JOURNAL OF LIQUID CHROMATOGRAPHY

March 1983

Aims and Scope. The journal publishes papers involving the application of
liquid chromatography to the solution of problems in all areas of science
and technology, both analytical and preparative, as well as papers that deal
specifically with liquid chromatography as a science within itself. Included
will be thin-layer chromatography and all modes of liquid chromatography.

Indexing and Abstracting Services. Articles published in Journal of Liquid
Chromatography are selectively indexed or abstracted in:

€ Analytical Abstracts ® ASCA @ BioSciences Information Service of
Biological Abstracts (BIOSIS) @ Chemical Abstracts ® Current Contents/
Life Sciences ® Current Contents/Physical and Chemical Sciences ® Eng;-
neering Index ® Excerpta Medica ® Journal of Abstracts of the All-Union
Institute of Scientific and Technical Information of the USSR ® Phy-
sikalische Berichte ® Science Citation Index

Manuscript Preparation and Submission. See the last page of this issue.

Subscription Information. Journal of Liquid Chromatography is published
in fourteen numbers and two supplements in January, February, March
(3 numbers), April, May, June (2 numbers), July, August, September
(2 numbers), October, November, and December by Marcel Dekker, Inc.,
270 Madison Avenue, New York, New York 10016. The subscription rate
for Volume 6 (1983), containing fourteen numbers and two supplements, is
$298.00 per volume (prepaid). The special discounted rate for individual
professionals and students is $149.00* per volume. To secure this special
rate, your order must be prepaid by personal check or may be charged to
MasterCard or VISA. Add $36.80 for surface postage outside the United
States. For airmail to Europe, add $72.32; to Asia, add $91.52.

Mailing Address. Please mail payment with order to: Marcel Dekker
Journals, P. O. Box 11305, Church Street Station, New York, New York
10249.

Copyright © 1983 by Marcel Dekker, Inc. All rights reserved. Neither this
work nor any part may be reproduced or transmitted in any form or by any
means, electronic or mechanical, microfilming and recording, or by any in-
formation storage and retrieval systems without permission in writing from
the publisher.

Permission to photocopy for internal or personal use or the internal or
personal use of specific clients is granted by Marcel Dekker, Inc. for librar-
ies and other users registered with the Copyright Clearance Center (CCC),
provided that the stated fee is paid directly (per copy) to the CCC, 21
Congress Street, Salem, MA 01970, Special requests should be addressed to
Marcel Dekker, Inc., Permissions Dept., 270 Madison Avenue, New York,
New York 10016.

Contributions to this journal are published free of charge. Second-class
mailing permit pending at New York, New York and at additional mailing
offices.

*THIS REFLECTS A 50% DISCOUNT GIVEN TO INDIVIDUAL SUB-
SCRIBERS.



JOURNAL OF
LIQUID CHROMATOGRAPHY

Editor: DR.JACK CAZES Editorial Secretary: ELEANOR CAZES
P. O. Box 1440-SMS
Fairfield, Connecticut 06430

Editorial Board

E.W. ALBAUGH, Guif Research and Development Company, Fittsburgh, Pennsylvania
K. ALTGELT, Chevron Research Company, Richmond, California
A.ASZALOS, U.S. Food and Drug Administration, Washington, D. C.

H. BENOIT, Centre des Recherches sur les Macromolecules, Strasbourg, France
W.BERTSCH, University of Alabama, University, Alabama

B. BIDLINGMEYER, Waters Associates, Inc., Milford, Massachusetts
P.R.BROWN, University of Rhode Island, Kingston, Rhode Island

J. A. CAMERON, University of Connecticut, Storrs, Connecticut

J. V. DAWKINS, Loughborough University of Technology, Loughborough, England
J. E. FIGUERUELO, University of Valencia, Burjasot; Spain

D. H. FREEMAN, University of Maryland, College Park, Maryland

R. W, FREL, The Free University, Amsterdam, The Netherlands

J. C. GIDDINGS, University of Utah, Salt Lake City, Utah

R. L. GROB, Villanova University, Villanova, Pennsylvania

E. GRUSHKA, The Hebrew University Jerusalem, Israel

G. GUIOCHON, Ecole Polytechnique, Palaiseau, France

M. GURKIN, £-M Science, Inc., Gibbstown, New Jersey

A. E. HAMIELEC, McMaster University, Hamilton, Ontario, Canada

S. HARA, Tokyo College of Pharmacy, Tokyo, Japan

D. J.HARMON, B. F. Goodrich Research Center, Brecksville, Ohio

G. L. HAWK, Zymark Corporation, Hopkinton, Massachusetts

M. T.W. HEARN, St. Vincent’s School of Medical Research, Victoria, Australia
E. HEFTMANN, U.S. Department of Agriculture, Berkeley, California

A. HEYRAUD, Centre National de la Recherche Scientifique, France

P. Y. HOWARD, Micromeritics Instrument Corp., Norcross, Georgia

H.J. ISSAQ, Frederick Cancer Research Facility, Frederick, Maryland

J. JANCA, Institute of Analytical Chemistry, Brno, Czechoslovakia

J. F. JOHNSON, Institute of Materials Seience — U. Conn., Storrs, Connecticut
B. L. KARGER, Northeastern University, Boston, Massachusetts

P. T. KISSINGER, Purdue University, West Lafayette, Indiana

J. KNOX, The University of Edinburgh, Edinburgh, Scotland

J. C. KRAAK, University of Amsterdam, Amsterdam, The Netherlands

J. LESEC, Ecole Superieure de Physique et de Chemie, Paris, France
B.MONRABAL, Dow Chemical Iberica, S. A., Tarragona, Spain

S. MORI, Mie University, Tsu, Mie, Japan

A. K. MUKHERII, Xerox Corporation, Websrer, New York

J. A_NELSON, M. D, Anderson Hospital and Tumor Institute, Houston, Texas
L. PAPAZIAN, American Cyanamid Corporation, Stamford, Connecticut

V. PRETORIUS, University of Pretoria, Pretoria, South Africa

QIAN RENYUAN, Institute of Chemistry, Beijing, People’s Republic of China

(continued)



JOURNAL OF LIQUID CHROMATOGRAPHY

Editorial Board continued

C. QUIVORON, Ecole Superieure de Physique et de Chemie, Paris, France

. M. RABEL, Whatman, Inc., Clifton, New Jersey

Y. RIVIER, The Salk Institute, San Diego, California

C.G. SCOTT, Hoffman-LaRoche, Inc., Nutley, New Jersey

R. P. W, SCOTT, Perkin-Elmer Corporation, Norwalk, Connecticut

I1. SMALL, Dow Chemical Company, Midland, Michigan

E. SOCZIEWINSKI, Medical Academy, Lubin, Poland

Io. STAHL, Universitat des Saarlandes, Saarbrucken, West Germany

B. STENLUND, Abo Akademi, Abo, Finland

J.C. TOUCHSTONE, Hospital of University of Pennsylvania, Philadelphia, Pennsylvania
S. H. WONG, University of Connecticut School of Medicine, Farmington, Connecticut



h_xpy;ﬂ,M
Dual LC4B/17 7 s
1982

SRRE I

W, = Ay s gt sttt AN AN prr
LCEC is turning over a new leaf

Since 1974 when BAS developed the first commercial electrochemical
detector we have been successful in introducing the LCEC
technique to laboratories worldwide. Our first efforts took root and
blossomed into a family of detectors. BAS is proud to announce the latest
additions to our family tree: the LC3A/17 andthe Dual LC4B/17.

Vith the dual electrode detector it is possible to enhance selectivity,
detection limits, speed, and gradient compatibility in ways never
before possible. BAS is the only company to offer both series and
parallel amperometry at two potentials. Call or write today for details.
We'll be pleased to show you how BAS can assist with your trace
analysis problem.

[(BQAs) bioanalytical systems

1205 Kent Avenue, West Lafayette, IN 47906 (317) 463-2505 TLX 276141







JOURNAL OF LIQUID CHROMATOGRAPHY, 6(S-1), 1-36 (1983)

PROSPECTS FOR CARBON AS PACKING MATERIAL
IN HIGH-PERFORMANCE 1.IQUID CHROMATOGRAPHY

J. H. Knox

Department of Chemistry, University of Edinburgh
West Mains Road, Edinburgh EH9 3JJ, Great Britain

and

K. K. Unger and H. Mueller

Institut fur Anorganische Chemie und Analytische Chemie
Johannes Gutenberg-Universitat
Joh. Joachim Bechter-Weg 24
D-6500 Mains, German Federal Republic

ABSTRACT

Early work on use of carbons for liquid chromatography shows
that special carbons must be developed if carbon is to be useful
in HPLC. The processes used to make carbons, the properties of
such carbons and the requirements for HPLC carbons are discussed.
The preparation of HPLC carbons is reviewed in detail and the
results which have been obtained are assessed in terms of their
kinetic and thermodynamic performance. Applications are reviewed.

It is concluded that none of the existing HPLC carbons
combine all the desired features of particle rigidity, adequate
surface area and uniformity of surface chemistry but that there
is no reason to doubt that such a material can eventually be
prepared. The kinetic performance of existing materials is
probably adequate but peaks are often wide due to inadequate
control of the surface chemistry. Carbons from different
sources exhibit similar but not identical selectivity. Broadly
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2 KNOX, UNGER, AND MUELLER

carbons exhibit different selectivity from reversed phase silica
gels. In particular they show greater discrimination of isomers
and members of homologous series but less discrimination of
functional groups. Carbons show much stronger retention with any
eluent than do reversed phase silica gels but different eluents
(other than water) show rather a small range of eluotropic
strength.

1. INTRODUCT!ON

Active carbon adsorbents have for many years played an
important role in industrial purification and refinement
processes (1). Carbon was therefore an obvious choice for the
early fundamental studies in column liquid chromatography by
Tiselius and co-workers (2,3). The carbons used at that
time and indeed until quite recently, were made from industrial
products and were not specifically designed for chromatography.
Amongst the substances separated on carbon using polar eluents
were ol igosaccharides and their methylated derivatives (4~7),
amino acids (8-10), fatty acids and fatty alcohols (11) and
even 5'-nucleotides obtained from the enzymatic digestion of
RNA and DNA respectively (12). Analysis of retention patterns
revealed that aromatic derivatives were more strongly adsorbed
than aliphatic derivatives: this was attributed to the
graphite-tike surface of active carbons. In order to prevent
irreversible adsorption of the solutes, carbons were often
pre-treated with modifiers, e.g. stearic acid, n-octadecane,
n-octadecylamine etc. (10, 13). With stearic acid as
deactivating reagent, for example, aromatic amines could be
eluted from carbon columns with high recoveries (10). Detailed
studies were carried out on the effect of molecular size and
eluent composition on the adsorption of methyl derivatives of
pyridine (14,15). During this period the main theoretical
interest in liquid chromatography centred on the treatment of
adsorption phenomena and the evaluation of separation techniques:

the status of carbon in this context was reviewed by Snyder in

1968 (16).
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During the years following the early chromatographic
experiments on carbon, manufacturing processes for carbons were
extended and improved; carbon blacks in various grades and
with defined properties were produced in large quantities for
the rubber industry; the high-temperature treatment of carbon
materials, including graphitization, was thoroughly examined.
Concurrently gas chromatography was developed as a potential
separation technique (17, 18). In gas-solid chromatography
active carbon was employed as adsorbent for hydrocarbon
separations (19) and graphitized carbon blacks were chosen as
model adsorbents for examining gas-solid interactions (20,21),
due to their non-polar and homogeneous surfaces. Graphitized
carbon blacks were also employed as supports in gas-liquid
chromatography (22,23) and as stationary phases in capillary
columns, (24,25). Research between 1960 and 1970 in gas
chromatography resulted in excellent separations of volatile
hydrocarbons and provided a much better understanding of the

phenomena occurring at the gas-solid interface.

For completeness' sake it may also be noted that a few
experiments have been performed on active carbon as a support
in thin-layer chromatography (26,27). The black colour of the
plates, however, made a simple visualization of the spots
difficult, although the drawback could be avoided by using
radio-labelled solutes or by subsequent elution from the

carbon into a silica layer.

Early in the 1970's a new era in chromatography opened with
the development of high performance column liquid chromatography
for which microparticulate silicas and their surface modified
derivatives rapidly became the preferred column packings.
However, in the search for new supports showing different
selectivities and greater resistance to hostile eluents,
especially alkalis, attention has once again turned to carbon.
In contrast to 30 years ago, highly developed technologies now

exist for producing various kinds of carbon: active carbons,
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pyrolytic carbons, glassy carbons, carbon blacks and graphitized
carbons. Between them these materials possess a wide range of
surface and pore structures. Nevertheless, such carbons still,

in the main, have been developed for purposes other than
chromatography, e.g. as adsorbents in water treatment, as coatings,
as fibres, as fillers etc. It is not therefore surprising that the
development of carbon packings for HPLC has had to be carried out
independently. The present review describes the work of the last
decade and concludes with a critical discussion of what has been

achieved.

2. PREPARATION OF CARBON PACKINGS

2.1. Desirable Characteristics for a Column Packing Material

To be applicable as a packing in HPLC a particulate carbon
should possess the following characteristics: (i) sufficient
hardness to withstand high pressures: (ii) a well-defined,
reproducible and stable surface which shows no change during
chromatographic work or storage: (iii) a specific surface
area in the range of 50 to 500m2/g to give adequate retention
of solutes and to maintain a reasonable linear sample capacity:
(iv) a mean pore size not less than 10nm and an absence of
micropores in order to ensure rapid mass transfer of solutes
into and out of the particles: (v) ease of preparation by a

simply controlled, low-cost process.

The extent to which these often conflicting characteristics
can be achieved will be dependent upon the type of starting
material, upon the procedure chosen for preparation of the
product and upon the conditions under which it is used.
Evidently numerous routes can be taken in the synthesis of
tailor-made porous carbon products and much work is still

required to provide carbons with optimum properties for HPLC.
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2.2. Processes involved in Carbon Formation

In principle four consecutive stages may be distinguished
in the formation of carbons from naturally occurring or synthetic

precursors: homogenization, carbonization, volatilization of
inorganic impurities, and graphitization.

The term "homogenization'' covers all operations which lead
to an improved ordering of the structure of any solid or liquid
carbonaceous starting material. [t usually consists of a thermal
treatment of the starting material at 700 to 1000 K in an inert
atmosphere. 1t is well known that the degree of structural
order of the carbon precursor essentially determines the extent
to which the penultimate material is converted into a graphitic

or an amorphous carbon, the two limiting cases.

Carbonization covers a number of processes including coking,
charring and reaction with oxidising gases such as oxygen,
carbon dioxide and water vapour. |t is carried out between
1000 and 1500 K (28). Carbonization increases the percentage
carbon content and introduces pores. The products so formed
are termed active carbons and possess a high adsorptive
capacity. Carbonization also covers processes whereby a
gaseous hydrocarbon is pyrolysed between 1300 and 2000 K to

yield dense non-porous layers of pyrolytic carbon (29).

Active carbons may still contain inorganic impurities such
as sulphur and silica depending upon their origin. These can
be removed by volatilization at 1500 to 2000 K, This process
leaves a large number of defect sites in the structure and
causes a disordering of the mutual arrangement of layers.

Microscopic holes may even be formed within the particles.

Graphitization covers the subsequent heat-treatment in an
inert atmosphere at 2000 K to 3200 K. Such heat treatment
brings about densification with concurrent removal of structural

defects, and forms a three dimensionally ordered graphitic
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structure (30). The degree of yraphitization of any carbon
brought about by high temperature treatment depends strongly

on its initial source and structure. Thus treatment of some
active carbons at temperatures as low as 1500 K can greatly
reduce or even completely eliminate the porosity of the

material, whereas some glassy carbons may not convert to graphite

even on heating to 3200 K.

2.3. Consideration Relevant to the Synthesis of Carbon Packings
for HPLC

Particle Size and Shape

With a granular starting material of sufficient hardness,
angular microparticles can readily be obtained by milling and
size-grading into narrow cuts (31). Alternatively soft carbons
such as carbon black agglomerates can be reinforced by depositing
pyrolytic carbon as binder (32,33). Spherically shaped carbon
particles in the 5-200um size range can be obtained by thermal
treatment of polymer beads (34-36). With all pre-sized materials
note must be taken of the extent to which consecutive treatments
may change the shape, size and size distribution of the original

particles.

An essential requirement of any final material for HPLC is
that it must possess sufficient hardness to withstand high
pressures and high eluent flow rates during column packing and
operation. The hardness of carbon is directly related to its
molecular and pore structures: thus layer-type materials such
as graphite are soft whereas amorphous glassy carbons possess
high mechanical strength due to their microcrystalline mosaic
structure. Between these two limiting cases a large number
of structural intermediates exists. One of them is the so-
called turbostratic structure proposed by Biscoe and Warren
(37). The layers in such carbon materials are 'arranged
roughly parallel and equidistant but are not otherwise mutually

oriented'. |t may be concluded that because of their low
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mechanical strength highly ordered graphite~1like carbons are
less likely to be suited as packings in HPLC than microcrystalline

or amorphous carbons.

Particle porosity also has an important effect on mechanical
strength. in general particles are too fragile for HPLC when
the particle porosity exceeds about 70% (a typical silica gel,
for example, has a particle porosity of about 55%). A complicated
situation arises with carbons of composite structure, e.g.
reinforced carbon blacks. These have an inhomogeneous molecular
structure as well as being porous. No predictions can be made
for such materials: they must be tested under experimental

conditions.

Surface composition

Apart from its primarily aromatic character the carbon
surface carries a variety of functional groups. The majority
are acidic groups such as carbonyl, carboxyl and phenolic
hydroxyl but some basic groups (38,39) may also be present.
These functional groups are located at defect sites which occur
randomly at the edges of crystallites. Thus the less crystalline
the product the higher will be the concentration of polar
surface functional groups, although even crystalline graphite
rapidly chemisorbs oxygen when exposed to the atmosphere. The
polar surface functional groups can be eliminated by annealing
at about 750 K (40) but some will immediately reform on exposure
to air. A more effective means of removal is hydrogenation at
1300 K. Alternatively, more specific surface reactions can be
carried out to mask the polar functional groups, as is done in
surface modification of silica (41). Graphitization followed
by chemical reduction of the surface will apparently offer the

best chances of success in preparing a good adsorbent surface.

However, given the considerations of the last two sections,

it becomes apparent that there are serious difficulties in
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making robust carbons with stable and well defined surfaces for,
while graphitization may improve surface properties, it will
reduce the particle strength. A compromise may have to be

accepted, or alternatively a composite structure may be required.

Origin of Porosity, Pore Size and Specific Surface Area.

The origin and characterization of porosity in carbons
including graphite has been the subject of several detailed
studies (42-45). Evans and Marsh (42) claim that the ''shape,
size and distribution of porosity are intimately associated
with the (molecular) structure of carbons and graphites'.
Isotropic and non-graphitizable carbons are microporous,
whereas anisotropic graphitizable carbons generally exhibit
little microporosity. Pore size and shape can be observed by
optical microscopy, scanning electron microscopy and phase-
contrast high resolution electron microscopy. Characteristic
parameters describing the size and volume of micropores of
below 3nm diameter are derived from sorption measurements (44).
Apart from open and accessible pores carbon may also contain
closed pores which are indirectly evidenced by comparing the

apparent density measured by helium with that of pure graphite.

Each population of pores contributes to the total specific
surface area. Micropores can potentially contribute surface
areas exceeding 1000m2/g. So-called supermicropores will
provide even higher areas although by this stage the concept
of surface area loses its physical meaning. In general active
carbons have high surface areas whereas graphitized materials
have low surface areas. Carbons having high surface areas due
to micropores are not suitable for use in column liquid
chromatography on account of slow mass transfer, high activity
in adsorption, heterogeneity of surface activity and too high
retention. Undoubtedly one of the major problems in the
manufacture of porous carbons suitable for HPLC arises from the

extreme difficulty of eliminating micropores.



CARBON AS PACKING MATERIAL 9

The above discussion indicates that it will be very
difficult to obtain an ideal material having the correct
combinations of particle rigidity, adequate surface area,
uniformity of pore structure and uniformity of surface
composition. Inevitable compromises will have to be accepted.
The best solution may rest with a composite material having a
hard microcrystalline framework with 10nm pores, the internal

surface of which is coated with a thin dense layer of graphite.

2.4k, Preparation Procedures

The most extensive work on the preparation and characterisation
of carbons for HPLC has been that of Guiochon and co-workers
(32,33) who have devoted much effort to the modification of carbon
black agglomerates. These agglomerates are made up from independent
spherical particles of submicron size: they possess a specific
surface area of between 10 and 200m2/g (46) and significant porosity.
Owing to their origin, carbon blacks consist of small crystallites
of graphitic structure, sometimes containing intrusions of amorphous
carbon (47), and they possess a variety of functional groups
chemically bound to the surface which give rise to their oxygen
and hydrogen content. Heat treatment at about 3000 K in an inert
atmosphere removes these surface groups., It also leads to an
intense growth of crystals, and improves their mutual arrangement
and orientation. The density of particles of graphitized thermal
carbon blacks (GTCB) approaches that of graphite and the surface
becomes non polar and homogeneous (47). However, the aggregates
of these polyhedric microparticles are mechanically very fragile.
Reinforcement of aggregated GTCB particles can be performed by
depositing a thin film of pyrolytic carbon through pyrolysis of
benzene at 1200 K (32,33,48). The hardness and specific surface
area of pyrocarbon-modified carbon black (PMCB) are closely related
to the amount of pyrocarbon deposited (32,33). While coating is
traditionally performed in fluidized beds (49), Colin et al (32,33)

used a quartz tube containing a crucible filled with carbon powder.
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Inert gas containing a low partial pressure of benzene was passed
while the tube was heated in a furnace at about 1200 K. The
properties of pyrolytic carbon, namely its anisotropy, apparent
density, crystallite size and microstructure, are strongly
influenced by the temperature, the gas composition, the contact
time and the bed surface area (49), but in general it possesses

a turbostratic structure. For low surface area carbon blacks,

e.g. Sterling FTFF, the amount of pyrocarbon deposited was
proportional to the contact time and the concentration of benzene
circulated through the furnace. The load could be increased to
50% w/w or more, but high loading resulted in a sharp drop from
the initial surface area and in a heterogeneous surface (49).
The optimum deposit was about 15-20% (w/w) which still provided
sufficient mechanical strength. Surface purification was
achieved by hydrogen treatment at 1300 K or by thermal treatment
at 3000 -~ 3300 K. Surprisingly such treatments gave only slight
improvement in chromatographic properties, such as peak profile
and loadability (32,33,50). |In producing materials for HPLC,
problems arose in sizing batches of 8-10um of carbon blacks,

in coating these agglomerates and in sizing the resulting powder.
Consequently, most studies were performed on particles with dp

> 15um. Later Colin and Guiochon (51,52) adopted the benzene
pyrolysis procedure to deposit pyrocarbon on the surface of
silica as developed by Bebriset al (53, 54). Thermally pre-
treated silica gels were employed and again the optimum carbon
deposit for avoiding particle agglomeration and low chromato-
graphic performance was about 15% (w/w). Unfortunately the
coating of the silica surface was not continuous and free of
defect sites, and the retention of solutes was not the same as w .n

pure carbon.

The pyrolysis of organic compounds on porous silica was
further examined by Leboda (55-58), using aliphatic and aromatic
alcohols and dichloromethane. Two-stage pyrolysis was sometimes

used. The carbon-silica adsorbents were chars terized by
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sorption-measurements, infrared spectroscopy and gas chromato-
graphy. However, no separation by liquid-solid chromatography

was carried out.

A novel carbon material has recently been developed by
Czechoslovakian researchers (59,60). It is unusual in being
prepared not by high-temperature carbonization but by room
temperature reduction of polytetrafluorcethylene (PTFE). Non-
porous angular microparticles of PTFE were first degreased and
dried under vacuum at 423 K. The resulting crumbs were then
treated with lithium-amalgam at 293 K, forming lithium fluoride
and a carbon residue. The lithium fluoride was extracted and
the product, called JADO-carbon, dried under vacuum at 423 to
623 K. Samples were prepared partially reduced (59), completely
reduced (60), loaded with lithium fluoride, and with LiF fully
extracted. Elemental analysis (by weight) of the dry product
gave C 86%; H 1%; oxygen (residue) 13% (55). The apparent
(helium) density was 2.17g/cm3, the specific surface area
BET WS 2500m2/g!
Uptake of benzene at 298 K amounted to 1.25ml/g, indicating a

according to the BET method employing argon S

high particle porosity of ¢ = 0.73. Although the molecular
structure of JADO-carbon is amorphous, the micro-structure
comprises fibres joining nodules. The nodules are 1.1 +
0.35nm in diameter and the distance between them is 1.9 + 0.3nm.
The resulting cavities in the carbon skeleton are 2.3 + 0.3nm in
diameter. The final structure is determined by the primary
structure of PTFE,

Attempts were subsequently made to decrease the specific
‘vsurface area and oxygen content by various treatments (61):

, kf) after leaching the lithium fluoride the microparticles were
dried under vacuum at 573 K and annealed at 1223 K under helium
giving: SBET ==2000m2/g; (i1) the LiF loaded carbon was heated
at 1223 K under hel.um. After cooling the material was immersed
ina0.1% w/w solution of aqueous detergent. Excess of solution

was removed, the 2ple washed, dried and heated at 973 K in
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hydrogen giving SgET ==]300m2/g: e = 0.76; oxygen 0.5%;
(iii) the LiF loaded carbon was heated at 1223 K in helium.
After washing out the LiF residue and drying under vacuum at
573 K the product was annealed at 2673 K under argon giving:

2
SBET = 20m~/g; e = 0; oxygen 0.

By a procedure analogous to that of Plzak et al (59), Zwier
and Burke (62) prepared a high-strength carbon packing by
reduction of the fluorocarbon Kel-F 300 LD with lithium amalgam.
As the surface of this KFD carbon exhibited polar behaviour due
to the presence of hydroxyl, carbonyl and carboxyl groups the
material was treated (i) wlith trimethylchlorosilane to mask the
hydroxyls and (ii) with thionylchloride followed by reacting
17 MgBr,
giving an octyl bonded carbon. The effect of silane and

the chlorinated carbon with the Grignard reagent C8H

Grignard modification was monitored by means of ESCA measurements.
The surface modified KFD carbon showed behaviour intermediate
between that of the unmodified KFD carbon and typical silica

based reverse phase materials.

Recognising the disadvantages of PMCB, Ciccioli et al (63)
examined a commercial graphitized carbon black, Carbopack B
marketed by Supelco and made from saran active carbon (64).

The material was first ground to a particle size of around 20um
and the fraction of dp > 20um used as packing. Although the
material was extremely fragile and required very careful handling
its LC properties were encouraging, and confirmed that the
graphitic surface is likely to be the optimum for HPLC applications

it can be provided on a more robust structure.

Unger et al (31,65) employed cokes and active carbons as
precursors. The starting materials had adequate hardness for
HPLC and could be milled and fractioned to give narrow cuts of
the desired particle size. Batches were then treated to remove

the non-carbonaceous constituents:

if
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(i) by leaching of inorganic impurities with HC1/HF mixtures

and subsequent annealing at 2073 to 3073 K,

(ii) by annealing at 2073 to 2873 K without extraction,
(iii) by annealing according to (ii) followed by treatment
with iron salts, partial degassing at 1273 K, removal of added

salts and final reduction by hydrogen at 673 K.

Procedures (i) and (ii) resulted in products having only

meso~ and macropores but with very low surface area. Procedure

(iii) gave SRET values in the range of 50 to 200m2/g, but the

products still contained a proportion of micropores.

Another form of carbon has recently been described by Knox
and Gilbert (66). The material is a porous glassy carbon
(PGC) and is made by pyrolysing a phenol formaldehyde mixture
within the pores of a template material (66) such as silica gel.
The composite polymer/silica gel is gradually heated from 400 K
to 1300 K to carbonize the polymer. The silica template is then
dissolved out by alkali or by hydrofluoric acid and the resulting
porous carbon heated to a temperature in excess of 2500 K. The
area of the porous carbon when initially prepared at 1300°C is
50 to 500m2/g depending upon the surface area and pore dimensions
of the silica gel initially used. After heating to > 2500 K
the area is reduced to between a half and a quarter of the
original value. Carbon produced in this way from a typical
silica gel has a rather high porosity of around 80% and is
structurally weak, However, by using a more porous gel,materials
capable of withstanding high pressures can be produced. The
chromatographic characteristics of the PGC's so far produced are
somewhat similar to those of other high temperature carbons,
especially the pyrolytic carbons of Guiochon (32,33,50). It is
also applicable in gas chromatography where its chromatographic
properties are similar to those of Carbopack B except that the

material itself is very much more robust.

13
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3. CHROMATOGRAPHIC STUDIES ON CARBON PACKINGS

3.1, Kinetic Performance

The term "kinetic performance' implies a combination of
speed of elution, plate efficiency, and economy of pressure drop.
It is best measured by the separation impedance E (67) defined

by equation {1):

Eznig =N N 1 (1)
tm Ap n
where h = reduced plate height, @' = flow resistance factor,

N = number of theoretical plates to which column is
equivalent, to = elution time of unretained fully permeating
solute, Ap = pressure and n = eluent viscosity. The flow

resistance factor @' is dimensioniess and given by equation (2)
" 2
g! = Ap dp /unL (2)

where dp = mean particle diameter, u = linear velocity of eluent
and L = column length. VWhere the mean particle size is well
established, @' is found to be in the range 500-1000. For

well behaved liquid chromatography the reduced plate height

h is found to obey the approximate equation

h=8/v + Av/3 4+ Cu (3)

The best columns show B = 2, A = 1, C = 0.1 and have minimum
h of about 2-3 at v in the range 2-5 (67,68).

The performance of any material packed into a column is
summarized by quoting its @'-value and either showing the
(h,v) plot, giving values of A, B and C, or giving optimum

values of h,
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tmplicit in the term "well behaved liquid chromatography',
however, is the assumption that peak dispersion arises entirely
from the kinetic effects covered in equation (3). For the
carbon adsorbents so far tested this is rarely the case. Peaks
are often asymmetric as a consequence of non-linear isotherms
for the adsorption of solutes from eluent onto the surface.
While it may be useful to treat the data according to equation
(3) it is not necessarily legitimate to interpret A, B and C
in terms of the kinetic processes with which they are usually
associated. The goodness-of-packing of a column largely
determines the parameter A. Microparticulate carbons have
usually been packed by the well-known slurry technique (31,32,67,
69) using suspension media adapted to the wetting characteristics
of carbon. Mixtures of dibromoethane and acetonitrile (32), and
of dioxane and paraffin oil (31) have been used. Recently PGC's
have been successfully packed using a 1% aqueous solution of the
nonionic detergent Tween 20 as suspension medium (70). Ciccioli

et al (63), however, dry packed their columns using Carbopack B.

Colin et al (33) determined column efficienices of PMCB
using particles of 15um and above. Optimum performance was
achieved with a 20% loading of pyrocarbon. Optimum h-values of
3-7 were found for solutes with k'-values up to 1.1. However,
for k'-values above 2 column efficiency generally dropped rapidly,
probably due to surface inhomogeneity and overloading (52).
Graphitization of PMCB affected a very small improvement in lowering
A, B and C for an unretained solute (50) but significant improvement
for retained solutes (32). Other carbons (31,61) showed similtar
effects. One of the best chromatograms published using PMCB
is shown in Figure 1. Figure 2 shows a separation on carbon

produced by purification and high temperature treatment of active
carbon (31).

By contrast to the hard carbons, Carbopack B studied by
Ciccioli et al (62) with particle size of 20um gave h = 4 at k'

= 7 and excellent peak symmetry as shown by Figure 3.
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FIGURE 1. Separation of methyl benzenes. Column 550mm.

Packings: 25-3Tum, Black Pearls L + LL4% pyrocarbon, graphitized,

~ 40m2/g. Eluent: acetonitrile 0.5mli/min. Detector: UV.

h for last peak = 15. Solutes: = unretained; 2 = benzene;

3 =1,3 dimethylbenzene (DMB); 4 =1,2 DMB; 5 =1,3,5 trimethyl-~-
benzene (TMB); 6 = impurity; 7 =1,2,4 TMB; 8 =1,2,3 TMB.

9 =1,2,4,5 tetramethyl benzene (TeMB); 10 =1,2,3,4 TeMB;

11 = pentamethylbenzene. (from ref. 33).

PGC falls between the PMCB and Carbopack and gives reasonably
symmetrical peaks at k'-values up to 15, as shown in Figure 3,

but h appears to be large at about 25 with the 5um particles used.

The permeability of carbon columns is much as expected with
i
300 < @ < 1000 provided that well sized fractions free of fines are
used and that the material is sufficiently robust to resist

compression.

in some studies (31, 71) column loadability was studied using

Snyder's parameter 6 (16), defined as the mass of solute

0.1
injected per gram of packing material which produces a 10%
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FIGURE 2. Separation of benzene carboxylic acids. Column: 2

100 x 10mm. Packings: 9um active carbon calcined 2073 K,~ 5m"/g.
Eluent: methanol/water (30/70 v/v), pH = 6.0 containing 5mM
tetrabutylammonium,2.7ml/min. Detector: UV. h for last peak
=45, Solutes: 1 = pentacarboxybenzene; 2 = 1,4 dicarboxybenzene-
3 = 1 methyl 3 carboxy benzene; &4 = 1,3,5 tricarboxybenzene,
5 =1

,2 dihydroxy, 3 carboxybenzene (ref. 71).
1
| 2
|
| 3
| /L
L | | 1
0 5 10 15

time / min

FIGURE 3. Separation of analgesics, Column: 250 x 2mm.
Packing: 25-33um Carbopack B,~ 80m2g. Eluent: Methanol,
Iml/min. Detector: UV. h for last peak = 10. Solutes:
1 = phenylacetamide; 2 = phenacetin; 3 = caffeine (from
ref. 63).
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decrease in k'. For silicas and reversed-phase silicas OO .

normally lies between 100 and 1000ng/g. An alternative measure

66 . 15 the mass of solute per gram of packing which produces
.5

a 50% reduction in the plate efficiency of the column,
Both 80 : and 86 5 depend upon the type of adsorbent, the surface
heterogeneity, the nature of the solute and of its interaction

with the adsorbent surface, and the nature of the eluent.

Colin et al (71) reported 96.5 values of 10~60nug for PMCB
with acetonitrile as solvent. Unger et al (31) obtained values
of around 10ug/g on carbons of very low surface areas (‘sz/g).
Higher values more in line with those for silica gels would be
anticipated from carbons of higher specific surface areas.

0.1 and 96.5 values were different for
different esters using methanol as eluent.

They also showed that 6

It may be concluded that carbons can be produced to give
good chromatographic efficiencies which in some cases are
comparable to those obtained with silica gels. However, the
efficiency in general is significantly less as is the column
loading. These two features are closely associated; both
probably arise from the as-yet unsatisfactory surface chemistry
of the present carbons. However, there is every reason to
cuppose that high efficiency carbons can be produced which will
eventually compete on equal terms with existing silica gel

based materials.

3.2. Retention and Selectivity

Solute retention on carbon arises from adsorption of solutes
onto the carbon surface. Solvent molecules adsorbed at the
surface are thought of as being displaced by solute molecules
during elution, the balance between solvent and solute adsorption
providing the observed retention. According to Snyder (16) the

column capacity ratio for an adsorbent can be expressed by equation

(4):
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k' o= 1 ’s + 8(s-A 9 ()
1og4q 910, f s€
m

where Vs = volume of a monolayer of eluent covering the active
s%rface, Vm = vyolume of eluent,B = surface activity factor,

S =dimensionless free energy of adsorption of solute
(AG/2.303RT) from a standard eluent, AS = molecular cross
sectional area of that part of the solute in contact with the
surface measured in units of 8.5%2, eo =dimensionless free
energy of adsorption of a quantity of eluent sufficient to
cover 8.522. Both S® and €® are measured relative to the value
for a standard eluent since absolute values are not directly
measurable. In the case of silica gel, pentane is taken as the
standard having e® =0, giving e” values in the range 0 to 1.
The parameters Vs and B are affected by the water coverage of
the surface. For carbons, methanol has been taken as the
standard eluent with e =0 and in the light of the very limited
data available on surface activity B may be taken as unity.

With these conventions e -values for carbon are positive for
solvents such as dichloromethane, alkanes, benzene, which are
stronger than methanol, and are negative for eluents containing
water. The extension of the series towards water and neat
aqueous buffers is, however, limited by the fact some carbons

are not wetted by water.

Eluotropic series have been reported on charcoal (16),
PMCB (33) and carbons made from thermally treated cokes and
active carbons (31) and are listed in Table 1, It is noted
that there are significant differences in the sequence which
can probably be attributed to the different surface characteristics
of the materials and the different test solutes used.

Values for €° have been calculated by Colin et al (71,72)
and a selection of these values are shown in Figure 5. The
range of eluotropic strength is substantially less on carbon
than on silica gel especially if aqueous mixtures are

discounted. For methanol/water mixtures, ]og1ok' increases
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TABLE 1

Eluotropic Series for Carbons

(in order of increasing solvent strength)

Charcoal PMCB Thermally treated
(16) coke and active
carbon
(for alkyl benzenes) (for naphthalene)
(33) (31)
water
methano! @———_@ methanol @u—————@ methanol
ethanol acetonitrile hexane
acetone ethylacetate tetrachloromethane
propanol hexane acetonitrile
diethylether dimethylsul phoxide
butanol dichloromethane tetrahydrofuran
ethylacetate butylchloride trichloromethane
hexane tetrahydrofuran dichloromethane
heptane
octane
nonane

benzene @w———=@ benzene @——————@ benzene

linearly with water content as in reversed-phase chromatography
to a maximum water content of about 50% corresponding to the
composition at which carbon ceases to be wetted by this mixture
(31,71). As found in classical adsorption chromatography on
carbons, modifiers such as aromatic hydrocarbons, bases and acids
are often necessary to improve peakshape. With PGC for example

(see Figure L) the addition of terphenyl (70) was necessary
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FIGURE 4. Separation of methylbenzenes. Column: 100 x 2Zmm.
Packing: 5um porous glassy carbon PGC26 heated to 2600 K.
380m2/g. Eluent: methanol. Detector: UV. h for last peak
= 25, Solutes: 1 = benzene; 2 = toluene + 1,4 DMB; 3 =
1,3 DMB; 4 = 1,2 DMB; & =1,2,4 TMB; 6 = 1,2,4,5 TeMB.
(ref. 70).

to give symmetrical elution peaks for the more retained alkyl
benzenes and polynuclear avomatics while the addition of acetic
acid was necessary for successful elution of aromatic acids.
Similar behaviour was observed with thermally treated active
carbons (73). It seems |likely that the modifier occupies
specific active sites on the surface of the carbons, such sites
being responsible for surface heterogeneity and the extreme
curvature of the adsorption isotherm at low surface coverages.
The situation is familiar to those involved in adsorption
chromatography with silica gel (16). Intelligent control of
eluent composition is evidently necessary with currently available

carbons if good peak shape is to be obtained.
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water
80°%
60°%:
40%,
20%
methanol
acetonitrile \.
ethanol \q_-)
propanol ‘3
ethyl acetate .\.
hexane o\n
octane \oo
butyl chloride ®
tetrahydrofuran ‘
dichloromethane .'
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benzene c‘o
xylene 30
1 1 1 1 {

FIGURE 5. Mean eluotropic strength of organic eluents on PMCB
using alkyl benzenes, methyl benzenes, methyl phenols and
polynuclear aromatics: ® determined by chromatography,

0 calculated from interfacial surface tension data. (Data
selected from Table 3 of ref. 72).

Carbons offer a special advantage over silica-based
materials in that they can be used over a much wider range of
pH. JADQO carbon was used with neat buffers of pH from 1 to 8
(61,74) while Unger et al (31) separated alkaloids using methanol/
water buffers with pH from 6-12. An example is shown in
Figure 6. As with bonded silicas, separations based on ion-

pair formation are also possible as seen from Figure 2.
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FIGURE 6. Separation of alkaloids. Column 100 X 10mm.
Packing: 9um active carbon calcined at 2073 K,~ 5m2/g.
Eluent: methanol/water (80/20 v/v), pH =11.2, 1.5ml/min.

Detector: UV. h for last peak =20. Solutes: 1 = ephedrine;

2 = codeine + anaestesin; 3 = theobromine; L = caffeine;
5 = strychnine. (from ref. 31).

A widely used method of quantitating the hydrophobic
balance between a stationary and mobile phase is to plot
1og1ok‘ for members of a homologous series against the number
of carbon atoms, n, in the molecule or alkyl chain. A linear
relationship is often found. Such measurements in reversed-
phase systems give a scale of eluotropic strength for the CH2
group, as can be seen by differencing equation (4) for two

successive homologues.

. . _ o B )
n+1/k n) - CH, ACHZE ) (5)

al = log1o(k'

23
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where SOCH is the dimensionless free energy of adsorption of
2

a CH2 group from the standard eluent, and A is the area

CH2
occupied by a CH2 group on the surface. Several authors
(32,33,61) have shown linear plots of Ioglok'n against n,

from which the values of a' may be calculated. These values
are collected in Table 2. They are substantially greater than
those obtained in reversed phase silica packings with the same
eluent composition (31, 65). For example, Colin et al quote
a! = 0.15 for altkyl benzenes eluted by methanol from Partisil

0DS~2 whereas the values for carbon are about 0.25.

The o'-values for different carbons are self consistent
and clearly show the increasing eluotropic strength (decreasing
a' value) from methanol and acetonitrile to pentane and heptane.
Typical o'-values for the quasi-homologous series of methyl
substituted benzenes are 0.4 to 0.45 (33, 70).

Increase in the number of conjugated rings in the solute
molecule leads to a marked increase in retention as seen from
the data of Table 3. It is noted that in spite of a very wide
range of surface area within the carbons studied the elution
order is always the same. Values of k' relative to fluorene are
generally comparable and when plotted against the number of
carbon atoms in the solute give a fair correlation as shown in
Figure 7. The gradient gives an o'-value of 0.32 for addition
of each carbon atom . This falls closer to the value for
addition of CH2 groups (0.25) than to the value for addition of
CH3 groups (0.4 to 0.45) and indicates that contrary to general
belief graphitized carbons do not show any special selectivity

towards conjugated rings.

The behaviour of carbon is distinctly different from that
of reversed phase silicas (76,77) in regard to retention of
aromatic compounds carrying polar functional groups. As shown
by Figure 8, polar derivatives of benzene, especially those

having large dipoles,are much more strongly retained by carbons
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FIGURE 7. Dependence of log10k'/k' upon carbon number,

fluorene
n, for elution of polynuclear aromatic hydrocarbons from
carbons. Data from Table 3.

than benzene itself whereas the opposite is true with reversed~
phase bonded silica gels. In general, however, the effect of
added groups whether polar or not gives approximately the same
increase in retention when considered on the basis of the
number of heavy atoms (C,N,0) in the group, provided that the
stereochemistry of the adsorbate does prevent adsorption of all
the groups. This again emphasises the importance of dispersive

rather than polar interactions at the carbon surface.

27
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FIGURE 8. Solvent selectivity for different eluents on carbon.
Column and packing: as for Figures 2 and 6. Eluents: MeOH =
methanol/water_{70/30 v/v): THF = tetrahydrofuran/water

(40/60 v/v); AcCN = acetonitrile/water (50/50 v/v).

Eluents marked THF, MeOH or THF, AcCN, MeOH etc. are

made by mixing equal volumes of the individual eluents.
Solutes: monofunctional derivatives of benzenes as shown

(ref. 73).
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The discrimating behaviour of carbons towards solutes of
different polarity is relatively poor. On the other hand
discrimination on the basis of molecular size appears to be
higher than that of reversed phase silicas. Carbon also offers
superior selectivity with respect to positional isomers such
as cis-trans, aromatics containing hetero atoms etc. Figure 4
illustrates this selectivity in the separation of xylenes
using PGC. While the differences in eluotropic strength of the
common eluents on carbon seems relatively small (Figure 5), the
rather special selectivity of carbons requires detailed examination
and may well show strong dependence on eluent composition. This
area requires much more study. The results of Colin et al (79)

indicate that such work is likely to be rewarding.

In summary, carbon packings offer selectivity characteristics
which appear to be significantly different from those of alkyl-
bonded silicas. In particular they show greater selectivity for
members of homologous series and isomeric compounds and lower
selectivity in respect of functional groups of similar molecular

weight.

L, APPLICATION OF CARBON PACKINGS

Although carbons for HPLC are not yet available as commercial
products, a great diversity of solute types have been separated
on carbons. A unique study was carried out by Telepchak (78)
who employed a column packed with 10um diamond dust by resolve
aromatic hydrocarbons. Bebris et al (53) used methanol/water
mixtures and pyrocarbons modified silica gel (PMS) to separate
monoalkyl benzenes, polymethyl benzenes, alkylnaphthalenes,

methyl phenols and benzoic acid esters.

The most comprehensive studies have been carried out by
Guiochon and co-workers on PMCB and PMS. Aromatic hydrocarbons and
methyl benzenes were well separated using acetonitrile as

eluent, naphthalenes required a stronger solvent, dichloromethane,
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and diphenols required ethylacetate. Other compounds subsequently
separated were polychlorinated biphenyls (PCB's), steroids,
sulphur and nitrogen-containing compounds (71, 79). The
selectivity of PMCB towards isomers was examined with mixtures

of undecen-1-ol isomers, isomeric aromatics, and isomeric
compounds used in the synthesis of liquid crystals (52).
Methanol/water and acetonitrile/water were used to separate

adamantanes (80).

Hanai and Walton (81) applied PMCB's and PMS's to the
separation of PCB's and other pesticides using methanol/water
as eluent and also suggested their use for trace enrichment
and preconcentration of pesticides in environmental samples.
This suggestion was exploited by Frei et al (82) who compared
the effectiveness of 0DS-silica and carbons of different origins
in the enrichment of samples containing traces of chlorinated

phenols.

The Czeckoslavakian group (61) found JADO carbon suitable for
separation of amino acids in neat aqueous buffers. They carried
out detailed studies on the effect of the pH and ionic strength
of the eluent to predict optimum separation conditions {(74).
Ciccioli et al (62) obtained excellent separations of alkyl
substituted benzenes and naphthalene derivatives, triazine

isomers, phthalate esters, analgesics and amino acids on

Carbopack 8.

Unger et al (31) demonstrated the utility of carbon in
highly alkaline solution by resolving alkaloids using a methanol/
water buffer at pH 11-12. They also discriminated various

carboxylic acids using reversed-phase ion-pair chromatography

(75).

Carbon packings have thus been used for a wide range of
chemically different solutes ranging from non-polar to highly

polar and ionic. It appears to be possible to elute compounds
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containing virtually all common functional groups if the eluent
is appropriately chosen. However, a serious limitation of

most of the carbons is that their peak capacity is limited by
growing asymmetry as k' increases. However, certain carbons

do show promise which suggests that this problem can be overcome.

5. CONCLUSIONS

Carbons have been produced having some but not all of the

following desirable features:

(a) adequate hardness
(b) appropriate particle size

(c) good surface characteristics

The hard carbons are superior in regard to {(a) and (b) and
less good in regard to (c) whereas Carbopack B, a soft carbon, is
superior in regard to (c) but unsatisfactory in regard to (a).
There is no reason to believe that a carbon cannot be developed
which possesses all features to a sufficient degree to be useful

in routine HPLC.

Carbon offers a unique selectivity which is different
from that of reversed phase alkyl-bonded silica gels. Although
it has been applied to a fair range of compounds its application
to biochemistry has hardly begun, and an enormous field remains

to be explored.
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POST-COLUMN REACTION DETECTION SYSTEMS IN HPLC

Sj. van der Wal

Technicon Instruments Corporation
511 Benedict Ave.
Tarrytown, NY 10591

ABSTRACT

Designs of post-column reaction detection systems for HPLC
are discussed with respect to their effect on sensitivity and
resolution on the basis of systems theory. The most promising
post-column reactor types are the packed-bed reactor and the
electronically desegmented liguid-segmented reactor. No exper-
imental data on the latter are available, however.

The choice of post-column reaction detector system is greatly
influenced by the reaction type. An overview of these reaction
types with suggested systems are given.

For two examples, corticorsteroids and catecholamines in
plasma, a comparison is made of the different detection possi-
bilities.

INTRODUCTION

The use of on-Tine post-column reactions for specific and
sensitive detection after separation is increasing to develop HPLC
into an even more powerful analytical tool. Derivatisation should
be considered if just separation and detection of native compounds
will not suffice due to Tow signal to noise ratioc or interfering
peaks. Pre-column derivatisation requires a neat quantitative
reaction giving stable and single well-defined reaction products
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unlike post-column derivatisation where not even a knowledge of
(1,2)

reaction is reproducible and there is a difference in the

the nature of the products is essential as long as the
detected property of the reagent and product(s) (unless an
extraction is incorporated). Reactions can be performed
off-Tine (not keeping pace with the HPLC separation) or on-
line, and batch-wise or continuous. Pre-column derivatisation
is usually performed batch-wise, because there is only one
sample per chromatogram, and off-line since off-line reac-
tion is subject to Tess time and solvent constraints. For
post-column derivatisation only a fraction size of one tenth
of the peak volume or less causes minimal information 1035(3).
so, most often continuous reaction, which is conveniently done
in an on-Tine mode and is easily automated for routine analyses,
is chosen. The choice for off-Tine batch-wise pre-column or
automated on-line continuous post-column derivatisation will be
determined by the specifics of each case.

REACTOR DESIGN

The Tatest HPLC column technology imposes demands on the
design of post-column reactors (PCR's) with respect to dis-
persion characteristics.

The influence of the PCR for a homogeneous reaction and
a concentration sensitive detector on sensitivity for a com-
ponent in the sample is given by:

Ipm ] 4 Vi EM tRC FC i} AV [M 1)
Is ALCE + k(@ + Btpep)Fpeg (@ica * Tper) Fppp
in which: Ipm = signal height at peakmaximum in total system

IS = signal hight for component in sample

V1 = injection volume

EM = enhancement of signal due to derivatisation

tpe = retention time on the column

F = flow rate through the column
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A = cross-sectional area of the column occupied
by mobile phase
L = length of the column
k' = capacity factor of the component in the system
314 =dispersion in the chromatographic system without
icd PCR
g, =dispersion in PCR
PCR
F

PCR= flowrate of eluent plus reagents through PCR
(excluding segmentation fluid)
The resolution in the complete system for two adjacent peaks,
Ra, decreases relative to the resolution in the chromatograph with-
out PCR,R.:

From equation (1) and (2) it can be deduced that the sensitivity
and (even more) the resolution will be impaired if the despersion
in the PCR approaches the dispersion in the rest of the system-
which for a well designed HPLC system equals the peak dispersion
in the column (see below).

According to systems theory the varjance of the dispersion
in the total system is the sum of the variances of the independent
dispersions in the parts. The parts that can cause dispersion are
identified in fig 1.

The dispersion due to injection, 6%1, is for a good injector
less than the duration of the injection. For injection times
longer than a second the dispersion can usually be reduced by on-
column concentration so that &y £ 1s.
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analyse ot

= inject = U
t.

+  separate + 0

+ proportionate + o

+ [segment) + o

PCR + mix + O

+ react + 0

tr

+ [desegment] + Ut
L ds
t

+ detect + O
tg

FIGURE 1
The variance of the peakdispersion in the system is
the sum of the variances due to the consecutive functional

units.

The dispersion in a modern UV or fluorimetric detector is
Jess than 100 ms, but in (diffusion Timited) electrochemical
detection generally Targer than ls.

For 3000 theoretical plates and a retention time of 3-10
min. the column peakbroadening is e’tc = 3.3-11 s, thus:

2 2 2 R
é "6,+6’t +6’td = @ (3)
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In most PCR's reagent is added and mixed with column effluent.
Proportioning can be done via a tee and should not contribute
to overall dispersion. Improper proportioning, however, is a
source of noise, drift or variable response. A tee with 30° angle
is capable of acting as a mixer (4); a rotating flow mixing
chamber (5) and a stirred mixing chamber (6) were documented
to give better mixing. If their volume is reduced to Tess than
a few microliter these mixers should show acceptable dispersion
(a conical Kobayashi-type mixer is presently used in a commerc.
PCR).

The most favorable mixing and dispersion are obtained in

packed-bed (pb) mixers (7’8).

The minimum Tength for a pb mixer,
(8),

Lm, is given by

10 o2
Ly=10 dg/dy

!

in which: dt inside diameter of the mixer

[}

b particle diameter
e.g. a 10x3 mm tube packed with 100 pum glass beads will give
adequate mixing and a (longitudinal) peakdispersion of less than
.1 s (at .1 ml/min flowrate).

Segmentation may be introduced at the reagent tee and hence
wWill not contribute to dispersion.

So, the total peakdispersion in the PCR simplifies to:

2 2 2
[ = d + 4 (4)
PCR tp tys

There are three types of PCR design: the capillary (cap), the
pb and the segmented flow (sf) reactor (see fig. 2). Dispersion

in the reactor proper for cap reactors can be described by (8):
1/3
F 4/3
? P .
62 = o4, (PRt if x> (50)

R AP



42 VAN DER WAL

Simple

I R A |

Coltumn Detector
Reagent
Packed-Bed
C ‘-T“ 1 D ‘—'
R
Waste

Fluid-Segmentation

c
— D (>

Air R

FIGURE 2
Post-column reaction detector designs.
a capillary PCR
b packed-bed PCR
¢ segmented flow PCR

o

F 1/3
.004/D;, (i—PC—R—) e VOaE R (o)

R AP
13 2 , 6 1718 o5/18
6 - .23 7 Feer 4 ty 218 e g4 (50)
R
12
On &P /2
h1whid1(9):
kK= 4.8 it_quDT) 1/3 (5D)
3. 2
/° Frer
1 = dynamic viscosity of the reaction solvent
Dp = diffusion coefficient of the analyte

AP = pressure drop over the reactor
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tg = reaction time

d. = diameter of the coil of reaction capillary

/2 = density of the reaction solvent

For pb reactors of non-porous packing material the dispersion
is (8), :
' 1/2 3/2

o= aon -1 (6)

. 2
if A, 100 d
r p and dp Dm/u.

in which: A = dispersion factor; A=3 for a well packed reactor
Ar = cross-sectional area of the reactor
u = linear velocity in the reactor

A semi empirical equation was derived for sf reactors in which

a gas is used for segmentation (10):
2/3 5/3
P 2 - 538 dy . x . 1] 2.35 %tp
‘R MELAL | B Vi A
D g Y (7R)
m t
3 \5/3 2/3
in which: se = pep * 924" )77
273 ¢
Y PCR

fl

surface tension

i

!

Dl
m

segmentation frequency

mass transfer coefficient=4x10"4

i

-1.67
1 D

Unfortunately a like equation has not been derived yet for
solvent segmented reactors.

Using equations 5, 6 and 7 a good idea of the relative
performance of the repective types of reactors is obtained.
Examples are given in fig 3, showing the dispersion as a
function of reaction time at several flowrates and a wide
range of other experimental conditions.

The peakdispersion due to desegmentation (debubbling or
phase separation) in sf reactors should be taken into account
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)
s
e}
0172 o5 10 2 5 1
tglmin) ——
FIGURE 3
The peakdispersion in packed-bed(~—~--),capillary(— — ),

and segmented-flow(==t"T) reactors.

Experimental conditions:

ap {100 bar; L)Y 0.01 cm(cap,pb)or 0.0S&%“;{O.4(sf);
- -3, N =a.

d/dyYy 55 dyy 5umiK=2.107756=0.4; A =3; ng'5.

A B C

Dm(x105 cm/s)

0.3
(x100 g/cm.s) 1.5
0.8

/)( g/cm3)

The numbers next to the curves gove the respective

OO W
Q0

PCR flowrates (in ml/min).

when comparing PCR's (see eq. 4). Recently it was found that

peakdispersion in solvent segmented reactos may be caused

(11)

mainly by (physical) desegmentation Over a Timited range

of flowrates: ¢ = 12 + 1 pl for a miniaturized phase

V,ds : . (12)
separator. This was confirmed for gas desegmentation .
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01

02 05 10 2 5 10
tRhnm)-»~+

FIGURE 3B&C

An alternative to physical desegmentation is modification of
the detector in order to measure only the segments of interest
(13,14)

Segment volumes of ca 1 ul seem within the capabilities
of present equipment.
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COMPARISON
pp PCR's give less dispersion than cap or sf PCR's at high
flowrates and viscosities of the reaction solvent (c.f. fig 3).
The only pb PCR's demonstrated (8’]3), however, were not suitable
for aggressive solvents (e.g. extreme pH).
Cap reactors are commercially available and simpler than pb

reactors. They should only be used when dispersion is not an
issue (i.e. for short reaction times).

sf reactors show better dispersion performance than cap PCR's
except for very short reaction times ( {30 s) when physical de-
segnentation is applied (broken lines in figs 3).

At reaction times larger than 120 s and Tow viscosity sf
reactors should be preferred even over pb reactors for their
commercial availability and versatility.

A way of increasing reaction time without appreciable peak
dispersion is storage of the reaction mixture in a holding reactor

(16)(5ee fig 4). A part of the chromatogram can be stored in each

Reagent
Valve

Air

208

Coil No.1

Column

Detector

00064
Coil No.2

3%
14q

2000

Coil No. n

FIGURE 4

PCR for extended time and/or multiple reactions.
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reactor via a switching valve, increasing the reaction time. This
method proposed for sf but should also work for pb reactors(]7).
Flow-splitting to obtain a low flowrate and increased reaction
time without changing the volume of the reactor chould be used too,
but with a loss in sensitivity proportional to the split ratio.
The versatility of sf and pb reactors can be seen clearly
in fig 4: except for extended reaction times this PCR can also
be used Lo apply different reactions with multiple reactiontimes
to consecutive parts of the chromatogram without sacrificing re-
solution.

REACTION TYPES

Specific reactions for post-column derivatisation have been
extensively reviewed (18, 19) and will not be summarized here.
General PCR considerations with respect to reaction conditions
are:

1. A high reagent concentration is needed to keep the dilution
factor and the reaction time as small as possible.

2. Since the reaction rate increases usually 2-3 foid per 100C,
the highest reactiontemperature that the solvents permit
will be used unless the analytes or products are unstable
or side reactions are limiting.

3. The reaction solvent should have a high boiling point, Tow
viscosity and should not slow the reaction or quench the
signal of the product. Impurities in the solvent are known
to determine the detection Timit in fluormetric detection.

Most applied derivatisations are homogeneous (pseudo)
first order reactions. They can be performed to create e.g. a

chromophore (20) (21)
(22)

, fluorophore , electrochemically active

compound , luminescence or precipitation.

Post-column redox reactions based on an indicator technic
e.g. carboxylic acids with nitrophenol or phenols and carbo-
hydrates with Ce, will Tikely lose importance to electro-chemical

detection. In the case of thioridazines the analyte products are
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specifically detected and not the reagent products, giving
additional selectivity not matched by electrochemical detection(23)‘
Efficient chemiluminescence can be obtained in several ways

(see figure 5):

1. When a reaction can be made to produce a Tuminol oxidant ]ike
H202.

2. When a fluorophore can be produced that reacts in high yield
with peroxyoxalate.

3. MWhen a metal jon is generated that catalizes the reaction
of Tuminol with H,0, (e.g. detection Timit ColIl: 10 pg (24)).

A post-column precipitation reaction with nephelometric
detection has been used with triglycerides by changing the polarity
of the mobile phase by addition of ammonium sulfate (25). The
specificity, sensitivity and Tinearity of this method is Tikely
much better when a real reaction with formation of an insoluble
product is performed (25).

Some reactions do not even need addition of reagents. Energy

in the form of heat or photons or the permanent presence of a

M
a oxidant + luminol ==3 luminescence
b HZOZ + TCPO === peroxyoxalate
peroxyoxalate + fuorophore ===%» luminescence

oxidant = H,0 OC1',IZ,MnO

Tuminol = S?aﬁino—Z,3dihydiophta1azine~l,4dione
TCPO = bis~-trichlorophenyloxalate
fluorophore: e.g. perylene

FIGURE 5

Chemiluminescence reactions
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catalyst in the reactor may be sufficient. Solid phase reactors,
in which the reagent is immobilized in a reactor have a definite
drawback: depending on the analyte to immobilized reagent ratio
the reagent is depleted with time and the reactor will have to be
reloaded.

Photochemical reaction was applied for increase as well as
extinction of signal in a UV detector (26), f]uorimeter(26’27’28)
and conductivity detector (29) with differential detection to
enhance selectivity and sensitivity. Although the application
of quartz or teflon pb reactors for photochemical reaction may
be feasible (28), it has not yet been demonstrated. A class
of catalytic PCR's of growing importance is enzymatic reactors.
While their selectivity makes them attractive, temperature, pH
and inhibitor/activitor sensitivity are not favorable. Most
enzyme catalysed reactions have a temperature and pH otimum
resp. slightly above and at the in vivo temperature and pH.
Organic solvents like those used in HPLC tend to decrease
the enzymatic activity. The pH optimum neccessitates buffering
and Timits sensitivity and linearity for pH-indicator aided
detection of oxidoreductases

Often enzymatic reactions obey Michaelis-Menton kinetics.
The rate of product formation is given by:

_d[P] - Ck[EQILsT
dt Km *+ [S] (8
in which: k = specific activity
[Pl = product concentration

[EO] = enzyme concentration
[S] = substrate concentration
Km = Michaelis constant

Two types of enzymatic reactors exist for:

Enzyme Analysis

Essential is that the PCR does not adsorb the analytes. For
enzyme detection the substrate (reagent) concentration will
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be as high as possible: [S]®» K, so
tp = [P1/ k. [Egl (9)

According the eq. 9 the detection Timit is proportional to
the reaction time. For example, LDH isoenzymes (k>100 s “])
can be determined with NAD as substrate and UV detection with
a detection Timit of less than 1 nM per second of reaction
time. Another application is the measurement of insecticide

residues by their cholinesterase inhibiting effect (31).

Substrate Analysis

The price of enzymes and simplicity of design make it
desirable to immobilize enzymes in the reactor. The stability
of these reactors is good ("lifetime" Targer than fifty days)
but the bound enzymes have usually much Tess activity and a
larger Km than the free enzyme. When Km»[S] then from eq 8:

b= Km n [S] - [P]
R~ TKI[E,T 5

For short reaction times a high enzyme concentration is re-

quired, therefore, pb reactors are preferred over cap reactors by

virtue of their Targer surface area. For example, bile acids

have been detected by 3-hydroxysteroiddehydrogenase with tR {6 s

(32) (see fig 6).

The sf reactor is the only PCR that employes multi (mobile)

and a detection 1imit of 10 ng

phases. This has been successfully utilized in the extraction

of ion-pair complexes (33)

(34)

and for separation of reagents and
products The phase ratio and composition of the phases
have to be carefully optimized. The distribution of solvents
of intermediate polarity (e.g. the organic modifier in reverse
phase separations) over the phases is often problematic. The
combination of neat aqueous mobile phases and polar bonded
stationary phases in HPLC may offer a solution (35).

An important aspect of the multi phase reactor is that

reactions can be performed in liquid bubbles interspaced by an
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"
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10

W _ UL

0 10 20 30 40
FIGURE 6

BAnalysis of bile acid standards.

Identity of the peaks:1l ursodeoxyC;2 C;3 glycoursodeoxyC;
4 glycoC;5 tauroC;6 chenodeoxyC; 7 deoxyC;8 glycocheno-
deoxyC; 9 glycodeoxyC, taurochenodeoxyC;1l0 taurodeoxyC;1ll
lithoC;12 glycolithoC; 13 taurolithoC. C=cholic acid.
(From ref. 32, reproduced with permission of The Chemical

Society of Japan.)

immiscible solvent-~that may contain reagent or not-wetting the
tube wall. In this case adsorption of the sample to the tube
material is preventedand dispersion should be minimized.

The multiphase reactor opens possibilities for coupling of

HPLC with mass spectrometry via ion-pair extraction (36), with
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infra-red detection, flame ionisation detection or with HPLC

in another mode.

THO_LXAMPLES
Corticosteroids

Here the analyte (e.g. cortisol) is a complex molecule with
many fuctional groups and the analyst is faced with a choice
(see fig 7). The 44-3 keto chromophore has £,=16000 at 240

M
nm(37). The Zimmermann (Z) reaction attacks the 3- and 20-keto
group(38) but also many other ketones. For the analysis of complex

mixtures these detection methods may not be specific enough-UV
detection at 240 nm is in ca 20% of the samples unfit for
determining cortisol in urine (39).

Reaction with isonicotinoylhydrazine (INH) on the A4-3 keto
group (40) or the multi-stage Porter-Silber (PS) reaction with
phenylhydrazine on the 17-hydroxy (= keto) group(4]) are more
specific. The fastest and most sensitive reaction for corticos-
teriods is the Blue Tetrazolium (BT) reaction on the oK-ketol

chain (42).

Reducing sugars also react with BT, but do not
interfere with corticosteroids when HPLC is applied. The INH
and PS reaction do not allow water in the reactionsolvent, with
the BT reaction Tess than 20% water is optimum. As for bile

acids these endogenous corticosteroids could be enzymatically

INH 70 <
uv

FIGURE 7

Chemical structure and reactive sites of cortisol.
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detected. The convenience, sensitivity and selectivity of the
BT reaction apparentiy has prompted no attempts to do so.

Reaction conditions for cortiCosteroids are summarized in
Table I.

Catecholamines

Catecholamines are even more extensively studied and offer
therefore greater choice in detection methods (see table II).

TABLE I

DETECTION OF CORTICOSTEROIDS

53

Method A (nm) ERiél‘ T(OC) det.lim. Specific Ref.
v 240 0 25 5 ng - 37
yA 520 10 50 - 38
INH 370/450 55 25 7 ng + 40
PS 420 960 60 20 ng + 41
BT 525 20 55 1 ng + 42
Enzy. 40 +
TABLE 1T

DETECTION LIMITS FOR CATECHOLAMINES (pg)

Method _NE B DA by ref.
uv 103 100 1l 0 43
Fluor. 300 300 300 0 43
Electrochem. 25 25 25 0 43
OPA 75 - 130 9 43
Borate 250 250 - 90 44
THI 1 1 800 230 43
F1-Tumin. 10 - 10 10 5
PABA - - 20 ? 45
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While cortisol normal values in plasma are 0.3-3 ng/mt, the
range for epinephrine (E) is 10-80 pg/ml, norepinephrine (NE)
is 100-600 pg/ml and dopamine (DA) is 10-150 pg/m1 %6} Fop
accurate determination of normal plasma levels of catechola-
mines UV detection, fluorimetry and a borate complexation
technic are not sensitive enough. O-phtalaldehyde (OPA) and
fluorescamine (F1) do also react with all other primary amines
in the plasma but not with the secondary amine E. Even if this
is overcome by a preceding demethylation of E,OPA sensitivity
will be marginal and F1 fluorophores will have to be enhanced
by chemiluminescence (5). The Trihydroxyindole (THI) method<43),
is sensitive for NE and E, selective and fast (tR { 4 min).

It is a multistage reaction involving oxidation to adrenochrome
and alkaline rearrangement to fluorescent trihydroxyindoles.
Usually ascorbic acid is added which prevents oxidation of

the fluorophore. The detection 1imit for DA in plasma is not

Tow enough but NE and E can be determined with relatively
Tittle sample preparation (see fig. 8). A complimentary
specific and sensitive method for DA in plasma was reported(45).
Electrochemical detection is well suited for detection of the
higher concentrations of catecholamines in urine after multi-

column separation (47).

PRESENT AND FUTURE

At commonly used HPLC flowrates commerical systems of the cap
PCR type having a volume of 0.3-2 ml will cause an additional
peakbroadening of 0.5-4 s, which is for most analyses acceptable.
For longer reaction times or extractions sf has to be used. Peak
dispersion in these PCR's was shown to be 1-10 s (]1’34).

Problems arise at the application of PCR's for high speed

(48,47) since peakwidths leaving the HPLC column

separations
are of the order of 0.5-2 s. From figs 3 it is clear that for
high speed HPLC only sf reactors with electronic debubbling

or pb reactors and very rapid reaction should be used. At the
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FIGURE 8

Catecholamine analysis in human plasma.

Chromatogram of standards (200 pg each of norepinephrine
and epinephrine) (left) and of 1 ml of human plasma (right).
(From ref. 50, reproduced with permission of The American

Association for Clinical Chemistry.)

flowrates optimal for microbore and capillary HPLC columns

no data are available and extrapolation seems futile. It is
therefore, imperative that efficient pb reactors are developed
that do not dissolve or corrode at extreme pH (e.g. made of
titanium).

The type of catalytic PCR in which an analyte (or analyte
product) is acting as a catalyst holds the promise that with
increasing possibilities of extending the reaction time in
PCR's the detection 1imits of the analytes will be proportionally
decreased.

The application of new derivatives, different immobilized
enzymes and electrochemical detection is expected to increase
dramatically in the near future.
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ABSTRACT

A method of instrumental spreading correction in size-
exclusion chromatography is described, which is simple, precise,

and easy to calculate with a simple desk-top calculator. A
Gaussian-type instrumental spreading function with variable or
fixed Tung's constants is assumed. No assumption of any functions

for uncorrected (observed) and corrected chromatograms for polymers
is made in advance, instead, these chromatograms are assumed to be
the assembly of several Gaussian distributions. After an uncor-
rected chromatogram being devided into several Gaussian distribu-
tions correction of instrumental spreading is made on each Gaussian
function and then the corrected Gaussian distributions are
agsembled into the corrected chromatogram. Examples for correc-—
tion are demonstrated. Even in high performance SEC, this
correction is still needed.

INTRODUCTION
Size-exclusion chromatography (SEC, GPC) is one of the best

tools for the determination of molecular weight averages of
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polymers. Calculation of molecular weight averages and molecular
weight distributions from SEC chromatograms, however, 1s not
straightforward as far as instrumental spreading should be taken
into account. The phenomena of the instrumental spreading in SEC

have been described adequetly by Tung's integral equation [1]
(o)
F(v) = [m W(x) G(v - x) dx (1)

where F(v) represents the observed chromatogram, W(x) the true
chromatogram (the corrected chromatogram), G(v - x) the instrumental
spreading function which has often been approximated by a Gaussian

distribution, and v and x the retention volume.

A number of procedures to solve this equation have been
described in the literature: the approximation of the equation by
a set of linear algebraic eqgquations [1-4]; nminimization by
numerical methods [5-8]; the Fourier analysis method [9,10]; the
polynomial method [10]; the iteration method by matrices [11]; and

the use of partial differential equations [12].

The correction of instrumental spreading becomes significant
when the efficiency of the column system is lower and molecularxr
weight distributions of polymer samples are narrower. In order
to solve the equation (1), the use of a computer is the first
requisite. Danielewicz et al. [13] have tested the published
methods of data correction, compared these methods with respect to
correction efficiency, to the sensitivity to experimental errors,
to the computer time requirements, and showed they have both merits
and demerits. The remarkable progress of SEC enables this
technique to spread over even small laboratories where limits fast
computer with large storage space. The method described here is
relatively simple and easy to calculate, 1f needed, even with a
simple desk calculator, and there is no restriction on a Gaussian
spreading function with variable or fixed resolution factor (Tung's
constant) . In high performance SEC (HP SEC), Tung's constant is

large compared with that in conventional SEC (e.9g., about 50 fold)
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and instrumental spreading correction is considered not to be

necessary. However, even in HP SEC, this correction is still
needed. This problemis also discussed here.
THEORETICAL

When probability variables, x and y, are independent and the

probability densities f(x), g(y) are Gaussian expressed as

1 X
f{x) = ———— exp [ -———1 (2)
V2T O 2 012
1 y2
gly) = ——— exp [ - ———] (3)
Vo o 2 g?

the probability density of a variable z (= x + y) is expressed as

hiz) = / £(x) gz - %) dx
1 z2
= — exp [ -—— ] (4)
V2m s 2 s?
where s2 =g % 4+ ¢g? ’ - o< X,y,2 < +©

Similarly, when the distribution function of a polymer that
would be obtained if instrumental spreading effects are absent is

a Gaussian as

1 x?
P(x) =~ exp [ - ——-

vVam o 2 012

] (5)

and when the instrumental spreading function is also expressed as

1 y?
Gly) = ——— exp [ -———— ] ()
27 o 2 g
it can readily be shown that the observed chromatogram is also

Gaussian as
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R(v) = [ P(x) G(v - x) dx
1 v 2
= exp [~——] (7)
V2T s 2 s °
1 1
where
s 2 =024+ g2

Here %, y, Vv are the retention volumes, 0, , g , s are the

standard deviations of Gaussian functions P(x), G(y), and R(v).

The exact SEC chromatogram of a polymer, F(v), is not always
Gaussian in form, however, it might be able to assume that it is

expressed as the sum of several Gaussian functions
F(v) = Ri(v - ui) (8)

The function Ri is expressed as

Ri(v - Ui) = fPi(x - ui) G(v - %) dx
a, (v = u,)?
=T exp [ ~— ] (9)
V2T s, 2 s.2
1 1
and
5,2 =0.2+ o° (10)
1 X1

where My is the peak retention volume of the i1 th distribution,
g, the standard deviation of the function Pi(x - Ui), ai the area
of the function Ri(v - ui) between the trace and the base-line.
When the function Ri is Gaussian, the function Pi is also Gaussian

as expressed in equations (5) - (7).

Assuming instrumental spreading to be Gaussian, next relation

is obtained from equations (1), (7) - (9)

F(v) = ¢ fPi(x - ui) G(v - x) dx

i

S OCZP,(x -~ u,)) G(v - x) dx
1 1

= [ W(x) G(v-x) 4dx (11)



TUNG'S INSTRUMENTAL SPREADING EQUATION 65

and

a, (x - Uj)z
=% (—2 exp [ et ] (12)
/2T o, 2 oi2

The results explain that the true chromatogram is also expressed

as the sum of several Gaussian functions.

CALCULATION

The algorithm of this method is very simple. First, the peak
retention volume My of the experimental chromatogram F(v) and the
peak height v, (= a, //EE‘ s, ) at H, are egtimated. Knowing the
retention volume v, at the height equivalent to 0.607 y, of the
chromatogram F{(v), s, = ‘ vy om oWy 1 and a, are calculated and
Rl(v - 1,) (eq. (9) for i = 1) is obtained. The difference

between F(v) and Rl(v - U1) is then calculated

A Fl(v) = F(v) - Rl(v = M) (13)
Repeat the above for AFl(v)

A F?(v) = AF‘(V) - Ry (v - u2) (14)
For the i th operation we have

A F,(v) = AF, (v) - R, (v - u.) (15)
i i—y i i

Now, sum up equation (15) from i = 1 to n and we obtain the

equation (8).

The values Oi in equation (10) from i = 1 to n are calculated
by knowing the standard deviation ¢ of the instrumental spreading
function. Introducing these values into eguation (12) gives the

corrected chromatogram.
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It might be wise to discuss the influence of instrumental
spreading effects on the calculated values of the molecular weight
averages and the molecular weight distributions prior to the
evaluation of the proposed correction method. An SEC system with
two columns (8 mm i.d. x 50 c¢m long x 2) [14] was considered for
the computer simulation. Por simplicity, two artificial
chromatograms which are Gaussian distributions were used (W(x) =
P(x)), in both examples with known molecular weight averages.

One chromatogram (A) (= Pl(x)) has the narrow molecular weight
distribution (ﬁ&/ﬁg = 1,05) with Ol = 0.45 (ml) in equation (5) and
the other (B) the broader molecular weight distribution (Mw/Mn =
1.93) with o, = 1.70 (ml).

1 (x - 28)2

(Aa) Pl(x) = —exp [ - ——————— ] (16)
/2m 0.45 2(0.45)2
1 (x - 28)2

(B) Pl(x) = ——exp [ - ——————] (17)
V2m 1.70 2(1.70)2

Five standard deviations (0) in equation (6) were taken into
consideration: 0.37, 0.45, 0.61, 1.0, 1.5. These values were
calculated by assuming that the value ¢ of a polymer (MW = 160,000)
is 1.77 times that of benzene [15]. The number of theoretical
plates of the systems having these standard deviations corresponds
to 36000, 24000, 11200, 4200, 1850, respectively, by benzene

injection.

The artificial observed chromatograms R(v) (eq. (7)) having
different standard deviations (0) for instrumental spreading are
shown in Figure 1. The significant influence of instrumental
spreading on the differential and integral molecular weight
distributions is observed, especially in case of samples having

narrow molecular weight distributions (Figure 1(A)).
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FIGURE 1. Effect of instrumental spreading for polymers of narrow
(A) and broad (B) molecular weight distributions. (A) ©
(5)) =0.45 . (B) O = 1.70. (
(cm e ) O = 0.61; {—-—-30 =1.50.

1 (in eqg.
—) P(x); (———) O = 0.37;
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In Table 1, molecular weight averages of fictitious polymer
samples and those calculated from artificial observed chromatograms
in different instrumental spreading parameters (0) are shown in
conjunction with standard deviations of P(x), G(v-x), and R{(v) and
the number of theoretical plates. The values of MQ for R(v)
increase and those of ﬁh decrease with increasing the values of 0.
When the SEC system has 24000 plates, the calculated ﬁ& increased
3.0% for P(x) of Glz 0.45 and 2.0% for P{(x) of 0,= 1.70 compared
to the original fictitious value. Correction of instrumental

spreading will be required except the case of 0 = 0.37 (N=36000).

A fictitious two-peak distribution which is a superimposed
chromatogram of two Gaussian distributions was first used to test

the our correction method.

5 (x - 28)° 1 (x - 32)7
W(x) = — expl - ]+ exp[ -~ ———-——]
/21 1.70 2(1.70)% /2T 0.45 2(0.45)°

———- (18)

Note that in the correction method normalization of chromatogram
is not required. Figure 2 shows W(x) (eqg. (18)) and F(v) (eq.
(19)) and corrected W(x) (eq. (12)) for the case where 0 = 1.0 in
equation (6). The uncorrected chromatogram F(v) is obtained by

substituting equation (18) and equation (6) into equation (11)

5 (x - 28)2 1 (x - 32)2
F(v) = ————mexp [~ S — exp [~ ———-—1]
V/2m 1.972 2(1.972)° /21 1.097 2(1.097)
— (19)

A good agreement with the original W(x) (eq.(18)) was obtained.

The corrected function of W(x) is

4.997 (x ~ 28)°2 1.007 (x - 32)°
W(ix) = ————- exp|[ ~———— ] + e exp[—-—~—~—~~;]
/2T 1.697 2(1.697)° J2T 0.465 2(0.465)

——e=(20)
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TABLE 1
The Influence of Instrumental Spreading
on the Molecular Weight Averages
Artificial narrow molecular weight distribution (A)
P(x) G(v - %)
Ol = (.45 g = 0.37 0.45 0.61 1.00 1.50
N = 36000 24000 11200 4200 1850
R(v)
;= 0.583 0.636 0.758 1.097 1.566
M&xlo_u 9.81 9.99 10.10 10.28 11.03 11.92
. -4
M ox10T  9.32 9.18 9.10 8.93 8.29 7.14
ﬁw/ﬁn 1.052 1.088 1.11 1.15 1.33 1.67
* (%) 1.8 3.0 4.8 12.4 21.5
Artificial broad molecular weight distribution (B)
P(x) G(v - x)
g = 1.70 0 = 0.37 0.45 0.61 1.00 1.50
N = 36000 24000 11200 4200 1850
R{(v)
L= 1.74 1.76 1.81 1.97 2.27
Ty T T -
walO 1.307 1.324 1.333 1.356 1.448 1.687
MnxlO~ 0.677 0.666 0.661 0.648 0.600 0.507
E&W/En 1.93 1.99 2.02 2.09 2.41 3.33
* (%) 1.3 2.0 3.8 10.8 29.0
* M - M M
[ - of R{v) MW of P(x)]/Mw of P(x) x 100
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dw/av
T

0.6}

0.2}
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Elution Volume (ml}

FIGURE 2. Bvaluation of the instrumental spreading correction to a
fictitious chromatogram having bimodal distribution. The instru-
mental spreading parameter 0 = 1.0. (————)} W(x) (eqg. (18));
(—-——=) F(v) (eg. (19)); (x x x x) corrected values for W(x).

A fictitious superimposed chromatogram (eqg. (21)) of three
equivalent Gaussian distributions (eq. (16)) was then tested for

the case where ¢ is 0.45

1 (x -~ 25)2 (x - 26.5)2
W(x) = ————{exp[ - ———— ] + exp[ - ———— —
V2T 0.45 2(0.45)2 2(0.45)2
(x - 28)°
L B 1} ——— (21)
2(0.45)

Calculation was started from the midpeak, because it was the
highest of the three. Good resolution into original three peaks
was obtained, but the height of the corrected peak was higher and
the area smaller than other two peaks. Results are shown in

Figure 3, A fictitious chromatogram for the case where O was 1.0
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FIGURE 3. Bvaluation of the instrumental spreading correction to a

fictitious chromatogram having tri-modal distribution. The
instrumental spreading parameter ¢ = 0.45. Notation as in
FIGURE 2.

was not a tri-modal distribution, but one broad peak and the

correction failed to show any trace of a second peak.

Figure 4 shows the examples for a combination of next six

Gaussian distributions
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FIGURE 4. Evaluation of the instrumental spreading correction to a
fictitious chromatogram of a combination of six Gaussian distribu-
tions. The instrumental spreading parameter ¢ = 0.37,

Notation as in FIGURE 2.

Correction was applied toF(v) for the case where O = 0.37. The
corrected chromatogram fitted precisely the original function W(x)
(eq. (22)). A slight oscillation of the computed function was

observed for the case where O = 1.0.

The proposed correction procedure was applied to a real
chromatogram obtained with a standard polystyrene NBS 706 from the
HP SEC system [14]. The instrumental spreading parameter was
assumed as 0 = 0.45. Molecular weight averages calculated from
the experimentally obtained chromatogram were E& = 2.62x105,
ﬁg = l.29x105, and MQ/M; = 2.03 and those obtained from the
corrected chromatogram were M& = 2.59x105, ﬁg = l.35x105, and
M&/Mﬁ = 1.92, respectively. Figure 5 shows the observed and

corrected chromatograms of NBS 706 polystyrene. Instrumental
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Figure 5. Observed and corrected chromatograms of NBS 706
polystyrene. (—-—-~) oObserved; {(x x ¥ x) corrected.

spreading correction makes a relatively small contribution to
molecular weight averages when the SEC system has large efficiency
in N, but still large influence on differential and integral

molecular weight distributions.

In conclusion, the proposed method to correct instrumental
spreading, which assumes that several Gaussian distributions are
assembled into uncorrected and corrected chromatograms for
polymers, is simple and precise and can be carried out with a
simple desk-top calculator. Though this method has some
limitations of instrumental spreading parameter O , but it is still

worth appling.
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RECENT ADVANCES IN HPLC OPTICAL DETECTION
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ABSTRACT

HPLC optical detector advances are reviewed in the field of absorbance,
fluorescence, phosphorescence, and elemental emission detection. The develop—
ment of UV-doped silicon photodiodes having excellent response throughout the
UV, miniature gas discharge lamps (Hg, Zn, Cd) with high output UV lines, and
high throughput UV interference filters allow optical systems with shot noise
levels below 1079 au. However, the fundamental noise limitations in such
systems are now thermal changes in the optoelectronic components and flow
cells. TFuture absorbance detectors may require thermostatting to achieve the
minimal noise and drift performance inherent in the optical design. The
emerging development of UV-doped photodlode arrays at reasonable cost offers
multichannel absorbance detection and on—the-fly spectral information. Data
system design for processing the multichannel data 1is critical in this field.
On~column absorbance detection using packed milerobore fused silica columns has
been demonstrated, allowing a flow cell volume of <10 nanoliters, compatible
with micro HPLC. 1In a similar development, on column fluorescence detection
using an open tubular glass capillary column has been demonstrated in zone
electrophoresis. A significant awmount of research in fluorescence detection
using laser sources is now underway. Sensitivity advantages of approximately
10-fold have been demonstrated due to high laser output and another 10-fold
improvement for detecting long radlacive lifetime molecules due to pulsed
laser/temporal discrimination. Dual photon excited fluorescence, offering
unique selectivities, has been demonstrated. This technique requires the high
output power of the laser source. Room temperature phosphorescence HPLC detec-—
tlon has been demonstrated, utilizing triplet~ triplet energy transfer from a
donor solute molecule to a mobile phase acceptor additive (e.g., blacetyl).
This energy transfer technique offers the expansion of the emission technique
to phosphorescent molecules at nanogram sensitivities. Finally, the
development of micro HPLC columns operating at 1-10 uf/min offers potential
compatibility with element specific GC detectors such as the flame photometric
detector (S, P specific).

Copyright © 1983 by Marcel Dekker, Inc, 0148-3919/83/0651-00773.50/0
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I. Introduction

Through a historical quirk, the development of HPLC occurred subsequent to
that of GC. Much of the early development of HPLC was thus done by researchers
trained in GC. This led to an expectation on the part of these scientists that
HPLC detection should provide the sensitivity, selectivity and qualitative
information inherent in gas phase detectors such as the struclture specific mass
spectrometer and the element-specific flame photometric detector.

Researchers in the field of coupling HPLC to the latter detectors have been
frustrated by the problems of introducing 1 mf/min flow rates of aqueous or
aqueous—organic solvents into gas phase detectors. A ray of hope for this field
has recently appeared with the development of micro HPLC columa technology,
providing a reduction in operating flow rates to 1-25 uﬂ/min.l’z

While academic research has focussed appropriately on the higher risk
problem of interfacing gas phase detectors to HPLC, industrial research has
focussed on the lower risk task of adapting classical liquid phase optical
detection techniques to the specific needs of HPLC. Research has centered on
UV-VIS absorbance and emission (fluorescence) detection.

As optical designers began to understand the peculiar needs of HPLC such as
microvolume flow cells, low flow sensitivity and ultra-low detector noise,
dramatic performance improvements were achieved. Tn the decade between 1970 and
1980, the noise level of UV absorbance detectors was reduced from ~5x10"4 au to
~5%1075 au and typical flow sensitivity was reduced from 2x1072 au per wf/min
organic solvent to 2x10~% au per mf/min. Concomitant with these improvements
were a reduction in cell volume from 10 uf to 0.5-5 uf and a reduction in
detector time counstant from 1 second to 25-50 milliseconds, allowing optimum
performance with "microbore” and "fast™ HPLC.

HPLC detectors have also benefitted significantly frow advauces in
peripheral optoelectronic technologies in meeting these performance improve-
ments. Examples are the development and use of small, stable, high intensity

discrete line gas discharge UV sources, UV-enhanced silicon photodiodes and UV~
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enhanced photodiode arrays in UV absorbance detectors and the use of the laser
as an excitation source in fluorescence detection. New experimental techniques
in optical detection based on the laser as a source, such as photoacoustic
spectroscopy and two-photon fluorescence are now under active study.

Finally, the difficulties encountered by researchers in interfacing mass
spectrometers and element-specific gas phase detectors to HPLC have provided a
driving force to the development of narrow bore HPLC columns operating at lower
flow rates and reducing the degree of the liquid/gas interface problem. 1 om
stainless steel columns ("microbore™) run at 25-50 puf /min and 0.3 mm fused
silica columns ("narrow bore") run at 2-5 uf/min have thus spurred a new wave of
HPLC detector research.o™>

Advances in current HPLC optical detectionland the development of new
optical detection techniques are discussed from the viewpoint of technological

advances supporting these developments in the body of this report.

II. Impact of New Technology on HPLC Optical Detectors

A. Light Source

(1) optical Absorbance Detection

Significant advances in HPLC detector source technology have occurred in
both discrete line gas discharge and deuterium continuum sources. The first
generation of optical absorbance detectors were fixed wavelength UV detectors
which utilized a rather large, low pressure mercury arc lamp to provide 254 nm
detection. The use of interference filters to isolate weaker mercury lines
above 254 nm (e.g., 365 nm) provided an enhancement to detector selectivity
albeit with poor sensitivity. Miniaturization of the mercury lamp soon
followed, allowing improved optical design with microvolume flow cells.
Finally, the need for lower wavelength UV lines to expand detector universality
was met by the development of miniaturized zinc (214 nm) and cadmium (229 nm)
gas discharge lamps. The miniature Hg, Zn, and Cd lamps are now widely used in

fixed wavelength HPLC detectors. The 214 nm zinc line, in particular, provides
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a near—universal wavelength for which relatively strong absorption is observed
for ~90% of all organic molecules.

After the Introduction of the fixed waveleugth 254 nw Hg lamp detectors, a
need for a selectable or variable wavelength detector was perceived by the
chromatographer. Early versions of this detector were simply standard spectro-
photometers, jury-rigged with small volume (10-15 L) flow cells. The classical
UV source, a deuterium lamp, was used in these detectors. However, HPLC needs
for higher lamp stability and improved output in the low UV (sub 220 nm) region
soon resulted in manufacturers” improvements in the deuterium source. Lamp
stability has greatly improved in recent years through better understanding of
optimum cathode temperature for operation and control of lamp filament and anode
supply voltages.6 Low UV outAput has been improved by reduction in absorbance by
the lamp envelope.

Current deuterium lawmps allow detector operation at low noise levels in
both the UV and visible regions of the spectrum. Figure 1 shows the radiant
intensity spectral distribution of commercial fused silica envelope deuterium
lamps. Qutput is ~10x lower in the visible (350-700 nm) than the peak of the UV
(~220 nm). If the detector noise were shot limited this would yield ~ 10 or

3.1x greater noise in the visible than UV. However, most absorbance detectors

—~ 100

2 m
> 80/

=

g

S 60|

Pl

£

o 40

2

& 20}

=

0 —1 1 1 i i
100 200 300 400 500 600 700
Wavelength (nm)
Figure 1. Radiant intensity spectral distribution of deuterium lamp (reprinted

with permission from reference 6).
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are not shot noise limited (see later section on therwmal noise), and since the
quantum efficiency of silicon photodiodes increases with wavelength, visible
noise is generally within a factor of two of that achieved in the UV.

(2) FEuission Detection - The laser as a sgource

Laser-Induced Fluorescence with Temporal Resolution

The development of the laser offers several features to the HPLC detector

designer. 1Its high intensity allows improved fluorescence sensitivity for the

case of gshot noise limited detection,7

and also has allowed the development of
two-photon fluorescence excitation, a new optical detection technique. 1In
addition to its high intensity, the pulsed laser allows the chromatographer to
utilize temporal resolution in discriwminating fluorescence of the analyte versus
that of interferences (solvent, flow cell walls, sample matrix) having signifi-
cantly different emission lifetimes.? It is often stated that the coherent
output beam of the laser can be focussed down to a diffraction - limited spot,
and that the laser therefore offers enhanced compatibility with narrow, micro-
volume flow cells. It should be noted that standard scurces can also be
focussed down to a diffraction ~ limited spot, albeit with more sophisticated
focussing optics.

Work to date on laser-induced fluorescence has demonstrated approximately
10~fold sensitivity improvement versus standard deuterium, tungsten or xenon
lamp-based fluorometers.’ This has been disappointing in that the laser output
is ~10%x larger than that available from the typical fluorometer source (watts
vs. milliwatts).8 The use of temporal resolution with pulsed lasers has
recently been shown to offer up to 100-fold improvement in detection sensitivity
for compounds with long fluorescence lifetimes? (see data in Table I). For
example, Richardson has demonstrated 0.5 ppt detection of the long-lived
fluorescence of pyrene (690 msec lifetime). For the typical 100uf peak
observed in HPLC, this represents detection of 50 femtograms of pyrene.
Temporal resolution also provides dramatic selectivity against co-eluting

interferences, as seen in Figure 2.
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TABLE 1
DETECTION LIMITS OF LASER INDUCED
MIOLECULAR FLUORESCENCE*

COMPOUND T LIMF CONVENTIONAL
NAPHTHALENE ~ 1PPT —
ANTHRACENE 4 nsec a 30
FLUORANTHENE a5 1 100
PYRENE 690 0.5 100
TRYPTOPHAN — 50 (270 exc) 25 (220 exc)
ARGININE/FLURAM - 10 25
RIBOFLAVIN - 0.5 5
SOLVENT IMPURITIES <2 — —

LIMF data from J. Richardson et al, NBS PUB. 519, 1978.
Conventional data from Varian, Fluorichrom Filter Fluorometer.
Solvent impurity e from Matthews and Lytle, Anal. Chem., 57,583 (1979).

(a) T T T T
O sec dela YTy T Tt
Y (b)
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Min Min
Figure 2. HPLC of coal gasification burn distillate using temporal resolution

LIMB. (a) O sec delay (b) 45 nsec delay between excitation pulse
and emission detection. F=fluoranthene (reprinted with permission
from reference 9).
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¥inally, temporal resolution of fluorescence based on pulsed laser sources
offers a potential sensitivity enhancement in post—column reaction detection for
HPLC. In this case, one would choose a fluorescence label with a long
fluorescence lifetime and excite its fluorescence with an appropriately pulsed
laser.,

The future utility of laser sources in HPLC fluorescence detection will
depend on improvements in laser cost (currently >15K for a tunable dye laser)
and reliability. TImproved communication between chromatographers and spectros-—
copists searching for areas of laser applications in analytical chemistry is
also required. Laser spectroscopists must stop claiming that the ppt
sensitivity achieved with experimental laser based HPLC detectors is 103 better
than that obtained with conventional HPLC fluorescence detectors. This implies
ppb sensitivity of the conventional detectors. Commercially available,
conventional HPLC fluorescence detectors provide 10 ppt sensitivity to highly
fluorescent molecules.

Two~Photon Excited Fluorescence

The high power of the laser allows the use of two-photon excited
fluorescence for HPLC detection. Quantum mechanical selection rules for two-—
photon excitation differ from those governing single photon excitation, thus
expanding the potential selectivity of fluorescence detection. Since one can
excite with visible photons yet detect fluorescence in the UV, background due to
stray incident light, Rayleigh scatter and Raman scatter is greatly reduced.
Matrix interferences are also relatively weak due to the restrictive selection
rules of the two-photon effect.

The extinction coefficient for two-photon absorption is relatively small
and is proportional to the square of the incident source power at the excitation
wavelength., Thus, the technique requires both the high source power of the
laser and high source stability. Yueng has demonstrated 100 parts per trillion
sensitivity in the HPLC two-photon fluorescence technique using a relatively

simple argon ion (Ar+) laser source.8 Use of a mode~locked, pulsed laser to
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enhance incident power and stability is expected to bring seunsitivity to the
1 ppt level. TFigure 3 compares single and two-photon fluorescence chromatograms
of a coal extract sample and demonstrates the different selectivities of both
fluorescence techniques. Tt should be noted that one can simultaneously monitor
single and two-photon excited fluorescence by collecting emitted light on
different sides of the flow cell, with appropriate filters.
HPLC~Photoacoustic Detection

Absorption of a photon of light by a molecule produces a high energy
electronic "excited” state. The molecule rapidly dissipates this energy,
reverting to a lower energy "ground” state by several processes: (1) re-

emission of a photon as in fluorescence or phosphoresceace; (2) breaking of

488 exc
540 emm
488 exc
350 emm

| i A L 1
0 15 30 45 60 75

Retention Time (min)
Figure 3. HPLC of PAH in coal liquids. Oune and two photon fluorescence

detection (reprinted with permission from reference 8).
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covalent bonds as in photolysis; (3) counversion into thermal energy (heat). The
last non-radlative process causes localized heating which resulls in a pressure
fluctuation JIn the sample, providing the basis for "photoacoustic"” detection.

In the photoacoustic detector, the photon source is modulated and the
resultant periodic tempevature rise in the flow cell due to absorption/heat
conversion produces a periodic pressure variation which 1s detected by a sensi-
tive microphone (typically a ceramic plezoelectric transducer). To obtain
optimum signal to uoise ratio in photoacoustic detection, one requires a high
source power (to increase signal) and vibration-free modulation (to reduce
noise). A pulsed laser has thus been utilized as the source in experimental
photoacoustic HPLC detectors studied to date.

An HPLC~photoacoustic systemlo based on a pulsed nitrogen laser with output
at 337 nm yielded seunsitivity for PAH molecules of approximately 100 ppb. Since
these molecules are relatively strong fluorescers, oune would expect at least a
5-fold sensitivity improvement for highly absorbing, non-fluorescent molecules.

An HPLC-photoacoustic system based on a pulsed argon ion laser!l with
output at 488 nm ylelded detectivity down to ~10 ppb for azobenzene dyes. The
10 ppb dye concentration corresponded to an absorbance of 8x1076 au/cm at
488 nm. A comparable state of the avt absorbance detector detects dowun to
~2%1073 au/cm.

In evaluating the potential of photoacoustic detection, one should note
that most organic molecules studied in HPLC do not absorb above 300 nm. Thus,
the argon ion and nitvogen lasers are not adequate sources for a commervcial HPLC
detector. State of the art lasers with output in the 200~-280 nm region are very
expensive and couplex.

Finally, photoacoustic response of a sample molecule 1is solvent-dependent
and the detector background signal is highly solvent dependent being a functlon
of the solvent”s absorbance and acoustical properties. Thus, gradient

compatibility is a potential problem.
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Advantages of photoacoustic detectlon are:

(1) choice of a high modulation frequency eliminates noise due to
reciprocating pump pulsations, which have a much lower frequency.

(2) noise limit currently appears to be electronics (phase detection
system) limited and might be improved ~10-fold with future development.

(3) signal is not dependent on optical pathlength as in absorbance. As in
fluorescence, it is dependent on number of molecules excited and thus is more
coupatible with microvolume flow cell usage.

Future Absorbance Detector Thermal Stability Requirements

In Table 2, calculations of the photon flux that is optically collectable
from miniature, intense gas discharge fixed wavelength UV laups is compared to
that of a deuterium lamp which provided a shot limited noise of 5%1070 ay
(1 sec T) on an experimental absorbance detector. These calculations indicate
that the shot nolse of properly designed fixzed wavelength detectors can approach
sx1077 au. However, to achieve the low noise inherent to the use of these
intense sources, one must reduce non-shot generated noise components to the
5x1077 au level.

The challenge involved in this task is best grasped by considering thermal
noise sources. The temperature coefficients of UV-doped silicon photodiodes

are In the range of 1074 to 1073 au per °C. Diode pairs (for reference and

TABLE 2

COLLECTABLE PHOTON FLUX OF FIXED WAVELENGTH
LAMP VS. DEUTERIUM CONTINUUM LAMP

PHOTON FLUX RELATIVE

LAMP A TO DEUTERIUM LAMP ESTIMATED SHOT NOISE*
Hg 254nm ~ 200 3.5 x 107 au
Zn 214nm ~ B0 7.1 x 107 au
Cd 229 ~ 150 4.1 x 107 au

*SHOT NOISE WITH D LAMP IS 5 x 106au
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sample paths) can be obtained commercially which are matched in tempevature
coefficient to within 5x107° au per ©°C. Thus, to insure that thermal noise due
to a differential temperature change between reference and sample diodes be of
the order of 5x1077 au will require a differential thermal stability of 10
millidegrees.

The temperature coefficient of mobile phase absorbance increases
significantly as one approaches its "end absorption.” The end absorbance of
acetonitrile is shown in Figure 4. Acetonitrile absorbance teuwperature coeffi-
cient data obtained experimentally on an optical detector for which the incident
light beam traversed the flow cell without striking cell walls (minimizing RI
generated thermal effects) are presented in Table 3. The data suggest that
reduction of solvent absorbance generated thermal noise to ~5x10"7 au will
require control of the flow cell solvent temperature to 400, 8 and 4

millidegrees at 254, 210 and 195 nm respectively (Table 4).
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Figure 4. Absorption spectrum of acetonitrile (1 cm optical path).
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TABLE 3
MOBILE PHASE TEMPERATURE COEFFICIENTS

— ACETONITRILE, 1 ml/min
— LIGHT BEAM TRAVERSES FLOW CELL WITHOUT STRIKING CELL WALLS

A TEMPCO
195 nm £1.3x 104 au/°C
210 nm 4«6 x10%au/°C
254 nm <43 x 10°% au /°C
TABLE 4

THERMAL STABILITY REQUIREMENTS OF
MOBILE PHASE TO REDUCE THERMAL
NOISE BELOW SHOT NOISE

SHOT NOISE 195 nm 210 nm 254 nm
1x 104 au 0.8°C 1.6°C 34°C
1 x 105 au 0.08 0.16 3.4
5x 106 au 0.04 0.08 1.7
1x 10°¢ au 0.008 0.016 0.8
5x 107 au 0.004 0.008 0.4

Clearly, in order to take advantage of current and future lamp intensity
advances, HPLC detector thermal stability will require significant iluprovement.
The placement of the detector itself in a well-controlled oven may become
necessary.

B. Photodetectors

Photodetectors used in early fixed wavelength detectors utilized
photoconductive films (e.g., CdS) and were characterized by response times
varying from approximately 0.5 sec to several seconds, dependent on the amount
of light Iincident on the film. Early variable wavelength detectors utilized
fast response photomultiplier tubes optimized for low UV response. Whereas
silicon photodiodes (fast response) initlally suffered from poor quantum effi-

clency below 350 nm, advances in UV-doping semiconductor technology soon
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increased photodiode Q.E. to ~2x that of the photomultiplier tube throughout the
UV region. The dramatic fmprovements in silicon photodiode UV response from
first through third (current) generations are shown in Figure 5. The improved
UV response, lower thermal sensitivity, and very small size of the silicon
photodiode have led to its incorporation as a photodetector in current fixed and
variable wavelength absorbance detectors.

A silicon photodiode is simply a photosensitive p-n junction. It can thus
be manufactured with a very small and precise active area (typically a few mmz).
Of further importance, linear arrays of such photodiodes can be produced on a
single chip. The ability of semi-conductor manufacturers to produce linear
photodiode arrays compatible in size and active area spacing with both the flat
field focal plane of holographic concave gratings and the spectral bandwidth
(2-5 nm) requirements of HPLC has led to the development of the diode array
absorbance detector, providing multichannel absorbance information and on-the-

fly spectra of eluting peaks.
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Figure 5. Radiant sensitivity as £(A) of 3 successive generations of silicon

photodiodes. Generation C is state of art 1982.
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Time Prograumable Diode Array and Absorbance Detectors

The period in which the development of variable wavelength detection in
HPLC occurred has coincided fortuitously with developments in optoelectronic
technology which have greatly expanded the utility of this detection technique.
As discussed above, the development of the silicon photodiode has provided an
inexpensive, compact, high performance photodetector. Advances in holographic
etch manufacture of diffraction gratings produced inexpensive, low stray light
and high efficiency plano and concave gratings. In addition, the development of
the microprocessor allowed inexpensive control and hence time programmability of
the wavelength drive of the monochromator of the variable wavelength detector.

The time programmable variable wavelength detector has allowed the chroma-
tographer to set each section of the chromatogram to the detection wavelength
that is optimum (in terwms of sensitivity and/or selectivity) for the peaks
eluting in that section. This feature is demonstrated in Figure 6. Time
programming also has facilitated the stop-flow scanning technique in which the
HPLC pump is stopped during the elution of a peak of interest, trapping the
given peak segment in the flow cell, aud the monochromator drive 1is then

scanned, yilelding a spectrum of that peak section resident in the flow cell.13

Diode Array Detection

The absorbance spectra of peak segments passing through a flow cell provide
several types of qualitative information:

(1) absorbance ratios - the ratio of absorbance at any two wavelengths is
determined by the spectrum of a molecule and 1s not coucentration dependent.
Thus for a pure peak, a given absorbance ratio value will be invariant at all
points along the peak. Variation in this value indicates the co—-elution of
another compound which absorbs at least one of the wavelengths chosen in the
ratio.

(2) peak confirmation (calculated) - the absolute value of several
absorbance ratios can be used as a molecular "fingerprint” to confirm the

suspected (based on retention time) identity of a peak,lS
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(3) peak confirmation (visual) -~ overlay of the spectrum with that of a
known standard (after spectral normalization to a given wavelength) allows a
visual confirmation of suspected peak identity.

Spectral information can be obtained with the stop-flow scanning technique
avalilable with most current microprocessor-controlled variable wavelength
detectors., However, the need to stop the mobile phase flow becomes inconvenient
as the number of spectra required per chromatogram increases. In addition, as
peak volumes decrease with advances in column technology (e.g., fast LC, micro-
bore LC), the ability to "freeze" a desired peak section in the flow cell
becomes critical. Stopping the pump can result in decompression of the pump
hydraulic volume and the column internal volume with resultant expansion of the
compressible mobile phase through the flow cell, displacing the desired peak
segment. This effect can be minimized by the addition of hydraulic elements in
the system to seal the expansion volume from the flow cell path, increasing
system cost/complexity.

Ideally, one would like to obtain spectral information "on-the—fly" during
a chromatogram. This requirement can be met by the use of a linear photodiode
array as the photodetector element in the relatively flat field focal plane

produced by a concave grating.ls’16

Instead of mechanically rotating a grating
so as to serially move successive wavelengths across a fixed slit/single
detector element as in scanning a monochromator, oune fixes the grating and
locates the array so as to intercept the whole spectral region of interest
(e.g., the UV). This optical system is called a "polychromator.” The
polychromator—array system also differs frow a monochromator—-single
photodetector system in that the output of the source (e.g., deuterium lamp) is
focussed through the flow cell prior to entering the polychromator and being
dispersed by the grating. This configuration is called "reverse optics”,

Linear UV-sensitive photodiode arrays are now commercially available with
from 2 to 4096 elements. 1024, 512 and 211 element arrays are currently used in

commercial HPLC diode array detectors.l7/,18 The deluge of multichannel data
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produced by the arrays is processed by a microcomputer to provide the clhicomato-
grapher with wavelength chromatograms, ratio chrowmatograms and "spectro—
chromatograms,"18

The value of array detectors will grow as these information-rich detectors
are applied to HPLC, and user feedback to the detector manufacturers yields
improvements in the algorithws by which the spectral data is condensed, inter-
preted and presented. A certain amount of confusion already exists as to
whether the information resident in a solution UV spectrum is useful for peak
identification (determine identity of an unknown) or peak confirmation (confirm
suspected identity of a peak at a known retention time). This author believes
that the array detector will be valuable in providing impurity information based
on ratlios and peak confirmation based either on comparison of a pattern of
several ratios with that of a standard or on the overlay of a peak spectrum and
a standard spectrum. Ratio and spectro-chromatograms currently produced by

array detection are shown in Figure 7 and 8.

C. Column Technology - UPLC

On—~Column Detection Technique

Advances in HPLC column technology have resulted in significant reductions
in peak volumes. In "fast HPLC,” highly efficient 3 micron packings allow the
use of short (4~7.5 cm) columns of standard diameter (4.6 mmID). Typical peak
volumes on these columns are 20-100 uf. In microbore HPLC, column diameter is
reduced to 1 mm and typical column lengths are 25-50 cm. To date, 5 u and 10 u
packing technology has been developed for 1 mm columns, yielding typical peak
volumes of 10-100 uf. Thus, fast and microbore HPLC techniques have required a
reduction in detector flow cell values from 10-15 pf to 0.5-5 uf, which has been
achieved in current absorbance detectors.

In packed capillary HPLC, 1.0-4.6 mmID stainless steel columns are replaced
by 0.2~0.3 mmID fused silica columns. These columns are now in the experimental

stage of development.2 Typical peak volumes obtained on 30-100 cm long packed
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Figure 7.

capillary columns have been of the order of 2-10 uf.

volumes below 200 mnl are required for packed capillary HPLC.
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230/240 nm ratio chromatogram and standard 230, 240 nm chromatograms
of N-hydroxythienopyridine sample (reprinted with permission from

reference 14).

Thus, detector flow cell

An ingenious

solution to this problem has been the use of "on-coluumn detection."+?

On-column detection has been implemented by inserting the bottom of the

optically transparent fused silica capillary column into the light path between
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Figure 8. 225~450 nm spectrochromatograms of drug and metabolites in dog bile.
(reprinted with permission from reference 14).

the monochromatoxr and photodetector of a standard optical detector (absorbance
or fluorescence) as shown in Figure 9. The column itself thus becomes the flow
cell, eliminating the need for coupling tubing and providing an extremely small
illuminated detection volume. For example, Yaug rewmoved 0.2 mm in length of
the polyimide cladding at the bottom of a 0.3 umID fused silica capillary column
to form a 0.3x0.2 mm flow cell of 14 nanoliter volume. This produced
insignificant band broadening with column generated peak volumes of 2 pf (see
Figure 10).

The disadvantages of the on—column absorbance technique are two-fold. The
reduction in the optical path from a standard flow cell length of 5-10 mm to one
of 0.3 mm, reduces signal by x15-~30. This washes out most of the signal
improvement inherent to capillary HPLC's lower dilution of an injected analyte.

(100-500 nf peak values of standard HPLC reduced to 2~10 puf peak values.) In
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Figure 9. Schematic diagram for on-column absorbance detection in packed

capillary micro HPLC.
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Figure 10. Chromatogram of 16 component PAU mixture separated on 50,000 plate,

45 em % 330 pyID 3 uC18 packed column, used "on-column” absorbance
detection. Peak identifications are: 1, naphthalene; 2, acenaph-
thalene; 3, acenaphthene; 4, fluorene; 5, phenanthrene; 6,
anthracene; 7, fluoranthene; 8, pyrene; 9, benzo[a]anthracene; 10,
chrysene; 11, benzo[b]fluoranthene; 12, benzo[k]fluoranthene; 13,
benzo[a]pyrene; 14, dibenzo[a,h]anthracene; 15, benzo[ghi]perylene,
16, indeno[1,2,3~cd]pyrene,
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addition, the focussing optics of the detector into which the "on-column” flow
cell was inserted was designed for imaging into larger cells. Thus the on-
column flow cell is "over—filled” with incident light. This results in non-—
optimum Light throughput and wore importantly in high refractive index and
thermal sensitivity of the detection system.* It is now well known in HPLC

absorbauce detector design,zo

that the incident light beam must traverse the
flow cell without striking the cell walls in order to avoid high refractive
index and thermal sensitivity.

In Figure 11, we see capillary chromatograms obtained using on-column

absorbance and fluorescence detection.?!

Note the long term "wavy"” drift of the
absorbance detector baseline. This 1s due to slow variations in amblent temper—
ature and the high thermal sensitivity of the optically overfilled on-column
flow cell. The fluorescence on-column technique shows a flat baseline despite
the fact that the cell was optically overfilled. The thermal sensitivity of the
fluorescence technique is far less than that of absorbance. A further example
of on-column fluorescence is shown in Figure 12. TIn this case, the on-colunn
technique is utilized with a .075 mmID open tubular capillary operated in an

electrophoretic mode,22

yielding sub-yf peak volumes.
Interfacing Micro HPLC to Optical Gas Phase Detectors

The low flow rates of packed capillary micro HPLC has allowed direct
interfacing to the element-specific flame photometric detector? (see Figure 13).
Initial experimental results demonstrated 100 pg/sec detectivity for

phosphorous. ¥or a 10 secound micro HPLC peak and a typical phosphorous content

in a molecule of ~10% by weight, this translates to detection of 10 ng of a P~

*Although flow sensitivity is also increasd by light striking the cell walls,
the absorbance detector”s respouse to a flow fluctuation is directly propor-
tional to the absolute value of that fluctuation. Since the flow rates of

capillary HPLC are extremely low (<10 uf/min), the baseline response to a micro-

flow fluctuation is too low to be observed.
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Figure 11. On column absorbance and fluorescence detection of PAH"s in micro
HPLC. 3 uCl8 reverse phase column, 0.33 mmID x 50 cm. 1.65 pg/min
80/20 acetonitrile/water. 250 atm. Absorbance data on Jasco
Unidec—III spectrometer. Fluorescence data on Varian Fluorichrom
filter fluoroumeter.
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Figure 12. On—-column fluorescence detection in glass capillary electrophoresis.
.075 mmID x 100 cm column, 30 kilovolts applied voltage. Sample is

human urine labelled with fluram tag (reprinted with permission from
reference 22).
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Figure 13. Micro-HPLC~FPD of organophosphorus pesticides. Column-0.07 mmID x
10 meters C18. 1 U&/min 42/58 methanol water. Peak identities.
l,4=impurity. 2=80 ng cygon. 3=280 ng DDVP. 5=230 ng malathion.
6=200 ng guthion (reprinted with permissioun from reference 5).

containing compound. P-specific detection is of great interest to phospholipid

research. Although initial work is encouraging, one should note that micro
HPLC-FPD success using aqueous buffer mobile phases has not yet been demon-
strated. Potentlal problems in this case would involve precipitation of salts
and non-volatile solutes in the detector system. Other potential problems could
be flow sensitivity (since FPD is a wass~sensitive detector) necessitating a
non-reciprocating or syringe pump to deliver pulseless flow, and gradient
elution incompatibility due to dependence of sample response on mobile phase

composition.

I11I. New Optical Detection Techniques in HPLC

Sensitized Room Temperature Phosphorescence

Only 10-20% of organic molecules fluoresce strongly enough GZ>103, 05;>0.10)

to dictate use of fluorescence detection in UPLC. The low quantum yields of the
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other absorbing organic molecules are typically due to intersystem crossing from
the first exclted electronic singlet state (the state capable of fluorescence)
to an excited triplet state. Whereas siunglet state lifetimes are of the order
of nanoseconds, triplet state radiative lifetimes are millisecoud or longer.
Thus, in solution, collisions with solvent and solvent lmpurities (e.g., 02)
will deactivate the triplet state before 1t can emit a photon. Thus, with few
exceptions, triplet state emission (phosphorescence) of organic molecules is not
observed in room temperature solution.

An exception to the above rule is the molecule biacetyl. Strong biacetyl
phosphorescence (~10% quantum yileld) is observed at room temperature in solution
1f the solution has been thoroughly deoxygenated (<1O'8M). This observation has
been utilized for the detection of molecules such as polychlorobiphenyls, that
are characterized by high intersystem crossing rates. The technique, sensitized
room temperature phosphorescence (SRTP), 1s based on energy transfer from the
analyte triplet state to the triplet state of biacetyl which has been added as a
dopant to the HPLC mobile phase. The diffusion-controlled energy transfer
requires that the analyte donor triplet be 25 kcal/mole higher in energy than
that of the blacetyl acceptor. A standard fluorescence detector is set up to
excite the analyte donor at a wavelength at which biacetyl acceptor absorption
is negligible (e.g., 300 nm) and to collect biacetyl phosphorescence (520 nm).
Biacetyl phosphorescence can thus be used as a direcl measure of analyte concen-
tration. Detection of both halonaphthalenes and polychlorinated biphenyls at
~10 ppb levels has been achieved. A typlcal HPLC-SRTP chromatogram is shown in

Figure 14.

Inductively Coupled Plasma (ICP) Detection in HPLC

In an ICP source, an electrodeless argon plasma is formed at atmospheric
pressure and is sustained by inductive coupling to a high frequency magnetic
fleld. A liquid stream fed into the plasma by a nebulizer is rapidly vaporized

and the vapor is dissociated into free atoms which are excited and lonized by
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Figure 14. HPLC-SRTP of PCB”s by reverse phase. 1 w#/min 83.7/16.3 acetonitrile/
water. Biacetyl added at 1074, Ax260 nn. Ay 552 nm. Peak
identities: 1. solvent peak. 2. oxygen. 3. 15 ng biphenyl(B). 4.

23 ng 3-C&~B. 5. 25 ng 3,37-CL,B. 6. 22 ng 3,5-CRy B. 7.39 ng
3’593’95”’C24 B.

the 6000~10,000°K plasma temperature. FElemental emission lines emanating from
the plasma are collected by a polychromator and detected at suitable wavelengths
by photomultiplier tubes appropriately located in the focal plane of the
polychromator grating.

ICP, developed as a technique for simultaneous multi-element detection, is
widely used for analysis of metals in complex solid and liquid sample matrices.
ICP sensitivity for metals is typlcally ~ppb, and sensitivity to non-metals
(e.g., C,P,N) is ~100 ppb. Compatibility with liquid sampling led to
interfacing of ICP spectroweters to HPLC in several research laboratories.24,25

Results to date demonstrate the advantages of simultaneous multi-element
detection:?5 the compatibility of standard HPLC flow rates with pneumatic
nebulization into the ICP plasma; plasma stability in aqueous mobile phases; and

an element—specific response independent of molecular form and matrix effects.
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Figure 15. HPLC~ICP of proteins. 100 pg each protein. Steric exclusion
separation on two TSK 3000 SW columns, 7.5 mm x 60 cm. 1 wm@/min
0.9% NaClin water (reprinted with permission from reference 25).
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TABLE 5
ICP ELEMENTAL LINES FOR HPLC”

NON-METALS METALS
C 193.1, 247.9 nm Fe 259.9, 240.5
P 178.3, 274.9 Zn 213.9, 202.6
N 174.3, 411.0 Cu 324.8. 224.7
S 180.7, 182.4 Pb 220.4, 217.0
Br 163.4, 157.7 Mn 257.6, 294.9
Cl 741.4, 452.6

Wavelengths in italics are lines used in work to date.

*First wavelength corresponds to strongest line.

However, work to date also indlcates several disadvantages of ICP as an HPLC
detector: it is quite expensive (~$100K); observed sensitivity to non-metals of
~ppm26 is marginal for HPLC significant elements such as phosphorous; and plasma
stability problems have been observed with hydrocarbon type organic solvents
used in straight phase chromatography.

An HPLC~ICP chromatogram demonstrating the qualitative information inherent
to multi-element specific detection is shown in the separation of metal-
containing proteins of Figure 15. Note that ICP sensitivity to metals is 100x
better than that observed for non—metals. Since non—metals are of greatest
significance in HPLC, research aimed at enhanced non-metal ICP detection is
required. The use of vacuum UV detection is now under study since the optimum

emission lines of most non-wmetals lie in the 160-195 nm region (see Table 5).
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ANALYSIS OF FLAVONOILDS BY HPLC

D. J. Daigle and E. J. Conkerton
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New Orieans, LA 70179

INTRODUCTION

During the past ten years there has been a dramatic increase of interest
in the field of flavonoid chemistry. This was mainly due to the application of
HPLC to the study of flavonoids. These compounds, natural plant constituents
with a structure based on the aromatic heterocycle, 3-phenylbenzopyrone, are
ideally suited for analysis by HPLC. The basic complex structure can be varied
by the number and position of hydroxyl substituents and other derivatives
(sugars, methyl). These variations cause changes in the way the compounds
react to solvents and columns commonly used in HPLC allowing separation and
identification.

Since 1979 some pertinent and excellent reviews have been reported:
Kingston [88], the application of HPLC to secondary metabolites; Adams and
Nakanishi [89], selected examples of HPLC separation of natural products; Van
Sumere et al [90], use of HPLC in the separation of plant phenolics; Roston and

Kissinger [91], HPLC determination of phenolic acids of vegetable origin;
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Schwartz and von Elbe [92], HPLC of plant pigments; Rouseff and Ting [93],
analysis of polymethoxyelated flavones in citrus; Hrazdina [94], analyses of
anthocyanins in fruits and beverages; and K. and M. Hostettmann [95], the

application of HPLC techniques to flavonoids analysis.

SILICA GEL COLUMNS

Various types and brands of columns have been used for flavonoid analysis
using isocratic or gradient solvent systems. Early work was done on silica gel
columns with and without derivatization prior to analysis. Although a major
advantage of HPLC is the lack of derivatization prior to analysis, Hermann and
co-workers cited several advantages to HPLC analysis of acetylated flavonoids.
Among these were: durability of the column, definite identification and quanti-
tation, and isocratic separation of the flavonoids. The isocratic run does not
require solvent re-equilibration for each sample and this increases the rate of
analysis.

Although silica gel columns have not been used often, they are well suited
for the separation of non-polar or weakly polar flavonoid aglycones such as:
polymethoxylated flavones [86,87], isoflavones [38,48,49,52 1, and biflavonoids
[38]. The normal phase Tiquid chromatography on Lichrosorb Si 60 of the
acetates of numerous flavonoids permitted the application of flavonoid analysis
to celery [77-79], orange juice [81,82], tomatoes [79], plums [80], and

cherries [83].

Reverse Phase Versus Normal Phase. By using the above discussed packing

materials, (columns) the stationary phase is less polar than the mobile phase
and the procedure is called reverse phase chromatography (RPLC). Thus highly
polar solutes possess shorter retention times than less polar solutes. The
retention time of the same polymethoxylated flavones shows this difference
between RPLC [84,85] and normal phase HPLC (NPLC) [86]. However, with both

types of columns, excellent separation was obtained in less than 30 minutes.
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The use of RPLC [467] for the resolution of isoflavones was criticized [48] for
the observed band spreading which would make the separation of multicomponent
mixtures virtually impossible. A number of recent reports [53-56], however,
have established a RPLC procedure for the separation and quantitation of the

naturally occurring soybean isoflavone glycosides and aglycones.

REVERSE PHASE COLUMNS

In reverse phase columns, the stationary phases are prepared by bonding
various organosilane molecules to the hydroxylic groups of a silica type
surface. The most common of the organosilanes are octadecyltrichlorosilane,
octyltrichlorosilane, and phenyltrichlorosilane. The simple procedures for
preparing octadecylsilyl bonded stationary phases have been described [96,97]
and may be employed, for example, for the preparation of preparative scale
columns. Currently there are a number of commercially available columns
possessing a high degree of reproducibility as reflected in the table.

Although the Cig or more specifically the uBondapak Cig column has been
the dominant choice for RPLC of flavonoids, another type of column may be
better dependent upon the class of flavonoid. In a comparison of Lichrosorb
RP-18 and RP-8, Strack and Krause [417] obtained better resolution of glycosyl-
flavone aglycones and glycosides on the RP-8 with a gradient methanol : acetic
acid : water solvent system. Becker et al [39] in the only reported use of a
Lichrosorb NHp column, achieved an excellent separation of isomeric 0-
glycosides of C-glycosylflavones. This type of column had been used for the
separation of monosaccarides and for this reason chosen as the ideal phase for
separation of C-glycosylflavones. There seemed to be no apparent differences
in efficiency of separation of the flavonoids of Silybum marianum between the
Lichrosorb RP-18 [33]1 and RP-8 [34,35] columns. However, two different solvent

systems were used and an objective comparison cannot be made.
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A uBondapak Cqg with a acetonitrile : water solvent system failed to
adequately separate methoxylated flavones but a Zorbax Cg column with a tetra-
hydrofuran : water system did [84].

The difference in columns with the same generic name and a lack of con-
sistent specifications make the choice of reverse phase columns difficult. The
initial choice of a column for a particular reverse phase separation would
involve matching the type of substance (class of flavonoid) to be separated to
the column capable of providing good retentivity and selectivity characteris-
tics toward the particular sample. Because few papers contain negative
information on columns and this field is relatively new, the researchers should

be aware of any available commercial literature [98]7.

Aromatic Acids and Flavonoid Separation. Extraction of phenolics from

plant tissue usually means that both single ring phenolics and the flavonoids
(C6—C3—C6 carbon skeleton) are isolated in the same mixture. Two reports
[72,74] advised carrying out prior separation of these groups for HPLC. Where
a uBondapak alkylphenyl column was used, some of the aromatic acids and phenols
interfered with separation of the flavonoids [72]. However, RPLC on a
uBondapak Cyg column proved to be effective in the separation of both the plant
phenols and flavonols of tobacco [65]. A gradient elution system was found to
be most effective and necessary for the separation of the aromatic acids,
phenols, and flavonoids in the same mixtures [63]. There are also two other
communications that have dealt with the separation of aromatic acids, phenols,

and a few flavonoid compounds [66,67].

Solvent Systems. Methanol : water containing small amounts of acetic acid
is one of the more commonly used solvent systems for RPLC of flavonoids. The
addition of acetic or any acid improves the separation, but the amount of acid
or pH of the eluting system is dependent upon the column's stability as a
Chrompack Nucleosiel Cqyg column ruptured probably due to a low pH [31]. In

lieu of acetic acid other compounds which have been used are: phosphoric acid
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[34,35,50,64,71], perchloric acid [16,21,24], potassium dihydrogen phosphate
[5,22,61,65], ammoniun dihydrogen phosphate [36], and formic acid [4,7]. The
absence of acid in the methanol : water system is rare [427] but such a solvent
system appears to be very successful in the separation of isoflavones
[51,53-56].

The acetonitrite : water system was successful in the quantitative
determination of naringin and hesperidin in citrus juice [58-60,62] and in the
separation of both isomeric C-glycosylflavones [39] and isomeric isoflavones
[46]. The acetonitrite : acetic acid : water solvent system was most popular
for the separation of flavonoids of flowers [44,70].

Other solvent systems use in RPLC are: tetrahydrofuran (THF) : acetoni-
trite : water [86]; THF : water [45]; acetone : acetic acid : water [8,9,111];
methanol : dimethylformamide : acetic acid : water [29]; and ethanol : acetic

acid : water [72].

Effect of Structure on Retention. The effect of structure of flavonoids on

their elution behaviour was first disclosed by Wulf and Nagel [57]. These data
were confirmed and extended by Daigle and Conkerton [37]. 1In both cases a
uBondapak Cyg and a methanol: acetic acid : water solvent system was used. The
influence of isomerization and the glycosylation pattern of some C-glycosyl-
flavones on retention time was studied [40] and some of these findings were
confirmed in a later report [43]. The chromatographic behavior of
proanthocyanidins was investigated using several packing materials (columns)
[21,24]. Lea concluded that RPLC offered the greatest potential for the

separation of proanthocyanidins.

GENERAL
Detection. The high sensitivity of ultraviolet-visible detectors make
analysis of sub-microgram samples possible. The wavelength must be compatible

with the solvent system and, of course, suitable for the compound to be
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detected at maximum sensitivity. For the flavonols, flavanones, flavones, and
isoflavones and their respective glycosides, the range of wavelength between
254 nm and 280 nm was the most popular. A few researchers have also chosen the
340 nim to 360 nm range [8,26]. The anthocyanins and proanthycyanidins were
detected either in the range between 520 nm and 546 nm or at 280 nm. The
acetate derivatives of anthocyanidins were detected at 254 nm [3] and their
chalcones at 340 nm [16]. The acetates of flavonols, and flavones and
flavanones, however, were detected at 300 nm (77-83). Rouseff and Ting [10,93]
employed a dual UV-fluorescence detector to determine the presence of
interfering substances. The wavelength, 313 nm, was for all five
polymethoxylated flavones since the impurity absorbed weakly at this
wavelength. The C-glycosylflonones have been detected at a variety of
wavelengths: 254 nm [39,407; 270 [42]; 312 [41]; 330 [45]; 335 [22]; and 365
[43].

Qualitative Analysis of Flavonoids. In the HPLC analyses of complex
mixtures researchers have used more than retention time data to identify,
positively or negatively, the compound of interest. However, off Tine
techniques are relatively time consuming. Recently on line techniques such as
HPLC-UV/Vis and HPLC/MS spectroscopy have been found, in some cases, to be
sufficient to obtain postive identification of compounds witn an overall
reduction in analyses time [50].

The identification of the chalcones of malvidin 3-glucoside and malvidin
3,5-diglucoside was carried out by using detectors monitoring simultaneously
first at 280 nm and 525 nm, then 280 nm and 340 nm. As a result, these
chalcones could be collected in sufficient amounts to measure their UV-visible
absorption spectra directly and to follow their conversion to their correspond-

ing flavylium cations [16].

SUMMARY
In the flavonoid field, HPLC has been used for the quantitative determi-

nation of plant constituents, purity verification of isolated compounds, and
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chemotaxonomical comparisons. The practical applications in the beer, wine,

and citrus industries also attest to its potential as an analytical tool.
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LC NEWS

AUTOMATED SAMPLE PREPARATION SYSTEM combines solid-phase sample
preparation with syringeless injection into a single operation.
Samples are extracted by sorbent cassettes that selectively isolate
and concentrate compounds of interest. It is said to be compatible
with any Tliquid chromatograph. Analytichem International Inc.,
JLC/83/1, 24201 Frampton Avenue, Harbor City, CA, 90710, USA.

BIBLIOGRAPHY SERVICE FOR TLC/HPTLC USERS 1is free. It is useful for
the chromatographer who needs to develop methods or to locate
background material for research. Applied Analytical Industries,
JLC/83/1, Route 6, Box 55, New Hanover County Industrial Airpark,
Wilmington, NC, 28405, USA.

COLUMN SWITCHING SYSTEM switches columns at pressures up to 7000
psi. Typical applications include automated sample cleanup, column
selection, and column backflushing. Control is via external event
flag signals from LC auto samplers, pump controllers, and
integrators, or by manual pushbuttons. Autochrom Inc., JLC/83/I,
P. 0. Box 207, Milford, MA, 01757 USA.

SOURCEBOOK FOR SUCCESSFUL HPLC features over 1800 HPLC products, is
color coded for easy reference, and indexed for quick access. A
handy HPLC cartridge and column selection guide recommends
appropriate products for various applications. Waters Associates,
Inc., JLC/83/1, 34 Maple Street, Milford, MA, 01757, USA.

SOLVENT GUIDE 1is designed as a reference source for
chromatographers, spectroscopists, and laboratory chemists. It
devotes 2 full pages to each of 58 solvents, and features 17 tables
of solvents organized by properties, as well as a special HPLC
section titled "Tips for Chromatographers." Burdick & Jackson,
Inc., JLC/83/1, 1953 S. Harvey Street, Muskegon, MI, 49442, USA.

GPC/SEC COLUMNS for polymers soluble in organic solvents are packed
with cross-linked styrene/divinylbenzene gels in 5 and 10 micron
particle sizes and cover a broad range of molecular weights. They
can be wused with a broad range of organic solvents including
dimethylformamide. IBM Instruments, Inc., JLC/83/1, Orchard Park,
P. 0. Box 332, Danbury, CT, 06870, USA.
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SINGLE COLUMN ION CHROMATOGRAPHY s the subject of a free
news letter which includes articles on applications, methods
optimization, and system troubleshooting. SCIC is the new
technique that applies HPLC technology to the analysis of dissoived
jonic substances. Wescan Instruments, Inc., JLC/83/7, 3018 Scott
Bivd, Santa Clara, CA, 95050, USA.

SHORT COURSE IN PARTICLE TECHNOLOGY is an introduction for
scientists and engineers concerned with evaluating materials
properties. Topics include influence of particle size and range,
importance of surface area, effect of pores, and density.
Micromeritics Instrument Corp., JLC/83/1, 5680 Goshen Springs Rd.,
Norcross, GA, 30093, USA.

HIGH PERFORMANCE AND RESOLUTION are offered in new 1c columns, with
plate counts up to 30,000 to 40,000 plates per meter, very close to
the theoretical 1imit for 10 micron particles. Hamilton Co.,
JLC/83/1, P.0.Box 10030, Reno, NV, 89510, USA

PROGRAMMABLE WAVELENGTH DETECTOR is microprocessor controlled. It
permits selection of any number of wavelengths 1in one-nanometer
increments from 190 to 370 nm for optimal detection of all
components. Utilizes keyboard entry that may be changed at any
point and as often as desired. Varian Instrument Group, JLC/83/I,
2700 Mitchell Drive, Walnut Creek, CA, 94598, USA.

DUAL ELECTRODES FOR LC/EC capable of handling applications in
single, dual-series, and dual-parallel modes. The dual parallel
mode permits ratioing for identification of chromatographic peaks
and also enhances selectivity and saves time. Dual-series assays
are possible for reversible redox couples and, in many cases, can
enhance both selectivity and detection Timits. Bioanalytical
Systems, Inc., JLC/83/1, 111 Lorene Place, West Lafayette, IN,
47906, USA.

CHROMATOGRAPHY DATA SYSTEM FOR APPLE II fits into an empty slot of
the Apple and receives analog signals from the chromatograph's
recorder output and converts it to digital with 12-bit precision up
to 20 times/sec. Signals are smoothed, then peaks identified and
integrated. Chromatogram is displayed on the CRT in real time
using the high resolution graphics mode, Analytical Computers,
JLC/83/1, P. 0. Box 285, Elmhurst, IL, 60126, USA.

CHANNELLED HPTLC PLATES make possible HPTLC without need for
special spotting apparatus or spotting techniques. They offer a
major advantage when large volumes of sample must be applied. They
are divided into 0.8 cm wide silica gel strips separated by 2 mm
clear glass strips. This prevents bleed or cross contamination.
Whatman, Inc., JLC/83/1, 9 Bridewell Place, Clifton, NJ, 07014.
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1983

MARCH 7-12: Pittsburgh Conference on Anal. Chem. & Applied
Spectroscopy, Convention Hall, Atlantic City, NJ, USA. Contact:
Mrs. Linda Briggs, Program Secretary, 437 Donald Rd., Pittsburgh,
PA, 15235, USA.

MARCH 20-25: National Amer. Chem. Soc. Meeting, Seattle, WA, USA.
Contact: A. T. Winstead, Amer. Chem. Soc., 1155 Sixteenth St., NW,
Washington, DC, 20036, USA.

APRIL 18-21: Fundamentals of Chromatographic Analysis, Kent State
University, Kent, Ohio. Contact: University Conference Bureau,
211-A Kent Student Center, Kent State University, Kent, OH, 44242,
USA.

APRIL 25-27: Fifth International Symposium on Coal Slurry
Combustion and Technology, Hyatt-Regency Hotel, Tampa, Florida.
Contact: N. Maceil, JWK 1Int'l Corp., 275 Curry Hollow Rd.,
Pittsburgh, PA, 15236.

APRIL 26-28: Capillary Chromatography: 5th Int'1 Symposium, Riva
del Garda, Italy. Contact: Dr. P. Sandra, Laboratory of Organic
Chem., University of Ghent, Krijgslaan 281(S4), B-3000 Ghent,
Belgium.

MAY 2-6: VIIth International Symposium On Column Liquid
Chromatography, Baden-Baden, West Germany. Contact: K. Begitt,
Ges. Deutscher Chemiker, Postfach 90 04 40, Varrentrappstrasse
40-42, D-6000 Frankfurt (Main), West Germany.

MAY 15-17: International Symposium on LCEC and Voltammetry, Hyatt
- Regency Hotel, Indianapolis, Indiana, USA. Contact: 1983 LCEC
Symposium, P. 0. Box 2206, West Lafayette, IN, 47906, USA.

MAY 30 - JUNE 3: International Conference on Chromatographic
Detectors, Melbourne University. Contact: The Secretary, .np
International Conference on Chromatographic Detectors, University
of Melbourne, Parkville, Victoria, Australia 3052.
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JUNE  1-3: The Budapest Chromatography Conference, Budapest,
Hungary. Contact: Dr. T. Devenyi, Institute of Enzymology,
Hungarian Academy of Sciences, Budapest, Hungary or Dr. H. Issagq,
Frederick Cancer Research Facility, P.0.Box B, Frederick, MD,
21701, USA.

JUNE 22: ASTM Symposium: Computers in Chemical Analysis, Kansas
City, MO, Contact: K. Greene, ASTM Publications Div., 1916 Race
Street, Philadelphia, PA, 19103, USA.

JULY: 3rd Int'l. Flavor Conf., Amer. Chem. Soc., The Corfu
Hilton, Corfu, Greece. Contact: Dr. S. S. Kazeniac, Campbell
Inst. for Food Research, Campbell Place, Camden, NJ, 08101, USA.

JULY 17-23: SAC 1983 International Conference and Exhibition on
Analytical Chemistry, The University of Edinburgh, United Kingdom.
Contact: The Secretary, Analytical Division, Royal Society of
Chemistry, Burlington House, London W1V 0BV, United Kingdom.

AUGUST 14-19: 25th Rocky Mountain Cinference, Denver Convention
Complex, Denver, Colorado. Contact: E. A. Brovsky, Rockwell
International, P. 0. Box 464, Golden, CO, 80401, USA.

AUGUST 15-19: Coal Science: 1983 Int'l Conference, Pittsburgh,
PA. Contact: N. Maceil, JWK Int'l Corp., 275 Curry Hollow Road,
Pittsburgh, PA, 15236, USA.

AUGUST 22-26: 7th Australian Symposium on Analytical Chemistry,
Adelaide, Australia. Contact: D. Patterson, AMDEL, P.0.Box 114,
Eastwood S.A. 5063, Australia.

AUGUST 29 - SEPTEMBER 2: 4th Danube Symposium on Chromatography &
7th I'nt'l. Sympos. on Advances & Applications of Chromatography
in Indudtry, Bratislava, Czech. Contact: Dr. J. Remen, Anal.
Sect., Czech. Scientific & Techn. Soc., Slovnaft, 823 00
Bratislava, Czechoslovakia.

OCTOBER 12-14: Analyticon'83 - Conference for Analytical Science,
sponsored by the Royal Society of Chemistry and the Scientific
Instrument Manufacturers' Ass'n of Great Britain, Barbican Centre,
London. Contact: G. C. Young, SIMA, Leicester House, 8 Leicester
Street, London WC2H 7BN, England.

1984

OCTOBER 1-5: 15th Int'1 Symposium on Chromatography, Nurenberg,
West Germany. Contact: K. Begitt, Ges. Deutscher Chemiker,
Postfach 90 04 40, Varrentrappstrasse 40-42, D-6000 Frankfurt
(Main), West Germany.



LIQUID CHROMATOGRAPHY CALENDAR

The Journal of Liquid Chromatography will publish
announcements of LC meetings and symposia in each issue
of The Journal. To be Tisted in the LC Calendar, we

will need to know: Name of meeting or symposium,
sponsoring organization, when and where it will be held,
and whom to contact for additional details. You are

invited to send announcements for inclusion in the LC
Calendar to Dr. Jack Cazes, Editor, Journal of Liquid
Chromatography, P. 0. Box 1440-SMS, Fairfield, CT,
06430, USA.
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Blazing the path to enhanced use of . ..

NALYTICAL

PYROLYSIS

A Comprehensive Guide

(Chromatographic Science Series, Volume 22)

WILLIAM J. IRWIN

University of Aston in Birmingham, Birmingham, United Kingdom

September, 1982 600 pages, illustrated

PyroLysis offers scientists a powerful, yet
easy-to-use analytical tool, with applications
ranging from the study of simple organic
compounds to whole cells and Martian soil
samples. Analytical Pyrolysis: A Comprehen-
sive Guide provides the first complete exam-
ination of this invaluable approach, covering
its development, various techniques and ap-
plications, and data interpretation.

Empbhasizing instrumental configurations util-
izing gas chromatographic and mass spectro-
metric analysis—designs which minimize an-
alysis time, require only small samples, and
can be fully automated—this state-of-the-art
reference details the qualitative, quantitative,
mechanistic, and kinetic uses of pyrolysis.
Truly a monumental work in the field, this
outstanding book also presents

e checklists of important experimental pa-

rameters

e computer programs demonstrating pro-
cedures for the comparison of pyrolysis
data

e exhaustive reference listings

e comprehensive tables of pyrolysis pro-
ducts

e numerous illustrations, clarifying impor-
tant points from the text

This authoritative volume is certain to en-
hance the work of all researchers involved in
the study of nonvolatile organic samples, in-
cluding polymer, organic, and analytical
chemists; forensic scientists; microbiologists
and others interested in the characterization
of cells and tissues; organic geochemists; tox-
icologists; pathologists; and environmental
scientists.

CONTENTS
Part A: TECHNIQUES

Historical Perspectives
Pyrolysis Methods

Pyrolysis Gas Chromatography
Pyrolysis Mass Spectrometry
Data Handling

Part B: APPLICATIONS

Synthetic Polymers

Biological Molecules

Taxonomy

Drugs and Forensic Science

Organic Geopolymers

Appendix 1. Abbreviations

Appendix 2. Checklists

Appendix 3. Computer Programs

Appendix 4. MS Data: Some Polymer
Pyrolysis Products

ISBN: 0-8247-1869-0

MML EKKER, lm- 270 Madison Avenue, New York, N.Y. 10016 - (212) 696-9000




avaluable source of problem-solving information . ..
for analytical chemists, forensic scientists, pharmaceutical scientists,
biologists, microbiologists, and clinical chemists.. ..

THN-LAYER

CHROMATOGRA

TECHNQUES AND APPLICATIONS

(Chromatographic Science Series, Volume 17)
BERNARD FRIED and JOSEPH SHERMA January, 1982
Lafayette College 328 pages, illustrated
Easton, Pennsylvania

efficiency technology. This versatile separation technique is simpler to use than other chromatographic meth-

ods, offering separation scientists faster results in greater detail and at lower cost. The authors of Thin-Layer
Chromatography: Techniques and Applications masterfully present the principles, practices, and applications of
this method. Designed specifically for those without extensive training in analytical chemistry, this volume

THIMLAYI‘.R CHROMATOGRAPHY (TLC) is experiencing a rebirth as a result of the recent development of higher-

o presents the first modern, self-teaching treatment of this inexpensive technique

® offers a valuable source of practical, problem-solving information for the scientist using TLC

e introduces TLC for use as an aid in solving basic and applied problems for scientists considering this
technique

® serves as an aid for the introduction of TLC into the classroom, presenting various detailed experiments
which utilize inexpensive, readily available materials

Thin-Layer Chromatography: Techniques and Applications is the primary source of information for analytical
chemists, biochemists, clinical chemists, and laboratory and medical technicians requiring a greater knowledge of
this technique. Zoologists and botanists interested in the separation sciences will find it a valuable reference; and
it will serve college teachers of biology and chemistry equally well.

CONTENTS
General Practices of TLC Reproducibility of Results
Introduction and History Preparative Thin-Layer Chromatography
Mechanism and Theory Radiochemical Techniques
Sorbents, Layers, and Precoated Plates
Obtaining Material for TLC and Sample Preparation Applications of TLC to Different Compound Types
Application of Samples and Basic TLC Design Lipids
Solvent Systems Amino Acids
Development Techniques Carbohydrates
Detection and Visualization Natural Pigments
Qualitative Evaluation and Documentation Miscellaneous
Quantitation ISBN: 0-8247-1288-9

MARCEL DEKKER, INC. 270 MADISON AVENUE, NEW YORK, N.Y. 10016 (212) 696-9000




announcing the latest volume in a vigorous series. ..

ADVANCES IN

HROMATOGRAPHY

edited by

J. CALVIN GIDDINGS
University of Uteh

Salt Lake City

ELI GRUSHKA

The Hebrew University of Jerusalem
Israel

JACK CAZES
Fairfield, Connecticut

PHYLLIS R. BROWN

University of Rhode Island
Kingston

VOLUME 20

August, 1982
320 pages, illustrated

MARCEL DEKKER, INC.

270 MADISON AVENUE,

NEW YORK, N.Y. 10016 - (212) 696-9000

The explosive growth of chromatography has made it difficult for
any single individual to maintain a coherent view of the field’s
progress. The individual research worker who is to preserve even a
moderate knowledge of advances in the area must rely upon respon-
sible surveys, rather than attempt to read the avalanche of original
research papers in the field.

In this series, critical, current surveys of the most important ad-
vances in various areas of chromatography, written by noted
authorities in chromatographic science, are presented. The wealth
of literature, even in specialized areas of chromatography, is so
great that for these volumes noted authors have been asked to
separate the hard-core advances in each respective area from the
overwhelming mass of supporting evidence and data. The authors
have summarized and developed in individual papers their evalua-
tion of various facets and trends in research, putting their subject
matter in perspective.

These volumes are of utmost interest to all researchers who need to
use good separation techniques—especially analytical, organic, and
physical chemists; biochemists; biomedical researchers: clinical
chemists: and environmental scientists. They are valuable to scien-
tists in academia, government, hospitals, and industry, both in re-
scarch and quality control: in fact any scientist whose use of separa-
tion techniques makes it necessary to keep abreast of the latest
Advances in Chromatography.

CONTENTS

fon Chromatography . Hamish Small

High Performance Liquid Chromatography and Its Application to Protein
Chemistry, Milton 1. W. Hearn

Chromatography of Vitamin D, and Metabolities, K. Thomas Koshy

High Performance Liquid Chromatography: Applications in a Children’s
Hospital, Sreven J. Soldin

The Silica Gel Surface and Its Interactions with Solvent and Solute in
Liquid Chromatography, R. P. W. Scort

New Developments in Capillary Columns for Gas Chromatography.
Walter Jennings

Analysis of Fundamental Obstacles to the Size Exclusion Chromatography
of Polymers of Ultrahigh Molecular Weight, J. Calvin Giddings

ISBN: 0-8247-1868-2



INSTRUCTIONS FOR PREPARATION OF MANUSCRIPTS
FOR DIRECT REPRODUCTION

Journal of Liguid Chromatography is a bimonthly
publication in the English language for the rapid com-
munication of tiquid chromatographic research.

Directions for Submission

One typewritten manuscript suitable for direct
reproduction, carefully inserted in a folder, and two
(2} copies of the manuscript must be submitted. Since
all contributions are reproduced by direct photography
of the manuscripts, the typing and format instructions
must be strictly adhered to. Noncompliance wiil result
in return of the manuscript to the authors and delay
its publication. To avoid creasing, manuscripts should
be placed between heavy cardboards and securely
bound before mailing.

Manuscripts should be mailed to the Editor:

Dr. Jack Cazes

Journal of Liquid Chromatography
P. O. Box 1440-SMS

Fairfield, Connecticut 06430

Reprints

Owing to the short production time for articles in
this journal, it is essential to indicate the number of
reprints required upon notification of acceptance of
the manuscript. Reprints are available in guantities
of 100 and multiples thereof. For orders of 100 or
more reprints, twenty (20) free copies are provided.
A reprint order form and price list will be sent to the
author with the notification of acceptance of the
manuscript.

Format of Manuscript

1. The general format of the manuscript should be
as follows: title of article; names and addresses of
authors; abstract; and text discussion.

2. Title and Authors: The entire title should be in
capital letters and centered on the width of the typing
area at least 2 inches (5.1 ¢m) from the top of the
page. This should be followed by three lines of space
and then by the names and addresses of the authors in
the following way {also centered):

A SEMI-AUTOMATIC TECHNIQUE FOR THE
SEPARATION AND DETERMINATION OF
BARIUM AND STRONTIUM IN SURFACE WATERS
BY [ON EXCHANGE CHROMATOGRAPHY AND
ATOMIC EMISSION SPECTROMETRY

F. D. Pierce and H. R. Brown
Utah Biomedical Test Laboratory
520 Wakra Way
Salt Lake City, Utah 84108

3. Abstract: Three lines below the addresses, the
title ABSTRACT should be typed (capitalized and cen-
tered on the page). This should be followed by a
single-spaced, concise, abstract comprising less than
10% of the length of the text of the article. Allow three
lines of space below the abstract before beginning the
article itself.

4. Text Discussion: Whenever passible, the text dis-
cussion should be divided into such major sections as
INTRODUCTION, MATERIALS, METHODS, RE-
SULTS, DISCUSSION, ACKNOWLEDGMENTS, and
REFERENCES. These major headings should be sepa-
rated from the text by two lines of space above and
one line of space below. Each heading should be in
capital letters, centered, and underlined. Secondary
headings, if any, should be flush with the left margin,
underscored, and have the first letter of all main words
capitalized. Leave two lines of space above and one
line of space below secondary headings.

5. Paragraphs should be indented five {5} typewriter
spaces.

6. Acknowledgment of collaboration, sources of re-
search funds, and address changes for an author should
be listed in a separate section at the end of the paper.

7. References (including footnotes) in the text will
be numbered consecutively by numbers in parentheses.
All references {and footnotes) should then be aggre-
gated in sequence at the end of the communication.
No footnotes should be shown at the bottom of pages.
The reference list follows immediately after the text.
The word REFERENCES should be capitalized and
centered above the reference list. It should be noted
that all reference lists should contain initials and names
of all authors; et a/. will not be used in reference lists.
Abbreviations of journal titles and styles of reference
lists will follow the American Chemical Society's
Chemical Abstracts List of Periodicals. References
should be typed single-spaced with one line space be-
tween each reference.

8. Each page of manuscript should be numbered
lightly at the bottom of the sheet with a light blue
pencil.

9. Only standard symbols and nomenclature ap-
proved by the International Union of Pure and Ap-
plied Chemistry should be used.

10. Any material that cannot be typed, such as Greek
letters, script letters, and structural formulae, should
be drawn carefully in black India ink {(do not use blue
ink).

Typing Instructions

1. The manuscript must be typewritten on good
quality white bond paper measuring approximately 8%
x 11 inches (21.6 cm x 27.9 cm). Do not use Corrasi-
ble bond or its equivalent. The typing area of the
article opening page, including the title, should be 5%
inches wide by 7 inches deep (14 cm x 18 cm). The
typing area of all other pages should be no more than
5% inches wide by 8% inches deep (14em x 21.8cm).

2. In general, the chapter title and the abstract, as
well as the tables and references, are typed single-
spaced. All other text discussion should be typed 1%-
line spaced, if available, or double-spaced. Prestige elite
characters (12 per inch) are recommended, if available.



3. It s essential to use black typewriter ribbon (car-
bon film s preferred) in good condition so that aclean,
clear impression of the letters is obtained  Erasure
marks, smudges, creases, elc., may result in return of
the manuscript to the authors for retyping.

4. Tables should be typed as part of the text butin
such a way as to separate them from the text by a
three line space at both top and bottom of each table.
Tables should be inserted in the text as close to the
point of reference as passible, but authors must make
sure that one table does not run over 1o the next page,
that 1s, no table may exceed one page The word TA-
BLE (capitalized and followed by an Arabic number)
should precede the table and be centered on the page
The table utle should have the first letters of all main
words 1n capitals. Titles should be typed single-spaced
Use the full width of the type paqe for the table title,

5. Drawings, graphs, and other numbered figures
should be professionally drawn in black India ink (do
not use blue ink) on separate sheets of white paper and
placed at the end of text. Figures should not be placed
within the body of the text. They should be sized to
fit within the width and/or height of the type page,
including any legend, label, or number associated with
them. Photographs should be glossy prints. A type-
writer or lettering set should be used for all labels on
the figures or photographs; they may not be hand
drawn, Captions for the pictures should be typed single-
spaced on a separate sheet, along the full width of the

type page, and preceded by the word FIGURE and a
number in arabic numerals. All figures and lettering
must be of a size 10 remain legible after 3 20% reduc
tuon from original size. Figure numbers, name of senior
author, and arrow indicating “top’’ should be written
in hght blue pencil on the back or typed on 3 gummed
label, which should be attached 1o the back of the
tlustration  Indicate approximate placement of the il
lustrations in the ext by a marginal note in light blue
pencil

6. The reference list should be 1yped single spaced
although separated from one another by an extra lhine
of space. Use Chemical Abstract abbreviations for jour
nal ttles. References 1o journal artcles should in-
clude (1) the last name of all author(s) to any one
paper, followed by their ininals, {2) arucle ttle, (3)
journal, (4} volume number (underlined), (5) first page,
and (6) year, in that order. Books should be cited
sumilarly and include (1) author, surname, first and
middle inmtials, (2) utle of book, (3) editor of book (if
applicable), (4) edition of book (if any), (5) publisher,
(6) city of publication, (7) year of publication, and (8)
page reference (il applicable) E.g., Journals: Crag,
L. C and Konigsber, W., Use of Catechol Oxygenase
and Determination of Catechol, Chromatogr., 10, 421,
1963. Books: Albertsson, P. A, Parution of Cell Parti
cles and Macromolecules, Wiley, New York, 1960
Article in a Book: Walter, H., Proceedings of the Pro-
udes of Biological Fluids, XVth Colloguim, Pteeters.,
H., eds., Elsevier, Amsterdam, 1968, p. 367
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