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(ii) 

ABSTRACT 

M__ general theory and principles governing luminescence 

processes in solution are briefly reviewed. The instrumentation used 

for the studies described in this thesis Is also discussed. 

The advantages and disadvantages of the use of photon 

counting detection interfaced with a coin 	ercial spectrofluorimeter 

are presented. The general theory governing photon counting is 

discussed. The linear range of operation of the photon counting 

technique for saine organic molecules is evaluated and the corresponding 

jetection limits are also presented. 

Quantum yields for Pb(II) and Tl(I) at low temperature 

and lifetime measurements of inorganic ions, in hydrochloric acid 

and lithium chloride media are presented. 

A technique has been developed for the determination of 

submicrogram amounts of beryllium using its blue fluorescent co  plex 

formed with 2-hydroxy-3-nape thoic acid at pH 7.5. The selectivity 

of the technique prevents altniini m and other ions from interfering. 

Solvent extraction of the fluorescent complex was achieved with hexanol. 

The fluorescence of the berylliu; -2-hydroxy- napti'thoic 

acid cc:"'nlex was used to iY :%e: tigate the formation _ cScaot of the 

weak bervllium- tEDTA complex  in a procedure in d ic:: 2D rl_ zompe e_ win 

2-h7 Ox,-3-naphthoic acid f:r berylliumi in solution. The cor. _ Lionel 



7J. 

stability constant of beryllium—EDTA was calculated by this method. 

A brief preliminaty study of the adsorption of organic 

molecules on zeolite matrices was conducted and suggestions for 

further work are made. 
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1 .1 . 	i NF  r:ODUCT O d 

When molecule species are irradiated by ;flotons of 

light, the light may be absorbed, transmitted or reflected. The 

light that is absorbed may sti;.=.;late electronic and vibration 

transitions in the molecule. Electronic excitation usually 

takes place from the lowest vibrational level of the ground 

state, E0. The light that is absorbed or emitted by , a body is 

absorbed or emitted in discrete units termed quanta. The energy, 

E, carried by one quantum is pro-.:ortional to the frequency of 

the radiation i.e. 

E=rv=hcergs 	  1.1. 
it 

where h is Plank's constant (6.624 x 10-27  erg sec) 

V is frequency (sec 1) 

/k is wavelength (cm) 

C is the constant velocity of light in vacuo (cm sect) 

Once the molecule has been excited to the vLbraional levels of 

the first electronically excited state it rapidly loses its 

vibrational energy by collisions with neighbouring r clec,lie;,. 

If the molecule has been excited to an even higher electronic 

excited state, E2 and-3  then it may underco rad_aticnless 

transition known as 'internal conversion' ..herety transition to 

a high vibrational level of the first excited state, of the 

same 	-:may as the lower vibrational level of the hicher 

electronic excited state, occurs. 
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Collisional deactivation again causes loss of the resulting 

vibrationalenergy back to the E1 , vo  state. From this revel 

the molecule can return co any of the vibrational — rotational 

levels of the ground state by the emission of light of the 

corresponding frequency. These processes are illustrated in 

Figure 1 .1 . It is this emission process which is known as 

fluorescence. 

If all the molecules which originally absorbed light 

underwent this ;n"'hani sm ca t ietely then th solution would be 

, said to have a quantum efficiency of unity where 

quantum efficiency = number of quanta emitted 

number of quanta absorbed 

Other mechanisms however compete with the fluorescence process; 

they are internal conversion, collisional deactivation, conversion 

to lower triplet levels, and photochemical reactions such as 

dissociation. These processes may reduce the fluorescence 

efficiency markedly. 
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Absorpti .. Lands  o equal intensity and emission maxima 

of equal intensity would be expected if the position of the energy 

bands as indicated in fig. 1.1. was the only factor to be consi-

dered. In fact the intensities of the different absorption bands 

vary greatly as do the fluorescence eni.ssion bands. The Frank-Condon 

principle explains this phenomenon. The principle states tfa,: 

absorption and hence excitation, takes place within 10
-15  seconds 

and during this time the heavy nuclei of the atoms do not 

appreciably change their position or ,:tomentum, therefore, the 

nuclear confi:;uration in the excited state is the same as that 

of the ground state prior to absorption. A simple diatomic 

• molecule is taken to explain the Frank-Condon principle. 
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The curve AB represents the potential energy of the system in the 

ground state and the horizontal lines represent molecules in the 

ground state 'laving different numbers of quanta of vibrational 

energy. 

The <Vcited state is represented by a similar curve XY 

situated higher up the diagram by a distance equal to the 

electronic excitation energy. 

As no nuclear positional or momentum change occurs the 

transition can he represented by a vertical line between the two 

electronic states. Fo/ mole. es which possess no vibrational 

energy the point from which transition is most likely to occur is 

considered. Other trans: tions however can occur from other 

positions towards the end of the line EF and from other vibra-

tional levels, though the probability is much lower. Therefore 

one intense absorption band, together with several of lower 

intensity can be exoected; this may be represented by the dotted 

lines drawn vertically from either end of the line EF. 

Following excitation and subsequent loss of vibrational 

energy, the most probable transition will be that from the middle 

of the line NO back to the ground state at D. This will be the 

most intense band although other weaker ones can be seen for 

transitions to other vibrationaal levels of the ground state. The 

molecule will finally lose its excess vibrational energy by 

collisions with other molecules in solution. 



It should be noted that the emission spectrum is. frequently 

a mirror imageof the primary absorption band. This is due to the 

fact that the distribution of vibrational levels in the first 

excited state, which determines the shape 	the first absorption 

band,. is approximately the same as those in the ground state which 

are responsible for the shape of the emission spectrum. 

1.2. - PHOSPHORESCENCE  

Electrons in atomic and molecular orbitals are spin coupled, 

Eo  and E1  Figure 1.3. representing the singlet states which 

correspond to these spin coupled states. Spin reversal ,.;f an 

electron may occur though according to the Pauli exclusion 

principle a new orbital must be formed for the uncoupled electron. 

This new configuration will show spectroscopically as a triplet 

because of the interaction of the spins and orbitals. Hund's 

rule states that spin multiplicity favours the ground state, as a 

result the excited triplet state T1  is less energetic than the 

-- singlet E1  from which it was derived. However, the energy 

difference separating the two states is normally small and 

exchange between the two can readily occur. This exchange 

process is known as intersystem crossing. 
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Processes_ -~~o ,peti i.: 	tion with normal fluorescence have 

similar rate constants i.e. caŌ .1 8 secs; one such process is 

intersystem crossing. The lowest vibrational level of the T1. 

state-is situated somewhere below the lowest excited singlet 

state but its higher vibrational levels reach the level of the 

lowest excited singlet and transition between the two can occur. 

This mechanism is called intersystem crossing where a molecule 

crosses over from the excited singlet to one of the upper 

vibrational levels of 	lowest triplet stat. Consideration 

of the process is 	if a potential energy diagram such 

as that shown in Fig. 1.4. is studied. This diagram refers only 

to a diatomic molecule, consideration of polyatomic molecules, 

however, would involve the same general principle. 

Light'absorption is represented by the vertical lire CD. 

The molecule now in the excited singlet state rapidly loses its 

excess vibrational energy passing down the curve XY to .the point M. 

At this. point the positions and moments of the atomic nuclei are 

identical to those corresponding to a molecule in the lowest 

triplet state, and at this point the molecule can transfer to the 

corresponding vibrational level of this triplet-state. As a 

consequence the molecule adopts the relatively. long lived triplet 

state during the li` :t " of the El state. • 
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NTER ATOM IC DISTANCE 

Fig 1.4. Potential Energy Diagram Illustrating Inter-system Crossing 
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Normal fluorescence occurs when the electron returns to the 

'ground state Eo  from E1  and the first excited state E. has a finite 

lifetime of 10 - 10-9  seconds. If the molecule possesses a 

triplet state 11  below E
1  state then phosphorescence may occur. 

The molecule passes from the E1  state to T1  and phosphorescence 

emission occurs when the electron returns to the ground state Eo•  

Transition between states of different multiplicity, however, are 

forbidden and consequently the direct promotion of an electron 

from Eo  to T1  is forbidden as it would requi-̂ e simultaneous spin 

decoupling. Once the trif2let state has been achieved indirectly, 

re-radiation will be difficult as spin de-coupling must occur; 

the lifetime of the triplet state is thus relatively long 
-4  

(10 - 10 seconds) . 

The difference between fluorescence and phosphorescence is 

that whilst the former involves a singlet-singlet transition the 

latter involves a triplet-singlet mechanism. As a result. fluore-

scence appears to be an instantaneous process (Ca. 10
-8 

seconds) 

whereas phosphorescence is a great deal slower (ca.10 4  - 10 

seconds). An important consequence of this time factor is seen 

where the process of collisional deactivation is considered. 

Though collisions between solvent and solute molecule can be an 

important factor in decreasing the intensity of fluorescence, 

phosphorescence has been noted only rarely at room temperature 

where collisions occur - readily, and most samples have to he frC men 

to form a glass so that . the collision rate is drastically reduced. 
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Phosphorescence emission c cars at a longer wavelength than 

the fluorescence emission for the same molecule because of the 

small loss in energy in the transition from the E1  to T1  state. 

It will, however, have a similar spectral shape to the fluore-

scence band because the same vibrational leA,  is of the ground 

state are involved for both mechanisms. 

Delayed fluorescence can occur by several mechanisms, the 

two most important of which will be discussed briefly here. 

Firstly, E-type or thermally assisted delayed fluorescence 3,2: 

This occurs by a mechanism similar to that•of rior;rtal phosphore 

scence. However, when the triplet state has been attained,. thermal 

. energy excites the molecule back to the first excited singlet state 

from where its transition back to the ground state gives rise ,to 

•fluorescence emission. 

P-type delayed fluorescence is the second of the more common 

mechanisms and this occurs by the collision of two excited triplet 

molecules, with the production of ground state molecule and one 

excited singlet molecule 4'2. The subsequent emission of delayed 

fluorescence occurs when the electron falls back from the excited 

singlet to the ground state. 

Both these mechanisms give rise to emission of the same 

spectral characteristics as direct fluorescence though the 

intensity is much lower and the lifetime is characteristic of that 

of the triplet state. 

• For normal fluorescence the rl'uorescence inteneity F is • 

defined i ned as .:he intens,  y" of absorbed 



12 - 

measured in quanta per second, multiplied by the quantum 

efficiency, 0f; therefore 

F = Ia  Of  =  (Io  - It) Of   (1.2.) 

Ia  is intensity of light absorbed, 

Io is intensity of incident radiation and It  is intensity of 

transmitted radiation. The Beer Lambert law, however, states that 

It = -kc111  
I e 
0  
	  (1.3.) 

where c1  is the concentration of material (molecules/cm3) and 

k is the effective cross-sectional area of one molecule in cm2. 
1  

Therefore F = I o  (1-e kc 1) 0 f  	(1 .4.) 

Expansion of this equation gives: 

F = -10 l kc1
1 - (kc11)2  + (kc

11)3 - 	(kc11)  
2 	6 	1 n  

 

(1.5.) 

 

Changing concentration to more practical units of moles/litre and 

calculating the molar extinction coefficient. 

F = I ( 2.3ecl 	1 - 2.3 ecl + (2.3ecl)2  - .... 
o 	2 	6 

	 (1.6.) 

Therefore for solutions which absorb only weakly (i.e. where the 

value ecl is small) the above equation simplifies to: • 

F = Io  r 2.3ecl 0f 	 (1.7.) 
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Therefore the intensity of fluorescence is directly propor-

tional to the concentration of the solute present, providing all 

other factors are kept. constant. Also, for constant eoncentration, 

the fluorescence intensity varies directly with the incident . „.. 

radiation intensity. Thus if a. very high intensity source is used 

Very low concentrations of fluorescent solute can in theory be 

readily measured, and it is this .point that illustrates the basic 

difference between molecular spectrofluorimetry and absorption-

spectrophotometry. In the latter technique the detection limit-

onsensitivi :Is governed b\r the minimum measurable difference . 

between two signals of hi gh intensity (I and It  ) and the intensity o .  

-of the sourcehas no effect on the detection limit. In spectro-

fluorimetry, however, given a stable high intensity of exciting.  

radiation,.and a very sensitive and stable amplification and dete-

ction system, there should be in theory, no limit to the concentra-

tions detectable. In practice this does not hold. The thermal 

noise of the photopultiplier tube and also source noise can be - 

significant, but the factor which most often limits the sensi-

tivity is the magnitude and variation in the background (blank) 

fluorescence. This may arise 4 n one of two ways, either the 

organic reagent used under the conditions of the determination 

may exhibit a large fluorescence signal or from fluorescent 

impurities present in either the reagent or solvent. First or 

second order scattering c1=' 7h(= incident licht or R=lmanc..attering 

be a 7-!-TH'.---in.7 by the solvent may also 
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The possibilit,r of Raman scattering has been fully discussed 

by Parker5  who has thoroughly investigated the phenomena for several 

solutions. When., light falls on a substance a proportion of it 'is, 

'scattered at the same wavelength, but a small percentage interacts 

with the vibrational and rotational modes of the solvent molecule 

and is re-emitted at a slightly longer wavelength. The difference 

in wavelength between the absorbed and emitted light corresponds 

to the energy absorbed during this interaction. Since the emission 

occurs at a longer space than the incident radiation, it is possible 

that this Raman emission may cause serious interference with a 

normal weak fluorescence signal if it is in the Fame wavelength 

region. Only the main Raman band need be considered as the others 

are of very low intensity. If water is the solvent then it will 

exhibit its main band at a frequency 0.3j u71  lower than that Of 

the exciting light. Other factors that contribute to the magnitude 

of the blank signal can be partially removed by the purification of 

reagents and solvents. Raman scattering cannot be readily overcome. 

1.3. 	QUENCHING PROCESSES  

The fluorescence quantum efficiency for any compound, 0, 
should ideally have a value of unity, and in fact values of 0.97 

for Rhodamine B in ethanol and 0.92 for fluoresceine in 0.1 m - 

- sodium hydroxide solution have been reported6. Several factors, 

• however, can cause a reduction in this value. 
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These quenching effects can take several forms, (a) those which 

directly affect quantum a efficiency and (b) those which interfere 

indirectly- With the quantum efficiency, e.g. the inner-filter effect. 

1 .4. 	LIFETIME OF LIT,I ESCE!' C E  

The luminescence intensity decays according to a first-

order rate equation when the incident radiation is interrupted 

i.e. exponentially with time 

-dI = k.I.dt 	  (1.8). 

	

Therefore I = Ioē kt  ,.     (1.9) 

Where Io  is the initial intensity at an arbitrary time zero, I is 

the intensity at a timet, and k is the rate constant for the 

process. This rate constant is related to the average, Or mean, 

lifetime of decay of luminescence, -, by the equation. 

- k=1-  or 	= 1/k 	 (1.10) 

substituting for k, the equation 2 becomes 

From this equation, it can be derived that the time t, over which 

the decay is measured, becomes equal to  , when intensity has 

fallen to 1 of its initial value. 
ē 	- 

The intrinsic or natural radiative lifetime for 

fluorescence mission is related to the rate constant for • 

fluorescence kFr  by the equation 

	  (1 .12) 



kF 

Similarly ; ` °" :r phosphorescence, the corresponding relationship is 

1   (1.1 3) 

Where k is the rate constant for phosphorescence emission. The 

observed lifetir-,e,' C, will be equal to the natural lifetime only 

in the absence of any deactivating process, both internal and 

external (i.e., when 0 = 1).: 

Rate corps&anEs 

 

t-- 

 

  

Nfr 
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Fig 1.5 

Absorption of light takes place within the period oF  

1 light wave, i.e.  within 10 7 c. The rate cic light absor 
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is denoted by a ka. kf.is the rate constant for fluorescence 

mission (S1  -S0), kic  for internal conversion from the lowest 

singlet excited state S1, kix  for intersystem crossing (S
1—T1), 

kp  for phosphorescence emission (T1  - So) and kic  for internal 

conversion from the triplet state to the ground state singlet 

(T1  - So
). The rate constant for the overūlI process of thermal 

activation followed by intersystem crossing from T1  to S1  is 

denoted by kta. Luminescence quenching by solute molecules are 

second-order processes, with bimolecular rate constants kQ  and kq. 

As the concentration quenching of the solute is often much greater 

than that of. the excited molecules, however,. th processes can be 

represented as first-order reactions with rate c+7)n,,tant s kQ1 L1 • 

and k q ; when ;, and q are the concentrations of quenching q 
molecules, for quenching of excited singlet and triplet respectively. 

The internal conversion, with the rate constant kic, fron upper 

excited states for both singlet and triplet levels is large; the 

mean time for these processes is about 10 12sec. There is little 

evidence for intersystem crossing from upper excited states, wh-.^h 

is denoted with a rate constant k. If this process occurs, it ix 

must be fast to compete with the internal conversion from these 

states, i.e.• it must take place within about 10
-12 

 sec. 

The observed lifetime,) , is determined by all the deacti- 

vation processes, and for a fluorescence emission, it is given by 

the equation 

1 = kf 	 _, k x 	k0 LQ 	 (1.14) 
71 

The fluorescence efficiency, Q, t s  given by the equation 

/ki  + kic 	
si

x  + k0 if  Q   (1 .15 ) 
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For phosphorescence uhission, the measured lifetime, 

T1 is given by: 

= (k
p 
+k10 +kq q + kt

a
) 	 (1.17) 

The efficiency of formation of the triplet, ,,,, defined as the 

number of triplet moelcules formed per quantum of exciting light 

absorbed, is given by: 

	

¢T = kix/ f + kic + kix + kQ LQ    (1.18) 

In the absence of added singlet quenchers, the triplet formation 

efficiency, 0T is: 

OT = kix/ (1k f + kic + k. )   (1.19)  

The phosphorescence efficiency, Op, is then given by: 

Op = kp . OT/ (kp 
+ kic + kg Íaj+  k la) 	 (1.20) 

From equations 1.13.,  1 .17 and 1 .20 it can be shown that 

0p /0T =   (1.21) 

At low temperatures kta becomes negligible, and in rigid media 

diffusion is very small so that thet~_..~ e: k qT ~ 	P1  so becomes 

negligible. In the absence of a quencher, the quantum efficiencies' 

are denoted as uhf, 0p and 0T and the enation (1.15) can be written 

as: 

Of = kf/(kf + kic 

Fro::: equations (1.19) and (1.22) 

	 (1.22) 

T = 	
k. 
  (1.23) 

1-0 	k. + k_ lc Ix 
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Hence the relation between and i , for phosphorescence can 

be derived from equations (1.21) and (1.23) 

	 (1.24) 
p 	k. + k. 

If it is assumed that the internal conversion occurs only from the 

triplet state then the equation (1.24) simplifies to: 

	 (1.25) 

In order to determine the value of 'rfi or kP  for otosphorescence, 

which are fundamental characters of the substance and are independent 

Of temperature, it is necessary to determine Op, and also ',3T.  The 

parameter 0T  is somewhat difficult to determine, but it has 
been 

assumed by many workers that because the lifetime of the first 

excited singlet state (S1) is short, the internal conversion of 

S1  is negligible. Therefore the equation (1.19) simplifies to: 

0T  'kiX/(k f  + k. ) 

and equation (1.22) to: 

0F'7. kf/(kf  + k;  <) 

  

(1.26) 

(1.27) 

  

  

Hence from equations (1.26) and (1.27) 

  

T 	(1 - 
Of) 
	 (1.28) 

The above relation has been found to be approximately valid for a 

number of compounds 7' 3  over a range of temperatures ?. 
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INSiUMENTATION  

Commercially avdliab:! e inFtru ents for measuring lumine-

scence are rather similar and a description of the Amirlco-Bow ian 

spctrofluorimeter will serve as an example of a typical instrument. 

This instrument has been used by the author during the work descri-

bed in this thesis. 

-The Ami.nco-Bowman double monochromator spectrofluorimeter 

consists of an optical unit,- photomultiplier, microphotometer, 

power supply and necessary components. The optical unit includes 

an electrical panel, xenon arc lamp with housinq and blower, two 

monochromators, two slit holders (installed in mc:- ochranatorc), 

cell compartment, photcmultiplier housing with manually operated 

rotary slit-turret and filter holder with shutter'control. This 

unit, with the excep'cion of the xenon lamp and sweep circuit, 

operates on 115-Volt 50 or 60-cycle single-phase A.C. 

(approximately 100 Watts). The xenon arc ldmp power is supplied 

from the d.c. power supply, and the sweep power circuit 

energised by a mercury battery contained within the optical unit. 

Light from the source is dispersed by the excitation 

monochromator to enable selection of the wavelength of the light 

incident on the sample. The light emitted from the sample is 

viewed at right angles to the exciting beam and dispersed by a 

similar monochromator to analyse the spectrum of the radiation. 

incident on the detector. The radiation is transformed by the 

detector into a weak electrical signal and fed to the photometer 

where it is  



Fig 1 .6 
	

Amino-Bowman double monochromator spectrofluorimeter 



SLIT 4 
CELL 

SLIT 3 —
SLIT 2 	 

SLIT 5 

	 SLIT G 

LIGHT TRAP C. EESICC.V4T CHAMBER 
	 PH0T0MULTIPLIER Tt,EE 

SLIT I 

XEnT1 ARC LAMP 
GRATIMG G•1 	 

PI!OTOLIULTIPL!ER TURRET PAT 7) 

PIi;ict`!JLītpLR'R SHUTTER 
AND FILTER HOUSING 

GRATING G-2 

MR-1 
MR-4 

MIRRORS 
MR-3 

— MIRRORS 

EXCITATI0;1 	 i% 	} } `~~} } )J~\` j \\~ , 	/ 	EMISSICH WONOC}IROMATCR 
M(l:7OCH1i IATCR 

21 

Fig 1.7. Optical Diagram of Aroinco-Bowman Spectrofluorimeter 

TABLE 1,1 

SIZE, AItRAWGEMENT AND PLACEMENT OF SLITS 

(width or Slits in Millimctcrs) 

. 
(Slit 	1,esieinrL. 

;.itovon i n. 	F:O.t.h) 
Mono- 

chrotr.ntor 
Slit 1 Cell Slit 2 Cell Slit 3* 

x 
Ccli Slit 4* Cell Slit 5 

Mono- 
chrortztor 
Cell Slit A 

t`hoto- 
multiplier 
Sl:it:tcr 
SIll 7 

Arrangement No. 1 + '1 0. 5 3 	. 3 0.5 1 0.5. 

Arrangement No. 2 2 1 3 3 1 2 1 

Arrangement No. 3 3 

4 

5 

2 3 3 2 3 2 

Arrangement No. 4 3 4 4 3 4 - 	3 

Arre :,rement No. Sol 4 5 5 4 5 5 

v-T•hrsc :=litt, serve 	tafti'n to re, 'ace in.5trumn ital scatter. 

~ilich..s:t r^.:olntion, reconn endet for identificz..ion. 

L~[ii~ u•:ct :er;;itivity, recommended for trace analysis. 
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Fig 1.9 Aminco-Bowman double monochromator spectrofluorimeter with photon counting modular detector 
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An X-Y recorder connected to the photometer enables the photo-

multiplier output at be displayed on the Y-axis the X-axis input 

being connected to the wavelength scanning device of the mono-

chromator. The monchromators are fitted. with plane gratings each 

having 600 grooves/mm and-52 x 52 mm ruled area.: The axes of the 

four spherical ;Mirrors and the normals.to--both-plane gratings are 

coplanar. The two monochromators are optically identical except 

that the gratings of each are blazed at different wavelengths. The 

excitation grating is blazed at 300 nm (1st order) in order to 

strengthen the output of the xenon lamp which decreases below 

400 nm. The emission grating is blazed at 500 nm (1st order) to 

improve the response for flue scence at lone wavelengths. Each 

monochromator has a wavelength range of 200 to 800 nm. The gratings 

of the monochromators are moved by motor-driven cans to which are 

coupled graduated discs for visual observation and wavelength 

adjusLment. 

The fluorescence signal passes from the sample to the analysing 

monochromator and falle on to the photocathode of either an RCA 

1 P28 or EMI 9601 photomultiplier tube. The EMI 9601 photo-

multiplier was used in the photon counting work and subsequent work 

to be described. The 1 P28 was used for all other studies. The 

EMI 9601 was supplied by a Brandenburg power supply and the signal 

recorded by either a photon counter or the photomultiplier 

microphoto Teter with its power supply disconne:ted. 

The photo-multiplier microphotcroster unit consists - of the 

associ,Lted circuitry for the chot= tip o. r' Tub' and r- -  • 

1; - 	s 	y 	r̀ n -- produced_ t 	z 	h1.t~..... which 1''c:S t~C;,YiC I 	to the ~~'~~11 CLi_. ~.., 	tJy the ni~~~~~__~.i-._ tiD .- - 

tub: and 
	

jsters• the 	,, o :_nt on the Ineter. 
n-, 

CirCUe 
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for normal line voltage variations. This is required as the dynode 

current of the photomultiplier tube is highly sensitive to variations 

in dynode voltage and therefore requires a-stable power supply. The 

line voltage stabilizer also provides stabilized power to the 

amplifier. A control for off-setting an'.T photcmultiplier dark 

current caused either by thermionic emission or small light leak:.  

is placed on the microphotometer. The zero adjust control permits 

zeroing of the•meter. The meter multiplier control allows the - 

removal of high voltage from the photomultiplier tube, provides a 

zero reference voltage required for zeroing the meter and permits 

- sitivity variation in seven fixed steps 1.0, 0.3, 0.1, 0.03, • 

0.01, 0.003 and 0.001 over a range cf 1000 to 1 (relative intensity 

of- signal on the meter is a product of the transmittance sc1e 

reading and the multiplying factor used) . At the r=ear of the unit 

are outlets for a recorder and oscilloscope. 

Ti;e recorder used for plotting all the spectra was a Bryans X-Y 

recorder Auto plotter series 21000 , 3ryans Li:ad ted, Mitcham, 

England) . This required 2O0 - 250 volts a.c. at 50 - 60 Hz, 

single phase and provided spectra 7 x 10 in. in area. As 

previously described the X-axis is directly linked to the wave-

length scale Of the optical .unit, and the Y-axis to the rear of the 

microphotometer unit 

The kminco-Bowmar pec troA:..tof _.pro e .er is a single e beam 

instrument and provides 	the: are uncorrected for the 

variation. in intensity 	he xenon arcG',. 	h monochromators  

characteristicsare those of the D:'^ t_ā;sU1tIp _.r tube with wave- 

Ar 	fluorescence 	s 	_refo.e only. a 
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product of those parameters and has little absolute significance. 

Parker and Rees 1°, along with Chen 11  and other workers, 12,1 ,14,15 

have described. a method for the correction of the excitation and 

emission spectra in order to •obtain the "true" excitation and 

emission spectra. The corrected excitation sp:-ctra are obtained 

by correction of the observed spectra for any \,ari_ation in the 

xenon arc lamp spectral distribution and the transmission characte-

ristics of the excitation monochromator. The corrected fluorescence 

spectra produced by allowing for the transmission characteristics 

of the analysing monochromator and the variation with wavelength 

of the detector sensitivity. Such procedures, .'Jwever,  

• tedious point-by-point correction and unless a cors ect ad :: cectra 

attachment is. available (American instrument Co., Inc., Ami_nco- 

Bowman spectrophofluorometer, Bulletin 1968, 2392-F 14) for rapid 

production of those spectra this procedure does not appear north- 

while for analytical requirements; though a certain amount of 

standardisation in this field of analysis would be of no 

significance. Thogh it would obviously be of valu to know the 

true position and intensity of the excitation and emission maxima 

of any system, the apparent maxima are of a more practical signifi-. 

cane, i.e. the maximum response on the operator's own instrument 

and therefore providing reference is made the uncorrected spectra. 

as obtained directly from the instrument are used in all work 

described here except for quantum yield determinations. In this 

latter work an effort is made to obtain the corrected area under 

the spectrum so that it may be compared with that of a standard 

substance.. 
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The interference from the cell walls caused by self-

fluorescence 16  scatter or internal reflection is also minimised'. 

Ano±h?r im orta_r.t .factor in deciding upon a suitable instru-

mental geometry is cl€zified when overall sensitivity is being 

considered  (figure 1.9) . 

Ce) 

Fig 1.9 Methods for illumination and measurement 

(a) and (b) right angle methods; (c) frontal illumination.; 

(d) in line method. 
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Though the double monochromator system used here was very 

satisfactory, several other types are available and they may be 

more practical in certain cases. The use of an instrument for 

employing a filter in place of the excitation monochromator appears 

very attractive for trace determinations because it allows much 

greater intensity, and a wider spectrum of irradiation while a 

monochromator on the emission side allows more precise resolution 

of the fluorescence radiation. The light losses inside the grating 

monochromators used in the Jminco-Bowman system are rather great, 

and therefore a large.increase in sensitivity may be obtained by 

substituting a filter . However, fluorescence signals received 

from filter instruments invariably include spurious signals from 

light scatter, Raman emission, etc., which cannot be differentiated. 

Therefore the choice of instrument depends on the compromise 

required between sensitivity selectivity, resolution and precision. 

The reason for measuring the fluorescence at right angles to 

the incident beam is to reduce any scattering of the incident 

radiation which would otherwise augment the fluorescence signal. and 

hence prevent accurate trace analysis. Even though most instruments 

possess efficient monochr'cmators, scattered radiation can still be 

a serious problem as the excitation and emission peaks usually 

overlap or are very close to one another. 

Instruments that measure the fluorescence signal- at angles 

other than 90°to the incident radiation also have advaY:tages. 

Frontal illumination is recuirod for the study _:z solid samples 

and very strong solutions.- A s mai ghr throug s am•c n be used 

c- 	re m 	en - s, 	_ 	r -~ C' 	rJ_ic'=>p~1:~rc ~!_.k.ri, _ 	_ ~ r„ ,Lt_ ._ . ~_ .. 	_l ..t.~.' and lees e...  



Fig 1.11 
	

TRW nanosecond source unit and fluorimeter 
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indicated certain advantages of this system when ordinary 

fluorescence systems are being studied. 

Several. workers have produced critical reviews of particular 

types of colic,ecially available instruments 18,19,20,21 ,22,23 and 

before purchase of any apparatus is made,. it. is advisable to cōnsult 

these reviews. 

1 .6 	THE TRW-NANOSECOND SPECTRAL SOURCE SYS'T'EM 

The TRW Model . 31B Nanosecond Spectral Source (INS) system, 

shown in Fig 111, c(,nsists of the source. lamp housing and control 

unit and power supply which provides repetition rate control and 

_high and low voltage. The TRW Model 38A relay lens assembly With 

a pair of quartz condenser lenses in the excitation and emission • 

optical paths, provides chromatic focussing of light over the range 

200 to 1000 rL-n from lamp housing to the sample and from the sample 

to the detector. A tunable interference filter monochromator 

(Model 39A) in the path of emitted light allows precise wavelength 

selection and maximum separation of the fluorescent pulse. Model 

40A filter mount carrier in conjunction with moedl 37A filter. 

Filter mount adaptor accommodates 2 x 2 inch class or interference 

filters. A mount carrier constructed by Narayanaswamy24  accommo-

dates 2 x 2.5 inch Locarte filters and also, with slight alteration 

of the relay lens assembly, a liquid filter. The detector is an 

RCA 'Toe _91A photo caul tiplier tube (S--4 response) incorporated in 

a TRW iodel 33A photomul tipl i er housing unit. The optical 

arrangement of the TRW apparatus is shown below 1.n Fig 1 .12. 
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Trk 	MOZE;L 

xt8 SoURCG 

EXCITATION 
FU..TE.P 
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PY,oioMULTIPL»R 

i 
SF MPLS 

INrcal FEIRSNCE FILTER 

MONOCNg0'gyf1TOf2 (Foist ams,s'ON) 

Fig 1 .12. Optical Arrangement of the TRW model 31 B decay time fluorimeter 

The sample chamber (Model 34A) accommodates the sample 

holder (Model 35A) for liquids contained in a cylindrical fused 

cuartz tube 75nm long, i.d. 8 mm, and wall thickness 1 mm. A 

slight modification of the sample holder permits use of the 

guartz Dewar flask figl .12 for measurements at liquid nitrogen 

teinuerature . 
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The source used to excite the sample, depending on the -

regic:_ of wavelength of excitation required was either a deuterium 

(No...268) or nitrogen (No. 267) arc lamp. The spectral characteri 

stics of these lamps are shown in Fig 1 .8 

.A tektronix oscilloscope, type 585A, with a type 82 dual 

trace plug-in unit, was used in conjunction with the TRW instrument, 

to display the decay traces. The monitor output of the internal 

photomultiplier from the NSS system and the output of the external 

photomultiplier are connected to the input (A and B respectively) 

cf the oscilloscope, both terminated in 50 ohms for measurement of 

decay time up to about 100 nanoseconds. Alteration of the time 

constant of the measuring circuit, by increasing the termi),ation 

resistance (at the input B), enables measurement of decay times of 

the order of microseconds or greater. Table 1.2 shows the maximum 

termination resistance that can be used in measuring a particular 

decay time;  and also the time constant (irc) of the measuring 

The time constant of the decay signal should be ten times 

that of the measuring circuit. . 

The decay traces were photographed using a Hewlett Packard 

-cscilloscope Polaroid camera (Model 196B) with type 107 polaroid 

ilm. The lifetimes were calculated from these traces in the  

hotocraphs as described in Chapter 3. J 
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TABLE 1 .2 	1N mum time constants of measuring circuit with TRW source for 
particular–termination resistances employed to measure decay. 

.times of luminescence 

Load 
Res is tance 

(ohms) 
Z Decay -C RC.  

50 7 	10 ns -- 

5G > 20 ns - 
50 7 	50 ns __.. 

• ,50 ? 100 ns — 

100' 7 200 ns 20 ns = (100 -n-) x (2x10 1 °pf) 

270 ) 540 ns g  54 ns 

510 ->, 1. 02 ps 102 ns 

K 7 	2 ps 200 ns 

2.2 K 7.  4.4 	ps 440 ns _- 

4.7 K >, 9.4 	ps 940 ns 

10K 7 . 20 ps 2ps 

15 K } 	30 ps. 3 ps 

27 K >, 	54 ps 5.4 ps 

47 K 7 94 ps 9.4 ps 

100 K 7 0.20 ms 20 ps 

270 K 7 0.54 rns 54 Ps 

470 K ii 0.91 ms 94 ps 

1 lieg. 7 	2 ms 200 ps 
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•7. 	TRACE ''.~ T ?, ANALYSIS BY FLUORIMETRY  

In. a general review of fluorescence analysis of inorganic 

substances Shcherbov 25 .lists 20 elements for which sensitivities in 

• the rarge of •i to 0.11-f./ /m:L may be obtained. 

Additional data on the fluoresce excitalon spectra and 

absorption spectra of the chelates of Al, Be, Th, Zr, B, and Li show 

the same close correlation of these two types of spectra as is 

evidenced in the case of pure organic compounds 26. The emission 

spectra of these chelates'are also given in this article. Turkevrich27 

has reported on a study of the reaction of- 50 Rho.'danines and 10 thio-

zolidine- -2, 4- diones as spot test reagents with various metal ions.• 

Filter paper was impregnated with the reagents and spotted with the 

metal ions. He concludes that rhodanines are group reagents for Ag+, 

Hu2+, Cu', Cu2+, Au3+, Pd2+ and Ptd+ and the thiozolidines are group 

- reagents for Lai+ and Uo2}-in addition to the ions listed above. 

Stolyarbv and Grigorev have applied luminescence methods to the micro-

chemical detection of a nimrber of elements with a sensitivity of 0.1 

to 0.00O5'di.g in 0.003 m128. The methods are based on the formation 

of fluorescent products by introduction of microcuantities of the 

elements into compounds or crystals such as Ca0 or 	Ga with 

rhodamine B, Fb with pyridine and KI, and arsenic with ferrocynide. 

Fluorescent reactions are also given for Sb and Sn. 

The reaction products of 8-quinolinol with some 30 ions have 

been surveyed 29 with respect to their fluorescence colours, extraction 

11-74-4, C , the proper pH for extraction and spot reactions on paper. 

Pubovjch and Rogers-v continued their study of the metal 8-goinolates 



as to the function of solvents and substitutes on the fluorescence. 

The studies of Umland. and Meckenstock 1' 32 on the partition of the 

- metal complexes of 8-quinolinols, substituted in the 7-position, between 

water and chlo ofonn have snown some interesting effects such as the 

• quantitative extraction of the calcium complex when the chloroform 

contains 2% n - .1Jutylamine. The- widely distributed blue fluorescence 

between 430 and 480 nm-which is found in many minerals and commercial 

chemicals has been shown to be caused by traces of organic materials 

probably from aE:HQspheric dust 33, 34 and has made metal chelates with 

12 salicyladehyde condensātion products and determined some factors 

influencing the fluorescence intensity. He also studied the metal 

chelates of the conde,as tion products of resorcyladehyde with hydra--

zine and aromatic amines with 11 metal ions 35 . The sensitivity of 

the fluorescence reactions of quercetin with salts of Al, Be, Ga;. In, 

Y, La, Mg and Zn has been determined and the optimum pH ranges have 

been established 36. 

Bishop 37 has reported on the pH requirements, complex 

formation, and use of a titration indicator 38 of 8-quinolinol-

sulforic acid with the metals usually determined with 8-quinolinol 

He hasl also investigated the fluorescence properties 
.zo 
J~ 	L' of Lhe 

salicylate complexes of Cu, Ce, Ni, Zn, Mg, Be, Fe and Al. 

Luminescence in the system Sbp 03 Sb2 05 car be used to detect 

small amounts (0.1 ppm) of Nn. ' he _^s of Ag, n Ca, 	 , ? , ppm) 	 , 5 , a, 11, 	~, 

and Ce do not activate the luminescence. Poron and arsenic senic i. -reas 

the luminescence ;inescence _roten sit' he; Pb, 	Fe, Ni,•CC and Cu rien. 

quenching effect. Na and Po 	r new luminescnt sub- 	. 
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The _ei:!;:uorescent materials zinc sup..•: idc and fluorescein have been used 
as tracers on solids released in the atmosphere in fallout studies 41 

An investigation of the reactions of five salicylamtines shows 

that these reagents may be used as acid-base in icators and also form 

fluorescent complexes with Be, Sc, Zr, and Ga 	, Kirkbright and 

Stephen have reported on some metallofluorescent derivatives of 2,2~ 

I 
diamino phenyl N, N, N , N - tetraacetic acid and •shown that of 32 

ions tested Cu, Co, Ni, Mn, Pb and Zn do no form fluorescent chelates. 

A general discussion of spectrofluorometry as a trace 

nique in inorganic analysis which includes the requirements for 

apparatus, reagents, procedure, and .31 references has been given • 

by West 18. 

Anderson and Hercules 45 have determined the fluorescnece 

spectra and quantum efficiences of the thiiooxine chelates of Cd and 

Zn. Davies 46 used chloroform to extract the 8-thio quinolates of 

In, Ga, Cd and Tl and demonstrated their possibilities. Blyum and 

Pavlov_ 47 have extracted 24 complex and simple sets of Rhcdanine B, 

Rhodanine S, and Crystal Violet with benzene and benzene-acetone. 

mixtures and have determined their optical properties. These authors 

also measured the fluorescence intensities of the rhodanine complexes. 

The higher sensitivity of the fluorescence methods compared to 

absorption methods was ascribed to the lower blank values. 

A review of floore sc.enc:e 	of inorganic sub tances for 

thE. years ' 95n1968   wh ch cC\err 35 elements, 	an% J,ī and i i ctu
~ 

c~ ī 

~8 298 r fe .n1 es has 	i~ ca.c: 	.u.. 	publication 
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Analytical applications of Schiff's bases are reviewed with 66 

references. The factors influencing the stability and colour of the 

bases and chelates are discussed 49. The compound 3,5 -bis 

(dicarboxya-iiinomethyl)- 4,41-dihydroxy stilbene was found to form 
fluorescent complexes with Al, Be, Sr, Ba, Zr, G., Y, La, Ga and Lu. 

A review of the luminescence characteristics of the halogen salts of 

Bi, Sn, Sb, Te, Ga, Ge, As, Si, CN, In, Au and Ag at 18500 shows the 

application of this luminescence method of analysis 50. An excellent 

article on the fluorescence properties of 2,3-, 2,4-, and:2,5,-

dihrydroxybenzylidene-o-aninophenoland their complexes with a number 

of di- and trivalent elements shows a number of ap licati ;tis to 

analysis of metal ions. The 2,4- compound seems to produce the most 

intense fluorescence in the chPlates and the complex with Al in 

70% D at a pH of 6.1-6.2 has the highest intensity 51. The analytical 

applications of the flavonols as fluorimetric and colorimetric reagents 

have been the subject of reviews by two authors: in one case 180 

references are listed j2 and in the other 118 53. The authoror the 

latter article has =Ilso published a review on the ar.,•l ical eppli 

cations of the hydroxycou-narins 54. 

Hafnium complexes with morin in NH2SO1 and upon addition of 

methyl alcohol it is possible to detect 2 ng of Hf in 5 ml of solution. 

In HC10
4 
-Hf complex of quercetin fluoresces without interference from 

Zr and forms the basis for the fluorimetric determination of Hf with 

a limit of 	ection o_ 1Ong/m1 6. 	~ r det ~^ 	~' "~^ ' J 	2-c:uinol~nol-5-sul~honi c acid 

was used to mask Cu, Ni, Al, Fe cl and U interferences and as an indicator 

in the zine-ferrocyanide ;ide tit= .. tio 
G7 

ir'',1UorescencE, `_;p `ā '. e : recorded for Cu (I) complexes ; J t:h 

rn 
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2-Hydroxy-1-naphathal.dehyde forms a =2  !_,orescent complex with Sc. and 

a nonfluorescent complex writh Cu to form the bus ls for the determination 

of co 	
60 

pper.  (1) by fluorescence titration 	Tungesten may be deter- 

mined by formation of a fluorescent complex with morin \rLth a sensi-

tivity of 15 ng of W. The triphenyltin content in potatoes has been 

determined flucr-imetrically after complex formation with 3-hydroxy-

flavone. 

1.8. 	METHODS FOR THE DETERMINATION OF TRACES OF BERYLLIUM 

Recent advances in the design of nuclear reactors have led 

to a demand for highe^ working 	oeratures. Tie -use of beryllium as 

a canning material for the ;:Uel elements is attractive because it is 

strong, light (sp. gravity: 1.784), has a low thermal neutron capture-

cross-section and a high melting point (1283°
C) 61 

Beryllium disease has received extensive study since 1943 

and the literature has been reviewed by Topper et. ai  62. No cases 

of beryllium poisoning have been observed in miners handling beryl 

ore. A variety of ailments, however, ranging from dermatitis to 

severe respiratory illness, have been reported among workers engaged 

in the extraction of the ore and others handling fluorescent powders 

containing beryllium 63 

Because of the above reasons the determination of traces of 

beryllium is of paramount importance. The following General methods 

are commonly employed for the determination of mIcroāuerrtities of 

berylJ_l _,.. 

 

Colorimetry, fluori i e ti y and emission spectrography. 
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The colour reactions of beryllium.are of two types. In one 

'type the pH of the solution is usually adjusted to a value which will 

cause precipitation of beryllium hydroxide, which then absorbs the 

reagent with a change in colour. This.is lake formation. The other 

type involves reaction between the dye and beryll.ate, the pH of the 

medium high enough to dissolve beryllium hydroxide. On the whole, 

this type Of reaction is to be preferred as being more specific 64 

Beryllium can also be determined by spectrographic methods; 

one such method a commerdial plasma jet was modified by replacement 

of the direct-injection system by a nebulizer cra - ber to :Ave improved 

stability and permit instataneous photoelectric read-out wren operated 

in conjunction with a grating monochromator with non-integrated photo-

electric detection similar to that used in flame spectrometry. For 67 

elements detection limits are reported and some are compared lith the 

corresponding values for a N20-acetylene flame. The plasma jet is 

also useful for the determination of Zr, Be, Si, B, Ti 65. 

Silver, Be, Cu, Ge, Mn, Mo, Ni, Pb and Ti were detected by 

emission spectrography after evaporation of the sample in a platinum 

basin on a sand bath or in vacuuo at 100°. Optimum operating conditions 

and a procedure for the determination of Mn were established E6. A 

method for the simultaneous spectrographic determination of Zn, P, S, 

B, Be and F with a plasma current for excitation has been desctibed 

by the Russian Workers Savimova et . ai 67 r?  

`long  with s crrC rar:hlc methods atomic absorption spotro-- 

photometric methods are also aDpl ed. N a 	e 	have Dik. para t . a: i. . ha~ 

det ernined bei ! _um in -Cnuaous solutionby measurEnt. of absorption 
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-.at the 234.9 line in the N20-acetylene flame; the calibration graph 

was rectilinear ov the range 0 to 5 ppm 6~. They reported the 

effects of 33 elments at 100-fold concentration, of acids and 11 

water miscible organic solvents (ketones and alcohols). They also 

described the application of the method to the determination of 0.01 

to 0.5% of Be in alloys based on Al, Cu or Mg. 'leere are many such 

methods for the determination of beryllium in alloys 68. Fluorimetric 

methods will be reviewed elsewhere. 

There are other not so common or frequently used techniques 

for Beryllium: Thus, eg. Gallai et. al. described an amperometric -

method where optimum conditions for the amperometric determination of 

Be by titration with 5-(bis-(Carboxymethyl) amino) barbituric acid 

using an anodically polarised graphite electrode are given. The 

titration was carried out in acetate buffer at pH 5 - 6 at a 

potential of 0.6 to 0.8V. The method is suitable for determining Be 

in the range 0.11 m to 0.11 mM in the presence of Al, Ca, Mg, Fe(III), 

Fe(II), Mn(II), Ni, Co, Zn and Cu(II) provided the EDTA is used as a 

masking agent. The method was used for the rapid determination of Be 

in alloys containing Al, Mg and Zn 71 

Other methods include coulemetric, chromatographic and photon 

activation techniques; these,. however, have not been widely adopted 

for trace analysis. 



CHAPTER 	2 
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CHAPTER 	II  

PHOTON 	r UN T t 

When light interacts with matter energy is absorbed or released 

in quanta or photons. Each photon can give up an energy equal to by 

where V is the frequency of the light and h is Planck's constant. 

The output signal of a. photanultiplier tube is inherently digital as 

a result of the quantum nature of the photoelectric effect. According 

to Franklin, Horlick and,Malmstadt 75  the advantages of photon counting 

are direct digital processing, a decrease of effective dark current by 

order of magnitude, improvement of signal-to-noise (SOIR) ratio, accurate 

signal integration, impeved precision of analytical results and 

elimination of reading error. 

Single photon counting (SPC) has been utilised in astronomical 

studies and Raman spectroscopy to detect and measure very weak signals. 

The technique finds more application today due to the development of 

fast electronics. 

In studying biological systems by methods that employ light 

energy, there are dangers that intense sources will Cause photo-

decomposition processes in the molecules. The alternative then is to 

use moderate sources and develop sensitive detection systems that will 

respond to the low light lever that result from molecules or atoms, 

after illumination.  ende - e: s.-_ ve systems useful _.. multichannel 
analysis would benefit much from such de t _: t_cn systems. 
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Sineg- Im-;tadt 5 presented a paper evaluating photon 

counting as a detection tec1irigite in absorption and emission spectro-

scopy, a fair amount of work has been performed and presented exploiting 

i..s inherent advantages. Morton 72 rad already presented the funda-

mentals of photon counting and analysed basic systems, i.e. signal-to-

noise treatment of data; detector selection and discrimination of 

useful pulses, those pulses that originate from the photocathode as a 

result of incident photons. Sharp 74 has employed SPC in atomic 

spectroscopy. He demonstrated the advantages of using a'small time 

constant and discriminator levels as low as possible all aimed at 

resolving photon generated pulses.  

SPC, because of its superio'r'ity and advantages over analogue 

techniques at low light levels due to low sample concentration or • 

high instrumental resolction, is increasingly being applied to mole-

cular fluorimetry, kinetic studies and other photochemical processes. 

Tuan and Wild -76 have utilised the advantage of using long count times. 

They have also pro_eeded to interface their system with a utiputer and 

have been able to process their spectral data corrected•for dark count 

and wavelength drift. They have therefore obtained quantum yields in 

good agreement with earlier literature values. 

2.2. 	PH0'I ULTIPLIERS  

At present the most commonly encountered detector used for 

photon coi.i ~ incr IS the UV/visible region is the photomu- .: ā_;ar 
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Fig 2.1 Schematic Diagram of-a Photon Counting Detection Sys:em• 

Figure 2.1 shows a schematic d3agra-n of a photon counting • 

system using a photomultiplier as the detector. Light cooing through 

the optical system via the lenses L1 and L2 falls on the multiplier 

photocathode. Each photon has a probability K (frequently called 

quantum efficiency) of causing the emission of a photoelectron from 

the photocathode. This quantum efficiency depends upon the material 

of the cathode and the wavelength of the incident light. The photo-

- multiplier consists of a series of dynodes. The first dynode is 

biased positive with respect to the photocathode so that the emitted 

electron is accelerated towards the first dynode- At the same time, 

the first dynode is biased negative with respect to the 2nd. dynode 

while the third dynode is b;. ased positive with respect to the 2nd and • 

negative with respect .to the fourth. CT the electrons  emitted by the 

cathode only a certain fraction 	reaches the first dynode and n^cduce s 

output pulses of electrons. Obviously , the photcmu t plier designer 

and manufacturer attempt 	 col? ,e ion = f f i c erec
t,.' C 

device Gas close to unitSY as _1 ._:i?. . Ifthearrival  rot of 	.`_i.. .ns • 



at the cathode is designated by np, the number of pulses Ne appearing 

at the output of the tube during the time t is given by Ne = n pk;\ t 

= n.p.kft 	  (2.1 

After appropriate electronic processing, these pu.Lses are recorded 

in a counting system. 

Less info/mation is lost by handling the information digitally, 

since this removes to a first approximation the effects of gain 

instability which are marked in analogue uses of photomultipliers 73 

Also treating data digitally has an advantage because the counter can 

be interfaced with modern ccmputerised data handling systems 74. 

Typical photomultipliers have from 9 - 20 dynodes providing 

gains in the range of 105 - 108. The gain is also critically dependent 

on the voltage applied across the dynode chains. The power supply 

voltage fluctuation is important to the photon c:unting method as the 

fluctuation, although it does not affect the count number, will affect 

the pulse amplitude. 

	

Consider a FMT vn th a collection efficiency 	= t~ 

	

Transfer efficiency 	= 

Secondary emission coefficient = 

Number of dynodes in chain 	= -11 

then the overall gain G = C 

 

P .2) 

  

usually expressed as 	G 

 

( 2.3 ) 

 

where N = overall E4T sensitivity (A/ lLIī Il il e+ ) 

f S 	- ca~thc~?.- sensitivity (,' `A/lixmen) 
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lectrons which traverse the dynode chaid do so over different 

paths and therefore arrive at the anode at different times. It has 

been sho:,n that the time distribution of electron arrival at the anode 

is Gaussian so that the current pulse can be expressed in the form 

i 	 f 	44-2"/ 

ū` lye  }t  

where e = charge on the electron 

L = the standard deviation 

t — time 

(2.4) 

The width of the pulse is an important consideration in photon 

counting, because the technique depends on time resolving individual 

pulses when the average rate of pulse arrival is high. Tubes producing 

narrow pulses are therefore superior for use in photon counting systems. 

2.3 	PHOTPMULTIPLIER DARK  CURRENT 

A photomultiplier placed in total darkness in the absence of 

incident light will still generate current pulses. These pulses give • 

rise to the "dark current" observed. This dark current varies from 

tube to tube. The dark current may be the result of the following 

causes (a)-thermionic emission from the cathode or other internal parts 

of the device (b) leakage currents over the envelope material or 

through tube base, socket, or circuit insulation (c) pulses originating 

frei:-  radioactive sources (d) cold fiel,a emission and residual gas 

ionisation. These causes will be di__ «._sed here below. 



(a) Thermionic emission  

For most photomultiplier tubes thermionic emission from the 

.photocathode is  the major contributor to dark current. Thermal dark 

current approximately obeys the Richardson law 

= 21x102 T2  exp - (1.16x1040T) 	 (2.5) 

T 

Where T is the temperature 

1 = length 

and T 
 is the thermal work function. 

The temperature occurs twice in the expression and it is generally 

found that cooling the FMl' to about -40°C is sufficient to reduce 

the thermal dark current effectively to zero. Another way to reduce 

th= thermionic emission current is to reduce the area of the cathode. 

However, provision must be made to, focus all the light to be - measured 

onto the small cathode, otherwise the signal current will be reduced - 

proportionately. Thermionic emission can also occur from the dynodes 

although with.less frequency, because the thermionic work function of 

the metal dynode surfaces is higher than that of the semiconductor 

cathode surface. Thermionic pulses from the dynodes can be disti-

nguished from photon pulses because in general they'experience less 

gain and are therefore smaller. 

(b) Leakage -c 'uLrr nts 

The leakage current over the surface of the phototube envelope 

• may a  te,n be reduced d by care f   a y cleaning  and ct  y?ng the  sur  ace  to 

conducti 
	

contaminant-- Lc; leakage akage base and socket materials 



should be used. Cne excellent method of eliminating the effect of 

leakage currents in the output is to apply a circular band of 

electricity conductive paint surrounding but not touching the point 

at Which the anode •lead passes through the 'envelope. 

(c) Pulses- oris gating from radioactive sources  

The envelope glasses used in photomultiplier manufacture 

'contain residual amounts of natural K4° isotope which emits 

particles that result in bursts of Cerenkov photons from the glass.. 

Cosmic particles can also cause dark pulses by secondary emission 

from the photo-cathode and dynoc„- surfaces. Cerenkov radiation and 

residual gas ionisation. Fyr;elly, glass fluorescence may occur when 

the tube is used in the presence of - radiation sources. Generally 

pulses derived from radioactive, sources are larger than photon pulses 

because a burst of photons or electrons is generated - in a time that is 

short compared with the anode pulse-width. 

(d) Col.=. field emission and residual gas ionisation  

When the photomultiplier is operated at the reccmmendsd 

voltage, pulses from these sources are not important. However, they 

are the major dark current component at higher voltages. 

2.4. 	PULSE PILE-UP IN PHOTON• COUNTING 

l\•,'o effects are possible due to pulse 'pile-up' at a fixed 

discriminator level. Two pulses which should each be counted. can 

'pile-up; sr, that only on count is _recciL1r"_°  '! T i C u ~̀ua.].l y occur(-; • 
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at high light levels Lane; .ulne resolution of the counting system 

is inadequate to deal with the pulse arrival rate. -A net loss of one 

count results. Two smaller pules can pile up and sum to produce a 

pulse large enough to be counted when neither pulse should have been 

cc,tnted, thus a net excess of one count i ; recorded. The discriminator 

level determines the relative importance of these two effects on the 

recorded count. At low discriminator levels, When a large fraction 

of the theoretical count is recorded, the major effect is the loss 

of pulses due to pile-up., 

SIGNAL-TO-NOISE RATIO CONSIDERATIONS IN SPC 

When the photomultiplier is c.en the signal N observed on the 

output (digital or analogue) is a measure of both pulses due to 

photons and pulses due to dark current. Hence the signal required is 

S, __ N - D   •(2.6) 

where N = Total signal count 

D = Dark current count 

To determine S an additional measurement of D must be made with the 

photommultiplier closed. Hence we introduce errcrs in both the values. 

of N and D. These errors will add independently in the form of their 

standard deviations and the total error will be given by 

 

(2.7) 

 

Thesign: 1. -to-noise ratio will l ,,h_n be  

N - D 

G  N ,'D 

S 	the man of , a  n ,..,. r 	ng 	over an n -i nterijal 

S 

N 

bY 

2. 3)  
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(count period)`of preset time. 

1. 
Using•a similar argument the standard deviation of N = (N)2  

arid D = (D)2  . Both measurements-are independent and the standard 

deviation,i;,, is given by (N + D)2  and the signal-to-noise ratio 

is given by 

S 	= N - D  

(N + D)z 

 

(2.9) 

 

In the instrumental system used in the present work the signal-to-

noise ratio for the analogue system was measured connecting the- 

photomultiplier output to the Aminco microphotometer and then to a 

chart recorder. The signal was taken to be the mean difference 

between the reading when the F:'IT is open and reading when it is 

closed, while noise was taken as the fluctuation in the signal. 

2.5 	NOISE IN PHOTON COUNTING' 

Poisson Noise 

Poisson Noise is a fundamental source of noise associated 

with all random processes. The measured variance results from finite 

period. counting of events randomly distributed in time. Thus the• 

variance in the count rate derived from a photon arrival rate of 

Ns is given by 

( 2Nos)p 	Nos  = Ns  Oil A 	 (2.10) 

where A = fraction of photon derived pulses 

No  - observed count rate  

first dynode collection efficiency 
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.Similar expressions can be written .for the background and dark count. 

In d.c. systems Poisson noise is usually referred to as 'shot noise" 

and is expressed in terms cf the mean anode current and the noise 

equivalent bandwidth Lf 

   

c2)p
. 

 

	  (2.11) 

Johnston Noise 

• 'Electrons moving trough a conductor continually exhange 

energy with the thermal vibrations of the lattice ions. As a result, • 

random flucWatials in the charge density occur causing variations in 

the, potential drop across the- conductor. Johnston noise is therefore 

• another fundamental source of noise and its variance is given by 

Ūj
2 = 	?k CT.R 	- 	k n   (2.12) 

t 	t 

where k is the Boltsmann constant 

t- is the absolute temperature 

R is the resistance of the conductor 

and t is the observed or integration period. 

This equation shows that Johnston noise is most likely to 

occur in- the load resistor, 27 , :.:ere it may result in the generation 

of spurious pulses. These pulses may either be counted directly 

(at very low discriminator levels) , or can take mart in producing 

pulse pile-up by-either o" the two ._~shan_=o_s. 	however, , 

the variance term due to Johnston noise 	:Tuch less than terms• 

due to Poisson and flicker noise. 
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'Flicker Noise  

The previous noises are fundamental but flicker. noise is caused 

by non-ideal behaviour of the experimental system 83 -84. 

Signal and Backgr•o u d Radiation Flicker Noise-.---- 

Signal and background flicker in molecular luminescence can 

result from lamp flicker and general external influence on the experi-

mental system such as vibration. The variance due to• signal flicker 

may be written (} Nos) f  =' Est  No = (Ns es A Oil) 	 (2.13) 

• 
where ̀ s  is the dimer .ionles:- 'flicker-facotr' for the signal 85. 
Likewise, the variance cue :_o -t e background - flicker is given by 

(G 2Nob) f  = No b = (Nb b  A 0 I) 2  

 

2  14) 

 

Flicker in the Counting System 

.Flicker in the FNT gain, amplifier, discriminator level and -

photo-cathode quantum efficiency eta:., result in a broadening of the 

pulse height distribution. This does not in itself constitute noise. 

particularly when a low discriminator is used. However, as the discri-

minator level is raised the noise component due to the variations in 

pulse amplitude increases and reaches a peak dNo/dA, i.e. the rate of 

change of the observed count with the discriminator level is at a 

maximum. 

Read-out Noise  

Fo' the digital read-';ut; there is always an uncertainty T 1 - 

in the last fi_gure, because the counting circuits are-not. sync 	s  _ 
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with the photon derived pulses. This variance of one may be of 

importance at low count rates, but in general will be of no consequence 

in analytical spectrometry. 

2.7 	COMPARISON OF SPC AND DIRECT CURRENT MEASTIEMENT TECHNIQUES  

Photon counting has been proposed as a- measurement•technique for 

several,. analytical spectrometric applications 75' 78' 8O. There are 

several reasons why photon counting technique appears to have inherent 

advantages over the conventional d.c. method of measurement of light 

intensities. First, radiant flux information is prx°_ssed. in a 

discrete manner, reducing the number of domain conversions 81_ necessary 

to obtain a number related to the incident light evel. Second, the 

processing of information by digital circuitry makes photon counting 

detection less susceptible to the long time drift and 1/f noise •rhich 

often limits analogue systems. This feature enables the spectrometrist 

to utilize much longer averaging times than would be feasible with d.c. 

detection where low •r•vequency noise components can predominate at 

narrow measurement system bandwidths. Other advantages of the photon. 

counting technique include the ability to discriminate against photo-

multiplier dark current orginating down the dynode chain and the 

virtual elimination of the reading error which can limit analogue systems7~'. 

Despite these attractive features, there are drawbacks to photon 

• counting, particularly at the moderate to high light levels encountered - 

in many types of analytical spectrometry. Pulse overlap limits photon 

counting . to relatively low light levels unless deadti me compen 

Or mathematical correction tcc 1riqucs arP l:,^,2d 	 ' 	Li ht  iS 

which result in an anode pulse mate of 1 6Hz represent the us ul ug O 	Yie u_u 	_.. per 

lint O.i T hoton. counting s'/._ ,t:_.ii using p 'sent ' . 	.. ef'-i.he 	_ t 



Fig 2.2. Variation of dark Current with TempratUre 
• 
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.electronic circuitry. At normal photomultiplier gains of 105  to 106  - 

- this corresponds to an anodic current of only 10
-8  -1077A which is 

several orders of magnitude less than the maximum anodic current for 

linear operation. Thus using a photmuitiplier in the d.c. mode 

hllows the measurement of light .intensitieis several orders of 

magnitude greater than can be measured with linearity in the photon 

• counting mode. In short-noise limited operation, where the signal-. 

to-noise ratio increases with the square root of the incident photon 

flux, use of photon counting may lead. to decreased SNR's if. the light 

level_is purposesly reduced for good linearity. In many analytical 

spectrometric applications, measuremens must-be rf  a,;e in the presence 

of background radiation. Thus even when signal s ': _^engths are low,-

the presence of large amounts of background may cause pulse rates to 

be higher than can be measured without pile up, another drawback to 

photon counting at present is the complexity required for processing 

the data to obtain numerical readout in the appropriate units. Such 

operations as taking the logarithm, the ratio, or the reciprocal are 

common in spectrc',etric applications and require computer data 

cessir_g for photon counting with a single beam spectrometer unless 

a conversion back to the analogue domain is•perfor;med with its 

consequent errors and non-linearities. This latter drawback is 

becoming obselete with the increased availability of small dedicated 

laboratory computers. 

a . _ Ēa YTIC I RESULTS WITH THE COUNTING TECHNIQUE  

Effect  of ccoliuc the photo;tu.ltiplier 

The RCA TP28 ohoto,;ulti?lier ':ide-windbw) supplied with the 

cort ī.al double monochrcuator spect-fofluo lieter (American - 
Instru n t Cmpanj Silver S tr 	Elryland USA) was replaced by  the 

\al 
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Fig 2'.3., Variātion of signal-to--noise ratio with applied voltage for  

9601B photcmultipiier tube ' 

• 



EMI 9601 S(and--::rindow with a response S--11). This photomultipli er 

was placed in a housing h .t had a cooling facility. Dry ice was 

used for cooling. 

In the experiment to cool the PMT, dry ice was placed in the 

space outside the. PMT housing and cooling was caused by conduction, 

quinine sulphate (10-7M) was used•to produce a luminescence signal 

at 450 nm for the uncooled and cooled tube. The results can be seen 

in fig 2.2. Counts for every 10 secs were recorded and plotted 

against time (minutes)., It can be been that at time 0 minutes the 

counts were about 4) per 10 secs but after 15 minutes the curve 

had reached its lowest. At this stage the dark current was virtually 

zero. The tube was therefore used with the dark current reduced in 

this way. The luminescence background was not a problem, hence 

cooling the tube was sufficient to reduce noise significantly. It 

is to be expected that in situations where high background radiation • 

is present, cooling of the tube will be less advantageous, because 

the noise contributicr. of the dark current is then relatively =all. 

(b) Voltage Optimisation  

In optimising spectrophotochemical systems, various procedures 

can be used. To optimise voltage in our work signaleto-noise ratio 

was used. Once an experession for S/?d is known, then optimua values 

of each experimental parameter can be calculated by the . standard 

maximisation technique of taking the partial derivative of S/ 

respect ; o the parameter of interest ,  . X,  Sett  ru  t' a partial 

vative equal to zero and assume that all instrumer t :2 parameter. 
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independent of each other then 

/ y. zetc 

where y and z are other experimental variables held constant during 

the optimisation process. 

To eptimise voltage the spectrometer slit-width (the. only 

- other variable parameter) was held constant while voltage was varied. 

from 1000V to 1400V, at intervals of 50 Volts. At each interval the 

signal produced due to 10-6.M quinine sulphate solution and the dark 

count were taken. Ten readings of each .,°ere taken and the average 

plotted versus voltage. The optimum: voltage was obtained at 1200V. 

This was fixed for all other measurements. Fig 2.3 shows - the plot 

of S/N versus voltage. It has a plateau from 1100V onwards; ( all 

further work was undertaken using a voltage of 1200V. 

(c) Slit Optimisation  

Two expressions have been developed (equations 2.8 and 2.9). 

Equation 2.8 is derived __cm actual standard deviations of a sample 

cf readings. Equation 2.9 derived from the assumption that the 

standard deviation of a single count is approximately equal to its 

square root. The former equation takes into consideration the lamp 

flicker contribution to total noise -::°>1i i  e the second does not. It 

?, as 	hat when S/N values were 	 - -d - both methods they 

0 	 (.2.1 5) 

are approximately ecival 	= _ was observed. 2.8) was tending to 

(2.9) and thus flicker nose was a 	n . _... 
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It was found that the wider the slit the greater the S/N 

observed. A value was therefore selected that gave values of S/N 

which were approximately equal. Slit arrangement 2 (half-band 

width of 2 nm throughout), on the excitation side and slit arrange-

ment 4 (half-band width 4 nm) oh the emission side were chosen and 

kept constant in all subsequent work. 

Selection of Optimum Slit Width  

'Slit Arrangement 2  

Sample Signal 	Background noise signal 	Blank signal 

21,696 7181 3766 

22,746 6978 8572 

21,779 7245 8835 -  

22,299 7283 8808 

21,725 7275 8718 

S/N 	76.06 

Slit Arrangement 3  

Sample Signal Background noise signal Blank signal 

121045 7955 20413 

120149 7805 21000 -  

120963 7958 18253 

117930 7853 • 17869 

117355 8061 17890 

S/N 	163.59 
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Slit Arrangement 4 

Sample Signal Background noise signal Blank signal 

281750  7886 57993 

280865 7932 57283 

280054 8077 52080 

280155 7820 51989 

280550 7924 49967 

S/N = 399.18 

Slit Arrangement 5  

Sample Signal 	Background noise signal 	Blank  signal 

507257 8062 110854 

501302 8035 113075 

502139 8172 116562 

497550 8049 117J44 

500745 8050 116406 

S/N = 494.00 

It will be noticed,€rom the above results that although the 

signal-to-noise ratio increases with wider slits, the blank contri-

butes to the noise significantly. This may include. stray light. 

It was therefore decided that arrangement 2 on the excitation side 

would. channel enough lamp radiation while arrangement 4 on the 

emission side would transmit s gniftiiodut amount of fluorescent 

radiation to give linear calibration graphs. 
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- EXPERIMENTAL COMPARISON OP SIC AND ANALOGUE SYSTEMS  

Samples .and Methods Used  

Thiamine; 

Thiamine or vitamin Bl can be analysed by various methods 

classified as microbiological and chemical. The chemical ones 

include fluorimetry which provides high sensitivity. It was decided 

to use this system to demonstrate that photon counting can be used 

to analyse organic systems with low background fluorescence. This 

procedure followed was that reco:inerded by•Ohnesorge and L.H. Rogers8• 

where thiamine is oxidised to thiochrome. 

REAGENTS  

Thiamine (aneurine chloride) hydrochloride C1.12H17N40SC1.HC1 

(BDH laboratory reagents) was dissolved in 0.01 NHC1 to make a 10-2M 

stock solution which was stored in a dark brown bottle in a refri-

gerator. Dilutions were made as recurred. 

Buffer solution (pH 7.0) was prepared from analytical reagents 

grade citric acid and dibasic sodium phosphate. 

3.6N H2 SO4, and 15% NaOH solutions were prepared from 

reagent grade chemicals; 1% K3Pe (CN)6 was prepared and stored 

in the dark. 

FROCED•-r--+ 

A s,ample of ' tp to 6m1, Ccntair=ng u 

was 	tted into a 25m1 glass: _ c:p ,,,_ ed ""}lume ..ric ī Leak. 2rr of . 

to 
00 

	of 
~ . ..o • ~, p~Yn or thiamine, 
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flask was shaken before being placed in the dark. After 10 minutes 

in contact with the alkaline oxidant 2.Omi of 3.6N H2SO4  was added 

with shaking to neutralise the base and the sample was diluted to 

volume with pH%.G buffer solution. After the solution had been 

mixed and allowed to stand in the dark for another 10 minutes, the 

intensity of the fluorescence measured at 460 rim with excitation 

at 360 nm. 

CODEINE: 

Codeine was dissolved in 0.1NH2SO4  and treated as such, 

dilutions made as required. 

QUININE SULPHATE  

Quinine sulphate was also dissolved in 0.1N H2SO4. It was 

used in standard work and later used for this comparison of the 

digital versus analogue detection system. 

CO:4PAR :SON OF LINEAR RANGE - TABLE  

For Analogue and SPC Techniques  

Compound 	 Analogue Detection 	SPC Detection  

Quinine Sulphate 	% ppm - 9 x 102  ppm - • 5 ppm - 6 x 103  ppm 

Codeine 	 same 	same 

Thiamine 	0.4 - 4.8 ppm 	0.014 -- 6.8 ppm 
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COMPARISON OF DETECTION LIMITS 	TABLE 

For Analogue and SPC Techniques 

' Compound 	Analcxrue Detection 	SPC Detection  

Quinine Sulphate 	2.7 p)m 	3.6 x 10-2  ppm 
• Codeine 	2.8 x 10R1  ppm 	3.5 x10-2   ppm 

Thiamine 	 4 x 10  1  ppm 	1.5 x 10-2  ppm 

Th e linear ranges mentioned above can be clearly seen as plots in 

Figs 2..4, 2.5, 2.6 fōr-Q.SO4,  codeine and thiamine respectively. 

CENCLUS ION : 

It is evident that the SPC Detection limits are better than 

those of the analogue system. The SPC signal is not affected by 

background noise as much as the analogue signal since the former 

filters in shorter circuitry. Due to the same reason, the linear 

range for SPC system is more expanded. 



CHAPTER 	3 
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3. 	LUMINESCENCE LIFETIMES AND QUANTUM YIELDS OF INORGANIC IONS  

3.1. INTRODUCTION  

The luminescence of aqueous solutions of halide salts 

containing heap J- metal ions has been studied by several workers. 

The fluorescence observed from solutions of thallium (I)90  and 

lead 91  in the presence of excess of chloride has been used for 

their deterniina ion. The violet fluorescence observed in both 

cases has been attributed to complex anionic T1C12-  and PbCl 

species 92. The low temperature luminescence characteristics 

of several heavy metal ions have been jnvestigated and used for 

the determination 	some of their media in hydrochloric and 

hydrobrorrdc acid 93-101 

The luminescence quantum yield of thallium(I) in aqueous 

solutions has been found to decrease slightly with increase'in 

concentration of the chloride ion102  and that of aqueous HCl, HEr, 

and LiC1 solutions n the presence of thalīium(I) and lead (II) 

ions have been found to increase considerably with decrease in 
n 

temperature 103,  and  14. Similarly the luminescence lifetimes 

of thalliun(I) , lead (II) and bismuth(III) ions in lithium 

chloride solutions have been found to increase with decrease in 

temperature 105 

3.2.?SUREME _ OF Lid •I SCF CE  LIFETII17S 

The experimental procedures for measuring luminescence 

lifetimesvary according to the order or magnitude of the decay 

period.  Fhos )hc escence lifetimes arc al mo _̀st a ys ! 	much l . :y . 
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than fluorescence lifetimes and are therefore easier to measure. 

The simplest method for measuring long lifetimes is by recording 

the luminescence emission signal as a function of time after 

complete termination of the excitation radiation by means of a 

rapid mechanical'-shutter. For lifetimes longer than about one 

second, a strip-chart recorder may be used. For faster decay 

times (e.g. milliseconds), an oscilloscope c;T5.th a response time 

much smaller than the sample decay time can be employed to record_ 

luminescence intensity as a function of time. If the luminescence 

persists for a period up to 10--4 sec. after the removal of 

exciting radiation, mechanical shutters consisting of slots in a 

rotating phosphorc'scope can or chopper disc a1 re .sed 06 

The decay time of prompt fluorescence is generally of 

the order of several nanoseconds, and for such decay periods 

mechanical shutters are replaced by electro-optical shutters. 

The methods used for measurements of fluorescence lifetimes 

include phase-shift techniques
107-115 

3.3. MEASUREMENT OF' LU`4INESCENCE QUANTUM YIELDS  

Several types of method have been described for the 

determination of the quantum yields of solutions. These include 

the use of standard scatterers, such as magnessium oxide116-or 

colloidal solutions, 117 or relative methods which substitute a 

compound of known quantum yield in place of a standard scatterer 

as a. reference. Calorimetric methods have also been described as 

procedures for measuring quantum  yields, which are calculated from 

the energy yields obtained from T..~ 	 l i pure changes during 

118-120 
m rr'ar_ e`ricn 	In the work re orted'tn_e relative method 



Fig 3.1 shows the decay trace obtained for a 

Thallium (I) in 7.4M LiC1 at Liquid N2  temperature. 
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utilizing benzophenone as a reference for luminescence quantum 

yields has been employed. 

Reagents: 

Metal Salts: 

Potassium antimony? tartrate, Bismuth pentahydrate Cerium 

Chloride and Uranyl nitrate hexahydrate were used to prepare 10-2M 

solutions in 6MHC1. Copper iodide was dissolved in lithium chloride 

(7.4M). Thallium chloride and lead chloride solutions were prepared 

in lithium chloride. rialytical reagent grade cmcentrated hydro-

chloric acid (Hopkins and Williams Limited) was used. This was 

prepared by dissolving benzoph none in EPA (5:5:2 V/V mixture of 

diethyl ether, isopentane and ethanol) Benzophenone (AR grade) was 

used as a standard at 77°K. 

3.4. 	MEASUREMENT OF LUMINESCENCE LIFETIMES  

The apparatus used for measuring the lifetimes was the TRW 

nanosecond spectral source system described in Chapter 1. The signal 

was measured across a suitable load resistor and prea-r_alified and 

displayed on the oscilloscope. The luminescence decay traces were 

photographed with the Polaroid oscilloscope camera from the face of 

the oscilloscope. 

10-3M  solution of 
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Fig 3 . I Fl ~cay , 1alli :n(l) ,t nOK : c· -3M c '~lu -' 0 

~ T!1a="li .( -) i~1 7. t[. icl la; ~ llsE'd in Du~t . .rilJ~ 0.268 . 

i1 ters: Chlori 1C gas 01 e:'Cl tation sid~ (256 run) aJ.d Locarte 

Fil t~- O~1 t e emi ssion .~ide (380 r:rn, . 
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Fig 3.3 Lirnirercence r_+eci-? ,; cf ieluriun 10-3M in EM HOl at 
liquid nitrogen temperature 77°K. Nitrogen lamp Ho.267 used. 



Fig 3. `, Fluorescence decay of Cerium(III) 10-3M ~ n ;.11, !dC1 

at liquid nitrogen ,7..mperatur:-. Deuterium amp No.268. 

The traces. displayed above are typical of others obtained f_iD 

inorganic ions. 

All. solve,i s u=~_: were analytical re ~en s cfrade r t  F 	y. 

Filters 

Filters wdth high transriss cn characteristics were 

for selecting luminescence excitation and emitted radiation. They 

were Corring, interference (Baird AtcT:,: c Co.) or Locarte filters. 

A solution filter 5 cm thick pre red from saturated Ni SO4 
4 

solution in a silica cell w'e~ o ed to select the exciting radiation 

for F li) (bclo'd 300 	A ch_' orinc goc f-_l te ^ c :ntained ri the  

sa 	5 '.m cell ..; 	cc' 	the exe.i.al1rIn wave]e :' _fl {cc' 

7.17.; _L:fil ,e(_i_ 	..! 	-. . . 
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Procedure for calculating lifetimes 

Simple lcg intensity vs time Plots were used to calculate 

the lifetimes from the decay trace photographs. The traces obtained 

with almJst all the ions were quite diffuse, - and had an appreciable 

thickness due to signal noise. Therefore for each trace two readings 

of intensities were mde from the photograph-,- one from the base line. 

to the bottom of the trace. Plots of log intensity vs time were 

linear obtained from each photograph, and correspondingly two life-

time values were calculated from their slopes. The plots of log 

intensity vs time were linear in all instances. Each of the lifetime 

values shown in table 3.1 and 3.2 is the average of the two values 

obtained as describc c: above with an error of half the difference 

The oscilloscope time base was assumed to be correct. 

3.5. MEASUREMENT OF QUANThIM YIELD 

The procedure employed for obtaining the quantum yields of 

luminescence at room temperature was the relative method. The area 

Under the luminescence emission spectrum from a sample solution was 

comparee with the emission from a substance of known quantum yield. 

The reagents were excited at the wavelength of.their excitation • 

maximum and the ratio of the areas under the luminescence emission 

spectra enables a determination of the quantum yield of the unknown 

to be made. Benzophenone was taken as the standard at low tempera-

ture (7' K ) and its quantum yield was taken - a.s 0.67122  . 

The total fluorescence emi ss__n F from a solution is given 

by the equation: 

F = kIo  (1-10 .O   (3.1.) 

where Io  is relative o ntr,ns tv of exc ti 
	

i.Qht. 



For standard and unknown sample irradiated at the wavelength 

of the excitation maxim..m the equation becomes: 

Fx = 1x° (1-1 Ō : ) .0x 
1so (

.1-10-As1).0s. 

    

Ox = Os.Fx . ISO (1-10 As,  )  

Fs IX  o (1-v 	)  

   

(3.3.) 

   

,ere F is the area under the corrected fluorescence emission 

sPctrum, Io is the relative intensity of the exciting light at the 

-.!.elength of excitation, 0  is the quant a yield, A is the absorbance 

of the solution at the wavelength of excitation, and 1 is the path 

length of the solution subscripts x and s refer to the unk? Town and 

reference solutions respectively. For dilute solutions, for which 

only a small fraction licht is abosorbed equation 3.1. reduces to 

Os.Fx.Iso. As 

Fs Ixox 

 

(3.4. ) 

 

This equation was used for calculating the quantum yields of 

fluorescence of some standard comnou ds . 

The quantum yields (0) were corrected for the different 

refractive indices of the solvents ,-r m ltiplying 0 by the ratio 

(114$ !s ) 2  where ' is the refractive index of the solvent. In our 

case the refractive indices of EPA and lithium chloride had to be 

determined at 77°K. The refract_.e index of IPA was available in 

literature 122  (1.48) but that of .-::hi= chic__.de was not available 

;-1777°K but at temporatur-_. re r s 	te-peri.._ _ re . Hence the index 

to be ex ,_. po._:.ateJ do .'t 	 . 	h _ 'v .._ o: tairea was 1 .436. 



Luminescence measurements were made with the aminco-Bowman 

spectrophotofluoremeter-(Chapter 1).. Silica tubular cells 

(dimensions 200 rrm length, i.d. 3 ;rui and wall thickness 1 ILA immersed 

directly in liquid nitrogen in a Dewar flask were used. 

Procedure 

The recorded luminescence e;r,ission spectra of the solutions 

of unknown and of the standard benzophenone in EPA were corrected 

using the correction factors obtained by Narayanaswamy 24. The 

areas under the curves were then - calculated by ysing Simpson's 

Rule 121 , Lead ani thallium were determined in this way using•

benzophenone as the standard. Cleanliness of the sample tube and 

the Dewar flask (to reduce bubbling of liquid nitrogen) was very -

important. The duration between successive runs needed to be very 

short to ensure that there was no drift in the instrument and that • 

conditions were identical for both the standard and the sample. The 

two spectra were obtained on the same graph paper on which the wave-

lengths had been ma_:':<ed . 

Results and Discussion  

The measured lifetimes of inorganic ions in 6M HCl and 1,i01 

at liquid nitrogen temperature (77°K) are given in table 3.1 . Each 

mean lifetime shown in table 3.1. is the average of at least two 

determination and was calculated as described earlier in this 

chapter. 

The log . intensity vs time p ots for all decay  

found to he  l? near, which indicates that the luminescence measure--

merit from all the ions decays exponentially. 
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From the.work described her  here and that of other authors, it 

is evident that a.bsori:.. on and luminescence observed from heavy 

metal ion solutions in 6M HCl and LiC1 correspond to the electronic 

transitiJns c,f-  the respective free ions and correspond to the 

transitions between the lowest excited around and excited electronic 

states. The luminescence correspond to spin—forbidden 3P --t 1So  

transitions and the lifetimes shortened due to the heavy atom 

effect of the metal. 

It should be pointed out that on the basis of heavy atom 

effect on the luminescence, it is difficult to explain the long 

lifetimes of Bi(LII) ion luminesce? ce in both 6M HCl and LiCl. 

.In Ce(III) ion, the luminescence is probably caused by the 

transition of the 4f electron to higher energy levels. 

TABLE 3.1 Measured Luminescence Lifetimes cf Inorganic Ions 

in Hydrochloric Acid and Lithium Chloride 

Luminescence lifetime/.Lseconds 

Ion Salt Used 6M __Cl 7.4M LiC1 

Tl(I) T1C1 4.18 + 0.76 5.20 + 	0.28 

Pb(II) Pb(NO3)2 34.0 + 4.0 31.5 + 	9.5 
Te(IV) Te powder 7.22 + 0.77 w 

r
Bi(III) Bi(NO3)3.5H 0 5990 + /10 4800 

Ce(III) Ce(NO3)3.6z20 0. 	3 _ 0.005 0.033 _ 	0.006 

U(VI) UO2  (Id03) .6H20 590 + 30 590 + 	10 

denotes weak luminescence signal that-  decy trace ccuid not be 

obtained..  
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TABLE 3.2 Luminescence Quantum. Yields and Lifetimes at 770K 

in L iCl Quantum Yield of benzophenone is 0.67 122 

I ion Quantum Yields Lifetime Measured 
Lm, 	sec 

Radiative Lifetime 
-& ,1,t sec 

Tl(I) (a) (b) (c). 

Tl(I) 0.60 + 0.0'l 5.20 + 2.8 8.67 + 0.24 

Pb ~~ 0.25 + 0.025 31.5 -f- 9.5 126 	+ 9.475 

(a)  

(b)  

Each result is the average of at least three determinations 

Each result is the average of at least two determinations 

(c) Calculated using the equation ?,.0  = (,,.,-+ 

The radiative lifetime r1-1) is related to the measured 

lifetime (7E-) and the luminescence quantum yield, 0, by the 

equation Zr', = 7.0 

Measurement of quantum yield: at 77°K now reveals that the 

luminescence is enhanced at low temperature while the lifetime 

maasurement shows a decreasing trend. It may to possible that 

increased luminescence is due to reduced radia:_onless loss. The 

solutions were deoxygenated before measurement so that the 

quenching action of oxygen should be minimized. 



CHAPTER 4 
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4. 	DETERMINAI`O:7 _BERYLLIUM BY SPECTROFLUORIMETRY . 

4.1. 	Introduction  

Sill and Willis 123 have publi shed an extensive 

. treatise cn the determination of submidrogram quantities of bery-

llium with morin it dust, bones; smears steels etc., (3, 5,7, 2, 

4-pentahydroxyflavone). They also describe the preparation of 

glass standard. In the morin method for beryllium, Venosi 1 =3 .• 

removed interferences by distillation from hydrochloric acid and 

r 
extraction. Fedorchuk 1 ~~ used a mercury pool cathode for the 

removal of interfering ions. Additional reports ou the determina-

tion of beryllium with morin in biological materials 
126, 

sea 

water127 and alloys 128 have appeared. A comparison with culori-

metric reagents and the spectrographic method for the determination 

of beryllium in air samples showed that the morin fluorimetric 

method is superior to the others 128
. 

Korenman and Grishin 130 have tested'about 150 anthra-

quinone and azo dyes for their reactions with Be and Al. About 50 

gave positive reactions. Salts of Sc, In, Th, Zr, Cr, Zn and Mg 

also gave fluorescence reactions; those of-Fe3+ 
	

Ca and Ba 

did not. The United States Bureau of Mines Reports give two 

fluorescence field tests for beryllium; one used morin 
131

-and 

the other uses quinizarin 132. The determination of Be with morin 

in low grade ores 133, in bronzes 1 	and in the air 	has also 

been described. In each case directions are given for removal of 

sensitive  ~In a ricr: method 	to , 	10 	ca 

• o Be per ml with morin ~~ , ril :nd Pr'uvot 1 
„6 

advocate the use o 

a., i T: nUl al c_lo= and 	 ,, that the c =Dle; consist s of  3 _~. .... 

1f _  
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for the gravimetric, volumetric, spectrometric or fluorimetric 

determination of Be; aluminium does not interfere in this method 137 . 

Several authors haye reported improvements on the morin 

method for beryllium. These include the use of complexing agents 

to exclude catalysts for the oxidation of morin 138, complexing 

agents to mask -interfering ions 13g, proper buffers 1 separation 

by the titanium phosphate method 141 and the use of Sn2+ to prevent 
f 

oxidation 142. Interferences are noted by the above and also by 

other. authors 143. Efirr;~chev 144 has shown that salicyla7  dehyde 

can be used as ar effective reagent for beryllium. in acetone or amyl 

alcohol but not in water. Several of the azomethines have been 

created as reagents for Al and Be. Beryllium can be determined in 

bronze without the removal of Al, Fe,.or Cu with 3-hydroxy-2- 

raphthoic acid, provided these metals are combined with a complexing 

agent 146
. 

3-hydroxy-2-naphthoic acid was a new n,-,gent by the 1950's. J 

It was observed to enable the detection of 0.2p.p.b. of Be by 

measurement of its. blue fluorescent complex. 

Fletcher has made a theoretical study cf the Be-morin 

system and determined the ionisation constants and formulas of the 

chelates formed under different conditions14-7. Morin is shown to 

be a good indicator for Bein its titration with sulphosalicylat 1f3 

The principal factors capable of disturbing the  determination 

w-ith morin have been outlined 	i l :ois and ord i e•rr::al~ 149.  ~  

procedure fur the determination of _ v in s._li c "e minerals i.;, gi.v 

_lt~:tt.~.'..,_ 1JO. The 13e-Morin methe-d meth.-d has been compared

the 
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much longer beryllium colorimetric method on samples containing 

30 to 640 p . p . m of Beo found to be approximately equal 151 . 

A new reagent--has 

- 

been developed that is reported to be 

hiyii y selective and sensitise for Be, La and Lu. The name of the 

compound is 1-(d ;_carboxyaminomethyl)-2--hydroxy-3-naphthoic acid: 

The Be complex shows its maximum intensity at pH 6.8 and its 

excitation and fluorescence maxima are 360 and 450 nm respectively. 

Linear analytical curves for Be are obtained in the range 0.09 to 

1.8 ug. Interferences have also been determined 152. The 

inhibition by Be on the catalytic effect of calf intestinal alkaline 

phosphatase on the hydrolysis o> 2-naphthyl phosphate which is 

monitored by measuring the fluorescence of the 2-naphthol has been 

reported as another method of analyses of Be. This method has been 

used to determined betweeh 18 and 90 ng of Be and 0.6 - 6 ug of 

Zn 153. An excellent review of available fluorescence reagents 

for Be has been compiled with 33 references 154 

Tetracycline, along with 5,5-diethyl -2-thio barbituric 

acid, gives a blue-violet fluorescence with Be at pH - 9 in borate 

buffer. A linear response is produced with 5 to 15 ug of Be per 

50 ml. Tn the complex, Be and the two organic compounds have a 

1:1:1 ratio. The ions Fe(III), Al, Ca and Be in 2-fold amounts 

relative to Be interfere. The fluorescence is measured at 506 nm 

with an excitation at 406 nm155. The compounds salicylidene-2- 

anino-3 , 5-dimethvlarsonic acid and sa l icylidene-2-ami nephynvl- 

arsonic acid have been studied in reactions with 28 metal ions. 

The first of these compounds has been described as a reagent for 

Be 1 '~ . In a study of the metal .chelates .of flavene derivatives it 

was found tha! the Be complexes .ex_ 	- 3 	. .t, 	5 A 	='S 	 tii ,~-hydroxy- ,--;ii'-t..'1~'i~V- and ,j, 	7 

-, 	 `v of e7-1.on 
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forms a fluorescent complex with Be which has its maximum excitation 

at 403 om and emission at 483 and is extracted by CC14  at pH 6.5-10; 

phosphate, fluoride and several metal ions interfere. Another 

extra tion method:for Be in natural water at a level of ca.l ;1.tg of 

Beo/ml uses the acetylacetone-trylon B complex by CHC1,, extraction 158  

Complexation with o-(salic,'iideneamino)-phenylarsonic acid 

at off 6 was found to give a sensitivity of 1 ng/ml and to be free 

of interferences by many other metals 159. Another procedure for Be 

uses 6-methyl-1-hydroxyxanthone to form a fluorescent complex in 

1:1 methanol-water containing pH 8 buffer; the c,Liirlplex is extracted 

with CC14  which is then dried thoroughly and the f__uorescence measured 

at 470 nm with 435 nm excitation 
160  of 13 derivatives of :iydroxy- 

chrOEnone.tested as fluorimetric reagents for Be, the 2-ethyl-3 methyl 

and the 2-methyl-7-methoxy-5-hydroxycn,hromones were judged suitable 

and the fluorescence was found to be most intense in CC14  161. 

"1.52 Morisige 	..gas presented an extensive compilation of the 

fluorescence characteristics of aromatic Schiff base complexes for 

aluminium, gallium, beryllium and scandium analysis. The optimum 

Conditions for fluorimetric analysis were discussed. Eriochrome Red 

B was used as a fluorochrome to detect beryllium and other ions163. 

3-amino-5-sulfosalicyclic acid forms intensely fluorescing complexes 

• with aluminium and beryllium. The presence of volatile veryllium 

compounds in orchard leaves has been detected by the morin fluori-

metric method 164 D_inaphthoylm`thane (1,3-di (2-naphthyl)-1, 

3-propan -Clone) has been used as a reagent to both coprecipitate 

and form a luminescent product with beryllium for in situ 

tr ic 
 

detection of ' 	c:Lpitate 65. 
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4.2. 	SOLI/ENT EXFRACTIO!!  

Solvent extraction is used for the isolation or enrichment 

of certain mpounds or cloups of compounds in chemical mixtures. 

For instance, trace organic•compounds present in a public water 

supply can be concentrated and isolated by mearu of the extraction 

of large volumes of water with relatively small volumes of non-polar 

solvents. Trace metal impurities in important industrial products 

can be separated from overwhelming major constituents by selective. 

extraction -with specific reagents. Complex mixutres of organic 

compounds can be simply classified into acids, bases, and neutral 

species by means of two extraction steps. 

Phase Equilibria The=dynamics  

Consider some solute Z that is equilibrated between an 

aqueous phase and an organic solvent phase. The equilibrium can be 

simply represented as 

Z(aq) 	Z(Orc) 

The free-energy change for the process can be expressed 

thus /1G = Z.:113°  + RT ln (Az)org  - Rt In CA7;aq 	 

4-  
,o G 	+ RT in (Az)crg 	4 

(Az),=-3. 	
12) = 	G  

- 	• • 

Since AG = o at equilibrium, we obtain the relationships shown below: 
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Thus the ratio of the activities of the solute in the two 

phases turns out to 	a constant determined by 	Go and T. We 

tenu this activity ratio the thermodynamic partition cceffir,ient,D(p: 

. C\p = (Az)org 
(Az)aq 

The Partition Coefficient  

The required activity coefficients are rarely known, so that 

an approximation based on concentrations alone is commonly employed. 

This approximate relation is 

Kp 	= i_Z -1 1 	 (4.7) 

[Z' 2 
•Where Kp is called the partition coefficient and subscripts 

refer to the concentrations of the solute Z in phases 1 and 2 166 

Extraction 

Woodward 167 determined beryllium by spectrofluorimetry 

using 2-hydroxy-3-3naphthcic acid in aqueous medium. The procedure 

he developed is here being taken further by extracting the complex so 

formed into n- hexano_, This way the complex is-separated from excess 

reagent and foreign ions, the fluorescence emitted by the hexanol 

solution is that of the complex and the background fluorescence should 

be much reduced. • 

Many extracting reagents were investigated, none, however, 

ttl }~7"C" rprj as ~`107 l.l~':,Ii2l le  as hexanol. 2._HycfrGxy-3-nūph✓̂inC:_C: acidI dissolved 

in benzene and chloroform  to produce a Violet and 	. _u 	_ ce, 

respect 	In 	••-• c i 	'? v;r-_ 	extra 	-n },- ch 

(4.6) . 
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(butanol, amyl alcohol and hexan_ol), it showed the same green 

fluorescence as in aqueous medium. The beryllium complex therefore 

was extracted from aqueous solution at pH 7.5 into n-butanol, amyl 

alcohol, and hexaHol, but not into benzene, chloroform nor amyl 
• 
'acetate. After extraction into these alcohols, the complex showed a 

blue fluorescence similar to that in aqueous solution. Hexanol was 

chosen for the extraction from the three successful alcohols because 

it was least soluble in water. 

WoodJiard 67rempved foreign ions by masking them with EDTA 

and CDTA (trans-1 ; 2di_ami_nocyclohexane tetracetic acid) and calcium 

to complex the excess EDTA or CDTA. This procedure was cumbersome 

and slow and it was hoped that the extraction procedure would 

accomplish three things, (a) it would eliminate the masking step, 

(b) it would be more selective with respect to foreign ions, and 

(b) it would result in greater analytical sensitivity. 

4.3. 	EXPERIMENTAL 

Spectral Characteristics 

The spectra were taken with the solutions extracted into 

n-hexanol. Figure 4.1 shows the excitation and emission spectra of 

the complex and reagent respectively. 

A. Be 10-4M + reagent 10-4M emission is set at 485 rust. 

B. Reagent alone, emission set at 492 nm. 

C. Be + reagent, excitation set at 382 nm. 

D. Feasent alone • excitation s ,'.t at 365 mi. 

These spectra  are uncorTected for variations in lamp intensity  and 

.mit.., i,F 1~.• ,hoi... .:iu`t_ioI ier. 	The CC. e (Thar ac 
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exhibits i t.s green fluorescnece at 365 and its fluorescent emission 

maximum at 492 nm. The excitation shifts 5 nm to higher wavelength 

. while ernis:don shifts from 510 nm in aqueous phase to 492 nm in the 

organic phase. The blue fluorescent complex exhibits its excitation 

maximum at 382 rim while its emission maximum is at 485 nm. There is 

also - a shift here in-the. organic phase. The excitation shifts 2 nm to 

higher wawelenyLh while the emission shifts from 460 to 485 n. 

Optimum pH for Extraction = 

Fig. 4.2 sho .js a plot of fluorescence intensity versus pH. 

extraction of a fixed amount of complex was affected at different pH 

values and the optimum was determined as ca 8, as can be seer in 

Fig 4.2. However, at high pH's.the reagent was extracted along with 

the ccamplex. It was decided therefdre to use pH 7.5 which had been 

recommended previously 167. 

Effect of pH on Formation 

Figure 4.3 shows a plot of fluorescence intensity versus pH. 

Here optimum pH for complex formation was ;ete__ned. All other factors 

were kept constant but pH was varied. The optimum pH did not occur at 

7.5 but this - pH was used for reasons given in the previous section. 

Variation of the Volume of Hexanol Ex rar.:: -  

The  volume of the aqueous layer was kep.. constant at 50 tt 

and hat of the organic layer was  varied. As e.y.oe. i the flux rc 

s cenc_e intensity decr a sed as the velure C= hexnol lncreaSed, as can 

be sc.en in f_.our ° ic..[. 	The 	 .. 	•r- 	^7  `̀ -. 



Fl
uo

re
sc

e n
ce

  I
n

te
ns

it
y  

4 
	

6 
	

8 
	

:0 
pH 

Fig4.2.. Variation of fluorescence intensity with pH 

during extraction 

I 



 • 

H6 

40_ 

2 3c 
U 

H 
U 
U 
Cl 
U N 

0 20 

10 

I 	. 	l 
8 	10 

Figq. 3 . Variation of fluorescence intensity with pH during complex forc.;atic. 



40 10 	20 	1 ~^ 

Volume of Organic Laye ^ (cm3) 

20 

t 
50 

• 

Fig 4.4. Variation of fluorescence intensity w-th the organic layer volume for extraction. 



 

0 
0 

 

p 

-4 
Reagent 10 14 (Volume in cm3)' 

	

1 	 1 	  
20 	40 	60 	80 	100 

F I g+ 5. Variation of fluorescence intensity with reagent concentration 



89 - 

which extracted the complex and remained as small as possible. 20 ml 

was taken and this and the 50 ml aqueous layer volume were maintained 

throughout the work on beryllium. 

Reagent Concentration 

A varying excess of 1074M sodium 2-hydroxy-3-naphthoate solution 

was allowed to react for 30 minutes with 1 ml of 10-4 beryllium solution 

buffered at pH 7.5. The intensity of the blue fluorescence of the 

beryllium complex was measured as usual (excitation at 380 nm and 

emission at 460 nm). As shown in Figure 4.6 about 5C=old molar excess 

of reagent was required to develop maximum fluoresc ~a.ce. This yl aph 

was corrected for the blank contributions to the fluorescence at 

460 nm of the varying amount of reagent employed. 

Effects of foreign ions on the determination of Beryllium 

There are various masking procedures available for interfering 

ions in the beryllium siethod as described earlier in this chapter. 

Woodward 167 masked interfering ions by EDTA and Calcium or by one of 

CDTA (trap--1,2diaminocyclohexare- N, N, N, Nr -tetraaceticacid) also 

along with calcium to complex the excess CDTA. Masking by EDTA and 

calcium was only partial for aluminium but ? n this procedure it was 

hoped that the beryllium complex would be extracted leaving the foreign 

ions into solution. This proved successful for aluminium and many 

other ions. 

The interference of 27 cations and 12 anions were investigated 

using 0.9 ug of beryllium an the presence or 10CC-fold molar exr cc< 

cf 	ign ions under in esti: _on. The p of each Solution ,; 
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adjusted to'ca. 8 before buffering to pH 7.5. 50 ml of this solution 

was than taken and extracted with 20 ml of Hexanol. The investigation 

revealed that, under the conditions described above, the following 

ions did hot interfere 

tungstate,. calcium,• cadmium, zinc, nitrate, aluminium, perchlorate, 

bromide, molybdate, yttrium, boron, acetate,•nitrAe, nickel, uranium(VI) 

and cyanide. Manganese(II) and lead(II) did not interfere at 100--fold 

and fluoride did not interfere at 10-fold excess. The following ions

•  did interfere, however;: thorium(IV), chromium(III), phosphate, lead, 

irontII), iron(III), fluoride, sulphate, silicate, manganese(II), 

copper(II), cer=um(IV), titannium(IV), vanadium(V), indium, sulphide, 

sulphite. 

Tartrate was employed for masking the interfering ions and 

masked copper(II), manganese(II), lead(II) successfully all at 

10,000-fold molar excess. Thorium(IV), vanadium(V) and chromium(III) 

were masked at 1000-fold molar excess and titanium at 100 and iron(III) . 

at 50-fold molar excess. 



Variance (x-7)2  

9 

9 

49 

16 

i 

9 

4 

0 
0  
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TABLE 4:1 Data for Precis on,Study for extraction procedure 

Fluorescence Intensity 	Deviation (x-7)  

I-- 	20 

'Variance (x-7)2  

4 -2 

23 	1 	1 

22.5, 

25 	3 	 9 

0 0 

.5 .25 

.5 .25 

1.5 2.25 

- .6 .36 

22 

22.5 

22.5 

23.5 

21.4 

glean 22 	 Total 	18.36 

S Landard deviation = (x_-5x)  2  = 	18.36 	= 	1.43 
n-1 	9 

.Coefficient of variation = 1.43 x 100 = 6.5% 
22 

'TABLE 4.2 

Fluoresce ce Intensity Deviation (x-7) 

73 3 

73 3 

63 -7 

74 4 

69 -1 

67 13 

68 -2 

70 0 

0 • 
0  

69 - 

71 92 



Standard deviation = (x-x)2 
rn-1 

Coefficient of variation 3.30 X 100 
70 

4.7% 

Table I is the precision data for ex: ̂a_cted solution while 

table II is the unextracted solution. Extraction is accomplished with 

20 ml of Hexanol and 50 ml of aqueous solution which comprised 1 ml of 

10 14 beryllium 10 ml reagent (2-hydroxy-3-naphthoic acid) and buffer 

p~ 7.5, 5 ml. „ 

Tartrate was investigated as a masking age: rt and was partially 

suceessful because the precision deteriorated when tartrate :,us used • 

in the extracted phase. 

Calibration Curves  

1.0 to 10 ml aliquots of standard beryllium solution were 

transferred by pipette into 100 ml volumetric flasks. The pH was 

adjusted to ca. 8 with dilute ammonia solution. Five ml of pH 7.5. 

buffer solution and 10 ml of 10M reagent solution were added and the 

solution was diluted to 100 ml with water. The .intensity of the 

fluorescence of the solutions was measured after 30 minutes at 460 nm 

with an excitation wavelength of 380 nm or instead of measuring directly 

after 30 minutes, the solution was extracted with 20 ml of hexanol. 

Fig 4.7 is the corresponding graph obtained using the extraction 

procedure. 

In the extracted phase the detection limit is slight1y better 

(1.8 x 10 9g/im1) than in the i.::.exrr ac i.e. f phase• r • ' 9 10 ~ , . 	g/m1) 
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THE DETERMINATION OF THE CONDITIONAL STABILXTY CONSTANT OF THE 

BERYLLIUM-2-HYDROXY 3-:` APHTHOIC ACID AND EDTA-BERYLLIUM COMPLEXES  

5.1. 	Introduction  

There are many solution properties which change measurably as 

a result of complex formation. In principle all hese measurements 

can give information relating to the existence and stability of different 

complex species. By a careful selection one may find one-or more 

suitable experimental methods for the investigation of all kinds of 

complexes. It must be emphasised, however, that a careful considera-

tion is necessary as to whether the effects of complex formation are 

quantitatively,reflected in the measured property. To cheoce an 

adequate method is a prerequisite for obtaining reliāble-er;librium 

constants. Besides the classicil methods such as spectrophotometry 

•and potentiometry, which are usually available in every chemical 

laboratory, the armoury of experimental methods has been enriched by 

a number of new approaches, such as nuclear magnetic resonance and 

electron spin resonance spectroscopy. Sometimes a linear relationship 

is assumed between the price. of the instrument and the value of 

information obtained by its means. Although there•is no doubt that 

the new methods requiring very expensive instruments may make it 

possible to determine otherwise inaccessible equilibrium constants, 

this view is completely wrong. Research in the field of equilibrium 

chemistry is relatively inexpensive, and in most cases reliable 

stability constants can be obtained by using simple and easily 

available methods and instruents. 

pytical 	 

Frequently one of the most spectacular effects of complc- 

fora tion is the ca,.nge o 	•r ~_~ 	~~ ~. F1'_~~ 	! 	 rriic1 i m ,tJ occur,1:.!,_'. 
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reasons for light absorption by the complexes are as follows:.  

The excitation of the electrons of both the metal ions and the 

ligand(s) is influenced by their interaction. The electrons of 

transition metal ions are easily excited and consequently absorb in 

the visible region, that is these ions give coloured compounds. The 

electron. systems of the non-transitional metal ions and the ligands 

__,_____are_muchh more stable. The excitation of the electrons requires much 

greater energy, so these species absorb radiation in the ultraviolet 

range of the spectrum. Owing to the interaction of the central ion 

and the ligand a charge transfer from the ligand to the metal ions 

(and vice versa) may occur on irradiation. This phenomenon is the 

reason for the so-called charge transfer spectra in the visible or the 

near-ultraviolet region. As a matter of course, complex formation 

characteristics of the ligands, leading to the shift of peaks in the 

infrared spectrum. All these changes may be employed to study complex 

formation. The relationship between the absorbance of the composition 

of a given solution is given in the idal case by the Beer-Lambert law: 

log Io = A= d 	
 e iCi 
	 (5.1) 

where d'is the absorption length, A is the absorbance of the solution, 

e. the molar absorptivity of the ith species (which has concentration 

Ci); A and i 
 refer to a given wavelength. The intensive factor, 

the molar absorptivity, depends on the medium and on the temperature. 

The molar absorptivities of the metal ion, of the ligand and - in 

most cases - of the coordinatively saturated complex can be 

determined directly, but those of the intermediary complexes are just 

as unknown as*their stability constants. If two species in the solu-

tion have at a certain wavelength the same molar absorptivity, the 

series of the spectra of solutions, when tho sum of the concentration 

is const;alit, hist- LW 1^ tCIO or Owl' 	ceutrations oro ch,Itrqrd, 
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a common crossing point, the so-called isosbestic point.. Because it 

is very unlikely that a third species has the very same molar absorp-

tivity at this wavelength, the occurrence of isosbestic point(s) in 

the formationrof a series of complexes gives evidence ,for the 

simultaneous existeance of two absorbing species. It is a great 

advantage of the spectrophotometric method that the measurements can 

be made at many different wavelengths. In selecting the wavelength 

it is helpful to use different bands of the spectrum. The agreement 

of stability constants obtained from measurements at different wave-

lengths is strong evidence for their reliability. 

Spectrophotometric.measurements in the ultraviolet, visible 

and infrared regions can easily be made with commerical instruments. 

The error of spectrophotometric measurements is determined 

by chemical and by instrumental factors168. The molar absorptivities 

refer to a certain mddium: In the study of very weak complexes, high 

ligand concentrations must be applied which in fact means a change in 

the medium. Price 169 has pointed out that even without any specific 

interaction between particles, purely topological reasons may lead to 

- a change in the charge transfer spectra. From this change an apparent 

,association constant of the order of 0.2 litre/mole can be calculated. 

Therefore this is the lower limit of-the stability constants which can 

be obtained spectrophotometrically. 
• 

5.2. 	THE,,METHOD OF CONTINUOUS VARIATION 

Though the prirnciple of continuous variation was first app i r 

by Ostromisslensky 170  nevertheless the discovery of the method is 

frequently attributed to Job172  who applied it to comple.> C;yst:on . 
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It was very popular between the mid-forties and mid fifties and is 

still frequently appllied. The principle of the method is simp3.e. 

Suppose that the metal ion and the ligand form one complex 

mMe + 11.4 1 MemLn   0.2) • 

A series of solutions is prepared in which tho !sum of the total 

concentrations of Me and L is constant, but their proportions are 

continuously varied: 

C 	...     (5.3) 

x = 	'iL,'; 

TI e + TL 

The equilibrium cc6iicentrations of the species Me, L and MemLn are 

:given by the equations: 

EMeT = C(1 - x) - m I MemLn1 	  (5.5) 

Cx -- n MemLn) 	(5.6) 

j
emLn 	_`~ m~. E.M] m[L]n 	  (5.7) 

Evidently, the concentration of the complex reaches a maximum at a 

'certain value of This value (,max) can be obtained by 

differentiating equations 5.5 to 5.7 with respect toX, setting 

d (MemLn) /dx = 0 and eliminating (Me] and [L) 

m (Cx —11 Kni,n 	= (c (1-)C) - m [MemLn 	 (5.8) 

	

That is m)(max = n (1-,max)   (5.9) 

(5.4) 
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evaluation of spectrophotometric data but in principle it can be 

applied in connectidn with polarimetry, NMR, magnetic susceptibility 

measurements, fluori.metry, etc. 

The simplicity of this technique makes it very attractive, 

but before it is applied the following limitations have to be considered: 

(i) The';change in the activity coefficients with 

changes in'doncehtration may influence the molar ratio 

at which the concentration of the complex is of 

maximum value. To eliminate this effect the measure-

ments have' to be carried out at constant and 

sufficiently high ionic strength 173' 174  

(ii) The' :Measured property must be a strictly 

linear function of the concentration of the complex173ō 

(iii) If the conjugate acid of the ligand is weak, 

the position' of the extremum depends on the pH173' 175.  

5.3. 	THE MOLE-RATIO METHOD 

In the case of successive complex formation, more reliable 

information can be obtained by the mole-ratio method 
176.  Here the 

total concentration cif the metal ions is kept constant wh i.J e the total 

concentration of the' .igand is increased. The absorbance is plotted 

--_ s-a function of the total ligand concentration. If only one complex 

	- -of-high-  stability -is-=formed, _ the graph consists of two linear inter- 

secting parts. The ratio of total concentrations of metal and ligand 

at the intersection.  gives directly the'liga4idl td metal ion ratio in 

the complex. The stability constant in thi'S'dāse cannot be obtained. 

If the complex is moderately stable a steēi5 curve is obtained and the 
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intersection of the slopes of the two linear parts of the curve gives 

the molar combining,of ligand to metal ion ratio. In favourable cases 

the stability constant can be derived simply from the difference 

between the measured curve and that constructed from the slopes. In ' 

the case of weak complexes this simple method fails to give any reliable 

information. 

If N complexes are formed and each of them is stable e1:c)u' h 

- to avoid overlapping equilibria,'the curve consists of N sections. 7hp 

slopes of the sections are determined by the molar absorptivities of 

the complexes. 

Harvey and, Manning 177 have pointed out that the composition 

can also be obtained "frām the slopes Of the curves of absorbance verso w 

the total ligand concentration. They observed that the break—points on 

the curves become More pronounced at higher ionic strength. This mea; 

that the stability of the complexes increases with increasing ionic 

strength. This, however, is not a general-phenomenon. 

---5.4. --_- CALORIMETRY. 

The heat eVŌlVed when a--ligand is added-to_a_solution of a 

metal ion is given*: 

Q = 
	CeL.J .~Hi + LQHdil 	  (5.11) 

where Q is the total heat evolved (or absorbed), V is the volume 20-13 

is the molar formation enthalpyof the ith species and ft.s',? 	'_y; thy, 

heat of dilution. All the methods for the mathematical treatment of 

spectrophotometric.data should be applicable to calorimetric data. 
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In principle, however, the calorimetric method is much more general 't 

than the spectrophotometric or any other method, because with every 

chemical reaction is connected the' evolution or absorption of heat. 

The absorbance of light is a constant property of a system, but the 

heat evolved (or absorbed) must be measured at the moment of mixing 

.cif reactants. If'the measurements are made under adiabatic conditions, 

the change of temperature is proportional to the enthalpy change, The 

introduction of therthistors to follow minute changes of temperature 

has resulted in the,:onstruction of a number of convenient types of 

apparatus 178-184. :The apparatus constructed by Schtyter and 

Sillan 180, 181 and,,developed by Johansson 183 is particularly snit 

for the study of complex equilibria. The V 1pr raLures of botlI' r,r1 ia iolin 

exactly the ;ame. Tip 	~t 	t 
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However, modern instrumental methods185  especially those developed by 

Eigen,'make possible the study of the fastest chemical reactions. 

These methods enable us to distinguish between CO-ordination in the 

inner•'and outer sphere 186.  Many reactions are catalysed by ligands, 

• metal ions and metal complexes. The study of these catalytic reactions, 

can also provide information on the stability constants of the complex 

species 187 

If the reaction is first-order'for the species of which the 

stability constant is to be determined the rate can be described by 

an expression strictly analogous to equation (5.1), the corresponding 

intensive factors being the elementary rate constants, so for the 

mathematical treatment of data the methods already discussed can be 

applied.-However, some important differences have to be borne in mind. 

-The rate constants are much.more.sensitive to temperature variations 

thin are the molar absorptivities. In spectrophotometry, the measure-
ment can be made at different wavelengths but in kinetics a reaction 

can be characterised by a single intensive factor. Especially in the 

case of catalytic reactions it must be remembered that thermodynamically 

less stable species may contribute Ito the observed rate, because it can 

be expected that the value of the intensive factor will exhibit a large 

value in just that case. This makes possible the detection of such 

species and in favourable cases even the determination of their 

stability constants. 

5.6. LIQUID-LIQUID PARTITION 

The partition of solute between immiscible liquids may be used 

to investigate complex equilibria. The distributed solute may be the 
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ligand.'or a species containing metal ion. The condition that the two 

solvents - one of which is usually an aqueous solution - should be 

immiscible, is often not completely fulfilled. If the mutual solubi-

lity of the two liquids is appreciable, the change of the medium and 

its effect on the complex equilibria have to be considered. In the 

study of complex equilibria in an aqueous solution, the other liquid 

used is an organic solvent. The extraction of the species can be fol-

lowed by many methods. Most generally, radioactive isotopes are 

applied. This method makes it possible to work at very low,metal ion 

concentration, permitting the study of mono-nuclear complexes even 

though the tendency to form polynuclear complexes is strong. 

tt
t  

5.7. 	POTENTI 1

,

ETRIC METHODS  

The concentration changes caused by complex formati.or v may be 

monitored potentiometrically. In fact, most recorded stability data 

has been determined by potentiometric methods. By potentiometric 

measurements both the metal ion and the ligand concentration can be 

determined. It is a prerequisite of the application of potent,o-" 

metric methods that the electrode reaction be reversible. In this case 

the activity (concentration) in question can be calculated from the 

measured potential by means of the Nernst equation. 

There are two possibilities for the performance of the 

experiments: either a solution is prepared for each potential 

measurement or one solution is titrated with another and the potential 

is measumi after each addition of titrant: The latter method is 

evidently much more rapid and with careful-performance_oL_the experiment:5 

is almost as exadt.as the more laborious first method, so it is much 

mo i,0 p 1,1i"101'; 
	 i 	 , 
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For the potentiometric measurements an electrode must be 

, selected, the potential of which is a well-defined function of the 

concentration of the ion to be determined, and also a reference 

electrode. The electrode, together with the solution in which it is 

immersed, comprises a halfcell. For the measurement of potential 

this has to be combined with another halfcell containing the reference 

electrode. If the two electrodes are 'in contact with the same solution 

and respond to different constituents of the liquid the electromotite 

force of the cell is the difference between the potentials of the two 

halfcells. If, however, the two electrodes are immersed in two 

different solutions, an electrolytic connection must he made between 

the two halfcells. This liquid has the result that the measured 

potential is not equal to the difference of the potentials of the two 

halfcells. The liquid junction potential is caused by the different 

mobilities of the different ions. Therefore potassium chloride solu-

tions are frequently used to minimise the liquid junction potential, 

since the mobilities of the potassium and chloride ions are similar. 

If this is impossible, it is necessary to use well-constructed salt 

bridges. The so-called 'Wilhelm' reference halfcell 
188  with liquid 

junction is certainly one of the best. 

5.8. 	THE Be-EDTA COMPLEX  

Woodward 167  masked interference in the fluorimetric deter-

mination of beryllium with 2-hydroxy-3-naphthoic acid from 1000-fold 

molar excesses of the foreign ion under investigation with a 1250-fold 

excess of EDTA. It was observed, however, that the presence of excess 

EDTA in the solution caused a reduction in the fluorescence intensity 

due to the beryllium-2-hydroxy--3-naphthoic acid complex. A 6000-fold ' 

excess calcium um Was therefore added 1 ra orde,r to compl O°,: pnV i intu;c' 1 

excess EDTA. :i t thw: op'poorcd ii .tt zit-  low eulQoil , ta i i ,, 	hc,,yii_ium, 
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EDTA formed a weak complex at pH 8 with beryllium ions. There is very 

----little information on the Be-EDTA complex in the literature and the 

existence of this weak complex of EDTA with a small divalent metal ion 

was considered to be noteworthy. Having developed the 2-hydroxy-3-

' naphthoic acid method for the determination of beryllium, it seemed 

worthwhile to investigate the stability of the Be-EDTA complex 

employing this technique. 

The competitive chelation reactions between 2-hydroxy-3-

naphthoic acid and EDTA for beryllium in aqueous solution at pH 8 

were studied fluorimetrically. The fluorescent complex (beryllium-2- 

hydroxy-3-naphthoic acid) was formed in the usual manner and EDTA 

several times more concentrated than 2-hydroxy-3-naphthoic acid was 

added to the complex. A reduction in fluorescence intensity results 

via formation of the Be-EDTA complex. 

Woodward 167  proposed the formation of a beryllium-reagent 

complex 1:1 molar proportions. -Figures 5.1 and 5.2 are confirmation 

of the same proposal. These curves were obtained using .10 M solutions 

of beryllium and reagent, buffered at pH 7.5 and measuring the fluore-

scence intensity at 380/460 nm. Figure 5.1 was obtained in the aqueous 

media but for Fig 5.2 the solution was extracted after buffering and 

allowing to stand for 30 minutes. The extraction was accomplished with 

20 ml of Hexanol and 50 ml of the solution. In both canes the solution 

fluorescence was corrected for the reagent blank. The total amount of 

beryllium plus reagent solutions was 20 ml of 10-4M per 100 m1 for 

curves C in both figures, and 15 ml of 10-4M per 100 ml for curves B. 

Curves A in both figures, was obtained by adding 2.0 ml of 10-3M EDTA 

to solutions (similar to those of curves C. In the aqueous phase the 

value obtained for the ;stability constant: of the 13e-2-hydroxy--3- 

naph t:hoi c acid complex was 1.58 x 105  from the )ohs plots. 
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'while in the organic phase the conditional stability was calculated as 

4.3 x 104. This shows that the Beryllium-2-hydroxy-3-naphthoic acid 

complex is relatively stable. The stability constant was calculated 

by taking a point on one side of the maximum of curve B Or C in 

'Pig 5.1. Take another point on ,the same side of the other curve at a 

point . Both of these points are at the same fluorescence intensity 

- value. 

Then K = 	 
(M,-)0  ~ R- iC)  

--- _ 	
(M'-  

x' 

} ( 

where M and R represent total molar concentration of M (metal) and 

R (reagent) if no reaction had taken place between them. 

Of course= 

from which 	= MR - M'R'  
(M+R)-(M'+R') 

substitution ofxin the expression for K, the conditional stability 

constant provided the numerical values given above. 

Experiment  

5 ml of 10-4M Beryllium was complexed with 10 ml of 1C1-42- 

hydroxy-3-naphthoic acid. This was adjusted to ca.pH 8 with ammonia 

solution before adding 5 ml buffer solution of pH 7.5. Then in 

successive flasks increasing volumes of EDTA (10-3M) was added and 

diluted to 100 ml. The fluorescence was developed for 30 u6 r  i i o , ond 

then the solution (50 ml) was extracted with 1to.s;artnl (:'C) m1). 	"(be 

fluorescence intensity was measured at 380/460 nm. Fluorescence 

intensity at 460 nm was plotted against increasing amounts of EDTA. 

Results and Discussion 

The graph obtained from the above experiment is an cxponerit i , ,] 
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curve, as can be seen from Fig 5.3. The fluorescence intensity 

recorded provides a direct linear measure of the residual concentran-

tion of the Be-2-hydroxy-3-naphthoic acid complex left in the solution 

in the presence of different intensities of EDTA. This data may he 

employed to obtain an approximate value for the to b i 1-N t conr1 t 7n t: of 

the beryllium-EDTA complex at pH 7.5. 

The general principle of the method used is to calculate the 

amount of EDTA which is required to reduce the fluorescence intensity, 

and thus the concentration of Be-2-hydroxy-3-naphthoic acid complex, 

(Be-HNA) to 50%'of its original value. The assumption is then made 

that the reduction in fluorescence intensity results from the binding 

of beryllium from the 2-hydrox-3-naphthoic acid complex into the 

• Be-EDTA complex. 

Thus 	Be 4- EDTA - s Be EDTA 

KBe-EDTA 	= [Be EDTA  
[Be 3 LEDTA3 

q 

The concentration of EDTA which must be used to have the 

fluorescence from various values on the graph of Figure 5.3 may be used. 

determined. 

Thus, between for example points A and C on Fig 5.3 15 ml of 

1 3M EDTA in 1001111 final solution (i.e. a concentration of 1.5 x 10-4  1C1-3M 

is required to reduce the fluorescence intensity from 94 to 47 units. 

At point B, 50% of the beryllium present in the solution 

(i.e. z  x 5 x 10-6M) is bound as the Be-EDTA complex rather than 

Be-HNA complex. To a first apporximation we may assume that the value 
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of the free beryllium concentration will be very low and consider the 

participation only of the 'free' concentration value for beryllium at 

equilibrium from that 50% of the beryllium liberated from the Be-HNA 

complex on addition of EDTA. Thus, all the beryllium for the Be EDTA - 

complex will be assumed to come from the Be-HNA complex. 

Thus on the additon of EDTA 

Be HNA + EDTA -- 	Be EDTA + HNA 

Initially 

5x10 M 	1.5x10~M 

At equilibrium 

(5 x 10-6-2.5 x 1 Ō 6 ) (1 .5 x 10-4-2.5 x 10-6) (2.5 x 10-6) 

Thus—K-- 
- 	BeEDTA Be EDTA 	- 2.5 x 10-6 

 

BeHNA EDTA 	(5 x10-2.5 x 10-6) 

6.6 x 103  
(1.5 x10-4-2.5x10 6) 

values for the Be-EDTA conditional stability constant may also be 

calculated similarly-between other points on the graph of Fig 5.3. 

Thus to reduce the fluorescence by one-third of its original 

value to point B 5.5 ml of 10-3M EDTA is required (i.e. a concentration 

of 9.55 x 10-4M EDTA). At this point one-third of the Be is bound as 

Be-EDTA (i.e. 3 x 5 x 10-6M). 

At this point K may again be calculated as : 

K = 1.66 x 10̀ 6/ (5 x 10-6- 1.66 x 10-6) (0.55 x 10 - :1 .66 x 10-6 ) 

9x103 

similarly at point D on Figure 5.3 to reduce the fluorescence by 

two-thirds, 24 ml of 10-3M EDTA is required. At this point two-thirds 

of the Be is bound as Be-EDTA. 
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At this point K may be calculated_as: 

K = 3.3 x 10-6/(5  x 10-6-3.3 x 10-6)(2.4  x 10-4-3.3 x 10-6)  

= 	8.1 x103  

In this way an approximate average value for the conditional 

stability constant of the Be-EDTA complex may be obtained of 

7.9 + 1.5 x 10-3. 

From this value it willbe seen that, as expected, only a 

weak complex is formed between beryllium and EDTA at pH 7.5. In the 

method employed to obtain the value of the conditional stability 

constant the 2-hydroxy-3-naphthoic acid acts as an 'indicator' in a 

manner'similar to a metallcfluorescent indicator used in EDTA titrations 

of metal ions\ Indeed, the use of 2-hydroxy-3-naphthoic acid as a 

metallofluorescent indicator has been reported 191  for titration of 

aluminium with EDTA. As one of the well established criteria for 

obtaining successful sharp end-points in EDTA titrations, however, is 

that the stability constant of the metal-indicator complex should be 4 

at least 104  lower than the stability of themetal-EDTA complex, 

2 -hydroxy-3 -naphthoic acid is not suitable for the titration of Be 

with EDTA. Had time permitted, it would have been ihstructive to 

investigate the variation of the conditional Be-EDTA stability 

constant with pH of the medium employed, and also the determination 

stability constant of the corresponding Al-EDTA complex by this method. 
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6. 	OTHER STUDIES  

A study was undertaken to investigate if fluorescence or 

phosphorescence would be enhanced at room temperature for molecules 

adsorbed on zeolite. It was also aimed to study the possibility of ' 

producing sharp spectra at roan temperature similar to those that 

• would be obtained at low liquid nitrogen temperature. It had been 

:.reported that by using adsorption on paper, silica, alumina, etc., 

followed by thorough drying, in the case of acid or amine derivatives 

of polynuclear compounds,.it was found possible to obtain strong 

triplet-state phosphorescence at roan temperature avoiding the usual 

need for low temperature 189. This study was to examine the suitabi= 

	_--lity-of-  a zeolite for use in this way. 

6.1 	CRYSTALLINE ZEOLITE  

Zeolites are cystalline, hydrated aluminositicates of group I 

and group II elements, in particular, sodium, potassium, magnesium, 

calcium, strontium and barium. Structurally the zeolites are 

"framework" aluminosilicates which are based on an infinitely extending 

three-dimensional network of A104  and SiO4  tetrahedra linked to each 

other by sharing all of the' oxygens. Zeolites may be represented by 

the empirical formula:" 

M2/nO.A1203.XSi02.y120 

In this oxide formula, x is generally equal to or greater than 2 since 

A104  tetrahedra are joined only to SiO4  tetrahedra, n is the cation 

valence. The framework contains channels and interconnected voids 

which are occupied by the cation and water molecules. The cations are 
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quite mobile and may usually be exchanged to varying degrees, by other 

cations. Intracystalline "zeolitic" water in many zeolites is removed 

.. continuously and reversibly. In many other zeolites, miner~.1 and 

synthetic, cation exchange or dehydration may produce structural changes 

in the framework. Ammonium and alkylanmonium cations may be incorpo-

rated in synthetic zeolites. In some synthetic zeolites, aluminium 

cations may be substituted by gallium ions and silicon ions by 

germanium or phosphorus.ions. The latter necessitates a modification 

of the structural formula. 

Although there are 34 species of zeolite minerals and about ' 

100 types of synthetic zeolites, only a few have practical significance 

at the present time. Many of the zeolites, after dehydration, are 

permeated by very small channel systems which are not interpetrating 

and which may contain serious diffusion blocks. In other cases, 

dehydration irreversibly disturbs the framework structure and the'. 

positions of metal cations, ,so that the structure partially collapses 
t 

and dehydration.is not completely reversible. To be used as a 

molecular sieve, the structure of the zeolite after complete dehy-

dration must remain intact. 

Molecular sieve action has been reported for other solids, 

crystalline and noncrystalline. These include coal, special active 

carbons, porous glass, microporous beryllium oxide powders and layer 

silicates modified by exchange with organic cations 190. 

The work reported herewas conducted using Linde molecular 

zeolite type 13X and 13Y. 
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6..2, 	ADSORPTION 

Spectra were observed when compounds were adsorbed on zeolite. 

Compounds were dissolved in solution and then left overnight in contact 

with either zeolite 13Y, or 13X. Then the wet zeolii e was ms rat°<ed on 

a silica slide and dried in the oven at 100°C for 1 hour:.. This was to 

make sure that the spectra were not those of solution in contact with 

the zeolite. Then the slide carrying the zeolite was palced in the 

cell compartment of the Amincō spectra fluorimeter wi th sn i t ab l ; ' f' i I:or',s . 

Spectra were recorded with the I1r^yans potentiometric recorrier 

(see chapter 1) . 

However, it was possible that the spectra were those of 

. molecules sitting on the zeolite and not actually adsorbed. It was 

'therefore necessary to wash the adsorbing 'zeolite with the solvent 

many times. The spectra were still produced even after such washing. 

Concentrated hydrochloric acid dissolves zeolite. The adsorbing 

zeolite was dissolved in concentrated HC1 and the released compound 

was separated using the solvent. The amount of the released compound 

increased when the amount of HC1 was increased indicating that there 

was real adsorption. 

A typical spectrum is shown in Fig 6.1. Pyrene dissolved in 

hexane was adsorbed overnight. The wet zeolite was spread on a silica 

slide (2cm by 5cm) and then the slide placed at 45°  to the incident 

beam of light. A filter to allow excitation at 265 nm was used. 

Another filter (LF3) was used on the'emission side to reduce 

scattered radiation. 
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Fig 6.1. Emission Spectra: 
(a) Pyrene in solution at 77°K 

(b) Pyrene adsorbed in Zeolite at 298°K 
• 
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7.1 . ' 	CONCLUSIONS  

The studies conducted and reported in this thesis have been 

accomplished using the Aminco spectrofluorimeter (see Chapter '1) and 

have all derived from the fact that when a molecule absorbs energy, 

it gives out some or all of that energy in some form or: other. Here 

energy given out as light has been the main concern. 

Photon counting has been reported in chapter 2. It is 

obvious that photon counting is advantageous when used in conjunction 

with spectrofluorimetry. The Aminco spectrofluorimeter is a low 

resolution instrument and would be improved much if interfaced with 

the photon counter. Nonetheless, the tedious job of working out the 

statistics involved lessens the desirability of such a venture. But 

if extensive study is going to be conducted requiring low levels of 

detection it is advisable to use computers that are now available to 

cope with the statistics. Then photon counting would seem justifiable. 

• Chapter 3 reports the measurement of quantum yield and life-

time of luminescence of heavy metal ions in aqueous solutions of 

hydrochloric acid and lithium chloride. From the data presented in 

chapter 3, it is difficult to elucidate the mechanism of luminescence 

of the ions. The work carried out in this study was not extensive 

'enough to elucidate mechanisms and further work would be worthwhile 

in this area. 

The fluorescence of beryllium-2-hydroxy-3-naphthoic acid 

complex has been the subject described in chapter 4. The complex was 

extracted with Fexanol. Beryllium is fatally toxic and a proper 
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method' of analysis is imperative. In the extraction method the 

problem was lack of precision and accuracy which could be attributed 

to the method itself. However, the sensitivity and selectivity were 

improved and the method is useful. 

The Beryllium-EDTA complex is described in chapter 5. This 

work derives from the fact that the EDTA at several times more 

concentrated than 2-hydroxy-3-taphthoic acid can replace the ligand 

that gives the fluorescent complex. A conditional stability constant 

was calculated from the results. Further work to investigate the 

variation of the conditional stability of the Be-EDTA complex with pH 

would be worthwhile. 

Chapter 6 reports the adsorption of molecules by zeolites. 

It was envisaged that molecules adsorbed in the zeolite cavities might 

produce spectra similar to those produced by molecules frozen at 77°K. 

However, it was not possible to produce these spectra, but it was 

established that hydrocarbon Molecules were adsorbed. The mechanism 

Of adsorption is not understood, but it may be possible that they line 

side by side in the cavities so that their electron clouds interact 

with each other producing the broad band spectra observed. 

There is not much future to this kind of work, but if 

undertaken again, it might be worthwhile to try ionic orgānic 

molecules and preferably try enhancing phosphorescence instead of 

fluorescence. Other adsorbing sites could be studied, e.g. silica, 

- paper, etc. 



- 119 - 

REFERENCES 

1. Parker C.A., Hatchard C.G., J. Phys. Chem. 2506, 66, (1962), 

2. Parker C.A., Hatchard C.G., Faraday Soc.„ 284, 59, (1963). 

3. Parker C.A., Hatchard C.G., ibid 1894, 57, (1961). 

4. Stevens B., Walker M.S. and Hutton E., Proc Chem, Soc., 
62, (1963) . 

5. Parker C.A., Analyst, 446, 84, (1969). 

6. Weber G., Teale F.W.J., Trans Faraday Soc., 646, 53, (A57). 

7. Parker C.A. and Joyce T.A. Trans Faraday Soc., 

2785, 62, (1966). 

8. Medinger T. and .Wilkinson F. Trans Faraday Soc., 

620, 61, (1965). 

9. Parker C.A. Hatchard C.G.,. Trans Faraday Soc., 

1894, 57, (1961) . 

10. Parker C.A., Rees W.T., Analyst, 587, 85, (1960). 

11. Chan R.F., Analyst. - Bioch., 339,  20,  (1967). 

12. White C., Ho. M., Weimer E., Anal.-Chem..—,-438,-32, (1960). 

13. Drushel H., Sommers A., Cox R., Anal. Chem., 2166, 35, (1964). 

14. Argauer R., White C., Anal. Chem., 368, 35, (1964).. 

15. Melhuish W.H., J. Opt., Soc. Am., 1256, 52, (1962). 

16. Parker C A., Rees W.T., Analyst, 83, 87, (1962). 

17. Parker C.A., Hatchard C.G., Proc: Royal Soc., 574, 269, (1962). 

18. West T.S., Laboratory Practice, 922, 14, (1965) 1039, 14: 

	

- 19. 	Hercule D.M. , Fluorescence and Phosphor escr4l Anal 03s, 
Interscience Publishers Inc. New York, 41 (1966). 



— 120 

20. Lott P.F., J. Chem. Education, A327, 41, (1964). 

21. Cheng K.L., in Trace Analysis: Physical Methods, Morrison 

G.H., (ed) Interscience Publishers, N.Y. 161, (1965). 

22. Stavin W.',;Mooney R.W., Palumbo D.T., J. Opt. Soc. Am., 

93, 51, (1961). 

23. Turner G. K . , Science, (No. 3641) 183, 116, (1961). 

25. Narayanaswamy R., Ph.D. Thesis, London, (1972). 

26. White C.E., Ho. M.', Weimer E., Spectrochim Acta, 

236, 772, 16, (1960). 

• w27. 	Turkevich B:M. , Farm Zhur., 15, (1960) ; Rc,,C Zhur K  h i itj 

(1960), Abstract No. 80705. 

28. Stolyarov K.P., Grigorev N;N., Vestrick Leningrad Univ. 

14 No. 22, Ser. Fiz Khim, No. 4 104 (1959). 

29. Korenman I.M., Avrova N.F., Trudy Khim i Khim 

Tekhnol, 138 1 (1958) . 

. 30. 	Popovych 0., and Rogers L.B., Spectrohim Acta, 

49, 399, 16, (1960) . 

31. 	Umland F., Meckenstock, Angew Che., 373, 71', (195h). 

32. Umland F., Meckenstock, Anel Chem., 161, 165, (1959) . 

33. Przibran K., Nature, 657, 188, (1960). 

	

. 34. 	Holzbecher Z., Coll. Czech. Chem. Comm., 3915, 24, (1959). 

35. ibid, 977, 25, (1960). 

36. Korenmah I.M., Shoyanova F.R., Shcherbatova Z.F., Trudy 

Khim i Khim Technol., 303 2 (1960). 

37. Bishop J.A., Anal.Chim Acta, k78, 29, (1963). 

38. Bishop J.A., Anal Chim Acta, 172, 29, (1963). 

39. Bishop J.A., Anal Chim Acta, 84, 29, (1963). 

40. Ans,—au .b.. Y'u Uch 	`Ihr`'hmk Gm u-  Univ., 19 3 (}' 



41. 	Lpdwick J . D. , U. A, At. Energy Comm. HW., 70892, (1961) . 

ibii t1,W. - SA •- 2137. 

43. 	•Korenman I.M., Sheyanova F.R., Efimycher U.S.Ilorodina V.V., 

Peredovyc Metody Khim Technol I Kentrolya  
• 

(1964) . C.A.  62 124119h (1965) . 

44. Kirkbright G.F., Stephen W.I., Anal Chim Acta, 541, 32 (1965). 

45. Anderson P.D., Hercules D.M., Anal chem., 1702, 38 (1966). 

46. Davis R.A;,'Dissertation, Abstr., 709, 276, (1966). 

47. Blyuni I.A'ā, Pavlova N.N., Zh Anal Khim, 898, 20, (1965). 

48. Shcherbov D.P. , Zavod lab., 611, 34,  (1968) . 

49. Jungries E., Thabet S., "Chelates Anal Chem" Flaschica H.A., 

Barnard A.J., Eds Sekker, N.Y., P. 119 (1969)., 

50. Belyi M.U., Proceedings of the Intern confer on luminescence 

Budapest (1966) Akad Kiado Budapest (1968). 

51. Kābrt L., Holzbecher Z., Coll. Czech. Chem. Comm., 796 34 (1969),. 

52. Korkuc A., Wiad Chem. 345, 23, (1969) Chem AbsYtracts,  
71, 56224, (1969). 

53. Katyal M., Talanta, 95, 15, (1968). 

54. Katyal M, Singh H.B., Talanta 1043, 15, (1968). 

55. Pilipanko A.T., Zhebentyaev A.I., Volkaya A.I., Zh Anal Khim 

(Russian edn) 1854 - 56, 39 (9) (1974).  

56. Kulikov N.S. Granovslcii Y.V., Golovina A.P., 

(zv. Vyzl Uchels Zaved Khim Technol, 1006-9,) 16 (7), (1973). 

57. Bishop J.A., Talanta, 617-9, 22 (7),  (1975). 

58. Goher M.A.S., Dratovsky M. Natur Wi :,nn5chaftcn, 

96-7 62_(), (1')75). 

79, ' 	 (1-011,;(1 11111 0 ,F3i' r? J 'ch:r Acta; 17-51 i 1St1), 



122 - 

60. 	Taniguchi H., Teshima K., Tsuge K., Makanos S., 

Banseki Kagaku, 314-8, 24 (5), (1975).  

61 	United Kingdom At. Energy Authority P.O., Report 171, (1960). 

Tepper L.B.-Hardy H.L., and ChamberlainR.T., Toxicity of 

beryllium compounds Elsevier Amsterdam (1961). 

63. Treatise on Anal chem,'Part III, vol. II, (1970). 

64. Sandell E.B., Colorimetric methods for the determination of 

traces of metals, Interscience N.Y., (1959). 

65. Chapman J.F., Dale L.S., and Whittem R.N., Analyst 

529-534, 98, (1973). 

.66. 	Analusis (French) 337-342, 2 (5), (1973). 

67. 	Savinova E.N. Karyakin, A.V. and Andreeva T.P., 

Zh Analit Khim, 777-9, 27 (4), (1972). 

	

' 68. 	Nakahara, Menemovi, and Mush& Soichiro, Bultr Chem. 

Japan, 1162-6, 46 (4), (1973). 

69. Honpt P.M. and Torrenga B.J., T.N.O. Nieuws, 

453-6, 27 (9), (1972). 

70. Tserkovnitskaya I.A. and Dubrovina L.T. Vest Lehningrad 

gos Univ. (1972 (4) Fix Khim (1), 135-137-. 

71. Gallai Z.A. and Zveryaeva, Zh. Analit. Khim 

2340-2343, 26 (12), (1971). 

72. Morton G.A., Applied optics, 7,1, (1968). 

73. Foord R., Jones R., Lover C.J: and Pike E.R., Applied 

Optics, 1975, 8, (1969). 

74. Sharp B.L., Ph.D. Thesis, University of London, (1972). 

75. Franklin M.L., Horlick G. and Ma7.mstadt H.V., 

Anal Chem., 2, 41, (1969). 

76 . 	Dinh Tuan Vo, ' Wild Urs., P. ZPhys. Chem., 395-406, 251(5-6) 

(1972) . 



- 123 -. 

77. 	Piepmeier E.H., Braun P.E., and Rhodes R.R., i i u . : i;011. , 
1667, 40, (1968) . 

79. Ash K.C., and Piepmeier E.H., ibid, 26, 43, (1971). 

80. Cooke D.O. , Dagnal R.M., Sharp 13.L., and West T.S., 
Spectrosc: Lett 91, 4, (1971) . 

81. Enkel C.G., Anal. Chemi 69A, 43 (1), (1971). 

82. Ingle J.D., Jr. and Crouch S.R., ibid 777, 44 (1972). 

83. McCarthy W.J., Parsons M.L. and Winefordner J.D., j. Chan. 
Ed., 214, 44, (1967). 

84. 'McCarthy W.J., and Winefordner J.D.,  J  . (1io `ni . 1, t  I. 1n6, F1- i , (1967). 

85. Cetorelli J.J.,  McCarthy W.J. And Winefordner J.D.,  J . Chem. 
Ed. 98, 45, (1968). 

86. St. John P.A., MacCarthy W.J. and Winefordner J.D., J. Chem. 
Ed. 1828, 38, (1966). 

87. Cetorelli J.J. and Winefordner J.D., Talanta, 705, 14, (1967). 

88. Clive L.J., Svoboda V., and Winefordner J.D., Crit. Rev. Anal. 
Chem., Aug (1970). 

89. Ohnesorge W.E. and Rogers L.B., Anal. Chem. 1017-1021, 28 (1956). 

90. Kirkbright G.F., West T.S. and Woodward C., Talanta 
517, 12, '0965).  

91. Kirkbright G.F. and Saw C.G., ibid, 570, 15, (1968). 

92. Pringsheim, P. and Vogels, J. Physica 225, 7, (1940). 

94. Idem, Analyst, 538, 94, (1969). 

95. Idem, ibid, 457, 94, (1969). 

96. Kirkbright G.F., Saw,C.G., Thorson, J.V. and West T.S., 
Talanta, 108, 1, 16, (1969). 

97. Belyi M.U. and Kishuirenka, I.Y., Zh. Pri.kl Spectrosk 
272, 9, (1968). 

98. Idem, ibid, 442, 9, (1968). 

99. Idem, ibid, 84, 101  (196Y9). 

100. Yam, ibiid, 8;19, 10, (1909) . 



124 - 

101. Belyi, M.U., Proc. Int. Conf. lumin., 807, 1 (1966) 
Pub11968) and' other -references. 

102. Steffen G. and Somrnermeyer K. Biophysik, 192, 5, (1968) 

103. Belyi M.U., Kushinrenka I.Y. and Shermet G.P., film, Fiz 
Zh 1799, 14, (1969) . 

104. Idem, Opt. Spectrosk, 90, 27, (1969). 

105. Mayne P.J., Ph.D. Thesis, University of London (1972). 

106. Lewis G, and Kasha M.J., Amer. Chem. Soc. 2100, 66, (1914). 

107. STrickler,S.J. and Berg R.A., J. Chem. Phys., 814, 37 (1962). 

108. Birks,J.B. 
921, 66, ( 

109. Bailey, E. 

110. Vonetta,B. 

111. Birks J.B. 

and Little W.A.-, Proc. Phys. Soc.--(London) A, 
1953). 

and Rollefson G.J., Chem. Phys. 1315, 21, (1953). 

D., Rev. Sci. Instr., 450, 30, (1959). 

and Dyson D.J., Ji. Sci. Instri 282, 38, (1961). 

	

'112. 	Birks J.B., Dyson D.J. and Munro I.H. Proc. Roy. Soc. 
Ser. A., 575, 275, (1963). 

113. Birks J.B. and Munro I.H., Prog. React. Kinet, 239, 4, (1967). 

114. Gati,L. and Szalma I., Acta Umiv. Szeged Acta Phys:, Chem. 
3, 14 (1968) Chem. Abstract, 91609u, 69, (1968). 

115. Pant D.D. and Srivastava, B.N. Indiam, J. Pure Appl. Phys. 
236, 6, (1968) . 

116. Gilmore E., Gibson G. and McClure D.J., Chem. Phys., 
829, 20, .0952). 399, 23, (1955) . 

	

1.17. 	Hercules D.M. and FrankelF-I. , Science, 1611, 14, (1960) . 

118. Bodo Z. Acta Phys., Acad Sci Hung, 23, 3, (1953). 

119. Gudmundensen R.A., Marsh 0.J. and Matovich E.J., Chem. Phys. 
272, 39, (1963) . 

	

120.- 	Seybold PIG., Gouterman M.,and Callis J., Photochem., 
Photobiol., 229, 9, (1969). 

A 

	

121. 	Weist R.C., Editor, "II nzlhook of Chemistry old Phys,irs", 
(J ita i holaf~~i~ c.i i Rob bop Co 	oh:io, [i 	) lnth Effit,;(-)h  
(1c)6-69). p ge 



- 125 - 

122. Gilmore E.H., Gibson G.E. and Maclure D.S., J. Chem. Phys;. 
829, 20, (1952), 399, 23, (1955). 

123. Sill C.S., Willis C.P., Anal Chem., 102, 31, (1959). 

124. Venossi R., Anales Asoc. quim. arg. 215, 45, (1957). . 

125. Fedorchuk C.N., Trudy Inst. Mineral Geokhim. Kristallokhim 
Redk. Element, Akad Nak, S.S. S.R., 178, 1, (1957). 

126. Harley,J.H. US Atomic Energy Comm. Rept. WASH-736, 22, (1957). 

127. Ishibashi M., Shigematsm T., Nishikawa, Y., Bull.. Inst. 
Chem., Research Kyoto Univ. 210, 34, (1956). 

128. Melick E.S. US Atomic Energy Comm. Rept TID, 7555, 158, (1958). 

129. Bykhovskaya M.S., Gigiena Trudai Professional Zabolevaniya, 
49, 1, (1957) . 

130. Korenman I.M., Grishin I.A., Trudykhim. ikhim Technol 
138, 1, (1958). 

131. McVay_ T.N., U.S. Bur. Mines Rept. Invest, No. 5620, (1960). 

132. Dressel W.M., Ritchey R.A., US. Bur. Mines Inform. Circ. 
7946, (1960). 

133. May, I. Grimaldi F. S . , Anal Chem., 1251, 33, (196%). 

	

. 134. 	Holzbecher;,Z., Pokorhy J., Chem. Histy., 470, 54, (1960), 

135. Walkley J., AM. Ind. Hyg. Assoc. J., 244 20, (1959). 

136. Bril. J., Pruvot E., Mikrochim Acta, 577, 1, (1960). 

137. Motojima K., Proc. U.N. Intern. Conf. Peaceful Uses At. 
Energy 2nd Geneva 667, 28, (1958). 

138. Sill C.W:, Willis C.P., Flygare J.K., Jr. Anal Chem. 
1671, 33, (1961) . 

139. Minc zewski J., Rutkowski:W., Chem. Anal. (Warsaw) 
1107, 7, (162). 

140. Patten L.E., Ward F.N., US geol. Survey Profess. papers 
450-c, 103, (1962) . 



152. Budesinsky B 

153. Townshend A. 

154.  

and West T.S., 

and,Vaughan A. 

Anal Chim Acta, 455, 42, (1968). 

, Talanta, 929, 16, (1969). 

Turner G.K. Associates, Mfr. Bull. Beryllium Acc. 
No. 9945, Feb., (1968). 

-- 126 - 

141. Suvorovskaya,N.A., Voskresemskaya M.M., Metrikova T.A., 
Nanch. Soobshch. Inst. Gorm. Delaim, A.A. Skochtnskii 
30, 13, (1962); CA. 1194, 58, (1963). 

142. Molineaux H.F., Trovell F., Turnbull G.B., U.K. At. 
Energy Authority Rept. 155, 171, (1960). 

Shcherbov D.P., Plotinkova T.N., Zavodsk. Lab. 1058, 27, 0961). 

Efimycher V.S., Tr. pohim in Khim Tekhonol, No. 1, 126, (1962). 

Korenman I.M. , Efinycher V.S., Tr. Ki.hrn 1 Khim Tekhnol 
(Govkii) (1961) No. 2 323 Ref. Zhur Khim (19u:7) No. 1. 
Abst. No. 4D17.. 

Chearkesov,' A. I . , Zhigalkina T.S. Zavcd k Lab. 65s8, 

Fletcher M.H., Ana. Chem, 550, 37, (1965). 

• Stolyarov K.P.,,GrigorevN.N,, Metody Kolichestr operd 
Elementor. Leningr. Gos. Univ. 16, 1964) . 

149. Francoise H., Grandclement,.A.M., Compt. Rand. Journee 
Etunde Protect. Contre A angers Beryllium. G-f-Sur-Yvette 
161, 159, (1961). 

150. 'Rutkowski W., Chem. Anal. Warsaw, 389, 8. (1963). 

151. Galkima, L., Markman A.L. Izr Vysskikh Uchebn Zavedonii 
Khim i Khim Tekhnol, 735,  6, (1963). 

143.  

144.  

145.  

146.;  

147.  

148.  

155. Naito T., Nagano, H. Yasni, T., Japan Anal..1058, 18, 
(Anal..Abstr. 4748, 19, (1970). 

156. Holzbecher Z., Volka K., Coll. Czech. Chem. Comm. 
2925, 35, (1970). 

157. Hayashi T., Har K. Kawai S., Ohio T., Chem. Pharm. 
1112, 18, (1970) . 



-- 127 - 

158. Morgen E.A., Vlasov E.A., Serykh A.Z., Zh Pribi Khim 
(Lenograd), 2744, 43, (1970). 

159. Talipov Sh.T., Tashkhodznaev A.T., Zeitser L.E., 
Khikimatov. Kh. Zh., Anal Khim 807, 28(4), (1973). 

160. Murata A., Nakamura M., Bunseki Kag aku, 1365, 21 (1113) , (197:')-. 

161. Ito T., Murata A., Bunseki Kaguku, 1422, 20(11), (1971). 

162. Morisige K., Anal. Chim Acta, 245-54, 73(3), (1971). 

163. Conde, C.P., Perex-Bustamante J.A., Marti F.B., Anal Chim. 
Acta, 191, 73(1)  , (1974) . 

164. Florence T.M., Farrar, Y.T., Dale L.S., Batley G.E. 
Anal Chem. 1874-6, 46(12), (1974). 

165. Ryan D.E., Granada M., Hanmohammed M., Anal. Chem. Acta, 
467-70, 76(2), (1975). 

166. Peters D.G., Hayes J.M., IIieftje G.M. 	Chemical Separat nn 
and Measurements 485-6, (1974). 

167. ' Woodward C., Ph.D. Thesis, London University, (1966). 

168. Goldring L.S., et. al., Ana. Chem. 869, 2.5. (1953). 

169. Prue,J.E., J. Chem. Soc., 7534, (1965). 

170. Ostromisselensky J., Ber, 268, 44, (1911) . 

171. Denison B., Trans. Faraday Soc., 20, 8, (1912). 

172. Job P., Ann. Chem. Phys., 113, 9, (1928). 

173. Jones,M.M., and Innes K.K., J. Phys. Chem., 1005, 62, (198). 
40 

174. Sommerh, and Hiinckova M., Bull. Soc. Chem. France, 36, (1959). 

175. Woldbye F., Acta Chem. Scand, 299, 9, (1955). 

176. Toe J.A. and Jones A.L., Ind. Eng. Chem. Anal Ed, 11, 16, (1941). 

177. Harvey A.E. and Manning D.L., J. Am. Chem. Soc., 4488, 72, (19`Ī',. 



- 128 -- 

178. Linde IT.W. , Roger K.B. and Iliune I).N. , Anal. Chnrt. , 
401, 25, (1953). 

179. Jordan J., and Alliman T.G., Anal. Chem., 9, 29, (1957). 

180. Schlyter K. and Sillen L . G. , Acta Chem. Scand, 
385, 13, (1959) . 

181. Schlyter K., Kugnl. Tekniska Hogskolans Handinger, No. 
132, (1959). 

182. Mead T.E., J. Phys. Chem., 2149, 66, (1962). 

183. Johanneson,S., Arkiv. Keni, 189, 24, (1965). 

184. Christanson J.J., Izatt R.M., and Hansen L.D., Rev. Sci. 
Inst., 779, 36, (1965). 

185. Weisberger A., (Editor). Technique of organic chrnis I:ry 
Vol. VIII Part III 2nd edition interscience, New York, (1963) . 

186. Eigne M. and Tamm K., Z' Elektrochem. 107, 66, (1962). 

187., 	Reck M.T. and Gorog S.-, Proc. Symp. Chem. Coord. Comp. 
Agra (1959) Part II p. 195. 

189. Weissler Alfred, Analytical Chemistry, 500R, 46, (1974). 

190. D.W. Breck, "Zeolite Molecular Sieves", John Wiley & Sons, 
N.Y.', (1974) . 

191. Cherkesov A. T . , Dokl . Alcad Nauk . , S. S . S . R . , 309, 118, (1958). 


