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Electromaqnetic Radiation. Characterization.

Electromagnetic faéréfiun,tike any other periodic phenomenon can be
characterized by ita amplitude,or intensity,by its frequency ) and
its phase @.

The frequency is measured in waves per second. The number of waves

per centimeter is the wavenumber ¥V ,related to the freguency » by

the equation:

=‘ﬂ/e £1)

where ¢ is the speed of light,in the medium in which the waves
propagate, The wavelength 1.13 the reciprocal of the wave number

' ' A =1/9 =c/¥ (2)

While the frequency is independent of the medium of i@ ﬁrﬂpagation
the wave number and the wavelength are not., The dependence of the

velocity of propagaticon upon the mﬁdium gives rise to the phenomenon

&f disperalomywhich-is ot fundamental importance in spectroscaopy.

The simplest harmonic motion may be described by the equation:

A=A  sin (2TVt + @) = A, sin (W t+4) (3)

or its equivalent forms

A=A sin (2Tct/x +9)
_ A=A sin (21cVt +P) o b
Tt IR @3 O B et dadtioite, s AR Y Thhonls S

The phdqe ¢ is 1mpertant in phencmena involving diffractlnn,

interference or image formatfon but it is of little interest in the

« phenomena of absorption and emission of light by molecules, The reason

to betfound in the differences between 'coherent' and 'incoherent? |

lnof which we shall talk further on in these lectures,
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" According to the quantum theory radiant energy is absorbed or emi
S

g.

Photons

tted

only in discrete amounts or quanta,also called photons in the case of

light., The energy € of the photon is related to the wave freguency by

Planck's relation

€ = hY =hc/A = hc? (4)

i‘?

=
where h is Planck's constant and equals 6.65 10 27 ergs.sec.

In photnchgmical and other applications it is often convenient to

deal with the energy carried by one mole of photons,thus referring the
changes of energy occurring in abscrptlnn.and emission to the energy
contant per mole‘cf the substance responsible for the absorption or

emission, The energy in one such mole is the Einstein
Ne = Nhc/A (5)

with N = Avogadro's number. If the Einstein is expressed_fn kg.calories

W s
and the wavelength of the light in microns,
E=NE=28.6/A =1,24/X _e.v. (6)
Equation (6) gives the enrgy in electron-volts,as welt,whenk.is in ;
microns, For the center of the visible spectrum .?1=D.5Jp and '
E= 56.2 kg.calories or 2.48 electron volts.

Range of wavelenaths fnvalvaﬂ. 1

We shall be concerned with the absorption of electromagnetic energy
with wavelengths of D.E}J (200 nm) to 1 M (1,000 nm). Quanta of energy

in the upper limit of this range carry sufficient energy to produce "
g

the dissociation of the absorbing molecuie into radfcals*ﬂftE”rfaiidhed‘

_J.'l"' ¥ B

by irreversible chemical reactions, This follows from the ?éc{ 3

the chemical bond energies are under 100 kg.cal, thcq\édfﬁ"u; X g?vg
1 i,1.: 3 I'r L

following equation(6) to )'=D’285.P* N 8 o

,gB f _jfj A



When the shortest wavelengths of this range are used the instability

of the substancesiig%ﬂﬂer study presents special problems which are
not encountered at the longer wavelengths,where photochemistry is
not such a general phenomenon. The Ibnger wavelength limit is set at
1 P,by the rarity of electronic transitions at wave lengths longer
than these and by the very strdng infrarred absorption of water,

which restricts observation,at least in the case of biologically
important molecules.

Absorption Phenomenology. Bier's law.

Let us assume that the @bsorbing elements,which are malecules ¢issojlved
in a transparent solvent,or molecules in the gas phase,are placed in

a cuvet B of x cm. depth and illuminated by a hamﬂgeneaugfbeam of tight
of 1 cm2 section. If a similar cuvet A,containing everything as in B
except the absarbinglmaiecules is placed in the beam,the intensity
reaching a detector placed behind }hg cuvet may be identified with

I0 the intensity of the illuminating beam by supposing that similar
logsses due to reflection.imperfection of the solvent transparency and
scattering occur in A in the same way as in B. Therefore any further
change in the intensity of the radiation incident upon B must be due

to the absorbing elements themselves,

A stream of particles,photons pass through the cuvet and
interact with the absorbing molecules. We shall associate a given
area,or effective cross section,with every molecule in B. This area
61“,18 such that a photon is absorbed if it passes through it,but not
otherwise. Consider an area of beam section of 1 cmE,over a very
small depth x,sd that there are very few gﬁiﬁitégxelements in *ﬁ?s

A " .
volume, According to the definition of effective cross section ®ia



fraction ,djj: of the incident light absorbed in this depth must

~equal the fractionl of the beam section covered by the effective cross
o VLR )

section of the molecules, Therefore,

-Al/1 =G LAx (7)

;here L is the number of absorbing molecules in 1 cm3 of solution in B.

Expressing the concentration in moles/liter, (c],we have

L= [c3 N 1077 =[N’ (8) .
From (7) and (8)
-Al/1 = G'm CcIN'  dx (9)
which integrated between x=x and x=0 gives
In(1,/1) = [elx-a N* # (o)

The product @ N' = T _ {s obviously the milimolar cross-section,

or cross section of one milimole. If decimal rather than natural lags

~
"n.

4
L

are used '
log (I,/1) = 0.434 ¢ Ccd x = k [cl.x (11).

The quantity log IOII is referred to as the absu?banze,ur optical
density of the solution,while In IDII fs the much less used ™natural
optical density”,a quantity 2.3 tlmeE larger then the absorpbance.

The molar absorbance R appearing in the last equations is euidentiy
the absorbance of a solution of unit concentration (1 male/It] observed
in unit depth (x=1 cm.). The dimensions of K or ﬂfG“mM are both
sz ™! since they are clearly milimolar cross sections,

The molar absorbance of organic molecules in solution reach in the
most extreme cases the magnitude of 105 cmEImM. This gives for the
mﬂLetuiar cross section @ = G;MIN'.a value of app, 4,10~16 cme
or jﬁaz. Since usually these molecules have physical cross sections

of 15 2 or more,it follows that in the usual case the effective Cross

Y




section is much smaller than the actual cross section only approaching

it in exceptional cases, An eqguivalent statement is that"The probability
A

of photon capture in‘collision between photon and molecule is usually

]
.

much less than unity

Equation (11) is the well known Bier-Lambert law Stiiing the linear
k"

dependence of the absorbance upon the concentration and,depth of

the absorbing layer.

Independence of the absorbance from the intensity of the source.

It is an empirical fact that the intensity of the monachromatic radiation

used to measure absorption ks may be varied over very wide range without

appreciable changes in the observed absorbance. The possibility of

such a change may be considered in relation to the system.in the

figure below :

g* [e*]

a.

S | b (e

a, Energy levels. Ground level 8 and excited state 8* ,and stationary

concentrations under iIluminatiun:{?j and @f} b. Enclosure of

homogeneously illuminated area A and length | containing the absorbing

molecules

Upon absorption of light the molecules pass from the ground state
S to the excited state S¥*, Since a2 steady value of the absorbance

is obtained upon illumination the numbers of molecules passing from



S to S* by absorption must be compensated by the return of an equal
number from S* to'S . There must therefore exist statfonary
"‘-_‘,. Ry !‘

Ty
concentrations [c ] and[c*),such that

Kg g [c] = Kau_g [c*] (12)
where kS-S* and kS*:3 are respectively the rate constants giving
the number of transitions per molecule per second in the two stated

directions.

2

To calculate Kg_g# consider an enclosure of A cm” cross section

and length I,as shown in the previous figure in b,containing the
illuminated molecules., A homogeneous stream of N, photans per cmg per
second enters the fronkface. The quanta emerging through the back face

are

n=n, Aexp- ( EEM €cl1) (13)

The number naabsurbed in the enlosure is therefore,

n, = ng A (1= exp=( &, fcIl) (14)

the number of absorptions per second per molecule equals naf

molecules in the enclosure or

Kg_gx = NohA (1= exp=( G‘mM Cc2 1)/(Al Cca N*) (15)

The number of absorptions per molecule skg_gw 18 @ maximum when
the numerator has the hdghest value,and this will occur when
exp-( G [ 1) ~ 1-G [c)

Introducing this into the last equation giues,

kgogw = No @y /N' = nged (16)

The maximum number of absorption transitions depends therefore onl]
upon the molecular cross section and the intensity of the illumination

As an example we may take a very powerful light source,like a 1,000 Watt'



Xenon arc,No more than 20% of the power,or some 200 watts will be

converted into |fgh T '
onverted into Iijg tithe rest @tsappearing as heat, Lhoe-collecting
OF St fna Ry et S Will capbine 2% of b .
System of lenses wij| not be able to @apture more than 2-# % of this

reducing the imput to the enclosure to H-@ watts, If we select the
Mnfaﬁw,rym‘#

Part of the spectrum for which (rm is a maximum,we will be reduced to

a few nanometers out of a continuous spectrum of some 4,000 nm,

Ho efledtroe 5
Ue—have—redueed—our input by a factor close to 107 leaving us with —u.Zm

m watt. Assuming for the value of the Einsteim some 50

kg.cal our 1 watt wil| represent 5.10'5quanta. In the most

favourable case ﬁ'm ~13.10"16 2 which gives

kg_gx = é sec™!

As we shall see further on kS*_S is=for emission in the visible and
ultraviolet regions~independent of the elextromagnetic field and of

the order of 108 sec™! or greater. Therefore from equation (12)

Ccl/ Cex] ‘:108
One molecule in one'}un?illion,often much less is in the excited statoe
at any given time. There will be therefore no appreciable depopulatian
of the ground state and there cannot be any appreciable dependence
of the absorbance upon the Intensity of the excitation when light
sources of ordinary intensity are used for absorption measurements,
If very short,intense flashes are used it is possible to increase,
for a short period lasting miliseconds the intensity of the illumination

4

by a factor of 1!2:-:5 to 107, This would still be too small to depopulate

appreciably the ground state were it not for the fact that a metastable

state g** may be reached from S* and kS**-S is of the order of 103—106

= Yide X1
sec_i rather than 108 sec ! as is the case with k

S#*.g*
i
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Departures from Bier's law.

In practice it is'pften found that™Bier's law does not hold accurately.
Some of the causes QF.failgre are:

1. Broad band excitation.

2. Scattering

3. Fluorescence.

4, Molecular aggregation.
1., Broad band illumination. This is obvious auﬂlof relatively fittie

importance but worth while remembering for the cases in which

Sourte. WATh o eow speclivinm s Bt st bade e+ S
LF solution is-iklumipated through a broad band filter,as is often

done in photochemical experiments.

2. Scattering. To a certain extent scattering must always occur in B

cuvet in excess of A due to the local fluctuations in the concentration
of added molecules,butﬂﬁi adds to an important contributionigf?'
colloidal solutions,solutions of .large particles,emulsions and other
turbid media., Unfortunately the case presents itself often to the
biochemist who works with partcles Iike'mitochondria,micrcsomes

or even large macromolecules, The scattering errors can be completely
overcome by @&nsuring that the scattered,non-absorbed light reaches
the detector. This may be best done by using an "integrating sphere®.
This is simply a box of any shape-not necessarily spherical- the
inside of which Is coated with a substance of very high reflectancce.
and low absorptivity. Io practice’d coating with magnessiun oxide

is used.

3 _Fluorescence., In this case part of the absorbed light is reemitted

at a different wavelength,and if it reaches the detector it

decreases the apparent measured absorbance. Inpractice the errors



P "

caused by flunrescence may be overcome by placing the light detector

as far away as possitl®e from the cuvet containing the solution.,
w afacast [ Sez panadl, "ol 4"':.-4:
As the fluorescence has a spherical spatial distribution the amount

of fluorescence reaching the dtector decreases with the square of the

distance from cuvet to detector, and is limited to the solid angle

subtended by the effective aperture of the detector,

that when very high optical densities,of t Re order of 3 or higherg:
e el Wil ecpad

45
which are—tead sometimesrjn Biochemiutry,are uaad measuregpsmalf

changes may be due to changes In fluorescence emission rather than
absorbance,even when the precaution mentioned above has been taken. In
these cases a more relfable way of elliminating fluorescence errors

consists in the introduction of a second monochromator between cuvet

and detector.

4, Molecular aggregation,

In contradistinction to the previous cases,which may be considered
artifactual we have here an intrinsic cause of failure of Bier's law,.
Suppose 2 ch-cmophore A capable of associatiny into dimers,so that

we have in the solutfon an equilibrium,

A+ A= Ay
Suppose that A and AE have different absorption spectra. At seme
wavelengths,those at which the molar absorbance o# A exceeds twice

the molar absorbance of A an incredse in molar absorbance with
concentration will be observed over the range of concentrations im
within an order of magnitude of the dissociation constant of the dimer.

The opposite will occur in those spectral regions in which the molar

absorbance of A, is less than twice the molar absorbance of A,

It must be acknwledgec

.
-
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0 E{k’ ‘_)\.I- ,.?A Ciad. "IL?-
At the points of equalfahsotbance}iisosbestic points) Bier's law

will be obeyed. Theneffects are depicted in the Tigure below.

-

ey

M

[A]

a, Spectra of 2A and of AE b, Plots of Absorbance X against
concentration at different

wavelengths.

The changes in sign of the observed effects with wavelength are very
characteristic of molecular aggregation and may be used to test its
presence in opposition to other causes of failure of Bier's law mentioned

before.

Chuxlhiﬁﬂkﬁwgaf'IIQQGL.aﬂnnﬂﬁbﬁéJm deds Lt
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Oscillators,

In the process of light absorption the electromagnetic energy of the

photon is converted Into the potential energy of the absorbing atom
or molecule,by a change in the relative possitions of nuclei and

glectrons with respect to those that characterize the minimum potential
energy or "ground state® of the system. The atom or molecule may

be represented by a devise the potential energy of which changes

as a result of tﬁe periodic variation of the electromagnetic field

of the light wave. In its simpiest form such a devise-caliled an osciilator
consists of a mass m which,if displaced from equilibrium becomes

sub jected to a restoring force proportional to its displacement Xx.

Its equation of motion is therefore,

m (d2x/dt%) = -kx (1)
where k is a force constant and x the displacement. The solution of

the differential equation (1) has the form,

-

x= A sin (4 k/m)t (2)
wh.ch obviousiy satisfies eq. 1.
The motion of m Is periodiciyan oscillation of period T= EEfﬁcIn-
since for integral values of . t=nT,x recurs to an initial value.

The circular frequency of the oscillation is

W =2m/T =\Jk/m (3)

o

In terms of this characteristic frequency &JG equation (2) becomes
2 2 2
m(d“x/dt<) + mwo x =0 (4)

The solution of (4) ,or (2) is the infinite sine wave,which as already
discussed (see under Fourier spectrum) cannot represent a real physical
phenaomenon, The finite character of the oscillation is determined by

intraducing a damping term or viscous resistence,which is proportional
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to the velocity of the diplacement. This damping term equals,

..'?L:.-"‘{ ll—-
mP, dx/dt
where P. is the damping constant per unit mass. Equation (4) becomes,

m(dexfth} + me(dxfdt) + m103'= 0 (5)

Free deca?.

If the oscillator is subjectedto a periodic force of frequency ey 4 but
at t= 0 this periodic force is discontinued,at all subsequent times
equation (5) will be obeyed. The behaviour of the oscillator becomes
then independent of the previously applied conditions ,and constitutes

the so-called free decay, The solution of (5) is the typical damped

oscillator equation,

x(t) = C, exp {att) + C, exp (aEtJ (6)

where

ay

L == (p2) ¢ (pPra -0 (7)

if FEIAJQﬂg y @, and a, are real non-zero and the amplitude decreases
exponentially and dies away. This behaviour is of no interest,since for
oscillators with properties ressembling those of atoms and molecules

I:éﬂdp . In this case the exponentfals of (%) become imaginary and

x(t) = exp~( Pt!E}(c] exp jst+ C, exp -jﬁﬁ (8)
where 1
S= {D-'-‘g-‘-uf.xgﬂﬂf
H w“'& {[‘[‘.{Q e -
Therefore

x(t) = exp(-pt/2)«(A cos(ty t + §)) (9)
The term between the brackets is a periodic function of the time

and exp (-Ptfej is a continuously decreasing factor so that the motion

is damped oscillatory with many periods of oscillation within the damping
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time 2 F . The intensity returned by the oscillator to the field

is proportional to the qure of the amplitude or

‘-1.1‘{

I(t) = AE{{) = exp (-rt ) Ae-cnsgilﬂot + @) (10)
Equatlon 10 describes therefore the emission of energy from an

oscillator that previously absorbed it foom the field. It is seen that

emission occurs at the proper frequency of the oscillator, b% with a

characteristic rate of decay P

Forced behaviour of the oscillator,

IT the zero on the right hand side of equation (5) is replaced by
E0 sin 63t where w is an arbitrary circular frequency,the egquation
corresponds to the case of an oscillator of proper frequency hJ

field

submitted to an arbitrary/frequency. The oscillation of the right
Following

hand side is that of the electric field of the wave. According to

U is fonsidered
H.A.Lorentz, atoms and molecules are esSentially electronic oscillatars
set in fiorced motion by the periodic electric field of the light waves,
which actg to separate the lighter electrons from the heavier nucled,while
the restorirg force 2ad viscous damping reéult from the electric and
magnetic actions among the charges. The steady state solution of the
equation

m(dgxfdte} + mp dx/dt + mﬁjg = € sinWt (11)
W
is also a periodic motion of the applied frequency ¢ bpfgf different

amplitude and phase @,
'.} ey LEJ o
x(t,w) = A(W) sin (wt+-;&(wj} i) i
By introduction of the solution (12) into tha original equation (11)

we Tind:

tﬂn¢=- me(mg-we} (13)
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i
AW = Egfm (w2 w2 e pPwB (14)

and

LR Y

b T
Maximum amplitude is observed when h)=h)o,that is when the applied

frequency coincides with the proper frequency of the oscil latork.
#ihen this is the case equation (13) shows that field and oscillator
are 909 out of phase,the oscillatot lagging behind the field.

The ratio of the amplitude A(w ) obtained at an arbitrary frequency

and R{UJO} the amplitude of the ocillations at the proper field-

freguency is,

AW/ A (W) = plyl (W3- wiFe pPu)? (15)

The transfer of energy from the field to the oscillator is proportional
to the sq;¥e of the amplitude. Maximum energy absorptfion will be found

at W ,and half maximum at a frequency UJ%,such that

(ALY AW )2 =1/2 | (16)

or according to the latter equation,for the case too» IR

W=, + pl2 (17)

A plot of AE (W) against W is shown in figure . This typical
response curve is called a Lorentzian. It shows the Fourier spectrum
of the energy absorbed by the oscillator, The width of the spectrum
equals }L and therefore we expect the duration of the transfer process

to be of the order )4‘1 in accordance with the equation ﬁ}’ﬂ{:rﬂ



For an oscillator emitting visible light w  is of the order of 101’ 5_1 while the
damping time u—l is of -the order of 1{]B 5_1, so that half-amplitude is reached where
w differ from w_ by oné part in'lﬂ?. Such radiation, which could rightly be termed
'monochromatio' is never seen in the ‘ordinary emission by atoms or molecules.
Doppler effect and pressure broadening due to collisions determine the emission

of atoms in the gas phase (Ditch burn ). In molecules in selutien—there—is—=
broadening of the elementary Lorentzian (Eﬁs. 10 - 14),0f the same origin shaa S5
the pressure broadening in the gas emission, whish raises the half width to some

70 = 700 cmfl. Moreover each electronic transition includes also some concomitant
changes in vibrational and/or rotational energy. These form a broad band of energy
levels separated by intervals which are small in comparison with those of the
pressure-broadened Lorentzian and the result is that each single electromic
transition is enormously broadened. The extent of this broadening is revealed

by examination of a vibrationally resolved spectrum that shows a minimum of inter-
ference from interaction with the solvent e.g. the absorption spectrum of benzene

or anthracene in hexane, or better still (Lipsky ) in a profluorb-hydrocarbon.

The resolved vibrational levels show half-widths of em ! corresponding to

Lorentzians in which w is already an appreciable fraction of W The apparent
half-width of the band does not bear any relation to the decay time of the
emission any longer, it is determined in fortuitous manner by the broadening

and superposition of nearby electronic transitionms.
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Oscillator strength and integrated molar absorption.

An ideal EIEctrnniQEE%Eillator consists of an electron of mass m and
charge e which is bound to an Yinfinitely heavy' positively charged
qucleus by the elctrostatic force alone. If this oscillator is placed
in abeam of light where the energy density is P{}J] er93f¢m5 at
frequency 3y ,the rate of energy absorption by the oscillator from
the beam equals

(dE/dt){ 4oay = B P ) (1)
B is a proportionality constant dependent only upon the mass and charge
of the electron and the refractive index n of the medium in which the

oscillator is placed and equals,
B =122/3 m*= 8.3031410°/n2 C(2)

A real oscillator differs from an ideal one by the multiplier f

(oscillator strength) which is introduced to balance the equation (1)

in the form,

(de/a =8 ()P (V) (3)
TSAl .
In a light-absorption experiment the absorption is due to oscillators

numbering [c]N' per em-, Therefore,

dE/dt = BP (V) f(V)[c] N' (%)
An expression for dE/dt can also be obtained from Beer's law. 1 cm>
of sample is illuminated through the front face by a homogeneous
beam of light of frequency Y . If in the absence of the oscillators
the density of the radiation is P (V),the eﬂ%gy lost by the beam in

traversing the solution equals,

Ae(Y) = POY M- exo(-GET)) (5)
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where d-:p fs the milimolar absorption cross section. To satisfy equation

(1) P()’] must be.constant within the sample,and this requires that

g
a negligible fraction of energy be removed from the beam.(AE@}/F@{ql
This condition implies that

exp-(Gy[c] )= 1..6';['.:] (6)
or
AE(Y) =PpN0y [T (7)
The radiation traverses the sample with the speed c/n where ¢ is the
Oi—‘l"{&}'ﬂ#if.&“t.
Speedﬂin vacuum and n the refractive index of the medium in awhich

the oscillators are placed, Therefore in unit time the energy
absorbed is AE®)c/n,giving

dE/dt = p(¥) 6 [clc/n
Equating the values of dE/dt given by (8) and (&),

(8)

f(¥) = c Gy/nBN' = 2,302 ¢ k, /nBN! (9}

where ky is the molar absorbance.

Equation (9) gives the desired relation between the oscillator strength
and the molar absorbance at any wavelengths,or frequency. The absorption
takes place over a discrete band of frequencies/Ay and consequentiy

(9) must be integrated over this interval to have the total f value,
Molar absorption coefficients are given in terms uf{d? swavenumbers
rather than frequencies. It is therefore convenient to integrate over

the wavenumber interval .c"_'li" after replacing dv by :d?’,giving

=(2.302 cEIEnN')f k3 @y = 4.125-109njk;: d¥ (10)
AV
If the band overd‘\}is Gaussian with standard deviation €

5.5 2%
ky = Kooy ex0=(¥ =y __ )°/§
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jk = max{" - . (12)
A

v.\ 61
Equations (10) and (12) permit a rapid estimation of the oscillator
strength using the molar absorption af the maximum and the half-width
of the absorption band.
Notice that the derivation shows that the oscillator strength is a
classical concept,and as such no supposition about the guantum

nature of the absorption process is necessary for its o

In the emission by atoms in the gas phase the elctrnniorption
qgo

bands are sharp lines well separated from each other// mic

oscillator strengths of the different ele

f ..-h'{ove ﬁapérg

ands in these gases.

Oriqin of the variable oscillator strength. Selectfon rules.

—

—— S —

Un_p olyatomic mol feculies| The oscillators strengthfobserved vary greatly.
The longest wavelength transition in benzene has an oscillator strength
of 2.10-3,while shorter wavelength transitions in the same molecule

have f greater than 1. FAag eteampdr The last absorption band in NADH

has f=0,23 and the Soret band in Hpemoglobl;?? 1.05. The variable
oscillator strength depends upon the existence of sélection rules,

whiech are founded in the quantum mechanical description of atoms and
molecules. These rules are well understood for atomic absorptions

(see G:'erzberg,ntomic Spectra and Atomic Structure),but much less

well understood in the case of molecules. The main consideration

refers to the distribution of charge in the ground and excited states



In polyatomic molecules in solution there are virtually mo gaps in the absorption
spectrum starting from a wgll defined long-wave limit and-proceeﬂing bluewards.
This continuous absorpgié;lspectrum results from variable overlap of neighbouring
electronic transitions ug::L makes it afteﬁ'impossible to separate, Or even

enumerate them in an unequivocal manner. Polarization characteristics (see

under 'Polarization spectrum') may be used to separate neighbouring bands in

fluorescent chromophores, but in many cases enumeration and separation of the

transitions can only be done in an arbitrary manner, like providing a Gaussian or
Lorentzian tail to each well defined maximum, In consequence the oscillator
strengths calculated cannot often be given a very precise value, but can serve
well as a basis for comparison. 'Strong absorption' is usually employed to
indicate an oscillator strength greater than 0.5 and weak absorption implies

an oscillator strength below 0.1.
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of the molecule. The probability of absorption of a photon depends

upon the exfstence:oﬁ{E difference In charge distribution in the

ground and excited states of the molecule. The interaction between

photon and molecule cannot lead to absorption,or at least to absorption
with high probability unless there is an appreciable difference in

the charge distribution of the two states. The necessdty for such a

rule may be understood by a classical analogy: The energy in the field
may be likened to an alternating current and the molecule to a rectifier
into which the current flows, gsia'gesult of the rectification process

+ and - charges appearing in ﬂfz:;:;;;r attached to the rectifier, If

the charge distribution of the ggi:igser is not allowed to change no
energy may be drawn from the field., The absorption is then.forbbiden.

If the charge distribution in the excited state is very different from
the ground state the energy in the field may be easily rectified and

the transition is strongly allowed. It must be stressed that the structures
of both ground and excited states detefmines the prnbability of absorption
so that for one kind of excited state ~eached from tre ground state

the absorption probability may be very small while for anoth? exgcited

¥

state it may be considerable,

Absorption of light by molecules, Franck-Condon Principle.

In atoms Iin the gas phase the electronic absorption bands are very sharp
The line width is determined solely by the pressure and temperature,and
is usuvally 1072 10”1 R. The energy levels are sharply separated and

the absorbing states may be completely characterized., In molecules the
situation is considerably more complicated. Instead of an absorption
line a broad band is observed, The bq;dnESS originates in the

Cueh v 2 a0 .
simultaneous eiectronic;ﬁﬁd vibrational ,chanoes upon absorption.



Thes analogy of théH§Eﬁarbing molecule to the reétifier can be pursued
further. The revtifier in question is a freuency-sensitive ae
synchronous rectifier having a_propér frequency ), . If the resistence
and capacity of the output circuit of the rectifier are R and C
respectively,an alternating voltage of freguency w generates an

output voltage

V

7]

Ve

A PR 2
l/(w w)+R‘C" 7

RC is the time constant of the system. A long time constantbespeaks

a sharp spectrum of rectified frequencies and a short time constante

a broad spectrum, It will be noriced that the frequency aependence of
the efficiency of the rectifier is virtually the same as that of the

depansarceof—the damped usrll!atbr.(eqdaticn ).
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The effects EXpectgd for a molecule are best presented by considering
the case of a simple*dTatomic molecule. The potential energy V as fdinction

of theinternuclear distance r {s given by the familiar Morse: curve,

‘-»—-»-:"..

The minimum in the curve corresponds to to the equilibrium internuclear
distance To* Yo i8 the zero point EJE;; VisVoeon corresponds to the
potential energies of a molecule with increasing numbers of quanta

of vibrational energy. In the dark the thermal equilibrium produces

a distribution of the molecules among the levels following Boltzamn

statistics. The molecules in the nth level and above are given by

exp-(E_/RT)
where E_ is the energy content per mole for level n, Vibrational energy
levels are typically separated by some 3 kg.cal/mole so that at room
temperature only some exp(-6) or 102 are found in the levels above
zero, For practical purposes (with exceptions) we can consider that
the absorption of light is always from molecules in the zero level
of the ground state, Note that the distribution along r is chracteristicall
different for molecules in the zero level and in the other levels,
The most probable distance for the zero level is ro the equilibrium
internuclear distance. For n >1,the distribution becomes bimodal or

plurimodal,with the extreme values being the most prominent,
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For a certain value ry of r the interaction becomes negligible and
the atoms may pull’ apart without further change in V. The difference
in energy between this state and n—O is the dissociation energy D of
vapleads
the system,is determined by the bond ‘energy between the atoms.
Because of the Boltzman distributfon we can state that virtually all
absorptions take plage from the zero level of the ground state. To
see what changes are possible in absorption we construct the potential
energy curve that we expect from a molecule in the electronic eicfted
state. For this purpose we take into account the proposition that the
electrons involved in the changes brought about by absorption of light
are thébuter or valency electrons. The inner electrons are held much
more tightly and the energies necessary to modify the cetations of
these with the atomic nuclei are correspondingly greater (x-ray region)
Since the valency electrons are involved in the rearrangement due to
the absorption of light the binding of the nuclei to each other will
vy er-m.osk §
be less in tha excited state than in thbground stdte,givlng rise to
two effects:

a. Increase in the equilibrium internuclear distance Fg

b. Decrease in the energy of dissociation D*.

c. Decrease in the change in potential energy with r#&,dv/dr* i.
e Lergbous bsost of ¥

TﬁMA)fb construct the potenttal energy curve in a typical excitec state we

use the rules:

rg > ro
pr <. D
(d'-ffdr*)-{ dv/dr (
=73 Y=>Te

The u&&—ﬂ£—$heﬁe-is indicated in the following figure,
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The principle governing the absorption ,or emission ,in polyatomic

molecules is the basic principle of molecular spectroscopy,the principle

of Franck & Condon. In its simplest form the Franck-Condon principle
dlgmw &:hh-? Lo = = T
may be formulated as follows: Changes in electronichenengy~b&hm=&#&e¢t

very fast in comparison with changes in bond angles and bond distances

Therefore the nuclear configuration of a molecule,that is the set of
Covaot .

bond distances and bond angles,dees—rei change appreciablg during the

absorption,or emissian,cf light by the molecule. In the simple case of

a diatomic molecule this means that an electronic transition is

represented by a vertical line starting from Ea and ending in an

excited state with this very same value, Since rg;rro it follows

\,{Lﬂ‘{h_& HA-!
that aimast always an excited vibrational level is reached in absorption.

Lt i wvibradow ool

Evihentlyﬂ]evers above—2 can be reached provided that the field
contains thenecessary energy. Energies below the lowest that can be
reached by a vertical transition from ro, are possible by two mechanisms:
{.Some molecules in the electronic ground state are thermally excited
so that ualues_ccnépicUOusly larger than 35 exist from which the

molacule may reach the levels O',or 1',./7-

2. 90me molecules in the ground state,but not thermally excited have



.
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values of r much larger or much smaller than r_,since there is a

distribution of r ﬁaﬁp?s in the molecules in the zero level of the
i = L y

»

@M_
ground state?w‘m;ﬁuﬁ{x&; et eliug !':"J,\WT.AH.LHL :mng
T cowet .
The combined effects of these is to provide absérption bands with

long-wave tails rather than abrupt cut-off terminations. The absorption
at the long-wave tails of bands is often found to be thermally sensitive.
In the case of broad absorption bands lowering of the temperature

results almost inuariably in a displacement of the band edge to shaorter

wavelengths,, g b Tt redicclie t’l:“.m., :E‘Cb*«. a.:‘.,t.:f L eended o g.x,d_m..,
In polyatomic molecules the Franck-Condon diagram would be much more

complicated since it would involve coordinates for every bond distance

and angle in the molecule. However fin con jugated molecules one would

i}va+4?u4mt

expect all bond distances: in the conjugated chain to be similarly A
altered,so that r could be replaced by an appropriate mean value T.

Sometimes it,.only one particular bond distance,or more often a bond Lo
"q:::;-u L L t:m-‘-'-- E;l"l'tu-h- E{.'iu’if.‘, Ot ik mt,t;_m &EJ.L:.L{H'J_
angle that al};ps dramatically on going from grounf to escited state.

In ethylene,for example,the ground state is planar while in the lowest

excited state the planes of the the two CH, halves are at right angles

am for this case is shown below.
Par Aol etk

The potential energy of twisting is Plottedagainst the angle between
Pl

Can b o, B mundt et Tt Chy grouls

the two planes,@. One can see that in this case also,increasing the

to each other. The Franck-Condon diagr
(L,l.\'é—u—i

temperature will result in absorption at longer wavelengths.
3
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The scheme of fig » corresponding to a single diatomic molecule, would
essentially apply to EAP%}gatomic one like ethane, if the internuclear distance

T is taken to be the €-€ distance in the molecule and the electrons involved in
the absorption transition are exclustvaly'ﬂ%bse. of the ¢ bonds between the
carbon atoms. In a molecule like ethylene {CH2 = CHé) the electrons involved

in the absorption transition would be the m electrons forming the double bond
between the carbons, since these are bound to nuclei by considerably smaller
energies. The excited states would represent promotion of an electrom to

an excited molecular orbital generally designated as a n* orbital. The transition
itself would be of the type 7 = w* while in ethane it would be a o - u* transition.
The quantity D would correspond in ethylene to the formation of the biradical

«  polles

L]
CH2 - CH2 mabbter dissociation of the molecule, but has otherwise the

same significance.
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In molecules in the gas ghase there are well defined quantized rotational
levels,which fill Ene;gaps betwen the vibrational levels. Rotational
structure has been observed and analyzed,in the last years in molecules
as large as phenol,indole and anthracene. In solution the rotational
structure is completely obliterated since free rotation,with a
quantized energy is no longer possible, The vibrational structure may
be still recognized within an absérption band,by the presence of peaks
separated by about 3 kg.cal, in energy. The last absorption band of
Lehabodi v (Tag
aromatic hydrocarbons in non-polar solventsc has clear vibrational

structure.® 23b

Prohibition of intercombinations.

One very important selection rule refers to the prohibiti@n of radiation
with change in multiplicity. We shall now define this term: The spinss
of the electrons in an“ﬁtum are paired in accordance with Pauli's

principle. The unpaired spins are responsible for the multiplicity

of the state. Any unpaired spin is assigned a multiplicity of 2 and the
total spin S is obtained by simple addition of the unpaired spin values.
The multiplicity M equals 25+1. The origin of the concept is to be

found in the fine strueture of atomic emission lines. A line emitted

by a state with multiplicity M has that number of hyperfine components
because the 8 unpaiﬁd spins can combine with the orbital motion giving
28+1 distinct values of the energy. In the alkali atoms,for example

there is one unpaired electron spin,and consequently the state is a

doublet,like the famfliar sodium lines at 5890-5896 R.

Most organic molecules have no unpaired electrons. For them
$=0,0or M=1,They are singlet states. If one of the paired electrons

inverts its spin we have S=1,or M=3,thus becoming a triplet,



F

A further influence, of particular interest to the chemist or biologist arises
because of possible moletular interactions between the solvent and chromophore
molecules. An aspect often forgotten in practical consideration of the spectra

of molecules in solution is that it cannot be[?nnsiéered*te—bgjche result of

identical, or even very similar interactions for all molecules. It clearly
J‘LWW?"%&“*

must be considered as,a populdtion of interactions in which thke individual

cases contribute with unknown weights. This heterogeneity must be kept

firmly in mind as it puts definite limits to our ability to single out excited

states which can be strictly defined and subjected to analysis using the quantum-

mechanical rules that have been successfully applied to the spectra of atoms
in the gas phase.
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It could be cnncetyed that absorption of radiation takes place with

simultaneous inversigatof a spin. Such absorption would constitute a
singig#tripiet tranéitinn (S-T). An important selection rule forbgids
any change in multiplicity during absorption or emission. Transitions

like T-S or S-T are therefore forbidden transitions,or more explicitely
Non=radiative

they cannot occur with simultaneous absorption of radiation.
changes in multiplicity can and do occur without difficulty.The rule
refers to radative changes,or more accurately to radiation by electric
dipoles.

Following a rule due to Hund (see Herzberg: Atomic Structure and
atomic Spectra) the triplet excited states of molecules are of lesser
energy than the corresponding singlet states. Thus the energy scheme for
an organic molecule with a ground state singlet would be:

I _

T .-—----td-l—----—-

1

B, mmm—m—" -
Although the transitions between 80 and T, (or its reciprocal T1-S°]
cannot occur with high probability,they can still take place by a
mechanism of very low probability in comparison with those that produce
transitions like 30—51 or TI'TQ' The former are weaker by a factor that

varies from 10'6 to 1079,



«

'

The vast majority of organic molecules have all their electrons paired in the
ground state, and follg:r.{fl% the prohibition of 1ntetcomb]?ﬁ‘hﬂﬂ}the same holds
for all the excited starte; that are easily reached by light absorption. The
set of these states constitutes as&ﬂ,&r manifold. A corresponding manifold

of triplet states may be generated by uncoupling a pair of electrons spins, and
according to a r}:r'le due to Hund these corresponding triplets are of lower energy
than the generating singlets., It follows that the first triplet state, T; is
energetically placed between the lowest excited singlet, 51 and the ground étate Sn'
Each triplet state is, in molecules as in atoms, triply degenerate. The energy
splitting of the states is very small and is completely erased in the optical
absorption spectrum by the broadness of the electron}ftransitions. However, the
characteristic degeneracy of the state may be revealed in the optical detection

of magnetiec resonance.
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wolecular structure and light absorption in organic compounds.

"to which air is transparent ( :KPEED nm) .

we shall be cuncéqngq with the opticdl absorption properties of

compounds containing C,H,0,N ans 8. A saturated hydrocarbon containing

only C and H shows no absorption in the region of the ultraviolet

The outer of valence

electrons of these compounds are involved in C-H or C-C sigma

bonds ( Bond energy = 80 kg.calories). An absorption band would
require the promotion of an electron from a sigma to a sigma *

O =T * bt Gim) ol i
orbital, the necessary energyilies in the far UV,starting nearly
at 150 nm., Compounds in which absnrption will take place at wavelengths
of 200 nm or longer require electron less tightly bound to the nuclei
that those of the sigma bonds. Such are the electrons that participate
in the T bonds of unsaturated hydrocarbons. The simplest case is
possibly that of ethf[ene which has aéﬁeT%ctronic transition at
165 nmfﬂgdhuch weaker absorption band is-also-observed at 200 nm,
The ;ﬁxqriftransitlon at 165 nm is an example in which one of the
bondinéméiectrons is promoted to an excited orbital (Tt#),. In butadiene
the longest wavelength transition is at 220 nﬁ;ﬁyﬁth further extension
of the conjugated chain the longest wavelength absorption moves

regularly towards the red end of the spectrum:

Longest wavelength absorption

H(CH=CHJnH

A nm KmaxgmMJ
2 217 21

3 268 35

5 334 121

6 264 _—

8 410 i
10 447 s
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The displacement of the absorption maximum to the red is accompanied
by an increase innlﬁirmscillatnr strength, A simple qualitative,and
almost quantitativé explanation of these facts is given by the

fEMO (Free-electra molecular orbital) theory. Although such theory is
obviously insufficient it has the merit of explaining the approximate
region of spectral absorptiuq frmn;?:gtﬁamelecuiar structure properties
in very simple fashion and it—eenteins—no adjustable parameters.

The set of conjugated double bonds is supposed to constitute a¥box®
inside which theTtelectrons (two for each double bond) can move freely.
The possible energy levels that the electrons can oscupy inside the

box is given by a simple application of quantum mechanics (see e.g.

Pauling & Wilson): The energy En associated with the nth level is

E, = n°h?/ 8mb

where m is the elctron mass,h is Planck's constant and | the length

of the box., n=1,the lowest energy !evel correspands to a standing wave
without nodes inside the box,so that th! half—lengﬂwcqmihe length of
the box)£; In the second level one whole wavelength is contained exactly
in the box,in the third level 3/2 lengths and so on, Two electrons,

with opposite spins occupy each level of the box,in accordance with
Pauli's principle. In butadiene,with four T electrons,these occupy

the lowest two levels while the third is unaccu?ied. The absorption
transition of least energy (i.e. longest wavelength) results from

the promotion of an electron in the uppermost filled level to the the
lowest unoccupied level, The energy difference between these ,the
nth and the (n+1 ) levels is given by,

il b ol
t'"?-“ - 1(,_%1”}1 5 2 s %(-.. +i.)
'h‘? )?‘!‘-Jr.-' '




27

According to Bohr's frequency condition

T
Enai = Ey = hc/A and therefore,
:11= he/( En+1”En) = Bmlch(2n+1J = 33 IEI{2n+1} nm

if | is given in R units.

The agreement is not very good: Thus for n=4 the formula predicts
absorption at 471 (maximum) against an observed value of 304 nm,
Nevertheless it should be acknowledged that the equation predicts

the approximate place of absorption,by an extremely simple equation

containing only universal constants h,mc and the length of the
conjugated #hain. The qualitative agreement is important in
ensuring that the physical picture given by this simple theory fis
in the main correct.

Ap ewer more comﬁlex sftuation presents itself in molecules in
which the conjugated path is closed,as is the case of aromatic
hydrocarbons, In these cases the electronic oscillations resemble
those of a membrane in which the perimeter is fixed and the standing
waves are those of the surface. It is known that in this case (see
Lord Rayleigh,The theory of Sound) the fundamental mode of vibration
is one without nodes,all the points of the membrane moving in the
same direction above or below the fixed perimeter. The first awdl all
oty ant
Overtones+5.degenerate. B & rectangular membrane with sides of

oV entuus,
comparable dimensions i has two proper _modes with nodal lines

at right angles to each pther,

<
7 }
”
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ALl energy levels above the first are also doubly degenrate,with

nodal lines which-are at right angles to each other., This makes

ML T

a considerably diffeFence between a linear conjugates molecule,like
hexatriene and the correspﬁdding cldsed structure (benzene). In
hexatriene the six Tt electronstoccupy 3 energy levels. In Benzene
the same six electrons occupy only two levels: The first—,without
any nodes is filled with two electrons,and the second,doubly

degenerate is occupied by four electrons.

-------- S - sl

o e S - - -
R SR
Benzene Naphthalene
Electron levels in Benzene.and Naphbthalene
In naphthalene the remaining four electrons completely fill the

next doubly degenrate level,and in general polyciclic aromatic

hydrocarbons fill completely n levels since they have exactly

EE%HE aromac e &%
4m+2 TC electrnnsj m is the number of ¥rings.

Hlickel attributed the stability and large resonance energy of the
polyciclic aromatic hydrocarbons to the complete filling of the

energy levels in the same way Fr—vririch gg-the szability of the

noble gases which-is due to the existence of completely filled
electron shel;:;gép/{his b SLZ,EEEkEI predicted ,ijxgxgln-oc ate ene

would tyrn out”to beron-ar .aticx’f?/f: fﬁ;?;;Tﬂ;Gn—prﬁ;;:f;ﬁgfzzaéﬁés
P(E;{d/gin/é;;ju

ted molecule.}
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wthe coowatis L.‘ad/.oca.r@ow .
The double degeneracy of the filled levels . has a simple qualitative
consequence that is%ﬁxperimentally easy to observe: The absorption
of the aromatic hyﬂrocarbons occurrs at shorter wavelengths than
the absorption of the linear conjugated compounds with the same
number of T electrons., For example decaene absorbes at 447 nm,

while naphthalene absorbes at 305 nm. the difference is even more 2qh.¢
l}- -

i

marked i’p the members with larger numbers of . electrons./Promg¥ion

h}-drucarb}'

thoed¢l <tals

hydrocarbgns ,&he tr

ons. J

r-T;.-drocarbon L Lb B B

a a b
Benzene 208 263 183
f 0.1 2,107 0.7

Naphthalene 289 302 170 220
£ 0.18 2,107 0.5 e
Anthracene 379 7 256
L R | 2.4

Naphtacene 474 27272

OI‘ 1.8



As pointed out by Platt, who among other investigators developed the FEMO model,
promotion of an electron from the uppermost filled orbital to an unoccupied

nth higher level reaulﬁgﬂf; a composite 'hole and electron' state, which may

have only two nodal lines (B state) if hole and electron belong to the same

nodal system or 2n+4 (L state) if tﬁey belong to systems W%Fh orthogonal nodes.
From the number of nodes it follows that L states are multiﬁhe states exhibiting

a smoothed-out distribution of charge, while B states are dipolar. In unsubstituted
aromatcs the ground states have uniform charge distribution, and transition to

an L state is consequently difficult (quasi forbidden) with f values often smaller
than 0.1. On the other hand transitions to the strongly dipolar B states are

fully allowed and have oscillator strength that can reach unity or higher (see
Jaffee and Orchin).

Both B and L states are doubly degenerate corresponding to the original geometric
degeneracy of the nodal lines and the two states thus produced are termed LEl and

Lb’ or Ba and Bb. In benzene and its substituted derivatives the longest

wavelength transition is an Lb clearly separated from the I.a transition by

10,000 cm_l. This splitting due to the geometric degeneracy is a minimum when

the two planar dimensions of the aromatic molecule are equal, a situation approached
1n‘aromat1cs made up of two fused rings, like naphthalene, quinoline and indole.

In naphthalene the transitions maxima of L_ and L, are separated by only 1400 cmfl,
and since this 1s smaller than the corresponding bandwidths the transitions are
overlapping and appear unresolved in the absorption spectrum. The overlap of two
nearby transitions in the first excited level lends considerable complication to
the absorption and fluorescence properties of the molecules because chemical
substituents as well as changes in the solvent environment can produce a variety
of effects by acting separately upon the twin levels. Such complexity, which

often hinders a straightforward interpretation of the Spectroscopic observations
]

is a further potential source of information of particular interest in the case
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*
n-n transitions.

& .
While 7-m transitions are universally responsible for the brilliant colours of
1-,_.1.{ [N i

plant and animals, there is an important éategory of transitianshthat involve the
promotion of non-bonding electrons to a r*-érbital, These non-bonding electrons
belong to the lone pairs of S, N and O and the corresponding transitions are
called n—v* transitions. They are identified because of the following characteristics:
1. They often lie on the long-wave side of — transitions, so that
they appear as the longest wavelength trangition of the u1traviole£
or visible spectrum.
2. They are often weak, 'forbidden' transitionms.
3. They undergo a characteristic 'blue shift' in hydroxylic solvents.
4. They disappear (shift to very short wavelengths) on protonation of
the corresponding lone pair. r
! (' In an energy level diagram the relation_of n—w* to w-ﬂ* transitions is often

as follows:

ff Lone pair
Uppermost filled w-orbital

When the lone pair level is well separated from the uppermost filled orbital
the n-ﬂ* transition is distinct and well separated from the nearby w—n* transition.

*
It is in these cases that the n-m transition is characteristically weak (forbidden).

*
As an example of the weak, isolated n-m transitions we have

2 a4

A kmax.(cm | mMole™2)
Acetone 280 15
Acetaldehyde 293 8
Acetic acid 204 60

Acetamide 214 30



The much shorter wavelength at which the transition occurs in Acetic acid or

acetamide as compared ‘to the other derivatives may be understood by an increased

- ~

contribution of electroﬁ distributions like

o- ' ’,,0_
and . CH,~— C

CH,— C 3 q\-.a‘

3 Ngt—
0 —H 2

NH
+
to the corresponding gruund states, Typical n—r* transitions are observed in
quinone and benzophenone. In the heterocyclic aromatics pyridine, quinoline, etc.
the n-w* transitions are apparently overlaid by broad ﬂ—ﬂ* transitions and zare
difficult to characterize. When the uppermost filled n-level and the lone pair
level are close in energy, a situation that presents itself where the lone pair
atom is attached to an aromatic ring, the lone pair is to a certain extent
conjugated with the m-electrons of the ring. In these cases promotion of a lone
pair electron to the ring is much more probable and the corresponding transition
are much stronger than the typical isolated n—nﬁ, but may still be recognized

by the blue shift in hydroxylic solvents and the disappearance upon protonation.
This is the gemeral case of the aromatic aomawsd , where the longest wavelength
absorptisn band disappears on protonation, the spectrum tzkiag the general

character of a methyl substituted aromatic.
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"Blue shift of n-T# transitions in hydroxylic solvents.

This effect may béﬁsggn in acetobe where the maxima of absorption are

hexane 279 nm
ethanol 272
water 265

The energy difference between the values in hexane and water

equals approximately 5 kg. calories /mole., In N=nitroso dimethylamine

the value between water and hexane equals 7 kg.cal, Similarly the

aromatic amines show blue shifts of some 6 kg.cal, If the N atoms

of these molecules is replaced by C the corresponding shifts are less

r wavelength is
electrov.

easily explained : because of the promotion of the lone pairAto
ﬂ*lhﬂﬁj;ﬂ-ﬂdﬂﬁéfSEL#fQQ,Pmﬂﬁﬂipﬁﬁtﬁ% cundta

i = 4
=

a T* orbital the hydrogen bond ia—which tholoRe—pei

than 1/1oth of the N values, The shift to shorte

Py PR e
T Tt e ekl b

disappears in the excited state. Consequently the energy necessary

to break it has to be added to the energy of promotion of the lone pair

electron.

Protonation effects.

In a medium of suficient acidity lone pairs can be protonated. On
addition of the proton the transition "disappears”,or at least moves
to shorter wavelengths. Disappearence of the bands fn strong acid are
observed in acetone,in aromatic amines,etc,

The ffects of substitution in the aromatic ring.

when the hydrogen atoms in aromatic rings are substituted by other
chemical entities two main effects are observed: 1. There is a decrease
in the symmetry of the molecule that facilitates the interaction

with the field,that is the production of a dipole., In general the

l'"“""“""cﬂ ke e llatey ¢
effect is to increas;HLha_£-4&+ue of the > L
= ]
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transitions. Thus the maximum molar absorption coefficient of Lb in benzene is
220 cm’/uM. Replacement of a hydrogen by a methyl(toluene) causes only a small
increase in absorptiu;EJﬁdi replacement by OH (phenol) results in an increase to
1,380 Qm;!mﬂ, that is by a factor of six over benzeme itself. It is also observed
Fhat although the position of the band is not much altered in toluene, in phenol
the maximum displaces to 275 nm from the benzene value of 250 nm. The difference
between toluene and phenol represents the difference between a group which merely
perturbs the benzene absorption and a group, OH that extends the conjugated path
of the m electrons and provides for possible localization of charge in the excited
state. The extension of the conjugated chain is responsible for the bathochronic
shift of the maximum, while the facilitated localization of charge is responsible
for the increased oscillator strength. The effect of groups like OH, SH and NH,
in shifting the absorption to longer wavelengths and increasing the absorption
intensity have been well known to the dye chemists interested in the synthesis of
these compounds, and they were designated because of their effects as "auxochrome'
groups.

The lone pair of O in benzoquinone. and of the N in the heterocyclics like pyriﬁiua
and quinoline are not conjugated to any great extent with the ring, and their
presence serves to introduce an additional n—n* transition in the system. 1In
aniline and phenol the lone pair s of the O and N are partially conjugated with
the ring. This can be seen in the ground state behaviour of these compounds:

The pK of the aromatic amines is about 4.5 while the aliphatic amines is 9.
Similarly the pK of phenol is 10 compared with 13 in an ordinary alcohal.. These .
partially conjugated lone pairs give rise to transitions that are broad, displaced
to longer wavelengths as compared to the L bands observed in their absence, and
of moderate f values. They are blue-shifted in hydroxylic solvents and erased

*
by protonation. They are of the same kind as n-w transition but have become

partially allowed by conjugation,
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In general the effect of substituents of the aromatic nuleus is to increase the

oscillator strength and displace the absorption towards the red. the largest

"y
differences in oscillator strength amng the different transitions of the same

molecule are observed in the unsubstituted hydrocarbons where oscillator strength

ratios can be of the order of 102 or 103, as in benzene or pyrene. On the other

hand a heavily substituted aromatic molecule like dimethyl-iso alloxazine,
which carries the visible chromophore of the flavin coenzymes presents three

b LN

transitions, at 450 nm, 375 nm and 260 nm. The oscillator strengths of whieh

are-G.3 - 0.9 and-differ among-themselves by.a factor. of no more than two.



Polarization of Transitions. Linear dichroism.

A classical dipole osci}léﬁpr interacts with the electric field so that the
separation of charges occurs in the direction of the electric vector of the
exciting light. Experiments carried out in Ehe last century by Otto Wiener and
repeated more recently by others show that the interaction is primarily with the

electric field and only to a negligible extent with the magnetic field of the

light. The classical oscillator is entirely isotropic and will absorb light with
the same intensity regardless of its orientation with respect to the electric
vector of the light wave. This is not often the case with real oscillators, and
in most molecules the polarizability of the molecule is different in the different

directions. In many cases molecules behave like, completely anisotropic linear

oscillators. In these cases there is a priviledged direction in the golecule
(the transition moment in absorption) for which the absorbance is a maximum value,
and a direction normal to it for which it is zero, For any angle & between the
electric vector of the exciting light and the direction of the transition moment
the probability of absorption is propurtinnai to coszﬂ. Such a relation can be
expected on classical grounds and also in quantum theory. Quantum theory does
not predict a unique transition direction in the molecule. This depends in

fact upon the molecular structure but in molecules with reduced symmetry experiment
shows that in many cases, this direction is a single one in the molecule. To
carry out a decisive experiment showing the preferential absorption along certain
molecular directions requires a molecular population in which all members are
similarly oriented. In fluid solutions it is not possible to generate such
population, as application of an electric field or the EfﬁﬁT&J;flow of the
solutions can produce only a partial orientation of a small fraction of the

molecules. The experiment is possible with
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L 3
Pegwimes,a crystal in which the molecules are related to each other

by translations alone or with little rotation sﬁperfmpnsed. Otherwise
‘H:_.-q_,-, r
it would not be pnss?ble to orient the crystal with respect to the

Ui o The

B.vector,so that one molecular direction,~alomes is parallel,or nearly

so0 to %ﬁ%—0lic$F$e—¥Ef%ﬂf'Uf—tht'*++gﬁ%.'Iﬂ the crystals of hexamethyl

benzene the molecules are plased in paretted sheets with benzene rings

parallel to each other,

I oo ot

When the E vector of the
absorption is maximal. When the E vector is normal to the benzene rings

polarized light is parallel to the a_direction

plane (b direction) the absorption is very smail. The difference from

Could ke tr
akd to imperfections in the crystal.

zero is—p+ebabdy due to scattering
&y o 3 veqicduwal aut-nj'--Pl_m aboov pline
Examination of this and other crystals ske» of aromatic compounds show

that invariblg the strong abeorption transitions show a maximum

when illumination is with light polarized in the plane of the aro atic
mgdﬁ-aoq&
In the case of #ehhenamethy

rings and a minimum when it is normal to it,
benzeme efystads illumination through the ac face of the crystal does not

reveal changes In absorption with the plane of polarization? By symmetry

all the three directions in the ring shown below are equivalent,
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Therefore rotation of the plane of polarization of the light transmitedq
in the b directio;fxi%annot appreciably change the absorbance.

The effects obtained when the crystal is of lower symmetry is
exemplified by the case of the anthracene crystals. The molecules

are stacked in the crystal in nearly parallel planes so that illumination
of the ab face gives results similar to those obtained with the
hexamethylbenzene crystal. Bothe the L transitions (centered at 370nm)
and the B transitions (centered at 250 nm) have maximum absorption

for the E vector in the a direction. The two molecules of anthracenne

in the unit cell are at a small angle to each other,as shown below

It should be possible therefore to distinguish whether the transitions

are a or ¢ polarized. The maximum at 370nm is clearly c polarized

(also called longitudinally polarized). There is evidence however

that the polarization of the 250 nm band is not the same in the free

molecule and in the crystal. This is not surprising since there is
among the molecules in the crystal

evidence of strong interactions/in the crystal which are absent in

the gas phase or in dilute solutions of anthracene, The main conclusion

to be derived from all these observations is that the transition

moments in aromatic molecules (IL-Ti* transitions) are all polarized

in the plane of the rings.

Lyons L.E. & NMorris G.C. J.Chem.Soc. 1551,1959

H.&.uright., Chem Rev. 67,581(1967) (Arrangement of anthracene in crystal)
Clark L.8. J.Chem. Phys. 51,5?19 (1969)

Cren & Clark L.B. J.Chem.Phys 51,1862 (1969)



C)

37

ey

/N
gl

e

Environmental effects upan absorption.

The study of this aligect is of the greatest interest to the Biochemist

or Biologist, Changes in the absorption properties of chromophore groups

cab in principle provide information about their interaction with

the surrounding elements in the natural biological systems like
macromolecules,particles or membranes. Frequently the interpretation
of the observations cannot be as certain as one would wish because
of the present incomplete knowledge of the relaticn between spectroscopic
properties and molecular structure in the isolated chromaphore.

It is possible to recognize that on the one hand some spectroscopic
properties changes result from the macroscopic properties of the

surroundings ,like the Hhctiue index or the dielectric constant,while

others depend upon the detailed structure and the functional properties
of the molecules. A knowledge of the former influences is necessary

in giving due weight to the latter,” specific " factors. I shall describe
first the general mode of interactidn between excited chromaphore and
:nvironm2nt and then treat,in a phenomerological fashion,th2 most
important types of spectroscopic changes that follow the establishment

of well defined molecular complexes.

Characterization of the medium by its macroscopnic oroperties:

If an external alternating electric field is applied to a medium the
charged particles in it will undergo motions that depend upon the
field frequency. [f the frequency is so high that overall molecular

motions or even changes in molecular configuration cannot occurr

within one mriod the only effects will result from electron polarfzation

that is’ the displacement of the 2lectrons alone with respect to the

heavy,oractically motionless nuclei. Such will be the case when the
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electric field has the frequency of the E field of the light ( 10 > sec”]

The polarizability at such high frequency depends upon the refractive
4%

index,n alone,and equals

| (n®-1)/ (2n241) e g s esceakes ot e lisls

At very low frequencies,when nuclear modions,as well as electronic

displacements are possible the polarizability i§ given by
(D=1)/{(20 + 1) (2)

where D is the static dielectric constant of the medium.

In a liquid made up of molecules with no apprecible dipole moment

the electronic polarizability is the only contributor to the effects

and the quantity

Af = (D-1)/(20#1) = (n®-1)/(2n°+1)=0 5)
the Maxwel -.%La':u-u. D=%r, obtiim -
BUREE A DACEE ERERE R0 /If is therefore the orientation

polarizability of the medium, For a typical solvent of non-polar molecul:

like hexane Af= 0.001 and for a highly polar one,like water Af=0.34

Effects upon chromophores,

To calculate the effects of the environment upon the absoprtion,
ol flegun, Ak
or the emission pf light it 1s necessary to tnclu%; the energies of
e wp
interaction b-e-‘bc:efﬁ:n the chromophore in the grewsd-ood awaidsd states

il &
= the solvent molecules el ®
fa bt {L;aﬁu.hsmbhﬂvvﬁrnniti Lo

LY -

electronic states and—%htffiﬂfe1acsn;dinq—¢u the Bohr frequency

condition in the calculation of the wavelengths absorbed,

If the energy in the ground state is U and the energy in the excited

state is U®* in the absence of all molecular interactions,

U e B = e (&)
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where ?0 is the wavenumber of the electronic transition (0-0')
transition,and U and U¥* are molecular energies. If the energies of
interaction of the solvent molecules with the chromophore in the

ground and excited states are respectively u and u* we must have

(U* + u%*)= (U + u) = hc{'\}'°+.:l'v-) (5)
The displacemenf AV of the electronic transition,due to the

interaction with the solvent isﬂ4ﬂ{+ﬂﬂ5

A3 = (1/nd(ur-u) i /ncjlu (6}

The problem is therefore the calculation of the difference u

in the interaction of the chromophore with the solvent in the ground
and exchted states. Such interactions are electrostatic in nature

and depend upon the detailed distribution of charge in the chromophore
and solvent molecules. ThE;gharge distribution may be expanded in
terms of monopole,dipole,quadrupole...contributions. We shall assume
our molecules to be neutral so that the dominant term in the distribution
will come in most cases from dipole effects, It must be realized from
the start that such treatment leaves out of consideration a number

of possible causes of fnteraction like charge transfer effects or
hydrogen bonding and that these may produce the dominant effects in
some cases, HowevEﬁ?the restricted dipole treatment is useful in
providing a framework into which many practical cases may be fitted
besides permitting to see the character and implications of the

cases that do not conform to itg predictions.
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( Chromophore dipole in a dielectric,

e

When a dipole molecyle is placed inside a dielectric the latter becomes
polarized. To make use of the macro;capic properties of the solvent

it is supposed that a small spherical cavity of radius a is scooped

'in the medium and a "point" dipole of strngth;;iﬁ placed in its
centre. The surrounding medium is characterized by its dielectric
constant and refractive index. This model originated with N.Martin

and R.P.Bell and was developped by Onsager, When the dipole is placed
inside the cavity,the surrounding medium is polarized,that is charges
appear on the surface of the cavity,that act to compensate those of

the dipole. The field R that would produce,when externally applied

the same effects as the dipole is called the reaction field.

Bottcher (Theory of electric polarization,Elsevier 1952) demonstrates
g ( that :
R= Pffa3 (7)

where T is the polarizability of the medium., This can be partitioned

into the two contributions,one from the orientational polarizability

| Ror and another from the electronic polarizability R, -Moreover,

Ror =(W/a2) BF 5 Ry, = (p/a?)(n-1)/(2n%+) (8)
giving therefore,

R = {)J!az’} ( AT+ {nE-—H}'(EnEHJJ (8)

If field and dipole are antiparallel,the interaction energy fis

u = --FirJ :-{PE;'aE]{ﬂf+ (n2+1],’{2n2+1}] (9)
Consider now a molecule at the time of the excitation. The equilibrium

set up previous to the excitation corresoonds to the dipole moment‘F.



4

of the chromophore in the ground state. At the time of the absorption
r changes intu}ugjtne dipole moment characteristic of the excited state
that results from the absorption of the exciting radiation. The change
indkmatexmammakx in interaction energyju may be split into two parts

'corresponding to changes in the orientational and electoonic parts

of equation (8).

Au . =R (p - p*) (9)

where Hor is the reaction field of the ground state since,according

to the Franck-Condon principle nuclear configuration changes ,required
to modify Ror cannot take place during the excitation itself. Therefore

the dipole moment equals
in equation (9) giving R _ /and the last equation givés,

Rn-r :)‘-ﬁf!a}

Au, = P(y-y*]ﬂf{aj

(10)

On the other hand the reaction field due to the electronic polarizability

Eel changes in absorption following the change fromjp to‘P*:

4
¥
Augyy v, R, =(p2p"2)-(n2-1)/(2n%+1) @ (1)
change
the total energy/in absorption equals,

Au =i'rit“"ta.-l +‘ﬂuor‘
Du = pip pmA t/a> + (p2- p*?)(n2-1)/(2n%41) @2 (12)
Au adds to the energy of the absorption transition resulting in

a change AV in the wavenumber of absorption given by

AV =Au/nc
In vacuum D=n=1 u=0, The changes in absorption frequency are therefore
changes with respect to the absorotion in the gas phase in which

the molecules are entirely isolated.
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of the chromophore in the ground state. At the ﬁime of the absaorption
F changes intoiyf;}Qﬁ~dipnle moment characteristic of the excited state
that results from the absorption of the exciting radiation. The change
kndkpatexmamengx in interaction ene;gxdu may be split into two parts

‘corresponding to changes in the orientational and electoonic parts

of equation (8).

Auor = Ry (p = p*) (9)

where Ror is the reaction field of the ground state since,according

to the Franck-Condon principle nuclear configuration changes ,required
to modify Rar cannot take place during the excitation itself. Therefore

the dipole moment equals
in equation (9) giving Hor /and the last equation givés,

Rov =,}L¢dff£13
Au . =p£y-y*)£:ffa3 ' (10)

On the other hand the reaction field due to the electronic polarizability

Bel changes in absorption following the change frum}u to}J*:

4 N
Augy =du i, "'{}"2'}‘:2}‘("2"”(2"2*” a®  (11)
change
the total energy/in absorption equals,

Au =‘due1 +‘ﬂuor
Au = plp -}J*J“ﬂ fla® + {)12- ;J*E}fnz-1lf{2n2+1) a” (12)
Au adds to the energy of the absorption transition resulting in

a change AV in the wavenumber of absorption given by

AV =Au/hc
In vacuum D=n=1 u=0, The changes in absorption frequency are therefore
changes with respect to the absorption in the gas phase in which

the molecules are entirely isolated,
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Absorption shifts.In a*non-polat' mediumAf=0,and therefor‘eﬂu=duei

or R0r= Q.

"\;_,\‘11‘
Au = P*E_fa )/a® .(n%=1)/(2n%+1)
Therefore if i.l}l.l* .Blue shift from the gas phase
' }J{P* Red shift from gas phase.

In a polar medium the same rules apply. The differences in refractive
index between polar media like water or formamide and non polar media
like hexane are sufficiently small for the differences in the term
n2—1f2n2+1 to be neglected in comparison with the larger differences
in Af, Thus for hexane and water the differences in the terms due to
the refractive index is 0.01 while the difference in Af= 0.33.With
this approximation we can write equationm i—n—{-he—-f-&l‘ﬂ!_ -Flm.u ﬂﬁ (“*)

3
AygiarAnon potar ¢ P ¢ p-p*) Af/a (13)
We can take an example due to Lippert (1955) . The compound shawn on the

left has a dipole moment of 33 D in the ground

,,? state. The absorption maximum is

e _.-"

.1,3P~ g at 16,000cm™! in methylene chloride
."" C-—-—a 1

v/ l (non polar) and at 21,000 e¢m™ ' 1in

!-I'C"q* //—C?Hzﬂzﬂc'\{:..___.g water (polar). The bluer absorption
3 NS

jn the polar medium shows that the
dipole moment in the excited state
must be smaller than that in the

ground state. Using equation (13)

i ergs/molecule.

'JJ (p=p) Af/a’= 1,10

For water df:D.ﬁh using a~5.10“8¢m.

p* = 33-11=22 D. .



To-achieve k decrease in the dipole moment of 11 D in a molecule the linear
dimensions of whicﬁ:ggsfa few & units, implies that-the—absorption-transition
must-result—in a shift of electric charge corresponding to a considerable
fraction of an electron. In these.cases’one is entitled to speak of a charge-
transfer transition, Various causes of uncertainty in the above treatment may
be mentioned, among them the disregard of any specific relations between the

chromophore and the solvent molecules, the assumption of a spherical cavity,

the negligible dimensions of the dipole and the assumption of a continuous
medium surrounding the molecule, Finally an added uncertainty in the final
value is introduced by the dependence upon the third power of the molecular
radius. Of all these sources of uncertainty the most important is the neglect
of differences in hydrogen bonding or partial charge transfer in both ground
and excited state. For example the blue shift of the So +-SI transition in

] ( aromatic amimes in hydroxylic solvents would lead one to the conclusion that
uicu, while the changes in fluorescence spectrum with solvent polarity, and
much incidental evidence, shows that u* 1s.con£iderab1y greater than p. In
general the spectral displacements in absorption are considerably smaller than
in emission and the qualitative predictions obtained from eq. are considerably
less trustworthy than those from observation of the fluorescence. The theory

! offers however a framework to separate ;pe cases due to pure changes in dipole
The @mimes

moment from others - like the case,discussed- in which other molecular interactions

enterg into play.
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The effects of molecular interactions upon_absorﬂtion.

We consider the fﬁ;g{@ctions possible between two molecules A and B
dissolved in a 'transparent' solvent. In general a well defined
molecular complex must be formed foé the absorption to be conspicuously
modified . The absorption spectrum observed will be the result of

the juxtaposition of contributions from the free partners A and B and
the molecular complexes nIBJ where | and j a:e=££EHHE=E&E&§4:;—Teum44¢h
less—than—2swhierr define the stoichiometry of the complex. It is
implicit that spectroscopic observations will be extremely useful,often
indispensable,in the determination of the stoichiometry and
the thermodynamic properties of molecular complexes.

From a purely descriptive point of view it is convenient to consider
the effects belonging to three separate spectral regions;

1. The region where nefther A or B have conspicuous absorption.

2. The region where one of the partners alone shows strong absorption.

3, The region where both absorbe intensely,

Changes in the region of small or null absorption.

In some cases interaction of the partners results in the appearence of

it @ Spedtool Tegion tw wlach aleovpliion by
a strong absnrption band situated ak h:ﬁgtf wavetlensths to both-ﬁﬁg

i, ThL Sauus solvewnt s wWRak or abseni
spectra—ef A aad B alone—tr—the—same—solvernt,” A case of this type is
illustrated by the finding of Benesi & Hildebrandt (1948) of a strong

absorption band (?'mx= 298 nm; k

max™ 9,000) when I, and Benzene are

w

mixed., 12 in an indifferent solvent like hexane sth a principal
absorption band at 500 nm with k__ =1,000,while benzene does not
appreciably absorbe beyond 260 nm.with an oscillator strength of order

10"3. Mul liken suggested as a possible origin of this band that,
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while the ground state of the complex could be described by the apdar
structure AB,wheré.otientation polarizability and dispersion forces
provide the binding energy,the state characteristic of the new
absorption was & strongly polar one in which one molecule,the donor
ﬁave an electron to the other,the acceptor. Thus the process of light
absorption would result from a change that may be crudely characterized
by

AB + hv = A” 8"
The new excited state belonging to the complex is a'charge transfer

state' and the new absorption band may be called a charge-transfer
band, (CT).
Certain consequences that may be tested by experiment follow fTrom
this idea. -
1. It is possible to estimate the spectral region in which CT
bands should occur: If I, is the ionization potential of the

donor,B and EA the glertron affinity of the acceptor ;A

Ip=Ep
represents the energy necessary to create the islated species ﬁ+ and
B~ from A and B,where AT and B™ are at such large distance from each
other that no electrostatic interactions take place. If they are
now allowed to interact,coming to an equilibrium distance r ,the
attractive enrgy released is eEIr and the total energy involved in

creating the polar structure A*te™ from A B equals,

Au =I5 -E, - e2/r (14)

The wavelength of the charge -transfer absorption should be at
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2. Alwaysw according to equakion (15) we expect a large dipole mament

only in the ex:it;gJ§$ate. Such moment cannot be measured in as direct
a fashion as in the ground state,but it may be indirectly estimated
in other ways,for example by the deﬁendence of the fluorescence spetrum
upon the polar characteristics of the solvent,or from the dependence
of the fluorescence polarization upon an external electric field.
The values of u§ measured in this way are in good agreement with
the idea of an almost total transfer of the electronic charge %n the
excited state.
3. In molecular complexes biween formally uncharged aromatic rings
the main forces maintaining the complex are dispersion forces
between the rings. The maximum interaction brings the rings into
v der Wadls contact over their flat faces so that the.geometry of

the complexes is expected to be as shown below

) T W*
W‘.ﬁ — . Direction of TL _TC=x aromatic
m ' transitions
K ;
T‘ Expected direztion nf CT

transition

The -TL # transitions have moments contained in the plane of the
aromatic rings. On the other hand the transition due to the transfer
of charge may be expected to lie in a direction corresponding to the
charge separation and therefore normal to the plane of the rings.

Nakamoto ks investigated the crystal dichroism of some molecular
complexes showing CT bands. The crystals of quinhydrome are made up
of alternating layers of benzoquinone and hydroquinone. The unit cell
contains two quinone-hydroquinone comolexes which are,unfortunately,

at a considerable angle to each other,as shown in the accompanying
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( figure, _
b HRE Quinone
f////?]:H\N\\ Py Hydroquinone.
-r' \-"\ ! ]

f -

s’ "

’ -

Fd -
- =
a

Nevertheless it is possible to observe that while the T-T* abéor‘ptian

transitions is most intense when illuminated with light polarized

along the a direction (E vector parallel to a),the crystal shows

maximal absorptian'in the CT band when the electric vector is along

the b direction,

Hexamethylbenzene and tetrachlorophthalic anhydride fﬂfm a molecular

. complexe® that crystallizes in a favourable form for optical observat-

ions of this type. The orientation of the molecules in the unit cell

is such that it is possible to set the plane of polarization of the

light either parallel or perpendicular to the plane of the rings.

The variation in the absorption is that predicted for this case

by the charge transfer hypothesis,

Absorbance

Wavelength

when the new absorption band observed upon molecular interaction is
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PR and bles olearly to the long-wave side of the spectrum of the

VATANETR Where dw little ¢ifficulty in assigning i1t to a charge transfer
R

TATVET, Anen Ihe new dand tw duried within the reglon of TLJT #
adsorption,er 1t is very weak lt may be difficult or Impossible to
TaI™ & degigion, The trlterta under 1,2 or 3 above may be used,but
I™e angwer may mot de comoletely clear since not all cases are equally
faveradlie for their use, It ia be}nq increasinglyy recognized that many
*revious assignements of CT bands in molecular complexes of biological
Interest are very doudtful, Processes of partial charge transfer in
e excited state may be interesting and important to the Biologist
el Tor the cresent we are lacking in criteria that would permit us

L2 ¢zterming them in guantitative Tashion,

od

Ansoration ghanges in the region where one partner alone absorbs,

Treteon-adsordingtspecies takes the part of the transparent solvent,

the effect of awhich &8 already beeen studied., The effects are gaually .

tess ﬂ@Pkté than those seen upon change of solvent since the partner will

correspond 1o a fraction of the cavity in which the chromophore is

plaged, Im most c:&ew the comp tr\eﬁ involve uriw}rily dispersion forces .
oA §3 fe W u..nu:ul \.%‘“-ﬂ-‘\l""‘ﬁ AN L ve€e deuly iy Sallddlady

detween aro=atic rilgw and therefors the main effect is one of shift

1> the red uron complex formation, An added complication in these

casger iz fotroduced by the Tact that the g;:@l;i may not be indifferent

in the interactions of A with B, Many of these complexes could be

really ternary complexes in which the solvent plays an importat role

*atn in the tharmodynamic and spectroscopic properties of the complex,

Tnug,nucledr magnetic resonance odservations show that chlorophyl |

»alecules undergo associations in which water molecules enter fin

‘»_'.-zﬁ\i;"!!\""';‘tri\‘ :t"‘..‘uﬂt_.,‘t‘t Gallschmitter & K:‘t:,d;ﬁ‘\-c.s* ]

N=cay @iftraction observations have shown that comolexes occur in which
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occur in which molecules of water are ibdispensable in maintaining the
structure of the caﬁﬁiex. (E.Sefter,Science )

Effects observed in the regqion in which both partners absorbe stronaly.

In these cases the effects are'domfnated by the geometrical relation
of the transition moments of the molecules making up tk complex.

Consider the case of oscillators belonging to identical molecules
oriented parallel and in v. der Waals contact with one another. The
light waves generates identical distribution of charges in both
molecules and the repulsive effects between the charges has the effect
of decreasing the absorption intensity

+ > #
Sy 4

(¢ . . e

If the transition moments are sequential ,as in b the effect is to
promote absorption since the separation of charges in the two molecules
tend to stabilize each other, The effect is to hinder absorption in

one case and to facilitate in the other. The first effect is one of

hypochromism, the second is one of hyperchromism,

Hypochromism is observed in stacked compexes of aromatic molecules.

Some degree of hypochromism must be expected in these cases since the
T-1L* transition moments are all contained in the plane of the ring.

If the transition momentsware perpendicular to the ring planes the

general case would be one of hyperchromism. The fact that the usual
sbservation is one of hypochromism shows that the transition moments

in absorption must be contained in the ring olane., Apart from hypocchromisn
it is often seen,particularly in the case of dimers of dyes like

=

flusrescein or fuchsin,that the longest wavelenath absorption band



G

Singie dand b e pEfriater aeledule.
T attec qasas like the dinuclaotices and polynuclectides this dand

sl imtier fm tecsia seed are als 3 Jecrease i atsorption with little

o . w T
i o S AR

TR IOW0TS T aaadveteen Bgnimym i3 aresaat,

g T Myl i Syteeact tons,

The aThweet™ of Thw interactices Tetwees meighicuring dinoles dexreaases

oo
N e oude oF The gistaoge (M) Tous in a stack of flat malecules

The inDacactiow Tetwedt ted soillateors secatated by an inmtermediate
riacyie e 2 2paciazd S e ¥/ 4> or less of the interaction

Tatwear teasest el ocurs. I 30 infinitedm stacked array virtually
e aidela oF e oFTaght iz therefore due T the thres or four
arrast aioours. 0t b theer yrdersiandadlie thal in sirple

Pk

5 _-.._.\.4}
Juslactizes e tsooohorise masx rzach FE wbile in kelical

7

rriwgciaetices ant i $he matural aucleic acids it rarely reaches

A0 . TR agpewteade 2F heoodhitanise Joss mt require the molecules

= > axual v sieilar i matyra, 1Y i only meCessary that adbsorption
T The Ted INTEGINONTRE R 21202 2% 102 same wavelength, Thus the

. Lol dRaal el e
7b~:1qmFt: 2»F Fapatbraasinre a0 asesine Im A @ gives rise to a deffect

aosecasiae 5 2 2t J]Q ae, I MADR 3 similar gituation arises as

3 meaylt oF comedr adaeetiens in the rgion of JIXY sm by reduced

.4

srioamide ane adeeime, AT meat oF the Mdoachromic affects
wear TP JeaNCizes P aromatic melaquleg Recavwe of the common
rerrciatiar 2F ayo™ wolacytes 2ty the 2lanee Containing the trandtion
eI A s Map 20Er D AWSETNRT In sdmaromatics, Thus Imahori and
s TR T 2 maaraed et the elical fore oF aolyglutanic acid has
™ mgdet edadt2tiae 3k RIL awm, (a3 adsarotion) that the
o . e ) h% ' s R T N '—“\'-h\:-‘ .__\\ _"‘.l_ B M

w4z i
O Beanm 4,50 ‘C"‘l:";“\
X



v
L

per residue,the second 7,000 cm?/mM. Rosenheck and Doty (196) ) hau=
made similar observations in polylysine. The phenomenon is due 1o

the parallel orieniation of the transition moments of the amide grouz

absorption ®mposed by the formation of the helix.



Fluorescence

General Remarks s

At
. .\"I-

The emission of light' by molecules in solution can provide considerable

information commonly not available from absorption studies. If the emission

' processes were the strict reciprocal ‘'of the absorption the study of both

processes would provide the same information. Two factors intervene in making
the emission process different from that of absorption. In the first place
the excited molecules emit after an interval of lﬂ—a sec, after the absorption.
This time is long enough to permit extensive molecular rearrangements of various
kinds involving the molecuiar geometry, tautomerizations or proton dissociation,
by which reasons the emitting molecules may differ essentially from those
existing at the time of the excitation. In the second place a number of
competitive processes take place after excitation and reduce the n;mber of
molecules capable of radiation. All these processes can only affect the emission
if they occur with appreciable probability in their fluorescence lifetime.
Therefore, fluorescence emission permits the recognition and measurement of a
variety of molecular processes that take place at rates of ID?—IDIID sec_l. This
time range is particularly interesting to the chemist and biologist. With the
exception of the phenomenon of electronic energy transfer, which can occur
when the excited and unexcited molecules are separated by several molecular
diameters, all other modifications of the emission by molecular interaction
require direct contact of the partners. If the modifying molecules — or chemical
groups have a diffusion coefficient D, they will be able to diffuse, in the time
of the fluorescence lifetime to an average distance Ax, determined by the Einstein
relation

dxz = 2DAt (1)
For small molecules in solution D is typically ﬁ.lﬂ_ﬁ cmzfsec at room temperature.

Since the time allowed for diffusion and encounter of the molecules is 10~3 sec
-3
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and only those elements in the solution that were within some 30 R of the
™ .t 13
R

excited molecule will be able to affect the emission.
10

1f the interval between

excitation and emission is reduced to 10” seconds

At m 307 ems (3)

and only those elements in the immediate vicinity of the excited molecule can

-12
affect the fluorescence emission. In times of the order of 10 1 sec. molecular

motions become completely negligible. It follows that in explaining the éhanging
molecular interactions so important in Biology the simplest elementary steps that
can be conceived will take place during times commensurate with the fluorescence
lifetime. This is the most important reason for the interest of the Biologist or
Biochemist in fluorescence. In some instances the molecular elements capable of
modifying the fluorescence emission may be found well within the eritical vulﬁme
determined by eq. (1) but contact with the fluorophore requires overcoming of a
potential energy barrier of height E. If transfer of energy between nearby
elements occurs with a frequency v modification of the fluorescene is possible if
v exp — (E/RT)27/7 . (4)
the last equation gives
E < 2.3 RT log (1v) (5)
At room temperature, employing the most likely value of v, Iﬂlz and t = 10—8 sec.
E € 5.4 kcal/mole
We can therefore associate with the processes that modify the fluorescence
emission a characteristic true T, and characteristic radius of action and
maximum energy of activation given respectively by eqs. (1) and (5).
The fluorescence emission from solutions may be characterized much more
completely than the absorption. In other words it is possible to obtain more
complete information about the molecular processes responsible for the former

than for the latter. To characterize completely the emission from a solution



we shall examine:

1.

The flu;fesggnce emission spectrum.

The excitation spectrum of the fluorescence.
The quantum yield.

The fluorescence lifetime.

The polarization of the emission.
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Points 2 and 3 have counterparts in absorption,namely the absorption

spectrum and the intensity of the absorption. The fluorescence

%o
B *
Spectrum.fluarescence lifetime and polarization of the emission of

solutions have no counterpart in absorption and provide the additional
information, '

Fluorescence emission spectrum,

To observe and record the fluorescence emission we require an exciting

source,as nearly monochromatic as possible,a monochromator to disperse

the fluorescence emission and a detector,usually a photomultiplier

Aret-
to measure it. The monochromatic excitation is uswadbly provided by

a continuous light source like the Xenon arc,and an additional

monochromator M1, The plan of a spectrophotofluorimeter is shown below:

NI/ - 1S
1 M1

M2

L. Exciting light source,

M1 ,M2.Monochromators
3. Fluorescent sample,

P,.Photodetector

s

. Readout devise: DVM,recorder,in lime comouter,
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Using the spectrofluorimeter it is possible to study the dependence
of the fluorescencg‘gpission upon the the excliting wavelength,and
therefore upon theta;sorption spectrum of the solutfon, Examination
of a large number of cases has .restlted in the formulation of certain
general rules:

1. In a pure substance existing in solution in a unique form the

fluorescent spectrum is invariant,remaining the same whatever the

wavelength of excitation.
2. The fluorescence spectrum lies at longer wavelengths than the
absorption. If the absorption maximum of the band of least

frequency is at wavelength Aabs and the maximum of the

fluorescence spectrum is at :l'ff it is always found that,
of Wyl Yakg
Aaps < A%L. L s

y 3. The fluorescence emission spectrum is,to a good approximation,

S

a mirror image of the absorption band of least frequency.
The wavelength of reflection is found midway between ?abs

and ?fl and corresponds to the energy of the pure electronic

transition (0-0")
[} shall take yp the explanation of the origin of these regularities,
and then discuss some exceptions,real and apparent.]
If the fluorescence spectrum is Inqariant it is clear that the
emission must take place as a transition between fixed energy levels,
independently of the enrgy absorbed at tae excitation, Since
?f'<f ?abs but still close to it,the origin of the emission,or
uoper level of the transition must correspond to the lowest electronic

pand reached in absorption, If this is the first singlet excited

state,§; then the longest wavelangth absorption transition,
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t“kiﬂ@-P4ﬂ&9—Gﬁ—4ﬁ—dﬁeﬂ~iFGm—ihe—g:nundnetata_sing+ef is Soisj,and

the fluorescenceemisSsion must correspond closely to the reverse process

51*30sirresnectivetof the state initially reached in absorption.
Cbservation of the absorption spectrum of organic compounds in solution
reveals no gaps between the electronic transitions.[?ach observable
absorption maximum corresponds efther to a vibrational level of an
electronic transition or is itself the absorption maximum of an

Ex tepdipn el
independent electronic absorption band, | Vary soldam does the absorption

e vy Ll
fall at the minima to 1/20th, a&:gxzn.1f10th of the value at the
qadte ©
nearby maxima. Mnst often the Hifisxnnuuxln molar absorption of

16 g gf}p @
maxima anﬂxmink@:xi {ve times or less, thea the absorption at the

A
minima, It is possible then to speak of the absorption spectrum of
organic molecules in solution as of a virtual continuum extendiﬁg
from a long-wave limit into the vacuum ultravidlet without gaps or
even very}thgzgz changes in intensity of absorption. The different
electronic energy levels within thes continuum must therefore have
considerably overlap with the states of ncighbouring energy. It
follows that the energy gained in absorption can be easily redistributed
within the molecule,or exchanged with te solvent,as the emsergy
content drops from from theloriginal reached in absorption to the 31
level, Here the continuum of states becomes interrupted and it is
this interruption that is responsible for the energy,as well as the
invariant character of the fluorescence emission. It is possible to
imagine that the process following excitation are distinctly two:
1. Redistribution of excess vibrational energy within the excited

molecule.,

2. Loss of the excess vibrational energy to the surrounding medium.
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Wwaa bni?iumJUh1 _
The existence of these two processes has been wsl documented by the
studies of B.S. Négﬁnent in Russia,using naphthylamine vapgdr at
various pressures,’ In the most ﬁi]uté vapours the mﬁlecules.of naphthy .
amine are virtually isolated from eéch other in the time from
‘excitation to emission. Since they undergo no collisions with other
molecules in this interval of time,the only way in which the eé%gy
ot the emission may be modified is by redistribution among thgir
own degfees of freedom. Naphthylamine has 28 atoms or some 54
(3n-6) vibrational degrees of freedom. If AE.the excess vil~ =isnued
energy above the lowest vibrational level of 31 is equipartitioned

among the exisitng degrees of freedom,the result is a hot molecule

its 'temperature' being determined by the relation

AE = C Toib

where C is the specific heast at constant volume and T the tempesature

vib
that would correspond to the equipartitional vibrational energy.
The emis$ion will take place from molecules distributed in Boltzman
fashion above the 0' level of 8, At 0° K the emission would consist
exclusively of transitions from,0',0of 8, to the variuecs vibrational
levels of Su’ At higher temperatures the emission from levels above O¢
would become appreciable,and show itself in a displacement of the
maximum towards shorter wavelengths. From the blue shift of the
maximum of emisstun,Tvib may be ca!F?Fated.It is possible therefore

L dithadnlnes obha Cues Sium
to compute C, from the spectresecopie duta,of very dilute vapors excited
at different wavelengths,and compare it with the value obtained by
conventional caloYimetric methods. Neporent obtained fmt—this—wey

excel lent agreement demonstrating thus the reality of the redistribution



of energy within a complex polyatomic molecule. If a foreign gas like H, or

2
He is admitted together with the dilute naphthylamine vapour, at a sufficient
pressure of the foreign'gds the excitation-dependent blue shift completely
disappears. Clearly alprncess of thermal equilibration with the foreign gas
takes place between .excitation and emission and as a result of this 'thermalization'
Lhe fluorescence spectrum becomes independent of the exciting wavelength. The
small pressures of foreign gas required to achieve this result indicates that

a few collisions are sufficient to equalize the temperature of the excited
molecules with the surroundings. Boudart & Dubois have further shown that a
molecule with many degrees of freedom, like pentane is much more efficient in
removing energy than He or Hz. It is therefore quite clear why in solution a
single fluorescent spectrum, independent of the exciting wavelength is observed:
Collisions with the solvent occur at the rateof 1012 sechl so that virtual
thermalization must be reached in 10"11 sec or thereabouts, which represents

a very small fraction (ll:'l_2 to 10_3) of the total fluorescent lifetime. This
conclusion, currently accepted for many years has received direct configuration
by studies of Kaiser and others, who utilized the decay of the Autistokes

Raman lives to determine the lifetime of states in liquids.

2. The displacement of the fluorescence maximum towards longer wavelengths as
compared with the absorption maximum is a simple consequence of the Franck-
Condon principle, and the condition that the internuclear equilibrium distances
are different in the ground and excited state increase as a result of the

changed electronic distribution.

"~
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3. The mirror image rule may be grounded in the fact that reciprocal transition
probabilities are equal. Thus the probability that the absorption takes place
from the O level of s;'ﬁ} the nth level of 5,, must be equal, except for a
universal multiplier the ratio of the A and. B coefficients of Einstein, to

qm:probahility of emission from level 0' of §, to the nth level of So. A

simple construction shows how the mirror image arises:

'
]
!
/i
: I ! : 1
03 0201, 90, 5 o4 2 03

The shaded region, common to both spectra corresponds to the absorption taking

place from levels between O and 1, and the emission from level between 1" and 0'.
The 0-0' or pure electronic transition may be located midway between the absorption
and emission maxima with fair accuracy, while it would not be possible to

deduce the position of it by either the absorption or emission spectra alome.

Observe that irrespective of bandwidth there would be no overlap of the absorption

and emission bands if all absorptions originated in the O level of SD and all

emissions in the 0' level of Sl. This would correspond to the Boltzman

distribution at 0° K. As the temperature is raised emission and absorption

increasingly overlap due to contribution originating from levels above the

zero level. The thermal overlap would be expected to be the more important

the closer the absorption maximum is to the 0-0' transition, that is other

things being equal the sharper the absorption and emission the more important
the overlap. Fluorescein and chlorophyl furnish examples of this phenomenon.
The energy difference hc{;a-;e} is called the Stokes' shift. The Stokes shift

observed in indifferent solvents, like hexane and cyclohexane, is roughly



equal to twice the bandwidth of the sa + 8 (or S

; ] +-So) transitions. This

half width, which is less equivocally determined in the fluorescence than in

the absorption spectrim; vary typically from 300 to 2500 cm ', (Stokes shifts

range from 200 to 5000 Cm-l). 1In polar media the Stokes shifts can increase

.by as much as 5000 cmnl in the extreme cases.



is in this case dependent upon the pH of the solution but not upon the

exciting wavelengthlzﬂzyés characteristic behaviour permits us to deduce that
the additional, green fluorescent species is formed only in the excited state.
The absence .of any apparent contribution ;:o the emission from the upper level
" (8, ... ete.) when these are originally reached by the excitation can be

understood in terms of the relative rate of the competing processes of radiation

transition from the upper levels _(SZ -+ 50, S, + 5§, etc...) and the rate of

3
thermalization. (Fig ). Let the rate of emission from the S, level be
P st ﬂ the rate of emission from S. be ﬂand the rate
S; [ 3 1 1
s of thermalization be Kt' The new ratio of the fluorescence
T - KT
B emission from S, to the fluorescence emission from S
53'-!0 ¥ 2 A 1
; will then equal . From the oscillator strengths
of the transitions we can assume that rl and I; are both
i i
S:—?fp of the order of IGB 5 1 while Kt, from the observations of
Kaiser and others is the vibrational deactivation in
L, =
Jo ns liquids is at least of order 1012 5 . and may be even

higher if the process of crossing from 52 to S, is determined only by intramolecular

1
redistribution of the excess vibrational energy. In anycase the ratio of emission

from upper level transition from S, can be no greater than 10"&, and would be

1
exceedingly difficult to demonstrate in practice. In azulene and its derivatives

a rather exceptional situation prevails. The lowest energy electronic transition
(S0 -+ Sl} is peculiar to substances with this nucleus, nothing similar being
observed in other aromatic hydrocarbons: It covers a large potion of the visible
spectrum and is devoid of vibrational structure. The shorter wavelength transitions
are very much like those of othgr aromatic hydrocarbons, and the overall spectrum

is not unlike that of naphthalene, though displaced to longer wavelength. The

fluorescence is weak, with a yield of about 1%, and its spectrum is a mirror

image of the 50 + 52 absorption. No detectable fluorescence is observed on



True and apparent exceptions to the rules regarding the fluorescence

emission. g

Because of the rapid thermalization the observation of strong dependence of the

fluorescence spectrum upon 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

naphthylamines associate a proton to the aromatic NHZ at pH values below its

4.5 pK. The absorption by unprotonated naphthylamine extends to nearly 400 nm,
with a maximum of the 50 *-51 transition at 340 nm, and the fluorescence occupies
a broad band in the visible spectrum with maximum at 440 nm. The protonated
form-naphthyl - has absorption and emission that resemble those of
methyl-naphthalene. The So +-51 transition has a maximum at 320 nm and the
emission is entirely in the ultraviolet. At pH values close to the pK, practically
within two units of it a change in the fluorescence spectrum with exciting wave-—
length will be detected, as well as the presence of two fluorescence bands
corresponding to the two species, if the excitation falls upon a waveleagtl
absorbed by both.

In yet other cases there may be a single ground state species but two distinct
fluorescence spectra may be emitted if proton association or dissociation oceurs
in the excited state. A simple example of this kind is that of naphthionic acid
which has a blue fluorescence in neutral solution and a green fluorescence in
alkaline solution (0.1 M NaOH) (Boas E. Rollef ) By adjusting the concentra-
tion of alkali from.10_5 M to 10_1 M it is possible to observe the transition from
the blue emission (neutral molecule) to the double emission (neutral molecule and
NH ion both present in solution) to the green emission (molecular ion alome). 1In

these cases there is no ground state difference, since the species NH —Ar-S0-

does not exist at any pH value in the ground state. The fluorescence spectrum



,

excitation to the Sl level. The very different nature of this level appears

responsible for the sluggish crossing to S. from upper levels. This rate of
;-'\-$=

1
crossing does not appear determined by, or to be of the same order as, the

rate of thermalization but is slow enough‘to permit emission of fluorescence

" from S, with a lifetime of the order of 1 nsec. Evidently the second of our

rules is violated since the longest wavelength absorption clearly exceeds the
fluorescence in this particular case. The mirror image rule is valid, but
the emission is the mirror image of the % - S2 and not of the So -8

1
transition.

In many cases a very careful study of the dependence of the emission
upon the execiting wavelength shows the existence of very small differences,
on the order of a few percent. What do these reveal? The experimenter has
here a difficult choice. They may be due to the presence of a very small
amount of a second ground-state component, perhaps a chemically modified
molecule, different, but not very different from the bulk, or they may be
ground state conformers or tautomers that undergo interconversion in times that
are long compared to the fluorescence lifetime, or complexes of the fluorophore
with the solvent existing in very small concentration but absorbing preferentially
at certain wavelengths. If all these possibilities can be discarded by experi-
ment it becomes necessary to accept the existence of two fluorescence levels,
and that the probability of populating one or the other depends upon the excita-
tion wavelength, The compounds more amenable to this kind of investigation
are undoubtedly the aromatic hydrocarbons: They can be obtained in high
purity usiﬁg zone refining methods, and because of the planar character of the
molecule the existence of tautomers, or stable solvent complexes in a fluid

solvent is not likely.



Additional points in 'fluorescence spectrum’

1. Experiments of Duccuing and Ricard on the vibrational

deactivation

2. Experiments of Reutzepis on radiationless crossing in levels.

' 3. Emission from 32 due to thermal excitation.
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Fluorescence excitation spectrum.

L T i

The experimental séiGp used to study the fluorescence emission

spectrum may be used to investigate ‘the dependence of the fluorescece

jntensity upon the exciting wa&elenqih. Evidently the constancy of the

fluorescence spectrum does not imply by itself that all exciting
wavelengths will result in Tluorescence emissfon proportional to the
number of excitations., To qlarifﬁ?}his aspect we canselect an Interval
of fluorescence wavelengths by means of My y,which shall remain
fixed and vary the region of #agctral excitation by means of Ml.
Let the sample S consist of a solution of a pure substance in a
transparent solvent. We shall define the quantum yield of fluorescence,
or mewe simply the fluorescence yield as the ratio:

quanfa emitted as fluorescence

- (16)
quanta absorbed by the solution

if “he f.tensity 1(21) of the exciting light entering S,and the
fluorescence intensity F(A) leaving S,are both given in quanta

we can write,

F(A-) = 1AM q(AY (17)
where A(}HI} is the fraction of the exciting light absorbed in §
and g the gquantum tyield corresponding to excitation with wavelength
?J . The quantity F(A) is not the guantity detected by the phototube
Pi. The number of quantaarriving at the photocathode depends upon,
a. The geometry of the exciting beam,
b.,The effective aperture of the Fi system

c, The transmission of W2 for the guanta of wavelength ;R
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d, The sensitivity of the detector to quanta of

wavelength A,

W b :
It is seen that a and b %:; eigﬁmiﬁed by the exciting wavelength,wwhile

¢ and d are determined by the f!uorescence wavelebgth selected.

e rteutts wpon 8 amd
The dependence of amant=t—umEesr may be &hﬂ&ﬂ by consfdering a cuvet

of square section as the container 8 of the solution. When A' is set
at a value at which very little absorption accurs,the fluorescence

'source' viewed by M2 has uniform intensity accross the cuvet iength

as shown in A below.

g 2 i || D e
i) R e
A _ B

Fluorescence distribution
across the cuvet at a wavelength
that is strongly absorbed.

Fluorescence distribution
across the cuvet at a poorly
absorbed wavelength,

In case B the efluorescence emission is restricted to a zone confined
to the front face of the cuvet,and it is far from uniform.
It is virtually impossible to aéjust the geometry and aperture of the

system sé that all portions of the illuminated path are seen equally

bur

Bad
by the detector, there are two approximate very useful solutions

to the problem., The first is to limit the observations to solutions

of such low concentration in fluorophére that the condition in A

is always fulfilled. In practice this requires that the maximum

\
absorbance remains below 0.05 or A(A ) below 0,15, Then a and b
become constant and independent of the exciting wavelength.

Since the absorbance is very low at all wavelengths we can set, _

ﬂ(?&'l = 1- exp= (5_ [c]x )~2.3 'p l[c]x (18)
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where ¢ is the molsr comcemtrarion, k the mplar sbsorptioca at w=velengha

2=d x the patt lemgta. The sig=al registered by the detector is,

S(3,1") = I(1").2,3 &, "[c] x -C(=,5).¢(x") (19)

.where C Is a comstamt dependent wmpom the condirions a2 and b. For 2

constant comcentration and cover thickoess, we bave
S(,1")/10(7) = ecmstamt. k'L q(A") (20)

Suppose that the relative distribotion of the intensity of the exciting

1ight zmong the different wzvelemgths is kmowm. Then a plot of S/I(A')

against L' must reprodoce the absorption spectrum if q (A'") is a2 true constant
independent of the exciting wavelength. Front face collection of the fluoresceant
light provides an additicmal method of minimizing the difficulties caused by

the varisble penetration of the exciting light into the sazple. The geometry

of the system is showm below:

(4] A {21) 1

If the fluorescence lens is focused 1 to 3 =m below the front face of the cuvet

containing the solution the light is collected with almost equal efficiency at

all optical demsities. Equation (19) takes the simple form
S(A, ") = A(A")q(A")E(A) (21)

where f(A) is a function of the absorbance for the exciting light which, by

judicious adjustment of the collecting lens F may be made to differ by less than

5% between low and high optical densities. F(A) is determined by keeping the



excitation wavelength constant and varying the concentration of fluorophore to
obtain absorbances bétween 0.05 to 2. If this method is used a plot. of
S(AA")/I(A")E(A) will reproduce the fractional absorption spectrum A(1) the
relation of this to the absorption spectrum is given by eq. (18). At a
'sufficiently high concentration of fluwrophore - virtually all the exciting light

is absorbed at every wavelength, A(L") to 1 and S{A,A"') reproduces the
profile of the exciting source, if q()') is independent of the wavelength of
excitation. Used under conditions of complete absorption, a fluorescent solution
with a quantum yield independent of wavelength of excitation becomes a proportional
quantum counter, since it is able to convert with uniform efficiency the excitation
quanta, irrespective of color, into quanta with a unique spectral distribution.
Direct measurement of the light source by a photomultiplier, after dispersion by
a prism or grating, demands correction for the inevitable spectral differences

in grating transmission and photomultiplier response. The proportional quantum
counter does away with these two operations. An ideal quantum counter of this
kind should emit fluorescence at the longest visible wavelengths and the ratio

of maxima to minira of absorption should he as low a= possible to prevent large
differences in the penetration of light into the solution at the different
wavelengths. Additionally it must be sufficiently soluble in a tramsparent
solvent to reach a concentratioﬁ at which all wavelengths are absorbed in a

very thin layer without, however forming molecular aggregates with different
absorption spectra and fluorescence yield. A concentrated solution (5 mgm/m .)

of Rhodamin B in ethanol of ethylene glycol comes close to these demands. It
works well from 250 nm to nearly 600 nm, except for a small region at 430 mm

where the lower absorbance permits too large a penetration of the exciting

light. Observation of a large number of substances shows that q()) is a true
constant independent of the exciting wavelength, within a few percent in most

cases. Deviations can occur, particularly at the edge of the absorption spectrum.



Suppose in fact that the substance in question exists as two conformers A and B,
with B representing a small fraction of the total, but absorbing at slightly
longer wavelengths than A. Obviously in the region in which both A and B
absorb, the latter contributes so small a‘fractian to the emitted intensity that
" a variation of q(A') with wavelengths will not be easily detected, even if the
yvields qA and g are substantially different. However, at the long wave edge,
where a large fraction of the total absorption is due to B a variation of q(1")
can conceivably, and probably easily be detected. The same situation would

apply if a fluorophore forms several ground state complexes with the solvent.



F e

The constancy of q(A") has been found to be the gemeral rule particularly for

the aromatic hydrocarbons and their substituted derivative but is not without

_".'T

exception. Ferguson has shown that excitation of 9:10 dibromoauttracene at wave-

length shorter than 320 nm, that is in the 52 transition results in yield of

. about one half of that observed for excitation to the 5, level. Teale observed

1

a similar phenomenon in di-iodo fluorescein and Lippert in several nitro deriva-

tives of aromatic compounds. In recent years has measured decreases of

10 = 25Z in the relative fluorescence yield of indole in water but not in other
solvents (alcohol, ethylene glycol) and Tatischeft and Klein have reported larger

changes in tyronine and tryptophan in water solutions. The decreases in yield in

the heavy atom derivatives, have been connected to the of dissociation of

these groups with formation of radicals a process which can become competitive
with the thermal deactivation for a sufficiently high excitation energy. Electron
transfer to solvent in the excited state has been also proposed as competitive
transition the probability of which increases with energy of excitation in

the case of indole. Trustworthy measurements of the yield of electron transfer

are still needed to decide whether the reported fluorescence yield decreases

could admpit this explanation.
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where ¢ is the molar concentration,k the molar absnrption at
ST
wavelength and x. the path length. The signal regitered by the

detector is,

! t
s, = 1@A).2,3 kPEIx-cla,0).a(A) (19)
where C is a constant dependent upon the conditions a and b.

For a constant concentration and cuvet thickness x,we have

-—_ s(A ,}1”1{7‘1‘) = constant, k/'l" q(?t!J (20)
Suppose that the relative distribution of the intensity of the
exciting light gig;;?the different wavelengthsis known, Then a plot
of Sflt;ﬂ) against ;ﬂ must reproduce the absorption spctrum if q CAB

e e
 ——————

is a true constant independent of the exciting wavelength,|Observation

PR, i

of a large number of substances shows that q(A ) is ra true constant

( independent of the exciting wavelength,% a few percent in most
| cases.,Deviations can occur,particularly at the edge of the absorption
spectrum. Suppose in fact that the substance in question exists as two
convYormers A and B,with B representing a small fraction of the total,
but absorbing at slightly longer wavelengths than A. Obviously in the
region in which both A andlB absorbe, the latter contributes do small
a fraction to the emitted ln}ensity that a a variation of q(}:) with
wavelengths will not befggflcied, even if the yields a, and qg are
are substantially different. However,at the long wave edge,where a
large fraction of the tgal absorption is due to B a variation of q{?ﬁ
cun conceivably,and probably easily be detected. The same situation

would apply if a fluorophore forms several ground state complexxes

with the salvent,
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The coincidence of;the fluorescence-excitation spectrum with the
absorption Spectrum”BFOVIdES a means for identifying fluorescent
substances at concentrations too smail to produce appreciable
absorption., and also in the pfesence of other compounds either non
Tluorescent,orxmnat appreckabke Fkuoreseeant emitting a; other wavelengths,
Consider in fact the fractions of the exciting Iight!agsorbed from

the exciting beam by the fluorescent compound in the presence of other

unidentified non-fluorescent components which will themselves be

responsible for the absorption of a fraction Xq of the excitation.

Ij(}) _ (i—— io-—tﬂf%ﬂa})

()= C —40~ @f*@ Afe Ao |

where A. and A_ are absorbances at wavelength ;1 sdue to the

Af—}-ﬂp

fluorescent and non-fluorescent species respectively,when alone in

solution.

—(Af+A
If Ayt A &1 q.=20 (ks ).-u 23(_.4_;1*:4-)

so that each component does not interfere with the absorption of
light by the other,so long as the total absorbance of the solution

is small compared to unity.
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Solvent Effects Upon The Fluorescence Emission

The width of the eleéf;hﬁic 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 gromatic rings hydrogen bonding with
proton donor solvents results in efficient coupling of the electronic and
vibrational energies permiting only smalltiﬁzzggé in the probability of tramsitions
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 observation is of a spectrum consisting of a band of energies closely
represented by a Caussian 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 generatedjsglfiat the absorption and fluorescence spectra of
molecules in solution are best described as belonging to a molecular population.
rather than to a single molecular species. It is not easy to diéide in any
particular case - let alone in general - the extent of spectral heterogeneity

owing 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



with a permanent dipole moment of 2 - 5 Debye units is as large or larger

than KT at room temperature. Being of the order of the thermal energy these

T aat
i ‘.._E

ons do not give rise to a single species of complexes with uniquely

interacti

defined electronic ground states but to a virtually continuous set of suth states.

. For dipole-dipole interactions the distribution of the states is prescribed by the

*
Langevin equations: Upon excitation each of these complexes will generate a°

Frank-Condon excited state of its own and the interconversion of these within the

excited lifetime will depend upon the strength of the molecular interaction as
well as the temperature and viscosity of the solvent. It wouid appear at
first examination that because of the Frank-Condon restriction the set of
absorption transition from the molecular complexes of ground-state fluorophore

molecules would constitute a single degenerate transition as indicated in A in

the scheme below:

S-i

|

Se L

LU

However, owing to changes in the electronic distribution in the fluorescent

|

[~ T

ptFi‘

molecules in the ground and excited states the complexes with the maximum inter-
action and therefore lowest energy, will be different from the ground and excited
states. In over simplified form thé change in the electronic distribution may be
associated with a difference in both magnitude, and direction of the dipole

*

]
moments b and p corresponding to ground and excited state. The smaller energy

difference, and therefore the longest wavelength absorption, will correspond to



a state that cannot be the lowest of the ground state complexes but must

correspond to a less stable state (b) in the above scheme. In a fluid megium

excitation at the longést wavelength will still result in a fluorescence

spectrum entirely liﬁe that observed on excitation at other wavelengths. -

However, if the viscosity of the solvent is high and the equilibration with appear-

ance of the several possible solvent fluorophore complex is impeded, only the

emission from the lowest-energy excited complex is observed. This red shift of

the fluorescence has been repeatedly observed in solvents at low
temperatures when excited at the red edge of the absorption and is most marked
in folar solutions of those fluorophores that diffef most in their ground and
excited state dipole moments. In agreement with expéctations the observed red
shifts corresponds to energies of the order of 1 kecal.

The Effect of temperature upon the fluorescence emission

Following in more quantitative fashion the ideas sketched above, the complete
process of absorption and emission wil} take the following course:

1. ﬁbsurption takes place from a manifold of states corresponding to discrete-
solvent-fluorophore complex. For a semi quantitative analysig we consider the
interactions to be those between dipoles of strength (solvent) and

u° or u* (fluorophore in ground or fluorescent state respectively). Maximal
interaction between fluorophurg and solvent may be assured as result of anti-
parallel arrangement of three dipoles, the fluordphore and two solvent muleculés
placed at distances ys + yf where ys.and yf are the radii of solvent and
fluorophore. The energy of interaction between the two solvent dipoles may be

neglected as it would contribute at best a few percent

4’-:-"_!-_—-{__
a—;;—'?f' to the total energy, and assuring independence in the

+ g
! two remaining interactions, the energy is

U = =Pl rrver (1)
25 P



Similarly = - /i E (2)

The average energy of interaction Wﬂuld be smaller because of the disorienting
effect of t&mPETﬂtUFE.' The Boltzman average for this case is given by the

Langevin equation

<"Z¢£-> = %Z(ﬂ.-/k?"j
(’f,f_*) = '&L‘“ZC&L*/RT} 3

where

L(4fr7) = Ak (L] _ T [0

w7

The average level from which absorption takes place has an energy
o
84 = E&-—- %Z.(tr./kr} (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 - u*L(ufKT} since the dipole moment of
the fluorophore has instantly changed to u*, but the dipole distributions are

—

those correspondiug to uo. The fluorescent state reached has an energy
o »
E{?’ = &4 — "L (w/kT) (6)
3. 1If the temperature and viscosity of the solvent permits the rearrangement
of the solvent cage during the fluorescent lifetime, the transition
*
L(u/KT) + L(u /KT) takes place. The effect of this is to decrease the

of the system at the expense of the electronic energy which reaches

now a level
g = {’{:.__ 2* L (0*/xT)

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

(N

ground state level given by



.r""-\

/ 5 _ '
¢ = E, —un/ (kT )
This state lies evidently below the starting ground state, corresponding as
it does to a mure;petfect alignment of the dipole; The final step is the
conversion of the electronic energy u(y(u*!KT) - L(u/KT)) (9)
into eutropy with a corresponding rise in the electronic energy level. The

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

the o-o' transition is given by

A B Bl PR L)

e A=(Eam &)+ L{Z (=) qo

and the fluorescence energy on the assumption of

equilibration of the dipole interactions in the

- excited state is

F=(E~ ag_) - u*.f(%j + o Ly

F=(£-£2) — L(g‘) 5 (Rr—t) GV

and the shift to the solvent-fluorophore interaction is

e f4—-r:' ":_C“*'“//‘{G%?— ZC«%—J] (12)

TE G S W 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 u*. Considering such a rearrangement of the fluorophore
solvation as a simple two-state process, it will be accomplished during the

excited state to a fractional extent given by

T
iy 1—4?

where v is the fluorescence lifetime and PS the correlation time for the




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

emission will correspond then to an average energy decrease.

(13)

@) - L]
t'a,s-r'r : KT Vet T
which gives when introduced in eq. (11)

S < L e A L) T
4 é.;( E:I. (“' “%Z(‘Kﬁ;)é,aT (k r+T (14)

Eq. (14) permits calculation of the fluorescence spectral shift as a function

¥
1

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 | . This difficulty of separating

the § = S1 transition from others, does not ex in the fluorescence emission
vhich in the vast majority of cases represent the single S1 -+ Scl transition,.
Multiply hydrogen bonded solvents like the glycols forms viscous glasses

at low temperatures. Under these conditionms Ps >> 1 and equation (14)

simplifies to

E F— — — ‘2‘
F =5k f‘ & — L )(a* @) (15)
*
As the temperature 1s increased L( ) is progressively replaced by L(;fj and the

fluorescence shifts rapidly to the red approaching a limit when t/(T+P )+1. At
still higher temperatures the red shift reverses itself slowly as L{ *i is a
decreasing function of the temperature, though it changes much
more slowly with temperature than Ps’ which is proportional to the ratio of
solvent viscosity to temperature (n/T). The figure below shows a theoretical
calculation for a "typcial' solvent, in which the thermal coefficient of the

viscosity depends upon the viscosity itself in the manner,

Pguscs 72 + Uz
47/4?'?‘ = v g g (LT RN, (16)



where en is the viscosity coefficient in centipnises.l This "typical’
solvent would shnw'é_gpﬁrmal coefficient of viscosity of 2%Z/°C at a viscosity
of 1 cp. and 16%/°C at a viscosity of 1,000 cp. The graph shows that at
the lowest temperatures there is no appréciable change in the fluorescence
spectrum as the temperature is raised, This is followed by a stretch of
higher temperatures at which there is a rapid red shift with temperature,
and a final zone with slow blue shift. The first zone corresponds to the
region where r}(1+Ps) >> 1, the second to the region where 1!(1+Ps) changes
rapidly with temperature from a value near zero to a value near one. In
the third zone tf(T+Ps) is effectively one and the blue shift follows from
the progressive decrease in L{u*fKT) with increase in T. Physically the
first zone is one of inappreciable motion of the dipole during the fluorescence
lifetime. In the second zone the dipole motions can increasinglyjfnllnw the
change in the dipole stfength of the fluorophore upon excitation. The blue
shift zone reflects specifically the progressive disorder of the dipole and
the consequent decrease in their interactions as the temperature is raised.

The figure below shows a plot of the spectral displacement employing the
actual temperatures and viscosities, and the dipole moment (2.8D) of acetone in
the interval of temperatures of 30°C to -90°C, The unknown P_ may be fairly

replaced by the rotationmal relaxation time of the solvent moleculgs calculated

by the equation.
P_ = 3nV/RT (17)

where V is the molar walue of acetone. The wvalues of Ps’ thus calculated
will be expected to yield Tf(t+Ps} between the extremes of 0.995 and 0.95 if
T is set equal to 4 ns. The region of rapid red shift is therefore not

accessible in these observations. On the other hand the reverse blue shift

is quite noticeable.



Notice that equation (14) refers to the shift of the fluorescence spectrum,

not to the Stokes shift. Equations (14) and (10) can be combined to give this

quantity, ”n:,.-«.\q‘ t

\_5-'=,4—-,F‘ = @Lr;zﬂ)/}(ﬁf}_ ZCR%} -r-r;;. (18)

A plot of the Stokes shift calculated from the latter equation shows the

same three zones depicted in Fig. It will be noticed that the inversion of
the direction of the Stokes shift is confined to values of the temperature
which would not be reached experimentally. The reason is clear on comparison
of eq. (14) and (10). 1In the region in which rf{1+Ps}+1 both absorption

and emission shift to the blue with increase in temperature, with the a:sorption
approaching its limit more rapidly than the emission because L(ﬁ%ﬂ: Lﬁ%f) and
dL/dt decreasing with increasing value of L. The absence of
inversion of the Stokes shift can be used as a further criterion to gaupge

the realism of the proposed physical picture where a is the thermal coefficient
of the viscosity of the solvent. Taking into account the order of magnitude

of the practical units of dipole moment (Debye 10_18)) and distance (R, IDHB)

and setting
hcAV = 2(A-F).
we can compute AV for a given value of T/To for a fluorophore of known lifetime

in a solvent of defined viscnsity.
AV = Jﬂafé.ﬁib*‘ )/{ i, /}

The graph shows a computation for solvents with a = 0.06°C and a fluorophore
of 5 ns lifetime as a function of To. It can be clearly seen that there are
three distance regions of change of AV. For a solvent with normal viscosity
changes AV+o for T<To/2. Between To/2 and 2/To AV increases rapidly reaching

a maximum value which is approximately 2/3 of that predicted for maximum dipole



interaction. At higher temperatures when T!(T+Ps) is practically unity an

increase in temperature produces a shift to the blue. This effect is due
“ ok

to the difference L(%S - L(%) which diminishes progressively with T. It

can be experimentally demonstrated with PRODAN in alcchol or ethylene glycol

solutions. The graphs shows very-clearly that it is not possible to make

significant comparisons between different solvents at a single temperature

in order to compute u*—uo, In the various attempts made in this fashion

it is always noticeable that low viscosity solvents like acetone, or DMF

produce considerably smaller shifts than would be expected from their ﬁolarity.

It seems much more reasonable to attempf a calculation of u*—u by observation

on one or two solvents, employing the variation of the Stokes shift with

temperature. The results derived are valid for the pure electronic transitions

which are difficult or impossible to point out in the broad absorption and

emission spectra characteristic of the fluorescence of solutions. In a broad

band we should expect all levels to be similarly influenced by .the solvent

interactions, and because these reflect tﬂemﬂel?es in the energies involved

in the transitions it seems reasonable to measure them by a quénhity that

reflects the effects upon the whole spectrum. We shall therefore redefine

the Stokes shift to refer to the wavenumber internal between the center of

mass of the absorption and fluorescence bands. The center of mass vg will
ey LU

2 Ftd) .y

7 o

2 F(¥)

where F(v) represents the fluorescence emission at wavenumber v in units

be defined as

pY)

—
—

proportional to the number of emitted photons.
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Fluorescence Lifetime,

Statistical Character of the emission,
l-'I.I.J

Although we speak of the properties of atomic and molecular oscillators

as If they could be studied in isolation,this is not the actual case.

Absorption and emission processes can only be studied in populations

of atoms and molecules,and the properties of the suppossed typical
members of the population deduced from the macroscopic properties of the
process. The emission from a molecular population results from the
superpossition of the emissions from the elementary osciliators.

.If they emit independently of each other,so that the phases of the
individual emissions are distributed at random the results may be very
different than in the case in which rigorous phase relations exist

among the individual emissions., We speak in the first case of '"incoherent!’
and in the second of 'coherent' radiation. The spontaneocous emission from
atoms or molecules gives always rise to incoherent radiation unless

a very small part of the source,containing only a few emitting elements
Is seen, Coherent radiation can be produced as a result of stimulated
emission,as It occurs in Lasers and masers. Secause of the strict phase
relations the properties from a source of coherent radiation are those
from an independent oscillator,the emission as a whole posessing then

the damped oscillator character that we have already described.

On the other hand,in the case of incoherent radiation the random
character of the phases erases any pﬂssibiiity of defining an amplitude

for the emitted radiation., The intensity I of the gﬁfizad.manas Fo—given
¢ ; L covrn z
M,mmﬁgadw@&ﬁw af o pod i yiats. Eipz €gtal,

7 4 n _50-
t z
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( The phases being cﬁqsgp at random we have sinc{’i costfﬁ =0,
2¢ » 2 _l‘- .
sin j=cos 5{:“2 . and, -
I = A2 n/2 (2)

The emitted intensity is simply the sum of the individual intensities

Incoherent emission may be considered therefore as the average emission
from isolated elements. The behaviour of the excited population is

described by the equation,

dn" /dt == n I +f(t) (3)

whre n* is the number of excited elements at time t and f(t),the rate

of excitation is the usual pumping function of 'forcing function!

already encountered in other conexion., The cathode of the photomultiplier
tube responds proportionally to the square of the amplitude of the

electric field, Because of this prcperty the response is proportional

to the number of incoherent emissiongLJ-_

-—-—> Experimental detefmination of the fluorescefice lifetime:’,H’r

=

uation (3) is an infinitely narrow pulse-6f exciting light
L Fi -

I FLt) 1

at times after such‘i::iifhas fallen t?}igFG,WE can set f[t):_offé’
/ L

nd solve (3} as a homogerieous differEnEja1 equation of first'a}der.

dn”/dt + nj‘!--"=’3 3 A o

the solution of which is the simple exponential decay,

- -
- ot
-

-~

i = 0 exp (=I"t) _ (5)

théfnumber of emissions per unit time equals n*r' and therefﬁre the

L

intensity registered as function of tAhime is

F(t)= F(O) exp (~* 1) - (6)
e



The phases being chosen at random we have 5:I.n¢i cns¢i =0,

e iy
sin"¢, = cos ¢i % and

- -
il

I =A% N2 (2)
The emitted intensity is simply the sum of the individual intensities.
Incoherent emission may be considered therefore as the average emission

from isolated elements. The behaviour of the excited population is described

by the equation,
* *
dn /dt = -n [" +£(t) (3)

where u* is the number of excited elements at time t and f(t), the rate of
excitation is the usual pumping function of 'forcing function' already
encountered in other conexion. The cathode of the photomultiplier tube
responds proportionally to.the square of the amplitude of the electric field.
Because of this property the response is proportional to the number of
incoherent emissions. A classical oscillator cannot store the absorbed
energy but radiates it as monochromatic radiation at a rate given by the

relation

dE
E) fdiar e (1)

The constant A has the value

(2)

.y 3 “me
where e and m are the charge and mass of the electron, n the refractive index
of the medium surrounding the oscillator and v the wavenumber of the emitted
radiation. A real oscillator radiates according to the equation

i B ,;’;,:;

A [ hene -



where fe 1s the oscillator strength of emission. Because of the
probability of reciprocal transitionms fg can be replaced in the equation by
f_ where the absur;-:pign considered is that reciprocal to the fluorescence

transition, that is the So + S, absorption. Integration of the last equation

1
for an oscillator that ceases to absorb radiation at trwe Zero gives for the

energy remaining in the oscillator at—h""’e- t L aF

£(t) = £l ep(— ) - i
The characteristic damping time is {/{/é_)-,-i_- £*

Computing the value of the universal constgaints in eq.(,n—}

£* ,-_—_(&..zzz p Fz;zf/"i ()
2

Thus for an oscillator of unit strength emitting light in the center of the

spectrum (v = 2::10{'), in water (4 = 1.33)
£* = 2.5 «0~ 7 & ' (6)

The equation permits the caleculation of the fluorescence lifetime of a
monochromatic rzdiator, cn the assumption that radiation is thke only process
that removes energy from the excited state. The fluorescence lifetime
corresponding to this condition, which must be carefully distinguished from

the experimental fluorescence lifetime 1, is called the emission lifetime,’

[The effect of additional process is always to increase the rate of energy

x .
d:[ssipaz;f;n so that t 4:{3 T.] There have been several attempts to modify

equatiomny to obtain the emissive lifetime of molecules emitting broad fluorescent

w
bands, /I(ith arbitrary Stokes shifts,Ladenburg (1921) introduced the oscillator

strength of the So - 31 transitionsj Perrin and Forster proposed modified

equations. Stickler and Berg have modified the original equation to provide

for M%L:lj the oscillator strengths for each wavelength of emission.



Their equation is

T&li: z,ffxfo“7n2 ( )7} 507)4&. ¥y )]
y _
é!”(f}d’v

-] —=3F i (8)
/F(V—J/ 7.
47
In these equations Av_ and AV_ correspond to the experimental limits of

Ve -

-

where ( .13;:; 3)

the absorption and emission bands (s, + 5, transitions) gid, E(v) is the
molar absorption and F(v) describes the spectral distribution of the emission
in photons per wavenumber interval. The effect of competing radiationless
processes in the excited state may be introduced in straight forward fashion.
If the rate of emission from the real oscillator is AY and the rate of energy

decrease due to a competiting radiationless process is kd

o -;mfd: = A, K ' (9)
and

= +K)7 ' (10)
giving T/t* = Ax I(Ar + Kd) (11).

Evidently the ratio of the mean energy radiated by the oscillator in the

presence and absence of competitive processes is also

q=AJGA_+K) (12)

*
so that T=qt (13)

t and q, the fluorescence lifetime and absolute yield may be experimentally
measured, so that t* may be calculated and compared with :* computed from
the spectroscopic quantities. A rough agreement may be anticipated even by
the use of an equation as simple as eq (5). fa = -.22 for NADH

- *
v = 2.2::104 giving t =  For example for NADH in water {Ea = 0.22) the
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equation of Stickler and Berg gives 16 ns. Direct measurements yield

T = 0.4 ns. q = 0.025 which combined give R n 16 nsec. (Scott et al.).

With precise methud;ﬁﬁf'de:erminatian of the fluorescence lifetime and the
absolute fluorescence yield it should be possible to accurately determine the
emissive lifetime and to compare it with the value given by the Stickler

and Berg's formula, or the others proposed for this purpose. The methods of
measurement of fluorescence lifetime, as used today, have the necessary accuracy
but this is not the case with the measurements of fluorescence yield.

In a few cases in which systematic comparisons have been attempted (Stickler
and Berg, Baldwin and Ware, Scott et al. ) the agreement has been
satisfacotory, probably within 20% in the worst cases. However it is not

known to what extent these discrepancies reflect the imperfection of the

fluorescence yield measurements or those of the Stickler and Berg equation.

-

Fluorescence emission as a quantum statistical process.

Looked upon as the result of incoherent emission by an excited molecular
population, the kinetics of the emission of light by a photo excited population

aEL described by an equation of thz form.

EiEP’E: — /7?&¥*.qﬁ -fkiﬁ)
i J

%
where n is the number of molecules in the excited state at time t and J" the rate

(14)

constant of emission. The dimensions of [ are 5ec-1 (transitions per molecule
per unit time). f£(t) is an arbitrary function of the Ulhﬁ » describing
the téma course of the excitation, If excitation ceases at t = o, the last

equation, in the form.

an’_ _ 'n*
&ZE" = (15)

describes the decay of the excited state at decrease in the number of excited



o

f A

molecules at all fprsehe times. Integration gives

N = nro) exp( - ) (16)

oy fecdie
’I;; equivalence of equations (16) and (4). Currospundlng‘tn the loss of
A S aud e fauw b oo é&bu4fﬁa dintont
eneryy am extited oscillator,should be noted. Despite the formal similarity

My e fue } {xcﬂttl;'nuoflumiujb‘

the physical processes that they describe are very different. The decrease
in energy im the excited state according to eq (4) arises from a contlnuous
loss of energy of the oscillator as it radiates. According to eq. (16) this
less is due to the disappearance of a fractlion of the excited oscillator.

Eq. (4) describes ncm“\wwsproccas, while eq. (16) describes the loss as of
the population by statistical transitions between well defined energy levels.
For all practical experimental purposes the description given by (16) is in
agreement with the physical picture, and we shall.usu it exclusively in
discussing the properties of the excited population. The radiative oscillator
picture is useful in establishing the relations of reciprocity with the
absorption and in deriving an estimate of the emissive fluorescence lifetime
of the molecules. In the statistical picture the average fluorescence lifetime

is not simply the reciprocal of ‘a damping conmstant A, but the mean time spent

by the molecules in the excited state. This must equal
oD . (ﬂhd
# = _/zf 7L a'é/._a LML) E (17)
(o) &
*
Introducing the value of n (t) from (16) and carrying out the integrations
w -1
 l® (18)

thus equating the damping time of the oscillator with the rate of radiative
emission by the population of excited molecules. Similarly, the effect of non-

radiative transitions in competition with the emission is taken into account



by setting

" _
%"?‘ e LT fT) N L), (19)

which evidently gives

e
= (F’-f—z?,-} £ ?_; 5 f’. s
+ KA ;
Notice that q in equation (20) refers to the ratio of the numbers of molecules
leaving the excited state with, or without emission of a photon. Therefore
q equals the ratlio of photons emitted to photons absorbed defining a photon
or quantum yield. Eq. (12) refers to the ratio of the energies dissipated by

radiation and by,non-radiative path. The two values of q would be equal only

for oscillators emitting monochromatic resonance radiation (Equal wavelengths

of absorption and emission.).
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Fluorescence Lifetime measurements

We shall discuss the methods of measurement of the fluorescence lifetime by
reference to eq. (Il)}irEquation (16) corresponds to the experimental
conditions in which £he solution is illuminated by a light pulse and the
decay of the fluorescence is recorded after excitation has ceased. Ideally
the exciting pulse must have appreciable intensity for only a fraction of the
lifetime of the excitation and an infinitely narrow pulse would be, in
practice, one that disappears at a time at which virtually 99% of the molecules
are still excited, therefore persisting for only 1% of the fluorescence iife-
time. For T <= 10 ms. it presupposes excitation with an effective pulse width
of 0.1 ns. Such narrow pulses are difficult to generate. Pulse widths of
0.2 - 0.4 ns have been practically achieved by gas-discharge lamps, and

more reliably and with much higher repetition rates by using synchrotron
radiation. Lasers are capable of producing pulses of a few picoseconds

width and a high repetition rate. Originally the fluorescence emitted under
repetitive excitation was recorded directiy as an oscilloscopic trace. In
more recent years this procedure has been replaced by the more accurate
'single photon techaique' in which the exciting light is attenuated so

that each exciting pulse produces at most one fluorescence photon. The

time delay between the photaelgctron pulses due to excitation and fluorescence
is obtained by the so-called 'time to amplitude conversion'. A voltage that
increases linearly with1hnb 1s initiated on arrival of the photoelectric
exciting pulse and stopped on arrival of the fluorescence photoelectric
signal. Time-to-amplitude conversion permits time discriminations on the
order of 50 ps. The time of the individual photons are recorded as unit
increases in a multichannel analyzer, After a large number of pulses the
curve drawn by plotting the number of counts in each channel against the

respective time delay approaches the time course of the fluorescence emission.



A reasonable definition of the decﬁy curve requires some lﬂﬁ-lﬂ5 pulses,

which in common practice require 10-100 minutes. The fluorescence lifetize

is obtained with %f‘eﬂ:ision that depends upon the number of counts, and cay

be estimated as faliows: Let the number of counts in the channel corresponding
to the actual lifetime be -42; ', To obtain the lifetime with a relative

precision A1/t by measuring the counts in this channel only will require

L _ My _ (21)
T M g .

If the number of channels is optimized for the required precision we need

w
/At channels, and the rate of _N-? the total counts collected to H%is

/f,'t1#zfzjz
£
Bl o e S E T ez @2

¢ /&/oé—ffydzf G

‘The last two equations give

T
N = C?Cd_%/ (23)

This is the total number of counts required if we use only the number .N_-E
for the determination. If the numbers in many channels are used the averaging
process will improve precision by the square root of the number of values

averaged. If the first half of the total number of channels is averaged,

W= gé_zzﬂ/%é(%r eré)/" .

The single photon technique is straightforward in conception but the experimental
realization is quite complex and the analysis of the results is complicated by
the finite width of the exciting pulses, then non-instantaneous response of
electronic detection system and drifts and variation of the conditions during

the necessarily long time of data collection. As at presently used prec.;slmg of



0.1 - 0.2 ns. can be achieved in the measurements of fluorescence lifetimes

2 ns. or longer. The literature contain only very few measurements of
subnanosecond lifetiiql‘;:éiby this method indicating that these are outside the
routine application of the technique. A second method of measurement = phase
. fluorometry ~ furnished the first ﬁirect lifetime measurements where Gaviola

introduced it in 1926. In this method excitation is by a sinmﬁd.c_ba . modulated

light beam, which can be represented by the equation

-(E'dj-l"! & / b
| J ! + b Fu W (25)
w, the circular modulation frequency, ——mﬁm H is the frequency in

Hertz. Introduction of (25) into (l14) yields the linear in homogeneous equation

> : ;
;"f = /7 4 arb i wt . (26)
Wwho
whexe a dynamic system is subjected to periodic impulses, after a short
transient time, in our case of order T"l, a state is reached in which the
system response varies with the frequency of the periedic impulses, but with

an amplitude and phase determined by its own characteristics (Lord Rayleigh,

the theory of sound). Thus we expect that the solution of eq (26) will be

of the form

TS s Wi \
nx = A B e (witd iors

*
where A, B and ¢ are to be determined. If dn /dt is computed in (27),
*
substitution of n* and dn /dt in (26) gives a solution in terms of the sewse NL.

parameters. On equating the coefficients of sin wt, cos wt and the absolute

term on both members of the equation we find
/4: ﬁ/tﬂ (28)
5[4{1 &c’:“ff s i R :;_’/.: l{’)
B (" Gnd fCzE] =6



These equations give

= 5
-,-zzu - —.m/ﬁ = —WLT. (29)

BIA “(5/55_ = ( /a,) /j’ff-m-‘:;

/‘(/f,; r‘w’j*’-‘- (30)

(=6%. b/a is the modulation depth of the excitation and B/A the modulation
depth of the fluorescence. The ratio (B/A)/(b/a) = M, is the relative
modulation of the fluorescence with respect to the excitation. ¢ is the
phase difference of the photocurrent owing to fluorescence from that owing
to the exciting light. The minus sign in (29) indicates that the former lags
behind the latter. Eqs (29) and (30) show that the fluorescence lifetime of

a homogeneous population (single value offﬁ may be obtained from either the

phase delay
,d:.-.ﬁm. T, . (31)

or from the relative modulation

—_——
o AP ﬁ/,-f’?f-m‘rz - (32)
Figure shows a plot of ¢ and M against log wr. The region of steepest
change is at B = 1. If 1~ 10 ns a frequency of 1/2mt 6 MHz is optﬁzgi .
for excitation. When wt = 0.1 ¢ ~ 9° and M = D.GB;Eais may be taken as the
lower practical limit for a phase measurement. Modulation measurements at
such low frequencies would not be a practical proportion. At wtr = 10 the
phase measurements would be very in _precise on account of the rapid variation
of tan ¢ with ¢, Modulation measurements would be close to th::‘;ractical
limit as the fluorescence would then be largely demodulated. Because of

technical limitations,present day phase fluorometer have only two or three

frequencies of excitation but these are usually sufficient to cover the range



TN

?

of lifetimes from 0.2 to 50 ns. with good precision. Employing high
frequency of excitation (30 MHz) measurements of lifetimes of 1/4 to 1/2 ns
can be done ruutinglzi?ith coefficients of variation ﬁf the order of 10%.

It should be re;#;ked that in practice the electro-optical modulation
of the light results in excitation which is not purely sinusoidal, as required
by (26) but has a certain harmonic content. If the detection system iIs
frequency sensitive, rejecting effectively the harmonics that appear in the
fluorescence,the results obtained are those predicted by (28). While it is
difficult to generate quasi sinusoidal excitation frequencies of 100 HHE or
higher, repetitive short pulses of a few tenth of a nanosecond width have
the necessary harmonic content to permit, in principle, the determination of
the fluorescence reéponse at frequencies, extending to the GHz region. The
feasibility of th& method for the lower frequencies has been experimentally
demonstrated by Hﬁ;kels and co-workers. Recently the use in this fashion of
the very short-high repetition synchrotron pulses has been proposed and it
is estimated that lifetime of a few ps. could be measured by such methods.

It is of interest that the limits of precision and accuracy in the
determination of the fluorescence lifetime by either of the two methods
described results today from drdft and irregular behaviour of the light
sources employed for excitation.

Comparison of pulse and phase fluorometry

These two methods of measurement exploit the classical 'impulse response’
and 'harmonic response' of a dynamic system respectively. Simple relations
exist between these two. In general the impulse response I(t) is an

arbitrary function of the time I(t) with Fourier sine and cosine transforms

defined by the equations: -

L":? = ,'/Pu;t- {U;’f-. "'."':/_;; o

)‘- _""[_"__,* [ e

o° (33)
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The phase delay and the relative modulation of the harmonic response

at frequency (2 are given by (Solodovinikov)

/é?-«{‘,:_i‘ji_—' — a%;_/i? /7. M= /P 27“&?1 (34)

The response to a light impulse of an arbitrary molecular population is

a sum of exponentials of the time with independent weights, so that in general

-rd _..:‘?i"é
TP = 2‘ a, € (35)
7
Q and P are then the sum of Lapé§§% transforms of sin wt and cos wt of
the explicit forms,
o
=7 . - e N &,
& ":/:2 Ly sontb e t-é”‘{ = Z s e (36)
4 : 77,54 W
o0 p '
_ 7t - e
2 = 2_}é1‘&‘* wt € ot = Z —@j—{ (37
C P ol
o 1, -

For a unique decay
I(y=c~"*

and (33) gives

. 0 B
s 7 FEEgead

Application of (34) reproduces the values given in (29) and (30). The

equation (33)-(37) show the complete equivalence of the information obtained

by the two methods, and the choice between them is only a matter of the

technical advantages of one or the other in any particular case., With
appreciable fluorescence signals phzse fluorometry is by far the speedier

method by a factor of 10-100. They zre of comparable accuracy in the measurement

of long lifetimes, and the phase method is capable of routine subnanosecond



measurements, while the pulse method can only achieve these with far more

effort and less precisién. The greatest advantage of pulse fluorometry is

the feasibility of direct demonstration of complex decays, though almost

limited in practice to cases in which I(t) consists of only two terms.
This is the case when a solution containing two fluorescence cpmpounds is
excited. If both compounds emit with comparable intemsity and the lifetimes

differ by at least 50% the presence of two decays is obvious enough, even on

simple inspection of the decay curve. As the fluorescence lifetimes become

closer and/or one of the components becomes greatly predominant over the other

the resolution becomes increasingly difficult. In phase fluorometry agree-

ment between lifetimes measured by phase and modulation in pure compounds is of the
order of 10.1 - +0.25 ns. Disagreements that are two to three times as large
indicate heterogeneity of the emitting population, but it is easy to see

that even under the assumptiong that two components alone are responsible for

the bulk of the emission one would not be able to determine uniquely the two
amplitudes and phases. To obtain an unequivocal answer one requires two

further measurements, one of phase and anotier of modulation for a different
exciting light frequency. The method of resolution of_}rcompnnenta employing

phase and modulation measurements atfhrfrequencics is valid in theory for any

N, but confined in practice to N = 2. It is described in detail in an

Appendix.
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Experimental fluorescence lifetimes

A crude estimate of‘;hggmaximum lifetime to be expected for a given compound
can be obtained by the use of eq. (5). .This predicts that compounds with
strong absorption (fa > 0.5) in the SO - SI transition will have fluorescence
lifetimes under 10 ns. and that this value will increase as the absorption
transition weakens. Further shortening of T can take place on account of
competitive radiationless transitions so that the lifetime predicted from

the absorption strength will be particularly applicable to cases with high
fluorescence yields, and therefore weak competitive non-radiative transitions.
Compounds with intense fluorescence seldom show lifetimes under 3 ns. while
subnanosecond lifetimes are confined to compounds with low fluorescence

yields like the water solutions of ANS and NADH (Table ). The longest
fluorescence lifetimes in aromatic compounds are due to weak, quasi

forbidden L transitiurts; as observed in CLT’S&”& (T v 45 ns) and

pyrene (Tt ~ 400 ns). Measurementy of thisevery long lifetimes is often
complicated by the presg:gfﬁof oxygen in the solutions. At room temperature
air.saturat2d water is 0.25 rM in oxygen and air=saturated ethanol and other
organic solvents contain 5-7 times as much oxygen. Virtually every collision
of the fluorophore with oxygen leads to radiationless deactivation and the
characteristic deactivation tiﬁe is 400 ns for water and 20-30 ns for organic
solvents (see under quenching). In consequence measurements of fluorescence
lifetimes in water seldom requiriﬁg degassing or an atmosphere of nitrogen?
but these precautions are necessary when measuring the lifetimes of many
fluorophores in organic solvents.

In general the lifetime is independent or almost independent of the

wavelength of fluorescence emission. One would expect in-—penaral emissions

from a vibrationally excited state and those from the zero level to have diEferant

lifetime, which would show up on examination of the blue edge of the emission
]

though minimized by the small relative contribution of excited-level emission




to the total emission. In compounds with quasi-forbidden fluorescence

transitions like chrysene one observes appreciable variations as the life-
SR

times for emission to the diﬁferent vibrational lewvels of the ground state
are recorded. In these cases one is compelled to look at the vibrational
peaks as representing independent electronic transitions coupled to each
other in absorption or emission. Variation of the fluorescence lifetime within
the emission is seen always in the course of solvent relaxation processes in
the excited state. They will be discussed under this topic. Because of-the
rapid thermalization following excitation to the higher electronic states
one can expect a lengthening of the fluorescence lifetime of at most a few
picoseconds as the wavelength of excitation is decreased. Thus, in practice,
any reproducible variation of the fluorescence lifetime with excitation
wavelength, except those at the very red end of the absorption spectrum,

indicates the existence of a heterogeneous emitting population.
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