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Experimental and theoretical insights into
light confinement within 2D waveguides
of alkylphenyl benzothiadiazole crystals†
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Ana M. Rodriguez,a Luis A. Montero-Cabrera,fh M. Carmen Ruiz Delgado, *cg

Berta Gómez-Lor *b and Pilar Prieto *a

In this work, an experimental and theoretical investigation was carried out to explore the key factors

influencing light transmission mechanisms in organic crystalline materials. Three benzothiadiazole (BTD)

derivatives with slight structural modifications were selected due to their strong self-assembly

capabilities, which enabled control over molecular packing and waveguide behavior. High-quality single

crystals were obtained via the slow diffusion method, revealing distinct waveguiding properties: B1 and

B2 function as two-dimensional (2D) waveguides, whereas B3 behaves as a one-dimensional (1D)

waveguide. These differences arise from variations in crystal packing and directional S–N interactions,

which consistently guide growth along the [100] direction. In B3, the dominance of S–N interactions

solely along this axis promotes fiber formation, while B1 and B2 benefit from a more favorable dipole-

field alignment in both longitudinal and transverse directions. Optical loss coefficients (OLC) indicate

that B1 and B2 perform better as optical waveguides, exhibiting significantly lower losses (2–8.7 �
10�3 dB mm�1) compared to B3 (1.07 � 10�2 dB mm�1). These differences are attributed to variations in

exciton energy, as determined by the CIS|CNDOL/1CS method applied to simulated aggregates for both

molecules and crystals, which imply more localized Frenkel excitons with a greater ability to generate

polaritons and, therefore, a better capability to transmit light. They are also attributed to disparities in

microchannel size and density within the crystal structures. The insights gained provide a comprehensive

understanding of the key factors that influence light transmission.

Introduction

The development and implementation of physical structures
known as optical waveguides, capable of confining and effi-
ciently guiding light, have driven major advancements in the
fields of communication, leading to faster data transfer, and
improved medical treatments. The groundbreaking discovery
by Charles K. Kao that information could be transmitted via
light fundamentally transformed global communication
through optical fiber networks,1–5 significantly enhancing con-
nectivity, transmission speed, high-definition capabilities, and
bandwidth capacity.

However, while significant progress has been made at the
macroscopic scale, the development of efficient optical wave-
guides at the microscopic level remains a formidable challenge,
requiring further research and technological innovation.

In recent decades, substantial research efforts have been
dedicated to the development of nano- and microscale wave-
guides fabricated from organic materials,6–9 which constitute
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exceptional candidates for crystal engineering and often exhibit
superior properties compared to their inorganic counterparts.
They possess unique traits, such as the ability to self-assemble
into highly crystalline structures with minimal defects, diverse
morphologies, excellent thermal stability, straightforward
solution-processability and high photoluminescence (PL) effi-
ciency. A particularly notable feature of these materials is their
tunability: their optical properties can be precisely tailored by
modifying the molecular structure, tuning the packing arrange-
ment or applying strategic doping methods which directly
influence their photophysical behavior.10

Recently, innovative waveguides based on organic materials
have been reported, showcasing unique properties that enable
advanced functionalities for practical device applications.
Among these features are chirality,11 anisotropy,12 mechanical
flexibility,13 responsiveness to external stimuli14–16 and phos-
phorescence behaviour.17 Understanding how light propagates
through crystal structures and predicting how this behavior is
influenced by changes in molecular structure are crucial for the
initial design and development of optical devices with tailored
applications and improved performance. Therefore, gaining a
comprehensive understanding of the relationship between a
material’s structure and its properties is essential for advancing
these technologies.

In this context, we have recently paved the way by investigat-
ing the mechanisms of light transmission in organic nanowires
composed of 2,5-bis(arylethynyl)pyrazine-based crystals, speci-
fically focusing on the exciton-polariton (EP) mechanism.18 We
identified key factors that influence light-guiding efficiency,
such as well-ordered 1D crystal structure and short intermole-
cular distances along the packing direction. Furthermore, as
previously proposed, the presence of internal microchannels
within the crystalline structure facilitates light transmission.19

Furthermore, it has been determined that light transmission
occurs when the molecular dipole moment of the transition is
perpendicular to the direction of the electric field.20 These
factors, among others, determine whether and in which direction
light can be transmitted.

In the present work, we aim to take a step further on these
findings by exploring another critical factor: the role of exciton
binding energy as a fundamental parameter that determines
the interaction strength between the electron and hole in an
exciton.21,22 The formation of an exciton is a key mechanism in
light transmission within organic waveguides. Excitons, which
are bound electron–hole pairs, enable the efficient transport
of energy without the movement of charge carriers. Their
dynamics directly influence how light propagates through the
material. Properly optimized binding energy not only ensures
the stability of excitons under external perturbations, such as
electric fields or thermal fluctuations, but also enhances the
coupling efficiency between photons and excitons.23 This prop-
erty is particularly important in organic materials, where strong
exciton binding energy facilitates the formation and stability of
efficient Frenkel exciton. As a result, exciton behavior is a
determining factor in the performance of waveguides, affecting
light confinement efficiency, directionality of light transmission

and the minimization of propagation losses. Therefore, by opti-
mizing exciton binding energy, we can design waveguides with
superior photonic performance, leading to more robust and
efficient optical devices.24,25 While individual aspects of these
phenomena have been explored,20,26,27 there is a need for more
comprehensive studies that connect them.

Among all the organic materials, benzothiadiazole (BTD)
stands out as a versatile and extensively studied building block
in different applications, including bio-imaging and fluores-
cence probes.28 Its molecular structure allows straightforward
chemical modification, enabling precise tuning of its HOMO–
LUMO gap and photophysical properties to meet diverse appli-
cation demands primarily due to its distinctive electronic and
optical properties.29–32 As a strong electron-withdrawing unit,
BTD promotes efficient charge transfer in donor–acceptor systems,
enhancing photoluminescence efficiency and enabling tunable
optical properties. This, combined with its ability to form excellent
crystalline structures, makes it an ideal candidate for effective light
confinement and guiding with minimal losses. Moreover, BTD
materials demonstrate exceptional thermal and photostability,
essential for ensuring long-term device performance. These attri-
butes render highly suitable for the development of optical
waveguides.33,34

Considering the factors discussed above and building on
our previous work with BTD derivatives,33–37 the main goal of
this study is to explore the optical waveguide behavior of
different BTD derivatives that differ in small structural changes
(Fig. 1). We aim to analyse how structural variations affect the
formation of crystalline structures, as well as their influence on
the key parameters governing light confinement and transmis-
sion. By gaining a more profound comprehension of these
factors, we seek to improve the design of organic materials
with enhanced optical waveguide properties.

Results and discussion
Synthesis

In order to conduct a study relating structure to waveguide
properties, the three BTD derivatives shown in Fig. 1 have been
selected. The synthetic procedure for their synthesis is sum-
marized in Scheme 1. It can be pointed out that two of them
(B1 and B3) have been previously described by some authors of
this article,36,37 who have demonstrated that they crystallize in
layered structures, which have shown responsiveness to exter-
nal stimuli such as mechano- and thermochromism. To expand

Fig. 1 Chemical structures of the different BTD derivatives (B1, B2 and B3)
studied in this work.
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the crystalline diversity, in this work, a new BTD derivative (B2)
has been synthesized by introducing two fluorine atoms into
the B1 molecule, as halogen atoms facilitate the formation of
intramolecular hydrogen bonds that can influence packing and
modify the crystalline structure. B2 was synthesized through a
Suzuki C–C cross coupling reaction between 4,7-dibromo-5,6-
difluorobenzo[c][1,2,5]thiadiazole and (4-nonylphenyl)boronic
acid (Scheme 1). NMR and MS spectroscopy successfully con-
firm the obtention of B2.

Self-assembling studies

The self-assembly of the BTD derivatives into crystals was
carried out using the slow diffusion technique, which involves
the gradual exchange of vapors between a good solvent and a
poor solvent. To identify suitable solvent pairs, solubility tests
were performed in various solvents to determine the good and
poor ones. A solution (1 mg) of the corresponding BTD deriva-
tive in 1 mL of tetrahydrofuran or chloroform was placed in a
small vial, which was then placed inside a larger vial containing
3 mL of a poor solvent, such as hexane, acetonitrile, methanol,
or ethanol. The outer vial was sealed, and after 2–3 days, crystal
formation was observed. The combination of good and poor
solvents resulted in eight different mixtures, all of which were
used for the crystallization of each compound. Among them,
the THF/CH3CN mixture was the best for obtaining crystals of
B1, CHCl3/hexane for B2 and CHCl3/MeOH for B3.

In order to examine the morphology of the obtained crystals,
high-resolution scanning electron microscopy (HRSEM) was
carried out. The images of these crystals are recorded in Fig. 2,
with additional images from other solvent mixtures available in
the ESI† (Fig. S3–S5).

In the case of B1 and B2, well-defined rectangular crystals
with excellent morphologies were obtained, characterized by

sharp edges and few defects. In contrast, needle-like crystals
were observed for B3. In all cases, the crystals exhibited
promising properties for potential use as optical waveguides.
The dimensions were approximately 1.5 mm in length and
400 mm in width for B1, 2.5 mm in length and 500 mm in width
for B2, and 900 mm in length and 80 mm in width for B3.

Optical waveguiding behaviour

The optical active waveguiding behavior of crystals based on
BTD derivatives, which exhibited the most favorable morpho-
logies observed by HRSEM, was qualitatively evaluated using
confocal fluorescence microscopy. For this purpose, photolu-
minescence (PL) microscopy images and spectra were collected
for all crystals to investigate their potential optical waveguiding
properties (Fig. 3). Upon photoexcitation at 355 nm, all crystals
demonstrated luminescence and active optical waveguiding,
efficiently transmitting light in the 450–550 nm range. More
specifically, B1 exhibited a photoluminescence spectrum with
maximum at 480 nm, while B2 showed a maximum at 459 nm,
both emitting a characteristic blueish colour. The hypsochro-
mic shift observed in the B2 crystal compared to B1 can be
attributed to the electron-withdrawing effect of the two fluorine
atoms in B2. On the other hand, B3 exhibited green lumines-
cence with a maximum at 525 nm, with a bathochromic shift
relative to B1 and B2. This shift is attributed to the increased
conjugation induced by the combination of two BTD cores.
Notably, due to their structural similarity as rectangular crys-
tals, B1 and B2 exhibited 2D waveguide behavior with emission
in two directions, whereas the molecular packing in B3 resulted
in a 1D waveguide behavior. Both demonstrated better optical
waveguiding properties than B3. The factors contributing to
these results will be analyzed in detail later.

Furthermore, in order to evaluate the efficiency of the optical
waveguide behavior in the BTD crystals, the optical loss coeffi-
cients (OLC) were measured for all the BTDs crystals upon
moving the photoexcitation (355 nm) spot along the length of
the crystal while detecting the emission at one of the tips
(Fig. 4). It must be pointed out that the 2D morphology of B1
and B2 allowed to measure OLC in two directions. The fluorescence

Scheme 1 Synthetic procedure of the synthesis of derivative B1,36 B2 and
B3,37 object of study in this work.

Fig. 2 HRSEM images (298 K, glass substrate) of the crystals formed by
the self-assembly of (a) B1 in THF/CH3CN, (b) B2 in CHCl3/hexane, (c) B3 in
CHCl3/MeOH.

Fig. 3 PL microscopy images of (a) B1, (b) B2 and (c) B3. PL spectra of
fibers (d) B1, (e) B2 and (f) B3. Crystals were photoexcited at 355 nm. The
yellow arrows indicate the light propagation directions and blue circle
indicate the excitation point and yellow circle the emission point in B3.
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intensity (Iout) upon moving the pump a distance x in comparison
to the initial position (Iin) is given by the Lambert–Beer law Iout =
Iine�ax, where Iout and Iin are the PL intensities at the output and
input, respectively, x is the propagation distance and a is the
absorption coefficient in mm�1, which is related to the optical loss
coefficient (OLC) a0 (dB mm�1) through the equation a0 (dB mm�1)
E 4.34a (dB mm�1) (Fig. 4 and Fig. S6, S7, ESI†). The a0 values are
2.0� 10�3 dB mm�1 (y axis) and 8.7� 10�3 dB mm�1 (x axis) for B1,
2.9� 10�3 dB mm�1 (y axis) and 3.4� 10�3 dB mm�1 (x axis) for B2
and 1.07� 10�2 dB mm�1 for B3 respectively, which are in the order
of the best values reported in the literature.19,38–43

The obtained outcomes demonstrate that crystals based on
B1 and B2 exhibit superior optical waveguide behavior in
comparison to the crystal based on B3, with B1 and B2 exhibit-
ing an OLC value that is one order of magnitude lower than that
of B3. The excellent OLC values obtained, particularly for B1
and B2, indicate the good performance of both crystals in
guiding light, as the light losses along the path are very low.

Relationship between optical waveguiding and different
parameters

As stated in the introduction, the main objective of this work is
to establish relationships between the waveguiding property
and various structural parameters, thereby deepening the
understanding of light transmission mechanisms through
organic structures. To achieve this, the study has been appro-
ached by considering three main aspects: (i) parameters related
to the crystalline structure, including the type and mode of
crystal packing, intermolecular distances, and the presence or
absence of microchannels, (ii) exciton interaction energy and

(iii) the relationship between the propagation direction of light
and the transition dipole moment.

X-ray structure determination

Several studies have shown that the optical properties of
organic crystals in the solid state are strongly influenced by
molecular packing, intermolecular interactions and the exter-
nal morphology of the material.44–48 Therefore, a detailed
understanding of the supramolecular organization is essential
both for optimizing optical performance and for the rational
design of functional materials with potential applications in
optoelectronic devices. In this section, we analyze the supra-
molecular structure and the intermolecular interactions that
give rise to the observed morphologies in the studied crystals,
given their close correlation with the observed optical wave-
guiding behavior.

The analysis of the crystal structures by X-ray diffraction
aims to assess the effect of the different modifications intro-
duced in B1, B2 and B3 compounds on their three-dimensional
packing. It should be noted that the crystal structures of the B1
and B3 phases have been previously reported by several of the
present authors.36,37 In this study, the previously published
structural data will be used; however, the atomic labels of B1
have been renamed in order to standardize the notation across
the three structures analysed.

Compound B1 crystallizes in the P21 space group whereas B2
and B3 crystallize in the P%1 space group. The asymmetric unit of
B1 contains two independent, non-superimposable molecules;
B2 contains one molecule per asymmetric unit; and B3 contains
five molecules, two of which are identical to each other, while
the remaining three are also identical to each other but
different from the first two. In all cases, the molecules have a
non-planar geometry in which the benzene rings are rotated with
respect to the BTD plane (Fig. S8, ESI†). This lack of planarity is
more pronounced in the fluorinated derivative with dihedral
angles ranging from 50.31 to 62.21 while for B1 and B3, the
dihedral angles range from 30.31 to 40.81. The two BTDs in the
B3 molecule are arranged in such a way that the sulfur atoms are
oriented in almost opposite directions with an angle of 141.81.

In all three cases, the molecules associate to form dimers
(Fig. 5 and Fig. S9, ESI†), with the BTD rings arranged anti-
parallel to minimize electronic repulsion. For B1 and B3, the
dimeric association occurs through p–p interactions between
parallel BTDs (distances of centroids in the range of 3.66 to
3.72 Å) and CH–p interactions (distances in the range of 2.92 to
3.31 Å) between benzene rings of adjacent molecules (Table S1,
ESI†). In the case of B2, the presence of highly electronegative
fluorine atoms leads to a lateral displacement of the BTD
forming dimers with only p–p interactions between two thia-
diazoles with a shorter distance (3.45 Å). The different orienta-
tion of two BTD units in the B3 molecule forms dimers in which
p–p interactions can only occur between one of the two BTDs
from each molecule. The second free BTD is stabilized by CH–p
interactions with the benzene rings of the other molecules.

In all three structures, the dimers associate along the [100]
direction mainly through non-bonding chalcogen-bonding

Fig. 4 (a) PL spectra of the crystals collected at the end tip upon varying
the distances between the excitation and the tip of crystal of B2 in y axis.
(b) Ratio of the PL intensities photoexcited at the initial (I0) and inter-
mediate (I) positions along the y axis of the fiber as a function of distance
(right). Red lines stand for fits to exponential laws of B2. Crystals were
photoexcited at 365 nm. (c) PL spectra of the crystals collected at the end
tip upon varying the distances between the excitation and the tip of crystal
of B2 in x axis. (d) Ratio between the PL intensities photoexcited at the
initial (I0) and intermediate (I) positions along the x axis of the fiber as a
function of distance. Red lines stand for fits to exponential laws of B2.
Crystals were photoexcited at 355 nm.
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‘‘2S–2N squares’’49 (Table S1, ESI†) with S–N distances of 3.48 Å
and 3.51 Å for derivative B1, 3.68 Å for B2 and 3.21–3.33 Å for
B3. The comparatively large distance observed in derivative B2
can be attributed to the lateral displacement of the BTD unit
caused by the fluorine atoms, which likely hinders the
approach of the molecules due to electronic repulsion. In
contrast, the shortest distances found in B3 are consistent with
the interaction occurring exclusively through the free BTD unit,
allowing more compact packing. In addition to S–N interac-
tions, S–p interactions are also observed (Table S1, ESI†), with
S-centroid distances of 3.40 Å for B1, 3.52 Å for B2 and 3.83–
3.93 Å for B3. The centroid(Bz)-S-centroid(BTD) angles are
115.51 for B1 and 140.21 for B3. In B2, the sulfur atom of the
BTD interacts almost frontally with the benzene ring yielding a
centroid(Bz)-S-centroid(BTD) angle of 165.31. In this configu-
ration, the sp3 lone pairs on the sulfur atom point directly at
the electron cloud p of the benzene ring in an orientation
unfavorable that leads to repulsive interactions.50 The final
crystal packing of B2 is stabilized by numerous CH–p and F–p
interactions, leading to a lamellar structure with layers extend-
ing in the ab plane (Fig. S10 and Table S1, ESI†).

Analysis of the intermolecular interactions is essential to
understanding the crystal morphologies observed. In this case,
the short S–N and S–p contacts suggest that these interactions
play a dominant role in directing crystal growth.

Based on the intermolecular distances observed in the three
derivatives, the relative strength of S–N interactions follows the
order: B3 4 B1 4 B2 and the intensity of S–p interactions
varies in this other order: B1 4 B2 4 B3.

It is worth mentioning that short intermolecular distances
(between 3.4–3.5 Å) along the packing direction result in a large

overlap between adjacent p-orbitals, improving exciton–photon
coupling and facilitating the light-guiding process.26,51 This
assumption, reported in the literature, could supports our
results: the S–p interactions in B1 and B2 are of the same order
as those previously reported (3.40 Å for B1 and 3.53 Å for B2).
In contrast, this value is 3.90 Å for B3. This finding could
further support the superior optical waveguide behavior of B1
and B2 compared to B3.

The morphologies of the three crystals studied were simu-
lated using the Visual Habit program of Mercury software
(Fig. S11, ESI†), and the results are consistent with the experi-
mentally observed morphologies. Fig. 3 shows that B3 appears
as one-dimensional (1D) fibers, while B1 and B2 form two-
dimensional (2D) sheet-like structures. In all three cases, strong
directional S–N interactions guide the crystal growth along the
[100] direction. For B3 these interactions dominate, leading to
fiber formation with minimal interactions in other directions.
In contrast, B1 and B2 adopt 2D structures, with B2 being
wider. B1, exhibit stronger S–N interactions than B2, which are
further supported by S–p interactions along the same direction.
However, in B2, as mentioned above, the sulfur atom’s orienta-
tion relative to the benzene ring, weakens the S–p interaction,
while F–p interactions promote growth along the [010] direction,
resulting in wider lamellae compared to B1.

We have previously proposed that the emergence of micro-
channels in the crystals is a necessary condition for light
propagation in compounds functioning as waveguides.19 Inter-
estingly, the crystallographic packing of B1, B2 and B3 shows
the same results. To ensure that microchannels do not form
due to structural defects, several crystallizations were per-
formed under the same conditions and single-crystal X-ray
diffraction measurements were taken from different batches,
which consistently yielded identical unit cell parameters and
packing motifs.

The crystallographic packing results in the formation of
microchannels in crystals B1 of and B2 that extend along the
[100] direction and are primarily located in the interlayer region
between the alkyl chains (Fig. S12, ESI†). In contrast, although
microchannels are also present in B3, they are significantly
smaller and less abundant. For comparison, the microchannels
can be approximated as rectangular, with dimensions of
approximately 12.0 � 3.1 Å for B1, 7.8 � 2.6 Å for B2 and
4.5 � 3.1 Å for B3. As shown in Fig. S12 (ESI†), the channels in
B3, are notably reduced in both size and number compared to
those in B1 and B2.

These results further support the superior performance of
B1 and B2-based crystals as optical waveguides.

Binding energy

The transmission of light through organic crystals is possible
thanks to the fulfilment of Snell’s law and the exciton–polariton
mechanism. An exciton is commonly defined as a quasiparticle
consisting of an excited electron and the corresponding hole
left behind upon its excitation. This intuitive description,
originating from simplified models of electronic excitations
in crystalline materials, has proven useful despite the inherent

Fig. 5 Intermolecular interactions between dimers along the a- and b-
axes for: (a) B1, (b) B2 and (c) B3. The hydrogen atoms have been removed
for clarity. Dashed color lines represent the different interactions as
follows: red for p–p; blue for CH–p; green for S–N; orange for F–p and
magenta for S–p. The parameters corresponding to these interactions are
detailed in Table S1 (ESI†).
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challenges of localizing particles within the quantum nano-
world where properties are best described by densities. Fram-
ing excitons in this way allows for convenient analysis using a
monoelectronic, hydrogen-like model.52 When applying this
concept to molecules it is required considering the exciton as
a distinct entity with its own unique electron density distribu-
tion and nuclear configuration – differing from those of the
ground state.52,53

It is known that waveguide behavior is associated with the
existence of polaritons. Polaritons are quasiparticles that result
from the coupling of an exciton and a photon, enabling non-
linear effects such as waveguiding, particularly in organic
molecules. These properties are enhanced when the excitons
are more ‘‘Frenkel-type’’ (localized and showing a larger bind-
ing energy).26,52,54,55

The exciton binding energy refers to the energy required to
dissociate an exciton (i.e., break it apart into free charge
carriers). In a previous paper56 we demonstrate that this energy
is closely tied to the value of calculated Coulomb-exchange
term of excitation energies in the Hartree–Fock approach.
Consequently, a dependence also exists on the calculated
Coulomb – exchange term of excitation energies obtained by
configuration interaction of singles (CIS) method with respect
to the expected exciton binding energies.21,22,56,57

Therefore, we performed a CIS calculation using the
CNDOL/1CS Fockian57 method on isolated molecular struc-
tures optimized on Kohn–Sham density functional theory (KS-
DFT) oB97XD/6-31G** potential surfaces as test molecules in
the ground state. The number of lowest energy mono-excited
SCF determinants entering CIS was limited to four times the
number of basis orbitals (4n) of each system in ascending
order from the one of lowest eigenvalue. The CIS results
of such diabatic excited state energies of B1, B2, and B3
isolated (monomers) are presented in Table S2 (ESI†) together
with experimental values of individual molecules in solution.
Fig. 6 shows these results as simulated electronic state
bands, using Gaussian functions with a standard deviation of
0.15 eV, considering the density of excited states (DOS-CIS)
and the simulated absorption coefficient from the calculated
oscillator strength. This representation also includes the
Coulomb-exchange (CE) energy terms of the low-energy excited
states.

The CNDOL/1CS results predict the presence of excitons
corresponding to the lowest excited singlet S1 at 480 nm (B1),
470 nm (B2) and 486 nm (B3). According to our results, none of
them may be intensely populated by light absorption because
of their very low calculated oscillator strength. However, their
population could be easily reached through absorption by
upper roto-vibrational modes and mostly by internal conver-
sion from intense upper Sn’s states, as the calculated models
show in Fig. 6 and Table S2 (ESI†). These long wavelength S1

states are not predicted by TD-DFT calculations, although both
methods predict the allowed states in good agreement with
experimental data. The reported photoluminescence maxima
at 510 nm (B1),36 482 nm (B2) (Fig. S8, ESI†) and 511 nm (B3)37

for these molecules in solution are very red shifted and thus

much more congruent with the CIS|CNDOL/1CS prediction.
Such S1 excitons can enable the formation of appropriate
polaritons producing the lower-energy photons to be guided
in the crystal.

It must be observed that the lowest excited states appear
significant and could bridge to the long wavelengths found
emissions, as mentioned above. In fact, experimental absorp-
tion spectra of B136 and B337 reported evident tails of lower
intensities at longer wavelength hinting the existence of such
quasi-forbidden states. Furthermore, the predicted weakly
absorptive nature of the S1 state promotes waveguiding by
minimizing self-absorption of the shorter wavelengths within
its emission spectrum.

The calculated Coulomb-exchange (CE) energy term of S1

states, which depends on interactions among charges upon
excitations and is related to the exciton binding energy, as cited
above, displays rather high values for these molecular systems.
Interestingly, the first excited state of the B1 molecule shows an
exceptionally high value in this regard (see Fig. 6). This property
makes it more likely that polaritons can form and function as
stable wave carriers.

On the other hand, graphical representation of charge
displacements upon S1 ’ S0 excitations also shown in Fig. 6
indicate localization of excitons to a very Frenkel-type concen-
trated on the benzothiazole system on B1 and B2. B3 system
shows a smaller value for CE term given the bigger size of the
molecule (2.61 eV compared to 3.23 eV for B1 and 2.75 eV for
B2). Exciton delocalization is also significant as Fig. 6 shows. It
could be a factor for disfavoring waveguiding.

To evaluate how intermolecular interactions and molecular
packing affect optical properties and electronic transitions,
tetramers were extracted from geometry-optimized crystal
structures and analysed as representative molecular aggregates.
Crystal structures were optimized at the DFT level (using
the Vienna Ab Initio Simulation Package, VASP),58 keeping
experimental cell vectors fixed. Calculations employed PAW

Fig. 6 Simulated density of excited states (DOS-CIS) and absorption
coefficient according CNDOL/1CS calculations, including Coulomb-
exchange (CE) energy terms of the low-energy excited states (left) of the
monomer and tetramer crystal configurations of B1, B2, and B3, and
calculated differentials of charge maps (right) for diabatic S1 excitons with
respect to the ground state (DQ(S1)) of the monomers.
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potentials, the PBE functional59 with van der Waals corrections
(BJ damping),60 a 400 eV plane-wave cutoff, and a 3 � 3 � 1
k-point grid.

The lowest-energy exciton (a forbidden S1 transition) in the
tetramers exhibits a noticeable blueshift compared to the
corresponding state in the B1, B2, and B3 monomers (see
Fig. 6). This trend is consistent with the experimental observa-
tion of a blueshift in the emission spectrum of the crystal
relative to the molecule in solution. The shift suggests a
localized, Frenkel-like exciton behavior influenced by chro-
mophore stacking in the crystals.51,61 The first optically
allowed (bright) states also correspond to higher-energy exci-
tons. Also note that, similarly to what was observed for the
monomers, the CE values of the low-energy states of the B1
tetramer are higher than the corresponding ones in B2 and B3,
which supports the hypothesis that the B1 crystal exhibits
more localized electronic excitations, or more bound excitons.
These results underscore the relevance of supramolecular
organization in tailoring light absorption properties in mole-
cular materials.

Interaction between electric field and molecular transition
moment

The interaction between the molecular transition dipole moment
and the electric field is of crucial importance for the phenomenon
of light transmission through waveguide crystals.62 It has been
demonstrated that transmission efficiency is affected by optical
loss, with higher losses resulting in reduced light intensity.
Optical loss can be attributed to various factors, particularly
defects and inhomogeneities. In active waveguides, two main
mechanisms contribute to this loss: substrate coupling (as), which
depends on the refractive index and is direction-independent, and
reabsorption (aa), which varies with the transmission direction
and the electric field’s orientation relative to the molecular
transition dipole moment (TDM). This can lead to anisotropic
behavior: when the polarization of the incident light is nearly
perpendicular to the TDM, reabsorption is minimized, thereby
enhancing transmission. Conversely, parallel alignment has been
demonstrated to increase reabsorption and propagation losses,
thus reducing efficiency.62

To study this interaction, we examined the effect that
polarized light would have on the absorption of the material.
First, the morphology of the crystal was simulated using Visual
Habit software which allowed us to identify the face with the
lowest attachment energy and, therefore, the one with the
largest surface area in the crystal. Assuming that this is
the dominant face in the crystal, it will be the one to be in
contact with the substrate and the face that will be irradiated.
Secondly, we computationally determined the S1 ’ S0 TDM
orientation at the oB97XD/6-31G** level. The results showed
that for isolated B1-B3 molecules extracted from the crystal
structure, the orientation of the molecular TDM is parallel to
the largest molecular axis (Fig. S17, ESI†). By taking into
account the crystal’s morphology and the arrangement of the
molecules, it is possible to determine the orientation of the
dipole moments with respect to the electric field.

As illustrated in Fig. 7 and Fig. S18 (ESI†), it can be
confirmed that, for both 2D derivatives (B1 and B2), when the
polarization of the incident light is oriented transversely to the
irradiated {011} crystal face (along the y-axis), the electric field
vector is nearly perpendicular to the TDM forming angles
of 89.91 for B1 and 81.91 for B2. This near-orthogonal arrange-
ment leads to weaker photon–dipole coupling, resulting in
reduced reabsorption and thus more efficient light transmis-
sion with lower OLC. Conversely, when the polarization of the
incident light is aligned longitudinally with respect to the {011}
face (along the x-axis), the angles between the electric field
and the TDM decrease to 51.31 for B1 and 44.81 for B2. This
closer alignment facilitates stronger dipole–photon interac-
tions which result in light re-absorption and slightly lower light
transmission in this direction with a slightly higher OLC. These
differences in TDM orientation explain the small reduction in
optical loss observed along the y-axis. However, it is important
to emphasize that the TDMs are not parallel to the polariza-
tion vector in either direction enabling light to propagate in
both cases.

The B3 crystal, despite having suitable angles for light
transmission, has a fiber morphology that does not allow trans-
mission across the transverse direction.

As a proof of concept, as it is shown in Fig. S19 (ESI†), when
polarized light is used to corroborate our hypothesis, the B1
crystal exhibits transmission in both directions, corroborating
the 2D waveguide behaviour for this BTD derivative.

Fig. 7 Predicted morphology by Visual Habit program and orientation of
molecular transition dipole moment for B1. The {011} face with the largest
surface area is shown in red color. The molecular transition dipole
moments are represented by the atoms along the long molecular axis in
ball and stick style. The angle formed between the molecular transition
dipole moment vector and x- and y-directions for the irradiated face is
indicated. Green arrow is the incident light. Black vectors and waves
indicate the longitudinal direction of polarized light relative to the red
face. Red vectors and waves indicate the transversal direction of polarized
light relative to the red face.
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Conclusions

In this work, a combined experimental and theoretical study
was conducted, encompassing different aspects that influence
the mechanism of light transmission through organic struc-
tures. The aim is to deepen our understanding of the process
and establish structure–property relationships.

For this purpose, three benzothiadiazole derivatives were
chosen due to their excellent self-assembly ability. These deri-
vatives display slight chemical structural modifications, result-
ing in alteration to their packing. Using the slow diffusion
technique, crystals with excellent morphology and waveguide
behavior have been obtained. Notably, the B1 and B2 crystals
behave as 2D waveguides, while B3 acts as a 1D waveguide.
The variation in packing accounts for this difference. In all
instances, the S–N interactions display strong directionality,
steering crystal growth along the [100] direction. In the case of
B3, fiber formation is primarily due to the dominance of S–N
interactions in the [100] direction, while no notable inter-
actions occur in other directions. The 2D waveguide behavior
of the B1 and B2 crystals is also supported by the fact that, in
both cases, the transition dipole moments of the molecules are
nearly perpendicular to the electric field (close to 901 in the
transversal direction and at slightly smaller angles in the long-
itudinal direction).

It is worth noting that the B1 and B2 crystals exhibit
excellent 2D waveguide behavior, with optical loss values
(OLC) ranging between 2 and 8.7 � 10�3 dB mm�1. These values
are an order of magnitude lower than those found in the case
of the B3 crystal (OLC = 1.07 � 10�2 dB mm�1). A number of
potential explanations have been postulated to account for this
behavior. On the one hand, the disparities observed in the
exciton energy calculated for individual molecules and crystals
using the CIS|CNDOL/1CS Fockian method are paramount in
this context. Their calculated spectra by both, this method and
TD-DFT, are congruent with the first intense bands of absorp-
tion. Nevertheless, the CIS results also predict very low intensity
S1 ’ S0 absorptions and their corresponding lowest S1 state
energy that are congruent with the spectral appearance of the
luminescence. Thus, molecules and crystals based on B1 and
B2 exhibit more localized Frenkel excitons with higher binding
energies than B3. This, in turn, translates into a greater ability
to generate polaritons and therefore, a better capability to
transmit light. On the other hand, B1 and B2 crystals possess
a high number of microchannels in their crystalline structure,
and their size is significantly greater compared to B3 crystals.

The results obtained in this work reflect the factors that
influence the mechanism of light transmission through crystal-
line organic structures. The knowledge derived from this work
may be of great importance for the targeted and customized
design of materials with improved properties as waveguides.

Experimental section

All reagents were used as purchased. Reactions with air-sensitive
materials were carried out under an argon atmosphere.

Microwave irradiations were performed in a Discovers (CEM)
focused microwave reactor. Flash chromatography was carried
out using silica gel (Merck, Kieselgel 60, 230–240 mesh or
Scharlau 60, 230–240 mesh). Analytical thin layer chromato-
graphy (TLC) was performed using aluminium-coated Merck
Kieselgel 60 F254 plates.

1H-NMR and 13C-NMR spectra were recorded on a Bruker
Advance Neo NMR spectrometer operating at 500.16 MHz for
1H and 125.75 MHz for 13C. All spectra were performed at 298 K
using partially deuterated chloroform as internal reference.
Coupling constants (J) are denoted in hertz (Hz) and chemical
shifts (d) in ppm. Multiplicities are denoted as: s = singlet,
d = doublet, t = triplet, m = multiplet.

UV-visible and fluorescence spectroscopy studies in solution
state were conducted on a Jasco V-750 spectrophotometer and
Jasco FP-8300 spectrofluorimeter, respectively. The absorption
and emission spectra of B2 were recorded in chloroform at
concentration of 10�5 M at room temperature using standard
quart cells of 1 cm width and solvents of spectroscopic grade.

HRSEM images were obtained a Zeiss Gemini SEM 500
operating at 3 kV. The corresponding crystal, obtained by slow
diffusion, was deposited onto a glass substrate and the remain-
ing solvent was slowly evaporated.

PL microscopy images were acquired with a Nikon Eclipse
Ti inverted microscope with dry objectives (100� N.A. 0.8
and 20� N.A. 0.45) coupled to a Shamrock spectrometer from
Andor Technology with a thermoelectrically cooled Newton EM
(Andor) CCD. The excitation was obtained by appropriate
filtering of the lines from a Xe lamp.

Loss coefficients in fibers were obtained upon exciting the
fibers with a pulsed Nd:YAG laser (355 nm, 300 ps, 1 kHz, 30 mJ
per pulse). A set of filters were employed to attenuate the
photoexcitation. Detection from the fiber edge was focused in
free space on to a 0.5 m length SP2558 Princeton Instruments
(Acton Research) spectrometer equipped with a 600 lines per
mm grating and a liquid nitrogen cooled CCD.

Theoretical calculations of the molecular geometries were
carried out in the framework of density functional theory
(DFT) using the hybrid B3LYP63,64 and long-range corrected
oB97XD functional65 in conjunction with the 6-31G** basis
set.66,67 First, we performed a preliminary conformational
study to investigate all possible conformations of the three
compounds in the gas phase. Next, geometry optimizations
were performed without any symmetry restriction. The fre-
quency analysis was followed to ensure that the optimized
structures were stable states. Time-dependent DFT (TDDFT)
calculations68,69 (in vacuo) were performed to assess the
excited state vertical transition energies and the molecular
transition dipole moment associated to the S0 - S1 transition.
All calculations were performed with GAUSSIAN 16.70 CIS|
CNDOL/1CS calculations were performed with the NDOL8
program.71

Experimental data

B1 and B3 were previously reported by some authors of this
work in ref. 42 and 43.
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4,7-Bis(4-nonylphenyl)-5,6-difluoro-benzo[c][1,2,5]thiadiazole (B2)

A mixture of 4,7-dibromo-5,6-difluoro-benzo[c][1,2,5]thiadi-
azole (100 mg, 0.30 mmol), Pd(PPh3)4 (30 mg, 0.03 mmol),
and 4-nonylphenyl boronic acid (301 mg, 1.21 mmol) was
prepared in 0.5 mL of 2 M aqueous K2CO3 and 4 mL
of tetrahydrofuran (THF), then thoroughly degassed. The
solution was irradiated using an Anton Paar microwave irra-
diator (CEM) at 130 1C (80 W) for 60 minutes. Following
irradiation, the mixture was diluted with chloroform (CHCl3),
washed with water, and dried over magnesium sulfate
(MgSO4). After evaporation of the solvent, the residue was
purified by chromatography using a CHCl3/heptane (1 : 3)
mixture, resulting in 130 mg of a white solid (compound B2)
with a yield of 77%.

1H-NMR (300 MHz, CDCl3): d 7.75 (d, 4H), 7.39 (dd, 4H), 2.70
(m, 4H), 1.68 (m, 4H), 1.45–1.27 (m, 24H), 0.89 (m, 6H).
13C-NMR (300 MHz, CDCl3): d 152.2, 151.9, 150.7, 150.6,
148.8, 148.5, 144.2, 132.2, 132.1, 130.4, 128.6, 128.5, 127.6,
118.7, 118.6, 35.9, 31.9, 31.4, 29.6, 29.5, 29.4, 22.7, 14.1; FAB
MS m/z 577.34 (M+).
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25 R. Schäfer, L. Böhner, M. Schiek, D. Hertel, K. Meerholz and
K. Lindfors, ACS Photonics, 2024, 11, 111–120.

26 Q. H. Cui, Q. Peng, Y. Luo, Y. Jiang, Y. Yan, C. Wei, Z. Shuai,
C. Sun, J. Yao and Y. S. Zhao Cui, et al., Sci. Adv., 2018,
4, eaap9861.

27 S. Kéna-Cohen and S. R. Forrest, Nat. Photonics, 2010, 4, 371–375.
28 B. A. D. Neto, P. H. P. R. Carvalho and J. R. Correa, Acc.

Chem. Res., 2015, 48, 1560–1569.
29 M. Echeverri, I. Martı́n, A. Concellón, C. Ruiz, M. S.

Anselmo, E. Gutiérrez-Puebla, J. L. Serrano and B. Gómez-
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