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1 Introduction

Excitation/detection energy controlled anisotropy
dynamics in asymmetrically cyano substituted
tri-podal moleculesf

K. Seintis, 1 I.-K. Kalis,” M. Klikar,” F. Bure$ (2" and M. Fakis (2 *®

In the present work, the photophysical properties of two series of asymmetrical tri-podal molecules are
studied, in order to determine the dependence of energy localization/delocalization phenomena on
excitation and detection wavelength, by means of steady state, femtosecond time-resolved fluorescence
and anisotropy spectroscopy. The molecules bear triphenylamine as an electron donating core and an
acetylenic or olefinic m-conjugated bridge. At the periphery, they are substituted by no, one, two or
three —CN groups used as electron acceptors. Thus, the compounds with only one or two —CN groups are
asymmetrically substituted. As a comparison, the photophysics of their dipolar and quadrupolar analogues
is also presented. The steady state absorption spectra of the asymmetrical tri-podal compounds exhibit
a broadening and a low energy shoulder due to the splitting of the excited states. The fluorescence
spectra are more red-shifted in the tri-podal molecules with a single —CN group, providing the first
evidence of its mostly dipolar nature. Time-resolved anisotropy measurements by using different
excitation and detection wavelengths provide clear evidence that the asymmetrical tri-podal molecules
with one or two —CN groups behave like octupolar molecules upon high-energy excitation (the initial
anisotropy is found 0.1-0.15), while upon low-energy excitation they reveal a behavior expected for
linear dipolar or V-shaped quadrupolar molecules (the initial anisotropy is very close to 0.4 and 0.17,
respectively). The symmetrical tri-podal compounds with no or three cyano groups, exhibit an
anisotropy depolarization time of 2.5 ps attributed to energy hopping. The amplitude of this energy
hopping component is wavelength dependent and increases as the excitation is shifted towards the long
wavelength edge.

harvesting antennae materials with envisaged properties.
A variety of interesting phenomena takes place upon excitation

Multibranched conjugated molecules are nowadays attractive
materials for various optoelectronic applications such as organic
light emitting diodes, solar energy conversion systems, sensors
etc. due to their high energy harvesting ability, enhanced non-
linear optical properties and high fluorescence quantum
yield."™"* A thorough investigation of their fundamental photo-
physical properties is of outmost importance and provides
the necessary theoretical framework for designing novel light
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of these molecules with ultrashort laser pulses. Among others,
excitation energy transfer (EET) between the conjugated
branches and/or from the periphery to the core or vice versa
takes place in the fs to ps timescale.'®>> EET depends on the
strength of the coupling among the branches and can be
coherent (under strong coupling) or incoherent (under weak
coupling). In the former case, energy is homogeneously dis-
tributed within ~ 30 fs and then it localizes on one branch,>***
while in the latter case, hopping among the branches occurs on
the 1-10 ps timescale.'”"1?>729

Energy localization/delocalization in multibranched systems
strongly depends on the nature of the core. In molecules
with a benzene or truxene core, the coupling of the branches
is weak and energy is transferred among the branches via a
hopping mechanism.'”?1?%2¢:3%31 when, a nitrogen atom is
used as the central donor, the coupling is strong and EET is
coherent.'*27243273% O the other hand, the type of substituents
at the periphery also affects the photophysics of these molecules.
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In the great majority of the previously published studies, the
edge substituents, such as cyano, pyridine, benzothiazole etc.
play the role of electron accepting groups®®2>~2433:36745 an(d the
overall structure is of the type D—(n-A);, while the opposite
geometry of the type A-(n-D);'”*"2%%¢ is more scarce. It is
common in both cases, that identical peripheral substituents are
utilized, rendering the branches alike and the multibranched
systems are symmetrical. However, in most cases in solutions
and especially in polar solvents, the symmetry is reduced and
energy is localized on a single branch.”'%?23337:4050,51 1y thig
case, the multibranched systems behave like linear dipolar ones,
regarding fluorescence properties and solvatochromism.

It is very interesting that very few articles have been pub-
lished so far, studying multribranched octupolar systems with
different branches or substituents at the periphery.>®4%47:48
The interactions among the chromophores in such systems
depend on the difference between the energies of the excited
states of the non-interacting chromophores. According to the
Frenkel exciton model,*®***%%° in symmetrical octupolar mole-
cules of the C;-symmetry, the dipoles of the three chromo-
phores interact, producing a set of three states. Two of them are
degenerate and lie below the energy of the non-interacting
monomers, while the third state lies higher. Excitation to the
third state has a vanishing oscillator strength. However, this
constraint is lifted in many real systems. On the other hand,
according to Ceymann et al. in multibranched systems with
different branches, three states with distinct energies are
formed with non-vanishing oscillator strengths, i.e. all of them
can be populated by linear absorption.*’

In order to shed more light on the photophysics of multi-
branched compounds with different conjugated branches, we
study herein the photophysical properties and localization/
delocalization phenomena by means of steady state and fs
fluorescence spectroscopy, of two series of tripodal molecules
with a triphenylamine central core, acetylenic or olefinic
n-bridge and none, one, two or three -CN electron acceptor
groups at the periphery. The asymmetrically substituted com-
pounds are examined and compared to their linear and quad-
rupolar counterparts. Our results reveal the interactions among
the different branches and show that the monosubstituted
molecules behave like octupolar or dipolar ones, depending
on the excitation energy.
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2 Experimental
2.1 Materials

Molecules 1a-d, 2a-d, 1L-CN, 1Q-CN, 2L-CN and 2Q-CN have
been prepared according to procedures already described in
our earlier studies.***> The synthesis of molecules 1L and 2L
has been carried out via cross-coupling reactions as shown in
the ESL.+ Compounds 1a-d and 2a-d (Fig. 1) have a star-shaped
structure bearing a triphenylamine electron donating core and
an olefinic or acetylenic n-conjugated bridge. At the periphery,
they are either symmetrically or asymmetrically substituted by
none, one, two or three -CN acceptors. Specifically, compounds
1a/2a and 1d/2d are symmetrical without and with three -CN
groups, while 1b, 1c and 2b, 2¢ are asymmetrical bearing one or
two —CN groups at the periphery. All compounds have shown
moderate to exceptional 2-photon absorption (2PA) properties,
with 2PA cross sections increasing upon addition of -CN groups,
reaching 1500 GM for 2d.*> In order to compare the optical
properties of the asymmetrical compounds with their linear and
pseudo-quadrupolar counterparts, we have also examined the
structural analogues 1L and 2L, 1L-CN and 1Q-CN, and 2L-CN
and 2Q-CN (Fig. 1). All the herein reported experiments have
been conducted in toluene (TOL), while acetone (ACT) has been
also used in some cases for comparison.

2.2 Methods

The absorption and fluorescence spectra of the samples were
measured using a Jasco V-650 UV-Vis and a Horiba Fluoromax
spectrophotometer, respectively. The concentration of the TOL
solutions was 5 pM. A femtosecond time-resolved fluorescence
method employing the upconversion technique was used for
the study of the excited state and the anisotropy dynamics.”®*°
The samples were excited at various wavelengths (380, 400 and
430 nm) produced by the second harmonic generation of a
Ti:Sapphire mode-locked femtosecond laser (730-870 nm, 80 fs
pulse duration, 80 MHz repetition frequency). The samples were
put in 1 mm path-length rotating cells and their optical density
was below 0.1 at the excitation wavelengths. The instrument’s
response function (IRF) was ~ 250 fs. Magic angle dynamics has
been fitted by means of an exponential function convoluted with
the excitation pulse which is considered Gaussian.>® For deter-
mining the anisotropy dynamics, the polarization plane of the
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Fig. 1 Structures of the herein studied molecules 1la—1d and 2a—2d together with their reference materials. 1L and 2L are reference compounds for 1a
and 2a, respectively. 1L-CN and 2L-CN are reference compounds for 1b and 2b. 1Q-CN and 2Q-CN are reference materials for 1c and 2c, respectively.
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excitation beam was varied by using a Berek compensator. The
fluorescence anisotropy dynamics was then calculated by the
equation:

Toar () = Lper ()

)= Toar (2) + 2Lpex (1)

1)
where I,,(¢) and Ip(t) are the detected fluorescence intensities
with polarization plane parallel or perpendicular to that of the
excitation beam. The parameters of the anisotropy dynamics have
been determined by fitting the anisotropy itself via exponential
decays, while also the difference factor D(t) = Ipa(t) — Iped?)
(difference fit) has been fitted.”>>® Besides, a combined fit in
the experimentally derived I,(f) and I,.(t) dynamics using the
equations Ina (t) = (1 + 2{t)magic(t) and Ipe(t) = (1 — 1{t))magic(?)
has been performed convoluted with the excitation pulse.>* The
latter methods are generally used in the case of anisotropy
lifetimes similar to the IRF since the anisotropy decay is not
amenable to reconvolution. In our case, all methods gave
similar results because all anisotropy lifetimes were found
longer than 1 ps. Finally, the anisotropy dynamics on the
100 ps timescale were examined by the Time Correlated Single
Photon Counting method.>®

3 Results and discussion
3.1 Steady state spectroscopy

Fig. 2 shows the absorption and fluorescence spectra of the tri-
podal compounds 1a, 1d and 2a, 2d together with those of their
linear model analogues 1L, 1L-CN and 2L, 2L-CN in TOL. It is
obvious that the absorption and fluorescence spectra of the
branched compounds are red-shifted compared to the linear
ones, pointing to a delocalization of energy caused by exciton
coupling.”® By comparing the fluorescence spectra of 1a vs. 2a
and 1d vs. 2d, it is obvious that the spectra of the compounds in
series 1 are narrower than those of the compounds in series 2.
This is due to the planarization of the excited state prior to
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Fig. 2 Steady state absorption and fluorescence spectra of the tri-podal
compounds 1a (a), 1d (b) and 2a (c), 2d (d) in TOL together with their
corresponding linear analogues.
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Fig. 3 Steady state absorption (a), (b) and fluorescence (c), (d) spectra of
la—d and 2a—d in TOL.

emission, in series 1, leading to emission which originates
from the lower energy geometry relaxed state.”®

The absorption spectra of 1a-d and 2a-d are shown in Fig. 3
and the photophysical parameters are summarized in Table 1.
1a exhibits an absorption spectrum with a peak at 369 nm.
In 1b, having one -CN substituted branch, the absorption peak
does not change, however, the spectrum becomes broader, while
a shoulder emerges close to 400 nm. The broadening of the
spectrum is clear evidence for the splitting of the excited states
providing three states with different energies. However, specific
absorption peaks to be ascribed to these states are not observed
here. Two peaks are only evident in the spectrum as mentioned,
with the third highest energy state being absent. The latter is one
photon allowed, opposite to the case of 1a, but cannot be
observed, most likely due to its lower oscillator strength with
respect to the other two states according to the excitonic model
introduced by Ceymann et al®’ Besides, as expected, the
shoulder at 400 nm is at lower energy than the main absorption
peak of the lowest energy non-interacting chromophore (1L-CN),
which has an absorption peak at 380 nm (Fig. 2). In 1c, with two
—-CN groups, the higher peak at 369 nm red-shifts and merges
with the peak at 400 nm, owing to the weaker coupling between
the two —CN substituted branches with the unsubstituted one. In
addition, the contribution of the low energy peak at 400 nm
becomes more prominent.

The above discussed experimentally derived spectra are in
agreement with the calculated ones in which the asymmetrical
molecules with one or two -CN groups, exhibit absorption
bands featuring two transitions (HOMO-LUMO and HOMO-
LUMO+1), with the longer wavelength one having a larger
oscillator strength.”> On the other hand, in the case of the
symmetrical molecules 1a/2a and 1d/2d, the energies of the
LUMO and the LUMO+1 are proved to be degenerate.*®

The fluorescence spectra of la-d are typical for similar
chromophores in apolar solvents such as TOL, i.e. they exhibit
a relatively narrow peak, while a vibronic shoulder is also slightly
observed (Fig. 3). The peak of the fluorescence spectrum for 1a is
found at 401 nm (Table 1). For 1b, the peak is shifted to 437 nm,
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Table 1 Photophysical parameters of the herein studied compounds in
TOL

Compound Aabs (NM) Afluor (NM)
la 369 401
1b 371 437
1c 378 432
1d 390 427
2a 392 436
2b 400 482
2c 408 472
2d 416 467

while for 1c and 1d, the spectra are slightly blue shifted to 432
and 427 nm, respectively. The largest red-shift observed in 1b
can be correlated with a larger excited state dipole moment,
pointing to an excitation that resides in the -CN substituted
branch. This is in agreement with the molecular frontier
orbitals shown before.*> The monosubstituted derivative 1b
showed a HOMO that is centered on the electron donating core,
while the LUMO lies over the -CN substituted branch. The
positions of the HOMO and LUMO confirm its ICT character.
Finally, it is noted that the fluorescence spectra of the mono-
substituted asymmetrical chromophore, 1b, showed no differ-
ences upon exciting at the main peak or at the shoulder, proving
that the fluorescence originates from the lower energy spectro-
scopic unit (Fig. S1, ESIT). Besides, the fluorescence excitation
spectra taken upon detection at two different wavelengths are
similar to the absorption spectra (Fig. S1 and S2, ESI{).

The absorption and fluorescence spectra of the compounds
in series 2, exhibit a red-shift compared to series 1 (Table 1),
pointing to a more extended conjugation with the olefinic
bridge. This is due to the fact that the acetylenic n-bridge
(C=C), in series 1, has a low rotational barrier (0.025 eV),
resulting in various conformations with large dihedral angles
and an ICT state lying higher than in the olefinic n-bridge
(C=C).'%2%%155 On the other hand, the behavior of the com-
pounds in series 2 and 1 is similar. Thus, the absorption
spectra show a weak shoulder at lower energies compared to
the main peak, when one —-CN is incorporated, while the main
peak is gradually red-shifted from 2b to 2¢ to 2d. Also, as in
the case of 1b, 2b exhibits a more red-shifted fluorescence
spectrum compared to the other compounds within this series.

Fig. S3 (ESIt) shows a comparison between the absorption
and fluorescence spectra of 1b, 1¢ and 2b, 2c with those of their
reference molecules 1L-CN, 1Q-CN and 2L-CN, 2Q-CN. While
compounds 1b, 2b with one -CN group show, as discussed
before, a peak and a shoulder, the absorption spectrum of the
reference compounds 1L-CN and 2L-CN exhibit, as expected, a
typical broad and unstructured spectrum. By comparing
the compounds with two -CN groups, the absorption spectra
of 1Q-CN and 2Q-CN are red-shifted compared to those of 1c
and 2c. Besides, for compounds 1Q-CN and 2Q-CN, a shoulder
is observed at high energies which is due to the splitting of the
excited state, predicted for quadrupolar molecules.>*>*3%33:47:49
The fluorescence spectra show no striking differences for the
compounds in series 1. However, in series 2, the fluorescence
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spectra of the tri-podal asymmetrical compounds are red-
shifted compared to those of the linear compounds.

3.2 Fluorescence dynamics

In order to shed more light on the photophysics of the
compounds la-d and 2a-d, the excited state dynamics were
studied, within the first 50 ps, in TOL and are shown in Fig. 4
and 5. The dynamics were detected at two emission wave-
lengths, to observe possible fast relaxation phenomena, while
in addition, for the -CN substituted compounds, two excitation
wavelengths were also used. Specifically, for compounds in
series 1 the excitation wavelengths of 380 and 400 nm have
been used, while the corresponding values for the series 2 are
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400 and 430 nm. Excitation at 400 nm for series 1, mainly
excites at the red-shifted shoulder of the -CN substituted
molecules. This is clearly observed in Fig. S4 (ESIt) which
shows the absorption spectra of 1a and 1b as well as a spectrum
calculated by a subtraction between them. The latter spectrum
shows a peak at 400 nm, ie. exactly at the excitation wave-
length. The same subtraction between the absorption spectra
for compounds 2a and 2b, yields a subtracted spectrum with a
peak at 430 nm which is the long excitation wavelength for
series 2 (Fig. S4, ESIt). In order to obtain a more quantitative
analysis, the absorption spectra (above 320 nm) of 1a and 2a
have been fitted with a lognormal function, which has been
found to describe the band shapes of steady state absorption
and fluorescence spectra remarkably well®® (see Fig. S5 for the
fitting results and details on the fitting procedure, ESIT). To fit
properly the absorption spectra of 1b and 2b (above 320 nm),
we used the sum of two lognormal functions, one for every state
observed in the spectra. From the decomposed spectra the
population of the high energy excitonic state vs. the population
of the low energy excitonic state that is excited, can be calcu-
lated, depending on the excitation wavelength. When exciting
1b at 380 nm, 88% of the total population belongs to the high
energy excitonic state and 12% to the lower one. Moving the
excitation to the red and particularly at 400 nm, 9% of the high
energy excitonic state participates in the measurements vs. 91%
of the lower. The corresponding values for 2b when exciting at
400 (430) nm are 94% (7%) and 6% (93%) for the high and low
energy excitonic state, respectively. However, we should also
keep in mind the spectral width of the fs laser pulses as it is
shown in Fig. S5 (ESIt). From the above discussion, it is
concluded that the two excitation wavelengths selected for 1b
and 2b excite to a great extent either the population of the high
or the low energy excitonic state. Yet, the same cannot be stated
for compounds 1c¢c and 2c, where the excitonic states are
strongly mixed owing to the weaker coupling of the two -CN
substituted branches with the unsubstituted one.

TOL is an apolar solvent in which significant excited state
relaxation phenomena are not expected. This is obvious in our
time-resolved results where the dynamics within the first tens
of ps for series 1, are similar upon detection at the blue and red
part of the spectrum, without rapidly decaying components
(Fig. 4). The only differences are observed for 1b, where the
dynamics at the short wavelength (437 nm) is slightly faster
than that at the long one (470 nm).

In order to determine whether intramolecular EET is opera-
tive, the dynamics were detected upon two different excitation
wavelengths. This is especially important for compounds
having one or two -CN groups, where EET from the higher
energy unsubstituted branches to the lower energy ones, having
a -CN group, could be expected. More specifically, for the
compounds in series 1, the excitation wavelengths 380 and
400 nm were used and the dynamics were detected at the red-
part of the spectrum. As shown in Fig. 4, the dynamics were
identical upon the two different excitation wavelengths, meaning
that through space EET between the branches is not operative.
Since the lower energy part of the chromophore, with the -CN
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group, is responsible for the emission, as revealed by the steady
state fluorescence spectra, it is concluded that the excitation is
spread towards the lower energy branch via a coherent through-
bond mechanism.

By observing the dynamics for the compounds in series 2
(Fig. 5), it is seen that it is faster at the shorter detection
wavelength and slower at the longer one, revealing a weak
transient spectral relaxation possibly due to the more polar
nature of the compounds having an olefinic bridge (series 2)
in the excited state, rendering them more sensitive to solvent—
solute interactions, compared to the ones having an acetylenic
one (series 1)."° The more obvious spectral relaxation among the
compounds in series 2, is observed for 2b, pointing to its
increased excited state polarity resembling the behavior of a
linear dipolar molecule. Global analysis at the two observation
wavelengths gave time constants of 3.8, 3.0 and 4.2 ps for 2b, 2¢
and 2d respectively, which can be considered as solvation
times.”” Regarding possible EET phenomena, again two excita-
tion wavelengths were used i.e. 400 and 430 nm, exciting at the
high and low energy excitonic states of the chromophores,
respectively. By exciting at 430 nm, the lower energy excitonic
state, which is responsible for the fluorescence, is directly excited
(Fig. S4 and S5, ESIY). As in series 1, the dynamics upon 400 and
430 nm excitation are identical indicating that EET towards the
branches having the ~CN group is not operative.

3.3 Anisotropy dynamics

Next, the anisotropy dynamics of the compounds in the two series
were examined. The anisotropy, when detected in the few tens of
ps timescale, is a valuable tool for determining (i) the angle
between the absorption and emission dipole moments (via the
value of the initial anisotropy 7,), as well as (ii) the possible energy
transfer/delocalization phenomena,"”*®>%727,31,3435,53,58-66 mh e
latter phenomena are highly dependent on the initial excited
state, that is populated, or the amount of excess energy that is
provided to the system, especially in compounds with multiple
chromophores.

The anisotropy can also provide evidence of the nature of the
chromophoric unit ie. an r, value of 0.4 is a fingerprint for a
dipolar linear chromophore, while a value of 0.1 stands for an
octupolar chromophore with a C; symmetry.*® Besides, the part of
the anisotropy decay that is due to EET phenomena is also
dependent on the polarity of the solvent used.">* In polar solvents,
the dipolar chromophoric units (branches) form solvent relaxed
low energy ICT states, rendering the energy hopping less favorable.
For this reason, an apolar solvent is used here in order to exclude
solvation effects in our results and only a few measurements have
been performed in the polar solvent ACT, for comparison.

Before performing fs anisotropy measurements, the overall
anisotropy decay due to rotational diffusion has been studied
by ns fluorescence measurements. The corresponding results
for all molecules in TOL are presented in Table S1 (ESIY).
The rotational times range roughly between 190-300 ps. The
behavior for the two series is similar. The rotational times
increase by adding -CN groups from molecules a to ¢, while a
reduction is observed for molecules d.
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The anisotropy dynamics for 1a is shown in Fig. S6 (ESIT) for
two detection wavelengths and excitation at 380 nm. The
anisotropy initially decays from an r, value of 0.2 via a 2.5-3.0 ps
component to approximately 0.1 which is the limiting anisotropy
for a compound of a C; symmetry, in which energy is homoge-
neously distributed among the three branches.®”°® This ps decay
component can be adequately ascribed to a depolarization effect
that originates from energy hopping among the branches.>**%3
Although fitting procedures using reconvolution analysis have
been performed, an ultrafast anisotropy decay has not been found.
After 20 ps, the anisotropy decays slowly due to overall molecular
rotation with a lifetime of 190 ps (Table S1, ESI{). The anisotropy
of 1L is also shown for comparison in Fig. S6 (ESIt), exhibiting an
1o of 0.35 and a slow decay due to rotational diffusion.

The corresponding results for molecule 2a, are shown in
Fig. S7 (ESIT) for excitation at 400 nm and detection at 436 and
460 nm (and for reference compound 2L for excitation/detec-
tion at 380/420 nm). The anisotropy decays for 2a are similar for
both wavelengths with an initial decay of 3.0-3.5 ps. The main
difference appears in the r,, which is larger/smaller for the
high/low energy detection (436/460 nm). Taking into account
that in such systems, coherent EET can take place faster than
our IRF, then the r, is a measure of the strength of the coherent
EET, ie. in the case of smaller r,, the coherent EET is more
intense. When the system is probed at low energy, coherent
EET is dominant as the r, is small. This is explained because
energy is distributed towards all possible low energy states
and geometries down the potential energy hill, leading to a
randomization of the dipole orientation. On the other hand,
when the system is probed at high energy, this randomization
is not complete since only an amount of possible geometries is
reached.

The most interesting anisotropy dynamics is observed for 1b
and is presented in Fig. 6 for different excitation/detection
wavelengths. As it is obvious, there are important differences
in the r, value, for the different wavelengths. Upon excitation
close to the main absorption peak, ie. at 380 nm, the aniso-
tropy dynamics is typical for a tri-podal compound, meaning
that r, is low (~0.15), pointing to a very fast coherent EET that
takes place faster than our IRF and reduces r,. However, r,
dramatically changes as the excitation wavelength shifts to
400 nm which lies on the absorption region of the lower energy
excitonic state reaching values of 0.27 and 0.36 for detection
wavelengths of 437 and 470 nm, respectively. In particular, for
detection at 470 nm, r, is very close to the theoretically
predicted value for linear compounds, meaning that the sym-
metry is reduced. For comparison, the anisotropy dynamics for
1L-CN, which is the linear reference molecule of 1b, was also
measured and is again shown in Fig. 6. The anisotropy
dynamics of 1L-CN shows the same r, as that of 1b for low
energy excitation/detection, while the anisotropy of 1b exhibits
a longer correlation time due to the larger volume of 1b
compared to 1L-CN. Upon detection at the peak of the fluores-
cence spectrum (437 nm), the reduced r, of 1b, compared to
that at 470 nm, indicates that the emission originates not only
from the lower energy excitonic state, but also from the other
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Fig. 6 Anisotropy dynamics of compound 1b upon excitation at (a) 380 nm
and (b) 400 nm and detection at 437 nm and 470 nm as indicated in the
figure. The anisotropy dynamics of the reference linear molecule 1L-CN is
also shown.

states as well. The final r is therefore due to the contribution of
all three emitting units.

Based on the anisotropy data discussed above, the tripodal
asymmetrically substituted compound 1b can be considered as
a linear dipolar molecule, i.e. energy is absorbed and subse-
quently emitted by a single excitonic state, when excited at the
low energy edge of the absorption spectrum and the detection
is at the red-edge of the fluorescence. In this case, only one
relaxation pathway is operative, i.e. emission from the lowest
energy excitonic state, which is also the absorbing state, and
thus the initial anisotropy is close to 0.4. The above is also
confirmed by the position of the LUMO for 1b, which lies only
on the -CN substituted branch. On the other hand, 1b behaves
as an octupolar molecule when the excitation lies at the higher
energy edge of the absorption spectrum, i.e. when the molecule
receives an excess amount of energy. This leads the system to a
case where the excitation spreads coherently among branches
and emission is depolarized even at zero time.

The corresponding results for 2b are shown in Fig. 7 for
excitation at 400 and 430 nm. As in the previous case, upon
excitation at the higher energy part of the spectrum, the
anisotropy resembles the one expected for octupolar molecules,
i.e. it has a small r, value (Fig. 7a). However, when the excitation
is shifted towards lower energies (Fig. 7b), r, increases to 0.4
revealing that 2b can also behave as a dipolar molecule.

Next, the time-resolved anisotropy of 1c was studied, together
with its reference molecule 1Q-CN (Fig. S8, ESIf). Again r, is
sensitive to the excitation and detection wavelengths. The aniso-
tropy of 1c resembles the one expected for a tri-podal compound
when excited at the main absorption peak, Z.e. 380 nm. It has a
small 7o of ~0.15 indicating that the energy is spread almost
equally over the three chromophores. Besides, a slight decay on
the 1.5 ps timescale is also observed further reducing the aniso-
tropy to ~0.1 (Fig. S8c, ESIt), before rotational diffusion takes
place. This ps component can be ascribed to incoherent energy
transfer among adjacent branches. However, for excitation at
400 nm, ie. at the red edge, r, increases (~0.25, Fig. S8b, ESIf),
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Fig. 7 Anisotropy dynamics of compound 2b upon excitation at (a) 400 nm
and (b) 430 nm and detection at 482 nm and 515 nm as indicated in the
figure. The anisotropy dynamics of the reference linear molecule 2L-CN is
also shown.

while again a 4 ps decay component is seen leading to an
anisotropy of 0.17 (Fig. S8d, ESIt). The behavior of the reference
molecule 1Q-CN is different. It exhibits a high r, value of 0.4
without any depolarization mechanism on the ps timescale.

From the above, it is revealed that 1c¢ behaves clearly as an
octupolar molecule upon excitation at 380 nm. On the other
hand, upon increasing the excitation wavelength to 400 nm, its
behavior changes, while the existence of the 4 ps decay compo-
nent shows that interactions between the branches still exist
although on a longer timescale. However, the anisotropy reduces
to ~0.17 (instead of 0.1) which is the theoretical anisotropy for
a two-branched system with an angle of 120° between the
branches."”*® Therefore, 1c for low energy excitation behaves
like a pseudo-quadrupolar V-shaped molecule.

Qualitatively similar findings are also observed for 2¢ (Fig. S9,
ESIT). 1, is small upon excitation at 400 nm, being ~0.17,
resembling a V-shaped molecule. When the excitation is shifted
to 430 nm, 7, increases to ~0.23 revealing an intermediate
behavior among a quadrupolar and a dipolar molecule.

In the case of symmetrically substituted tri-podal molecules,
like 1d, the anisotropy dynamics, in general, can reveal ultrafast
coherent EET (fs timescale), and incoherent energy hopping
(ps timescale), while both mechanisms can also be observed
simultaneously. In the case of 1d, for all excitation/detection
wavelengths the dynamics of the coherent EET pathway is not
observed. On the other hand, the incoherent hopping is observed
but its strength depends on the excitation wavelength. When the
excitation is at 380 nm, r, is close to 0.13 and the incoherent
depolarization is barely observed (Fig. 8a). The small r, value
and almost absent incoherent path means that coherent energy
distribution is active on an ultrafast timescale and its dynamics
is not observed because it takes place faster than our system’s
resolution. Therefore, it is concluded that exciting the molecule
with excess energy brings the system to an excited state which is
capable of initiating the coherent ultrafast EET pathway and r,
becomes small.>® The coherent path leads to an almost homo-
geneous distribution of energy. On the other hand, when the
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Fig. 8 Anisotropy dynamics of compound 1d upon excitation at (a)
380 nm and (b) 400 nm and detection at 427 nm and 455 nm as indicated
in the figure. The inset in (a) shows on a short timescale the anisotropy of
1d upon excitation at 380 nm together with the fitting function.

excitation energy is lower (at 400 nm), i.e. when initially the low
energy excitonic state is excited, then the coherent path is less
energetically allowed, as shown by the increased r, value of 0.2
(Fig. 8b). Furthermore, it is very interesting that the excitation
does not remain localized on a single branch, as this would
lead to an anisotropy with a flat temporal profile on the ps
timescale, without any decay. In contrast, a hopping process
among branches takes place on the 2.5-3.0 ps time regime
leading to a decrease of the anisotropy (Fig. 8b and Fig. S10,
ESIT). It is concluded, therefore, that the type of EET is
dependent on the excitation energy. Coherent EET is dominant
in the energy distribution process for high excitation energies,
while at lower ones, the hopping process is also operative.

The anisotropy decay of 2d has a similar behavior, although
less pronounced (Fig. 9). The anisotropy has an r, of 0.15 for
excitation at 400 nm without any incoherent ps depolarization
component meaning that coherent EET is mainly responsible
for energy redistribution. However, r, increases slightly for
excitation at 430 nm. Besides, a weak 9 ps decay due to a
hopping process is also observed.

Finally, in order to investigate the effect of the solvent polarity
on the photodynamics and especially on the anisotropy, com-
pounds 1b and 1d have been studied in the polar solvent ACT.
The absorption and fluorescence spectra of the compounds are
shown in Fig. S11 (ESIT). Although the absorption spectra have
minor differences with those in TOL, the fluorescence spectra in
ACT experience a significant red-shift due to its positive solva-
tochromism. As in the case of TOL, the dynamics of both
compounds have been studied upon excitation at 380 and
400 nm and detection at two wavelengths corresponding to the
peak and low-energy edge of the fluorescence spectra. For 1b,
the fluorescence dynamics are shown in Fig. S12 (ESIT), while
the anisotropy dynamics in Fig. S13 (ESIt). The fluorescence
dynamics exhibit a fast decay at short wavelengths and a slow
increase at longer ones, leading to a transient red-shift of the
fluorescence spectrum, which is typical in polar solvents.
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Fig. 9 Anisotropy dynamics of compound 2d upon excitation at 400 nm
and 430 nm and detection at 467 nm and 500 nm as indicated in the figure.

Global analysis gave a time constant of 2.3 ps for this relaxation
mechanism, ie. faster than in TOL. The anisotropy dynamics
also present some differences compared to TOL. As shown in
Fig. S13 (ESIt), upon 380 nm, the initial anisotropy is higher
than in the case of TOL (0.25 vs. 0.15) pointing to a more
significant energy localization on the CN-substituted branch.
The above means that although in the apolar solvent, TOL, 1b
retained some of its octupolar symmetry leading to an initial
anisotropy close to 0.1, in the polar solvent, ACT, solvent
assisted symmetry breaking is favored, leading to a higher
initial anisotropy. This is aided by solvation since the inter-
action of the CN-substituted branch with solvent molecules is
stronger (stronger solvation field) in polar environments lead-
ing to more efficient solvation.®®”® On the other hand, in the
apolar medium, the solvent interaction with each branch is
weak and therefore energy is almost similarly distributed
among the three equally solvated branches.

The effect of the solvent polarity on the anisotropy dynamics
has been also studied for 1d and the results are shown in
Fig. S14 (ESIt). It is noted that in the case of 1d in TOL,
the incoherent hopping mechanism was only observed upon
excitation at 400 nm, while in the case of 380 nm excitation, the
ultrafast coherent mechanism dominates, reducing the initial
anisotropy. Changing the solvent from TOL to ACT, does not
cause any differences in the anisotropy upon 380 nm excitation.
The most obvious difference is found for 400 nm excitation
where the depolarization due to the incoherent EET path is
barely observed on the 1-10 ps timescale (Fig. S14b and c,
ESIY). This is due to the solvation effect and the participation of
the lower energy, solvated excited state of the branches in the
EET. Thus, the EET becomes less efficient due to a decrease of
the spectral overlap of the emission spectrum of the donor
(solvated state) with the absorption spectrum of the acceptor.

4 Conclusions

Tri-podal molecules are attractive systems due to their very rich
photophysics as well as due to their potential applications
in optoelectronics. They exhibit enhanced energy harvesting
ability, fluorescence quantum yields and exceptional non-linear
optical properties. The great majority of the studied tri-podal
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compounds are of the D—(n-A); type, i.e. they are symmetrically
substituted at the periphery. Herein, we studied a series
of asymmetrically substituted tri-podal molecules, having a
triphenylamine electron donating core, olefinic or acetylenic
n-conjugated bridge and various numbers of -CN acceptors at the
edges. Steady state spectroscopy initially revealed the mostly polar
feature of the mono-substituted tri-podal molecules. Next, time-
resolved fluorescence anisotropy dynamics with fs resolution
has been reported, revealing the possible energy localization/
delocalization phenomena based on different excitation/detection
energies. Very interestingly, it is observed that the mono-
substituted systems behave as octupolar ones for high excitation/
detection energies, while their behavior resembles that of dipolar
compounds when the excitation/detection energy becomes lower.
Similarly, the asymmetrical systems with two -CN groups
behave either as octupolar-like or pseudoquadrupolar-like ones
depending on the excitation/detection energy.
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