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Poly(propyleneimine) dendrimers functionalized with oligo(p-phenylenevinylene) (OPV) end groups based
on distyrylbenzene show fluorescence properties that depend on dendrimer generation and thereby on the
number of end groups. The compounds are investigated using site-selective and time-resolved fluorescence
methods. A red shift of the low-temperature emission spectrum is observed with increasing dendrimer
generation. This is accompanied by changes in the shape of the lowest absorption band of the dendrimers.
Results are interpreted in terms of rapid migration of electronic excitation energy among the OPV units. We
find that coupling between the electronic motion on the OPV groups has to be taken into account to explain
the magnitude of the red shift in emission. This implies that interchromophoric interactions are sufficiently
strong to induce delocalization of the excitation over more than one chromophoric group. Experimental data
indicate that off-diagonal disorder is large; i.e., excited-state interchromophoric interaction energies are given
by a broad statistical distribution. The off-diagonal disorder is interpreted in terms of the flexible nature of
the dendrimer, leading to a broad distribution of distances between the chromophoric end groups. A delayed
emission component is observed for the dendrimers, but this component is absent for the isolated OPV unit.
The delayed emission is attributed to excimer and/or exciplex formation within the dendrimer.

Introduction

The photophysical properties ofπ-conjugated polymers have
been under intense investigation in the past decade, not in the
least because of their promising technological applications. It
is known that light emission from the polymer involves the
lowest excited singlet state both in electro- and photogenerated
luminescence.1 For certain derivatives of poly(p-phenylene-
vinylene) (PPV) it has been observed that the probability per
unit time for emission of a photon from the lowest excited state
is reduced when the polymer is present as solid film in
comparison to the polymer in dilute solution.2 This led to the
hypothesis that photoexcitations can exist asinterchain species,
i.e., a species that is delocalized over more than one chain. A
number of other studies have yielded evidence for interchain
excitations and the associated interchain electronic interaction
in films of π-conjugated polymers.3

It has also been realized that for the interchain species to
exist, certain requirements in the relative geometrical orientations
of neighboring chains on which the excitation residues have to

be fulfilled. Most likely the chains have to be parallel and at a
very short distance. The term “aggregate” has been used to
describe a cluster of polymer chain (segments) fulfilling these
geometrical requirements within a film of conjugated polymer.4

Films of π-conjugated polymer have a largely amorphous,
disordered structure with the aggregate phase normally making
up only a fraction of the total volume. The chains do not have
a fixed length and conformational defects occurring along the
chain are expected to limit the delocalization of electrons.
Disorder in the packing of the chains will certainly also result
in a spread in the excited-state interaction energies between the
neighboring chains. It is well-known that such disorder induces
localization of excitations.5 It can therefore be expected that a
large part of the states available for the excitations are strongly
localized, most likely on a single chain (segment). Furthermore,
the disorder results in a strong inhomogeneous broadening of
the absorption band of the polymer. Photoexcitations can relax
within the inhomogeneously broadened density of states by
energy transfer to another chain segment with longer conjugation
length.6 Trapping of an excitation on an aggregate within the
film is also a possible decay path. Altogether, this leads to a
rather complex dynamical behavior.

Here we present photophysical studies on a model system
for disordered clusters ofπ-conjugated molecules. We inves-
tigate poly(propyleneimine) dendrimers7 of different generation,
end capped with oligomers of (p-phenylenevinylene)8 (OPV).
The oligomer is a derivative of distyrylbenzene and bears alkoxy
substituents (see Scheme 1). Various derivatives of distryryl-
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benzene (DSB) have been studied previously, and it is known
that they can form (nanocrystalline) aggregates with spectro-
scopic properties differing from those of the solvated isolated
molecule.9 Studies on DSB dimers with a covalent paracyclo-
phane linkage have indeed confirmed the electronic coupling
between the molecules.10-12 These studies have shown that this
oligomer is a useful model compound to study the effect of
interchain electronic coupling on the photophysical properties
of π-conjugated materials. In combination with dendrimers of
different generation, one has the possibility to bring together a
well-defined number of OPV groups. The dendrimers used here
are flexible, allowing for considerable positional disorder of the

end groups. Therefore, one expects that the photophysical
behavior may differ from that of a nanocrystalline aggregate of
OPV molecules.

Several types of dendrimers functionalized with chromophoric
groups13 have been studied, especially in relation with directed
transport of electronic energy within the macromolecule.14

Studies of pyrene-functionalized poly(propyleneimine) dendri-
mers have shown that pyrene excimer formation can occur.15

Excimer-like behavior could also be observed for dendrimers
with peryleneimide chromophores.16 Thus it seems that func-
tionalized dendrimers are indeed useful model compounds to
study photophysical processes.

SCHEME 1
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In this study we use site-selective fluorescence (SSF)
spectroscopy17 to investigate the clusters of chromophores in
the form of the OPV-substituted dendrimers. This method can
be used to investigate energy relaxation in systems with an
inhomogeneously broadened density of states and has been
applied toπ-conjugated molecules.18 A narrow laser line is used
to excite the species under study so that only electronic excited
states in a narrow energy interval are initially populated. The
fluorescence spectrum is recorded, and the excitation energy is
then scanned through the absorption band. Applied toπ-con-
jugated polymers at low temperature, the measurements have
shown the existence of a “localization energy” for the excitations
in the red tail of the absorption spectrum. Above this demar-
cation energy (Eloc), photoexcitations can relax by energy
transfer to a neighboring chain (segment) with lower excitation
energy. This results in an emission spectrum that is independent
of the excitation energyE provided thatE > Eloc. Below the
localization energy, the probability for a photoexcitation to
migrate during its lifetime to a site with even lower excitation
energy is practically zero. This is because no states of lower
energy are present in the close proximity of the excited
chromophore. Hence fluorescence is observed from a photo-
selected ensemble of excited-state energy levels of which the
mean energy and width are determined by the excitation energy
used whenE < Eloc.

Experimental Section

Site selective fluorescence spectra were measured at low
temperature using a coldfinger cryostat (15 K). An excimer
pumped dye laser (Lambda Physik) was used to excite the frozen
solution and a multichannel CCD camera (Spectraview 2D,
Instruments SA) in combination with a 0.27 m monochromator
was used to detect and disperse the fluorescence. Time-resolved
fluorescence spectra in the picosecond time range were collected
using a streak camera (C6860, Hamamatsu) synchronized to
the 80 MHz repetition frequency of the optical parametric
oscillator pumped by a Ti:sapphire laser (Spectra Physics). With
this instrument, picosecond time resolution can be achieved.
Time-resolved fluorescence data in the nanosecond time domain
were obtained using the excimer pumped dye laser (Lambda
Physik) as excitation source and an optical multichannel analyzer
(model 1460, Par) with a gatable intensified diode as detector.
Absorption data were recorded with a lambda 9 spectrometer
(Perkin-Elmer) in which a bath cryostat (Oxford Instruments).
OPV-functionalized dendrimers were synthesized as described.8

Results

In Figure 1 low-temperature absorption and fluorescence
spectra of the dendrimersG0, G1, G3, andG5 are shown. At
low temperature (100 K) in a 2MeTHF matrix, the absorption
spectra show vibronic fine structure with a characteristic energy
separation between the bands of about∼1400 cm-1. At room
temperature this fine structure is absent and only a broad
featureless absorption band is observed.8 This thermochromic
behavior is characteristic forp-phenylenevinylene oligomers
with alkoxy substituents.19 At room temperature, the thermal
energy is apparently large enough to induce torsional deforma-
tions of theπ-system that influence the electron delocalization
and, hence, the energy of the lowest excited state.20 The
absorption spectra show relatively small changes with dendrimer
generation. This is further illustrated in Figure 2. Upon
increasing the dendrimer generation, the ratio between the
intensities of the first (“0-0”) and second vibronic (“0-1”)
band changes in favor of the 0-1 band. Second, a low-energy

tail appears for the higher dendrimers, associated with a
broadening of the 0-0 absorption band. This may be further
quantified by fitting a Gaussian curve to the low-energy side
of the first vibronic transition. The width of the Gaussian fitted
(σabs) is listed in Table 1 and increases with dendrimer
generation. The fluorescence spectra obtained under nonselective
excitation (λexc ) 430 nm) are also illustrated in Figure 1; they
show a substantial bathochromic shift with increasing number
of end groups.

In Figure 3 fluorescence spectra forG5 obtained with various
excitation wavelengths are given. For excitation frequencies

Figure 1. Absorption and fluorescence spectra of OPV3-modified
propyleneimine dendrimers in 2-MeTHF. Absorption spectra were taken
at T ) 100 K and fluorescence spectra atT ) 15 K. The arrows mark
the localization energy as determined from SSF measurements (see
Figure 4).

Figure 2. Comparison of absorption spectra of OPV3-modified
dendrimers in 2MeTHF atT ) 100 K: (-) G0; (1) G1; (O) G3; (9)
G5.

TABLE 1: Energies Associated with the Maximum of the
0-1 Vibronic Transition in Luminescence for Dendrimers of
Different Generation

SSF experiment order statisticsa absorptionb

energy 0-1
(×103 cm-1)

∆E
(×103 cm-1)

∆E
(×103 cm-1)

∆E
(σ)

σabs

(×103 cm-1)

G0 20.14 0 0 0 0.39
G1 19.70 -0.44 -0.26 -1.029 0.46
G3 19.37 -0.77 -0.44 -1.766 0.49
G5 18.63 -1.51 -0.59 -2.344 0.82

a Predictions for the lowest excited energy level from order statistics
using eq 2. Energies relative to the average energy of the isolated
chromopore, calculated usingσ ) 250 cm-1 (see text).b Standard
deviation obtained from the fit of a Gaussian curve to the low-energy
side of the 0-0 absorption band.
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below 21.5× 103 cm-1 stray light from the laser prohibits
detection of the fluorescence in the 0-0 region of the spectrum.
The 0-1 vibronic band can be monitored without problems.
As can be seen, for lower excitation energies the 0-1 vibronic
band splits into two components, one with∼1400 cm-1 and
another with∼1600 cm-1 vibrational frequency. These two
vibrational frequencies are in fact characteristic of many
π-conjugated polymers.21 Fluorescence spectra for all four
dendrimers as a function of excitation wavelength have been
measured and analyzed. The results are summarized in Figure
4. The position of the maximum of the 0-1 vibronic band in
the SSF spectra is plotted as a function of the excitation energy.
For high-energy excitation the emission is almost invariant to
the excitation energy. For low excitation frequencies, however,
the fluorescence spectrum shifts linearly with the excitation
energy following the so-called resonance line. This behavior is
to be expected when no further relaxation process in the S1 state
occurs upon excitation. Above a certain energy (Eloc), the
position of the fluorescence bands becomes independent of the
excitation frequency, indicating the onset of relaxation processes.

The demarcation energies for different dendrimers are indicated
by the arrows in Figure 1. They show a dependence on the
dendrimer generation.

To investigate the photophysical properties further, we have
performed time-resolved fluorescence measurements at low
temperature. In Figure 5 results forG0 andG5 are shown. The
fluorescence ofG0 under matrix-isolated conditions decays
exponentially and has a lifetime of 1.4 ns. In liquid solution at
room temperature a slightly longer lifetime is observed (1.6 ns,
Figure 5C). ForG5 at low temperature, a more complicated
decay of the luminescence is observed. The decay is nonexpo-
nential and short-lived components are observed. ForG5 some
spectral relaxation occurs, resulting in a small time-dependent
red shift of the emission. This can be seen by comparing
fluorescence spectra obtained shortly after excitation and with
a delay in detection (see Figure 5 B). After the delay, the 0-1
vibronic band at 18.5× 103 cm-1 has broadened and its center
has shifted toward lower energies by about∼100 cm-1.

Further experimental observations of the intricate photophysi-
cal behavior of the higher dendrimer generations is obtained
from fluorescence measurements in the nano- to microsecond
time domain. In Figure 6 fluorescence spectra for the dendrimers
recorded with delayed, time-gated detection are shown. For
comparison the prompt fluorescence is also shown. The behavior
of G0 is straightforward; the spectrum does not show any
significant evolution with time. Emission recorded with a delay
of 40 ns after excitation shows a very weak fluorescence signal
at the same frequencies as observed for the ordinary fluorescenc.
Given the instrumental response function of∼10 ns, this may
be interpreted as ordinary fluorescence. After 120 ns, no
emission is observed. For the dendrimers of higher generation
a delayed emission is observed. ForG1 this is quite weak, but
for G3 and G5 a long-lived component is observed with a
strongly red-shifted emission band (maximum at 16.5× 103

cm-1). The intensity of this component is several orders of
magnitude lower than the prompt fluorescence. Its lifetime
amounts to several tens of nanoseconds (∼60 ns). This emission
component cannot be distinguished in the SSF spectra with time-
integrated detection and selective excitation at the absorption
edge. This indicates that the delayed emission most likely
originates from a very minor fraction of the dendrimers.

Analysis and Discussion

We start the analysis of the spectroscopic data described
above with a discussion of the SSF data shown in Figure 4. To
evaluate the red shift of the emission spectrum under nonselec-
tive excitation with increasing dendrimer generation, we first
make a few simplifying assumptions that help to make the
problem tractable. The validity of the assumptions will then be
reevaluated later on. We assume that the interchromophoric
excited-state coupling energy is small compared to the width
of the distribution of the excited states energies of the individual
chromophoric units. Under these conditions the excitations are
localized mainly on a single functional group. The energies for
the lowest excited singlet state (S1) are taken to be statistically
distributed according to a Gaussian distribution (with standard
deviationσ). The energies of the chromophores are assumed to
be uncorrelated. We further suppose that energy transfer within
the dendrimer is rapid so that fluorescence occurs from the OPV
group within the dendrimer with the lowest excited-state energy
(transfer complete within∼100 ps).

To relate the energy of the lowest excited state to the number
of chromophoric groups on the dendrimer (n), we calculate the

Figure 3. Site selective fluorescence spectra ofG5 in 2-MeTHF atT
) 15 K. The arrow indicates the excitation energy.

Figure 4. Analysis of the SSF spectra of dendrimersG0-G5. The
energy associated with the maximum of the 0-1 vibronic transition in
fluorescence spectra is plotted versus the excitation energy.
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expectation value (EX) of the lowest value in the set of n random
samples from a parent distributionG(x). This is a known
problem.22 Let P(x) denote the cumulative distribution function
P(x) derived fromG(x), i.e.

Then

This formula can be generalized to cover also the expectation

value for themth moment:

If G(x) is taken as the Gaussian distribution

then P(x) is related to the error function:

To simulate the SSF data, one would also like to include a
dependence on the excitation energyε. This can be done as
follows. We calculate the expectation value for the lowest value
in the set of n samples including only values in the interval
from -∞ to ε.

We assume that all clusters with their lowest excited state in
the energy interval from-∞ to ε can be excited with equal
probability by photons of energyε. Clusters with their lowest
excited state aboveε are not excited. The photon energy
corresponding to the maximum of the 0-0 fluorescence band
is then given by the expectation value EX1(n,ε) and can be
calculated by numerical integration of (6). Results of these
calculations are shown in Figure 7A. For nonselective high-
energy excitation, a red shift of the fluorescence band is
predicted with the increasing number of chromophoric groups
in the dendrimer. When the excitation frequency is lowered
below the expectation value of the lowest excited state, the
emission energy depends quasi-linearly on the excitation energy.
The exact linear dependence is obtained in the limit of very
low excitation energy. In a similar way one can calculate the
variance of the lowest energy levels below the excitation energy
ε. In this way one can predict how the width of the 0-0
fluorescence band depends onn and ε. We also include an

Figure 5. Time-resolved fluorescence measurements on dendrimers. (A)G0 (lower trace) andG5 (upper trace) in 2-MeTHF at 15 K. Excitation
at 22.2 and 21.7× 103 cm-1, respectively. The intensity was integrated over the (19-17)× 103 cm-1 spectral region. (B) Evolution of the emission
spectrum ofG5 with time atT ) 15 K (see also (A)). Solid line: 0-6 ps detection window; dotted line 1.6-1.8 ns. (C) Fluorescence from (top
to bottom)G0, G1, G3, andG5 at room temperature in dichloromethane, excitation at 33× 103 cm-1, detection at 18.2× 103 cm-1.

Figure 6. Delayed luminescence of dendrimersG0, G1, G3, andG5
in 2-MeTHF at 77 K. The dotted line shows the prompt fluorescence.
The solid line shows emission acquired in a time window opening 40
ns after the excitation and with a length of 10µs.

P(x) ) ∫x

+∞
G(x′) dx′ (1)

EX(n) ) ∫-∞

∞
nx(P(x))n-1 dP(x) (2)

EXm
(n) ) ∫-∞

∞
nxm(P(x))n-1 dP(x) (3)

G(x) )
exp(-x2/2σ2)

x2πσ
(4)

P(x) ∝ 1 - erf( x

x2σ) (5)

EXm(n,ε) )
∫-∞

ε
xm(P(x))ndP(x)

∫-∞

ε
(P(x))n dP(x)

(6)
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intrinsic width (σintrinsic) which represents the line width of a
single, isolated chromophore.

Predictions for the width are shown in Figure 7B and were
obtained by taking the square root of the variance. Under
nonselective excitation with high energy one expects forG0 a
bandwidth equal toσ. For dendrimers of higher generation one
predicts a narrowing of the emission bands. When the excitation
energy is scanned through the absorption band, fluorescence
line narrowing is predicted when exciting at the red edge.

Theoretical predictions (Figure 7A) and experiment (Figure
4) may now be compared. Qualitatively, the predicted red shift
of the emission spectrum upon increasing the number of
chromophores is indeed observed. For a quantitative comparison
between theory and experiment we need an estimate forσ, the
width of the distribution of excited-state energy for the isolated
chromophores.

In Figure 8 the procedure to estimate the width of the
distribution of excited-state energies is illustrated. For model
compound1 a SSF spectrum under selective excitation has been
measured and the region corresponding to the 0-1 vibration is
shown as dashed line in Figure 8. The spectrum is very similar
to SSF spectra obtained forG0. For 1 we were, however, able
to achieve higher resolution. For both molecules the 0-1 region
actually comprises two main vibrational frequencies, 1370 and
1620 cm-1. This is common forπ-conjugated materials.18 Also
shown in Figure 8 is the fluorescence spectrum ofG0 at low
temperature under nonselective excitation (solid line). The 0-1
band in this spectrum can be reproduced by convoluting the
high-resolution SSF spectrum with a Gaussian withσ ) 2.5×
102 cm-1 (see Figure 8). This approach to estimateσ has the
advantage that a possible relaxation of the molecule in the
excited state is included. For short oligomers it may be expected
that due to the change in bond length alternation in the excited

state, some planarization of the molecule can occur, which in
turn leads to a lowering of the excited-state energy. The fact
that no sharp zero phonon lines in the SSF spectra are observed
provides an experimental indication for relaxation processes
occurring in the excited state.

With this estimate ofσ it then becomes possible to calculate
the magnitude of the red shift predicted using (6). Values are
listed in Table 1. The experimentally observed shifts are found
to be considerably larger than predicted from theory. This
discrepancy remains when one takes the value ofσ as obtained
from analysis of the absorption edge at 100 K (σabs; see Table
1).

Further discrepancies between experimental data and the
theoretical model appear when the widths of the fluorescence
bands are evaluated. Using eq 6, one predicts that the width for
the fluorescence bands under nonselective excitation should
decrease continuously when the number of chromophores in
the cluster is increased.23 Here rapid energy transfer to the lowest
state in the cluster is assumed to take place. The predictions
are illustrated in Figure 7B. The experimental data do, however,
not show this trend. The width of the vibronic bands in the
fluorescence actually increases slightly upon going fromG0 to
G1 and to G3. For G5 a slight reduction is observed in
comparison toG3, but the width forG5 is certainly not smaller
than forG0.

To account for these discrepancies, one has to reevaluate the
assumption of the interactions between the chromophores being
weak enough not to induce (considerable) delocalization of
excitations over more than one chromophore. The other
important assumption used in the analysis is that of rapid,
complete energy transfer to the lowest chromophore in the
cluster. Deviation from this latter assumed behavior does,
however, not help to explain the discrepancy observed here. If
the energy is not transferred to the chromophore with the lowest
energy, then clearly the magnitude of the red shift predicted
should be reduced. However, the shift predicted was already
too small to match the experimental observations. We conclude
that the interactions between the chromophores are nonnegligible
when evaluating the energy levels of the dendritic cluster of
chromophores as a whole. Further support for this conclusion
comes from the time-resolved fluorescence data. These show
only limited spectral diffusion in the time window investigated.
This indicates that energy transfer between the OPV groups
takes place on a time scale less than 10 ps and that correspond-

Figure 7. (A) Theoretical predictions for the energy corresponding to
the maximum of the fluorescence band as a function of the energy of
the excitation photons. Predictions based upon order statistics (see text)
for clusters withN ) 4, 16, and 64 chromophores, mimickingG1,
G3, andG5. Energy unit: σ, the standard deviation of the Gaussian
distribution for excited states energies of the chromophores. (B)
Theoretical predictions for the width of the fluorescence band as a
function of energy of the excitation photons.

var(n,ε) ) EX2(n,ε) - (EX1(n,ε))2 + σintrinsic
2 (7)

Figure 8. Determination of the inhomogeneous broadening of the
fluorescence spectrum ofG0 in 2MeTHF at 15 K upon nonselective
excitation (23× 103 cm-1). The dotted line with sharp peaks shows
the SSF spectrum of1, and a convolution of this spectrum with a
Gaussian with widthσ ) 250 cm-1 is also shown as a dotted line.
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ingly the coupling between the chromophores has to be quite
strong.

Additional evidence for the importance of interchromophoric
coupling comes from the absorption spectra. The band shape
of the S0 f S1 transition changes with dendrimer generation.
To explain this, the model used to derive (6) needs to be
extended. An improved model, which also takes into account
interchromophoric interactions, should be able to explain the
following experimental observations: (1) additional reduction
of the energy of the lowest excited state; (2) broadening of the
distribution of the lowest excited state; (3) the position of the
maximum of the 0-0 absorption band remaining at the same
frequency, but the band shape of the absorption band changing;
(4) rapid energy transfer between the chromophores on a time
scale less than 10 ps.

Theoretical models have been developed to describe the effect
of interchromophoric coupling on the properties of the excited
state. These models have been used to describe the peculiar
changes in band shape occurring upon aggregation of pseudo-
isocyanine dye molecules (formation of J or Scheibe ag-
gregates)24 and more recently aggregation ofπ-conjugated
oligomers. In the latter case both changes in absorption25-27

and emission28,29 bands were analyzed. In these models one
makes use of a Hamiltonian that includes both the excited-state
interchromophoric interactions and coupling between vibrational
and electronic degrees of freedom. These effects are incorporated
in the model Hamiltonian (8), which has been subject of several
studies.30 In this approach one (1) neglects exchange of electrons
between the molecules and (2) takes into account only one
(totally symmetric) vibrational normal coordinateQ per mol-
ecule. Under these premises it is possible to calculate excited-
state properties of the aggregate on the basis of parameters for
a single isolated molecule without the need for quantum
chemical calculations on the whole cluster of molecules.

In (8) |N〉 stands for the product of electronic wave functions
of the molecules, all of them taken to be in their ground state,
except for moleculeN, which is in its first excited state. The
termsPN

2 andQN
2 describe the kinetic and potential energy (in

units of hνvib/2) of the harmonic oscillator associated with the
active nuclear vibrational mode on moleculeN. The terms with
VNM describe the transfer of the electronic excitation from
moleculeN to M (interchromophoric coupling).

Due to the term linear inγQN, the Hamiltonian cannot be
written as the sum of a nuclear and electronic Hamiltonian. This
term arises from Herzberg-Teller coupling of the lowest excited
state with a higher excited state of the same symmetry. In the
following it is assumed that the coefficient of the admixed higher
state is small so that its contribution may be neglected when
calculating matrix elements. As a result of theγQ term, the
number of vibrational quanta is not conserved upon optical
excitation of the molecule from its ground state. The electronic
excitation is accompanied by a change of the equilibrium nuclear
geometry. This results in a vibronic progression in absorption
and emission spectra based upon the vibrational frequency of
the active mode. The coupling constantγ is related to the
Huang-Rhys factorS(S) γ2), and in principle, its magnitude
can be obtained by evaluation the relative intensity of the
vibronic bands in absorption and emission of theisolated

constituent molecule. IfI(0 - n) denotes the intensity of the
nth vibronic transition, then

Finding the eigenvalues and eigenfunctions of the Hamiltonian
(8) is a nontrivial problem. The coupling between nuclear and
electronic motion implies that the Born-Oppenheimer (BO)
approximation does not hold. This problem is well studied.31

Two limiting cases can be distinguished for which a simple
approximate solution can be given. WhenVNM is very large so
that theγQ term can be neglected, the BO approximation applies
to the aggregate as whole. In this case the distortion associated
with the excitation is spread out over all the molecules involved
in the excitation (large polaron). WhenVNM is small in
comparison with matrix elements of theγQ term, the BO
approximation applies to the individual molecules and the
distortion is limited in size to a single molecule. It migrates
together with the electronic excitation through the aggregate
(small polaron). For all but the purest molecular crystals,
molecular materials may be regarded as disordered. In (8)
disorder may be expressed by taking the site energiesεN to be
statistically distributed (diagonal disorder). Furthermore, disorder
in the packing of the molecules leads to a spread of inter-
molecular coupling parametersVNM (off-diagonal disorder) and
also forVNM a statistical distribution may be assumed.

Here we use (8) to simulate absorption and emission spectra
for small clusters containing four molecules. We include both
diagonal and off-diagonal disorder by choosing values for the
parametersεN andVNM at random from Gaussian distributions
(with widths σd andσoffd, respectively). To our knowledge the
combination of electron-vibrational coupling, diagonal and off-
diagonal disorder has not been considered previously. It has
been recognized, however, that disorder and electron-vibrational
coupling can act synergistically to induce localization of charge
carriers or excitations32 so that their combination may give rise
to additional physical phenomena. Especially here where we
deal with the nonrigid dendrimer core, inclusion of disorder
seems important.

We use a numerical procedure to diagonalize (8) and a set
of basis states that include all electronically excited states with
less than five vibrational quanta is used. To illustrate the set of
basis state we write (10).

HereN denotes the index of the electronically excited molecule
(1, 2, 3, or 4) andp, q, r, s the index of the molecules hosting
one or more vibrational quanta (indicated by the numbers).
Double electronic excitations are not taken into account. The
number of singly excited states withe b vibrational quanta in
an aggregate with a molecules is given by

I(0 - n)

I(0 - 0)
) γ2n

n!
(9)

|N;0〉

|N;p ) 1〉,|N;p ) 1,q ) 1〉,|N;p ) 1,q ) 1,r ) 1〉,|N;p )
1,q ) 1,r ) 1,s ) 1〉

|N;p ) 2〉,|N;p ) 2,q ) 1〉,|N;p ) 2,q ) 1,r ) 1〉

|N;p ) 3〉,|N;p ) 3,r ) 1〉

|N;p ) 4〉 (10)

(a + b)!a
a!b!

(11)

H ) ∑
N

|N〉(εN - 2x2γQN)〈N| + QN
2 + PN

2 +

∑
(N,M)

|N〉VNM〈M| + h.c. (8)
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This amounts to 280 fora ) 4 molecules andb ) 4 vibrational
quanta. Due to the rapidly increasing number of states, we were
not able to simulate properties of the higher generation
dendrimers of higher generations. In our calculation the four
molecules making up the aggregate were placed in such a way
that their centers are on the corners of a square. They are slightly
tilted so that the aggregate as a whole has the shape of a cone
with the main axis of the molecules making an angle of 20°
with the axis of the cone. The transition dipole moment for the
S0-S1 transition is taken parallel to the main axis of the
molecules. In our case where the coupling between chromo-
phores is not so strong, one may improve the convergence by
using basis states in which the moleculeN on which the
distortion resides is in the relaxed excited-state equilibrium
geometry. We have setγ ) 1. Gaussian distributions for the
parametersεN and VNM were assumed. Standard software
routines for generation random numbers and diagonalization of
matrixes were used.33

Figure 9 shows simulated absorption spectra obtained by
numerical diagonalization of (8). In these calculations the
distribution ofεN was given a widthσ ) 1/3hνvib. Various band
shapes shown correspond to a varying degree of off-diagonal
disorder. The distribution ofVNM is biased to positive values,
and the averageVNM amounts to1/20hνvib. The relative intensities
of the various vibronic bands for the cluster are different from
those observed for the monomer. For the aggregate the 0-0
intensity is slightly reduced while the 0-1 intensity has
increased. This change can be adjusted by choice of the bias of
VNM (1/20hνvib for the curves shown). Taking distributions for
VNM with higher average, the 0-0 intensity is reduced and the
0-1 intensity increases further. When no off-diagonal disorder
is present (uppermost spectrum) the absorption bands are
relatively sharp and their maxima are slightly shifted toward
higher energies. With increasing off-diagonal disorder the bands
broaden and forσoffd ) 1/5hνvib the energy of maximum

absorbance has not shifted in comparison with that for the
isolated molecule. For higher values ofσoffd the bands blur and
a low-energy absorption tail appears.

Increasing off-diagonal disorder through augmentingσoffd also
has an effect of the probability distribution for the lowest energy
level Elow in the cluster. This is illustrated in Figure 10. When
σoffd ) 0 the distribution ofElow closely follows the prediction
made with help of the order statistics (eqs 2-6). For the isolated
chromophore the pure electronic energy of the photoexcited
chromophore in the unrelaxed ground-state geometry (vertical
excitation) is set at zero energy. The maximum of the 0-0
vibronic transition in emission then lies atE ) -1hνvib when
γ ) 1. This lower energy in comparison with the vertical
excitation results from relaxation of the nuclear geometry.

Increasingσoffd has two effects. First, the average value of
Elow becomes lower and second, the width of the distribution
for Elow becomes broader. From the simulations using model
Hamiltonian (8) we can now draw the following conclusions.
(1) The changes observed in the band shape of the S0 f S1

transition comparingG0 andG1 can be qualitatively understood
using (8). When the oligomer chains have a preference for
aligning parallel, the higher vibronic transitions have higher
intensity than for the monomer (H aggregate). (2) By including
off-diagonal disorder, one can qualitatively account for the
additional red shift and the width of the fluorescence band. A
set of parameters that gives results compatible with the
experimental observations isσd ≈ 5 × 102 cm-1, σoffd ≈ 5 ×
102 cm-1, and the average value for the coupling elements〈VNM〉
≈ 8 × 101 cm-1. Theoretical analysis of the interaction between
two distyrylbenzene molecules showed that depending upon the
relative orientation of two chromophores, the coupling matrix
element can have eitherVNM positive or negative.26 The
magnitude ofVNM for a cofacial dimer of two molecules at the
minimal intermolecular distance (4 Å) was calculated to be close
to 1000 cm-1.26,27

Finally, we discuss the delayed emission from the dendrimers.
When disorder is included, the model Hamiltonian (8) predicts
changes in the emission band shape occurring with time after
excitation. This can be explained in the following way. Due to
the disorder, the rate of excited-state decay is not the same for
all clusters, nor is the fluorescence band shape. Depending on
the electronic coupling between the chromophores, the intensity
of the 0-0 transition relative to the 0-1 band varies. Clusters

Figure 9. Theoretical modeling of the absorption spectra of a cluster
of four chromophores using the Hamiltonian (8) with fixed degree of
diagonal disorder and varying degree of off-diagonal disorder. The
dashed lines show the simulated spectrum for isolated chromophores
with their zero order excitation energy drawn from a Gaussian
distribution with σ ) 1/3. Excited-state interchromophoric coupling
energiesVij are given by1/20(1 + a), wherea is drawn from a Gaussian
distribution with (from top to bottom)σ ) 0, 2, 4, 6, 8, and 10. All
energies are in units ofhνvib, the vibrational quantum of the active
vibration. Spectra represent an average over 2000 clusters. For all
spectra, the zero on the energy scale is defined by energy associated
with the pure electronic transition (vertical excitation) of the isolated
OPV chromophore.

Figure 10. Distribution of the lowest excited state in clusters with
four molecules (see legend Figure 9). Curves shown pertain to varying
degree of off-diagonal disorder.Vij is given by1/20(1 + a), wherea is
drawn from a Gaussian distribution withσ ) 0 (O), 4 (1), 8 (4), and
10 ([). The solid line shows the prediction for weakly interacting
chromophores using order statistics.
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for which the 0-0 band has a low intensity generally have a
low probability for radiative decay. This corresponds to the case
of exciton coupling between parallel cofacial oligomers, which
leads to a lower probability for the radiative decay via the 0-0
transitions34 in comparison with the isolated molecule. The
probability for the 0-1 and higher order vibronic transitions is
less sensitive to electronic coupling between the chromophoric
units.28,29Assuming that the probability for nonradiative decay
is not influenced by aggregation, these clusters will have a longer
emission lifetime because of the reduced probability for radiative
decay. For clusters with a different arrangement of the chromo-
phores, the probability for the 0-0 transition may be enhanced
(superradiance). For such clusters the intensity of the 0-0 band
relative to the 0-1 will be higher and the lifetime of the excited
state should be reduced. Thus one expects for an ensemble of
disordered clusters that the fluorescence at short times after
excitation is dominated by the contribution from the superradiant
clusters featuring a 0-0 band with high-relative intensity. At
long times after excitation the contribution from the subradiant
aggregates will dominate and the intensity of the 0-0 band will
be reduced. This is illustrated in Figure 11, which shows model
calculations of the fluorescence band shape for a cluster of four
molcules obtained by numerical diagonalization of (8). Simu-
lated spectra pertain tot ) 0, 5, 10, and 20 times the lifetime
of the isolated chromophore. The spectra are normalized. In
these simulations it was assumed that the rate for nonradiative
decay is the same for all clusters and the quantum yield for
fluorescence from the isolated chromophores was taken to be
0.8.

In Figure 6 it can be seen that in the delayed emission from
G1 a change in the intensity of the 0-0 relative to the 0-1
band is indeed observed. This is consistent with the model
calculations shown in Figure 11. However, experimentally one
also observes an increase in the relative intensity of the 0-2
and higher vibronic bands. These changes are not accounted
for by the model calculations. Such an increase in the intensity
of higher vibronic transitions can most likely not be described
by the model Hamiltonian (8). Furthermore, interchromophoric
interaction as described by (8) withVNM comparable in
magnitude to the vibrational energy quantum can only account
for a limited increase in the radiative lifetime.28,29 The prob-

ability for the higher order vibronic transitions does not change
drastically with respect to the probability for the isolated
chromophore. Since the higher order vibronic transitions carry
about half of the total transition probability, an increase in
radiative lifetime of more than a factor of 10 cannot be
accounted for by the model. Both the spectral position and the
lifetime of the delayed emission indicate therefore involvement
of a second excited species, e.g., an excimer or exciplex.
Recently, exciplex formation between distyrylbenzene deriva-
tives and dimethylaniline has been described.35 In our systems
exciplex formation involving OPV and the tertiary amines of
the dendrimer might take place. The substitution of the
distyrylbenzene with alkoxy side chains lowers the energy of
the first excited state considerably and this has an unfavorable
effect on the free energy for exciplex formation.

Conclusion

OPV-functionalized dendrimers provide useful and versatile
model systems to investigate photophysical behavior inπ-con-
jugated materials. Energy transfer between OPV groups and
delocalization of electronic excitation over more than one
chromophore can be studied. In particular we have shown that
changes in the shape of the S0-S1 absorption band occurring
with increasing dendrimer generation can be qualitatively
understood in terms of coupling of the electronic motion on
the chromophoric groups in the dendrimer, implying delocal-
ization of the excitation. The inclusion of off-diagonal disorder
is found to be essential to understand the experimental observa-
tions. This off-diagonal disorder could be interpreted physically
in terms of a flexible dendritic core. Due to this flexibility the
distances between nearest neighbor end groups and their relative
orientation are not constant (as in a crystal) but are given by
statistical distributions. At low temperature the conformation
of the dendrimer is frozen and an ensemble of dendrimers is
most probably heterogeneous with respect to conformation. The
disordered arrangement of the end groups and the spread in
excitation energy of the individual end groups within a
dendrimer limit the extent of delocalization, and our simulations
indicate that for most excited states, one particular OPV unit
within in the dendrimer exists at which the excitation resides
with a probability greater than 50%.

Our findings may be compared to results obtained for other
mulichromophore systems. Single molecule studies on dendritic
molecules with perylenecarboximide dyes have revealed het-
erogeneity in the spectrocopic properties of the dendrimers and
the formation of “dimer-like” excited states16a depending upon
the conformation of the denrimer core. The situation may also
be compared to the B850 chlorophyl pigments in the light
harvesting complex 2 of purple bacteria.36 For this system of
chromophores experimental evidence for delocalization of the
exciton has been reported.37 Also here the delocalization is
limited by disorder. A major difference between the chlorophyl
and OPV pigment systems is that for the former the coupling
between electronic and vibrational motion can to a good
approximation be neglected: The Qy band of the bacteriochloro-
phyl hardly shows any vibronic fine structure. For the conjugated
oligomers coupling of the electronic and vibrational motion is
considerable and needs to be taken into account in order to
understand the band shape of the absorption and emission
spectra associated with the S0-S1 transition.
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