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Photobleaching and spectral diffusion in disordered media
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The photochemical bleaching of an energetically disordered molecular system is studied theoretically. Spec-
tral diffusion is taken into account, which is marked by downhill energy transfer of excitons between the
molecular sites. The resulting redshift in the excited-state occupation gives rise to a relatively stronger bleach-
ing of the lower-lying states, which is observed in the blueshift of both the absorption spectrum and the
photoluminescence spectrum of the bleached system. During the photochemical bleaching reaction, quenching
sites are formed, at which the excitons decay nonradiatively. These quenching sites modify the excited-state
dynamics and thus the bleaching process. The relevance of our model to the photobleaching of
poly(p-phenylene-vinyleneis pointed out.
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[. INTRODUCTION In this paper, the incoherent migration of excitons in a
system with positional and energetic disorder is described
The photochemical bleaching of organic dyes, resulting iranalytically using an effective-medium approximation
the fading of colors, is a well-known problem for the textile (EMA). This transport formalism is used to calculate the
and graphics industridsThe same process poses a funda-€xcited-state occupational probability of a given site, which
mental limit to the lifetime of optical devices based on or-determines its bleaching rate. When the system is then ex-
ganic materials, such as organic dye la5&rand polymer cited by_a broadbandllight source, spec_tral diffusionllgads to
light-emitting diodes~® The photochemical stability of these @ redshift of the excited-state occupational probability and
materials is described by the quantum yield for bleaching hence to a relatively stronger bleaching of the lower-lying
which is the probability that a chromophoteptical ab- States. In some systems, specifically in Fﬁiphqtobleachmg
sorbey is destroyed after a photon is absorbed. In this denot only reduces the absorption of the material, but the pho-
scription, it is implicitly assumed that the destroyed chro-toluminescenceéPL) efficiency as well. Apparently, the ex-
mophore is identical to the chromophore that absorbed thgitons in these systems are quenched in the presence of a
photon. However, in an energetically disordered system, akléached chromophore. In our model, this is accounted for
excitation may relax in the course of a random walk towardg?y attributing an additional nonradiative decay channel to
sites of lower energy, a process known as spectral diffusion €XCitons on sites that are r_1ext t_o bleached sites. These sites
This effect causes a relatively stronger bleaching of chroare referred to as “quenching sites.” . _
mophores with a low excitation energy, as observed in or- This paper is organized as follows. The incoherent migra-
ganic dye aggregaté8 The bleaching of dye aggregates hastion o_f excitons is described in Sec. Il. .Th|s forma}llsm is
recently been described by Tomioka and MiyHnosing a  used in Sec. Ill to model the photochemical bleaching. The
numerical simulation of coherent exciton transport on a twoinfluence of quenching sites is described in Sec. IV. In Sec.
dimensional lattice with on-site energy disorder. V, the applicability of the model to photobleaching of PPV is
The present work has been instigated by the observatiofliscussed. A short summary of the main results is given in
that photobleaching of pofg-phenylene-vinylene (PPV)  Sec. VL.
films causes a blueshift of the absorption spectfdf->Ex-
periments suggest that the optical properties of conjugated Il. SPECTRAL DIFFUSION
polymers are well modeled by replacing the polymer chains . ) . ) .
by a set of chain segments with a distribution of effective  Consider a system withl localized states, with position
conjugation length&* Upon illumination, on-chain singlet Ri and excited-state energy;, for i=1,... N. For low
excitond215 are formed that relax in the course of an inco- €Xcitation densities, the occupational probabifift) of the

herent random walk between different polymer chainsitei at timet is described by a linearized master equation
segments? The bleaching of the polymer appears to be due

to a photo-oxidatiohreaction, resulting in a chain scission of if He-S
the macromolecul@® The simulation of Ref. 11 is not appli- o= =
cable here, because the system is three dimensional, the lat-

tice structure is absent, and the exciton transport is incohewhereW;; is the transition rate from sitgto sitei, and\ is

ent. the decay rate due to both radiative recombination and non-

wjifi<t>+]_2¢i W, fi(t) —Afi(t), (D)

0163-1829/97/5@.1)/6681(8)/$10.00 56 6681 © 1997 The American Physical Society



6682 M. C. J. M. VISSENBERG AND M. J. M. de JONG 56

radiative decay processes, which is assumed to be constanfrom the initial site with energy’ to a site at a distance
for all sites. For the moment, the effect of photobleaching isR with lower energy. The exponential function results from
not taken into account. At zero temperature, only transitionshe summation over all different paths to go from the initial

to sites with lower energy are possible, implying site to the final site an@,(e,p) denotes the probability to
remain on the final site. It follows from Eg4) that

Wi =w(Rjj) 0(e;—&)), 3]
with Rj;=R;—R; and §(x) =1 if x>0, 6(x) =0 otherwise. e )= ®)
The functionw(R;;) depends on the exciton transfer mecha- 1(e.p)= p+A+AKn(e)’
nism.
Equation (1) can be solved using a Green-function For k=0, the jump probability read$
formalism®~*® The Green functiorG;;(t) is the probability
to find a particle at sité at a timet, given that it was at site J(e.,0,p)= AK 9)

j att=0, and is a function of alN positions and energies of p+A+AKn(e)’

a given configuratioqRy,&,}. To determine the configura-

tional averages of the Green function, we assume that thWnich is the product of the local Green function and the

positions and energies are uncorrelated and denote the def@nsition rate for a jump to a site with lower energy, inte-
rated over all space. Substitution into K@) yields

sity of states(DOS) at energye asp(e). The local Green 9
function, i.e., the average @&;(t), and the nonlocal Green

function, i.e., the average @;;(t) with i#j, are given by Gy(s.e’ k=0,p)= (e’ —e)AK . (10)
o(e0) [p+A+AKNn(e)]
Gi(ej 't)Ef H dedsk }Gu(t) (33 Equations(8) and (10) constitute the effective medium de-
scription of spectral diffusion in an energetically disordered
p( ) system.
Ga(&i,g),Rj ,t)Ef H dRde, ——|G;jj(1). Under constant illumination, sites with energyabsorb
k#1.) (3b) photons at a ratex(¢). The total absorption rate per unit

volume is given by

We calculate the Green functior8) in the EMA® which

allows us to proceed with analytical expressions. Here, the

migration from a site is described by a single effective rate, atot:f dep(e)ale). (1)
rather than by the sum of all distinct transition rates. This

approximation tends to be inaccurate for long tinffeshich ~ Using Eqs.(8) and(10), we find for the steady-state occupa-
is not of importance for this work in view of the finite exci- tional probabilityf(e)

ton lifetime. The local Green function is given by

Gy(e.t) = MI+Kn@)It @ f(8)=a(8)al(8,0)+f de’p(e’)a(e")Gy(e,e',0,0)

where B a(e) K\

= + wdsyp(sl)a(sr).
A+AK 2),
= 1dew(R), (5) TAKN(e) [\ +\Kn(s)] f
' (12)

(e de’ , We note that in the absence of spectral diffusih=0) the
n(e)= _UE p(e’). ®) occupational probability is just(e)/\. The PL spectrum
follows from the occupational probability,
The first term in the exponent of E¢) describes the exci-
ton decay, the second the exciton migration. The exact value L(e)=nAp(e)f(e), (13
of K depends orw(R) and thus on the exciton transfer ) o ) ) )
mechanism. For example, when using rates of thesteo ~Wheren is the PL efficiency, i.e., the fraction of excitons that

type 519K = £ 7R3y /), with Ry the nearest-neighbor dis- "€COMPine radiatively. :
P 3 0% .0 ", g We will consider excitation by a broadband light source,
tance andv, the nearest-neighbor transition rate.

Following Movagharet al.*® we found for the Fourier- described by

Laplace transform of the nonlocal Green functi@h) (Refs. _
17 and 18 a(e)=ao, (14
_ _ _ so that all chromophores have the same excitation rate. Now
Ga(e,e’ k,p)=0(e' —&)Gi(e,p)g(e’,K,p) Egs.(11) and(12) imply
xex;n“s de"p(e")g(e" . k,p)|, (7 o= (), (15
where g(s’,k,p) is the Fourier-Laplace transform of f g)zw (16)

g(e’,R,t), which is the average probability to jump at time A1+Kn(e)]?
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The occupation, and hence the PL spectrum, is clearly red-ere vy is the quantum yield for bleaching, which is constant
shifted with respect to the situation in the absence of spectrah time and independent of spectral diffusion. This must hold

diffusion, asn(e) increases with increasing energy. for any model in which the exciton decay rate is independent
of the site energy. The total density of sites decreases lin-
IIl. PHOTOBLEACHING early with the number of absorbed photons,
Under illumination, photochemical reactions may modify n(A)=n(0)— yA. (23

the optical properties of chromophores. In the present work,

we will follow Tomioka and Miyand! in assuming that the Let us now consider the evolution of the DOS, focussing
chromophore has negligible absorption after photobleachingn the energy dependence of the bleaching process. Substi-
Below, we will describe photochemical bleaching using thetuting Egs.(15) and (16) into Eq. (21) and integrating both
results of the previous section in combination with a decreassides of this equation up to the energywe find that the

ing DOS. evolution ofn(g,A) is described by
The bleaching of a site is described by a bleaching rate
B(e,t). This rate is proportional to the occupational prob- an(e,A) :_?”(S’A)[lJFKn(A)] (24)
ability, dA n(A)[1+Kn(e,A)]"
Ble,)=\yf(e,1), (17) Using Eq.(23), we find
where\,, is the bleaching rate for an excited state. The oc- n(e,A)=Wh(e,A)J/K, (25

cupational probabilityf (¢,t) is now a function of time, as— .., Lambert's WV function, which is defined 1
due to the continuous bleaching of sites—a steady state can- '

not be reached. The effect of the bleaching process is W(x)exd W(x)]=X, (26)

modeled by removing the bleached site from the system,
and

Y e tp(ent) (18
- Alebelel). h(e,A)=Kn(e,0)

vA
)]

i%’he density of statep(e,A) is obtained by taking the de-
rivative of Eq.(25) with respect tce,

eKIn(e,0)—yA] (27)

Of experimental interest is the case where bleaching
much slower than exciton decay<\). Then the average
occupational probability of excited states at a given time

can be obtained using a quasistationary approach, 1+ 1[Kn(e,0)]
p(e,A)=p(&,0) =7 (28)
f(e,t)=f[e,p(e.1)]. (19) 1+11Kn(e.A)]
The functional on the right-hand side is given by substituting-éhe(cllg)as's'[at'onary PL spectrum of the system follows from
a time-dependent DOB(¢,t) for p(e) in Eq. (12). q: '
The speed at which the system evolves depends on the L(e,A)=php(e,A) f[e,p(e,A)]. (29)

intensity of the incident light. Hence the total number of

absorbed photons per unit volume, Without spectral diffusion K=0), the DOS and the PL

. spectrum decrease uniformly:

AW = [dt aglple 1)), @0
0 vA

)]

p(e,A)=p(e,0) , (309

is a convenient measure of timglhe total absorption rate
awr, Cf. EQ. (11), has become a functional of the time- .
dependent DO$. L(e,A)=nagp(e,A). (30b)
Combining Eqgs.(17)-(20) and usingA instead oft to  |n Figs. 1a) and b), it is shown that, when the spectral
measure time, we find that the evolution of the DOSdiffusion is weak, the DOS decreases almost uniformly and

p(e,A) is described by that the PL spectrum is only slightly redshifted with respect
to the DOS.
ap(e.A) A Mofle,p(e,A)] 21 When the spectral diffusion is strong, the DOS decreases
oA ple.A) aplp(e,A)] (21) at the low-energy sid€Fig. 1(c)]. The PL spectrum is nar-

) ) o rower than the DOS and redshifted. Upon bleaching, the
A check on the formalism is performed by substituting they,eshift of the PL spectrum follows the blueshift of the
total absorption rat€11l) and the occupational probability low-energy flank of the DOSFig. 1(d)]. In the limit
(12) into Eq.(21) and integrating both sides of this equation i . 4|l excitons are immediately tranferred towards the
over all energies. We then find that the total density of siteg;jies with the lowest energy. Hence, there is only emission
n(A)=n(x,A) decreases according to by and bleaching of these lowest-energy sites. The DOS and

the PL spectrum are then given by
an(A) N\p

p(e,A)=p(e,0)0[n(e,0)— yA], (313
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FIG. 2. Evolution of the

total density of sites
An(A)=n(e{,A)—n(eq,A) in an energy intervalleq,e,], as
FIG. 1. Evolution of the DO (¢,A) [(a) and(c)] and the PL

given by Eq.(25). The system is bleached by a broadband light
source. The

initial  densities aren(g,0)=0.6n(0) and
spectrumL(&,A) [(b) and(d)] for a medium that is bleached by a n(e;,0)=0.81(0). Thefull line shows the case of weak spectral
broadband light source, as given by E@8) and(29), respectively.

diffusion [Kn(0)=1.0], whereas the case of strong spectral diffu-
The initial DOS is a Gaussian with standard deviatiariThe plots  sion [Kn(0)=100.0 is given by the dashed line. The results are
show p(e,A) and L(e,A) after A=0.00, 0.25, 0.50, and independent of the form of the DOS.
0.7(0)/y photons per unit volume have been absorbed. Ri®ts
and (b) show the case of weak spectral diffusipkin(0)=1.0], bors of the bleached site are affected. The intaat-
‘(’;‘;ereas the spectral diffusion is strofign(0)=100.0 in (¢) and  p|eachei sites can now be subdivided into normal sites and

guenching sites. A quenching site is a site next to a bleached
site, so that an exciton decays at a rate\,, where\, is
L(e,A)=naop(e,0)n(A)d[n(e,0)—yA], (31b

the additional quenching rate induced by the bleached site.

i , , The density of quenching sites is given b§(A), and the

where 5(x) is the Dirac delta function. DOS byp9(e,A). On the normal sites, the exciton decays at

With or without spectral diffusion, the decrease of the PL; |qwer raten. The density and the DOS of theggon-
intensity upon bleaching is proportional to the decrease i’buenching sites are denoted as'%(A) and p"%(s,A), re-
absorption. This is due to the constant PL efficiency spectively. The density and DOS of intact sites are given by

The effect of spectral diffusion on photobleaching can ben(A):nq(A)Jrnnq(A) andp(s,A)=p(s,A) + p"%s,A).

d.emo-nstra.ted experlmgntally by monitoring t-he densﬂy of " | et us first consider the exciton dynamiasthout pho-
sites in a given energy intervido, 1] as a function of time,  y,pjeachingin a system that contains both normal sites and
while the system is bleached by white light. The time evolu-q enching sites, analogous to Sec. Il. We can use the model

tion of this site densitAn(A) =n(e;,A) —n(eo,A) is quali- e have developed in Ref. 17 for field-induced PL quench-

tatively d|ff_erer_1t for we_ak and for strong sp_ectral diffusion, ing in conjugated polymers. There are two distinct local

as shown in Fig. 2. Without spectral diffusio €0), the  Green functions, depending on which kind of site the exciton

sites in the interval are bleached with an efficiency that igg |gcated

time independent JAn(A)/dA=—yAn(0)/n(0)]. When

spectral diffusion is strong, sites are bleached from the low- 1

energy side. Initially, the bleaching efficiency of sites in the ’é‘j(s,p):

interval is zero, as only lower-energetic sites are bleached.

P+N+Ag+AKN(e)’ (323
After all sites with energys <e, have been bleached, we
have dAn(A)/dA=—y until all sites in the interval have ~nq
been bleached. 1 (8’p):p+)\+)\Kn(s)' (320
IV. INFLUENCE OF QUENCHING SITES

The same holds for the jump probabilitiesf. Eq. (9)] from
either a quenching site or a normal site,

In the preceding discussion, it is assumed that the

bleached chromophores do not interact with the excited

— AK
states in the system. However, as shown by, e.g.,efa,’ 9% e,0,p)=
the PL efficiency in conjugated polymer films decreases

P+A+Ag+AKN(e)’ (333
drastically upon bleaching. Apparently, the excited states are
guenched by the bleached chromophores.

In this section, we study the case where bleached sites

— AK
9"%e,0,p)=
induce an additional nonradiative decay channel for excitons

p+A+AKn(e)’ (330
on sites within a certain range of the bleached site. We asFhere are four distinct nonlocal Green functions, as both the
sume a short-range interaction, i.e., only thaearest neigh-

initial site and the final site may be a quenching site or not,
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BaP(e,e" k,p)=0(c' —£)B2(e,p)3°(e" K, p) alsfq[s,pq(s,A),p”q(s,A)],_ f”q[s,pq(s,A),p”q(e_,A)], and
aol p(e,A)]. The absorption ratey,{ p(e,A)] is only a
e = functional of the total DOS, as we have taken identical ab-
xex;{ L de"p(e")g(e".k,p)|. sorption rates for both types of intact sites. For brevity, we
have omitted these functional dependencies in the notation of
(34 Eqgs.(38). The quantum yield for bleaching(A), which is

Here, a=q,nq indicates the type of the final site and NO longer constant in time, is given by
b=q,nq that of the initial site. The functiog(e,k,p) is the

average probability to jump away from any site _ an(A)
a9 —pq(s)Nq pnq(8)~nq ’ ’ ’ n
g(s,k,p)—p(—s)g (e,k,p)+ o(2) g"%e,k,p). z)\bfds p(e' ,A)f[e’,p%e,A),p"e,A)]
(39 aof p(&,A)]
Unlike in Sec. Il, there is no simplie=0 expression for the (39

nonlocal Green function. The integral in the exponent of Eq.
(34) can only be evaluated numerically, due to the fact that The transformation of normal sites into quenching sites
g(e,0,p) is explicitly energy dependent according to Eq. has been modeled as follows. When a photon is absorbed, it
(35). has a probabilityy(A) of bleaching a site. For a further
Let us again study the situation of constant illumination.unbleached system, such a bleached siteZnasarest neigh-
We assume an equal absorption rate) for normal sites as bors on which the excited states can be quenched. This im-
well as quenching sites. The steady-state occupational proflies that, for a partially bleached system, a fraction
abilities f"9(e) for normal sites and9(s) for quenching n"9(A)/n(0) of theseZ nearest neighbors will be trans-

sites are given by formed from normal sites into quenching sites. There is no
effect on bleached sites or on sites that already are quenching
fa(s)=a(s)'(§i‘(s,0) sites, which form the remaining fraction of tt# nearest
neighbors. As the site energies are uncorrelated, there are
) / b, .=ab ; Zp"9(e,A)/n(0) nearest neighbors with energythat are
+J de’a(e )b:%nq p(e7)G;(2,27,0,0) transformed into quenching sites. Thus, per photon that is

absorbedZ y(A)p"9(e,A)/n(0) nonguenching sites with en-
_Ra P it ot INT (o ergy € are transformed into quenching sifsge Eqs(38)].
B Gl(s’o)’ a(e)+ Js de’p(e)a(2")g(2".0,0) g'the evolution of the systecr]n is comgletely defi?wed by Egs.
(32—(39) for given initial conditionsp%(e,0) andp"%(e,0).
}_ (36) In the following, the properties of this system are discussed
according to a typical example. We take a Gaussian DOS
with, initially, no quenching sites. The system is bleached by
a broadband light sourdex(e) = ag]. The spectral diffusion

><eX[{J’8 ds"p(s")a(s",0,0)

The average occupational probability reads

d(g) nd(g) is strong Kn(0)=100.0 and exciton quenching takes place
f(e)= P fQ(8)+p f19g). (37 at a high rate, comparable to the fastest transition rates
p(e) p(e) [Aq=AKn(0)], such that an escape from a quenching site is

We can now take into account the influence of quenchinqgggkre]zér'?‘bg:;zcﬁgz(sjel 8;‘ n induce exciton quenching on

sites on the bleaching process. Two processes take place Si- Fi 3 sh h uti fth | density of i
multaneously: normal and quenching sites are destrégled igure 3 shows the evolution of the total density of sites
n(A), the density of quenching siteg!(A), and the bleach-

beit with different bleaching efficiencigand normal sites i‘gg efficiency y(A) as a function of the number of absorbed

are transformed into quenching sites when a neighboring sit " . :
- . . ; ; ~ photonsA. Initially, n(A) decreases with a quantum yield for
is bleached. Equatiof21), which describes the time evolu bleaching y(0)=A,/\. Without quenching, the System

tion of the DOS, is now replaced by two coupled equatlonsWould then be fully bleached aA=n(0)/7(0). When

ap9(e,A) A fd Zy(A) guenching sites are formed, the quantum vyield for bleaching
A -, p%e,A)+ n(0) p"%(e,A), rapidly decreases. In the long-time limit, the value
tot (389 ¥(®)=\p/(N+\) is reached, which is the quantum yield
for bleaching on a quenching site.
ap"(e,A) A Zy(A) The evolution of the DOS of the system is shown in Fig.
A - p"%e,A)— n(0) p"%e,A), 4. Indeed, we observe that the DOS of the no_rmal sites de-
tot (38b creases faster than that of all the sites. The difference is, of
course, due to the formation of quenching sites. As the num-
where the first term on the right-hand side describes théer of quenching sites increases, the migration of excitons
bleaching process and the second term describes the trargets suppressed. As a result, the evolutionpff,A) re-
formation of normal sites into quenching sites. We havesembles that of Fig. (t) in the beginning, where spectral
again used the quasistationary approach, i.e., the occupdiffusion is strong, and that of Fig(d) later on, where spec-
tional probabilities and the total absorption rate are functioniral diffusion is weak.
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FIG. 3. Evolution of the total density of site§A), the density
guenching sitem9(A), and the quantum yield for bleaching
A) with the number of absorbed photons per unit voluln& he

04
system is bleached by a broadband light source. The bleached sites FIG. 5. Evolution of the PL spectrum(s,A) with the number

induce exciton quenching on neighboring sites. Parameters ar absorbed photons per unit volume The system is bleached by

given in the text.

lated according to Eq$29) and(37), and is depicted in Fig.
5. Unlike in Fig. 1, the PL intensity decreases faster than the
total absorption. This reduction of the Riffficiencyis due to

the formation of quenching sites. The PL efficiency can b

calculated using Eqg29) and(39),

a broadband light source. The bleached sites induce quenching of
excitons on the intact sites. The PL spectrum is shown after
A=0.00, 0.10, 1.00, and 1Q0)/y(0) photons per unit volume

The evolution of the PL spectrumn(e,A) can be calcu-
have been absorbed. Parameters are given in the text.

energy. This energy dependence can be probed in a photolu-

€minescence excitatioPLE) experiment. In such an experi-
ment the system is excited site selectively, i.e., at a specific

energy. This can be modeled by an excitation rate of the

delL(e,A A
(e AL A = =T ), form

(40
(42)

and appears to be proportional to the quantum yield for a(8)=aod(e—eo).

bleaching, shown in Fig. 3. Furthermore, one can observe in

Fig. 5 that the PL peak is broadened after long bleachingubstituting this excitation rate in Eq37), we find,

times. This is due to the transition from strong towards weal@nalogous  to  Eq. (40, the PLE efficiency
7pd €0,.p% e,A),p"(e,A)], plotted in Fig. 6 for the same

spectral diffusion. &, ) .
Due to the energy distribution of quenching sites, the PLSystem as in Figs. 3—5. We stress that the site-selective ex-

efficiency of excitons is strongly dependent on their initial
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FIG. 4. Evolution of the total DO$(e,A) (&) and the DOS
p"%e,A) for the normal sitegb) with the number of absorbed
photons per unit volumd. Initially, the DOS is a Gaussiafwith

standard deviations) without quenching sites. The system is
bleached by a broadband light source. The bleached sites indu@mergys. The system is bleached by a broadband light source. The

exciton quenching on neighboring sites. Boih(e,A) and bleached sites induce quenching of excitons on the intact sites. The
A=0.00, 0.10, 1.00, and PLE efficiency is shown after A=0.00, 0.10, 1.00, and

p"%e,A) are shown after
10.(0)/y(0) photons per unit volume have been absorbed. Pa10.n(0)/y(0) photons per unit volume have been absorbed. Pa-
rameters are given in the text.

FIG. 6. The PLE efficiencyyp g as a function of the excitation

rameters are given in the text.
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citation is only used to measure the PLE spectrum of théeen ascribed to the creation of carbonyl grotfsis be-
system; the bleaching of the system is still performedieved that, due to the high electron affinity of the carbonyls,
through the broad-band light sourfeq. (14)]. immediate & 200 fg charge transfer takes place between an
In F',g', 6, it 'S shown that, without quenching sites, t,heintact segment of the polymer and an oxidated segment,
PLE efficiency is», independent of energy. When quenchlngth(_m,_}by dissociating the exciton and quenching thé P22

sites are formed, the PLE efficiency is lowered and has &q reaction is well described by the fast, short-range
pronounced energy dependence. Starting at high energ'e&uenching mechanism used in our model
the PLE efficiency increases when the excitation energy is The recent experiments of Harrise al 12 show an en-

Iowgred. Thrif. is dge to Fhe Iowerdmobility gf Iowber;.elnergetic ergy independent PLE efficiency in unbleached PPV, which
excitons, which gives rise to a decreased probability 10 eng, qicaies the absence of quenching sites in the initial mate-

counter a quenching site. In the low-energy tail of the Specijp 1 photo-oxidized PPV, the PLE efficiency is lower and
trum, all sites are quenching sites, as follows from Fig. 4.

o . “has a pronounced energy dependence: starting at the low-
_Thus the PLE efficiency of excitons created at these energ'eénergy flank of the absorption spectrum, the PLE efficiency
is low, 7p e= 7N/ (N +Xg). X

decreases until a saturation value is reached at high energies.

This behavior is reminiscent of our results shown in Fig. 6.
V. PHOTOBLEACHING OF PPV Harrisonet al1? ascribe this effect to the fact that the mea-

In Sec. Ill, it is described how spectral diffusion in a surements have been performed on a thick layer that was not

system with energetic disorder gives rise to a strongel’mifo,rmly oxidized. Due to the blueshift of the bleached ab-
bleaching at lower energies. In Sec. IV, it is shown thatSOrption spectrum, the response of the PLE measurement at

bleaching in combination with exciton quenching, besided®W ENergies 1S mainly fro_m deeper, Ie_s_s oxidized parts of the
the obvious drop in the PL efficiency, leads to a crossovef@MPle, which have a higher PL efficiencyOur calcula-
from strong to weak spectral diffusion and a nontrivial en-Uons show that this energy dependence of the PLE efficiency
ergy dependence of the PLE efficiency. These effects havs [nherent tq _OX|d|zed PPV and that it shou!d be present in
been observed in bleaching experiments on PPV and jtdniformly oxidized layers as well. To describe the experi-
derivatives 712,13 ments on thicker layers, our thzeory should be combined with
The following reaction mechanism for the photobleaching!h€ @pproach of Kaminowt al.” or more recent extensions
of PPV and its derivatives has been suggebfedpon illu-  ©f this approacti:*
mination, singlet excited states are formed in PPV that relax
e.nergetically through spectral Qiffusion. These singlet. ex- VI. CONCLUSION
cited states can form triplet excited states through an inter-
system crossing. Then the energy of the PPV triplet state can The influence of spectral diffusion on the photobleaching
be used to excite molecular oxygen from its triplet groundof an energetically disordered system in the low-temperature
state to its singlet excited state. The excited oxygen reactegime has been described using an analytical effective-
with the vinyl double bond in the PPV backbone, which medium theory. Due to spectral diffusion, the excited states
results in a scission of the polymer chain and the creation oére transferred towards chromophores with lower excitation
two carbonyl groupgC=0O bonds. Experiments on solu- energies, which results in a relatively stronger bleaching of
tions of a PPV derivative show that part of the reaction isthese chromophores. As a consequence, both the absorption
self-sensitized, i.e., the oxidation occurs at the initially ex-spectrum and the PL spectrum are blueshifted in the course
cited PPV chain segment, and that the remainder is diffusionf the bleaching process.
controlled, i.e., the reaction occurs at a randégnound When the excited states are quenched on sites that are
statg PPV chain segment to which the singlet oxygen hasext to a bleached site, the reduced lifetime of the excitons
diffused® The branching ratio of these two reaction pathsgives rise to a decrease of the PL efficiency. Furthermore, the
varies for different solvents; it is unknown for solid PPV reduction of the exciton lifetime results in increasingly less
films. The diffusion-controlled reaction can be suppressed bgpectral diffusion, which is reflected in the bleaching behav-
adding a singlet oxygen quencher to the system. ior and the broadening of the PL spectrum. Finally, excitons
In our model, we have combined the singlet excited-statehat are created on the sites with higher excitation energies
dynamics with a self-sensitized bleaching reaction of the mohave a lower PL efficiency, as these excitons are more mo-
lecular sites. Bleaching through the oxygen diffusion-bile and have a higher probability to encounter a quenching
controlled reaction may be taken into account by addling site. This, in combination with the time dependent DOS of
Eqg. (17)] a bleaching rate that is independent of the sitethe quenching sites, gives rise to a pronounced energy de-
occupation. However, we do not expect the diffusion-pendence of the PLE efficiency.
controlled reaction to be the dominant mechanism, as it The effects described above have all been observed in
would lead to a uniform decrease of the DOS instead of th@hotobleaching experiments on PPV and its derivatives. At
experimentally observed blueshift. The dynamics of tripletpresent, however, the exact nature of both the excited-state
excitons in PPV may be included as well. Although thisdynamics and the photochemical bleaching reaction in PPV
would make the description of the excited-state dynamicss still under debate. Consequently, as experimental informa-
more complex, we do not expect that this would lead totion on many system parameters is lacking, a quantitative
qualitative changes in our results. microscopic modeling of these photobleaching experiments
The quenching of the PL efficiency in bleached PPV hasvould be unrealistic. However, we believe that our model
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