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(ii)

ABSTRACTY

Thz general theory and principles governing luminescence
processes in solution are briefly reviewed. The instrumnentation used

for the studies described in this thesis 1s also discussed.
f

The advantages and disadvantages cf the use of photon
counting detection interfaced with a commercial spectrofluorimeter
are presented. The Qeneral theory governing photon counting is
discussed. The linear range of operation of the photon counting
tediinique for some organic molecules is evaluated and the corresponding

Iatection limits are also presented.

Quantun yields for Pb(II) and T1(I) at low temperature
ard lifetime measurements cf incrganic 1ohu, in hycrochlicric acid

and Iithium chloride media are presented.

A technique has been developed for the datermination of
submicrogram amounts of beryllium using its blue flucrescent couplex
formed with 2-hydroxy-3-naphthoic acid at pH 7.5. The selectivity

of the technique prevents aluninium and other ions from Interfering.

Soivent extraction of the uorescent corplex was athleved with hexanol.

The fluorescence cf the berylliium-2-hydroxy-Z-naphhoic

4

PRI e, . H ~ P s e £
acid corplex was used to investigate the formation  wnstant of the
woaX berylliurn-EDTA complex in a procedurs in waich TOTA ompetzd with

2-nvrdrox,—3-naphihoic acid for beryliium in soluticn. Trhe conditional



(iii)

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. TNTREODUCTION

_When molecule species are irradiated by chotons of
light, the light may be abscorbed, transmitted or reflected. The
light that is absorbed may stimulate electronic and vibration
transitions in the molecule. Eiectronic excitation usually
takes place from the lowest vibrational level of the ground
state, EO. The light that is absorbed or emitted by a body is
absorbed or emitted in discrete units term=d quanta. The enérgy,‘
E, carried by one quantum is provorticnal to the frequency of
the radiation i.e.‘ /

E=¥hf=hcemﬁ DU B B
A

-7

where h is Plank's constant (6.624 x 10 erc sec)

: ) -1
V is frequency (sec )
jﬁ is wavelength (cm)

. . . . -1
C is the constant velocity of light in vacuo (ca sec )

Once the molecule has been excitad toc the i bre+ticnal levels of

the first electronically excited state it rapidiy lcses its

-

vibrational energy by collisions with neigriouring mcolecules.

If the molecule has besen excited to an even highsr elsctronic
excited state, 82 and E3 then it may undergo radiaticaless

transition known as 'internal ccoversicn' wasreby trensition to
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Collisional deactivation‘again causes loss of the resulting
vibrational snergy back to the E1, VO state. From ihis lJavel
the molecule can return To any of the vibrational - rotational
levels of che ground state by the emission of light of the
corresponding frequercy. 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 ine~hanism ccaroiately then th: solution would be
. said to have a quantun efficiency of unity where

quantum efficiency = iumber of quanta emitted

nurber of quanta absorbad

Other mechanisms however compete with the‘fluorescence precess;
they are internal —omversion., collisional deactivaticn, ‘conversion
to lower triplet levels, and photochemical reactions such as
dissociation. These processes may reduce the fluorescence

efficiency markedly.
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Absorptic.. tonds of 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 ¢f the different abscrption bands

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

The principle states thac

within 10—15

principle explains this phenomencn.

absorption and hence excitation, takes place seconds

R ety

and during this time the heavy ruclei of the atoms do not
appreciably change their positicn or momentum, therefore, the

nuclear corficuration in the excited state is the same as that

of the ground state prior to absorpticn. 4 simple diatomic

. molecule 1s taken to exuialn thy rrank—Congon_E;anc1ple.
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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

round state Maving different nurbers of quanta of vibrationai
)

enerqgy.

The:axcited state is represented by a similar curve XY
situated higher up the diagram by a distance equal to the

electronic excitation energy.

As ﬁo nuclear'positional or momentum change cceurs the
transition can be represented by a vertical line between the two
electronic states. For moler «ies vhich possess no vibrational
.energy the point from which transition is most likely to cccur is
considered. Other transitions 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 lowar
intensity can be exsected; tiis mav bz represented by the dotted

lines drawn verticelily from either end of the line EF.

Following excitaticn ard subsequent loss of vibrational
ensrgy, the most probable trzxsition will be that from the middle
of the lirne NO back to the grcund state at D. This will be the
most intense band althcugh other weaker onss can be seen for
transitions to other vibratiocnal levels of the ground state. The
molecule will finally lose its =csss vibrational ensrgy by

oluticn.

0N
i
bt
v
n

collisions with other moleculies
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Tt should be noted that the emission spectrum is. frequently

a mirror image~of the'primary absorption band. This is due to the

fact that the distribution of vibraticnal levels in the first

excited state, which determines the shape ©f the first absorption

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

are responsible for the shape of the emissicn spectrum.

1.2. - PHOSPHORESCENCE

Electrons in atomic and molecular orbitzis are spin coupled,

Eo and E1 Figure 1.3. representing the singlet states which

“correspond to these spin coupled states. Spin reversal of 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‘asba triplet
becauée of the interaction of the spins and orbitals. Hund's
PUlE}Statgg that Qpin muitiplicity favours the grournd stggé, 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

precess is known as intersystem crossing.
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Processes. in-competition with normal fluorescence have

“similar ratécoﬁstants i.e,wca.10_8 secs; one such process is
intersystem crossing. The‘1owest”vib?§§%9?§}m}¢ye; of the Tywio o e
state is situated somewhere below the Jowest excited singlet
state but its higher vibratiqnallévéls:reach the ievel'of the
lowest excited singlet and transition_between the two can occur.
This mechanism is called intersystem crossing where a moleculé
crosses over from the éxcited singlet to one_of the‘upper'
»vibrational levels of the lowest triplet staus. Cénéidération
of the‘process is ¢lerifiad if a potential energy diagram~suchi
‘as thatvshown in Fig. 1.4. is studied. This diagram refers dnly
to a diatomic molecule, cbnéideraticn of polyatomic‘moleculesﬁi

however, would involve the same general principle.

Light absorption is represented by the vertical liﬁe Ch.
The molecule now in the excited singlet state rapidly loses its
excess vibrational energy passing down the curve XY to the pcint .
At this point the positions and mcments 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 o the
corresponding vibratiqnal level of this triplet state. As a
conseguence the molécule adopts the relatively long lived triplet

state during the lifeatiue of the E1 state. -
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-~ Normal flucrescence occurs when the electron returns to the
‘ground state E_ from £, and the first excited state E. has a finite

7

1
lifetime of 10/ - 10~ seconds. If the melecule possesses a

~

triplet state T, belcw E, state then phosphorescence may occur.

1 1

" The molecule passes'from the E. state to T and‘phosphoréscence

1 1

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

Transition betweenvstates'of different multiplicity, thevef, are
forbidden and'consequeﬂtly'the direct promotion of an'eléétron.
from Ej to T, is forbidden ac it would requive simulfanebus spin
geéoupling.} Once ine triplet state has beén'qéhiéved'indiféctly,_
re-radiation will be difficult as spin de—coupiing must oécur;

the lifetime of the triplet state is thus reiatively long

(1Oﬂ4:¥ 10 seconds).

v The difference between fluorescencé and phosphorescence is:
that whilst the fb¢n~r involves a singlet-singlet transiticon the
latter involves a triplet-singlet mechanism. As a result. fluore-
scenice appears to be an instantaneous process (ca._10—8 seconds)

~

whereas phosphorescence is a great deal slower (ca.TO—4 - 10
seconds). An 1mportant consequshce 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 flucrascence,
phbsphorescenc has’béen noted only rarély at rcom temperature

where coliisions cccur readily, and mest sanples have to be frozen

to form a glass so that.the collision rate is drastically reduced.
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Phosphorescence emiséibn coours at a 1onger Wavelength than
the fluorescence emission for the same moleculé because of the
small loss in envrgy in thé transition from the E1 to T,I Stéte.

It will, howevéf, have a similar spectral shape to the flucre-

scence band because the same vibrational ievsis 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 bfiefly hefe.
Firstly, E-type or thérmally assisted delayed fluofescéncé 3’?Q
This occurs by a mechanism similar to that of vormal phosphOre—h

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

energy excites the molecule back to the first excited singlet state

from where its transition back to the ground state gives rise}té

flucrescence emissiocii.

P-type delayed fluorescence is the second of the more common
mechaﬁisms and this cccurs by the ccllision of two excited triplet
molecules, with the production of gmound state moiecule ard one’)";r
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 lifetims is characteristic of that

of the triplet state.

™

For normal fluorescence the rlnoresconce intensity I' 1g

defined as the intensity of absorbad light,

M A e e e et e T B e mhe sttt T AT i i et G Ted T a3 Tt L i S et L SN i e s 8 PR
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measured in quanta per second, multiplied by the quartum
efficiency, ¢f; therefore

F=1I ¢f = (Io - If)_gf ............. e e (1.20)

Ia,is intensity of light absorbed,
"IO is intensity of incident radiation and Iy is intensity of

transmitted radiatiorni. The Beer Lambert law, however, states chat

1 1.1
= =kc'l
'T— e e i e e e e (1.3.)
- ‘O - N N .
where ¢! is the concentration of material (molecules/cmB)‘and
k is the effective cross—sectional area of one molecule in cmg;
. _ L T :
- _ _~kc'l : , _ . _
+ Therefore T = I, (1-e ™ 53 B (1.4.)
Expansion of this equation gives:
g 1,42 1,13 RN TR .
F=1 lkc 1-(kc'l)® + (ke'1)” = ..... (ke¢'l) ' &
O 1. '—2— ——-6—' "—_]— J £ ..... (1.5.)
n

Changing concentration to more practical units of moles/litre and

calculating the molar extinction coefficient.

F=1T [2.32c1 1 -2.3ecl+ (2.3ec1)® = cuvv [Be oonnns (1.6.)
) O .- 5 - 3 if v

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

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

~

[ . : . . ,
= T . \ .
F=1, {jz 300 B (1.7.)



Therefote the intensity of fluorescence is directly propor—

',tional to the con centtatWOM of the solute preeent prov1d1ng ail

other facteors are kept constant. Also, for constant concentratloﬂ,
the flucrescence intensity varies di???t}Y“Wi?h the incident
radietioh intensity. Thus if a very high intensity source is useq
very low concentrations of fluorescent solute can in theory be
readily'measured, and it is this point that illustrates the basic

difference between molecular Qpeetrofluorlmetry and absorptlon -

_spectrophotometry. In the latter technique the aetectlon lamit

or. sensitivity s gover~zd by the mvnlmum mez.surable difference

 between two signal: or high intensity (Io and It) and the intensity
of the source has no effect on the detection limit. In spectro-

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

radiation, and a very sensitive and stable amplificaticon and dete—
ction system, there should be in theory, no limit to the concentra-
'tioﬁs detectable. In practics this does not hold. The thermal |
noise of the photcrultiplier tube ard also source noise can be
significant, but the factor which most often limits the sensi-
tivity is the magnitude and variation in the background (biank)
flucrescence. This may arise in cre of two ways, eithsr the
organic reagent used under the cecrditions of the determi,ation
may ethblt a large flucrescence signal or from flucrescent

impurlties present in either th2 reagent or solvent. First or

. O e S ogm = RN - - —- T e~
second order scattering of the incident 1icht or Raman scatterirg

by the solvent may zlsc be 2 LiTRIing



The possibili{y of Raman scattebing has been fully discuésed
by ParkerS‘who has thoroughly investigated the phencmena for se?eral
solutions. WVhen light falls on a substance a pfoportionﬂof’it”is"A
‘scattered at the same wavelength, but a small percentage interacts
with the vibrational and rotational modes cf the sclvent mblecule
and is re-emitted at a qllghtly TOnger wavelelgth The difference
ir. wavelength between the absorbed and emitted 1ight corresponds
to the energy absorbed during this interaction. Since the emission
occufs at a longer space than the incident radiation, it iS‘prsible
that this Raman emission may cause serious ihteffchHCe.wifh a ‘
normal.weak fluorescence signal if it is in the came wavelength
‘region; Only the main Dizman band need be'considered as tha others
are of very low intensity; If water is the solvent then it will .
exhibit its main band at a freqﬁency O.3ju71 lower than thaf of
the exciting light. Other factors thét contribute to the magnitude
of the biank signal can be partially removed by the purlflcatlon of
reagents and solvents. Raman scattewlng cannot be readlly overcol

e

1.3. QUENCHING PROCESSES

The fluorescence quantumn efficiency for any compound, @,
should idsally have a value of unity, ard 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 va alue.
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These quenching effects can take several forms, (a) those which
directly affect quantum efficiency and (b) those which interfere

indirectly with the quantum efficiency, e.g. the innerffilter_efféct.

1.4. LIFETIME OF LUMINESCENCE

The luninescence intensity decays according to a first-
order rate equation when the incident radiation is interrupted.

i.e. exponentially with time

T = KTt veenenenerenernineneienersieenenenenes . (1.8),

Therefore I = Ioe—kt ”..,.;..........;.....,....,.......{.;Z;(1.9)

Where I_ is the initial intensity at an arbitrury time zero, I is -
the intensity at a time t, and k i3z the rate constant for the
process. This rate constant is related to the average, cr mean,

-t

1ifetime of decay of 1uminescence,zj, by the eguation.

K=1 or =1/K weveeeennnn. e (1270)
: T
substituting for k, the equation 2 becomes

I = Ioe't/Tf e e e (1)

From this equation, it can be derived that the time t, over which
the decay is measured, becomes equal to 7, when intensity has

fallen to 1 of its initial value.
= _

The intrinsic or natural radiative iifetime for
fluorescence emission is related to the rate constant for

Fluorescence kF by the equation



(g

e

o
o = e, (1.13)
Where kp is the rate constant for phosphorescen&:e emigsion. The
observed lifetima,”/ , will be equal to the natural lifetime only
in the absence of any deactivating' process, both internal and
1 external (i.e’., when @ = 1).; : ‘
! " : -
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CFig 1.5

Absorpticn of light takes place within the peried of a
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light wave, 1.e. witnin 10 DSE;‘C. The rate of light a2bsorption
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is denoted by a ka. kf is the rate constant for fluorescence

enission (S1 —SO), kic for internal conversion from the lowest

‘singlet excited state S kiX for intersystem crossing (81-—T1),

1°
kp’for-phosphoféscence emission (T1 ;-So> and kic for internal
conversion from the triplet state to the ground stéte singlet
(Ti - SO). The rate constant for the overa:l process of thermal
activation followed by iﬂtersystem crossing from T1 to S1 is
denoted py kta' Luminescence quenching by sciute molecules are
second—order processes, with bimolecular rate.chstahts kaand kq.
the concentration duenching of the solute is often much greatgr
than that of the excited molecules, however, the processes can be
represented as first-order reactions with fafe constants kd1[}£]

o ——

and k iq‘j when 2 ard g are the concentrations of quenchlng
molecules, for quenching of excited singlet and triplet respéctivély.
The ihternal’conversion, with the rate constant kic’ fror upper
excited states for both singlet ard triplet 1eyels is 1afge; the
mean time for these processes is about 107 2sec. There is little
evidence for intersystem crossing from upper excited stéteé, whi~h
i; denoted with a rate constant kix' If this process cccurs, it
must be fast to compete with the internal conversion from these

' . . A s -12
states, i.e. it must take place within about 10 “sec.

The observed lifetime, ), is determined by all the deacti-
vation processes, and for a fluorescence emission, it is given by

the equation

— FT. N : (
1=k + ko o+ kLol SAREE

The fluoreccernce efficiency, 0., is given by the egquation
_ 1
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For phosphorescence emission, the measured lifetime,

T, is given by:

-

= (kp + kic + kq q  + kt)) TR (1.17)

The efficiency of formation of the traplet, (i” defined as the

number of triplet moelcules formed per quantum of exciting lignt

absorbed, is given by:

v g .—,._.7 R
O = kix45f TR TR R I JERPRTRPRRRRE (1.18)

In the absence of added singlet quenchsrs, the triplet formation

_efficiency, ¢T is:

¢T = kiX/('kf +’kic_+ kix) ................. 7f"'(1'19)

The phosphorescence efficiercy, ¢9’ is then given by:
B, = koo B/, + kg + Ky qu+ 30 BT (1.20)

From equations 1.13, 1.17 and 1.20 it can be sheun that

e

_ T3 |
3,/%r = 2= e e, (1.21)

At low temperatures kta beccomes negligible, and in rigid media

diffusion is very émall so that the term kcL,nt 21so becares
negligible. In the absence of a guenczer, the guantun efficiencies’
are denoted as ¢£’ ¢p and QT and the ezuaticn (1.15) can be written
as:

= ) -+ 4 3
¢£ = kf/(kf : kic ‘ kix) ...................... (1.22)

Frem equations (1.19) arnd (1.22)

. _
e . j o~
@l_ = 5 (1.23;
1.,” i
Lde o kgt ke



Hence the melation between {and [ for phogphorescence can

be derived from equaticns (1.21} and (1.23)

o ,"_ : B '
SR I K (1.24)
5l @ k. F k.

P c X

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

triplet state then the equation (1.24) simpiifies to:

T oq29% e (1.25)
T %

In_ordef to determine the value oF'[é.or kp forthsphorescen;e, |
which are fundamental characters of the substance and are_independeht
- of temperature, it is riecessary to.determine ¢p,vand alsc ﬁT:' The f
parameter @, is somewhat difficult to determine, but it has been
assuned by many workers that because the lifetime of the first
excited singlét state (81) is short, the internal coanversion of
| S, is negligible. Therefore the equation (1.19) simplifieg to:

0 S +16) e (1226)

and eguation (1.22) to:

B RN/ (K + K ) aeeeiaiaan ST (1.27)

Hence fram equations (1.26) and (1.27)

Bt (4 - g,) ‘ e, (1.28)

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

7, 8 9

nurber of compounds over a range of temperatures



Tl 5. INSTRUMENTATION
Coarmmercially availabre instruments for measuring lumine—
scence are rather similar and a description of the Amirnco-Bowman
spectrofilucrimeter 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 Aﬁinco—Bbwman déublevmonochromatdr spectroflﬁoriméter‘
Consistsvof an optical unit, photomultiplier, microphotometer,
power supply-and necessary camponents. The optical unit'includes
an electrical panel, xenoh arc lamp with housimq znd blowef, two
‘monochromators, two slit holders (installed in mrnoéhromator:),
cell cdmpartment, photcmultiplier housing with manually operated
rotary slit-turret and filter holder with shutter control. This
unit, with the excepiion of the xenon lamp and sweep circuit,*‘
operates on 115-Volt 50 or 60-cycle single—ﬁhase A;C. |
(approximately 100 watts); The xenon arc lamp power is supplied
from the d.c. power supply, and the sweep power circuit*ﬁé E

energised by a mercury battery contzined within the opticar unit.

Light,from the.source is dispersed by the excitation
moncchromator to enable selection of the waveleﬁgth of the 1light
incident on fhe sample. The light emitted from the sample is
viewed ét right angles to the exciting beam and dispersed by a
similar monochromator to analyse the spectrum of the radiation
incident on the detectcr. The radiation is transformed by the

detecior into a weak electrical signal and fed to the photcmeter



Fig 1.6 Aminco-Bowman double monochromator spectroflucrimeter
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Fig 1.7. Optical Diagram of Aminco-Bowman Spectrofluorimeter

TABLE 1.1

SIZE, ARRANGEMENT AND PLACEMENT OF SLITS

{(Width of Slits in Millimaters)

. (Stit pesitions "Mono- Mono- x'.n:l.li‘i(::loi;r
shown in Fig.ta) |TORIT 1 qite | cen sit o* | cont sut4®] cent stit 3 gllegﬂzorl e 7
1 Arrangement No. 1% 1 0.5 3 3 0.5 1 0.5,
Arranrement No, 2 2 ) 1 3 3 1 2 1 B
Arrangement No. 3 3 2 3 3 2 3 2
..-‘\.x'r.mg:cx:w:\l No. 4 "—“4 3 4 4 3 4 3
Avravcement ¥o, 51| 5 | 4 5 5 3 5 5

*Ihoege =lits serve as baffles ' reduce inslrumreatal zcatter,
tifichast resolution, recommended for identification,

CHIEphest sensitivity, recommended for trace analysis,
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Fig 1.9 Aminco-Bowman double monochromator spectrofluorimeter with photon counting modular detector



o)

in X=Y recbrder connectea to the photometer enables the photo-
multiplier output ot be'displayed on the Y¥axié tﬁe Y—axis input
being connected to the wavelength scanning device of the mono-
chromator. Th2 monchromators are fitted with plane éfatings each
‘having 600 grooves/mﬁ and™52 x 52 mn ruled area.. The axes of the
four spherical adrrors and the normals . to-both.plane gratings are
coplanarﬁ - The two monochromators are optically identicai éxcept E
fﬁat the gratingsbof each are blazed at different wavelengths. . The
excitation érating'is blazed at 300 nm (1st order) in order to
‘stfengthen thé output ?f the xenon lamp which decreases‘below

400 rm. The emission grating is blazed at SOO mm (1st order) to
improve the responze for flucnesceﬁce at lonngavelengths.' Each
. monochraomator hasva wayelen@th range of‘QOO'to SOO{nm. The grafihgé
: of the monochromators are moved by motor-driven cans to which are
coupled graduated discs for visual observation and wavelength B

‘adjustment.

The fluorcscence signal passes from the sample to the/a"“¢y51rg
monochkromator and falle cn tc the photocathode of either an RCA
1 P28 or EMI 9601 photcmuitipiier tubs. The EMT 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 9607 was supplied by a Brandenbufg power supply and the éignal
recorded by either a photon counter or the photomultiplier

microphotconeter with its power suppiy disconre:ted.

The phetonultiplier microphotomster unit consists of the
assc ”‘“Lo circuitry for the ;q““”“w'rln7*rw tube and an zupiifier

which responds to the swall current pr@dueed by the photorulitiplier

tube and registers the anyg ied curcent on the

- - . .. . . . E
ST Ty ey ,\‘ B e IR AT VR D B R SN e e et N
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for normal line voltage variations. This is raquired as the dynode
current of the photomultiplier tube is highly sensitive to variations
in dynode voltage and therefora requires a stable power supply. The

line voltdge stabilizer aiso provides st 1llzod power to thQ

D

amplifier. A control for off-setting ar’ photomultiplier dark
current caused either by thermicnic emission or small 1light leaks

1is placed cn the microphdtometer. The zero acjust control permits
zeroing of the meter.rlThe meter muitiplier control allows the
ranoval of high voltage f e photomuitiplier tube, prOV1aes a
Zero reference voltage required for zercing the meter and'permlts
zensitivity variation in seven fixed stepé 1.0, G.3, 0.1, 0.03,»
0.01, 0;003 and 0.001 over a range of 1000 to 1 (relative intensity-;
of signal on the meter is a prcduct of ths transmittance scale.
raadlpg and the multiplying fector used). At the rear of the unit

are outlets for a recorder and oscillosccpe.

Tiie recorder used for plotting all the spactra was a Bryans X-Y
corder Auto plotter series 21000 [Eryans L:m_bea, Mitcham,
England). This required 200 -~ 250 wolts a.c. at 50 - 60 Hz,

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

rKe

pcreviously described the X-axis is directly lirnked to the wave-
length scale of the optical unit, and ths Y-axis to the rear of the

microphotaneter unit,

The Aninco-Bownern sps
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instrument and provides soactra that are uncorrectsd for the

varigtionin intensity of the xeneon avc output the monochromators

T gy o e 3 - S el L ote e T LRI T e IR - 3 4 -
characteristics are those of the photomaltiplier tube with wave-
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product of those parameters and has little absolute significance.
12,13,14,15

P

Parker and Ress 10, along with éhen ! and othér vorkers,
“have described a method for the correction of the excitation and
emission spectraAin‘order to obtain the "true" excitation and
emission spectra. The corrected excitation spictra are obtained

by correction of ine observed spectra for any variation in the
xenon arc lamp spectral distribution and the transmission characte-
ristics of the excitation monochromator. Thé corrected fluorescence
speCtra produced‘by allowing for the tfanémission characteristics
of the analysing monochf@matov and the variation with wavelength

of the detector sensitiVity. ‘Such procedures, Lowever, involl?
tedious point-by-point correction and unless a corgsectad srectra
attachment is availaoble (Ameriéan Instrument Co., Inc., Amincb—
Bowman spectfophofluorometer, Bulletin 1968, 2392~F 14) for rapid
production of those spectra this procedure does not appear worth-
while for analytical requirements;‘ though a certain amount of
standardisation in this field of analysis would be of no‘littl:
significance, Though it would obviously be cof 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-
cance, i.e. the meximun 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 determinaticns. In this
latter work an effort is made to cbtain the corrected area under
the spsctrun so that it may be compared with that of a stancard

substancea.



‘The interference from the cell walls caused by self-

1 . . . e s e
fluorescence 6 scatter or internal reflection is also minimiged.
- Another important cfactor in deciding wpon a suitable instru-
mental geometry is clecified when overall sensitivity is being

~ considered (figure 1.9).
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Fig 1.9 Methods for illumination and measurement

(2) and (b) right angle methods; (¢) frontal illumination;

() in line method.



Tnough the double monochronator system used here was very
satisfactory, several other types are available and they may be
more practical in certain cases. The use ef an instrument for
~employing a filter invplace of the excitatien menochrowator:appears

very attractive fortrace determinations because it allows much.
greater intensity and a wider spectrum of irradiation while a
moniochromator on the emission side allows more precise resolution )
of thée flucorescence radiation.. The light losses inside the gr#ting
monochromators used in the Aminco—Bomman system are rather great,
and therefore a large .increase in sen51t1v1ty may be obtainad by
substltutlng a fllter, HOWever, fluorescence ulgnals received

from filter instrumsits invariably include spurious signals from
1ight seatter, Raman emissiorn, etc., which cannot be differehtiated;
Therefore the choice of instrument depends on the comprcmise

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 instrﬁments
possess efficient monochromators, scattered radiation can still b=
a serious problem as the excitation and erission peaks usually

overlap or are very close to one another.

Instrunents that measure the fluorescence signal at angles
other than 90° to the incident radiation alec have advartagss.
Frontal illumination ic reguired for the study of colid sawmplas

and very strong solutions.
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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
o . . . 1 z 1,2
types of commercially available instruments 8’19"0’2 ’ 2323 and
before purchase <f any apparatus is made it is advisable to consult

these reviews.

1.6 " THE TRW-NANOSECOND SPECTRAL SOURCE SYSTEM |

The TRW Mode1_37B Nanosecond Spectral Sburcé (NSS) sjstem,
shdwh in Fig ili,cunsisté of the source,‘lémp housing and contfol
it and power supply which provides repetition rate Control and
high and low Voltage; The TIW Model 38A relay lens assembly'uuth "
a pair of quartz condenser lenses in the excitation and emission |
optical paths, provides chrcmatic focussing of light over the fange
200 tb 1000 nm from lamp housing to the sample and from the sample
to the detector. A twable 1nterference fllter monochrcmator
(Model 39A) in the path of emnitted light allows precise wavelength
seleétlon and maximum separation of the fluorescent pulse. Hodel
40A filter mount carrier in conjunction with moedl 37A filter.
Filter mount adaptor acccmmcdates 2 X 2 inch qlaés or interference
filters. A mount carrier constructed by Vara/apacwdmj 24 accormc—
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 Type 231A photomultinlier tube (3-4 response) incorporated in
a TRW i“odel 33A photorultiplier housing unit. The optical

arrangen ent of the TRW apparatus ig shewn below in Fig 1.12.



TRW ModeL -
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MONOCHROMATOR {FOR EMIz3ION)

Fig 1.12. Optical Arrangement of the TRW model 31B decay time fluorimeter

The sample chamber (Model .34A) accommodatés the sample
‘holder (Model 35A) for liquids contained in a cylindrical. fused
cueariz tﬁbe 7onm long, i.d. 8 vmzn, and wall thickness 1 mm. A
slight modification of the sample holder permits usé of the
guartz Dewar flask {fig1.12 for measurements at ‘liguid nitrogen‘

temperature.




- The source used to excite the sample, depending on the
regich 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‘tektrpnix oscilloscope, type 585A, with a type 82 duai
trace‘plué—in unit, was used in'conjunction with the TRW instrument, N
to display the decay traces. The monitor output of the internal
photomultlpller from the NSS system and the output of the external -
'Dhotomultlpller are connected to the input (A and B respectlvely)

£ the osc1lloscope, poth terminated in 50 ohms ior measurement of
decay;tlme up to about 100 nanoseconds. Alteration of the tnne,>
constant of the measuring circuit, by 1rcrea51ng the termlLatlon
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 meesuring a particular
decay time, and alse the time constantv(ich) of the measuring

circuit.

The time constant of the cecay signal should be ten times

that of the measuring circuit.

The decay traces were photographed using a Feulett Packard
czcilloscope Polaroid camera (Model 196B) with type 107 polarcic
£ilm. The lifetimes were calculated from these traces in the

photographs as described in Chapter 3.



TABLE 1.2 Madimum time constants of measuring circuit with TRW source for
particular termination resistances employed to measure decay.
times of luminescence

Load A |
Spimages  pecay re
SQ N > 10 ns l —
5G " > 20ns —
SC > 50 n= —
50 3100 ns =
100 > 200 ns | 20 ns = (100 -~ ) x (2x107 1 %pr)
270 2 540 ns ' | 54 ns
t -510 > 1.02 us 102 ns |
1,‘{) 2 2 ps 200 ns
2.2 K > 4.4 ps 440 ns .
47K | > 9.4 us %40 ns
10 K > 20 ps 2 ps
15 K > 30npus 3 ps
27 K > 54 ps 5.4 ps
AT K 2> 94 ps 9.4 ps
100 W 2 0.20 ms 20 ps
270 K | > 0.54 ms 54 ps
470 K > 0.9 ms 94 s
1 Meg. > 2 ms 200 ps
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- to 0.000SﬁAg in 0.003 ml
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SANALYSIS BY FLUQORIMETRY

In a general review of fluorescence analysis of inorganic
substances Shcherbov 25'1ists 20 elements for which sensitivities in

the rarge of 1 to O. yéir/mt may be obtained.

£ oS

Additional data on the fluoresce excitation spectra and

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

the same close correlation of these two types of spectra as 1s

26

evidenced in the case of pure organic compounds . The emission

s ; . . . . . L2
spactra of these chelates’are alsc given in this article. Turkevrich /

has reported on a study of the reaction of 50 Rhoedanines and 10 thio—

zolidine -2, 4- divnes as spot test reagents with various metal ions.
Filter paper was impregnated with the reagents and spotted with the

m=tal ions. He concludes that rhedanines are group reagents for Ag

<+ 1 /'
Hg2+, Cu', Cu2', Au3+, Pd2+ and Pt and the thiozolidines are group
reagents for La3+ and Uo§+ in addition to the icns listed above.

Stolyarcv and Grigorev have applied luninescence methods to the micro-

Getection of a numnber of
28

chexnicai elernents with a sensitivity of 0.1

The methods are based on the formaticon

of fluorsscent products by intrcducticn of micrcguantities of the

‘ .
elements into compounds or <rystals such as Cal or KT, Ga with

rhodamir.z B, Fb with py?vdlnc ard XI, and arsenic with ferrocynide.

Fluorescent reactions are also given for Sb and &n.

The reaction products of f-quinolinol with same 30 ions have

29

been survayed with respect to their fluorescence colours, extraction

v CCI., the proper oH for sxtraction and gpot reactions on paper.

\.k—

30 - o ‘ .
Pepovych and Rogers™  continued their study of the metal &—quinolates



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

. - . 31, 32
The studies of Umland and Meckenstock 2t 3

on the partition of the
metal complexes of 8-quinolinols, substituted in the 7—position, between
water and chlordfofm have,shpwn'sdmé interesting effects such as the

‘quaﬁtitative'extraction of the calciun complex when the chioroform'ﬂ,_
contains 2% n —»butylamine. The widély“éiétributed blue flﬁorescence
between 430 ana 480 nm-which is found in many minérals‘and commercial
chemicals has been shown to be caﬁsed by tfaces of organic matefials_

33, 34 and has made metal chelates with

pfobably'fréﬁ atmosphefic dust
i2 salicyladehyde condensation produCts and determined sone facrtors .
influencing the fluciescerce intensity; He alsoistudied‘the metal

_ chelafeé of the condensation products of resorcyladehyde:with hvdre--

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 rangss have

been establiched 36.

Bisho; 37 has reported on the pH requirements, complex
& 3 i

38 cf 8-quinolinol-

formation, and use of a titration indicator
sulforic‘acid with the metals usually dstermined with 8—quinoiinol.
He hasl also investigated the flucrescence properties ofvthe
salicylate compléxes of Cu, Ce, Ni, Zn, Mg, Be, Fe and Al;

Luminescence in the system 3b, 0,-Sb, O Can.be used to detect
< -2

3
small amcunts (0.1 ppm) of ¥n. The icns of Ag, Sn, Ca, Ti, iz,

and Ce do not activate the luminsscence.  Poron and arssnic ircreass

the luiinescence intensity whien Bh, O3, Fe, Ni, Co and Cu have
.’u’)
E [P £t ¥ 3 - o e - [N PR =
quenching effect. HBa and Dz produse ~ow lurminescent substancss .



qu é«pﬁnt materiais zinc suiphide and fluorescein have been used
— . . . : e .41
— as tracers on solids released in the atmosphere in fallout studies .

An investigation of the reactions of Pive salicylamines shows
that these reagenta may be used as acid-base indicators and also form

o A
fluorescent complexes with Be, Sc. 7“, and Ga sy 44

, Kirkbright and‘>
Stephen have reported on some metallofluor scent deriVatives of 2,21
diamino phenyli N, N, N', N ~ tetraacetic acid.and shown that of-32
ions tesfed‘Cu, Co, Ni, Mh,‘Pbrand Zn do no.form fluorescent chelates.
A general discussion of spectrofluoremﬂt*" as a trace i=ch-
nique in inorganic analysis which 1nc1udes»the requireménts for
apparatug, reagents, procedures; and 31 reféreﬁces has been given_

by&kst18

Andersbn and Hercules 4 have determined the fluorescnece
spectra and quantum efficiences of the thiigoxine chelates of Ca and
Zr. Davies 45 used chioroform to extract the 8~thio guinclates of
In, Ga, Cd and T1 and demonstrated their possibilities. Blyum and
.Pavlova 47 have extracted 24 complex and simple salts of Rhodanine B,
Rhodanine S, and Crystal Violet with benzene and benzene-acetone
mixtures and have determined their optical properties. These authors
also measured the fluorescence intensitiés of thes rhodanine complexes.
The higher sensitivity of the fluorescence metnods compared to

absorpticn methods was ascribzd to the lower blank values.

A review of fluorescence analysis of inorgenic subs tances for

3 M B s e - T e o~ N . SRR . 5 - - .
the years 1962 to 1968 vhich covers 30 elements, G and N H, and lists

o
oD
<,

~ me e A e = N G TSN S
288 references has appearcd in a Rusaisn publicarion ™.
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Analytical applications of Schiff's bases are reviewed with 66

references. The factors influenc 1nq the s ablllty and colour of the

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

(dicarboxyaminometﬁyl); 4,41—dihydroxy stilbene was found to form
fluorescent.complexes with Al, Be, Sr, Ba, Zr, C&, Y, La, Ga and Lu.
A review of tha luminescence characterlstlcs ot the halogen salts of

’Bi, Sn, Sb, Te, Ca, Ge As, 8i, CN, In, Au and Ag at 185 C 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,

[

dihydroxybenzylidene-o—-aninophenol and their complexes wlth a number
of di- and trivalent elements shows a mumber of applicatiwis to
analysis of metal ions. The 2,4- compound seems to produce the most

intense fluorescence in the chelates and the complex with Al in

51

70% DVF at a pH of 6.1-6.2 has the highest intensity The analytical

applicatiors of the flavonols as fluorimetric and colorimetriz reagents

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

g 23

referance s are listed 2 and in the other 11 . The authoraof the

latter article has also published a review on the anslytical amp¢1—‘”:

cations of the hydroxycounarins 4,

Hafnium complexes with morin in NH2SO4 and upon addition of

methyl alcohol it is pbssible to detect 25 ng of Hf in 5 ml of solution.
In HC104~HF complex of quercetin fluoresces without interference from

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

. : - 6. C . ..
a limit of detection of 10ng/ml . E—quinolinoil-5-sulphonic acid

unl

- by

was usad to mask Cu, Ni, Al, Fe and U interféerences and as an indicator

T L 5 e n o aye ﬂv ey - o 3 - ) e - I
Flierescence cpetra wore recorded for Cu (I) complexes with

s
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2—Hydroxy—1—naphathaldﬁhy de *orﬁé a fluorescent éomplex with Sc. and

a nonfluorescent caomplex with Cu to form the bosis fof the determination
of copper (1) by fluorescence titration 60. Tungesten may be deter-
mined by formarlon,of a Llugyescent complex with morin with a sensi-
tivity of 15 ng of W. The triphenyltin content in potatoes has bven
determined fluofimetrically after éompiex formation with 3—hydroxy—

flavone.

1.8.  METHODS FOR THE DETERVMINATION OF TRACES OF BERYLLIUM

t

Recent advances in the design of nuclear feaétprs have led
to a demand for hl e wormlng tesperatures. Thz2 use of beryllium as
a canning material for th2 ruel elements is attractive because it is
strong, light (sp. gravity: 1.784), has a low thermal neutron capture

cross—section ard a high melting point (1283°C) 61.

Beryllium disease has received extensive study since 1943
and the literature has been revicwed by Tepper et. al 62. No cases
of berylliun polsoning have been observed in mlners 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 handiing fluorescent powdars

containing berylliun 63.

Because of the above reascns the determination of traces of
berylliun is of pararo unt impertance. The following gensral mathods
. are comronly employed for the determinaticn of micrcguantities of

1"31’}’13““.: Colorimetry, f{luorimeiry and emission spectrography.



The colour reactions of beryllium are of two types. In one
~type the pH of the solution is usually adjusted to a Va;ue which‘will
cause precipitation of beryllium hydroxide, whichvthen absorbs the
reagent with.a change in colour. This is lake formation. The other
type involvés reaction between the dye and beryllate, the'pH’of the
medium high'enough té’dissolve beryllium hydro<ide. On the whole,

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

Befylliﬁm can also bé determined by spectrdgrapﬁic methods;
one'sﬁch method a comnercial plasma jet was modified by replacement 
of the direct-injection system by a nebulizer chaier tb Givé improVed
Stability and permit instataneous photoélectric read-out when operated
in'conjunction with a grating monochromator with‘ﬁon—integrated photo~
electric dstection similar to that used in flame spectrometry. Fof 67
elements detection limits are reported and some are compared with the
Corresponding vaiues for a NQO—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, Fb and Ti were detected by
emission spectrography after evaporation of the sample in a platinum
basin dn a sand bath or in vacuuo at 100°. Optimuﬁ operating conditions
and a procedure for the determination of Mn were established 66. A
method for the simultaheous spactrographic determination of 7Zn, P, S,
B; Be and F with a plasma current for excitation has been desctibed

57

Along with spotregraphic nethods atcmic absorption spotro-

vhotaretric methods are alse azplied. MNakahara et. al. have

CIIlum an aqusous solution by measurencent of absorption
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.atlthe 234.9 line in'the NQQ—acetylene fléme; the calibration graph
Was rectiiinear over the range 0 to5 ppﬁ 68,’ They reported the
effeéts of 33 elemeﬁts at 100-fold concehtration, of acids éhd 11
water miscible organic solvants (ketones and alcohols); They also
describad the application of the method to the'determination of 0.01
toc 0.5% of Be in alloys based on Al, Cu or Mg; There are many such
methods for the determination of beryilium_in alloys 68. Fluorimetric

methods will be reviewed elsevhere.

fhére éré other nét»so ComTon Or ?réquentiy used teéhniques
for Beryllium: Thus, eg. Gallai gg;_gg;.‘déscribed an amperometric
method where optimum conditions for the amperometric determination of
Be by tiffation with 5-(bis—(Carborymethyl) amino) barbituric acid
using an ancdically polarised graphite electrode are given.. The -
titration was carried out in acetate buffer at pH 5 - 6 at a
potential of 0.6 to O;8V. The methed is suitable for determining Be
in tha range C.11 m to 0;11 M in the presence of Al, Ca, Mg, Fe(IiI),
Fe{I1), ™n(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, chromateographic and photon
activation techniques; these, however, have not been widely adoptéd

for trace analysis. |
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2.1.  BIOTON r‘f"*“fr’vﬁ

When light interacts with matter energy is absorbsd or released
ih'quénta or photbns; Each photon can give up an energy equal to hv
where V is the frequency of the 1ight and h is Planck's constant.

The output signal of 2 photomultiplier tube is inherently digital as
a result of the quantum nature of the phutoelabtrlc effebt Accordlng

75 the advanbages of phocon pountlng

to Franklin, Horlick and Malmstadt
are direct digital processing, a decrease of effective dark current by
rder of magnituce, improvement of signal-to-noise (SNR) ratio, accurate

. . ' . .o .. o
signal integration, imprved 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 waak signals.
The technicue finds more application today dus to the development of

fast electronics.

In studying biclcgical systemns by methods that employ light
energy, there are dangsrs that Intense sources will cause photo-
dacomposition processes in the molecules. The alternative then 1s 1t
use mederate sources and develcp sensitive detscticn svc tems that will

raespond to the low light levels that result from molecules or atongs,

bty
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nalysis wo qu benefit much from such detzoticn systems.



Since Mauushadt
counting as a detection tecimique in abscrption and emission spectro-

piesent,d & paper évaluating photon

scdpy, a fair amount of work has D@ﬁn performed. and presented exploiting
"~ i1s inherent aavantdqes. Morton 72 had already presented the funda-

_ mentals of DhOuOﬂ counting and analysnd basic systems, 1i.e. 51gna1—to—
noise treatment of data; detector selection and dlsorlmlnatlon of
useful pulses, thosé pulses that criginate from the photocathode as a

74-has amployed SPC in atomic

result of incidenrt photons. Sharp
spectroscopy. He demonstrated the advantages of using a smail time
constant and discriminator levels as low as DOCSlb¢e all aime d at

resolving photon generated pulses.

SPC, because of its éuperidfity and édvantages over analcéue"
techniques at low light levels due to low sample concentration or
high instrunental résolgtion, is increasingly being applied to moie—
cular fluorim;try, kinetic studies and other photochemicalbprocesses‘
Tuan and Wild-76 have utilised the advantage'of ﬁsing 1ong ccunt times.
They have also proceaded to interface their system with a comuter and
have be=n able to process their spectrzl data corrected for dark Coﬁgf
and wavelength drift. They have therefore obtained quantum yields in

good agreement with earlier literature values.

2.2. PHOTCMULTIPLIERS

At presant the most commonly encountered detector used for

the photon counting 1% the UY/visible region is the photomut tiplisr "7,
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Fig 2.1 Schematic Diagram of a Photon Counting Detection Sysiem

_Figure 2.1 showé a schematic diagren of a photon counting
sysfemvusing a phétomultiplier as the detectdr. Li§ht cominé throuch
the optical system via the lenses L1 and L2 falls on the multiplier
phatocathode; Each photon has a probzbility K (frequently called
'quantum efficiency) of causing the emission of a photoelectron from
the photocathede. This quartum efficiency deperds upon the material

Xl

of the cathode and the wave;engbﬂ cf the ircidert 1lignt. The photo-

]
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«
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3
a
o
-
n

multiplier consists of a series of dynodes. Th
bilased positive with respect to the vnotoczthods so that the emitted
electron is accelerated towsrds =he first dyncde. At the same tims,

the first dynode is biased regative with respact to the and dyncde

negative with respect to the fourth. CF the elsctrons emitted by the
cathode only a certain fraction» reazches the
- outpul pulses of electrons. Obviﬁaslx, tha photemmlizplier decigner

A o St oo ; e ey T~ P P U LN S
and manufacturer attempt to maks ¥ the colleciion sfficiency of the
i ‘

e + < P S S g A SO ey e
GEVICe 28 ¢close To un Lty as pozzible.  IF the arrival rate of phoions

irst dynode and WTuﬁ¢C€



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

at the output of the tube during the time t is given by Ne = n pkq't?

After appropriate electronic processing,_theée"vases are recorded

in a counting system.

Less‘iﬁformation is lost by handling thé information digitally,
since this removes to a first aprroximation the effects of gain‘ |
instability which are marked in analogue uses of photomultiplieré 73.
Also‘treating data digitally has an advantage because the counter can

pe interfaced with modern computerised data'handliﬁg systems 74.

Typical photomultiplieré have from 9 - 20 dynodes providing
gains in the rangé of 10° - 108. The gain is also critically dependent
én the voltage applied across the dynode chains. The power supply
voltage fluctuation is important to the photon cvunting method as the
f;uctuation,.although it does not affect the counf nutber, will affect

the pulse amplitude.

e
. . . PR Pl
Consider a PMT with a collection efficiency = (_
Transfer efficiency = V!
- - {\'~
Secondary emission coefficient = ©
Number of dynodes in chaim =M
| PR
. 7 Vol »
then the overall gain G = i C/ ... .. ... (2.2)
& |"
. [FA . S s
usually expressed as G = LYl Liiiiiiiie.... (2.3)
where M = overall EAT sensitivity (A/lumen)

S = cathode sensitivity (/- A/lunen)
}
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Tie lectrons which traverse the dynode chaid do so over different
paths and therefore arrive at the anode at different times. It has -
been shown that the time distribution of electron arrival at the anode

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

'{"" o ; i \‘ ST EE
j;a_: \':”\Q/ g_,.é‘ '{‘Z/XM’) ! R A (2.4)

RS N i WS RV -

I }\_} . P ) L

charge on the electron

D
@
D
it

& the standard deviation

t = vime

The width of the pulée’is an importént consideration in ﬁhoton

counting, because the technique depends on time resolving individual
puises when the average rate of pulse arrival is high. Tubes producing
narrow pulses are.therefore superior for use in photon counting systens;

1

2.3 ~ PHOTTMULTIPLIER DARK CURRENT

A photomultiplier placed in tofal darkness in the absence of
incident light will still generate current pulses. These pﬁlses give
rise to the "dark current" chserved. This dark current varies from
tubs to tube. The dark current may be the result of the follcwing
causes (a) thermionic emission from the cathode or other internal parts
of the device (b) leakage currents cver the envelope material or
thrcugh tube base, socket, or circuit insulation {¢) pulses Qriginating
from radicactive sources (d) cold fielz cmission and residual gas

icnisation. Thase causes will be discuzsed here below.



{a) Thermionic emission

For most photomultiplier tubes thermionic emission from the "
.photécathode is the major contributor to dark current. Thermal dark

current approximately obeys the Richardson law

;1:‘ax1§T2ap-MJ6xm4%)“““u“”.(&ﬂ”

Where T is the temperature

1 = length

and ¢T'is the theymal work function.

The tempsrature occurs twice in the ekpression and it is generally
fouﬁd that cooling the ?MT to about —4OOC is sﬁfficient tovréduée

the thermal dark current effectively to zero. Another way to reduce
the thermionic emission current is to reduce the area of thevcathode;
However, provision must be made to, focus all the light to be measured
onto the small cathode, otherwise the signal current will be reduced
proporticnately. Thermionic emission can also ccour 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. Thermicnic pulses from the dynodes can be disti-
nguished from photon pulses becaqse in general they experience less

gain and are therefore smaller.

The leakage current over the surface of the phototubs envelope

mzy - often be reduced by carefully cleaning and drying the surface to

redute conducting  contanir

5. Low leakage base and socket materials



should be used. Cne excellent method of eliminéting the effect of
1eakage cury ans in the ouLput is to apply a circular bana of
'electr1c1ty conducts vq’pal‘t surrounding but not touching the point
at which the anode lead pas%§§‘through the enVelope;’. |

(c) Pulses origirating from radicactive sources

' The envelope ‘glasses used in photomultiplier manufacture

contain residual amounts of natural g0

isotope which emits

particles that result in pursts of Cerenkov photons,from the glass. .
Cosmié particles can also cause'dark puléés by secondary emission
from the photo—céthoda and dynoc— surfaces. Cerznkov radiétion and
residual gas ionisation; Finzlly, glasé Pluorescence may occur when .
the tube is used in the presence of radiation sources; Generaliy
pulses derived from radicactive sources afe 1ar§ef *han photon pdlseé

because a burst of photons or eilectrons is generated in a time that is

short campared with the ancde pulse-width.

(d) Cold field emission ard residual gas ionisation

When the photomultiplier is operated at the recommended
Voltage pulses from these sources are not important. However, they

are the major dark current component at hlghﬂv voltages.

2.4. PULSE PILE-UP IN PHOTON COUNTING

Two effects are possible due to pulse 'pile-up' at a fixed
discriminator level. Two pulses which should eacn be counted can

bile-up’ oo that only one count is recorded *'. Thic ususlly OCurs



e =
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o t high 1light levels wvhen the»p;1$9~r§sq}gtlon of the cou@tlng system
is inadequate to deal with the pulse arrival rate. A net 1loss Of one
count results. Two smaller ?ulges cen pile up and sun to produce a
pulse large enocugh to be counfed vhen neither pulse should have been
counted, thus a net excess of one count iz reccrdad. The discriminator
level determines the relative importerce of thess two effects on tne
recorded count. At low discriminator levels, when a largse fraction

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

of pulses due to pile-up. ,

2.2. SIGNAL-TO~NOISE RATIO COHSIDERATICHNS IN SFC

When the phofomultipliér is cpen the signal ¥ obsefvéd on the
output (digital or analogue) is a measure cf both pulses due to
photons and pulses due to dark current. lience the signal required is

S, = N-D . , (26)

where N = Total signal count

D

Dark current count

To determine S an additicnal measurersnt of D must be made with the
photomultiplier closed. Hence we intrcduce errcrs in both the values
of ¥ and D. These errors will add indzpendantly in the form of their

standard deviations and the total errcr will be civen by
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(count period) of ¢l™= at » preset time.

o Using a similar argument the standard deviation of N = (N)%
and D = (D)% . quh‘measﬁrements are independent and the standard
déviation,(z;, is given by (N + D)% and the signal—to—noise ratio
is given by |

S = N-D_
o (N + D)? e e e. (2.9)

In the inétrumental system used in the preseht work the signal—to;
noise ratio for the analogue system was measured connecting the

photomultiblier outpuat to the Aminco microphotomster and then o a
chart recorder. The signal was taken to be the mean diffévence _

between the reading when the FAT is open and reading when it is

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

2.5 NOISE IN PHOTOMN COUNTING'

.

Poisson Nuise

Poisson Noise is a fundamental source of noise associated
with all randcm processes. The measured variance results from finite
pericd 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

2
(GNo )P = No_ = N_BUA tiereiineeinnnnennns (2.10)
s s s 7\ : _
where A = fracticn of photun derived pulscs
No = cbservad count rate

first dynode collection efficiency

It



. Similar expressions can be written for the background and dark count.
In d.c. systems Poisson ncise is usually referred to as 'shot noise'
and is expressed in terms of the mean ancde current and the noise

equivalent bandwidth AF

e

((Té.c%p = \/m ,\jfy e (211

Jcohnston Noise

‘Electrons moving'thnough a cenducior ccntinually exhange
energy with the thermal vibraticns of the lattice ions. As a result,
rondom fluctuations in the Cha;ge dersity o:cur'caﬁsing vafiations in
the potential drop across tne cenductor.  Johnston noise is therefore

another fundamental source of noise and its variance is given by

teeearsiasneseenes (2.12)
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where k is the Boltsmann ccnstant

°f

is the absolute tewpsrature
R is the resistance cf the conductor

arxd t is the observed or integraticn pericd.

This equation shows that Johwmston rnoise is most likely to
occur in the load resistor, RL’ vhere it may result in the generation
of spurious pulses. These pulses may either be counted directly
(at very low discriminator levels), or can take nart in prcducing
puise pile-up by either of the two msChanisms., “onerally, howsver,

the variance term dus to Johnston noiszs will b= much less than terms

dus to Poisson and flicker noice.
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Flicker Noise

The previcus noises are fundamental but flicker noise is caused

' . . A . ‘ -84
by non-ideal behaviour of the experimental system 83 4.~

<
Signal and Backgriwnd Radiation Flicker Noise .. .

Signal and background flicker in molecular luminescence can
result from lamp flicker and general external influence on the expari-
hental system such as vibfation. The variéncé due to signai flicker
may be written (CTQNOS)f =" gs? Nqi = (s Es A ¢1i)‘..;.{.....(2.13)

. . . . . . 8
where ES is the dimensionles: "flirker-facotr' for the signal 5.

Likewise, the variance Cue o ‘ue background flicker is given by

(G %Nob) P = E?b Nogb = (g A9

{

1 e (214)

Flicker in the Counting System

Flicker in the PMT gain, émplifier, discriminator level and
photo—cathode quantum efficiency ete., result in a broadening of the
pulse heigit distribution. This Goes not in itself constitute noise.
particularly when a low discriminator is uged. 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 obsarved count with the discriminator level is at a

mascimum.

Read—out locise




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 MEASJTEMENT TECHNTIQUES

Photon counting has been proposed as a measurement technique for

75, 78, 80. There are

Severél analytical spectrometric applications
severél reasons why photon counting teéhnique appears to have inherent
advantages over the conventional d.c. method of measurement of light
intensities.- First, radiant flux information is prx:zssed in a

discrete menner, reducing the number of donain convers.cns 81,necessary
. to obtain a rumber related to the incident 1ight Levelf Second,. the
processing of information by digital circultrv makes photon counting
detection less éusceptiblé to the long time drift and 1/f noise ‘thich
often limits analogﬁe systems. This feature enables the spectrometrist
to utilize much 1onger averaging times than would be feasible with d.c.
detection where low frequency noise components can predwminate-at
narrow msasurement system bandwidths; Other advantages of the photon
counting technique include the ability to discriminate against photo-
multiplier dark current orginating down the dyrnode chain and the

-
/5
.

virtual elimination of the reading error which can limit analcgue systems

/
Despite these attractive features, there are drawbacks to photon
counting, particularly at the imoderate to high light levels encountered
in many types of analytical spectrometry. Pulse overlap limits photon

counting to relatively low light levels urless deadiime compensztion

=

or mathematical correction techniquas are ucad “.  Light lovels

which result in a e puise £ 10 Hz represent the ususal unper

e (' - PR
i nfetho—grs!
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electronic circuitry. At normal photcmultiplier gains of 10° to 10°

this correspunds to an anedic current of only 1678 L1077

A which is
several orders of magnitude less than the‘maximum anodic current for
linear operation., Thus using a phobnultipliér in the dfc. mode
allows the measurament of 11ght 1nten51 tieis several orders of
magnitude jreater than can be measured with !inearity 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,ruse of photon counting mayllead to decreased SNR's if the 1ight
level is purposesly reduced for good 1inearity; In manyvanalytical-
spectrometfic applications, measuremtrs must be nzic in the pfeéence
of background radiation. Thus even when signal strengths are low,
the presence of large am;unts of baceroUnd ma? éause pulsc rates to
be higher than can be measured without pile up, another drawback to
photon counting at precent is the complexity required for processing
the data to cbtain numerical readout in the appropriate units. = Such
opsrations as taking the logarithm, the ratio, or the reciprocal are
cormmon in spectronetric applications and require ccm@ﬁter ééta pro-
cessiny for photon counting with a single beam spectrometef uriless “
a conversion back to the analogue domain 1s performed with its
consequent errors and ﬁon—linearities. This latter drawback is

beconing obselete with the increased availability of small dedicated

laboratory computers.

AW
X

AYALYTICAL RESULTS WITH THE COUNTING TECHITIQUE

(a) Effect of coolinag the photomitviplier

The RCA TP28 photonultiplier !zide-windeow) supplied with the
commercial double monochrenator spectrofluorimeter (fmerican .

Instroront Cc“:apf Silver Spring Maryiand USA) was replaced by the
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EMI 9601 T

{end-window with a response S-11). This photomultiplier
vas placed in a housing that had a cooling facility. Dry'ice vas
used for cooling.

In the expsriment to.cool the PMT, dry icé was placed in the
spaée outside th= PMT hcusing and coollng wégicaused by conductlon,
Quinine sulphate (10 M) was used to produce a luminescence signal
at 45O 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 seen that ét time 0 minutes the
counts werse about 4570 per 10 secs but after 1% 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
coOlinQ 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 le“s advantageous, because

the noise contributicr of the dark current is then relatively small.

(b) Voltage Optimisaticn

In optimising spectrophotochemical systems, various procedn*ﬂs
can be used. To optimise voltage‘in cur work signal-to-noise ratio
was used. Once an experession for S/N is kncwn, then optimum valuss
of eabh experimental par tﬂﬂ can be calculated by the standard
maximisation technique of taking the partial derivative of S$/i with

g

espect w0 the parameter of interest, X, cetiing the partial demi-

}_l

vative equal to zero and assums that all instrumental parameters are



- independent of each other then

s
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where vy and z are other experimental variables held constant during

the optimisation precess.

To pptimise voltage the spactrometer slit—width’(the,only
othéf'variable parameter) was held constantvvkdle voltage was varied
from 1000V to 1400V, at Iintervals of 50 Volts. At.each interval the
signal produced due to 10-6M quinine sﬁlphate so]utibn and the dark.
count were takeri. Ten readings of ezch were taken and the average

plotted versus voltage. The cptimurn voltage was obtained at 1200V.

N

[UM]

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 besn deveioped (eguaticns 2.8 and 2.9).

Bquation 2.2 is derived from actual standard dsviations of a sample

Q

f readings. Equation 2.2 derived ‘rom the assumption that the
standard deviation of a single coun: is zpproximately egual to its

square root. The former equation takes into consicderation the lamp

9

flicksr contribution to total noise while the sscornd doss not. It
[ | -

e~ = B S - 3 [a V4 LI ~ - N N - % .Y - 1
was argued That when $/N values wers worrzd cuT by Soth methods they

are aporodimately egqual then It was chserved
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Tt was found that the wider the slit the Qreater the S/N
 observed. A value was therefore selected that gave vélues of S/N-
which were appfoximately’equal.b 51it arrangeﬂent 2 (half-band
wigth of 2 mm throughout), on the excitation side and slit arrange— '
ment 4 (half-band width 4 nm) of the emissicn side were chosen and

- kept constant in all subsequent work.

Seiection of Optimum Slit Width

" 81it Arrangement 2

Sample Signal - Background noise siqnall Blank signal

21,696 7181 - 3766
22,746 . 6978 ; 8572
21,779 ‘ 7245 . 8835 ‘ 
22,299 . 7283 - 8808
21,725 | 275 ‘ 8718

S/N = 76.06

S1lit Arrangement 3

Sample Signal ' Background noise signal Blank signal
121045 7955 20413
120149 | 7805 21000
120953 | 7956 | 18253
117930 7853 17869
117355 | 8041 17890



S1it Arrangement 4

‘vSample Signal Background noise signal ) "Blank sigﬁai
281750 786 o 57993
280865 o 7932 - 57283
280054 8077 | 52080
280155 . ﬁ  7820 | 51989

280550 7924 49967
S/N = 399.18

S1it Arrangement 5

Sample Signal ‘Background noise signal - Blank signal
507257 8062 110854
501302 : 8035 ’ 113075
502139 8172 ' 116562
497550 8049 . 117344

500745 8050 C 116206
S/N = 494.00

It will be noticed\ffom the above results that although fhe
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 a?rangement 4 on the
enmission side would transmit significaut amount of fluorescent

radiation to give linsar calibration graphs.
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S 2.9, EXPERIMENTAL COMPARISON OF SPC AND ANALCGUE SYSTEMS

Samples and Methods Used

Thianine:

.~ Thiamine or vitamin Bl can be analysed by varicus methods
classified as microbiological and chenical. 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 backgrouhd fluorescence.. This .
procedure followed was tﬁat reccemiended by Ohnesorge and L.R. Roger589

where thianine is oxidised to thiochrome.

REAGENTS

. 12H17N4OSC1;HC1
(BDH laboratory reagents) was dissolved in 0.07 NHC to make a 10-2M

Thiamine (aneurine chloride) hydrochloride Ci

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

gerator. Ddlutions were made as reguired.

Buffer solution(pH 7.0) was prepared frcom analytical reagents

grade citric acid and dibasic scdiun phosphate.

3.6N H, 80,, and 15% NaOH solutions were prepared from
reagent grade chemicals; 1% K3Fe (C}:)6 Was prepared and stored

in the dark.
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flask was shaken béfore being placed in the dark. After 10 minutes
in contact with the alkaiine oxidant 2.le of 3.6N HéSO4‘was added
with shaking to neutralise the base and the sample was diluted to
volume with pH?.Oibuffer solution. After the solution had beeﬁ
ﬁixed and allowed to stand in the dark for another 10 minutes, the
intensity of the Fluorescence meaéured at 460 mm with excitation

at 360 rm.

CODEINE:

Codeine was dissolved in O.1NH2804 and treated as such,:i;é.

dilutions made as required.

- QUININE SULPHATE

Quinine sulphate was also dissolved in O.1N H28047 It was
usad in standard work and later used for this comparison of the

digital versus analogue detection systent.

COPARISON OF LINEAR RANGE — TABLE

For Analogue ard SPC Techniques

Compound Analcoue Detection SPC Petacticn
Quinine Sulphate 7 ppm - 9 x 102 ppm 5 ppm —~ 6 X 103
Codeine same . same

Thiamine - 0.4 - 4.8 ppm 0.074 —~ 6.8 ppm

pom
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COMPARISON OF DETECTION LIMITS - TABLE

For Analcgue and SPC Teclhmiguess

~ Compound Analogue Detection - SFC Detection

QuinineFSulphate 2.7 vom ' 3.6 x 'IO_2 ppm
Ccdeine : 2.8 x 107 ppm _ 3.5 x 1072 ppm
 Thiamine 4x107 ppm - 1.5 % 1072 ppm

Tne linear ranges mentionsd above can be clearly seen as plots in

Figs 2.4, 2.5, 2.6 f0r~Q.SO4,vcodeine and thiaﬁine respectively.

[

CONCLUSION:

It ié evidént that the SPC Detection limits are better than
those of the analogue SysT . The SPC signal is not affected by
background ncise as nuch as the anaiogue signaz'since the formef,
filters in shorter circuitry. Due to the sane reascn, the linear

range for SPC system is more expandsd,
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3. . LUMINESCENCE LIFETIMES AND QUANTUM YIELDS OF INORGANIC ICNS

©3.1. INTRODUCTION

The luminescence.of aqueous solutions of halide salts

contalnlng hsawy Letal ions has be en studled by several wo”fer:.
90
)

hat ol
K

The fluorescen:e observed from solutions of thallium (1

9

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

their determination. The viclet fluorescence observed in both

cases has been attributed to complex anionic TlClg" and PbCli_

. 2 ' . .
species %2, The 1ow temperature luminescence characteristics

of several heavy metal I~ns have been investigated and used for

the determination % some of their media in hydrochloric and

hydrdbromlc acig 937101

The luminescence quuntum yield of thallium(I) in aquecus
solutions has been found to decrease slightly with increase in

concentration of the chloride von10? and that of agueous HC1, Hzr,

and LiCl soiutions in the presznce of thaliium(I) and lead (II)
ions have been found to increase considerably with decrease in
103 L 104 . . S
temperature , and . Similarly the luminescence lifetimes
of thailium(I), lead (II) and bismuth(III) ions in lithium
chloride soluticons have been focund to increase with decreass in

temperature 105.

3.2. MEASUREMENT OF LIDMINZSCENCE LIFRTIMES

Tne experimental procedures for measurirg luminsscence
laifetines vary ording to the order or magnitude of the cscay

o Y DR TR 2 L g i e ol lorcen
R RS Phiogphnorescence lifetinmes are almost alsw SIS TRUC n 1o RS
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than fluorescence lifetimes and are theréfqre.easier to measure.
The simplest method fbr measuring 1on§ lifetimes is by recording
the luminescence emission signal as a function of time after
complete termination of éhe excitation radiation by means of a
rapid-mechahica15Shutter. For lifetimes lcnger than about one
second, a strip—chart recorder may bz used. For faster decay
times (e.q. miiliseconds), an oscilloscbpe with a résponse timé
ﬁuCh smaller than the sample decay time can be employed to reéord,
luminescence intensity as a fﬁnc ion of time. If the 1uminescence

~4

per51sts for a perlod up to 10 sec. after the removalvof

Lyﬂltlng radiation, mechanical shutters cop51st1ng of slots in a

rotating phosphorescope can OPChOppérljiSC are uScd'OG.

The deéay time of prompt fluofescence is genefaliy of.
the order of several nanosecdnds, and fof such decay periods
echanical shutters are replaced by electro-cptical shutters.
The methods uséd for measurements of fluorescence lifetimes

include phaSC—shlft techn1ques1o7 115

3.3. MEASUREVENT OF LUMINESCENCE CUANTUM YIELDS

Several types of method have been described for the

determination of the quantum yields of solutions. These include

. L. 116
the use of standard scatterers, such as magnessium oxide or

17

colloidal solutions,-1 or relative methods which substitute a

compound of known guantum yield in place of a standard scatterer
as a reference. Calorimetiric metheds have also besn described as
precedures for measuring quantum yi2lds, wh ave calculated from

the energy vields ohtained from terrerature changes during

. o 118-120 . :
irradiation .. In the work rezported'thez relative method



utilizing bsnzophenone as a reference for luninescence quantim

yields has been employed.

Reagents:

Metal Salts:

Potassium'antimonyl tartrate, Bismuth pentahydrate Cerium

v Chioride and Uranyl hitrété hexahydrate were used to prepare 10‘2M
‘solutions in 6MHC1. Copper iodide was dissdlved'in 1ithium chloride
(7.4M). Thallium chloride and lead chloride solutions were trepared
in lithium.chloride. ~nalytical reagent grade éoncentréted hydro—
chioric acid (Hopkins and Williams Limited) was used. This was
préepared by dissolVing benzophenone in EPA (5:5:2 V/V mixture‘of
diethyl ether, isopentane and ethanol) Benzophenone (AR grade) Was

used as a standard at 77OK.

3.4. MEASUREMENT OF LUMINESCENCE LIFETIMES

Tne apparatus used for measuring the 1ifetimes-was the Tﬁw
nanoseccnd spectral source systen described in Chapte“_W. The signal
was measuraed across a suitable load resistor and preampiified and
displayed on the oscillosccpe. The luminescence decay traces were
photographed with the Polaroid oécilloscope‘camera from the face of
.the oscilloscope. Fig 3.1 shows the decay trace obtained_fof a
3

M solution of Thalliun (I) in 7.4M LiCl at Liquid N, tempsraturs.

10 o r












Procedure for calculating 1ifetimes

Simple lcg intensity vé time Plots were used to Caléulate-
the lifetimes from the decay trace photographs. The traces obtained
‘with almost all the ions were.quite diffuse, and had an appreciablé
thlcknesc due to signal noi é » nTherefore for each trace two readings
of intensitiez were msde from the photd«raph;“one from the basé'liné'
to the bottom of the trace. Flots of log inﬁenSity vs time wers
iinear obtained from each photograph, and correspondingly two iife—
time values were calculated from their slopes. The plots of 109 -
'intensity vs time were linear in all instances. Each df the lifetime
values showm in tabie 3.1 and 3.2 is‘the average.of the.two values
obtained as describec: above with an error of hélf therdiffefence;

The oscilloscope time base was assumned to be correct.

3.5. MEASUREMENT OF QUANTUM YIELD

The procedure employed for obtalnlng the quantum yields of
luminescence at room temperature was the relative methed. The area
under the luminescence: emission spectrum from a sample solution was -
comparez with the emission from a substance of known quantum yieiﬁ.
The reagents were excited at the waveléngth of theif excitation
maximum and the ratio of the areas undsr the 1uﬁineécence Tissicn
spectra enables a determinaticn of ths quantum yield of the unknown
to be made. Benzophenone was taken as the standard at low tempera--

ture (77OK ) and its quantun yield was taken as O. 67122

The total fluorescence zmissicn F from a soluticn is given

by the egquation:

F=kI

o (1—-10 '{u PR T R B I S N R S T S A P {jl'}l]

where I 1srelative intensity of exciting light,



For standard and unknown sarmple irradiated at the Wave]enth

- of the excitation maximun the equation becomes:

~X4

1*0 (1-10 ) O

it

Fx

Fs 1% (1—1O_ﬁ51).¢s.

L +S '_ -AsL : .
@r = @Ps.Fx . Io (110 7)o (3.3)

Fs To (1-157%%)

where F is the area under the corrected fluorescence emission
spctrun, Io is the relative intensity of the exciting 11ght at the
wavelength of exzitation, @ is Lhe cuantum yiEid; A is the absorbance
of the solution at the wavelength of excitétion, and 1 is the bath
1ength of the solution Subscripts‘x and s refer to the unkriown and
reference solutions reépe:tivelw. For dilute soliutions, for which

cnly a small fraction lighnt is aboscrbed equation 3.1. reduces to

#x = @s.Fx . 1%

2B (3040
Fs T'o A%
This equation was used for calculating the quantun yields of
fluorescence of scme starndard compclunds.
/

The quantum yields (@) wers corrsected for the different
refractive indices Of the solvents Ly muitiplying 9 by the ratio
(ﬂgﬁiﬁ% )2 vhere 4115 the refractive index of the solvent. In 6ur
case the refractive indicss of ZPA 2nd iithiun chicride had to be

determined at 77 Ok. The refractive indsx of 174 was available in

N

a
‘<2 (1.48) but tha

bd

literature

-0, e \
T 777K but at temperaturss iz idex

s

i LI - PR i 2 I ~, T e Yo e m o e oo
nEd to he extrangliated down to 7TV The vaius obtaired was 1,436
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Luminescence measurerents were made xqth the aminco-Bownan
spectrophotofiucremeter (Chapter 1). Silica tubular cells
(d1 imensions 200 mm length, i.d. 3 mn and wall thickness 1 mm) immersed

-

directly in liguid nitrogen in a Dewar flask were used.

Procedure

The recorded luminescence emission spectra of the solutions

of unkmown and of the standard benzophenone in EPA were corra~ted

usihg the correction factors obtained by Narayanaswamy 24. The

areas under the curves were then calculated by y51ng Slmpson s
121

‘Rule . Lead A thallium were determined in this way u51ng

Abeniophenone as the standard. Cleanliness of the sampie tube and

the Dewar flask (to reduce bubbling of 1iquid 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
conditioﬁs 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 marxed.

Results and Discussion

The measured lifetimes of inorganic ions in 64 HCI and LiCl
. . . O, . .
at liquid nitiogen temperature (77 °K) are given in table 3.1. Each
mean lifetime shown in table 3.1. is the average of at least two

determinaticn and was calculated as described earlier in this

chapter

@

The log intensity vs tims piots for all decay trace

found to be linear, which indircatss thet the luminescence measuri-

SR ATV T TR = N 3 o R e L
ment from all the 1ons decays sx<ponantialliy.

S/ 2 o/



Frcm the work described here and that of other authors, it
is evident that abscrgtion and lﬁminescence‘observed from heavy
metal ion solutions in 6M HCL and LiCl correspond to the electroﬁicr
transitiuns of the respective free ions and ccrreépond to the
transitions between the lowest excited grpund and excited{electronic

states. The luminescence correspond to spin-forbidden 3

P ____$71So
transitions and the 1ifetimes shortened due to the heavy atom

effect of the metal.

Iﬁ should be pointed ouﬁ that on tﬁe basis of heavy atom
effect oh_the lurinescence, it is difficult to evplain the 1dng_
- 1ifetimes of Bi(iII) ion luminescence in both €M HCl_and LiCl.
.Iﬁ Ce(IIi) ion, the 1uminescence 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 &nd Lithium Chloride

Luminescence 1i§etime/U.seconds

Ion | sait Ussd €M EC1 7.£1 LiC1
TL(I) T1C1 4.78 + 0.76 5.20 + 0.28
Pp(II) | PB(NOy), 34.0 + 4.0 31.5 + 9.5

] Te(TV) Te powder 7.22 + 0.77 W
Bi(III) | Bi(NO;),.5H,0 5922+ 440 4300
Ce(III) | Ce(NO,),.6H,0 0.2£0 + 0.005 | 0©.033 + 0.006
U(VI) | U0,(NO,) .6H,D 535 + 30 580  + 10

w denctes weak lurdnescance signal that decay trace could not be



" TABLE 3.2 Luminescence Quantimn Yields and Lifetimes at 77OK
in LiCl Quantum Yield of benzophenone is O, 67 122
Ton Quanitum Yields | Lifetims Measured | Radiative Lifetime
Lnuﬁlsec Tzifksec
T1(I) (a) (b) (c)
T1(I) 0.60 + 0.04 5.20 + 2.8 8.67 + 0.24
. Pb 1L 0.25 + 0.025 37.5 + 9.5 126 + 9.475
(a) Each result is the average of at least three determinations
by Each. result is the average of at least two determlnatlons
(c) Calculated using the equation (.8 = (o

The radiative lifetime ('7;) is related to the measured
lifetime ("L and the luminescence quantun yield, @, by the

eguation lm\; TZh¢

Measurement of quazntum yield:s at 77°K r.ow reveals that the

1um1nascence is enhanced a:t low temceraturs while the lifetime

rzasurerent shows a decreesing trend. It may b= possible that

ircreased lumninescence is cu2 to reduced fadlat:onleas lcss, The

sclutions were deoxygenatsd befcre rmeasurement so that the

quenching action of oxygen should be minimized.

a8 S
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4. DETERMINAITCI - »F DEPYLLIUM BY SPECTROFLUORTMETRY

4.1. Introduction

Si11 and Willis 123 have published an extensive

. treatise cn the determination of submicrogram quantities of bery-

11ium with morin ir dust, bones, smears steels etc., (2, 5,7, 2,

4~pentahydroxy flavone). They also describe the preparation of

qlass stardard. In the morin method for beryllium, Venosi @ -o

removed interferences by distillation from hydrochloric acid and

. | )
extraction. Fedorchuk 125 used a mercury pool cathode for the

removal of interfering ions. Additional reports it che determihaf

tion of beryllium with morin in biological materials 126, sea H

27

N - 128 - . . .
water and alloys have appeared. A compsrison with colori-

.metric reagents and the spectrographic method for the determination

of beryllium in air sanples snowed that the morin fluorimetric

method is superibr to the others 128.

IS o

130 have tested about 150 ahghra—

Korerman and Grishin
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

3+

also gave flucrescence reactions; those of Fe Ca and Ba

did rot. The United States Bureau of Mines Reports give two

131

fluorescence field tests for beryllium; oOne used morin - and

132

the other uses quinizarin . The determination of Be with morin

. . 1 . : 134 . .13
in low grade ores 33, in bronzes 3 and in the air 35 has 3lso
been described. In eAch case directions are given for remcovai of
e A . _ . . . B,
likely Interferences. In a micro metnoed sensitive to 5 X 10 g
. - . e \ 136 . . -
of Be per ml with merin, Bril and Fruvet 7 adwocate the use of
addiziconal alcohol and show that the comnlex consists of 3 atons
of e o 2 omolos of e D= Hyripons 3CORTT




for the gravimetric, volumetric, spectrometric or fluorimetric

' . . o o~ . 137
determination of Be; aluminium does not interfere in this methed .

- Several authors haie reported improvemsnts on the morin

method for beryllium. Tnese include the use of complexing agents

38, complexing

140

to exclude catalysts for the oxidaticn of morin

139

, Dbroper buffers separation

147

agents to mask interfering ions

by the titanium phosphate method and the 1se of Sn2+ to prevent

cocddation 143. - Interferences are noted by the above and also by

143 144 has shown that salicylaldehyde

other.authofs . Efimychev
can be used as ar effective_reagent for beryllium in acetone or amyl
alcohol but not in water. Several of the azomethines have been
ireated as reagehts for A1 and Be. Beryllium can be determined in
bronze without the remcval of Al, Fe,_br Cu with 3-hydroxy-2-
raphthoic acid, provided these metals are combined with a compléxing

agent 146

3~hydroxy-2-naphthsic acid wzs a new rzagent by the 1960's,
It was observed to enable the destection of 0.25.p.b. of Be by

measurement of its.blue fiuorescent complex.

Fletcher has made a thecretical study of the Be-morin

system and determined the ioniszticn constants and formulas of the

, . mn , e 14 e

chelates formad under different conditicns ﬁ. Morin is shcwn to

~ ~ LI £oe -~ - N S T S LR Y o Jo I P 3- 1!8
be a geod indicator for Be in its titration with sulphosalicylate .

The principal factors capable of dizturbing thz To determination
. . ) . ) . 149
VITN merin have been cutlined by Fracois aznd Grandeoliement 7. A

[ ST A
procedure {u

=7 Turkowsk

-



much 1onger beryllium colerimetric method on samples containing

30 to 640 p.p.m of BeO found to be Japf0y1mate1y equal 151

A new reagent _has bepn qeveTOped that is reported tc be

hlghiy/selectlve and sensitive for Be, La and Lu. The name of the
compbﬁnd is j—(dicarboxyaminomethyl)—2»hydroxy—3—naphthoic acid.
The Be complex»shbws its maximun intensity‘at pH 6.8 and its
excitation and fluorescence maxima are 360 and 450 rm respectively.
Linear analytical curves for Be are obtained in the range 0.09 to

152. The

1.8 ug. Intefferences h?ve also been detefmined
inhibition by Be on the catalytic ef Fopt of calf intestinal alkaline
phosphatase on the hydroly51s'bf 2-naphthyl phdsphate which is
moritored by’measuring the fluorescence of the 2—naphthoi has been
reborted as another method of analysés bf Be. This method has been
used tc determined between 18 and S0 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 réferences 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 organlﬁ 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 meésured at 506 rm

. . . 1 o . . -
with an excitation at 406 nm 55. Ine compounds salicylidense-z—

anino-3,5-dimethvlarsonic aci

Y
3
%
n

alicylidene~Z-aminophynyl—

d
arsonic acid have been studied in reactions with 28 metal iorns.

=3

The first of these compourds has been described as a reagent for
156 e e
Be - In a study of the metal chelates of flaveone derivatives it

S AR S | PR P Sl Py, o - P! :
was found that the Be complexss with 3-hydroxy—d—methoxy- and 3,5,7
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forms a fluorescent cémplex with Be which has its maximum excitation
at 403 am and emission at 483 and is extracted by CC14 at pH 6.5-10;
phosphate, fluoride and several metal iohs interfere. Another
extracticn method:for Be in natural water at a level of ca.1/UQ of

N v . 1 8
Beo/ml uses the acetylacetone-trylon B complex by CHCl3 extraction > .

Complexation with o-(salicylideneamino)-phenyliarsonic acid
at oH 6 was found to give a sensitivity of 1 ng/ml and to be free
' ’ ‘ 159

of interferences by many other metals Another procedure for Be

uses‘6—methyl—T—hydroxyxanthone to form a flubrescent complex in
1:1 methanol-water containing pH 8 buffer; the curplex is extracted
with CC1, which is then dried thoroughly and the il.uorescence measured

"4
at’ 470 m with 435 nm excitation 160

of 13 derivatives of &-hydroxy-—
chromone tested as fluorimetric reagents for Be, the 2-ethyl-3-methyl
and the 2-methyl-7-methoxy-5~-hydroxycr hromones were judged suitable

and the fluoreséence was found to be most intense in CCl4 161.

r

.. 15D . R
Morisige nas presented an extensive compilation of the

fluorescence characteristics of aramatic Schiff base complexes for
aluminium, gallium, beryllium and scandium analysis. The optimum
conditions for fluorimetric‘analysis were discussed. Eriochrceme Red
B was used as a fluorochrane to detect beryllium and other ion5163.
3-amino-5-sulfosalicyclic acid forms intensely flucrescing complexes
“with aluninium and beryllium. The presence of volatile veryllium
compounds in orchard leaves has been detected by tﬁe morin fluori-

164

metric methed Dinaphthoylmethane (1,3-di (2-naphthyl)-1,

3~propanedione) has been used as & reagent to both coprecipitate

and form a luminescent product with beryllium for in situ

T
DA
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ruucrunetric detecticn of the pracipitate .



4.2, SOLVENT EXTRACTION

Solvent extraction is used for the isolation or enrichment
of certain cunpounds or ¢roups of compournds in chemical mixtures.

For instance, trace organic ccrpounds present in a public water

supply can be concentrated and isolated by meens of the extraction

£ large volumes of watef with relatiVely small volumes of non-polar
solvents. ‘Trace metal impuritiss in importarnct industrial products
can be separated from cverwhelming major constituents by selective
extraction with sﬁecific reagents. Complex mixutres of organic
compounds can be simply classified into acids, bases, and neutral

species by means of two extraction steps.

Phase Equilibria Thermodynamics

Consider some solute Z that is equiiibrated betveen an
aqueous phase and an organic solvént phase. The equilibrium can be
‘simply represented as |

‘ 7(aq) === z(Crg)

The free-energy change for the process can tbe expresse

thus A6 = 2¢° + RT 1n (Az)org - Rt In (Az)aq ceenan. (401)

0
G = G* + RT 1In (Az)crg Cieerarenaeeaa., (£.2)
(AzZ;ag
Since AAG = o at equilibrium, we obtain thes relaticnships shown below:
. 0 (Aé)ora
LG =RT In > e . (4.3)
(Az)ag
in - --,.’-‘o e s e s ras e e s ([‘“4)
kT

Oz (4.5)
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Thus the ratio of the activities of the solute in the two

. . o m
~phases turns out ito pe a constant determined by G  and T. We

term this act¢v1ty‘ratwo the thormodyn3m¢h partition coefficient,}{P:

. Gl

.A\p = (Az)owg ,
(Az)aq ' e (4.6)

The Partition Coefficient

The required activity coefficients are rarely known, so that

an approximation based on concentrations alone is commonly employed.

t

_Thislapproximate relation is

Kp = [;_211 o e (47D
[27
VWhere Kp is called the partition coefficient and subscripts
166

refer to the concentrations of the solute Z in phases 71 and 2

Extraction

Woodward 167 determined beryllium‘by spectroflucrimetry
using 2-hydroxy-3-3naphthcic acid in aqueoﬁs medium. The procedure
he developed is here b*lﬂﬂ taken further by extracting the complex so
formed into n—'hexanofﬂ Tnis way the complex is separated from exoess
reagent and foreign ions, the fluorescence emitted by the hexanol
solution is that of the complex and thé background flucrescence should

be much reduced.

lany extr cting reagsnis ware investigated, none, hawever,

proved as worthwhile as hexanol 2-Hydroxy-3-naphothoic ac-a dizzoived

in benzere and chloroform to produce a violet and 1ila

P R A ovrboott oy Into
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(butanol, amyl aléobol and hexanol),}it showed  the éame green
fluorescence as 1n aqueous mediun. - The beryllium complex therefore
was extracted from agueous solut:on at pH .5 into n—butanol amyl
‘alcohol, and hex§yol, but not inte banzene, chioroform nor amyl
‘acetate. After e%tracfion into these alcohols, the complex showed a
blue fluowascence similar to that in aqueous solution. Hexanol was
chosen for the extractlon from the three successful alcoho]s because

it was least soluble in water.
Woodward ?67rempved foreign ions by'masking them with EDTA

and.CDTA (trans;1;Zdiaminocyclohexane tetracetic ac;d) and calcium
to complex the exéess EDTA or‘CDTA. This proéedure was cumbersdme
énd slow and it wés hoped that the extraction p?bcedure wonld

~accomplish three fhings (a) it would eliminate the masking step,

(b) it would be more selective with respept to forelgn ions, and

(b) it would resuit in greater analytical sen51t1V1ty.

4.3, EXPERTMENTAL

Spectral Characteristics

The spectra were taken with the solutions extracted into
n-hexanol. Figure 4.1 shows the excitation and emission spectra of
the cdmplex and reagent respectively.

A. BRe 10'4M + reagent 10_4M emission is set at 485 nm.

B. Reagent alcne, emissicn set at 492 nm.

C. Be + reagent, excitation set at 382 mm.

D. gﬂwt aleope, excitatlon set at 365 nn.
These specira are uncorrected for variations in lamp intensity and
the rasponse characteristics o The r«




: P - v . — 84 -

éxhibits its green fluorescnece at 30% and its fluorescent emission
maximum at 492 rm. The excitation shifts 5 mm to higher wavelength
while emiszion shifts from 510 rin in aqueous phase to 492 nm in the
organic phase. The blue flucrescent complex exhibits its excitétion
maximﬁm at 382 nﬁ while its enission maximun is at 485 rm. There is
also a shift here in the organic phase. The excltation shifts 2 ma to

higher wavelength while the emission shifts frcm 460 to 485 n.

Optimun pH for Extraction -«

Fig.’4;2 showus a plbt of fluorescernce intensity &ersus pH.
cxtraction of a fixed amount of-complex was affected at different pH
values and the optimum was determined as ¢z 8, as Can be seer in
Fig 4.2. However, at higﬁ pH'é_the reagent was extracted along with
the complex. It was decided therefore to use pd 7.5 which had been

recommended previcusly 167.

Effect of pH on Formation

Figure 4.3‘Shows a plot of fluorescance intenzity versus pH;
Here optimun pH for complex formaticn was <stermined. All other factors
were kept constant but pH was varied. The optimum pY did not cccur‘at
7.5 but this pH was used for rezsons givern in the previcus section.

Variaticn of the Volume of Hexanol Extractant

The volure of the agusous laysr was kept constznt at 50
and that of tne organic layer was varied. A4As exzectsd the fluoro-
scence intensity decreased as the volume ¢f herznol Increassd, as can

Ny g e PR A P LI ey e S e re m T 4 e e} e £ o - v
be szen in figure 4.5, The opbimun voluns takes was that voluss
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Variation of fluorescence intensity w’'th the organic layer volume for extraction.
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which extracted the complex and remained as small as possible. 20 mi
was taken and this and the 50 ml agueocus layer volume were maintained
throughout the work on beryllium.

Reagent Concentration

A varying excess of 10_4M sodium 2-hydroxy-3-naphthoate solution

was allowed to react for 30 minutes with 1 ml of 1077 beryllium solution
buffered at pH 7.5. The intensity of the blve 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 SC-fold molar excess
of reagent was required to develop maximum fluoresci.ce. This g.aph

was corrected for the blank contributicons to the fluorescence at

460 nm of the varying amount of reagent employed.

Effects of foreign ions on the deternmination of Beryllium

There are various masking procedures available for interfering
ions in the beryliivm rmethcd as described eariier in this chaptor.
Wocdward 167 masked interfering ions oy EDTA and Calcium or by one of
CDTA (tran:-1,2diaminocyclohexane— N, N, N: N'—tetraaceticacid) also
along with calciun to camplex the excess CDTA. Masking by EDTA and
calcium was only partial for aluminium but in this procedure it was
hoped that the beryllium complex would be extracted leaving the foreign
ions into sciution. This proved successful fo? aluminiun and many
other ions.

The inter

grence of 27 caticns and 12 anions were investigated

-~

o e 0 ~T R - ' oy 7Y . - -
using 0.2 ug of berylliun :n the prosence of 1000-Told molsr axcosons
,

i

Yo o L penmony N - ~ . 3 -~ " . -, .- w2~ - a7 M e -
of the frreign dons under investivacion. The pH of each solution voe



adjusted to ca. 8 before buffering to pH 7.5. 50 ml of this sclution
was thien taken and extracted with 20 ml of Hexanol. The investigation
revealed that, under the conditicns described above, the following

_iens did not interfere:”

—_— e

tungstate, calcium, cadmium, zinc, nitrate, aluminium, perchlorate,
bfomide, molybdate, yttrium, boron, aéetate,»ﬁitrite, 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); phosphéte, lead,
.ifoanI), irdn(III), fluoride, sulphate, silicate, manQahese(II),
copper(II),'cerium(IV), titaniun(IV), vanadium(V), indium, sulphide,

sulphite.

Tartrate was employed for-masking the interfering'ions and M-
masked copper(II), manganese(II), lead(IT) successfully all at
10,000-fold molar excess. ThoriumfIV), vanadiuwn(V) and chromiuwn(IIT)
wefe masked at 1000-fold molar excess and titanium at 100 and iron(III)

at S0-fcld nolar excess.
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SO L= y .‘ .
TARLE 4:1 Data for Precision,Study for extraction procedure

Fluorescence Intensity — Deviation (x=X) Variance (X—SZ)2
20 , =2 4
23 1 - 1
22.5y s s
25 ' -3 9
21 -1 1
22 0 .
22.5 .5 .25
22.5 .5 .25 ”
23.5 ' 1.5 2.25
— {
Mean 22 ' Total - 18.36
: : = ]
Standard deviation = {x-x) = 18.36 = 1.43
n-i . 9
§befficiént of variation = 1.43 x 100 = 6.5%
] . 22 |
i
1]
i
'TABLE 4.2
i
gFluorescc@ce Intensity Deviation (x-X) Variance (x=x)°
| 73 . ' 3 9
3 73 . 3 9
5 63 -7 49
i 74 - 4 16
,5 N
§
i 69 -1 1
{ |
67 : 13 9
68 -2 4
70 ‘ o} 0
/0 0 0
69 - 1
; 70 Toual a3 %




Standard deviation = (x-i)2 = 98 = 3.30
-1 9
- Coefficient of variation - =  3.30x 100 =  4.7%
: 70 ‘
4i1 3 |
Tabie I is the precision data for ex:racted solution while
b2

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—4M beryllium 10 ml reagent (2-hydroxy-3-naphthoic acid) and buffer

. pH 7.5, 5 ml. - '
Tartrate was investigated as a masking agent and was partially

suceessful hecause the precision deteriorated when tartrate was used

in the extracted phase.

Calibration Curves

1.0 to 10 ml aliquots of standard beryllium solutiop_were
traﬁsferred by pipette into 100 ml volumetric flasks. The bH was
adjusted to ca. 8 with dilute ammonia solution. Five ml of pH 7.5
buffer solution and 10 ml of 10“4M reagent solution ware addsd 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 rm
with an excitation wavélength of 380 rm or instead of measuring directly
after 20 minutes, the solution was extracted with 20 ml of hexanol.

Fig 4.7 is the corresponding graph obtained using the extractiocn

procedure.

In the extracted phasze the detection limit is glightly better

.o “ "'9 - e . L ey iy o g A _8 It
(1.8 x 10 “g/mi) than in the unextractsd phase {2 x 10 “g/ml).
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Figy.cCalibratisn graph for the determination of detection
limit of the extracted complex.

<
<
/| § - . | ) {
10

...Sb._



Flucrescence Intensity

o

calibration G -

-
.
—
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detection limit of the unextracted complexe

-hb- .



CHAPTER



- 9 -

THE DETERMINATION OF THE C IDTT_LO NAL STABIT.HTY COL\TSTANT OF THE

BERYLLIUM-2-HYDROXY 3-NAPHTHOIC ACID AND EDTA-BERYLLIUM COMPLEXES

5.7. Introduction

There are mény solutloﬂ properties which change measurably as
a result of complex formation. In principle ail ihese measurements
can give information relatiné to thé existence énd stability of different
complex speéies. By a careful selection one may find one - or more
suitable experimental methods for the investigation of all kinds of
conplexes. It must be emphasised, however, that a'Careful considera—'
tion is necessary as to whéther the effects of complex formation are
qﬁantitatively,reflected in the measured property. To chuose an
adequate methed is a prerequisite for obtaining reliubiz equilibriun
constanbu. Besides the classicnl methods such as spectrophotometry_
‘and potentiometry, which are usually available in every chemical
laboratory, the armoury of experimental methods has been'ehficned by
a number of new approaches, such as nuclear magnetic resdnance and
electron spin resonance spaectroscopy. . Sometimes a linear releticnship
is assured between the price of the instrument and th2 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 equilibriun
chemistry is relatively inexpensive, and in most cases reliable
stability constants can be obtained by using simple and easily

available maethods and instrunsnts

Freguently one of the most spectacular effects of QO“DL:.

. , N O .
for‘ e no1a t nie clhanGs O SDNEDT '“dq: T oTe i
PRGN R o Loty O o L

e Loy 7%m -
crral oY ez which may occur. Thne

pate
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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 elecérons of
transition metal ioné are easily excited and consequently absorb in
the visible region, that is these ions give coloured compounds. The

k]

- T e———glectron systems of the non-transitional metal ions and the ligands

— ..q.mare.much:more»sta@;g. The excitation of the electrons requires much
ujvgreater energy, so these sﬁeéies 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, complax 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 coﬁposition

‘of a given solution is given in the idal case by the Beer-Lambert law:

loglo = A = dZEG, ..... U . (5.1)
i— 11

where diis the absorption length, A is the absorbance of the solutior,
63 the molar absorptivity of the ith species (which has concentration
Ci); A and Q:i refer to a éiven wavelength. The intensive fattor,
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 saturateé complex can be

. determined directly, but those of the intermediary complexés are just
as unknown asstheir 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 the sum of the concentration-

ig constant but Lhw rabios of thelr concentrations are changoed, oxhibis
A
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a éommon'crossing point, the so-called isosbestic point. Because it
is very unlikely that a third species has the véfy same molar absorp-
tivity at this wavelength,\the occurrence of isosbestic point(s) in
the formation':of 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.

' ) Spectrophotometricimeasurements in the ultraviolet, visible

and infrared regions can easily be made with commerical instruments.

The error of spectrophotometric measurements is determined

168

by chemical and by instrumental factors The molar absorptivities

refer to a certain médiun.” 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

or,=ooonm_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 CONTINUQUS VARIATION

Though the principle of continuous variation was first appiic«

70

by Ostromisslensky ! nevertheless the discovery of the method 15

frequently attributed to Jobw2 who applied it lo complex systen: .
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It was very populal between the mid-forties and mid-fifties and is
still frequently appllied. The principle of the method is simple.

Suppose that the metal ion and the ligand form one complex

mMe + “ é MeL 4 &2 ® %8 a4 ne 2 8 05 b e o e o - ‘ri-")
n!l-'- mon ’ > (,3 r,,)

A Series of solutions is prepared in which the sum of Lhe total
concentrations of Me and L is constant, but their proportions arve

continuously varied:

'n‘ne + T = C s séses e ietses st unsans B (5 3)
X =‘<':FL': N ’;t‘l;-ll"'lllitovvulb‘o;ot (5.4)
Tve * 1o

" The equilibrium coficentrations of the species Me, L and Me L are

=g1ven by the equatldns

L —

‘.“ - - 450000 LI B BN } '(‘
[Mej .i_‘C(‘l X) m[Mean‘\ ..... (5.5)

g

[L] - Gx - n MeL) e eeatereaneeieaeeranny (5.6)

IJ 7@ nm[Me] (L] e (527)

_ Evidently, the concentratlon of the complex reaches a maximum at a

'certain value of?().‘ This value (Xmax) can be obtained by

differentiating eq‘fzé‘cions 5.5 to 5.7 with respect to)(, setting

d (MemL ) /dx = 0 and ellmlnatlng [Ma and [I:}

m{Cx —quIemLA n(c(1 (1-X) -mE/I n\l. (5.8)

“a

That is m)(max f-'= n(1—>\ma'x) sesrereenrsrsiasaasesss (5.9)

. . .\ , " .
;'\and . 1n =~ Xma)( B I I I T R N I (5-10)
' mo . 1~>6nax . S ‘ -

ol :

; "'I‘he method o{‘ c*wntmw iy variation b dent Prdmonddy ST 4 1 hin

,,‘)
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evaluation of spectrophotometrlc data but in principle it can be
. applied-in oonnectidn with polarlmetry, NMR, magnetic susceptibility

" measurements, fluor;metry, etc.

The simoiicity of this technique makes it very attractive,
‘but‘before it isxéoplied the foliowing limitations have to be considered:
| (1) Tﬁeﬁchange in the activity coefficients with
1changes ié;concentration may influence themolar ratio

N

at which the concentration of the complex is of
max1mum value. To eliminate this effect the measure-

ments have to be carried out at constant and
suff1c1ent1y high ionic strength 173, 174.

(ii)  The feasured property must be a strictly
linear fﬁnction of the concentration of the complex1732
(1ii) If the conjugate acid of the ligand is weak,

the positioﬁ 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 76, Here the

total concentration of the metal ions is kept constant vhile the total
concentration of the'iligand is increased. The absorbance is plotted

X3 ) -

as a function of the total ligand concentration. If only one complex

o N

—- -~ -of -high stability - 1s‘£ormed the_graph consists of two_}igoar inter-
secting parts. The ratio of total concentratlons of metal and ligand
at the 1ntersect10n glves directly the'ligabid'‘td metal ion ratio in
the complex. The stablllty constant in this'case cannot be obtained.

. If the complex is quérately Stable a steép curve is obtained and the

]



intersection of thé slopes of the two linear parts of the curve gives
* the molar combiningn?f 1i§and to metal ion ratio. In favourable cases
jthe stability constéét can be derived simply from the difference
between the measureqicurve and that constructed from the slopes. 1In
the case of weak coﬁﬁlexes this simple method fails to give any reliable
. -information.
If N compieies aré forﬁed and each of them 1s stable enouii
. to avoid overlappiqéﬂequilibria;'the curve consists of N sections. The
slopes of the seciiéﬁs are determined by the molar absorptivities of
the cgmplexes.
Harvey aﬁq.Manning 177 have pointed out that the composition

can also be obtaiﬁe@xfrém the slopes of the curves of absorbance versun
the total ligand concentration. They observed that the break-points on
the curves become ﬁére pronounced at highér ionic strength. This means
" that the stability”éf the complexes increases with increasing.ionic

i

strength. This, hbﬁéﬁér, is not a general phenomenon.

T~

s

- __\»_»____.-_....:.‘ *W;*S . 4 o T -C_Aw "

¢

S e Heaf“é?@lVéd when a-ligand-is added-to_a solution of a

metal ion is given ‘by:

= % : i @ a s 6 ev e 0V et as s an l"'"l
Q = V3 E/IeLi .AHi + AHdil ... (5.11)

where Q is the tatal heat evolved (or absorbed), V is the volume Z&Hj

is the molar formation enthalpy’ of the ith species and ¢Mii.+ 17 the

heat of dilution.  All the methods for the mathematical treatment of

spectrophotomé%ric‘dgta should be applicable to calorimetric data.

¥ M
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In principle, howevé?, the calorimetric method is much more general ¢
than the spectrdphéfometric or any other method, because with every
chemical reaction és connected the evolution or absorption of heat.

~ The absorbance of iight is a constant property of a system, but the
’heat evolved (or hbsorbed) must be measured at the moment of mixing

‘ jd? reactants. If'tﬁé measurements are made under adiabatic conditions,
=;\the change of temﬁeféture is proportional to the<entha1py chaner.  Tho
introduction of thérmistors to follow minute changes of temperature
};has resulted in thé;éonstructioﬁ of a nﬁmber of convenient types of

178-484} fThe apparatus constructed by Schtyter and

183

'apparatus

180, 181

Sillan andldeveloped by Johansson is particularly suil oio

for the study of Cdmblex equilibfia. The trmperatures of both solutions

L]

Fe mixed re exactly tho same. Th vt ard

.
. “ v e - ..
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Howéver, modern instrumental methods185 especially those developed by

Eigen, make possible the study of the fastest chemical reactions.

~ can also provide information on the

“These methods enable us to distinguish between ¢o-ordination in the

186

inner.and outer sphere .. Many reactions are catalysed by 1igands;

- metal ions and metal complexes. The study of these catalytic reactions,

stability constanis of the complex

t

species 197,

. If the réaction is first—ofder‘for the species of which the

1

stability constant is to be determined the rate can be described by

"an expression étrictly analogous to equation (5.1), the corresponding

intensive factors being the eleméntary'rate constants, so for the

' mathematical treatment of data the methods already discussed can be

fﬁltBQQ,are the molar absorptiVities
RSVNRE

. ﬂ‘ment can be made at different wavelengths but in kinetics a reaction

applied. "~ However, some important differences have to be borne in mind.

-The rate constants are much.more sensitive to temperature variations

Yo -

. In spectrophotometry, the measure-

can be characteriséd By a single intensive factor. BEgpecially in the

© case of éatalytic reactions it must be remembered that thermodynamically

less stable species may contribute’to the observed rate, because il 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

L
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_'ﬁligandfor a species containing metal ion. The condition that the two
solvents — one of which'is usually an aqueous solution - should be
imniscible, 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 équeous solution, the other liquid
used is an organic solvenf; The extraction of the species can be fol-
lowed by many methods. Most generally, radicactive isotopes are
applied. This method makes it possible to work at very low metal ion
concentration, permitting the study of mono-nuclear complexes éven
though the tendency to Pormhpélynuélear compléxes is strong.

Poaw

5.7. POTENTIONETRIC METHODS

The concentration changes caused by canplex Formatioﬁ:méyAbe
monitored potentiometrically. In fact, most recorded stabjxity'déta
has been determined by potentiometric methods. By potentiométriéq
measurements both the metal ion and the ligand concentration can be
determined. It is é prerequisite of the application of poten§:b—‘
metric methods that the electrode reaction be reversible. 1In this case
the activity (concentration) in question can be calculated from the
measured potential by means of the Nernst equation.

(1

There are two ﬁossibilities 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 measurvdnéfter each additionh of titfant; The latter method is
‘evidently much more rapid and with careful-performance.of the experiments
is almost as exact as the more laborious first method, so it is much

. , T R
e ol N ' %
I 1y a i !ﬁ_ﬁ
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For the potenticmetric measurements an electrode mist be

. selected, the potential of which is a well-defined function of the

ot o

concentration of the ion to be detennined, and also a reference
electrode. The electrode, together with the solution in which it is
immersed, comprises a halfcell. For the measurcanent of potential .
this has to be combined with another halfcell containing the reference
electrode. Iflthé two electrodes are:in contact with the same solution
and respond to different gonstituénts of the liquid the electromotive
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 be made between
the two halfeells. This 1liquid has the result that the measured
potential is not equal to the differeﬁce of the potentials of the two
halfcells. The liquid junction potenéial is caused by the different
mobilities of the different ions. Thérefbre 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 thlS is 1mp0551b1e it 1is, necessary to use well-constructéd salt

188

brldges. The so—called 'Wilhelm' reference halfcell 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 w1£h 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
ﬁDTA in the solution causedna rééuction in the fluorescence intensity
due to the begyllium—Q—hydroxy~3—naphthoic acid complex. A 6000-fold -
excess calcium was therefore added in ordsr to compleékx ahw bnused

e Iy A T Ny ade ! . A :
excaens L]jlf'\. I[ t»}““i Jpl)(lj}"‘(’}ﬂ lh,”’ "”' I(}w’ (_‘(”"K:?(yil! !‘\1{ Ty, (‘i b\(‘i‘gtb} j ”5“1
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EDTA formed a weak complex at pH 8 with beryllium ions. There is very
littié?ihformation on the Be-EDTA cémplex 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 secmed
worthwhille to investigate the stability of the Be-EDTA complex

employing this technique.

The competitive éhelation reactions between 2-hydroxy-3-
naphthoic acid and EDTA for beryllium in aqueous solutiéﬁ at pH 8
were studied fluorimetrically. The fluorescent complex (beryllium—2-
hydroxy-3-naphthoic écid) was formed in the usual maﬁher and EDTA
several times more concentrate@ than 2-hydroxy-3-naphthoic acid was

added to the complex. A reduction in fluorescence intensity results

i
b

via formation of the Be-EDTA complex. v

167

Woodward - proposed the formation of a beryllium-reagent

complex 1:1 molar proportiéqs. ‘Fiéures 5.1 and 5.2 are confirmation

of the same pfopoééi:‘ These curves were obtained using 1 —ﬂM solutions
of beryllium and reagent, buffered at pH 7.5 and measuring the fluore-
scence intensity at 380/460 rm. 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 qu 50 ml of the solution. In both cages the solution
fluorescence was corrected for the reagent blank. The total amounF of

4

berylliun plus reagent solutions was 20 mi of 10 'M per 100 m1 for

curves C in both figures, and 15 ml of 10_4M per 100 ml fqr curves B.

Curves‘A in both figures, was obtained by adding 20 ml of 10“3M EDTA
to solutions Bimilar to those of curves C. 1In the aqueous phase the

value obtained for the stability constant of the Be-2-hydrowy-3-

naphthoic acid complex was 1.58 x 10° from the Jobs plots.
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"Fig 5.1. Take another point on the same side of the other curve at a

while in the organic phase the conditional stability was calculated as
4.3 X 104. This shows that the Beryllium-2-hydroxy-3-paphthoic acid
complex is redatively stable. The stability constant was calculated

by taking a point on one side of the maximum of curve B or C in

-

poiht . Both of these points are at the same fluoresconce intensity

value, TR

e N

men k- X o ¢
T (R X) W=x") (R=X")

where M and R represent total molar concentration of M (metal) and

R (reagent) if no reaction had taken place between them.

of coufge:X:= :X:'

from which = MR - M'R'
{(M+R)}—~(M'"+R ")

substitution oﬁﬂ(in the expression for K, the conditional stability

constant provided the numerical values given above.

Experiment

; L3

5 ml of 10_4M Beryllium was complexed with 10 ml of 10’4

4y
hydroxy-3-naphthoic aéid. 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 minmites ond
then the solution (50 ml) was extracted with hexanol (PQ wil).  The

fluorescence intensity was measured at 380/460 nm. FPFluorescence

intensity'at 460 nm was plotted against increasing amounts of EDTA.

Results and Discussion

® ."

The graph obtained from the above experiment is an exponenti.

L]
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curve, as can be seen from Fig 5.3. The fluorescence intensity
recorded prévides 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 stabilily constant 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 + EDTA # Be EDTA

Kpe-EDTA - (e epma) | ¢

o (_Be 3 [ EDTA]
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 Flg 5.3 15 ml of

4M)

1073M EDTA in 100 ml final solution (i.e. a concentration of 1.5 x 10
is required to reduce the fluorescence intensity from 94 to 47 units.
At point B, 50% of the beryllium present in the solution

(dee. 2 x5x 1070M) is bound as the Be-EDTA complex rather than

Be-HNA complex. To a first apporximétion we may assume that the value
LJ .
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of the free beryllium concentration will be very low and consider the

o 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'EDWW -
. complex will be assumed to come from the Be-HNA complex.

Thus on the additon of EDTA

Be HNA + EDTA -— Be EDTA + HNA
Initially .
5 % 10-§M 1.5 % 10_4M

At equilibrium

(5 x 107°-2.5 x 100} (1.5 x 107%2.5 x 10%) (2.5 x 167°)
o Thus—Kgeonmn . o Be EDTA = 2.5 x 1070
: BeHNA EDTA (5 %790°923.5 x 1070)

6

(1.5 x 107%2.5 x 107%)

= 6.6 x10°

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 1073M EDTA is required (i.e. a concentration

-4

of ©.55 x 10 M EDTA). At this point one-third of the Be is bound as

- Be-EDTA (i.e; Ix5x 10‘6M).

At this point K may again be calculated as :

1.66 X 10“6/(5 X 10—6— 1.66 X 10'6)(0.55 X 10—4—:1°66 X 10’6)

K

= 9 x 103

similarly at point D on Figure 5.3 to reduce the fluorescence by

3

two-thirds, 24 ml of 10 “M EDTA is required. At this point two-thirds

of the Be is bound as Be-EDTA.



At this point K may be calculated as: 3

) 6

K 3.3 x 107%/(5 x 107-3.3 x 1076)(2.4 x 107%-3.3 x 10 )

.= 8.1 x 103

In this way an approximate average value for the conditional
stability constant of the B&-EDTA complex may be obtained of

7.9 + 1.5x1073,

I 4

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
‘4 methoé 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 metalldluorescent indicator used in EDTA titratiors
of metal ionsd Indeed, the use of 2-hydroxy-3-naphthoic acid as a

191 for titration of

metallofluorescent indicator has been reported
aluninium 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—indicétor complex should be §
at least 1O4 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 inhstructive to
investigate the variation of the caonditional Be-EDTA stabiiity
constant with pH of the medium employed, and also the detemmination

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 moleculgs
adsorbed on zeolite. It was also aimed to study the possibilily of

‘ producing sharp spectra at foon temperature similar to those that
- would be obtained'at low liquid nitrogen temperature. It ﬁad been
T'reported fhat'by using adsorption on paper, silica, alumina, etc.,
followed by thorough dryiné, in the case of acid or amine derivg%ives
. of polynuélear compounds, ‘it was found possible to obtain strong
ﬁ triplet—-state phosphorescence at room temperature avoiding the usual

. “""“heed for low temperature 189. This study was to examine the suitabi=

————————1ity of-a zeolite for use in this way.

6.1. CRYSTALLINE ZEOLITE

Zeolites are cystalline, hydrated aluminositicates of group I
-and group II elenents, in particular, sodium, potassium, magnesium,
calcium, strontiumAand barium, Structurally the zeolites are |
nframework! aluminosilicates which are based on an infinitely extending
three-dimensional network of‘AlO4 and SiO4 tetrahedra linked to each
other by sharing all of the oxygens. Zeolites may be represented by
the empirical formula:: |

My /0-AL 0. XS10,.¥H,0

In this oxide formula, Xis generally equal to or greater than 2 since

A10, tetrahedra are joined only to Sio4_tetrahedra, n is the cation

4
valence. The framework contains channels and interconnected voids

which are occupied by the cation and water molecules. The cations are

- ‘ 5
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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

. confinuausly and reversibly. In many other zeolites, mineral’and
synthetic, cation.exchbngé or dehydration may produce structural changes
in the framework. Ammonium and alkylammonium caticns may be incorpo-
rated in synthetic zeoliteé. In some synthetic zeolites, aligninium
cations may be substituted by gallium ions and silicon ions by
germanium or phosﬁhorus.ions. The latter necessitates a modification

of the structural formula.

AW

Although there are 34 species of zeolite minerals and about

2

100 types of synthetic zeolites, only a few have practical sighificance
at the present time., Many of the zeolites, after dehydration, are
permeated by very small chamnel systems which are not interpetrating
‘and vhich may contain serious diffusion blocks. In other cases,
dehydration ifreversibly disturbs the framework structure and the’-
positions of metal cations, so that the structure partially collapses
. and dehydration is not completely reversible. To be used ;s a

molecular sieve,wthe 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 here was conducted using Linde molecular

———

zeolite type 13X and 13Y.

L
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.2, . ADSORPTION

Spectra were obgerved 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 zeolite was macared on
‘a silica slide and dried iﬂ 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 Aminco spectrofluorimeter with suitabls filters,
Spectra were recorded with the Bryans potentiometric recorier

(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’fﬁe solvent. The amount of the released compound
increased when the amount of HCl was increased indicating that there

was real adsorption.

A typical spectrum is shown in Fig 6.1. Pyrene dissolved in
hexane was adsorbeg overnight. The wet zeolite was spread on a silica
slide (2cm by Scm) 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 77K

(b) Pyrene adsorbed in Zeolite at 298K
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" 7.1.°  CONCLUSIONS

The studies conductéd and reportéd in this thesis have been

accomplished using the Aminco spectrofluorimeter (see Chapter 1) and

4“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 spectroflucorimeter 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.

1

Chaptef‘B febéfts the measurement of quantum yield and life-
time of luminescence of heav&xmetal 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 luminescerice
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 hexanol. 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 aeccuracy which could be attribuied

to the method itself. However, the sensitivity and selectivity were

improved and the method is useful;

rThe 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-haphthoic acid can rgp;acé the ligard
that ineé the fluorescent compléx; 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 énvisaged that molecules adsorbed in the zeolite cavities might
produce spectra similar to those produced by molecules frozen at 77OK.
However, it was not possible to produce these spectra, but it was
established that hydrocarbon molecules were adsorbed. The mechanism
5£ gdsorpfion ié nof 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 organic

" molecules and preferably try enhancing phosphorescence instead of

fluorescence. Other adsorbing sites could be studied, e.g. silica,

- paper, etc.
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