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I<'LUORF.SCi'l~CE LIPE:i'TI-11".'> A:/D QUA!1l"Jt1 

Eio'FICU:NCIES 01~ SOt·1E 1,10-Pi!l}!ANJ'H.iO .. HU::.<.i 

Abstract of Disset•la ticn 

Fluorc:>cence pr·oper ties of f'out·Lcen tlUbs t1 t u:.ed 1, 10-Phenan!;hroli:1es 
.,:cr.:! dctermi.~ed USJI1{; tNo diffe!'<Jnt solvent sys\.<rrG . Four ~iff<?!'Cnt :;cLs 
of e:q:;cP.i rrc'1ts wer-e pcPforn~:?d in Ol\.ier t cJ !T.e~_<;UJ'€' fluoresc.; nce 1i fettn:es , 
r,_.Jfmt urr. ernr.icncl c~·, abscrpti 011 <md cor rt:•cted flu'lt"cscen,:e .:;:>·~t::tra , 
oscl.llator st!'el"'['tl:<: , al'ld St oke'!: si":H'ts . 'I\·10 of th~ phen:mthroUne3 , 
the 5-·tlii:"Cr-1,10-Pilcnr .. .nthrQline an:i t.h0 1,10-Phcnilflt.hrol ine-·5, 6--Dt onc , 
did not fluo;~sce . 

A nc·w t>quat~ c>:1 1-hl.'; devclc·p0d in on:ler to cxt:ract th.:: crue f1uorescer.cc 
U frt;lr.-cs r f't·o-:1 the· ruserved fluorescence output f ( t) , and t tie 1arJ? decay 
fur:ctic;n l{t) . Tnis equation 1-1a<; 

Al l(t) - Aff(t) 

T : 

1-JhE>re "A" 1-ra<; t.he I-1Cif')1t fact or or the nom<~li7.a.tl.on ~on5tc>nt. for the appt>o­
pr•J nte functi on<> . A test of thj::; equation cr. ccxrpo:.md3 l·tith known lifetimes 
e;av~ ex.;cllcnt re:;ult::; . 

'Ihc experirrent.al. rP.sults 1ndi<:alcd lh;;tt there \•ID..J a clusc rcl"!l:l.on­
s l!ip be:l.'r!een the f'l 'Jorcscence narar~tcr.> a!ld thr~ effect of di fferent substi­
tuent::; m t he dl ffer-ent n- electron densi t.y p0sit.lc!r.> o f t-t.e r ing . These 
par<tll~tcr::; 1·nn-c a.h>c found to jncr··~:L>~ h'Hh :;n Jr.ct'e'L'5e of f;olvent. polarity 
th<l~ J ndl catJne; a ( rr , n* ) si.P.glct tr<.:nslclon J. r. the polar so1venLs . 
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CHAPTER I 

IN'liDDUCriON 

The 1. , 10-phenanthrolines are an important class of compow1ds in 

chemi.ca.l analysis and in various chemical industries . These corrpow·tds 

and their metal complexes have also proC.vced much interest with their 

biol ogical and physiological activitles (1) . 

'Ihe phenanthroJines are organic bases with a condensed ring 

aromatic structure of phenanthrene but having two nitrogen atoms in 

the ring and hav:i.ng a planar s tructure . The 1 , 10- phenanthrolin.es , 

5 6 

3 8 

as compared to the other phenanthrolines , have the two nitrogen atoms 

at a distance of 2. 5 A0 from each other. This makes these rrolecules 

unique for the f act that they act strictly as a bidentate l igand to 

form a five-rernbered chel ate ring with a metal or hydrogen ion. A 

monodentate behavior of these compounds has never been reported. 

Some very interesting experimental observations have resulted 

from this bidentate behavior. pK studies have shown that at high 

concentrations of 1, 10- phenanthrolines , and at different pH , and 

] 

even wi t h concentrated sulfuric and perchloric acids , poly- phenanthroline 



mol ecules exist hav1ng different phenanthroline to acid ratios ( ;~) 

(3) . 

Interest was developed in the 1,10--phenanthr·olines when this 

compound was used as a colorimetric reagent in chemical actinometers 

( 4) . An extensive search of the literatu..r>e r evealed that only a 

limited amount of research had been done with regards to :lts lum­

inescence properties . This was surprising since rrtany other nitrogen 

containing aromatic compounds , such as acridine and bi-pyridine, 

had been thoroughly studied . 

The fluorescence studies of the 1,10-phenanthrolines have mainly 

jnvolved the chelates . The recent increase of papers dealing with 

the fluorescence of rare earth complexes of the 1,10- phenanthrolines 

indicate the importance of these compounds as fluorescirnetric r eagents . 

The reason for this is because they involve only sub-microgram quan-­

tities of the metal s . Only a few workers have attempted luminescence 

studies of the phenanthrolines in solution. Langt11uir (2) studi ed 

the gro~~d - and excited - state pK values of some of the 1,10-phen­

anthrolines, and tried to determine the exc1ted state electron den­

sities f r om the change in protonation equilibria when the mol ecul e 

undergoes a transition to the excited state. Unfortunately her 

fluorescence spectra are uncorrected. Jones (3) carried out similar 

studies , while Perkampus , et al. (5) published fluorescence spectra 

of the unsubstituted parent phenanthrolines . Some phosphorescence 

r,..;ork has also been carried out ( 6) , but only on the parent 1,10-

phenanthroline . 

2 



Introduction 

CHAPI'EH II 

WEORY OF FLUORESCENCE 

Absorption of ultraviolet or visible rad:iation by molecules 

involves electronic trans itions in which these molecules are raised 

to sorre electronic excited states . '!he ground state electronic 

configuratlon would be a singlet follo\dng Pauli ' s principle , but 

the excited states would involve a large number of configurations. 

Fortunately, organic photoluminescence processes involve only the 

l oll lying singl et and triplet states in which l one paired and de­

localized n electron systems of the ground states take part . These 

are the (n, n*) and the (n, n~ states . The o electronic systems , 

that is the {o , o*) and the (n, o*) require high electromagnetic en­

ergies of the far ultraviolet, and are therefore outside the scope 

of this work . The energies involved in the different electronic 

transitions can be summaa~zed by the sequence (o, o*) > (n, o*) > 

(n, n*) > (n, n* ). 

At room temperature it is assumed that the molecules are at 

their lowest vibrational level of their electronic ground state 

singlet. Excitati on will lead to all the vibrational levels of 

the excited state, and, according to the Franck-Condon princj_ple, 

there will be no initial change in nuclear configuration during this 

process. Selection rules forbid transitions between states of dif­

ferent multiplicities so that the ground state singlet , on absorption 

of radiati orl, would be raised to only an excited state singlet; the 

excited triplet state , which has an energy lower than the excited 

singlet, might then become populated . The absorption spectra of 

3 



these molecules in solution wil l therefore represent electronic 

transitions showing vibrational levels as maximum peaks , and con-­

tairu.ng the closely spaced rotational levels . 

When the excited molecule r eturns to the ground state U would 

do so by one or more paths and are as f ollows (F:i.gure 1) . 

(a) It will immediately undergo a process of inte1~al conversion 

(vibrational relaxation) whereby the molecule, due to collis:Lon with 

solvent molecules, passes from one of the higher vJ.brational levels 

of an excited singlet to the lowest vibrational level of the first 

excited singlet s tate . 

(b) fue spontaneous transition of the molecule from the lowest 

vibrational level of the excited singlet to a vibrationally excit ed 

ground state singl et and the emission of radiation or fluorescence . 

(c) It may undergo a process of intersystem crossing from the 

excited state singlet to one of the vibrational levels of the excited 

state tripl et . 

(d) If the molecule is in one of the higher vibrational levels 

of an excited state triplet, it may undergo an internal conversion 

to the lowest vibrational l evel of the first exci ted state triplet. 

(e ) From process (d) the molecule may return to the ground state 

by the emission of radiation known as phosphorescence . 

(f) vfuen the molecule is in the lowest vibrational level of the 

excited singlet or triplet state it may return to the ground state 

without the emissi on of radiation. This process occurs when the 

excited molecules collide with solvent molecules , or with themselves , 

or other foreign molecules or quenchers, and t he excess energy is 

given off to the surroundings as heat . This is the reason why phos­

phorescence is not usually obse~1ed in solution at r oom temperature . 

LJ 
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The ;:>aths (a) , (c:) , (d), and (f) are sometimes referred t o as 

radiaticnless t ransitions . Other mi.noP paths not cons idered i n this 

work are E and P type delayed fluorescence which occur when molecules 

in the tr:lplet excited s tate are thermally excited to an excited 

singl et from which em:lssion of radiati on occurs. 

Kinetic i"!echanism 

Jl.ssurni.ng that there is no phosphorescence enLi.ssion :I.n dilute 

solution and at room temperature , and also in the absence of a 

chemi.cal reaction ~ a simplified kinetic mechanism could be set up 

for the energy scheme discussed previously (13) . 

S ____.. S* 
0 

rate :::; PA (2...-.1) 

S* --P-· S 
0 

+ hv 
dN 

kf N (2~) - df = 
st·----;.. s 

0 
+ heat = kn N (2-3) 

s;~ + Q_..,. S + Q = kQ N[Q] (2-LI) 
0 ' 

Here N i s the concentr ation of the excited molecules at any time t; 

P A is the r ate of r adia.ti on absorption; kf is the r ate constant of 

fluorescence enussion; ~ is the rate constant for al l monomol ecular 

radiationless transitions including all internal conversions and 

6 

intersyst em crossings ; kq is the bimolecular rate constant f or quenching 

by foreign mol ecules and , or the molecule itself . The self quenching 

process becomes negligible if very dilute solutions are employed. 

Fluorescence Lifetimes and Quantum Efficiencies 

Equations ( 2·-2) to ( 2-~ ) show that when exciting radiation 

i s withdrawn~ the rate of disappearance of N would be 

(2-5) 



and a steady 8t ate consideration for all the processes repPct>ented 

by equa tlons (2-1) to (2-4) would give the follo~tfing relationship 

(2-6) 

'Ihe integr>ation of (?.-5) gl.ves 

(2-7) 

where T', the observed fluorescence lifetime when a quencher is 

present , is defined as the time required for the fluorescence in-

t ensity to fall to l/e of its initial value , and is equal to the 

reciprocal of all the rate constants , that is 

l' ·-
1 (2- 8) 

In the absence of a quencher, ( 2-7) is written as 

(2-9) 

where T , the observed fluorescence lifetlme when a quencher is absent , 

i s given ac.; 

(2-10) 

Vfuen the only processes in the kinetic mechanism are equations (2-1) 

and (2-2), then (2-7) becomes 

(2---11) 

where T
0 

= 1/kf and i s usual ly called the natural lifetime (the average 

or mean radiative Ufetime) , and i s defined as the time required for 



t he f l uorescence intensity t o fall t o 1/e of its . i nitial value. ln 

t he aC3ence of a l l other pr ocesses . 

'!he quant Wll effi ciency of fluorescence cf> f is def:ined as t he ratio 

of the rat e of emissi on over the rat e of absorption of radiation, 

that i s 

}.1' 

cf>f = -r. 
A 

(2- 12) 

Therefore from equations (2- 2) , (2- 6) , (2- 10) , and (2-12) 

and, 

kf 
ct>£ = -------=--=­

kf + ~ + kq[Q] 
(2-13) 

(2- 14) 

In t he absence of a quencher , equation (2-13) r educes t o 

From equations (2-10), (2- 13), and (2- 15), t he f ollow:i.ng is 

obt ained 

cf>t -- - (2-16) 

Equati on (2- 16) i s t he St ern-Volmer equat ion where ' is the 

observed lifetlme i n the absence of a quencher . 

Rel ationship between Radi ation Absorption and Emissi on 

Equation (2-12) could be ~itten as 

8 



(2-17) 

wt,ere P 
0 

and PT are the radiant po~·:er of lncident and transmitted 

b e<1.'1E res pectl vely after passing th!'ough a sample . Substituting 

for PT from Beer-Lambert ' s law , (2-17) could be ~Titten as 

F = P
0
[l ·- exp(-cbc)] ~f 

For very smal l values of ( cbc ), that is :in very d:Llute soh~tions , 

the expanslon of the exponential tenn will approx:ilrate to (1 - e:bc), 

so that (2-18) becomes 

(2-19)' 

9 

Equation. (2-19) shows that for very dilute solutions F is directly 

pro~ortional to the concentration if P
0

, e:, b , and ~:e are held constant . 

For higher concentrations , the error jntroduced in F is termed inner 

filter effect (self- quenching) . 

Equations (2-18) and (2-19) ar~ very important relationships 

special ly when quantum efficiencies and fluorescence spectra are 

being determL1ed. Large inner filter effects will distort the l ower 

wavelength end of the fluorescence emission spectum. 

Radiative Lifet:imes from Absorption Soectra 

Four d:Lfferent equations have been given for the calculation 

of the mean radiative l ifetime T 0 from the absorption spectra (7) 

( 8) . 'Ihe lates t, and the one which i s corrrnonly used these days , 

is the one devised by Birks and Dyson 

1 2. 88 X 103 (2-20 ) 
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Where \i is expressed in pm-·1 , t 
0 

ls in seconds, n
8 

and nf 3re the 

mean refractlve indices of the solvent over the absorption and fluor-

escencc bands·' and g 1 and ~u are the multiplic:i.ties of the ground 

and excited states Md are equal to uni ty in the case of fluorescence . 

TI1e quantity 

JF(v)dv (2-21) - -
rv-3 F(v)dv 

TI1e authors report that for compounds for which the d ifference between 

nucleru"' configurations in the ground and excited states is small , 

the t
0 

calculated from equation (2-20) a.gr>ees with the experimentaJJ..y 

detex~tned values . 

If it :i.s assured that nf = n
8 

== n where n is the mean refractive 

jndex of the mediwn over the fluorescence and absorption bands, 

then (2-20) reduces t o the form derived by Strickler and Berg (8). 

If mirror symmet ry between the fluorescence and absorption spectra 

is also assumed then (2-20) reduces to Forster ' s equation (7) whj_ch is 

1 f (2v - v) 3 

-~ --- e:(\i)d\i ( 2-·22) 

where \i0 is the wave nu:nber of the rrd.rror symmetry point between 

the fluorescence and absorption bands . 

Stokes' Shift 

'l'his j_s defined as the difference between the wave number of 

the longest wavelength absorption max:lmum vA and the wave nwnber 

of the shor·test wavelength fluorescence maximum vF 002, that is· 
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Stokes (2-23) 

Leeman et al. ( 11) cons:l.der C2-23 ) as a pru."runeter which Js close J._y 

connected with chemical structures . 

Oscillator St rength 

Tllis dealE". with the probability of electronic t ransitions vrhich 

give rlse to a particular absorption or emi ssion band, and is defined 

as the ratio of the observed integrated absorption coefficient to the 

theoretical transition moments for an ideal molecule (12) (13n.) . 

The oscillator strength f is therefore expressed as follows : 

f = 4.33 x 10-5 f tdv (2-:--24) 

The determination of f is useful when forbidden transiti ons are being 

considered. 

Outline of t-1ethod 

It was found desirable to carry out four different sets of ex-

periments in order to evaluate the fluorescence lifetimes , the fluor-

es cence quantum efficiencies , and the absorption and the cor rected 

fluorescence spectra of the 1,10-phenanthrolines i n two different 

solvent syst em . 

The observed lifetimes were measured directly using t he existing 

pulse f luoremeter (the fluores cence lifetime apparatus) . I t was 

found necessary to make improvements on this i~Btrument so that 

r eliable data could be obtained, and literature values could be dup-

licated. 

The determination of quantum efficiencies required t he measurement 

of corrected fluorescence spectra and the use of equation (2-192 . 



rlbe natural lj_fctime, the oscillator strength and Stokes · Shift 

required the tneasurement of the absorption and the fluorescence 

spectra in order to evaluate the variables in equations (2-20), 

(2-21) , (2-23), and (2- 24). 

In the course of these studies it became poss ible to correlate 

12 

the experj~ntally determined fluorescence parameters ~~th the polarity 

of tile solvent and the effect of substituents and electron densities 

on the 1, 10-phenanthroline ring . 



Chemicals 

CW\PrF:H III 

EXPERI!vlli.'l\]T AL 

r.Phe 1, 10-phenanthrolines used in this work \•I ere obtained from 

13 

J. T. Baker of Philipsburg, Ne\-J Jersey. 'Ihe follow1ng were of Baker 

Analytical Reagent grade purity; the parent compound 1,10-.~phenan­

t hroline , the 1 , 10- phenanthronine-.4 , 7 -dio lmonohydrochlorlde , the 

2, 9- Qtmethyl- 1 , 10-phenanthroline , the 4 , 7-diphehYl-l , lO~phenanthroline, 

and the 2 ,9- dimethyl- 4, 7- diphenyl- 1 , 10- phenanthroline. The following 

Here of Baker grade purity only ; the 5 , 6-di methyl- 1 ,10- phenanthrollne , 

t he 4, 7-dimethyl-1 , 10- phenanthroline , the 5- methyl--1,10- phenanthroline , 

the 5-phenyl-1 ,10·-phenanthroline, the 3, 5 , 6 , 8- tetramethyl-1,10-phen­

anthrol ine, the 3, 4,7 ,8- tetramethyl-1,10- phenanthroline , the 5- nitro-

1, 10-phenanthroline, and t he 5-chl oro-1, 10-phenanthroline . The 1 , 10·­

phenanthroline-5 , 6--dione was obtained from the K and K Laboratories , 

and was of an unknown purity grade. 

In f luorescence work t he melting point of a compound cannot be 

t aken as the onl y cri terium of purity. Tiny amounts of impurities 

may a l ter the fluorescence spectrum by quenching and energy transfer . 

It was therefore necessary to further check the purity of the compounds 

under consideration even if these were rated as "Analytical Reagent 

Grade" , and to recrystallize them several times . Of course care was 

t aken not to introduce other impuri ties during the recrystallization . 

The 1 ,10- phenanthrol ines were recrystallized from methanol or 

methanol- water systems , and their purity was tested accoruing to the 

cr iteria of purity given by Parker (13b) . Thus for every phenan­

t hrol ine examined , t he fluorescence emission spectrum was independent 
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of the vmve:tength or excitation, and the fluoPescence emission band 

maxlrrum was at a longer wavelength than the l ong wavelength absorptio 1 

band. In addition to this , the photomultiplier response to the 

fluorescence emission signal of the compound before the crystallization 

was compared with that of the recrystallized compound at the same 

wavelength and for the same optical density (that is the same con­

centration) . Out of a total of fourteen phenanthrolines, only the 

5-phenyl-1,10-phenanthroline showed any difference . The fluores·cence 

signal for the recrystallized versus the original sample was· 5. 7% 

greater in the methanol solution and 16 . 6% greater in the acid solution. 

1bis meant that the 5-phenyl- 1,10-phenanthroline , as received from the 

wanufacturer, contained an impurity which quenched its fluorescence , 

while all the other phenanthrolines could have been used without 

recr"JS ta1lization. 

As a final check, the purity of the recrystallized 1,10- phen­

anthrolines were tested by paper chromatography using an eluting 

sol vent system of butanol: acetic acid: water in a 4:1:1 volume 

ratio (2) and the spots were located by means of their fluorescence 

under lN light (a blank was first run on the paper to check for any· 

fluorescing spots ) . When only one spot was found the compound was 

considered pure enough for the fluorescence measurements. To further 

identifY the spots, a tenth molar solution of ferrous ammonium sulfate 

in O.lN Hii04 was also sprayed on the paper . The ferrous ions form 

pink to dark -red colored complexes with the phenanthrolines . There 

was only one colored spot found i.n every· cas·e . 

'Ihe standard compounds _, quinine sulfate and 2-aminopyridine, 

Itt ere obtained from J . T. Baker, and were of Bal<er grade purity • The 
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former wa..c; recrys t allized several times from one normal sul f'uric 

acid, and the latter from cyclohcxane . 

'llie following compounds were used \'li thout recr'Ys tallization : 

fluorescein A.R. from Baker, 9 , 10··-diphenylanthracene from K and K 

Laboratories, anthracene (blue-violet fluorescence grade ) f r om Eastman, 

eosin Y, and acridine orange . 

Solvents 

Methanol and dilute sulfuric acid were the two p:J:•imary s·olvent 

systems used jn this \vork. 

High purity methanol of J.T . Baker GC-Spectrophotometric quality 

was used . A fluorescence spectrum was taken to further check its. 

purity because even the best quality solvents s omet i mes conta.ln 

traces of fluores cing lmpurities . The spectrum was nm with. the 

highest photomultiplier sensitivity setting and a large slit opening , 

and it was found that this grade of methanol was fluorescence free . 

~be dil ute sulfuric acid solution was made with distilled water and 

v1as analyzed in a similar fashion , and was also found to be f l uor-

escence free . Deionized water was found to be unsuitab l e since it 

gave some indications of containing fluorescing impurities . 

The cyclohexane used in some cases was of GC- Spectrophotometric 

quality, and was found to be fluorescence free. 

The only recorder response detected in the above fluorescence 

analysis was that of a small Rarnan emission at the expected wave-

lengths , and some scattering signal s around the excitation wavelengths. 

Cleaning of gl assware and sample cuvettes 

Extra precautions were taken when cl eaning gl assware and sample 



cuvettes so that trace impurities would not interf ere with the fluor-

escence measurement . 

The glassware was first washed with detergent, then soaked in 

hot chromic acid mixture, and then r.insed thoroughly f:Lrst with tap 

then with dis tilled water . Finally it was dried in an oven . 

The sample cuvettes used were made from fluor·escence free quartz 

and were cleaned according to Burch ' s method (14) . 'J.'hey wer e f ir-st 

rinsed with a polar or nonpolar solvent , depending which one was used 

in a previous experiment , then dried , and then they were boiled in 

a half- concentrated nitric acid solution, t hen rinsed with distilled 

water~ and f i nally with the pure solvent used for the particular 

measurement . 

Prepar ati on 9 f Stock Solution 

Because of t he errors introduced due to inner filter effects 
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as described in Chapter t\•To , it was f ound desirabl e t o use concent rations 

small enough so that a linear relationship would exist between fluor­

escence intensities and concentration (equation 2- 18). It was fourid 

that the lLmiting concentration for t he phenanthrolines was about 

10- 4M below which the fluor escence intens i ty was linear with con­

centra t ion. A phenanthroline concentration of 10- 5M was chosen 

which met this criteria f or equation (2- 18) and at the same time was 

concentrated enough to give a good abs orption spectrum. 

All phenanthrol:Lne solutions were prepared from one s t ock solution 

in the follmvlng manner : The stock solution was prepared by weighing 

10-4 moles of the compound and dissolving it in 100 ml of methanol 

thus giviJ18 a 10- 3M s olution . Aliquots of this methanolic solut:1.on 

wer e then diluted down with either methanol or O. lN s ulfuri c acid 
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to give the desired 10-5~1 concentration. 

Concentrations of 10-sM were also used for the standards quinine 

sulfate and 2- aminopyridine . The stock solution of these cc!Tq)ounds 

were 10-3M in O. lN sulfuric acid . 

Recording the Absorption ·spectra 

'TI1e absorption spectra were measured on a Perkin-Elmer Model 

202 UV-VIS Spectrophotometer. Since this instrument recorded ab-­

sorbance versus wavelength , the phenanthrol ine spectra were replotted 

on coordinates having the mol ar absorptivity £ as the ordinate , and 

the wave number v, in units of ~m- 1 , as the abscissa . 
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In t he determination of the fluorescence quantum efficiencies , 

Absorbances of the Sar!l>les and ·the sta..'ldard were compa.I'ed and adj usted 

on a modified Bec~an DU Spectrophotometer . ~he rr.odificat ion of this 

ir~trument is a Gilford attachment which presents Absorbances in a 

digital form. 

Recording the Fluorescence Spectra 

The uncorr ected f l uorescence emission spectra were measured on 

a Col e.rnan Hitachi EPS·-3T Spectrophotometer with a Hitachi Model G-3 

Spectral Fluorescence attachment . This fluorescence attachment 

consisted of an excitation monochromator , a 150 watt xenon lamp 

light source , a 90° sample compartment , and a power source for the 

xenon lamp ( 15) . 

Alignment of Monochromators 

1wo methods were used for the wavel ength alignment of the emissi on 

monochromator. In the f i rst method the EPS- 3T vra.s used as a spec­

trophotometer , and t he spectrurr1 of a holmium oxide glass as measured 
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with the instrument was compared vvi th the one given by the manufacturer. 

I n t he second method, the EPS-3T was used w:L th its fluorP.scence: 

a t tachment , and the wavelength aUgnment of the monochromator was 

carried out by compari.ng the ma'<imum detector signal at different 

setti ngs of the monochromator vr.i.th the known lines of a mercury arc . 

'lne l ow pressure mercury arc lamp i.n the Bausch and Lomb Precision 

Spectrophotomet er lamp housing ~·ms used for this purpose . A freshly 

prepared suspension of 1 g of glycogen per liter of water (a light 

scat tering sol ution) was placed in a cuvette and this in turn was 

pl aced in the fluorescence sanple compartment . The lamp housing 

was then placed on top of this , and the focusing mirrors adjusted 

so that t he r adiat ion from the mercury l amp was focused into the 

cuvette . 'rne emission monochromator was then turned manual ly until 

a ma.xj_!TlU!Tl signal was obt ained around one of the known mercury lines . 

Tabl e I shows the results of this calibration . 

T.WIE I 

SPECTROFLUOROMETER WAVELENGTH CALIBRATION 

Spectral Regi on Kn&n Hg lines (m\.1) Monochromator Setting(m\.1) Deviation(mp) 

210-360 m\l 253 . 7 253.5 0 . 2 

313. 2 313. 0 0 . 2 

340- 700 ffi\.1 404 . 7 402 . 5 2 . 2 

435 . 8 433 . 5 2 . 3 

As shown , t he cor rection in t he ultra violet region was negl igible , 

but a correction of 2mll t,·Tas appl ied for t he visible region . 

T'ne exci tatlon monochr0!11.ator was calibrated using the calibrat ed 



emission monochromator ( 16). 'I'he mercury larrp ~·Tas removed, and , by 

using the same glycogen suspension, the excitation wavelength was 

checked against the cal ibrated emission wavelength over the entire 

ul traviolet- visible range . A maximum detector signal was taken as 

the wavelength when both the emission and excitation monochrom3.tor 

3ettings were the same . 'I'he wavelength settings of the tlvO monochro­

mators were found to be less than 0. 5 m~ . 

7est for Linearity of Photomultiplier Response 

For accurate measurement of fluorescence spectra and quantum 

efficiencies a test was carried out to check the linearity of the 

photorrultiplier response. 

A series of quinine sulfate in O . ll~ H2so4 solutions were prepared 

ranging in concentration from 10-6M to 5 x 10- 5M (the lirPiting con­

centration was about 10- 4M) . The fluorescence readings of these 

solutions were then recorded at different photomultlplier sensitivity 

setti.'1gS and at constant slit widths. It was found that for each 

sensltivity setting the detector response was linear within about 

0. 5% of the full scale . 

It also became necessary to compare the detector response be­

tween the different photomultipliers sensitivity settings . Using 

the above solutions or varying amounts of light scattering suspen­

sions the detector response for different sensitivities was recorded . 

Tabl e II gives the conversi on factors necessary for converting a 

detector reading to any desirable photomultiplier sensitivity . 

19 
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'fABIE II 

CONVERSION FACI'ORS FDR P .ril. SF1~STI'IVITJES 

Sens . 1 Sens . 2 Sens . 3 Sens . 4 Sens . !=; 
-' Sens . 6 ----

3.2 1 

3. 4 1 
11..5 1 

4. 3 1 
15.4 1 
49. 6 1 

5. 8 1 
24.7 1 
88.3 1 

285.1 l 

9.6 1 
55.2 1 

237 . 4 1 
847.4 1 

2737.0 1 

Operating Procedure for the f\1ea.Surem2nt of Fluorescence Spectra 

The manufacturer ' s recommended operating procedure for the 

Spectrofluorometer was modified . The modified procedure was as follows : 

1. The EPS-3T Spectrophotometer was set in the mode of " energy 

measurement", similar to single beam operations in absorption 

spectrophotometry . 

2. The power supplies for the instruments were turned on , and 

about thirty minutes warm up time was allowed . 

3. '!he xenon lamp was lighted as recommended, and the current 

was adjusted to 7 amps . It took from thirty to sixty minutes 

f or the l amp to reach its optimum operational condition. 

During this time the power supply was manually readjusted 



to keep the curr·ent output a.t '( wnps . The equilibriwn 

conditions for the xenon arc were assumed to be re&.ched 

\'lhen the curr ent output remained cons ta.nt . 

4. The fluorescence free quartz cells containing the samples 

''lere pl aced in the cell holder , and this in turn ':laB placed 

in the sarnple compartment , and the fluorescence s i gn8.1 was 

measured at 90° to the excitation radiation as reconmended 

for dilute solutions (13) . 
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5. An excitation wavelength whlch gave a strong fluorescence 

s :lgnal was chosen from the known absorption spectrum of' the 

s ample. This was not necessarily the maximum of an absorp­

tion band si~ce the intensity of the xenon lamp could be 

11leal<er at that wavelength, but care was taken to check whether 

there was a fluorescence emission band shift with the excita­

tion wavel engths (17). In the absence of this band shift , 

the endssi on monochromator was set at a certain wavelength 

of the fluorescence spectrum, and the excitation monochromator 

was s l owly varied over the wavelength range of the absorption 

spectrwn of most interest until a str ong fluorescent signal 

111as obtained. This wavelength was then considered to be 

the excitation wavel ength . The method just described gave 

the bes t signal-to-noise rati o. For the phenanthrolines , 

the wavelength region between 275 to 285 mll gave the strongest 

fluorescence signal , but 285 nlll \'las chosen for all the samples 

because the quantwn efficiency of the standard , with which they 

\'/ere compared, ~·ras determined at t hat wavelength . 

6. Certain precautions were taken when setti ng the excitation 



m:mochromator slit . Although a wlde open sJit gave a high 

intensity of exciting radiation nnd thus a good signa.l--tcr· 

noise ratio, scattered and second order radiation from the 

excitation monochromator becan~ a problem. In order to 

ovm•corne this difficulty , a narrower slit opening \'las used 

at the expense of the slgnal-to--noi.Ge ratio. Another point 

kept in mind was photodecomposition, and, whenever this was 

suspected , the slit was kept as small as possible and the 

spectrum of the sample was recorded at a faster rate . 
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7. The slit on the emission monochromator was set as small as 

possible in order to have a good resolution, and ttus required 

a high photoiJiUltiplier sensitivity for weakly fluorescing 

samr;les . At this sensitivity the signal-to-noise ratio 

again became a. problem, and so the slit was a.djusted in such 

a v1ay as to have a good balance between resolution and signal­

to-noise ratio. 

8. To check for variations in the intensity of the source, a 

Bausch and Lomb Spectronic 20 was modified in such a way 

as to continuously monitor the light source . It was found 

that once the xenon lamp obtained its equilibrium conditions , 

and once the current output remained constant at 7 amps , 

then the intensity variations of the light source was less 

than 1%. 

9. When a ll the above procedures were carried out , a blank 

\'las run in order to obtain a base line, and to determine 

the extent of scatter and Raman emission of the solvent . 

'l11e slit openings and the photomultiplier sensitivities f or 



the blank and fOl" the fluorescing sarrple were the SaJ1')2. 

Light Source Calibration 

Me lhuish' s method ( 18) was used for calibrating the light source­

emission monochromator system of the spectrofluororr~ter . Chen ' s (16) 

procedure was adopted in a slightly modified form, and which vias as 

f ollatJs : A solution of 3 gram:; per liter of Rhodamine B in ethylene 

glycol (Baker A.R. ) was used as a fluorescence quantwn counter. 

It is assl..lired that the Rhodamine B solution has such a high absorbancy 

at wavelengths up to about 600 ITIIJ that all the excitation energy is 

absorbed in a thin layer at the surface , that the quantum yield is 

independent of excitati on wavelength, and that the fluorescence 

intensity is therefore proportional only to the nurrber of quanta 

inddent on the counter . 'The cuvette containing the Rhodamine B 

solution was pl aced in the sarrple holder· of the spectrofluorometer 

which is constructed i~ such a way that it could be rotated around 

a central axis so that one of the surfaces of the cuvette coul d be 

exposed to both the e xciting radiation and the entrance slit of the 

main instrwrent . Therefore the cuvette was placed at about 30° to 

the incident beam, and the fluorescence was observed from this angle . 

The emission monochromator was then set at 615 m11 , the excitation 

monochromator scanned manually , and the fluorescence intensities 

recorded . Table III gives the spectral distribution of the xenon 

larrp in relative units . 'Ihese values usually change with the age 

of the larrp . 

Detector System Calibration 

The fluorescence spectrum obtained from the spectr ofl uoroneter 
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was not the true emission spectrUin. rro determine the true spectrum 

the uncorrected curve was corrected for waveJ.ength sensitive factors , 

and these were the response of the photomultiplier , the monochromator 

and s lit optics , the geol'l'etry of the sanple compart!Tl2nt , and the 

differing lig}:'lt losses in the system ( l3c)(20) (2l) . It was thus 

necessary to determine a correction factor SA which included cor-

rections f or alJ the above wavel ength dependent factors. Thus if 

fl). was the photomultiplier response recorded as a function of wave-

length , and (dQ/d>.)s td was the light intens ity of sorre standarQ. l anp 

then 

dQ 

dA. std 
= R>./S>. (3- l) 

where Q represents t otal nunber of quanta of all wavelengths per unit 

tirre. 

It t hus becarre necessary to determine the response of the photo-

multiplier-monochromator syst em · as corrpared to a standard lanp output . 

(dQ/d>.) ~ could have been obtained by utilizing a U.S . National Bureau 
st:-u 

of Standard l amp , and since this was not available , Melhuish ' s rrethod 

(18) was again used. Thi s method empl oyed t he previously calibr ated 

xenon l arrp as follcws : A piece of a luminum foi l was coated with 

mgnesium oxide by holding it over sorre burning magnesium. This 

magnesium oxide screen was then placed at 45° to the incident r acii.at ion , 

and at a constant slit width and photomultiplier sensitivity , the 

excitation monochromator was adjusted manually to give t he maximum 

reading at each step (16) (each of these readings were mul t iplied by 

the reflectivity of the MgO) . This was repeated for sever a l slit 
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TABlli III 

SPECTRAL SE.t\JSri'IVI'rY FAC'TOH S>-

----· 
S>-= R>-/(dQ/d>-)

5
td 

RelatJve Intensity Relative Response (Relative values) \vavelength >- of Xenon Lamp of P.M. and Optics ---(dQ/d>-)s td RA Xenon Quinj_ne 
lamp sulfate 

-~ ~- -- ·-·-240 0. 12 0.01 0.08 
260 0.22 0.02 0.14 
280 0. 35 0.05 0.20 
300 0.47 0. 09 0.26 
310 0. 53 0.12 0.30 
320 0. 58 0.15 0.36 
330 0. 63 0.19 0. 42 
340 0.67 0.23 0.48 
350 0. 70 0.28 0. 54 
360 0.73 0. 33 0.61 
370 0.76 0.38 0.68 
380 O.T/ 0.43 0. 7L1 
390 0. 81. 0.47 0.85 0. 714 
400 0. 83 0. 54 . 0.90 0.90 
410 0. 82 0. 55 0.96 0.97 420 0. 80 0.58 0.98 1. 00 
430 0. 81 0. 59 1.00 1.00 
440 0.86 0.64 1.00 1.00 
450 0.93 0.68 1.00 0.99 460 0.99 0.97 
465 0.96 
470 0.94 
480 0. 98 0. 66 0.92 0.92 
490 0.92 0. 60 0.90 0.90 
500 0.87 0. 55 0.86 0. 85 
520 0. 80 0. 46 0.76 0.76 
540 0. 77 0.36 0.62 0. 61 
560 0.74 0. 26 0. 46 0. 44 
580 0.66 0.16 0. 31 0.27 600 0. 46 0.07 0.18 
620 (0.22) (0. 02) (0 .13) 
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widths, care being taken to have the srure excitat i on and entl.ssion 

slit widths 30 thus the sarre band ~'lidths . The relative response of t ll•· 

photomultiplier to the xenon larrp is U s ted in 'rable III. 

'J.'abJe III also lists the spectral sensitivity factor SA which is 

obtained by d:tviding the relative response of the photomultipl:i.er by 

the relative intensity distribution of the xenon lamp and normalizing 

the result t o one . 'rhe blank spots between 460 m1-1 and L170 mll are in 

2'( 

a region Where ve ry sharp and intense lines of the xenon spectrum exist. 

Another rrethod for the determination of SA vms also used in order 

to check t he accuracy of the above rrethod. In this rrethod the kno~m 

corrected emis sion spectrum of a s tandard corrpound 1.s corrpared with 

that of the uncorrected emission spectrum run on the spectrofluororneter. 

From (3-l):) the (dQ/dA)std now represented the known spectra l distribution 

of the s t c-m.dard, and R>. were the values from the uncor rected spectrum (l3d) . 

Quinine Sul.fate in 0 .lN H2so4 was used as the standard corrpound, and 

r~'elhu:i.sh ' s ( 19) values were used for (dQ/d>.)std' Table III lists S;. 

from this c<xtpa.rison method, and are in excellent agreem:~nt with the 

standard l arrp method for the 400 m1-1 to 560 m1-1 wave length r egion . 

'lhe S}l. versus wave length values were also plotted and are shown 

in figure 2. 

Instrumentation for the ~easurerrent of Fluorescence Lifetimes 

Fluorescence lifetires \vere measured using a Bennett type pulse 

fluoromet er (22) (23) in which the fluorescence was excited by a light 

pulse of ~1osecond duration and the fluores cence decay was observed 

directly during the intervals between the excitation pulses. Use 

was made of.' a delay line which d~layed the activation of the detector 

system wi th r-espect to the trigger ing of the ligtlt pulse ; and so if 



the pulse d li1Y1t source was cut off in a tine shorter than the fluo~ 

escence lifetirre of the sarrple , j_f the intensity of each pulse was 

cons tant during the tine the light was on , if the detector system had 
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a fast t.:Lne response , and if this was repeated synchronously f or several 

times a second, then a whole electronically integrated curve was 

obtained \vhi ch was actually a tine stretched recording of the actual 

fluorescence decay . 

~he electronic circuit details of the pulse fluorometer are 

describe d elsewhere by Petz (22), and a block diagram is shown in 

figure J . 'Ihe existing instrurrent di.d not function as expected so that 

many of the electronic sub- circuits were rewired and new and better 

components and control meters were ins t alled without changing the 

basic electronic design. 

'Ihe existing optica l system was found to be inadequate , and was 

therefore discarded . A new system was designed and constructed , and 

a schet~tic diagram of the q:>tics is sho\m in figure 4. The fluor escence 

emission was viewed at 90° to the exciting radiati on , similar to a 90° 

design of standard spect ofluorornet ers . Quartz lenses were used for 

focusing both the excitation and the emission r adiation, with the 

excitation l ens being of high quality and fluorescence free quartz . 

Adequate light filter compartments were provided, the excitation 

end having liquid light filter (for a 40nm quartz cell) and glass 

f ilte r plate holders . An old l3eckman DU phototube housing was used 

as the photomultiplier housing , and this contained a lP28 photomulti­

plier tube us ed as the main detector, and a phototube , with leads to 

a Spectronic 20 , for focusing purposes . Enclosed in the larrp housing 

were some conponents of the l amp pulsing circuit such as the 7191 A 



ttwratron tube vJl1i.ch needed to have a very sr1ort connect:i.on with one 

of the 1BJ11f) electrodes. 'l'he sanple corrpartrrent was thermos tated and 

was simi.lar in design as the one used by Petz . 
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The details of the lamp design are described else~t!here (22) (2LI) 

(25)(26) . It had a flat quartz optical window and waB attached to a 

pyrex glass envelope with hi.gb melting black apiezan wax. Tne electrodes 

were of platinum or tungsten and were set to about 0 . 3 to 1. 0 rrnn apart . 

If the larrp was operated with hydrogen gas then it was more desirable 

to use the smaller gap distances, and if it was operated with dry air 

or nitrogen gas then gap distances between 0.5 to 1.0 suited better. 

It was found that for air or nitrogen the desirable gas pressure was 

about 200 to 300 mm Hg pressure for electrode gaps of around 0.5 rnm. 

For the larg-er sized gaps , gas pressure of up to 700 mn Hg were requ.i.red. 

Hydrogen gas required lower pressures of about 100 mm Hg. 

The primary requirerrent for a normal operation of the larrp was 

to obtain a very short lifetirre . 'Ihere were no set conditions for this 

( 25) , and thus a trial and error method was used to find the optimum 

condition for the lamp in this particular instrument. A good indication 

to this effect was to check the full width at half maximum of the lamp 

decay curve . The smaller this value was the smaller was the lifetirre . 

'Ihe minimum full width at half maximum for the system under study was 

found to be 4 nsec , and s uch conditions as the electrode gaps , the 

pressure of the gas , and the operating voltage of the larrp were always 

checked and adjusted in order to keep this value the sarre , and the laJll:l 

was replaced whenever this condition was not met . 

The lamp was centered with respect to the sample cuvette by 

putting a small mirror in the cell, and, by placing a small li@:lt source 
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over t he sarrple corrpartm::mt , viewing the light source throug]1 the lens 

with a cathetoneter. The position of the larrp was sdj us ted in such a 

way as to have the reflection of the light source centered in the middle 

between the two electrodes as viewed with the cathetorreter. This pro-

cedure could also be carried out visually . 

Pet z ' s nEt hod ( 22) of determin:lng the tire scale of the tlrre co-

ordinate was not used because it was found to be in error . In her 

rethod she had assUnEd a calibrated delay line , and, by considering 

the speed with which this variable delay JJne was turning and equating 

it with the recorder chart speed , she had come up with a certain time 

scale . In our rethod the tire scale was calibrated by using the known 

fluorescence lifetiiTE of a compound. 

Quj_nine sulfate in O.J.N H2S04 was chosen as a standard because reliable 

lifetire values were found in the literature , and because it had a 

relatively long lifetirre of 19.4 nsec. (27)(28)(10) . Thus for a certain 

delay line and recorder chart speed, the lifetiiTE of the standard was 

calculated in terms of the recorder chart units Tree. units and this 

was compared with the actual lifetirre of the corrpound T r ef in nsecs , thus 

T = S r e f. T Tree. units 

and, in tei'm3 of 19. 4 nsec 

S 19.4 
T = --­

Tree. units 

(3- 2) 

(3- 3) 

where ST was the tine base calibration factor for the particular delay 

line and recorder speed . 

Operating Procedure for the ~asurerrent of Fl uorescence Lifetirres 

1. 'll"le heaters in the electronic tubes were turned on and about 



ten minutes v1ere allO\IJed for the IAJann up . 'I'he sv!itch for the 

67 V battery of the 5687 tube bias control of the photorrult­

iplier circuit was also engaged. 
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2. 'Ihe four po.ver supplies were then turned on and their voltages 

adjusted in the following order : 300V, 600V, lOOOV, and 800V. 

It was irrportant that this order was kept and , specially, that 

the 800V supply was turned on last. 

3 . The plate current of the 5687 tube (Step 1, above) was adjusted 

to a value of 2. 5ma to 3ma. 

4. While about 30 minutes were given to the electronic system to 

attain its operational conditions, the lamp was readied by 

evacuating and refilling it several tirres with the appropriate 

gas , and , in the final filling, by adjusting the pressure to 

the appropriate value determined previously . 

5 . 'Ihe light filters were then inserted (figure 5) , and the 

sample cell was placed in the cuvette holder. 

6 . The lamp was turned on by turning on the larrp power supply 

( 4KV to TIN) , and about ten minutes were given for it to reach 

thermal equilibrium. 

-7 . The - n~tor -for- the variable delay line- and recorder was then 

started and the decay curve obtained. 

8. A decay curve for the larrp was first run by having a light 

scattering suspension (1 g of glycogen per liter of water) 

as the sample, (for this step the ligj:lt filters were removed) . 

9. A decay curve for the fluorescing sanple was then obtained. 

10 . With the filters in place a blank was finally run on the sol vent 

in order to check the extent of scatter. 
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CHAPTER IV 

'fREJ\'fMFNl' OF DNl'A 

PAHI' I: Fluorescence Ufetirres 

Figures 6 through 17 show the de cay curves of the phenan~hrolines 

obtained with the pulse f'luororreter. Each figure contaLns three decay 

curves \vhich represent the ones for the phenanthrolines in rethanol and 

0 . lN H2SO4, and the one for the lamp . These are reproductions from the 

actual curves drawn by the instrwrent recorder and represent the average 

value of many runs . 'Ihe ordinate of t he graph represents fluorescence 

intensities in relatj_ve units . 

In t erms of fluorescence intensities , F equation (2- 9) could be 

written in t he form 

2. 303 log~= t 
p> T 

(4-1 ) 

'Ihere i s an assurrption made when using ( 4- 1) . It is asst..UTed that 

the f luorescence emission decays exponenti ally (23) . 'Ihis assurrption 

is j ustified when a semilogarithmic plot of F/Fo versus the t gives 

a straight line . SoiTEti rres nonexponential decay i s also observed, and 

this might be due to impuriti es so that the senulogarithmic plot would 

indicate two or more straight lines with two different slopes ; or it 

might be due to excirrer formation , and, in this case , other straight 

lines cou:)..d be observed usually i n the long tail- end side of the decay 

curve . 

Instrumental Response Tirre Correction of Fluorescence Lifetimes 

Equation ( 4-1) will give true T values only if the lifetirre of 
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the flum-=scing sanple i.s rm . .wh great er than the decay tirre of the lanp, 

otherwise an instrt..ll"rent tirre correctj on should be carrled out . Brody (29 ) , 

Birks , et al . (7) , and others (30) studied this subj ect thorougtlly and 

presented <ii.fferent 1Tl2thods of correction. A recent article by D=mas 

and Crosby (31) summarizes many of the Irethods . It should he realized 

that an analog or a digi.t~l corrputer j s necessary in every case . 

We have devel oped a new rrethod for correcting fluorescence life­

tirres • It is based on r.raneses cu ' s work ( 32 )( 33 ) which dealt with pulse 

shapes in scintillation counters . Our nx=thod is as follows: 

The tnte fluorescence output F(t) is generated in response to the 

excitation by the lamp (called a &-function excitation (7)) . But the 

observed lamp decay curve I(t ) i s not the true shape of the e xcitation 

source be cause i t depends on such f actors as the actual shape of the 

flash, the spn::ad of transit tirre of the e l ectrons in t he photomultiplier, 

and the t irre response of the cables and all the other e l ectronic com­

ponents to the flash . 'Therefore the observed fluorescence output 

f(t) is the true fluorescence F(t) distorted by the instrurrental res­

ponse function I ( t) . 

The true fluorescence output F(t) could be extr acted from f(t) 

and I(t) by using the superposit ion principle (7) (also known as the 

convolution theorem or "Faltung" ), that is 

f(t ) =It F(t ' ) I (t- t ' )dt ' (4-2) 

Equation ( 4-2) is the starting point of our method as well as all 

t he other rrethods . In the other rrethods F( t) i s assurred to be exponential, 

and, by corrputer trial and error , several exponential functions are 



synthesj_zed to 1natch f(t) for given I(t) values (32). 

If F(t) is assU!l'ed to be exponential then equation ( 4-l) could 

be written in a diffemtial form as foll&s: 

( - l F t) - - exp(-t/T) (LI-3) 
T 

Substitution of (4-3) into (4-2) gives 

( 4-4) 

Let y=t-t ' and t ' =t-y, therefore dy=-dt', then 

f
y=o 

f(t) = ~ exp[( -(t-y)/T]I(y)(-dy) 

y=t 

(4- 5) 

l
y=t 

f( t -) = exp( -th )_ 
T 

y=o 

exp(y h )I(y )dy (4- 6) 

and this rearranges to 

y=t 

T exp(t/T )f(t) =~=o exp(y/T )I(y)dy ( 4-7) 

Differentiation of (4- 7) with respect to t gives 

d 
dt [ Texp(t/T) f(t)] = exp(t/T) I(t) (4-8) 

, ['"'P( t~T )f( t) + exp(t/T )f ' ( t ~ = exp ( t/T) I( t) ( 1!-9) 

where f ' (t) is the differential form of f(t), and so by rearranging 

( 4-9) we obtain the final equation which is 
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1 ::; ~(t) - f(t) 
f' ( t ) 

(4- 10) 
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The experirrentalJy obtained values of I(t) and f(t) must be mult-

iplied by a weight factor (34) or a normalization constant, since the 

convolution integral actually represents a weig]lted average over the 

past of f( t) . rlhus ) the· weight factors are 

(4-11) 

(4- 12) 

that is the ar~as under I(t) and f(t) curves . Equation (4- 10) then 

becorres 

1 
= A1I(t) - Aff(t) 

Aff' (t) 
( 4- 13) 

The best way of determining f ' (t) is from the semilog plot of the 

exponential decay side of the f( t) curve , and i s as follows : 

df( t) ·- a t af( ) f ' (t) = = - ae =- t 
dt 

(4- 14) 

where "a" is the slope of the semilog plot ; and , in terms of logarithm 

t o the base 10 , (4-14) becomes 

f( t )2 
log-­

f(t)1 
2. 303 - ---=-f'( t ) = . f(t ) 

Equation (4- 13) thus reduces to equation (4- 1) if 

( 4-15) 
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In order to test the validity of ( l.J- 13) several compounds with 

!mown T values \'<'ere tested and the results are g:Lven j_n 'J'able N . 

As could be seen , there is excellent agreerrent bet\<leen our values and 

t hose of the literature . 

Table V gives the lifetimes of the phenanthrolines in methanol 

TABlE N 

COMPARISON OF CORRECTED AND UNCORRECTED 

T VALUES OF SOME COMPOUNDS 

T nsec T nsec T nsec 
Comoound ·uncorrected corrected literatt~e Reference 

Fluorescein in O. J.N NaOH 5. 30 4. 50 4. 5 (28) 

9 ,10- diphenylanthracene 
in cyclohexane* 9. 38 9 .35 9 . 35 (10) 

Anthracene in cycl ohexane* 5. 42 4. 87 4.9 ( 10) 

Eosin Y i n 0 . lN NaOH 3 . 26 1. 55 1.7 (28) 

Acridine Orange in H20 3. 7 2 .05 2 .0 (28) 

*de aerated 



TABLE V 

UNCORRECTED AND CORREG~ FLUORESCENCE 
U FEITMFB OF THE 1 ,10- PHENANTHROLJNES AT 25° C* 

M-1 

T uncorrected T corrected 
COMPOUND (nsec) (nsec) 

I'-iethanol O. lN H2S04 Methanol O. lN H~04 

Quinine Sulf ate ** . 19 . 4 
1,10- phenanthroline 4. 12 3. 26 2.04 ± 0. 04 1.56 : 0. 05 
5-methyl- 5. 52 10.2 4. 74 ± 0. 03 9. 77 2: 0. 07 
5- phenyl- 3. 68 24 . 8 2. 29 ± 0. 06 24 . 8 ± 0. 4 
5-chloro- 4.69 3. 27 2. 68 ± 0. 05 2.03 ± 0. 03 
5 ~ 6- dimethy 1- 5. 45 12 . 3 4.62 2: 0. 02 12.0 ± 0. 2 
2 ~ 9-dimethy1- 4. 25 5.96 2. 14 2: 0 . 04 s. 22 :': o.o2 I 
4,7- dimethyl- 3. 89 3. 65 2 . 74 ± 0. 03 2. 49 2: 0. 05 
4,7-diphenyl- 3.94 6.60 2.04 ± 0 .04 5.87 :!: 0. 05 
2 , 9- dimetr.y 1 

- 4 ~ 7- diphenyl- 3. 73 8. 07 2 .00 2: 0.05 7 . 54 ± 0 . 04 
3 , 5 ~6,8-tetramethyl- 5. 06 11.4 4. 30 2: 0. 02 11. 0 :!: 0 . 1 
3 ~ 4 , 7,8-tetramethyl- 4. 39 }~ .12 3. 59 :!: 0 .06 3.07 :!: 0 .05 

- 4,7-diol · HCl 4.84 3.311 3.70 ± 0. 05 1. 12 ± 0 . 05 
5-nitro- *** *** *** *"'-:.4 

-5~6-dione *** *** ·~** *** 

* 
** 
*** 

Deaer ation of samples did not change the ' values , thus 02 quenching is negl igible 
Time base cali bration standard 
Fluorescence is too weak or is nonexistent 

.!::: 
0 



41 

CHAP'IER V 

'llJiEATri!ENT OF DA'rA 

Part II : Corrected Spectra and Quantum Efficiencies 

Corn~c ted Fluorescence Spectra 

Fluorescence li1tensities are usually expressed ill relative units, 

that is , all illtensities are expressed relative to the maximum of the 

fluorescence band . In this work, for the sake of convenience, the max-

imum was chosen to be unity . 

Following Parker 's method (13d) the fluorescence spectra of the 

phenru1throlines are presented in relative quanta per unit wavenumber 

( ~m- 1 ) plotted versus wavemunber. 'ihese are given ill figures 18 through 

29 . The spectrofluorometer automatically records the uncorrected 

spectra in terms of illtensi ty versus wavelength with the wavelength 

scale being linear. TI1e intensity scale , after' correction, is therefore 

proportional to the relative quanta per w1it wavelength interval, that 

- is to dQ/d>.. , where Q is the total ntmi:>er of quanta per unit time. These 

dQ/d>.. values were obtained by dividing the photomultiplier response 

values by the spectral sensitivity factor S>..(equation 3- 1) . 

The conversion from relative quanta per unit wavelength to per 

unit wavenumber was done according to the Parker and Rees ' s procedure 

(35), and is as follows: 

dQ = dQ . dv 
d>.. dv d>.. 

Since A. = l/v, where v is the wavenumber, then 

(5-1) 

(5-2) 



Substitution of (5- 2) into (5-l) gives 

dQ 
ctv 

1 dQ 
- v2 d>. 

(5-3) 

that is, in the replotting of the corrected spectra , the dQ/d>. values 

were multiplied by >. 2 , and the spectrum height was normalized to unity 

(the negative sign in 5- 3 is imnaterial since intensity values are in 

relative units only) . 

The Corrected Fluorescence Spectrum of 2-Aminopyridine 

During our work with cor·rection of fluorescence spectra and the 

determination of spectral sensitivity factors (Chapter III), we tried 

to find a standard compound, in addition to quinine sulfate , in order 

to check the S>. values obtained by the calibrated xenon lamp method . 

2- aminopyridine, as suggested by Rusakowicz and Testra ( 36) ( 37), was 
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chosen, but the S>. values determined using this compound were completely 

different from the S>. values determined by using the xenon lamp and the 

quinine sulfate methods . We therefore concluded that the spectrum 

presented by these authors was in error. Their spectrum as well as 

ours are shown in figure 30 . 

Since 2- aminopyridine was also used as a standard in the deter­

mination of quantum efficiencies, their value of 0 . 60~ 0. 05 was also 

checked using their procedure (36), and by comparing it against quinine 

sulfate. This value was found to be correct w-lthin their given uncer-

tainty range. 



Fluorescence Quantum Eff:lcienci es 

Fluorescence quantwn efficiendes wer-e determined using the rretr.~ l 

of relatj ve fluorescence rreasurement, and the parker and Rees procedure 

VIas adopted ( 35). In this method, the total fluorescence emission of 

the sample was canpared with the total fluorescence emission of a standard 

compound wlth a lmovm quantum efnciency. 'This corrparison was carried 

out using the sane optical georretry , t he same sample cell, and the same 

Jntensity of exciting radiation . 'Ihus for dilute solutions , and fran 

equati on (2-19) 

2 = (e::bc)l <l> fl 

F2 (e::bc) 2 4>f2 
(5- 4) 

where subscript 1 and 2 refer t o the ~~o compounds under considerat ion . 

In t erw.s of t otal nwnber of quanta per unit tirre, (5- 4) is written 

as 

R1 = (~:: bc) 1 cf> fl 

~ (e::bc) 2 4> r 2 
(5-5) 

where A1/A2 is the ratio of the two correct ed fluorescence areas of the 

compounds expressed in the same recorder chart tmi ts and RJ!R2 is the 

r ati o of the detector r esponses at their respective peak height maximum 

(each divided ·by SA i f the peak heights are at different wave lengths ). 

The best way to use equation (5- 5) ts to adjust the concentration 

of the standard co~ound in such a way as to have (e::bc) 1 = ( e::bc) 2 (it 

is s~sted that absorbances should be kept below 0.4 (l3c). Thus 

(5-5) reduces to 

(5-6) 



Table VI gives the fluorescence quantwn efficiencies of the 1,10-

phenanthrolines a2 compared to the fluorescence quantwn efficiency of 

2-aminopyridine at 25° C. 



TABLE V1 

FLUORESCENCE QUANTu'l\1 EFFICIENCIES 
OF THE 1,10-PHENANTHROLINES AT 25° C 

A(sample)/A(std. ) R(saup1e)/R(std. ) 
COMPOti'ND 

Methanol O. lN H2S04 Methanol O. lN H2S04 

2-a?.dnopyridL~e * - - - -
l, lQ-phenanthroline 0. 746 1. 42 0 .010 0 . 007 
5-metb.y l - 0. 768 1. 67 0 . 040 0 .038 
5-pherwl - 0. 958 1. 70 0. 092 0.990 
5- chloro- 0. 612 l. 64 0.004 0 . 006 
5,6- dimethy1- 0. 883 1. 70 0 . 032 0 .069 
2 , 9- dirnethyl- 0. 644 1.50 0 .004 0. 027 
4,7-climethyl - 0. 679 1.31 0 . 064 0. 068 
4, 7- diphenyl - 0. 818 1.56 0 .132 . 0 .185 
2 , 9- dirnethyl 

- 4, 7- d.ipheny l- 0. 874 1.62 0 . 039 0. 224 
3,5,6,8-tetramethyl- 0. 861 1. 71 0 . 026 0. 081 
3, 4,7,8-tetraethyl- 0. 568 1. 35 0 .070 0 . 041 

- 4,7-d.iol · HCl 0.805 l. 41 0 . 011 0. 007 
5-nitro- - -

-5 , 6- dione - -

* Standard Compound (36) 
** Fluorescence is too weak or is nonexi stent . 

¢ f 

Methanol O. lN H2so4 ! 

- 0. 6 + 0 .05 
0.004 + 0. 002 0 . 006 : 0 .001 
0 . 018 ! 0 .005 0 . 038 ± 0 .003 
0 . 053 ± 0 .003 l. 00 ± 0. 05 
0 . 002 ± 0 .00:!. 0 .006 ~ 0 . 001 
0 .017 ± 0. 005 0. 07 ± 0 . 005 
0 .002 ± 0. 001 0 . 024 ± 0 . 003 
0 . 026 ± 0.004 0. 054 ± 0.002 
0 . 064 ± 0 .004 0 . 17 ± O. Ol 

0 . 020 ± 0 .005 0.22 ± 0. 01 
0 . 013 : 0 . 002 0. 082 ± 0. 005 
0 . 024 ± 0. 002 0 . 033 ± 0. 002 
0 . 005 ± 0 .001 0 . 006 ± 0.001 

** ** 
** ** 

I...J""; 



CHA .. PTER VI 

TREATMENT OF DATA 

Part III: Radiative Lifetimes .) Oscillator Strength, Stokes Shift 

Absorption and corrected fluorescence emission .spectra were re­

quired for the evaluation of the radiative lifetimes, the oscillator 

strengths, and the Stokes shifts . It was therefore necessary to have 

the spectra expressed in terms of wavenumbers c~m-1) rather than the 

usual wavelength scale . 

Evaluation of some of the terms in equation (2-20) required the 

plotting of F(v)/v3 and £(v)/v versus v so that the areas under the 

!F(v) /v3 dv and h(v)/v dv curves could be obtained. The integration 

for Jdv)/v dv is supposed to be carri ed out over the modified first 

absorption band. Unfortunately the phenanthroline spectra . (figures 31 

through 42) contain hig{l order absorption bands which overlap the first 

absorption band. 'l'he high wavenwnber end of the spectrum was therefore 

extrapolated and was made to fall to zero ( l3a) . 

The oscillator strength required the determination of the integral 

!£(v)dv, that is the area under the absorption curve . Here , again, the 

above mentioned extrapolation had to be carried out. 

Leeman's method for the determination of Stokes shift is only 

an approximation (equation 2- 23) . A better method (10) is to find the 

·center of gravity of the absorption and the fluorescence bands, and 

then to take the difference between the wavenumbers at these ~~o points. 

Half the value of this difference is termed Stokes l oss . This method 

could not be applied to the phenanthrolines because of the spectral 

band overlap described above. 



Tabl e VI I s wnnarizes the calculations necessary to evaluate 

these t hree paran-et ers . 

LJ7 



TABIE VII 

EVALUATION OF RADI ATIVE LIFETilVJES, OSCILLATOR STRENGTH, AND S'IDKE S SHIFT 

1o- 4; d\J) dv 10- 3 !dv)/v dv \)- 3 vA max (f.lm- 1) \iF max (f.lm- 1) av . 
COMPOUND 

~ethanol 
H2S04 ..Yethanol H2S04 

l''!ethano1 
H2S04 

Methanol 
H2S04 

Viethano1 H2S04 

O. lN 0 . 1.1\J O. lN O. lN O. lN 

1~ 10-phenanthroline 1. 32 1.68 3.47 4. 56 0.92 0.92 3. 80 3.69 2. 72 2. 33 i 
5-methy1- 1. 47 1.64 3.92 4.54 0.90 0.94 3. 74 3.60 2.69 2. 13 I 

5- pheny1- 3.57 3. 53 8. 99 9. 37 0. 89 0.95 3.98 3.80 2. 67 2. G6 
5- chloro- 1.56 1.59 4.16 4. 39 0.95 0.94 3. 76 3.62 2. 72 2. 17 
5 ~ 6- dimethy 1- 1. 72 1. 70 4.67 4. 84 0.84 0. 94 3. 69 3. 51 2. 60 2. 06 
2, 9- dimethy 1- 1.80 1. 76 4.86 4.96 0.92 0.92 3.58 3.54 2. 72 2. 30 
4, 7- dimethyl- 1. 39 1.85 3.68 5. 08 0.94 0.90 3.79 3.65 2. 75 2.41 
4 ~ 7- dipheny1- 2.98 2. 45 8.13 7.00 0.89 0.91 3. 66 3. 50 2. 63 2. 15 
2 ~ 9- dimethy 1 

- 4, 7- diphenyl- 2.02 2.53 5.62 7. 38 0.86 0.91 3. 60 3. 43 2. 60 2.13 
3, 5,6 ,8-tetramethyl- 1.58 1.97 4.40 5.75 0.83 0.92 3. 60 3.43 2. 63 2.06 
3 ~ 4 ~ 7 ~ 8-tetramethyl- 1. 82 1.92 4. 40 5. 38 0. 88 0.90 4. 13 3. 56 2. 76 2. 41 
-5~6-diol · HC1 2.12 2.12 5.57 5.76 0.92 0.93 3. 80 

I 
3. 69 2.76 2. 31 

----- ---- -- - --- - - - I - I 
For methanol and 0.1N H2so4 na - nf - 1.34 (8)(9) 

..!::" 
co 
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COMPOUND 
Methanol 

1,10- phenanthroline 0 . 15 
5-methyl - 0.17 
5-phenyl- 0. 39 

. 5- chlorcr 0.18 
5 ,6-dimethyl- 0.20 
2 ,9- dimethy1- 0.21 
4 '7- d.i:nethyl- 0. 16 
4, 7- dipheny1- 0.35 
2,9- dimethyl 

- 4, 7-dipheny1 0.24 
3,5, 6,8-tetramethy1 0.19 
3, 4,7, 8-tetramethy1 0. 19 

- 5, 6- Diol · HC1 0. 24 

TABlE VIII 

FLUORESCENCE PA.l1A.METERS OF 1,10-PHENANTHROLINES 
lli MErHANOL AND TilT 0. D~ H2S04 AT 25°C 

v A - \iF I 
cpf T (nsec ) 

(\lm- 1) 

H2so4 Methanol 
H2so4 

l[ethancl H2S04 Methanol 
5 

H2S04 

O. l N O. lN O. lN O. lN 

0. 20 1.08 1.36 0.004 0. 006 2. 04 I 1. 56 
0. 20 1. 05 1. 48 0 . 018 0.038 4. 74 9. 77 
0. 40 1.31 1. 73 0.053 1. 00 2 . 29 24 .8 
0 .19 1. 04 1. 44 0 .002 0.006 2 .68 2.03 
0. 21 1. 09 1. 45 0. 017 0 . 07 4. 62 12 .0 
0. 21 0. 87 1.24 0. 002 0. 024 2.14 5. 22 
0. 22 1.04 1.24 0. 026 0. 054 2 .74 2. 49 
0. 30 1.03 1.35 0. 064 0. 17 2. 04 5. 87 

0. 32 0 .99 1.30 0 .020 0. 22 2. 00 7 .54 
0 . 25 0 .96 1. 37 0. 013 0.082 4. 30 11. 0 
0. 23 1. 38 1.16 0. 024 0. 033 3. 59 3.07 
0 . 25 1.04 1. 38 0. 005 0 .006 3.70 1.12 

For methanol and O. lN H?304 na - nf - 1.34 (8),(9) 

... .,i .. ........... ~. t 

-r
0 

(nsec ) 

Calcul ated rr 0 = -r/¢f (ns ec) 

·1ethc..YJ.ol H2so .. 
't 1ethanol H2Soll 

O. l.N 0 . Ll\J 

64 49 510 I 2so 
5R 48 I 263 2r-7 J . 
25 . 7 23 .1 43 25 
52 50 13lJO 338 
52 45 272 ! 171 i 

46 45 1070 I 217 I 59 45 105 l li' 
28. 5 32 32 3~ . 5 I I 

I 42. 5 31 100 31~ 

55 39 331 134 
53 

I 
42 

I 
150 . 93 

40 38 720 187 I 
i 

-•::0 
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CHAP'l'ER VII 

DISCUSSIONS AND CONCLUSIONS 

Outline of Results 

'l'he observed ll.fetirne ' , the quantum efficiency q, f, the radJative 

lifetime To' the oscillator strength f, and the Stokes shift CvA - vF) 

of the 1,10-phenanthrolines in methanol and in O.lN H2S04 have been 

collected in Table VIII. The T values were listed in units of na.no-
.. 

seconds (nsec), and the frequencies v in units of micrometers (~m- 1 ) . 

It was very difficult to determine the overall magnitude of the 

errors involved in the measurement of the fluorescence parameters . 

The following ·is an atterrpt to estimate the errors associated with each 

of these parameters. 

1. Observed lifetime T : The uncertainties for T have been 

listed in Table V. These represent errors associated with 

the linearity of the semilog plots (F/F values being taken 
0 

between 0.15 and 0 . 85) for several runs of the same sarrple, 

and the reproducibility of values of the lifetime from sarrple 

to sarrple (for at least two sarrples) (39). For weak fluorescence 

signals (very l ow quantum effici encies) , there were large 

errors associated with the instrument response and with the 

signal-to-noise ratios , so that an additional 10% error in 

the measurement of T values is possible . 

2. Molar absorbti vi ty c: Values of Emax are accurate to within 

5% as determined by comparison with reported values (2)( 40 ) . 

3. vA - vF : An estimated uncertainty of ~ 0.04 m~- 1 is possible . 

4. Quantum efficiencies cflf : The uncertainties for cpf have been 



listed in 'l1able VI. These represent variat:Lons for v1ithin 

the sa.rre experjJnent, and for the reproducibility of the 

1~sults from sample to sample (for two samples) . A serious 

source of error occurs in the deterrrdnation of quantum ef­

ficiencies of weakly fluorescing conpounds . Since the ef­

ficiencies of these compounds were found by corrparing against 

a s tandard, usually a relatively strong fluorescing corrpound, 

small variations of concentrations , temperature , and instru-· 

ment calibr ation produced large changes in the quantum ef­

ficiencies of these weakly err~tting compounds. This i s the 

reason why 4> £ values in the literature are rarely given a 

definite nurrber if they are smaller than Q. Ol. The only 

solution to this dilemma is to use a l ow quantum yield 

standard, but none is available at present. The one with 

low enough value that could possibly have been used was 

d,l-Tryptophan in water (4>£ = 0. 13) , but even this 4>£ would 

have been t oo high for the very small quantum yields of less 

than 0 . 01 . This source of error could possibly account for 

some of the discr epancies observed between the calculated T
0 

and the T 
0 

determined from T and 4> f (Table VIII) . For most 

of the compounds having efficiences of 0 . 02 or higher, the 

T0 va lues determined by the two methods compared favorably 

within the listed uncertainty limits . 

rrhe Fluorescence Spectrum of 2- Aminopyridine 

The source of error made by Rusakowicz and Testa (figure 30) 
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in the measurement of the coi~rected fluorescence spectrum of 2-amino­

pyridine could have been due to one of the following reasons : (a) They 
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corrected their spectrum by using a secondary standard lamp jnstead 

of a National Bureau of Standard Lamp , and thus the calibration of 

their l arrp could have been off; or (b ) calibration data for standard 

l amps are provided in the f orm of watts per unit wavelength interval 

so that they might have made a mistake when converting this unit to 

relative quanta per unit frequency interval. The conversion should 

have been carried out by multiplying the watts per unit 'A'avelength 

interval by A3 (13d) . 

Substituent Effects 

The 1, 10- phenanthrolines studied contained the following func-

t i onal groups : methyl , phenyl, chl oro , hydroxyl , nitro , and carbonyl. 

Of t hese t he carbonyl and the nitro substituted phenanthrolines did 

not exhibit any fluorescence. Of the remaining groups , the quantum 

efficienci.es tended to decrease in the approximate order of phenyl , 

rrethyl , hydroxyl , and chloro . The efficiency of the parent compound 

was about the same order of magn.i. t ude as the chl oro g.-roup . 

Longuet-Higgens and Coulson (38) have cal culated the ground 

s tate n-el ectron densities at the different external positions of the 

unsubstitut ed 1 ,10- phenanthrolines , and these are listed in the 

following tabl e 

TABLE IX 

RELATIVE n-EIECTRON DENSITIES 

Ring Positi ons 

1-, 10-
2-, 9-
3-, 8-
4-, 7-
5-, 6-

n- el ect ron Densities 

-0. 377 
0. 138 
0.019 
0.120 
0.015 



It had been found that there was a close correlation beti'Ieen 

the n-electron densities and the chemical behavior in substitution 

reactions (1) . Nucleophilic substitutions occured at the 2- , Lt--, 

7-, and 9- positions, and electrophilic substitutions occured at 
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the 5- and 6- posiUons . From pK studies it had been f ound that methyl 

substituents in (2- , 9- ) , (4- ,7- ) and (3- ,8- ,5-,6- ) positions decreased 

the basicity of the 1,10-phenanthroline in the listed order . It had 

al so been found from the same studies that the electron densities 

on the ring nitrogens (i) decreased when a phenyl group was in the 

(2-,4-) positions and increased when in the (3- ,5- ) positions, and 

(ii) decreased with halogen substituents . 

The four fluorescence parameters listed in Table VIII showed a 

similar trend . Substitution of s:im:llar groups in the higher 'If-electron 

density positions increased the values for the Stokes shift , the 

quantum efficiencies and the observed lifetimes . Substitution of 

different groups in the same position paralleled the trend shown by 

the pK studies . There were insufficient data for the 3-,8- positions, 

but , most probably, it would have followed the same pattern. 

Solvent Effects 

There was a large change in all the fluorescence parameters 

as the solvent v1as changed from rrethanol to an acidic solution. This 

change was more pronounced for substituents in the 5- ,6- positions. 

Table VII indicates that changing the solvent system to a more 

polar one produced a red shift in both the absorption and the fluor­

escence maxima. The reason for this could be attributed to the form­

ation of the mono-protonated 1, 10- phenanthroline in which the lone 

paired electrons on the nitrogen are bound. Langmuir ( 2) reported 



that the di-protonatec1 1>10- phenanthroline had a stronger fluorescence 

intensi ty than the nDno- protonated speci e . She also reported that 

in nonpolar solvents (cyclohexane) 1>10- phenanthrolJne did not fluoresce . 

It is therefore predicted that in nonpolar solvents all the 1>10-

phenanthrolines would be nonfluorescing similar to many other ni trcgen 

he t erocyclic compounds . 

Conclusions 

Based on the experimental observations it becaJre iJrportant to 

know the types of electronic t ransitions , and to be able to classify 

the excited states from which fluorescence was occuring. 

The assignment of transitions in the 1,10-phenanthrolines were 

carried out using Kasha ' s rules (41)(42)(·43) and these were as follows : 

l. The E111ax (as well as the oscillator strength) increased in 

more polar solvents to E values of between 104 and 105 • max 

This l'ias a good indication for a ( n, n*) t ransition . 

2 ~ The red shift in an acid rredia \.-.rasa sign of a (n , n*) 

transition. 

3. 'Ihe increase of quantum efficiency in polar solvents indi-

cate d that the l one paired elect rons were bound, and that a 

(n, n*) transition was occuring. 

4. Smaller r adiative lifetimes in polar solvents were also an 

indication of a (n , n*) transition . 
• 

The following conclusions can therefore be reached . In polar 

solvents the l owest excited s ingl et state would be a (n , n*) , and 

thus fluorescence would be observed . In nonpolar solvents the lm·1est 

excited s ing let state v1ould be a (n, n*) , and intersystem crossing 

to the triplet state woul d occur with ease , thus the compounds would 



be nonfluorescing or very weakly fluorescing. '!'his means that as 

the solvent polarlty is increased there would corne a time when the 

low lyi.'1g (n, n*) state would interchange its level with that of the 

(n , n*) state . 

For a detailed study of all the excited state properties of the 

compounds the phosphore~cence spectra and other phosphorescence 

pararneters should also be determined . No such studies were carried 

out in the present work due to the lack of s uitable instrurrentation. 
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Figure 40 : Absorption Spectrum of 3 , 5,6 , 8- Tetramethyl- 1,10-Phenanthr oline 
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F'igure 41 : Absorption Spectrum of · 3,4, 7 , 8-Tetramethyl- 1 , 10- Phenal1throline 
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Figure 42: Absorption Spectrum of 1, 10- Phenanthroline- 4 , 7- Diol- Monohydrochloride 
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