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Ultrafast on-chain dissociation of hot excitons in conjugated polymers
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A model describing field-assisted on-chain dissociation of hot optical excitations in conjugated polymers is
developed. It rests on the notion that excess photon energy is required for the onset of intrinsic charge-carrier
photogeneration. Conversion of this energy into excited vibrational modes within a conjugated polymer seg-
ment leads to temporal overheating. The vibrational heat bath is considered as the main source of the energy
that allows charge carriers to escape from the potential well formed by Coulomb and external electric fields.
Although the quantum yield of carrier photogeneration strongly increases with increasing external field, it
reveals an anomalously weak temperature dependence in quantitative agreement with experimental data on a
ladder-type poly-para-phenylene and on a polyphenylenevinylene derivative.
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I. INTRODUCTION

Photogeneration of charge carriers in low-mobility ma
rials is traditionally considered within the framework of th
Onsager theory1,2 as a two step process.3,4 Initially a Cou-
lombically bound electron-hole (e-h) pair is generated by an
absorbed photon. Subsequently, photogenerated pairs
dergo Brownian random walk within the potential we
formed by a superposition of the binding Coulomb field a
an external field. This random walk results either in reco
bination of the carriers or in their full separation. Therefo
the quantum yield of charge carrier photogeneration,h, must
be calculated as the Onsager probability for a given gemin
pair to dissociate in the course of its Brownian random wa

Onsager’s theory is capable of accounting for the yi
dependencies upon the external fieldF, the temperatureT,
and the wavelength of the exciting lightlexc.

2,3 The two
former parameters govern the carrier kinetics within the
tential well, while the latter is supposed to determine
initial intrapair distancer 0 , i.e., the initial Coulomb binding
energy of a geminate pair,Eb

(0) . It is normally supposed tha
the initial separation increases with increasing exciting p
ton energy. Within the framework of Onsager’s theory,r 0 is
the only parameter which is sensitive to the photon ene
and, therefore, the dependence of the carrier photogener
quantum yield upon photon energy is solely determined
the dependence ofr 0 upon lexc. The external electric field
bends the shape of the Coulombic potential well and redu
the potential barrier which carriers must cross to beco
fully separated. Concomitantly,h increases with increasin
F. Crossing the potential barrier requires an additional
ergy that carriers can acquire only from the ambient h
bath. This energy is normally much higher thankT, implying
a strong Arrhenius-like temperature dependence ofh, espe-
cially at weak and moderate external electric fields.

Conjugated polymers consist of arrays of electronica
coupled molecular units, i.e., conjugated segments, with
dom mutual positions and orientations of the units belong
PRB 610163-1829/2000/61~12!/8207~8!/$15.00
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either to the same chain or to different chains. Conjuga
segments of the same polymer chain are separated by t
logical defects. The length of segments ranges from 5 to
nm depending on a particular material, and is much lon
than the intersegmental distance of typically 0.6 nm. Fo
segment with the length of 5 nm oriented parallel to an
ternal electric field of 106 V/cm, the gain of electrostatic en
ergy is 0.5 eV, i.e., comparable to the binding energy
optical excitations,Eb , in these materials.4–9 Therefore, two
modes of free-carrier photogeneration are possible in co
gated polymers: an optical excitation can dissociate eit
due to full carrier separation within a single conjugated s
ment of a polymer chain or as a result of multiple carr
jumps via different segments. The former process might
considered as an example of the one-dimensional~1D! ver-
sion of the Onsager theory~1DO!,10 while the 3D Onsager
theory~3DO! is more relevant to the latter mode. One shou
emphasize that, within the framework of both the 1 DO a
3DO the field and temperature dependencies ofh are inevi-
tably coupled to each other.

Experimental studies ofh in conjugated polymers often
reveal dependencies ofh upon F, and upon the photon en
ergy similar to what is predicted by the Onsager theo
while an Arrhenius-like temperature dependence is usu
observed only at higher temperatures.11–14At lower tempera-
turesh turns out to be practicallyT-independent. The mode
of disorder-assisted Onsager dissociation of gemin
pairs15,16attributes the lack of the temperature dependenc
carrier separation by tunneling jumps via localized sta
which belong to the deep tail of the density-of-states dis
bution. This approach implies a weaker temperature dep
dence of the yield in hopping systems with stronger ene
disorder. However, the anomalously weakT dependence of
h is observed both in strongly and weakly disordered con
gated polymers.17,18 Therefore, there must be another, mo
fundamental, reason for the vanishingT dependence ofh
than the disorder. We believe that the clue to this pheno
enon is related to the occurrence of extended electronic s
8207 ©2000 The American Physical Society
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in the chain segments, implying that the intrasegmental
sociation can be the dominant mode of carrier separa
within a short time domain following the photoionizatio
event.19 There exists another important experimental obs
vation, namely, that the intrinsic photoconductivity in conj
gated polymers commences at the photon energy typic
from 0.5 to 1 eV above theS1←S0 0-0 transition.12,13,17,20,21

Remarkably, there is a correlation between the excess ph
energy,Eexc5hn2hn0 ~wherehn is the photon energy o
the inducing light, andhn0 is the energy of theS1←S0 0-0
transition! and the temperature dependence of the photo
neration yield. The higherEexc, the weaker theT depen-
dence ofh. For instance, typical values of the excess ene
are about 0.5 eV in the PPV-type polymers that reveal so
residual temperature dependence of the yield,13 while the
latter is practically T-independent in methyl-substitute
ladder-type poly-para-phenylene~MeLPPP! with Eexc
51.1 eV.17 We shall argue that these notions are a signa
of fast intrasegmental dissociation of a hot optical excitat
into a pair of separated charge carriers localized on the
posite ends of the segment.19,22,23

In the present paper we develop a model of intrasegm
tal dissociation of hot optical excitations into pairs of fr
carriers. The model rests on the notion that, after relaxa
of a Franck-Condon state through a vibronic progression,
excess photon energy is transferred into intrasegmenta
bronic excitations. Before this energy is dissipated into
ambient equilibrium phonon bath, the optical excitation
mains within a hot segment that makes it easier to acqui
portion of energy sufficient for carriers to escape from
Coulombic potential well and become completely separa

Dissociation of optical excitations within hot molecul
segments after relaxation of a Franck-Condon state was
sidered earlier,23 neglecting the effect of the ambient tem
perature. This approximation can be justified if the char
teristic time of the vibronic energy dissipation into th
equilibrium phonon bath is much shorter than the charac
istic time of the electron-phonon interaction. Under su
conditions the equilibrium phonon bath cannot assist cha
carrier separation within still hot segments and, conco
tantly, the photogeneration yield must be literally indepe
dent of the ambient temperature as in MeLPPP. Howeve
many conjugated polymers, e.g., in PPV-type polymers,
yield does depend upon temperature although the observT
dependence is much weaker than predicted by the Ons
theory. The main goal of the present work is to incorpor
the effect of ambient temperature into the model of on-ch
hot exciton dissociation. The model of hot exciton dissoc
tion is shown to be able to describe quantitatively depend
cies on the field, temperature, and photon energy of the
trinsic charge carrier generation in two chemically differe
conjugated polymers, namely, in a PPV-type polymer~PPV-
amine! and in MeLPPP.

II. INTRASEGMENTAL DISSOCIATION
OF HOT EXCITONS

Optical excitation into the manifold of vibronic state
built on either the first or higher singlet states, occurs on
premise of the Franck-Condon principle. Inp-bonded conju-
gated polymers, the predominant vibronic coupling involv
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one or two vibrational modes of the phenyl ring. On a tim
scale of less than 100 fs the structural skeleton of that pa
the chain, where the excitation was initially localized, r
laxes into an equilibrium configuration characteristic of t
first singlet state, and the excess energy,Eexc5hn2E(S1)
will be distributed among the vibrational modes due to
bronic coupling. This generates a vibrational heat bath wh
effective temperatureTeff exceeds that of the ambient tem
perature. Dissociation of the relaxed singlet exciton can
accomplished in terms of a Boltzmann-like activation pr
cess wherekT is replaced bykTeff . In view of the rapidity
with which the polymer chain element returns to the ambi
temperatureT, the excess energy is only effective on an u
trashort time scale, while the thermal energy is available d
ing the whole lifetime of an exciton. Therefore, the tot
on-chain dissociation probability must be determined a
sum of the probability of fast exciton dissociation, while th
segment is still hot and of the probability of a therma
assisted dissociation during the lifetime of the excitation i
segment which is already cooled down to the ambient te
perature. The time dependence of the effective tempera
in the course of the vibronic energy dissipation can be w
ten as

Teff~ t !5T1T0Q~ t !, ~1!

whereT0 is the temperature jump att50, and the function
Q(t) describes dissipation of the vibronic energy into t
equilibrium phonon bath:Q(0)51 andQ(`)50. It is worth
noting that the concept of the effective temperature can
introduced only if the time of excess energy dissipation, i
the characteristic time of theQ(t) function, is not shorter
than the time of the electron-phonon interaction. Otherw
an excitation, occupying a still hot segment, has no chanc
obtain any additional energy from the ambient phonon ba
Under this condition, the ambient phonon bath cannot c
tribute to the effective temperature of the hot segment,
the first term in the right-hand side of Eq.~1! vanishes, im-
plying a complete lack of the temperature dependence of
dissociation probability.

This model leads to an equation describing the depend
cies of the on-chain carrier photogeneration quantum y
upon the fieldF, the temperature, and the excess pho
energy as

h~F,T,T0!5n0E
zmin~F !

1

dzE
0

`

dt

3BolF Eb

kTeff~ t !
2

e

kTeff~ t ! S eFz

4pe0e D 1/2G
3expH 2

t

topt
2n0E

0

t

dt8 BolF Eb

kTeff~ t8!

2
e

kTeff~ t8! S eFz

4pe0e D 1/2G J , ~2!

where topt is the lifetime of optical excitations,n0 the
attempt-to-jump frequency,e the elementary charge,e0 the
permittivity of vacuum, ande the dielectric constant. The
functions Bol(y) andzmin(F) are defined by
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Bol~y!5H 1, y,0

exp~2y!, y.0
, ~3!

zmin~F !5cosqmax5
e

4pe0e l 2F
, ~4!

with qmax being the maximum value of the aperture cone
the dissociating segment, andl the segment length. Deriva
tion of Eq. ~2! can be found elsewhere.23 One should also
take into account that in extendedp-conjugated polymers the
high-frequency dielectric constant is anisotropic. For a fu
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aligned polydiacetylene a value between 5 and 7 paralle
the chain has been reported.24

III. EXPERIMENT

We have performed electric field and temperatu
dependent steady-state photoconduction experiments
films of a substituted PPV derivative, poly~methylim-
ino-1,4-phenylene-1-phenyl-1,2-ethenylene-2,5-dimethoxy
4-phenylene-2-phenyl-1,2-ethenylene-1,4-phenylene! ~PPV-
amine!,
and ~MeLPPP!,
. In
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of
n
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ap-
po-
The route by which the PPV-amine was synthesized25 guar-
antees a high level of purity inaccessible with standard P
Therefore, defect-sensitized bulk photocarrier generatio
expected to be less important. In the MeLPPP the rigidity
the polymer backbone26 results in reduced disorder effec
compared to the PPV-amine, and the methyl-groups pre
the formation of aggregates possible in ordinary LPPP.

Both investigated materials were deposited on top of
indium-tin-oxide covered glass slide by spin-coating from
chloroform solution. Before completing the sandwich stru
ture by evaporating a semitransparent Al top electrode
0.07 cm2, the samples were kept in a vacuum chamber a
pressure of>1026 mbar at 295 K for 12 h to remove re
sidual solvent. The transmittance of the Al contacts was
termined by a Perkin Elmer Lambda 9 UV/VIS/NIR spe
trometer using quartz blank samples which were pla
directly beside the polymer films during the Al evaporati
procedure. The stationary photocurrent measurements
performed in a temperature-controlled cryostat. The dev
were irradiated through the semitransparent Al electrode
using a calibrated xenon lamp as a light source and qu
optics. Lock-in techniques were employed for signal det
.
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tion, and all data were recorded in a pointwise manner
order to minimize space-charge effects, the samples w
shorted after each measurement, irradiated with red l
~650 nm! for 10 s, and kept in the dark for another 5 m
before the next data point was taken immediately after tu
ing on the light. Dark currents were of the order
10210A/cm2, typically one order of magnitude lower tha
the lowest photocurrent considered for data evaluation. T
rather low value of the dark current testifies as to the pu
of our samples.

IV. RESULTS AND DISCUSSION

A. Theory

Not knowing the explicit time dependence of the vibr
tional energy relaxation, we assume that, to a first-order
proximation, the decay of the effective temperature is ex
nential, i.e.,

Teff~ t !5T1T0 expS 2
t

tdiss
D , ~5!
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8210 PRB 61ARKHIPOV, EMELIANOVA, BARTH, AND BÄ SSLER
wheretdiss is the characteristic time to dissipate the exc
intrasegmental vibrational energy into the equilibrium ph
non bath.

Complementary to Onsager’s theory, the present mod
aimed at describing the dependencies of the carrier phot
neration quantum yield upon the field, temperature, and p
ton energy. The most important difference between the
approaches is the role of the excess photon energy. Acc
ing to Onsager’s theory, this parameter determines the in
separation of carriers within a geminate pairr 0 , while the
effect of the dissipated excess photon energy on the l
temperature is neglected. The probability for the carriers
cross the potential barrier in the course of subsequ
Brownian random walk increases with increasingr 0 , and,
therefore, the quantum yield rises with increasing photon
ergy. The present model is based on the assumption
carriers are delocalized within a conjugated segment,
venting diffusive intrasegmental motion of carriers. Und
these conditions, the concept of the initial carrier separa
becomes also irrelevant. Instead, the effect of the excess
ton energy is attributed to local and temporal heating of
excited segment after relaxation of a Franck-Condon st
The effect of the excess photon energy on the field dep
dence of the yield is illustrated in Fig. 1 in comparison w
results of 1DO and 3DO theories. Theh vs F curves calcu-
lated from Eqs.~2!–~4! are parametric in the initial exces
temperature,T0 , while 1DO and 3DO curves are plotted fo
different values ofr 0 .

The dependence of the quantum yield upon the amb
temperature is illustrated in Fig. 2 together with 1DO a
3DO curves parametric in the electric field. The 1DO qua

FIG. 1. Field dependence of the dissociation probability cal
lated from Eq.~2!, parametric in the initial excess thermal energ
compared to 1D and 3D Onsager curves parametric in the in
separation. The following set of parameters has been used in
~2!: l 56 nm, Eb50.5 eV, «55, tdiss510212 s, andtopt51029 s.
The ambient temperature is 300 K.
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tum yield was calculated by averaging the dissociation pr
ability over all possible directions of segments. While bo
1DO and 3DO predict Arrhenius-likeh(T) dependencies
the present model leads to a much weakerT dependence of
the yield with the latter remaining nonzero atT→0 due to a
finite probability of charge carrier separation in a hot se
ment even at zero ambient temperature. Comparingh vs T
curves calculated from the model of hot exciton dissociat
with those obtained from 1DO proves that, even at the ro
temperature, carrier separation within a short time while
cited segments are still hot gives the main contribution to
total dissociation probability.

The dependence of the quantum yield upon the initial
cess thermal energy is illustrated in Fig. 3 byh vs T0 curves
plotted for different electric fields. These curves approa
straight lines in theh1/2 vs T0 axis at sufficiently high values
of T0 , implying an almost quadratic dependence of the yi
upon the excess photon energy, in good agreement with
isting experimental data.12,17Another important parameter o
the model is the exciton binding energyEb . Together with
the external field this parameter determines the rela
height of the potential barrier carriers must cross to beco
free. At variance with the excess photon energy this i
material sensitive parameter which is affected neither by
field nor by the photon energy. In Fig. 4 the temperatu
dependence of the yield is presented as parametric in
exciton binding energy. Although the dissociation probab
ity increases with decreasing binding energy, all theh vs 1/T
curves are practically parallel to each other, implying th
slopes of such curves yield no information on the bindi
energy of the optical excitation.

-
,
al
q.

FIG. 2. Temperature dependence of the dissociation probab
calculated from Eq.~2!, parametric in field strength in compariso
with predictions of 1D and 3D versions of the Onsager theory. T
initial excess thermal energy and the initial separation of carr
arekT050.1 eV andr 051.5 nm. The set of material parameters
the same as in Fig. 1.
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B. Experiment

First we consider photogeneration inp-conjugated
MeLPPP, which has been characterized spectroscopical
detail. It is known to be the least disordered material, thou
still amorphous, as evidenced by the unusually small in
mogeneous width of the well-resolved vibronic bands.27 Vir-
tually no temperature dependence of the photocurrent is

FIG. 3. Dependence of the dissociation probabilityh upon the
initial excess thermal energy parametric in the field strength.
set of material parameters is the same as in Fig. 1.

FIG. 4. Temperature dependence of the dissociation probab
parametric in the exciton binding energy. The set of material
rameters is the same as in Fig. 1, and the field is 53105 V/cm.
in
h
-

b-

served while the field dependence is strong, as shown in
5. Those data have been analyzed in terms of the pre
theoretical approach. It turns out that at a photon energy
4.9 eV ~i.e., lexc5250 nm) the field dependence as well
the absolute value of the photogeneration efficiencyh are in
excellent agreement, assuming an exciton binding energ
0.35 eV, and a dissipation timetdiss53.5310214s. Thetdiss
should be identified as the time within which the excess
ergy @Eexc5hn2E(S0)#, confined to a chain element com
parable to the size of the exciton, i.e.,;1.4 nm, and equiva-
lent to three phenylene rings, is spread out in the adjac
chain segments.

Discrepancies between theory and experiment as fa
the h(F) dependence is concerned are noted atF<3
3105 V/cm. They may be a signature of extrinsic interi
photogeneration. An optical excitation generated in a s
ment next to an extrinsic electron scavenger may dissoc
into a geminate pair, with one of the carriers being captu
by the deep trap. The released energy may facilitate cros
the intrasegmental potential barrier by the other carrier.

Trap-assisted dissociation requires carrier jumps from
cited segments into those localized states. The localiza
radius for such jumps is normally much shorter than that
carrier jumps within a segment. Therefore, only relative
short jumps are possible within the lifetime of optical exc
tations, with the typical jump distance being much shor
than the length of conjugated segments. Under these circ
stances one may still consider trap-assisted dissociation
1D process. From the mathematical point of view this pro
lem is very similar to the above-described model. The diff

e

ty
-

FIG. 5. Field dependence of the photocarrier generation yiel
MeLPPP measured at variable photon energies~dots! and calculated
~solid, dashed, and dotted lines! from Eq.~2! for different values of
the initial excess thermal energy and for the following set of ma
rial parameters: l 56.5 nm, Eb50.35 eV, «57, tdiss53.5
310214 s, andtopt51029 s. The inset shows the correlation b
tween the photon energies and excess thermal energieskT0 used to
fit the experimental data.
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ence are that~i! only a few segments have deep traps
nearby neighbors, and only those few segments are avai
for the trap-assisted dissociation of optical excitations; a
~ii ! the amount of the excess energy does not depend u
the photon excess energy, implying the occurrence of tr
assisted dissociation at the absorption edge already.17 The
contribution of the trap-assisted dissociation can, theref
be calculated from Eq.~2! by adding the relative density o
the trap-related charge transfer centers,d, to the integrand on
the right-hand side of this equation. The contribution of tra
assisted dissociation to the total photogeneration yield
shown by thick lines in Fig. 5. Accounting for this effe
provides a much better fit of experimental data at weak fie
and low excess photon energies. The inset of Fig. 5 sh
the variation ofT0 with the photon energy. The compariso
between theory and experiment indicates thatTeff(0)5T0,
implying that the ambient heat bath does not contribute
the exciton dissociation. The experimental evidence for
is the lack of an appreciable temperature dependence
though the field dependence is strong. Conceptually, this
result of the fast dissipation of the excess energy~see Sec. II!
relative to the coupling between the mostly low-energy
termolecular mode comprising the ambient heat bath and
intrachain modes which promote dissociation. Although d
are sparse,T0 varies smoothly withEexc. This argues agains

FIG. 6. Field dependence of the quantum yieldh for intrinsic
carrier photogeneration in a 100-nm-thick PPV-amine film param
ric in the photon energy~dots!, taking into account a built-in volt-
age of 0.6 V due to the difference in work functions of Al and IT
The excitation was through a semitransparent positively biased
electrode at ambient temperature. Lines are calculated from Eq~2!
for different values ofkT0 . The inset illustrates the correlatio
between the initial excess thermal energy and the excess ph
energy. The following set of material parameters was used for
culations: l 56 nm, Eb50.42 eV, «55, tdiss52.0310213 s, topt

51029 s, andn051012 s21.
s
ble
d
on
p-

e,

-
is

s
s

o
is
al-
a

-
he
a

any threshold effect invoking, for instance, the second
cited singlet state athn>4.3 eV. It is worth noting that for
hn,4.3 eV the initially generated excited state is a Fran
Condon state ofS1 parentage. Therefore, it is vibrationall
hot already once the chain skeleton has relaxed into its
configuration.

Figure 6 shows the quantum yieldh of intrinsic charge
carrier generation in PPV-amine as a function of the elec
field at 298 K and variable excitation wavelength, while
Fig. 7 the temperature dependence at constant field (
3105 V/cm) is plotted. The inset to Fig. 6 illustrates an a
most linear dependence ofT0 upon the excess photon energ
and shows the photoconductivity action spectrum. At lo
excess photon energies the quantum yield remains practic
independent of the wavelength of exciting light that can
explained by trap-assisted dissociation of excitons as
cussed above. This extrinsic contribution to the yield is s
tracted from the data shown in Figs. 6 and 7. Both the fi
and temperature dependences of the yield can be rationa
in terms of the parameter set Eb50.42 eV,
tdiss52.0310213s, segment lengthl 56 nm, a dielectric
constant of 5, and a lifetime of the excitation of 1029 s. This
implies that in order to achieve satisfactory data fitting o
has to invoke a heat dissipation time by a factor of 6 lar
than in MeLPPP. At the moment one can only speculate
the reason why both systems differ in this respect. One
vious suspicion relates to the disorder as evidenced from
inhomogeneous broadening of the absorption. While
MeLPPP theS1←S0 020 transitions feature a full width a
half maximum of 70 meV, the PPV-amine spectrum is stru
tureless, implying an inhomogeneous broadening in exc
of the vibronic spacing, i.e.,> 0.18 eV. Considering its mag
nitudetdiss is likely to be an intrachain property. Therefore
is plausible that dissipation of the excess vibrational ene
is impeded by intrachain disorder,which is reflected by
statistics of the conjugation length. Estimating the numbe
intra-segmental excited vibrational modesnv ib , that can
share the excess photon energy in MeLPPP and PPV-am
yields nv ib'21 for both materials.

t-

Al

ton
l-

FIG. 7. Temperature dependence of the intrinsic photogen
tion yield h in a 80-nm-thick PPV-amine film for different excita
tion wavelengths~dots!. Lines are determined from Eq.~2! for dif-
ferent values of the initial excess thermal energykT0 . The set of
material parameters is the same as in Fig. 6. The inset shows
action spectrum of photoconductivity.
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V. CONCLUSIONS

A model to treat field-assisted ultrafast on-chain dissoc
tion of optical excitations in conjugated polymers is su
gested. The excess photon energy above theS1←S0 0-0 tran-
sition is considered to be transferred into intrasegme
vibronic energy and establishes, while dissipating, an imp
tant additional source of energy required for carriers to cr
the potential barrier and to separate within the segm
Similar to Onsager’s theory, the external electric field low
the potential barrier for carrier separation and, thus, ass
the dissociation of optical excitations. Different from Onsa
er’s treatment, the rate determining step is of the intrach
type, not involving diffusive motion inside the Coulomb
potential. Predictions of the model are compared with exp
mental data on the field and temperature dependencies o
intrinsic carrier photogeneration quantum yield a PPV-ty
polymer as well as weakly disordered MeLPPP.

The essential system parameters are the exciton bin
energyEb , the excess temperatureT0 of the chain elemen
occupied by the excitation, the dissipation timetdiss of the
average excess vibration energykT0 , and the lengthl of a
chain segment comparable with if not identical to the con
gation length of the excitation. For PPV-amine and MeLPP
Eb turns out to be 0.42 and 0.35 eV, respectively. It is co
parable with previous estimates on noncrystalline as wel
crystalline polydiacetylene, and confirms a recent meas
ment in similar compounds employing scanning tunnel
microscopy.9 Importantly, Eb is not given by the threshold
photon energy above which photoconduction increa
rapidly.20 Data fitting requireskT0 to be in the order of
(3 – 4)kT at room temperature. It is given by anharmon
coupling between that~those! vibrational mode~s! which
control~s! optical absorption and the modes which establ
the excess vibrational heat bath of an excited chain elem
needed for dissociation. Further theoretical reasoning in
c
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respect, as well as in the mechanism of dissociation of exc
vibrational energy, is beyond the scope of the present pa
Suffice it to say that disorder appears to increase the diss
tion time and, concomitantly, renders dissociation more e
cient.

The process of photogeneration must become more c
plicated if the length of a segment of a conjugated polym
decreases, for instance due to excessive disorder or by
p overlap among the repeat units. In this case a metast
electron-hole pair at the ends of a segment is no longer
tablished. Instead, dissociation must involve interchain c
pling inside the Coulombic well. Asymptotically, the class
Onsager treatment should be obeyed in the case of a d
array of small molecules. Dissociation due to the excess
ergy of optical excitation is also involved in that case, but t
thermalization process is completed before the geminate
escapes from this mutual Coulombic potential. Onsager-t
photogeneration and hot exciton dissociation in an elonga
conjugated polymer are, thus, complementary limiting p
cesses depending upon the size of the uninterruptedp sys-
tem. Real materials will often fall into an intermediate ran
and escape rigorous analytical description.
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