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4-Dimethylamino-2’-hydroxychalcone (DHC) derivatives are known to exhibit distinctive photophysical
properties for various applications, including highly fluorescent crystals and molecular imaging. In a
continuous effort to establish the structure—property correlation of this class of materials, a series of
methoxy-substituted chalcone derivatives with extended n-conjugation have been synthesized to
understand the effect of methoxy substituents on the intramolecular charge transfer (ICT) along the
backbone. These derivatives displayed low fluorescence in protic solvents (e.g. ¢4 ~ 0.003-0.009 in
H,0), but high fluorescence in a polar aprotic solvent (¢q &~ 0.2-0.35 in DMSQO), with emission maxima up
to 658 nm. Fluorescence lifetime measurements revealed that the major emissive species could be attrib-
uted to locally excited (LE) and ICT states, while their emissive composition was heavily dependent on the
methoxy-substitution pattern. The proposed predominant ICT mechanism was confirmed by low tempera-
ture fluorescence spectroscopy and supported by TDDFT calculations. Single crystal X-ray crystallography
provided structural evidence for the chalcone derives, showing that the methoxy substituents could induce

Received 6th November 2025, different tortional angles between the aromatic A-ring and the electron donor—acceptor backbone. The
Accepted 16th March 2026 degree of the torsional angles was consistent with the number of the methoxy substituents present on the
DOI: 10.1039/d5ma01288k A-ring. These chalcone crystals were also highly fluorescent, with red-shifted emission (up to 703 nm) and
quantum yield as high as @ = 0.363. This study explores a new class of chalcones that exhibit high
rsc.li/materials-advances fluorescence in both solution and solid states, and emission in the desirable red region.
H 7
Introduction e 1.5¢10
. ‘ EtOH
Chalcones, or 1,3-diphenyl-2-propen-1-ones, are a class of natu- s t“E”f‘f:‘ 11.2x10 >
rally occurring bioactive compounds belonging to the flavonoid < | AcN %
family and serve as synthetic precursors to flavonoids. Structu- 8 DISO | 49.0x10° £
rally, chalcones consist of two aryl rings (A and B) connected by 3 €
an o,B-unsaturated carbonyl moiety (Fig. 1). Chalcones are § 16.0x10° %
naturally nontoxic and are found in a variety of fruits, vegeta- < 3
bles, roots, and seeds." Naturally occurring chalcones exhibit a {3.0x10° ™
broad range of biological activities, including antioxidant,
0.0

anticancer, anti-inflammatory, antidiabetic, and antibacterial
properties.>”® The low toxicity and therapeutic benefits of many
natural chalcones have made them promising candidates for
use as therapeutic sensing applications.

In addition to their favorable biological activities, chalcones
also display attractive optical properties. For instance, crystals
of 4-dimethylamino-2’-hydroxychalcone (DHC) are among the chalcone derivative is 2DHC, in which the vinylene linkage is
most fluorescent organic crystals reported.’ Another interesting extended to include the -(CH=CH-CH=CH)- linkage.

Although 2DHC exhibits desirable red emission (e, at

Department of Chemistry, The University of Akron, Akron, OH, 44325, USA. 676 nm in MeOH)r it remains Weakly fluorescent in
B-mail: yps@uakron.edu solution.’® Both hydroxychalcones, DHC and 2DHC, display
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Fig. 1 Absorbance (dotted lines) and emission (solid lines) of chalcone 1a
in various organic solvents. Dye concentration of 10 uM.
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large Stokes shifts, an attractive feature for sensing applications.
This characteristic is attributed to the presence of a 2’-hydroxy
group capable of undergoing excited-state intramolecular proton
transfer (ESIPT). To advance the use of chalcones in optoelectronic
materials and molecular imaging, it is critical to elucidate the
structure-property relationships that govern their fluorescence,
with the aim of enhancing their emission properties.

Few molecular probes incorporating DHC scaffolds have
been reported, in part due to their inherently low fluorescence
in solution. Notable examples include DHC derivatives devel-
oped for albumin detection,"> AI’* sensing in live cells,"* and
a fluoro-PEG-substituted DHC employed for in vivo imaging of
AP aggregates and plaques associated with Alzheimer’s
disease.™ In contrast, even fewer sensors have been developed
using the 2DHC framework, despite its ability to emit in the red
to near-infrared (NIR) region—a desirable property for thera-
peutic sensing due to reduced background autofluorescence
and improved tissue penetration, which together enable clearer
imaging of thick biological samples.”>'® For example, 2DHC
displays absorption and emission maxima at 455 and 676 nm,
respectively, in methanol. However, the parent 2DHC scaffold
exhibits poor fluorescence quantum yields in solution, which
limits its broader application in the development of fluorescent
sensors for molecular imaging.'”*®

Fluorophores exhibiting large Stokes shifts are particularly
desirable for optical sensing and imaging applications, as they
minimize self-absorption and excitation-emission crosstalk
while suppressing background interference from scattered
excitation light.">" These attributes lead to improved signal-
to-noise ratios and more reliable detection, especially in
complex or highly scattering environments such as biological
media and solid-state matrices.>®> In addition, large Stokes
shifts provide greater flexibility in optical filter selection and
facilitate multiplexed detection by reducing spectral overlap
among different emitters. From a molecular design perspective,
large Stokes shifts often originate from substantial excited-state
reorganization, including intramolecular charge transfer (ICT),
making them a useful photophysical signature for evaluating
donor-acceptor coupling and excited-state relaxation pathways.>**
Accordingly, fluorophores that combine red emission with large
Stokes shifts represent attractive platforms for the development of
advanced optical probes.

In our previous report, low-temperature fluorescence mea-
surements revealed that the long-wavelength emission of 2DHC
arises from a combination of intramolecular charge transfer
(ICT) and ESIPT processes.'® To further elucidate the photo-
physical behavior of this class of compounds, we synthesized a
series of chalcone derivatives, 1a—f, in which the ESIPT pathway is
eliminated to isolate and examine the influence of ICT on
fluorescence. Although 1a has previously been reported to exhibit
low fluorescence quantum yields in various solvents,**® our
study focuses on tuning ICT efficiency through strategic alkoxy
substitution at different positions on the aromatic ring. This
investigation includes solvent-dependent emission analysis, low-
temperature (77 K) fluorescence spectroscopy, solid-state emis-
sion studies, single-crystal X-ray diffraction, and computational
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Scheme 1 Chemical structures of chalcones 2DHC and 1a.

analysis to compare theoretical and experimental results. Notably,
several derivatives within this series exhibited markedly enhanced
fluorescence in comparison with 2DHC; for instance, 1c displays a
quantum yield of &5 ~ 0.3 in DMSO and ¢ ~ 0.04 in MeOH.
Furthermore, despite the absence of ESIPT, the emission of 1a
derivatives remains in the desirable red/far-red region (600-
700 nm), highlighting their potential utility in biological imaging
and optoelectronic applications (Scheme 1).

Materials and methods
General synthesis

Chalcones 1a-1f were synthesized via a pyrrolidine catalyzed
Knoevenagel condensation between the appropriate acetophe-
none derivatives 2a-2f and 4-(dimethylamino)cinnamaldehyde.
In general, the acetophenone derivative (1.1 mmol) and
4-(dimethylamino)cinnamaldehyde (1.0 mmol) were combined
in ethanol (5 mL) in a 50 mL round-bottom flask and stirred for
5 min to ensure complete dissolution. Pyrrolidine (0.10 mL)
was then added dropwise, and the reaction mixture was stirred
at room temperature for 18 h. Upon completion, the reaction
mixture was poured into ice-water (120 mL) and adjusted to pH
~ 6. The resulting mixture was extracted with dichloromethane
(3 x 30 mL), and the combined organic layers were concen-
trated under reduced pressure. The crude products were pur-
ified by column chromatography on silica gel using
dichloromethane as the eluent to afford chalcones 1a-1f in
good yields. Detailed experimental procedures and character-
ization data for each derivative are provided in the SI.

Compounds 2a-2f and 3 for synthesis were purchased from
Sigma Aldrich or Fischer Scientific and were used without further
purification. UV-vis spectroscopy was performed using a Hewlett
Packard-8453 diode array spectrophotometer at 25 °C. Excitation and
fluorescence spectra were measured using a HORIBA Fluoromax-4
spectrofluorometer. "H NMR spectra were obtained on a Varian 500
MHz spectrometer in deuterated chloroform (CDCL).

Mass spectrometry analysis was performed using a Bruker
timsTOF Pro 2 Q/ToF, equipped with an electrospray ionization
(EST) source. Mass calibration was conducted by using ESI-L low
concentration tuning mix (Tune Mix) from Agilent Technolo-
gies (Santa Clara, CA). All mass spectral data were collected
using timsControl (Billerica, MA) and analyzed using Compass
DataAnalysis (Billerica, MA) software.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Single crystal X-ray diffraction studies were performed using
a Bruker PHOTON II CPAD-based diffractometer with dual Cu/
Mo ImusS microfocus optics. The detector was placed at 5.00 cm
from the crystal, and the data were corrected for absorption with
the SADABS program. The structures were refined using the
Bruker SHELXTL Software Package (Version 6.1) and were solved
using direct methods until the final anisotropic full-matrix, least
squares refinement of F2 converged. Single crystals suitable for
X-ray diffraction were obtained by vapor diffusion (chloroform/
pentane) or slow evaporation from ethyl acetate.

Absolute fluorescence quantum yields were collected on a
Jobin Yvon Horiba Fluoromax-4 using a calibrated Horiba
integrating sphere #5570830005. Absorbance intensity was
maintained below 0.1.

Low temperature fluorescence spectra were recorded by
dissolving the probe in ethanol (10 uM). The ethanolic solution
was transferred to a quartz tube and then quickly submerged
into a quartz dewar filled with liquid nitrogen. Once frozen, the
dewar was placed into the instrument and optical properties
were measured.

Results and discussion
Photophysical properties in solution

In the study, 1a was used as a reference compound, whose
structure involves donor-acceptor (D-A) interaction. It was
noticed that the absorption remained relatively unchanged in
a wide range of solvents used, with 1,5 & 420-445 nm (Fig. 1).
However, the fluorescence of 1a revealed a significant positive
solvatochromic effect, with emission peaks at 518 nm (in
toluene) and 658 nm (in EtOH), which is characteristic of ICT
fluorophores. This sensitivity arises from the large excited-state
dipole moment, which is stabilized by polar solvents, resulting
in enhanced fluorescence and red-shifted emission.

After establishing the optical properties for model chalcone
1a, our attention turned to examination of derivatives 1b-1f, to
establish a structure-property relationship between substituent
positioning and the corresponding optical response. We

Table 1 The synthesis and optical properties of 1la—1f
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hypothesized that the fluorescence properties of 1a could be
affected by placing a methoxy substituent on the ortho- and/or
para-positions of the A-ring, since these positions could exert
an electronic effect directly influencing the existing intra-
molecular charge transfer (ICT) that involves the carbonyl
group in 1a. Thus, derivatives 1b and 1c¢ were synthesized by
introducing a single -OMe group on the A-ring. As shown in
Table 1, the methoxy group caused a slight hypsochromic shift
in both absorption /s (by ~6-13 nm) and fluorescence Aep,
(9-15 nm from 1a) in DMSO. A plot of fluorescence Zen, versus
solvent dielectric constant (Fig. 2a) revealed a significant posi-
tive solvatochromic effect.

These results indicated that the -OMe substituent perturbed
the major ICT interaction between the -NMe, and C—0 groups
(Fig. 2b). A detailed analysis of the electron density redistribu-
tion upon excitation, obtained from computational modelling,
is presented in the Theory section. In Fig. 2a, the solvents are
listed in order of increasing dielectric constant: toluene (Tol) <
EtOAc < CH,Cl, (DCM) < EtOH < MeOH < acetonitrile
(CH;3CN) < dimethyl sulfoxide (DMSO) < H,O.

In derivatives 1d and 1e, two -OMe groups were present on
the A-ring at the respective 2',4’- and 2’,6’-positions. Com-
pound 1d showed a A,ps (e.g., 433 nm in DMSO) nearly identical
to that of mono substituted 1b (Table 1 and S13, SI). In
contrast, 1e exhibited an additional hypsochromic shift in A,ps
(e.g., 421 nm in DMSO), suggesting that the para-substituent
plays a less significant role. Interestingly, the spectral differ-
ence between 1d and le became more pronounced in their
fluorescence (Adem &~ 37 nm; Fig. 2a). It appears that two -OMe
groups at the ortho-positions introduce a synergistic effect—Ii-
kely via steric hindrance—causing a substantial blue-shift in
emission. This was further confirmed by observing similar
emission from the tri-substituted derivative 1f (Fig. 2a). The
emission wavelength A, followed the trend 1a > 1b > 1c >
1d > 1e > 1f, consistent with increasing steric hindrance on
the A-ring.

The chalcone molecule 1 in its ground state is expected to
exist in a neutral form. Based on "H NMR and X-ray structural
analysis, both vinyl bonds adopt the trans-configuration. Upon

Ry O
T
R, O H
o S
_—
R2 R3 N/ EtOH, RT
-

2 3 | ,Tl
Compound R, R, R; Jabs (NmM)? Jem (NM)® AJ (em™)* eM ' em 1) o
la H H H 446 630 6549 38200 0.350
1b OMe H H 433 621 6992 44000 0.283
1c H OMe H 440 615 6467 53 800 0.301
1d OMe OMe H 433 607 6620 45100 0.245
1le OMe H OMe 421 570 6209 39900 0.053
1f OMe OMe OMe 420 568 6204 41000 0.048
% Optical properties recorded in DMSO.
© 2026 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.
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Fig. 2 (a) Plot of fluorescence e Versus solvent dielectric constant for

la—-1f. (b) The inset shows the electronic perturbation of the ICT
interaction.

photon absorption, the electron density shifts from the donor
(D) to the acceptor (A) group via ICT, producing a zwitterionic
form (Fig. 3a). Since 1a supports a greater extent of ICT, its
emission occurs at a longer wavelength. When one -OMe group
is present on the A-ring, as in 1b, the lone-pair of electrons on
the methoxy group can interact with the carbonyl group,
perturbing or weakening the ICT process (Fig. 2b) and causing
a hypsochromic shift in emission. Two -OMe groups are
expected to further increase electronic perturbation, producing
an additional hypsochromic shift. Because steric interaction
alone cannot explain why 1b exhibits a longer-wavelength
emission than 1c (which has lower steric demand), an electro-
nic contribution must be invoked. Notably, the para-substituted
—-OMe group in 1c exhibits minimal steric interaction with the
carbonyl group, allowing the aromatic A-ring to achieve better
conjugation with the C=0 group, thereby enabling a stronger
perturbation and a larger hypsochromic shift.

(@) R,

1a (R = -H) I N
1b (R;=-OMe)  Me Ve
(b)

Fig. 3 (a) Chalcones 1 in its neutral (D—A) and zwitterionic (D*—A~) forms.
The polymethine chain connecting donor (D) and acceptor (A) is expressed
in darker lines for clarity. (b) The molecular structure of la with 35%
thermal ellipsoids from X-ray crystallography analysis, showing the bond
lengths (in A) along the polymethine chain.
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Fig. 4 Dependence of the experimental fluorescence quantum yield (®¢)
on the dielectric constant of the solvent.

Fluorescence Quantum Yield

In addition to the impact on wavelengths, the fluorescence
quantum yields (®q) of 1a-1f were also evaluated in various
solvents (Fig. 4). Derivatives 1e and 1f displayed lower &g values
than 1a-1d, especially in polar aprotic solvents such as DMSO,
showing the influence of substitution pattern on
quantum yield.

Overall, the number and position of -OMe groups in 1b-1f
caused hypsochromic shifts in both absorbance and emission,
and reduced the quantum yields. When the A-ring exhibits
greater rotational freedom, the optical performance impro-
ves—for example, 1d displays better properties than 1e, as the
6’-methoxy group in 1e imposes greater steric hindrance than
the 4’-methoxy group in 1d. The steric interactions of 2’- and 6'-
methoxy groups in 1e and 1f may promote cis-trans isomeriza-
tion in the excited state, accounting for their sharp decreases in
quantum yield and pronounced hypsochromic shifts relative to
monosubstituted derivatives. The sterically hindered 1f, bear-
ing methoxy groups at the 2/, 4/, and 6’ positions, produced the
largest hypsochromic shifts and a nearly 7.3-fold reduction in
quantum yield, from 0.35 for 1a to 0.048 in DMSO. These
observations agree with literature reports that sterically
induced TICT geometries in donor-acceptor chromophores
lead to diminished radiative efficiency and large emission
blue-shifts under polar solvent conditions.””>°

To directly probe the role of intramolecular motion in
excited-state deactivation, viscosity-dependent fluorescence
measurements were performed in methanol/glycerol mixtures
(Fig. S20). Increasing viscosity led to systematic fluorescence
enhancement for all derivatives, while absorption profiles
remained largely unchanged, consistent with suppression of
motion-induced nonradiative decay. In 90% glycerol/MeOH,
the fluorescence quantum yields of the methoxy-substituted
derivatives converge to similar values (&g = 0.202-0.235),
slightly exceeding that of the unsubstituted reference 1a (&g =
0.146) (Table S2). Notably, the sterically congested ortho-
substituted derivatives 1e and 1f, which exhibit low ®g in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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low-viscosity solvents, now display quantum yields comparable
to those of 1b-1d. This behavior is consistent with the viscous
environment suppressing sterically facilitated torsional relaxa-
tion and excited-state cis—trans isomerization along the enone/
diene backbone, processes that dominate nonradiative decay
for these derivatives in fluid solution. These results indicate
that viscosity restricts A-ring-backbone motion and limits
structural relaxation pathways that are readily accessible under
low-viscosity conditions.

Low temperature spectroscopy

To further probe the excited-state relaxation behavior of the
synthesized chalcone derivatives, low-temperature excitation
and fluorescence measurements were performed by freezing
the molecules in ethanol. Solutions were frozen in liquid
nitrogen (—189 °C), effectively immobilizing the molecular
framework and suppressing large-amplitude motions such as
torsional relaxation, cis-trans isomerization, and solvent reorgani-
zation that normally accompany intramolecular charge-transfer
relaxation at room temperature.

Compounds 1a and 1e have low and high rotational barriers
along the bond between the A-ring and carbonyl group, which
lead to their large difference in ., (Table 1). Upon cooling to
—189 °C, the fluorescence spectra of chalcone 1a were shifted
drastically by ~90 nm to Aep, = 555 nm, from ey, = 645 nm at
20 °C (Fig. 5a). Under the same conditions, fluorescence of 1e at
—189 °C also revealed a similar pattern, showing a large
spectral blue shift by ~54 nm to Aey, = 541 nm, from Ay, =
595 nm at 20 °C (Fig. 5b). In the frozen matrix, the fluorophores
were unable to adopt the fully relaxed ICT geometry that led to
emission from a higher-energy excited-state configuration, giv-
ing rise to the blue-shifted emission and enhanced fluores-
cence due to the reduction of nonradiative decay pathways.

It was assumed that the molecular structure observed at
—189 °C would resemble that of the locally excited (LE) state, as
torsional motions are frozen under these conditions. In other
words, the fluorescence detected at —189 °C came from an
excited state that had not undergone ICT. By contrast, fluores-
cence observed at room temperature reflected states that had
relaxed through ICT. Based on the large spectral shift between
room- and low-temperature fluorescence, it was assumed that

1a permitted a greater extent of ICT than 1e. This conclusion is
consistent with the experimental observation that 1a emits at a
longer wavelength than le at room temperature, reflecting
stronger ICT stabilization. The result was consistent with the
assumption that substantial geometry changed during the
LE — ICT relaxation pathway.

The spectra of the frozen 1a also revealed partially resolved
structures, showing vibronic bands in both excitation and
emission spectra (Fig. 5a). The structured emission peaks at
508 and 555 nm corresponded to 19685 cm ™' and 18 018 cm ™",
respectively. Based on the spectral overlap with excitation, the
emission peak at 508 nm was assumed to be a 0-0 transition,
and 555 nm to be a 0-1 transition. Similarly, the low tempera-
ture emission peaks of 1e at 489 nm (= 20449 cm ') and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Low temperature excitation (dotted lines) and emission spectra
(solid lines) of chalcones 1a (a) and 1e (b) in EtOH.

541 nm (= 18484 cm ') could be assigned to 0-0 and 0-1
transitions, respectively.

Fluorescent lifetime

Time-resolved fluorescence measurements in acetonitrile

(Table 2) and other solvents (Table S3, SI) revealed biexponential
decay kinetics for all chalcone derivatives, comprising a short-
lived component (t;) assigned to emission from the locally
excited (LE) state and a longer-lived component (z,) attributed
to the emissive intramolecular charge transfer (ICT) state.
Amplitude-weighted lifetimes (7) were calculated according to:

> (iti)
>0
where «; and 7; represent the fractional amplitudes and lifetimes

of each component, respectively. In acetonitrile, the high-
fluorescence derivatives 1a-1d exhibit 7 values in the range of

T =

Table 2 Fluorescent lifetimes of synthesized chalcone derivatives in

acetonitrile
T1 0q Ty Oy kr knr

Compound (ns) (%) (ns) (%) X* t(ns)®q (ns™") (ns™")
la 0.69 10 1.285 90 1.21 1.23 0.301 0.245 0.53

1b 0.207 7 1.091 93 1.04 1.03 0.16 0.155 0.845
1c 0.504 9 0.913 91 1.11 0.879 0.205 0.233 0.795
1d 0.438 15 0.801 85 1.22 0.752 0.13 0.173 1.155
1le 0.17 95 0.6 5 0.89 0.191 0.029 0.152 5.026
1f 0.15 83 0.32 17 1.07 0.18 0.026 0.144 5.023
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~0.75-1.23 ns (Table 2), with the decay dominated (& 85-93%)
by the ICT component (7, &~ 0.80-1.29 ns). In contrast, the
sterically congested ortho-methoxy derivatives 1e and 1f show
substantially reduced 7 values (~0.18-0.19 ns), with the LE com-
ponent comprising 80-95% of the decay. This inversion in ampli-
tude weighting directly indicates suppression of ICT in these
systems, consistent with sterically induced twisting due to the dual
ortho substitution that electronically decouples the donor and
acceptor segments. Similar lifetimes and amplitude distributions
have been reported in related donor-acceptor systems.'®*'*> In
summary, the majority of the emission from 1a-1d was from the
ICT state. In contrast, the emission from 1e and 1f was mainly from
the LE state (Table 2). The assumption could be explained by
considering the stability of the excited ICT state, as the steric
interaction between the vinyl proton and -OMe group destabilizes
the ICT state for 1e and 1f (structure in Table 1).

Radiative (k;) and nonradiative (k,;) rate constants were
determined directly from the ACN lifetimes and quantum
yields (@g) according to:

k=20

T

knr = (l 7,¢ﬂ)

Radiative rates were similar across the series (~0.14-0.34 ns %),
indicating that intrinsic emission probability is largely insensitive to
substitution pattern. In contrast, k. increased from 0.53-1.15 ns ™"
for 1a-1d to ~5 ns ™' for 1e-1f, representing a ~ 5-10-fold accelera-
tion of nonradiative decay in the ortho-substituted derivatives. This
dramatic increase in k,,, is consistent with ultrafast intramolecular
torsion or excited-state cis—trans isomerization as the dominant
deactivation pathway. The strong enhancement in fluorescence
quantum yield observed earlier for 1e and 1f upon freezing in
ethanol at —189 °C further supports the role of large-amplitude
motions in driving the observed quenching.

Crystal structures and solid-state optical properties

Solid-state excitation and emission properties were recorded
(Fig. 6) and are summarized in Table 3. The series of com-
pounds exhibited red/far-red emission with large Stokes shifts,
and their emission maxima were in the order: 1f - 1e — 1b —
1c —» 1d — 1a.

Single-crystal X-ray diffraction studies revealed distinct
packing motifs across the chalcone series (Fig. 7), which
strongly influence their solid-state photophysical properties.
The most planar derivative, 1a (A-ring torsion ~ 21°, Fig. S22
and Table S4, SI), adopts a slip-stacked herringbone arrange-
ment of the B-rings in a J-aggregate-like configuration (Fig. 8
and Fig. $23), with centroid distances of ~3.72 A. This geome-
try enhances donor-m-acceptor conjugation and stabilizes the
lowest exciton, accounting for the NIR crystalline emission
(Aem = 703 nm, Table 3). Consistently, the solid-state excitation
spectrum of 1a retains partially resolved vibronic peaks (Fig. 6),
reflecting strong Franck-Condon coupling to a dominant
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Fig. 6 Normalized solid-state excitation (dotted) and emission (solid)
spectra of 1la—1f.

Table 3 Solid state optical properties of 1la—1f

Compound Jex (NM) Jem (NM) AL (o

la 575 703 128 0.332
1b 490 660 170 0.073
1c 522 673 151 0.212
1d 580 680 100 0.155
le 545 650 105 0.030
1f 535 618 83 0.363

stretching mode. This behavior parallels the low-temperature
spectra (Fig. 5a), where distinct 0-0 and 0-1 bands were
observed, confirming that rigid slip-stacked packing sup-
presses torsional relaxation and preserves vibronic structure
in the crystalline state.

In contrast, derivatives with larger torsional angles show
progressive hypsochromic emission and less defined excitation
features. 1b-1d (torsional angle ~21-44°) emit in the 660-
680 nm range, intermediate between 1a and sterically hindered
1f. For example, 1b crystallizes in an ordered yet loosely
coupled lattice with minimal face-to-face m-stacking of either
ring system; adjacent A rings are twisted and laterally offset
within extended lamellar domains (Fig. S24). This arrangement
suppresses J-type coupling and leaves the 0-0 transition oscil-
lator weak while failing to rigidify torsional motion, thereby
facilitating nonradiative decay (k,,) consistent with its low ®y.

Interestingly, 1c exhibits red-shifted absorption (Alups =
32 nm), red-shifted emission (Ale, = 13 nm), and a solid-
state quantum yield (®g = 0.212) nearly three times higher than
that of 1b, despite both derivatives bearing a single methoxy
substituent on the A-ring. This distinction is not observed in
solution, where the two isomers display very similar photophy-
sical properties, indicating that the divergence arises from
differences in solid-state organization rather than intrinsic
electronic effects. Structurally, 1c adopts a substantially smaller
A-ring-enone torsional angle (22.14°) than 1b (43.52°), closely
matching that of the planar reference compound 1a (~21°).
This reduced torsion preserves effective conjugation and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Structures of chalcone derivatives 1la—1f with 35% thermal ellipsoids.

~3.72 A

Fig. 8 Crystal packing of 1a, showing the tendency to form a J-type
interaction.

promotes well-defined molecular planes in the crystal lattice,
despite a modest curvature of the chromophore backbone
introduced by the extended diene bridge (Fig. S24 and S25).
In contrast, the larger twist in 1b disrupts planarity and limits
intermolecular coherence in the solid state.

In the crystal, 1c assembles into an edge-to-face,
herringbone-like packing arrangement rather than forming
extended cofacial n-stacked assemblies. A well-organized, co-
crystallized chloroform molecule inserts between adjacent
chromophores and engages in a directional C-H:--O inter-
action with the carbonyl unit (~2.18 A), influencing lattice
organization and suppressing the formation of J-aggregate-like
stacks (Fig. S24 and S25). This packing motif limits strong
intermolecular n-n interactions and moderates excitonic cou-
pling while maintaining lattice rigidity. The combined effects
of reduced torsional distortion, controlled backbone curvature,
and suppressed cofacial n-stacking provide a structural basis
for the enhanced solid-state fluorescence efficiency observed
for 1c relative to 1b.

Among this subset, 1d (torsion ~21°) provides an interest-
ing contrast to la: despite similar planarity, its excitation
spectrum is broad and featureless, lacking the vibronic

© 2026 The Author(s). Published by the Royal Society of Chemistry

resolution seen for 1a, suggesting weaker 0-0 oscillator
strength and increased inhomogeneous broadening from lat-
tice disorder. Although both 1b and 1d lack strong cofacial n-n
stacking interactions, their solid-state packing motifs differ
substantially. In compound 1b, the A-ring is almost perpendi-
cular to the B-ring (Fig. S24, SI), which exhibits a larger A-ring-
enone torsional angle and adopts a loosely packed lamellar
arrangement. Such packing provides only limited restriction on
intramolecular motions, facilitating nonradiative decay and
resulting in a low solid-state quantum yield. In contrast, 1d
packs into laterally offset, sheet-like assemblies that restrict
intramolecular motion while avoiding close cofacial n-r over-
lap, resulting in partial rigidification of the chromophore and a
higher fluorescence quantum yield than observed for 1b
(Fig. S27, SI). This packing motif partially rigidifies the mole-
cular framework while avoiding strong excitonic coupling,
despite its broader excitation features.

The most sterically hindered derivatives, 1e and 1f, exhibit
the largest A-ring-backbone torsional distortions (~78° and
~65°, respectively), which reduce effective conjugation and
yield blue-shifted crystalline emission (lem 650 and
618 nm). In 1e, this distortion is coupled with inefficient
packing (Fig. S28), producing a broad excitation profile and
nearly quenched emission (®q = 0.03). By contrast, 1f, despite
similar torsion, displays the highest crystalline quantum yield
of the series (@ = 0.363). Structural analysis (Fig. 9 and
Fig. S29) shows that 1f assembles into donor-acceptor-donor
(D-A-D) dimers stabilized by short methoxy-methoxy contacts
(~3.62 A), with dimers packing orthogonally relative to one
another. This geometry rigidifies the chromophore, suppres-
sing torsional and isomerization motions that dominate in
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Fig. 9 Crystal packing of 1f illustrating the D—A-D dimer complex and
orthogonal packing of neighbouring molecules.

solution, while simultaneously minimizing exciton migration
and self-quenching. Consequently, the excitation profile of 1f
is broad, yet lattice-enforced rigidity channels relaxation into
radiative decay, affording the highest solid-state @y in the series.

Computational studies

Time-dependent density functional theory (TDDFT) calcula-
tions were performed to compare the theoretical electronic
structure with the experimentally observed absorption and
emission properties of chalcones 1a-1f. Ground-state geome-
tries were optimized at the B3LYP/6-311G(d) level using the
polarizable continuum model (PCM) in dichloromethane
(Fig. S30).

Kohn-Sham HOMO-LUMO gap energies were calculated
and span a relatively narrow range of 2.94-3.24 eV across
chalcones 1a-1f (Table S5), consistent with the strong intra-
molecular charge-transfer (ICT) characteristic.>* > The modest
variation in KS gap energies indicates that the donor-acceptor
framework remains electronically well coupled across the ser-
ies, and that substituent effects do not substantially alter the
intrinsic Frontier orbital energy separation. Instead, these
effects primarily influence the spatial distribution and overlap
of the Frontier orbitals, which governs the efficiency and extent
of charge redistribution upon excitation.

The calculated KS gap values establish a ground-state elec-
tronic baseline for comparison of both experimental photo-
physics and the TDDFT excitation energies. Conversion of the
experimental absorption maxima to transition energies
(~2.84-2.99 eV) yields values slightly lower than the corresponding
KS gaps, as expected due to excitonic stabilization and orbital
relaxation in the excited state (Table S5). The proximity of these
energy scales is consistent with efficient donor-acceptor commu-
nication and supports assignment of the lowest-energy absorption
bands to ICT-dominated transitions. Importantly, because the KS
gaps remain comparable across the series, differences in absorp-
tion and emission behavior are more reasonably attributed to
substituent-induced conformational and orbital redistribution
effects rather than large changes in intrinsic electronic coupling.

TDDFT-predicted absorption maxima (4,5, Table 4) repro-
duce the experimental trends reasonably well, exhibiting mod-
est red shifts of 9-16 nm for chalcones 1la-1d and larger
deviations of 39-41 nm for the dual ortho-methoxy derivatives
1e and 1f (Table S5). The larger discrepancies observed for 1e
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Table 4 Calculated absorbance and emission values for chalcones 1a—1f
in CH2C12

Compound Aabs (NM) Jem (NM)
1a 446 510
1b 440 501
1c 443 505
1d 435 495
le 456 516
1f 456 478

and 1f are attributed to the increased steric demand imposed
by ortho-methoxy substitution, which promotes conformational
distortion and attenuated conjugation that are not fully cap-
tured at this level of theory.

In contrast, the calculated emission maxima are system-
atically blue-shifted relative to experimental values (Table S6).
TDDFT-predicted emission energies (Eey, & 2.40-2.60 €V; Aepy, =
478-516 nm) significantly overestimate the experimentally
observed values in DCM (Ee,, ~ 2.12-2.29 €V; Aey = 542-
586 nm) by ~0.3-0.6 eV across the series (Table S5). This
discrepancy is substantially larger than that observed for
absorption energies and reflects extensive excited-state relaxa-
tion prior to emission. These results suggest that the fluores-
cence occurs from a strongly stabilized intramolecular charge-
transfer (ICT) minimum that involves pronounced geometric
reorganization and charge redistribution in the S; state, which
is not fully captured by single-reference TDDFT at this level of
theory. The magnitude and consistency of the emission energy
lowering therefore provide direct evidence for a dominant ICT-
driven relaxation pathway in the emissive state, consistent with
the large Stokes shifts, pronounced solvatochromism, and low-
temperature blue-shifted emission observed experimentally.

Analysis of the optimized ground-state geometries reveals
interplanar dihedral angles between the A-ring and the enone
backbone ranging from approximately 51 to 63° across the
series (Fig. S30). For chalcones 1a-1d, these moderate torsions
preserve sufficient conjugation between donor and acceptor
segments to support efficient ICT upon photoexcitation, con-
sistent with their red-shifted emission and higher fluorescence
efficiencies. In contrast, the ortho-methoxy-substituted deriva-
tives 1e and 1f adopt more sterically distorted conformations
due to the positioning of the methoxy group, predisposing
these molecules toward additional torsional relaxation in the
excited state. This enhanced twisting reduces orbital overlap,
destabilizes the ICT state, and may promote access to twisted
intramolecular charge-transfer (TICT) configurations, rationa-
lizing their hypsochromically shifted emission and reduced
quantum yields.

Frontier orbital analyses further support this interpretation.
As illustrated in the HOMO-LUMO plots (Fig. 10 and Fig. S30),
the HOMOs of all chalcones are primarily localized on the
donor and carbonyl moieties, with minimal contribution from
the A-ring. The LUMO of 1a exhibits significant electron density
delocalized onto the A-ring, indicating that the ICT process
extends beyond the carbonyl unit to incorporate the aryl
acceptor fragment. This A-ring participation is progressively

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 HOMO-LUMO diagrams of selected chalcones calculated using
B3LYP/6-311G(d) in DCM.

diminished in the LUMOs of 1b and 1c¢, consistent with
perturbation of ICT by methoxy substitution at the para or
ortho positions. The effect is further amplified in 1e and 1f,
where steric congestion leads to markedly reduced A-ring
contribution in the LUMO, in agreement with the experimen-
tally observed attenuation of ICT and diminished emissive
performance.

Conclusion

A series of methoxy-substituted chalcone derivatives with
extended m-conjugation were synthesized to examine the struc-
ture-property correlation for methoxy-substituted chalcone
derivatives. These chalcones exhibit a diene bridge
(-CH=—CH-CH=—CH-) in the center of the molecular backbone,
which should increase the probability of cis-trans isomerization
of vinyl bonds that promote nonradiative decay. Spectroscopic
studies showed that these chalcones retained the desirable
emission in the red region (ley, & 640-660 nm, Fig. 2), while
exhibiting higher fluorescence quantum yields by about 4-8
fold in comparison with 2DHC (a 2’-hydroxychalcone derivative
with the same backbone). In a polar aprotic solvent (e.g. DMSO
or CH;CN), some chalcone derivatives exhibited fluorescence
quantum yields as high as &5 =~ 0.3, indicating that the
presence of a diene bridge is not a limiting factor in developing
highly fluorescent materials.

Systematic spectroscopic studies and computational analyses
further revealed that emission properties could be governed mainly
by the fragments that are in the path of intramolecular charge
transfer (ICT). Although the aromatic A-ring is not in the path of ICT,
an e-donating group on the A-ring could increase the electron on the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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C—=O0 group, thereby weakening the ICT and modulating the
fluorescence properties. In solution, when the A-ring was less bulky
(e.g in 1la-1c with Ry = H- or CH30-, R; = H), the ICT was only
slightly affected, which has little impact on the fluorescence /., and
&y (Fig. 2 and 4), and lifetime (Table 2). This was further confirmed
by using chalcones 1e and 1f with a bulkier A-ring (with both R; and
R; are CH30-). Due to the steric interaction between R; and the
diene bridge, the D-n-A fragment will no longer adopt a planar
conformation desirable for an efficient ICT process. Such steric
interaction can lead to emission at a shorter wavelength (Fig. 2)
and lower fluorescence @y (Fig. 4). Fluorescence lifetime data of 1e
and 1f showed that the ICT was no longer the predominant emissive
species. The assumption of substitution-assisted perturbation on
ICT was also supported by the computational study. The study
provides a useful blueprint for controlling the ICT process in
chalcones and designing the of next-generation donor-acceptor
fluorophores with tailored excited-state behavior.

electronic
effect

Rz
electronic
effect steric —
effect

Studies in their solid states provided additional knowledge
about these fluorescent materials. Fluorescence studies showed
that chalcones 1a-1f were highly fluorescent in their crystalline
solid states, producing red-shifted emission compared to the
solution (e.g. 703 nm for 1a). X-ray crystallography of these
chalcones revealed their torsional and packing geometry in the
solid state. Orthogonally packed donor-acceptor-donor dimers
(1f) yielded the highest solid-state quantum yield (@g = 0.363),
in sharp contrast to its weak ®g in solution (Fig. 4). The
enhanced fluorescence in the solid could be attributed to the
tight packing in a rigid crystal lattice due to the bulky A-ring.
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