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DIRECT QUANTIFICATION OF THIN-LAYER CHROIMATOGRAMS BY 
EMPIRICAL METHODS 

MATHEMATICAL ANALYSIS 

Ideally. the material in a spot on a t\\-o-dimcnsion~II c~lromatogrnm forms a 
bivariatc normal distribution in \vhich the base of the figure corresponds to the di- 
mcnsions ofthe circular spot and the hci@t ofthc cm-w is a function ofthc masimum 
:tbsorbance_ Using ;I parrtboloid as ;m approsimation of the Gaussitm ligm-e. it has 
been possible to construct ;I mathematical model of a series of chromrito~_raphic 
standards over ;i five hundred-fold range of vnlurs and to define matlicmaticall~ 
deviant “spots” which were more compact or more dill-nse than the standard series. 
The model has been used to evaluate the various empirical techniques of direct chro- 
matogrsphic tmttl\;sis including: spot length_ area_ maximum absorbance. (areti) . 
(mssimmn absorbance), total absorbance and slit scanning with tisrd and tised- 
ratio slit length. ft \vas t-ound that slit scannin, lr where the length of the slit is a con- 
stant fraction ofthe spot diameter is probably the best technique for mono-dimen.sional 
chroniato~rams \vhile for t\~o-dimensionttl chromstogrtm~s the product of (spot 
nrea) .-: (maximum absorbance) appears to be the best method_ 

IXTRODUCTIOS 

in chromarogcipli_v a misrure of substtmces in solution is applied to the sta- 
tionary phase as a sharply dctined zone. The mobile phase is then introduced and to 
a greater or lesser estcnt resolves the mixture into its separate compcinents. AS the 
solute ~nolrculrs migrate and interact betiveen the t\vo phases. diffikon occurs. The 
substances move as zones, most concentrrltsd at the center and decreasing towards the 
periphery. In practice many other tktors cm and do intrrkrs but ideally. the protile 
of the molecular distribution in the direction of migration approximates a Gaussian 
curve’-‘. This is most evident in the recorder output of gas or high-pressure liquid 
chromatograms and paper chromntograph_v (PC) or thin-layer chromatography 
(TLC) scanners. 

In the special case of a t\\,o-dimensional paper or thin-layer chromritogra~n. 
:I plot of concentrrltion rx distance aIonS any diameter of a spot ideally resembles 
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a bell curve and the concentration within ;I TLC or PC spot can bc aspressed as a 
bivariatc distribution- 

In a set of chromatographic standards in which all conditions are identical 
except for the quantity of the substance (0). the series of spots can be represented by 
a corresponding series of geometrically similar three-d;mensionaI grtlphs \~hosc 

volumes we equivalent to the respective Q values. The area of each figure in the A-. _I- 
plane is equal to the area of the correspondinS chromatographic spot while the height 
is a function of the masimum absorbance. Spots which are more compact or more 
diEuse are represented_ respectively. by graphs of more or less peakedness (kurtosis) 
than the norm. Distortions due to heading or tailing are reflected in the skelvedness 
of the graphic figure. 

This mathematicA description can be used to construct :I theoretical chrome- 
togram free of human error and variation. SUCK ii model can be used for :I critical 
comparison of the different -often contradictory- techniques of direct chromnto- 
graphic qurtntiiication that have been used empirict~lly3-5. The theoretical validity of 
the various methods can be examined and their effectiveness determined when factors 
such as sample rarye or spot shape are xwied mrtthemstically. 

MATHEMXTiC.AL METHODS 

The conce~tration of ma:eriaI prr unit area of a chromtitogrtlpliic spot c;in 
- be described by a circular paraboloid approsim:rting a bivtlriate normal distribution_ 

MathematicaIIy it is easier to mnnipulate a paraboIn than the normal probtlbiIity 
curve since by dctinition the area under any norma curve equals one. The intcsrations 
are simpler and the relationship betlveen rhe volume. radius and height (eqn. 5 bell>\\-) 
is analogous to that of a cone. hemisphere or cylinder_ h4orcover_ the use of the parrlb- 
oloid is no less accurate since ;f bell-shaped distribution of material may not actuaIIy 
be Gaussian_ 

The paraboloid 

= I.. 1‘ (f-2 - _yz - -1-l) (1) 

(Fig. I ) has :I circular base of radius r and a musimum height 

when _v Z-Z 0. _r := O_ The mulriplier c is a constant for all == ~~~ornctric;lllv similar parah- 
oloids. \Vhen _I- =:- 0, 

which is a parabola. Rotating this cumc about the z axis ptrmits the ctilciiltlrion of 
rhe volume of the paraboloid_ V_ by the method of cylinders, 
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Letting the volumr of the tigure represent the quantity of tnaterial Q and solving the 
integration. \ve halve 

Q 7 .icrr’l1 (5) 

where xrl is =I_ the area of the base equiwknt to a circular chrotnatographic spot. 
The tnttsitnutn absorbance of ;t spot is related to the cylindrical volume ob- 

tained by setting the limits of integration (in eqn. 1) from 0 to u where cl is the radius 

of the circular aperture. This quantity. :\I, is defined in eyn. 6 

:\/ z.z -J&/t - 2g (6) 

and sinlplities to 

:\I -== xa’h (71 

\\hen N -c< 0.25. 

it1 slit scanniti_9 of it spot. the quantity measured is equivalent to 

S z c 1’* d_y _ \:, 1 , [“r1-r2(r: _ $ _ _$) &- (8) 
-b r -_y-- 

where the lengli of the slit is equal to Ih (Fig_ 2) and is centered 011 the spot. lntc- 
grating eqn. S we have 

~___ 
_ b’)31’ 1 (‘t) 
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Fig. 2_ M\;larhcm;tricaI model of slit scanning of a spot \vith a paraboloid distribution of matrriair 3 
is the slit length and Zr is the spot dktmetrr_ 

If the quantity of maferial. Q, and the “similarity constant-‘. C_ are delinrd. 
then from eqns. 5 and 2 one can determine r and h_ 

( 10) 

if the distribution of material in a chrBmc~to~-rtlphic spot is unlike that in a 
s&es of standards_ then C- has a difkrent value. For two dissimilar distributions con- 
taining the same quantity of material_ if c’, ---~ I then 

(12) 

A series of paraboloids \vas consrrucred by dctinin g the quantitativs rclation- 
ship of a set of theoretical standards_ Letting c == I_ “spot‘* radii were calculated 
from eqn_ IO. In addition deviant values were chosen such that rhe spot areas xere 
either larger or smaller than predicted by the standard series by setting c = *j2, ?Eli_ 3/z 
ar.d Z (eqn. I?}. These mathematical models were then used fo test the effectiveness 
of a number of optical techniques used empiricall~~ for the direct quantifcarion of 
paper and thin-layer chromatograms (Table 1). 

The number of methods is actuatly greater than that listed since linear. 
Iogarithmic and exponential relationships have been expressed for the same measure- 
ment in different studies3-‘. These empirical variations were esamined with the mathc- 
maticai model. Since the model is intended to describe the actual distribution of ma- 
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TABLE I 

BASIC METHODS USED FOR IN SITU QU_ANTIFICATION OF PAPER AND THIN- 
LAYER CHROMATOGRAMS 

Mezkxi Rcf2rmc~*s 

Ma.imum spot absorbance 3.6 ~- 

Toral spur absorbance 7, s 
spot area 9, 10 
(Spot arfs) ;-. O~~simum nbsorbmce) 11.11 
SIit scanning 13.14 
Spot diameter 15.16 

terial in a chromtitogrr~phic spot without rcprd to the instrumentation used to 
measure it. no direct consideration was $ven to differences between transmission and 

reflectance techniques or the non-linearity of Lambert-Beeis !a~~-“-‘“. It is assumed 
that laboratory determinations analogous to the theoretical values employed here 
are directly proportional to the actual distribution of material. Absorption measurc- 
merits, whether employins the Kubelka-ivlunk equation”-L9 or Lambert-Beer‘s law. 
under conditions where it is applicable’-“, are equivalent to the solution of eqn. 7. 

The cllixt on absorbance readings of the inclusion of adjacent background in 
the area scanned was determined by substitution in Lambert’s equation’” (see Appen- 
dix) to obtain eqn_ 13 

where D is the absorbance. k is the ratio of the (average) intensity of light transmitted 
through the spot as compared to the background and p is the ratio ofthc area of the 
spot to the total area. When 11 = I. D - lo 3 l/X-. Substituting h in the simplitied 
form of the Kubelka-Munk equation” for the corrected value of the absorbance. 
one is able to solve for D and k. By assigning values to 1~ one is then able to calculate 
D'_ h' and 0’: tile apparent values of these measurements. 

RESULTS 

Since a method may be essentially linear for a limited span of values but not 
over an rstended ransc. rhe techniques were tested under both conditions. Selecting 
the arbitrary Q \ulues I-5, IO-50 and 100-500 and a similarity constant_ c = 1. 
valnes were obtained for the parmnsters of a hypothetical series of standard spots 
(Table II)_ Measurements for spots more di!Yuse or more compact than the standard 
series were also calculated. For each of the quantitative relationships esamined linear 
regression analysis was performed over the range l-5, l-50 and l-500 (ref_ 21). A 
Pearson correlation coetlkient (R) of 1.000 indicates perfect linearity over the entire 
range; an R value decreasing as Q increases is characteristic of a curvilinear relation- 
ship (Table 111, Fig_ 3). 

Over a short range of values. al! the measurements are essentially linear with 
the quantity of material (Table III. Fi g_ 3). In fact over the range Q = 1.00 to 1.50 
there is acceptrib!e linearity \vith the radii of the hypothetical spots (R = 0.9990). 
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IC on the other h:lnd_ the length ofthc scanning slir remains constant and thcrc- 
tbrc ;I decreasing fraction of* tht spot diamctrr. S, is not linear xvith either Q or 1 Q 

rsccpt over ;L limited range of values. The curv:iture of S z Q appears to mirror that 
of S ,Z \ ‘0 suggesting kit S x Q5.- mi@ be linear. In ftict this relationship is 
observed and thcrc is almost pcrfcct linearity ova- the entirr 500-f-old range (Fig. 2). 

Comparison of the deviant \::dues tvith the standard series rcvcrtls rhat mea- 
surements of- are:i OI- m’nxGnum~ tibsorbance” :done cannof correct for 3 drviation 
in spot com~3ct~~css-diff~lsi~eness. The product of these t\vo determinations CXI 
achieve this to ;L considerable degree (Fig_ 3)_ Similarly. slit scanning cm compensate 
for an error ofthis type if the slit length is :I constant f-rxtion of the spot diameter_ 
otherwise the w-or cm bc considerable cwn when the 0.75 po\ver is used. 

Measurcmrnr of- rhc roral spot absorbance by n;cms of a circular aperture 
larecr than the spot sives escetlent linearitv r‘~en lvith the most devirmt spots (Table 

lIti_ It is ovidcnt. ho\vcver. that an error of only about 1 I pl, in the aperture size (ix.. 
about 5-G’;;; - 111 the radius of-the aperture) can result in ;I sizable error in thr estimated 
KIILIC of Q (Fi_g. 6). This corresponds to an inaccuracy of only about 0.5 mm in the 
setting of a IO-mm circular aperture- A similar error \vould be expected in slit scanning 
if the slit Icng-th was grcatrr than the spot diameter or the radius of curvature of the 
spar uxs small. 
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Ideally the distribution of material in a series of standard and ~~nknoum spots 
on :I chromatogam should be geometrically similar_ The range of values should be 
limited and the unlmowns should bs bracketed physicall_v and nmnerically by stan- 
dards so prepared that their mobility and spot shape are esactly the same as thr un- 
knolvn. Under these conditions. almost any method of quantification is quite sntis- 
t3ctory. Curvilinear relationships approximate straight lines ifthe range is short enough. 
Certainly. if the precision is sutkiently good any shape curve is usable. Chromato- 
‘v;mis of this quality arc attrtinablr but only at the srtcrifice of sperd. convenience and Z 
economy. For analytical TLC to be a practical_ routine. technique_ the method of 
quantitication should be able to compensritr for tl resonable degree of hum:m uari- 
ation. 

Spot wca is undoubtedly the least cspcnsivr approach to TLC or.PC quantifi- 
cation since one rmploss planimetry3 or simply thr product of ths major and minor 
diameters”-“_ III pr&ics, ho\ve\-cr_ area measurtmcnts arc not simple. Since the 

spot sizs is critically deprndsnt on the size of the origin spot. the precise distance mi- 
grated and the migration time ---all of which increase diffusionz3- painsttlking re- 
producibility is most important- Furthermore_ the determination ofthe spot boundary 
is difticult and somswhat arbitrary. This is n f’actor in a number of methods bur is 
most serious when it is the only measurement that is take$_ 
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Mathematically_ the mssimum absorbance of 3 spot appears to be no better 
a mans of quantitication than the :lrw method_ In prncticr. ho\vcver_ it can be 
measured more rcliably3-‘_ Ncverthclcss_ the absorbance is a function of the spot size 
and therefore equrtlly dependent on factors atkcting the arca_ If the precise repro- 
ducibility of chromatographic conditions is rntlinttlincd. maximum absorhancc is 21 
simple_ useful means of quzlntitication 3-h The technique cannot cope \vith deviant _ 
spot, how-ever- The model indicates that this measure correlates with acccptablc 
linearity \vith the quantity of material over a short range of v:tlues_ Actually_ both 

maximum absorbance” and spot area are iinertrly related to the square root of the 
quantity of material. and over imy cstendrd range that relationship must be cmploysd. 

The msthod dors not predict ~1 linsar relationship bet\vren the logtlrithm of 
thr quantity of material and cither the spot area“ or the square root of the ilrcit”‘. 
Over tl short rtmgc both methods arc satkftlctory. Diffusion is a function of spot 
sizP-‘” but 1~3~ been trcatcd here its iI constant. When dilfusion is considrrcd_ spot 

size is reported to be r&ted to the layarithm ofthe quantity of n~tterial'~. Empiricall_v 
it is dit&xlt to establish which relationship is more correct since spot xtx mcasure- 
mats arc not the most :~ccurate’_ Giddings and Kcllcr’5 predict a linear rclrltionship 
between thr spot diameter and thr square root of the lo,= *xlrithm of thr quantity of 
mr~t&ial. Thr present model predicts linc:u-ity btt\vtxn the log-arithm of the diamctcr 
and the Iogarithm of the quantity. Fov.kr’s reported :I constant relationship bct\veen 
the logarithm of spot content and logarithm &spot length for sucrose ovcr;t hundred- 
fold range Miyaki ef aI_‘b observed ;I similttr rrlationship. 

_kxordin~ to the model. the product of thr spot arc;1 xnd mxsimum dcnsiry 
gives a far better correlation \vith the quilntit\- of substance than cithw of thcsc nxa- 

surr’s individually. This is cspecittlly true in the case of spots \\-hic!l deviate from the 
stimditrds nnd \vhcrc cithcr the ;tbsorb;mcc or :u-txl v:~luc?; :tIonc :LI‘C’ most unsatis- 
factory. This has been observed rmpirically” tntm~ times. The double mc;wmxl:cnt 
is able to compensatr for considrrable variation in the chrornt~tc~~raph~_ Some\vhat 

less compulsive attention to detail is permissible but at the price of t\vo determinations 
instrrid of on&‘_ 

At tirst &ncc it would appear that the t’asiest \\a_~ to measure the total xnount 
of colored reaction product in :I spot xvould bc uith XII apcrturc Ia-gc cuou~Ii fo 

encompass all thr rnrtterial. This technique has been used successfully~-s though it 

has not gained wide popultlrity. Esrtmination of the mathrmtltical model reveals that 
if the aperture size is so controlled that the spot is a constant function of the scan 
area then excellent results ;lrc obtaiwd evr‘n with \-cry deviant spots. On the other 

hand_ if the contribution of adjacent background ;1ra vtu-ies by ;lS little ;\s z. I I “,,. 
the accurrtcy is substtmtially affected. Cptimttlly. the aperture should bc exactly equal 
to the six of the spot but unless the spot is uniform and circular this is ditlicult to 
achieve. 

Slit sc;?nningt3-L4 is pilrticulitrl~ suitable for mono-dimrnsioIla1 chromato- 
grams. The model indicates that there ;lrc better rawns for this thnn the mechanical 
convenience of automatically scanning 3 line of spots. If the chromatograph_v is pcr- 
formed in “chrtnnels” 011 the plate and the or&in shape is a line rather than a circIP-“. 
the spots are elliptical bands and the major (transverse) diameter is constttnt. dstsr- 
mined by the width ofthc channel. The length of the scanning slit is also tiscd and. as 
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in the mathematical model. a constant fraction of the spot is scanned. Quantification 
is excellent in theory and in practice’J even with deviant spots provided the ratio of 
slit length to spot -‘diameter*‘ is constant_ When the spots are essentially linear bands 
and the slit is smaller than the diameter. the error due to the inclusion of adjacent 
background is minimal. Scanning two-dimensional chromatogrnms is more difficult_ 
The spots vat-y in size and unless the slit length is constantly readjusted a vxiablc error 
is inrroduced. From the model. a linear relationship brtlveen the value obtained by 
scanning with ;I slit of tised length and the quantity of material raised to the 0.75 
paver has been observed. The ability fo compensate for deviant spots is rather limited. 
ho\veuer. though considerably better than either the spot area or maximum density 
techniques_ The background e&ct adjacent to the curved leading and trailing edges 
of a round spot may be sizniticant. holyever. and \\-ould hinder the value of slit 
scanning for t\\-o-dimensional cliromatogrt~ms. 

Slit scanning in the direction ofclirom~ito~rnpliy \vith slit length fo spot diam- 
eta- in ;I tised ratio does appear to be the best approach to mono-dirliension31 TLC 
and PC_ Modern ilistrLIliierittltion \vith stabilized electronics_ reference beam back- 

ground subtraction and ;~ufom:ttic integration has permitted the ti.idcspread use of 
this procedure 13-*‘_ 

No comparable solution for r\~o-dimensional chromarogxphy is available 
as yet_ The ~1st’ of the product of the spot area and maximum :~bsorbance can com- 
pensurc for a rather severe dcg ree of spot variation. TNX-O manual determinations are 
required_ ho\\-ever. placin, ‘1 great stress on the skill. patience and cspericnce of the 
investigator”-“. Still. the procedure has significant t~dvtmtages: other than a stnndard 
laboraror~ specrrophoromctrr. in~trumeIltilrion cosIs arc vsr; lwv”. Also. the 
rcchniqw can be used to ~~~t’asurr very distorted polygoml spars provided rhar all 
the members of ;I series are geometricall_v similaP. 

Measurement of fatal :ibsorbance ivith an aperture m:ltching the spot in size 
and sh:kpr is most ;kccur;lte. rhcorctically. even for seriously distorted spots. The mc- 
chanical prolAm of iniplenitmting this for anyrliin g other than circular or elliptical 
spots’ st’t’ms prohibitive_ ho\vcvcr_ Since this technique should be equally eft;-ctive 
with one- or t\\o-dimrnsioutl separations. aclrievin~ this capability \vould be quite 
:idvantagwus_ Existing instr~~mentation is not suitable. A fying spot scanner” or 
image antilysing computrr’s - IS w-y esprnsive and not really designed for measuring 
chromatogran~s of different sizes \vith spots that bleed into the background- Perhaps 
;i special-purpose instrument could be developed. 

The ditkrent techniques have been compared Lvirh respect to ;I marhemarical 
model representins uniform. similar spots and others dillring only in their compact- 
uess-dil!ilsiven~ss_ Under these optinxll conditions the srrtlngthr and ~vctiknossrs of 
rhr various methods are evident_ In the laboratory. heading. tailing_ salt inwrfercnce. 
medium ovrrlo:~ding and incompleteness of the detection reagent inay cause the 
chromatography to be far from ideal and impair any of the techniqu&_ If the back- 

ground color is dark and!or irregular_ errors in dercrmining chr lirnirs of the spar and 
the correct value of the spot r~bsorbance may be large and variable. None of these 
methods can really compensate for fnulty technique. 



12 

APPENDIX 

According 
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where D is the absorbance. I,, is the total incident light and Ii is the total transmitted 
light_ This can be rewritten as 

where i is the illumination per unit area and u is the total area. The subscripts s and 
h denote the spot and the background. respectively. When cc, = 0 (i-e.. there is no 

b; definition- Thcreforc. the instrument readings are such that i0 
in eqn. 1 and letting k = is/i,,_ we have 

if p -... “.\jl<“_ then 1 - p == tct,;tcu and 

D -- 10s 
1 

x-p -L 1 - F 

D = log 
1 

1 -& p (k - 1)- 

= : &,_ Substituting 

(3) 

(5) 

(6) 
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