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EDITORIAL

This is the fourth special issue of this Journal devoted to thin
layer chromatography (TLC). Each one of these issues has included a
review, new technologies, and advances of existing modes of TLC. In
addition, research articles dealing with the separation of complex
mixtures, their visualization and quantification were published.

We will continue to present the analyst and reader these special
issues which have found a favorable response and are widely
accepted.

During the past two years we've witnessed increased activity in
meetings and symposia dealing with TLC advances which we believe are
totally justified, and we commend their organizers. These meetings
include the Second Biennial TLC Symposium which was held in Philadelphia,
PA in November 1980. The Third in this series is tentatively planned
for the first week of November 1982, in Philadelphia. Two sessions
devoted to TLC advances were held at the Nineteenth Eastern
Analytical Symposium in New York City, in November 1980. This year,
two sessions are planned for November 18-20 in the same place. The
First International Symposium on Instrumental TLC (HPTLC) was held
last year in Germany. The second symposium will be held in Interlaken,
Switzerland, May 1982.

Another International Symposium, the First American-Hungarian
Symposium on TLC and HPLC applications was held in Szegad, Hungary,
May 1981. Scientists from Hungary, the Soviet Union and the United
States participated in the discussion. At the close of the meeting
the organizing committee decided to expand the symposium to include
other Eastern Eurpoean Countries. The Second Symposium is planned
for June 16-18, 1982 in Szeged, Hungary.

xiii



xiv EDITORIAL

There is always half a day session devoted to TLC at the Pittsburgh
Conference on Analytical Chemistry and Applied Spectroscopy. Other
Chromatography meetings include research papers dealing with TLC.

We are pleased to see this increased activity and the forums which
help to advance the theory and application of TLC. The Journal's
editors and publishers are very pleased to be a part of this
exciting re-birth. These special issues of the journal, devoted
to TLC, will remain a forum where all chromatographers can publish
their original research and innovative findings.

Keep up the good work!

Haleem J. Issaq
Jack Cazes
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NEW SYMPOSIUM SERIES

A symposium on advances in thin-layer chromatography and high-
performance liquid chromatography was held in Szeged, Hungary, at the
Biological Research Center, May 14-15, 1981, and was sponsored by the
Hungarian Academy of Sciences. Four scientist from the U.S.A., ten from
Hungary and three from the U.S.S.R. participated at the Symposium.

At the close of this meeting it was decided to expand the symposium
to include scientists from other countries and the increase the number of
participants. It was also decided to make the symposium a yearly event.
The next symposium is scheduled for June 16-17, 1982 in Szeged, Hungary.

For preliminary information contact:

Dr. Haleem J. Issaq Dr. Tibor Dévényi

Frederick Cancer Research Center Institute of Biochemistry
P.0. Box B Hungarian Academy of Sciences
Frederick, MD 21701 Budapest XI, Hungary

U.S.A.
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A SYSTEMATIC STATISTICAL METHOD OF SOLVENT SELECTION
FOR OPTIMAL SEPARATION IN LIQUID CHROMATOGRAPHY

Haleem J. Issaq®, John R. Klose, Karen L. McNitt,

Jerome E. Haky and Gary M. Muschik

Chemical Carcinogenesis Program

Frederick Cancer Research Center

Frederick, MD 21701.
ABSTRACT
A systematic method is described for selecting the optimum ternary mobile

phase for both thin layer and high performance liquid chromatography. The
statistical data analysis employs overlapping resolution mapping in which a
contour plot is made by plotting resolution against solvent composition. The
computer analysis predicts optimum mobile phase regions, from which the analyst
can select the least viscous, and cheapest, mobile phase. Peak crossover is
taken into consideration. Good agreement was observed between predicted and

experimental data. The method is simple and easy to apply to liquid chromato-

graphy.

INTRODUCTION

The selection of a solvent system which will give optimum resolution in
liquid chromatography (adsorption, partition or ion exchange) is not a simple
matter. The most important considerations are the properties of the material
being separated and the solid phase. The mobile phase can be selected only
when these two factors have been defined. When the solvent is a binary,
ternary...etc. mixture, solvent-solute and solvent-solvent interactions must

be taken into consideration. A trial-and-error procedure is generally used to

*Author to whom correspondence should be addressed.
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find a mobile phase which will satisfactorily resolve all the components of the
mixture. When the mobile phase is composed of more than one solvent the task
of selection becomes complex. In TLC, unlike HPLC, the process of solvent
selection is less time consuming because the analyst can spot as many plates

as he has developing tanks and develop them in different solvent mixtures or
use a unit like the Selecta Sol or the Vario KS-Chamber in which up to 16
different solvents can be simultaneously tried on a 20 X 20 cm plate (1).
Although it has been shown that TLC solvents can be used as mobile phases for
HPLC (2,3), this simple approach is by no means a systematic one leading to

the selection of an optimum mobile phase. We define an optimum mobile phase as
that solvent mixture which would give base-line-separation of all the components
of a sample mixture in the minimum amount of time.

Glajch et al (4), Belinky (5), and others (6-8) described a systematic
solvent optimization procedure which employs statistical methods of data analysis.
Our study describes a systematic approach to selecting a ternary solvent mixture
based on a plot of pair resolution versus solvent composition, and over-
lapping resolution mapping (ORM) data analysis similar to that employed by
Glajch et al (4). Peak crossover is taken into consideration. The method is
simple and can be applied to both partition and adsorption Tiquid chromatography.
In addition to solvent optimization, the answers obtained give the analyst
the opportunity to select (a) the Teast viscous mobile phase (Teast back
pressure), (b) the cheapest solvent mixture and (c) the shortest retention

times.
EXPERIMENTAL

Materials: A1l solvents were glass distilled (Burdick and Jackson). The
chemicals were analytical grade (Aldrich Chemical Co.) and used without

further purification.

Apparatus: A modular HPLC system consisting of Laboratory Data Control (LDC)

constametric I and II Pumps attached to an LDC Gradient Master, a Chromatronix
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dual-channel uv absorbance detector, a Rheodyne injector, and a strip-chart
recorder operated at 0.2 in/min was used.

The RP-8 and RP-18 reverse phases columns were all 250 mm X 4.6 mm prepacked
with 10 um  particle size materials (Merck). 10 yl samples were injected. Ex-
periments were run at room temperature using a mobile phase flow rate of
1.2 m/min. Retention times, peak widths (W) and resolution (Rg) were determined
by a 3352A Laboratory Data System (Hewlett-Packard) linked through a Hewlett-
Packard 1865 A/D converter to the UV detector output of the 1iquid chromatograph.
The output from the data system was recorded on a 9866A thermal line printer
(Hewlett-Packard). Silica gel and reverse phase (RP-8 and RP-18) TLC plates
were purchased from Whatman, Inc. Standard TLC tanks and equipment were used.

Plates were spotted with 5 ul disposable micropipettes.

Procedure: A combination of the three initial solvents is devised according to

Table 1. Other combinations may also be used. The initial solvents maybe pure

Table 1

Combination of solvents A, B and C used in this study to predict

optimum mobile phase compositions.

% SOLVENT A % SOLVENT B % SOLVENT C

100 0 0

0 100 0

0 0 100

50 50 0

50 0 50

0 50 50

33 33 33

67 16 16

16 67 16

16 16 67
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or a mixture of two organic solvents (normal phase) or a mixture of water/organic
modifier (reverse phase). After selecting the solvents and proportions to be
used (Table 1), 10 data points, one for each solvent combination are collected.
These are used to calculate the resolutions of each pair of compounds in the
mixture. If no peak crossover takes place the resolution between each pair (1-2,
2-3, 3-4.....etc) is used. If peak crossover does occur the resolution between
all the peaks is calculated (1-2, 1-3, 1-4, 2-3, 2-4, 3-4..etc.), and used in
determining the optimum mobile phase.

Two computer programs are used to predict optimum solvent composition. The
first (Appendix 1) is a FORTRAN program (PEAKIN) which rearranges resolutions to
correct for crossover, and if necessary, prints a table similar to Table 2or
Table 3, and produces a data file suitable for use in the next program. The
second program (Appendix 2) is a SAS (Statistical Analysis System - version 79.5)
route (9). A DATA paragraph converts the three-dimensional solvent compositions
to a two-dimensional triangle representation as used by Snee (10). The data is
fitted into a cubic model for a three dimensional system. The parameters of the

cubic equation for each set of peak resolutions are computed using the general

Table 2
Mobile phase ratios and resolutions obtained for aflatoxins By, Bp, By and
Gp using silica gel plates and acetone:chloroform (10:90), methanol:chloroform

(5:95) and ethyl acetate:chloroform (30:70).

SOLVENT MOBILE PHASES RATIOS

10% ACETONE | 1.00 0.0 0.0 0.0 0.5 0.50 0.33 0.16 0.16 0.67
5% MEOH 0.0 1.00 0.0 0.50 0.50 0.0 0.33 0.16 0.67 0.16

30% ETHYL- 0.0 0.0 1.00 0.50 0.0 0.50 0.33 0.67 0.16 0.16
ACETATE

Rs(By - Bp) | 6.20 9.60 7.10 6.70 7.50 7.90 7.10 5.30 6.70 7.50
Rs(B2 - G1) | 4.20 5.80 3.30 6.20 5.80 3.70 5.00 4.50 6.30 5.00

Rg(G1 - Gp) | 5.80 0.40 5.00 3.80 2.50 4.10 5.00 4.80 3.30 4.50
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Table 3
Solvent compositions and resolutions obtained for the peak pairs N - M,
M - E and E - D on reverse phase TLC plates using 95% CH30H:H20, 80%
CH3CN:H20 and 75% 2-ethoxyethanal:H20.

SOLVENT MOBILE PHASE RATIOS

95% CH30H | 1.00 0.0 0.0 0.50 0.50 0.0 0.33 0.67 0.16 0.16
80% CH3CN | 0.0 1.00 0.0 0.50 0.0 0.50 0.33 0.16 0.67 0.16
75% 2ETHO | 0.0 0.0 1.00 0.0 0.50 0.50 0.33 0.16 0.16 0.67
Rg(N - M )| 6.3 7.4 7.1 7.5 7.9 7.9 7.5 7.5 7.0 8.3
Rg(M - E) | 4.1 5.9 7.1 5.9 5.4 6.7 5.4 4.5 741 7.5

Rs(E - D) | 2.9 1.5 3.3 2.5 3.4 2.9 2.1 3.8 2.5 2.9

linear model (GLM) procedure. The PRINT procedure 1ists predicted resolutions
of each peak pair for all solvent combinations varying each solvent from zero
to 100 percent by 2% increments (see for example Table 4). Contour plots of
the region where the predicted resolution above a desired level determined by
the analyst are produced (see for example Figs. 1-3) using the PLOT procedure.
The union of these plots showing the region where all resolutions are above
this level, Fig. 4, and plots showing the area of maximum total resolution,
Fig. 5, are also produced using PLOT. A flow chart of the procedure is shown
in Fig. 6. The programs are run on an IBM model 370/168, and uses 210 K of
core.

Ideally, where a combination of three modifiers and a base solvent is used
the region of the optimum mobile phase mixture found from the ORM calculations
will be in the center of the triangle. If one of the modifiers (A) is not ideal,
the optimum mixture will be composed of the other two modifiers (B and C), with
only a small amount of A. Therefore, the optimum region can indicate which of
the three modifiers is a poor choice. Examples will be described later. The
base solvents are water for reverse phase and hexane for normal phase (4).

Other solvents for normal phase are also used.
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Table 4
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A sample of computer tabulation of mobile phase compositions and

resolutions obtained using ORM calculations.
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AFL ATOXIN ON SILICA GELS - A=10%ACET,B=5%MEOH,C=30%ETHYL
PEAK1=1 PEAK2=2

CONTOUR PLOT OF Y*X

Fig. 1 Contour plot of aflatoxins By and Bp, A = 10% acetone/chloroform,

B = 5% methanol/chloroform, C = 30% ethylacetate/chloroform
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ISSAQ ET AL.

A=10%ACET, B=5%MECH, C=30%ETHYL
PEAK1=2 PEAK 2=3

Contour plot of aflatoxins By and Gj, solvents as in Fig. 1.

Shaded area designate mobile phase compositions that would give

resolution greater than 5.15.
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AFLATOXIN ON SILICA GELS - A=10%ACET,B=5%MECH,C=30%ETHYL
PEAK1=3 PEAK2=4

CONTOUR PLOT OF Y*X
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Fig. 3

Contour plot of aflatoxins G; and Gp, solvents as in Fig. 1.
Shaded area designate mobile phase compositions that would give

resolution greater than 5.15.
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X

Contour plot showing the area of optimum solvent composition
where the resolution between each pair of the four aflatoxins

is greater than 5.15 (B). Solvents as in Fig. 1.
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Fig. 5 Contour plot of area of maximum total resolution (R) between the
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four aflatoxins. Solvents as in Fig. 1.
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Another criterion is that any pair of the component mixture should be
resolved in at least one of the three mobile phases selected, otherwise base
line resolution of that pair in the final (optimum) mobile phase may not be
possible. The solvents selected therefore, should have different chemical
properties, hydrogen bonding, proton-donor or acceptor, dipole-dipole

interaction...etc. To achieve that, Synder's solvent groups (11) were used.

THEORETICAL CONSIDERATIONS

Selection of the solvent in thin layer chromatography (TLC) and high per-
formance liquid chromatography (HPLC) is based on the elutropic series. However
this series is based on values obtained for pure solvents. Selection of a
binary, ternary etc... solvent mixture and predicting the separation results
and elution times of the components éf a mixture may not be that simple. 1In
reverse and normal phase liquid chromatography elution times of the solute are
a function of the properties of the stationary and mobile phases. Snyder (12)
gave the following equation for calculating the polarity of a binary solvent
mixture:

P =06, Pp+2, Py (1)
¢1 and ¢2 are the volume fractions of solvents 1 and 2, Py and P2 are the
polarity of pure solvents 1 and 2 and P' is the polarity of the mixture. This
relation does not apply to normal phases where the calculations are more
complicated (12).

The relation between retention time and solvent strength is described by
the following equation (12):

log K1/Kp = aAg (e; - e;) (I1)
Where K' is the capacity factor, and €° is the solvent strength parameter of
solvents 1 and 2. Ag is molecular area of adsorbed sample and o is adsorbent
surface activity function, and

K' = (Re - Reo)/Reo (I11)
It was found that the relation in equation (II) does not always hold (13-15).

For example, when two mobile phases (acetonitrile/water and methanol/water)
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which have the same solvent strength (calculated according to eq. I) were used
to elute the same solutes (naphthalene and biphenyl) on the same solid phase the
retention times were not the same (15). A term was later added to eq (II) which
accounted for solvent-solute interactions (13,14).

Since different solvents give different selectivities (11,16-18), changing
the solvent composition may result in different elution orders depending on the
properties of the sample mixture and the solvent chosen. For a mobile phase
mixture, solvent strength (polarity) in general determines elution distance of
the solutes (i.e. Rt), while mobile phase composition determines its selectivity.
The composition of the mobile phase would determine the degree of separation
(a), between two adjacent peaks i and ii, where

a = K'§§/K's (1v)

Based on Snyder's theory (12), Saunders (17) presented a graphical represent-
ation based on €° for selecting a solvent for adsorption liquid chromatography.
The application of these graphs is rapid and provides a reasonable first approxi-
mation to a solvent mixture appropriate for a given sample. It must be stressed
that the results are approximate, and in some cases, the solvent mixture will
not be ideal (17).

For a given sample and adsorbent, log K' varies linearly with €°. This is
generally true for K' values between 1 and 10, which is an acceptable working
range allowing separation of a component from the mixture, but does not lead to
dilution of the sample or long retention times. Solvent strength (polarity)
gives a general indication of solute retention but it may not predict the
correct retention times (15,16,19).

In their work Glajch et al (4) used eq (I) to select solvents that gave the
same K' values. We have used solvent strength to predict approximate retention
times, which in turn were used to predict the resolution (Rg) between two
adjacent peaks;

Rs = (Re2 - Re1) /7 1/2(Wp + W) (V)
Where Rt is the time of elution of peak maximum, and W is the baseline

width of the peak in units of time.
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Also, resolution in liquid chromatography has been defined (16) by the
following equation:
Rg = 1/4 (a - 1) (N1/2 (k'/1 + k") (V1)
where the number of theoretical plates, N is defined as:
N =16 (Ry/W)? (VII)
Note that all the above factors are a function of Ry (equations III-VII)

The three terms in eq. (VI) should be optimized to achieve maximum resolution.
However, if the experimental conditions (flow rate, column dimensions and particle
size and properties of sample) are kept constant the only parameter effecting
separation is the mobile phase. The composition of which will determine not only
the retention times of the solutes but also their order of elution. It is important
to have a solvent which will give reasonable retention times for all components
of the mixture, Rt between 5 - 40 min, in HPLC, and an Rf value of 0.2 - 0.7
in TLC.

The resolution values for HPLC were calculated according to eq. (V). For
TLC, resolution was defined as Rfp - Rf(n-1). We found this to be simple and
human error is eliminated from the measurement of spot width. Otherwise a
densitometer should be used to scan the spots and calculate Rg as defined in

eq. (V).

RESULTS AND DISCUSSION

The basis for statistical data analysis in both cases was the work of
Snee (10). However, in the present work a cubic equation was used where nine
data points were required for an answer and the tenth point allows for goodness
of fit. In their work (4) a quadratic equation was used where seven data points
were required for solvent optimization, and three for checking the system.
Belinky (5) on the other hand used 17 data points: he used acetonitrile,
methanol and water to form four solvent systems (pure acetonitrile, pure
methanol, 60% methanol and 70% acetonitrile) from which an optimum mobile phase
was selected. This is time consuming when the mixture contains more than four

components.
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The separation of alfatoxins By, Bp, Gy and Gp on silica gel TLC plates
was used to test the method and to see if the optimum mobile phase selected from
the ORM calculations would optimize the resolution between the aflatoxin pairs
B1-B2, Bp-Gy and Gi-Gp. As base solvent, chloroform was selected based on
literature data (20). The solvent combinations used are listed in Table Z along
with the resolution between the peaks of the adjacent pairs. Note that the
resolution between aflatoxin Bj and By is always equal to or greater than 5.30,
no matter what solvent composition is used as the mobile phase. However this is
not the case for aflatoxin pairs Bs-Gy and Gy-Gp. Table 2 also indicates that
no solvent combination gives a resolution greater than 5 between the three pairs
of aflatoxins. Our aim therefore, is to find a mobile phase which would maximize
the resolution between the four aflatoxins, and which would give a resolution
value greater than 5.15 between each of the aflatoxin pairs. The contour plots
generated from the data in Table 2 is shown in Figs. 1-3. Fig. 1 shows that any
solvent combination would give a minimum resolution of 5.15 between aflatoxins
By and Bp. Fig. 2 shows (the shaded area) where the minimum resolution between
aflatoxins By and Gy is equal to or greater than 5.15. Fig. 3, the shaded area
shows that solvent combination which would produce a minimum resolution of 5.15
between aflatoxins Gi and Gp. Fig. 4 is th contour diagram for the resolution
of the four aflatoxins obtained from the union of the diagrams of the individual
aflatoxin pair resolutions Figs. 1-3. The four B in the center of the triangle
(Fig. 4) gives the solvent combination where the resolution between each pair of
the four aflatoxins is greater than 5.15. The 0 indicate areas of mobile phase
combinations which will give a resolution greater than 5.15 between 3-4
aflatoxins. The dotted areas indicate mobile phase compostions which will
give a resolution greater than 5.15 for 2-3 aflatoxins. Fig. 5 gives the area
of maximum total resolution, i.e. the sum of the resolutions between the four
aflatoxins. This is not necessarily the best resolution between each pair.
The B in the center of the triangle corresponds to mobile phase compositions

which would give maximum resolution. Good correlation was obtained between
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predicted and experimental values for the separation of the aflatoxins. Other
examples will follow.

Reverse phase C1g plates were used for the separation of naphthalene (N),
1-methylnaphthalene (M), 1-ethylnaphthalene (E), and 1,3-dimethylnaphthalene (D).
Solvents used and resolutions obtained are listed in Table 3. The contour plot,
Fig. 7, predicts an optimal solvent mixture (@) containing only methanol and
2-ethoxyethanol. These two solvents, therefore, are mainly responsible for
the separation, while acetonitrile does not help. This means that CH3CN/H20
(80/20) is a bad choice. If the resolutions obtained are unsatisfactory, the
analyst may choose to vary the ratios of CH3 CN/Hp0 or an entirely different
organic modifier. Table 5 shows the predicted and experimental resolutions
obtained using reverse phase Cig plates and different mobile phases of various
compositions.

It is also possible to select one solvent (B) which gives better resolution
of the components of a mixture than the other two solvents (A & C). The contour
plot will show a bias toward solvent (B), Fig. 8. In this case, other solvents
should be substituted for A & C. These examples show that the initial selection
of the individual mobile phases is an important step which can lead to good
resolution using the three organic modifiers.

HPLC results indicated that this solvent selection system can be successfully
applied to mobile phase optimization. Peak crossover due to different solvents
can easily be handled by this method for both HPLC and TLC. Figs. 9-11, show
the separation of a napthalene, biphenyl, anthraquinone, methyl- and ethylanthra-
quinone mixture. Note the peak crossover in each of the solvents used. Fig. 12
shows the separation using the predicted mobile phase mixture on reverse phase
Cg column.

Although peak crossover occurred in each of the solvents used in HPLC,

Figs. 9-11 this was not the case in TLC. Only when 42% THF/water was used did
peak crossover occur, (Table 6) as shown by the negative Rg values. This may
be due to differences of carbon loading and manufacturing processes of the

plates and the columns.
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Table 5
Predicted and experimental peak pair resolutions for N - M, M - E
and E - D, using reverse phase TLC plates and selected mobile

phases from the contour plot.

Predicted Experimental
Compound Resolution Resolution
Selected Mobile Phase

95% Methanol: 75% 2-Ethoxyethanol D
(2:3) E 8.1 8.1
M 5.8 5.4
N 3.5 3.6

95% Methanol: 75% 2-Ethoxyethanol D
(3:2) E 7.9 7.9
M 5.1 5.0
N 3.5 4.2

95% Methanol: 75% 2-Ethoxyethanol D
(121) = E 8.1 7.5
M 5.4 5.9
N 35 3.5

95% Methanol: 42% D
80% Acetonitrile: 4% E 8.1 7.9
75% Ethoxyethanol: 54% M Buil 5.0

N 3.4 3.5
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NUMEER OF PEAKS WHERE RESOLUTION>3.5

NAPHTHALENE STUDY - TLC -A=95%CH30H,B=80%CH3CN,C=75%2ETHO
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Contour plot of the naphthalenes N, M, E and D using reverse phase
TLC plates and 95% CH30H/H20 (A), 80% CH3CN/H20 (B) and 75% 2-ethoxy
ethanol/H20 (C). Shaded circles (B) designate mobile phase

composition that would give resolution greater than 3.5.
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Fig. 8 Contour plot of naphthalene, biphenyl, anthraquinone, methyl- and

ethyl anthraquinone, using reverse phase TLC plates and 64%
CH3CN/Hp0 (A), 42% THF/Hp0 (B) and 72% CH30H/H20 (C). Shaded

circles (®) are optimum mobile phase compositions.
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Fig. 9
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HPLC separation of anthraquinone (A), naphthalene (N), l-methyl-
naphthalene (M), 1-ethylnaphthalene (E), and 1-3-dimethyl-
naphthalene (D) on reverse phase Cg column using 64% CH3CN/H20,

at a mobile phase flow rate of 1.2 ml/min.
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Fig. 10 Same as Fig. 9 but the mobile phase used is 72% CH30H/Hp0.
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42% Tetrahydrofuran
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Fig. 11 Same as Fig. 9 but the mobile phase used is 42% THF/H20.
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Predicted Optimum Mobile Phase

N
B
M
A
E
T T U
10 20 30
Time (min )
Fig. 12 Separation of A, N, M, B and E on reverse phase Cg column using a

predicted mobile phase of 64% CH3CN:72% CH30H:42% THF (10:67:23),

at a flow rate of 1.2 ml/min.



SYSTEMATIC STATISTICAL METHOD 2115

Table 6
Solvent combinations and peak pair resolutions for N, A, B, M, and E, and
experimental resolutions obtained using reverse phase Cg HPLC column

and 72% CH30H:Ho0, 64% CH3CN:H0 and 42% THF:H,0.

Solvent Mobile Phase Ratios

72% CH3OH | 1.00 0.0 0.0 0.50 0.50 0.0  0.33 0.67 0.16 0.16
64% CH3CN | 0.0  1.00 0.0 0.50 0.0 0.50 0.33 0.16 0.67 0.16
429 THF 0.0 0.0 1.00 0.0 0.50 0.50 0.33 0.16 0.16 0.67
Rg(N - A) | 0.8 4.6 2.1 0.4 4.2 5.0 3.7 2.1 4.2 5.5
R¢(N-B) | 7.5 6.7 1.7 7.1 4.2 5.8 4.5 5.4 6.2 3.4
Rg(N - M) | 9.2 11.7 4.2 9.2 8.8 10.8 5.4 9.2 11.2 10.5
Rg(N - E) |11.7 13.8 3.3 12.1 7.9 10.8 5.4 10.4 12.1 8.8
R¢(A - B) | 6.7 2.1 -0.4 6.7 0.0 0.8 0.8 3.3 2.0 -2.1

Rs(A - E) |10.9 9.2 1.3 11.7 3.7 5.8 1.7 8.3 7.9 343
Rs(B - M) | 1.7 5.0 2.5 2.1 4.6 5.0 0.9 3.8 5.0 7.1

Table 7 shows good agreement between the predicted and experimental

resolution of the five components of the mixture using RP-8 TLC plates.

CONCLUSION
The method described here employs statistical data analysis to predict
optimum ternary mobile phase compositions in a systematic and straightforward
manner in contrast to operator intuition. The initial selection of the three
solvents, of which the final mixture is composed, is important and will affect
the degree of separation and resolution of adjacent peaks. The method is easily

applied to both TLC and HPLC. Good agreement was observed between predicted
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Table 7
Predicted and experimental peak pair resolutions for N, A, B, M, and E, using

reverse phase Cg TLC plates and selected mobile phases from the contour plot.

SELECTED MOBILE PHASE | COMPOUND COMPOUND  PREDICTED EXPER IMENTAL
RESOLUTION RESOLUTION
72% CH30H:64% CH3CN N~ A 3.4 4.7
1:9 N~ B 6.8 7.7
Noo- M 11.1 12.0
Noo- 13.5 14.1
A - B 3.4 3.5
A - M 7.8 7.3
A - E 10.1 9.4
B - M 4.3 4.3
B - E 6.7 6.4
Mo - E 2.3 2.1
72% CH30H:64% CH3CN Noo- A 2.7 2.9
16:84 N~ B 6.9 7.0
NCoo- M 10.8 11.6
Noo- 13.3 13.7
A - B 4.1 4.1
A - M 8.1 8.7
A - E 10.5 10.8
B - M 3.9 4.6
B - E 6.4 6.7
M - E 2.5 2.6
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and experimental data. To the best of our knowledge, this is the first

systematic statistical method of solvent selection for normal and reverse

phase TLC.
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APPENDIX 1
C 0001
C PROGRAM PEAKIN: 0002
C THIS PROGRAM ACCEPTS PEAK RESOLUTIONS FROM UP TO 20 SOLVENT 0003
C MIXTURES, CORRECTS FOR CROSSOVER IF NECESSARY, AND OUTPUTS A 0004
C DATA FILE THAT IS PASSED TO A SAS ROUTINE TO ANALYZE THE BEST 0005
C SOLVENT MIXTURE TO USE FOR MAXIMUM PEAK RESOLUTION OF ALL 0006
C PEAKS. 0007
C 0008
C IF PEAKS DO NOT CROSSOVER FOR DIFFERENT MIXTURES, ONLY 0009
C RESOLUTIONS FOR ADJACENT PEAKS ARE USED. IF CROSSOVER DOES 0010
C O0CCUR, ALL PEAK RESOLUTIONS ARE USED 0011
C 0012
C CARD INPUT ORDER: 0013
C TITLE 0014
G NAMES OF SOLVENTS - 3A8 0015
C CROSSOVER OPTIONS - 'CROSS' OR 'NOCROSS' 0016
C # OF PEAKS 0017
C REPEAT AS NEEDED 0018
C SOLVENT CONPOSITIUN - SHOULD ADD TO 1.0 - 3F5 0019
C IF "HOCROSS' - 0020
C RESOLUTIONS OF ADJACENT PEAKS - ONE/CARD 0021
C RESOL 1 - 2 0022
c RESOL 2 - 3 0023
C : 0024
C RESOL N-1 - N 0025
C 0026
C IF 'CROSS' - 0027
C ORDER OF PEAKS 2013 0028
C RESOLUTIONS OF I\LL PEAKS - ONE/CARD 0029
C RESOL 2 0030
C RESOL 1 = 3 0031
C : 0032
C 3 0033
C RESOL 1 - N 0034
C RESOL 2 - 3 0035
C : 0036
C RESOL 2 - N 0037
C : 0038
C RESOL N-1 - N 0039
C 0040
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DOUBLE PRECISION A
DIMENSION DATA(C190
DIMENSION TITLE(20
DATA CROSS/'CROS'/
INTEGER P1,P2,P11

»B,C
»20)
)

C
READ(5, 15) TITLE
15 FORMAT(20A4)
READ(5, 10)A,B,C
10 FORMAT(3A8)
READ(5,11) OPTION
11 FORMAT(AG)
COPT=0

IF(OPTION.EQ.CROSS) COPT=1
READ(5, ¥)NPEAK
NPEAK 1=NPEAK-1
NPOINT=0

100 READ(5, 12)A1,B1,C1

12 FORMAT(3F5.0)
IF(A1+B1+C1.LE.0) GO TO 1000
NPOINT=NPOINT+1
ACOMP(NPOINT)=A1
BCOMP(NPOINT)=B1
CCOMP(NPOINT)=C1
IF(COPT.EQ.1) GO TO 500

c
C INPUT NO CROSSOVER PEAK RESOLUTIONS
DO 150 P1=1,NPEAK1
P2=pP1+1
NPTR=(P1-1)¥NPEAK+(P2-1)
150 READ(5,%) DATA(NPTR,NPOINT)
GO TO 100

INPUT CROSSOVER PEAK RESOLUTIONS
00 READ(5, 13)NORD
3 FORMAT(201I3)
DO 550 I=1,NPEAK1
I1=1I+1
DO 550 J=I1,NPEAK
P2=NORD(J
P1=NORD(I
IFC(NORDC(I
P1=NORD(J
P2=NORD(I)
510 NPTR=(P 1-1)XNPEAK+(P2-1)
550 READ(5, %) DATA(NPTR,NPOINT)
GO TO 100

—-_o0n

C
C PRINT TABLE OF RESULTS
1000 WRITE(6,20) TITLE

»ACOMP(20),BCOMP(20),CCOMP(20),NORD(20)

)
)
;.LT.NORD(J)) GO TO 510

20 FORMAT("1'//1X,20A4/7" DATA ENTERED BY COMPOSITION'//)
WRITE(6,21)A, (ACOMP(I),I=1,NPOINT)
21 FORMAT(1X,A8,20F6.2)
WRITE(6,21)B, (BCOMP(I),I=1,NPOINT)
NRITE(6,L|)C (CCOMP(I), T=1,NPOINT)
WRITE(6,22)
22 FORMAT(/2X,'P1 P2 - RESOLUTIONS:'/)
IF(COPT.EQ.1) GO TO 2000
DO 1050 P1=1,NPEAK1
P2=Pi% |
NPTR=(P1-1)XNPEAK+(P2-1)
WRITE(6,23)P1,P2, (DATACHPTR,I),I=1,NPOINT)
23 FORMAT(2I4, 1X,20F6.2)

C
C OUTPUT DATA T0 FILE
DO 1050 I=1,NPOINT
RITE(11,24)P1,P2 ACOMP(I) BCOMP(I),CCOMP(I),DATACNPTR,I)
24 FORHAT(214 3F6.2, FIO
1050 CONTINUE

STOP
2000 DO 2050 P1=1,NPEAK1
P11=F1+1
DO 2050 P2=P11,NPEAK
NPTR=(P 1-1)XHPEAK+(P2-1)
WRITE(6,23)P1,P2, (DATACNPTR,I),I=1,NPOINT)
DO 2050 I=1,NPOINT
WRITE(11,24)P1,P2,ACOMP(I),BCOMP(I),CCOMPCI),DATACNPTR,I)
2050 CONTINUE
STOP
END

— A - - —_ - — e — et s, asODO0DO0O0DO0O0OO
Nttt et it e 4 2 DD OO OO OO D0 0000 000

LR S R R R R R R e R R- R NN N R J-R_N-N-F-¥-)
CURANOUVAUN ORI NAOUDUN-OORNOUTD NN -
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KK XK
SAS

CHAN
CHAN

KKK KX

DATA
I
I
PROC

DATA
S

PROC

DATA

PROC
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APPENDIX 2

K36 3 36 3 33 3 36 3 K X 33K 3 3 36 6 2 K 363X X K K X 26 36 2 36 36 3 3 X 3 I 36 3 36 2 36 3 3 X 3 36 35 36 6 3 2 2 3 3 2 3 3 X X % %
ANALYSIS OF SOLVENT MIXTURE RESOLUTION DATA

GE 'XXX' TO CUTOFF RESOLUTION
GE T"ASSAY TITLE' TO TITLE OF ASSAY

33 5 36 5 X X X X 3 3 3 3 5 K X K X X 2 3 36 26 K X X K 6 3 26 5 25 3 3 X 3 3 3 3 36 36 2 3 36 26 2 36 36 3 236 26 3 3 5 3 X 3 2 2 2 3 5 2 X % % % % %

SET1;
NPUT PEAK1 PEAK2 A B C RESOL;
NFILE PEAK;

SORT
BY PEAK! PEAK2;

SET2;

ET SET1; BY PEAK1 PEAK2;
X=1.232%A+1.732%C-(1-B)%.732;
Y=A%.866;

OUTPUT;

IF LAST.PEAK2 THEN DO;

PESUL‘..
BY .02;

1
70 1-A BY .02;
-A-B;

X=1.232%A+1.732%C-(1-B)%.732;
Y=A%.866;
OUTPUT;

END;

GLM; BY PEAK1 PEAK2;
MODEL RESOL=A B C AXB AXC BXC AXBXC/NOINT;
OUTPUT OUT=SET3 P=RESPRED;

SET4;
SET SET3;
IF RESPRED>XXX THEN GTRES=1;
ELSE GTRES=0;
EDGE=GTRES;
IF A=0 OR B=0 OR C<.01 THEN DO; EDGE=2; END;
OUTPUT;

PLOT; BY PEAK1 PEAK2;
PLOT Y*X=EDGE / CONTOUR=3 S1=' ' S2='§' 53='."
HP0S=80 HAXIS=0 TO 1 BY .1
VAXIS=0 TO0 .9 BY ;
TITLE4 GTRES=1 - RESOLUTION>XXX GTRES= 0 = RESOLUTION<=XXX;
TITLE8 ASSAY TITLE;

PROC SORT

PROC

PROC

DATA

PROC

PROC

BY A'B C PEAK! PEAK2;

PRINT;
VAR A B C PEAK1 PEAK2 RESPRED;

SORT;
BY A B C;

TOTAL;

SET SET4 END=EOF; BY A B C;

IF FIRST.C THEN DO; TOTGTRES=0; TOTRESOL=0;

IF RESOL=. THEN DO;TOTGTRES+GTRES; TUTRESUL+RESPRED, END 2
IF LAST.C THEN DO; IF TOTRESOL>0 THEN OUTPUT; END;

IF EOF THEN DO; IF TOTRESOL>0 THEN OUTPUT; END;

PLOT;

PLOT Y*X=TOTGTRES/CONTOUR=8 HP0S=80 HAXIS=0 TO 1 BY .1
VAXIS=0 TO .9 BY .1;

TITLE4 NUMBER OF PEAKS WHERE RESULUTION>XXX,

TITLE8 ASSAY TITLE;

PLOT;

PLOT YXX=TOTRESOL/CONTOUR=8 HP0S=80 HAXIS=0 TO 1 BY .1
VAXIS=0 TO .9 BY .1;

TITLE4 SUM OF PEAK RESOLUTIONS FROM EACH MIX;

TITLE8 ASSAY TITLE;
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A MODEL OF LIQUID ADSORPTION CHROMATOGRAPHY
INVOLVING SOLUTE-SOLVENT INTERACTION IN THE MOBILE
PHASE, ENERGETIC HETEROGENEITY OF THE ADSORBENT, AND
DIFFERENCES IN MOLECULAR SIZES OF SOLUTE AND SOLVENTS

M.Jaroniec and J.A.Jaroniec
Institute of Chemistry,

M. Curie-Sktodowska University,
20-031 Lublin, Poland

ABSTRACT

A simple model for liquid-solid chromatography
(1.SC) process with mixed mobile phases has been pro-
posed. According to this model the LSC process is
represented by suitable reversible phase-exchange
reactions between molecules of solute and solvents
and reversible solute-solvent reactions in the mobi-
le phase. These reactions describe the competitive
adsorption of solute molecules and formation of
solute-solvent complexes in the mobile phase. Ana-
lytical equations for the capacity ratio, derived
in terms of the model, involve solute-solvent
interaction in the mobile phase, differences in
molecular sizes of solute and solvents, energetic
heterogeneity of the adsorbent and ideality of the
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Copyright © 1981 by Marcel Dekker, Inc.



2122 JARONIEC AND JARONIEC

purface phase. Linear forms of these equations are
very convenient for analysing the experimental
chromatographic data.

INTRODUCTION

Theoretical and experimental studies of LSC with
mixed mobile phases show that this process is deter-
mined by many factors. They are :

(a) competitive character of solute and solvent
adsorption,

(b) non-specific solute-solvent and solvent-solvent
interactions in the mobile and surface phases,

(¢) specific solute-solvent and solvent-solvent
interactions in the mobile and surface phases,

(d) dissociation of solutes in the mobile phase,

(e) differences in molecular sizes of solutes and
solvents,

(f) energetic heterogeneity of the adsorbent and
topography of adsorption sites onto surface,

(g) multilayer character of the surface phase and
partition effects in LSC process, and

(h) orientation of solute and solvent molecules in
the surface phase,

Quantitative estimation of the above effects was dis-

cussed by many authors (1-26). The most popular
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approach to LSC with binary mobile phases has been
formulated by Snyder (1,2), which assumes the compe-
titive character of solute and solvent adsorption,
This approach involves also energetic heterogeneity
of the solid surface (1) and solute-solvent localiza-
tion effects (3). Recently, Snyder’s treatment has
been developed for LSC with multicomponent mobile pha-
ses (4-6). The LSC model of Snyder (1,2), described
exactly in the review of Snyder and Poppe (7), has
been considerably enriched by Soczewinski’s studies (8,
9). On the other hand, Jaroniec et al.(10-17) described
theoretically the LSC process by applying the general
theory of adsorption from multicomponent liquid mixtu-
res on solid surfaces and utilizing the fundamental
studies of Snyder (1,2) and Soczewifiski (8,9). The
treatment of Jaroniec et al. involves energetic hete-
rogeneity of the solid (10,12,15), non-ideality of
both phases (10,11,13,14), differences in molecular
sizes of solutes and solvents (13,14),and solute -
solvent and solvent-solvent interactions (16,17).
Recent studies of Jaroniec et al.(13,14,26) concern
the correlation between adsorption and chromatograp-
hic parameters.

In this paper we shall present a general des-

cription of LSC process involving the formation of
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gsolute~golvent complexes in the mobile phase, energe-
tic heterogeneity of the solid surface, and differen-
ces in molecular sizes of solute and solvents,

In this description the most important factors deter-

mining the LSC process are considered.

GENERAL CONSIDERATIONS

Let us consider the LSC process for the s-th sub-
stance (solute) chromatographed in n-component eluent,
The components of the mixed eluent are numbered succes-
gively beginning from the most efficient eluting sol-
vent to the weakest solvent. Thus, 1-8t solvent ie the
more efficient one, however, n-th component is the
weakest solvent. One of the main assumptions of the
proposed model is that concerning the competitive cha-
racter of solute adsorption., The adsorption process may
be represented by the following reversible phase-

exchange reactions (10) :
i(m) + ng) —— i(s) + Do) for i=1,2,...,n=-1 (1)
S(m) + 1(5)2 S(s) + r 1(m) for i=1,2,.-.,n (2)

where the subscripts (m) and (s) refer to the mobile
and surface phases, respectively, "i" and "s"™ denote

molecules of the i-th solvent and s-th solute, and
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is the ratio of molecular sizes of the s-th solute and
i-th solvent. The reactions 1 and 2 have been written
by assuming the equality of molecular sizes of all

gsolvents, i.e.,

w1=w2=---=wn=w (3)

and inequality of molecular sizes of solute and
solvents :

w, £ w (4)

Thus,the parameter r is defined as follows :
r = WS/W (5)

The next assumptions are following :

(a) non-specific interactions between molecules of
solute and solvents in the mobile phase are
neglected,

(b) the surface phase is assumed to be monolayer and
ideal,

(e¢) molecules of the s-th solute form complexes with
molecules of 1-st solvent in the mobile phase,

(d) the total number of moles of all solvents in the
surface phase is constant and independent upon
the presence of solute molecules,because the so-
lute concentration is infinitely low,

(e) molecules of solute and solvents have a spherical

shape,
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(f) the adsorbent surface may be energetically homoge-
neous and heterogeneous.

Since, the surface phase is ideal, the adsorption

depends upon the global distribution of adsorption

sites, however, it is independent upon topography of

adsorption sites onto surface (27).

It means that our theoretical considerations, concer-

ning heterogeneous adsorbents, are valid for solids
showing random and patchwise distribution of adsorp-
tion sites onto surface,

Now, we shall return to the assumption (e¢).
According to this assumption, molecules of the s-th
solute form associates with molecules of the most
efficient eluting solvent in the mobile phase., How-
ever, the silanol groups of the silica surface can
compete with complexes in the surface phase. Thus,
stronger interactions of molecules of the s-th solute
and 1-st solvent with the slilica silanols can pre-
clude solute-solvent interactions in the surface
phase, Taking into account the possibility of destru-
ction of the solute-solvent complexes in the surface
phase by the silica silanols, we assume that these
complexes form only in the mobile phase,Moreover, let
us assume that one molecule of the solute can bound
q molecules of 1-st solvent according to the

following reaction :
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8m) * 4 1(m) =—= 1q%m) (6)

where 1q8(m) denotes the (q+1)-molecular complex in
the mobile phase,

In the next section equations for the capacity
ratio will be discussed by using the assumptions (a)
- (f). However, in the Appendix we shall discuss the
possibility of extension of these equations by apply-
ing the additional assumption that molecules of 1-st

solvent form p-molecular complexes,

EQUATIONS FOR THE CAPACITY RATIO

Homogeneous surfaces

According to Snyder (1) the capacity ratio for
the s-th solute, k; » chromatographed in the mixed
mobile phase is proportional to the distribution co-
efficient ks

kg = B kg (7)
where
0,_0
ky = Jg/xg (8)

o]

and y: and Xg

are the total mole fractions of the
s-th solute in the surface and mobile phases, respec-
tively, however, B8 1is characteristic for a given
adsorbent and independent upon the eluent nature in

a good approximation,
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The thermodynamic equilibrium constant relating
to the reaction between molecules of the s-th solute

and 1-st solvent on a homogeneous surface is :
: o
Kyg = (yg/%g) e (x4/¥4) (9)

However, the equilibrium constant for the reaction 6

is expressed as follows :

Ly = xo/(xg %) (10)

In the above Xg and yg are the mole fractions
of single molecules of the s-th solute in the mobile
and surface phases,respectively, xq is the mole frac-
tion of the complex 1qs in the mobile phase defi-
ned as the ratio of the number of complexes 1qs to
the total number of molecules in the mobile phase,

The total mole fractions of the s-th solute and
all solvents in the mobile and surface phases may be

expressed as follows :

y: =Y (11a)
yd = y; for i=1,2,...,n (11b)
xg = Xg + Xq = Xg + LoXgXy® (12a)
X = Ey F g = Ey bl ARy (12b)

xg = x4 for i=2,3,¢.0,0 (12¢)
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Equations 7,8,9,11 and 12 give :

ki = 8 Ky (7,/x)%/(1 + qu1q) (13)
or

1g k; = 1g(BK1s) +r lg(y1/x1) - lg(1+qu1q) (14)

For the special values of r , q and Lq equations 13
and 14 give the majority of the well-known relation-
ships, For Lq = O (absence of solute-solvent inter-
action) equation 14 gives the expression derived by

Jaroniec et al.(13) ; it is

oo

lg k; = 1g(BK,. ) + r 1g (y4/x,) (15)

If 1-st solvent is considerably strongly adsorbed than
other solvents, the mole fraction ¥, is close to
unity for the whole concentration region except the
low concentrations of Xqe Then, equation 15 becomes
the most popular expression, called as Snyder - Socze-

wifiski relationship (7) :
1lg k; = 1g(8K, ) - r 1g x, (16)

For r=1 , y,=1 and q=1 equation (13) reduces to the
expression obtained by Soczewifiski (8), Jaroniec and

Piotrowska (16) :

k; = BK1B/[ x4 (1 + Lyxy)] (17)
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However, for r=1 (identical molecular sizes of solute

and solvents) and quo equation 13 gives :

Expressing the mole fraction ¥y by (15) :
n-1
yq = Kypxq/(x, + anxa) (19)

and taking into account the following equalities :

an = k;ls/kJB (20a)
k;s =8 K18 for Lq = 0 (20Db)
we have :
n

1k, = 2;:; (x4/5 ) (21)

Equation 21 has been derived by Jaroniec et al,(15)
and it is equivalent with Snyder’s fundamental assum-

ption (1) :
n

k; = ; Yy k,:]s (22)

L4

where kjs is the capacity ratio of the s-th solute
chromatographed in the Jj-th pure solvent.
Equation 13 may be transformed to the following

linear form :

¥,/ Gegxy ™) = (BKy )" (L /8K, ) x,9 (23)
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Two special cases of equation 23 are interesting for
analysis of the chromatographic data. They are obtai-

ned from equation 23 for r = 1 :
e -1
yq/ (kg xq) = (BK )7 + (L,/8K, ) x,9 (24)
and for q = 1 :
r . r -1

The mole fraction ¥4 appearing in equations 24 and
25 may be evaluated by using the analytical equation
19 or by applying the following relationship (10,13):

¥y = n3/n° + x, (26)

where n? is the adsorption excess of 1-st solvent,
which may be measured experimentally, and n® 18 the
total number of moles in the surface phase.Assuming
yq = 1 (this assumption is frequently used in LSC) equ-

ations 24 and 25 reduce to the very simple relations :

1/(kgxy) = (BK )" + (L /8K, ) x,9 (27)

1/(kox, M= (8K, )1 + (L,/8K,,) x, (28)

Equations 27 and 28 are especlially convenient for in-
terpretation of the chromatographic data, because they

define k; in a simple way.
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Heterogeneous surfaces
Let us consider a heterogeneous surface showing

L types of adsorption sites. The equilibrium constant 9
for the 1-th type of adsorption sites is defined as

follows :

Kig,1 = (ys’l/xs)-(x1/y1,1)r (29)
Since,the equilibrium constant Lq refers to the mobile
phase only, it may be assumed to be independent upon
the distribution of adsorption sites onto surface,

Thus,combining equations 7,8,11,12 and 29 we have :
P - h o q
kg 1 BK15’1(y1’1/x1) /(1 + LqX4 ) (30)
where
k’ . (o] 0 = o
8,1 ys,l/xs ys,l/xe (31

Following Snyder (1) and Jaroniec et al.(10,12), the
capacity ratio of the s-th solute on the entire hete-

rogeneous surface is defined as follows :

L
Ky * }; f1 g1 ™
) L
L8 x1-r(1+qu1q)-1J- ;fl Kyg,1(39,107" (32)

where
L

}_: £1 =1 (33)
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and fl is the ratio of the number of adsorption si-
tes of the 1-th type to the total number of adsorption
sites.Using the approximation proposed by Jaroniec et

al.(10,12) for the sum appearing in equation 32 we have:

k= 8K, y, /™ /t x, (1 + Lox, D1 (34)

where m 1s the heterogeneity parameter,which changes
from zero to unity, and K1s is an averaged equilibrium
constant referring to the entire surface.

Equation 34 for m=1 reduces to equation 13, which has
been derived for homogeneous surfaces., However, for

Lq = 0 it becomes the following relationship :
lg ki = 1g(BK,,.) + (v/m)1g(y,/x,") (35)

Equation 35 has been derived by Jaroniec et al.(14).

The mole fraction yq, may be calculated according to
the relationship 26 or by using the following analyti-
cal equation (28) :

n-1

¥y = (K x)™/0 x + ;:(xjnxd)m 1 (36)

Assuming in equation 34 r=1 and ano and applying
the expression 36 for ¥q ,in which an are equal to

k;s/kas ,we have :
n

(1/k)™ = ; (xy/k5 )™ (37)
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Equation 37 has been derived by Jaroniec et al,(12)
and it is equivalent to the following relationship :

n

kg = Z kg 75"/ ke

However,assuming in equations 13 and 34 that ¥y = 1T 5

we obtain the following expression :

. r
ki = BK, /0 x,7(1 + L

qx1q) | (39)
Thus, assumption that the surface phase contains main-
ly molecules of 1-st solvent, i.e., y1-1 seleminates
influence of the energetic heterogeneity on the LSC
process, The heterogeneity effects play an important
role in LSC with the mixed eluents containing similar

solvents ; then y1£1 in a wide concentration range.

MODEL CALCULATIONS FOR LSC WITH BINARY ELUENTS

The model calculations have been performed for

binary eluent "1+2" by using the following equations:

) x4 m 1- x, m| -1/m 1
k =|[—————] + o e I % )
k] g (1+L) k5 (14L,x, D)

and

o , r q
kp = [ k1s(1+Lq) 1/L X, (1+qu1 ) ] (41)
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where

k1s

= B Ky/(1 + L) (42)
Equation 40 has been obtained from equations 36 and
34 with r=1 ,however, equation 41 relates to the re -
lationship 39.

Figure 1 shows the theoretical dependences k;
ve. X, calculated according to equation 40 for dif-

ferent parameters m , q and L_  ,All curves k; vs,

x4 ;presented in Figure 1, have :een calculated by
assuming equality of molecular sizes of solute and
gsolvents (r=1).Figure 1a shows the k;-dependences
drawn for k;B=1 5 kés”3 (small difference in the elu-~
tion strengths of both solvents), Lq=0 (neglect of the
gsolute-solvent interactions in the mobile phase) and

different values of m ., The parameter m causes a
reduction of the capacity ratio,when m tends to zero,
Moreover, the k;—curvea show a minimum for smaller va-
lues of m ., The exact discussion concerning the influ-
ence of m on the k;-curvee has been presented in (29),
Figure 1b shows the influence of q on the k; -
curves, These curves,calculated for k;B=1 " kés=3 y D=
15 Ly=1 and g=1,2,4 (the solid lines),have been com-
pared with the curve predicted by equation 21 (the
dashed line); they lie above the dashed line,which is
predicted by the simplest model of LSC process.
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PIGURE 1 - The theoretical dependences k; ve. X4 cal-
culated according to equation 40 for different values
of m , q and L_,The dashed lines have been calculated
by using equation 21 for binary eluents,

Figures 1c and 1d show the k;-curves calculated
according to equation 40 for m=1 (energetic homogene-
ity of the adsorbent), q=1 (one molecule of 1-st sol-
vent bounds one molecule of the solute) and different
values of Lq . The k_-curves,calculated for kés>i>k;s'
lie above the dashed line (c.f,,Figure 1c).The distan-
ces between the solid lines and the dashed line incre-

ase gradually with increasing of Lq .The more complex
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behaviour of the k;~curves is observed for similar
values of k;s and kés (c.f.,Figure 14).

Figure 2 shows the k;-curves calculated according
equation 41 for k;s=1 and different values of r , q
and Lq .These curves are compared with the Snyder -
Soczewinski dependence 16 for r=1 (the dashed lines).
Figure 1a presents the typical k;—dependences predic-
ted by Snyder-Soczewinski relationship 16 for r = 0.5,
1 and 2 .,

FIGURE 2 - The theoretical curves k; V8. X, calculated
according to equation 41 for k;s-1 and different values
of r , q and Lq .The dashed lines have been calculated
by using Snyder-Soczewifiski equation 16 .,
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The other parts of Figure 2 show the k;-curves calcu~
lated for r=1 and different values of q (Figure 2b )
and Lq (Figures 2c¢ and 2d).These curves lie above the
k;-curve plotted according to Snyder-Soczewinski rela-
tionship 16 .The k;-values,calculated for a given value
of X, sincrease with increasing of the number of 1-st
solvent molecules forming complexes with one molecule
of the solute (the parameter q) and solute-solvent
interaction energy (it is connected with the parameter
Lq )e

In Figure 3 the k;-curves presented in Figures
2b and 2c¢ have been plotted in the logarithmic scale,
In this scale Snyder-Soczewifiski relationship 16 is
linear,.The dependences 1lg k; ve, lg x, ,plotted for
q=1,2,4 (Figure 3a) ,may be approximated by the stra-
ight lines,which show deviations at higher concentra-
tions of x4 .Similarly, the dependences 1g k; Vs,

1g x4 spPlotted for q=1 and different values of L_ ,are

linear in a wide concentration region (Figure Bb?.
Although,these dependences have been plotted for r=1,
their slopes are not equal to that predicted by Snyder-
Soczewifiski equation 16 ,

It follows from Figure 3 that the analysis of the
chromatographic data by means of Snyder-Soczewifiski
relationship 16 creates a difficulty in physico-

chemical interpretation of its slope, because a good
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lg x

FIGURE 3 - The k;-curves ,calculated according to equa-

tion 41 for different values of q and Lq,plotted in the

logarithmic scale.The dashed lines have been calculated
by using Snyder-Soczewinski equation 16 .

linearity of the dependence of lg k; ve., 1lg x4 is ob-
gserved for different models of the LSC process.Accor-
ding to Snyder-Soczewinskl linear plot 16 the ordinate
is equal to k;s .However, the ordinates of the linear
segments of the 1g k;—plots (the solids lines in PFigu-
re 3 )are not equal to k;a .This fact may be very
helpfull during interpretation of Snyder-Soczewifski
model of the LSC process,
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APPENDIX

The LSC model, representing by the reactions 1 , 2
and 6 , may be extended by assuming that molecules of
1-8t solvent form p-molecular complexes in the mobile
phase.The equilibrium constant Mp sdescribing the for-
mation of the complexes in the mobile phase, may be

defined in an analogous way to equation 10 :

Mp = x, / x1p (A.1)

where xp is the mole fraction of p-molecular comp-
lexes formed by molecules of 1-st solvent in the mobi-
le phase., Taking into account equations A.,1 and 12b ,
the total mole fraction x? may be defined as follows:
x? = X4 + QX, + PX

AL Xy + PXy = X4 + pMpx1p (A.2)

q p p

The solution of equation A.2 with respect to X4 is a

function of x? si.e.,
o
For two-molecular complexes (p=2),the solution of equa-
tion A.2 is the following :
xy = X(x332,My) = [(1+8M,x9) /2 <1 1/(amy) (A.4)

Analytical solutions of equation A.2 are also possible

for three- and four-molecular complexes,i.e., p=3
and 4,



MODEL OF LIQUID ADSORPTION CHROMATOGRAPHY 2143
Combining equations 34 and A.3 , we have :

p r/m o, -
ki = BKyg ¥y [ X(x}5p,M,)]

(o I -1
L1+ Lq Xq(x1;p,Mp) 1 (A.5)

For Mp=0 (then p=1) equations A.2 and A.3 give :

x, = 1(12;1,0) = x? " (A.6)

however, equation A.5 becomes equation 34.

For yq = 1 we obtain the relationship analogous to equa-

tion 39 :
Kl = ki, (1+Lqu)-tA/x(x$;p,Mp) 1T .
L1+ LXUx05p,0) ™1 (A.T)
where
A= X(13P,Mp) (A.8)
ki, = BK, A'r(1+Lqu) (A.9)

Assuming in equation A.7 that r=1 , q=1 and p=2 , we

have :
, 2 (o} 1/2_ "1,
ke = 168K, My" [ (1+8M,x)) 11
L 4M, + L1(1+8M2x$)1/2 -1, 17" (a.10)

For small values of M, equation A.10 gives (16,17) :

. oy\=1 o ,-1
kS = BK1B (x1) L1+ (L1-2M2)x1 ] (A.11)



2144 JARONIEC AND JARONIEC

Now,we consider equation A.5 for r=1 and y1-( 1.
It means that the surface phase contains molecules of
all solvents., Such situation is observed for solvents
having similar adsorption energies.In the case of asso-
ciation of 1-st solvent in the bulk phase,the mole frac-
tion ¥4 is given by the expression analogous to equation
36 :
yq =L K1nX(x<1);p,Mp)]m/

n-1
[xnm 5t K1nx(x‘1’;p,mp)lm 3 ;(an 5 ] (A, 12)

Combining equations A.12 with A.5 for r=1,we have :

n-1

. m 0, m g : M
ks = BK1sx1n X # [ K1nX(x1,p,Mp)] + (anxj) .

BI-=

L1+ I, Xq(x?;p,Mp)]-1 (A.13)

For boundary-concentrations, i.e., x?=1 and Xy=X3=..,=
xn=0 ,We have :
. _ q -1
Ky = 8Ky, [ AC4LAD) (A.14)

The equilibrium constants an, st and K fulfil the
following condition :

Kdn = KnS/KJS (A015)
where

k3s =B st for j=2,3,c..,0 (A.16)
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Since, 1-st solvent forms p-molecular complexes in the
bulk phase, the relationship between k;s and Kig is more
complex than that defining kas by means of KJs for 321
(see equations A.14 and A,.16).

Taking into account the relationships A.14 and A.16 in

equation A.13 ,we have :

X(x%p, M) | ™ n -1/m
kt = x1 p P ‘l + Z(x /k' )m °
8 i q 37 Js
ki gAC1+LA™) §=2
L1+, xq(x;’;p,mp)l"1 (A.17)

For n=2 , Mp=0 equation A,17 becomes equation 40,
Applying a similar procedure to that described

above we can derive the further equations for the capa-

city ratio by assuming that the mobile phase contains

one- , two- and p-molecular complexes of 1-st solvent and

they can bound one molecule of the solute,These equations

contain many parameters. Therefore,they are little

interesting for analysis of the chromatographic data.
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THE STATIONARY PHASE IN
THIN LAYER CHROMATOGRAPHY

Ronald M. Scott
Department of Chemistry

Eastern Michigan University
Ypsilanti, MI, 48197

ABSTRACT
This review provides an overview of the stationary phases used
in thin layer chromatography organized according to the classes of

attractive forces between the solute and the stationary phase.
Specific examples of recent innovations are included.

INTRODUCTION

Rather than being a unique chromatographic principle, the
thin layer approach is really a special technique for applying
several different principles. Samples are applied to a stationary
phase coated on a support rather than one packed in a column.
The solvent then either rises up the stationary phase by capillary
action or runs down by gravity. Thin layer chromatography has some-
times been referred to as an "open column" technique, sharing this
classification with paper chromatography. The first thin layer

separations applied the principles of adsorption chromatography.

2147
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Since then the thin layer technique has been extended to partition
chromatogrpahy, ion exchange separation, electrophoresis, and gel
filtration.

The advantages of thin layer chromatogrpahy lie in its require-
ment for only very small samples and, more significantly, in the ease
with which compounds on the plate may be detected visually and be
quantitated by relatively simple scanning techniques. However when
compared with a column procedure the method imposes the constraint
on the stationary phase that it must adhere to the surface of the
support. This constraint eliminates some stationary phases from
consideration, while others that might better be used as pure as
possible must have binders added, compounds like calcium sulfate,
polyvinyl alcohol, or starch, whose function is to cause the
stationary phase to adhere to the support. The binders alter the
character of the separation, may prevent desired heating of the plate
for activation or solute detection, or may otherwise interfere with
solute detection.

Reviewing the character of the thin layer chromatography
stationary phase has been done previously in books and articles
(1-4). It was decided in this article to focus on the attractive
forces between the solute and the stationary phase that are respon-
sible for retarding the movement of the solute. Thin layer electro-
phoresis and gel filtration are omitted on the basis that the attrac-
tive forces between the solute and the stationary phase are of second-
ary importance, while ion exchange separations are included in spite

of arguments that these are not by definition classical chromatography.
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ADSORPTION CHROMATOGRAPHY

Adsorption is a complex process with several classes of forces
making contributions. These include dispersion forces and electro-
static attraction between ions and ionic charges, dipoles, and induced
dipoles. Hydrogen bonding and charge transfer may also take place.
Between the solutes and an adsorbing stationary phase several of these
forces may be acting concurrently.

Adsorption occurs in a monolayer on the surface of the station-
ary phase and should be viewed as displacement of solvent rather
than as simple attraction to an empty site. In the usual case the
surface includes numerous binding sites at which the chemical struc-
tures necessary for adsorption are available. These sites vary in
terms of binding effectiveness or activity. The first solute mole-
cules tend to bind to the most active site available and once attach-
ed will spend a relatively long time there. The more nearly the
surface approaches saturation the broader is the range of activities
being utilized, and the Tikelihood of solute binding readily to one
of the remaining sites is statistically decreased. Solute is more
1ikely to move on to a new section of stationary phase. These occur-
rences alter the dissolved/adsorbed equilibrium of the solute. As
a result the quality of separations is altered by heavy loading of
the adsorbent surface.

The surface area of adsorbent available is an important char-
acteristic. The size of the particles obviously directly effects the
the amount of surface area available. Beyond this the roughness of

the particle surface is a factor. The more rough the surface, the
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greater is the total surface area. A more irregular surface includes
more varied binding sites because of the increase in edges and corners.
Some portions of the surface, usually described as pores, are infold-
ed and more difficult to reach.

An outstanding reference by L. R. Snyder (5) deals with all
aspects of solute-stationary phase interaction in adsorption chromato-

graphy.

Electrostatic Interactions

Perhaps the simplest model for a polar adsorbing stationary phase
is that of a crystalline array of inorganic ions. The surface has
a mix of positive and negative ions arising from the local character
of the crystal structure. Molecules with a permanent or inducible
dipole orient so as to bind to the surface by electrostatic attrac-
tion with the largest dipole producing the strongest interaction.
In practice the operation of such a chromatographic system is likely

to be more complicated than the model suggests.

a. Alumina

Alumina represents a good example of the ionic crystal type of
stationary phase. Alumina is prepared by removal of water by heat-
ing from hydrated aluminum hydroxide preparations. A variety of
crystalline forms result depending on the starting material and the
dehydration process used, and these differ in their chromatographic
properties. Broadly we can differentiate mixed oxide-hydroxide
preparations, lTow temperature (200-600°C) aluminas, high temper-

ature (900-1000°C) aluminas, and very high temperature (1100°C)
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preparations. The various aluminas differ in their surface

area and pore size (5). In general surface area is reduced as

the temperature of dehydration is increased. For example the

very high temperature product has a relatively low surface area,
and is in fact not useful chromatographically. Alumina for thin
layer chromatography is generally low temperature with a surface
area of 100-250 m2/g and a grain size of about 60 um (1). Mixing
it with water, spreading it, and activating (drying) it at 110°C
leaves some adsorbed water and hydroxide ions still clinging to
the surface. Water may be present as capillary water in the pores.
Both water and hydroxide ions are adsorbed to the surface in a
variety of fashions through dipolar attraction or hydrogen bonding
as indicated by infrared studies. Thus there exists a complex
variety of binding sites including A]+3, OH™, and 0'2. Heating

to 300°C is required to strip off the water, but at this temper-
ature hydroxide ion remains. The oxide and hydroxide sites can

be classed as basic or proton accepting sites, while the aluminum
ion provides an acidic site. The geometry of the crystal lattice
provides further variety in terms of the availability of any
specific ion to solute and the nearness and character of the
neighbors to that ion. Having inferred this degree of complexity,
it is necessary next to say that adsorption on alumina seems to
depend primarily on the aluminum and the oxide ions. Activity,
hence the energy of adsorption, increases as water is removed from
the alumina, and increases further upon heating to temperatures

above 800°C, which corresponds to the removal of the hydroxide ions.
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Studies by Snyder (6) on the contribution of solute functional
groups to adsorption indicate that for most groups the strength of
adsorption relates to the basicity, in the sense of hard or electro-
static basicity, of the group. The fact that the energies of adsorp-
tion of such groups as -OH, -NH- or -SH are not excessively high infers
that hydrogen bonding is not making a significant contribution to
adsorption.

The surface of alumina because of the oxide ions is quite basic,
being estimated to be approximately pH 12. Acids of pKa Tower than
about 13 transfer protons to this surface producing charged conjugate
bases that are strongly adsorbed. The use of calcium sulfate as a
binder neutralizes the alumina layer eliminating the selective adsorp-
tion of such acids.

Finally charge transfer makes a contribution to adsorption on
alumina in the case of easily ionizable aromatic molecules, and some
small amount of ion exchange has been observed in the separations

of inorganic ions.

Hydrogen Bonding

Hydrogen bonds form and break very rapidly yet are of sufficient
strength to be ideal contributors to the adsorption process. Since
molecules capable of hydrogen bonding are polar, electrostatic attrac-
tion of solutes to the stationary phase could be used as the sole
explanation of adsorption. The evidence that hydrogen bonding does
contribute is based on the observation that molecules capable of such
bonding are in fact retained more strongly than would otherwise be

anticipated.



STATIONARY PHASE 2153

a. Polyamide

Probably the best example of hydrogen bonding as a major contrib-
utor to the bonding forces between solute and stationary phase is
provided by separations on polyamide. Polycaprolactam is generally
used, although nylon 6,6 has also been employed. Chromatographic
applications on polyamide have been reviewed extensively by Wang with
various coauthors (7,8). Polyamide was used in columns as early as
1955 but difficulties experienced in bonding polyamides successfully
to a glass plate or any other support held back the use of polyamide
for thin layer chromatography. The use of loose layers or binding
with starch, polyvinyl alcohol, or cellulose was attempted. However
in 1961 the evaporation of a fomic acid solution of polyamide resin
successfully deposited the material onto glass (9) providing a useful
layer. Later a technique for coating polyamide on a polyester support
was also developed (10).

The amide nitrogen can serve as a hydrogen donor and the amide
carbonyl can be a hydrogen acceptor in hydrogen bond formation with
solutes. Retention of the solute can also involve adsorption by
despersion forces or by attraction to the polar bond of the amide
structure. Partitioning with the traces of water retained by the
stationary phase is also possible. These may make a contribution,
but are established as not being the major attractive force (7).
Given the very low basicity of the amide nitrogen, it is unlikely
to become protonated to provide the charged structure necessary for
ion exchange types of solute retention.

The substances separated most successfully on polyamide layers

usually contain an -NH- or an -OH group which can donate a hydrogen
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TABLE 1. Sample Rf Values on Polyamide and Silica Gel Layers

Compound Polyamide Silica Gel
a. o0-Cresol 0.30 0.26
b. m-Cresol 0.21 0.19
c. p-Cresol 0.21 0.20
d. o-nitroaniline 0.92 0.38

e. p-nitroaniline 0.70 0.17

a,b,c solvent: benzene
d,e solvent: hexane/acetane (3:1)v/v
data from reference 7

to the amide linkage. Examples include phenols, sulfonic acids,
carbohydrates, anilines, nucleosides, nucleotides, imidazols, and
dansyl derivatives of amino acids. Perhaps the most convincing evi-
dence of the involvement of hydrogen bond formation is provided by

studies of the effect substituting phenols has on the R, value on

f
polyamide (11, Table 1). An ortho nitro qroup which provides an in-
ternal and competing hydrogen bond, reduces adherance to the polyam-
ide. Substitution of nitro or halogen groups elsewhere on the phenol,
increasing the acid strength of the phenol and consequently its
ability to hydrogen bond, increase the phenol-polyamide bonding.
Finally and most significantly, substituting the phenol in the ortho
position, thus sterically interfering with hydrogen bond formation,
reduces attraction to the polyamide layer. The larger the substitu-

tion the greater the interference. Further support is provided by

studies of nitroanilines. Once again if a nitro group is in the ortho
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position where it can form an internal hydrogen bond adsorption is
reduced, while no similar effect is shown on palcement of the nitro
group meta or para.

There is also evidence that the amide proton interacts with the
electrons of a double bond. Ethylene urea for example is more
strongly retained than is ethyl urea.

When a very polar partially aqueous solvent system is employed
polyamide acts like a non-polar surface. For axample, gallic esters
with a variable length of hydrocarbon chain display decreasing Rf with
increasing chain length. However in solvents wherein acetic acid is
the sole polar component the pattern reverses (12). This was explain-
ed at-first by assuming that the acetic acid beund to the polyamide,
creating a polar surface.

Nitro groups on solutes may interact specifically with free -NH2
groups at the ends of polyamide chains. For example DNP-amino acids
are retained far less well when the stationary phase is acetylated,

a process which eliminates the terminal amine groups.

b. Silica Gel

Properties of silica gel were studied early and have been well
reviewed (5, 13). Silica gel has been (4) and still is overwhelmingly
the most frequently used stationary phase.

Silica gel is prepared by polymerization and dehydration of
aqueous silicic acid which is generated by adding acid to sodium
silicate. The product of this process is an amorphous porous solid.

The amount of surface area can vary over quite a range (200 to more



2156 SCOTT

than 1000 mz/g) as can the size of the pores. Pores less than 100A
in diameter are generally termed small.

A study of the effects of layer thickness and particle size
led to an optimization of silica gel characteristics for the separa-
tion of small samples (14). This formulation has been described as
high performance thin layer chromatography (HPTLC) and has been
commercially marketed as precoated plates by Merck.

Chemically the surface of silica gel contains these species:
siloxane groups (Si-0-Si), free silanol groups (Si-OH), silanol
groups hydrogen bonded to one another OH...0OH , water (HZO...H-O—Si),

gi gi

and "capillary" or bulk water. Siloxane groups are unreactive and
do not contribute significantly to binding of solutes. Silanol
groups are largely free on the large pore gels, at a population density
of approximately 4-5 groups per 100 A2. Most TLC gels have large
pores. In the small pore gels a large population of self hydrogen
bonded silanol groups are found. In these gels the structure is
less orderly.

The hydrogen bonding of water to the silanol groups competes
with solute binding. Activation by heating at 150 - 200°C removes
this water thereby improving binding characteristics. Sintering by
heating to higher temperatures gradually converts silanol groups
to siloxane groups with the release of water. Above 400°C the surface
area is decreased, and after heating at 1000°C the ability to rebind
water is Tost. Such a silica has become a hydrophobic surface of

siloxane structures. Similarly when silanol groups are chemically
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converted to methoxy or trimethylsiloxy groups polar solutes are no
longer well retained.

Silanol qroups are weakly acidic (aqueous pK 6-8) making them
attractive to basic solutes. This is not sufficiently acidic to
encourage the idea that bonding of adsorbates is due to attraction
to negatively charged ionized silanol groups. The primary bonding
forces must be hydrogen bonding or simple electrostatic attraction
to the polar hydroxyl group. Studies of the retention of phenols
suggest that as with polyamide layers hydrogen bonding is of primary

importance.

c. Other Hydrogen Bonding Phases

Other stationary phases capable of hydrogen bonding are
encountered. Silicates are used, particularly magnesium silicates
and occasionally calcium silicates. Early successes of magnesium
silicates included separations of hydroxylated compounds such as
carbohydrates. Florisil is a commercial magnesium silicate, and talc
(Mg3 [Siao]o](OH)z) is occasionally reported as successful for

separations. The silicates are different from silica gel in a few

important ways. They possess an ionic matrix rather than a largely
covalent one. Some resemblance to alumina type adsorbances is there-
fore expected. Furthermore, while silica gel is weakly acidic,
suspensions on magnesium silicate display a pH ranging from 8 to
around 10.

The diatomaceous earth preparation usually referred to as
Kieselguhr is Targely a highly porous silicic acid preparation with

a variety of impurities, some of which are removed by processing.
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It has a relatively inactive surface as compared with silca gel.
Advantage has been taken of this low activity by coating the first

3 cmof a 20 cm plate with Kieselguler as a "zone of inert applica-
tion" which shortens the time required for application. The rest

of the plate was coated with silica gel, and separation did not begin
unitl the solutes reached the silica gel (15).

Chitin is a cellulose-Tike polysaccharide in which the 2-
hydroxyl of the glucose monomer has been replaced with an acetylated
amine group. It has been used with phenols, amino acids, nucleic
acid derivatives, and metal ions, producing separations comparable
with those on silica gel, polyamide, or cellulose (16).

Special effects were noted when plates were impregnated with
oxalate salts compared to other salts in the separation of aromatic
amines (17). These were attributed to hydrogen bond formation

between the amines and the oxalate ion.

Van Der Waals Forces

In chromatographic systems involving polar solutes and stationary
phases relatively strong electrostatic forces operate between the
solute and the stationary phase. However if the solutes are very
non-polar, electrostatic forces cannot assist in adsorption. The
weak Van der Waals forces must provide the explanation for such
separations. A key consideration in application of these attractive
forces is the requirement that atoms must approach one another very
closely before significant attraction is present. The distance term
in the equation for calculating the magnitude of these forces is rais-

ed to the sixth power as contrasted to the corresponding calculation
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for electrostatic attractions where it is squared. The solute must
therefore be able to fit the stationary phase very closely to generate
good adsorption. As a result the success of a particular stationary
phase is affected by the presence of surface irregularities, the
presence or absense of which relates to the original preparation of
the adsorbent, especially in terms of heating and mechanical treat-

ment.

a. Reversed Phase Chromatography

A decade or more ago separations dependent on Van der Waals
forces were generally performed on silica gel or alumina using solvent
systems composed of such non polar liquids as hydrocarbons, ethers,
or esters. Recently it has become increasingly popular to use an
adsorbent which has been chemically altered to reduce its polarity.
Somewhat more polar solvents are then employed and the result is a
reversal of the normal chromatographic pattern so that the less polar
solutes are more strongly adsorbed. This is termed reversed phase

chromatography.

b. Modifying Traditional Stationary Phases

Silica gel can be made less polar by reacting the silanol groups
by a process called silanization. Reagents such as alkyltrichlorosilane
(18) or dimethyl dichlorosilane (19) convert the hydroxyl groups to
ether structures, thus completely deactivating the silica gel with
respect to polar or hydrogen bonding adsorption sites. Such phases
are commercially available and have been studied for their relative

effectiveness (20).
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Similarly cellulose has been modified by acetylation of the
hydroxyl groups. Such acetyl cellulose is a satisfactory non polar
stationary phase, and can be used either by itself or in combination
with other supports such as kieselguhr.

Traditionally reversed phased svstems have been created by
impregnating a solid support with a nonpolar Tiquid. This is discuss-
ed later under "Partition Chromatography". The partition approach
has the disadvantage that an additional component is now part of
the system, introducing problems of saturation and reproducibility
in impregnating the layer, solution or evaporation of the inert
liquid during chromatography, and extraction of the inert liquid with

solute in a preparative procedure.

c. New Stationary Phases

Nonpolar plastics have been utilized for reversed phase station-
ary phases. Amberlite XAD-2, a polystyrene-divinylbenzene copolymer,
and XAD-7, a polymethacrylate,have been employed. These were applied
as crushed solid and required Targe amounts of binder. Of the binders
tried, calcium sulfate had the least effect on separations (21).
Porapak Q, P, and N, ethylvinyl benzene polymers crosslinked with
divinyl benzene, have also been employed. These polymers are porous

enough to have a high surface area.{22)

Charge Transfer

The transfer of electrons between solute and adsorbent accounts
for some attractive forces observed. Most frequently unsaturated

organic compounds have been involved, particularly aromatic molecules.
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The need to separate a large variety of polycyclic aromatic structures
in environmental and toxicological studies has stimulated efforts to
improve chromatographic techniques by incorporating electron acceptors
into the stationary phase. Silver nitrate when added to silica gel
was observed to retain structures with pi electrons more strongly.
More recently organic electron acceptors were employed, including

2, 4, 7-trinitrofluorenone (23,24), 1, 3, 5-trinitrobenzene (23),

and picric acid (23,25). Positive results were also attributed to
this type of bonding when nitrobenzene and chlorobenzene were added

to the stationary phase (26).

Other examples of charge transfer or complexation influencing
separations are abundant (3,27). Layers impregnated with boric acid
or borate salts have long been used in the separations of carbo-
hydrates and other polyols (23,29). Tungstate complexes have
recently also been reported to be useful (30). Dihydroxybile salts
have been separated on silica gel impregnated with KH,PO, (31).

The addition of NaHSO3 promotes stronger retention of carbonyl com-
pounds. Salts of several metal ions which complex readily including
copper, cadmium, manganese, and zinc have been employed to modify
chromatographic separations of nitrogenous compounds (32-34).

Chelating agents have been added to stationary phases to analyze
mixtures of metal ions. Recent reports mention the use of EDTA (35)

and nitrilotriacetic acid (36, 37).

Ligand Exchange

Ligand exchange chromatography is defined in a recent compre-

hensive review (38) as "a process in which the interaction between
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the stationary phase and the molecules to be separated occurs during
the the formation of coordination bonds inside the coordination sphere
of the complex forming ion". Two classes of separation are described.
In the first the complex-forming metal is firmly bound to the station-
ary phase with the coordination sites probably occupied by solvent
molecules. The solute displaces these solvent molecules and becomes
a ligand of the metal. The order of elution of solutes then depends
on the tightness of the coordinate bond formed. In the second class
of separation the solutes are already bound to a metal ion, all
solutes complexed to the same metal species. The stationary phase
is composed of potential Tigands which are free of metal until the
solute complex is bound by them. Metals employed include Cu, Co,
Ni, Fe, Zn, Cd, Mn, Hg, Ag, U0,*?, and v0,"2. These are bound by
cation exchangers with carboxylic, phosphoric, iminoacetate, and a-
aminoacid groups.

A specific example is provided by the use of layers of cellulose

and chelex resin saturated with Co+3, Ni+2, Cu+2, or Zn+2. Separa-
tions of diamines, amino acids, and carboxylic acids were performed

(39).

PARTITION CHROMATOGRAPHY

In partition techniques the relative rates of movement of
the solute in the chromatographic medium result from the parti-
tion coefficients between the solvent and a Tiquid coated onto
a stationary support. This presents the system in a convenient
fashion, but may allow some oversimplification to mislead the

user.
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Cellulose

Oversimplification is a clear danger when the stationary phase is
cellulose. Cellulose is viewed as serving as the support for
water, and partition occurs between the solvent and the water layer.
Given the relatively small amount of water taken up by the cellulose,
one would be badly misled to view the stationary phase as bearing a
close resemblance to the contents of a mountain stream, but would be
more accurate to Tiken it to a container of syrup. Water molecules
hydrogen bond to the cellulose alcohol groups or ring oxygen as well
as to one another. A solute in such a system might interact either
with water or with cellulose, and because of the similarity of the
chemical groups it is difficult to distinguish which is actually
involved. The system is most effective with polar solutes, particu-
larly those which can form hydrogen bonds, using a relatively polar
solvent system. A very non-polar solvent system might well not wet,
hence interact with, the stationary phase. It is desirable to include
water in the solvent to insure that the water layer remains intact.
Anhydrous cellulose serves as an adsorption stationary phase which
also has a small jon excahnge capacity (see Ion Exchange-Celluose).
As an adsorption stationary phase it is composed of layers of polymer
strands tightly hydrogen bonded together. Approached perpendicular
to the surface of the glucose rings it can hydrogen bond to free
alcohol groups and ring oxygens. However parallel to the rings only
Van der Waals attractive forces are possible.

Cellulose was early used in the form of paper sheets. The adapta-

tion of cellulose to thin layer systems was an easy transition, al-
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though given the simplicity and low cost of paper chromatography,
such a transition may at first seem pointless. However in practice
separations on cellulose thin Tayers often are superior to the corre-
sponding analysis on paper, especially when the plate size is small.
Part of the credit for this is due to the uniformity of the coated
layers, but the character of the cellulose itself may be of greater
significance. Cellulose fibers for thin layer use are generally
shorter than would be found in chromatography grade paper sheets,
especially in the case of microcrystalline cellulose which has been
deliberately hydrolyzed to lower molecular weight structures. It

is thought that solute moves rapidly along the fibers resulting in
more rapid diffusion of the spots than would occur otherwise, and
the shorter fibers mimimize the problem.

Cellulose adheres to a glass surface, so that the problems in-
herent to introducing a binder into the stationary phase are avoided.
In fact, cellulose has occasionally been mixed with other stationary
phases to help bind them to the plate. Other advantages are sometimes
claimed for such combination. A silica gel - cellulose mixed Tayer
is described, for example, as allowing the employment of inexpen-
sive solvents and permitting a convenient method for stripping for
liquid scintillation counting.

Partition chromatography on cellulose may involve other liquid
coatings than water. Glycols also adhere to the cellulose to produce
a polar stationary liquid phase.

Starch is chemically similar to cellulose and is occasionally

used as a stationary phase for the same types of separations as
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cellulose. The author has not been impressed with it as offering any
advantages over cellulose, and it suffers the disadvantage of not
being widely commercially available either for spreading or as a

precoated sheet.

Reversed Phase Chromatography

The non-polar character of the stationary phase is achieved
here by coating a support with a 1iquid of very low polarity and
volatility. In principle the support does not enter into the
solute - stationary phase equilibrium, and in practice silica gel
and kieselguhr are most often used. As largely uncharged covalent
structures they accept the 1iquid coating in a reasonable fashion.
Silicone or paraffin oils are common examples of the non-polar
liquid. The moving phase is usually a mixture of polar 1iquids.
Solvents rich in water often produce very slow runs since the water
does not wet the plate. Similarly spray reagents conventionally
prepared in water solution may have to be adapted to solvents like

methanol or acetone to be effective.

ION EXCHANGE
In the ion exchange technique the stationary phase has charged
groups, usually titrable groups maintained in the charged form
by appropriate adjustment of the solvent pH. Ions of opposite charge
are attracted to these groups and adhere with degrees of firmness
that vary primarily with the size and the charge of the jon in simple
inorganic examples. When the technique is extended to charged

organic molecules, as has been done extensively in the cases of amino
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acids, peptides, proteins, nucleotides, and oligonucleotides, adsorp-
tion of the molecule to the stationary phase also occurs, requiring
that the character of the uncharged portion of the stationary phase
also be considered. In the straightforward application of ion ex-
cﬁange, ions charged oppositely to the stationary phase attach at
the charged site of the stationary phase by displacing an ion that
is already there, but is held less strongly. Later these ions are
displaced in order of the tightness of their binding either by low
concentrations of jons bound more tightly yet or by high concentra-
tions of ions bound Tess tightly.

Homochromatography, a technique that has been applied extensively
to nucleotide studies, is an interesting variation of the method
(40). The ion exchange stationary phase is saturated before
analysis with a mixture of non-radioactive nucleotides which array
themselves in order of tightness of binding on the plate, generating
a series of fronts. Mixtures of radioactive nucleotides under analysis
then move to appropriate zones on the plate. Recent papers report
a number of variations of the method combining it with electrophoresic
analysis and using DEAE cellulose or polyethyleneimine cellulose

(41-43).

Cellulose Based Methods

Cellulose itself has been used as an ion exchanger. Its ability
to perform in this fashion depends on the presence of carboxyl qroups
on about 1% of the glucose monomer units (44). As such, however,
the capacity is small and in an aqueous solvent the attractive forces

are not strong. The qlucose primary alcohols may be converted to
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TABLE 2 - Cellulose Based Ion Exhangers

Name

Structure substituted on alcohol groups

oxycellulose

cellulose phosphate
carboxymethyl cellulose
sulfoethyl cellulose
cellulose citrate
diethylaminoethyl cellulose
aminoethyl cellulose
triethylaminoethyl cellulose
ECTEOLA cellulose

guanidinoethyl cellulose
p-aminobenzyl cellulose
QAE cellulose

-COOH (primary alcohol only)
-0P03H2

-0CH2 COOH

-OCHZCH2503H
-OOC-C(OH)(CHZCOOH)2
—OCHZCHZN(CHZCH
-OCHZCHZNHZ
—OCHZCH2N+ (CHZCH3)3
-0(CH,-CHOH-CH,) OCH, CH,N

3)2

{HOCH,CH,)
-OCH,CH,NH C(=NH)NH,
-OCH,CgH,NH,,

+ (CH»
~0CH,CHN (CHLCH3)2CHZCH0HCH3

carboxyl groups by oxidizing agents, generating a much higher capa-

city product called oxycellulose.

A variety of other chemical derivatives of cellulose with ex-

change properties are produced (45) as is summarized on table 2.

These involve replacement of more than one alcohol group with

charged groups. The interchain hydrogen bonds involving the alcohol

groups that maintain the cellulose in a crystalline, water-soluble

state are replaced by electrostatic repulsive forces, To prevent

the polymer from dispersing in the solvent as the result of these

changes, it is necessary to crosslink the polymer before modifying

the side chains.
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In order to react groups in the interior of the cellulose, the
matrix may be swollen with alkali (Mercerized) before reacting the
alcohol groups. As the cellulose dries unaltered alcohol groups re-
form hydrogen bonds and attractive interactions made possible by the
new substituents occur. The matrix shrinks, and a portion of the new
ijon exchange sites became unavailable unless the substituted cellulose
is reswollen before use by treatment with acid or base. Micro-
granular cellulose avoids some of these difficulties. The non-
crystalline regions of cellulose are more susceptible to hydrolysis
and can be removed to form pores. The crystalline regions are then
crosslinked. Substitution of alcohol groups then occurs primarily
at the borders of the pores, and a product that may be used without
reswelling results.

Cellulosic ion exchangers have been of particular value with
biochemical separations, most frequently on columns, but also on thin
layer plates. The fact that the stationary phase is hydrophilic
rather than hydrophobic, as in the case of more traditional polystyrene
based ion exchangers, has avoided problems with denaturation and

overly strong retention of the proteins be separated.

Resins

The traditional ion exchange resins used for so long in columns
are not inherently well suited to open column methods. Typical poly-
styrene based beads do not adhere at all to glass. The beads are
very large by camparison with the typical particles coated on plates,
the expectation being that ions will penetrate into the very porous

bead to interact at interior binding sites. Using the usual binders
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to attach the beads to the plate usually inhibits good interaction
between ions and the resin. However because so much ion exchange
work has been done with resins the temptation to find some means of
using them in the open column mode is irresistable. Examples of
successful applications are provided by the comparative studies of
phenol separations by L. Lepri and coworkers (46) using & vdriety

of ion exchange stationary phases. Cellulose derivates (DEAE-,

PE1-, and benzoylated DEAE-) were used, but in addition they employed
Dowex 50-X4, Rexyn 102, BioRad AG 3-X4A, and BioRad AG 1-X4. Crush-
ed resin was bound to the plates by mixing 3g resin with 9g micro-

crystalline cellulose.

Liquid Ion Exchangers

In the mid-sixities the idea of impregnating a support with a
liquid ion exchanger for inorganic analysis was explored extensively.
Silica gel was usually the support of choice, although other media
were tried including a polyvinyl chloride/vinyl acetate copolymer
(47). Most interest centered on di-(2-ethylhexyl) hydrogen phosphate
(47,48), and on a series of amimes including Amberlite LA-1, N-
dodecenyl-(trialkylmethyl)- amine, Primene JM-T, triisooctylamine
and Alamine 336 (47,49,50). Cellulose impregnated with polyethy-
leneimine, called PEI cellulose, has been used by biochemists in

a variety of ways.(51)

Other Ion Exchange Media

A wide range of other approaches have attempted to provide an

ion exchange stationary phase. For example silanized silica gel has
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been impregnated with detergents. The non-polar portions of the
detergent associates with the very non-polar support, leaving the
charged group available to attract solute ions. Such detergents as
sodium lauryletherosulfate, triethanolamine dodecylbenzene sulfonate,
and sodium dodecylhydrogen sulfate were studied (52).

Spreading insoluble inorganic ionic material in which a large
negative ion attaches cations in an exchangable fashion is also possi-
ble . Tungstate, molybdate, or their heteropolyacid anions are
useful in this fashion, metal ions having been separated on Tayers
of ammonium molybdophosphate (55) and thorium tungstate (56). Silica
gel impregnated with these salts is also successful for ion exchange
separations of metal ions. The use of ceric molybdate (57) and
lanthanum tungstate (58) have been reported recently. Separations
of cations on hydrous ZrO2 has also been reported (59).

Deacetylating chitin generates a polysaccharide with a primary
amine group on each carbohydrate unit. This has been used for the

separation of nucleosides and nucleotides (60).

SINTERED THIN LAYER CHROMATOGRAPHY

As a final section, a promising technique for binding the
stationary phase to the plate should be mentioned. Mixing
the coating with a binder which melts and flows on heating, if
carefully done, produces a very tightly bound layer. For example,
silica gel is mixed with sodalime or borosilicate glass powder,
spread on a plate, and heated from 470-770°C. The resulting plate
survives rough handling and can be recycled. Reuse of the plate

permits greater reproducibility, especially after recycing a few
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times. Problems with visualization reagents that char or corrode
organic binders are eliminated.

The use of a fluorescent glass such as zinc silicate allows
detection by fluorescence quenching.

The method has been extended to alumina, kieselguhr, florisil,
Zn0, Mg0, and titania. Using polyolefin in place of powdered glass,
one may bind organic and cellulose ion exchangers and other organic
phases.

The techniques have been reviewed by Okumura .(61)

REFERENCES

1. Thin Layer Chromatography, Ergon Stahl, Editor, 2nd Ed. Springer-
Verlag, New York, 1969.

2. Randerath, K., Thin Layer Chromatography, 2nd Ed., Academic Press,
New York, 1968,

3. Issaq, H.J., J. Liquid Chromatog., 3, 1423 (1980).
4. Scott, R. M., J. Chromatog. Sci, 11, 129 (1973).

5. Snyder, L. R., Principles of Adsorption Chromatography, Marcel
Dekker, Inc., New York, 1968.

6. Snyder, L. R., J. Chromatog., 23, 388 (1966).

7. Wang, K. T. and Weinstein, B. "Thin Layer Chromatography on

Polyamide Layers" in Progress in Thin Layer Chromatography Vol. III,

Niederwieser, A. and Pataki, G., Editors, Ann Arbor Science
Publishers, Ann Arbor, 1972.

8. Wang, K. T., Lin, Y., and Wang, I.S.Y., "Polyamide Thin Layer
Chromatography" in Advances in Chromatography Vol. 11, Giddings,
J. C.and Keller, R. A., Editors, Marcel Dekker, Inc., New York,
1974.

9. Wang, K. T., J. Chinese Chem. Soc. (Taiwan), 8, 241 (1961).
10. Wang, K. T. and Wang I. S. Y., J. Chromatog., 27, 318 (1967).
11. Graham, R. J. T., J. Chromatog., 33, 118 (1968).



2172 SCOTT

18.
19.

20.

21,

22.
23.
24,
25,
26.

27
28.

29.
30.

I .

32

. Copius-Peereboom, J. W., Nature (London), 204, 748 (1964).

. Kohlschutter H. W. and K. Unger in Ref. 1.

. Halpaap, H. and Ripphahn, J., Chromatographia, 10, 613 (1977)
. Chapell, S. G., Clin. Chim. Acta, 92, 11 (1979).

. Takeda, M., Proc. Int. Conf. Chitin/Chitosan, Tst (1977) pp 355-

363 (C.A. 91:2025q).

. Srivastava, S. P. Dua, V. K. and Chauhan, L. S., Chromatographia,

12, 241 (1979).
Gilpin, R. K. and Sisco, W. K., J. Chromatog., 124, 257 (1976).

Halpaap, H. and Krebs, K. F., (Patent) Ger Offen. 2809137
(C1. BO1D15/08), 06 Sept. 1979.

Siouffi, A. M., Wawrzynowicz, T., Bressolle, F. and Guichon,
G., J. Chromatog., 186, 563 (1969).

Pietrzyk, D. J., Rotsch, J. D. and Lenthauser, S. W. C., J.
Chromatog. Sci., 17, 555 (1979).

Janak, J. and Kubecova, V., J. Chromatog., 33, 132 (1968).
Berg, A. and Lam, J., J. Chromatog., 16, 157 (1964).

Harvey, P. G. and Halonen, M., J. Chromatog., 25, 294 (1966).
Hessler. H. and Muller, E., J. Chromatog., 24, 469 (1966).

Chawla, H. M., Gambhir, I. and Kathuria, L. J. Chromatog., 188,
289 (1980).

Halpaap, H. and Ripphahn, J. Chromatographia, 10, 643 (1977).

Lajunen, K. Purokoski, S. and Pitkanen, E., J. Chromatog., 187,
455 (1980).

Szcleczky, Z., J. Chromatog., 178, 453 (1979).

Angug, H. J. F., Briggs, J., Sufi, N. A. and Weigel, H.,
Carbohydr. Res., 66, 25 (1978).

Touchstone, J. C., Levitte, R. E., Soloway, R. D. and Levin, S. S.,
J. Chromatog., 178, 566 (1979).

Yasuda, K., J. Chromatog., 60, 144 (1971); 72, 413 (1972);
74, 142 (1972); 87, 565 (1973).



STATIONARY PHASE 2173

33.

34,

35.

36.

37

39.

40.

4.
42.

43,
44,
45,

46.

47.
48.

49,
50.

51.
52

Romarao, N. V. and Taudon, S. N., J. Chromatog. Sci., 16, 158
(1978).

Srivatsaya, S. P. And Dua, V. K., Anal. Chem., 275, 21 (1975).

Srivastava, S. P. And Dua, V. K., Z. Anal. Chem., 282, 137 (1976);
286, 255 (1977).

Srivastava, S. P. and Dua V. K., Indian J. Chem., 16A, 1114
(1978).

?rivagtava, S. P. and Gupta, V. K., Chromatographis, 12, 496
1979).

Antonelli, M. L., Bucci, R. Andcarunchio, V., Chromatographia,
13, 167 (1980).

Procedures in Nucleic Acid Research Vol. 2, Cantoni, G. L. and
Davies, D. R., Editors, Harper and Row Inc., New York, 1971,
pp 751-765.

Richards, K., Guilley, M., Jonard, G. and Hirth, L., Eu. J.
Biochem., 84, 513. (1978).

Ysebaert, M., Van De Voorde, A. and Fiers, W., Eu. J. Biochem.,
91, 431 (1978).

Cancedda, P. and Shatkin, A. J., Eu. J. Biochem., 94, 41 (1979).
Ultee, A. J. and Hartel, Anal. Chem., 27, 557 (1955).

Knight, C. S., Advances in Chromatography Vol. 4, Giddings, J. C.
and Keller, R. A., Editors, Marcell Dekker Inc., New York, 1967.

Lepri, L., Desideri, P. G., Landini, M. and Tanturli, G., J.
Chromatog., 108, 169 (1975).

Pierce, T. B. and Flint, R. F., J. Chromatog., 24, 141 (1966).

Holzapfel, H., Le Viet Lan and Werner, G., J. Chromatog.,
20, 580 (1965); 24, 153 (1966).

%rinkman, U. A. Th. and DeVries, G., J. Chromatog., 18, 142
1965).

Brinkman, U. A. Th., DeVries, G. and Van Delen, E., J.
Chromatog., 25, 447 (1966).

Randerath, K. and Randerath, E., J. Chromatog., 16, 111 (1964).

Lepri, L., Desideri, P. G. and Heimler, D., J. Chromatog.,
153, 77 (1978); 155, 119 (1978).



2174 SCOTT

53. ?en B;eyker, K. T. and Sweet, T. R., Chromatographia, 13, 114
1980).

54. Pryde, A., J. Chromatog. Sci. 12, 486 (1974).
55. Lepri, L. and Desideri, P. G., J. Chromatog. 176, 181 (1979).
56. De, A. K. and Pal, B. K., J. Lig. Chromatog., 2, 935 (1979).

57. Srivastava, S. P., Dua, V. K. and Gupta, K., J. Indian Chem.
Soc., 56, 529 (1979).

58. Husain, S. W. and Rasheedzad, S., Chromatog. Symp. Ser., 1,
239 (1979).

59. Zabin, B. A. and Rollins, C. B., J. Chromatog., 14, 534
(19640.

60. Lepri, L., Desideri, P. G. and Muzzarelli, R. A. A., J. Chromatog.,
139, 337 (1977).

61. Okumura, T., J. Chromatog., 184, 37 (1980).



JOURNAL OF LIQUID CHROMATOGRAPHY, 4(12), 2175-2192 (1981)

ROD CHROMATOGRAPHY— A NEW
APPROACH TO AUTOMATING TLC

H. 0. Ranger
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ABSTRACT

A new technique for separating and quantifying materials
using thin Layer chromatography techniques is described. In this
method the separation is done using quartz rods coated with
adsorbing materials. Coating material selection and application
uniformity are critical to the process.

Rods are spotted at one end with a solution of the unknown
and dried. Development is similar to that used for TLC plates.
Following development the rods are scanned in an apparatus
designed expressly for the purpose which utilizes flame
ionization detection. The output from the FID is amplified and
integrated. A two pen recorder is used to record the resulting
chromatographic and the integration curves.

Examples of applications are given in which such varied

materials as olive oil, plasma Llipids and surface active agents
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are analyzed. Descriptions of unique and interesting practical
applications are given for finger printing, crude oils and the

forensic analysis of dyes.

INTRODUCTION

While rod chromatography has been known as a laboratory
possibility ever since its discovery and patenting by Unilever in
England, it was not until an instrument was built by Iatron
Laboratories in Japan that it became a practical reality. This
is due to the fact that a carefully designed and constructed
mechanism is necessary to carry out the sequential steps in
preparing, developing and scanning a rod without considerable
time and careful manipulation.

Rod chromatography is relatively unknown in the U.S. but has
been well developed in Japan, Europe and Canada. Since many may
not be familiar with the technique, this paper will commence with
an explanation of the principles and sequence of events involved
in carrying out a thin Layer chromatography/flame ionization

detector analysis (TLC/FID) on a rod.

PRINCIPLES OF OPERATION

Separation in chromatography depends on selective adsorption
on some medium. The medium may be a column or coated on another

substrate and still adsorb selectively. Thus, plates of glass or
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plastic film coated with silica or alumina separate dissimilar
components over two dimensions.

Detecting the quantitive presence of the various components
is a commonly desired end. A developed TLC plate may be read by
a scanning densitometer and some quantitation achieved. A
generally accepted quantifying method for other separation
techniques such as GC has been a flame ionization detection. How
to apply this to a plate separation is a design enigma. Lacking a
flame that could scan a plate, the inventor of rod chromatography
conceptualized a plate dimensioned to fit a flame and, thus,
derived the TLC coated rod.

The basic technique is to use a rod coated with an adsorbing
material that will withstand a hydrogen flame briefly. The
construction decided upon was a quartz rod 0.9 mm in diameter and
155 mm long. The rod is coated with a 75 micron thick Layer of a
mixture of powdered glass and alumina or silica and the mixture
fired onto the rod at 900°C. About 5 mm are Left uncoated on each
end for handling.

In use, the sample to be separated is spotted onto the rod
about 2 cm from one end using 0.1 to 3 ul of volume containing 5-
10 ug of sample. Any solvent that will evaporate at temperatures
that do not disturb the sample may be used as the sample carrier.
The end of the rod bearing the sample is immersed in the

developing solvent in a closed chamber to a depth of about 1.5 cm
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Elution is carried out over 15 to 45 minutes, depending on the
mobile phase used.

The rod is then dried until free of the developer solvent
then passed through a hydrogen flame and scanned from top to
bottom at a pre—selected speed. The combustion products are
detected and a signal generated proportional to concentration as
each eluted spot passes through the flame. Good linearity is
found in the 3 to 30 ug sample weight range. The FID was chosen
because it detects percent by weight of carbon. Greater accuracy
or sensitivity is possible than with optical scanning of spots
along with avoidance of problems of color development, wave—
length selection for UV scanning or derivatization to generate
fluorscence.

Thus, the steps are sample dissolution, sample spotting on a
rod, solvent development, drying, flame scanning, curve plotting
and peak integration. The tools needed are suitable rods, a
suitable spotting method, a uniform and variable speed scanning
set—up, an FID and a signal recorder.

Reducing this combination of operations for use as a routine
method required the design and construction of a carefully
specified and constructed instrument. This was the part
contributed by Iatron Laboratories in Japan. Thus, we have, in
effect, a black box that takes over after the rods are spotted,
developed and dried and does everything else automatically. The

rods are an item of supply also produced by Iatron and are, of
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course, the heart of the system, and therefore, are carefully
made and pretested. A rod is good for up to 300 scans and can
therefore be lLooked upon as reusable. Only an accident or use of
a compound that will not burn off without Leaving a residue that
cumulatively plugs the chromatographic surfaces Limits its Life.
Such things are rare and are usually complex mixtures that

perhaps should have been cleaned before analyzing.

INSTRUMENT DESIGN DETAILS

The device used is called the Iatroscan TH-10 and consists
of the parts shown schematically in Fig. 1.

The rods are handled ten at a time in a rack for spotting,
developing, drying and scanning thus avoiding finger contact with
the rods. The rack is driven over a stationary hydrogen flame
above which there is a collector electrode,the positive pole of
the FID, while the burner sleeve is the negative pole. The rack
of rods in indexed sideways from rod-to—rod and returns to the
top of each rod while the flame is located between adjacent rods.
The FID signal is amplified and fed to a recorder. An integrater
is built into the instrument, thus, a two pen recorder is used
giving the curves and their integration as a vertical distance
plot between horizontal moves from peak—to—peak.

The instrument contains a variety of other features such as
automatic zeroing between curves, an air curtain around the

hydrogen flame to exclude air borne particles, flow controls for
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air and hydrogen, signal outputs for remote recording and a chart
paper drive to shut off the strip chart recorder paper drive
between rods or when a rack of rods is completely scanned. The
layout of these features on the back of the instrument is shown

in Fig. 2.
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APPLICATIONS OF ROD CHROMATOGRAPHY

There have been Literally hundreds of curves run
successfully using compounds of the widest variety. A number of
things that have been done using this technique that eluded TLC
and HPLC methodology. However, since they were specialized areas
they are simply noted in the references. A series of examples of
applications in diverse areas but those of fairly broad interest
are given below.

A great deal has been done with natural oils since it is
often difficult to separate them and to identify the component
compounds. Since a great deal of this work was done in Japan it
is not surprising that a great emphasis was placed initially on
seed and other food oils, especially those related to products of
the sea. Thus, methods (Fig. 3) have been worked out and
numerous analyses done on olive o0il, coconut oils, sesame oil,
peanut oil, shark Liver oil, rape oil, soybean oil and safflower
0il. The next most active area has been in the analysis of Lipids
including neutral and phosolipids and has included both those
occuring in human systems and other forms of Life. Some very
interesting research has been done in analyzing complex Lipid
mixtures from both serum and tissue Lipid sources by Shishido at
Nipon Roche in Japan (4) and Sipos and Ackman at the Fisheries
and Marine Service in Halifax (24). One interesting sideline in

the Llatter group's work was an experiment where a single
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indistinct spot was removed from a TLC plate following plate
separation of fluid from a sea mussel. This was applied to a rod
and eluted along it into three distinct peaks that were
identified., one being a hydrocarbon. Finding the Later was a
vital point since the research was directed at whether or not
mollusks ingest oil from oil spills and it seems they do.

It was in this work that it was learned that rod Life could
be extended by storage in chromic acid cleaning solution. The
normal recommended storage in a humid atmosphere gave a shorter
rod Life with these complex materials that tended to plug the rod
surfaces even after flaming. The cleaning solution overcame this

problem.
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The work in Japan with serum (6)is shown is Fig. 4. This
provided an excellent opportunity to evaluate the response in a
natural mixture to the spotting quantity on the rod.

A variety of plasma Lipid samples were used from patients
with various types of hyperlipidema. The amount of of material
in the spot is plotted against the cell volume. A mean is drawn
in and it shows that the volume percent shoots up sharply below
about 0.5 microgram. See Fig. 5.

Much has been done with pharmaceutical compounds (6) on the
TH-10. Results have been published in which analyses have been
done on psychotropic drugs in which studies were made to relate
dosage size with blood content at time intervals. Other analyses
have included quantitation of the active component in natural
medicants such as saponins from ginseng root and glycyrrhizin
from Llicorice root.

Leaving natural substances, an area with surprising success
has been polymer separation and molecular weight distribution
determinations. Also, chain Llength separation is readily
accomplished from mixed alkyls used in making synthetic
detergents. Following is an example of a polyoxyethylenenonyl
phenyl ether. Note the closeness and sharpness of the peaks. It
should be noted here that a strip chart recorder with fast
response is necessary to catch all the peaks. The common

response time of 1/2 second for recorders used in such analyses
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may not be acceptable and a recorder responding full scale in 1/4
second is required. This is shown in Fig. 6.

This description would not be complete without mentioning
that rod chromatography, although a unique and independently
useful tool, will inevitably be compared with TLC, HPTLC and

HPLC. It cannot be claimed at least as yet that it will replace
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them. It does appear quicker, easier to use, more sensitive and
less costly to use repetitively in certain applications. A
comparison is made among the plate methods in the Fig. 7. Its
limitations preclude the use of volatile compounds which could be
handled readily in GC or HPLC and in materials that are
substantive to the rod material and develop very Llow Hf values
such as aflatoxins. There are, however, very few such compounds.

One very interesting example of a practical usage that is a
forensic application. In detecting forgeries, analysis of ink is

often required. The ink may be present as only a short Line or
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as a dot, such as in a figure or decimal alteration. A figure
that had been written as a straight Lline figure one was believed
altered into a seven by addition of a cross bar. To the eye the
seven appears as an authetic figure. Since the chances are
extremely remote that the same ink would have been used in making
the cross bar as used in making the vertical line, an analysis of
the inks was desired.

A spot from each Line was cut from the paper using a square
end syringe needle. This spot was placed in a chloroform and
methanol mixture. The resulting ink solution was spotted on the
rod then developed in a methanol-hexane mixture. The resulting

elutions were scannned and two very dissimlar sets of curves

coMpARISON OF TLC V' wmpric (P  AND RTLC

TLC HPTLC RTLC
Plate Size 20 x 20 cm 10 x 10 cm 1 mm x 155 mm
Sample Volume
(capiliary application) 1 - 5uL 0.1-0.2 nL 0.1-3 ul
Diameter of spots 3 -6 mm 1.0 mm 1 -3 mm
Diameter of separated spots 6-15 mm 2-5 mm N/A*
Solvent migration 10-15 mm 3-6 mm N/A*
Detection limits £ %
Flame Ionization <1 ng
Absorption ~5 ng ~0.5 ng
Fluorescence ~0.1 ng ~.01 ng

(1) ANALYTICAL CHEMISTRY, Vol. 53, No. 2, p.254A, February 1981
(2) From Hezel, U.B. (3)
* Not Applicable

Figure 7
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resulted. In this case the differences could be seen
qualitatively by eye but the scan quantifies the components and
produces curves that can be used as hard evidence. Such curves
in the hands of an ink chemist can result in the identification
of the ink by manufacturer and by the type applications such as
ball point, fountain pen, or office machine ribbon. Thus, pen
alteration of office machine produced records can be
distinguished, however skilled the forger. Such applications are
Limited only by the imaginations of those who put rod
chromatography to work.

Rod chromatography is in its infancy. The next five years
will Likely produce a geometric increase in publications in this
field expanding its uses into what will Likely be routine control

uses.
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DENSITOMETRIC DETERMINATION OF C-18 FATTY ACIDS
AS PHENACYL ESTERS FOLLOWING REVERSED-PHASE
THIN LAYER CHROMATOGRAPHY

E. Heilweil and T. E. Beesley
Whatman Chemical Separation Inc.
9 Bridewell Place
Clifton, New Jersey 07014
ABSTRACT

A simple method of quantitatively determining C-18
fatty acids in an aqueous oxidized polyethylene emulsion
is presented, utilizing the formation of phenacyl esters
in the presence of crown ether as catalyst, followed by
separation by reversed-phase thin layer chromatography,
and subsequent densitometry of the strongly ultraviolet
absorbing separated compounds.

The method has good sensitivity, permitting the de-
tection of as little as 5 nanomoles or less of fatty

acids, and is applicable to various biological mixtures
and to acids of different chain lengths.

INTRODUCTION
Long chain fatty acids differing only in degree of
unsaturation are not readily separated by adsorption
chromatography on silica gel (1), but are well suited to
separation by reversed-phase partition thin layer chrom-
atography (2). The problem encountered here is that the
organically bonded layer cannot withstand the high temp-

eratures necessary for detection of fatty acids by the

2193
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commonly used charring techniques, particularly in the
case of the unsaturated, less reactive fatty acids.
The method of Gubitz (1), employing p-hydroxybenzalde-
hyde/sulfuric acid as a reagent has the disadvantage of
having a crucial reaction step which is time and temp-
erature dependent. In addition, the sulfuric acid used
in the reagent results in a deterioration of the back-
ground, due to the degradation of the hydrocarbon chains.

Due to their relatively low reactivity, there are
virtually no non-destructive visualization methods ap-
plicable to fatty acids detection in thin layer chroma-
tography. The ultraviolet quench technique, which is
well suited for densitometric work and requires no de-
structive reagents, does not apply to free fatty acids,
since most fatty acids do not absorb ultraviolet radia-
tion, at least not sufficiently to allow acceptable
levels of detection. Formation of suitable ultraviolet
absorbing derivatives is an ideal solution, allowing for
ready visualization and optimum quantitation of the
compounds on a thin layer plate by densitometry.

The formation of phenacyl esters in the presence of
a crown ether catalyst, as described by H.D. Durst (3)
and applied to liquid chromatography (4), forms the
basis for this method. Crown ethers are known for their
ability to complex metal salts and aid the dissolution

of these salts in non-polar, aprotic solvents (5).



DETERMINATION OF C-18 FATTY ACIDS 2195

Stoichiometric concentrations of the crown ether are not
necessary, thus the phase transfer of carboxylate salts
may be catalyzed by crown ethers in molar ratios of from
1:10 to 1:100. A 1:10 ratio was used in this procedure.
The reaction can take place satisfactorily in al-
most any nonpolar aprotic solvent. The solvent used in
this method was benzene, but acetonitrile, cyclohexane,
methylene chloride or carbon tetrachloride are reported
to be equivalent and can be substituted to meet solubil-
ity requirements. Traces of water have not been shown
to affect the completeness of reaction, thus rendering
rigorous anhydrous conditions unnecessary (3). The
reaction takes place rapidly and under extremely mild
conditions, giving quantitative yields and good repro-
ducibility. The p-bromophenacyl esters of fatty acids
thus obtained exhibit high molar absorptivity and can,
therefore, be detected at very low concentrations on a
thin layer place with fluorescent indicator. This tech-
nique was applied to the quantitative determination of

fatty acids presence in polyethylene emulsions.

MATERIALS
0, p-Dibromoacetophenone and 18-Crown-6 (1,4,7,10,13,16-
hexaoxacyclooctadecane) were obtained from Aldrich

Chemical Co.
Stearic acid, oleic acid and linoleic acid of 99.0% or

better purity were obtained from Chemical Dynamics.
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All organic solvents used were commercial A.R. grade and
were used without further purification.

Thin Layer Plates- Whatman KC-18F, reversed phase plates
containing a fluorescent indicator excited at 254nm,
20 x 20 cm., 0.25mm thickness (#4803-800) were used.

Instrumentation - Densitometric measurements were performed

using a Schoeffel Model SD-300 Spectrodensitometer.

METHODS

Standard Stock Solution - approximately 60mg each of

stearic, oleic and linoleic acids are dissolved in chloro-

form and diluted to 50.0ml.

Alkylating Solution - 555mg of dibromoacetophenone and

53mg.of 18-Crown—-6 ether are dissolved in 20ml of benzene,
yielding a 10:1 molar ratio of alkylating agent/crown
ether. This solution may be stored in a refrigerator for

two to three weeks.

Sample Preparation - a 10.0ml sample of oxidized poly-

ethylene emulsion was precipitated by the addition of
1.0ml of 6N hydrochloric acid. The precipitate was
suction filtered on a coarse porosity sintered glass
funnel, repeatedly washed with 25.0ml portions of dis-
tilled water, followed by a final rinse of 50% methanol/

water. Following suction-drying to remove residual
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water, the precipitate was redissolved in chloroform,

transferred to a 100ml volumetric flask and diluted to

volume with chloroform.

Alkylation

For the preparation of standard curves, 2.0ml, 3.0ml,
4.0ml, 5.0ml and 6.0ml aliquots of Standard Stock Solu-
tion (concentration range of total acids from 0.025mM -
0.075mM) are pipeted into five appropriately marked 10ml
volumetric flasks held in specially designed rack for
ease of handling.

A 4.0ml aliquot of sample solution (equivalent to
approximately 0.05mM total acids) is pipeted into a 10ml
volumetric flask.

All solutions are neutralized to a phenophthalein
end-point by dropwise addition of 0.5% methanolic potas-
sium hydroxide solution and are then evaporated to dry-
ness under nitrogen in a 45° - 50?C water bath.

Into all flasks,l.5ml of Alkylating Solution are
added to suspend residues. Flasks are immersed in an
80° C water bath and heated for 20 minutes with frequent
agitation. Solutions must not be allowed to dry out.

If necessary, 0.5ml of benzene may be added to all flasks.

At the end of the heating interval, flasks are
cooled and diluted to volume with benzene. Solutions

are now ready for thin layer chromatography.
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Thin Layer Chromatography

Using disposable, open-end capillaries (Drummond
Microcaps), 5 lambda (ul) of each standard and three
5-lambda spots of sample solution are applied at two
centimeter intervals to a 20 x 20cm Whatman KC-18F re-
versed phase TLC plate.

When dry, the plate is placed in a filter paper
lined chamber, equilibrated for at least 30 minutes,
containing the solvent system acetonitrile:chloroform
(90:10) .

Plates are developed to a distance of 1l2cm. Devel-
opment time is approximately 15 minutes. Plates are
immediately dried at room temperature while protected
from light.

After development and drying, the chromatograms are
viewed under short wave ultraviolet light. The fatty

acids appear as follows:

Compound _Re_
Behenic acid 0.31
Erucic acid 0.37
Stearic acid 0.43
Oleic acid 0.50
Linoleic acid 0.56
Linolenic acid 0.61
Excess reagent 0.75

The chromatograms are scanned in the reflectance
mode using a Schoeffel Spectrodensitometer (Fig. 1).

Peak areas of standards and samples are determined, the
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Figure 1. Densitometric Scans for Standard Curves.

average of triplicate scans are plotted vs. correspond-
ing weight of fatty acid in mg., to obtain a standard
curve for each acid (Figs. 2, 3 and 4). It is essential
for good precision to scan in triplicate.

Fatty acid contents in samples are then calculated

using these standard curves.
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CONCLUSIONS

2203

A simple and stable method for simultaneous quant-

itative determination of 18-carbon fatty acids in a

mixture by derivatization,

reversed phase TLC separation,

and densitometry of the chromatogram has been presented.

The method shows coefficient of variations in the

range of 2.0 to 6.5% for the six fatty acids studied.

The reproducibility of the method was determined by

measuring the peak areas for 20 developed spots of each

fatty acid.

2.3%.

The Relative Standard Deviation was 1.0 to

The ability to determine fatty acid content in emul-

sions of the nature described, we believe, make it ap-

plicable to a wide variety of biological samples, where

fatty acid determinations are considered to be of great

diagnostic value.
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THE SEPARATION OF DICHLOROBENZOPHENONE ISOMERS
BY CONTINUOUS DEVELOPMENT AND REVERSED-PHASE
THIN-LAYER CHROMATOGRAPHY

S. L. Smith,* R. H. Bishara, and G. E. Drummond
LiTly Research Laboratories
Division of E1i Lilly and Company
307 East McCarty Street
Indianapolis, Indiana 46285 (U.S.A.)

ABSTRACT

Two thin-Tlayer chromatographic methods are described for
2,4'-dichlorobenzophenone with which 1% of the 2,2'- and 2,3'-
isomers can be determined. Continuous thin-Tayer chromatography
on silica gel and conventional reversed-phase thin-Tayer chroma-
tography were found to be complementary techniques for the
separation of the dichlorobenzophenone isomers.

INTRODUCT ION

Dichlorinated benzophenones are intermediates in the syn-
thesis of selected fungicides and other agricultural products.
In the Friedel-Crafts synthesis for the preparation of these
chemicals, small quantities of isomeric impurities are also
produced. In our laboratory, the purity of 2,4'-dichlorobenzo-
phenone must be controlled to prevent carry-over of isomeric
impurities to the final product, a chemical fungicide.

*To whom all correspondence should be addressed.
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Relatively Tlittle has been published on the chromatographic
separation of these benzophenones. Perhaps the most extensive
work has been a gas-chromatographic procedure reported recently
by Abraham et al. (1). However, because this procedure is
time-consuming and the resolution is insufficient for the deter-
mination of minor isomeric impurities, the method is not readily
adapted to a real-time control situation.

A variety of TLC systems have been used for the separation
of halogenated aromatic compounds (2-6). Applications include the
separatign of polychlorinated biphenyls (3) and the separation of
chlorinated insecticides (4). Tewari and Sharma (5) report the
thin-Tayer chromatographic behavior of a number of chlorinated
pesticides in 26 different solvent systems; several chromogenic
reagents were investigated in this work. A review of pesticide
analysis by TLC has been published by Sherma and Zweig (6).

Despite the widespread use of TLC in the analysis of halo-
genated fungicides, pesticides, and insecticides, there are few
reports on the resolution of isomeric halogenated aromatics by
thin-layer chromatography. In an early report, Fishbein (7)
separated a number of halogenated derivatives of aniline and
benzene using three separate systems. However, with the conditions
investigated, the isomeric dichlorobenzenes were not separated.

In this work, simple TLC methods are described for 2,4'-
dichlorobenzophenone with which 1% of the corresponding 2,2'-
and 2,3'- isomers can be detected.

We had screened a variety of TLC systems according to a
previously described procedure (8). Using conventional thin-layer
chromatography (i.e., using ascending development in a closed,
saturated chamber over a bed length of 15 cm), equal concentra-
tions of the three isomers could be separated. Our original
optimized TLC system consisted of silica gel TLC plates and
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carbon tetrachloride/benzene (4:1) as the developing solvent.
However, the 2,2'- and 2,3'- isomers could not be separated at a

level less than 10% of the 2,4'- main component.

Approaches to enhance the resolution of compounds with sim-
ilar Rf values in conventional TLC are well documented (9-12).
These approaches include successive development over two dimensions
(10), multiple development (11), and continuous development over
the 20-cm plate (12). The first two techniques require repeated
operator interaction. A1l three suffer from solute diffusion
problems and, consequently, high detection limits. Perry (13)
recently discussed the combination of continuous development TLC
with short bed lengths. With this approach, the selectivity of
nonpolar solvents can be utilized without excessive spot diffusion.
Perry indicated that this form of continuous TLC might be most
applicable to difficult separation problems. This technique was
investigated for the separation of the dichlorinated benzophenones.

In the last few years, reversed-phase chromatography has been
widely applied to the separation of positional isomers of rela-
tively nonpolar compounds. Here, the possibility of utilizing
reversed-phase TLC plates to resolve the isomers of dichloro-
benzophenone is also reported.

EXPERIMENTAL

Silica gel 60 Fos4 TLC plates (EM Laboratories, Inc.,
Elmsford, N.Y. 10523), 20 cm x 5 cm with 0.25-mm-thick layer,
were used for all of the continuous development TLC separations.
A stock solution of the 2,3'- and 2,2'- dichlorobenzophenone
isomers was prepared at a concentration of 2.8 mg/ml in methanol.
Ten, five, and one percent solutions of these isomers in the
presence of the 2,4'- dichlorobenzophenone were prepared from
this solution. One-microliter aliquots were applied to the
TLC plate.
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The equipment needed to perform the continuous TLC with
short beds was available commercially (Regis SB/CD TLC chamber,
Regis Chemical Company, Morton Grove, I11inois 60053). However,
for this work, a convenient screening chamber was designed which
could accommodate up to six plates with variable bed lengths and
choice of developing solvents.

A conventional TLC chamber (20.7 cm x 8.7 cm) was modified
to accommodate continuous development and a variety of bed lengths
(Figure 1). The glass chamber was cut to a height of 10.5 cm and
fitted with a tight-fitting Teflon 1id, 1.3-cm thick. STits
(5.1 mm x 2 mm) were machined 3.0 cm apart in the Teflon parallel
to its width. The slits were the proper geometry to just allow
insertion of the 5 x 20 cm plates without disruption of the
silica gel layer. Glass solvent reservoirs, 6 cm x 2 cm x 10 cm
in height, were placed inside the chamber and made a tight seal
with the Teflon 1id. During development, the chamber was placed
in a laboratory hood which had an air flow of approximately
200 ft/min. Under these conditions, the developing solvent
traveled up the TLC plate and evaporated when it reached the top

l " //

A 7

0f
%

\ =

20.7 cm

Figure 1: Continuous development TLC chamber.
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of the Teflon cover. Bed lengths were varied by changing the
depth of solvent in the individual reservoirs. For any depth,
the samples were applied 5 mm above the solvent Tine.

This experimental arrangement proved to be a very efficient
and economical system for continuous thin-Tayer chromatographic
screening and optimization. Six plates could be developed simul-
taneously with six different solvent systems. Bed lengths could
be varied continuously up to 8 cm. With this system, the plates
could be placed in the chamber at the end of the day; results
were available the next morning. The use of individual reservoirs
resulted in very little solvent being used.

For optimization of the dichlorobenzophenone continuous TLC
system, several solvent systems were prepared by diluting the
optimized conventional TLC system, carbon tetrachloride/benzene
(4:1), with cyclopentane. The ratio of conventional solvent
systems to cyclopentane was varied in the following proportions --
0:100, 1:100, 2:100, 5:100, and 10:100. Development of the plates
was terminated when the more mobile sample zone approached 0.5 cm
from the solvent evaporation line. The bed lengths investigated in
this work were 4, 5, 6, and 8 cm. The 8-cm plate was allcwed to
run overnight. Zones were visualized by exposure to short-wavelength
ultraviolet Tight (approximately 254 nm) after a 30-min exposure of
the plate to iodine vapors.

In the reversed-phase mode, the TLC plates (KCisF, 20 cm x
20 cm, Whatman Chemical Separation, Inc., Clifton, New Jersey 07014)
were developed over a 15-cm bed in a conventional TLC chamber.
The developing solvents investigated consisted of methanol and
water mixtures. The proportion of water was varied from 0 to 25%.
The concentrations of benzophenones and the amount applied to the
plate were the same as those described above for the continuous
development. The separated zones were detected by irradiation
with short-wavelength ultraviolet Tight.
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RESULTS AND DISCUSSION

Advantages and characteristics of continuous development over
a short chromatographic bed have been discussed in detail by
Perry (13). The results obtained with the benzophenone isomers
tend to support his general conclusion that this approach to TLC
may be used to advantage for select difficult TLC separations.
Improved separation of the benzophenone isomers over conventional
development on silica gel plates was achieved using the continuous
development system. With the utilization of a more nonpolar
developing solvent and a short bed length, it was possible to
determine 1% of the 2,3'- isomer and 5% of the 2,2'- isomer in
the presence of 2,4'-dichlorobenzophenone. This separation was
obtained using a ratio of cyclopentane to conventional solvent,
carbon tetrachloride/benzene (4:1), of 100:10 and an 8-cm bed
length. The mobility of 2,4'-dichlorobenzophenone was intermediate
between the two isomers, the 2,3'- isomer being the more mobile.
For an overnight development (approximately 16 hrs), the relative
mobility of the 2,4'-, 2,3'-, and 2,2'- isomers was 1.00, 1.19,
and 0.81, respectively. The 8.0-cm bed was necessary to resolve
the 2,2'- and 2,3'- compounds from the large amount of the
2,4'- isomer (28 ug) applied to the plate.

Reversed-phase TLC was found to be complementary to the
continuous development TLC for the separation of dichlorobenzo-
phenone isomers. Several reversed-phase systems were investigated.
While the 2,3'- and 2,4'- dichlorobenzophenones could not be
resolved, complete separation of 2,4'-dichlorobenzophenone and
the 2,2'- isomer was obtained using a developing solvent of
methanol and water (60:10). The Rf values for the 2,2'-,

2,3'-, and 2,4'- 1isomers with this solvent system were 0.55,
0.45, and 0.45, respectively. Using this solvent system, we

were able to detect 1% of the 2,2'- isomer in the synthetic
intermediate of interest; namely, the 2,4'- isomer. The develop-
ment time was about 60 min.
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In summary, a preliminary purity evaluation of 2,4'-dichloro-
benzophenone can be made using the two simple TLC procedures
reported in this work. The methods are complementary, and both
are quite applicable to a production situation. In combination,
they can be used to determine whether the synthetic 2,4'-dichloro-
benzophenone meets existing specifications of allowable isomeric
impurities.
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ASSAY OF THE ENZYMES OF PYRIMIDINE SYNTHESIS BY THIN
LAYER ION EXCHANGE CHROMATOGRAPHY AND VIDEO-DENSITOMETRY
(CV=-TECHNIOQUE )

T. Karsai and P. E1l8di
Department of Biochemistry
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H-4012 Debrecen, POB 6, Hungary

ABSTRACT

A simple and rapid method is described for the assay
of the glutamine-dependent carbamoyl phosphate synthetase
and aspartate carbamoyltransferase in minute amounts of
liver tissue. From 60-120 ul assay mixtures 10-20 ul
aliquots were chromatographed on thin layer ion exchange
chromatoplates, and the amino acids were developed with
ninhydrin. The intensity of the ninhydrin spots, i.e. the
quantity of amino acids formed or consumed, was deter-
mined by video-densitometry and the specific activity of
the enzymes was calculated.

INTRODUCTION

The activity of enzymes in tissue and cell extracts
is usually determined by techniques requiring 1 ml or
even a larger quantity of assay mixture and, obviously, a
proportional amount of tissue extract. However, the avail-
able amount of the tissue sample to be assayed is often
limited. In clinical diagnostics, for example, the tissue
samples obtained from adult patients as well as that taken
at early stages of fetal development often weigh only a
few times 10 mg.

In previous investigations we have found (1, 2) that

the activity of amino acid-transforming enzymes in rela-
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tively small sa mples can be determined by the highly sen-
sitive thin layye r ion exchange chkromatographic and video-
densitometric p r— ©cedure (CV-technique).

since this Tt echnique has been found to be suitable
for the kinetic A nvestigation of ornithine carbamoyl-
transferase as we 11 (2), we thought it would be worth ex-
amining other am i rno acid-transforming enzymes, too.

The present pPaper describes a method for the assay
of aspartate carbamoyltransferase (EC 2.1.3.2) and car-
bamoyl phosphate synthetase (glutamine-dependent, EC
2.7.2.9.), enzynes participating in the de novo synthesis

of the pyrimidines . They have an important role in the

metabolism of fast growing, e.g. embryonic, regenerating,

tumorous, hypertrophic, etc, tissues.

MATERIALS AND METHODS

Preparation of Cytosol Extracts from Liver Cells

CEY rats, weighing 200-250 g, were starved for a day
and fed with water ad libitum, before the experiments.
They were bled under ether anaesthesis. The livers (7-8 g)
were rapidly removed and kept on ice until use.The samples
were homogenized in a Potter-type tephlon homogenizer at
0°c with 3 volumes of 10 mM Tris-HCl buffer, pH 7.5, con-
taining 250 mM sucrose, 500 uM EDTA and 5 mM dithiotreitol.
The homogenate was centrifuged at 15 000 x g for 30 min to
remove the debris and mitochondria. The resulting cytosol

fraction was concentrated 5-fold on an Amicon Centriflo

50 CF membrane (Oosterhout, The Netherlands) by centrifu-
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gation. The protein content of the concentrated samples

vias determined according to Lowry et al. (4).

Ornithine Carbamoyltransferase

Ornithine carbamoyltransferase was used for the de-
termination of carbamoyl phosphate synthetase activity in
a coupled reaction. The enzyme was isolated from bovine
liver as described by Marshall and Cohen (5). The speci-
fic activity of the purified preparation was 420 mmol

citrulline/hr/mg protein.

Determination of Enzyme Activity

For the determination of the activity of the enzymes
the substrate and the product/s/ formed in the assay mix-
ture were first separated by thin layer ion exchange chro-
matography on 20x20 cm chromatoplates (Fixion 50x8, Chro-
matronix, Palo Alto, CA, USA). The Dowex 50x8 type resin-
coated chromatoplates were used either in Na® or in Li"
form. Plates in Li form were prepared by prechromato-
graphy in 0.5 M LiCl solution (6). The assay mixtures were
incubated at 37°C, then 10-20 ul samples were added to
equal amounts of 10 % trichloroacetic acid drops,which had
been applied onto the chromatoplate beforehand. The plates
were dried by hot air, and were then chromatographed in the
solutions descibed below.

For comparison the activity of aspartate carbamoyl-
transferase was determined also by the colorimetric pro-
cedure as described by Prescott and Jones (7), except

that deacetylmonoxim-thiosemicarbazide was used instead
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of diacetylmonoxim-antipyrine, and the absorption was

measured at 520 nm (8).

Solutions Used for Chromatography

For the determination of aspartate and citrulline
the chromatoplate was used in Na® form. Chromatography
was carried out at 50°C in citrate buffer, pH 3.3, com-
posed of 84 g of citric acid, 16 g of NaOH and 5.9 ml of
concentrated HCl in 1000 ml final volume (9).

To measure the amount of glutamate chromatography
was performed at 50°C on chromatoplates in Li" form in a
lithium-citrate-formate system composed of 14.1 g of LiCl,
2.3 ml of 85 % formic acid and 8.0 ml of concentrated HCL
in a final volume of 1000 ml at pH 2.8 (6).

After chromatography the plates were dried and the
amino acids were developed with cadmium~ninhydrin reagent.
The reagent was prepared freshly before use by mixing 100
ml of 1 % ninhydrin dissolved in acetone and 20 ml of 1 %

cadmium-acetate dissolved in 10 % acetic acid (9).

Quantitative Determination of Amino Acids

A Telechrom reflexion video-densitometer (3) was
used for the determination of the intensity of ninhydrin
spots (10). The chromatoplates were placed into the equip-
ment perpendicular to the direction of chromatography.The
density of identical amino acid spots of samples, with-
drawn from the assay mixture at different time intervals,
together with that of the reference spot were taken as

100 % and the intensity of the individual spots was ex-
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pressed in percentage values. The molar concentration of
the individual amino acid spots was calculated from the
percentual density of the reference amino acid (1, 2).
The standard deviation of the video-densitometric evalu-
ation of chromatograms was + 3 %, as determined with

lysine (10).

RESULTS AND DISCUSSION

Determination of the Glutamine-Dependent Carbamoyl Phos-

phate Synthetase Activity

This enzyme catalyzes the following reaction:

2 ATP + glutamine + HCO4
carbamoyl phosphate + glutamate + 2 ADP + P

—

If the assay mixture contained ornithine and ornithine
carbamoyltransferase, carbamoyl phosphate was converted
into citrulline: carbamoyl prosphate + ornithine ——
citrulline + Pi-

The activity of carbamoyl phosphate synthetase can
be determined by measuring the increase in glutamate or
in citrulline concentrations. When the formation of glu-
tamate was followed, the assay mixture of 120 ul final
volume contained 25 mM ATP, 25 mM sodium-hydrogen-car-
bonate, 50 mM magnesium-sulphate, 50 mM glutamine and
tissue extract equal to 12-15 mg of fresh liver, in 50
mM veronal-sodium buffer, pH 7.4. The mixture was incu-
bated at 37°C, and at 30-min intervals 20 pul samples
were withdrawn and applied onto a chromatoplate in Li®

form then it was chromatographed in a lithium-formate
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FIGURE 1 - Carbamoyl phosphate synthetase assay by
Cv-technique.

A./ Formation of glutamate from glutamine.

solvent system as described in Methods. As reference, 25
nmol of glutamate was also run (Fig. la). The specific
activity of the enzyme measured in 15 liver samples was
420 + 32 nmol glutamate/g wet tissue/h.

The glutamate-dependent carbamoyl phosphate syn-
thetase can also be determined by measuring the forma-
tion of citrulline (2). In this case the above assay
mixture was supplemented with 10 mM ornithine and 10 ul
ornithine carbamoyltransferase. 20 ul samples were chro-
matographed on a chromatoplate in Na® form. The amount of

citrulline formed in the reaction was measured (Fig. 1lb).
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FIGURE 1 - (continued)
B./ Formation of citrulline from ornithine
and carbamoyl phosphate. 1 - 5 samples taken
in 30 min intervals, 6. reference amino

acids. For details see Methods.

The specific activity of the same 15 liver samples as
above was 520 + 60 nmol citrulline/g wet tissue/h. This
value is by 17 % greater than that obtained by measuring
the glutamate formation. The difference may be explained
by the fact that a portion of carbamoyl phosphate is
further converted by ornithine carbamoyltransferase pre-
sent in the liver extract. Hence, the reaction is pulled
in the direction of carbamoyl phosphate synthesis. Thus,

the activity of carbamoyl phosphate synthetase can be de-
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termined more reliably by measuring the amount of gluta-

mate.

Determination of Aspartate Carbamoyltransferase Activity

The enzyme catalyzes the following reaction in the
pyrimidine synthesis:
aspartate + carbamoyl phosphate —— carbamoylaspartate + P -

The activity of the enzyme was determined by measur-
ing the changes in aspartate concentration. The assay mix-
ture contained liver extract, corresponding to 1-2 mg of
fresh liver, 10 mM aspartate and 15 mM carbamoyl phosphate
in 20 mM triethanolamine-HCl buffer, pH 7.7, in a final
volume of 60 ul. It was incubated at 37°C and at 30-min
intervals 10 ul samples were withdrawn and applied onto a
chromatoplate in Na® form. As reference, 50 nmol of aspar-
tate was also run. A specific activity of 48 + 3.3 umol
aspartate/g wet tissue/h was determined in the assay
carried out with 25 samples of rat liver.

For comparison the activity of aspartate carbamoyl-
transferase was also determined by spectrophotometry. Ac-
cording to least squares regression analysis, y = 0.96x
+ 1,02, where y is the spectrophotometric activity and
x is the activity determined by the CV-technique. The
calculated determination coefficient, r2, was 0.90, which
indicates a 90 % correlation between the data obtained
with the two procedures.

We may conclude that ion exchange chromatography com-

bined with video-densitometry, i.e. the CV-technique, is
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suitable for the assay of the activity of the above two
enzymes, and of other enzymes as well (1,2). The sensitiv-
ity of the technique is reasonably high. The formation or
consumption of even 1-2 nmol of amino acids can be detected
by the CV-technique statisfactorily. Enzyme reaction can be
assayed in 10-20 ul samples of a reactior mixture of even
less than 100 ul final volume, and thus enzymes can be de-
tected in extracts prepared from a few milligrams of tis-

sues.
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ABSTRACT

The analytical potential of Lanthanum antimonate as an ion
exchanger has been explored by thin layer chromatographic (T'LC)
technique, Binder-free thin layers of Lanthanum antimonate have been
explored for several important binary and ternary separations. A TLC
method has been developed for quantitative separation of microgram
quantities of Hg(II) from several metal ions by using 1,4 dioxane as
solvent.

INTRODUCT ION

Thin layer chromatography 1s being used in recent years
for inorganic analysis (1). In continuation of our work on TLC studies
on thorium phosphate, tungstate, antimonate, ziroconium tungstate (2-4),
we report in this paper systematic investigations on TLC behaviour
of several metal ions on binder-free thin-layer plates of lanthanum
antimonate. 3ased on studies in HNOg (pE-1,2 and 3), butanol, 1,4 dloxane,
1,4 dioxane - HN03, some important binary and ternary separations have
been achieveds A Quantitative method for the separation of Hg(II) from

numerous metsl ions is recommended.

EXPERIMENT AL
Apparatus
Thin layers of Lanthanum antimonate were prepared on glass

plates (20 x 3 em), which were subsequently developed in several

2223

Copyright © 1981 by Marcel Dekker, Inc.



2224 DE AND CHAKRABORTY

solvent systems in jars (25 x 7 cm). For spectrophotometric studies,
Spectrophotometer G.S. 865 B of Llectronies Corioration of India,
Hyderabad, India was used.
Reagents

Chemicals and solvents used in this work were of analytical
grade ( B.D.d / ZE.Merck / Pfizer)
Preparation of the Ion-iixchange Materigls on thin layer plates,

The ion exchanger, lanthanum antimonate (SbsLa=4,298) was
prepared according to the procedure described in earlier paper (5).
Bach material was then powdered separately and slurried with a little
demineralized water in a mortar., It was then spread over the glass
with the help of an asplicator. Almost uniformly thin layers
( 0.1 mm thickness) were obtained. Lhe plates were dried and ready
for use. These plates gave reproducible Rp values,
Test Solutions and Detection Reaggents

The test solutions in general, had a metal concentration of
4 mg/ml ( cihiloride/nitrate/sulphate) Standard spot test reagents were
used for detection (6),

The following solvent systems were used in these studies,
1. HNO5 solution ( pH-1,2,3)
2, Butanol
3. 1,4 Dioxane

4. 1,4 Dioxane: O,1 M HNOy (8:2).

PROCEDURE
One or two drops of the test solution were placed on the
plates with thin glass capillaries. The spots were allowed to dry
znd developed in different solvent systems., In each case the solvent
was allowed to rise 11 cm. RT and RL values were measured as usual
after detectione.
For quantitative work, a stock solution of Hg(II) (5.1 mg/ml)

was prem red by dissolving HgC12 in 0,1 M HCl. The known amount of
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synthetic mixture containing Hg was applied with the help of micro
pipette on the line of application. The plates were developed in
dioxane system. A pilot plate was run simultaneously to locate the
position of Hg by detecting it with yellow ammonium sulphide., The area
corresponding to Hg was scratched from the working plate and the mass
was extracted with 10 ml1 1 M Hy504. The suspended particles of the
exchanger were filtered off., The filtrate was collectéd and Hg(II)

was determined spectrophotometrically by dithizone method(S8).

RESULTS AND DISCUSSION
The results of our TLC studies reveal that most of the metal
ions have appreciable Rp values in nitric acid system. The general

trend in Ry values is that these values decrease with increase in

3inary and lernary 3cparations on Lantnanum gntimonate fhin Layer

solvent separations achieved Time
system. (hours)
R - R.
7 5
e
o.u mNO,  £a°7(0,0-0-30) = At*"(0.72 - 0,90)
L, 3+ - 2f 4
2e” (0.0-0,21) -  di7 (C.82 - ©.85)

+
7e3*(0.0-0.21) a¥(c.78 - ©.95)

2 urs

+
¢e>*(0.0-0.0) 42t (0.85 - 0.24)

ce¥(0.0-0.0) - Hg2%(0.83 - 0.93)
ce®¥(0.,0-0.0) - Pt**(0.30 - 0.8%)
2" (0,0 = 0,0)- 2" (0.78 - 0.90)
21°7(0.0-0.0) - 1g2*(0.39 - 0.96)
513f(o.o-o.o) - w’%(o.82 - 0.95)
31%%(0.0-0.0) - w1%%(0.76 - 0.20)
31%%(0.0-0.0) -  2t%(0.30 - 1.0)

81°7(0.0-0.0) - Mn2"(0.71 - 0.90)
cu*(0.0-0.21) -  4u" (0.68 - 0.84)

cu?*(0.0-0.14)

dg2+(0.74 - 0.86)



TABLE 1 (Continued)

3olvent Separations achieved Time
systen i - Ry (hours)
0.01MNO;  C0%'(0,0-0.0) -  Pt*7(0.75 - 0.85)
€02%(0.0-0.0) - 11Z*(0.,72 - 0.84) 2.5 ars
€02%(0,0-0.0) - Hg2'(0.85 - 0.92)
%% (0,0-0.0) - w®*(0.85 - 0.90)
2% (0,0-0,0) - M27(0.30 - 0.89)
Pt2%(0.0-0.0) - Pt*¥(0.80 - 0.91)
2" (0.0-0.0) - Au3*(o.81 0.20)
% (0.0-0,0) - Hg2+(0.82 0.90)
™*7(0.0-0,0) - Pt**(0.78 - 0.91)
1*7(0.0-0.0) - a'(0.80 - 0.92)
0. 001MANO, U6§+(0.0—0.0) - 4g2"(0.84 - 0.96)
U02*(0,0-0.,0) - 270,86 - 0.95) 3 hrs
0E*(0,0-0.0) - pe*"(0.78 - 0.98)
912%(0,0-0.35) - Hg> (0,82 - 0.95)
11%5(0.0-0.25) - Pt*7(0.85 - 0.97)
Butanol Zn2+(0.,0-0.0) - Aua*(O.7l 0.85) 10 hrs.
413%(0,0-0.0) - au> (0,80 - 0,90)
112%(0,0-0,0) - 4d" (0.84 - 0,94)
m2(0,0-0.0) - iu"'(0.81 - 0.90)
002" (0.0-0.0) - Ru®T(0.35 - 0.42)
¥ (0,75 - 0.82)
cu?7(0,0-0.0) - Ru> (0.26 - 0.35)
(0,32 0.24)
27(0,0-0.0) - RuST(0.24 - 0.36)
.‘xugi-(O.Sl 0,92)
31°7(0,0-0.0) - Ru®*(0.27 - 0.36)
a2 (0.84 - 0,26)
1,4 Dioxane Fe®'(0.0-0.1) = Hg® (0.85 - 1.0) 8 hrs.

10, LMHHO
(s:2) ° Pb2*(0.0-0,0)

i
Hg2' (0.35

0.25)
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Ladly = 2

. ot 4 :
uantitative Separation of g from Binary dixtures

51, Mixture Other metal dg2f dg2+ Percentage of
Ho. taken ion added added recoverdd errvor
(pg ) () ( pg)
Is 3u2+-ﬁg2+ cu?*(7.8) 10,8 10,4 + 1,0
2. -1 c®(3.9) 5.1 5.2 + 2.0
3. P .gg® p2f(14.2) 10.3 10.5 + 3.0
4. Po2og® m2*(7.1) o | 5.4 + 6.0
5. Ca%*-4g®*  ca®"(14.2)  10.3 10.1 - 2,0
6. cd-5g?"  ca®tt7.1) Gl 5.2 + 2.0
7. m2*-gg®"  mBf(7.2) 10,3 10.7 + 4.0
3. M-’ wn2*(3.8) 5.1 4.9 - 4.0
9. oo -Hg?"  0%"(7.3) 10.3 10.0 - 3.0
10, co?t-Hg?"  2'(3.9) 5.1 5.3 + 4.0
11, 2z02-g%"  z0%%(8.5) 10.3 10.8 * 5.0
12, zn%T-2g%"  z2n®"(4.3) 5.1 4.9 - 4.0
13, Ft-1g2  re®*(7.3) 10.3 10.5 + 2.0
14, F'-Eg?"  2e3%(3.7) 5.1 5.2 + 2.0
15. 31°%-43g%"  31°%(13.5)  10.3 10.5 + 2.0
16, B-%  B1%"(e.9) 5.1 5.3 + 4.0
17. Uog-5g®" %'(14.0)  10.3 10.8 + 5.0
18, U0E - v**(7.3) 5.1 5.3 + 4,0

pH in HNOg system which is a characteristic feature of ion exchange
operation. In pure 1,4 dioxane system most of the metal ions except
Hg(II) are retained at the base line., This permits Quantitative sepa-
rations of Hg(II) from other metal ions. Tables 1 and 2 show some
useful and important binary and ternary separations of metal ions

achleved in different solventse.
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Identification of some closely related Pyrazolin-5-Ones by TLC

Rajeev Jain. and D.D. Agarwal
Department of Chemistry, University of Roorkee, Roorkee (INDIA)

ABSTRACT

A rapld thin layer chromatographic procedure that utilizes
neutral solvent system for the separation of 22 closely related
pyrazolin-5-Ones on silica gel adsorbent 1s reported.

INTRODUCTION

Pyrazolin-5-Cnes and its derivatives are biologically
active compounds and have been used as analgesies’, antimicrobial

agentsz, fungicides3, herbicidesu, antidiabeticss, antidiureticss,

7

antioxidants’ and in influenzaB. They also find many applications

9 10 1

in photography as colour couplers

and developers12. Another important commercial use of pyrazolin-5-

, sensitizers’'~, super sensitizers

Ones 1s as a dye for rayon13, silk‘u, 1eather15, rubber’é,polyester17
and plastics‘s.

Recently, Garg and Prakash19’20 have synthesised some
1-phenyl-3-methyl-4-arylhydrazono-2-pyrazolin-5-Ones (A) as potential
antidiabetic agents. As these compounds contain the hydrazono
grouping =NH-N=C- , they have found wide applications in synthetic
chemistry for the preparation of compounds of most diverse structure

and also for the detection of a large number of metal cations.

* Address for correspondence: 224, Khandaq Street, Meerut-250002
(INDIA).
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R

(a)
where, R represents different substituents.

Keeping in view also the medicinal properties of pyrazolin-
5-Ones it was now considered worthwhile to study the separation of
some closely related 1-phenyl-3-methyl=-li-arylhydrazono-2=pyrazolin~-
5-Ones by TLC.

EXPERIMENTAL

Commercially avallable silica gel G, TLC plates of size
21.5 x 21.5 cm2, layer thickness O.4 mm were used after activation
for 2% hrs. All the pyrazolin-5-Ones were synthesised in the
laboratory and repeatedly recrystallised with DMF:water mixture
before subjecting them to chrometographic separation. All the
compounds (I-XX) in acetone (1 % V/V) were applied by means of a
fine class caplllary and theym put in the developer for the development
process. The resolved compounds were visualized by exposing to
NO2 for 40 sec. It is pertinent to note that no tailing was
observed in any case except in h~0q4H5derivative where slight
tailing was observed. The Rf values obtained were found reproducible

in different identical runs.

RESULTS AND DISCUSSION

The TLC data obtained are given in Table 1. The development
time for the solvent systems employed was about 45 min. Both the
solvent systems used gave satisfactory separation of most of the
compounds. The colour of all the spots (I-XXII) was light yellow,

darkened on exposure to N02. The results show an interesting
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Table = 1
o, # 6.5 i :f % ’OZ DetefEtg? limit
1 H 132 71 36 2.5
2 2=CH, 175 51 26 3.0
3 3-CH, 180 76 32 3.0
L k—cn3 137 85 43 3¢5
5 2-Cl 185 35 57 2.5
6 3-C1 135 55 63 2.5
7 4=C1 140 62 72 3.0
8 2-Br 180 26 29 3.5
9 3-Br 150 30 39 3.5
10 4=Br 145 49 45 2,0
1 2-0CH,4 163 L0 40 3.5
12 u-ocH3 135 62 51 3.5
13 2-0C,H 163 58 2y 3.5
14 h—oczns 150 67 35 2.0
15 2-N0, 212 38 18 3.5
16 3-NO, 175 46 22 3.0
17 L-No,, 170 80 48 3.5
18 2,3-(CHy), 210 21 26 2.5
19 2,5—(CH3)2 188 17 18 2.5
20 3,5-(CH3)2 193 26 21 3.0
21 2,6=(C1), 179 13 1" 3.5
22 2,4,6-(01)3 227 8 9 2,5

Solvent Composition for compounds I-XXII
(A) Xylene:Chloroform (60 °4 : 40 *A).

(B) Xylene:Chloroform:Acetone (65 %225 ¥%:10 °4).
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trend in the Ry values. It 1s observed that in the case of ortho
substituted derivative the rate of flow (R}) of the spot is low
whereas meta and para substituents increase the value of R+ in

comparison with that of the ortho substituted derivative.
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A SIMPLE ION EXCHANGE THIN LAYER
CHROMATOGRAPHY METHOD FOR THE SEPARATION
OF AMINO ACIDS IN CLINICAL SAMPLES

Haleem J. Issaq
Chemical Carcinogenesis Program
Frederick Cancer Research Center
Frederick, MD 21701
and
Tibor Dévényi
Institute of Enzymology
Biological Center
Hungarian Academy of Sciences
Budapest, Hungary
ABSTRACT
An ion exchange thin layer chromatography method for the separation of 16
amino acids is described. The effect of the pH of buffer on the resolution of
the amino acids is discussed. Development in pH 3.3 buffer at 45°C resolved
all the amino acids. The method is particularly well adapted to screening

metabolic disorders in neonatal children.

INTRODUCTION
A number of metabolic diseases are characterized by the presence of amino
acids in the blood and urine, e.g. phenylketonuria (PKU), in which the concen-
tration of phenylalanine is elevated. The semi-quantitative Guthrie-Susi test
(1) normally used to detect this condition is based on bacterial growth, and

the results require confirmation by another method. The amino acid analyzer

One of us (HJI) was supported by Contract No. NO1-C0-75380, with the National
Cancer Institute, NIH, Bethesda, Maryland 20205.
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(2) could be used but this is an expensive approach which can still handle only
one sample at a time. The same is true of high performance liquid chromato-
graphy. The amino acids are analyzed after derivatization with dansyl chloride
(3,4) phenyl thiohydantoin (5) or o-phthalaldehyde/2-mercaptoethanol (6-8)
because they are not readily measured by HPLC due to their low response to both
UV and fluorescence detection. A recent method (9) was described for the
determination (in 6 hours) of phenylalanine using immobilized bacteria and

a lactate electrode. Although this method is sensitive it can analyze only

one sample at a time and is specific for phenylalanine.

Ireland and Read (10) described a thin layer chromatography (TLC) method
for use in neonatal screening to detect excess aminoacidaemia. In this method
the extracted blood is spotted on cellulose plates which are then developed in
two solvent systems. The plate is throroughly dried and then developed over-
night in an ammonia-free atmosphere (a chromatography tank containing a
dish of sulfuric acid) in the dark. Lepri et al (11) described a TLC method
using impregnated reverse phase plates. However, the resolution of phenylalanine
was poor on all reverse phase plates (Cp, Cg and Cjg) used.

When ion-exchange thin layer chromatography was introduced (12), basic and
aromatic amino acids could be separated on one plate. The technique was soon
applied to the detection of metabolic disorders (13-15). We have developed a
simple and rapid adapation of this technique which can be used to analyze
amino acids in whole blood, serum, or even a blood sample dried on a piece

of filter paper.

EXPERIMENTAL
Materials: Strongly acidic cation-exchange resin-coated TLC plates,
Fixion 50 x 8, sodium form, were obtained from Chromatronix (Mountain View, CA).
A1l chemicals used were reagent grade. Buffers were prepared in distilled
deionized water. Standard amino acid solutions (table 1) were prepared in

ethanol/HC1 (95:5). Stock solutions were stored in the freezer. Small quanti-
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TABLE 1
Concentration of standard amino acids
in ethanol:hydrochloric acid (95:5) solution.

Amino acid mg/ ml Amino Acid mg/ ml
Aspartic acid 1.5 Isoleucine 6
Threonine 28 Leucine 12
Serine 21 Tyrosine 15
Proline 25 Phenylalanine 15
Glutamic acid 12 Lysine 36
Glycine 31 Ornithine 15
Alanine 34 Histidine 14
Valine 20 Arginine 12
Cystine 9 Tryptophan 10
Methionine 5.5

ties of samples diluted 4-fold will keep for several days in a refrigerator

at 4°C. Regular TLC tanks and disposable micropipettes were used.

Eluting Solution: The buffer pH 4.2 in which the amino acids were separ-
ated was prepared by dissolving 14.4 g citric acid monohydrate, 8 g NaOH, 11.7 g
NaCl and 7.7 ml concentrated HC1 (37%) in 1L distilled deionized water.

Spray Reagent: Solution A - 1 g ninhydrin in 100 ml 80% acetone.

Solution B - 1 g cadmium acetate in 150 ml 33% acetic acid

The reagent is prepared by mixing 100 m1 of A with 20 m1 B to which 1 ml
of pyridine has been added. For maximum color development use a freshly prepared
solution. Pyridine and cadmium acetate are added to enhance the color of the
spots, and to exert a slight buffer effect which counteracts the acidity of the
plate.

Extraction of amino acids from fresh blood or serum. 50 ul whole blood or

serum are pipetted into a 1 ml vial containing 10 yul ethanol and 5 ul trifluoro-
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acetic acid. Mix vigorously, preferably with a sonicator for 5 min, and then
centrifuge for 5 min. Spot 10 ul of the supernatant on the plate, allow to dry
and then develop for a distance of 10 cm in the buffer described above. The

plate is again dried, then sprayed with the ninhydrin reagent and dried once

again with a hair dryer on the hot setting. The amino acids will appear as pink

spots which can easily be seen in white light.

Extraction of amino acids from dried blood: The filter paper on which the

blood sample (50 ul) has dried is cut into small pieces which are placed in a
test tube. 100 pl ethanol:HC1 (95:5) and 10 ul TFA are added and the tube is
allowed to stand for 10 min and then centrifuged. 10 ul of the supernatant is

spotted on the plate and the procedure described above then followed.

RESULTS AND DISCUSSION

Effect of pH on the Separation of Amino Acids. When plates are run in

aqueous buffer it is possible to change the chromatographic conditions rapidly
so that the necessary separation can be achieved. The analyst can change the pH,
the ionic strength of the buffer, or both, as needed. In Fig 1 the separation
of 16 amino acids on a plate developed in citrate buffer, pH 3.3 at 45°C is
shown. Note that all the amino acids are well resolved and can clearly be
identified.

When the plate was developed in citrate buffer pH 4.2 at room temperature,
(Fig 2B) the amino acids arginine, histidine, lysine, ornithine, phenylalanine,
and tyrosine were resolved from each other followed by leucine + isoleucine +
methionine as one spot, and then valine. The remainder of the amino acids
appeared as one spot at a high Rf. Note that Tysine and histidine have changed
their order of elution with the change in pH from 3.3 (Fig 2A) to 4.2 (Fig 2B).

At a pH of 5.1 (Fig 2C) lysine and ornithine are not resolved. At higher
pH's, such as 6.0 (Fig 2D) it is possible to separate tryptophan from other
amino acid. We conclude that, for the resolution of all 16 amino acids the

best conditions are pH 3.3 citrate buffer at 45°C (Fig 1).
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2ox
3

Figure 1. Separation of 16 amino acids in citrate buffer, pH 3.3 at 45°C.

In blood samples from PKU cases the levels of phenylalanine are elevated,
and the best conditions to use are buffer pH 4.2 or 5.1 and to develop the plates
at room temperature. A comparison of the phenylalanine levels in the blood of
a normal child with that from a PKU patient is shown in Fig 3. Note that better
results were obtained when serum was used (Fig 4) rather than whole blood.

Unlike the Guthrie-Susi test (1) the present method allows the simultaneous
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Figure 2. Comparison of the separation of amino acids in a citrate buffer

having a pH of 3.3 (A), 4.2 (B), 5.1 (C) and 6.0 (D).

determination of more than one amino acid in more than one sample on the same

plate. This is important because it was found by Haltzman et al (16) that

false PKU positives can be reduced if a tyrosine determination is performed

together with phenylalanine. The use of PH 5.1 buffer allows such a determi-

nation (Fig 2C). 1In a recent review article of screening for inborn errors of
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Figure 3. Comparison of phenylalanine levels in the blood of PKU patient

and a normal child. See Figure 2(B) for order of elution.

metabolism, Watts (17) suggested that a screening method should be (a) reliable
and simple; and (b) produce no false negatives, and few false positives. The
test described here is simple, reliable and quantitative (when densitometry is
used) and can be used for screening more than one amino acid disorder simultane-
ously, for example tyrosinaemia, histidinaemia, lysinaemia, and maple syrup

urine disease.
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LU N | C

Figure 4. Separation of amino acids in serum using a citrate buffer,
pH 4.2 at room temperature. See Figure 2(B) for order of

elution.
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CONCLUSION
Ion exchange thin layer chromatography using strongly acidic resin-coated
plates affords a simple and straight forward method for the separation in a
single one-dimensional run in aqueous buffer of the basic and aromatic amino
acids. The technique is ideal for use in screening amino acid disorders in the
blood and other biological samples. It can be operated with as little as one

drop of blood dried on a piece of filter paper.
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LC NEWS

HPLC COLUMNS packed with 5 micron sperichal silica materials for high
efficiency. Silica, C-18 (0DS), C-8 (octyl), NH-2 (amino), and CN (cyano)
columns are offered. The materials are designed to minimize column
voiding and maximize column 1ife. The bonded phase materials are
carefully synthesized to achieve maximum bonding coverage without
troublesome overloading. Kratos Inc., JLC/81/12, 24 Booker Street
Westwood, NJ, 07675, USA.

ISOLATE GLYCOPROTEINS QUANTITATIVELY using an affinity chromatography
support, which will separate and quantitate normal hemoglobins

from glycosylated hemoglobins. Unlike coventional ion-exchange
chromatography, it will make rapid and clean glycoprotein isolation
independent of temperature and ionic strength, while maintaining high
capacity. It has also been applied to the removal of glycosylated
albumin from highly purified albumin preparations. Pierce Chemical
Company, JLC/81/12, P.0. Box 117, Rockford, IL, 61105, USA.

NEW LABORATORY FILTRATION CATALOG is offered. It features filtration
products, including all filters, filter apparatus such as holders and
funnels, as well as petri dishes, media, disposable capsule filters,
vacuum pump, and small batch-filtration system. Applications range
from air pollution source testing, cytology, fuel testing, HPLC
filtration, and industrial hygiene to IV additives, serum prefil-
tration, protein binding, tissue culture media sterilization, and
microbiological analysis of water. Gelman Sciences, Inc., JLC/81/12,
600 S. Wagner Road, Ann Arbor, MI, 48106, USA.

BIOTECHNOLOGY NEWS, A BIWEEKLY INTERNATIONAL NEWSLETTER to keep
abreast of the rapid developments in biotechnology. It includes:
new techniques for engineering, isolating, purifying, analyzing and
using microbes and enzymes, new-process equipment, parameters and
economics, new products, processes, markets and companies.

CTB International Publishing Co., JLC/81/12, P.0. Box 579, Summit,
N.Jd., 07901, USA.

NEW MEMBRANE FILTER SELECTOR may be obtained from producer of membrane
filters. The new five-color selector provides quick reference
information on membrane applications, pore sizes, technical data and
catalog numbers. A movable slide enables the user to line up the

pore size and membrane type (cellulose nitrate or PTFE) required

for over thirty specific applications in six general analytical

2243
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areas. Whatman Laboratory Products, Inc., JLC/81/12, 9 Bridewell
Place, Clifton, N.J., 07014, USA.

BASIC PROGRAMMING COURSES FOR CHROMATOGRAPHERS. One-day intensive
courses in BASIC programming and its applications in chromatography,
both GPC and HPLC, is designed for both experienced programmers and
chromatographers getting their first exposure to data handling with
BASIC. Key topics include an introduction to BASIC, sample
chromatographic applications, essential concepts of programming, such
as data storage and retreival, data manipulation and calculations,
display and output of results, and applying BASIC to future
applications. Laboratory Data Control, JLC/81/12, P.0. Box 10235,
Riviera Beach, FL, 33404, USA.

LC COLUMNS FOR PROTEINS, PEPTIDES AND MACROMOLECULES make rapid
separations of natural and synthetic macromolecules by reverse

phase and anion exchange techniques. They perform difficult

analyses, such as analyzing protein digests and making high-resolution
profiles of serum and urine. The columns are packed with silica

gel that has large 300A pores instead of 60 A to 100 A pores.
Rheodyne, Inc., JLC/81/12, P.0. Box 996, Cotati, CA, 94928, USA.

TERRY TOOL, a single-unit construction which provides a clean cut

of all 1/16" tubing (any I.D.). No further dressing, reaming, or
deburring required. End tube geometry permits tube-to-tube and tube-
to-frit zero volume connections. It is pocket portable and requires
no electricity. Scientific Marketing, JLC/81/12, P.0. Box 713,
Georgetown, TX, 78626, USA.
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April 14 - 16

June 28 - 30

July 12 - 16

July 19 = 22

August 15 = 21

September 12 - 17

LC CALENDAR

1982

National American Chem. Soc. Meeting, Las Vegas,
NV, USA. Contact: A.T. Winstead, Am. Chem. Soc.,

1155 Sixteenth St., NW, Washington, D.C., 20036,
USA.

"12th Annual Symposium on the Anal. Chem. of Pollu-
tants,” Amsterdam, The Netherlands. Contact:
Prof. R.W. Frei, Congress Office, Vrije Universi-
teit, P.0. Box 7161, 1007-MC Amsterdam, The Nether—
lands.

"Analytical Summer Symposium,” Michigan State
Univ., East Lansing, MI, USA. Contact: A.I.
Popov, Chem. Dept., Michigan State Univ., East
Lansing, MI 48824, USA.

"2nd Int'l Symposium on Macromolecules,” = IUPAC,
University of Massachusetts, Amherst, MA, 01003,
USA.

23rd Prague Microsymposium on l!acromolecules:
"Selective Polymeric Sorbents™ = IUPAC, Institute
of Macromolecular Chemistry, Prague, Czechoslova-
kia. Contact: P.M.M. Secretariat, Institute of
Macromolecular Chemistry, 162-06 Prague 616, Czech-
oslovakia.

“12th Int'l Congress of Biochemistry"”, Perth,
Western Australia. Contact: Brian Thorpe, Dept.
of Biochemistry, Faculty of Science, Australian
National University, Canberra A.C.T. 2600, Aus-
tralia.

National American Chem. Soc. Meeting, Kansas City,
MO, USA. Contact: A.T. Winstead, American Chem.
Soc., 1155 Sixteenth St., NW, Washington, D.C.,
20036, USA.

2245
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1983

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

The Journal of Liquid Chromatography will publish announcements of LC
meetings and symposia in each issue of the Journal. To be listed in
the LC Calendar, we will need to know: Name of meeting or symposium,
sponsoring organization, when and where it will be held, and whom to
contact for additional details. You are invited to send announcements
for inclusion in the LC Calendar to Dr. Jack Cazes, Editor, Journal of
Liquid Chromatography, P.O. Box 1440-SMS, Fairfield, CT, 06430, USA.
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A

Acebutolol and metabolite, deter-
mination of, by HPLC, 483-
500

Acenocoumarin [3-(a-acetonyl-p-
nitrobenzyl)-4-hydroxycou-
marin], quantitative deter-—

mination of in plasma, 833-
840

Acetaldehyde, determination of, by
HPLC, 31-39

Acetone, determination of, by HPLC,
31-39

N-Acetyl-l-aminohippuric acid,
quantitation of from blood,
by isocratic RP-HPLC, 1609-
1617

Acidic compounds, influence of pH
on chromatic behavior of,
1961-1985

Acrolein, determination of, by
HPLC, 31-39

Adsorbents

energetic heterogeneity of, in
liquid-solid chromatography,
2121-2145
recent advances in, for TLC,

956-957

Adsorption capacity, effect of
variables on, of reverse-
phase column, 1933-1945

Adsorption chromatography, 2149-
2162, S227-S223

Note:
Supplements 1 and 2 of Volume 4,

2253

charge transfer in, 2160-2161
electrostatic interactions in,
2150-2152
fractionation of oligosaccha-
ride by, S230-S233
hydrogen bonding in, 2152-2158
ligand exchange in, 2161-2162
separation of oligosaccharides
by, S243-S246
Van der Waals forces in, 2158-
2160
Aflatoxins
analysis of, by TLC, S45-S47
TLC systems for separation of,
1087-1096
Alcohols, epimeric, isolation of,
obtained from retention of
pregnenolone and progester-—
one, 1797-1805
Aldicarb, analysis of in formula-
tions, 1663-1676
Alkylamines, retention in reverse-
phase ion-exchange chroma-
tography of, 1435-1457
bonded phases, effect of on
separation, resolution, and
efficiency in HPLC, 1917-
1931
Alkylsulphonates, pairing effects
in RP-HPLC of peptides in
presence of, 1547-1567
Alumina, as stationary phase,
2150-2152

Alkyl

Numbers with an "S" prefix indicate entries appearing in
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Alumina chromatography, S168-S170,
5$382-5383
Amines
analysis of, by HPLC, S115
primary, discrimination of from
fluorescent compounds in bio-
logical fluids, by HPLC, 825-
831
See also Phenethylamine deriva-
tives
Amino acid
analysis of peptides, by RP-
HPLC, 565-586
complexes, cobalt(III) bis(ethyl-
enediamine), separation of,
by RP-HPLC, 689-700
derivatives, characterization of,
by TLC, prepared during pro-
tease-mediated peptide syn-
thesis, 1947-1959
racemates, separation of, by
ligand-exchange chromatog-
raphy, 701-712
retention coefficients, analysis
of for peptides separated by
RP-HPLC, 1745-1764
separation of
by ion-exchange TLC, 2233-2241
by reverse-phase liquid column
chromatography, 309-323
para—Aminobenzoic acid, separation
of, by HPLC, 325-335
p-Aminohippuric acid, quantitation
of from blood, by isocratic
HPLC, 1609-1617
4-Aminoquinoline 1l-oxide (AQO),
separation of 4-nitroquino-
line from, 299-308
Anion-exchange chromatography,
based on sugar complexation
with eluent, $209-5220
Anion exchange resins, separation
of carbohydrates by, S195-
S204
in water—-ethanol mixtures,
5209
Anthracyclinones mixture, separa-
tion of, by TLC and HPLC,
977-983
Antibiotics. See Cephalosporin;
Chloramphenicol; Thiampheni-
col

§204-

SUBJECT INDEX TO VOLUME 4

Antrafenine, determination of in
biological fluids, 2039-2061

Anti-inflammatory compound. See
CGS 5391B

Arabinosylcytosine, assay of, by
RP-HPLC, 887-896

Arabinosyluracil, assay of, by
RP-HPLC, 887-896

Arginine esterase, assay of, by
RP-HPLC, 713-719

Aromatic amines. See N-(1,3-Di-
methylbutyl)-N'-phenyl—-p-
phenylenediamine (DBPD); N-
(2-Propyl)-N'-phenyl-p-phen-
ylenediamine (IPPD)

Artemisia arborescens L., isola-

tion of true proazulenes
from, by preparative HPLC,
1601-1607

Ascorbic acid, determination of by
hydrophobic LC of the osa-
zone derivative, 1619-1640

Aspartate carbamoyltransferase,
assay of by ion-exchange
TLC and video densitometry,
2213-2221

Atenolol, determination of, by
HPLC, 483-500

Axial dispersion, correction
method for, 425-458

Axial dispersion equation

analytical solution of, S316
numerical solution of, S$314-

5315

AZQ [2,5-diaziridinyl-3,6-bis-
(carboethoxyamino)-1,4-ben-
zoquinone, NSC 182986],
determination of in biolog-
ical fluids, by RP-HPLC,
1855-1867

B

Band spreading effects, elimina-
tion of in GPC of random co-
polymers, 1491-1510

Bacterial cultures, determination
of furfural and 2-furoic
acid in, by HPLC, 285-292

B-blocking agents, determination
of in plasma and urine,
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[B-blocking agents]
by HPLC, 483-500
Bile acids, sulfated, elution be-
havior of, in HPLC on octa-
decylsilyl bonded column,
1351-1359
Biological fluids
determination of AZQ in, by RP-
HPLC, 1855-1867
determination of drugs in, 2039-
2061
See also Blood; Cerebrospinal
fluid; Urine
Blood
lipid classes of, analysis of,
by TLC, 1007-1021
separation of p-aminohippuric
acid and N-acetyl-p—amino-
hippuric acid from, by HPLC,
1609-1617
See also Erythrocytes, human;
Hemoglobin variants; Plasma;
Serum
Boll weevil, pheromone of, deter-
mination of components of,
by HPLC, 1409-1416
Bonded-phase liquid chromatogra-
phy
analysis of hydroxy-terminated
low-molecular-weight poly-
isoprenes by, 1-12
determination of water soluble
vitamins in pharmaceutical
preparations by, 1157-1171
Bonded phases. See Alkyl bonded
phases
Brain. See Tocopherols, brain
Buffer, triethylamine-formic acid
analysis of oligopeptides by
RP-HPLC using, 721-733
separation and quantitation of
prostaglandins using, 1261-
1268 ™
Bupropion, Wellbutrin brand,
threo/erythro diastereoiso-
mers obtained from reduction
of, 1417-1434

(o

Cadalenes, extraction of from

2255

cotton bract, by HPLC, 515-
524

Capacity factors, effect of vari-
ables on, in ion-pair chro-
matographic separations of
drugs, 337-355

Capacity ratio, dependence of on
excess adsorption isotherm,
in binary mobile phase, 227-
236

Captopril, use of thin-layer
radiochromatography on, 945-
952

Cation—-exchange chromatography,
of saccharides, S221-5227

Caseins, rat, analysis of, by
HPLC, 651-659

Carbamate insecticides, analysis
of, by HPLC, S112-S113

See also Aldicarb; Carbaryl

Carbamate pesticides, collection
and concentration of, using
Sep-Pak Cjg cartridges,
1459, 1472

Carbamoyl phosphate synthetase

assay of by ion-exchange TLC

and video densitometry,

2213-2221 -
rapid purification of, by HPLC,
629-638
Carbaryl, analysis of in formu-
lations, 1663-1676
Carbohydrates

detection of, by LC, S269-S273
ion-exchange chromatography of,
5195-5227
separation of
by GPC, S182-5192
using anion exchange resins,
§195-S209
Carbon, use of as clean-up method,
1097-1112
Carbon tetrachloride, minimiza-
tion of band spreading
effects of GPC in, 1491-
1510
Carbonyls, low molecular weight.
See Acetaldehyde; Acetone;
Acrolene; Formaldehyde
Carboxylic acids
hydrophilic, separations of, by
reverse—-phase liquid column
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[Carboxylic acids]
chromatography, 309-323
as mobile phase modifiers,
1323-1338
Carcinogens. See 4-Nitroquinoline
l-oxide (NQO)
Cefoperazone, determination of in
serum, by HPLC, 123-128
Cellulose
as ion—exchanger, 2166-2168
as stationary phase, 2163-2165
Cellulose nitrate, analysis of, by
GPC, 197-226
Cephalosporin, application of TLC
to HPLC separation of, 1035-
1064
Cerebrospinal fluid, determination
of thiamphenicol in, by RP-
HPLC, 145-154
Cerium(IV) phosphosilicate, as an
inorganic ion-exchanger,
1245-1259
CGS 5391B, quantitative determina-
tion of in plasma, by auto-
mated HPLC, 2015-2022
Charge transfer, in adsorption
chromatography, 2160-2161
Chloramphenicol, determination of
in serum, by HPLC, 171-176
Chlorophyll, preparation of by
column chromatography with
Sepharose CL-6B, 533-538
Chromatography
reverse-phase,
S171
theory and mathematics of (book
review), 2081
Cipropride, determination of in
biological fluids, 2039-
2061
Citrinin, analysis of, by TLC,
S48-S49
Clean-up methods, 1097-1112
Cloxacillin, determination of in
serum, 1525-1545
Cobalt (III) bis(ethylenediamine)
amino acid complexes, sepa-
ration of, by RP-HPLC, 689-
700
Colorimetry
dinitrophenylhydrazine, conver-

2159, 2165, S170-
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sion of to HPLC procedure,
1619-1640
ring, and TLC, separation and
determination of allied
metal ions by, 1577-1585
Column chromatography, with
Sepharose CL-6B, prepara-
tion of chlorophyll by, 533-
538
Column packings
in environmental analysis, S101-

S104
for preparative LC, S147-5148,
S$361-S367
Columns
in environmental analysis,
S$101-S104

ferric phosphate, separation
and recovery of lead(II)
on, 1473-1485
radially compressed
comparison of with stainless
steel, in RP-HPLC of ribo-
nucleotides, 1511-1524
flexible wall, semi-prepara-
tive separation of peptides
in, 1725-1744
purification of synthetic
peptides by preparative
HPLC with, 661-680
reverse-phase, effect of varia-
bles on adsorption capacity
of in trace enrichment,
1933-1945
Sephadex G-100, characteriza-—
tion of long-chain poly-
phosphate by, with Auto-
Analyzer detector, 1891-
1901
stainless steel, comparison of
with radially compressed in
RP-HPLC of ribonucleotides,
1511-1524
Copolymers
analysis of, by SEC, S14-S17
determination of compositional
heterogeneity of, by SEC and
UV-RI detection system,
1685-1696
random, minimizing peak disper-
sion effects in GPC of,
1491-1510
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Copper, determination of micro-
grams amounts of, by peak
paper chromatography, 251-
257

Copper chelates, separation of,
by TLC, 841-847

Cotton bract, extraction of lac-
inilenes and cadalenes from,
by HPLC, 515-524

Counter—ion concentration and size,
effect of on capacity factor
in ion-pair chromatographic
separation, 337-355

Cyclocytidine hydrolysis, assay of
products from, by RP-HPLC,
887-896

o-Cyclodextrin, as mobile phase in
TLC, 1065-1085

D

Dansyl chloride (l-dimethylamino-
phthalene-5-sulfonyl chlor-
ide), reaction of with iodo-—
amino acids, 813-824

Dansyl-thyroxine, measurement of,
by HPLC, 813-824

Data analysis, statistical, for
optimal ternary solvent
selection, 2091-2120

Data processing system, on-line,
for GPC, 71-84

Decapeptide, analysis of in a lac-—
tose matrix, by HPLC, 1135-
1156

Dehydroabietic acid, analysis of
in kraft mill effluents,
1807-1815

Denaturants. See Guanidine hydro-
chloride; Sodium dodecyl
sulphate

Densitometry

quantitative, of lipid classes
in situ, separated by TLC,
1023-1034

video, assay of pyrimidine syn-
thesis enzymes by ion-ex-
change TLC and, 2213-2221

Detection

amperometric DC, in reductive

LCEC, S$338-S340
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differential pulse, in reductive
LCEC, S340-S341
square wave voltammetric, in
reductive LCEC, S341-S346
turbidimetric, S305-S306
Detector
AutoAnalyzer, characterization
of long-chain polyphosphate
by Sephadex G-100 column
with, 1891-1901
correction method for axial
dispersion with, 425-458
flame ionization
in carbohydrate detection,
§270-S271
TLC analysis with, using
quartz rods, 2175-2195
HPLC, in environmental analysis,
5106-S110
on-line infrared, HPLC system
with, 1663-1676
preparative LC, S148-S149, S369-
S371
reductive mode thin-layer am-
perometric, 1777-1795
ultraviolet and amperometric,
role of in HPLC urinary
organic acid profiling,
1587-1600
ultraviolet and differential
refractive index combina-
tion, in SEC, 1685-1696
ultraviolet, variable wavelength,
analysis of 3-methyl-2-cy-
clohexene-l-one, by HPLC
with, 165-170
Dexamethasone 21 acetate, analy-
sis of in pharmaceutical
formulations, by RP-HPLC,
293-298
Dextrans, optimization of peak
separation and broadening
in aqueous GPC, 41-50
Diastereoisomers, threo/erythro,
separation of, by prepara-
tive HPLC, 1417-1434
6-Diazo-5-oxo-L-norleucine, anal-
ysis of in human plasma and
urine, 1641-1649
Dichlorobenzene isomers, separa-
tion of by continuous TLC
and RP-TLC, 22-5-2212
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Dicloxacillin, determination of in
serum, 1525-1545
Digoxin, quantitation of in serum,
by HPLC and radioimmunoassay,
879-886
N-(1,3-Dimethylbutyl)-N'-phenyl-p-
phenylenediamine (DBPD),
separation and quantitation
of in urine, by RP-HPLC,
279-284
Dinitrophenlylhydrazine, reaction
of with ascorbic acid, 1619-
1640
Dipeptides
L-methionine, complexed with
palladium(II), separation of,
by ion-pair RP-HPLC, 681-
688
separation of, by reverse-phase
liquid column chromatography,
309-323
Distribution coefficients, thermo-
dynamic model for, from
liquid-liquid chromatography
with a binary mobile phase,
23-29
Dropping mercury electrode, for
LCEC detection, 1777-1795
Drugs
determination of in biological
fluids, 2039-2061
forensic-interest, analysis of,
by reverse-phase ion-pair
chromatography, 337-355,
399-408
halogenated fluorescein,
purification of, by RP-HPLC,
51-59

Dyes,

E

Egg yolk, lipid classes of, analy-
sis of, by TLC, 1007-1021

Electrochemistry, of organic com-
pounds, S323-S326

Electrode materials, for reductive
LCEC, S330-5337

Electrostatic interactions, in ad-
sorption chromatography,
2150-2152
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Eluents, centrimide containing,
RP-HPLC with, 1961-1985
Eluent system, ternary, separation

of threo/erythro diastereo-
isomers using, 1417-1434
Environmental analysis, use of
HPLC in, S99-5139
Environmental samples, collection
and concentration of, using
Sep-Pak C;g cartridges,
1459-1472
Erythrocytes
assay of d-glucose in, by HPLC,
1831-1845
human, analysis of nucleic acid
components of, by high-res-
olution anion-exchange chro-
matography, 129-143
Esters
polyglycerol fatty acid, analy-
sis of, by HPLC, 1173-1194
sucrose fatty acid, quantitative
analysis of, by RP-HPLC,
1195-1205
Ethanethiol derivatives of taurine,
separation and quantitation
of, by HPLC, 1281-1291

Fatty acids
analysis of polyglycerol esters
of, by HPLC, 1173-1194
C-18, quantitative determina-
tion of as phenacyl esters,
by RP-TLC, 2193-2203
derivatives, separation of, by
isocratic RP-HPLC, 1817-
1829
alcohols, long-chain, sep-—
aration of from Mycobacter-
ium tuberculosis H37Ra, by
HPLC, 1207-1218
Fluorescamine, utilization of in
HPLC monitoring of primary
amines in biological fluids,
825-831
Fluorescein dyes. See Dyes, halo-
genated fluorescein
Fluorescence quenching, detection

Fatty
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[Fluorescence quenching]
of fluoranthenic polycyclic
aromatic hydrocarbons by,
in HPLC, 1339-1349

Food chemistry, applications of LC
in, S275-S276

Formaldehyde, determination of, by
HPLC, 31-39

Furfural, determination of in bac-
terial cultures, by HPLC,
285-292

2-Furoic acid, determination of in
bacterial cultures, by HPLC,
285-292

G

Gel filtration, high-speed, sep-
aration of polypeptides in
denaturants by, 613-627

Gel permeation chromatography,
S171, S179-S192

analysis of hydroxy-terminated
low-molecular-weight poly-
isoprenes by, 1-12

aqueous, of poly (sodium styrene
sulfonates), 1903-1916

aqueous size-exclusion, of dex-
trans, 41-50

characterization of inorganic
long-chain polyphosphate by,
1891-1901

examination of universal cali-
bration and molecular weight
averages in, 197-226

high—-speed, of polypeptides and
small proteins, using bonded
N-acetylaminopropylsilica as
stationary phase, 1361-1379

of labile metal ions, 259-269

multiple detector, minimizing
peak dispersion effects in,
1491-1510

on-line data processing system
for, 71-84

of polyelectrolytes, 1297-1309

separation of bovine skim milk
proteins by, 639-649

separation of carbohydrates by,
5182-8192
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separation of oligosaccharides
by, S237

Gel permeation packing media, in
preparative LC, S390

Globin chains, separation of, by
HPLC, 1381-1392

d-Glucose, assay of in erythro-
cytes, by HPLC, 1831-1845

Glucuronide metabolites, measure-—
ment of retention indices
of, by RP-HPLC, 271-278

Glutathione peroxidase, rat liver,
purification of, by HPLC,
2063-2071

GPC. See Gel permeation chromatog-
raphy (GPC)

Guanidine hydrochloride, separa-
tion of polypeptides in, by
high-speed gel filtration,
613-627

H

Hemoglobin variants, characteri-
zation of tryptic digest of,
by hydrophilic ion-pair RP-
HPLC, 599-612

Herbicides, organometallic, anal-
ysis of, by HPLC, S113

High-performance (pressure)
liquid chromatography (HPLC),
5236-S268

analysis of a decapeptide in
lactos matrix by, 1135-1156

analysis of carbamate insecti-
cides by, with infrared
detector, 1663-1676

analysis of dehydrozbietic acid
in kraft mill effluents by,
1807-1815

analysis of norethindrone in
plasma by, 871-877

analysis of polyglycerol esters
in fatty acids by, 1173-
1194

analysis of rat caseins by,
651-659

application of TLC to separation
of steroidal hormones and
cephalosporin antibiotics
by, 1035-1064
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[High-performance (pressure)
liquid chromatography
(HPLC]

assay of brain tocopherols by,
109-121

assay of d-glucose in erythro-
cytes by, 1831-1845

automated, 1269-1280

quantitative determination of

CGS 5391B in plasma by,
2015-2022

detection of fluoroanthenic poly-
cyclic aromatic hydrocarbons
by fluorescence quenching in
1339-1349

determination of B-blocking
agents in plasma and urine
by, 483-500

determination of cefoperazone in
serum by, 123-128

determination of chloramphenicol
in serum by, 171-176

determination of furfural and
2-furoic acid in bacterial
cultures by, 285-292

determination of mycotoxins by,
versus TLC, S54-S56

determination of penicillinase-
resistant penicillin in se-
rum by, 1525-1545

determination of pheromone com-
ponents in boll weevil by,
1409-1416

determination of reserpine in
pharmaceutical formulations
by, 1651-1661

determination of theophylline in
plasma by, 97-107

determination of trace amounts
of metal ions in nuclear
materials by, 379-398

determination of vapor-phase
carbonyls by, 31-39

determination of vitamin D in
multivitamins by, 155-164

discrimination of primary amines
from fluorescent compounds
by, 825-831

in environmental analysis, S99-
5139

estimation of soluble sugars in
powders from rose petals by,
1401-1408
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extraction of lacinilenes and
cadalenes from cotton bract
by, 515-524
fractionation and fingerprinting
of petroporphyrins by, 749-
764
identification of sedatives and
hypnotics in serum by, 501-
514
measurement of dansyl-thyroxine
by, 813-824
monitoring of protease-catalyzed
peptide synthesis by, 1121-
1134
preparative
isolation of true proazulenes
from Artemisia arborescens
L. by, 1601-1607
purification of synthetic pep-
tides by, with radially com-
pressed columns, 661-681
separation of threo/erythro
diastereoisomers by, 1417-
1434
purification of rat liver glu-
tathione peroxidase by,
2063-2071
procedure, conversion of dini-
trophenylhydrazine colori-
metric method to, 1619-1640
quantitation of 3-methyl-2-cy-
clohexene-l-one in a con-—
trolled-release formulation
by, 165-170
quantitative determination of
acenocoumarin in plasma by,
833-840
and radioimmunoassay, quantita-
tion of digoxin in serum by,
879-886
rapid purification of carbamoyl
phosphate synthase by, 629-
638
retention behavior of organo-
metallic complexes in, 765-
783
reverse-phase
amino acid analysis of pep-
tides by, 565-586
analysis of dexamethasone 21
acetate in pharmaceutical
formulations by, 293-298
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[High-performance (pressure)

liquid chromatography
(HPLC), reverse-phase]

analysis of group retention
contributions for peptides
separated by, 1745-1764

analysis of oligopeptides by,
with triethylamine-formic
acid buffer, 721-733

analysis of rebonucleotides by,
using ion pairing, 1511-1524

analysis of tricyclic antide-
pressants in plasma by, 849-
862

assay of arginine esterase by,
713-719

with centrimide-containing
eluents, 1961-1985

determination of AZQ in bio-
logical fluids by, 1855-1867

determination of thiamphenicol
in serum and cerebrospinal
fluid by, 145-154

ionization effects in separa-
tion of iodoamino acids by,
1709-1724

measurement of retention indi-
ces of glucuronide metabo-
lites by, 271-278

preparative, isolation of epi-
meric alcohols obtained from
reduction of pregnenolone
and progesterone, 1797-1805

purification of commercially
prepared bovine trypsin by,
1765-1775

purification of halogenated
fluorescein dyes by, 51-59

quantitation of ortho-linked
phenolformaldehyde oligomers
by, 13-22

qualitative analysis of su-
crose fatty acid esters by,
1195-1205

separation of cobalt(III) bis-
(ethylenediamine) amino acid
complexes by, 689-700

separation of oligosaccharides
by, S260-S267

separation of pigment compo-
nents of Serratia marcescens
08 by, 61-69
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separation of precocenes and
derivatives by, 1569-1576
separation and quantitation
of N-(1,3-dimethylbutyl)-N'-
phenyl-p-phenylenediamine
(DBPD) and N- (2-propyl)-N'-
phenyl-p-phenylenediamine
(IPPD) in urine by, 279-
284
separation of tryptic pep-
tides by, 1725-1744
use of carboxylic acids in
the mobile phase, 1323-1338
reverse-phase isocratic
analysis of putrescine from
plant tissue by, 1269-1280
assay of cyclocytidine hydrol-
ysis products by, 887-896
and gradient, quantitation
of tolmetin, indomethacin,
and sulindac in plasma by,
1987-2013
separation of p-—aminohippuric
and N-acetyl-p-aminohippur-
ic acid by, 1609-1617
separation of fatty acid
derivatives by, 1817-1829
reverse—-phase paired-ion
analysis of 6-diazo-5-oxo-L-
norleucine in plasma and
urine by, 1641-1649
of peptides, 1547-1567
reverse-phase, time-dependent,
determination of zero reten-—
tion times by, 1875-1886
separation of globin chains by,
1381-1392
separation of labdadiene and
labdatriene by, 525-532
separation of long-chain fatty
alcohols from Mycobacterium
tuberculosis H37Ra by,
1207-1218
separation of menthol isomers
by, 1869-1874
separation of 4-nitroquinoline
l-oxide (NQO) from its me-
tabolites by, 299-308
separation of pharmacologically
active components from poi-
son of plant origin by,
549-557
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[High-performance (pressure)
liquid chromatography
(HPLC) ]

separation and quantitation of
o—phthalaldehyde derivatives
of taurine by, 1281-1291

separation and quantitation of
prostaglandins by, using
triethylamine formate buffer,
1261-1268

separation of tetralin hydroper-
oxide by, 539-547

statistical method of solvent
selection for, 2091-2120

and TLC, separation of anthra-
cyclinones mixture by, 977-
983

urinary organic acid profiling
by, 1587-1600

High-resolution anion-exchange
chromatography, analysis of
nucleic acid components in
human erythrocytes by, 129-
143

Hormones

antijuvenile. See Precocenes

steroidal, application of TLC to
HPLC separation of, 1035-
1064

HPLC. See High-performance (press-—
ure) liquid chromatography
(HPLC)

Hydrodynamic chromatography, of
particle suspensions, S$295-
S320

Hydrogen bonding, in adsorption
chromatography, 2152-2158

Hydrogen peroxide oxidation, of
pigment extract, 61-69

4-Hydroxyaminoquinoline l-oxide
(HAQO), separation of 2-ni-
troquinoline from, 299-308

25-Hydroxycholealciferol, extrac-
tion and purification of
from serum with Sep-Pak C;g
cartridge, 2023-2037

25-Hydroxyergocalciferol, extrac-
tion and purification of
from serum with Sep-Pak Cjg
cartridge, 2023-2037

Hypnotics, identification of in
serum, by HPLC, 501-504
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L

Indomethacin, quantitation of in
plasma, by RP-HPLC, 1987-
2013
Insecticides. See Carbamate insec-
ticides; Organophosphorous
insecticides
Iodoamino acids
influence of ionization equili-
bria on retention behavior
of, 1709-1724
reaction, chromatographic sep-
aration, and characteriza-
tion of, 813-824
Ion-exchange chromatography,
2165-2170, S193-5227
analysis of a-ketocarboxylic
acids by, 1219-1224
application of overpressured
TLC to, 985-1005
of carbohydrates, S195-S227
separation of oligosaccharides
by, S237-S243
separation of pharmacologically
active components from poi-
son of plant origin by, 549-
557
use of tantalum selenite for
separation of metal ions
85-95
Ion—-exchanger
inorganic
cerium(IV) phosphosilicate
1245-1259
ferric phosphate as, 1473-
1485
tin(IV) phosphosilicate as,
914-924
liquid, 2169
organic, cerium(IV) phosphosil-—
icate as, 1245-1259
stannic selenophosphate as, 1225-
1244
Ion-pair chromatography
reverse-phase
of amines on alkyl-bonded
phases, retention in, 1435-
1457
analysis of drugs by, with
isocratic mobile phases,
399-408

by,

as,
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[Ion-pair chromatography, reverse-
phase]
effect of variables on capa-
city factors in separation
of drugs, 337-355
hydrophilic, for peptide map-
ping, 599-612
separation of L-methionine and
L-methionine dipeptides by,
681-688
separation of tryptic glyco-
peptides from viruses by,
587-598
separation of oligosaccharides
by, S267-S268
Iron3+, separation of from nickel
electroplating bath, 85-95
Isotherm, excess adsorption, de-—
pendence of capacity ratio
on type of, in binary mobile
phase, 227-236

K

a-Ketocarboxylic acids, analysis
of by ion-exchange HPLC,
1219-1224

Kraft mill effluents, analysis of
dehydroabietic acid in,
1807-1815

L

Labdadiene, peak-shaving recycle
technique for separation of,
525-532

Labdatriene, peak-shaving recycle
technique for separation of,
525-532

Lacinilenes, extraction of from
cotton bracts, by HPLC, 515-
524

Lanthanum antimonate, as an ion-
exchanger, 2223-2228

LC. See Liquid chromatography

LCEC. See Liquid chromatography
and electrochemistry

Lead (II), separation and recovery
of on ferric phosphate col-
umns, 1473-1485
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Ligand-exchange
2161-2162
separation of
mates by,
Lipid classes
analysis of, of blood, milk,
tissue, and egg yolk, by
TLC, 1007-1021
quantitative densitometry of in
situ, separated by TLC,
1023-1024
Liquid chromatography
application of to oligosaccha-
ride fractionation, S175-
$293
basic book on (book review),
1677
in clinical analysis, 2083
general characteristics of,
§177-S179
preparative
recycling technique in, 237-
249
with highly compressed beds,
S$141-5173, S$359-5398
Liquid chromatography and electro-
chemistry (LCEC), reductive,
of organic compounds, 1777-
1795, S$321-S357
detection mode for, S$337-S346
electrode materials for, S330-
S§337
mobile phase considerations in,
5$326-S320
Liquid column chromatography,
reverse-phase, tributyl
phosphate as stationary
phase in, 309-323
Liquid-1liquid chromatography
partition, S233-S236
thermodynamic model for, with a
binary mobile phase, 23-29
Liquid-solid chromatography,
2121-2145
Luteinizing hormone-releasing hor-
mone analog. See Decapeptide

chromatography,

amino acid race-
701-712

M

Medical chemistry, applications of
LC in, S276



Menthol isomers,
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separation of by
normal phase HPLC, 1869-1874

Mercury chelates, separation of by

TLC, 841-847

Mercury(I1), quantitative separa-

tion of from metal ions, by
TLC, 2223-2228

Metal ions

allied, separation and determi-
nation of by TLC and ring
colorimetry, 1577-1585

determination of trace amounts
of in steel, nickel-chromi-
um-iron alloys, zirconium,
and uranium, by HPLC, 379-398

labile, gel chromatographic be-
havior of, 259-269

quantitative separation of mer-—
cury(I1) from, by TLC, 2223-
2228

separation of on collidium tung-
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o-cyclodextrin as, in TLC, 1065-
1085

in environmental analysis, S104-
5106

isocratic, analysis of drugs by
reverse-phase ion-pair chro-
matography with, 399-408

methanol/water, alkyl-bonded
phase efficiency with, 1917-
1931

modifiers, carboxylic acids as,
1323-1338

solute-solvent interaction in,
in liquid-solid chromatog-
raphy, 2121-2145

tetrahydrofuran/water, alkyl-
bonded phase efficiency with,
1917-1931

Molecular weight averages, exami-

nation of, in GPC, 197-226

Monothio-B-diketonate, separation

stoarsenate papers, 2073- of nickel, zinc, and cobalt
2079 complexes of, by TLC, 907-
use of tantalum selenite for 914
separation of, by ion-ex- Monothio-B-diketonate chelates,
change chromatography, 85-95 separation of, by TLC, 897-
Metaprolol, determination of, by 905
HPLC, 483-500 Multivitamins, determination of
Methicillin, determination of in vitamin D in, by HPLC, 155-
serum, 1525-1545 164
L-Methionine, complexed with pal-  Mycobacterium tuberculosis H37Ra,
ladium(II), separation of, separation of long-chain
by ion-pair RP-HPLC, 681-688 fatty alcohols from, by
3-Methyl-2-cyclohexen—1-one, anal- HPLC, 1207-1218
ysis of in a controlled-re-  Mycotoxins
lease formulation, by HPLC, analysis of, by TLC, S43-562
165-170 HPLC versus TLC for, S54-S56
Milk, lipid classes of, analysis simultaneous detection of, by
of, by TLC, 1007-1021 TLC, S53-S54
Mobile phase
acetonitrile/water, allyl-bonded

phase efficiency with, 1917- N
1931
binary Nafcillin, determination of in

dependence of capacity ratio
on excess adsorption iso-
therm in, 227-236

thermodynamic model for liq-
uid-1liquid chromatography
with, 23-29

carboxylic acids as modifiers

for, 1323-1338

serum, 1525-1545
Naphthols, separation of, by TLC,
1065-1085
Nickel-chromium-iron alloys, de-
termination of trace amounts
of metal ions in, by HPLC,
379-398
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Nickel electroplating bath, sep-
aration of Fe3t from, 85-95
Nicotinamide adenine dinucleotide
phosphate, separation of,
by HPLC, 325-335
Nifuroxazide, determination of in
biological fluids, 2039-2061
Nitromethane, as fluorescence
quenching agent, 1339-1349
4-Nitroquinoline l-oxide (NQO),
separation of from metabo-
lites, by HPLC, 299-308
Norethindrone, analysis of in
plasma, by HPLC, 874-877
Nucleic acid components, of human
erythrocytes, analysis of,
by high-resolution anion-
exchange chromatography,
129-143

0

Ochratoxins, analysis of, by TLC,
S47-S48
Octadecylsilane-bonded silica car-
tridge, reverse-phase. See
Sep-Pak C;g cartridge
Octadecylsilyl-bonded column, HPLC
behavior of sulfated bile
acids on, 1351-1359
Oligomers, ortho-linked phenol-
formaldehyde, quantitation
of by RP-HPLC, 13-22
Oligopeptides
analysis of by RP-HPLC with tri-
ethylamine-formic acid buf-
fer, 721-733
protected, binary solvent sys-
tems for separation of, by
silica gel LC, 409-423
Oligosaccharide fractionation,
application of LC to, S175-
293
Optical isomers, resolution of, of
amino acids, 701-712
Optimal cycle number, determination
of, in preparative LC, 237-
249
Organic compounds
electrochemistry of, S$323-S326
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nitrogenous, identification of
in municipal water, by
stopped-flow spectral scan-
ning technique, 791-811
reductive LCEC of, S321-S357
Organochlorines, analysis of, by
HPLC, S112
Organometallic complexes, reten-
tion behavior of, in HPLC,
765-783
Organophosphorous insecticides,
analysis of, by HPLC, S112
Osazone derivative, ascorbic acid
determination by hydrophobic
LC of, 1619-1640
Oxacillin, determination of in
serum, 1525-1545
Oxprenolol, determination of, by
HPLC, 483-500

Packings
bonded, in preparative LC,
S$384-5390
ion-exchange, in preparative LC,
$390-5391
Palladium(II), L-methionine and
L-methionine dipeptides com-
plexed by, separation of,
681-688
Paper chromatography
peak, determination of micro-
gram amounts of copper by,
251-257 ;
separation of metal ions by, on
collidinium tungstoarsenate
papers, 2073-2079
Particle size analysis, identifi-
cation and estimation of in-
strumental spreading func-
tion in, 459-482
Particle size distributions, cal-
culation of, S313-S314
Particle suspensions
hydrodynamic and size—exclusion
chromatography of, S295-
S$320
imperfect resolution correction
for, 425-458
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Partition chromatography, 2162-
2165
separation of oligosaccharides
by, S246-S268
Partition coefficients, octanol-
water, measurement of, by
HPLC, S116
Patulin, analysis of, by TLC, S49
Peak broadening, minimization of,
in aqueous GPC, 1903-1916
Peak separation
optimization of, in aqueous GPC,
1903-1916
theoretical analysis of, S308-
S313
Penicillic acid, analysis of, by
TLC, S49-850
Penicillins, penicillinase-resist-
ant, determination of in
serum, by HPLC, 1525-1545
Pentachlorophénql laurate, deter-
mination of in canvas, 785-
790
Peptide mapping, by hydrophilic
ion-pair RP-HPLC, 599-612
Peptides
amino acid analysis of, by RP-
HPLC, 565-586
analysis of group retention con-
tributions for, separated by
RP-HPLC, 1745-1764
derivatives, characterization of,
by TLC, prepared during pro-
tease-mediated peptide syn-
thesis, 1947-1959
pairing ion effects of RP-HPLC
of, 1547-1567
synthetic, purification of, by
preparative HPLC with radi-
ally compressed columns,
611-680
tryptic, semi-preparative sepa-
ration of, on reverse-phase
silica, 1725-1744
Peptide synthesis, protease-media-
ted, 1121-1134
characterization of amino acid
and peptide derivatives pre-
pared during, 1947-1959
Petroporphyrins, fractionation and
fingerprinting of, by HPLC.
749-764
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pH
influence of on chromatic behav-
ior of acidic compounds,
1961-1985
influence of on peptide retention
to hydrocarbonaceous silicas,
1547-1567
Pharmaceutical formulations
analysis of aldicarb and carbar-
yl in, 1663-1676
analysis of dexamethasone 21
acetate in, by RP-HPLC,
298
determination of reserpine in,
by HPLC, 1651-1661
determination of water-soluble
vitamins in, 1157-1171
Phenacyl ester, quantitative de-
termination of C-18 fatty
acids as, by RP-TLC, 2193-
2203
Phenethylamine derivatives, re—
tention in ion-pair RP-HPLC
of, 1435-1457
Phenolic compounds
analysis of, by HPLC, S114
separation of, by TLC with a-
cyclodextrin mobile phase,
1065-1085
Pheromone
determination of components of
in boll weevil, by HPLC,
1409-1416
See also 3-Methyl-2-cyclohexen-
l-one (MCH)
o-Phthalaldehyde derivatives of
taurine, separation and
quantitation of, by HPLC,
1281-1291
Phthalate esters, analysis of, by
HPLC, S114-S115
o-Phthaldialdehyde, as a precol-
umn derivatizing reagent for
primary amino acids and
amino acid analysis of pep-
tides, 565-586
Pigment components, separation of,
by RP-HPLC, 61-69
Pindolol, determination of, by
HPLC, 483-500
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Plant tissue, analysis of putres-
cine from, by isocratic RP-
HPLC, 1269-1280

Plasma

analysis of norethindrone in, by
HPLC, 871-877
analysis of tricyclic antide-
pressants in, by RP-HPLC,
849-862
determination of B-blocking
agents in, by HPLC, 483-500
determination of theophylline in,
by HPLC, 97-107
human
analysis of 6-diazo-5-oxo-L-
norleucine in, 1641-1649
quantitative determination of
acenocoumarin in, by HPLC,
833-840
quantitative determination of
CGS 5391B in, by automated
HPLC, 2015-2022
quantitation of tolmetin, indo-
methacin, and sulindac in,
by RP-HPLC, 1987-2013
Plates
commercially available, for RP-
TLC, S73-S77
use of, S77-S80
removal of background materials
from, 1097-1112
TLC
development of in the anti-
circular mode, 1393-1400
development of, recent advan-
ces in, 957-965
shape of, recent advances in,
965-966
Poison, African arrow
separation of pharmacologically
active components from, by
TLC, ion—exchange chromatog-
raphy, and HPLC, 549-557
solvent system for isolation of
toxicologically active com-
ponents of, 1847-1854

Polyacrylamide gel chromatography,
S184-S188

Polyacrylic acid and derivatives,
analysis of, by SEC, S8-S10

Polyalkenes, analysis of, by SEC,
S4-S6, S17-S18
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Polyamides
analysis of, by SEC, S19-S20
as stationary phase, 1065-1085,
2153-2155
Polyarylene oxides, analysis of,
by SEC, S17-518
Polycarbonates, analysis of, by
SEC, S18-S19
Polycyclic aromatic hydrocarbons,
fluoranthenic, quenchofluoro-
metric detection of in HPLC,
1339-1349
Polydienes, analysis of, by SEC,
56-S8
Polyelectrolytes, GPC of, 1297-
1309
Polyesters, analysis of, by SEC,
$18-519
Polyisoprenes, analysis of, 1-12
Polymers
analysis of, by SEC, S1-S12
corrections for imperfect res-—
olution in, 1697-1707
Polymer solution, effect of con-
centration and injected
volume of on elution vol-
umes in SEC, 181-196
Polynuclear aromatic hydrocarbons
analysis of, by HPLC, S113-S114
collection and concentration of
using Sep-Pak C;g cartridges,
1459-1472
Poly(oxypropylene), analysis of,
by GPC, 197-226
Polypeptides
GPC of using N-acetylaminopro-
pylsilica stationary phase,
1361-1379
separation of by high-speed gel
filtration in denaturants,
613-627
Polyphosphate, inorganic long-
chain, characterization of,
by Sephadex G-100 column
with AutoAnalyzer detector,
1891-1901
Polysiloxanes, analysis of, by
SEC, S20-S21
Poly (sodium styrene sulfonates),
aqueous GPC of, 1903-1916
Polystyrene latices
analysis of by SEC, correction
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[Polystyrene latices]

method for, 425-458
particle size distribution of,

by SEC, 459-482

Polystyrenes, analysis of, by SEC,
S13-S14

Polysulphones, analysis of, by
SEC, S21

Polyurethanes, analysis of, by
SEC, S20

Polyvinyl alcohol, analysis of,
by SEC, S10-S12

Polyvinyl esters, analysis of, by
SEC, S10-S12

Polyvinyl halides, analysis of, by
SEC, S10-S12

Polyvinylpyridine, analysis of, by
SEC, Sl4

Polyvinylpyrrolidone, adsorption
of on silica in aqueous
medium, 1311-1322

Prophyrin mixtures from geological
samples. See Petroporphyrins

Precolumn labeling procedure, o-
phthaldialdehyde, amino acid
analysis of peptides, 565-
586

Precocenes, and their derivatives,
separation of, by RP-HPLC,
1569-1576

Pregnenolone, reduction of, iso-
lation of epimeric alcohols
obtained from, 1797-1805

Proazulenes, true, isolation of
from Artemisia arborescens
L., by preparative HPLC,
1601-1607

Prodigiosin, 61-69

Progesterone, reduction of, iso-
lation of epimeric alcohols
obtained from, 1797-1805

Porpranolol, determination of, by
HPLC, 483-500

N-(2-Propyl)-N'-phenyl-p-phenyl-
enediamine (IPPD), separa-
tion and quantitation of in
urine, by RE-HPLC, 279-284

Prostaglandins, separation and
quantification of, by HPLC
with triethylamine formate
buffer, 1261-1268
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Proteins
bovine skim milk, separation of,
by GPC, 639-649
GPC of, using N-acetylamino-
propylsilica stationary
phase, 1361-1379
Putrescine, analysis of from plant
tissue, by isocratic RP-
HPLC, 1269-1280
Pyrazolin-5-ones, separation of,
by TLC, 2229-2232
Pyridine nucleotide cycle, sepa-
ration of components of,
by HPLC, 325-335

Q

Quenchofluorometric detection
system. See Fluorescence
quenching

R

Radioimmunoassay, and HPLC, quan-
titation of digoxin in se-
rum by, 879-886
Recycling technique
peak shaving, use of for separa-
tion of labdadiene and lab-
datriene, 525-532
in preparative LC, 237-249
Refractometry detection, differ-
ential, S271, S306-S308
Reserpine, determination of in
pharmaceutical formulations
by HPLC, 1651-1661
Resins
all-ortho novolac, quantitation
of, by RP-HPLC, 13-22
as ion-exchangers, 2168-2169
Resolution, imperfect
correction method for in chro-
matography of particle sus-
pensions, 425-458
corrections for, in SEC,
1707
Resolution mapping, overlapping,
statistical data analysis
of solvent selection using,
2091-2120

1697-
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Retention coefficients, amino acid,
analysis of for peptides
separated by RP-HPLC, 1745-
1764

Retention indices, measurement of,
of glucuronide metabolites,
by HPLC, 271-278

Ribonucleotides, analysis of, by
RP-HPLC, using ion-pairing,
1511-1524

Rod chromatography. See TLC/flame
ionization detector analy-
sis, using quartz rods

Rose petals, powders from, esti-
mation of soluble sugars in,
by HPLC, 1401-1408

RP-HPLC. See High-performance
(pressure) liquid chromatog-
raphy, reverse—phase

RP-TLC. See Thin-layer chromatog-
raphy, reverse-phase

S

Saccharides, cation-exchange
chromatography of, S221-
$227

Schally analog, assay of in lyo-
philized vials, by HPLC,

1135-1156

SEC. See Size-exclusion chromatog-
raphy

Secalonic acid, analysis of, by
TLC, $52

Sedatives, identification of in

serum, by HPLC, 501-504
Selenite. See Tantalum selenite
Sepharose CL-6B, column chromatog-

raphy with, preparation of

chlorophyll by, 533-538
Sep-Pak Cjg cartridges

collection and concentration of
environmental samples using,

1459-1472

extraction and purification of
25-hydroxycholealciferol

and 25-hydroxyergocalciferol

from serum with, 2023-2037
Serratia marcescens 08, separation

of pigment components of, by

RP-HPLC, 61-69
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Serum
determination of cefoperazone
in, by HPLC, 123-128
determination of chlorampheni-
col in, by HPLC, 171-176
determination of penicillinase-
resistant penicillins in,
by HPLC, 1525-1545
determination of thiamphenicol
in, by RP-HPLC, 145-154
extraction and purification of
25-hydroxycholecalciferol
and 25-hydroxyergocalcifer-
ol from, 2023-2037
identification of sedatives
and hypnotics in, by HPLC,
501-514
quantitation of digoxin in, by
HPLC and radioimmunoassay,
879-886
Silica-based double salts. See
Cerium(IV) phosphosilicate
Silica chromatography, S160-S168,
S$376-5382
Silica gel, as stationary phase,
2155-2157
Silica gel liquid chromatography
binary solvent systems for sep-
aration of oligopeptides by,
409-423
determination of pentacholoro-
phenol laurate by, 785-790
Size-exclusion chromatography
(SEC)
analysis of polymers by, S1-S42
aqueous, of water soluble poly-
mers, using polyvinylpyr-
rolidone-coated silica,
1311-1322
corrections for imperfect reso-
lution in, 425-458, 1697-
1707
effect of concentration and in-
jected volume of polymer
solution on elution volumes
in, 181-196
identification and estimation
of instrumental spreading
function in, 459-482
influence of concentration on
calculation of intrinsic
viscosity in, 741-748
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[Size~exclusion chromatography]
of particle suspensions, S$295-
$320
and UV-RI detection system, de-
termination of compositional
heterogeneity of copolymers
by, 1685-1696
Sodium dodecyl sulphate, separa-
tion of polypeptides in, by
high-speed gel filtration,
613-627
Solutes
differences in molecular sizes
of solvents and, in liquid-
solid chromatography, 2121-
2145
retention, theory of, S69-S73
Solvents
differences in molecular sizes
of solutes and, in liquid-
solid chromatography, 2121-
2145
influence of on selectivity and
elution order in isocratic
separation of fatty acid de-
rivatives, 1817-1829
non-eluting, influence of on re-
tention volume, peak broad-
ening, and chromatographic
behavior of drugs in biolog-
ical fluids, 2039-2061
for preparative LC, S368-5369
selection, termary, statistical
data analysis for optimiza-
tion of, 2091-2120
systems
binary, design of for separa-
tion of protected oligopep-
tides by GLC, 409-423
selection of for isolation of
toxicologically active com-
ponents of African arrow
poison, 1847-1854
Sotalol, determination of, by
HPLC, 483-500
Spectral scanning technique,
stopped-flow, identification
of nitrogenous organic com-—
pounds in municipal water
by, 791-811
Spotters, recent advances in,
TLC, 969-970

for
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Spreading function, instrumental,
identification and estima-
tion of, in SEC, 459-482
Steel, determination of trace
amounts of metal ions in,
by HPLC, 379-398
Sterigmatocystin, analysis of, by
TLC, S51
Stannic selenophosphate, thermally
stable, synthesis, ion-ex-
change properties, and appli-
cations of, 1225-1244
Stationary phase
N-acetylaminopropylsilica, 1361-
1379
bonded N-acetylaminopropylsilica
in GPC of polypeptides and
proteins, 1361-1379
chiral, separation of amino
acids on, by ligand-exchange
chromatography, 701-712
effect of on capacity factor in
ion-pair chromatographic
separation on, 337-355
modifying of, 2159-2160
in TLC, 2147-2174
physically coated versus chem-
ically bonded, in RP-HPLC,
S$65-569
polyamide, in TLC, 1065-1085
tributyl phosphate as, in RP-
HPLC, 309-323
Sugars, soluble, estimation of in
powders from rose petals,
by HPLC, 1401-1408
Sulindac, quantitation of in
plasma, by RP-HPLC, 1987-
2013
Sweepco distillation unit, use of
to clean up biological
samples, 1097-1112

T

Tantalum selenite
synthesis and ion-exchange prop-
erties of, 85-95
use of for metal ion separation
by ion-exchange column chro-
matography, 85-95



SUBJECT INDEX TO VOLUME 4

Tetralin hydroperoxide, separation
of, by HPLC, 539-547
Tetrametaphosphate, gel chromato-
graphic behavior of, 259-269
Taurine (2—aminoethanesulfonic
acid), assay of, using HPLC,
1281-1291
Theophylline, determination of in
plasma, by HPLC, 97-107
Thiamphenicol, determination of in
serum and cerebrospinal
fluid, by RP-HPLC, 145-154
Thin-layer chromatography
analysis of mycotoxins by, S43-
S62
application of to HPLC separa-
tion of steroidal hormones
and cephalosporin antibio-
tics, 1035-1064
characterization of amino acid
and peptide derivatives pre-
pared during protease-media-
ted synthesis, 1947-1959
continuous, separation of di-
chlorobenzene isomers by,
2205-2212
o—-cyclodextrin as a mobile phase
in, 1065-1085
effect of vapor phase and solvent
flow velocity on, 985-1005
/flame ionization detector anal-
ysis using quartz rods, 2175
2195
applications of, 2182-2189
instrument design details of,
2179-2181
principles of operation of,
2176-2179
and HPLC, separation of anthra-
cyclinones mixture by, 977-
983
instrumental
1113-1114
ion-exchange
assay of pryimidine synthesis
enzymes by video densitom-—
etry and, 2213-2221
quantitative separation of
mercury(II) from metal ions
by, on lanthanum antimonate,
2223-2228

(book review),
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separation of amino acids by,
2233-2241
overpressured
effect of vapor phase and sol-
vent flow velocity on, 985-
1005
ion-exchange application of,
985-1005
quantification in, 967-969
quantitative densitometry of
lipid classes in situ, sep-
arated by, 1023-1034
recent developments in, 955-975
reverse-phase
bonded phase, analytical ap-
plications of, S80-S83
coated phase, analytical ap-
plications of, S83-S87
limitations of, S89-S91
mixed phases, analytical ap-
plications of, S88-S89
quantitative determination of
C-18 fatty acids by, as
phenacyl esters, 2193-2203
separation of dichlorobenzene
isomers by, 2205-2212
theory and application, S63-
597
and ring colorimetry, separation
and determination of allied
metal ions by, 1577-1585
separation of copper and mercury
chelates by, 841-847
separation of monothio-B-dike-
tonate complexes by, 897-
905, 907-914
separation of pharmacologically
active components from poi-
son of plant origin by,
549-557
separation of pyrazolin-5-ones
by, 2229-2232
sintered, 2170-2171
stationary phases in, 2147-2174
statistical method of solvent
selection for 2091-2120
systems, for separation of afla-
toxins, 1087-1096
use of in zenobiology, 931-953
Thin-layer plates. See Plates
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Thin-layer radiochromatography, use Urinary organic acids, profiling

of on captopril, 945-952

Timolol, determination of, by HPLC,
483-500

Tin(IV)-based ion-exchangers, com-
parison of stannic seleno-
phosphate with, 1225-1244

Tin(IV) phosphosilicate, synthesis
and analytical applications
of, 915-924

Tissue, lipid classes of, analysis
of, by TLC, 1007-1021

TLC. See Thin-layer chromatography

Tocopherols, brain, assay of, by
HPLC, 109-121

Tolmetin, quantitation of in plas-
ma, by RP-HPLC, 1987-2013

Trace enrichment, pre-column, ad-
sorption step in, 1933-1945

Triazines, analysis of, by HPLC,
S113

Tributyl phosphate, as stationary
phase, in RP-HPLC, 309-323

Tricyclic antidepressants, analy-
sis of in plasma, by HPLC,
849-862

Trimetaphosphate, gel chromato-
graphic behavior of, 259-269

Trypsin, bovine commercially pre-
pared, purification of, by
RP-HPLC, 1765-1775

Tryptic digest, of hemoglobin
variants, characterization
of by hydrophilic ion-pair
RP-HPLC, 599-612

Tryptic glycopeptides, separation
of from viruses, by ion-
pair RP-HPLC, 587-598

U

Ultraviolet spectrometry, in car-
bohydrate detection,S271-
S273

Universal calibration averages,
examination of in GPC, 197-
226

Uranium, determination of trace
amounts of metal ions in, by
HPLC, 379-398

of, by HPLC, 1587-1600
Urine

analysis of 6-diazo-5-oxo-L-
norleucine in, 1641-1649

determination of B-blocking
agents in, by HPLC, 483-500

separation and quantification of
N-(2-propyl)-N'-phenyl-p-
phenylenediamine (IPPD), and
N-(1,3-dimethylbutyl)-N"'-
phenyl-p-phenylenediamine
(DBPD) in, by RP-HPLC, 279-
284

v

Van der Waals forces, in adsorp-
tion chromatography, 2158-
2160

Viomellein, analysis of, by TLC,
§52-553

Viruses, separation of tryptic
glycopeptides from by ion-
pair RP-HPLC, 587-598

Viscosity, intrinsic, influence
of concentration on calcu-
lation of, in SEC, 741-748

Vitamin D, determination of in
multivitamin preparations,
by HPLC, 155-164

Vitamins, water soluble, determi-
nation of in pharmaceutical
preparations, 1157-1171

Vomitoxin, analysis of, by TLC,
S51-S852

W

Water-methanol ratio, effect of on
capacity factor in ion-pair
chromatographic separation,
337-355

Water, municipal, identification
of nitrogenous organic com-—
pounds in, by stopped-flow
spectral scanning technique,
791-811
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Wood chemistry, applications of LC
in, S274

X

Xanthese dyes. See Dyes, halogena-
ted fluorescein

Xanthomegnin, analysis of, by TLC,
§52-853

Xenobiology, experimental, use of
TLC in, 931-953
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Z

Zearalenone, analysis of, by TLC,
S48-549

Zero retention times, determination
of by temperature dependent
RP-HPLC, 1875-1886

Zirconium, determination of trace
amounts of metal ions in,
by HPLC, 379-398
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