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ABSTRACT: A series of Pt(II) diimine complexes bearing
benzothiazolylfluorenyl (BTZ-F,), diphenylaminofluorenyl (NPh,-
Fg), or naphthalimidylfluorenyl (NI-Fg) motifs on the bipyridyl or
acetylide ligands (Pt-4—Pt-8), (i.e., {4,4'-bis[7-R;-Fg-(=),-]bpy}Pt(7-
R,-Fg- = -),, where Fg = 9,9'-di(2-ethylhexyl)fluorene, bpy = 2,2'-
bipyridine, Pt-4: R; = R, = BTZ, n = 0; Pt-5: R, =BTZ, R, =NL, n =
0; Pt-6: R, =R, = BTZ, n = 1; Pt-7: R, = BTZ, R, = NPh,, n = 1; Pt-
8: R, = NPh,, R, = BTZ, n = 1) were synthesized. Their ground-state
and excited-state properties and reverse saturable absorption perform-
ances were systematically investigated. The influence of these motifs
on the photophysics of the complexes was investigated by
spectroscopic methods and simulated by time-dependent density
functional theory (TDDFT). The intense absorption bands below 410
nm for these complexes is assigned to predominantly Lz % transitions
localized on either the bipyridine or the acetylide ligands; while the
broad low-energy absorption bands between 420 and 575 nm are
attributed to essentially 'MLCT (metal-to-ligand charge trans-
fer)/'LLCT (ligand-to-ligand charge transfer) transitions, likely mixed with some 'ILCT (intraligand charge transfer) transition
for Pt-4—Pt-7, and predominantly 'ILCT transition admixing with minor "MLCT/'LLCT characters for Pt-8. The different
substituents on the acetylide and bipyridyl ligands, and the degrees of z-conjugation in the bipyridyl ligand influence both the
'7,7% and charge transfer transitions pronouncedly. All complexes are emissive at room temperature. Upon excitation at their
respective absorption band maxima, Pt-4, Pt-6, and Pt-8 exhibit acetylide ligand localized 1z 7% fluorescence and
*MLCT/’LLCT phosphorescence in CH,Cl,, while Pt-5 manifests 'ILCT fluorescence and *ILCT phosphorescence. However,
only 'LLCT fluorescence was observed for Pt-7 at room temperature. The nanosecond transient absorption study was carried
out for Pt-4—Pt-8 in CH;CN. Except for Pt-7 that contains NPh, at the acetylide ligands, Pt-4—Pt-6 and Pt-8 all exhibit weak to
moderate excited-state absorption in the visible spectral region. Reverse saturable absorption (RSA) of these complexes was
demonstrated at 532 nm using 4.1 ns laser pulses in a 2 mm cuvette. The strength of RSA follows this trend: Pt-4 > Pt-S > Pt-7 >
Pt-6 > Pt-8. Incorporation of electron-donating substituent NPh, on the bipyridyl ligand significantly decreases the RSA, while
shorter z-conjugation in the bipyridyl ligand increases the RSA. Therefore, the substituent at either the acetylide ligands or the
bipyridyl ligand could affect the singlet and triplet excited-state characteristics significantly, which strongly influences the RSA
efficiency.

S:

Pt R.:%\ND n=0
S

Pt-2 R<=%\N]© n=1

Pt3 Ry= —N n=1
S S-
Pt4 R‘=4<\NI> Ry = %\ND n=0

Pt-5 R‘=%\N Ry = O

S S

Pt6 R‘=%\NI> R2=%\N:© n=1
S

Pt7 RG%\N]@ Rp= —N n=1

O .
Pt:8 Ry= —N R;=4<\]© n=1

B INTRODUCTION localized m,7* transitions. These features lead to long-lived

Pt(II) diimine complexes’ have attracted a great deal of interest triplet excited states, broadband excited-state absorption (ESA)

in the past decade due to their unique photophysical properties

and versatile potential applications, such as in low-power
. 2—-6 . . 7—9 .

upconversion,” - photoinduced charge separation,”~ lumines-

in the visible to the near-IR region, and room temperature
phosphorescence. More importantly, their photophysical
properties can be readily tuned by modifying the ligand

cent materials,"® !> chemosensors,>'* and nonlinear op- structures, which offers researchers the opportunity to design
tics,">'® etc. Their rich photophysical properties and new Pt(II) diimine complexes with predetermined properties to
applications are intrinsically based on the presence of multiple tailor particular applications. It has been reported that variation
charge transfer excited states, such as metal-to-ligand charge
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Chart 1. Structures of Ligands L-1-L-3, Zinc Complexes Zn-1—Zn-3, and Platinum Complexes Pt-1—Pt-8

Scheme 1. Synthetic Routes for Ligands L-1—-L-3, Zinc Complexes Zn-1—Zn-3, and Platinum Complexes Pt-1—Pt-8
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of the substituents on the bipyridine and/or the acetylide
ligands could affect the photophysical properties of the Pt(II)
diimine complexes drastically.'” =" For example, the energy of
the "MLCT band could be reduced significantly when the
electron-withdrawing ability of the substituent on the
bipyridine ligand increases. Meanwhile, the increased elec-
tron-donating ability of the substituent on the acetylide ligands
could also decrease the energy of the '"MLCT state. However,
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the influence of the substituents on the acetylide ligands does
not follow a monotonic trend on the energy, lifetime, and
quantum vyield of the lowest triplet excited state because of the
interplay of multiple excited states in proximity. It has been
reported in the literature that by modification of the acetylide
ligands the lowest triplet excited state of the Pt(II) diimine
complexes could be tuned to a *MLCT state,'® a 37,7 state
localized on two acetylide ligands,19 a 3,7 state localized on
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one of the acetylide ligands,” or a mixture of the MLCT and
Sg,z states.'* Our group discovered that strong electron-
donating substituents such as the diphenylamino group and
strong electron-withdrawing substituents such as the nitro
group on the acetylide ligands could change the nature of the
lowest triplet excited state from a charge transfer triplet excited
state to predominantly acetylide ligand-localized *z,7 state.*"**
Furthermore, the lowest triplet excited state could be switched
from a 37,7 state to a MLCT state in solvent with different
polarities."*

In addition to the aforementioned structure—property
correlation studies, in recent years our group investigated the
effects of extending the z-conjugation of the acetylide ligands
on the Pt(II) bipyridyl complexes bearing benzothiazolyl
(BTZ)- and naphthalimide (NI)-substituted fluorenylacetylide
ligands'>*"** and on the complexes with diphenylamino- and
nitro-substituted phenylethynylfluorenylacetylide ligands.** It
was revealed that extending the z-conjugation of the acetylide
ligands could increase the lifetime of the triplet excited state
and enhance the reverse saturable absorption (RSA) at 532 nm
for ns laser pulses. Zhao and co-workers also reported the long-
lived triplet excited state in Pt(II) bipyridyl complexes with
extended 7-conjugated acetylide ligands.” Although these
results are quite interesting, studies on the Pt(II) diimine
complexes with extended 7-conjugated substituents on both the
diimine ligand and acetylide ligands have been quite scarce
except for our very recent work on Pt(II) complexes with
benzothiazolylfluorenyl substituents on both of the bipyridyl
and acetylide ligands.”® Our study discovered that the triplet
excited-state lifetime of the Pt(I) diimine complexes was
dramatically increased to ~60 ps and the triplet excited-state
absorption spectrum became much broader upon extending the
m-conjugation on both the diimine and acetylide ligands; thus,
the complexes exhibited very strong RSA at 532 nm. Intrigued
by this preliminary study, we are interested in further
understanding the effect of introducing aromatic electron-
donating or -withdrawing substituents on the z-conjugated
fluorenyl groups that are attached to the diimine and acetylide
ligands. Understanding how the nature and position of these
substituents influence the photophysics of Pt(II) complexes is
essential for rational design of Pt(II) complexes as efficient
photonic materials, such as reverse saturable absorbing
materials.

To reach this goal, in this work, we designed and synthesized
a series of novel Pt(Il) diimine complexes bearing different
arylfluorenyl components on both the acetylide and bipyridine
ligands (Pt-4—Pt-8 in Chart 1). The BTZ and NI groups were
chosen as electron-withdrawing substituents, while the NPh,
group was selected as an electron-donating substituent. To aid
in our understanding of the photophysics of Pt-4—Pt-8, three
zinc diimine chloride complexes (Zn-1—Zn-3 in Chart 1) and
three Pt(II) diimine chloride complexes (Pt-1—Pt-3 in Chart
1) with the corresponding diimine ligand were synthesized as
reference complexes. For all complexes, 2-ethylhexyl sub-
stituents were introduced on the fluorene units in order to
reduce the intermolecular aggregation and improve the
solubility of the Pt complexes. The synthetic routes for the
ligands L-1-L-3 and for all of the target complexes are
illustrated in Scheme 1. The photophysics of the ligands and
the complexes, and the RSA of the Pt(II) complexes, were
systematically investigated with the aim of understanding the
structure—property correlations for developing efficient reverse
saturable absorbers.
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B EXPERIMENTAL SECTION

Synthesis and Characterization. All solvents and reagents for
synthesis were purchased from Aldrich or Alfa Aesar and used as is
unless otherwise stated. The precursors 1—4 were prepared according
to the literature procedures.”*****” Spectrophotmetric grade solvents
were used for spectroscopic studies and were purchased from Alfa
Aesar Company and used without further purification. Silica gels used
for chromatography were purchased from Alfa Aesar Company (230—
400 mesh). Tetrahydrofuran (THF), diethylamine (DEA), diisopro-
pylamine (DIPA), and N,N-diisopropylethylamine (DIEA) were
distilled under N, over sodium benzophenone ketyl. The ligands
and complexes were characterized by "H NMR, HRMS, and elemental
analyses. 'H NMR spectra were obtained on a Varian Oxford-400
VNMR spectrometer or a Varian Oxford-500 VNMR spectrometer.
HRMS data for ligands L-1-L-3 and Pt complexes Pt-1-Pt-3 were
obtained on a Bruker BioTOF III mass spectrometer. The Zn
complexes Zn-1—Zn-3 and the Pt complexes Pt-4—Pt-8 were unable
to be ionized using the ESI technique. Therefore, their mass analyses
were performed on an Applied Biosystems Voyager-DE STR MALDI-
TOF mass spectrometer, which is equipped with a nitrogen laser (337
nm, 3 ns pulse, 20 Hz maximum firing rate) and was operated in the
reflection mode. 2',4’,6'-Trihydroxyacetophenone monohydrate
(THAP) was used as the matrix. Elemental analyses were carried
out by NuMega Resonance Laboratories, Inc. in San Diego, California.

L-1. 4,4'-Dibromo-2,2’-bipyridine (0.44 g, 1.40 mmol), compound 1
(0.2 g 0.31 mmol) and Pd(PPh;), (0.16 g, 0.14 mmol) were added to
30 mL of toluene in a round-bottom flask. Then 7 mL of 2 M K,CO;,
aqueous solution was added. The mixture was heated to reflux under
argon for overnight. The volume of this mixture was then reduced in
vacuo and the residue was extracted with CH,Cl,. The CH,Cl, layer
was washed with brine and dried over MgSO,. After removal of the
solvent, the crude product was purified by column chromatography
(neutral ALO;, hexane/EtOAc = 10:1, v/v), then recrystallized from
acetone to afford white solid 0.50 g (yield: 30%). "H NMR (400 MHz,
CDCL): & 9.85 (d, J = 7.2 Hz, 2H), 8.26—8.12 (m, 8H), 7.92—7.90
(m, 6H), 7.84—7.79 (m, 6H), 7.54 (t, ] = 6.2 Hz, 2H), 7.43 (t, ] = 6.2
Hz, 2H), 2.24—2.10 (m, 8H), 0.92—0.75 (m, 32H), 0.64—0.54 (m,
28H). ESI-HRMS: m/z calc for [Cg,HoN,S,+ H]*: 1199.6993;
Found: 1199.7041. Anal. Calcd (%) for Cg,Hg,N,S,: C, 82.09; H, 7.90;
N, 4.67. Found: C, 81.87; H, 8.38; N, 4.27.

L-2. A stirred suspension of 4,4’-dibromo-2,2'-bipyridine (0.27 g
0.87 mmol), compound 2 (1.00 g, 1.82 mmol), PPh; (0.046 g, 0.18
mmol), Pd(PPh,)Cl, (0.06 g 0.09 mmol), and Cul (0.01 g 0.045
mmol) in DIEA (20 mL) was deoxygenated with argon at r.t. and then
heated to reflux for 48 h. The volume of the mixture was then reduced
in vacuo, and the residue was extracted with ether. The combined
ether layer was washed with brine and dried over MgSO,. After
removal of the solvent, the residue was purified by column
chromatography (neutral AL,O;, hexane/CH,Cl, = 2:1 then 1:1, v/
v) to afford the crude product as a yellow oil. Then the yellow oil was
recrystallized from acetone to afford yellow solid 0.27g (yield: 25%).
"H NMR (400 MHz, CDCL,): § 8.68 (d, ] = 7.2 Hz, 2H), 8.57 (s, 2H),
8.13—8.06 (m, 6H), 7.89 (d, ] = 7.6 Hz, 2H), 7.80—7.74 (m, 4H),
7.60—7.56 (m, 4H), 7.50—7.44 (m, 4H), 7.38—7.35 (m, 2H), 2.10—
2.06 (m, 8H), 0.92—0.69 (m, 36H), 0.59—0.48 (m, 24H). ESLHRMS:
m/z calc for [CggHg,N,S, + H]*: 1247.6993; Found: 1247.6992. Anal.
Calcd (%) for CgHouN,S,: C, 82.78; H, 7.59; N, 4.49. Found: C,
83.05; H, 8.08; N, 4.55.

L-3. A stirred suspension of 4,4'-dibromo-2,2'-bipyridine (0.31 g,
0.98 mmol), compound 3 (1.20 g, 2.06 mmol), PPh; (0.051g, 0.196
mmol), Pd(PPh;)Cl, (0.068 g, 0.098 mmol), and Cul (0.01 g 0.049
mmol) in DIEA (20 mL) was deoxygenated with argon at r.t. and then
heated to reflux for 48 h. The volume of the mixture was then reduced
in vacuo, and extracted with ether. The combined ether layer was
washed with brine and dried over MgSO,. After removal of the
solvent, the crude product was purified by column chromatography
(neutral Al,O5, hexane/CH,Cl, = 10:1, v/v) to afford 0.27 g red solid
as the product (yield: 21%). "H NMR (400 MHz, CDCl,): 6 8.68 (d, ]
= 7.2 Hz, 2H), 8.57 (s, 2H), 7.61—7.48 (m, 8H), 7.38—7.42 (m, 2H),
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7.29—7.20 (m, 4H), 7.08—7.04 (m, 20H), 2.10—2.06 (m, 8H), 0.92—
0.69 (m, 40H), 0.59—0.48 (m, 20H). ESI-HRMS: m/z calc for
[CogHio6N, + H]*: 1315.8490; Found: 1315.8519. Anal. Calcd (%) for
CosH,06N4: C, 87.62; H, 8.12; N, 4.26. Found: C, 87.23; H, 8.12; N,
4.27.

Zn-1. Compounds ZnCl, (7.95 mg, 0.058 mmol) and L-1 (70 mg,
0.058 mmol) were dissolved in 10 mL of mixed dichloromethane and
methanol (v/v 1:1), and the solution was stirred at room
temperature for 3 h. Then the solvent was removed, and the crude
product was recrystallized from hexane/acetone to give 40 mg
yellowish-green solid (yield: 51%). '"H NMR (400 MHz, CDCL;): 6
8.90 (d, J = 4.8 Hz, 2H), 8.48 (s, 2H), 8.19—8.08 (m, 6H), 7.96—7.88
(m, 8H), 7.78—7.62 (m, 4H), 7.50 (t, ] = 7.6 Hz, 2H), 7.39 (t, ] = 7.6
Hz, 2H), 2.22-2.09 (m, 8H), 0.90—0.69 (m, 32H), 0.58—0.50 (m,
28H). MALDI-TOF HRMS: m/z calc for [Cg,Hy,N,S,ClZn + 2H]*:
1299.6056; Found: 1299.5953. Anal. Calcd (%) for Cg,Hg,C,N,S,Zn-
CH,CL,-0.5CH,;: C, 70.54; H, 7.11; N, 3.83. Found: C, 70.17; H,
7.51; N, 3.97.

Zn-2. Compounds ZnCl, (7.6 mg, 0.056 mmol) and L-2 (70 mg,
0.056 mmol) were dissolved in 10 mL of mixed dichloromethane/
methanol (v/v 1:1), and the solution was stirred at room
temperature for 1 h. Then the solvent was removed, and the crude
product was recrystallized from acetone to yield 40 mg yellowish-green
solid as the product (yield: 52%). 'H NMR (400 MHz, CDCl,): §
8.86 (d, ] = 5.0 Hz, 2H), 8.38 (m, 2H), 8.20—8.12 (m, 6H), 7.96 (d, J
= 8.0 Hz, 2H), 7.89—7.83 (m, 6H), 7.72—7.68 (m, 4H), 7.54 (t,] = 7.5
Hz, 2H), 7.43 (t, ] = 7.5 Hz, 2H), 2.22—2.09 (m, 8H), 0.97—0.73 (m,
40H), 0.64—0.55 (m, 20H). MALDI-TOF HRMS: m/z calc for
[CseHoyN,S,ClZn + 2H]": 1347.6056; Found: 1347.5834. Anal. Calcd
(%) for CgHoyN,S,CLZn-H,0: C, 73.66; H, 6.92; N, 4.00. Found: C,
73.80; H, 7.00; N, 4.05.

Zn-3. Compounds ZnCl, (8.3 mg, 0.061 mmol) and L-3 (80 mg,
0.061 mmol) were dissolved in 10 mL of mixed dichloromethane/
methanol (v/v 1:1), and the solution was stirred at room
temperature for S h. Then the solvent was removed, and the crude
product was recrystallized from hexane/EtOH to afford 65 mg red
solid as the product (yield: 74%). 'H NMR (500 MHz, CDCl,): §
8.75 (s, 2H), 8.50 (s, 2H), 7.66—7.55 (m, 10H), 7.26 (m, 2H), 7.13—
7.04 (m, 22H), 1.97—1.86 (m, 8H), 1.05—0.74 (m, 40H), 0.60—0.54
(m, 20H). MALDI-TOF HRMS: m/z calc for [CosH,osN4ClZn]":
1415.7509; Found: 1415.7457. Anal. Calcd (%) for CosH;osN,CL,Zn-
C,;H,O-2H,0: C, 76.89; H, 7.58; N, 3.62. Found: C, 77.05; H, 7.96;
N, 3.74.

Pt-1. Compounds Pt(DMSO),Cl, (70.4 mg, 0.167 mmol) and L-1
(200 mg, 0.167 mmol) were added to a mixed solution of 20 mL
CH;CN and 30 mL CH,Cl,, and the solution was heated to reflux for
5 h. After removal of the solvent, the crude product was purified by
column chromatography (silica gel, hexane/CH,Cl, = 1:1, v/v, then
CH,Cl,) and then by recrystallization from CH,Cl,/Et,O to afford 50
mg yellow solid as the product (yield: 20%). 'H NMR (400 MHz,
CDCL,): 6 9.76 (d, J = 6.0 Hz, 2H), 824—8.07 (m, 8H), 7.95—7.87
(m, 6H), 7.82—7.78 (m, 4H), 7.72 (d, ] = 4.8 Hz, 2H), 748 (t, ] = 7.6
Hz, 2H), 7.38 (t, ] = 7.6 Hz, 2H), 2.23—2.09 (m, 8H), 0.98—0.70 (m,
32H), 0.62—0.50 (m, 28H). ESI-HRMS: m/z calc for
[CuHoN,S,PtCl, + Na]™: 1487.5841; Found: 1487.5868. Anal.
Caled (%) for Cg,Ho,CLN,S,Pt: C, 67.19; H, 6.46; N, 3.82. Found:
C, 66.84; H, 6.90; N, 3.60.

Pt-2. Compounds Pt(DMSO),Cl, (67.6 mg, 0.160 mmol) and L-2
(200 mg, 0.160 mmol) were added to S0 mL of CH;CN and 10 mL of
CH,Cl,, and the solution was heated to reflux for 5 h. After removal of
the solvent, the crude product was recrystallized from CH,Cl,/hexane
to afford 170 mg yellow solid as the product (yield: 70%). '"H NMR
(400 MHz, CDCL,): 5 9.82 (d, ] = 6.0 Hz, 2H), 8.13-8.05 (m, SH),
7.90 (d, J = 8.4 Hz, 2H), 7.84—7.79 (m, 4H), 7.66—7.62 (m, 6H), 7.49
(t, J=7.8 Hz, 2H), 7.38 (t, ] = 7.8 Hz, 2H), 2.22—2.09 (m, 8H), 0.97—
0.69 (m, 40H), 0.59—0.50 (m, 20H). ESI-HRMS: m/z calc for
[Ce6HoyN,S,PtCl, + Na]*: 1535.5842; Found: 1535.5802. Anal. Calcd
(%) for CgHy,CLN,PtS,-!/,CH,CL,: C, 67.24; H, 6.20; N, 3.63.
Found: C, 67.40; H, 6.47; N, 3.66.
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Pt-3. Compounds Pt(DMSO),Cl, (64.2 mg, 0.152 mmol) and L-3
(230 mg, 0.152 mmol) were added to S0 mL of CH;CN and 20 mL of
CH,Cl,, and the solution was heated to reflux for 5 h. After removal of
the solvent, the crude product was purified by column chromatography
(neutral AL,O;, hexane/EtOAc = 4:1 then 2:1, v/v) to afford 101 mg
reddish-brown solid (yield: 42%). '"H NMR (400 MHz, CDCl,): §
9.77 (d, J = 64 Hz, 2H), 820—7.95 (m, 3H), 7.80—7.42 (m, 11H),
7.25-7.21 (m, 10H), 7.09~7.01 (m, 12H), 2.22—1.79 (m, 8H), 1.05—
0.70 (m, 40H), 0.55—0.51 (m, 20H). ESI-HRMS: m/z calc for
[CoeH,06CLLN,Pt + Na]*: 1603.7344; Found: 1603.7380. Anal. Calcd
(%) for CogH,06CLN,Pt: C, 72.89; H, 7.06; N, 3.53. Found: C, 73.19;
H, 7.16; N, 3.59.

Pt-4. To a degassed solution of Pt-1 (100 mg, 0.068 mmol) and 2
(78 mg, 0.143 mmol) in dry CH,Cl, (30 mL) and diisopropylamine
(20 mL) was added Cul (1.6 mg, 0.0084 mmol). The mixture was
refluxed under argon for overnight. After removal of the solvent, the
crude product was purified by column chromatography (silica gel,
hexane/CH,Cl, = 2:1, then 1:1, v/v), and recrystallized from CH,CL,/
EtOH to afford 89 mg red solid (yield: 53%). "H NMR (400 MHg,
CDCly): 5 9.99 (s, 2H), 8.32 (s, 2H), 8.16—7.95 (m, 12H), 7.93—7.83
(m, 8H), 7.80—7.72 (m, 8H), 7.64—7.58 (m, 6H), 7.49—7.44 (m, 4H),
7.40-7.32 (m, 4H), 2.22—-2.01 (m, 16H), 0.98—0.50 (m, 120H).
MALDLTOF HRMS: m/z calc for [CysH,;NeS,Pt]*: 2487.2990;
Found: 2487.2571. Anal. Calcd (%) for C,sH,4,N¢S,Pt-'/,CH,Cl,
H,0: C, 74.68; H, 7.32; N, 3.30. Found: C, 74.69; H, 7.67; N, 3.12.

Pt-5. To a degassed solution of Pt-1 (60 mg, 0.041 mmol) and 4
(58.5 mg, 0.086 mmol) in dry CH,Cl, (30 mL) and diisopropylamine
(20 mL) was added Cul (1.0 mg, 0.0053 mmol). The mixture was
refluxed under argon for overnight. After removal of the solvent, the
crude product was purified by column chromatography (silica gel,
CH,Cl,, then CH,CL,/EtOAc = 4:1, v/v) to afford 49.6 mg red solid
(yield: 40%). "H NMR (400 MHz, CDCL,): § 9.89 (s, 2H), 8.63 (t,] =
7.2 Hz, 4H), 8.35—8.26 (m, 4H), 8.19—8.13 (m, 4H), 8.09 (d, ] = 8.0
Hz, 2H), 7.91-7.64 (m, 24H), 7.52—7.37 (m, 8H), 4.17 (t, ] = 7.6 Hz,
4H), 2.23-2.03 (m, 16H), 1.75—1.71 (m, 4H),1.47—1.42 (m, 4H),
0.99—0.75 (m, 80H), 0.65—0.51 (m, 46H). MALDI-TOF HRMS: m/z
calc for [Cy,gH,,NgO4PtS, + H]*: 2724.4989; Found: 2724.4324.
Anal. Caled (%) for C,;4H,0,NqO,PtS,-CH,CL,-2H,0: C, 74.70; H,
731; N, 2.95. Found: C, 74.60; H, 7.80; N, 2.87.

Pt-6. To a degassed solution of Pt-2 (200 mg, 0.132 mmol) and 2
(152 mg, 0.277 mmol) in dry CH,Cl, (30 mL) and diisopropylamine
(20 mL) was added Cul (1.3 mg, 0.007 mmol). The mixture was
refluxed under argon for overnight. After removal of the solvent, the
crude product was purified by column chromatography (silica gel,
hexane/CH,Cl, = 1:1, then 1:2, v/v) to afford 120 mg purple solid
(yield: 36%). "H NMR (400 MHz, CDCl;): § 9.90 (d, ] = 6.4 Hg,
4H), 8.21-8.04 (m, 14H), 7.91-7.79 (m, 8H), 7.72 (d, ] = 8.0 Hz,
2H), 7.65=7.51 (m, 10H), 7.48—7.44 (m, 4H), 7.40—7.33 (m, 4H),
2.17-2.04 (m, 16H), 1.03—0.71 (m, 80H), 0.58—0.50 (m, 40H).
MALDI-TOF HRMS: m/z calc for [C,5,H e, NS Pt]*: 2535.2990;
Found: 2535.2400. Anal. Calcd (%) for C;¢,H,;5,N¢S,Pt-CH,Cl,-Et,O:
C, 7441; H, 7.25; N, 3.12. Found: C, 74.28; H, 7.66; N, 2.94.

Pt-7. To a degassed solution of Pt-2 (70 mg, 0.046 mmol) and 3
(56 mg, 0.097 mmol) in dry CH,Cl, (30 mL) and diisopropylamine
(20 mL) was added Cul (0.43 mg, 0.0023 mmol). The mixture was
refluxed under argon for overnight. After reaction, the mixture was
washed with brine and dried over MgSO,. After removal of the
solvent, the crude product was purified by column chromatography
(silica gel, hexane/CH,Cl, = 1:1, then 1:2, v/v) to afford dark-black
solid. Further recrystallization from CH,Cl,/CH;CN yielded 32 mg
black solid (yield: 27%). 'H NMR (400 MHz, CDCL,): & 9.93 (d, ] =
5.6 Hz, 2H), 8.16—8.09 (m, 8H), 8.08 (d, ] = 8.4 Hz, 2H), 7.82-7.79
(m, 4H), 7.69—7.62 (m, 6H), 7.53—7.47 (m, 10H), 7.38 (d, ] = 7.6
Hz, 2H), 7.23—7.18 (m, 8H), 7.07—7.04 (m, 10H), 7.02—6.95 (m,
6H), 2.04—1.98 (m, 16H), 1.02—0.70 (m, 80H), 0.60—0.50 (m, 40H).
MALDI-TOF HRMS: m/z calc for [C;,,H;o,N¢PtS, + H]*:
2604.4566; Found: 2604.1260. Anal. Calcd (%) for C,,,H;o,NgPtS,:
C, 79.31; H, 7.51; N, 3.23. Found: C, 79.29; H, 7.80; N, 3.20.

Pt-8. To a degassed solution of Pt-3 (50 mg, 0.032 mmol) and 2
(36 mg, 0.066 mmol) in dry CH,Cl, (30 mL) and diisopropylamine
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(20 mL) was added Cul (0.5 mg, 0.0026 mmol). The mixture was
refluxed under argon for overnight. After reaction, the mixture was
washed with brine and dried over MgSO,. Then the solvent was
removed, and the crude product was purified by column
chromatography (silica gel, hexane/CH,Cl, = 1:1, then 1:2, v/v) to
afford dark-black solid. Further recrystallization from acetone/CH;CN
yielded 15 mg black solid (yield: 18%). '"H NMR (400 MHz, CDCL,):
59.93 (d, J = 5.6 Hz, 2H), 8.15—8.04 (m, 10H), 7.88 (d, J = 8.0 Hz,
2H), 7.72 (d, ] = 8.0 Hz, 2H), 7.65—7.55 (m, 16H), 7.46 (t, ] = 8.0 Hz,
2H), 7.34 (t, ] = 8.0 Hz, 2H), 7.25—7.21 (m, 8H), 7.08—7.01 (m,
14H), 2.14—1.79 (m, 16H), 1.01-0.63 (m, 80H), 0.63—0.49 (m,
40H). MALDI-TOF HRMS: m/z calc for [C,7,H;o,NPtS, + H]*:
2604.4566; Found: 2604.4666. Anal. Calcd (%) for
CipHyoNPtS,-1/,CH,CL: C, 7827; H, 7.43; N, 3.17. Found: C,
78.01; H, 7.85; N, 3.12.

Photophysical Measurements. The UV—vis absorption spectra
were recorded on a Shimadzu UV-2501 spectrophotometer. The
emission spectra were measured on a FluoroMax-4 fluorometer/
phosphorometer. The emission quantum yields were obtained by the
relative actinometry method®® in solutions. A degassed aqueous
solution of [Ru(bpy);]Cl, (®,,, = 0.042, 1., = 436 nm)*® was used as
the reference for the Pt complexes Pt-4—Pt-8, and an aqueous solution
of quinine sulfate (®,, = 0.546, A, = 365 nm)** was used as the
reference for the ligands, zinc complexes, and the Pt(II) chloride
complexes Pt-1—Pt-3. The nanosecond transient absorption (TA)
spectra, triplet excited-state lifetimes, and triplet excited-state quantum
yields were measured on an Edinburgh LP920 laser flash photolysis
spectrometer. The excitation source was the third harmonic output
(355 nm) of a Nd:YAG laser (Quantel Brilliant, pulsewidth ~4.1 ns;
the repetition rate was set up to 1 Hz). Before each measurement, the
sample solutions were degassed with Ar for 30 min.

Singlet depletion method®" was used to determine the triplet
excited-state molar extinction coefficients (er) at the TA band
maximum. The triplet excited-state quantum yield was calculated by
the relative actinometry®” using the ey value obtained from the singlet
depletion method and silicon 2,3-naphthalocyanine bis-
(trihexylsilyloxide) (SiNc) in benzene as the reference (g5 =
70,000 M~'-cm™), &, = 0.20).

DFT Calculations. The ground electronic state frontier molecular
orbitals (FMOs) of complexes Pt-4—Pt-8 were simulated by density
functional theory (DFT), and their excited electronic states were
calculated using the time-dependent density functional theory
(TDDFT) method. The specific DFT method used was
PBEIPBE**™ for calculating excited electronic states. The basis
sets used in all calculations were the 6-31G* set®”*! for all light atoms
and the LANL2DZ set*>~** for the Pt atom. Full equilibrium geometry
optimizations were performed for the ground electronic states of all
complexes. However, a methyl group was used to replace the 2-
ethylhexyl group in Pt complexes to simplify the calculations due to
the size of the complexes. Excited-state calculations for 20 excited
states were performed at the fully optimized ground-state molecular
geometry of the complexes. All the calculations were performed with
Gaussian 09 software package.*”

Nonlinear Transmission Measurement. The experimental setup
and details have been reported previously.*® A plano-convex lens (f =
40 cm) was used to focus the beam to the sample cuvette. The radius
of the beam waist at the focal point was approximately 96 um. A
Quantel Brilliant nanosecond laser (4.1 ns pulses) with a repetition
rate of 10 Hz was used as the light source.

B RESULTS AND DISCUSSION

Synthesis. Scheme 1 outlines the synthetic routes for
ligands L-1—L-3, and complexes Zn-1—Zn-3, and Pt-1-Pt-8.
The synthesis of the key precusors 1—4 follows the reported
procedures.”"*****” The Suzuki or Sonogashira cross-coupling
reaction was employed to synthesize ligands L-1—-L-3. Zn-1—
Zn-3 were synthesized by the reaction of ligands L-1—L-3 with
ZnCl, at room temperature. Refluxing L-1-L-3 with Pt-
(DMSO),Cl, in CH;CN/CH,Cl, mixture yielded Pt-1—Pt-3.
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Then substitution of the Cl coligands in Pt-1—Pt-3 by the
respective arylfluorenylacetylide ligands 2—4 in the presence of
Cul and diisopropylamine (DIPA) gave Pt complexes Pt-4—Pt-
8. All Zn and Pt complexes are air-stable and soluble in
common organic solvents, such as CH,Cl,, CHCl;, acetone,
tetrahydrofuran, toluene, DMF, and DMSO. The structures and
purity of the ligands and complexes were characterized by 'H
NMR spectroscopy, high-resolution mass spectrometry, and
elemental analyses. Upon coordination with the Zn(II) and
Pt(II) metal ions and exchange of chloride with acetylide as the
coligands, informative bipyridine resonances (5 7.8—9.9 ppm)
were observed because they shifted substantially to downfield,
especially the protons adjacent to the coordination sites.
Electronic Absorption. The UV—vis absorption spectra of
L-1-L-3, Zn-1-Zn-3, and Pt-1-Pt-8 were measured in
CH,Cl, solutions at different concentrations. No ground-state
aggregation was observed in the concentration range
investigated (1 X 107 to 1 X 10™* mol/L), which is reflected
by the compliance of the absorbance with the Beer’s law. The
absorption spectra of the ligands and the complexes in CH,Cl,
are presented in Figure 1, and their absorption band maxima

1.8x10°
5| (a) —L-1
1.2x10 L2
6.0x10* 4 —L3
12 100(2 T T T T T T T T T T T T
2ZX A
.1 (b) —2Zn41
— 8.0x10" Zn-2
= 4.0x10° Zn3
]
E_ 12 100(2 T T T T T IR'I T T T
- ZX A
‘e .1 () —Pt-1
S 8.0x10" ——Pt-2
=L 4.0x10° —Pt3
W
02 T T T T T T
2.4x10° @ — Pt
1.6x10° P‘:“ —Pt-7
8.0x10° Pt-8
0.0

400 450
Wavelength (nm)

250 300 350

500

550 600

Figure 1. UV—vis absorption spectra of (a) ligands L-1-L-3; (b) Zn
complexes Zn-1—Zn-3; (c) Pt chloride complexes Pt-1—Pt-3; and (d)
Pt acetylide complexes Pt-4—Pt-8. All of the spectra were measured in
CH,CL,

and molar extinction coeflicients are listed in Table 1. For
ligands L-1 and L-2, each of them exhibits structured major
absorption bands between 350 and 400 nm, which should be
attributed to the '7,7* transitions within the molecule. Because
of the extended conjugation via the triple bonds in L-2, its band
maxima are red-shifted, and molar extinction coefficients are
larger in comparison to those of L-1. In contrast, ligand L-3
that contains the strong electron-donating substituent NPh,
shows two broad, featureless absorption bands at 302 and 387
nm, respectively, which could be assigned to the L ot
transitions. However, the 387 nm band possibly admixes
some intraligand charge transfer ('ILCT, #(NPh,-fluorene) —
7*(bpy)) characters. After complexation with Zn(II), the major
absorption bands of Zn-1 and Zn-2 (Figure 1b) become
broader, less structured, and somewhat red-shifted in
comparison to their respective ligands (Figure la), accom-
panied by the appearance of a tail above 400 nm. These features
could be attributed to the increased 'ILCT character in the Zn
complexes. Complexation of the bipyridine (bpy) ligand with
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Table 1. Photophysical Parameters of L-1—-L-3, Zn-1—Zn-3, and Pt-1-Pt-8

Agpe/nm (e/10%L-mol™"-cm ™) Ae/nm (7, /n8; Do) r.t.2

L1 356 (13.2), 370 (10.7) 388, 408 (c; 0.71), 429

L2 322 (46.7), 365 (167.4), 382 (152.2) 394, 414 (¢; 0.79), 435

L3 302 (79.8), 387 (95.0) 496 (c; 0.51)

Zn-1 311 (54.5), 368 (101.6) 459 (; 0.78)

Zn-2 322 (55.1), 354 (78.2), 382 (99.2) 491 (¢; 0.61)

Zn-3 300 (55.6), 374 (49.4), 438 (40.7) 500 (c; 0.02)

Pt-1 354 (89.6), 417 (46.9) 463 (c; 0.07)

Pt-2 360 (83.3), 389 (71.0), 430 (57.3) 491 (¢; 0.006)

Pt-3 283 (39.2), 363 (38.2), 452 (14.5) 505 (¢; 0.16)

Pt-4 371 (209.6), 481 (20.9) 415 (¢; —), 609 (235; 0.086)
Pt-5 338 (131.2), 382 (127.6), 485 (14.8) 498 (; —), 605 (820; 0.044)
Pt-6 368 (199.5), 502 (16.9) 416 (c; —), 649 (88; 0.023)
Pt-7 352 (92.9), 487 (8.5) 464 (¢; —)

Pt-8 286 (63.5), 386 (171.9), 468 (52.1) 416 (¢; —), 637 (60; 0.011)

387, 409, 434 (¢)
398, 418, 443 (¢)
461 (e)

386, 408, 428 (¢)
397, 418, 441 (e)

Arpra/nm (Tpa/ps; €1p7,/104Lmol™ -em™; @)
555 (9.4, —, —)
585 (630, -, —)
e
565 (19.5, 16.0, 0.018)
530 (36.0, 5.76, 0.033)

Aem/nm (Torn/ i) 77 K?

513 (e) e
556, 600 (e) 530 (6.6, 4.82, 0.13)
571, 615 (e) 545 (11.1, 5.64, 0.09)
446, 593 (e) e

560, 607 (24.0)
450, 558, 590 (179.0), 643
568 (15.5), 611

6

588 (13.0)

530 (54.6, 27.6, 0.008)
450 (14.3, 23.8, 0.024)
535 (8.2, 21.8, 0.04)

14 (2.5) e

e

“Electronic absorption band maxima and molar extinction coefficients in CH,Cl, at room temperature. “Room temperature emission band maxima
and decay lifetimes measured in CH,Cl, at a concentration of 1 X 10~° mol/L. An aqueous solution of quinine sulfate (®,,, = 0.546, excited at 365

nm) was used as the reference for L-1—L-3, Zn-1—Zn-3, and Pt-1-Pt-3. A de
436 nm) was used as the reference for Pt-4—Pt-8. “Too short to be measured.

gassed aqueous solution of [Ru(bpy);]ClL, (®,,, = 0.042, excited at
In MTHEF at a concentration of 1 X 10~° mol/L. “Too weak to be

measured.’ns TA band maximum, triplet extinction coefficient, triplet excited-state lifetime, and quantum yield measured in CH;CN. SiNc in C4Hy

was used as the reference (£599 = 70,000 L-mol™"-cm™, @1 = 0.20).

the Zn(II) ion decreases the electron density on the bipyridine
component, resulting in increased electron-withdrawing ability
of the bpy component. Consequently, the 'ILCT transition
from the benzothiazolylfluorenyl component to the bpy
component is enhanced. The 'TLCT transition becomes more
salient in Zn-3 that bears the electron-donating NPh,
substituents. As shown in Figure 1b, the intense absorption
band at 387 nm in L-3 is split into two bands at 374 and 438
nm in Zn-3, with each of them possessing approximately half of
the intensity of the 387 nm band in L-3. These two bands can
be assigned to ligand 'z,7* and 'ILCT transitions, respectively.
Increased electron-withdrawing ability of the bpy component
after complexation with Zn(II) ion red-shifts the 'ILCT
transition that was mixed with the 'z,7*% transition in ligand
L-3.

In comparison to the absorption spectra of L-1-L-3 and Zn-
1-Zn-3, the major absorption bands of Pt-1—Pt-3 become
much broader and red-shifted. In addition to the 'zz* and
'"ILCT transitions that occur at the energies similar to those in
their respective Zn complexes, Pt-1 and Pt-2 show a new peak
at 417 and 430 nm, respectively, which should emanate from
the metal-to-ligand charge transfer (MLCT, dz(Pt) —
#*(bpy)) transition that is typical for Pt(II) com-
plexes.!~#1071917719.212647 The  ynysually large molar ex-
tinction coefficients of this band (ie. €47 ,m = 46,900 L-
mol™em™ for Pt-1 and ,39 yn = 57,300 L-mol™"-cm™! for Pt-
2) should be due to the overlap of the "MLCT transition with
the 'ILCT transition. For Pt-3, the appearance of the '"MLCT
band is not as obvious as those in Pt-1 and Pt-2. However, the
further red-shift of the low-energy absorption band implies the
occurrence of 'MLCT transition. This transition is likely to be
in very close proximity to the 'ILCT transition energetically;
thus, no obvious new peak can be observed in Pt-3. The
presence of the "MLCT transition in Pt(II) chloride complexes
has been reported by McMillin and co-workers for Pt(II)
terpyridyl chloride complexes*’* and by Che and co-workers for
a series of Pt(bpy)Cl, complexes.'”™ The assignment of
'MLCT transition for Pt-1-Pt-3 above 400 nm can be
supported by the negative solvatochromic effect, namely the
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bathochromic shift of the absorption band in solvents with
lower polarity (i.e., toluene) compared to those in solvents with
higher polarity (i.e., MeOH), which is demonstrated in Figures
S7—S9 of the Supporting Information (SI) and is a typical
feature for 'MLCT transition.'”'®*"*%*” Because the '"MLCT
state has a smaller dipole moment than that of the ground state,
less polar solvents stabilize the '"MLCT excited state better than
the ground state. Consequently the energy gap between the
ground state and the IMLCT state decreases, and a
bathochromic shift occurs in less polar solvents. In addition,
similar to the trend observed from L-1 and L-2, as well as Zn-1
and Zn-2, each of the corresponding absorption bands in Pt-2
is bathochromically shifted with respect to those in Pt-1,
reflecting the effect of extended 7-conjugation in the bpy ligand.
It appears that the major effect of the electron-donating
substituent NPh, vs electron-withdrawing benzothiazolyl
(BTZ) substituent is the red-shifted and enhanced 'ILCT
transition in L-3, Zn-3, and Pt-3 in comparison to those in L-1,
L-2, Zn-1, Zn-2, Pt-1, and Pt-2.

For Pt-4—Pt-8 that contain the acetylide ligands, the intense
absorption bands (Figure 1d) below 410 nm can be assigned to
predominantly 'z,z* transitions localized on either the
bipyridyl or the acetylide ligands; while the broad low-energy
absorption bands between 420 and 575 nm could be attributed
to essentially 'MLCT (dz(Pt) — #*(bpy))/'LLCT (z-
(ethynylfluorene) — z*(bpy)) transitions for Pt-4—Pt-7,
possibly mixed with some 'ILCT (z(R-fluorene) — z*(bpy)
within the bpy-based ligand for Pt-4—Pt-7 and additional
n(ethynylfluorene) — 7*(NI) for Pt-5 within the acetylide
ligands) transition(s), and predominantly 'ILCT (z(NPh,-
fluorene) — 7*(bpy) within the bpy-based ligand) transition
admixing with minor 'MLCT (dz(Pt) — z*(bpy))/'LLCT
(n(ethynylfluorene) — z*(bpy)) characters for Pt-8. These
assignments are based on the comparison of the UV-—vis
absorption bands of these complexes to those of their
corresponding Pt(II) chloride complexes Pt-1—Pt-3, and to
those of their corresponding Pt(II) acetylide complexes without
the R-fluorenyl components on the bipyridyl ligand,”** as well
as the minor solvatochromic effect arising from the reduced
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dipole moments of these molecules due to the opposite
direction of the dipole moments for the 'MLCT/'LLCT
transitions and the 'ILCT transitions (see Figures $10—S14 in
SI), and the time-dependent density functional theory
(TDDFT) calculations being discussed in the next section.
The influence of the different terminal substituents on the
acetylide ligands can be evaluated by comparison of the
absorption spectra of Pt-4 and Pt-5, as well as Pt-6 and Pt-7,
respectively. Figure 1d clearly shows that the major absorption
bands between 350 and 425 nm are much less intense in Pt-5
and Pt-7 than those in Pt-4 and Pt-6, respectively, which could
be explained by the less z-conjugation of the naphthalimide
(NI) motif and the NPh, substituent with the fluorenyl motif
due to the distortion of the NI and NPh, groups from the
fluorene plane to reduce the steric hindrance. This difference
also supports our assignment of the major absorption bands
being dominated by the 'mz* transitions localized on the
acetylide ligands or the bipyridine ligand. The effect of
extending the 7-conjugation of the bipyridine ligand can be
evaluated from the spectrum of Pt-6 with respect to that of Pt-
4, both of them possessing the same acetylide ligands but with
different degrees of z-conjugation in their bipyridine ligands. As
shown in Figure 2, the shoulder above 400 nm becomes
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Figure 2. Comparison of UV—vis absorption spectra of Pt-4 and Pt-6
in CH,CL,,.

stronger and broader in Pt-6 compared to that in Pt-4, owing
to the stabilized bpy-based LUMO due to extended z-
conjugation. The effect of the different positions of substituent
on the bipyridine or acetylide ligands can be seen from the
spectral feature of Pt-7 and Pt-8. When strong electron-
donating substituent NPh, is attached to the bipyridine ligand
and the BTZ substituent is on the acetylide ligands, the UV—vis
absorption of Pt-8 becomes much stronger and broader than
that of Pt-7. The stronger absorption between 325 and 425 nm
arises from the better conjugated BTZ-fluorenylacetylide
ligands, while the broader tail between 425 and 575 nm in
Pt-8 should be ascribed to the 'ILCT from the diphenylamino-
fluorenyl motif to the bipyridine motif in the bpy-based ligand,
which appears at essentially the same position as that in Pt-3
that has the same bpy-based ligand.

DFT Calculations. Density functional theory (DFT)
calculations were carried out in CH,Cl, for Pt-4—Pt-8 to
help us better understand the nature of the ground and low-
lying singlet excited states. The ground-state electron density
distribution of the five highest occupied molecular orbitals
(HOMOs) and five lowest unoccupied molecular orbitals
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(LUMOs) of Pt-4—Pt-8 are illustrated in Table 2. The results
indicate that the LUMO is almost exclusively z*(bipyridine)
based for all complexes, with minor contribution from the
attached fluorene or the C=C triple bond. While the
compositions of the HOMO vary for these complexes, the
HOMO is primarily delocalized on both of the acetylide ligands
in Pt-4—Pt-6 but exclusively on one of the acetylide ligands in
Pt-7, while the HOMO of Pt-8 is on one of the
diphenylaminofluorenyl components on the bpy ligand.

On the basis of the optimization of the ground-state
geometry of the complexes, time-dependent DFT (TDDFT)
calculations were performed to evaluate the nature of the major
electronic transitions for complexes Pt-4—Pt-8 in CH,Cl,.
Figure 3 presents the calculated absorption spectra, and Table 3
lists the essential parameters of several low-lying electronic
states obtained at the PBE1PBE level of theory. The calculation
results show that electronic transition involving the HOMO —
LUMO orbital pair is the dominant contributing configuration
to the first singlet excited state, which occurs at 521 nm for Pt-
4, 551 nm for Pt-5, 563 nm for Pt-6, 620 nm for Pt-7, and 553
nm for Pt-8; while transition involving the HOMO-1 —
LUMO orbital pair is the dominant contributing configuration
to the second singlet excited state, which appears at 491 nm for
Pt-4, 510 nm for Pt-5, 530 nm for Pt-6, 607 nm for Pt-7, and
536 nm for Pt-8. According to the electron density
distributions of the HOMO, HOMO-1, and LUMO, the
lowest-energy absorption bands for these complexes should
arise from the 'LLCT (z(ethynylfluorene) — z*-
(bpy))/'"MLCT (dz(Pt) — z*(bpy)) transitions for Pt-4—
Pt-7, and 'ILCT (z(NPh,-fluorene) — z*(bpy) within the
bpy-based ligand) for Pt-8. The trend of the calculated lowest-
energy transition is consistent with the trend of the lowest-
energy absorption bands in the experimental UV—vis
absorption spectra of these complexes, which supports our
aforementioned assignments for the electronic transition of the
lowest-energy absorption band in these complexes. In addition,
for complex Pt-8, the 'ILCT transitions (553 nm (HOMO —
LUMO) and 536 nm (HOMO-1 — LUMO)) are
pronouncedly red-shifted compared to those in the other
complexes (ie, 419 nm (HOMO-2 — LUMO, z(BTZ-
fluorene) — #*(bpy)) for Pt-4, 475 nm (HOMO — LUMO
+1, n(ethynylfluorene) — #z*(NI)) for Pt-5, 448 nm
(HOMO-2 — LUMO, #(BTZ-fluorene) — x*(bpy)) for
Pt-6, and 454 nm (HOMO—4 — LUMO, n(BTZ-fluorene) —
7*(bpy)) for Pt-7) due to the strong electron-donating ability
of NPh, on the fluorenylbipyridine ligand. Therefore, the
charge transfer bands of Pt-3 and Pt-8 observed in their UV—
vis absoprtion spectra are quite different from those of the
other complexes due to the different natures of charge transfer
transition.

Emission. The emission of ligands L-1—L-3, zinc complexes
Zn-1-7Zn-3, and Pt complexes Pt-1—Pt-8 were investigated in
different solvents at r.t. and in 2-methyltetrahydrofuran
(MTHF) glassy matrix at 77 K. The normalized emission
spectra of these compounds in CH,Cl, at the concentration of
1 X 107° mol/L are illustrated in Figure 4. Ligands L-1 and L-2
exhibit intense structured fluorescence between 350 and 500
nm (Figure 4a), which could be attributed to the 'zz* state
considering the short lifetime (<$ ns), the mirror image to their
respective '7,7% absorption bands, and the minor solvatochro-
mic effect (SI Figures S1S5 and S16). Meanwhile, similar to its
UV—vis absorption, the emission spectrum of L-2 is slightly
red-shifted compared to that of L-1 due to the extended 7-
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Table 2. Contour Plots of the Five Highest Occupied Molecular Orbitals (HOMOs) and Five Lowest Unoccupied Molecular

Orbitals (LUMOs) of Complexes Pt-4—Pt-8
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Figure 3. Calculated electronic absorption spectra of Pt complexes Pt-
4—Pt-8 in CH,CL,.

conjugation from the C=C triplet bond. In contrast, ligand L-3
gives broad and featureless emission at ~500 nm in CH,Cl,,
and the emission manifests a significant positive solvatochromic
effect (Figure Sa). These features, along with the similar
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emission energy to that of Zn-3, suggest that the emitting state
of L-3 should be the 'ILCT state from the NPh,-fluorene
component to the bipyridine component.

The emission spectra of Zn-1-Zn-3 and Pt-1—Pt-3 are all
broad and structureless (b and ¢ of Figure 4), and the emission
energies of the zinc complexes resemble those of their
corresponding Pt complexes. In addition, the emission energies
of Zn-1/Pt-1 and Zn-2/Pt-2 are much lower than those of
their corresponding ligands L-1 and L-2; while the emission
energies of Zn-3/Pt-3 are similar to that of L-3. Considering
the fact that the electron-withdrawing ability of the bipyridine
unit increases after coordination with Zn(II) or Pt(II), the
observed emission from Zn-1—Zn-3 and Pt-1—Pt-3 should be
ascribed to fluorescence originated from the 'ILCT (#(R-
fluorene) — 7*(bpy)) states. Compared to Zn-1 and Pt-1, Zn-
2 and Pt-2 exhibit a more red-shifted emission band because
the triple bond connection facilitates the charge transfer from
the BTZ-fluorene motif to the bipyridine motif. Furthermore,
the complexes bearing an electron-donating substituent on the
ligand (Zn-3/Pt-3) exhibit slightly more red-shifted emission
band than those bearing electron-withdrawing groups (BTZ),
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Table 3. Excitation Energies (eV), Wavelengths (nm), Oscillator Strengths, Dominant Contributing Configurations, and the
Associated Configuration Coeflicients of 10 Low-Lying Electronic States of Complexes Pt-4—Pt-8 Obtained at the PBE1PBE

Level of Theory

excitation

energy
active orbital pair
of dominant configuration
S, eV nm f configuration coefficient
Pt-4 1 2.38 521 0.2358 HOMO — 0.69
LUMO
2 2.52 491 04921 HOMO-1 — 0.68
LUMO
3 2.96 419 0.5095 HOMO-2 — 0.49
LUMO
4 3.07 404 0.7179 HOMO - 0.65
LUMO+1
S 3.13 396 0.0385 HOMO-7 — 0.67
LUMO
6 3.15 394 12437 HOMO - 0.46
LUMO+3
7 3.17 391 0.4083 HOMO-1 — 0.45
LUMO+1
8 321 386 0.8142 HOMO-3 — 0.46
LUMO
9 3.24 383 09371 HOMO—4— 0.36
LUMO
10 3.26 381 0.0575 HOMO — 0.56
LUMO+2
Pt-S 1 2.25 551 0.1638 HOMO — 0.69
LUMO
2 243 510 09085 HOMO-1 — 0.68
LUMO
3 2.59 480 0.1130 HOMO — 0.62
LUMO+2
4 2.61 475 0.3300 HOMO — 0.61
LUMO+1
S 2.80 443 0.0480 HOMO-1 — 0.50
LUMO+1
HOMO-1 — 0.37
LUMO+2
6 2.81 441 0.0349 HOMO-1 — 0.52
LUMO+2
7 2.88 431 0.0797 HOMO—4 — 0.57
LUMO
8 2.98 416 02406 HOMO — 0.68
LUMO+3
9 3.08 402 0.7832 HOMO-1 — 0.56
LUMO+3
HOMO-3— 0.21
LUMO
10 3.15 394 03171 HOMO — 0.35
LUMO+4
HOMO-2 — 0.30
LUMO
HOMO-1-— 0.29
LUMO+3
Pt-6 1 2.20 563 02750 HOMO — 0.69
LUMO
2 2.34 530 04826 HOMO-1 — 0.68
LUMO
3 2.77 448 0.7559 HOMO-2 — 0.52
LUMO

excitation

energy
active orbital pair
of dominant configuration
S, eV nm f configuration coefficient
4 2.84 437 0.7875 HOMO — 0.65
LUMO+1
S 2.92 425 0.9621 HOMO-1 — 0.45
LUMO+1
6 2.97 417 0.1922 HOMO-1 — 0.49
LUMO+1
7 2.98 416 0.0213 HOMO-7 — 0.67
LUMO
8 3.04 407 0.6952 HOMO—4 — 0.45
LUMO
9 3.15 394 0.6910 HOMO — 0.44
LUMO+2
10 3.18 391 0.7451 HOMO - 0.42
LUMO+2
Pt-7 1 2.00 620 0.2680 HOMO — 0.67
LUMO
2 2.04 607 0.0001 HOMO-1 — 0.68
LUMO
3 254 488 0.0435 HOMO-2 — 0.60
LUMO
4 2.55 485 02129 HOMO — 0.64
LUMO+1
S 2.59 478 0.0000 HOMO-1 — 0.70
LUMO+1
6 2.63 472 0.0036 HOMO-3 — 0.65
LUMO
7 2.73 454 1.1763 HOMO—4 — 0.59
LUMO
8 2.90 428 0.0531 HOMO — 0.67
LUMO+2
9 2.94 422 0.0003 HOMO-1 — 0.68
LUMO+2
10 295 420 09798 HOMO-S5 — 0.52
LUMO
Pt-8 1 2.24 553 0.8297 HOMO — 0.50
LUMO
2 2.31 536 0.6460 HOMO-1 — 0.68
LUMO
3 2.36 524 0.0975 HOMO-2 — 0.44
LUMO
4 241 515 0.0028 HOMO-3 — 0.60
LUMO
S 2.84 436 0.7403 HOMO—4 — 0.59
LUMO
6 2.85 43S 09171 HOMO — 0.59
LUMO+1
7 2.88 430 04708 HOMO-1 — 0.59
LUMO+1
8 3.01 411 0.0025 HOMO-9 — 0.68
LUMO+1
9 3.03 409 0.1527 HOMO-2 — 0.65
LUMO+1
10 3.12 397 0.0260 HOMO-3 — 0.68
LUMO+1

i.e. Zn-2 and Pt-2. The strong electron-donating substituent on
the ligand of Zn-3/Pt-3 also makes the emission of these two
complexes very sensitive to the polarity of the solvents. As
shown in Figure 5b and SI Figure S19, the emission of Pt-3 and
Zn-3 exhibits salient positive solvatochromic effect due to the

stronger intraligand charge transfer ('ILCT).

9524

For the Pt acetylide complexes Pt-4—Pt-8, excitation at their
respective absorption band maxima (365—395 nm) at room
temperature results in two groups of luminescence bands
except for complex Pt-7 (Figure 4d). The high-energy emission
bands (i.e, below 550 nm) of these complexes are all short-
lived (<S ns) and insensitive to oxygen quenching and thus are
considered as fluorescence. However, the nature of the
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Figure S. Normalized emission spectra of (a) L-3 and (b) Pt-3 in
different solvents at room temperature. 4, = 365 nm and A4 = 0.08
in a 1 cm cuvette.

fluorescence is different for these complexes. For Pt-4, Pt-6,
and Pt-8, the high-energy structured emission is assigned to
fluorescence from the '7,7* state of the acetylide ligand in view
of the same shape and energy of these emission bands in these
complexes (which implies that the emission originates from the
same structural component) and the emission energy similar to
that reported for the benzothiazolylfluorenylacetylide ligand.*®

9525

For Pt-§, the high-energy structureless emission band could be
tentatively attributed to the 'ILCT state from the ethynyl-
fluorenyl component of the acetylide ligand to the
naphthalimide component. This assignment can be partially
supported by the similar shape and energy of this band to those
of the emission from the Pt(Il) complex with the same
acetylide ligand.*> The weak featureless emission from Pt-7
likely emanates from the 'LLCT state associated with the
transition from the diphenylaminofluorenyl component to the
bipyridine component, considering its distinct feature from the
other complexes and the nature of the lowest singlet excited
state.

In contrast to the high-energy emission band, the low-energy
emission bands of Pt-4—Pt-6 and Pt-8 all exhibit drastic red-
shifts with respect to their lowest-energy absorption bands and
the excitation wavelengths; they are readily quenched by
oxygen; and the lifetimes in degassed CH,CIl, solutions vary
from tens to hundreds of nanoseconds. Considering all these
facts, we believe that the low-energy emission is phosphor-
escence from the T, state. The structureless feature of these
bands suggest the charge transfer nature of the emitting states.
With reference to the related Pt(II) diimine acetylide
complexes, the emitting state could be tentatively assigned to
the SMLCT/3LLCT states for Pt-4, Pt-6, and Pt-
8,011771921222425 4nd to the predominantly *ILCT (7-
(ethynylfluorene) — 7*(NI)) state for Pt-5.> Attribution of
the triplet emitting state of Pt-5 predominantly to the *ILCT
state rather than the naphthalimide-localized *zz* state is
based on the following facts: (1) the low-energy emission band
observed from Pt-$ is structureless and relatively short-lived
(~820 ns in CH,Cl,), while the naphthalimide-localized *z,z*
emission possesses a clear vibronic structure and a much longer
lifetime (124 us in MTHEF);'* (2) the thermally induced Stokes
shifts (AEg) for Pt-S is approximately 1390 cm™, which is
remarkably different from the extremely small AEg for the
naphthalimide-localized *z,7* emission (131 cm™' in
MTHE),"* implying the charge transfer nature of the emitting
state for Pt-5; (3) both the shape and the energy of the 605 nm
emission band of Pt-5 resemble those of the corresponding
Pt(II) complex with the same naphthalimide-substituted
fluorenylacetylide ligands but without the benzothiazolylfluor-
enyl substituents on the bipyridyl ligand, of which the emittin§
state is ascribed to the 3ILCT/*MLCT/3LLCT excited states.”
Extended s-conjugation of the bipyridyl ligand causes a red-
shift of the phosphorescence band in Pt-6 compared to that in
Pt-4, while the naphthalimide substituent on the acetylide
ligands changes the nature of the emitting state and raises the
phosphorescence energy in Pt-5 with respect to that of Pt-4. In
contrast, a strong electron-donating substituent (NPh,) on the
acetylide ligands quenches the phosphorescence of Pt-7.

The different origins of the dual emission of complexes Pt-
4—Pt-6 and Pt-8 can be partially supported by the difference in
their excitation spectra monitored at the high-energy and low-
energy emission bands, respectively. As examplified in Figure 6
for Pt-5 and Pt-8, the excitation spectra exhibit a broad tail
above 425 nm (which corresponds to the charge transfer tail in
their respective UV—vis absorption spectra) when monitored at
their respective low-energy emission bands in comparison to
those monitored at the respective high-energy emission bands
(which only exhibit a band below ~425 nm that corresponds to
the major absorption bands in their corresponding UV—vis
absorption spectra). This implies that the low-energy emission
band should emanate from the charge transfer excited state.

dx.doi.org/10.1021/ic500646r | Inorg. Chem. 2014, 53, 9516—9530



Inorganic Chemistry

1.04 (a) ——Monitored at 4 =495 nm
——Monitored at 4 =605 nm

2 0.8
0
c
]
< 0.6+
°
9]
N
= 044
£
S
o
Z 0.2

0'0 T T T T T T T

250 300 350 400 450 500 550 600 650
Wavelength (nm)
1.04 (b) ——Monitored at 4 =442 nm
—— Monitored at 4 _ =650 nm

2 0.8+
‘?
c
]
£ 0.6+
°
&
= 0.4
£
S
[<]
Z 0.2 k

0.0 T T T T T T T

250 300 350 400 450 500 550 600 650

Wavelength (nm)

Figure 6. Normalized excitation spectra of (a) Pt-5 and (b) Pt-8 in
CH,Cl, monitored at different emission wavelengths. ¢ = 2 X 107¢
mol/L.

The similar phenomenon was observed for Pt-4 and Pt-6.
Although the dual emission is not very common in heavy-
metal-containing organometallic complexes, this phenomenon
has been reported for other heavy-metal -containing organo-
metallic complexes, including some Pt(II) complexes.”>* ab48
The observation of dual emission in Pt-4—Pt-6 and Pt-8 should
be attributed to the increased z-conjugation of the bipyridyl
ligand, which decreases the spin—orbit coupling in the Pt(II)
complex due to smaller contribution of Pt-centered orbitals to
the frontier molecular orbitals.*® As a result, the intersystem
crossing in these complexes becomes inefficient, which is
confirmed by the much smaller triplet quantum yields of these
complexes (listed in Table 1) that are measured by the
transient absorption measurement.

The solvent-dependent emission of Pt-4—Pt-8 was inves-
tigated and the results are presented in the SI Figures $22—S26
and in Table S1. Although the solvatochromic effect of Pt-4—
Pt-8 is minor, the coordinating solvent-induced quenching is
clearly evident for Pt-4, Pt-6, and Pt-8, implying the
involvement of MLCT character in the emission. In contrast,
no quenching was observed in CH;CN for complex Pt-5, which
is consistent with the *ILCT assignment for Pt-5.

The emission of the ligands L-1—-L-3, the zinc complexes
Zn-1-Zn-3, and the Pt complexes Pt-1—Pt-8 was also studied
in MTHEF glassy matrix at 77 K to understand the nature of the
emitting state at low temperature. The emission band maxima
and lifetimes are listed in Table 1, and the spectra are presented
in the SI Figures S27—S40. The emission spectra of L-1-L-3
become narrower at 77 K glassy matrix, while the emission
spectra of Zn-1—Zn-3 are structured and blue-shifted at 77 K.
All these phenomena arise from the rigidochromic effect,*” and

9526

the emission is attributed to fluorescence from the same singlet
excited states that give rise to the room temperature
fluorescence. For Pt-1 and Pt-2, the 77 K emission is much
red-shifted and clearly structured (the vibronic spacing is 1319
cm™! for Pt-1 and 1253 cm™" for Pt-2) in comparison to their
respective fluorescence at room temperature, which should be
assigned to phosphorescence either from the *z,7* state of the
ligand or the MLCT state of the complex. Similar to their
room temperature fluorescence, the energy of the 77 K
phosphorescence of Pt-2 is also substantially reduced with
respect to that of Pt-1, reflecting the effect of the extended 7-
conjugation in the ligand. For Pt-3, dual emission was detected
at 77 K as demonstrated in SI Figure S35. The high-energy
structureless emission band is attributed to the 'ILCT
fluorescence, while the low-energy emission could be
tentatively ascribed to *ILCT phosphorescence. However, due
to the very weak phosphorescence signal, the lifetimes of the
phosphorescence of Pt-1—Pt-3 could not be measured. Thus,
the nature of the emitting state at 77 K could not be exclusively
attributed.

For complexes Pt-4—Pt-6 and Pt-8, except for Pt-S that
exhibits dual emission at 77 K, the emission spectra of the other
three complexes at 77 K all become narrower, structured, and
blue-shifted in comparison to their respective phosphorescence
band at room temperature. The thermally induced Stokes shifts
(AE,) for Pt-4—Pt-6 and Pt-8 are between 1308 and 2197
cm™". These large AEg values imply a significant dipole
moment change between the ground and the excited states,
which is commonly seen for charge transfer excited states.
Therefore, the emitting states for these complexes at 77 K can
be tentatively attributed to the *"MLCT/*LLCT states for Pt-4,
Pt-6, and Pt-8, and predominantly *ILCT state for Pt-5, similar
to those attributed to these complexes at r.t. In contrast, the
emission band at 77 K for Pt-7 is drastically red-shifted and
long-lived in comparison to that at r.t. (see Figure S39 of the SI
and Table 1). This indicates that the observed emission at 77 K
for Pt-7 is phosphorescence. Considering our attribution of the
emitting state at r.t. to 'LLCT for Pt-7, we tentatively assign the
emitting state at 77 K to the *LLCT state for Pt-7.

Triplet Transient Absorption. One of the potential
applications of the Pt(Il) diimine complexes is as nonlinear
absorbing materials, which is closely related to the excited-state
absorption. To understand the excited-state absorption of the
Pt(1I) complexes in this work, nanosecond transient difference
absorption spectra (TA) of Pt-1—Pt-8 were measured. The
shape of the TA spectrum provides us information on the
spectral region where the triplet excited state absorbs more
strongly than the ground state, and the decay of the TA can
help us to understand the decay characteristics of the triplet
excited state. To better understand the nature of the triplet
excited state that gives rise to the observed TA, the TA
characteristics of the corresponding ligands and the zinc
complexes were studied as well. The time-resolved nanosecond
transient difference absorption (TA) spectra of L-1, L-2, Zn-1,
Zn-2, Pt-1, Pt-2, Pt-4, Pt-5, Pt-6, and Pt-8 in CH;CN are
presented in Figure 7, and the triplet excited-state lifetimes
deduced from the TA decay profiles are listed in Table 1. The
transient absorption of L-3, Zn-3, Pt-3, and Pt-7 (all of these
contain electron-donating NPh, substituent on their ligands)
was too weak to be measured due to their short-lived triplet
excited states.

As shown in Figure 7, the spectral features of L-1 and Zn-1
resemble each other, both showing a single long-lived TA band
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much longer than those of L-1 and Zn-1. Considering the

at ~550 nm. For L-2 and Zn-2, the TA spectra appear as two
shape of the spectrum and the long lifetime, we tentatively

overlapped bands at ~525 and 600 nm, and the lifetimes are
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assign the excited state giving rise to the observed TA to Sum*
states for L-1, L-2, Zn-1, and Zn-2. The TA spectra of Pt-1 and
Pt-2 are similar in that they both possess a broad positive
absorption band at ~530 nm and a bleaching band at 410 and
420 nm, respectively. In view of the similar absorption band
maximum to that of their corresponding zinc complexes, but
much broader positive absorption band and shorter lifetimes,
we attribute the TA of Pt-1 and Pt-2 to mixed 3z,7%/>MLCT
states. Complexes Pt-4, Pt-5, and Pt-6 exhibit bleaching of the
ground-state absorption below 380 nm and narrow positive
absorption bands between 450 and 600 nm, while Pt-8 shows a
bleaching band at 405 nm and a broad positive absorption band
between 425 and 750 nm. However, the TA signals from Pt-4,
Pt-5, and Pt-8 are very weak. The triplet lifetimes deduced
from the decay of TA for Pt-4—Pt-6 (see Table 1) are
drastically different from those obtained from the decay of the
emission (Table S1 in the SI) in CH;CN, implying that the TA
of these complexes emanates from an excited state different
from the emitting state. Considering the long TA lifetimes and
narrow positive absorption bands, the triplet excited states
giving rise to the observed TA of these complexes can be
assigned to the *z7* states, possibly mixed with minor
SMLCT/?LLCT characters. The different natures of the
emitting state and the TA state have been observed in some
Ru(II), Os(II), and Pt(II) complexes before.%2

Reverse Saturable Absorption. The TA spectra shown in
Figure 7 suggest that most of the Pt complexes studied in this
work exhibit stronger triplet excited-state absorption than that
of the ground state in the visible spectral region; thus, reverse
saturable absorption (RSA, ie. absorptivity increases with
increased incident energy due to excited-state absorption
stronger than the ground-state absorption) is anticipated to
occur in the visible spectral region for these Pt(II) complexes.
Nonlinear transmission experiment was carried out at 532 nm
using 4.1 ns laser pulses for Pt-1—Pt-8 CH,Cl, solutions in a 2
mm cuvette to demonstrate the RSA. The concentration of
each complex solution was adjusted to a linear transmission of
80% at 532 nm in the 2 mm cuvette for easy comparison. In
such a case, the same number of molecules will be populated to
the singlet excited state upon laser excitation, then the observed
different degrees of RSA should arise from the difference in
their excited-state absorption. Figure 8 displays the nonlinear
transmission vs incident energy curves for these Pt complexes
at 532 nm. When the incident energy increases, the
transmission of the sample solution decreases, clearly indicating
the occurrence of RSA. The strength of the RSA at 532 nm for
these complexes follows this trend: Pt-2 > Pt-4 > Pt-S = Pt-1 >
Pt-7 > Pt-6 > Pt-3 > Pt-8, with Pt-2 exhibiting the strongest
RSA.

This trend clearly indicates that incorporation of electron-
donating substituent NPh, on the bipyridyl ligand significantly
decreases the RSA, as manifested by Pt-3 and Pt-8, because the
ground-state absorption at 532 nm is drastically increased by
the enhanced intraligand charge transfer transition in these two
complexes. It is known that one of the determining factors for
the strength of RSA is the ratio of the excited-state absorption
cross section with respect to that of the ground state (6,,/0y).
The increased ground-state absorption at 532 nm for Pt-3 and
Pt-8 decreases the o,,/0, ratios and reduces the RSA. On the
other hand, shorter n-conjugation in the bipyridyl ligand
increases the RSA at 532 nm, which is evident by the RSA of
Pt-4 and Pt-5 in comparison to those of Pt-6 and Pt-7.
However, the RSA of Pt-2 (which has the same bipyridyl ligand
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Figure 8. Nonlinear transmission curves for Pt complexes Pt-1—Pt-8
in CH,Cl, for 4.1 ns laser pulses at 532 nm in a 2 mm cuvette. The
radius of the beam waist at the focal point was ~96 ym. The linear
transmission for all sample solutions was adjusted to 80% in the 2 mm
cuvette.

as Pt-6 and Pt-7) is much stronger than that of Pt-1 (which has
the same bipyridyl ligand as Pt-4 and Pt-5). We believe that
this should be due to the stronger excited-state absorption of
Pt-2 than that of Pt-1 at 532 nm.

B CONCLUSIONS

A series of Pt(II) complexes with different arylfluorenyl
components on both of the acetylide and bipyridyl ligands
(Pt-4—Pt-8) were synthesized, and their photophysical proper-
ties were systematically investigated. These complexes exhibit
the bpy or the acetylide ligand localized 'z,7* transitions in the
UV and blue spectral region, and broad, structureless
'MLCT/'LLCT or 'ILCT absorption band in the visible
spectral region. The assignment of the absorption bands is
supported by comparison with their corresponding ligands, the
respective zinc chloride complexes, and the respective Pt(II)
chloride complexes, as well as the TDDFT calculations. All
complexes are emissive at r.t. in solution and at 77 K in glassy
matrix. Pt-4, Pt-6, and Pt-8 exhibit dual emission, i.e. acetylide
ligand localized 'z,z* fluorescence and *MLCT (dz(Pt) —
7*(bpy))/’LLCT (n(ethynylfluorene) — z*(bpy)) phosphor-
escence, upon excitation at their respective absorption band
maxima, while the emitting states of Pt-§ are 'ILCT and *ILCT
(n(ethynylfluorene) — #*(NI) in the acetylide ligand). In
contrast, Pt-7 only manifests 'LLCT (z(NPh,-fluorenylacety-
lide) - #*(bpy)) fluorescence upon excitation. Obviously, the
different substituents on the acetylide ligands influence the
nature of the emitting states dramatically. The ns TA
spectroscopic study indicates that Pt-4—Pt-6 and Pt-8 exhibit
weak to moderate excited-state absorption in the visible spectral
region, while the TA of Pt-7 with electron-donating substituent
NPh, on the acetylide ligands is too weak to be monitored
because of the short-lived triplet excited state. Due to the
stronger triplet excited-state absorption than the ground-state
absorption at 532 nm for these complexes, moderate to strong
RSA was observed at 532 nm for ns laser pulses. The strength
of RSA follows this trend: Pt-2 > Pt-4 > Pt-S = Pt-1 > Pt-7 >
Pt-6 > Pt-3 > Pt-8. Incorporation of electron-donating
substituent NPh, on the bipyridyl ligand significantly decreases
the RSA, as manifested by Pt-3 and Pt-8, while shorter 7-
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conjugation in the bipyridyl ligand increases the RSA at 532
nm, reflected by the RSA of Pt-4 and Pt-S in comparison to
those of Pt-6 and Pt-7. Therefore, the substituent on either the
acetylide ligands or the bipyridyl ligand affects the singlet and
triplet excited state characteristics significantly, which sub-
sequently influences the RSA.
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