). Enhancement of retention is observed within the
range of zwitterion overlap with maximum enhancement being observed at pH values
corresponding to maximum zwitterion overlap. Outside the region of zwitterion over-
lap addition of C11AA either has no effect or causes a reduction in retention.

It is concluded that the enhanced retention within the region of zwitterion
overlap arises from the formation of quadrupolar ion pairs, whereas the rejection
outside this region arises from repulsive interactions of the like-charged forms of the
solute and pairing species. The rejection mechanism is confirmed for simple amines
and is exploited to provide a useful separation of cimetidine and metiamide. Addition
of C11AA enhances the retention of some acids and provides a good separation of the
urinary acids, vanilmandelic acid, 5-hydroxy-3-indoleacetic acid and homovanilic
acid.

The results provide strong confirmatory evidence for the formation of quad-
rupolar ion pairs at an appropriate pH in zwitterion-pair chromatography

INTRODUCTION

In Part 1 of this study' the thermodynamic basis of zwitterion-pair chromato-
graphy was established with nucleotides as model solutes and with l1-aminoundec-
anoic acid (C11AA) and L-leucyl-L-leucyl-L-leucine (LLL) as ton-pairing agents. The
study on the mechanism of this form of ion-pair chromatography followed our earlier
report on the separation of nucleotides with C11AA as pairing agent®. The concept
of zwitterion-pair chromatography had arisen prgviously in connection with the role
of ethylenediaminetetraacetic acid (EDTA) in the separation of tetracyclines?.

The major conclusions derived from this work were: (i) that k" increased with
the adsorbed concentration of zwitterion-pairing agent; (ii) that as pH was changed

0021-9673/81/0000-0000/$02.50  «) 1981 Elsevier Scientific Publishing Company
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k’ showed maximum value at pH of 4.0-4.2 with C11AA as pairing agent and 3.5
with LLL as pairing agent, these pH values being coincident with maximum overlap
of zwitterionic forms; (i) that as the ionic strength of the buffering salt mixture
increased, the zwitterion-pairing effect of pairing agent was gradually suppressed.
While nucleotides are of great biochemical interest, they are not ideal test
solutes for examining the thermodynamic basis of zwitterion-pair chromatography
because of their complex ionisation patterns, and because of the small range of pH
within which both the nucleotides and C11AA or LLL possess significant proportions
of molecules in the zwitterionic form. In the present study with CI1AA we have
therefore sought solutes which will provide a greater range of zwitterion-pair overlap,

TABLE 1
SOLUTES AND PAIRING AGENTS

Substance and formula PK, Charge*
icilli 2, 3 -
Ampicilline COoH +25+7
NH, Q CH;
| CH3
CH—CO——NH S
Lysergic acid +33+£78 ~
COOH
HN
|
CH,
Tryptophan +23+93 -
@ﬁ—cm—m——mﬁ
CH COOH
Cimetidine +2+68NI12 —
CHy CHZMS(CHZ)ZNH—‘CI——NHCH3
HN\/::N N—C===N
Metiamide As cimetidine

[as cimetidine]-NH-C-NHCH,

S
1 1-Aminoundecanoic acid (C11AA) + 44 4+ 10,0 -
NH,(CH,),,COOH
* The symbols +, +, N and — refer to the charges on the molecules for the appropriate pH ranges:
+ indicates a zwitterion, N indicates a neutral species with no charged centres.
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and where the pH for maximal overlap would be significantly different from the value
provided by the nucleotides. The substances examined comprise three amino acids,
ampicilline. lysergic acid and tryptophan, and two bases, cimetidine and metiamide.
Their pK, values, formulae and ionic charges as a function of pH are listed in Table I.
Some simple organic acids and bases have also been briefly examined.

The results again show that maximum enhancement of retention on the ad-
dition of the zwitterionic-pairing agent CI1AA occurs at a pH corresponding to
maximum overlap of the zwitterionic forms of the solute and pairing agent. They
further support our contention that the enhancement of retention arising from ad-
dition of a zwitterionic-pairing agent is due to the formation of quadrupolar ion pairs
in the stationary hydrocarbon phase.

EXPERIMENTAL

The chromatographic equipment and column packing procedure have been
described previously'. ODS Hypersil (Shandon Southern Products, Runcorn, Great
Britain) was used throughout as column packing material.

Methanol was HPLC grade solvent (Rathburn Chemicals, Walkerburn, Great
Britain). C11AA was obtained from Aldrich (Gillingham, Great Britain); ampicilline
was BP Pharmaceutical preparation; D-lysergic acid and L-tryptophan were obtained
from Sigma (Poole, Great Britain); cimetidine, metiamide and cimetidine sulphoxide
were obtained from Smith, Kline & French Labs. (Welwyn Garden City, Great
Britain); 5-hydroxy-3-indoleacetic acid (SHIAA) was obtained from Koch-Light
Labs. (Colnbrook, Great Britain); homovanillic acid (HVA) and vanilmandelic acid
(VMA) were obtained from Hoffmann-La Roche (Basle, Switzerland).

RESULTS AND DISCUSSION

Zwitterionic solutes

The dependence of &’ upon pH for the three solutes, ampicilline, lysergic acid
and tryptophan is shown in Figs. | (ampicilline) and 2 (lysergic acid and tryptophan).
A single concentration of CI1AA, viz. 1.25 mM, and the same basic eluent, vic.
wAater-methanol (88:12) has been used throughout. Two different buffers have been
used to adjust pH, a weak acetate buffer of ionic strength 1.25 mM, and a stronger
phosphate buffer of ionic strength 75 mM. In each figure the range of zwitterion
overlap for the solute and pairing agent is shown either by an ionisation diagram or
by a horizontal bracket; the ends of the bracket correspond to the pK, values given in
Table I; the central arrow within the bracket corresponds to the pH for maximum
zwitterion overlap.

In Figs. 1 and 2 it is noted that with the weak buffer the &” values for ampicil-
line and lysergic acid in the presence of CI1AA show maxima at or close to the
position of maximum overlap. These maxima are not attributable to any similar
change in the amount of CI1AA adsorbed (C,4,) as is clearly seen by comparison of
the curves for k* with those for C,, taken from ref. 1.

Comparing k” values with and without added C11AA it is seen that wiph'in the‘
main part of the region of zwitterion-overlap retention is enhanced by addmon' of
CI11AA. but outside this region retention is reduced. Thus C11AA, when not acting



358 J. H. KNOX, J. JURAND

T T T T T T
30+ -1 1
K
20} - .
O.AXCadS
(umol/g)
104 - 10 .
| ce?
0 1 | 1 I 1
3 4 5 6 7 8 9
pH

Fig. 1. Dependence of capacity ratio, k', of ampicilline and of concentration of adsorbed C11AA, C,

adss

upon pH. Column, 100 x 5 mm L.D. Packing, 5 um ODS Hypersil. Eluent, water-methanol (88:12)
containing 1.25 mM acetate buffer (left hand side) or 75 m M phosphate buffer (right hand side). @, &’ for
ampicilline with 1.25 mAM CI1AA added; O, &’ for ampicilline with C11AA absent; O, C,,, for C11AA.
The horizontal bar, indicates the range of zwitterion-pair overlap.

as a zwitterion-pair agent, has the effect of rejecting a charged or dipolar species.
When the stronger 75 mM phosphate buffer is used, retention of ampicilline
and lysergic acid in the absence of C11AA is strongly dependent upon pH. Minimum
retention occurs at a pH which corresponds closely to the isoelectric point of the
solute (4.9 for ampicilline, 5.5 for lysergic acid). The strongly increased retention as
the pH moves away from the isoelectric point presumably arises from ion pairing of

Fig. 2. As for Fig. 1 but for lysergic acid ( @, O) and L-tryptophan (75 mM buffer only) (B, [J) as solutes.
Filled symbols refer to eluent containing 1.25 mM C11AA; open symbols refer to eluent without C11AA.
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Fig. 3. Dependence of enhancement of retention upon pH when C11AA added to eluent: left, ampicilline;
right, L-tryptophan () and lysergic acid (O): open symbols refer to 1.25 m M acetate buffer, filled symbols
refer to 75 mM phosphate buffer.

the positively or negatively charged forms of the solutes with buffer ions. It should in
passing be noted that at pH above 6 the peaks for ampicilline in the absence of
C11AA became very wide; and ampicilline cannot therefore be effectively chromato-
graphed with the buffer alone in this pH region. -

On addition of C11AA retention is enhanced within the region of zwitterion
overlap, but at lower pH (when CI1AA is positively charged) rejection occurs. At
higher pH (solutes negatively charged) the &’ values tend toward those obtained when
CI1AA is absent.

For tryptophan retention with 75 mM phosphate buffer in the absence of
C11AA is by contrast independent of pH. On addition of C11AA, k" shows a maxi-
mum at pH 7.2, very close to the pH for maximum zwitterion overlap of 6.9.

In Fig. 3 the enhancement of retention, that is the ratio of k” in the presence of
C11AA to & without CI1AA, is plotted against pH for the weak and strong buffers.

TABLE 11
pH VALUES FOR MAXIMUM ENHANCEMENT OF RETENTION USING CI1AA

Solute pH for maximum pH for maximum
enhancement of cwitterion overlap
retention
1.25 mM 75 mM
phosphate phosphate

Adenosine

monophosphate 4.0 4.4 4.1

Ampicilline 5.5 5.8 5.9

Lysergic acid 6.4 6.6 6.3

Tryptophan -

7.2 6.9
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Fig. 4. Representative separation of L-tryptophan, lysergic acid and ampicilline. Conditions as for Fig. |
with 75 mM phosphate buffer, pH 3. Detection, UV 254 nm.
Fig. 5. Dependence of A7 for bases (upper) and acids (lower) upon concentration of Cl11AA in eluent.
Conditions as Fig. 1 with 75 mM phosphate bufler, pH 5.8.

For ampicilline the enhancement is much greater with the weak buffer and rejection
(giving an enhancement ratio below unity) occurs on both wings. On the other hand,
with the strong bufter while a peak in A still occurs, it is much lower and the maxi-
mum is relatively flat. Whereas rejection occurs at low pH, C11AA tends to have zero
clfect at high pH. These results are similar to those previously found with AMP!.
That is the maxima in & were much more pronounced with the weaker buffer solu-
tions. For lysergic acid the maximum in the dependence of enhancement upon pH are
comparable for the two buffers although the maximum is sharper for the weaker
buffer. Again rejection is noted on both wings with the weaker buffer but only at low
pH with the stronger bufter. With tryptophan the results with the strong buffer are
similar to those with the other two zwitterionic solutes.

The pH for maximum enhancement of retention are compared in Table I with
the pH for maximum zwitterion overlap. The table includes the data for adenosine
monophosphate (AMP) from ref. |. The pH for maximum enhancement of retention
is about 0.2-0.4 units higher when using 75 m M buffers than when using weak buffers,
but in all cases these pH.values are very close to those for maximal zwitterion overlap.
The values now cover approximately three pH units.

Fig. 4 shows a representative chromatogram of the three zwitterionic solutes



MECHANISM OF ZWITTERION-PAIR CHROMATOGRAPHY. IL 361

HVA —
SHIAA{ T T
VMA i
-
| ] ] ‘ 0 ? 1 ( 1
15 10 5 0 2 3 4 5 6 7 8 9
pH
Time (min)

Fig. 6. Representative scparation of urinary acids, VMA, SHIAA and HVA. Conditions as Fig. 5 with .25
mM CIIAA. Detection, UV 254 nm.

Fig. 7. Dependence of & upon pH for metiamide (O) and cimetidine ([J). Column and packing as for Fig.
1. Eluent: filled symbols. water methanol (88:12) containing 75 mM phosphate buffer and 1.25 mM
CITAA; open symbols. same but with no C11AA present.

and indicates the good plate efficiency which can be obtained. The new data obtained
with ampicilline, lysergic acid and tryptophan provide further strong support for the
view that a zwitterionic-pairing agent enhances the retention of zwitterionic solutes
by the formation of quadrupolar ion pairs in the stationary phase.

Simple acids and bases

The phenomenon of rejection of ionized solutes by C11AA outside the range of
zwitterion overlap appears to arise from like charge repulsion when both the pairing
agent and the solute can exist with the same charge. We have examined this effect
briefly with simple acids and bases at pH 5.8 using 75 mAM phosphate buffer and the
standard eluent of water-methanol (88:12). Fig. 5 shows that while benzylamine and
some nucleic acid bases and nucleosides are rejected by addition of CI11AA, retention
of acids is either enhanced (benzoic and benzenesulphonic) or behaves indecisively
(SHIAA, VMA and HVA). These results are broadly consistent with those found
with the zwitterionic solutes in 75 mM buffer in that at low pH when the solutes and
CIIAA tended to be positively charged the solute was rejected while at high pH when
the solutes and C11AA showed negative charge the effect of C11AA appeared to be
minimal.

The marked difference between the behaviours of acids and bases in presence
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of CI1AA as pairing agent can only be understood as a result of higher polarity of
NH3 group as compared to COO™ group. The isoelectric point of CIIAA lies
around pH 7.4 and 7.6. Therefore C11AA can with respect to acidic compounds act
as weak cationic pairing agent. This was proved, when A" versus pH dependence curve
was studied for benzoic acid in eluents with dilute acetate buffer. The retention of
benzoic acid was enhanced above pH 4.2 (the pK, of benzoic acid) and reduced below
pH 3.6.

Example of good separation of the key urinary acids: SHIAA, HVA and VMA
with CI1AA is shown in Fig. 6.

Cimetidine and metiamide

The phenomenon of rejection of amines by addition of C11AA has proved
useful in the liquid chromatography of the antihistamine drugs cimetidine and
metiamide which cannot be separated using phosphate buffer alone. When 1.25 mM
CIl1AA is added to the eluent the retention of the amines at all pH is much reduced as
shown in Fig. 7. Without added CI1AA retention remains unchanged between pH 3
and 5.5 then increases dramatically starting from pH 5.8 as the pH approaches the
pK, value of 6.8 corresponding to the formation of neutral form of the drug. The
extent of the increase is suppressed in the presence of CI1AA and a small maximum

Metiamide

Cimetidine
Cimetidine sulphoxide

_

1 1 1 '

15 10 5 0
Time (min)

Fig. 8. Representative separation of cimetidine sulphoxide, metiamide and cimetidine. Eluent as for Fig. 7.
pH. 7.4 containing 1.25 mM C11AA. Detection, UV 254 nm.
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oceurs at pH 6.2, which is not well understood. This enables chromatography to be
carried out at a higher pH allowing separation of the two drugs to be achieved with
reasonable A" values between pH 7.4 and 8. In clinical practice it is important to be
able to assay both cimetidine and its main metabolite the sulphoxide. Fig. 8 shows
that this separation, previously achieved by normal-phase chromatography*®, can
readily be achieved using C11AA and 75 mM phosphate buffer.

CONCLUSIONS

The results obtained on the pH dependence of the retention of the zwitterionic
solutes ampicilline, lysergic acid and tryptophan on a reversed-phase packing ma-
terial in the presence of C11AA are described. Addition of millimolar concentration
of C11AA cause a marked enhancement of retention in the pH range where both the
solute and the pairing agent exist predominantly as zwitterions, and the pH for
maximum enhancement of retention coincides within a fraction of a pH unit with the
pH for maximum zwitterion overlap. The maxima are particularly sharp when weak
buffers are used to adjust the pH. These results add further strong support to our
contention made in previous papers'? that enhanced retention caused by a zwit-
terionic-pairing agent arises from the formation of quadrupolar ion pairs.
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HIGH-PERFORMANCE DISPLACEMENT CHROMATOGRAPHY

CSABA HORVATH*, AVI NAHUM and JOHN H. FRENZ
Department of Chemical Engineering, Yale University, New Haven, CT 06520 (U.S.A.)

SUMMARY

The potential of the displacement mode of liquid chromatography for prep-
arative-scale separations has been investigated by using microparticulate packed
columns and instrumentation typically employed in analytical high-performance
liquid chromatography (HPLC). Although the physico-chemical basis of the tech-
nique has long been established, its development was handicapped by lack of efficient
chromatographic systems and suitable tools to monitor column effluent and gather
data required for analysis and design of the displacement chromatographic process
and for selection of suitable displacers. The availability of novel solid stationary
phases with adequate properties to facilitate rapid sorption kinetics, the possibility of
monitoring the effluent of the ““fractionator™ liquid chromatograph by an auxiliary
“analyzer™ unit as well as the relatively easy evaluation of appropriate adsorption
isotherms by using the HPLC equipment, however, provide a basis to advance the
displacement mode of liquid chromatography for preparative separations with ana-
lytical columns. After a brief review of the principles of the technique the dual chro-
matographic system used in the experiments for fractionation and analysis is de-
scribed. Expressions tor the efficiency of separation are given and factors affecting the
development of the “displacement train™ containing the separated feed components
are enumerated. The interplay between the nature and concentration of displacer, the
column length. amount of feed, flow-rate as well as the nature and concentration of
the components of the mixture to be fractionated is discussed qualitatively. Fraction-
ation of mixtures containing phenolic compounds or adenosine and inosine on
columns packed with octadecyl-silica bonded phases (reversed-phase chromatogra-
phy) is used to exemplify the effect of the operating conditions on the afficacy of the
separation. The results are related to the adsorption isotherms of the substances that
were measured by frontal analysis and found to follow the Langmuir model. The
results suggest that upon accumulation of a sufficient amount of data on adsorptiv-
ities in chromatographic systems of interest high-performance displacement chro-
matography offers a promising approach to the use of ubiquitous HPLC equipment
tfor preparative-scale separations with analytical columns.

0021-9673 81,0000 -0000-502.50 ¢ 1981 Elsevier Scientific Publishing Company
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INTRODUCTION

Displacement of one sample component by another during the development of
a chromatogram in liquid column chromatography was a characteristic feature of the
technique prior to the wide acceptance of partition chromatography and the usc of
linear elution development. The first classification of the different modes of chroma-
tography as frontal. displacement and elution development was made by Tiselius'.
He. as well as Claesson?, investigated displacement chromatography with regard to
the physico-chemical basis of the separation process with emphasis on potential ana-
lytical applications. Therefore, the technique has most commonly been referred to as
displacement analysis (" Verdriangungsanalyse™ in German) in the literature. The suc-
cess of Martin and co-workers®® with partition chromatography in the linear elution
mode. however, overshadowed further development of displacement chromatogra-
phy in analytical separations although some of its features are —mainly unwit-
tingly— used in preparative-scale chromatography.

Recent developments in high-performance liquid chromatography (HPLC)
with respect to column engineering and instrumentation have prompted us to explore
the potential of liquid chromatography in the displacement mode for preparative-
scale separations with columns and precision instruments that are presently used in
analytical work. Generally, separation of relatively large amounts of material is
handicapped in linear elution chromatography by poor utilization of the stationary
and mobile phases because of the low permissible eluite concentrations. Furthermore
the equipment and the column are only partially occupied by the bands of sample
components that travel with different velocitics. The incvitable dilution process as-
sociated with elution chromatography also hampers product recovery from the ef-
fluent.

In contradistinction the feed components in displacement chromatography are
separated into adjacent square-wave zones having rather high concentrations and
traveling at the same velocity. This difference between the elution and displacement
modes of chromatography and its implications for preparative scale separation were
already fully appreciated by Tiselius and Hagdahl® although the technique has cn-
joyed popularity neither in analytical nor in preparative chromatography. With the
highly efficient columns and precision instrumentation presently available, however,
the above features of displacement chromatography offer an opportunity to carry out
preparative-scale separations with analytical columns in HPLC.

THEORETICAL

Principles of displacement chromatography

In this mode of chromatography the column packed with a solid adsorbent is
first equilibrated with a carrier solvent (mobile phase) that has a low affinity to the
stationary phase. Then the feed solution containing the mixture dissolved in the
carrier is introduced so that its components are adsorbed in the inlet section of the
column.

Subsequently the solution of a displacer substance that has stronger affinity to
the stationary phase than any of the feed components is pumped into the column.
Provided the column is sufficiently long, the components of the feed arrange them-
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setves upon the action of the displacer front moving down the column into a “"displace-
ment train” of adjoining square wave concentration pulses of the pure substances, all
moving with the same velocity. A displacement diagram is illustrated in Fig. . As will
be shown later the solute concentrations in the zones are much higher than in linear
elution chromatography under comparable conditions’.

DISPLACER REGENERANT CARRIER
FEED l l l 1
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) FEED J \T ’ L
B35S DISPLACER
CARRIER
% a \I\\ DISPLACER
DISPLACE- \'\\\
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Start Feed Development Exit of Regeneration
Completed of Product
Displacement  Completed
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t=0 t=?F 1=1F+tD t =IF+tD+1‘E 1=1F+1D+YE+1R

Fig. 1. Stages of operation in displacement chromatography. Initially the column is equilibrated with the
carrier. The mixture to be separated is fed into the column and thereafter the displacer solution is intro-
duced. As the displacer front moves down the column the displacer train containing adjacent zones of the
separated feed components is developed. After the product zones egress the column it is regenerated by
removing the displacer and re-equilibrating with the carrier. The time requirement for the individual steps
are as follows: 7., feed time; ¢,. development time of displacement train; ¢, exit time of product; t; = time
of column regeneration.

Fig. 1 shows the sequence of operational steps in displacement chromatogra-
phy. The process is aimed at obtaining a fully developed displacement train so that
the feed components are completely separated and emerge at relatively high concen-
trations in the effluent at the column outlet where they can be collected as individual
fractions. Separation by displacement development is monitored by analyzing the
column effluent by a suitable technique. The employment of an “analyzer”™ HPLC
unit as an auxiliary to the “fractionator™ liquid chromatograph is probably the most
convenient. However, thin-layer chromatography or another analytical device such
as one or more selective detectors can be used.

During the introduction of the feed mixture at the top of the column the
components saturate the stationary phase and frontal chromatography occurs. The
displacer must have greater affinity to the stationary phase than any component of
the mixture and the concentration of displacer solution is critical in determining the
time and column length required for the development of the displacement train. The
velocity of the displacer front moving down the column depends on the adsorptivity
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and concentration of the displacer and determines the velocity of the displacement
train. The sequence of the individual components from the column outlet toward the
displacer front corresponds to increasing affinity of the species for the stationary
phase. Thus, in Fig. 1 components | and 4 .  the most weakly and most strongly
adsorbed components, respectively.

After the last component of the feed mixture leaves the column. the displacer
has to be removed and the column has to be reequilibrated with the carrier. The need
for column regeneration, an operational step that does not contribute directly to
separation, is an undesirable feature of the technique.

Upon full development of the displacement train the separation is completed,
therefore, further residence in the column does not improve separation. The prop-
erties of the fully developed displacement train have a simple relation to the appro-
priate isotherms ot the feed components and the displacer as well as to the concentra-
tion of the fatter and will be discussed below. On the other hand. a sufficiently general
description of the transient part of the process associated with the development of the
displacement train in the column has been found mathematically intractable®. Con-
sequently we shall restrict ourselves to a qualitative discussion of the effect of various
physico-chemical and operational parameters on the transient demixing process that
plays a major role in determining the speed and cfficiency of separation in displace-
ment chromatography.

Properties of fully developed displacement train

If the column is sufhiciently long, successive displacement of the feed com-
ponents by the displacer and by each other as they move down the column results in a
fully developed displacement train. It consists of adjacent square-wave concentration
pulses of the individual feed components in the order of increasing affinity to the
stationary phase as depicted in Fig. 2. Unlike in elution chromatography where peaks
travel at different velocities, at the final stage of displacement development all com-
ponents move with the same velocity as determined by the adsorption isotherm and
concentration of the displacer that “*drives™ the displacement train. This condition is
conveniently termed isorachic from téyoo, the Greek word for speed.

The velocity of a concentration step. u;, of species / [rom mobile phase concen-
tration to C,, in a chromatographic column is given by

Uy

YT eg )

(1)

where u,, is the carrier velocity, @ is the phase ratio in the column and ¢; is the amount
of solute / adsorbed by unit volume of stationary phase in equilibrium with a mobile
phase having solute concentration C,. As seen in Fig. 2, ¢,/C; is the chord to the
isotherm at concentration C; and determines the species velocities according to eqn. 1.
Therefore equality of the velocities of the zones in the fully developed displacement
train, which can be considered a series of truncated concentration steps rising from
zero to (', means that the chords of the isotherms of the displacer and the feed
components present in the displacement train fall on the same straight line termed the
operating or, occasionally, speed line”. This is shown in Fig. 2 and can be expressed
by the following relationships:



HIGH-PERFORMANCE DISPLACEMENT CHROMATOGRAPHY 369

Up = Up = Uy = ... = U; ... = U, (2a)
4p 4 5 d; 4y b}

= o= o = = e = o 2b
e C C (2b)

where the subscript D refers to the displacer. From Fig. 2 and eqn. 2b it follows that
the concentrations of fully developed zones of the components are determined by the
intersections of the individual adsorption isotherms with the operating line. Thus the
solute concentration in each zone moving in the fully developed displacement train is
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Fig. 2. Graphical representation of the isotherms of the feed components and the operating line (A) as well
as the corresponding fully developed displacement train (B). Concentrations of the component zones,
determined by the intersections of the operating line and the adsorption isotherms of the components are
projected from A to B with the aid of a 45 line. The isotherm of the first component lies below the
operating line at all concentrations, hence it elutes from the column.
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determined both by the speed line and the isotherm, therefore the height of the zone is
characteristic for that solute. On the other hand, conservation of mass requires that
the length of each zone be proportional to the amount of solute because concentra-
tion is expected to be uniform throughout the zone, with the exception of the boun-
daries. These features of displacement chromatography were considered very at-
tractive for analytical separation as measurements of zone height and length offer
simple means for identification and quantitative determination of the individual com-
ponents, respectively. Fig. 2 also illustrates that zone heights must increase with
retention as the operating line intersects the isotherm at higher and higher concen-
trations. It also follows that when the concentration in the feed is smaller than this
characteristic concentration for a component it will become more concentrated in the
course of displacement chromatography.

The requirement for complete displacement development to occur is that the
isotherms be convex and the operating line drawn as the chord of the displacer
isotherm intersect the isotherms of all feed components. If the affinity of a substance
to the stationary phase is so low that its isotherm lies below the operating line. that
component will elute as a “peak’ as also illustrated in Fig. 2. Adsorbents used as
stationary phases in HPLC frequently yield isotherms that can be approximated by
the Langmuir model for most substances. Therefore, our description is restricted to
chromatographic systems in which Langmuir isotherms prevail and, as a further
constraint, the isotherms do not intersect each other.

Factors affecting displacement development

The goal in displacement chromatography is to develop adjacent concentration
zones of the components with sharp boundaries in the shortest possible time and with
the highest possible load for a particular chromatographic system. High efficiency
columns packed with microparticulate stationary phases having mean particle diam-
eter in the range from 3 to 10 um and appropriate accessories are available today to
construct a liquid chromatograph for displacement development and minimize the
deleterious effects on the separation process of axial dispersion'® that plagued early
efforts in this field'!. Furthermore. adsorbents employed in HPLC as stationary
phases exhibit a relatively homogeneous surface. As a result, not only are the adsorp-
tion isotherms expected to be nearly Langmuirian but also the sorption kinetics are
believed to be sufficiently rapid to obtain favorable dynamic behavior.

It has already been mentioned that successful displacement chromatography
calls for conditions under which the isotherms of the components are concave down-
wards such as those of the Langmuir type. The requirement arises from the need for
self-sharpening boundaries to develop the square wave pattern and accomplish the
separation of the mixture with a minimum of cross-contamination of the individual
components. With such isotherms, if they do not intersect each other, that is, they
have similar shape. the corresponding boundaries are self-sharpening. As such con-
ditions occur in a given chromatographic system with solutes having similar chemical
structure, displacement chromatography appears to be most effective for the separa-
tion of closely related compounds such as homologues.

On the other hand, the time or column length required for full development of
the displacement train decreases with increasing difference in the affinities of two
consecutive components to the stationary phase, i.e.. with increasing potency of the
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stronger binding component to displace the weaker adsorbing component from the

surface. Therefore the more the competitive isotherm of the latter is supressed in the

presence of the former, the faster can a sharp boundary develop between the zones.

Thus, the efficacy of boundary sharpening in displacement chromatography increases

with the difference in the adsorptivity of two components. Of course, the effect is

enhanced if the stronger retarded species is present at higher concentrations.
Langmuir isotherms are described by the equation

b, K, C

1TV LK C 3
where ¢ is the amount of surface bound solute per unit amount of sorbent, b, is the
saturation concentration at the surface and K; is the binding constant of the solute to
the sorbent.

It can be shown easily'? that when the competitive isotherms of the feed com-
poncnts remain Langmuirian in the presence of the other components the criterion
for displacement chromatography is expressed by the inequality

by Ky < by Ky < ..., < b K, < ...... < bp Kp (4)

where subscript D refers to the displacer and the numbers increase with the magni-
tudc of retention. In view of the above discussion the development of the displace-
ment train is facilitated by large absolute and relative values of b, K.. As can be
inferred from the definition of the operating line in Fig. 2 a sufficiently high displacer
concentration is also required to accomplish rapid displacement development.

Efficacy of separation

In preparative work the amount of product recovered per unit time and the
cost involved ultimately determine the efficiency of the chromatographic separation.
In view of the various steps involved in displacement development as shown in Fig. 1,
the definition of an overall efficiency measure would include a wide range of system
parameters and operational variables. The goal of this section is more modest, we
wish to measure the degree of separation and sample purity on the basis of the
displacement diagram, in a way similar to that given by Partridge and Westall!®.

Fig. 3 illustrates a typical displacement diagram as obtained by measuring
separately the concentrations of the individual components in the product stream. It
is seen that the zones overlap somewhat and the fraction of the components present in
the mixed boundary region cannot be recovered in pure form. In other words, the
purity of the product decreases with the fraction of that component lost to the over-
lapping boundary region, and the efficiency of separation increases with the sharpness
of the boundaries that determine the recovery of product in pure form.

As shown in Fig. 3, the front and rear boundaries of the ith component are
contaminated by the (/ — 1)th and (/ + [)th components, respectively. The lengths
of the plateau region and the height of zone / are given by /, , and /,, respectively.
The lengths of the corresponding mixed front and rear boundaries are /; ; and /, ,,
thus, the total zone length of component /, /; . is given by

1

li,lol = /i,f + li,p + li,r (5)
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CONCENTRATION IN EFFUJENT
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Fig. 3. Diagramatical representation of zone overlap in the displacement train.

The fraction of the ith component that can be recovered in pure form in the product
stream, P, is given by

P = HE g — ’ﬂ,l' :?Ii,l' (6)

' m

i, out

where n1, 18 the total amount of the ith component in the effluent, and n1;,  and m, ,
are the amounts of the /th component present in the overlapping regions in the {rong
and rear boundaries. respectively. In Fig. 3 quantities m, o, m, . and (m; .., — m; ¢ —
m; ;) are represented by areas /nliy, Il 4 and Nyl o, respectively. It is also indicated
that in the fully displacement train the extent of overlap for adjacent zones is ex-
pected to be nearly equal.

According to eqn. 6 when m; ,, = m,  + m,, the purity is zero becausec the
solute zone consists solely of the two boundaries, i.c., /;, = 0. In other words, if the
amount of component i in the feed is sufficiently small it resides solely in the boundary
regions and the zonc takes the form of a peak as depicted in Fig. 4A. Upon increasing
the amount of &in the feed m; , becomes greater than the sum of m1, ; + mi, and a
plateau region of constant concentration is formed vide Figs. 4B and 4C. The length
of the plateau region as well as the purity of the product increase with the amount of
component ¢ as illustrated in Figs. 4B and 4C. As a result, upon increasing the amount
of that component in the feed. its purity increases as shown by the values of the purity
parameter in Figs. 4A to 4B as long as the displacement train is fully developed and
the lengths of mixed boundaries remain invariant. .

For the case of displacement chromatography of homologous substances when
difficulties in product analysis make it impossible to construct a displacement dia-
gram another graphical construction can be used to illustrate the separation effective-
ness. Product {ractions are chromatographed by using the analyzer, and the peak
heights, /1, and £, . of the nth and (# + 1)th members of the homologous series are

e
[
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Fig. 4. Schematic illustration of the effect of increasing the amount of component / in the feed on the shape
of its zone and the purity.

]
measured. The sharpness of the boundary between the two zones is measured by the

volume dependence of the ¢ function defined by

G o M ey (7)
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with
B =0for h, > h,,, (8)
and

o =0,8=1forh, <h,,, (9

Evidently the value of G is +1 or — 1 when the fraction contains only the pure
species n or 1 + 1, respectively, and ¢ = 0 when the concentrations of both com-
ponents are the same in that fraction. As discussed later the G function was used to
study the effect of operational conditions on displacement separation of polyethylene
glycol oligomers.

EXPERIMENTAL

Materials

Phenol, 2- and 4-hydroxyphenylacetic acids, and 3.4-dihydroxyphenylacetic
acid were purchased from Aldrich (Milwaukee, WI, U.S.A.), adenosine, inosine and
L-phenylalanine from Sigma (St. Louis, MO, U.S.A.), resorcinol from Baker (Phillips-
burg, NJ, U.S.A.), catechol from Matheson, Coleman & Bell (Norwood, OH,
U.S.A.), n-butanol and methanol were HPLC grade from Fisher Scientific (Fair
Lawn, NJ, U.S.A.), n-propanol was obtained from Mallinckrodt Chemical Works
(St. Louis, MO, U.S.A.) and acetonitrile and isopropanol were “distilled in glass™
from Burdick & Jackson Labs. (Muskegon, MI, U.S.A.). Distilled water was pre-
pared with a Barnstead distilling unit.

Commercial 10-pum Partisil ODS-2 (Whatman, Clifton, NJ, U.S.A.) and 5-um
Zorbax ODS (DuPont, Wilmington, DE, U.S.A.), columns as well as home-made
columns packed with 10-um LiChrosorb RP-18 (Merck, Cincinnati, OH. U.S.A.) and
S-um Spherisorb (Phase Sep, Hauppage, NY. U.S.A.) treated with octadecyldimeth-
ylchlorosilane (Petrarch Systems, Levittown, PA, U.S.A.) were used for fraction-
ationbydisplacementchromatography. Columnswere250 x 4.6mmbuta 500 x 4.6mm
column packed with octadecyl-Spherisorb was also used. In analytical HPLC a 10-um
Partisil C4 column (250 x 4.6 mm) from Whatman and a home-made 5-um octadecyl-
Spherisorb column (150 x 4.6 mm) were used.

Instruments

Fractionator liquid chromatograph. A modified Model 601 liquid chromato-
graph (Perkin-Elmer, Norwalk, CT, U.S.A.) was used for separations by displacement
chromatography. The two syringe pumps of the instrument were individually con-
nected to the feed loading system as shown schematically in Fig. 5. Pump A, which
delivered the carrier solvent and the regenerant to the column before and after a
chromatographic run respectively, was connected to a Rheodyne (Berkeley, CA,
U.S.A.) Model 7030 switching valve. Pump B, which delivered the displacer, was
connected to the Rheodyne Model 7010 feed introduction valve, which in turn was
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connected to the switching valve. Drain valves (Scientific Systems, State College, PA,
U.S.A.) were connected to each line upstream of the feed loading system. The feed
valve was fitted with a loop of the appropriate size made from a length of 1 mm 1.D.
x 1716 in. O.D. 316 stainless-steel tubing. The volume of the feed loop varied in the
range from 0.5 to 6 ml. Connections to the switching valve were arranged in such a
way that in one position pump A was connected to the column and flow from pump B
was interrupted, and vice versa for the other position. The column effluent was moni-
tored by a Perkin-Elmer Model LC-55 variable-wavelength detector and was col-
lected with a Model 7000 fraction collector (LKB, Rockville, MD, U.S.A.). The
detector signal was recorded on a Perkin-Elmer Model 123 strip-chart recorder.

Analyzer. The analytical chromatograph was assembled from a Model 725
automatic injector (Micromeritics, Norcross, GA, U.S.A.), a Model 1220 liquid chro-
matograph and a Model LC-65T variable wavelength detector, both from Perkin-
Elmer, and a Model Electronik 194 (Honeywell, Ft. Washington, PA, U.S.A.) strip
chart recorder.

Carrier Regenerant Displacer
Pump A 9 Pump B Pump Eluent
'r_@“. L.-' I‘j:Ug
| Lo —_——d
| <—(2)
i / Feed Loop
: 3- way
{ valves
! Analytical
: Column
" Overflow
1 Sample
T Loop Detector
Sample
Switching Inlet
Valve
Column
I Waste
A" ")
200900
Ne oo ool Recorder
Recorder Detector Fraction
Collector
FRACTIONATOR ANALYZER

Fig. 5. Diagram of the dual liquid chromatographic system. Preparative-scale displacement chromatogra-
phy is performed by the “fractionator™ and the concentration of the components in the product stream
present in the fraction collector is determined by the “analyzer” HPLC unit.

Procedures
Meusurement of adsorption isotherms. Frontal analysis by characteristic
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point'* was used to estimate the adsorption of various solutes from water at 25°C.
The injector valve of the liquid chromatograph was fitted with a 6-ml sampling loop
prepared from a 764 cm long, No. 316 stainless-steel tubing having 1.0 mm I.D. and
1/16 in. O.D. First the sampling valve was connected directly to the detector and
about 5 ml of sample solutions at five different concentrations were successively
pumped through the flow cell in order to calibrate the detector at one or two appro-
priate wavelengths. Thereafter a 6 cm long, No. 316 stainless-steel column (4.6 mm
[.D., 1/4 in. O.D.) packed with the stationary phase of interest was installed and
washed with isopropanol, methanol and exhaustively with water. At a water flow-rate
of 0.5 ml/min the introduction of the sample solution began and was marked on the
recorder chart paper. After the detector response reached a plateau on the chromato-
gram. sample introduction was terminated by returning the sampling valve to its
original position and this point was marked on the chromatogram. Subsequently the
pumping of water continued until the recorder pen returned to baseline. The diffuse
rear portion of the chromatogram obtained with the ““square-wave™ concentration
input was used to evaluate the isotherm. For known system dead volume, flow-rate
and chart speed, retention times particular to certain solute concentrations in the
effluent. 75 (C), were calculated from the recorder trace and the calibration data. The
isotherm was evaluated from 1, (C) by using the following equation

d¢
((C) = 1y + (1, — 1) a% (10)

where 7, is the hold-up time of an unsorbed solute in the.column, ¢, is the residence
time corresponding to the superficial (empty tube) velocity and ¢ the amount of solute
adsorbed by unit volume of the stationary phase. Thus, d¢/dC is the slope of the
isotherm at the characteristic mobile phase concentration. Evaluating d¢/dC over the
experimental range of 75 (C) and integrating, we obtain ¢ as a function of the concen-
tration, i.e., the adsorption isotherm of the solute. Due to the inaccuracy associated
with the measurement of 7, (C') at C = 0, that is, when the recorder pen returns to
baseline, the boundary condition required for integration is given by frontal analysis'*
of the self-sharpening front boundary of the chromatogram. From this method of
analysis, the amount of solute adsorbed onto the stationary phase at the concentra-
tion corresponding to the plateau of the chromatogram, ¢, . is given by

Gmax. = ([I’ - IO) F(Vmux. (l 1)
where ¢, is the breakthrough time of the sharp front, and F is the flow-rate.

Evaluation of the parameters

Assuming that the dependence of the adsorbed solute on the concentration in
solution follows the Langmuirian model linear regression analysis was performed by
using eqn. 3 in the rearranged form as follows

Lo
g bHK C b (12)

Correlation coefficients greater than 0.99 indicated an adequate fit.
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Fractionation

The flow sheet of the two liquid chromatographs, the fractionator and ana-
lyzer, is depicted in Fig. 5 in which the main components of the system are labelled.
The fractionation of the tfeed by displacement chromatography is carried out in the
fractionator and the column effluent is collected as discrete fractions that were sam-
pled and analyzed by the other HPLC unit operated in the elution mode.

To begin a displacement run. the switching valve was turned so that pump A
delivered the carrier to the column at the desired flow-rate, with the drain valve
closed. The feed introduction valve was turned to the load position and the loop filied
with the feed solution. Pump B was then started at the same flow-rate setting as pump
A and the feed valve was turned to pressurize the feed up to the column inlet pressure.
When the pressure on the B side of the system equalled that on the A side. the
switching valve was turned so that the feed, followed by the displacer, entered the
column. The feed valve was returned to its original position after the desired volume
of feed was introduced and the displacer solution flowed into the column. The pro-
gress of the run was monitored by the detector at an appropriate wavelength setting
determined in advance. Following the run, pump A was started pumping the regener-
ant solvent, and when its pressure equalled that of the system the switching valve was
returned to its original position for regeneration of the displacer-saturated column.
Following the regenerant the column was perfused with the carrier solvent, delivered
to the column by pump A. and the system was ready for another run.

Analvsis of fractions

The concentration of the product in cach of the fractions obtained from the
displacement development run was determined by using the internal standard tech-
nique. The peak heights of the feed components injected in a solution of cither
phenylalanine or phenol were divided by the height of the internal standard peak, and
this ratio was correlated with the known concentration of the feed component.
Aliquots of each fraction were then diluted with the internal standard solution, and
the retention times and peak height ratios measured in order to determine the pres-
ence and concentration of feed components in the fraction. The mobile phase for the
analysis of the phenyl acetic acid derivatives was 50 mM phosphate butter, pH 2.12,
containing 107, (v/v) acetonitrile and for the dihydroxybenzenes an aqueous solution
of 17, triethylamine phosphate, pH 3.0, containing 25, (v/v) methanol was used.

RESULTS AND DISCUSSION

Adsorption isotherms on octadecyl-silica

As seen in Fig. 6 the shape of the isotherms of hydroxyphenylacetic acids
resemble the rectangular hyperbolas characteristic for Langmuir isotherms, ¢f. eqn. 3.
Similar observations were made also with other aromatic substances upon investigat-
ing their adsorption properties from aqueous solutions on hydrocarbonaceous silica-
bonded phases. Table I shows the parameters obtained by fitting experimental data to
eqn. 3 from isotherm measurement by frontal analysis on the different kinds of
octadecyl-silica columns. The product of the saturation concentration, b, and the
binding constant, K, is expected to be proportional to the retention (capacity) factor
of the solute in linear elution chromatography on the same column when the eluent
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Fig. 6. Adsorption isotherms as measured by the frontal analysis of 3,4-dihydroxyphenyl ( B), 2-hydroxy-
phenyl (O) and 4-hydroxyphenyl ( @) acetic acids on 10-um Partisil ODS-2 from 0.1 M phosphate
buffer, pH 2.12, at 25 C. Solid lines were drawn from values calculated by linear least square analysis of the
data points to the Langmuir isotherm according to eqn. 12.

composition is the same as that of the carrier used in the determination of the iso-
therm. The proportionality factor is the phase ratio of the column and therefore, the
analysis of a series of Langmuir isotherms and the corresponding chromatographic
retention factors may be used to evaluate the phase ratio of the column.

TABLE 1

PARAMETERS OF LANGMUIR ISOTHERMS FOR ADSORPTION ON OCTADECYLSILICA
FROM WATER

The isotherms were evaluated by frontal analysis and the parameters from eqn. 3.

/)*** Kok hK
(moljg x 10*) (M 1) (mljg)
Resorcinol* 3.297 19.20 6.33
Catechol* 7.228 10.15 7.33
3,4-Dihydroxyphenyl 5.068 63.41 321
acetic acid**
4-Hydroxyphenyl 7.804 74.00 57.7
acetic acid**
2-Hydroxyphenyl 7.972 76.62 61.1

acetic acid**
* Column: Spherisorb ODS; carrier: water.
** Column: Partisil ODS-2; carrier: 0.1 M phosphate buffer, pH 2.12,
*** See eqn. 3.
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Present development in displacement chromatography with bonded phases
have been encouraging as the isotherms that we investigated so far were of the con-
cave downwards type, i.e. suitable to meet the requirement for displacement chroma-
tography. Nonetheless, further knowledge of the isotherms will be required for the
design of the fractionation system without a great deal of trial and error that may be
associated with the selection of a suitable displacer and its concentration. It is hoped
that further studies on the relationship between chem.ical siructure and the param-
eters of the isotherm will facilitate the prediction of .sothertas from structural in-
crements of the solute molecules!> 7.

Displacement diagrams

Concentration profiles of the individual feed components in the effluent of the
tfractionator column are depicted on displacement diagrams such as those shown in
Figs. 7 and 8. Fractions of column effluent were analyzed by HPLC in order to
determine accurately the concentrations of both components in the mixed boundary
region. On the other hand, when the effluent of, the fractionator is monitored by a
flow-through detector that cannot distinguish between the two species, a displace-
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Fig. 7. Separation of hydroxyphenylacetic acids by displacement chromatography on Partisil ODS-2
column (250 x 4.6 mm). The carrier was 0.1 M phosphate buffer. pH 2.12, and the displacer was n-butanol
at a concentration of 0.87 M. Flow-rate and temperature were 0.05 ml/min and 25°C, respectively. The
feed had a volume of 1.5 ml and contained 30. 35 and 45 mg of 3.4-dihydroxy-, 4-hydroxy and 2-
hydroxyphenylacetic acids, respectively. Fraction size was 0.15 ml and fraction number 40 marks an
effluent volume of 12 ml.
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Fig. 8. Displacement separation of resorcinol ( @) and catechol (A), with water as carrier and 0.8 M -
propanol in water as the displacer. The flow-rate was 0.15 ml/min and the feed contained 60 mg of
resorcinol and 100 mg of catechol dissolved in 1.0 ml of water. The purity., P, of resorcinol and catechol
fractions in the product was 0.97 and 0.94, respectively. The column was packed with 5-um octadecyl-
Spherisorb and its dimensions were 500 x 4.6 mm. The displacer is indicated by the shaded region.

Fig. 9. Displacement chromatogram of adenosine and inosine obtained by monitoring the fractionator
effluent. The displacer was 0.66 M n-butanol in 0.01 M phosphate buffer, pH 3.5 and the temperature was
22°C. The flow-rate was 0.20 ml/min and the teed contained 24 mg of each component in 1.5 ml of the neat
aqueous phosphate buffer used as the carrier. The purity, P, of the adenosine and inosine fractions in the
product was 0.92 and 0.83. respectively. The dimensions of the 10-um LiChrosorb RP-18 column were
250 x 4.6 mm. The displacer is indicated by the shaded region.

ment chromatogram is obtained that depicts only the contour of the concentration
profiles as shown in Fig. 9. In fact, the employment of an ““analyzer™ liquid chroma-
tograph to monitor the concentrations of all components in the effluent of the fraction-
ator column greatly facilitate not only the assessment of the purity of the product
but also examination of the course ot the displacer process and its optimization. Thin-
layer chromatography has also been found to be suitable for this purpose but due to
its superior accuracy, convenience and speed the analysis of the fractions was carried
out in this study by using HPLC only.

The analyzer liquid chromatograph acts as a selective detector. and it can be
used to determine zone boundaries accurately, a feat which is impossible by using
only the trace from the fractionator detector alone. All separations depicted above
are believed to reflect fully developed displacement trains although the boundaries
between the zones are not completely sharp due to the etfect of axial dispersion.

Purity of the product

Purameter P. That fraction of a component that is recovered in pure form has
been defined as its purity, P, according to eqn. 6. This parameter has been used to
quantitatively measure the efficiency of separation as shown in Tables Il and HI.

[lw/6w] NOILYBLNIONOD
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TABLE 11

THE VARIATION OF PURITY WITH OPERATING CONDITIONS FOR THE SEPARATION OF
PHENOLIC COMPOUNDS

The carrier was a 0.1 M phosphate buffer, pH 2.12, and the column was a 10-um Partisil ODS-2 (250 x 4.6
mm).

Purity, P Displacer Feed Flow-rate
- ’ (mg) (miimin)

3.4-Dihvdroxy- 4-Hydroxy- 2-Hydroxy-

pheny! acetic phenyl acetic phenyl acetic

acid acid acid

0.95 0.83 0.73 0.87 M 110 0.05
n-butanol

0.87 0.71 0.64 M 52.5 0.30
phenol

0.84 0.84 0.74 M 75 0.05
phenol

0.86 0.84 0.74 M 75 0.15
phenol

0.87 0.80 0.74 M 75 0.50
phenol

Some of the figure captions also contain P values in order to quantify the degree of
separation shown by the displacement diagram.

It is seen that for separations which are considered good the value of P is
higher than 0.9, that is, after removing the contaminated boundary regions of a given
zone more than 90 of the component is obtained in pure form. From the definition
of P it follows that its value increases with the amount of component when the width
of the mixed region remains constant. Such a situation may arise when the displace-
ment train is already isotachic with the largest feed under investigation. The first
cmerging component of the displacement train is expected to yield a relatively high

TABLE 111

THE EFFECT OF OPERATING CONDITIONS ON THE MAGNITUDE OF THE PURITY. P.
DEFINED BY EQN. 6. OF INOSINE AND ADENOSINE

The carrier was 0.1 M phosphate bufter, pH 3.5, and the displacer contained 0.66 M n-butanol. The 10-um
LiChrosorb RP-18 column (250 x 4.6 mm) was maintained at 22 °C.

Purity, P Feed Flow-rate
- - {mljmin)
Inosine Adenosine Volume Amount
(ml) (mg)
0.76 0.86 1.5 25 0.05
0.74 0.84 1.5 25 0.15
0.53 0.61 1.5 25 0.50
0.83 0.92 1.5 48 0.20
0.73 0.85 4.5 48 0.20

0.47 0.54 6.0 48 0.20
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value of P because it does not contain a contaminated front boundary. Despite its
shortcomings the purity parameter can conveniently be used to express the effect of
changing operating conditions on the afficacy of separation as it is shown in Tables 1
and I11.

G Function. For measuring the degree of separation of homologous series the G
function has been defined in eqns. 7-9. Fig. 10 shows a late of the G function
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Fig. 10. Ilustration of the displacement separation of Carbowax 400 by plotting the G function, eqn. 7 vs.
{fraction number of the effluent. The numbers at each curve indicate the number of cthylene glycol units, »
and n + 1, in the two oligomers present in the fractions. The flow-rate and fraction volume were 0.15
ml/min and 0.15 ml, respectively. The column temperature was 22 C and the displacer was 0.66 M -
butanol in the carrier. A, The carrier was 10, (v/v) acetonitrile in water and the feed was 45 mg of
Carbowax 400. At fraction number 30, 11.0 ml of column effluent was collected. B, The carrier was 59,
(v/v) acetonitrile in water, the teed was 90 mg ot Carbowax 400. Fraction number 40 marks 12.3 ml of
column effluent.
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against the number of fractions in the case of displacement chromatography of eth-
ylene glycol oligomers. The G function denotes the degree of separation of adjacent
zones in the displacement train containing n and n + 1 ethylene glycol units. The flat
portions of the S-shaped curves, in which G, .| has a value of +1 or — 1, denotes
the fractions in which only one of the two oligomers is present, whereas the curved
portion indicates the mixed boundary between adjacent zones in the effluent. For
instance, in Fig. 10A, heptaethylene glycol appears mixed with hexaethylene glycol in
fractions 15-17, and is mixed with octaethylene glycol in fractions 18-21.

The lower homologs were obtained in pure form as depicted in Fig. 10A, but the
scparation of the larger molecules was less complete, as indicated by the absence of
flat portions of the curves corresponding to the 11-, 12- and [3-unit homologues.
However, a decrease in the organic modifier content of the carrier results in an in-
crease in the molecular weight of homologues which can be recovered in pure form
as shown in Fig. 10B, and also allows the column to accommodate a larger feed. The
greater adsorptivity of the feed components as well as the displacer in the presence of
the more polar carrier permits the recovery of fractions containing pure nonaeth-
ylene glycol as illustrated in Fig. 10B in contrast with the insufficient separation ob-
tained with water lean carrier and depicted in Fig. 10A.

Effect of operationul parameters. With presently available microparticulate col-
umns, accurate flow control and precision instrumentation, the ease of separation by
displacement chromatography is largely affected by thermodynamic factors such as
the shape of isotherms, relative adsorptivity of the components as manifested by the
competitive isotherms, solubility, as well as the relative concentration of the com-
ponents in the feed. Although the fundamental relationships between most of these
factors has long been established'®'? no analytical expressions could be developed
due to the mathematical complexity of the non-linear differential equations underly-
ing the model.

From the practical point of view optimization of the process is tantamount 1o
selection of conditions that yield the most rapid transient period for a full develop-
ment of the displacement train. i.e.. that require the shortest column length to bring
about a given separation.

The need for the displacer solution increases the number of variables within the
system, compared to elution chromatography. Furthermore, the necessity of achiev-
ing the isotachic state before optimal separation is obtained requires that the variab-
les have some minimum value such that the sample resides in the column long enough
to attain this state. In order to examine the effect of changes in the variables. the feed
concentration and volume, column length, mobile phase flow-rate, displacer and
species concentrations were varied. Changes in the variables were made concom-
mitantly as well as individually in order to determine their interdependence.

Flow-rate. Fig. 11 illustrates the effect of flow-rate on the separation of ad-
enosine and inosine by displacement chromatography. It is seen and can be verified
by the pertinent values of the purity parameter P that the efficacy of the separation
even at the relatively low load of the column is strongly dependent on the flow-rate.
Efficiency increases with decreasing flow-rate and as a result P, increases from 0.61
to 0.86 upon a respective decrease of the flow-rate from 0.50 to 0.05 ml/min. This
behavior is attributed to an increase in the time available for development of the
displacement train in the column upon reducing the flow velocity. The purity of the
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product increases with decreasing flow-rate in this manner only up to a point, how-
ever. Decreasing the flow-rate below that value at which the displacement is fully
developed induces no further effect on any characteristics of the displacement train.
This fact is illustrated by the purity values of the last three entries in Table 11. The
constancy of the P values with changing flow-rate —while all other conditions were
kept constant— indicates that the displacement was fully developed at a flow-rate of
0.5 mlymin. and no further benefits in purity were obtained from the longer column
residence times achieved by decreasing the flow-rate to 0.15 or 0.05 ml/min.

Feed: Amount. When the column is overloaded in displacement chromatogra-
phy no full development can take place for two reasons. First, the length of time
required to separate the feed components is longer, so a larger column or slower flow
rate may be required to achieve separation. It is because an increase in the amount
of feed can extend the development time that is defined in Fig. 1. The second quite
obvious reason why feed overloading can prevent full development is that the column
length may be insufficient to accommodate the length of the fully developed displace-
ment train, so that full development would require a longer column.

Fig. 12 illustrates the effect of column overload that manifests itself in incom-
pletely developed concentration zones having shapes different from the “square
wave” form encountered under ideal conditions in displacement chromatography. In
the three cases shown, the column was overloaded in different ways and to a different
extent with the first and second components, 3,4-dihydroxyphenylacetic acid and 4-
hydroxyphenylacetic acid respectively. It is noted that in other experiments, quasi
isotachic conditions were obtained in displacement chromatography under operating
conditions identical to those given in Fig. [2 when the feed contained 15 and 37.5 mg
of 3.4-dihydroxyphenylacetic acid and 4-hydroxyphenylacetic acid, respectively.

As seen in Fig. 12A the zone of the less retarded component, the amount of
which in the feed is relatively low, i1s substantially separated from the band of the more
strongly adsorbed component, 4-hydroxyphenylacetic acid. It shows a nearly devel-
oped band and the estimated plateau concentration of the zone is close to that pre-
dicted from the isotherm and obtained in other runs performed under the same condi-
tions but with reduced load.

The progressive degeneration of the displacement train on increasing the
sample load is illustrated by change in the shape of the zone of the more retained 4-
hydroxyphenylacetic acid. When the amount of the second component is doubled the
band is much broader as shown in Fig. 12B and the residence time in the column is
insufficient to attain isotachic conditions. Finally, it is seen in Fig. 12C that when the
amount of 3,4-dihydroxyphenylacetic acid is also doubled in the feed, the shape of the
4-hydroxyphenylacetic acid zone further degenerates. The observed zone shapes are
in agreement with the expectations. As the less retained component is present in the
zone of the other at relatively high concentrations, the isotherm of the first is sup-
pressed to such and extent that its velocity increases and consequently the band width
increases.

Volume. In Figs. 9, 13A and 13B three displacement diagrams for adenosine
and inosine are shown under identical feed loads and chromatographic conditions
but with feed volumes of 1.5, 4.5 and 6.0 ml, respectively. Whereas at the smallest feed
volume a fully developed displacement diagram is obtained as shown in Fig. 9, at a
larger feed volume a frontal zone is observed for inosine as seen in Fig. 13A. The
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Fig. 12. Effect of feed size on the separation of 3.4-dihydroxyphenylacetic acid (A) and 4-hydroxyphenyl
acetic acid ( @) by displacement chromatography. The displacer was 0.64 M phenol in 0.10 M phosphate
buffer, pH 2.12, and the temperature was 25°C. The mobile phase flow-rate was 0.3 ml/min. The respective
amounts of 3.4-dihydroxyphenyl acetic acid and 4-hydroxyphenyl! acetic acid in the feed were: A, 114 and
57 mg; B, 57 and 114 mg; C, 114 and 114 mg. The column was a 250 x 4.6 mm 10-um Partisil ODS-2.

degree of separation declines as well, as seen from the purity values listed in Table I11.
The displacement diagram obtained with a feed volume of 6.0 ml and shown in Fig.
13B exhibits further deterioration of the separation as seen from the low purity values
calculated for this case and the irregular zone shapes as shown in the figure.

The feed volume effect noted here is a manifestation of the mixed frontal and
displacement chromatography mechanisms which occur at the beginning of every
displacement run. Frontal chromatography takes place when a solution of constant
composition is introduced as a step function feed into the column. The feed stage of
displacement chromatography is essentially a frontal chromatographic process, only
the step function is truncated when the displacer is fed to the column. Therefore, the
larger the feed volume, the more advanced this frontal chromatographic development
is, and at some limiting value of the feed volume the first feed components emerge
from the column before the displacer enters, and essentially a type of frontal chroma-
tography is performed. A mixed mechanism is always operative at the beginning of
any displacement run, but with a column long enough, the process of displacement
development becomes dominant and prevails until the isotachic stage is reached.

In practice the limits on feed volume are important when the solubility of the
feed components in the carrier is low. Therefore, at fixed feed volume the amount of
sample that can be separated in a single chromatographic run is limited, among other
factors, the sclubility of the sample components in the carrier used for the prepara-
tion of the feed solution.
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Fig. 13. Effect of feed volume on the separations ol fixed amounts of adenosine ( @) and inosine (A) by
displacement chromatography. The chromatographic conditions were as specified in Fig. 8. The feed
volumes were A, 4.5 ml and B, 6.0 ml.

Colunmn length

Fig. 14A shows the results of fractionation of the two phenolic compounds
under conditions identical to those in Fig. 8, except the column was 25 ¢m instead of
50 cm. It is evident from the figure that with the shorter column the displacement is
not completely developed. whereas 1sotachic conditions were approached with the
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Fig. 14. Effect of flow-rate on the separation of phenolic compounds by displacement chromatography
witha 250 x 4.6 mm L[.D. 5-um octadecyl-Spherisorb column. The flow-rate was 0.15 ml/min in A and 0.075
ml/min in B, whereas other conditions were the same as those in Fig. §.

longer column. As pointed out above, the column length is a critical parameter that
must have some minimum value under a given set of operating conditions. In Fig. 1 a
hypothetical dissection of the column during the stages of displacement development
was indicated, and the three parts required for the minimum column length given as
the feed length, the development length and the length of the fully developed dis-
placement train. The column length when it is minimum consists of length increments
necessary for these three stages. The incomplete separation depicted in Fig. 14A dem-
onstrates that the 25 cm long column is not long enough to accomodate the three
constituent lengths. The result obtained with the 25 cm long column are representa-
tive to those that occur half-way down in the 50 cm long column that just encompasses
the length of the three stages or is even longer then necessary.

Decreasing the flow velocity does not decrease the minimum column length by
a proportionate amount, as one might expect on a residence-time basis. as shown in
Fig. 14B. There the fractionation was run in the 25 cm at a flow-rate of 0.075 ml/min,
i.e., half the value in both Figs. 8 and 14A. The chromatogram appears to be nearer to
fully developed, but again the isotachic state has not been reached, even though the
residence time of the feed in the column was the same as in Fig. 8. The reason for this
is that decreasing the flow-rate increases the development time for the train, and so
effectively increases the development length whithin the column, but it has no effect
on the length occupied by the fully developed train. The length of the isotachic train is
determined by the amount of feed and the concentrations of the isotachic zones, and
so is unaffected by the velocity of the carrier. Therefore, changes in the column length
are not fully compensated by proportionate changes in flow velocity that primarily
effects the length of the feed and development zones in the column.
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The discussion of Fig. 12 pointed out similar constraints on column length.
There the feed loading was increased and it was argued that this had the effect of
increasing both the development time required for the separation and the length of
the column required to accomodate the isotachic train. The net effect of an increase in
feed loading is, therefore, that a longer column is required for complete separation.
This conclusion can be contrasted to the practice in preparative chromatography in
the elution mode, where the diameter of the column has to be increased in order to
accomodate a larger feed, and still maintain pulse-shaped peaks.

Concentrations at full displacement development

According to eqn. 2b the concentrations of the individual components in the
1sotachic displacement train are given by the intersection of their isotherms with the
appropriate chord of the displacer isotherm.

In order to test the theoretical predictions we compared plateau concentrations
of the zones in the displacement diagrams such as those depicted in Figs. 7 and 8 to
the values obtained from the isotherms described in Table 1. Both kinds of data are
listed in Table IV. It is seen that a reasonably good agreement exists between the
concentrations obtained from displacement development and those predicted from
the isotherms for different displacer strengths, i.e., speed lines. The results strongly
suggest that under the experimental conditions employed here the displacer train was
fully developed, i.e., the limiting isotachic condition was closely approached. This
conclusion is also supported by the observation that the width of the mixed boundary
regions between the zones was approximately the same, a feature that is characteristic
for full displacement development.

TABLE IV

COMPARISON OF THE CONCENTRATIONS AT PLATEAU IN DISPLACEMENT CHROMATO-
GRAPHY OF PHENOLIC COMPOUNDS ON OCTADECYLSILICA BY USING ALKYL
ALCOHOLS AS DISPLACER TO VALUES CALCULATED FROM THE ISOTHERMS OF THE
SUBSTANCES EVALUATED FROM INDEPENDENT MEASUREMENTS

Component Plateau concentrations (mgjml)

Experimental Predicted

Resorcinol 25% 21
Catechol 36 30%
3.4-Dihydroxyphenyl

acetic acid 2%k, 2] xxk 22%*  Q3xAKk
4-Hydroxyphenyl

acetic acid RALNR KL KK 34xxK
2-Hydroxyphenyl 3gxHk 35K*x

aceti¢ acid

* 0.8 M n-propanol.
** (.76 M n-butanol
*%x (.87 M n-butanol.

Advantages of relatively narrow-bore columns .
Preliminary results suggest that in the displacement mode the column diameter
can be smaller by at least one order of magnitude than in the elution mode to obtain



390 Cs. HORVATH, A. NAHUM, J. H. FRENZ

the same throughput. The actual factor, of course, depends on the particular chroma-
tographic system employed even if all requirements for complete displacement are
fulfilled.

The use of small diameter columns is associated with a number of advan-
tages®®. From the operational point of view, the narrowness of the inside diameter
relaxes the stringent requirements such as thick wall and bulky connections for oper-
ating the column at high inlet pressures. Then the use of small particles having 3- to 5-
um diameter for high efficiency column packing is facilitated. Moreover. the regener-
ation step can be expedited by using high flow velocities. Uniform radial and flow
temperature profiles are essential in attenuating axial dispersion. In narrow-bore
columns the occurence of deleterious temperature non-uniformities is greatly reduced
even when heat associated with adsorption and desorption at the high solute concen-
trations employed in displacement chromatography is significant. Concommitantly
fingering and other flow instabilities arising from density and viscosity differences are
expected to play a lesser role when the column inner diameter is reduced. Further-
more, the significance of channeling and other packing non-uniformities in determin-
ing axial dispersion may decrease with column diameter with the exception of “*a wall
effect”” which generally increases to some limit. Low solvent consumption associated
with the use of narrow bore columns has obvious felicitous economical and environ-
mental effects and the compactness of column and instrumentation afforded by em-
ploying narrow-bore columns may also be a preferred feature.

Comparison of elution and displacement chromatography

A number of features facilitate analysis by using the linear elution mode of
chromatography, including that it yields Gaussian or quasi-Gaussian peaks, the rela-
tionship between the migration velocity and thermodynamic equilibrium constant is
simple and the role of transport and kinetic phenomena in determining band spread-
ing is well understood. The wide popularity of the technique in analytical separations
is most likely due to the relative simplicity of operation and the ease of detection of
distinct concentration pulses. In addition its detailed theoretical framework has also
contributed to the almost exclusive use of elution chromatography.

The key features of displacement chromatography were clearly recognized
even before the rapid development of elution chromatography commenced with the
introduction of partition chromatography and the plate height theory. Yet difficulties
associated with the detection of the individual sample components, the surface hete-
rogeneity of the adsorbents and the excessive band spreading in columns available at
that time thwarted displacement chromatography’s becoming an accepted analytical
method. Although displacement may occur in the practice of preparative chromato-
graphy with overloaded columns, analytical applications involving the conscientious
employment of displacement development with a judiciously chosen displacer®! or
other means such as temperature®? have been largely confined to the scientific litera-
ture.

On the other hand, the results of this work suggest that fully developed dis-
placement chromatography may be eminently suitable to carry out preparative scale
chromatography with columns packed with microparticulate stationary phases, the
use of which is prohibited in large diameter columns because of mechanical problems
associated with operation at high column inlet pressures. The method is further
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recommended for its characteristic recovery of the products at concentrations signif-
icantly higher than obtained in elution chromatography, accompanied by the con-
commitant economic and environmental benefits of relatively low solvent consump-
tion. In fact, both the stationary and mobile phases as well as the equipment are
better utilized in the displacement than in the elution mode of chromatography. As a
consequence, the amount of pure product per unit column volume should be greater
in displacement chromatography than in linear elution chromatography. Neverthe-
less the need to regenerate the column by removing the displacer is a significant
disadvantage of displacement development in comparison to isocratic elution, al-
though it may vanish if gradient elution is required to carry out a preparative separa-
tion. In any case the regeneration of the column is associated with a general cleaning
of the system and removal of contaminants that otherwise may accumulate.

Usually zone boundaries are not perfectly sharp in displacement chromatogra-
phy even when columns are used that are highly efficient in terms of low axial disper-
sion. Therefore in the recovery of products the boundary regions of the zones are
preferentially collected separately and rechromatographed directly without concen-
trating.

An important difference between elution and displacement chromatography is
that an increase in sample size in the former usually mandates an increase in column
diameter in order fo maintain the efficiency of separation constant, whereas in dis-
placement chromatography the increase in both the diameter and length of column
can be used very efficiently to increase throughput.

Selection of the column, carrier and displacer

All results to illustrate displacement chromatography presented in this report
were obtained by reversed-phase chromatography using silica-bonded hydrocarbo-
naceous sorbents and a neat aqueous or a water-rich hydro-organic carrier. The main
reason for this was our interest in studying the potential of such bonded phases for
displacement chromatography as far as the isotherm shape and column loading ca-
pacity are concerned. It should be noted that the use of charcoal??, ion-exchange
resins®* and silica gel?® for displacement chromatography is well documented in the
literature but to our best knowledge the employment of bonded phases for such
purposes has not yet been described. Other results from our laboratory (to be pub-
lished) have shown that columns packed with microparticulate silica gel also yield very
good results in displacement chromatography when a less polar solvent is used as the
carrier. On the other hand, the use of aqueous carriers as described in this study
facilitated a strong binding of the feed components as well as that of the displacer to
the hydrocarbonaceous stationary phase. .

Lack of data on adsorption isotherms is the major impediment to optimization
of displacement chromatography because it precludes the a priori determination of
the nature and concentration of a suitable displacer. Therefore, the selection of the
displacer by trial and error appears to be inevitable unless the isotherms of the
potential displacers and preferably those of the feed components as well are known.
The following guidelines may be useful in choosing the displacer. It should: (i) be
adsorbed more strongly from the carrier onto fhe stationary phase than any of the
feed components; (i) not complex with any of the components; (iii) be inert to the
stationary phase; (iv) be readily removed from the column by a suitable regenerant;
(v) be highly soluble in the carrier; and (vi) be non-hazardous and inexpensive.
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CONCLUSIONS

In displacement chromatography a certain amount of the feed mixture is first
adsorbed at the inlet section of the column and thereafter the solution of a suitable
displacer that binds more strongly to the adsorbent than any of the feed components
1s introduced in a continuous fashion. As the displacer front moves down the column
the feed components gradually become separated as more strongly sorbed substances
displace weakly sorbed components from the surface of the adsorbent. Finally a
“displacement train’ containing square-wave concentration zones of the individual
components is developed in which each zone moves with the same velocity. Successful
separation by displacement chromatography largely depends upon the sharpness of
the boundaries between the adjacent zones. Therefore the requirements for high
efficiency columns are very exacting, however, they can be met by columns presently
available.

Indeed the potential of the HPLC columns and instrumentation used in analyt-
tcal work can be exploited for preparative scale separations by using the displacement
mode of chromatography. as illustrated by the separation of binary mixtures, for
higher system productivity and product concentration in the effluent than generally
encountered in elution chromatography. Knowledge of pertinent adsorption iso-
therms and solubilities of the feed components and potential displacers greatly facili-
tates the selection of operating conditions on the basis of the theory describing the
properties of the fully developed displacement train and a qualitative understanding
of the factors involved in the transient development process leading to separation. In
agreement with recent findings?®, results presented here indicate that with a packed
microparticulate column having the usual length of 25 ¢m and inside diameter of 0.4
to 0.5 ¢m binary mixtures containing 50 to 100 mg of each component mentioned
above can readily be separated by displacement chromatography within one hour.
This mode of chromatography may also be the method of choice in micropreparative
scparations of precious substances with narrow bore (I.D. <1 mm) columns. Fur-
thermore, its potential in special analytical applications such as liquid chromatogra-
phy-mass spectrometry may also warrant serious consideration.
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CHROMATOGRAPHIC CHARACTERIZATION OF SILICA SURFACES

HEINZ ENGELHARDT* and HARTMUT MULLER
Angewandte Physikalische Chemie, Universitit des Saarlandes, Saurbriicken (G.F.R.)

SUMMARY

Columns packed with silica differ not only in their phase ratio, specific surface
area per unit column volume and volume of mobile phase, but also in the pH of the
silica surface. The influence of this surface pH on the separation of solutes with basic
or acidic groups in dichloromethane as eluent is demonstrated. Of the commercially
available silicas the irregular ones are, as expected, neutral or weakly acidic, whereas
the spherical ones are either acidic (pH = 4) or basic (pH ~ 9). It is shown that the
pH of the silica can easily be adjusted in order to achieve the required and optimal
selectivity. These properties contribute to the selectivities of chemically bonded
stationary phases based on silica.

INTRODUCTION

In chromatography, silica is the most widely used stationary phase, as a polar
phase in classical liquid chromatography and as carrier for chemically bonded
stationary phases, e.g., for reversed-phase systems. It is commonly accepted’™ that its
chromatographic properties depend on its specific surface area, its specific pore
volume, its average pore diameter and the concentration of silanol groups per unit
surface area. Because silica is a colloidal system, changes in absolute and relative
retention have been traced to alterations in its chemical surface properties, sometimes
called its “history™. Silicas for high-performance liquid chromatography (HPLC)
are sold under a variety of trade names, such as LiChrosorb, LiChrospher, Nucleosil,
Partisil. Porasil, Spherisorb, Spherosil and Zorbax. They are prepared by different
procedures, starting from sodium silicates, silicon tetrachloride, silicic acid esters,
ete.>*. The physical properties of these silicas are similar, especially if the specific
surface areas per unit column volume are compared®. The column efficiencies ob-
tainable have been the main aim in comparing the different brands to evaluate the
relative advantages and disadvantages of spherical versus irregular particles’-5.
Column efficiency is mainly affected by the average particle diameter and its distri-
bution, and only partially by differences in physical properties such as surface area
and pore diameter.

Comparing several silicas with specific surface areas between 8 and 400 m?/g
and average particle diameters between 6 and 50 um for adequate resolution, peak
capacity and time of analysis, Scott” demonstrated that to a first approximation the

0021-9673/81/0000-0000/$02.50  «* 1981 Elsevier Scientific Publishing Company
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retention of test solutes increases with increasing surface area. No explanation was
given for the observed deviations from this rule. From the results, it was concluded
that for optimal chromatographic conditions at least four different silicas with sur-
face areas of ca. 15, 75, 150 and 300-400 m?/g should be available.

Huber and Eisenbeiss'® demonstrated, for several silicas with specific surface
areas spanning more than two orders of magnitude, that the capacity ratios (k")
depend solely on the specific surface area, whereas the selectivity is fairly constant. Of
course, in this comparison the &” values had been standardized for differences in the
phase ratios in the different columns. In adsorption chromatography the phase ratio
correlating A" and the “adsorption coetlicient™ is determined by the specific surface
area (O m?/g), the packing density (¢. g/cm®) of the stationary phase and the
fraction of mobile phase, ¢, in the column. On the other hand, the selectivity, «. for
the separation of adjacent pairs of the homologous series of m-phenylenes,. e.g.. for /-
sexi- and m-quinquephenylene, increases from 2.5 to 3.4 when the specific surface
area decreases from 280 to 8 m?/g. This may be caused by differences in the “adsorp-
tion coefficient™ due to changes in the silanol concentration or in the chemical nature
of the surface.

The chemical nature of the silica surface influences the retention of hydro-
carbons, nitro compounds and ethers in non-polar eluents” ', it affects the peak
shape and solute retention of medium-polar compounds in non-polar to medium-
polar eluents and certainly influences the preparation and properties of chemically
bonded phases. Therefore, in this work we have attempted to characterize the surface
properties of some commercially available silicas by measuring the retention of non-
polar to polar solutes in a non-polar eluent.

EXPERIMENTAL

Chliromatographic conditions

A liquid chromatograph consisting of an M6000A pump (Waters Assoc..
Milford. MA, U.S.A.). a Rheodyne 7125 sampling valve (Kontron, Munich, G.F.R.)
and a 254-nm UV detector (home-built) were used. To equilibrate and to control the
water content of the eluent dichloromethane, a moisture control system (MCS)!'! was
used as an eluent reservoir. To maintain a water concentration of 100 ppm the funnel
of the MCS was filled with 300 g of alumina (Woelm Pharma, Eschwege, G.F.R.)
coated with 1%, (w/w) of water. This is sufficient to equilibrate up to 500 ml of
dichloromethane. The temperature of the MCS, of the eluent and of the column was
maintained at 25 4+ 0.1 C by a water thermostat (Haake, Karlsruhe, G.F.R.). The
eluent was first equilibrated by recycling through the MCS. The columns had been
equilibrated with the eluent for 14-16 h at a flow-rate of 2 cm?*/min. which was used
also during chromatography. Stainless-steel columns'? (25 x 0.41 ¢cm [.D.) were
packed as described earlicr'?. The volumes of the empty columns were determined
volumetrically. The packing density was measured gravimetrically after unpacking
the column and evaporation of the eluent. The samples (mono- and bifunctional
benzene derivatives) were taken from the laboratory stock and, if necessary. distilled
before use. Always 1 ul of cach |9 solution was injected.
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Materials

The following silica stationary phases were studied: Hypersil (Shandon,
Frankfurt/Main, G.F.R.), LiChrosorb, LiChrospher (Merck, Darmstadt, G.F.R.),
Nucleosil (Machery, Nagel & Co., Diiren, G.F.R.), Porasil (Waters), Spherisorb
(Phase Separations, Queensferry. Great Britain) and Zorbax (DuPont, Bad Nauheim,
G.F.R.). A home-made silica (H 80-10) was also used. If available, materials with a
particle diameters of 10 um were used.

Physical characterization

The specific surface areas were determined by nitrogen adsorption using an
Arcameter Il (Fa. Stréhlein Labortechnik, Stuttgart. G.F.R.) applying the “single-
point differential method™ according to Haul and Diimbgen'*'® (DIN 66132). The
silicas were dried in stream of nitrogen at 130 C for 24 h.

Pore volumes and average pore diameters were determined by exclusion chro-
matography'® using polystyrene standards between 2.6-10° and 600 daltons. The
volume of the eluent within the column (V) was defined by the elution volume of
benzene, and the interstitial volume (V,) from the elution volume of the 2.6-10°
dalton polystyrene standard. From these volumes and that of the empty column (V)
the total porosity &y (V,,/ V) and the interstitial porosity ¢, (V,/ V) were calculated.
In Table I the physical properties and columns parameters of some of the silicas are
summarized.

The pH values of the silicas were determined in 19, (w/w) suspensions in
doubly distilled water with a glass electrode (EA 121) and a Metrohm E 536 poten-
tiograph (Metrohm, Herisau, Switzerland)'”.

RESULTS AND DISCUSSION

Normalization of capacity ratios

The A" values depend on the polarity of the sample and of the eluent and, of
course, on the properties of the stationary phase. The A" values are proportional to
the adsorption coefficient and to the phase ratio. If identical samples and eluents are
usced and the A" values are standardized for differences in the phase ratio, the “~“adsorp-
tion coefficient”, K*, thus obtained should depend only on the surface properties of

TABLE 1
PHYSICAL PROPERTIES OF THE SILICA USED

Silicu Specific surface Average pore Specific pore Column porosities  Puacking density
ared (l)ll/g) diameter volume (g,f(‘m“)
(1) fenjg) &y 6.
Hypersil 170 11.5 0.7 0.78 0.43 0.53
LiChrosorb Si 100 320 11.1 1.2 0.83 0.41 0.34
Porasil 350 10.0 1.1 0.88 0.46 0.37
Spherisorb 190 8.1 0.6 0.77 0.43 0.61
Zorbax BPSil 300 5.6 0.5 0.71 0.42 0.60

H 80-10 450 7.5 1.1 0.84 0.45 0.37
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Fig. 1. Normalization of retention parameter. (a) Measured k" values; (b) & normalized for differences in
specific surface areas; (¢) & normalized for packing density differences. Stationary phases: Hypersil ( @);
LiChrosorb Si 100 (A); Porasil (A); Spherisorb ( @); Zorbax (O); H 80-10 (A). Columns: 25 ¢cm x 4.1
mm 1.D. Eluent: Dichloromethane containing 100 ppm of water. Flow-rate: 2 cm*/min. Samples: Benzene.
anisole, nitrobenzene, benzonitrile, methyl benzoate. benzaldehyde, acetophenone. phenol.

the stationary phases. In adsorption chromatography usually the specific surface arca
is taken as the volume of the stationary phase.

This standardization procedure is demonstrated in Fig. |. The k" values of
benzene derivatives as obtained with the different silica columns are shown in Fig. la.
The & values increase with increasing sample polarity, as expected, and no compari-
son of the different silicas is possible, because their order changes from solute to
solute. The normalization for the differences in specific surface area is demonstrated
in Fig. 1b. The retention values are much higher with the spherical than with the
irregular silicas, owing to the larger packing densities of the spherical materials
(larger surface area per unit column volume). If the A" values are normalized for
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Fig. 2. Adsorption coefficient, K*, for neutral and acidic solutes on diflerent silicas. Conditions as in Fig. 1.

differences in packing density, as shown in Fig. lc, they increase with increasing
surface area. This is another indication that specific values (usually given per gram)
arc less important in chromatography because retention depends only on the values
per unit column volume. Therefore, the A" values have to be normalized for the
specific surface areas and for the packing densities. Table | shows that the packed
columns differ also in their total porosities, «y, i.c., the volume of mobile phase per
unit column volume. For these reasons in this paper the “adsorption coefficient”, K*
(cm?/m?), was calculated according to

&y
K* = k'
O, ..'0

spec

to compare the retention behaviour of the solutes on the different silica columns!®.

In Fig. 2 these K* values are plotted for different samples on the different
silicas. If the surface properties of the silicas were to be identical, an identical sorption
mechanism should result in a single line. For slightly retained solutes such as anisole
and nitrobenzene this may be partly true, but for more polar solutes large variations
in K* reflect the differences in the surface nature of the silicas. The K* values are very
divergent with the most polar component in this series, ¢.g.. phenol.

Surprisingly large changes in K* are observed if basic or other nitrogen-con-
taining solutes are separated on different silicas, as shown in Fig. 3. The order of
clution of the anilines on the silicas is not a function of their basicity or their hydrogen
bonding capabilities. From Zorbax columns these components could not eluted in a
reasonable time (k° < 20) with the standard conditions applied. This different be-
haviour of Zorbax to all the other silicas cannot be explained solely by differences in
the surface concentration of the weakly acidic silanol groups®.
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Fig. 3. Adsorption cocflicient, K*, for basic solutes. Conditions as in Fig. 1. Solutes: N.N-dimethylaniline.
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Fig. 4. Specific surface area and carbon content after silanization. Silanizing agent: trimethylchlorosilane.
Silicas as in Fig. 1.

Surface properties

Retention on silica should depend on the surface concentration of the silanol
groups. Because the silicas used here are prepared in different ways®#, we first tried to
trace the selectivities demonstrated in Figs. 2 and 3 to differences in surface silanol
concentrations. The total amount of surface silanols can be calculated from the total
amount of water lost at 1000 C'® minus the amount of physisorbed water, deter-
mined from the same silica at the same time by Karl-Fischer titration'”. Despite the
large differences in their specific surface areas for LiChrosorb Si 100 and Spherisorb.
values between 8.9 and 8.6 umol/m? were obtained by this method. On average, 8.7 +
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TABLE 11
pH VALUES OF DIFFERENT SILICAS MEASURED IN A 19, (wjw) AQUEOUS SUSPENSION

Silica pH Regular (R) or
irregular (1)

Zorbax BPSil 39

R
LiChrospher Si 100 5.3 R
Nucleosil 100-7 5.7 R
H 80-10 (home-made) 6.5 I
LiChrosorb Si 100 7.0 I
Porasil 7.2 I
Partisil 10 7.5 [
LiChrosorb Si 60 7.8 I
Polygosil 60-5 8.0 I
Spherosil XOA 400 8.1 R
Hypersil 9.0 R
LiChrospher Si 1000 9.2 R
Spherisorb S 10 W 9.5 R
LiChrospher Si 500 9.9 R

0.2 umol/m* had been determined for all the silicas with widely differing specific
surface areas. These values are in good agreement with those given in the litera-
ture*2°,

When a silica surface is modified with chlorosilanes, only the accessible silanol
groups should react. Differences in this silanol concentration should result in different
carbon contents per unit surface area of the chemically modified phases®!. To prevent
problems with reactivity and accessibility, trimethylchlorosilane was used as a silaniz-
ing agent. Fig. 4 shows that the relationship between carbon content and specific
surface area is linear. The achievable surface concentration of the trimethylsilyl group
was independent of the silica at 3.7 + 0.2 umol/m?. These values cannot explain the
differences in the chromatographic properties of the silicas.

The large differences in the elution behaviour of the anilines led us to compare
the pH values of the different silicas in aqueous suspensions'”. It is expected that the
surface of pure silica should be weakly acidic owing to the pK, value of 9.8 for
orthosilicic acid*. A suspension of silica in neutral de-salted water should give a pH
value of about 5 (ref. 3). Surprisingly, the pH values of the silicas measured ina 19,
(w/w) suspension in neutral doubly distilled water deviated greatly from this value. In
Table 11 some of the commercially available silicas are listed in order of increasing pH
value. Irregular silicas seem to have the expected pH values between 6 and 7. whereas
the specially prepared spherical silicas for HPLC are either acidic or basic.

It should be added that the pH values depend on the concentration of neutral
salts in the suspension. Generally, addition of a neutral salt leads to a decrease in the
pH of the suspension, owing to an exchange of hydrogen ions of the silanols against
the cations of the added salt forced by the law of mass action. On adding sodium
chloride to obtain a 20 9, (w/w) solution, the pH of the LiChrosorb Si 100 suspension
decreased from 7.0 to 4.5 and that of Spherisorb from 9.4 to 6.0, whereas that of
Zorbax decreased only from 3.9 to 3.3.
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PH and chromatographic retention

These pH values, of course, cannot be related to the pH of the silica used in a
chromatographic column with a non-polar eluent. However, it can be demonstrated
that the pH value measured in aqueous suspension can be correlated with the reten-
tion behaviour of polar and non-polar solutes. Fig. 5 shows the separation of anil-
ines and m-nitroanilines on a “basic™ (Hypersil) (Fig. 5a) and on a “neutral™ (Porasil)
(Fig. 5b) silica. With the “neutral” silica the strongest base, N,N-dimethylaniline, is
eluted last, whereas on the “basic™™ Hypersil it is eluted as the first of the anilines. The

(a) 2
Hypersil b
pH 90 6

5
7
P |
' ] ; ' N e
T 0 T T T 3- T _»
0 1 2 3 A 5 6 t [min)
(b)
Porasil
pH 7.2

o

0 1 2 3 4 5 6 1 B timinl

Fig. 5. Separation of basic compounds on “basic™ and “neutral™ silica. Chromatographic conditions as in
Fig. 1. Stationary phases: (a) Hypersil and (b) Porasil. Solutes: | = benzene; 2 = o-nitroaniline; 3 = N,N-
dimethylaniline; 4 = N-methylaniline; 5 = p-nitroaniline; 6 = m-nitroaniline; 7 = aniline.
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efficiency and the symmetry of the peaks also increase with increasing pH of the silica
surface. The relative retentions of the nitroanilines also change as a function of the
“neutral’” or ““basic” silica surface. From “acidic™ silicas (pH < 6.5) the anilines
cannot be eluted as measurable peaks within a reasonable time.

The influence of the pH of the silicas on the separation of acidic compounds is
demonstrated in Fig. 6. Phenol is eluted as a very symmetrical peak from the ““acidic”
Zorbax column (Fig. 6b), whereas it is eluted with severe tailing from the ““basic™
Spherisorb column (Fig. 64). The absolute and relative retentions of the neutral
phenyl alcohols are also influenced by the pH of the silicas.

It seems that the selectivity for the separation of aromatic hydrocarbons with
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Fig. 6. Separation of neutral and acidic compounds on “basic™ and “acidic™ silica. Chromatographic
conditions as in Fig. 1. Stationary phases: (a) Spherisorb and (b) Zorbax. Solutes: | = benzene; 2 =
benzaldehyde:; 3 = phenol; 4 = benzyl alcohol; 5 = 2-phenylethanol; 6 = 3-phenylpropanol-1.- -,
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n-heptane as eluent is also affected by the surface pH. This may explain the increase in
the selectivity when changing from a large surface area silica (LiChrospher Si 100) to
one with a smaller surface area (LiChrospher Si 4000)'°.

Acid- and base-treated silicas

To confirm these experimental results the pHs of different silicas were adjusted
to high values by titration with 0.1 ¥ sodium hydroxide in an aqueous suspension
containing 209, (w/w) sodium chloride??. To obtain acidic surfaces, 10 g of silica
were treated three or four times with 200 ml of 1 & hydrochloric acid. These materials
were washed with distilled water until the pH of the washings was neutral. After
drying they were packed as usual and their chromatographic properties determined.
The basic treatment leads to a smaller specific surface area and to a larger average
pore diameter if a pH of 8.5 is exceeded. By this treatment the surface area of
LiChrosorb Si 100 decreased from 320 to 240 m?/g and its pore diameter increased
from 11 to 13 nm if treated at a pH of ca. 9.

The alteration of the chromatographic selectivity for the separation of nitrogen
compounds is demonstrated in Fig. 7 for basic-treated silicas. The higher the pH of
the initially neutral silica was increased, the smaller the A" values of the anilines
became and the more symmetrical their elution curves. It should be noted that the
elution order approaches that on the Hypersil column (Fig. 5a) if the pH of the
treated silica exceeds 9.

The initially basic Spherisorb was adjusted to a pH of 6.5. The separation of
phenols and phenyl alcohols with this material is shown in Fig. 8. By comparing the
elution profile of phenol here with that on the starting material (Fig. 6a), the improve-
ment obtained is remarkable. As mentioned before, the selectivity for the separation
of the phenyl alcohols is also improved. After the acid treatment of this initially basic
malterial the anilines can no longer be eluted.

Similar changes in the selectivity of silica on treating silicas with acidic or basic
builer solutions were described by Schwarzenbach?*2%. It would not be surprising if
the selectivity achieved with such systems were to be difterent from those obtained
with titrated silicas. By coating silicas with buffers the surface is also covered with the
anionic counter ions, which also may contribute to stationary phase selectivity. Of
course, adding acids or bases to the eluent can also help in adjusting the selectivity.

Characterization of packed columns

From the above it is evident that one should know which kind of silica has been
used in preparing a column, if acidic or basic solutes have to be separated. When
anilines and other basic nitrogen compounds cannot be eluted from a column, it
follows that it was packed with acidic silica. It phenol is eluted with more tailing than
for neutral compounds, the surface of the silica may be neutral or basic. In this case,
acid washing of the packed column may improve the elution profile of phenol and
other acidic compounds. An analogous basic treatment of a packed column, however,
is impossible and in this case one should use another type of silica.

The relative retentions of p- and o-nitroaniline are hardly affected by the pH of
the stationary phase, and in our work were between 2.0 and 2.2, whereas the « values
for m- and p- and also for - and ¢-nitroaniline show a more pronounced dependence
on the pH of the silicas. It seems possible to use these selectivities for surface charac-
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Fig. 7. Separation of basic solutes on basic-treated silica. Conditions and solutes as in Fig. 5. Stationary
phases: LiChrosorb Si 100, (a) untreated. (b) pH adjusted to 8.2, (¢) pH adjusted 10 9.9.
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ﬁ

Fig. 8. Separation of neutral and acidic compounds on an acid-treated “basic™ silica. Conditions and
solutes as in Fig. 6. Stationary phase: Spherisorb, pH adjusted 1o 6.5.

terization; however, this needs further investigation with more and different silica
samples.

CONCLUSION

The different commercially available silicas differ in their physical properties
such as specific surface area, specific pore volume and average pore diameter, and the
columns contain different amounts of stationary and mobile phase per unit column
volume. If the retention parameters are normalized for this, distinct selectivities of the
different silicas are still noticeable. Not only silicas with the expected neutral surface
reaction but also acidic and basic silicas are commercially available, but this informa-
tion is usually not stated on the labels as has been the custom for alumina prepa-
rations?-2°,

For the separation of necutral substances the efficiencies and selectivities ob-
tainable with these different silicas may be optimal, reproducible and sufficient. How-
ever, If polar samples have to be separated the surface characteristics may influence
peak retention, peak shape and efficiency. Hence acidic silicas™ may prove to be
more efficient with neutral and acidic solutes than with basic, nitrogen-containing
samples. The opposite, of course, may be true for “"basic silicas™ and the separation of
basic or neutral samples. The classical and usually neutral silicas are in between these
extremes. Owing to slight changes in their apparent pH around 7, these silicas may
prove better for acidic or for basic solutes. Because of these problems there is no ideal
silica for the separation of both acidic and basic samples. It is difficult to determine
these characteristics with pre-packed columns. Therefore, it is recommended that the
manufacturers should state at least the pH of their silicas.

It seems evident that these properties of the silicas also influence the properties
of bonded phases prepared from them. In these cases, where aqueous eluents have to
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be used, the acidity or basicity of the starting carrier material is also a contributory
determinant.
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ESTIMATION OF AQUEOUS SOLUBILITIES OF ORGANIC NON-ELEC-
TROLYTES USING LIQUID CHROMATOGRAPHIC RETENTION DATA

T. L. HAFKENSCHEID and E. TOMLINSON*
Subfaculty of Pharmacy. University of Amsterdam, Plantage Muidergracht 24, 1018 TV Amsterdam ( The
Netherlands

SUMMARY

The use of reversed-phase liquid chromatographic retention parameters in a
modified Hildebrand—Scott equation to describe the aqueous solubilities of non-elec-
trolyte liquids and solids has been studied. The results indicate that, for 32 model
solutes of various characters, a semiempirical relationship between aqueous sol-
ubility, a theoretical capacity factor obtained by extrapolation of retention data in
simple binary systems to a pure aqueous eluent and a function of solute melting
points and entropies of fusion can be used to give good estimates of aqueous solubil-
ities. Relationships are given between extrapolated capacity factors and liquid-liquid
distribution coefhicients or smoothed surface areas. It is suggested that the assump-
tions and intricacies often needed to calculate the last two parameters make the
chromatographic parameter an appropriate candidate for describing solute non-
ideality and for use in the modified Hildebrand-Scott equation.

INTRODUCTION

Aqueous solubility has long been recognised as a key factor in pharmaceutics
and chemistry. The phenomenology of drug delivery, transport and distribution, the
prediction of chemical environmental effects and development of analytical methods,
etc., are dependent inter aliu upon knowledge of aqueous solubilities. Aqueous solu-
bilities are also of thermodynamic interest since they give information on the nature
of non-ideal solutions.

The assessment of solubility can be extremely difficult, particularly for poorly
soluble compounds. This may be due to very low equilibration rates, compound
instability, the effect of impurities on solubility and (during a drug development
programme) lack of sufficient compound or of a specific analytical technique. Dis-
crepancies in reported solubilities are striking, for example Tulp and Hutzinger! have
found that the aqueous solubility of DDT is between 0.2 and 1000 ppb (10%). Thus
there is a need to be able to make either a priori predictions of solubilities in simple
and mixed systems or to form reliable estimates using readily obtainable parameters.
A number of approaches?” to this problem have been made. with frequent use being
made of semiempirical relationships between solubility and physicochemical proper-
ties.

0021-9673/81;0000-0000/$02.50  « 1981 Elsevier Scientific Publishing Company



410 T. L. HAFKENSCHEID, E. TOMLINSON

Yalkowsk y—Valvani equation

For a solid, taking as a good approximation that the latent heat of fusion, 4H,,
is independent of temperature, and that the difference in heat capacities of the crystal-
line and molten forms of the solid is small, it can be shown®*® that the temperature
variation of the mole fraction ideal solubility of a pure solid (A ), X .+ 1s described by

CAH (1
In X3, = Rf'<vT“_T> M

m

where T,, and T are the melting point and temperature at which pure solid is in
equilibrium with the solution of mole fraction X. For a liquid solute (A,) the Gibbs
free energy excess function, Gil, is

Gi, = RTIny, = (G, — G}) 2
where 7y is the activity coefficient. Thus, it follows that

log X, = log X}, — log 7, (3)
and, using a mole fraction scale:

log X, = —logy,, (4)

Since the entropy of fusion, AS,, at T,, is given by 4H,/T,,, eqns. 1 and 4 can be
combined to give:

AS; (T, ~ T
log X = ﬁ; <#> — log 7, (5)

Eqn. 5 is similar to that derived by Yalkowsky and Valvani'®!! using a pheno-

menological approach without invoking excess functions; from this relationship it is
apparent that the estimation of aqueous solubilities of a solid requires knowledge of a
term reflecting solid-solid interactions, and one describing solute-solvent and solute-
solute interactions. Yalkowsky and Valvani'® have suggested that, as A4S, is often
constant, the first term be described by some function of 7,; and that, since most
compounds of pharmaceutical (sic) interest have solubility parameters which do not
differ greatly from that of octan-1-ol, then the second term in eqn. 5 can be approx-
imated by the water-octan-1-ol liquid-liquid distribution coefficient!?, K, (by im-
plying that the solute activity coefficients in this oil are unity). This gives

log X, = — Klog Ky — K'T,, — K~ (6)

which may be regarded as the Yalkowsky-Valvani equation'®. Although this ap-
proach has been used by others!'?, problems arise with the use of this K, scale; in
practice, it is extremely difficult to determine log K; values greater than 4, solutes need
to be pure and stable and there is a high solute consumption. If one resorts to
calculation of K, via a group or fragmental constant approach'*, problems arise with
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complicated structures'® and neighbourhood effects; also the data banks available
are unable to predict K, in mixed solvents (as would be the intention for estimating
solute solubilities in the presence of a cosolvent).

The high precision afforded by modern liquid chromatography has prompted
the use of this technique for estimating various physicochemical properties of small
organic molecules. These include distribution coefficients!*'7*  jonization con-
stants'®!°, complex formation constants?®, diffusion coefficients?! and critical mi-
celle concentrations®?. It has been demonstrated!” that the use of reversed-phase high-
performance liquid chromatographic (HPLC) retention parameters is suitable for
indicating solute chemical potentials in polar solvents, and it appeared useful there-
fore to attempt to use the Yalkowsky—Valvani model to extend the applicability of
HPLC to estimations of aqueous solubilities. Our findings are now described.

EXPERIMENTAL

Materials

Model solutes used were (Table 1) benzene and mono- and 1.4-disubstituted
benzenes (functional groups CH,, Cl, NO,, OH, NH, and COOH), naphthalene,
azulene, anthracene, phenanthrene and isopropyl derivatives (with the above func-
tional groups). These were of synthetic or analytical grade and were obtained from E.
Merck (Darmstadt, G.F.R.), Fluka (Buchs, Switzerland), BDH (Poole, Great
Britain), ICN Pharmaceuticals (Plainview, NY, U.S.A.) and Aldrich (Milwaukee,
WI, U.S.A.). The stationary phase was Hypersil ODS (5 um) (Shandon, Astmoor,
Great Britain). Mobile phases were made up by volume using methanol (analytical
grade; J. T. Baker, Phillipsburgh, NJ, U.S.A.) and either (i) water, once distilled from
an all-glass still, (i1) 10 mM aqueous phosphate buffer (pH 2.15; ionic strength 0.01
M) or (iii) 2.5 mM aqueous hexadecyltrimethylammonium bromide solution (to give
a final eluent concentration not exceeding 0.75 mM). Hexadecyltrimethylammonium
bromide (HTAB) was of analytical grade (E. Merck).

Instruments and columns

Chromatographic equipment consisted of an Altex 110A single piston pump
(Altex, Berkeley, CA, U.S.A.) with additional dampening, a Model 7125 injection
valve (Rheodyne, Berkeley, CA, U.S.A.) and Waters 440 UV absorbance and R401
refractive index detectors (Waterx Assoc., Milford, MA, U.S.A.) arranged in tandem.
Peak recording was achieved with a Kipp BD 41 flat-bed potentiometric recorder
(Kipp & Zn.. Delft, The Netherlands). The eluent reservoir and the column were kept
at 20.00 + 0.01"C by immersion in a Hetotherm 02PT 623 thermostat water-bath
(Heto, Birkerod, Denmark). The eluent reached the injection valve via a 1-ml coil
immersed in the water-bath.

Procedures

Columns (100 x 3 mm and 50 x 4.6 mm) were of stainless steel (316), and
were packed using a slurry of stationary phase (39, w/v) in carbon tetrachloride—
methanol (95:5, v/v), with methanol as packing liquid. Solutes were dissolved in the

* To dale, 33 studies have been reported; these references will enable such studies to be identified.
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eluent and retention times measured using a Model 310 microsplit stop watch (Heuer,
Bienne, Switzerland), with corrections being made for dead volumes of connections.
The capacity factor, k, was calculated from (s-1,' — 1), where ¢ and ¢, are the
corrected solute retention time and the retention time of eluent slightly enriched with
water. All & values were calculated from the mean of at least four ¢ values, and had
coefficients of variance of less that 0.59;.

Where necessary, aqueous solubility determinations were carried out by shak-
ing/ultrasonicating (at 20°C) a supersaturated solution until equilibration, followed
by ultracentrifugation, filtrgtion and sampling.

Multiple linear regressions were carried out using a standard computer pro-
gram.

RESULTS AND DISCUSSION

Using a fixed column and eluent at a given flow and temperature, the retention
of a solute in the case of pure solvophobic chromatography is dependent upon the
solvation of the solute??, i.e.

(7)

<AGC + AG;)
Kk = constant +

 23RT

where « is the logarithmic form of 4; the free energy of solvation is given by the excess
free energy, G", and is the sum of the free energies required to create a cavity in the
eluent for the solute, AG, and that gained due to interactive forces upon placing the
solute in the eluent, AG;. The excess free energy arising trom placing a solute in the
eluent is thus a measure of the deviation from ideal behaviour, such that G¥ = 0 if the
solute is “equivalent™ to the eluent. Since?*

G\ = RTIn Ta, (&)

where subscript e refers to eluent, and for which it is assumed?? that stationary phase
activity is constant, then the use of water as the eluent, combined with the knowledge
that®®

Iny, = (4/RT) x3 9)

where A is a constant for a given system (accounting for solute-solute, solute-solvent
and solvent—solvent interactions) and ., is the mole fraction of water in a saturated
solution, results in an approximately constant value of In y, if x,, approaches unity.
Thus. at low solubility (x, = 1), this gives (after combination of eqns. 7, 8 and 9). ',
in a purely aqueous cluent, w, . as a measure of log y,, in a saturated solution, viz.:

log v, = K, — constant (10)

saturated

For poorly soluble solutes the use of water as eluent in a reversed-phase LC
system is made untenable by excessive retention and insufficient detector sensitivity.
However, we can approach a value for the capacity ratio in water using extrapolation
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techniques. One such method is to relate & to the organic modifier volume fraction, ¢,
in the eluent, as has been formalized by?*®

K =K, + Bop (1)

where x, refers to the logarithmic form of the solute capacity factor in pure water.

In this study we have examined the retention of 32 aliphatic and aromatic
organic solutes in a reversed-phase mode (see Experimental) using three different
cluents, i.e., water-methanol, aqueous buffer (pH 2.15)-methanol and aqueous hexa-
decylammonium bromide-methanol, using a volume fraction of organic modifier of
0.3-0.90. The data obtained have been analysed using linear regression analysis, and
the results are given in Table 1 for all eluents examined. It can be seen that eqn. 11 well
describes retention of the studied volume fraction range, with correlation coefficients
being in only one case less than 0.999. For some solutes, deviations from linearity
occurred at high volume fractions; here, the resulting low retentions can lead to large
inaccuracies in determining k. Moreover, the buffering capacity of the eluent for some
carboxylic acids may be too low in this study (methanol increases eluent pH at ¢ >
0.75, ref. 27). In these cases regression analysis was restricted to the linear portion of
the « versus ¢ plot.

For ionizable solutes. buffered eluents were used to obtain k,, values, with the
addition of buffer to the eluent being tested for other non-ionizable reference solutes
(Table I). Thus, for eight reference solutes, the presence of buffer had none or neglig-
ible effect on either B or x, which justifies (i) the use of buffering to obtain «, for
non-ionized solutes and (ii) the inclusion of data from a buffered and a non-buffered
system in the same data set.

Recently it has been suggested?® that silanol groups at the surface of reversed
stationary phases may be responsible for departure from the retention behaviour
expected on the basis of solvophobic theory??. Being cognisant of this, we have added
a silanol-masking compound (hexadecyltrimethylammonium bromide) to the eluents
for three solutes expected to be silanophilic?®, and the results obtained are also given
in Table I. Apart from expected ion-pair effects where appropriate, HTAB affected
the retention of the reference compounds only very slightly at volume fractions of
organic modifier less than 0.6. Apart from the solutes given in Table I, retention was
studied for 4-aminophenol, 1,4-diaminobenzene, 2-aminopropane and trimethyl-
amine. These solutes either did not have proper solvophobic retention (exclusion
phenomena, irregular peak shape) or decomposed before or during chromatography.

Using Hypersil ODS and aqueous methanol eluents for the compounds
studied, the value of B from the r versus ¢ relationships (eqn. 11) ranges from — 1.4 to
—35.2. and has an approximate rank order with the intercept (w,) values. This is
shown in Fig. I, which may be described by

Ky = —L18B —1.54 (n=32r=0930) (12)

where 1 and r are the number of solutes and the correlation coeflicient respectively.
The variation in B is contrary to the comment of Snyder ¢z «/.>° that B is constant for
any one stationary phase-eluent system, but is consistent with other findings, ¢.g.,
refs. 17, 30, 31, that eluent changes alter hydrophobic and polar groups selectivity, and
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Fig. 1. Relationship between extrapolated log capacity factor, w,., and B derived using egn. 11 for 32 non-
electrolytes in a reversed-phase HPLC system. Eluents: @. water methanol; O, bufler methanol; (1.
aqueous HTAB solution methanol. The straight line is the regression line according to eqn. 12. a = p-
Hydroxyphenol; b = p-hydroxybenzoic acid; ¢ = p-aminobenzoic acid.

thus appears to reflect not only solvent strength?® but also specific interactions be-
tween solutes, stationary phase and eluent!®. Finally, from Table I, it can be seen
that, since the relationships given by eqn. 11 are lincar over a fairly wide range of
volume fractions of organic modificr, there is no need to introduce a parabolic func-
tion, i.c., ¢?. as has been suggested*?.

Estimation of aqueous solubilities of liquids

Table Il gives the physicochemical data used in this study which comprises
entropies of fusion (calculated from enthalpies of fusion****), melting points®*3*,
measured water-octan-1-ol distribution coeflicients'*** and aqueous solubilities (this
study and ref. 36). The validity of introducing a liquid chromatographic retention
term in the Hildebrand: Scott equation (eqn. 5) can be tested first by regressing
solubility data from Table II for solutes that are liquids at 20°C with r,, values
obtained using eqn. 11, since the term AS,/R [T,, — T/T] does not play a role. This
results in;

—log X, = 0.54 + 134k, (n = 11,7 = 0.959) (13)

For the eleven liquids studied, both propan-2-ol and isobutyric acid are too
soluble in water to obey the assumption that In 7, (eqn. 9) is constant, since x,
deviates significantly from unity. (For isobutyric acid this deviation is 3.9°; and for
propan-2-ol 100 %,.) Regression of the data without these two compounds gives (Fig.
2):

~log X, = 1.37 + 1.0l k, (n = 9. r = 0.993) (14)

The excellent correlation coefficient obtained and the fact that the coefficient of «
approximates to unity is in accord with theory (eqn. 10). and appears to validate the
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TABLE II
PHYSICOCHEMICAL PROPERTIES OF MODEL SOLUTES

A4S, = Entropy of fusion®>**; T,

m

= melting point®*3*; X, =

ubility'9-*°: SSA = smoothed surface area*®; K, = observed water- octan-1-ol distribution coefficien

Compound 45, T,

m

| —log X, K.*
(J/K-mol) ¢ C)

w

R'-C.H, - R
R! R?
H H ook Fekk 3.36 2.05
CH, ok *kk 4,00 2.59
Cl bl *kk 4.10 2.71
NO, ok k ok 3.51 1.91
OH 35.9 40.9 1.77 1.35
NH, *okk *kk 2.17 0.86
COOH 43.8 122.4 329 1.92
CH, CH, faleted *kk 4.54 319
Cl Fokk falail 4.82% 3.32
NO, 50.2 54.5 4.13 2.48
OH 40.2 34.8 244 1.91
NH, 56.5 43.7 2.79 1.05
COOH 51.9 182 4.29 248
Cl Cl 56.1 53.1 5.00 3.35
NO, 49.0 85.6 4.59°% 2.44
OH 46.4 43.5 2,73 2.23
NH, 57.7 72.5 3.41° 1.80
COOH 62.8 243 5.26 2.70
NO, NO, 62.8 174 4.12 1.73
OH 54.4 115 3.33 1.75
NH, 50.2 149 4.12 1.31
COOH 72.0 242 4.80 1.99
OH OH 61.1 174 1.91 0.29
COOCH 1.1 215 2.98 1.20
NH, COOH 45.6 189 2.96 0.55
Naphthalene 53.1 80.2 5.37 3.32
Phenanthrene 49.0 96.3 6.73 4.42
Anthracene 60.2 216.5 8.04 4,58
CH,-CH(RYCH,
R*=  OH *ork xax Q) 0.18
NO, *kk foladd 2.36° 0.89
Cl *dok *kk 3.18 1.93
COOH Hhk *kx 1.41 0.95

* Mean values from Table 1.
** Using hydrophobic fragment constants'™.
**% Liquid at room temperature.
¥ Determined in this study.
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Fig. 2. Estimation of aqueous solubilities of liquids (at 20°C) from mean extrapclated log capacity factors,
K. using the general form of eqn. 13. The straight line is the regression line according to eqn. 14. Isobutyric
acid (a) and propan-2-ol (b) are outliers since they do not obey the assumption given by eqn. 9.

substitution of log v, in eqn. 5 by (x,, — constant). (Eqn. 14 implies that the product
of k,, and log X, is constant for liquids, and so any structural modification that
increases x,, without altering the liquid state will result in an equivalent decrease in
aqueous solubility.)

Estimation of aqueous solubilities of solids

Using the physicochemical constants given in Table 11 and the extrapolated «,
values, the complete data set available for solids (n = 21) and for solids and liquids (n
= 32) has been fitted by multiple linear regression to functions of x, and AS(7,, —
20), and (eqn. 6) x,, and (T, — 20). These analyses gave

—log X, = 1.28 k, + 0.0073 (T, — 20) + 0.42 (15)
(n = 21, R = 0.924, F = 55.4)
—log X, = 1.27 x, + 0.0070 (T,, — 20) + 0.60 (16)
(n = 32, R = 0.956, F = 159.3)
—log X, = 124k, + 1.23 x 107* AS(T, — 20) + 0.55 (17)
(n =21, R = 0.924, F = 55.4)
—log X, = 1.26 k, + 1.15 x 107* AS(T,, — 20) + 0.65 (18)

(n = 32, R = 0955, F = 155.5)

where R and F are the multiple correlation coefficient and the variance ratio. These
results show that the aqueous solubilities for both liquids and solids can be estimated
by use of the same semiempirical relationship, and that for this data set, the results are
not improved by introduction of the AS; term. This is in accord with previous sugges-
tions'® that the variation in 4S; can be neglected. Yalkowsky and Valvanil® have
shown that the ideal aqueous solubility of various classes of molecules can be calcu-
lated using the approximation
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TABLE 111

ESTIMATED AQUEOUS SOLUBILITIES USING HPLC RETENTION DATA TO DESCRIBE
NON-IDEALITY

Compound Estimated aqueous solubility ( —log X,,)
According to eqn. 16 According to eqn. 18
R'-C.H, R?
R! R*
H H 3.20 3.24
CH;, 3.88 3.92
Cl 4.04 4.07
NO, 3.02 3.06
OH 2.46 2.44
NH, 1.69 1.74
COOH 3.74 3.59
CH, CH, 4.64 4.67
Cl 4.81 4.84
NO, 3.91 3.98
OH 3.12 3.13
NH, 2.12 2.13
COOH 4.87 4.74
Cl Cl 5.08 5.09
NO, 4.14 4.08
OH 3.59 3.59
NH, 3.25 3.27
COOH 5.58 5.66
NO, NO, 3.87 394
OH 3.48 345
NH, 3.16 3.08
COOH 4.67 5.00
OH OH 2.04 2.10
COOH 3.48 3.31
NH, COOH 2.47 2.23
Naphthalene 5.23 5.20
Phenanthrene 6.74 6.65
Anthracene 7.78 7.78

CH,-CH(RY)CH,

RS = OH 0.83 0.88
NO, 1.73 1.77
Cl 3.05 3.08
COOH 1.80 1.85
—log X\ = 0.01 (T,, — 25) (19)

for rigid non-spherical molecules, and

—log X\ = [0.01 + 0.0018 (n — S (T, — 25) (20)
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Fig. 3. Relationship between observed mole fraction aqueous solubilities for liquids (open points) and
solids and solubilities estimated using the coeflicients of eqn. 16.

Fig. 4. Relationship between observed mole fraction aqueous solubilities for liquids (open points) and
solids and solubilities estimated using the cocfhicients of eqn. 18.

for partially flexible molecules, where i is the number of carbon and/or heteroatoms
in a solute stdechain, and where measurements are at 20 C.

The good correlation found in this study using the approximations has prompt-
ed us to analyse the available data set with respect to structural groupings. Accord-
ingly. egns. 21-28 give the multiple linear regression analyses for four groupings
according to the general forms of eqns. 16 and 18.

51—
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Fig. 5. Relationship between log extrapolated capacity factors, w,. according to egn. 11 (Table IT) and
observed water-octan-1-ol distribution coefficients (Table I1). The straight line is the regression line for all
solutes according to eqn. 30. Key as in Fig. 3.

Fig. 6. Correlation between solute smoothed surfice area, SSA*®, and «. The straight linc is the regression
line according to eqn. 33. Kcey as in Fig. 3.
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(i) Compounds with CH;, Cl and NO, groups:

—log X,, = 1.10 k,, + 0.0085 (7, — 20) + 1.18 1)
(n = 15. R = 0.989, F = 290.6)
—log X, = 113k, + 1.37 x 1074 48, (T,, — 20) + 1.14 (22)
(n = 15. R = 0.986, F = 227.3)

(11) Compounds with OH groups:

~log X, = 1.22 x, + 0.0093 (7,,
(1 = 7. R = 0.956, F = 26.5)
—log X, = 1.29k, + L.71 x 10°% 48, (T,, — 20) — 0.14 (24)
(n=7.R = 0.968, F = 37.2)

— 20) — 0.07 (23)

(111) Compounds with CO,H groups:

—log X, = 1.28 k, + 0.0097 (T,, — 20) — 0.03 (25)
(1 = 5. R = 0926, F = 9.02)
—log X, = 119k, + 1.21 x 107* A4S, (T,, — 20) + 0.37 (26)

(=25 R =098, F=0614)

(iv) Compounds with NH, groups:

~log X, = 0.53 x,, + 0.0127 (T,, — 20) + 1.80 (27)
(n = 4, R = 0.988, F = 40.9)
—log X, = 0.40 x, + 2.63 x 107* A8, (T,, — 20) + 1.91 (28)

(n =4, R = 0991, F = 5438)

From the variance ratios for these equations it is seen that the use of the
melting point approximation is not always appropriate for closely related groups of
compounds, and we conclude that further work is required to determine the validity
of the approximation.

Table 111 gives the estimated aqueous solubilities found using eqns. 16 and 18,
and Figs. 3 and 4 are plots of observed (Table 1) and estimated aqueous solubilities
(of liquids and solids) found using these relationships. It can be seen that use of the
(T,, — 20) or the AS(T,, — 20) term combined with x,, gives estimates of aqueous
solubilities ranging from reasonable to excellent, with better correlation being ob-
tained for the more insoluble compounds. The study of compounds with even lower
solubilities than those examined here should enable better estimates of the coefficients
of eqn. 18, so that the equation can be used predictively.

Since, for the compounds studied, an excellent relationship (Fig. 5 and eqns. 9
and 30) is found between extrapolated «, values and experimentally measured water—
octan-1-ol distribution coetficients, K, (Table II)

log Ky = —0.09 + 1.05w,, (1 = 11.r = 0.997) (29)
log K, —0.06 + 1.02 k,, (n = 32, r = 0.991) (30)
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where n = 11 refers to liquids only, it should follow that the use of K, in estimating
solubilities should give results comparable to those obtained with k. Eqns. 31 and 32
show this to be the case:

~log X, = 1.29 log K, + 0.0071 (T,, — 20) + 0.50 31)
(n = 32, R = 0.95], F = 141.9)
—log X, = 1.291log K, + 1.19 x 107* AS(T,, — 20) + 0.55 (32)
(n = 32, R = 0.952, F = 145.1)

As discussed above (Introduction), liquid-liquid distribution coefficients are
notoriously difficult to determine over a wide range, and use is often made of estima-
tion procedures. Using a hydrophobic fragment approach and standard compu-
tational procedures'®, we have calculated K, for some of the solutes studied here
(Table 1), and then used these values in multiple regression analysis of the data
according to the general form of eqn. 18. For all compounds we obtain a R value of
0.930, F = 96.0, which compares with a value of 0.955, F = 155.5, by using x, values.
Similarly, Yalkowsky and Morozowich (Table 14, ref. 36) found that use of calcu-
lated K, values for complicated drug structures gives poor agreement (n = 7, r =
0.825) between observed solubilities and those estimated according to eqn. 6. Here
lies the advantage in using liquid chromatography, since the experimentally accessible
K, scale is far greater than that'” for K and the ease and precision of determination
obviates the need for calculations of K, using approximation procedures. (It can be
shown that, using reversed-phase LC to obtain x,, values, aqueous solubilities on a
log mole fraction scale of —1 to —11 can readily be accessed.)

Several relationships have been established between K, , aqueous sol-
ubility®*°™*2and some geometrical properties of molecules such as cavity surface
area and relative surface area. From eqns. 18, 29 and 30, similar relationships should
be expected between «,, and such properties. Using the smoothed surface area (SSA)
(Table 1I) recently calculated by Bultsma®®, which accounts only for exposed sur-
faces, we find (Fig. 6):

37-39

K, = 0.031 SSA — 0.79 (n = 9, = 0.999) (33)

The excellent fit of the data by this relationship is in accord with the use of solvo-
phobic theory?® for describing solute retention in reversed-phase liquid chromato-
graphic systems®°, and further justifies our previous use of eqns. 7 and 8. As for
calculation of K,'*, SSA computations appear to be somewhat complicated for drug
structures.

CONCLUSIONS

Locke*? has described as “adequate™ a relationship between relative retention
data and the aqueous solubilities of nine aromatic fused ring molecules. In the present
study the correlation between «,, and log X, is very poor (n = 32, r = 0.452); the
variance between observed and estimated values of log X, is only reduced to cu. 99
when the 4S(T,, — 20) or (T,, — 20) approximations are added.

This study has used theoretical and experimental findings to show that the use
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TABLE 1V
GROUP CONTRIBUTION TERMS, ¥ ACCORDING TO EQN. 34

R X

CH, Ci NO, OH NH, COOH
H 0.54 0.66 —-0.14 -0.70 —-1.19 —0.13
CH, 0.60 0.73 —0.11 —0.68 —1.54 -0.11
Cl 0.61 0.64 -0.27 —0.48 —0.91 —0.01
NO, 0.57 0.53 —-0.18 —0.16 —-0.60 —0.08
OH 0.56 0.88 0.40 —1.06 —-0.15
NH, 0.19 0.94 0.45 —0.31
COOH 0.56 0.78 —0.07 —0.72 —1.37
Mean 1, 0.52 0.74 0.03 —0.63 —1.12 -0.11
Standard

deviation 0.14 0.14 0.29 0.29 0.37 0.13

of reversed-phase retention data in the Hildebrand-Scott equation is justified both
for solids and liquid non-electrolytes, although, as recognised by others*®, effects such
as polymorphism and solid—-solid phase interactions can perturb the approach.

Although we have measured k, for the non-benzenoid azulene, its aqueous
solubility is unknown. Since its k,, and T, values are 3.17 and 100°C, using the
coefficients of eqn. 16 we predict log X, to be —5.19. It will be interesting to learn of
the observed value at some future time.

The mono and 1,4-disubstituted benzenes studied (Table 1) provide us with a
data set from which estimation of functional group contributions to x,, can be made,
with five, six or seven independent estimates being possible (Table 1V). Defining an
extrapolated group contribution term, t,, as'’

™=k, — K, (34)

where j and i are solutes having substituents X and R and only R, respectively, it is
found that

= 0937 4+ 0.07 (n = 6, r = 0.986) (35)

where 7 is a hydrophobic group constant!* obtained from water—octan-1-ol distri-
bution coefficients (Table 11). Tentatively, it is suggested that the use of 7, values can
be used to estimate liquid-liquid distribution (eqn. 30), aqueous solubilities (eqn. 18)
and, in conjunction with equations of the form 12, solute retention using binary
eluents.

The success of this use of liquid chromatographic retention data to help es-
timate aqueous solubilities has encouraged us to develop further this approach, and
we are currently examining environmental effects (i.e., temperature and tonic
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strength) and the effects of co-solvents and co-solutes on the viability of the approach
to predict the solubility of drug molecules.

A preliminary report of this work has been made**.
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SUMMARY

This contribution describes a number of linear enthalpy/entropy compensa-
tions found with various ion-pair reversed-phase high-performance hquid-solid
chromatographic (RP-HPLSC) arrangements. Similar plots for these systems and for
those described by non-ion-pair arrangements can be described, and analysis of these
compensations in functional group terms indicates that differences in compensation
plots are probably due to differences in phase ratios. Time and hydrophobic normali-
sation, and other extrathermodynamic approaches have been employed to study the
effect of organic modifier on phase selectivity in ion-pair systems. The observation of
a concomitant behavioural effect by temperature and eluent composition on retention
of solutes in such systems has been analysed according to previously described models
and 1t i1s demonstrated that for ion-pair RP-HPLC there exists a structurally de-
pendent non-compensated residue for the enthalpy of retention. It is suggested that
these residues are responsible for observed perturbations in a general enthalpy/en-
tropy compensation relationship for RP-HPLSC.

INTRODUCTION

Linear enthalpy/entropy compensation in liquid chromatographic systems has
been reported in a number of recent studies'™®. Some findings?:>:7® suggest that in
reversed-phase high-performance liquid chromatography (RP-HPLC) a single com-
pensation relationship can be used to describe retention of various solutes with a
variety of eluents and stationary phases. Theory?®!® suggests that a similar mecha-
nism of retention (i.e., solvophobic chromatography®) can be operating in these sys-
tems. Previously® we have demonstrated that linear enthalpy/entropy compensation
can occur in ion-pair RP-HPLC using surfactants as pairing ions, although it has
been suggested!! that such regular behaviour will generally not be observed for ion-
pair systems. A subsequent finding that in our systems changes in temperature and/or

0021-9673/81/0000-0000/$02.50 ) 1981 Elsevier Scientific Publishing Company
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eluent type and composition have the same regular effect on retention, has led us to
analyse our results in terms of the extrathermodynamic approach developed recently
by Melander et al.* for considering those concomitant (sic) effects found in LC caused
by environmental factors. Further, by employing simple linear free-energy relation-
ships we describe in this present contribution the effect of such behaviour with respect
to solute structure.

EXPERIMENTAL

Mauterials

Benzoic acid, monosubstituted benzoic and phthalic acids (X = 2,3,4-Cl;
2,3.4-NH,; 2,3,4-NO,; 2.3,4-OH and 2,3,4-CH;), phenylacetic acid, cinnamic acid,
tyrosine and 3,4-dihydroxyphenylalanine were of at least reagent grade and were
obtained from BDH (Poole, Great Britain) and Fisons (Loughborough, Great
Britain), 12-dien-Zn(II) was prepared!? from zinc sulphate and dodecyldiethylene-
triamine (Kodak, Liverpool, Great Britain). Alkylbenzyldimethylammonium chlo-
rides (ABDAC) were as described previously®, and sodium dodecyl sulphate (SDDS)
was of “"biochemical’” grade (BDH). Water was double-distilled from an all glass still.
All other chemicals were of AnalaR grade (Fisons), except for methanol, acetonitrile,
propan-2-ol and tetrahydrofuran which were of HPLC grade (Rathburn, Peebles,
Great Britain).

Packing materials used were Spherisorb S5 ODS (Phase Separations, Queens-
ferry, Great Britain) and Hypersil SAS and ODS (Shandon Southern, Runcorn,
Great Britain).

Procedures

Using a custom built HPLC apparatus described previously®, temperature and
mobile phase effects were studied by immersion of the column in a thermostatically
controlled (+0.1"C) water-bath. Column packing and preparation, and measure-
ment procedures were as described before®. Capacity factors, k. are the means of at
least three separate determinations, and were calculated from [(1/7,) — 1], where ¢ was
solute retention time and 7, the retention time of water enriched mobile phase.

Simple and multiple linear regressions were carried out using standard com-
puter programs.

RESULTS AND DISCUSSION
Thermodynamics

The dependence of solute capacity factors, &, on temperature in a reversed-
phase LC system may be given by'

o AH 48 log
=T33 T23r T 23 (h

where « is the logarithmic form of the capacity factor and i is the phase ratio. Thus the
enthalpy change, AH, can be assessed from a plot of k versus T~ ', which will be linear
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il AH is constant. The entropy change, 45, can be determined only if y is known. Fig.
1 gives some representative Van 't Hoff plots obtained in the present study with
various solutes, pairing ions, eluents and stationary phases. In all cases regular'!
behaviour is found with an increase in temperature causing a decrease in both reten-
tion and selectivity over the studied temperature range. Table I gives the found
enthalpies of retention and results are seen to be consistent with a previous finding®
that generally with ion-pair systems higher values are found compared with those
measured in non-ion-pair LC.

)/ A
-
15— / 2 c
C

L

1

06

O3l | | B~
30 32 34 36

T ot
Fig. 1. Van "t Hoft plots for various solutes in a number of ion-pair HPLC arrangements. Key: A. B and C
are tyrosine, 4-toluic acid and benzoic acid, respectively; closed squares. open squares, closed circles and
open circles are respectively the phase systems 1 -4 given in Table 1.

Extrathermodynamics

(i) Linear enthalpy/entropy compensation

Physicochemical processes occurring in aqueous cnvironments are often
characterised by linear enthalpy/entropy compensation'®!3, Leffler and Grunwald!®
have argued that to identify a single unique mechanism for a series of solutes if AH
and AS are approximated as being constant then 34 H should be simply proportional
10 048 [where ¢ denotes a change caused in the thermodynamic parameter by either a
medium effect, or, as for the present study, by a change in solute(s) structure(s)].
Using recommended coordinates'*'* such compensation effects in reversed-phase LC
are well described” by

Ky = —(4H23R)- (/T — 1)) — AG,/2.3Rf} + log /2.3 (2)
where f§ is the enthalpy/entropy proportionality factor'®, and which has units of
absolute temperature. Such an extrathermodynamic relationship can be described®-®

in terms of functional group contributions by

tr = —[A(AH)2.3R]- (/T — 1/B) — A(AG,)j2.3Rp (3)
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where
T =K; — K; 4)

and 7 and j refer to solutes differing by a functional group. Fig. 2 shows enthalpy/en-
tropy plots according to eqn. 2 (4AH-A4G coordinates) for a number of ion-pair and
non-ion-pair RP-HPLC systems determined here and elsewhere®-®. The remarkable
feature of these plots is that apart from the 12-dien-Zn(Il) system all arrangements
show (according to theory'®!%!%), linear enthalpy/entropy compensation behaviour.
Similar slopes can be described for all these systems, although each plot is discrete
from the others. If these displacements are due to differences in phase volume ratio
then use of eqn. 3 to analyse the data in terms of group contributions should give
similar slope and intercept coefficients for all systems. Eqns. 5-9 (Table II) comprise
such an analysis, and indeed show both that slope coefficients are similar, and that in
all cases intercept values (t ordinate) approximate to zero. Although using 12-dien-
Zn(II) as pairing ion these coefficients approximate to these found (Table II) in other
RP systems, the very poor correlations coefficient suggest that here irregular'! non-
solvophobic behaviour 1s occurring.

2

Fig. 2. Relationships between log capacity factor, x, and enthalpies of retention, AH (kJ mol ™ '), in ion-pair
and non-ion-pair HPLC arrangements. Key: the dashed line is the regression line for a non-ion-pair
system® using alkylsilicas as stationary phases (Table 11), and data points are as for Fig. 1.

(ii) Linear free-energy relationships

Although Schoenmakers er al.'® have theorised that the capacity ratio of a
solute will vary quadratically with the volume fraction of organic modifier, ¢, in a
binary mixture eluent, it is often found that over a reasonably wide ¢ range that solute
retention can be described by a linear function!” of volume fraction; which can be
given by

K =K, + B¢ (10)

where subscript w indicates on capacity value extrapolated to 1009, aqueous eluent
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and B is the slope coefficient. The effects of increasing the concentrations of four
organic modifiers, /.e., methanol acetonitrile, propan-2-ol and tetrahydrofuran, on
the retention of 4 number of substituted benzoic acids in their ionized form as ion
pairs, using a constant low concentration of alkylbenzyldimethylammonium chloride
as pairing ion and Hypersil ODS as stationary phase are given by eqns. 11-68 (see
Table III), using eqn. 10 as the analytical function. For all relationships the corre-
lation between x and ¢ was significant at the « = 0.001 level, save with polar func-
tions studied with tetrahydrofuran as modifier. In only one case (eqn. 55, Table I1I),
could the introduction of a quadratic term'® improve the correlation significantly. In
all cases solute retention decreases (negative slope coefficients) with modifier. The
values of k., and B are dependent upon substituent character, with values of B reflect-
ing not only the effect of the organic modifier type on solute retention but also solute—-
solute and solute (ion-pair)-solvent interactions. Hence these coefficients may be
taken to be a measure of the average solvation number of the formed ion pair in the
solvent'®, with highest values of B being obtained with organic modifiers having the
greatest extracting ability for the solute ion pairs. Based on benzoic acid behaviour
these extracting abilities are given by: propan-2-ol (—10.9) > tetrahydrofuran
(—9.3) > acetonitrile (—7.9) > methanol (—4.7). Clearly such values could form the
basis of an elutropic series for solvents used in ion-pair reversed-phase high-perform-
ance liquid—solid chromatography (RP-HPLSC).

To examine the effect of solute structure on the coefficients of eqn. 10, it is
convenient to introduce two group contribution terms, viz.

Ty = Ky, = Ky, (69)
and

AB = B, — B, (70)
such that by combining eqns. 4, 10, 69 and 70 1t follows that:

T = (4B) ¢ + 1, (71)

These terms can now be related to other extrathermodynamic terms used to describe
functional group physicochemical properties, and since retention in these systems can
be regarded®*® as being controlled by both electrostatic and solvophobic forces, these
two chromatographic terms have been correlated using regression analysis to group
hydrophobicity and electronic parameters, vi:.

(1) Slope coefficient term, AB
(a) Methanol
AB = l.lm — 0.36 n =10, r = 0922 (72)
4B = 0.0987 — 0560 — 0.22 i 10, R = 0.965 (73)

(b) Propan-2-ol
AB = —298x — 0.51 n o=
AB = —2.62n — 1.396 ~ 0.22 n =

r=0.901 (74)
R = 0951 (75

?OOC
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(c) Acetonitrile

4B = —1.80n — 0.68 n =10, r = 0.901 (76)

AB = —1.747 — 0.280 — 0.63 n =10, R = 0811 (77)
(d) Tetrahydrofuran

AB = —4.157 — 2.50 n =10, r = 0.800 (78)

AB = —3457 — 2,830 — 2.17 n =10, R = 0.877 (79)

where n refers to the number of (3- and 4-substituted) solutes and where R is the
multiple correlation coefficient, and 7 and ¢ are the Hansch water/octan-1-ol group
hydrophobicity constant'® and the Hammett group electronic term?° respectively.
For the alcoholic organic modifiers the slope coefficient is seen to be controlled
primarily by hydrophobic effects, although there 1s a significant electronic contri-
bution (eqns. 73 and 75). For acetonitrile and tetrahydrofuran the dependency of the
slope coefficient on substituent hydrophobicity is reduced, presumably due to specific
solvation effects, and the fact that ion pairs retain some polarity?.

(2) The intercept term, t,,. The suggestion has been made?? >4 that the inter-
cept value of eqns. 10 and 71 may be used as hydrophobicity parameters per se for use
in, for example, drug design models and the estimation of bulk phase liquid-liquid
distribution coefficients. Elsewhere?® we have demonstrated that for non-ion-pair
chromatography such a suggestion is tenable, and it is thus of interest to examine its
validity for ton-pair arrangements. Thus:

(a) Methanol

7, = L.137 + 0.23 n =10, r = 0951 (80)

7, = 1.04n + 0.51¢ + 0.21 n =10, R = 0990 (81)
(b) Propan-2-ol

7, = 1.337n + 0.16 n=2_8, r=0945 (82)

1, = 1.20r + 0.51¢ + 0.06 n=2-8 R=0976 (83)
(c) Acetonitrile

1, = 1.327 4+ 0.21 n =10, r =0912 (84)

7, = 1.227 + 0.400 + 0.13 n =10, R = 0.928 (85)
(d) Tetrahydrofuran

7, = 1.60n + 0.86 n =10, r = 0.889 (86)

7, = 1.38n + 0.146 + 0.27 n =10, R = 0939 (87)

These relationships between 1, and 7 are not as significant as those found?® for non-
ion-pair systems, although the higher correlations found using methanol and propan-
2-ol indicate they are the most suitable organic modifier for obtaining such hydropho-
bicity indices for ionisable solutes. The correlations are significantly improved in all
cases by the introduction of the electronic term, suggesting both solvation effects and
a possible contribution of surface silanol groups?® to retention.
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(iii) Time and hydrophobicity normalisation

To compare functional group selectivity with different organic modifiers it is
useful to use an organic solvent normalisation approach?’-*%. For the solutes and
functions given in Table I11, time normalisation can be made by choosing concentra-
tions of organic modifiers which result in the same retention of a reference solute
(benzoic acid), using methanol (¢ = 0.50). Differences in selectivities (group values)
can be then obtained using eqn. 88

T = Ct* + D (88)
which relates substituent values obtained using methanol, ., to those obtained, t*, in

“equivalent’ mobile phases containing the other modifiers (where C and D are con-
stants). Similarly for solutes we may write:

Kn = Ex* + F (89)

Regression and correlation coeflicients obtained using the systems described in Table
11 are given by eqns. 90-92:

acetonitrile: K, = 1.03 k* — 0.09 n=15r = 0980 (90)
tetrahydrofuran: K, = 0.85x* + 0.07 n=15r =0921 (91)
propan-2-ol: Kn = 0.99 k* — 0.01 n=15r = 0992 (92)

It may be seen (Figs. 3a—3c) that although propan-2-ol behaves similarly to methanol,
the relationships for other modifiers are perturbed by the effect of polar functions
(NO,, NH, and OH), which are displaced significantly from the reference line of
slope unity. However (Table V), hydrophobic group values are shown to be organic
modifier independent. These results may be explained within the context of solvo-
phobic theory®, which for functional groups can be given by

1 = AK, + K, A(A[HA]) (93)

where AK| is related to the free energy of interaction of the functional group with the
mobile phase due to van der Waal's interactions, K, is a constant related to the
surface tension, y, of the mobile phase and 4 (4[HA]) is the change in hydrocarbo-
naceous surface contact between solute and stationary phase caused by the sub-
stituent, and is approximately equal to the hydrocarbonaceous surface area of the
group®. Polar selectivity is influenced by both terms in eqn. 93, and hydrophobic
selectivity is dominated by the second term, which may be given by fy- A (4[HA])
since the surface tension is” proportional to K,.

For two mobile phases we can show that

— = —AKY + AKY + £y 4(4[HA]) — fy" 4 (4 [HA]) (94)

where superscripts ¢ and b refer to the two mobile phases. If y* equals ” then the
hydrophobic content of the selectivity is normalized?’, such that now

t — 1" = AK] — AK]{ (95)
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Fig. 3. Time normalised retention plots. showing the relationships between capacity factors of benzoic
acids in eluents containing methanol (¢ = 0.50), or (x %) “‘equivalent” amounts of (a) propan-2-ol (¢ =
0.255). (b) acetonitrile (¢ = 0.275) and (c) tetrahydrofuran (¢ = 0.265). The solid lines indicate a slope of
unity and the dashed lines are regression lines according to eqns. 90-92. Key: 2-. 3- and 4-substituted
solutes are open circles, open squares and closed squares, respectively.

and where for time and hydrophobic normalisation conditions:
-ttt =kt — Kt (96)

Q@

T

Since Table IV gives hydrophobic group selectivity to be independent of modifier
then this means that benzoic acid, as the ion pair, is behaving as a purely hydrophobic
solute and that the hydrophobic contribution (eqn. 93) is normalised such that dif-
ferences in mobile phase selectivities are only due to different solute-solvent interac-
tions and will be restricted to polar functions. The perturbations of the relationships
embodied in eqns. 78 and 79 are more apparent (Fig. 3) at lower equivalent organic

TABLE IV

HYDROPHOBIC GROUP VALUES WITH DIFFERENT ORGANIC MODIFIERS UNDER TIME
NORMALIZATION CONDITIONS (FIG. 3), ACCORDING TO EQN. 88

Organic modifier ™, ™*
Type Concentration. ¢

Methanol 0.500 0.30 0.53
Propan-2-ol 0.255 0.31 0.54
Acetonitrile 0.275 0.31 0.57

Tetrahydrofuran  0.265 0.28 0.57
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TABLE V

CAPACITY FACTORS FOR SUBSTITUTED BENZOIC ACIDS UNDER IDENTICAL CON-
DITIONS USING EQUIVALENT CONCENTRATIONS OF PROPAN-2-OL (¢ = 0.20) AND
TETRAHYDROFURAN (¢ = 20)

Benzoic acid  Capacity factor
substituent - T
Propan-2-ol  Tetrahydrofuran

4-NH, 1.4 1.9
3-NH, 2.5 4.1
4-OH 31 6.2
3-OH 10.6 10.6
2-NO, 10.6 9.1
2-NH, 15.0 21.7

H 18.2 18.2

modifier concentrations where there is greater retention of the polar substituted ben-
zoic acids. This effect 1s demonstrated by Table V which gives the retention of some
polar substituted benzoic acids in equivalent mobile phases containing propan-2-ol
and tetrahydrofuran. Although these two phase systems produce the same retention
for the reference compound (benzoic acid), significant changes in selectivity and re-
tention order are observed. These results indicate that if solute polarity is different,
then separations may be improved by changing to an equivalent organic modifier
(Fig. 4), containing a different functional group.

(iv) Eluent and temperature concomitant behaviour

Figs. 1 and 2, Table Il and eqns. 72-79 indicate that the ion-pair systems
studied here show regular'! behaviour with respect to both temperature and eluent
composition. This can be further appreciated by examination of Fig. 5, where, for
example, a decrease in retention and selectivity with increased temperature can be
compensated for by a decrease in organic modifier concentration. In terms of solute

0-30—
020— 0O35—

020— O20—
0.40—

¢

025 O45—

0-25—
O-25— 050
03— (s5—
0¥ — 5 L oed
PrOH THF MeCN MeOH

Fig. 4. Equivaleni concentrations of eluent modifiers based on benzoic acid retention using ion-pair HPLC
systems given in Table 11. PrOH = Propan-2-ol; THF = tetrahydrofuran; MeCN = acetonitrile; MeOH
= methanol.
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O‘(y}5 0-30 0-125 8] ‘20

| |
30 31 32 33 34

71 xadt
Fig. 5. Interrelationships between the effects of temperature (circles) at two different acetonitrile volume
functions (closed £ 0.20; open = (1.25), and the effect of acetonitrile concentration (squares), at 30°C on
the capacity factor of benzoic acid using ion-pair HPLC phase systems | and 3 (Table I).

| |

structure it should therefore follow that the functional group terms of eqn. 71 are
correlated with the group enthalpic contributions found for similar chromatographic
arrangements. This is investigated by comparing the data for the enthalpies of reten-
tion obtained® using an aqueous acetonitrile eluent (¢ = 0.20) and Spherisorb ODS
as stationary phase, and group terms obtained in this present study (Table IIl) using
Hypersil ODS. Thus for 3- and 4-monosubstituted benzoic acid using ABDACs as
pairing ions:

A(AB) = 26.8 x 107° A(4H) — 0.03 n==6,r=20977 (97)

13.6 x 1075 A(4H) + 0.06 n=6r=0984 (98)

T

I

w

Considering the different stationary phases used and the precision in obtaining
A(AH) values these may be regarded as good correlations (¢f., Table II), and il-
lustrate a concomitant effect in ion-pair RP-HPLC for temperature and organic
modifier.

The dependence of x on both solvent composition and temperature for RP
systems can be analysed* to show whether AH is comprised of both a compensated,
AH_, and a non-compensated, 4H,, portion at ¢ = 0, i.c.

AH(¢) = AH  (0) + 4H (0) f(¢) 99
such that
4H (0)-f(¢) — AH, (0) N AH (0)[f(¢) — 1] 4 45(0)

Ink = —
RT Rp R

+Iny  (100)

and where when f(¢) = 1 4+ y¢ (where y is a constant, /.c., eqn. 10 holds), then the
dependence is given by*

Ink = A, + B/T) + AT + 4, (101)
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TABLE VI

MULTIPLE REGRESSION COEFFICIENTS ACCORDING TO EQN. 101 FOR ION-PAIR
SYSTEMS GIVEN IN TABLE III USING ACETONITRILE (¢ = 0.25) AS ORGANIC MODIFIER
AND BENZOIC ACIDS AS SOLUTES

Solute A, A, A, A,/ A,
H 27.2 1799 4.47 66.1
4-NH, 9.2 1058 2.88 115.0
3-OH 211 1546 3.88 73.2
4-OH 14.3 1428 4.05 99.9
4-NO, 338 2008 4.49 59.4
4-CH; 37.3 2087 4.72 56.0
4-Cl 41.3 2233 6.26 54.1
2-NH, 30.2 1919 5.05 63.5
2-Cl 34.1 2118 3.09 62.1
2-CH, 20.0 1323 2.74 66.2
2-NO, 20.2 1464 3.04 72.5

where the meanings of 4,-A4; are model dependent (Table I, ref. 4). Taking f for our
systems as 525”K (which can be calculated from ref. 5 using eqn. 3), the data from
Table III of this study have been analysed in terms of eqn. 101 at 30°C and at a ¢
value of 0.25, using multiple regression analysis. The multiple regression coefficients
obtained are given in Table V1. Since the relationship between 4, and 4, may be
given by

A, = 3424, + 835 n=7r=0990 (102)

and the ratio 4,/A, is not constant (Table V1), this indicates* that for these ion-pair
systems the enthalpy change upon retention is not exclusively compensated by A4S
and that 4,, 4, and A, are given by [y4H_ (0)/2.2Rf]. —[4H_ (0) + AH,. (0)]/2.3R
and AS (0)/2.3R + In /2.3 respectively. Since*

A, = AH,, (0)2.3R — BA, [y (103)

analysis of our data (Table VI) gives for 3- and 4-monosubstituted benzoic acids a
non-compensated enthalpy change residue of 15.4 kJ mol ! (which compares with
15.9 kJ mol ! found* for alkylbenzenes in a non-ion-pair RP system); and for 2-
substituted benzoic acids a residue of 7.6 kJ mol~'. The finding of this structurally
dependent non-compensated residue appears to explain our previous findings (Table
I1) that ortho substituents perturb the general relationship between t and A (4H), and
may be a significant result* in elucidating retention mechanisms in reversed-phase
liquid chromatography.

For non-ion-pair RP systems A, 4, and 4, are found* to be linearly related to
the carbon number of the side chain of some n-alkylbenzene solutes, which, from
Table Il and previous discussion (eqns. 3 and 90), suggests that linear free-energy
relationships exist for the present ion-pair systems between these regression terms and
a solute hydrophobicity term. Fig. 6 shows this to be the case with excellent agree-
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Fig. 6. Dependencies of multiple regression coefficients 4, x 10", 4, x 10 ? and 4, from eqn. 101 on
solute hydrophobicities as given by the Hansch n term'®. Drawn lines are regression lines according to
eqns. 104-106.

ment being found between the Hansch 7 term and A4, the enthalpy dominated coef-
ficient. For 3- and 4-substituted solutes we may formalise the relationships given in
Fig. 6 by:

A, = l16.1n + 28.1 n=71r=095 (104)
A, = 563 x 1077 + 1.80 x 10° n="7,r=0.991] (105)
Ay = 1301 + 4.58 n=77r=0923 (106)

These data confirm the findings given in Tabl