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== Excited states of
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1.1 E'ectromc structare

LR B

The number 6 features iz many of the properties of carbon. Carbon h&s
an atomic number Z = f; the nuclaus of its most abundant 1sotope 2
coutains 6 protons and 3 neutrons; the crystal structure of graphite consists
of parallel planes in which the cerben atoms are arranged in a regular |
hexagonal pattern; anc iae molecular structure of benzene is a similat
planar regular hexagoa. with the 6 carbon atoms at the corncrs of the |
hexagon bonded to the € hydrogen atoms. '

The electronic conficuration of the ground state of the C atom is
1522522p2. In forming zompounds, one of the 2s electrons is considered
to be excited to a 2p state, 50 that the electronic configuration of a C atom
‘prepared for binding’ is is*2s52p?. The four valence electrons (252p*) ma;
take up three aiternative configuraticns in forming molecules, corres pond-
ing to valences of 4 (e.g. CH, methane), 3 (e.g. C;H, ethylene, CsHg
‘benzene), or 2 (e.g. C:H, acetylene)

I the first configuraiion, known as tetr agonal or ap3 lzyb zdzzatwn the
four electron orbitals combine te procuce four equivalent hybrid orbitals
directed towards the corress of a regular tetrahedron ceutred on the C
nucleus. These four sguivalent elactron orbitals associate with those of
other aicms to give a saturated molecule, such as methane (CHy).

" In the second configuretion, known as frigonal or sp* hybridizaticn, one
of the criginal p-orbitals (say p,) is unchanged, and three equivalent hybrid
orbitals are produced by mixing s, g, and p,. These three sp® hybrid ocbitals

lie in the same plane (the x¥ plane), and they are inclined at equal angles
of 120° to each other. It is this configuration which provides the hexag genal

&
[ 4
@
&
&
&
&
~~~~~~ - ; ring structure of benzenz and the polycyclic aromatic hydrecarbons. The - ¢
&
L
&=
é
G-
-

L i 1

hybrid orbxtals whm ar2s 'mmear‘cal about their bondmg axes and about

- the molecuiac plane, are inown as g-eiectrons. snd the bonds are called
: a-bonds. In benzene the o sp* hvbrid croitals of C interact with cach other
B ar.xd ~yvith the 1s orbitals of H in the manrer shown diagrammatically in

Figure 1.1 to produce the localized C—C and C—H o-bonds. !

. Mobayed ‘ " ¢ “""E'




Figure 1.1 Thz v-slectten orb.i:als
of benzene {afier Coulsen';

Tnc_& momc orbital of eack C atom is unchanged by the sp? hybﬁdizau
ion. Its wavefunction is antisymmetric to reflection in the nodal x y
inolecular plang, and it is knawn as.a w-¢lectron.- In berizene the six 7 atemic -

orbitais of C interact to produce C-—C #-bonds. the additional stabilization

Figure 1.2 The s-eleciron mole-
cular oroitais of benzene (after
Cculson')

:’:m.rg,) recucing the C—C bond length from 1:34 A (1.: Cz‘{6) to 1-32 A
fin benzene). Unlike the c-electrons, the m-electrons are delocalized; the

s shown' diagrammatically in Figure 1.2.' Similar systems of delocalized

- §iX 7 atomic orbitals interact to form six delocalized « n*oze/‘uiar or bzta/v

v«clcctmns O“CUI’ in other aromatic mole»ules. itis the cxcxted gtalcs of




gubl these m-elextron systems and the various transition: and int “rdCthnb 9% }

these excited states with which this book 1s primarily concerned. Ly,
~In the thiré configuration of the C atem, digonc! or sp hybridization |
two of the original p-orbitals (sav p, and p.j are vuchznged, and two

| ~ equivalent nybrid o-orbitals are produced by mixing s and px These

—— g-orbitals are directed at 180° to each other along the x-axis, which is the
line formed by the intersection of the nodal planes »f tae \‘op urbxtals.; -
- This configuration occurs in the lingar molecule, acetyiene: CEC——-H).§
“Apart from the C—H and C—C o-boads. the p, and p, aic mic orbitals
(w-orbitals) of each C atom are paired to produce iwo C--C =-bonds,
thereby reducing the C—C bond length rom 1-34 A {in C,H) and 1:34
A (II‘ C, hq) to 1-20 A (in CiHy).

p
&
-

1.2 Molecular structure

~ The art of the organic chemist has led 10 the synthesis ¢i"a vast num
of arcrmetic hydrocarbens, and the rzader is referved to Clar’s stan
treatise? {or details of their preparation znd proverties. Ti:e miclec
© struciure of fifty-eight unsubstituted condensed aromatic hydrocarboi
—— shown ir Table 1.1. The nomenclature adopted is that of Clar, apart from
..a few zlternative namcs in commen use-whics are nsmd Table L1 includes
~all"the condensed aromatic hydrocarbom with 1, 2, 3 4.1. ‘G ompoundb)
4 (six compounds) and 5 (fifteen compourds; benzenoid rings, and a.
seiectior- of compounds with™6 to 13 benzenoid rings. In the msubstltuted
W "ompoundc the number of mr-electrons is equal to the number of C atoms
" in the moiecuie. Code numbers for the compounds are introduced for ease

- of subsequent reference.

The compounds fall into two broad groups:

{(a) The cata-condensed hydrocarbons (ormula, Cy,iaHynee, where
n = number of benzenoid rings) in whick no C atom belongs to more
than Z rings; and

: (3} The peri-condensed hydrccarbous in which some C atoms lie at the
. junction of 3 rings (Nos. 4.1, 5.1-5.2, €.:-6.4, 6.11-€.14, 7.1, 7.3, 7.4,
R.1,8£2.84,8.59.1,9.3,10.1, 10.2, i 1.1, 13.1). ‘

Some of the compounds can be arranged i5::0 Variots series.

““““““““““““““““““““ (i¥ The Ynear series, benzene, naphthaiene, arthriicne, tetracene, -~

— nentacene, hexacene, etc., are known as the polyacenes ot acenes. =

: T (1) The sertes, benzene ohenanthirene, m‘_kaphe i, ete.. formed by‘l‘c :
-~ -angular fusion of pairs of benzent :'::nth-.»-M. S syst¢ms_ o
| benze m, are know n as t}‘e swnnﬂm ,-,', et iz e (nnddy
,::":W o S : . \.-
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phenes (n even).
S .

anthrene, 3:4:5:6-dibenzophenanthrene and hexahelicene, in which
the lines joining the centres of successive fused rings are at 120° to
each other and trace out the sides of a large hexagon, form the series
of helicenes. In 3:4-benzophenanthrene and higher compounds, steric
hindrance between the H atoms on the inside of the large hexagon

distorts the ring system out of planarity, so that in hexahelicene the

large hexagon forms the first Idop of a spiral. In the higher compounds,

rings, respectively.

4 Selection rules

An electronic state s characterized by certain basic properties: its energy,

- . s.multiplicity, and i»t_gmsymmet"r‘f-?é\?hich*?inf centro-symmetric molecules -

-~ tcludes the parity. The multiplicity, symmetry and parity lead to important

op=® ‘lection rules which influence the probability of trafsitions between the
L ifferent electronic saies, ST | , .

% Multiplicity. A condensed aromatic hydrocarbon coniains an even num-

-

y the Paulj principle to give the ground electronic singlet state (*A) of
le molecule. If a m-electron is excited without change of spin, the resultant
ccited electronic state of the molecule is a singlet state. If a m-electron
excited and its spin is reversed in the transition, the resultant excited
ecironic state of the molecule is a. triplet state. The terms ‘singlet’ and
riplet’ refer to the multiplicity of the eléctronic state, which describes its
;gree of degeneracy_in._the absence of a perturbing magnetic fields The
>plication of a magnetic field to the molecule does not affect singlet
ate: it removes the degeneracy of a triplet state and splits it into three
- stinct Zeeman levels. " o '

o

The scries, naphthalene, tetraphene, hexaphene, ectc., formed by"
= similar angular fusion to naphthalene, are known as the asymmetric |

" (iv) The series, benzene, naphthalene, phenanthrene, 3:4-benzophen-

heptahelicene (No. 7.2), octahelicene (No. 8.2) and nonahelicene |
(No. 9.2), the spiral continues, so that there is an overlapof 1,2 and 3

e TR

ot of electrons. In the unexcited molecule the electron spins are pairedA}.




fxclty are spm-forblddcn ThIS multzpltczty selection rule has a major

Electrzc dmole transitions butween électronic states of different multi-

lﬂuencc on photophysical processes in aromatic molecules. The intensity
T'an absorption transition from the singlet ground state '4 to the first

(cxted triplet state 3L, is only ~10-% that of the spin-allowed- absorption
ansition to the cxcxted smglet state 'L, correSpondm gtoa spm~forbmden- {
58 factor fy ~ 108 % The finite value of fy is due to spin-orbit ‘inter- |
“tion, whlch couples the eigenfunctions of the singlet and triplet states.* |
s a result of this perturbation, small amounts of triplet wavefunctions
‘e mixed with the- singlet wavefunciions, and vice versa, and we thus
dtain a small, but. finite, singlet-triplet transition probability (§6.12).

The spin-orbit interaction in the aromatic hydrocarbons is small, because
“the low atomic numbers of their constituent carbon and hydrogen atoms.
he large value of f;y ~ 108 for the L, — !4 transition is also due to the -
rge energy separation between the interacting states. There is increased
in-orbit coupling between higher excited singlet and triplet states, whicl
e closer in energy, and this resulis in a decrease of fy for transition
stween these states. Spin-orbit coupling is also increased by the inclusion -
“‘heavy atoms’ of 'higher atomic number into the molecules or into their
mronment (§6 7) "

gz Symmetry. Electric dipole transitions betwesn clc'fron’; : ates of Lhe
| same symmetry are forbidden, and this symineiry selection: v« mﬁuences N
the probabilities of transmons bctween ‘the different electroni : states. On
the PFEO model the symmetries of the I, and 'L, state\ are similar tc
that of the ground ('4) state, so that '4 —'L, b and 4~ "i, electronic .

transitions are symmetry-forbxdden The symmetnes of the B, and !B,
states differ from that of the 'A state, so that '4 —'B, and '4 —'B,

the '4 — 'L, absorption transition fs~10.

transitions are symmetry-allowed. The intensity of the '4 — 'L, absorption
' is observed (Chapter 3) to be ~10~2 — 10~? that of the '4 — '8, ,, absorp-
tion, corresponding to a symmetry-forbiddenness factor fg ~ 10> — 10°. For =

NS NN
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ymmetry-forbiddenness

presence of molecular vibrations which modify the sy
electromic state.’ For example,

1S ﬁ'ri'iié"‘i%l;’,f{féiii"s”éw&?’iﬁé"";'
mmetry of the pure

factor fg ~ 10 — 10%

the PFEO eléctroni

C states of benzene

-] 1s excited: then the total symmetr

| allowed. These E,,

| allowed 'E, (1B) electronic state. The 14—
{ which is also symmetry-forbidden,

correspond to the following symmetry species:

3 ~\
Benzene: | NP :
j 41 . L3r __1,3p . Lir _ 4.3 . 13 e
l/i‘: 14“1, me BZU; 31./ = Bl&n JBtl JE

Iu

15 ground state of benzene which are

n the plane of the molecule are those to |
. 50 that-the o — !B electronic transition
is_allowed. The first excited electronic singlet state 'L, has B, symxﬁétry.
However, if this is combined with a vibrational state in which an 225 Mode
y of the vibroaic (electronic ibrational)
he gas phase the O —O absorption
corresponding to the pure '4,, - *B,, electronic transition, is not ob
since it is symmetry-forbidden. However, vibronic absorption band
sociated with e,, vibrational modes are observed, since these are symmetry-

vibronic bands derive their intensity by coupling
IL, absorption trans oil,

The only transitions from the ‘4
symmetry-ailowed and polarized j
-a-state of overall symmetry £,

.
X
+V

state is Elu (Bzu.ezg = Elu)' In t

de

i tensity in a similar manner., -

| higher polyacenes corr

rives its vibre.zf;ienally-induced';;?nu

..

r:3&1"’arztyvfl{ePFEO electronic states of naphthalcns, anthracene and the:
espond to fhe following Symmeiry soscies:

- Polyacenes- - |
I 4 1 . , , 1.3 U O |
A= AB? . ! 3[’21 = !'JBZu, I'JLb = | 3831:) B:: - BZu
1, R . s ‘ I, L2y .
J‘Bb::l 3BJua : JKa:! fjlg,: Sop T Ty
1,3 1,3 . Lien 1,2
‘ Ca: Blg) Cb"“ A.‘g :
] In centrally symmetric systems, the states are divided in-0 1.10se of ‘even’
— (g = gerade) and ‘odd’ (= ungerade) parity, dependiry c1 whether the
,, electronic wavefunction is symmetric or antisymmetric with respect to
H | reflection in the centre of gravity. The parit ) selection rule, which is a special
e case of the symmetry selection rule, is that electric dipole transitions between
weeedy | States of the same parity are forbidden. L




lyxhu:r;‘r /
| . According to this selection rule/transitions from the even-parity ground -

those to excited electronic states of even (g) parity are forbidden. Hence
the main absorption spectrum of the polyacenes is assigned to the spin-
allowed and parity-allowed transitions to the 'L, , and Ba p States.

Platt’ has assigned a relatively intense transition which is observed in
the absorption spectra of the polyacenes between the allowed !4 — ! B, and
- 14— B, transitions to the parity-forbidden !4 — !C, transition. This as-
- signment appears to be confirmed by recent obsérvations of S} — S, absorp-
- tion spectra by nanosecond photolysis (§3.10). It is probable that molecular
- vibrations and interactions with adjacent staies distort the symmetry and
~ parity of the higher excited clectronic states. -

- () parity. Absorptlon trarismons from these states to higher excited sing
" and triplet states, respcctxvely, of even (g) parity are allowed The transie
- ~absorption spectra cormpondmg to these transitions, which can be o
_| served by flash photolysis (§3.10), provide a means of studying excited

states of even (g) parity not readily seen in the normal absorption spectrum

state (*4,)._to excited electronic states of odd (u) parity are allowed, but .

The first excited singlet and triplet states of the polyacenes are of odd | S

| Mobayed
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processes .

A

-

N

N

t 2.1 Introduction : | : - -
§
| ; A photophysical process is defined as a physical process (1.e. one which
- doéixi_ot involve a chemical change) resulting from the electronic excitation
- of 2 molecule or system of molecules by non-icnizing electromagnet:c
_ radiation (photons). The photophysics of organic molecules is relevant to
their photochemistry and to photobiology (§11.14), although photochemical
- processes will only be referred to en passant. .
Protopliysical processes also occur followin g the excitaticn of an org
molecular system by ionizing radiation. The relation of these Drocess
—, the radiation physics and to the scintillation mechanism in such sys
 has been discussed elsewhere! (§11.11). The radiation physics of org

- molecular systems is relevant to their radiation chemistry and to radiation

SO

| biology. Recent studies have also been made of the excitation of arcmatic
- molecules by non-ionizing electron bear:s, and the connectiofi between such ~
| electron excitation and photon excitation has been discussed, with particuiar
reference to benzene and naphthalene? (§6.8). | ‘ ’

* We shall mainly deal witk the photophysical processes which occur in
~ “the condensed aromatic hydrocarbons and their simple dérivatives. This
 group of compounds has been studied in most detail, though many of the
processes considered are common to other aromatic compounds. To gen-
| ¢ralize the discussion, we introduce the following simple notation for the

| electronic states. S

L"‘ A}

SRR S

w ’ So ground singlet state R .
5 first excited singlet state o !
; S,(p>1)  higher excited singlet states AR
T first excited triplet state - ”
wg T, (g=1) higher excited triolet states

y \ o ,q,“u,,. - —— i 9 - 2 -
=t - 'M molecule in S,

= M* molecule in S,
bt M ** molecule in S,
o molecule in T,

molecule in T,

P |
e 20 SV




Subject: .. [

The singlet states, together with their associated vxbratlonal leveIs
‘hapter 3) constitute the singlet mamfold The triplet states, together with -

eir associated vibrational levels constitute the triplet manifold (Flgme
1). S et

i
S4 )
83 ‘ H - -
]
!
| T
SZ [T~ 1 \\X\rll y 4
V1 X Xbl \\
z B T3
} |
xii | fiil ix
! 7 i
- ¢ . ‘
R R el
\Xi\' e } \ Ta
‘ \ 1
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l ¥ \i T
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So Y Vv oy Y

Figure 2,1 Unimolecular photophysical precesses. Solid
lines, radiative transitions; broken lines, radiationless
{ransitions
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- Unimolecular processes

Jlec

neparent medium, can be divided into the following categories.

O Radiative excitation (absorption) transitions in which the molecuie is

excited from a Jower to a higher electronic state by the absorption of -

“1photon.

1

=y (b)) Radiative de-cxcitation (luminescence) transitions in which tie molccule

_ s de-cxcited from a higher to a lower electronic state by the emission
ofa photon. A radiative transition between states of the same multipliciiy
is. described as fluorescence. A radiative transition between states of
%’ different multipli(;ity is described as phosphorescence. -

() Radiationless transitions between Isoenergetic vibrational jevels of dif-
. ferent electronic states. Such transitions are normally - preced::

- radiationless thermai activation of the initial electronic statc, andjor
~ followed by radiationless thermal de-activation of the final clectroni
state (Chapter 5). A radiationless tracsition between states of the same

different multiplicity is described as itersystent crossing.
Absorption transitions )

() So— S, and S, - S, absorpiion 1s spin-allowed, and it corresponds to
the main electronic absorption spectrumi (Chapter 3).

. (W) So—Tyand Sy — I absorption is spin-forbidden, but it can be obseived

by using long light patis, intensc light sources, or perturbation methaeds
§6.8). - ~ - '

(PR

e 2

-~ i) Ty — T, absorption is commonly observed by flash photolysis (§6.5).
v, Ty s populated by intersystem crossing [se= (xiv) below] from S,, whici:
s initially excited by an intensc light flash. The transient absorption is

observed during the T; excitaticn lifetime.

|
v s 1 — S, absorption is observéd by nanosecond flash photolysis (§3.16).,
i S 1s initially populated by an intense light flash of very short duration,

o

The unimolecular photophysical processes that can occur in an isolaied |
cule in the vapour phase at low pressure, or in dilute sclution.in a

-t multiplicity is described as internal conversior One between states of

and the transient absorption is observed during the S, excitation lifetime.




. (xt1) T, =Ty and T, —T,_, internal cerrersion is usuaily rapid, and this

i (K1) S, — S internal conversion to the ground <icre, and

L {xiv) Sy — Ty and Sy — T intersystem crossiing constitute the internal quench-
 (xv) T, — S, intersystent crossing competes with the normal phosphor-

(xvi} T} — S intersystem crossing may occur by thermal activation of T;

Luminescence transitions ' S o [

(v) S, — S fiuorescence of short duratxon (~1 — 10% ns) corresponds to ,; cmwww»«
normal fluorescence emission (Chapter 4). _ ’
vi) T, — S, phosphorescence generally occurs, but it is of longer duratior i
(~1 - 10* ms} than the flucrescence, because it is a som—:ormdm*rz‘%
transition (Ct 1apter 6).

1.

(vit) S, — S, fluorescenice has been obscrved in a fow compounds, nctably
azu!ene (§5.13).

(vii) T4 — Sy phosphorescence has been reported in fluoranthenc and a ey
other compounds (§5.13), but it is a very improbable process.

(x) T, — T, fluorescence corresponding to the mverse of the T, — T, ab *

‘orption (iii), has been reported in azulene and naphthalcne (36. lf)

N
Sassitimgiinion v

(,(; S, — S| fluorescence, the inverse of (n ), 15 a possible pxoccss, yet ﬁt’
be observed. |

Radiationless transitions (Chapter 5)

(i) S;--S; and S, — S,_, internal conversion usually occurs rapidly. This -
accounts for the negligible yield of S, -oo fluorescence from most
molecules,

(o

accounts for the negligible yield of T, — S, phosphorescence from most
moiecules. |

ing of 5,, which competes with the norma! Auorescence (v). -
escence (vi).

dunng its excitaticn lifetime to a vibrationa} ievel 1soenergetic with S;.

This process leads to E-type {eosin-type) deiaved fluorescence, which has

the same spectram as the normal flucresgence (v) but different tempera- o
' ture and time characteristics (§ (§8.2). . |

(xvii} S, — T, intersystem crossing from higher excited sin glet states (! ’\/I**)
has been observed in some compounds (§6.13). _ S

These various unimolecular processes, which are shown diagrammaticallj? T
~in rigure 2.1, and enumerated in Table 2.1, are discussed more. fully in:

. subseq',*ent chapters. - v e—

e 255 v e ey - . s
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Tablo 2.1 Unimolecula photophysical processes |~

- Rate .
Process Description . parameter
'M processes .
=R M IM* S¢ =S, absorption (i) -
| I M +he — IM** So —S, absorption (i) C —
R "M+hv >M*+2%~  Photoionization =
B T M+ zhy — iM* Biphotonic absorption (xxiii) —
% ‘\f, - M+ he - 3M* So — T, absorption (ii) ' —
"M+ hi > 3M** So—T, absorption (ii) —
N M processes |
| IMF — M+ hvy S, — S, fluorescence (v) king
M* 1M S, =S, internal conversion (xiii)  kgy }
e IME I MR S, —T, intersystem crossing (xiv) } ki
MM S; —T, intersystem crossing (xiv) | =™
IM* - hy > M S;—S, absorption (iv) , —_
e i IM* ,."_.hV — 2M+ + 26"‘ Sl photoionization (Xxii) — j O [
IM** processes )
S AIMEE L IV - 5,—S, internal convefsion (Xi) - hkyy T
M > IM +hyy S, =S, fluorescence (x) Ky
MR INDRE Sp = T, intersystem crossing (xvii) ko
MM S, —S, internal conversion Ko
o 3M * processes
OM* "M+ hp Ty —S, phosphorescence ¢vi) ket
DM 1M T; —S, intersystem crossing (xv)  kgy
AM* - IM* - © T, =S, intersystem crossing (xvi)  kyr
M-l > 3MEE T; - T, absorption (iii) -
M* i ->2M* 4-2¢- T, photoionization (xxi) o
i M** processes . .
L IMEE S 3M Tq—T, internal conversion (xii) .- kqx
~ PM** > iM+hy Tq— S, phosphorescence (2) (viil)  kpx
N 1IM* - 1M Ty —S; intersystern crossing (xvi)  Amx
M** = 3M* +hy Ty —T, fluorescence (ix) kex




| Subject:

* 2.3 Riphotonic processes

When the niolecular system is irradiated by an ntense light source (e’.g;’f‘“' )
~ a laser beam), additional biphotonic processes c2n occur, corresponding’:
~ to the absorntion of iwo photoas by the same molecule. The two photons -
may be of the same or different energies, and they may be absorbed at fhe" |
~ same tume or at different times. ) .
Three pairs of the processes already considered are biphot_onic_ n nature,
nameiy (aj T, — T, absorption (iii), following S, — S; absorption (i) and
— T, absorption (iii), following Sp — T
- absorption (ii); and (¢} S, — S, absorption (iv), following Sy — S, absorp-
- tion (1). The photons used to study the transient T,

3. — T. intersystem crossing; (b) T; —

“ (xx) Sp—

absorptions normally differ in encrgy from those used for the i
- excitation. However, with intense monochromatic beams the corresnonding
“ biphotonic processes can occur:

(xvm) Sy —

Sy absorption, followed by S,
T\, — T, absorption, 1.c.

IM.-{” hy — IM* —
IM* + hy — IM**

(xix) Sy — T, absorption followed by T,
XM + hV )\,1*
IM* 4 hy — M*

S, absorption followed by S,

IM+hy = 'M*
IM* + hy — IM*¥

~ T intersystem crossing, and -

IM* }0’

-

— T, absorption, 1.e.

} (2.2}-

— S, absorption, 1.€.

—_
S
e

~T, and S; =, -

¢
&
N,
¢
.
.
&
g
K*
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Figure 2.2 Binhotonic photophysical processes.
21615 b, by; ¢1¢5; dy dy. T =ionization potential

The znergy of the higher excited state (M*2 IV (hys produced by
the biphotonic process may exceed the molecular ionizat'on energy, so that
the foliowing processes may otcur (§6.15).

(xxt) Biphoronic fonization via T, i.c. (xvii1) or (xix), followed by

- (xxii) Biphotonic ionization piq S}, 1.c. (xx), followed by

A further biphotonic process which has been observed with laser bearn
- excitaticn is

3M** _>2‘\{++Ze-i (24)

IIM**“>2;\:{+“§—2C~ (25)

g (Xxiil} §— 5 double-photon excitation, preduced by the simultaneous

> absorption of two photons, cach of cnergy less than S,, by the same
molecule (§3.1 1). : . |
¥ These various biphotonic processes are skown diagrammatically in Figure

sl

i
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olecular processes

The chotophysical processes so far enumerated can ali occur in i isolated M
~ molecaules, Additiopal processes occur .in concentrated -or- aggregated
systems due to interactions with molecules of the same species, or in mixed

* molecular systems due to inferactions with meclecales of a different species.

""""""""""""" Interactions betweelz two molecules of the same species are referred to as.
- homopelar bimelecular processes. Interactions between two molecules of
_ different species are referred to as heteropolar bimolecular processes. |

The various blmolecular processes can be divided into five broad types

L
"

~(a) perturba on Processes; -

~(b) excrtation mlgranon and transfer processes;

~ (¢) complex formation by two unexcited molecules;

~ (@) complex formation by an excited molecule and an unexcited moiecule;
angd :

~(e) interaction between iwo excited molecules.

- We shall enumerate some representative examples of each type of inter-
action. ‘ : "
( (@) Imieraction with an adjacent molecule (or molecules) may perturb;
~ the energy levels of the excited aromatic hydrocarbon molecule, and modify
“its photophysical properties and behaviour. The Davydau splitting. which.. . ..
.................. miodifies the absorption characteristics of an aromatic crystal can be
{ _ considered as a homopolar perturbation process (31 [.3). The enhancement
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, ;he«:Emstem coeiﬁcxents

Consxder alarge number of molecules immersed in a transparcn

of refractive index n, in thermal equilibrium within a cavity at tempm ature

T. The radiation density (erg cm™ per unit frequency range) of fici:.
v within the medium is given by Planck’s black- -body radlatlon %aa«

. 8w /e
plv) = . -
{exp (hw/kT) = 1}

The rate of molecules poirg from state /m to state i by absor
radiation is -

where N, is thc number of mmeculxs in state /m, u,m_,un 1s the fi

as the Einstein B coefficient. ‘ |
Molecules in state un can go to state m by spontaneous emission wi
transition probability Aursim (the Einstein A coefficient), or by induc

-emission with probability B,,_;., P unosim)- The rate at which molecu
undergo this downward transition is glven by

and Nu,, is the number of molecules in state un. At equilibrium the rats:

Aryand (19),

Aun-alm' (Nlm
NUH Vi

The number of molecules in the two states at equxl brium are relatem
the BoltZ'nann distribution law

: Bun-;lm

T R G

Substitution of %16} and { 22)in 213 ngcs the Einstein relation betw e,
'sthe /4 and B coe‘ﬁcxemb for molecules ina medium of rcfractly{e mdcx 1

-

————— e Y o= ’

, - | .
Aun-ﬂm = 8zh Vuniélm nJ 3Bun.>lm N {ak

The Emstem A coeflicient determmes the ‘probability of spomfw
emmsmn 1e lununescence and its relatlon to the fluorescence specir:

of the transition, and B, is the transition probability coefﬁmem? K40 W

A‘Vlm aun T Nlm Blm Sun P(‘ Im—aun) G

e Alvun»alm Nun{Aur—,lm + Bun—alm p(Vun-—ﬂm)} 3 gi
where .
| ' Bun—elm Blm—mn A ) . v (‘jdﬁe e
B ¢
Vunosim = vlm—-;un { zé’;

of the absorption and emission transmons are equal, so that by equais

n

. Aannn

& & & A




time will be dxscussed. ¢ =~ The Einstein B coellic
determines the probability of absorptlon and it is simply related
‘molecular absorption cross-section ¢. By the definition of o (i,
change in radiation density dp(v) of a beam of radiation density '

passing through a thin layer dx of a specimen contairing ¢ as

molecules per cm? is
dp(v) = —on’ p(v)dx

where Ny, is the number of absorbing molecules per cm? in the

i

¢
IR

-~ ~aiapl®) R O

state /0. The number of molecules per cin® excited per seond wm pReT

hvis
AN (v) = —cdp(v)[hwn
so that combining {24) and { 25)
ANG) = Nwerp()

integrating over the (/0 — un) vibronic band, we obtain the abs

probability for this transition as

(v)dv foy
 Comparison with 5 17) gives

¥ ¢ [ olv)dv £ gy

\ 10-un = hy v I

.‘ _2303c¢ e(v)dv ) e

'\" - hnN l»‘% P

14
from { 13). '
If we assume that all the molecules originate in the /0 state, summf

of 4,29) over all the vibrational levels of the upper electronic state ~1v

the prebability of all transitions to the u state:

Blu = Z BlO—aun ‘ ga
{a(v)dv YETE
23030 f e(v)dv i
hnN v

where the integrals are now over the whoxe [ > u electr‘ nic ahs: )rptlon L e

system. , |
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7776 Transition moments

Using the Born-Oppenheimer approximation ., we may writé
ro(x, Q) = 0i(x, Q) (Y SR EX)
(/’un(xa Q) = Ou(tv Q) (pun(Q) %« 3‘“@) R

for the wavefunctions of the 10 and un vibronic states, respectively, where .
-x and Q) are the electronic and nuclear coordinates, respectively.
" The electric dipole transition moment between any two states, wave-

B

functions i, Py, is defined by the integral

he ith particle (clectron or nucleus) of
/0 = un vibronic absorption transition, |

Wht;re r, is the position vector of t
; ‘charge z ¢ in the molecule. For the
we obtain

stituting from ( 33) and (3
coordinates, - :

we

4), and szparating the electronic and nuclear

M = | 5540} 65,03 ) 060 x| 2u(@)40
- * | L (g \ ' - g

—e J Do(Q) {Z ZuTui jex x, Q) 0,(x, Q) dx] Pue( D) dQ |——
and 8, are orthogondlfor
f the sarae H miltonian. |———

The second term in . é37) vanishes, because 0,
the same value of Q, being different eigeafunctions 0
1 If we define °

t, taen the [0 —un pibronic transilion

as the electronic transition momer
moment is, from «,é,.37),

Migun = | ©1(Q) Mi(Q) Pur( D) SC 039 =
If the qun-Oppenheimer‘approximatiOn is valid, M (@) is not a rap_i_dly M

_varying function of 0, and it may be zpproximated by a mean value My, ———

1 which is independent of Q. Hence {39) simplifies to _‘ -

1 h ; - I\'Im—.un = Iq!.u SlO.un A é40)_~_

| l | ; 1 ! ! A I ! ! 1 1 1 L




~ where Sy u, is the vibrational overlap integral,
O Suw— | PO PW(QdE

= <(I)10‘(p_un>
Equation {40) is the guantum-mechanical statement of ihe
Condon principle, -
The transition moment is related to the Einstein 5 coeficier
vibronic transition by the expression
3
Bigun= §%~rﬁgiM;o.,uniz

\

= KlMlG—o\m‘Z
wilcre

872G
K= 3

and & is a multiplcity wmghtmg factor which cquals unity o
transitons. :

The Einstein B coefficient for the complete clectronic transition s,
£ 30), . 44C)and (.43); '

Pron

B, = KM, |? PTo(Q) D0y Q1

The sum in { 45 is equal to unity, since the wavefunctions @ 77
a complete orthoniormal set, $9 that .
~ = K iMlu

where M, is the mean electronic transition moimer:t.

g




% C scillator st»re'lgths

transxtxon is deﬁned as
. me
f: ————2_- ( O'dV
) et h |

3 2303mc? [

S5 edi
met N ‘ .

4-39 x 10‘9J i
= edp

where ¢ is in cin~!, and the integrals arc over the appropri
or vibronic absorption band. The refractive index n 1s comue -

4!

" The osczl!ato; slrength for intersity of an electronic or vibronic abs -

e

“from the above expressions.? Its inclusion ensures that the relat:
fand the transition moment is.independent of 7.

For the { — u electronic transition, from ( 3) and { 46), the .

| strength or mtensnty 1s '
1 f= mhy, B
{ Jia ﬂez lu
87T mCVluGiM 17
~ 3he? tul

_ =470 x 107 7, G{M,, |2
where v, and v, are the mean {requency and mean wavenur:: -
tively, of the transition. and M,, is in e.s.u.

For the /0 — un v1bromc absorption transition, the intensily -

__.flu V10-un 'S 2
flO—»un - - ! IO,unl
- Ju

‘where Syg, uq 1S _thevvx’bratifl)nai overlap integral - { 41).

c
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| .»8 TheXranck-Condon principle

The potential energy diagram of a diatomic molecule plois i
(electronic and vibrational) energy of the molecule as a functicn
nuclear separation r, and the wavefunctions @ of the vxbratwh
| approximate to those of a harmqnic oscillator (Figure 2). A
diagram of £, and £/ against_a nuclear configuration coordmm
7 be used for the qualitative discussion of more complex molecuic:
the aromatic hydrocarbons, although 0 no longer corresponds si
The Franck-Condon principle states that, because the time i
an electromc transition i$ neglmble compared with that of nu@lea
} the most probable vibronic tramsition is one Whlp_l} ﬂvolve% W
- ‘the nuclear coordinazes. This transition, which is referred to th
Condon Tnaximum, represents & vertical transition on the ;“w
dlagram (Figure 3.2 Tn quantum-mechanical terms, the ¥r:
~maximum correspozxds to maximum overlap between the
- vibrational wavefunction @,y and the excited-state nbrdllondﬁ
| (I)un, i.e. when Sy 4o 1S @ maximum (.'.53). |
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S ahsorptxon an

The absorpnon of a photon by a molecule 'M within its So — S absorp-
tion band. excites it into 'M¥, which has a lifetime 7y ~ 1 —10° ns. 'M*
18 de-exc1ted by.a radiative or radiationless transition to 'M, or by inter-
system crossing to SM*, 3M* has a lifetime 74~ 10 = 10* ms, and it is !
normally de-excited by a radiative or radiationless transition to 'M. Ifa
solution of molar concentration {'M], is irradiated with light of intensity
{ Iy, the, solute molc\,ules will be in one of three electronic states, 'M, 'M*
| and. 3\4* where

e

, M) =M1+ MM ()
For steady exc'tauon with light of very weak mtensxty, under photo~ B
statxonary conditions (§4.4) , )

- [Mlox M PMH > MY (59)
“F or Iy~ 0, the ground-statc depletion, which is defined as | k
 ['Mo- ['M]=PM*] + ['M¥]

J is negligible, and any absorption by 3M* or 'M* can be neglected. Un
these conditions, the Beer-Lambert law is valid, and the molar extinction

R
W

— coefficient e is.independent of fyand ['M],. . - o

— S B — T L
o9k '

0-8}- 1, K 4 ) ’
— .0‘7_ [M]/[M]d [ }/[ i

, /0 I
' M

- 0-61 ]O

to.‘s =

0-4} -

0-3+ _ R
— 0-2}- | S
. o1} B

o g 1 L [ |

— 1 o 10¢ 1 w0t 1 —
— |  t.{ns) ' N
— - _«- * ; Flash photolysis. Relativc concentrations of singiei-

‘excited molecules ['M*]/[!M],, triplet-excited molecules [*M*}/
] -11M], and unexcited molecules [*MV/[*M], as a functicn of time ¢ - @
, dfter an mtense light flash. 7y = 100 ps; 7¢ = 100 ms; DPu=06
. - I




" f\thigh light intensities, where the absorbed photon flux is conpare o=
W\ with ['M],, the mcan molar extinction coefficient € of the soluiion i D
by

]l

'Mlg = e['M] + err['M*] + ess['M*]

| where €, €7 and g are the molar extinction coefficients of Sg — 5
and S, —S, transitions in 'M, *M* and 'M*, respectively. = -
excitation intensities required to make [*M*] andfor ['M*] «. S
with ['M] are difficult to achieve with continuous illumination bt - |

— can be obtained using a light flash of short duration of sufficient infer.
__toexcite all or most of [!M], into 'M*. Figure . 'shows diagraramai
the time dependence of ['M]/['M]o; ['M*]/['M], and PMF}[*M
flash excntatxon of sufficient intensity to produce complete gmu
depletion m'tlally (at t=0, ['M]=[PM*]=0, 'M*)['M],
| typical solution with !M* lifetime 7 = 100 ns, 3M* lifetime -+
and *M* quantum yield @=06 . . During the time
0 <t < 7y, 'M* is the dominant species, and the solution exhibit:
S, — S, absorption. During the time interval =y <# <, PM‘; AT N
ﬁcant and the solution exhibits transient T, — T}, absorption = e
SO~S absorption. At ¢> 7, the solutlon recovers its norn:
— absorptxon mten31ty
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