CHAL

UNIVERSITY OF TECHNOLOGY

J-aggregation in indolenine dyes drives fluorescent crystals with large
Stokes shifts and two-photon excited emission

Downloaded from: https://research.chalmers.se, 2026-09-25 00:45 UTC

Citation for the original published paper (version of record):

Benitez Martin, C., Vida, Y., Losilla, E. et al (2026). J-aggregation in indolenine dyes drives
fluorescent crystals with large Stokes shifts and

two-photon excited emission. Cell Reports Physical Science, 7(9).
http://dx.doi.org/10.1016/j.xcrp.2026.103509

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)




Cell Re|c_>orts ]
Physical Science

J-aggregation in indolenine dyes drives fluorescent
crystals with large Stokes shifts and two-photon

excited emission

Graphical abstract

Highlights
@ Rational design of indolenine dyes for J-aggregate formation

@ Dyes exhibit unusually large Stokes shifts in both aggregates
and crystals

@ J-aggregates and protonation enable solid-state two-photon
excited fluorescence

® Crystals exhibit reversible vapochromism for acid/base
sensing
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In brief

Benitez-Martin et al. report a rational
design strategy to create small indolenine
dyes that spontaneously form J-
aggregates. The aggregates exhibit
unusually large Stokes shifts and
underpin the observation of solid-state
two-photon excited fluorescence.
Furthermore, the crystals display
reversible vapochromic responses,
proving suitable for developing robust
and simple sensing devices.
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SUMMARY

Organic fluorescent solids are highly demanded for applications such as sensing and bioimaging, yet most of
these systems require co-crystallization with additional components to avoid aggregation-caused quench-
ing. Here, the intermolecular assembly and resulting photophysical properties of a series of indolenine-based
dyes are described. These dipolar donor-r-acceptor (D-rt-A) structures are composed to favor head-to-tail
interactions, rendering most of them with an exceptional ability for J-aggregate formation. Due to their
tailored molecular architecture, J-aggregation features pair with unusually large Stokes shifts in both concen-
trated solutions and solid state (up to 3,272 cm ™' in aggregates and 6,135 cm ™ in solid state), enabling
two-photon excited fluorescence (2PEF). Unlike most 2PEF-active condensed organic systems, these
dyes spontaneously form single-component fluorescent crystals upon solvent evaporation, i.e., without
requiring co-crystallization with additional components. The resulting crystals exhibit a pronounced and fully
reversible vapochromic response, readily allowing the development of simple and robust sensing devices.

INTRODUCTION

With increasing relevance in materials science, organic lumines-
cent dyes find extensive use in a plethora of applications. Partic-
ularly noteworthy are those exploiting two-photon excited fluo-
rescence (2PEF), where the remarkable versatility of these
materials meets the inherent advantages of multiphoton absorp-
tion processes. This synergy has made small-molecule-based
materials seminal for the development of diverse technologies,
including optical data storage,'™ upconverted lasing,”” all-op-
tical switching,®'° and bioimaging."'®

Despite their technological potential, extending the use of
organic fluorophores to the solid state remains challenging,
and the majority of these applications are largely limited to the
solution state: most organic fluorophores simply undergo aggre-
gation-caused quenching (ACQ) upon assembly. Typically
arising from strong n-n stacking interactions, ACQ leads to
weak fluorescence in aggregated and/or solid states.'®" The
opposite phenomenon, termed by Tang and co-workers in

™

Gheck for
Updates

2001 as aggregation-induced emission (AIE),?® thus marked a
turning point in the design of novel fluorophores for
condensed-phase applications.”> Among the various mecha-
nisms proposed to explain AlE, as well as aggregation-induced
emission enhancement (AIEE), the most commonly invoked
mechanisms are (1) the restriction of intramolecular rotations in
the aggregated state,?*?° (2) the presence of a twisted intramo-
lecular charge transfer (TICT),*®*" and (3) J-aggregation.?®?°
Focusing on J-aggregation, this phenomenon was reported for
the first time by Jelley back in 1936.°° The recent connection be-
tween J-aggregation and AIE has, however, sparked new interest
in the ad hoc formation of such assemblies,®'~* for which slipped-
stack packing rather than co-facial packing is essential to guar-
antee J-type exciton coupling and preclude ACQ.****° Essentially,
this packing mode promotes both excitonic coupling and struc-
tural rigidification. On the one hand, the exciton coupling concen-
trates the oscillator strength into the lowest-energy exciton state,
allowing radiative emission to outcompete non-radiative decay
pathways. On the other hand, the tight intermolecular packing
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Figure 1. J-aggregate formation in acetoni-
trile

(A) Structures of derivatives 1-4.

(B and C) For compound 1, in acetonitrile,
(B) normalized excitation (dashed lines) and
emission (solid lines) spectra at different concen-
trations and (C) fluorescence intensity depen-
dence on the concentration in acetonitrile.
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nature of this structure promotes head-
to-tail interactions required for J-aggre-
gation, the incorporation of the volumi-
nous geminal methyl groups at position
3 efficiently disrupts n-n stacking and
thus prevents ACQ effects. Various sub-
stituents are carefully introduced at posi-
tion 5 to impart different photophysical
properties as well as promote alternative
crystalline packing orders without dis-
rupting the head-to-tail alignment. Unlike
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conventional J-aggregate platforms,
these molecules are characterized by a
considerably smaller size, forming pre-
dominantly J-aggregates in solution and
single-component crystals in the solid
state. The unique features of these dyes
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yield J-aggregates with unusually large
Stokes shifts (up to 3,272 cm™"), which
are the largest values reported for J-ag-
gregates to the best of our knowledge.
The marked bathochromic shifts in the
excitation energies, on the other hand,
make 2PEF exclusively for the highly or-
dered arrangements (aggregates or crys-
tals) and facilitate two-photon absorption
(2PA) in the solid state without the need

0 200 400 600
Concentration (uM)

restricts molecular motion, which further suppresses non-radia-
tive mechanisms. Because of the fluorescence enhancement,
the bathochromic shifts, and the exciton migration characterizing
J-aggregates, diverse molecular architectures have been tailored
to preferentially form such assemblies. Representative examples
are cyanines,®”*® squaraines,®**° chlorins,”'*** perylene bisi-
mides,*>** or BODIPYs.**“® The control of the intermolecular in-
teractions at the supramolecular level, however, remains intricate:
compounds displaying J-aggregation primarily stem from seren-
dipity. As such, rational design strategies toward dyes with the
ability to J-aggregate represent a valuable goal in organic mate-
rials science development.

Here, we develop a rational design strategy aimed at promot-
ing J-type aggregation using a compact donor-r-acceptor (D-
n-A) scaffold based on our previously reported 2-(6-methoxy-
naphthalen-2-yl)-3,3-dimethyl-3H-indole. Whereas the dipolar

2 Cell Reports Physical Science 7, 103509, September 16, 2026
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for a co-crystallization process. This
feature is highly desirable for the devel-
opment of solid-state stimuli response
fluorescence materials required for multi-
tude of sensor-like applications. In light of
our previous observations for this family of dyes' and consid-
ering the photophysical properties observed in condensed
phase, we eventually investigate their response toward acid
both in solution and in the solid state.

1000

RESULTS AND DISCUSSION

Design and synthesis
Based on 2-(6-methoxynaphthalen-2-yl)-3,3-dimethyl-3H-indole
(compound 1 in Figure 1A), three analogs, 2-4, were prepared
(Figure 1A). The detailed synthetic procedures and their structural
characterization are described in supplemental methods and
Figures S1-S15.

In the following, we describe the spectroscopic characteriza-
tion of these compounds from highly diluted solution, through
aggregate formation, to solid state. The structural studies and
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Table 1. Photophysical properties of compounds 1-4 in different ordered states

Solution Solid state

Acetonitrile® Aggregated® Crystal

DabsS Aem® A DL NapsS Jem A2 D8 Aabs® Dom® A D
1 339 413 5285 0.01" 384 421 2425 0.03° 391 421 3129 0.10°
2 344 418 4451 0.04 387 424 2254 0.04° 370 423 3386 0.19°
3 351 416 5201 0.33 391 435 2586 0.28¢ 370 431 3825 0.50¢
4 352 440 5680 0.22 393 451 3272 0.29° 372 482 6135 0.30°

210 uM air-equilibrated solution.

1 mM air-equilibrated solution.

®Absorption or emission wavelength, in nm.

9dStokes shift, incm™".

®Fluorescence quantum yield, error ca. 15%.

"Measured according to the IUPAC standard-comparison method.*”
9Measured with an integrating sphere.

theoretical calculations complete the properties picture of these
compounds. Finally, we show how the overall photophysical fea-
tures of these compounds can be readily harnessed into a simple
sensing device.

Photophysical studies from solution to solid state
In solution
Highly diluted solutions. The photophysical properties of these
derivatives were first studied in highly diluted solutions (10 uM)
across a series of solvents of varying polarity (Table S1). Under
these conditions, all compounds exhibit broad, structureless ab-
sorption and emission bands. Despite their dipolar character,
solvatochromic effects are almost negligible, i.e., polarity-
induced shifts in absorption and emission bands do not exceed
10 nm in any of the cases. Regarding the differences within the
series, these are primarily governed by the substituent intro-
duced at position 5, that is, by how this group modulates the
electron-acceptor character of the 3H-indole ring. Thus, com-
pounds 1 (H) and 2 (CH3) display similar features, whereas the
inductive effects from methoxy and nitrile moieties in 3 and 4
are responsible for the relative observed bathochromic shifts.
Higher fluorescence quantum vyields are also observed for 3
and 4 (Table S1). Among their features, the most exceptional
are the large Stokes shifts in the whole series (ca. 5,000 cm™';
Table S1). The UV absorption of all compounds (bands centered
between 330 and 360 nm) together with the weak influence of
polarity practically precludes two-photon excitation (2PE) under
highly diluted conditions.
Concentrated solutions and the formation of aggregates. Once
the molecular behavior of our dyes was established under dilute
conditions, we sought to delve into the aggregation phenomena.
Self-assembly was induced by increasing the concentration of
the compounds from 10 pM to 1 mM in acetonitrile, and the emis-
sion and excitation spectra were recorded (see Figure 1B for com-
pound 1; spectra for the other derivatives are in Figure S16). Given
the high concentration required for the observation of J-aggre-
gates, we opted for using excitation instead of absorption for
these studies to avoid saturation issues (see Figure S30).
Gradual packing of these compounds produces bathochromic
shifts considerably more pronounced in excitation (>40 nm) than

in emission (<20 nm; see Table 1). Excitation bands also narrow
with increasing concentration, which is further accompanied by
fluorescence enhancement (Figure 1C). Notably, these features
collectively represent clear hallmarks of J-aggregation and are
observed within the whole series of dyes (Figure S16). The asym-
metric displacements of excitation and emission energies with
increasing concentration entails somewhat reduced Stokes
shifts in the aggregated forms of our compounds when
compared to highly diluted conditions. However, the Stokes
shifts in the aggregated form of our dyes, over 2,200 cm™" in
all cases (Table 1), improve by far the previously reported values
in literature for similar assemblies, typically falling in the range
between 100 and 500 cm ™. The large Stokes shifts of these ag-
gregates are related to the intrinsic features of their monomers:
although J-aggregation usually reduces the Stokes shifts, our
constituent dyes feature large Stokes shifts when compared to
other scaffolds that commonly form J-aggregates, such as those
mentioned in the introduction.

Solid state

Single-component microcrystalline powders of all compounds
formed spontaneously upon evaporation of dichloromethane so-
lutions. Their optical properties were in turn investigated, and the
main characterization data are summarized in Table 1.

Unlike the extremely narrow excitation bands of solution ag-
gregates, the corresponding excitation bands of crystals display
an important but expected broadening. It is worth noting that
peak wavelengths and band spectral positions remain essen-
tially unaltered among aggregates and crystals (Figure 2A for
compound 1; see Figure S17 for the other analogs), which points
toward the highly ordered molecular packing from aggregates
being preserved in the crystalline state. The importance of the
evaporation rate was also examined, whereby we concluded
that this solely affects the size of the crystals without disturbing
their overall photophysics. Fluorescence quantum yields were
determined and ranged from 0.10 in 1 to 0.50 in 3 (Table 1),
further proving the occurrence of AIE (1 and 2) or AIEE (3 and
4) phenomena in the solid state depending on the compound
considered. A more detailed explanation about the trends in fluo-
rescence quantum yields according to electronic effects and
crystal structure is provided below.

Cell Reports Physical Science 7, 103509, September 16, 2026 3




¢? CellPress

OPEN ACCESS

>

1.0+ i

Normalized /-
o
()]

00femae /s 0 S
300 350 400 450 500 550 600 650

A (nm)

Figure 2. Solution aggregates vs. solid-state crystals
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(A) Comparison for compound 1 between the emission (solid lines) and excitation (dashed lines) spectra of the aggregates in 1 mM acetonitrile solution (dark-red

lines) and the crystals (violet lines).

(B) b1: fluorescent imaging of a microcrystal upon 2P excitation at 700 nm. b2: white-field imaging of the previous microcrystal. b3: superposition of b1 and b2

images. Scale bars, 5 pm.

Under two-photon conditions

The observed bathochromic shifts in the excitation energies of
the packed forms enabled their characterization under two-
photon (2P) conditions, and 2PE and 2PEF were recorded for
both aggregates and crystals (Figures S18-S21). It is worth
noting that this 2PA response, not observable under diluted con-
ditions, is a collective photophysical consequence of the intra-
molecular charge-transfer character of the chromophores
further potentiated by the exciton coupling inherently associated
with the formation of J-aggregates.

The 2PEF imaging of crystals, shown in Figure 2B for a micro-
crystal of compound 1, newly revealed that there are no differ-
ences in the optical properties related to the size of the crystal,
as evident when comparing them with those determined from
the microcrystalline powder. Importantly, the 2PEF spectra
resembled those obtained under one-photon (1P) excitation
conditions for all compounds (Figure S18 for aggregates and
Figure S20 for crystals), thus confirming that identical emissive
states are reached regardless of the nature of the excitation pro-
cess. It is very important to emphasize that 2PE and 2PEF, for all
dyes, were uniform across the laser focal area, yielding only var-
iations in the intensity observed (see normalized spectra in
Figure S20). Eventually, the square dependence of the emission
on the excitation power verified the biphotonic nature of both ag-
gregates (Figure S19) and crystals (Figure S20).

Unveiling J-aggregation from the structure

Crystal structure studies

To elucidate the intermolecular interactions governing the solid-
state assembly and driving the J-aggregation phenomena, the
crystalline structures of compounds 1-4 were determined via
X-ray diffraction (XRD). Details about the different crystalline
structures observed for these dyes are duly presented in the
supplemental information. Transmission electron microscopy
(TEM) further confirmed the formation of uniform microcrystalline
domains (Figure 3A).

4 Cell Reports Physical Science 7, 103509, September 16, 2026

The analysis of the crystalline structures reveals three key fea-
tures underpinning J-aggregate characteristics.

(1) Head-to-tail packing and space group symmetry. While
the compounds crystallize in different ways, a dominant
head-to-tail packing is preserved across all structures
along the crystallographic axes (Figures 3B and 3C). This
alignment enables dipole-dipole interactions that facilitate
J-type exciton coupling and consequent fluorescence
emission enhancement. In detail, compound 1 crystallizes
in an orthorhombic Pna2; space group, where the crystal
packing is governed by weak non-classical intermolecular
interactions including mainly aromatic CH- - - OCH3; and
OCHgs- - -OCH3 interactions. The incorporation of a
methyl group in 2 is responsible for this dye adopting a
centrosymmetric monoclinic P2,/c space group, where
the increased molecular volume increases the close-pack-
ing efficiency within the crystal lattice and the head-to-tail
alignment is sustained primarily by CHz - - - OCHj3 interac-
tions among the methyl groups and oxygen atoms of
neighboring molecules. Compound 3, however, crystal-
lizes in the lower-symmetry P2; monoclinic group, and
its packing is dominated by highly directional and strong
intermolecular OCH3- - - OCH3 hydrogen bonds linking
neighboring molecules along the 2; axes. In relation to
compound 4, this adopts the P2;/c space group, display-
ing a structure strongly influenced by the electronic effects
of the nitrile group. In particular, the crystal framework is
predominantly governed by antiparallel dipolar arrange-
ments, with the head-to-tail alignment specifically dictated
by OCHs - - - NC hydrogen bonds.

Suppression of n-n stacking. Seminal for the formation of
J-aggregates is the suppression of these interactions and
related ACQ effects, which requires an interaromatic
centroid distance (in our case, determined as the distance
between a certain indolenine ring and the nearest

S
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Figure 3. Crystals of compounds 1-4

(A) TEM images of the crystals of compounds 1-4 (top to bottom). Scale bars (top to bottom), 500 nm, 5 pm, 50 nm, and 200 nm.

(B) Head-to-tail alignment of compounds 1-4 in their crystals (top to bottom); donor and acceptor groups are highlighted in blue and red, respectively, for better
visualization.

(C) Different views of the crystal structure of compounds 1-4 (top to bottom). The head-to-tail alignments across the crystals are represented in this case by
different colors.

aromatic center, either naphthalene or another indolenine
unit) of at least 4.0 A Compounds 1, 2, and 3 fulfill this
requirement, with minimum observed interaromatic
centroid distances of 6.08, 6.16, and 6.76 A, respectively.
Compound 1 is further characterized by stabilizing its ar-
chitecture through multiple edge-to-face CH- - - Ar inter-
actions between aromatic hydrogen atoms and adjacent
aromatic ring centroids. In compound 3, weak methox-
yarene (OCHjs - - - Ar) interactions are present, facilitating
the interdigitation of hydrophobic aromatic domains be-
tween adjacent molecular layers. In the case of derivative
4, the interaromatic-centroid distance is slightly shorter
(8.81 A), posing a slightly different situation in comparison

to the other analogs. This compressed distance allows for
the formation of centrosymmetric inversion dimers
through complementary n-n stacking interactions be-
tween neighboring planar aromatic cores, contributing
to lattice stabilization and allowing the simultaneous for-
mation of both J- and H-aggregates. Nevertheless, the
overall optical properties point toward intermolecular in-
teractions of predominantly dipole-dipole nature
(Figure S22). Although near-planar conformations are
observed, featuring an indolenine-naphthalene dihedral
angle that ranges from 8° to 23° (Table S3), the scaffolds
are sterically shielded by the geminal dimethyl groups at
position 3 that efficiently impede =-x interactions.

Cell Reports Physical Science 7, 103509, September 16, 2026 5
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(A) Transition dipole moment (TDM), represented in blue, for the Sq — S; transition of compound 1.
(B) Different views of the crystal structure of compound 1. Individual TDMs are indicated in green, while the TDM of the tetramer is represented in blue.
(C) Schematic representation of the TDMs and the slip angle with respect to the line crossing centers of mass of the molecules composing the tetramer.

(3) Hydrogen-bond reinforcement. These interactions further
strengthen the assembling in the crystalline structure,
facilitating efficient dipole-dipole interactions as
mentioned before: OCHjz - - - O for compounds 1 and 3,
OCHs- - -NC for 4, and Ar-CHs---OCH; for 2
(Tables S4-S7 and supplemental methods).

All'in all, these four compounds achieve J-aggregate-favoring
crystal-packing motifs through complementary supramolecular
pathways. Compounds 1 and 2 rely predominantly on weak
CH- - - OCHg interactions, and the higher steric hindrance in 2
accounts for its improved fluorescence quantum yield in solid
state. Compounds 3 and 4 display a more highly directional as-
sembly driven by methoxy- and nitrile-mediated heteroatom in-
teractions, where the charge transfer character plays an impor-
tant role (see Table S11). In this case, to explain the
differences in fluorescence quantum vyields, electronic effects
must be also considered: the incorporation of a methoxy group
increases the electron-acceptor character of the indolenine
ring, favoring the formation of intramolecular charge transfer
(ICT) states from which the fluorescence stems. Replacing this
substituent by nitrile in 4 should promote even further the effi-
ciency of the ICT and result in a higher fluorescence quantum
yield, but the shorter interaromatic distances counterbalance
this effect by allowing n-rn stacking interactions, thus affecting
negatively the fluorescence emission efficiency and explaining
the observed trends.

Theoretical calculations
Time-dependent density functional response theory (TDDFT)
calculations were performed to gain additional insights into
how the optical properties of these compounds are dependent
on the structural configuration and the packed arrangements.
In particular, the lowest energy electronic transitions from the
ground electronic state were calculated in both the isolated sol-
vated molecules (Table S8 and Figure S23) and their respective
aggregates (Table S9). For the aggregates, “tetramers” were
selected from the crystal structure, and no further geometry opti-
mization was performed.

In the absence of intermolecular interactions, the highest
occupied molecular orbital-lowest unoccupied molecular orbital
(HOMO-LUMO) energy gaps of the isolated molecules are

6 Cell Reports Physical Science 7, 103509, September 16, 2026

dictated by the electron-donor or electron-acceptor character
of the substituent at position 5 (Table S8). As previously
mentioned, these substituents operate via inductive effects,
modulating the overall electron-acceptor character of the indole-
nine ring accordingly.

Interestingly, the trends found in the aggregates follow a
pattern similar to those identified in the isolated molecules, i.e.,
their electronic properties are driven overall by the decoration
on the indolenine ring. Thereby, the introduction of substituents
at position 5 mainly contributes to destabilizing the respective
occupied frontier orbitals, resulting in decreased HOMO-
LUMO energy gaps across the series (Table S9). This behavior
would account for the bathochromic shifts observed upon ag-
gregation for each compound. On the other hand, the individual
transition dipole moments (TMDs) seem to be oriented along
the long axis of the molecule (Figure 4A), and, moreover, these
are aligned with the line crossing the centers of mass of the
molecules composing the tetramer. The small angle between
the individual TMDs (9) translates into efficient exciton coupling,
a hallmark of J-aggregation, which is manifested by a substan-
tially larger TMD for the aggregate (Figures 4B, 4C, and S24).

Application as sensors for acid environments

Bearing in mind the previously reported ability of related struc-
tures as proton sensors,'® we finally decided to exploit this
feature of the dyes. Thus, their optical properties were evaluated
in the presence of acid both in solution and in solid state.
Highly diluted solutions

For measurements in highly diluted (10 pM) aqueous environ-
ments, acidic conditions were established by using hydrochloric
acid buffer at pH 1.2. Under these conditions, and as to some
extent envisaged, both absorption and emission bands are dras-
tically shifted to longer wavelengths for all compounds. This is a
consequence of the increase in the electron-acceptor character
of the indolenine ring upon protonation, which enhances the
electronic delocalization within the push-pull system and re-
duces the HOMO-LUMO gap. More specifically, the absorption
of 1H-4H, the protonated versions of 1-4, display bands
centered around 400 nm paired with emission peaks in the
blue-to-green spectral region between 500 and 540 nm
(Table 2 and Figure S25). It is worth noting not only that all these
trends were reproduced satisfactorily by TDDFT (Figure S26 and



Cell Rerrts .
Physical Science

Table 2. Photophysical properties of compounds 1-4 in neutral
and acidic conditions

Conditions dabs®  Aem®  ALP ®° o2pa (GM)®

1 H,0° 337 438 6,843 014 -

1-H  HCl,° 400 502 5,080 0.37° 59 (800)
crystal + HCl; - 544 11,921 0.07" -

2 H,0° 344 439 6291 017 -

2-H HClyg 404 502 4,832  0.379 32 (800)
crystal + HCly - 541 11,727 0.05" -

3 H,0° 351 448 6,169 049 -

3-H HClyg 412 526 5260 0.06° 19 (830)
crystal + HCly - 557 9,295 0.07" -

4 H,0° 352 478 7,489 060 -

4-H HClyg 412 511 4,702  0.109 36 (830)
crystal + HCl; - 516 7,647 021"

®Wavelength, in nm.
PStokes shift, incm™".

°Fluorescence quantum yield, error ca. 15%.

92PA cross-sections were measured in the range of 700-1,000 nm in
10 pM solutions; the corresponding 2PA wavelength (nm) is provided in
parentheses.

¢10 uM air-equilibrated solution.

Not measured.

9Measured according to the IUPAC standard-comparison method.
PMeasured with an integrating sphere.

Table S10), but also that the emission spectra are not dependent
on the nature of the excitation source.

The shifts in the absorption energies upon protonation are
particularly interesting, as they allow biphotonic excitation of
the protonated species under diluted conditions. The activation
of the 2PA properties by protonation is associated with the in-
crease of the ICT character of the dyes, implying a bathochromic
shift in the excitation energies different from that attained by the
formation of aggregates and thus constituting an alternative way
in addition to J-aggregation to obtain a 2PA response. Thus, the
2PA properties of the 1H-4H were investigated via a 2P-induced
fluorescence method.*® These compounds show moderate 2PA
cross-section values (o2pa) from 19 to 59 Goeppert-Mayer units
(GM) (Table 2 and Figure 5). Furthermore, reversibility studies
were performed by sequential exposure of the solutions to hy-
drochloric acid and/or ammonia vapors in 30-s periods, whereby
the spectral properties of all compounds were maintained after
several interconversion cycles (Figure S27).

Solid state

The optical properties of microcrystals of compounds 1-4 were
studied after these were exposed to hydrochloric acid vapors. As
anticipated, important bathochromic shifts were observed in
their emission (Tables 1 and 2) independently of the nature of
the excitation source (one or two photons). More concretely, pro-
tonation of all crystals comes with an almost 100-nm shift in the
fluorescence peak, which is especially pronounced for 3
(Figure S28). Interestingly, XRD measurements carried out on a
single crystal point to protonation as a surface phenomenon,
as no changes were observed in the crystalline structures with
respect to those of the neutral forms. Thus, the observed
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Figure 5. Reversible acid-vapor sensing

(A) 2PA cross sections for compounds 1-4 in hydrochloric acid aqueous so-
lutions (pH 1.2) at 10 pM.

(B) Devices to sense acid vapors. These were made by depositing 1 in a glass
surface (0.17 mm thickness) by spin-coating deposition method. The device at
the left is shown in the neutral state, while the one on the right has been
exposed to hydrochloric acid vapors for 30 s. The top row shows the aspect
seen with naked eye, while the bottom corresponds to 365-nm illumination
from a handheld lamp.

(C) Two-photon excited fluorescence spectra for compound 1 (spin coating,
Zexc = 720 nm) under neutral (purple) and acid (green) conditions.
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bathochromic shifts are mostly related to the protonation-
enhanced ICT character of the dyes, although contributions
from pre-existing solid-state packing cannot be discarded.

Due to the potential application of new-generation stimuli-
response fluorescence systems for diverse applications, a direct
use of compound 1 as an acid/base sensor was tested. This dye
was deposited over a glass surface (0.17 mm thickness) using a
spin-coating deposition method, whereby photophysics compa-
rable to those observed in solid state for compound 1 were
determined. The exposure to vapor acids yields changes that
are not only monitored through fluorescence readout but also
can be appreciable via the naked eye, under either 1P or 2P exci-
tation (Figures 5B and 5C). Similarly to solution, reversibility
studies were performed by sequential exposure of the spin-
coating device to hydrochloric acid and ammonia vapors in pe-
riods of 30 s, whereby the spectral properties of derivative 1 were
maintained after several interconversion cycles (Figure S29).

The findings presented here validate our rational D-n-A design
strategy, uncovering small indolenine dyes as a potential J-
aggregate platform in solution and solid states, further charac-
terized by unusually large Stokes shifts. These compounds addi-
tionally showed ability to spontaneously form single-component
crystals exhibiting solid-state 2PEF and reversible vapochrom-
ism. Although this dye platform overcomes key limitations of
conventional J-aggregates, mainly related to the extensive spec-
tral overlap between absorption and emission, important chal-
lenges yet remain to be circumvented, such as, for instance, ex-
tending the absorption into longer wavelengths for potential
application in bioimaging and/or tuning emission color across
the series for the development of more sophisticated detection
devices. Success in these new avenues could potentially estab-
lish these compact dyes as versatile building blocks for nonlinear
optics, lasing, multiplexed sensing arrays, and stimuli-respon-
sive materials, ultimately driving J-aggregation from serendipi-
tous discovery to engineered functionality.

METHODS

General methods and instrumentation

Unless otherwise stated, commercially available reagents and
solvents were purchased and used as supplied. Column chro-
matography was performed using silica gel 60 (230-400 mesh)
and thin-layer chromatography with silica gel 60 Fs4 plates.
The precursors for compounds 1-4 and compound 1 were syn-
thesized according to our previously reported procedures.'® Al
the synthesized chemical structures were corroborated from
their NMR spectra (either monodimensional and bidimensional),
their mass spectrometry data, and their infrared data. NMR
spectra were collected on a Bruker Avance Il Ascend
400-MHz spectrometer at 25°C. "HNMR and '*C NMR chemical
shifts (5) are indicated in parts per million (ppm). These were
referenced to the residual solvent peak specific of DMSO-dg
(CHDsSO at 2.50 ppm and (CD3),SO at 39.5 ppm for 'H NMR
and "3C NMR, respectively). Total assignment of the NMR shifts
was carried out with 2D NMR experiments (correlation spectros-
copy [COSY], heteronuclear single-quantum coherence [HSQC],
and heteronuclear multiple-bond correlation [HMBC]) as appro-
priate. High-resolution electrospray ionization mass spectra
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were obtained on a Thermo Fisher high-resolution mass spec-
trometer (Orbitrap), and infrared spectra were recorded on a
JASCO FT/IR-4100. Melting points were measured in a Gallen-
kamp melting-point apparatus. TEM images were obtained
with a Thermo Scientific FEI Tecnai G2 20 twin-transmission
electron microscope.

One-photon photophysical properties
Spectroscopic-grade solvents were employed for all the photo-
physical studies. Experiments were performed at room temper-
ature with either optically diluted or 10 pM air-equilibrated solu-
tions using 1-cm-pathlength quartz cuvettes. Absorption
spectra were recorded on a Cary 100 Bio UV-visible spectropho-
tometer, and emission spectra were registered on a JASCO
FP-750 instrument. Fluorescence quantum yields (¢ were
determined by comparison with coumarin 153 (¢ = 0.38 in
ethanol) according to a literature procedure.*’

Two-photon absorption properties

Two-photon-induced fluorescence emission for aggregates
(spectroscopic-grade acetonitrilie was employed to dissolve
dyes 1-4 to a final concentration of 1 mM) and crystals were
analyzed using an inverted Leica SP5 MP confocal and multi-
photon microscope hosted at the ICTS NANBIOSIS, specifically
in the U28 Unit of the Andalusian Center for Nanomedicine and
Biotechnology (BIONAND). This microscope was equipped
with a MaiTai Ti:Sapphire HP laser (Spectra-Physics) tunable be-
tween 690 and 1,040 nm. Imaging was performed using a 10x
plan apochromatic objective lens (NA 0.4) focused at the air/
liquid boundary, allowing for simultaneous detection of sample
and background fluorescence. Emission and excitation spectra
data for compound and background regions of interest were
registered using Leica LAS AF software. Spectra were measured
in a laser power regime where the fluorescence was proportional
to the square of the laser excitation power and using a dynamic
15-nm-wide emission detection window moving in 20 steps from
400 to 700 nm.

Two-photon absorption (2PA) cross-sections (copa) wWere
determined using the 2P-induced fluorescence method for com-
pounds 1H-4H.*®*° Rhodamine B (107 M in air-equilibrated
spectroscopic-grade methanol) was employed as the reference
under experimentally identical conditions, considering the fluo-
rescence quantum yield independent of the excitation regime.
Hydrochloric aqueous solutions (pH 1.2) were employed to
dissolve dyes 1H-4H to a final concentration of 10 pM. All 6opa
measurements were determined on two separate independent
occasions and are presented as the mean value, with each
pair of replicates differing by no more than 10%.

XRD determination

Measured crystals were prepared under inert conditions
immersed in perfluoropolyether as protecting oil for manipula-
tion. Suitable crystals were mounted on MiTeGen micromounts,
and these samples were used for data collection. Data were
collected with a Bruker D8 Venture diffractometer with CuKa ra-
diation (1 =1.54178 A). The data were processed with the APEX3
suite.”® The structures were solved by intrinsic phasing using the
ShelXT program, which revealed the position of all non-hydrogen
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atoms. These atoms were refined on F? by a full-matrix least-
squares procedure using the anisotropic displacement param-
eter.”" All hydrogen atoms were located in difference Fourier
maps and included as fixed contributions riding on attached
atoms with isotropic thermal displacement parameters 1.2 or
1.5 times those of the respective atom. Olex2 software was
used as a graphical interface.” The crystallographic data for
the reported structures were deposited with the Cambridge
Crystallographic Data Center as supplementary publication no.
CCDC 2047498-2047501. Additional crystal data are shown in
Table S2. Copies of the data can be obtained free of charge at
http://www.ccdc.cam.ac.uk/products/csd/request.

Theoretical calculations

Isolated molecules

Theoretical calculations were performed with the Gaussian 16
program package.’® The polarizable continuum model®* was
used to consider the solvent effect and acetonitrile or water as
solvent. The starting geometries for compounds 1-4 were ob-
tained from X-ray crystal data. The ground-state (Sg) and
excited-state (S4) geometrical parameters were determined by
density functional theory (DFT) using the CAM-B3LYP®® func-
tional and the 6-31+G(d) basis set. In each optimization, the
vibrational frequencies were calculated, whereby the absence
of imaginary frequencies showed that optimized structures
were true minima. Energy parameters were calculated as vertical
electronic excitations using the linear response approach and
TDDFT.

Tetramers

The geometries for the tetramers of compounds 1-4 were ob-
tained from X-ray crystal data. Single-point and TDDFT calcula-
tions were performed using DFT and the CAM-B3LYP functional
in the gas phase and the 6-31G(d) basis set. The charge transfer
indices for the excited state S; were obtained with the Hole-
Electron analysis module in the Multifunctional Wavefunction
Analyzer (MULTIWFN v.3.8).56°7

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will
be fulfilled by the lead contact, Carlos Benitez-Martin (carlos.benitez-martin@
gu.se).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® Any additional experimental data required to reanalyze the results pre-
sented in this article will be shared upon reasonable request by the lead
contact, provided it is not already included in the article or supplemental
information.

® CCDC 2047498-20474501 contains supplementary crystallographic
data for compounds 1-4.
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