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Accepted ooth January 2012 We report a comprehensive study on a newly synthesized perylenetetracarboxylic diimide

DO 16.1035/x0x¢00000% (PDI) hexamer together with its corresponding monomer and dimer by means of steady-state

absorption and fluorescence as well as femtosecond broadband transient absorption
www.rsc.org/ measurements. The structure of PDI hexamer is nearly arranged in a 3-fold symmetry by three
identical and separated dimers. This unique structure makes the excited state energy relaxation
processes more complex due to the existence of two different intramolecular interactions:
strong interaction between face-to-face PDIs in dimer, and relatively weak interaction among
the three separated PDI dimers. The steady-state spectra and ground state structural
optimization show that the steric effect plays dominant role in keeping the formation of the
face-to-face stacked PDI-dimer within PDI-hexamer, indicating that there is some level of pre-
associated excimer formed already in the ground state for dimer in hexamer. Femtosecond
transient absorption experiments on PDI hexamer reveal a fast (~200 fs) localization process,
and sequential relaxation to pre-associated excimer trap state from the delocalized exciton state
with about 1.2 ps after initially delocalized excitation. Meanwhile, excitation energy transfer
among the three separated dimers within PDI-hexamer is also revealed by the anisotropic
femtosecond pump-probe transient experiments, where the hopping time is about 2.8 ps. A
relaxed excimer state is further formed in 7.9 ps after energy hopping and conformational
relaxation.

Introduction

Photosynthesis, which converts solar energy to chemical
energy, is one of the most efficient biological processes in
nature, where in the LH1 and LH2 bacterial photosynthetic
antenna, the pigments are generally deliberately positioned in a
wheel-like arrangement. To simulate efficient biological
processes, the artificial light-harvesting functionality in
assemble structures have been studied with the goal of applying
these molecular arrays to molecular photonic devices or
artificial light-harvesting systems. These studies revealed a
fascinating interplay between photoexcitation
localization/delocalization patterns and their energy-relaxation
dynamics. For these reasons, it is important to understand
excitation energy transfer process in both natural and artificial
light harvesting systems as well as in materials for organic
photovoltaics.! Supramolecular organic assemblies have
attracted widespread interests due to the important position of
the aggregated chlorophyll molecules inside purple bacteria in
photosynthetic energy transfer’®, and numerous potential
application in semiconductors in electronic devices’® and
functional materials in photovoltaic devices”''. The self-
assembly of the organic chromophores provide novel ideas and
starting points to design and synthesize the rigid molecular as
model systems by smaller chromophores.

This journal is © The Royal Society of Chemistry 2013

In this paper, a newly synthesized perylenetetracarboxylic
diimides (PDI) hexamer is used as an model for the study of the
photophysical interactions within the face-to-face PDI pair
and/or among the three identical PDI-dimers.'> The molecular
structure of PDI-hexamer is shown in Scheme 1. For
comparison, the molecular structures of PDI-monomer and
PDI-dimer are also shown in Scheme 1. PDIs have been
thoroughly studied in the last few years as an active material for
light harvesting,>"'7 photovoltaic applications,'®'®' and as
model chromophores exhibiting basic photoinduced charge and
energy transfer processes, whose main characteristics are
outstanding photostability and the ability to self-assemble in
solution, mostly by n-n stacking. In PDI-hexamer, as described
in ref. 12, the six PDI units are nearly arranged in a 3-fold
symmetry by three identical and separating face-to-face PDI
dimers connected through central benzene ring. It is expected
that two kinds of intermolecular interactions may exist: the
strong coupling interaction within a face-to-face chromophore
pair linked by the same N atom as a dimer, and the weak
interaction among the three separated dimers. We investigate
here the excited state kinetics of the mutibranched PDI hexamer
using femtosecond pump-probe experiments combined with the
steady-state spectroscopic measurements. By comparing the
responses observed in monomer, dimer and hexamer, we are
able to demonstrate the decay pathways associated with
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chromophore-chromophore interactions in hexamer. The result
is explained in terms of exciton-excimer model. Quantum
chemical calculations suggest that the ground state dipole
moments of two PDI chromophores in each dimer branch of
hexamer are nearly parallel because of the steric effects;
whereas the two PDI chromophores in free dimer are distant
from each other because of the flexible linker. Furthermore, the
spectral properties of free PDI-dimer behave more like two
independent (or weak-coupled) monomers. Relative to that of
the corresponding monomer and dimer, the fact that the steady-
state absorption spectra of PDI-hexamer exhibit intensity
redistribution with increased blue absorption and broad red-

shifted emission spectra of PDI-hexamer, which is predicted by
modified H-type exciton model, indicates the formation of a
pre-associated excimer in ground state because of steric effects
for dimer within hexamer. In femtosecond transient absorption
for PDI-hexamer, exciton localization process is observed,
which sequentially relaxes to the pre-associated excimer trap
state. Polarization selective transient absorption shows the
energy transfer among the three dimers within hexamer. All
these results could be helpful in improving our knowledge on
the structure-dependent optical properties of these compounds,
enabling the design and synthesis of new chromophores with
excellent optical properties.

Scheme 1. Molecular structures of PDI-hexamer, PDI-dimer and PDI-monomer.

PDI-hexamer

Experimental Methods

Steady-State Spectroscopy

The synthesis of PDI-monomer, PDI-dimer and PDI-hexamer
has been described previously.'? UV-vis absorption spectra
were recorded with a U-3010 spectrophotometer (Hitachi,
Japan). Corrected fluorescence and excitation spectra were
obtained with a F-4600 fluorescence spectrometer (Hitachi,
Japan) using a Xe lamp as the excitation source. All the
experiments were carried out at room temperature.

Time Correlated Single Photon Counting (TCSPC)
measurements

The time-resolved fluorescence lifetime measurements were
carried out using a time-correlated single-photon counting
(TCSPC) spectrometer (F900, Edinburgh, UK). The samples
were excited at 500 nm using a picosecond LED source (PLS-
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500, PicoQuant, Germany). The instrument response function
(IRF) of the detection is about 400 ps.

Femtosecond Transient Absorption Measurements

The transient absorption measurements with 90 fs time-
resolution were measured using homemade femtosecond
broadband pump-probe setup, which has been described in
detail elsewhere.’®?' Briefly, a regeneratively amplified
Ti:sapphire laser (Coherent Legend Elite) produces 40 fs, 1 mJ
pulses at a 500 Hz repetition rate with a spectrum centered at
800 nm and a bandwidth of 40 nm (FWHM). The output from
the amplifier is split by a 90/10 beamsplitter into pump and
probe beams. A portion of the 800-nm fundamental light was
doubled in a 0.5 mm thick BBO (type I) crystal to provide the
400 nm pump pulse. For pumping at 520 nm, a TOPAS-C
(Light Conversion, Lithuania) was used with pulse width of
about 90 fs. About 100 nJ/pulse at 400 nm and 90 nJ/pulse at
520 nm used for excitations are focused into sample with 120

This journal is © The Royal Society of Chemistry 2012
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pm spot. A synchronized optical chopper (New Focus Model
3501) with a frequency of 250 Hz is inserted into the pump
beam path in order to record spectra that are classified as
pumped and not-pumped spectra, thereby reducing background.
Every spectrum is recorded 360 times and the averaged
spectrum is used in further data processing. The probe beam at
800 nm is sent to a variable optical delay line with maximal
delay down to 1 ns, which comprises of a retro-reflector mirror
on a computer controlled precision translation stage with a
temporal resolution of 1 fs. The probe beam is then focused on
a 2-mm-thick water cell to generate a white light continuum
(WLC). The WLC provides a usable probe source between 430
and 780 nm selected by a bandpass filter. The WLC was then
split into two beams using a broadband 50/50 beamsplitter for
reference and signal beams. The signal beam is focused into a
flow cell with 1 mm path length and spatially and temporally
overlapped with the pump beam in the liquid sample, while the
reference beam is passed through the unexcited volume of the
sample. Both reference and signal beams after the sample are
focused into optical fibers of a dual-channel spectrometer
(Avantes AvaSpec-2048-2-USB2) triggered from the same
synchronized optical chopper driver at 500 Hz. In isotropic
transient absorption measurements the mutual polarization of
pump and probe beams was set to the magic angle (54.7°).
Using the two-beam method, a few algorithms of data
acquisition can be applied with the most common being a
relative normalization of the spectral intensity of the probe to
the spectral intensity of the reference. For each pump pulse,
spectral intensities of the signal and the reference without any
7 Jr

signal and ref

excitation in the sample, respectively, and

on on .
1 signal and [ ref 1D the presence of the pump, were measured.

Then the AOD of the transient absorption (for a given time
delay) can be calculated from the following formula:

L (1:4) 1y (1,2)
120 (L 2) I (6, 2)

AOD(t,1)=—log (1

Data Analysis

Before global fitting, a wavelength-dependent time-zero
correction was performed to account for the group velocity
dispersion of the probe beam using a commercial fitting
software (FemtoSuite, IB Photonics Ltd.). The differential

absorbance AA(t,ﬂ) was analyzed using the population

dynamics modeling graphical interface program Glotaran and
TIMP,**> where a sequential model was used to model the

AA(I ,ﬁ,) data. The transient absorption spectra are globally

fitted with the sequential model and the associated spectra are
called evolution associated difference spectra (EADS), which
can be described as

A(1,2)=Y B (1) EADS, (1) @
i=l1

and

with ¢ (1) = Z;Zl b, exp(—kjt)®i(t)

bﬁ :H;:lkm/l_[;:l,n;/(kn —kj) , where i(t) is the
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instrument response function (IRF), k ; is the decay rate of
component j and the amplitudes b i of the exponential decays

are defined for j <7 assuming b,, =1. The EADS represents

the spectral evolution with successively increasing lifetime.

The time-resolved anisotropic decay r(t) was calculated from
the decay curves under the parallel polarizations Iy(t) and
perpendicular polarizations I,(t) based on the tail matching
correction according to equation (3):**%

I\ (t) -1 1 (t )
r()=—rs 5
I (t)+21,()
where I(t) and I,(t) represent signals with the polarizations of
the pump and probe pulses being mutually parallel and
perpendicular, respectively.

The 0.1 mM solution of sample in spectral grade chloroform
was prepared under dim light and circulated in a flow cell with
a path length of 1 mm to ensure that a fresh sample volume was

exposed to each pump pulse. No photodegradation was
observed after femtosecond transient absorption measurements.

3

Results and Discussion

Steady-State Spectroscopy

Figure la shows the steady-state absorption and fluorescence
spectra of PDI-monomer, PDI-dimer and PDI-hexamer
dissolved in chloroform. It is found that PDI-monomer shows
an absorption maximum peak around 545 nm together with two
lower intensity vibronic peaks around 510 and 470 nm
corresponding to the strong allowed S,—S; transition of PDI
with the transition dipole moment oriented along the long axis
of PDI molecule. A second peak around 400 nm and attributed
to transition involving a higher excited state (Sy—S,) with the
transition dipole moment oriented along the short axis of PDI
molecule, which is similar with other reported PDIs.>**’
Meanwhile, the absorption of PDI-hexamer shows two red
shifted maximum around 555 and 520 nm with a shoulder
around 480 nm. Compared to PDI-monomer, a dramatic
intensity change between the two main bands (555 and 520 nm)
in PDI-hexamer is seen, where the intensity ratio of Isss nn/Isog
am 18 about 1.04 for PDI-hexamer, and about 1.52 for PDI-
monomer, respectively. According to Kasha’s theory, there are
two types of the exciton models (H- and J-type) to predict the
observed spectral behaviors.”® The coupling of two transition
dipoles causes splitting of the lowest energy electronic
transition into two exciton bands, with the higher energy band
having all of the oscillator strength for H-type face-to-face
stacking, whereas with the lower energy band having most of
the oscillator strength for J-type arrangement.”® This generates
two bands, with the upper one being an allowed and intense
absorption transition from the ground state for an H-type
structure while the lower level is allowed for the absorption
transition for the J-type model. Therefore, the dramatic
decrease in the intensity ratio of Isss ,mn/Is20 nm Of PDI-hexamer
(~1.04) relative to that of PDI-monomer (~1.52) suggests the
existence of the delocalized exciton states in PDI-hexamer,
where an H-type aggregate is formed in PDI-hexamer.'**° This
can be further confirmed from following ground state structural
optimization.
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Figure 1. Normalized steady-state absorption (solid lines) and fluorescence (dotted lines) spectra of PDI-monomer (black), PDI-
dimer (red) and PDI-hexamer (blue) measured in chloroform (a). The fluorescence excitation spectra were monitored at 630 nm
for PDI-monomer (black) and PDI-dimer (red) and 660 nm for PDI-hexamer (blue) (b). The concentration of PDI-hexamer used
here were low enough to ensure no intermolecular self-assembled structures exist.'” (see Figure S1, ESIt)

In order to check the alignment of transition dipoles of the
PDI molecules in hexamer, we performed ground state
structural optimization with AM1 model as implemented in the
Gaussian 03 software package.*® Solvation effect is neglected
during optimization. The optimized ground state geometries of
PDI-hexamer is displayed in Scheme 2. The optimized results
show six PDIs linked via C-N bonds on the benzene ring. Each
pair of PDIs linked by the same N atom is regarded as a dimer
branch, where the three dimers exhibit Cs;-symmetry. The
center-to-center distance between the two PDIs in one dimer is
about 8 A, while the distance between two adjacent dimers is
longer than 15 A. It is found that the hydrogen bond exists
between the amide nitrogen and carbonyl oxygen in one dimer,
and a slight distortion of the aromatic core is caused by the

presence of the butylphenoxy substituents in the bay regions.
Their aggregation modes determined by Li using XRD analysis
and MM+ calculations confirmed the optimized structure
here.'? In addition, each PDI chromophore in one branch dimer
is close to a cofacial structure, with the rotational displacement
angle between the two coupled PDI planes about 38°. Since
transition dipole of PDI is oriented along the long N-N axes, the
transition dipoles in each coupled PDI-dimer are not strictly
parallel to each other. Therefore, according to the adjusted
zero-order exciton theory, the molecular vibration coupled
strongly with electronic transitions could slightly change the
selection rules, and transitions from the ground state to both

exciton levels are allowed.’!3?

Scheme 2. Energy-minimized ground state structure of PDI-hexamer (a). The enlarged dimer part of PDI-hexamer (b).

8.4 A

d=158A d:.=

d, is the smallest center-to-center distance between the two PDIs in different dimers; d, is the center-to-center distance between the
two PDIs in one dimer; ¥ is the rotational displacement angle.

d.=84A ¥P=38

As shown in Figure 1, the fluorescence excitation spectrum for PDI-monomer, but that is significantly different for PDI-
of PDI-monomer is nearly the same as the absorption spectrum hexamer, where the intensity of 520 nm peak becomes stronger

4| J. Name., 2012, 00, 1-3
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than that of 555 nm peak, in line with the H-type dimer model.
It is possible that the interactions among these three H-type
dimers in PDI-hexamer may further slightly adjust the energy
levels to form the low-energy excimer state, even though the
coupling among these three dimers is much weaker because of
the long distance. Furthermore, the intensities of 520 nm
excitation peaks of PDI-hexamer gradually increase (see
fluorescence excitation spectra in Figure S2, ESIf), when
monitored emission wavelength changes from 600 to 730 nm,
further indicating the formation of excimer state dominated in
long wavelength region. The fluorescence spectra of PDI-
monomer and -hexamer as shown in Figure la are significantly
different. PDI-monomer has a sharp, well-resolved fluorescence
spectrum, relative small Stokes shift with an emission
maximum around 580 nm and a vibronic band around 625 nm
(typical mirror image of the absorption band). On the other
hand, fluorescence spectrum of PDI-hexamer shows a broad
and featureless with a largely red-shifted maximum around 665
nm. Moreover, the fluorescence lifetime of PDI-monomer is
about 4.8 ns (see Figure S3, ESIt), whereas the lifetimes of
PDI-hexamer show two typical values with a short one about
3.3 ns and a long one about 20 ns (see Figure S4, ESIT) The
short lifetime (~3.3 ns) is corresponding to the interacted
exciton states or monomer dominated at blue-side of emission
spectra, and the long lifetime (~20 ns) mainly corresponds to
the excimer state of PDI-hexamer. As shown in Table S1, the
increasing pre-exponential factor of the long lifetime monitored
at long emission wavelengths suggests the formation of typical
low-energy excimer state in PDI-hexamer, which lies below the
nearby lower-energy exciton state.

In addition, we also carefully compare the steady-state
spectra and fluorescence lifetime results of free PDI-dimer with
that of PDI-monomer and -hexamer, (see Figure 1 and Figure
S2-S4, ESIt) and it is surprised that all of the spectral
characteristics seen in PDI-dimer resembled the results
obtained from PDI-monomer rather than PDI-hexamer. We
believe that this is because the geometrical arrangement of two
PDI units in free dimer is totally different from that in the dimer
in hexamer, where the rotational displacement angle is much
larger in dimer (¥ = 119°) (see Figure S5a, ESI{) compared to
that in hexamer (¥ = 38°) (see Scheme 2b) because of steric
effect. Therefore, in free dimer, two PDIs are distant from each
other because of the flexible linker, and the spectra of free PDI-
dimer behave more like two independent (or weak-coupled)
monomers. This suggests that the steric effect plays dominant
role in keeping the formation of the face-to-face stacked PDI-
dimer within PDI-hexamer. In other words, as shown in Figure
1b and Figure S2 (ESIf), the non-overlap of the fluorescence
excitation spectra of the free dimer and hexamer indicates that
there is some level of pre-associated excimer formed already in
the ground state because of steric effect for dimer in hexamer.
Ground state cofacial stacking is known to promote excimer
formation by greatly enhanced interaction of the initially
localized excited state with one of the ground state molecule in
the face-to-face PDIs.***> Similar emission spectra have been
observed previously in tethered PDI oligomers.’**® The low
fluorescence quantum yield of hexamer less than 0.01,'? and
very long lifetime (up to ~20 ns) (see Figure S4, ESIT) are
typical evidence of excimer formation, where the low
concentration PDI-hexamer used for the experiments ensures
the excimer formation is from the two closely packed PDIs in a
dimer of hexamer.

Femtosecond Time-Resolved Transient Absorption

This journal is © The Royal Society of Chemistry 2012
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Figure 2 shows the femtosecond time-resolved transient
absorption spectra at different delay times of PDI-monomer and
PDI-hexamer in chloroform following 400 nm, 90 fs excitation,
where those transient absorption spectra at longer delay times
are shown in Figure S6 (ESIf). As shown in Figure 2a,
photoexcitation to S, state of PDI-monomer results in ground
state bleaching (GSB) seen as a negative band extending from
450 to 650 nm with two GSB peaks around 510 and 550 nm,
accompanied by positive excited state absorption (ESA) band in
the 650-780 nm range. This ESA band probably extends to
GSB region in transient absorption spectra which is masked
because of strong overlap with more pronounced GSB and
stimulated emission (SE) bands. The GSB band corresponds
well to the steady-state absorption spectra of PDI-monomer.
Partially overlapped with the GSB band, a strong SE appears at
wavelengths corresponding to the steady-state fluorescence
(550-650 nm). All these features are in agreement with
previously published results for similar PDI-monomers.***!
The transient absorption spectrum of PDI-hexamer seems
similar with that of PDI-monomer, and features a negative GSB
band (450-600 nm) and a positive ESA band (600-780 nm). A
closer looking at the transient absorption spectrum of PDI-
hexamer relative to that of PDI-monomer reveals that the ESA
band in hexamer shows time dependent blue/red-shift and
broadening, indicating a typical characteristic of the formation
of excimer state.’”*** The SE band in the 550-650 nm range
observed in monomer is invisible in hexamer due to formation
of the excimer state with a very low fluorescence quantum
yield.

To extract the excited state relaxation dynamics of PDI-
monomer and PDI-hexamer, a suitable kinetic model was then
necessary to fit the data shown in Figure 2. For PDI-monomer,
the excitation at 400 nm directly populates the S, state, and then

. ib ..
the excited monomer relaxes to the Slw state via internal

conversion, and sequentially vibrational cooling to the lowest
vibrational level of S;, which is common in PDI or other
molecules in previous reports******  therefore a sequential
kinetic model is quite suitable for the global analysis of PDI-
monomer. For PDI-hexamer, as mentioned above from steady-
state spectral properties and ground state structural optimization,
there are three separated face-to-face cofacial stacking dimers
in hexamer, and a broad and largely red-shifted structureless
fluorescence spectrum with long lifetime (up to 20 ns) was
observed, suggesting the formation of a low-energy excimer
state. This is the typical feature of the excimer’s emission from
the face-to-face stacked PDI-dimer (H-type).'** Because the
lower exciton band of the dimer is forbidden with less intense
absorption transition from the ground state for an H-type
structure, that as mentioned above, a low energy pre-associated
excimer already exist below the lower-energy exciton state,
where the relaxation from exciton state to the pre-associated
excimer is very fast less than 4.5 ps or even more faster as
reported previously,*®* and after an excitation, the excited state
relaxation in the face-to-face dimer (H-type) will play a main
role in excited PDI-hexamer,***>*¢ while a sequential kinetic
model is also appropriate for the global analysis of the time-
resolved data of PDI-hexamer as predicted from Kasha
model.”® Althrough, the free dimer (see Figure S5) is not an
ideal model for making comparison with the dimer in hexamer,
several PDI-dimers with the similar face-to-face m-stacking
geometry as the PDI-dimer in our PDI-hexamer have been
reported,' %4346 where the spectral features and excited state
dynamics observed in our PDI-hexamer are very similar to the
behaviours observed in those reported PDI-dimers.
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Therefore, together with the conclusion from the steady-state
measurements, the sequential scheme could be used for
modeling the transient data of both monomer and hexamer, that

is, EADS associated with certain kinetic profile represents the
spectral features following that dynamics, the corresponding
time constant can be regarded as the lifetime of each EADS.*’
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Figure 2. Femtosecond transient absorption spectra for PDI-monomer (a) and PDI-hexamer (b) in chloroform following excitation
at 400 nm. Arrows in (b) reflect the ESA peaks blue/red shifted with time delay.

Sequential kinetic models used in the global analysis of the
time-resolved data and resulting EADS for PDI-monomer and
PDI-hexamer are shown in Figure 3. The fitted time constants
are also listed in Table S2 (ESIf). For monomer, two major
components are required to obtain the best fitting. The internal

. ib e
conversion process from S, state to S 1w state after excitation is

less than 100 fs that beyond the resolution of the detection. The
first component with time constant of about 3.6 ps (red line in

Figure 3c) corresponds to vibrational relaxation from SIVib to
the lowest vibrational level of S;. This EADS has an ESA band
between 650 and 780 nm, which can be ascribed to the SIWb

state. The second component (blue line in Figure 3c) is
associated with the decay of S; state to the ground state with a
decay time constant of about 2.5 ns, in line with fluorescence
lifetime of PDI-monomer obtained from time correlated single
photon counting (TCSPC) measurements. The GSB recovery at
550 nm of this EADS is mainly attributed to the superposition
of the negative GSB band with the positive ESA together with
the negative SE band. Kiihn and his coworkers had investigated
a PDI chromophore whose molecular structure resembled the
structure of the PDI-monomer, excepted for having four
substituents at bay positions.? Their calculated ESA spectrum
shows two broad features, one between 500 and 600 nm and
another one extending from 650 to 750 nm.?® It is reasonable to
expect that the GSB peak at 550 nm is influenced by ESA more
heavily than that at 510 nm. Meanwhile, For PDI hexamer,
three components are needed to obtain the best fitting of the
pump-probe data of PDI-hexamer. The ultrafast time constants
of the decay process from S, to the exciton states and the
internal conversion between the two exciton states could not be
resolved because of the limited time-resolution. The EADS of

6 | J. Name., 2012, 00, 1-3

first component (red line in Figure 3d) represents the exciton
equilibration and localization with a lifetime of 1.2 ps,
indicating that the energy relaxation from the exciton states to
the pre-associated excimer state evolves on a 1.2 ps lifetime.
The second EADS (green line in Figure 3d) contains a more
intense GSB peak at 520 nm than at 560 nm similar to the
shape of the fluorescence excitation spectrum of hexamer (as
shown in Figure 1b) and a slightly blue/red-detuned ESA (as
indicated with arrows in Figure 2b) in the region of 600-780 nm
which further proves the formation of excimer state.’”*
Recently, Wasielewski and coworkers had investigated the
energy flow dynamics and the excimer formation of cofacial
PDI dimers.*****® They mentioned an 8-17 ps relaxation in the
model which is assigned to geometric rearrangement from the
initial unrelaxed excimer state to a more relaxed excimer
conformation due to the existence of the displacement
rotational angle between the long N-N axsis.*> In our case, the
PDI hexamer has a similar conformation (as shown in Scheme
2) so that the 7.9 ps component is attributed to the relaxation
from the unrelaxed to a more relaxed excimer state. That is, in
the hexamer it takes about 7.9 ps for dimer to reach the relaxed
excimer geometry, which is expected to have the long N-N axes
of the two PDIs parallel to each other, since the rotational
displacement angle between the two PDI planes is about
38°.%% The formation of relaxed excimer is so fast (~7.9 ps),
and this is why there is no evidence for a rise time at 680 nm
observed from TCSPC experiments (see Figure S4 and Table
S1, ESI{) because the limited time resolution of TCSPC
measurements. The third EADS (blue line in Figure 3d)
corresponds to the decay process from the relaxed excimer state
to the ground state with a very long lifetime up to 20 ns
obtained from the fitting, which is in accordance with the
TCSPC result.

This journal is © The Royal Society of Chemistry 2012
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Figure 3. Sequential reaction scheme for PDI-monomer (a) and PDI-hexamer (b), respectively, showing the relaxation pathways
after excitation with 400 nm. EADS of monomer (c) and hexamer (d) fitted with the corresponding sequential models. The
associated population evolution curves of the EADS components for monomer (e) and hexamer (f). Insets show the initial stages
of evolutions of excited stated relaxation. Kinetics at selected single wavelengths for showing the quality of global fitting for PDI-
monomer and -hexamer are shown in Figure S7 and S9 (ESIY), respectively.

It should be mentioned that photoinduced electron-transfer is
another important photophysical process usually considered in
PDI-related chromophores and aggregates.**~%>! Numerous
previous studies found that charge transfer can occur in the case
of stronger electron donating bay-substituents such as
triphenylamine,** for example, the electron transfer from the
3,4,5-tridodecyloxyphenyl at the imide N atoms substituents to
the two phenoxy substituents in PDI core was reported, which
leads to the nonemissive charge-separated excited states.*?
Since photoinduced charge transfer process may be initiated in
our systems, the red-shifted peak around 730 nm in the
transient absorption spectrum could be assigned to PDI" ion in
the transient absorption spectrum.*>>*>* However, it is more
probable that the formation of excimer dominates in the energy
relaxation of PDI hexamer.

As mentioned above, PDI-hexamer composed of six PDI
monomers results in two kinds of interactions among/between
these PDI chromophores. We believe that a strong excitonic

This journal is © The Royal Society of Chemistry 2012

interaction exists between the two chromophores in one dimer,
and an electronic energy transfer hopping occurs among these
three dimers. To further explore the relaxation dynamics of the
excited-state interaction, we performed the anisotropic
femtosecond transient absorption experiments. The anisotropy
change implies a dependence on the relative orientation
between pump and probe polarization which is caused by
reorientation of excitonically coupled transition dipole
moments or by differently oriented transition dipole moments
when energy hopping process occurs.*****° Figure 4 presents
the time dependence of the anisotropy of monomer and
hexamer both probed at 560 nm following 520 nm excitation.
For monomer, it is found that there is no obvious anisotropy
decay within the time period of measurement with a high initial
r(0) around 0.35, indicating slow rotation of monomer molecule.
On the contrary, the hexamer shows fast 200 fs depolarization,
and the value of anisotropy decreases from near 0.4 to 0.1
during this fast initial decay. It then reduces further to 0.03 on a
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2.8 ps time scale. These features indicate complex relaxation
dynamics in PDI-hexamer determined by energy transfer from
the exciton to excimer state. Combined with the isotropic
transient absorption results, the fast 200 fs component of the
anisotropy decay in hexamer reflect the strong interaction
between the PDIs, where the intial delocalized exciton state
formed over a substantial portion of the hexamer is
subsequently localized on one branch, leading to the initial fast
depolarization, which is in accordance with the exciton
localization time scale obtained from isotropic transient
absorption. The slower 2.8 ps decay component reflects
incoherent hopping among the three dimer-branches followed
by the formation of the relaxed excimer state. This behavior is
usually seen in multi-branched macromolecules and
photosynthetic light-harvesting antenna pigment systems,
within the similar time scale as estimated using Forster energy
transfer theory.>®

L /\—monomer
v
f?0.3 VW
= 200430 fs (65.6%
5 0.2 / s ( o)
E 0.1 /2.810.1 ps (34.4%)
N ——hexamer
0.0 i
L L L L L L
0 10 20 30 40 50 60 70
Time (ps)

Figure 4. Femtosecond transient absorption anisotropy decays
of monomer and hexamer probed at 560 nm following 520 nm
excitation. Fitting results are also shown.

Comparing the results obtained from isotropic and
anisotropic transient absorption measurements, it is found that
the fast anisotropy changes resulted from the exciton interaction
and energy-migration processes, occurring simultaneously with
the exciton localization on one site observed in isotropic data
within the similar time scale. Obviously, initially delocalized
symmetrical excited state is also affected by some energy
dissipation processes like solvation and vibrational relaxation,
which introduce dynamic disorder, leading to the accelerated
localization of the excitation.”” However, the detailed analysis
of these processes is beyond the scope of this paper because of
the limited time-resolution.

Conclusions

In summary, a mutibranched PDI hexamer was investigated by
employing both steady-state and femtosecond transient
absorption measurements in order to gain deeper insight into
the energy flow mechanism. Comparative study of PDI-
hexamer and corresponding PDI-monomer and PDI-dimer
chromophores is helpful in developing the following energy
transfer scenario based on exciton-excimer model in PDI-
hexamer. That is, upon an ultrafast excitation, the delocalized
excited states are initially presented in PDI-hexamer, while
exciton dephasing and exciton localization occur on a ~200 fs
ultrafast time scale with the excitation energy localized on one
site chromophore because of the structural disorder.
Subsequently the energy are relaxed to the lower energy pre-
associated excimer state within 1.2 ps, followed by the

8 | J. Name., 2012, 00, 1-3

formation of the relaxed excimer state in 7.9 ps time scale.
Simultaneously, the energy migration (hopping) among the
three coupled dimers with time constant of about 2.8 ps is
observed. We expect this phenomenon to be quite general and
not restricted to specific molecular structures. Our results
provide structural insights for the excited state relaxation of
aggregates of PDI derivatives.
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