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Herein, a spiro rhodamine (Rho)-thionated naphthalimide (NIS) electron donor—acceptor orthogonal
dyad (Rho-NIS) was prepared to study the formation of a long-lived charge separation (CS) state via the
electron spin control approach. The transient absorption (TA) spectra of Rho-NIS indicated that the
intersystem crossing (ISC) occurs within 7-42 ps to produce the *NIS state via the spin orbit coupling
ISC (SOC-ISC). The energy order of >CS (2.01 eV in n-hexane, HEX) and °LE states (1.68 eV in HEX)
depended on the solvent polarity. The 3NIS state having n—n* character and a lifetime of 0.38 ps was
observed for Rho-NIS in toluene (TOL). Alternatively, in acetonitrile (ACN), the long-lived *CS state
(0.21 us) with a high CS state quantum yield (@cs, 97%) was produced with the *NIS state as the
precursor and the CS took 134 ps. On the contrary, in the case of the reference Rho-naphthalimide (NI)
Rho-NI dyad without thionation of its carbonyl group, a long-lived CS state (0.94 ps) with a high energy
level (Ecs = 2.12 eV) was generated even in HEX with a lower @cs (49%). In the presence of an acid, the Rho
unit in the Rho-NIS adopted an open form (Rho-o) and the 3NIS state was produced within 24—-47 ps with

Received 9th October 2023, the 'Rho-o state as the precursor. Subsequently, slow intramolecular triplet—triplet energy transfer (TTET, 0.11-

Accepted 1st November 2023 0.60 ps) produced the *Rho-o state (9.4-13.6 ps). According to the time-resolved electron paramagnetic
resonance (TREPR) spectra of NIS-NH,, the zero-field splitting (ZFS) parameter |D| and E of the triplet state
were determined to be 6165 MHz and —1233 MHz, respectively, indicating that its triplet state has significant

nr* character, which was supported by its short triplet state lifetime (6.1 ps).
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Introduction

Charge separation (CS) is important in fundamental photo-
chemistry studies,"™> as well as in photocatalysis,>*"'®
photovoltaics,"”2° photodynamic therapy,® thermally acti-
vated delayed fluorescence (TADF) emitters for application in
OLEDs,** % etc. One of the major goals in this area is to prolong
the CS state lifetime, i.e., to obtain a long-lived CS state, where
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the charge recombination (CR) should be thousands of time
slower than the CS process.>*?”*® The electron transfer in
organic electron donor-acceptor dyads can be described by
the Marcus equation:>*~*

4r3 )
kET = <W) V exXp

In the equation, /& and kg represent the Planck and Boltzmann

(AGE; +4)°
42kg T

(1)
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constants, respectively. AGgy is the Gibbs free energy change
of the electron transfer, A is the total reorganization energy and
Vis the electronic matrix element. According to this equation, a
few strategies have been developed to prolong the CS state
lifetime. For example, reducing the electronic coupling matrix
elements between the initial state and final state of the CS
process, usually by introducing long and saturated linkers
between the donor and acceptor. However, this method suffers
from the drawback of challenging synthesis and slow charge
transfer kinetics, which may be overcome by other relaxation
processes of the 'LE excited state (LE: locally excited), such as
the direct decay of the S; state to the ground state (S).
Alternatively, the Marcus inverted region effect was also
exploited to prolong the CS state lifetime, although this effect
is often less profound than theoretically predicted.

Recently, a new method to prolong the lifetime of the CS
state was developed, ie., using the electron spin control
effect.>*®*273® The CS and CR processes are electron spin
selective, ie., given that the CS has a singlet 'LE precursor,
the formation of the 'CS state is dominant over the formation
of the triplet >CS state, considering that the electron exchange
energy (J) of the unpaired electrons is large.> Under this
condition, the formation of the radical ion pair or the spin-
correlated radical pair (SCRP) is unlikely.’”° Alternatively, an
*LE precursor will dominantly give the *CS state, where the CR
from the >CS state to the S, state is slower than the CR of the
'CS state to produce the S, state because the *CS — S, process
is electron spin forbidden. Thus, it is highly desirable to
produce the *CS state rather than the 'CS state. Therefore,
efficient intersystem crossing (ISC) of the electron donor or
acceptor will be beneficial for the formation of a long-lived *CS
state.>'1*°

Concerning this, transition metal complexes have been used
for the construction of electron donor-acceptor dyads to obtain

NH,
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the long-lived CS state because the ISC in these metal com-
plexes is fast and efficient, usually producing the *MLCT state
(MLCT: metal-to-ligand-charge-transfer).*>*3>41%4 The fast
ISC is due to the strong spin orbit coupling (SOC) effect of
the transition metal ion. However, these precious metal com-
plexes are expensive and the strong SOC may shorten the CS
state lifetime.>® Thus, heavy atom-free organic molecular sys-
tems showing efficient ISC are highly desirable for the prepara-
tion of electron donor-acceptor dyads to attain long-lived CS
states by exploiting the spin control effect. However, this is
challenging because very few heavy atom-free organic molecu-
lar systems show efficient ISC, and only limited examples of
this approach have been reported.**°

Recently, we used the spin-orbit charge transfer ISC (SOCT-
ISC) for this purpose,’® which requires an orthogonal geometry
between the donor and acceptor units in the molecular struc-
ture of the dyad.>*°™*® However, the ISC is slow for our
previously reported dyad.’"*° Thus, it is clear that more meth-
ods for the formation of the *CS state via the electron spin
control effect should be studied. We noted that the thionation
of the carbonyl group of a chromophore may induce efficient
ISC in the otherwise strongly fluorescent chromophores.**™> In
this case, the molecular derivatization involves the replacement
of only one atom. Another advantage of thionation is the
enhanced electron-accepting ability of the resulting thionated
chromophore.®® Inspired by the previously reported spiro
donor-acceptor dyad based on a rhodamine (Rho) and
naphthalimide (NI) dyad molecular structure to obtain the
long-lived *CS state via the electron spin control method and
to enhance the ISC to populated the ’LE state,*® herein we
performed further derivatization, i.e., thionation of the NI unit,
to enhance the ISC ability and the electron-accepting ability of
the NI unit (Rho-NIS, Scheme 1). The electron transfer and
ISC processes of the compounds were studied via steady state
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Scheme 1 Molecular structures of rhodamine-thionated naphthalimide derivatives. (a) Na,Cr,O;-2H,O, AcOH, N, reflux, 5 h, and yield: 55%.
(b) n-butylamine, EtOH, N, reflux, 2 h, and yield: 54%. (c) SnCl,-2H,0, Con. HCl, EtOH, N, RT, 15 min, and yield: 81%. (d) Lawesson's reagent, dry
toluene, N, reflux, 21 h, and yield: 287%. (e) Acetic anhydride, acetic acid, 130 °C, 5 h; and yield: 26%. (f) POCls, dry dichloromethane (DCM), reflux, 5 h; n-
butylamine, dry acetonitrile (ACN), EtzN, reflux, 25 h; and yield: 42%. (g) POCls, dry DCM, reflux, 5 h; NIS-NH,, dry ACN, EtzN, reflux, 25 h; and yield: 50%.
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UV-vis absorption and fluorescence spectroscopy, femtosecond
and nanosecond transient absorption spectroscopic methods,
timed-resolved electron paramagnetic resonance (TREPR)
spectroscopy, and theoretical computations.

Experimental
General method

All chemicals used in the synthesis were analytically pure. The
solvents for the synthesis were dried before use. UV-vis spectra
were recorded using a UV-2550 spectrophotometer (Shimadzu
Ltd, Japan). Fluorescence emission spectra were recorded using
an FS5 spectrofluorometer (Edinburgh Instruments Ltd, UK).
Fluorescence lifetimes were recorded using an OB920 lumines-
cence lifetime spectrometer (Edinburgh Instrument Ltd, UK),
and a picosecond EPL laser was used for excitation. Fluores-
cence quantum yields (@) were measured using an absolute
photoluminescence quantum yield spectrometer (Quantaurus-
QY Plus C13534-11, Hamamatsu Ltd, Japan).

Synthesis of Rho-NIS

Under an N, atmosphere, rhodamine B (160.0 mg, 0.33 mmol)
was dissolved in dry dichloromethane (DCM, 5 mL), and then
POClI; (0.2 mL) was added dropwise. The mixture was refluxed
and stirred for 5 h. The solvent was evaporated under reduced
pressure, and then the crude product was dissolved in dry
CH;CN (8 mL). The mixture was added dropwise to a solution
of compound NIS-NH, (60.1 mg, 0.20 mmol) and Et;N (0.4 mL)
in CH3CN (7 mL), and then the mixture was refluxed and stirred
for 22 h. After the reaction was finished, the solvent was
evaporated under reduced pressure, and the crude product
was purified by column chromatography (silica gel, DCM) to
give the product as a brown solid (72.4 mg, yield: 50%). M.p.:
227.6-228.8 °C. "H NMR (CDCl;, 400 MHz): § 8.75 (d, J = 7.5 Hz,
1H), 8.59 (d, J = 8.3 Hz, 1H), 8.08 (d, J = 7.4 Hz, 1H), 7.73-
7.61 (m, 3H), 7.35-7.27 (m, 2H), 6.72-6.68 (m, 2H), 648-6.42 (m,
2H), 6.26-6.20 (m, 2H), 5.93 (s, 1H), 5.30-5.25 (m, 2H), 3.42-
3.36 (m, 4H), 3.19-3.15 (m, 4H), 1.89-1.82 (m, 2H), 1.47-1.41
(m, 2H), 1.21 (t, J = 7.0 Hz, 6H), 1.03-0.96 (m, 9H). *C NMR
(CDCl,, 125 MHz): 6 191.01, 190.61, 166.93, 154.27, 153.60,
151.63, 149.29, 148.92, 137.92, 137.48, 133.31, 131.86, 130.57,
129.49, 129.32, 129.07, 128.75, 127.61, 126.65, 124.63, 124.13,
123.78, 108.39, 107.59, 106.51, 105.69, 97.84, 97.61, 54.87,
44.49, 44.32, 31.94, 31.60, 29.67, 27.35, 22.66, 20.02, 14.13,
13.76, 12.55, 12.39. HRMS-ESI ([C,4H4,N,0,S, + H]"), m/z:
caled: 725.2984; found: 725.2961.

Single crystal X-ray diffraction

Single crystals of Rho-NIS and NIS-NHAc were obtained via the
slow diffusion of a layer of n-hexane (HEX) into the DCM
solution of the compounds. The X-ray diffraction data of the
single crystals were measured and collected on a Bruker D8
Venture CMOS-based diffractometer with graphite monochro-
matized Mo Ko radiation (/1 = 0.71073 A) at 120 K, using the
SMART and SAINT programs. The X-ray diffraction data were
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analyzed with the ShelXT structure solution program using
Intrinsic Phasing and refined with the ShelXL refinement
package using least squares minimization implemented in
Olex2.>” CCDC numbers are 2294224 (Rho-NIS) and 2294222
(NIS-NHACc), respectively.t

Electrochemical studies

Cyclic voltammetry curves were recorded using a CHI610D
electrochemical workstation (CHI instruments, Inc., Shanghai,
China). A platinum electrode was used as the counter electrode
and a glassy carbon electrode as the working electrode. The
ferrocenium/ferrocene (Fc'/Fc) redox couple was used as the
internal reference. Spectroelectrochemistry was performed
using a 0.1 cm path length quartz electrochemical cell. Gauze
platinum acted as the working electrode and platinum wire as
the counter electrode. The potential was regulated using a
CHI610D electrochemical workstation and the spectra were
recorded using an Agilent 8453 UV-vis spectroscopy system
(Agilent Technologies Inc., USA). In both cases, Bu,N[PF¢] was
used as the supporting electrolyte and the Ag/AgNO; (0.1 M in
ACN) couple was used as the reference electrode. The samples
were deaerated with N, for ca. 15 min before measurement, and
the N, atmosphere was maintained during the measurement.

Nanosecond transient absorption spectroscopy

Nanosecond transient absorption spectra were studied using
an LP980 laser flash photolysis spectrometer (Edinburgh
Instruments Ltd, UK), and the signal was digitized with a
Tektronix TDS 3012B oscilloscope. The collinear configuration
of the pump and probe beams was used for the measurements.
The sample solutions were purged with N, for 15 min before
measurement and excited with a nanosecond pulsed laser
(OpoletteTM 35511 + UV nanosecond pulsed laser. OPOTEK,
USA). The typical laser power was 5 mJ per pulse. The data were
analyzed using L900 software.

Femtosecond transient absorption spectroscopy

The fs-TA experiments were performed using a Ti:sapphire
laser system with an ~100 fs pulse duration and 1 kHz
repetition rate (Astrella, Coherent) and a commercial ultrafast
transient absorption spectrometer (Ultrafast System, Helios).
The excitation wavelength was determined from the steady-
state UV-vis absorption spectra and generated in an optical
parametric amplifier (TOPAS, Light Conversion). The magic
angle between the probe and the pump beam polarization
direction was used. The Surface Xplorer and Glotaran software
were used for processing the experimental data based on the
data after chirp correction.’®”°

Time-resolved electron paramagnetic resonance spectra

Samples were studied in a frozen solution of TOL/2-methyl-
tetrahydrofuran (2-MeTHF, 1/1, v/v) with a concentration of 1 X
10" M and transferred to quartz tubes (outer diameter: 4.5 mm
and inner diameter: 3.0 mm). The time-resolved continuous-
wave (CW) EPR measurements were performed on an X-band
and Q-band EPR Elexsys E-580 spectrometer (Bruker) with a
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dielectric ring X-Band ER 4118X-MD5-W1 resonator at a tem-
perature of 80 K. The oxygen was removed with five freeze—
pump-thaw cycles. Optical excitation was carried out using an
Nd:YAG pulse laser (LQ629 Solar LS) at a wavelength of 355 nm
with a pulse energy of 1 m] and frequency of 100 Hz. The
spectra were simulated using the EasySpin package based on
Matlab.*

DFT calculations

The geometries of the compounds were optimized using den-
sity functional theory (DFT) with the B3LYP functional and
6-31G(d) basis set. The spin density surfaces at the optimized
triplet state geometries were visualized. There were no imagin-
ary frequencies for all optimized structures. The triplet excited
state energy of the compounds was calculated by time-
dependent DFT (TDDFT) with the B3LYP functional and
6-31G(d) basis set based on the optimized ground-state geome-
try. Natural transition orbital (NTO) analysis was performed
using the Multiwfn program.®" All calculations were performed
using Gaussian 09.%*

Results and discussion
Molecular structure design rationale

Previously, we studied a spiro electron donor-acceptor dyad
based on rhodamine and NI units to realize the long-lived *CS
state via electron spin control, which was achieved by the SOCT-
ISC mechanism to produce the *LE precursor in the CS
process.’® However, the ISC of this heavy atom-free dyad is
slow ("CS — °NI takes ca. 8 ns), which is not beneficial for
efficient secondary CS to obtain the long-lived >CS state. Thus,
to improve the ISC kinetics, and consequently the CS yield,
herein we performed the thionation reaction of the carbonyl
group of the NI electron acceptor in the dyad to prepare a new
dyad (Rho-NIS, Scheme 1). The advantage of this one-atom
replacement derivatization includes a red-shifted absorption,**
increased electron-accepting ability,”® and accelerated ISC pro-
cess. Previously, it was reported that a thionyl carbonyl-
containing chromophore showed ultrafast ISC (0.6 ps).*>*
The perturbation in the molecular structure is negligible
because only two atoms of the previously reported dyads are
replaced (Scheme 1). The compounds NIS and NIS-NH, were
used in this study as reference compounds (Scheme 1). The
synthesis of the compounds is based on the routine derivatiza-
tion methods of rhodamine and NI chromophores,**®* the
yields were satisfactory, and the molecular structures were fully
characterized (see Experimental).

The molecular structures of Rho-NIS and NIS-NHAc were
determined by single-crystal X-ray diffraction (Fig. 1). Each unit
cell of Rho-NIS and NIS-NHAc contains four molecules and has
a triclinic crystal structure. X-ray diffraction showed that the
centroid-to-centroid distance between xanthene and the NIS
units in Rho-NIS is 5.3 A and the dihedral angle between the
xanthene and NIS units is 53.0° (Fig. 1). In the case of the
previously reported Rho-NI dyad, the dihedral angle between
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Fig. 1 The ORTEP view of the molecular structures of (a) Rho-NIS and (b)
NIS-NHAc determined by single-crystal X-ray diffraction (50% probability
thermal ellipsoids). Hydrogen atoms are omitted for clarity.

xanthene and the NI moiety was 70.8°.*° The xanthene moiety
adopts a planar geometry, which was the same as observed for
Rho-NIS (Fig. 1a). We also obtained a single crystal of the
reference compound NIS-NHAc (Fig. 1b), where its C=S bond
length is 1.64 A, which is close to that in Rho-NIS (1.64 A).
Moreover, the C-N bond length at the 4-position of NI in NIS-
NHAc is 1.42 A, while that in Rho-NIS is 1.43 A. It should be
noted that the C=S bond length is longer than the corres-
ponding C=0 bond length (1.24 A),*° and the C-N bond length
at the linkage between xanthene and the NI moiety is 1.43 A.*°
These results show that the perturbation of the sulfur substitu-
tion has a negligible impact on the geometry of the dyad.

Steady-state UV-vis absorption and luminescence spectra

The UV-vis absorption of the compounds was studied (Fig. 2a).
NIS showed an absorption band centered at 438 nm, which is
redshifted by 110 nm compared to that of the native NI
chromophore.®*®” In the case of NIS-NH,, a further red shift
to 526 nm was observed, which is due to the attachment of the
amino group at the 4-position of the NI moiety.”" Interestingly,
Rho-NIS showed a major absorption band centered at 453 nm,
which is very close to that of NIS. This result was rationalized
by the acetylation of the amino group and the restricted
conformation, which reduced the electron-donating ability
and m-conjugation of the lone electron pairs on the N atom
with the NI chromophore.®®®*® 1t should be noted that
the previously reported analogue (Rho-NI, without thionation
of the carbonyl group) showed absorption in the range
of <400 nm,*® whereas that of Rho-NIS was >400 nm, which
is beneficial for harvesting visible light.

Rhodamine is known to have two structures, ie., opened
and closed structures, and the transformation between these
two structures can be realized in the presence of acid and
base.”®”* Interestingly, the attachment of the NIS moiety to the
rhodamine chromophore does not change the opening and
closing reversible transformation of the rhodamine moiety in
the presence of acid and base (Fig. 2b and c, respectively). In
the presence of trifluoroacetic acid (TFA), the Rho unit in Rho-
NIS transforms from the closed form to the opening form, and
accordingly a strong, broad absorption in the visible spectral
region of 500-650 nm was observed (Fig. 2b). The absorption
band of the open form of Rho disappeared with the addition of
a base such as triethylamine (TEA) (Fig. 2c). This property may
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Fig. 2 (a) UV-vis absorption spectra of the compounds in TOL. (b) The evolution of the UV-vis absorption spectra of Rho-NIS with the incremental
addition of trifluoroacetic acid (TFA) and (c) with the addition of TFA (c = 40 pM) or triethylamine (TEA, neat, 10 pL) in MeOH. ¢ = 1.0 x 107° M. 25 °C.

endow the compound with additional functionality, such as
acid-activated PDT capability. Moreover, the evolution of the
UV-vis absorption spectra of Rho-NIS upon the ring-opening
reaction indicated that the blue-shifted absorption of the NIS-
NH, unit in Rho-NIS is mainly due to the acetylation reaction,
not the sterically encumbered microenvironment of the N atom
connected to the spiro C atom. This is because for Rho-NIS with
the Rho unit in the open form (no conformation restriction),
the absorption band centered at 453 nm did not change to
526 nm (that of NIS-NH,).

Fig. 3a shows that the fluorescence of the closed-ring
structure of the Rho unit is quenched in Rho-NIS, where the
possible reason for this is electron transfer or Forster resonance
energy transfer (FRET) to the NIS moiety. Based on the femto-
second transient absorption (fs-TA) spectral studies (see later
section), charge transfer from Rho to NIS was not observed in
TOL upon photoexcitation. Therefore, FRET is the most prob-
able reason for the fluorescence quenching of the closed ring
structure of Rho. Fig. 3b shows that the fluorescence of NIS-
NH, (@5 = 0.8%) was quenched in Rho-NIS (¢ = 0.3%), and we
attribute this quenching to the acetylation of the amino group
in Rho-NIS, which was also proven by the weaker fluorescence
of the reference compound NIS-NHAc (95 = 0.2%).

In the case of Rho-NIS, in the presence of trifluoroacetic acid
(TFA), the fluorescence was enhanced and peaked at 583 nm
(Fig. 3c), which is attributed to the Rho moiety in the open
form. Interestingly, the fluorescence of Rho-NIS (®r = 0.5%,
Table 1) was quenched compared to Rho under the same
condition (@ = 44.2%, Fig. 3d). This is probably due to the
charge transfer from the Rho moiety in the open form to the
NIS moiety. In this case, no FRET to the NIS moiety occurs.
The fluorescence decay trace at 583 nm of Rho-NIS under this
condition has a biexponential feature and the lifetime is 0.64 ns
(population rate: 70%)/2.3 ns (30%) (Fig. S17, ESIt). The
component with the lifetime of 2.3 ns is attributed to the open
form of the Rho moiety in Rho-NIS, which is the same with that
of Rho with the addition of TFA, showing mono-exponential
decay with the lifetime of 2.3 ns (Fig. S17, ESIt). The short-lived
component with the lifetime of 0.64 ns further indicates that
there is a non-radiative transition process from the singlet state
of the Rho moiety in the open form.

This journal is © the Owner Societies 2023
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Fig. 3 Fluorescence emission spectra of the compounds in TOL. (a) Aex =
310 nm and (b) Zex = 420 nm. Optically matched solutions were used (all
solutions show the same absorbance at the excitation wavelength, Aex =
0.1). Asterisks in (a) and (b) stand for the Raman scattering peak of the
solvent. (c) Fluorescence emission spectra of Rho-NIS with the addition of
TFA (c = 40 puM) or TEA (neat, 10 pL) in MeOH. (d) The comparison
of fluorescence emission spectra of Rho and Rho-NIS with the addition
of TFA (c = 40 pM) in MeOH. /ey = 540 nm. ¢ = 1.0 x 107> M. 25 °C.

To determine the energy of the *NIS state of the compounds,
their phosphorescence emission spectra in frozen 2-methyl-
tetrahydrofuran (2-MeTHF) at 77 K were studied (Fig. S18,
ESIt). The phosphorescence emission bands were observed in
the range of 700-825 nm under these conditions. Based on the
similar spectra observed for NIS and Rho-NIS, the phosphores-
cence bands are attributed to the ®NIS state. According to the
on-set of the phosphorescence band on the high-energy side
(can be approximated as the vibrational 00 transition of T; —
S, radiative relaxation), the *NIS state energy was approximated
to be 1.71 eV for NIS and 1.68 eV for Rho-NIS (Table 1).
These values are close to the °NIS state energy (1.65 eV)
calculated wusing the ZINDO/S semiempirical quantum
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Table 1 Photophysical properties of the compounds?®
Compounds Jabs’ & s [ o [N " TP
NIS 438 1.94 —J 0.4 —/ 0.46; 0.04" 725 1.6 ms
NIS-NH, 526 0.96 506 0.8 8.4 ns 0.95; 0.58" —J —J
NIS-NHAc 463 1.80 494 0.2 4.8 ns 1.0; 0.46% ! !
Rho 313 1.32 391 1.1 1.7 ns (73%) 0.27; 0 -/ -/
4.7 ns (27%) )
Rho + TFA 557" 6.01™ 578 44.2 2.3 ns —J —J —J
Rho-NIS 453 1.88 495 0.3 —J 0.72; 0F 740 7.0 s (89%)
16.2 ps (11%)
Rho-NIS + TFA* 559 6.73 583 0.5 0.64 ns (70%) 0.87" ! !
2.3 ns (30%) 0.43°

“In TOL. ” Maximal UV-vis absorption wavelength. ¢ = 1.0 x 10~ M in nm.  Molar absorption coefficient, in 10* M~* cm™*. ¢ Maximal
fluorescence emission wavelength in nm. ¢ Fluorescence quantum yields in %.~ Fluorescence lifetime. ¢ = 1.0 x 10~° M in ns. ¢ Singlet oxygen
quantum yields. * Maximum phosphorescence emission wavelength in MeTHF in nm at 77 K. * Phosphorescence lifetimes (/ex = 445 nm), ¢ = 1.0 X
10~* M, 77 K.” Not observed. © In MeOH. ! Not measured. ™ Literatures values, ref. 76. " dex = 430 nm. ° Jox = 560 nm.

chemical method and slightly higher than that estimated by
DFT calculation (1.57 eV).>"””

As an approximation of the ISC efficiency, the singlet oxygen
quantum yields (®,) of the compounds were measured
(Table 1). In the case of NIS, the ¢, in TOL and MeOH are
46% and 4%, respectively, which are close to the reported @, of
NIS in TOL (32%).”" Interestingly, the reported NIS analogue,
thionated perinone with a single thionated carbonyl group, has
the @, of 100%.°* NIS-NH,, has higher &, (95% in TOL and 58%
in MeOH) compared to NIS. We propose that although the ISC
quantum yields in all these thionated compounds may be close
to unity, the singlet oxygen quantum yields are dependent on
the triplet state lifetime of the compounds (see later section). A
short triplet state lifetime may reduce the singlet oxygen
quantum yield, although for Rho-NIS, @, is 72% in TOL and
no singlet oxygen photosensitizing was observed in MeOH
upon excitation at the NIS moiety (lex = 430 nm). In the
presence of acid, the ®, of Rho-NIS in MeOH increased to
87% upon excitation at the NIS moiety (430 nm). Also, the @,
was 43% upon excitation at the rhodamine moiety in the open
form (560 nm). In the case of Rho in the open form, no singlet
oxygen photosensitizing was observed.

Electrochemistry study

To calculate the Gibbs free energy changes (AGs) in the photo-
induced CS and determine the energy of the CS states, the
redox potentials of the compounds were studied via cyclovol-
tammetry (Fig. 4a and b). In the case of the Rho reference
compound, two reversible oxidation waves were observed at
+0.51 V and +0.64 V (vs. Fe/Fc'), respectively. No reduction wave
was observed in the potential range applied in this study.
Alternatively, in the case of NIS, one reversible reduction wave
was observed at —1.09 V, and this wave was anodically shifted
by 0.66 V compared to the native NI (unthionated, —1.75 V).
This result indicates that NIS is a stronger electron acceptor
than the un-thionated NI. With the attachment of the amino
substituent, NIS-NH, showed a cathodically shifted reduction
wave at —1.29 V, indicating that NIS-NH, is a poorer electron
acceptor than NIS. This is reasonable because that the -NH, in
NIS-NH, is an electron-donating group. In the case of Rho-NIS,
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Fig. 4 (a) and (b) Cyclic voltammograms of the compounds in deaerated
ACN. Ferrocene (Fc/Fc*) was used as the internal reference (set as 0 V in
the cyclic voltammograms). 0.10 M Bu4NI[PFg] as the supporting electrolyte
and Ag/AgNOs as the reference electrode. Scan rate: 100 mV s~ ¢ = 1.0 x
10~% M. UV-vis absorption spectra of (c) Rho-NIS and (d) NIS chemically
reduced with tetrabutylammonium fluoride (TBAF) to generate NIS®~ in
deaerated DMF. ¢ = 3.0 x 107> M. 25 °C.

two irreversible oxidation waves were observed at +0.52 V and
+0.87 V, as well as a pseudo reversible reduction wave at
—1.07 V. It should be noted that the aminoNIS moiety in
Rho-NIS is similar to NIS, not NIS-NH,. This result is in
agreement with the UV-vis absorption spectral studies.

Based on the electrochemical data, the driving force for the
photo-induced CS, i.e. AG2s, was calculated using the Rehm-
Weller equation (eqn (52)-(S5), refer to the ESL,t for details), as
follows:”578°

AG¢s = e[Eox — Erep) - Ego + AGs (2)

e e? 1 1 1 1
AGg=—" " ([ 4+ ) [—4— 3
S 41‘CSSSORCC 8%80 (RD + RA> <3REF + Ss) ( )
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Table 2 Electrochemical redox potentials, Gibbs free energy changes of the charge separation (AGZs) and the energy of the charge-separated state

(Ecss) of the compounds in different solvents?

AGZs (eV)/Ecss (eV)

Eox (V) Erep (V) HEX TOL THF ACN
Rho +0.51, +0.64 —b —° —< —< —c
NI b -1.75 —f - —* -
NIS - —1.09 — — — —
NIS-NH, +0.19 —1.29 — — —° —°
NIS-NHAc P —1.10 —° —° —° —<
Rho-NIS +0.52, +0.87 —~1.07 0.33/2.01 0.22/1.90 —0.05/1.63 —0.16/1.52

¢ Cyclic voltammetry in Nj-saturated solvent containing 0.10 M Bu,N[PF¢]. Pt electrode as the counter electrode, glassy carbon as the electrode
working electrode, ferrocene (Fc/Fc') as the internal reference (set as 0 V in the cyclic voltammograms), and Ag/AgNO; couple as the reference
electrode. In ACN. E,, = 1.68 eV. E,, is the T, state energy of NIS estimated by 00 transition based on phosphorescence emission spectra. THF

stands for tetrahydrofuran. ? Not observed. ¢ Not applicable.

AG%R = _(AG%S - Eo()) (4)
Ecss = €[Eox — Egrp] + AGg (5)

The data showed that CS may occur for Rho-NIS upon
photoexcitation in a polar solvent, such as ACN (Table 2).
However, this does not mean that the CS state will be observed
experimentally because the lowest state must be a CS state not
*LE state, and the CS process must outcompete the other
relaxation processes of the 'LE state. The *NIS state energy of
Rho-NIS was estimated by 00 transition of the phosphorescence
emission spectra and determined to be 1.68 eV.”" It should be
noted this value is much lower than that of the native NI
chromophore (2.25 eV).*' The calculation showed that the
energy of the CS state (2.01 eV in HEX and 1.90 eV in TOL) is
higher than the *NIS state (Table 2) in non-polar and low-polar
solvents. In polar solvents such as ACN, the energy of the CS
state (1.52 eV) was lower than the ®NIS state (1.68 eV). It should
be noted that the ’LE state energy level was not significantly
affected by a variation in the solvent polarity.

Furthermore, to facilitate the assignment of the CS state in
the transient absorption spectra, chemical reduction of the
compounds was performed to obtain the UV-vis absorption of
their anion (Fig. 4c and d). In the case of Rho-NIS, upon
reduction with tetrabutylammonium fluoride (TBAF), the
absorption band centered at 453 nm decreased, and a new
dominant absorption band centered at 462 nm and weaker
bands centered at 668 nm and 794 nm developed, which are
attributed to the NIS®~ radical anion species (Fig. 4c). Similar
results were observed for the reference compound NIS (Fig. 4d).
The UV-vis spectra of NIS®~ for NIS were also computed by the
TDDFT method (Fig. S52, ESIT), which supports the experi-
mental results. With the addition of TBAF, NIS-NH, showed
absorption bands centered at 390 nm and 600 nm (Fig. S19,
ESIT), which are attributed to [NIS-NH,]*~ and different from
the NIS*~ of NIS and Rho-NIS. These results are in agreement
with the UV-vis absorption spectral studies and further indicate
that the acetylation of the amino group and the conformation
restriction of Rho-NIS reduced the electron-donating ability of
the N atom and the n-conjugation of the lone electron pairs on
the N atom with the NI chromophore. The absorption of the NI
radical anion (NI*") without thionation of the carbonyl group

This journal is © the Owner Societies 2023

was observed at 420 nm, 491 nm and 830 nm, which is different
from that of the NIS®*~ of NIS and Rho-NIS.%*"%

Femtosecond transient absorption (fs-TA) spectra

To study the excited-state dynamics of the compounds upon
photoexcitation, the fs-TA spectra of the dyads were recorded in
solvents with different polarity (Fig. 5). The data (Fig. 5a-c) were
analyzed with singular value decomposition (SVD) and global
analysis using a linear unidirectional decay scheme. The
evolution-associated difference spectra (EADS) for each kinetic
constant were obtained by global analysis (Fig. 5d-f). In the
case of NIS, the fs-TA spectra in TOL are shown in Fig. 5c. Also,
the result of a target analysis of the fs-TA data with a sequential
model was obtained (Fig. 5f). The ground-state bleaching (GSB)
band was observed in the range of 420-500 nm, which is in
agreement with the steady-state absorption spectrum (Fig. 2).
The S, state with an absorption band centered at 505 nm and
740 nm was populated after photoexcitation. Then, the *NIS
state with the absorption at 510 nm was generated by the fast
ISC process within 10.6 ps from the 'NIS state, which was
attributed to the spin orbit coupling ISC (SOC-ISC) mechanism.
Similar results were observed for NIS in ACN with the ISC
process of 1.4 ps (Fig. S20, ESIT). It should be noted that the
first species with the lifetime of 277 fs in Fig. 5f is the signal of
the TOL solvent, which cannot be neglected in the global
fitting. A similar result was observed in Fig. 5d. The *NIS state
did not decay completely within the available time window of
the fs-TA spectrometer, which is supported by the ns-TA spectra
(see later section). In the case of NIS-NH,, its ESA bands were
different from that of NIS, and the ISC from 'NIS-NH, — °>NIS-
NH, takes 31 ps (Fig. S21, ESIf). Thus, the ISC kinetics is in
good agreement with the theoretically predicted ISC rate con-
stants of ~10 ps.®® Interestingly, the ISC kinetics of NIS is
similar to that of the unsubstituted NI (~10-20 ps).*® It should
be noted for the 4-amino-substituted NI, the ISC is
negligible.®®%7:%% The ISC kinetics of the thionated NI is similar
to that observed for the thionated perylene bisimide (PBI).*"%®

The fs-TA spectra of Rho-NIS in different solvents upon
excitation are shown in Fig. 5a and b, together with the EADS
obtained from global analysis. In TOL, two species were
required for the satisfactory fitting of the spectra (independent
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Fig. 5 Femtosecond transient absorption (fs-TA) spectra of Rho-NIS in (a) TOL and (b) ACN. The related evolution associated difference spectra (EADS)
in (d) TOL and (e) ACN for Rho-NIS. (c) fs-TA spectra and (f) the related EADS of NIS in TOL. EADS were obtained from target analysis with the sequential

model. Zex = 355 nm. ¢ = 1.0 x 107 M, 25 °C.

of the solvent, Fig. 5d). The first species can be assigned as a
locally excited singlet state of 'NIS by comparison with the
spectra of NIS reported in Fig. 5f. After 42.1 ps, the second
species was formed with absorption bands at 530 nm and
602 nm, which is attributed to the *NIS state of Rho-NIS and
the same in the ns TA spectra (see later section). Thus, the
process of Rho-NIS upon photo-excitation in TOL can be
summarized as 'NIS — >NIS by SOC-ISC, taking 42.1 ps, which
is slightly slower than the ISC kinetics of NIS (10.6 ps). No CS
state was observed. In ACN, initial EADS showed the appear-
ance of ESA bands peaked at 500 nm and 760 nm, which can be
assigned to the 'NIS state by comparison with the spectrum of
NIS (Fig. 5e). After 6.5 ps, the ESA band at 500 nm was red
shifted to 525 nm and the ESA band at 760 nm disappeared.
This species is attributed to the *NIS state of Rho-NIS, which is
similar to the fs-TA signal of Rho-NIS and NIS observed in TOL
on a long-timescale. After 133.6 ps, the transient spectrum
evolved significantly, with the appearance of two positive bands
peaked at 485 nm and 780 nm, respectively. The comparison
with the absorption spectra of NIS*~ generated by chemical
reduction (Fig. 4) allowed us to assign these bands to the NIS*~
radical anion, and this species is attributed to the CS state (i.e.,
Rho*"-NIS* 7). The final spectral component lived well beyond
the time explored with the fs-TA measurement (3 ns), in
accordance with the ns-TA spectra result. Thus, the photophy-
sical process for Rho-NIS in ACN is 'NIS — *NIS — CS state.
Therefore, electron spin control was realized in formation of
the long-lived CS state. This is similar to the previously reported
Rho-NI without thionated NI.*° The difference is that ISC is
achieved with the thionated NI moiety not by the SOCT-ISC. It
should be noted that the CS state energy level is dependent on

31674 | Phys. Chem. Chem. Phys., 2023, 25, 31667-31682

the solvent polarity, whereas the *LE state is much less depen-
dent on it.*

The fs-TA spectra of Rho-NIS in the presence of acid were
also studied (Fig. S23 and S24, ESIf). In TOL, based on the
EADS analysis, the first species showed the ESA band peaked at
440 nm and GSB band peaked at 560 nm (Fig. S23, ESIf).
Moreover, the strong negative bands in the range of 570-
590 nm are attributed to both the GSB and stimulated emission
(SE) bands due to the fact that the fluorescence of the open
form of rhodamine has maximum at 575 nm. An SE band in the
range of 600-680 nm was also observed. Therefore, the first
species is attributed to the singlet state of the open form of
rhodamine, i.e., 'Rho-o. After 23.7 ps, ESA bands centred at
530 nm and beyond 590 nm were observed. It should be noted
that this positive band may cover the range of 480-700 nm, but
this band is distorted by the GSB band. It shares the same
characteristics with Rho-*NIS observed in TOL without the
addition of acid. Consequently, this species is assigned as
3NIS and it did not decay to the baseline in the time detection
window of fs-TA (3 ns), which is same as the that observed
in the ns-TA spectra initially. In MeOH, similar results
were observed (Fig. S24, ESIf). The lifetime of 'Rho-o was
46.5 ps. The mechanism by which the energy transferred from
the "Rho-o to *NIS state is unclear. It is known that the ISC
process of the Rho-o unit is not efficient,”® and therefore it is
unlikely that the mechanism involves the formation of the T
state of the Rho-o unit.” This is probably a singlet-triplet
energy transfer (STET) or °NIS state generated by charge
recombination (CR) from the CS state (ie., Rho-0*'-NIS®*");
however, the CS state could not be observed due to the short
lifetime. Based on the electrochemical results, charge transfer
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from Rho-o to NIS with S; state of Rho-o (Es = 2.19 eV) as
a precursor is a thermodynamics allowed process (AGlg =
—0.15 €V, Ecs = 2.04 €V in TOL and AGYs = —0.53 €V, Ecgs =
1.66 eV in MeOH). Also, the energy of the °NIS state
(Er = 1.68 eV) is close or lower than that of the CS state.

Nanosecond transient absorption (ns-TA) spectra

To study the long-lived transient species formed in Rho-NIS
upon photoexcitation, the ns-TA spectra of the compounds
were studied (Fig. 6). In the case of Rho-NIS upon photoexcita-
tion in TOL, a GSB band centered at 450 nm was observed, as
well as a positive absorption band in the range beyond 500 nm
(Fig. 6a). It should be noted that this positive band may also
cover the range of 350-550 nm, but it is probably distorted by
the GSB band. The reference compound NIS was also studied,
and a similar spectral feature was observed (Fig. 6¢); thus, the
positive absorption band of Rho-NIS is attributed to the *NIS
state not a CS state. Interestingly, the lifetime of the *NIS state
of Rho-NIS was determined to be 0.38 ps (Fig. 6e), which is
slightly longer than that of the reference NIS of 0.20 ps in TOL
(Fig. 6g). The slightly longer LE state lifetime of Rho-NIS
compared to NIS is attributed to the acetylation of the amino
group in Rho-NIS, which is supported by the slightly longer
triplet state lifetime of NIS-NHAc (0.57 pus) than NIS (Fig. S38,
ESIT). It should be noted that these *NIS state lifetimes are
much shorter than the triplet state lifetime of the native NI
moiety (unthionated, 67 ps).°>°" In ACN, Rho-NIS showed ESA
bands at 480 nm and 780 nm (Fig. 6b), which are different from
that of the spectra observed in TOL, but the results are similar
to the absorption spectra of NIS*~ generated by chemical
reduction (Fig. 4), demonstrating the formation of a CS state
in this case. The lifetime of the CS state was determined to
be 0.21 ps (Fig. 6f). It should be noted that the CS state we
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observed with ns-TA spectra is most likely a >CS state because
the fluorescence of the Rho-NIS state was quenched, and no
emission was observed from 'CS, given that its lifetime was too
short and could not be determined using the ns-TA spectro-
meter. It should be noted that the 'CS state and *CS state may
share similar optical absorption character.””™®> The *CS state of
Rho-NIS is generated from *NIS by electron spin control based
on the fs-TA spectral studies, i.e., the photophysical process for
Rho-NIS in ACN is 'NIS — °NIS — >CS state. The quantum
yield of the charge separation (®¢s) was determined using a
relative method with anthracene as a standard (for details, refer
to the ESIT). In ACN, the @5 of Rho-NIS was determined to be
97%, which is higher than that of the previously reported Rho-
NI (49% in HEX).” We propose that the thionation of the
carbonyl group in Rho-NIS induces efficient ISC, and further
generates the CS state efficiently via the electron spin control
effect. Alternatively, the triplet state lifetime of NIS in ACN was
shortened to 0.06 ps (Fig. S35, ESIT). Interestingly, NIS-NH,
showed different ESA bands and longer triplet state lifetime (ca.
6 ps, Fig. 6d and h) compared with NIS and Rho-NIS, and it was
less dependent on the solvent polarity (Fig. S37, ESIT).
Concerning the reported Rho-NI dyad,*® without thionation
of the carbonyl group of the NI unit, the NI moiety showed a
higher triplet state energy (Er = 2.21 eV) and weaker electron-
accepting ability (Eeq = —1.75 V) compared with the NIS moiety
(Er = 1.68 €V, E;eq = —1.09 V). This led to the higher energy of
the CS state (2.12 eV) and longer lifetime of the CS state (0.94 s
in HEX) by electron spin control strategy for the previously
reported Rho-NI dyad.*® The photophysical processes of Rho-NI
in HEX upon photoexcitation are summarized as 'NI — 'CS —
*NI — 3CS. The lifetime of the CS state of Rho-NI was 0.62 s in
TOL and no CS state was observed in ACN. In contrast, for Rho-
NIS, the relative energy order of the CS and °LE states is
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Fig. 6 Nanosecond transient absorption spectra of Rho-NIS in deaerated (a) TOL and (b) ACN and (c) NIS and (d) NIS-NH; in deaerated TOL. Decay

traces of Rho-NIS in deaerated (e) TOL at 530 nm and (f) ACN at 480 nm and
nanosecond pulsed laser. Aex = 355 nm for Rho-NIS and NIS. A, = 530 nm
25 °C.
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(g) NIS at 520 nm and (h) NIS-NH; at 630 nm in deaerated TOL. Excited with
for NIS-NH,. c[Rho-NIS] = 4.0 x 107> M. ¢[NIS, NIS-NH,] = 2.0 x 107> M.
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Fig. 7 Nanosecond transient absorption spectra of NIS in deaerated isopropanol in (a) short and (b) long delay time range to study the hydrogen
abstraction. (c) Related evolution-associated difference spectrum (EADS) obtained from the target analysis with the sequential model for NIS. (d) Decay
traces of NIS at 520 nm and at 430 nm in (e) short and (f) long timescale, excited with nanosecond pulsed laser. Aoy = 355 nm. ¢ = 3.0 x 107> M, 25 °C.

dependent on the solvent polarity. In the low-polarity TOL
solvent, the *NIS state (7 = 0.38 us) as the lowest triplet state
was observed, in the polar solvent ACN and the CS state with
the lifetime of 0.21 us was generated by electron spin control,
i.e., the photophysical process of Rho-NIS in ACN is 'NIS —
°NIS — °Cs.

Given that the transient absorption spectra show that the
lowest triplet state of NIS has *n-n* character,”® the ns-TA
spectra of NIS were also measured in the protic polar solvent
isopropanol (IPA) (Fig. 7). In the short delay time range, the
NIS state showing an ESA band centered at 510 nm was
observed in deaerated IPA (Fig. 7a). At a longer delay time, an
ESA band peaking at 430 nm appeared and increased gradually
as the ESA band of the *NIS state decreased (Fig. 7a and b). This
is different from the feature of NIS®*~ absorption (485 nm and
780 nm) and can be assigned as NISH* upon hydrogen abstrac-
tion by *NIS from IPA. The evolution of the kinetic trace at
430 nm was monitored, which showed a raised component with
the time of 87 ns (Fig. 7e), which is attributed to the accumula-
tion of the NISH®. Also, the lifetime of NISH® was determined to
be 284.3 ps (Fig. 7f), which is much longer than that of the *NIS
state (0.2 ps, Fig. 6). To differentiate the species in the transient
absorption spectra, EADS by global fitting to the ns-TA spectra
with the sequential model were obtained (Fig. 7c). Two species
were identified, where the first species is the *NIS state with the
lifetime of 124 ns, which is close to that monitored at 520 nm
(135 ns, Fig. 7d). The second species is the long-lived NISH®
(284.3 ps). The result of hydrogen abstraction between the
photoexcited state of NIS in IPA indicates the n-n* character
of the lowestlying triplet state of NIS.°® Under an air
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atmosphere (aerated IPA), only the ®NIS state was observed
and its lifetime was much shorter (0.07 ps, Fig. S43, ESIf).
This short excited-state lifetime makes the hydrogen abstrac-
tion process unlikely.”””°® Similar results were observed for
Rho-NIS and NIS-NHAc in deaerated IPA upon photoexcitation
(Fig. S42 and S$45, respectively, ESIf), indicating the n-m*
character of the triplet state. Long-lived NISH® (25.9 ps for
Rho-NIS and 349.2 ps for NIS-NHAc) was generated together
with the decay of *NIS. However, NIS-NH, showed the same ns-
TA spectra in IPA and other aprotic solvents, proving that it has
*n-m* character or weak *n-n* character (Fig. S44, ESIT). This is
supported by its longer triplet state lifetime (Fig. 6h, 6.1 ps).
NI was also observed to undergo hydrogen abstraction by the
NI state in IPA (Fig. S46, ESIt), resulting in the formation
of NIH® (329.7 ps), which absorbs at 410 nm, in agreement
with the reported ns-TA spectra of NIH® (Fig. S46, ESIf).”®%
The slow rate of the formation of NIH® (19.1 us) is probable
due to the weak n-m* character in °NI, leading to the
non-efficient hydrogen abstraction from IPA. Photo-induced
hydrogen abstraction, and thus formation of a radical, is
potentially useful for the development of new photoinitiators
for photopolymerization.***°*

In the case of Rho-NIS, with the addition of acid, the
transformation of the closed form of the rhodamine moiety
to the open form occurred, and its ns-TA spectra were studied
upon photoexcitation. In TOL, in the presence of TFA, the *NIS
state was observed initially (Fig. S33, ESIT). The ESA band in the
range of 530-600 nm overlaps with the GSB band originating
from the absorption of the rhodamine unit in the open form. As
the delay time increased, the ESA band centered at 530 nm
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disappeared and the new ESA band in the range of 400-500 nm
increased. To identify these different species, global fitting was
performed and EADS was obtained (Fig. S33b, ESIT). The first
species is assigned as the *NIS state. In the following 460 ns,
the second species was formed, which is tentatively attributed
to the triplet state of the rhodamine unit in the open form, i.e.,
*Rho-o, similar to the reported ns-TA spectra of *Rho-0.”*
Therefore, triplet-triplet energy transfer (TTET) occurred from
*NIS to *Rho-o within 460 ns. The decay trace monitored at
470 nm has a raised component with a time of 0.60 pus, which is
close to the time for TTET determined from EADS (0.46 ps). The
decay trace at 560 nm has a biexponential feature and the
lifetime is 0.62 pus (32%)/9.4 ps (68%). The component with the
lifetime of 0.62 ps is attributed to the decay of *NIS, i.e., TTET
process. The component with the lifetime of 9.4 ps is attributed
to the decay of *Rho-0. Notably, the *Rho-o state energy is
reported to be 1.73 eV (estimated by TDDFT calculations),””*°
which is slightly higher than the energy of the *NIS state
(1.68 eV). This is probably because the TDDFT calculation
overestimates the energy of the *Rho-o state. In MeOH, in the
presence of TFA, a similar TTET process from >NIS to *Rho-o
was observed within 0.11 ps and the lifetime of *Rho-o was
13.6 ps (Fig. S30, ESIT). It should be noted that in the absence of
TFA, the CS state of Rho-NIS with the lifetime of 0.19 ps was
observed in MeOH (Fig. S27, ESIT). These results demonstrate
that the Rho-NIS dyad with the Rho unit in the open form
shows different photophysical properties compared to Rho-NIS
with the Rho unit in the close form. This external stimuli-
responsive photophysical property may be used to develop
functional materials."%>"%?

Time-resolved electron paramagnetic resonance (TREPR)
spectroscopy

To study the transient paramagnetic species of the compounds
formed upon photoexcitation, a TREPR spectral study was
carried out, which is useful to discriminate between the *CS
and °LE states and the *CS state and the spin-correlated radical
pair.'>?>1%471%7 In the case of NIS and Rho-NIS, no TREPR
spectra were observed in frozen solution at 80 K, even at 10 K,
with an X- and Q-band spectrometer. This is probably the result
of the short triplet state lifetime (0.20 pus for NIS and 0.38 ps for
Rho-NIS) and the fast spin relaxation. The triplet-state TREPR
spectra at the Q-band of NIS-NH, was observed with the
electron spin polarization (ESP) phase pattern of (e, e, e, a, a,
a) (Fig. 8a and b). The spectrum at Q-band was well described
by the EasySpin package (Fig. 8b). The triplet spectra exhibit a
forbidden transition in the X-band (Fig. S49, ESIY).

An isotropic g-tensor of 2.0070 was used to simulate the
TREPR spectrum of NIS-NH, (Fig. 8b). The results of the
simulations are presented in Table 3. The zero-field splitting
(ZFS) parameters |D| of 6165 MHz and E of —1233 MHz were
obtained by simulation of the TREPR spectra of NIS-NH,, which
are both larger than that of NI with |D| of 2475 MHz and |E|
of 135 MHz, and its analogue without thionation as that
in NIS-NH,, i.e., NI-NH-Br, gave |D| of 2314 MHz and |E| of
193 MHz.°*%® The large ZFS parameter |D| of NIS-NH, indicates
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Fig. 8 TREPR spectra of NIS-NH, measured with Q-band EPR spectro-
meter excited with 532 nm laser with energy 10 mJ per pulse (a) at
different delay time and (b) at 0.3 ps in TOL/2-MeTHF (1:3, v/v) at 80 K.
The simulation (red curve in b) was performed with EasySpin package. ¢ =
10 x 107 M.

Table 3 Zero-field splitting parameters (|D| and E) and relative popula-
tions P, , of the spin states at zero magnetic field of the compounds?

|D| (MHz) |E| (MHz) P, P, P, g-Factor
NIS-NH, 6165 1233 0.50 050 0 2.0070
NI? 2745 135 016 084 0 —
NI-NH-BrY 2314 193 0 0.38 0.62  2.0050

¢ Obtained from simulations of the triplet-state TREPR spectra of the
indicated molecules at 80 K. P; is the relative population of the i-th ZFS
state. ? Literature values, see ref. 66. ¢ Not reported. 4 Literature values,
see ref. 88.

that its triplet state has mixed n-n* and n-n* character.'®® This
led to the shorter triplet state lifetime of NIS-NH, (6.1 ps)
compared to compound 4 (17.5 ps, obtained by TTET,
Fig. S47, ESIt). The relative population rates of the three
sublevels of the triplet state of NIS-NH, at zero magnetic field
are Py:P,: P, =0.5:0.5:0.

It is known that 9,10-anthraquinone (AQ) has a T state with
n-n* character, ZFS D of —9000 MHz, and E of 160 MHz.'%® In
the case of 9,10-diazaphenanthrene (DAP), the T; state was
assigned as the n-n* state in the single crystal of biphenyl, and
the ZFS D and E parameters were determined to be —4011 MHz
and 2667 MHz, respectively.'®® In polar solvents, such as 2,2,2-
trifluoroethanol, the T, state of DAP has n-n* character, and
the D and E values are —2788 MHz and 1199 MHz, respectively.
Furthermore, the T, state of pyridazine has n-n* character and
its ZFS D and E parameters were determined to be —4137 MHz
and 3478 MHz, respectively."'>'"" These results demonstrate
that the compounds with a T; state having n-n* character
may give a large ZFS parameter D than the corresponding
*n-n* state.

Theoretical computations

To rationalize the photophysical property of the compounds,
theoretical computations were performed. The ground state
geometry of the compounds was optimized by DFT calculations
(Fig. S50, ESIt). In the case of Rho-NIS, the dihedral angle
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Fig. 9 Selected frontier molecular orbitals contributing to the T; states of the compounds (isovalue = 0.04). The orbital transition probability and energy
of Ty states are also shown. Calculation was performed by DFT at the B3LYP/6-31G(d) level with Gaussian 09.

between the n-conjugation planes of the rhodamine xanthene
moiety and NIS is 61.6°, which is slightly different from the
molecular structure determined by the single-crystal X-ray
diffraction experiments (53.0°), and the difference probably
results from the packing effect in the single crystal. The
centroid-to-centroid distance between xanthene and the NIS
moieties is 5.6 A, which is close to the previously reported dyads
without thionation of the NI unit.”® The frontier molecular
orbitals (MOs) of the dyads were studied (Fig. 9). The highest
occupied molecular orbital (HOMO) of Rho-NIS is confined on
the Rho moiety and the lowest unoccupied molecular orbital
(LUMO) is confined on the NIS moiety. There is negligible
delocalization on these two moieties for both MOs, which is in
agreement with the molecular structure design rationale to
obtain the CS state upon photoexcitation.

The frontier molecular orbitals involved in the T, states of
the compounds were examined (Fig. 9). In the gas phase, the
orbitals involved in the transition of the T, state Rho-NIS and
NIS and NIS-NHAc mainly have n-n* character. This is sup-
ported by the short triplet excited state of these compounds, as
well as the hydrogen abstraction properties observed in their
ns-TA spectra. The MOs of the T; state of NIS have n-n*
character and are similar to the T; state of 9,10-
diazaphenanthrene (DAP), which has a pure n-n* T; state.'®
However, for NIS-NH,, the orbital transition of the T; state is a
mixture of n-n* and n-7* in nearly equal proportion (49%).
This is in agreement with the longer triplet excited state life-
time of 6.1 ps (Fig. 6h).

The T, states of the compounds were also analysed by
the natural transition orbital (NTO, Fig. S54, ESI{). For all
these compounds, the contribution from the NTO pair with
the largest eigenvalue is over 95%. In the gas phase, the hole
involved in the T; state of NIS spreads mainly over the two
sulphur atoms and the contribution of the sulphur atoms to the

31678 | Phys. Chem. Chem. Phys., 2023, 25, 31667-31682

hole is over 70%, whereas the particle is spread over the whole
molecule (Fig. S54 and S55, ESIT), which indicates that the Ty
state of NIS mainly has n-n* character. Similar results were
observed for Rho-NIS and NIS-NHAc¢, which have similar T,
states with n—n* character. However, in the case of NIS-NH,, the
hole involved in the T; state spread over the two sulphur atoms
as well as the aromatic framework, and the contribution of the
two sulphur atoms to the hole is 27.0% and 15.3%, respectively,
and the sum of their contribution is less than 50% (Fig. S54 and
S55, ESIT). The particle is spread over the whole molecular
structure. Therefore, in the case of NIS-NH,, the T, state is an
admixture of n-n* and m-n* character based on the NTO
analysis, which is in accordance with the analysis based on
frontier molecular orbitals involved in the T, states and the ns-
TA spectral results.

The electron spin density surface of the T, state of Rho-NIS
in the gas phase, TOL and ACN was studied (Fig. 10) to
corroborate the ns-TA spectral observation. In the gas phase
and TOL, the electron spin density was confined on the

thionated NI unit, and the sulfur atoms contributed

Gas Phase

TOL ACN

Fig. 10 Isosurfaces of spin density at the optimized triplet state geome-
tries of Rho-NIS in the gas phase, TOL and ACN (isovalue = 0.0004),
respectively. Calculation was performed by DFT method at the UB3LYP/
6-31G(d) level with Gaussian 09.
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significantly, and thus we conclude that it is a triplet state with
significant n-n* character, not a pure *CS state (with the closed
ring structure of rhodamine as the electron donor). This is in
agreement with the ns-TA spectral results. However, in ACN,
the electron spin density of the T, state was delocalized on both
the thionated NI and rhodamine units. Notably, there was no
*NIS and *Rho excited-state equilibrium due to the large energy
gap between the triplet state of NIS (1.68 eV) and rhodamine
moieties (3.36 eV).”” This result suggests that a >CS state may be
formed in ACN upon photoexcitation, which is in agreement
with the ns-TA spectral studies (Fig. 6).

Based on the above-mentioned results, the energy diagram
of Rho-NIS was constructed (Scheme 2). In the absence of acid,
upon the photoexcitation of the NIS moiety in both TOL and
ACN, the singlet excited state of Rho-NIS (i.e., 'NIS state) is
populated. Then, in TOL, fast ISC (42 ps) produces the triplet
state localized on the NIS moiety (°NIS) with the lifetime of
0.38 us. The °NIS state has the n-n* character, leading to
hydrogen abstraction from the protic solvent to generate the
long-lived NISH® (25.9 ps). In ACN, ®NIS was produced by fast
ISC (7 ps) from the 'NIS state, and then the charge separation
(CS) from the >NIS state takes 134 ps to generate the *CS state.
The >CS state lifetime is 0.21 ps. The photophysical process of
Rho-NIS in ACN upon photoexcitation is 'NIS — *NIS — >CS.
In the presence of acid (Scheme 2b), upon photoexcitation, the
singlet of rhodamine in the open form (i.e., 'Rho-o state) was
populated, and then the *NIS state was formed within 24 ps by
singlet-triplet energy transfer or rapid charge recombination
from the CS state (i.e., Rho-0*'-NIS*~, generated by charge
transfer from 'Rho-o state). Subsequently, TTET from the
3NIS state takes 0.6 us, leading to the formation of the *Rho-o
state with the lifetime of 9.4 ps.

Conclusions

In conclusion, using the rhodamine (Rho) moiety as an
electron donor, having the ability to undergo a reversible
transformation of spirolactam < open form amide structure,

This journal is © the Owner Societies 2023

and thionated naphthalimide (NIS) as an electron acceptor, we
prepared a compact, orthogonal electron donor-acceptor dyad
Rho-NIS. Our aim was to access the long-lived triplet charge
separation (®CS) state based on the electron spin control
approach, and the purpose of thionation was to enhance the
ISC to produce the *NIS state. Rho (lactam form) was attached
to NIS at the 4-position via a single C-N bond. The transient
absorption (TA) spectra showed that intersystem crossing (ISC)
of 'NIS — 3NIS occurs rapidly in different solvents (7-42 ps)
upon photoexcitation, which was assigned to the spin orbit
coupling ISC (SOC-ISC) mechanism due to the *n-n* character
of the T; state of the NIS moiety. In TOL, a triplet state localized
on the NIS moiety (*°NIS) was observed for Rho-NIS with the
lifetime of 0.38 ps. Also, the *NIS state has the ability to
undergo hydrogen abstraction in protic solvents due to its n—-
n* character and generates the long-lived NISH® (25.9 ps).
Alternatively, the long-lived CS state was observed in ACN, with
the lifetime of 0.21 ps and the quantum yield of the CS state
(dcs) was high (97%). The relative energy of the *CS and °LE
states changed in solvents with different polarity. The long-
lived CS state of the dyad was based on the electron spin control
effect, that is, the generation of the final >CS state with a triplet
precursor (°NIS state). For the previously reported analogue
Rho-naphthalimide (NI) dyad, without thionation of the carbo-
nyl group of the NI unit, the relative energy of the CS and *LE
states was not inverted by a variation in the solvent polarity.
The long-lived CS state generated by the electron spin control
strategy was observed in both n-hexane (HEX, 0.94 us; ®cs,
49%) and TOL (0.62 ps), which are longer than the CS state
lifetime of Rho-NIS in ACN (0.21 ps). However, no CS state was
observed for Rho-NI in ACN. The current thionation strategy
makes the formation of the long-lived *CS state in ACN and
improvement of the ®s possible. Furthermore, the effect of the
open/closed form of Rho on the photophysical process was also
studied. In the presence of acid, the Rho unit in Rho-NIS
transformed to the open form (Rho-o), which showed a broad-
band absorption in the visible spectral region (500-650 nm).
The °NIS state was formed from the 'Rho-o state within
24-47 ps. Then, *Rho-o state (9.4-13.9 ps) was formed by
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triplet-triplet energy transfer (TTET) from the *NIS state within
0.11-0.60 ps. In the time-resolved electron paramagnetic reso-
nance (TREPR) spectra, the triplet state signal of NIS-NH, was
observed and the zero-field splitting (ZFS) parameters |D| and E
of NIS-NH, were determined to be 6165 MHz and —1233 MHz,
respectively. Compared to the NI compound with a long triplet
state lifetime (67.2 us), |D| of 2475 MHz and |E| of 135 MHz, the
large |D| value of NIS-NH, demonstrates that its triplet state
has the mixed character of n-n* and n-n*, leading to its short
triplet state lifetime (6.1 ps). Thus, these results indicate that
thionation may significantly shorten the triplet state lifetime
and this strategy should be carefully used to design heavy atom-
free triplet photosensitizers to realize the desirable long triplet
state lifetime. These results are also useful for understanding
the charge transfer and access to the long-lived CS state in
compact electron donor/acceptor dyads.
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