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Evaluation and Optimal Combination of TLC Systems for
Qualitative Identification I: Sulfonamides

H. De CLERCQ, D. L. MASSART %, and L. DRYON

Abstract O A mathematical criterion for the evaluation of chromato-
graphic analysis procedures s given by the information content as derived
from Shannon’s equation. This information content yields a numerical
value representative of the merits of each chromatographic separation
and thus allows selection of the optimal systems. In most cases, however,
one analysis is not sufficient to allow the qualitative identification of the
sample. Therefore, several chromatographic systems are combined. Two
approaches allow the desired combination; one either calculates the in-
formation content of several procedures as one mathematical value or
classifies the systems according to mutual resemblance by numerical
taxonomy techniques. From the resulting groups of dissimilar systems,
one optimal system can be chosen per group according to the information
content. The results obtained by these mathematical procedures are il-
lustrated with a practical example: the selection and evaluation of systems
for the TLC analysis of sulfonamides.

Keyphrases 0 TLC—systems, evaluation and optimal combination for
qualitative determination of sulfonamides O Sulfonamides, various—
TLC systems for qualitative determination, evaluation and optimal
combination

TLC is one major method in pharmaceutical analysis
for the identification of organic compounds, and there is
an enormous literature on the subject. It is not always easy
to select the best TLC systems from the many that have
been published, and it is more difficult to select the optimal
combination of two or more systems. The reasons for this
difficulty are: .

1. The systems (any combination of stationary phase
and solvent) are developed by many different workers, who
use slightly different development procedures, saturation
conditions, etc.

2. Most investigators do not use objective value judg-
ments but rather state that their separation procedures
yield either “good” or “excellent” or “poor” results for a
group of substances. Furthermore, while it is rather easy
to characterize a separation of two substances, it is often

more difficult to characterize a separation of 10 sub-
stances.

3. Even if the selection of the individually best systems
is possible, it is often nearly impossible to obtain, on sight,
the optimal combination, since the best combination of n
systems does not necessarily contain the n individually
best systems.

It is necessary to create some order out of this chaotic
literature. One way to do this is to compile the literature
available for restricted application domains (1). Another
approach consists of a comparison under standardized
conditions of reported systems (and, in the present case,
of some new systems). Formal methods are then used for
the evaluation and optimal combination of the TLC sys-
tems.

EXPERIMENTAL

Reagents and Chemicals—All solvents were reagent grade, and
reference sulfonamides were used as 0.2% (w/v) solutions in acetone.
Sulfanilamide was always used as an internal standard.

Adsorbent—Precoated TLC silica gel 60 F-245 plates! and precoated
TLC aluminum oxide 60 F-254 plates! (type E) were used.

Detection was by UV light (254 nm).

Apparatus—The plates were developed in carefully controlled satu-
ration conditions? and standardized at 40% relative humidity.

RESULTS

The separation systems proposed in the literature and a few others were
investigated (Tables I and II). Table I contains those systems for which
a preliminary screening with seven sulfonamides yielded unpromising
results (bad streaking of the spots, all hR; values near 0 or 100, etc.).

Table 11 lists the systems that passed the screening stage. The sul-

1 Merck, Darmstadt, Germany.
2 Vario-K8-Chamber, Camag, Muttenz, Switzerland.
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Table I—Systems Investigated but Rejected after the Screening Test

Solvent Stationary Phase Reference
Chloroform-ethanol (80:15) Aluminum oxide 2
Chloroform-2-propanol (80:15) Aluminum oxide 2
Chloroform-1-butanol (80:15) Aluminum oxide 2
Chloroform-propanol (80:15) Aluminum oxide 2
Chloroform-1-pentanol (80:15) Aluminum oxide 2
Chloroform-acetone (50:50) Aluminum oxide 2
Chloroform-acetic acid (95:5) Aluminum oxide 2
Chloroform-acetic acid (90:10) Aluminum oxide 2
Ether-methanol (90:10) Aluminum oxide 2
Ether—ethanol (90:10) Aluminum oxide 2
Benzene-ethanol (80:20) Aluminum oxide 2
Ethyl acetate saturated with water Aluminum oxide —
Chloroform-methanol (80:15) Aluminum oxide —
Methanol-1-pentanol-benzene (31:15:45) Aluminum oxide —
Acetone—methanol-25% ammonia (85:15:15) Aluminum oxide —
Acetone-methanol-25% ammonia (75:10:5) Aluminum oxide —
Acetone Aluminum oxide —
Ethyl acetate Aluminum oxide —
Ethanol Aluminum oxide —
Chloroform Silica gel —
Chloroform-methanol (95:5) Silica gel 3,4
Chloroform-methanol (90:10) Silica gel 5
Chloroform-methanol (80:20) Silica gel 6
Chloroform-methanol (70:30) Silica gel —
Chloroform—dioxane (95:5) Silica gel 3
Chloroform-ethanol (80:10) Silica gel 7
Chloroform-acetic acid (95:5) Silica gel —_
Benzene—ethanol (90:10) Silica gel —
1-Butanol-water (90:9) Silica gel —
5% (v/v) Ammonia-1-butanol (50:50) Silica gel 7
Methanol-water (96:8) Silica gel —
Methyl ethyl ketone-pyridine (75:5) Silica gel 7,8
Acetone-methanol-diethylamine (90:10:10) Silica gel 7,8
Diethylamine (absolute)-2-propanol-water (10:50:40) Silica gel 9
Chloroform-methanol-butylamine (85:10:5) Silica gel 3
Dioxane—ammonia-water (100:3:10) Silica gel 10
Chloroform—methanol-acetic acid (94:5:1) Silica gel 3
Cyclohexane-acetone-acetic acid (40:50:10) Silica gel 7,8
1-Butanol-acetic acid—water (30:30:30) Silica gel 11
Methanol-1-pentanol-benzene (31:15:45) Silica gel 12
Methanol-1-pentanol-benzene-water (31:15:45:7) Silica gel 12
Acetone-butanol-water (20:50:30) Silica gel 10
Acetone-benzene-water (65:30:5) Silica gel 10
Benzene—1-butanol-pyridine (30:5:5) Silica gel 13
1-Butanol-methanol-acetone—diethylamine (90:10:10:10) Silica gel 14
Butyl acetate-1-butanol-acetone-10% ammonia (30:30:40:10) Silica gel 15

fonamides in Table Il were chromatographed with each system in Table
IL

DISCUSSION

Evaluation of Individual Systems—To evaluate the systems
objectively, it is necessary to assign a figure of merit to each of the 56
systems remaining after the screening test. This assignment is done by
calculating I, the information content, using a procedure analogous to
the one introduced by Massart (31). The Ry range is divided into m Ry
groups of given class width (e.g., 0.05 Ry unit); for each m group, there
is a distinct probability, pg, that the unknown sulfonamide will have an
R value within the limits of this class. If there is an equal probability of
occurrence for each sulfonamide in the set, the probability, pg, of finding
an Ry value from an Ry class containing ry members of the n that comprise
the complete set equals r,/n. -

The information content, expressed in bit, can then be described by
Shannon’s (32) equation:

I=- f r—klogz (r—k>
=1n

(Eq.1)
n

For example, in System 1 (Table IIT), four Ry values are found in the first
Ry class (0-0.04), one Ry value is found in the next class (0.05-0.09), etc.
Therefore, the information content of the first Ry class equals — (4/22)
loge (4/22) = 0.45.

By addition of the information content calculated for each class, a
global information content value is obtained, characteristic of the merit
of the chromatographic system under investigation. The information
content (expressed in bit) of each one of the 56 systems remaining after
the screening test is given in Table III.

Selection of an Optimal Combination of Two or More Systems—
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For the selection of an optimal combination of two or more chromato-
graphic systems, i.e., a set of systems containing as much information
as possible, two approaches have been proposed. A combination of the
individually best systems is not necessarily appropriate, since often a
number of those systems give the same information (correlated and,
therefore, redundant information).

The first approach is to consider every possible combination of two or
more systems and to calculate the quantity of information obtained. Such
a procedure was introduced to calculate the information content of
combinations of stationary phases in GLC (33) and to compute “the
discriminating power” for individual systems and for each combination
of two, three, or four systems in chromatographic and spectroscopic
procedures (34).

The second approach is used here; it has the advantage of versatility.
Comparisons of this method with the first approach (33, 34) were pub-
lished elsewhere (35, 36). This second approach is based on the classifi-
cation or clustering of chromatographic systems according to their re-
semblance, i.e., according to similarities in their chromatographic be-
havior. Similar systems are grouped into one class; from each resulting
group (with dissimilar chromatographic characteristics), the individually
best system can be chosen according to an evaluation criterion such as
the information content.

One such classification procedure is numerical taxonomy (NT). Its
application was introduced recently to the choice of optimal sets of sol-
vents in TLC (37). In classification by numerical taxonomy, ann X n
similarity matrix is constructed, using, for instance, taxonomic distance
(37, 38) or correlation coefficients to measure the resemblance between
each pair of systems. The reduction of this matrix can be carried out by
various grouping techniques, e.g., by weighted (37) or unweighted (39)
pair group methods using the arithmetic average.

In a first reduction step, the most similar systems, : and j, are selected,



Table II-—Systems Selected after the Screening Test

Number Solvent Stationary Phase Reference
1 Ether Silica gel 16
2 1-Pentanol Silica gel —
3 1-Butanol Silica gel —
4 1-Hexanol Silica gel —
5 Chloroform-methanol (60:30) Silica gel —
6 Chloroform-methanol (100:30) Silica gel —_
7 Chloroform-methanol (80:15) Silica gel 7,8
8 Chloroform-methanol (100:10) Silica gel 16, 17
9 Chloroform-ethanol (80:15) Silica gel —
10 Chloroform-2-propanol (80:15) Silica gel —_
11 Chloroform-1-butanol (80:15) Silica gel —
12 Chloroform-1-propanol (80:15) Silica gel —
13 Chloroform-1-pentanol (80:15) Silica gel —
14 Chloroform-acetone (50:50) Silica gel —
15 Chloroform-dioxane (80:20) Silica gel 3
16 Chloroform-acetonitrile (50:50) Silica gel 7
17 Chloroform-acetic acid (90:10) Silica gel —
18 Chloroform-hexanol (80:15) Silica gel —
19 Benzene-ethanol (80:20) Silica gel —
20 Benzene-ethanol (70:30) Silica gel —
21 Ether-methanol (90:10) Silica gel —
22 Ether—ethanol (90:10) Silica gel —
23 Ethyl acetate saturated with water Silica gel 12
24 Ethyl acetate-methanot (90:10) Silica gel 6,18
25 1-Butanol saturated with water Silica gel 10
26 1-Butanol-chloroform-diethylamine (70:70:10) Silica gel 19
27 Chloroform-methanol-dimethylformamide (100:10:5) Silica gel 20
28 1-Butanol-formamide-water (50:10:50) upper phase Silica gel 10
29 Methyl isobutyl ketone-acetone-25% ammonia (25:100:25) Silica gel 21
30 Chloroform-methanol-25% ammonia (90:15:2.4) Silica gel 22
31 Chloroform-acetone-methanol-6 N ammonia (60:10:25:0.5) Silica gel 23
32 25% Ammonia-1-methylpropanol-2-propanol-water (15:40:40:5) Silica gel 9
33 25% Ammonia-1-methylpropanol-2-propanol (15:35:40) Silica gel 9
34 Ethyl acetate-methanol-25% ammonia (85:15:15) Silica gel —
35 Ethyl acetate-methanol-25% ammonia (85:30:25) Silica gel _
36 Diethylamine-1-methylpropanol-2-propanol-water (15:40:40:5) Silica gel 9
37 1-Butanol-chloroform-methanol-25% ammonia (40:15:15:15) Silica gel 24
38 1-Butanol-chloroform-acetone-diethylamine (90:10:10:10) Silica gel 24
39 Chloroform-methanol-acetic acid (90:5:5) Silica gel 3
40 Chloroform-1-butanol-petroleum ether (30:30:30) Silica gel 25
41 Chloroform-1-butanol-ether (10:10:10) Silica gel 26
42 Chloroform-ethanol-pentane (35:30:25) Silica gel 7
43 Chloroform-ethanol-heptane (10:10:10) plus 1.5% water Silica gel 27
44 Chloroform-ethanol-heptane (10:10:10) Silica gel 28, 23
45 Chloroform-1-butanol-acetone—formic acid (40:10:10:10) Silica gel 15,17
46 Cyclohexane-acetone-chloroform-ethyl acetate—ethanol (5:10:20:5:5) Silica gel 5
Al 1-Butanol-water (1:1) Aluminum oxide 29
A2 Chloroform-methanol (70:30) Aluminum oxide 30
A3 Methanol-water (96:8) Aluminum oxide 29
A4 1-Butanol saturated with water Aluminum oxide —
A5 Chloroform-acetone (30:70) Aluminum oxide —
A6 Acetone-25% ammonia (75:25) Aluminum oxide —
A7 Acetone-25% ammonia (80:15) Aluminum oxide —
A8 Ethyl acetate-methanol-25% ammonia (85:15:15) Aluminum oxide 21
A9 Methanol-1-pentanol-benzene-water (31:15:45:7) Aluminum oxide —
Al10 Acetone-methanol-25% ammonia (85:15:10) Aluminum oxide —

i.e., the systems showing the smallest taxonomic distance, 4;;, or the
highest correlation coefficient, p;;. These systems are considered to form
one group, i’. The similarity between group i’ and all other systems (e.g.,
1) is then calculated as follows (for instance for weighted pair grouping
of distances):

Ay = A = b (i + Aj1) (Eq. 2)
A new (n — 1) X (n — 1) similarity matrix is constructed by reduction with
one column and one row of the original matrix. This reduction is com-
pleted when all systems are linked to another system or group of systems
in one nonoverlapping hierarchic system of groups and subgroups,
eventually depicted in what is called a dendrogram.

Figure 1 represents the dendrogram resulting from a numerical taxo-
nomic classification of the chromatographic systems in function of the
taxonomic distance. Figure 2 shows the dendrogram in function of the
correlation between the systems.

Systems 3438 (Table III) are not taken into account for the numerical
taxonomy classifications, because too many sulfonamides dissociate in
two or more spots when developed with these solvent combinations.

Successive breaking of the links on the lowest three levels of the den-
drogram yields, consecutively, two, three, and four groups of systems.

In Fig. 1, the individually best systems (i.e., with the highest information
content) in each group are Systems 4 and A7, successively joined by
Systems 29 and A9. A combination of these four systems allows identi-
fication of 20 out of 22 sulfonamides. System 29, however, was selected
out of a group consisting of only one element. Therefore, the possibility
exists that the chosen system indeed shows a peculiar chromatographic
behavior but, nevertheless, has a poor separating capability.

To prevent this situation, Systems 29 and A9 are replaced by System
A9 and one of the best systems out of the group formed by breaking off
the link immediately following, or else by System A9 and a system that
allows separation of both sulfonamides that could not be separated by
the foregoing combination. Some of these systems are A4, 32, 33, and 45.
A combination of Systems 4, A7, A9, and 45 (or 33, 32, or A4) yields an
optimal separation pattern in which all sulfonamides under investigation
can be identified by their Ry values.

The dendrogram in Fig. 2 yields a similar conclusion. The classification
followed by selection of systems with the described procedure leads to
a combination of System 4 with A7, successively followed by Systems 29
and A2 (two sulfonamides cannot be separated). Since System 29 is again
selected out of a group containing only one element, the combination of
29 and A2 is replaced by A2 and the most informative system out of the
group on the level immediately following, i.e., System 45. The combi-

Vol. 66, No. 9, September 1977 / 1271



. o@@@Q@@ ? m@@@-@ ??????@?w ??ﬁ? ?‘%9
50§
100 L
i
L L
T = -
126 E T
A ! ! 120 l
k3] :‘ i
234

Figure 1—Classification obtained by weighted pair arithmetic average linkage numerical taxonomy with the taxonomic distance, A, as the similarity
parameter.
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Tolbutamide
Chlorpropamide
Sulfamethoxazole
Succinylsulfathiazole
Information content

nation of Systems 4, A7, A2, and 45 allows unambiguous identification
of all 22 sulfonamides.

CONCLUSION

A practical conclusion is that, for the identification of sulfonamides
by TLC, the following systems should be used in the order given: Systems
4, A7, A9 or A2, and 45 or 33, 32, or A4.

The best of all systems investigated is a very simple one (only one
solvent). This practical conclusion confirms the experience of many
practicing TLC or paper chromatography specialists that there is often
no need for complex, multicomponent solvent systems and that good or,
as in this case, even the best results are obtained with simple, easy-to-
handle systems.

Our more general conclusion is that the use of formal methods for the
evaluation and combination of TLC systems based on classification with
numerical taxonomy, followed by selection of the individually best sys-
tems, leads to an optimal set of silica gel and aluminum oxide systems.
This set allows the complete qualitative identification of commonly used
sulfonamides.
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Comparative Pharmacokinetics of Coumarin
Anticoagulants XXIX: Elimination Kinetics and
Anticoagulant Activity of (S)-(—)-Warfarin in
Rats before and after Chronic Administration

AVRAHAM YACOBI and GERHARD LEVY *

Abstract O The kinetics of elimination and the anticoagulant effect of
(S)-(—)-warfarin were determined in adult male rats before and after
daily drug administration for 13 days. There was a small but statistically
significant (p < 0.05) decrease in the body clearance of (S)-(—)-warfarin
(from 4.84 to 4.37 ml/hr/kg) and an increase in the serum free fraction
of racemic warfarin (added to serum in vitro) from 0.00850 to 0.0107 (p
< 0.05). The concentration of (S)-(—)-warfarin in serum at which the
synthesis rate of prothrombin complex activity is one-half of the pre-
warfarin rate increased from 0.532 to 0.655 ug/ml on the average (p <
0.05).

Keyphrases [0 Warfarin—elimination kinetics and anticoagulant ac-
tivity, effect of chronic administration, rats O Elimination kinetics—
warfarin, effect of chronic administration, rats 0 Anticoagulants—
warfarin, elimination kinetics and activity, effect of chronic adminis-
tration, rats 0 Coumarins—warfarin, elimination kinetics and antico-
agulant activity, effect of chronic administration, rats

The coumarin anticoagulants act by inhibiting the
synthesis of the vitamin K-dependent clotting factors II
(prothrombin), VII, IX, and X. This inhibitory effect is
accompanied by the formation of so-called abnormal
prothrombin in humans (1-4), oxen and cows (5-8), and
rats (9-12). In humans treated with a coumarin antico-
agulant, abnormal prothrombin can be detected within
8-12 hr after drug administration and becomes the pre-
dominant form of prothrombin in plasma after 24-84 hr
(3). The earlier investigations suggested that abnormal
prothrombin has no coagulant activity; more recently, it
has become apparent that there are several abnormal
prothrombins and that some do have activity, but con-
siderably less than that of normal prothrombin (4, 8).
Apparently, abnormal prothrombin is a precursor of nor-
mal prothrombin and accumulates during treatment with
coumarin anticoagulants, because these vitamin K an-
tagonists interfere with the conversion of the precursor to
its fully biologically active form (9, 11, 12).

The clinical implications of the accumulation of ab-
normal forms of prothrombin during chronic treatment
with dicumarol or warfarin are not known. In view of the
potential hazards of conducting such studies in humans,

an investigation was carried out in rats to determine the
relationship between the anticoagulant effect and the
warfarin concentration in plasma before and after chronic
drug administration. While the results may differ quan-
titatively from those in humans, it is considered likely that
they will reflect in principle the events that may be en-
countered clinically.

EXPERIMENTAL

This investigation was carried out in five phases: (a) screening of rats
for serum protein binding of warfarin, (b) administration of a single large
dose of warfarin to rats whose serum free fraction of warfarin varied
widely and determination of the time courses of drug concentration and
anticoagulant activity in plasma, (¢) daily administration of a mainte-
nance dose of warfarin to these rats for 13 days, (d) administration of a
second large dose of warfarin and determination of the time courses of
drug concentration and anticoagulant activity in plasma, and (e) deter-
mination of serum protein binding of watfarin.

A 3-ml blood sample was taken from the tail artery of 26 adult male
Sprague-Dawley rats, and the serum was separated. The serum was
spiked with racemic *C-warfarin, about 1 ug/ml, and the free fraction
was determined by equilibrium dialysis (13).

Based on the results of the screening study, 12 rats with widely differing
serum free fraction values for warfarin were selected. Their body weights
ranged from 350 to 440 g during all phases of the investigation. They re-
ceived a 0.6-mg/kg iv injection of 3H-(S)-(—)-warfarin (specific activity,
1.43 mCi/mg).

Blood samples (0.45 ml) were taken serially from the tail artery until
prothrombin complex activity had returned to between 60 and 80% of
the prewarfarin level. Plasma warfarin concentrations were determined
by scintillation counting after extraction and TLC using a slight modi-
fication of a previously described method (14). To 0.2-m!l samples of
plasma was added 5 ul of unlabeled (S)-(—)-warfarin, 1 mg/ml, in acetone
solution. The samples were then acidified and extracted with 2.5 ml of
ethylene dichloride from which 2 ml was evaporated under nitrogen for
chromatography (14). Recovery of 3H-(S)-(—)-warfarin from spiked
samples was 88.3 + 2.4% (mean + SD, n = 16) in the 0.013-6.33-ug/ml
concentration range and was independent of concentration. Determi-
nations of prothrombin complex activity and pharmacokinetic calcula-
tions were carried out as previously described (14).

After completion of the single-dose warfarin study, the rats received
daily injections of 3H-(S)-(—)-warfarin, 83-98 ug/kg ip, for 13 days to
maintain prothrombin complex activity synthesis rate (Ryy) at about
30% of normal.

Two days after the last maintenance dose, the rats received another
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