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Disrupting J-Aggregation in Triazatruxene Dimers to
Develop Responsive Luminescent Inks for

Anti-Counterfeiting Applications

Raul Martin, Marcelo Echeverri, Francisco Gonzdlez, Alicia de Andrés, M. Carmen Ruiz
Delgado, Alberto Concelldn, José Luis Serrano, and Berta Gémez-Lor*

The fight against counterfeiting is a crucial concern for economies

around the world, underscoring the urgent need for effective measures

to ensure the legitimacy of products and documents. Luminescent security
inks have emerged as effective tools in this battle. The third generation

of these inks, incorporating stimuli-responsive organic materials, enables
unique efficiency. In this work, the stimuli-responsive behavior of three
trialkylated triazatruxene dimers (TRI1, TRI2, and TRI3), endowed with N-alkyl
chains of different length is investigated. Among them, TRI3, with three
flexible dodecyl chains, shows remarkable stimuli-responsive fluorescence
that is attributed to thermally or shear-induced phase transitions between

a tetragonal columnar phase and a discotic-nematic liquid crystal phase.
Such transformation involves the breakdown of highly emissive J-aggregates
with a strong influence on the resulting emissive color. Interestingly, these

1. Introduction

Counterfeiting represents a serious threat
to businesses, consumers, and global
economies. In an age of increasingly
sophisticated counterfeiters, the impor-
tance of security features to preserve
the integrity of products and documents
cannot be overemphasized. Strong anti-
counterfeiting elements ensure that con-
sumers receive authentic products while
safeguarding brand reputation and public
safety.

One of the most effective solutions in
this battle is the use of luminescent se-
curity inks,"?! which are specially for-

stimuli-triggered transformations are spontaneously reversed, which renders
this compound very interesting in the search of third-generation security inks.
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mulated with unique features that make
them difficult to reproduce but easy to
recognize. To date, a variety of lumines-
cence security inks has been developed
based on different materials, including rare-
earth metal complexes,>* perovskites, !
quantum dots,l®! carbon dots,!”] metal-organic frameworks,!8
polymers,[®l metal nanoclusters,[') or organic dyes.!'!]

Since the emergence of the first generation (invisible sin-
gle luminophores in daylight that show bright emission under
UV irradiation)!'” and second generation (multiple or single lu-
minophores with more than one emission)!**] of security inks,
stimuli-responsive materials have opened up a third generation
of smart security inks.[®'*7] These materials display unique re-
sponses in photoluminescence under the influence of stimuli
such as light, electricity, heat, pressure, pH, gas, or water expo-
sure, etc.

In the search for stimuli-responsive light-emitting materials,
organic materials have a privileged position. Their light emis-
sion properties are closely related to the presence of delocalized
m-electrons along the backbone of the molecule, with a strong
dependence on the degree of z-conjugation.[’®! Consequently,
conjugated molecules featuring readily accessible conformers
are of particular interest in the search for stimuli-responsive
fluorophores. Additionally, the light-emitting properties of z-
conjugated molecular solids and films are also strongly depen-
dent on the supramolecular arrangement of the constituting
molecular units. This strong dependence of the final material
properties on the organization of the molecular building blocks
at the nanometer level, presents numerous opportunities to
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synthesize fluorescent materials capable of responding to exter-
nal stimuli by varying their supramolecular arrangement.!""]

When conjugated molecules organize in the solid state, they
tend to form H-type or J-type aggregates, depending on the
relative alignment of their transition dipole moments. This
alignment has significant implications for the energies of ex-
cited states and the oscillator strengths of transitions from
the ground state to these excited states.’”) While cofacial z-
stacked structures (H-aggregates) led to decreased blue-shifted
emission, a head-to-tail arrangement of the molecules gave rise
to red-shifted emissions (J-aggregates) with interesting opti-
cal properties (narrow red-shifted absorption bands, superra-
diance) and with the ability to delocalize excitons along nu-
merous molecular units. These properties have aroused inter-
est in various fields such as imaging!?!! energy harvesting and
photovoltaics?223] or biomedical applications.[**] On the other
hand, the high sensitivity of the optical properties of J-aggregates
to external influences has been successfully used in the devel-
opment of efficient sensing and anticounterfeiting molecular
systems.[242%]

While the synthesis of stimuli-responsive security inks has
made significant progress, the understanding of its microscopic
behavior is still a challenge. Smart crystalline materials,[?°]
are the materials of choice to understand the response mech-
anism and to establish structure-property relationships at a
molecular level by single-crystal analysis. Unfortunately, color
changes between single-crystalline polymorphs are rather ex-
ceptional, for involving a transformation of the supramolecu-
lar and/or intramolecular structure within the constrained en-
vironment of the crystal. In addition, with few exceptions, or-
ganic single crystals are brittle, resulting in inhomogeneous
films and hindering their processability. The soft character
of liquid crystals has emerged as an attractive design in the
search for smart materials due to their responsive and adap-
tive attributes and their easy processability from solution or a
melt while providing interesting information on supramolecular
arrangement.!?’]

We have long been involved in the development of semi-
conducting triindole-based discotic liquid crystals. Triazatrux-
ene (also known in the literature as triindole) is a heptacyclic
molecule that exhibits interesting linear!?! and non-linear(?%3"]
optical properties. Due to its strong emission and high sensitivity
to its environment, this aromatic platform has found applications
in areas ranging from OLEDs,?13% cell imaging®! to fluorescent
sensors. 33

On the other hand, we have previously found that dimer-
izing fluorophores via diacetylene bridges is an attractive de-
sign strategy in the construction of stimuli-responsive light-
emitting materials.?®) The low rotational barrier imposed by
this linker allows for the easy modulation of the extension of
the conjugation and electronic communication between the flu-
orophores. Additionally, its flexibility favors the easy modifi-
cation of the local geometry of the molecules, potentially im-
pacting how they interact with other molecules in the bulk.
Both factors will have evident influences on their optical
properties.

With these precedents in mind, this work investigates the
stimuli-sensitive light-emitting properties of three trialkylated tri-
azatruxene dimers labeled TRI1, TRI2, and TRI3. These dimers

Adv. Optical Mater. 2024, 2400965 2400965 (2 of 9)

www.advopticalmat.de

are constructed by connecting two triazatruxene units through
a diacetylene bridge, and they differ in the length of the alkyl
chains connected to the nitrogen functionalities (ethyl, hexyl, or
dodecyl, respectively). The results indicate that the length of the
alkyl chains significantly influences how these molecules assem-
ble in the bulk, resulting in notable consequences for their re-
sponsiveness. In fact, only TRI3, endowed with three dodecyl
flexible chains exhibits a stimuli-responsive fluorescence. This
compound crystallizes forming brick-wall stacks as could be de-
termined by single crystal analysis, with the molecules adopt-
ing a head-to-tail arrangement. The light emitting properties of
TRI3 significantly change under the influence of heat or pres-
sure, which have been attributed to thermally or mechanically
shearing-induced phase transitions between a tetragonal colum-
nar and a discotic nematic liquid crystal phase. Such phase
transformation involves the breakdown of highly emissive J-
aggregates which is the origin of the drastic changes in the emit-
ting color. These stimulus-triggered transformations are sponta-
neously reversible upon deposition on glass or paper, which is
very interesting for their applications as third-generation secu-
rity inks.

2. Results and Discussion

2.1. Synthesis and Photophysical Properties of TRIT-TRI3

The synthesis of TRI1-TRI3 (Figure 1) involved the monobromi-
nation of the corresponding N-trialkyltriazatruxene, followed by
Sonogashira coupling with TMS acetylene. Subsequent deprotec-
tion of the TMS group under basic conditions renders the cor-
responding monoethynyl derivative which was dimerized under
Glaser homocoupling conditions (Scheme S1, Supporting Infor-
mation). The synthesis and characterization of TRI1 and TRI2
can be found in the Supporting Information. TRI3 has been pre-
viously reported by our group (Figure 1).1”]

The photophysical properties of these molecules were stud-
ied by UV-vis and fluorescence spectroscopy. The UV-Vis ab-
sorption spectrum of TRI1-TRI3 at 1x10~> M solution in CHCI,
exhibits two predominant absorption bands localized at 320
and 398 nm. As previously described,*’] the lowest-energy elec-
tronic band corresponds to the HOMO-LUMO transition and
it has a certain charge-transfer (CT) character from the periph-
eral electron-rich triazatruxene units to the central moderately
electron-deficient diacetylene. The fluorescence spectra of the
three compounds show a maximum emission wavelength of
458 nm (Figure 2b) and quantum yields of 0.55, 0.43, and 0.42 for
TRI1, TRI2, and TRI3, respectively (Table S1, Supporting Infor-
mation). In the solid state, the absorption spectra of TR1 and TR2
show a slight redshift, while TR3 exhibits a narrow, intense new
band at 450 nm. The emergence of narrow bands bathochromi-
cally shifted with respect to the isolated molecules is character-
istic of ] aggregation.[?*38IThe fluorescence spectra of solid TR1
and TR2 experience red-shifts of ~#20 nm, whereas the emission
maximum of TR3 shifts to 500 nm.

The fluorescence of TRI1-TRI3 was investigated in different
solvents (see Figure S1 and Table S1, Supporting Information).
All three compounds show a moderate solvent dependence with
emission bands shifting bathochromically as the solvent polar-
ity increased from hexane (2430 nm) to dimethylformamide
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Figure 1. Chemical structure of TR1-TR3.

(~470 nm). Two emission bands are found in no polar solvents
(hexane and toluene) which comes with a loss of its fine vibronic
structure as the solvent polarity increases. This is a typical signa-
ture of a fluorescence emission arising from a CT excited state.*!

To shed light on the aggregation behavior of TRI1-TRI3 of
these compounds we recorded the fluorescence spectra in THF-
water mixtures. The changes in water fraction versus fluores-
cence intensity were plotted in Figure 3 and show that upon in-
creasing the water fraction up to 50% for TRI1, 40% for TRI2,
and 30% for TRI3 respectively, the maximum emission intensity
gradually increases. This observed effect of enhanced emission
upon aggregation**#1 could be explained on the basis of the re-
striction of intramolecular rotation as one of the most extended
plausible mechanisms for aggregation-enhanced emissions.[*>43]
Note that theoretical calculations predict a rather flat torsional
potential for diacetylenic-bridged triindole dimers between the
perpendicular conformation and the most stable trans-coplanar
conformer (see Supporting Information).l*”] The addition of wa-
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TRM: R = C2H5
TRI2: R = C6H13
TRI3: R = C12H25

ter is expected to block the rotational motion of the molecule and
thus reduce the non-radiative deexcitation pathways leading to
enhanced emissions.

In all three cases after surpassing the above amounts of wa-
ter the fluorescence is quenched. However, in compound TRI3
after the initial PL decrease after adding 30% of water, a further
increase in the water percentage, led to the emergence of a new
red-shifted emission band again suggesting the formation of J-
aggregates. In fact, the absorption spectra of TRI3 confirm the
emergence of the intense and sharp red-shifted absorption band
characteristic of J-aggregates as the amount of water is increased
(Figure S2, Supporting Information).

2.2. Crystal Growth and Structure Determination of TRI3

Compound TRI1-TRI3 are obtained as yellow solids. Powder X-
ray diffraction shows that, while TRI1 and TRI2 are amorphous
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Figure 2. a) Normalized absorption and b) emission spectra of TRIT-TRI3 in solution (CHCl;, 1 X 107> M) and c) normalized absorption and d)
normalized emission spectra in films upon excitation at 330 nm. Absorption has been normalized to the 330 nm band.
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Figure 3. PL spectra of TRIT-TRI3 in water/THF mixtures with different water fractions (f,, = 0-90%) (¢, = 330 nm). Inset, variation of the intensity of

the maximum emission peak with the different water fractions.

materials, TRI3 exhibits intense peaks indicative of a crystalline
solid (Figure S5, Supporting Information). Soft yellow single
crystals of TRI3 were obtained by slow diffusion of a poor sol-
vent (acetone) into a CHC; solution which was suitable for X-
ray crystal structure determination. This compound crystallizes
in the triclinic space group P-1, with only half an independent
molecule per unit cell. The alkyl chains experience disorder but
could be successfully modeled with geometric constraints on two
alternative sets of positions, particularly at the most disordered
atoms. The triazatruxene units within the molecule display slight
distortions, with the outer rings exhibiting torsion angles rang-
ing from 2° to 9° with respect to the central ring. However, the
two rings connected by the diethynyl bridge lie in the same plane
(Figure 4a).

The molecules organize into columns, adopting a bricklayer
stacking mode (Figure 4b), where each triazatruxene unit in the

dimer forms part of a different column organizing in a head-to-
tail manner. Considering that the molecular transition dipole mo-
ment accommodates along the long axis of the molecules, this
arrangement explains the formation of J-aggregates.!**] The crys-
tallographic packing is stabilized by CH-r interactions involving
the central ring and the polarized CH, group attached to the ni-
trogen. We have previously found that CH-x interactions play a
significantrole, in the supramolecular arrangement of triazatrux-
enes both in solution*! and in bulk.[*-*8]Along the c-axis these
stacks organize forming layers, separated by the alkyl chains that
are strongly interdigitated (Figure 4c).

2.3. Study of the Stimuli-Responsive Emission Behavior

Considering the low rotational barrier imposed by the diethyl
linker, which may influence not only the extent of molecule

Figure 4. a) View of the molecule, showing only the highest occupancy atoms of the disordered alkyl chains. b) Lateral view of the bricklayer stacking
arrangement. c) View of the crystal packing along a showing the layered arrangement of the stacks.
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of thin film of TRI3 as obtained and after the different external stimuli. Absorption spectra have been normalized to the 330 band.

conjugation but also the molecular geometry and subsequently
how molecules interact with each other, we have investigated the
responsive behavior of TRI1-TRI3 thin films prepared by blade
coating over glass slides.

Interestingly while compounds TRI1 and TRI2 do not show
significant changes when heated or sheared, TRI3 films exper-
iment with a vivid color change from initial green to brownish
when visualized under a UV lamp (Figure 5a). The changes in
the optical properties were studied by UV absorption and fluo-
rescence spectroscopy (Figure 5b,c). The UV spectra of the trans-
formed films (Figure 5b) show a clear decrease in the intense nar-
row peak attributed to the J-aggregation, suggesting the breakage
of this arrangement after the external perturbation.

The different spectra have been deconvoluted to shed light on
the different light-emitting species in the pristine and the trans-
formed films, which show the contribution of four species cen-
tered at 460, 500, and 600 nm and attributed to the free exci-
ton, the J-aggregate and two tentatively assigned exciton-trapping
excimer-like species. Details of the different coexisting bands are
given in the Supporting Information. Comparison of the fluores-
cence spectra before and after shearing/ heating, show a signifi-
cant decrease of the main band at 500 nm, an increase of the blue-
shifted peak 2460 nm, and a broad red-shifted band ~600 nm.
Thus, the apparent color change upon thermal or shear stimu-
lation is in fact, the result of a change of the relative weight of
the different components in the emission spectra, due to J- ag-
gregation disruption and an increase in the population of the
monomeric and cofacial aggregates.

Interestingly the emission transformation is completely spon-
taneously recovered after ~60 min (Figure S3, Supporting Infor-
mation).

This behavior allowed us to draw different motifs on TRI3
films by shearing with a spatula or approaching a heated steel
stamp that spontaneously is erased after a period of time
(Figure 6). The transformation at the micro-scale was stud-

Adv. Optical Mater. 2024, 2400965 2400965 (5 of 9)

ied by recording the micro-photoluminescence and micro-
transmittance spectra of the written and non-written regions of
the films using a laser line at 488 nm (see Figure S4, Supporting
Information) and similar results were obtained within the 5 um
areas explored.

This stimuli-responsive behavior was studied more in-depth
by employing a combination of powder X-ray diffraction (PXRD),
polarizing optical microscopy (POM), and differential scanning
calorimetry (DSC).

Observation of thin films of TRI3 under a microscope
equipped with crossed polarizers revealed a birefringent tex-
ture typical of columnar liquid crystals (Figure 7a), indicating
the existence of a liquid crystal phase due to material’s fluid-
ity. Powder X-ray diffraction patterns of the films showed the

Figure 6. a) View of TRI3 thin film over glass, showing different motifs by
shearing or thermal treatment. Images visualized under 356 nm light. b)
Optical microscopy photographs under visible and polarized light of the
frontier of a non-written/written region of a thin film of TRI3.
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Figure 7. View of the POM textures of TRI3 a) as obtained and b) after shearing. c)PXRD of the thin films of TRI3 as obtained (green line) and after

shearing (black line).

presence of three low-angle peaks with d-spacings in the ratio
of 1:1/4/2:1//4 arising from the (100), (110), and (200) reflec-
tions of a tetragonal columnar phase (Figure 7c). We note that
the (110) reflection has a considerably lower intensity in compar-
ison to the (100) and (200) ones, and indeed (110) is observed
as a shoulder. This low intensity in the (110) reflection has also
been observed in several tetragonal columnar phases.[*>% The
good match of the peaks at low angles with those of the pow-
der X-ray diffractogram simulated from the single crystal data
suggests that the crystal structure is preserved throughout the
film formation (Figure S6, Supporting Information). In addi-
tion, TRI3 exhibited diffuse scattering in the high-angle region
(4.4 A), associated with the liquid-like interactions among the
alkyl side chains. The lattice constant was deduced from the
measured d-spacings and is gathered in Table S3 (Supporting
Information).

After heating or shearing TRI3’s thin films, X-ray diffrac-
tograms showed the disappearance of the low-angle peaks,
leaving only a broad, diffuse peak in the high-angle region
(Figure 7c). Microscopic examination with crossed polarizers re-
vealed an absence of birefringence. While this behavior might
initially be interpreted as the amorphization of the thin films, de-
tailed studies using polarized optical microscopy (POM) suggest
thatitis actually due to a shear-induced transition from a tetrago-
nal columnar phase to a nematic discotic phase. Nematic discotic
liquid crystals tend to form large domains that align homeotrop-
ically, explaining why the films appear transparent and lack bire-
fringence under normal POM observation. However, when the
sample is mechanically disturbed in the POM (i.e., disrupting
their natural homeotropic alignment), birefringence becomes ob-
servable (Figure 7b).’*52] While some liquid crystal phase transi-
tions induced by mechanical shearing, transitioning from colum-
nar to cubic phases, have been observed,[**°%>3-55] shear-induced
transitions from a tetragonal to a discotic nematic phase have
not been previously reported. It appears that under mechanical
stress or heating the positional order in columns of the tetrago-
nal columnar arrangement is disrupted (and therefore the favor-
able arrangement leading to the formation of J-aggregates), giv-
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ing rise to a mesophase characterized only by orientational order.
In the more fluid and disordered nematic mesophase, other types
of aggregates can be found, such as excimers or exciplexes®®! ex-
plaining the emergence of red-shifted structureless bands, while
the presence of isolated molecules can explain the presence of a
band in the range of the monomer’s absorbance. With time TRI3
tends to crystallize again which explains the recovery of the fluo-
rescence color (Figure S7, Supporting Information).

Interestingly, the liquid crystal behavior of TRI3 varies depend-
ing on the cooling procedure from the isotropic phase. As noted
earlier, the LC phase of TRI3, formed directly from thin films pre-
pared by blade coating on glass slides, is a tetragonal columnar
phase. Similarly, a tetragonal columnar phase can be obtained
by slow cooling from the isotropic phase at a rate less than 1 °C
min~! as could be determined by POM. Rapid cooling of TRI3
from the isotropic phase to room temperature leads to the forma-
tion of a discotic nematic phase. Please note that these transitions
cannot be observed by DSC upon cooling.

2.4. Thermoresponsive Luminescent Inks and Self-Standing
Labels

The stimuli-responsive behavior exhibited by TRI3 renders it very
attractive for potential applications as security inks. To progress
toward such an application, we have investigated if the stimuli-
responsive behavior is maintained on paper. To achieve that goal
we prepared a TRI3 (0.5 wt.%) solution in CH,Cl,, that was
used as an ink to write on paper with the help of a cotton swap
(Figure 8). Interestingly on paper, the compound not only main-
tained its thermal responsiveness, but also the reversibility of the
process. When visualized under a UV lamp, the message painted
presents the greenish emission color typical of the crystalline
phase, but upon heating it turns orange and spontaneously re-
verses to the original color after some minutes.

The integration of stimuli-responsive materials within a
polymer matrix is a simple strategy to fabricate smart self-
standing labels.’”] We have incorporated TRI3 in different
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Figure 8. Message written on paper using a TRI3 (0.5 wt.%) solution in CH,Cl, as an ink, showing the change of color emission after heating, visualized

under a UV lamp (356 nm).

polymeric matrices, including organic solvent soluble matrices,
as polycarbonate (PC) and polysulfone (PSU) and water-soluble
matrix as polyvinyl alcohol (PVA)in an attempt to confer the
stimuli-responsive behavior to the resulting polymeric films.

Blends were prepared by adding 0.5% weight of compound
TRI3 to a solution of the corresponding polymer. PC and PSU
matrices show a homogeneous distribution of the chromophore
within itself. These blends show a fluorescence emission at
~460 nm, which is very close to the emission of compound TRI3
in solution (Figure S10, Supporting Information).

In contrast, when PVA is employed as a polymer matrix, a
500 nm emission blend is obtained (Figure 9a) associated with
the J-aggregation. POM examination of this film under a polariz-
ing optical microscope (Figure 9c) allowed us to detect the forma-
tion of microcrystals embedded in the polymeric matrix. In this
case, the confinement in the PVA polar protic polymeric matrix
favors the growth and retention of the crystalline phase within it,
as has been previously observed in other luminophores.[>’]

By heating the film, under a hot stage we observed a transfor-
mation in the color emission to brownish (Figure 9b,d) as pre-
viously observed in films on glass. However, in this case, no re-
versibility was observed when cooling back the doped polymer
matrix at room temperature. This irreversible behavior makes
this material interesting for applications such as temperature-
sensitive labels or temperature safety indicators.

3. Conclusion

In this paper, we present TRI3, a stimuli-responsive fluo-
rophore consisting of two trindole units endowed with long flex-
ible chains, connected through a diacetylene bridge. The light-
emitting properties of this compound drastically change under
the influence of heat or pressure, which triggers a reversible
phase transition between a tetragonal columnar and a discotic
nematic liquid crystal phase. The mechanism behind the color

— TRI3-PVA
— TRI3-PVA after heating

Fluorescence Intensity (a.u)™

450 500 550 600 650 700
Wavelength (nm)

Figure 9. a) TRI3-PVA blend thin film at 356 nm UV light, b) TRI3-PVA blend thin film after heating half of it. c) Optical microphotographs of 0.5 wt.%
of TRI3 in the PVA film under visible and polarized light. d) Solid fluorescence spectrum of the TRI3-PVA blend before and after heating.
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change has been attributed to the disruption of J-aggregates un-
der the phase transformation.

Notably, the compound not only retains its thermal responsive-
ness on paper but also demonstrates the spontaneous reversibil-
ity of the process, making it particularly interesting for applica-
tions like rewritable paper, optical recording, or third-generation
security inks. Conversely, when this material is incorporated into
a PVA matrix to form self-standing hybrid films, it maintains its
thermal responsiveness but loses the ability for reversion. This
result broadens the potential applications of the material, espe-
cially in areas such as temperature-sensitive labels or safety indi-
cators.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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