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Multi-stimuli-responsive behaviours of
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in solution and supramolecular gel statesf

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5,7401

Mao Suzuki,® Atsushi Seki, (2 **° Syota Yamada® and Ken'ichi Aoki®®

Bilaterally asymmetric and symmetrical fluorenone-based donor—acceptor—-donor (D—A-D) triads bear-
ing hydrogen-bonded urethane units were synthesised in this study. Both the fluorenone derivatives
exhibited supramolecular gelation in organic solvents. While the bilaterally asymmetrical fluorenone-
based mono-urethane formed supramolecular gel in medium-chain linear alkanes and n-dodecyl
benzene, the bilaterally symmetrical bis-urethane gelated to form n-dodecyl benzene and some mixed
solvents. In the absorption spectra of these two compounds, two absorption peaks attributable to n—n*
and intramolecular charge transfer (ICT) transitions were found. These D—A-D triads show emission
from a twisted intramolecular charge transfer (TICT) state, together with photoluminescence from locally
excited states. Solvatofluorochromic and acidifluorochromic behaviours were confirmed in dilute
solutions for both compounds. While the fluorenone-based mono-urethane organogel displayed an
acid-responsive colour change, the aromatic bis-urethane organogel changed its aggregation behaviour
in response to trifluoroacetic acid. This study revealed that these D—A-D triads have the potential to be
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Introduction

Environmentally responsive n-conjugated compounds are attrac-
tive materials for various applications such as security inks,
sensors, smart windows, and smart devices, because they
undergo spectral changes due to the structural variation under
light, heat, humidity, or mechanical stimuli.'”” In particular,
organic m-conjugated dyes bearing a donor-acceptor (D-A)
framework have been extensively studied for their electro-
optical and opto-electronic functions.*** During intra-
molecular charge transfer (ICT) from electron-rich donor to
electron-deficient acceptor units in D-A m-conjugated dyes
there appears a characteristic light absorption and lumines-
cence."*'® In addition, some D-A-type n-conjugated com-
pounds exhibit favourable fluorescent properties via a twisted
intramolecular charge transfer (TICT) state.'*™® Because the
ICT behaviour is sensitive to a polar environment, D-A type
n-conjugated dyes could prove to be a useful material for the
(fluoro)colorimetric detection of external stimuli.”> In fact,
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used as chemoresponsive materials for the multi-mode detection of target species.

mechanofluorochromic, electrochromic, thermochromic, sol-
vatochromic, and acidochromic properties of D-A n-conjugated
dyes have been reported.'”>°

Supramolecular gels are fascinating soft matters that act as
platforms for stimuli-responsive materials.*®*'>* Thus, var-
ious organogelators composed of m-conjugated compounds,
called “m-gelators”, have been developed in the last few
decades.”®*” The synergistic effect of various intermolecular
interactions leads to the formation of supramolecular gels
composed of low-molecular-weight gelators (LMWGs) and
appropriate solvents.'”?*?° Therefore, supramolecular gels
have the potential to translate molecular-scale information into
bulk performance by tuning the balance of intermolecular
interactions.>>*! In this context, various supramolecular
gelators which exhibit colour change and structural transfor-
mation to deal with external stimuli such as light and heat have
been reported.’*° In addition to these physical stimuli-
responsive LMWGs, supramolecular gel systems in response
to chemical stimuli have also been developed.*”™** For
instance, Lehn and co-workers reported a guanosine derivative
exhibiting ion-responsive LMWGs."* In typical ion response
systems, the molecular-scale structural change driven by metal
coordination, intercalation, or metal templating is amplified to
macroscopic phase transition as well as spectral change.**™**
A similar mechanism is adopted by functional LMWGs to
respond to other chemical species. Based on the conventional
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Fig.1 Chemical structures of fluorenone-based D—-A-D triads FL-1 and
FL-2.

molecular design of chemically stimuli-responsive LMWGs, the
functional moiety that strongly interacts with the target species
is attached to the fundamental unit to form supramolecular
assemblies.”!

Our present aim is to develop novel environmentally respon-
sive “m-gelators” applicable to chemical indicators. Herein,
we propose fluorenone-based donor-acceptor-donor (D-A-D)
triads bearing hydrogen-bonded units as candidates for multi-
stimuli-responsive bulk materials. Fluorenone is one of the
attractive molecular skeletons acting as an electron acceptor
with a planar m-conjugated system which shows high thermal
stability. The rigid aromatic moiety is a promising build-
ing block for electron transport as well as stimuli-responsive
photophysical switching and variation of self-assembling
behaviours.**™*? Thus, several fluorenone-based functional soft
matters have been developed.’*®® While various fluorenone-
based D-A molecules working as fluorescent and colorimetric
chemo-sensors in solution states have been reported,*®®'
a limited number of studies have reported multi-stimuli-
responsive supramolecular gels of D-A-type fluorenone deriva-
tives modified with alkoxybenzamide groups.*® In this study,
we expect that the cooperative intermolecular interactions of
hydrogen bonding urethane units, fluorenone-based D-A-D
aromatic core, and polar fluorine units are helpful to construct
the multiple-sensing gel materials. Hence, D-A-D fluorenone-
based monourethane FL-1 and bisurethane FL-2 were designed
and synthesised (Fig. 1). First, we investigated the gelation
ability of the fluorenone derivatives in organic solvents. We
verified the impact of intermolecular hydrogen bonds through
the urethane units on the formation of supramolecular self-
assemblies. Furthermore, environmental stimuli-responsive
behaviours were studied. The chromic behaviours based on
n-n* and ICT transitions in solution and gel states as well as
the transformation of aggregates in response to the acid were
examined using FL-1 and FL-2.

Experimental methods
General procedures

All '"H and ®C NMR spectra were recorded using a Bruker
Biospin AVANCE NEO 400 spectrometer (400 MHz for "H NMR
spectra and 100 MHz for >C NMR spectra). All chemical shifts
() in the 'H and C NMR spectra are quoted in ppm using
tetramethylsilane (6 = 0.00 ppm) as the internal standard
(0.03 vol%). High-resolution electrospray ionisation-mass
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spectrometry (HR-ESI-MS) was performed using a SCIEX
X500R QTOF spectrometer.

Materials and synthesis

All the reagents were purchased from Tokyo Chemical Industry,
Kanto Chemicals, and FUJIFILM Wako Pure Chemical Corpora-
tion. All the reagents were used without further purification.
All the reactions were performed under an argon atmosphere in
a well-dried three-necked flask equipped with a magnetic
stirring bar.

Evaluation of gelation abilities and morphological study of
xerogels

The samples were prepared as follows: an appropriate volume
of organic solvent was added to 5 mg of the D-A-D-type
fluorenone derivatives in 2 mL glass vials. The vials were sealed,
and the samples were heated. When clear solutions were
obtained upon heating, the mixture was cooled to room tem-
perature. When a vial could be inverted without any flow, it was
determined to be a ‘gel’. In the cases where precipitation was
observed during cooling, was termed as ‘precipitation’. When
the clear solutions, in contrast, remained after cooling, it was
determined as ‘soluble’. When the compound could not be
dissolved completely even after it was sufficiently heated, it was
determined to be ‘insoluble’. The morphologies of the xerogel
samples were investigated using scanning electron microscopy
(SEM). The xerogel of FL-1 was prepared from n-octane gel
(20 g L) by slow evaporation. The xerogel of FL-2 was prepared
from toluene/n-octane (1/1; mol/mol) gel (20 g L™ ') in a similar
manner. Scanning electron microscopy (SEM) was perfor-
med under low-vacuum conditions using a JEOL JCM-6000
instrument.

Evaluation of phase transition behaviours

The thermal phase transition behaviour of pristine D-A-D-type
fluorenone derivatives was characterised using polarising opti-
cal microscopy (POM) and differential scanning calorimetry
(DSC). A polarising optical microscope (Olympus BH2) equipped
with a digital camera (AS ONE HDCE-X1) and a temperature
control system (Mettler Toledo FP90 and FP82HT) were used
to visually observe the optical textures. For POM observation,
indium tin oxide (ITO) sandwich cells filled with the samples
n-conjugated compounds were used. Empty ITO sandwich cells
(KSSO-02/A311P1NSS05, cell gap: 2 pm) were purchased from
the EHC Corporation. The ITO surface without a polyimide was
rubbed to facilitate planar orientation. DSC measurements
were conducted using a SHIMADZU DSC-60 system equipped
with a liquid nitrogen auto-cooling system (TAC-60L). For DSC
measurements, approximately 2-3 mg of each sample was
sealed in an aluminium pan.

FT-IR measurement of bulk and solution samples

FT-IR measurements were carried out on a Thermo Scientific
Nicolet iS5 spectrometer in the transmission mode. For the
variable-temperature FT-IR measurements, a handmade thermal
control system composed of a silicone rubber heater, a

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00477a

Open Access Article. Published on 15 Ogos 2024. Downloaded on 29/01/2026 10:27:10 PTG.

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

(cc)

Materials Advances

thermocouple sensor, and a PID-type thermal controller
(AS ONE TJA-550) were used as additional equipment. For the
measurements of the solution samples, a liquid sample cell
composed of a silicone rubber spacer and a pair of KBr
substrates were used. Bulk samples were prepared on Si
substrates.

Characterization of spectroscopic properties in solution states

The UV-Vis absorption spectra in the solution state were
recorded using a JASCO V-650 spectrometer. The UV-Vis absorp-
tion spectra of the dilute solutions were measured using a pair
of quartz cells (cell path length: 1 cm). Photoluminescence
emission spectra in the solution state were recorded using a
SHIMADZU RF-6000 spectrometer. The emission spectra of the
dilute solutions were recorded using a quartz cell (cell path
length = 1 cm).

Characterization of the spectroscopic properties of bulk
samples

Bulk samples were prepared on quartz substrates with a thick-
ness of 1 mm. The UV-Vis absorption spectra of the bulk
samples, except for the spectra of the samples treated with
acid and base, were recorded using a JASCO V-650 spectro-
meter. The absorption spectra of the acid- and base-added
samples were recorded using a Yixi Intelligent Technology
YSM-8101-02-01-16S03L02F06G01 spectrometer equipped with
a YLS-8301-01 deuterium halogen light source and quartz
optical fibres. Photoluminescence spectra of the bulk samples
were recorded using a Yixi Intelligent Technology YSM-8101-02-
01-16S03L02F06G01 spectrometer. An LED light source (CCS
HLV2-24UV3-365) with a control unit (CCS PJ2-1505-2CA-PE)
was used for the photoexcitation.

Measurement of photoluminescence quantum efficiency and
luminescence lifetime

The measurement of photoluminescence quantum yield (PLQY)
was carried out on a Hamamatsu Photonics Quantaurus-QY. The
emission decay profiles were recorded using a Hamamatsu
Photonics Quantaurus-Tau. The PLQY and luminescence life-
time of the dilute solutions were measured using a quartz cell
(cell path length =1 cm). A quartz cell for solid-state samples was
used for measuring the PLQY and luminescence lifetime of
organogels. The PLQY of gel samples was determined from
average of measurement values at the four different positions.

Evaluation of acid-responsive behaviours of organogels

An appropriate amount of trifluoroacetic acid (TFA) was added
to the organogels. After the mixtures were heated above gel-sol
transition temperature to be homogenized, the samples were
left standing and gradually cooled down to room temperature.
Then, the gelation abilities and spectroscopic properties were
evaluated. The samples neutralized with triethylamine (TEA)
were evaluated in the same way.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Gelation behaviours of FL-1 and FL-2

The fluorenone derivatives FL-1 and FL-2 were synthesised as
shown in Scheme S1 (see the ESIt). We examined the gelation
properties of FL-1 and FL-2, which are summarised in Table 1.
These two fluorenone-based triads formed supramolecular gels
in several solvents (Fig. 2a and b): FL-1 and FL-2 gelated
dodecylbenzene (DB); however, the gelation behaviour of FL-1
differed from that of FL-2. Compared to the gelation properties
of these two compounds for DB, the minimum gel concentra-
tions of bilaterally symmetrical bis-urethane FL-2 were lower
than those of mono-urethane FL-1. Thus, we concluded that
FL-2 was superior to FL-1 in terms of the gelation ability of
DB. As the gelation behaviours of the other solvents were
studied, mono-urethane FL-1 formed supramolecular organo-
gels in medium-chain linear alkanes, such as n-octane,
n-decane, and n-dodecane (Fig. 2a), whereas bis-urethane FL-2
showed no gelation ability for those alkanes. Interestingly, the
fluorenone-based triad FL-2 formed supramolecular networks
in a deep eutectic solvent (DES) comprised of n-decanoic acid/
t-menthol (1/1; mol/mol) and equimolar mixed solvents with
toluene and medium-chain linear alkanes (Fig. 2b). The gela-
tion abilities of FL-2 for toluene/n-octane (1/1; mol/mol) (T/O)
and toluene/n-dodecane (1/1; mol/mol) (T/DD) are comparable.
Because the solubilities of the aromatic solvents are quite
different from FL-1 and FL-2, mixtures of FL-1 and these
equimolar mixed solvents form weak gels.

POM and SEM observations were conducted to gain further
insight into the morphology of the organogels. In the POM
observation for organogels of FL-1 in the open nicol arrange-
ment, we observed ‘“sea anemone”-like aggregates in which
many fibre bundles were entangled (Fig. S1 in the ESIf). We
observed a contrasting optical texture in the POM for the organo-
gels of FL-2 in the open nicol arrangement (Fig. S2 in the ESIY).

Table 1 Gelation properties of FL-1, and FL-2 at a concentration of
50 g L™t (minimum gel concentrations given in g L™%)?

Solvent FL-1 FL-2

n-Hexane

n-Octane

n-Decane

n-Dodecane

Toluene

o-Xylene

m-Xylene

p-Xylene

Dodecylbenzene (DB)

Toluene/n-octane (1/1; mol/mol) (T/O)

Toluene/n-dodecane (1/1; mol/mol) (T/DD)

Chloroform S

Ethyl acetate P GP

Acetone P GP
P
P

nurnraQ
o
2

(8)
(16)
(

13)

uooQo"TRTOT—

Methanol GP
Deep eutectic solvent (DES)” G (35)

G, GP, I, S, P, and WG denote gel, gel-like precipitate, insoluble,
soluble, precipitate, and weak gels, respectively. ” n-Decanoic acid/
t-menthol (1/1; mol/mol).
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Fig. 2 (a) and (b) Photographs of organogels of (a) FL-1 and (b) FL-2 at
minimum gel concentration in vials. (c) and (d) SEM images for xerogels of
(c) FL-1 and (d) FL-2.

The POM image indicated that sheet-like aggregates were
formed in the oraganogel of FL-2. SEM observations of the
xerogels also supported such a difference in gel morphologies
between the organogels of FL-1 and FL-2 (Fig. 2c and d). In the
SEM image of the xerogel prepared from n-octane gel of FL-1,
flaccid fibrous aggregates with an average diameter of the
submicron order were observed (Fig. 2¢). In contrast, relatively
high-straightness, elongated, and sheet-like objects were
observed in the xerogel sample procured from the T/O gel of
FL-2 (Fig. 2d). The difference in these gelation and dissolution
behaviours reflects the discrepancy in the self-assembled struc-
tures and the association process in supramolecular gels
between FL-1 and FL-2.

Self-assembling behaviours

FT-IR spectra provide valuable information about the inter-
molecular hydrogen bonding modes among the urethane units.
First, the self-assembly behaviour of the fluorenone derivatives
was examined in detail. In the pristine crystalline phase of FL-1,
the peaks of N-H and C—O stretching vibration were observed
at 3323 cm ' and 1683 cm ™', respectively (Fig. 3a, red line).
These peaks indicated that molecules of FL-1 formed intermo-
lecular hydrogen bond networks in the room-temperature
crystalline phase.®*”" Similarly, the FI-IR spectrum in the
crystalline phase of FL-2 involved the broad hydrogen-bonded
N-H vibration peak at 3332 cm ™" and sharp hydrogen-bonded
C—=O0 vibration signal at 1687 c¢cm ' (Fig. 3b, red line).
In contrast, the signals around 3330 and 1685 cm ™' became
ambiguous in the FT-IR spectra of the THF solutions of FL-1
and FL-2 (Fig. 3a and b; black lines). These results suggest the
existence of intermolecular hydrogen bond networks among
the urethane units in the crystalline state. The formation of the
intermolecular hydrogen bond was additionally corroborated
by the 'H NMR spectra of FL-1 and FL-2 in DMSO-ds/CDClI;
(5/1; v/v). In their "H NMR spectra, a broad peak originating
from the hydrogen-bonded N-H was found at 6 = 9.51 ppm
(Fig. S8, ESIf).”
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Fig. 3 FT-IR spectra of (a) FL-1 and (b) FL-2 in the THF solution, gel, and
crystalline states.

XRD measurements were conducted on the pristine D-A-D
triads to gain further insights into their crystalline structures.
The complicated XRD pattern of the Cr, phase of FL-1 (Fig. Sé6a,
ESIt) was different from the diffraction pattern of a simple
layered structure and is similar to the pattern of a cylindrical
structure. The large layer spacing owing to the long molecular
length (> 52 A) of FL-1 prevented us further structural analysis.
Considering the molecular packing of aromatic compounds
with similar shapes,”>”””> we assumed a possible molecular
packing (Fig. S7a, ESIt) that resulted in the bundled fibrous
aggregates. In contrast, the XRD study of FL-2 revealed that the
symmetrical bisurethanes formed a layered structure in the
crystalline phases (Fig. S6b and S7b, ESIt). These considera-
tions coincided with the results of the POM and SEM studies of
the gels of FL-1 and FL-2.

The thermal phase transition behaviours of the pristine
compounds FL-1 and FL-2 are summarised in Table 2, and a
detailed characterisation of the mesomorphic properties is shown
in the ESIT (Fig. S3-S6). Interestingly, the bilaterally symmetrical
bis-urethane FL-2 exhibited two smectic liquid-crystalline phases.

Table 2 Phase transition behaviours of compounds FL-1 and FL-2

Sample Phase-transition temperature®/°C (enthalpy/k] mol ")
FL-1 Cr, 93 (3) Cr; 103 (51) IL
FL-2 Cry 6 (5) Cr, 144 (15) M 150 (27) Sc 165 (1) S4 177 (2) IL

¢ The abbreviations Cr, IL, S, and S¢ denote crystalline, isotropic liquid,
smectic A, and smectic C phases, respectively, where M denotes an
unidentified mesophase.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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We performed variable temperature (VT)-FT-IR measurements to
clarify the association-dissociation behaviours of the intermole-
cular hydrogen bond networks through thermal phase transition.
In the VI-FT-IR spectrum of FL-1 in the liquid phase at 126 °C,
N-H and C=O vibration signals of intermolecular hydrogen-
bonding were suppressed (Fig. S9a in the ESIt). The spectra
indicated that the intermolecular hydrogen bonds were disor-
dered and almost dissociated in the liquid state. The change in
the VI-FT-IR spectra of FL-2 suggested that bisurethane under-
went a stepwise dissociation of intermolecular hydrogen bonds
via several phase transitions (Fig. S9b in the ESIf).

Next, we examined the self-assembly behaviour of FL-1 and
FL-2 in the gel state. The DB gels of FL-1 and FL-2 gave the
similar spectral patterns to the FT-IR spectra of their crystal-
line solids (Fig. 3a and b; blue lines). The broad N-H signal
around 3320-3335 cm ™! and sharp C=0O signal around 1717~
1720 cm™ " clearly suggested the existence of intermolecular
hydrogen bond networks in the DB gel states. These results
support the formation of intermolecular hydrogen-bonded
arrays between urethane units to form supramolecular gels.
It is noteworthy that the N-H band in DB gel of FL-2 shifted
13 cm ™ to the higher wavenumber compared with that of FL-1.
These results indicate that bisurethane FL-2 forms weaker
intermolecular hydrogen bonds between the urethane units
than mono-urethane FL-1. Because the FT-IR spectra of FL-2 in
the gel state showed unimodal-shaped N-H and C—0 vibration
peaks, both urethane units in FL-2 were probably in the same
environment. Therefore, we consider that molecules of FL-2 in
the gel state are bound to adjacent molecules through equiva-
lent intermolecular hydrogen bond networks at the two
urethane units. Because polar structures are thermodynami-
cally unfavourable in general, the relative positional relation-
ship of the central ketone unit in the fluorenone core must be
in a slip-stacked or anti-paralle] H-stacked arrangement to
minimize polarization in the aggregated structure. In addition,
the curved molecular shape of FL-2 should affect the average
distance between adjacent urethane units owing to steric
effects. As a result, the intermolecular hydrogen bonds in the
gel states of FL-2 were weaker than those in the gels of mono-
urethane FL-1, owing to the balance of the intermolecular
interactions between neighbouring molecules.

We investigated the influence of n—r interaction between the
central aromatic cores upon self-assembling behaviours by UV-
vis spectroscopy. The absorption spectra in toluene solutions,
DB gels and crystalline films of FL-1 and FL-2 are shown in
Fig. 4a and b. Both absorption spectra of FL-1 and FL-2 in
toluene solution (10 pM) showed two strong absorption peaks
with broad quasi-unimodal absorption band around 440 nm.
While the absorptions at around 300 nm and 350 nm corre-
spond to m-m* transition of central aromatic core, the broad
absorption band is probably derived from ICT transition. This
interpretation was supported by the simulation results of
HOMO and LUMO distributions for FL-1 and FL-2 by density
functional theory (DFT) calculations at the B3LYP/6-31G(d,p)
level.”*"®® While the HOMOs of the fluorenone-based triads
were delocalized over the central n-conjugated core, the LUMOs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV-Vis spectra of (a) FL-1 and (b) FL-2 in the toluene solution
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were localized on fluorenone unit (Fig. S10 in the ESI}). The
difference in orbital spreading between HOMO and LUMO
could be favourable for ICT. In the case of FL-1, the m-m*
transition band in the absorption spectrum of the crystalline
film was blue-shifted against the n—-n* band in the absorption
spectrum of toluene solution (10 uM). Although the bathochro-
mic effect of m—-n* transition band was also found in the DB gel
to referenced spectrum of the dilute solution, the shift value of
the DB gel was slightly smaller than that of the crystalline film.
Despite the slight difference in the absorption spectra between
the crystalline film and DB gel, the bathochromic shift of n-n*
transition band indicated the formation of H-aggregate trig-
gered by n-m interaction in the crystalline phase and DB gel
state of FL-1 (Fig. 4a and Table S2 in ESIt). As we consider the
difference in shift between the DB gel and crystalline films, n-n
interaction should be weakened in the DB gel than in the
crystalline films for FL-1. It is noted that the similar trend
was found in the other organogels of FL-1 (Fig. S11a in the
ESIt). The organogels of FL-2 exhibited the analogous batho-
chromic effect of n-n* band to that of the crystalline films
(Fig. 4b; Table S2 and Fig. S11b in the ESIT). Because the shift
values of the highest peak for DB gel of FL-2 were comparable to
those for the crystalline film, a strong n—n interaction network
between the central aromatic core was formed in the DB gel
state as well as the crystalline state. The small gaps contribut-
ing to m-n interaction in self-assembling behaviour between
FL-1 and FL-2 seemed to become apparent as variations of the
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bathochromic effect and gel morphology (Fig. 2c and d).
To summarise the results thus far, the supramolecular net-
works in the organogel of FL-2 were probably stabilised in a
cooperative manner by the multiple intermolecular interactions
including hydrogen bonds at two sites and n-7 interactions;
thus, FL-2 is considered to show more excellent gelation ability
in DB than FL-1. Because the multi-point intermolecular hydro-
gen bond network between polar urethane units promotes the
aggregation, the bisurethane FL-2 did not exhibit gelation
ability to non-polar hydrocarbon solvents.

Solvent-responsive behaviours in solution states

The absorption spectra of compounds FL-1 and FL-2 in solu-
tions diluted by various solvents (10 uM) are shown in Fig. 5a
and d. Because these two fluorenone derivatives showed low
solubility to n-hexane, ethanol, and acetonitrile, we evaluated
the spectroscopic properties for those by the mixed solvent
system with chloroform. The absorption maxima and molar
extinction coefficients in solutions of compounds FL-1 and FL-2
are summarised in Table S1 in the ESL Although we recog-
nised small disparities between the absorption spectra of FL-1
in each solvent (Fig. 5a), a slightly large difference in the molar
extinction coefficient was found between the absorption spectra
of FL-2 in the various solvents (Fig. 5d). In addition, FL-2
exhibited larger molar extinction coefficient than FL-1. These
gaps were probably caused by the change in planarity of the
D-A-D core in the solvation environment. In common to FL-1
and FL-2, however, the solvatochromic behaviours based on the
absorption properties were not conspicuous in solution states.

Because some D-A type m-conjugated compounds exhibit
favourable photo-luminescent (PL) properties based on TICT,
the emission properties of dilute solutions in various solvents
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(10 uM) were investigated. The absorption and emission max-
ima of various solutions of FL-1 and FL-2 are summarised in
Table S1 in the ESI.f Compared to the absorption properties
in the solution state of FL-1 and FL-2, significant differences in
the PL properties were observed. The emission colour in the
solution state of these two compounds depended on the solvent
species (Fig. 5b and e). In the solutions of FL-1 diluted by
nonpolar solvents such as toluene, ethyl acetate (EtOAc), THF
and chloroform, a relatively strong TICT emission than the
n-n* emission was observed (Fig. 5b). Considering the PL
spectra of FL-1 in DMF, acetonitrile/chloroform (1/9, v/v)
(CH3;CN/CHCL;), and ethanol/chloroform (1/9; v/v) (EtOH/
CHCly) (Fig. 5b), TICT emission was suppressed in a highly
polar environment. The emission maximum also shifted in
response to the polar environment of the solution. In the case
of FL-2, we observed a dull suppression of TICT emission in a
highly polar atmosphere (Fig. 5e). Although the shift in the
emission maxima in solutions of FL-2 was slightly different
from that in solutions of FL-1, both fluorenone-based D-A-D
triads exhibited solvatofluorochromic behaviour in solution.
The differences in the PL behaviours of FL-1 and FL-2 in the
solution state could be visually discerned, as shown in Fig. 5c
and f. In the solutions containing chloroform, the TICT emis-
sion band was significantly red-shifted than the other solvents
showing less hydrogen bond donor ability («).**"** This con-
sideration was properly supported by Lippert-Mataga plots of
FL-1 and FL-2. The correlation between Stokes shift and orien-
tational polarization (Af) followed separated trends in the
solutions involving chloroform and the others (Fig. S12,
ESI1).8"% The Stokes shift roughly showed increasing trend
as the polarity of the solvent increased. The low coefficient of
determination (R?) in the Lippert-Mataga plot of FL-2 was
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(a) and (d) UV-Vis spectra of (a) FL-1 and (d) FL-2 in solutions diluted by the various solvents (10 uM). (b) and (e) PL spectra of (b) FL-1 and (e) FL-2

in solutions diluted by various solvents (10 pM). (c) and (f) Photographs for various solutions (10 uM) of (c) FL-1 and (f) FL-2 in vials under the UV-light

(355 nm) irradiation.
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probably caused by the contribution of o for EtOH as in the case
of chloroform. The PL quantum yield (PLQY) was also evaluated
of FL-1 and FL-2 in series of dilute solutions (Table S1, ESIT).
Common to both compounds, the PLQY was lowered in polar
media or chloroform-containing solutions owing to the
quenching of TICT emission while high PLQY was confirmed
in solutions diluted by non-polar solvents except for chloro-
form. Especially, the significant decrease of PLQY in the solu-
tions including chloroform may be affected by the character of
chloroform as a non-polar solvent but exhibiting hydrogen
bond donor ability.®"®> At the same time, luminescence can
be easily identified even in polar solutions of FL-2 because the
fluorenone derivative FL-2 exhibited higher PLQY than FL-1 in
almost all solvent systems (Fig. 5f and Table S1, ESIt). The
difference in the solvatofluorochromic behaviour between the
two compounds suggests a difference in the solvation behav-
iour of FL-1 and FL-2. Although monourethane FL-1 has two
long aliphatic side chains on one wing and a polar hydrogen-
bonding unit on the opposite wing, bisurethane FL-2 has polar
hydrogen-bonding units on both wings. This discrepancy in
chemical structures should cause easily imaginable variations
in intermolecular interactions between the molecules of the
D-A-D triad and solvent molecules. Because the ICT state is a
polar environment, solvent polarity affects the ICT-based
photophysical properties through polar interactions. Thus,
variations in self-absorption by the ICT absorption bands and
quenching of ICT emissions should reflect the unique solvato-
fluorochromic behaviours of FL-1 and FL-2. The PL lifetime at
emission peaks was measured for various solutions of FL-1 and
FL-2 to obtain further insights of the luminescence (Table S3,
Fig. S13 and S14 in the ESIY). All fluorescence decay curves
can be fitted with single exponential or biexponential curves.
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The photoluminescence at emission maxima around 400 nm in
solutions of those two compounds exhibited fast decay with
shorter lifetimes less than a few nano-seconds. Although the
fluorescence lifetime of the longer-wavelength emission was
long in non-polar solvents for each of the fluorenone deriva-
tives, the solvation in polar medias shortened the lifetime of
red-coloured emissions. The trends of varying the PLQY and
lifetime of TICT emission correlates with the Stokes shifts.
These results corroborated the solvatofluorochromic behaviour
based on TICT in the fluorenone-based D-A-D triads.

Acid-responsive behaviours in solution states

The absorption spectra of dilute solutions (10 uM) after the
addition of TFA are shown in Fig. 6a and d. When TFA of more
than 10 eq. was added to the solution of FL-1, the absorption
spectra changed slightly compared to the initial spectrum.
Although the addition of an excessive amount of TFA enhanced
the absorption peak of the high-energy transition, the ICT band
broadened and redshifted (Fig. 6a). A similar TFA-responsive
spectral change was also found in the case of FL-2 (Fig. 6d). The
PL spectra of dilute solutions (10 uM) with optional amounts of
TFA are shown in Fig. 6b and e. Both D-A-D type fluorenone-
based urethane compounds FL-1 and FL-2 exhibited drastic
and noticeable PL emission spectral changes in response to the
TFA. When an excess TFA of more than 10° eq. was added to
each solution, the PL emission was quenched (Fig. 6b, ¢, e and f).
The total quantum efficiency of the solution after the addition of
TFA decreased by more than an order of magnitude (Table S3 in
the ESIt). The response behaviours to TFA in the fluorescent
properties were clearer than those in the absorption properties.
The study of *C NMR suggested that the variations in the
absorption and PL spectra were derived from the approach of
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Fig. 6

(a), (b), (d) and (e) Changes of the spectroscopic properties in the THF solution (10 uM) in the TFA and subsequent TEA additions. (a) and (d) UV-Vis

spectra of (a) FL-1 and (d) FL-2. (b) and (e) PL spectra of (b) FL-1 and (e) FL-2. (c) and (f) Photographs for the THF solution (10 pM) of (c) FL-1 and (f) FL-2 in

the series of treatments in vials under the UV-light (355 nm) irradiation.
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protons to the central ketone unit of the fluorenone core
(Fig. S15 in the ESIY). After TFA was added to the sample solution
of FL-1, the signal of the central ketone unit at 6 = 193.1 ppm
disappeared (Fig. S15a in the ESIt). The other signals of the
aromatic carbon were also slightly shifted owing to the change in
the electronic shielding environment. For FL-2, the signal at § =
191.9 ppm also vanished (Fig. S15b in the ESIt). As the following
addition of TEA resulted in further change of fluorescent proper-
ties, no recovery of the initial fluorescence colour was found in
both cases. The addition of TEA to the acidified solutions
increased the PLQY. However, the PLQY was not recovered to
the original levels of the initial solutions before the addition of
TFA (Table S4, ESIt). This is probably due to the difference in the
environment of the fluorophore in the neutralized solution. The
polar interaction between the fluorenone core and neutralized
ionic species in the solution presumably affected the intra-
molecular motions of the D-A-D compound to suppress the
TICT emission.

Acid-responsive behaviours in organogels

The TFA-responsive changes in the absorption of FL-1 by
organogels are shown in Fig. 7a. When the D gel of FL-1 was
treated by 1 eq. of TFA, the relative absorbance of ICT band
became conspicuous against the initial absorption spectrum.
The colour of the D gel changed from orange to reddish-orange
upon the addition of acid (Fig. 7c). The addition of TFA also
affected the emission properties of FL-1 in D gel (Fig. 7b). The
slightly red-shifted PL spectrum for the acidified gel of FL-1 was
probably affected by the self-absorption of the ICT absorption
band. This consideration was also indicated by the decrease of
PLQY by the addition of TFA (Table S5 in the ESIY). Since the
variation of fluorescence lifetime (Table S5 and Fig. S16a in the

)
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ESIT) suggested the change of environment surrounding fluoro-
phore in the supramolecular gel of FL-1, the interaction
between the proton and carbonyl unit of the fluorenone core
should have caused a colour change similar to that in the
solution system (Fig. S17a in the ESIt). Subsequent addition of
TEA suppressed the ICT absorbance. When the gel of FL-1
recovered orange colour (Fig. 7a and c), the PLQY and fluores-
cence lifetime were also almost fully restored (Table S5 and
Fig. S16a, ESIT). Even after a series of acid and base treatments,
the gel state was retained by the mixture of FL-1 and solvent.
The absorption spectra of the initial DB gel of FL-2 and
samples with additives are shown in Fig. 7d. Although the
TFA-responsive colour change was evident in the D gel of FL-1,
the mixed sample of FL-2 exhibited a gentle spectral change in
response to TFA (Fig. 7d-f). While the acidification by TFA
distinctively reduced the PLQY in the D gel system of FL-1, the
PLQY for the DB gel of FL-2 was slightly increased after addition
of the acidic species (Table S5, ESIt). Although the DB gel of
FL-2 showed ambiguous responsivity in the absorption colour
to TFA, the aggregation behaviour changed significantly. When
TFA (1.0 eq.) was added to the DB gel of FL-2, the gel collapsed
(Fig. 7f). The slight changes in PLQY and emission lifetime may
have stemmed from crumbling of the supramolecular gel
(Table S5 and Fig. S16b, ESIT). Because the protons derived
from TFA could access the polar urethane units and the central
carbonyl group of the fluorenone core, the disintegration of the
supramolecular gel was probably caused by disordered inter-
molecular hydrogen bonding. As previously discussed, the DB
gel of FL-2 is considered to possess weakened hydrogen bonds.
Therefore, it is more likely that the protonation of the urethane
units has a fatal influence on the hydrogen bonding net-
works in the FL-2 gel sufficient to disrupt the self-assembled

(c)
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(a), (b), (d) and (e) Changes of the spectroscopic properties in the gel states after the addition of TFA and subsequent TEA treatment. (a) and (d)

UV-Vis spectra for (a) D gel of FL-1 and (d) DB gel of FL-2. (b) and (e) PL spectra for (b) D gel of FL-1 and (e) DB gel of FL-2. (c) and (f) The appearance
changes in the gel states after the series of treatments. Photographs for (c) D gel of FL-1 and (f) DB gel of FL-2 in vials under the ambient light.
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structures (Fig. S17b in the ESIT). Because the dense environ-
ment in the gel states should be favourable for the association
of protons and fluorenone derivatives compared to the solution
states, the sensitivity to TFA in the gel states was several orders
of magnitude higher than that in the dilute solutions state.
Neutralisation of the acidified sample with 1.0 eq. of TEA led to
the reformation of an organogel (Fig. 7f), so that the PLQY and
fluorescence lifetime were recovered (Table S5 and Fig. S16b,
ESIT). Although clear TFA-responsive absorption and PL spec-
tral changes were observed for the D gel of monourethane FL-1,
transformation of supramolecular aggregates in response to
TFA was confirmed for the DB gel of bisurethane FL-2. Each
of the fluorenone derivatives FL-1 and FL-2 showed different
TFA-responsive behaviours in the organogel states.

Conclusions

In this study, bilaterally asymmetrical and symmetrical liquid-
crystalline fluorenone derivatives bearing urethane units were
synthesised. These two compounds formed supramolecular
gels in the appropriate solvents. The spectroscopic study sug-
gested that the driving force of the gelation is intermolecular
hydrogen bonding and n-n interaction between the adjacent
dye molecules. Both D-A-D triads exhibited ICT, which became
visible in the absorption and PL bands. The solvent-dependent
emission colour change and TFA-responsive chromic behav-
iour were found in the solutions. In addition, the organogels
exhibited TFA-responsive colour or agglomeration changes.
Fluorenone-based D-A-D triads have the potential to pave the
way for a material system that is applicable for the multi-mode
detection of several chemical stimuli.
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