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ABSTRACT: [C"NPt(acac)] (C"N = cyclometalating ligand; acac = acetylacetonato)
complexes in which the naphthalimide (NI) moiety is directly cyclometalated (NI as the C
donor of the C—Pt bond) were synthesized. With 4-pyrazolylnaphthalimide, isomers with
five-membered (Pt-2) and six-membered (Pt-3) chelate rings were obtained. With 4-
pyridinylnaphthalimide, only the complex with a five-membered chelate ring (Pt-4) was
isolated. A model complex with 1-phenylpyrazole as the C"N ligand was prepared (Pt-1).
Strong absorption of visible light (¢ = 21900 M™' cm™" at 443 nm for Pt-3) and room
temperature (RT) phosphorescence at 630 nm (Pt-2 and Pt-3) or 674 nm (Pt-4) were
observed. Long-lived phosphorescences were observed for Pt-2 (7 = 12.8 ys) and Pt-3 (7
= 61.9 ps). Pt-1 is nonphosphorescent at RT in solution because of the acac-localized T,
excited state [based on density functional theory (DFT) calculations and spin density
analysis], but a structured emission band centered at 415 nm was observed at 77 K. Time-
resolved transient absorption spectra and spin density analysis indicated a NI-localized
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intraligand triplet excited state (*IL) for complexes Pt-2, Pt-3, and Pt-4. DFT calculations on the transient absorption spectra (T,
— T, transitions, n > 1) also support the IL assignment of the T, excited states of Pt-2, Pt-3, and Pt-4. The complexes were
used as triplet sensitizers for triplet—triplet-annihilation (TTA) based upconversion, and the results show that Pt-3 is an efficient
sensitizer with an upconversion quantum yield of up to 14.1%, despite its low phosphorescence quantum yield of 5.2%. Thus, we
propose that the sensitizer molecules at the triplet excited state that are otherwise nonphosphorescent were involved in the TTA
upconversion process, indicating that weakly phosphorescent or nonphosphorescent transition-metal complexes can be used as

triplet sensitizers for TTA upconversion.

1. INTRODUCTION

Luminescent platinum(II) complexes have attracted much
attention because of applications in electroluminescence,
photocatalysis, molecular probes, etc.'™'> The light-harvesting
and properties of triplet excited states of these complexes are
crucial for new applications, such as photocatalysis'>~*° or
phosphorescent molecular probes.'”*™"* We demonstrated
that O, sensing properties can be improved with long-lived *IL
(triplet intraligand) excited states, compared to that with
normal *MLCT (triplet metal-to-ligand charge-transfer) excited
states.'™'® Recently, we found that the long-lived *IL excited
state of the ruthenium(II) polyimine complex can improve the
efficiency of triplet—triplet-annihilation (TTA) upconversion
by 10-fold, compared to the ruthenium(II) complexes with
normal MLCT excited states."

Previously, we prepared pyrene-containing cyclometalated
platinum(11) complexes (Pt-6, Pt-7, and Pt-8; Scheme 1).%”
We also prepared a platinum(II) bis(acetylide) complex in
which the 1,8-naphthalimide (NT) is attached to a Pt" ion via an
acetylide bond (—C=C-)(Pt-11); room temperature (RT)
phosphorescence (4., = 621 nm) of the NI moiety was
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observed (in solution)."”** More recently, we linked the NI
moiety to the 2-phenylpyridine (ppy) ligand and found that the
lifetime () of the resulting cyclometalated platinum(II)
complex was prolonged to 25.5 us, versus 2.6 s for model
complex [ppyPt(acac)] (Pt-9 and Pt-10, where acac =
acetylacetonato; Scheme 1).8 However, we noticed the
limitations of the current development of cyclometalated
platinum(II) complexes: (1) UV—vis absorption is usually
limited to the UV region;"*'>* (2) phosphorescence lifetimes,
or more generally, the T, triplet excited-state lifetimes, are
usually less than 5.0 us. Transition-metal complexes with
visible-light-absorbing and long-lived triplet excited states are
desired for applications in, for instance, photocatalysis and
photovoltaics.'* On the basis of our previous results and the
elegant works of Thompson et al,**** we propose that the
direct cyclometalation of an organic chromophore (C donor of
the C—metal bond) is a powerful approach to access the
transition-metal complexes, for example, the cyclometalated
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Scheme 1. Selected Cyclometalated Platinum(II) Complexes and [N"N Platinum Bis(acetylide)] Complexes with Pyrene or NI

Subunits That Show Prolonged Phosphorescent Lifetimes (7)
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platinum(II) complexes, that show strong absorption in the
visible range and, at the same time, the long-lived triplet excited
states.

Concerning this aspect, NI is a versatile chromophore and
has been extensively used in fluorescent molecular probes.>**”
However, angplication of the NI moiety in phosphorescence is
rare.**?%* To the best of our knowledge, the RT
phosphorescence of NI (in solution) was not reported until
very recently in one case with platinum(II) bis(acetylide)
complexes (Pt-11; Scheme 1).'”*° Thus, much room is left for
exploration of the role of the NI moiety in modulation of the
photophysics of cyclometalated platinum(II) complexes.

In order to tackle the aforementioned limitations, herein we
prepared cyclometalated platinum(II) complexes with the NI
subunits directly cyclometalated (NI as the C donor of the C—Pt
bond; Pt-2, Pt-3, and Pt-4). Pt-1 was prepared as the model
complex (Scheme 2). Pyrazole or pyridine was selected as the
N donor of the C"N ligand. Coordination isomers with five-
and six-membered rings were obtained. The complexes show
strong absorption in the visible region, RT deep-red/near-IR
emission (4., is up to 674 nm), and long-lived *IL excited
states (the triplet excited-state lifetime is up to 61.9 us).
Furthermore, coordination isomers Pt-2 and Pt-3 show
drastically different absorption and emission features. The
complexes were used as triplet sensitizers for TTA-based
upconversion, and a remarkable upconversion quantum yield
(® ) of 14.1% was observed, with an anti-Stokes shift of 0.48
eV.

2. RESULTS AND DISCUSSION

2.1. Synthesis of the Ligands and Cyclometalated
Platinum(ll) Complexes. Previously, we prepared NI-con-
taining cyclometalated platinum(II) complexes with a —C=
C— or —CH,— linker between NI and the ppy coordination
center (Pt-9 and Pt-10; Scheme 1).® The red-shifted emission
wavelength (638 nm) and prolonged phosphorescence lifetime
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(tp = 25.5 us) were observed compared to [ppyPt(acac)] (4 o
= 486 nm; 7 = 2.6 us). However, UV—vis absorption of Pt-9
and Pt-10 is centered at ca. 400 nm.

We envisaged that the direct cyclometalation of a
chromophore, for example, with NI as the C donor for the
C—Pt bonds, will substantially perturb the electronic structure
of the NI fluorophore, and thus UV—vis absorption may be
greatly red-shifted.”* Along these lines, herein we devised a new
Nl-containing ligand to prepare platinum(II) complexes with
the NI moiety directly cyclometalated; i.e., the C atoms of the
C—Pt bond is from the 3- and S-C of the NI moiety (Pt-2, Pt-
3, Pt-4, and Pt-5; Scheme 2). We anticipated that, for these
complexes, the triplet excited state with a significant *IL
component can be populated with photoexcitation; thus, a long
emission wavelength and a prolonged phosphorescence lifetime
may be observed.

Pyrazole or pyridine was selected as the N donor and NI was
used as the C donor to assemble the C"N cyclometalation
ligand (Scheme 2), which was prepared via the Suzuki cross-
coupling reaction or nucleophilic substitution of 4-bromo-1,8-
naphthalimide with pyrazole. For both types of C"N ligands, 4-
bromo-N-butyl-1,8-naphthalimide was used as the starting
material. Refluxing of N-butyl-4-bromo-1,8-naphthalimide
with pyrazole gives the ligand L-2 in satisfying yield. For
preparation of the NI/pyridine ligand L-3, palladium-catalyzed
Suzuki coupling was used. We propose that the different
binding angles and electronic properties of the pyrazole- or
pyridine/NI ligand may affect the photophysical properties of
the cyclometalated complexes."*"**

The cyclometalated platinum(II) complexes were prepared
by routine methods. Interestingly, for ligand L-2, the Pt—C
bonds are formed at either the 3 or 5 position of the NI moiety;
as a result, complexes Pt-2 and Pt-3 were obtained,
respectively. The structures were assigned by 'H NMR
spectroscopy (see the Supporting Information). For the
pyridine-containing ligand L-3, however, only one isomer
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Scheme 2. Synthesis of the 4-Pyrazolyl- and 4-Pyridinylnaphthalimide C"N Ligands (L-2 and L-3) and the Cyclometalated
Platinum(II) Complexes Pt-1, Pt-2, Pt-3, Pt-4, [ppyPt(dpm)], and [ppyPt(acac)]”
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“The molecular structures of the triplet acceptor DPA and ruthenium(II) complex [Ru(dmb);][PF], (Ru-1) used in upconversion are also shown.
(a) (i) K,PtCl,, 2-ethoxyethanol/water (3:1, v/v), Ar, 80 °C, 16 h; (ii) Hacac/Na,CO;, 2-ethoxyethanol, Ar, 100 °C, 16—20 h. (b) Pyrazole,
acetonitrile/toluene, Cs,CO;, EDTA-2Na, Cul, Ar, reflux 24 h. (c) (i) K,PtCl,, 2-ethoxyethanol/water (3:1, v/v), Ar, microwave, 0.5 h; (ii) Hacac/
Na,CO;, 2-ethoxyethanol, Ar, microwave, 0.5 h. (d) Pd(PPh,),, K,CO,, Cul, MeOH/toluene, Ar, reflux, 8 h.

with the five-membered coordination ring was observed (Pt-4).
With density functional theory (DFT) optimization of the
geometry of the complexes (see a later section), we found that
the isomer with the six-membered coordination center (Pt-$) is
destabilized by ca. 16.3 k] mol™' more than Pt-4. We found that
the yield of Pt-3 can be significantly improved by using
microwave irradiation.*"****

2.2. UV-Vis Absorption of the Ligands and Cyclo-
metalated Complexes. UV—vis absorption of the C'N
ligands L-1, L-2, and L-3 was studied (Figure la).
Phenylpyrazole gives absorption at 256 nm because of the
small size of the 7-conjugation framework. For NI-containing
L-2 and L-3, however, a strong absorption at 353 nm was
observed (¢ = 15200 M~ ecm™' for L-2).

With cyclometalation, generally absorption at a more red-
shifted region was observed for complexes containing the NI
moiety (ca. 443 nm and & = 21900 M~" cm™ for Pt-3; Figure
1b). For the complex with the phenylpyrazole ligand (Pt-1),
however, absorption is located at a much shorter wavelength
(314 nm). For [ppyPt(acac)], absorption is at 410 nm (& =
3700 M™" cm™'). The new complexes show a red-shifted
absorption compared to the NIl-containing platinum(II)
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Figure 1. (a) UV—vis absorption of the ligands L-1, L-2, and L-3. (b)
UV—vis absorption of the platinum(II) complexes Pt-1, Pt-2, Pt-3,
and Pt-4. ¢ = 1.0 X 1075 M in CH,Cl, at 25 °C.

complexes reported by us previously (Pt-9, Pt-10, and Pt-11;
Scheme 1).51%2°

Interestingly, absorption of the complex with a six-membered
coordination ring (Pt-3) gives a much stronger absorption at
443 nm (& = 21900 M~ cm™) than the isomer with a five-
membered coordination ring (Pt-2; € = 7164 M~' cm™"). The
detail mechanism for this different absorption is unclear.
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However, our DFT/time-dependent DFT (TDDFT) calcu-
lations clearly predict a stronger absorption for Pt-3 than for
Pt-2 (by the oscillator strength of the transitions; see later
sections). It should be pointed out that UV—vis absorption of
Pt-2, Pt-3, and Pt-4 is red-shifted compared to the normal
cyclometalated platinum(II) complexes.*"”>* Thus, the present
strategy with NI as the C donor of the C"N ligand (i.e., direct
cyclometalation of the organic chromophores) is a promising
method for accessing the transition-metal complexes with the
light-harvesting ability.

2.3. Photoluminescence of the Cyclometalated
Platinum(ll) Complexes: RT Phosphorescence of NI. All
of the complexes containing the NI moiety show RT red
phosphorescence in solution (Figure 2). Pt-1 is nonphosphor-
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For Pt-4 with the NI/pyridine ligand, a red-shifted emission
at 674 nm was observed (Figure 2a). We propose that this red-
shifted emission is due to the pyridine moiety being more
electron deficient than the pyrazole moiety; thus, the highest
occupied molecular orbital (HOMO)—lowest unoccupied
molecular orbital (LUMO) energy gap of Pt-4 (3.15 eV) is
smaller than that of Pt-3 (3.28 eV). A much lower
phosphorescence quantum yield of 0.2% was observed for Pt-
4, and the lifetime was 1.3 ps. The radiative decay rate
constants of the emissive complexes do not show any clear
trend (Table 1).

We investigated the sensitivity of the emission intensity of
Pt-3 toward O, (Figure 2b). The emission is drastically
quenched in an aerated solution compared to that under a N,
atmosphere. The phosphorescence of Pt-2 and Pt-4 is also
sensitive to O, (see Figure S$19 in the Supporting Information).

Among the NI-containing complexes, Pt-10 shows the
largest k, value (7.0 X 10> s7!).® This was followed by Pt-2
(k, = 2.4 X 10% s7"). For the nonradiative decay constant, Pt-2
shows the largest value, k,, = 8.0 X 10* s™". For the complex
with a long T, excited-state lifetime and a high phosphor-

550 600 650 700 750 8&0C

Wavelength / nm

escence quantum yield, such as Pt-10, however, the k, value
(74 x 10° s7') is close to the k, value (3.0 X 10* s7').
Furthermore, we found that the phosphorescence quantum

Figure 2. (a) Emission of ppyPt(acac) (4. = 345 nm), Pt-2 (1, =
444 nm), Pt-3 (1., = 456 nm), and Pt-4 (1., = 475 nm). ¢ = 1.0 X
10~ M in CH,Cl, at 25 °C (b) Emission of Pt-3 under N,, air, and O,
atmospheres (4., = 456 nm). ¢ = 1.0 X 10~ M in CH,Cl, at 25 °C.

escent at RT. This lack of phosphorescence may be due to its
unique acac-localized triplet excited state (see the DFT
Calculations section).

For the platinum(II) complexes with 4-pyrazole/NI ligands,
ie., Pt-2 and Pt-3, emission at 630 nm is observed (Figure 2a).
The emission is greatly red-shifted compared to [ppyPt(acac)]
(Aom = 486 nm).”®> The emission wavelength and vibrational
progression are similar to those of the *IL emission profiles of
NI in the cyclometalated platinum(II) complex or N*N
platinum(II) bis(acetylide) complexes.*'**° For the normal
cyclometalated platinum(II) complexes, the phosphorescence
lifetime is usually less than 5.0 ps."*® For Pt-2 and Pt-3,
however, phosphorescence lifetimes of 12.8 and 61.9 us were
observed, respectively.

yields followed the energy gap law; that is, the complex with a
longer emission wavlength gives a lower phosphorescene
quantum yield; for example, Pt-4 gives an emission of 674
nm with a very low phosphorescence quantum yield (® ) of
0.2%. Conversely, Pt-10 emits at a much shorter wavelength
(538 nm), but the phosphorescence quantum yield is much
higher (®, = 18.2%) (Table 1). We also noted that the
vibrational spacings of the two emission bands of the complexes
are different (Figure 2).°

We reported a N*N platinum(II) bis(acetylide) complex
with the ethynylene/NI ligand,® which shows an emission
band at 621 nm with a lifetime of 124 us and was assigned to
the *TL emission of the NI moiety with the transient absorption
studies.”* Pt-2 and Pt-3 show similar emission profiles
(wavelength and vibrational progression), which is an
indication of *IL emission of the NI group. The principal
photophysical properties of the complexes are summarized in
Table 1. The radiative decay rate constants (k,) and the
nonradiative decay rate constants (k,,) were calculated (Table
1). For the NI-containing complexes, the k, is small, on the 10°

Table 1. Photophysical Parameters of the Ligands and Platinum Complexes

Aps /nm
L-1 256 (1.49)
L2 240 (4.12), 353 (1.52)
L3 241 (0.55), 347 (0.21)
Pt-1 256 (5.15), 314 (1.10)
Pt-2 270 (3.98), 364 (1.69), 434 (0.85)
Pt-3 240 (4.79), 261 (3.55), 345 (1.09), 443 (2.19)
Pt-4 263 (4.14), 379 (2.45), 360 (1.95), 452 (0.82)
Pt-9 243 (5.20), 296 (2.38), 390 (3.37)
Pt-10 240 (5.46), 293(2.28), 336 (2.32), 357 (1.73), 400 (0.41)

Y k//10* k710
nm oY (oF 4 st st
311 0.019 e 1.8 ns 1085 545.00
433 0.631 e 4.3 ns 14 674 85.81
408 0.124 e S.1 ns 2431 171.76
e e e e e e

636 e 0.035 12.8 us 0.27 0.08
632 e 0.052 61.9 us 0.08 0.02
674 e 0.002 1.3 us 0.15 0.77
638 e 0.011 6.6 us 0.17 0.15
538 e 0.182 25.5 us 0.71 0.03

“Extinction coefficients (10* M™' cm™) are shown in parentheses. bFluorescence quantum yield with quinine sulfate as the standard (® ; = 0.547 in
0.05 M sulfuric acid). “Phosphorescence quantum yield in CH,Cl, with Ru(Phen)(bpy); as the standard (@} = 6.0% in MeCN). “Fluorescence
lifetimes (in ns) or lifetimes of the triplet excited state (measured by transient absorption, in us). “Not applicable. /Radiative deactivation rate
constant (k,) and nonradiative deactivation rate constant (k). k, = @ /T emj ke = (1 = @ o)/ T e It is assumed that the emitting excited state is

produced with unit efficiency.
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s™! scale; this is an indication for the long-lived °IL excited
state.

2.4. Emission Spectra of the Complexes at 77 K. In
order to study the emissive excited state of the complexes, the
emission spectra at 77 K and RT were compared (Figure 3). It
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Figure 3. Photoluminescence spectra of Pt-1 (4., = 314 nm), Pt-2
(A = 438 nm), Pt-3 (A, = 455 nm), and Pt-4 (1., = 479 nm) at RT
(in EtOH/MeOH, 4:1, v/v) and 77 K (in EtOH/MeOH, 4:1, v/v).

is known that the *MLCT emissive excited state usually gives a
large thermally induced Stokes shift (AE); that is, the emission
spectra at low temperature will show a blue shift compared to
the emission at RT.>**' Pt-1 is nonphosphorescent at RT. At
77 K, however, a structured emission at 400—500 nm was
observed. For Pt-3 and Pt-4, very small thermally induced
Stokes shifts of 51 and 266 cm™" were observed, respectively.
The AEg value of Pt-2 is extremely small, indicating a *IL
feature for the T, excited state of the complexes. The
vibrational progression of the emission spectra became more

significant at 77 K, which is the feature of the ’IL excited-state
emission. Thus, 77 K emission spectra demonstrated the SIL
emission (see the DFT Calculations section).

2.5. Polarity Dependency of the Electronic Spectros-
copy. UV—vis absorption and the phosphorescence spectra of
the complexes were studied in solvents with different polarities
(Figure 4). It is known that charge-transfer-related absorption
and emission usually show shifts with variation of the solvent
polarity. We do not observe any drastic shift of the UV—vis
absorption of the complexes. Thus, absorption of the
complexes in the low-energy region of the spectra is due to
'TL absorption. For phosphorescence emission, no shift of the
emission peak was observed by variation of the solvents. Thus,
we propose that the emissions of the NI-containing complexes
are due to the °IL excited state. Previously, it was shown that
SMLCT emission will show solvent-polarity-dependent emis-
sion, and usually the emission band will move to a longer
wavelength by increasing the polarity of the solvents.*”

2.6. Redox Behavior. The electrochemical properties of
the complexes were examined by cyclic voltammetry (Figure
S), and the redox data are compiled in Table 2. The ligands
exhibit reversible and irreversible reduction waves at around
—1.50 and —2.14 V vs Ag/AgNO; in CH,Cl,, respectively. Pt-1
shows a reversible oxidation wave near 0.57 V vs Ag/A§NO3,
which is similar to those of other platinum complexes.”>****
Similarly, the [ppyPt(dpm)] complex (dpm = dipivolyl-
methane, ie, 2,2,6,6-tetramethyl-3,5-heptanedione; Scheme
1) is reported to have a reversible reduction at —2.6 V and
an irreversible oxidation at +0.51 V in a N,N-dimethylforma-
mide solution, and it is generally considered that reduction is
localized on the C"N ligand and oxidation is localized on the
metal center for these cyclometalated complexes at the ground
state.”>** Therefore, reduction can be assigned to the C'N
ligand, and oxidation can be assigned to the metal center at the
ground state.”>*>*®

2.7. Nanosecond Time-Resolved Transient Difference
Absorption Spectra. Nanosecond transient difference ab-
sorption spectroscopy (laser photolysis) can be used for the
study of the triplet excited state of the complexes.®'®*3737
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Figure 4. Absorption spectra of (a) Pt-2, (b) Pt-3, and (c) Pt-4 and emission spectra of (d) Pt-2, (e) Pt-3, and (f) Pt-4. ¢ = 1.0 X 10™° M in
CH,Cl,, EtOH, MeCN, and toluene, respectively. The emission spectra were measured under a N, atmosphere at 25 °C.
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Figure S. Cyclic voltammograms of platinum complexes and their ligands in nitrogen-purged CH,Cl,. 0.5 mM complex in 0.1 M n-Bu,NPF/

CH,Cl, at a scan rate of 100 mV s™* at 25 °C.

Table 2. Electrochemical Data of the Platinum(II)
Complexes and Ligands

E,, or Eyy (V) Eg or Ey)p (V)

Pt-1 0.57 —0.30 (irr)

Pt-2 0.50 —1.54, —2.09 (irr)
Pt-3 0.72 —1.56, —2.10 (irr)
Pt-4 0.39 —141, —1.76

L2 —1.50, —2.14 (irr)
L-3 —1.54, —2.08 (irr)

Recently, we reported the first example of RT phosphorescence
of the NI group with a platinum(II) bis(acetylide) complex.*’
The transient of the N*N platinum bis(naphthalimideacetylide)
complex shows the characteristic triplet absorption feature of
the NI moiety.*’

The transient absorption spectra of the complexes are
presented (Figure 6). No transient absorption can be obtained
for Pt-1, probably because of its short excited-state lifetime (the
maximal resolution of our time-resolved spectrometer is
nanoseconds). Transient absorption in the S00—700 nm region
was observed for Pt-3. These features are similar to those of the
Nl-localized *IL excited state,”* and they are drastically different
from the transient absorption features of [ppyPt(acac)].
Bleaching at ca. 370 nm was observed. For Pt-2 and Pt-4, no
significant ground-state bleaching at 450 nm was observed,
which is probably due to the strong transient absorption in the
region. This is supported by bleaching at shorter wavelength
such as ca. 370 nm. This assignment is supported by the
TDDFT calculations, which predicted absorption for the T,
state at ca. 400 nm. The negative signals between 700 and 750
nm for Pt-2 and Pt-4 are due to emission of the complexes, as
opposed to ground-state bleaching, which were found at 356,
434, or 360 nm for Pt-2, Pt-3, or Pt-4, respectively.

Pt-3 shows no strong absorptions at 370 nm in steady-state
UV—vis absorption (Figure 1b). Furthermore, TDDFT
calculations predict absorption beyond 800 nm for Pt-2 and
Pt-4 but not for Pt-3. These predictions are in agreement with
the experiments. The calculations predict transient absorption
in the regions of 500 and 600 nm, which is supported by the
experimental results. Transient absorption at 410, 536, 645, and
791 nm was observed. This can be fully rationalized by TDDFT
calculations on the transitions between the triplet excited states,
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such as T} — T,, etc. The calculations predict absorption bands
of the T state for Pt-4 at 423 nm (f = 0.1960, T; — T3), 535
nm (f = 0.1774, T; = T},), 651 nm (f = 0.0658, T, — T;), and
806 nm (f = 0.0298, T, — T,). The intensive absorption of the
T, state at 423 nm may be responsible for the absence of
bleaching of the ground state at ca. 450 nm.

Herein, the quantum yields (® 1) of the triplet excited states
of the complexes were determined by a comparative method
(please note this is not the phosphorescence quantum yield).***
Biphenyl ketone was used in the actinometer (® = 1.00; the
triplet molar extinction coefficient at 530 nm was 7220 + 320
M~ em™)3%® @, = 0.62 was observed for Pt-3, while the @,
values of Pt-2 and Pt-4 are 0.46 and 0.36, respectively. ® 1 of
the six-membered chelate ring (Pt-3) is higher than that of the
five-membered chelate rings (Pt-2 and Pt-4).

2.8. DFT Calculations: Rationalization of the Elec-
tronic Spectra and the 3IL Excited States. Previously, we
studied the platinum(II) naphthalimideacetylide complexes and
platinum(II) complexes with the NI moiety tangled on the ppy
ligands as well as ruthnium(II) polyimine complexes.®'®~>%>*

First, the geometries of the complexes were optimized
(Figure 7). For Pt-1, the phenyl and pyrazole moieties are
coplanar; the dihedral angle of the two subunits is 0°. For Pt-2,
the dihedral angle between the NI and pyrazole moieties is 7.7°,
and the dihedral angle between the acac—Pt plane and the NI
unit is 0.2°. A more distorted geometry was found for Pt-3, for
which the dihedral angle between the NI and pyrazole moieties
is 24.8°. Furthermore, the dihedral angle between the acac—Pt
plane and the NI unit is 16.4°. Interestingly, for the 4-pyridine/
NI ligand, only the five-membered isomer (Pt-4) was obtained;
no six-membered ring was obtained (Pt-5). For Pt-4, the
dihedral angle between the NI and pyrazole moieties is 10.3°.
The dihedral angle between the acac—Pt plane and the NI unit
is 2.2°. We also investigated the geometry of the expected
isomer Pt-5. The dihedral angle between the pyridine and the
NI unit is 29.2°. A significant distortion was found for the
coordination center; the dihedral angle between the acac—Pt
plane and the NI unit is 23.2° (see Figure S21 in the
Supporting Information). The significant deviation from the
planar geometry may make Pt-$ unstable.

Pt-5 was not obtained in the preparation of the complexes;
we compared the energy of the different isomers. For Pt-2 and
Pt-3, the energetic difference is only 4.9 k] mol™". For the NI/

dx.doi.org/10.1021/ic201254w | Inorg. Chem. 2011, 50, 11446—11460
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Figure 6. Nanosecond transient absorption difference spectra of the complexes. (a, d, and g) Spectra of Pt-2, Pt-3, and Pt-4 in CH,Cl, measured as a
function of the delay times indicated, following 355 nm pulsed laser excitation. (b, e, and h) Lifetimes of Pt-2 (71 = 12.8 ps), Pt-3 (71 = 61.9 us),
and Pt-4 (71 = 1.35 us), following decay at the bleaching wavelength. ¢ [complexes] = 5.0 X 1075 M at 25 °C. (¢, f, and i) Calculated transient
absorption spectra. Please note that the information of bleaching cannot be obtained by TDDFT calculations. CH,Cl, was used as the solvent in the
calculations (PCM model).
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Figure 7. Optimized molecular structures of Pt-1, Pt-2, Pt-3, and Pt-4. The top (upper row) and side (lower row) views of the optimized geometries
are presented to illustrate distortion of the coordination centers (among which Pt-3 shows the most significant deviation from the coplanar

geometry).

pyridine-derived complex Pt-4 and the expected isomer Pt-$ Pt-4); thus, we propose that Pt-5 is thermodynamically
(not obtained in the synthesis), however, the calculated energy unstable. As a result, we did not obtain this complex in the
difference is up to 16.3 kJ mol™" (Pt-5 has higher energy than synthesis.
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Figure 8. Electron density maps of the frontier molecular orbitals of complex Pt-1 based on the optimized ground-state geometry. The solvent
dichloromethane was considered in the calculations (PCM model). Calculated at the B3LYP/6-31G/LANL2DZ level with Gaussian 09W.

.
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Figure 9. Electron density maps of the frontier molecular orbitals of complex Pt-2 based on the optimized ground-state geometry. The solvent
dichloromethane was considered in the calculations (PCM model). Calculated at the B3LYP/6-31G/LANL2DZ level with Gaussian 09W.

The molecular orbitals of Pt-1 are present in Figure 8. The
acac unit contributes significantly to both HOMO and LUMO.
Furthermore, the phenyl moiety contributes to HOMO more
than the pyrazole unit, and the profile is reversed for LUMO.
This is in agreement with the normal cyclometalated
platinum(II) complexes, in which the C donor to the C—Pt—
N bond contributes to the HOMO and the N donor of the C—
Pt—N bond contributes more to the LUMO."

The most significant difference of the frontier molecular
orbitals of Pt-2 from that of Pt-1 is the lack of contribution of
the acac moiety to the LUMO (Figure 9). This result indicates
that the NI moiety is electron-deficient and serves as an
electron sink.**" Thus, the LUMO is mainly localized on the
NI moiety. Distribution of the LUMO on an electron-deficient

moiety may decrease the energy level of the LUMO. For Pt-2,
we found significant contribution of the NI subunit to the
frontier molecular orbitals (Figure 9). Involvement of the NI
subunit in the frontier molecular orbitals may suggest a *IL
feature of the excited state. Similar results were found for Pt-3
and Pt-4 (see Figures S22 and S23 in the Supporting
Information).

UV—vis absorption of the complexes was investigated with
TDDFT calculations based on the optimized ground-state
geometries (Franck—Condon principle; Tables 3 and 4 and Sl
and S2 in the Supporting Information). The calculations
predict a maximum absorption for Pt-1 at 325 nm (S, — S,
transition). For the NI-containing platinum(II) complexes,
however, UV—vis absorption at 438, 438, and 466 nm was
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Table 3. Electronic Excitation Energies and Corresponding Oscillator Strengths (f), Main Configurations, and CI Coefficients
of the Low-Lying Electronic Excited States of Complex Pt-1 Calculated by TDDFT//B3LYP/6-31G(d)/LanL2DZ Based on the

Optimized Ground-State Geometries”

TDDFT//B3LYP/6-31G(d)

electronic
oo b
transition energy
singlet Sp = S 3.82 eV, 325 nm
Sy — S, 3.88 eV, 319 nm
So— S5 4.11 eV, 301 nm
So = Sy, 4.98 eV, 249 nm
triplet Sy = T, 2.99 eV, 414 nm

f compositiond CI° character

0.0016 H-L 0.6776 IL and MLCT
H - L+1 0.1441 IL

0.0806 H-1->1L 0.2387 IL and MLCT
H-1 - L+1 0.2232 IL and MLCT
H-L 0.1204 IL and MLCT
H - L+1 0.5973 IL

0.1887 H-1->1L 0.5558 IL and MLCT
H-1 - L+1 0.2624 IL and MLCT
H-L 0.3120 IL and MLCT

0.1937 H-6 - L 0.3770
H-S5 — L+1 0.4239
H-4->1L 0.2841
H-3 - 1L 0.1227 LLCT and MLCT
H-3 - L+1 0.2997 LLCT
H - L+3 0.4501 LLCT

0.0000 ¢ H-4->1L 0.2303
H—4 - L+1 0.1516
H-1-1L 0.3155 IL and MLCT
H-1 - L+1 0.1974 IL and MLCT
H->L 0.4691 IL and MLCT
H - L+1 0.2527 IL

“CH,Cl, was used as the solvent in the calculations (PCM model). *Only the selected low-lying excited states are presented. “Oscillator strength. “H
stands for HOMO, and L stands for LUMO. Only the main configurations are presented. “The coefficient of the wave function for each excitation is
in absolute values. /L = intraligand, LLCT = ligand-to-ligand charge transfer, and MLCT = metal-to-ligand charge transfer. ¥No spin—orbital
coupling effect was considered; thus, the f values are zero.

Table 4. Electronic Excitation Energies and Corresponding Oscillator Strengths (f), Main Configurations, and CI Coefficients
of the Low-Lying Electronic Excited States of Complex Pt-2 Calculated by TDDFT//B3LYP/6-31G(d)/LanL2DZ Based on the

Optimized Ground-State Geometries”

TDDFT//B3LYP/6-31G(d)

electronic
o b
transition energy
singlet So = S 2.83 eV, 438 nm
So = Sy 3.53 eV, 351 nm
So = Sy 4.22 eV, 294 nm
triplet Sy = T, 1.98 eV, 626 nm

f compositiond CI° character”
0.1318 H-L 0.6976 IL and LLCT
0.2883 H-3 > L 0.6723 IL and MLCT

H-1-1L 0.1202 LLCT and MLCT
H-L 0.1983 IL and LLCT
H - L+2 0.1077 IL and LLCT
0.1186 H-3 — L+1 0.1201 LLCT and MLCT
H-2 — L+1 0.3080 MLCT
H-1 - L+1 0.5347 LLCT and MLCT
H-1 - L+2 0.1193 LLCT
H - L+5 0.1469
0.0000¢ H-3->L 0.1675 IL and MLCT
H-1-1L 0.2886 LLCT and MLCT
H-L 0.6045 IL and LLCT

“CH,Cl, was used as the solvent in the calculations (PCM model). bOnly the selected low-lying excited states are presented. “Oscillator strength. 31
stands for HOMO, and L stands for LUMO. Only the main configurations are presented. “The coefficient of the wave function for each excitation is
in absolute values. /L = intraligand, LLCT = ligand-to-ligand charge transfer, and MLCT = metal-to-ligand charge transfer. ¥No spin—orbital
coupling effect was considered; thus, the f values are zero.

predicted for Pt-2, Pt-3, and Pt-4, respectively. Furthermore,
stronger absorption for Pt-3 than for Pt-2 was predicted by the
calculations. All of these theoretical predictions are in
agreement with the experimental observations. For Pt-1, the
electronic compositions of the lowest-lying singlet excited states
are mainly the HOMO — LUMO transition. 1-Phenylpyrazole

contributes significantly to the transition. The Pt atom also
contributes to the transition (Table 3).

Because the emissions of the complexes were assigned as
phosphorescence, the lowest-lying triplet excited states of Pt-1
were also studied with TDDFT calculations (Table 3). The
HOMO — LUMO transition is the main transition of the T,

dx.doi.org/10.1021/ic201254w | Inorg. Chem. 2011, 50, 11446—11460



Inorganic Chemistry

state. The TDDFT calculation predicts the AS,—T, energy gap
as 414 nm for Pt-1. This prediction is in good agreement with
the phosphorescence emission wavelength of the complex at 77
K (395 nm; Figure 3).

The calculations predict UV—vis absorption at 438, 351, and
294 nm for Pt-2 (Table 4). Experimentally, absorption at 434,
364, and 270 nm was observed (Figure 1b). The main
contribution to the T, state, which is responsible for
phosphorescence, is the HOMO — LUMO transition. For
both orbitals, the NI contribution is significant (Figure 9).
Thus, we propose that the emissive triplet excited state of Pt-2
is featured as the *IL character. Similar results were obtained for
Pt-3 and Pt-4 (see Tables S1, S2, S22, and S23 in the
Supporting Information).

The spin-density surfaces of the complexes were also used to
evaluate the triplet excited states.”® The calculation is based on
the triplet-state geometry (Figure 10). For the NI-containing

Pt-3

Figure 10. Spin-density surfaces for the lowest-lying triplet states of
Pt-1, Pt-2, Pt-3, and Pt-4. Dichloromethane was used as the solvent in
the calculations (PCM model). The calculations are based on the
optimized triplet-state geometry (isovalue: +0.0004). Calculated at the
B3LYP/6-31G/LANL2DZ level with Gaussian 09W.

platinum(II) complexes, the spin density is localized on the NI
moiety. For Pt-1, which gives drastically different emission
properties (Figure 3), however, the spin density is mainly
localized on the acac moiety. Thus, we conclude that
phosphorescence of the platinum(II) complexes in which the
NI moiety directly cyclometalated (Pt-2, Pt-3, and Pt-4) is due
to the ’IL excited states.

2.9. Application of the Light-Harvesting Effect and
the Long-Lived ®IL Excited State. Upconversion has
attracted much attention because of its application in artificial
photosynthesis, photocatalysis, and optical materials.**~*” From
the point of view of a chemist, a few methods are available for
upconversion, for example, with nonlinear optical crystals and
two-photon absorption dyes.**** These methods suffer from
some fundamental disadvantages, such as the requirement of an

intense coherent laser for excitation (with a power density of up
to MW cm7™> ie, 10° W cm™% note the terrestrial solar
radiance power density is ca. 0.10 W cm ™, AM1.5G), or the
difficulty in tuning the wavelength to a value at which the
upconversion materials can effectively work.

Recently, a new upconversion method based on the TTA
mechanism appeared and has attracted much attention.*” TTA-
based upconversion does not require a coherent laser as the
excitation source, and an excitation power density down to mW
cm™ is sufficient to sensitize the upconversion. Furthermore,
the wavelength is at the point in which the upconversion work
can be readily tuned, simply by the independent selection of the
triplet donor and acceptor (but the T, energy levels of the
donor and acceptor must be matched).

Currently, the typical triplet sensitizers used for TTA-based
upconversion are the ruthenium(II) polyimine® and platinum-
(I1) porphyrin complexes.***"*~#3175% Tq the best of our
knowledge, few cyclometalated platinum(II) complexes have
been used for TTA-based upconversion.

On the basis of our previous investigation on TTA-based
upconversion,”'***%%57 we propose that several photophysical
properties of the sensitizer are crucial for TTA upconversion.
The first is the light-harvesting effect of the sensitizer.
Absorption at long wavelength with a high molar extinction
coefficient and efficient intersystem crossing (ISC) is desired
because, under these circumstances, the triplet excited states of
the sensitizers can be efficiently produced upon photo-
excitation. The second is the lifetime of the triplet excited state
of the sensitizer. Sensitizers with long-lived T, excited states
will have more of a chance to encounter an acceptor
(quencher) to facilitate the triplet—triplet energy-transfer
(TTET) process, by which the triplet excited state of the
triplet acceptor is populated.

First, phosphorescence of the complexes with laser excitation
at 473 nm was studied (Figure 11a). [Ru(dmb),][PF], (zp =

5 800+ ! ’ I “Emissionof ;] 3 am“b Lpu;nn-eT.'l:ed‘ ET||us‘>iur|Tu| e
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Figure 11. (a) Emlssmn profile of Pt-2, Pt-3, Pt-4, and [Ru(dmb),]-

[PF¢], (1.0 X 107 M). Excitation by a blue laser (1., = 473 nm, 5
mW). (b) Emission of the upconverted fluorescence of DPA (4.3 X
105 M) and the residual phosphorescence of Pt-2, Pt-3, Pt-4, and
(Ru-1) in the upconversion experiments. The asterisks denote the
scattered laser at 473 nm at 25 °C.

0.8 ps) was included for comparison. [Ru(dmb),][PF], shows
the most intense emission.”> Pt-3 shows intense emission
because of its high quantum yield and absorption in the visible
region. Other complexes studied herein give much weaker
emission because of the lower quantum yield or poor
absorption at 473 nm compared to Pt-3.

Next, we investigated emission of the complexes in the
presence of a triplet acceptor/annihilator, 9,10-diphenylanthra-
cene (DPA), which shows perfect photostability and a high
fluorescence quantum yield (@ = 0.95), as well as an
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appropriate T state energy level. Anthracene was not used
because of its much lower fluorescence quantum yield (@ =
0.27).

In the presence of DPA, significant blue emission was
observed in the region of 400—500 nm for Pt-3. Irradiation of
Pt-3 or DPA alone does not produce this emission band; thus,
the blue emission in the region of 400—500 nm was assigned to
the upconverted emission of DPA. The anti-Stokes shift is 0.48
eV. Much weaker blue emission was observed for other
complexes. Phosphorescence of Pt-3 is almost completely
quenched (Figure 11b).

Upconversion is significant for the unaided eye (Figure 12).
For the sensitizers alone, Pt-3 gives red phosphorescence with a

[Pt-1/DPA|
'_;|P§2HQPA|ﬁ_J PL4DPA]

t-:l | 1 d —
¢ m— | omm— R—

_ |Pt-3/DPA

_ |Ru-1/DPA|

Figure 12. Upconversion with the complexes as triplet sensitizers and
DPA as the triplet acceptor. The result of [Ru(dmb),][PF], is
included for comparison. Photographs of phosphorescence and
upconversion of the complex sensitizers. Excited by a blue laser (4,
= 473 nm, 5 mW) at 25 °C.

473 nm laser excitation and the emission of Pt-4 is deep red.
For Pt-1 and Pt-2, no significant emission was observed and
the light paths in the vials of Pt-1 and Pt-2 are due to scattering
of the excitation laser beam (473 nm). With the addition of
DPA into the solutions, significant upconversion was observed
for Pt-3 (the color of the beam path changed from red to
purple). Upconversion was also observed with Pt-4, but to a
minor extent. No significant upconversion was observed with
[Ru(dmb),][PF],.

An upconversion quantum yield @y of up to 14.1% was
observed for Pt-3. We noticed that a recently reported
upconversion with the platinum(Il) acetylide complex gave
an upconversion quantum yield of less than 1.5%.*
Upconversion quantum yields higher than 11.1%, a value
thought to the maximum limit, is reasonable because recently it
was realized that encounters other than the singlet/ground state
can give singlet emission.”>> By comparison, [Ru(dmb),]-
[PFs], gives an upconversion quantum yield of only 0.5%
(Table S). The difference in the values is due to the light-
harvesting ability and lifetime of triplet excited states. Pt-3 and
[Ru(dmb),][PF,], show a molar extinction coefficients (&) of
3853 and 14424 M™"' cm™" at 473 nm, respectively. The triplet

Table 5. Luminescent Lifetimes (7), Stern—Volmer
Quenching Constants (Kgy), Bimolecular Quenching
Constants (kq), Relative Fluorescence Emission Intensities
(Iz), and Upconversion Quantum Yields (® ) of the Pt-2,
Pt-3, Pt-4, and [Ru(dmb);]** (Ru-1) Complexes in a
Deaerated CH,Cl, Solution at 25 °C

. KS/M kS M s y . P/
7% Jus (10%) (10%) r* It %
Pt-2 128 124.6 8.40 099 g g
Pt-3 619 307.0 5.11 100 8.1 14.1
Pt-4 126 4.8 3.89 100 04 03
Ru-1 0.80 39 4.88 098 10 05

“Luminescent lifetimes (7). bStern—Volmer quenching constants
(Ksy) of the quenching of phosphorescence of platinum complexes
by the triplet acceptor DPA. “Bimolecular quenching constants (k,).
Determination coefficients of the quenching constants. “Relative
upconverted fluorescence emission intensity, with the upconversion
emission intensity of [Ru(dmb),]** as the standard. fUpconversion
quantum yield. ¥Too low to be determined accurately.

excited state of Pt-3 (¢ = 61.9 ps) is much longer than the
lifetime of [Ru(dmb);][PF¢], (z = 0.8 us).

In order to study the efficiency of the TTET process, Stern—
Volmer quenching curves were constructed (Figure 13). We

307
25] p-P2
204 14 _-pPt3

1.5

e

1.0{4)
0.5{F

[Ru(dmb).J*
=
0.0

00 30 60 90 12C
¢ [DPA]/ (10°° mol dm™)

Figure 13. Stern—Volmer plots generated from the phosphorescence
intensity quenching of complex [Ru(dmb),][PF¢], (1. = 473 nm),
Pt-2 (A, = 444 nm), Pt-3 (1., = 473 nm), and Pt-4 (1., = 473 nm) as
a function of the DPA concentration. 1.0 X 10~ M in CH,Cl, at 25
°C.

found significant quenching effects for Pt-2 and Pt-3 in the
presence of DPA. The Stern—Volmer quenching constants
were calculated as Kgy = 1.25 X 10° M~ and Kgy = 3.07 X 10°
M~ for Pt-2 and Pt-3, respectively. For Pt-4 and [Ru(dmb);]-
[PF4],, however, much weaker quenching effects were
observed; their Stern—Volmer quenching constants are ca. 75
times smaller than those of Pt-3 (Table S). The quenching
constants are in line with the lifetime of the T, state of the
complexes. Longer triplet excited-state lifetimes will produce an
efficient TTET process. We noticed that a large Ky value was
observed for Pt-2, but no significant upconversion was
observed for Pt-2 (Figure 11). We attribute this result to the
poor absorption of Pt-2 at 473 nm; thus, the concentration of
the sensitizers at the triplet state is under the threshold for
significant upconversion. Thus, both the light-harvesting and
lifetime of the T state of the sensitizers (complexes) are crucial
for efficient upconversion.

It should be pointed out that the quenching constants of Pt-2
and Pt-3 are up to 30-fold of a recently reported platinum(II)
acetylide complex.*” The Kgy value of Pt-3 is 60-fold of that of
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Scheme 3. Qualitative Jablonski Diagram Illustrating the Sensitized TTA Upconversion Process between Platinum(II)
Complexes (Exemplified by Pt-3) and the Triplet Acceptor DPA”
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“The effect of the light-harvesting ability and luminescence lifetime of the platinum(II) sensitizer on the efficiency of TTA-based upconversion is
also shown. E is energy. GS is the ground state (S,). 'IL* is the intraligand singlet excited state (NI localized). IC is inner conversion. ISC is
intersystem crossing. "MLCT* is the platinum(II)-based metal-to-ligand charge-transfer triplet excited state. *IL* is the 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 band observed for the sensitizers alone is the *IL emissive excited state. The emission bands observed
in the TTA experiment are the simultaneous *IL* emission (phosphorescence) and the 'DPA* emission (fluorescence).

Ir(ppy);, 2 cyclometalated complex that was used for TTA-
based upconversion.

The mechanism of the TTA-based upconversion with
platinum(I) complexes (exemplified by Pt-3) can be
summarized in Scheme 3.>>*' First, the triplet sensitizers are
populated with photoexcitation. Direct excitation of the ligand
or 'MLCT will lead to population of the singlet excited state.
With the heavy-atom effect of the Pt" ion, the S, — T, ISC will
lead to a ’IL excited state. Please note that the *IL excited state
shows a much longer lifetime than the normal *MLCT state.
Thus, the efficiency of the TTET process will be improved.”
Annihilation of the triplet excited state will produce the singlet
excited state, and singlet emission (fluorescence) will be
observed. Note that the wavelength of upconverted fluo-
rescence is shorter than the initial photoexcitation wavelength.
It should be pointed out that the light-harvesting and long-lived
’IL triplet excited state of Pt-3 make it an ideal triplet sensitizer
for TTA-based upconversion, excited with low-power light (70
mW cm™2). Under our experimental conditions, the lowest
excitation power density that can produce upconversion is 22.4

mW cm ™2

3. CONCLUSION

In conclusion, we prepared cyclometalated platinum(II)
complexes (Pt-2, Pt-3, and Pt-4) in which the NI moiety of
the NI/pyridine or NI/pyrazole C"N ligand is directly
cyclometalated (i.e, the C atom of the C—Pt bond is from
the 3 or S position of the NI unit). The model complex with
the 1-phenylpyrazole C"N ligand was also prepared (Pt-1).
With the 4-pyrazole/NI ligand, two isomers with five- and six-
membered chelate rings were obtained (Pt-2 and Pt-3). With
the 4-pyridine/NI ligand, however, only the complex with a
five-membered coordination ring was obtained (Pt-4). With
direct cyclometalation of the NI moiety, UV—vis absorption of
the complexes are red-shifted from 314 nm (Pt-1) to 443 nm
(e.g, for Pt-3). Compared to the complexes reported
previously by us with NI groups dangling on the ppy ligand,
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absorption in the visible region is greatly increased with direct
cyclometalation (& increased from 4120 to 21 900 M~ cm™ for
Pt-3). Complexes Pt-2, Pt-3, and Pt-4 show RT phosphor-
escence (630—674 nm) in fluid solutions. The phosphor-
escence lifetimes of the complexes with the NI moiety directly
cyclometalated (e.g, 7 = 61.9 us for Pt-3) are significantly
longer than the model complex ppyPt(acac) (7 = 2.6 us). We
attribute the long-lived red emission of the platinum(II)
complexes with the NI moiety directly cyclometalated (Pt-2,
Pt-3, and Pt-4) to the intraligand triplet excited state (’IL).
This assignment is supported by the nanosecond time-resolved
transient difference absorption spectra and spin-density analysis
(by DFT calculations). The transient absorption spectra (T; —
T, transitions, n > 1) were rationalized by TDDFT
calculations, which also support the °IL assignment of the T,
excited states of Pt-2, Pt-3, and Pt-4. The light-harvesting
ability and long-lived °IL excited state of the complexes
(especially Pt-3) were employed for TTA-based upconversion.
For Pt-3, the complex with the light-harvesting effect in the
visible region and long-lived ’IL excited state, the TTET is
highly efficient (Kgy = 3.07 X 10° M™"; k; = 5.1 X 10° M~ s7")
and the upconversion quantum yield was determined as @ ¢ =
14.1%, whereas other complexes show negligible upconversion
capabilities under the same conditions. Our strategy of
accessing the long-lived emissive *IL excited state of organic
fluorophore by direct cyclometalation of a chromophore will be
useful for the future design of transition-metal complexes and
applications as optical/electrical materials.

4. EXPERIMENTAL SECTION

4.1. Apparatus. NMR spectra were recorded on a 400 MHz
Varian Unity Inova spectrophotometer. Mass spectra were recorded
with Q-TOF Micro and MALDI micro MX spectrometers. UV—vis
absorption spectra were recorded on a HP8453 UV—vis spectropho-
tometer. Fluorescence spectra were recorded on a JASCO FP-6500 or
a Sanco 970 CRT spectrofluorometer. Luminescent lifetimes were
measured on a Horiba Jobin Yvon Fluoro Max-4 (TCSPC)
instrument.
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4.2. Synthesis. Preparation of Pt-1. Under Ar, L-1 (288.0 mg,
2.0 mmol) and K,PtCl, (415.0 mg, 1.0 mmol) were added to a
mixture of 2-ethoxyethanol (6 mL) and water (2 mL). The suspension
was heated at 80 °C for 16 h. After cooling to RT, water (10 mL) was
added and the precipitate was filtered, washed with water (2 X 20 mL),
and dried in vacuum oven at 50 °C for S h. The precipitate was treated
with acetylacetone (Hacac, 0.30 g, 3.0 mmol) and Na,CO; (1.06 g,
10.0 mmol) in 2-ethoxyethanol (6 mL) at 100 °C for 16 h. After
cooling to RT, water (10 mL) was added and the precipitate was
filtered and washed with water (2 X 20 mL). The crude product was
purified by column chromatography (silica gel; CH,Cl,/hexane, 1:1,
v/v). A white solid was obtained. Yield: 51.3%, 0.22 g. "H NMR (400
MHz, CDCL): 6 7.92 (d, ] = 2.8 Hz, 1H), 7.79 (d, ] = 2.0 Hz, 1H),
7.56—7.54 (m, 1H), 7.13—7.07 (m, 3H), 6.51 (t, ] = 2.8 Hz, 1H), 5.48
(s, 1H), 1.99 (s, 3H), 1.97 (s, 3H). *C NMR (100 MHz, CDCL,): 6
185.67, 183.56, 144.41, 137.53, 131.64, 125.55, 125.02, 123.85, 122.11,
109.96, 106.17, 10237, 27.88, 26.44. MALDI-HRMS. Calcd for
C,H,,N,0,Pt ([M]*): m/z 437.0703. Found: m/z 437.0735. Anal.
Caled for C,,H,,N,0,Pt (C¢H,,): C, 45.88; H, 5.39; N, 5.35. Found:
C, 45.92; H, 5.33; N, 5.40.

Preparation of L-2. **N-Butyl-4-bromonaphthalimide (664.4 mg, 2
mmol) and pyrazole (204.0 mg, 3 mmol) were dissolved under N, in 2
mL of acetonitrile and 2 mL of toluene, CsCO; (1.30 g, 4 mmol),
EDTA-2Na (134.5 mg, 0.4 mmol), and Cul (38.1 mg, 0.2 mmol) were
added, and the mixture was heated to reflux for 24 h. The crude
product was purified by flash chromatography on silica gel (eluent:
CH,CL,). A yellow solid was obtained. Yield: 68.9%, 0.44 ¢. '"H NMR
(400 MHz, CDCl,): & 8.66 (d, ] = 8.0 Hz, 2H), 8.54 (d, ] = 8.4 Hz,
1H), 7.92 (d, ] = 2.4 Hz, 2H), 7.82—7.77 (m, 2H), 6.64 (t, ] = 4.0 Hz,
1H), 421 (t, ] = 7.6 Hz, 2H), 1.78—1.71 (m, 2H), 1.50—1.44 (m, 2H),
099 (t, ] = 7.6 Hz, 3H). 3C NMR (100 MHz, CDCL,) § 164.18,
163.66, 142.57, 142.12, 132.02, 131.72, 131.19, 130.81, 129.52, 127.95,
127.95, 12675, 123.09, 122.87, 122.49, 108.23, 40.59, 30.38, 20.57,
14.03. TOF MS ES. Caled for CgHsN;0, ([M + HI*): m/z
320.1399. Found: m/z 320.1398.

General Procedures for the Synthesis of Pt-2 and Pt-3. Under Ar,
L-2 (319.4 mg, 1.0 mmol) and K,PtCl, (207.5 mg, 0.5 mmol) were
added to a mixture of 2-ethoxyethanol (6 mL) and water (2 mL). The
suspension was heated at 80 °C for 16 h. After cooling to RT, water
(10 mL) was added and the precipitate was filtered, washed with water
(2 X 20 mL), and dried in vacaum oven at 50 °C for 5 h. The
precipitate was treated with Hacac (150.0 mg, 1.5 mmol) and Na,CO;
(530.0 mg, 5.0 mmol) in 2-ethoxyethanol (6 mL) at 100 °C for 20 h.
After cooling to RT, water (10 mL) was added and the precipitate was
filtered and washed with water (2 X 20 mL). The crude product was
purified by column chromatography (silica gel, CH,Cl,). Pt-2 was
obtained as an orange solid. Yield: 3.2%, 10 mg. Pt-3 was obtained as a
yellow solid. Yield: 9.6%, 40 mg.

Pt-2."H NMR (400 MHz, CDCl,): § 8.51 (s, 1H), 849 (d, ] = 2.8
Hz, 1H), 8.42 (d, ] = 6.8 Hz, 1H), 8.27 (d, ] = 8.4 Hz, 1H), 7.80 (d, ]
=24 Hz, 1H), 7.61 (t, ] = 7.6 Hz, 1H), 6.65 (t, J = 2.8 Hz, 1H), 5.50
(s, 1H), 4.15 (t, J = 7.6 Hz, 2H), 2.06 (s, 3H), 2.00 (s, 3H), 1.76—1.70
(m, 2H), 1.50—1.43 (m, 2H), 0.98 (t, ] = 7.2 Hz, 3H). *C NMR (100
MHz, CDCly): & 185.69, 183.80, 164.34, 163.79, 142.96, 138.50,
135.14, 131.26, 128.37, 127.30, 126.62, 125.42, 124.66, 123.63, 118.62,
117.63, 107.28, 102.52, 40.28, 30.27, 20.49, 13.88. MALDI-HRMS.
Caled for C,,H,3N;0,Pt ([M]*): m/z 612.1336. Found: m/z
612.1286. Anal. Caled for C,,H,,N,O,Pt: C, 47.06; H, 3.78; N,
6.86. Found: C, 47.12; H, 3.74; N, 6.81.

Pt-3. "H NMR (400 MHz, CDCl,): 6 8.60 (d, J = 2.0 Hz, 1H), 8.56
(d,] = 84 Hz, 1H), 843 (d, ] = 3.2 Hz, 1H), 8.38 (d, J = 8.0 Hz, 1H),
8.26 (d, ] = 8.0 Hz, 1H), 7.76 (d, ] = 8.0 Hz, 1H), 6.74 (t, ] = 2.8 Hz,
1H), 5.55 (s, 1H), 4.18 (t, ] = 7.6 Hz, 2H), 2.06 (s, 3H), 2.04 (s, 3H),
1.75—1.71 (m, 2H), 1.55—1.42 (m, 2H), 0.98 (t, ] = 7.6 Hz, 3H). °C
NMR (100 MHz, CDCly): § 186.68, 185.18, 165.15, 163.84, 142.32,
139.47, 133.24, 132.01, 131.1S5, 129.80, 129.54, 123.86, 123.01, 118.43,
113.64, 110.05, 102.56, 40.32, 30.46, 20.62, 14.01. MALDI-HRMS.
Caled for C,,H,;N;O,Pt ([M]*): m/z 612.1336. Found: m/z
612.1370. Anal. Caled for C,,H,3;N;0,Pt (C¢H,,): C, S1.57; H,
5.34; N, 6.01. Found: C, 51.61; H, 5.33; N, 5.96.

Preparation of Pt-3 by Microwave Irradiation. In order to
increase the yield and shorten the reaction time, microwave irradiation
was applied to the preparation of Pt-3. Under Ar, L-2 (191.6 mg, 0.6
mmol) and K,PtCl, (124.5 mg, 0.3 mmol) were added to a mixture of
2-ethoxyethanol (6 mL) and water (2 mL). The suspension was
irradiated by microwave (75 W) for 0.5 h. After cooling to RT, water
(10 mL) was added and the precipitate was filtered, washed with water
(2 X 20 mL), and dried in vacuum oven at 50 °C for 3 h. The
precipitate was treated with Hacac (90.0 mg, 0.9 mmol) and Na,CO,
(318.0 mg, 3.0 mmol) in 2-ethoxyethanol (4 mL) by microwave (75
W) for 0.5 h. After cooling to RT, water (10 mL) was added and the
precipitate was filtered and washed with water (2 X 20 mL). The crude
product was purified by column chromatography (silica gel, CH,Cl,).
Pt-3 was obtained as a yellow solid. Yield: 50.1%, 92.0 mg. Different
from the preparation with a conventional heating method, Pt-2 was
not found in the reaction mixture with microwave irradiation.

Preparation of L-3. 2-Butyl-6-bromonaphthalimide (332.0 mg,
1.00 mmol), pyridine-2-boronic acid N-phenyldiethanolamine ester
(isopropyl alcohol; 505.0 mg, 1.25 mmol), [Pd(PPh,),] (58.0 mg, 0.05
mmol), 50% aqueous K,CO; (3.68 g, 13.30 mmol), Cul (76.0 mg, 0.4
mmol), MeOH (1.5 mL), and toluene (7.5 mL) were mixed. The
mixture was degassed with Ar and refluxed for 8 h. After cooling, the
solvent was evaporated under reduced pressure and the residue was
extracted with CH,Cl,. The organic layer was dried with Na,SO, and
then evaporated to dryness. The crude product was purified by column
chromatography (silica gel; CH,Cl,/petroleum ether, 2:1, v/v). A
yellow solid was obtained. Yield: 24.2%, 80.0 mg. 'H NMR (400 MHz,
CDCly): 6 8.85 (d, ] = 4.4 Hz, 1H), 8.68 (d, J = 7.6 Hz, 1H), 8.64 (d, ]
=7.2 Hz, 1H), 8.51 (d, ] = 8.4 Hz, 1H), 7.94—7.87 (m, 2H), 7.75 (t, ]
=72 Hz, 1H), 7.64 (d, ] = 7.6 Hz, 1H), 7.46—7.43 (m, 1H), 422 (t, |
= 7.6 Hz, 2H), 1.78—1.72 (m, 2H), 1.50—1.45 (m, 2H), 1.00 (t, J =
7.6 Hz, 3H). *C NMR (100 MHz, CDCL,): § 164.49, 164.24, 157.64,
150.03, 144.47, 137.15, 132.67, 131.41, 130.84, 129.90, 129.05, 128.39,
127.41, 125.36, 123.25, 123.16, 123.09, 40.54, 30.45, 20.61, 14.03.
TOF MS ES. Calcd for C,H;gN,O, ([M + HJ): m/z 331.1447.
Found: m/z 331.1438.

Preparation of Pt-4. Under Ar, L-3 (165 mg, 0.5 mmol) and
K,PtCl, (1040 mg, 0.25 mmol) were added to a mixture of 2-
ethoxyethanol (6 mL) and water (2 mL). The suspension was heated
at 80 °C for 16 h. After cooling to RT, water (10 mL) was added and
the precipitate was filtered, washed with water (2 X 20 mL), and dried
in vacuum oven at 50 °C for 5 h. The precipitate was treated with
Hacac (75 mg, 0.75 mmol) and Na,CO; (265 mg, 2.5 mmol) in 2-
ethoxyethanol (6 mL) at 100 °C for 20 h. After cooling to RT, water
(10 mL) was added and the precipitate was filtered and washed with
water (2 X 20 mL). The crude product was purified by column
chromatography (silica gel; CH,Cl,/hexane, 1:1, v/v). A light-yellow
solid was obtained. Yield: 71.9%, 0.11 g. 'H NMR (400 MHz, CDCl,):
59.13 (d, ] = 4.8 Hz, 1H), 8.79 (s, 1H), 8.60 (d, J = 8.8 Hz, 1H), 8.45
(d, ] = 6.4 Hz, 1H), 8.14 (d, J = 8.0 Hz, 1H), 7.91 (t, ] = 8.0 Hz, 1H),
7.64 (t, ] = 8.0 Hz, 1H), 7.21 (t, ] = 6.0 Hz, 1H), 5.51 (s, 1H), 4.18 (t,
J = 7.6 Hz, 2H), 2.10 (s, 3H), 2.05 (s, 3H), 1.76—1.71 (m, 2H), 1.55—
1.45 (m, 2H), 0.99 (t, ] = 7.2 Hz, 3H). *C NMR (100 MHz, CDCL,):
5 18624, 18501, 167.36, 164.76, 164.37, 148.62, 144.17, 138.38,
134.12, 128.58, 128.17, 127.47, 127.13, 124.01, 123.72, 122.20, 12091,
102.93, 40.50, 30.49, 28.32, 27.42, 20.68, 14.07. MALDI-HRMS. Calcd
for C,eH,,N,0,Pt ([M]*): m/z 623.1384. Found: m/z 623.1393.
Anal. Caled for C,H,,N,0,Pt (2H,0): C, 47.34; H, 4.28; N, 4.25.
Found: C, 47.46; H, 4.20; N, 4.23.

4.3. Electrochemical Measurements. Electrochemical measure-
ments were made using a CHI630D instrument. A conventional three-
electrode configuration consisting of a glassy working electrode, a
platinum wire counter electrode, and a Ag/AgNOj reference electrode
was used. The solvent in all measurements was CH,Cl,, and the
supporting electrolyte was 0.1 M [Bu,N]PF. A scan rate of 100 mV
s™! was typically employed. Under these experimental conditions, the
ferrocene/ferrocenium couple was determined to be +0.22 V vs Ag/
AgNO;.

4.4. TTA-Based Upconversion. A diode-pumped solid-state laser
was used for excitation of upconversion. The samples were purged
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with N, or Ar for 15 min before measurement. The upconversion
quantum yields were determined with 4-dicyanomethylene-6-[p-
(dimethylamino)styryl]-2-methyl-4H-pyran as the quantum yield
standards (¢ = 0.10 in CH,Cl,), and the quantum yields were
calculated with eq 1,%® where ® ¢, Ay Iunts and 7 represent the
quantum yield, absorbance, integrated photoluminescence intensity,
and refractive index of the solvents (eq 1). The equation is multiplied
by a factor of 2 in order to give the maximum quantum yield as units.>”

pA
oy = mstd[ﬂl[fu_nk][%_nk]
Aunk Istd Nstd (1)

4.5. Nanosecond Time-Resolved Transient Difference
Absorption Spectroscopy. The nanosecond time-resolved tran-
sient difference absorption spectra were recorded on a LP 920 laser
flash photolysis spectrometer (Edinburgh Instruments, Livingston,
UK.). The samples were purged with N, or Ar for 15 min before
measurement. The samples were excited with a 355 nm laser, and the
transient signals were recorded on a Tektronix TDS 3012B
oscilloscope.

4.6. Triplet State Quantum Yield (®). A comparative method
was used for determination of the triplet state quantum yield.>** The
triplet state quantum yields (@) of the complexes were determined
with benzophenone in the actinometer (®; = 1.00; the molar
extinction coefficient of the triplet state at 530 nm is 7220 + 320 M™!
em™").3* The @ values of the complexes were calculated according
to eq 2.>** Absorbance of the sample and that of benzophenone at
355 nm were brought to the same (where the samples were in an
excited state).

AODTAER

O =D
T= "R A0ODgAer )

In the above equation, ®, AODy, and Ae represent the triplet
state quantum yield, optical intensity change, and difference between
the triplet and singlet molar extinction coefficients of the samples. ®y,
AODg, and Aey are the corresponding values for the standard
(benzophenone). Here an approximation was used; absorption of the
triplet excited state of the complexes at the bleach is close to zero.

4.7. DFT Computational Methods. The gas-phase geometry
optimizations were calculated using the B3LYP functional with the 6-
31G(d) basis set (for platinum, the LanL2DZ basis set was used) as
implemented.®® The vertical excitation energy was calculated with the
TDDFT method based on the singlet ground-state geometry. The spin
density of the triplet state was calculated from the energy-minimized
geometries of the triplet states. The nanosecond transient absorption
of our cyclometalated platinum(II) complexes was treated as UV—vis
absorption of the T, state of the complexes. The vertical excitation
energies (transitions of T; — T,, T; — T, etc.) were calculated with
the TDDFT method. Calculations are with dichloromethane as the
solvent (polarized continuum model, PCM).®* Please note that the
bleaching effect was not included in the calculated transient absorption
spectra. All calculations were performed using Gaussian 09W software
(Gaussian, Inc.).61
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