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ABSTRACT

Organic semiconductor materials such as planar conjugated small molecules are of great interest to the photovoltaic
community. In thin films, the exciton and charge carrier dynamics, which are crucial to photovoltaic device operation,
depend in a non-trivial way on the organic molecular structure and on the molecular organization in the solid state.
Recently, the exciton diffusion has been found to strongly depend on the crystalline order of the organic thin films. This
work presents the study of the exciton lifetime in an innovative class of molecular semiconductors able to present
different crystalline order. This family of molecules has a “dumbbell-shaped” structure based on triazatruxene units that
act as a m-stacking platform. Such molecules with different side-chains have been found to self-assemble into various
crystalline and liquid crystalline phases. We have studied the steady-state photoluminescence and the exciton lifetime for
several triazatruxene-based derivatives with different side-chains, in solution and in thin films for different solid state
phases. In solution, the fluorescence lifetime corresponds to the reference value that can be obtained without
intermolecular interaction. In thin films, we measured the exciton lifetime for different molecular structures in order to
correlate the exciton dynamics with the molecular stacking. The results reveal a significant increase in the exciton
lifetime with the enhancement of the structural order.

Keywords: exciton dynamics, exciton lifetime, molecular semiconductor, self-assembly.

1. INTRODUCTION

Exciton dynamics play an essential role in organic photovoltaic (OPV) devices. Indeed, most OPV devices rely on
singlet excitons, whose lifetime is generally of the order of nanoseconds (ns) and whose diffusion length is estimated to
be less than 10 nm, which limit the power conversion efficiency (PCE) of OPV devicest™ 2. To avoid this restriction and
allow high proportion of excitons to reach the donor/acceptor interface, it is necessary to use a bulk heterojunctions
(BHJ) structure, whose morphology is determinant, but still difficult to control® “. There have been multiple efforts to
understand what factors limit the singlet exciton diffusion in the solid state and to figure out ways to enhance it.
Improving the exciton diffusion length, and importantly, increasing exciton lifetime is essential. One strategy has been to
enhance exciton lifetime by improving the structural order of molecular solid-states. In this case, planar conjugated small
molecules are of interest as they have a strong ability to form ordered solid-states(>14,

Here, we present the study of the exciton lifetime in a family of planar conjugated small molecules, called TPD-TAT.
TPD-TAT derivatives share the same conjugated “donor-acceptor-donor” backbone with a thienopyrroledione (or
“TPD”) unit as central core end-capped by two triazatruxene (or “TAT”) units (Fig. 1). The TAT unit is a flat and highly
soluble functionalized triazatruxene moiety that acts as a n-stacking platform. The four TPD-TAT molecules differ by
the nature of the alkyl chains on TAT and TPD units, which are either linear or branched, as shown in Fig. 1. The TAT
unit has three amine groups able to carry alkyl chains. Also, TPD can be alkylated independently from the TAT unit.
Thus, different side-chain combinations were explored, with either 2-ethylhexyl (EH) branched side chains, n-octyl (Cs)

* emilie.steveler@insa-strasbourg.fr



linear side chains or a combination of both 2-ethylhexyl and n-octyl side chainst*2 131, For example, TPDen-TATcs
corresponds to the derivative with a branched side-chain on the TPD unit and linear side-chains on both TAT units (Fig.
1). Such molecules have been found to self-assemble into various solid-state phases, including liquid crystal mesophases
and more ordered purely crystalline phases, under certain post-deposition treatments(*? 141,

In this work, steady-state photoluminescence (ST-PL) measurements were carried out in solution and in solid state.
Time-resolved photoluminescence (TR-PL) measurements were carried out to investigate the exciton lifetime in TPD-
TAT derivatives as a function of chemical structure and as a function of the solid-state structures. The results shown a
significant increase in exciton lifetime with structural order. The relatively high exciton lifetime found here is consistent
with the good performances obtained previously in solar cells using such molecules as efficient electron-donor in bulk
heterojunctions solar cell™3],

2. RESULTS AND DISCUSSION

DSC combined with optical microscopy was used to study the thermal behavior of TPD-TAT derivatives with different
side chains. As shown in Fig. 1b, branched side-chains (EH) on the TAT units (TATen) lead to only a glass transition
(G) at 75-80°C and a melting into an isotropic liquid states (Iso) at 80 °C. When linear side-chains (Cs) are grafted on the
TAT (TATcg) units, significantly different thermal properties are observed. TDP-TATcs derivatives undergo a glass
transition at 80 °C, and a cold crystallization from the fluid nematic phase (N) into a crystalline state (C,), and finally
melting in isotropic liquid state at around 180 °C. The cold crystallization occurs at 145 °C and 120 °C for TPDce-TATcs
and TPDen-TATcs, respectively. Note that in the case of TPD-TAT molecules, the side-chains on the central
chromophore TPD do not impact as much the thermal properties as do the side-chains on the TAT, pointing out that the
molecular self-assembly is dominated by the planar TAT units!*2, These DSC results indicate specific heating conditions
in the range of the fluid nematic phase to initiate a crystallization process of the bulk TPDcs-TATce material.
Accordingly, annealing as-deposited layers at 145 °C causes the molecules to crystallize in the form of micrometer-sized
needle-like crystals (as shown in Fig. 1c).
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Figure 1 (a) Chemical structure of TPD-TAT derivatives. (b) DSC of TPD-TAT derivatives. (c) Different solid state of
TPDcs-TATcs, left: as-deposited, right: crystalline state.



Fig. 2 shows the ST-PL spectra and TR-PL transients measured for the four TPD-TAT derivatives in solution and in
different solid-states. The ST-PL peak positions after gaussian deconvolution are summarized in Table 1. The four TPD-
TAT derivatives in solution give rise to ST-PL spectra that are perfectly superimposed and split into mainly three
vibronic peaks: a major emission band around 631 nm and two weak shoulders centered around 588nm and 650 nm
(Table 1). The energy difference between the transitions being roughly constant, we may attribute the emission bands to
0-0 (588nm), 0-1 (631 nm) and 0-2 (650 nm) transitions*5-171,
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Figure 2 ST- PL and TR-PL for different TPD-TAT derivatives in solution (a) and (b), in as-deposited thin films (c) and (d),
and in annealed thin films (e) and (f), respectively. In solution, TR-PL transients are fitted by a mono-exponential decay; in
solid-state, TR-PL transients are fitted by a bi-exponential decay.



The TR-PL transients measured in solution (in the range from 650 to 700 nm) are also perfectly superimposed (Fig. 1b).
Fitting the PL decay by a decreasing mono-exponential function gives rise to a unique exciton lifetime of 0.7 ns in
solution (Table 1), indicating that the side-chains do not alter the molecular conformation, in agreement with the
behavior observed for the ST-PL measurements.

Table 1 Positions of the PL peaks after deconvolution of the ST-PL spectra of TPD-TAT derivatives into three Gaussian
peaks located at different wavelength (with error bar £5nm).

States Molecules 0-0 (nm) 0-1 (nm) 0-2 (nm)
TPDcs-TATcs
Solution TPDen-TATcs 588 631 686

TPDcs-TATex
TPDe-TATex

TPDcs-TATcs 608 650 705

As-deposited TPDen-TATcs 608 660 712
TPDcs-TATen 588 635 692
TPDen-TATEen 588 635 692
TPDcs-TATcs 616 685 757
TPDen-TAT 605 660 695

Annealed EH c8
TPDcs-TATen 587 631 688
TPDen-TATen 587 631 688

Table 2 Photoluminescence lifetime of TPD-TAT derivatives in solution (0.5 mg/mL) and thin films (as-deposited and
annealed). The lifetimes are obtained after a deconvolution of TR-PL transients with the instrument response function (IRF)
and a fit with a mono-exponential function for solutions and with a bi-exponential function for thin films. For bi-exponential
decays, the lifetime values are accompanied by that of their weight Ai in normalized spectra (A1+Az =1). The values are
given in ns and the error (noise, fit) is around £0.05 ns.

Solution Thin film
(A e—t/r) (Al e—t/t1 + AZ e_r/TZ)
As-deposited Annealed
7, = 0.15 A, =04 | 7,=020 A, =01
TPDcs-TAT 1 1 1 1
commies 7, = 0.60 A, =06 ,=105 A, =09
7, =0.15 A, =04 | 7,=020 A, =06
TPDen-TAT 1 1 1 1
Fi e 0.70 7, = 0.60 A, =06 ,=050 A,=04
‘ 7, =0.10 A, =07 7, =015 A, =07
TPDcs-TAT 1 1 1 1
comi e 7, = 0.40 A, =03 ,=050 A,=03
7, =0.15 A, =06 | 7,=010 A, =07
TPDen-TAT 1 1 1 1
BT e 7, = 0.45 A, =04 ,=040 A, =03

In order to evaluate the impact of intermolecular interactions on the exciton lifetime, ST-PL and TR-PL experiments
were performed on thin films for the four TPD-TAT derivatives. The measurements were done on either as-deposited or
annealed films and are shown on Fig. 2c and 2d. The positions of the Gaussian peaks deconvoluted from the ST-PL
spectra for as-deposited thin-films are summarized in the Table 1. As in solution, the shift in energy between the 0-1 and
0-0 transitions is approximately the same as that between the 0-1 and 0-2 transitions. In addition, the TPD-TATcs das-
deposited thin films clearly show a significant red-shift of the transition bands in comparison to TPD-TATgn. This red-



shift indicates a stronger intermolecular coupling in the case of linear side-chains that should be beneficial for
intermolecular charge and energy transfer[s: 19,

The TR-PL transients of as-deposited thin-films are shown in Fig. 2d. Although they are no more mono-exponential (see
below), the slower decrease in PL for TPD-TATcs points out a longer exciton lifetime (Table 2) for these two
derivatives in comparison to TPD-TATen, but a shorter lifetime compared to the one measured in solution. The decrease
in lifetime (in comparison to the reference value in solution) can be related to the intensity of intermolecular coupling in
the solid-states. Strong z-stacking interactions do indeed often induce non-radiative recombination pathways that lead to
a decrease in the exciton lifetime® 21, Surprisingly, the results indicate that TPD-TATcs derivatives have a longer
lifetime and thus a lower non-radiative recombination rate than TPD-TATen derivatives despite the stronger
intermolecular coupling revealed by the ST-PL. Moreover, the exciton lifetime is not significantly impacted by the side-
chain nature (Cg or EH) on the TPD unit. One possible reason is that the molecular self-assembly is mainly controlled by
the side-chains on the TAT moieties, while the structural disorder in as-deposited films might be too high to allow the
side-chain on the TPD unit to have an observable influence.

To compare the lifetimes more quantitatively, the TR-PL transients were fitted with a bi-exponential function. The
results of the fit are presented in Table 2 and confirm the qualitatively observed trend. The lifetime values show that the
exciton lifetimes of the four as-deposited derivatives are roughly the same: a short lifetime of about 0.10-0.20 ns and a
longer one around 0.45-0.60 ns. Interestingly, the weight of these components depends on the nature of the side- chains
on the TAT units. For both TPD-TATcs derivatives, the higher lifetime is preponderant, but for both TPD-TATen
derivatives, the shorter one is leading the decay, resulting in a longer global PL decay for the TPD-TATcs derivatives, as
observed on the TR-PL graphs.

Fig. 2e and 2f show the ST-PL and the TR-PL transients measured in annealed thin-films. The following annealing
treatments: TPDcs-TATcs were annealed at 145°C during 2h; TPDen-TATcs at 135°C during 2h; both TPD-TATew at
145°C during 2h (The temperatures were chosen above the cold crystallization temperature according to the DSC
results). The positions of the Gaussian peaks deconvoluted from the ST-PL spectra are presented in Table 1. Here again,
for the TPD-TATen annealed films, the energy gap between the transitions 0-1 and 0-0 is almost the same as between the
transitions 0-2 and 0-1, and is in line with the previously obtained results. However, for TPD-TATcs annealed thin-films,
the energy gap between the transitions 0-1 and 0-0 transitions is larger than that between the transitions 0-2 and 0-1.
Moreover, ST-PL spectra of TPDcg-TATcs shows a larger red-shift than TPDen-TATcs in their annealed thin-films. O. V.
Mikhnenko et al. 2 observed a similar phenomenon in diketopyrrolopyrrole (DPP) derivatives for which the PL
spectrum undergoes a gradual red-shift going from solution to as-deposited films and a further red-shift after annealing
treatment. Such red-shifts could occur due to stronger intermolecular interactions in solid-states, which are enhanced
upon annealing-induced crystallization!??., Previously reported small angle X-ray scattering (SAXS) patterns reported by
T. Hanl* et al. showed indeed that TPDcs-TATcs thin films present higher crystallinity than TPDex-TAT cg thin films.

The measured TR-PL transients show that the exciton lifetime decreases in TPDen-TATcs thin-film after annealing.
Several reasons may a priori contribute to this behavior. On the one hand, thermal annealing results in the formation of
crystalline domains that may lead to PL quenching at grain boundaries?. On the other hand, stronger m-stacking
interactions in annealed thin-films induce non-radiative recombination pathways which may decrease the exciton
lifetime as well. Interestingly, the TR-PL transients of TPDcs-TATcs annealed thin-films (Fig. 2f) show significantly
longer exciton lifetimes (Table 2) which even exceed the lifetime measured in solution. As shown in Fig. 1c, the
derivative with both linear side-chains (Cg) on TAT and TPD units gives rise to self-assembled micrometric-sized
crystalline needles after thermal treatment. The significantly larger average size of the crystals is likely to minimize
exciton quenching at the grain boundaries. Also, the contribution of intra-grain defects acting as non-radiative
recombination centers must be weak in order to allow the lifetime to exceed the reference value in solution?>%1, The
latter result is surprising, since the enhanced intermolecular coupling in the crystals, as revealed by high charge carrier
mobility**l, does not translate into additional non-radiative pathways but rather the opposite. This behavior may be a
consequence of the fact that the polar environment in the crystals could differ considerably from that in the solution.
More advanced studies to elucidate the phenomena are on-going and will be reported elsewhere.



3. CONCLUSION

Through the investigation of the exciton lifetime for different chemical and self-assembly structures in TPD-TAT
derivatives, we have shown that the side-chain nature on TPD and TAT units and the solid-states have a strong impact on
their exciton lifetime. In particular, the exciton lifetime significantly increased from the as-deposited to the crystalline
states, exceeding the lifetime measured in solution. These results may possibly be due to a decrease in the defect density
in crystalline films (in comparison to as-deposited states) and to a different polar environment in the crystalline state
resulting in lower non-radiative recombination rates. Importantly, the high intermolecular coupling in the molecular
crystals of TPDcs-TATcs does not favor non-radiative recombination. Rather, the large exciton lifetime combined with
the previously reported high hole mobility for the same compound, shows that good charge transport does not necessarily
hinder long exciton lifetimes. Also, strong intermolecular coupling combined with a long exciton lifetime should favor
exciton diffusion and lead to rather long exciton diffusion lengths.

4. EXPERIMENTS

Thin film elaboration: The thin-films were deposited on quartz substrates from solution and submitted to various thermal
treatments. The latter were selected to yield different solid-states. Thin-film deposition conditions and thermal processes
were as follows:

(1) Substrates: quartz cleaned with liquid dish soap and sonicated in a series of deionized water, acetone, and isopropanol
for 15 minutes each.

(2) UV-Ozone treatment: the substrates were treated in an UV-Ozone reactor for 30 minutes to eliminate any organic
residues on the surface before spin-coating.

(3) Spin-coating thin-films: all solutions and thin-film preparation were done in a nitrogen filled glove box. Solutions
were prepared at concentrations ranging from 1 to 20 mg/mL (for different thin-film thicknesses) with chloroform and
left to stir overnight at room temperature. Solutions were spun onto the cleaned substrates with a deposition volume of
120 pL and a spin rate of 1500 rpm during 60 seconds.

(4) Thermal treatment: according to the DSC results, different annealing steps were applied to the TPD-TAT derivatives.
Steady-state photoluminescence: The samples (thin-films or solutions) were excited at 355 nm by a Nd-YAG laser, laser
power is 88 mW, frequency is 15000 Hz, FWHM is 12.5 ns. Spectrometer used is a BRC112E CCD camera.
Time-resolved photoluminescence: all TR-PL measurements were carried out in atmospheric environment at room
temperature. The samples were excited using a laser from Spectra-Physics Mai Tai. The beam characteristics are the
following: a wavelength of 511 nm, a pulse duration of 90 ps, an energy per pulse of 0.05 nJ and a repetition rate of 20
MHz. TR-PL transients were measured using a Hamamatsu C6860 streak camera with a S-20 photocathode in synchro-
scan mode. The full width half maximum (FWHM) of the instrument response function (IRF) is 40 ps.
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