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ABSTRACT: Comprehensive investigations of the linear and nonlinear e
optical properties of new Ir(Ill) complexes [Ir(pbt),(dbm)] (1), A
[Ir(pbt),(dmac)] (2), and [Ir(pbt),(minc)] (3) (pbt = 2-phenyl- e ]

benzothiazole; dbm = dibenzoyl methane; dmac = (1E,4Z,6E)-1,7-
bis(4-(dimethylamino)phenyl)-S-hydroxyhepta-1,4,6-trien-3-one; minc
= (1E,4Z,6E)-S-hydroxy-1,7-bis(1-methyl-1H-indol-3-yl)hepta-1,4,6-
trien-3-one) are reported, including photostability, two-photon
absorption, and femtosecond transient absorption spectroscopy. The
steady-state and time-resolved spectral properties of 1—3 revealed the
electronic nature of the absorption bands, and photoluminescence
emission of 2 and 3 shows both fluorescence and phosphorescence
processes occurring simultaneously in liquid solution at room
temperature. This unusual behavior of 2 and 3 can be explained by a
dual-minimum potential surface of the excited electronic state resulting in two independent fluorescence and phosphorescence
emission channels. The degenerate 2PA spectra of 1—3 were obtained by open aperture Z-scans with a femtosecond laser, and
maxima values of 2PA cross sections up to ~350 GM were observed. Ultrafast relaxation processes of 1—3 were investigated by
femtosecond transient absorption, and the characteristic times for triplet formation were determined to be <500 fs for 1 and ~2
ps for 2 and 3 in a nonpolar medium.
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B INTRODUCTION

The synthesis and characterization of new iridium complexes
having a broad variety of specific linear photophysical and
nonlinear optical properties' > are of significance for multiple
practical applications including organic optoelectronics,”’
bioimaging,g’9 time-resolved luminescence sensing,10 nonlinear
optics,'" singlet oxygen generation,'” etc. Typically, iridium
complexes bearing various ligands exhibit a variety of spectral
properties due to strong spin—orbit coupling related to the
heavy Ir atom®'® and significant metal—ligand electronic
interactions.”' " Up to now, Ir(Ill) complexes remain the

(1),%° cationic Ir(II)* complexes, etc. It is interesting to
mention that the characteristic times of singlet — triplet (S —
T) transitions in Ir(III) complexes can be in the range of ~100
fs,”*° and high quantum yields of S — T conversion can be
observed at room terrlper21ture,3’18’34 which creates promising
applications in OLEDs'”* and in a number of nonlinear
optical areas.”*® The specific metal-to-ligand electronic
interactions can also be used to increase two-photon absorption
(2PA) cross sections of ligands'' and improve efficiency of
their nonlinear optical processes.’” The photochemical stability
of iridium complexes is scarcely addressed in the scientific

literature and was mainly investigated by relative methods®®*™*

most efficient room-temperature phosphorescence emit-
ters,'*'” with relatively short lifetimes of the lowest excited
triplet electronic states (~1—10 us)"™>'® and facile color
tunability.'”*° The effect of color tuning can be realized by
choosing the appropriate ligand system”"*” and/or specific
protonating processes in the ligand structure.'”*” The nature of
excited-state absorption (ESA) and fast relaxation processes in
the excited states have been investigated for various types of
metal—ligand structures,”*”*’ including polymer-based  tris(2-
phenylpyridine )iridium complexes,” iridium—silicon bonded
complexes,” bis(1,5-cyclooctadiene )bis(u-pyrazolyl)diiridium-
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where photoinduced temporal changes in the absorption or
photoluminescence intensity were analyzed without determi-
nation of the quantitative molecular parameters, such as
photodecomposition quantum yield."'

Here we present comprehensive photophysical and nonlinear
optical investigations of new Ir(Ill) complexes [Ir(III)-
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Figure 2. (a) Normalized steady-state 1PA (1—3) and PL (1'—3’) spectra of 1 (1, 1’), 2 (2, 2’), and 3 (3, 3’) in TOL. (b) Same as in panel (a) in
DCM. (c) Normalized excitation (2, 3) and 1PA (1) spectra of 2 in TOL with ., = 620 nm (2) and 550 nm (3). (d) Normalized excitation (2) and

1PA (1) spectra of 2 in DCM with Ay, = 590 nm.

(pbt),(dbm)] (1), [Ir(II)(pbt),(dmac)] (2), and [Ir(IID)-
(pbt),(minc)] (3) in solvents of different polarity at room
temperature. The main linear spectroscopic, photochemical,
and nonlinear optical parameters are obtained, including
excitation anisotropy spectra, photodecomposition quantum
yields, characteristic time constants of fast relaxation processes
in the excited states, ESA and 2PA spectra, etc. The nature of
the excited-state potential surfaces of these Ir(III) complexes is
revealed. The results indicate potential of these new
compounds for applications in several practical areas, including
organic photovoltaics, nonlinear optics, photodynamic therapy,
different sensing techniques, etc.

B EXPERIMENTAL SECTION

Synthesis of Ir(lll) Complexes. Compounds 1-3 (Figure
1) were synthesized in good yields ranging from 50 to 80% via
cleavage of the [IrIlI(pbt),Cl],° dimer starting material and
subsequent coordination of the corresponding anionic ancillary
ligand in dichloromethane using modified literature proce-
dures.*”** The individual f-diketonate ligands were chosen to
perturb the steric and electronic environment near the iridium
center and, in the case of the curcuminoid derivative
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compounds 2 and 3, to enhance absorption in the visible
spectrum. A detailed description of the synthesis along with 'H
NMR characterization and X-ray crystallographic structure
determination are provided in the Supporting Information.
Linear Photophysical and Photochemical Character-
ization of 1—3. Linear spectral measurements were performed
at room temperature in spectroscopic grade toluene (TOL),
dichloromethane (DCM), butyronitrile (BTN), and acetoni-
trile (ACN). All solvents were purchased from commercial
suppliers and used without further purification. The steady-
state linear one-photon absorption (1PA) spectra of 1—3 were
measured using a Varian CARY-500 spectrophotometer and 10
mm path length quartz cuvettes with solute concentrations C ~
107*=10™ M. The steady-state photoluminescence (PL),
excitation, and excitation anisotropy spectra, along with the
values of emission lifetimes, were obtained in dilute solutions
(C ~ 107 M) using spectrofluorimeter FLS980 (Edinburgh
Instruments Ltd.) and spectrofluorometric quartz cuvettes with
10 mm path length. All PL spectra were corrected for spectral
responsivity of the detection system. The excitation anisotropy
spectra of 1—3 were measured at room temperature in viscous
silicon oil (SiO) using the L-format conﬁguration.44 It should
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be mentioned that the viscosity of SiO at room temperature is
sufficiently high to prevent rotational depolarization effects in
the case of relatively fast fluorescence emission (fluorescence
lifetime 73 ~ 1 ns). In this case, the molecular rotational
correlation time, 6 >> 7y, so that the excitation anisotropy, (1)
= 1ry(1)/(1 + 74/0), is close to its fundamental value ry(4).**
The values of PL quantum yields, ®p;, of 1—3 were determined
by the relative methodology of ref 44 with 9,10-diphenylan-
thracene in cyclohexane as a standard. The level of photo-
chemical stability was estimated quantitatively by determining
the photodecomposition quantum yields, CI)Ph,45’46 for 1-3 in
all employed solvents. Corresponding values of @, were
obtained by the absorption methodology of ref 41 using a
continuous wave diode laser of excitation wavelength 4., =~ 405
nm and beam irradiance & 300 mW/cm?

2PA Cross Sections and Femtosecond Pump—Probe
Transient Absorption Measurements. The nonlinear
optical properties of 1—3 were investigated with a femtosecond
laser system. A commercial Ti:sapphire chirped-pulse-amplified
Legend Duo+ (Coherent, Inc.) producing a pulsed laser beam
with 1 kHz repetition rate (output wavelength 800 nm, pulse
energy, Ep & 12 m], pulse duration, 7p & 40 fs) was split in two
parts for Z-scan”” and pump—probe™”*® experimental setups.
The first beam pumped an optical parametric amplifier (OPA)
HE-TOPAS (Light Conversion, Inc.) with a tuning range of
1100—2600 nm and output pulse energy up to &2 mJ. The
OPA output was filtered by multiple spike filters (fwhm ~10
nm; output pulse duration; 7, ~ 100 fs, E, < 40 uJ) and used
for 2PA cross section measurements by the Z-scan technique
over a broad spectral range. The second beam was also split in
two parts for transient absorption pump—probe measurements.
The first part was doubled by a 1 mm thick BBO crystal and
used as a pump beam (pump wavelength, 4,, = 400 nm). The
second part was focused in a 1 cm path length quartz cell with
water to produce a white light continuum as a probe beam. The
optical delay line and multiple 10 nm (fwhm) spike filters were
also used in these pump—probe measurements with time
resolution of ~300 fs. The sample solutions were placed in a 1
mm quartz flow cell to avoid possible effects of thermooptical
distortion and photochemical decomposition.

B RESULTS AND DISCUSSION

Linear Photophysical Properties and Photostability of
1-3. The steady-state linear absorption, corrected lumines-
cence, and excitation spectra of 1—3 in solvents of different
polarity are shown in Figure 2, and the main photophysical and
photochemical parameters are summarized in Table 1. Linear
1PA spectra exhibited a weak dependence on solvent polarity
and can be assigned to different types of electronic transitions
in 1-3. The most intense absorption bands at ~325 nm
(Figure 2a,b, curves 1—3), &~ 460 nm (curves 2), and ~#440 nm
(curves 3) are presumably related to spin-allowed ligand-
centered '(LC) 7z—r* transitions.”'* The relatively weak
absorption tail for 1 in the spectral range ~350—550 nm can
be assigned to the metal-to-ligand charge-transfer spin-allowed
('MLCT) transitions and extremely weak spin forbidden
(*MLCT) transitions at >550 nm, respectively.”® The last
ones are possibly due to a strong heavy-atom effect on the
spin—orbit coupling in Ir(Ill) complexes.”*” It should be
mentioned that the majority of '"MLCT transitions in 2 and 3
are spectrally overlapped with the longest-wavelength LC
transitions in dmac and minc ligands. The steady-state
luminescence and excitation spectra of 1 were independent of
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Table 1. Main Photophysical Parameters of 1—3 in Solvents with Different Polarity Af”: Absorption (A%™) and Luminescence (Aj;*) Maxima, Stokes Shifts, Maximum

Extinction Coefficients (¢™*), PL Quantum Yields @}, lifetimes 7, and photodecomposition quantum yields, D,
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Figure 3. PL decay kinetics of samples 1 (a), 2 (b), and 3 (c) in TOL (curves 1 show the instrument response function). For 1, curve 2 is for 4., =
600 nm. For 2, curve 2 is for Ay, = 525 nm, and curve 3 is for A.,, = 630 nm. For 3, curve 2 is for A, = 550 nm, and curve 3 is for Ay, = 620 nm.
Excitation anisotropy spectra in SiO at room temperature of 1 (d), 2 (e), and 3 (f). For 1, curve 2 is for A, = 620 nm; for 2, curve 2 is for Ay, = S10
nm, curve 3 for 620 nm; and for 3, curve 2 is for A, = 620 nm. The normalized 1PA spectra in panels d—f are labeled 1.

excitation, A, and observed, A, wavelengths, respectively, in
contrast to 2 and 3, where a noticeable dependence of the
corrected excitation spectra on A, was observed (Figure 2c).
This means that chromophore systems of different ligands in
the molecular structures of 2 and 3 emit independently and the
value of the emission quantum yield, ®p;, is dependent on A,
with a corresponding violation of Kasha’s rule.”* All compounds
exhibited relatively low values of ®p < 1—3% (see Table 1)
with some complicated dependence on solvent polarity Af. The
luminescence decay curves of 1 exhibited a single exponential
character in all solvents (see Figure 3a and Table 1) and can be
assigned to room-temperature phosphorescence emission. This
assumption is based on the low values of the emission quantum
yields of 1 (~1%) that give a radiative emission lifetime 7 = 7/
@, ~ 107°-107° s which is typical for Ir(IlI) complex
phosphorescence.'”'® The PL decay curves of 2 and 3 exhibit
an obvious double exponential kinetic shape in nonpolar TOL
(Figure 3b,c) with significantly different values of lifetime
components (Table 1). The short-lived components (~1 ns)
can be assigned to fluorescence emission of 2 and 3 in nonpolar
media related to spin-allowed radiative transitions from 'LC
and/or 'MLCT excited states, while the longer lifetimes
correspond to typical room-temperature phosphorescence of
Ir(IlI) complexes from >MLCT states.”*" It should be
mentioned that only short nanosecond emission components
were observed for 2 and 3 in relatively polar DCM (see Table
1) as evidence of the specific PL lifetime dependence on
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solvent polarity Af. In order to explain the nature of the
observed spectroscopic peculiarities of complexes 2 and 3 in
nonpolar TOL, an electronic model with a double minimum
excited-state potential energy surface is proposed, as depicted in
Figure 4. According to the model presented, the relative
population of these two separate minima of the potential
surfaces is a function of the excitation wavelength, 4., and
therefore results in a noticeable dependence of PL spectra of 2
and 3 on A, with corresponding dependences ®@p(4,,). In
contrast, the shape of PL spectra of 1 was independent of A,
but the value of its ®p; exhibits a noticeable decrease in the
short wavelength spectral range as evidence of separate ligand
absorption without phosphorescence emission.

The steady-state excitation anisotropy spectra of 1-3
obtained at room temperature in viscous nonpolar SiO are
presented in Figure 3d—f. As follows from these data, the
excitation anisotropy is close to zero for the relatively long
phosphorescence emission of 1 and reveals some positive
values (1) ~ 0.15—0.25 for 2 in the main absorption band due
to a fast fluorescence component in the PL spectrum and to
small angles (<30—40°) between the absorption and
fluorescence emission transition dipoles. In contrast, complex
3 exhibits negative values of anisotropy related to a large angle
>54.7° between the absorption and emission dipoles. This can
be explained by sufficiently different molecular geometries in
the ground and excited electronic states (see Figures S2 and
S3). That is also consistent with the different shapes and
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spectral positions of the corresponding PL spectra in nonpolar
solvents (Figure 2a).

The photochemical stability of the new Ir(III) complexes was
investigated quantitatively by the absorption method,*" and the
obtained values of the photodecomposition quantum yields,
®,, are presented in Table 1. The observed photochemical
stabilities of 1—3 are not as high as the best laser dyes (@, ~
107%),°"°” but they acceptable for other practical applications.
The highest level of photostability, @, ~ 1073, was observed
for 1 in nonpolar TOL, in contrast to complex 2 and especially
for 3, where the long dmac and minc ligands probably
determine the reduction of the molecular stability under laser
irradiation. We carefully considered the question of whether a
small impurity (or photodecomposition product) with large
fluorescence yield could explain some of the double-exponential
photoemission data, e.g., the double-band PL spectrum of 2 in
TOL (Figure 2a, curve 2') might be explained by separate dmac
ligands and/or possible photochemical products with fluo-
rescence maximum at ~520 nm. Although such impurities
could affect the shape of PL of 2 in TOL, they cannot explain
all of the experimental data including transient absorption
spectra (see corresponding section below). Given the close
spectral shapes of, for example, the free ligands with the
[Ir(pbt)2(dmac)] spectrum, spectral measurements cannot
completely rule this out. However, transient absorption data
strongly support our proposed double-minimum excited-state
potential energy surface for 2 and 3, and all experimental data is
in a good agreement with this model’s predictions.

2PA Properties of 1—-3. The degenerate 2PA spectra of 1—
3 were obtained by performing open-aperture Z-scans in 1 mm
path length quartz cells in TOL solutions with molecular
concentrations of 107°—10"* M and are presented in Figure S.
As follows from these data, the maximum values of 2PA cross
sections, O,pp & 80 GM, =~ 350 GM, and ~ 270 GM were
observed for 1 (a), 2 (b), and 3 (c), respectively. The low
efficiency of 2PA in 1 can be assigned to the relatively small
values of the 'Sy — "MLCT transition dipole moments ('S, is
the ground electronic state) which are determined by the
corresponding small values of extinction coefficients (SIO4
M cm™") over the entire visible spectral range. Complexes 2
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700 800 900 1000 1100

g 12
g a o=
2 1.0 B
> 5
S 08f 180 §
% o
@ 06} 160 @
T 04 140 ©
N o
g 02f 120 &
] ®
Z 0. L L " L
08 350 400 450 500 550 !
1PA wavelength, nm
2PA wavelength, nm
12 600 700 800 900 1000 1100
14
1.0} 1 2 b 0=

[
Q
c
8
g av o
S 08} ¢ |\ N ]300 §
1 s
o @
o 06f
£ ® \. 200 E
g o4 N\ g
= "~ 14
2 0.2} ® <
E &
g u o L L L i i o
" 300 350 400 450 500 550

1PA wavelength, nm

2PA wavelength, nm
o 12 600 700 800 900 1000 1100
5 10} ; C =
5 300‘2
§ 0.8 \.1 S
5 N\ 200 §
g 06p ] ;
= ]
pres 0
2% '.\ 100 5
s ot
E 0.2} ..o...\' &
(=]
Z 0.0 0

300 350 400 450 500 550
1PA wavelength, nm

Figure S. Degenerate 2PA (1) and normalized 1PA (2) spectra of 1
(a), 2 (b), and 3 (c) in TOL.

and 3 exhibit larger values of d,p,, which are mainly determined
by the molecular structures of the dmac and minc ligands, but
the 2PA noticeably decreased in the main linear absorption
band. This decrease can be assigned to weak changes in the
permanent dipole moments under electronic excitation, 'S, —
'LC. The last statement is based on the weak solvatochromic
behavior of the LC-related absorption bands and corresponding
fluorescence components in the PL spectra of 2 and 3. It should
be mentioned that the restricted solubility of Ir(IIl) complexes
1-3 in TOL did not allow us to obtain 2PA cross sections in
the long wavelength range (4., > 1000 nm) by Z-scans.
Transient Absorption Spectroscopy of 1—3. The nature
of the fast relaxation processes in the ground and excited
electronic states of 1—3 were investigated in TOL solution at
room temperature by the femtosecond transient absorption
pump—probe technique.””>” Sample solutions with maximum
optical density D & 0.7—0.8 were pumped at 4, = 400 nm (E;
~ 2 uJ), beam waist @, % 0.4 mm (HW1/e* M), and the value
of the induced change in optical density, AD, was measured by
a weak probe pulse (focused to @, &~ 0.1 mm) as a function of
temporal delay, 7, between pump and probe pulses. Typical
dependences of AD(p) for different probing wavelengths, 4,
are shown in Figure 6. As follows from the transient absorption
curves, AD(7p), the absolute values of AD were positive for the
majority of probing wavelengths except for a weak saturable
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Figure 6. Typical dependences AD(zp) for 1 (a), 2 (b), and 3 (c) in TOL (ﬂpu =400 nm): picosecond (top) and femtosecond (bottom) temporal

resolution. Corresponding probing wavelengths, 4,,,

are indicated on the top.

absorption, SA (negative AD) near 4,, ~ 480 nm for 2 and in
the spectral range ~460—500 nm for 3. The ultrafast relaxation
processes in 1 (assumed to be related to ESA) were completed
in less than 1 ps after excitation (Figure 6a) without any

obvious role of solvatochromic phenomena typically observed
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on the time scale of 1—10 ps.*>>* In contrast, complexes 2 and
3 exhibit a slightly longer-lasting fast relaxation (Figure 6b,c)
which can be related to possible solvatochromic effects. Taking
into account the PL kinetic curves in Figure 3a—c and the

relatively small AD on the time scale of ~1 ns (Figure 6, top
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curves), it can be assumed that the long-lived signals belong to
triplet—triplet absorption. This implies extremely fast pop-
ulation (~500 fs) of the triplet electronic states of 1 and <2 ps
for 2 and 3 in TOL. It should be mentioned that the ultrafast
triplet state population of Ir complexes was observed previously
for known compounds, such as Ir(ppy);, Ir(DBQ),(acac), and
Ir(MDQ),(acac) in BTN;® Ir(piq); in tetrahydrofuran;™ etc.
The time-resolved pump—probe absorption spectra of 1-3,
reconstructed from the experimental dependences AD(zp,) in a
broad spectral range of 4,,, are presented in Figure 7. As follows
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Figure 7. Spectral dependences AD(/lpr) for samples 1 (a), 2 (b), and
3 (c) in TOL for different time delays 7p,. Curves 1 are for 0.3 ps delay,
curves 2 for 0.8 ps, and curves 3 for S ps. The linear absorption spectra
in TOL are labeled as curve 4.

from these data, the shape of the time-resolved absorption
spectra of 1—3 in TOL remains nearly the same in the PL
spectral range (/IPr > 580 nm) and can be assigned to triplet—
triplet absorption. At the same time, the nature of the ultrafast
changes in the first S ps for A, < 580 nm, in addition to triplet—
triplet absorption, also includes the effects of SA and ESA
between the excited 'LC and/or MLCT vibronic states
(Figure 6a, Apr = 480 nm; 6b, 520 nm; 6¢, 500 nm, 520 nm).

We mentioned earlier that a strongly fluorescing impurity in
the same spectral region as these molecules could be an
alternate interpretation of the dual luminescence. However, we
have shown that molecules 2 and 3 also exhibit two temporal
components of their transient absorption. The concentration of
an impurity would have to be so low that the changes in
transmission measured in these experiments would be
impossible. Additionally, the temporal dependence of the
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transient absorption closely follows the temporal dependencies
observed in the luminescence.

B CONCLUSIONS

Three new Ir(Ill) complexes 1—3 bearing -diketonate ligands
were synthesized, and their linear photophysical properties,
photostabilities, 2PA spectra, and femtosecond transient
absorption kinetics were investigated in a number of organic
solvents at room temperature. The nature of the steady-state
1PA spectra of 1—3 was determined by the analysis of the
multiple electronic transitions involving LC and MLCT
vibronic states and their weak dependence on solvent polarity.
Complex 1 exhibited PL and excitation spectra almost
independent of excitation, A, or observed, A, wavelengths,
respectively, and we assign the observed emission spectra to
room-temperature phosphorescence. In contrast, complexes 2
and 3 possess dual-band PL emission possessing different
lifetimes. We assign these to simultaneous fluorescence (<1 ns)
and phosphorescence (>10 ns) processes from 'LC and
SMLCT electronic states, respectively. The excitation spectra
of 2 and 3 were noticeably different from the corresponding
absorption spectra, and a strong dependence on A, was
measured along with a similar dependence of their PL spectra
on A These rather unusual spectroscopic observations of 2
and 3 were explained based on the dual-minima excited-state
potential surface electronic model that allows nearly
independent emission channels in a single molecular structure.

The degenerate 2PA spectra of 1—3 were obtained over a
broad spectral range by open aperture Z-scans. The maximum
cross section values d,p & 250—350 GM were shown for 2 and
3 with dmac and minc ligands, respectively. The investigation of
the ultrafast dynamic processes in the ground and excited states
of 1—3 revealed the characteristic time scale of the triplet level
population as <500 fs for complex 1 and ~2 ps for 2 and 3 in
nonpolar TOL at room temperature. The linear photophysical
and 2PA spectra of these newly synthesized Ir(III) complexes,
along with the dual-minimum potential surface of the excited
electronic states, can be useful for potential applications of 1-3
in the field of organic electronics, nonlinear optics, photo-
dynamic therapy, etc.
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