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ABSTRACT 

Early work on use of carbons for 1 iquid 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. Appl ications 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 revel"sed phase si I ica gels but different eluents 
(other than water) show rather a small range of el uotropic 
strength. 

1. I NTRODUCT iON 

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 1 iquid chromatography by 

Tisel ius 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 01 igosaccharides and their methylated derivatives (4-7), 
amino acids (8-10), fatty acids and fatty alcohols (11) and 

even 5 1 -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 al iphatic derivatives: this was attributed to the 

graphite-l ike 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 

pyr i dine (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 l'Jere 

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-1 iquid 

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-sol id 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 visual ization of the spots 

difficult, although the drawback could be avoided by using 

radio-label led solutes or by subsequent elution from the 

carbon into a si 1ica layer. 

Early in the 1970's a new era in chromatography opened with 

the development of high performance column liquid chromatography 

for which microparticu1ate silicas and their surface modified 

derivatives rapidly became the preferred column packings. 

However, in the search for nevi supports showing different 

selectivities and greater resistance to hostile e1uents, 

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, 

3 
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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 

ach i eved. 

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 weI I-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 confl icting 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 sti I I 

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. It usually consists of a thermal 

treatment of the starting material at 700 to lOaD K in an inert 

atmosphere. It 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 I imiting cases. 

Carbonization covers a number of processes including coking, 

charring and reaction with oxidising gases such as oxygen, 

carbon dioxide and water vapour. It 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 sti 1 1 contain inorganic impurities such 

as sulphur and silica depending upon their origin. These can 

be removed by volatil ization 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 

5 
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structure (30). The degree of graphitization 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 

fo r 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 narrO\"1 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 5-200~m size range can be obtained by thermal 

treatment of polymer beads (34-36). With al I pre-sized materials 

note must be taken of the extent to \"ihich 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 sLlch 

as graphite are soft whereas amorphous glassy carbons possess 

high mechanical strength due to thei r microcrystal line mosaic 

structure. Between these two 1 imiting cases a large number 

of structural intermediates exists. One of them is the so-

cal led 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'. It may be concluded that because of their low 
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mechanical strength highly ordered graphite-l ike 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 I'lhen 

the particle porosity exceeds about 70% (a typical sil ica gel, 

for example, has a particle porosity of about 55%). A compl icated 

situation arises wi th 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: 

conditions. 

Surface composition 

they must be tested under experimental 

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 phenol ic 

hydroxyl but sorre 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 wi 11 imrrediately reform on exposure 

to clir. A rrore 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 rrodification of silica (41). Graphitization followed 

by chemical reduction of the surface wi 11 apparently offer the 

best chances of success in preparing a good adsorbent surface. 

H~~ever, given the considerations of the last two sections, 

it becomes apparent that there are serious difficulties in 
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making robust carbons l'iith 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 hel ium 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 wi 11 

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. 
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The above discussion indicates that it wi 11 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 microcrystal I ine framework with 10nm pores, the internal 

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

2.4. Preparation Procedures 

9 

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 grOlvth 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 IlOIl polrir and homogeneous (47). However, the aggregates 

of these polyhedric microparticles are mechanically very fragi Ie. 

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. Sterl ing 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 Col in and Guiochon (51,52) adopted the benzene 

pyrolysis procedure to deposit pyrocarbon on the surface of 

silicd dS developed by BeiJr-iset al (~3, 54). Therma 11 Y pre-

treated silica gels were employed and again the optimum carbon 

deposit for avoiding particle agglomeration and low chromato

graphic performance I'las about 15% (w/w). Unfortunately the 

coat i ng of the s iii ca surface was not cont i nuous and free of 

defect sites, and the retent i on of so 1 utes wa 5 not the same as w' .:1 

pure carbon. 

The pyrolysis of organic compounds on porous silica was 

further examined by Leboda (55-58), using ali~hatic and aromatic 

alcohols and dichloromethane. Two-stage pyrolysis was son'etimes 

used. The carbon-silica adsorbents were chari>, terized by 



CARBON AS PACKING MATERIAL 

sorption-measurements, infrared spectroscopy und gas chromato-

graphy. However, no sepa,-ation by liquid solid chromatography 

\"as 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 polytetrafluoroethylene (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 I ithium fluoride was extracted and 

the product, cal led JADO-carbon, dried under vacuum at 423 to 

623 K. Samples were prepared partially reduced (59), completely 

reduced (60), loaded with 1 ithium fluoride, and with LiF fully 

extracted. Elemental analysis (by vleight) of the dry product 

gave C 86%; H 1%; oxygen (residue) 13% (55). The apparent 

(hel ium) density was 2.17g/cm3 , the specific surface area 

according to the BET method employing argon SBET was 2500m2/g! 

Uptake of benzene at 298 K amounted to 1.25ml/g, indicating a 

high particle porosity of E = 0.73. Although the molecular 

structure of JADO-carbon is arrorphous, the micro-structure 

comprises fibres joining nodules. The nodules are 1.1 + 

O.35nm in diameter and the distance between them is 1.9 + O.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 

surface area and oxygen content by various treatments (61): 
, I 

~i) after leaching the I ithium fluoride the microparticles were 

dried under vacuum at 573 K and annealed at 1223 K under hel ium 
2 

giving: SBET = 2000m /g; (i i) the LiF loaded carbon was heated 

at 1223 K under hel, elm. After cooling the material was immersed 

in a 0.1% w/w solution of aqueous detergent. Excess of solution 

was removed, the ~ple washed, dried and heated at 973 K in 

11 
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hydrogen giving SBET 1300m
2
/g: E ,= 0.]6; oxygen 0.5%; 

(i i i) the LiF loaded carbon was heated at 1223 K in hel ium. 

After washing out the LiF residue and drying under vacuum at 

573 K the product was annealed at 2673 K under argon giving: 

2/ 0 0 20m g; E ~ ; oxygen . 

By a procedure analogous to that of Plzak et al (59), Zl'lier 

and Burke (62) prepared a high-strength carbon packing by 

reduction of the fluorocarbon Kcl-F 300 LD with I ithium 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) with trimethylchlorosilane to mask the 

hydroxyls and (i i) with thionylchloride followed by reacting 

the chlorinated carbon with the Grignard reagent CSH17 MgBr, 

giving an octyl bonded carbon. The effect of si lane and 

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 \'/as first ground to a particle size of around 20jlm 

and the fraction of dp > 20]Jnl used as packing. Al thouyh the 

m2terial was extremely fragile and required very careful handling 

its LC properties were encouraging, and confirmed that the 

gl"aphilic surface is likely to be the optilllUll1 fOI HPI_C applications if 

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 mi lIed and fractioned to give narrow cuts of 

the desired particle size. Batches were then treated to remove 

the non-carbonaceous constituents: 



CARBON AS PACKING HATERIAL 

(i) by lea<-hing of inorganic impurities with HCI/HF mixtures 

and subsequent anneal ing at 2073 to 3073 K, 

(ii) by anneal ing at 2073 to 2873 K without extraction, 

(iii) by annealing according to (ii) followed by treatment 

I'lith iron salts, partial degassing at 1273 K, rerroval 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 SBET values in the range of 50 to 200m
2
/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 sil ica 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 0 C is 
2 

50 to 500m /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 appl icable 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): 

N N 1 
x x- ( 1 ) 

lip n 

where h = reduced plate height, ~' = flow resistance factor, 

N ~ number of theoretical plates to which column is 

equivalent, tm = elution time of unretained fully permeating 

solute, ~p = pressure and n =eluent viscosity. The flow 

resistance factor Jil' is dimensionless and given by equation (2) 

2 
~' = lip d /unL 

p 
(2) 

where d = mean particle diameter, u = linear velocity of eluent 
p 

and L = column length. Where the mean particle size is well 

establ ished, 0' is found to be in the range 500-1000. For 

wei I behaved I iquid chromatography the reduced plate height 

h is found to obey the approximate equation 

h = B/v + Avl/3 + Cv 

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 Jil'-value and either showing the 

(h,v) plot, giving values of A, Band C, or giving optimum 

values of h. 
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Implicit in the term "Vie 1 1 behaved 1 iquid chromatography", 

hovlever, 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 casco Peaks 

are often asymnletric as a consequence of non-l inear 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, Band 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 
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usually been packed by the wei I-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 thei r columns using Carbopack B. 

Colin et al (33) determined column efficienices of PMCB 

using particles of 15~m 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, Band C for an unretained solute (50) but significant improvement 

for retained solutes (32). Other carbons (31,61) showed simi lar 

effects. One of the best chromatograms publ ished 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 20llm gave h = 4 at k' 

= 7 and excel lent peak symmetry as shown by Figure 3. 
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time I min 

FIGURE 1. Separation of methyl benzenes. Column 550mm. 
Packings: 25-31~m, Black Pearls L + 44% pyrocarbon, graphitized, 
- 4om2/g. Eluent: acetonitri Ie 0.5ml/min. Detector: UV. 
h for last peak=15. Solutes: 1 =unretained; 2 = benzene; 
3 = 1,3 dimethylbenzene (DMB); 4 = 1,2 DMB; 5 = 1,3,5 trimethyl-
benzene (TMS); 6 = impurity; 7 = 1,2,4 TMB; 8 = 1,2,3 H1B. 
9 = 1,2,4,5 tetramethyl benzene (TeMB); 10 = 1,2,3,4 TeMB; 
11 = pentamethylbenzene. (from ref. 33). 

PGC fa I I s between the PHeB and Ca rbopack and gives reasonab I y 

symmetrical peaks at k'-values up to 15, as shown in Figure 3, 

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

The permeability of carbon columns is much as expected I-lith , 
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 8
0

. 1 (16), defined as the mass of solute 

injected per gram of packing material which produces a 10% 
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FIGURE 2. Separation of benzene carboxyl ic acids. Column: 2 
100 x 10mm. Packings: 9~m 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 
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= 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 

J

I 2 

JJ 
o 5 10 15 

time I min 

FIGURE 3. Separation of analgesics. Column: 250 x 2mm. 
Packing: 25-33~m Carbopack B,- 80m2g. Eluent: Methanol, 
lml/min. Detector: UV. h for last peak = 10. Solutes: 
1 = phenylacetamide; 2 = phenacetin; 3 = caffeine (from 
re f. 63). 
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decrease in k'. FOI- silicas and reversed--phase silicas 00.1 

normally I ies between 100 and 1000\1g/g. An alternalive measure 

8
0
' ,. is the mass of solute per- gram of packing which produces 
.J 

d 50% reduction ill the plate efficiency of the column. 

Both 8
0

.
1 

and 80.
5 

depend upon the type of adsorbenl, 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 80.
5 

values of 10-60\1g for PMCB 

with acetonitrile as solvent. Unger et al (31) obtained values 

of around 10)1g/g on carbons of very low surface areas (-Sm2/g). 

Hiaher values more in line with those for silica gels would be 

anticipated from carbons of higher specific surface areas. 

They also showed that 8 0 . 1 and 8 0.5 
values were different for 

different esters using methanol as eluent. 

It may be concluded that carbons can be produced to give 

good chromatographic efficiencies which in some cases are 

comparable to those obtained with si 1 ica 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 

suppose that high efficiency carbons can be produced which will 

eventually compete on equal terms with existing silica (Jel 

based materials. 

3.2. _~,-:tention 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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V 
log k' = 1 og ~- + 

10 10V 
(4) 

m 

vlhere V s 
volume of a monolayer of eluent covering the active 

s~rface, Vm = volume of eluent,S = surface activity factor, 

S = dimensionless free energy of adsorption of solute 

(~G/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 8.5A2 , SO = dimensionless free 

energy of adsorption of a quantity of eluent sufficient to 
02 0 0 

cover 8.5A. Both Sand s 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 SO = 0, giving EO values in the range 0 to 1. 

The parameters Vs and S are affected by the water coverage of 

the surface. For carbons, methanol has been taken as the 

standard eluent with EO = 0 and in the 1 ight of the very limited 

data avai lable on surface activity S may be taken as unity. 

With these conventions EO-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, 1 imited 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 1 isted in Table 1. It is noted 

that there are significant differences in the sequence which 
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can probably be attributed to the different surface characteristics 

of the materials and the different test solutes used. 

Values for EO have been calculated by Colin et al (]1.72) 

and a selection of these values are shown in Figure 5. The 

range of eluotropic strength is substantially less on carbon 

than on s1 1 ica gel especially if aqueous mixtures are 

discounted. For methanol/water mixtures, 10910k' increases 
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Cha rcoa 1 

(16 ) 

water 
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TABIJ 1 

Eluotropic Series for Carbons 

order of i 
.~~~~~.~~~_~.C~._ .. ~~~~.~~~~~_ 

PMCB 

(for alkyl benzenes) 

(33) 

Thermally treated 

coke and ac t i ve 

ca rbon 

(for naphthalene) 

(31) 

methanol •• ..--....... methanol ...... ---..... methanol 

ethanol 

acetone 

propanol 

diethylether 

butanol 

hexane 

acetonitr;:X'le hexane 
ethyl acetate tetrachloromethane 

hexane acetonitri Ie 

dimethylsulphoxide 

dichloromethaneXtetrahYdrOfUran 

butylchloride trichloromethane 

tetrahydrofuran dichloromethane 

heptane 

octane 

nonane 

benzene •• ~----~.. benzene •• .-------~.. benzene 

linearly I'lith 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 4) the addition of terphenyl (0) was necessary 
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time I min 

FIGURE 4. Separation of methylbenzenes. Column: 100 x 2mm. 
Packing: 5~m 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; 5 = 1,2,4 TMB; 6 = 1,2,4,5 TeMB. 
(ref. 70). 

to give sYllYTletrical elution peaks for the more retained alkyl 

benzenes and polynuclear aromatics whi Ie the addition of acetic 

acid was necessary for successful elution of aromatic acids. 

Similar behaviour was observed with thermally treated active 

carbons (3). It seems I ikely 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 fami 1 iar to those involved In adsorption 

chromatography vlith silica gel (16). Intelligent control of 
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eluent compos\tion is evidently necessary with currently avai lable 

carbons if good peak shape is to be obtained. 
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octane 
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I -dichloromethane 
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benzene 
\ 

«> 
xylene d. 

FIGURE 5. Mean eluotropic strength of organic eluents on PMCB 
using alkyl benzenes, methyl benzenes, methyl phenols and 
polynuclear aromatics: • determined by chromatography, 
o 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. JADO carbon was used wi th 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 sil icas, 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: 9~m 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; 4 = caffeine; 
5 = strychnine. (from ref. 31). 

A widely used method of quantitat ing the hydrophobic 

balance between a stationary and mobile phase is to plot 

10910k' 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 CH 2 
group, as can be seen by differencing equation (4) for two 

successive homologues. 

a' (5) 
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o where S CH is the dimensionless free energy of adsorption of 
2 

a CH 2 group from the standard eluent, and ACH is the area 
2 

occupied by a CH2 group on the surface. Several authors 

(32,33,61) have shown linear plots of lo910k'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 sil ica packings with the same 

eluent composition (31,65). For example, Colin et al quote 

a' = 0.15 for alkyl benzenes eluted by methanol from Partisi I 

005-2 whereas the values for carbon are about 0.25. 

The a'-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 a'-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 a'-value of 0.32 for addition 

of each carbon atom. This fal Is closer to the value for 

addition of CH 2 groups (0.25) than to the value for addition of 

CH
3 

groups (0.4 to 0.45) and indicates that contrary to general 

belief graphitized carbons do not shew 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 p0lar 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 log,ok'/k'fluorene upon carbon number, 

n, for elution of polynuclear aromat i c 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,O) 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. 
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FIGURE 8. Solvent selectivity for different eluents on carbon. 
Column and packing: as for Fi~es 2 and 6. Eluents: MeOH 
methanol/water ...iZQ/30 v/v): THF = tetrahydrofuran/water 
(40/60 v/v); AcCN = aceton i tri Ie/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 sil icas. 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 
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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 signiflcantTy different from those of alkyl-

bonded sil icas. 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 

we i ght. 

4. APPLICATION OF CARBON PACKINGS 

Although carbons for HPLC are not yet avai lable as commercial 

products, a great diversity of solute tyres have been separated 

on carbons. A unique study was carried out by Telepchak (78) 

who employed a column packed with 10~m diamond dust by resolve 

aromatic hydrocarbons. Bebris et al (53) used rlletilanol/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 weI I separated using acetonitrile as 

eluent, naphthalenes required a stronger solvent, dichloromethane, 
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and diphenols r-equired ethylacetate. Other compounds subsequently 

separated were polychlorinated biphenyls (PCB's), steroids, 

suI phur and nit rogen-conta in i ng compounds (71, 79). The 

selectivity of PMCB towards isomers was examined with mixtures 

of undecen--l--ol isomers, isomeric aromatics, and isomeric 

compounds used in the synthesis of liquid crystals (52). 

Methanol/water and acetonitri Ie/water were used to separate 

adamantanes (80). 

Hana i and Wa I ton (81) applied PMCB's and PMS's to the 

separation of PCB's and other pesticides using methanol/water 

as eluent and also suggested thei r 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 ODS-silica and carbons of different origins 

in the enrichment of samples containing traces of chlorinated 

phenols. 

The Czeckoslovakian 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 (4). 

Ciccioli et al (62) obtained excellent separations of alkyl 

substituted benzenes and naphthalene derivatives, triazine 

isolJlCr-s, phtlralate esters, analgesics and amino acids on 

Carbopack B. 

Unger et al (31) demonstrated the ut iIi ty of carhon 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 1 imitation of 

most of the carbons is that thei r peak capacity is 1 imited by 

growing asymmetry as k' increases. However, certain carbons 
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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 50ft 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 si lica gels. Although 

it has been appl ied to a fair range of compounds its appl ication 

to biochemistry has hardly begun, and an enormous field remains 

to be explored. 
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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 promlslng 
post-column reactor types are the packed-bed reactor and the 
electronically desegmented l~quid-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
bi 1 i ti es. 

I NTRODUCTI ON 

The use of on-line 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 low signal to noise ratio 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 

the nature of the products is essential (1,2) as long as the 

reaction is reproducible and there is a difference in the 

detected property of the reagent and product(s) (unless an 

extraction is incorporated). Reactions can be performed 

off-line (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 less time and solvent constraints. For 

post-column derivatisation only a fraction size of one tenth 
of the peak volume orless causes minimal information 10ss(3). 

so, most often continuous reaction, which is conveniently done 

in an on-line mode and is easily automated for routine analyses, 

is chosen. The choice for off-line batch-wise pre-column or 

automated on-line continuous post-column derivatisation will be 
determined by the specifics of each case. 

REACTOR DESIGN 

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

persion characteristics. 

The influence of the peR for a homogeneous reaction and 

a concentration sensitive detector on sensitivity for a com-
ponent in 
I pm 
~-

in which: 

the sample is given by: 

.4 Vi EM t RC FC 

rpm signal height at 

Is signal hight for 

Vi injection volume 

peakmaximum in total system 

component in sample 

E M enhancement of signal due to derivatisation 

t Rc retention time on the column 
F flow rate c through the column 

(1) 
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A cross-sectional area of the column occupied 

by mob il e phase 

L length of the column 

k' capacity factor of the component in the system 

G't =dispersion in the chromatographic system without 
icd PCR 

Gt =dispersion in PCR 
PCR 

FpCR= flowrate of eluent plus reagents through PCR 

(excluding segmentation fluid) 
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The resolution in the complete system for two adjacent peaks, 

Ra , decreases relative to the resolution in the chromatograph with

out PCR,Rc : 

Rc 

Ra (2) 
(;,2 

t PCR 1 + 
(5.2 

ticd 

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 peR 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~,'{~tems theory the variance 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, ifti , 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 d t ,1s. 
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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 

less than 100 ms, but in (diffusion limited) electrochemical 

detection generally larger than 1s. 

For 3000 theoretical plates and 

min. the column peakbroadening is 6tc 

t5 (52 + 6.2 + £52 
t icd ti tc td 

a retention time of 3-10 

3.3-11 s, thus: 

(3) 
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In most peR'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 less than 

a few microliter these mixers should show acceptable dispersion 

(a conical Kobayashi-type mixer is presently used in a commerc. 
peR) . 

The most favorable mlxlng and dispersion are obtained in 
packed-bed (pb) mixers (7,8) The minimum length for a pb mixer, 

(8), Lm, is given by 

in which: dt = inside diameter of the mixer 

dp = particle diameter 

e.g. a 10x3 mm tube packed with 100 ~m 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 

will not contribute to dispersion. 

So, the total peakdispersion in the PCR simplifies to: 

+ (4) 

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). 

6~ 
R 

4/3 
if X> I (5A) 
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FIGURE 2 

Post-column reaction detector designs. 

a capillary PCR 

b packed-bed PCR 

c segmented flow PCR 

( 1'~:CR ) 
1/3 4/3 _004/0

111 tR if }{ (.1 (5B) 

(I3 F 'd 6 
) 1/18 25/18 

.23 1. • PCR c 
tR 

if .1(Xi, I (5C) 

o 12 11P ~ 
III 

(9). 

X 4.8 (''ode ,q O~ ) 1/3 (50) 

j? FpCR 

'1 dynamic viscosity of the reaction solvent 

Om diffusion coefficient of the analyte 

AP pressure drop over the reactor 
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tR reaction time 
dc ~ diameter of the coil of reaction capillary 

j? density of the reaction solvent 

For pb reactors of non-porous packing material the dispersion 
is (8). 

100 and 

"1/2 

40 A _11---,-,-. 
AP 1/2 

(6) 

in which: ).. dispersion factor; \=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 

) 538 dt . x. '1 )( 2.35 xtR 
+ lin 

d 4/3 Om t 

in which: (F pCR + :x. 
92 d 3 

t 
n)5/3 '1 2/3 

r 2/3 
FpCR 

t surface tension 
n segmentation frequency 
D~ mass transfer coefficient=4xlO-4 '1 -1.67 0m 

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 

(7A) 
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FIGURE 3 

The peakdispersion in packed-bed(----),capillary(--), 

and segmented-flow(~) reactors. 

Experimental conditions: 

llp~lOO bar; dt~ 0.01 cm(cap,pb)or 0.05~dt~0.4(sf); 

dc/dt~5; dp~5}Jm;Ko=2.10-3;Ep=0.4;A=3; n'(5. 

A B C 

Dm(X10 5 cm/s) 0.3 0.3 3 

1 (xl00 g/cm.s) 1 .5 0.4 0.4 

fi( g/cm 3 ) 0.8 1. if 0.8 

The numbers next to the curves gove the respective 

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 
mainly by (physical) desegmentation (11) Over a limited range 

of flowrates: ~ d = 12 + 1 }Jl for a miniaturized phase 
v, s - ( ) 

separator. This was confirmed for gas desegmentation 12 
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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 ~l seem within the capabilities 

of present equipment. 
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COMPI\RI SON 

Pb peR's give less dispersjon than cap or sf PCR's at high 

flowrates and viscosities of the reaction solvent (c.t'. fig 3). 
(8 13) 

The only pb PCR's demonstrated • , however, were not suitable 

for aggressive so"lvents (e.g. extreme pH). 

Cap reactors are commercially ava'j'lable 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

segmentation is applied (broken lines in figs 3). 

At reaction times larger than 120 s and low 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)(see fig 4). A part of the chromatogram can be stored in each 

Reagent 

Column 

IL.....-----XXJUC--oooo _J 
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 
( 17) method proposed for sf but should also work for pb reactors . 

Flow-splitting to obtain a low flowrate and increased reaction 

time withouL changing the vohmle 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 to 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 fold 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, low 

viscosity and should not slow the reaction or quench the 

signal of the product. Impurities in the solvent are known 

to determine the detection limit in fluormetric detection. 

Most applied derivatisations are homogeneous (pseudo) 

first order reactions. They can be performed to create e.g. a 
chromophore (20), fluoroPhore(21), electrochemically active 

compound (22), 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 likely 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 fiCJure 5): 
1. When a reaction can be made to produce a luminol oxidant like 

H202 · 

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

with peroxyoxalate. 
3. When a metal ion is generated that catalizes the reaction 

of luminol with H202 (e.g. detection limit CoIl: 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 linearity of this method is likely 

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 

a 

b 

Mn + 

oxidant + luminol ==~ 

+ TCPO ===~ 

luminescence 

peroxyoxalatp 

peroxyoxalate + fuorophore ===> luminescence 

oxidant 
luminol 

H2 0 2 ,OCl ,I 2 ,Mn0 4 
5-amino-2,3dihydrophtalazine-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 
re'loaded. 

Photochemical reaction was applied for increase as well as 
extinction of signal in a UV detector (26), fluorimeter(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. 

\~hile 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 limits sensitivity and linearity for pH-indicator aided 
detection of oxidoreductases (30). 

Often enzymatic reactions obey Michaelis-Menton kinetics. 

The rate of product formation is given by: 

_ d [P] .. 

dt 

in \~hich: k 

[PJ 

k[Eollsl 
Km + [S] 

specific activity 

product concentration 

[EOJ enzyme concentration 
[S] substrate concentration 

~ Michaelis constant 

Two types of enzymatic reactors exist for: 

Enzyme Analysis 

(8) 

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]2> Kill' so 

(9) 

AccorctinS) the eq. 9 the detection 'iilllitis proportional to 
the reaction time. For example, LDH 'isoenzymes (k)lOO s -1) 

can be determined with NAD as substrate and UV detection with 

a detection limit 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 reac tors is good (" 1 ifet i me" 1 a rger than fifty days) 

but the bound enzymes have usually much less activity and a 

larger ~l than the free enzyme. When Kn?>[S] then from eq 8: 

~l ln [S] - [p] 
[S] 

For short reaction times a high enzyme concentration is re

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

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

have been detected by 3-hydroxysteroiddehydrogenase with tR (6 s 
and a detection limit of 10 ng(32) (see fig 6). 

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

phases. This has been successfully utilized in the extraction 
of ion-pair complexes (33) and for separation of reagents and 

products (34), The phase ratio ilnd composition of the pllases 

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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FIGURE 6 

Analysis of bile acid standards. 

Identity of the peaks:l ursodeoxYCi2 Ci3 glycoursodeoxyCi 

4 glycoC;5 tauroCi6 chenodeoxyCi 7 deoxyC;8 glycocheno

deoxyC;9 glycodeoxyC, LaurochenooeoxyCilO taurodeoxyCi1l 

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 prevented and 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 -ion-isat-ion cletecUon or with HPLC 

in another mode. 

n'IO LXAMPLES 

Cart i cos tel'o i ds 

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 a4-3 keto chromophore has EM=16000 at 240 
nm(37). The Zimmermann (Z) reaction attacks the 3- and 20-keto 

group(38) but also many other ketones. For the analysis of complex 

mi xtures these detection methods may not be spec ifi c 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 ~4-3 keto 
group (40) or the multi-stage Porter-Silber (PS) reaction with 

phenylhydrazine on the 17-hydroxy (= keto) group(41) are more 

specific. The fastest and most sensitive reaction for corti cos

teriods is the Blue Tetrazolium (BT) reaction on the O{-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 less than 20% water is optimum. As for bile 

acids these endogenous corticosteroids could be enzymatically 

FIGURE 7 

Chemical structure and reactive sites of cortisol. 
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detected. The convenience, sensitivity and selectivity of the 

BT reaction apparently has prompted no attempts to do so. 

Reaction conditions for cortiCosteroids are summarized in 

Table 1. 

Catecho"j ami nes 

Catecholamines are even more extensively studied and offer 

therefore greater choice in detection methods (see table II). 

TABLE I ----

DETECTION OF CORTICOSTEROIDS 

Method >- (nm) ~hl T(OC) det.1im. Specific ---

UV 240 0 25 5 n9 
Z 520 10 50 

INH 370/450 55 25 7 ng + 
PS 420 960 60 20 ng + 

BT 525 20 55 1 ng + 
Enzy. 40 + 

TABLE II 
-~-------

DEI ECTION LII~ITS ['OR CJ\TECHOL/\MTNES (pgl 

Method NE E DA 4- ref. 

UV 103 103 103 0 43 
F1 110 r. 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 

E1-1umin. 10 10 10 5 
PABA 20 ? 45 

Ref. 

37 
38 

40 

41 
42 
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While cortisol normal values in plasma are 0.3-3 ng/ml, the 

range for epinephrine (E) is 10-80 pg/ml, norepinephrine (NE) 
is 100-600 pg/ml and dopamine (DA) is 10-150 pg/ml(46). For 

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 (Fl) do also react vJith 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 Fl fluorophores will have to be enhanced 
by chemil umi nescence (5). The Tri hydroxyi ndo 1 e (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 limit for DA in plasma is not 

low enough but NE and E can be determined with relatively 
little 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-? 011 \'Iill 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 (11 ,34). 

Problems arise at the application of PCR's for high speed 
separations(48,47) since peakwidths leaving the HPLC column 

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.) 

flol'lrates 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 peR 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 

peR's the detection limits of the analytes will be proportionally 
decreased. 

The application of neVi 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. l\ftor 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 
dsselnbled into tho corrected chromat.ogram. Examples for correc-' 
tion are demonstrated. Even in high performance SEC, thls 
correction is still needed. 

INTRODUC'fION 

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

tools for the determination of molecular weight averages of 

6] 
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polymers. Calcu.1ation of molecular weiyllL averayes and molecular 

weight distributions from SEC chromatograms, however, is not 

straightforward as far as instrumental spreading should be taken 

inLo account. '1'11e phenomena of the instrumental spreading in SEC 

have been described adequet:ly by Tung's integral equation [1] 

F(V) fOO W(x) G(v - x) dx 
_00 

(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 equations [1-4]; minimization 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 molecular 

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 meri-ts 

and demerits. '1'he 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, if 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 

constanL) . In high performance SEC (l-IP SEC), Tung's constant is 

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

necessary. However, even in HP SEC, this correction is still 

needed. This problemis also discussed here. 

THEORE'l'rCAL 

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

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

2 
1 x 

exp [ ----f(x) (2) 

v'2TI 01 2 °1 
2 

1 y2 
exp [ ----] 

/2TI 0 2 0 2 

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

h(z) f f (x) g(z - x) dx 

1 Z2 
exp [ ----- (4) 

/2TI s 2 S2 

where 2 
0

1 
2 + 0

2 - 00< x,y,z < +00 s 

Similarly, when the distribution function of a polymer that 

would be obtained if instrumental spreading effects are absent is 

a Gaussian as 

p(x) exp ( ---------] 
2 0 2 

1 

(5) 

and when the instrumental spreading function is also expressed as 

I 
G(y) exp [ ------ (6) 

it can readily be shown that:. the observed chromatogram is also 

Gaussian as 



NOR I , SUZUKI, AND IVADA 

R(V) = f PIx) G(v - x) dx 

1 v 

exp [-.---- 1 (7) 
/. " 2 

where 

Here x, y, v are the retention vol urnes, 01 ,0 ,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) L: R. (v 
~ 

The function Ri is expressed as 

and 

s 2 
i 

a. 
l 

=---
I2TI 

0.
2 + 0

2 
~ 

s. 
~ 

exp 

(8) 

(v - ]..t. ) 2 

[ l 1 - (9) 
2 s. 2 

l 

(10) 

where )Ji is the 

O. the s Landard 
~ 

peak retention volume of the i th distribution, 

deviation of the function P. (x -
~ 

of the function R. (v 
~ 

\'ihen the function R. 
~ 

- )Ji) between the trace and 

is Gaussian, the function P. 
~ 

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

]..ti)' a i the area 

the base-line. 

is also Gaussian 

Assuming instrumental spreading to be Gaussian, next relation 

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

F(v) L: fP
i 

(x - )Ji) G(v - x) dx 

f ( zPi (x - )Ji)) G(v - x) dx 

f W(x) G(v-x) dx (11) 
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and 

11 (xl ZP. (x 
l 

Z ( 
a. 

1 

/2TI o. 
l 

(X-jJ.l2 

e xp [ _. ----.--=- 1 
2 0. 2 

l 

(] ;» 

The results explain that the true chromatogranl is also expressed 

as the sum of several Gaussian functions. 

CALCULATION 

The algorithm of this method is very simple. First, the peak 

retention volume jJl of the experimental chromatogram F(v) and the 

peak height Yl (= a l /12TI sl ) at lJ l are estimated. Knowing the 

retention volume vI at the height equivalent to 0.607 Yl of the 

chromatogram F(v), sl = I vI - jJl I and a l are calculated and 

Rl (v - jJl) (eq. (9) for i = 1) is obtained. The difference 

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

Repeat the above for /',F 1 (v) 

For the i th operation we have 

/', F. (v) 
l 

Now, sum up equation (15) from i 

equation (8). 

(13) 

(14) 

(15) 

1 to n and we obtain the 

The values 0i in equation (10) from i = 1 to n are calculated 

by knowing the standard deviation a of the instrumental spreading 

function. Introducing these values into equation (12) gives the 

corrected chromatogram. 
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RESULTS AND DISCUSSCION ------_._-- ----------------

It might be wise to discuss the influence of instrumental 

spreadi ng effect:s on l:he 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 em long x 2) [14] was considered for 

the computer simulation. For 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) (= PI (x» has the narrow molecular weight 

distribution (Mw/Mn 1.05) with 0
1 

= 0.45 (ml) in equation (5) and 

the other (B) the broader molecular weight distribution (M 1M 
w n 

1.93) with °1 = 1.70 (ml) . 

1 (x - 28) 2 
(A) PI (x) exp [ - ] 

I2iT 0.45 2(0.45)2 
(16) 

1 (x - 28) 2 

(B) PI (x) exp [ - ] 
I2iT 1. 70 2(1.70)2 

(17) 

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 (J of a pol ymer (MI\I = 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, IJ200, 4)00, J850, respectively, by benzene 

injection. 

The artificial observed chromatograms R(v) (eq. (7» having 

different standard deviations «(J) 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 l(A». 



TUNG'S INSTRUMENTAL SPllliADING EQUATION 67 

0.8 

(A) 

0.6 

0.4 
:, :, 

/1 
0.2 /.:, 

,,/ /J 
,/' /, 

./ // 

° 
--_ .. .~.~#:.:::: '" '---------

24 26 28 32 

Elution Volume (ml) 

dvlIdV 

0.2 (B) 

0.1 

o 

20 22 24 26 28 30 32 34 

FIGURE 1. Effect of instrumental spreading for polymers of narrow 
(A) and broad (B) molecular weight distributions. (A) 0

1 
(in eq. 

(5)) = 0.45. (B) 0 = 1.70. (---) P(x); (----) 0 = 0.37; 
(------) 0 = 0.61; 1---.-10 =1.50. 
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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. 'fhe values of M for R(v) 
w 

increase and those of Mn decrease with increasing the values of 0. 

When the SEC system has 24000 plates, the calculated M increased 
w 

3.0% for PIx) of °
1
= 0.45 and 2.0% for PIx) of °1= 1.70 compared 

to the original fictitious value. Correction of instrumental 

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

A fictitious two-peak distribution which is a superimposed 

chromatogram of two Gaussian distributions was first used to tes·t 

the our correction method. 

5 (x - 2S)2 1 (x - 32) 2 
W(x) -------"- exp[ - ] + --_._--_.- exp[ - ~~--- ._-- -- ] 

I2iT 1. 70 2(1.70)2 I2iT 0.45 2(0.45)2 

(lS) 

Note that in the correction method normalization of chromatogram 

is not required. Figure 2 shows W(x) (eq. (IS)) and F(v) (eq. 

(19)) and corrected W(x) (eq. (12)) for the case where ° = 1.0 in 

equation (6). '['he uncorrected chromatogram F (v) is obtained by 

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

5 (x - 2S)2 1 
F (v) = ----.. ~ .. --exp[- ---.. _-] + -~~~---- exp[- --~--] 

12iT1.972 2(1.972)2 12iT1.097 2(1.097)2 

(19) 

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

The corrected function of W(x) is 

4.997 (x - 2S)2 1.007 (x - 32) 2 

W(x) - --~--"- exp[ --------- ] 
12iT1.697 2(1.697)2 

+ ----~---- exp[-----~-] 

I2iT 0.465 2(0.465)2 

(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) 

0
1 

= 0.45 

M xlO 
-4 

9.81 
w _I, 

M xlO 9.32 
n 

M 1M 1.052 
w n 

o 
N 

0.37 
36000 

SI = 0.583 

9.99 

9.18 

1.088 

0.45 
24000 

0.636 

10.10 

9.10 

1.11 
-----------~~---------.--. 

* (%) 1.8 3.0 

G(v - x) 

R(v) 

0.61 
11200 

0.758 

10.28 

8.93 

1.15 
------

4.8 

1.00 
4200 

1.097 

11.03 

8.29 

1. 33 

12.4 

1. 50 
1850 

1.566 

11.92 

7.14 

1.67 

21.5 

b9 

----_ .. _---.. __ .. - ... ---------------------------

Artificial broad molecular weight distribution (B) 

P(x) G(v - x) 

0
1 

= 1.70 

-------~-.-- - ----_._._---
5 

M xlO 
w _5 

M xl0 
n 

M 1M 
w n 

* 

1.307 

0.677 

1.93 

(%) 

o 
N 

0.37 
36000 

1. 74 

1. 324 

0.666 

1.99 

1.3 

0.45 
24000 

1. 76 

1. 333 

0.661 

2.02 

2.0 

0.61 
11200 

R(v) 

1.81 

1. 356 

0.648 

2.09 

3.8 

* [Mw of R(v) .- Mw of P(x)]/M
w 

of P(x) x 100 

1.00 
4200 

1. 97 

1.448 

0.600 

2.41 

10.8 

1.50 
18,,0 

2.27 

1.687 

0.507 

3.33 

29.0 
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FIGURE 2. Evaluation of the instrumental spreading correction to a 
fictitious chromatogram having bimodal distribution. The instru-
mental spreading parameter 0 1.0. (-----) W(x) (eq. (18»; 
(-----) F(v) (eq. (19»; (x x x x) corrected values for W(x). 

A fictitious superimposed chromatogram (eq. (21» of three 

equivalent Gaussian distributions (eq. (16» was then tested for 

the case where 0 is 0.45 

1 
1'1 (x) = -------- {exp[ 

rnO.45 

(x-25)2 (x - 26.5)2 

- ----- 1 + exp[ - --------- 1 
2(0.45)2 2(0.45)2 

(x - 28)2 
+ exp[ - --------- l} 

2 (0.45) 2 

Calculation was started from the midpeak, because it was the 

(21) 

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 0 was 1.0 
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FIGURE 3. Evaluation of the i.nstrumental spreading correction to a 
fictitious chromatogram having tri-modal distribution. The 
instrumental spreading parameter 0 = 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 

1'7 (x) 

10 (x - 28) 2 1 (x-23.5)2 
e xp [ - ---- ---- 1 + ------{O.lexp[-------- 1 

I2TI 0.45 - 2(0.45)2 I2TI 1.70 2(1.70)2 

(x - 25) 2 

+ 0.5 exp [ - 1 + 0.5 exp [ 

+ 0.3 exp [ 

2(0.45)2 

(x - 31) 2 

--- --- -- 1 + 0.1 exp [ 
2(0.45)2 

(x - 30)2 
- ---------. 1 

2(0.45)2 

(x - 32) 2 

-- ------ --- 1 } 
2 (0.45) 2 

( 22) 
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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 G = 0.37. 
Notation as in FIGURE 2. 

correction ,vas applied to F (v) for the case where G = 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 G = 1.0. 

The proposed correction procedure was applied to a real 

chromatogram obtained with a standard polystyrene NBS 706 from the 

HP SEC system [141. The instrumental spreading parameter was 

assumed as G = 0.45. Molecular weight averages calculated from 

the experimentally obtained chromatogram were Mw 

M = 1.29xl05 , and M 1M = 2.03 and those obtained from the 
n w n 5 5 

corrected chromatogram were Mw = 2.59xlO , Mn = 1.35xlO , and 

2.62xl0
5

, 

Mw/Mn = 1.92, respectively. Figure 5 shows the observed and 

correct:ed chromatograms of NBS 706 polystyrene. Instrumental 
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Figure 5. Observed and corrected chromatograms of NBS 706 
polystyrene. (.----) observed; (x 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 culcn] ator. Though this method has some 

73 

limitations of instrumental spreading parameter a , but it is still 

worth appling. 
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ABSTRACT 

RPLC 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 (Rg, Zn, Cd) with high output UV lines, and 
high throughput UV interference filters allow optical systems with shot noise 
levels below 10-5 au. However, the fundamental noise limitations in such 
systems are now thermal changes in the optoelectronic components and flow 
cells. Future absorbance detectors may require thermos tatting to achieve the 
minimal noise and drift performance inherent in the optical design. The 
emerging development of UV-doped photodiode arrays at reasonable cost offers 
multichannel absorbance detection and on-the-fly spectral information. Data 
system design for processing the multichannel data is critical in this field. 
On·"c.olU!Ull absorbance detection using packed mtcrobore fused 8t11ea eolumns has 
been demonstrated, allowing a flow cell volume of <10 nanoliters, compatible 
with micro RPLC. In a similar development, on column fluorescence detection 
using an open tubular glass capillary column has been demonstrated in zone 
electrophoresis. A significant amount of research in fluorescence detection 
usiug lasec sources is now underway. Sensitivity advantages of approximately 
10-fold have been demonstrated due to high laser output and another 10-fold 
improvement [or detecting long radiative 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
tion has been demonstrated, utilizing triplet-7- triplet energy transfer from a 
donor solute molecule to a mobile phase acceptor additive (e.g., biacetyl). 
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 IJ.Q./min offers potential 
compatibility with element speclfic GC detectors such as the flame photometric 
detector (S, P spec1£ic). 
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I. Introduction 

Through a historical quirk, the development of HPLC occurred subsequent to 

that of GC. Huch of the early development of HPLC Has 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 sLrucLur~ 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 m2/min floH rates of aqueous or 

aqueous-organic solvents into gas phase detectors. A ray of hope for this field 

has recently appeared Hith the development of micro HPLC column technology, 

providing a reduction in operating floH rates to 1-25 ~2/min.l,2 

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 floH sensitivity and ultra-low detector noise, 

dramatic performance improvements were achieved. In the decade between 1970 and 

1980, the noise level of UV absorbance detectors was reduced from - 5x10-4 au to 

-5xlO-5 au and typical flow sensitivity was reduced from 2xlO- 3 au per m2/min 

organic solvent to 2xlO-4 au per m2/min. Concomitant with these improvements 

were a reduction in cell volume from 10 ~J' to 0.5-5 Ill' and a reduction in 

detector time constant from second to 25-50 milliseconds, allowing optimum 

performance with "microbore" and "fast" HPLC. 

HPLC detectors have also benefitted significantly froUl advances 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--



ADVru'lCES IN IIPLC OPTICAL DETECTION 79 

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 au tlle 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 mm 

stainless steel columns ("microbore") run at 25-50 [J£ /min and 0.3 mm fused 

silica columns ("narrow bore") run at 2-5 [J£/min have thus spurred a new wave of 

HPLC detector research.3- 5 

Advances in current HPLC optical detection and 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 introduct ion of Ute fixed wavelength 254 nm 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 (l0-15 11£) 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 output has been improved by reduction in absorbance by 

the lamp envelope. 

Current deuterium lamps 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. Output is ~lOx 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. lIowever, most absorbance detectors 
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Radiant intensity spectral distribution of deuterium lamp (reprinted 
with permission from reference 6). 



ADVANCES IN HPLC OPTICAL DETECTION 81 

are not shot noise limited (see later section on thermal noise), and since the 

quantum efficiency of silicon photodiodes increases with wavelength, visible 

noise is generally '''ithin a factor of two of that achieved in the UV. 

(2) Emission Detection - The laser as a source 

Laser-Induced Fluorescence with Temporal Resolutl.on 

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

designer. Its high intensity allows improved fluorescence sensitivity for the 

case of shot noise limited detection'? and also has allowed the development of 

two-photon fluorescence excitation, a new optical detection technique. In 

addition to its high intensity, the pulsed laser allows the chromatographer to 

utilize temporal resolution in discriminating fluorescence of the analyte versus 

that of interferences (solvent, flow cell walls, sample matrix) having signifi

cantly different emission lifetimes. 9 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 sources 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 

la-fold sensitivity improvement versus standard deuterium, tungsten or xenon 

lamp-based fluorometers.7 This has been disappointing in that the laser output 

is _l04 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 lOa-fold improvement in detection sensitivity 

for compounds with long fluorescence lifetimes 9 (see data in Table I). For 

example, Richardson has demonstrated 0.5 ppt detection of the long--lived 

fluorescence of pyrene (690 lUsec lifetime). For the typical 100llQ, 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 

MOLECULAR FLUORESCENCE* 

COMPOUND ,;0 
F LlMF 

NAPHTHALENE 1 PPT 

ANTHRACENE 4 nsec 4 

FLUORANTHENE 45 1 

PYRENE 690 0.5 

TRYPTOPHAN 50 (270 exc) 

ARGININE/FLURAM 10 

RIBOFLAVIN 0.5 

SOLVENT IMPURITIES :s: 2 

UMF data from J. Richardson et ai, NBS PUB. 519,1979. 

Conventional data from Varian, Fluorichrom Filter Fluorometer. 
Solvent rl1''lpurity TF from Matthews and Lytle, Anal. Chern., 51.583 (1979). 

(a) 

o sec delay 
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o 

Figure 2. HPLC of coal gasification burn distillate using temporal resolution 
LIMB. (a) 0 sec delay (b) 45 nsec delay between excitation pulse 
and emission detection. F=fluoranthene (reprinted with permission 
from reference 9). 



ADVANCES IN HPLC OPTICAL DETECTION 83 

Finally, temporal l'esolution of fluorescence based on pul.sed 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 \dth 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. Improved 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 rIPLC 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 ~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 t,",o-

photon excitation differ from those governing single photon excitation, thus 

expandine tIle potentiAl selectivity of fll10rescencp detecti_on. Since one C8D 

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, pul.sed laser to 
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enhance incident power arId stability iA expecLed Lo bring sensitivity to the 

] ppt level. ~igure 3 compares single and two-photon fluorescence chromatograms 

of a coal extcact s"mple and demonstrates the different selectivities of both 

fluorescence techniques. It 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-Photoaconstic 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: (l) re-

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

Figure 3. 
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HPLC of PMI in coal liquids. One and t\<o photon fluorescence 
detection (reprinted with permission from reference 8). 
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covalent bonds as in photolysis; (3) conversion into thermal energy (heat). The 

last Ilon·~rHd.iati.vc. process causes lo(~altzed h(~ating 1:/h1c11 t'(~Eild Ls i.n il prl""f>Stq'(~ 

fluctuation in the sample, providing the bflSis for "photoacolls tic" detec t ion. 

In the photoacoustic detector, the photon SOllrce is modulHtArl anrl the 

resultant periodic temperature rise in the flo\, cell due to flbsorpt ion/heal, 

conversion produces a periodic pressure variation which is detected by a sensi

tive microphone (typically a ceramic piezoelectric transducer). To obtain 

optimum signal to noise 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 IIPLC-photoacoustic system lO based on a pulsed nitrogen laser with output 

at 337 urn yielded sensitivity for PAH molecules of approximately 100 ppb. Since 

these molecules are relatively strong fluorescers, one 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 1a8er11 with 

output at 488 nm yielded detectivity down to -10 ppb for azobenzene dyes. The 

10 ppb dye concentration corresponded to an absorbance of 8x10- 6 au/ern at 

~88 nm~ A comparable stnte of the art absorbance detector detects dOWll Lo 

-2xlO-S au/clll. 

In evaluating the potential of photoacoustic detection, one should note 

that most organic molecules studied in IIPLC do not absorb above 300 nm. Thus) 

tile argon ion and nitrogen lasers are not adequate sources for a commerci.al HPT~C 

detector. State of the art lasers with output in the 200-280 nm region are very 

expensive and complex. 

Finally. photoacoustic response of a sample molecule is solvent-dependent 

and the detector background signal is highly solvent dependent being a functlon 

of the solvent"'s absorbance and acoustic.al pl:operLies. Thus, gJadient 

compatibility is a potential problem. 
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Advarltages of phoLoaCQllstic detection are: 

(1) choice of a htgh 1ll0dulaUon frequency eliminates noise due to 

reciprocating pUIllP pulsations, '''hich have a much lower frequency. 

(2) noise lilllit currently appears to be electronics (phase detection 

system) limited and might be improved -IO-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 

compatible with micro volume 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 lamps is compared to 

that of a deuterium lamp which provided a shot limited noise of 5xlO- 6 au 

(l sec T) on an experimental absorbance detector. These calculations indicate 

that the shot noise of properly designed fixed wavelength detectors can approach 

5xlO-7 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 

5xlO-7 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 10-4 to 10- 3 au per °e. Diode pairs (for reference and 

TABLE 2 

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

LAMP 

Hg 
Zn 
Cd 

254nm 
214nm 

229 

PHOTON FLUX RELATIVE 
TO DEUTERIUM LAMP 

- 200 
- 50 
-150 

*SHOT NOISE WITH D LAMP IS 5x10- 6 au 

ESTIMATED SHOT NOISE* 

3.5 X 10-7 au 
7.1 x 10-7 au 
4.1 x 10-7 au 
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sample paths) can be obtai.ned commercially \vhich are matched in temperature 

coefficient to ~.,ithin 5xlO- 5 au per DC.. Thus, to insure that thermal noise due 

to a differential temperature change between reference and sample diodes be of 

the order of 5xlO- 7 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 temperature coeffi-

cient data obtained experimentally on an optical detector for which the incident 

light beam traversed the flow cell wi thout striking cell ,</alls (minimizing RI 

generated thermal effects) are presented in Table 3. The data suggest that 

reduction of solvent absorbance generated thermal noise to -5xlO- 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). 

1.0 190 nm CUT-OFF 

0.9 

0.8 

0.7 

0.6 
<I> 
(,) 
c: 0.5 
<II 
.!l 

0 0.4 
II> 
.!l 
<t: 0.3 

0.2 

0.1 

0 
150 175 200 225 250 275 300 325 

Wavelength (nm) 

Figure II. 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 

195 nm 
210 nm 
254 nm 

TEMPCO 
'" 1.3 x 10-4 au / °C 
£, 6 X 10- 5 au/DC 
",3 x10- 6 au/OC 

TABLE 4 
THERMAL STABILITY REQUIREMENTS OF 

MOBILE PHASE TO REDUCE THERMAL 
NOISE BELOW SHOT NOISE 

SHOT NOISE 195 nm 210nm 254nm 

1 x 10-4 au 0.8°C 1.6°C 34°C 
1 x 10- 5 au 0.08 0.16 3.4 
5 x 10-6 au 0.04 0.08 1.7 
1 x 10-6 au 0.008 0.016 0.8 
5 x 10-7 au 0.004 0.008 0.4 

Clearly, in order to take advantage of current and future lamp intensity 

advances, IIPLC detector thcrmal stability will require significallt improvement. 

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 Incident on the film. Early variable wavelength detectors utilized 

fast response photomultiplier tubes optimized for low UV response. Hhereas 

sill.con photodiodes (fast response) initially suffered from poor quantum effi-

ciency below 350 nrn, 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 improvelllents 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 tile silicon 

photodiode have led to its incorporation as a photodetector in current fixed and 

variable vlavelength 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 fe,,, mm2). 

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. 

Figure 5 b 
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Radiant sensitivity as f(A) of 3 successive generations of silicon 
photodiodes. Generation C is state of art 1982. 
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Time prograUlmable 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 terms 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, and the monochromator drive is then 

scanned, yielding a spectrum of that peak section resident in the flow cel1. l3 

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 is not concentration 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 confjrm the 

suspected (based on retention Lime) identity of a peak~15 
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Figure 6. 
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Chromatograms of mixture of PAH's. (a) 254 nm absorbance detection. 
(b) absorbance wavelength time programmed between 254, 240, 270 nm 
to optimize detectivity. (c) absorbance wavelength and absorbance 
range time-programmed (reprinted with permission from reference 12). 



92 ABBOTT AND TUSA 

(3) peak confirmatlon (visual) overlay of the spectrum with that of a 

kno,.,n 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 

available 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 photo diode 

array as the photodetector element in the relatively flat field focal plane 

produced by a concave grating. 15,16 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, one fixes the grating and 

locates the array so as to intercept the whole spectral region of interest 

(".g., th" UV). This opLi.cal system is called a "polychromator." The 

polycllrOloator-array systelu also differs from a loonochromator-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. 17 ,18 The deluge of multichannel data 
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produced by the arl'ays is processed by a mJccocompute.r to provide the cheolllato··

grapher witli wavelength cllromatograms, ratio cllromatograms 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 algorithms by which the spectral data is condensed, inter-

preted and presented. A certain amount of confusion already exists as to 

whether the irrformation 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 ratios 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 - HPLC 

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 ~f. In microbore HPLC, column diameter is 

reduced to 1 mm and typical coLumn Lengths are 25-')0 cm. To date, S ~ and 10 ~ 

packing technology has been developed for 1 mm columns, yielding typical peak 

volumes of 10--100 ~£. Thus, fast and microbore HPLC techniques have required a 

reduction in detector flow cell values from 10-15 uf to 0.5-5 /1£, 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 deve10pment. 2 Typical peak volumes obtained on 30-100 cm long packed 
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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). 

capillary columns have been of the order of 2-10 /1£. Thus, detector flow cell 

volumes below 200 n£ are required for packed capillary HPLC. An ingenious 

solution to this problem has been the use of "on-column detection.,,19 

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 wi th permission from reference 14). 

the monochromator 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, Yang removed 0.2 mm in length of 

the polyimide cladding aL the bottom of a 0.3 rnrnID fused silica capillary column 

to form a 0.3xO.2 10m flow cell of 14 nanoliter volume. This produced 

insignificant band broadening with column generated peak volumes of 2 11£ (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. 

(l00-500 /1£ peak values of standard 1l1'LC reduced to 2-10 Iff peak values.) In 
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Schematic diagram for on-column absorbance detection in packed 
capillary micro HPLC. 
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chromatogram of 16 component PAH mixture separated on 50,000 plate, 
45 cm x 330 \J ID 3 \J CIS 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]anthracenei la, 
chrysene; II, benzo[b]fluoranthene; 12, benzo[k]fluoranthene; 13, 
benzo[a]pyrene; 14, dibenzo[a,h]anthracene; 15, benzo[ghi]perylene, 
16, indeno[l,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 "ovec-filled" with incidenL light. This eesulLs in non-

optimum light throughput and more importantly in high refractive index and 

thermal sensitivity of the detection system.* It is now well known in HPLC 

absorbance detector design,20 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.2l Note the long term "wavy" drift of the 

absorbance detector baseline. This is due to slow variations in ambient 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. In this case, the on-column 

technique is utilized with a .075 mmID open tubular capillary operated in an 

electrophoretic mode,22 yielding sub-Ill' peak volumes. 

Interfacing Hicro IlPLC 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. For a 10 second micro lIPLC 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 response 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 ~l'/min), the baseline response to a micro

flow fluctuation is too low to be observed. 
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On column absorbance and fluorescence detection of PAR's in micro 
IIPLC. 3 lJ CIS reverse phase column, 0.33 mmID x 50 cm. 1.65 lJ£/min 
80/20 acetonitrile/water. 250 atm. Absorbance data on Jasco 
Unidec-III spectrometer. Fluorescence data on Varian Fluorichrolu 
filter fluorometer. 
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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. 
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Micro-HPLC-FPD of organophosphorus pesticides. Column-0.07 mmiD x 
10 meters Cl& 1 Ul/min 42/58 methanol water. Peak identities. 
1,4=impurity. 2=80 ng cygon. 3=280 ng DDVP. 5=230 ng malathion. 
6=200 ng guthion (reprinted with permission 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 mo'bile phases has not yet been demon-

strated. Potential problems in this case would involve precipitation of salts 

and non-volatile solutes in the detector system. Other potential problems could 

be flow sensitiviLy (since FPD iB a Ul<lss--·sensiLivc detector) nccessi tating a 

non-reciprocating or syringe pump to deliver pulseless flow, and gradient 

elution incompatibility due to dependence of sample response on mobile phase 

composition. 

III. New Optical Detection Techniques in HPLC 

Sensitized Room Temperature Phosphorescence 

Only 10-20% of organic molecules fluoresce strongly enough (E:: >10 3 , 0F>O.lO) 

to dictate use of fluorescence deLectiol1 in IIPLC~ The low quantum yields of the 
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atller absorbing orgaIlic luolecules are typically due to intersystem crossing from 

the first excited electronic singlet state (the state capable of fluorescence) 

Lo an excited tril'leL state. Whereas singlet state 11feti!nes are of tile order 

of nanoseconds, triplet state radiative lifetimes are millisecond or longer. 

Thus, in solution, colU.sions with solvent and solvent imput'ities (e.g., O2 ) 

will deactivate the triplet state before it 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 yield) is observed at room temperature in solution 

if the solution has been thoroughly deoxygenated «lO-8H). This observation has 

been utilized for the detection of molecules such as polychlorobiphenYls, that 

are characterized by high intersystem crossing rates. The technique, sensitized 

roolU temperature phosphorescence (SRTP), is 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 ?5 kcal/mole higher in energy than 

that of the biacetyl acceptor. A standard fluorescence detector is set up to 

excite the analyte donor at a "avelength at "hich biacetyl acceptor absorption 

is negligIble (e.g., 300 nm) and to collect biacetyl phosphorescence (520 nm). 

Hi ac.ety"l phosphol·escencc can Lhus be used as a dicecl measure of analyte concen-

tration. Detection of both halonaphthalenes and polychlorinated biphenyls at 

-10 ppb levels has been achieved. A typical HPLC-SRTP chromatogram is shown in 

Figure 14. 

Inductively Coupled plasma (ICP) Detection in HPLC 

In an Iep source, an electrodeless argon plasma is formed at atmospheric 

pressure and is sustained by inductive coupling to a high frequency magnetic 

field. A liquid stream fed into the plasma by a nebulizer is rapidly vaporized 

and the vapor is dissociated Into free atoms "hich are excIted and ionIzed by 
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Figure 14. 
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HPLC-SRTP of PCB's by reverse phase. 1 m9./min 83.7/16.3 acetoni trile/ 
water. Biacetyl added at 10-4M. Ax260 nm. AM 552 nm. Peak 
identities: 1. solvent peak. 2. oxygen. 3. 15 ng biphenyl(B). 4. 
23 ng 3-ClC-B. 5. 25 ng 3,3'-CQ'2B. 6. 22 ng 3,5-ClC 2 B. 7.39 ng 
3,5,3' ,5'-ClC4 B. 

the 6000-10,000oK plasma temperature. Elemental 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 gra ting. 

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 typically -ppb, and sensitivity to non-metals 

(e.g., C,P,N) is -100 ppb. Compatibility with liquid sampling led to 

interfacing of ICP spectrometers to HPLC in several research laboratories. 24 ,25 

Results to date demonstrate the advantages of simultaneous multi-element 

detection: 25 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. 
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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 178.3,214.9 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 
CI 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 indicates several disadvantages of Iep 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 ~tudy since the optimum 

emission lines of most non-metals lie in the 160-195 nm region (see Table 5). 
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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 [88J, the application of HPLC to secondary metabolites; Adams and 

Nakanishi [89J, selected examples of HPLC separation of natural products; Van 

Sumere et al [90J, use of HPLC in the separation of plant phenolics; Roston and 

Kissinger [91J, HPLC determination of phenolic acids of vegetable origin; 

105 

Copyright © 1983 by Marcel Dekker. Inc. 0148-3919 j83j06S 1-01 05 S3 ,50jO 



lOb DAIGLE AND CONKERTON 

Sch\'Jartz and von [1 bc [92J, HPI.C of pl ant pigments; Rouscff and Ting [93J, 

analysis of polymethoxyelated flavolles ill citrus; Hrazdina [94J, analyses of 

anthocyallins in fruits and beverages; and K. and M. Hostettmann [95], the 

application of HPLC techniques to flavolloids 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 anal ys is of acetyl ated fl avonoi ds. 

~nong 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 

anal ysi s. 

Although sil ica gel col umns have not been used often, they are well sui ted 

for the separation of non-polar or weakly polar flavonoid aglycones such as: 

polymethoxylated flavones [86,87J, isoflavones [38,48,49,52 J, and biflavonoids 

[38J. The nonnal phase liquid chromatography on Lichrosorb Si 60 of the 

acetates of numerous flavonoids permitted the application of flavonoid analysis 

to celery [77-79J, orange juice [81,82J, tomatoes [79J, plums [80J, and 

cherries [83J. 

Reverse I)hase 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 [84,85J and normal phase HPLC (NPLC) [86J. I{owevel', with both 

types of columns, excellent separation was obtained in less than 30 minutes. 
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The use of RPLC [46J for the resolution of isoflavones was criticized [48J for 

the observed band spreading which would make the separation of multi component 

mixtures virtually impossible. A number of recent reports [53-56J, 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 [96,97J 

and may be employed, for example, for the preparation of preparative scale 

col umns. Currently there are a number of commerci ally available col umns 

possessing a high degree of reproducibility as reflected in the table. 

Although the C18 or mere specifically the ~Bondapak C18 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 [41J 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 [39J in the only reported use of a 

Lichrosorb NH2 column, achieved an excellent separation of isomeric 0-

glycosides of C-glycosylflavones. This type of column had been used fOI' 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 [33J and RP-8 [34,35J columns. However, two different solvent 

systems were used and an objective comparison cannot be made. 
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A pBondapa k C18 with a aceton it ri 1 e : water so 1 vent sys tem fa il ed to 

adequately separate methoxylated flavones but a Zorbax C8 column with a tetra

hydrofuran : water system did [84J. 

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 

invo"lve 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 [98J. 

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 

[72,74J advised carrying out prior separation of these groups for HPLC. ~Jhere 

a pBondapak alkylphenyl column was used, some of the aromatic acids and phenols 

interfered with separation of the flavonoids [72J. However, RPLC on a 

pBondapak C18 column proved to be effective in the separation of both the plant 

phenols and flavonols of tobacco [65J. A gradient elution system was found to 

be most effective and necessary for the separat i on of the aromat i c aci ds, 

phenols, and flavonoids in the same mixtures [63J. There are also two other 

communications that have dealt with the separation of aromatic acids, phenol s, 

and a few flavonoid compounds [66,67J. 

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 C18 column ruptured probably due to a low pH [31J. 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 

[S,22,61,65], ammonium dihydrogen phosphate [36J, and formic acid [4,7]. The 

absence of acid in the methanol : water system is rare [42J but such a solvent 

system appears to be very successful in the separati on of i sofl avones 

[51,53-56J. 

The acetonitrite : water system was successful in the quantitative 

delennination of naringin and hesperidin in citrus juice [58-60,62J and in the 

separation of both isomeric C-glycosylflavones [39J and isomeric isoflavones 

[46J. The acetonitrite : acetic acid: water solvent system was most popular 

for the separation of flavonoids of flowers [44,70J. 

Other solvent systems use in RPLC are: tetrahydrofuran (THF) : acetoni

trile : water [86J; THF : water [45J; acetone: acetic acid: water [8,9,11J; 

methanol: dimethylformamide : acetic acid: water [29J; and ethanol: acetic 

acid: water [72J. 

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

their elution behaviour was first disclosed by Wulf and Nagel [57J. These data 

were confirmed and extended by Daigle and Conkerton [37]. In both cases a 

llBondapak C18 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 [40J and some of these findings were 

confirmed in a later report [43J. The chromatographic behavior of 

proanthocyanidins was investigated using several packing materials (columns) 

[21,2IlJ. 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 sol vent system and, of course, sui tab 1 e for the compound to be 
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detected at maximum sensitivity. ~or 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 nln Lo 360 nlll Y'ange [8,26J. rhe 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 [3J and their 

chalcones at 340 nm [16J. The acetates of flavonols, and flavones and 

flavanones, however, I'lere detected at 300 nm (77-83). Rouseff and Ting [10,93J 

employed a dual UV-fl UOt'escence detector to determi ne 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 [39,40J; 270 [42J; 312 [41J; 330 [45J; 335 [22J; and 365 

[ 43J. 

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 line 

techniques are relatively time consuming. Recently on line techniques such as 

HPLC-UV IVi sand HPLC/t·1S spectroscopy have been found, in some cases, to be 

sufficient to obtain postive identification of compounds with an overall 

reduction in analyses time [50J. 

The identification of the chalcones of malvidin 3-g1ucoside and malvidin 

3,5-diglucoside was carried out by using detectors monitoring simultaneously 

fi rst at 280 nm and 525 nlll, Lilen 280 11m and 340 nm. As a resu It, these 

chalcones could be collected in suff"ic"iel1t amounts to measure their UV-visible 

absorption spectra directly and to follow their conversion to their correspond

ing flavylium cations [16J. 

Surl~'lARY 

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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chclIlotaxonomical comparisons. The practical app] ications in Lhe beer', vrinc, 

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

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

BIBLIOGRAPHY SERVICE FOR TLC/HPTLC USERS is free. It is useful for 
the chromatographer who needs to develop methods or to locate 
background material for research. Applied Analytical Industries, 
JLC/83/I, 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 backf1ushing. Control is via external event 
flag signals from LC auto samplers, pump controllers, and 
integrators, or by manual pushbuttons. Autochrom Inc., JLCl83/I, 
P. O. 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/I, 34 Maple Street, Milford, MA, 01757, USA. 

SOLVENT GUIDE is 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., JLCl83/I, 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 used with a broad range of organic solvents including 
dimethylformamide. IBM Instruments, Inc., JLC/83/I, Orchard Park, 
P. O. Box 332, Danbury, CT, 06810, USA. 
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SINGLE COLUMN ION CHROMATOGRAPHY is the subject of a free 
newsletter which includes articles on applications, methods 
optimization, and system troubleshooting. scrc is the new 
technique that applies HPLC technology to the analysis of dissolved 
ionic substances. l~escan Instruments, Inc., JLC/83/1, 3018 Scott 
81vd, 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/I, 5680 Goshen Springs Rd., 
Norcross, GA, 30093, USA. 

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

PROGRAMMABLE WAVELENGTH DETECTOR is microprocessor controlled. It 
permits selection of any number of wavelengths in 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 limits. Bioanalytical 
Systems, Inc., JLC/83/I, 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 )'esolut-ion graph-ics mode. Analyt-ical Computers, 
JLC/83/I, P. O. 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. 
~'ihatman, Inc., JLC/83/I, 9 Bridewell Place, Clifton, NJ, 07014. 
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LC CALENDAR 

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, 
21l-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 Int'l Corp., 275 Curry Hollow Rd., 
Pittsburgh, PA, 15236. 

APRIL 26-28: Capillary Chromatography: 5th Int'l Symposium, Riva 
del Garda, Italy. Contact: Dr. P. Sandra, Laboratory of Organic 
Chem., University of Ghent, Krijgslaan 281(S4), B-9000 Ghent, 
Belgium. 

MAY 2-6: VIIth International S~nposium 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 Hote'l, Indianapolis, Indiana, USA. Contact: 1983 LCEC 

Symposium, P. O. 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: l·he Budapest Chromatography Conference, Budapest, 
Hungary. Contact: Dr. T. Devenyi, Institute of Enzymology, 
Hungarian Academy of Sciences, Budapest, Hungary or Dr. H. Issaq, 
Frederick Cancer Research Facility, P.O.Box B, Frederick, MD, 
21701, USA. 

JUNE 22: ASTM Symposium: Computers in Chemica"' Analysis, Kansas 
City, MO, Contact: K. Greene, ASTM Publications Div., 1916 Race 
Street, Philadelph·ia, 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 WIV OBV, United Kingdom. 

AUGUST 14-19: 25th Rocky Mountain Cinference, Denver Convention 
Comp 1 ex, Denver, Co lorado. Contact: E. A. Brovsky, Rockwe 11 
International, P. O. Box 464, Golden, CO, 80401, USA. 

AUGUST 15-19: Coal Science: 1983 Int'l Conference, Pittsburgh, 
PA. Contact: N. Maceil, JWK Int'1 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.O.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, 
L.ondon. Contact: G. C. Young, SIMA, Leicester lIouse, 8 Leicester 
Street, London WC2H 7BN, England. 

1984 

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

Nurenberg, 
Chemiker, 
Frankfurt 



LIQUID CHROHAl'OGHAPlIY CA].ENDAR 

The Journal of Liquid Chromatography will publish 
announcements of LC meet i ngs and sympos -j ai n each -i s s ue 
of The Journal. To be listed 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. O. Box 1440-SMS, Fairfield, CT, 
06430, USA. 
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Blazing the path to enhanced use of ... 

ANALYTICAL 
PYROLYSIS 

A Com prehensive Guide 
(Chromatographic Science Series, Volume 21.2) 

WILLIAM J . IRWIN 

University of Aston in Birmingham. Birmingham. United Kingdom 

September, 1982 

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 CompreJzen
sive Guide provides the first complete exam· 
ination of this invaluable approach, covering 
its development , various techniques and ap
plications, and data interpretation. 

Emphasizing 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 py.rolysis. 
Truly a monumental work in the field, this 
outstanding book also presents 

• checklists of important experimental pa
rameters 

• computer programs demonstrating pro
cedures for the comparison of pyrolysis 
data 

• exhaustive reference listings 
• comprehensive tables of pyrolysis pro

ducts 
• numerous illustrations, clarifying impor

tant points from the text 

600 pages, illustrated 

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 I. Abbreviations 
Appendix 2. Checklists 
Appendix 3. Computer Programs 
Appendix 4. MS Data : Some Polymer 

Pyrolysis Products 

ISBN: 0-8247- 1869-0 

MARCEL [)EI(KER, IOC 210 Medlson Avenue, New York, N.Y. 10016 . (212) 696-9000 



a valuable source of problem-solving informalion ... 
lor analytical chemists, loren sic scientists, pharmaceutical scientists, 

biologists, microbiologists, and clinical chemists . .. 

(Chromatographic Science Series, Volume17) 
BERNARD F RIED a nd JOSEPH SHERMA 
I.a!ayette College 
f:astoll, Penllsylvania 

January, 1982 
328 pages , illustrated 

T
HIN' LAYER CHROMATOGRAPHY (TLC) is experiencing a rebirth as a result of the recen t development of higher
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 au thors 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 

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

• offe rs a valuable source of practical, problem-solving infornlation for the scientist using TLC 

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

• serves as an aid fo r 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 infornlation for analytical 
chemists, biochemists, clinical chemists, and laboratory and medical technicians requiring a greater knowledge of 
this technique. Zoologists and botanists interes ted in the separation sciences will find it a valuable reference: and 
it will se rve college teachers of biology and chemistry equally well. 

CONTENTS 
General Practices of TLC 

Introduction and History 
Me..:hanisl1l and Theory 
Sorbents, Layers, and Precoated Plates 
Obtaining Material for TLC and Sample Preparation 
ApplicaIion or Samples and Basic TLC Design 
Solvent Systems 
Development Techniques 
Detection and Visualization 
Qualitative Evaluation and Documentation 
Quantitalion 

Reproducibility or Resu lts 
Preparative Thin-Layer Chromatography 
Radiochemical Techniques 

Applicariolls of TLC ro Differenr Compollnd T)'pes 

Lipids 
Amino Acids 
Carbohydrates 
Natural Pigments 
Miscellaneous 

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 Utah 
Salt Lake City 

ELIGRUSHKA 
The Henrew UniverSilY of Jerusalem 

Israel 

JACK CAZES 
FairfIeld, Connecticut 

PHYLLIS R. BROWN 
Oniversity of Rhode islalld 

Killgstorl 

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 
au thorities 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, bon, in re
search and quality control: in fact any scientist whose use of separa
tion techniques makes it necessary to keep abreast of the latest 
Advances ill ChromatoRrap/ry. 

CONTENTS 

1011 Chromatography, Hamish Small 

High Performance Liquid Chromatography and Its Application to Protem 
Chemistry, Milton T. W Heam 

Chromatography of Vitamin D~ and Metabolitles, K. Thomas Kosh,}' 

i-ligh Performance liqUid Chromatography; AppilcatlOos 10 <1 Children's 
Hospital. Steven J. Soldin 

The Silica Gel Surface and Its Interactions with Solvent and Solute In 

Liquid Chromatography, R. P. W. Scott 

New Developments In Capillary Columns for Gas Chromatography, 
Walter Jennings 

Analysis of Fundall1ental Obstacles to the Size ExcluslOn Chromatography 
of Polymers of Ultrahigh Molecular Weight, J Cah'in Ciddings 

ISBN, 0-·8247-1868-2 



INSTRUCTIONS FOR PREPARATION OF MANLISCRIPTS 
FOR DIRECT REPIiODUCTION 

Journal of Liquid Chromatography is a bimonthly 
publication 1I1 the English language for the rapid com
munication of liquid chroll1<:lto~Jraphjc rosenrch. 

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 will result 
in return of the manuscript to the authors and delay 
ItS publication. To avoid creasing, manuscripts should 
be placed between heavy cardboards fmd securely 
bound before mailing. 

Manuscripts should be mailed to the Editor: 

Dr. Jac k 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 quantities 
of 100 and multiples thereof. For orders of 100 or 
more repri nts, 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 
Zlrca at Ic(]st 2 wlches (5. I Grl!) frorll llle tOP of the 
page. ThIS should be followed by three I ines of space 
and tl1en by the names and addresses of the authors in 
the followin~j way (also centered): 

A SEMI-AUTOMATIC TECHNIQUE FOR THE 
SEPAIlATION AND DETERMINATION Of

ElARIUM AND STRONTIUM IN SURFACE WATERS 
BY ION EXCHANGE CHF10MATOGRAPHY 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 possible, the text dis
cussion should be diVided into suel) major sections as 
INTRODUCTION, MATEFlIALS, METIIODS, HE:
SUL TS, 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 underl ined. Secondary 
headings, If any, should be flush with the left margin, 
underscored, and have the first letter of all main words 
capital fzed. 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 
thatall reference lists should contain initials and names 
of all authors; et al. 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 nomenclatu re ap
proved by the International Uilion of Pure alld Ap
pi ied 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 I nelia ink klo not lise hlue 
ink). 

Typing I nstrllctiollS 

1. The manuscript must be typewritten on good 
quality wh ite bond paper measuring approx imately 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 (14cm x 21.6cm). 

2. I n 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 11;S
line spaced, if available, or double-spaced. Prestige elite 
characters (12 per inch) arR recommended, if avcHI<1blc. 



3 . It.s essent.al to use bl ack typewriter "bbon Icar· 
bon f.lm;, preferred) in good cond.tlon ,otha t aclean, 
clear IIllpresS tO n of th e le iters is obta ined Erasure 
marks, smudges. cr eases, e l C. , may res ult III re tu rlt 0 1 
the tl1~nu sc"p t to the iluthors for retyp .ng. 

4 . TalJl es shou ld be typed as part of the text but.n 
such a way as to separate them from th e tex t by a 
three·lme space at both top and bottom of each table . 
Tables should be .nsefled .n the text as c lose to the 
po.n t of refer ence as posSIble, bu t au th ors must m ake 
su re ,h3t one table docs not run Over \0 the next page, 
t hat IS, no lab le rnay exceed one page The w o rd TA · 
B LE Icapltal lZed and followed by an Arab. c nu mb or) 
shou ld pr ecede the table and be cen t ered on th e p age. 
The table title should have the first lett ers of all m ain 
words "' cap.tals . Totle, should be typed Slngle·spaced 
Use the full w.dth of the tYpe paqe for the table til le. 

5. Draw.ngs, gmphs, and other numbered figures 
should be professionally drawn In black India ink Ida 
not use blue ,nk) on separate sheets of wh it e paper and 
placed at the end o f tex t . Figures should nOI be placed 
w ith.n 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 associa t ed with 
them. Photographs shou ld be glossy p"nts. A type
Wflter or lettering set should be used for all labels on 
the f igures or phOlographs; they may not be hand 
drawn . Capllons for the pictures shou ld be typed SIngle· 
spaced on a separa te sh ee t, along the full Width of th e 

tvpe page, and preceded by the word F I GUR E allel a 
number In arabiC numerals . All f igures and le ttering 
must be of a Size to re ''' • • n leg ibl e aller a 20% reduc 
l io n from Ortglnal Si l e . F igure nUI11bt!rs, na '11e o f senlOI 
~ uthor, and arrow Indicating ·'top" should he wrItt en 
In Irgh t blue pencd on th e bac k Or typed on J gummed 
label , wh ich should be att ached to the back o f the 
I llu stration IndIca te LlPp rQXlfnat e placement 0 1 the.1 
lustrauons In the tex t by a marginal nOte In l ight blue 
penCil 

6 . Tlte .efereltce Itst should be Iyp d s"'g! . spaced 
alth ou gh separa ted fron! o ne another by an eXira 1.,1 
of space. Use Chemical Abstrac t abbrev'at lons lor IOU. 
nal tit les. Referen ces to IOU rn al artICles should .". 
elude 111 Ih e las l Itame of all du tborl sl to anyone 
paper , followed flV therr IIlIlials, (2) article t itl e, 131 
l ournal , 14) volume number lunderl.ned !. (5) first page, 
and 16) year, rn that o.der. Books should be Clled 
slillilarly and Include 11) au th or, su rnam e, fi rsl and 
middle Ini li als, (2) II tle of book, (3 ) editor o f book I.f 
applicable!. 14) ecli tlon of book (if any!. 15) publisher, 
(6 ) citv of publication, 17) yea r 0 1 publi ca tion, and (81 
page reference (t! applrcable) E.g., Journals: Cr" '9, 
L. C and Konigsber , W., Use o f Catechol Oxygenase 
and Oetermlnalton of Catechol , Chromatogr., 10, 471, 
1963. Books · Albertsson , P. A ., Partition of Cell Part .· 
cles and Macromolecul es, Wil ey , New York, 1960. 
Article In a Book : Walter, H ., Proceedi ng. of the Pro· 
t id es of Biological Flu ids, XVth Collolluim, Pteeters., 
H ., eds., El sev.e r, Amsterdam, 196B, p . 367 
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