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Abstract

Prolonging the lifetime of charge-separated states (CSS) is of paramount importance in artificial
photosynthetic donor-acceptor (DA) constructs to build the next generation of light energy
harvesting devices. This becomes especially important when the DA constructs are closely spaced
and highly interacting. In the present study, we demonstrate extending the lifetime of the CSS in
highly interacting DA constructs by making use of the triplet excited state of the electron donor
and with the help of excitation wavelength selectivity. To demonstrate this, m-conjugated
phenothiazine sulfone-based push-pull systems, PTS2-PTS6 have been newly designed and
synthesized via the Pd-catalysed Sonogashira cross-coupling followed by [2 + 2] cycloaddition-
retroelectrocyclization reactions. Modulation of the spectral and photophysical properties of the
phenothiazine sulfones (PTZSO2) and terminal phenothiazines (PTZ) was possible by
incorporating powerful electron acceptors, 1,1,4,4-tetracyanobutadiene (TCBD) and cyclohexa-
2,5-diene-1,4-diylidene-expanded TCBD (exTCBD). The quadrupolar PTS2 displayed
solvatochromism, aggregation-induced emission, and mechanochromic behaviors. From the
energy calculations, excitation wavelength-dependent charge stabilization was envisioned in
PTS2-PTS6 and the subsequent pump-probe spectroscopic studies revealed charge stabilization
when the systems were excited at the locally excited (LE) peak positions while such effect was
minimal when the samples were excited at wavelengths corresponding to the CT transitions. This
work reveals the impact of wavelength selectivity to induce charge separation from the triplet

excited state in ultimately prolonging the lifetime of CCS in highly interacting push-pull systems.
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Introduction

Following the early events occurring in natural photosynthesis,' the study of artificial
photosynthetic multi-modular DA constructs®® has played a prominent role in the production of
n-conjugated systems useful for a range of applications in energy harvesting, organic electronics,
and photonics.”!® In this context, close proximity and high exergonicity of DA constructs can be
utilized to facilitate intramolecular charge transfer (ICT) and fine-tuning of the optical and excited-
state properties,'*° however, excited state CS and charge recombination (CR) processes in such
systems occur rapidly, making them less appealing in light energy harvesting applications. In
synthetic artificial photosynthetic systems, long-lived CSS is often achieved by optimal
positioning of the donor and acceptor systems and by following a multi-step sequential electron
transfer mechanism.?!"?6 In a few instances, heavy atom-bearing triplet sensitizers have also been
used,?”?® however, such strategy in the directly connected highly interacting DA constructs has

been nonexistent.

The TCBD and exTCBD-based directly connected DA push-pull systems**-** show strong
ICT covering absorption in the visible and near IR regions, that is, exhibiting optical properties of
black absorbers. Photosensitizers such as porphyrins, phthalocyanines, subphthalocyanines,
BODIPYs, azaBODIPYs, triphenylamine, phenothiazine, and diketopyrrolopyrroles have been
used in these constructions to extend the optical coverage into the visible and near-IR region.?!**’
Sadly, owing to close proximity and high exergonicity, the excited state CS and CR in these
systems occurred within a few picoseconds.?'"*° Extending the lifetime of the CSS in these systems
thus far has been a challenge. In the present study, we have overcome this issue, by designing
multi-modular DA systems derived from a bis-phenothiazine-phenothiazine sulfone (PTZ-
PTZS02-PTZ, PTS2 in Figure 1) scaffold. Introducing TCBD and exTCBD into PTS2 (PTS3—
PTS6 in Figure 1) modulates the energy levels of the DA constructs in such a way that the charge
transfer process can be initiated from the *PTZ* state’® when they are excited at wavelengths
corresponding to the locally excited (LE) states. Owing to the spin-forbidden CR process, long-
lived CSSs are observed. Interestingly, when the molecules are excited at the ICT peak positions,

the CSS of the singlet character revealed ultrafast CR (spin allowed process) without prolonging

its lifetime. This study has provided us with an opportunity to modulate the kinetics of electron



transfer to secure the much-desired long-lived CSSs as a function of excitation wavelength in

highly interacting DA constructs.
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Figure 1. The molecular structures of phenothiazine sulfone-based push-pull constructs.

Experimental section

General methods

All the chemicals were used as received unless otherwise indicated. The oxygen or
moisture-sensitive reactions were performed under a nitrogen/argon atmosphere using the standard
schlenk method. All the chemicals were purchased from commercial sources and used without
further purification. "H NMR (400 MHz), and *C NMR (100MHz) spectra were recorded on the
Bruker Avance (IIT) 400 MHz, using CDCI3 as the solvent and the chemical shifts were reported
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in parts per million (ppm). Tetramethylsilane (TMS) was used as an internal reference for
recording 'H (of the residual proton; 6 = 7.26 ppm), and '*C (6 = 77.0 ppm) spectra in CDCls. At
IIT-I, UV-visible absorption spectra of all compounds in Dichloromethane were recorded on a
Carry-100 Bio UV-visible Spectrophotometer. HRMS was recorded on Brucker-Daltonics, micrO
TOF-Q II mass spectrometer.

The UV-visible spectral measurements were carried out with a Shimadzu Model 2550
double monochromator UV-visible spectrophotometer. The fluorescence and phosphorescence
spectra were recorded using a Horiba Yvon Nanolog coupled with time-correlated single-photon
counting with nanoLED excitation sources. A right-angle detection method was used. Differential
pulse and cyclic voltammograms were recorded on an EG&G 263A electrochemical analyzer
using three-electrode system. A platinum button electrode was used as the working electrode. A
platinum wire served as the counter electrode and an Ag/AgCl electrode was used as the reference
electrode. Ferrocene/ferrocenium redox couple was used as an internal standard. All the solutions

were purged prior to electrochemical and spectral measurements using argon gas.

Femtosecond transient absorption spectroscopy experiments were performed using an
ultrafast femtosecond laser source (Libra) by Coherent incorporating a diode-pumped, modelocked
Ti:sapphire laser (Vitesse) and a diode-pumped intracavity doubled Nd:YLF laser (Evolution) to
generate a compressed laser output of 1.45 W. For optical detection, a Helios transient absorption
spectrometer coupled with a femtosecond harmonics generator, both provided by Ultrafast
Systems LLC, was used. The sources for the pump and probe pulses were derived from the
fundamental output of Libra (Compressed output 1.45 W, pulse width 100 fs) at a repetition rate
of 1 kHz; 95% of the fundamental output of the laser was introduced into a TOPAS-Prime-OPA
system with a 290—2600 nm tuning range from Altos Photonics Inc., (Bozeman, MT), while the
rest of the output was used for generation of a white light continuum. Kinetic traces at appropriate
wavelengths were assembled from the time-resolved spectral data. Data analysis was performed
using Surface Xplorer software supplied by Ultrafast Systems. All measurements were conducted

in degassed solutions at 298 K. The estimated error in the reported rate constants is £10%.

Results and Discussion

Synthesis highlights



PTS2 bearing two terminal PTZ units and a central PTZSO:2 was synthesized as the starting
material for introducing TCBD and exTCBD entities. The synthesis of PTS2 was carried out via
the Pd-catalyzed Sonogashira cross-coupling reaction of dibromo-substituted phenothiazine
sulfone 1 with 2.2 equivalent of ethynyl phenothiazine 2 in THF/TEA (1:1) solvent at 70 °C for 12
h. Following purification by column chromatography, PTS2 was obtained with 76% yield
(Scheme 1). The starting compounds, bromo-substituted PTZSO2, 1 and ethynyl phenothiazine, 2
were synthesized using reported procedures.’! A control compound, PTZ-control, with phenyl

rings as the end-capping unit has also been synthesized.
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Scheme 1. Synthetic route of symmetrical phenothiazine sulfone based chromophores PTS2.

—’@B@ @m/w@

Cs“n
PTS3 (56%)

0,0 s
’ @ @ ‘S'

DCM. 40°C, ’ @ @

2.2eq

L0 coclll = :
CsHyy
S N Q9 = S PTS4 (70%)
N O S O “ — | N _CN
1
N
1
CsHyy
PTS2 1

DCE, 120 °C, 48h
1.1 eq.

DCE, 120 °C, 48h,
2.2 eq.




Scheme 2. Synthetic route of symmetrical and unsymmetrical PTZSOz-based push-pull PTS3—
PTSé6.

The TCBD and exTCBD featured phenothiazine sulfone DA constructs, PTS3—-PTS6,
were synthesized via the Pd-catalyzed Sonogashira cross-coupling reaction and [2+2]
cycloaddition—retroelectrocyclization reaction. Here, we have varied the acceptor from mono-
TCBD to bis-TCBD in PTS3-PTS4, and additionally exploited the exTCBD unit from mono-
exTCBD to bis-exTCBD in PTS5-PTS6. The [2 + 2] cycloaddition—retroelectrocyclization

reaction??-3°

of chromophore PTS2 with 1.1 equivalent of TCNE in dichloromethane solvent for
24 h at room temperature resulted in unsymmetrical chromophore PTS3 in 56% yield, whereas
the reaction of PTS2 with 2.2 equivalent of TCNE resulted in symmetrical chromophore PTS4 in
70% yield. The expanded TCBD functionalized unsymmetrical chromophore PTS5 was
synthesized via [2 + 2] cycloaddition—retroelectrocyclization reaction of PTS2 with 1.1 equivalent
of TCNQ in DCE solvent for 48 h at 120 °C in 48% yield. The reaction of PTS2 with 2.2 equivalent
of TCNQ resulted in the expanded TCBD functionalized symmetrical chromophore PTS6 in 56%
yield (Scheme 4). The synthetic procedure for control compound PTS1 is given in Scheme S1

(SI). The characterization of all the newly synthesized compounds was carried out using 'H and

13C NMR spectroscopy and the HRMS technique (see Figures S11 — S31 in SI)

Absorption Spectra

The optical properties of the PTS1-PTS6 constructs were recorded in dichloromethane as
shown in Figure 2 and the data are listed in Table 1. The absorption spectrum of symmetrical PTS2
shows an absorption band at 389 nm, which is attributed to the m—n* transition. The absorption
spectra of TCBD functionalized unsymmetrical and symmetrical chromophores, PTS3 and PTS4
exhibited multiple absorption bands (300—460 nm) in the lower wavelength region attributed to
the m—m* electronic transitions. The broad absorption band for PTS3 and PTS4 at the longer
wavelength of 570 nm and 546 nm, respectively, is ascribed to the ICT transitions (also known as
intramolecular charge polarization) due to the strong D-A push-pull interactions. The symmetrical

chromophore PTS4 showed a comparatively broad ICT band compared to the unsymmetrical



Table 1: Photophysical and electrochemical data of chromophores PTS1-PTS6 recorded in

dichloromethane solution.

Compound Aabs, NM HOMO  LUMO AE® AE; (HOMO-
g/10°(M'em™) (eV)? (eV)? LUMO gap)®
PTS2 —5.06 —2.60 1.81 3.40
381 (54140)
PTS3 456 (26140), 570 (10160) —5.34 —4.15 1.04 2.09
PTS4 450 (38390), 546 (18410) -5.59 —4.25 1.21 2.05
PTSS 406 (35410), 660 (14240) —5.31 —4.21 0.98 1.46
PTS6 448 (15570), 663 (7850) —-5.42 —4.23 0.96 1.62

* HOMO-LUMO energy gap from electrochemical studies by using the cyclic voltammetry

btheoretical energy gap calculated from density functional theory.
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Figure 2. Electronic absorption spectra of PTS2-PTS6 donor-acceptor constructs in
dichloromethane.

PTS3 owing to the incorporation of an additional TCBD unit. The chromophores PTS5 and PTS6

incorporated with exTCBD acceptor showed a broad absorption in the longer wavelength region
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of 550—1000 nm which could be attributed to the ICT transitions and the absorption band around
400 nm in the lower wavelength region to the n—n* electronic transitions. The ICT band of PTSS
and PTS6 was red-shifted by 90—-120 nm due to the incorporation of stronger acceptor exTCBD
units than the chromophores PTS3 and PTS4 having comparatively weaker TCBD (vide supra).

Solvatochromism

The effect of solvents of different polarities on the ICT transition of PTS2 was investigated
through absorption and emission spectroscopy (Figure 3). The ICT transition is expected to
enhance the dipole moment of the molecule in the excited state resulting in a polarized excited
state.'2° The reorganization of polar solvent molecules around the polarized excited state results
in the stabilization of the excited state which is observed via the redshift in the emission spectrum
of PTS2 on varying the solvent polarity from non-polar (cyclohexane, toluene) to polar solvent
(1,4-dioxane, THF, chloroform, dichloromethane (DCM)). In contrast to the absorption spectra
(see Figure S1), the emission spectra of PTS2 exhibit noticeable change due to the formation of a
more polarized excited state than the electronic ground states. In the non-polar

solvent, i.e. cyclohexane, a blue color emission was recorded at 453 nm with a shoulder peak at
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Figure 3. The normalized emission spectrum of PTS2 in solvents of varying polarities.



479 nm owing to the localized excited (LE) emission. On increasing the solvent polarity from
toluene to DCM, the peak corresponding to LE emission was merged into CT emission, and a
broad spectrum with emission maxima was recorded at 473 nm (toluene), 475 nm (1,4-dioxane),
483 nm (chloroform), 488 nm (THF), and 497 nm (DCM), respectively. The chromophores PTS3—
PTS6 were non-emissive in the solvents of varying polarities as emission gets quenched by the

incorporation of TCBD and exTCBD electron acceptor units.
Aggregation-Induced Emission (AIE)

The PTS2 exhibits aggregation-induced emission owing to the AIE active butterfly-shaped
phenothiazine unit, which shows strong yellow color emission in the solid-state.’? The PTS2 is
readily soluble in DMF and the gradual increase of water fraction in DMF results in the formation
of nano-aggregates. The PTS2 exhibits a light yellow color emission at 524 nm in pure DMF. The
addition of water up to 30% results in a gradual decrease in the intensity of emission spectra which
is likely due to additional solvent stabilization of the CT state. At a 40% water fraction, a new

emission peak appeared at 563 nm, which showed a redshift of 39 nm. The enhanced emission at
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Figure 4. (a) Emission spectrum of PTS2 in DMF—water mixtures (0-90% water), and (b) plot of
fluorescence intensity vs. % of water fraction (fw) (PTS2 concentration = 10 pM; intensity was
calculated at Amax). The top panel shows a picture of the PTS2 solution in DMF on increasing the
addition of water under UV-light illumination.



40% water fraction could be assigned to the formation of nano-aggregates, and the intensity of
AIE gradually increases up to 70% water fraction. At high water concentrations, a slight decrease
in the emission intensity was observed, which is attributed to the formation of large-sized nano-
aggregates, which are less exposed to radiation as compared to smaller aggregates. The AIE
behavior was also studied using absorption spectroscopy (Figure S2, SI). The absorption spectra
for chromophore PTS2 revealed no significant change up to 60% water fraction, above which
there was a scattering of light or the Mie effect’’ (also known as non-molecular
scattering or aerosol particle scattering) observed due to the formation of nanoaggregates. The AIE
behavior of PTS2 is shown in Figure 4 under UV illumination. The chromophores PTS3-PTS6
incorporated with TCBD and exTCBD units are not fluorescent in the solid-state and were not

susceptible to exhibit AIE behavior.

Mechanochromism

Compound PTS2 was predicted to exhibit mechano-responsive behavior owing to the
conformationally flexible butterfly-shaped phenothiazine moiety in the molecular framework.>->3

The attachment of phenothiazine units via triple bond at 3 and 7 positions could enhance the
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Figure 5. Solid state emission of PTS2 in the pristine and milled form.
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flexibility of donor phenothiazine unit around the central phenothiazine sulfone moiety and
promote physical structural change owing to a twisted structure on applying the mechanical
stimuli. The pristine form of PTS2 is light orange in color and emits at 568 nm. The application
of mechanical grinding of PTS2 resulted in bright yellow emission at 540 nm (Figure 5). The
powder X-ray diffraction (PXRD) of PTS2 in the pristine and ground state, shown in Figure S3,
revealed the amorphous nature of PTS2 in both states and there is no major structural change upon

grinding the material.

Theoretical Studies

The density functional theory (DFT) calculations on PTS2-PTS6 were performed to optimize the
molecular geometry and electronic properties using the B3LYP/6-31G** basis set.>* In order to
reduce the computation time, the propyl substituent was used instead of the octyl substituent at the
central PTZSOz. The TCBD and exTCBD substituted chromophores PTS3—PTS6 exhibited a non-
planar framework owing to the presence of a butterfly-shaped PTZSO: unit as the central core and
additional acceptor TCBD units (Figure 6). The frontier orbitals of PTS2—PTS6 are shown in
Figure 6. The HOMO energy level in PTS2 is distributed throughout the molecule but the LUMO
is concentrated mostly on the PTZSO2 unit with some contributions to the terminal phenothiazine
entities. In the unsymmetrical chromophores PTS3 and PTSS, the electron density of the HOMO
is mainly concentrated on the terminal PTZ unit with some coefficients on the benzene ring of the
central PTZSOsz. In these molecules, the LUMO is predominantly concentrated on the acceptor
TCBD unit and extended toward the central PTZSO:z unit. In the case of TCBD functionalized
symmetrical chromophores PTS4 and PTS6, the electron density of the HOMO energy levels was
mainly concentrated on the terminal donor PTZ unit. The incorporation of additional TCBD or
exTCBD in PTS4 and PTS6 tends to increase the acceptor character and the LUMO energy levels
were localized on the TCBD unit. The outcomes of the theoretical calculations show excellent
intramolecular electronic communication. The electron-withdrawing character of the
TCBD/exTCBD acceptor units caused a significant decrease in the HOMO-LUMO energy gap in
PTS2-PTS6. The theoretically calculated HOMO-LUMO gaps for PTS2-PTS6 are 3.44, 1.94,

2.19, 1.49, and 1.69 eV, respectively. These values are in good agreement with experimental data
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Figure 6. Optimized structure, frontier HOMO and LUMO orbitals of PTS2-PTSé.

calculated from the electrochemical studies (vide supra). The HOMO-LUMO gap in PTS2-PTS6
follows the order PTS2 > PTS4 > PTS3 > PTS6 > PTSS5, which is reflected in their electronic
absorption. The chromophore PTS2 with a high HOMO-LUMO gap has exhibited absorption in
the lower wavelength region, whereas the TCBD/exTCBD functionalized PTS3-PTS6 showed
red-shifted absorption in the NIR region due to the tuned HOMO-LUMO gap.

Electrochemical Studies

The redox properties of chromophores PTS1-PTS6 were evaluated by the means of cyclic
voltammetry (CV) in o-dichlorobenzene (DCB) containing 0.1 M TBA(CIO)4 as a supporting
electrolyte. The voltammograms are shown in Figure S4 and the peak potentials are listed in Table
S1 while the calculated energy gap (difference between the first oxidation and first reduction) is
given in Table 1. PTZ-control with only a PTZ entity revealed oxidation at 0.81 V vs. Ag/AgCl
corresponding to PTZY* process. PTS1 with only a PTZSO2 group revealed a quasi-reversible
reduction at -0.95 V vs. Ag/AgCl suggesting it is fairly electron-deficient due to the sulfone group.
Irreversible oxidation at Epa = 1.63 V was also observed. The oxidations of PTZ entities in PTS2

were located at 0.86 and 1.36 V while the reduction corresponding to the central PTZSO2 was at -
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0.95 V. The electron donor role of PTZ and acceptor role of PTZSO2 in PTS2 is thus born out. In
the cases of PTS3 and PTS4, with one and two entities of TCBDs, additional cathodic processes
corresponding to TCBD reductions were observed. In PTS3, two reductions at -0.16 and -0.54 V
corresponding to TCBDY~ and TCBD* were witnessed while the PTZ oxidation was slightly
anodically shifted and appeared at 0.88 and 1.06 V. The first oxidation was due to the PTZ entity
far from TCBD and the second peak was due to PTZ close to TCBD. An anodic shift of about 180
mV in the latter process is due to the electronic effect induced by the neighboring TCBD entity.
In the case of PTS4, although the TCBD reductions appeared to have almost the same potential,
the PTZ oxidation appeared as a single peak at 1.07 V as both PTZ entities were close to TCBD.
In the case of PTSS and PTS6, having one and two entities of exTCBDs, reductions corresponding
to the exTCBD occurred at much lower potentials compared to that observed for TCBD in PTS3
and PTS4. The first two reductions of exTCBD in PTSS were located at -0.03 and -0.13 V and
oxidation at 0.95 V corresponding to PTZ entities (overlap of two anodic waves) were observed.
A similar trend was also observed for PTS6. In this case, exTCBD reductions were at -0.01 and -
0.13 V, and the first oxidation corresponding to phenothiazine was at 0.90 V. The electrochemical
redox gap, AE, followed the order: PTS6 < PTS5 <PTS3 <PTS4 <PTS2. This trend agrees well

with the optical coverage of these compounds displayed in Figure 2.
Energy Consideration for Excited-State Electron Transfer

In benzonitrile (solvent used in photochemical studies, see Figure S32 for absorption and
fluorescence spectra), PTS2, absorption, and fluorescence peak maxima were located at 370 and
500 nm, respectively, not significantly different from that observed in DCB, from which an Eoo
value of 2.90 eV was calculated. The phosphorescence spectrum of PTS1 is shown in Figure S5.
Triplet emission at 520 nm was observed from which energy of the triplet state, £t = 2.38 eV was
obtained. The singlet lifetime of PTS2, from the time-correlated single-photon counting (TCSPC)
technique, was found to be 4.6 ns which was smaller than that of PTS1 being 5.8 ns (both
monoexponential decays), suggesting the occurrence of excited state events in PTS2 (see Figure
S6 for decay curves). The absorption and emission spectra of PTZ-control are shown in Figure
S7. Absorption peak maxima at 349 nm, fluorescence peak maxima at 460 nm, and
phosphorescence (at liquid nitrogen temperature) at 532 nm was observed. The singlet lifetime of

PTZ-control from the TCSPC technique revealed a monoexponential decay with a lifetime of
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5.09 ns. From the phosphorescence peak maxima, triplet energy for *PTZ* was calculated to be
2.32 eV. In order to visualize the possibility of excited-state charge transfer, using the optical,
computational, and redox data, energy level diagrams were established. Free-energy of charge
separation and charge recombination was estimated using the Rehm-Weller approach.’® Figures 7a
and b, respectively show the energy level diagrams of PTS2, and TCBD-derived systems (PTS3
and PTS4), while Figure S8 shows exTCBD-derived systems (PTS5 and PTS6).

As shown in Figure 7a, in the case of the quadrupolar PTS2 system comprised of two PTZ
electron donors and one PTZSO: electron acceptor, photoinduced electron transfer (PET) from
both singlet and triplet excited states yielding PTZ*- PTZSO2"-PTZ charge-separated state in
benzonitrile is thermodynamically possible. The relatively high energy of *PTZ* (2.32 eV) or
SPTZSO2* (2.38 eV) formed from the intersystem crossing of the respective singlet excited states
was realized to be an important contributor. If electron transfer indeed originates from the *PTZ*
or PTZSO:* then the charge-separated state would also be a triplet state. Under such
circumstances, charge recombination would be a slow process as this is a spin-forbidden process.
Relatively long-lived charge-separated states could be anticipated from such a process.

The energy diagrams for systems showing strong charge transfer events are shown in
Figures 7b and S8. From the earlier discussed optical data, two types of excitation processes, viz.,
local excitation (LE) and charge transfer (CT), are possible in both TCBD and exTCBD possessing
systems. The energy of the CT state evaluated from computational results (energy difference
between HOMO and LUMO levels) and CS state from the traditional Rehm-Weller approach
(including the energy of solvation from the Dielectric continuum model)*® are utilized in the
construction of these diagrams. It is important to note that both Ect and Ecs are well-below those
of both Es and Et energies under the conditions of LE excitation. Under such circumstances,
3PTZ* formed upon intersystem crossing (ISC) of 'PTZ* can involve in the CT and CS processes
resulting in the radical ion-pair formation of triplet character. However, when these systems are
excited at longer wavelengths corresponding to CT peak maxima, the Ect would be much lower
than either Ecr or Ecs states. If ET occurs, the resulting CS product will be of singlet character,
and under such circumstances, faster CR to the ground state could be expected due to the singlet
nature of the product, lowering the overall lifetime of the CSS. Importantly, due to the high
exergonicity of the CS events, much faster electron transfer events could also be anticipated. It

may be mentioned here that in a recently reported study by us featuring PTZ monomer and dimer
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carrying TCBD and exTCBD, the ET and Ect were almost the same, especially in the case of

TCBD systems, creating a ping-pong effect between triplet and charge-transfer states.*’ The

present study with a central PTZSO: seems to lower the Ecr energy facilitating CT and CS

originating from the triplet state.
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(b) TCBD bearing systems under local excitation (LE) and charge transfer (CT) peak positions
(see text for details). Note - Excitation of PTS3 and PTS4 corresponding to their CT would
produce their singlet excited states, not shown for brevity.

Femtosecond Transient Absorption Studies
Pump-probe spectroscopic studies using 100 fs laser pulses of selected wavelengths are

subsequently performed to witness the charge transfer/separation and kinetics as a function of

excitation wavelengths involving the LE and CT peak positions. In order to help interpret the

transient spectral results, the oxidized and reduced species of the investigated compounds were

generated as shown in Figure S9. The oxidized species of PTZ2 exhibited a low-intensity new
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peak at 470-550 nm, however, no new peaks were observed during the reduction of PTZ2. The
oxidized species of PTS3 and PTS4 revealed a new peak in the 600 nm region while the reduced
species revealed a broad peak spanning the 500—800 nm range. Similarly, a new peak in the 980
nm region for the oxidized species of PTS5 and PTS6, new peaks at 645, and a broad peak
spanning 880—1400 nm with peak maxima at 1142 nm for the reduced species were observed.
Figure 8a shows the femtosecond transient absorption (fs-TA) spectra at the indicated delay
times for PTZ-control in benzonitrile at the excitation wavelength of 395 nm. The 'PTZ* formed
was characterized by a broad negative signal covering the 480—500 nm range, and from the earlier
discussed spectral data, this has been attributed to the process of stimulated emission (SE).
Recovery of this signal was slow consistent with its long singlet lifetime of 5.09 ns. The recovery

was associated with the slow growth of a new signal in the 580—600 nm which could be attributed
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Figure 8. Fs-TA spectra at the indicated delay times of (a) PTZ-control (excitation = 395 nm),

(b) PTS1 (excitation = 366 nm) and (c¢) PTS2 (excitation = 366 nm) in PhCN. Figure (d) shows
the population kinetics of different photo-events of PTS2.
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to the *PTZ*. In the case of PTS1 having only a PTZSOz, the fs-TA spectral features were
different (see Figure 8b). A strong excited state absorption peak (ESA) spanning the 500—600 nm
region was observed with a negative peak in the 490 nm range due to SE. Decay/recovery of the
positive and negative signals was accompanied by new peaks at 520, 600, 734, and 761 nm
attributable to the triplet excited state.

The fs-TA spectra of the triad PTS2 having two PTZ and a central PTZSOz are shown in
Figure 8c. It may be mentioned here that at the excitation wavelength of 366 nm both
chromophores are likely to get excited resulting in oxidative (from excited PTZ) and reductive
(from excited PTZSOz) electron transfer events. From Figure 7a, charge separation from both the
singlet and the triplet excited states was expected although the latter would be the primary
contributor. The transient spectra revealed a strong peak at 606 nm with small spectral shifts
during the course of the experiment. Since both *PTZ* and PTZ* signals are expected in this
region, from the spectral trends, the presence of both *PTZ* and PTZ* at the earlier delay times
and only PTZ" at the latter time was obvious. That is, *PTZ* and *PTZSO2* involvement in CS
and not their singlet excited states was obvious. Expectedly, *PTZSO>* peaks, expected in the
520, 600, 734, and 761 nm range (see Figure 8b), were absent further confirming its involvement
in the charge separation process. The majority of the signal persisted beyond the 3 ns, the delay
time of our instrument setup, further supporting the CS process to originate from the triplet excited

state. The data was further subjected to global target analysis>®>’

wherein both two-component fit
(representing T1 = CS) and three-component fit (representing S1 = T1 > CS) was applied. The
lifetime of the long- lived component, attributable to the CS state was 6.13 ns, however, this could
be considered the lower limit as much of the signal was still present. Next, the push-pull systems
derived from TCBD, PTS3, and PTS4, were investigated by exciting the sample at 400 nm
corresponding to the LE state. As shown in Figure 8b, at this excitation wavelength, the 'PTZ* is
expected to undergo ISC to produce *PTZ* that would eventually promote CT and CS states of
triplet character. This seems to be the case in the data shown in Figure 9. In the case of PTS3,
the 'PTS3* formed within about 2 ps revealed ESA peaks at 535, 734, 758, and 898 nm (see Figure
9a). A negative peak at 456 nm representing SE was also observed. Decay/recovery of the

ESA/SE peaks resulted in a spectrum with a peak maxima at 637 nm attributable to 3PTS3* state
(see spectrum at 3.97 ps).
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Figure 9. Fs-TA spectra at the indicated delay times of (a) PTS3 and (b) PTS 4 at the excitation
wavelength of 400 nm. The middle and right-hand panels show, respectively, SAS and population
kinetics of different species.

The decay of this peak was associated with a blue shift with a peak maxima at 601 nm.
From the earlier discussed spectroelectrochemical results on PTZ3, this could be attributed to the
charge-separated state (both oxidized and reduced PTZ3 had positive absorbance in this region as
shown in Figure S9b). Glotaran analysis was subsequently performed for a three-component fit
representing S1 2 T1 = CS processes. The species-associated spectra (SAS) for each species are
shown in Figure 9a middle panel while population kinetics are shown right the right-hand panel.
The SAS spectra closely resembled that expected for the given species. From population kinetics
data, the average lifetimes for T1 and CS were found to be 11.55 and 3.10 ns. Lifetime for the CS
state was generally higher than that reported for other donor-TCBD systems by us and others?*->°
wherein singlet excited state species were involved in promoting CS events. A similar trend
representing S1 = T1 = CS processes was observed in the case of PTS4 (see Figure 9b) wherein

the SAS spectra closely resembled that expected for the given species. From population kinetics

data, the average lifetimes for T1 and CS were found to be 9.52 ps and 5.22 ns. We also analyzed
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the data by a four-component fit representing S1 = T1 = CT = CS processes. However, both CT

and CS were very close suggesting these two processes occur almost simultaneously.
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Figure 10. Fs-TA spectra at the indicated delay times of (a) PTSS and (b) PTS6 at the excitation
wavelength of 400 nm. The middle and right-hand panels show, respectively, SAS and population
kinetics of different species.

Next, fs-TA studies on PTS5 and PTS6 carrying a much stronger electron acceptor
exTCBD were performed by exciting the samples at 400 nm representing LE excitation. The
energy diagram, shown in Figure S8, also predicted the possibility of CT and CS processes
originating from the *PTZ* and *PTZSO:* thus enhancing the lifetime of the CS products. Figure
10 shows the fs-TA spectra at the indicated delay times, SAS, and population kinetics representing
the S1 = T1 = CS processes of these two compounds. Spectral appearance in the 800—1000 nm
range suggests the strong spectral overlap of different states including the CT state. Thus, the SAS
attributed to the T state could have contributions from the CT state also. Our attempts to separate
these two events were not fully successful. Importantly, the SAS representing the CS state clearly

revealed the expected near-IR peak of PTZ5" in the 1000—1400 nm range confirming its presence.
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Lifetimes of the T1 and CS from population kinetics were found to be 14.22 ps and 3.23 ns for
PTSS and 15.13 ps and 2.26 ns in the case of PTS6. Due to the higher exergonicity of exTCBD
systems, faster CS events in PTS5 and PTS6 compared to PTS3 and PTS4 have been witnessed.
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Figure 11. Fs-TA spectra at the indicated delay times of (a) PTS5 and (b) PTS6 at the excitation
wavelength of 680 nm. The middle and right-hand panels show, respectively, SAS and population
kinetics of different photo events.

As discussed earlier, excitation of the PTS3—PTS6 corresponding to their CT state
peak position is expected to generate their corresponding 'CT* states, viz., [PTZ-(TCBD-
PTZS02)>-TCBD-(PTZ)*]* in the case of PTS3, '[PTZ-(TCBD)*-(PTZSO2-PTZ)*1* in the
case of PTS4, '[PTZ-(exTCBD-PTZS02)%-(exTCBD-PTZ)?*]* in the case of PTS5, and ![(PTZ-
exTCBD)?-(PTZSO02-PTZ)%]* in the case of PTS6, respectively (derived based on the location
of the frontier orbitals in Figure 6). The 'CT* states thus produced could undergo CS, especially
in polar benzonitrile utilized here, or relax to the ground state directly. If it undergoes the former

process, due to the singlet origin of the charge-separated product, the lifetime of such species
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would be much shorter than that discussed earlier for the triplet state originated charge separation.
In order to confirm this, fs-TA spectral studies on PTS3—PTS6, excited at their CT peak maxima,
were performed. Figure S10 shows data corresponding to PTS3 and PTS4 while Figure 11 shows
that of PTSS5 and PTS6.

As can be seen from the presented data, all of the photochemical events were completed
within about 80 ps for both TCBD or exTCBD bearing push-pull compounds, a good sign that
these are !CT* = CS originated species. The SAS spectra attributed to the CS state matched
closely to the earlier discussed results when LE excitation was used, including the near-IR peak in
the case of PTSS5 and PTS6 (see Figure 11). The lifetime of the charge-separated states of singlet
character from the analysis of population kinetics was found to be 16.36 ps for PTS3, 15.15 ps for
PTS4, 19.9 ps for PTSS, and 21.6 ps for PTS6. It may be mentioned here that the spectra
associated with the charge-separated state appear slightly different due to different excited state
species produced at different wavelengths. These lifetime values are comparable to the lifetime
of other Donor-TCBD and Donor-exTCBD systems (Donor = electron-rich photosensitizer),

30-50

reported earlier, all originating from their respective singlet excited states.

Summary

Extension of the lifetime of charge-separated states in strongly interacting push-pull
systems by making use of the triplet excited states formed as a function of excitation wavelengths
have been successfully demonstrated. To accomplish this task, electron-rich phenothiazine and
electron-deficient phenothiazine sulfone were used to form the initial triad. Several interesting
properties, including mechanochromism, solvatochromism, and aggregation-induced emission
were observed for this triad. The introduction of stronger electron acceptors, TCBD and exTCBD
resulted in intramolecular charge transfer both in the ground and excited states. The formation of
high-energy triplet states (2.32-2.38 eV) of both phenothiazine and phenothiazine sulfone was
established from phosphorescence studies suggesting that they can promote electron transfer
resulting in long-lasting, charge-separated states of triplet character irrespective of the nature of
electron acceptors, PZSO2 or TCBD/exTCBD due to thermodynamic feasibility of such reactions.
This phenomenon was possible to demonstrate using femtosecond transient absorption spectral
studies where excitation of the studied push-pull systems corresponding to the locally excited state

resulted in the formation of the triplet excited states of the probes by intersystem crossing and due
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to their high energy, they were able to promote charge separation. The lifetime of the charge-
separated states was much higher than what would be expected from their singlet excited state.
Alternatively, excitation of the push-pull systems corresponding to their charge-transfer state also
promoted charge separation but due to the singlet character of the products, fast charge
recombination was witnessed. The present study brings out the significance of high-energy triplet
states and excitation wavelength selection, the two key parameters, in promoting and stabilizing

charge separation in highly interacting push-pull systems.
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