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True and apoarent exceotions to the rules regardinag the fluorescence

T a%l @
-

enission,
Secause of the rapid thermalization the observation of strong

dependence of the fluorescence spectrum uoon the exciting wavelength

‘may be taken as a proof of the existence of more than one emitting
species in solution, Fluorescence impurities may be often detected

by this method. Less trivial is the case due to the presence of forms
differing by the dissociation of a proton., For example the naphthyiamines

: A ph ekl Y
associate a proton to the aromatic NHQ_ nelow @} rerbariel uKﬁfmeL

fro:;iﬁ;
vibsational dtructure.

practi

charige in the fluo;;

>
well as the pre&ence of two Ffluoresc

ong to pHe
two gr0und_5fate species”if the extitati

a wavelengt
at t:igh—bath th:/gpﬁ{;;ated pﬁg unprdtonated sfHecies sorb
eciable exterits.

In yet other cases there may be a single groubd state species
but tw;ﬁ$luarescenc;?#§;'be emitted if proton association or dissociat-
ion occurs in the excited state. Such-is-the case.of_.beta_naphthol
in water saJutinng,which we will examine. later in more_-detail.

A simple examp!efﬁg rfg;t of naphthionic acid which had a blue
Tluarescence |n neutral solution and a green fluorescence in alkaline
g3lution (0,1 hk\dOH} By ndJust1nq the concentration of alkali from

b T L Y ]g‘i; it is possible to abserve the transition from the blue
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embnnton (neutral molecule) to the double emission (neutral molecule
and NHT fon both prewent In solutfon) to the green emission(molecular
ton wlone), In thae cnnen there is no ground state difference,since
.t“h npecdion NH--ﬂruHUE dors not exist at any pH value in the ground
ntate, The fluorescence spectrum fs In this case dependent upon the

P of the solutlon but not upon the exciting wavelength, This characteris

behaviour permitn un to deduce that the the additional,green fluorescent

Dudet
npecien I16 form duin the exclted ﬂtnte.krj e

- v

In at lennt/one cnne {1t

g been shown that Ahe fluorescence/does

not orfglngte In Systhe Jowest singlet excifed state but in and

correaspofida therefore fo the SE—SQ transjption. Longuett-piggins and

beer found this to bt the case for azylene and other ulene

depAvativea, 1t st be ostressed thdt while SD-S azulene appears

very much likg/an ordinary absogftion transiti

hydrocarbondthe longesat wavel n SQ—SI

ic hydrocarboss., : It exten

in the seflea of the aroma

origin of this ex .ptiuntjvaldontly the second of our rules is violated

since the lonoest wavelength absorption clearly exceeds the fluores-
cence in this particular case, The mirror image rule 1{is valid,but
the emisslon is the mirror image of the 50"52 and not of the %:-Si
trunasttion,
AW
In cases o very careful study of the dependence of the emissian

upon the excliting wavelength shows the existence of very small

differences,on the arder of a fes percent, &hat do these reveal?
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xperizenter has here a cifficult choice. They may be due to the
cresenteof a very s=all a=ount of a second cround-state companent,
cerhaps a chezically-madified =alecule,cifferent,but not very different
L3

ST they may be greund. state conformers or tautomers,

Fr co=olexes of the Tluorophore with the salvent existing in very

s=all concentration =t absaorbing ai-Jlonzar wavelengths, themrth
==iz—ssssdes, If 211 these possibilities can be discarded by experiment

11 becomes necessary to accent the existence of two fluorescent levels,

- [ -
and that

¥

Be probadility of populating one or the other depends upon
the excitation wavelength. The compounds more amenable to this kind
o7 investigation are undoubtedly the aromatic hydrocatbons:They

can be obtained in high purity using zone refining methods,and because
of the planar charater of the molecule they existence of tautomers,

or stable solvent complexes ina fluid solvent is not likely.
atsae cm-far«uﬁ
- H- - = o H - -~
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Solvent Effects Upon The Fluorescence Emission

The width of the electronic absorption bands in solution is similar to that

observed in the gas phase but the resolution of the energy levels is much less

complete. The highest resolution of the spectra is observed in the solutions

of the unsubstituted aromatic hydrocarbons in non-polar solvents particularly
in these non polar solvents which interact minimally with the fluorophore like
the per_fluorohydrocarbons (Lipsky ). Even in these cases resolution is
limited to the vibrational structure. The substituted aromatic hydrocarbons have
much less resolved spectra than the unsubstituted ones. When atoms carrying
lone pairs are directly attached to the aromatic rings hydrogen bonding with
proton donor solvents results in efficient coupling of the electronic and

\ diffevences
vibrational energies permiting only small changes in the probability of transitions
to nearby energy levels. The general result is that a classical analysis of the
fluorescence spectrum of substituted aromatic molecules in solution in terms of
energy levels is.virtually impossible, in all but exceptional cases. The most
common cbservation is of a spectrum consisting of a band of energies closely
represented by a skewed.. CGaussian distribution. (See Schpolskii) The
influences already described are further complicated by the existence of multiple
interactions, sometimes quite specific in nature, between solvent and fluorophore
molecules. These result from dispersion forces, permanent dipole effects and
hydrogen bonds. In this way a whole set of weak molecular complexes of solvent
and fluorophore are generatedjsogihet the absorption and fluorescence spectra of
molecules in solution are best described as belonging to a molecular population
nathas:gsaﬂ to a single molecular species. It is not easy to dgﬁ%de in any
particular case - let alone in general - the extent of spectral heterogeneity

aui;g to weak complexes of solvent and fluorophore. The energies of interaction

between a solvent with an appreciable dipole moment (e.g. water) and a fluorophore

e
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1. Absorption takes place from a manifold of states corresponding to discrete
solvent~fluorophore complexZ, For a somd quantiéative analysis we consider the
interactions to be those between FM dipoles of strength W (solvent) and
u° or u (fluorophore in ground or fluorescent state respectlvely). Hax:lmal
interaction between fluorophore and solvent may-be-assured—as resultjmf anti-—
bV 9 T ¥
parallel arrangement of three dipole:l_y:le fluorophure and two soluenl: molecules
7= Tespechively :’
placed at distances s + ¥f where T and ff are the radii of sulvent and

fluorophore. . The energy of interaction between the two solvent dipoles may be

neglected as it would contribute at best a feuw
- C £ Percent
Ca=Ny | :
——___F—

to the total energy, and assuring independence in the
er-f,f
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two remaining interactions, the.}\energy is
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Similarly P e ._/,c b of ¢

The average energy Df interaction woald be smaller because of the disarienting

wik ke +aken as
effect of temperature. The Boltzman average for this case Jw'given by the

Langevin equation

{wy = wu-k(u/kr)
(u_*) = a’*,{é&c*‘/krj 5;.{
where
ZC&L/A:T/ = a—:t&,u.fc% . iﬂ; ZC""Z‘:T= 54,;
*The avergge level from which absorption takes place has an energy

'y = E:——- M'L(a./fcr} (5)

where E: ,£§ the zero vibrational level of the ground state in the

absence of dipole interactions.

2. Because of Franck-Condon restrictions the average state reached in

; % ;
absorption has an additional energy - P L(u/KT) since the dipole moment of

; *
the fluorophore has Instantly changed to u , but the dipole distributions are Sﬁlﬂf

p—

o
those corresponding to p . The fluorescent state reached has an energy

[ % : -
%’ =Er—p ﬁ(a/xrj (6
3. If the temperature and viscosity of the solvent permits ghe rearrangement
of the solvent cage during the fluorescent lifetime, the transition-
L(u/KT) = L(u*fKI) takes place. The effect of this is to decrease the fJIEE,
ﬁu;ﬂ?ﬂ of the system at the expense of the electronic energy which reaches

now a level ,

6‘} £, — a*L(n/kT) e

4, Emission takes place from this state consisting in a transition to a

ground state level given by

J" jor
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This state lies evidently below the starting ground state, corresponding as

o

o
it does to a more perfect alignment of the (dipole5 The final step is the
conversion of the electronic energy u(l.(u*)'KT) - L(u/KT)) {/?S 72
into entropy with a corresponding rise in the electronic energy level. The

general disposition of the levels is shown in the diagram. The energy of

b,;l,_ a l-‘«.'_\- -ll'”"
N othe o-o' transition.’is given by

- A=E-gimlg) 1w l)

-’C.-—-\/,.-—

A =(E4- EJ:] + L(%:-/*(R**T%) g8 4

- JQR?G&~ fi' and the fluorescence energy on the assumption of
_‘:__ 'c:u..‘mt
R E’ equilibration of the dipole interactions in the
i - = - excited state is
e a"" ale } i sy o o k‘)’ \l- i
ﬁT KT

5 oy = (f}—g:_) — L(fF-;) % (.-I{.?‘__p_) QN 75
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to the solvent-fluorophore interaction is

S= A-F = —(uru e - L)) e

*
If u >u we have L(u /KT)>L(u/KT) and the Stokes shift is negative (red shift).

— —— =

[

The last equation is valid provided the solvent shell can undergo during the

fluorescence lifetime the rearrangement of the dipoles to satisfy the

&
interaction with p . Considering such a rearrangement of the fluorophore

solvation as a simple two-state process, it will be accnmplisheh during the

excited state to a fractional extent given by

T

1?1-{?

. where 1 is the fluorescence lifetime and{é; the correlation time for the

——
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change in the solvent shell. The average state reached at the time of the

enis
sion will r-""-’""‘:"'3~°"I’I.:bnlcl then to an average energy decrease.

LLPJI T
7
y )fa.gf-'ﬁ' T KT )’f--g-'r U{}I

which gives when introduced in eq. (11)

£ . ph o ¥ »
Fm &8~ 1) e + L) | s

Eq. permits calculation of the fluorescence spectral shift as a function

of temperature, rather than the Stoke?-shift itself. The latter can be

difficult to determine experimentally when transitions of higher energy

overlap appreciably the first excited stafe. . This difficulty of separating
the Sa -+ S1 transition from others, does not ex:;$ in the fluorescence emission

which in the‘vast majority of cases represent the sn:gle 81 - S transition.

ulyiply hydrogen bonded solvents lﬂce the glycols forma viscous glasses 3

/

ese conditions ? >> 1 and’ equation (,1{

(15)

is proportional to the rati
The figure below shopﬁieti al

coefficient of the

(16)
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