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STANDARDIZATION OF THE DIRECT SPECTROPHOTOMETRIC QUAN- 
TITATLVE ANALYSIS OF CHROMATOGRAMS 

IV. A COMPARATIVE STUDY ON THE MOSTCOMMON MATHEMATICAL 
TREATMENTS OF THIN-LAYER DENSITOMETRIC PROBLEMS 

L. R. TRElBER’ 

SUMMARY 

A study comparing the linearity of the Lambert-Beer law, the Kubelka-Munk 
function and the equation of Treiber et al. was carried out on the same thin-layer 
chromatographic plate_ A series of standard amounts of sulFadiazine covering the 
range of 0 to IO+g was employed_ For the three treatments mentioned above, the 
t3llowing parameters were found in the two-dimensional scanning manner: Lambert- 
Beer: N = 1153, h = 577. I- = 0_995S5, s, = 43_27<: Kubeka-Munk: CI = 1073. 
I> -1c - 596, ,- -7 0.99778, s, ;= jz_;cq;r Treiber er (II_: CI = 2088, 11 =: -37. I, I- L- 
0.99991. s, - +0_46:,; ((1: slope. h: j--intercept. 1-I correlation coetkieiit, s,: relative 
standard drvir~tion of the slope in the equation _r = as -L h calculated by the least 
squares method j. In the lirst t\vo cases, the parameters were highly dependcnt on the 
ditt‘ercnt regions of the concentration range considered_ Holvever. thy tiere constant 
\\hen the equation or Treiber ct cd. N;IS used. 

For a very long time spcctroptlotomrtric methods have been the most cssentinl 
and indispensable tool of the analytical chemist. It is not at all surprising that 
spectroph~~t~~nieters have also found application in liquid column chromatography IS 
one of the most important detector systems. The ease \yith which the reqttiretnetlts ot‘ 

the classical Lambert-Beer law can be fulfilled in this particular technique made 
possible a rather rapid expansion of quantitative liquid column chromato~rrtph_v_ Yet. 
the same quantitative approach to thin-layer chromatography (TLC) \\;I$ encumbered 
with serious difiiculties. The mathematical treatmerxs of dilkent research groups 
SIIOW to date deep disagreement on several points_ They have only one mtliil feature 
in common: they claim a strict and reproducible linearity for a u&biy \vidc concen- 
tration range. 

The most tiequently used methods for the mathematititl treatment are closely 
related to the classical theories ofspectrophotometry, more specitically the Lambert- 

* Present xhiress: SO7 Olin Building. Case Western Reserve University. Clrvelrmd, Ohio 44106. 
U.S.A. 
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Beer law and the function of Kubelka and Munk’ for intensely light-scattering and 
intinitely thick media’-3_ AIthough many papers published claim linear calibration 
curves of the thin-layer chromatograms for both the above mentioned functions, lie 
were able to show that the zzozz-Iizzeariry is significant and reproducible in all of ihese 
cases o=n carryins out the whole prccedure in our laboratories with appropriate control 
of each step. 

it was our opinion that the best way of forming a correct picture in this con- 
troversial situation mi_eht be the direct comparison of the most common techniques_ 

The present paper thus reports a study on the direct spectrophotometric 
quantitation of thin-layer chromatograms based upon the Lambert-Beer law, the 
theory of Kubelka and Murk’ for intensely light-scattering and infinitely thick 
niedia’-3 and a combination of these classical equations according to Treiber and co- 
\i-orkersJ-‘_ 

INSTRUMENT .4ND MATERIALS 

The basic components and the principle of operation ofthe apparatus employed 
for the quantitation izz sizrr of thin-layer chromatograms \vere described in a previous 
article’_ Since then, ali the accessories mentioned in this \vork have become commer- 
cially availabIe_ The statistical calculations \!ere carried out by means of a mini- 
computer ofType Wang 600 (Wang Labs., Tewkesbury, Mass., U.S.A.). The solvents 
for the chromatography and the chemicals were of analytical grade. Their purity was 
checked by IR, NMR and chromatographic methods. 

Sul&diazine (N-2-pyrimidinylsulfanilamide) was purchased from Pharmacia 
(tippsala, Sweden). Its NJ-acetyl derivative was prepared in our laboratories by 
acetylation of the parent drug with acetic anhydride in acetic acid. The concentrations 
of the stock solutions \\ere 0.100 m&ml and 1.00 mg/ml. 

The pre-coated TLC plates of silica gel 60 were manufactured by E. Merck 
(Darmstadt, G-F-R_). Plates of standard size (20 x 20 cm) and thickness (O-25 mm) 
on glass backing were employed_ Before being used, all plates were purified by ascend- 
ing chromatographv in absolute ethanol, dried and reactivated at 110-120” for I II. 
In order to prevent -m&kg of the samples with each other due to migration across the 
tracks, the chromatographic fields were divided by scoring of thin lines_ 

. 

EXPERIMENTAL 

Appropriate voIumes of the stock solutions were applied to the TLC plate by 
a Ham&on microsyrkge to give a series of increasing amounts of sulfadiazine and 
N’-acetyIsult>diazine covering a range of 0 to iO_Of~g_ The developing chromato- 
*lraphic svstem was ethvl acetate-diosane-acetic acid (!3:2:0_1) resulting in a clear 
reparation of both compounds_ 

After deselopment of the chromatogram the plate was dried- The wwelengh 
at which the absorbance was a maximum was determined on the plate by densitometric 
scanning and found to be 274 nm_ Further chromatographic properties of these and 
other reIated derivatives are given in another papeP_ Each experiment was carried 
out on the same plate to assure a reliable comparison_ 

The caIibration cttrves were then estimated in accordance with the Lambert- 



SPECTROPHOTOMETRIC ANALYSXS OF CHROMATOGRAMS. IV. 125 

Beer law (eqn. I), the theory of Kubclka and Munk’ for intensely scattering and 
infinitely thick mediP (eqn. 2) and the function of Trciber L’Z ~r/_~*’ (eqns. 3-6): 

:hzr ;i simple translhrmatiorlr 

A’, _. -.- constant depending on the substxnce chromatographed; 
KR(Kr), K.r(Kc) =-. constants dependin, (1 on the properties of the adsorbent 

layer; 
k =-: constant dependin, ‘3 on the adsorbent layer; 
.5’ --_ molar absorbance of the substance chromatographed; 
C =-.: concentration of the substmce chromato~r~tphed in weight 

per surface unit: 
1.x .:Lz intensity of the light leaving the smnple; 

10 -- constant, maximal light‘intensity on the adsorbent layer free -. 

iion my substance chromatographed. 
Thus 0 S: I, < I0 is the possible range. 
The constants K-K, KR and hLII- should be erxpiricall_v estimated. The light 

intensities appear on the recorder attached to the indicator unit of the photometer 
tts voltage. The nlasinlal recorder response (U”,,,_) and its change (iI,,,,_ - U,) due 
to light absorbance correspond to 1, and I,, respectively. 
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A series of the I,lI,, values was transformed corresponding to the functions 1, 
2 and 6 and listed in Table I_ Each of these functions could be conveniently selected 
by proper adjustment of the function converter a-s The three calibration curves of _ 
sulfadiazine were also estimated in the two-dimensional (Fiss. 1, 3, 5; Table II) as 
well as in the one-dimensional (Figs. 2, 4, 6; Table Ii) manner’. The best linearity 
was obtained with a KJKK ratio of 0.45 (eqn. 6). 
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Fig_ 3_ Sulfadiazine: calibration curve (;.‘-_C.) and the best litting straight line (0-a) according to 
a special ca~e~~~ of the theory of Kubelka and IMu&’ (eqn. 1) by two-dimcnsionnl automatic integra- 
tion. Relative deviation ( L---2) of the experimental values from the best fitting line. 
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Fts_ 4_ The samr‘ ils Fig. 5 l-p- one-dinxnsionsl nrttomatic intcgmion. 

Fig. 5_ Sult:ddiaziner calibration curve ( I...--: ) and the best fitting straight Iine (.a--0) according to 
Treiber IV uI_*-~ (eqn_ 6) by two-dimensional automatic integration- Relative deviation (L---2-j of-the 
ex:psrimental ~slues from the best tirting line. 
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Fig. 6. The same 3s Fig. 5 by one-tiimrnsianrtl automatic integration. 

TABLE I1 

ST.-XTISTICAL CALCULATIONS OF THE CALIBRATION LINES 

autonlntic 
(onr) 

manual 
(one) 

O-10 
O-2 
‘-10 

O-10 
o-1 
‘-10 

O-10 
o-1 
Z-10 

O-IO 
o-1 
Z-10 

O-10 
o-1 
2-10 

O-10 
O-2 

Z-10 

O-10 
O-1 
‘-10 

O-IO 
O-I! 
z-10 

577 
10; 

I-f’)_3 
-I,, --- 
; 1 .9 

605 

--- 596 
-265 

--I 111 

- ‘19 
-- 7s 

-- 500 

.- 27. I 
-. .- a.0 

II-I 

- 173 
_- 76.6 

11.9 

17.2 
49.3 

--ss 

0.101 
0.01s 
0.329 

0.995YS < 
1X99679 
0.99515 

0_99182 
O-999 I6 
0.99819 

0.99778 
0.97005 
0.9994 1 

0.99647 
0.97970 
0.99s90 

0.9999 I 
0.99S76 
0.999s 

0.999E-I 
0.99892 
0.99969 

0.9990’ 
0.99655 
0.99803 

0.99ss5 
0_99901 
0.99802 
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~-he cdlibration curves of N’-acetylsuifadiazine were assessed in the one- 
dimensional mode onIy by usin, = both the automatic (Fig. 7; Table II) and manual 
(Fig_ S: -Table II) techniques_ A detailed presentation of the manual technique without 
any function converter is provided below. 

The substance amount applied to the plate S oave the integral of the left-hand 

side of the eqn. 6 because the distribution of the substance concentration (C) is a 
function of the chromatographic track. For the integral (-4) of the right-hand side the 
densitometric peak appearin, n on the chart paper (Fig_ 9) was used. Multiplication of 
the peak heipht (If) with the peak width at half the height (fV& gave A : 

z-l == H - if*;,r2 (7) 

0 - 0 2 
6 5 p 10 2 

a 3 
Amount (JJCJ) 2 

-50 

Fig_ 7_ K’-XLzt\-k.dfadiazine. catibmrion curw (.: -- :. ) and the best fitting straight lint (O-0) 
according w Trcibcr c.1 r~f_~-~ (cqn. 6) by one-dimensional automatic integration. Rclativc drviaricm 
(_:---_..) of ths esprrimenrril vnluc~ from the best fitting line. 
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h 

Fig_ S_ The same as Fig_ 7 by one-dimensional manual integration. 
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The values M and Ilj,;l were nleasured by nwans of ;t special scale (Fig. 9) 
established by transformation of a proper series of the recorder responses ( Un,,,_ - 
U,)_ These data are collected in Table 1. 

The steps of the nxtnu:tl conversion and calculation of inteprals were carried 
out 3s follows (c:f: Fi_e_ 9): 

(1) Estimation of the (U,,,x_ - C;,)/O;,,,,_ ratio at the top of the peak. 
(2) Determination of the corresponding F( L’,) z H value. 
(3) Calculation of< H. 
(4) Determination of the (U,,,,,_ - 0:,)/U,,,,,. value correspondinS to i M. 
(5) Measurement of the peak width at the (Li,,,,_ - U,),/U,,,,,_ value obtained 

under 4. 
(6) Calculation of the integral (A) according to the eqn. 7. 
This procedure was subsequently repeated for each peak to obtain the calibrs- 

tion curve_ It cm be realized by using a scale individuslly made for the chart paper 
of the recorder attached to an; type of densitometer. 

The straight lines best titting the calibration points were calculated by 
statistical methods_ For the estimation of the constants in the general fornmla 
_I- = ax- + 6. the least squares method was used_ These data determined the esxt 
position of the lines_ Furthermore, the correlation coefficients (f-j and relative 
standard deviations of the slopes (-7,) were calculated_ Table 11 shows the numerical 
results. The percentage ditl‘erences between the calculated vnd esperimentally found 



132 L. R. TREIUER 

integrals were individualiy estimated for each point of each calibration curve (Figs_ 
I-S)_ 

RESULTS AND DISCUSSION 

The criteria absolutely required in choosin, LX the model substances used for the 
examination of the calibration curves were considered carefully_ Stability during the 
whole procedure and a characteristic light absorbance are those properties that make 
our conclusions reliable from the point of \-iew of chemical methodology. 

The scanning technique w;1s also kept under satisfactory control bccatrx the 
whole investigation was begun using two-dimcnsiontll* integr:ltion5_ The thickness of 
the adsorbent layer is ne$gible compared to the other dimensions of a developed 
chromatographic spot, which in turn can be considered, at least in this connection. 
as 3 two-dimensiona formation- Therefore. any one-dimensional method, bc!ixc beins 
routinely used, must be compared with the results ofthe t\~,o-dilnensional integration_ 

All the esperimental conditions described above have been esamined in earlier 
studies’-‘_ 

However, the statistical treatment of the calibration curves might be subject to 
critical consideration_ Although the calculation of the best titting line by the least 
squares method is justified if the pairs of observed values are randomly distributed 
aions :I strai&t line, the sane method must not be generally employed if the rclation- 
ship betlveen both groups sfdata is obviously non-linear_ On the other hand, we had 
to examine the experimental values by the same approach in order to compsre the 
practical usefulness of the functions involved. That was the rt’xon why \VC decided 
to calcultrte in each case the best fitting line. It was Glt that in spite al- the incorrect 
choice of tire statistical method, the comparison might be realistic. espcciall_v after 
considering other data discussed below. In fact, the incorrect choice is one pirce of 
evidence that the linearity of functions I and 2 is highly limited in thin-layer densitom- 
etry_ The estimation of the best fitting lines (Table 11~ rtuulted in the second piece of 
evidence indicating an excellent linearity provided by function 6, while functions 1 
and 2 gave no straight calibrtttion lines for the same concentration range. On ctdculat- 
ing the cr and h values for difkrent parts of the sttmdard series, L -1 drastic change oc- 
curred in eqns_ I and 2, even it-some of the regions happened to be nearly linear. 

The same technique caused no significant change in CI and in \vhen cqn. 6 v.as 
used. That means that the deviations have not exceeded the usual degree of 
experimental uncertainty- Moreover, h was neghgibly small compared to n in the casts 
where eqn_ 6 was utilized_ In other words, the calibration lines passed throtyh the 
origin. The-r-intercepts appeared to have :I random deviation from the origin probably 
caused, at least partly? by statistical fluctuation of the baseline. They did usually not 
run above O-5:$; of ~7, xvhich corresponds to the least detectable amount of the 
substances examined_ 

For eqns_ 1 and 2, however, the -r-intercepts never amounted to less than 50 :::, 
of n on considering the same concentration range_ 

Using function 6 no tendency to non-linearity was obsened. The mtmuni 
transformation and integration might be the only exception depending on the non- 

_ Generally known ;15 Wying-spot“ technique or zig-zag mode. 
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Gaussian distribution of the substance chromttto~raphcd_ But even in this cast all 
of the parameters were better than those of either of the eqns. 1 and 2. 

As Figs. 1-S and Tables I-II show, even special considerations were introduced 
into the discussion in order to illuminate practical problems better from several direc- 
tions. The percentage diKerences in the calculated and esperimentally found intergrals 
are given in the figures showing the calibration curves. The systematic errors eshibit 
the third piece of evidence to prove the non-linearity of functions 1 and 2 (Figs. l-4). 
The distribution ofthe differences by use of function 6 is rather random and the error 
decreases quickly on increasing comentmtion (Figs. 5-S)_ All these aspects gathered 
from the esperimental data are collected numerically in Table II. It might be ofereat 
interest to demonstrate whether our results correspond to or disagree with earlier 
data available. 

First. let IIS survey the situation in rhe case ofthe Lambert-Beer law. For small 
amounts \ve obtained calibration curves of rcasonablc linearity ((7: Table 11, L-B. 
O-2 I~~~). Parameters, such as h/a, r and s, were quite satisfactory too. Similar results L = 
have been reported from other l:lboratories’-” also. These papers. however, h;tve not 
discussed the form of the calibration curves for higher amounts. Touchstone and co- 
xmrkers’ have more recentI!- sho~~n. that the linearity by this technique is acceptxble 
for low concenlrations only. in contrast to earlier results from the sane ltrborr~to- 
r> _ J”-‘~ Goldmm and Cioodall” introduced a correction factor to estcnd the linearitv ‘ 
to the higher concentration ranges_ The standard curves \vithout any correction have 
shown the sane form’” as ours (Figs. 1 and 2). The correction resulted in an 
impro\-enicnt of the linearity up to 3 !te of fi-ewotene13_ 

In contrast to the Lambert-Beer law, \ve found :L better linearity by use of the 
rlicorx of Kubelki ilIld M unl-9 when the higher concentration regions were investi- 
gated (Fiss_ 3 and 4. Table 1 I). In this contest it has to be noted that a special c~tse~-~ 

of the Kubelka-Munk function is co~n~nonly used for the purposes of the quantitative 
TLC. To our kno\vlcdge, there are no data available cstimatsd by the general thcorx of 
Kubelka and Munk’_ The assumptions are intensely light-scattering medium and iI!1 
infinitely thick adsorbent layer. Our calibmtion curves (Figs. 3 and 4) support the 
results of KeukerlJ _ strongl_v bent calibration curves in the low concentration region 
improving \vith increasing amounts_ Ho\vever. in contrast to the results by Hczel15’. 
the strai$t section of the calibrrltion curves da not even nearly pass through the 

_ _ 
orgui_ Several :iutliors’“-l” have recognized this failure of this technique in axi early 
stage and tried to eliminate the errors. These etlims have mainly consisted of 
modifving the espcrimental conditions to the requirements of the special c;tsez-3 of 
the Kubclkrt-Munk function’_ The adsorbent layer containing he samples has been 
scratched fronl the plate and the polvdcr obtained has been studied by reflectrrnce 
spectropliotometr~. 

From the practical point of vis\v, \ve preferred to keep the TLC plates intact 
and to look for an appropriate n~~tthen~:~ticitl function?“. The observations gained 
by the simultaneous measuretnents ” in trrinsniittance and reflectance have then initi- 
ated to employ both clttssicttl theories orrIte spectropliotomctr~ at thcsame time. These 
eKorts resulted in useful result+ denionstratin~ the genenil validity of eqn. 6 for 
objects, such 3s standardized TLC plates. Published and unpublished investigations 
011 various types of compounds (steroids’-‘, phenolic ;tcidsJ-5. dyes”, peptides”‘. 
piiarmace~~tiC91sh. etc.) coverin g a wavelength ranSe of 200 to 600 nm have pro\-ided 
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an escellent and reproducible linearity with negligible y-intercepts and standard de- 
viations, regardless of the scanning technique used. Kubelka’ has already shown, 
that the scattered light leaving the scatterin g medium behaves independently of the 
travelling direction (assuming of course an intensely light-scattering medium)_ 

The idea of using both classical theories at the same time has a strong connec- 
tion to the general problems of spectrophotometry. As Kortiim and Vogel3 demon- 
strated, the theory of Kubelka and Munk’ is generally valid for any kind of spectro- 
photometric problem_ However, the demandin, D mathematical treatment can be con- 
sidered as the most effective draw-back of the practical application of the theory in 
its original form_ Kubelka himself has stated’ the necessity of elaborating mathe- 
matically simpler formulae for pract%al purposes_ The possibility, whether any direct 
mathematical connection exists between the theory of Kubelka and Murk’ and eqn. 
6 (refs. 4 and 5)), has not yet been investigated. 

The sulfonamide derivatives tlsed in this study belong to a group of thera- 
peutically important compounds_ The importance of the present work for practical 
pharmacology, metabolic investigations and clinical chemistry will be presented 
elsewhere” in connection with a number of sulfonamide derivatives. 

(I) Reports claiming linearity for the Lambert-Beer law and the special case 
of the Kubelka-Munk function3 mentioned above should be taken with reservation 
in their separate use for the fir s&f quantitation of thin-layer cliromatograms. 

(2) The Lambert-Beer law provides a nearly linear relationship and reasonably 
small -r-intercepts for substance amounts rx integral for the lowest concentration 
range_ 

(3) The function of Kubelka and Murk* for intensely light-scattering and 
infinitely thick media’-3 shows a severe non-linearity for the lowest regions of the 
substance amounts_ A nearly linear relationship can be obtained for amounts w. 
integrals in the higher concentration ranges_ However, the deviation ofthc_r-intercept 
from the origin remains significant- 

(4) A perfect linearity was achieved by use of the eqn. 6 (ret’s_ 4 and 5) for a 
wide concentration range_ The calibration lines pass through the origin_ 

(5) The execution of the comparative examination and quantitative measure- 
ments can be also carried out manually_ This method is time consuming and tedious, 
but does not require any additional costs if a densitometer of any type is present_ 
Small laboratories of limited financial resources might take practical advantage of this 
possibility_ 
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