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By .Robert G. Milkey and Ma.ry H •. :Fletcher 

Thorium reaets with :marin to yield a yellow complex that fluoresces 

when irradiated with ultraviolet light,. The e .ffect on the fluorescence 

of' such variables as concentration of acid, a:.le.ohol, thoriwn., m:orln, and 

complex; time, temp.era.ture, and :wavelength ·o:r exciting light are studied 

to determine e:xperi.rnent.a1 -cond.itions yielding ma.ximllll1 fluorescence.. The 

effects ()f Zr4+, Al s+, Fe3+, Ca2+, and laS+ a.z-e di.scussed111 

The fundamental relationships between light absorption and. fluores:ee.nce 

are expres.sed in a general equation ·which applies to a three~compo:nent 

system when the fluoresc.ence is .measured in a. trans.m.ission-tYPe fluorimeter., 

Thi.s ,general equation is used. to obta.in an expre~slon for the fluo.resc.enc~e 

of .the tho-ri'Ulll:-morin syst·em. 

Ectuati:ons , :derived. from .expe.rim.e:ntal data, relate both the fract.ion of 

thortum. reacted to form car.n;plex. and the fraction o.r un.que.nched.. !luore·scence 

to the .conce:ntration .of uncombined marin. T.llese fun:etions, when combined 

wi.th the general equati.on,. give a.n e.xpression -which relates the total net 

f'luorescen:ce to the .amount of uncombined marin in the :solution. This last 

equation can be used to: determine the one region t ·o:r the concentration. of 

uncombined m.orin tha..t gives maximum s.ensitivity .for the syt;tem.. Cal~culated.. 

.:standard curv;es a:re ln excelle.nt a.greelnent .with e.xperim.ental ~curves. 
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INTRODUCTION 

Morin reacts with thorium in weakly acid solutions (3, 4, 7, 8) to 

form a stable yellow complex which fluoresces yellow-green when its solu= 

tions are irradiated with ultraviolet light. Both the color and fluorescence 

of this cpmplex have been investigated .• , 

The results of the spe,ctrophotometric study have been presented in an 

earlier paper (2) which evaluates the color system as a basis for the 

quantitative determination of trace amounts of thorium .. 

This paper evaluates the fluorescent system as a basis for the quanti­

tative determination of trace amounts of thorium. ,some of the theoretical 

and mathematical relationships between fluorescence and light absorption, 

as exhibited in the thorium-marin system, are also included. This report 

is part of· a J>rogram conducted by the U. S. Geological Survey on behalf of 

the Division of Raw Materials of the U • .S. Atomic Energy Commission. 

CHARACTERISTICS OF THORIUM-MORIN sYSTEM 

The reaction between thorium and. morin occurs in slightly acid solution 

according to the equation 

ThX4 + 2M·H -~ ThM2X2 + 2HX • • • • • • ( 1) 

where M·H is morin (5, 7, 2', 4r . flavanol) having the structure 

and X is a univalent negative ion such as Cl- or NOs-• The reaction is 

instantaneous and results in the formation of a single, yellow, stable 

complex having a .molar ratio of Th:M of 1:2. 
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The equilibrium co.nstant r ·or the reaction, according to the equation 

= 

is approximately 1 x 10a (2):. 

(Th.M:::t
2 

][H + ]
2 

[Th +4 ] [M.H] 2 

Solutions of' the complex fluoresce a bright green when irradiated 

with long wavelength ultraviolet light ( 3, 4 ,. 7, 8) • The wavelength band 

of the fluorescent li,ght ranges from approxirn.ately 488 to 555 Irlj.J.~ -with 

peak intensity between 513 and 533 IDJ.l, as determined by visual inspection 

with a sp,ectroscope (personal communication, H. Jaffe, u. s. Geological 

Survey, and C"., E~ ifui te, Univ. of Maryland) • 

Absorption .spectra for . solutions of the co.mplex (curve B) and for pure 

.marin (curve A) are presented. in figure 1. The region between the dotted 

lines in this f'igure indicates the ·wavelength hand of the fluorescent light. 

It should be noted that the fluores:cence occurs in that part of the spectrum 

in which light iS transmitted completely by both the complex and marin. 

Moreover, solutions with thorium concentrations as large as 50 mg ThOe per 

50 ml also completely transmit all light in this .spectral region. The 

spectra indicate that light having a wavelength near 410 ll1J.! would be 

advantageous for the production of fluorescence, and such light (404.,7 DlJJ.) 

was used to establish the experimental cond;itions. 
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Figure 1.--Absorption spectra for pure marin (A) and thorium-marin complex (B) 
arrow indicates wavelength region of fluorescence. Curve A) 600 micrograms 
morin/50 ml of solution; curve B, 600 micrograms marin plus 2 mg Th02/50 ml 
of solution; 2 ml alcohol in each. 
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EXPERIMENTAL DATA 

App¥'atus. and. reagents 

Transmission fluorimeter 

The transmission fluorimeter, especially built for this study, is 

arranged so that the light so:uree, sample ·cell, and phototube are on a 

linear vertical axis, with lamp and phototube on opposite side.s of' the 

sample. 

Source o:f exciting light,. --An EH ... 4 high-pressure mer·cury lam.P 

operated from a Sola no., 301,883 constant--vrattage transformer and cooled 
I 

with a dark-room ventilator. The lamp -was 18 inches above the top of the 

solution cell. (Intensity of the light suppl:ie.d at ~velength 4o4.7 IllJ.L. 

' was approximately four times the intensity o:f the light at 365 IJlt.L wave ... 

length,. Persona-l communication, c • .L. Waring, u .• s • . Geological Survey.) 

.Me.asuring Jmit ..... -.A 1P21 .multiplier phototube po'Wered by a regulated 

high-voltage supply (A;tomic Instru.tnent Co., model 306) and used in conjunction 

with an ul trasens i tive mic.roammeter (RC.A. no. l(V ... 84A) • The measuring unit 

was used at the same sensitivity for all measurements in this study. 

A potential of approx:,i.mately 550 volts was always app.lied to. the 

phototube. This resulted in standard. deflections of o.64o microampere for 

P0 (4o4.7 IrijJ.) and 0.980 microampere for Po (365-.0 IllJ.l.L from the fluorescent 

uranium glass stand.a.rd. used for ca.libration. 

Filt.ers .... ~Primary filters: 1.. A combination of Corning f•ilters 

no. 3060, .4308, and 5970 was used. to isolate light of wavelength 404 .. 7 IllJJ.-. 

2. A. ·combination of Corning filters no,. 7380,. 5874, and 5860 was used to 

isolate ligh~ o.f wavelength 365.0 InJl• 
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Se:con.dary filters: Corning np. 4010 -was used to isolate the tluoresc.ent 

light. 

tivity:lt 

Silyere.d.. tuhe ....... .A brass tube with silv:e~red. interior connected the 

phototube. ·and s:ampl~ eQJrlpa.rtmen.ts of' the i:n.struinent ~· TQe phgtotub:e wa.s at 

a distance of about 12 inche.s f'rom the bottom. Qf the sa;mple cell. 

Beckman DU quartz .spectrophotometer 

:Be'ckma.n pH meter 

Morin 

Dr. Theodo:r Schuchardt in Munich, Germany. Solutions of morin of the 

conee.ntrat.ion desired. 'Were prepa.re.d by d:J_ssolving the splld. material 1n 

95 percent ethyl alcohol. 

Standard thorium solutions 

A stock solution of thorium chloride -/was prepared by dissolving the 

salt (reagent grade) in 3 percent hydrochloric acid. This solution, which 

:contained 100 mg of' ThOzper ml, was standardized gravimetrically. 

Working solutions were prepared from the stock solution by dilution 

vith distilled water and, when nec.essary, by the addition of more acid., 

The acidity o:.f all working solutions was adjusted to give a pH of: 1,.9 to 
( 
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Materials tested as possible interferences 

Stock solutions of the chlorides of aluminum, calcium, iron, lanthanum, 

and zirconium were prepared in hydrochloric acid solutions which were diluted 

as required to give working solutions of the proper concentration at a pH 

of 2.0. The working solutions were used immediately after dilution. 

Effect of experimental variables on fluorescence 

Acidity 

The effect of acidity on the fluorescent system is shown in figure 2. 

In curve B, which represents solutions similar to those found in routine 

analysis, the point of maximum fluorescence occurs at pH 2, and this is also 

the point of maximum difference between the solutions and the blanks. 

Accordingly, a pH of 2 was chosen for the fluorimetric study. 

Alcohol 

The effect of alcohol on the fluorescence of solutions of complex, of 

complex and uncombined morin, and of morin alone is illustrated in figure 3 

which shows that sensitivity increases with alcohol content until 20 to 

25 ml of alcohol are present per 50 m1 of solution. 

Concentration of morin 

The effect of morin concentration when the total Th02 content of each 

solution is 50.3 micrograms per 50 ml is shown in figures 4 and 5. Maximum 

fluorescence is obtained from solutions containing 100 to 200 micrograms of 

morin per 50 ml. This holds true for other concentrations of Th02 of the 

same order of magnitude. 
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pH of solutions 

Figure 2.--Effect of pH on fluorescence. Curve A, complex (37 .4 micrograms per 
50 ml); curve B, mixture of complex plus uncombined morin (100.6 micrograms 
Th02 plus 165 micrograms total morin per 50 ml); curve C, morin (300 micro­
grams per 50 ml); 2 ml of alcohol in all . solutions; P0 (404.7 mJ..L)I1 
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Temperature 

The absorbance of the thorium..;morin complex is only slightly affected 

by tempera:ture ,~ Ho:wever, in the temperature r~ge from ~0° tQ 50°· C , the 

intensity of fluare.scence decreases linearly with increasing temperature. 

The readings on. a solution that contained 25 .9 micrograms of complex per 

50 nti decreased 15 percent when the tetn.pera.ture was increased from 20° to 

30° Co 

Time of standing 

The fluorescence deve:lops immediately and reproducible readings are 

obtained over a period of several hours. Typical o;f the reproduci'bility is 

a series o.f readings made · at 30-minute intervals over a period of several 

hours .on a .solution that contained 46.9 micrograms of Th02 and. 200 mi,erograrn.s 

of morin per 50 ml. After the initial 30 minutes, the difference between 

the highest and lowest readings was le·ss than 2 percent_. 

Method of prepa.ration .of solutions 

. .J\.11 o·f the solutions used in this study were prepared in 50"'Cml glass ~~ 

stoppered. g:r-aduates or flasks.. The procedure .follows~ 

1., Add 1.0 ml of 0•63!_ HCl~ 

2,. A~d thorium solution that has a pH of .2.0 and contains no other 

metallic ions. 

3. Adjust volume of solution to 20 ml With distilled. water .. .Mix .. 

4. Add 2.-0 ml of marin solution (weight of marin added will be 

indicated separately for each test)-~ 
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7,, Mjust volume to ·exactly 50 ml with dis·tilled w.te:r.. 

i o Stdppe:r a;:nd mix vell)l\ 

9 ·0, .After half .an hcy;u:r, :mea:.sn:re the fluoreseen-e·e of a 25~ml ali.u,(:)t •• 

Typical ata.nda.rcl :c:u:ryes a;re present,ed in figu:t"'es 6 and 7 (so·li.d. lines) 

and in figu!"e 8"' ·'the .curves in figures 6 a.nd 1 indicate that thorium 

concentrations ranging from 10 to 150 mi:crograms. of ThO? can. he measured 

In. figure 8, hollev;er, 'Which covers the thorium range most i.mpQ.rtan.t t o 

traee a.n:alys is a.nit ref:era t .o a more s~ensi tive intst:r'Ulllent scale, the cu,.rves 

are not as well defined as those tor the hlgher thori"q.m range even tho1lgh 

each point on the curv.es represents the .average ob-tained from re·ad:J.ngs on 

:f.our di:ffere:a.t s.oluti.on.sJ.; In the linear portion o-:t the curve obtainecl nth 

an exciting waye.lengtb. O:f 4o4 •. 7 ·.IrJti in :figure 8, a difference in fJ:u.o:re-scenee 

readings Qf OelOO ts equi"~lent to 1.,10 :mierograms of' ThO~~ 4s the inst;r:u.­

ment can be rea;if- to a 'diffe:rence of 0.,0()4, the :p.O's.sibility of d.e'te,:cti:ng a 

conc,entrati-Qtt .di.;f.fe:rene.e o.:r .o.-o44 micra,gram. o:f" ThQ~ :per 50 .m.l is indica.te,d. 
·~ 

take .advantage .Of this sensi.tivity at present bee.a:u.se, random errors fr:om. 

:lJ.tlknQv.n. s·o:u,:r:c:e•s, .often oe:eu:.r; these a;)ll.()Uilt to approxima.te·ly ± o.·5 microgram 

o:f 'ThO .a an the :i..ndi vidl..lal readings • · 
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o Exciting light 4o4.7 mJ.L 
• Exciting light 365.0 miJ. 

Th02 1 microg.rn;ms per 

• 

Figure r~'.8. --E1g;>eriment~l standard C'l..lXyeS. Total morin = 100 mie;ro.gr.a;Qts per 50 ml; 
alcohol :=; 2 ml per 50 ml. 



.A. sensitivity of 0~5 microgram o.f ThO~ is slightly less than but 

comparabl e t .o that of the sp.ectrophotometric. me~h:od (2). Potentially, 

however l1 the · sensiti:vitles of the two .metho·d,p are far different pro-vided. 

·the random errors ean be eliminated ·from the fluorimetrlc method. As 

i:ndieated above, the limit of detection o·f the fluorimetri:c :method i.s as 

low as o.o41t microgramG Although the sensitivity of the spectrophotometr.ic 

metho·d can be tmproved . . only by such limited means as increasing the .light 

path beyond 5 em, the sensiti'vi ty of the fluorimetric method ·could be 

inc.reased greatly by several different means~ 

Increased fluor'escence could be produced by using higher concentrations 

o:r .alcohol and by increasing the intensity of the exciting light by movi.ng 

the lamp closer to the . sample.. Additional sensitivity could. be obta.Jned. 

instru;mentally by increasing t.he amplification of the photo·current. 

However, unless the precision·_ were improved. these expe.dients would result 

in lncrea-sj.ng the random errors proportionately nth no resultant net gaine 

Henc-e~- at present~ the spectrophotometric method. is more advantageous for 

quantitative analysis. 

Effect of other ions 

Zirconium, alum.im . .un, and ferric ions that are s:eFious interferences in 

the spectrophotometri:c method, and calcium and lanthanum, 'Which might be 

~etul as carriers in s.eparations of' thorium fro.m. othe.r ions, were tested 

:for tbe.ir flllQreseent reactions with morin. In all of these teats~ the 

solutions contained. 2 ml of alcohol and the ion was tested both alone and. 

in the pres.ence of 5 microgram,.<:l o.f ThO~ per 50 ml o:f s.olution. Z1r:conium 



and aluminum w-ere tested W1 th exciting Yn:t:vele.ngths of both 4o4 •• 7 tl1Jl and 

365.0 1llJJ., and as the effects or these ions were the :same .at both W,velengths, 

ferric, c.a.lciurn, .and lanthanum ions were tested. at 4o4. 7 ·nij.l. only. Both 

2irconium and aluminum fluoresce with morin and ·wouideause a positiye error 

in analytical work. Ferric ions seriously quench the fluorescence of thorium 

and. would cause a negative error • "Small ~o'lltlts of caJ.cium and lanthanum. 

produce little or no :ef'fect, and apparently small :amounts o.f' either could 

be used as a carrier in separations of thorium from other io.ns. 

Ion 

zr+4 ' 

Fe+3 

ca+2 

A summary .of these te.sts is given in table 1. 

Table 1 •. --Summary of effects of other ions .• 

'Type of 
interference 

Forms .co1llj;lle:x 
which fluoresces 

Forms complex 
which fluore.sces 

Quenches tne 
thorium-marin 
:fluorescence 

Quenches the 
thorium-marin 
fluorescence 

Quenches the 
thoritUit-morin 
fluorescence 

Sensitivity of 
fluorescence of 
interfering ion 

ZrO~ and ThOa 
approximately rthe 
same 

Al203 about 1/8 as 
sensitive as Th02 

-~ 

Amount of interfering 
substance which causes 101> 

error in amount of Th02 found 

Zr02 = 10~ of the amount of 
_ Tp.02 present 

Al20s = amount of ThOa 
present 

15-20 micro·gra:ms Fe20s 
per 50 ml 

2 mg CaO per _50 m1 
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\ 
) . 1 . . 

BASIC THEORY OF FLUORESCENCE k APPLICATION TO THORIUM~MORIN SYSTEM 
.. / 

i 
! 

The theoreti-cal factors affe·ctin.g the fluorescenee of the tb.orium"'morin 

system are more eompltcated than thos.e of the spectrop;hotomet:ric system. 

To understand the fluorescent system better, .it was studied in the_ following 

manner~ 

A. mathematical analysts of the rela:tionship between light absorption 

and fluorescence wa.s made and a general equation derived for the fluo~esc·ence 

produced :i,n a three=·component system assuming that all three components 

absorb exciting light, all three fluoresce, and all three absorb the fluo ... 

rescence • . · This general equation reduces to simpler forms when applied to 

less complicated systems where many of the terms of tne general equation 

become zero.. A specific expression that applies to the thorium-morin 

system was obtained from one of these simpler equations by addition o:f a 

quenching factor and substitution of the proper constants. The yalidity of 

this expressiQn is shown by the close agreement between calculated and 

experimental standard curves. 

Derivation of tne genera·l equation 

, ~.Consider a cell containing a solution "flth the light source above 

the solution and the phototube below th~ c.ell •. 

L 1 ! P0 (exciting light) 

b I } -ds 

.J~ 

p} s 
........ 

! J ! F (fluorescent light) 
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flasume .that the ext!iting light is ;mono:chrQlllt;tti:e and tMt the absorpti.o.n 

where .P is light intensity, 

k is absorptivity, 4nd 

s is di:ata.n:ce from the surfaee of the solution to the 

fluorescing subst.a.nee in dif'ferent.ial layer d.$ • 

Fluorescence of <met.a.l ion 

I:f the solution contains .a metal ion, the re.agent, and the complex, 

and if all three .~hsorb exe.i ting light, then the inte:nsi ty .of the exei ti;ng 

light (P,) entering the layer ds is expressed.: 

P = ,Po e -(k~e~ + k?c~ + kses)s 

where the subscript 1 r~r-s to the :rneU:tl ion, su,.bseript 2 refers to the 

reagent, and subscript 3 refers to the :c"($tplex.. Then, the light int.ensi ty 

absorbe.d in the d.iff'e;r~.nt:I.al layer d.s is given b.y the expres.ai.on 

;3n =. p (k . .k . . . lr- . ) . -{k~c~ + k~:c2 + ks.cs )s ds. u.c - . 0 ~c.~ + . z -c2 + ~e3 e . · . . 

_Let ·KM = factor :for conyersi.o.n Q'f the absorbe·d exciting light to 

fluorescent light when the metal ion is the. fluorestC.ent component., 

V = fraction o.f unabsorbed f~uorescent light which. impinge.s an the 

photQtube, the geometri.cal :fa.ctor.. (If the d.ista.ne'E~ from the solution cell 

to the phQtottibe is .m.u.ch larger than the distance b, then V will be sub­

stantially constM.t tor all values o:f s or .all positions of dS.) 

k4 = absorptivity of the metal ion for the fluorescent light emitted 

by :the metal iO-n .• 



26 

ks .:::; absorptivity of t .he reag~nt for the fluorescent li,ght em;i tted 

by the metal ion. 

ka ::: a.J:>s.orptivity of' the cQmp1ex :for the fluor.escent light emitted 

by the metal ion_-.. 

(As the way.elength,S of the fluo:t"eqcent light emitted would prob,$.bly 

extend over a range oX' values, the ·14., ks, and k 6 are u,nderstoad to be 

average va.lQea for the "WaVelength lYa.nd,.) 

The fluorescent light, :OFM , arising from the· metal ion in the element 
0 

ds is proportional to the fraction of light absorbed by the metal ion in the 

element ds: 

The unabsorbed fraction -of this f1uorescence which impinges on the 

phototube is expre$sed by the eq~tion: 

The fluorescent light (due to the metal ion in the entire solution) 

which impinges on the phototube is obtained by a sunm1ation of the 

differential elements ds between the limits of zero and b and results in 

the integrated expression 

F.M- = _ .. _ K~Po(k1c1 ,) .. _ _ [e -(k4CJ.+ksca+k6c3)b -(kJ.c1 +k.2cztks·c3 )b] 
(kl. -k4 Jc1. +(k2·-ks )c:z+(k3 ... k6 ),c3 ... Je · .. 



:Fluorescence ·of re.agent . 

By a similar procedure,. ah e.xpreacS·ion can 'be · obtained for tne fluo ... 

res cent 'light arising from. the re~ge!\,t · ;tn:~ the solution; , 

Le_t Ka •. = :conve:rs:t.on coefficient .f .or- exciting light -to f1~orescent 

light when the reAgent :ts the fluorescet}t contponent .• 

y :;:: fracti()n or unabsorbed fluorescent light that impinges on 

the phototube. 

k 7 = ~bsorptivity of the metal ion for th~ fluorescent light emitted 

by the reagent. 

ke :::::; absorptivity of the reagent for the fluorescent l~ght emitted 

by the reagent. 

k 9 = absorptivity o.f the complex for the fluorescent light emitted 

by the reagent ... 

Again; the absorpt;i.vities are assumed to be average values for the 

waveband of fluor.escence. Ac:cordingly, the expression for the fluorescence 

dlJ.e to the r~agent in .the solution which impinges on the phototube is 

wh~re 

Fluorescence or COl'JlJ?le~ 

Let Kc = conversion factor tor exciting light to fluorescent li.ght 

when the complex is the :f!uores ce:nt component •. 

V = fraction of" unabsorbed :fluorescent light that impinges on the 

phototu.be. 
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k1.o: = absorptivity o:f the metal ion for the fluo]:>escen:t light emitted 

by the complex .. ., 

kJu = ab sorptivity of the r~agent for the fluorescent light emitted 

by the complex. 

k~ = a,bsorptivity o:f the complex :for the fluorescent light emitted 

by the cofil:plex. 

The abso:rptivities again are assumed to be average values for the 

"Watveband of the fluorescence. 

Then the fluorescence, due to the complex in the solution, which impinges 

on the phototupe is 

F . = KaPo(kscs) . .. ·.· te-(k~oC).+kJ.J.C,.Z+kJ..~Cs)b 
C (k1 -kl.0 )c 1+(k;2-k11 )c2+(k3-k1~)c3 

........ (5) 

where Ks = VKC 

Total fluorescence 

In equations 3, 4, and 5, the exponential functions are expressed to 

the base e.. In practical usage, however, the exponentials are usually 

expressed to. the base 10, and in this case, the absorptivities kn of 

equations .3, 4, and. 5 become 0.434 kn• Moreover, to be more specific in 

terminology, when the concentrations c1 , c2 , and. c3 are expressed as weight 

per un:t,t volume, the absorptivity 0 •. 4.34 ~' is expressed. as an (en when 

. ·concentration is in terms of mole.s per liter).. Thus, expressing the 

exponential fUnctions to th.e base 10 and the .concentrations in terms of 

weight per unit volume , the final equation for total fluores·cence reaching 



the . phoJ~ot:ube becomes ~ 

F~Fx+lll+Fc 

= 
K1.fo (~1c 1 )[lQ=(9<4c~+ase~+aacs)b _ l}f.(.a1~J.+a2c,a+a~t~3)b] 

[ (aii ~:9.4)c1 +(a.~""as-)cr.(~g~e)es] 

KaPo ( a2:ca}IlO-(a7¢1+aac~+a~es)b. _. _lO _. (aJ.Ci+a~c2+a3c3 )b] 

( (ax ~a7 )c t+( aa~aa )c2+(as-.a.9) ea ] 

~Po (asea) Ilo ... (a.J..oCJ.+aJ.l.<!~a.1~cs)b :-.. 10-(aJ.C_i+aece+~a·cy.)b J 

I ( al. -a1.o)c·1 +(a.2-B.'il)C,2t(as-al.;2)csJ 

Application to simplified systems 

+ 

+ 

Equation 6 represents the generalized case where all three of the 

components in the so.lulion absorb the e.xci ting light, all thre.e .fluoresce, 

and a_ll t:h..ree absorb the fluorescent light,. In actual practi:ce most 

Sy$tenrs wi.ll b:e much·:simpler than this, and the equation will accordingly 

be much Simplified.; Thus, whe:p. the complex alone abs.orbs exciting light 

and fluoresce.s, exciting light is not absorbed by the other two: comp-onents, 

and fluorescent light is not .absorbed by any of the three components, the 

equation reduces to the form. 

F = K.$Po (l-10""a3:Csb) 

(hereafter referred to- as System I) • This is the form of the .equation 

usually found lr:t the literature (1, 5, 6). . . 

'When the complex a.nd. reagent b.oth absorb exci t;ing light, but the 

complex alone fluor.esces, and. fluorescent light is not absorbed by any o:f 

the three components_, the theoretical equation becomes 

• . e • •H•; (8) 



('n~:r~e~!ie:r re;terre·d. t Oi: r£s .~-ystetn ··n). l3rauntbers ana :()abet.~ . (1 ) ~v.e 

de:riT:ed ~ ~t~t:ton, tttml.lttr t .Q- this, t .o shOlt . the ette:et on ~res:c.eltee 

"Wh.~n the excit ing light is: abaorh~d. by a;n im,purity in the SQlltt i Q1l:o 

'flb;en the e tmrplex ,and m.eta.l ion both a;bsarb ,exeit.in;g light, hu.t only 
I 

Other sy.stema ·cAA. be :po:stw.ated. and. analogous .e.quati.O:llS ~ be d:eriv;.ea ... 

The derived equations express the fluor.ese·en.ee theoretically possible 

aho.l1l.d.. o,e.ew in the .S:()l1-ttions , then the derived. •th;ematiea.l expressio& 

v.ould be :tmU.ti:plied 'by an extra. term, -which vq;ul.d e:xpres~s the rra.e·tiQll o:f 

~\Ull fluorescence that remained. 1Ulquenehea. 

~tudy o-f the fluores.cence of' the thorium-morin system 

In the process of' applying the general equation. (no. 6) to a study of 

the thorium ... morin system, it was necessary to ,co.n:sider ea'Ch of the .fo·llo1dng 

variable.s: the coneent:rations of' e?Ccess thorium, of complex, of excess 

morin, and of' alcohol, and also the wavelength of e;x:citing light. 

In these studies the concentrations of eaeh of the reactants B;nd .. of 

the complex were varied ind.ivid.ua.lly to dete·rmine how each affects t~ 

fluoreseenee.. AJ_s.o, i:n Jnany of these te,sts two different conee_ntrations of 

alcoho.l, 2 and 12 ml,, and. two different wavelengths for the exciting light 

we.re u.sed to study the eti'eet on the fluores-cence when it is produced nnde~ 

varying conditions of. light absorption and also to Q.etermine whether .K, 
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the factor for conversion of exciting energy to fluore.scence, var:ies with 

alcohol concentration or wavelength of' exciting light. 

The -absorbance data presented in :figure 1 were considered in choosing 

the "Wavelengths to. be used in the excitation of the fluorescence .. .At 410 111J.i. 

the absorbance o:f the complex is at its :peak (curve B). Furthermo.re, the 

difference between the absorptivity of complex and the absorptivity of morin 

is at a maximum at 410 In!J.I as a consequence, inter:ference resulting from 

light absorption by uncombined morin should be at a minimum at this wave-­

lengthe By analogous_ reasoning, at 350 Inf.J.. interference resulting from light 

absorption by the uncombined morin should be at a maximum.. Thus, from the 

standpoint of light absorption only, 410 lJlti should be the most advantageous 

exciting wavelength and 350 .IPJ.! the least advantageous. 

These two ·wavelengths are quite close to the wavelengths of light 

emitted by the high-pressure mercury lamp--one o:f the most generally u..s.ed 

sources of ultraviolet l:ight. This mercury lamp gives intense radiation at 

both 4o4.7 mtt and 365.0 mJ.L, and light at each of these wavelengths can be 

isolated by filters. Accordingly, both the 4o4.7 :m...,. and 365.0 m~ radiations 

of the mercury lamp were used as exciting wavelengths in this work. 

Effect of the concentration of excess thorium . 

To test the effect .of excess thorium on the :fluorescence, a series of 

solutions were prepared in which the thorium concentration was increased ·to 

a point of great excess over that of the morin. In figure 9 the fluorescence 

of these solutions is shown as a function of the thorium concentration. 

It ha.s been shown (2) that 6oO-micrograms of marin are more than 

98 percent reacted to form complex when as little as 7.5 mg of ThO~ are 

present in 50 ml of solution. The horizontal portion of the fluorescen~e 



~ 
cd 
t) 
til 

-350 

.. :;oo 

e,25Q 

0.200 
r-1 

... ; 
(1), 
t) 
Q 
(1) 
t) 

~ .150 
H g 
rl 
~ 

.100 

.. 050 

0 

"'p,_,~. ··-· 

0 

2 ·rr4.- ~lcohol 

5.0 10.0 15o0 20.0 25.0 30.0 55.0 
Total concentration of Th02 , milligrams per 50 ml 

/ . 
Figure 9. --Effect on fluores-cence of' adding increasing _amoun-ts of thorium to a constant amount of 

morin ( 6oo micrograms per 50 ml; alcohol 2 ml; P0 ( 4o~ T-m~). 

\.:N 
1\) 

50.0 



curve {fi.g,. '9) is representative, therefore, of s .olutions that are mixtu.res 

of .a constant amount of complex ID.th varying amounts of excess thorium, and 

it shows that amoUJ.11ts of thoriupl as large as 50 mg ThO:a i .nterfere itt no 

di.scernible ·wy vi th the fluorescence o.f the complex, as .any quenching or 

absorption of either the excit:i.ng light or fluorescent ligb.t by the thorium 

would result in decreasing f'luoresce·nce as the thorium: content increased 

a..ll.d any enhancement of fluorescence due to increased thorium c.oncentra.tion 

would cau.se the curv.e to rise~ Thus, insofar as the fluorescence is con­

cerned, solutions containing a mixture of the complex a.nd a large excess of 

thorium can be considered as solutions of the pure complex alone"" In this 

study 50 mg of Th02 were always used in the preparation of solutions of the 

so-called pure complex to insure that all of the morin would be completely 

converted to the form of co.m;ple;x._ 

Effect of' the concentration of the complex 

To de.te.rmine the effect of the .. -concentration of the complex on the 

fluorescence two series of solutions were prepare.d in Ylhich amounts of 

morin :ra;nging t.rom._ 0 to 4000 micrograms were converted completely to the 

complex by a large excess of thorium (5.0 m.g Th02 per ml) • In one series of 

solutions the alcohol content was 2 ml~ whereas in the other series it was 

12 ml!J 

11he fluore.scences of these solutions were determined using exciting 

lights having wavelengths o,:t· 4o4. 7 InlJ. and 365_.:0 IDjJ. and a light path through 

the solutions o:f 3.241 -Cme The absorbances of" these solutions at these 

wavelengths were calculated from. data obtained with the Beckman spectro~ 

photometer. As each or these solutions contained complex only plus :a large 



amount o.f ex-cess thorium:, the complex was the only component o·f the solu ... 

tions that absorbed the exciting light or e.mi tt·ed fluorescence and the 

system was similar to that described under Derivation as System I o Thus, 

the fluore:soc.ence produce.d in these solutions should obey equation 7, 

F = KsPo (1-lO~.A), :where A = absorbance = asc3 b. ,J\peord.ingly the fluorescence 

was pJ,.otted. as a function of (l=lO=A) which is equivalent to the f'raction of 

exciting light absorbed by the complex. Curves A and B ~ f'igure 10, are 

representative of the solutions that contained 12 and 2 ml of alcohol, 

respectively, when the exciting light had a wavelength of 40.4.-7 I!lJJ.• The 

curves obta.ined With an exc:L ting light of wavelength 365.0 ffiiJ. .are not 

presented because they are similar to those of figure 10. 

The curves in figure 10 show that, within the limits of experimental 

error., the fluorescence increases linearly with the fra.ction of exci ti:ng 

light absorbed, (1-10-A); thus, in this region of linearity the conversion 

factor K (Ks of equation 7) is a constant, and the fluorescence of the 

complex obeys the ba.sic equation. 

The slopes of the curves in figure 10 are equivalent to KP0 of the 

equation, and the empirical values for KP0 calculated from the curves are 

given in table 2. The v:alues obtai.ned with ~xci ting light of 365 .o IDJJ. are 

included a:lso ,. 

Table .2 •. ~-Empirical values for KP0 (for fluorescence readings on 10 
scale). 

Wavelength of exciting light 
(Inf..l) 

4o4.7 

365.0 

Empirical values for 10?0 
2 ml of alcohol 12 ml of alcohol 

0.317 

0.746 lol25 

• 
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A, 12 ml of alcohol _ per 50 ml; curve B, 2 ml o:t alcohol per 50 ml; .. P0 (Jf04. 7 U4J.). Fo~ ea.eh ~urve the 
concentration o.f the complex varied from 0 to 49?4.4 micrograms per 50 m.l of solution. 



As ·tab;le 2 s~ows, the value o:f KP 
0 

is affected by alc-ohol :eo:n:tent, but 

as ~0 i.s -:consta..nt for each exci·ting wvelength used,. the ehange in ICP0 !or 

·each -wavelength ref'le.ets a .change in the factor K only. Thus, when the 

aleohol -was inc:reased from 2 to 12 m.l and the e.xe:tting llght had a. Ya.v.e ... 

length of 404-.7 IDf.L, K vm.s increased by 62 peree.nt; )then the e.x·citing light 

· had a wavelength of 365.0 Inft, .K wets increased by 51 :percent .• 

The data i.n table 2 .can also be use.d to obta.in a rough eompa.rison of K 

at the two di:ff.erent -wavelengths. The ratio of KP0 (4-04 ... 7 IDJJ.) to KP
0 

(365~:0 mtJ,) 

for each :coneentration of al-cohol is roughly 1 to 2. But th.e rati.o of 

}>0 (404~7 InJ..I.) to 1'
0 

(365.0 UJfJ.) is about 1 to 4 for the :particular light 

source l.ls.ed._ 

When this difference in .P
0 

i.s considered, it be.comes ev.ide.nt that 

K (404•7 ~) is about twice .a,s large as K (365.0 JflJJ,)o. 

Thus, not only ( 1·10-A.), the fraction of' ,P 
0 

that is ab·sorbed by the 

ccQmplex, but K also is greater when the exciting wa.velength 404 .• 7 IDlJ. is 

used rather than 365 .o mtJ.• A~.cordingly 1 tor light sources of equal energy 

at bQth wavelength, sensitivity will be considerably greater when the 

exci ttng wavelength is 4o4. 7 ~ rather than 365.0 1Bj.J.., 

R~turning to figure 10 it will be noted. tha.t a. sharp break o·eeurs i:n 

e.ach curve when the fraction of light absorbed, (1. ... 10.;.A), equals nearly one, 

and any further increases ln. light absorption that result front i.ncrea;sing 

the concentration of complex are too small to .result in a measurable increas.e 

in fluorescene·e 91 As a consequence the curves should terminate at ·this 

point of maximum. fluorescence, which is equal to: KP_0 • Ho:wever, at this 

point the curves in. figure 10 break sharply a.nli drop vertically, showing 
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that increases in the coneentration of the comple~ actually re.sulted i:a a 

sligh.t de.creas.e in the fluoreseenee .. 

A 15 percent decrease in. fluorescence o.c:curr:ed when the coneent.ration 

.of the 'Complex 'WaS increased from. about 500 to nearly 5000 mierograms.* 

Onee :rnaxim.um fl:u.ot>e:scen:ce is r~aehed, incr.ea:.sing the ·concentration ot 

complex r:e:sults in the fl-uorescence becoming .concentrated in a.n incre.a.sinttlY 

thimter layer at the surfaee of the solution thus iner.ea.sing the .distance 

between fluores:eent region and the phototube. The fluorimeter was ·d:e;signed 

to minimize the consequences o:f changes i,n the d.tsta.nee between ;fluor.e.seenc.e 

and phototube but the ef;fect could not be entirely overcome;· as a ~e.onse"" 

quen<:·e fluorescence re.adings in the high coneentration range a.re lo:wer 

than the .maximum vB;lue. 

laking this effeet into account, the exp~rim.ehtal curves over their 

entire range have the shape that would be expected from the basic equation 

wi t:n no. ev.idenee of signifi-cant self• quenching or erih:ance:m.ent of the 

fluorescence or ch~ges in the value of K., 

E!'feet o:r th.e concentration of uncombined. morin 

To: determine the effect o.f uncombined ~orin on the nuorescence of the 

:complex, two series .of solutions were prepared. In one series, each so111"" 

tion :eontainea 50-.} micrQgraliJ.S of Th0;,2, 12' m1 al,cohol, and aJI!Ounts of marin 

which ranged from 0 to 4000 _rrderogra.ms per 50 ml o:f ' solution.; in the se-eond. 

seri-es~ ea,ch solution contained 50.3 ·micrograms of ThO~, only 2 ml Of 

.alcohol, and amounts of .marin which ranged front 0 to 1200 micr:ograms per 

50 ml of solution. ,Again the fluorescenc·e intensi t:r and the abso:rbanee 

were measured using exeiting light having wavelengthS of' 404.7 and 365_.0 !I¥ 

for each s:et of mea:s'll.rements • 



The fluores:e.ence readings were then plotted as a :f'tmction o f t he tota l 

mo:rin ·a-dded., Curves A and B, figure 4, are r~presentati ye of the soluti ons 

whieh contained 12 rr1l of alcohol when the exciting wavelengths were 404.7 mv. 

and 3.65,.0 m~; re·speetively; and curves A and B, figure 5, are represent a t ive 

of' the solutions which ·contained 2 ml of aleohol, .when the exciting wave­

lengths were 4o4.7 ~ and 365.0 IIliJ;, respectively. 

If the uncombinedm.orin, like the uncombined thorium, had no effect .on 

the fluorescence, the curves in figures 4 and 5, like the curve i n figu;re 9 

should simply reflect the progress of complex: formation. However, i n t he 

experimental curves, the fluorescence increases With the morin cc:Jncentrati on 

11.n.til a maximum point is reached, after which the curves break .sharply and 

the :fluorescence decreases as the amount of morin increases,. The sharp 

break, which appears well before the point o.:f complete reaction, a..11d the 

subsequent decrease in the fluorescence are the result of two eff:ects ; 

absorption of exciting light by the nonfluorescent component of the solution 

(uncombined .morin) , and quenching of the fluoresc.ence by uncombined morin .. 

An idea of the extent of this interference .by uncombined marin can he 

obtained by considering the fluorescence of the solution which contained 

4000 .micrograms .of morin and 12 ml of alcohol. The thorium .in this solution 

was completely reacted to form 158.9 micrograms of complex, and this amount 

of complex in the absence of free morin should have given a fluorescence 

reading of 0.295 on the 10 scale of the fluorimeter. J3ut the actual reading 

(curve A, fig., 4) was equivalent to 0.0092 on the 10 seale, which shows 

that the fluorescence had been reduced to less than 3 percent of its val ue 

by the presence of excess morin. 
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It has been shown that the complex dis~ociates and that most of the 

thorium reacts to form complex only when relatively large amounts of un-

combined morin are present (2). Thus, in addition to its absorption of 

exciting light, uncombined morin affects the fluorescence in two opposing 

ways. The fluorescence decreases with increase in mori.n as a result of 

·quenching and increases with morin as a result of the law of mass action •. 

Calculation of degree of reaction.--To make a more exact analysis of 

the effects of uncombined morin calculations were made to determine the 

.components in the solutions of figures 4 and 5. This was done using equa-

tion 8 of the spectrophotometric paper (2), which relates the absorbance 

of the solution to the amount or complex formed. TP.e results of these 

calculations are shown in figure 11, where the fraction of total thorium 

that reacts to form complex in each solution is plotted as a function of 

the uncombined morin in the solution. The equation of this curve was 

derived a.s a :fu,nction of the uncombined morin. For amounts of uncombined 

morin up to 110 micrograms, the curve is represented by the expression 

R, fractio·n of total Th02 reacted = -~~M-· _·H~----.r.~~- ""='="'~\-
332 - O.OLt (~·H, 

........ (10) 

where M·H = uncombined morin, micrograms/50 ml. And for amounts of uncombined 

marin from 110 to 200 micrograms, the expres~ion is 

"- !l 

R, fraction of total ThO.? re.act~d = 0.906 M·H + 240 . ... ... 8 (11) 

Determination of quenching by uncombined morin.--With the aid of the 

above mathematical expressions, it is possible to determine the relationship 

between the amount of uncombined morin present and the quenching of the 

fluorescence. Most of the solutions whose data. are plotted in figure ll 
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represent examples of System II, (equation 8), be·cause sizable amounts of 

uncombined morin are present as well as complex and both absor b sign.ificant 

amounts of exciting light. Accordingly, the total fluores·cence that is 

theoretically possible in these solutions is represented by the .f oll owing 

equation when the exciting wave~ength is 404.7 IllJ..l: 

Total fluorescence 

where KsPo = 3.17 (for a total alco'hol content of 2 ml)(l.O s cale) 

= 5.14 (for a total alcohol content of 12 ml)(l.O scale) 

a2 = (6.179 x 10 ... 5 ) = absorba;nce of 1 microgram of marin/ 50 ml , 

1 em light path 

a3 = ( 9 .,404 x 10-4
) = absorbance of 1 microgram of complex/50 ml ; 

1 em light path 

M•H = uncombined marin, micrograms/50 ml 

C =maximum complex possible from 50.3 ·micrograms Th02 

= 158.9 micrograms 

R = fraction of total thorium reacted,., represented either by equa~ 

tion 10 or 11. 
I 

b = ).241 em. 

Using this e.quation, calculations were made .for the total t heoret i ca l 

fluorescence corresponding to the different levels of uncombined marin~ 

.\ 
\ 

Experimental values fo:r the fluorescence of these so-lutions were obtained ;from 

the curves in figures 4 and 5 by reading the fluorescence for concentrations 

o.f total marin equivalent to the different levels of uncombined marin& 

Division of the experimental value by the theoretical val ue f or ea.ch 

amount of uncombin~d morin gaye the fraction of the total possible 
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.fluorescence that. re1l'l8.ined unque!U!hed. These values for the unquenGhed 

.fluorescence, u, have been plotted in figure 12._ Curve .A., :figure 12, 

represents those solutions containing a total alcohol eontent o:f 12 11ll.~ 

and curve 13 represents thos.e with a total alcohol. ·eon tent o.f 2 ml e 

Eq:uati.ons for these curves were derived~ For :curve A, the fraction 

.o:r unquerrche:<i fluorese,enee as a function of .M•R, the uncombined morin , is 

expres,sed by the formula~ 

a.r1d for curve B, the expre.ssi.on is 

Thes·e expressions apply for values of .M•H greate~r than. about 50 m.icrogra;ms ; 

for smaller values of M•H the points defining the curves in figure 12 

were er:ratic. 
... ....... 

Calculation of optimum morin concentration .. --As the quenching is a 

furt,ction of the uncombined morin only, the above expression$ should 

apply for all levels of ThQ2 concentration and should be inser·ted. in the 

general equat;Lon for fluorescence a·s a common .multiplier._ Thus, the 

equation of System II .may now be expressed as it applies specifically to 

the thqrium-morin fluorescent sys.tem when tota~ alc,ohol content of" the. 

solutions is 2 ml. 
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where C = maximum complex possible from the Th02 present in micrograms per 

.50 ml of solution 

R = fraction of total Th02 reacted to form coml>lex 

~tcR = complex present in solution in micrograms per 50 ml •. 

This equation is useful beca,use the fluorescence of any solution can 

be calculated, provided the concentratio;ns of complex and of uncombined marin 

are known. Such concentratiol}R were calculated from experimental data for 

two series of solutions~ the solutions of the one series containing a total 

of 50.3 micrograms ThOa per 50 ml and yary{ng amounts of total marin; and 

the solutions of the other series containing a total of 15 micrograms Th02 

per 50 ml and varying amounts of total marin .• 

Then, using equation 12, the fluorescences of these solutions were 

calculated. Curves in which the calculated fluorescences were plotted as 

a function of uncombined marin were similar to curve A in figure 5.. Figure 

13 shows the portions of the calculated curves, between 50 and 200 micro-

grams of uncombined marin, which include the peaks of the curves. The 

peaks of both these curves, and t]lus the region of greatest sensitivity, 

occur when the uncom"bined marin is near 100 micrograms; furthermore, the 

maximum variation in fluorescence is less than 5 percent when morin varies 

from 75 to 130 micrograms. 

The almost constant fluorescence indicates that in this limited range 

the effect of increased complex formation resulting from increased marin 

concentration is almost exactly counterbalanced by the increased effects of 
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Uncombined J;D.or:Ln,, 

.Figure 13.--Calcu:l.ated. .fluoreece·nce as ·. a f'u.netio.n of' uncoml>ined morin in the soluOO!O 
t;lons. Curve _A, tata,J. thorium 50o}·micrograms of ThQ:e per 50 mJ.; curve B, ta.tal 
t®ri~ 15 mierogrq:! of Th02 per 50 rnl; 2 m.l.. ot alcohol; .Pp (404~7 InJ.i). · 
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quenching and absorption of exciting light by mori.n ... 

This res'i.l.lt is fortuitous for the construction of standard curves., If 

the total marin reagent added to the solutions results in amounts of un~ 

combined morin between the limits of 75 and 150 micrograms, per 50 ml, then 

close to maximum sensitivity and linearity for the standard curve are 

attained. A choice of 100 micrograms total morin content results in values 

for uncombined morin near the lower limit of this range {see crosses in 

figure 13) and a choic:e of 165 micrograms of total morin results in uncombined 

morin values near the upper limit of the range (circles in figure 13). 

Calculation of standard curve 

Equation 12 was used to compute standard curves after the term CR 

(amount of complex formed) was evaluated for thorium concentrations in the 

range o:f the standard curve. This evaluation is ne:cessary because R, the 

fraction of total thorium reacted to form complex, was derived only for 

solutions having total thorium concentrations of 50.3 and 15 micrograms of 

Th02. CR was evaluated using the mass a.ction law~ 

where 

(CR) . (H+) 2 

( Th02 - CR) (M·H - 2CR12 KE 

(CR) = complex formed, moles per liter 

(M·H) -· total marin, moles per liter 

(M·H - .2C.R) = uncombined morin, moles per liter 

(Th02) = total thorium, moles per liter 

(ThOE - GR) - uncombined thorium, moles per liter 

K]: = equi.librium constant. 
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KE had been determined previousl~ (2); for thorium concentrations in the 

range of tb,e standard curve the average values of KE are 1.45 x 106 when 

total morin is 100 micrograms, and. 0.95 x 106 when total morin is 165 

micrograms .-

The calculated standard curves are shown in figures 6 and 7 as dashed 

. lines; they coincide very closely with the experimental curves. Both the 

region of linearity and slope predicted by the calculated curves are 

corroborated by the experimental curV"es. It is possible, thus, to use the 

derive.d mathematical expressions for fluorescence to calculate a famiiy of 

curves that show, without actual experimentation, the characteristics of 

the standard curves to be expected for total marin concentrations that vary 

over a wide range~ 
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APPENDIX 

Tables 3 -· 10 



• 
Table 3.--Absorptiyity values :for morin and the complex:. 

Units for e = liter/ (mole em), i .. e., e = ab"Sorbanee for 1 mole/liter, 1 em light path 
Units for a = 50 ml/ (mi.crogram em), i.e., .a = absorbance for 1 mi·crogr.am/ 50 ml, 1 em light ·path .. 

'-~ -· 

Exciting light 4o4.7 ml! Exciting light 365.0 :~ ________ ..,.. ________________ .....,;...._ _________ .....1.-'-------------------------------.._---------- ,c,,; 

For solutions of the pure complex ];/ 

€~2 = 3.924 X 104 

a'i'J:lM~ F 9.404 X 10-4 

E~ '=· 1 •. 580 X 10~ 

a . - . . . TbM~ = 3;• 786 x ~0~4 

For solutions of pure morin 

Alcohol content 
2 ml 

EM•H ::;: 6.849 x lo2 

aM·H = 4.500 x 10...;
5 

Alcohol content 
12 m.l 

€M •H = 8 .,689 X 102 

~•H = 5.138 x 10=
5 

Alcohol content 
.2 ml 

~M·H = 1.148 X 104 

~•H. = 6.79 X 1Q•
4 

~Icohol .content 
l2 ml 

EM·H = 1.3,67 X lQ'!b 

~~H = 8-.08 xlo-4 

For solutions containing excess morin in the presence of complex 

EM•Hl ::;: 1.045 X 103 

~.H1 ::: 6.179 X 10-S 

]) Absorptivity of pure -complex the same for 2 ml and 12 ml of alcohol., 

.;;p:­
.\C) 



'Table 4~- .. Fntetion of t ·ot:al Th02 (50, •. } lD.tcragral!lP) in tne :form of 
:e'Omplex, when. concentration of morin ranges from 
0-4000 ml:cr.ogninlS per 50 ml .• 

- ~otal · mdrln. 
"~~ 

' 7/50 m+ . 
0 
5 

10 
20 
4o 
60 
80. 

100 
120 
140 
160 
180 
200 
220 
240 
260 
280 
300 
340 
3.80_· 
ltoo 
450 
500 
6oo 
Boo 

1000 
J2ao· 
1400-
1600 
1800 
2900 
2200 
2400 
26oo. 
:;ooo 
3200-
3400 
3600 
4ooo 

Un·coiiibined: · 
m.orin 

7/50 mJ_ 

o •. 
; .• 6 
7,.;2 

14; .. :5 
29.,0 
43 •. 1 
57·5 
71.6 
87.5 

102. 
117-
132 .• 4 
149 .• 
165. 
182. 
198. 
216.: 
23.4.-
269~ 
305 • 

. 323 .. 
369. 
-416 .• 
510~ 
701.-
895 .• 

109.1~ 
1287. 
1483. 
1680. 
1877-
2075-
2276· 
2473. 
2871. 
3071 •. 
3271.~· 
3471. 
3871~· 

·' t.'· 

Comp~ex f .ormed 
7/50 ml 

o. 
l .tt68 

' 3 .• 36 
6.74 

. 13.5 
20.8 
27-7 
34 .. 9 
41.) 
47.4 
53 •. 2 
58.6 
63 .• 5 
68:.1 
72.1 
76.0 
79 .• 3 
81.7 
87.5 
93.1 
95.2 
99~9 

104.1 
111.2 
l21.6 
129.2 
135.0 
139.8 
144-.6 
148.4 
151·3 
153.-9 
155·9 
157-.2 
158 •. 6 
158 .... 6 
158.6 
158.6 
158 .• 6 

./:.-· ·.F:.t-action of total 
po.s.sible ~c .omp1ex formed ]} 

a. 
0.010 
0.021 
o.o4.2 
o.o84. 
.0.1}0 
0 •. 174-
0.219 
0.,260 
Oa298 
0.3}4 
0 .• 368 
0.399 
o.428 
0.45:3 
o.478 
o.498 
0.514 
0~550 
0.585 
0-.599 
0 •. 628 
0,655 
0 .~700 
0.765 
0.,813 
o.850 
0.880 
o-.909 
0 .. -934 
0)1'952 
0.968 . 
0 .• 981 
0.~989 
0.998 
0.998 
0.998 
0.998 
0 •. 998 

I 
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Table 5 •. - ... Fra.ctioll .o:f total fluores.cence re$1ning unquenched when 
50.3 m.i:cr.ograms 'Th02 is mixed 'With amounts of morin ~anging from 
0-6oQ micrograms per 50 ml (2 mJ. of alcohol per 50 ml of solution). 

'Total marin Uncombined Total possible Fluorescence Fraction of 

r/50 ml 
morin fluorescence measured fluorescence 

7/50 ml (1 •. scale) I/ (1. scale) unquenched 

0 o. o. o. 
5 3 .. 64 o .. o;82 o.o1+2 1 .• 10 

10 7.27 0.0729 0.072 0.987 
20 14 ... 5.' 0 •. 147 o.i5.2 1.03 
4o .29.1 0.284 0 .. 292 1 •. 03 
6o 4;.2 0.426 0 .• 367 0.861 
80 57-5 0 .. 550 0.418 0.761 

100 71.7 o.678 0.437 0.645 
120 87..5 0.780 0.454 0.582 
140 102. 0.876 0.458 0.523 
160 117. 0.965 0 .. 459 0.476 
180 133. 1.03 0.454 0 ... 439 
200 149. 1.10 o.438 0.397 
220 165. 1 .. 15 o.423 0.365 
240 182. 1.20 0.403 0.334 
260 198. 1.25 0.383 0.306 
280 216. 1.28 0.367 0.286 
300 2:;4. 1.30 0.350 0,.269 
;4o 269. 1.36 0.319 0.234 
380 305 .. 1.42 0.290 0.204 
4oo 323. 1 .. 44 0.280 0.194 
450 369 .. 1:.46 o.251 0.172 
500 416. 1.46 0.-.227 0.156 
600 510. 1 •. 47 0.187 0.127 

1/ Total possible f1uore.scence = f . . a.s·c·s . ). (KP0 ) {1-10""1) 
- ~ a2c2 + a3c3 

KP:o = 3..,17 (1. scale). 

\ . 
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Table 6-.--F·racti'on ·of total :fluorescence remaining u;r1quenched when · 
50•3 micrograms Th02 is l'llixe:d 'With amounts o.f morin ranging from 
o~4ooo micrograms p~r 50 m1 .of solution (12 :ml of alcohol per 50 ml 
o:f solution)* 

T6tal morin. 
r/50 m1 

0 
5 

10 
20 
4o 
6o 
80 

100 
120 
140 
160 
180 
200 
220 
240 
260 
280 
300 
;4o 
380 
4oo 
450 
500 
6oo 
Boo 

1000-
1200 
11t-oo 
1600 
1800 
2000 
2200 
2400 
2600 
3000 
3200 
3400 
3600 
4ooo 

Uncombined 
morin 

;/50 ml 

3.64 
7.27 

14 ... 5 
29.1 
4; ... 2 
57 r5 
71.7 
87 .. 5 

'102 .• 
117. 
133-
149. 
165 •. 
182. 
198. 
2L6. 
234. 
269. 
305. 
323. 
369. 
4r6. 
510 .. 
701. 
895· 

1091 .. 
1287., 
1483. 
1680,. 
1877. 
2075. 
2276. 
2473~ 
2871. 
3071. 
3271. 
3471-
3871. 

Total possible 
:fluorescence 

(1. scale) 1/ -

0.235 
0 ,~462 
0.690 
0 ... 892 
1,.10 
1.28 
1.42 
1.56 
1.69 
1.79 
1.90 
1.97 
2.,05 
2.11 
2.14 
2.24 
2.32 
2.36 
2 .. 44 
2.45 
2-.51 
2.59 
2.57 
2.56 
2.54 
2.51 
2 .. 46 
2 .• 42 
2.38 
2"32 
2.26 
2.14 
2.08 
2.02 
l-.97 
1.86 

Fluorescence measured 'Fraction of 
( corr:e-cted tor . blank) f1uores:cence 

( 1-. s e:a.le ) U.U-quenche<i 

0~232 0.987 
0.452 0.979 
o.562 0 •. 814 
0.682 0 .. 764 
0.852 0.775 
0.957 0.750 
1.00 0 .• 703 
1.03 0-..658 
1.03 o.6o8 
1 •. 03 0.575 
1 .. 03 0 •. 542 
0.992 0.:503 
0.972 0.474 
o·.942 o.447 
0.920 0.431 
o.874 0.391 
o .. s22 0.354 
0.,794 0.336 
0.739 o.:;o4 
o.677 0.276 
0.585 0~233 
0.463 0.179 
0:.,378 0.147 
0 .. 315 0.123 
0.267 0.105 
0 .• 228 0.,091 
0 .• 196 0,..080 
0~171 0,.071 
0.151 o~o63 
0.135 0.058 
0.12.2 0 •. '054 
0.103 · o.648 
0 .. 096 0.046 

_ 0~089 0.'044 
0-.084 0.04_3. 
0 • .075 o.o4o 

1/ _Tot_ al nossible :fluorescence = ( · _-·· . as·c:3 ) (KP_o) . (l-lo~A) .. . . . r a 'C . + a ·-c.., . 
KP

0 
==-5.14 (1-. scale);.. 2 .2 3 . ..:> 
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Ta.ble 7. --.Calculated .fluor.ese.ene.e tor :solutions .£ontaining a. total -of 
50-.3 mierograms ThQ2 , .and amou.nt.s or morin ranging from 50 ... 200 
microgra.ms per 50 ml (2 ml Of alcohol per 50 ml .of so.lution}. 

Total ThO.? 
7/50 ml 

50.:; 

50.3 

50.3 

50·3 

50 •.. 3 

50.3 

50.3 

50 •. 3 

50.3 

50.3 

50 .• 3 

50.3 

5-0.3 

Uncombined mo.:rin 
r/50 m1 

50 

6o 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

200 

Caleu.latea. 
' fluorescence 

(1. scale) .. 

o.421 

0 .• 4;6 

o.457 

o.466 

0.473 

o.468 

0.462 

0.452 

. 0.444 

o.436 

o.424 

0~411 

o.4o6 

0.395 

0.}88 



Table 8.-... Ca.lculated fluorescence for solutions conta.i.ning a total of 

·Total 

15 micrograms of Th02 and amounts of marin ranging from ·50,..,200 
mi:er.ograms of morin per 50 ml (2 m1 of alcohol per 50 ml of solution) (if. 

Tb.02 Uncombined morin Calculated 

1/50 m.l. r/50 ml .fluorescence 
(1., scale) 

15 50 0.1403 

15 10 0.1532 

15 75 0.1560 

15 80 0.1586 

15 85 061599 

15 90 0.1611 

15 100 0.1616 

15 110 0.1618 

15 120 0.1614· 

15 125 0 ... 1596 

15 130 0.1574 

15 140 0.1572 

15 150 O.l.550 

15 170 0.1482 

15 200 0.,1412 

' ·. 



(g.) 

(b) 

Table 9. =-Calculations of. complex formed . (micro.gratnS per 50 ml) for 
solutions containing, (a) a total of 100 micrograms · mor.in and 
ThO~ ranging from 10 to 6t micrograms, (b) a total of 165 micro- . 
grams morin and Th02 ranging from 10 to 90 micrograms. 

Total morin ·Total Th02 KE} used in Complex formed 
y/50 ml r/50 m1 ca.1culations y/50 ml 

100 10 . 1.39 X 10+& 9.0 

100 15 1.41 X 10+f? 13.5 

100 20 1.44 X 10+~ 17.2 

100 30 1.48 X 10+6 
24.3 

100 40 1.524 X 10+6 29.3 

100 50 1.57 X 10+6 34.9 

100 6o 1.61 --~ 10+6 
39-3 

165 10 0,.850 X 10+6 12.8 

165 15 0.875 X 10+6 18.9 

165 20 0.90 X 10+6 24.1 

165 30 0.950 X 10+f:J 36.3 

165 4o 1.0 X 10+6 46.0 

165 45 +6 1.025 X 10 51.2 

165 50 1.05 X 10+6 54.8 

165 60 1.10 : J( 10 +6 63.0 

165 70 1.15 X 10+6 70.9 

165 8o 1.20 X 10+6 78 .. 2 

165 90 ;L_.25 X 10+6 84.1 



Table 10.--Calculated fluorescence for standard curve.s-- .... 100.,.165 rnicrO-~ ­
grams of morin per 50 m1 (2 ml. of alcohol per 50 ml of solution). 

Total morin Total Th02 
' Calculated 
fluore scen:ce-

r/50 ml r/5® ml (1" scale) 
100 10 0.106 

100 15 0.161 

100 20 0.208 

100 30 0 .. .300 

100 4o Oc. 372 

100 50 0.445 

100 6o 0:.511 

165 10 0.102 

165 15 0.153 

165 20 0.197 

165 30 o.2g2 

165 4o 0.372 

~65 45 o.424 

165 50 0.459 

165 6o 0~533 

165 70 0.612 

165 Bo 0.686 

165 90 0.751 
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