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1. INTRODUCTION

Bi-directional chromatography, which is a more specific term than two-dimen-
sional chromatography when referring to flat paper or thin-layer beds’, is an ana-
lytical technique that is becoming increasingly important in the separation of mix-
tures of varying complexity. This method consists in spotting a sample at the corner
of a flat bed and allowing the migration of a solvent in one direction, followed by
another migration at right-angles to the first.

When the same solvent is-fed successively in the two directions of a uniform
adsorbent layer, all chromatographed spots align on a diagonal. The sole advantage
of the method is then a very slight increase in resolution corresponding to an increase,

by a factor of \/i, in the distance of migration of the spot. The realization of more
efficient systems, by means of which a larger number of spots can be resolved?,
implies the use of the entire chromatographic area available and requires the selection
of appropriate different mobile phases for each direction.

Similar efficiencies are attained when the same mobile phase is fed successively,
at an orthogonal angle, to a chromatographic plate that has been coated with two
adsorbents. Different retention mechanisms dictate the behaviour of the solutes chro-
matographed for instance, on a reversed-phase layer in one direction and a normal-
phase layer in the other. The solute Ry values are then different in each direction and
the spots are dispersed on the chromatographic plate.

The tremendous separation potential afforded by this technique is apparent
from the flexibility available in combining various stationary and mobile phases for
use in either direction.

In 1944, Consden, Gordon and Martin? first reported a bi-dimensional sep-
aration of amino acids on paper. The eluents used were collidine-water in one direc-
tion and phenol-water in the second. The chromatography took 5 days and resulted
in the resolution of 15 of the 22 amino acids in the sample mixture. This technique
was subsequently described by Overell4, Cheftel et al.> and Nordmann et al.%-7, who
successfully achieved the separation of various organic acids.

The importance of this method increased in the early 1950s as bi-directional
chromatography became instrumental in the elucidation of several biochemical path-
ways®. Calvin®19, for instance, used two-dimensional paper chromatography in com-
bination with autoradiography to assay algal extracts kept in air containing #COQO,.
After the identification of the various sample components, a kinetic study of '4C
incorporation helped to suggest a scheme for carbon reduction during photosyn-
thesis. The same technique enabled Beloff-Chain et al.1*:12 to differentiate between
the conversion of glucose into oligosaccharides, polysaccharides and lactate in
muscles and that into amino acids and lactate in the brain. Chain et al.13:14 also
studied the effect of insulin on glucose metabolism in various types of animal tissue
such as the diaphragm, liver, brown adipose tissue, brain and the pituitary.

Although two-dimensional thin-layer chromatography (2-D TLC) has been
used for almost 40 years (Fig. 1), there has been no review of its various applications
prior to this paper. Several workers have reported past and present developments of
classical TLC and its future trends!*—2°. The performance and spot capacity of two-
dimensional TLC have been described elsewhere??, and also recent developments in
TLC instrumentation?2.
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Fig. 1. Histogram showing the number of original two-dimensional TLC publications in the last 18 years.

This paper briefly reviews the different types of stationary phases available for
chromatography, and the effective mechanisms of solute retention on each phase,
prior to discussing the various applications of the 2-D technique. A short discussion
on the methods available for spot detection is also included.

We have tried to cover the literature as thoroughly as possible. Authors who
have not been cited are kindly asked not to take offence but rather to inform us of
their work. More importantly, this review aims to demonstrate the efficiency of the
method in resolving compounds of widely different nature, polarity or class, and the
importance of the judicious selection of chromatographic conditions such that dif-
ferent mechanisms may govern solute retention in each direction.

2. STATIONARY PHASES AND RETENTION MECHANISMS

Various powders are commercially available that may be slurried alone or
admixed with agents for specific applications, and spread on glass; aluminium foil or
plastic supports. Pre-coated TLC plates are also available without or with a binder
for increased adhesion and mechanical stability of the layer, or an indicator for solute
detection.

The thickness of the layer is often 0.1-0.3 mm for analytical applications and
0.5-2.0 mm for preparative work. The particle size varies, a small diameter being less
critical than a narrow size distribution in achieving high efficiencies and good reso-
lution?: the narrow size range, 5 um “HPTLC” packings have disadvantages such as
a slow flow-rate of the mobile phase, a long development time and spot diffusion,
whereas packings with the same size distribution and a larger diameter (10-20 um)
afford faster and still adequate separations?-23, as is obvious from results obtained
with good but conventional TLC plates made with particles ca. 11 um in diameter?+.

The type of stationary phase needed to resolve a given mixture depends, to a
large extent, on the properties of the sample components. In general, stationary phas-
es may be inorganic sorbents (silica, alumina, magnesia), organic sorbents (cellulose,
polyamide), ion exchangers (ionic moieties substituted on to an organic adsorbent)
and reversed phases (non-polar, organic groups chemically bonded often to an in-



130 M. ZAKARIA, M.-F. GONNORD, G. GUIOCHON

organic silica backbone). These thin layers may be impregnated with a specific reagent
to enhance or create a particular type of solute-stationary phase interaction, or coat-
ed side-by-side on a support, a practice often used in bi-directional TLC.

2.1. Inorganic adsorbents

Inorganic oxides such as silica, alumina and magnesia are polar adsorbents
which, according to their degree of activation, may be used to separate polar or
moderately polar compounds. Procedures for adsorbent activation by heat or deac-
tivation by addition of a moderator such as water have been standardized to ensure
reproducibility of separations.

Heat activation rids TLC plates of physically adsorbed water, thus freeing the
adsorptive surface for interactions with various solutes. Adsorptive sites in silica and
magnesia are essentially hydroxyl groups. Thus, heating these two adsorbents to
temperatures above 200°C for silica and 100°C for magnesia, a process whereby Si-
OH and Mg-OH groups are converted into Si-O-Si and Mg-O-Mg, respectively,
results in the loss of chromatographic activity?*. In alumina, active adsorptive sites
are thought to be aluminium atoms, strained Al-O bonds, basic oxide ions and cat-
ionic centres. The loss of most of the surface hydroxyl groups early in the heating
process does not reduce the activity of alumina, which actually increases with in-
creasing temperature up to about 800°C and is lost only at 1000°C25.

In chromatographic systems that involve weak or moderately strong solvents,
adsorption is described primarily by the following relationship?>:

log K = log Vs + a (S° — A4,¢%) )

where K, the distribution coefficient, is the ratio of the solute concentration in the
adsorbed state to that in the mobile phase, V, is the volume of a monolayer of solvent
adsorbed on the surface, a, the activity of the adsorbent, is proportional to its average
surface energy and related to its water content, S° is the adsorption energy of the
solute in the reference solvent and on an adsorbent of standard activity (« = 1), 4,
is the molecular area required for the adsorption of a solute molecule on the adsor-
bent surface and ¢° is the solvent strength parameter?s.

Hence, the extent of retention by adsorption on a given phase increases pri-
marily with the activity, average surface energy and surface area of the adsorbent.
Inaddition, retention increases with S the adsorption energy of the solute molecule,
which is approximately cqual to the sum of the individual adsorption energies
contributed by each constituent group. Certain functional groups interact more
strongly with polar adsorbents than others. The retention, for the corresponding
solutes, increases in the order saturated hydrocarbons < aromatic hydrocarbons
~ halogen derivatives < ethers < esters = aldehydes = ketones < amines =~
alcohols < carboxylic acids.

Stronger solvents (larger ¢°) decrease the solute retention. This effect is more
important for larger solute molecules (large A4, eqn. 1). The polarity of the mobile
phase needed to achieve adequate Ry values is determined by that of the solutes
studied. Polar compounds often require the presence of water in the mobile phase to
ensure the in situ deactivation of the plate and prevent the occurrence of tailing or
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irreversible chemisorption caused by strong adsorbent-solute interactions. In addi-
tion, desorption is ensured by the favoured interactions of the solute with the polar
eluent. However, when the amount of water in the eluent exceeds 16%, solute par-
tition is effective to a certain extent?2.

Other factors that affect adsorptivity are the acidic or basic functionalities of
the adsorbent, as well as steric factors. Each adsorbent is characterized by a definite
geometrical arrangement of adsorptive sites, favouring interaction with certain types
of solutes. For instance, alumina is better suited than silica for the separation of
aromatic hydrocarbons with different functional groups or steric arrangement. More-
over, although the adsorptive properties of alumina are similar to those of magnesia,
the latter adsorbent has a much higher affinity for carbon—carbon double bonds and
is especially suitable for the separation of planar aromatic hydrocarbons.

In general, solute interactions with a given adsorbent may involve London
dispersion forces, orientation or induction dipole forces, hydrogen bonding and weak
covalent bonding (acid-base interactions and complex formation). The extent to
which any of these occurs depends on the particular chromatographic system used.
Adsorbents may often be impregnated with specific reagents that may complex re-
versibly with the solute or covalently bond to it. Impregnation with boric acid, for
instance, is used for the separation of vicinal dihydroxy isomers which are retained
by forming cyclic boric acid derivatives. Argentation chromatography or impreg-
nation with silver nitrate allows the separation of unsaturated compounds owing to
rapid and reversible complexation of their = double bond electrons with the impreg-
nated silver ions. Similarly, the separation of nitrogenous bases on plates impregnated
with Zn, Cd or Mg involves the occurrence of selective interactions between the metal
ion used and the free nitrogen electrons!®.

2.2. Organic sorbents

In addition to the aforementioned inorganic sorbents, various organic mac-
romolecular stationary phases are also commercially available. Of these, polyamide
and cellulose are the most commonly used, and are particularly suitable for the sep-
aration of hydrophilic, strongly polar substances.

2.2.1. Polyamide

With aqueous or polar eluents, this sorbent behaves as a reversed phase, where-
upon partition is thought to be involved, at least to some extent, in solute retention.,
With non-polar developers, polyamide is a normal phase on to which chromato-
graphed substances may adsorb. This adsorption may entail the function of hydrogen
bonds between proton-donating groups such as hydroxyl, amino, carboxylic or phos-
phoric in the solute molecule and carbonyl oxygens in the sorbent. Additional inter-
actions may occur between electrophilic nitro compounds, quinones or aldehydes
and amino groups in the polyamide phase. Compounds with delocalized = electron
systems are also found to exhibit strong affinity for the sorbent. Clearly, chromato-
graphy on polyamide is a process of simultaneous e~ donor-e¢~ acceptor interactions,
the extent of which depends on the chemical nature of the solute, the composition
of the desorbing eluent and the presence of free -NH- and >C =0 groups on the
adsorbent surface?®.
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2.2.2. Cellulose

In paper chromatography, one often witnesses rapid spreading of substances
along cellulose fibres. The powdered sorbent used in TLC, however, is characterized
by very short fibres which afford sharper spots and a better resolution. TLC cellulose
exists in two forms: native fibrous (fibre length 2-25 um, average degree of polym-
erization 400-500) and microcrystalline (particle size 2040 um, average degree of
polymerization 40-200). In cellulose, most glucose units constitute crystalline regions,
joined together as fibrils. These are bound into fibres by amorphous fS-glucoside
linkages. Whereas the crystalline surface is impermeable to most solvents, the amor-
phous regions hold imbibed water. Both structural types are responsible for solute
retention, the former involving adsorption and the latter partition.

As partition involves the distribution of a solute between two immiscible
liquids, it may be surprising at first to evoke this mechanism when solvents miscible
with water, if not water itself, are used as developers. However, the water present in
the amorphous regions has different properties to bulk water: it is linked by hydrogen
bonds to the cellulose, forming a “liquid gel” with high apparent density and low
velocity of diffusion. .

The partition coefficient, a measure of solute retention, is determined by the
extent of solute incorporation in the gel and interaction, by means of hydrogen bonds,
with the “liquid gel” water. Molecular size and shape and the position and nature
of hydrophilic groups in the chromatographed substance are important in this pro-
cess?9,

Partition is not, however, solely responsible for chromatographic behaviour,
as the migration sequence of several solutes differs from that based on partition
coefficients alone. Adsorption and, to some extent, ion exchange are thought to par-
ticipate in the chromatographic process.

2.3. Reversed phases

TLC layers for reversed-phase applications were first obtained by impregnating
polar plates with organic solvents such as paraffin2”. Normal phases were later chem-
ically modified, e.g., by the in situ acetylation of cellulose or silanization of silica
plates. The resulting phases could withstand development in a wide variety of sol-
vents, and ensured reproducibility of separations?—39. The number of commercially
available reversed-phase plates increased subsequent to the more recent development
of non-polar powders, in which different aliphatic chains are chemically bonded to
a silica backbone. Halpaap er a/.3! tested such phascs with respect to their chemical
and physico-chemical characteristics, wettability and chromatographic retention da-
ta.

The mechanisms of solute retention on these various packings are diverse:
partition is responsible for chromatography on paraffin-coated silica layers; with
acetylated cellulose, although adsorption cannot be excluded, solutes are thought to
partition, when aqueous eluents are used, between the mobile phase and the water-
impregnated cellulose fibres; adsorption due mainly to solvophobic forces is respon-
sible for solute retention on silanized or alkyl-chain bonded silica phases. However,
when water is used in large amounts, especially with small-chain reversed phases,
mixed-mode mechanisms are believed to occur.
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2.4. Ion exchangers

Polystyrene sulphonic (Dowex 50) or amine (Dowex 1) resins have long been
used in TLC work. However, polyacrylamide gels or carbohydrate (cellulose and
dextran) polymers, whether chemically modified or impregnated with liquid ion ex-
changers, are more suitable for the separation of bulky solutes, such as proteins and
nucleic acids. Compared with resin exchangers, these matrices have larger pores
which allow a greater capacity and a better transfer of macromolecules. In addition,
the greater spacing between the active sites helps to achieve selective desorption under
milder conditions than with resin phases.

The moderately strong polyethyleneimine (PEI) and weak diethylaminoethyl
(DEAE) cellulose basic anion exchangers are commonly used in TLC applications,
as well as the strong sulphoethyl (SE) and weak carboxymethyl (CM) Sephadex
(polydextran) acidic cation exchangers. Inorganic cation exchangers such as zirco-
nium(IV) phosphate and ammonium molybdate, are also commercially available.

The affinity of a compound for an ion exchanger is known to be proportional
to its charge. Besides the electrostatic forces which contribute mainly to chromato-
graphic retention in ion exchange, additional interactions are often operative as in
the physical adsorption of hydrophobic solute moieties on the skeleton of the ex-
changer. With weakly acidic and weakly basic phases, the pH of the eluent may affect
selectivity as the exchanging groups ion pair with H* or OH~ ions in the solution32.

2.5. Thin-layer gel chromatography phases

Dextran gels such as Sephadex G-10, admixed with silica gel or cellulose, have
been used as TLC layers for the separation of purine and pyrimidine nucleotides and
bases, for instance. While the character of the separations remains that of Sephadex,
the layer has mechanical properties similar to those of silica gel or cellulose. Poly-
acrylamide gels (Biogel P) have also been used in TLC33.

2.6. S'tationary phases _for two-dimensional thin-layer chromatography

Different sorbents may be slurried together and spread homogeneously on a
plate for two-dimensional TLC purposes. The composition of the eluents is chosen
such that, in each direction, a different sorbent interacts primarily with the solutes.
Sorbents have also been coated side-by-side, forming coupled, two-phase plates;
chromatography is then performed on a different phase in each direction.

The development of a plate in a given solvent is well known to affect the solute
Ry values obtained from a subsequent development in another direction (Fig. 2). In
addition, if the second solvent is very different from the first, its ascent in the or-
thogonal direction may be irregular, leading to distorted spots. In order to correct
for those problems, Randerath and Randerath33, after developing a PEI-cellulose
plate in a buffer solution, washed away the residual salts by immersing the plate in
methanol prior to a second elution. Bond3 chose to transfer the spots obtained from
the first development of a cellulose sheet on to another plate by clamping both thin
layers face to face and developing with the second solvent, in a direction perpen-
dicular to the first elution. The resulting chromatogram showed no interferences. In
addition, the solute Ry values were unaffected by the previous run.
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Fig. 2. (a) Theoretical and (b) experimental two-dimensional chromatograms of dinitrophenyl (DNP)
amino acids on RP-18 plates. Eluents: in the first direction, hexane-ethyl acetate-acetic acid (80:18:2); in
the second direction, | M ammonia + 3% potassium chloride in 60% methanol. S.P. = starting point.
1 = DNP-Gly; 2 = DNP-Ala; 3 = DNP-Ser; 4 = DNP-Thr; 5 = DNP-Val; 6 = DNP-Leu; 7 =
DNP-lle; 8 = DNP-Pro; 9 = DNP-Met-O,; 10 = DNP-Trp; 11 = DNP-Phe; 12 = Di-DNP-Tyr; 13
= DNP-Asp; 14 = DNP-Glu; 15 = DNP-CySO;Na; 16 = Di-DNP-Lys; 17 = a-N-DNP-Arg; 18 =
Di-DNP-His; 19 = DNP-OH; 20 = DNP-NH,. Reproduced from ref. 34 with permission.

3. DETECTION

The localization, characterization and identification of spots are essential as-
pects of TLC. The techniques used in two-dimensional TLC are identical with those
used in one-dimensional TLC, except that the whole surface of the plate has to be
scanned, which makes the problems much more difficult. Detection may therefore
require a very long time and very sophisticated instrumentation, contrasting with the
great simplicity of the separation method. Techniques for recovering or displaying
the two-dimensional separation have benefitted from recent improvements in image
processing made possible through the availability of powerful, yet cheap, computers.

In two-dimensional chromatography the exact position of the spot must be
determined for qualitative analysis and the whole spot profile, in both directions,
must be integrated for quantitative analysis. The problem is therefore much more
difficult than in conventional TLC, where the centre of the spot is on the vertical of
the sample spot and the solute concentration profile in the direction perpendicular
to that of the development is devoid of interest and can be iniegrated at once, as is
done with the use of a narrow slit perpendicular to the scanning direction in pho-
todensitometers for TLC. Such devices cannot be used in two-dimensional TLC; the
spatial resolution of the scanner, whether an optical beam, an electronic beam or any
other system, must be small compared with the spot size, about 10-20 times smaller
in dimension than the spot base width. Typically, this means that it should not exceed
0.1-0.5 mm in diameter, depending on the TLC conditions. If w is the width of the
sensor beam and L the development length, a number L/w of parallel scans must be
carried out. This number varies from about 100 to around 2000 depending on the
conditions, but in any case is large. Convenient software must be available to align
these scans, detect the spots and segment and integrate them.
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In the following we review the various detection methods used in conventional
TLC and discuss how they can be applied to the special problem of two-dimensional
TLC.

A laborious detection technique consists in scraping off the parts of the ad-
sorbent layer containing each spot of interest and extraction from the adsorbent or
in situ elution of the spot. Although some commercial equipment is now available
(for example, Eluchrom Automatic Elution System from Camag), which considerably
reduces the amount of solvent necessary for recovering the sample, this technique is
inconvenient, time consuming and not quantitative. A final measurement step must
also be added, such as a spectrophotometric determination. To apply this method
the spot must first be located precisely.

One-dimensional TLC has sometimes been coupled with gas detection devices:
detection of compounds eluted on a Chromarod can be performed either with a
flame-ionization detector3” or by direct insertion into a thermoionic®® or mass spec-
trometric®® detector. However, these techniques are not suitable for two-dimensional
TLC because of their lack of spatial resolution and/or the considerable amount of
time necessary for the scans.

Spots may be revealed after performing adequate chemical tests. Reagents for
these tests are often sprayed on the layer. The non-uniformity of the spray may
drastically affect the detection of the linearity of response. Therefore, whenever pos-
sible spots are rendered visible by exposure to gaseous reagents, which act more
uniformly.

Coloured or fluorescent spots can be easily detected visually under white or
UV light. If the compound itself is not visible or fluorescent, detection can be per-
formed by applying gaseous, colorimetric complexing agents or even radioactive
markers, or by using the quenching effect of the compound on the fluorescence of an
additive in the chromatographic bed. The compound then appears as a black spot
on a brilliant background. This method permits the accurate determination of the
position of the spot, but not of its size or concentration. The latter are determined
by the use of one of the photometric methods of TLC classified as densitometric and
fluorimetric techniques.

Densitometry can be carried out in the transmission or the reflection mode. It
measures the intensity of the light transmitted through the TLC plate or reflected by
it. Quantitation is based on the decrease in light transmitted or reflected by the spot
in comparison with the neighbouring background*®. It requires background suppres-
sion and assumes a relationship between the signal and the concentration of a com-
pound. This relationship is linear only at very low concentrations*!. For higher con-
centrations it is not given by the conventional Beer’s law but by the Kubelka-Munk
equation*?, because of diffusion of light by the particles in the layer. The response
factor of a compound depends on its coefficients of light adsorption and scattering*®.
Obviously the densitometric measurements must be made using a monochromatic
incident beam, and the wavelength must be optimized depending on the compounds
of interest. Transmission densitometry has been shown theoretically*? to be more
sensitive than reflectometry, although layer uniformity is more critical in the former
method. Both non-uniformity of the layer and poor light intensity affect the signal-
to-noise ratio. However, such problems may be overcome to some extent with a
double-beam instrument. Reflectometry is more widely used because of the higher
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optical density of most compounds, especially in the UV range. Frei*® published an
extensive study on reflectance spectroscopy. Using double-beam instruments, one can
also compensate for the background effects due to the layer.

In fluorimetry, the incident radiation excites the various compounds, and those
which emit secondary radiation are detected. This emitted light is characterized by
a longer wavelength than the incident radiation. The non-spotted, background or
base regions of the layer do not fluoresce. The excitation wavelength can be adjusted
to optimize the sensitivity of the measurement for a given compound. The most
commonly used wavelengths are 254 and 360 nm.

Fluorescence measurements can also be carried out in the so-called quenching
mode. A phosphor additive is mixed to the sorbent slurry before coating the plate.
When the developed plate is irradiated with UV light the base regions of the plate
emit a uniform visible light, while the sample compounds appear as dark spots. This
method is more sensitive when the light is transmitted from the back of the plate.

Many commercially available instruments are single-wavelength devices in
which a monochromatic beam is used to scan the plate surface. They can be applied
to all modes of densitometry or fluorimetry, with the use of suitable mirrors and
filters. In the fluorescence mode, better instruments permit the adjustment of both
the excitation and emission wavelengths. In these instruments the scanning optical
beam is supposed to illuminate on the plate a rectangle with a very large aspect ratio,
the long dimension (ca. 1 cm) being perpendicular to the scanning direction. This
yields a signal proportional to the light intensity perceived, i.e., integrated over the
whole slit length. If the relationship between light intensity and spot concentration
is non-linear, this results in quantitative errors when the concentration is not constant
along the slit. On the other hand, this permits integration of the fluctuations due to
layer heterogeneity over a larger area and decreasing the noise. Hence, the signal
should be integrated over the slit to linearize the characteristic response of a single
slit in terms of concentration*3. Knapstein et al.#* obtained a linear calibration graph
for steroids detected on silica gel in the quenching mode.

With dual-wavelength densitometers, fluctuation of the light source is balanced
and a flying spot can replace a fixed slit aperture, which leads to greater accuracy in
quantitation. The complexity of dual-wavelength densitometers requires computer-
assisted processing of the signal*®. Speed, like resolution, is expensive and rapid
evaluation of a one-dimensional thin-layer chromatogram requires the scanner to be
connected either to a recorder or to a video screen. Speed can also be achieved at the
expense of a lower sensitivity if the signal noise depends on the integration time.

In 1976, Devenyi and co-workers*®*7 introduced vidco techniques in the den-
sitometric evaluation of thin-layer chromatograms. The whole chromatogram is ir-
radiated by a suitable light source of relatively homogeneous intensity and an image
is taken by a Vidicon camera. This is extremely fast and also reasonably accurate
and sensitive, and the rather sophisticated processing such as background subtraction
or spot integration is easy to carry out in an interactive mode.

Generally, the HPTLC scanners available for photodensitometric measure-
ments cannot be adapted easily to two-dimensional TLC. The speed of detection is
an extremely critical factor as all of the plate surface has to be scanned. Scanning a
conventional TLC plate takes a few minutes, but scanning a two-dimensional plate
would take from several hours to one day. No software is available to align all these
scans and process them to obtain quantitative information.
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Two-dimensional detection devices have resulted mainly from two-dimensional
gel electrophoretic analyses*®4° and from the TLC of radioactive compounds®. In
both instances an autoradiograph is obtained and then scanned with a very narrow
visible light beam (spatial resolution around 0.1 mm or below). Complete data ac-
quisition and processing systems have been developed by several groups*$~5°. These
systems offer possibilities of data acquisition, filtering, background subtraction, cal-
ibration and data reduction, and provide for spot detection, segmentation, integra-
tion, pairing and data file handling on thousands of spots.

Video-densitometric techniques have been applied to two-dimensional TLC.
A two-dimensional matrix of pixels has sometimes been used*7-5! together with a
Vidicon camera to obtain both normal two-dimensional and spectral images. Both
fluorescence and absorption measurements can be carried out with this technique.
The sensitivity of this type of detector is in the nanomole range. Although its main
drawbacks are cost and complexity, it is still more attractive to the analyst than the
classical spectrodensitometer, the use of which is tedious and time consuming and
necessitates image reconstitution after hundreds of one-dimensional scans of a two-
dimensional plate.

Recently, Guiochon and co-workers32-53 conceived the use of a detection de-
vice on-line with a two-dimensional liquid chromatographic system. Detection is now
performed in the elution mode, in the second direction, with a photodiode array
Reticon camera used as a series of individual UV cells parallel to the exit edge of the
plate. In this system, the solvent is pumped through the chromatographic bed under
pressure and no longer moves under the influence of capillary forces. At the exit, the
solvent is forced through a slot which constitutes the detector celil.

A monochromatic light passes through this slot and is focused on the diode
array of the Reticon camera. A time-dependent signal similar to the line signal of an
autoradiography scan is recorded and processed through a data acquisition system,
then displayed on a colour TV screen. HPLC elution conditions may thus be repro-
duced and quantitation is no longer affected by plate characteristics and chromato-
graphic bed diffusivity as in regular TLC.

4. APPLICATIONS

The separations that have been accomplished using two-dimensional TLC are
classified in this section under lipids, pigments, alkaloids, proteins and their constitu-
ents, carbohydrates, glycopeptides, nucleic acids and their constituents, environmen-
tal pollutants, pesticides and miscellaneous. We have tried to emphasize the pecu-
liarities of various assays By analysing the chromatographic behaviour of solutes.
The retention and chromatography of compounds may involve adsorption, partition,
ion exchange or restricted diffusion (gel permeation). Although one particular chro-
matographic mechanism may be emphasized for the retention of solutes under given
conditions, other concurrent processes should not be forgotten.

4.1. Lipids

“Lipids” is a term used to qualify various classes of compounds that are char-
acterized in general by solubility in organic solvents and insolubility in water. In this
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section, four main groups of substances are considered: fatty acids and their esters,
steroids, phospholipids and glycolipids. The different two-directional assays are brief-
ly discussed in the text and detailed chromatographic conditions are given in Tables
1-5.

4.1.1. Fatty acids and their esters (Table 1)

Separations of various glyceryl acetates’* and of some fatty acids from pros-
taglandins and thromboxanes’® have been achieved on silica plates owing to the
different selectivity of the solvent system in each direction. Fatty acid esters have also
been resolved on silica’® with a more polar eluent in the second than in the first
direction.

A special category of compounds, the ginsenosides (triterpenoid saponins of
the dammarane type), have been assayed on silanized silica gel using a less polar
mobile phase in the second than in the first directions’.

El-Zeany and Ahmed?? devised an original method to resolve fatty acid esters.
They first separated the mercury(Il) adducts of these unsaturated esters on a 3:7 silica
gel-Kieselguhr adsorbent with isobutanol-formic acid-water, based on the different
degree of solute unsaturation. Then, the plate was positioned in a hydrogen sulphide
chamber; mercury(II) sulphide was deposited as black spots and the esters were lib-
erated. Chromatography in the second direction was accomplished after impregnat-
ing the plate with paraffin. The esters partitioned between that phase and the formic
acid-acetonitrile-acetone eluent. Their mobility was a function of chain length.
Whereas is this method mercury(II) adducts of solutes were chosen to achieve sep-
arations based on different degrees of unsaturation, more commonly unsaturated
compounds are resolved according to their ability to form coordination complexes
with ions (such as silver) which impregnate the stationary phase. Schmid et al.5°, for
instance, after separating glycerol esters into four classes according to basic structure,
type and number of functional groups on plain silica gel, differentiated each class
according to the number and configuration of the double bonds in the constituent
compounds, on silica gel impregnated with silver nitrate (Fig. 3).

4.1.2. Steroids (Table 2)

This class of lipids, of which cholesterol is a common representative, includes
physiologically important compounds such as the bile acids, the androgens and the
oestrogens, and essential metabolic regulators, such as the adrenocortical hormones.
Thus, the separation of these substances and their quantitation in biological samples
are essential, especially for diagnostic purposes.

Using silica, Bouillé et al.5! first eluted the impurities associated with cortisone
in plasma and adrenal extracts. Chromatography in the orthogonal direction was
achieved with a more polar mobile phase containing water, which resulted in the
migration of corticosterone from its original position on the plate. Also using a silica
phase, Bicknell and Gower®? succeeded is resolving a mixture of polar and non-polar
compounds. Two successive developments in the first direction with benzene—diethyl
ether (9:1) permitted the separation of the non-polar C;s 16-unsaturated steroids
Sa-androst-16-en-3f-o0l, 5f-androst-16-en-3a-0l, Sa-androst-16-en-3a-ol, 1,3,5-
[10],16-0estratetraen-3-0l and Sa-androst-16-en-3-one. The use of a more polar
eluent, benzene-methanol (9:1), for development in the second direction permitted
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Fig. 3. Two-dimensional chromatogram of a model mixture containing the following compounds: (A)
trialkyl glyceryl ethers: trioctadecyloxypropane, 1,2-dioctadecyloxy-3-octadecenyloxypropane, 1-octade-
cyloxy-2,3-dioctadecenyloxypropane, trioctadecenyloxypropane; (B) dialkoxyglycerides; 2,3-diocta-
decyloxy-1-O-octadecanoylpropanol, 2,3-dioctadecyloxy-1-O-octadecenoylpropanol, 2,3-dioctadeceny-
loxy-1-O-octadecanoylpropanol; (C) alkoxydiglycerides; 3-octadecyloxy-1,2-di-O-octadecanoylpropane-
diol, 3-octadecenyloxy-1,2-di-O-octadecanoylpropanediol, 3-octadecyloxy-1,2-di-O-octadecenoylpro-
panediol, 3-octadecenyloxy-1,2-di-O-octadecenoylpropanediol; (D) triglycerides: tri-O-
octadecanoylpropanetriol(tristearin), 1,2-di-O-octadecanoyl-3-O-octadecenoylpropanetriol (oledodistea-
rin), 1-O-octadecanoyl-2,3-di-O-octadecenoylpropanetriol (stearodiolein), tri-O-octadecenoylpropanetriol
(triolein). Solvents: first direction, petroleum hydrocarbon-diethyl ether (90:10), developed once on plain
silica gel G strip; second direction, petroleum hydrocarbon-diethyl ether (90:10) developed twice on silver
nitrate-impregnated silica gel G. Indicator: charring after spraying with chromic-sulphuric acid solution.
Reproduced from ref. 59 with permission.

the separation of the more polar 44-3-oxosteroids testosterone and progesterone and
of the 43-3f8-hydroxysteroids pregnenolone and 5,16-androstadien-3-ol.

TaylorS?® separated thirteen polar 44-3-oxosteroids and oestrogens on silica
with chloroform-methanol-water (94:6:0.5) in the first direction, followed by
cyclohexane—ethyl acetate (50:50) in the second direction (Fig. 4). Cavina et al.%*
achieved similar resolutions of oestrogens and progestagens on silica by combining
appropriate different developing systems. Clearly, the polarity of the mobile phase,
its constituents and the degree of deactivation of the stationary phase achieved by
use of water in the eluent are all factors that affect such assays.

Issaq®s resolved two isomeric pairs, namely 7a- from 7f-hydroxycholesterol
and 58,66- from 5a,68-epoxycholesterol on a special plate with two different sorbents
coated side-by-side. Chromatography in the first direction was accomplished on silica
gel with diethyl ether as the eluent. Orthogonal elution was then achieved for a few
centimetres on silica and, for the remaining part, on silanized silica, with a non-polar
heptane-HMDS (98:2) as the mobile phase.
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Similarly, Levitt and Touchstone®® separated six bile acids on a two-phase
plate where a 3 x 20 cm reversed-phase strip had been coated at the side of a 17
x 20 cm silica layer. Reversed-phase chromatography was carried out on the thin
strip with an acid-organic eluent mixture and resulted in the separation of the bile
acids into three classes: cholic, deoxycholic and chenodeoxycholic. Orthogonal de-
velopment with the mixed aqueous (acetic acid-water) and organic (chloroform-
methanol) solvent on the silica phase further separated the taurine from the glycine
conjugates in all three classes of compounds. It is important to remember that these
bile acids have functionalities that interact strongly with silica unless the adsorbent
is modified through bonding with alkyl chains (reversed-phase strip) or deactivated
by the presence, in the mobile phase, of components such as acetic acid or water,
which compete strongly with the solute for the available adsorptive sites.

Vidrine and Nicholas®” resolved two different lipid classes, viz., steroids and
unsaturated aliphatic hydrocarbons (terpenoids), on a mixed thin-layer plate coated
with a slurry of silica, silanized silica and calcium sulphate. The eluent was relatively
non-polar in the first direction, and retention could be attributed to adsorption. In
the second direction, however, a more polar eluent was used, containing 25% of
water. Under these conditions, a partition-adsorption mechanism is probably in
effect.

Finally, Curtius and Miiller®® achieved an original, truly two-dimensionai
GC-TLC separation of a hormone mixture. The first dimension involved a separation
on a GC column with a split effluent, 10% directed to a flame-ionization detector
and 90% spotted on a TLC silica plate which moved linearly with time. The devel-
opment of this plate with chloroform-ethanol (90:10) represented the second dimen-
sion and improved the resolution obtained with GC alone (Fig. 5). Clearly, the second
separation is not especially helpful with the twelve components shown here, which
are sufficiently well resolved by the GC step for quantitative analysis. It is, however,
of greater use with more complex mixtures that cannot be resolved by GC but are
resolved by the two-dimensional separation scheme.

4.1.3. Phospholipids (Tables 3 and 4)

This lipid class includes the phosphoglycerides and sphingolipids, all important
membrane constituents. Chromatography of these compounds is often accomplished
on silica gel, in its pure form or impregnated with either boric acid, ammonium
sulphate, magnesium acetate, magnesium silicate or magnesium hydroxycarbonate.

In general, separations of phosphoglycerides (Table 3) require development of
the plate with a water-organic eluent containing acetic acid in one direction and a
base such as ammonia solution in the other 5773, Thus, the mobility of the molecules
in each direction is affected by the differing degree of ionization, i.e., the extent of
amine protonation and phosphate and/or carboxyl dissociation, as well as by the
competition of the acid or base in the mobile phase for adsorptive sites on the silica
plate. Moreover, Jain and Subrahmanyam’# have reported that appropriate amounts
of ammonium sulphate in the stationary phase and acetic acid in the eluent are
important for obtaining spots with no tailing and good resolution.

It is interesting that, on a phase containing boric acid’®, phosphatidylinositol,
which has vicinal cis-hydroxyl groups in its sugar moiety, is retained the longest (Fig.
6). This may exemplify the selective affinity of boric acid for cis-diol compounds.
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Fig. 4. Two-dimensional thin-layer chromatogram of steroids on silica gel. Solvent systems: (1)
chloroform-methanol-water (94:6:0.5); (2) cyclohexane-ethyl acetate (50:50). I = Oestrone [3-hydroxy-
1,3,5(10)-estradien-17-one]; 2 = progesterone(4-pregnene-3,20-dione); 3 = oestradiol [1,3,5(10)-estra-
triene-3,17p-diol]; 4 = androstenedione_ (4-androstene-3,17-dione); 5 = 17a-hydroxyprogesterone (17a-
hydroxy-4-pregnene-3,20-dione); 6 = testosterone (17f-hydroxy-4-androsten-3-one); 7 = deoxycorticos-
terone (21-hydroxy-4-pregnene-3,20-dione); 8 = 11-deoxycortisol (17«,21-dihydroxy-4-pregnene-3,20-
dione); 9 = corticosterone (11p,21-dihydroxy-4-pregnene-3,20-dione); 10 = cortisone (17a,21-dihy-
droxy-4-pregnene-3,11,20-trione); 11 = aldosterone (18,11-hemiacetal of 118-21-dihydroxy-3,20-dioxo-
4-pregnen-18-al); 12 = cortisol (118,17«,21-trihydroxy-4-pregnene-3,20-dione); 13 = oestriol [1,3,5(10)-
estratriene-3,16a,17f-triol]. Reproduced from ref. 63 with permission.

Pollet et al.”” achieved the separation of different lipid classes, namely choles-
terol, cerebrosides, sulphatides, phospholipids and gangliosides, on plain silica gel by
repetitive elution with chloroform-methanol solutions of varying polarity in orthog-
onal directions (Table 4). Radwan’® and Tkawa and Goto’°® resolved mixtures of
fatty acids, steroids, phospholipids and other compounds on silica with an
organic-acidic phase in one direction and an organic-basic phase in the other. Hub-
mann®® was able to separate these various substances using different eluents for
successive developments in each direction, owing to the different selectivity of each
organic modifier with respect to the various solutes (Table 4).

4.1.4. Glycolipids (Table 5)

Glycolipids, such as the cerebrosides and the more complex gangliosides, are
sugar-containing membrane lipids. The separation of such compounds was per-
formed on silica gel by Ohashi®!, who used chloroform-methanol-aqueous ammonia
to develop the plate in the first direction and n-propanol-aqueous ammonia in the
second. Ledeen er al.32, and subsequently Hunter et al.®3, in assaying for brain gan-
gliosides, modified these conditions to a certain extent: ammonia was included in one
dimension only, while salt was added to either or both solvents.
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Fig. 5. Two-dimensional chromatography of twelve steroids (trimethylsily! derivatives) using GC and TLC
in combination. The lower part of the figure represents the gas chromatogram and the upper part illustrates
the TLC separation after plate elution. It may be noticed that solutes 1, 2 and 3 are completely resolved
after the TLC step. 1 = Allopregnandiol; 2 = pregrandiol; 3 = androsterone; 4 = etiocholanolone; 5
= dehydroepiandrosterone; 6 = pregnanolone; 7 = pregrantriol; 8 = 1l-ketoandrosterone; 9 = 11-
ketoetiocholanolone; 10 = [1-hydroxyandrosterone; 11 = 11-hydroxyetiocholanolone; 12 = pregnan-
triolone. St = starting point. Reproduced from ref. 68 with permission.

Cardenolides, which are glycosides with a steroid moiety, constitute a different
category of sugar-containing lipids. Thirty-two cardenolides were separated by
Clarke and Cobbs?®* on silica with a different solvent system for each direction. A
correlation between the chromatographic mobility of the compounds and their chem-
ical structure was observed. The number and position of the hydroxyl substituents
played an important role in solute retention (Fig. 7).
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Fig. 6. Two-dimensional thin-layer chromatogram of rat lung liquids on silica gel impregnated with boric
acid. Abbreviations: NL = neutral lipids; UL, unidentified; BMP, bis(monoacylglyceryl)phosphate; CL
= cardiolipin; PE = phosphatidylethanolamine; PC = phosphatidylcholine; PG = phosphatidylglycerol;
SM = sphingomyelin; PS = phosphatidylserine; PI = phosphatidylinositol; LPC = lysophosphatidyl-
choline; O = orgin. The solvent for development in the vertical direction was chloroform-methanol-
water-concentrated ammonia (70:30:3:2) and in the horizontal direction chloroform-methanol-water
(65:35:5). Reproduced from ref. 75 with permission.

™

4.2. Pigments

This general group contains the various carotenes, xanthophylls, porphyrins
and anthocyanidins, i.e., all natural pigments, and the synthetic tannins. Detailed
conditions for their two-dimensional separation are reported in Table 6.

Xanthophylls were chromatographed by Knowles and Livingston®® on a 1:4
magnesium oxide-Celite strip in the first direction and a 1:6 silica gel G-calcium
hydroxide layer in the second. Adsorbability increased with the number of hydroxyl
groups on the cyclic moieties of the solutes, the presence of epoxide functionalities
especially at the 5,8-position and the length of the conjugated double bond system
(Fig. 8). Other separations of carotenoids have been achieved by Tirimanna®? and
Sherma and Zweig®® The hydrocarbonaceous carotenes exhibited the largest Ry val-
ues on silica. Owing to its greater number of conjugated double bonds, zeaxanthin
was more retained than lutein®’.

Porphyrin methyl esters were resolved by Elder®® on a silica gel plate. A quat-
ernary solvent system was used in the first direction. Retention was increased by
carboxylic acid substituents at positions 2 and 4 of the porphyrin ring, as witnessed
by the smaller R for coporphyrin in comparison with mesoporphyrin. Additional
ethanoic acid substituents at positions 1, 3 and 5, as in uroporphyrin, further en-
hanced the adsorption interactions of the solute with the stationary phase. Of ail the
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Fig. 7. Chromatogram of a mixture of cardesolide standards on silica gel. 1 = Digitoxigenin; 2 = digi-
toxigenin monodigitoxoside; 3 = digitoxigenin bisdigitoxoside; 4 = digitoxin; 5 = a-acetyldigitoxin; 6
= p-acetyldigitoxin; 7 = lanotoside A; 8 = gitaloxigenin; 9 = gitaloxin; 10 = gitoxigenin; 11 = gitox-
igenin monodigitoxoside; 12 = gitoxigenin bisdigitoxoside; 13 = gitoxin; 14 = p-acetylgitoxin; 15 =
lanatoside B; 16 = strospeside; 17 = digitalinum verum; 18 = digoxigenin; 19 = digoxigenin monodig-
itoxoside; 20 = digoxigenin bisdigitoxoside; 21 = digoxin; 22 = digoxoside; 23 = a-acetyldigoxin; 24
= p-acetyldigoxin; 25 = lanatoside C; 26 = deacetyl lanatoside C; 27 = a-anhydrodigoxigenin; 28 =
B-anhydrodigoxigenin; 29 = diginatigenin; 30 = diginatigenin monodigitoxoside; 31 = diginatigenin
bisdigitoxoside; 32 = diginatin. Solvent in the first direction, ethyl acetate-dichloromethane-methanol-
water (120:72:7:4), and in the second direction dichloromethane-methanol (9:1). Reproduced from ref. 84
with permission.

compounds studied, haematoporphyrin was the only porphyrin with two hydroxyl
groups and it was retained the most on the silica plate (Fig. 9).

Saitoh et al.°° achieved the separation of various metal tetraphenylporphyrin
chelates on a reversed-phase plate. The first development was carried out with
acetone-propylene carbonate (20:80) and the second with acetone alone. Retention
may be related to the ratio of the central metal electronegativity to its ionic radius,
En/,°'. Larger En/,, values correspond to more delocalized chelate-metal bonds and
smaller Rp values on the reversed-phase plate. In addition, chromatographic behav-
iour is affected by the configuration of each complex, whether planar, pyramidal or
distorted octahedral, and its stability in each of the eluents used.

Anthocyanidins were resolved on cellulose by Mullick®2. A methanol-acid-
water solvent mixture did not differentiate between the methoxy and hydroxy group
substituents on the anthocyanidin aromatic ring. A formic acid-hydrochloric acid or
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Silica Get G-Ca(OH), g
GHER)
e R

Magnesium oxide -Celite origin@®

-s—— [ Development hexane-acetone (7:3)

Fig. 8. Two-dimensional, two-adsorbent TLC of a carotenoid mixture on a magnesium oxide-Celite +
silica gel G-Ca(OH), plate. C = Carotenes; @ = a-cryptoxanthin; § = B-cryptoxanthin; Zeino = zei-
noxanthin; L = lutein; Z = zeaxanthin; L; and L, = lutein cis-isomers (corresponding to “neo-A” or
“V” and “neo-B” or “U”, respectively); V = violaxanthin; V, and V, = violaxanthin cis-isomers; Z,
and Z, = zeaxanthin cis-isomers; Luteo = luteoxanthin; N = neoxanthin; N-5,8 = neoxanthin 5,8-
epoxide. The first elution is on the magnesium oxide-Celite strip using hexane-acetone (7:3) and the second
is on silica gel G-Ca(OH), with 2% butanol in benzene. Reproduced from ref. 86 with permission.

amyl alcohol-acetic acid-water eluent used orthogonally did provide such a differ-
entiation, and the retention increased with the number of hydroxyl substituents on
the solute phenyl ring.

Finally, 29 intermediates in the synthesis of tannin A or B were separated on
silica using an inorganic-acidic solvent mixture in one direction and an organic-basic
eluent in the other. The migration sequence under alkaline conditions corresponded
to different degrees of solute condensation or methylation whereas that under acidic
conditions depended on the nature of the product®3.

4.3. Alkaloids

Heterogeneous nitrogenous substances produced by plants have been grouped
under this heading. The two-dimensional chromatography of alkaloids pertaining to
the cocaine, harmane, ergot and other families is considered here (Table 7).

Early attempts to separate opium®4, Strychnos and curare®’ alkaloids by two-
-directional paper chromatography were time consuming; development in one direc-
tion alone could require as long as 17 h.

TLC enabled faster analyses to be achieved. Using a silica gel plate, Munier
and Meunier®® separated seven cocaine alkaloids. Elution with a non-aqueous neu-
tral mobile phase was followed by an orthogonal development in an acidic solvent
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containing 20% of water. Retention involved adsorption under the former conditions
and a mixed partition-adsorption mechanism under the latter. The mobility of each
cocaine alkaloid was approximately inversely proportional to the number of func-
tional groups that can be adsorbed simultaneously on the silica gel, and also to the
strength of adsorption of each group. Ecgonine, for instance, the only altkaloid in the
mixture assayed to possess two strongly adsorptive groups (hydroxyl and carbonyl),
on the same side of the six-membered ring, also exhibited the smallest Ry in both
directions. Pseudococaine (2a-carbomethoxy-3f-benzoxytropane), with its adsorp-
tive functionalities in different planes although on the same side of the ring, was less
retained than cocaine (2f-carbomethoxy-3f§-benzoxytropane), where both substit-
uents are co-planar in the f-position.

Munier and Meunier®® also achieved the separation of morphine, codeine,
thebaine, narcotine and papaverine, alkaloids of different polarity and structure, on
a silica gel plate developed with a weakly polar solvent in one direction and a more
polar one in the other. Earlier work by Viala and Estadieu®” involved the resolution
of morphine, codeine and their derivatives by chromatography on activated silica.
The first elution with methanol-chloroform-ammonia resulted in three spots, the
most retained containing both morphine and codeine, the next corresponding to

0 06 -

© 0 00 G ©
® © ®

O,
‘

Fig. 10. Two-dimensional separation of morphine, codeine and their derivatives on silica. 1 = Morphine;
2 = codeine; 3 = O°%-monoacetylmorphine; 4 = diacetylmorphine; 5 = acetylcodeine; 6 = nalorphine;
7 = cocaine; 8 = quinine; 9 = nicotine; 10 = cotinine; 11 = methaqualone; 12 = diphenhydramine; 13
= mecloqualone; 14 = hydrochlorobenzethylamine; 15 = N-dimethyldiazepam; 16 = oxazepam, 17 =
methadone; 18 = amphetamine; 19 = methylamphetamine. Solvent in the first direction: methanol-
chloroform-ammonia (85:15:0.7), and in the second direction: hydrated diethyl ether-acetone-diethyla-
mine (85:8:7). Reproduced from ref. 97 with permission.



APPLICATIONS OF TWO-DIMENSIONAL TLC 157

heroin and the least retained to O%-monoacetylmorphine and acetylcodeine. Orthog-
onal development in a mixture of hydrated diethyl ether, acetone and diethylamine
differentiated all solutes (Fig. 10).

Harmane alkaloids®® and alkaloids from Rauwolfia, Corynantha and Pseudo-
cinchona®® were resolved on silica using a polar neutral mobile phase in the first
direction and a more polar, acidic solvent mixture orthogonally. Other than the
nature of the solvent itself, which selectively affects the retention order, the pH of
the eluent, which determines the ionization state of the molecule as a function of its
pK, value(s), also influences the retention behaviour. Whereas the first development
of the silica plate in a neutral solvent did not resolve harmane from norharmane®9,
the subsequent development in the acidic eluent provided such a differentiation; nor-

[
Rg 100
Ecorni /Ecristi
e Etamini
cor ¥ ;
80 . *“—~Ecrypti
Ecris N % X .
@ %@ ~ _ Estini
| Estin S @ Esini
Ecf Lysval @ Fum C
McC %Etum s
Esin
60
@ Lysene D Fum A
Isoseto
I f Isolysam ) St
@ seto
D @ Isopenni @ Lysine
@ Emetri @ Agro
Lyscaram
-@ Emet @) lsolysol
Lysam .
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>02 @ Penni @ pyro
& Elymo @) Noragro
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= age=0
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Fig. 11. Two-dimensional chromatogram of ergot alkaloids separated on silica gel G. Solvents: in direction
I, MC = methanol-chloroform (2:8); in direction II, DC = diethylamine-chloroform (1:9). Agro =
agroclavine; Chano I = Chanoclavine-(I); Chano II = chanoclavine-(II); Costa = costaclavine; a-Di
= a-dihydrolysergol; Dialtry = pL-4-dimethylallyltryptophan; Elymo = elymoclavine; Ecor = Ergocor-
nine; Econi = ergocorninine; Ecris = ergocristine; Ecristi = ergocristinine; Ecry = ergocrytpine; Ecrypti
= ergocryptinine; Emet = ergometrine; Emetri = ergometrinine; Esin = ergosine; Esini = ergosinine;
Estin = ergostine; Estini = ergostinine; Etam = ergotamine; Etamini = ergotaminine; Festu = festu-
clavine; Fum A = fumigaclavine A; Fum B = fumigaclavine B; Fum C = fumagaclavine C, 4-8,9-Lysac
= 6-methyl-43-°-ergolene-8-carboxylic acid; Lysene = lysergene; Lysac = p-lysergic acid; Lysam = p-
lysergic acid amide; Isolysam = D-isolysergic acid amide; Lyscaram = p-lysergic acid methylcarbinolam-
ide; Lysine = Lysergine; Lysol = lysergol; Isolysol = isolysergol; Lysval = p-lysergyl-L-valine-meth-
ylester; Noragro = noragroclavine; Penni = penniclavine; Isopenni = isopenniclavine; Pyro = pyro-
clavine; Seto = setoclavine, Isoseto = isosetoclavine. Reproduced from ref. 99 with permission.
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harmane, with the larger pK, value, exhibited a higher chromatographic mobility.

Finally, ergot alkaloids were separated on activated silica gel after elution with
chloroform-methanol in one direction, followed by an organic solvent—diethylamine
in the orthogonal direction (Fig. 11). The strong diethylamine base helped to desorb
the alkaloids by competing for adsorption on to silanols®®. Agurell®® also resolved
nine ergot alkaloids on silica by combining thin-layer electrophoresis in one direction
with chromatography in the other.

4.4. Proteins and their constituents

The two-dimensional chromatographic assays of amino acids, peptides and
proteins, important morphological and physiological cellular components, are dis-
cussed here. Conditions for their separation are given in Tables 8-10.

4.4.1. Amino acids (Table 8)

Early reports by Consden et al.* and Martin and Synge!°° described the bi-
directional separation of several amino acids on paper. The chromatographic behav-
iour of the solutes was found to be a function of their partition between the mobile
phase and the water-saturated cellulose. The analysis time was extremely long, one
elution alone requiring 2-3 days. After the pioneering studies of Cohn on ion ex-
change!9', slightly faster separations of amino acids were achieved on sulphonated
polystyrene resin-loaded paper, for instance!®2. In the assay reported by Knight!°2,
the first eluent was a 0.2 M buffer at a pH of 3.1 and cation exchange determined
the elution order: compounds such as lysine, arginine, ornithine, histidine, tryptopan,
cysteine, tyrosine and phenylalanine, which contain two amine groups, each proton-

1st. solvent

origin . ;
- X Cystine Glutamic acid Aspartic acid
]
% O (D Serine
0 .
° > Glycine (O Threonine
N D Alanine

OOrnithine
Lysi :
FEI0e O OTyrosme
O Arginine

Histidine
O I DVcline

Methionine

Iso- O P .
Tryptophano Leucine Pl
Leucine

O Phenytalanine

Fig. 12. Two-dimensional separation of amino acids on cellulose. Solvent used for the first development,
0.2 M buffer (pH 3.1), and for the second development, 0.3% ammonia in m-cresol. Reproduced from
ref. 102 with permission.
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ated to a certain extent, were retained the most. In the second direction, the cat-
ion-exchange phenomenon was suppressed by the eluent, which consisted of 0.3%
ammonia in m-cresol. The amino acids were chromatographed in their anionic form.
Aspartic acid and glutamic acid, solutes with two negative charges, had the smallest
Rp values (Fig. 12). Nineteen proteinic amino acids were resolved.

Still faster amino acid separations on paper were achieved by electrophoresis
followed by chromatography with a hydro-organic eluent orthogonally!©3.104,

The development of short-fibre cellulose powder for TLC purposes facilitated
the chromatography of amino acids and allowed rapid routine analytical work. In
all assays reported on cellulose, the mobile phases in both directions were water—
organic mixtures'?5~111, Munier et al.1°°-119 achieved the separation of 22 polar and
non-polar amino acids, among which certain pairs that were previously unresolved
such as leucine-isoleucine, arginine-lysine and serine-glycine. A high degree of reso-
lution is afforded owing to differences between alcohol-solute interactions in the first
direction and ketone-solute and tertiary amine-solute interactions in the second, and
to the ionic equilibria created by using 2-methylpyridine together with formic acid
in the second eluent. The water content of the mobile phase, by affecting solute
partition, plays a determining role in these assays (Fig. 13). Munier et @/.!'° found
a 20% water content in both directions to be optimal. Smaller percentages did not
ensure the elution of the most polar amino acids and higher percentages led to de-
creased resolution.

Kraffczyk et al.'°7 included a 2 cm wide layer of a strongly acidic ion exchanger
at the bottom of the cellulose plate for the desalting of urine samples when analysing

Y |
v L, B Z
/“ L] F F*
Leu o~
{ =
Phe 9
- 1ch :
Ileu i 3}
vet @ T ;
Sec /)
- Ty @CysH
£ Val
(: MesO,
rrod® Thr o
Al @ .p Ser
/
S - MeSO
MeSO ex Met G CySCM o GluN

Gly-. AspN CySO5;H
Asp A? .‘ .CySSCy

His
Direction 1 CySSCy ex CySH ‘ Lys .
- X

Ly

i

Fig. 13. Two-dimensional separation of amino acids on short-fibre cellulose. Solvent used in the first
direction, propanol-formic acid-water (75:5:20), and in the second direction, methyl ethyl ketone-2-
methylpyridine-formic acid-water (31:47:2:20). Reproduced from ref. 110 with permission.
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for urinary amino acids. Other separations on silica gel were reported!'?113. An
organic-basic eluent was used in the first direction followed by an organic-acidic
mixture in the second. Solute retention depended on the types of functional groups
and their degree of ionization. Ionophoresis followed by chromatography on silica
gel has also been applied to the separation of amino acids''*.

4.4.2. Dimethylaminonaphthalenesulphonyl (Dns) and dinitrophenyl (DNP) amino
acids (Table 9)

Seiler!'® has reviewed the separations of various Dns-derivatives, among
which Dns-amino acids. Two-directional TLC has been achieved on a polyamide
stationary phase!!7-119 (Fig. 14) and has recently been applied to the identification
of human acidopathies in serum and urine!*?. Although Dns-amino acids have also
been analysed on silica'2?, assays on polyamide are preferred as they are less time
consuming, do not result in spot tailing and do not require previous deionization of
urine samples!?®. An aqueous eluent is generally used in the first direction followed
by an organic eluent in the second. This change in the nature of the mobile phase
causes alterations in the sorbent properties such that the mechanisms for solute re-
tention are different in each direction. Polyamide is thought to act as a reversed phase
in the presence of the aqueous eluent, and it behaves as a hydrophilic sorbent there-

18 @ 32

14

13 é;@ @19 @20

1 %“@15 @21, a

@ "G5 p-
s 23Q) 28@ @27
29
S Do 24 @ 31%@
//////,/Illl//////l"////////’//’””,'
1 2 3

1

10

Fig. 14. Two-dimensional chromatogram of some Dns-amino acids on polyamide after autoradiography.
| = Starting point; 2 = taurine; 3 = Dns-OH; 4 = cystine; 5 = n-serotonin; 6 = tryptophan; 7 =
bis-tyrosine; 8 = n-tyrosine; 9 = ornithine; 10 = bis-lysine; 11 = phenylglycine; 12 = phenylalanine; 13
= leucine and histidine; 14 = isoleucine; 15 = methionine; {6 = norvaline; 17 = valine; 18 = proline;
19 = GABA; 20 = J-aminolevulinic acid; 21 = alanine and Dns-NH,; 22 = glycine; 23 = glutamic acid;
24 = aspartic acid; 25 = hydroxyproline; 26 = glutamine; 27 = asparagine; 28 = threonine; 29 = serine;
30 = arginine, ¢e-lysine and a-lysine; 31-33 = unknown dansylation products. Solvent used in the first
direction, 4% formic acid, and in the second direction, benzene-glacial acetic acid (8:2) followed by ethyl
acetate-methanol-glacial acetic acid (20:1:1). Reproduced from ref, 118 with permission.
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APPLICATIONS OF TWO-DIMENSIONAL TLC 165

after’21. Thus, whereas the Ry values for arginine and aspartic acid are relatively
large in the first direction, they are much smaller in the second!!7—*19,

Exploiting similar solvent changes with a reversed-phase plate, Macek ez al.'?!
succeeded in resolving 19 Dns-amino acids. The RP-8 TLC plate behaved as a normal
phase in presence of the non-aqueous eluent used in the first direction and as a true
reversed phase when developed with an aqueous solvent in the second direction.
Exact reversal of the retention order of the Dns-glycine, -alanine, -valine and -leucine
could be observed in the second direction with respect to the first elution. In addition,
the aqueous eluent was basic enough to reduce the amino group ionization and hence
to increase solute retention on the reversed-phase plate.

DNP-amino acids were separated under similar conditions on an RP-18 thin-
-layer plate34. It is interesting that the addition of a salt to the non-aqueous solvent
did not modify the solute behaviour, whereas it increased the retention when present
in the aqueous eluent, a true expression of reversed-phase solvophobic behaviour,
Separations of DNP-amino acids were also accomplished on polyamide!?? and cel-
lulose!23-124 by development with an organic solvent in the first direction and an
aqueous solvent orthogonally. The efficiency of the chromatographic system required
judicious selection of the mobile phase components. Munier and Drapier!?# included
a few drops of r-octanol in the first eluent in order to suppress the chromatography
of the solvent itself. In addition, as impregnation of the plate with the organic mobile
phase caused irregularities in the perpendicular progression of the second aqueous
solvent, spot tailing and diffusion, sodium dodecyl sulphate was added to this
aqueous phase and helped to achieve small and round spots.

4.4.3. Peptides and oligopeptides (Table 10)

Peptides'?s and oligopeptides'?® have been separated on cellulose with an
acidic solvent in one direction and a basic solvent in the other. In addition to the
differences in solute ionization which originate from the use of eluents at different
pH values, differences in molecular weight also affect the retention and the partition
process. In a given category of compounds, the dipeptides for instance, solutes with
a large number of hydrophobic carbon centres, more soluble in the organic portion
of the eluent, exhibit larger Rr values!?2°,

Other peptide assays on cellulose!?® have combined electrophoresis in one
direction and chromatography with an organic-aqueous mobile phase in the other.
The electrophoresis step necessitated the use of binder-free cellulose, sufficiently large
plates, a weak gradient potential and an adequate electrolyte solution. Peptides mi-
grated according to their charge, the solute pK, values and the pH of the electrolyte.

4.4.4. Proteins

Although not related to TLC, the high-resolution, two-dimensional electro-
phoretic method developed by O’Farrel’?? and later by Anderson and co-work-
ers!28-136 should also be mentioned. Nearly 1000 spots were obtained from such an
analysis of lymphocyte proteins using autoradiography (Fig. 15). More sensitive de-
tection techniques are expected to afford the resolution of about 5000 components.

In the first dimension, proteins or polypeptides were separated according to
their charge by isoelectric focusing in a narrow gel tube. Next, the gel was extruded
and positioned on a polyacrylamide gradient slab, and electrophoresis was performed
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APPLICATIONS OF TWO-DIMENSIONAL TLC 167

in the presence of sodium dodecyl sulphate. In this second dimension, compounds
were resolved according to their molecular weight, as sodium dodecyl sulphate binds
electrostatically to the solutes, thus masking charge differences (Table 10).

The method described was applied successfully to a study of the protein con-
stituents of physiological fluids and tissues in normal and diseased individual. 4°-5%:
129 —131,134,135,137 —140

Because of the considerable number of proteins that can be separated in one
analysis, data handling becomes very complex as huge files have to be stored and
monitored. The corresponding software has been developed by Anderson et al.#® and
Lester et al.*°. A discussion of the problems of spot detection, segmentation, inte-
gration and pairing is beyond the scope of this review.

4.5. Carbohydrates (Table 11)

Sugars have been separated on cellulose'+! and Kieselgel G142, developed with
different water—organic solvents. Hotta and Kurokawa!43 modified a silica gel plate
by dipping it in 0.2 M sodium dihydrogen phosphate solution, a procedure known
to enhance sugar retention in proportion to the number of hydroxyl substituents!+4.
This selective stationary phase was developed with an eluent containing 10% of water
in the first direction and 25% in the second.

The effect of water on chromatographic mechanisms can be illustrated by the
behaviour of rhamnose and fucose in each eluent. These sugars differ in the steric
arrangement of their functional groups: rhamnose has one pair of cis-hydroxyl
groups in a B-position with respect to a bulky methyl group, compared with two
pairs of cis-hydroxyl groups in fucose, one - and one a- to the methyl group. With
the first eluent, the adsorption of rhamnose may be more sterically hindered than
that of fucose and thus rhamnose migrates faster, These structural differences are no
longer important with the second eluent, as solute adsorption on to silica is reduced
owing to plate deactivation by water present in the mobile phase. The solutes then
are believed to partition between the mobile and the modified stationary phases,
which results in similar Ry values for rhamnose and fucose (Fig. 16).

Carbohydrates have also been separated on silica gel impregnated with sodium
tetraborate, sodium tungstate!'4’ and boric acid!#4. In the first direction, a neutral
solvent was used and sugars were retained according to their capacity to form borate
complexes. In the second elution, the impregnating agent was completely deactivated
by the acidic solvent. Solute partition was in effect and the heavier disaccharides were
retained the longest. Phenylboronic and boric acids have more recently been used in
the mobile phase to resolve carbohydrates on silical45. Other separations have been
accomplished on cellulose developed in different mobile phases!4”.

4.6. Glycopeptides

Moczar48 reported the separation of some glycopeptides from a glycoprotein
enzymatic digest on silica. Electrophoresis in presence of acetic acid-pyridine-water
(10:1:89) (pH 3.8) was performed for 2-3 h at 10-20 V/cm on a 20 x 20 c¢m plate.
This operation was followed by a continuous development with ethanol-
nitromethane-acetic acid-water (5:3:3:3) for 18-30 h.
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Rha

. Rha .

Fue

. GlcNAc

. . GalNAc¢ Man
- ¢

Glc

‘ Gal '
5 . NANA !

Origin

( Butanol-acetone -water,4:5:1)

First dimension

_—

Second dimension

(Phenol-water,3:1

Fig. 16. Two-dimensional TLC of sugar mixture on silica gel dipped in 0.2 M sodium dihydrogen phos-
phate. Rha = rhamnose; Fuc = fucose; GIcNAc = acetylglucosamine; GalNAc = acetylgalactosamine;
Man = mannose; Glc = glucose; Gal = galactose; NANA = N-acetylneuraminic acid. First direction:
two successive developments in butanol-acetone-water (4:5:1). Second direction: two successive devel-
opments in phenol-water (3:1). Reproduced from ref. 143 with permission.

More recently, the soluble inhibitory factor (SIF), a molecule constituted of
both protein and glycolipid moieties, has been isolated from serum and purified on
a silica plate using chloroform-methanol-water in the proportions 60:38:8 in the first
dimension and 50:50:5 in the second4°.

4.7. Nucleic acids and their constituents

In cells, nucleic acids are carriers of genetic information and their constituents,
the free bases, nucleosides and nucleotides, actively participate in cellular metab-
olism. Detailed conditions for the two-dimensional separation of these compounds
are given in Tables 12 and 13.

4.7.1. Bases, nucleosides and nucleotides (Table 12)
Randerath and Randerath!s° achieved the first rapid, bi-directional separation
of 23 ribonucleotides on PEI-cellulose. Several mono-, di- and trinucleotidps were
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resolved, as well as some nucleotide sugars. Increasing concentrations of lithium
chloride solutions and formate buffer (pH 3.4) were used stepwise in the first and
second directions, respectively. Compared with elution at constant concentration,
step-gradient elution resulted in sharper circular spots. Solutes were resolved accord-
ing to their charge: the most negatively charged trinucleotide species migrated the
least on the PEI anion exchanger (Fig. 17). Similar conditions were later applied by
Santini and Ulrich?s! to the separation of 2'- and 3’-adenine, guanine, uridine and
cytosine monophosphates, and by Barton et al.?5? to that of nine pyridine and ad-
enine nucleotides. .

Various phosphate esters!$3.154 2'- and 3’-monophosphates!®s, 2°,0-methyl
nucleotides! 3¢, purine and pyrimidine bases® and nucleosides!*” have also been
chromatographed on cellulose. The pH of the eluent, which affects the extent of
solute dissociation, plays an important role in these assays. Thus, in most instances,
development was accomplished with an acidic solvent in one direction and a basic
solvent in the other.

The use of a basic solvent has been coupled with that of a salt in order spe-
cifically to affect nucleotide retention!*%:15°. A mixture of 44 bases, nucleosides,
deoxynucleosides, 2'-, 3'- and 5'-nucleoside monophosphates, nucleoside di- and tri-
phosphates and nucleotide sugars was resolved by Pataki’® on cellulose. The eluents
were n-propanol-25% ammonia-water (5:3:1) in the first direction and
isopropanol-saturated ammonium sulphate-water (2:79:19) in the second. Triphos-
phates were retained the most with the first eluent. The second buffer system en-
hanced their migration whereas it hardly affected the position of nucleosides and
bases (Fig. 18). Randerath and Randerath!%° had previously observed these ionic
strength effects on the chromatographic behaviour of nucleic acid constituents.

Using a silica gelcellulose plate with acidic and basic solvents, Munns and
co-workers!61,162 resolved 22 methylated tRNA purine and pyrimidine bases. Solutes
with primary amine groups such as adenine, guanine and cytosine exhibited lower
Ry values in a formic acid than in an ammonia system. These differences were found
to arise from interactions with silica, the adsorption of the primary amines also being
decreased by their methylation. At a basic pH, both the bases and the silica phase
are negatively charged, which weakens adsorbent-solute interactions.

Finally, Das!%3 separated 13 bases, nucleosides and nucleotides on pure silica
by varying the solvent pH and composition in the second direction.

4.7.2. Oligonucleotides and nucleic acids (Table 13)

Miller and Burgess' % rcsolved five oligonucleotides on PEI-cellulose by means
of lithium chloride-EDTA solution at pH 6.5 in the first direction and at pH 2.0 in
the other. The charges on both the phosphate and base moieties affected the separa-
tion. Also by varying the pH of the eluent, Mirzabekov and Griffin!®® were able to
separate 18 oligonucleotides on PEI-cellulose. The first direction involved successive
developments with 1.4 and 1.8 M solutions of lithium formate at pH 3.4; the lower
concentration ensured the resolution of smaller oligonucleotides and the higher one
that of the larger solutes. The second eluent was 0.8 M lithium chloride solution in
Tris base at pH 8.0. The chromatographic assay was carried out at 60°C for sharper
spot formation. Migration in the first direction was according to charge and nucleo-
tide composition whereas in the second direction it was more a function of molecular
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Fig. 17. Two-dimensional anion-exchange separation of nucleotides on PEI-cellulose. First dimension:
successive developments in (a) 0.2 M LiCl, (b) 1.0 M LiCl, (c) 1.6 M LiCl. Second dimension: successive
developments in (d) 0.5 M formate buffer (pH 3.4), (¢) 2.0 M formate buffer, (f) 4.0 M formate buffer.
CMP = cytosine 5-monophosphate; AMP = adenosine 5-monophosphate; CDPG = cytidine diphos-
phate glucose; UMP = uridine 5-monophosphate; UDPAG = uridine diphosphate-N-acetyl-glucosa-
mine; ADPG = adenosine diphosphate glucose; IMP = inosine 5-monophosphate; GMP = guanosine
5’-monophosphate; GDPM = guanosine diphosphate mannose; CDP = cytosine 5'-diphosphate; ADP
= adenosine 5'-diphosphate; UDPGA = uridine diphosphate glucuronic acid; UDP = uridine 5'-di-
phosphate; IDP = inosine 5'-diphosphate; GDP = guanosine 5'-diphosphate; CTP = cytosine 5'-tri-
phosphate; ATP = adenosine 5'-triphosphate; UTP = uridine 5'-triphosphate; ITP = inosine 5'-tri-
phosphate; GTP = guanosine 5'-triphosphate; DPN = nicotinamide adenine dinucleotide; TPN = ni-
cotinamide adenine dinucleotide phosphate. Reproduced from ref. 150 with permission.

weight. More complex mixtures of half or whole 5S-RNA molecules were resolved
by continuous gradient elution. The concentrations of the salt in the eluents depended
on the fragments to be separated, the chromatography of a whole 5S-RNA molecule
requiring 4.5 M lithium formate.

The separation of more than seven methylated mRNA 5'-termini, achieved by
Gross et al.'°¢ on cellulose, again involved different ionic equilibria in each direction
and their effect on solute migration patterns. Faster assays on cellulose have been
reported by Bergquist!¢7, who separated 17 oligo- and mononucleotides by coupling
electrophoresis with TLC. The system described is extremely powerful, capable of
resolving tetra- or oligonucleotides of similar charge and chain length.

The combination of gel electrophoresis and TLC has more recently been ap-
plied to RNA sequencing studies®®. First, 3'-terminal RNA half-molecules are sep-



M. ZAKARIA, M.-F. GONNORD, G. GUIOCHON

174

Aydes

(s’¢ HI)

saerd

aso[n[-gvdad (2)
sdugs roded

691 -8or1ewosyoouwoy (7) sisaroydonosrg (1) ayeyaoe asomye) (1) sopyooonuodo L1
(1'¢ Hd) 1ognq 9eno 3sonPRO-9vad () Sunusnb
wntpos pyw g7 (7) sis -0s apnospnN (7)
891 sisazoydonosig (1) -azoydonoopd [0 (1)  sapuospnuodio (1)
yu oz
-9] ‘wO/AQS ‘VIAA
W 100°0 Suurziuod
(z:05:06) 1oyoope  duref ¥y (sv'z Hd) areuuoy
yp |AWEOSI-PIoE OIULIO} Iapun unu WNUOWWE Jy |°Q wuw §z'Q ‘wd 0y x $apHjodENUOUOW
L91 ‘wo 0f A 80°0-foueing-'1437 Ag §T-07 W sisazoydomoarg 0T “00€ NW 3so[njoD + sapnoapnuolyy L]
(1:6:0t) 10-z-ued
-01d-(g'¢ {d) areraoe W8 (€€71'99) (L'€T
wnipos i [-opiydins -19A0 Hd) 1B)EM-RIUOWIWIE wd 07 x 0T TUIuL)- 6
991 L9 wnuowwe 1eg ‘pooH ys ~ploe dukingos| ‘(ho191)) 3soqn{[aD VNYW pargjhgioy - (<
(¢ HA)
.09 ‘(8 uonnjos 2A0Qe Y §°[—r
HI) OFT A T'¢ 20np sonponut Ajenped
-onui A[enpeid ‘eain ‘ealin py [ Uy 9jew un 07 x 0T ‘00E VNH SS
S91 W LEDTH O -10) Wnnp ;W 0’y NI 3son[j» ‘[4d ~ Jo syuswdeyy jenied
0,09 (b'e HD) w0 8’1
‘ammxiul sA0qy (Q)
(8 Hd) vaan Aip 0.09 ‘(e (vNY
L pue oseq SWL W ‘HO®HO doy Hd) wain py , ur gjewr ud Oz x 0T ‘00€ S Jo 15981p aseNy
$91 00 W DT A 80 (3) urysem ‘wo o] -Ioj wnig] iy 41 () NI 9so[nfjso ‘Tdd L) sephospnuodio 81
(HOYT pYos yum
paisnlpe ‘o'z Hd) poe K1p wo 07 x
ooy W 9'¢-VIad ‘HO'HO (5’9 HI) vida 02 ‘uuruyuLIg ‘00€ sapnospnuod
¥91 A T00 + OVTH € ulysem doy W 100 + DVI A 0T I NI 9s0[n[ja0 ‘[dd  -NO [eUNWId) YNY-S §
(w)
foy ahn Z 1usajog udiq N [ 124108 dss asoyd dapuonvig spunodwo?) N

*1 9]qe ur se s3uipesy uwn|jo)

SADV DMEATONN ANV SHALLOFITONNOOITO 40 NOILVYVdHS

€1 41dV.L



APPLICATIONS OF TWO-DIMENSIONAL TLC 175

Nicotinamide

Nicotinic acid
4(6)-Methyluracil

Deoxyadenosine Thy midine
2 -Thiouracil Thymine 3-Methylcytosine
Adenosine Deoxycytidine
@ Uracil, Cytidine, Cytosine,
——~2-Aminopurine i Deoxyuridine
\\__/, Hypoxanthine Engsine:

@ @ @Urndme
Adenine .
@@Deoxyguanosme@ —nr
2 i Xanthosine
7-Methylxanthine 5-Aminothymine
@Gmmsme IMP-5/,TDP, GDP -Mann.,

DPNH . . 5-Carboxyuracil
/@ Orotic acid

Guanine CMP-3', UMP-2'+ 3’

@ @ AMP-2' TMP- 5@ CMP-s’,CMP-z'
' CDPG,UMP-5&
AMP-3 GMP-3' Y
e - ADP GMP-2’ ubPG
ric acid UDPGA
TPNH AMP 5 [DP
4 DPN GDP TTP
ADPG
@ m
ATP uTP
5 GMP- 5 LnF S
- Xanthine GTP UDP
g GMP-2.,3-cyclic
= 6-Amino-2-hydroxypurinesulfate
ol 1-Methylguaninesulfate
+
—_—

2. Dimension
Fig. 18. Two-dimensional separation of nucleo-derivatives on purified cellulose layers. First dimension,
n-propanol-25% ammonia-water (6:3:1); second dimension, isopropanol-saturated ammonium
sulphate-water (2:79:19). Absorption spots are hatched, fluorescence spots are surrounded by broken lines.
Reproduced from ref. 158 with permission.

arated by gel electrophoresis. Then, the entire ladder of bands is excised from the gel,
transferred to a thin layer of DEAE-cellulose by blotting and hydrolysed in sizu with
takadiastase RNAase. The thin layer is developed in a direction perpendicular to gel
electrophoresis with 15 mM sodium citrate buffer (pH 3.1). The enzyme is supposed
to hydrolyse one nucleotide at a time and thus the resulting pNp spots correspond
to the sequence of nucleotides in the original RNA molecule.

4.8. Environmental pollutants (Table 14)

It is of interest for the environmental chemist to identify and quantify poly-
aromatic hydrocarbons and aza heterocycles in air samples from different sources.
This was achieved by Sawicki and co-workers?7®176 who analysed by two-dimen-
sional TLC extracts obtained directly or after column fractionation of airborne par-
ticulate and coal-tar pitch fume samples.
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i1}

Of all of the compounds in an airborne particulate, benzene-soluble, “oxy
fraction, compounds with an aza nitrogen such as 9-acridone and 6(5H)-phenan-
thridone exhibited the longest retention on an alumina plate. Substitution of the aza
nitrogen by an oxygen atom or sulphur weakened adsorption, xanthen-9-one and
thioxanthen-9-one migrating faster than 9-acridone!7°.

In their assay on an alumina—cellulose (2:1) mixed sorbent plate, Sawicki et
al.273 used an organic eluent for the first elution. Compounds were primarily retained
by adsorption; acridine had the smallest and pyrene the largest Ry values. In the
orthogonal direction, the plate was developed with a solvent containing 65% of
water. Water interfered with solute adsorption on alumina and also impregnated the
cellulose fibres, creating a partitioning medium. Under these conditions, acridine
migrated further than pyrene.

Similar mechanisms were effective in the two-dimensional separation of coal-
tar pitch aza heterocyclic on a silica—cellulose (2:1) plate. Adsorption on to silica
prevailed on development with the organic eluent: owing to the steric hindrance of
its aza nitrogen, benzo(k)quinoline was less retained than benzo(f)quinoline (Fig.
19). In the orthogonal direction, compounds were separated according to their par-
tition coefficients: the bulky dibenz(a,)acridine was retained the most whereas acri-
dine, benzo(h)- and benzo(f)quinoline had the largest R values; in general, retention
increased with the number of additional aromatic substituents!””.

Matsushita and Suzuki'”® succeeded in resolving the polyaromatic hydrocar-
bons anthracene, phenanthrene, pyrene, benz(c)anthracene, chrysene, perylene, cor-
onene, benz(a)- and benz(c)pyrene, benzophenylene, dibenzanthracene and diben-
zopyrene. The first development was carried out on an alumina strip with an organic
eluent. Adsorption increased with aromaticity and was affected by steric factors. The
second development was performed on the acetylated cellulose part of the plate with
a polar eluent. Compounds were separated by partition, those with the smallest num-
ber of rings migrating further than the others.

Polyaromatic hydrocarbons have more recently been separated on acetylated
cellulose'”® and on an acetylated cellulose-silica gel-alumina sorbent mixture!8°.
Other methods had involved the use of GC and TLC in combination!81.282, Janak182
and Kaiser!'®3 reviewed in depth both the instrumentation and the applications of
this technique.

4.9. Pesticides

Various pesticides, including aldrin and dieldrin'®%, DDE and DDT ana-
logues!®9, organophosphorus?®? and other compounds*®8-1°0, have been separated
on silica plates developed with different solvents in two directions (Table 15).

From the chromatographic behaviour of Planavin and its substituted 4-meth-
ylsulphonylaniline derivatives, it could be seen that the propylation of a primary
amine weakens its adsorption on to silica, whereas its substitution by a hydroxyl
group increases the retention®®8. The chlorination of phenol or benzoquinone also
decreases their retention on a silica plate!®°.

Yasuda’s!8? separation of various substituted benzenes, phenols and anilines
on a silica gel-zinc dust plate show that retention generally decreases in the order
phenol > aniline > N-methylaniline > benzene > chlorobenzene (Fig. 20). In the
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Fig. 19. Two-dimensional thin-layer chromatographic separation on silica gel-cellulose (2:1) of basic frac-
tion equivalent to 2 mg of coal-tar pitch and the characterization of seven spots. Standards: (1) acridine;
(2) benz[ajacridine; (3) benz[clacridine; (4) benzo{f]quinoline; (5) benzo[k]quinoline; (6) dibenz[a,jlacridine;
(7) 11H-indeno[,2-b]quinoline. The plate was sprayed with trifluoroacetic acid fumes and the fluorescence
colours were marked. B = blue; Br = brown; G = green; | = light; P = purple; Pk = pink; R = red;
Y = yellow; O = orange; V = violet; - = no fluorescence; so located by the quenching of the fluorescent
plate. Reproduced from ref 177 with permission.

second direction, differentiation was further made between meta-, ortho- and para-
isomers. The elution order may appear surprising at first, as m-nitroaniline, a 35-fold
stronger base than p-nitroaniline, is less retained on the acidic silica phase. Similarly,
3,5-dinitroaniline is less retained than 2,4-dinitroaniline. This may be attributed to
the effect of zinc dust in the sorbent mixture.

Gardner’s'#7 assay of organophosphorus pesticides is one of the few that uses
solute derivatization prior to the second plate development. This was accomplished
in order to obtain, in the second direction, a widely different migration pattern from
the first. The resulting spots are then more separated, which allows better identifi-
cation of multiple pesticide residues. Thus, after the first development, the plate was
exposed to bromine vapour, which converted the thionate and dithioate pesticides
into their corresponding oxygen analogues. The plate was then chromatographed
with a more polar solvent in a direction perpendicular to the first one.
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Fig. 20. Two-dimensional separation of tetryl and related compounds on a silica gel G-zine plate (30:0.5,
w/w). 1 = 1-Chloro-2,4,6-trinitrobenzene (picryl chloride); 2 = N,N-dimethylaniline; 3 = 1,3,5-trinitro-
benzene (TNB); 4 = 2,4,6-trinitroanisole; 5 = 1-chloro-2,4-dinitrobenzene; 6 = N-methylaniline; 7 =
N-methyl-2,6-dinitroaniline; 8 = 2,4,6-trinitroaniline (picramide); 9 = N,2,4,6-tetranitroaniline; 10 =
N-methyl-2,4,6-trinitroaniline; 11 = o-nitroaniline; 12 = 1,3-dinitrobenzene (reference compound); 13
= N-methyl-N,2,4,6-tetranitroaniline (tetryl); 14 = 1-chloro-2,6-dinitrobenzene; 15 = 3,5-dinitroaniling;
16 = me-nitroaniline; 17 = 2,4-dinitroanisole; 18 = N-methyl-2,4-dinitroaniline; 19 = 24-dinitroaniline;
20 = p-nitroaniline; 21 = N-methyl-N,2 4-trinitroaniline; 22 = 2,4-dinitrophenol; 23 = 2,4,6-trinitro-
phenol (picric acid). Solvent 1, chloroform; solvent II, ethyl acetate-light petroleum (1:3). Reproduced
from ref. 189 with permission. .

4.10. Inorganic compounds

Perhaps the most important application of the two-dimensional separation of
inorganic compounds is shown in Fig. 21, where polyphosphates are separated ac-
cording to both their type and their chain length. This is achicved by combining an
alkaline and an acidic solvent!®!.

In the separation of metal ions, two possibilities have been explored, as follows.

(1) The separation is effected using different kinds of complex formation in
two directions. This is only feasible, however, if complexant I is volatile or does not
interfere with complexant II. A typical example of the latter is shown in Fig. 22. The
first solvent (methanol-ethanol-2 N hydrochloric acid) separates metal ions mainly
according to hydration differences and complexation with hydrochloric acid at tow
acid concentrations. The second solvent separates according to the extraction of
complexes at high hydrochloric acid concentrations as well as forming complexes
with hydrofluoric acid [mainly for Zr(IV) and Nb(V)]t°2.
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Fig. 21. Two-dimensional separation of oxyacids of phosphorus on paper. Alkalin solvent 1 (Ebel)-acidic
solvent 3 (Grunze and Thilo). 1, orthophosphate; 2, pyrophosphate; 3, triphosphate; 4, tetraphosphate;
5, pentaphosphate; 6, hexaphosphate; 7, heptaphosphate; 8, octaphosphate; 9, Graham’s salt; 10, trime-
taphosphate; 11, tetrametaphosphate; 12, hypophosphite; 13, phosphite; 14, hypophosphate. Reproduced
from ref. 191 with permission.

(2) Itis also possible to separate in one direction by partition chromatography
(butanol-2 N hydrochloric acid) and in the other by ion exchange (1 N aqueous
magnesium chloride) on phosphorylated cellulose paper (Fig. 23). In the presence of
hydrochloric acid (in the first dimension) the ion-exchange groups remain practically
unionized and the metal ions move as on ordinary cellulose paper. The butanol-
hydrochloric acid solvent cannot be removed entirely by evaporation and the re-
maining hydrochloric acid is neutralized with ammonia vapour!?3,

4.11. Miscellaneous

Several reports have discussed the two-dimensional chromatography of organ-
ic acids on paper®7-194 and cellulose!®3, of indole derivatives!?6-197 and catechola-
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Fig. 22. A two-dimensional chart showing the distribution of the major fission products when chroma-
tographed first with methanol-ethanol-2 N HCI (30:30:40) and then with butanol-conc. HCl-water-conc.
HF (100:50:48:2). Reproduced from ref. 192 with permission.

Do
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Fig. 23. Two-dimensional separation of metal ions on a 14-in. square of phosphorylated cellulose paper
containing dihydrogen phosphate groups in the monoammonium salt form. Development is by the down-
ward flow of the organic phase of a mixture of n-butanol saturated with 2 N HCI (partition chromato-
graphy) followed by 1 N magnesium chloride (ion-exchange chromatography). After the first run, the
sheet is' dried over ammonia to neutralize excess acid and to convert the paper to the original -form,
Reproduced from ref. 193 with permission.



[aa)

18

APPLICATIONS OF TWO-DIMENSIONAL TLC

(81 "d uo panutiuo))

(s:56) poe

(0z:s€:51)
eruowwe-jourdoidosi

um 07 “0,$01
‘ww g ‘W gz X

SpIoe J1[AX0qIBAOP

L61 31330B-ULI0JOIOTYD) -o1e)908 AU 0z ‘ClpIsy) D 198 1§ -ul pue dnjadesjopU] z
(¢:1:00) y
(:g:s1) 199eM I9jem-BlUOWIUR Z1 ‘D.0T ‘ww ¢°Q ‘wo
961 -ploe Jndoe-[joue)ng -9, cz-jourdoidos] 01 x 0T ‘Tz O 19818 SOATIBALISD 2]OpU] 9
(611:59:6°€7) ww §¢'0
(1:¢:1) 191BM—07E}OE I19]eM-9181908 ‘wo 07 x 07 “4H
G61 WO Gl [Ay1a-pioe I un ¢yl 1&y1e-jourdoados] 00§ NJA 9so[n[=aD spioe AxQ 8
uni1 o} Joud y
8 10] Jue) SIjRINJES
K1p J2A®[ 19MO] 2[IYM
‘poe 1uowrdoaAap 10J 194e]
o11908 Jaddn asn ‘Suipuels
m 13y {(8p1001:5T'5L)
(00°T:5T°1:0001) ysea Iajem-ploe
I3jem—pIuowure 471 orunoj 9, p-jouedold (NINE
¥61 46 —jouedoid-u ‘Aiq q/ -u-joueing--0as ¢ ueuneypy) 1aded spioe oesd1Q ¥l
plqIn] [rjun Jajem
+ (0Z:05:05) PP
otroj-[o1dATeona (:6:08) Jo1EM w05 x o ‘(
L9 yp] -jouedoid-| g q p1 —BruowuIe-[ouey)g ‘oN uewieypy) 1oded spioe swesio 1z
pIqIn] [run Isjem
+ (0T:05:05) proe (sz:5:0L)
wo Op-G¢ sruloj-jord4[eona wd 0p-G¢ Isjem-—eluowIuwI® wd Gy x S
S ‘q¢ -Touedoig-| POOH 471 ~jourdoados] “(zz1 xnaungg) Jaded spioe oedip 4l
(ur)
Jay 1/ Z 1uanjog Budag /1 [ 1uaajog dss asoyd Lapuonms spunoduio) N

‘] 3]qeL W s& s§uIpedy uwWnfo))

SANNOJdWOD SNOINVTTIOSIN JO NOLLVIVAHS

91 4714V.L



, M.-F. GONNORD, G. GUIOCHON

M.

uo
07 x S ‘1ahe[ 4 2s0]

(50T -n[[ed pareff1o0y ()
(s0:T:L) pIoe a1j308-3181908 dins wo
Jarem-19y)a [Ayjotp [Ay19-opHoyoens) 0T x  uo (]:1) asoj sayjoqejou paje[al
24 wo o[ -[oueioi :(7) uQ wo g uoqre) () uQ -N[2-4H [P 1§ (1)  pue seo)IUIpo[RyIY
, (1:0€:001) Y ¥ ‘0,001
(1:1:7) ewouwrwe Junue[ouBYyjIW ‘ww 670 ‘(dpsz sajfoqe)aw
€07 un g1 -joueyle-jouedosdosy wd 71 -]OUBY15W-JUO}I0Y z uueunyuug) (98 1§ pue surzewoidiofy)
(0L:01:07) uru
44 (01:06) o3 [Aygrarp 0€ D.011 ‘ww 6z°0  (sunmn ‘pooiq) s3nup
‘107 3U0}0e-dUdZUIY wo ()] -9UIZUS(-WIOJOION)) §'1 ‘wo Oz x 0T ‘D P31 auidezeipozuag-4'|
D.8C-€T joueng-u ps  apoyjes
‘A 00€ ‘(9'6 Hd) uonn -jeinjes-Isjem ui pIoe wolrj
-108 tovgleN %1 yse owoydinsousnjo)-d Keme urw g9 ‘),011 ‘ww
002 qe yum sisazoydoxnoory ‘Wo 91 %7 + aurptadig %g wd oS £0'0 ‘(IO W) [93 1§ sutowoideng
(sprunyoini3
(01:5:5p) e1HOW um og “,S01 + utoifusyd ‘sopra
-WE %,¢7~ULI0JOJO[Yo (szisL) 3oyia ‘ww ¢7°0 ‘Wo (7 -Inowolq ¢ ‘sajeinyq
661 wo [ ~jouedoidosy wd o] [AY131p-uLI0joIo[y)) x 07 ‘v$EgD 198 18 -1eq ¢1) sonoudAy
(x2) (01:06)
[oueyjow-suszuag (q) saurue
(0z:001) surure (0z:001) 211908 [£) owagorq jo saan
0zl wo ¢ -[Ayreui-wiojoroy) -ng-o1e1998 [Ayiyg (8) D [9S91Y  -BALIOP PaIR[AI190V-N
(x2) SIALIBALIP JI8()
(x?) (02:001) sunuejkyjoLn PUE SOUIUEB[OYI3IBI
(0Z:001) 1oy3a |Adoxd -oye300E [KIng (q) utelq jo saAn
0zl -OSHp-auIUBIAYLI Y, Ioy1s [Kdoadosn(g (&) D [98fesary] -BALISP paje[Asue(
(T:€L:9p1) Jo1EMm (1:p) eruow wu () “wo gf sojIjoqelew
861 ulw Gy -PIOB 01]90B-2USZUSY yz -uwe oyc-jouedordosy x (] ‘9sO[nyad %8 auIwe[oyYoe))
()
Soy il Z 1uanjog o dt] [ 1uaajosg dSss asoyd Kipuonnig spunoduio?)

184

‘1 91qe ut se sSuipesy uwn|o)
SANNOdNOD SNOANVTTIDSIN 40 NOILVEVIAS
(panupu02) 91 414V.L



185

APPLICATIONS OF TWO-DIMENSIONAL TLC

11T

01¢

60T

(yz S14)
80T

LOT

90T

S0z

wo 01

wd Sy

wd /]

(6:1) wnajon

-ad y3y-ouoiaoy
(T:T:L:9:00)
sururejAyjarp-joyoore
[Awreosi-riuowwe N/
¢ 1-{ouryjs-jouring-g

(p:¢) suew
~X3YO[0A2-UWLI0JOIOTYD)

g4 w dojaaap pue
081 21e[d 218109 (9)
(sa1ed soyeuSaiduur)
uLojoroyd ut 00
Xemoq1e) %0z (q)
(x7) (0T:08)
AAS-wI0joIofy) (€)

(01:0£:09) pioe
JIULIOJ 9, (6918108
[Aq1s-suanjo],

(900
1po1joulj[ey) [ouryla
paimeuaqJ o\awm

(61)

WLI0JOIO|YI-SUTIDY

unw g

Ie
WIBM

wean)s
ny
utw ¢
“dursy
wool
“Yrep
‘A1q

Ul

SUBYISOIONYIICT-T°T

(8:9:81:¥7) sunue[&y
-191p-131BM—20U0J30E
—[oyoo[e [AwerOSs]

(y:€) sue

Ul 07 -Xayo[oAd-uLIojoIoYD

un 7§

un Of

wo §

wd Ly

(sg:68)
ULI0jol1

-o[yo-wnajoxjad 1ydry

(S1:$1:08) 1ouedoid-g
—3U07308-WI0JOIO[UD

(88:T1)
E._OuouoEOroﬁoaooax

(1:#:5) pwe
JIULIOJ 9,(06-918130e
IAqia-auanjog,

ut g

4 Z 0011
‘wo 07 x 07 ‘snp uz
81+ De818380¢

ww §7°0
‘wo gl x 0 ‘H P8 1S

41 D.0Ct
W §T x §1 ‘(33
-eaey]) 198 IS [ojn[I§

u g
x 0T 410,09 ‘(1:1)
€L 112001IN-OS I

wuw g'p “wo 0 x
0T ‘(W) 09 128 1§

wd ¢ x O ‘(uuew
-ulg) $T-94H-OTIS

910,501 ‘09 193 1§

sanundun s31
pue auszusqonuLn
~9'pZ-outwBL  -6¢‘]

siwena °g

saxajduwos
AewWeqIeoonyp-jA
-X3yIpsiq pue -[Ayiaip
-81q (IDIN Jo oImIXI]N

sauozelpAyjAuayd
-onuip [Auoqie))

Pa1re[ost TN
uIXojeyE YoM Wolj
SJUININSUOD YT

(u100) surxojepgy

(s3y) 3
13 ‘zq ‘1q suxolepy

cl

[

LE



186 M. ZAKARIA, M.-F. GONNORD, G. GUIOCHON

1 (b) —-— (o)
) W, i
070 v, )
vz V0
) )

(a)

<

N
%
§
§

[ e}

[ X e

[ - t —
(d)s (E‘)| o—K
l ! //o’
:'1 | ° o— A
» -
' | o -~
il | / e
| -
/7 - E
l L 1e” @
" | [ ]
'I l // .—_.__ D
o e
. | i
. . . o K
t I o e ° [} A
' | o ® L ® E
. |e ° o [} D

Fig. 24. Diagrammatic representation of the two-dimensional separation of dinitrophenylhydrazones (di-
rection of solvent travel indicated by arrow). (a) Stage 1, class separation; (b) stage 2, first concentration;
(c) stage 3, second concentration; (d) stages 4 and 5, impregnation and marker application; (e) stage 6,
chain length separation. K = ketones; A = anals; E = enals; D = dienals. Reproduced from ref. 208

with permission.

mine metabolites129:198 on silica and cellulose, of barbiturates!®?, streptomycins?°°,
benzodiazepine2°1:202 and chlorpromazine?°3 drugs on silica and of phthalodini-
triles2®* on a mixed plate, where a silica—cellulose strip had been coated at the side
of an acetylated cellulose layer. In addition, aflatoxins?°5—2°7, carbonyldinitrophen-
ylhydrazones?°8, dithiocarbamate complexes?°® and some B vitamers?!? have also
been resolved by two-dimensional TLC. Detailed chromatographic conditions for
these separations are given in Table 16.

Craske and Edwards?°8 developed an original two-dimensional technique for
the separation of carbonyl dinitrophenylhydrazones (Fig. 24). Solutes were first re-
solved into different classes (alkanones, alkanals, alk-2-enals and alka-2,4-dienals)
by adsorption, and next on the basis of chain length by partition. Whereas initial
class separation required a small sample to prevent overloading, secondary chain
length separation following Carbowax 400 impregnation required a large sample to
facilitate solute detection. This problem was solved by streaking the sample across
the width of the plate, developing in the first solvent and subsequently performing
a chromatographic concentration step. Orthogonal elution in chloroform-SVR
(80:20) concentrated the spots on one side of the plate. The layer was then impreg-
nated with 20% Carbowax 400 in chloroform. The plate was rotated through 180°
and chain resolution was effected by development in light petroleum.
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5. CONCLUSION

In summary, two-dimensional TLC applications may be achieved using:

(1) a one-sorbent layer and solvents with different selectivity for the various
solutes;

(2) a mixed-sorbent layer and eluents chosen such that one particular sorbent
dictates retention in a given direction;

(3) coupled layers where two different sorbents are coated side-by-side, each
effecting a separation according to a different retention mechanism;

(4) modification of the plate (impregnation) prior to the second development;

(5) derivatization of the solute prior to the second development;

(6) coupled separation techniques (TLC-GC, TLC-electrophoresis).

Sample purification may be achieved in one direction and separation in the
other. The main advantage of the technique lies in its efficiency, as a large number
of spots may be resolved on the chromatographic plate??, provided that the initial
spot size is small and the sample is not overloaded. In addition, widely different
components may be resolved from a given mixture.

Perhaps the main disadvantages of a two-dimensional system are the serious
difficulties encountered in quantitating a significant number of spots, the difficulties
of predicting Rr values obtained from the second plate development, as these are
generally affected by the previous elution, and the possible irregular ascent of the
second solvent, leading to spot distortion. It is possible to correct for the latter prob-
lem, if not by selecting more “‘miscible” solvent systems, then by grafting two thin
layers and transferring spots from one to the other prior to the second develop-
ment2'2, As for the prediction of Ry values, a blank plate could be developed in the
first eluent prior to spotting the various reference solutions and chromatography in
the second direction.

Thus the problem of measuring compound concentrations remains the most
critical, at least when working with non-radioactively labelled material or with com-
pounds that cannot all react with a fluorescent or similar tag.

Nevertheless, this method is extremely powerful and rapid. With a total analy-
sis time of about 1 h, a spot capacity well exceeding those currently achieved in
conventional TLC or even HPLC can easily be obtained. The spot capacity of the
figures reproduced above is in the range 150-300 (except in Fig. 15). We are of the
opinion that this method or more generally bi- and tri-directional chromatographic
techniques have considerable potential for the separation of complex mixtures; when
there are a few ten to a hundred components to resolve, their use may save a con-
siderable time in the selection of a convenient solvent mixture and/or chromatograph-
ic system allowing the complete separation in one HPLC run. If the mixture is more
complex (several hundred components) they offer the only possibility of a simple,
total analysis.

Accordingly, instrumentation for two-dimensional chromatography will be the
subject of intense development work in the near future, and solutions will eventually
be found for the problems discussed above.
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6. SUMMARY

In view of the large spot capacity available, much larger than in conventional
thin-layer chromatography (TLC), two-dimensional thin-layer chromatography is an
extremely powerful and rapid separation technique. This paper presents a review of
the literature up to early 1982 on the analytical applications of two-dimensional TLC
classified according to the chemical nature of the compounds separated. Technical
aspects of the method (single, mixed or coupled sorbent layers, plate impregnation,
solute derivatization, coupling with other analytical techniques), together with effec-
tive mechanisms of solute retention are discussed. Available methods for spot detec-
tion and quantitation are reported. Future trends of two-dimensional TLC are com-
mented. Over 200 references are cited.
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I. INTRODUCTION

The theoretical plate model continues to enjoy widespread popularity as a
description of the behavior of chromatographic peaks. The plate model is generally
attributed to Martin and Synge!, but has been developed further and modified by
Glueckauf?, Mayer and Tompkins® and others. Giddings* gave an excellent discus-
sion of the plate theory and its limitations.

In the plate theory of chromatography, a column is divided into a number of
imaginary sections called plates. In each plate it is assumed that a sample substance is
partitioned between the stationary and mobile phases and that equilibrium has been
attained. Then the mobile phase in each plate moves forward to the next plate,
carrying the sample substance in the mobile phase forward exactly one plate. A new
partitioning occurs simultaneously in each plate, and it again is assumed that equilib-
rium is attained. This process is repeated many times, until sample constituents move
along and off the column at different rates and thus are separated.

The number of imaginary sections in a column is generally called the number
of theoretical plates, or theoretical plate number, and is designated as N (or n). The
numerical value of N for any given column length is maximized by using very small
spheres of uniform diameter, thinly coated with a stationary phase and carefully
packed, as the column stationary phase. Factors such as column dimensions and

* Operated for the U.S. Department of Energy by lowa State University under contract No. W-7405-
ENG-82. This work was supported by the Director of Energy Research, Office of Basic Energy Sciences.

0378-4355/83/$06.00 © 1983 Elsevier Science Publishers B.V.
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fittings and proper eluent flow-rate also affect the value of N and hence the separation
efficiency of the column.

There is no convenient way of measuring the intrinsic value of N; it must be
calculated from measurable parameters, namely the retention time (or volume) of a
peak and the peak width (or ¢, which is a function of peak width). The defining
equation for this calculation is

2 2
N= 16(—’—) =L
w (e}

where 7 is the peak retention time, w is the peak width at its base (in the same units as
1) and ¢? is the variance of the peak width.

Some chromatographers prefer to use the number of effective theoretical plates
as a measure of the separation power of a column:

t — t0>2 _ (t — t)?

w o>

Ny = 16(
where ¢, is the retention time of a non-sorbed substance, or the “dead time” of the
column. As early as 1959 Purnell®® noted that N, (for which he used S, rather than
N) is critical in determining the separation ability of a chromatographic column. He
found that the resolution of alkanes was inconsistent with the observed value of N
when the retention volumes are very small. Widely used equations show that resolu-
tion of chromatographic peaks is proportional to the number of effective theoretical
plates.

The plate theory of chromatography has been criticized as lacking in physical
reality because eluent flow in actual columns obviously is continuous and not a
discontinuous flow from one plate to the next as portrayed by the plate theory. It is
debatable whether this objection is valid because any theory that gives results con-
sistent with experimental behavior would be useful despite differences in the actual
and theoretical mechanisms.

Giddings* criticized the plate model on several counts and concluded that it
“fails in the most important test of all —the very practical matter of predicting zone
dispersion as a function of the numerous variables open to manipulation by the
investigator”. These variables include the particle size of the solid support, thickness
of stationary phase coating, eluent flow-rate and diffusion coefficients in the
stationary and mobile phases.

The rate theory of chromatography has tended to supplement, rather than
replace, the plate theory. The Van Deemter equation’ describes the effects of eluent
flow-rate, longitudinal diffusion and multi-path effects within the column on plate
height, H (H = column length, divided by ). For capillary columns in gas chroma-
tography, the Golay equation® shows how diffusion coefficients, thickness of
stationary phase coating, column diameter, flow-rate, etc., contribute to plate height,
H. Giddings* has made major contributions to the dynamics of chromatography and
has shown the effect of many experimental parameters on plate height in both gas
(GC) and liquid chromatography (LC).

Although a theoretical value for H can be calculated from the diffusion coef-
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ficients and other parameters contained in rate equations, the calculations often are
not very accurate. For example, Desty and Goldup® compared experimental and
calculated values for terms in the Golay equation and found good agreement for the
B term but that the experimental C term was 2-6 times the calculated value. The
major value of rate equations is in predicting in a qualitative manner (or semi-quanti-
tative at best) how a change in particle size, for example, will affect chromatographic
behavior.

Most chromatographers still rely on only two actual measurements to evaluate
performance: peak retention time and peak width. The discussion in a recent book on
liquid chromatography!® is fairly typical of the way in which the dynamics of chro-
matography currently are handled. The authors consider that the theoretical plate
number, N, of various chromatographic peaks is approximately constant and there-
fore they consider both N and H as measures of chromatographic efficiency. Thus, the
rate theory and plate theory are in a way still tied together.

There seems to be some confusion as to how N varies (or does not vary) as the
capacity factor, k, changes (recall that retention time of a peak varies directly with its
capacity factor). While Snyder and Kirkland consider that N is approximately con-
stant with k, Grob!! states that N tends to increase with higher & and Kaiser'?
indicates that N decreases as k becomes larger. Jennings'?® provides a nice experi-
mental answer to this question. Careful gas chromatographic separation of n-alkanes
on a capillary column shows that N is very high at low values of k and decreases with
increasing k, rapidly at first when & is small, and then more slowly at larger & values,
eventually approaching an asymptotic value. Their data show that n starts at or
near zero and increases as k becomes larger. N, appears to approach the same
asymptotic values as N. The change in N or N with k is particularly great at k
values below 1.0.

In this paper we derive simple statistical expressions for calculating the mean
and variance of chromatographic peaks that are still on a column (position peaks)
and for these peaks as they leave the column (exit peaks). The variances of position
and exit peaks as a function of capacity factor, k, are compared. We also show how
the major contributions to peak broadening in capillary column GC can be de-
termined at any k value using gaseous diffusion coefficients computed from empiri-
cally determined constants for the atoms and chemical groups making up the carrier
gas and the compounds separated. First, the peak variance contributions resulting
from axial diffusion are calculated from a modified form of the Van Deemter equa-
tion and are subtracted from the measured peak variances. Then the remaining vari-
ance of each peak is plotted against a function of the capacity factor, k. A plate
number is calculated from the slope of this linear plot which is independent of & and
thus provides an excellent measure of performance for a column operating under
specified, fixed conditions. The intercept of this plot provides an estimate of the extra-
column peak broadening of the chromatographic system.

For both GC and LC columns run at a single flow-rate, a similar approach is
outlined that gives another plate number that also is independent of £ but which
includes any peak broadening effects resulting from axial diffusion. This plate number
is also useful in describing the separating ability of a column under fixed conditions
and in predicting the variance of peaks of different & values from those in the test
chromatogram.
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The authors feel that the material presented here will correct some of the
confusion or misconceptions that many chromatographers seem to have about plate
theory. We also think that the approach presented is a simple but practical way of
handling some of the dynamic effects that determine the variance of chromatographic
peaks.

2. PLATE MODELS

Using a statistical approach, we shall study two classical models falling into the
category of plate theories: the first is the discrete flow model and the second the
continuous flow model. The characteristic feature of a plate model is that the chroma-
tographic column is considered to be divided into a sequence of disjoint segments, or
“plates”. In our discussion, we shall refer to these as theoretical segments (ab-
breviated to TS). The sample molecules proceed from one TS to the next until they
leave the last segment and exit from the column.

The purpose here is to derive statistical equations for the mean and variance of
a peak that is still on the column (a position peak), and for a peak leaving the column
(an exit peak); this will be done for each of the plate models. The statistical approach
also leads to equations that describe the entire shape of position and exit peaks,
although such equations for counter-current chromatography (CCC) are already
available in the literature.

3. DISCRETE FLOW MODEL

The assumptions of the discrete flow plate model are (1) the entire mobile
phase moves from each segment to the next at the end of discrete equal time intervals
and (2) the sample chemical remains in equilibrium between the stationary and the
mobile phases. In our analysis we shall study the movement of a single molecule
through the column. In this form the equilibrium condition is expressed by the con-
dition that the probability that the molecule is in the mobile phase is p, while the

. 1 ;
probability it is in the stationary phaseis 1 — p. Thusp = ik where k is the well

known capacity factor. Thus the position of the molecule is random and depends
crucially on the random “‘decisions’ on whether to stick in the stationary phase or be
free in the mobile phase during a given time unit. We shall measure the passage of
time by the number of transfers (#) of the mobile phase that have occurred. We shall
measure the location of the molecule by noting which scgment it is in. Two quantities
are of particular interest: one is the probability distribution of the position of the
particle at time », and the other the probability distribution of the time when the
molecule leaves the column (the exit time).

We shall first examine the position distribution. In each time period the particle
either goes to the next segment of stays in its current segment. The first event takes
place with probability p and the second with probability 1 — p. Which of these two
events actually occurs in the kth time interval can be represented by the random
variable

_ J1 with probability p
¥ 7 )0 with probability 1 — p
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Random variables of this type are known as “Bernoulli” random variables'*. If we
assume that our molecule starts in segment zero at time zero, then its position at time
n [denoted by X(n)] is

X(n) = ) B,
k=1

As the B,s are random, X{(#) is also random. The Bernoulli random variables in the
sum are all independent and identically distributed with mean p and variance p(1 — p).
It follows that the expected value of X(n) is

n

E{X(n)] = E( Z Bk) = Z E(B) = np )

k=1 k=1

and the variance of X(n) is

Var[X(n)} = Var( Z Bk> = z Var(B,) = np(1 — p) (2)
k=1 k=1
These could also be written as
. B 1
E[X(n)] = n(l - k) (3)
Var[ X = % 4
ar[ (}’1)] =n m ( )

The central limit theorem of probability'# tells us that X(n) is asymptotically normal,
i.e., the distribution of X(n) approaches closer and closer to a normal, or Gaussian,
distribution as n increases (n = 30 is usually considered large enough for this to be a
good approximation).

Probability theory will provide even more detailed information. An elementary
result tells us that the sum of n independent identically distributed Bernoulli random
variables with parameter p has a binomial distribution with parameters n and p (ref.
14). It follows that

n!

V] P pyr

PLXe) = j} = (P (1= pr ™ =

n! k"
=Y+ )

©)

where J is some particular TS in the column and » is the number of transfers, or the



198 J.S. FRITZ, D. M. SCOTT

number of time intervals that have elapsed for a substance of capacity factor k. Eqn. 5
can be used to calculate the distribution of molecules along the various TS in a
column by inserting various values of j into the equation. The result calculated will be
the fraction of the molecules in each theoretical segment.
Next we examine the problem of determining the exit time distribution. If we
r—1
denote the exit time by 7, then T = r + Y, D,. In this equation r is the number of
k=0
theoretical segments in the column and therefore is the minimal amount of time
necessary for the molecule to leave the column if it never enters the stationary phase.
D, is the (random) time that the molecule spends in the stationary phase of segment ;.
D; can take on the values 0. 1, 2, ..., and it does so with probabilities p, p(1 —),
p(1 — p)?, ..., respectively. This is the distribution of a geometric random variable with
parameter p (ref. 14). Thus the random variables D, j = 0, ..., r — 1 are independent,
identically distributed, geometric random variables with parameter p. The mean and
variance of such a geometric random variable is (1 — p)/p and (1 — p)/p?, respective-
ly. Thus we obtain

r—1 ¥ =1
E(T)=E<r+ Z Dk)=r+ Z E(Dk)=r+,—(1 “”)=
k=20 k=0 P
T=v + k) (6)
P
¥ =) r—1 r—1
Var(T) = Var(r + Z Dk> = Var< Dk> = Z Var(D,) =
k=0 k=0 k=0

,<1 _2”> =rk(l + k) ()
P

We can once again apply the central limit theorem of probability to conclude that T'is
asymptotically normal, i.e., as r becomes large the distribution of T approaches the
normal distribution. It is even possible to obtain the exact probability distribution of
T. To do this we utilize an earlier result: P{X(n) = j} =(Hp’(1 — p)" .
We obtain the following:

P{T = n} = P{X(n — 1) = r — 1 and that the molecule is in the mobile
phase in the next time interval} =

P{X(n — 1) = r — 1} P{mooecule is in mobile phase in next time interval } =

[C=Hp ™ A =p" e =D PA —p) ™

Thus
(n — D! k"

n — Nir — DI (A + k) (8)

P{T =n} =
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The result in eqn. 8 is the fraction of molecules of capacity factor k that leaves a
column, containing r theoretical segments, during the nth time period.

4. CONTINUOUS FLOW MODEL

The basic assumptions of this model are as follows: (1) eluent flows at a con-
stant rate from one segment to the next; (2) the mobile and stationary phases remain
in equilibrium at all times; and (3) there is perfect mixing in the segments. As we shall
be looking again at only a single molecule, we interpret condition (2) to mean that the
probability that the molecule is in the mobile phase at any given time is 3 and the
probability that it is in the stationary phase is 4 “Units” are set up as follows. The
amount of eluent in one segment is one unit of volume. The amount of time it takes
for one unit volume to flow from one segment to the next is defined to be one time
unit. Thus, in a time interval A¢, an amount of eluent 4¢ flows from each segment to
the next.

Suppose we have r segments (numbered 0, 1, ..., r — 1). Looking at some
molecule of sample as it moves through the segments, we see that:

(1) It spends a random amount of time, D;, in segment i.
(2) These “delay times”, D,, are independent, identically distributed random

variables.
r—1

(3) The exit time for the molecule is ), D;.
i=0

(4) The TS the molecule is in at time _, N(2), is given by

n — 1 n

N(@) = {minimum value of n such that Z D, <t < Z Di} ©)

i =0 i =0

(Note the above D, is not to be confused with the one used in the discrete flow model.)

Clearly, our first task must be to determine the distribution of the random
variables, D,. To do this we look at a single segment. We wish to calculate the
probability that a molecule (which is in this segment) leaves the segment in the next
time interval Az (At is assumed to be small). For this to happen it is necessary that the
molecule (a) be in the mobile phase, and (b) be in that particular 4¢ volume of eluent
that is leaving. This probability is

1 At 1
Play-Pib} = (1 I k><T> - m(l + k)

This result is characteristic of an exponential delay time with parameter 4 =
(ref. 14). The density of such a random variable is de * (t > 0).

With this piece of information together with some standard results of prob-
ability theory, we can now determine the exit time density and the probability distri-
bution of the molecules’ position at time ¢. First, the distribution of the exit time is the
distribution of the sum of r independent identically distributed exponential random

L
[+ k
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variables. It is known that this distribution is a gamma distribution with parameters r
and 7 (ref. 14). The density function is

Now we use the fact that the mean and variance of our exponential random variables
are 1/ and 1/42 respectively. Let T'denote the exit time [which will have the density f(7)
above]. Then:

r—1 r —1
E(T) = E( Z Di) = Z EWD) = % = r(l + k) (10)
i=o0 i=0
r—1 E =4
Var(T) = Var<z D,-) = Z Var(D,) = )er =r(l + k)? an
i=0 i=0

Once again we can apply the central limit theorem to conclude that the distribution of
T is asymptotically normal (as r — o0).

It will be noted that the mean exit time (eqn. 10) is the same for both models
but that the variance of the exit peak is #(1 + k)?* for the continuous flow model and
rk(1 + k) for the discrete flow model.

To obtain the distribution of the position of sample molecules at time ¢,
we note from eqn. 9 that D, being identically distributed random variables makes N(z)
a Poisson process with parameter 4 (ref. 15) [for the definition of N(¢), see eqn. 9]:

(At)"e —At

TR (12)

P{N(t) = k} =
fork =0,1,...,r — 1.

It can be shown by a slightly more sophisticated application of the central limit
theorem that the distribution of N(¢) is asymptotically normal (as ¢t — co) (this result
also requires that r be large enough that the molecule will not yet have left the column
at values of ¢ large enough to yield a good normal approximation).

5. THEORETICAL PLATE NUMBERS IN THE TWO MODELS

The theoretical plate number, N, and the effective theoretical plate number,

N, are of course widely used in chromatography. These may be defined by
[E(D))
N =
Var(T) (13)
and
d _ 2

eff — Var(T)
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where t, is the exit time for a non-sorbed substance and E(T) is the expected exit time
for a sample substance.

We can use the result we have obtained to calculate these quantities for both
the discrete flow and continuous flow models. For the discrete flow mode:

C[EMP A+ RP (14 k
N=VarD ~ kA 1 k) ’< k > (15)
O N
Neww = Var(T)  rk(l + k) ’(1 n k> (16)
For the continuous flow model:
_[EMP [+ 0P
V= Var(T) ~ r(1 + k)2 (17) -
CEM -k 0k k)
Nt = —Nau(@ 0 207 ’(1 n k) (13)

Thus, only in one of the four cases is the plate number result independent of k.
6. SOME CONSEQUENCES OF THE DISCRETE FLOW MODEL

In the discrete flow model the mean and variance of the location, X(n), are
expressed in units involving TS (here theoretical segments indicate the position of the
molecule). On the other hand, the mean and variance of the exit time, 7, must be
expressed in time units. The fundamental time unit is the time needed for eluent to
flow from one TS to the next. We wish to show that simple unit conversions can be
used to relate results for peak locations to those for peak exit times. We define 7 as
the time when a sample molecule enters the jth theoretical segments (note that 7, =
T). Reasoning by analogy with eqns. 6 and 7, we have E(T ) =Jj(1 + k) and Var(T))
= jk(1 + k). Using eqns. 3 and 4 to calculate E[X(n)] and Var[X(n)] when n =
Jja + k):

EX] = J(U + K 1 = 19)

ko k
a+k? TT+k

Var[X(n)] = j(1 + k)- (20)

Now we see that £(7}) = E[X(n)[(1 + k) and Var(T)) = Var[X(n))(1 + k). In other
words, we can convert between means and variances of position and exit time random
variables simply by multiplying by the conversion fact (1 + k) for the means and
(1 + k)? for the variances.
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Counter-current chromatography (CCC) is a good system for illustrating the
practical results of the equations derived. In CCC the solute molecules attain equilib-
rium between the mobile and stationary phases prior to each transfer to the next tube
in the series. Thus, each tube is by definition a theoretical plate, according to the plate
theory of chromatography, or a theoretical segment in our nomenclature. It has been
recognized by several authors that CCC alsg is a reasonable model for explaining
elution behavior in column chromatography, provided that axial diffusion, multi-
paths and other factors that contribute to peak broadening in column chromatogra-
phy, but which are non-existent in CCC, are also taken into account. This will be
done in the next section, but first let us consider only the peak broadening resulting
from inter-phase broadening effects, with CCC as a model.

Fig. 1 shows the distribution of a solute along the series of 36 tubes (r = 36)
in a CCC apparatus as a function of the number of transfers, n. The peaks were
plotted for k = 1.5 from eqn. 5 with the aid of a programmable calculator. Note that
the peak has become well defined and approximately Gaussian after only a few
transfers and that the peak broadens and decreases in height as it moves along the
series of tubes. Fig. 2 shows the same peak, calculated from eqn. 8, as it leaves the
CCC apparatus and passes through an imaginary detector. The peak that was sym-
metrical in its position distribution of molecules now has a distinct tail. The expla-
nation for this is that the latter part of the peak continues to broaden after the earlier
portions have left the ““‘column”. This effect is of some significance because it demon-
strates that in columns of low “performance’ some peak tailing is predicted mathe-
matically and is not necessarily caused by a poorly functioning column.

The tailing of an exit peak decreases and the peak becomes more Gaussian as
the number of theoretical segments (r) in a column becomes larger. The tailing, or
skewness, of a peak is predicted by the following equation:

2k? + 3k + 1
\/’ k + Dk)(k + D]

@1

Coefficient of skewness =

(see ref. 14 for a definition of the coefficient of skewness). The second term in this
equation has a value of just over 2 from k = 1 to k = 10, but increases rapidly as the

value of k& becomes very small.
It is well known that later eluting peaks are much broader than those with

shorter retention times. From the exit peak variance (eqn 7) it will be seen that the

peak width (4o) is proportional to /k(1 + k) and thus increases in approximately
linear fashion with k (except at very low values of k). It is interesting to compare this
with the way the width of a peak still on a column varies with &. This may be done by
calculating the peak widths when the peak maximum is located in the jth theoretical
segment in a column containing r theoretical segments. We shall choose j to be near
the end of the column, say j = 0.9 r. From eqn. 20 for the variance of a position peak
¢ 1/2

1 Jf |- In Table 1 we see that the widths of peaks centered at j
vary only slightly with increasing &k, much less than the exit peaks (of course it takes
longer for peaks of higher & to arrive at j). The reason that elution peaks are so much
broader when £ is high is that such peaks are moving more slowly and take longer to
pass through the detector.

we see thatdo =4
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n=60
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g. 1. Position peaks for a compound with & = 1.5 in a CCC apparatus of 36 tubes after » transfers.

Exit peaks calculated for the discrete flow model using eqn. 8 emphasize a
major drawback of the plate theory that has been so widely used in chromatography.
In no case does either N or N (calculated from eqns. 13 and 14) agree with the actual
number of plates (tubes) in CCC, which is r. The correct values for N and N, are
given by eqns. 15 and 16, respectively. Fig. 3 shows the expected values of N and N
as a function of k, calculated from eqns. 15 and 16 for a CCC apparatus where =
1000. The values of NV are very high as £ — 0 and become meaningless as a measure of
separating power. Similarly, a single value of H (height equivalent to a theoretical
plate) is an ambiguous expression of column efficiency when H varies so widely for
different peaks.

The application of eqns. 5 and 8 to CCC is well documented and there would
seem to be little doubt as to their correctness. It is logical that eqns. 3-8 should apply
also to column chromatography. An examination of actual column chromatograms is
now in order, to determine whether the equations do or do not apply.
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Fig. 2. Exit peak for a compound with & = 1.5 from a CCC apparatus of 36 tubes (n = number of

transfers).
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TABLE 1
WIDTHS (40) OF POSITION AND EXIT PEAKS AS A FUNCTION OF &

k Position width*  Exit width** Exit width**

(TS) (TS) (sec)
0.1 36 42 2.5
0.2 49 62 3.7
0.4 64 95 5.7
0.6 74 124 7.4
0.8 80 152 9.1
1.0 85 179 10.7
1.5 93 245 14.7
2.0 98 310 18.6
3.0 104 438 26.3
4.0 107 566 33.9
6.0 111 820 49.2
8.0 113 1073 64.4
10.0 114 1327 79.6
15.0 116 1960 117.6
]k 1/2
* Calculated from 40 = 4 l:m] , where j = 900.

** Calculated from 46 = 4[rk(1 + k)]'/, where r = 1000.
**%* Calculated from the previous column for an eluent flow-rate of 16.67 TS/sec.

2400
N or

Nef.
2000

1600

1200

800~ —

400 -

Fig. 3. Expected values of N and N for an exit peak from a CCC apparatus where r = 1000.
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7. CALCULATION OF PLATE NUMBERS FROM CHROMATOGRAPHIC DATA

When working with actual data for column chromatography, it is necessary to
consider the various dynamic effects that contribute to the width of chromatographic
peaks. The major effect almost always is what is termed “resistance to mass transfer”,
which we shall call “inter-phase broadening”. Additional peak broadening occurs
through axial diffusion, multi-paths (in packed columns) and extra-column effects
such as broadening in fittings, connecting tubing and the detector. Injection band
broadening is apt to be significant also, as was recognized by Keulemans as early as
19591617,

If we assume that these broadening effects act independently of one another,
the measured peak variance is the sum of the variances of the individual broadening
effects. For capillary GC columns (where there is no multi-path effect), we can write

6 = o6l + 0} + o}, . (22)

where ec stands for extra column, d for diffusion and ip for inter-phase. The approach
taken will be first to estimate the peak variance resulting from axial diffusion and to
subtract this from the measured peak variance. Then a plate number representing the
inter-phase broadening can be calculated from the slope of a plot of the remaining
peak variance against k(1 + k), which comes from the peak variance in the discrete
model, rk(1 + k).

7.1. Diffusion broadening, o3

The effect of diffusion on plate height, H, is given by the Van Deemter equa-

tion, which has the form, H = T + Cu, where B is the diffusion term, u is the linear

column flow-rate and C is the resistance to mass transfer. In this equation, B = 2D,,
where D, is the axial diffusion coefficient in the gas phase (cm?/sec).

According to the classical definition of H and N, the diffusion contribution to
H is converted to o2 as follows:

L Lo 2D
. 23)

=y "W+ or

, 2D, (1 (1 + k)*  2DL( + k)?
b =g 7 - ">

where L is the column length (cm) and u is the linear flow-rate (cm/sec).

One way to estimate the diffusion broadening variance is to run a chromato-
gram at two different flow-rates. Diffusion broadening varies as the inverse cube of
the flow velocity, but inter-phase broadening varies only as the inverse of the flow
velocity. This difference allows us to solve for diffusion broadening by solving two
simultaneous equations (the dependence of the broadening on flow velocity will be
considered in the next section).

Although this method works, a more convenient way is to use the method for

24
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estimating gaseous diffusion coefficients proposed by Giddings!®:

i 1\3%
1037175 (___ + _)
M, My

ACA) + (o) P 23)

D, (for A,B) =

where M, and My are the molecular weights of the carrier gas and a chromatographi-
cally separated substance, respectively, T is the temperature (°K) p is the pressure
(bar) and v, are empirically determined values for various atoms and groups making
up the carrier gas and the separated chemical. Giddings and co-workers obtained
excellent agreement (usually to within £ 59) between D, values calculated this way
and experimentally reported values!s.

As will be shown by an actual example, we found that this method gives
reasonable results when applied to column chromatography. Although the values of
D, decrease as one proceeds to increasingly higher members of a homologous series,
the fact that the D, values are multiplied by (1 + k)* means that ¢ (in sec?) actually
increases as one proceeds to later eluting peaks. Despite differences in individual D,
values, a linear regression plot of calculated 63 versus (1 + k)? is generally obtained
with a high correlation coefficient.

7.2. Inter-phase broadening, o},

The general approach taken is to subtract ¢3 from the measured variance of
each peak and to plot the difference, o2,,, against one of the expressions for stochastic
peak variance derived earlier. This should give a straight line with a slope related to a
plate number and an intercept indicative of extra-column peak variance.

However, one question is whether rk(l + k) in the discrete flow model or
r(1 + k)? in the continuous flow model is correct. For many plots, both give straight
lines by linear regression. This is because the ratio of(1 + k)?/k(1 + k) does not change
greatly with k at higher k values (say 2.5-15) and also that linear regression is insensi-
tive to points of lower k that might not lie on a straight-line plot.

However, C values calculated from the Golay equation where several of the k
values are quite low shows that slopes of individual points (y/x for each point) are
nearly constant for plots of 62 versus k(1 + k) but they vary considerably for the
same k values when o2 is plotted versus (1 + k). This supports the contention that
the discrele flow is correct for column chromatography and that it is correct to plot ¢°
versus k(1 + k) for inter-phase broadening.

Using eqn. 7 and making use of the conversion factor ¢y/r (sec/TS) it can be
shown that

s WP K1+ k) L2k + k)
% = ¥ - ur

(26)

where L is the column length (cm), u is the linear flow-rate (cm/sec) and r is the
number of theoretical segments in the column at the flow-rate cmployed. However,
we know that the plate number, r, is proportional to the reciprocal of linear flow-rate.
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Introducing a plate number, », which is the number of theoretical segments in a
column at ¥ = lcm/sec:

2
o = L* k(1 /+ k) @7
ur
This equation for peak variance due to stochastic broadening was tested on data
published by Kaiser and Rieder'® for the separation of alkanes and aliphatic esters by
capillary column GC at six different flow-rates. First, the peak variance resulting
from axial diffusion was subtracted from the measured peak variance as outlined
above. Then the remaining variance (cZ,,) was plotted against k(1 + k) and the plate
number 5’ calculated from the slope of the straight-line plot obtained. A sample
calculation is shown in Table 2. The results are summarized in Table 3, which shows a
constant value for » within a reasonable experimental error. The plate number, r, at
any flow-rate can be calculated simply by dividing »* by u.

The plate number, +, seems to be a convenient way of evaluating and compar-
ing column performances. It is computed easily from measured peak variances using
linear regression and is independent of peak capacity factor. It is also independent of
axial diffusion effects. This is good because diffusion really has nothing to do with the
separating ability of a column other than contributing to the broadening of peaks. In
some respects #* is similar to the C term in the Van Deemter and Golay equations.
However, C is different for each peak whereas ' is not. It would appear that »’ can be
more easily and accurately measured from ordinary chromatographic data than can
C.

At a fixed flow-rate it is convenient to obtain a plate number that includes

TABLE 2

SAMPLE DATA FROM KAISER AND REDIER'® FOR ¢, = 146 sec SHOWING AXIAL DIFFU-
SION CONTRIBUTION TO PEAK VARIANCE

o (diffusion) was calculated from eqn. 24 using D, values calculated from eqn. 25 at an estimated pressure
of 1.2 bar. The values of the gaseous diffusion coefficient (D,) used ranged from 0.0795 for C, to 0.0653 for
Cliss

Compound*  k 6? (measured)  a* (diffusion) a?* (net)

(sec?) (sec?) (sec?)
C, 1.26 1.52 0.63 0.88
E, 145 1.96 0.74 122
Cyo 238 415 133 2.82
E, 275 4.88 1.64 3.24
Ci 4.51 10.41 3.38 7.03
E,; 5.23 13.34 4.32 9.02
Coz 8.55 35.34 9.65 25.69
E,, 9.04 4388 12.66 31.22
Cia 162 1127 30.0 82.7

* C = n-alkane and carbon number; E = alkane ester and carbon number.
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TABLE 3

PLATE NUMBER () CALCULATED FROM DATA OF KAISER AND RIEDER!'® AFTER SUB-
TRACTING DIFFUSION PEAK VARIANCE

1o (sec) u(cmjsec) r'-10° (TS)

276 7.25 9.19
154.4 12.95 10.40
146.0 13.70 9.86
106.8 18.73 10.71
88.2 22.68 9.53
87.4 22.88 9.82

Average: 9.92 (s = 0.56)

broadening resulting from axial diffusion as well as inter-phase peak broadening.
This can be done simply by measuring the variance of each of the chromatographic
peaks and plotting measured o? against peak variance, k(1 + k). The apparent plate
number, r, is obtained from the slope of the linear plot. The intercept is indicative of
the extra-column peak broadening plus the diffusion broadening of a non-sorbed or a
very slightly sorbed peak.

This simple plotting method works because a plot of ¢ versus (1 + k)? is linear
and a plot of 63 versus k(1 + k) is almost linear. The flow-rates that are normally
used in chromatography sufficiently fast that diffusion contribution to peak width
usually is not very substantial. Thus, any slight non-linearity of the o3 part of the plot
is insignificant.

The equation relating measured peak variance to r and k is derived by convert-
2

ing the peak variance, rk(1 + k), from TS units to sec? by dividing -r—)z (2, is the
0

(¢
hold-up time):

, k(U + k) (1)? X
Glp rZ/(to)Z [ ( + )] (28)
where ¢, and ¢, are now in minutes or seconds. Substitution into eqn. 22 gives

2
o = gg—)—-[k(l + k)] + o2 - (29)

where ¢, t, and o, are in minutes or seconds. This equation predicts that a plot of ¢*
versus k(1 + k) for the various peaks in a chromatogram will give a straight line with
slope (£,)?/r and intercept = a2,.

The validity of eqn. 29 was tested on a number of actual chromatograms.
Usually the chart speed of the recorder was 4-10 cm/min to facilitate measurement of
the peak widths with a ruler and magnifying lens. The peak variance was obtained
from the peak width at half of its height, w;, (where ¢ = 2.355 wy;;) in order to
minimize the effect of any tailing in the lower part of the peak.

Data for five chromatographic separations are summarized in Table 4. Chro-
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"TABLE 4
CALCULATION OF r FROM CHROMATOGRAPHIC DATA

Chromatogram Peak k k(l + k) o* Results
(A) n-Alkanes C, 0.14 0.16 0.00032 (min?)  Correlation coefficient = 0.9999
by capillary Cq 0.8 1.44 0.00090 o3 = 0.00001
GC*H C, 1.4 3.36 0.00187 Slope = 0.00518
ty = 9.72min C,, 23 7.59 0.00380 r = 182,500
Oven at 130°C C,, 3.9 19.1 0.0096

Cis 6.5 48.8 0.0249

Cia 10.8 1274 0.0661
(B) n-Alkanes Cg 0.97 1.91 4.62-105

(min?) Correlation coefficient = 0.9999

by capillary Gy 2.31 7.65 14.1-107% 63 =227-10°3
GC at two Cyp 542 348 62.8-107% Slope = 1.676-107%
different Ciy 12.33 1644 277-107% r = 85,900
temperatures*. Cg 0.60 096 4.06-10°°
First set, C, 1.44 3.51 7.21-107%
60°C; Gis 326 139 26.0-107°
second set Gy, 7.19 589 101-10°°
70°C.
t, = 1.20 min
(C) Carboxylic Acetic 1.8 5.04 0.0451 (mm?) Correlation coefficient = 0.9998
acids by Propionic 3.4 15.0 0.0649 a3 = 0.0348
packed-column Isobutyric 5.0 30.0 0.0909 Slope = 0.00196
GC*x*, n-Butyric 6.55 494 0.1303 r = 2040
t, = 2.0 mm  Isovaleric 9.7 104 0.2426

n-Valeric 133 190 0.4057
(D) Alkali Lit* 435 23.26 51.8 (sec?) Correlation coefficient = 0.9988
metal tons Na* 6.10 432 83.0 ol =190
by ion NH; 8.47 80.1 148.0 Stope = 1.514
exchange***, K% 1145 1426 229.8 r = 1190
50-ul sample. Rb* 13.0 1820 295.8
t, = 42.5 sec
(E) Alkali Li* 490 28.88 54.6 (sec?) Correlation coefficient = 0.9979
metals by Na* 6.54 49.30 624 62 =163
ion exchange. NH} 9.44  98.47 117.2 Slope = 1.067
20-ul sample. K7 12.51 169.0 200.0 r = 1430
t, = 39 sec Rb* 14.43 2227 253.6
(F) Pesticides  Sevin 0955 1.87 0.000357 (min?) Correlation coefficient = 0.9996
by liquid Prolate 1.16 2.50 0.000391 63 =2.11-107%
chromatog- Ruelene 1.72  4.67 0.000786 Slope = 0.7445-107%
raphy. t; = Coral 1.94 572 0.000612 r = 2660
0.445 min? Dursban 345 15.35 0.001356

trans- S.81 39.55 0.003236

Permathrin

cis- 6.80 53.01 0.004100

Permathrin

* J. Kaczvinsky, unpublished results (1981).
** Data from chromatogram in an advertising brochure (1981).
*** (3, Sevenich, unpublished results (1981).
¥ L. Rice, unpublished results (1981).



210 J.S. FRITZ, D. M. SCOTT

2 x 102

S N (O O S U " N N A (N A Sy
0 20 40 60 80 100 120 140 160 180

Fig. 4. Linear regression plot for chromatogram C in Table 2.

matogram A is unique among those tested in that the intercept, 62, was essentially

zero. Of course there is some error in measuring k& and ¢ for each peak, but the
equipment and technique used were both known to be excellent.

The data for B in Table 4 are for two chromatograms run at different tempera-
tures, yet all eight points lie on a straight line within reasonable experimental error.
The intercept, o2, is significant in this instance and constitutes nearly 50 % of the
measured variance of the first Cg peak. Note that the early peaks are far more affected
by &2, than the latter ones if the actual peak widths (4 o) are compared.

Chromatogram C was run on a packed GC column and shows a far greater ¢2,
relative to the measured peak variances than the chromatograms or capillary col-
umns. Fig. 4 confirms that the experimental points actually do fall on a straight line
when plotted according to eqn. 29. It is interesting to calculate the traditional plate
number, N, before and after subtraction of ¢, from ¢ for each peak. Before any
correction is applied, N increases from peaks 1 to 6: N = 695, 1190, 1580, 1750, 1890,
2020. After subtracting 6.2 from the variance of each peak, N decreases from peaks 1
to 6: N = 3050, 2570, 2390, 2200, 2200.

Chromatograms D and E are for an ion-exchange separation of alkali metal
ions. Again, the data support the validity of eqn. 28 even though some of the peaks
were tailed, and accurate measurement of peak width was difficult. The intercept, o2,
is smaller and the value of r is larger when the sample volume is reduced from 50 to 20
ul.

Chromatogram F in Table 4 was obtained with a commercial liquid chromato-
graph with a 10 cm x 4.6 mm L.D. column. The large value for r confirmed the
excellent separating ability of the column, but the additional broadening represented
by o2, was large. Much of this can be attributed to the use of a small “guard” column
filled with a coarser reversed-phase absorbent than that used in the chromatographic
column. Subsequent replacement of the guard column with a pre-column of slightly
smaller diameter packed with 10-um absorbent reduced 62, by almost 50 %.

While there is no direct proof that the intercept, 62, of our linear regression
analysis gives an accurate measure of the sum of in-column and extra-column broad-
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ening that applied equally to all peaks, the underlying principle does appear sound
and the results obtained from actual data are reasonable. The idea of linear regression
analysis of chromatographic data originated with Kaiser and co-workers!*2!, who
plotted wy , against k. They obtained the “real” number of theoretical plates from the
slope and an indication of the extra-column peak broadening from the intercept. We
think that the concept pioneered by Kaiser and co-workers is a valuable one but that
their method of plotting the data is not completely correct. According to Guiochon??,
a plot of w, , versus k is not linear at all values of k£ and the intercept of such a plot
underestimates the ‘‘extra-column” peak broadening.

Smuts et al.** proposed a plot of peak variance against (1 + k)?, although the
purpose of this work was different from ours. This type of plot would follow if the
continuous flow model [where the peak variance is (1 + k)?] is correct for column
chromatography. However, Smuts et al.?* stated that such a plot is not completely
linear. Plots of 62 versus (1 + k)? for the data in Table 2 also did not give a completely
straight line, although the intercept was often not greatly different from that obtained
when using the discrete flow model. All of our results suggest that the discrete flow
model is better for column chromatography.

8. SUMMARY

The classical plate theory, and original extensions of it, are derived by using
simple concepts from the theory of probability and statistics. Each molecule of a
sample chemical substance is examined separately and its motion through the column
is described as a stochastic process. Equations for calculating the mean and variance of
chromatographic peaks as a function of capacity factor, k, are given for a discrete
flow model and a continuous flow model. The variance of position and exit
peaks as a function of capacity factor is compared and a simple relationship between
the two is derived. The expressions for the mean and variance of chromatographic
peaks are used to define plate numbers that describe the separating ability of a
chromatographic column under fixed conditions and which, unlike the classical
plate numbers N and Ny, are independent of capacity factor, k. In capillary
column GC a method is given for determining diffusion coefficients in the gaseous
phase that makes it possible to subtract the contribution to peak variance resulting
from axial diffusion. When the remaining variance is plotted against k(1 + k), linear
regression indicates a straight line with an excellent correlation coefficient and an
intercept that is indicative of extra-column peak broadening. A plate number, ¥/, is
computed from the slope that is independent of k and can be used to calculate a plate
number, r, for any given linear flow-rate. Another simple plotting method gives a
plate number that includes the multi-path contribution to peak broadening for
packed columns. Numerous examples are given to demonstrate the applicability of
these simple concepts to actual chromatographic data.
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I. SIMULATED QUALITATIVE AND QUANTITATIVE INDICES OF 287
ANIONIC SUBSTANCES IN THE RANGE pH 3-10

TAKESHI HIROKAWA*, MAKOTO NISHINO*, NOBUYUKI AOKT and YOSHIYUKI KISO

Applied Physics and Chemistry, Faculty of Engineering, Hiroshima University, Shitami, Saijo, Higashi-
hiroshima 724 (Japan)

and

YASUYO SAWAMOTO, TAKAO YAGI and JUN-ICHI AKIYAMA
Shimadzu Corporation, Nakagyo-ku, Kyoto 604 (Japan)

(Received January 31st, 1983)

SUMMARY

A simulation of isotachophoretic equilibria has been applied to 287 anions,
evaluating R; indices for qualitative determination and time-based zone lengths for
quantitation under 31 leading electrolyte conditions in the range pH 3-10, using eight
different buffers. The R, values may be useful for correcting asymmetric potentials of
sensing electrodes for precise R; measurement, assessing the separability of samples
and estimating the optimum separation conditions. The zone lengths for 10-nmol
samples obtained at a driving current of 100 uA may be useful for quantitation.

INTRODUCTION

A unique feature of capillary isotachophoretic apparatus commonly used is
that there are no packing materials in the separation column. The isotachophoretic
behaviour in such a free electrolyte system can be analyzed theoretically and the
observed isotachopherograms can be simulated using a few physico-chemical con-
stants of the sample components and appropriate separation conditions'. In pre-
vious papers we have described applications of this simulative technique to analyti-
cal problems such as the assessment of the separability of samples at different pH
values?, estimation of the optimum separation conditions? and quantitation without
a calibration line. In principle, the separability of samples by isotachophoresis is
determined by the effective mobilities of the sample components, which are closely
related to their absolute mobilities and pK, values and to the pH of the leading
electrolyte, pH,, buffered by an appropriate counter ion. To ensure that there is
sufficient difference between the effective mobilities of the sample components, a
complex-forming technique and a solvent effect are also utilized®.

* Present address: Shimadzu Corporation, Kyoto, Japan.

0378-4355/83/831.80 © 1983 Elsevier Science Publishers B.V.
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In the present work, the qualitative and quantitative indices of 287 anions are
simulated under 31 aqueous electrolyte conditions in the range pH 3-10 by consider-
ing the pH dependence of the effective mobility. These indices, i.e., R; and the time-
based zone length, 7, can be used as a data base for analytical purposes and for
correction of asymmetric potential in the measurement of R.°, qualitative identifi-
cation without addition of a standard and conversion of Rg into other qualitative
indices and vice versa.

SIMULATION CONDITIONS

The pH of the leading electrolyte, pH,;, was varied in the range 3-10 (0.25 pH
units per step) using eight kinds of buffer ions: f-alanine (pH, = 3-4); e-aminoca-
proic acid (4-4.75); creatinine (4.75-5.25); histidine (5.5-6.25); imidazole (6.5-7.25);
tristhydroxymethyl)aminomethane  (Tris) (7.5-8.25);  2-amino-2-methyl-1,3-
propanediol (amediol) (8.5-9.25); ethanolamine (9.5-10). The absolute mobilities,
my, and the dissociation constants, pK,, of the buffers used are summarized in Table
I. The absolute mobility of cationic f-alanine (36.7 - 10~ cm? V~1 sec?) obtained by
conductivity measurement was different from the previously used value® of 31.0 - 10
cm? V™! sec™! obtained by analysing the step height of anionic 8-alanine and assum-
ing the cationic m, to be equal to that of the anionic m,. The leading ion was 0.01 M
chloride and the driving current was 100 gA. Table II shows the simulation con-
ditions, the simulated concentration of buffer, the effective mobility of the buffer and
leading ion, the specific conductivity and the potential gradient of the leading zones.
For simulation of the latter the inner diameter of the separation column was assumed
to be 0.5 mm. The isotachophoretic zone velocity at each pH; condition is also shown
in Table II. This velocity can be used to estimate the time needed for detecting the first
sample zone.

The m, and pK, values of the 287 substances are mainly literature values. For
about 80 substances, isotachophoretically evaluated constants were used. It should be
noted that the correction of m, of f-alanine and revision of the computer program
caused little changes in the m, and pK, values evaluated previously’. For a part of the
samples, especially for isomers of benzene derivatives, pK, could be found in the

TABLE I
PHYSICO-CHEMICAL CONSTANTS OF BUFFERS USED IN SIMULATION (25°C)

my, = Absolute mobility (cm? V™! sec™ x 10°). pK, = thermodynamic acid dissociation constant. The
absolute mobilities were obtained isotachophoretically, and the pK, values were laken from the literature.

pH, range Buffer pK, my

3.00-4.00 f-Alanine 3.552 36.7
4.00-4.75 e-Aminocaproic acid 4.373 28.8
4.75-5.25 Creatinine 4.828 37.2
5.50-6.25 Histidine 6.04 29.6
6.50-7.25 Imidazole 7.15 52.0
7.50-8.25 Tris 8.076 29.5
8.50-9.25 Amediol 8.78 29.5

9.50-10.0 Ethanolamine 9.498 443
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TABLE II

SIMULATED EFFECTIVE MOBILITIES AND CONCENTRATION OF LEADING ZONE CON-
STITUENTS (25°C)

pH, = pH of leading electrolyte; 7, = effective mobility (cm?> V™! sec™! x 10°) of leading ion (C!7), m,
of CI~ being 79.08- 1073 ecm? V™! sec™!; Cy | =total concentration (mM) of buffer ion; 5ty = effective
mobility (cm® V™! sec™" x 10°) of buffer ion, the counter direction being indicated by a negative sign;
= specific conductivity (S cm™!) of leading zone; E; = potential gradient (V cm™!) of leading zone at a
driving current of 100 uA (I.D. of narrow bore tube: 0.5 mm); v = isotachophoretic zone velocity (cm
sec™! x 10%). '

Buﬁ’ef pH "y Ciu_ g 1, K £, v
B-Alanine 3.00 74.64 11.28 —26.48 1.348 37.77 28.20
3,25 74.61 13.68 —22.88 1.212 41.98 31.32
3.50 74.57 17.43 —18.43 1.137 44.80 33.40
3.75 74.51 23.79 —13.70 1.094 46.56 34.69
4.00 74.44 34.94 —9.40 1.069 47.63 35.46
e-Aminocaproic 4.00 74.60 13.68 —18.41 0.997 51.09 38.12
acid 4.25 74.58 16.70 —15.15 0.982 51.84 38.65
4.50 74.48 22.01 —11.52 0.974 52.29 38.94
4.75 74.40 31.42 —8.08 0.969 52.57 39.11
Creatinine 4.75 74.57 17.50 —19.20 1.050 48.51 36.18
5.00 74.52 . 23.37 —14.39 1.047 48.65 36.25
5.25 74.45 33.80 —9.95 1.045 48.74  36.29
Histidine 5.50 74.63 12.59 —20.82 0.974 52.28 39.02
5.75 74.59 14.62 —17.93 0.973 52.33 39.03
6.00 74.53 18.22 —14.39 0.972 52.37 39.03
6.25 74.46 24.62 —10.65 0.972 52.42 39.03
Imidazole 6.50 74.67 12.02 —40.08 1.202 42.97 32.08
6.75 74.66 13.59 —35.44 1.185 42.97 32.08
7.00 74.63 16.38 —29.40 1.185 42.98 32.08
7.25 74.60 21.35 —22.56 1.185 42.99 32.07
Tris 7.50 74.63 12.39 —21.08 0.972 52.38 39.10
7.75 74.60 14.26 —18.32 0.972 52.40 39.09
8.00 74.54 17.57 —14.87 0.971 52.43 39.08
8.25 74.47 23.46 —11.14 0.971 52.45 39.06
Amediol 8.50 74.59 14.74 —17.73 0.972 52.38 39.07
8.75 74.53 18.42 —14.19 0.972 52.38 39.04
9.00 74.45 24.99 —10.46 0.973 52.37 38.99
9.25 74.37 36.67 —-7.14 0.973 52.32 38.91
Ethanolamine 9.50 74.58 19.12 —21.31 1.119 45.53 33.95
: 9.75 74.53 26.25 —15.56 1.124 45.32 33.77

10.00 74.47 39.01 —-10.51 1.133 44.94 33.46

literature but m, could not. In such cases, the m, values were assumed equal to those
of compounds of similar structure or similar molecular weight.
The calculations were carried using a SORD microcomputer M223 Mk III
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equipped with two 1 MB floppy disk drivers. The results were filed on a floppy disk.
To calculate 8897 (287 x 31) Rg values required ca. 10 h.

USE OF INDICES

The names of the 287 anionic substances simulated are arranged in alphabet-
ical order in Table 111. The simulated results are summarized in Table 1V together
with values of m, and pK,, the molecular formuia and molecular weight. The negative
signs of m, for anions are omitted except for a few amino acids. Also listed in Table
1V are the ratio, Rg, of the potential gradient of the sample zone, Eg, to that of the
leading zone, E,, the time-based zone length, # (sec), the effective charge, — Z, and the
pH of the sample zone, pHg, at each pH, .

1. Correction of asymmetric potential

When a potential gradient detector is used, the actual baseline for the measure-
ment of the step heights of the leading, /;, and the sample zone, /g, sometimes drifts
due to an asymmetric potential at the sensing electrodes. This drify sometimes results
in a significant error in the observed R values. In such cases, the simulated R values
of samples with well defined m, and pK, can be obtained from an evaluation of the
drifted step height, 44. In Table IV, the R, values of substances marked with (S), R;
(std), are useful as internal standard indices. The Ah can be evaluated as

Ah = [hyg — hy - Re(std))/[Rg(std) — 1] (1)

where A, is the apparent step height of the zone of the internal standard and #; that
of the leading zone. Using Ah, the Ry values of the sample components can be
corrected

Ry = EyJE, = (hs + AR)/(hy, + 4h) 2

where /g is the observed step height of the sample. Examples of this mode of correc-
tion were reported in ref. 5.

11, Assessment of separability

From Table 1V, one can assess the separability of the given samples by compar-
ing the R indices at the different pH, values. According to our experience, when the
Ry, values of two samples coincided within ca. 0.15, their separation was difficult or
impossible. The linear interpolation of adjacent Ry values gives approximate R,
values at any pH; using the same buffer: e.g., the R values of acetic acid at pH; 3 and
3.25 are 8.876 and 7.444, then the R, value at pH; 3.125 can be estimated as 8.876 —
(8.876 — 7.444) x 0.125/0.25 = 8.160. The exactly simulated value is 8.090 and the
discrepancy is thus slight.

For the estimation of pH; and the selection of a terminator for optimum
separation, the pH; should be selected so as to result in sufficient difference between
the R; values of the samples. A plot of Ry against pH, is useful for this purpose. Fig.
1 shows the dependence on pH, of the R, values of benzoate (No. 12 in Table 1V),
cacodylate (27), caproate (29), chlorate (32), citrate (57), phenolate (229) and N-
tris(hydroxymethyl)methyl-3-aminopropanesulphonic acid (TAPS) (262). In the range
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Fig. 1. Effect of pH; and the buffers on the simulated Rj values of chlorate, citrate, benzoate, acetate,
caproate, cacodylate, TAPS and phenolate ions at the isotachophoretically steady state. The leading ion
was 10 mM Cl1™. The buffers used were f-alanine (pH, = 3-4), e-aminocaproic acid (4-4.75), creatinine
(4.75-5.25), histidine (5.5-6.23), imidazole (6.5-7.25), tris(hydroxymethyl)aminomethane (7.5-8.25),
amediol (8.5-9.25), and ethanolamine (9.5-10).

pH, 5.5-6.25 histidine buffer, chlorate, citrate, acetate, benzoate and caproate ions
can easily be separated using cacodylate ion as terminator. At intermediate pH,
values of 4.5-4.75 (e-aminocaproic acid buffer), benzoate and acetate ions may form
a mixed zone. In the low pH; range 3-4 the samples can easily be separated, how-
ever, cacodylate ion is not suitable as the terminator as the Ry values are too large;
caprylate (30) may be suitable. The separability is strongly dependent on the sample
amount. For the separation of large amounts of samples, a high loading of leading
ion is necessary, even when the difference between R values is larger than ca. 0.15
(the latter is only a measure of the separation).

111, Qualitative identification

For the identification of unknown samples, the method of standard addition
has usually been employed. Instead qualitative identification can be achieved by
comparing the observed and simulated R, values, if the Ry values are measured
carefully using an internal standard. At least, the possible candidates for the com-
ponents in actual samples can be limited to several kinds, and their number can be
reduced further by considering the Ry values measured at other pH, values. This
procedure can be performed rapidly by computer- sortmg of samples having similar
Ry values to those observed.

IV. Quantitation
When the separated samples are identified, their amounts can be determined
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Fig. 2. Effect of pH, and the buffers on the simulated PU values of chlorate, citrate, lactate, benzoate and
acetate ions at the isotachophoretically steady state. The terminator is caproate ion. For the electrolyte
systems, see Fig. 1.

using the simulated and observed zone lengths. In Table [V the simulated time-based
zone lengths, f(sec), are listed for 10-nmol samples at a driving current of 100 uA. If
the observed time-based zone length is 7 (sec) at a driving current of 7 (1A), the
sample amount, ng(nmol), can be expressed:

ng = tobsI/lo z (3)
For example, at a driving current of 50 yuA and pH; 6, the time-based zone length of
acetic acid was 50 sec. The sample amount can easily be estimated as 50 x 50/10 x
16.22 = 15.4 nmol, and the slope of the calibration line, //10¢, is 0.308.

V. Conversion of Ry into different qualitative indices

Besides Ry, several qualitative indiccs have been proposed such as relative step
height*, IRM®, PU’, PR®, RU (= IRM x 100)° and SU (= PU x 100)°. The
definition of IRM is the same as R; and PR = 1/R;. PU is defined as

PU = (s — m)/(hy — hy) (4)

where /i is the step height of the terminating zone. The R; values of samples can be
converted into PU values using the Ry value of the sample, Ry(S), and terminating
ion, Rg(T):

PU = [Rg(S) — 1}/[Rx(T) — 1] &)
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Fig. 2 shows the pH dependence of PU values for acetate (1), benzoate (12), chlorate
(32), citrate (57) and lactate (184) using Ry values of caproate ion (29) as the termi-
nator. A similar conversion of the relative step heights of 65 anions* to R, values has
been reported in ref. 5.

Thus, the simulated qualitative and quantitative indices can be utilized for
several analytical purposes, although the number of simulated samples is limited. It
should be noted that the accuracy of the simulated indices depends mainly on the
physico-chemical constants of the samples and buffers used. The present table is as yet
in an experimental stage, but by continuous revision it will be used widely in future as
a data base for isotachophoresis. We await the critical comments of users.

Similar tables for amino acids and cations will be submitted in due course.
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IN TABLE 1V

D8
TABLE 111
ANIONIC SUBSTANCES LISTED ALPHABETICALLY
No. Somples No
1 ACETIC ACID (S) 49
2 ACRYLIC ACID 50
3 ADIPIC ACID 51
4 ALLYLACETIC ACID 52
5 0-AMINOBENZOIC ACID 53
6 p-AMINOBENZOIC ACID 54
7 ARSENIC ACID 55
8 ASPARTIC ACID 56
9 ASPIRIN 57
10 AZELAIC ACID 58
11 BENZENESULFONIC ACID 59
12 BENZOIC ACID (S) 60
13 BENZYLASPARATIC ACID 61
14 BROMIC ACID (S) 62
15 BROMOACETIC ACID (S) 63
16 m-BROMOBENZOIC ACID 64
17 0-BROMOBENZOIC ACID 65
18 p-BROMOBENZOIC ACID 66
19 2-BROMOBUTYRIC ACID 67
20 4-BROMOBUTYRIC ACID 68
21 0-BROMOPHENYLACETIC ACID 69
22 2-BROMOPROPIONIC ACID 70
23 5-BROMOVALERIC ACID 71
24 0-t-BUTYLBENZOIC ACID 72
25 p-t-BUTYLBENZOIC ACID 73
26 BUTYRIC ACID (S) 74
27 CACODYLIC ACID 75
28 CAPRIC ACID 76
29 CAPROIC ACID (S) 77
30 CAPRYLIC ACID 78
31 CARBONIC ACID 79
32 CHLORIC ACID (S) 80
33 2-CHLORO-3-0H-BUTYRIC ACID 81
34 CHLOROACETIC ACID 82
35 m-CHLOROBENZOIC ACID 83
36 0-CHLOROBENZOIC ACID 84
37 p-CHLOROBENZOIC ACID 85
38 2-CHLOROBUTYRIC ACID 86
39 3-CHLOROBUTYRIC ACID 87
40 2-CHLOROCROTONIC ACID 88
41 3-CHLOROCROTONIC ACID 89
42 CHLORODIBROMOACETIC ACID 90
43 CHLORODIFLUOROACETIC ACID 91
44  2-CHLOROISOCROTONIC ACID 92
45 m-CHLOROPHENOL 93
46 0-CHLOROPHENOL el
47 p-CHLOROPHENOL 95
48 p-CHLOROPHENYLACETIC ACID 9%

2-CHLOROPROPIONIC ACID
3-CHLOROPROPIONIC ACID

CHLOROUS ACID

5-CHLOROVALERIC ACID

CHROMIC ACID

CINNAMIC ACID

cis-CINNAMIC ACID

CITRACONIC ACID

CITRIC ACID (S)

CRESOL

m-CRESOL

p-CRESOL

CROTONIC ACID

CYANIC ACID

CYANOACETIC ACID

m-CYANOBENZGIC ACID
CYCLOBUTANE-1,1-DICARBOXYLIC ACID
CYCLOHEXANE-1,1-DICARBOXYLIC ACID
CYCLOPENTANE-1,1-DICARBOXYLIC ACID
DECYLSULFONIC ACID
DIBROMOFLUOROACETIC ACID
2,3-DIBROMOPRQGPIONIC ACID
DICHLOROACETIC ACID (S)
DICHLOROFLUOROACETIC ACID
2.4-DICHLOROPHENOL
2.4-DICHLOROPHENOXYACETIC ACID
DICHROMIC ACID

DIETHYLACETIC ACID

DIETHYLMALONIC ACID

DIFLUOROACETIC ACID
2.4-DIHYDROXYBENZOIC ACID
2.5-DIHYDROXYBENZOIC ACID
2.6-DIHYDROXYBENZOIC ACID
3.4-DIHYDROXYBENZOIC ACID
3.5-DIHYDROXYBENZOIC ACID
DIHYDROXYTARTARIC ACID
2.3-DIMETHYLBENZOIC ACID
2.4-DIMETHYLBENZOIC ACID
.5-DIMETHYLBENZOIC ACID
6-DIMETHYLBENZOIC ACID
4-DIMETHYLBENZOIC ACID
5-DIMETHYLBENZOIC ACID
IMETHYLMALONIC ACID
6-DINITROBENZOIC ACID
5-DINITROBENZOIC ACID
3-DINITROPHENOCL
4-DINITROPHENOL
5-DINITROPHENOL

NN RN W RN DO W W NN
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97 2.6-DINITROPHENOL

98 3.4-DINITROPHENOL

99 3.5-DINITROPHENOL
100 DIPHENYLACETIC ACID
101 DIPROPYLMALONIC ACID
102 DITHIONIC ACID
103 DITHIONOUS ACID
104 DODECYLSULFONIC ACID
105 ENANTHYLIC ACID
106 0-ETHOXYBENZOIC ACID
107 p-ETHOXYBENZOIC ACID
108 0-ETHYLBENZOIC ACID
109 p-ETHYLBENZOIC ACID
110 2-ETHYLBUTYRIC ACID
111 ETHYLFUMARIC ACID

112 3-ETHYLGLUTARIC ACID
113 ETHYLMALEIC ACID

114 ETHYLMALONIC ACID

115 ETHYLPROPYLMALONIC ACID
116 ETHYLSULFONIC ACID
117 FLUOROACETIC ACID

118 m-FLUOROBENZOIC ACID
119 0-FLUOROBENZOIC ACID
120 p-FLUOROBENZOIC ACID
121 FORMIC ACID (S)
122 FUMARIC ACID
123 GALLIC ACID
124 GLUCONIC ACID
125 GLUCURONIC ACID
126 GLUTACONIC ACID
127 GLUTAMIC ACID (S)
128 GLUTARIC ACID

129 GLYCERIC ACID

130 GLYCOLIC ACID

131 GLYOXYLIC ACID

132 HIPPURIC ACID
133 HYDROBROMIC ACID
134 HYDROCHLORIC ACID

135 HYDROCYANIC ACID

136 HYDROFLUORIC ACID (S)
137 HYDROGEN AZIDE

138 HYDROGEN HEXAFLUOROPHOSPHIDE
139 HYDROGEN SULFIDE

140 HYDROIODIC ACID

141 2-HYDROXY-3-CHLOROBUTYRIC A.
142 2-HYDROXY-3-C1-ISOBUTYRIC A,
143 2-HYDROXY-3-C1-PROPIONIC A.
144 2-HYDROXY-m-TOLUIC ACID

3~HYDROXY-0-TOLUIC ACID
3-HYDROXY-p-TOLUIC ACID
4-HYDROXY-m-TOLUIC ACID
6-HYDROXY-0-TOLUIC ACID
m~HYDROXYBENZOIC ACID
p-HYDROXYBENZOIC ACID
2-HYDROXYBUTYRIC ACID
3-HYDROXYBUTYRIC ACID
4-HYDROXYBUTYRIC ACID
m-HYDROXYCINNAMIC ACID
0-HYDROXYCINNAMIC ACID
p-HYDROXYCINNAMIC ACID
2-HYDROXYISOBUTYRIC ACID (S)
p-HYDROXYPHENYLACETIC ACID
HYDROXYTRIMETHYLACETIC ACID
2-HYDROXYVALERIC ACID
4-HYDROXYVALERIC ACID
HYPOPHOSPHOROUS ACID (S)
I0DIC ACID

IODOACETIC ACID
m-I10DOBENZOIC ACID
0-10DOBENZOIC ACID
p-I0DOBENZOIC ACID
4-10DOBUTYRIC ACID
m-IODOPHENYLACETIC ACID
0-IODOPHENYLACETIC ACID
p- [ODOPHENYLACETIC ACID
3-10DOPROPIONIC ACID
S-I0DOVALERIC ACID
ISOBUTYRIC ACID
ISOCAPROIC ACID
ISOCITRIC ACID
ISOPHTHALIC ACID
0-I1SOPROPYLBENZOIC ACID
p-ISOPROPYLBENZOIC ACID
ISOPROPYLMALONIC ACID
ISOVALERIC ACID
ITACONIC ACID
2-KETOGLUTARIC ACID
LACTIC ACID (S)
LAURYLSULFONIC ACID
LEVULINIC ACID

MALEIC ACID

MALIC ACID

MALONIC ACID (S)
MANDELIC ACID

MES (S)

MESACONIC ACID



CHROMATOGRAPHIC DATA (1983)

193 MESOTARTARIC ACID

194 METHACRYLIC ACID

195 METHOXYACETIC ACID

186 m-METHOXYBENZOIC ACID

197 0-METHOXYBENZOIC ACID

198 p-METHOXYBENZOIC ACID

199 p-METHOXYPHENYLACETIC ACID
200 METHYLETHYLMALONIC ACID

201 METHYLMALONIC ACID

202 METHYLSULFONIC ACID

203 2-NAPHTALENESULFONIC ACID
204 NICOTINIC ACID

205 NITRIC ACID

206 2-NITRO-3-BROMOBENZOIC ACID
207 3-NITRO-2-BROMOBENZOIC ACID
208 3-NITRO-4-BROMOBENZOIC ACID
209 2-NITRO-3-CHLOROBENZOIC ACID
210 3-NITRO-4-CHLOROBENZOIC ACID
211 3-NITRO-5-CHLOROBENZOIC ACID
212 m-NITROBENZOIC ACID

213 0-NITROBENZOIC ACID

214 p-NITROBENZOIC ACID

215 m-NITROPHENOL

216 0o-NITROPHENOL

217 p-NITROPHENGL

218 NITROUS ACID

219 OCTYLSULFONIC ACID

220 OROTIC ACID

221 OXALIC ACID (S)

222 OXALOACETIC ACID

223 PELARGONIC ACID

224  PERCHLORIC ACID (§)

225 PERIODIC ACID

226 PERMANGANIC ACID

227 PEROXYSULFURIC ACID

228 PERRHENIC ACID

229 PHENOL

230 PHENOXYACETIC ACID

231 PHENYLACETIC ACID

232 4-PHENYLBUTYRIC ACID

233 2-PHENYLPROPIONIC ACID

234 3-PHENYLPROPIONIC ACID

235 PHOSPHORIC ACID (S)

236 PHOSPHOROUS ACID

237 PHTHALIC ACID

238 PICRIC ACID

239 PIMELIC ACID

240 PROPIONIC ACID (S)

3-PROPYLGLUTARIC ACID
PROPYLMALONIC ACID
PROPYLSULFONIC ACID
PYRAZOLE-2.3-DICARBOXYLIC ACID
PYROPHOSPHORIC ACID
PYRUVIC ACID
SACCHARIN

SALICYLIC ACID
SEBACIC ACID
SELENIC ACID
SELENIOUS ACID
SELENOCYANIC ACID
SORBIC ACID

SUBERIC ACID
SUCCINIC ACID (S)
SULFAMIC ACID (S)
SULFANILIC ACID
m-SULFANILIC ACID
0-SULFANILIC ACID
SULFURIC ACID
SULFUROUS ACID

TAPS

TARTARIC ACID (S)
TARTRONIC ACID
TEREPHTHALIC ACID
THIOACETIC ACID
THIOCYANIC ACID
THIOCYANOACETIC ACID
THIOGLYCOLIC ACID
THIOSULFURIC ACID
p-TOLUENESULFONIC ACID
m-TOLUIC ACID
0-TOLUIC ACID

- p-TOLUIC ACID

TRIBROMOACETIC ACID
TRICHLOROACETIC ACID
TRICHLOROACRYLIC ACID

~ TRICHLOROLACTIC ACID

TRIMETAPHOSPHORIC ACID
TRIMETHYLACETIC ACID (S)
TRIMETHYLACRYLIC ACID
2.4.6-TRIMETHYLBENZOIC ACID
TRIMETYLPYRUVIC ACID
VALERIC ACID

VANILLIC ACID

VINYLACETIC ACID
VINYLGLYCOLIC ACID
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TABLE 1V

ISOTACHOPHORETIC INDICES OF 287 ANIONIC SUBSTANCES

8,50
1.909
1.000

8.325 8.576

7.826 8.076

9.877 10.131

4,756
4,258

42.4
42.7

i
-1

2.840 9.091 0.341 §.624
~1
2

1 ACETIC ACID (S)
3 ADIPIC ACID

2 ACRYLIC ACID



CHROMATOGRAPHIC DATA (1983)

4 ALLYLACETIC_ACID

4.674

33.9

=1

8.50
1.000
8.50

2.601
1.000

2,412 2.415

8.25
1.000

8.134 8.384 8.636
8.25
2.508
1.000
8.399 8.651

8.00
1.000

8.00
2.601
0.999
8.143

2.416 2,414

0.998 0.933 0,939

7.437

775
7.884
775
2.603
7.900
S0 P |

7.50
2.418
7.635
7.50
2.607
(Ref.)

0.937 0.998 0.999
7.652

7:25
2,402
FAAR)
2.588
7.457

7.00
2.407

0.997
7.188

6.75
2.413

4.00
6.50
2.423

51.6
-31.6

6 D-AM}NOBENZOIC ACID
-

§d0 5 1

(Ref.)
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2.190
6.940

35,2
70.0

7 ARSE?IC ACID
-2

3.922

0.449 0.520
3,807

13,04

(Ref.)

10,00
1,251
1.999

9.792 10,042

4,50
2,312
975
1,999
4,50
2,932

0.998 1.003

4,25
2.336 2,324
4.171 4.396 1.634

9,50

1,998

9.541

4.25

3.107
0.777 0.830 0.881

l.241 1,234 1,232
4,334 4,412 4,555 4,734

4,00
9.25
1,997
9.032 9.282
4.00
3,311

0.992 0.993
i,
9.00
6 1.203
1,994
0,743

90

75
24
7,50 27.56 27.64 32,36 32,58 32.97

8.7
12

2

L9
8.784

3,485

26.7

9 ASPIRIN
-1

8.50
1,000
8.690

8.25
3.104 3,109

1.000
8.438

8.00
3.107
1.000

7.75
7,937 8.187

3.110
1.000
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10 AZELAIC ACID CSH1604 pHL 3,00 3.25_ 3.50
= 22.0 4.550 188.22 RE 11,738 9.723 8.18
-2 45.9 5.355 t 34,49 32,49 31,28
i 0.307 0.373 0.4u4
pHS 4,110 4.213 4,311
3.75 4,000 4,00 4.25 450 4.75 4.75 5.00 5.25 5.50 5.75
6.845 5.647 4, 4,307 3.719 3,195 3.048 2,705 2.434 2,233 2,138
30.56 30.31 26,70 27.00 27.52 28.26 32,55 33.33 34,13 31.30 31,69
0.534 0.651 0.761 0.871 1.014 1.189 1.245 1.410 1.575 1.745 1.827
4,420 4,546 4.652 4.754 4,883 5.041 5.096 5.260 5.452 5.720 5.908
6.00 6.25 6.50 6.75 7.00. 7.25 7.50 7.75 8.00 8.25 8.50
2,067 2.020 1.973 1.958 1.947 1.939 1.971 1,968 1.964 1.961 1.965
31,98 32,18 43,29 43,33 43,35 43,34 32,44 32,44 32.45 32,46 32,50
1,892 1.93 1.966 1.980 1.989 1.994 1,996 1.998 1.999 1.999 2.000
6.127 6.362 6.657 6.896 7,141 7.389 7.602 7.850 8.100 8.343 8.601
8.75 9.00 9.2 9.50 9.75 10,00 (Ref.) : 10 , 1
1,963 1.960 1,956 1.941 1,936 1,931
32,54 32,61 32.74 40,34 40,86 41.85
2,000 2.000 2.000 2.000 2.000 2.000
8,851 9,101 9.352 9.636. 9.888 10.142
11 BENZENESULFONIC ACID C6H603S PHL 3,00 3,25 3.50
Sl 38.7 -2.000 158,17 RE 2,093 2,093 2,093
t 25,93 23,10 21,37
z 1.000 1.000 1.000
pHS 3,239 3,453 3,669
3,75 4,00 4,00 4.25 4,50 4,75 4,75 5.00 5.25 5.50 5.75
2,092 2,092 2,100 2.100 2,099 2.097 2.096 2.094 2.093 2,101 2.101
20,29 19.64 17,51 17,16 16.95 16.83 19.05 18,99 18,95 16.90 16,89
1,000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
3.896 4,134 4,137 4.369 4,611 4.857 4.878 5.126 5.375 5.609 5.858
6.00 6.25 6.50 6.75 7.00 7.25 7.50 7.75 8.00 8.25 8.50
2,100 2,098 2.093 2.092 2.091 2,090 2,102 2,101 2,100 2,088 2.101
16.89 16.88 22,83 22.83 22,83 22.82 16.85 16.85 16.86 16.87 16.83
1.000 000 1,000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6.107 6.357 6.651 6.901 7.151 7.401 7.607 7.857 8.107 8.357 8.608
8.75 9.00 9.25 9.50 9.75 10.00 (Ref.,) :2 , 12
2,099 2.098 2.096 2,092 2.090 2,087
16.91 16.95 17 21,19 21,52 22,14
1.000 1.000 1.000 1.000 1.000 1.000
8.859 9,109 9.360 9.650 9.903 10.159
12 BENZQIC ACID C7H602 pHL 3.00. 3.25 3.50
=1 4,203 2.12 RE 6.683 5.705 4,971
t 24,91 23,46 22.47
Z 0.352 0.413 0.476
PHS 3,913 4,025 4,134
3,75 4,00 4,00 4,25 4,50 4,75 4,75 5,000 5.25 5.50 5.75
4,339 3,791 3,525 3,255 3,004 2.801 2.762 2,637 2.551 2,503 2.480
21,72 21,16 18,49 18.29 18,12 18.00 20,56 20.50 20.46 18,09 18.08
0.547 0.628 0.681 0.739 0.803 0.863 0.875 0.917 0.949 0.971 0.882
4,256 4,400 4,500 4.622 4.778 4.967 5.012 5.212 5.435 5,683 5.905
6.00 6.25 6,50 6.75 7.00 7.25 7.50 7.75 8,00 8.25 8.50
2,460 2,448 2,432 2,428 2,425 2,422 2.440 2.438 2,436 2,434 2,437
18,07 18,07 24,97 24,96 24.96 24.95 18.03 18,04 18.04 18,06 18,07
0.990 0.99% 0.997 0.998 0.999 0,999 1,000 1.000 1.000 1.000 1.000
6.144 6,389 6.694 6.940 7.189 7.438 7.636 7.886 8.136 8.386 8.637
8,75 9,00 9.25 9.50 9.75 10,00 (Ref.) : 2,1
2.436 2.433 2,431 2.424 2,421 2.417
18,11 18,17 18.28 23,16 23,62 24.51
1,000 1.000 000 1.000 1.000 _1.000
8.888 9.138 9.390 9.689 9.944 10.202
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13 BENZILASPAR%E]% ACID C11HI3NO4

PHL . :
. -3.000 223,23 R 4,983 12.525 10.669
=1 -25.8 4,855 t 9,33 27.56 26,35
JA 0.203 0.243 0,287
PHS 4.243 4,344 4,439
3,75 4,00 4,00 4.25 4,50 4,75 4,75 5,00 5.25 5.50 5.75
9,051 7.605 6,621 5,944 5,269 4,659 4,463 4,070 3.758 3.531 3,423
25.44 24,77 21,23 21.03 20.86 20,73 24.07 24,01 23,98 20.89 20,87
0.339 0,406 0.471 0.527 0.597 0.678 0.708 0.77/8 0.845 0.909 0.939
4,544 4,666 4,779 4,874 4,996 5.147 5,209 5,369 5.560 5,822 6,007
6.00 6.25 6.50 6.75_ 7.00 7.25 7,50 7.75_ 8.00 8.25 8.50
3,342 35,288 3.233 3,217 3.206 3.198 3.231 3.227 3.224 3.219 5,225
20,86 20.86 29.96 29,95 29,94 29,93 20,82 20,83 20.84 20.85 20.89
0.962 0.978 0.989 0.994 0.996 0.998 0.999 0.999 1.000 1.000 1.000
6.224 6.459 6.782 7.021 7.267 7.515 7.698 7.946 8.196 8.446 8.699
8.75 9.00_ 9.25 9.50_ 9.75 10,00 (Ref.) : 10
3.221 3,217 3,212 3,197 3,190 3.180
20,95 21,05 21.24 27,92 28,85 30,80
1.000 1.000 1.000 1.000 1.000 1.000
8.950 9.201 9.453 9.774 10.033 10.301
14 BROMIC ACID (S) HBr03 PHL 3.00 3.25 3.50
i B -2.000 128.91 RE 1,381 1,381 1.381
- t 20,82 18,65 17,38
Z 1,000 1.000 1.000
pHS 3,101 3,333 3.567
3,75 4,00 4,00 4.25 4,50 4,75 4,75 5,00 5.25 5,50 5.75
1,380 1.380 1.382 1,382 1,382 1,381 1.381 1.381 1.380 1,383 1,382
16.62 16,19 14.80 14.55 14.41 14,34 15,80 15.76 15.73 14.38 14,37
1.000 1.000 1.000 1.000 1.000 1,000 1.000 1,000 1.000 1.000 1.000
3.806 4.051 4.053 4.295 4,542 4,790 4.799 5.048 5,298 5.541 5.790
6.00 6.25 6.50 6.75 7.00 7.25 7.50 7.75 8.00 8.25 8.50
1,382 1,382 1.381 1.380 1,380 1.380 1,383 1.382 1,382 1,382 1,382
14,37 14,37 18,28 18,28 18.29 18.29 14.34 14,35 14,35 14,36 14.36
1,000 1.000 1.000 1.000 1,000 1.000 1.000 1.000 1,000 1,000 1,000
6.040 6.290 6.559 6.809 7.059 7.309 7.540 7.790 8.040 8.290 8.540
8,75 9.00 9.25 9,50 9.75 10,00 (Ref.) : 1, 12
1,382 1,382 1,381 1,380 1,380 1,379
14,38 14.40 14,44 17.11 17,25 17.51
1.000 1.000 1.000 1,000 1.000 1.000
8,791 9.041 9.291 9.556 9.807 10.059 g
15 BROMOACETIC ACID (S) C2H3Bro2 pHL 3,00 3.25 3,50
=] 40.6 2.901 138.9 RE 2.556 2,374 2,247
t 23,93 21.93 20.62
z 0.773 0.834 0.882
PHS 3.398 3.565 3.738
3.75 4,00 4,00 4.25 4,50 4,75 4,75 5,00 5.25_ 5.50 5.75
2,154 2,089 2.090 2.054 2.030 2.014 2,012 2.003 1.997 2.002 2.000
19.72 19,13 17.07 16,77 16.58 16,47 18,58 18,52 18.49 16.54 16,53
0.922 0.951 0.954 0.971 0.983 0.990 0.990 0.995 0.997 0,998 0.999
3,933 4,150 4,176 4,384 4,613 4,854 4,876 5,119 5.366 5.603 5.850
6,00 6,25 650 6,75 7.00 7.25 7,50 7.75 8.00_ 8.25 8.50
1,998 1,996 1,991 1,990 1,989 1,988 1.999 1,998 1,997 1,996 1,998
16.52 16,52 22,18 22,18 22,17 22,17 16,49 16,49 16.50 16.51 16,52
0.999 1,000 1.000 1,000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6.099 6.348 6.639 6.889 7.139 7.389 7.598 7.848 8.098 8.348 8.599
8.75. 9.00 9.25 9,50 9.75 10.00 (Ref.) : 3., 1
1,997 1,995 1.994 1,990 1.988 1,986
16.54 16,58 16.66 20.60 20,89 21.44
1.000 1.000 1.000 1,000 1.000 1.000
8.850 9.100 9.351 9.637 9.890 10.145
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16 m-BROMOBENZQIC ACID €7H5Br02 PHL 3. 3.25
-1 31.5 3.812 201.02 RE 5,249 4,582 4,082
t 26.63 24.82 23,59
Z 0.483 0.555 0.625
pHS 3,755 3.879 4.003
3,75 4.00 4.00 4.25 4,50 4,75 4.75 5.00 5.25 5.50 5.75
3,662 3.316 3.22 040 2.836 2.7/5 2.758 2.6 2.650 2.642 2.628
22.67 22,02 19,22 18.95 18,74 18.60 21.36 21.28 21,23 18.71 18.69
0.698 0.774 0.802 0.852 0.898 0.936 0.940 0.9 0.979 0.987 0.993
4,145 4.314 4.385 4,536 4,722 4.936 4.974 5,197 5.434 5.671 5.908
6.00 6.25 6.50 6.75 7.00. 7.25 7.50 7.7 8.00 8.25 8.50
2.618 2.611 2,598 2,585 2,593 2.590 2.611 2.610 2,608 2,606 2,609
18.68 18.68 26.06 26,05 26.05 26.04 18.64 18,64 18,65 18,66 18.68
0.996 0.998 0.999 0.999 1.000 1,000 1.000 1.000 1.000 1.000 1.000
6.153 6.401 6.709 6.957 7.206 7.456 7.650 7.899 8.149 8.393 8.651
8,75 9,00 9.25 9.50_ 9.75 10.00 (Ref.) : 2,1
2.607 2.605 2.602 2.593 2.583 2.58
18,72 18,79 18,92 24.17 24,72 25,78
1,000 1.000 1.000 1.000 1.000 1.00
8.902 9.153 9.404 9.708 9.964 10.224
17 0-BROMOBENZOIC ACID C7H5Br02 PHL 3.00. 3.25_ 3,50
=1 31, 854 1.02 RE 3,183 2,993 2.860
t 28,37 25,76 24,03
7A 0.810 0.862 0.904
PHS 3.449 3,617 3.791
3,75 4,00 4.00 4.25 4,50 4,75 4,75 5.00 5.25 5.50 5.75
2.763 2.695 2,705 2.667 2.641 2.624 2,619 2,609 2,602 2.6l4 2.61l
22.85 22,08 19.40 19,01 18.75 18.60 21.37 21.29 21,24 18,71 18,69
0.936 0.961 0.962 0.976 0.986 0.992 0.992 0.996 0.998 0.999 0.999
3.987 4.205 4,225 4,434 4,663 4,904 4.933 5.177 5.424 5.654 5.901
6.00 6.25 6.50 6.75 7.00 7.25 7.50 7.75 8.00 8.25 8.50
2,609 2,606 2.595 2,594 2,592 2,590 2.611 2,610 2,608 2,605 2.609
18.68 18.68 26,06 26,05 26,05 26.04 18,64 18.64 18.65 18,66 18.68
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6.150 6.393 6.707 6.956 7.206 7.456 7.649 7.839 8.149 8.399 8.651
8,75 9.00 9.25 9.50_ 9.75 10,00 (Ref.) :2,1
2,607 2.605 2.602 2.593 2.583 2.584
18.72 18,79 18,92 24,17 24,72 25,78
1,000 1.000 1.000 1.000 1.000 _1.000
8,902 9,153 9.404 9.708 9.964 10.224
18 p-BROMOBENZOIC ACID C7H5Br02 PHL 3.00 3.25_ 3,50
-1 3l:3 3.971 201,02 RE 5.890 5,093 4,493
T 26,38 24,6/ 23.51
z 0.429 0.497 0.566
PHS 3.821 3.939 4.057
3,75 4,00 4,00 4.25 4,50 4.75 4,75 5,00 5.25 5,50 5.75
2.985 3,555 3.406 3,184 2,990 2.843 2,819 2,731 2,673 2.655 2,635
22,63 22.00 19.18 18,93 18,74 18,60 21.35 21,28 21.23 18.71 18.69
0.640 0.720 0.75/ 0.812 0.866 0.912 0.919 0.949 0.970 0.982 0.990
4.190 4.349 4,431 4,571 4,745 4,950 4,991 5,206 5.439 5.679 5.911
6.00 6.25 6.50 6.75 7.00 7.25 7.50 7.75 8.00 8.25 8.50
2,622 2.614 2,599 2,596 2,593 2,590 2,611 2.610 2,608 2,606 2,609
18.68 18.68 26,06 26,05 26,05 26.04 18,64 18.64 18.65 18.66 18.68
0.994 0.997 0.998 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000
6.154 6.401 6.709 6.957 7.207 7.456 7.650 7.899 8.149 8.399 8.651
8,75 9.00 9.25 9.50 9.75 10.00 (Ref.) :2,1
2,607 2,605 2.602 2,593 2.589 2.584
18,72 18,79 18.92 24,17 24.72 25.78
1.000 1.000 1.000 1.000 1.000 1.000
8,902 9.153 9.404 9.708 9.964 10.224
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3.25_ 3,
2

3.00
3.263 3.033

C4H7Bro2
167.00

2.987

-BROMOBUTYRIC_ACID
=1 32.3

8.394 8.646

7,640 7.894 8.144

C4H7Br02
167.00

20 4-BROMOBUTYRIC ACID

4.585

30.4

=1

0.776

53
.034 5,090

z
7.80 20.28

7
i
o/
0

C8H7Bro2
215,05

4,054

31.4

21 O-BRgMOPHENYLACET[C ACID

2.618

9.153 9.405 9.

9.00
1,000 1.000 1.000 1.0

8.903

8.75
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22 2-BROMOPROPIONIC ACID C3H5Br02 PHL 3.00 3.25_ 3.50
-1 33.4 2.975 152.98 RE 3.149 2,927 2,769
t 27.05 24.89 23.12
£ 0.768 0.828 0.877
PHS 3.463 3.625 3.793
3,75 4,00 4,00 4,25 4,50 4,75 4,75 5,00 5.25 5,50 5.75
2.651 2.568 2.573 2,527 2.495 2,474 2.470 2.457 2.449 2.459 2,455
22,03 21.32 18.79 18.43 18,20 18.06 20.66 20.58 20.53 18.15 18.14
0.917 0,948 0.951 0.969 0.981 0.989 0.990 0.994 0.997 0.998 0.999
3.983 4,197 4.223 4,427 4,654 4,893 4,921 5.163 5.410 5.642 5.888
6.00_ 6.25 6.50 6.75 7.00 7.25 7.50 7.75_ 8.00 8.25 8.50
2,453 2,450 2.44]1 2,440 2.438 2.436 2.454 2.453 2,451 2.450 2.453
18,13 18,12 25.06 25.06 25,05 25.05 18.09 18:09 18,10 18,11 18.13
0.999 1.000 1.000 1,000 1,000 1.000 1.000 1.000 1.000 1.000 1.000
6.137 6.387 6.691 6.940 7,190 7.440 7.637 7.887 8.137 8.387 8.639
873 9.00 9.2 9.50 9.75 10,00 (Ref.) : 3
2.451 2,449 2.446 2,439 2,436 2.432
18,16 18,22 18.33 23,25 23,72 24.62
1,000 1.000 1.000 1.000 1.000 1.000
8,889 9.140 9.391 9.691 9.945 10.204
23 5-BROMOVALERIC_ACID C5H9Br02 DHL 3,00 3,25 3,50
-1 32.3 4,721 181.03 RE 10.913 9.150 7,825
t 25,06 23.74 22,83
Z 0.222 0.265 0.311
pHS 4.157 4.258 4,354
3.75 4,00 4,00 4,25 4,50 4,75 4,75 5,00 5,25 5,50 5.75
6.670 5,635 4,888 4,418 3,947 3,521 3,393 3,120 2,905 2.745 2.673
22,12 21,60 18.77 18.61 18.47 18,36 21.01 20,95 20.92 18.46 18.45
0.366 0.435 0.507 0.562 0.631 0.710 0.737 0.804 0.865 0.923 0.949
4,459 4,582 4,704 4,800 4.923 5,077 5.136 5.299 5,493 5.761 5.949
6.00 6.25. 6.50 6.7/5 7.00 7.25 7.50 7,75 8.00 8.25 8.50
2.618 2.583 2,550 2,539 2,532 2,526 2,545 2.543 2,540 2,538 2,541
18.44 18,44 25,62 25.62 25.61 25.61 18.40 18.40 18,41 18.42 18.44
0.968 0.981 0.991 0.995 0.997 0.998 0.999 0.999 1,000 1.000 1.000
6,169 6.405 6.716 6.955 7,202 7.450 7.646 7.895 8.144 8.394 8,646
8.75 9.0 9.25 9.50 9.75  10.00 (Ref.) : 3
2,539 2.557 2.534 2.526 2,523 2.518
18,48 18.54 18.66 23,77 24.28 25,27
1,000 1.000 1.000 1.000 1.000 1.000
8.896 9.147 9.399 9,701 9.956 10,215
24 o-t-BUTYLBENZOIC ACID C11H1402 pHL 3.00. 3.25_ 3.50
=1 232 5.535 23 RE 5.717 5,137 4.704
t 34,09 31,20 29.25
Z 0.614 0,685 0.751
PHS 3.709 3.845 3,985
3,75 4,00 4,00 4,25 4,50 4,75 4,75 5.00. 5.25_ 5.50 5.75
4,352 4,076 4.062 3.909 3,791 32,711 3.693 3.647 3.617 3,634 3.623
27.83 26.87 23,10 22,65 22,33 22.13 25.94 25,83 25,76 22.29 22.26
0.814 0.872 0.883 0.919 0.948 0.969 0.971 0.983 0.990 0.994 0.997
4,147 4,336 4,378 4,554 4,761 4,990 5.030 5.265 5.509 5.733 5.976
6.00 6.25. 6.50 6.75 7.00 7.25 7.50 7.75 8,00 8.25 8.50
5.615 3.607 3.581 3.,5/8 3.574 3.5/0 3,615 3,612 3.609 3.604 3.611
22,25 22,24 32.42 32,41 32,39 32,38 22,20 22,21 22,22 22,24 22:28
0.998 0.999 0.999 1.000 1.000 1.000 1,000 1,000 1.000 1.000 1.000
6.224 6.473 6.799 7.048 7.298 7,547 7.723 7.973 8.223 8.473 8.727
875 9.00 925 9.50 9.75 10:00 (Ref,) ¢11 ;1
3.607 3.602 3.596 3,575 3,565 3,551
22,36 22.49 22.73 30,36 31.65 34.47
1.000 1.000 1.000 1.000 1.000 1,000
8.978 9.229 9,482 9.813 10.075 10.350
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CHROMATOGRAPHIC DATA (1983)

C11H1402
178.23

4,400

23.2

-1

25 p-t-BUTYLBENZOIC ACID

9.50 9.75 10.00 (Ref.) : 11 , 1

3.575

9.25
3,596
22,36 22,49 22,73 30,36 31.65 34,47

9.00
3,602

8.75
3,607

1.000

3,565 3,551
1.000

8,978 9.229 9.482 9.813 10.075 10.350

26 BUTY?IC ACID_(

1,000 1.000 1.000

1.000

4,820

33.8

2 sl

(Ref.)

10.00
2.402
1.000

975
2,406

1000
7 9.942 10.200

3,25 _3.50

C2H7As02 3.00
6.184 138.00

29.9

27 CACO?YLIC ACID (S)

5.75

8 7.202 4.876 4,509
0.598

6.327
8.50

2

5.50
0.552

5.924 6.246

8.00

8.25
0.995
841k

53.330 43,793 36,666

2,781 2.767

5.25
6 0.367

4,00 4.25 4,50 4,75 ;
30,417 24,720 18,467 16,251 13,887 11,544 10,

4,00

3,75

: 10

(Ref.)

9.981 10,243

9.725

9.417
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6.364

5.843 5.947 6.299

4.00

3,753

-2.700

67.0

32 CHLO?]C ACID_($)

dl
1,000 1,000 1,000 1.00

4,25
3,778 4,026 4,027 4,272 4,521 4.770 4,77

4.00
s

4.00

1,186 1.185 1,186 186
15,63 15,25 14,06 13.85 13,73 13,66 14,92

3475
1,000 1,000 1.000

C4H7C103
138.55

0 5.530

5
8
.6
0
7
33 2-CHLORO-3-QH-BUTYRIC ACID

2.602

34.4

~I

5.25 5.50

2,375 2.370 2.381

5.00

8.50
1.000

8.25

8.00
2,578 2,376 2.3/5 2.378

1,000 1.000 1.000

7475

7.86 17,83 17,83 17,84 17.86

5
3
.0
.630 7.881 8,131 8.381 8.632

.50
579

7
2
1
1
7

6.25

6.00
2.377 2,375
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CHROMATOGRAPHIC DATA (1983)

C7H5C102
156.57

3.977

33.4

-1

_3} -D:CﬁLéRéBENZOIC_AEIﬁ C " C7HsCl02 pHL 3,00 3.25 3.50

.000 1.000
1945 10,204

9
2
23,
1
9

3 4.3L0

75
79
.8
.63
18

3
5,
21
0
4

Cu4H7C102
122.55

2.839

30,4

38 2—CHEOROBUTYRIC ACID

C4H7C102
122.55

4,056

34.4

39 3-CHEOROBUTYRIC ACID

8.50
2.378
1.000

8.632

8,25
2.375
1.000
8.381

8.00
2.377
1,000

7575
2.378
7.631 7.881 8.131

1.000 1.000

7.50
2.380

7.25
2.363
1.000
7.0432
1.000

1000
9.682 9.936 10.195

9.50 .
2,

2,365
1,000

1372
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40 2-CHLOROCROTONIC ACID
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5.25
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5.00
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2: 2
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41 3-CHLOROCROTONIC ACID

ONINLNCO
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2,35

5.00
2,394

4,75
.57 18.08 17,85 17.67 %7.55 19,98 19,92 1978
4

4,75
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4,50
2.585

0
n
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42 CHLO?ODIBROMOACETIC ACID

1 3, 12

(Ref.)
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C2HC1F202
130.48

1.000
2.810

38.6
35.4

s}

#1

43  CHLORODIFLUOROACETIC ACID
4y 2-CHLOROISOCROTONIC ACID

CHROMATOGRAPHIC DATA (1983)

9.023

33.4

45 m-CHkOROPHENOL

0.003
6.451
5.75

23.86 22.87 22.17
0.002
6.373
5.50

0,002
6.286
5.25

4,00 4.00 4,25 4,50 4.75 4.75 5,00
OO0 (OO0 OO0 OO0 000 OO0 oo oo cooao 61,200 55,694

3.75%

7.644

0.037 0.041

6 18,30 18,30
7.602

5
i
5

7.089

21,62 21,18 18,44 18,35 18,27 18,20 20.61 20,5
0.004 0.006 0.007 0.008 0.010 0.012
6.626 6.786 6.843 6.914 7.001

0.003
6.534



D26 CHROMATOGRAPHIC DATA (1983)

46 0-CHLOROPHENOL C6H5C10 pPHL 3.00 3.25 3.50
-1 33.4 8.477 128.56 RE OD OrOoD Oo1o
t 23.80 22,80 22.10
VA 0.003 0.004 0.005

pHS  6.013 6.099 5.177

3.75 4,00 4,00 4.25 4,50 4.75 4,75 5,00 5.25 5,50 5.75
OOOD OO OO0y 00D oo oo 88,13 7%é70§ 3%,661 30,647

g 8,132
21,54 21.11 18,37 18,28 18.20 18.13 20.53 20,51 4 8.22 18,22
0.006 0.008 0.011 0.012 0.015 0.018 0.022 0.026 0.032 0.068 0.075
6.260 6.353 6.513 6.569 6.641 6.729 6.816 6.892 6.984 7.330 7.374
.25 6.5 6.75 7.00 7.25 7.50 7.75 8.00 8.25 8.50
26.879 22,697 11.020 10.152 9.048 7.807 5.171 4,789 4,330 3.852 3,255
18.21 18,21 24,87 24,88 24,89 24,90 18,17 18,17 18.17 18.18 18,20
0.085 0.101 0.211 0.230 0.258 0.300 0.461 0.499 0,553 0.624 0.744
7.435 7.516 7.887 7.933 7.999 8.088 8.382 8.447 8.540 8.666 8,907
8.75 9.00 9.25 9.50 9.75 10.00 (Ref.) : 3, 1
3,026 2.826 2.678 2.559 2.506 2.471
18,23 18,29 18,40 23,33 23.80 24.70
0.803 0.81 0.910 0.951 0.971 0.983
9,051 9,232 9.443 9.729 9.964 10.214
47 p-CHLOROPHENOL C6H5C10 pHL 3,00 3.25 3,50
—~1 33.4 9.378 128.60 RE OO0 OO0 ECCOD)
t 23,98 23,00 22.31
Z 0.001 0.001 0.002
pHS 6.465 6.552 6.630
3,75 4,00 4,00 4,25 4,50 4,75 4,75 5,00 5.25 5.5 5.75
OO0 OO0 OO0 FO00D 00000 oo 0o oo oo 90,705 82,548
21,76 21,32 18,56 18.48 18,40 18,33 20,74 20,72 20.70 18.43 18,43
0.002 0.003 0.004 0.004 0.005 0.006 0.008 0.009 0.011 0.025 0.028
6.712 6.805 6.965 7.022 7.093 7.179 7.267 7.342 7,432 7,781 7.822
6.00 .25 6.5 6.75_ 7.00_ 7.25_ 7.50 7.7 8,00 8.25 8.50
72.299 60.855 27,121 24,943 22,127 18.897 10,628 9.768 8.685 7.481 5,343
18.43 18,42 25.07 25,07 25.08 25,10 18.42 18.43 18.44 18.45 18,52
0.031 0.037 0.085 0.092 0.104 0.122 0.220 0.240 0.270 0.315 0.445
7.881 7.959 8.332 8,372 8.430 8,507 8.809 8.857 8.925 9,01/ 9.256
8.75 9.00 9.25. 9,50 9,75 10,00 (Ref.) : 3,1
4,788 4,211 3,687 3.120 2.884 2,705
18.56 18.63 18.75 23.80 24.30 25.26
0.498 0.569 0.652 0.773 0.838 0,894
9,347 9.468 9.618 9.878 10.059 10.271
48 p-CHLOROPHENYLACETIC ACID C8H7C102 pHL 3.00 3.25 3.50
-1 34, 4,190 170.60 RE 6,462 5,519 4,810
t 24,48 23,08 22,12
Z 0.354 0.416 0.478
pHS 3.905 4,017 4,125
3,75 4,00 4,00 4,25 4,50 4,75 4,75 5,00 5.25 5.50 5.75
4,202 3.673 3.414 3,155 2,914 2.718 2.682 2.562 2.479 2.439 2.411
21.38 20.84 18,24 18.05 17.89 17,77 20,26 20.20 20.16 17.86 17.84
0.550 0.631 0.684 0.742 0,805 0.85 0.876 0,919 0.950 0.971 0.982
4,247 4,392 4,493 4,615 4,771 4,960 5.005 5.205 5.429 5.677 5.900
6,00 6.25 6.50 6,75 7,00 7.25 7,50 7.75 8.00 8.25 8.50
2,392 2.380 2.366 2.362 2,359 2.356 2.372 2.371 2.37/0 2.367 2.3/0
17.84 17.83 24.54 24,54 24,53 24,55 17.80 17.80 17.81 17.82 17.83
0.990 0.994 0.997 0.998 0.999 0.999 1.000 1.000 1.000 1.000 1,000
6.138 6.384 6.687 6,933 7.182 7.431 7.630 7.880 8,130 8.380 8.632
875 9.00 9.25 9.50 9.75 10.00 (Ref.) : 2
2,369 2.367 2.364 2.358 2.355 2.351
17.87 17.93 18,03 22,76 23,20 24,02
1.000 1.000 1.000 1.000 1.000 1.000
8.882 9.133 9,384 9,681 9,936 10,194
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CHROMATOGRAPHIC DATA (1983)

C3H5C102
108.52

2.796

36.9

=1

49 2-CHLOROPROPIONIC ACID

€3H5C102
108,52

3.867

56,9

50 3—CH%OROPROPIONIC ACID

0.991
5.877
8.50

5
8 2.206 2.208

5
6 2.242 2.227
5 17,28 1727

L 0.985
0 5.643

25
25
i
97
40

5
2
19,
0
5

.00

,299
\47
356
165

4,75 5
4 2
5 19
9 0
7 5

3 4,911 4,94

1.000
8.367 8.618

8.25
1.000

6.50

8 2,212 2,202

6.25
7 17.26 23.51 23

51 CHLOROUS ACID

1.9860

53.9

-1

8.00 9,25
1,486 1,485 1.485

8.75



D28 CHROMATOGRAPHIC DATA (1983)

52 5-CHLOROVALERIC ACID C5H9C102 DHL 3.00 3.25_ 3.50
~ 32.3 4,697 136.58 RE 10.670 8,952 7.661

t 23,75 22.84
0.271 0.318

z 0.227 0.
DHS  4.145 4.247 4.343

3,75 4,00 4,00 4,25 4,50 4,75 4,75 5.00 5.25. 5.50 5.75
6.536 5.529 4.812 4,354 3.894 3.481 3,359 3.095 2.837 2.736 2.666
22,13 21,60 18.78 18.62 18.47 18.36 21.01 20,85 20.92 18.46 18.45
0.374 0.444 0.515 0.571 0.640 0.718 0.745 0.811 0.871 0.926 0.951
4,448 4,573 4,694 4,791 4,915 5.071 130 5.294 5.490 5.756 5.947
6.00 6.25 6.50 6.75 7.00 7.25 7.50 7.75_ 8 8.25 8.50
2,615 2,581 2.5 2,539 2.532 2.526 2,545 2,543 2,540 2.538 2.541
18,44 18.44 25,62 25.62 25.61 25.61 18.40 18.40 18.41 18,42 18.44
0.970 0.982 0.9 0.995 0.997 0.998 0.999 0.999 1,000 1.000 1.000
6.168 6.405 6.715 6.955 7.202 7.450 7.646 7.895 8.144 8,394 8.646
8,75 9.00. 9.25 9,50 9.75  10.00 (Ref.) : 3
2,539 2.537 2,534 2.526 2.523 2.518
18,48 18.54 18,66 23.77 24,28 25.27
1,000 1.000 1.000 1.000 1.000 1.000
8.896 9.147 9,399 9.701 9.956 10.215
53 CHROMIC ACID H2Cr04 PHL 3,00 3.25_ 3.50
=1 59.3 0.745 118.01 RE 1,350 1,347 1,346
-2 81.1 6.490 t 20,55 18,43 17.20
L 0.997 0.999 1.000
PHS 3,095 3,328 3,562
3,75 4,00 4.00 4.25 4,50 4.75 4.75 5,00 525 5,50 5.75
1,344 1,343 1.345 1,343 1.340 1,336 1.335 1,327 1.315 1.294 1.266
16.49 16.10 14,74 14,55 14 14,62 16.08 16,36 16.88 16,45 17.62
1,002 1.004 1.004 1.008 1.015 1.026 1.027 1.047 1,080 1.146 1.230
3,802 4,047 4,050 4.293 4,540 4,789 4.800 5.043 5.299 5.587 5.825
6,00 6.25 6.50 6.75 7.00 7.25 7.50 7.75 8.00 8.25 8.50
1,230 1,190 1.140 1.114 1.092 1,076 1.074 1.068 1.065 1.062 1,082
19,10 20.75 28.02 29,31 30.35 31,08 25.71 25.95 26.10 26.19 26.24
1,342 1.475 1.647 1.748 1.835 1.898 1.940 1.965 1.980 1,988 1.993
6.062 6.299 6.601 6.808 7.037 7.275 7.527 7.768 8.015 8.263 8.513
8.75 9.00 9.25 9.50 9.75 10.00 (Ref,) : 10, 2
1,061 1,060 1.060 1,055 1,055 1.054
26.29 26.33 26,40 30.41 30,58 30.88
1,996 1.998 1,999 1.999 2.000 2.000
8.763 9.013 9.262 9,515 9.765 10.015
54 CINNAMIC ACID C9H802 pHL 3,00 3.25 3,50
= : 4.438 148.16 RE 9.443 7,998 6,906
ie 27,82 26,11 24,95
Z 0.296 0.350 0.407
PHS 4,040 4,147 4,25
3,75 4,00 4,00 4,25 4,50 4,75 4,75 5,00 5,25 5,50 5.75
5,962 5.130 4.685 4.278 3,890 3.562 3,484 3,279 3,131 3.052 3.001
24,07 23.43 20,23 20,01 19,83 19.69 22,75 22.68 22,64 19,82 19,80
0.473 0.552 0.611 0.671 0,740 0.811 0.828 0,882 0.924 0.956 0.973
4,266 4,501 4.604 4.716 4.860 5.036 5.088 5,276 5.491 5.739 5.952
6.00 6.25 6.50 6,75 7.00 7,25 7.50 7.75 8,00 825 8.50
2,966 2,943 2,916 2.909 2,903 2.899 2,926 2,924 2,921 2.918 2.923
19.79 19,79 28.04 28.04 28,03 28,02 19.75 19.75 19.76 19,78 19.80
0.984 0.991 0.995 0.997 0.999 0.999 0.999 1.000 1.000 1.000 1.000
6.186 6.429 6.745 6.990 7.238 7.487 7.674 7,924 8.174 8.424 8,676
8.75 9.00 9.25 9,50 9,75 10,00 (Ref:) @11, 1
2,920 2,917 2,913 2,901 2,83 2.889
19,85 19.94 20.09 26.06 26,78 28.24
1,000 1.000 1.000 1.000 1.000 1.000
8.927 9.178 9.430 9.742 10.000 10.263
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C9H802
5:.879 148.16

28.3

CiS—EINN/—\MIC ACID

8.50

1,293
2.996
8.541

8,25
2.994

8.041 8.291

8.00
2.989

7yl5

1,302 1,297 1,293 1,290
2.980
/793

7.50
2.965
7.546

7,25
1,281
2.941

.13 51,52 41,22 41,35 41.43 41,48 41,53
7.307

1294
.900

s 10, 1

(Ref.)
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58 CRESOL C7H pHL 3,00 3.25 3.50
-1 33.4 7.377 108.14 E (zanans)
t 23.80 22.79 22.08
Z 0.012 0.015 0.018
pHS 5.463 5.550 5.629
3,75 4,00 4,00 4,25 4,50 4,75 4,75 5,00 5.25 5,50 5.75
oo 85.181 60.064 52.789 44,885 36.899 30.724 25,974 21,256 10.974 10,027
21,52 21.08 18.34 18.25 18,17 18.09 20.52 20.49 20,47 18.18 18.17
0.021 0.027 0.038 0.043 0.051 0.062 0.075 0.088 0,108 0.213 0.233
5.712 5,806 5.964 6.022 6.096 6.186 6.272 6.351 6.447 6,790 6.841
.00 6.25 .50 6.75 7.00 7.25 7.50_ 7.75_ 8.00 8.25 8.50
8.860 7.590 4.643 4,319 3.931 3,533 3.047 2,897 2.752 2.637 2.558
18,17 18.16 24.94 24.95 24,96 24, 18. 18.11 18,11 18.12 18.14
0.265 0.310 0.513 0.553 0.609 0.679 0.798 0.841 0.88 0.926 0.957
6.912 7.007 7.372 7.441 7.540 7.672 7.938 8.063 8.232 8.436 8.685
8.75 9.00 9.25. 9.50 9.75 10,00 (Ref.) : 3
2.514 2.485 2.467 2.450 2.442 2,435
18.17 18.23 18.34 23,25 23,72 24.63
0.974 0.985 0.991 0.996 0.998 0.999
8.910 9.149 9.396 9.694 9.947 10.205
59 m-CRESOL C7H80 pHL 3.00 3.25 3.50
-1 33.4 7.770 108.14 RE oo OO
£ 23,79 22.78 22,08
Z 0.008 0.009 0.011
pHS 5.659 5,746 5.824
3.75 4,00 4,00 4,25 4,50 4,75 4,75 5,00 5.25 5.50 5.75
oo oo 93,326 81.981 69,643 57,161 47.317 39,934 32,584 16.066 14.652
21,52 21,09 18.34 18.26 18.17 18.10 20.52 20.49 20.47 18.19 18.18
0.014 0.017 0.024 0.028 0.033 0.040 0.048 0.057 0.070 0.144 0,158
5.908 6.001 6.160 6.217 6.290 6.378 6.465 6.543 6.637 6.981 7.028
6.25 6.50 6.75 7Z.00 7.25. 72.50 7.75 8.0 8.25 8.50
12,898 10,969 6.067 5.616 5,058 4,457 3,512 3,298 3,068 2.861 2.686
18,18 18.18 24.90 24,91 24,93 24,94 18,12 18.12 18.12 18,13 18.15
0.180 0.213 0.389 0.421 0.469 0.534 0.688 0.734 0.791 0.850 0.910
7.095 7,182 7.551 7.608 7.690 7.802 8.081 8.178 8.314 8.488 8,735
8.75 9.00- 9.25 9,50 9.75 10,00 (Ref.) : 3
2,597 2.535 2.496 2.464 2,450 2.439
18.18 18,24 18.35 23,26 23,73 24.64
0.941 0.964 0.979 0.989 0.994 0.997
8.936 9.163 9,403 9.699 9.949 10.206
60 p-CRESOL C7H80 pHL 500 3.25 3.50
-1 33.4 7.959 108.14
t 23,79 22.78 22.08
0.006 0.008 0.009
PHS 5.753 5.840 5.919
3,75 4.00 4,00 4,25 4,50 4,75 4,75 5,00 5.25 5.50 5.75
OO0 Cooooo uoccn oo 86,177 70,693 58,401 49,261 40,153 19,470 17.746
21,52 21.09 18.34 18.26 18.18 18,10 20,52 20,49 20,47 18,19 18.19
0.011 0.0l14 0.020 0.022 0.026 0,032 0.039 0.046 0.057 0,119 0.130
6.002 6,095 6.254 6.311 6.384 6,472 6.559 6.636 6.729 7.074 7.120
6.00 6.25 6,50 6.75 7.00 7,25 7,50 7.75 8.00 8.25 8.50
15,601 13.234 7,023 6,490 5,824 5,095 3.830 3.580 3.299 3.034 2,785
18,19 18,18 24.89 24,90 24,91 24,93 18.13 18,13 18.13 18.14 18,16
0,149 0.175 0.335 0.363 0.406 0,465 0.629 0.675 0.734 0,800 0.876
7.185 7.270 7.639 7.692 7.769 7.873 8.157 8.243 8.365 8.525 8.770
8.75 9.00 9.25 9.50 9.75 10.00 (Ref.) : 3
2,667 2.579 2.522 2.478 2.458 2.u44
18.19 18.25 18.35 23,27 23.74 24.65
0.916 0.947 0.969 0.984 0.991 0.995
8.957 9.174 9.409 9.703 9.951 10.207
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3.25  3.50
10,417 8.738

C4H602 pHL 3.00
86.09 RE

4,705

53.5

61 CROT?NIC ACID

4.146 L.247 4.343

0.740
5.127

1.000

3,470

67.0

62 CYAN{C ACID

1.000

7,030 7.280

7.00
1,186

13,69 17.05 17.05 17.05 17,05 13,
1.000

6.75
1,186
1.000

6.532 6.780

6.50
1,187

0.999

2.469

45.0

63 CYAN?ACETIC ACID

9.864 10.117

9.332 9.611

9,081
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64 m-CYANOBENZOIC ACID C8H5N02 pHL 3.00 3.25 3.50
=1, 31.3 3.598 147.13 RE 4,581 4.058 3,668

t 27.13 25.14 23.80

0.559 0.633 0.703

3,75 4.00 4.00 4,25 4.50 4,75 4,75 5.00 5.25 550 5,75
3,349 3,094 3,051 2.913 2,805 2.729 2.718 2.674 2.647 2.648 2,638
22,81 22.12 19.34 19.03 18.81 18.67 21.44 21.36 21,31 18.77 18.75
0.772 0.838 0.855 0.897 0.932 0.959 0.961 0.97/ 0.987 0.992 0.996
4,094 4,276 4,333 4.500 4.700 4.924 4,959 5,190 5,431 5.665 5.906
6.00 6.25 6,50 6.75 7.00 7.25 7.50 7.7 8.00 8.25_ 8.50
2.631 2.626 2,614 2.612 2.609 2.607 2.629 2.627 2,626 2.623 2,627
18.74 18,74 26,17 26.16 26.16 26.15 18,70 18.71 18.71 18.73 18.75
0,997 0,999 0,999 1.000 1.000 1,000 1.000 1.000 1.000 1.000 1.000
6.153 6.401 6.709 6.959 7.208 7.458 7.651 7.901 8.151 8.401 8.653
8.75 9.00 9.25 9.50 9.75_ 10.00 (Ref.) : 3,7
2.625 2,622 2.619 2.610 2.607 2.60
18,79 18.86 18.98 24.28 24,83 25,91
1,000 1.000 1.000 1,000 1.000 1.00
8.903 9.154 9.406 9.710 9.966 10.226
65 CYCLOBUTANE-1,1-DICARBOXYLIC ACID C6H804 pHL 3.00 3.25 3.50
=1 25,5 3.127 144.1 RE 4,258 3.935 3.696
-2 L.l 5.879 t 32,64 29,71 27.80
z 0.753 0.817 0.872
PHS 3.567 3.721 3.881
3.75 4,00 4.00 4.25 4,50 4,75 4.75 5,00 5.25 5.50  5.75
3,502 3,343 3,343 3,223 3.090 2,932 2,894 2,708 2,503 2,253 2,119
26,52 25,81 22,46 22,34 22.59 23,23 26,90 27,93 29.16 27.68 28,54
0.922 0.968 0.976 1.015 1.061 1.122 1.136 1.220 1.329 1.506 1.61l1
4,064 4,272 4,308 4,505 4,726 4.959 5,005 5.230 5.454 5,760 5.941
6.00 6.25 6,50 6,75 7,00 7.25 7,50 7.,75_ 8.00 8.25 8.50
1,999 1.905 1,815 1,780 1.756 1,739 1.758 1,753 1,748 1.745 1,747
29,30 29,90 40.12 40.34 40.48 40,54 30,88 30.91 30,93 30.95 30,98
1,717 1.810 1.895 1.934 1.961 1.977 1,98 1.992 1.996 1,998 1,939
6.145 6.366 6.667 6.886 7.122 7.366 7.587 7,832 8.081 8,330 8.581
8.75 9.00 9.25 9.50 9.75 10,00 (Ref.) : 2.1
1,745 1,742 1,780 1.728 1.724 1,720
31,01 31.08 31.19 37.90 38,31 39.08
1,999 2.000 2.000 2.000 2,000 2.000
8.831 9.081 9.331 9,609 9.860 10.113
66 CYCLOHEXANE-1,1-DICARBOXYLIC ACID C8H1204 pHL 3.00 3.25 3.50
-1 24,0 3,451 172.1 RE 3.966 3.398 2.971
27 48.0 4,110 t 37.68 35,67 34,61
Z 0.877 1.032 1.191
pHS 3.607 3.737 3.87/1
3,75 4,00 4.00 4,25 4,50 4,75 4,75 5.00 5.25 5,50 5.75
2,623 2,348 2,309 2.160 2,046 1.970 1,958 1,914 1,886 1,891 1.831
34,13 34,08 30,53 30.70 30,91 31,10 35.02 35,14 35,22 31,78 31,80
1.362 1.535 1,581 1.701 1.804 1,880 1.886 1.932 1.961 1.977 1.987
4,025 4,206 4.260 4.432 4,636 4.863 4,887 5.120 5.362 5.603 5.846
6,00 6.25 6.50 6.75 7.00 7.25 7.50 7.75 8.00 8,25 850
1,8/4 1,89 1,852 1,849 1.846 1.842 1,873 1,871 1,869 1,866 1.871
31,81 31,82 42,27 42,26 42,23 42,20 31,80 31,80 31.81 31,81 31.84
1,995 1,996 1,998 1.999 1.999 2.000 2.000 2.000 2.000 2.000 2.000
6,093 6.342 6,628 6.877 7.127 7.376 7.591 7.841 8.091 8.341 8,592
875 9,00 9.25 9.50 9.75 10.00 (Ref.) : 2,1
1,868 1,866 1.863 1,849 1.845 1,840
31,88 31,95 32,07 39,28 39,75 40,64
2.000 2.000 2.000 2.000 2.000 2.000
8.842 9.092 9.343 9.624 9.876 10,130
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3t

158.15
€10H2203S
222.30

3,230

-1,1-DICARBOXYLIC ACID C7H1004
' L,
1.000

26.9

67 CYCLOPENTANE
68 DECYLSULFONIC ACID

~i

6.50

6.25
3.082 3.079 3.062
1.000 1.0

6.00

C2HBr2F02
235.84

1.000

38.6

69 DIBR?MOFLUOROACETIC ACID

Ig

9.00
2

2,105

8.75
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70 2.3-DIBROMOPROPIONIC ACID C3H4Br202 pHL 3.00 3.25 3.5
=1 32.3 2.201 231.87 RE 2.688 2.630 2.593
28.66 25.68 23.78
0.938 0.960 0.974
PHS 3.347 3.540 3.737
3,75 4.00 4,00 4,25 4.50 4,75 4.75 .00 5.25 5.50_ 5.75
2,567 2.549 2.563 2,553 2,546 2.540 2.537 2.533 2.530 2.543 2,542
22,53 21,76 19.17 18.77 18.51 18.37 21.06 20,98 20,93 18.46 18.45
0.984 0.991 0.991 0.994 0.997 0.998 0.998 0.999 0.999 1.000 1.000
3,952 4,183 4.191 4.413 4,651 4.895 4,922 5.168 5.417 5.646 5.895
6.00 6.25_ 6.50 6.75 .00 7.25 7.50. 7.75 8.00 8.25  8.50
2.540 2.537 2.528 2.526 2.525 2.522 2.543 2,541 2.540 2.537 2,541
18,44 18,44 25,62 25.62 25.61 25,61 18.40 18. 18.41 18.42 18.4Y4
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6.144 6.394 6.700 6.949 7.199 7.449 7.644 7.894 8.144 8.394 8.646
8.75 9,00 9.25 9.50 9./5 10.00 (Ref.) : 3
2,539 2.537 2.534 2.526 2.525 2.518
18,48 18.54 18.66 23.77 24,28 25,27
1,000 1,000 1.000 1.000 1.000 1.000
8.89 9.147 9.399 9.701 9.956 10.215
71 DICHLOROACETIC_ACID (S) C2H2C1202 pHL 3.00. 3.25 3.50
=1 39, 1.257 128.94 RE 2,057 2,050 2,045
t 25,48 22.74 21,06
Z 0.991 0.994 0.996
PHS 3.237 3.449 3,664
3.75 4,00 4,00 4.25 4.50 4,75 4.75 5,00 5.25 5.50 5.75
2.042 2,039 2.047 2.046 2.044 2.043 2.041 2.040 2,038 2.046 2.045
20.01 19,37 17,30 16.96 16.75 16.63 18.80 18.74 18.70 16.71 16,70
0.998 0.999 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000
3,891 4.129 4,133 4.364 4.606 4.853 4.873 5.121 5.370 5.604 5.853
6.00 6.25_ 6.50 6.75. 7.00 7.25 7.50 7.75 8.00 8.25_ 8.50
2,044 2,043 2,038 2,037 2.036 2.035 2,046 2,046 2.044 2.043 2.045
16.69 16.69 22.48 22,48 22.47 22.47 16,65 16,66 16,66 16,6/ 16.68
1,000 1.000 1.000 1.000 1.000 1,000 1.000 1.000 1.000 1.000 1.000
6.102 6.352 6.645 6.835 7.145 7.394 7.602 7.852 8.102 8.352 8.604
8.75 9.,00. 9.25 9,50 9.75 10,00 (Ref.,) : 2,7
2.044 2,043 2,041 2.037 2,035 2,033
16,71 16,75 16.83 20,87 21,18 21,76
1.000 1.000 1,000 1.000 1.000 1.000
8.854 9,104 9.355 9.643 9.836 10,151
72 DICHLOROFLUQROACETIC_ACID C2HC12F02 PHL 3.00 3,25 3.50
=1 59 ‘ 146.93 RE 2,255 2,231 2.278
t 26,84 23,91 22.11
Z 0.995 0.997 0.998
PHS 3.264 3,474 3.686
3.75 4,00 4,00 4.25 4,50 4,75 4,75 5,00 5.25 5.50 5.75
2.226 2.225 2,254 2.233 2.257 2.230 2.228 2.227 2.225 2,235 2.234
20,97 20.28 18.02 17.64 17.42 17,29 19.66 19.59 19.55 17.37 17.36
0.999 0.999 0.999 1.000 1.000 1,000 1.000 1.000 1.000 1.000 1.000
3,911 4,148 4,152 4,382 4,623 4.869 4,892 5.139 5.388 5.620 5.869
6.00 6.25 6.50 6.75 7.00 7.25 7,50 7.75 8.00_ 8.25 8.50
2,233 2,231 2,224 2.224 2,222 2,221 2.235 2,234 2,233 2,231 2,234
17,35 17,35 23,68 23.6/ 23.6/ 23.66 17,32 17.32 17.33 17.34 17,35
,000 1.000 1.000 1.000 1.000 1.000 1,000 1.000 1.000 1.000 1,000
6.119 6.368 6.666 6.916 7.166 7.416 7.619 7.869 8.113 8.369 8.620
8.75. 9.00 9.25 9.50  9.75 10,00 (Ref.) : 3, 12
29235 2.231 2,729 2,223 2,721 2.218
17.38 17.43 17,52 21,96 22.34 23.06
1.000 1.000 1.000 1.000 1.000 _1.000
8.870 9.121 9.372 9.665 9.919 10.176
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24,84 23,72 22,95

0.008
5.628

C6HUC120
7.699 163.00

543

73 Z.U—QICHLOROPHENOL

5
1
21
0
6

5,00
0
6.

4,75

oo corooo 91,443 80,177 67,993 55.733 46,287 38,990 31,
0
6

4.75

4,50
6.18 6.259 6.349

4,25

4,00
6.127

4,00

22,34 21,87 18,94 18.84 18.75 18.67 21,26 21.23
5.972

0.015 0.019 0.027 0.030 0.036 0.044

3.75
5.878

1.000 221,00

25,0

74 2.H-QICHLOROPHENOXYACETIC ACID C8H6C1203
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76 DIETHYLACETIC ACID C6H1202 phL 3.00 3.25 3.50
-1 20.3 4.734 160.17 RE 11.668 9.780 8,360
t 26,15 24.74 23.75
0.221 0.265 0.311
pHS 4.169 4.271 4.367
3.75 4.00 4,00 4,25 4,50 4,75 4,75 5,00 5.25 5,50 65.75
7,122 6.016 240 4,731 4,223 3,766 3.628 3,335 3.104 2.938 2,859
22.99 22,43 19.42 19.25 19,09 18,98 21,81 21./5 21.71 19.09 19.08
0.366 0.435 505 0.561 0.630 0.710 0.7/37 0.804 0.865 0.922 0.943
4.472 4,596 4,715 4,811 4.935 5,090 5.149 5.313 5.508 5.773 5.962
6.00 6.25. 6,50 6,75 7.00 7.25 7.50_ 7.75 8.00 8.25 8.50
2,801 2.763 2.726 2.715 2.707 2.701 2.723 2,721 2.718 2,715 2.719
19.07 19.06 26.75 26.74 26.74 26.73 19.03 19.03 19,04 19.05 19.07
0.968 0.981 0.991 0.995 0.997 0,998 0.999 0.999 1.000 1.000 1.000
6.183 6.419 6.733 6.973 7.220 7.468 7.660 7.909 8.158 8.408 8.660
8.75_ 9.00 9.25 9,50 9.75_ 10.00 (Ref.) : 3,1
2,717 2,714 2,710 2,701 2.697 2,691
19,12 19.19 19.32 24,83 25.43 26,62
1.000 1.000 1.000 1.000 1.000 1.000
8,911 9.162 9.413 9.720 9.976 10.238
77 DIETHYLMALONIC ACID C7H1204 pHL 3.00. 3.25  3.50
= . 211 6.16 RE 3.483 3,421 3,380
~2 49,5 7.290 & 34,27 30,58 28.20
VA 0.948 0.966 0.978
PHS 3,435 3,623 3.814
3.75 4,00 4,00 4,25 4,50 4,75 4,75 5.00 5,25 5,50 5.75
3.351 3.330 3,354 3,341 3,328 3,314 3,305 3,285 3.256 3,239 3.169
26.62 25.62 22,23 21,72 21.42 21,27 24.81 24.79 24,89 21.95 22,37
0.987 0.993 0,993 0.997 1.000 1.004 1,005 1,010 1.019 1.034 1,059
4.024 4.251 4,260 4,477 4,712 4,955 4,991 5.236 5.483 5,734 5,978
6.00 6.25 650 6.75 7,00 7,25 7,50 7.75 8.00 8.25 8.50
3.062 2.912 2,576 2.413 2,250 2,105 2.010 1,941 1.833 1.852 1.835
23,04 24,00 35.80 36.93 38.06 39.06 30.02 30.48 30.83 31.06 31.23
1.100 1.162 1.325 1.425 1.539 1.657 1.774 1.846 1,902 1.941 1,966
6.221 6.461 6.855 7.037 7.232 7.440 7.685 7.885 &.109 8.347 8.597
875 9.00 9,25 9,50 9.75 10.00 (Ref.) : 2,7
1,822 1,812 1,806 1.791 1.78 1.781
31,34 31,45 31,59 38,57 39,02 39,85
1,980 1,989 1,994 1,997 1.998 1.999
8,841 9.089 9.338 9.617 9,869 10,122
78 DIFLUOROACETIC ACID C2H2F202 PHL 3,00 3.25_ 3.50
4 40. 00 96.03 RE 2,002 1,997 1,995
t 25,17 22,45 20,80
Z 0.995 0.997 0.998
PHS 3,226 3.440 3.657
3,75 4,00 4.00 4.25 4,50 4,75 4,75 5.00 5,25 5,50 5.75
1,993 1,991 1.998 1,838 1,996 1.995 1,994 1.992 1,991 1,998 1,998
19,76 19,14 17,12 16,78 16.58 16.47 18.59 18.52 18.49 16,54 16.53
0.999 0.999 0.993 1,000 1.000 1,000 1.000 1.000 1.000 1,000 1.000
3.885 4,123 4,127 4,358 4.602 4,848 4,868 5.116 5.365 5.600 5,849
6.00. 6.25 6,50 6.75 7,00 7.25 7.50 7.75 8.00_ 8.25 8.50
1,997 1,996 1,991 1.990 1.989 1.988 1,999 1.998 1,997 1.996 1.998
16,52 16,52 22,18 22.18 22.17 22.17 16.49 16.49 16,50 16.51 16,52
1,000 1,000 1.000 1,000 1.000 1.000 1.000 1.000 1.000 1.000 1,000
6.098 6.348 6.639 6.889 7.139 7,389 7.598 7.848 8.098 8.348 8.599
8.75. 9,00 9.25 9,50 9.75 10.00 (Ref.) :2, 12
1,997 1,995 1.994 1,990 1,988 1,986
16,54 16,58 16,66 20.60 20,89 21.44
1,000 1.000 1,000 1,000 1.000 1.000
8.850 9.100 9.351 9.637 9.830 10,145
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82 3.4-DIHYDROXYBENZOIC ACID
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2.640 2.
7.92 17.79 20,
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182.09

3,
.50
7
.83

7

4,051
1,947
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32.0
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83 3.5-DIHYDROXYBENZOIC ACID
-2

84 DIHYDROXYTARTARIC ACID
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87 2. S—EIMETHYLBENZOIC ACID
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7 3.054 3.049 3
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i
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92 2.6-DINITROBENZOIC ACID

93 3.5-DINITROBENZOIC ACID
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CHROMATOGRAPHIC DATA (1983)
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"99 3.5-DINITROPHENOL C6HAN205 pHL  3.00 3.25 3,50
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5.949

4.75
0.108 0.132 0,15
5.865

4,50
54 140

4,25
5.693
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5.75

0.991
5.951
8.50

3.172
1.000
8.695

5.50
3,230 3.221 3,199
5.716
8.25
3,167
1,000

8,192 8.442

5.25
5.483
§.00
3,170
1.000

CHROMATOGRAPHIC DATA (1983)

5.00
3.384 3,290
Z:75
3,173
1.000

0.930 0.957 0.974 0.985
7.842

5.027 5.248

4.75
7.50
3.175
1.000
7.692

C14H1202

212.20
4.75
3.413
0,923
4,985
£.25
1,000
7.510

4.50
7.00
3,149 3,145 3,141
1.000
7.260

3.939
4,25
3,784 3,571
6.75
0.999 0.999
7.011
2.067
7.510

4,00
153

6.50
3.1
6.763

26.2

0.747 0.777 0.830 0.881
23.0
46.0

4,160 4,034
25,47 24,68 21,31 20,99 20,74 20,58 23.92 23,83 23,77 20.71 20.69

0.668

4,00

3,175
20.68 20.67 29.63 29.62 29,61 29,60 20,64 20.64 20.65 20.66 20.70

0.995

6.

6.25
0.997
6,443

-1
-1

8.946 §.197 9.449 §.769 10.027 10.295
K

4,214 4,378 4,448 4,584 4.775
101 DIPROPYLMALONIC ACID

3.75
4,629
6.00

100 DIPHENYLACETIC ACID
3,185

102 DITHIONIC ACID

.200
3.400

o

48.2
96.4

-1
=2

8.50
0.883
2.000

8.25
0.883

. 27000

993 §.243 §.493
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CHROMATOGRAPHIC DATA (1983)
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103 DITH%ONOUS ACID
-2
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pHS
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1.269 1.
1.

4.25
1,989

4,00
1,274

1,980 1.981

4,00
31,55 30,83 28.34 27,95 27.72 27.6

1,966
3.800 4.043 4.048 4,289

1,276 1,267

5573

C12H2603S
250,40

1.000

24.9

104 DODE%YLSULFONIC ACID

4,893

28.4

105 ENANIHYLIC ACID

8.25 8.50

2,911 2.908 2,912

8.00
1000

1,000 I1.000



CHROMATOGRAPHIC DATA (1983)

4,208

26.6

106 O—ETTOXYBENZOIC ACID

5.75

0.984
5.955
8.50

5122
1.000
8.691

0.365 0.428 0.432
3.906 4.058 4.169
5.50
5.729
8.25
3.116
1.000
8.438

5,25
0.954 0,973

5.490

8.00
8.188

3.344 3,243 3,205 3,170
41 5 2

.39 23,67 235,59 23,54 20,53 20,51
3,123 3.120
1,000 1.000

5.00
0.925
7205
7.938

5.058 5,264
(Ref.)

0.885
7.50

1.000
7.689

7.25
3,092 3.125

1.000
7.505

7.00
0.999 0.999
7.256

6.75
3,106 3.101 3,097

7.007

6.50
.995 0.897
6.760

131
0.49 29,31 29,30 29.29 29.28 20.45 20,46 20,47 20.48 20.52

.4nl

4.796

26.6

107 D-ETTOXYBENZOIC ACID

5D
0.945
5.994

5.50
3,391 3,294

0.917
5.805

5425
5.544

3.867 3.588
vl s 2

.67 20,50 20.37 23.61 23.56 23,52 20,52 20,51
0.794 0.858

5.00
5.351

4.75_  48.75

4,393 4,221

» 0.616 0.697 0.725

848 4.972 5,126 5.187
(Ref.)

34793

108 0-ETHYLBENZOIC ACID

2b.5

=1

8.50

8.25
1.000

8.00
5 3,132 3,129 3,134

(Ref.d & 11 & 1

3,102 3.093
1.000

1.000
9.765 10.023 10.290

3
1.000

20.62 20,72 20.90 27.35 28.22 30.01

1.000
8,943

3.25
1.000

9.194 9.446

9.00
1.000

3,131 3.127 3,125

8.75
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CHROMATOGRAPHIC DATA (1983)

4,353

26.5

109 D—ETTYLBENZOIC ACID

4,734

30.2

110 Z-ETTYLBUTYRIC ACID

3.325

29:2

AL ETHYIiFUMARlC ACID
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23.5
47.0

-1
-2

CHROMATOGRAPHIC DATA (1983)

115 ETHYLPROPYLMALONIC ACI

4.75

4.50
3,556 3,543

8.50
1,975 1.977
1,000
8.346 8.597

8.25
42 16,43 16,44 16.44

1.000 1.000
8.096

8.00
1,977

: 1

4

-2.,000
2,584

41.0
46.0

116 ETHY&SULFONIC ACID
117 FLUOTOACETIC ACID



D50 CHROMATOGRAPHIC DATA (1983)

118 m-FLUOROBENZOIC ACID C7H5F02 pHL 3.00 3.25  3.50
el 33.4 3.865 140.11 RE 5.181 4,502 3.993
t 48 23,83 22.71
.460 0.531 0.600
pHS 3,768 3.830 4.011
3.75 4,00 4.00 4.25 4,50 4,75 4,75 5.00 5.25 5 5.75
3.565 3,207 3.095 2,909 2.751 2,633 2.615 2.546 2.501 2.488 2.473
21.87 21,27 18.62 18,38 18.19 18,06 20.64 20.5/ 20.53 18,15 18.14
0.674 0.752 0.785 0.83 0.886 0.927 0.932 0.958 0.975 0.986 0.992
4,150 4,314 4,392 4,538 4,719 4.929 4.967 5.187 5.422 5.661 5.896
6.00_ 6.25 6.50 6.7 7.00 7.25 7.50 7.75_ 8.00 8.25 8.50
2,463 2,456 2.444 2.441 2.439 2,436 2.455 2.453 2.452 2,450 2,453
18,13 12.12 25.06 25.06 25.05 25.05 18.09 18.09 18.10 18.11 18.13
0.995 0.997 0.999 0.993 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6.141 6.388 6.693 6.941 7.190 7.440 7.637 7.887 8.137 8.387 8.639
8.75 9.00 9.25 9,50 9,75 10,00 (Ref.) :3 ., 1
2.451 2.449 2.446 2.439 2.436 2,432
18.16 18.22 18,33 23, 23,72 24.62
1.000 000 1.000 1.000 1.00
8.889 9.140 9.391 9.6 9.945 10.204
119 0-FLUOROBENZQIC ACID C7H5F02 PHL 3.00 3.25 3.50
-1 33.4 3.267 140.11 RE 3,588 3.255 3,012
t 26.53 24,42 23,00
JA 0.672 0.742 0,804
pHS 3.546 3.693 3,845
3.75 4,00 4,00 4.25 4,50 4,75 4,75 5,00 5.25 5,50 5.75
2.821 2,679 2.6 2,583 2,536 2.498 2,492 2,470 2,456 2,463 2.458
21,99 21,31 18,75 18.42 18.19 18.06 20.65 20.58 20.53 18.15 18.14
0.860 0.907 0,915 0.943 0.965 0.979 0.980 0.989 0.993 0.996 0.998
4,019 4,220 4.260 4.448 4,665 4,899 4.928 5.167 5.412 5.645 5.890
6.00 6.25 6.50 6.75 7.00 7.25 .50 7,75 8.00 8.25 8.50
2.454 2,451 2.441 2,440 2.438 2,436 2.454 2.453 2,451 2,450 2.453
18,13 18,12 25,06 25.06 25.05 25.05 18,09 18,09 18,10 18,11 18.13
0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6.138 6.387 6.691 6.940 7.190 7.440 7.637 7.887 8.137 8.387 8.639
275 9,00 9.25 9,50 9.75 10.00 (Ref.,) : 3,1
2,451 2,449 2.446 2,439 2.436 2,432
18,16 18.22 18,33 23,25 23,72 24,62
1.000 1.000 1.000 1.000 1.000 1.000
8.839 9,140 9.391 9.691 9.945 10.204
120 p-FLUOROBENZOIC ACID C7H5F02 pHL 3.00 3.25 3.50
=1 34, 4,142 40.11 RE 6.264 5.362 4,684
|c 24,69 23.24 22,26
JA 0.369 0.432 0.496
PHS 3.884 3,997 4.108
3,75  4.00 4.00 4,25 4,50 4,75 4,75 5,00 5.25 5,50 5.75
4,103 3.601 3.370 3.121 2,893 2.710 2.677 2.566 2,490 2.455 2.429
21,50 20.95 18.34 18,13 17.96 17.85 20.36 20.30 20.26 17.94 17,92
0.568 0.650 0.700 0.758 0.819 0.876 0.887 0.926 0.955 0.974 0.984
4,232 4,380 4.477 4.602 4.763 4,955 4,999 5,202 5.428 5.675 5.900
6.00 6.25 6,50 6.75. 7.00 7.25 7.50 7.75_ 8.00 8.25 8.50
2,412 2,401 2.387 2,383 2.380 2.377 2.394 2,393 2.391 2,389 2,392
17.91 17.91 24,68 24,68 24.67 24.67 17.87 17,88 17.88 17.90 17,91
0.991 0.995 0.997 0.999 0.999 1.000 1.000 1,000 1.000 1.000 1.000
6.139 6.385 6.689 6.935 7.184 7.434 7.632 7.882 8.132 8.382 8.634
8.75 9.00 9.25 9.50 9.75_ 10.00 (Ref.) : 2,1
2.391 2.389 2,386 2.380 2.377 2.372
17.95 18.00 18,11 22.89 23,33 24,18
1.000 1.000 1.000 1.000 1.000 1.000
8.884 9.135 9.386 9.684 9.938 10.197
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CHROMATOGRAPHIC DATA (1983)

3.752

56.6

121 FORM}C ACID (S)

9,00 9.25 9,50, 9.75. 10.00 (Ref.) :2 ,1
413 1,412 1,412 1.411 1.410 1.409

8.75
.000

4,75

1.663 1.577

4.50
1,449 1.571 1.691

4,00 4.25

1,956 1.912 1.717

2255 1,402

4,00
1 4.169 4.232 4,411 U4.614 4.836 4.85

tRefs ) v 1l 5 1

10,00
1,419

9.75
1.421

9.50

1.423
.87 28.92 29,00 34.48 34,76 35,27
00 2.000 2.000 2.000

97
1.431

9.00

434 1,432

8.75
1

28

2

8

2.000 2.000

.801 9,051 9.301 9.568 9.819 10.070

123 GALLIC ACID

7
I
.0
8

3,4

=l

4.00 4.25
5,149 4,412 3.948 3,60

4,00

375

7.75 8,00
2

7.50
2,364 2,380 2,379

7425

9.936 10.195

9.00

2,376 2.374

8.883 0,133 0.385 J.682

8.75
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3.662

27.2

124 GLUC?NIC ACID

8.50
1.000
8.686

8.25

3,047 3,043 3,048
1,000
8.433

8.00
1.000
8.183

7.75
1.000
7.933

3.051 3.049

4.75
7.50
1,000
7.683

4.75
7.25
3.020
1.000
7.498

4.50
7.00
3.023

8.8 28.81 §8088 28.82 20.20 20.20 20.21 20.72 20,25
7.249

4.25
3,026

6.75

3,569 3.402 3,268 3.1/5 3,159
1.000

750 6.999

4.00
.999

125 GLUCURONIC ACID

3.677

26.7

-1

5.077

M

oo

28.
56

126 GLUT?CONIC ACI
-2
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4.030 4.132 4.232

7.924 8.174 8.424 8.693

7.675

1.001 1.004 1,006

6.180 6.423 6.738 6.98L 7.232 7.481

CHROMATOGRAPHIC DATA (1983)

4,75 5,00
2,486 2,392 2.144

4.75

YOO

:1011

(Ref.)

3.737

36.4

=1

129 GLYCERIC ACID






CHROMATOGRAPHIC DATA (1983)

133  HYDROBROMIC ACID pHL 3.00 3.25 3.50
-1 15 -2.000 80.91 RE 0.976 0.976 0.976
t 17.88 16.11 15.11
Z 1,000 1.000 1.000
pHS 2.993 3,244 3,495
3,75 4,00 4.00 4,25 4.50 4,75 4.75 5.00 5.25 5.50 5.75
0.976 0.976 0.976 0.976 0.976 0.976 0.976 0.976 0.976 0,976 0.976
14,56 14,25 13.27 13.09 12.99 12.94 13.97 13.94 13,93 12.97 12.96
1,000 1.000 1.000 1.000 1.000 1.000 1,000 1.000 1.000 1.000 1.000
3,746 3,996 3.996 4.247 4.497 4,747 4.747 4,997 5,247 5,497 5,747
6,00 6.25 6.50 6.75 7.00 7.25 7.50 7.75 8.00 8.25 8.50
0.976 0.976 0.976 0.976 0.976 0.976 0.9/6 0.976 0.976 0.976 0.976
12.96 12.97 15.72 15.72 15.72 15.73 12.94 12.95 12.95 12,95 12.95
1,000 1.000 1.000 1.000 1,000 1.000 1.000 1.000 1.000 1.000 1.000
5.997 6.247 6.496 6.746 6,996 7.2u6 7.497 7.747 7.997 8.247 8.497
8,75 9.00 9.25 9.50 9.75 10.00 (Ref.) : 2, 12
0.976 0.976 0.97/6 0.976 0,976 0.976
12.96 12.98 13.00 14,87 14.94 15.08
1,000 1,000 1.000 1.000 1.000 1.000
8.747 8.997 9.247 9.496 9.746 9.996
134 HYDROCHLORIC ACID HC1 pHL 3,00 3.25 3.50
-1 79. -2.000 36.46 RE 1.000 1.000 1.000
T 18.06 16.26 15,25
L 1.000 1.000 1.000
pHS 3,000 3,250 3.500
%75, 4,00 o000 425 4.5 4,75 .75 5400 525 5.50 5.5
1,000 1.000 1,000 1.000 1,000 1.000 1,000 1.000 1.000 1,000 1.000
14,68 14.36 13,36 13,18 13.08 13.02 14.08 14.05 14.03 13.05 13.05
1,000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
3,750 4,000 4.000 4.250 4.500 4,750 4.750 5.000 5.250 5.500 5.750
6.00 6.25 6.50 6.75 7.00 7.25 7.50 7.75 8.00 8.25 8.50
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
13.05 13.05 15.87 15.87 15.87 15.88 13.03 13.03 13.03 13.04 13.04
1.000 1.000 1,000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6.000 6.250 6.500 6.750 7.000 7.250 7.500 7.750 8.000 8.250 8.500
8.75 9.00 9.25 9.50 9.75 10.00 (Ref.) : 1, 12
1.000 1.000 1.000 1.000 1.000 1.000
13.05 13.06 13.09 15.00 15,08 15.22
1.000 1.000 1.000 1.000 1.000 1.00Q
8.750 9.000 9.250 9.500 9.750 10.000
135 HYDROCYANIC ACID HCN pHL 3,60 3.25 3.50
-1 80.9 9,400 27.03 RE OO0 OO0 OOOg
t 15.14 14.91 14,72

y4 0.001 0.001 0.002
PHS 6.443 6,519 6.588

3.75 4,00 4.00 4.25 4,50 4,75 4,75 5.00 5.25  5.50 5,75
oorn menass) snan=al

[Eusnna] oo 96,567 39,822 36,911

14,55 14,40 13,27 13.24 13,22 13,19 14,18 14,17 14,16 13,23 13.23
0.002 0.002 0.004 0.004 0.005 0.005 0.007 0.008 0.010 0.023 0.025
6.663 6.749 6.950 6.997 7.059 7.138 7.237 7.300 7.381 7.772 7.805
6.00 6.25 6.50 6.75 7.00 7.25 7.50 7.75 8.00 8.25 8.50
33,026 28.390 11.914 11.207 10.217 8.972 4.575 4.271 3,864 3.380 2,314
13,22 13,22 15,91 15,91 15,91 15,90 13,17 13,16 13,16 13,16 13.15
0.028 0.033 0.079 0.084 0.092 0,105 0.208 0.223 0.246 0.282 0.415
7.855 7.922 8,319 8.347 8.391 8.453 8.797 8.834 8,890 8.969 9.220
8,75 9.00 9.25 9.50 9.75 10,00 (Ref.,) : 2, 4

2.099 1,859 1.624 1,356 1.245 1.152

13:15 13%:16 13:18 15.05 15.12 15.24

0.458 0,518 0.594 0.715 0.780 0.845

9,295 9,398 9,530 9.761 9.910 10.093

D55



D56 CHROMATOGRAPHIC DATA (1983)

136 HYDROFLUORIC_ACID (S HF PHL 3.00 3.25 3.50
-1 7.4 3.173 20.01 RE 2.095 1.885 1.734
T 19,19 17.99 1/.19
Z 0.65/ 0.732 0.797
pHS 3.420 3.572 3.729
3.75 4,00 4.00 4,25 4,50 4,75 4.75 5,00 5.25 5.50 5.75
1,618 1,532 1,519 1.474 1.441 1,420 1.419 1.407 1.399 1.398 1,395
16,61 16,23 14,76 14.57 14,45 14,37 15.84 15.80 15.78 14.42 14,41
0.855 0.904 0.914 0.943 0.965 0.979 0.980 0.988 0.393 0.996 0.998
3,905 4,108 4.159 4.350 4.569 4.804 4,818 5.057 5,303 5.549 5.794
6.00 6.25_ 6.50 6.75 7.00 7.25 7.50 7.75 8.00 8.25 8.50
1,394 1,393 1,591 1.391 1.3%0 1.380 1,395 1,392 1,392 1,392 1.392
14.41 14,41 18,35 18,35 18,35 18,35 14.38 14.38 14,39 14.39 14.40
0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6.042 6.292 6.561 6.810 7.060 7.310 7.541 7.791 8.041 8.291 8.541
8:75 9,00 '9.25 9.50 9.75 10.00 «(Ref.) 1., 7
1,392 1,392 1.391 1.580 1.590 1.389
14,41 14,44 14,48 17,17 17.31 17.57
1.000 1.000 1.000 1.000 1.000 1.000
8,792 9.042 9.292 9.558 9.809 10.060
137 HYDROGEN AZIDE HN3 PHL 3.00 3.25_ 3.50
-1 ; 4,720 43,00 RE 5,240 4,433 3.818
t 16,00 15.60 15,30
z 0.204 0.242 0.281
PHS 4,107 4,200 4,287
3.75 4,00 4,00 4,25 4,50 4,75 4,75 5,00 5.25 5,50 5.75
3.269 2,763 2,239 2,041 1.831 1.629 1.558 1.430 1.319 1.209 1,175
15.05 14,84 13,57 13,51 13.46 13,41 14,55 14,52 14,50 13,41 13.41
0.329 0.390 0.484 0.532 0.594 0.669 0.701 0.765 0.831 0.903 0.936
4,383 4.497 4.660 4.742 4,850 4.989 5.052 5.193 5.370 5.677 5.843
6.00_ 6,25 6.50 6.75 7.00 7.25 7.50_ 7.75 8.00 8.25 8.50
1,147 1,128 1,115 1,110 1,106 1.104 1,103 1.102 1.102 1.102 1.102
13,40 13,40 16.51 16,51 16.51 16,52 13,38 13,38 13.38 13.39 13,39
0,959 0.976 0.987 0.992 0.996 0.997 0.999 0.999 1.000 1.000 1.000
6.049 6.278 6.548 6,779 7.021 7.268 7.514 7.762 8.011 8.261 8.511
8.75 9.00 9.25 9.50 9.75 10,00 (Ref.) : 2
1,101 1,101 1,101 1,101 1,101 1,101
13,40 13,42 13.45 15,56 15,65 15,82
1.000 1.000 1,000 1.000 1.000 1.000
8.761 9,011 9.261 9.516 9.766 10,016
138 HYDROGEN HEXAFLUOROPHOSPHIDE HPF6 pHL 3.00. 3.25 3.50
=1, 59.0 0.000 146.00 RE 1.353 1,352 1.352
1 20.61 18,47 17,21
Z 0.999 1.000 1.000
PHS 3.094 3.328 3.562
3,75 4,00 4.00_ 4,25 4,50 4,75 4,75 5,00 5.25 5,50 5.75
1.552 1.351 1,353 1,355 1,355 1,352 1.352 1.352 1.351 1,353 1.353
16.47 16,05 14.69 14,45 14,31 14.24 15.67 15.63 15.60 14,28 14.27
1.000 1,000 1.000 1,000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
3.802 4.048 4.049 4,292 4.539 4,787 4.785 5,044 5.294 5.538 5.787
6.00. 6.25. 6.50 6.75 7.00 7.25 7.50_ 7.75_ 8.00_ 8.25_ 8.50
1,353 1.353 1.352 1.352 1,351 1.351 1,355 1.358 1,353 1.353 1.353
14,27 14,27 18,10 18.10 18.10 18,10 14,24 14,25 14.25 14,26 14.26
1,000 1,000 1.000 1.000 1,000 1.000 1.000 1.000 1,000 1.000 1.000
6.037 6.287 6.555 6.804 7.054 7.304 7.537 7.787 8.037 8,287 8.538
8.75 9.00 9.25 9.50 9.75 10,00 (Ref.) : 2 , 12
1,353 1.353% 1,552 1.352 1,351 1.350
14,27 14,30 14.34 16.95 17.09 17.33
1.000 1.000 1.000 1.000 1.000 1.000
8.788 9.038 9.28% 9.552 9.803 10.055
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3.25 3.50

3.00
60,809 50.836 43.172

6.960

67 .4

=1

CHROMATOGRAPHIC DATA (1983)

139 HYDROGEN SULFIDE

00 0O

4.50 4,75

4.00 4.25
36.218 29.649 19.491 17.435 15,090 12.608 10,
15.44 15,25 13,88 13,85 13,81 13.7

4,00

3.79

8.50
1.206
8.548

8.25
1.226
0.960 0.977

8.00
1.258

0.936
7.895 8.081 8.298

8.00

7.75
1,300
0.873 0.905

7.754

7.50_ 7.75
0.993 0.993 0,993 0.993 0.993
(Ref.) 2 3

7.25
6.999 7.249
C4H7C103
138.55
10.00
2.358
1.000
9.936 10.195

7.00
9.75
2.362

-2.000
6.75
3.092
9.50
2.365

1.
0.

JI 13.76 17,03 17,
1.000 1.000 1.000

9.385 9.682

6.50
1.850
Z.155 7.
4.00
6.50
9.25
2,372

79.6
1.000 1.000
34,4

6.25
4,00
6.25
, 1,000 1. :
5.999 £.249 6.499 6.749
9.00

2.374
.89 17,95 18.06 22.80 23,24 24.08

=1
=k

62 0.414 0.630
6

.182 2,787
00 1.000

6
3
13
0
6.686 6.780

883 9.133

.00
D
7

0
1
o3
6
8
2s
17
1
8

0.993 0,993 0.993 0.993
A
3
.0
8

0,993 0,993 0.993

3.75

6.00
141 2-HYDROXY-3-CHLOROBUTYRIC A.

140 HYDRQIODIC ACID



CHROMATOGRAPHIC DATA (1983)

D58

3.50
2,870
.818

26,11 24,02 22,61
3.827

3,25
0

3:5%0 3387 giégz

5.638 5.883

3.3y 3.000
3 0.990 0.995 0.997 0.998

3.00

5.25

5.405
: 3

(Ref.)

C4H7C103

138.55
2,358

7.89 17,95 18.06 22,80 2324 24,08

7
3
.0
8

10.00

1.000
C3H5C103
124,52

9.936 10.195

9.75
2,362
1.000

3,208
9.50
2.365
1.000
9.682

3.124

3.000

1.000
143 2-HYDROXY-3-C1-PROPIONIC A.

34.4

9.25

2,372

9.133 9.385
36.5
31.3

9.00
2.374
1.000

~1
75
76
00
.883
-1
={!

8
2
1
1
8

142 2-HYDROXY-3-C1-ISOBUTYRIC A.
144 2-HYDROXY-m-TOLUIC ACID
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CHROMATOGRAPHIC DATA (1983)

31.3
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145  3-HYDROXY-0-TOLUIC ACID

4,00

75 4,00 4
834 2,746 2.754 2

3
2
22
0
3

7
8 )
_6;92 22,16 19,45 19.07 18
9

18 0.943 0.951 0.969
999 4,213 4,238 4,441
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146  3-HYDROXY-p-TOLUIC ACID

(Refsd 1 3

10,00
2.601
1.000

9.966 10.226

147 4-HYDROXY-m-TOLUIC ACID

9,75
2,607
1.000

3.066

31.3

=1



3.50
3.808 3.537 3.265

0.659
3.577

3.721 3.871

3.25

CHROMATOGRAPHIC DATA (1983)
3.00

C8H803
152,15

3.321

31.3

-1

148 6-HYDROXY-0-TOLUIC ACID

D60

5.50 5.75
0.996 0.998
5.659 5.904

4,25 4,50 4.75 4,75 5,00 5.25
2,888 2.879 2.790 2.724 2.680 2.672 2.647 2.63)1 2.633 2.633
4,681 4.914 4,945 5.183 5,428

4.00

4,00
22,87 22,14 19.40 19.05 18.81 18,67 21.45 21.36 21.31 18.7/ 18.75

0.851 0.900 0.908 0.938 0.962 0.977 0.97¢ 0.988 0.993

4,042 4,240 4.280 4.u466

3.2
3.051

7%

1.

1o

4,082
9.609
4,530

9.310

34.0
62.0
34.0
62.0

=l
-2
-,

-2

149 m-HYDROXYBENZOIC ACID

150 p-HYDROXYBENZOIC ACID
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CHROMATOGRAPHIC DATA (1983)

3.979

34.3

151 2—HYEROXYBUTYRIC ACID

8.50
2.385
1,000

8.633

1,000

8.25
2,382

€.131 8.381

8.00
2,384
1.000

7.75

2.385
1.000
7.881

011, 3

(Ref.)

4,519

34,3

152 3—HY?ROXYBUTYRIC ACID

2.388
0.999

4.721

34,3

153 4-HYEROXYBUTYRIC ACID

8.50

2.385
1.000
8.633

8.25
2.382
1,000

8.131 8.381

8.00
i 1L s 3

2.385
1.000

£, 05
2,387

/.50

7 2,389
62 17.85 17,85 17.86 17.87 17.89

(Ref.)

10,00
2.366

9.75
2.369

9.50
2.372

9.25
2.379

9.00

2.381
17,92 17,98 18.08 22.85 23,29 24,13

8.75
2,384

1.000
9.937 10,196

1.000

1,000
9.683

1,000 1,000

8.883 9.134 9,385

1,000



CHROMATOGRAPHIC DATA (1983)

D62
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164.16
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i !

154  m-HYDROXYCINNAMIC ACID
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4.613

27.0

-1

155  o-HYDROXYCINNAMIC ACID

¢ Lk, &

(Ref.)

Do e e e e é s
6

156 p-HYDROXYCINNAMIC ACID

3.25

3.00

4,678

27.0

=,

oo ooLN

f

¢ 11 »

1,000
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1s

£.00
2. Ly
1.000

7.886 8.136

7.75
2.4ip
1.000

4,939 4.978

4,75
2,671

.754 0,809 0.863 0.910
5

428

3,
.94 10,203

7

n
.000

9

4.50
2,996 2.812

.57 18,34 18,
7.00

3,971
0.
9
2
2
1
g
3,171
3,063 3.061 3,058

4,25
6.75

4.00

3,356 3.206

1 21,22 18
6.50

33.5
0
26.9

4,00
0 04,338 4,423 4.561

=L

7
—HY?ROXYPHENYLACETIC ACID

5
6
8
3
8

635 0.715
1

7
7

157 2-HYDROXYISOBUTYRIC ACID (S)
3
B
21
0
i

CHROMATOGRAPHIC DATA (1983)

158 p

5
9,

3,25

3,00

4,863

31.3

159 HYDR?XYTRIMETHYLACETIC ACID

0.194 0.233
4,327

4,227



CHROMATOGRAPHIC DATA (1983)
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160 2-HYDROXYVALERIC ACID
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161 u—HY?ROXYVALERIC ACID

(S)
1,230

45.2

162 HYPOEHOSPHOROUS ACID
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42.0

IODl(lI ACID

CHROMATOGRAPHIC DATA (1983)

163

TINO—

1.00

1.000
4,842 4.86

%

3.174

CID
4.1

IODOLl\CETIC A

164

O —

4,00 4
2,089 2

5

8.50
1..97%

1.000 1.000

091 8.342 8.593

8.25
1.921

3,851

33.4

=]

165 m-{0DOBENZOIC ACID



CHROMATOGRAPHIC DATA (1983)

D66

2.863

33.4

166 O-IOQOBENZOIC ACID

5.75
2.455

5.50
2.458

5.25
2,454 2,447
0.995 2.997

5.00

4.75
2.464
4.9819 5.163
7.50
2,454
7.637

1.000 1.000

4.75
2.468
4,892
7.25
2,436
190 7.440

4.50
2.485

4,651

4.25
2.510
4,421

Ly

4,00
6.137 6.387 6.691 6.

2.548
22,04 21,32 18.80 18.43 18.20 18.06 20.66 20.58 20,53 18.15 18.14

0.933 0.959 0.961 0.975 0.985 0.992 0.992

6.50
2

4,00

2,540
3.973 4.191 4.213

6.25

2,450 ;
18,13 18,12 25.06 25,
1.000 1.000 1.000

3.75
2.607
6.00
2,452

3,930

33.4

167 D—IO?OBENZOIC ACID

4.638

34,4

168 H—IO?OBUTYRIC ACID



D67

CHROMATOGRAPHIC DATA (1983)

4,159

34,3

169 m—IO]iOPHENYLACETIC ACID

2

4.038

34.3

170 o- IOE)OPHENY LACETIC ACID

386
.000

2.

63 24,62 17.85 %7.85 17

7.50
2.387
7.632

7.25
2,370
1.000 1.000
7,433

7.00
2,373
24
0.999
7.183

4,178

34.3

171 p- [OIBOPHENY LACETIC ACID



i3

CHROMATOGRAPHIC DATA (1983)

(Ref.)

4.056
4.770

4,00

3,665 3.236 3.048
32.3

~) 36.5
4,00
=1

172 3-10DOPROPIONIC ACID
3.75

173 5-I0DOVALERIC ACID

D68

47 9.399

0_ 9
37 2
ISOBUTYRIC ACID

0

5
.000

1

DN

1347

(Ref.)

10.00
2,358
1.000

4,860
9,75
2.362
1600
9.936 10.195

9,50
2.365
1.000

9.682

34.4

=L



D69

CHROMATOGRAPHIC DATA (1983)

3.50

3,25
968 10,838 9,236

3
2
26
0
4

2 4.322

N

.00
9

e
2

RE
t

4
PHS

4,845

-1 30.3

ISOCAPROIC ACID

175

8.50
1.300
2,997
8,502

8.25
1.298
2,994

8.00
2,989

+ 12 ;0 4

7.75
2,981

7.547 7,794 8,042 8.292
(Ref.)

1,309 1,305 1,301

7.50
2.967

1.993 1.996
6.607 6.854

6.50
1,667

1,683

6.25

30.39 30.44 39,85 39.85 39,
1.987

6.00
1.977
6.078 6.326

1,692



5.75

3.404 3,392
5.961

5.50
8.457 8.710

0.987 0.992 0.996
5.720

5.25
5,493

5.00

CHROMATOGRAPHIC DATA (1983)

7,707 7.957 8.207

5.018 5,251

4.75
3,502 3,483 3,429 3.395

4.75
7.528

C10H1202
i

164.20

4.50
3,596

3.635
4,25
7.029 7.278

24,7
4.00 4.00
4,335 4,384 4,553 4,754

-1
26.61 25.73 22,18 21.78 21.49 21,30 24,87 24,77 24.70 21.45 21.43

0.779 0.844 0.858 0.899 0.934 0.960 0.963 0.978

4,251 3.939 3.903 3.731
6,208 6.457 6.779

3.75

178 0-ISOPROPYLBENZOIC ACID
4,

D70
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3.50
8.50
1,714
1,999

3.25
1.000
8.25

1.712

0.70 30.72 30.75
1897

.00
715
1.996

9,836 8,376 7.267
8
1,
3

pHL 3.00
11,1
8.078 8.327 8.578
¢ 12 , 2

(Ref.)
(Ref.)

C10H1202
164.20

4,354

24,7

3.394 3,361 3,
21,41 21,40 30.93 30,
0.987 0.993 0.997 0.

6.460 6.784

6.216

~
6.25

6.00

3.415

179 p-ISOPROPYLBENZOIC ACID
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CHROMATOGRAPHIC DATA (1983)

4,780

=1 32.1

ISOVALERIC ACID

181

5.093 5.154

4,75
3.647
0.689

4,50
0,541 0.610
4,823 4,943

4,25
2 4,612 4,107

815
5.449

28.0
56.0

ITAC?NIC ACID
-2

6.25

1,640 1.
.09 29,39 38
61 1.914

.00
. 684
.097 6.331

6.0
1.6
29

1.8
6.0

(Ref.) : 12 , 2

10.00
1,560
2.000

9,75
1,563
2.000
9.587 9.838 10.091

9.50
2.000

9.25
7 1.57% 1.585

2.000

9.92 30,01 36,07 36.40 37.03
9,315

.00
7

0
5
0

.000
.065

183 2-KETOGLUTARIC ACID



CHROMATOGRAPHIC DATA (1983)

D72

3.50

3.25
4,778 4,146 3.673

24,01 22.53 21.53

3.00

C3H603 pHL
90.08 RE

3.860

36.5

=1

184 LACTIC ACID_(S)

0.455 0.526 0.595
3.754 3.876 3.996

DHS
2.

t
Z
.41 17.29 19,65 19.

7.75

4,75
2.388
0.930
4.949
7.50

4.75
2.403

0.925
703 4,913

7.00

7.25

.50
513
8
7

y
7
17
0
I

.884
2.223 2.221 2.235 2.234

C12H2603S
250.40

1.000

22,9

185 LAURILSULFONIC ACID

: 2,5 12

(Ref.)

C5H803
116.12

6.50

6.25
1.000 1.
6.475 6.80

186 LEVULINIC ACID

4.602

33.4

-1

9.25

9.00

1 2.449 2.446



D73

CHROMATOGRAPHIC DATA (1983)

8.50

1,301
1.999
8.538

1.300

7.89 27791 27.93

0
3
/9
0

8.25
1.998

97
.038 8.287

.00

2.847
5.696

2.000

40.7
67.0

-1
=2
=]
-2
189 MALO?IC ACID (S)
-2

187 MALEIC ACID
188 MALIC ACID



3.50
3.50

3,25
4,483 4,041 3.715
3:25

3.00

3.00
51,093 41.949 35,109

5.25
5.897 6.212

5.00
5.776
: 11,9

CHROMATOGRAPHIC DATA (1983)

2-(N-Morpholino)ethane sulfonic

4,

4,973

2.

1.0

4,75

5.678
(Ref.)

acid

4.75
2,

.83L 0.887 0.837 0.930 0.956 0.973 0.975

.079 4,273 4,315 4.496 4.708 4.938
4.75

2.

1.
C6H13NO4S

5.598

195.23

4.50
7.00
2.900
1.000
4.50
5,495

3.411
6.095
3.098

0.177 0.207 0.250 0.28 0.335 0.401
§.750

6.75
2.902
1.000

4,25
5.410

.0

1.000
56.0

6.50
2.904

4,00
25,94 23,39 20.11 19,98 19.86 19.77 22,74 22.

28.3
28.0

5.343
28

-1
00 6.25
9;5 2.920
.938 0.999
175 6.42h 6.738 6.987 7.237
=1
3.75  4.00
0.
5.201
-
.

6
2.
19
0
6

190 MANDELIC ACID

191 MES (§)
192 MESACONIC ACID
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D75

CHROMATOGRAPHIC DATA (1983)

8.50
1.450
2.000

8.25
1.448

8.00
1,449
7.802 8.052 8.302 8.552

1,999 2.000 2.000

7.75
1.451

Z.90
1,999
7552

1.25
1.438 1,435 1.452

1.996 1.998
7.073 7.322

7.00

6.75

1.446 1,442
8,74 28.83 37.00 37,02 37,02 37.02 28.91 28.92 28,93 28.94 28.95

1.988 1.993

32.4
60.6
6.50
.060 6.306 6.579 6.825

6.25
1.461
1.978

=1
=2

.00
472
961

193 MESOTARTARIC ACID
6
1
2
1
6

194 METHACRYLIC_ACID

4,483

36.7

-1

8.50

8.25
8.118 8.368 2.619

725 7,50 7.75 &.00
2,221 2,219 2.221
7.415 7.619 7.868

0.998 0.999 0.999 1.000

7.00
7.166

6.919

675

6.50
2.263 2.243 2,224 2,218 2,214 2.210 2.224 2,222

0.980 0.988 0.994 0.997

6.134

6.375 6.676

6,25

6.00
195 METHOXYACETIC ACID

3,570

36.5

-1

10,00 «Ref:) + 3 ., 7

9,75

.75 4,00
863 2.642 2,

0.83 20.24 17.8

7
8
wl
0

9:25

4.00
69 0.83 0.85
059 4.241 4.30
9.00
3 2,231 2.229

3
2
2
0
4



CHROMATOGRAPHIC DATA (1983)

D76

3.50
7.060 6.077 5.335

3.25

C8He03 3.00
4.088 152.15

28.3

=i

196 m-METHOXYBENZOIC ACID

5:50 5:13
2.986 2.959
0.963 0.978 0.987
5.707 5.937
8.25 8.50
2,921 2,918 2.923

1.000 1. :
8.174 8.424 8.676

5.25
3.011
5.468

8.00

3 AL 5 1

5.00

0.939

4.984 5,028 5.239
775

7.674 7.924

4,75 4.75
3.433 3,240 3.205 3.088
7.50
(Ref.)

4.50
4,

4.25

4,159 3.961 3.682
4,

4.00

4,00
4,17 23.48 20,33 20.06 19.85 18,70 22.77 22.69 22.64 19,82 19.80

.605 0.687 0.727 0.784 0.843 0.835 0.904

245 4,398 4,482

2D
,701

3

i

2

0

I
8
5

197 0-METHOXYBENZOIC ACID

4,094

-1

Ak o X

(Ref.)

6.75
2.905

6.50

28.3
2,909

4.471

30.0

198 D-MEIHOXYBENZOIC ACID

9.980 10.242

1,000 1.000 1.000
9.723

.913 9.164 9.416

~000



D77

CHROMATOGRAPHIC DATA (1983)

199 p-METHOXYPHENYLACETIC ACID

4,361

29.7

-1

200 METHYLETHYLMALONIC ACID

—t
Tl
[a¥azd
=3
o
O
— -
W
OT
O
oM
(Yol
oo
AN

25.0
50.0

=1
-2

C4HB0Y
118.09

072
5.787

M

2943
58.5

201 METHXLMALONIC ACID
=

9,75 10.00 (Ref.) : 2,1

1.491
27,000

1,489
2.000

1308 9.578 9.829 10.080

2,000



D78 CHROMATOGRAPHIC DATA (1983)

202 METHYLSULFONIC ACID CH403S PHL 3.00 3.25 3.50
=1 50.6 -2.000 86.10 RE 1,584 1.584 1,584
t 22,29 19,92 18.52
1.000 1.000 1.000
PHS 3.145 3,371 3.598
3.75 4,00 4,00 4,25 4,50 4,75 4,75 5,00 5.25 5.50 5.75
1.584 1,583 1,587 1.587 1.586 1.586 1.585 1,585 1.584 1,588 1.587
17.67 17,17 15,57 15,29 15.13 15,04 16,72 16.68 16.65 15,10 15.09
1.000 1.000 1,000 1.000 1.000 1.000 1,000 1.000 1.000 1.000 1.000
3.834 4,077 4.079 4.317 4,562 4.810 4.823 5.072 5.321 5.561 5,811
6.00 6.25 6.50 6.75 7.00 7.25_ 7.50 7.75  8.00_ 8.25 8.50
1.587 1.58 1.584 1,584 1,583 1,583 1.588 1.587 1.587 1.586 1.587
15.09 15.09 19.58 19,58 19,58 19,58 15.06 15.06 15.06 15.07 15.08
1.000 1.000 1,000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6.060 6.310 6.587 6.837 7.087 7.337 7.560 7.810 8.060 8.310 8.561
8.75  9.00 9.25 9.50 9.75 10.00 (Ref.) : 2, 12
1.587 1.586 1.585 1.584 1.583 1,582
15.09 15.12 15.17 18,26 18.45 18.78
1.000 1.000 1.000 1,000 1.000 _1.000
8.811 9.061 9.312 9.584 9.836 10.083
203 2-NAPHTALENESULFONIC ACID C10HB03S pHL 3,00 3,25 3.50
= 13 167 23 RE 2,614 2.613 2,613
t 29.64 26.35 24.30
Z 0.999 1.000 1.000
PHS 3.318 3.523 3.730
3,75 4,00 4.00 4,25 4,50 4,75 4,75 5,00 5.25 5,50 5.75
2.612 2.611 2.626 2,625 2.624 2.621 2,618 2.616 2.613 2.628 2.627
22,99 22,18 19.51 19,08 18.82 18.67 21.45 21.37 21.32 18.77 18.75
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
3.951 4,186 4.190 4.416 4.856 4.901 4.9 5.175 5.424 5,653 5,901
6.00 6.25. 6,50 6.75 7.00 7.25_ 7.50 7.75_ 8.00 8.25_ 8.50
2,625 2.623 2,612 2,611 2,609 2.607 2.629 2.627 2.626 2.623 2.627
18.74 18.74 26.17 26.16 26,16 26,15 18.70 18,71 18,71 18.73 18,75
1.000 1.000 1,000 1,000 1.000 1.000 000 1.000 1,000 1.000 1.000
6.151 6.400 6.708 6.958 7.208 7.458 7.651 7.901 8.151 8.401 8.653
8,75 9,00 9.25 9,50 9,75 10.00 (Ref.) : 10 , 2
2,625 2,622 2,619 2,610 2,607 2.601
18,79 18.86 18.98 24.28 24,83 25,01
1,000 1,000 1.000 1.000 1.000 1.000
8.903 9.154 9.406 9.710 9.966 10.226
204 NICOTINIC ACID CBH5NO02 PHL 3,00 3.25 3.50
1 34.6 2.070 125.11 11.277 9.448 8.068
-1 -34.6 4,819 i 24,32 23,01 22.10
0.200 0.239 0.280
PHS 4,216 4,309 4,398
3.75 4.00 4,00 4,25 4,50 4,75 4,75 5,00 5.25 5.50 5.75
6.856 5.763 4,887 4,408 3.920 3,468 3.318 3,028 2,791 2.596 2.517
21,38 20,84 18.16 18.01 17.87 17,76 20.21 20,16 20,12 17.83 17.82
0.331 0.395 0.471 0.523 0.590 0.669 0.700 0.770 0.837 0.907 0.936
4,497 4,614 4,743 4,832 4,948 5.094 5,156 5.309 5.495 5,771 5.949
6.00 6.25 6.50 6.75. 7.00 7.25 7.50 7,75 8.00 8.25 850
2,456 2,415 2,379 2,367 2.359 2.353 2,368 2.365 2.363 2,361 2.364
17.81 17.81 24.49 24.49 24,49 24,48 17.77 17.78 17.78 17.79 17.81
0.960 0.976 0.983 0.993 0.996 0.998 0.999 0.999 1.000 1.000 1.000
6.162 6.394 6.702 6.939 7.184 7.432 7.632 7.880 8.130 8.380 8.631
8.75 9.00 9.25_ 9.50 9.75 10,00 (Ref.) : 10
2.362 2,360 2,357 2,351 2,348 2,344
17.84 17.90 18.00 22.72 23,15 23.97
1,000 1.000 1.000 1.000 1.000 1.000
8.882 9.132 9.383 9.680 9.935 10.193



D79

CHROMATOGRAPHIC DATA (1983)

205 NITRIC ACID_

550

3.25

HNO3
-1.370 63.01

74.1

=i

4.00

C7HU4BrNO4
246.02

2.495

206 2-NITRO-3-BROMOBENZOIC ACID
il 28.2

nao _-om

C7H4BrNO4
246,02

2,979

207 3-NITRO-2-BROMOBENZOIC ACID
=] 28.2

9.25 9.
2.924 2

83 19,98 20,13 76
1,000 1.000 1

9.00
1 2.928

00
.928 9,179 9.u431 9.

5
3

8.7
2.9
19

1.0
8.9



CHROMATOGRAPHIC DATA (1983)
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3,577

208 3-NITRO-4-BROMOBENZO1C_ACID
=1 28.2

4.75
2,997

.99 0,975
706 4,938 4,973 5,

2,398

51,3

209 2-NI{RO—3—CHLOROBENZOIC ACID

C7H4CINOL
20L. 57

3,357

S, 5

210 3—NIIRO—4—CHLOROBENZOIC ACID



D81

CHROMATOGRAPHIC DATA (1983)

C7H4CINO4
201,57

3,130

1.3

=1

211 3-NITRO-5-CHLOROBENZOQIC_ACID

6.958 7.208 7.458

6.401 6.709

3.493

52 13

212 m—NI{ROBENZOIC ACID

8.50
2.541

1.000 1.000
8.394 8.646

8.25
2,557

8.00

2.540
1.000
8.144

LD
2.542
1.000

7.644 7.894

7.50
2,543
1.000

1.000
7.449

7.25
2.525

7.00
2.525
1.000

6.950 7.199

6.75
2527
1.000

6.50

2,529

2,540
18.44 18,44 25.62 25,62 25.61 25.61 18.40 18.40 18.41 18,42 18.44

6.25

6.00
2.544

2,173

35.6

213 O—NI{ROBENZOIC ACID



D82 CHROMATOGRAPHL T C DATA (1983)

214 p-NITROBENZOIC ACID C7H5NOY pHL 3.00. 3.25 3.50
~1 32.3 .523 167.12 RE 4.257 3.788 3.u41
t 26.67 24.7Q 23.37
i 0.583 0.65Z7 0.726
PHS 3.640 3.775 3.913
3,75 4,00 4,00 4,25 4,50 4.75 4,75 5.00 5.25 5.50 5.75
3,158 2,936 2.903 2,783 2.690 2,626 2,617 2.580 2,556 2.559Q 255]
22.39 21,72 19.03 18.73 18,50 18,36 21,05 20.97 20.93 18.46 18715
0.793 0,855 0.8/0 0.909 0.941 0.964 0,96/ 0.980 0.989 0.993 {(.495
4,072 4,258 4,312 4,484 4,688 4,914 4.947 5,180 5.423 5.656 5839
6.00 6.25 6.50 6.75_ 7.00 7.25 7.50_ 7.75 8,00 8.25 8.50
2,505 2,540 2.529 2,527 2,525 2.52% 2,543 2,542 2,540 2.537 2.5n
18.44 18.44 25.62 25.62 25.61 25,61 18.40 18.40 18,41 18.42 Tg7ny
0.998 0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1,000
6.146 6.394 6.700 6.950 7.199 7.449 7.644 7.894 8.144 8.394 3 6h6
8.75 9.00. 9.2 9.50 9.75_ 10.00 (Ref.) : 3,1
2,539 2.537 2,534 2,526 2,523 2,518
18.48 18,54 18, 23.77 24.28 25.27
1.000 1,000 1.000 1.000 1.000 1.000
8.896 9.147 9.701 9.956 10,215
215 m-NITROPHENOL CBH5NO3 pHL 3.00 3.25 3.50
=] 33.4 8.399 139.11 RE OO0 000D moTy
t 23,80 22,79 22.09

Z  0.008 0003
DHS 5973 6.060 o992

3,75 4,00 4.00 4,25 4,50 4.75 4.75 5,00 5,25 5,50 5 75
OO0 000000 000000 00000 o000 oood 95,764 80,705 65.677 30,949 28771381
21,54 21,10 18.36 18.28 18.19 18,12 20.53 20,50 20.48 18,21 718,21
0.007 0.008 0.012 0.014 0.016 0.019 0.024 0.028 0.035 0.074 @,081
6.221 6.314 6.474 6.530 6.602 6.690 6.777 6.853 6.945 7.291 7335
6.00 6.25 650 6.75 7.00 7.2 7.50 7.75 8.00 8.25 8,50
24,723 20.887 10,255 9.451 8.430 7,285 4.914 4.555 4.128 3.683 3.16]
18.21 18,21 24.87 24,88 24.89 24,90 18.16 18.16 18.16 18.17 18 19
0.093 0.110 0.227 0.247 0.278 0.322 0.48 0.525 0.581 0.653 0,767
7.397 7.478 7.849 7.896 7.964 8.054 8.347 8.414 8,511 8.641 8,833
8.75. 9,00 9.25 9,50 9.75 10,00 (Ref.) :3 .1
2,951 2,773 2.643 2.541 2,494 2,464
18,22 18,28 18.39 23,31 23.78 24.69
0.824 0.878 0.922 0.958 0.975 0.986
9.033 9.220 9.435 9.723 9.961 10,213
216 o-NITROPHENOL CEHSNO3 pHL  3.00 3.25 3,59
=1 33.4 7.234 139.11 RE oy
t 23.81 22,79 2209
Z 0.014 0.017 0.021
PHS 5.391 5.479 5 553
3.75 4,00 4.00 4,25 4,50 4.75 4,75 500 5.25 550 575
89,568 72,459 51,238 45,044 38.317 31.525 26,323 22,272 18.254 9.625 8.8(2
21,52 21,09 18.34 18,25 18,16 18,09 20,52 20,49 20.47 18,17 18.17
0.025 0.031 0.045 0.051 0.060 0.073 0.087 0.103 0.126 0.244 0.257
5.641 5.736 5.893 5.952 6,026 6.116 6.202 6.282 6.379 6.722 6.774
6.00 6.25 6.50 6.75 7.00 7.25 7.50 7,75 8.00 8.25 85p
7.792 6.700 4,268 3.9/9 3.640 3,300 2.928 2,798 2,678 2,588 2,537
18,17 18.16 24,95 24,96 24.97 24,99 18,10 18,10 18.11 18.12 18713
0.302 0.352 0.560 0.601 0.659 0.729 0.832 0.872 0.912 0.944 0,968
6.848 6.9u6 7.310 7.384 7.490 7.632 7.832 8.030 8.211 8.424 8,573
8.75. 9.00 9.25 9.50_ 9.75 10.00 (Ref,) : 3,1
2,497 2,475 2.461 2.447 2.440 2.434
18,17 18.23 18,34 23.25 23.72 24.62
0.981 0.983 0.994 0.997 0.998 0.999
8.904 9,147 9.395 9.693 9.946 10.205



D83

CHROMATOGRAPHIC DATA (1983)

217 p-NITROPHENOL

7.149

33.4

~1,

4,00 4,00 4,25 4,50 4,75 4,75 5,00 5.25
81.358 65,835 46,641 41,010 34,896 28,725 24,031 20.344 16,69
0.1

6.3

21,52 21,09 18,34 18,25 18,16 18.09 20.52 20,49 20.4

3.75

218 NITROUS ACID

3.220

4.6

-1

7.50

1.062
1.000
7.507

£.25
1,062

7.00

062 1.062 1,062
6.761 7.010 7.260

6.75
6.26 16,26 16,2/ 16.2/ 13.24 13,

,000 1.000 1.000 1.000

.50
511

~
.
o~
—~
Y
Jeb]
o
~
ONNOOO
owVLNO -
O 00
(== T G Ry
- O
—
NMO O
MW T OW
NO -OM
- S = =
N
NITOO
oOWwMO—
INO -OLwn
- - -
(=2 Lo Eam [}
NHOMN
NOMOLN
NO_-ON
P
e~
NOOO I
DWOWNOO
o0 -0
- Ny - -
e~
ONW O
LNONOLN
~NO SO
N -
©Q r———00

3.50

2.722
1.000
3.742

3.25
2,722

1.000

0.42 27,04 24,92
3.536

00

722
000
332

5, 12

pHL

RE

t

Z

pHS
(Ref.)

C8H1803S
194,30

-2.000

30.1

~1

219 OCTYLSULFONIC ACID



CHROMATOGRAPHIC DATA (1983)

C5HU4N204
156.10

4.50
2.504

2.803

4,25
2,527

0.941 0.964 0.965 0.978 0.987
3.971 4.191 4.210 4.421 4.652

4.00
2.560

-1 33.1
4,00
2,551

3.75

220 OROTIC ACID
2.611

D84

:10 , 1

(Ref.)

Z.555
4,370

28.0
56.0

222 OXAL?ACETIC ACID
-2

112, 1

(Ref.)

9
1
3
2
S

.838 10.091

7
5
B,
.0
8



D85

CHROMATOGRAPHIC DATA (1983)

3.00 3.25 3,50
16,050 13,381 11,369

PHL
RE

C9H1802
158,24

C
6. 4,855

ACID
26.7

-1

223 PELARGONIC

NN
LN TN
M~ 0O
- O - -
MmO W
N INONCO
OB THM
T _-6000
Mg sk
Mo
oo
[Falrate. pemve)
NN -0
Iy e
LNMONOLA
MO
cOIITR
O _-NM
- Ay -
N NON
s
LMILNR M
TR T=TaY
A - -
TINOWN
WAIND
LD MM
NS o
- -0 - -
TINOWN
MILAN O
oM TNy
AT _-ING
A Ao
TIAnNOWIN
O
LNDWORO
N -
o -
ToNoT
[=YsslteTe)}
OO M
O0 300
TJoNOoT
VNN
=l Vel a)
SO MmN
e
TooNOT
MO N
LA 00 &0
R
MoOYNO T

69.8

224 PERC?LORIC ACID (

1.

7:75
1,137

1.137
4 13,50 13.50 13,

1.000

1,550

56.5

225 PERI?DIC ACID



CHROMATOGRAPHIC DATA (1983)

D86

3.070 3.308 3.546

-2.000

63.4

226 PERMéNGANIC ACID

8.00
1
7.777 8.027 8.277 8.528

w2y 12

7.50 7.75

7.25

1.255 1.255 1.256 1.256 1.256
0 7.290 7.527

6.25 6.50 6.75 7.00
1.256 1.255 1.255

6.027 6.277 6.540 6.790 7.04

8.75

(Ref.)
'538 9.789 10.040

9.00 9.25
44,6
89.1

-1

8.778 0.028 9.278 9
R

1,256 1.256 1.255
227 PEROXYSULFURIC ACID

5.75

5:501 54751

0,960 0.960
8.25

5.50

5:25

5.00

.000 2.000
5.000 5.250
775

4,75
0.960 0.958 0,957 0.957

4.75

8.50
25.62
0

62 25
2,000 2.00
8.251 8.501

8.00
0.959 0.960
25,

7.50
.954 0.960 0.960 0.960

31,00 31.00 31

2,000 2,000

6.001 6.251 6.499 6.749 6.999

2
7.248 7,502 7.752 8.001

2.000 2.000

723
0

7.00

6.75
0,955 0.955

2.000

3.00

0.000

567

228 PERRTEN]C ACID

52y 32

9.25 9.50 9.75_ 10,00 (Ref.)
1.409 1.409 1,408 1.407 1,407

9.00

8.75

9.044 9.294

8.793



D87

CHROMATOGRAPHIC DATA (1983)

3.25 3.50

3.00

OO0 000 Iy

9.998

34.4

=1

229 PHENOL

0.001
6.945
0.014

24,19 23,31 22.69
0.013
8.099 8.139

0.001 0.001
6.781 6.867

7.746

0.004 0.005 0.006
7.657

7.583
9.122

0.003
7.4384
725
0.053 0.063 0.121

8.740 8.813

0.003
7.408

7.00

0.002
7.338
6.75

6.50
0.019 0.044 0.047

8.197 8.272 8.650 8.687

22,18 21.76 19,01 18.94 18.87 18,80 21.20 21.17 21.15 18.90 18.90
6.25 ; $
Mmoo oooxo 50,561 46.612 41,437 35,408 18.542 17.

0.001 0.001 0.002
7.026 7.118 7.283

C8H803
152.15

vl

27.8

230 PHEN?XYACETIC ACID

- B R |

(Ref.)

C8H802
156. 15

4,405

314

231 PHENILACETIC ACID

9.962 10.222

9.25 9,50
1.000 1.000

9.00

2.590 2,587 2.584 2.576
1.000

8.900 9.151 9.403 9.706

8.75



CHROMATOGRAPHIC DATA (1983)

D88

3.25 3.50
14,144 11,861 10.133

3.00

pHL
RE
t

Z

C10H1202

4.757 164.20

24.7

232 Q—PHENYLBUTYRIC ACID

4.203 4.305 4.402

pHS

4,00 4.25 4.50

4.00

9 7.289 6,458 5.816 5.18

9,00 9.25 '9.50. 9.75 10.00 (Ref.) : 11 , 7
3.339 3,328

8.75
3,374

1.000
C9H1002
150.20

3,370 3,364 3.3u46
21,50 21,62 21.83 28.87 29.94 32,19
1.000 1.000 1.000

1,000 1.000

8.961 9.212 9.465 9.790 10.050 10.320

233 2-PHENYLPROPIONIC ACID

2.237

26.5

-1

5 3.137 3.134

v 11 , 3

(Ref.)

5,344 3.265

9.75 10.00 (Ref,) : 11 , 1

9.50

1,000

3.108 3,102 3,093
1.000

.90 27,35 28,22 30,01

00
446 9,765 10,023 10,290

1.000



D89

0.964

0.986 0.992
3,929 14.162

CHROMATOGRAPHIC DATA (1983)

11, 4

(Ref.)

28,
52,

=1

=2

237 PHTHALIC ACID



CHROMATOGRAPHIC DATA (1983)

5.75
2.609
1.000

5.651 5.900

5.50
2.611
1.000

5,25

2.596
1.000
5.423

5.00
2.598
1.000

7.586 7.835 8.08L
+ 10 5 1

4.75
2.601
(Ref.)

1.000
7.456 7.649 7.899 8.149 8.399 8.651

C6H3N307
229711
4.75
2.604
7.120 7.368

4.50
2.606
1,989

4,509
5.312

4,415 4,654 4,900 4.927 5.174
4,874

1,000 1.000 1.000

4.25
6.956 7.206

4,00

2,594 2.609 2.608
22,90 22,09 19,45 19.02 18.76 18,60 21,37 21.29 21.24 18.71 18.69

0.999 1.000 1,000

3.950 4,184 4,189
7

31.5
24,
49,

4.00

-1
~1
=2

6.149 5.399 &.707
i

3.75

2.596

240 PROPIONIC ACID (S)

238 PICRIC ACID
239 PIMELIC ACID



D91

7.846 8.095 B.345 8.596

C8H1404
174.20

1.9

4,312
5.386

23.5
47.0

=l

=2

CHROMATOGRAPHIC DATA (1983)
241 3-PROPYLGLUTARIC ACID

TN
O—NON
57&95
00— M\ =+ 00

— OO
L= N
7:/0.93
00— M — 00

NOWeo
O—NON
070.90
00— M — 00

oM
IN—HW N
NN _-OY00
= ofy & =
NN N

AP
ONWRQX
570.95
I A [

LN —
LNO N0
NN OO
- D - .
[N ES s LN

— 00NN
oONOW—
ON -0V
- O - .
NI N

[altelee]an]
N IrOYM oo
NN _-OY00
« =N - -
WM~ WO

WON—HO
ONNO WO
NN _-ONO
- =N - =
O—Mr~ 0

QIO
AL IO
280#0073
WO—N— W

N0~
oMM
090&/1
O—N—W

i s 12

(Ref.)

-2.000

38.5

~L

1%

243 PROPYLSULFONIC ACID



CHROMATOGRAPHIC DATA (1983)
3.286 3.495 3.702

PHL
RE

t
Z
PHS

157.11

1.000

4.228

33.8
56.0

=1

-2

244 PYRAZOLE-2.3-DICARBOXYLIC ACID C5H5N204

D92

1.855

1
1.850

1,

8.50

265 1.253 1,245

106 3.i98 37321
8.547

8.25
8.292

043

(Ref.,) : 11 , 4

7.339

2.490

6.75
1.566
i.998

6.50
1.568
6 5.315 6.591 6.840 7.090

4
1,994 1.997
2.408

-1 42.3

0
8
i
9
6

246 PYRUVIC ACID
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CHROMATOGRAPHIC DATA (1983)

C7H5NO3S
183.20

31.3 2.432

247 SACC?ARIN

3.107

35.4

248 SALI%YLIC ACID

o 10, 1

(Ref.)

3,50
4,314

3.25
4,111 4.214

3.00
12,173 10.107 8.526

CI0H1804
202.25

20
44.9

=1
-2

249 SEBACIC ACID

: 10, 12

(Ref.)

10,00



CHROMATOGRAPHIC DATA (1983)

7.513 7.763 8.013 8.263 8.513

7.016 7.266

.000

2.050

41.0

80.5
6.263 6.516
2,0

=1
=2

250 SELENIC ACID
6.013

D94

O OOMOO
NOTOT
7.9r0.000
O~ LN

O — O
jenlols fania)]
N -On

L Vo
[Fat e L Lo [V

MNOYN
LNWOM OO
NOY -OOM
-~ «00 -~
O ——Own

~NOeoT
DWW
09&91
N—— oL

Mg
LA OO
7900-900
Te—HO T

IO
LN MMOY
NOY -OY00
2 wEOL s e
Tr—O T

MO0 LN
ORITNO
o -
o i) = B
Tr—O

NNTO
LNOO 0O
N -OM
SR g
T——OT

0000 ey
OO LN
oo -0
S o
TNHO T

NOYMNMLN
O—=HOINMN
oo -0
e SBO s ¥
TNHO I

AOOLNOO
INIrnmno
NO -0

Y
MAN—OM

0.000

67.1

=]

252 SELENOCYANIC_ACID



D95

CHROMATOGRAPHIC DATA (1983)

8.50
2.000

0.252 0.29
4.277 14.372

8.25
1,902 1,906
1,999

4.177
8.00

1.905

31.50 31.72 42.52 42,58 42,60 42,60 32.02 32,03 %2983 32.05 32,08

¥ 5
7.845 8.094 8,344 8.595

115

(Ref.)
7.5
1.883 1,911 1.908
1,995 1.997
7.596

10.00
2.432
1.000
7.25
1,992
7.382
C4HB04
118.09

9.75
. 2.436
3,25 23.72 24.62
,000 1.000
.691 9.945 10,204
7.00
1,987

4.770
5,403
4,207
5.638

4,25
6.75
1:947
6.654 6.830 7.134

9
2
2
1
9

4,00

554 4.857 4,27
6.50
1.960

33.4
225
47.2
33.0
60.9

.00
6.25
1,970 1,920 1.903 1.891
1:925
6.359

-1,
=1
-2
=1
~2

6.00
2,022

1.875

6.126

255 SUCCINIC ACID (S)

253 SORBIC ACID
254 SUBERIC ACID



CHROMATOGRAPHIC DATA (1983)

D96

50.3

256 SULF?MIC ACID (S)

5.75
1.000

5.812

1,598 1.597

5.50
1.000

5.25
1.594
1.000
5.073 5,322 5.562

: 10, 12

5.00
1,595
1.000

4,75
1.585
1.000
4,824
(Ref.)

4,75
1,59
1.000 1.000
4.563 4.811

4.50
1.596

4,25

1,597
1.000
4,318

4,00
1,597
4.078 4.080

4.00

1.593
17,72 17,22 15.61 15,33 15.17 15.08 16.77 16.72 16.69 15,13 15,12

1,000 1.000 1.000

3.
1.594
3.835

CBH7NO3S
175,19

3.227

33.7

257 SULF?NILIC ACID

CEH7NO3S
173,19

3,740

33.4

258 m—SU%FANILIC ACID



D97

3.50
S

3,25
23.80 22,79 22.08

0.011 0.013 0.016
5.518 5.605

3.00
RE 000000 (LD OO

CBH7NO3S
17%:.19

7.488

33.4

=1

CHROMATOGRAPHIC DATA (1983)

259 0-SULFANILIC_ACID

AHOOLN

5.00

5.861 6.019 6.0

0.019 0.023 0.033 0.0

5.767

1,983

i 1,970
3.020 3.266 3,513

i X3 4
¢ ok

(Ref.)

10.00
1.999

i
3 9.529 9.779 10.030

17.49 17.01 15.45 15,20 15.08 15.05
9.75

9 1,153 1,152 1,151
.05 31.46 31.66 32,01
1,999

e
1,000 1.003 1.008

3.834 4,075 4,080 4.316 4.561 4,808
9.50

1.998

i

4.00

52.0
82.9
51,

74.6

4.00
1.557 1.551 1.555

-1
-2
=1

=2
0.993 0.997 0.997

3.5

260 SULFURIC ACID

261 SULFUROUS ACID



D98

CHROMATOGRAPHIC DATA (1983)

3.50

OOOOD (000 O
0.005 0.007
5.946 6.034 6.115

5.25

3,25
5.50
8.509 8.654 8.894

29.08 27.52 26.46
s B » 9

3.00

0.004
0.041
6.925

5.00

0.033
6.748 5.829

7.50

pHL
RE
Z1.75

t
Z
N-Tris(hydroxymethyl)methyl-3-

aminopropanesulfonic acid

4.75
(Ref.)

4.75
0.023 0.028
6.666
7:25
9.964 8.562 6.143 5,678
0.991

C7H17N06S
9.806 10,056 10,321

243,27

C3Hu05

120.06
1.263
2.000

9.796 10.047

7.947 8.049 8.320 8.398

4.50
0.019
6.575
7.00
0.984
2.000

1.

3.394 3,348 3.314
7 27.81 27.88 32,73 32.96 33.37

8.300
4.25
6.
6.75
0.972
2,366
4,735
9.50

2.000 2.000

4.00
6.50
. 9.25
.640 3,507
0.944
9.493
32.6
60.7
36.0
68.3
9.25

25.0
1,51 21.72 28.68 29.72 31.90

.909
.266

0.010 0.014 0.016
263 TARTARIC ACID (S)

7.455 7.816 7.870

4.00
6.25
9.00
4 1,273 1,272 1.266

! |
=1
-2
-1
-2
v
27
7
00 2.000
85 9.035 9.285 9.546

7,
.0
7

0 OO0 OO0 CCLrD COo0 OCon oerrrn 91.527 73,907 36,649 33,

25.63 25,01 21.36 21,23 21.11 21,01 24,24 24.21 24,18 21.1

3.75
0.008
6.200 6.296 6.438

264 TARTRONIC ACID
8
0
2
2
8

262 TAPS



D99

CHROMATOGRAPHIC DATA (1983)

28
53.

-1
-2

265 TEREPHTHALIC ACID

1.774

1.762
649 4.864 4,892

1

3.337

43,7

-1

266 THIOACETIC ACID

HSCN
59.09

0.848

68.5

=1

267 THIOCYANIC ACID



3.50

311 2,200 2,126
5.75

3.25

5.50

.00
1,994 2,000 1,999

5.25

5.117

CHROMATOGRAPHIC DATA (1983)

4.872

2.585

40.6

=

268 THIOCYANOACETIC ACID

D100

(Ref.) : 3

10.00
1.986

6.66 20.60 20.89 2144
1.000

9.890 10.145

269 THIOGLYCOLIC ACID

9.75
1,988
1,000

9.50
1,990
1.000

.994

.000
9.351 9.637

.25

9
1
1
1

9.00

1,995
16.58
1.000
9.100

NITOO

75
99
6.5
00
85

00—

(Ref.) : 3

10,00
2, 095
1.000
9.903 10.159

9375
2,095
1.000

3.545
9.50
2,098
1.000

9.25
2,102
16.93 16.97 17.06 21.22 21.56 22.18

1.000
8.859

38.6
9,110 9.361 9.650

-1
9.00
2,104
1.000 1.000

8.75

2,105



D101

CHROMATOGRAPHIC DATA (1983)

-2.000

31.1

—TOIiUENESULFONIC ACID

271 p

1.

4,272

29.1

272 m—TO%UIC ACID

¢ Ik g d

(Ref.)

3.908

29:1

273 O-TOIIU[C ACID



CHROMATOGRAPHIC DATA (1983)

D102

4,373

29.1

274 D-TO%UIC ACID

[“alia}

0.

5.00

3,327 3.145
0.893

4.75
5.019 5.070 5.262 5.479

0.827 0.843

4.00 4,00 4.25 4,50 4.75
4,794 4.406 4.035 3.685 3.392
.67 23.03 19.93 19.71 19.53 19.40 22.37 22.30 22.
4,576 4.692 4.839

5
47
.485 0.575 0.631 0.691 0.759

.337 4.476

W,
555
23

0.4
4.3

1.

65

C2HBr302
296.74

1,000

36.5

2l

275 TRIBROMOACETIC ACID

b,

4.00
2.234 2.

BN =

C2HC1302
163.39

276 TRICHLOROACETIC ACID

O -0

0.635

57.9

=1

1,81 2246
00 1.000

7
1
.0l
909 10.165

i
136

9

138 2
46 2
0 1

5 9
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CHROMATOGRAPHIC DATA (1983)

C3HC1302
175.40

0.000

33.4

277 TRIC?LOROACRYLIC ACID

.000

C3H3C1303
193,41

2.347
-2.000
-1.000

2.050

6.50

34.2
28.9
57.8
87.6

6.25

-1

2,391 2.389 2.38]
=1
=2

278 TRICHLOROLACTIC ACID
6.00
17,91 17.91 24,68
1.000 1.000 1.000
6.132 6.382 6.684

279 TRIMETAPHOSPHORIC ACID

9.25

9.00

8.769 9.019 9.269

1,077 1.075
3.000 3.000 3.000

8.75



CHROMATOGRAPHIC DATA (1983)

D104

3.50

3.25
15.015 12.497 10.607

3.00

pHL
RE

C5H1002
102.13

5,037

31.8

-1

280 TRIMETHYLACETIC ACID (S)

MO LN
LN O
78&99
NON—OLWN

NN
OIIONMN
59&88
NN ON

[Egfe=lsnian]
LD —ININ
22L75
MO

O MO0O
OO
OGL—/—‘)
NMMNOLN

TOOOMN
W=~
70.'“62
TIFNOWN

N M =]
WNLALNOIN
NN <N~
TR0 - &
SO

M
OO —iN
TFT—On

DI =W
Doy
NN IO
.« .00 - -
TIN—O I
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281 TRIM%THYLACRYLIC ACID

C10H1202
164.20

3,437

282 2.4.6-TRIMETHYLBENZOIC ACID
~l 24,7
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1.469

28,2

283 TRIMETYLPYRUVIC ACID

(Ref.) : 3

10,00
2.796
1,000

9.732 9.989 10.252

9,75
2.803
1.000

1.000

4,842

31..6

284 VALE?IC ACID

C8H80u
168.15

4.523

27 il

285 VANI&LIC ACID

9.00 9.25 9.50 9.75 10.00 (Ref.) : 11 , 2
3.030 3.022

15
. 057

8
3
2
i
8

1.000

9.757 10,015 10.281

1,000

3.049 3,036
é,OOO 1.000

3.054

0.88 20,44 20.61 26.90 27.72 29.38

7
0
.0
9
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286 VINYLACETIC_ACID C4H602 pHL 3.00 3.25 3.50
=, 38.6 4,342 86.08 RE 6.648 5.639 4,882
T 22,58 21,44 20.66
.306 0.361 0.418
DHS 3.962 4.070 4.173
3.75_ 4.00 4.00 4.25 4,50 4.75 4,75 5,00 5.25 5,50 5.75
4,227 3.649 3.297 3.026 2.765 2.542 2.494 2,355 2.254 2,193 2.158
20,04 19,58 17,24 17,09 16.95 16.85 19.06 19.01 18,97 16.92 16,91
0.485 0.563 0.629 0.686 0.753 0.821 0.837 0.888 0.928 0.959 0.975
4,287 4.423 4,538 4,648 4.791 4.967 5.016 5,202 5.416 5.675 5.887
6.00 6.25 6.50 6.75. 7.00 7.25. 7.50 7.75_ 8.00 8.25 8.50
2,136 2,121 2.107 2.103 2.099 2.097 2.108 2.107 2.106 2.104 2,107
16,91 16.90 22.87 22,86 22.8 22,8 16,8/ 16,87 16.88 16.83 16.90
0.985 0,991 0.996 0.998 0.999 0.993 1.000 1,000 1.000 1,000 1.000
6.120 6,363 6.660 6.905 7.153 7.402 7,609 7.858 8.108 8.358 8.609
8.75 9.00 9.25 9,50 9.75 10,00 (Ref.) :3,7
2,105 2,104 2.102 2,098 2.095 2.093
16,93 16,97 17.06 21.22 21.56 22,18
1,000 1,000 1.000 1.000 1.000 1.
8.859 9,110 9.361 9.650 9.903 10.159
287 VINYLGLYCOLIC ACID C4He03 pHL 3.00 3.25 3.50
-1 35.4 3.319 2.09 RE 3.499 3.155 2,903
t 25,41 23,48 22,18
z 0.648 0.720 0.784
PHS 3.552 3.696 3.845
3.75 4,00 4,00 4.25 4,50 4,75 4,75 5,00 5,25 5.50 5.75
2,704 2.554 2.540 2.458 2.397 2,357 2.352 2,328 2.314 2,318 2,313
21,24 20,61 18,18 17,88 17.68 17.55 19.99 19.92 19,88 17.63 17.62
0.844 0,895 0.904 0.935 0.960 0.976 0.977 0.987 0.992 0.996 0,997
4,016 4.213 4,257 4.442 4,656 4.889 4,917 5.154 5,399 5.634 5.8/8
6.00 6.25 6,50 6.75 7.00 7.25_ 7,50 7,75 8.00 8.25 8.50
2.309 2.306 2.298 2,296 2.295 2.293 2.308 2.307 2.306 2,304 2,307
17.61 17.61 24,14 24,14 24,13 24,13 17,57 17.58 17.58 17.59 17.61
0.999 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1,000 1.000
6.126 6.375 6.675 6.925 7.174 7.424 7.625 7.875 8.125 8.375 8.626
8.75 9.00 9.25 9,50 9.75_ 10,00 (Ref,) : 3
2,305 2.304 2,301 2,296 2,293 2.289
17.64 17,70 17.79 22,33 22,80 23,5/
1.000 1.000 1.000 1.000 1.000 1.000
8.877 9.127 9.379 9.674 9.928 10.186

REFERENCES TO TABLE IV

1 R. A. Robinson and R. H. Stokes, Electrolyte Solutions, Butterworths, London, 2nd ed., 1959.
2 Landholt-Bornstein, Zahlenwerte und Funktionen, 6 Aufl. Bd. 11, Teil 7, Springer, Berlin, 1960.
Tokyo, 1966
3 Imternational Critical Tables of Numerical Data, Physics, Chemistry and Technology, Vol. VI, McGraw-
Hill, New York, London, 1933.
4 L. G. Sillen and A. E. Martell (Editors), Stability Constants of Metal-lon Complexes, Special publi-
cation No. 17, The Chemical Society, London, 1964.
5 Cyvil Long (Editor), Biochemist’s Handbook, E. & F. N. Spon Ltd., London, 1961.
6 R. C. Weast (Editor), Handbook of Chemistry and Physics, Chemical Rubber Co., Cleveland, OH, 52
nd ed., 1971.
7 S. Nagai (Editor), Kagaku Binran, Chemical Society of Japan, Maruzen Publ., Tokyo, 1966.
8 G. Charlot, Les Reactions Chimigues en Solution, Masson, Paris, 1969.
9 T. Imamura and K. Saito, Kagaku No Ryoiki, 30, No. 2 (1966) 79.
10 T. Hirokawa, M. Nishino and Y. Kiso, J. Chromatogr., 252 (1982) 49; m, and pK, were recalculated.
11 Unpublished data obtained in our laboratory.
12 Assumed values.
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PART A: TECHNIQUES

Z.DEYL (editor)
F.M. EVERAERTS, Z. PRUSIK and
P J. SVENDSEN (co-editors)

“... provides a sound, state-of-the-art survey of its
subject”.
— Chemiistry in Britain

“... the editors have set out to bring everything
together into a coherent whole. .. they have
succeeded remarkably well. .. the book is bound to
be well liked and appreciated by readers”.

- Journal of Chromatography

This first part deals with the principles, theory
and instrumentation of modern electromigra-
tion methods. Both standard procedures and
newer developments are discussed and hints
are included to help the reader overcome
difficulties frequently arising from the lack of
suitable equipment. Adequate theoretical
background of the individual techniques is
given and a theoretical approach to the
deteriorative processes is presented to
facilitate further development of a particular
technique and its application to a special
problem. In each chapter practical realisations
of different techniques are described and
examples are presented to demonstrate the
limits of each method.

CONTENTS:

Introduction. Chapters 1. Theory of electro-
migration processes (J. Vacik). 2. Classification of
electromigration methods (J. Vacik). 3. Evaluation of
the results of electrophoretic separations (J. Vacik).
4. Molecular size and shape in electrophoresis

(Z. Deyl). 5. Zone electrophoresis (except gel-type
techniques and immunoelectrophoresis)

(W. Ostrowski). 6. Gel-type techniques (Z. Hrkal).

7. Quantitative immunoelectrophoresis

(PJ. Svendsen). 8. Moving boundary electrophoresis
in narrow-bore tubes (FM. Everaerts and

J.L. Beckers). 9. Isoelectric focusing

(N. Catsimpoolas). 10. Analytical isotachophoresis
(J. Vacik and FM. Everaerts). 11. Continuous flow-
through electrophoresis (Z. Prusik). 12. Continuous
flow deviation electrophoresis (A. Kolin).

13. Preparative electrophoresis in gel media

(Z. Hrkal). 14. Preparative electrophoresis in
columns (PJ. Svendsen). 15. Preparative isoelectric
focusing (P Blanicky). 16. Preparative isotacho-
phoresis (PJ. Svendsen). 17. Preparative isotacho-
phoresis on the micro scale (L. Arlinger). List of
frequently occurring symbols. Subject Index.

1979 xvi+ 390 pp. US $83.00/Dfl. 195.00
ISBN 0-444-41721-4

PART B: APPLICATIONS

Z.DEYL (editor)
A. CHRAMBACH, FM. EVERAERTS and
Z.PRUSIK (co-editors)

Part B is an exhaustive survey of the present
status of the application of electrophoretic
techniques to many diverse compounds.
Those categories of compounds most suited
to these separations, such as proteins and
peptides, are dealt with in detail, while the
perspectives of the applications of these
techniques to other categories of compounds
less commonly electrophoresed are given.
Special attention is paid to naturally occurring
mixtures of compounds and their treatment.
This is the first attempt to cover the field on
such a broad scale and the book will be
valuable to separation chemists, pharma-
cologists, organic chemists and those involved
in biomedical research.

CONTENTS: 1. Alcohols and phenolic compounds
(Z. Deyl). 2. Aldehydes and ketones (Z. Deyl).

3. Carbohydrates (Z. Deyl). 4. Carboxylic acids

(FM. Everaerts). 5. Steroids and steroid conjugates
(Z. Deyl). 6. Amines (Z. Deyl). 7. Amino acids and
their derivatives (Z. Deyl). 8. Peptides and structural
analysis of proteins (Z. Prusik). 9. Gel electro-
phoresis and electrofocusing of proteins (edited by
A. Chrambach). Usefulness of second-generation
gel electrophoretic tools in protein fractionation
(A. Chrambach). Membrane proteins, native

(L.M. Hjelmeland). Membrane proteins, denatured
(H. Baumann, D. Doyie). Protein membrane
receptors (U. Lang). Steroid receptors (S. Ben-Or).
Cell surface antigens (R.A. Reisfeld, M.A. Pellegrino).
Lysosomal glycosidases and sulphatases

(A.L. Fluharty). Heamocyanins (M. Brenowitz et al i
Human haemoglobins (A.B. Schneider,

A.N. Schechter). Isoelectric focusing of immuno-
globulins (M.H. Freedman). Contractile and
cytoskeletal proteins (P Rubenstein). Proteins of
connective tissue (Z. Deyl, M. Horakova). Micro-
tubular proteins (K.F Sullivan, L. Wilson). Protein
hormones (A.D. Rogol). Electrophoresis of plasma
proteins: a contemporary clinical approach

(M. Engli$). Allergens (H. Baer, M.C. Anderson).

10. Glycoproteins and glycopeptides (affinity
electrophoresis) (T.C. Beg-Hansen, J. Hau,).

11. Lipoproteins (H. Peeters). 12. Lipopoly-
saccharides (PF Coleman, O. Gabriel). 13. Electro-
phoretic examination of enzymes (W. Ostrowski).
14. Nucleotides, nucleosides, nitrogenous
constituents of nucleic acids (S. Zadrazii). 15. Nucleic
acids (S. Zadrazil). 16. Alkaloids (Z. Deyl).

17. Vitamins (Z. Deyl). 18. Antibiotics (V. Betina).

19. Dyes and pigments (Z. Dey/). 20. Inorganic
compounds (FM. Everaerts, Th. PE.M. Verheggen).
Contents of “Electrophoresis, Part A: Techniques”.
Subject Index. Index of compounds separated.
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