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Insights into light transmission through
2,5-bis(arylethynyl)pyrazine based crystals: a
combined experimental and theoretical studyf

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2025,
13, 16067

Irene Chacén-Jiménez,® Juan Sanchez-Rincon,® Berta Gomez-Lor, (2 ¢
M. Victoria Gomez, (2@ Juan Cabanillas-Gonzalez, (2 °

M. Carmen Ruiz Delgado, ©2° Ivan Torres-Moya,*?

Ana M. Rodriguez*® and Pilar Prieto (2) *®

In the field of optical nano/micro waveguides, the ability to modulate the crystal structure and under-
stand the relationship between structure and waveguide properties is a crucial aspect of significant
interest. These factors play a vital role in the design of materials capable of transmitting light with the
highest possible efficiency. In this work, crystals and co-crystals based on 2,5-bis(arylethynyl)pyrazines
have been synthesized. The introduction of functional groups of diverse electronic nature in different
positions, as well as the formation of co-crystals with 1,4-diiodotetrafluorobenzene (F4DIB) as a co-
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assembler, enabled crystalline structures with different morphologies and good optical waveguide
properties to be obtained. Additionally, aspects of paramount importance in light transmission have been
studied, including morphology, crystal parameters such as packing arrangement, aggregate types,
intermolecular distances, the presence of microchannels in the crystal, and the relationship between the
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Introduction

The ability to transmit data through light has revolutionized
communication, enabling the development of the Internet.
However, this progress has not yet been implemented at the
microscopic scale. The development of integrated photonic
devices in the nano/micro scale, where photons play the role
of charge carriers, could advance communication technologies
in conjunction with developments in organic optoelectronic
devices such as field effect transistors,' LEDs,? sensors, and
photodetectors.? Photonic circuits could address fundamental
limitations of electronics, including energy consumption and
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direction of the molecular transition dipole moment and the propagating electric field.

speed.* A key component in a photonic device is the optical
waveguide, a physical structure that confines and transmits
light with minimal losses, analogous to an electronic wire in
electronic devices.” In recent decades, conjugated molecules
have emerged as promising building blocks for nano/micro
waveguides.®® These organic waveguides offer advantages over
inorganic ones, such as simple fabrication by self-assembly into
well-ordered defect-free crystals, thermal stability, solution proces-
sability, and in some cases high photoluminescence (PL) efficiency.
It is worth mentioning that their optical properties can be tuned by
adjusting molecular structures and doping, which alters their
physical characteristics.'® Recent studies have highlighted organic
waveguides with novel properties such as chirality,"" anisotropy,'
flexibility,"* and stimulus-responsiveness,*™® making them suita-
ble for real-world applications.

In this sense, co-crystals,'” formed by two or more chemical
compounds through non-covalent interactions (e.g., n-x, hydro-
gen, or halogen bonds), are useful tools for modifying supra-
molecular architectures. Since Woéhler’s discovery of the first
co-crystal in 1844'® and its definition in 2003,"°7*! organic co-
crystals have gained attention for their role in optoelectronic
devices. They offer tunable luminescence, solution processa-
bility, controllable phases, and adjustable size, morphology
and molecular packing, which can improve optoelectronic
properties through crystal engineering.>*
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Two effective strategies for tailoring optical properties of co-
crystals are (i) the use of directional halogen bonds, which
provide higher crystal robustness than hydrogen bonds,** and
(ii) charge transfer (CT) interactions to modulate the optoelec-
tronic performance.>* Co-crystals, formed by halogen bonds as
acceptors and molecules with nitrogen-containing lone pairs as
donors, are especially promising for combining these proper-
ties. The most commonly acceptor employed in the formation
of co-crystals is 1,4-diiodotetrafluorobenzene (F,DIB).>®

Understanding how light interacts with crystal structures or
how the structure influences light guiding is critical for design-
ing materials with enhanced photonic properties. For these
reasons, an in-depth understanding of the structure-property
relationship is of paramount importance.

In some organic nanowires, light is transmitted not only
according to Schell’s law but also via the exciton-polariton (EP)
mechanism.”® Several structural factors influence exciton-
photon interactions and light guiding: (i) crystal structure: high
crystallinity and short intermolecular distances along the pack-
ing direction are essential, with J-type aggregates favoring
photonic applications.”” Meanwhile, we recently observed that
internal crystal microchannels enhance optical waveguiding by
facilitating the EP mechanism.”®**° (ii) Interaction with the
electric field: polaritons are light-matter quasiparticles influ-
enced by an external electric field (E). Thus, the photon inter-
acts with the transition dipole moment (TDM, u) due to the
overlap of absorption and emission in active materials, the
molecular dipole orientation determining the coupling
strength.?® (iii) Exciton stability: an external electric field can
reduce exciton stability. Charge transfer (CT) Frenkel excitons
in highly ordered organic crystals with high energy binding are
particularly promising.>® While some studies address indivi-
dual factors, few investigate their interrelations, making this a
key focus of our research.

Considering all the aforementioned factors, the main objec-
tive of this paper is to study the optical waveguide behavior of
various 2,5-bis(arylethynyl)pyrazine derivatives and their
co-crystals with 1,4-diiodotetrafluorobenzene (F,DIB) (Fig. 1)
to gain a deeper understanding of their light-guiding mechan-
isms. While some studies focus on individual factors, few
investigate their interrelations, which is a key focus of our
research.

Based on our prior experience in this field, we selected
simple molecules that are easily synthesized and extensively
modifiable, allowing the introduction of substituents with

Ar |

Fig.1 Chemical structure of 2,5-bis(arylethynyl)pyrazines (left) and the
co-assembler 1,4-diiodotetrafluorobenzene (F4DIB) (right), object of study
in this work.
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diverse electronic and structural features. Pyrazines®> were
chosen as the core because among six-membered nitrogen
heterocycles they are one of the most frequently used to form
crystalline halogen-bonded adducts.**

The knowledge gained from this work could contribute to
the development of materials with improved photonic proper-
ties, tailored on a custom-made basis.

Results and discussion
Design, synthesis and characterization of molecules

As mentioned above, in this work we have studied the optical
properties of crystals and co-crystals of 2,5-bis(arylethynyl)-
pyrazine derivatives. The choice of this core lies on the one
hand, in its structural simplicity that can influence the for-
mation of high-quality crystals, and, on the other hand, its
electron-accepting nature, which enables the modulation of the
electronic properties of the system. Additionally, the electron
pairs located on the nitrogen atoms allow the formation of
nitrogen-halogen bonds, necessary for forming co-crystals.
Triple bonds are introduced to favor packing through C-H- - &t
interactions®* and flexibility,>> as well as -CF; and -OMe
groups in different positions, since it has been shown that
their presence allows the formation of crystalline structures by
enhancing the formation of hydrogen bonds.?

A simple synthesis was performed, adhering to the princi-
ples of sustainable chemistry, using commercial reagents in a
single reaction step. Additionally, microwave radiation was
employed as the energy source, leading to a significant
reduction in reaction time, a substantial increase in selectivity
and yield, and considerable energy savings.>®™*

Hence, 2,5-bis(arylethynyl)pyrazine derivatives (la-d) were
synthesized via Sonogashira C-C cross-coupling between 2,5-
dibromopyrazine (2) and the corresponding arylethynyl deriva-
tives (3a-d). The reactions were carried out under an inert
atmosphere using PdEncat as a reusable catalyst, Cul as a co-
catalyst, DBU as a base, and a small amount of CH;CN (1 mL)
as the solvent (Scheme 1).>**° All compounds were purified
using column chromatography on silica gel employing hexane/
ethyl acetate 9:1 as an eluent reporting satisfactory analytical
NMR spectroscopy and MS data (see Fig. S1-S26, ESIT). The
higher yields observed for ortho-substituted are likely due to
steric and conformational effects that enhance catalyst inter-
action and reduce side reactions, such as Glaser coupling.

N\ Br Cul, PdEncat N
/[ j/ A= » Ar——= == Ar
B N7 DBU/CH3CN N=
MW/130°C/20min
2 3a-d 1a-d

HsCO
0

1d: 95%

F3C
Ar: %——<;>-CF3 Ar: %—@ Ar: %—Q’OCHS

1a: 42% 1b: 75% 1¢:77%

Scheme 1 Synthetic procedure for the preparation of derivatives 1la—d.

This journal is © The Royal Society of Chemistry 2025
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Electronic effects alone cannot explain this trend, given the
opposing nature of the substituents involved.

Theoretical analysis of the conformational and electronic
structure

A conformational study of compounds 1a-d was carried out
using the density functional theory (DFT) method at the
®B97XD/6-31G** level. The most stable conformer for each
compound is also depicted in Fig. 2. As shown, the ground
electronic state potential energy hypersurface reveals the
presence of four minimum-energy conformers with relative
energy differences of less than 2.35 kcal mol . This highlights
the conformational flexibility imparted by the triple bonds.
This is also supported by the low activation energies among the
conformers, which are less than 3.24 kcal mol™, that is
thermally inter-convertible (Fig. S27-S30, ESIt). It is noteworthy
that the para-substituted compounds exhibit greater flexibility
than the ortho-substituted ones. Additionally, the compounds
with -CF; in the ortho position present more difficulty in
rotating compared to their -OMe substituted analogues, prob-
ably due to the close interaction between the fluorine atoms
and the hydrogen atoms of the central pyrazine units (ie.,
calculated at 3.30 A which is only moderately larger than the
sum of the van der Waals radii which is 2.67 A).
DFT-calculated topologies of HOMO and LUMO orbitals and
HOMO-LUMO gap values for 1a-d compounds and the unsub-
stituted homologue model systems taken as the reference
(named as the core) are displayed in Fig. 3 (see Fig. S31 and
S32 for the results obtained at the B3LYP/6-31G** and ®B97XD/
LanL2DZ levels of theory, respectively, ESIT). The HOMO and
LUMO orbitals are delocalized throughout the entire molecule,
indicating the favorable conjugation of these systems. However,

357 { ;‘_Jz :2 ; 2 ;'a
0.000
301 .
N

0 2s
E 0.750
=
g 20 1.000
X
S 15 <, 1250
[ 1,500
g
g1 m_n 1750
w o N 2.000
0 000 225
- 2500
.
=
- B
- ,‘_"‘- e
e

v @
-
T
- i
0 7
° o
g3

Energy (Kcal/mol)

E 25 0.500
3 20 0.750

1.000
i 1.0 " -
s "

View Article Online

Paper

7 1 Q@713 Q@712 et 697

\
A\

A\
A\

0] R

:; : > seje et Sioecte

":“j’" <ot ‘;oc > .};—.

332nm
324nm
323 nm
S0->81 S0>s1

HIL(7%) |45 (88

Energy / eV
&

S0->s1

v HL (89%)

H-L (89%)

Whaielts Botial;

:;:"'M\., T

| [ta | [ | [1e ]| [[1a ]

Fig. 3 DFT-calculated frontier molecular orbital energies and topologies
(0B97X-D/6-31G** level) for 1a—d derivatives and the reference molecule
without substituents (named as the core). The So — S; electronic transi-
tions are also shown.

differences arise depending on the substitution profile.
In -CF;-substituted systems (1a and 1b), a similar stabilization
of the HOMO and LUMO orbitals occurs, resulting in no
significant change in the HOMO-LUMO gap (7.13 eV) com-
pared to the unsubstituted core model molecule. However, in
the compounds with -OMe substituents (1c and 1d), there is a
greater destabilization of the HOMO orbital compared to that
of the LUMO, resulting in a decrease of the HOMO-LUMO gap
with respect to the unsubstituted compound (6.91 eV in 1c and
6.97 eV in 1d versus 7.13 eV in the reference core systems). This
can be attributed to the donor character of the methoxy groups,
which results in greater delocalization of the HOMO orbitals
over the outer phenyl rings, while the LUMO orbitals are more

Energy (Kcalmol)

Fig. 2 Potential energy hypersurface E = E(f, f,), in terms of f, f, which refer to the dihedral angles between the pyrazine unit and the lateral phenyl
rings, for 1la—d compounds computed at the ®B97X-D/6-31G** level of theory. The most stable conformer for each compound is also presented.

This journal is © The Royal Society of Chemistry 2025
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localized on the central pyrazine and adjacent acetylene groups.
This effect is more pronounced in compound 1c, as the para-
substitution of the methoxy groups facilitates a more extensive
m-conjugation.

New calculations were carried out using the LanL2DZ basis
set, for the study of the co-crystals. The results confirm that the
electron density of the frontier orbitals in Co-1b and Co-1d is
localized on the pyrazine unit, and that the presence of the
co-assembler leads to a slight decrease in the HOMO-LUMO
gap (Fig. S33, ESIf).

Time-dependent DFT (TD-DFT) vertical excitation energies
predict that the lowest energy electronic transition S, — S; in
all systems is associated with a HOMO — LUMO one-electron
excitation (Fig. 3). Therefore, the UV-Vis absorption maxima are
expected to be bathochromically shifted for compounds with
—-OMe groups (1c-d), with this effect being more pronounced
for para-substituted compounds. It is worth noting that this
trend is also preserved in the TD-DFT calculations obtained
including the solvent effects (in CHCl; and DMF, see Fig. S34
and S35, ESIY).

Photophysical properties

The absorption and photoluminescence spectra of derivatives
1a-d in solution were recorded in hexane, toluene, chloroform,
dichloromethane, tetrahydrofuran, acetone, methanol and
dimethylformamide at a concentration of 10~> M upon photo-
exciting the samples at the absorption maxima of the lowest
energy band. The most relevant data are summarized in Fig. 4
and Fig. $36, S37 (ESI?).

The UV-Vis absorption spectra (Fig. 4a and c) indicate that
the compounds with -OMe substituents (1c-d) exhibit a bath-
ochromic shift compared to their -CF; analogues (1a-b) across
all the solvents, due to their D-A-D (donor-acceptor-donor)
character which results in a lower HOMO-LUMO gap (Fig. S34
and S35, ESIt). Moreover, the electronic localization in the para-
substituted derivatives is more effective than the ortho-substituted
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ones, resulting in a bathochromic shift in the former. This
effect is particularly relevant in the -OMe derivatives. These
experimental results agree very well with the theoretical calcu-
lations presented above.

Additionally, we have recorded the solid-state absorption
spectra for all compounds. Compared to the solution spectra,
which displays more defined bands due to molecular dis-
persion, the solid-state spectra show broader features and
additional bands, likely resulting from enhanced inter-
molecular interactions. It can be pointed out that for the co-
crystals Co-1b and Co-1d, a distinct absorption band appears
around 600 nm, which may be associated with aggregation
effects or specific electronic interactions between the pyrazine
derivative and the co-assembler in the solid state (Fig. S41,
ESIY).

In contrast, the emission spectra (Fig. 4b and d) show signi-
ficant differences depending on the solvent used. In haloge-
nated and polar protic solvents (CH,Cl,, CHCl; and MeOH) a
similar trend is observed in both absorption and emission
spectra, with the -OMe derivatives exhibiting a bathochromic
shift compared to the -CF; derivatives (Fig. S36, ESIt).
In contrast, in apolar and polar aprotic solvents (hexane,
toluene, THF, acetone and DMF), the behavior differs, with
the emission wavelengths being nearly identical for all com-
pounds (Fig. S37, ESIt). It is well-established that, in donor-
acceptor systems, solvent properties strongly influence the
excited states of molecules, stabilizing them through various
interactions, such as solvation, dipole-dipole interactions,
and hydrogen bonding.*' In this case, stabilization in protic
solvents like methanol or halogenated solvents is likely due to
hydrogen bond formation.

Photoluminescence (PL) lifetimes were measured in both
solution and solid state for all derivatives (Table S1, ESIt). The
methoxy-substituted compounds (1c and 1d) exhibited longer
PL lifetimes than the trifluoromethyl analogues (1a and 1b),
indicating reduced non-radiative deactivation. This difference
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Fig. 4 Absorption and emission spectra of 1la—d CHCls solutions (1 x 10~
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is likely due to the electronic nature of the substituents: the
methoxy group (-OCH3;) is an electron donor that can stabilize
excited states and minimize non-radiative decay pathways,
while the trifluoromethyl group (-CF;), a strong electron accep-
tor, may enhance non-radiative processes by increasing polarity
and structural rigidity. These effects could promote vibrational
interactions that facilitate internal conversion or intersystem
crossing. No significant differences were observed between
compounds 1b and 1d and their respective co-crystals (Co-1b
and Co-1d) (Table S1, ESIt).

Quantum yields both in solution and in solid state were also
calculated for all the derivatives, detecting slightly higher
values for methoxy-substituted compounds (1c¢ and 1d) com-
pared to those with trifluoromethyl groups (1a and 1b). Co-
crystals Co-1b and Co-1d showed the highest quantum yields
in the solid state (Table S1, ESIt). The improved efficiency in
methoxy derivatives is likely due to the electron-donating
nature of the methoxy group, which stabilizes excited states
and reduces non-radiative decay. Additionally, the co-crystals
benefit from intermolecular interactions that rigidify the
structure and suppress non-radiative pathways, leading to
enhanced fluorescence compared to the isolated pyrazine
derivatives.

The solvatochromic properties of these compounds (Fig. S40
and Table S2, ESIT)** are in line with the distribution of charges
theoretically obtained which predict a larger polarization (that
is, a higher D-A-D character) in the S; excited state when
compared to the S, ground state (Fig. S42, ESIT). Interestingly,
the charge polarization is greater in the para-substituted com-
pounds due to their more favorable electronic delocalization
along the chain when it occurs in a linear fashion, as well as in
the methoxylated derivatives (1c and 1d) due to their more
pronounced D-A-D character. Remarkably, among all systems,
the highest polarization is predicted for the para-OMe 1c
compound (Fig. S40, ESIt), which has the highest bathochro-
mic shift within the series (i.e., 78 nm).

View Article Online
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Molecular assembly

Crystals of 1a-d were obtained using the slow diffusion tech-
nique, which relies on the gradual exchange of vapors between
a good solvent and a bad one. In this sense, we chose the
different good and bad solvents as a function of the solubility of
derivatives 1a-d in CHCl;, THF, CH;CN, hexane, MeOH and
EtOH (Table S3, ESIt). The morphology of the resulting aggre-
gates was examined using high-resolution scanning electron
microscopy (HRSEM). It is known that solvent nature is one of
the most important parameters in this process. The solvent
mixtures that yielded the best crystal morphology were THF/
CH;CN for 1a, THF/EtOH for 1b, and CHCIl;/MeOH for 1¢ and
1d (Fig. 5). It is worth noting that in the case of compound 1d,
amorphous structures and twinning were obtained, making it
necessary to test new solvent mixtures. Thus, various solvent
mixtures, where the compound is both soluble and insoluble,
were used as poor solvents, with CHCl3/CHCl; : MeOH (20 : 80)
being the optimal mixture in which well-formed crystalline
structures were identified. The best morphology was achieved
with compound 1b (Fig. 5b). Using this as a model, factors such
as temperature, time, concentration, and solvent ratio were
optimized to modulate the molecular self-assembly process and
the properties of the resulting materials (Tables S4 and S5,
ESIT). The results indicated that the optimal temperature was
21 °C, the optimal concentration was 1 mg mL ", and no
significant effect was observed when varying the amount of
poor solvent. Additionally, it was noted that as the concen-
tration increased, fibers were formed earlier and exhibited
greater thickness.

In general, the para-substituted compounds 1a and 1c
showed crystals with a lamellar morphology of about 1 mm
in length and 700 um in width for 1a and 1 mm in length and
0.7 mm in width for 1c, while ortho-substituted compounds 1b
and 1d show well-defined needle-shaped crystals of approxi-
mately 3 mm in length and 800 pm in width for 1b and 2 mm in
length and 500 pm in width for 1d (Fig. 5).

Fig. 5 HRSEM images (298 K, glass substrate) of the crystals formed by the self-assembly of (a) 1a in THF/CH=CN, (b) 1b in THF/EtOH, (c) 1c in CHCls/
MeOH and (d) 1d in CHCls/CHCls: MeOH (20 : 80) and of the co-crystals formed by the self-assembly of 1: 2 M ratio pyrazine/co-assembler of (e) Co-1b

in THF/EtOH and (f) Co-1d in CHCls/MeOH.

This journal is © The Royal Society of Chemistry 2025
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Co-crystallization

As mentioned above, the co-crystallisation technique allows the
customised design and synthesis of new multifunctional mate-
rials with novel photophysical properties based on the mod-
ification of the non-covalent intermolecular interactions that
comprise them.*?

Based on the results reported in the literature about
co-crystal formation, two hybrid methods were developed.**
In both, influential parameters for crystal formation such as
temperature, sonication and concentration of the species
involved are varied.

Two of the co-assemblers with the best properties described
in the literature, 1,4-diiodotetrafluorobenzene (F4DIB)*>** and
4-bromo-2,3,5,6-tetrafluorobenzene acid (BTFBA),**® were
employed allowing the modulation of crystal morphology
through the formation of strong directional halogen-hetero-
atom bonds and hydrogen bonds. In this way, a change in the
crystal structure can induce significant changes in the final
properties of the material.

The optimisation of the co-crystal formation conditions is
presented in the ESIf (Tables S6 and S7). Only co-crystals of the
ortho-substituted derivatives with F,DIB were obtained, desig-
nated as Co-1b and Co-1d, respectively. This indicates the
greater ability of nitrogen to form N-I bonds rather than
hydrogen bonds, as well as the importance of the functional
group position. The procedure to find the optimal conditions
consisted in dissolving the compound and the co-assembler in
a 1:2 M ratio at 40 °C for 30 min in the good solvent, followed
by the slow diffusion procedure described above. In addition,
in the case of Co-1d it was necessary to use sonication to
obtain the co-crystal. The as-prepared crystals can be observed
in Fig. 5.

Co-1b shows a defined fibrillar morphology of about 600 pm
in length and 60 pm in width, while Co-1d shows a 2D lamellar
morphology of about 450 pm in length and 120 pm in width.
As observed, the presence of a co-assembler allows the variation
in the crystal shape. In the case of 1d, the crystal of the
individual molecule has a 1D fibrillar structure, whereas the
co-crystal Co-1d has a 2D morphology.

As expected, introducing different substituents at various
positions leads to the formation of distinct crystal forms.
Additionally, co-crystallization facilitates alterations in crystal
morphology of the crystal in comparison to the isolated
molecule.

X-ray structure determination

The structures of crystals based on 1a-d, Co-1b and Co-1d were
successfully resolved by single crystal X-ray diffraction. Fig. 6
shows the molecular unit with the adopted atom-numbering.
Crystallographic data and the most relevant interactions
are provided in Section S7 of the ESIt (Tables S8, S9 and
Fig. $46-548, ESIY).

A comparison of the geometries reveals that derivatives 1a,
1c, and 1d exhibit non-planar structures where the phenyl rings
are rotated relative to the central pyrazine ring at angles
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Fig. 6 The molecular unit for (a) 1a, (b) 1b, (c) 1c, (d) 1d, (e¢) Co-1b and
(f) Co-1d compounds, showing the adopted atom-numbering scheme.
For the non-planar structures, the dihedral angles between the phenyl
rings and the central pyrazine ring are also shown.

ranging from 25° to 33° (Fig. 6a, c and d). In contrast, derivative
1b and the two co-crystals display a fully coplanar arrangement
of the phenyl rings with respect to the pyrazine core (Fig. 6b, e
and f). The introduction of the co-assembler into 1d induces a
change in the planarity of the molecule which is attributed to
the significant steric hindrance exerted by the co-assembler as
well as the strong directionality of the N- - -I halogen bonds and
F---H interactions (Fig. 6d vs. Fig. 6f). Experimental data show
that the two ~-OMe groups of the molecule in 1d exhibit a ¢rans-
orientation relative to the molecular plane whereas in 1b the
—CF; groups are oriented in the same side of the molecule (cis-
orientation). In addition, the introduction of the bulky co-
assembler in derivative 1b induces a twisting of the Ph-CF;
rings, resulting in a ¢rans-orientation for these substituents.

The study of the packing arrangements in the 2,5-bis-
(arylethynyl)pyrazine derivatives reveals that all structures are
stabilised by hydrogen bonds between the nitrogen atom of the
pyrazine ring and either the H,,, Or Hyper, hydrogen atoms of
both Ph-CF; and Ph-OMe rings (Table S10, ESIT).

Different packing modes can be observed for these com-
pounds. The para-derivatives (1a and 1c) exhibit a very similar
structural arrangement (Fig. S46, ESIT) where each molecule is
surrounded by six adjacent molecules through CH- - - interac-
tions between the hydrogen atom of the pyrazine ring and the
triple bonds of neighbouring molecules. In the case of 1c, these
interactions are further strengthened by additional CH-- &
interactions between the -OMe groups and the triple bonds.
The extension of these interactions results in a lamellar pack-
ing arrangement that extends in the bc plane for 1a and in the
ab-plane for 1c. Similarly, the ortho-substituted derivatives (1b
and 1d) exhibit a comparable packing arrangement where the
molecules are predominantly connected by hydrogen bonds
(Fig. S47 and Table S10, ESIt). The molecules of compounds 1b
and 1d are able to stack along the [010] and [100] directions
respectively with intermolecular 7---n stacking interactions
resulting in a herringbone stacking. For the co-crystals Co-1b

This journal is © The Royal Society of Chemistry 2025
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and Co-1d, the F,DIB molecules act as linkers for the 1b or 1d
molecules through N---I halogen bonding and CH- - -F interac-
tions (Fig. S48-S50, ESIY), resulting in the formation of
extended sheets in the (—1—13) plane. Finally, a 2D lamellar
network is obtained for both compounds driven by different
n- - -1 interactions (Table S10, ESIt).

Fig. 7 illustrates the different crystal morphologies exhibited
by these derivatives. In order to rationalize a method for
modulating the final morphology of a crystal, it is essential to
investigate the dominant interactions that govern the crystal-
lization process. In this context, we have observed that chan-
ging the substituents from the para- to the ortho-position leads
to a change in the crystal morphology due to a change in the
intermolecular interactions. When a crystal has a stronger
interaction such as 7---n in one direction compared to others
it tends to grow preferentially along this direction leading to a
one-dimensional 1D nanowire morphology. In contrast, when
interactions of comparable strength such as CH---n interac-
tions are present in two or more directions, the crystals typically
adopt two-dimensional 2D or 3D morphologies as no single
direction dominates the growth process.

Thus, in the para-derivatives 1a and 1c¢, no dominant direc-
tional interactions are observed, and the crystal packing is
mainly influenced by weak CH. - -m interactions extending along
the [100] and [010] directions, resulting in a 2D lamellar
morphology (Fig. S51a and c, ESIt). In contrast, the positional
change of the substituent in the ortho-derivatives 1b and 1d
prevents the formation of CH:--m interactions and favors
the development of stronger n---m interactions in a specific

lized PLi
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direction ([010] for 1b and [100] for 1d) (Fig. S51b and d, ESI¥).
These strong directional n- - - interactions drive crystal growth
along the respective directions leading to the formation of 1D
needle-like morphologies.

In the case of the co-crystals, both exhibit dominant =n---n
interactions, but Co-1b forms a 1D needle-like morphology,
while Co-1d adopts a 2D lamellar morphology (Fig. 5). To
account for these differences, it is necessary to carefully analyse
their interactions. For Co-1b, the strong w---m interactions
mainly involve the triple bonds of the 2,5-bis(arylethynyl)-
pyrazine molecule and the Ph-CF; or pyrazine rings of neigh-
bouring molecules along the [100] direction (Fig. S52a, ESIf).
The co-assembler interacts with the 2,5-bis(arylethynyl)pyrazine
molecule via CF---n interactions, which are comparatively
weaker, leading to crystal growth predominantly along the
n-- -1 stacking in the [100] direction resulting in a 1D wire
morphology.

In contrast, in the co-crystal Co-1d, «t- - -7 interactions are not
formed between the triple bonds and the molecules are instead
displaced relative to each other. The interactions occur between
the Ph-OMe, pyrazine and F,DIB rings and extend along the
bc plane (Fig. S52b, ESIt). In this structure, each 2,5-bis-
(arylethynyl)pyrazine molecule is involved in n- - -7 interactions
with two other 2,5-bis(arylethynyl)pyrazine molecules and two
co-assembler molecules (F,DIB) resulting in crystal growth
predominantly along the (100) plane. This interaction pattern
leads to the formation of the expected 2D lamellar morphology.

The packing pattern of crystal 1b is remarkably similar to that
of the well-studied 9,10-bis(phenylethynyl)anthracene (BPEA),
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which exhibits excellent optical waveguide properties due to its
cofacial herringbone one-dimensional n-stacking of the conju-
gated system along the growth direction.?® In addition, crystal 1b
exhibits a significant number of strongly directional hydrogen
bonds (Table S10, ESIt). According to the literature, these bonds
play a critical role in guiding the packing, with their number,
position, and strength profoundly influencing the self-assembly
process and the resulting properties.*”*®

Optical waveguide properties

The optical waveguiding behavior of the crystals based on
compounds la-d and co-crystals (Co-1b and Co-1d), which
exhibited the largest size and best morphologies (Fig. 5), was
qualitatively evaluated using confocal fluorescence microscopy.

Photoluminescence (PL) microscopy images and spectra
were recorded for all crystals to assess their potential optical
waveguiding properties (Fig. 7). Upon photoexcitation at
365 nm, all crystals exhibited luminescence and active optical
waveguiding, transmitting light in the 400-600 nm range.
Luminescence propagates efficiently along the longitudinal
axis, corresponding to the smooth, defect-free structure of the
nanowires, as observed in the HRSEM images.

Confocal microscopy images revealed that the ortho-
substituted derivatives exhibit higher fluorescence intensity
compared to the para-substituted ones (Fig. 7c and 7g vs.
Fig. 7a and e). These findings confirm that the superior 1D
morphology of the ortho derivatives results in more efficient
light transmission.

The PL spectra of the crystals show a bathochromic shift in
the methoxy derivatives (Fig. 7f and h) compared to the
trifluoromethyl derivatives (Fig. 7b and d), attributed to the
electron-donating character of the methoxy groups. Specifically,
1a exhibits weak blue emission centered at 432 nm, while its
analogue 1c shows weak green emission at 532 nm (Fig. 7b vs.
Fig. 7f), resulting in a 100 nm bathochromic shift. Similarly, the
ortho derivatives display a bathochromic shift of approximately
40 nm, with 1b emitting at 501 nm and 1d at 541 nm (Fig. 7d
vs. Fig. 7h).

In the case of co-crystals formed between 1b and 1d with
F,DIB (Co-1b and Co-1d), a bathochromic shift is observed in
comparison with the individual pyrazine’s analogues (Fig. 7).
In particular, the co-crystal of 1b with F,DIB exhibited green
luminescence with a maximum peak centered at 535 nm,
showing a bathochromic shift of 34 nm in comparison to 1b.
In the same way, the co-crystal of 1d with F,DIB exhibited a
broad band centered at 595 nm, with a bathochromic shift of
54 nm due to the co-crystal formation. This behavior explains
the change in aggregation, which shifts from H-aggregates
in the ortho-substituted derivatives to J-aggregates in the
co-crystals.

Moreover, in order to evaluate the efficiency of the optical
waveguide behavior in the crystals of 2,5-bis(arylethynyl)-
pyrazine derivatives obtained, the optical loss coefficients were
measured in 1b and 1c¢ upon moving the photoexcitation
(365 nm) spot along the length of the crystal while detecting
the emission at one of the tips (Fig. S44, ESIt). The fluorescence
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intensity (I,,;) upon moving the pump a distance x respect to
the initial position (f;;,) is given by the Lambert-Beer law I, =
L,e™**, where I, and I, are the PL intensities at the output
and input, respectively, x is the propagation distance and « is
the absorption coefficient in pum™", which is related to the
optical loss coefficient (OLC) ¢’ (dB um ™) through the equation
o' (dB um™") ~ 4.34 o (dB um ™). The «' values for 1b and 1¢
(Fig. S44, ESIt) were 1.78 x 10> and 8.16 x 10 * dB um *,
respectively. The «’ value of the 1b crystal is lower than some
recently reported in optical waveguiding organic crystals'>*°7>3
and in the order of the best derivatives reported recently by our
research group.”®** Unfortunately, for the rest of crystals it was
not possible to determine the OLC, since the size of the crystal
was not enough due to the limitations of our experimental set-
up. The experimental set-up employed for our measurement is
recorded in Fig. S45 (ESIT). These results confirm that superior
morphology exhibited by 1b translates into lower optical losses
and improved performance as an optical waveguide.

Relation between optical waveguiding and structure

As stated previously in the Introduction section, the transmis-
sion of light through crystalline structures is influenced by
several aspects. Identifying these aspects helps in designing
compounds with improved waveguide properties in a targeted
manner, avoiding the trial-and-error method. The main factors
are discussed below.

Crystal structure

Crystal quality plays an important role, since smooth surfaces
enable total internal reflection and reduced light scattering.
Additionally, it is well known that the behavior as active
waveguides strongly depends on molecular packing due to
the Frenkel exciton generated in highly ordered organic crystals
being highly stable. Regarding this aspect, J-aggregates exhibit
increased oscillator strength of the highest Frenkel exciton,
along with a narrower absorption and photoluminescence band
relative to the monomer. This feature, combined with their
hyperchromicity, superradiance, and high quantum fluores-
cence yield, improves the strong light-matter interaction and
promotes the potential use of J-aggregates in optoelectronic
applications.>”*® In contrast, in H-aggregates, this interaction
is weaker due to their broad spectral linewidth and vibronically
rich spectra. This fact, combined with the typically forbidden
emission of H-aggregates,’® limits their applications in optoe-
lectronics. However, recent articles have been published report-
ing the transmission of light through H-aggregates.>®™>®

It is worth mentioning that the excellent crystallinity and
short intermolecular distances (between 3.4 and 3.5 A) in the
packing direction results in a large overlap between adjacent n-
orbitals and improves exciton-photon coupling allowing the
light-guiding process.>'*> Additionally, while molecular pack-
ing plays a crucial role in exciton migration, the waveguiding
properties of a material are more strongly influenced by its
geometry.>®

Alternatively, it is well known that classical J-aggregation
refers to the accumulation of molecules in a slip face-to-face

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc01067e

Open Access Article. Published on 24 June 2025. Downloaded on 4/3/2026 3:53:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Fig. 8 View of J-aggregates observed along the pyrazine planes for
compounds 1a (a) and Co-1b (c). View of the H-aggregate for compound
1b (b). The slip angle values, and perpendicular distances are also shown.

n-stacked manner along the direction of the dipole moment with
the slip angle less of 54.7°. Conversely, a face-to-face stacking
with a higher angle value would result in H-aggregates.>>

Taking all these previously described aspects into account,
we studied them in the arylethylnyl pyrazine derivatives to gain
a deeper understanding of how these parameters influence the
behavior of optical waveguides. Analyzing the X-ray diffraction
results of the obtained crystals, J-aggregate formation is
observed for the para-derivatives and the two co-crystals with
slip angle values in the range 24.1°-48.2° (Fig. 8 and Fig. S53,
ESIYt). In contrast, the crystals formed from the ortho-substituted
derivatives (1b and 1d) pack into H-aggregates with slip angles of
67.4° and 59.6°, respectively. Interestingly, the introduction of a
co-assembler induces a change in the crystal structure in com-
pounds 1b and 1d that pack into H-aggregates when form part of
co-crystals, thus demonstrating that co-crystal formation is a
powerful tool for modulating molecular packing and associated
properties.

It is noted that the ortho-substituted derivatives (1b and 1d)
and their co-crystals (Co-1b and Co-1d) show interplanar dis-
tances (3.4-3.5 A) slightly smaller than those of the para-
substituted derivatives (3.6-3.8 A). Thus, this fact may also have
an impact on the optical properties, with the ortho-derivatives
showing better performance as waveguides.

In addition, in a previous article from our group, we estab-
lished an initial finding that related the presence of internal
channels in the crystal structure is concomitant with optical
waveguiding behavior. Thus, crystals with internal channels
showed waveguiding activity while crystals without them and
with compact structures do not behave as optical waveguides.*®
With the aim of delving deeper into this aspect and validating
our initial hypothesis, we investigated the presence of micro-
channels in the crystal structures of the pyrazine derivatives
herein reported, including both crystals and co-crystals. It should
be noted that all crystals showed infinite microchannels propa-
gated along the direction of the face-to-face molecular array in
the same direction as the n-stacking and in the same direction as
the growth of the aggregates (Fig. 9 and Fig. S54, ESIt). Obviously,
the size and nature of the interactions that form these channels
depend on the molecule involved in the self-assembly.

Thus, Fig. 9 shows as an example the presence of micro-
channels for compounds 1b and Co-1b extend in [010] and [100]
directions respectively which coincides with the m-stacking
array.

Using the same method as in our previous work, the approxi-
mate size of the different microchannels can be determined by

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Representation of microchannels depicted with green balls for
compounds (a) 1b and (b) Co-1b. The inset image shows the atoms
involved in the channels with their van der Waals radius.

defining different average planes containing the edges of the
channel and measuring the perpendicular distance of one of
the atoms to each of these planes (see Fig. S54, ESIt). The
largest microchannel is found in the Co-1b structure (4.7 A and
4.7 A) and the smallest one in Co-1d structure (2.6 A and 3.1 A),
but the size of these microchannels is of the same order as that
published by us for the 2,5-bisethynylbenzene derivatives.?®
In this regard, we hypothesize that, similar to what occurs in
tubular waveguides,> the presence of air inside the structures
could have a beneficial effect on the electric field distribution
and light propagation inside the crystals.

The combined analysis of all the results obtained indicates
that the six crystals obtained are capable of guiding and
transmitting light due to their good crystallinity and structural
order. This effect, as described, contributes to the stability of
the Frenkel exciton. Additionally, the presence of microchan-
nels in all of them could also contribute to their excellent
waveguide properties.

A detailed analysis of the data allows us to conclude that
crystals with a 1D structure and short intermolecular distances,
which favor orbital overlap (ortho derivatives and co-crystals),
exhibit better waveguide performance.

Finally, it is worth highlighting that the excellent waveguide
properties of crystal 1b could be attributed not only to the
aforementioned characteristics but also to its crystalline struc-
ture, which is similar to that of one of the best-described
crystals with optical waveguide behavior (BPEA). Moreover, it
possesses the highest number of strong directional bonds.
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Interaction between the transition dipole moment and the
electric field

An important factor in light transmission is the interaction
between the molecular transition dipole moment (TDM) and
the orientation of the electric field. Transmission efficiency is
influenced by the optical loss factor, therefore higher losses
result in lower light intensity. While optical loss depends on
many factors, among which the presence of defects and inho-
mogeneities that cause light loss and increase the optical loss
coefficient stand out, in active waveguides there are two
mechanisms that affect the optical loss coefficient: one from
substrate coupling (a;), which depends on the refractive index
and is independent of direction, and another from reabsorp-
tion (a,), which varies with the transmission direction and the
orientation of the electric field relative to the TDM. The latter
can lead to anisotropic behavior: when polarized light propa-
gates nearly perpendicular to the molecular transition dipole
moment, photon-dipole interaction and reabsorption are mini-
mized, resulting in low optical loss and efficient transmission.
Conversely, parallel alignment increases photon-dipole inter-
action, reabsorption, and propagation losses, reducing the light
transport efficiency (Fig. S55, ESIT).

In order to deepen the understanding and nature of this
interaction, we studied the influence of polarized light on the
absorption of the material. Thus, firstly, we have determined
computationally the orientation of the S, — S; molecular
transition dipole moment at the ©®B97XD/6-31G** level of
theory. The results showed that in all the isolated 1a-1d
molecules the orientation of the molecular TDM is parallel to
the largest molecular axis except for Co-1d compound where it
is almost perpendicular to it (Fig. S56, ESIt). Secondly, the
simulation of the crystal morphology was carried out using a
BFDH (Bravais-Friedel-Donnay-Harker) method®*®! which is a
reliable method for identifying the most geometrically relevant
face in the crystal growth process (red face in Fig. 10 and
Fig. S57, ESIt). Finally, the crystals were irradiated with polar-
ized light placing a polarizer in front of the excitation beam
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path. Fig. 10 and Fig. S58, S59 (ESIt), show how the incident
light (black arrow) is perpendicular to the largest surface area of
crystal. The red and green arrows and waves indicate the
direction of light polarization.

In order to study this effect, the 1D ortho derivatives (1b, 1d)
were chosen due to their better morphology, and the co-crystal
Co-1d was selected to examine its impact in a 2D crystal.
According to the BFDH law, the face which found to be the
largest percentage of area in the crystal is the {101} for
compound 1b, the {011} for compound 1d, and the {001} for
co-crystal Co-1d, so it is assumed that this will be the irradiated
face in the study of their waveguide properties.

In the case of crystals 1b and 1d, there are molecules,
marked in blue, that are nearly perpendicular to the irradiated
face, with angles of 88.3° for 1b and 73.2° for 1d. However, there
are also molecules that are practically coplanar with this face,
marked in pink, with angles of 15.8° for 1b and 22.6° for 1d
(Fig. 10a and Fig. S58a, ESIT).

The results show that when light polarization has a long-
itudinal direction (dashed green arrow) relative to the red face,
the electric field is oriented almost perpendicular to the transi-
tion dipole moment of the molecules marked in blue and pink,
resulting in less light reabsorption and maximum transmission
giving rise to the bright crystal edge (Fig. 10c and Fig. S58c,
ESIt). In contrast, if the polarization is transversal to the growth
face (dashed red arrow), the dipole moments of the molecules
marked in pink align almost parallel to the electric field,
leading to light reabsorption, and therefore, no luminescence
outcoupled from the crystal edge is observed (Fig. 10d and
Fig. $58d, ESIY).

Notably, for the 2D co-crystal Co-1d, light is transmitted with
lower intensity in both directions, whether the light polariza-
tion is longitudinal or transversal to the growth face (Fig. S58,
ESIt). This phenomenon is due to the transition dipole
moments being oriented at angles of 56.3° and 41.6°. In this
case, although the angles are smaller than those observed
in 1b and 1d, they still allow light transmission. However,

b)

Mso»51=11D

Fig. 10

d)

(a) BFDH model calculated for 1b crystal. The {101} face with the largest surface area is shown in red color. The orientation of molecular TDM is

represented by the atoms of the longest molecular axis shown in capped stick. Black arrow is the incident light. Green 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. (b) The spatial orientation of the So — S; molecular transition dipole moment for an isolated 1b molecule, computed at the ®B97XD/6-31G**
level of theory. (c) Confocal microscopy image of the transmitted light when the light is polarized in the direction longitudinal to the {101} face (green
arrow). (d) Confocal microscopy image of the transmitted light when the light is polarized in the direction transversal to the {101} face (red arrow).
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some reabsorption occurs, resulting in reduced transmission
intensity.

Of all the compounds studied, it is again evident that
derivative 1b exhibits higher light transmitting efficiency as
indicated by the calculated optical loss.

Considering the above, it can be clearly concluded that
chemical synthesis is a powerful tool for modulating the geo-
metry and properties of crystals. In this case, small structural
variations lead to significant changes in the properties.

Conclusions

This work presents a theoretical and experimental study on the
transmission of light through organic structures. For this pur-
pose, 2,5-bis(arylethynyl)pyrazine derivatives with functional
groups of different nature in different positions have been
synthesized. The synthesis was carried out using Sonogashira
coupling reactions and under microwave irradiation as the
energy source. These derivatives were self-assembled and co-
crystallized with 1,4-diiodotetrafluorobenzene (F,DIB), resulting
in crystals with different morphologies in all cases. All the crystals
obtained behave as active waveguides.

An in-depth study of the crystal structures has been con-
ducted. This analysis reveals that the functional groups and
their positions play a crucial role in determining the morpho-
logy of the crystals. For instance, para-substituted derivatives
exhibit a similar 2D lamellar packing with a supramolecular
organization promoted via C-H-: - -r interactions involving the
triple bond.

In contrast, the packing of ortho-substituted derivatives
forms 1D crystals with a herringbone pattern induced by n-n
interactions between phenyl groups. On the other hand, the
introduction of a co-assembler into the structures enhances the
directionality of N---I halogen bonds, which dominate the
packing. This causes the hydrogen bonds with the pyrazine to
disappear, leading to a displacement of the molecules. As a
result, new n---n or C-F---n interactions involving the triple
bond emerge, prompting a transition from a herringbone to a
2D lamellar arrangement.

Finally, different structural aspects related to the mecha-
nism and direction of light transmission through these struc-
tures were analyzed. The results indicate that well-ordered
structures and the presence of microchannels within the crys-
talline framework contribute significantly to efficient light
transmission. Among the key parameters for achieving optimal
waveguide behavior are the 1D morphology and short inter-
molecular distances along the packing direction. Furthermore,
it is concluded that the applied field direction and the mole-
cular transition dipole moment should be nearly perpendicular
to achieve efficient light propagation.

Among all the crystals studied, crystals of 1b, which contains
-CF; groups in the ortho position, exhibited the best optical
waveguide performance. This is attributed not only to the
presence of these key characteristics but also to its crystalline
structure, which closely resembles that of other crystals with
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excellent optical waveguide properties, as well as its possession
of the highest number of strong directional bonds.

The results of this work highlight that small changes in
molecular design can lead to significant differences in the final
material, with organic synthesis and co-crystallization serving
as powerful tools for achieving these modifications. The knowl-
edge derived from this study is expected to contribute to the
custom design of materials with enhanced photonic properties.
Future research studies should focus on systematically com-
paring pure crystals and co-crystals in terms of their optical
emission efficiency and mechanical properties. Our results
indicate that cocrystals often exhibit enhanced and red-
shifted emission due to synergistic intermolecular interactions,
while pure crystals may offer greater structural simplicity.
To design optical waveguides that are both strongly emissive
and flexible, one should consider incorporating co-assemblers
that promote robust yet adaptable supramolecular networks.
Strategies such as tuning intermolecular interactions to balance
rigidity and flexibility, as well as exploring new co-crystallization
partners, are promising avenues for achieving these goals.
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