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Exciton dynamics play a crucial role in determining the efficiency of organic photovoltaic devices and
photo-detectors. However, establishing clear correlations between molecular structure and exciton
diffusion length remains a significant challenge, limiting the rational design of more efficient materials. In
this study, we investigate exciton transport in thin films of a planar dumbbell-shaped electron donor
composed of discotic triazatruxene end-groups and an electron-deficient central unit. These molecules
self-assemble into unique bridged-columnar structures, which are known to support efficient charge
transport, although their impact on exciton dynamics had not yet been explored. Using a combination of
time-resolved photoluminescence (TRPL), spatially resolved TRPL, and exciton—exciton annihilation
measurements, we examine how structural order influences exciton diffusion in both the columnar-
nematic and crystalline phases. We show that crystallization leads to a twofold increase in exciton
diffusion length, reaching values comparable to those observed in state-of-the-art non-fullerene
acceptors. Although the molecules exhibit a typical Stokes shift that is not particularly favorable for

Forster energy transfer (FRET), efficient exciton transport is nonetheless achieved—enabled by long
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Accepted 2nd September 2025 exciton lifetimes and anisotropic energy transfer within its distinctive bridged-columnar architecture.

These results, supported by FRET analysis, highlight the effectiveness of the molecule's tailored

DOI: 10.1039/d5ta06394a dumbbell-shaped design and its ability to self-assemble into ordered structures that support both long-
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1. Introduction

In organic semiconductors, the free charge carrier generation
under illumination is generally hindered by large binding
energies of the singlet excitons. To overcome this limitation,
organic solar cells and photodetectors typically use blends of
electron donor (D) and electron acceptor (A) molecules to form
a bulk heterojunction (BH]J) that facilitates exciton dissociation
at the D/A interface.® Achieving BHJs with high quantum effi-
ciencies requires that the size of the donor and acceptor
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range exciton diffusion and efficient charge mobility.

domains be on the order of the exciton diffusion length—under
20 nm in most organic semiconductors.>* Controlling the blend
morphology at this nanoscale without compromising charge
transport is challenging and narrows considerably the pro-
cessing window for making high-performance devices.* There is
thus a strong interest in designing materials (whether donor or
acceptor) that simultaneously exhibit long exciton diffusion
lengths and efficient charge transport. This is exemplified by
the recent success of non-fullerene acceptors (NFAs) in boosting
the performances of BH]J solar cells. The exceptionally large
exciton diffusion length observed in NFA domains together with
their good charge transport properties led to record device
efficiencies with acceptor domain sizes up to 45 nm—well
beyond the usual limit.>”

Singlet exciton diffusion in organic semiconductors is often
modelled as Forster resonant energy transfer (FRET) between
neighbouring molecules.*** Within this model, the exciton
diffusion coefficient is expected to increase with greater overlap
between absorption and emission spectra, shorter inter-
molecular distances, and reduced structural and energetic
disorder. For NFAs, the exceptional excitonic and electronic

This journal is © The Royal Society of Chemistry 2025
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properties were attributed to their rigid conjugated backbones,
which result in small Stokes shifts and high structural order.”**
Analogously, donor molecules with efficient exciton diffusion
and hole transport should improve further the performance of
organic solar cells. However, their development is hampered by
a lack of chemical design rules. A better understanding of the
relationships between molecular structure, molecular self-
assembling, exciton diffusion and charge transport is there-
fore of considerable importance to the field of organic opto-
electronic and photovoltaic devices.>***

In this report, we provide a comprehensive analysis of
exciton dynamics in thin films of triazatruxene-based electron-
donor molecules, named “TPD¢g-TAT¢g” (Fig. 1). In a previous
report, we have shown that the planar triazatruxene (TAT) end-
groups lead to the formation of a distinctive bridged columnar
network that facilitates charge transport along three direc-
tions."*” In addition, preliminary time-resolved photo-
luminescence studies of similar TAT derivatives indicated that
the exciton lifetime is only weakly impacted by molecular -7
stacking interactions.™ This unique combination of properties
motivated us to investigate further the exciton dynamics in this
specific bridged columnar network with the goal to enhance our
understanding of the relationship between molecular assembly
and exciton transport and identify new design routes for effi-
cient donor molecules.

We investigated exciton dynamics in TPD¢g-TATcg thin films
by utilizing conventional time-resolved photoluminescence (or
“macro-TRPL”) and spatially-resolved TRPL (or “micro-TRPL”)
measurements. Micro-TRPL investigations help clarify the
origin of non-exponential transients observed by conventional
macro-TRPL on thin films, whereas exciton-exciton annihila-
tion experiments performed by macro-TRPL enable the deter-
mination of exciton diffusion lengths in different solid states.

(b)

Intensity Normalized
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The data are further compared to the exciton diffusion prop-
erties obtained by analysing the stationary optical properties of
the material within the FRET theory. The results show that the
exciton diffusion length increases by a factor of 2 with structural
order, reaching 35 nm, close to the highest values reported for
NFAs. Together with the previously reported highly efficient 3D
charge transport, our findings provide evidence that the
bridged-columnar network formed by these dumbbell-shaped
molecules enables strong intermolecular coupling without
promoting exciton quenching—a combination of properties
highly advantageous for organic photovoltaics.

2. Results and discussion

2.1 Material properties and time-resolved
photoluminescence

TPDcg-TATcg molecules are composed of two discotic tri-
azatruxene electron-donating end-units and a central
thiophene-thienopyrroledione-thiophene (TPD) electron defi-
cient unit. Both units are functionalized with linear CgH;, alkyl
chains to form a highly soluble planar dumbbell-shaped
molecule (Fig. 1a). The molecular synthesis as well as the
thermal, electronic, photovoltaic (in donor/fullerene blends)
and structural properties of TPDcg-TATcg have been reported
previously.”'® At room temperature, TPD¢cg-TATcg molecules in
thin films can be either in a frozen columnar-nematic liquid
crystalline state or in a crystalline state, depending on its
thermal history. In this work, the annealing conditions were
carefully selected to achieve thin films in both states, allowing
to investigate the influence of structural disorder on the exci-
tonic properties (see last section for the experimental details).
Polarized optical micrographs (POM) and atomic force
microscopy (AFM) topography of TPDcg-TATgg thin films
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(a) Chemical structure of TPDcg-TATcg, and frontier orbitals calculated using density functional theory at the B3LYP/6-311 + G* level in

vacuum. The alkyl side-chains were substituted by methyl groups to reduce computation time. (b) Macro-TRPL transients of TPDcg-TATcg
samples (solution and solid states). Solid lines represent exponential fits to the data.
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(Fig. S1 and S2) show that the crystallized films consist of
a collection of micrometer-sized crystals embedded in a thin
structureless TPDcg-TATcg layer, whereas the frozen liquid-
crystalline films are homogeneous and exhibit low surface
roughness.

Stationary absorption and continuous wave photo-
luminescence (CW-PL) spectra of TPDgs-TATqg thin films are
plotted in Fig. S3. In both solid states, the Stokes shift is esti-
mated to 0.25 eV, close to values commonly observed in other
organic semiconductors, but larger than those of NFAs.” As
a consequence, the spectral overlap between absorption and
emission is rather moderate and not expected to specifically
favour exciton diffusion.

The PL transients measured on TPDgg-TAT g in solution and
in thin films by macro-TRPL are shown in Fig. 1b. In solution,
the PL transient follows a mono-exponential decay with a 0.7 ns
decay time, whereas in thin films, the decays are non-
exponential. The photoluminescence (PL) transients can be
accurately fitted using double-exponential functions, with the
corresponding parameters summarized in Table 1. Notably,
reducing the laser intensity does not alter the shape of the PL
decay (Fig. S9), thereby ruling out any significant contribution
from exciton-exciton annihilation to the observed non-
exponential behavior.” It is also worth noting that exciton
decay occurs more slowly in the crystalline film than in solution.

2.2 Micro-TRPL measurements

To clarify the origin of the non-exponential decays, we per-
formed additional micro-TRPL on both films. In micro-TRPL,
a pulsed 950 nm laser beam, 300 nm in diameter, is scanned
over the sample surface, generating excitons by two photon
absorption. The PL transients are measured at each point across
the sample, creating a spatially resolved map of PL decay times.
Remarkably, unlike macro-TRPL transients, the micro-TRPL
transients follow single exponential decays (Fig. 2), with
decay-times (tpy) that vary across the sample and between
samples. The tp;, map of a typical crystallized film is shown in
Fig. 2a. The highest tp;, values are observed on the crystal,
whereas lower and more scattered values are found in the
surrounding area. In the latter, the significant scattering arises
from the low surface density of fluorescent molecules, leading
to a correspondingly large error margin of the decay time. The
decay-time histogram of the mapped area (Fig. 2¢) displays two

Table1 Fitting parameters used to adjust macro-TRPL transients with
mono or double-exponential decays. The fits were realized after
deconvoluting the TRPL transients with the impulse response function
of our set-up

Thin film (4; e 7™ + 4, ™)

Solution (A e~ Columnar-nematic Crystalline

0.70 £ 0.05 ns 7, = 0.15 £ 0.05 ns
7, = 0.60 £ 0.05 ns
Ay = 0.40 £ 0.02

Ay = 0.60% 0.02

7, = 0.20 =+ 0.05 ns
7, = 1.10 £ 0.05 ns
A; = 0.10 £ 0.02
A, = 0.90 + 0.02
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more or less narrow distributions centered respectively at 1.07
+ 0.10 ns and 0.45 =+ 0.20 ns. The former value corresponds to
measurements done on the crystal and aligns well with the
longer decay time observed in the crystalline film by macro-
TRPL (Table 1).

The micro-TRPL map performed on the columnar-nematic
film is shown in Fig. 2b. It reveals the existence of domains
with rather uniform decay-times, separated by dark areas for
which the signal-to-noise ratio was too low to estimate decay-
times. Since the film topography shows no signs of molecular
de-wetting (Fig. S1 and S2), we tentatively attribute the low
intensity PL areas to liquid-crystal domains where the local
average orientation of molecules is such that their transition
dipole is nearly perpendicular to the excitation light polariza-
tion axis. A remarkably narrow decay time distribution,
centered at 0.45 ns £ 0.05 ns, is observed on this sample
(Fig. 2d). This value agrees well with those measured in areas
surrounding the crystal in the crystallized film (low lifetime
distribution in 2c).

The micro-TRPL results suggest that the double exponential
form of the macro-TRPL transients measured on the crystalline
film arises from the coexistence of crystalline and columnar-
nematic domains. Indeed, the 1.07 ns lifetime observed on
the crystal agrees well with the longer time constant measured
by macro-TRPL. It is worth noting that the histograms in Fig. 2
display the number of pixels per lifetime value and are not
representative for the contribution of each decay time to the
macro-PL transient amplitude. Moreover, the micro-TRPL life-
times measured in the nematic film (Fig. 2d) and in the nematic
domains of the crystalline film (Fig. 2c) are close to the average
time constant (defined by 4,7, + A,7,) measured by macro-TRPL
on the nematic film. Intriguingly, the lifetime distribution
shown in Fig. 2d is much narrower than the difference between
the nematic lifetimes measured by micro-TRPL (0.45 ns) and
macro-TRPL (0.15-0.20 ns). This discrepancy may be the
consequence of the difference in size of the areas probed by
both techniques (~3 mm? vs. 2500 um?), provided the decay
time changes over a length scale comparable or larger than the
area probed by micro-TRPL, but smaller than that of macro-
TRPL. In this case, the contribution of different decay rates to
the macro-TRPL signal would result in non-exponential tran-
sients, while mono-exponential decays with a narrow lifetime
distribution would be observed in micro-TRPL.

To verify this assertion, we performed additional micro-
TRPL measurements on separate areas of the same columnar-
nematic film. As shown in Fig. S4, the PL transients always
decay mono-exponentially, but the decay time constants vary
significantly over the cumulated scanned area. The decay time
histogram cumulating six mapped areas (Fig. S4) reveal three
narrow gaussian distributions centered around (0.45 £ 0.03) ns
(0.55 £+ 0.06) ns and (0.64 + 0.04) ns, respectively. The PL map
clearly indicates that each gaussian distribution arise from
a specific region in the film (different colors in Fig. S4). Simi-
larly, micro-TRPL maps done on different areas of the crystal-
line film confirm the mono-exponential shape of PL transients
on the crystals (Fig. S5), but the decay-times vary among crystals
and in some cases reach values as high as 1.3 ns. The decay-time

This journal is © The Royal Society of Chemistry 2025
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Fig.2 Micro-TRPL map of exciton lifetimes in (a) crystallized and (b) columnar-nematic film of TPDcg-TATcg. The figure (c) and (d) represent the
decay-time histogram over the 50 x 50 pm mapped area of (a) and (b). (e) TRPL transients measured at point A or averaged over line B in (a), with
mono-exponential fits (solid lines). (f) TRPL transients measured along line C in (b), with mono-exponential fit (solid line). Data points associated
with a specific transient are distinguished by color.

histogram cumulating six different areas in the crystalline film distribution seen at lower decay-times originates from the

displays two narrow gaussian distributions, centered around residual nematic domains between crystals.

(1.03 £ 0.13) ns and (1.30 + 0.09) ns, respectively. The broader Interestingly, on the crystal with the highest exciton lifetime,
a decrease in decay time can be seen near the edges of the

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 33798-33807 | 33801
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crystal (yellowish borderline, Fig. S5), whereas this effect is
absent in the crystal with the lower exciton lifetime. Highly
anisotropic exciton diffusion along the crystal axes, coupled
with efficient quenching near the crystal surfaces, could
possibly be at the origin of this behavior. Indeed, if the slow
exciton diffusion axis is perpendicular to the illuminated
surface and the fast diffusion axis lies parallel to it, fewer exci-
tons will reach the crystal surface to be quenched compared to
the opposite configuration. As a result, the observed exciton
decay time will be longer. Furthermore, exciton quenching is
expected to be more pronounced near the crystal's lateral facets,
leading to a reduced exciton lifetime - consistent with the
experimental observations shown in Fig. S5. In other words, the
variations in exciton lifetime distributions observed in Fig. S5
may result from anisotropic exciton diffusion and reflect
differences in crystal orientation within the sample.

The observation of local variations in exciton lifetimes in the
columnar nematic film is more intriguing, since the changes

~
-]
N~

o~ l 3 E', - Excitation density (cm'“‘)
0 & Ve o (8.2£1.0)x10'
E o, (1.1£1.0)x10'®
g : % (1.4£1.0)x10"®
= = (2.6£1.0)x10"
E : ﬁ%”@?ﬁ
E} 0.] F ﬁ%ﬂi@
‘? omomg
g
e o
=
-
m DDD
0-01 : L 1 1
0.0 0.4 0.8 1.2
time(ns)
(©)
6x107'8F Excitation density (cm™)
(1.1£1.0)x10™
(14:1.0)x10®  71.1x107 em3s]
,,T (2.6+1.0)x10"*
£ 4x107'8}
©
=
E
Z
= 2x10718}
0 . . L 1
1.0 1.5 2.0 2.5
Exp(kt)

View Article Online

Paper

occur on a length scale significantly larger than the typical
structural correlation lengths in a mesophase. A possible
explanation could be local variations in the exciton quenching
efficiency of the surface due to possible surface contaminants,
though this has yet to be confirmed. For the following, we will
consider that the time constants obtained from the double-
exponential fits of macro-TRPL transients are representative of
the dominant mono-exponential decay rates occurring in the
film, regardless of the underlying mechanisms. Therefore, the
exciton lifetime in TPDcg-TATcg crystals will be described by
Texe = (1.1 £ 0.2) ns, the long decay time measured by macro-
TRPL (Table 1). For the columnar nematic phase, the exciton
lifetime has been found by micro-TRPL to vary locally between
0.20 and 0.65 ns, which is consistent with the decay rates esti-
mated from the double-exponential fit of macro-TRPL tran-
sients (Table 1). The average macro-TRPL decay time (defined by
A7y + Ay1,) is therefore a good approximate of the exciton life-
time in the nematic phase. Correspondingly, the exciton

(b)

S~ l F &
v C
Q =]
N )
=
g
- a
=}
=
= 0.1¢f
> °  Excitation density (cm™)
2 o (3.9+1.0)x10'
3 (2.7+1.0)x10"
= . (4.71.0)x10"7
] (1.1£1.0)x10"®
[~% )
0.01 : : :
0.0 0.4 0.8 1.2
time(ns)
3x107"
Excitation density (cm'3)
(2.7£1.0)x10"7 9 3.1
P 17 @TE10)x107  1F2AX107 em’s
en 2x107 ' (11£1.0)x10"
=
<
-’
—
e
Z
= 1x1077}
0 I x 1 1
1.0 1.5 2.0 2.5
Exp(kt)

Fig. 3 Normalized time-resolved photoluminescence transients on TPDcg-TATcg thin films in the nematic state (a) and the crystalline state (b).

1
EEA data replotted as NGO versus et using k = 2.5 x 10° s~ for the nematic state (c) and k = 9.1 x 108 s7* for the crystalline state (d), and the

maximum PL position as time origin. The straight lines are least-square fits to eqn (3) using vy as single fitting parameter. The coefficients of

determination are 0.967 and 0.978 for (c) and (d), respectively.
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lifetime in the nematic film will be described by texn = (0.4 £
0.2) ns. The smaller decay time can be attributed to the residual
nematic domains in the film. Note that in the crystalline film,
the amplitude ratio between the two exponential components
indicates that the residual columnar nematic phase accounts
for approximately 10% of the total film.

2.3 Exciton diffusion coefficient estimated by exciton—
exciton annihilation

Measuring macro-TRPL transients as a function of laser beam
intensity is a well-known method to estimate exciton diffusion
coefficients in organic semiconductors.” It assumes that the
rate of exciton-exciton annihilation (EEA) is limited by exciton
diffusion, leading to an effective exciton lifetime that decreases
with increasing exciton density. The resulting time-dependent
PL intensity is proportional to the exciton density, N(t), which
can be described by the following equation:*

dN(z)
dr
where G is the average exciton generation rate, k the exciton

decay rate in the absence of EEA, and vy the exciton-exciton
annihilation rate. The latter is given by

=G—kN(t)—yN(1)’

1)

Ry
V27Dt
cient and R, the annihilation radius. The value of R, is difficult
to evaluate and is often taken equal to 1 nm.***** We use the

same assumption to analyze our data.

: Ry?
At times larger than —
21D

Y = 47R,D (1 + )22 with D the exciton diffusion coeffi-

(which corresponds to less than 20

ps for D = 10" * em?s™ "), the annihilation rate reduces to y =

47R,D and eqn (1) can be solved analytically by:>*

1 1 Y %
m: (W—Fz)exp(ld) — E

with N(0) the initial number of excitons per unit volume. N(0)

(2)

E
can be approximated by VP % (1—10™), with E,, the laser pulse

energy, V the excited volume, A the excitation wavelength (515
nm), A the absorbance of the film at A, z Planck's constant, and ¢
the speed of light in vacuum. V is commonly taken equal to the
beam section (S) times the sample thickness (W), neglecting the

View Article Online
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impact of the non-uniform incident light intensity. Although
this simplified procedure has recently been shown to lead to an
under-estimation of the annihilation rate (and hence of D),*® we
kept using it in this study as it facilitates comparison with
literature data and should not affect the main conclusions of
our study. Accordingly, we estimated S, W and A to, respectively,
5.8 x 10”7 em?, (100 & 10) nm, and 0.2 for the nematic film, and
to 13.7 x 1077 cm?, (250 & 10) nm and 0.3 for the crystalline
film (Fig. S6 and Table S1).

The PL transients measured at room temperature at different
laser powers on columnar-nematic and crystallized thin films
are shown in Fig. 3a and b. In Fig. 3c and d the same data is re-

plotted as versus €, with the time origin fixed at the

1
N(1)

maximum photoluminescence intensity and using k = for

TEXAH

1

the columnar-nematic film and k = for the crystalline film.

Tex,c
The straight lines are least-square fits to eqn (2) with vy as single
fitting parameter. TRPL transients measured at the lowest laser
power are shown separately in Fig. S7 to avoid broadening of the
vertical axis in Fig. 3c. The fitting quality is excellent for both,
the nematic and the crystalline samples.

The vy values estimated for both states and the correspond-
ing diffusion coefficients (D) are summarized in Table 2.
Notably, v is significantly larger in the crystalline film compared
to the columnar-nematic film. Consequently, the exciton
diffusion length in 3D, defined as Ley, = /2ZDte with Z = 3 and
Tex the exciton lifetime,'®*” increases by more than a factor of
two, reaching 35 nm in the crystalline film. This value is close to
those reported for NFAs, despite the larger Stokes shift for
TPDcg-TATcg and previously reported strong m-m stacking
interactions." This remarkable finding can be attributed to the
longer exciton lifetime in TPDcg-TATcg crystals and is likely
a consequence of the distinctive bridged columnar molecular
network.

2.4 Analysis of exciton dynamics based on Forster resonant
energy transfer

Another commonly used method to estimate exciton diffusion
coefficients in molecular thin films relies on FRET theory.

Table 2 Exciton diffusion parameters estimated by EEA and FRET theory

Columnar-nematic state Crystalline state

Parameters In solution
Exciton lifetime (ns) 0.70 £ 0.05
EEA % (cm3 5*1) _

D (em?s™1)*

Lsp (nm)*
FRET theory o1 (%) 14.0 + 1.0

J(mm*M 'em™) —

n

ke (571

D (em®s™1)*

Lsp (nm)*

Texn = 0.42 £ 0.20
(1.1 +1.0) x 107°

Texe = 1.1 £ 0.2
(2.4 +2.0) x 107°°

8.5 x 107* 1.9 x 1073

14 35

2.5+ 0.5 524 1.0

(0.9 +0.2) x 10™ (2.6 + 0.2) x 10™*
1.55 + 0.05 1.74 £ 0.10
(5+1) x 10" (6 +1) x 10"
1.2 x 107° 1.6 x 107°

17 30

“ While the ratio between vy values - and hence the diffusion coefficients D - is a clear outcome of the comparison between nematic and crystalline
states, the uncertainty on the absolute values is estimated to be approximately 50% for D and 30% for L;p.

This journal is © The Royal Society of Chemistry 2025
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The FRET theoretical framework is based on the point dipole
approximation, which is best suited if the distance between the
energy donor and acceptor molecules is larger than the size of
the individual molecules. This condition may not be met in case
of densely packed large molecules, such as TPDcg-TATcg.
Despite this limitation, the method remains widely used as it
gives easy access to an estimate of D from conventional steady-
state optical measurements.' For completeness and to enable
comparison with literature data, we incorporated this method
into our study.

According to FRET theory, the energy transfer between
molecules is given by:*"?*2°

~[9000(In 10)<2¢;

ki = | — " R YL
i 128 105n* NpTex1®

(3)
where J = [° F(1)e(A)A’dA is the spectral overlap between
normalized fluorescence intensity F(A) (area normalized to
unity) and molar extinction coefficient ¢(A) (M~* ecm ™), «* the
dipole moment orientation factor, r the distance between
energy donor and energy acceptor, ¢; and 7., the donor fluo-
rescence quantum yield and exciton decay time respectively, n
the refractive index of the medium, averaged over the measured
wavelength range, and N, Avogrado's number. Notice here that
donor and acceptor are two (nearby) molecules of identical
nature; we may refer to such energy transfer as “homo-FRET”.
The experimental ¢(1) values of TPDg-TATg in both nematic
and crystalline states were determined using standard spec-
trophotometry. The J value was calculated based on the
absorption and emission spectra shown in Fig. S3, with further
details provided in Section 4. The refractive index n of the
nematic film was measured by ellipsometry. On the other hand,
for the crystalline film, n was estimated by measuring the
reflectance R of isolated crystals by white-light interference

2
microscopy® (Fig. S8b) and applying R = {Z—;J . The fluo-
rescence quantum yields were measured by spectrofluorometer.
For the latter measurements, thin films were spin coated on
a circular quartz substrate and annealed to achieve either
columnar-nematic or crystalline states. The results are
summarized in Table 2 (more details are given in Section 4).
Since k. decreases with ¢, it is mostly dependent on the
orientational and structural order at short distances. Previous
structural investigations of the TPDg-TATcg mesophase'” have
shown that the molecules self-assemble into a bridged
hexagonal-columnar structure, with the columns formed by the
stacking of TAT end-units (Scheme S1). In this structure, each
TPDcg-TATcg molecule participates to two neighboring
columns. The assembly is preserved over about 3-3.5 nm along
the columns and about 7 nm perpendicular to the columns,
representing 8-9 molecules in the piling direction and 4
columns in the lateral direction. The probability P, for two
nearest neighbor molecules to belong to the same two columns,
and thus be oriented parallel to each other, should be approx-

. 1 . .
imately & Nearest neighbors sharing only one column form

angles of either m/3, 27/3 and © between each other (see
Scheme S1). These angles lead to dipole orientation factors of x>
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= 0.45, 1.6 and 4 (neglecting the displacement parallel to the
columns), while for parallel-oriented molecules, k> = 1. The
parallel-oriented neighboring molecules are separated by the 7—
7 stacking distance (d,; = 0.38 nm). In contrast, for non-parallel
oriented neighboring molecules, the distance between the
centers of neighboring molecules is given, approximately, by L
sin /2, where L = 2.2 nm (see Scheme S1). This leads to
distances of 1.1 nm, 1.9 nm or 2.2 nm for #= 7/3, 27t/3 and T,
respectively, much larger than d. The resulting energy transfer
rates are thus at least three orders of magnitude lower than that
between parallel-oriented molecules. Exciton diffusion is
therefore expected to be highly anisotropic. Note that parallel-
oriented next-nearest-neighbor molecules may also occur, but
with intermolecular distances of 2d,.. The transfer rate between
such molecules is 64 times lower than that between nearest
neighbor parallel-oriented molecules and contributes only
marginally to the overall energy transfer rate along the
columnar direction. Based on the above, the average energy
transfer rate (k,) in the columnar-nematic phase can be
expressed as follows:

<klr> = POktr(r = dnaKz = 1) + (1 - PO)ktr(r » d'n:)

1
= gkt,(r =d. kK= 1) (4)
with k.(r, *) given by eqn (3).
The average diffusion coefficient in anisotropic columnar-
1
3 (D) + 2D, ) where
Dy and D, are the diffusion coefficients parallel and perpen-
dicular to the columnar direction, respectively. Since the energy
transfer rate is predominately along the columnar direction, D
can be approximated by:**

hexagonal mesophases is given by,*** D =

1 1
D= 3Dy~ (k) )

The energy transfer rate and diffusion coefficient calculated
using eqn (3)-(5), as well as the resulting diffusion length, are
summarized in Table 2. The results are close to those obtained
by EEA on the nematic film, despite the fundamentally different
approach.

For the crystalline state, the analysis is hampered by the still
incomplete knowledge of the crystalline structure. Indeed,
previous structural and charge transport investigations'
allowed only to conclude that the molecules self-assemble into
a slightly distorted hexagonal lattice, derived from the parent
bridged-columnar nematic mesophase. Nevertheless, given the
close relationship between the mesophase and the crystalline
phase, we can assume that energy transfer in the crystalline
state also occurs predominantly between parallel-oriented
molecules, along the columnar direction. Under this assump-
tion, eqn (4) and (5) still apply, although d,; might be slightly
reduced in the crystalline state. The energy transfer rate and
diffusion coefficients, obtained using d. = 0.38 nm, are
summarized in Table 2. The diffusion coefficient is found to be

This journal is © The Royal Society of Chemistry 2025
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higher than in the mesophase, which is consistent with the EEA
data and confirms the impact of structural order on exciton
dynamics. However, the variation is less pronounced than that
determined by EEA. This discrepancy may partly arise from
neglecting a possible reduction in d. during the nematic-to-
crystalline transition.

3. Discussion and conclusion

The diffusion parameters obtained from FRET theory match
those derived from EEA, which is quite remarkable given the
different approximations on which both methods rely. It should
be emphasized that while the absolute values carry significant
uncertainty—estimated at about 50% for D and 30% for L;p—
the ratio of the +y values, and thus the diffusion coefficients D is
a robust result when comparing the nematic and crystalline
states. Both data sets follow the same trend and reveal a large
impact of the structural order on exciton diffusion: the diffusion
coefficient increases by a factor of 2.0 + 0.4 as the material
transitions from the frozen liquid-crystalline state to the more
ordered crystalline state. These findings align well with the
report of Z. Li et al.,** who found a strong influence of structural
disorder on exciton diffusivity in a donor-acceptor-donor type
conjugated molecule, alike that of TPDcg-TATcg, by using first-
principles simulations."”

Another remarkable result is the observed increase in exciton
lifetime with structural order. Combined with the increase in
diffusion coefficient, this feature results in an exciton diffusion
length comparable to that observed in non-fullerene acceptors.
The long exciton lifetime in the crystalline state is particularly
surprising considering the strong intermolecular coupling, as
evidenced by the previously reported high hole mobility. Inter-
molecular coupling promotes phonon-assisted non-radiative
recombination and is generally found to reduce the exciton life-
time. We tentatively attribute this property to the bridged
columnar molecular structure found in TPDcg-TAT g crystals. In
such an assembly, intermolecular interactions are dominated by
the planar TAT-end groups, leaving the central TPD unit sur-
rounded mostly by alkyl-chains. Density functional theory
calculations (Fig. 1a) show that the LUMO level in these donor-
acceptor-donor molecules is localized on the central TPD unit,
while the HOMO level is delocalized over most of the conjugated
backbone. Electrons in the excited state may therefore be only
weakly coupled to neighboring molecules, avoiding non-radiative
recombination pathways. On the other hand, since coupling
between the TAT end-groups predominantly affects the HOMO
levels, hole transfer proceeds efficiently, as observed experimen-
tally.* It is worth mentioning, that a similar end-group-driven
molecular self-assembly was reported for A-D-A type non-
fullerene acceptors and found to underly the good photovoltaic
performance of NFA based solar cells.

As mentioned above, the efficient exciton transport observed
in TPDcg-TATcg contrasts with its large Stokes shift, which is
expected to hinder FRET. In our case, this effect appears to be
counterbalanced by the higher exciton lifetime. We therefore
conjecture that similar triazatruxene-based dumbbell-shaped
molecules, incorporating a more rigid linkage between the

This journal is © The Royal Society of Chemistry 2025
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TAT units and the central core, could benefit from both
a reduced Stokes shift—enhancing dipolar coupling—and long
exciton lifetimes, potentially enabling access to even greater
exciton diffusion lengths.

In summary, we have investigated the exciton diffusion
length in planar dumbbell-shaped small molecules, TPDcg-
TATcg, based on discotic electron-rich end-units and an
electron-deficient central unit, using time-resolved photo-
luminescence and photoluminescence quantum yield
measurements. Spatially-resolved TRPL experiments proved
especially valuable in elucidating the origin of the non-
exponential transients observed in conventional TRPL
measurements. Exciton-exciton annihilation experiments and
quantum yield measurements analyzed as Forster resonant
energy transfer, were used to determine the exciton diffusion
length in both solid states. Both methods gave rise to similar
trends, showing a significant increase of the exciton diffusion
coefficient structural order. The resulting highest exciton
diffusion length approaches the values observed in NFAs and
are likely an outcome of the bridged-columnar self-assembly of
the planar dumbbell-shaped molecules. This molecular design
shows strong promise for organic electronic applications
requiring long exciton diffusion lengths.

4. Experimental
4.1 Molecular synthesis

Synthesis and molecular characterizations of the TPD¢g-TAT g
are identical to the procedures described in ref. 17.

4.2 Thin-film deposition conditions and thermal processes

Quartz substrates were used for all samples. The substrates
were cleaned with liquid dish soap and sonicated in a series of
deionized water, acetone, and isopropanol for 15 minutes each.
Next, the substrates were treated by UV-Ozone reactor for 30
minutes to eliminate any organic residues on the surface before
spin-coating. All solutions and thin-film depositions were done
in a nitrogen-filled glove box. The solutions were prepared with
concentrations of 20 mg mL ™' in chloroform and stirred over-
night at room temperature. Solutions were spun onto clean
substrates with a deposition volume of 120 pL and a spin rate of
1500 rpm during 60 seconds. Different annealing steps were
applied under nitrogen ambient to achieve the desired solid
states:

(I) Nematic state: annealing at 180 °C for 5 seconds (isotropic
phase), followed by rapid cooling to room temperature
(Fig. S1a).

(IT) Crystalline state: annealing at 180 °C for 5 minutes, fol-
lowed by rapid cooling to room temperature and subsequent
gradual heating to 145 °C for 40 minutes (Fig. S1b).

4.3 Continuous-wave photoluminescence

The samples were exposed to a pulsed Nd-YAG laser (355 nm) at
a power of 88 mW, and a pulse width at half maximum (FWHM)
of 12.5 ns, at a frequency of 15 000 Hz. A BRC112E CCD camera
was used as spectrometer.
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4.4 Low-intensity macroscopic time-resolved
photoluminescence (TRPL)

The TRPL measurements were carried out in atmospheric
environment at room temperature. The samples were excited at
a wavelength of 511 nm using a laser from AUREA PIXEA-510.
The beam characteristics are the following: pulse duration =
90 ps, energy per pulse = 0.05 nJ, a repetition rate = 20 MHz,
beam diameter = 2 mm. TRPL was measured using a Hama-
matsu C6860 streak camera with a S-20 photocathode in
synchro-scan mode. The FWHM of the instrument response
function (IRF) is 40 ps.

4.5 Micro-TRPL

Lifetime Imaging Microscopy was performed with a home-made
multi-photon laser scanning microscope using a tunable
femtosecond laser (Insight DeepSee Spectra Physics) that
produces 120 fs pulses at 950 nm with a beam diameter about
300 nm. A 60X 1.2NA water immersion objective was used. The
laser power was adjusted to give count rates with peaks up to as
few as 10° photons per s, so that the pile-up effect can be
neglected. Imaging was carried out with a laser scanning system
using two fast galvo mirrors (Model 6210, Cambridge Tech-
nology), operating in the descanned fluorescence collection
mode. The fluorescence was directed to a fiber coupled APD
(SPCM-AQR-14-FC, PerkinElmer), which was connected to
a time-correlated single photon counting (TCSPC) module
(SPC830, Becker & Hickl), operated in the reversed start-stop
mode. Typically, the samples were scanned continuously for
about 30 s to achieve appropriate photon statistics to analyze
the fluorescence decays. Each measurement point resulted in
a fluorescence decay which was fitted by a decreasing mono-
exponential function.

4.6 Optical absorption measurements

Absorption spectra in thin films were recorded on a Shimadzu
UV-2600 spectrophotometer. Molar extinction coefficient (e
in M~" em ™) is given by

A
e= —
cl

Where 4 is the absorbance, [ the optical path length and ¢ the
molar concentration. In this article, for thin films measure-
ments, we assumed that the optical path length is equal to the
film thickness. The molar concentration c is given by:**

p

= 1000
c A

Where p is the density of thin films and M, is the molecular
weight of a chromophore. In this article, p is 1.11 g cm > and M,
is 1789.65 g mol * for the TPDg-TAT¢g bulk material.

4.7 Ellipsometry measurements

Refractive index () was obtained by using spectral ellipsometry
TNO1, HORIBA. The thin films were spin coated on a quartz
substrate and annealed according to the description given
above.
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4.8 White light interference microscopy

The White Light Interference Microscopy set-up is home-built,
with details given in a previous published paper.** The light
source is a white LED Thorlabs MBB1L3. The sample is placed
on a piezo electric translator. Three samples of isolated crystals
were measured for three different areas (as shown in Fig. S8).
The value of n is obtained according to the equation

n—17> . . .
R= il and assuming there is no absorption factor.

4.9 Time-resolved photoluminescence for EEA
measurements

The EEA measurements were done in atmospheric environment
at room temperature using an experimental set-up described in
detail elsewhere.”® Samples were encapsulated to prevent laser
enhanced oxidative damage. The sample encapsulation was
done in a glove box filled with N,. The laser wavelength was
515 nm with ~300 fs pulses and a repetition rate ranging from
0.1 to 100 kHz. The excitation energy was 0.4 uJ per pulse at
maximum, adjusted with a neutral density filter. The laser beam
is focused on the thin film samples by a microscope objective.
The beam radius was defined as the root mean square (RMS)
width of a Gaussian function obtained by a least-square fit of
the PL intensity profile, measured by a digital camera for a fixed
beam position (Fig. S6). We obtained =6.6 pm for the crystal-
line sample and =4.3 um for the nematic sample. The TRPL
transients were measured using a Hamamatsu C10627 streak
camera. The FWHM of the streak camera response function
was 20 ps. The repetition rate of the laser was also decreased
while gradually increasing the excitation energy (per pulse) to
avoid photobleaching of the samples. To verify the absence of
photobleaching during the EEA measurements, the TRPL
curves were measured a second time at low energy after each
excitation at high energy and superimposed with the first
measurements.

4.10 Quantum yield

Quantum yields were measured by a FluoroMax®-4 — Spectro-
fluorometer from HORIBA Scientific, using an integration
sphere. The thin films were spin coated on a circular quartz
substrate and annealed according to the description
given above, circular quartz substrate was used as blank in the
sphere.
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