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e transfer property relationship in
self-assembled discotic liquid-crystalline donor–
acceptor dyad and triad thin films
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The photophysical properties of donor–acceptor (D–A) and donor–acceptor–donor (D–A–D) liquid

crystalline dyads and triads based on two different discotic mesogens are examined in thin films by

steady-state optical spectroscopy and subpicosecond transient absorption measurements. In these

systems, triphenylene and perylene bisimide units are covalently linked by flexible decyloxy chain(s) and

act as an electron donor (D) and acceptor (A), respectively. These discotic liquid-crystalline systems form

well-separated D and A p-stacked columnar structures in thin films. The absorption spectra of the films

indicate an aggregation of the perylene bisimide and triphenylene moieties along the columns. Steady-

state photoluminescence measurements show a strong fluorescence quenching that is mainly attributed

to a photo-induced charge transfer process taking place between the triphenylene and perylene

bisimide units. Subpicosecond transient absorption measurements show that the photoinduced charge

transfer (CT) states in the dyad and triad films are formed within 0.3 ps and recombine on a 150–360 ps

time scale. In addition, a correlation between the dynamics of the charge recombination process and the

spacing distances between D and A units can be established in the dyad and triad films. This study

provides important information on the relationship between molecular packing and the charge transfer

properties in such self-organized D and A columnar nanostructures.
1. Introduction

Control of supramolecular self-assemblies in organic semi-
conducting thin lms is a critical issue for improving the
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performance of organic optoelectronic devices.1–11 In this
context, liquid crystalline (LC) molecular semiconductors, able
to self-assemble into functional nanostructures, have attracted
a great deal of attention.12–18 In particular, self-organization of
electron donor (D) and acceptor (A) moieties into highly
ordered molecular architectures is extremely promising for
organic solar cell applications.19–24 Possible control of the
energy and the charge transfer processes together with the
existence of percolation pathways for both holes and electrons
via the formation of well-dened, nanosegregated donor–
acceptor domains are indeed of critical importance for
enhancing photovoltaic performances. Among the variety of LC
donor–acceptor (D–A) materials developed so far,25–28 cova-
lently linked electron D–A dyad and triad molecules are of
interest as their self-assembly can produce highly ordered well-
separated structures of well-stacked D and A p-molecules.29–46

In such supramolecular systems, excitons are photogenerated
close to the D–A interface and pathways for hole and electron
transport are well dened, providing a suitable conguration
for efficient formation of excited charge transfer (CT) states and
ambipolar charge transport. While the power conversion effi-
ciency of organic solar cells based on a LC nematic donor
RSC Adv., 2016, 6, 57811–57819 | 57811
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Fig. 1 (a) Chemical structures of the dyad and triad molecules. (b)
Schematic representation of (left) the self-organization within the
Colhex mesophases of the D–A dyad and (right) the hexagonal lattice
(blue lozenge) formed by undifferentiated columns. The distance ddyad

z 1.9 nm (green line) corresponds to the average center-to-center
spacing distance between D and A columns. (c) Schematic represen-
tation of (left) the self-organization within the Colobl mesophases of
the D–A–D triad after annealing and (right) the oblique lattice (blue
parallelogram) formed by intermingled distinct columns located at the
nodes of distorted hexagonal lattices (blue dashed distorted hexagon).
The distances dtriad1 z 1.4 and dtriad2 z 2.5 nm (respectively green solid
and dashed line) correspond to the two average center-to-center
spacing distances betweenD and A columns coexistingwithin the triad
columnar arrangement.
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material blended with a fullerene derivative has recently
reached 9.3%,47 the highest efficiency reported in devices based
on D–A liquid crystals is about 2.7%.32,48 This strongly suggests
that new LC D–A materials must be developed and that a better
understanding of the structure–property relationship is needed
in these systems to improve their optoelectronic and photo-
voltaic performance.

Here, we study the photophysical properties of organic thin
lms based on LC D–A dyad and D–A–D triad systems
composed of triphenylene electron donor and perylene bisi-
mide electron acceptor units covalently linked by exible
decyloxy chain(s). Their chemical structures are displayed in
57812 | RSC Adv., 2016, 6, 57811–57819
Fig. 1a. The synthesis and the characterization of the structural
properties in the solid-state of these compounds have been
previously reported.49 It was shown that these discotic LC dyad
and triad systems spontaneously self-organize into columnar
nanostructures, with D and A moieties segregated into either
alternated stacks within mixed columns or in distinct columns.
In parallel, we demonstrated that conformational effects taking
place in solution due to the exible aliphatic chain connecting
the donor and acceptor units lead to an intricate interplay
between intramolecular electronic energy transfer and photo-
induced electron transfer processes.50 Here, we examined the
photophysical processes of these dyad and triad molecular
systems in thin lms using steady-state and time-resolved
optical spectroscopy techniques, and a special attention is
brought to the relation between charge dynamics and struc-
tural properties of the lms. The overall results provide new
important insights into photoinduced charge transfer
processes and the structure–property relationship in self-
organized discotic D–A materials. This study should be taken
into account in future works devoted to the design and the
development of novel D–A molecular or supramolecular
systems with optimized charge separation and recombination
dynamics.

2. Experimental

The synthesis and the purication procedure of the dyad and
triad molecules used in this study have been previously pub-
lished.49 For photophysical measurements, thin lms were
prepared onto pre-cleaned fused silica substrates by spin-
coating from chloroform solutions. Film annealing was then
performed in nitrogen-lled glove box or in vacuum at 130 �C
for 3 hours. Typical lm thicknesses for both dyad and triad
lms were measured by a Dektak prolometer and were found
to be around 40 nm. For the concentration dependence of the
absorption and steady-state uorescence spectra in a poor
solvent, diluted dyad solutions were prepared in methyl-
cyclohexane at various concentrations ranging from 1.1 � 10�3

to 2.1 � 10�6 M and held in a quartz cuvette at ambient
temperature.

UV-vis absorption spectra of the solutions and thin lms
were recorded on a Hitachi U-3310 spectrophotometer. Steady-
state uorescence spectra of the spin-coated lms were ob-
tained using a Varian Cary Eclipse spectrouorimeter. The
pump and probe pulses in the femtosecond transient absorp-
tion measurements were produced by an OPA (OTOPAS-Prime,
Spectra Physics) optically-pumped by a Ti:Sapphire regenerative
amplier (Spitre Pro XP, Spectra Physics) at 800 nm. A Mai Tai
laser based on a mode-locked titanium-doped sapphire laser
(Tsunami) pumped by a continuous wave Nd:YVO4 laser
(Millennia) was used as a seeding laser for the regenerative
amplier. In our experiments, the wavelength of the pumping
beam was 325 nm and was obtained by 4th harmonic generation
using two BBO crystals aer the OPA output operating at 1300
nm. The power of the pump beam was adjusted using a set of
neutral density lters. A white light continuum generated using
a 2 mm thick sapphire crystal photo-excited by half of the 800
This journal is © The Royal Society of Chemistry 2016
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nm regenerative amplier output was used for the probe beam.
A delay line was used to control the time delay between the
pump and the probe beams. The pump beam was modulated by
a mechanical chopper at 220 Hz and the differential trans-
mission DT/T of the probe beam was recorded as a function of
the delay time using a photodiode and a lock-in detection. Note
that the lms were in ambient atmosphere during the
measurements.

3. Results and discussion
3.1 Self-organization properties of the discotic liquid-
crystalline D–A dyad and D–A–D triad in solid-state

The structural and self-organization properties of these dyad
and triad in the solid-state have been previously investigated
using different experimental techniques such as polarized
optical microscopy, differential scanning calorimetry, temper-
ature dependent X-ray diffraction and grazing incidence X-ray
scattering (GIXS).49 It was demonstrated that both D–A dyad
and D–A–D triad architectures present liquid crystalline prop-
erties and spontaneously self-organize into columnar meso-
phases at room temperature, with D and A moieties segregated
into either alternated stacks within mixed columns or in well
distinct columns. A schematic representation of the molecular
packing of dyad and triad is displayed in Fig. 1. In case of the
dyad, the triphenylene and perylene bisimide units alternate
into different groups of stacked mesogens of same nature along
a columnar axis long of about 30 units. The permutation of
entire groups of columns preserves the segregation of D and A
neighbouring columns at the local range, but ultimately leads to
a hexagonal arrangement (Colhex) of apparent undifferentiated
columns where the average center-to-center spacing distance (d)
between D and A columns is around ddyadz 1.9 nm as shown in
Fig. 1b.

Regarding the molecular packing of the triad, this
compound also presents a columnar organization which
however differs from the dyad arrangement in forming similar
intermingled distinct D and A columns but located at the nodes
of distorted hexagonal lattices with more specically a long
range correlated oblique lattice (Colobl) with tilted triphenylene
and perylene diimide units within their columns aer anneal-
ing the uid state of the mesophase (Fig. 1c). This original
organization is due to the 2 : 1 stoichiometry of triphenylene to
perylene units in the triad which is favorable to the differenti-
ation of columns as the major component can occupy the nodes
of the distorted honeycomb lattice and the minor component,
the centers of the pseudo-hexagonal cells, as displayed in
Fig. 1b. Thus, in contrast to the dyad case, two average center-to-
center spacing distances (d1 and d2) between D and A columns
coexist in bulk that can be evaluated from the lattice geometry
to be around dtriad1 z 1.4 and dtriad2 z 2.5 nm. It is worth
noticing that the distribution of alternate stacks of the different
mesogens along the columns in case of the dyad leads to an
undifferentiation of the columns at the macroscopic scale but it
has little consequence on the close packing of the neighbouring
blocks. Overall, the structural properties as described above
point out that the D–A–D triad, showing differentiated D and A
This journal is © The Royal Society of Chemistry 2016
columns, constitutes a quite promising molecular self-assembly
for optoelectronic applications.
3.2 Absorption and steady-state uorescence emission
spectra in solution and in self-organized thin lms

As displayed in Fig. 2a, at the lowest concentration of 2.1� 10�6

M, the methylcyclohexane (MCH) solution of the dyad shows
absorption spectra of the perylene bisimide unit similar to that
previously measured in dichloromethane (DCM) solution,50

indicating that there are no intermolecular interactions
between dyad molecules. When increasing the dyad concen-
tration inMCH, the molar absorption coefficient of the perylene
bisimide moiety decreases and the absorption band prole
becomes broader and less structured, in relation with the
formation of aggregates. No clear spectral shi is associated to
the aggregation process contrarily to other perylene deriva-
tives,46 but an isobestic point nevertheless appears at about 530
nm, above which the absorption of the concentrated solution is
higher, which reveals the interactions between loosely aggre-
gated dyad molecules at higher concentration. The associated
broader absorption band and hypochromic effect moreover
indicate that aggregates are not ideal and that some disorder is
induced by the presence of triphenylene-containing side chains.

The absorption band of the perylene bisimide unit of dyad in
a thin lm is 15 nm red-shied compared to the spectrum in
diluted DCM solution (Fig. 3). The less dened vibronic struc-
ture is consistent with increased molecular interactions in the
aggregates.41,51,52 In particular the ratios between the (0, 0) and
(0, 1) vibronic peaks located in lms at 527 and 491 nm are
smaller than those measured in DCM solution.50 A similar trend
is observed for the triad derivative. Peak-to-peak ratio values of
1.37 and 0.91 respectively measured in dyad and triad lms,
should then be compared to the 1.6 value found in DCM solu-
tion. These spectral changes are the direct signature of strong
molecular p–p stacking interactions between the perylene
bisimide units in the solid state. This is consistent with the X-
ray diffraction patterns showing the presence of a scattering
signal around dp ¼ 3.5 �A,49 characteristic of the van der Waals
contact distance between aromatic planes along columns.

In dyad lms, D and A moieties form stacks of few tens of
units alternating along single columns. As a consequence, the
structure consists of a hexagonal arrangement of unique type of
columns, mixing in-plane lying D and A rings. As such, the face-
to-face stacking of the perylene bisimide chromophores is
consistent at rst glance with H-type aggregation. Yet, the thin
lm absorption spectrum is red-shied as compared to that
measured in DCM solution.53 The triad compound also self-
organizes into columnar mesophases at room temperature.
However, in this latter case, the organization consists of an
oblique arrangement of distinct D and A columns. Within both
types of columns, the discotic cores are tilted with respect to the
columnar axes within both D and A columns, and therefore
imply a sliding of the aromatic planes with the respect to each
other. Such a structural feature corresponds to J-type aggrega-
tion, which is consistent with the red-shi of the perylene
bisimide absorption band observed in thin lms (Fig. 3).
RSC Adv., 2016, 6, 57811–57819 | 57813

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra08039a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

01
6.

 D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 8
:0

5:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
To explain the behaviour of the absorption spectrum of the
dyad in lm, it should be mentioned that the presence of
sterically demanding swallow aliphatic tails should prevent the
formation of perfect face-to-face stacking of perylene bisimide
moieties, as sketched in Fig. 1b. A possible local organization
should rather include a slight shi/slide of the perylene units,
while maintaining a normal orientation within columns. Thus,
in both triad and dyad, we might have the formation of J-
aggregates, in good agreement with the bathochromic shi of
the absorption in the solid-state. While the red-shi in the triad
is correlated at longer range in relation with themacroscopic tilt
angle, the J-aggregates in the dyad would correspond to the
perylene bisimide stacks into which the moieties are slightly
and randomly shied the one from the others. Such a positional
disorder between neighbouring dyes can provide indeed some
allowness to the optical transition into the lower energy state of
the Davydov excitonic coupling.54

With regards to the triphenylene units, the vibronic structure
of the absorption spectrum of the dyad in solid state is not as
well-dened as the one in DCM solution (Fig. 3). This suggests
an aggregation of the triphenylene moieties in the lm.55,56 In
contrast, lm and diluted DCM solution of the triad show
similar features regarding the absorption bands of the triphe-
nylene units. Triphenylene units are therefore poorly interact-
ing along the differentiated columns of the triad as along the
mixed dyad columns, which is easily understandable
Fig. 2 (a) Concentration-dependent absorption spectra of the dyad in
methylcyclohexane solution at room temperature. Concentration
varied from 1.1 � 10�3 to 2.1 � 10�6 M. Arrows show the changes
when increasing the concentration. (b) Concentration-dependent
fluorescence spectra of the dyad in methylcyclohexane solution at
room temperature. Excitation wavelength was 450 nm. Concentration
varied from 1.1 � 10�3 to 2.1 � 10�6 M. Arrows show the changes
when increasing the concentration.

57814 | RSC Adv., 2016, 6, 57811–57819
considering the peculiar geometry and stacking behaviour of
the species. The triphenylene units are indeed genuine discs
which naturally pile up to form cylindrical columns as evi-
denced by the previous X-ray diffraction experiments.49 Their
aggregation process is therefore not constrained by the shape
averaging to cylinder associated to the alternation of column
segments at lattice nodes in the dyad. The aliphatic periphery
connected to these units moreover naturally promotes untilted
piles with optimal face-to-face superimposition,57 while the
geometrical constrains between differentiated column shapes
in the triad force tilt angles of 30�, which are deleterious for
strong p-stacking interactions.49 In consequence, the compar-
ison of solid state and solution absorption spectra proved to be
a fruitful complement to the structural analysis as it provides
the molecular justication of the geometrical concepts devel-
oped for the description of mesomorphism.

Perylene bisimide derivatives are known to exhibit strong
uorescence in diluted solution with photoluminescence
quantum yield (PLQY) close to unity.58,59 In the dyad and triad
investigated in this study, emission of perylene bisimide
moieties graed to donor moieties was observed to be much
lower in diluted DCM solution, with PLQY of 38 and 11% for
dyad and triad, respectively.50 This feature was attributed to
a quenching of the emission due to a photo-induced intra-
molecular charge transfer taking place between interacting tri-
phenylene and perylene bisimide moieties. Fig. 2b displays the
concentration dependence of the uorescence of the dyad in
MCH. At low concentrations, the uorescence spectra show the
emission band of isolated perylene bisimide chromophores
with a well-resolved vibronic structure. The uorescence
intensity gradually decreases upon increasing the solution
concentration, indicating an increase of the uorescence
quenching due to aggregation. We did not observe the emer-
gence of a new broad band at 600–850 nm in dyad and triad,
which was observed in similar experiments carried out in per-
ylene bisimide dyes.60 In the solid state, the emission from the
perylene bisimide units is found to be extremely weak indi-
cating a strong quenching of the photoluminescence. This is
Fig. 3 Normalized absorption spectra of the (a) dyad and (b) triad in
DCM solution and in neat film.

This journal is © The Royal Society of Chemistry 2016
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attributed to both the aggregation of perylene bisimide and the
photo-induced charge transfer process between triphenylene
and perylene bisimide units.
Fig. 4 Transient absorption spectra measured in (a) dyad and (b) triad
films. Pump wavelength was 325 nm where both the triphenylene and
the perylene bisimide units absorb. The negative �DT/T at short
wavelengths is due to the ground-state bleaching of the perylene
bisimide moieties while the positive �DT/T at longer wavelengths is
attributed to the absorption of perylene bisimide anions allowing us to
examine the formation and recombination kinetics of the photo-
induced CT states.
3.3 Subpicosecond transient absorption measurements in
self-organized lms

Subpicosecond transient absorption spectroscopy measure-
ments in dyad and triad lms, were carried out to clarify the
mechanism of the exciton quenching, and to gain insight into
the photophysical properties in the solid-state to ultimately
provide new crucial information on the structure–property
relationships in liquid crystalline D–A organic materials. The
transient absorption spectra of the dyad and triad lms,
generated by pumping at 325 nm, are displayed in Fig. 4. Shortly
aer the photoexcitation, the negative transient absorption
responses (DA < 0; DT/T > 0) at wavelengths shorter than 575 nm
are associated with the ground-state bleaching of the perylene
bisimide moieties and follow the same features as those of the
linear absorption spectra reported in Fig. 2.50 A positive tran-
sient absorption feature (DA > 0; DT/T < 0) above 575 nm is
observed in both materials. According to previous works
examining the photophysical properties of perylene bisimide-
based D–A organic materials in thin lms, this feature can be
attributed to the absorption of perylene bisimide anions formed
through photoinduced charge separation process.38,41,50,61–63 We
therefore attribute the large positive �DT/T signal with
a maximum at ca. 725 nm to the absorption of the perylene
bisimide radical anions and thus to the formation of a photo-
induced CT state in both dyad and triad lms. It is worth
noting that the charge transfer process following the photoex-
citation of the triphenylene units should lead to a contribution
from the triphenylene cations in the transient absorption
spectra. However, neither in thin lm, nor in solution, we could
observe such a feature which could be expected to appear at
wavelengths shorter than 550 nm.64 This contribution should
thus overlap with that of the perylene moiety in the dyad/triad
bleaching band, but at a range of wavelength unavailable for
our set-up. It is also worth noting that the triplet–triplet
absorptions of neither TriPh65 nor PerDi66,67 could be detected in
such systems, which suggests that the charge transfer dynamics
precludes such phenomenon.

To examine the dynamics of the charge separation and
charge recombination processes and to extract their character-
istic time constants, the temporal evolution of the transient
absorption responses obtained at 725 nm in dyad and triad
lms are shown in Fig. 5. The rise time and decay time
constants tted from these data are summarized in Table 1. The
rise times of the photo-induced radical perylene bisimide
anions were determined by tting the experimental data using
a single exponential function saturating at a constant value
yielding, for the dyad and triad lms, values of 0.23 � 0.05 ps
and 0.27 � 0.05 ps, respectively. These results indicate that the
charge separation process exhibits similar dynamics in dyad
and triad lms. Noticeably, the charge transfer in lm is of the
same order of magnitude as the one measured in DCM solu-
tion.50 A decay time constant of the excited radical perylene
This journal is © The Royal Society of Chemistry 2016
bisimide anions was measured to be 234� 5 ps in the dyad lm
by tting the decay with a single exponential decay function. In
contrast, a sum of two exponential decay functions was required
to describe well the kinetics observed in the triad lms. The
results indicate that about 82% of the photo-induced CT states
recombine in about �151 � 11 ps. The 18% remaining CT state
population decays slower with a time constant of �358 � 32 ps.
These results demonstrate that, similarly to the solution case,50

the formation of the CT states in the dyad and triad lms is
signicantly faster, by about three orders of magnitude, than its
recombination process.

Taking into account the uncertainties of the measured time
constants, these results suggest that the dynamics of the
recombination of the excited CT states in the dyad and triad
lms can be directly correlated to their structural properties.
For instance, one can notice (see Fig. 1 and Table 1) that, whilst
a single decay time constant is associated with a single D–A
intercolumn spacing (ddyad ¼ 1.9 nm) in the dyad lms, two
time constants were measured in the triad lms, which display
two different characteristic spacings between D and A columns
(dtriad1 ¼ 1.4 nm and dtriad2 ¼ 2.5 nm). In addition, the measured
decay time constants tend to decrease with shorter D and A
units spacing. Because the D and A units are identical in the
dyad and triad lms, a simple Marcus theory analysis can be
used to determine how D/A distance should affect the CT rate
constants. In that framework, the rate constant for charge
recombination, kCR, shows an exponential decay with the
distance d between donor and acceptor units such as kCR f exp
[�bd], where b corresponds to a barrier height for electron
tunnelling.43,68 In Fig. 6, kCR was plotted as a function of d,
RSC Adv., 2016, 6, 57811–57819 | 57815
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Fig. 5 (a) Ultrafast kinetics onset curves and their fits obtained at 725
nm probe wavelength with a 325 nm pumping in dyad and triad films.
The blue dashed curve corresponds to the instrument response
function of our experimental setup. (b) Kinetics decay curves and their
fits obtained at 725 nm probe wavelength with a 325 nm pumping in
dyad and triad films.
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assuming that the three measured rates are associated with the
spacing distances ddyad, dtriad1 and dtriad2 . As expected, kCR is
found to decay exponentially with the D/A spacing distance for
b ¼ 0.8 nm�1. This result validates our hypothesis stating that
the dual exponential decay observed in the triad lm is due to
the presence of two different D/A distances and that the longer
decay time constant arises from larger distance. However,
because D and A moieties form stacks alternating along single
columns, it should be noticed that there is in fact another
characteristic spacing distance (dp¼ 0.35 nm) corresponding to
a face-to-face stacking between the perylene diimide and tri-
phenylene units within a single column, which should be taken
into account. Making an extrapolation from the t shown in
Fig. 6, this fourth distance dp should lead to a time constant of
about 65 ps. X-ray diffraction studies have previously shown
that the triphenylene and the perylene bisimide units alternate
in dyad lm into different groups of stacked mesogens of same
nature along a columnar axis long of about 30 units.49 In case of
the triad lms, this number of units increases up to at least 170.
This implies that only about 3% and less than 0.5% of the D and
A units in the dyad and triad lms respectively, are located at an
interface where the photo-induced electron transfer could occur
within a single column. As a consequence, the population of CT
states located at this interface with the D/A spacing of 0.35 nm is
too small to be detected using our experimental setup. In
parallel, we observed only one characteristic time constant for
the formation of the CT state in the triad lm, which at rst
sight does not seem to be consistent with the two spacings
found in this system. This is likely due to the fact that the two
very fast separation processes cannot be discriminated with our
experimental setup. In addition, we cannot completely exclude
the possibility that charge separation would only occur in the
triad lms via the most efficient and fast channel, which would
be correlated to the shortest spacing of 1.4 nm between donor
and acceptor columns.

On the one hand and as mentioned above, the previous
investigation of the photophysical properties of the dyad and
triad systems in diluted DCM solutions demonstrated an
energy transfer between the triphenylene and the perylene
bisimide units occurring in competition with photo-induced
CT state formation.50 On the other hand, our lm measure-
ments, and especially, the kinetics of the transient absorption
responses at 725 nm, provide clear evidence that excitons
generated either on triphenylene or on perylene bisimide
moieties in the lms are rapidly quenched via the formation
of a photo-induced CT state. Indeed, no clear signature of an
energy transfer from the D to the A units could be seen in the
kinetics of the transient absorption data in contrast to the
results previously obtained in solution. It should be empha-
sized, however, that the solution and lms situations are
different. While the molecular packing in dyad and triad thin
lms is frozen into D–A columnar nanostructures with well-
dened characteristic spacings, the molecular conforma-
tions of the dyad and triad molecules in solution uctuate
due to the exible non-conjugated bridge connecting the D
and A units. Depending on the molecular conformations
adopted by the dyad and triad molecules during the exciton
57816 | RSC Adv., 2016, 6, 57811–57819
lifetime of the photo-excited triphenylene units, either
intramolecular photoinduced charge transfer or energy
transfer becomes the dominant deactivation process. In the
case of dyad and triad thin lms, our study demonstrates that
the molecular packing in the D–A columnar nanostructures is
only favourable to the photoinduced charge transfer process,
implying that the kinetics of the energy transfer in the solid-
state are too slow and the process is therefore too inefficient
to be observed.

Compared to most of liquid-crystalline D–A dyads/triads
reported so far,29–46 the spacing between the discotic D and A
units controlled by the aliphatic periphery is larger in the
present molecular architecture. On the one hand, small
spacing is generally preferred in order to ensure the fast and
efficient formation of photoinduced CT states. On the other
hand, the molecular design investigated herein provides more
freedom to the perylene bisimide and triphenylene moieties to
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Logarithmic plot of the rate constant for the charge recombi-
nation, kCR, as a function of the donor–acceptor distance in the dyad/
triad films. The solid line corresponds to the fit obtained with an
exponential distance dependence using b ¼ 0.8 nm�1.
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self-assemble and to form well-dened D and A columnar
structures in the triad system. In addition, the formation of the
CT states occurs in the range of 0.2–0.3 � 0.05 ps for both dyad
and triad lms. This is comparable or even faster than the time
constants reported for the formation of intramolecular excited
CT states in a variety of D–A systems using perylene bisimide as
electron acceptor.38,41,61,62 To the best of our knowledge, there
are only two reports investigating the photophysical properties
of liquid-crystalline D–A dyad/triad molecules self-assembled
into distinct donor and acceptor nanosegregated domains in
thin lms.41,69 In particular, T. Roland et al. investigated the
photophysical properties of a siloxane-functionalized D–A–D
triad based on two identical bisthiophene derivatives attached
to a central perylene bisimide unit without any non-conjugated
exible bridges. In the lamellar thin lms, the formation of
both intra- and inter-molecular CT states was found to occur in
less than 0.1 ps. On the one hand, faster formation of
bisthiophene-perylene bisimide CT states in lms than in
solution was explained by a strong intermolecular excitonic
coupling and the possible delocalization of the CT states over
neighbouring triad molecules.70 On the other hand, it was also
found that around 80% of the excited CT states recombine in
this material in less than 60 ps for both solution and lms.
Even if we cannot directly compare the dynamics found in this
previous work with our results, since both the donor units and
the supramolecular architecture are different, the role played
by the molecular architecture of the D–A dyad/D–A–D triad on
the charge transfer process can be discussed. The larger
spacing between D and A moieties in our systems, due to the
insulating continuum of molten alkyl chains between adjacent
columns, presumably leads to slower formation of the CT
states. Nevertheless, the dynamics observed in our lms still
remain signicantly faster than 1 ps. Another important result
is that it appears in our systems that the larger the distance
between D and A units the slower the charge carrier recombi-
nation processes. These ndings provide important insights
into the dynamics of charge transfer in self-organized D–A
materials and their structure–property relationship. In such
architectures, the role of the length, the number and the
distribution of alkyl chains graed to the D and A moieties on
their self-organization and their solid-state photophysical
properties appear as one of the key issues for the chemical
design of novel D–A systems.
Table 1 Characteristic time constants measured from the transient
absorption kinetics in the dyad and triad films. Pump wavelength was
325 nm and the measurements were carried out at room temperature

Samples Onset timea (ps) Decay timeb (ps)

Dyad lm 0.23 � 0.05 234 � 5
Triad lm 0.27 � 0.05 151 � 11 (82%),

358 � 32 (18%)

a Formation time constant of charge separation state, 100 fs stepping
motor interval. b Recombination or dissociation time constant, 10 ps
stepping motor interval.

This journal is © The Royal Society of Chemistry 2016
4. Conclusions

We investigated the photophysical properties of liquid-crystalline
donor–acceptor discotic dyad and triad systems based on tri-
phenylene and perylene bisimide units in thin lms. It was
previously established that these molecules self-organize into
columnar one-dimensional nanostructures in the solid-state. To
examine the role of the molecular aggregation on the absorption
and steady-state uorescence spectra, their concentration-
dependence was measured when the molecules are dispersed in
a poor solvent such as methylcyclohexane. These results provided
useful insights to interpret the absorption of the dyad and triad
neat lms. Photoluminescence and subpicosecond transient
absorption measurements in lms demonstrated a complete
quenching of the singlet excitons through a very effective photo-
induced charge transfer process. Following the photo-excitation,
we found that photo-induced charge transfer states were
formed in both dyad and triad in about 0.2–0.3 ps. The charge
recombination process was signicantly slower with character-
istic time constants in the range between 150 and 360 ps.

The dynamics of the formation and recombination of the
charge transfer states were found to correlate well with the
structural properties of the dyad and triad systems. These results
provide thus important and useful information on the structure–
property relationships in LC donor–acceptor organic materials.
In particular, the design of molecular assemblies with long D/A
spacing distance should be favoured as it appears to be bene-
cial to longer CT state lifetime while not impacting signicantly
the CT formation time. In addition, the fast formation of the
charge transfer states and the relatively slow charge recombi-
nation process evidenced in these dyad and triad derivatives are
promising for the molecular design of future self-organized
donor–acceptor nanostructures with enhanced photovoltaic,
photophysical and charge transport properties.
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Chem. A, 2016, 4, 4252–4263.

12 F. J. M. Hoeben, P. Jonkheijm, E. W. Meijer and
A. P. H. J. Schenning, Chem. Rev., 2005, 105, 1491–1546.

13 Y. Yamamoto, T. Fukushima, Y. Suna, N. Ishii, A. Saeki,
S. Seki, S. Tagawa, M. Taniguchi, T. Kawai and T. Aida,
Science, 2006, 314, 1761–1764.

14 S. Sergeyev, W. Pisula and Y. H. Geerts, Chem. Soc. Rev., 2007,
36, 1902–1929.

15 K. Takimiya, S. Shinamura, I. Osaka and E. Miyazaki, Adv.
Mater., 2011, 23, 4347–4370.

16 V. Percec, M. Glodde, T. K. Bera, Y. Miura, I. Shiyanovskaya,
K. D. Singer, V. S. K. Balagurusamy, P. A. Heiney, I. Schnell,
A. Rapp, H. W. Spiess, S. D. Hudson and H. Duan, Nature,
2002, 419, 862.

17 H. Iino and J.-I. Hanna, Adv. Mater., 2011, 23, 1748–1751.
18 L. Mazur, A. Castiglione, K. Ocytko, F. Kameche,

R. Macabies, A. Ainsebaa, D. Kreher, B. Heinrich,
B. Donnio, S. Sanaur, E. Lacaze, J.-L. Fave, K. Matczyszyn,
M. Samoc, J. W. Wu, A.-J. Attias, J.-C. Ribierre and
F. Mathevet, Org. Electron., 2014, 15, 943–953.

19 W. Ma, C. Yang, X. Gong, K. Lee and A. J. Heeger, Adv. Funct.
Mater., 2005, 15, 1617–1622.

20 X. Yang, J. Loos, S. C. Veenstra, W. J. H. Verhees,
M. M. Wienk, J. M. Kroon, M. A. J. Michels and
R. A. J. Janssen, Nano Lett., 2005, 5, 579–583.

21 S. E. Shaheen, C. J. Brabec, N. S. Saricici, F. Padinger,
T. Fromherz and J. C. Hummelen, Appl. Phys. Lett., 2001,
78, 841–843.

22 M. Campoy-Quiles, T. Ferenczi, T. Agostinelli,
P. G. Etchegoin, Y. Kim, T. D. Anthopoulos,
P. N. Stavrinou, D. D. C. Bradley and J. Nelson, Nat. Mater.,
2008, 7, 158–164.

23 A. R. Mallia, P. S. Salini and M. Hariharan, J. Am. Chem. Soc.,
2015, 137, 15604–15607.

24 D. Ley, C. X. Guzman, K. H. Adolfsson, A. M. Scott and
A. B. Braunschweig, J. Am. Chem. Soc., 2014, 136, 7809–7812.

25 W. S. Shin, H.-H. Jeong, M.-K. Kim, S.-H. Jin, M.-R. Kim,
J.-K. Lee, J. W. Lee and Y.-S. Gal, J. Mater. Chem., 2006, 16,
384–390.

26 L. Schmidt-Mende, A. Fechtenkötter, K. Müllen, E. Moons,
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