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Six coordinated Pt() complexes were prepared, in which the C*NAN or the CANAN ligand were used to
form the Pt(1) coordination center. For each coordination profile, three different arylacetylide ligands
were used, i.e. naphthalenediimide (NDI), pyrenyl (Py) and naphthaleneimide (NI) acetylides. The
electrochemical and the photophysical properties of the complexes were studied with steady-state and
time-resolved absorption and emission spectroscopy, cyclic voltammetry and DFT calculations. The
photostability and the photoluminescent properties of the complexes are finely tuned by the photoredox
and photophysical properties of the arylacetylide ligands and the C*NAN/CANAN Pt(i) coordination
center. The triplet excited states of the complexes are an intraligand feature and the lifetime is long (90.1

us). The photophysical properties of the complexes were rationalized with DFT calculations. The
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DOI: 10.1039/c4tc023589 complexes showing strong visible light-absorption, RT phosphorescence and long-lived triplet excited

Published on 17 December 2014. Downloaded by China university of Petroleum (East China) on 14/04/2015 00:24:11.

www.rsc.org/MaterialsC states.

Introduction

Platinum(u) complexes have attracted considerable attention
due to their fascinating photophysical properties such as
tunable absorption/emission wavelength and feasibly derived
molecular structures. These complexes have been widely used
in electroluminescence and photoredox catalytic organic reac-
tions," photocatalytic hydrogen (H,) production,* phosphores-
cent molecular probes,>® singlet oxygen sensitization® and
triplet-triplet annihilation upconversion.”*°

Recently, a great deal of effort has been devoted to devel-
oping C"N or C*"N"N ligands to obtain a planar geometry of the
Pt(u) coordination center with which the photoluminescence
can be enhanced." ™ Different arylacetylide ligands were also
used to enhance the visible-light-harvesting ability and prolong
the lifetime of the triplet excited state.*>'*' Our group
prepared N~N Pt(1) complexes with acetylide ligands based on
Bodipy,”® naphthalimide (NI),** naphthalenediimide (NDI),*
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pyrene (Py),?* rhodamine,® fluorescein*® and coumarin
moieties.>

However, most studies on Pt(i1) complexes are focused on the
optimization of m-conjugation or simply introducing arylacety-
lide ligands. Actually, the geometry of the Pt(u) coordination
center, charge transfer process (MLCT) and energy transfer
process (intraligand energy transfer, IL <> MLCT) have a great
synergic effect on the photophysical properties of Pt(u)
complexes. A Pt(u) coordination center as a triplet spin
convertor plays an important role in triplet photosensitizers due
to efficient intersystem crossing (‘MLCT — *MLCT). Further-
more, a charge transfer process and energy transfer process may
compete with each other. It is highly desirable to develop
molecular structure design rationales for Pt(u) complexes to
tune the driving forces for charge transfer and energy transfer,
when the geometry for the Pt(u) coordination center is fixed.

Organic fluorophores can absorb visible light, and their
photoredox properties (driving forces for charge transfer) and
their energy levels of emission and absorption can be finely
modified by rational design and synthesis.>® Herein we studied
the aforementioned synergetic effect based on the C*"N~N/
C*N”N coordination protocol developed by Huo et al.*’ Six Pt(u)
complexes with two different coordination ligands, i.e. a C¥*N"N
with a five-six fused metallacycle or a C*"N”N with a five-five
fused metallacycle, were prepared. On the other hand, with
different singlet/triplet state energy levels and redox properties,
three different arylacetylide ligands based on Py, NI and NDI
moieties were used for the construction of the Pt(i) complexes
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(Scheme 1). The photoredox properties of the ligands and
complexes were studied with cyclic voltammetry, whereas the
photophysical properties of the complexes were studied with
steady-state absorption, time-resolved absorption and emission
spectroscopy. By introducing electron-withdrawing ligands (L-2
and L-3), the photostability of the Pt(u) complexes were
enhanced. At the same time, the redox properties and energy
levels of the Pt(u) complexes were finely tuned and the C¥*N*N
coordinated Pt(u) complexes (Pt-4) showed higher phosphores-
cence quantum yield than the C"N”N coordinated Pt(u)
complexes (Pt-3), which is different from the results of Huo's
work.”” The redox and photophysical properties of the
complexes were rationalized with DFT calculations. The Pt(u)
complexes were used as triplet photosensitizers for triplet-
triplet annihilation upconversion.

Experimental section
Analytical measurements

All the chemicals used in the syntheses were analytically pure
and were used as received. Solvents were dried and distilled. 1-
Bromopyrene (1), 2-ethylhexyl-4-bromo-1,8-naphthalimide (2),
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1,6-dibromonaphthalene-1,2,6,7-tetracarboxylic dianhydrides
(3), N,N'-di(2-ethylhexyl)-1,6-dibromonaphthalenetetracarboxylic
diimides  (4), 4-bromo-2,7-bis(2-ethylhexyl)-9-[(2-ethylhexyl)
amino] (5), 2-bromo-6-(1-pyrazolyl)pyridine (6), 2-phenyl-6-(1H-
pyrazol-1-yl)-pyridine (m-1), N,N-diphenyl-6-(1H-pyrazol-1-yl)-2-
pyridinamine (m-2), Pt-a and Pt-b were synthesized according to
previously reported methods (ESIf for synthesis and molecular
structural characterization data).

Complex Pt-3. To a 25 mL dry, argon-flushed flask were
charged complex Pt-a (45.0 mg, 0.10 mmol), L-2 (43.6 mg, 0.13
mmol), Cul (3.5 mg, 0.018 mmol), i-Pr,NH (1 mL), and
dichloromethane (10 mL). The mixture was stirred under Ar at
room temperature for 24 h. The crude material was purified by
flash chromatography (silica gel, dichloromethane) to give a
yellow solid (35.1 mg, yield 47.0%). M.p.: 208.7-210.3 °C. 'H
NMR (400 MHz, CD,Cl,) 6 = 9.00 (d,J = 8.0 Hz, 1H), 8.57 (d, ] =
3.5 Hz, 1H), 8.49 (d, J = 7.5 Hz,1H), 8.12 (d,J = 3.0 Hz, 1H), 7.92
(d,J = 1.5 Hz, 1H), 7.86-7.80 (m, 3H), 7.78 (t,J = 15.5 Hz, 1H),
7.38 (t,] = 18 Hz, 2H), 7.21-7.16 (m, 2H),7.10 (t, ] = 14 Hz, 1H),
6.68 (t, ] = 4.5 Hz, 1H), 4.14-4.05 (m, 2H), 1.97-1.92 (m, J = 6.8
Hz, 1H), 1.41-1.29 (m, 8H) 0.95-0.88 (m, 6H). *C NMR (100

Scheme 1 Synthesis of the Pt(il) complexes and the structure of the ligands. (a) K,PtCl, (1 equiv.), acetic acid, reflux, 22 h; (b) L-2 or L-3, Cul,

CH,Cl,, i-ProNH, rt, 24 h.
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MHz, CD,Cl,) 6 = 165.11, 164.85, 164.09, 148.25, 146.59, 144.68,
141.15, 140.21, 137.99, 134.25, 134.06, 133.02, 131.59, 131.30,
131.27, 130.55, 129.98, 128.91, 126.66, 125.34, 124.17, 123.37,
119.15, 115.89, 110.50, 106.64, 103.02, 44.23, 38.35, 31.16,
30.10, 29.16, 24.44, 23.52, 10.87. MALDI-HRMS: calcd
([C36H33N,0,Pt + H]"): m/z = 748.2251, found m/z = 748.2239.

Complex Pt-4. This compound was prepared following the
general procedure for complex Pt-3. The crude material was
purified by flash chromatography (silica gel, dichloromethane)
to give an orange solid (24.5 mg, yield 46.8%). M.p. >250 °C. 'H
NMR (400 MHz, CD,Cl,) 6 = 9.20 (d, J = 24.3, 7.3 Hz, 1H), 8.62—
8.52 (m, 3H), 8.41 (d, J = 2.7 Hz, 1H), 8.35 (d, J = 2.0 Hz, 1H),
7.98-7.89 (m, 1H), 7.82 (d, J = 7.4 Hz, 1H), 7.74-7.57 (m, 6H),
7.22 (t,] = 8.5 Hz, 1H), 6.90 (t, ] = 2.0 Hz, 1H), 6.83 (d, J = 10.9,
Hz, 1H), 6.74-6.68 (m, 1H), 6.62-6.50 (m, 2H), 4.16-4.05 (m,
2H), 2.01-1.87 (m, 1H), 1.44-0.85 (m, 14H). ">C NMR (100 MHz,
CD,Cl,) 6 = 167.98, 165.18, 164.90, 148.82, 147.97, 144.81,
144.11, 142.20, 140.59, 137.07, 134.35, 134.12, 133.21, 132.95,
131.88, 131.31, 131.27, 130.79, 130.02, 129.49, 129.15, 128.99,
128.73, 126.79, 124.47, 123.43, 122.42, 119.37, 119.31, 119.14,
115.42, 114.78, 110.77, 100.40, 98.58, 44.27, 38.41, 31.23, 30.81,
29.20, 24.52, 23.52, 10.9. MALDI-HRMS: caled
([C42H3N50,Pt]"): m/z = 839.2637, found m/z = 839.2642.

Complex Pt-5. This compound was prepared following the
general procedure for complex Pt-3. The crude material was
purified by flash chromatography (silica gel, dichloromethane)
to give a red solid (15.9 mg, yield 32.5%). M.p.: 189.5-191.7 °C.
'H NMR (400 MHz, CDCl;) 6 = 10.02 (t, ] = 4.4 Hz, 1H), 8.93~
8.82 (m, 2H), 8.42-8.21 (m, 3H), 8.12 (t,/ = 8.1 Hz, 1H), 7.86 (d, J
= 8.0 Hz, 1H), 7.71 (d, J = 7.3 Hz, 1H), 7.58 (d, J = 7.0 Hz, 1H),
7.49 (t,J = 7.2 Hz, 1H), 7.12 (t,J = 7.6 Hz, 1H), 6.87 (t,] = 6.8
Hz,1H), 4.34-4.03 (m, 4H), 3.51 (t, ] = 5.6 Hz, 2H), 2.00 (d, J =
10.3 Hz, 2H), 1.81 (t, J = 12.0 Hz, 1H),1.56-1.25 (m, 28H),1.02-
0.88 (m, 14H). MALDI-HRMS: caled ([Cs,HqsN5O4Pt + H]'): m/z
= 1056.4751, found m/z = 1056.4736.

Complex Pt-6. The compound was prepared following the
general procedure for complex Pt-3. The crude material was
purified by column chromatography (silica gel, dichloro-
methane) to give a red solid (13.5 mg, yield 37.8%). M.p.: 167.4-
169.2 °C. "H NMR (400 MHz, CDCl;) 6 = 10.05 (t,] = 4.7 Hz, 1H),
9.43 (d, J = 1.8 Hz, 1H), 8.99-8.85 (m, 2H), 8.35-8.24 (m, 2H),
7.76-7.51 (m, 6H), 7.07 (d, J = 9.2 Hz, 2H), 6.90-6.82 (m, 1H),
6.71 (t, J = 8.4 Hz, 1H), 6.48 (d, J = 8.8 Hz, 2H), 4.30-4.10
(m, 4H), 3.52 (t, J = 5.6 Hz, 2H), 2.09-1.90 (m, 2H), 1.85-1.73
(m, 1H), 1.46-1.25 (m, 28H),1.03-0.87 (m, 14H). MALDI-HRMS:
caled ([CeoH7oN,O4Pt + H]'): m/z = 1147.5137, found m/z =
1147.5057.

Nanosecond time-resolved transient difference absorption
spectroscopy. Nanosecond time-resolved transient difference
absorption spectra were recorded using a LP 920 laser flash
photolysis spectrometer (Edinburgh Instruments, Living-
ston, UK). The samples were purged with N, or argon for 30
min before measurement. The samples were excited with a
nanosecond pulsed laser (Vibrant 35511, wavelength tunable
in the range of 410-2400 nm), and the transient signals were
recorded using a Tektronix TDS 3012B oscilloscope.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Journal of Materials Chemistry C

TTA upconversion. Diode-pumped solid state laser was used
for upconversions (445 nm). The laser power was measured with
a phototube. The mixed solution of the Pt(u) complex (triplet
photosensitizer) and DPA (triplet acceptor) was degassed for at
least 15 min with N, or argon before measurement. The spectra
were recorded using an adapted RF5301PC spectrofluorometer
(Shimadzu, Japan).

The delayed fluorescence of the upconversion (tpg). The
delayed fluorescence (tpg) was measured with an Opolette™
35511 + UV nanosecond pulsed laser (typical pulse length: 7 ns,
pulse repetition: 20 Hz, peak OPO energy: 4 mJ, wavelength
tunable in the range of 210-355 nm and 410-2200 nm, OPO-
TEK, USA), which was synchronized to a FLS 920 spectrofluo-
rometer (Edinburgh, UK). The decay kinetics of the upconverted
fluorescence (delayed fluorescence) was monitored with a
FLS920 spectrofluorometer. The prompt fluorescence lifetime
of the triplet acceptor perylene was measured with an EPL
picosecond pulsed laser (405 nm), which was synchronized to
the FLS 920 spectrofluorometer.

Theoretical calculations. DFT calculations with a B3LYP/6-
31G/LANL2DZ basis set were used for the optimization of both
the ground-state and triplet states. The energy levels of the T,
states (energy gap between S, and T,) were calculated with time-
dependent DFT (TDDFT) calculations on the basis of optimized
triplet state geometries. All the calculations were carried out
with Gaussian 09W.*®

Results and discussion

Design and synthesis of molecules

The C*"N”N ligand and the C*N”N ligand with different redox
potential properties were selected to form Pt(u) coordination
center Pt-a and Pt-b. Recently, it was reported that the coor-
dination geometry of Pt-a is a perfect square planar structure,*
thus photoluminescence efficiency based on Pt-a is high.
However, photoredox properties (driving forces for charge
transfer) and their energy levels of emission and absorption
(driving forces for energy transfer) also play important roles in
the photoluminescence efficiency. Introducing different ary-
lacetylide ligands would have substantial influence on the
properties mentioned above, further affecting the photo-
luminescence efficiency. To study the synergetic effect of the
arylacetylide ligands and C"N"N/C*N”N Pt coordination
center on the photoredox and photophysical properties of the
complexes, Py was selected as the ligand. It was reported that
complexes with pyrenyl acetylide ligands gave long-lived
triplet excited states.?®*° However, the corresponding Pt(u)
complexes (Pt-1 and Pt-2) were not stable. Therefore, NI and
NDI acetylide ligands, with strong electron withdrawing
ability, were used as ligands to enhance the stability of the
Pt(u) complexes. Herein these arylacetylide ligands were used
for the investigation of the effect of C*"N~N/C*N~N ligands and
acetylides on the photoredox and photophysical properties of
the Pt(n) complexes. The synthesis procedure is based on
routine methods. All the complexes were obtained with
moderate to satisfactory yields.

J. Mater. Chem. C, 2015, 3, 2291-2301 | 2293
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Fig.1 Cyclic voltammogram of (a) Pt-a, (b) Pt-b, (c) L-2, (d) L-3, (e) Pt-3, (f) Pt-4, (g) Pt-5 and (h) Pt-6. In deaerated CH,Cl, solutions containing

1.0 mM photosensitizers with ferrocene in 0.10 M BusNPFg as supporting electrode, Ag/AgNOs as reference electrode and scan rate: 50 mV s

Ferrocene (Fc) was used as internal reference.

Electrochemical data of the complexes

The electrochemical properties of the ligands and complexes
were studied with cyclic voltammetry (Fig. 1). For complex Pt-a,
oxidation waves at +0.6 V and +1.01 V were observed, which
could be assigned to the C*N”~N Pt(u) coordination center. No
reduction wave was found. These results indicate the possibility
of charge transfer from the C*"N”N Pt(u) coordination center to
the arylacetylide ligand (MLCT). For Pt-b, a few oxidation waves
at +0.91 V, +1.17 V and +1.39 V were observed, wherein the
oxidation waves at +1.17 V could be assigned to the structure of
N,N-diphenylpyridineamine in the C*N~N Pt(u) coordination
center.’* The other two waves at +0.91 V and +1.39 V could be
assigned to the C*N”N Pt(u) coordination center. The use of an
aniline linker breaks the m conjugation of the C*N"N Pt(u)
coordination center, resulting in an evident positive shift (above
0.30 V). For the ethynyl NI ligand (L-2), a reduction wave at
—1.45 V was observed, indicating that L-2 is a good electron
acceptor. For the NDI acetylide ligand (L-3), two reversible
reduction waves at —1.02 V and —1.45 V were observed. For Pt-3
with NI acetylide ligands (electron withdrawing substituents),
the reduction wave at —1.62 V and the oxidation wave at 1.51 V
were observed, which can be assigned to the NI acetylide ligand.
The oxidation wave at +0.77 V was observed and can be assigned
to the C"N”N Pt(u) coordination center. Compared with Pt-a,
the oxidation potential of Pt-3 shows a 0.17 V positive shift,
indicating perturbation of the electronic structure of the NI
ligand. At the same time, the more positive oxidation potential
enhances the stability of Pt(i) complexes.*> On the other hand,
no reversible reduction wave was observed, which is different
from Pt-a, indicating that the coordination of NI acetylide
ligand to the Pt(i) center imposes a substantial influence on the
electronic structure of the C*"N”N Pt(u) coordination center. For
Pt-4, the onset oxidation wave was observed at +1.27 V.

2294 | J Mater. Chem. C, 2015, 3, 2291-2301
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Compared with Pt-b, Pt-4 shows a 0.36 V positive shift, indi-
cating that the electronic structure of the NI ligand is
substantially altered upon coordination to the Pt(u) atom. Thus,
the effects of the C*N”N or the C*N”N ligand are different.
Similar results were also observed for Pt-5 and Pt-6. The elec-
trochemical data for the complexes and the ligands are listed in
Table 1. Complexes Pt-1 and Pt-2 with Py ligands are unstable,
thus their CV data were not collected.

In order to further investigate the charge transfer process
(MLCT), the thermodynamic driving forces for the charge
transfer process (AG°, free energy change of the potential
charge transfer) were calculated based on the redox potential
values, by employing the Rehm-Weller Equation (eqn (1)).*

Table 1 Electrochemical data for Pt-a, Pt-b, L-2, L-3, Pt-3, Pt-4, Pt-5
and Pt-6

Oxidation® (V) Reduction” (V)

Compd I i it I il AG®® (eV)
Pt-a +0.60  +1.01 —? b >t b

Pt-b +0.91  +1.17  +1.39 P b —b

L-2 +1.53 b —1.45 b

L-3 +1.57 -t b -1.02 -145 —*

Pt-3 +0.77  +151 —? 162 —0.73
Pt-4 +1.27  +1.55 —* -1.61 —* +0.00
Pt-5 +1.10  +1.58 —? -116 —1.59  +0.04
Pt-6 +1.12  +1.57 b -115 —1.59  —0.05

¢ Recorded with [Bu,N][PF,] as the electrolyte in CH,Cl, (0.1 M) at
ambient temperature with a scan rate of 50 mV s~ '. Potentials are
expressed as the half-wave potentials (E;,,) in volts vs. Ag/AgNO; using
ferrocene as an internal reference. ” Not determined. © Free energy
changes of the potential PET effect with Rehm-Weller equation.

This journal is © The Royal Society of Chemistry 2015
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AG° =Ey — Eed — Egp— C 6))]
where AG° is the free energy change of the potential charge
transfer. E,, is the oxidation potential of the electron donor (Pt
coordination center), E,.q is the reduction potential of the electron
acceptor (acetylide ligand), E, , is the excitation energy, which is
calculated based on the wavelength of the maximum absorption
in the visible region and C could be regarded as a constant, which
is related to the solvents. These measurements were obtained in
the same solvent, so C could be ignored [eqn (1)].

Pt-3 shows a more negative AG° value (—0.73 eV) than the
other complexes, indicating that its charge transfer process is
enhanced (Table 1 and ESIt). Pt-3 has the lower phosphores-
cence quantum yield (vide infra). For Pt-4, the more positive
onset oxidation potential (1.27 V) contributes to the increase of
AG° (0.00 eV), as Pt-4 shows significantly higher AG° than that
of Pt-3, which means considerably weaker ability to undergo
charge transfer process thermodynamically. The phosphores-
cence quantum yield of Pt-4 is enhanced (®p = 0.14). Although
the AG° of Pt-5 (0.04 eV) is higher than that of Pt-4 (0.00 eV), the
phosphorescence quantum yield of Pt-5 is still lower than that
of Pt-4 (¢p = 0.14). Therefore, energy levels also need to be
considered for the design of Pt(u) complexes (vide infra).

Steady state UV-Vis absorption and luminescence emission
spectroscopy

The absorption spectra of Pt-a and Pt-b are shown in Fig. 2a.
The spectra show strong absorptions in the high-energy region
and weaker absorptions in the low-energy region. The high-
energy absorptions can be assigned as ligand based w-m*
transitions, whereas the low energy absorptions can be assigned
as charge transfer bands.”” The S, — '"MLCT absorption bands
in parent complexes Pt-a and Pt-b were observed at 390 nm and
419 nm, respectively. The UV-Vis absorption spectra of the ligands
were studied (see ESIt). L-1 gives absorption in the UV region. The
molar absorption coefficient (¢) is 4.92 x 10* M~ cm ™" at 360
nm. The intense structured absorption of the pyrenylacetylide
was reduced in the complexes Pt-1 and Pt-2 (Fig. 2b). Moreover,
the absorption intensity was reduced as compared with that of
the free ligands. These results indicate that the m-conjugation
framework of L-1 is substantially perturbed in the complexes Pt-
1 and Pt-2. This is reasonable since the Pt(u) atom is linked to
the pyrenyl moiety by the C=C triple bond.** Similar results
were observed for Pt-3 and Pt-4 (Fig. 2c). Moreover, the
maximum absorption wavelength of the complexes Pt-3 and Pt-
4 are considerably red-shifted as compared with that of ligand
L-2. Based on the DFT/TDDFT calculations, the intense
absorption of Pt-3 at 397 nm could be attributed to the mixed
"MLCT and 'IL excited states (see ESI). These results are in
accordance with photoredox properties (AG° = —0.73 eV). The
absorption of Pt-4 at 431 nm could be attributed to the energy
level of the 'IL excited state. The photoredox properties (AG°® =
0.00 eV) and DFT/TDDFT calculations (Table 3) also confirmed
that Pt-4 shows less MLCT character than Pt-3. Pt-5 and Pt-6
show similar absorption wavelength as compared with the
ligand L-3 (Fig. 2d). The absorptions of Pt-5 and Pt-6 at around

This journal is © The Royal Society of Chemistry 2015
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Fig.2 UV-Vis absorption of (a) Pt-a and Pt-b; (b) L-1, Pt-1 and Pt-2; (c)
L-2, Pt-3 and Pt-4; (d) L-3, Pt-5 and Pt-6. ¢ = 1.0 x 107> M in

dichloromethane (DCM), 20 °C.

559 nm could be attributed to their 'IL excited states. These
results are also confirmed by the DFT/TDDFT calculations (see
ESIY).

The UV-Vis absorption spectra of the ligands and the
complexes in different solvents were studied. The low energy
absorptions of Pt-3 showed a slight solvent dependence and
shifted to higher energy by up to 23 nm as the solvents switched
from toluene to MeOH, indicating that these low energy tran-
sitions possess, to some extent, charge transfer character. No
significant changes were observed for Pt-4, Pt-5 and Pt-6 (ESIT),
indicating that this absorption could be attributed to the 'IL
excited state.

The photoluminescences of the complexes were studied
(Fig. 3a and b). For complexes Pt-1 and Pt-2, strong emission at
660 nm was observed, which is highly sensitive to O,. The
emission can be completely quenched in aerated solution. Thus
the emission is due to emissive triplet excited states. This
postulation is in agreement with the previous observation of
phosphorescence with pyrenylacetylide Pt(u) complexes.*

Interestingly, the emission properties of Pt-3 and Pt-4 were
drastically different. For Pt-3 (Fig. 3c), the major emission
band is centered at 434 nm, for which the emission intensity
is independent of the atmosphere (air or O,), thus the emis-
sion band at 434 nm can be assigned to fluorescence. More-
over, a minor emission band at 629 nm was observed, which
can be quenched by O,. Thus the emission band can be
assigned to phosphorescence. The emission band at 434 nm
is not due to any impurity of free ligand in the complex,
because the emission wavelength is considerably longer than
that of the ligand L-2. The different emission properties of
Pt-3 and Pt-4 can be rationalized by the different influence of
the ligands, demonstrated by the cyclic voltametry study as
well as the UV-Vis absorption spectra of the complexes Pt-3
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Fig. 3 The emission spectra of the Pt(1) complexes under different
atmospheres. (@) Pt-1 (Aex = 390 nm); (b) Pt-2 (Aex = 390 nm); (c) Pt-3
(Aex = 390 nm); (d) Pt-4 (ex = 420 nm). ¢ = 1.0 x 107> M in toluene,
20 °C.

and Pt-4. The AG° value of Pt-4 is 0.00 eV, which shows a good
balance of the energy transfer and charge transfer. The
phosphorescence emission of Pt-4 is assigned to ’IL (vide
infra). The phosphorescence quantum yield is up to 0.14,
which is higher than for other complexes. To study the triplet
state yields of the complexes, the photosensitization of singlet
oxygen ('0,) with the complexes upon photoexcitation was
studied and the 'O, quantum yields (®,) were determined
(Table 2). The 'O, quantum yields (®,) with Pt-4 as triplet
photosensitizer was determined as 0.65, indicating efficient
intersystem crossing (ISC).

Table 2 Photophysical parameters of Pt-1-Pt-6, L-1, L-2 and L-3
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The AG° value of the electron transfer in Pt-3 was calculated
as —0.7 eV. The singlet oxygen quantum yield of Pt-3 is 0.57,
indicating efficient intersystem crossing.

The emission of Pt-5 and Pt-6 are centered at 570 nm, which
are not dependent on the atmosphere of the solution, thus the
emission bands can be assigned to fluorescence (ESIt). Similar
to Pt-1, the emission bands of Pt-5 and Pt-6 are different from
that of the free ligand L-3, thus the emission band of Pt-5 and
Pt-6 are not due to the un-coordinated free ligand. At the same
time, the energy level of the 'IL state (2.22 eV) is considerably
lower than that of the "MLCT state (3.02 eV); therefore, the 'IL
— 'MLCT process is inhibited. These reasons cause the non-
phosphorescence. The singlet oxygen quantum yield of Pt-5 (9,
= 0.07) also infers the poor triplet state yield, which confirms
the results mentioned above and not the limit of detection
range of the spectrophotometer.

The AG° value of Pt-6 is —0.05 eV. Due to the weak charge
transfer impetus (low AG°® value), the charge transfer process
from the Pt(u) coordination center to NDI ligand is inefficient.
Pt-6 shows no phosphorescence, and the singlet oxygen
quantum yield of Pt-6 is 0.09.

To clarify the electronic feature of the emissive triplet excited
state of the complexes, ie. as *MLCT state or °IL state, the
emission spectra of Pt-4 at 77 K was compared with that at RT
(Fig. 4). The emission band at 77 K is slightly blue-shifted as
compared with that at RT. The thermally induced Stokes shift is
245 cm ™. The emission band at 77 K is more structured than
that at RT. Thus the emissive triplet excited state of Pt-4 can be
assigned as the *IL state, for a charge transfer state, such as
*MLCT state, a more significant thermally induced Stokes shift
will be observed.

Nanosecond time-resolved transient difference absorption
spectroscopy

To study the triplet excited states of the complexes, nanosecond
time-resolved transient difference absorption spectra of the

7 (ns) " (1s)

Aabs® & Aem® o @y 298 K 298 K 77K Toi/us o,
Pt-1 400 1.61 663 —* 0.9% —* —* —* —*
Pt-2 398 2.06 659 —k 3.6% —k —k —k —k
Pt-3 397 2.48 434\629 5. 7% 0.6/% 4.50 30.6 —* 0.57

k
Pt-4 431 2.26 631 —* 14.4/% —* 137.0 90.1 0.65
250.9

Pt-5 559 0.88 564 3.5% —* 9.69 —* —* 0.07
Pt-6 558 1.69 582 0.6%% —* 9.37 —* —* 0.09
L-1 360 4.92 384\404 8.9°% —* 3.32 —* —k k
L-2 350 1.74 400 7.6% —* 2.21 —* —* K
L-3 536 1.98 561 16.9°% —* 11.43 —* —* —*

“ In toluene (1.0 x 10~° mol dm~2). ® Molar extinction coefficient at the absorption maxima. e: 10* cm ™" mol~" dm?. ¢ In toluene. ¢ In toluene, with
2,6-diiodo-Bodipy (¢ = 0.027 in acetonitrile) as the standards. ¢ In toluene, with quinine sulfate (® = 0.546 in 0.5 M H,SO,) as the standards.” In
toluene, with [Ru(dmb);(PFs),] (¢ = 0.073 in acetonitrile) as the standards. ¥ Luminescence lifetime, Pt-3 (Aex = 443 nm), Pt-5 and Pt-6 (Aex = 473
nm) at RT. ” Phosphorescence lifetime, Pt-3 (Aex = 397 nm) and Pt-4 (A, = 431 nm) at RT. * Triplet state lifetimes, measured by nanosecond transient
difference absorption spectroscopy.’ Quantum yield of singlet oxygen (*0,), for Pt-3 and Pt-4, [Ru(bpy)3(PF5)ZJ was used as standard (@, = 0.57 in

acetonitrile), for Pt-5 and Pt-6, 2,6-diiodo-Bodipy was used as standard (@, = 0.79 in CH,Cl,), ¢ = 1.0 x 10~

2296 | J Mater. Chem. C, 2015, 3, 2291-2301

M in acetonitrile. ¥ Not applicable.
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Fig. 4 Photoluminescence spectra of Pt-4 at room temperature (RT)
and 77 K (Aex = 425 nm). ¢ = 2.0 x 107> M in mixed solvent Co,HsOH—
CHsOH (4 : 1, v/v).
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Fig. 5 Nanosecond time-resolved transient difference absorption
spectra of (a) Pt-4 after pulsed excitation (dex = 430 nm). (b) Decay
traces of Pt-4 at 450 nm. ¢ = 1.0 x 107> M in deaerated toluene, 25 °C.
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complexes were investigated (Fig. 5).° For Pt-4, a bleaching band
at 430 nm was observed upon excitation with 430 nm nano-
second pulsed laser. Moreover, a strong transient absorption
band in the region of 470-740 nm was observed, which can be
assigned to the absorption of the T; state (T, — T, transi-
tions).>® The lifetime was determined as 90.1 ps (at ¢ = 1.0 X
10° M). The triplet state lifetime is long, thus triplet-triplet
annihilation of Pt-4 has to be considered, with which the life-
time can be reduced at high concentration. Therefore, the
triplet state lifetime of the complex was measured at lower
concentration; the intrinsic triplet state lifetime of Pt-4 was
extrapolated as 126.7 ps (in infinite diluted solution, ESI¥).

No transient spectra can be observed for Pt-5 and Pt-6 under
photoexcitation at 555 nm and 560 nm, respectively, which may
be due to the poor triplet quantum yield. Because Pt-1 and Pt-2
are not stable, no transient absorption spectra were recorded for
these two complexes.

DFT calculations

The ground state geometries of the complexes were optimized
using DFT methods. For Pt-4 (Fig. 6 and Table 3), the UV-Vis
absorption was calculated based on the optimized ground state
geometry. The absorption band in the visible region was pre-
dicted to be at 459 nm, which is close to the experimental result
of 431 nm (Fig. 3b). It is known that DFT methods usually
underestimate the excitation energy for charge transfer transi-
tions. The electronic components of the S, — S; transition are
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" »
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Fig. 6 Selected frontier molecular orbitals involved in the excitation and the singlet/triplet excited states of Pt-4. CT stands for conformation
transformation. The left column is UV-Vis absorption (based on the ground state geometry) and the right column is the triplet excited state (based
on the ground state geometry). For clarity, only the selected excited states were presented. The calculations are at the B3LYP/6-31G/LANL2DZ

level using Gaussian 09W.
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Table 3 Selected electronic excitation energies (eV) and corresponding oscillator strengths (f), main configurations and Cl coefficients of the
low-lying electronically excited states of Pt-4. Based on the optimized ground state geometries, the calculations are at the B3LYP/6-31G/

LANL2DZ level using Gaussian 09W

TDDFT//B3LYP/6-31G

Pt-4 Electronic transition Energy” (eV) i Composition® cr Character
Singlet So = Sy 2.70 €V/459 nm 0.3550 H—-L 0.6143 ILCT
H—->L+1 0.3102 ILCT
So = S, 2.82 €V/439 nm 0.0896 H-1—->L+1 0.1364 MLCT, ILCT
H—-L 0.3016 ILCT
H—->L+2 0.6060 ILCT
So — S3 2.99 eV/415 nm 0.2449 H-1-1L 0.6312 MLCT,ILCT
So — Sy 3.10 €V/401 nm 0.0961 H-1—->L+1 0.6351 MLCT,ILCT
Triplet So — Ty 1.93 eV/642 nm 0.0000 H—-L 0.5094 ILCT
H-1-1L 0.4382 MLCT,ILCT
So — T, 2.57 eV/483 nm 0.0000 H—-L+1 0.5226 ILCT
So = T3 2.77 €V/447 nm 0.0000 H-1-1L 0.4069 MLCT,ILCT
H—-L 0.4102 ILCT

“ Only selected excited states were considered. The numbers in parentheses are the excitation energy in wavelength. ? Oscillator strength. ¢ H stands
for HOMO and L stands for LUMO. Only the main configurations are presented. ¢ Coefficient of the wave function for each excitation. The CI

coefficients are in absolute value.

H — L, which can be assigned as the IL and MLCT mixed
transition with IL as the major component. The singlet-triplet
state energy gaps were also calculated. The energy level of the T
state was estimated to be 1.93 eV (642 nm). H — L is involved in
the T, state, thus the T, state can be assigned as the 3IL state,
which is in agreement with the spin density analysis and the
long lived triplet excited state observed for Pt-4. The geometries
of Pt-3, Pt-5 and Pt-6 were also optimized. The calculated
absorption is close to the experimental observations (ESIT).

To assign the triplet states of the complexes, the spin density
surfaces were calculated by DFT methods.***” For Pt-a and Pt-b,
the spin density surfaces are located in the tridentate ligand and
Pt(u) coordination centers, which could be assigned as *MLCT
states (Fig. 7). The triplet excited states of the Pt(u) complexes
are localized on the acetylide ligands. This is in agreement with
the long-lived triplet excited states of the complexes.

Triplet-triplet annihilation upconversion

Triplet-triplet annihilation (TTA) upconversion has attracted
considerable attention due to the advantages of low excitation
light power threshold, high upconversion quantum yields, and
tunable excitation/emission wavelength.***® A triplet photo-
sensitizer is crucial for TTA upconversion.* Thus, it is impor-
tant to develop new triplet photosensitizers for TTA upconver-
sion. To the best of our knowledge, very few tridentate
cyclometalated Pt(u) acetylide complexes have been used as
triplet photosensitizers for TTA upconversion.”®*** Herein the
Pt(u) complexes were used for TTA upconversion. Pt-4 shows
strong absorption of visible light and long-lived triplet excited
state. TTA upconversion with Pt-4 as the triplet photosensitizer
was studied (Fig. 8). Upon 445 nm laser excitation, a phospho-
rescence band at 634 nm was observed. A triplet acceptor is an
essential component for TTA upconversion.** One of the
prerequisites for a useful triplet photosensitizer is that the

2298 | J Mater. Chem. C, 2015, 3, 2291-2301

energy level of the T, state of a triplet acceptor must be lower
than the energy level of the T, state of the photosensitizer.

Based on the T, state energy level of Pt-4 (4e;,, = 631 nm, 1.97
eV), 9,10-diphenylanthracene (DPA) was selected as the triplet
acceptor (T state energy level is 1.77 eV). In the presence of the
triplet acceptor, strong emission in the region of 400-500 nm
was observed. This is due to the upconverted fluorescence
emission of DPA. Excitation of DPA alone at 445 nm did not give
any emission in the region of 400-500 nm, thus the TTA
upconversion with Pt-4/DPA is verified. The triplet-triplet
annihilation upconversion and upconversion quantum yield
was determined as 29.7%, which is very high for TTA
upconversion.*’

To confirm the TTA upconversion, the luminescence lifetime
of the TTA upconversion emission was determined (Fig. 9). The

Fig. 7 Spin density of the complexes Pt-a, Pt-b, Pt-3—Pt-6 at the
optimized triplet state geometries. Toluene was used as the solvent in
the calculations. Calculation was performed at B3LYP/6-31G/
LANL2DZ level with Gaussian 09W.

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Emission and upconversion of the complexes with 445 nm (5.2
mW) laser excitation. (a) Emission of the complexes alone. (b) The
upconverted DPA fluorescence and the residual fluorescence and
phosphorescence of Pt-4. The asterisks in (a) and (b) indicate the
scattered 445 nm excitation laser (5.2 mW). c[DPA] = 4.0 x 107° M; ¢
[sensitizers] = 1.0 x 107> M in deaerated toluene, 25 °C.

luminescence lifetime was determined as 324.9 ps. On the
contrary, the luminescence lifetime of the prompted fluores-
cence of DPA was determined as 7.3 ns. Thus the TTA upcon-
version was proved.

The images of the luminescence of the sensitizers alone and
the upconversion are shown in Fig. 10. The upconversion with
Pt-4 as the triplet photosensitizer is clearly visible to the unai-
ded eyes. Pt-4 alone gives red emission, whereas the mixed
solution of Pt-4 and DPA shows a purple emission. However, the
emission wavelength of the Pt-3 solution does not change in the
presence of DPA, indicating the lack of TTA upconversion for Pt-
3, which is due to its poor absorption ability at 445 nm. For Pt-5
and Pt-6, no upconverted blue emission was observed, which is
attributed to the low quantum yield of the triplet excited state.
The changes in the emission color of the triplet photosensi-
tizers with and without the triplet acceptor DPA were quantified
with the CIE coordinates. For Pt-4, the CIE coordinates change
from (0.44, 0.18) to (0.19, 0.15). For Pt-5 and Pt-6, no significant
change was observed.

To study the efficiency of the triplet-triplet-energy transfer
(TTET) process, which is crucial for TTA upconversion, the
quenching of the triplet state of the photo-sensitizers was
measured using nanosecond transient absorption (ESIT).
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Fig. 9 Delayed fluorescence observed in the TTA upconversion with
(a) Pt-4 as the triplet photosensitizer and DPA as the triplet acceptor.
Excited at 440 nm and monitored at 410 nm. (b) The prompt fluo-
rescence decay of DPA determined in a different experiment (excited
with picosecond 405 nm laser, the decay of the emission was moni-
tored at 410 nm). c[DPA] = 4.0 x 107> M; c[sensitizers] = 1.0 x 107> M
in deaerated toluene, 25 °C.
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-

Fig. 10 Images of the emission of (a) sensitizers alone and (b) the
upconversion. CIE diagram of the emission of (c) sensitizers alone and
(d) in the presence of DPA (upconversion). (For Pt-3 and Pt-4, A =
445 nm, Pt-5 and Pt-6, 1o, = 532 nm) (laser power: 5.2 mW). ¢
[sensitizer] = 1.0 x 107> M, c[DPA] = 4.0 x 107> M in deaerated
toluene, 25 °C.

Significant quenching was observed for Pt-4 with quenching
constants of 5.65 x 10> M~ " (ESI{).

In order to unambiguously confirm that the TTA upconver-
sion is responsible for the blue emission band of the triplet
photosensitizer/DPA mixed samples, the time-resolved emis-
sion spectra (TRES) were also recorded (Fig. 11). For Pt-4 alone,
long-lived emission in the region of 631 nm was observed
(Fig. 11a) with a lifetime of 55.21 pus. The difference between the
lifetime values and that determined in the previous section
(Table 1) is due to the fact that the background dynamics of the
pulsed laser cannot be calibrated in the TRES mode. For the
mixture of Pt-4/DPA, however, the emission band in the region
631 nm was quenched, and a new emission band in the 420 nm
region developed (Fig. 11b). The lifetime of the emission was
324.9 ps. This long-lived fluorescence emission is the charac-
teristic feature of the TTA upconversion.
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Fig. 11 Time-resolved emission spectra (TRES) of Pt-4 alone and the
TTA upconversion with the DPA as the triplet acceptor. Pt-4 alone: (a)
the phosphorescence region was measured (550-800 nm, © = 55.2
us) excited with nanosecond pulsed OPO laser (440 nm). TRES of Pt-4
in the presence of DPA: (b) upconverted emission in the range of 400—
500 nm was observed (r = 324.9 us) with nanosecond pulsed OPO
laser (440 nm). c[DPA] = 4.0 x 107> M; c[sensitizers] = 1.0 x 107> M in
deaerated toluene, 25 °C.

J. Mater. Chem. C, 2015, 3, 2291-2301 | 2299


http://dx.doi.org/10.1039/c4tc02358g

Published on 17 December 2014. Downloaded by China university of Petroleum (East China) on 14/04/2015 00:24:11.

Journal of Materials Chemistry C

View Article Online

Paper

L Pt(ll) sensitizer N TTET> DPA Annihilator I
|« o B |<—>
1 Effect of Light- I Effectoft | | ppa*
harvesting and I1SC onTTA .. IDPA*
efficiency A
IMLCT* 1y :
E L TTA Upconverted
3% Fluorescence
e TTET ZDPAY H 3.02eV
297eV ||2.85eV : . HIQ AR
418nm | 431nm 1.97 &V S1.77eV &
€=4320 || &£=22600 631 nm 2700 nm :
M cm™ | M7 em™ :
GS v v A 4

Scheme 2 Jablonski diagram of triplet—triplet-annihilation (TTA) upconversion with Pt-4 as a triplet sensitizer (the triplet states of sensitizers are
emissive) and 9,10-diphenylanthracene (DPA) was the triplet acceptor. E is energy. GS is ground state (So). 3IL* is intraligand triplet excited state
(NI localized). TTET is triplet—triplet energy transfer. >DPA* is the triplet excited state of DPA. TTA is triplet—triplet annihilation. 'DPA* is the singlet
excited state of DPA. The emission bands observed for the sensitizers alone is the IL emissive excited state. The emission bands observed in the
TTA experiment is the simultaneous 3IL* emission (phosphorescence) and the 'DPA* emission (fluorescence).

The TTA upconversion process is summarized and shown in
Scheme 2. First, the singlet excited state of the triplet sensitizers
are populated upon photoexcitation. Direct excitation of the
ligand (*IL) or "MLCT will both lead to the population of singlet
excited state. With the heavy atom effect of the Pt(u) atoms, the
S; — T, ISC leads to the ’IL excited state. Note that the ’IL
excited state shows a considerably longer lifetime than the
normal *MLCT state. Thus the efficiency of the TTET process
will be improved. Annihilation of the triplet excited state of the
triplet acceptor (DPA) will produce the singlet excited state and,
as a result, the singlet emission (delayed fluorescence) will be
observed. The wavelength of upconverted fluorescence is
shorter than the initial photo-excitation wavelength. It should
be pointed out that the long-lived °IL triplet excited state of Pt-4
makes it an ideal triplet photosensitizer for triplet-triplet
annihilation (TTA) upconversion.

Conclusion

C*N”N ligands with five-six fused coordination structure and
C~N”N ligands with five-five fused coordination structure were
used for the preparation of six Pt(1) complexes. For each coor-
dination profile, three different arylacetylide ligands, i.e.
naphthalenedimide (NDI), pyrenyl (Py) and naphaleneimide
(NI) acetylides, were used for the preparation of the complexes.
The aim was to study the synergic effect of both the C*N~N or
C~N”N ligands and the aryl acetylide ligands on the photoredox
and photophysical properties of the complexes. The electro-
chemical properties of the complexes were studied with cyclic
voltammetry, and the photophysical properties of the
complexes were studied with steady-state and time-resolved
absorption and emission spectroscopy. The proper formation of
'MLCT is the first crucial factor in the triplet photosensitizers
based on transition metal complexes, which could be fine-tuned

2300 | J. Mater. Chem. C, 2015, 3, 2291-2301

with the photoredox properties. Then, the energy level of the
ligand ('IL), the light harvesting antenna, at the singlet excited
state should be close or higher than that of 'MLCT, which
benefits the 'IL — 'MLCT — *MLCT process. The triplet
excited states are an intraligand feature and have long lifetimes
(Pt-4, © = 90.1 ps). The photophysical properties of the
complexes were rationalized with DFT calculations. The
complexes were used as triplet photosensitizers for triplet-
triplet annihilation upconversion, and upconversion quantum
yields up to 29.7% were observed. These results are useful for
the future designing of Pt(i) complexes, which show RT phos-
phorescence and long-lived triplet excited states.
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