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In the past few decades, significant efforts have been devoted to developing phenazine derivatives in
various fields such as medicine, pesticides, dyes, and conductive materials owing to their highly Stokes-
shifted fluorescence and distinctive photophysical properties. The modulation of the surrounding
environment can effectively influence the luminescent behavior of phenazine derivatives, prompting us
to investigate the solvent effect on the excited state dynamics. Herein, we present the solvent controlled
excited state dynamics of a novel triphenylamine-based phenazine-imidazole molecule (TPAIP) through
steady-state spectra and femtosecond transient absorption spectra. The fluorescence emission spectrum
exhibited a redshift with increasing solvent polarity, indicating the existence of a charge transfer state.
Furthermore, by tracking the femtosecond transient absorption spectra of TPAIP, we found that the

nature of the relaxed S; state was strongly influenced by the solvent polarity: intersystem crossing
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Accepted 13th May 2024 character appears in apolar solvent, whereas intramolecular charge transfer character occurs in polar

solvent because of solvation. These findings provide significant theoretical insights into the impact of
DOI: 10.1039/d4ra02417f . . ey . A : . !

solvents on the excited state dynamics within phenazine derivatives. This understanding supports diverse

rsc.li/rsc-advances applications ranging from advanced biological probe design to photocatalysis and pharmaceutical research.
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Introduction

Phenazine represents an important class of nitrogen-containing
heterocycles, having a distinctive backbone structure with an
electron-deficient 7 system and a lone pair of electrons on its N
atoms.™ It has been extensively explored in the fields of
medicine, pesticides, dyes, and conductive materials. Conse-
quently, numerous phenazine derivatives have been synthe-
sized and identified owing to their captivating performances.
The functional group or ligand tuning of phenazine derivatives
has been extensively documented to have a close relationship
with their opto-electronic properties, which significantly impact
their sensing responses. In general, the introduction of func-
tional groups at the binding site enhances optical properties
involving photoinduced electron transfer, charge transfer,
excited-state intramolecular proton transfer, fluorescence
resonance energy transfer, and other interaction modes.'*"” For
example, Wei et al. synthesized a series of ion probes using
phenazine as the framework for the selective fluorescence
recognition of specific metal ions or anions."*?* Wang et al.
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reported the phenazine radical cation sodium 3,3'-(phenazine-
5,10-diyl)bis(propane-1-sulfonate) with a high solubility of
1.4 M and high stability in water.** A nano-phenazine@XKetjen
black anode was achieved through the in situ dissolution-
precipitation method by Zhang et al, and the battery
possessed a cycle life of 100 000 times due to the stabilities and
insolubilities of phenazine and its reduction products in
aqueous electrolytes.”® Bode et al. reported diversity-oriented
modifications of the phenazine core through two distinct
BGCs in the entomopathogenic bacterium Xenorhabdus szen-
tirmaii, which lives in symbiosis with nematodes. A previously
unidentified aldehyde intermediate, which can be modified by
multiple enzymatic and non-enzymatic reactions, is a common
intermediate bridging the pathways encoded by these BGCs.**
Stang et al. synthesized a series of platinum(u) metallacycles via
the coordination-driven self-assembly of a phenazine-cored
dipyridyl donor with a 90° Pt(u) acceptor and various dicar-
boxylate donors. These metallacycles exhibited similar absorp-
tion profiles, but their fluorescence emission shifts to the blue
as the bite angles between the carboxylate building blocks
decrease. This research demonstrated the potential of
coordination-driven self-assembly in creating materials with
precisely tailored functionalities at the molecular level.”
Therefore, the investigation of the excited state dynamics of
phenazine derivatives is crucial due to their wide range of
diverse applications.”***

Upon photoexcitation, D-A chromophores can generate
a locally excited state and/or an intramolecular charge transfer
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state.>*>> The presence of these states is influenced not only by
the strength of the donor-acceptor interaction but also by the
surrounding environment, such as solvent polarity. The locally
excited state, characterized by an electronic transition within
the same moiety, typically exhibits a small change in its
permanent dipole moment upon excitation.**** Conversely, the
intramolecular charge transfer state displays a solvatochromic
effect due to a significant dipole moment change. The potential
energy level of the intramolecular charge transfer state can be
easily adjusted by varying both the strength of the D-A inter-
action and the solvent polarity. As systems with intramolecular
charge transfer state character exhibit a strong interaction
between solvent and solute, increasing solvent polarity reduces
the energy level of this state while minimally affecting the
energy level of the LE state due to its small dipole moment
change. Furthermore, transitioning from a locally excited to an
intramolecular charge transfer state by modulating solvent
properties induces changes in both electronic structure and
geometry, resulting in reduced overlap between the highest
occupied molecular orbital and lowest unoccupied molecular
orbital. This alteration, combined with spin-orbit coupling
changes, significantly impacts the intersystem crossing
process.>*3#

Herein, the novel D-A molecule TPAIP, which contains the
electron-donating group triphenylamine (TPA) and the electron-
withdrawing phenazine, was designed and synthesized via the
cyclization reaction of 2,3-diamino-phenazine with 4-(N,N-
diphenylamino)benzaldehyde. Femtosecond transient absorp-
tion spectroscopy confirmed that the TPAIP excited state tran-
sitions from the initial localized excited state to the solvent-
induced charge transfer excited state exhibited dipole charac-
teristics in polar solvents. The time constants of the excited
state deactivation process was extracted from the femtosecond
transient absorption experimental data. However, in non-polar
solvents, molecular excited states directly relax from local
excited states to triple excited states through intersystem
conversion. This implies that solvent polarity primarily influ-
ences the redistribution of charges in TPAIP's excited state.

Results and discussion
Steady-state spectroscopy

The spectral characteristics of TPAIP were investigated using
UV-vis and fluorescence experiments across a range of solvents,
including dimethyl sulfoxide, acetonitrile, dimethylformamide,
methanol, ethanol, acetone, tetrahydrofuran, ethyl acetate,
dichloromethane, chloroform, and toluene. In the UV-vis
absorption spectrum, TPAIP displayed distinct absorption
peaks at 250-350 nm and 375-500 nm corresponding to the UV
absorptions of the triphenylamine and phenazine units,
respectively. Simultaneously, solvent polarity-induced sol-
vatochromism led to an approximately 27 nm redshift when
transitioning from a low polarity solvent to a high polarity
solvent. Furthermore, fluorescence measurements for TPAIP
were conducted in various organic solvents (1., = 435 nm). The
fluorescence emission intensity of TPAIP not only manifested
solvation effects, with the maximum emission peak shifting to
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longer wavelengths with increasing solvent polarity, but also
exhibited significantly lower fluorescence emission intensities
in highly polar solvents (dimethyl sulfoxide, dimethylforma-
mide, acetonitrile, methanol, ethanol) compared to other
solvents, leading to fluorescence quenching. For instance, the
maximum fluorescent emission wavelengths of TPAIP in
toluene, tetrahydrofuran, chloroform and acetone solvents were
510, 540, 570, and 600 nm, respectively. In methanol and
acetonitrile solvents, the fluorescence emission was nearly
quenched due to the aggregation-caused quenching effect. The
photophysical properties, including the quantum yield (®¢) and
fluorescent lifetime of TPAIP in various organic solvents, are
summarized in Table 1. The fluorescence emission of TPAIP
exhibited a redshift with increasing solvent polarity, indicating
its characteristic intramolecular charge transfer state behavior
(Fig. 1b).

To explore the aggregation-induced quenching effects of
TPAIP, the UV absorption and fluorescence emission spectra of
TPAIP were examined at various concentrations in different
solvents including toluene, acetone, methanol, and dimethyl
sulfoxide. The absorbance in the UV absorption spectra
increased with an elevation in TPAIP concentration (Fig. S11). In
the fluorescence emission spectra (Fig. S271), the fluorescence
initially increased and then decreased as the concentration of
TPAIP rose in toluene, acetone, and dimethyl sulfoxide, indi-
cating a pronounced aggregation-induced quenching effect.
However, in methanol solvent, although there was also an
initial increase followed by a decrease in fluorescence intensity,

Table 1 Photophysical properties of TPAIP

Solvent Aabs/NM Aem/NM Te/nS D/%
DMSO 450 640 0.33 0.32
ACN 437.5 640 0.29 0.32
DMF 446 625 0.43 0.62
MeOH 450 — — —
EtOH 449 550 — —
Acetone 438 600 0.73 3.76
THF 439 540 2.21 45.13
EA 431 530 1.99 38.08
DCM 452 600 3.1 50.68
CHCl; 448 570 2.87 61.72
Tol 439 510 1.28 19.58
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Fig. 1 The UV-vis absorption and fluorescence spectra of TPAIP (20
puM) in various solvents, including dimethyl sulfoxide (DMSO), aceto-
nitrile (ACN), dimethylformamide (DMF), methanol (MeOH), ethanol
(EtOH), acetone, tetrahydrofuran (THF), ethyl acetate (EA), dichloro-
methane (DCM), chloroform (CHClz), and toluene (Tol).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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it remained consistently weak across all concentrations due to
phenazine's propensity for easy aggregation resulting in fluo-
rescence quenching. Overall, the highest fluorescence emission
intensity was observed at a TPAIP concentration of 20 uM,
which indicated a dispersed state. Therefore, this specific
concentration was utilized to examine subsequent transient
absorption spectra.

UV-vis absorption and fluorescence spectra were employed to
investigate the aggregation-caused quenching effect of TPAIP in
mixed solutions of dimethyl sulfoxide/H,O with varying degrees
of aggregation. The UV absorption spectrum of TPAIP exhibited
a decrease as the water ratio increased, indicating molecular
aggregation (Fig. S31). In the fluorescence spectrum (Fig. S37),
the intensity of fluorescent emission from TPAIP significantly
decreased when the H,O concentration reached 10%. Within the
range of 20-100% H,O content, the fluorescent emission inten-
sity continued to decrease until it was completely quenched,
suggesting that molecular aggregation caused a rapid decline in
emission intensity due to an increase in H,O content. To the best
of our knowledge, the aggregation-caused quenching effect can
be induced by the aggregation of phenazine groups. Thus, we
verified whether the fluorescence quenching of TPAIP in meth-
anol was caused by molecular aggregation. The effectiveness of
measuring TPAIP aggregation in solution was demonstrated
through dynamic light scattering experiments. TPAIP (20 uM)
was subjected to dynamic light scattering in various solvents
(toluene, dimethyl sulfoxide, acetone, ethanol, and methanol),
revealing substantial aggregation sizes in methanol. However,
the aggregate size of TPAIP in other solvents fell below the
instrument's limit, precluding determination of the aggregate
size. At the consistent concentration of 20 uM, the average
aggregation size of TPAIP in methanol was measured at 212 nm
(Fig. S4%). These data unequivocally established the formation of
aggregates by TPAIP in methanol. Molecular aggregation relies
on intermolecular interactions, such as -7 stacking, hydrogen
bonding, hydrophobic or electrostatic interactions, and van der
Waals forces. These interactions govern the degree of molecular
aggregation and exert influence over the photophysical behaviors
of the molecule.

In order to gain a deeper understanding of the molecular
structure in its solid form, TPAIP crystals were cultivated for X-ray
analysis through the gradual evaporation of their methanol
solution. The crystal structure illustrated in Fig. 2 revealed that
the phenazine-imidazole units of TPAIP exhibit a well-defined
planar configuration. Furthermore, numerous weak interac-
tions between molecules, such as C-H: -1 and 7- stacking, can
be observed within the crystalline state (Fig. 2). When viewed
from a side perspective, a single crystal is formed by stacking two
TPAIP molecular dimers that are not completely face-to-face
stacked. These dimers display intermolecular C-H---7 and m-7
packing interactions at distances of 2.77 A and 3.34 A, respec-
tively. Additionally, these dimers stack with two outer reversed
dimer heads to form columns through strong C-H---7 interac-
tions (at a distance of 2.71 A), among other interactions. More-
over, one molecule within each dimer engages in -7 stacking
interaction with another phenazine unit at a distance of 3.3 A.
From this perspective, three types of C-H---7 interactions (at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TPAIP crystal analysis. The molecular conformation in (a) side
and (b) top views. (A), (C), (D), ®—m stacking; (B), (E), (F), (G) C-H---1t
interactions.

distances of 2.93 A, 3.15 A, and 3.07 A) can be identified between
benzene and other molecules within the TPA unit.

Femtosecond transient absorption spectroscopy

Transient absorption measurements have the capability to
identify the pathways and rates of transitions between energy
levels of excited states in samples.*® In order to investigate the
impact of TPAIP on excited state dynamics, we conducted
femtosecond transient absorption spectroscopy on TPAIP (20
uM) using different solvents such as toluene, acetone, ethanol,
methanol, and dimethyl sulfoxide at 380 nm pulse excitation
(Fig. 3). Interestingly, TPAIP exhibited a distinct transient
absorption spectrum in toluene compared to those in acetone,
ethanol, methanol, and dimethyl sulfoxide. The initial transient
absorption spectra displayed a negative ground-state bleaching
signal along with excited-state absorption bands within specific
wavelength ranges: 400-455 nm and 455-650 nm, respectively
(Fig. 3). Notably, in toluene solvent (Fig. 3a and b), the
absorption intensity of TPAIP's excited state was weaker
between 455 and 530 nm compared to that between 530 and
650 nm due to the presence of overlapping stimulated emission
and excited-state absorption signals. Additionally, slight blue-
shifts were observed in the excited-state absorption bands,
indicating solvent-solute interaction or solvation effects. This
can be attributed to excitation occurring on the red side of
ground-state absorption leading to a transition from the
initially populated higher vibrational state of lowest singlet
excited state towards a relaxed S; state.*” As the time delay
increased to 300 ps, the stimulated emission signal became
completely obscured by the excited-state absorption band and
disappeared entirely. Simultaneously, the ground-state bleach-
ing signal started to surpass zero due to the overlap between the

RSC Adv, 2024, 14,17071-17076 | 17073
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Fig. 3 Femtosecond broadband transient absorption spectra of the
TAS data matrix after 380 nm excitation (left column: toluene (a),
acetone (c), methanol (e) and dimethyl sulfoxide (g)) and time evolu-
tion of the transient absorption spectra (right column: toluene (b),
acetone (d), methanol (f) and dimethyl sulfoxide (h)) of TPAIP (20 uM).

excited-state absorption and the ground-state bleaching bands.
Furthermore, a blue-shifted excited-state absorption signal was
observed and reached its maximum intensity, indicating that
triplet species formation might be responsible for these
phenomena. Subsequently, throughout the entire duration of
our experiment (7 ns), the signal did not fully diminish. In the
acetone solution of TPAIP, we observed distinct blue-shifted
excited state absorption bands along with a newly formed
excited-state absorption band in the range of 465-575 nm.
These additional absorption bands were attributed to intra-
molecular charge transfer from TPA moieties to phenazine
units (Fig. 4). After 3000 ps had elapsed, both ground-state
bleaching and excited-state absorption signals returned to
their baseline levels, suggesting an absence of triplet states
during the entire excited state evolution process. Similarly,
when using solvents with higher polarities, such as ethanol,
methanol and dimethyl sulfoxide, clear features of intra-
molecular charge transfer states were observed in the transient
spectra (Fig. 3c-h and S5t). However, these intramolecular
charge transfer signals decayed more rapidly compared to those

17074 | RSC Adv, 2024, 14, 17071-17076
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Fig. 4 Solvent-polarity dependent excited-state charge redistribution
mechanism of TPAIP. LE: locally excited state, CT: charge transfer
state, T: triplet.

in acetone solution. Additionally, the stimulated emission
signal was barely discernible, which aligns with the low fluo-
rescence quantum yields indicated in Table 1.

Solvent-dependent excited-state dynamics mechanism of
TPAIP

Global fitting of transient absorption data was conducted to
comprehensively understand the process of these spectral
changes, and the time constants of the corresponding excited
state processes are presented in Table 2. The target evolution
models and species-associated difference spectra (SADS) can be
found in Fig. S6,f while Fig. S7f illustrates the temporal
concentrations of related species and kinetics traces at various
selected wavelengths. For TPAIP in toluene, the initial species-
associated spectra (SADS-1) displayed a ground-state bleach-
ing signal at 430 nm and an excited-state absorption signal at
490 nm. The relaxation process associated with solvation-
stabilization had a time constant of 20.2 ps. This timescale
suggested that solvent reorganization facilitated by conforma-
tional relaxation occurs within the locally excited state. Subse-
quently, one portion of the locally excited state relaxes back to
the S, state, while another portion relaxes to the triplet state
through intersystem conversion. Nanosecond transient
absorption spectroscopy was utilized to investigate the charac-
teristics of the triplet state in toluene under both deaerated and
aerobic conditions (Fig. S8t). The lifetime of TPAIP monomers
in the triplet state was found to be twice as long under

Table 2 Time constants estimated for different excited-state deacti-
vation processes of TPAIP in toluene, acetone, ethanol, methanol and
dimethyl sulfoxide solvents determined by femtosecond transient
absorption spectroscopy measurements (20 uM)

Solvent 74 (ps) T 73 (ns)
Toluene 20.2 + 0.1 1.1 £ 0.1 ns Long-lived
Acetone 1.2+ 0.1 1.0 = 0.1 ns —
Ethanol 2.5+ 0.1 118.4 + 0.2 ps —
Methanol 7.0 £0.1 61.2 + 1.0 ps —
Dimethyl sulfoxide 18.2 £ 0.1 324.9 + 0.9 ps —

© 2024 The Author(s). Published by the Royal Society of Chemistry
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deaerated conditions (6 ps) compared to that in aerated
conditions (200 ns) in toluene. This observation indicates that
TPAIP was responsible for generating the triplet state, as oxygen
can quench it. However, for TPAIP in acetone, ethanol, meth-
anol, and dimethyl sulfoxide solvents, only two distinct
processes were observed: a locally excited state and an intra-
molecular charge transfer state (Fig. 4). The lifetimes of SADS-1
(locally excited state) were measured as 1.2 ps, 2.5 ps, 6.9 ps, and
18.2 ps for TPAIP in acetone, ethanol, methanol, and dimethyl
sulfoxide, respectively. Therefore, SADS-2 represented
a geometrically relaxed intramolecular charge transfer state
with radiative pathway time constants of 118.4 ps for acetone,
18.1 ps for ethanol, 1.0 ns for methanol, and 324.9 ps (t,) for
dimethyl sulfoxide.** Due to the longer radiative pathway time
constant observed in acetone solvent compared to the others
mentioned above, the fluorescence emission intensity from
TPAIP was relatively weaker in ethanol, methanol, and dimethyl
sulfoxide solvents than that observed in acetone.

Conclusions

In conclusion, this study delved into the excited-state charge
redistribution dynamics of the D-A molecule TPAIP upon exci-
tation. Utilizing steady-state and femtosecond transient
absorption spectroscopy, we found that in non-polar solvents,
the molecule underwent intersystem crossing from its local
excited state to generate a triplet state. In polar solvents,
a population conversion from the local excited state to the
charge transfer state was detected. Moreover, with increasing
solvent polarity, this conversion slowed down, while the decay
of the charge transfer state accelerated. These findings indi-
cated that solvent fluctuations play a crucial role in the charge
redistribution process. The investigation presented here high-
lights how femtosecond transient absorption can be an effective
technique for tracking photoinduced delocalization/
localization processes in phenazine derivatives such as TPAIP.
Understanding the underlying mechanism governing TPAIP's
response to different solvent polarities is invaluable for guiding
the design of novel fluorescent molecular chem- or biosensors
with numerous potential applications.
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