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ABSTRACT: Pt(II) complexes bearing 4-(7-(benzothiazol-2'-yl)-9,9-diethyl-
fluoren-2-yl)-2,2":6’,2"-terpyridine or 4-(7-(benzothiazol-2-yl)-9,9-diethylfluo-
ren-2-yl)ethynyl-2,2':6',2"-terpyridine ligand exhibit strong reverse saturable
absorption in the visible spectral region and large two-photon initiated excited-
state absorption in the near-IR region. They are promising broadband nonlinear
absorbing materials from the visible to the near-IR region. The extended #-
conjugation in complex 2 that has a C=C linker between the terpyridine ligand
and the 4-(7-(benzothiazol-2"-yl)-9,9-diethylfluoren-2-yl) substituent significantly
increases the two-photon absorption cross sections (6,), making it among the

strongest of two-photon absorbing Pt(II) complexes.
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1. INTRODUCTION

Nonlinear optical materials with large and broadband reverse
saturable absorption (RSA) and/or two-photon absorption
(TPA) are desired for a variety of photonic device applications,
such as optical rectification, laser pulse shaping and
compression, optical data storage, optical switching, and
upconversion lasing."™ A vast amount of organic/organo-
metallic compounds with strong RSA or TPA have been
investigated in the past 3 decades, including bis(styryl)benzene
derivatives,”* organic dendrimers,>® metallophthalocyanines,7
and porphyrins and metalloporphyrins,®”. However, com-
pounds exhibiting broadband RSA or TPA from 400 to 900
nm have been scarce. The limitation lies in the fact that in order
to improve the RSA, ground-state absorption in the wave-
lengths of interest has to be minimized. This can be realized by
reducing the -conjugation in the molecule. However, when the
ground-state absorption is too weak or absent, population of
the excited states via a one-photon process is correspondingly
weak or nonexistent. At the same time, molecules with weak 7-
conjugation usually have weak two-photon absorption.
Square-planar platinum(II) terdentate or diimine complexes
attracted our close attention in recent years as potential
broadband nonlinear absorbing materials because of their low
ground-state absorption but broad and strong excited-state
absorption (ESA) in most of the visible to the near-IR
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region."”™"* The heavy-atom effect of the platinum facilitates
the intersystem crossing and gives rise to a high triplet excited
state population upon excitation, which enhances the triplet
excited-state absorption. These complexes also exhibit excellent
thermal and photochemical stability, and it is convenient to
conduct structural modifications on these complexes. However,
the major limiting factor for utilizing these complexes as
broadband nonlinear absorbing materials lies in their very weak
ground-state absorption above 550 nm. Recently, our group
reported that Pt(II) chloride complexes bearing 4-(9,9-di(2-
ethylhexyl)-7-diphenylaminofluoren-2-yl)-2,2':6',2"-terpyridine
ligand exhibit moderate two-photon absorption in the near-IR
region."”> However, the triplet excited-state absorption from
these complexes was too weak to be measured. In further work,
however, we synthesized a Pt(II) 2,2’-bipyridine complex
bearing 2-(benzothiazol-2'-yl)-9,9-diethyl-7-ethynylfluorene li-
gands that possesses broadband excited-state absorption in the
visible spectral region and large two-photon absorption in the
near-IR region.'® In this complex it is possible to populate the
excited state via two-photon absorption in the NIR region.
Cooper, Rebane, and Schanze et al. also reported earlier that a
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Scheme 1. Synthetic Scheme for Pt(II) Complexes 1 and 2
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Pt(1I) tributylphosphine complex with 2-(benzothiazol-2'-yl)-
9,9-diethyl-7-ethynylfluorene ligands exhibited moderately
strong two-photon absorption in the NIR region while
retaining a broadband excited-state absorption in the visible
to the NIR region."* To evaluate whether this approach could
be applied to platinum terdentate complexes to extend the
nonlinear absorption (NLA) spectral range of these complexes
as well, in this work we synthesized and studied the nonlinear
absorption of two Pt(II) complexes (1 and 2) with 4-(7-
(benzothiazol-2’-yl)-9,9-diethylfluoren-2-yl)-2,2":6',2" -terpyri-
dine ligand (structures shown in Scheme 1). It is well-known
that RSA occurs at wavelengths at which the excited-state
absorption is stronger than the ground-state absorption, and
RSA is enhanced with long excited-state lifetime and high
quantum yield of excited state formation. To assess whether
complexes 1 and 2 have the potential to be used as RSA
materials, photophysical studies including UV—vis absorption,
transient absorption, and emission were systematically inves-
tigated for these two complexes. It is found that these
complexes exhibit strong RSA in the visible spectral region
and two-photon-induced excited-state absorption in the near-IR
region. Therefore, they are two of the most promising
broadband nonlinear absorbing materials reported to date.

2. EXPERIMENTAL SECTION

Synthesis and Characterization. All reagents for synthesis were
purchased from Aldrich or Alfa Aesar. Silica gel (200—400 mesh, 60 A)
and alumina gel (activated, neutral, Brockmann I, 150 um, 58 A) for
column chromatography were from Aldrich. The TLC plates of silica
gel (60 A) and alumina gel (IB-F,) were obtained from Whatman and
Baker-Flex Company, respectively. All intermediates were confirmed
by 'H NMR spectroscopy, and the ligands 1L, 2L, and the Pt(II)
complexes 1 and 2 were fully characterized by 'H NMR, high-
resolution electrospray ionization mass spectrometry (ESI-MS), and
elemental analyses. '"H NMR spectra were measured on a Varian
Oxford-400 VNMR spectrometer or a Varian Oxford-500 VNMR
spectrometer. ESI-MS analyses were performed on a Bruker BioTOF
III mass spectrometer. Elemental analyses were conducted by NuMega
Resonance Laboratories, Inc. in San Diego, CA.

The synthetic scheme for complexes 1 and 2 is depicted in Scheme
1. Precursors trifluoromethanesulfonic acid 2,2’;6',2"-terpyridin-4'-yl
ester (TfO-tpy),'® 2-(9,9-diethyl-7-ethynyl-9H-fluoren-2-yl)-
benzothlazole (BTZ-F2-C=CH),"* 4'-bromo-2,2';6',2"-terpyridine
(Br-tpy),'® and BTZ-F2-B'7 were all prepared following literature
procedures. Suzuki coupling reaction of BTZ-F2-B and Br-tpy yielded
ligand 1L. Ligand 2L was obtained via Sonogashira coupling reaction
of BTZ-F2-C=CH with TfO-tpy. Complexation of 1L and 2L with
Pt(DMSO),Cl, afforded the Pt(II) complexes 1 and 2.
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1L. BTZ-F2-B (0.48 g, 1.0 mmol), Br-tpy (0.32 g, 1.0 mmol), and
K,CO; (5.5 g, 0.04 mol) were dissolved in a degassed mixed solvent of
dioxane (40 mL), toluene (40 mL), and water (20 mL). Pd(PPh,),
(33 mg, 0.03 mmol) and PPh; (16 mg, 0.06 mmol) were then added.
After refluxing for 3 days under argon protection, the aqueous phase
was extracted with S0 mL of diethyl ether three times. The organic
layers were combined and washed with brine, dried with Na,SO,, and
the solvent was removed. The residual solid was purified by
chromatography on silica gel. After removal of the byproduct by
toluene, the desired product was obtained by elution with dichloro-
methane or ether. The crude product was recrystallized from
dichloromethane and heptane to give 0.37 g of colorless crystal that
is suitable for X-ray diffraction analysis (yield, 63%). '"H NMR (400
MHz, CDCL,, 8): 8.79 (s, 2H), 8.73—8.75 (m, 2H), 8.66—8.68 (m,
2H), 8.16 (s, 1H), 8.09 (d, 1H, J = 8.0 Hz), 8.04 (dd, 1H, J = 8.0 and
1.6 Hz), 7.79—7.94 (m, 6H), 7.62—7.68 (m, 1H), 7.42—7.42 (m, 2H),
7.32=7.36 (m, 2H), 2.16—2.26 (m, 4H), 0.37 (t, 6H, ] = 7.2 Hz).
UV—vis (CH,CL): ..., (€) = 356 (76 390), 372 (sh 56 650). HRMS
(ESIL, m/z): [M + Na]* caled for Cy0H;N,SNa, 609.2083; found,
609.2077. Anal. Caled for CyoHyoN,S-CH,CL: C, 71.53; H, 4.80; N,
8.34. Found: C, 71.05; H, 5.28; N, 8.36.

2L. BTZ-F2-C=CH (369 mg, 0.97 mmol) and TfO-tpy (369 mg,
0.97 mmol) were dissolved in degassed triethylamine (S0 mL).
Pd(dba), (15 mg, 0.025 mmol), PPh, (12 mg, 0.0S mmol), and Cul (5
mg, 0.025 mmol) were then added. After the mixture was refluxed for
2 days under argon, the solvent was removed and the residue was
redissolved in CH,Cl,. The CH,Cl, solution was washed with brine,
dried with Na,SO,, and concentrated. The residual solid was purified
by chromatography on silica gel. After removal of the byproduct with
toluene eluent, the desired product was obtained via CH,Cl, elution.
The crude product was recrystallized from dichloromethane and
heptane to give 0.20 g yellow crystal (yield, 33%). 'H NMR (400
MHz, CDCl,, §): 8.71-8.72 (m, 2H), 8.62 (d, 1H, ] = 8.0 Hz), 8.60
(s, 2H), 8.14 (s, 1H), 8.08 (d, 1H, J = 8.0 Hz), 8.04 (dd, 1H, ] = 8.0
and 1.6 Hz), 7.90 (d, 1H, J = 8.0 Hz), 7.86 (td, 2H, J = 8.0 and 1.6
Hz), 7.80 (d, 1H, J = 8.0 Hz), 7.76 (d, 1H, J = 8.0 Hz), 7.58 (q, 2H, J
= 1.6 Hz), 7.47 (t, 1H, ] = 7.2 Hz), 7.38 (t, 1H, J = 8.0 Hz), 7.33-7.35
(m, 2H), 2.10-2.20 (m, 4H), 0.37 (t, 6H, J = 7.2 Hz). UV—vis
(CH,CLy): Ana (£) = 364 (84 300), 381.5 (68 600). HRMS (ESI, m/
z): [M + Na]* caled for C,yH;0N,SNa, 633.2083; found, 633.2098.
Anal. Caled for C4H;oN,S: C, 80.63; H, 4.95; N, 9.17. Found: C,
80.21; H, 5.30; N, 9.40.

1. Ligand 1L (510 mg, 0.87 mmol) and Pt(DMSO),Cl, (400 mg,
0.96 mmol) were dissolved in CHCl; (100 mL), and the reaction
mixture was refluxed for 24 h under argon. The formed yellow solid
was collected by filtration, washed with CH,Cl, and ether, and dried in
vacuum. An amount of 216 mg of orange powder was obtained as the
product (yield, 20%). "H NMR (400 MHz, DMSO, 6): 9.02 (s, 2H),
891 (d, 2H, J = 8.0 Hz), 8.87 (br, 2H), 8.53 (t, 2H, ] = 7.6 Hz), 8.38
(s, 1H), 8.32 (d, 1H, J = 8.8 Hz), 8.23 (t, 2H, ] = 4.0 Hz), 8.18 (t, 1H,
J=8.0Hz), 8.14 (t, 2H, ] = 4.0 Hz), 8.08 (d, 1H, J = 8.0 Hz), 7.91 (t,
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2H, ] = 6.6 Hz), 7.55 (t, 1H, = 8.0 Hz), 7.46 (t, 1H, ] = 8.0 Hz), 2.29
(m, 4H), 0.31 (t, 6H, ] = 7.2 Hz). UV—vis (DMSO): 4., (€) = 340
(32550), 378 (20200), 428 (26 900). HRMS (ESI, m/z): M* calcd
for C3H;3N,SPtCl, 817.1528; found, 817.1510. Anal. Calcd for
C4oH,,CIN,PtS-0.5PtCl,-3CH,CL: C, 40.66; H, 2.93; N, 4.52. Found:
C, 40.70; H, 3.04; N, 4.66.

2. Ligand 2L (119 mg, 0.20 mmol) and Pt(DMSO),Cl, (93 mg,
0.22 mmol) were dissolved in CHCl; (50 mL), and the reaction
mixture was refluxed for 24 h under argon. The formed orange-red
solid was collected by filtration, washed with CH,Cl, and ether, and
dried in vacuum. An amount of 32 mg of orange-red powder was
obtained as the product (yield, 11%). "H NMR (400 MHz, DMSO,
5): 8.94 (d, 2H, ] = 5.5 Hz), 8.93 (s, 2H), 8.73 (d, 2H, J = 8.0 Hz),
8.56 (dt, 2H, J = 8.0 and 1.5 Hz), 8.26 (s, 1H), 8.19 (d, 1H, ] = 8.0
Hz), 8.15 (t, 3H, ] = 3.5 Hz), 8.10 (d, 1H, J = 8.0 Hz), 8.00 (t, 2H, ] =
8.0 Hz), 7.86 (s, 1H), 7.77 (dd, 1H, J = 8.0 and 1.5 Hz), 7.59 (t, 1H, J
= 8.0 Hz), 7.50 (t, 1H, J = 8.0 Hz), 2.15-2.30 (m, 4H), 0.31 (t, 6H, J
= 7.0 Hz). UV—vis (DMSO): A, (&) = 345 (39 140), 385 (sh 20
140), 433 (27 040). HRMS (ESI, m/z): M* calcd for C,;H;,N,SPtCl,
841.1528; found, 841.1575. Anal. Calcd for
C4yHy,CIN,PtS-0.5PtCl,-3.5CH,Cl,-2DMSO: C, 39.81; H, 3.38; N,
3.83. Found: C, 39.38; H, 3.29; N, 4.17.

Photophysical Study. The spectroscopic grade solvents used for
photophysical experiments were purchased from VWR International
and used as is without further purification. The UV—vis absorption
spectra in different solvents were measured on an Agilent 8453
spectrophotometer, while the steady-state emission spectra in different
solvents were recorded on a SPEX Fluorolog-3 fluorometer/
phosphorometer. The emission quantum yields were determined by
the relative actinometry method'® in degassed solutions, in which a
degassed aqueous solution of [Ru(bpy);]CL, (®,,, = 0.063, 4, = 436
nm)"? was used as the reference for complexes 1 and 2 and an aqueous
solution of quinine sulfate (®; = 0.60, A, = 347.5 nm)"? was used as
the reference for ligands 1L and 2L. Time-correlated single photon
counting (Edinburgh Instruments OB920 spectrometer) was used to
determine emission lifetimes. Samples were excited using a 70 ps laser
diode at 375 nm. The emission was detected using a cooled
microchannel plate PMT. Data were analyzed using a deconvolution
software package provided by Edinburgh Instruments. The time-
resolved triplet transient difference absorption spectra and the triplet
excited-state quantum yields were measured on an Edinburgh LP920
laser flash photolysis spectrometer in which the third harmonic output
(355 nm) of a Nd:YAG laser (Quantel Brilliant, pulsewidth of ~4.1 ns,
repetition rate of 1 Hz) was used as the excitation source. Sample
solutions were purged with Ar for 30 min prior to each measurement.
The triplet excited-state absorption coefficient (&) at the TA band
maximum was determined by the singlet depletion method.*® The
triplet quantum yields (@) were obtained by relative actinometry, in
which silicon naphthalocyanine (SiNc) in benzene was used as the
reference (e599 = 70000 M™! em™!, @ = 0.20).>' The femtosecond
transient difference absorption spectra and the singlet excited-state
lifetime were measured using a femtosecond pump—probe UV—vis
spectrometer (HELIOS) manufactured by Ultrafast Systems LLC. The
sample solution in a 2 mm cuvette was excited at 400 nm using a 150
fs Ti:sapphire laser (Spectra Physics Hurricane, 1 kHz repetition rate,
1 mJ/pulse at 800 nm), and the absorption was probed from 450 to
800 nm with sapphire generated white-light continuum.

Nonlinear Optical Characterization. The nonlinear absorption
of complexes 1 and 2 was characterized with an open-aperture Z-scan
experiment using a nanosecond laser at 532 nm and a picosecond laser
at various wavelengths ranging from 480 to 910 nm and by a nonlinear
transmission experiment at 532 nm using a nanosecond laser. For the
open-aperture Z-scan measurements, the experimental setup and
experimental details were similar to those reported in our previous
publications.''*>'¥?>** The experimental data were fitted using a five-
level model to extract the excited-state absorption cross sections and
the two-photon absorption cross sections. The details of the model

and ﬁttin§ procedure were the same as those reported previ-
ously, 1012132223
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The nonlinear transmission experiment for complexes 1 and 2 was
conducted in DMSO in a 2 mm cuvette using 4.1 ns laser pulses at 532
nm. The light source was a Quantel Brilliant nanosecond laser with a
repetition rate of 10 Hz. The experimental setup and details are the
same as previously described.'’ A 20 cm plano-convex lens was used to
focus the beam to the 2 mm thick sample cuvette. The beam waist at
the focal plane was 72 ym. The linear transmission of the solution was
adjusted to 95% at 532 nm.

3. RESULTS AND DISCUSSION

Electronic Absorption and Emission. Figure 1 shows the
UV—vis absorption spectra of 1 and 2 in DMSO solution. The
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Figure 1. UV—vis absorption and normalized emission spectra of 1
and 2 in DMSO solution. 4, is 438 nm for 1 and 435 nm for 2.

absorption of both complexes obeys Beer’s law in the
concentration range studied (5 X 107 to 5 X 10™* mol/L).
The absorption band maxima and the molar extinction
coefficients are listed in Table 1. The band at ~350 nm is
assigned to the 'mz* transition of the ligand, which is
consistent with the absorption band of the ligands 1L and 2L
(Supporting Information Figure S1). The absorption band at
~430 nm in 1 and 2 but absent in 1L and 2L is attributed to
the "MILCT transition, which exhibits a negative solvatochromic
effect as demonstrated in Supporting Information Figure S2 for
1. Above 500 nm, the linear absorption for both complexes is
very weak, which provides a broad optical window for RSA or
TPA. The absorption spectrum of 2 is slightly red-shifted
compared to that of 1. This can be explained by the extended 7-
conjugation in 2.

Both complexes are weakly emissive at room temperature in
solution. Upon excitation at the 'MLCT band, a broad,
structureless emission band appears at ~580 nm for 1 and 610
nm for 2 in dilute DMSO solution (Figure 1). The lifetimes
were measured via a time correlated single photon counting
technique by excitation at 375 nm using a 70 ps diode laser, and
the results are listed in Table 1. Considering the remarkable
Stokes shift and the negative solvatochromic effect (Figure 2),
the emission could be tentatively assigned to a charge-transfer
excited state, likely to be the *MLCT state. However,
contribution from the 3z,7% state should also be taken into
account in view of the unpronounced vibronic structure and the
biexponential decay of the emission (Table 1). The longer
lifetime could be attributed to the 37,7*, while the shorter one
could be attributed to the MLCT. The probability of the
emission emanating from the 'ILCT can be excluded because
Zn*'-titration experiment of ligand 1L shows that the 'ILCT
emission appears at 494 nm after ligand complexation with
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Table 1. Photophysical Data for 1L, 2L,

Ay nm (g L-mol™"-cm™")%

1L 359 (70100), 372 (sh 53800)

2L 367 (73900), 385 (61000)

1 340 (32550), 378 (20200), 428 (26900)

2 345 (39140), 385 (sh 20140), 433 (27040)

1, and 2

Ay 1M (T, PS)
381, 403 (678), 425 (sh)®
394, 416 (729), 438 (sh)®
581 (50 (39%), 284 (61%))”
612 (80 (61%), 534 (39%))“

“In DMSO. “In CH,Cl,. “Phosphorescence quantum yield. “In CH,CN.

Ap,_t, nm
D, As,_s, nm (Tg, ps) (e, L'mol™"-em™; 7y, ps; ®p)?
0.81” 608 (831 + 78)° 570 (76120; 42.6; 0.41)
0.827 644 (655 + 10)° 595 (86030; 48.4; 0.34)
0.00394¢ 542 (494 + 18.3)° 530 (48560; 3.37; 0.72)
0.0068%¢ 555 (58.7 + 25.4)° 545 (46150; 1.72; 0.58)

1.2
2> ——CH,CI,
g 1.0 Acetone
] DMSO
= ——CHCN
= 0.8 CH,OH
(<]
g Toluene
€ 0.6
w
? 04
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©
E 0.2
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Figure 2. Normalized emission spectra of 1 in different solvents at
room temperature. A, is 450 nm for CH,Cl, solution, 424 nm for
acetone solution, 438 nm for DMSO solution, 424 nm for CH;CN
solution, 422 nm for CH;O0H solution, and 467 nm for toluene
solution.

Zn** (Figure 3). Similar to the trend observed for the UV—vis
absorption, the emission energy of 2 is lower than that of 1
because of the extended conjugation in the ligand.

2.5x10°
0 equiv. Zn(CIO,),
——0.5 equiv. Zn(CIO,),
5 2.0x10° —— 1.0 equiv. Zn(CIO,),
S.« —— 1.5 equiv. Zn(CIO,),
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£ 1.5x10° : 'y
2 2.5 equiv. Zn(CIO,),
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E 1.0x10°4 —j.g equ?v. Zn(CI0,),
° ——4.0 equiv. Zn(CIO,),
'E 5.0x10°
w
0.0

400 450 500 550 600 650
Wavelength (nm)
Figure 3. Emission spectra of 1L in 2.5 X 107> mol/L DMSO solution

at room temperature upon titration with 4.4 X 1072 mol/L Zn(ClO,),
CH,4CN solution. 4., = 343 nm.

Transient Absorption. To evaluate the feasibility of using
1 and 2 as potential broadband reverse saturable absorbers, the
singlet and triplet excited-state absorption characteristics were
investigated using femtosecond and nanosecond transient
absorption (TA) spectroscopy. For comparison, the femto-
second and nanosecond TAs of 1L and 2L were also studied.
Figure 4a presents the nanosecond TA spectra for 1L, 2L, 1,
and 2 in CH;CN solution at zero delay after excitation at 355
nm, and the time-resolved nanosecond TA spectra of 1 are

568
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Figure 4. (a) Nanosecond transient difference absorption spectra of
1L, 2L, 1, and 2 in CH;CN solution immediately after 355 nm laser
excitation. Ayss = 0.4 in a 1 cm cuvette. (b) Time-resolved nanosecond
transient difference absorption spectra of 1 in CH;CN solution. 4., =
355 nm. Azss = 0.4 in a 1 cm cuvette.

shown in Figure 4b. The time-resolved nanosecond TA spectra
of 1L, 2L, and 2 are given in Supporting Information Figure S3.
It is obvious that the TA spectral features of the platinum
complexes are quite similar to those of their ligands, with a
negative absorption band appearing below 400 nm and a
relatively broad positive band above 500 nm. The position of
the negative band is consistent with the UV—vis absorption
band maximum, indicating a bleaching of the ground-state
absorption in this region. In view of the long lifetimes deduced
from the decay of the TA, the excited state that gives rise to the
nanosecond TA is attributed to the 3z,7* state. Consistent with
the trend observed from the UV—vis absorption and emission
studies, the absorption band maxima of 2L and 2 are all red-
shifted compared to those of 1L and 1, and the &1, _1_values are
significantly enhanced for 2L and 2. Again, this is attributed to
the extended conjugation by insertion of the triple bond in 2L
and 2. The shorter lifetimes of 1 and 2 compared to their
respective ligand should be ascribed to the rapid decay from T,
to Sy due to heavy atom induced intersystem crossing.
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The femtosecond TA spectra of 1 and 2 (Supporting
Information Figure S4) resemble their respective nanosecond
TA spectra, indicating a rapid intersystem crossing from the
singlet excited state to the triplet excited state, which is typical
for Pt complexes because of the heavy-atom enhanced spin—
orbit coupling. In contrast, the transition from the singlet to
triplet excited state is clearly evident in the time-resolved
femtosecond TA spectra of 1L and 2L. As exemplified in Figure
S for 1L, a strong absorption band appears at 608 nm

0.05
—0ps
—— 0.4 ps
0.04 —_—57 ps
——415 ps
0.03 ——2943 ps
(=] 4
o 0.02
<
0.01
0.00 /
-0.01 T T T T T T
450 500 550 600 650 700 750

Wavelength (nm)

Figure 5. Time-resolved femtosecond transient difference absorption
spectra of 1L in CH,Cl, solution. 4., = 400 nm.

immediately after the laser excitation. This band decays rapidly
with a new band occurring at ~536 nm after 57 ps of excitation,
which is the similar position as the nanosecond TA band
maximum. Approximately 2.9 ns after excitation, the original
608 nm band almost completely disappears, and the new band
at 536 nm reaches the maximum intensity, which then decays
slowly. 2L exhibits the similar transition from the singlet excited
state to the triplet excited state after ~74 ps of excitation.
Reverse Saturable Absorption. Because complexes 1 and
2 exhibit relatively broad and strong excited-state absorption in
the visible spectral region upon both nanosecond and
femtosecond laser excitation, reverse saturable absorption
(RSA) from 1 and 2 is expected to be observed in the visible
spectral region. To demonstrate this, nonlinear transmission
measurements of 1 and 2 in DMSO solution in a 2 mm cuvette
were performed using 532 nm, 4.1 ns laser pulses, and the
results are presented in Figure 6. The linear transmission of the
solution was adjusted to 95% in the 2 mm cuvette. Drastic
transmission decrease was observed for both 1 and 2 when the
incident energy increased, which is a clear indication of strong
RSA. The RSA of 1 is slightly stronger than that of 2.
Z-Scan and Two-Photon Absorption. To rationalize the
observed RSA of 1 and 2 at 532 nm, obtain numerical values for
their respective singlet and triplet excited-state absorption cross
sections, and quantify the strength of the two-photon
absorption in the near-IR, Z-scan experiments”* were carried
out at 532 nm using both nanosecond and picosecond laser
pulses and at a variety of other wavelengths between 430 and
910 nm using picosecond laser pulses. The experimental data
were fitted by a five-level model®>*® that tracks the relative
population of the ground state (S,), the first and second singlet
excited states (S; and S,), and the first and higher triplet excited
states (T, and T,). The ground-state absorption cross sections
as a function of wavelength obtained from the UV—vis spectra
of the two complexes, the singlet and triplet excited-state
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Figure 6. Nonlinear transmission curves of 1 and 2 in DMSO solution
for 4.1 ns laser pulses at 532 nm. The linear transmission of the
solution was adjusted to 95% in a 2 mm cuvette. The beam waist at the
focal plane was 72 um.

lifetimes obtained from the decay of the femtosecond and
nanosecond TA, and the triplet quantum yields obtained from
the actinometry method were used as input parameters for the
fittings. The singlet and triplet excited-state absorption cross
sections at 532 nm were obtained by fitting the nanosecond
and picosecond Z-scan data simultaneously. The effective
triplet excited-state absorption cross sections o1(4) at the other
wavelengths were deduced from the femtosecond TA curve at
5.9 ns time delay in combination with the value of o at 532
nm. Detailed descriptions of the model and the fitting process
were reported by our group previously.'>'>!3?%%3

Figure 7a shows the picosecond Z-scan experimental data
and fitting curves for 2 at 500 nm. A drastic transmission
decrease is observed when the sample is moved toward the
linear focal plane, which is a clear indication of RSA. The
ground-state absorption cross sections and the singlet and
triplet excited-state absorption cross sections in the visible
spectral region for 1 and 2 are provided in Table 2. At
wavelengths longer than 600 nm for 1 and 630 nm for 2, these
two complexes exhibit very weak or nonmeasurable ground-
state absorption, and population of the excited states via one-
photon absorption becomes very weak or impossible. However,
significant transmission reduction was still clearly evident at
these wavelengths. This indicates that both 1 and 2 exhibit two-
photon absorption in the near-IR region, which serves to
populate the excited states and open the possibility of
subsequent excited-state absorption. Two-photon absorption
cross sections deduced from the fitting of the Z-scan data are
also provided in Table 2. The ratios of the excited-state to
ground-state absorption cross sections at different visible
wavelengths for 1 and 2 are given in Table 2 and plotted in
Figure 7b. It is quite obvious that both the 0,/0, and o1/0
values are much higher for 1 than 2 because of the reduced
ground-state absorption of 1. However, unlike the trend of o,/
0, the two-photon absorption cross sections (o5,) for 2 are
much larger than those of 1. The enhanced two-photon
absorption in 2 can be attributed to the increased conjugation
by the triple bond connection, which not only increases the
conjugation length but also makes the benzothiazolylfluorenyl
component more coplanar with the terpyridine ligand. The
latter would significantly enhance the s-electron interaction and
delocalization between the benzothiazolylfluorenyl component
and the terpyridine component. Both of these factors, especially
the latter one, contribute to the dramatically enhanced o, in 2.
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Figure 7. (a) Picosecond Z-scan experimental data (symbol) and theoretical fitting curve (solid line) for 2 at 500 nm in DMSO solution. The
concentration used for the measurement was 4.2 X 10™* mol/L, and the path length of the cuvette was 2 mm. The laser energy was 4.5 4J, and the
radius of the beam waist at the focal plane was 33 um. (b) Wavelength dispersion of the ratios of excited-state absorption cross section to that of the
ground-state absorption (6,,/6,) and two-photon absorption cross section (6,) for 1 and 2 in DMSO solution.

Table 2. Absorption Cross Sections of 1 and 2 at Selected Wavelengths Determined by Fitting of Z-Scan Data Except Where
Indicated

6o(2)%/107"8 cm? 65(2)/107% cm? o1(2)/107"8 cm® 05/0, o1/0, 0,(1)/GM

A/nm 1 2 1 2 1 2 1 2 1 2 1 2

480 523 28 28 5.35 5.35

500 141 132 22 ) 40 14 156 31.8 284 10.6

532 0.0955 0.390 42 19 68 21 440 48.7 712 53.8

550 0.0435 0.187 35 35 66 28 805 187 1517 150

600 0.0222 0.0726 21% 40 29 15 946 551 1306 207 50

630 0.0076 0.0336 17* 20 23 13 2237 863 3026 387 110 1500

680 ~0 0.0153 19% 27% 23 13 1765 850 160 600

740 ~0 0.0084 2% 28% 31 15 3333 1786 65 550

760 ~0 ~0 2% 29° 36 16 90 400

800 ~0 ~0 2% 23% 53 20 60 450

825 ~0 ~0 43 21 2004 500

850 ~0 ~0 2807 3700°

875 ~0 ~0 1807 3000°

900 ~0 2007

910 ~0 ~0 1700°

“From UV—vis absorption spectrum. bEstimated from 05(532 nm) and the femtosecond transient difference absorption spectrum at zero time delay.
Because the femtosecond TA will include contributions from both S; and S,, these values should be considered effective cross sections for the singlet
excited states. “6;(532 nm) was determined from combined fitting of nanosecond and picosecond Z-scan data. For other wavelengths, 61.(1) was
estimated from 6;(532 nm) and the femtosecond transient difference absorption spectrum at 5.9 ns time delay. “Effective two-photon absorption
cross section for excited-state-assisted two-photon absorption. “Effective two-photon absorption cross section for the Z scan of lowest energy (11.5
4] at 825 nm, 7.9 uJ at 850 nm, 8.3 yJ at 875 nm, and 10.0 4J at 900 nm). At each wavelength, Z scans at a progression of higher energies yield
higher effective o, values, clear evidence for two-photon-initiated excited-state absorption.

The enhancement of TPA cross section with increased 7-
conjugation length or coplanarity has been well studied in
squarine dyes,*® metalloporphyrins,”” and other organic
compounds.”® This enhancement has also been reported by
our group for Pt(II) terpyridine complexes bearing a
diphenylaminofluorenyl substituent.”> However, the triple
bond linkage only gives less than 2 times enhancement of the
0, values than the one lacking of triple bond linkage for the
complexes containing a diphenylaminofluorenyl substituent.
The dramatic enhancement of the &, values in 2 than in 1 could
possibly be attributed to the following three factors: First, it is
well-known that the o, values obtained by Z scan method could
be overestimated compared to those obtained by the two-
photon excited fluorescence method; however, because of the
lack of a femtosecond laser source, we are unable to verify this
at this time. However, the overestimation by Z-scan method is a

systematic error and it applies to the o, values of both 1 and 2.
We think that even if the overestimation by Z-scan method
exists, it should not be the dominant contributor to the much
larger o, values in 2 than in 1. Second, the solubility of 2 is
lower than 1 in organic solvents including DMSO. Although we
took a great care to get the most accurate ground-state
absorption cross sections at longer wavelengths (>630 nm)
using a saturated DMSO solution of 2 in a 1 cm cuvette, the
uncertainty at longer wavelengths for 2 could still possibly be
larger than that for 1. Therefore, the much larger o, values in 2
could possibly be inflated somewhat by the underestimated
contribution from the unmeasurably small inaccuracy in single-
photon ground-state absorption. Third, the nature of the lowest
excited state of 1 and 2, which is dominated by MLCT
character, is quite different from the intramolecular charge
transfer (ILCT) dominated lowest excited state in complexes
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Table 3. Comparison of the Two-Photon Absorption Cross Sections of 1 and 2 to Selected Pt(II) Complexes

0,/GM
1 in this work 2 in this work 1 in ref 17 1 in ref 10 2 in ref 13 1 in ref 14
A/nm (21 ps, Z scan) (21 ps, Z scan) (21 ps, Z scan) (21 ps, Z scan) (21 ps, Z scan) (100 fs, fluo) PE2
595 50 (at 600 nm) 210 235 (27 ps, Z scan)*®
630 110 1500 1000
680 160 600 400
720 370 7 (180 fs, Z scan)®®
740 65 550 600 600 1200
760 90 400 1000 1000
800 60 450 650 300 2000
825 200% 500 80 600
850 2807 37007 1200” 600°
875 1807 30004 220° 300"
910 200 (at 900 nm) 1700¢ 200° 3007

“Effective cross-section for excited-state-assisted two-photon absorption. “Effective two-photon absorption cross section for the Z scan of lowest
energy (0.5 J/cm?). Z scans at a progression of higher energies (0.7 and 1.1 J/cm?) yield effective 5, values of 1900 and 2000 GM, respectively, clear
evidence for two-photon-initiated excited-state absorption. “Effective two-photon absorption cross section for the Z scan of 0.3 J/cm? fluence on axis.
“Effective two-photon absorption cross section for the Z scan of lowest energy (11.5 yJ at 825 nm, 7.9 xJ at 850 nm, 8.3 yJ at 875 nm, and 10.0 ] at
900 nm). At each wavelength, Z scans at a progression of higher energies yield higher effective o, values, clear evidence for two-photon-initiated

excited-state absorption.

bearing diphenylaminofluorenyl substituent.'> We speculate
this could be the major reason that causes the different degree
of enhancement in 2 by the triple bond linkage compared to
the complex with diphenylaminofluorenyl substituent. Above
825 nm, the TA could not be measured because of the
detection limit of our spectrometer. Thus, we are unable to
estimate the singlet and triplet excited-state absorption cross
sections at the wavelengths of 825—910 nm, and the two-
photon absorption cross sections reported in Table 2 for these
wavelengths are effective cross sections for excited-state-assisted
two-photon absorption.

It is noted that two-photon initiated excited-state absorption
has been reported for fluorene-based organic molecules**° and
stilbene derivatives,>' and some of them show strong apparent
nonlinear transmission in the near-IR region. However, the
reported nonlinear transmission curves were conducted at
different wavelengths than 532 nm (the wavelength we used to
demonstrate nonlinear transmission of our complexes), it is not
reasonable to compare the nonlinear transmission of nonlinear
absorbing materials at different measurement conditions.
Rather than that, the intrinsic molecular parameters, such as
the ratios of the excited-state absorption cross section relative
to that of the ground state for reverse saturable absorbers and
0, for two-photon absorbers, should be compared. Both the o5/
6, and 67/, values for 1 and 2 (Table 2) are among the largest
values reported to date for reverse saturable absorbers at each
of the corresponding wavelength in the visible to the near-IR
region (see Supporting Information Tables S1 and S2 for
comparison).lo’l1’13’17’23”32_34 In addition, the o, values for 1
and 2 are comparable or better than the values reported in the
literature for fluorene-based organic molecules”** (note that
the o, values reported in the literature are effective TPA cross
sections, which include contributions from both TPA and ESA
and thus are larger than the true o, as we deduced for 1 and 2
in this paper). Nonetheless, the ¢, values for 1 and 2 are among
the largest values for Pt(II) complexes reported to date (see
Table 3 for comparison)'®'#'*!7357#! and the nonlinear
absorption spectral region (480—910 nm considering both
RSA and TPA region) is greatly expanded compared to the
fluorene-based organic molecules and stilbene derivatives.”*~>"
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It is also worth mentioning that (polypyridyl)metal-
(porphinato)zinc(II) compounds exhibit broad ESA.***
However, the ESA is primarily in the near-IR region, which is
different from the ESA region for 1 and 2 that covers most of
the visible spectral region. Therefore, it is not appropriate to
compare the ESA of 1 and 2 with (polypyridyl)metal-
(porphinato)zinc(Il) compounds either.

4. CONCLUSION

Two Pt(II) complexes bearing a 7-(benzothiazol-2’-yl)-9,9-
diethylfluoren-2-yl substituent on the 4-position of terpyridine
ligand via single or triple bond connection were synthesized,
and their photophysical properties and nonlinear absorption
were systematically investigated. Both complexes exhibit strong
'MLCT transition at ~430 nm and weak *MLCT/ 371',7[*
emission at ~600 nm. The excited-state absorption of both
complexes is quite strong and relatively broad in the visible
spectral region. Therefore, both complexes show strong RSA in
the visible region, with very large ratios of 6.,/ values. Z-Scan
experiments reveal that these complexes exhibit two-photon
initiated excited-state absorption in the near-IR region. The
TPA cross sections for 2 are among the largest values reported
for Pt(Il) complexes. Thus, both of them are promising
broadband nonlinear absorbing materials. It is also found that
complex 2 with the triple bond connection between the
fluorenyl component and the terpyridine ring has a red-shifted
UV—vis absorption, emission, and transient absorption, as well
as significantly larger TPA compared to those of 1, due to the
extended conjugation by the triple bond.
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