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Theory of electric-field-induced photoluminescence quenching in disordered molecular solids
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The dynamics of excitons in disordered molecular solids is studied theoretically, taking into account migra-

tion between different sites, recombination, and dissociation into free charge carriers in the presence of an
electric field. The theory is applied to interpret the results of electric-field-induced photoluminegBénce
guenching experiments on molecularly doped polymers by Deussah [Chem. Phys207, 147 (1996)].
Using an intermolecular dissociation mechanism, the dependence of the PL quenching on the electric-field
strength and the dopant concentration, and the time evolution of the transient PL quenching can be well
described. The results constitute additional proof of the distinct exciton dissociation mechanisms in conjugated
polymer blends and molecularly doped polymé&0163-18208)04305-7

The interest in the photophysics of organic molecular sol- In the CP blend§? (a) the PL quenching at very low
ids is related to their broad range of applications and to th&PPV concentrations is small, but finite, as becomes evident
theoretical challenge of understanding the excited-state dyat high fields;(b) the PL quenching first increases and then
namics and transport properties of these disordered materiaksaturates with increasing concentrati¢c); the transient PL
The electrical and optical properties of organic dyes are dequenching keeps increasing at longer times. Recently, we
termined byw electrons, which have a relatively small en- have demonstrated that all these observations can be ac-
ergy gap between the highest occupied molecular orbitatounted for using a model that combines the migration of a
(HOMO) and the lowest unoccupied molecular orbital molecular exciton with anintramolecular dissociation
(LUMO). The mechanical properties in the solid state can beanechanism, in which the electron and the hole are separated
improved by dispersing the molecular dye in a polymer ma-along the polymer chaif For instance, the finite quenching
trix. These molecularly doped polymegdDP’s) are broadly — at low concentrations is a direct reflection of this intramo-
utilized in laser printers and photocopiér®olymers with  lecular dissociation mechanism. It is also observed in tran-
chromophores built into the backbone or into side chainssient photoconductivity studies on CP solutiSridowever,
and fully 7-conjugated polymer€CP’s) show promising po- our conclusion ofintramolecular dissociation has been op-
tential for applications in thin-film devices such as light- posed by Conwell who suggests aimtermolecular dissocia-
emitting diodes. tion process, which involves a jump of one of the charge

In molecular solids, the excited states are strongly boundarriers to a neighboring site. The saturation at higher con-
electron-hole pairs, localized on a molecular site. In the caseentrations was ascribed to phase segregation in the polymer
of energetic disorder, these excitons relax in the course of hlend. We have repliédl that phase segregation cannot be
random walk to sites with lower energies. This results in aexcludeda priori, but that the good agreement with experi-
Stokes shift between the absorption and the emission spetents remains a strong indication of the validity of our
trum. In CP’s, ther electrons are not confined to a small model.
molecule, but are delocalized over part of the polymer chain. In MDP’s, where exciton dissociation must be of intermo-
Nevertheless, several spectroscopic studies support a similcular nature, it has been obser¥¢dat (a) the PL quench-
molecular exciton picture for CP%5Among these experi- ing at very low TSA concentrations goes to zero, i.e., the
ments are two complementary studies of electric-fieldprobability of dissociation on an isolated site is zgfw); the
induced photoluminescen¢eL) guenching, which provide a PL quenching increases with concentration over the whole
direct comparison between a GRefs. 4,5 and a MDP®  range of concentrationsg) after an initial increase, the tran-
The system consists of a polycarbonate matrix, blended witlsient PL quenching saturates at longer tirfgee Figs. 2 and
poly(phenylp-phenylene vinylene(PPPV or with tris(stil-  3). In this paper, we demonstrate that exciton migration,
bengamine(TSA), which has a chemical structure related to combined withintermolecular dissociation of excitons, can
that of PPPV(see inset to Fig. )3 In both systems, the dy- account for these observations. This work, combined with
namics of the PL quenching indicates that the effect is due tour previous worK, provides a consistent picture of electric-
the field-induced dissociation of a molecular exciton intofield-induced PL quenching in CP and MDP systems, where
separate charge carriéf® However, clear differences have both the similarities and the differences can be explained.
been observed in the concentration dependence as well as thelLet us first recapitulate the general theory, presented in
ultrafast transient behavior of the electric-field-induced PLRefs. 7, 11, and 12. We consider a system consisting of
guenching. localized states, with random position®; and exciton en-
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ergiese; , distributed according to the density of stat€s). LUMO.

The transition rate from sitg to i is of the Faster type, LUMO; ! i

i.e., Wi;=v(Ro/R;;)® 6(gj—¢;). Here, the constarR is Ey/2mm — Y CEI};OSX
the average nearest-neighbor distance in an undiluted mo- == e
lecular film, v, is the corresponding nearest-neighbor jump | ~°°°""7777°" N Er
frequency, R;;=|R;—R;|, and §(x)=1 if x>0, 6(x)=0 B, /== PN

otherwise. Only jumps that are downward in energy are con- HOMO e R
sidered, as the thermal energyT is usually much smaller ' HOMO; Y eFRcosy
than the energy differences between the sites. The exciton . .

decay is described by a site-independent rate without field with field

Let the system be excited &0 by an incident light ) o .
pulse, such that all sites have an initial occupational prob-, 7'G- 1. Energy-level diagram describing field-induced exciton
ability f,. (Both theor)7*12 and experimeﬁtGindicate that the dissociation between two moleculésand j. Left figure: energy

. S -, . A . levels of molecules andj without applied electric field. An exci-
final result is insensitive to the precise initial conditijon. g =

. . Lo ton, located on molecule, has an energy;=HOMO,+ LUMO;
Then the PL intensity at timeis given by

—E, . Right figure: energy levels of moleculesandj are shifted
by eFRcosy in the presence of an applied electric fidkd The
L(t):)\fof dep()Gy(e,t) energy of the electron-hole pair is given by HOMEQ.UMO;
—Ec—eFRcosy. (For cox<O0, the hole jumps tg.) When the
distribution of HOMO and LUMO levels is symmetric with respect
+)\fof dRdede’p(e)p(e')Gy(e,e’,R,t). (1)  tothe Fermienergye, the energy conditioni7) is obtained.

The local Green functio,(e,t) is the average probability whereL9(t) denotes the quenched PL intensity in the pres-
that an exciton remains at its initial site, ence of an electric field.
In the following, we will assume that the process of exci-
4 . ton migration is the same in both the CP blend and the
Ga(e,t)=exp —At—n(e) zmRoV oot |, (2 MDP. Hence we use the same parameters as in Ref. 7:
vo=10" Hz, A=(300 ps) ’. The relative concentration
with n(e) =% ..de’p(e’) the density of sites with energies ¢c=n47R3<[0,1] is proportional to the density of sites
below ¢. We note that this probability decays exponentially n=n(«). The density of states(e) is a Gaussian with stan-
due to exciton decay, but nonexponentially due to the migragard deviations=0.1 eV. The results are not heavily depen-
tion of excitons to different sites. In Eq1), the nonlocal  gent on the precise values of the parameters.
Green functionG,(,£",R,t) is the average probability that  Regarding the dissociation of excitons, a microscopic
an exciton has migrated at timeto a site with energy ata  model of intermolecular dissociation is used in order to de-
relative pOSitionR from the initial site with energ)ﬁ’. This termine the dependence of the dissociation paramatgrs
nonlocal Green function can be decomposed into local Greegind on the electric-field strength, the TSA concentration
functions, describing the different paths an exciton may take and the exciton energy. The dissociation rate for an

Green function is given in Refs. 7,12.

In the presence of an electric fiel] excitons may disso-
ciate into separate charge carriers. The dissociation of exci- Ng= voeXp(— 2YR;j) 0(E;)), (6)
tons is taken into account through an additional decay rate

Ag: on a fractiona of the sites, dissociation can take place ) 14 _
and the excitons decay at a total rate A 4; on the remain- Where we follogv Scheidleet al*' in taking the attempt fre-
ing fraction 1— « of the sites, the decay rate is just The guencyv,= 10" Hz identical to the nearest-neighbor exciton

=1.5 A, as obtained from carrier transport measurements in
Gl(e,t)=(1—a)G(e,t)+aGl(s 1), 3 MDP’s.*® The energy differenck;; between an electron and

a hole on separate sites and an exciton on the site with lowest
whereG{(s,t), i.e., the local Green function on a site where energy is given bysee Fig. 1
dissociation can take place, is given by E8) with \ re-
placed by +\ 4. Substitution into Eq(1) yields the time-

integrated PL quenching, Eij=Ec—Ep—3lsi—sj| +eFR;|cosy], (7)
_ JodtL(t)—L%(1)] 4) whereE. is the Coulomb energy of the dissociated electron-
JodtL(t) ' hole pair andy is the angle between the electric figtdand
. . the vectorR;—R; . Here, we have assumed that the exciton
as well as the transient PL quenching binding energ\E, is the same on all sites, i.e., the disorder in
exciton energies is solely due to the inhomogeneous broad-
Q)= L(t)—L%(t) 5 ening of the HOMO and LUMO levels. We have further
L(t) ' assumed a symmetric distribution of HOMO and LUMO lev-
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els. Then a hole tunneling to a sitein the field direction 1—exp(—n‘§‘7-rR§):1—e*°. As the TSA molecule is aniso-

gives the same result as an electron tunneling to the same S%pic, the dissociation rate is not determined by the average

j in the opposite direction. o center-to-center distand®,, but by the minimum tunneling

In contrast with exciton migration, the dissociation of ex- §istanceR. which may be much smaller. Therefore, we re-
citons is a short-range process. We can therefore neglect thg,ce the distribution of ratesy(R;;) by the dominant rate
dissociation between sites at a distaneR,, as these disso- ) (R).

ciation rates are exponentially smaller than the rates between | et us now calculate the probability th&; >0, given
nearest neighbors. The probability of findikgsites within  that the sitei has a nearest neighbgr This probability,
the “nearest-neighbor volume%#R3 around the initial site  which is a function of the site energy is found by integrat-
is given by a Poisson distribution. Hence the probability ofing over all energies’ and orientationsy of the nearest
having at least one neighbor at a distance shorter Byais  neighbor,

1 1 . max0,2AE+2eFR) n(e+e')—n(e—¢g’)
p(s):_f dgfp(gf)f d cosy§(AE—3|e—¢'|+eFRcosy)= de’ , (8
n 0 max0,2AE) 2neFR

whereAE=E.—E,. If AE<O, all excitons are stable inthe y~ '=15—-20 A. This value is an order of magnitude too
absence of an electric field. The stability of excitongis large because exciton migration is not taken into account.
hancedby the disorder in the system, as the excitons migrate The obtained values foR and AE allow us to make a
to sites with lower energies, from which a dissociating jumprough estimate of the exciton binding enekgy. We use the
is difficult. WhenAE +eFR<O0, the electric field can never approach by Scheidlest al*

overcome the exciton binding am{¢) =0. Combining Eq.

(8) with the probability to find a nearest neighbor, we find AE—E._E = e’ (i_ 1 ) 10
for the dissociation parameters C b 4me e\ Ry Rexe
a(e)=1—e °P), (98  with R, being the electron-hole distance aRg being the
distance between the electron and the hole in the excitonic
Ng=rvoe 2R, (9b)  state. Due to the anisotropic shape of the TSA molecules, the

The time-integrated PL quenchirg and the transient PL shortest dissog:iating jgmp is perpendicular to the molecule,
quenchingQ(t) can now be calculated as a function of the Ren~ VR R" Substituting €, =3, R=2.0 A, and 6=
concentratiorc and the electric-field strength, where the — /->%10 ° eV, we find that the exciton sizR,, is about

tunneling distancek and the energy differencAE are the 11 A;, which corresponds 1o the size of one of the three
only free parameters. legs” of the TSA molecule(see inset to Fig. )3 Further-

In Fig. 2, the time-integrated PL quenchifigis shown as MOre, we finch=0.4_5 eV, which agrees well with the value
a function of the TSA concentration for different field ©f 0-4 €V estimated in Refs. 5,6.

strengths=. We find that the complete set of experiments is Equation(lO). can also_ be l.Jse.d to explain the gxperimen-
well described usingR=2.0 A andAE=—7.5x1073 eV. tally observed increase iQ with increasing polarity of the

Our theory reproduces both the zero quenching atdeamd polymer matrix® An increase in polarity enhances the rela-

the increasind) over the whole range df. Deusseret al®
have interpreted their results in terms of a localization length
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FIG. 3. Transient photoluminescence quenchi{g) as a func-
FIG. 2. Photoluminescence quenchi@gas a function of con- tion of timet (solid line). The same parameters are used as in Fig.
centrationc for an electric fieldF=0.5, 1.0, 1.5, 2.0, and 2.5 2, with c=0.5 andF=1.5 MV/cm. Experimental data are taken
MV/cm (bottom to top. The parameters used aRe=2.0 A andé from Ref. 6 (T=15 K). An indication of the experimental error is
=—7.5x103 eV. Experimental datéat a temperatur@ =77 K) given in the lower right corner. The chemical structure of($tit
are taken from Ref. 6. bengamine(TSA) is given in the upper left corner.
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tive dielectric constant,. Consequently|AE| decreases sites with the lowest energies, where they are stable against
and the exciton becomes more liable to dissociation. intermolecular dissociation.

Let us now compare our theory with the experimental [N summary, we have combined our analytic theory of
results on transient electric-field-induced PL quenching €Xciton migration with a microscopic model of intermolecu-
Q(t) f using the same parameters as above. In Fig. 3, th r exciton dlssouapon, in O(der to descnbel electric-field-
time evolution of transient electric-field-induced PL quench—Induced PL gquenching experiments on MDP’s. The theory

ing O(t) is shown for a 50% TSA blend with an applied accounts well for the dependence of PL quenching on the

N X electric-field strength and on the dopant concentration. We
electric fieldF = 1.5 MV/cm. Given the fact that we have not ggtimate an exciton binding ener§y=0.45 eV and an ex-

used any fitting parameters, the agreement is quite good. W8ton size Ry,=11 A. Using the same set of parameters,
see that, after the onset of PL quenching in the first fewgood agreement is obtained with the observed time evolution
picosecondsQ(t) first increases and then saturates at longenf transient PL quenching. This work, together with our pre-
time scales. The saturation @f(t) is due to the migration of vious work! provides a consistent picture of electric-field-
excitons to sites with a low energy which have a very low induced PL quenching in MDP's as well as CP blends, un-
dissociation probabilityx(¢). This saturation effect may be derlining their distinct dissociation mechanisms, i.e.,
part of the answer to the question why on-chain dissociatiof{ltérmolecular dissociation in MDP’s, anthtramolecular

is dominant in CP’S. At low concentrations, interchain dis- dissociation in CP blends.

sociation is suppressed simply due to the large distances be- We acknowledge useful discussions with G.H.L. Brocks.
tween the chains. At higher concentrations the chains ar€&his work has been supported by the Dutch Science Foun-
closer together, but then the excitons migrate rapidly to thelation NWO/FOM.
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