
- DUAL-WAVELENGTH POINT ZIG-ZAG SCAhNNG OF ZONES ON THIN- 
LAYER CHRQMATOGRAMS AS A TOOL FOR QUAI’XlTAT?XE ASSAY 

Dual-wavelength difFerence photometry has been applied to zones on chro- 
matograms. A zone was scanned, m two dimensions alternately* by two very narrow 
wavelength-selected pulses of Iight; the difference in the fcgarithm of the reflectance 
measurements between the two wavelengtks was converted electronically into an 
absorption coef%ient proportional to concentration according to the Kubetka-Munk 
equations, and this converted vaiuY p was integrated two-dimensionally across the 
whore zone area. For zones of various sizes, shapes and concentrations, the integrated 
value was proportional to the appIied solute concentration. Additional compensation 
was provided for culoured or UV-absorbin, m backgrounds that could not be com- 
pezlsated for by the dual-wavefengtb difference-photometric procedure. 

- 

Thin-layer chromatography is a modern anaIyticat technique, which permits 
13% rapid and ciear separation of a mixture into its components. For quantitative 
assay, however, each component separated as a zone is ehxted, usually to give a 

_transparent extract, which is assayed by spectrophotometry. This is because spettro- 
photometry of transparent materials is a welf estabIished technique and because the 
proportionality between absorbance and concentration (Beer’s law) is obeyed for 
transparent extracts. Direct-measurement of tranb-mission, reflection or fluorescence 
of zones in situ on chromatograms is molr useful if the direct assay &es more 
sensitive and more accurate results for the concentration of substance in the zones: 
in addition, the tedious efution procedure can be omitted. The advantages of these 
types of in tifu measurement mere seessed by 3orkL_ Frei et cL~ and Touchstone ef al.“, 

l To whom aIi axreqxxdence should be addressed. 



and achievements in the early srages of devebpment were review& by Bush< and by 
Sor~Iton’~~. Des+5 these promising 2dvantagoss, the techniape of direct photometry 
has not beconre fuEy est,ablished because of sever& difkulties, which are brie@ 
summarized befow. 

(Z) Beet’s Iaw is not obeyed for cofoured zones on tmzsfucent thin-la>er 
mate&Is. The ?Kubdk2-Mu& equation7-P, which is much more intricate with respect 
TO the reI2tio~ship between concentration and atienuance [-hog T(transmittance) or 
-12g R (reffectance) as a nmvime of righE atrenuation by both absorption and 
sc2tteringl’S. is expected to be obeyed for such tnns!ucect materials. A useful 
approxirmtion afthe gener2.l Kubelka-?6_mk equation to simpfer analytical functions 
was reported by Goldnan 2nd GoodaTizL~E 2nd by Treiber13, with discussions on the 
errors IricIuded in the apprmimadon. The Kubelka-Murk eqmtion for the reflectance 
of infinitely thick layers hzs been 2ppIied by HezeP for direct photometry. On the 
other hand, more seEem equations (including fhtorescence, 2s we11 as scattering and 
absorption) were derived by GoIdmazf5. 

(2) In order to exakne the applicability of these generai or approximate 
equations to zones o~i chromatograns, the photometric readmgs must be accumte 
and precise. However, the rerrdin g of attenuance at a single waveefe=gth when a 
chromatogr2m is scanned along a tie (denoted as the x a_xis) fiuctuates considerabiy 
because the background of the w&e zdsorbmt OLI the plate is not compktely homo- 
geneous. This interferes nith precise measurements and precludes further analysis 
of data. 

(3) A light beam passsd through a sf.2 is comonIy used as incident radiation. 
Szrch a siit produces 2 be2rn th2t illuminates 2 long narrow 2rea in a round or eEptica1 
zone in which the sarrrpfe is disttibuted non-u&formly. The light t_mnsmitted through. 
or reffected from, the long narrow 2iea is therefore composed of light fluxes of 
different intensities from diu”erent locaal densities along the y axis; the photo-currenr 
&Cm a detector pl2ced behind or 2bove the Zone thus gives 2 reading of average 
&ens&y. To eliminate the efkt cf local variations in density, a much smaher uniform 
arm shot&d be measrrred, or else the sampfe shotid be appfied as a band before 
dedefopsheot in order to obtain unifom density along the y 2xis. Further, vsrriations 
in size and &ape of the zone introduce additional errors in readings by one-dimen- 
sicnal Sit-be2E scanning. 

The second diEculty arising fro= background fiuctuation due to scatter&g 
was overcome by a&g diEerence photometry with altenr2te dual-wavelen@ light 
pulses. This techoique, which was developed by Chan~&~J~ for reducing the Auctu- 
ation of &e reading w&z time during a biochemical reaction in a translucent sampie_ 
mas applied by SalgaticofF ef aLre axd by Shibata” to reduce fIuch12tioo in i~ding 
wE_iie scanning a transkeent material aicng 2 line. The Buctuation due to scattering 
changes at a !igh-absorbing w2velength (LJ was compensated for by subtrrctiing 
the Suctuatior; at a different wavelength (&) at which the separated chromogen 
exhibited EO absorption but experienced the same scatteriug flum~ations. In this way 
a \ cry weak spot ~8s recoded zs a distiinct pezk ore a s&g& harizo~~tal bxe-iine in 
an exparided full scale of the order of 0.1 as absorbance difference. The great im 
prmement i-n sensitivity and accwacy atctiinab!e by duai-wavelength photometry of 
ch~ma~ograms hss been discussed theoretically by boulton and PoIIaP”-~3. The use 
of zn opai-glass pIate behind the smpie ftmher improved the rest& when scattering 
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by the sample was dependent on wave!ength1*J9, atthougi such a diEuser was not 
necessary for thin-layer chromatograms, where the scattering was independent of 
wavelength. The precise measurements thus achieved made it possible to solve the 
remaining probiems. 

In the third problem, due to local density variation, a zone was scanned in 
two dimensionP+. In the present experiment, the stage on which the chromatogram 
was mounted was moved in a zig-zag manner in order to scan the zone two-dimen- 
sioaaUy with dual-wavelength Light puIses hav&g a very minute cross-Fe&on. The 
Iighc reflected from the smalL area was measured to obtain a signal of D = Iog (lj&] - 
log (L/R,), in which RI and R, are the reflectances at 2, and 2, respectively. These 
waveIengths were so selected that Lr included the absorption maxima of the substance 
chromatographed. but 2, did not include absorption by the separated chromogen. 

En the present study, the appiicability of the general Kubelka-Munk equations 
was examined without approximation. To achieve this. an electronic device referred 
to in this paper as a “linearizer” was used. The Kubelka-Munk equations for R, and 
R2 can be expressed as folIows: 

D = Log (RJR,) f3 

where 

K = kd and S = sd 

d being the thickness of the thin Iayer, s the scattering coefEcient per unit thickness, 
and k the absorption caeflicient per unit thic’kness, which is proportiona to the sub- 
stance concentration. 

The two curves in Fig. 1 are examples showing the re!ationship between D 
and Kat S = 3 and 7, respectively. It was assumed in the cakulation that the scattering 
caefkient was identical at the two wavelengths, and that the light-scattering layer did 
not absorb light. The Iinearizer is an electronic device that converts the signal of D 
for the minute uniform area into a signal proportional to K for a pre-set vatue of 
S according to the above farms of the Kubelka-Munk equations; similar conversion 
by means of a computer was made by Goldman and GoodaP, and the theoretical 
basis for its electronic simulation m as reparted by PollaIr and BoultorPJ6. Recording 
of K during the zig-zag scanning of a zone in the present experiments gave many 
spikes, as shuwn by czve k in Fi,. = 25. Tine value of K for the minute square area 
was inte,gated to obtain the area (denoted as Ky} of each spike, and the values of KY 
for many spikes were summed to obtain the zone volume (denoted as K&v; see 
curve B in Fig. 2bj with the K tafue taken as the height. The parameter S was so 



varied as to obtain proportionality between Kky and substance content. When tfre 
rayer tk&kness cd) is comtant, tire vafne of EC should be proportional to the substatnce 
corrce;ztration in the x.&Me area, so &at the value of -K-r), integrated over the whole 
zone area should be proportianaf to the substance cantem in the zone. Two O-&W 
methods of measurements were used for comparison; in one, the value of D for the 
mixte area before the conversion was integrated to estimate the zone volume @kg-) 
NiIh the D value taken as the height. and in tk second, the average read& of D for 
the Eong 8re in the zone of the sIit-beam Iinzar scanning systm (Fig. 2a) integp&d 
alcng the x axis to obttiiri a rezdisg denoted as Dx for the whole zone”. 

The adsortxzxts for thin-layer chromatography some&nes contain impurities 
thzf run &Er the solvent from duritig cbromatograpby and are distributed noa- 
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tiforxxiy on thz piate. Treatment with a spray reagent after chromatogra#y often 
causes a simikr norxmiform coloration of the backgound. Non-uniform back- 
ground cofour of UT absorption, which cannot be canceDed by duakvavefength 
difference photometry because of its wavekngth-dependent absorption, distorts the 
base-line. An exampfe of such distortion by contamiwtion near the solvent front is 
show= in Figs. 3a and 3b (in Fig. 3a, the pitch along the x axis in the point zig-zag 
scanning relative to the actual zone dkensions is much exaggerated for illustrative 
purposes). The fluctuation of the reading of D at the starting points of inteptiou 
(dots in Figs. 3a and 3b) is due to such contamination. An ekctronic unit called a 
“background compensator” was developed to mUify the vaIue of D at the starting 
polnrs so as to obtain spikes on a straight base-line, as shown in Fig. 3c. 

Salvent fmnt 

x 
Fig. 3. zig-zag scanning and compensation for colitaminated background: (zj trace of the zig-zag 
SXM& f&t beam across a zone nw 8 contaminated solvent front; (b) distnbufmon prose obtained 
Ritiout compensation; <cf d%trCb~tion prof2e obtained with com_pensation. The hatched I U-mm- 
square blocks refer to the size and shape of theiight!xam cross-section, zndthe contiluaus and broken 
lines refer to the traces of the block centre and edges, respectiveIy. The pit& of scanning Rtas set to be 
identicsi! witi the drmensioil(l.25 mm) of the square block, so rhat tke entire afez incMi~gthesampIe 
zone RZS scanned euactiy twice. The p&2 aiong the x axis B exzgerated for rllustrzti~e purposes. 

The dual-wavelength zig-zag scanner developed from the one described earlierI 
is iiiustrated schematically in Fi g. 4. The optical systems are the same as before, 



excrzpt &at two small ?qSing munochromators were specially designed to illuminate 
a very small area verticaily aad alternareiy wit& two waveIeength-separated E&t pukes. 
Part of the retiected Eight fell on a phoConukq$ier (Hamamatsu TV Et446>, and the 
afremat~ phcro-curr,nts for the two wavelengths were fed to a Eogaridmic amplifier, 
background compensatcq Iiaetizer, iotegrator and, finally, recorder. For the two- 
dimensional scanti~ng, the light Seam wits fixed, and the stage carrying the &in-Iayer 
plate was moved in a zig-zag mazmer. The area illumkated by the incident beam 
measured 1.25 x 1-25 mm (the pitch along the _. axis on each scanning along the 
y axis was 1.25 mm), so that the beam scarzxed the emire area including the sample 
zor;.e exactly nuke (see Fig_ Sal). 

;;L;& -? 
Tz7 

Fig. 4. Sckeznat~c diagra?r of a duai-wa5elengG-i zig-zag %ZXlEei_ IV = tungs;en Imp; D = cIeu- 
iemm Iamp; C = chopper; hlr, M2 = monochrorn~tars; Hm = hzKn;*xror; Av = w&Me aper- 
ttm, Ch = ckr0ms~a~a.m; P&Q, PMt = photomul’rtpliers (PXlr for refkctometry as applied in 
the present study); Con = d.c.-d.c. converfer; Am = ztptifkr; LA = iogantbmic ampfif?er; SW = 
gate swtch: BC = bzckgound compensator; Lir = !imarize~; En = a9alogtxe integrator. 

The signal L) was coaverted into a sipal of ii: for 2 fixed w&e of S pre-set an 
the Iineacrizer (the apprqxiate value of S was dependent on the adsorbeat material, 
as wifl be demonstrated later). Five points were chosen at intervals on the theoretical 
curve (Fig. I) fo P the appropriate vake of S, and tEze five pairs of D and R values for 
these points were pie-set 0~ tie finearizer. The linearizer was so constructed that the 
output signal was proportionat to the values of K corresponding to the si_rma! of ci 
on the curve passing through &e five poims and the origk. When the background 
wzs contarnicated, the signal of D was passed through the background camFensaEor 
before being led to the iloearizer. The reading of D aE each starting point of infe- 
grzttion, which had beeen memoked in the compensator, was subtracted from the 
I? v&es dting scam&g along the y axis, so &hst 2 proBe on a straight zero-fine 
(Fig. 3c) was obt2iined. ; 

The K value was FWJrded with oze of the duai pens on t&e recorder to obtain 
a distibution profile composed ofmany spikes, such as shown hy cnne A k Fig. 2b. 
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The signal of K from the Iinearizer was led to an integrator ta obtain a signal of K&r, 
which was recorded with another pen to obtain an integration curve such as shown 
by curve B in Fig. 2b. The pkiteau height of the integration curve was examined for 
its proportional& to the substance content in the zone. For companson, the D F alues 
on the zig-zag scanning and the D values on the slit-beam Iinear scanning were 
integrated without the conversion to estimate the plateau heights, Dxy and Ds. 
respectiveEy_ 

_Wff ferids for eirroinafogr~ph~ 
The samples examined by the various techniqrres were caffeine, phenacetin and 

methyl yellow (W&o funyaku, Osaka, Japan), erythrosine and Rose bengal (Tokyo 
Chemical Industry, To&o, Japan), various steroids (Applied Science Labs._ State 
Cofleget Pa., U.S.A.) and nicotinamide (Wake Sunyak%). These compounds, and the 
solvents used for development, were of reagent grade. P&es pre-coated with s&a 
gel, alumina or cellufose powder (layer thickness 0.25 mm: Merck, Darmstadt, 
G.F.R_, or Wake Junyaku), or home-made plates coated w+th silica gel (thickness = 
0.25 mm; Wake Junyaku) by means of a spreader (Mitsumi Kagakr; San,vo) were 
used for thin-Iayer chromatography. Paper chromato_graphq was carried out on 
Toy0 No. 51 paper. 

?The two-dimendonaI scanning was efF&ctive in obtaining reproducfble readings 
for a zone of irregular shape. The data in Fig. 5 show an example obtained for a 
deformed elhptical zone of methyl yellow that had been developed on a layer of 
silica ge-ef. The zone was scanned by dual-wavefen@ reffectometry in @vo ways (both 
one- and two-dimensionally), through its centre along three lines at different angles 
(A9 E3 and C in Fig. 5). The Iinea.r scanning was made with a slit-beam with its Iength 
in cross-section adjusted to the width of the zone for each angle of scanning, and the 
Wo-dimensional scanning was made with a spot-beam with a minute square cross- 
section by moving the stage carrying the thin layer in a zig-zag manner. The values of 
D in these measurements were integrated over the whole area without being converted 
into K values. The distribution profiles and integration curves obtained by these 
measurement techniques are shown in the upper and lower parts, respectively_ of 
Fig. 5. As expected, the point zig-zag scanning ga\ re much better reproducibility. The 
inte_mated Repels of D.Y~ obtained by the zig-zag scanning at the three angles agreed 
with ea.3 other. whereas the integrated Ie\eIs of Ds obtained by slit-beam linear 
scanting at the three angles diEered considerably. 

This consistency in U.XJ values measured at different angles for the same zone 
does not necessariIy assure consistency of Dxy vaEues for different zones containing 
the same amount of sampfe, but distributed diEerently. The D value for the mirrute 
area is not proportional to the substance content, so that a change in distribution 
may result in a change in the integrated D_Y_P value. Values of Dx~ without the con- 
version (shown in Fig. 6 for three zones containing the same amount of methyl 
yellow) exhibit great variation; the D.x_Y level for the largest zone (C) is higher by 
25% than rhe B_Y~ Ievel for the smallest zone (ES)_ The conversion into a I(_’ value 
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a n 

Fig. 6. Intezlated Kiy Saks ccmverted at S = 3, ad Dxy va.ks irttegrated without conversion, 
For three zones contafning the same amount of methyi qeliow but in drfFerent distributions. The me- 
thy: yel!o% was separated on it srlicrr gel plate (Merck FX:). uith metha zs deveIopmS solvent. 
Duzf wweIength refiectometry VVES camned out at 700 nm (&) and 420 nm (A) 

proportionzl to the content before integration was necessary to obtain constancy of 
reading for such zones; the variation between Kxy levels for the same three spots 

(shown on the Ieft of Fig. 6) is at most 2%. Be constancy of reading for zones con- 
taining the same amount of sample thr;s achieved, together with the very low fiuctu- 
ation in reading by dual-waveIength difference photometry. provided the basis for 
further precise analysis of data. 

Dependency cf5s. 5xy and Kq- vales on sample conlen~ 

Fig. 7 shows the improvement in proportionality to the sample content that 
was achieved by zig-zag scanmng of the spots in combinztron wzth conversion into 
K values. The data obtained by this combination technique for z&es of caffeine 

(line -4) and phenacecin (line C) developed on a silica gel plate (Merck F29) were 
compared with the data (cu-rves B and D) for the same zones measured by &-beam 
linear scanning without conversion. The conversion was made at S = 3, and the 
wavetengths for dual-wavelength reflectometry were 350 rxm (&) 2nd 270 nm (&); 

caffeine and phenacetin on siIicz geef show an absorption matimrrm (&,.> at 270 
2nd 255 nm, respectively, and no absorption at 350 nm. The l&y values obtained by 
integration of the K vafues (S = 3) measured by zig-zxg scanting were proportional 
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to the sample content, bur the 27s kdues obtained by integiation without conversion 
of the D values measured by linear scanning showed a non-linear rdationship. SimiIar 
measurements were made for testostei-one (Z1’-,,,. = 250 nm), progesterone (%-msx_ = 
260 nm), corticosterone @,,,_ = 255 rsm), co6011e (A,,,_ = 250 nm) and hydru- 
co&sane (J_,,,_ = 250 nm) on a sika gef plate at 2, = 350 nm and 2, = 250 nm, and 
for Food dyes such as Rose bengal (A,,,. = 55G nm) and erytbrosine $.15;,a,_ = 530 nm) 
on the same plate at A, = 703 nm and & = 545 1101. The Kvy vahxs at S = 3 far 
these samples also showed cIose proportionality to the sample contents. but the 
dependencies of the Dx usfues showed curies. 

The data in Fig. 8 sfiow the elect of the conversion of D into K for the two- 
dimensional measlxements. Zones cont.&ing different amounts of cal%ine separated 
0x1 a Merck silica gel plate were measured by point zig-zag scar~niog with and without 
the conversion. followed b> iritegration ax wauelen_&s of 350 nm (&I and 270 Itm 
(E.,). The Kxy vaEues obt&tned with the conversion at S = 3 (s.?iid circles on line A) 
indicate propotiionafity to c&e&e content, whiiIe the Dxy ~.Iues (curve 9) obtained 
~&out conversion are not propo_tional to the contenL 

The value of S approptiate for obtaining propo&onality was dependent on 
&e chromato_~phic adsorbent_ Zones of the same sample of caffeine, but on a 
different plate (W2ko ELM pmcoated), ~~-,2_ereme2srrpedb~l2ig-~;igsc~nnln2 reikcim~- 

etq at the same wavelengths (330 zmd' 270 nrn). Proportionality in this instance 
oznrred x&h fiy values convened at S = 7, bit not w?th valrres converted at S = 3, 
a5 can be seen from Eke C and carve D. respectively+ in Fig. 8. Simiiar experiments 
v&h caEeine OZI a home-made sifica gef (Wake B-5’UA) plate at iL = 350 nm and 



Fig. 8. ICcIationship betwen KXY and Dx~ vaIues, witfi and without conversion, measured by point 
zig-zag scsnnkg and caKehe concentration; J&J v2tues converted at S = 3 (line A) and Dx_v values 
wi&out comersion (ame B) for caf?eine zones developed x~ith &oroform-acetone (6:1) on a Merck 
P-4 silica gel plate, and Kqr values converted at S = 7 Oirxe C) and S = 3 (curve Dj for cafferne 
zones developed urith the Same soIv~nt mixture, but using a Wake FM PI&e. Measuremeots were 
made by duzl-sa\eiength refkxtolrem Ett 350 nrn f&) and 270 nm (L2) 

,& = 270 or 285 Em, and with methyl yellow zcmes on a lMerck ceblose plate at 
4 
r-z = 700 nm and & = 420 nm, showed propo&onaIity for K.xy vaIues converted 
at S = 3. Fig. 9 shows data for methy yellow zones (I.,,,_ = 420 nm) on Toyo 
No. 51 paper. In this instance, conversion at S = 3 gave Kxy vaIues proportional to 

fAstbyE yetlaw . ,uq/Zone 

Fzg. 9. kjcr values comerted at S = 3 (he -4) ad Dx, vzlues (curve B) measured b,v pcint zig-ras 
scannrng for met&t ,veIIow zones de\eIoped with chloroform on Toya No. 5i paper, dual-wa\e- 
iength reffectometry at TOO rm (2;) and 420 run &) 



met&i yettow content (see line A). The ,Ek_y values obtaired by innte,oratfon of J3 

values without conversim are shown by cnrve B. which is bent 2t h&her comxb 
tzhxS_ 

The two integration curves in Fig. 10 show the effect of background com- 

p=n~tlonobse~edfcr2zuneofnicotinamide(~,,,_ = 265om) devehpedonMerck 
silica gel. The kxtegmtlon cmve (D) obtained with compensation shows stepwise 
~ucre2sesInXu)tvaIuetoap~ateazl.~~e~e2s~~~e B~ob~2Zned~~~thoatcompens2tion) 

S~NXYS afurtherincre2se in K..y value overtherange ofthepIateau.Ttis increeasein 
Kxyv2luene2r the so!venrfrontresrxlts from positiveKvalues&ueto coo’Gzninatian 

arou~ld the zone, as can be seen from rhe dist&urion profile obt2ineci withcx~t 

CCEtlpeEZtiOIL 

Alf the data presented in this paper indicate the applicabifity of&e gener2tf 
ECubeTk2-Munk equations for rhe measurenrent af absorbing zones separated OEL 
f_%n-Eqeer chro;natogr~ams. This was demonstrated from the precise data obtain& 
by thecombined techniques ofdu2Lw2vdength difFeraxe r&ectometry, two-dimen- 

s1ondtig-zitgscznting arid in~e~2tion,conversionofD:o K. 2nd compensationfor 
COiOtZed backgDDnrd_ 

A simiiarinvestig2tion with transmissioo photometry 2s opposedt~ re%cction 

Fhotometq w2saIso carried ax, 2nd ~ili berepor~edelse~here;ther~uItsmayalso 

lye &value. 
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