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Poly(propyleneimine) dendrimers functionalized with oligg@henylenevinylene) (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 be fulfilled. Most likely the chains have to be parallel and at a
) ] ) very short distance. The term “aggregate” has been used to
The photophysical properties afconjugated polymers have  gegcribe a cluster of polymer chain (segments) fulfilling these
been under intense investigation in the past decade, not in thegeometrical requirements within a film of conjugated polyrher.
least because of their promising technological applications. It Films of z-conjugated polymer have a largely amorphous,

is known t.hat I|ght emission fro.m the polymer involves the disordered structure with the aggregate phase normally making
lowest excited singlet state both in electro- and photogeneratedup only a fraction of the total volume. The chains do not have

Iu_mmescencé. F(_)r certain derivatives of polp(phenylgqe- a fixed length and conformational defects occurring along the
V'”.y"?”e) (PPV). |t_has been observed that the proba_lbmty PET chain are expected to limit the delocalization of electrons.
unit time for emission of a photon from the lowest excited state Disorder in the packing of the chains will certainly also result

IS reduped )[/vhtehn th? poly.medr'l '? prels?'gtﬁ_ﬁ; IS%I'? ftILm n in a spread in the excited-state interaction energies between the
ﬁomﬁﬁns_onthot ﬁ Ft)O ym_(tert!n fute solution. r'ls_e o the neighboring chains. It is well-known that such disorder induces
ypothesis that photoexcitations can exisindsrchain Species, — |4cjization of excitations.It can therefore be expected that a

€., S speft:leti thattls(jgelc;]callzeq T)(;/eorl mq(rje thanfong fha;]n'.Alarge part of the states available for the excitations are strongly
nurr_]t (:,_r oro derths udies 'atvfj Y'? eh evi Ien(t:e or _|nterc ?m localized, most likely on a single chain (segment). Furthermore,
excitations and the associated interchain electronic interactiony, g gisorder results in a strong inhomogeneous broadening of

in films of z-conjugated polymers. _ _ _ the absorption band of the polymer. Photoexcitations can relax
It has also been realized that for the interchain species tojthin the inhomogeneously broadened density of states by

exist, certain requirements in the relative geometrical orientations energy transfer to another chain segment with longer conjugation

film is also a possible decay path. Altogether, this leads to a
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benzene (DSB) have been studied previously, and it is known end groups. Therefore, one expects that the photophysical
that they can form (nanocrystalline) aggregates with spectro- behavior may differ from that of a nanocrystalline aggregate of
scopic properties differing from those of the solvated isolated OPV molecules.

molecule? Studies on DSB dimers with a covalent paracyclo- Several types of dendrimers functionalized with chromophoric
phane linkage have indeed confirmed the electronic coupling groupd® have been studied, especially in relation with directed
between the moleculé8:1? These studies have shown that this transport of electronic energy within the macromolecdle.
oligomer is a useful model compound to study the effect of Studies of pyrene-functionalized poly(propyleneimine) dendri-
interchain electronic coupling on the photophysical properties mers have shown that pyrene excimer formation can ocur.
of m-conjugated materials. In combination with dendrimers of Excimer-like behavior could also be observed for dendrimers
different generation, one has the possibility to bring together a with peryleneimide chromophoré%Thus it seems that func-
well-defined number of OPV groups. The dendrimers used heretionalized dendrimers are indeed useful model compounds to
are flexible, allowing for considerable positional disorder of the study photophysical processes.
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In this study we use site-selective fluorescence (SSF) Wavelength (nm)
spectroscopy to investigate the clusters of chromophores in 400 500 600 700

the form of the OPV-substituted dendrimers. This method can
be used to investigate energy relaxation in systems with an GO
inhomogeneously broadened density of states and has been

applied tar-conjugated moleculé$.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 G3
then scanned through the absorption band. Applied-tmn-

jugated polymers at low temperature, the measurements have

shown the existence of a “localization energy” for the excitations /m%
in the red tail of the absorption spectrum. Above this demar-

cation energy Ki), photoexcitations can relax by energy 25 20 15

transfer to a neighboring chain (segment) with lower excitation Energy (10° x cm™)

energy. This results in an emission spectrum that is independentFigure 1. Absorption and fluorescence spectra of OPV3-modified
of the excitation energ¥ provided thatE > Ej.. Below the propyleneimine dendrimers in 2-MeTHF. Absorption spectra were taken
localization energy, the probability for a photoexcitation to atT = 100 K and fluorescence spectralat= 15 K. The arrows mark
migrate during its lifetime to a site with even lower excitation e localization energy as determined from SSF measurements (see
energy is practically zero. This is because no states of lower Figure 4).

energy are present in the close proximity of the excited
chromophore. Hence fluorescence is observed from a photo- 1.0
selected ensemble of excited-state energy levels of which the
mean energy and width are determined by the excitation energy
used wherk < Ej.

Absorbance
9

Fluorescence Intensity (a.u.)

Experimental Section
0.5

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 0.0
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 Figure 2. Comparison of absorption spectra of OPV3-modified
oscillator pumped by a Ti:sapphire laser (Spectra Physics). With dendrimers in 2MeTHF af = 100 K: (=) GO; (v) G1; (O) G3; (W)
this instrument, picosecond time resolution can be achieved. G5
Time-resolved fluorescence data in the nanosecond time domaing g g 1- Energies Associated with the Maximum of the

were obtained using the excimer pumped dye laser (Lambdag—1 vibronic Transition in Luminescence for Dendrimers of
Physik) as excitation source and an optical multichannel analyzerDifferent Generation

Absorbance

rr Aiad| u aazas
26 25 24 23 22 21 20 19 18
Energy (10° x cm™)

(model 1460, Par) with a gatable intensified diode as detector. SSF experiment order statisics  absorptiof
Absorption data were recorded with a lambda 9 spectrometer energy 0-1 AE AE AE >
H H H abs

(Perkln-EImer) in which a bath cryostat (Oxfgrd Instruments). (x10Pem ) (x1CPem) (x1Ccem?) (o)  (x10°em)
OPV-functionalized dendrimers were synthesized as desctibed.

GO 20.14 0 0 0 0.39

Gl 19.70 —0.44 —0.26 —1.029 0.46
Results G3 1037 —0.77 —0.44 -1766  0.49

In Figure 1 low-temperature absorption and fluorescence G5  18.63 —-151 -059 -2344 082

spectra of the dendrimefs0, G1, G3, andG5 are shown. At a Predictions for the lowest excited energy level from order statistics

low temperature (100 K) in a 2MeTHF matrix, the absorption using eq 2. Energies relative to the average energy of the isolated
spectra show vibronic fine structure with a characteristic energy chromopore, calculated using = 250 cni™* (see text)” Standard
separation between the bands of abed#00 cnr?. At room d_eviation obtained from the fit of a Gaussian curve to the low-energy
temperature this fine structure is absent and only a broad side of the 6-0 absorption band.

featureless absorption band is obser¥ddhis thermochromic tail appears for the higher dendrimers, associated with a
behavior is characteristic fq-phenylenevinylene oligomers  broadening of the 60 absorption band. This may be further
with alkoxy substituent$? At room temperature, the thermal quantified by fitting a Gaussian curve to the low-energy side
energy is apparently large enough to induce torsional deforma- of the first vibronic transition. The width of the Gaussian fitted
tions of thes-system that influence the electron delocalization (oapg is listed in Table 1 and increases with dendrimer
and, hence, the energy of the lowest excited Sfat€he generation. The fluorescence spectra obtained under nonselective
absorption spectra show relatively small changes with dendrimer excitation fexc = 430 nm) are also illustrated in Figure 1; they
generation. This is further illustrated in Figure 2. Upon show a substantial bathochromic shift with increasing number
increasing the dendrimer generation, the ratio between theof end groups.

intensities of the first (“6-0") and second vibronic (“61") In Figure 3 fluorescence spectra f8b obtained with various
band changes in favor of the-Q band. Second, a low-energy excitation wavelengths are given. For excitation frequencies
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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 {60 andG5 are shown. The
fluorescence ofGO 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 honexpo-
nential and short-lived components are observed Gsosome
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, thd 0
vibronic band at 18.5 10° cm™! has broadened and its center
has shifted toward lower energies by abetit00 cnt?.

Further experimental observations of the intricate photophysi-
cal behavior of the higher dendrimer generations is obtained

25 ST 26 19 18 A7 16 15 14 from fluorescence measurements in the nano- to microsecond

Energy (10° x cm™) time domain. In Figure 6 fluorescence spectra for the dendrimers

Figure 3. Site selective fluorescence spectraGf in 2-MeTHF atT recorded with delayed, time-gated detection are shown. For
=15 K. The arrow indicates the excitation energy. comparison the prompt fluorescence is also shown. The behavior

of GO is straightforward; the spectrum does not show any

resonance line o significant evolution with time. Emission recorded with a delay

+1620 cm”’ (e of 40 ns after excitation shows a very weak fluorescence signal
207 G1 at the same frequencies as observed for the ordinary fluorescenc.
o Given the instrumental response function~ef0 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. Kt this is quite weak, but

for G3 and G5 a long-lived component is observed with a
strongly red-shifted emission band (maximum at 16.5.0°
cmY). The intensity of this component is several orders of
magnitude lower than the prompt fluorescence. Its lifetime
amounts to several tens of nanoseconrd® ns). This emission
component cannot be distinguished in the SSF spectra with time-
integrated detection and selective excitation at the absorption

0-1 emssion photon energy (10° x cm™)

19 20 21 2 23 S C .
Excitation photon energy (10° x cm’) edge. This indicates that the delayed emission most likely
originates from a very minor fraction of the dendrimers.

Figure 4. Analysis of the SSF spectra of dendrim&8—G5. The
energy associated with the maximum of thelOvibronic transition in . ) .
fluorescence spectra is plotted versus the excitation energy. Analysis and Discussion

below 21.5x 103 cm! stray light from the laser prohibits We start the analysis of the spectroscopic data described
detection of the fluorescence in the 0 region of the spectrum, ~ @bove with a discussion of the SSF data shown in Figure 4. To
The 0-1 vibronic band can be monitored without problems. €valuate the red shift of the emission spectrum under nonselec-
As can be seen, for lower excitation energies the ®ibronic tive excitation with increasing dendrimer generation, we first
band splits into two components, one witil400 cnt! and make a few simplifying assumptions that help to make the
another with~1600 cnt? vibrational frequency. These two  Problem tractable. The validity of the assumptions will then be
vibrational frequencies are in fact characteristic of many reevaluated later on. We assume that the interchromophoric
z-conjugated polymerd Fluorescence spectra for all four €Xcited-state coupling energy is small compared to the width
measured and analyzed. The results are summarized in Figuré&hromophoric units. Under these conditions the excitations are
4. The position of the maximum of the-Q vibronic band in ~ localized mainly on a single functional group. The energies for
the SSF spectra is plotted as a function of the excitation energy.the lowest excited singlet state;j%re taken to be statistically
For high-energy excitation the emission is almost invariant to distributed according to a Gaussian distribution (with standard
the excitation energy. For low excitation frequencies, however, deviationo). The energies of the chromophores are assumed to
the fluorescence spectrum shifts linearly with the excitation be uncorrelated. We further suppose that energy transfer within
energy following the so-called resonance line. This behavior is the dendrimer is rapid so that fluorescence occurs from the OPV
to be expected when no further relaxation process in tfatae group within the dendrimer with the lowest excited-state energy
occurs upon excitation. Above a certain ener@yd, the (transfer complete within-100 ps).

position of the fluorescence bands becomes independent of the To relate the energy of the lowest excited state to the number
excitation frequency, indicating the onset of relaxation processes.of chromophoric groups on the dendrima},(we calculate the
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Figure 5. Time-resolved fluorescence measurements on dendrimer&S@AJower trace) ands5 (upper trace) in 2-MeTHF at 15 K. Excitation
at 22.2 and 21.% 10° cm™3, respectively. The intensity was integrated over the<18) x 10° cm™! spectral region. (B) Evolution of the emission
spectrum ofG5 with time atT = 15 K (see also (A)). Solid line: 66 ps detection window; dotted line +84.8 ns. (C) Fluorescence from (top
to bottom)GO, G1, G3, andG5 at room temperature in dichloromethane, excitation at3B0° cm™, detection at 18.% 10° cm™.
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Figure 6. Delayed luminescence of dendrimés§, 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 6.

expectation value (EX) of the lowest value in the set of n random
samples from a parent distributioB(x). This is a known
problem?2 Let P(x) denote the cumulative distribution function
P(x) derived fromG(x), i.e.

PO = [ "G(x) dx @)
Then

EXy =/ .m(P())" " dP() &y

value for themth moment:
EX"y = /X" (PO))" dP(X) (3)

If G(x) is taken as the Gaussian distribution

exp—x%/207)
V2o

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

G(x) = (4)

PX)O1- erf(\/_iza)

To simulate the SSF data, one would also like to include a
dependence on the excitation enekgyThis 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 —oo to €.

(%)

S X(P()"dP(x)

EX"(ne) =—_
f — (P()"dP()

(6)

We assume that all clusters with their lowest excited state in
the energy interval from-o to ¢ can be excited with equal
probability by photons of energy. Clusters with their lowest
excited state above are not excited. The photon energy
corresponding to the maximum of the-0 fluorescence band

is then given by the expectation value ¥Xe) 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
€. In this way one can predict how the width of the-@

This formula can be generalized to cover also the expectationfluorescence band depends orand e. We also include an



OPV-Substituted Poly(propyleneimine) Dendrimers J. Phys. Chem. A, Vol. 105, No. 45, 20010225

4 2 0 2
__ 10}
b
=~ -1.5f
o —_
g -20f 5
o =
5 2.5r S i
8 -30f 2
E z
W35t 2
£

-4.0¢
—~ 0.7} . .
O B N=4 S
E 06_ 1 rad 1 v"| e 1 1
.g 051 N=16 22 21 20 19 18 17

3. -1

.?_ﬁ 04l N=64 Energy (10°x cm™)
S 03l Figure 8. Determination of the inhomogeneous broadening of the
@ fluorescence spectrum &0 in 2MeTHF at 15 K upon nonselective
I_E 02y intrisic linewidth excitation (23x 10° cm™1). The dotted line with sharp peaks shows

N the SSF spectrum of, and a convolution of this spectrum with a

4 2 0 2 Gaussian with widthr = 250 cn1?! is also shown as a dotted line.

Excitation energy (o)
Figure 7. (A) Theoretical predictions for the energy corresponding to state, some planarization of the molecule can occur, which in

the maximum of the fluorescence band as a function of the energy of turn leads to a lowering of the excited-state energy. The fact
the excitation photons. Predictions based upon order statistics (see textthat no sharp zero phonon lines in the SSF spectra are observed

for clusters withN = 4, 16, and 64 chromophores, mimickiGl, provides an experimental indication for relaxation processes
G3, andG5. Energy unit: o, the standard deviation of the Gaussian  gccurring in the excited state.

distribution for excited states energies of the chromophores. (B) . . . . .
Theoretical predictions for the width of the fluorescence band as a  With this estimate ob it then becomes possible to calculate

function of energy of the excitation photons. the magnitude of the red shift predicted using (6). Values are
listed in Table 1. The experimentally observed shifts are found
intrinsic width @inrinsio Which represents the line width of a to be considerably larger than predicted from theory. This

single, isolated chromophore. discrepancy remains when one takes the valugas obtained
from analysis of the absorption edge at 100d4,¢ see Table
var(ne) = EX¥(ne) — EX'(e)? + iinge (7 1).

Further discrepancies between experimental data and the

Predictions for the width are shown in Figure 7B and were theoretical model appear when the widths of the fluorescence
obtained by taking the square root of the variance. Under bands are evaluated. Using eq 6, one predicts that the width for
nonselective excitation with high energy one expectsGora the fluorescence bands under nonselective excitation should
bandwidth equal ta. For dendrimers of higher generation one decrease continuously when the number of chromophores in
predicts a narrowing of the emission bands. When the excitation the cluster is increasédHere rapid energy transfer to the lowest
energy is scanned through the absorption band, fluorescencestate in the cluster is assumed to take place. The predictions
line narrowing is predicted when exciting at the red edge. are illustrated in Figure 7B. The experimental data do, however,

Theoretical predictions (Figure 7A) and experiment (Figure Not show this trend. The width of the vibronic bands in the
4) may now be compared. Qualitatively, the predicted red shift fluorescence actually increases slightly upon going f@@rto
of the emission spectrum upon increasing the number of G1 and to G3. For G5 a slight reduction is observed in
chromophores is indeed observed. For a quantitative comparisor£omMparison ta33, but the width forGS is certainly not smaller

between theory and experiment we need an estimate, fitre than forGO.
width of the distribution of excited-state energy for the isolated ~ To account for these discrepancies, one has to reevaluate the
chromophores. assumption of the interactions between the chromophores being

In Figure 8 the procedure to estimate the width of the weak enough not to induce (considerable) delocalization of
distribution of excited-state energies is illustrated. For model excitations over more than one chromophore. The other
compoundl a SSF spectrum under selective excitation has beenimportant assumption used in the analysis is that of rapid,
measured and the region corresponding to thé Qibration is complete energy transfer to the lowest chromophore in the
shown as dashed line in Figure 8. The spectrum is very similar cluster. Deviation from this latter assumed behavior does,
to SSF spectra obtained f@0. For 1 we were, however, able  however, not help to explain the discrepancy observed here. If
to achieve higher resolution. For both molecules thé @egion the energy is not transferred to the chromophore with the lowest
actually comprises two main vibrational frequencies, 1370 and energy, then clearly the magnitude of the red shift predicted
1620 cn1. This is common forr-conjugated material$. Also should be reduced. However, the shift predicted was already
shown in Figure 8 is the fluorescence spectrunGeéfat low too small to match the experimental observations. We conclude
temperature under nonselective excitation (solid line). Th&@ 0  that the interactions between the chromophores are nonnegligible
band in this spectrum can be reproduced by convoluting the when evaluating the energy levels of the dendritic cluster of
high-resolution SSF spectrum with a Gaussian with 2.5 x chromophores as a whole. Further support for this conclusion
1% cm™! (see Figure 8). This approach to estimatbas the comes from the time-resolved fluorescence data. These show
advantage that a possible relaxation of the molecule in the only limited spectral diffusion in the time window investigated.
excited state is included. For short oligomers it may be expected This indicates that energy transfer between the OPV groups
that due to the change in bond length alternation in the excited takes place on a time scale less than 10 ps and that correspond-
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ingly the coupling between the chromophores has to be quite constituent molecule. If(0 — n) denotes the intensity of the

strong. nth vibronic transition, then
Additional evidence for the importance of interchromophoric
coupling comes from the absorption spectra. The band shape 1(0—n) V2n
of the § — S, transition changes with dendrimer generation. I(O——O) Tl )

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 ?_pprO?(er]ﬁthﬂ does not hOId'. T.h's problem IS w_eII studjbd.
wo limiting cases can be distinguished for which a simple

maximum of the 6-0 absorption band remaining at the same approximate solution can be given. Wheay is very large so
frequency, but the band shape of the absorption band changing; PP 9 : ylarg

(4) rapid energy transfer between the chromophores on a time’[hat theyQ term can be neglected, the BO approximation applies
scale less than 10 ps to the aggregate as whole. In this case the distortion associated

Theoretical models have been developed to describe the effectW'th the excitation is spread out over all the molecules involved

of interchromophoric coupling on the properties of the excited the excitation (large polaron). WheNy is small in
P piing prop . ._comparison with matrix elements of theQ term, the BO
state. These models have been used to describe the peculiaf L . L
: ; X approximation applies to the individual molecules and the
changes in band shape occurring upon aggregation of pseudo-: AR A . .
isocyanine dye molecules (formation of J or Scheibe ag- distortion is limited in size to a .sm.gle molecule. It migrates
gregatesf and more recently aggregation afconjugated together with the electronic excitation through the aggregate
oligomers. In the latter case both changes in absortidh (small polaron). _For all but the purest mollecular crystals,
and emissiof?° bands were analyzed. In these models one molecular materials may be regarded as disordered. In (8)

makes use of a Hamiltonian that includes both the excited-stated'sc?rd.er may b? expregsed by ta_lklng the site energiés t_)e
interchromophoric interactions and coupling between vibrational _statlstlcally distributed (diagonal disorder). Furthermore, disorder

and electronic degrees of freedom. These effects are incorporate(lqn the packing .Of the molecules Iead_s o a spread of inter-
in the model Hamiltonian (8), which has been subject of several molecular coupllng param_ete‘_v‘aM_(off-dlagonal disorder) and
studies®® In this approach one (1) neglects exchange of electrons also forVyw a statlstlcql distribution mgy be assu.me'd.
between the molecules and (2) takes into account only one Here we use (8) to simulate absorption and emission spectra
(totally symmetric) vibrational normal coordina@ per mol- fqr small clusters (?onta|n|ng four molecules.'We include both
ecule. Under these premises it is possible to calculate excited-diagonal and off-diagonal disorder by choosing values for the
state properties of the aggregate on the basis of parameters foparametergy andVyw at random from Gaussian distributions

a single isolated molecule without the need for quantum (With widths oq andoora, respectively). To our knowledge the

chemical calculations on the whole cluster of molecules. combination of electron-vibrational coupling, diagonal and off-
diagonal disorder has not been considered previously. It has

\/— 5 5 been recognized, however, that disorder and electron-vibrational
H= ZINEGGN — 2V2yQyIN| + Q" + Py + coupling can act synergistically to induce localization of charge
carriers or excitatiorf so that their combination may give rise
INW M| + h.c. (8) to additional physical phenomena. Especially here where we
(N.M) deal with the nonrigid dendrimer core, inclusion of disorder
seems important.
In (8) NCstands for the product of electronic wave functions  \ye yse a numerical procedure to diagonalize (8) and a set
of the molecules, all of them taken to be in their ground state, o pasis states that include all electronically excited states with

except for moleculN, which is in its first excited state. The o5 than five vibrational quanta is used. To illustrate the set of
termsPy? andQn? describe the kinetic and potential energy (in  pis state we write (10).

units of hwjp/2) of the harmonic oscillator associated with the

Finding the eigenvalues and eigenfunctions of the Hamiltonian
(8) is a nontrivial problem. The coupling between nuclear and
electronic motion implies that the BoritOppenheimer (BO)

active nuclear vibrational mode on molectleThe terms with IN;0C]

Vnwv describe the transfer of the electronic excitation from !

moleculeN to M (interchromophoric coupling). INNp=10IN;p=1,0=10N;p=19=1r = 1[N;p =
Due to the term linear iryQy, the Hamiltonian cannot be 1g=1r=1s=10

written as the sum of a nuclear and electronic Hamiltonian. This

term arises from HerzbergTeller coupling of the lowest excited INp=20Np=209=10Np=20=1r=10
state with a higher excited state of the same symmetry. In the IN;p=3LIN;p= 3 =10

following it is assumed that the coefficient of the admixed higher o

state is small so that its contribution may be neglected when IN;p = 400 (10)
calculating matrix elements. As a result of th® term, the . ) .
number of vibrational quanta is not conserved upon optical HereN denotes the index of th_e electronically excited mole_cule
excitation of the molecule from its ground state. The electronic (1,2, 3, or 4) a_ncp, g1, sthe '”de’? Of. the molecules hosting
excitation is accompanied by a change of the equilibrium nuclear ©N€ O more vibrational quanta (indicated by the numbers).
geometry. This results in a vibronic progression in absorption Double elec_tronlc excitations are not t?ke”_'”“’ account. The
and emission spectra based upon the vibrational frequency oflUMber of singly excited states with b vibrational quanta in
the active mode. The coupling constantis related to the 2N @ggregate with a molecules is given by

Huang-Rhys factorS (S= y?), and in principle, its magnitude

can be obtained by evaluation the relative intensity of the (a+b)a (11)
vibronic bands in absorption and emission of tiselated alb!
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Figure 10. Distribution of the lowest excited state in clusters with

four molecules (see legend Figure 9). Curves shown pertain to varying
Energy (hv,.) degree of off-diagonal disordev; is given byY.(1 + a), wherea is

Figure 9. Theoretical modeling of the absorption spectra of a cluster drawn from a Gaussian distribution with= 0 (O), 4 (v), 8 (»), and

of four chromophores using the Hamiltonian (8) with fixed degree of 10 (®). The solid line shows the prediction for weakly interacting

diagonal disorder and varying degree of off-diagonal disorder. The Chromophores using order statistics.

dashed lines show the simulated spectrum for isolated chromophores

with their zero order excitation energy drawn from a Gaussian absorbance has not shifted in comparison with that for the

distribution with o = 5. Excited-state interchromophoric coupling jspolated molecule. For higher valuesafg the bands blur and

energied/; are given byt/»o(1 + a), wherea is drawn from a Gaussian a low-energy absorption tail appears.

distribution with (from top to bottomy = 0, 2, 4, 6, 8, and 10. All | . f-dli | disorder th h . |
energies are in units dir, the vibrational quantum of the active ncreasing off-diagonal disorder through augmentigg also

vibration. Spectra represent an average over 2000 clusters. For allnas an effect of the probability distribution for the lowest energy
spectra, the zero on the energy scale is defined by energy associatedevel Eoy in the cluster. This is illustrated in Figure 10. When
with the pure electronic transition (vertical excitation) of the isolated g = O the distribution ofEy, closely follows the prediction
OPV chromophore. made with help of the order statistics (eqs6). For the isolated

This amounts to 280 faa = 4 molecules ant = 4 vibrational chromophore the pure electronic energy of the photoexcited
quanta. Due to the rapidly increasing number of states, we werechromophore in the unrelaxed ground-state geometry (vertical
not able to simulate properties of the higher generation €Xcitation) is set at zero energy. The maximum of theDO
dendrimers of higher generations. In our calculation the four Vibronic transition in emission then lies Bt= —1hwi, when
molecules making up the aggregate were placed in such a wayy = 1. This lower energy in comparison with the vertical
that their centers are on the corners of a square. They are slightlyexcitation results from relaxation of the nuclear geometry.
tilted so that the aggregate as a whole has the shape of a cone Increasingoorq has two effects. First, the average value of
with the main axis of the molecules making an angle of 20 Ew becomes lower and second, the width of the distribution
with the axis of the cone. The transition dipole moment for the for Ew becomes broader. From the simulations using model
So—S: transition is taken parallel to the main axis of the Hamiltonian (8) we can now draw the following conclusions.
molecules. In our case where the coupling between chromo-(1) The changes observed in the band shape of gher &,
phores is not so strong, one may improve the convergence bytransition comparings0 andG1 can be qualitatively understood
using basis states in which the molecileon which the using (8). When the oligomer chains have a preference for
distortion resides is in the relaxed excited-state equilibrium aligning parallel, the higher vibronic transitions have higher
geometry. We have set = 1. Gaussian distributions for the intensity than for the monomer (H aggregate). (2) By including
parametersey and Vyv were assumed. Standard software off-diagonal disorder, one can qualitatively account for the
routines for generation random numbers and diagonalization of additional red shift and the width of the fluorescence band. A
matrixes were usetf. set of parameters that gives results compatible with the
Figure 9 shows simulated absorption spectra obtained by experimental observations ig ~ 5 x 107 cm™, goq ~ 5 x
numerical diagonalization of (8). In these calculations the 107 cm™?, and the average value for the coupling elemétig0
distribution ofey was given a widthy = /3hwy;p. Various band ~ 8 x 10 cm~L. Theoretical analysis of the interaction between
shapes shown correspond to a varying degree of off-diagonaltwo distyrylbenzene molecules showed that depending upon the
disorder. The distribution o¥/yy is biased to positive values, relative orientation of two chromophores, the coupling matrix
and the averagéyy amounts td/0hwyi,. The relative intensities ~ element can have eithevyy positive or negativé® The
of the various vibronic bands for the cluster are different from magnitude ofVym for a cofacial dimer of two molecules at the
those observed for the monomer. For the aggregate @& 0 minimal intermolecular distance (4 A) was calculated to be close
intensity is slightly reduced while the—@l intensity has  to 1000 cntl.26:27
increased. This change can be adjusted by choice of the bias of Finally, we discuss the delayed emission from the dendrimers.
Vim (Y20twyip for the curves shown). Taking distributions for  When disorder is included, the model Hamiltonian (8) predicts
Vnm With higher average, the-€0 intensity is reduced and the  changes in the emission band shape occurring with time after
0—1 intensity increases further. When no off-diagonal disorder excitation. This can be explained in the following way. Due to
is present (uppermost spectrum) the absorption bands arethe disorder, the rate of excited-state decay is not the same for
relatively sharp and their maxima are slightly shifted toward all clusters, nor is the fluorescence band shape. Depending on
higher energies. With increasing off-diagonal disorder the bands the electronic coupling between the chromophores, the intensity
broaden and foroorg = Yshwyip the energy of maximum of the 0-0 transition relative to the-61 band varies. Clusters
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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 descriBebh our systems
exciplex formation involving OPV and the tertiary amines of
e X NG the dendrimer might take place. The substitution of the
Y L L e distyrylbenzene with alkoxy side chains lowers the energy of
-1 -2 -3 -4 5 6 the first excited state considerably and this has an unfavorable
Energy (hv,,) effect on the free energy for exciplex formation.

Fluorescence Intensity (arb. u.)

Figure 11. Simulation of the time dependence of the band shape of

the emission spectrum for a cluster of four molecules using model Conclusion

Hamiltonian (8) (see also legend Figure 9). Diagonal disorder: site

energiesey are drawn from a Gaussian distribution with= Y/zhwyip. OPV-functionalized dendrimers provide useful and versatile
Off-diagonal disorder:Vym are drawn from a Gaussian distribution  model systems to investigate photophysical behaviar-aon-

fluorescence in the time interval frotn= 0 tot = 5, 10, and 20 times delocalization of electron_lc eXCItathn over more than one
the excited-state lifetime of the isolated monomeric chromophore. ~ chromophore can be studied. In particular we have shown that

) . ) changes in the shape of thg-S5; absorption band occurring
for which the 0-0 band has a low intensity generally have @ yih increasing dendrimer generation can be qualitatively
low probability for radiative decay. This corresponds to the case \ngerstood in terms of coupling of the electronic motion on
of exciton coupling betvygen parallel cpfgmal ollgomgrs, which {ha chromophoric groups in the dendrimer, implying delocal-
leads to a lower probability for the radiative decay via thé0 iz 4ti0n of the excitation. The inclusion of off-diagonal disorder

transition$* in comparison with the isolated molecule. The s tond to be essential to understand the experimental observa-
probab|llt3./.for the 6-1 an(_j hlgher. order vibronic transitions is . tions. This off-diagonal disorder could be interpreted physically
less sensitive to electronic coupling between the chromophoric iy 1ormg of a flexible dendritic core. Due to this flexibility the
units?*2 Assuming that the probability for nonradiative decay jistances between nearest neighbor end groups and their relative
is not influenced by aggregation, these clusters will have alongerorientation are not constant (as in a crystal) but are given by
emission lifetime because of the reduced probability for radiative statistical distributions. At low temperature the conformation
decay. For clusters with a different arrangement of the chromo- of the dendrimer is frozen and an ensemble of dendrimers is

phores, the probability for the-0D transition may be enhanced most probably heterogeneous with respect to conformation. The

(superradiance). For such clusters the intensity of thé Band disordered arrangement of the end groups and the spread in
relative to the 6-1 will be higher and the lifetime of the excited Excitation energy of the individual end groups within a

Ztatedshogld Ibe redu%ed. 'I!]'hules one expects forhan ef‘semb'g O8endrimer limit the extent of delocalization, and our simulations
efc?t;t?c:r? isggrsr’wtﬁlr:tetdzg tthe uort_ascgnccfa at Sh ort tlmesdg indicate that for most excited states, one particular OPV unit
. y the contribution from the superradiant | iynin in the dendrimer exists at which the excitation resides

clusters featuring a-80 band with high-relative intensity. At ith robability areater than 50%
long times after excitation the contribution from the subradiant with a p ) Y9 > )
aggregates will dominate and the intensity of thedtand will Our findings may be compared to results obtained for other
be reduced. This is illustrated in Figure 11, which shows model Mulichromophore systems. Single molecule studies on dendritic
calculations of the fluorescence band shape for a cluster of fourMmelecules with perylenecarboximide dyes have revealed het-
molcules obtained by numerical diagonalization of (8). Simu- €rogeneity in the spectrocopic properties of the dendrimers and
lated spectra pertain to= 0, 5, 10, and 20 times the lifetime  the formation of “dimer-like” excited stat&s depending upon
of the isolated chromophore. The spectra are normalized. Inthe conformation of the denrimer core. The situation may also
these simulations it was assumed that the rate for nonradiative®® compared to the B850 chlorophyl pigments in the light
decay is the same for all clusters and the quantum yield for harvesting complex 2 of purple bacteffaor this system of
fluorescence from the isolated chromophores was taken to bechromophores experimental evidence for delocalization of the
0.8. exciton has been reportédAlso here the delocalization is

In Figure 6 it can be seen that in the delayed emission from limited by disorder. A major difference between the chlorophyl
G1 a change in the intensity of the-O relative to the 61 and OPV pigment systems is that for the former the coupling
band is indeed observed. This is consistent with the model between electronic and vibrational motion can to a good
calculations shown in Figure 11. However, experimentally one @Pproximation be neglected: Thg Rand of the bacteriochloro-
also observes an increase in the relative intensity of the2 0  Phyl hardly shows any vibronic fine structure. For the conjugated
and higher vibronic bands. These changes are not accountedligomers coupling of the electronic and vibrational motion is
for by the model calculations. Such an increase in the intensity considerable and needs to be taken into account in order to
of higher vibronic transitions can most likely not be described understand the band shape of the absorption and emission
by the model Hamiltonian (8). Furthermore, interchromophoric SPectra associated with the-55, transition.
interaction as described by (8) wityy comparable in
magnitude to the vibrational energy quantum can only account Acknowledgment. We gratefully acknowledge financial
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