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Ultrafast charge transfer dynamics in excited-state
donor—acceptor benzylideneanilinef

Prajoy Kumar Mitra, © Preetika Verma® and Yapamanu Adithya Lakshmanna @ *

Imine-based molecular systems have served as promising semi-conductive materials for applications in
light-emitting diodes and photovoltaics. Benzylideneaniline, an imine-based molecular system, acts as
a bioisostere of diarylethylenes such as stilbene and resveratrol, and plays a crucial role in
pharmaceutical and biological applications. However, the excited-state dynamics of benzylideneanilines
is less explored. In this context, we investigated 4’-(dimethylamino)benzylidene-4-nitroaniline
(DMABNA), an imine-based donor—acceptor system, to unravel the excited-state dynamics. Here, we
explored excited-state charge transfer dynamics and associated structural dynamics in various solvent
(fs-TA)
spectroscopic methods. The fs-TA measurements revealed distinct spectral and temporal features from
cyclohexane to acetonitrile indicating that DMABNA essentially undergoes significant configurational
changes in the excited state, leading to intramolecular charge transfer (ICT), particularly in polar

The fs-fluorescence measurements (@ few ps) of

environments through femtosecond transient absorption and femtosecond fluorescence

environments. reveal the ultrashort lifetime
fluorescence across all the solvents indicating an effective non-radiative relaxation in the excited
electronic state. These studies are corroborated by the computational analysis through DFT and TDDFT
methods, wherein we predicted that DMABNA undergoes significant structural changes in the excited

state (S;) due to varying solvent polarity and viscosity. Such excited state molecular activity can play
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Introduction

Semiconducting organic materials have garnered significant
attention due to their inherent electrical, optoelectronic, and
processing advantages, making them highly desirable for the
development of a new class of electronic devices."> These
materials are utilized in advanced technologies, including
organic light-emitting diodes, solar cells, field-effect transistors,
electrophotographic systems, photoreceptors, and electro-
chromic devices.*® One of the fundamental phenomena driving
the functionality of these materials is photoinduced charge
transfer, a process observed both in natural systems like
photosynthesis and in artificial photonic devices such as
photovoltaics.” During photoinduced charge transfer, light
energy is converted into chemical energy stored within photo-
active molecules by forming charge transfer states. A wide range
of research efforts have been directed towards understanding
the molecular mechanisms underlying these charge transfer
processes at the molecular level.****
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a significant role in the context of photo-initiated applications.

In charge transfer systems such as donor-acceptor stilbenes,
the intramolecular charge transfer (ICT) process is accompa-
nied by twisting of either the electron donor or the acceptor
group, facilitating charge separation and preventing back-ICT
reactions.””™® Twisting of the electron donor or acceptor
groups in a molecule can indeed improve charge separation,
help in minimizing the donor and acceptor orbital overlap, and
facilitate the charge transfer, in a process known as the twisted
intramolecular charge transfer (TICT).>*** The formation of
a planarized intramolecular charge transfer (PICT) state is
crucial for maximizing the efficiency of charge separation
processes within molecules.>** However, the excited dynamics
of donor-acceptor benzylideneanilines remains relatively
underexplored to date as compared to stilbene derivatives.

Herein, we utilized a model system 4'-(dimethylamino)
benzylidene-4-nitroaniline (DMABNA), an imine-based donor—
acceptor system capable of exhibiting an extended w-conjugation
as shown in Chart 1. The N,N-dimethylamino group (-N(CH,),)
acts as the electron donor, while the nitro group (-NO,) serves as
the electron acceptor, facilitating intramolecular charge transfer
(ICT). Such benzylidene derivative exhibits tunable electronic
properties, making it a promising candidate for optoelectronic
applications.**** Compared to the -C=C bond found in stilbene,
a notable distinction is the presence of lone pair of electrons on
the nitrogen atom in the -C=N bond of benzylideneaniline,
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Chart1 Molecular structure of DMABNA.

which significantly affects the conformation of the compound.
The m-conjugation from the donor moiety (dimethylamino
benzene) to the acceptor group (nitrobenzene) via the -C=N link
might be disrupted owing to the non-planar conformation of
DMABNA. However, conformational changes in the geometry
may increase the mw-conjugation and can restore the conjugation
across the molecule.”** The transition from a non-planar
geometry is analyzed with respect to rotations across the four
possible single bonds (1, 2, 3, 4 as numbered in Chart 1) in the
excited state (S;) geometry of DMABNA for varying solvent
polarity. In this article, we also elucidate systematically the roles
of ICT, PICT, and TICT processes through their distinct spectral
characteristics, providing a comprehensive understanding of
their contributions to the excited-state structural dynamics. The
study expands our fundamental understanding of this molecule,
which has not been investigated to date from the ultrafast
dynamics perspective, and lays the groundwork for future
applications in electronic device technologies.

Experimental methods
Sample preparation

4’-(Dimethylamino)benzylidene-4-nitro aniline (DMABNA) was
purchased from TCI and was used without any further purifi-
cation. All the solvents, such as cyclohexane (CHX), toluene
(TOL), 1,4-dioxane (DOX), ethyl acetate (EA), acetone (AC), and
acetonitrile (MeCN), used in the experiments are from Spec-
trochem (HPLC grade) and polyethylene glycol 300 (PEG 300)
obtained from Sigma-Aldrich and wused without further
purification.

Steady-state spectroscopic measurements

Steady-state absorption spectra were measured using a Shi-
madzu UV-3600 ultraviolet-visible-near-infrared (UV-vis-NIR)
spectrophotometer, and fluorescence emission spectra were
measured using a Horiba Jobin Yvon-Fluorolog 3 spectrofluo-
rometer. The steady-state measurements were performed using
a cuvette of 1 cm path length.

Femtosecond transient absorption (fs-TA) measurements

The setup consists of a Ti-sapphire-based amplifier system from
Spectra-Physics, which produces fundamental laser light having
a central wavelength at 800 nm, a pulse width of 100 fs, a pulse
energy of ~5 m], and a repetition rate of 1 kHz. The output
beam is split into two parts: one beam is used to pump an
optical parametric amplifier (OPA), and a small portion of the

12192 | RSC Adv,, 2025, 15, 12191-12201

View Article Online

Paper

remaining energy is used to generate a white-light continuum
from a sapphire plate that is further split into two parts, one of
which acts as a probe while the other acts as a reference beam.
OPA generates a pump beam in the ultraviolet region of 380 nm
with beam parameters of 100 fs, ~10 nJ, and 1 kHz to create
excited-state molecules. The fs-TA measurements are performed
by a spatiotemporal overlapping of the pump and the probe
beams in a 1.0 mm thick cuvette with a continuous XY-axes
motorized movement (beam propagation direction is chosen as
z-axis) to avoid sample degradation. The probe beams are
dispersed in the spectrometer and are detected by a dual-array
detector. The excited-state absorption signal is obtained by
modulating the pump beam with a mechanical chopper at
500 Hz for each time delay point. The TA measurements were
carried out by using pump energy at ~800 nJ with a focal spot of
the beam at the sample is of 100 um. The sample concentra-
tions of 1.5 mM of DMABNA were employed for transient
absorption measurements.

Femtosecond fluorescence up-conversion measurements

The femtosecond fluorescence up-conversion measurements
were carried out using the FOG-100 system from CDP systems.
The excitation of the sample was achieved through the second
harmonic generation of the fundamental output originating
from Mai Tai HP (with a central wavelength of ~800 nm, pulse
width of 100 fs, and repetition rate of 80 MHz) at 400 nm. The
resulting fluorescence and residual fundamental beams were
spatially overlapped within a nonlinear B-barium borate (BBO)
crystal to generate a sum frequency signal, generating an
upconverted fluorescence signal. Subsequently, the upcon-
verted signal traversed through a double monochromator
before being detected by a highly sensitive photomultiplier tube
coupled with a photon counter. The sample concentrations of
1.5 mM of DMABNA were employed for fluorescence up-
conversion measurements.

Computational studies

Theoretical calculations were carried out by using density
functional theory (DFT) in the Gaussian 16 suite.** The B3LYP
functional with the 6-311G(d,p) split-valence basis set was
employed to perform these calculations. Optimization of the
structures has been performed in the solvent phases using the
Integral Equation Formalism Polarizable Continuum Model
(IEFPCM). The Franck-Condon vertical excitation energies and
oscillator strengths were obtained using time-dependent
density functional theory (TDDFT). Further, we analyzed the
frontier orbitals (HOMO and LUMO) to understand the distri-
bution of the electron density and performed dihedral scans to
analyse the potential energy profiles.

Results and discussion
Steady-state measurements

The steady-state absorption and emission measurements of
DMABNA in solvents of varying polarity were recorded, and the
spectra are shown in Fig. 1. The absorption spectrum consists of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Steady-state (a) absorption, and (b) emission spectra of
DMABNA in solvents of varying polarities with a sample concentration
of 25 uM.

two bands, one at ~300 nm and the other at ~390 nm, that are
attributed to mw-w* transition and the n-m* transitions,
respectively. The absorption maximum exhibits a slight red-
shift from 381 nm in CHX to ~397 nm in polar solvent,
MeCN. Such a red-shift in absorption clearly indicates the polar
nature of DMABNA.

The emission spectra in all the solvents were measured by
exciting at a wavelength corresponding to their absorption
maximum. The fluorescence spectrum of DMABNA in CHX
exhibits a structured band possessing a maximum of ~455 nm
with a Stokes shift of 4300 cm™*. The emission spectra are
noticed to be broad and featureless in the case of polar solvents,
EA, AC, and MeCN, having maxima at ~600 nm (Stokes shift of
8000 cm™ '), ~695 nm (11000 cm '), and ~730 nm (11
200 cm 1), respectively. A large Stokes shift in polar solvents is
a clear indication that DMABNA undergoes significant intra-
molecular charge transfer (ICT) upon excitation and stabiliza-
tion of such a state in polar environments. Furthermore, the
emission spectrum of DMABNA in MeCN exhibits dual-band
with maxima at ~520 nm and ~730 nm. In comparison with
the emission spectrum in a non-polar solvent, the bands at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Spectral features obtained from the absorption and emission
spectra. ¢ is the dielectric constant of the solvent, A,,s, and Aq are the
absorbance and emission maxima, and FWHM is the full-width at half-
maximum?#4

Aabs Aa FWHM of the fluorescence
Solvents € (nm) (nm) band (nm)
CHX 2.02 380 455 65.2 + 0.9
TOL 2.38 395 515 77.0 £ 0.9
DOX 2.21 391 550 88.4 + 1.0
EA 6.02 393 600 1149 £ 2.1
AC 20.56 396 695 136.1 £ 0.8
MeCN 35.94 397 730 123.5 £ 1.7

~520 nm band and ~730 nm in MeCN can be assigned to the
emission from the locally excited-state and relaxed ICT states,
respectively. The spectral features associated with the absorp-
tion and emission spectra of DMABNA in all the solvents are
summarized in Table 1.

Further, the Lippert-Mataga plot was constructed based on
the parameters obtained in these solvents using eqn (1), and
depicted in Fig. 2. The plot exhibits a linear relationship
between solvent polarity and the Stokes shift. It clearly indicates
that excited-state species possess higher dipole moments,
resulting in an effective ICT process in a polar environment.

L2 :
Ayl — = F('ue — ,U«g) + constant 1)
e—1 n*—1

where, Af = (28 1 2o 1)'

Here, Av_" is the Stokes shift in wavenumbers (cm ™), Ay is
the difference in the dipole moment between the ground (ug)
and excited (u.) states. ¢, # and a are the speed of light, Planck’s
constant, and the radius of the Onsager cavity around the flu-
orophore, respectively. The solvent dielectric constant (¢) and
refractive index (n) are included in the term Af, which is known
as the solvent polarity parameter.

Furthermore, DMABNA exhibits solvent polarity-dependent
fluorescence quantum yields. The fluorescence quantum yield
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Fig. 2 Lippert—Mataga plot of DMABNA in solvents of different
polarity.
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in CHX is notably minimal, of the order 10 >. A marginal
increase in solvent polarity in EA results in a substantial
increase in the fluorescence quantum yield by more than two
orders of magnitude.'” However, with an increase in solvent
polarity, i.e., in case of AC, the fluorescence yield experiences an
increment. The molecule also exhibits a markedly weak fluo-
rescence quantum yield in MeCN, as a result, the emission
spectrum is burred when compared to the relatively smooth
spectra in other solvents. Such solvent polarity-dependent
emission yields suggest that the excited-state evolves through
diverse relaxation pathways, particularly non-radiative relaxa-
tion pathways that play a significant role in the excited-state
dynamics of DMABNA. To further analyze the excited-state
dynamics of DMABNA, we carried out femtosecond transient
absorption and femtosecond fluorescence up-conversion
measurements in various solvents.

Femtosecond transient absorption (fs-TA) measurements

In non-polar solvent (CHX). The fs-TA measurement of
DMABNA in CHX was carried out by photo-exciting at ~380 nm,
and the spectra for various time delays, up to 150 ps and 1 ns are
shown in Fig. 3a and b, respectively. At initial time delay, the
excited state absorption (ESA) spectrum predominantly exhibits
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a band at ~500 nm and a shoulder peak at ~580 nm. With an
increase in the delay time, the transient absorption spectrum
exhibits a significant decrease of the amplitude at ~500 nm and
~580 nm, along with a blue shift and an emergence of a new
band at ~700 nm. The weak ESA band at ~700 nm remains for
longer time delays with respect to the entire region. The fs-TA
data was processed using a global fit-analysis. Such an anal-
ysis revealed that data is best fitted with four time constants at
~0.6 ps, 3.2 ps, 99.8 ps, and >1 ns. The overall transient
absorption spectra are better described with four species-
associated spectra (SAS), as shown in Fig. 3¢, and the kinetics
profiles of these species are shown in Fig. 3d. The SAS;
predominantly has band at ~500 nm with a shoulder peak at
~570 nm, which has a lifetime of 0.6 ps, the second species
(SAS,) possesses band at ~490 nm which has lifetime of 3.2 ps,
and the third species predominantly has a band at ~700 nm
with a shoulder band at ~500 nm, that has lifetime of ~99.8 ps.
Further, SAS, possesses spectral features similar to SAS;, while
it has a very long lifetime, >1 ns. Fig. 3d represents the kinetics
associated with each of the SAS. Further, single-wavelength
kinetics at a few selected wavelengths were analyzed and
corroborated with the global analysis parameter as described in
the later section.
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Fig. 3 The fs-TA spectra of DMABNA in CHX at different time-delays up to (a) 150 ps, (b) 1 ns, (c) species-associated spectra, SASz and SAS, are
plotted separately as depicted in the inset, and (d) kinetics of the decay-associated spectra. The time constants are provided in the figures.
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Fig.4 (a) The fs-TA spectra of DMABNA in MeCN at different time delays, (b) species-associated spectra, and (c) kinetics of the decay-associated
spectra.

In high polarity solvent (MeCN). The fs-TA spectra of
DMABNA in MeCN for various time delays are shown in Fig. 4a.
Upon photoexcitation, the fs-TA spectra exhibit an ESA band at
~500 nm, and a broad stimulated emission (SE) band covering
the spectral range of 530-720 nm. The SE band consists of
a dual-band centered at ~600 nm and ~700 nm. These bands
appear within a time delay of ~0.1 ps, indicating ultrafast
relaxation of the locally excited state to the ICT. The band at
~600 nm exhibits a drastic decrease in its amplitude within
a time delay of ~1 ps. The ESA exhibits a blue shift from
~500 nm to ~494 nm. Unlike in CHX, where the SE band was
not apparent, in MeCN, the SE band undergoes a red shift with

(@)
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52 4
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04
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a dominant band centered at ~700 nm within a time delay of 0.5
ps. For subsequent time delays of ~10 ps, the amplitudes of
both the ESA and SE bands diminish completely, unlike in other
polar solvents (Fig. S1t). The fs-TA data was globally analyzed,
and the data was best fitted with two time constants at ~0.3 ps
and ~4.0 ps. The time component of ~0.3 ps is attributed to the
solvent relaxation and the formation of the ICT state, while the
time component of ~4.0 ps is attributed to the lifetime of the
relaxed ICT state.

We carried out single wavelength amplitude kinetics asso-
ciated with various regions of the TA spectra in CHX and MeCN,
and the corresponding plots are depicted in Fig. 5a and b,

(b)

72 - O 500 nm
—Fit
48 - 7,(d) = 0.3 + 0.0 ps
24 - T,(d) =4.3 £ 0.1 ps
0 -
0 -
8 O 600 nm
E211 ¢ it
< 7 7,(r)=0.2 £ 0.0 ps
5447 1,(d) =3.4%0.2 ps
0+
—-14 - O 700 nm
Fit
_28 -
7,(d) = 0.4 £ 0.0 ps
_42 L L] L] L] L) L]
0.1 10 100 1000
Time (ps)

Fig.5 Single wavelength kinetics of TA spectra of DMABNA along with the best-fit in (a) CHX at 500 nm, 580 nm, and 700 nm, and in (b) MeCN at

500 nm, 600 nm, and 700 nm. The lifetimes are shown in the figures,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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respectively. In CHX, wavelengths were chosen at 500 nm,
580 nm, and 700 nm for the analysis. The kinetics at these
wavelengths were best fitted with bi- and tri-exponential fittings,
and we observed that for 500 nm and 580 nm, the amplitude
decays (represented by ‘d’) with a time scale of ~50 and ~100
ps. Whereas at 700 nm, the evolution of the amplitude is
described by the sequential rise and decay components with
time constants of ~2.4 ps, ~89 ps, respectively. Further, it
exhibits a rise component for longer time delays.

In the case of MeCN, single-wavelength kinetic traces at
500 nm, 600 nm, and 700 nm were analyzed and depicted in
Fig. 5b. The kinetics at these wavelengths were optimally fitted
using single and bi-exponential models, with time constants of
approximately ~0.3 ps and ~4.0 ps. The time constant values
obtained are in good agreement with the global fitting param-
eters. The fs-TA spectra in other solvents, including TOL, DOX,
EA, and AC, are presented in Fig. S1 of ESI.{ In DOX, the tran-
sient absorption spectrum is predominantly centered at
~500 nm for the initial delay times. It is also apparent from the
spectra that, within a time-delay of ~0.3 ps, a negative band
with significant amplitude appears at ~540 nm and a shoulder
band appears at ~590 nm. For subsequent time delays of ~2 ps,
the amplitude at ~540 experiences a decrease, while the
amplitude at ~590 nm exhibits an increment. The transient
absorption is characterized by a positive band centered at
~500 nm and a broad negative band centered at ~590 nm. The
SE features match with the steady-state emission of DMABNA in
DOX. The ESA band exhibits a blue shift in a time scale of ~2 ps,
while the SE band exhibits a red shift from ~540 nm to
~590 nm. The substantial shift in the SE maximum from
~540 nm to ~590 nm in DOX is a clear indication of the
stabilization of the polar excited species by the polar DOX. The
fs-TA data was globally analyzed, and it was best fitted with
three time constants having ~1.0 ps, 2.6 ps, and ~75 ps. The
fast time component of ~1.0 ps is attributed to the relaxation of
the Franck-Condon (FC) state, the time-component of ~2.6 ps
is attributed to the lifetime of the relaxed excited-state species/
relaxed charge-transferred state, and ~75 ps is the lifetime of
the S; state. The single wavelength kinetics at a few selective
wavelengths of 500 nm, 540 nm, and 600 nm with the best-fits
are shown in Fig. S2(b).t It is evident from the plots that
amplitudes are best fit with bi-exponentials, and they decay with
a time constant of ~80 ps. In a moderate polarity solvent (EA),
DMABNA exhibits the highest fluorescence quantum yield of
~7.55% as compared to other solvents, including polar
solvents, indicating that excited-state relaxation to the ground-
state through the radiative channel is prominent. The fs-TA
spectra of DMABNA in EA are shown in Fig. Si(c).f Upon
photoexcitation, TA spectra are characterized by ESA centered at
~500 nm, and broad SE band centered at ~580 nm. The SE
band exhibits a red-shift for the initial time delays and
possesses broad bands centered at ~600 nm at longer time
delays. For subsequent time delays, the amplitudes of the ESA
and SE bands exhibit a systematic decrease. The fs-TA spectra
were globally analyzed, and the data was best fitted with three
time constants of ~0.9 ps, 2.4 ps and 548 ps. The time
components of ~0.9 ps, 2.4 ps and 548 ps are attributed to
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Table 2 Kinetics parameters associated with the emission spectra of
DMABNA in various solvents are listed. Fluorescence quantum yield
(®q), fluorescence lifetime (z1 and t,), rate constants for the radiative
(k) and non-radiative (k,) processes for DMABNA in solvents of
increasing polarity

Solvents @4 (107%) 1, (ps) 1 (ps) A (10°s™Y) Ky (10" s7H)
CHX 0.16 0.3 1.5 10.7 6.66
TOL 0.25 0.9 7.5 3.33 1.33
DOX 0.48 3.3 33.7 1.42 0.29
EA 7.55 13.6 198.7 3.80 0.04
AC 0.43 0.9 15.4 2.79 0.64
MeCN 0.02 0.2 2.1 1.05 4.76

solvent relaxation, vibrational relaxation/structural relaxation of
the charge-transferred (CT) state, and lifetime of the relaxed CT
state, respectively.

A detailed summary of the time constants obtained through
global analysis in solvents of varying polarity is presented in
Table 3. For DMABNA, the excited-state lifetime in the non-
polar solvent CHX is notably longer compared to solvents with
different polarities. Interestingly, the non-radiative rate
constant in CHX is also found to be quite high (Table 2), sug-
gesting the possibility of a non-radiative relaxation pathway
from the S; excited state. In contrast, the decay time in TOL is
significantly shorter (~21 ps), likely due to a decrease in the
non-radiative decay time. As the solvent polarity transitions
from low (TOL) to moderate (EA), a gradual increase in lifetime
is observed, rising substantially from ~21 ps in TOL to ~548 ps
in EA. This extended lifetime in EA may be attributed to its
higher quantum yield, which facilitates enhanced relaxation in
the CT state.

However, in highly polar solvents, a sharp decrease in decay
time is observed, with lifetimes dropping to ~18 ps in AC and
~4 ps in MeCN. This drastic reduction in lifetime in highly
polar environments can likely be attributed to ultrafast solvent
dynamics that accelerate non-radiative relaxation to the ground
state. The relatively longer lifetime of DMABNA in CHX and its
significantly shorter lifetime in MeCN can be better understood
by comparing it with its structural analog, 4-dimethylamino-4'-
nitrostilbene (DMANS). The primary structural difference
between DMANS and DMABNA lies in substituting a -CH group

Table 3 Time constants associated with the excited-state relaxation
processes of DMABNA in solvents of increasing polarity as obtained
after global analysis. 5 is the viscosity of solvents,* * refers to the
approximate viscosity of PEG 300 at room temperature

Sovents  n(cB) T (ps)  w(s)  w(s)  w(ps)
CHX 0.89 0.6 3.2 99.8 >1000
TOL 0.56 0.9 3.4 21.1 —
DOX 1.17 1.0 2.6 75.0 —
EA 0.42 0.9 2.4 548.8 —_
AC 0.30 0.8 18.9 — —
MeCN 0.36 0.3 4.2 — —_
PEG 300 80* 4.7 22.8 94.1 —

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with a nitrogen atom (N). Extensive studies on the excited-state
dynamics of DMANS have been conducted, including work by
Palit and co-workers,” who demonstrated how the relaxation
processes of DMANS drastically change with a change in solvent
polarity. DMANS in CHX, at an initial time delay of 0.2 ps,
exhibits a weak SE band in the 480-550 nm region, along with
an ESA band between 570-650 nm, peaking at 590 nm with
a shoulder near 630 nm. At longer time delays, both the SE band
and the ESA band below 650 nm decay, while a new weak ESA
band emerges in the 650-800 nm range, with a maximum at
720 nm. This band is attributed to the lowest triplet excited
state. They further analyzed and quantitatively determined the
lifetimes of various relaxation processes using a tri-exponential
fitting. Three relaxation processes were identified: (1) vibra-
tional relaxation with a time constant of 7, = 4.5 ps, (2) isom-
erization around the olefinic double bond with a time constant
of 7, = 27 ps, as previously reported, and (3) a longer component
with 73 = 600 ps, corresponding to the lifetime of the S; state.*
Comparable behavior was observed for DMABNA in CHX, which
also exhibits similar relaxation processes. However, the best fit
was obtained with a four-exponential fitting. The fastest
component (0.6 ps) can be ascribed to the Franck-Condon state,
the second component (3.2 ps) to the vibrational relaxation, the
intermediate component (99.8 ps) to the isomerization
involving the C=N bond, and the long-lived component (>1 ns)
near 700 nm is likely associated with the triplet state.*®*”

In contrast, DMANS in a highly polar solvent like MeCN
displayed time constants of <0.15 ps, 0.5 ps, and 16 ps, corre-
sponding to vibrational relaxation and/or solvation for the
fastest component and decay of the LE state and the S, state for
the other components, respectively. Similarly, DMABNA in
MeCN showed comparable dynamics, with a bi-exponential fit
revealing time constants of 0.3 ps, likely due to solvation or the
LE state, and 4 ps for the S; state decay. This rapid decay is likely
due to strong solute-solvent interactions and ultrafast solvation
dynamics, where the excessive stabilization of the CT state may
enhance coupling between the excited and ground states,
promoting faster non-radiative relaxation pathways. A similar,
short lifetime is also seen in highly polar solvent AC, as shown
in Fig. S1(d).f Furthermore, we conducted fluorescence up-
conversion experiments to characterize the emissive lifetime
of DMABNA in various solvents. Additionally, we incorporated
the excited state dynamics in a viscous solvent (PEG 300) and
a detailed theoretical analysis was performed to investigate the
conformational changes of DMABNA in polar solvents.

Time-resolved fluorescence measurements

Time-resolved fluorescence measurements were carried out to
investigate the excited-state dynamics of emissive states
utilizing the femtosecond fluorescence up-conversion tech-
nique with an excitation wavelength of 400 nm. The emission
decay kinetics were recorded at the corresponding emission
maxima in each solvent, as illustrated in Fig. 2. The decay
kinetics were best fitted with bi-exponentials with time
constants of 7, and 1, that are tabulated in Table 2. In the case
of CHX, the 1, lifetime value is found to be just 1.5 ps, which is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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much lower as compared to the longest time constant obtained
in fs-TA analysis. This is because the relaxation from the excited
S, state is mostly via a non-radiative pathway rather than
a radiative manner, as supported by its higher non-radiative
rate constant (Table 2). However, a gradual increment in life-
time, i.e., lifetimes of 7.5 ps and ~33 ps, were observed in TOL
and DOX, respectively. In the case of EA, the emissive lifetime is
noticed to be of ~198 ps, as supported by an enhanced fluo-
rescence quantum yield in EA. The Lippert-Mataga's plot clearly
depicts that the emissive state lifetime is significantly affected
by the solvent polarity. Interestingly, the fluorescence lifetimes
in high polarity solvents such as AC and MeCN are found to be
~15.4 ps and ~2.1 ps, respectively. Such huge changes in the
lifetime in polar solvents reveal that the excited state evolves
through a state which may be significantly polar in nature and
an effective stabilization by the polar environment (Fig. 6).

In viscous solvent (PEG 300). Fig. S3at represents the
absorption and emission spectrum of DMABNA in PEG 300. The
absorption maximum occurs at ~405 nm, while the emission
spectrum is broad with a maximum occurs at ~630 nm. Fig.-
S3b7 represents the fs-fluorescence upconversion measurement
for emission wavelength at 630 nm. The amplitude of the
emission at 630 nm exhibits bi-exponential decay with time-
constants of ~10 ps and ~40 ps. These time scales are rela-
tively longer as compared to those found in other solvents.

Counts (Normalized)

0.1 1 10 100 1000

0.1 1 10 100 1000
1.0
MeCN 7,=0.2 ps
0. "
7 Fit 1,=2.1ps
0.3
0.0
0.1 .10 100 1000
Time (ps)

Fig. 6 The fs-fluorescence up-conversion spectra of DMABNA in
solvents of varying polarity collected at their emission maxima. The
solid lines represent the fitting and the time constants are shown in the
inset.
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Table 4 Dipole moments (u) and dihedral angles x (1, 2, 3, 4) of DMABNA in the ground and excited states in the gas phase and in solvents of
increasing polarity as obtained by computations performed at the B3LYP/6-311G(d,p) level

Dihedral angle x (gs) (degree)

Dihedral angle x (es) (degree)

Gas/solvent g (D) e (D) 1 2 3 4 1 2 3 4

Gas 11.3 10.9 —0.5 1.6 42.6 0.5 -1.9 4.3 32.1 —0.3
CHX 12.8 12.8 —0.3 1.5 41.6 0.9 —-1.8 1.5 35.7 —-0.1
TOL 13.0 13.1 -0.3 1.5 41.4 1.04 -1.7 1.3 36.0 —-0.1
AC 14.8 15.6 —-0.1 1.7 39.5 0.9 -1.6 1.0 34.4 0.0
MeCN 15.0 15.8 -0.1 1.7 39.4 0.8 —-1.6 1.1 34.0 0.0

Fig. S3ct represents the fs-TA transient absorption spectra of
DMABNA in PEG 300 for different time delays. The fs-TA spectra
features positive band (ESA) centered at ~500 nm and negative
band around ~550 nm. The negative band is attributed to SE as
the spectral feature matches with the steady-state emission. As
the time delay increases, the ESA band exhibits decay of its
amplitude. While in case of SE, it exhibits a red-shift to
~580 nm along with the decay of its amplitude. The fs-TA data
was globally analyzed and the data was best fitted with three
time components at t; ~ 4.7 ps, 7, ~ 22.8 ps, and 73 ~ 94 ps. The
species-associated spectra and the kinetics profiles of these
species are represented in Fig. S3d and e,} respectively. The
time components of 4.7 ps, 22.8 ps, and 94 ps are attributed to

the formation of the CT state, structural relaxation of CT state,
and the lifetime of the relaxed CT state, respectively. The 7; and
T, components are noticed to be longer as compared to those in
other solvents, particularly in moderate to high polar solvents.
It is a clear indication that the structural relaxation in both the
FC state and the CT state is a slow process as a result of viscous
environment leading to the restriction of motion of solute
molecules. The fs-TA spectral features and the time components
values reveal that the excited-state dynamics of DMABNA in PEG
300 is similar to the dynamics observed in moderately polar
solvents. It clearly indicates that the excited-state dynamics of
DMABNA in PEG is predominantly governed by the polar nature
of the solvent, albeit viscosity playing a significance role.

(b)

()

@& %}w > =
< pLC T8

LUMO

Fig. 7
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(a) Ground state and (b) excited state optimized geometries of DMABNA in MeCN and their HOMO-LUMO electron densities.
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Computational analysis

We performed density functional theory (DFT) and time-
dependent density functional theory (TDDFT) calculations to
elucidate the geometries of both the ground and excited states,
as well as to characterize the charge transfer process that may
have a significant effect on the conformational relaxation in the
excited state. The B3LYP functional, widely regarded as one of
the most reliable hybrid functionals in DFT, was used with the
6-311G(d,p) basis set. The ground state geometry optimizations
consistently showed a non-planar geometry with a torsion
between the dimethylamino-aniline-imine (DMAI) and the
nitrophenyl (NP) ring of DMABNA in the gas phase as well as in
solvent media. The obtained parameters are summarized in
Table 4. It is apparent from the table that solvent has minimal
influence on the ground-state conformation. Frontier molecular
orbital analysis provided further insights into the charge
transfer characteristics of DMABNA. As depicted in Fig. 7, the
HOMO is predominantly localized on the DMAI donor group,
while the LUMO exhibits a significant charge density shift
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toward the NP acceptor moiety upon excitation. This redistri-
bution of electron density is characteristic of ICT in donor-
acceptor systems, reinforcing the role of DMABNA as a model
for studying such phenomena. DMABNA is a prototype of the
donor-acceptor stilbenes, and numerous reports favor the
twisting conformation in the excited state.'>'”** Upon TDDFT
calculations, we observed that in the excited-state, DMABNA
retains a non-planar geometry, such as in its ground state
configuration. Furthermore, to understand the conformational
changes taking place in the excited state with respect to the
ground state, potential energy surface (PES) scans were per-
formed by introducing twists around specific o-bonds (dihedral
angles indicated as x4, X2, X3, and x4) to evaluate the possibility
of a twisted-intramolecular charge transfer (TICT) state (Fig. 8).

It has been observed that the rotational barrier in the S, state
for twisting along the four dihedral angles (x1, X2, X3, and x4)
are 0.372, 0.507, 0.073, and 0.337 eV with respect to the
maximum at a twist angle of 90° for x,, x3, and x, and at 110°
for x,. However, in the S; state, the maximum barrier for y; is
0.326 €V at a twist angle of 70° and the minimum at a twisting

(b)

—o—S,
=S,

N
=
=

N~
w

Relative Energy (eV)

5 S
= KN

0 30 60 90 120 150 180
Dihedral angle (y,)

(d)

g
=N

N
=

>>+

A\

Relative Energy (eV)

0 30 60 90 120 150 180
Dihedral angle (y,)

Fig.8 The PES of DMABNA in the ground (Sp) and excited (S,) state in MeCN with respect to different dihedral angles (a) x1, (b) x2. (c) xz. and (d) x4

varying in the range O to 180°.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 12191-12201 | 12199


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01814e

Open Access Article. Published on 17 April 2025. Downloaded on 11/12/2025 7:26:13 PM.

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

(cc)

RSC Advances

angle of 90°. Also, barrier heights of 0.152 and 0.272 eV with
respect to x, and x4 within the minimum twist at 80° and 90°,
respectively, were observed. However, for x;, no significant
change of PES was noticed for both S; and S,, suggesting that
molecular conformation is stable across both states. This
analysis implies that x4, x», and x4 play a key role in structural
response upon photoexcitation of DMABNA, with x, particularly
suited for conformational changes in the excited state due to its
lower barrier height as compared to x; and x4. Such twisting
geometries align with experimental observations of low
quantum yield and short emission lifetime in polar solvents,
supporting the TICT as the likely mechanism for the excited-
state relaxation of DMABNA.

Thus, we can conclude that in a polar solvent (MeCN), the
lowest excited singlet state (S,) is likely to be a TICT state,
characterized by a twisted dimethyl amino aniline unit (x,). In
the case of DMANS in a non-polar solvent, CHX, the longer
lifetime is predominantly associated with a higher barrier to
achieving the phantom state (or 1P* state) for the ultimate cis-
trans isomerization process through the olefinic C=C
bond.*>*** Similarly, in DMABNA, a stilbene prototype twisting
around the imine -C=N bond is believed to lead to the
phantom state. Due to the high activation barrier in CHX, this
twisted conformation is generally inaccessible.

Conclusion

Our study investigates the photophysical behavior of the donor-
acceptor benzylideneaniline derivative, DMABNA, focusing on
effects of solvent polarity. Steady-state absorption and emission
measurements reveal a significant solvent-dependent behavior.
In non-polar solvents like cyclohexane, DMABNA shows a single
emission band at 455 nm, while in highly polar solvents such as
acetonitrile, a dual-band emission at 520 nm and 730 nm is
observed along with a drastic decrease in fluorescence quantum
yield. The pronounced redshift in emission and high Stokes
shift with solvent polarity indicate an intramolecular charge
transfer (ICT) process in the excited state. The fs-TA spectros-
copy reveals longer lifetimes in cyclohexane, with a rise
component at higher time delays extending beyond 1 ns, sug-
gesting triplet-state involvement. In contrast, in acetonitrile, the
excited-state lifetime reduces drastically to 4.2 ps, likely due to
rapid charge separation in the excited state. Interestingly,
fluorescence lifetimes are extremely short in both the solvents
(1.5 ps in cyclohexane and 2.1 ps in acetonitrile), consistent with
the fs-TA findings in polar solvents but highlighting discrep-
ancies in non-polar solvents, possibly due to triplet-state
dynamics.

The computational analysis provides further insights into
the observed behavior, revealing that DMABNA undergoes
notable twisting in the S; state along four dihedrals. The most
significant structural change occurs along the dimethylamino-
aniline dihedral, promoting charge separation. This
conformation-dependent charge separation in polar solvents
suggests that solvent interactions play a key role in the excited-
state relaxation dynamics of DMABNA. The resulting solvent-
induced charge transfer character accounts for the low
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fluorescence quantum yield, short fluorescence lifetime, and
solvent-dependent photophysical properties, offering a refined
perspective on DMABNA's excited-state behavior.
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