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ABSTRACT 

Square planar d8 platinum(II) complexes and octahedral d6 iridium(III) complexes 

were synthesized. Their photophysics were studied in detail. Structure-property relationship 

was studied by varying the substitution on the ligands or the π-conjugation extent of the 

ligands. 

In Chapter 2, bipyridyl platinum(II) bisstilbenylacetylide complexes (2-1 – 2-6) with 

different auxiliary substituents on the stilbenylacetylide ligands were synthesized. While the 

substitution of H on the 4'-position of stilbene by Br and OMe groups does not alter the 

photophysical properties of the complexes eminently, the photophysical properties are 

significantly tuned by the CHO, NO2 and NPh2 substituents. 

In Chapter 3, platinum(II) complexes (3-1 – 3-6) containing 6-[7-R-9,9-di(2-

ethylhexyl)-9H-fluoren-2-yl]-2,2'-bipyridine (R = NO2, CHO, benzothiazol-2-yl, n-Bu, 

carbazol-9-yl, NPh2) ligands were synthesized. It is found that electron-withdrawing 

substituents (NO2, CHO, BTZ) and electron-donating substituents (n-Bu, CBZ, NPh2) exert 

distinct effects on the photophysics of the complexes.  

In chapter 4, platinum(II) complexes (4-1 – 4-6) containing 6-[9,9-di(2-ethylhexyl)-7-

R-9H-fluoren-2-yl]-2,2'-bipyridine ligands (R = 4-R'-phenylethynyl with R'= NO2, BTZ, H 

and OCH3 or R = 4'-BTZ-phen-1-yl or BTZ) were synthesized. The effects of terminal 

substituents and the different π-conjugated linkages between the BTZ component and the 

C^N^N core on the photophysics of these ligands and complexes were systematically 

investigated.  

In Chapter 5, iridium(III) complexes (5-1 – 5-5) featuring 7-(benzothiazol-2-yl)-9,9-

di(2-ethylhexyl)-9H-fluoren-2-yl attachment to the 2-phenylpyridine was synthesized and 

studied. The effects of the extent of the π conjugation was studied in by the comparison 
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between 5-1 and 5-2, and the effect of the number of the 7-(benzothiazol-2-yl)-9,9-di(2-

ethylhexyl)-9H-fluoren-2-yl unit was compared in 5-3 – 5-5. 

In Chapter 6, bypyridyl iridium(III) complexes (6-1 – 6-7) with different 

cylometallated arylpyridyl ligands were synthesized. The effects of π-conjugation extension 

and direction were systematically investigated. 

Most complexes showed moderate to strong ns transient absorption from visible to 

near-IR region, indicating stronger excited-state absorption than ground-state absorption in 

the corresponding region and potential application as reverse saturable absorption materials. 

Thus, their application as nonlinear absorption materials was demonstrated by reverse 

saturable absorption (RSA) upon 532 nm ns laser. The RSA trend can be deciphered by the 

absorption cross section ratio between the excited states and ground states (σex/σ0).  
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CHAPTER 1. INTRODUCTION 

As the third row of transition metals, platinum and iridium are regarded as noble 

metals due to their stable chemical properties and their preciousness considering their rarity 

in the earth’s crust. Photophysical and photochemical properties of platinum(II) and 

iridium(III) complexes have drawn intense interest for decades due to their unique structural 

and spectroscopic properties and potential applications in organic light emitting diodes 

(OLEDs),1 – 4 dye-sensitized solar cells (DSSCs),5 DNA intercalation,6 and biological 

labeling.7, 8 The research of our group has been focused on the nonlinear absorption of 

platinum(II) complexes based on their excited-state absorption (ESA) and/or two-photon 

absorption (TPA), which can significantly reduce the transmittance of high intensity lasers. 

To date, we have discovered many complexes that show excellent reverse saturable 

absorption (RSA, absorption of light increases with increasing light intensity) and/or TPA.9,10 

In order to enhance the RSA of complexes, the materials have to have large ratios of ESA 

cross section (σex) relative to those of their ground-state (σ0). This requires us to reduce the 

ground-state absorption but increase the ESA at the interested wavelengths. To reach this 

goal, understanding the structure-property correlation is the key. To fully understand and 

utilize these processes for photonic device applications, detailed photophysical studies are of 

vital importance in regard to targeted design and molecular engineering based on structure-

property correlations and paradigms.  

In this chapter, the basic concepts of photophysics, as well as the photophysics of 

selected platinum(II) and iridium complexes(III), will be introduced and discussed briefly. 

Four parts are introduced herein ranging from basic photophysical concepts to general 

photophysics of platinum and iridium complexes, and then to applications as nonlinear 

optical materials. 
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1.1. Basic Concepts in Photophysics 

The interaction between light and materials is an important and interesting process, 

which shines light on important processes such as photosynthesis. The basic photophysical 

principles that govern these processes are introduced in this chapter. 

1.1.1. Some Insights into Light and Molecular Electronic Structure 

In 1860, Maxwell defined the concept of light based on his electromagnetism theory. 

In his theory, light was considered as eletromagnetic wave with the transmit speed of 3 × 108 

m/s. However, since the beginning of last century, the particle character of light is discovered 

after Max Planck’s black body radiation experiment, in which he found that the continuous 

wavelength reflection of the electromagnetic radiation in a confined cavity was not plausible.  

Notably, Einstein proposed and defined the dual wave-particle nature of light based on the 

combination of Maxwell wave equation and Planck’s law. 

Similarly, wave-particle duality of electron was also recognized, and it was described 

in Schrödinger’s equation for atomic structures, in which the electrons resemble the behavior 

of classical wave equations for light. Based on the similar wave-particle characters of light 

and electron, we can expect strong interactions between light and electrons. In the viewpoint 

of chemist, who is seeking the principle governing the changes and transformations at the 

molecular level, the interaction between light and electrons could possibly shine light on the 

molecular electronic structure. 

1.1.2. The Interaction between Light and Molecules 

The interaction between light and materials is a broad topic and an intriguing research 

field. In this dissertation, this process is described and understood at the molecular level. As a 

result, the process will be limited to interaction between the light and the molecular electronic 

structures. The light absorption behaviors of a molecule can be described by Frank-Condon 
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principle as illustrated in Figure 1.1. The excited-state properties can be described by 

Jablonski Diagram shown in Figure 1.2. The Lambert-Beer’s Law describes the absorption 

behavior of massive molecules in solutions. These three theories/principles will be discussed 

briefly in the following part, aiming to provide necessary theoretical understanding of the 

light-material interaction discussed in this dissertation. 

 
Figure 1.1. Frank-Condon principle. Reprinted with the 
permission from Ref. 11. 

The behavior of the absorption of light by a molecule can be described by Franck-

Condon principle shown in Figure 1.1. The potential energy of a molecule is the function of 

the bond length, and a certain distance between nuclei gives the minimum energy of a 

molecule. Either elongation or shortening of the distance will increase the potential energy 

and result in higher vibrational levels. A molecule is promoted to its excited-states by 

absorbing a photon, during which an electron is excited to a higher energy level. According 

to Frank-Condon principle, this transition from a lower potential energy level to a higher one 

is “vertical” to the nuclear geometry of the molecule, illustrated by the vertical arrows in 

Figure 1.1. However, after the molecule is promoted to higher energy levels, the initial 

nuclear geometry is not always at the potential energy minimum position of the higher energy 

level because electron redistribution happens after the “vertical” transition. Meanwhile, to 

fully understand this mark point, it has to be pointed out that the re-equilibration process is 
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as a series of vibrational bands. However, in solution, in particular in a polar solvent, these 

vibrational bands are not well resolved due to strong interactions between the excited molecules 

and solvent molecules, resulting in the loss of the vibronic structure and a broad featureless 

absorption band seen in the absorption spectrum. 

 

Figure 1-1. Franck-Condon principle. The figure was adopted from Atkins5 

Excited States 

The absorption of light by a molecule causes the excitation of the molecule from its ground 

state to its first excited state.6 From the excited state, the molecule first relaxes to the lowest 

vibrational level through thermal relaxation. In the ground state, the electrons are paired and 

opposite spin. When the electron is promoted to its excited state, its spin does not change due to 

spin restrictions. Consequently, the excited state formed is called singlet excited state (S1). If the 
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much slower (in the time scale of 10-13 s) than the absorption of a photon (in the time scale of 

10-15 s). The frequency of the light absorbed during such a transition reveals the energy 

difference between the beginning and the final states.  

Lambert-Beers law expresses the relationship between the absorption of the light and 

the properties of the absorbing materials. In liquid phase, the principle can be expressed in 

the following equations: 

T = !
!!
= 10!!"#                                                                                                                    (1.1) 

A = −log!" T = 𝜀𝑙𝑐                                                                                                             (1.2) 

In equation 1.1, the transmittance of the light, donated as T, is expressed by the ratio 

between I (intensity of the transmitted light) and I0 (intensity of the incident light). This ratio 

can be further expressed by the power function of 10 with the monomial of (–εlc), in which ε 

is the molar extinction coefficient representing the electronic transition probability in mol-

1�L�cm-1, l is the path length of the light in the medium in cm, and c is the concentration of 

solute in the solution in mol/L. The relationship between the transmittance and absorbance in 

liquid can be defined by equation 1.2. 

The initial process after the light absorption can be illustrated by Jablonski diagram 

shown in Figure 1.2. According to Frank-Condon’s principle discussed above, absorption of 

light leads the molecule to a higher vibrational level of the singlet excited-states (Sn).12 Then 

the molecule relaxed to the lowest vibrational level of the singlet excited-state (Sn)
 
after the 

dissipation of excess vibrational energy through thermal process such as collision with other 

molecules in the matrix. Triplet excited-states (Tn) lies at lower energy levels in comparison 

to the corresponding singlet excited-states due to the absence of the Coulomb repulsion in the 

paired electrons.13 The spin of the excited electron is no longer paired with the ground-state 

electron and the total spin quantum number of the system becomes three. As a result, the 

population of a triplet excited-state from the singlet ground-state involves changing of the 
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spin of the excited electron, and this process is a spin “forbidden” process according to 

selection rule. Generally, triplet excited-state can be populated through intersystem crossing 

(ISC, as shown in Figure 1.2), during which the spin of the excited electron is reversed. ISC 

involves the coupling of the singlet and triplet vibrational levels at the isoenergetic point to 

produce a higher energy triplet excited-state (Tn), which evolves to the lowest triplet excited-

state (T1) through vibrational relaxation. Deactivation pathway of the excited-states can be 

summarized as radiative and nonradiative decay pathways. The lowest excited singlet and 

triplet excited-states can undergo radiative decay to ground-state with emission of photons. 

Radiative decay from a singlet excited-state is called fluorescence, while the radiative decay 

from a triplet excited-state is referred to as phosphorescence. Radiationless transition 

between two electronic states can occur if there is an intersection (isoenergetic point) of their 

potential energy surfaces. The radiationless transition will occur at the isoenergetic point to 

produce a molecule at a higher vibratinal level of the ground-state, which will further rapidly 

loose excess of energy by vibrational deactivation. Nonradiative deactivation includes 

internal conversion (IC), electron transfer, and intersystem crossing (ISC). In internal 

conversion process, the energy difference between the two states with the same spin is 

dissipated in the form of heat. Nonradiative processs IC and ISC are shown as curve arrows 

in Figure 1.2. Energy or electron transfer processes could occur in the presence of acceptor.  

 
Figure 1.2. Jablonski diagram. Reprinted with permission from Ref. 14. 

6

 

1.1.4. The Nature of the Excited State 

 The absorption of light results in molecular excited state. Comparing to the ground 

state, the excited state is obviously unstable. At this stage, chemical and physical 

de-excitation pathways deactivate the excited state. The excited state is highly reactive 

species, which reacts and decomposes. The excited sate can also lose the energy and 

return back to the ground state through radiative, nonradiative and quenching processes. 

These different transitions can be summarized on a Jablonski diagram.5 

 
 

 

 
Figure 1.2. Jablonski diagram of molecules. (Reprinted with 
the permission from Ref 5 Copyright 2003 the Royal Society 
of Chemistry). 

 

The radiative transitions are indicated by straight arrows, and nonradiative transitions 

are wave arrows. The molecule absorbs light associated with electron transition from S0 

to higher vibrational level of S1. Vibrational relexation (VR) through collisions with 
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1.1.3. Radiative Decay (Fluorescence and Phosphorescence) 

Radiative decay involves deactivation of an excited-state with the emission of a 

photon, and the energy of the emitted photon corresponds to the energy difference between 

the excited and ground-states. As shown in Figure 1.2, the energy of the singlet excited-state 

is higher than the energy of the analogous triplet excited-state. As a result, fluorescence will 

always occur at a higher energy than phosphorescence from the corresponding triplet excited-

state. Meanwhile, since fluorescence is an allowed process, the radiative decay rate for the 

singlet excited-state is large (k ≈ 109 s-1, τ ≈ 1 ns). In contrast, the radiative decay rate of 

phosphorescence, which involves a spin forbidden transition between states of different spin 

multiplicities (triplet excited-state to singlet ground-state), is small (kr ≈ 102 – 104 s-1). Thus 

the lifetime of phosphorescence is relatively long (τ ≈ 10-3 – 10-6 s). 

The emission energy is generally lower than the excitation energy, because a fraction 

of the absorbed energy is dissipated by vibrational relaxation. The energy difference between 

absorption and fluorescence/phosphorescence is defined as the Stokes shift and it describes 

the extent of distortion of the excited state with respect to the ground state. In many cases, a 

vibrational progression is observed in both fluorescence and phosphorescence spectra. 

The lifetime of radiative decay can be measured by time-resolved spectroscopy, in 

which the emitting radiation is a function of time. By fitting of the decay curve the radiative 

decay lifetime can be obtained. However, the measured radiative transition lifetime is shorter 

than their natural lifetime, due to the competition with ISC and IC. The natural lifetime of S1 

and T1 can be expressed as:15  

𝜏!! =
!

!!
!!!!"

!!                                                                                                                         (1.3) 

𝜏!! =
!

!!
!!!!"

!!                                                                                                                         (1.4) 
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In equations 1.3 and 1.4, 𝑘!
!

 is the rate constant of fluorescence, 𝑘!
!  is the rate 

constant of phosphorescence, and 𝑘!"
!!  and 𝑘!"

!!  are the rate constants of non-radiative decay of 

S1 and T1 respectively. 

The radiative lifetime is subject to emission quencher Q in the solution. Self-

quenching of the radiation can happen if the excimer formation is feasible, by reaction 

between one excited-state molecule and one ground-state molecule of the same species in 

concentrated solutions. In other words, the interaction of the excited-state molecule and 

quencher Q leads to the increase of radiative decay. This behavior can be depicted by Stern-

Volmer relationship: 

!!
!
= !!

!
= 1+   𝑘!"[𝑄]                                                                                                           (1.5) 

!
!
= !

!!
+   𝑘!"[𝑄]                                                                                                                   (1.6) 

In equations 1.5 and 1.6, I0 and I denote for the emission intensity without and with 

quencher, respectively; τ0 and τ denote for the emission lifetimes without and with quenchers, 

respectively; kSV and kSQ denote for the Stern-Volmer constant or self-quenching rate constant; 

and [Q] is the concentration of the quencher. As a result, a linear relationship is expected for 

1/τ vs [Q], and intrinsic lifetime of the emission can be deduced from the inception of the 

function.  

The quantum yield of radiative transition is the ratio of the emitted photons with 

respect to the absorbed photons. The fluorescence quantum yield is expressed as:16 

𝛷! =
!!

!!!!!"
                                                                                                                          (1.7) 

This equation shows that the emission quantum yield decreases when nonradiative 

decay process competes with the radiative decay process. 

The phosphorescence yield is expressed as:17 

𝛷! =
!!"#!!

!!! !!! !!
                                                                                                                 (1.8) 
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In equation 1.8, kISC is the rate constant of ISC, kp is the rate constant of 

phosphorescence, 𝑘! and 𝑘! are the de-activation and quenching pathways except for 

fluorescence and phosphorescence, respectively. 

The radiative quantum yield in this dissertation is measured by comparative method 

using standard materials with similar structure and absorbance at the excitation wavelength 

and by applying the following equation: 

𝛷! = Φ! ∗
!!
!!
∗ !!
!!
∗ !!

!!

!
                                                                                                   (1.9) 

In equation 1.9, 𝛷!  and 𝛷!  are the quantum yields of the sample and reference 

respectively. 𝐴! and 𝐴! are the absorbance of the sample and reference at the excitation 

wavelength.  𝐹! and 𝐹! are the integrated area of the emission spectra of sample and reference, 

respectively. nS and nR are the refractive indexes of the solvents for the sample solution and 

reference solution, respectively.  

1.1.4. Heavy Atom Effect and Spin-orbit Coupling 

Due to the separated coupling and quantization of spin angular momentum and orbital 

angular momentum, the transition involving the change of electron’s spin is forbidden by 

selection rule. As a result, the ISC yields in small organic molecules are typically low. 

However, when heavy atoms are present in the system, the spin angular momentum and 

orbital angular momentum of the same electron interact significantly. This effect is defined as 

heavy atom effect. As a result of heavy atom effect, spin-orbit coupling is observed, in which 

the spin angular momentum and orbital angular momentum are no longer separately 

conserved but the total angular momentum is conserved. ISC yields can be greatly enhanced 

by spin-orbit coupling mechanism.  

The heavy atom induced spin-orbit coupling is affected by both the nuclear charge of 

the heavy atom and the position of the heavy atom in the molecule. Meanwhile, spin-orbit 
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coupling can happen due to either internal heavy atom effect (chemical bond) or external 

heavy atom effect (in the matrix or solvent). In addition, increased spin-orbit coupling can 

also cause decreased phosphorescence and fluorescence lifetime, increased phosphorescence 

quantum yield, increased oscillator strength for S0→T1 absorption, and red-shifted emission. 

In this dissertation, the spin-orbit coupling is greatly enhanced by platinum and 

iridium metal ions through chemical bonding of conjugated organic molecule with metal 

centers, which in turn greatly improves the ISC rate. As a result, high quantum yield of the 

triplet excited-state is expected. For excited-states with significant contribution from metal-

based orbitals, ISC normally occurs at a rate constant of the order of 1012 s-1,18 which greatly 

exceeds the typical radiative rate constants from singlet excited-states (∼ 108 s-1). 

Phosphorescence is substantially forbidden in purely organic compounds, with a rate constant 

(typically < 103 s-1) that is too slow to allow phosphorescence to compete with non-radiative 

decay at room temperature. However, in the presence of the Pt(II) or Ir(III) ions that have 

high spin-orbit coupling constants, kISC is accelerated typically to values of the order of 105–

107 s-1, and triplet emission on the microsecond timescale can then be observed. 

1.1.5. Energy Transfer and Electron Transfer 

In the presence of an energy acceptor A, deactivation of the excited-state D* could 

occur by a bimolecular energy transfer process, according to the equations below. 

D + hν → D*                                                                                                                      (1.10) 

D* → hν' + D                                                                                                                     (1.11) 

hν' + A → A*                                                                                                                     (1.12) 

Energy transfer can occur in case of D* is higher in energy than A*, and the time 

scale of the energy transfer process should be shorter than the lifetime of D*. Many types of 

energy transfer process exist, depending on the distance between the donor and the acceptor 

molecules. Radiative energy transfer can reach up to 100 Å. Otherwise, the dipole-dipole 
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energy transfer mechanism (Förster mechanism) is proportional to the value of 1/R6 (R is the 

distance between the donor and acceptor), and allows for a relatively long distance of 50 – 

100 Å. Both radiative and Förster energy transfer mechanism require the overlap between the 

emission of the donor and absorption of the acceptor. As the donor and acceptor approach 

each other close enough (10 – 15 Å), exchange mechanism, which involves the overlap 

between the donor and acceptor orbitals, can take place.  

Electron transfer is another interesting deactivation pathway for the excited-states. 

Photoinduced electron transfer (PET) involves the transfer of an electron from a donor D to 

an appropriate acceptor A, by either exciting the donor or the acceptor molecule.19 

D*+A→D++A-                                                                                                                    (1.13) 

D+A*→D++A-                                                                                                                    (1.14) 

Without the excitation of donor (or acceptor), an electron transfer process would be 

highly endothermic. However, once the donor is photexcited, one of its electrons is promoted 

to a higher energy level, making electron transfer process much more feasible. The PET 

process produces reactive radical cations, which can undergo a chemical reaction. Marcus 

developed a theoretical description of electron transfer in 1960’s.20 According to Marcus’ 

theory, no chemical bonds are broken in the electron transfer process. The changes take place 

in the molecular structure of reactants and the neighboring solvent molecules. The rate 

constant for electron transfer can be expressed by the following equation:21  

𝑘!"   =   
!!
ℏ
𝐻!" ! !

!!"!!!
𝑒𝑥𝑝 − !  !  !!!

!

!!!!!
                                                                       (1.15) 

In equation 1.15, 𝑘!"  is the rate constant for electron transfer; 𝐻!"  is the electronic 

coupling between the beginning and ending states; λ is the reorganization energy, which 

corresponds to energy required to distort the reactant structure to that of the product without 

electron transfer; 𝑘! is Boltzmann constant; T is absolute temperature;  Δ𝐺! is the Gibbs free 

energy change for the electron transfer reaction. 
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1.1.6. Excited-state Absorption and Reverse Saturable Absorption 

The probability of an absorption process by a molecule is defined as the absorption 

cross section (σ), and the probabilities of the ground-state absorption and excited-state 

absorption of a molecule are defined as ground-state absorption cross section (σ0) and 

excited-state absorption cross section (σex), respectively. If the excited-states (S1 or T1) of 

molecules are long lived, the excited molecules can be populated to a higher energy state (Sn 

or Tn), which is defined as excited-state absorption (ESA). ESA occurs when the incident 

light is very strong, and it is a nonlinear optical process because the molecules can take more 

than one photons. There are two scenarios for ESA, satuable absorption (SA) and reverse 

saturable absorption (RSA). In SA, the excited-state absorption cross section is smaller than 

that of the ground-state, thus the transmittance of light will increase when the incident 

fluence increases. In RSA, the cross section of the excited-state is higher than that of the 

ground-state, and the transmittance will decrease with the increased population of the 

excited-state. Chromophores showing RSA have been widely studied regarding their 

potential applications in laser beam shaping, optical switching, and beam compression.22  

Several criteria need to be addressed for an ideal reverse saturable absorber. First of 

all, the ratio between the excited-state absorption cross section (σex) and the ground-state 

absorption cross section (σ0) should be large. Secondly, the lifetime of the excited-states 

should be longer than the pulse width of the incident laser pulse. Thirdly, the excited-state 

quantum yield should be high to generate large population of the molecules at the excited-

states and facilitate the absorption from the excited-states. Note that excited-state absorption 

includes both the singlet excited-states and triplet excited-states. When the laser pulse is 

shorter than the lifetime of the intersystem crossing, the singlet-excited-state absorption 

dominates in the ESA. On the other hand, when the laser pulse is longer than the lifetime of 

intersystem crossing, ESA is dominated by the triplet excited-states absorption. 
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1.2. Platinum(II) Complexes: Basic Photophysics and Representative Examples 

For the complexes discussed in this dissertation, platinum is in +2 oxidation state with 

d8 electronic configuration, which prefers to adopt a square-planar geometry in the presence 

of strong-field ligands thermodynamically. This preference can be illustrated in Figure 1.3.23 

In the square-planar geometry, the energy of the unoccupied orbital (d!!!!!) is pushed to a 

higher energy, while substantial stabilization of the three occupied orbitals (d!! , d!", d!") is 

facilitated. It is the four-coordinate square-planar geometry that makes Pt(II) complexes 

unique among the transition metal complexes.  

 
Figure 1.3. Ligand field splitting diagram for 
Pt(II) complexes. (Reprinted with the permission 
from Ref. 23) 

1.2.1. Ligand Field (d-d) Excited-states and Axial Interactions 

Ligand field d-d excited-state is formed upon the population of the strongly 

antibonding d!!!!!  orbital. The d-d excited-state causes a significant distortion of the 

molecular geometry and an elonged Pt – L bond. As shown in Figure 1.4 (a),23 the energy 

minimum of the d-d excited-state is significantly displaced with respect to the ground-state 

by comparing their potential energy surfaces. This circumstance is unfavorable for the 

stability of an excited-state, because nonradiative internal conversion or intersystem crossing 

to the ground-state can occur through the isoenergetic crossing point.  

208 J.A.G. Williams

Fig. 1 Simple ligand field-splitting diagram for metal d orbitals in a square planar com-
plex. By convention, the z axis is perpendicular to the plane of the complex and the M – L
bonds lie along the x and y axes. Note that the exact ordering of the lower energy levels
depends on the ligand set (e.g., relative importance of σ- and π-effects) but the dx2–y2 is
always unequivocally the highest

almost always sufficiently large to ensure that Pt(II) complexes are square-
planar.

It is the 4-coordinate square-planar geometry that makes Pt(II) complexes
very different from those of most of the other metal ions familiar to the
inorganic photochemist, including Cr(III), Ru(II), Os(II), Rh(III), Ir(III) (al-
most always 6-coordinate octahedral), copper(I) (4-coordinate tetrahedral),
and lanthanides (8 or 9 coordinate). The square planar conformation is re-
sponsible for many of the key features that characterize the absorption, lumi-
nescence and other excited state properties of platinum(II) complexes.

Ligand Field (d-d) Excited States are Subject to Efficient Non-radiative Decay

The dx2–y2 orbital is strongly antibonding. If this orbital is populated through
absorption of light, then the molecule will undergo a significant distortion
upon formation of the excited state and Pt – L bond lengths increase. We can
represent this in a simplified visual way, in terms of the d-d excited state po-
tential energy surface having an energy minimum that is markedly displaced
compared to the ground state (Fig. 2a). This is an unfavorable scenario for
luminescence from an excited state, owing to the thermal accessibility of the
isoenergetic crossing point where non-radiative internal conversion or inter-
system crossing to the ground state can occur. One of the consequences is that
platinum complexes with simple inorganic ligands (e.g., Pt(NH3)4

2+, PtCl42–)
are unlikely to be luminescent in fluid solution or are, at best, only weakly
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Figure 1.4. (a) Potential energy surface for the d-d 
excited-state is displaced to the ground-state. (b) Non-
radiative decay pathway provided by the d-d excited-
state to the lower energy excited-state. Reprinted with 
permission from Ref. 23. 

Besides itself being subject to nonradiative decay pathway, the d-d excited-state can 

also serve as a nonradiative decay pathway to other excited-state(s), even though these 

excited-state may lie at lower energy level than the d-d excited-state. For example, the energy 

level of the ligand-centered (LC) (π-π* or n-π*) and charge-transfer (metal to ligand charge-

transfer, MLCT, d- π*) excited-states shown in Figure 1.4 (b) is lower than the d-d states, 

thus having intrinsically faster kr values than the d-d state. However, the d-d excited-state can 

still exert a negetive effect on MLCT or LC state as long as ∆E in Figure 1.4 (b) is 

comparable to kT. As a result, the d-d excited-state is thermally accessible from the lowest 

energy excited-state because the room temperature is high enough to produce a kT 

Photochemistry and Photophysics of Coordination Compounds: Platinum 209

Fig. 2 a Illustrating the displacement of the potential energy surface for the d-d excited
state in a square planar d8 complex, formed by population of the dx2–y2 orbital, com-
pared to the ground state. b Even though other excited states (e.g., d-π∗ or π-π∗) may
lie at lower energies, the d-d excited state can provide a thermally activated non-radiative
decay pathway. Thick arrows represent absorption of light; thin ones indicate vibrational
relaxation and non-radiative decay

so. The rate constant of non-radiative decay
∑

knr is large, and the problem
is further exacerbated by the radiative decay rate constant kr being typically
small for Laporte-forbidden d-d transitions. In the solid state or at low tem-
peratures, distortion of molecules is inhibited to some extent, and emission
can then be observed in some instances. Pertinent examples accompanied by
citations will be provided in the sections that follow [1].
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comparable or even larger than ∆E. This adds a decay pathway for the lowest excited-state, 

resulting in a rapid decay of the lowest excited-state and thus reducing the emission quantum 

yield and lifetime. 

However, most of the Pt(II) complexes discussed in this dissertation have large ∆E 

values because of two alternating or combined reasons:  (1) the energy of the emissive state is 

low enough, and/or (2) the energies of d-d states are pushed to an energy that is high enough 

to be thermally accessible. 

Another character of the Pt(II) complexes is that they are subject to inter-molecular 

interactions due to the their square planar geometry. Different axial interactions can take 

place, such as intermolecular π-π stacking or dimerization in the ground state, and excimer or 

exciplex formation in the excited state(s). Ground-state stacking of Pt(II) complexes may 

produce particular metal–metal interactions: i.e. weakly bonding and antibonding dσ and dσ* 

molecular orbitals can be formed between two d!! orbitals from two different molecules, 

because the d!! orbital is perpendicular to the molecular plane. The metal-metal separation 

range for the formation of dσ and dσ* orbitals is 3.0 – 3.5 Å.24 On the other hand, for 

complexes with planar and conjugated aromatic ligands, π-π interactions between the ligands 

of adjacent or packing molecules are also possible. The d8-d8 and π-π interactions can be 

illustrated by Figure 1.5 for a dinuclear platinum complex reported by Che.25 

 
Figure 1.5. Molecular orbital diagram for d8-d8 and π-π 
interactions. Reprinted with permission from Ref. 25. 

yl-2,2!-bipyr idine),8 have been prepared to model the
low-energy [dσ*(dz2(P t )) f π*(diimine)] and excimer ic
ligand-to-ligand emissions. However , even for those
binuclear der ivat ives with Pt-Pt distances less than 3.0
Å, a well-defined low-energy MMLCT band like the
[(n )dσ* f (n+1)pσ] t ransit ion of [Pt 2(µ-P2O5H2)4]4- 3c

and [Rh2(1,3-diisocyanopropane)4]2+ 4 has not been
observed in the absorpt ion spect ra in flu id solu t ion a t
ambient tempera ture.
Our ear lier studies on Pt (II) der iva t ives bear ing

cyclometa la ted 6-phenyl-2,2!-bipyr idine8,9 revea led in-
terest ing photophysical proper t ies, including dist inct ive
low-energy emissions in flu id solu t ion . However , as-
signment of these low-energy emissions to 3MMLCT
excited sta tes is complica ted by the fact tha t the
excimer ic ligand-to-ligand emissions occur a t a region
similar to the low-energy emission of the [{Pt(C∧N∧N)}2-
(µ-L)]n+ complexes. Here we descr ibe the prepara t ion
of a class of der ivat ives bear ing isocyanide and carbonyl
ligands and demonst ra te the effect of these auxilia r ies
upon meta l-meta l and π-π in teract ions and photo-
physical propert ies. Comparing to the phosphine ligands
such as t r iphenylphosphine, the less bulky isocyanide
ligand leads to observa t ion of a well-defined low-energy

absorpt ion band tha t can be assigned to the 1MMLCT
absorpt ion by measur ing the excita t ion spect rum of a
h igh ly concent ra ted CH3CN solu t ion (g7 × 10-3 mol
dm-3) of [(C∧N∧N)Pt(CtNCy)]+ a t ambient tempera-
ture. In addit ion , by employing the ster ica lly unde-
manding carbonyl auxilia ry, we have detected the
1MMLCT transit ion for the newly synthesized [(C∧N∧N)-
Pt (CO)]+ der iva t ive. Last ly, differences in the spect ra l
fea tures of the ca t ion ic [(C∧N∧N)Pt(L)]+ (L ) CtNAr !
and CO) complexes descr ibed in th is work compared
with tha t of the neut ra l [(C∧N∧C)Pt (L)] congeners
(HC∧N∧CH ) 2,6-diphenylpyridine) are highlighted and
eva lua ted.

Experimental Section

General P rocedure s . All sta r t ing mater ia ls were used as
received. 6-Phenyl-2,2!-bipyr idine (HC∧N∧N),10 [(C∧N∧N)-
PtCl],9c,11 and 1,3-diisocyanopropane12 were prepared by lit -
era ture methods. Syntheses of [(C∧N∧N)Pt(CtN tBu)]ClO4
(1(ClO4)),13 [(C∧N∧C)P t (CO)],14 and [(C∧N∧C)P t{CtN(2,6-
Me2C6H3)}]15 were descr ibed previously. (Caution : perch lo-
ra te salts are potent ia lly explosive and should be handled with
care and in small amounts.) Dichloromethane for photophysi-
ca l studies was washed with concent ra ted su lfur ic acid, 10%
sodium hydrogen carbona te, and water , dr ied by ca lcium
chlor ide, and dist illed over ca lcium hydr ide. Acetonit r ile for
photophysica l measurements was dist illed over potassium
permangana te and ca lcium hydr ide. All other solvents were
of ana lyt ica l grade and pur ified according to convent iona l
methods.16
Fast a tom bombardment (FAB) mass spect ra were obta ined

on a Finnigan Mat 95 mass spect rometer . 1H (300 MHz) and
13C (126 MHz) NMR spect ra were recorded on DPX 300 and
500 Bruker FT-NMR spectrometers, respect ively, with chemi-
ca l sh ift (in ppm) rela t ive to tet ramethylsilane. Elementa l
ana lysis was per formed by the Inst itu te of Chemist ry a t the
Chinese Academy of Sciences, Beijing. Infra red spect ra were
recorded in Nujol on a BIO RAD FT-IR spect rophotometer .
UV-vis spect ra were recorded on a Perkin-Elmer Lambda 19
UV/vis spect rophotometer .
Emiss ion and Life time Measurements . Steady-sta te

emission spect ra were recorded on a SPEX 1681 Fluorolog-2
ser ies F111AI spect rophotometer . Low-tempera ture (77 K)
emission spect ra for glasses and solid-sta te samples were
recorded in 5 mm diameter quar tz tubes which were placed
in a liquid nit rogen Dewar equipped with quar tz windows. The
emission spect ra were cor rected for monochromator and pho-
tomult iplier efficiency and for xenon lamp stability.
Emission lifet ime measurements were per formed with a

Quanta Ray DCR-3 pulsed Nd:YAG laser system (pulse output
355 nm, 8 ns). The emission signa ls were detected by a
Hamamatsu R928 photomult iplier tube and recorded on a
Tekt ronix model 2430 digita l oscilloscope. Errors for λ values
((1 nm), τ ((10%), and φ ((10%) are est imated. Deta ils of
emission quantum yield determina t ions using the method of
Demas and Crosby17 have been provided previously.9a

(5) (a ) Kunkely, H.; Vogler , A. J . Am . Chem . S oc. 1990, 112, 5625.
(b) Miskowski, V. M.; Houlding, V. H. Inorg. Chem . 1991, 30, 4446. (c)
Houlding, V. H.; Miskowski, V. M. Coord . Chem . Rev. 1991, 111, 145.
(d) Wan, K. T.; Che, C. M.; Cho, K. C. J . Chem . S oc., Dalton Trans.
1991, 1077. (e) Miskowski, V. M.; Houlding, V. H.; Che, C. M.; Wang,
Y. Inorg. Chem . 1993, 32, 2518. (f) Kato, M.; Kosuge, C.; Mor ii, K.;
Ahn, J . S.; Kitagawa, H.; Mitan i, T.; Matsush ita , M.; Kato, T.; Yano,
S.; Kimura , M. Inorg. Chem . 1999, 38, 1638.
(6) (a ) J ennet te, K. W.; Gill, J . T.; Sadownick, J . A.; Lippard, S. J .

J . Am . Chem . S oc. 1976, 98, 6159. (b) Yip, H. K.; Cheng, L. K.; Cheung
K. K.; Che, C. M. J . Chem . S oc., Dalton Trans. 1993, 2933. (c) Aldr idge,
T. K.; Stacy, E . M.; McMillin , D. R. Inorg. Chem . 1994, 33, 722. (d)
Bailey, J . A.; Hill, M. G.; Marsh , R. E.; Miskowski, V. M.; Schaefer ,
W. P.; Gray, H. B. Inorg. Chem . 1995, 34, 4591. (e) Hill, M. G.; Bailey,
J . A.; Miskowski, V. M.; Gray, H. B. Inorg. Chem . 1996, 35, 4585. (f)
Büchner , R.; F ield, J . S.; Haines, R. J .; Cunningham, C. T.; McMillin ,
D. R. Inorg. Chem . 1997, 36, 3952. (g) Arena , G.; Calogero, G.;
Campagna , S.; Scola ro, L. M.; Ricevuto, V.; Romeo, R. Inorg. Chem .
1998, 37, 2763. (h) Büchner , R.; Cunningham, C. T.; F ield, J . S.;
Haines, R. J .; McMillin , D. R.; Summerton, G. C. J . Chem . S oc., Dalton
Trans. 1999, 711.
(7) (a ) Rat illa , E . M. A.; Scot t , B. K.; Moxness, M. S.; Kost ic, N. M.
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Figure 1. Schemat ic molecular orbita l diagram illust ra t -
ing d8-d8 and π-π in teract ions in binuclear pla t inum(II)
polypyr idine complexes.
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1.2.2. Platinum(II) Diimine Complexes Containing Acetylide Ligands 

Extensive investigations have been conducted on platinum(II) diimine complexes 

containing acetylide ligands, with general structure shown in Chart 1.1. The introduction of 

strong field acetylide ligands into the coordination sphere of Pt(II) efficiently raises 

deactivating metal centered d-d states. As a result, the emission properties of these complexes 

are significantly improved and stable triplet excited-states are expected for these complexes.  

 

Chart 1.1. General strucuture of Pt(II) diimine complexes with acetylide ligands. 

Reported by Che in 1994,26 Pt(phen)(-C≡C-Ph)2 (complex 1 in Chart 1.2) is the first 

example of such complexes. At room temperature in CH2Cl2, Pt(phen)(-C≡C-Ph)2 exhibited 

broad and structureless emission that was attributed to the 3MLCT (d-π*) excited-state. 

Following that, Eisenberg27 and Schanze28 groups independently did extensive studies on 

structure–property relationships in platinum diimine complexes with acetylide ligands 

(complexes 2 – 8 illustrated in Chart 1.2). They found that the highest occupied molecular 

orbital (HOMO) could be efficiently adjusted by varying the substituents on the aryl acetylide 

ligands, while the lowest unoccupied molecular orbital (LUMO) energy could be adjusted by 

varying the substituents on the diimine motif. Recently, Castellano’s group29 reported a 

striking example that showcased the interplay between 3π-π* and 3MLCT. In their study, 

conjugated aromatic units connected to the coordinating acetylene were varied, such as 1-

pyrene, 1-anthracene and 1-perylene (complexes 9 –  11 in Chart 1.2). In complex 9, long-

lived (τ = 48.5 µs) and structured phosphorescence from the 3π-π* state of the pyrenyl−C≡C 

unit was observed by excitation at the 1MLCT bands of the complex in solution at room 

temperature. Facilitated by the intersystem crossing promoted by the Pt(II) metal center, 
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various platinum(II) diimine complexes featuring long-lived intraligand phosphorescence 

(3IL) were also synthesized and investigated, exemplified by complex 12 reported by Zhao 

and Castellano.30 Complex 12 showed room temperature phosphorescence with a lifetime of 

124 µs and a quantum yield of 0.22, which is from the 3π-π* state localized at the 

naphthalimide ligand. This is the first time that phosphorescence was observed from 

naphthalimide. Similar examples including complexes 13 and 14 were studied by Zhao 

later.31, 32 

 

Chart 1.2. Examples of Pt(II) diimine complexes with acetylide ligands. 

Since 2010, our group has reported the systematic photophysical studies and reverse 

saturable absorption of Pt(II) diimine complexes with various substituents on the acetylide 

ligands. These examples are shown in Chart 1.3 and their key photophysical data are 

summarized in Table 1.1. 
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Chart 1.3. Selected examples of Pt(II) diimine complexes 
containing arylacetylide ligands studied by our group. 

For the complexes shown in Chart 1.3, the energy levels of the π-π* state and the 

charge transfer state(s) (MLCT/LLCT/ILCT) can be substantially adjusted by substituents 

and solvent polarity as discussed in detail below. In most cases, the lowest-energy singlet 

electronic transition is dominated by charge transfer state (1MLCT/1LLCT) for these 

complexes. However, in the case of strong electron withdrawing group on the acetylide 

ligand (complex 17),33 ligand-localized 1π-π* transition also contributes significantly. The 
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effect of structural variation on the emitting state can be best illustrated in complexes 20 – 

23.34 Although the triplet emitting state for complexes 20, 21 and 23 are dominated by 3π-π* 

localized on the fluorenylacetylide motif, charge transfer state (3ML’CT, metal to 

fluorenylacetylide charge transfer) still present. In complex 22, the triplet emitting state is 

predominately from pyrene-localized 3π-π* state. The difference in the triplet emitting states 

is resulted from the degree of π conjugation between the substituent and the fluorenyl motif. 

It was also discovered that most of these complexes exhibit broadband excited-state 

absorption from the visible to the NIR region (illustrated by the TA spectrum of complex 26 

in Figure 1.6) and long-lived triplet excited-state. The other common factor that affects the 

emitting state is the solvent polarity. For example, complexes 1633, 1833, 269, and 3335 

showed structured emission in polar solvents, which was from the 3π-π* excited-state; while 

in less polar solvents such as toluene and hexane, the emission was switched to 3MLCT state 

characterized by the structureless feature of the emission spectra and reduced lifetime, in the 

scales of hundreds of ns to several µs. This character is illustrated by the emission spectra of 

complex 16 in Figure 1.7. 

 

 
Figure 1.6. Nanosecond transient difference 
absorption of complex 26 (solid line). Reprinted with 
permission from Ref. 9. 

6388 Chem. Mater., Vol. 22, No. 23, 2010 Sun et al.

which corresponds to the ring breathing mode of the
aromatic ring. The polarity of the solvent has a minor
effect on the feature and energy of the emission in polar
solvents. Therefore, the emitting state could be regarded
as dominated by the 3π,π* state that is primarily local-
ized on the acetylide ligand. This assignment is also
supported by theminor solvent quenching in a coordinat-
ing solvent such asCH3CN, inwhich the emission lifetime
is similar to that in noncoordinating solvent like CH2Cl2.
In contrast, in low-polarity solvents, such as hexane and
toluene, the emission band is red-shifted and becomes
featureless. The lifetime becomes much shorter compared
to those in polar solvents. This suggests that the emitting
state in low-polarity solvents is likely a charge transfer
state, i.e., the 3MLCT state. The switch of the emitting
state from the 3π,π* state in polar solvents to the 3MLCT
state in low-polarity solvents is attributed to the different
solvent-dependency of these two states. The 3MLCT
excited state would become more stabilized in low-polar-
ity solvent compared to that in polar solvents, while
the 3π,π* state is much less affected by the polarity of
the solvent. Therefore, the energy of the 3MLCT excited
state decreases more than the 3π,π* state and becomes
the lowest excited state at low-polarity solvents, which
results in structureless and relatively short-lived emission.
Solvent-induced switching of the emitting state between
charge transfer and intraligand excited states has been
reported by Castellano and co-workers in platinum dii-
mine complex bearing naphthylacetylide ligands.9

The emission of 1 in CH2Cl2 at different concentrations
was also investigated. The results show that the shape of
the emission spectrum remains the same in the concentra-
tion range of 2 ! 10-6 to 1 ! 10-4 mol/L and that the
emission intensity increases with increased concentration
(Supporting Information, Figure S3). However, the life-
time decreases with increased concentration. This clearly
indicates self-quenching. The self-quenching rate con-
stant was measured to be 6.22 ! 108 L mol-1 s-1, which
is in line with the self-quenching rate constant for other
platinum diimine complexes reported by Eisenberg5a and
for many other square-planar platinum complexes re-
ported by our group and several other groups.21 The
intrinsic lifetime for 1 is deduced to be ∼10.7 μs.
Complex 1 is also emissive in butyronitrile glassymatrix

at 77 K. As shown in Figure 2, the emission spectrum at
77 K is slightly blue-shifted and becomes narrower and
more structured, with a vibronic spacing of approxi-
mately 1560 cm-1. The thermally induced Stokes shift is
approximately 420 cm-1. The lifetime of the emission is
289 μs measured at 552 nm. The small thermally induced
Stokes shift, the vibronic structure, and the long lifetime

suggest that the emission at 77 K should originate from
the 3π,π* excited state of the acetylide ligand as well.
Transient Absorption. The nanosecond and femtose-

cond transient difference absorption (TA) spectra of the
complex were studied to understand the triplet and singlet
excited-state absorption and kinetics. The nanosecond
transient difference absorption spectra of complex 1 and
the ligand 1-L in CH2Cl2 solution at zero time delay are
presented in Figure 3. Both 1 and 1-L exhibit similar
spectral features, with a positive absorption band appear-
ing in the visible spectral region and a bleaching band
below 400 nm. However, the spectrum of 1 is red-shifted
compared to that of 1-L. Specifically, the absorption
band maximum for 1 appears at 620 nm, while it occurs
at 525 nm for 1-L. The extinction coefficients at the
bandmaximum along with the lifetimes deduced from the
decay of the transient absorption for 1 are listed in
Table 1. The triplet excited-state quantum yield was de-
termined to be 0.14 for 1 using the relative actinometry. It
is noteworthy that the triplet lifetime deduced from the
decay of the TA for 1 (10.8 μs) is consistent with that
obtained from the decay of the emission. This implies that
the excited state that gives rise to the transient absorption
is either the same excited state that emits or else is in
equilibrium with the emitting state. In view of this fact
and the similar features of the TA spectra of 1 and 1-L, we
tentatively attribute the transient absorption to the 3π,π*
excited state primarily localized on the acetylide ligand.
However, the red-shift of the TA spectrum of 1 relative to
that of 1-L suggests that the ligand centered molecular
orbitals are somewhat delocalized through interactions
with the platinum dπ orbitals. This is similar to what is
observed in the UV-vis absorption spectrum for the
singlet excited state and is in line with what has been
reported for platinum complex containing the similar
acetylide ligand.22 This notion is further supported by
the reduced triplet excited-state lifetime of 1 in compar-
ison to that of the acetylide ligand (29.2 μs). On one hand,

Figure 3. The T1-Tn transient difference absorption spectra of 1 in
CH2Cl2 and 1-L in butyronitrile at zero time delay after the excitation
at 355 nm. c= 4.75 ! 10-6 mol/L for 1 and 9.76 ! 10-6 mol/L for 1-L.

(21) (a) Guo, F.; Sun, W.; Liu, Y.; Schanze, K. Inorg. Chem. 2005, 44,
4055. (b) Shao, P.; Li, Y.; Sun, W. Organometallics 2008, 27, 2743.
(c) Ji., Z.; Li., Y.; Sun,W. Inorg. Chem. 2008, 47, 7599. (d) Shao, P.;
Li, Y.; Azenkeng, A.; Hoffmann, M.; Sun, W. Inorg. Chem.. 2009,
48, 2407. (e) Shao, P.; Li, Y.; Yi, J.; Pritchett, T.M.; Sun,W. Inorg.
Chem. 2010, 49, 4507. (f) Lai, S.-W.; Chan, M. C.-W.; Cheung
T.-C.; Peng, S.-M.; Che, C.-M. Inorg. Chem. 1999, 38, 4046.
(g) Yam, V. W.-W.; Tang, R. P.-L.; Wong, K. M.-C.; Cheung,
K.-K. Organometallics 2001, 20, 4476.

(22) Rogers-Haley, J. E.; Monahan, J. L.; Krein, D. M.; Slagler, J. E.;
McLean, D. G.; Cooper, T. M.; Urbas, A. M. Proc. SPIE 2008,
7049, 704906–1.
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Figure 1.7. Normalized emission spectra of 26 in 
different solvents. Reprinted with permission from 
Ref. 9. 

Table 1.1. Photophysical data of complexes 15 – 34. 
 λabs/nm (logε/Lmol-1cm-1) λem/nm (τ/µs); 

Φem
 

R.T. 

λem/nm 
(τ/µs); 

77 K 

𝜆!!!!!/nm (𝜏!/µs; 
log𝜀!!!!!/L mol-1 cm-1; 
𝛷!)c 

15 310 (4.89), 324 (4.89), 
391 (4.12) 

577 (0.31); 0.023 525 (3.7) 568 (0.75; 4.61; 0.41) 

16 365 (4.87), 432(4.06) 551 (4.8); 0.16 543 (33.0) 601 (1.6; 4.80; 0.22) 
17 289 (4.67), 397 (4.81) 579 (-); 0.017 565 

(122.1) 
530 (4.8; 4.63; 0.16) 

18 369 (5.05), 449 (4.07) 564 (9.7); 0.083 562 (87.0) 589 (1.5; 4.92; 0.18) 
19 297 (4.85), 371 (4.99), 

459 (4.04) 
590 (-); - 543 (8.9) 517 (-; -; -) 

20 357 (5.07), 446 (4.07) 580 (0.34); 0.085 542 (75.7) 490 (0.35; 4.69; 0.11) 
21 337 (4.90), 388 (4.57), 

438 (4.05) 
573 (0.35); 0.009 538 (15.8) 440 (28.8; 4.91; 0.064) 

22 360 (5.05), 442 (4.09) 626 (-); 0.002 618 (0.11) 530 (20.1; 4.64; 0.066) 
23 340 (4.96), 431 (4.03) 604 (0.55); - 511 (12.1) 480 (0.08; 4.47; 0.26) 
24 314 (4.78), 338 (4.75), 

397 (4.85) 
576 (0.03); 0.001 570 (109) 500 (3.2; 4.86; 0.15) 

25 300 (4.81), 373 (5.18), 
450 (4.14) 

568 (0.97); 0.07 561 (93) 550 (0.61; -; -) 

26 288 (4.55), 374 (5.03), 
423 (4.33) 

565 (10.7);0.2 552 (289) 620 (10.8; 4.78; 0.14) 

27 337 (4.95), 404 (4.70) 589 (-); 0.012 -  535 (21.6; 4.80; 0.11) 
28 349 (4.96), 436 (4.91) 500 (-); 0.051 - 565 (29.6; 4.84; 0.091) 
29 298 (4.98), 350 (4.29), 

400 (4.05) 
584 (0.05); 0.019 503 (3.8) 385 (0.23; 4.46; 0.34) 

30 290 (5.07), 368 (4.04), 
449 (3.85) 

629 (-); 0.0026 541 (2.8) 390 (0.03; 3.98; 0.20) 

31 334 (5.01), 356 (4.99), 
403 (4.19) 

564 (0.31); 0.083 527 (50) 385 (0.48; 3.93; 0.78) 

32 298 (4.90), 353 (5.03), 
400 (4.14) 

584 (0.12); 0.038 517 (38) 445 (0.33; 4.93; 0.13) 
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it likely arises from the 1π,π* transition of the acetylide
ligand 1-L. This assignment is consistent with the minor
solvent effect observed for this band, which is similar to
that observed in the ligand (Supporting Information,
Figure S1). However, the bathochromic shift of this band
compared to that of the ligand implies that there should
be some delocalization of the ligand-centered molecular
orbitals through the interactions with the platinum dπ
orbitals. This notion of delocalized molecular orbitals is
also supported by the lack of vibronic structure in this
band, which is indicative of weak electron-vibronic cou-
pling and is in linewith a delocalized excited state. A similar
observation was reported by Schanze and co-workers
for the stilbene-containing platinum diimine acetylide
complex.7

In addition to the major band at 374 nm, a low-energy
tail is observed between 410 and 500 nm in the spectrum
of 1. This band is red-shifted in less polar solvents, such as
hexane and toluene (Supporting Information, Figure S1),
indicative of the charge-transfer nature of this band.With
reference to that reported for other diimine platinum
acetylides complexes, this band can be attributed to the
1MLCT transition.5-9

Photoluminescence. Complex 1 is emissive in fluid
solutions at room temperature and in butyronitrilematrix
at 77 K. Figure 2 shows the normalized emission spectra
of 1 in different solvents. The emission spectra are in-
dependent of the excitation wavelengths. The same emis-
sion spectra were obtained when excited at wavelengths
from 380 to 550 nm (Supporting Information, Figure S2).
The emission lifetimes and quantum yields are listed in
Table 2. The emission in all solvents exhibits a significant
Stokes shift, and the lifetimes in most polar solvents are
around 10μs. In addition, the emission is quite sensitive to

oxygen quenching. Taking all these facts into account and
referring to the other reported platinum diimine acetylide
complexes,5-9 the emission from 1 at room temperature
should originate from a triplet excited state. However, the
nature of the emitting state varies in different solvents. As
shown inFigure 2, in polar solvents likeCH3CN,CH2Cl2,
and ethanol, an apparent vibronic structure is evident,
with a vibronic spacing of approximately 1100 cm-1,

Figure 1. (a) UV-vis absorption spectrum of complex 1 in CH2Cl2 solution. The inset shows the normalized UV-vis absorption spectra of 1 and 1-L in
CH2Cl2 solution. (b) Expansion of the UV-vis spectrum of 1 between 520 and 600 nm in CH2Cl2.

Table 1. Photophysical Parameters of 1

λabs/nm (log ε/L mol-1 cm-1)a
λem/nm (Φem; τ0/μs; kQ/L

mol-1 S1-)b λem/nm (τ/μs)c λS1-Sn/nm (τS/ps)
d

λT1-Tn/nm (εT1-Tn/L mol-1

cm-1; τTA/μs; ΦT)
e

288 (4.55), 374 (5.03), 423 (4.33) 565 (0.20; 10.7; 6.22 ! 108) 552 (289), 604 (273) 606 (145 ( 105) 620 (60170; 10.8; 0.14)

aUV-vis absorption band maxima and molar extinction coefficients in CH2Cl2.
bEmission band maximum, quantum yield, intrinsic lifetime, and

self-quenching rate constant in CH2Cl2.
cEmission bandmaxima and lifetimes in BuCNmatrix at 77 K. dFemtosecond TA bandmaximum and singlet

excited-state lifetime in CH2Cl2.
eNanosecond TA band maximum, triplet extinction coefficient, triplet excited-state lifetime, and quantum yield in

CH2Cl2.

Figure 2. Normalized emission spectra of complex 1 in different solvents
at room temperature and in butyronitrile glassy matrix at 77 K.

Table 2. Emission and TA Parameters of Complex 1 in Different Solvents
at Room Temperature

solvent acetone CH2Cl2 CH3CN ethanol hexanea tolueneb

Φem 0.10 0.20 0.081 0.085 0.22 0.31
λem/nm 567 565 562 567 583 576
τem/ns 8060 10720 7620 9850 900 1400
λT1-Tn/nm 620 608 622
τT1-Tn/ns 10780 7870 1320

aWith 10% 1,2-dichloroethane. bWith ∼4% CH2Cl2.
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Table 1.1. Photophysical data of complexes 15 – 34 (continued). 
 λabs/nm (logε/Lmol-1cm-1) λem/nm (τ/µs); 

Φem
 

R.T. 

λem/nm 
(τ/µs); 

77 K 

𝜆!!!!!/nm (𝜏!/µs; 
log𝜀!!!!!/L mol-1 cm-1; 
𝛷!)c 

     
33 298 (4.90), 354 (5.14), 

404 (4.50) 
561 (1.8); 0.047 552 (149) 600 (-; 4.60; 0.031) 

34 306 (4.84), 351 (5.15), 
369 (5.21), 389 (5.28), 
431 (4.94), 478 (4.09) 

610 (0.45); 0.046 - 537 (52.6; 5.50; 0.022) 

35 326 (4.96), 361 (5.25), 
390 (5.23), 430 (5.01), 
452 (4.95), 500 (4.01) 

660 (-); 0.0046 - 525  (47.1; 5.36; 0.012) 

15 – 19, 24, and 25: UV-vis in CH2Cl2; RT emission in CH2Cl2 at the concentration of 1×10-5 
mol/L, with Ru(bpy)3Cl3 in aqueous solution (Φem = 0.042; λex = 436 nm) as the standard for 
quantum yield calculation; 77 K emission in methyl-tetrahedrafuran glassy matrix; ns TA in 
CH3CN/CH2Cl2 (9/1) with SiNc as standard (ε590 = 53400 L mol-1 cm-1, 𝛷! = 0.20). 26: UV-
vis in CH2Cl2; RT emission in CH2Cl2, with Ru(bpy)3Cl3 in aqueous solution (Φem = 0.042; 
λex = 436 nm) as the standard for quantum yield calculation; 77 K emission in BuCN glassy 
matrix; ns TA in CH2Cl2 with SiNc as standard (ε590 = 53400 L mol-1 cm-1, 𝛷! = 0.20). 27 
and 28: UV-vis in CH2Cl2; RT emission in CH2Cl2 at the concentration of 1×10-5 mol/L, with 
Ru(bpy)3Cl3 in aqueous solution (Φem = 0.042; λex = 436 nm) as the standard for quantum 
yield calculation; ns TA in MeCN with SiNc as standard (ε590 = 53400 L mol-1 cm-1, 𝛷! = 
0.20). 20 – 23, 29 – 33: UV-vis in CH2Cl2; RT emission in CH2Cl2 at the concentration of 
1×10-5 mol/L, with Ru(bpy)3Cl3 in aqueous solution (Φem = 0.042; λex = 436 nm) as the 
standard for quantum yield calculation; 77 K emission in BuCN glassy matrix; ns TA in 
toluene with SiNc as standard (ε590 = 53400 L mol-1 cm-1, 𝛷! = 0.20). 34 and 35: UV-vis in 
CH2Cl2; RT emission in CH2Cl2 at the concentration of 1×10-5 mol/L, with Ru(bpy)3Cl3 in 
aqueous solution (Φem = 0.042; λex = 436 nm) as the standard for quantum yield calculation; 
ns TA in toluene with SiNc as standard (ε590 = 53400 L mol-1 cm-1, 𝛷! = 0.20). 

Platinum(II) diimine acetylide complexes have wide applications in light-emitting 

devices, lower-power upconversion, oxygen sensor, nonlinear absorption, etc. As illustrated 

by the example shown in Figure 1.8, Che and co-workers reported the application of 

platinum(II) diimine acetylide complexes as organic light-emitting materials, in which 

different substituted bipyridine or phenathroline were utilized as the diimine ligand and 

phenylacetylide was employed as the acetylide ligand.36 Zhao and co-workers demonstrated 

that, with long-lived triplet excited-state, complex 14 could be used as triplet sensitizer for 

upconversion by Zhao.32 In the presence of complex 14, emission of perylene at 440 nm – 

600 nm region was observed with 532 nm laser excitation of the 1MLCT band of complex 14, 
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as shown in Figure 1.9. Zhao also explored the oxygen sensing properties of complexes 12 

and 13 as luminescent chromophore, as illustrated in Figure 1.10 for complex 13.30, 31 

       
Figure 1.8. 5,5’-Diimine platinum bisphenylacetylide is an 
example among many similar complexes investigated by Che and 
coworkers.23q The electroluminescence and photoluminescence in 
spin-coated poly(N-vinylcarbozole) (90 wt %) film is shown. 
Superior electroluminescence was obtained with the maximum 
luminance of 620 DC m-2 at a driving voltage of 30 V. Reprinted 
with permission from Ref. 36. 

 

Figure 1.9. Using complexes 14 (PT-NDI) as triplet sensitizer, the 
emission of the acceptor perylene was observed. Same experiments 
were also carried out on complex Pt-Ph (which possesses same 
diimine part with complex 14, but phenylacetylene as the 
arylacetylene part) for comparison. Reprinted with permission 
from Ref. 32. 
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Table 1 Photophysical parameters of the PtII complexes and the ligand.
In toluene. 20 ◦C

labs
a eb lem U t

Pt-NDI 583 3.13 603/784 0.2% (784 nm)c 22.3 mse

Pt–Ph 424 0.58 567 42.4%c 1.3 mse

NDI-C C–H 531 0.96 561 7.3%d 11.3 nsf

a 1.0 ¥ 10-5 M. b Molar extinction coefficient at the absorption maxima.
e: 104 M-1 cm-1. c [Ru(dmb)3][PF6]2 as standard (U = 0.074 in CH3CN)
d With quinoline sulfate as standard (U = 0.547 in 0.05 M sulfuric acid).
e Triplet state lifetimes, measured by transient absorption. 5.0 ¥ 10-5 M.
f Fluorescence lifetime.

Fig. 3 Nanosecond time-resolved transient absorption difference spectra
of Pt-DNI. (a) Transient absorption with different delay times. (b) Decay
trace at 580 nm. 20 ◦C. In deaerated toluene after pulsed excitation at
532 nm.

found, which clearly indicates the depletion of the ground state
of the NDI-C C- ligand in Pt-NDI. Transient absorptions in
400 nm–500 nm and beyond 600 nm were observed. These features
are different from that of Pt-Ph, which is with charge transfer state
(from PtII to the dbbpy, MLCT).15 Thus the transient absorption
spectra of Pt-NDI demonstrated that the triplet excited state
is localized on NDI ligand (3IL). The excited state lifetime of
Pt-NDI ascertained by transient absorption kinetics at 580 nm
is 22.3 ms, much longer than the typical NŸN PtII bisacetylide
complexes (usually less than 5.0 ms).10b A perylenediimide (PDI)
containing PtII bisacetylide complex was reported with a slightly
blue-shifted absorption at 573 nm, but high e value (68 000 M-1

cm-1),12 however, the lifetime of the PDI-localized 3IL excited state
is shorter (0.246 ms).12 With NDI, we prolonged the 3IL triplet
excited state lifetime by up to 90-fold.

In order to prove the emission of Pt-NDI is due to the NDI
acetylide localized 3IL state from a theoretical perspective, we
carried out DFT calculations. First we studied the electronic
structure of the T1 state of NDI ligand, and found a S0–T1 energy
gap of 744 nm (see ESI†), which is in line with the experimentally
observed phosphorescence of Pt-NDI at 784 nm. Furthermore, the
isosurface of the spin density of the complex clearly demonstrated
that the frontier orbitals of T1 state are localized on NDI subunit
(which is coplanar with the diimine PtII coordination plan, another
NDI ligand is tilted by 24◦ to the NŸN PtII coordination plan,
see ESI for details†), the dbbpy moiety makes no contribution to
the overall spin density (Fig. 4). This conclusion is corroborated
with the steady state and the nanosecond time-resolved transient
absorption spectra of the Pt-NDI. Thus we conclude that 3IL
excited state is responsible for the RT near-IR emission of Pt-NDI
and the transient absorptions. For the model complex Pt-Ph, the
spin density isosurface is localized on phenylacetylides, PtII atom

Fig. 4 Isosurfaces of spin density of Pt-NDI and the model complex
Pt-Ph at the optimized T1 state (isovalue: 0.0004). Calculation was
performed at B3LYP/6-31G/LANL2DZ level with Gaussian 09W. Please
note that the alkyl chains of Pt-NDI were simplified as methyl groups to
reduce the computation time.

and the dbbpy ligand, which is in agreement with the previous
assignment of the T1 state of Pt-Ph as 3MLCT/3LLCT (ligand to
ligand charge transfer).10b

As a further proof of the population of triplet excited state of
Pt-NDI upon excitation, and as an application of the visible-light
harvesting and long-lived 3IL excited state, Pt-NDI was used as
triplet sensitizer for TTA upconversion (Fig. 5).6,16 Upconversion is
important for photovoltaics, photocatalysis, non-linear photonics
and molecular probes, etc.16a Among the other methods, such as
upconversions based on rare earth nanoparticles,16e TTA upcon-
version is interesting because of its low excitation power (lower
than the solar light power density), tunable excitation/emission
wavelength, high upconversion quantum yield. One of the key
steps in TTA upconversion is the triplet–triplet-energy-transfer
(TTET) from the sensitizer to the triplet acceptor (see ESI†
for Jablonski diagram). Currently the triplet sensitizers for TTA
upconversion are limited to the RuII polyimine complexes or
the PtII/PdII porphyrin complexes.6,16 However, it is very difficult
for these sensitizers to be chemically modified to optimize the
photophysical properties for upconversion purposes, such as the
excitation/emission wavelength, the energy levels and the lifetimes

Fig. 5 Upconversions with Pt-NDI as triplet sensitizer and perylene
as triplet acceptor. (a) Emission of the upconverted emission. Results
of Pt-Ph were included for comparison. Inset: phosphorescence of the
sensitizers without perylene. Excited by 532 nm laser (5 mW). The asterisks
indicated the scattered laser. The y scale of the two figures are the same to
compare the emission intensity. (b) The photographs of the emissions
of the sensitizers alone and the upconversion. In deaerated toluene.
c[complexes] = 1.0 ¥ 10-5 M. c [perylene] = 2.0 ¥ 10-4 M. 20 ◦C.
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Figure 1.10. Emission of 13 in toluene saturated with air, oxygen, 
and nitrogen. Reprinted with permission from Ref. 31. 

Based on the large ratios of the excited-state absorption cross section with respect to 

the ground-state absorption cross section in the visible and near-IR region, and on the 

significant two-photon absorption cross section in the near-IR region of most of the Pt(II) 

diimine complexes synthesized in our group, our group demonstrated the reverse saturable 

absorption upon 532 nm ns laser irradiation. Most of the complexes exhibit strong 

transmittance decreases up increasing the incident fluence. For instance, the transmittance of 

the dichloromethane solutions of complexes 26, 34, and 35 decreased from 80% at low 

incident energy to 20% or less at high incident energy, which clearly manifests the strong 

RSA. The degree of RSA is significantly influenced by the degree of π-conjugation on the 

acetylide ligand, with a better π-conjugation in complexes 20 and 22, the RSA is much 

stronger than those in complexes 21 and 23, as shown in Figure 1.11. Similarly, the RSA of 

complexes 24 and 25 is much stronger than those in complexes 17 and 19, respectively, as 

shown in Figure 1.12. In addition, different substituents at the 7-position of fluorenyl group 

show a distinct effect on the RSA. As exemplified in Figure 1.13, complex 19 with strong 

electron donating substituent exhibits a stronger RSA than the ones with electron 

withdrawing substituents (complexes 16 and 17). 
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Figure 1.11. Nonlinear transmission curves for 20 – 23 (1a, 20; 1b, 
21; 1c, 22; 1d, 23) in CH2Cl2 for 4.1 ns laser pulse at 532 nm. The 
linear transmission for all samples was adjusted to 80% in a 2 mm 
cuvette. Reprinted with permission from Ref. 34.  

 
Figure 1.12. Nonlinear transmission curves for 15 – 19 (1a, 15; 1b, 
16; 1c, 17; 1d, 18; 1e, 19) in CH2Cl2 for 4.1 ns laser pulse at 532 
nm.  The linear transmission for all samples was adjusted to 80% 
in a 2 mm cuvette. Reprinted with permission from Ref. 33. 

 
Figure 1.13. Nonlinear transmission curves for 24 – 25 (1, 24; 2, 
25) in CH2Cl2 for 4.1 ns laser pulse at 532 nm.  The linear 
transmission for all samples was adjusted to 80% in a 2 mm 
cuvette. Reprinted with permission from Ref. 37. 

region of the anthracene 1π,π* absorption, and the lifetime
obtained from the decay of the TA in toluene (∼28.8 μs) is
much longer than that for a charge-transfer band, we believe
that the TA for 1b arises predominantly from the 3π,π* state of
the anthracene motif. In the case of complex 1c, a quite broad
absorption band at 410–720 nm and a bleaching band at
380 nm are observed. The lifetime deduced from the decay of
TA is quite long (∼20.1 μs). Considering the long TA lifetime,
the observed TA can be tentatively assigned to the acetylenic
3π,π state. Although it is unusual to assign the emitting states
of 1b and 1c to fluorenylacetylide-localized 3π,π* mixed with
metal-to-acetylide charge transfer (3ML′CT) excited states and
to the pyrene-localized 3π,π* state, respectively, while attribut-
ing the excited state giving rise to the observed TA of 1b and 1c
to the anthracene-based 3π,π* state and the acetylenic 3π,π*
state, respectively, it is not unprecedented that transition-
metal complexes have emission from one excited state and
transient absorption from a different excited state. For
example, it has been reported by Turro’s group for [Ru-
(bpy)2(dppn)]2+ (bpy = 2,2′-bipyridine, dppn = benzo[i]-dipyrido-
[3,2-a:2′,3′-c]phenazine) that its emission originated from the
3MLCT state while the TA emanated from a long-lived ligand-
centered 3π,π* state.25 A similar phenomenon was observed by
our group for a Pt(II) C^N^N complex with extended π-conju-
gation in the acetylide ligand.26

Comparison of the TA characteristics of 1a–1d reveals that
when the π-donating ability of the aryl substituent increases,
the 3π,π* excited state that localized on the acetylide ligands
predominates the triplet excited-state absorption. Thus the
observed TA lifetime becomes much longer. These changes
consequently will influence their reverse saturable absorption.

Reverse saturable absorption

Reverse saturable absorption (RSA), a nonlinear absorption
phenomenon that shows an increased absorptivity with
increased incident energy, is anticipated for these Pt com-
plexes in the visible spectral region in view of their stronger
excited-state absorption than ground-state absorption in the
visible spectral region. To demonstrate this, a nonlinear trans-
mission experiment at 532 nm was carried out using 4.1 ns
laser pulses in a 2 mm cuvette in CH2Cl2 solutions. For easy
comparison of the RSA performance, the concentration of
each complex solution was adjusted to obtain an identical
linear transmission of 80% in the 2 mm cuvette. Fig. 7 depicts
the transmission of each complex solution as a function of
incident energy at 532 nm. With increased incident energy, the
transmission of 1a–1d decreases drastically, which clearly
manifests the occurrence of RSA. The strength of the RSA for
1a–1d follows this trend: 1a > 1c > 1d > 1b. Among these, 1a
exhibits the strongest RSA, as the transmission decreases to
0.14 when the incident energy reaches ∼633 μJ. Compared to
the parent complex Pt(bpy)(CuC-fluorene)2 (also included in
Fig. 7),15 the RSA performances of 1a, 1c and 1d are signifi-
cantly improved.

Our previous studies on reverse saturable absorbers reveal
that the key factor determining the strength of RSA is the ratio

of the excited-state absorption cross section to that of the
ground-state (σex/σ0). The ground-state absorption cross sec-
tions at 532 nm can be deduced from the ε values obtained
from the ground-state absorption spectra of these complexes
and the conversion equation σ = 2303ε/NA, where NA is the Avo-
gadro constant, and the results are listed in Table 6. The σex at
532 nm are estimated from the ΔOD at zero time delay at
532 nm and at the TA band maximum, the ground-state molar
extinction coefficients at 532 nm and at the TA band
maximum, as well as the εT1–Tn at the TA band maximum. The
detailed procedure and equation used were described pre-
viously by our group.27 The resultant σex’s at 532 nm are also
listed in Table 6. The σex/σ0 values for these complexes follow
this trend: 1a > 1c > 1d > 1b, which is consistent with the
observed RSA trend for these complexes. Therefore, aryl substi-
tution on the fluorenylacetylide ligands could influence the
RSA of the Pt bipyridyl bisacetylide complexes significantly via
modulation of both the ground-state and excited-state absorp-
tion and the subsequent ratio of σex/σ0.

Conclusions

Four new platinum(II) bipyridyl complexes with different aryl
substituents on the fluorenylacetylide ligands were synthesized
and their photophysical properties were investigated systemati-
cally via spectroscopic techniques and theoretical calculations.
The complexes exhibit 1π,π*/1MLCT/1LLCT transitions in the
UV and blue spectral region, and broad, structureless
1MLCT/1LLCT absorption bands in the visible spectral region.
The assignment of the absorption bands is supported by

Fig. 7 Nonlinear transmission curves for 1a–1d in CH2Cl2 for 4.1 ns laser pulses
at 532 nm. The linear transmission for all samples was adjusted to 80% in a
2 mm cuvette.

Table 6 Ground-state (σ0) and excited-state (σex) absorption cross sections of
1a–1d in toluene at 532 nm

1a 1b 1c 1d

σ0/10−18 cm2 11.9 11.1 10.7 8.51
σex/10−18 cm2 68.0 43.8 59.2 41.7
σex/σ0 5.69 3.95 5.51 4.90
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their respective ligands (Supporting Information Figur-
es S26–S30) except for 1 d ; this indicates that the excited
state that gives rise to the transient absorption of 1 a, 1 b, 1 c
and 1 e should not be the 1p,p* excited state of the acetylide
ligands. This is supported by the kinetics of the fs TA. Im-
mediately following the 400 nm excitation, ultrafast intersys-
tem crossing occurs for all complexes, which is more salient
for complexes 1 c and 1 e. For example, the fs TA spectrum
of 1 e shows a transition from 562 to 519 nm within 4 ps.
This clearly indicates the fast intersystem crossing from the
1MLCT state to the 3MLCT state, which is consistent with
the heavy Pt-atom induced strong spin-orbit coupling. After
the initial few picoseconds, the shapes of TA spectra remain
the same over the whole time range of our approximately
1.4 ns delay line, which are essentially the same as those
measured by ns laser flash photolysis (Supporting Informa-
tion Fig ACHTUNGTRENNUNGures S31–S39), except for complex 1 a. For all com-
plexes, the shoulder at around 500 nm could be assigned to
the absorption from the bipyridyl anion radical generated
from 3MLCT or 3LLCT, which is consistent with similar ob-
servations in other platinum terpyridyl or irid ACHTUNGTRENNUNGium com-
plexes.[8,9] The major band at the near-IR region (except for
1 e) of the TA spectrum is considered to arise from the ace-
tylide ligand cation radical resulting from the 3LLCT, which
was reported by the Castellano group for the triplet TA of
platinum terpyridyl acet ACHTUNGTRENNUNGylide complexes.[10] However, similar
to that reported earlier for a Pt complex analogous to 1 d,
the TA feature of 1 d resembles that of its acetylide ligand.
This character, along with the much longer lifetime of this
complex with respect to the other complexes studied in this
work, imply that the excited states that contribute to the ob-
served fs and ns TA for 1 d should be predominantly the
1p,p* and 3p,p* states, possibly mixed with some MLCT/
LLCT characters.

It is noted that the TA spectra of 1 a–1 e are influenced
significantly by the nature of the acetylide ligand. A strong
electron-withdrawing substituent, such as NO2, causes a
better separation of the visible bipyridyl anion radical ab-
sorption band and the near-IR acetylide ligand cation radi-
cal absorption band, and a red-shift of the latter band. Elec-
tron-withdrawing aromatic substituent BTZ introduces more
admixture of the p,p* character into the lowest excited
states. In contrast, a strong electron-donating substituent
(NPh2) results in a much narrower and significantly weaker
triplet excited state absorption.

Reverse saturable absorption : Transient difference absorp-
tion measurements indicate that complexes 1 a–1 d exhibit
stronger excited-state absorption than ground-state absorp-
tion in the visible to near-IR spectral region. For complex
1 e, the excited-state absorption in the visible spectral region
is also stronger than that of the ground state. Therefore, re-
verse saturable absorption (RSA) is anticipated in the visi-
ble spectral region for all of these complexes. To demon-
strate this, a nonlinear transmission experiment at 532 nm
was carried out in a 2 mm cuvette in CH2Cl2 solution by
using 4.1 ns laser pulses. The concentration of each complex

solution was adjusted in order to obtain a linear transmis-
sion of 80 % for easy comparison. The transmission versus
incident energy curves are shown in Figure 7. With increased
incident energy, the transmission of 1 a–1 e decreases drastic-ACHTUNGTRENNUNGally. At high incident energy of approximately 187 mJ, the
transmission drops from 80 % to lower than 40 %, which
clearly manifests the RSA at 532 nm. The strength of the
RSA for these complexes follows this trend: 1 d>1 e>1 c>
1 bffi1 a. Among these, 1 d exhibits the strongest RSA, with
an RSA threshold (defined as the incident energy at which
the transmittance drops to 70 % of the linear transmittance)
of 19.5 mJ and the transmission decreases to 0.25 when the
incident energy reaches approximately 178 mJ.

Because all of the complex solutions have the same linear
transmission, which guarantees the same population at the
singlet excited state upon laser excitation, the observed non-
linear transmission difference should be attributed to the
different ratios of the excited-state absorption cross-section
to that of the ground-state (sex/s0). The decay of the fs tran-
sient absorption discussed in the previous section indicates
that these complexes possess ultrafast intersystem crossing,
which completes in a few picoseconds. Therefore, the ob-
served RSA for ns laser pulses should be dominated by the
triplet excited-state absorption. In such a case, the factors
that determine the strength of RSA include not only the
ratio of the triplet excited-state absorption cross-section to
that of the ground-state, but also the triplet excited-state
quantum yields. The ground-state absorption cross-sections
at 532 nm for these complexes are listed in Table 4, and are
deduced from the e values obtained from their UV/Vis ab-
sorption spectra and the conversion equation s=2303e/NA,
where NA is the Avogadro constant. The triplet excited-state
absorption cross-sections at 532 nm are estimated from the
DOD at zero time delay of the ns TA spectrum and the
eT1"Tn at the TA band maximum. The details on how to
deduce the sex were described previously by our group for
2,4-di(2’-pyridyl)-6-(p-tolyl)-1,3,5-triazine platinum com-
plexes.[12] The results are also compiled in Table 4. The sex/s0

values for these complexes follow this trend: 1 d>1 c>1 b>

Figure 7. Nonlinear transmission curves for 1 a–1e in CH2Cl2 in a 2 mm
cuvette for 4.1 ns laser pulses at 532 nm. The radius of the beam waist at
the focal point was approximately 72 mm. The linear transmission for all
samples was adjusted to 80 % in a 2 mm cuvette.
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1MLCT/1LLCT as discussed earlier and the similar spectral
region to its corresponding ligand, the observed fs TA is
presumably attributed to 1MLCT/1LLCT probably mixed with
some 1π,π*/1ILCT characters.
It is worth noting that the fs TA spectra of 1 and 3 (Figure

6c) are similar in that both of them possess a strong absorption
band in the visible and another band in the NIR spectral region.
However, the NIR band in 3 is much broader and stronger than
that in 1 although the NIR band in 1 is red-shifted. In contrast,
the fs TA spectrum of 2 at zero delay is pronouncedly
broadened and red-shifted compared to that of 4. The same
trend is observed for the triplet transient absorption spectra of
1 and 3, and 2 and 4 (Figure 7). The different features in the
respective fs and ns TA spectra of 1 and 3, and 2 and 4 reflect
the influence of the extended π-conjugation of the acetylide
ligand on the singlet and triplet excited-state absorption.
Meanwhile, the observed trend implies that the transient
absorbing species in 2 should be closely related to the acetylide
ligand, which could possibly be the LLCT, π,π*, or ILCT states.
Reverse Saturable Absorption. Our TA study indicates

that complexes 1 and 2 exhibit stronger excited-state absorption
than ground-state absorption in the visible to near-IR spectral
region. Thus, reverse saturable absorption (RSA, i.e., trans-
mission of sample solution decreases with increased incident
energy) is anticipated to occur in this spectral region. To
demonstrate this, the transmission vs incident energy experi-
ment at 532 nm was carried out in a 2-mm cuvette in CH2Cl2
solutions using 4.1 ns laser pulses, and the results are shown in
Figure 8. For easy comparison, the concentrations of 1 and 2
were adjusted in order to obtain a linear transmission of 80% at
532 nm. To manifest the effect of extended π-conjugation of
the acetylide ligand on the RSA, the nonlinear transmission
curves of 3 and 4 at the identical experimental conditions are
provided in Figure 8 as well. Obviously, with increased incident
energy, the transmission of 1−4 all decrease drastically, which
clearly indicates the occurrence of RSA at 532 nm. Compared
to 3 and 4, the strength of the RSA at 532 nm for complexes 1
and 2 is significantly increased. For example, complex 4 shows a
RSA threshold (defined as the incident energy at 70% of the
linear transmittance) of 26.1 μJ and the transmission decreases
to 0.31 when the incident energy reaches ∼170 μJ. In contrast,

for complex 2, its RSA threshold decreases to 5.1 μJ and the
transmission decreases to 0.15 when the incident energy
reaches ∼170 μJ. The respective 5- and 2-fold decreases in the
RSA threshold and transmission suggests that extension of π-
conjugation of the acetylide ligand dramatically increases the
degree of RSA in the studied complexes; and, hence,
demonstrating that RSA in Pt(II) diimine complexes can be
improved by extending the π-conjugation of the acetylide
ligands. This provides a useful approach for developing efficient
nonlinear absorbing materials.

■ CONCLUSION
Two new Pt(II) diimine bis(phenylethynylfluorenylacetylide)
complexes with terminal NO2 and NPh2 substituents (1 and 2)
were synthesized and their photophysical properties were
systematically investigated. Complex 1 exhibits intense
structureless absorption at ∼397 nm, which is attributed to
the 1π,π*/1ILCT/1LLCT/1MLCT transitions. Complex 2
possesses a very intense acetylide ligands localized 1π,π*
absorption band at ∼373 nm and broad 1MLCT/1LLCT
transition tail from 425 to 525 nm. The ground state electronic
structure and vertical excitation energies of several excited
singlet electronic states were computed using DFT (B3LYP)
and TDDFT (CAM-B3LYP) methods, respectively, and the
results of the calculations assisted in the interpretation and
assignment of the UV−vis absorption bands. The emitting state
of 1 was found to be mixed 3CT/3π,π* states; while the
emitting state of 2 exhibits a switch from predominantly 3π,π*
state in high-polarity solvents to 3MLCT/3LLCT states in low-
polarity solvents. The fs TA study indicates that 1 and 2 exhibit
ultrafast intersystem crossing and broadband excited-state
absoprtion in 450−800 nm. Their triplet excited states appear
to be populated via rapid intersystem crossing in only a few
picoseconds after laser excitation. In addition, strong RSA was
observed at 532 nm for ns laser pulses from 1 and 2, which are
drastically stronger than each of their corresponding complex
with shorter π-conjugation in their acetylide ligands, i.e., 3 and
4, respectively. The photophysical and nonlinear transmission
studies revealed that extending the π-conjugation of the
acetylide ligand can alter the singlet and triplet excited state
properties substantially and improve the RSA at 532 nm
drastically. The broad excited-state absorption and strong
nonlinear transmittance performance at 532 nm for 1 and 2
suggest that these complexes could be promising candidates as
broadband nonlinear absorbing materials.

Figure 7. Comparison of the triplet transient difference absorption
spectra of 1−4. Complexes 1 and 3 were measured in toluene, and 4
was measured in 9:1 (v/v) toluene/CH2Cl2 with A355 = 0.4 in a 1-cm
cuvette, λex = 355 nm, the delay time was zero. The spectrum of
complex 2 was measured by fs TA in 12:1 (v/v) CH3CN/CH2Cl2 at a
time delay of 1361 ps after excitation, λex = 400 nm. The spectrum of 2
was scaled to 1/5 of the original intensity for comparison purpose.

Figure 8. Nonlinear transmission curves for Pt complexes 1−4 in
CH2Cl2 for 4.1 ns laser pulses at 532 nm. The linear transmission for
all samples was adjusted to 80% in a 2-mm cuvette.
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1.2.3. Synthesis of Pt(II) Diimine Complexes Containing Acetylide Ligands 

The synthesis of Pt(II) diimine complexes containing acetylide ligands can be 

illustrated by the general procedure in Scheme 1.1. The coordination reaction of diimine and 

K2PtCl4 is carried out in refluxing water with catalytic amount of H+. The resulted diimine 

platinum(II) chloride is then treated with substituted acetylene in refluxing CH2Cl2 in 

presence of base and catalyst CuI. Both reactions should be protected under inert atmosphere 

such as nitrogen or argon to prevent possible side reactions.  

 
Scheme 1.1. Synthetic routes for Pt(II) diimine complexes containing acetylide ligands 

1.2.4. Cyclometallated Pt(II) Complexes with Tridentate N^N^C Ligand 

Complexes containing a covalent metal–carbon bond along with one or two 

traditional coordination bonds are defined as cyclometallated complexes. As a result, 

cyclometallated complexes belong to organometallic complexes considering the existence of 

metal–carbon bond in the structure. For example, 2-phenylpyridine (ppy) is a typical 

cyclometallating ligand and it can bond to a variety of second and third row transition metal 

ions. The bonding process that results in a 5-membered chelating ring involves a net 

deprotonation of the aromatic carbon. The deprotonation results in a C- ligating atom that is a 

very strong σ donor. Considering the π-accepting ability of the pyridyl part, a synergism of 

electron delocalization are formed in the 5–membered chelating ring between the metal 

center, the σ-donor carbon anion and the π-acceptor pyridine, in which electron density is 

transferred from carbon anion to the metal ion and then back to the pyridyl part of the ligand. 

The synergism can significantly enhance the metal-ligand interaction and offer the metal ion 

a very strong ligand-field. Comparing to analogous bidentate N^N complexes that could be 
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venerable to D2d distortion, the energy of deactivating d-d state in tridentate N^N^C 

complexes is raised efficiently, thus promoting stable emitting 3MLCT or 3π,π* excited-state 

with high quantum yield. 

Examples of platinum(II) complexes with N^N^C ligands are shown in Chart 1.4. 

Complex 36 is an early example of such complexes,38 in which one of the two pendent 

phenyl rings adopts coplanar geometry with the N^N motif and coordinates to platinum(II). 

Complex 36 is highly emissive at room temperature in CH2Cl2, with emission parameters of 

λmax = 550 nm, τem = 14 µs, and Φ = 0.21. Complexes 37 – 43 that contain 6-phenyl-2,2’-

bipyridine as the N^N^C coordination ligand were studied by Che’s and other groups.39 – 42 

Although substituents vary in these complexes, the emission of these complexes all originates 

from the 3MLCT state.40 Interestingly, while the structure variation from 37 to 42 barely 

affect the emission band maximum (562 nm – 568 nm),40, 41 the attachment of a longer 

alkoxyl chain seems efficiently facilitated the interaction between the pendent phenyl ring 

with the N^N^C coordination core, which is reflected by the much red-shifted emission band 

maximum (590 nm).42 Complexes with extended π-conjugation such as complexes 44 – 49 

were also synthesized and investigated systematically by Che’s group.43 The emission energy 

of 44 – 49 in solution is substantially tuned by the substituent. The emission is assigned from 

triplet excited-state with contribution from both 3MLCT and 3π-π*. The extended conjugation 

in complexes 44 – 49 sufficiently increases the electron delocalization, thus reducing the 

bond displacement at the excited-state. As a result, the non-radiative decay can be 

substantially suppressed due to extended π-conjugation. 
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Chart 1.4. Examples of Pt(II) complexes with N^N^C ligands 

One of the most important applications of platinum(II) complexes containing N^N^C 

ligands is as organic light-emitting materials, exemplified by complex 50 in Chart 1.4.44 

Intense orange emission was observed for OLED using 50 as electrophosphorescenct material, 

with luminance of 3900 cd m-2 at 12 V (λmax = 580 nm; CIE coordinates: x = 0.508, y = 0.466) 

and EL efficiency of 1.4 cd A-1 (ηext = 0.6%) at 20 mA cm-2 at 4% doping level. The emission 

energies (emission color) of this kind of complexes can be efficiently tuned through the 

variation of the substituents on the phenylacetylide ligands, as demonstrated by complexes 51 

– 57 in Chart 1.4.44 In these complexes, acetylide ligands are employed to destabilize the 

non-radiative d-d state as well as to tune the triplet excited-states. From complex 51 to 

complex 54, the emission energy blue-shifted from 630 nm for 51 to 560 nm for 54.44 This 

trend can be well explained by the fact that the electron withdrawing group will stabilize the 

N^N^C localized HOMO of the complex. The extent of conjugation also plays an role on the 

emission energy demonstrated by complexes 55 – 57.44 The emission energy blue-shifts as 

N
NPt

CH3CN
ClO4

36

N
N

R

Pt
Cl

37 – 43

37 R = H
38 R = Ph
39 R = p-Cl-C6H4
40 R = p-Me-C6H4
41 R = p-MeO-C6H4
42 R = 3,4,5-(MeO)3-C6H2
43 R = C12H25O-C6H4

N
N

R

Pt
Cl

44 – 49

44 R = H
45 R = tBu
46 R = Ph
47 R = 3,5-tBu2C6H4
48 R = 3,5-F2C6H4
49 R = 3,5-(CF3)2C6H4

N

N

Pt R

50 – 57

50 R = 4-Me-C6H4
51 R = 4-MeO-C6H4
52 R = 4-Cl-C6H4
53 R = 4-F-C6H4
54 R = 4-NO2-C6H4
55 R = Si(CH3)3
56 R = C    C-Si(CH3)3
57 R = C    C-C    C-Si(CH3)3
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the conjugation length increases from 55 (570 nm) to 57 (557 nm), indicating the stabilized 

acetylide/Pt(II) based HOMO energy due to longer conjugation in the acetylide ligand.  

 
Figure 1.14. Current density, voltage and luminance 
characteristics (inset: luminesence efficieny vs. current density) for 
OLED using 50 as emitter at 4% doping level. Reprinted with 
permission from Ref. 44. 

Because of the relatively sturdy structure and stable excited-states, our group has 

conducted a systematic study on the platinum complexes with modified N^N^C ligands. 

Selected examples are shown in Chart 1.5, and the key photophysical parameters for 

complexes 62 – 72 are summarized in Table 1.2. Complexes 58 – 61 are several early 

examples investigated by our group.45 The UV-vis and ns transient absorption study revealed 

that the length of conjugation on the acetylide ligand exerted significant effect on both the 

singlet and triplet excited-states while the replacement of CH3 with OCH3 showed minor 

effect. Other than arylacetylide auxiliary ligand, complex 62 employed alkylacetylide 

auxiliary ligand.46 Moderate room temperature emission was observed for complex 62 with 

maximum at 591 nm in CH3CN, which is attributed to 3MLCT. Notably, relatively high 

triplet quantum yield (0.51) was observed for complex 62. By incorporating alkoxyl group -

OC7H8 on the phenyl ring, complexes 63 – 67 exhibit much longer emission lifetimes (~ 100 

ns for 62, 460 ns – 670 ns for 63 and 64) and higher emission quantum yield.47 This 

phenomenon is accounted for by the electron-donating ability of the alkoxyl group, which 

admixes intra ligand charge transfer (3ILCT) character to the metal/ligand to ligand charge 

Supporting Information 

 S33

Figure S23 Current density, voltage and luminance characteristics (inset: luminescent 

efficiency vs. current density) for OLED using 2 as emitter at 4 % doping level. 

Figure S24 Current density, voltage and luminance characteristics (inset: luminescent 

efficiency vs. current density) for OLED using 29 as emitter at 4 % doping level. 
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transfer state (3MLCT/3LLCT). Further study was carried out by incorporating fluoreneyl unit 

at the central pyridine, as shown in complexes 68 – 71.48 The electron-donating ability of 

fluorenyl unit further increased the triplet excited-state lifetime and quantum yield and the 

ratios between the excited-state absorption cross section and ground-state absorption cross 

section. Complex 72 embraces fluorenyl unit directly to the N^N^C coordination core.10 The 

ground-state of complex 72 featured ligand-centered π-π* transition in the UV and blue 

region and a broad and structureless 1MLCT/1LLCT absorption band in the visible region, as 

shown in Figure 1.15 and Figure 1.16. The emission of the complex at room temperature and 

at 77 K is dominated by 3π,π* character with minor contribution from 3MLCT state, while the 

degree of 3MLCT contribution can be adjusted by solvent polarities. In contrast, both the 

nanosecond (in CH3CN) and femtosecond (in CH2Cl2) transient absorptions are dominated by 

3π,π* state.  

 
Chart 1.5. Pt(II) complexes with N^N^C ligands studied by our group 

N

N

PtR H
n

58 – 61

58 R = CH3, n = 1
59 R = CH3, n = 2
60 R = OCH3, n = 1
61 R = OCH3, n = 2

N

N

Pt R

R'

62 R = C    C-C3H7, R' = H
63 R = Cl, R' =OC8H17
64 R = C    C-C3H7, R' =OC8H17
65 R = C    C-C6H5, R' =OC8H17

N

N

Pt

OC8H17

N

N

Pt Cl

OC8H17

N

N

Pt

OC8H17

N

N

OC8H17
66 67

62 – 65

N

N

Pt R

R'

C6H13

68 – 71
68 R = Cl, R' = H
69 R = Cl, R' =OC8H17
70 R = C    C-C3H7, R' =H
71 R = C    C-C6H5, R' =H

N

N Pt

C2H5

72

C6H13

C2H5
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Table 1.2. Photophysical data of complexes 58 – 72. 
 λabs/nm (logε/Lmol-1cm-1) λem/nm (τ/µs); 

Φem
 

R.T. 

𝜆!!!!!/nm (𝜏!/µs; 
log𝜀!!!!!/L mol-1 cm-

1; �!)c 
62 - (-) 589 (0.1); 0.25 587 (0.09; 3.69; 0.51) 
63 286 (4.61), 300 (4.63), 367 (4.24), 431 

(3.58) 
590 (0.74); 0.033 468 (0.3; 3.47; 0.27) 

64 293 (4.66), 342 (4.25), 368 (4.26), 439 
(3.76), 464 (3.70) 

596 (0.67); 0.19 502 (0.54; 3.49; 0.34) 

65 292 (4.72), 344 (4.25), 366 (4.28), 439 
(3.86), 464 (3.82) 

590 (0.98); 0.15 630 (0.67; 3.94; 0.42) 

66 294 (4.86), 329 (4.76), 441 (4.06), 464 
(4.03) 

590 (0.97); 0.21 650 (0.75; 3.46; 0.11) 

67 286 (4.77), 299 (4.78), 366 (4.48), 436 
(4.05) 

592 (0.87); 0.008 590 (4.8; 3.42; 0.06) 

68 282 (4.58), 336 (4.47), 354 (4.51), 421 
(3.93), 439 (3.94) 

568 (0.96); 0.075 656 (0.21; 3.70; 0.08) 

69 291 (4.57), 323 (4.49), 354 (4.58), 419 
(3.89), 439 (3.83) 

591 (0.95);0.047 665 (0.68; 3.68; -) 

70 288 (4.58), 355 (4.49), 443 (3.96), 463 
(3.90), 529 (3) 

593 (0.68); 0.073 635 (0.66; 3.58; 0.11) 

71 284 (4.68), 355 (4.49), 441 (4.01), 465 
(3.96), 530 (3.08) 

593 (0.98); 0.076 645 (0.8; 3.22; 0.24) 

72 265 (4.36), 286 (4.34), 352 (4.51), 387.5 
(4.57), 458 (3.63) 

591 (1.43); 0.067 633 (14.0; 4.65; 0.28) 

62: UV-vis data not reported; RT emission in CH3CN at the concentration of 3.4×10-5 mol/L, 
λex = 432 nm; quantum yield relative to Ru(bpy)3Cl3 in aqueous solution (Φem = 0.042; λex = 
436 nm); ns TA in CH3CN with SiNc as standard (ε590 = 53400 L mol-1 cm-1, 𝛷! = 0.20). 63 
– 71: UV-vis in CH2Cl2; RT emission in CH2Cl2, emission lifetime is intrinsic lifetime, 
emission quantum yield relative to Ru(bpy)3Cl3 in aqueous solution (Φem = 0.042; λex = 436 
nm); ns TA in CH3CN with SiNc as standard (ε590 = 53400 L mol-1 cm-1, 𝛷! = 0.20). 63 – 71: 
UV-vis in CH2Cl2; RT emission in CH2Cl2, emission lifetime is intrinsic lifetime, emission 
quantum yield relative to Ru(bpy)3Cl3 in aqueous solution (Φem = 0.042; λex = 436 nm); ns 
TA in CH2Cl2 with SiNc as standard (ε590 = 53400 L mol-1 cm-1, 𝛷! = 0.20). 

 

Figure 1.15. UV-vis spectrum of complex 72 (1) 
in CH2Cl2. Reprinted with permission from Ref. 
10. 

(PCM) calculations are often used in theoretical calculations
to account for solvation effects, the molecule considered in
this study was large and such calculations were not feasible.
Even if the above-mentioned effects were allowed, the devi-
ation of the TDDFT result (i.e. , 0.86 eV) is larger than typi-
cal for TDDFT descriptions of excitations that are local in
nature (i.e., typically 0.2–0.3 eV) and provide an important
clue that the excitation has Rydberg or charge-transfer char-
acter (i.e. , errors in the 1–2 eV range are not uncommon).
Consequently, although the predicted value of the absorp-
tion band maximum represents a semi-quantitative estimate,
TDDFT calculations still provide valuable information on
the electronic structure of the lowest excited states; this is
useful in interpreting and understanding the photophysics
observed for complex 1 described in the following sections.

Electronic absorption : The electronic absorption of 1-L and
1 obeys the Beer–Lambert law in the concentration range
used in our study (5 !10!6–5 !10!3 mol L!1, see the Support-
ing Information, Figure S2). The UV/Vis absorption spectra
of 1-L and 1 in CH2Cl2 are shown in Figure 5. The absorp-
tion band maxima and molar extinction coefficients are pre-
sented in Table 5. The absorption of 1-L is dominated by
structured bands in the UV region, which emanate from the
1p–p* transitions. The polarity of solvent exhibits minor
effect on the UV/Vis spectrum of 1-L (see the Supporting
Information, Figure S3a), which is consistent with the 1p–p*
assignment. For complex 1, the dominant absorption also
appears in the UV region, however, the bands are redshifted

compared with those in 1-L, indicating the delocalization of
the ligand-centered molecular orbitals through interactions
with the platinum dp orbitals; this is consistent with obser-
vations from the DFT study. Considering the similarity in
energy of these bands for 1 and 1-L and the large molar ex-
tinction coefficients of these bands in 1, we can assign these
bands to 1p–p* transitions within the 6-(7-benzothiazol-2’-yl-
9,9-diethyl-9H-fluoren-2-yl)-2,2’-bipyridine ligand (predomi-
nantly within the benzothiazolylfluorene component as pre-
dicted by the DFT calculations) as well. In addition,
a broad, structureless tail between 430 and 530 nm is ob-
served in complex 1, but not in ligand 1-L. With reference
to other PtII C^N^N and terpyridyl acetylide complexes,
this tail could be attributed to the 1MLCT/1LLCT (metal-to-
ligand/ligand-to-ligand charge transfer) transitions. The as-
signment of this low-energy absorption band is bolstered by
DFT calculations, in which the HOMO is dominated by the
tolylacetylide ligand and the Pt components, and the
LUMO has major contribution from the bipyridine compo-
nent (see Table 3). Another piece of evidence that supports
the charge transfer nature of the low-energy absorption
band is the negative solvatochromic effect. As demonstrated
in the Supporting Information, Figure S4, this band shifts to
a longer wavelength in less polar solvents, such as toluene
and hexane, in comparison with the bands in more polar sol-
vents (CH3CN, CH2Cl2 and DMSO). This is indicative of the
charge-transfer character of the ground state.

Emission : 1-L and 1 are both emissive in solutions at room
temperature and in glassy matrix at 77 K. As shown in
Figure 6, upon excitation of 1-L at 356 nm in CH2Cl2 solu-
tion, it exhibits structured emission at 380 and 410 nm,
which decays with a lifetime of 752 ps. The quantum yield of
the emission is 73 %. Because of the mirror relationship be-
tween the emission spectrum and the UV/Vis absorption
spectrum and the lifetime, the observed emission from 1-L
is attributed to fluorescence from the 1p–p* state. The as-
signment of the 1p–p* state as the emitting state of 1-L is
supported by the minor solvent effect. As shown in the Sup-
porting Information, Figure S5, in different solvents with
a broad range of polarity, the emission energies and quan-
tum yields (except in hexane) are quite similar. The only dif-
ference is the relative intensity of the vibronic peaks.

For complex 1, upon excitation at 388 nm, a broad, some-
what structured emission appears at 591 nm with a shoulderFigure 5. UV/Vis absorption spectra of 1-L and 1 in CH2Cl2.

Table 5. Photophysical parameters of 1-L and 1.

labs [nm][a] (loge [M!1 cm!1]) lem [nm][b] (Fem; t0) lem [nm] (t/ms)[c] lS1!Sn
[nm] (tS/ps)[d] lT1!Tn

[nm] (eT1!TnACHTUNGTRENNUNG[M!1 cm!1]; tTA/ms; FT)[e]

1-L 282 (4.39), 358.5 (4.86), 373 (4.73) 380, 410 (0.73; 752 ps) 379, 402 (0.011 (16 %),
0.090 (84 %)), 427, 453

646 (796"96) 585 (83 290; 32.8; 0.36)[f]

1 265 (4.36), 286 (4.34), 352 (4.51),
387.5 (4.57), 458 (3.63)

591 (0.067; 1.43 ms),
634 (–; 1.38 ms)

575 (19.4), 625 (21.1) 633 (24.6"14.8) 633 (44 650; 14.0; 0.28)[g]

[a] UV/Vis absorption band maxima and molar extinction coefficients in CH2Cl2. [b] Emission-band maximum, quantum yield, and lifetime in CH2Cl2 at
a concentration of 5 ! 10!6 mol L!1. [c] Emission-band maxima and lifetime in a butyronitrile matrix at 77 K at a concentration of 5! 10!6 mol L!1.
[d] Femtosecond transient difference absorption (fs TA) band maximum and singlet excited-state lifetime in CH2Cl2. [e] ns TA band maximum, triplet ex-
tinction coefficient, triplet excited-state lifetime and quantum yield. [f] Measured in butyronitrile. [g] Measured in CH2Cl2. SiNc in C6H6 was used as the
reference. (e590 = 70000 Lmol!1 cm!1, FT =0.20).
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Figure 1.16. Emission of complex 72 (1) at room 
temperature in CH2Cl2, and at 77 K in butylnitrile. 
Reprinted with permission from Ref. 10. 

Complexes 58 – 72 all exhibit strong nonlinear absorption. The reverse satuable 

absorption are demonstrated by applying 532 nm ns laser pulses through the sample solutions 

in 2 mm cuvettes. Complexes 58 – 61 exhibit excited-state absorption cross section to 

ground-state absorption cross section ratio up to 20.45 This value was improved to 160 for 

complex 62 at the wavelength of 570 nm.46 Incorporation of electron-donating substituents 

such as alkoxyl or fluorenyl units on the N^N^C ligand in complexes 63 – 71 caused the 

admixture of 3MLCT/3LLCT/3ILCT characters in the triplet excited stats, which induced 

broad triplet excited-state absorption and strong reverse saturable absorption at 532 nm, as 

demonstrated in Figure 1.17 for the triplet excited-state absorption and Figure 1.18 for the 

reverse saturable absorption of complexes 68 – 71. Similarly, strong and broad triplet 

excited-state absorption was observed for complex 72, as illustrated in Figure 1.19. As a 

result, detailed nonlinear optical characterizations were carried out for complex 72. Z-scan 

experiments with ns and ps laser pulses at 532 nm and with ps laser pulses at a variety of 

visible and near-IR wavelengths were carried out, and the results indicated that this complex 

exhibited large ratios of excited-state absorption to ground-state absorption from 430 to 680 

nm (the ration between excited-state absorption cross section to ground-state absorption cross 

section up to the scale of 104) and strong two-photon absorption from 740 to 910 nm, making 

at approximately 634 nm. The vibronic spacing between the
peak and the shoulder is approximately 1150 cm!1, corre-
sponding to the ring-breathing mode of the aromatic rings
in the ligands. The lifetime of the emission is approximately
1.43 ms. In view of the large Stokes shift of the emission and
the long lifetime, the emission from 1 at room temperature
should originate from a triplet excited state. The vibronic
structure in the emission spectrum suggests that the 3p–p*
state should be involved in the emission, possibly mixed
with some 3MLCT character; this is partially supported by
the negative solvatochromic effect of the emission (see the
Supporting Information, Figure S5). In less polar solvents,
such as in toluene and hexane, the emission spectra are red-
shifted and become less structured in contrast to those in
more polar solvents, such as ethanol, acetonitrile, CH2Cl2,
and acetone. This probably is indicative of different degrees
of mixing the 3MLCT character into the 3p–p* state in sol-
vents with different polarities. In polar solvents, the less
polar 3MLCT state (in comparison to the more polar MLCT
ground state) is less stabilized than the ground state; this
would cause the blueshift of the 3MLCT emission. In con-
trast, the influence of the solvent polarity on the 3p–p* ex-
cited state is not as significant as that on the 3MLCT state.
This would allow for the 3MLCT state and the 3p–p* state
to be energetically more close to each other in polar sol-
vents, resulting in more configurational mixing of 3p–p* and
3MLCT characters in the emission in polar solvents. On the
other hand, in less polar solvents, the 3MLCT state would be
more stabilized and the energy level would be lowered,
whereas the energy of the 3p–p* state is less affected. Con-
sequently, the energy gap between these two states becomes
larger and the contribution from the 3p–p* state is reduced.
This is reflected by the less structured emission spectra and
shorter lifetime in less polar solvents (see the Supporting In-
formation, Table S3). When the concentration of the CH2Cl2

solution increases from 1 !10!6 to 1 ! 10!4 mol L!1, the inten-
sity of the emission keeps increasing (see the Supporting In-
formation, Figure S6) and the lifetime remains the same,
suggesting that no self-quenching occurs in the concentra-
tion range used herein.

The emission spectra of 1-L and 1 in butyronitrile matrix
at 77 K are given in Figure 6. For 1-L, the emission spectrum
at 77 K exhibits clear vibronic structures, but remains at the
same energy as that at room temperature, and the lifetime is
shorter than 100 ns. Therefore, it is still fluorescence from
the 1p–p* state. Our attempt to measure the phosphores-
cence at 77 K was unsuccessful even if we added an excess
amount of CH3I to the solution. The emission spectrum of
1 at 77 K becomes narrower and blueshifted compared with
that at room temperature; this is due to the rigidochromic
effect.[14] The vibronic spacing is approximately 1390 cm!1,
which is also consistent with the stretching vibration of the
aromatic ligand. Considering the small thermally induced
Stokes shift (DEsffi470 cm!1), the similar shape and vibronic
spacing of the spectra at 77 K and at room temperature for
1, the emission of 1 at 77 K is tentatively assigned as the 3p–
p* state, possibly mixed with some 3MLCT character.

Transient absorption spectroscopy : Transient difference ab-
sorption spectroscopy measures the difference between the
excited-state absorption and the ground-state absorption.
Thus, it can provide information on the spectral region in
which the excited-state absorption is stronger than that of
the ground-state and predict the wavelength region in which
reverse saturable absorption could occur. From the decay of
the transient absorption, the lifetime of the excited state
that gives rise to the excited-state absorption is obtained.
This is especially important for measuring the singlet excit-
ed-state lifetime of the PtII complexes that cannot be ob-
tained from the decay of fluorescence because of the lack of
fluorescence at room temperature in many cases. By esti-
mating the triplet excited-state molar extinction coefficient
at the triplet excited-state absorption band maximum with
the singlet depletion method,[15] and by using the relative ac-
tinometry,[16] with SiNc in benzene as the reference, the trip-
let excited-state quantum yield can be obtained. Both the
singlet and triplet transient difference absorption spectra of
1-L and 1 were measured with fs and ns pump-probe UV/
Vis spectrometers, respectively.

Figure 7 shows the time-resolved singlet transient differ-
ence absorption spectra of 1-L and 1 in CH2Cl2. For 1-L, im-
mediately after the excitation at 400 nm with ultrafast fem-
tosecond laser pulses (150 fs), a broad, slightly structured
absorption band appears at about 650 nm, which decays rap-
idly and redshifts to about 675 nm. At longer decay time,
a new broad band occurs at approximately 580 nm, accom-
panied by an isosbestic point at 480 nm. This reflects the in-
tersystem crossing from the singlet excited state to the trip-
let excited state. The spectrum at longer delay times is con-
sistent with that measured by ns laser flash photolysis
(shown in Figure 8). The singlet lifetime measured from the
decay of fs TA is quite similar to that obtained from fluores-
cence decay (see Table 5). Therefore, the observed singlet
TA is attributed to the 1p–p* state, whereas the TA at long
decay time should arise from the 3p–p* state. For complex
1, the fs TA spectra changes very little in the whole spec-
trometer decay window (6 ns) although it exhibits a very

Figure 6. Normalized emission spectra of 1-L and 1 in CH2Cl2 solutions
at room temperature and in butyronitrile matrix at 77 K for 1.
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complex 72 a promising broadband nonlinear absorbing material. The reverse saturable 

absorption of 72 is shown in Figure 1.20. 

 
Figure 1.17. Triplet excited-state absorption of complexes 
68 – 71 (68, F-1; 69, F-2; 70, F-3; 71, F-4) in argon-
degassed CH3CN at the zero-time decay after 355 nm 
excitation. Reprinted with permission from Ref. 48.   

 
Figure 1.18. Reverse saturable absorption of 
complexes 68 – 71 in CH2Cl2 for 4.1 ns laser at 532 
nm in a 2 mm cuvette. The linear transmission was 
adjusted to 80%. Reprinted with permission from 
Ref. 48.  

 
Figure 1.19. Time-resolved triplet excited-state 
absorption of 72 in argon-degassed CH3CN after 
355 nm excitation. Reprinted with permission from 
Ref. 10.   
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transition-metal complexes including platinum com-
plexes.23 The lifetimes of these complexes at 77 K are also
comparable to those reported in the literature for other
platinum C∧N∧N or terpyridyl complexes.1,3g,6d,7-9 How-
ever, the thermally induced Stokes shift for F-1 (580 cm-1)
and F-5 (395 cm-1) is much smaller than those for F-2
(1440 cm-1), F-3 (1230 cm-1), and F-4 (1160 cm-1). Consi-
dering the emission energy, the shape of the spectrum, the
lifetime, and the thermally induced Stokes shift, we tenta-
tively assign the emitting state at 77 K as 3MLCT for F-2-
F-4, and 3MLCT/3π,π* for F-1 and F-5.

Transient Difference Absorption. The lifetimes mea-
sured from the decay of the emission of F-1- F-5 suggest
that the triplet excited state is much long-lived than the
laser pulse width. Therefore, triplet excited-state absorp-
tion is expected to be observed for these complexes.
Figure 8 displays the triplet transient difference absorp-
tion (TA) spectra of F-1-F-4 in degassed CH3CN solu-
tion at zero time-delay after the excitation. The time-
resolved TA spectrum is exemplified in Figure 8 for F-2 as
well. The transient absorption from F-5 is too weak to be
detected. This is partially attributed to the very poor
solubility of this complex in CH3CN, which limits the
highest concentrationwe could use for the TA experiment
and prevents efficient population of the excited state
because of the very dilute solution. On the other hand,

the lack of observable TA from F-5 could be hypotheti-
cally related to its lower triplet excited-state quantum
yield, which is partially reflected by its significantly lower
emission quantum yield compared to those for F-1-F-4.
F-1 and F-2 exhibit broad positive absorption from 380

to 830 nm. The profiles of the TA spectra of F-3 and F-4
are similar to that of F-1, with the exception that some
bleaching occurred in the region of 420-480 nm and a
flatter and stronger absorption in the NIR region of
770-850 nm. The facts that the bleaching band position
is consistent with the charge transfer band in the UV-vis
absorption spectra and the different features in the NIR
region indicate that the TA could possibly originate from
the 3MLCT/3ILCT/3LLCT state for F-3 and F-4. For F-1
and F-2, the excited-state that gives rise to the transient
absorption could be 3MLCT/3ILCT. All the TA decays
monoexponentially throughout the whole spectral range
monitored, indicating that the transient absorption arises
from the same excited state or excited states in close
proximity that are in equilibrium. In addition, the lifetime
measured from the decay of the transient absorption and
from the decay of the emission are essentially consistent,
suggesting that the TA might arise from the same excited
state that emits, or a state that is in equilibrium with the
emitting state. These pieces of evidence further sup-
port the aforementioned assignment for the TA of these
complexes.

Figure 7. Emission spectra of F-1 at room temperature and at 77 K.
λex = 423 nm. c = 5 ! 10-5 mol/L.

Figure 8. (a) Triplet transient difference absorption spectra of F-1-F-4 in argon-degassed CH3CN solution at room temperature at zero time delay
following 355 nm excitation. (b) Time-resolved TA spectra for F-2 in degassed CH3CN solution.

Figure 9. Transmittance vs incident fluence curves of F-1-F-5 in
CH2Cl2 for 4.1 ns laser pulses at 532 nm in a 2 mm cell. The linear
transmission was adjusted to 80%.
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transition-metal complexes including platinum com-
plexes.23 The lifetimes of these complexes at 77 K are also
comparable to those reported in the literature for other
platinum C∧N∧N or terpyridyl complexes.1,3g,6d,7-9 How-
ever, the thermally induced Stokes shift for F-1 (580 cm-1)
and F-5 (395 cm-1) is much smaller than those for F-2
(1440 cm-1), F-3 (1230 cm-1), and F-4 (1160 cm-1). Consi-
dering the emission energy, the shape of the spectrum, the
lifetime, and the thermally induced Stokes shift, we tenta-
tively assign the emitting state at 77 K as 3MLCT for F-2-
F-4, and 3MLCT/3π,π* for F-1 and F-5.

Transient Difference Absorption. The lifetimes mea-
sured from the decay of the emission of F-1- F-5 suggest
that the triplet excited state is much long-lived than the
laser pulse width. Therefore, triplet excited-state absorp-
tion is expected to be observed for these complexes.
Figure 8 displays the triplet transient difference absorp-
tion (TA) spectra of F-1-F-4 in degassed CH3CN solu-
tion at zero time-delay after the excitation. The time-
resolved TA spectrum is exemplified in Figure 8 for F-2 as
well. The transient absorption from F-5 is too weak to be
detected. This is partially attributed to the very poor
solubility of this complex in CH3CN, which limits the
highest concentrationwe could use for the TA experiment
and prevents efficient population of the excited state
because of the very dilute solution. On the other hand,

the lack of observable TA from F-5 could be hypotheti-
cally related to its lower triplet excited-state quantum
yield, which is partially reflected by its significantly lower
emission quantum yield compared to those for F-1-F-4.
F-1 and F-2 exhibit broad positive absorption from 380

to 830 nm. The profiles of the TA spectra of F-3 and F-4
are similar to that of F-1, with the exception that some
bleaching occurred in the region of 420-480 nm and a
flatter and stronger absorption in the NIR region of
770-850 nm. The facts that the bleaching band position
is consistent with the charge transfer band in the UV-vis
absorption spectra and the different features in the NIR
region indicate that the TA could possibly originate from
the 3MLCT/3ILCT/3LLCT state for F-3 and F-4. For F-1
and F-2, the excited-state that gives rise to the transient
absorption could be 3MLCT/3ILCT. All the TA decays
monoexponentially throughout the whole spectral range
monitored, indicating that the transient absorption arises
from the same excited state or excited states in close
proximity that are in equilibrium. In addition, the lifetime
measured from the decay of the transient absorption and
from the decay of the emission are essentially consistent,
suggesting that the TA might arise from the same excited
state that emits, or a state that is in equilibrium with the
emitting state. These pieces of evidence further sup-
port the aforementioned assignment for the TA of these
complexes.

Figure 7. Emission spectra of F-1 at room temperature and at 77 K.
λex = 423 nm. c = 5 ! 10-5 mol/L.

Figure 8. (a) Triplet transient difference absorption spectra of F-1-F-4 in argon-degassed CH3CN solution at room temperature at zero time delay
following 355 nm excitation. (b) Time-resolved TA spectra for F-2 in degassed CH3CN solution.

Figure 9. Transmittance vs incident fluence curves of F-1-F-5 in
CH2Cl2 for 4.1 ns laser pulses at 532 nm in a 2 mm cell. The linear
transmission was adjusted to 80%.

small change right after the excitation, which correlates to
a lifetime of approximately 25 ps. We assume that this is due
to a decay of the singlet excited state, including intersystem
crossing to the triplet excited state. At longer decay time,
the spectrum is essentially the same as that measured by ns
flash photolysis and is attributed to the triplet excited-state
absorption. Because there is not much difference in the
spectral properties of the singlet and triplet excited states,
we can assume that the geometry of the molecule does not
change much upon intersystem crossing. In addition, the TA
spectrum of 1 is quite similar to that of 1-L, therefore, the
singlet excited state that contributes to the observed TA
could be assigned as the 1p–p* and the triplet state as the
3p–p* as well. However, the singlet lifetime of the Pt com-
plex 1 is much shorter compared with that of the ligand 1-L.
This is attributed to the increased intersystem crossing
through spin-orbital coupling through Pt; this makes the
decay of the singlet excited state more rapid.

The time-resolved triplet transient difference absorption
spectra of 1-L in butyronitrile and 1 in CH3CN are present-
ed in Figure 8. The ns TA spectra of 1 in CH2Cl2 and tolu-
ene are provided in the Supporting Information, Figure S7.
The spectral features for 1-L and 1 are quite similar, with
a positive absorption band appearing in the visible spectral
region and a bleaching band below 400 nm for 1-L and
below 415 nm for 1. However, the spectrum of 1 is redshift-
ed compared with that of 1-L, which is reflected by the ab-

sorption band maximum, that is, 620 nm for 1 and 585 nm
for 1-L. The redshifted TA spectrum of 1 compared with
that of 1-L suggests delocalization of the ligand-centered
molecular orbitals through interactions with the platinum
dp orbitals; this is similar to that observed in the UV/Vis
absorption spectrum for the singlet excited state. A similar
feature has been reported for platinum diimine complex
with acetylide ligands.[17] The extinction coefficients at the
band maximum, the lifetimes deduced from the decay of the
transient absorption, and the triplet excited-state quantum
yield determined from relative actinometry for 1-L in butyr-
onitrile and 1 in CH2Cl2 are listed in Table 5 (the data for
1 in CH2Cl2, rather than those in CH3CN, are listed because
we need to use the triplet excited-state parameters in
CH2Cl2 to fit the Z-scan data measured in CH2Cl2 solution).
The triplet extinction coefficients for both 1-L and 1 are
quite large, accompanied by long triplet lifetimes. The long
lifetime of 32.8 ms for 1-L implies that the transient absorp-
tion likely arises from the 3p–p* state. For complex 1, al-
though the lifetime (14.0 ms in CH2Cl2) of the excited state
that gives rise to the transient absorption is shorter than
that of the ligand, probably due to the increased decay from
T1 to S0 by spin-orbital coupling through Pt, or possibly be-
cause the reduced energy level of the 3p–p* excited state
(evident by the redshifted TA band) in 1 leads to reduced
lifetimes according to the energy-gap law,[18] it is still much
longer than that deduced from the decay of emission. This

Figure 7. Time-resolved singlet transient difference absorption spectra of
1-L (top) and 1 (bottom) in CH2Cl2. lex = 400 nm.

Figure 8. Time-resolved triplet transient difference absorption spectra of
1-L (top) in butyronitrile and 1 (bottom) in CH3CN. lex =355 nm.
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Figure 1.20. Reverse saturable absorption of 72 in 
CH2Cl2 for 4.1 ns laser at 532 nm in a 2 mm 
cuvette. The linear transmission was adjusted to 
80%. Reprinted with permission from Ref. 10.  

1.2.5. Synthesis of Cyclometallated Pt(II) Complexes with Tridentate N^N^C Ligand 

The ligand synthesis is the prerequisite for the synthesis of Pt(II) complexes with 

N^N^C ligand. N^N^C ligand can be synthesized following the general procedure shown in 

Scheme 1.2. The N^N^C ligand included in this dissertation is obtained by consecutive 

utilization of Stille coupling49 and Suzuki50 coupling from 2-bromopyridine. Organotin 

compound py-Sn is synthesized by treating 2-bromopyridine with BuLi, then with Bu3SnCl. 

Stille reaction between the py-Sn with 2,6-dibromopyridine lead to bipyridine compound 

bpy-Br. Treatment of bpy-Br with BuLi followed by 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane affords the protected arylbronic acid bpy-B. The Suzuki coupling reaction 

between bpy-B and substituted 7-bromofluorene leads to the tridentate N^N^C ligand. 

   
Scheme 1.2. Synthetic routes for N^N^C ligand 

TPA. The observed nonlinear absorption is thus two-
photon-initiated excited-state absorption. The singlet and
triplet excited-state absorption cross sections at 740 and
800 nm were estimated from the values at 532 nm and the fs
TA spectra at zero and 5.8 ns time delays, respectively.
These estimated values were used as parameters in the
model and allowed the TPA cross sections at these wave-
lengths to be obtained by fitting the Z-scan data. At wave-
lengths of 850 nm and above, fs TA data were not available,
so this method could not be used to provide an estimate of
the excited-state absorption cross sections. As the relative
contributions of two-photon and excited-state absorption
cannot be unambiguously deconvolved for wavelengths of
850, 875, and 910 nm, the TPA cross sections given in
Table 6 for these wavelengths represent effective values.
Comparison of the deconvolved or the effective TPA cross
sections of 1 in the spectral region of 630–910 nm with those
of the other reported platinum complexes is provided in the
Supporting Information, Table S6. It is clear that the TPA
cross sections of 1 are among the largest values reported for
platinum complexes.[5t, 22]

Reverse saturable absorption : Both the fs and ns transient
absorption measurements suggest that complex 1 exhibits
stronger excited-state absorption than ground-state absorp-
tion in the visible-to-near-IR region. Therefore, reverse satu-
rable absorption in this spectral region should occur. To
demonstrate this, a nonlinear transmission experiment was
carried out at 532 nm with 4.1 ns laser pulses. The result is
shown in Figure 10. The transmission of the solution de-

creases drastically from 80 % at low incident fluence to 24 %
at 1.8 Jcm!2. From the fractional populations of the affected
excited states (bottom part of Figure 10) it is clear that the
triplet excited state is the dominant contributor to the ob-
served decrease in transmission. Because the triplet excited-
state absorption cross section greatly exceeds that of the
ground-state (sT/s0 =69.6, see Table 6), strong reverse satu-
rable absorption occurs.

Conclusion

A platinum(II) complex (1) with a new type of C^N^N
ligand, that is, 6-(7-benzothiazol-2’-yl-9,9-diethyl-9H-fluo-
ren-2-yl)-2,2’-bipyridine, was synthesized and the structure
was characterized with spectroscopic techniques and single
crystal X-ray crystallography. The C^N^N ligand forms
a distorted square-planar configuration with the PtII ion.
The resulting complex exhibits ligand-centered 1p–p* transi-
tion in the UV and blue region, and a broad, structureless
1MLCT/1LLCT absorption band in the visible region; this is
supported by DFT calculations. The emission of 1 at room
temperature and at 77 K is dominated by 3p–p* character,
possibly mixed with some 3MLCT character. The degree of

Table 6. Excited-state absorption cross sections and TPA cross sections
of 1 at selected wavelengths in CH2Cl2 solution.

l [nm] s0

10!18 cm2
sc

S sT sS/s0 sT/s0 s2 [GM]

430 29.6 40 92[c] 1.4 3.1 –
475 14.3 30 101[c] 2.1 7.1 –
500 6.75 48 107[c] 7.1 15.9 –
532 1.48 40"5 103"10 27 69.6 –
550 1.25 40 115[c] 32 92 –
575 0.344 40 154[c] 116 448 –
600 0.0956 45 195[c] 471 2.04 ! 103 –
630 0.0318 200 253[c] 6.29 ! 103 7.96 ! 103 –
680 0.01 180 148[c] 1.80 ! 104 1.48 ! 104 –
740 0[a] 40[b] 86[c] – – 600
800 0[a] 27[b] 89[c] – – 650
850 0[a] – – – – 1200[d]

875 0[a] – – – – 220[e]

910 0[a] – – – – 200[e]

[a] Approximate value. [b] sS(l) ñ = are determined from the value sS-ACHTUNGTRENNUNG(532 nm)=4.0! 10!17 cm2 and the fs TA spectrum at zero time delay. Be-
cause the fs TA will include contributions from both S1 and S2, these
values should be considered effective cross sections for the singlet excited
states. [c] sTACHTUNGTRENNUNG(532 nm)=1.03 ! 10!16 cm2 was determined from combined
fitting of nanosecond and picosecond Z-scan data. For other wavelengths,
sT(l) is determined from the value of sT ACHTUNGTRENNUNG(532 nm) and the fs TA spectrum
at 5.8 ns time delay. [d] Effective TPA cross section for the Z scan of
lowest energy (0.5 Jcm!2). Z scans at a progression of higher energies
(0.7 and 1.1 Jcm!2) yield effective s2 values of 1900 GM and 2000 GM,
respectively, clear evidence for two-photon-initiated excited-state absorp-
tion. [e] Effective TPA cross section for the Z scan of 0.3 Jcm!2 fluence
on axis.

Figure 10. Top) Nonlinear transmission of 1 in CH2Cl2 solution for 4.1 ns
laser pulses at 532 nm. The linear transmission is 80 %, and the path
length of the cuvette is 2 mm. Bottom) The fractional population of the
affected excited states on the input face of the sample within a laser
pulse. The fluence used for the calculation is 0.24 J cm!2.
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The coordination of N^N^C ligand into the coordination sphere of Pt(II) can be 

readily accomplished by the reaction between K2PtCl4 and the ligand in acetic acid under 

refluxing temperature, as shown in equation 1.16. Protection under inert atmosphere of 

nitrogen is suggested. 

K2PtCl4+ N^N^CH → (N^N^C)PtCl                                                                                 (1.16) 

1.3. Bis-cyclomatalated Iridium(III) Complexes 

1.3.1. Characteristics of Ir(III) Complexes 

Comparing to d8 platinum(II), iridium(III) have d6 electronic configuration and the 

complexes formed adopt octahedral geometry. The octahedral structure around the metal 

center makes Ir(III) well protected by ligands from the surrounding environment. 

Deactivation pathways such as axial interaction, ground-state aggregation and solvent 

molecule binding can be efficiently reduced in iridium complexes. In addition, the spin-orbit 

coupling constant of iridium metal is the largest among transition metals.51 As a result, high 

triplet excited-state quantum yields are expected due to rapid intersystem crossing. The large 

spin-orbit coupling constant also facilitates the spin-forbidden absorption from the singlet 

ground state to triplet excited state. Figure 1.21 illustrates the general molecular orbital 

energy diagram of octahedral iridium complexes.52 The subscript M or L for each molecular 

orbital denote the predominant localization of the orbital. For example, in the ground 

electronic configuration of transition metal complexes in their normal oxidation states, the σL 

and πL orbitals are completely filled, the πM orbitals are either partially or completely filled, 

and the higher orbitals are usually empty. 
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Figure 1.21. Energy-level diagram and electronic transitions for 
octahedral metal complexes (Reprinted with permission from Ref. 52) 

Various electronic transitions exist in iridium(III) complexes, as indicated by the 

vertical arrows in Figure 1.21. The electronic transition between two d orbitals of the metal 

center is called metal centered transitions (MC). Ligand to metal charge transfer (LMCT) is 

the electronic transitions from the ligand’s σL or πL orbital to the metal’s vacant d orbital 

center, while metal to ligand charge transfer (MLCT) is the electronic transitions from the 

metal’s filled d orbitals to the ligand’s πL* orbitals. Ligand centered (LC) transitions is the 

electronic transitions within the ligand from the lower energy  σL, πL, or n orbitals to higher 

σL* or πL* orbitals.  

1.3.2. Photophysics and Applications of Selected Examples 

Photophysics and applications of iridium(III) complexes have drawn intense attention. 

Two of the prototype bis-cyclometalated iridium(III) complexes, [Ir(bpy)(ppy)2]+ and 

Ir(ppy)3, are shown in Chart 1.6.53, 54 In the two complexes, bpy denotes for 2,2’-bipyridine 

while ppy denotes for 2-phenylpyridine. The coordination geometry for both complexes is 

octahedral. [Ir(bpy)(ppy)2]+ is cationic regarding to the inner coordination sphere. The 

complexes show intense electronic absorption from ligand centered transitions in the 

ultraviolet region and moderate absorption in the violet to blue region from the 1MLCT 

transition.53, 54 Notably, [Ir(bpy)(ppy)2]+ showed spin-forbidden transitions 3MLCT/3LLCT 

proper t ies of t ransit ion meta l complexes are usua lly
discussed with the assumption that the ground sta te,
the excited sta tes, and the redox species can be
descr ibed in a sufficient ly approximate way by local-
ized molecula r orbita l configura t ions.17-19,22,26-30 To
bet ter understand this point , it is convenient to make
reference to schemat ic molecula r orbita l (MO) dia-
grams such as tha t shown in Figure 2.1, which
represents the case of an octahedra l complex. In
such very simplified diagrams, each MO is labeled
as meta l (M) or ligand (L) according to it s predomi-
nant loca liza t ion . Thus, for example, the low-energy
Û-bonding MO’s, which resu lt from the combina t ion
of metal and ligand orbita ls of appropria te symmetry,
a re labeled L since they receive the grea test cont r i-
bu t ion from the ligand orbita ls. In the ground
electronic configurat ion of transit ion metal complexes
in their usua l oxida t ion sta tes, the ÛL and L orbita ls
a re completely filled, the M orbita ls a re either
par t ia lly or completely filled, and the higher orbita ls
a re usua lly empty. Light absorpt ion and redox
processes change the orbita l popula t ion , and each
excited or redox sta te is assumed to be descr ibed by
a single MO configura t ion .

2.1.1. Classification of Excited States in Mononuclear
Complexes
The assignment of the var ious bands which appear

in the absorpt ion spect ra of t ransit ion meta l com-
plexes is often a very difficu lt problem because the
absorpt ion spect ra reflect , of course, the complexity
of the elect ron ic st ructure of these molecules. By
using a diagram like tha t shown in Figure 2.1, it is
possible to make a classifica t ion of the var ious
elect ron ic t ransit ions according to the loca liza t ion of
the MO’s involved. Specifica lly, we may ident ify
three fundamenta l types of elect ron ic t ransit ions:
22,26-30

(i) t ransit ions between MO’s predominant ly loca l-
ized on the cent ra l meta l, usua lly ca lled metal-
cen tered (MC), ligand-field, or d-d t ransit ions; (ii)
t ransit ions between MO’s predominant ly localized on
the ligands, usua lly ca lled ligand-cen tered (LC) or
in t ra ligand t ransit ions; and (iii) t ransit ions between
MO’s of differen t loca liza t ion , which cause the dis-

placement of the elect ron ic charge from the ligands
to the meta l or vice versa. These t ransit ions are
ca lled charge-transfer (CT) t ransit ions and, more
specifically, can be dist inguished into ligand-to-m etal
charge-transfer (LMCT) and metal-to-ligand charge-
transfer (MLCT) t ransit ions.
Less frequent ly encountered types of t ransit ions

(not shown in Figure 2.1) a re those from a meta l-
cen tered orbita l to a solvent orbita l (charge-transfer
to solvent, CTTS), or between two orbita ls predomi-
nant ly loca lized on differen t ligands of the same
metal center (ligand-to-ligand charge-transfer, LLCT).
The chemica l and physica l proper t ies of these

orbita lly different excited sta tes have been discussed
in severa l reviews and books17-22,26-30 and will not
be dea lt with here.
It must be pointed out tha t the above classifica t ion

of elect ron ic t ransit ions and elect ron ica lly excited
sta tes is somewhat arbit ra ry and loses it s meaning
whenever the involved sta tes cannot be descr ibed by
loca lized MO configura t ions. It should a lso be no-
t iced tha t the energy order ing of the var ious orbita ls
may be differen t from tha t shown in Figure 2.1. For
example, in the case of [Ru(bpy)3]2+ the *L orbita l
is thought to be lower in energy than the Û*M orbita l.
More genera lly, the excited-sta te energy order ing is
ext remely sensit ive to the type of the ligands and the
na ture and oxida t ion sta te of the meta l. For ex-
ample, the lowest excited sta te in [Ir (phen)Cl4]-,
[Ir (phen)2Cl2]+, and [Ir (phen)3]3+ is MC, MLCT, and
LC, respect ively;17,30,31 the lowest excited sta te of
[Rh(bpy)2Cl2]+ is MC, whereas tha t of [Ir (bpy)2Cl2]+
is MLCT;32 the lowest excited sta te of [Ru(bpy)3]2+
and [Os(bpy)3]2+ is MLCT, whereas tha t of [Ru-
(bpy)3]3+ and [Os(bpy)3]3+ is LMCT.22 Fur ther com-
plicat ions ar ise from the fact that the energy split t ing
between the spin sta tes (e.g., singlet and t r iplet )
belonging to the same orbita l configura t ion is very
la rge for the MC and LC excited sta tes because in
these cases the two in teract ing elect rons occupy the
same region of space, whereas it is smaller for the
CT sta tes. It follows tha t the excited-sta te energy
order ing may be differen t in the spin-a llowed and
spin-forbidden manifolds. F ina lly, it should be re-
ca lled tha t in t ransit ion meta l complexes there may
be a considerable degree of spin-orbit coupling. This
effect , being rela ted to the cent ra l heavy (meta l)
a tom, is different for different types of excited sta tes.
Almost pure LC sta tes are scarcely affected, whereas
for MC and CT states of metals belonging to the third
t ransit ion row it may become almost meaningless to
ta lk about discrete spin sta tes.33,34 In the cur ren t
lit era ture, however , the spin label is genera lly used
even when it s meaning is not st r ict . F ina lly, it
should be reca lled tha t for compounds having open-
shell ground-sta te configura t ion (e.g., Cr (III) com-
pounds), in t raconfigura t ion MC excited sta tes can be
found at low energies.26

2.1.2. Redox Behavior of Mononuclear Complexes
In the loca lized MO approximat ion , oxida t ion and

reduct ion processes a re viewed as meta l or ligand
centered.19,21,35 The highest energy occupied molec-
u la r orbita l (HOMO) is most usua lly meta l centered,
whereas the lowest unoccupied molecula r orbita l
(LUMO) is either metal or ligand centered, depending

Figure 2.1. Schemat ic energy-level diagram for an octa -
hedra l t ransit ion meta l complex. The var ious kind of
elect ron ic t ransit ions are a lso indica ted.
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in its UV-vis absorption spectrum.55 The emission of the complex is from the 3MLCT state 

with the lifetime in the scale of several hundred of nanosecond.53 Ir(ppy)3 is a neutral 

complex. The electronic absorption of Ir(ppy)3 features intense absorption band (ligand 

centered 1π-π*) in the ultraviolet region and both spin-allowed and spin-forbidden charge 

transfer band (MLCT) in the region of 330 nm – 450 nm, which effectively mix with each 

other by the strong spin-orbit coupling of Ir(III).54 The emission of Ir(ppy)3 is featured by 

strong phosphorescence both at 77 K and at room temperature from a mixture of 

3LC/3MLCT, with the lifetime in the scale of several microseconds and quantum yield nearly 

unity.54  

 
Chart 1.6. Two prototype iridium(III) complexes 

Recent studies on bis-cyclometalated Ir(III) complexes widely employ different 

ligands such as bpy/ppy, 1-phenylpyrazol, benzimidazol, 2-phenyl benzothiozol, 

benzoquinoline, etc. These ligands are further modified by attaching different substituents 

with electron donating or withdrawing abilities or extended π-conjugation. Examples of 

Ir(III) complexes with three bidentate ligands are illustrated in Chart 1.7.  
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Chart 1.7. Selected examples of bis-cyclometalated Ir(III) complexse 

As illustrated by complexes 73 – 87, Thompson and co-workers conducted systematic 

studies on the photophysics of bis-cyclometalated Ir(III) complexes and explored their 

applications as organic light emitting materials.56 Employing monoanionic, bidentate 

acetylacetonate ancillary ligand, different cyclometalating ligands were utilized to tune the 

ground- and excited-state properties. Particularly, the emission energy was tuned to emit 

from blue to red. Except for the 1π-π* absorption bands, all the complexes showed both 

1MLCT and 3MLCT absorption bands. For example, the 1MLCT (410 nm) and 3MLCT bands 

(460 nm) for complex 73 in 2-methyltetrahedralfuran were both observed, and the intensity 

for 3MLCT absorption is comparable to the 1MLCT absorption, indicating the strong spin-

obit coupling effect of the metal center. The strong spin-orbit coupling of the metal center 

also facilitated efficient triplet excited-state emission, with the quantum yields of 73 – 87 
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varying in the range of 0.1 – 0.6 and the lifetimes in the range of 1 – 14 µs. The triplet 

excited-states of these complexes were assigned to be 3π-π*/3MLCT, the percentage of which 

depended on the virtue of the bis-cyclometalating ligands. Complexes 73, 77, and 80 were 

employed as the dopant for organic light emitting diodes (OLEDs) as green, red, and yellow 

emitters respectively. The resultant OLED devices gave relatively high external efficiencies, 

from 6% to 12.3%. Complex 77 gave saturated red electroluminescence with an efficiency of 

2.1 lm/W. 

Rather than varying the cyclometalating ligands in complexes 73 – 87, cationic 

complexes 88 – 93 contain different diimine ligand with different conjugation extension 

while maintaining the cyclometalating 1-phenyl-isoquinoline ligand.57 As shown in Figure 

1.22, the electronic absorption of these complexes are composed of 1π-π* in the < 400 nm 

region, 1MLCT/1LLCT in the 400 – 500 nm region, and 3MLCT in the region above 500 nm. 

Featuring mixed 3MLCT/3LLCT/3π-π* excited-states, the emission wavelength of these 

complexes can be tuned from 586 nm for 88 and 89 to 732 nm for 93, resulted from different 

conjugation extension of the diimine ligands. The emission spectra of complexes 88 – 93 are 

shown in Figure 1.23. 

 
Figure 1.22. Absorption spectra of 88 - 93 (88, 1; 89, 2; 
90, 3; 91, 4; 92, 5; 93, 6) at room temperature in 
CH2Cl2. Reprinted with permission from Ref. 57. 

Electrochemical Properties. The electrochemical proper-
ties of the complexes were studied by cyclic voltammetry
(see Figure 6). The HOMO and LUMO energy can be
deduced by the equation EHOMO(LUMO) ) -(4.80 + Eonset).1d
The data are listed in Table 4. All complexes exhibit an
irreversible oxidation wave at similar potential between 0.92
and 0.98 V. It is assumed that the pure metal-centered
oxidation is reversible and that the irreversibility increases
as the contribution to HOMO of the cyclometalating phenyl-
(s) increases.16e,17 Therefore, the irreversible oxidation pro-
cesses of 1-6 could be assigned to orbits receiving a strong
contribution from iridium center and Ir-C- σ-bond orbits
simultaneously. The oxidation processes of all complexes
at different scan rates of 20, 50, 100, 200, and 500 mV s-1
were also investigated (see Supporting Information). The
irreversible oxidation processes at low scan rates indicate

that the oxidation products of all complexes are not stable.
For complexes 3, 4, and 6, the oxidation processes are all
irreversible at any scan rates measured. But complexes 1, 2,
and 5 showed improved reversibility at high scan rates,
indicating the stability of oxidation products of 1, 2, and 5
was improved compared with that of 3, 4, and 6. Meanwhile,
compounds 1-6 exhibit the first and second reduction waves
at ca. -0.99 to -1.75 and -1.98 to -2.08 V, respectively.
The first reduction potential becomes less negative and the
energy gap (∆E) between the HOMO and LUMO become
narrower from 1 to 6. This is in accordance with the red-
shift of emission wavelength from 1 to 6. The first reduction
potential can be assigned to the reduction of diimine ligands,8
and the difference of the first reduction potential may be
caused by the different conjugated length of diimine ligands.
In addition, the similar second reduction potential for all
complexes is assigned to the reduction of the C∧N ligand
(piq), and this potential is also similar to the previous report.18
The above discussions suggest that LUMOs are located on
the diimine ligands. Hence, we can tentatively assign the
excited states of the complexes to the mixed states of [dπ(Ir)
f π*N∧N] MLCT transitions and [πC∧N f π*N∧N] LLCT
transitions.
Theoretical Calculations. To further investigate the nature

of the excited state, density functional theory (DFT) for 1-6
was performed. The distributions of molecular orbitals
(HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1, and
LUMO+2) (see Table 5) and the calculated molecular orbital
compositions of 1-6 (see ESI) are studied. All complexes
have similar HOMO and LUMO distributions. The HOMO
primarily resides on the iridium center and the phenyl groups
of C∧N ligand (piq); the LUMO is mainly located on the
N∧N ligands. Therefore, the excited states of the complexes
can be assigned to a mixture of [dπ(Ir) f π*N∧N] MLCT
transitions and [πC∧N f π*N∧N] LLCT transitions. This
assignment has been verified by unresolved luminescence

(16) (a) Serroni, S.; Juris, A.; Campagna, S.; Venturi, M.; Denti, G.;
Balzani, V. J. Am. Chem. Soc. 1994, 116, 9086-9091. (b) Calogero,
G.; Giuffrida, G.; Serroni, S.; Ricevuto, V.; Campagna, S. Inorg. Chem.
1995, 34, 541-545. (c) Mamo, A.; Stefio, I.; Parisi, M. F.; Credi, A.;
Venturi, M.; Di Pietro, C.; Campagna, S. Inorg. Chem. 1997, 36,
5947-5950. (d) Di Marco, G.; Lanza, M.; Mamo, A.; Stefio, I.; Di
Pietro, C.; Romeo, G.; Campagna, S. Anal. Chem. 1998, 70, 5019-
5023. (e) Didier, P.; Ortmans, I.; Kirsch-De Mesmaeker, A.; Watts,
R. J. Inorg. Chem. 1993, 32, 5239-5245.

(17) Calogero, G.; Giuffrida, G.; Serroni, S.; Ricevuto, V.; Campagna, S.
Inorg. Chem. 1995, 34, 541-545.

(18) Okada, S.; Okinaka, K.; Iwawaki, H.; Furugori, M.; Hashimoto, M.;
Mukaide, T.; Kamatani, J.; Igawa, S.; Tsuboyama, A.; Takiguchi, T.;
Ueno, K. Dalton Trans. 2005, 9, 1583-1590.

Figure 5. Absorption spectra of 1-6 in CH2Cl2.

Figure 6. Cyclic voltammograms of 1-6 (scan rate ) 50 mV s-1).

Table 3. Absorption Data of 1-6 in CH2Cl2 at 298 K

λabs(log ϵ) [nm]
1 290(5.76), 344(5.33), 355(5.30), 378(5.11), 439(4.88), 506(3.33)
2 269(5.95), 290(5.90), 353(5.39), 437(5.00), 506(4.18)
3 289(5.70), 336(5.49), 379(5.18), 432(4.92), 536(3.95)
4 269(5.87), 292(5.69), 354(5.57), 370(5.53), 431(5.02), 551(4.11) sh
5 292(5.44), 357(5.23), 380(5.14), 440(4.79), 570(3.78) sh
6 273(5.79), 375(5.56), 425(5.02), 602(3.95) sh

Table 4. Electrochemical Data and Energy Levels for 1-6a

Eaox
V

Eonsetox
V

E1/2re or Ecre
V

Eonsetre
V

HOMO
eV

LUMO
eV

∆E
eV

∆Ed
eV

1 0.96b 0.84 -1.75,b -2.08b -1.65 -5.64 -3.15 2.49 2.85
2 0.95b 0.83 -1.68,b -2.07b -1.60 -5.63 -3.20 2.43 2.84
3 0.97b 0.86 -1.51,c -1.99b -1.42 -5.66 -3.38 2.28 2.69
4 0.96b 0.84 -1.38,b -1.99b -1.23 -5.64 -3.57 2.07 2.58
5 0.92b 0.80 -1.36,b -1.98b -1.20 -5.60 -3.60 2.00 2.53
6 0.98b 0.86 -0.99,c -2.06b -0.90 -5.66 -3.90 1.76 2.47

a In acetonitrile (0.10 mol L-1 of Bu4NPF6) at 298 K, scan rate of 50
mV s-1, all potentials versus SCE. b Irreversible wave. c Reversible wave.
d Obtained from theoretical calculations.
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Figure 1.23. Photoluminescence of 88 - 93 (88, 1; 89, 
2; 90, 3; 91, 4; 92, 5; 93, 6) at room temperature in 
CH2Cl2. Reprinted with permission from Ref. 57. 

Complex 94 illustrated the application of Ir(III) complex as nonlinear optical material, 

as reported by Schanze.58 The electronic absorption of complex 94 in THF featured a broad 

band at 500 nm, which was attributed to the mixture of 1π-π*/1MLCT transitions. Weak 

emission with a band maximum at 730 nm was observed for complex 94 in THF with a 

lifetime of 513 ns and quantum yield of 0.003, which was also observed under two-photon 

excitation with 1064 nm laser. Notably, complexes 94 exhibited strong transient absorption 

(Figure 1.24) in the spectral region of visible to near-IR, indicating its application as 

broadband nonlinear absorbing material. Unsurprisingly, complex 94 showed remarkable 

nonlinear absorption for 1064 nm ns laser, which occured through two-photon absorption at 

1064 nm followed by intersystem crossing to the absorbing triplet excited-states. In addition, 

reverse saturable absorption was observed at 532 nm. This dual-mechanism nonlinear 

absorption can be elucidated by Figure 1.25. 

6. Considering that all complexes have the same C∧N ligand,
we can conclude that the decrease of ∆E and the red-shift
of emission wavelength are caused by the change of the
conjugated length of diimine ligands. The complex contain-
ing the ligand with longer conjugated length appears to have
a more red-shifted luminescence. The attachment of extra
aromatic rings into π framework of the diimine ligand from
bpy to biqu could elongate the overall π conjugation and
consequently decrease the energy levels of LUMOs. On the
other hand, compared with ligand bqu, the replacement of
one CH by an electronegative nitrogen atom in quqo would
decrease the energy level of the diimine ligand furthermore.
The effect of conjugated length on the energy levels of
ligands can be seen by the variation of singlet energy levels
of ligands, which can refer to the wavelengths of the UV-
vis absorbance edges of the diimine ligands (see Supporting
Information). The wavelengths of UV-vis absorbance edges
of bpy, phen, pyqu, bqu, biqu, and quqo are 302, 303, 342,
347, 349, and 364 nm, respectively, indicating that their
corresponding singlet energy levels are 33 113, 33 003,
29 240, 28 818, 28 653, and 27 472 cm-1, respectively.
The low-temperature photoluminescence spectra of all

complexes in ethanol-methanol (4:1, v:v) glass were studied
and shown in Figure 8. For 1 and 2, no evident blue-shift of

emission maxima from fluid solution at room temperature
to rigid matrix at 77 K was observed (see Table 6). However,
compared with the emission maxima at room temperature,
an obvious blue-shift of the emission maxima of 3-6 at 77
K could be observed, which shows the excited-state proper-
ties of 3-6 are different from those of 1 and 2. Furthermore,
the photoluminescence spectra of all complexes in different
solvents were also investigated and the data are summarized
in Table 6. No obvious shift of photoluminescence spectra
of 1 and 2 was observed by changing solvent, indicating that
the photoluminescence spectra of 1 and 2 were evidently
not dependent on the solvent polarity. However, the emission
maxima occur at higher energy in less-polar CH2Cl2 than in
more-polar CH3CN for 3-6.
For the small dependence on the solvent polarity and

temperature of photoluminescence spectra for 1 and 2, it can
be concluded that the emission of 1 and 2 is caused by the
special CT states mixed with more ligand-centered (cyclo-
metalated) character (3LC).19 Güdel et al.20 have observed
the strong mixing between the LC (πC∧N f π*C∧N) and
MLCT excited states in the similar cationic iridium complex
[Ir(ppy)2bpy]+. The close proximity of the 3LC and 3MLCT
excited states and the large strong spin-orbit coupling of
Ir3+ induce the strong mixing of the charge-transfer and LC
excited states.
Figure 7 shows that the photoluminescence spectra of 3-6

measured at 298 K are broad and structureless. According
to the previous works,1,8,18 the photoluminescence spectra
from the ligand-centered 3π-π* state display vibronic
progressions, while those from the CT state are broad and
featureless. Therefore, we can conclude that charge-transfer
state participates in the nature of such emissions for 3-6.
Moreover, according to previous report,8 the sensitivity to
the medium and temperature of photoluminescence spectra
for 3-6 shows that the excited states for these complexes
are mainly attributed to the CT states (including 3MLCT and
LLCT) and the contribution from 3LC (πC∧N f π*C∧N) is
relatively rare.

(19) Lo, K. K. W.; Ng, D. C. M.; Chung, C. K. Organometallics 2001, 20,
4999-5001.

Figure 7. Room-temperature photoluminescence spectra of 1-6 in
CH2Cl2.

Table 6. Photophysical Properties of 1-6

medium (T [K]) λPL,max (nm) Φem τ (µs)
1 CH2Cl2 (298) 586 0.087 1.32

CH3CN (298) 588
glass (77) 580 4.12

2 CH2Cl2 (298) 589 0.083 0.86
CH3CN (298) 590
glass (77) 580 4.21

3 CH2Cl2 (298) 637 0.054 0.30
CH3CN (298) 643
glass (77) 590 4.42

4 CH2Cl2 (298) 659 0.018 0.49
CH3CN 678
glass (77) 612 5.95

5 CH2Cl2 (298) 695 0.005 0.11
CH3CN (298) 710
glass (77) 605 1.96

6 CH2Cl2 (298) 732 0.003 0.10
CH3CN (298) 760
glass (77) 656 4.13

Figure 8. Photoluminescence spectra of 1-6 in EtOH/MeOH (4:1 v/v)
at 77 K.

New Cationic Iridium(III) Complexes

Inorganic Chemistry, Vol. 45, No. 16, 2006 6159



	
   39 

 
Figure 1.24. (a) Emission spectrum of 94 in 5 mM THF 
solution, λex = 1064 nm. (b) Photograph of the visible 
emission under 1064 nm excitation. (c) Transmittance of 
1064 nm pulsed beam at various concentrations of 94 in 
THF. Reprinted with permission from Ref. 58. 

 
Figure 1.25. Energy diagram for 94, which exhibits two-
photon absorption and reverse saturable absorption. 
Reprinted with permission from Ref. 58. 

Complexes 95 – 98, reported by our group recently, are cationic Ir(III) complexes 

featuring benzothiazofluorene (BTZ) substituents on either diimine ligand or cyclometalating 

2-phenylpyridine ligand.59 In these complexes,  the structure-property relationship was 

examined by variation of the position of the BTZ or the extent of π-conjugation. As shown in 

Figure 1.26, the electronic absorptions of 95 – 98 feature 1π-π* transitions admixed with 

1MLCT/1LLCT in the < 475 nm region and spin-forbidden 3MLCT/3LLCT above 475 nm. 

spectrum observed under two-photon excitation conditions is
similar to that obtained using one-photon excitation (see
Supporting Information).23 The fact that strong transient absorp-
tion is seen for the triplet state under two-photon excitation
conditions clearly indicates that a relatively large triplet excited-
state population can be produced via TPA, even with a
nanosecond pulsed laser.
The observation of the strongly absorbing triplet excited state

of ML produced under two-photon excitation conditions sug-
gests that this material will exhibit dual-mode optical limiting
via RSA and TPA. To provide a proof of principle for this
concept, we carried out preliminary studies to examine the
nonlinear absorption ofML using 1064 nm, 5 ns pulses. These
experiments were carried out with the liquid sample placed at
the focal plane of a 10 cm plano convex lens. Figure 3c shows
the laser power dependence of the transmittance of ML at a
range of concentrations in THF solution. While the blank THF
solution responds linearly to the incident energy, it is evident
that the THF solutions of Ir(III) complexML exhibit nonlinear
absorption, the extent of which increases with the concentration
of ML. Notably, for a 20 mM solution of ML, the transmitted
energy is significantly reduced above an input energy of 0.8
mJ. Importantly, the observed nonlinear absorption of the
nanosecond 1064 nm pulses is believed to arise by the
mechanism shown in Figure 1, i.e., two-photon absorption
followed by intersystem crossing and then reverse saturable
absorption due to strong triplet-triplet absorption.
Taken together, the results of the work carried out on

organometallic TPA/RSA chromophore ML demonstrate that
it is possible to produce a long-lived triplet excited state in high

yield by near-infrared two-photon absorption. Because the triplet
excited state has a large absorption cross section, this molecular
system displays nonlinear absorption via the dual-mode TPA/
RSA mechanism. We believe that it will be possible to
synthesize a series of organometallic chromophores that make
it possible to tune the wavelength and optimize the cross sections
for the two-photon and triplet-triplet absorptions. This will
result in a “toolbox” of chromophores that feature efficient
nonlinear absorption over a broad wavelength region for long
and short laser pulses.
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The photophysical properties of the complex (L)Ir(ppy)2+, where ppy ) 2-phenylpyridine and L ) 4,4!-
(2,2!-bipyridine-5,5!-diylbis(ethyne-2,1-diyl))bis(N,N-dihexylaniline), have been investigated under one- and
two-photon excitation conditions. In THF solution, the complex exhibits broad ground-state absorption with
λmax ≈ 500 nm and weak photoluminescence with λmax ≈ 730 nm. Excitation of (L)Ir(ppy)2+ at 355 nm
produces a long-lived excited state (τ ≈ 1 µs) that features a strong excited-state absorption in the near-
infrared (λmax ≈ 875 nm, ∆ϵ ≈ 6.1 × 104 M-1 cm-1). Photoluminescence and transient absorption studies of
(L)Ir(ppy)2+ carried out using 5 ns, 1064 nm pulsed excitation demonstrate that the same long-lived and
strongly absorbing excited state can be efficiently produced by two-photon absorption. Solutions of the complex
in THF display nonlinear absorption of 5 ns, 1064 nm pulses in a process that is believed to involve a
combination of two-photon absorption and reverse saturable absorption.

Organometallic compounds are useful for optical applications
requiring long-lived triplet excited states, because coupling of
the transition metal to the organic chromophore significantly
enhances the quantum efficiencies of singlet-triplet intersystem
crossing and phosphorescence. Some applications of recent
interest include light-emitting diodes based on electrophospho-
rescent chromophores,1,2 photovoltaic devices based on charge
separation activated by triplet excited-state organometallic
chromophores,3-5 and materials for nonlinear absorption. Among
these applications, organometallic two-photon absorption (TPA)/
reverse saturable absorption (RSA) chromophores are of par-
ticular interest because of their potential as nonlinear absorbing
materials.6-10 Two-photon absorbers feature “instantaneous”
nonlinear absorption in the short time regime (fs/ps), whereas
reverse saturable absorbers exhibit nonlinear response on a
longer time scale (ns/µs). Thus, a molecule that contains both
TPA and RSA chromophores will, in principle, give rise to a
strong and broad temporal domain nonlinear absorption. In
addition, the material will be transparent at the active wave-
length, because the molecule is excited primarily by TPA.
There have been numerous reports concerning TPA or RSA

in organic and organometallic materials, but to date, not much
effort has been devoted to the study of chromophores that exhibit
both TPA and RSA.11-13 We are interested in the design,
synthesis, and characterization of organometallic complexes that
exhibit “dual-mode” TPA/RSA nonlinear absorption. In par-
ticular, we seek to prepare organometallic oligomers that contain
π-conjugated chromophores having large TPA cross sections
(σ2) that are strongly coupled to a transition metal chromophore
that promotes intersystem crossing to a long-lived triplet excited
state with a large cross section triplet-triplet absorption. As
shown in the Jablonski diagram in Figure 1, such organometallic
oligomers have the potential to exhibit nonlinear absorption by
two mechanisms. First, due to the large σ2 of the π-conjugated

chromophore, at moderate to high optical fluence, the first
singlet excited state (S1) of the oligomer will be populated by
TPA. Second, due to the influence of the transition metal, rapid
singlet-triplet intersystem crossing occurs (S1f T1), efficiently
populating the triplet excited state. Due to the large cross section
for the triplet-triplet absorption (σTT), the chromophore will
exhibit additional nonlinear absorption via RSA.
In this communication, we report an investigation of the

photophysics and nonlinear absorption properties of the Ir(III)
complex ML (Scheme 1). This complex incorporates a heavy
metal center into a donor-π-donor (D-π-D) type π-conjugated
oligomer L. It is well-established that π-conjugated molecular
structures containing electron donors (D) or acceptors (A) at
both ends of a delocalized, π-electron system exhibit large TPA
cross sections.14,15 In addition, iridium has the largest spin-
orbit coupling constant of all the transition metals, and
consequently, it is able to facilitate intersystem crossing to afford

* To whom correspondence should be addressed. Tel: 352-392-9133.
Fax: 352-392-2395. E-mail: kschanze@chem.ufl.edu.

Figure 1. Jablonski diagram for a chromophore that exhibits two-
photon absorption and reverse saturable absorption.

SCHEME 1: Structures of ML and L
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The emitting states varies significantly in the four complexes: 3MLCT/3LLCT for 95, 3π-π* 

for 96, and admixed 3MLCT/3LLCT/3π-π* for 97 and 98. Broadband transient absorptions are 

observed, and they are much stronger for 95 – 97 than for 98, as shown in Figure 1.27. This 

trend in transient absorption is reproduced in the reverse saturable absorption of 95 – 98 for 

532 nm ns laser, in which the strength follows the trend of 95 ≈ 96 ≈ 97 > 98. Nevertheless, 

the strength of the transient absorption is not the solely factor that governs the strength of 

reverse satuable absorption, and the ground-state absorption and triplet-excited state quantum 

yield should all be considered.  

 
Figure 1.26. Electronic absorption of 95 – 98 in CH2Cl2 (95, 1; 
96, 2; 97, 3; 98, 4). Reprinted with permission from Ref. 59. 

 
Figure 1.27. Time-resolved transient absorptiop of 95 – 98 in toluene, λex = 355 
nm, A355 = 0.4. (95, 1; 96, 2; 97, 3; 98, 4). Reprinted with permission from Ref. 59. 

5H), 7.99−7.85 (m, 4H), 7.81−7.40 (m, 16H), 7.14 (s, 1H), 6.35 (s,
1H), 2.26−1.82 (m, 8H), 1.08−0.35 (m, 60H). Anal. Calcd for
C176H196F6IrN8PS4·CH2Cl2·H2O: C, 71.51; H, 6.63; N, 3.69. Found:
C, 71.35; H, 6.72; N, 3.97. ESI-HRMS: m/z calcd for (M − PF6)

+,
2791.4128; found, 2791.4155.
Photophysical Study. A Shimadzu UV-2501 spectrophotometer

was used to measure the UV−vis absorption spectra of 1L−4L, 1−4,
and 7 in different solvents. A Horiba Jobin Yvon FluoroMax-4
spectrofluorometer was used to obtain the steady-state emission
spectra. The relative actinometry53 method was utilized to measure the
emission quantum yields of complexes 1−4 in degassed solutions, in
which a degassed [Ru(bpy)3]Cl2 aqueous solution (Φem = 0.042, λex =
436 nm)54 was used as the reference. An Edinburgh LP920 laser flash
photolysis spectrometer pumped with the third harmonic output (355
nm) of a Nd:YAG laser (Quantel Brilliant, pulsewidth ∼4.1 ns,
repetition rate is set to 1 Hz) was used to measure the nanosecond
transient difference absorption spectra, the triplet excited-state
lifetimes and the triplet excited-state quantum yields. All sample
solutions were purged with Argon for 30 min before each
measurement.
The triplet excited-state molar extinction coefficients (εT) at the TA

band maximum was measured by the singlet depletion method;55 and
the triplet excited-state quantum yield was deduced by the relative
actinometry.56 The details of the methods were described previously.57

Nonlinear Transmission Measurement. The nonlinear trans-
mission experiments at 532 nm for complexes 1−4 and 7 were
conducted using a Quantel Brilliant 4.1 ns laser with a repetition rate
of 10 Hz. 1−4 was measured in toluene solutions with a linear
transmission of 80% in the 2-mm cuvette at 532 nm, while 3 and 7 was
compared in CH2Cl2 solutions with a linear transmission of 85% due
to the limited solubility of 7. The experimental details were described
previously.57 The beam waist at the focal plane was approximately 96
μm (radius).
Computational Methods. All calculations, including ground state

geometry optimization and excited state modeling, were performed
using Gaussian 09 software package.58

The geometry of all the complexes at their singlet ground state was
optimized using hybrid Perdew, Burke and Ernzerhof functional
(PBE1)59,60 and LANL2DZ basis set61 assigned for Ir(III) ion and 6-
31G* basis set62−66 assigned for all other atoms. All calculations,
including geometry optimization, were performed in solvent using the
Conductor Polarized Continuum Model (CPCM)67,68 as implemented
in Gaussian 09. Dichloromethane (CH2Cl2) was chosen as the solvent
for consistency with the experimental studies. Implementation of
solvent also helps to avoid any unnatural charge transfer states within
the energy gap of these complexes.69 Methyl groups were used to
replace the branched alkyl groups on the fluorene motifs in 1−4 to
reduce computational time, since side chains have negligible effect on
the electronic structure of the complexes. The optimized geometries of
complexes 1−4 are reported in the Supporting Information Table S1.
Linear response TDDFT calculations were performed to determine

the optical spectra of complexes 1−4 using the same functional, basis
sets, and solvent model as for geometry optimization. For obtaining
the absorption spectra, 50 lowest singlet transitions were calculated,
from which the vertical excitation energies at the ground state optimal
geometry were obtained. These transition energies were plotted as
peaks in the absorption spectra (see Figure 1c). To match with the
experimental data in Figure 1b, a line-width of 0.1 eV was used to
broaden each spectral line obtained from the TDDFT calculations.
Emission energies for the complexes 1−4 were calculated by

optimizing their geometries at their singlet and triplet excited states
with analytic TDDFT70 calculations utilizing the same methodology as
for absorption spectra calculations. This approach provided the vertical
transition energies of the lowest singlet and triplet excited states at its
optimal geometry. To determine the charge transfer behavior in the
absorption and emission transitions, natural transition orbitals
(NTOs)71 were computed by applying the unitary transformation
that diagonalizes the transition density matrix obtained from TDDFT
calculations and represents the electron excitation as a single-particle
electron−hole pair. As incorporated in Gaussian 09 software package,

this approach allows depicting each optical transition between the
ground and excited states as a single-particle transition from an
occupied (hole) orbital to an unoccupied (electron) orbital. As such,
NTOs characterize the excited state via excited orbitals of an electron
(to which an electron is excited) and hole (from which an electron is
transferred). In contrast to the ground-state molecular orbitals (MOs)
obtained from DFT calculations, electron and hole NTOs calculated
from TDDFT represent the excited state electronic density, which
includes excitonic effects such as an electron−hole correlation;
therefore, is a widely used method for characterization of charge
transfer properties of the excited state of various metal−organic
complexes.72−74 All NTOs are visualized using cubegen function, with
the isovalue of 0.02 as provided in the GaussView 5.1 graphical
software.75

■ RESULTS AND DISCUSSION
Molecular Design and Synthesis. The synthetic routes

for complexes 1−4 and the respective ligands 1L−4L are
illustrated in Schemes 1 and 2. Benzothiazolylfluorene group
was introduced to 2,2′-bipyridine ligand at different positions in
order to tune both the ground-state and excited-state
properties. Branched alkyl chains were attached on the 9-
position of fluorene motif to prevent the intermolecular
interactions and improve the solubility of the Ir(III) complexes.
Suzuki coupling reaction was used to couple benzothiazolyl-
fluorene motif to bpy or ppy ligands to obtain ligands 1L−4L at
a yield varying from 29% to 44%. Sonogashira coupling reaction
was utilized to incorporate the C≡C triple bond between the
benzothiazole and fluorene motifs for extending the π-
conjugation, and the yield was approximately 50%.

Figure 1. (a) UV−vis absorption spectra of 1L-4L in CH2Cl2. (b)
Experimental UV−vis absorption spectra of 1−4 and 7 in CH2Cl2. (c)
Calculated UV−vis absorption spectra for complexes 1−4 in CH2Cl2.
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Previous studies on some Ir(III) complexes revealed that those
complexes possess broad triplet excited-state absorption
extending from the visible to the near-IR region.43,45,82,83 The
emission study on 1−4 also suggests long-lived triplet excited
states of these complexes. As a result, we anticipate to observe
the triplet excited-state absorption from 1−4. Figure 6
demonstrates the time-resolved triplet TA spectra of 1−4
upon excitation at 355 nm at room temperature in deaerated
toluene solutions (toluene was chosen as the solvent instead of
CH2Cl2 because of the better stability of the toluene solution
than the CH2Cl2 solution upon laser irradiation). The TA
parameters for these complexes are summarized in Table 1.
The TA spectra of these complexes are quite distinct. 1

features a ground-state bleaching at ∼375 nm and a strong
absorption band that extends from 425 to 750 nm. 2 exhibits a
red-shifted bleaching at ∼400 nm compared to 1, which is
consistent with their respective UV−vis absorption band
maximum, and a broad, strong absorption band from 450 nm
and extending into the near-infrared region. The lifetimes
deduced from the decay of the TA (shown in Table 1) are in
accordance with those obtained from the emission decay in
toluene (see Table 5), suggesting the same parentage of the
absorbing excited state and the emitting excited state for 1 and
2 in toluene. On the basis of the nature of the emitting states
assigned to these two complexes in toluene, and with reference
to the previous reports on d6 and d7 transition metal complexes
with π-conjugated ligands,43,45,82,84 we tentatively attribute the
excited states giving rise to the observed TA of 1 and 2 in
toluene to predominantly 3π,π* excited states. The TA lifetimes
of 3 and 4 are quite similar to those obtained from their
emission decay and they are much shorter than those for 1 and
2. This implies that the excited states leading to the TA spectra

of 3 and 4 should have the mixed 3LLCT/3MLCT/3π,π*
characters in nature.
It should be noted that the triplet quantum yields (ΦT) listed

in Table 1 for 1−4 are significantly lower than unity, which is
typically assumed for Ir(III) complexes due to the largest spin−
orbit coupling constant in Ir(III) complexes. The low triplet
quantum yield could be accounted for by three factors: First,
the triplet quantum yield was measured by relative actino-
metry,56 in which the optical density change (ΔOD) of the
Ir(III) complex at its TA band maximum is compared to the
ΔOD of the reference compound SiNc at its TA band
maximum measured at optically matched solutions at identical
experimental conditions. This lays a limitation that the
measured ΦT from this method only reflects the excited state
giving rise to TA. It is reported that intersystem crossing of
some Ru(II) complexes can populate both the 3MLCT and
3π,π* states.85−87 If only one of these states exhibits transient
absorption, then the measured ΦT by this method would be
smaller than the actual intersystem crossing yield. We assume
that this phenomenon applies to the Ir(III) complexes
discussed here. Second, it has been reported for Pt(II)
complexes that the increased π-conjugation in the ligand
decreases the spin−orbit coupling,88 which in turn reduces the
triplet quantum yield. Third, the calculation of triplet quantum
yield uses the triplet molar extinction coefficient obtained by
the singlet depletion method,55 which assumes negligible triplet
absorption at the bleaching wavelength and negligible ground-
state absorption at the TA band maximum. If the triplet
absorption at the bleaching wavelength cannot be neglected,
the triplet molar extinction coefficient obtained from the singlet
depletion method would be overestimated. Consequently, the
triplet quantum yield calculated would be underestimated. We

Figure 6. Time-resolved triplet TA spectra of 1−4 in toluene solution. λex = 355 nm, A355 = 0.4 in a 1-cm cuvette.
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Figure 1.28. Reverse saturable absorption for 
complexes 95 – 98 in 2 mm thick toluene solution (80% 
linear transmission) for 4.1 ns laser pulses at 532 nm. 
Reprinted with permission from Ref. 59. 

Table 1.3. Photophysical data of complexes 95 – 98. 
 λabs/nm (logε/Lmol-1cm-1) λem/nm (τ/µs); 

Φem
 

R.T. 

𝜆!!!!!/nm (𝜏!/µs; 
log𝜀!!!!!/L mol-1 cm-1; 
𝛷!)c 

95 314 (4.79), 355 (4.94), 379 (4.97) 582 (1.20); 0.33 620 (5.30; 4.98; 0.13) 
96 313 (4.79), 348 (4.76), 413 (4.96), 

430 (4.89) 
600 (6.80); 
0.097 

735 (8.35; 4.76; 0.30) 

97 307 (4.95), 353 (5.22), 378 (5.17), 
414 (4.98) 

608 (1.39); 0.14 550 (0.20; 4.65; 0.16) 

98 322 (5.02), 349 (5.05), 390 (5.02), 
413 (4.99) 

609 (1.32); 
0.027 

590 (0.30; 5.06; 0.015) 

UV-vis in CH2Cl2; RT emission in CH2Cl2 at the concentration of 1×10-5 mol/L, emission 
quantum yield relative to Ru(bpy)3Cl3 in aqueous solution (Φem = 0.042; λex = 436 nm); ns 
TA in toluene with SiNc as standard (ε590 = 53400 L mol-1 cm-1, 𝛷! = 0.20).  

1.3.3. Synthesis of Ir(III) Complexes 

The coordination reactivity of the iridium center is relatively inert. However, many 

methods have been developed to facilitate the coordination of iridium to different kinds of 

ligands. In this dissertation, the synthesis of the mononuclear iridium complexes was realized 

in a two-step procedure illustrated in Chart 1.8.60  

 
Chart 1.8. General synthesis route for Ir(III) complexes. bpy: 2,2'-
bipyridine; ppy: 2-phenylpyridine 

speculate all these factors contribute to the smaller triplet
quantum yields in 1−4. This could also explain why the
emission quantum yield of 3 in toluene (Φem = 0.21 in Table 5)
is larger than the triplet quantum yield in toluene (ΦT = 0.13 in
Table 1).
Reverse Saturable Absorption (RSA). The broad positive

triplet TA band in the visible to the near-IR region for 1−4 (as
shown in Figure 6) suggests stronger triplet excited-state
absorption with respect to the ground-state absorption in this
spectral region for these complexes. Therefore, reverse
saturable absorption (RSA) (defined as the absorptivity
increase or transmission decrease when the incident fluence
increases) is expected to occur from these complexes under ns
laser irradiation. To manifest this, nonlinear transmission
experiments were conducted using 4.1 ns laser pulses at 532
nm for 1−4 in toluene solution in a 2-mm cuvette. The toluene
solution of each complex was prepared to have an identical 80%
linear transmission in the 2-mm cuvette for comparison
purpose. To evaluate the effect of benzothiazolylfluorenyl
substituent on the bipyridine and phenylpyridine ligands on the
RSA of the Ir(III) complexes, the RSA of the reference complex
7 was also investigated under identical experimental conditions
except that a CH2Cl2 solution with a 85% linear transmission in
the 2-mm cuvette was used for 7, because 7 has poor solubility
in toluene to obtain the required 80% linear transmission. The
transmission vs incident energy curves for 1−4 are depicted in
Figure 7. All of the complexes exhibit remarkable transmission

decrease with the increased incident energy, clearly indicating
the occurrence of strong RSA. The RSA of 1, 2, and 3 is
significantly stronger than that of 4. The RSA threshold for 1−
3, which is defined as the incident energy that reduces the
transmittance to 70% of the linear transmittance, is
approximately 3 μJ, and the transmission drops to 0.08 at the
incident energy of 680 μJ. Comparison of the RSA of 3 to that
of 7 (see the inset in Figure 7) clearly manifests that
incorporation of benzothiazolylfluorenyl substituents on the
bipyridine and phenylpyridine ligands drastically improves the
RSA of the Ir(III) complexes.
To rationalize the observed trend of RSA for 1−4 in toluene,

the ratio of the excited-state absorption cross section (σex)
relative to that of the ground-state (σ0), which is one of the key

parameters for RSA, has to be assessed for 1−4. According to
the ε values at 532 nm, which can be obtained from the UV−vis
absorption spectra (Supporting Information Figures S11−S14),
and the conversion equation: σ = 2303ε/NA (where NA is the
Avogadro constant), the ground-state absorption cross sections
(σ0) at 532 nm for 1−4 in toluene solutions can be deduced.
Using the respective ΔOD values at 532 nm and at the TA
band maximum immediately after the laser excitation (which
can be determined from the TA spectrum at zero delay), as well
as the εT1‑Tn at the TA band maximum, and applying the
method reported by our group before,89 we can estimate the
triplet excited-state absorption cross sections at 532 nm. The
obtained σ0 and σex values are listed in Table 6. The σ0 values in

Table 6 clearly indicate that extending the π-conjugation on
either the N∧N or the C∧N ligands significantly increases the
σ0 value at 532 nm for these complexes, consequently, the ratio
of σex/σ0 decreases following this trend: 1 > 2 > 3 > 4.
Complexes 1 and 2 with the extended π-conjugation only on
N∧N ligand show larger σex/σ0 ratios than complexes 3 and 4
that have the extended π-conjugation on both N∧N and C∧N
ligands. Because the rapid intersystem crossing in the Ir(III)
complexes, the excited state that makes the major contribution
to the observed RSA should be the triplet excited state.
Therefore, the triplet excited-state quantum yields (ΦT) of 1−4
should influence the observed RSA as well. The combined
ΦTσex/σ0 values for 1−4 are provided in Table 6. The trend of
these combined values correlates with the observed RSA very
well. The stronger RSA of 1, 2, and 3 should thus be attributed
to their larger σex/σ0 ratios and their higher triplet quantum
yields compared to those of 4 at 532 nm. It is worth noting that
the estimated σex/σ0 value at 532 nm for 1 is larger than that for
the Pt(II) bipyridyl complex bearing the benzothiazolylfluor-
enyl acetylide ligands reported by our group previously (σT/σ0
= 1200)2 (which was among the largest ratios reported for
Pt(II) complexes at 532 nm to date),90,91 although the σex value
obtained by the method mentioned above is only a rough
estimation. Nonetheless, to the best of our knowledge, the RSA
observed from 1, 2, and 3 is among the strongest for ns laser
pulses at 532 nm considering all of the currently reported
reverse saturable absorbers.2,5,45,90−105 It should also be pointed
out that although the RSA of 4 is weaker than those of 1−3, its
two-photon absorption cross sections in the near-IR region
could be larger than 1−3 in view of its more extended π-
conjugation in the phenylpyridine ligands. This prediction is
based on our discovery from the Pt(II) complexes with more
extended π-conjugated ligands via insertion of a CC triple
bond90,104 and will be confirmed from wavelength dispersion Z-
scan study in the near future.

■ CONCLUSION
Four cationic Ir(III) complexes (1−4) with benzothiazolyl-
fluorenyl substituent on the bipyridine and/or on the
phenylpyridine ligands were synthesized. Their ground-state

Figure 7. Transmittance vs incident energy curves for 1−4 in toluene
for 4.1 ns laser pulses at 532 nm in a 2-mm cuvette. The linear
transmission was adjusted to 80% for each sample in the 2-mm cell.
The inset shows the comparison of 3 and 7 in CH2Cl2 solutions with a
linear transmission of 85% in the 2-mm cell for 4.1 ns laser pulses at
532 nm.

Table 6. Ground-State (σ0) and Excited-State (σex)
Absorption Cross Sections of 1−4 in Toluene at 532 nm

1 2 3 4

σ0/10
−18 cm2 0.157 0.222 0.704 3.97

σex/10
−18 cm2 232 124 160 547

σex/σ0 1478 558 228 138
ΦTσex/σ0 197 169 37 2.1
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In this procedure, dinuclear [Ir(ppy)2(µ-Cl)]2 complex was first synthesized by 

treating iridium trichloride with at least two equivalent of cyclometalating ligand (2-

phenylpyridine as an example) under reflux in mixed solvent of 2-ethoxyethanol and water 

(v/v = 3/1) for 24 hours. The dinuclear complex was then treated with the third ligand (bpy or 

ppy) in refluxing 2-ethoxyethanol for 24 hour to afford the target mononuclear iridium 

complex. Both steps should be protected under nitrogen to prevent possible side reactions as 

well as considering the stability of the dinuclear complex. 

1.4. Designing Criteria for Nonlinear Absorbing Materials 

The research of our group has been focused on the nonlinear absorption of 

platinum(II) complexes based on their excited-state absorption (ESA) and/or two-photon 

absorption (TPA). The ultimate goal is to reduce the transmittance of high intensity lasers by 

RSA or TPA/ESA mechanism. To date, we have discovered many complexes that show 

excellent reverse saturable absorption (RSA) and/or TPA, and devices based on these 

complexes have been explored for laser pulse compression applications. In order to enhance 

the RSA of complexes, the materials have to have large ratios of ESA cross section (σex) 

relative to those of their ground-state (σ0). This requires us to reduce the ground-state 

absorption but increase the ESA at the interested wavelengths. To reach this goal, 

understanding the structure-property correlation is the key. The nonlinear absorption of metal 

complexes relies on the σex/σ0 for reverse saturable absorbers and on the TPA cross sections 

(σ2) for two-photon absorbing materials. Increase of either value leads to stronger nonlinear 

absorption. To increase the σex/σ0 value, we need to minimize the ground-state absorption 

(but not to zero!) and/or maximize the excited-state absorption in the expected RSA region. 

In addition, having a long-lived excited-state that can absorb light before decay to ground-

state is the preliminary requirement. Meanwhile, since the ligand-centered 1π,π* states 

generally have strong ground-state absorption while 1MLCT/1LLCT states absorb weakly, 
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blue-shift of the ligand-centered 1π,π* states to the UV-region and red-shift of the 

1MLCT/1LLCT band would not only improve the RSA in the visible to the NIR region but 

also expand the RSA spectral region. To increase the σ2 value, molecules should contain 

more conjugated π-electron system as the ligand and the degree of charge transfer should be 

large. On the other hand, although increasing the π-conjugation of the ligand could 

potentially increase the TPA of the molecule and admixture the 3π,π* character into the low-

energy charge-transfer state to increase the lifetime of the lowest triplet excited-state, the 

extended π-conjugation of the ligand could red-shift the major absorption band, which would 

reduce the RSA. Therefore, there is a fine balance when adjusting the conjugation length of 

the ligand.  

Ligand field strength of the metal center is very important in determining the excited-

state properties of the transition-metal complexes. Generally, the ligand field strength of 

transition metals increases from the first-row to the third-row metals. As a result, most first-

row transition metal complexes have a short-lived excited-state due to the accessibility of 

non-radiative deactivating d,d state. In contrast, second- and third-row transition metals 

complexes can reach stable and long-lived excited-state. Both Pt and Ir metals belong to 

third-row transition metal, especially the ligand field strength of Ir(III) is even stronger than 

Pt(II). The non-radiative deactivating d,d state is pushed to a higher energy level for the 

Ir(III) complexes, which could generate long-lived triplet excited-states. This is another 

desirable feature for ideal nonlinear absorbing materials. In addition, Ir(III) complexes have 

been reported to exhibit faster intersystem crossing, which could enhance the quantum yield 

of the triplet excited-state and facilitate the RSA for ns and longer pulsewidth lasers. 

Furthermore, it is possible to incorporate more desirable substituents on each of the bidentate 

ligand to enhance the RSA and TPA in the Ir(III) complexes. From practical viewpoints, the 

octahedral coordination geometry of Ir(III) could reduce the intermolecular interactions, 
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which could increase the solubility of the Ir(III) complexes.  Moreover, iridium salt is 

cheaper than platinum salt, which could reduce the cost for practical applications. 

1.5. Objective of My Dissertation Research 

As discussed above in this chapter, Pt(II) and Ir(III) complexes show interesting 

photophysical and nonlinear absorption. By utilizing the strong intersystem crossing induced 

by the large spin-orbit coupling constant of these metal centers, two major research 

objectives are merged in this dissertation: (1) understanding the structure property 

relationship of Pt(II) and Ir(III) complexes by studying the photophysics, including electronic 

absorption, emission and transient absorption, of the structurally-related complexes with 

different substituents on the ligands; (2) optimizing the RSA and/or TPA of these complexes. 

To realize these goals, five series of Pt(II) or Ir(III) complexes were developed and studied in 

detail: 

(1) Synthesis, photophysics and nonlinear absorption of bipyridyl platinum(II) 

bisstilbenylacetylide complexes with different auxiliary substituents 

(2) Tunable photophysics and reverse saturable absorption of a series of platinum 

chloride complexes containing 6-[7-R-9,9-di(2-ethylhexyl)-9H-fluoren-2-yl]-2,2'-bipyridinyl 

ligand  

(3) Synthesis, photophysics, and reverse saturable absorption of platinum complexes 

bearing extended π-conjugated C^N^N ligand 

(4) Synthesis, photophysics, and nonlinear absorption of 7-(benzothiazol-2-yl)-9,9-

di(2-ethylhexyl)-9H-fluoren-2-yl tethered [Ir(bpy)(ppy)2]PF6 and Ir(ppy)3 

(5) Synthesis, photophysics, and nonlinear absorption of a series of bipyridyl 

iridium(III) complexes with different cyclometallating arylpyridine ligands 
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CHAPTER 2. SYNTHESIS, PHOTOPHYSICS, AND NONLINEAR ABSORPTION 

OF BIPYRIDYL PLATINUM(II) BISSTILBENYLACETYLIDE COMPLEXES 

WITH DIFFERNET AUXILIARY SUBSTITUENTS 

2.1. Introduction 

Photophysical and photochemical properties of platinum complexes have been of 

intense interest for researchers for decades. The interests arise from the unique structural and 

spectroscopic properties of the platinum complexes and their promising potential applications 

in the fields of organic light emitting diodes (OLEDs),1, 2 low power photon upconversion 

sensitizers,3 dye-sensitized solar cells (DSSCs),4 DNA intercalators,5 photodynamic therapy 

(PDT),6 etc. Among the reported complexes, platinum diimine bis(acetylide) complexes are 

of particular interest. Systematic investigations on the photophysics and potential applications 

of these complexes have been reported by several groups. In 1994, Che and co-workers 

reported their study on the Pt(phen)(C≡CC6H5)2 complexes and proposed that the emissive 

state for these complexes has a metal-to-ligand charge transfer character (MLCT).7,8 

Following that, comprehensive work by Eisenberg’s group discovered that the lowest 

occupied molecular orbital (LUMO) of the Pt(II) diimine complexes could be adjusted by the 

variation of the substituents on diimine, while the highest occupied molecular orbital 

(HOMO) is slightly affected by the variation of the arylacetylide ligands.9 Schanze and co-

workers later reported that the intraligand 3π,π* state largely localized on the arylacetylide 

ligand could also play a role in the photophysics of the Pt(II) diimine complex with strong 

electron-withdrawing group on the phenylacetylide ligands.10 In recent years, Castellano and 

co-workers demonstrated the interplay of the 3MLCT and 3π,π* states in Pt(II) diimine 

complexes bearing more conjugated aromatic rings, i.e. 1-pyrene, 1-anthracene and 1-

perylene on the acetylide ligands.11, 12 In accordance with these results, our group recently 

revealed the admixture of the 3MLCT and 3π,π* characters in the lowest excited states of a 
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2,2'-bipyridine Pt(II) complex bearing 2-(benzothiazol-2'-yl)-9,9-diethyl-7-ethynylfluorene 

ligands.13 

In addition to the interesting photophysical studies, the potential applications of the 

Pt(II) diimine complexes in OLEDs,14 molecular photochemical devices,15, 16 and as 

vapoluminescent materials17 and nonlinear absorbing materials13 have been explored. A 

detailed nonlinear absorption study reported by our group on the 2,2'-bipyridine Pt(II) 

complex bearing 2-(benzothiazol-2'-yl)-9,9-diethyl-7-ethynylfluorene ligands13 revealed that 

this complex exhibit extremely large ratios of the excited-state absorption relative to that of 

the ground state in the visible spectral region and large two-photon absorption (TPA) in the 

near-IR region. This discovery is quite exciting; however, the two-photon absorption cross 

sections of this complex is still moderate compared to the best organic two-photon absorbing 

materials.18 In order to improve the TPA of the Pt(II) bipyridyl complex in the near-IR 

region, we are interested in introducing the stilbene component to the acetylide ligand, 

because the TPA of stilbene and its derivatives have been extensively investigated.19, 20, 21 

The ultimate goal is to explore whether the TPA of the Pt(II) bipyridyl complexes could be 

improved by incorporation of the stilbene component while retaining the strong excited-state 

absorption of the Pt(II) bipyridyl complexes. 

Schanze’s group has reported the photochemistry and photophysics of four platinum 

complexes bearing stilbenylacetylide ligands.22 It is found that the triplet excited states of 

these complexes are localized on one of the 4-ethynylstilbene ligands, and the coordination 

geometry can affect the extent of delocalization through the metal center. However, the 

effects of the substituents on the 4-ethynylstilbene ligands on the ground- and excited-state 

properties of the platinum diimine bisstilbenylacetylide complexes have not been explored; 

and the nonlinear absorption characteristics of these complexes have not been investigated 

either. 
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In this study, we synthesized a series of platinum diimine bisstilbenylacetylide 

complexes (Chart 1) and systematically investigated their photophysics and excited-state 

absorption. The nonlinear transmission performances of these complexes are evaluated at 532 

nm using ns laser pulses. Although the ultimate goal of this project is to enhance the TPA of 

the Pt(II) complexes in the near-IR region, the linear optical properties of these complexes 

and their dependence on the substituents are in close relationship to the nonlinear absorption 

of the complexes. As such, we first focus on understanding of how the auxiliary substituents 

on the stilbenylacetylide ligand influence the ground-state and excited-state characteristics of 

the complexes. To reach this goal, both photophysical experiments and time dependent 

density functional theory (TD-DFT) calculations were carried out.  

2.2. Experimental Section 

2.2.1. Synthesis and Characterization  

All of the reagents and solvents for synthesis were purchased from Aldrich Chemical 

Co. or Alfa Aesar and used as is unless otherwise stated. Silica gel for chromatography is 

purchased from Sorbent Technology (60 Ǻ, 230 - 400 mesh, 500 - 600 m2/g, pH: 6.5 - 7.5). 

Complexes 2-1 – 2-6 were characterized by 1H NMR, electrospray ionization mass 

spectrometry (ESI-MS), and elemental analyses. Ligands 2-3-L – 2-6-L were characterized 

by 1H NMR and elemental analyses. Each intermediate is characterized by 1H NMR. 1H 

NMR was obtained on Varian Oxford-VNMR spectrometers (300 MHz, 400 MHZ, or 500 

MHz). ESI-MS analyses were performed at a Bruker BioTOF III mass spectrometer. 

Elemental analyses were conducted by NuMega Resonance Laboratories, Inc. in San Diego, 

California.  
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Scheme 2.1. Synthetic routes and structures for complexes 2-1 – 2-6. 

4,4'-di(5,9-diethyl-7-tridecanyl)-2,2'-bipyridine (21) was synthesized following the 

literature procedure.23 Complex 22 was synthesized by the reaction of K2PtCl4 with 21 in 

refluxing aqueous HCl solution.9 Compounds 7, 9, 11, 13, and 15 were synthesized by Heck 

reaction.24 Compound 18 was synthesized by Wittig reaction.25 Compound 19 was 

synthesized by Ullmann reaction26 from 18. Sonogashira coupling reaction27 of 7, 9, 11, 13, 

15, and 19 with ethynyltrimethylsilane or 2-methyl-3-buytn-2-ol followed by hydrolysis with 
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K2CO3 or KOH in i-PrOH afforded ligands 1-L – 6-L. The synthesis of 1-L – 6-L was all 

previously reported22, 28 – 31 except 3-L. 

11. The mixture of 4-bromostyrene (1.82 g, 1.4 mL, 10 mmol), 1-bromo-4-

iodobenzene (2.83 g, 10 mmol), [Pd(OAc)2]3 (67 mg, 0.1 mmol), MeCN (15 mL), and Et3N 

(10 mL) was heated to reflux under argon for 12 hrs. After reaction, the solvent was removed 

by distillation. The residue was dissolved in dichloromethane, and the undissolved part was 

removed via filtration. The filtrate was washed with brine and dried over Na2SO4. The crude 

product was purified by silica gel column chromatography with hexane used as eluent. 1.08 g 

white powder was collected as the product (yield: 32%). 1H NMR (CDCl3, 400 MHz): 6.99 

(s, 2H), 7.32 – 7.35 (m, 4H), 7.44 – 7.46 (m, 4H). 

12. The mixture of 11 (0.39 g, 1.15 mmol), 2-methyl-3-buytn-2-ol (0.11 mL, 1.15 

mmol), CuI (5 mg), Pd(PPh3)4 (5 mg), and PPh3 (5 mg) in Et3N (20 mL) were heated to reflux 

under argon for 12 hrs. After reaction, the precipitate was removed by filtration and the 

solvent in filtrate was removed by distillation. The residue was purified by silica gel column 

chromatography with hexane and dichloromethane (v/v = 1/1) used as the eluent. 0.14 g 

yellow powder was collected as the product (yield: 36 %). 1H NMR (CDCl3, 400 MHz): 1.61 

(s, 6H), 1.98 (s, 1H), 7.02 (d, J = 0.8 Hz, 2H), 7.32 – 7.47 (m, 8H). 

3-L. Compound 12 (140 mg, 0.41 mmol), KOH (0.14 g, 2.5 mmol), and i-PrOH (20 

mL) were refluxed under argon for 3 hrs. After reaction, i-PrOH was removed by distillation 

and the residue was dissolved in dichloromethane (50 mL). The resultant solution was 

washed with water (3 × 50 mL) and dried over Na2SO4. After removal of the solvent, the 

residue was purified by silica gel column chromatography with hexane and dichloromethane 

(v/v = 1/1) used as eluent. 53 mg white powder was collected as the product (yield: 46%). 1H 

NMR (CDCl3, 400 MHz): 3.11 (s, 1H), 3.75 (s, 1H), 7.03 (s, 2H), 7.34 – 7.36 (m, 2H), 7.42 – 

7.47 (m, 6H). 
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21. Colorless oil, 1.13 g, yield: 89%. 1H NMR (400 MHz, CDCl3): 8.55 (d, J = 4.8 

Hz, 2H), 8.23 (s, 2H), 7.08 (dd, J = 5.2, 1.6 Hz, 2H), 2.80 (m, 2H), 1.42 – 1.62 (m, 8H), 0.98 

– 1.40 (m, 36H), 0.70 – 0.90 (m, 24H).  

22. Yellow solid, 1.03 g, yield: 64%.1H NMR (400 MHz, CDCl3): 0.72 – 0.87 (m, 

24H), 0.92 – 1.37 (m, 36H), 1.55 (m, 8H), 7.32 (dd, J = 6.0, 1.6 Hz, 2H), 7.60 (s, 2H), 9.64 

(d, J = 6 Hz, 2H).  

General procedure for synthesis of complexes 2-1 – 2-6. The mixture of 22 (0.10 

mmol), stilbenylacetylide ligand (0.24 mmol), CuI (5 mg), CH2Cl2 (15 mL), and 

diisopropylamine (5 mL) was heated to reflux under argon for 24 hrs. After reaction, the 

solvent and diisopropylamine was removed by rotary evaporation, and the residue was 

purified by flash silica gel column chromatography using dichloromthane as the eluent. The 

unreacted ligands were removed first, and then the yellow or red layer was collected as 

product. The crude product was recrystallized from dichloromethane and hexane to yield 

yellow or red powders. 

2-1. Red powder, 60 mg, yield: 49%. 1 H NMR (CDCl3, 400 MHz): 9.57 (s, br., 2H), 

8.17 – 8.20 (m, 4H), 7.72 (s, 2H), 7.59 – 7.61 (m, 8H), 7.45 (m, 4H), 7.40 (m, 2H), 7.23 (d, J 

= 16.4 Hz, 2H), 7.08 (d, J = 16.4 Hz, 2H), 2.92 (m, 2H), 1.56 (m, 8H), 1.05 – 1.38 (m, 36H), 

0.75 – 0.89 (m, 24H). ESI-HRMS: m/z Calc. for [C76H96N4O4Pt+Na]+: 1347.6994; Found: 

1347.6966. Anal. Calc. for C76H96N4O4Pt·2H2O·CH2Cl2: C, 63.97; H, 7.11; N, 3.88; Found: 

C, 63.96; H, 7.61; N, 4.20. 

2-2. Red powder, 72 mg, yield: 55%. 1H NMR(CDCl3, 400 MHz): 9.96 (s, 2H), 9.65 

(s, br., 2H), 7.84 (d, J = 8.4 Hz, 4H), 7.71 (s, 2H), 7.62 (d, J = 8.4 Hz, 4H), 7.55 (m, 4H), 

7.38 – 7.44 (m, 6H), 7.23 (d, J = 16.4 Hz, 2H), 7.08 (d, J = 16.4 Hz, 2H), 2.91 (m, 2H), 1.57 

(m, 8H), 1.04 – 1.40 (m, 36H), 0.75 – 0.89 (m, 24H). ESI-HRMS: m/z Calc. for 
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[C76H98N2Pt+Na]+: 1312.7174; Found: 1312.7166. Anal. Calc. for C78H98N2O2Pt·2H2O: C, 

70.40; H, 8.03; N, 2.11; Found: C, 70.29; H, 8.22; N, 2.48. 

2-3. Red powder, 57 mg, yield: 41%. 1 H NMR (CDCl3, 400 MHz): 9.68 (d, J = 4.8 

Hz, 2H), 7.69 (s, 2H), 7.52 (d, J = 8.0 Hz, 4H), 7.42 – 7.45 (m, 4H), 7.33 – 7.40 (m, 10H), 

7.05 (d, J = 16.4 Hz, 2H), 6.96 (d, J = 16.4 Hz, 2H), 2.90 (m, 2H), 1.56 (m, 8H), 1.04 – 1.39 

(m, 36H), 0.75 – 0.89 (m, 24H). ESI-HRMS: m/zCalc. for [C76H96N2Br2Pt+Na] +: 1415.5478; 

Found: 1415.5461. Anal.Calc. for C76H96Br2N2Pt: C, 65.55; H, 6.95; N, 2.01; Found: C, 

65.59; H, 7.17; N, 2.34. 

2-4. Yellow powder, 26 mg, yield: 21%. 1H NMR (CDCl3, 400 MHz): 9.71 (d, J = 5.6 

Hz, 2H), 7.69 (s, 2H), 7.48 – 7.54 (m, 8H), 7.31 – 7.42 (m, 10H), 7.19 – 7.24 (m, 2H), 7.09 

(d, J = 16.4 Hz, 2H), 7.04 (d, J = 16.4 Hz, 2H), 2.91 (m, 2H), 1.53 – 1.58 (m, 8H), 1.05 – 

1.38 (m, 36H), 0.75 – 0.90 (m, 24H). ESI-HRMS: m/z Calc. for [C76H98N2Pt+Na]+: 

1256.7276; Found: 1256.7227. Anal. Calc. for C76H98N2Pt·0.5C6H14: C, 74.26; H, 8.28; N, 

2.19; Found: C, 74.53; H, 8.40; N, 2.37. 

2-5. Yellow powder, 78 mg, yield: 60%. 1H NMR (CDCl3, 400 MHz): 9.71 (d, J = 5.6 

Hz, 2H), 7.68 (s, 2H), 7.51 (d, J = 8.0 Hz, 4H), 7.40 – 7.43 (m, 4H), 7.36 – 7.38 (m, 6H), 

7.01 (d, J = 16.4 Hz, 2H), 6.93 (d, J = 16.4 Hz, 2H), 6.86 – 6.88 (m, 4H), 3.81 (s, 6H), 2.90 

(m, 2H), 1.50 – 1.73 (m, 8H), 1.04 – 1.36 (m, 36H), 0.70 – 0.99 (m, 24H). ESI-HRMS: m/z 

Calc. for [C78H102N2O2Pt+Na]+: 1316.7487; Found: 1316.7515. Anal. Calc. for 

C78H102N2O2Pt: C, 72.36; H, 7.94; N, 2.16; Found: C, 71.87; H, 8.25; N, 2.29. 

2-6. Red powder, 71 mg, yield: 45%. 1H NMR (CDCl3, 400 MHz): 9.69 (s, br., 2H), 

7.69 (s, 2H), 7.51 (d, J = 8.4 Hz, 4H), 7.35 – 7.38 (m, 10H), 7.20 – 7.26 (m, 8H), 7.07 – 7.10 

(m, 8H), 6.99 – 7.04 (m, 10H), 6.95 (d, J = 16.4 Hz, 2H), 2.91 (m, 2H), 1.57 (m, 8H), 1.05 – 

1.41 (m, 36H), 0.75 – 0.90 (m, 24H). Anal. Calc. for C100H116N4Pt·0.5CH2Cl2: C, 74.90; H, 

7.32; N, 3.48; Found: C, 75.20; H, 7.72; N, 3.74. 
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2.2.2. DFT Calculations 

The ground- and excited-state properties of complexes 2-1 – 2-6 were studied using 

DFT and linear response TD-DFT. All calculations – ground state geometry optimization, 

electronic structure, excited states and optical spectra – were performed using Gaussian09 

quantum chemistry software package.32 Geometries of all molecules were optimized for the 

ground state (closed-shell singlet S0). For calculations of emission spectra, the geometry was 

optimized in the lowest-energy excited singlet (S1) and triplet (T1) states. All procedures were 

done utilizing the hybrid CAM-B3LYP functional.33 The LANL08 basis set was used for the 

heavier Pt atom, while the remaining atoms were modeled with the 6-31G* basis set. The 

chosen method represents one of the currently most accurate DFT functionals and basis sets 

that have already shown good agreement with experimental data for different organometallic 

complexes.34 – 36 All calculations have been performed in solvent using CPCM reaction field 

model,37, 38 as implemented in Gaussian09. Dichloromethane (CH2Cl2, εr = 9.08) was chosen 

as a solvent for consistency with the experimental studies. As was found for several 

organometallic complexes, inclusion of the solvent into calculations is very important to 

reproduce experimental optical spectra.39 – 41 

The excited states have been studied using linear response TD-DFT formalism,42 in 

which the adiabatic approximation for the exchange-correlation kernel is used. For the 

absorption spectra of the complexes, 40 lowest singlet optical transitions were considered to 

reach the transition energies of ~ 4.9 eV. Each spectral line obtained from the TDDFT 

calculation was broadened by a Gaussian function with the line width of 0.1 eV to match the 

experimentally observed homogeneous broadening. The fluorescence energies were 

determined by calculating vertical transition energies for the optimized lowest singlet excited 

state (S1) geometries (both excited state geometry optimization and vertical transitions have 

been performed with the TD-DFT). The phosphorescence energies were calculated by first 
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optimizing the lowest triplet state geometry followed by the vertical triplet excitations 

calculated via TD-DFT. 

In order to analyze the nature of the singlet and triplet excited states, natural transition 

orbital (NTO) analysis was performed based on the calculated transition densities.43 This 

method offers the most compact representation of the transition density between the ground 

and excited states in terms of an expansion into single-particle transitions (hole and electron 

for each given excited state). Here we refer to the unoccupied NTO as the “electron” 

transition orbital, and the occupied NTO as the “hole” transition orbital. Note that electron 

and hole NTOs are not the same as unoccupied and occupied molecular orbitals (MOs) in 

their ground state. Upon photoexcitation, the excitonic couplings (Coulomb interaction 

between the photoexcited electron-hole pair) mix the ground state MOs, so that the 

representation of an excitation via the pair of ground state MOs is not valid. In contrast, 

electron and hole NTOs obtained from TD-DFT calculations allow for representation of the 

excited state electronic density. NTOs shown in this paper were produced with the isovalue 

of 0.02 and visualized with the GaussView 5.1 graphical software.44 

2.2.3. Photophysical Measurements  

The solvents used for photophysical experiments are spectroscopic grade, which are 

purchased from VWR International and used as is without further purification. An Agilent 

8453 spectrophotometer was used to record the UV-vis absorption spectra in different 

solvents. A SPEX fluorolog-3 fluorometer/phosphorometer was used to record the steady-

state emission spectra in different solvents. The emission quantum yields were determined by 

the relative actinometry method45 in degassed solutions, in which a degassed 1 N sulfuric 

acid solution of quinine bisulfate (Φem = 0.546, λex = 347.5 nm)46 was used as the reference. 

The laser system for the fs transient absorption measurement was described 

previously.47 Briefly, the 800 nm laser pulses were produced at a 1 kHz repetition rate (fwhm 
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= 110 fs) by a mode-locked Ti:sapphire laser (Hurricane, Spectra-Physics). The output from 

the Hurricane was split into pump (85%) and probe (10%) beams. The pump beam (800 nm) 

was sent into an optical paramagnetic amplifier (OPA-400, Spectra Physics) to obtain 310, 

330, and 350 nm excitation sources (E < 1 µJ/pulse), and to a second harmonic generator 

(Super Tripler, CSK) to obtain 400 nm beam (E ~ 2 µJ/pulse). The probe beam was focused 

into a rotating CaF2 crystal or a sapphire crystal for white light continuum generation 

between 350 and 750 nm or between 400 and 800 nm. The flow cell (Starna Cell Inc. 45-Q-2, 

0.9 ml volume with 2 mm pathlength), pumped by a Fluid Metering RHSY Lab pump 

(Scientific Support Inc.), was used to prevent photodegradation of the sample. After passing 

through the cell, the continuum was coupled into an optical fiber and input into a CCD 

spectrograph (Ocean Optics, S2000). The data acquisition was achieved using in-house 

LabVIEW (National Instruments) software routines. The group velocity dispersion of the 

probing pulse was determined using nonresonant optical Kerr effect (OKE) measurements.48 

Sample solutions were prepared at a concentration needed to have absorbance of A~0.6-0.8 at 

the excitation wavelength.  

The nanosecond transient absorption (TA) spectra and decays were measured in 

degassed solutions on an Edinburgh LP920 laser flash photolysis spectrometer. The third 

harmonic output (355 nm) of a Nd:YAG laser (Quantel Brilliant, pulsewidth 4.1 ns, repetition 

rate was set at 1 Hz) wasused as the excitation source. Each sample was purged with argon 

for 30 min before each measurement. The triplet excited-state absorption coefficient (εT) at 

the TA band maximum was determined by the singlet depletion method.49 quation 2.1 was 

used to calculate the εT.49 

𝜀! = 𝜀!
!!"!
!!"!

                                                                                                                           (2.1) 

In equation 2.1, ΔODS is minimum of the bleaching band and ΔODT is the maximum 

of the absorption band in the TA spectrum, and εS is the ground-state molar extinction 
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coefficient at the wavelength of the bleaching band minimum. After the εT value is obtained, 

the ΦT could be obtained by the relative actinometry, in which SiNc in benzene was used as 

the reference (ε590 = 70000 M-1 cm-1, ΦT = 0.20).50 

2.2.4. Nonlinear Transmission  

The reverse saturable absorption of complexes 2-1 – 2-6 was characterized by 

nonlinear transmission experiment at 532 nm using a Quantel Brilliant laser. The pulse width 

of the laser is 4.1 ns and the repetition rate is set at 10 Hz. The complexes were dissolved in 

CH2Cl2. The concentration of the sample solutions was adjusted to obtain a linear 

transmission of 80% at 532 nm in a 2-mm-thick cuvette. The experimental setup and details 

are similar to that reported previously.51 A 40-cm plano-convex lens was used to focus the 

beam to the center of the 2-mm thick sample cuvette. 

2.3. Results and Discussion 

2.3.1. Molecular Geometries.  

The optimized geometries of complexes 2-1 – 2-6 are reported in Table 2.1. 

Optimization of the ground singlet state of the complexes 2-1 – 2-6 with DFT resulted in 

their essentially planar geometry. The stilbenyl components of the stilbenylacetylide ligands 

are twisted relative to the Pt coordination plane by ~ 1 degree, while substituent groups stay 

in the stilbenyl plane (except for NPh2-group, which is twisted in the propeller-like shape). 

Pt-N bonds are on average of 2.087 Å, and are not affected by the stilbenylacetylide 

substituent group. Pt-C bond lengths are ~1.940 Å, and are very slightly affected by the 

substituent groups (in the fourth decimal digit).  
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Table 2.1. Optimized molecular structures of complexes 2-1 – 2-6 via DFT calculation.  

2-1 

 

2-2 

 

2-3 

 

2-4 

 

2-5 

 

2-6 

 

2.3.2. Electronic Absorption 

The UV-Vis spectra of complexes 2-1 – 2-6 are shown in Figure 2.1. The absorption 

of all complexes obeys Beer’s law in the concentration range of our study (1×10-6 to 1×10-4 

mol/L), suggesting that no ground-state aggregation occurs in this concentration range. The 

major absorption bands of complexes 2-1 – 2-6 resemble those of their ligands, which are 

exemplified in Figures 2.1a for complexes 2-1 – 2-6 and Figure 2.1b for 2-1, 2-4, 2-5, and 2-

6, indicating that these bands arise from the stilbenylacetylide ligand-centered transitions. 

This assignment is supported by the molar extinction coefficients of these bands, which at 

least doubles those of their corresponding ligands. The red-shift of these bands suggests 

delocalization induced by the dπ orbital of platinum.  
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Figure 2.1. (a) UV-vis absorption of ligands 2-1-L, 2-4-L, 2-5-L 
and 2-6-L measured in CH2Cl2; (b) UV-vis absorption spectra of 
complexes 2-1 – 2-6 measured in CH2Cl2; (c) Calculated 
absorption spectra for complexes 2-1 – 2-6, vertical lines 
resemble excited states and the corresponding oscillator strength. 

The absorption of complexes 2-3, 2-4, and 2-5 in the region of 300 nm and 375 nm 

features well resolved vibronic structure, which is indicative of the 1π,π* transitions localized 

on the stilbenylacetylide ligands. However, at the wavelengths above 380 nm, a broad 

shoulder that is absent in the ligands absorption spectra is observed. Compared to the major 

absorption bands centered at ca. 340 – 350 nm, this shoulder exhibits significant negative 

solvatochromic effect (as illustrated in Figure 2.2a), which is consistent with the other Pt(II) 

diimine complexes reported in the literature7 - 10 and implies a charge transfer nature of this 

absorption band. In contrast, the absorption spectra of 2-1, 2-2, and 2-6 are broad and red-

shifted relative to the major absorption bands of 2-3, 2-4, and 2-5. The vibronic structures are 

not clearly observed for 2-1, 2-2 and 2-6. Absorption of complexes 2-1 and 2-6 is also found 
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to exhibit a negative solvatochromic effect, as illustrated in Figure 2.2c for 2.1. All of these 

features lead to the attribution of the absorption of 2-1, 2-2 and 2-6 partially to charge 

transfer processes, probably mixing ligand-to-ligand charge transfer (LLCT) and metal-to-

ligand charge transfer (MLCT) from dπ (platinum) to π* (diimine). However, considering the 

large molar extinction coefficients of 2-1, 2-2 and 2-6, the lowest-energy absorption band in 

these three complexes should have dominant contribution from the acetylide ligand π,π* 

transition. 

 
Figure 2.2. Left: experimental (a) and calculated (b) absorption spectra of complex 2-4 in 
different solvents; Right: experimental (c) and calculated (d) absorption spectra of 2-1 in 
different solvents. Arrows indicate the blue-shift of the absorption bands with increasing 
solvent polarity. 

In general, the major absorption band(s) of all substituted stilbenylacetylide 

complexes are red-shifted relative to that of complex 2-4, and similar pattern is observed in 

the ligands’ absorption. This result agrees with the previous studies on the push-pull 

conjugated oligomers52, 53 and suggests that electronic structures of the Pt-complexes 
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discussed in this work can be effectively tuned by varying the substituents at the 4'-position 

of the stilbenylacetylide ligands, which consequently influences the photophysical properties. 

These trends, as well as the overall spectral assignment are supported by the linear 

response TD-DFT calculations. Calculated absorption spectra (Figure 2.1c) show a 

substantial agreement with the experimental data, as can be seen in Figures 2.1 and 2.2. 

Although theoretically predicted absorption energies (Figure 2.1c) are blue-shifted compared 

to experimental ones, they clearly reproduce the experimental trends of absorption spectra 

and are found to be highly dependent on solvent polarity (Figure 2.2b). Experimental and 

theoretical absorption properties are summarized and compared in Table 2.2. Unlike 2-1, 2-2 

and 2-6, complexes 2-3, 2-4 and 2-5, which are substituted with weak electron-

donor/acceptor groups, exhibit a lower-intensity shoulder in the spectral region above 380 

nm. As resolved by the DFT studies, the shoulder involves two excitations with the mixed 

MLCT and LLCT characters, while higher energy peak has dominant ligand π,π* character. 

Table 2.2. Experimental and calculated electronic absorption parameters for complexes 2-1 – 
2-6 and ligands 2-1-L, 2-4-L, 2-5-L, and 2-6-L in CH2Cl2. 
 λabs/nm (εmax/M-1cm-1)a Theorλabs/nm (ex. State; fosc)b 

2-1 401 (69330), 298 (48900) 389 (S1; 1.6529), 375 (S2; 1.8782), 353 (S3; 0.3870) 
2-2 380 (90250), 292 (40080) 383 (S1; 1.4325), 367 (S2; 1.4423), 347 (S3; 1.1505) 
2-3 420 (14580), 363 (78730), 

349 (88280), 333 (74500) 
378 (S1; 0.8110), 364 (S2, 0.9787), 333 (S3; 1.7741) 

2-4 410 (16480), 360 (87300), 
344 (97850), 325 (77380) 

381 (S1; 0.6476), 364 (S2; 0.8692), 329 (S3; 1.7507) 

2-5 415 (14980), 365 (89250), 
349 (103480), 335 (87230) 

384 (S1; 0.7001), 368 (S2; 0.9100), 333 (S3; 1.8807) 

2-6 385 (100480), 305 (62130) 389 (S1; 1.3019), 374 (S2; 1.4375), 352 (S3; 1.5416) 
2-1-L 360 (24260), 283 (9190)  
2-4-L 340 (19470), 325 (30500), 

311 (26980) 
 

2-5-L 354 (28960, sh.), 336 
(42850), 314 (30940, sh.) 

 

2-6-L 384 (32130), 300 (24020)  
aλabs is absorption wavelength, εmax is molar extinction coefficient. b Theorλabs is calculated 
wavelength corresponding to the transition between the ground and excited state of interest 
(number of excited state is shown in parentheses), fosc is calculated oscillator strength for the 
corresponding excitations. 
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The excited state character of the studied complexes can be easily seen from the 

natural transition orbital, NTO plots, shown in Table 2.3 and in Supporting Information. 

Thus, the lowest energy transitions of complexes 2-3, 2-4 and 2-5 involve a transfer of the Pt 

d-electrons from the top of the valence band (see the diagram in Figure 2.3) and the 

stilbenylacetylide ligand to the bipyridine (bpy) moiety. The MLCT/LLCT characters of 

these transitions explain their relatively small oscillator strengths (intensities of peaks in 

absorption spectra). Due to unequal interaction of the ligand field with the participating Pt d-

orbitals of different symmetry, these excited states are noticeably separated (by ~ 0.5 eV) 

from higher-energy states, which explain the appearance of the well-separated, low-intensity 

shoulder in the absorption spectra of these compounds. Second absorption band of 

compounds 2-3, 2-4 and 2-5 can mainly be described as the π,π* intraligand transition within 

the stilbenylacetylide ligands with an admixture of the MLCT/LLCT character (see NTOs for 

the 3rd excited state, S3, in Table 2.3). This band is more sensitive to the type of the 

substituent and red-shifted in case of the stronger electron donor or acceptor attached to the 

stilbenyl moiety. 

Table 2.3. Natural transition orbitals (NTOs)a representing transitions that correspond to the 
first and the second lower energy “bands” for complexes 2-1, 2-4, and 2-6. Excited state 
number, corresponding oscillator strengths and excitation energies are shown. 

Excited state number 
and properties Hole Electron 

1 

S1 
fosc = 1.6529 

3.19 eV 
(389 nm) 

 
  

S3 
fosc = 0.3870 

3.51 eV 
(353 nm) 
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Table 2.3. Natural transition orbitals (NTOs)a representing transitions that correspond 
to the first and the second lower energy “bands” for complexes 2-1, 2-4, and 2-6. 
Excited state number, corresponding oscillator strengths and excitation energies are 
shown (continued). 
Excited state number 

and properties Hole Electron 

4 

S1 
fosc = 0.6476 

3.26 eV 
(381 nm) 

  

S3| 
fosc = 1.7507 

3.77 eV 
(329 nm) 

 
  

6 

S1 
fosc = 1.3019 

3.19 eV 
(389 nm) 

  

S3 
fosc = 1.5416 

3.53 eV 
(352 nm) 

  
a Note that excited state NTOs differ from the ground state MOs, and rather can be 
considered as the linear combination of the ground state MOs that contribute to a given 
excited state. 

In contrast, the lowest-energy absorption band of complexes 2-1, 2-2 and 2-6, is 

predicted to have strong contribution of the π,π* intraligand transition with some mixture of 

the MLCT and LLCT characters (see Table 2.3). Significant ligand π,π* character of these 

transitions gives rise to the intensity of the lowest-energy absorption band of these 

complexes, as can be seen in Fig 2.1c. NTOs in Table 2.3 for complexes 2-1 and 2-6 illustrate 

the delocalized nature of the lowest-energy excited states that contribute to the absorption 

band, which results in larger oscillator strengths for these transitions. The higher-lying 
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excitations can rather be characterized as the LLCT transitions from the stilbenylacetylides to 

the bpy moiety mixed with MLCT character, which explains their lower intensity. 

 

 

Figure 2.3. Ground state molecular orbital energy diagram for complexes 2-1 – 2-
6 calculated with DFT (CAM-B3LYP//LANL08/6-31G*) in dichloromethane. 

In general, shape of the absorption spectra of the discussed Pt-complexes with the 

stilbenylacetylide ligands depends on the interplay between the states with charge transfer 

character (LLCT and MLCT) and the intraligand π,π* transitions. Thus the complexes with 

the weak donor/acceptor substituents (2-3, 2-4, 2-5) exhibit an MLCT/LLCT shoulder in the 

lower energy region of spectra. In the cases when the stilbenylacetylides are substituted with 

a stronger electron-donor/acceptor substituent (2-1, 2-2 and 2-6), the lower energy 

MLCT/LLCT states strongly mix with the intraligand π,π* transitions that cause larger 

transition dipole moments and stronger absorption intensity. The ground state MO diagram 

shown in Figure 2.3 provides a better understanding of the effect of substituent on energy 
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levels and absorption spectra of the Pt-complexes discussed herein. The highest occupied 

orbitals are delocalized over the stilbenylacetylide ligands (L-π) and have noticeable Pt-d 

contribution, while the lowest unoccupied orbitals are predominantly delocalized over the 

bipyridine ligand (bpy π*) except for complex 2-1. Addition of the electron-donating groups, 

such as OCH3 (2-5) and NPh2 (2-6), increases the ground state dipole moment and raises the 

energies of the HOMOs. For complex 2-6, HOMO and HOMO-1 can be characterized as the 

pure ligand π (L- π) orbitals with very little Pt-d admixture. Addition of electron-withdrawing 

substituents, such as NO2 (2-1) and CHO (2-2), lowers the energies of the unoccupied levels, 

which lie very closely to or even below (as in complex 2-1) the bpy-π* level. Therefore, 

addition of stronger electron-donor or stronger electron-acceptor groups leads to a smaller 

HOMO-LUMO gap (red-shift in absorption spectra) and change in the character of the 

lowest-energy absorption bands.  

Addition of polar solvents compensates the static and the transition dipole moments 

induced by the strong electron donating/accepting groups, and stabilizes the donor/acceptor 

electronic levels. This is equivalent to shifting HOMOs to lower energies, while LUMO 

localized on the stilbenyl moves to the higher energy, resulting in blue shifts (larger gap 

between levels) of the absorption bands with increase in the solvent polarity, as shown in 

Figure 2.2. The blue-shift of the absorption bands with solvent polarity is observed both for 

the complexes with the weak electron-donor/acceptor groups (2-3, 2-4 and 2-5) and with 

strong electron-donor/acceptor groups (2-1, 2-2 and 2-6), while the overall shape of the 

absorption spectra is negligibly affected by solvent polarity.  

2.3.3. Photoluminescence  

All of the complexes exhibit weak emission both at room temperature in 

dichloromethane solution and at 77 K in butyronitrile glassy matrix. The emission spectra of 

complexes 2-1 – 2-6 at room temperature are shown in Figure 2.4, and the emission data are 
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summarized in Table 2.4. The emission band(s) of 2-2 – 2-5 at room temperature are mirror 

images to those of their respective major absorption band(s) with Stokes shifts smaller than 

80 nm; while the emission of 2-1 and 2-6 at room temperature is broad and structureless, with 

a Stokes shift of 129 nm and 107 nm, respectively. The emission lifetimes of these complexes 

could not be detected by our spectrometer due to the very short lifetime (< 5 ns). These 

features suggest that the observed emission for complexes 2-1 – 2-6 at room temperature 

emanates from the singlet excited state of the stilbenylacetylide ligand. At 77 K, the emission 

of 2-1 – 2-6 appears at 625 - 667 nm (Figure 2.4c), which is assigned to the phosphorescence 

of the complexes. However, due to the very weak signal, the phosphorescence lifetimes have 

not been determined. 

 

Figure 2.4. Normalized emission spectra of (a) ligands 2-1-L, 2-4-L, 
2-5-L, and 2-6-L and (b) complexes 2-1 – 2-6 in dichloromethane at 
room temperature; (c) complexes 2-1 – 2-6 in butyronitrile glassy 
matrix at 77 K (phosphorescence). 
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In previous studies17 of compound 2-4, singlet 1π,π* state has been proposed to relax 

predominantly through the intersystem crossing into triplet 3π,π* state, which explains the 

observed relatively weak fluorescence. The triplet 3MLCT emission has also been observed 

in a similar series of complexes, but shown to undergo a quick nonradiative decay through 

the relaxation of the stilbene ligand(s) into cis-conformation.17 The energy levels of the 3π,π* 

states relative to the 3MLCT states have been shown to strongly depend on the type of 

substituent on the 4,4'-position of the bpy ligand, because of a strong influence of the 

substituent on the 3MLCT energies.54 – 56 Similar to previous studies, we found a strong effect 

on relative positioning between the 3π,π* and 3MLCT states that is caused by the strength of 

the electron-donor/accepter substituent on the stilbene. 

Table 2.4.  Photoluminescence and excited-state absorption parameters for complexes 2-1 – 
2-6 and ligands 2-1-L, 2-4-L, 2-5-L and 2-6-L. 
 λem/nm 

(Φem)a 
R. T. 

λem/nmb 
77 K 

/nm ( /ns; 
/M-1 cm-1; 

)c 

/nm (
/ps)d 

theorλfluo 
/nm 

theorλphos 
/nm 

1 530 (0.012) 667 480 (385; 67825; -), 
750 (401; 98760; 
0.17)  

495 (59), 580 
(58) 

497 663 

2 454 (0.008) 659 510 (225; 184760; 
0.079)  

532 (77), 626 
(74) 

472 - 

3 409 (0.017) 630 435 (48; -; -) 465 (14) 449 638 
4 425 (-) 625 460 (64; -; -) 460 (69) 452 638 
5 428 (0.009) 630 460 (73; -; -) 468 (205) 460 - 
6 492 (0.003) 656 520 (198; 235510; 

0.075)  
526 (18) 463 668 

1-L 499 (0.007) - 435 (-), 602 (-) 467 (91), 562 
(121) 

- - 

4-L 370 (0.10) - 505 (-) 606 (43) - - 
5-L 401 (0.03) - 510 (-) 550 (22) - - 
6-L 474 (0.58) - 470 (-) 444 (95), 602 

(59) 
- - 

aIn CH2Cl2. bIn BuCN glassy matrix.  cTriplet excited-state absorption band maximum (
), molar extinction coefficient ( ), quantum yield ( ) and lifetime ( ) 

measured in CH3CN/CH2Cl2 solution (v/v = 10:1).  dSinglet excited-state absorption band 
maximum ( ) and lifetime ( ) measured in CH3CN/CH2Cl2 solution. 
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To elucidate the nature of emission of complexes 2-1 – 2-6, their spectra are 

compared to the emission of the corresponding ligands, 2-1-L, 2-4-L, 2-5-L and 2-6-L 

(Figure 2.4a). The emission of 2-4-L can be assigned to 1π,π* transition by comparing to the 

trans-stilbene emission reported in the literature.57 The 1π,π* character of the singlet emission 

in this ligand is also well presented in the NTOs, as shown in Table 2.5. Compound 5-L 

emits at a similar level as 4-L, while the 1-L and 6-L spectra are significantly red-shifted due 

to a presence of strong electron accepting/donating groups.  NTOs for the relaxed singlet 

excited state geometries, corresponding to the fluorescence, show that strong electron 

donating substituent NPh2 delocalizes the hole NTO (HOTO) over both the stilbene and the 

substituent group, while showing more localized character of the electron NTO (LUTO) on 

the stilbene with insignificant electron density on the substituent group (see the bottom panel 

in Table 2.5). The strong electron withdrawing NO2 group has an opposite effect, with the 

more delocalized character of the electron NTO than the hole. Such a difference in 

delocalization between the electron and hole NTOs explains the red shift in fluorescence of 

ligands 2-1-L and 2-6-L, compared to other ligands. 

Table 2.5. NTO plots for the optimized singlet (S1) and triplet (T1) transitions (corresponding 
to the fluorescence and phosphorescence, respectively) for complexes 2-1, 2-4, 2-6 and their 
corresponding ligands, 2-1-L, 2-1-L, and 2-6-L. 
 S1 T1 

 HOTO LUTO HOTO LUTO 

2-1 

    

2-4 

    

2-6 
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Table 2.5. NTO plots for the optimized singlet (S1) and triplet (T1) transitions 
(corresponding to the fluorescence and phosphorescence, respectively) for complexes 2-1, 
2-4, 2-6 and their corresponding ligands, 2-1-L, 2-1-L, and 2-6-L (continued). 

 S1 T1 
 HOTO LUTO HOTO LUTO 

2-1-L 
  

  

2-4-L 
  

  

2-6-L 
  

  

The emission spectra of complexes 2-1 and 2-6 very closely represent emission of 

their ligands, slightly shifted to the red, which is indicative of the predominant intraligand 

character of the photoluminescence in this range (see Figure 2.4). However, the width of the 

spectra significantly increases as a result of some interactions with Pt d-orbitals, as well as 

strong electron-vibrational couplings. The other complexes emit at substantially lower energy 

compared to their corresponding ligands, which suggests a strong delocalization induced by 

platinum dπ orbitals, and significant contribution from 1MLCT/1LLCT as being discussed in 

the following paragraph.  

Overall, TD-DFT calculations of the singlet and triplet emission repeat the trends 

observed experimentally, as summarized in Table 2.4. NTOs for the relaxed singlet and 

triplet excited state geometries (corresponding to fluorescence and phosphorescence, 

respectively) are illustrated in Table 2.4 and compared with the NTOs contributing to the 

singlet emission of the corresponding stilbenylacetylide ligands. The singlet emission of 

complex 2-1 stems from the intraligand 1π,π* transition in one of the single stilbenylacetylide 

ligands, which become slightly twisted relative to the Pt coordination plane and, thus, hinders 

the 1MLCT character of fluorescence in this compound. Interestingly, the character of the 

NTOs contributing to singlet emission of this compound have a very different nature, 
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compared to NTOs contributing the lowest energy absorption (compare NTOs in Table 2.4 

with S1 in Table 2.3 for 2-1). Such a significant difference in NTOs is a sign of a strong 

exciton-vibration coupling, which is evident by a broadening of the fluorescence peak of 

complex 2-1 compared to those of 2-1-L shown in Figure 2.4. In all other complexes NTOs 

contributing to fluorescence are strongly mixed with the 1MLCT from Pt to bpy moiety, as 

well as LLCT between the stilbene and bpy. Strong charge transfer character of the NTOs 

involved in the singlet emission explains the experimentally observed red-shift in the 

emission maxima of these complexes versus the fluorescence energies of their ligands. 

Triplet state emission for compounds 2-1 and 2-6 involves a symmetric 3π,π* 

transition in both stilbenylacetylide ligands (Table 2.5, right panel); while phosphorescence 

of complexes with the weaker donor/acceptor substituents predominantly carries the 

3LLCT/3MLCT character. The red-shift of the photoluminescence spectra observed for 

complexes with the stronger electron accepting/donating groups (2-1 and 2-6) can be 

explained by the interplay between the 3π,π* electronic levels of the stilbenylacetylide ligands 

and the 3MLCT/3LLCT states, similar to the picture discussed in the absorption section. 

Strong electron donating/accepting groups lower the energies of the stilbene 3π,π* transitions 

relative to those of the 3MLCT/3LLCT states, so that the lowest excited states bear more of 

the 3π,π* character. This process is highly sensitive to the solvent polarity, as polar solvent 

can partially stabilize the dipole moment induced by the substituent group and raise the 

intraligand transition energies. In other words, in a less polar solvent, 3π,π* transitions have 

more admixture of 3MLCT/3LLCT character. 

Combining all the evidences discussed above, the emission parentage of the 

complexes are assigned as follows: the emission of complexes 2-1 and 2-6 is dominated by 

the ligand centered π,π* transition localized on the stilbenylacetylide ligands, but complex 2-

6 has some admixture of the 1MLCT/1LLCT characters in its fluorescence. The emission of 
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complexes 2-2, 2-3, 2-4, and 2-5 can be characterized by the mixture of major MLCT/LLCT 

and little intraligand π,π* transitions. The short-lived and weak fluorescence of the 

complexes at room temperature can be accounted for by existence of the twisted geometry of 

the ligands, which may serve as a nonradiative decay pathway of the excited state.22 Overall, 

variation of substituent at the 4'-position of the stilbenylacetylide ligands has a significant 

influence on the emission energy and electronic state of the complexes. 

2.3.4. Transient Absorption 

The nanosecond and femtosecond transient absorption measurements (TA) for 

complexes 2-1 – 2-6 and ligands 2-1-L, 2-4-L, 2-5-L and 2-6-L were carried out. From the 

TA experiment, we can obtain the spectral features and lifetimes of the singlet and triplet 

excited states. The spectral region where the excited-state absorption is stronger than the 

ground-state absorption can be identified from the positive absorption band(s) of the TA 

spectrum; while the excited-state lifetime can be deduced from the decay of the TA and the 

triplet excited-state quantum yield is determined by the relative actinometry. 

The nanosecond TA spectra of complexes 2-1 – 2-6 and ligands 2-1-L, 2-4-L, 2-5-L 

and 2-6-L in CH3CN/CH2Cl2 (v/v = 10/1) solution at zero delay after excitation are shown in 

Figure 2.5. All of the complexes exhibit strong TA signals that are well time resolved 

(illustrated by the time-resolved spectra of 2-1 – 2-6 in Figure 2.6). The TA of the complexes 

are significantly enhanced compared to those of their corresponding ligands, indicating 

enhanced intersystem crossing (ISC) induced by the heavy-atom effect of Pt. Complexes 2-1 

and 2-2 that bear strong electron-withdrawing substituents show especially broad and strong 

transient absorptions; while the shape of the TA spectra of the other complexes resemble 

those of their corresponding ligands. For all complexes, a bleaching band was observed at λ < 

450 nm, which is consistent with the position of the major absorption band in their UV-Vis 

absorption spectra. The triplet lifetime deduced from the decay of the TA and the molar 
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extinction coefficient of the triplet excited-state absorption determined from the singlet 

depletion method49 for 2-1, 2-2 are 2-6 and listed in Table 2.4. Similar to those trends 

observed from the UV-Vis absorption and emission spectra, the bleaching band and TA 

absorption band are red-shifted for complexes 2-1, 2-2 and 2-6 in comparison to those of 2-3, 

2-4 and 2-5. The triplet excited-state lifetimes of 2-1, 2-2 and 2-6 are also significantly longer 

than those of 2-3, 2-4 and 2-5, which indicate different natures of the excited state that gives 

rise to the transient absorption. For complex 2-4, the feature of the TA spectrum and the 

lifetime are quite similar to those reported by Schanze and co-workers for a similar Pt(II) 

bipyridyl bis(ethynylstilbene) complex, in which the transient is believed to be a stilbene-

localized 3π,π* state with the double bond in the trans geometry.22 The short lifetime should 

be attributed to the rapid nonradiative decay induced by the C=C bond rotation in the stilbene 

moiety. The similar TA pattern for 2-3 and 2-5 to those of their respective ligands and to 2-4 

implies that the excited state that gives rise to the TA is the stilbene-localized 3π,π* state as 

well. 
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Figure 2.5. Nanosecond transient difference absorption spectra of complexes 2-1 – 2-6 (left) 
and 2-1-L, 2-4-L, 2-5-L, and 2-6-L (right) at zero time decay in CH3CN /CH2Cl2 (v/v = 10/1) 
immediately after 4.1 ns laser excitation. 

For complexes 2-1 and 2-2, the TA spectra are much broader and a strong new 

absorption band appears at 750 nm for 2-1. With reference to the TA study reported by 

Castellano and co-workers for Pt terpyridyl acetylide complexes bearing π-conjugated 
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arylacetylides,58 the near-IR TA band of 2-1 could possibly originate from the acetylide 

cation generated from the LLCT/ILCT (intraligand charge transfer from the stilbene to the 

nitro group) processes. Therefore, the excited state that gives rise to the observed TA for 2-1 

is tentatively assigned to the stilbene localized 3π,π* state, mixed with LLCT/ILCT 

characters. We believe the TA for 2-2 has similar origin. 
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Figure 2.6. Time-resolved ns transient absorption spectra of complex 2-1 – 2-6 in 
CH3CN/CH2Cl2 (v/v = 10/1). λex = 355 nm. A355 nm = 0.4 in a 1-cm cuvette. 
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The femtosecond time-resolved TA spectra of 2-1 – 2-6 in a mixed CH3CN/CH2Cl2 

solution are shown in Figure 2.7. The TA spectra of 2-2 – 2-5 resemble those of their ns TA 

spectra, thus are assigned to the same transients as those contributing to the ns TA, which 

could be from the singlet excited state or the triplet excited state in case the intersystem 

crossing is very fast.  
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Figure 2.7. Femtosecond time-resolved transient difference absorption spectrum of complex 
2-1 – 2-6 in CH3CN/CH2Cl2 (v/v = 10/1).  λex = 400 nm. 

However, the femtosecond TA spectrum of complex 2-1 exhibits a different time-

resolved pattern. As shown in Figure 2.7, at 0.24 ps delay after laser excitation, two broad 
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bands at 493 nm and 577 nm and a narrow band at 785 nm appear, which are similar to those 

observed in its nitrostilbenylethyne ligand (Figure 2.8). The intensities of the 493 and 577 nm 

bands are gradually reduced while the 785 nm band increases and a new broad band at 683 

nm emerges. An isosbestic point is observed at 647 nm. At 50-ps delay, the intensities of the 

bands at 683 nm and 785 nm reach the maxima, and the full spectrum resembles that of the ns 

TA. These characteristics suggest the intersystem crossing from the singlet to the triplet 

excited state completed within 50 ps. At longer delay time, the TA spectrum slowly decays, 

reflecting the longer lifetime of the triplet excited state. The singlet TA band maxima and the 

lifetime of the singlet excited state deduced from the decay of the fs TA for 2-1 – 2-6 are 

listed in Table 2.4. 
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Figure 2.8. Femtosecond transient absorption spectrum of ligand 2-1-L, 2-4-L, 2-5-L and 2-
6-L in CH3CN/CH2Cl2 (v/v = 9/1) at zero delay after 400 nm laser excitation. 
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2.3.5. Reverse Saturable Absorption 

As discussed above, both the ns and fs TA spectra of 2-1 – 2-6 exhibit positive 

absorption at 532 nm, indicating a stronger excited-state absorption than that of the ground 

state. In addition, the triplet excited-state lifetime is longer than the ns laser pulse width (4.1 

ns). Therefore, it is expected that reverse saturable absorption (RSA), defined as a decreased 

transmission upon increase of incident fluence, would occur for ns laser pulse at 532 nm. To 

demonstrate this, nonlinear transmission experiment using complexes 2-1 – 2-6 at 532 nm for 

ns laser pulses was carried out in dichloromethane solution at a linear transmittance of 80% 

in a 2-mm cuvette. The results are shown in Figure 8. The transmission of the complexes 

drastically decreases with increased incident fluence, clearly demonstrating a strong RSA. 

The degree of RSA of the complexes increases in the order of 2-1 < 2-3 < 2-5 < 2-4 < 2-2 < 

2-6. The degree of RSA for 6 is even stronger than the 2,2'-bipyridine Pt(II) complex bearing 

2-(benzothiazol-2'-yl)-9,9-diethyl-7-ethynylfluorene complex reported by our group earlier.13 

The stronger RSA of 2-2 and 2-6 can be accounted for by their much stronger excited-state 

absorption (both singlet and triplet) at 532 nm relative to other complexes, which is clearly 

evident from the ns and fs TA spectra. 
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Figure 2.9. Nonlinear transmission curves of 2-1 – 2-6 in CH2Cl2 
solution for 4.1 ns laser pulses at 532 nm. The pathlength of the 
cuvette is 2 mm, and the linear transmission of the solution is 
adjusted to 80% at 532 nm in the 2-mm cuvette. 
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2.4. Conclusion 

A series of platinum bipyridyl platinum(II) bisstilbenylacetylide complexes with 

different  auxiliary substituents on the stilbenylacetylide ligands were synthesized, and the 

photophysics of these complexes were systematically characterized by spectroscopic 

measurements and TD-DFT theoretical calculations. The absorption and emission 

characteristics of these complexes can be substantially adjusted by the auxiliary ligands. 

While the substitution of H on the 4'-position of stilbene by Br and OMe groups does not 

alter the photophysical properties of the complexes eminently, the absorption and the 

emission characteristics are significantly tuned by the CHO, NO2 and NPh2 substituents. The 

lowest-energy absorption band of 2-3, 2-4, and 2-5 are dominated by the MLCT/LLCT 

transitions with admixture of the π,π* character, while the lowest absorption bands for 

complexes 2-1, 2-2 and 2-6 are dominated by the ligand-centered π,π* transition with the 

admixture of MLCT/LLCT characters (in a strong dependence on solvent polarity). Emission 

processes very similar trends. The ns and fs transient difference absorption of the complexes 

feature strong absorption in the visible spectral region, which can be attributed to stilbene-

localized π,π* state with the double bond in the trans geometry. The TA spectra of complexes 

2-1 and 2-2 that bear strong electron-withdrawing substituents are very broad and extend to 

the near-IR region, suggesting contribution from the acetylide ligand cation that results from 

the LLCT/ILCT transitions. All complexes exhibit strong reverse saturable absorption for ns 

laser pulse at 532 nm, with complex 2-6 showing the strongest RSA due to the very strong 

excited-state absorption relative to that of the ground state at 532 nm. This makes complex 2-

6 a very promising candidate for devices that require strong RSA. 
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CHAPTER 3. PLATINUM CHLORIDE COMPLEXES CONTAINING 6-[9,9-DI(2-

ETHYLHEXYL)-7-R-9H-FLUOREN-2-YL]-2,2'-BPYRIDINE LIGAND (R = NO2, 

CHO, BENZOLTHIAZOL-2-YL, n-Bu, CARBOZOL-9-YL, NPh2) 

3.1. Introduction 

Platinum(II) complexes have been fascinating for decades due to their rich 

photophysics and potential applications in various photonic devices and in cancer treatment.1 

For instance, Lippard’s group has extensively investigated the application of platinum 

complexes as anticancer reagents;2 Che and co-workers employed platinum(II) diimine 

arylacetylide complexes and cyclometalated 6-aryl-2,2'-bipyridine arylacetylide platinum 

complexes in organic light emitting devices (OLEDs);3, 4 Eisenberg,5 Schanze,6 and Yam7 

groups independently studied the application of platinum complexes in dye sensitized solar 

cells (DSSCs); our group and several other groups reported the utilization of platinum 

complexes as chemical sensors. 8 – 14 In recent years, our group and Schanze group have also 

extensively explored the application of various Pt(II) complexes as nonlinear transmission 

materials.15 – 31 

Compared to bidentate ligands, terdentate ligands are more resistant to distortion 

towards D2d conformations when coordinated with d8 transition metals, and thus disfavor 

non-radiative processes.32 Terpyridine ligands stand out for their preference to adopt planar 

geometries.  Unfortunately, the binding angle of terpyridine is not ideal when forming square 

planar configuration,33 which reduces the ligand field and thus facilitates the accessibility of 

deactivating metal-centered d-d state. In contrast, terdentate cyclometalating ligands with 

C^N^N framework, by incorporating an hydrocarbon aryl unit at the 6-position of 2,2'-

bipyridine, have shown several merits over terpyridine ligands. Firstly, cyclometalation 

makes it possible to construct neutral inner coordination sphere. Secondly, the strong σ 
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donating ability of the ligating C- atom and good π accepting capability of the bipyridine 

motif offer the metal center a strong ligand field, which increases the d-d excited state and 

consequently reduces the deactivation of the lowest-energy charge transfer excited state via 

the d-d excited state. Thirdly, the C^N^N type ligand would form less-distorted square-planar 

geometry with the d8 transition metals, which reduces the radiationless decay as well.  

Fourthly, the stronger π-donating ability of the 6-aryl ring could also introduce some 

intraligand charge transfer character into the lowest excited states, resulting in long-lived 

triplet excited state. 

In one of our previous studies, we found that incorporation of fluorenyl substituent to 

the 4-position of the center pyridine ring of the terpyridine ligand could efficiently increase 

the emission efficiency, prolong the triplet excited-state lifetime, and increase the ratio of the 

excited-state absorption cross section relative to the ground-state absorption cross section in 

Pt(II) complexes.17 As a result, stronger reverse saturable absorption was obtained.  Inspired 

by this investigation and by the merit of C^N^N ligand vs. terpyridine ligand, we recently 

designed a complex with the C^N^N framework that incorporates fluorene at the 6-position 

of the bipyridine.34 The complex features large ratios of excited-state absorption cross section 

to ground-state absorption cross section in the visible spectral region, and strong two-photon 

absorption in the near-IR region. Both of them account for the strong nonlinear transmission 

of the complex. These results are quite exciting, however, the structure-property correlations 

in Pt(II) complexes with this type of C^N^N ligand have not been explored yet. In addition, 

in order to further improve the reverse saturable absorption of this type of Pt(II) complexes, it 

is critical to reduce the ground-state absorption of the complexes in the visible spectral 

region. This could be realized by replacing the 4-tolylacetylide co-ligand by chloride co-

ligand, which would reduce the contribution of the ligand-to-ligand charge transfer (LLCT) 

to the lowest excited state and cause hyposochromic shift of the charge transfer absorption 
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band. Taking these factors into account, we designed and synthesized six new Pt(II) 

complexes (structures of the new complexes 3-1 – 3-6 are illustrated in Scheme 3.1) with 

different electron-donating or withdrawing substituents at the 7-position of the fluorene 

component. In order to increase the solubility of the Pt(II) complexes, branched alkyl chains 

(2-ethylhexyl) were introduced at the 9-positon of the fluorene. Here we report the synthesis, 

photophysics and reverse saturable absorption of these complexes. Insights into the nature of 

optical transitions have also been obtained from the time-dependent density functional theory 

(TD-DFT) calculations. 

3.2. Experimental Section 

3.2.1. Synthesis and Characterization 

The synthetic routes for 3-1 – 3-6 are illustrated in Scheme 3.1.  All of the reagents 

and solvents were purchased from Aldrich Chemical Co. or Alfa Aesar and used as is unless 

otherwise stated. Silica gel for column chromatography was purchased from Sorbent 

Technology (60 Ǻ, 230 - 400 mesh, 500 - 600 m2/g, pH: 6.5 - 7.5). The synthesis of 

precursors Br-F8-I,35 Br-F8-CHO,36 CHO-F8-B,37 Br-F8,38 NO2-F8-Br,39 NO2-F8-B,39 

BTZ-F8-Br,40 CBZ-F8-B,41 NPh2-F8-B,18 C4H9-F8-B,42 and BPY-Br43 followed the 

literature procedures. BTZ-F8-B was obtained by reacting BTZ-F8-Br in THF solution at -

78 oC with 1 equivalent of BuLi followed by addition of 1 equivalent of 2-isopropoxy-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane. All intermediates were characterized by 1H NMR. 

The synthetic details and 1H NMR data of these intermediates are provided in Supporting 

Information. The general procedures for the synthesis of ligands 3-1-L – 3-6-L and for 

complexes 3-1 – 3-6 are provided below. Ligands 3-1-L – 3-6-L and complexes 3-1 – 3-6 

were all characterized by 1H NMR, electrospray ionization high-resolution mass spectrometry 

(ESI-HRMS), and elemental analyses. 1H NMR spectra were obtained on Varian Oxford-

VNMR spectrometers (300 MHz, 400 MHZ, or 500 MHz). ESI-HRMS analyses were 
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performed on a Bruker BioTOF III mass spectrometer. Elemental analyses were conducted 

by NuMega Resonance Laboratories, Inc. in San Diego, California. 

 

Scheme 3.1. Synthetic routes and structures for complexes 3-1 – 3-6  (C8H17 = 2-ethylhexyl) 

BTZ-F8-Br. The mixture of Br-F8-CHO (1.36 g, 2.7 mmol), 2-aminobenzenethiol 

(0.34 g, 2.7 mmol), and DMSO (6 mL) was heated to reflux for 2 hours. After the reaction 

mixture was cooled down to room temperature, 100 mL Et2O was added and the mixture was 

washed with brine for four times. The organic layer was collected and dried with MgSO4. 

After removal of solvent, the residue orange oil was purified by column chromatography 

(silica gel) eluted with mixed CH2Cl2/hexane (1:3 v/v). 1.34 g colorless oil was collected as 

the final product (yield: 81%). 1H NMR (CDCl3, 400 MHz): 8.04 – 8.12 (m, 3H), 7.88 – 7.91 
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(m, 1H), 7.74 – 7.76 (m, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.52 – 7.55 (m, 1H), 7.46 – 7.48 (m, 

2H), 7.34 – 7.38 (m, 1H), 1.95 – 2.12 (m, 4H), 0.48 – 0.96 (m, 30H). 

BTZ-F8-B. Compound BTZ-F8-Br (1.34 g, 2.2 mmol) was dissolved in THF (30 mL) 

and the solution was cooled down to -78 oC under argon.  BuLi (1.8 mL 2.5 M hexane 

solution, 4.5 mmol) was then added dropwise. The solution was stirred under argon at -78 oC 

for 1 hour. 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.67 mL (d = 0.912 

g/mL), 3.3 mmol) was added dropwise and the mixture was allowed to warm up to room 

temperature and kept stirring for 15 hours. After reaction, the organic layer was washed with 

saturated NH4Cl aqueous solution and brine, and dried with MgSO4. Then the solvent was 

removed and the residue was purified by column chromatography (silica gel) eluted with 

hexane/ethyl acetate (10:1 v/v). 1.3 g light yellow oil was collected as the final product 

(yield: 91%). 1H NMR (CDCl3, 500 MHz): 8.09 – 8.15 (m, 3H), 7.88 – 7.93 (m, 2H), 7.83 – 

7.85 (m, 2H), 7.76 (d, J = 7.5 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.39 (t, J = 7.5 Hz, 1H), 2.10 

– 2.11 (m, 4H), 1.39 (s, 12H), 0.51 – 0.97 (m, 30H). 

C4H9-F8-B. Compound n-Bu-F8-Br (1.24 g, 2.4 mmol) was dissolved in THF (10 

mL) and the solution was cooled down to -78 oC under argon.  BuLi (1.0 mL2.5 M hexane 

solution, 2.5 mmol) was then added dropwise. The solution was stirred under argon at -78 oC 

for 1 hour.  2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.6 mL (d = 0.912 g/mL), 

3.0 mmol) was added dropwise and the mixture was allowed to warm up to room temperature 

and kept stirring for 12 hours. After reaction, the organic layer was washed with saturated 

NH4Cl aqueous solution and brine, and then dried with MgSO4. Then the solvent was 

removed and the residue was purified by column chromatography (silica gel) eluted with 

hexane/CH2Cl2 (3:1 v/v). 0.6 g colorless was collected as the final product (yield: 44%). 1H 

NMR (CDCl3, 400 MHz): 7.78 (d, J = 6.8 Hz, 1H), 7.74 (d, J = 7.6 Hz, 1H), 7.61 (d, J = 7.6 

Hz, 1H), 7.57 (d, J = 7.6 Hz, 1H), 7.15 (m, 1H), 7.09 (dd, J = 7.8, 1.4 Hz, 1H), 2.64 (t, J = 
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7.6 Hz, 2H), 1.88 – 2.02 (m, 4H), 1.54 – 1.63 (m, 2H), 1.34 (s, 12H), 1.29 – 1.38 (m, 2H), 

0.41 – 0.94 (m, 33H). 

CBZ-F8-Br. The mixture of I-F8-Br (1.70 g, 2.86 mmol), carbazole (0.50 g, 3.00 

mmol), K2CO3 (0.83 g, 6.00 mmol), Cu-bronze (0.96 g, 1.50 mmol), and 18–crown–6 (0.16 

g, 0.62 mmol), and mesitylene (30 mL) was heated to reflux under argon for 30 hours. After 

the reaction, 50 mL dichloromethane was added to the mixture and the solid was removed by 

filtration. The organic solution was washed with brine twice and dried with MgSO4.  After 

removal of the solvent, the residue was purified by column chromatography (silica gel) eluted 

with mixed CH2Cl2/hexane (1:3 v/v). 1.0 g colorless oil was collected as the final product 

(yield: 51%). 1H NMR (CDCl3, 400 MHz): 8.19 (d, J = 7.6 Hz, 2H), 7.89 (d, J = 8.0 Hz, 1H), 

7.65 (dd, J = 8.0, 1.0 Hz, 1H), 7.50 – 7.60 (m, 4H), 7.30 – 7.45 (m, 6H), 1.93 – 2.10 (m, 4 H), 

0.54 – 1.01 (m, 30 H). 

CBZ-F8-B. To the stirred THF solution of Br-F8-CBZ (1.0 g, 1.5 mmol) under argon 

at -78 oC, BuLi (5.0 mL 2.5 M hexane solution, 12.5 mmol) was added dropwise.  After kept 

stirring at -78 oC for 1 hour, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.0 mL, 

5.0mmol) was added. The system was allowed to warm up to room temperature and kept 

stirring for 11 hours. Saturated NH4Cl aqueous solution (20 mL) was then added.  The 

organic layer was collected and washed with brine and dried with MgSO4. After the solvent 

was removed, the residue was purified using column chromatography (silica gel) eluted with 

mixed hexane/CH2Cl2 (4:1 v/v). 1.0 g colorless oil was collected as the final product (yield: 

98%). 1H NMR (CDCl3, 400 MHz): 8.15 (d, J = 7.6 Hz, 2H), 7.92 (d, J = 8.0 Hz, 1H), 7.87 

(d, J = 7.2 Hz, 1H), 7.84 (d, J = 7.6 Hz, 1H), 7.76 (d, J = 7.6 Hz, 1H), 7.52 – 7.54 (m, 1H), 

7.46 – 7.50 (m, 1H), 7.26 – 7.40 (m, 6H), 1.90 – 2.12 (m, 4H), 1.37 (s, 12H), 0.50 – 0.96 (m, 

30H). 
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CHO-F8-B. To the degassed DMF (20 mL) solution of Br-F8-CHO (1.0 g, 2.0 mmol) 

and bis(pinacolato)diboron (1.2 g, 4.7 mmol), KOAc (1.8 g, 18.0 mmol) and Pd(OAc)2 (37 

mg) were added and the mixture was degassed again. Then the mixture was heated to 90 oC 

for 16 hours. After the reaction, 100 mL ethyl acetate was added and solid was removed by 

filtration. The solution was washed with brine twice (30 mL × 2) and dried with MgSO4. 

After removal of solvent, the residue was purified by column chromatography (silica gel) 

eluted with mixed CH2Cl2/hexane (2:1 v/v). 0.47 g colorless oil was collected as the final 

product (yield: 43%). 1H NMR (CDCl3, 400 MHz): 10.04 (s, 1H), 7.84 – 7.92 (m, 4H), 7.81 

(d, J = 7.6 Hz, 1H), 7.75 (d, J = 7.6 Hz, 1H), 1.98 – 2.09 (m, 4H), 1.35 (s, 12H), 0.38 – 0.96 

(m, 30H). 

NO2-F8-Br. Fuming nitric acid (10 mL) was added to the stirred AcOH (30 mL) 

solution of Br-F8 (2.36 g, 5.0 mmol) at 60 oC. The mixture was stirred at 60 ~ 70 oC for 20 

minutes. After that, AcOH was removed by distillation. Purification was carried out by 

column chromatography (silica gel) eluted with hexane/CH2Cl2 (5:1 v/v). 1.46 g yellow oil 

was collected as the product (yield: 57%). 1H NMR (CDCl3, 400 MHz): 8.21 – 8.26 (m, 2H), 

7.75 – 7.77 (m, 1H), 7.62 – 7.64 (m, 1H), 7.56 – 7.59 (m, 1H), 7.51 – 7.54 (m, 1H), 1.96 – 

2.07 (m, 4H), 0.38 – 0.96 (m, 30H). 

NO2-F8-B. To the degassed DMF (20 mL) solution of Br-F8-NO2 (1.45 g, 2.8 mmol) 

and bis(pinacolato)diboron (1.07 g, 4.2 mmol), KOAc (2.48 g, 25 mmol) and Pd(OAc)2 (55 

mg) were added and the mixture was degassed again and heated to 90 oC for 20 hours. After 

the reaction, 100 mL diethyl ether was added. The organic phase was collected, washed with 

brine twice, and dried over MgSO4. The solvent was removed and the residue was purified by 

column chromatography (silica gel) eluted with mixedCH2Cl2/hexane (1:3 v/v). 0.60 g 

colorless oil was collected as the final product (yield: 38%). 1H NMR (CDCl3, 400 MHz): 
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8.24 – 8.25 (m, 2H), 7.75 – 7.90 (m, 4H), 1.99 – 2.09 (m, 4H), 1.36 (s, 12H), 0.36 – 0.85 (m, 

30H). 

NPh2-F8-Br. The mixture of I-F8-Br (1.09 g, 1.8 mmol), Ph2NH (0.34 g, 2.0 mmol), 

K2CO3 (0.9 g, 6.5 mmol), Cu-bronze (0.43 g), 18–crown–6 (0.26 g, 1.0 mmol), and 

mesitylene (30 mL) was heated to reflux under argon for 24 hours. After the reaction, 50 mL 

CH2Cl2was added to the mixture and the solid was removed by filtration. The organic 

solution was washed with brine twice, and dried with MgSO4. The solvent was removed and 

the residue was purified by column chromatography (silica gel) eluted with mixed 

CH2Cl2/hexane (1:3 v/v).  0.6 g yellow oil was collected as the final product (yield: 52%). 1H 

NMR (CDCl3, 400 MHz): 7.52 – 7.55 (m, 1H), 7.40 – 7.48 (m, 2H), 7.21 – 7.29 (m, 4H), 

6.98 – 7.12 (m, 9H), 1.76 – 1.94 (m, 4H), 0.47 – 1.07 (m, 30H). 

NPh2-F8-B. To the stirred THF solution of NPh2-F8-Br (0.6 g, 0.94 mmol) under 

argon at -78 oC, BuLi (5.0 mL 2.5 M hexane solution, 12.5 mmol) was added dropwise.  

After stirring at -78 oC for 1 hour, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(0.61 mL, 3.00 mmol) was added. The mixture was allowed to warm up to room temperature 

and kept stirring for 17 hours. After the reaction, the organic layer was washed with saturated 

NH4Cl aqueous solution (20 mL) and brine, and then dried with MgSO4. Then the solvent 

was removed and the residue was purified by column chromatography (silica gel) eluted with 

hexane/CH2Cl2 (4:1 v/v). 0.55 g yellow oil was collected as pure product (yield: 86%).  1H 

NMR (CDCl3, 400 MHz): 7.74 – 7.78 (m, 2H), 7.57 – 7.60 (m, 2H), 7.19 – 7.24 (m, 4H), 

6.96 – 7.10 (m, 8H), 1.95 – 1.99 (m, 2H), 1.79 (m, 2H), 1.34 (s, 12H), 0.46 – 0.89 (m, 30H). 

General Procedure for the Synthesis of Ligands 3-1-L – 3-6-L. The mixture of R-

F8-B (1 mmol), 6-bromo-2,2'-bipyridine (235 mg, 1 mmol), K2CO3 (410 mg, 3 mmol), 

Pd(PPh3)2Cl2 (30 mg), and PPh3 (60 mg) in toluene (20 mL) and water (10 mL) was heated to 

reflux under argon for 40 hours. After reaction, the organic layer was collected, washed with 
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brine (30 mL × 3), and dried over MgSO4. Then the solvent was removed to obtain the crude 

product.  The crude product was purified using column chromatography. 

3-1-L. Purified by silica gel column chromatography eluted with dichloromethane.  

0.53 g pale yellow solid was obtained (yield: 90%). 1H NMR (CDCl3, 400 MHz): 8.70 – 8.71 

(m, 1H), 8.63 – 8.65 (m, 1H), 8.40 – 8.42 (m, 1H), 8.27 – 8.29 (m, 2H), 8.19 – 8.22 (m, 2H), 

7.80 – 7.94 (m, 5H), 7.32 – 7.35 (m, 1H), 2.08 – 2.18 (m, 4H), 0.48 – 0.83 (m, 30H). ESI-

HRMS: m/z calc. for [C39H47N3O2+H]+: 590.3741; Found: 590.3734. Anal. Calc. for 

C39H47N3O2: C, 79.42; H, 8.03; N, 7.12; Found: C, 79.13; H, 8.06; N, 7.15. 

3-2-L. Purified by silica gel column chromatography eluted with dichloromethane.  

0.49 g yellow oil was obtained (yield: 86%). 1H NMR (CDCl3, 400 MHz): 10.07 (s, 1H), 8.69 

– 8.70 (m, 1H), 8.64 – 8.66 (m, 1H), 8.40 (d, J = 8.0 Hz, 1H), 8.16 – 8.21 (m, 2H), 7.94 – 

7.97 (m, 1H), 7.80 – 7.92 (m, 6H), 7.31 – 7.34 (m, 1H), 2.06 – 2.19 (m, 4H), 0.46 – 0.86 (m, 

30H). ESI-HRMS: m/z calc. for [C40H48N2O+H]+: 573.3839; Found: 573.3823. Anal. Calc. 

for C40H48N2O: C, 83.87; H, 8.45; N, 4.89; Found: C, 83.49; H, 8.80; N, 4.82. 

3-3-L. Purified by silica gel column chromatography eluted with hexane/ethyl acetate 

(10:1 v/v).  0.55 g yellow oil was obtained (yield: 81%). 1H NMR (CDCl3, 400 MHz): 8.64 – 

8.70 (m, 2H), 8.36 – 8.39 (m, 1H), 8.07 – 8.19 (m, 5H), 7.80 – 7.91 (m, 6H), 7.46 – 7.50 (m, 

1H), 7.30 – 7.38 (m, 2H), 2.15 – 2.17 (m, 4H), 0.48 – 0.95 (m, 30H). ESI-HRMS: m/z calc. 

for [C46H51N3S+H]+: 678.3876; Found: 678.3884.  Anal. Calc. for 

C46H51N3S·0.33DMF·0.33CH2Cl2: C, 77.81; H, 7.45; N, 6.39; Found: C, 77.51; H, 7.50; N, 

6.46. 

3-4-L. Purified by silica gel column chromatography eluted first with 

hexane/dichloromethane (2:1 v/v), then with hexane/ethyl acetate (5:1 v/v). 0.47 g yellow oil 

was obtained (yield: 79%). 1H NMR (CDCl3, 400 MHz): 8.65 – 8.69 (m, 2H), 8.35 (dd, J = 

7.6, 0.8 Hz, 1H), 8.08 – 8.13 (m, 2H), 7.73 – 7.88 (m, 4H), 7.62 (d, J = 7.6 Hz, 1H), 7.28 – 
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7.32 (m, 1H), 7.20 (s, 1H), 7.13 (dd, J = 7.8, 1.4 Hz, 1H), 2.67 (t, J = 7.6 Hz, 2H), 1.96 – 

2.12 (m, 4H), 1.59 – 1.64 (m, 2H), 1.31 – 1.39 (m, 2H), 0.47 – 0.96 (m, 33H).  ESI-HRMS: 

m/z calc. for [C43H56N2+H]+: 601.4516; Found: 601.4514. Anal. Calc. for C43H56N2·0.67 

toluene: C, 86.44; H, 9.33; N, 4.23; Found: C, 86.80; H, 9.70; N, 4.60. 

3-5-L. Purified by silica gel column chromatography eluted with dichloromethane.  

0.78 g yellow oil was collected as the product (yield: 75%). 1H NMR (CDCl3, 400 MHz): 

8.68 – 8.72 (m, 2H), 8.40 (d, J = 7.6 Hz, 1H), 8.16 – 8.24 (m, 4H), 7.97 (d, J = 7.6 Hz, 1H), 

7.83 – 7.94 (m, 4H), 7.51 – 7.61 (m, 2H), 7.28 – 7.43 (m, 7H), 1.98 – 2.25 (m, 4H), 0.52 – 

0.98 (m, 30H). ESI-HRMS: m/z calc. for [C51H55N3+H]+: 710.4469; Found: 710.4475.  Anal. 

Calc. for C51H55N3·0.17CH2Cl2: C, 84.86; H, 7.70; N, 5.80; Found: C, 85.08; H, 7.98; N, 

5.74. 

3-6-L. Purified by silica gel column chromatography eluted with dichloromethane.  

0.50 g yellow oil was obtained (yield: 70%). 1H NMR (CDCl3, 400 MHz): 8.64 – 8.69 (m, 

2H), 8.34 (d, J = 7.6 Hz, 1H), 8.12 (dd, J = 8.2, 1.4 Hz, 1H), 8.06 (m, 1H), 7.83 – 7.89 (m, 

2H), 7.78 (d, J = 7.6 Hz, 1H), 7.71 (m, 1H), 7.60 – 7.63 (m, 1H), 7.29 – 7.33 (m, 1H), 7.19 – 

7.24 (m, 4H), 7.05 – 7.13 (m, 6H), 6.67 – 7.01 (m, 2H), 1.84 – 2.08 (m, 4H), 0.51 – 1.02 (m, 

30H). ESI-HRMS: m/z calc. for [C51H57N3+H]+: 712.4625; Found: 712.4623. Anal. Calc. for 

C51H57N3: C, 86.03; H, 8.07; N, 5.90; Found: C, 86.29; H, 8.20; N, 5.71. 

General Procedure for the Synthesis of Complexes 3-1 – 3-6. The mixture of 

ligand (0.5 mmol), K2PtCl4 (0.5 mmol), and acetic acid (10 mL) was heated to reflux under 

argon for 24 hours. After reaction, the solvent was removed. The red residual was dissolved 

in dichloromethane, washed with brine (10 mL × 3), and dried over MgSO4. Purification was 

carried out by running flash silica gel column chromatography eluted with dichloromethane, 

and then recrystallization from dichloromethane and hexane. 
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3-1. 237 mg orange powder was obtained (yield: 58%). 1H NMR (CDCl3, 400 MHz): 

9.15 – 9.19 (m, 1H), 8.21 – 8.29 (m, 3H), 8.03 – 8.08 (m, 1H), 7.85 – 7.95 (m, 3H), 7.58 – 

7.67 (m, 3H), 7.38 (m, 1H), 1.98 – 2.08 (m, 4H), 0.44 – 0.93 (m, 30H). ESI-HRMS: m/z calc. 

for [C39H46N3O2ClPt+H]+: 820.3001; Found: 820.3003. Anal. Calc. for C39H46N3O2ClPt: C, 

57.17; H, 5.66; N, 5.13; Found: C, 56.98; H, 5.68; N, 5.11. 

3-2. 40 mg red powder was obtained (yield: 10%). 1H NMR (CDCl3, 400 MHz): 

10.05 (s, 1H), 8.88 – 8.93 (m, 1H), 8.12 – 8.23 (m, 1H), 7.84 – 7.92 (m, 5H), 7.73 – 7.79 (m, 

1H), 7.56 (d, J = 8.0 Hz, 1H), 7.43 – 7.50 (m, 2H), 7.33 (d, J = 2.8 Hz, 1H), 1.96 – 2.09 (m, 

4H), 0.42 – 0.93 (m, 30H). ESI-HRMS: m/z calc. for [C40H47N2ClOPt+H]+: 803.3100; 

Found: 803.3072. Anal. Calc. for C40H47ClN2OPt: C, 59.88; H, 5.90; N, 3.49; Found: C, 

59.88; H, 6.28; N, 3.37. 

3-3. 86 mg yellow powder was obtained (yield: 19%). 1H NMR (CDCl3, 400 MHz): 

9.14 – 9.17 (m, 1H), 8.18 (s, 1H), 8.01 – 8.11 (m, 4H), 7.88 – 7.94 (m, 3H), 7.80 – 7.85 (m, 

1H), 7.60 – 7.64 (m, 1H), 7.53 – 7.57 (t, J = 7.8 Hz, 2H), 7.45 – 7.49 (m, 1H), 7.33 – 7.37 

(m, 2H), 1.98 – 2.13 (m, 4H), 0.45 – 0.93 (m, 30H). ESI-HRMS: m/z calc. for 

[C46H50N3ClSPt+H]+: 908.3137; Found: 908.3132. Anal. Calc. for C46H50ClN3PtS: C, 60.88; 

H, 5. 55; N, 4.63; S, 3.53; Found: C, 60.73; H, 5.90; N, 4.47; S, 3.92. 

3-4.  120 mg orange powder was obtained (yield: 29%). 1H NMR (CDCl3, 500 MHz): 

8.80 (dd, J = 22, 5.3 Hz, 1H), 8.03 – 8.10 (m, 1H), 7.83 – 7.92 (m, 2H), 7.66 – 7.73 (m, 2H), 

7.50 – 7.53 (m, 1H), 7.36 – 7.45 (m, 2H), 7.25 – 7.30 (m, 1H), 7.17 (s, 1H), 7.13 – 7.15 (m, 

1H), 2.68 (t, J = 7.5 Hz, 2H), 1.93 – 2.03 (m, 4H), 1.60 – 1.67 (m, 2H), 1.32 – 1.42 (m, 2H), 

0.48 – 1.00 (m, 33H). ESI-HRMS: m/z calc. for [C43H55ClN2Pt+H]+: 831.3778; Found: 

831.3796. Anal. Calc. for C43H55ClN2Pt·0.25toluene: C, 62.98; H, 6.73; N, 3.28; Found: C, 

62.68; H, 6.93; N, 3.37. 
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3-5. 287 mg yellow powder was obtained (yield: 61%). 1H NMR (CDCl3, 400 MHz): 

9.16 – 9.19 (m, 1H), 8.24 (m, 1H), 8.16 (d, J = 7.6 Hz, 2H), 8.02 – 8.07 (m, 2H), 7.95 (d, J = 

8.0 Hz, 1H), 7.83 – 7.87 (m, 1H), 7.49 – 7.66 (m, 5H), 7.34 – 7.44 (m, 5H), 7.26 – 7.31 (m, 

2H), 1.94 – 2.10 (m, 4H), 0.54 – 0.97 (m, 30H). ESI-HRMS: m/z calc. for 

[C51H54ClN3Pt+H]+: 940.3733; Found, 940.3729. Anal. Calc. for C51H54ClN3Pt: C, 65.20; H, 

5.79; N, 4.47; Found: C, 64.94; H, 6.08; N, 4.44. 

3-6. 287 mg red powder was obtained (yield: 61%). 1H NMR (CDCl3, 400 MHz): 

9.19 – 9.22 (m, 1H), 8.02 – 8.06 (m, 2H), 7.89 – 7.91 (d, J = 8.0 Hz, 1H), 7.77 – 7.82 (td, J = 

8.0, 2.0 Hz, 1H), 7.68 – 7.71 (m, 1H), 7.62 – 7.66 (m, 1H), 7.48 – 7.52 (t, J = 8.4 Hz, 2H), 

7.19 – 7.26 (m, 5H), 6.96 – 7.10 (m, 8H), 1.78 – 1.93 (m ,4H), 0.49 – 1.02 (m, 30H). ESI-

HRMS: m/z calc. for [C51H56ClN3Pt+H]+: 942.3889; Found: 942.3878. Anal. Calc. for 

C51H56ClN3Pt: C, 65.06; H, 5.99; N, 4.46; Found: C, 64.71; H, 6.25; N, 4.43. 

3.2.2. Crystallographic Analysis 

Single crystals of complex 3-1 were obtained by slow diffusion of hexane into the 

dilute dichloromethane solution of 3-1. Single crystal X-ray diffraction data of 3-1 were 

collected on a Bruker Apex Duo diffractometer with an Apex 2 CCD area detector at T = 100 

K.  Mo radiation was used. All structures were processed with Apex 2 v2010.9-1 software 

package (SAINT v. 7.68A, XSHELL v. 6.3.1).44 - 46 Direct method was used to solve the 

structure after multi-scan absorption corrections. Details of data collection and refinement are 

given in Table 3.1. 

Table 3.1. Single crystal X-ray parameters and refinement data for 3-1. 
T (K) 100(2) 
λ (Å) 0.71073 
Formula C39H46ClN3O2Pt·CH2Cl2 
MW 904.25 
Crystal size(mm) 0.33×0.12×0.09 
Crystal system  monoclinic 
Space group,  P2(1)/n 
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Table 3.1. Single Crystal X-ray Parameters and 
Refinement Data for 3-1 (continued). 
a (Å) 12.7116(9) 
b (Å) 17.5310(11) 
c (Å) 17.1311(11) 
α (degree) 90 
β(degree) 90.489(1) 
γ (degree) 90 
V(Å3) 3817.5(4) 
Z 4 
ρcalc(g/cm3) 1.573 
µ (cm-1) 3.924 
Radiation type Mo 
F(000) 1816 
Reflections collected 65292 
Unique reflections 11451 
no of reflns (I ≥ 2σ) 8722 
Resolution (Å) 0.7 
Goodness-of-fit on F2 1.022 
R1/wR2 (I ≥ 2σ(I))a 0.0317/0.0732 
R1/wR2 (all data)a 0.0529/0.0827 
aR1 = Σ||F0| - |Fc|| / Σ|F0|, wR2 = [Σ(w(Fo

2 – Fc
2)2) / Σw(Fo

2)2]1/2 for Fo
2> 2σ(Fo

2), w = 1/[σ2(Fo
2) 

+ (AP)2  + BP] where P = (Fo
2 + 2Fc

2 )/3; A (B) = 0.0370 (5.4894). 

3.2.3. Photophysical Measurements 

The solvents used for photophysical experiments were spectroscopic grade, and were 

purchased from VWR International and used as is without further purification.  An Agilent 

8453 spectrophotometer was used to record the UV-vis absorption spectra in different 

solvents. A SPEX fluorolog-3 fluorometer/phosphorometer was used to measure the steady-

state emission spectra in different solvents. The emission quantum yields were determined by 

the relative actinometry method47 in degassed solutions, in which a degassed aqueous 

solution of [Ru(bpy)3]Cl2 (Φem = 0.042, λex = 436 nm)48 was used as the reference for 

complexes 3-1 – 3-6, and a degassed 1 N sulfuric acid solution of quinine bisulfate (Φem = 

0.546, λex = 347.5 nm)49 was used as the reference for ligands 1-L – 6-L. 

The nanosecond transient difference absorption (TA) spectra and decays were 

measured in degassed solutions on an Edinburgh LP920 laser flash photolysis spectrometer.  

The third harmonic output (355 nm) of a Nd:YAG laser (Quantel Brilliant, pulsewidth: 4.1 
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ns, repetition rate was set at 1 Hz) was used as the excitation source. Each sample was purged 

with argon for 30 min prior to measurement. The triplet excited-state absorption coefficient 

(εT) at the TA band maximum was determined by the singlet depletion method.50 After 

obtaining the εT value, the ΦT could be determined by the relative actinometry using SiNc in 

benzene as the reference (ε590 = 70000 M-1 cm-1, ΦT = 0.20).51 

3.2.4. Nonlinear Transmission Experiment 

The reverse saturable absorption of complexes 3-1 – 3-6 was characterized by 

nonlinear transmission experiment at 532 nm using a Quantel Brilliant laser as the light 

source. The pulse width of the laser was 4.1 ns and the repetition rate was set at 10 Hz. The 

complexes were dissolved in CH2Cl2. The concentration of the sample solutions was adjusted 

to obtain a linear transmission of 90% at 532 nm in a 2-mm-thick cuvette. The experimental 

setup and details are similar to that reported previously.16 A 40-cm plano-convex lens was 

used to focus the beam to the center of the 2-mm thick sample cuvette. 

3.2.5. Computational Details 

The ground-state properties of complexes 3-1 – 3-6 were studied using density 

functional theory (DFT), while the excited states were simulated using linear response time 

dependent DFT (TDDFT). All calculations – the geometry optimization, the ground-state and 

excited-state electronic structures, and optical spectra – were performed using Gaussian 09 

quantum chemistry software package.52 All procedures were done utilizing the long-rang 

corrected functionalCAM-B3LYP.53 The LANL08 basis set54 was used for the heavier Pt 

atom, while the remaining atoms were modeled with the 6-31G* basis set. The chosen 

method represents one of the currently most accurate DFT functionals and basis sets that 

have already shown good agreement with experimental data for different organometallic 

complexes.55 - 57 All calculations have been performed in solvent using Conductor Polarized 
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Continuum Model (CPCM),58, 59 as implemented in Gaussian 09. Dichloromethane (CH2Cl2, 

εr = 9.08) was chosen as the solvent for consistency with the experimental studies. 

Implementation of solvent also helps to avoid any unnatural charge transfer states within the 

energy gap of these complexes.60 - 62 

The excited states energies and oscillator strengths have been studied using linear 

response TDDFT formalism,63 in which the adiabatic approximation for the exchange-

correlation kernel was used. These calculations were done using the same basis sets and 

functional as used in the ground state DFT calculations. For absorption spectra, 40 lowest 

singlet optical transitions were considered to reach the transition energies of ~ 5 eV (250 

nm). Each spectral line obtained from the TDDFT calculation was broadened by a Gaussian 

function with the line width of 0.1 eV to match the experimentally observed homogeneous 

broadening. The phosphorescence energies were calculated by first optimizing the lowest 

triplet state geometry followed by the vertical triplet excitations calculated via TDDFT. 

In order to analyze the nature of the singlet and triplet excited states, natural transition 

orbital (NTO) analysis was performed based on the calculated transition densities.64 This 

method offers the most compact representation of the transition density between the ground 

and excited states in terms of an expansion into single-particle transitions (hole and electron 

for each given excited state). Here we refer to the unoccupied NTO as the “electron” 

transition orbital, and the occupied NTO as the “hole” transition orbital. NTOs shown in this 

paper were produced with the isovalue of 0.02 and visualized with the GaussView 5.1 

graphical software.65 

3.3. Results and Discussion 

3.3.1. Crystal Structure of 3-1 

Single crystals of complex 3-1 were obtained by slow diffusion of hexane into the 

dichloromethane solution of 3-1. The crystal structure and packing pattern are illustrated in 
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Figure 3.1, and selected bond length, bond angles, and torsion angles are compiled in Table 

3.2. As shown in Figure 3.1, two diastereomers (Figure 3.1a: R configuration at C25, 52%; 

Figure 3.1b: S configuration at C25, 48%) were observed in the crystal, which could arise 

from the racemic starting material 2-ethylhexyl bromide. In contrast, only the S configuration 

of C33 was observed. Nevertheless, the configuration of C25 or C33 plays a negligible role 

on the photophysics and nonlinear absorption of the Pt(II) complexes and thus is not the 

focus of this study. As a result, we only pick the diastereomer with R configuration at C25 

(Figure 3.1a) for structural and packing discussion. The packing pattern is illustrated by two 

single cells in b axis in Figure 3.1c. Regardless of the two alkyl chains at the 9-position of the 

fluorene motif, the complex basically has a planar structure, in which bipyridine, Pt-Cl, 

fluorene, and nitro sit roughly in the same plane. The geometry optimization of the molecule 

performed by DFT calculations also results in the planar configurations as shown in Figure 

3.2. 

 
Figure 3.1. (a) The structure of the diastereomer in which C25’s configuration is R, and the 
percentage of this diastereomer is 52%; (b) the structure of the diastereomer in which C25’s 
configuration is S, and the percentage of this diastereomer is 48%; (c) 3D packing of complex 
1 viewed along a axis. 
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Table 3.2.  Selected bond length, bond angle, and torsion angles of complex 3-1. 
Atom 1 Atom 2 Atom 3 Atom 4 Bond Length/ Å or 

Bond Angle / degree 
Pt Cl   2.296(1) 
Pt N1   1.944(3) 
Pt N2   2.101(3) 
Pt C23   1.986(3) 
N1 C10   1.364(4) 
N1 C6   1.349(4) 
N2 C5   1.359(5) 
N2 C1   1.342(4) 
C5 C6   1.484(5) 
C10 C11   1.467(5) 
Cl Pt N1  178.49(9) 
Cl Pt N2  98.42(8) 
Cl Pt C23  98.97(11) 
N1 Pt N2  80.14(11) 
N1 Pt C23  82.48(13) 
N2 Pt C23  162.56(13) 
Pt N1 C10  117.8(2) 
Pt N1 C6  118.7(2) 
C10 N1 C6  123.5(3) 
Pt N2 C5  112.2(2) 
Pt N2 C1  128.3(2) 
C5 N2 C1  119.5(3) 
Pt C23 C11  112.3(3) 
Pt C23 C22  129.5(3) 
C23 C11 C10  115.0(3) 
Cl Pt N1 C10 -164(3) 
N2 Pt N1 C10 179.1(3) 
C23 Pt N1 C10 0.5(2) 
N1 C6 C5 N2 0.6(4) 
C23 C11 C10 N1 -0.6(4) 
 

   

  
 

Figure 3.2. Optimized geometries of via DFT calculations (top: 3-1 – 3-3 from left to right; 
bottom: 3-1 – 3-6 from left to right) 
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The bond lengths of Pt-N1 (1.944(3) Å), Pt-N2 (2.101(3) Å), and Pt-C23 (1.986(3) Å) 

resemble our previously published data for a similar core structure in Ref. 34, with the 

corresponding values for complex 1 in Ref. 34 being 1.980(7) Å, 2.112(8) Å, and 1.997(8) Å, 

respectively.34 The shorter bond length of Pt-N1 in this work is probably due to the weaker 

trans effect of chloride ligand compared to 4-tolylacetylide co-ligand in Ref. 34. The bond 

angles around the platinum center, Cl-Pt-C23 (98.97(11)), Cl-Pt-N2 (98.42(8)), N1-Pt-C23 

(82.48(13)), and N1-Pt-N2 (80.14(11)), reveal deviation of the structure from an ideal square 

planar configuration around the metal center. The torsion angle between the fluorene and 

bipyridine components is approximately 0.6 degrees (revealed by the torsion angle of C23-

C11-C10-N1), while the NO2 plane deviates from the fluorene plane by an angle of 6.5 

degrees (see the torsion angle of O1-N3-C17-C18). 

Four molecules of 3-1 form a single centrosymmetric cell in the crystal matrix.  In 

every single cell, two molecules adopt a head-to-tail packing with their π-conjugated planes 

opposite to each other; while the other two are in the perpendicular direction of the two 

packing molecules. The average distance between the two packing π-conjugated planes, 

defined by the distance of the two planes averaging the 26 atoms within the ring system of 

each molecule, is 3.306 Å, indicating the presence of π-π interactions between the two 

molecules in the crystal matrix. The nearest Pt···Pt separation is 4.902 Å, which is longer 

than the Pt···Pt association range of 3.09 - 3.71 Å.66 Therefore, no intermolecular Pt···Pt 

interactions present even if in the crystal form. 

3.3.2. Electronic Absorption 

The electronic absorption spectra of ligands 3-1-L – 3-6-L and complexes 3-1 – 3-6 at 

different concentrations are recorded in dichloromethane solutions.  The absorptions of these 

compounds obey Beer’s Law in the concentration range of 1×10-6 – 1×10-4 mol/L, indicating 

the absence of ground state aggregation in the concentration range studied in 
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dichloromethane. As shown in Figure 3.3a, 3-1-L – 3-6-L display intense absorption bands 

from 300 to 400 nm, which predominantly arise from the 1π,π* transitions. However, 

contribution from intraligand charge transfer cannot be completely ruled out. The 

predominant 1π,π* character of these absorption bands is supported by the minor 

solvatochromic effect in these ligands, as demonstrated in Figures 3.4. Comparing to 3-4-L, 

the major absorption bands of all other ligands are red-shifted, which is likely the sign of 

electron delocalization induced by the substituent. Stronger electron withdrawing substituent 

(NO2 in 3-1-L) and stronger electron donating substituent (NPh2 in 3-6-L) cause the most 

red-shift of the absorption band. Extended π-conjugation from the BTZ substituent in 3-3-L 

also induces a significant red-shift and enhanced extinction coefficient. 
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Figure 3.3. (a) UV-vis absorption spectra of ligands 3-1-L – 3-6-L 
measured in CH2Cl2; (b) UV-vis absorption spectra of complexes 3-1 – 
3-6 measured in CH2Cl2; (c) Calculated absorption spectra for 
complexes 3-1 – 3-6, vertical lines resemble excited states and the 
corresponding oscillator strength. 
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Figure 3.4. Normalized absorption spectra of 3-1-L – 3-6-L in different solvents. 

For complexes 3-1 – 3-6, the UV-vis absorption spectra consist of intense absorption 

bands below 420 nm and broad tail above 420 nm (see spectra in Figure 2.3b). The intense 

absorption bands below 420 nm in complexes 3-1 – 3-3 (which contain electron-withdrawing 

substituents at the 7-position of fluorene) exhibit more featured spectra with a few well-

distinct peaks than those in complexes 3-4 – 3-6 with electron-donating substituent. Similar 

to the trend observed in their corresponding ligands, the UV-vis absorption spectra for 
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complexes with stronger electron-withdrawing or donating substituents (complexes 3-1 and 

3-6) and with BTZ substituent (complex 3-3) are red-shifted compared to the other three 

complexes. This trend is well reproduced by our TDDFT calculations illustrated in Figure 

2.3c and listed in Table 3.3, although the energies of all complexes are blue-shifted with 

respect to experimental data due to a high portion of the Hartree-Fock exchange in the CAM-

B3LYP functional.   

Table 3.3.  Experimental and calculated electronic absorption parameters for complexes 3-1 
– 3-6 and experimental absorption data for ligands 3-1-L – 3-6-L in CH2Cl2. 
 λabs/nm (εmax/M-1.cm-1)a Theorλabs/nm (Sn; fosc)b 

1 409 (23430), 375 (34850), 339 
(23530) 

394 (S1; 0.0563), 341 (S2; 0.0094), 340 (S3; 
0.228), 327 (S4; 0.679), 308 (S6; 0.710) 

2 402 (15400), 361 (28200), 334 
(32530) 

395 (S1; 0.0416), 340 (S2; 0.0091), 339 (S3; 
0.103), 323 (S4; 0.649), 305 (S7; 0.914) 

3 404 (37320), 385 (49820), 343 
(40510) 

398 (S1; 0.096), 343 (S2, 0.692), 341 (S3; 
0.009), 329 (S4; 1.047), 313 (S6; 0.572) 

4 376 (24930), 329 (28780) 400 (S1; 0.0280), 340 (S2; 0.0096), 339 (S3; 
0.0575), 321 (S4; 0.420), 306 (S6; 0.8470) 

5 379 (31980), 328 (32330) 398 (S1; 0.0382), 340 (S2; 0.0097), 339 (S3; 
0.0966), 321 (S4; 0.682), 308 (S6; 0.863) 

6 411 (40130), 310 (35550) 406 (S1; 0.104), 348 (S2; 0.782), 340 (S3; 
0.0103), 331 (S4; 0.525) 

1-L 362 (30540), 276 (20490)  
2-L 341 (43250)  
3-L 373 (44200), 358 (58250)  
4-L 326 (37730)  
5-L 340 (40650)  
6-L 370 (32500), 285 (25000)  

a λabs is absorption wavelength, εmax is molar extinction coefficient. b Theorλabs is calculated 
wavelength corresponding to the transition between the ground and excited state of interest 
(number of excited state is shown in parentheses), fosc is calculated oscillator strength for the 
corresponding excitations. 

The natural transition orbitals (NTOs) listed in Table 3.4 clearly indicate that the 

transitions contributing to the absorption bands around 400-410 nm and 360-380 nm for 3-1 – 

3-3 are featured by mixed 1MLCT (dπ(Pt)→π*(bpy)), 1LLCT (π(Cl)→π*(bpy)), 1π,π*, and 

1ILCT (intraligand charge transfer) characters, while the band at ca. 340 nm primarily arises 

from the mixed 1π,π*/1ML'CT (dπ(Pt)→π*(fluorene)) transitions. In contrast, the major 

absorption bands for 3-4 and 3-5 (with weak or moderate electron-donating substituents at the 
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7-position of fluorene) originate from the 1MLCT/1π,π*/1ILCT transitions, while complex 3-

6 with strong electron-donating substituent is featured predominantly with 1π,π*/1MLCT 

transitions in its major absorption band at ca. 410 nm, with a minor contribution from 

1LLCT/1ILCT in its high-energy shoulder around 380 nm (see NTOs in Table 3.4). Such a 

pronounced 1π,π* character of optical transitions at ~ 410 nm is a result of the NPh2 

substituent in complex 3-3 – 3-6 that strongly delocalizes both the hole and electron orbitals 

via spreading the charge density towards the NPh2 group.  Increase in π-conjugation provides 

the most pronounced red-shift in the main absorption band of 3-6, compared to those in 

complexes 3-4 and 3-5, in which the electron is primarily localized on the bpy component, 

while the hole is spread over fluorene motif.  Note that although for all complexes except 3-6, 

the substituents are not directly involved in the NTOs contributing to the lower-energy edge 

of the main absorption band (380 - 420 nm), they play an important role in overall 

delocalization of the charge density over fluorene.  Thus, the large red-shift of complex 3-3 is 

also associated with the increase in π-conjugation due to the substituent, which tends to 

partially spread both the hole and electron charge density over fluorene towards the BTZ 

substituent. The same trend is also noticeable (but less pronounced) in complex 3-1 with the 

strong electron withdrawing substituent pulling the charge density to the fluorene, which 

explains its red-shift with respect to complex 3-2.  

Table 3.4. Natural transition orbitals (NTOs)a representing transitions corresponding to the 
main absorption bands for 3-1 – 3-6.  
 Excited state 

and properties Hole Electron 

1 

S3 
fosc = 0.2279 
340 nm   
S4 
fosc = 0.6786 
327 nm   
S6 
fosc = 0.7102 
308 nm   
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Table 3.4. Natural transition orbitals (NTOs)a representing 
transitions corresponding to the main absorption bands for 3-1 – 
3-6 (continued). 

 Excited state 
and properties Hole Electron 

 

2 

S3 
fosc = 0.1034 
339 nm   
S4 
fosc = 0.6492 
323 nm   
S7 
fosc = 0.9140 
305 nm   

3 

S2 
fosc = 0.6915 
343 nm   
S4 
fosc = 1.0472 
329 nm   
S6 
fosc = 0.5719 
313 nm   

4 

S4 
fosc = 0.4201 
321 nm   
S6 
fosc = 0.8470 
306 nm   

5 

S4 
fosc = 0.6820 
321 nm   
S6 
fosc = 0.8630 
308 nm   

6 

S2 
fosc = 0.7823 
348 nm 

  
S4 
fosc = 0.5252 
331 nm   

aNote that excited state NTOs differ from the ground state MOs, and rather can be considered 
as the linear combination of the ground state MOs that contribute to a given excited state. 

In addition to the major absorption bands, a well pronounced tail appears at the low-

energy end of the major absorption bands and extends to 550 nm in the absorption spectra of 
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complexes 3-1 – 3-6, as seen in Figures 3.3b and 3.3c. These tails become more 

distinguishable from the major absorption bands in MTHF, toluene and hexane as shown in 

Figures 3.5. The calculated NTOs contributing to the lowest-energy, low-intensity transition 

(Table 3.5) reveal that this tail features 1MLCT/1π,π*/1ILCT characters for all complexes. 

However, in accordance with the trend observed from the major absorption bands, this tail 

bathochromically shifts to longer wavelengths in complexes 3-1, 3-3 and 3-6 compared to 

those in 3-2, 3-4 and 3-5, with the most pronounced red-shift and the highest intensity in 

complex 3-6, due to the strongest delocalization of NTOs over the fluorene promoted by the 

strongest electron donating NPh2 group (Table 3.5). 
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Figure 3.5. Normalized absorption spectra of 3-1 – 3-6 in different solvents. 
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Table 3.5.  Natural transition orbitals contributing to the lowest-energy absorption ‘tail’ for 
complexes 3-1 – 3-6.  
 Excited state 

number and 
properties 

Hole Electron 

3-1 S1 
fosc = 0.0563 
394 nm   

3-2 S1 
fosc = 0.0416 
395 nm   

3-3 S1 
fosc = 0.096 
398 nm   

3-4 S1 
fosc = 0.0280 
400 nm   

3-5 S1 
fosc = 0.0382 
398 nm   

3-6 S1 
fosc = 0.1044 
406 nm   

3.3.3. Photoluminescence 

Photoluminescence of ligands 3-1-L – 3-6-L and Pt(II) complexes 3-1 – 3-6 were 

studied at room temperature in different solvents and at 77 K in butyronitrile glassy matrix.  

The spectra are presented in Figures 3.6, 3.7, and 3.8. The emission parameters are 

summarized in Table 3.6 and 3.7. As shown in Figure 3.6a and in Tables 3.6 and 3.7, ligands 

3-L – 6-L exhibit intense fluorescence in all solvents in the region of 350 nm – 550 nm with 

the emission quantum yield in the range of 0.50 – 0.91. The emission of 1-L and 2-L at room 

temperature is much weaker in comparison to those of 3-L – 6-L. Ligand 1-L exhibits dual 

emission in CH2Cl2 solution when excited at 325 nm, with a slightly structured 1π,π* 

fluorescence at ca. 414 nm and a structureless 1ILCT fluorescence at ca. 480 nm.  When 

excited at 400 nm, only the 1ILCT fluorescence is observed. The charge transfer nature of the 

480 nm band is supported by the positive solvatochromic effect of this emission band and by 

the fact that this emission band is only observed in polar solvents like CH2Cl2 and CH3CN 
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(Figure 3.7). For 2-L, only the 1π,π* fluorescence was observed in all of the solvents when 

excited below 330 nm. However, 1ILCT was detected in CH3CN solution when excited at 

374 nm. The absence of charge transfer emission in solvents other than CH3CN implies a 

weaker admixture of the 1ILCT character in the lowest singlet excited state in 2-L compared 

to 1-L.  This is reasonable because of the weaker electron-withdrawing ability of the formyl 

substituent with respect to the nitro substituent. In contrast, 3-L only displays 1π,π* 

fluorescence with clear vibronic structure independent of the solvent polarity and the 

excitation wavelength. This feature can be attributed to the extended π-conjugation induced 

by the BTZ substituent and the weaker electron-withdrawing ability of the BTZ substituent. 

The emission characteristics of 4-L – 6-L (all with electron-donating substituents) at 

room temperature are quite similar. As exemplified in Figure 3.7 for 6-L, the fluorescence 

spectrum becomes significantly red-shifted and featureless going from nonpolar solvents 

(hexane and toluene) to polar solvents (THF, CH2Cl2, CH3CN), indicating a transition from 

1π,π* fluorescence in nonpolar solvents to 1ILCT fluorescence in polar solvents. The positive 

solvatochromic effect is more pronounced in 6-L than in 5-L and 4-L, and the 1ILCT 

emission energy apparently decreases from 4-L to 5-L to 6-L. This trend is consistent with 

the strength of the electron-donating ability of the substituent in these compounds. With the 

increased electron-donating ability (i.e. NPh2 > CBZ > n-Bu), the degree of intraligand 

(intramolecular) charge transfer is enhanced, which consequently induces the red-shift of the 

charge transfer emission. 

The emission of 3-1-L – 3-6-L at 77 K in butyronitrile glassy matrix was investigated 

in order to understand the phosphorescence from these compounds. As illustrated in Figure 

3.6c, structured phosphorescence between 500 and 700 nm was observed only in 1-L and 2-

L. The emission detected below 500 nm for 2-L – 6-L is low-temperature fluorescence, 
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which becomes narrower, structured and slightly blue-shifted due to the rigidochromic 
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Figure 3.6. (a) Normalized emission spectra of ligands 3-1-L – 3-6-L (λex was 325 nm for 3-
1-L, 320 nm for 3-2-L, 348 nm for 3-3-L, 326 nm for 3-4-L, 340 nm for 3-5-L, and 370 nm 
for 3-6-L) in CH2Cl2 at the concentration of 1×10-5 mol/L for 3-2-L – 3-6-L and 5×10-4 
mol/L for 3-1-L; (b) Normalized emission spectra of complexes 3-1 – 3-6 (λex was 372 nm 
for 3-1, 360 nm for 3-2, 383 nm for 3-3, 375 nm for 3-4, 380 nm for 3-5, and 410 nm for 3-6) 
in CH2Cl2 at the concentration of 1×10-5 mol/L; (c) Normalized emission spectra of 3-1-L – 
3-6-L at 77 K in glassy BuCN matrix (λex was 405 nm for 3-1-L, 350 nm for 3-2-L, 358 nm 
for 3-3-L, 326 nm for 3-4-L, 340 nm for 3-5-L, and 375 nm for 3-6-L); (d) Normalized 
emission spectra of complexes 3-1 – 3-6 at 77 K in glassy BuCN matrix at the concentration 
of 1×10-5 mol/L (λex was 372 nm for 3-1, 360 nm for 3-2, 383 nm for 3-3, 375 nm for 3-4, 
380 nm for 3-5, and 410 nm for 3-6). 
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Figure 3.7. Normalized emission spectra of 3-1-L – 3-6-L in different solvents. 
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Figure 3.8. Normalized emission spectra of 3-1 – 3-6 (λex = 436 nm) in different solvents. 

Complexes 3-1, 3-2, and 3-3 exhibit well-structured emission at room temperature 

(Figure 3.6b) with the band maximum at 582 nm, 579 nm, and 588 nm, respectively, which 

show somewhat negative solvatochromic effect as shown in Figure 3.8. The vibronic 

progressions are 1208, 1220, and 1234 cm-1 for 3-1, 3-2, and 3-3, respectively, and the 

emission lifetimes of 3-1  –  3-3 are in the range of 5.3 µs – 6.1 µs.  These features suggest 
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that the emission of complexes 3-1, 3-2, and 3-3 emanate predominantly from the ligand-

localized 3π,π* state. This assignment is confirmed by the calculated NTOs contributing to 

the lowest-energy triplet transition, as shown in Table 3.8. However, the calculated NTOs 

suggest that the emission of 3-1 and 3-2 has some contributions from the 3MLCT states. In 

contrast, the emission spectra of 3-4, 3-5, and 3-6 are broad and less structured (or 

structureless for 3-3 – 3-6) in CH2Cl2 solution at room temperature (as shown in Figure 3.6b), 

with apparently shorter lifetimes (i.e. 1.33 µs for 3-4 and 2.10 µs for 3-5, and the lifetime for 

3-6 was unable to be measured due to very weak signal) and lower quantum yields (see Table 

3.6). The emission of 3-4 and 3-5 shows a negative solvatochromic effect in different 

solvents, as shown in Figure 3.8. The emission of complex 3-6 was substantially quenched in 

polar solvents such as CH2Cl2 and CH3CN. Taking all these facts into account, we conclude 

that the emission of 3-4, 3-5, and 3-6 has significant contribution from a triplet charge 

transfer state. Our TD-DFT calculations confirm that the triplet transitions of complexes 3-4 

and 3-5 admix 3MLCT/3π,π* characters, while the triplet transition of 3-6 primarily has 

3ILCT character, which are quite distinct from the 3π,π* dominated character of the triplet 

transitions in complexes 3-1 – 3-3, as illustrated in Table 3.8. 

The emission of 3-1 – 3-6 at room temperature is concentration-dependent. As 

exemplified in Figure 3.9 for complex 3-1, the emission intensity increases in the 

concentration range of 1×10-6 - 2×10-5 mol/L, but decreases when the concentration is higher 

than 2×10-5 mol/L. Meanwhile, the emission lifetime keeps decreasing with increased 

concentration. Both facts suggest the occurrence of self-quenching in these complexes. The 

self-quenching rate constants deduced for 3-1 – 3-6 are provided in Table 3.6, which are on 

the order of 109 L.mol-1.s-1 and are in line with those reported in literatures for other Pt(II) 

terdentate or diimine complexes.16, 17, 71 - 76 On the other hand, in view of the strong 
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absorption at the respective excitation wavelength of each complex, the reduced emission 

intensity at high concentrations should also have contribution from primary inner-filter effect. 
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Figure 3.9. Concentration-dependent emission spectra of 3-1 in 
CH2Cl2.  λex= 372 nm. 

Table 3.6.  Emission and excited-state absorption parameters for complexes 3-1 – 3-6 and 
ligands 3-1-L – 3-6-L. 
 λem/nm (τ0/µs; ksq/L.mol-

1.s-1); Φem
a 

R. T. 

λem/nm (τem/µs)b 
 
77 K 

𝜆!!!!!/nm (𝜏!/µs; 
𝜀!!!!!/M-1 cm-1; 𝛷!)c 

theorλphos/nm 

1 582 (6.0; 2.04×109), 626 
(6.2; 1.83×109); 0.077 

573 (15.7), 621 
(16.0) 

655 (6.1; 18530; 0.56) 621 

2 579 (5.3; 1.46×109), 623 
(5.5; 1.62×109); 0.11 

569 (19.3), 617 
(19.3) 

580 (5.5; 27910; 0.40)  621 

3 588 (6.1; 1.44×109), 634 
(6.1; 9.33×108); 0.092 

581 (24.0), 630 
(28.0) 

625 (8.2; 56980; 0.33) 634 

4 595 (1.3; 3.49×109); 0.031 565 (22.1), 610 
(20.0) 

555 (2.1; 14870; 0.50) 600 

5 584 (2.1; 2.00×109); 0.06 564 (21.5), 609 
(21.2) 

560 (3.8; 13170; 0.32) 601 

6 638 (-); 0.003 583 (24.9), 629 
(20.9) 

530 (1.4; 35680; 0.38), 
755 (1.1; 20990; 0.38) 

618 

1-L 414 (-), 483 (-); - 530, 572 655 (18.6; -; -)  
2-L 383 (-); 0.066 378, 515, 549 535 (4.9; -; -)  
3-L 410 (-); 0.80 410 580 (5.4; -; -)  
4-L 378 (-); 0.69 385 520 (10.1; -; -)  
5-L 401 (-); 0.91 388 445 (10.0; -; -)  
6-L 444 (-); 0.84 425 460 (-; -; -)  
aEmission wavelength (λem), intrinsic lifetime (τ0), self-quenching rate constant (ksq), and 
emission quantum yield measured in CH2Cl2.  bIn BuCN glassy matrix.  cTriplet excited-state 
absorption band maximum (𝜆!!!!!), molar extinction coefficient (𝜀!!!!!), quantum yield 
(𝛷!) and lifetime (𝜏!) measured in CH3CN for 3-1 – 3-5; 3-6 was measured in toluene. 
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Table 3.7.  Fluorescence quantum yields of 3-1-L – 3-6-L in different solventsa; and 
Emission quantum yields of 3-1 – 3-6 in different solventsb 
 CH2Cl2 Hexane CH3CN THF Toluene 
3-1-L -c -c -c -c -c 

3-2-L 0.066 0.060 0.058 0.062 0.068 
3-3-L 0.795 0.727 0.783 0.785 0.800 
3-4-L 0.693 0.624 0.498 0.606 0.713 
3-5-L 0.907 0.819 0.806 0.875 0.888 
3-6-L 0.836 0.684 0.363 0.835 0.826 
3-1 0.077 0.036 0.054  0.062 
3-2 0.11 0.015 0.087  0.059 
3-3 0.092 0.037 0.02  0.064 
3-4 0.031 0.01 0.024  0.034 
3-5 0.060 0.028 0.048  0.035 
3-6 - 0.021 -  0.028 
a1 N sulfuric acid solution of quinine bisulfate (Φem = 0.546, λex = 347.5 nm) was used as the 
reference. bDegassed aqueous solution of [Ru(bpy)3]Cl2 (Φem = 0.042, λex = 436 nm) was 
used as the reference.  cToo weak to be measured. 

Table 3.8. Natural transition orbitals representing the lowest-energy triplet transitions for 
complexes 3-1 – 3-6. 

 Triplet Energy Hole Electron 

1 2.00 eV 
(621 nm) 

  

2 2.00 eV 
(621 nm) 

  

3 1.96 eV 
(634 nm) 

  

4 2.07 eV 
(600 nm) 

  

5 2.06 eV 
(601 nm) 

  

6 2.01 eV 
(618 nm) 

  

The emission of 3-1 – 3-6 at 77 K was investigated in butyronitrile glassy matrix and 

the results are provided in Figure 3.6d and in Table 3.6. The emission spectra at 77 K for all 
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complexes are blue-shifted, more structured and become narrower with respect to their 

corresponding emission spectra at room temperature, reflecting the rigidochromic effect.67 - 70 

The thermally-induced Stokes shifts are 270 cm-1 for 3-1, 304 cm-1 for 3-2, 205 cm-1 for 3-3, 

892 cm-1 for 3-4, 607 cm-1 for 3-5, and 1479 cm-1 for 3-6. The much smaller thermally-

induced Stokes shifts for 3-1 – 3-3 are consistent with the 3π,π* dominated nature of the 

emission, and the large Stokes shift for 3-6 is in accordance with the charge transfer character 

in the emitting triplet excited state. The moderate Stokes shifts in 3-4 and 3-5 also reflect the 

mixed 3MLCT/3π,π* characters in their emitting states. 

3.3.4. Transient Absorption 

The nanosecond transient absorption (TA) measurements were conducted for ligands 

3-1-L – 3-6-L and complexes 3-1 – 3-6. The following information can be obtained through 

the TA experiments: (1) the spectral feature of the triplet excited-state absorption; (2) the 

spectral region where the excited state absorbs strongly than the ground state (can be 

identified from the positive absorption band(s) of the TA spectrum); (3) the excited-state 

lifetime (can be deduced from the decay of the TA); and (4) the triplet excited-state quantum 

yield (can be determined by the relative actinometry). The nanosecond TA spectra of ligands 

3-1-L – 3-6-L at zero delay after excitation are illustrated in Figure 3.9.   

All compounds exhibit moderate to strong transient absorption in the visible to the 

NIR spectral region. Two trends are emerged by examining the shape of the TA spectra of 

these compounds. First, the TA band maxima of the compounds with electron-withdrawing 

substituents (3-1-L – 3-3-L) are obviously red-shifted compared to those of 3-4-L – 3-6-L 

that contain electron-donating substituents. Secondly, the TA spectra of 3-1-L, 3-5-L and 3-

6-L consist of two major absorption bands with a relatively narrower band between 400 and 

500 nm, and a broader band above 500 nm (Figures 3.10). Considering these different 

features, we tentatively attribute the observed TA to the 3π,π* states for these compounds. 
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However, for 1-L, 5-L and 6-L, 3ILCT could also contribute significantly to the observed TA 

in view of the facile intraligand charge transfer that could admix the 3ILCT character into the 

3π,π* states. 
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Figure 3.10. Nanosecond transient difference absorption 
spectra of (a) ligands 3-1-L – 3-6-L and (b) complexes 3-1 – 
3-6 at zero delay after excitation; (c) time-resolved TA 
spectra of 3-1-L – 3-5-L and 3-1 – 3-5 were measured in 
CH3CN, 3-6-L and 3-6 were measured in toluene.  λex = 355 
nm, A355 = 0.4 in a 1-cm cuvette. 

Figure 3.9b shows the TA spectra of complexes 3-1 – 3-6 at zero delay after 

excitation. The time-resolved TA spectrum of 3-1 is illustrated in Figure 3.9c, while the 

others are provided in Figures 3.10. 
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Figure 3.11. Nanosecond time-resolved transient difference absorption spectra of 3-1-L – 3-
6-L, and 3-2 – 3-6 (3-6, in toluene, others in CH3CN) are shown. λex = 355 nm. 

The TA spectra for all complexes feature two major absorption bands, a narrower one 

between 400 and 500 nm and a broader one above 500 nm. The low-energy TA bands are 

stronger than the 400-500 nm absorption bands in 3-1 – 3-3, but the relative intensity of these 

two bands is opposite in 3-4 – 3-6. Compared to the TA spectra of their respective ligands, 

the low-energy absorption bands of the TA spectra for these complexes are red-shifted, 

indicating electron delocalization induced by the interaction of Pt(II) center with the ligand. 
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For all complexes, bleaching occurs at λ < 430 nm, which is consistent with the position of 

the major absorption band in their respective UV-vis absorption spectra. The triplet lifetimes 

deduced from the decay of the TA (Table 3.6) for these complexes are similar to those 

obtained from the decay of emission, implying that the excited state giving rise to the 

observed TA could be the same excited state that emits. Based on these features, we 

tentatively ascribe the TA of 3-1 – 3-5 being predominantly from their 3π,π* states, with 

possible contributions from the 3MLCT states for 3-1, 3-2, 3-4 and 3-5. For complex 3-6, the 

TA in CH3CN was too weak to be detected. However, moderately strong TA spectrum was 

observed in toluene. The absence of TA in polar solvent like CH3CN and the shorter lifetime 

(τT = 1.4 µs in toluene) suggest the charge transfer nature of the triplet excited state that gives 

rise to the observed TA. Considering the nature of the emitting state of 3-6 discussed earlier, 

we believe the TA of 3-6 predominantly arises from the 3ILCT state. 

3.3.5. Reverse Saturable Absorption 

The TA spectra of 3-1 – 3-6 indicate that all complexes exhibit positive absorption at 

532 nm, suggesting stronger excited-state absorption than that of the ground state. In 

addition, the triplet excited-state lifetimes for these complexes are much longer than the ns 

laser pulse width (4.1 ns). These provide the necessary conditions for reverse saturable 

absorption (RSA, defined as a decreased transmission upon increase of incident energy) to 

occur for ns laser pulse at 532 nm. To demonstrate this, nonlinear transmission experiment 

using complexes 3-1 – 3-6 at 532 nm for ns laser pulses was carried out in CH2Cl2 solution at 

a linear transmittance of 90% in a 2-mm cuvette. For comparison purpose, the RSA of 

complex 1 in Ref. 34, which has the similar structure to that of complex 3-3 in this work but 

with a tolylacetylide co-ligand instead of Cl co-ligand, was also measured under the same 

experimental condition. The results are displayed in Figure 3.11. The transmission of the 

complexes drastically decreases with increased incident energy, a clear indication of strong 
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RSA.  The degree of RSA of these complexes increases in the order of 3-4 ≈ 3-5 < 3-1 ≈ 3-3 

< 3-2 < 3-6, and the RSA of 3-3 is slightly better than complex 1 in Ref. 34. It appears that 

the RSA is generally stronger in complexes with electron-withdrawing substituents (3-1 – 3-

3) than in complexes with electron-donating substituents except for 3-6, which contains the 

strongest electron-donating substituent. The strongest RSA from 3-6 should be related to its 

stronger excited-state absorption at 532 nm, which is evident by its TA spectrum, in which 

one of the absorption bands occurs at ca. 530 nm. 

 
Figure 3.12. Nonlinear transmission curves for 3-1 – 3-6 and 
complex 1 in Ref. 34 in CH2Cl2 in a 2 mm cuvette for 4.1 ns laser 
pulses at 532 nm.  The radius of the beam waist at the focal point 
was approximately 96 µm.  The linear transmission for all samples 
was adjusted to 90% in a 2 mm cuvette. 

To better rationalize the observed RSA trend of these complexes at 532 nm for ns 

laser irradiation, the ratios of the excited-state absorption cross section (σex) relative to the 

ground-state absorption cross section (σ0) (which is a key parameter for RSA) at 532 nm for 

3-1 – 3-6 have to be evaluated. The σex values at 532 nm can be estimated from the ΔODs of 

the ns TA at zero delay at 532 nm and at the TA band maximum (𝜆!!!!!), the ground-state 

absorbance (A) at 532 nm and at the TA band maximum of the same solution for the TA 

measurement, and the molar extinction coefficient (𝜀!!!!!) at the TA band maximum, as well 
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as the conversion equation σ = 3.82×10-21ε. The detailed procedure for the estimation of 

these values follows that described by our group previously.27 The σ0 values at 532 nm can be 

deduced from the ground-state absorption molar extinction coefficients using σ = 3.82×10-

21ε. The resultant σex and σ0 values as well as the ratios of σex/σ0 are compiled in Table 3.9. It 

is obvious that the σex/σ0 values follow the trend of 4 < 5 < 1 < 3 < 2 < 6, which correlates 

very well with the trend of the RSA plots of these complexes. The correspondence between 

the σex/σ0 values and RSA performances indicates that the RSA mainly arises from the triplet 

excited states of the complexes. This notion is quite reasonable because the fs TA study on 

complex 1 in Ref. 34 found that intersystem crossing from the singlet to triplet excited states 

occurs in ~88 ps (τisc = τs/ΦT); and during the ns excitation, the triplet excited state is the 

dominant contributor based on the calculated fractional populations of the affected excited 

states.34 Considering the similar core structure of complexes 3-1 – 3-6 to that of complex 1 in 

Ref. 34, it is reasonable to assume that the dominant contributing excited state to the RSA 

within the ns pulse width should be the triplet excited states for 3-1 – 3-6 as well.  Complex 

3-6 possesses the strongest triplet excited-state absorption at 532 nm and thus the strongest 

RSA. The σex/σ0 value for complex 3-3 is also much larger than that for its counterpart with 

the tolylacetylide ligand (i.e. complex 1 in Ref. 34), which has σT/σ0 = 69.6.34 The much 

larger ratio for complex 3-3 should be mainly due to the significantly reduced ground-state 

absorption cross section of 3-3 at 532 nm (σ0 = 4.3×10-19 cm2) with respect to complex 1 in 

Ref. 34 (σ0 = 1.48×10-18 cm2). This confirms our initial design concept that replacing the 

tolylacetylide co-ligand with Cl co-ligand could reduce the ground-state absorption in the 

visible spectral region and thus increase the σex/σ0 ratio and enhance the RSA in the visible 

spectral region. It is also worth noting that the σex/σ0 ratios for 3-1 – 3-6 are much larger than 

those of most of the reverse saturable absorbers reported in the literature;16,17, 22, 23, 20, 34, 72, 73, 

77 – 83 and the σex/σ0 value for 3-6 is among the largest value reported to date. 
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Table 3.9. Ground-state (σ0) and excited-state (σex) absorption cross sections for complexes 
3-1 – 3-6 at 532 nm. 

 3-1 3-2 3-3 3-4 3-5 3-6 
σ0/ 10-18 cm2 a 0.27 0.27 0.43 0.38 0.38 0.88 
σex /10-18 cm2 b 46 67 80 44 46 230 
σex/σ0 170 248 186 116 121 261 
a In CH2Cl2; b3-1–3-5 in CH3CN and 3-6 in toluene. 

3.4. Conclusion 

Six new Pt(II) complexes (3-1 – 3-6) containing 6-[7-R-9,9-di(2-ethylhexyl)-9H-

fluoren-2-yl]-2,2'-bipyridine (R = NO2, CHO, benzothiazol-2-yl, n-Bu, carbazol-9-yl, NPh2) 

ligands were synthesized, and their photophysics were systematically investigated by 

spectroscopic techniques and TDDFT theoretical calculations. The absorption and emission 

characteristics of 3-1 – 3-6 can be substantially adjusted by the 7-substituent. It is found that 

electron-withdrawing substituents (NO2, CHO, BTZ) and electron-donating substituents (n-

Bu, CBZ, NPh2) exert distinct effects on the photophysics of the complexes. The lowest-

energy absorption bands of 3-1 – 3-6 all feature 1MLCT/1ILCT/1π,π* characters, while the 

contributions of 1MLCT, 1LLCT, 1π,π* and 1ILCT configurations to the major absorption 

band(s) vary depending on the nature of the substituent. The different substituents influence 

the nature of the lowest triplet excited states of 3-1 – 3-6 more distinctively, reflected by the 

fact that the emitting excited state of complexes 3-1 – 3-3 is dominated by the 3π,π* 

characters with a little contribution from 3MLCT in 3-1 and 3-2, while the emission of 3-4 

and 3-5 admixes 3MLCT/3π,π* characters, and 3-6 primarily exhibits very weak 3ILCT 

emission. It appears that the 3π,π* character diminishes while charge transfer character 

increases when the strength of electron-donating substituent increases. All complexes exhibit 

broad and strong triplet excited-state absorption from the near-UV to the near-IR spectral 

region, which originates from the same triplet excited state that emits. The TA band maxima 

are red-shifted for complexes 3-1 – 3-3 (which possess the electron-withdrawing substituents) 

compared to those of 3-4 – 3-6 (which contain electron-donating substituents). Due to the 



	
   123 

much stronger triplet excited-state absorption than the ground-state absorption of 3-1 – 3-6 in 

the visible spectral region, all complexes exhibit strong reverse saturable absorption for ns 

laser pulse at 532 nm, with complex 3-6 showing the strongest RSA due to its strongest 

excited-state absorption at 532 nm and thus the largest ratio of σex/σ0. The σex/σ0 ratios for the 

other five complexes are also much larger than most of the reverse saturable absorbers 

reported in the literature at 532 nm. This makes complexes 3-1 – 3-6, especially 3-6, very 

promising candidates for devices that require strong RSA. 
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CHAPTER 4. SYNTHESIS, PHOTOPHYSICS, AND REVVERSE SATURABLE 

ABSORPTION OF PLATINUM COMPLEXES BEARING EXTENDED π-

CONJUGATED C^N^N LIGAND 

The majority of this chapter is from my paper published on Dalton Transactions.1 

Reproduced by permission of The Royal Society of Chemistry. The article can be found 

online at: http://pubs.rsc.org/en/content/articlelanding/2013/dt/c3dt51430g#!divAbstract. 

However, there are some revisions, and contents including figures and brief discussions are 

added. 

4.1. Introduction 

Square-planar platinum(II) complexes have gained intense interest in the past two 

decades due to their potential applications as antitumor reagents,2-4 in organic light emitting 

diodes (OLED),5-7 photon upconversion,8-10 and as nonlinear absorbing materials,11-15 etc.  

Most of these applications are intrigued by their rich photophysical properties that are closely 

associated with their long-lived triplet excited states due to the heavy-atom enhanced spin-

orbit coupling. It has been reported that the photophysical properties of the Pt(II) complexes 

can be readily tuned by structural modifications of the ligands.  Therefore, understanding the 

structure-property correlations is critical for designing platinum complexes with a 

predetermined application.  It is found that variation of substituent on the ligand from 

electron-withdrawing to electron-donating groups,16 tuning degree of π-conjugation in the 

ligand,17 alternation of different linkage between components in ligand,18 and changing 

configuration of the Pt(II) complexes (cis or trans)19 could all influence the photophysics of 

the platinum complexes. 

Our group has extensively studied the photophysics and nonlinear absorption of 

platinum complexes bearing polypyridine ligands (terpyridine or diimine) or cyclometalating 

C^N^N ligands.11-15 Most of the complexes exhibited excellent reverse saturable absorption 
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(RSA, i.e. an increase of absorptivity of molecules with the increased incident energy, and 

consequently a decrease of transmission with increased incident energy) for 532-nm ns laser 

pulses, which is typically related to the large ratios of the excited-state absorption cross 

section to that of the ground state of the molecule.  Studies by our group on platinum 

bipyridine bisacetylide complexes14, 15 revealed that the triplet excited states and RSA can be 

efficiently tuned by the auxiliary substituent on the acetylide ligands.  Recently, we studied 

the effects of substituent at the cyclometalating C^N^N ligand on the photophysics and RSA 

of a series of Pt(II) complexes and discovered that the electron-donating or withdrawing 

substituents can significantly influence the excited-state characteristics and RSA.20 Our 

studies on Pt(II) bipyridine acetylide complexes discovered that extending the π-conjugation 

on the bipyridine or/and the acetylide ligands can significantly increase the triplet excited-

state lifetime and dramatically improve the RSA at 532 nm for ns laser pulses.21, 22 Intrigued 

by these work, we wonder if the extended π-conjugation on the cyclometalating C^N^N 

ligand could also prolong the triplet excited-state lifetime and enhance the RSA of the Pt(II) 

complexes; and whether the terminal substituent at the extended π-conjugated C^N^N ligand 

would influence the photophysics and RSA of the complexes. 

To answer these questions, five Pt(II) complexes containing a 6-[9,9-di(2-ethylhexyl)-

7-R-fluoren-2-yl]-2,2'-bipyridine ligand or a 6-[9,9-di(2-ethylhexyl)-7-(4-(benzothiazol-2-

yl)phenyl)-fluoren-2-yl]-2,2'-bipyridine ligand (complexes 4-1 – 4-5 in Scheme 4.1) were 

synthesized and their photophysics and RSA were systematically investigated. For 

comparison of the effect of extended π-conjugation, complex 4-6 that was reported 

previously20 was also included in this paper.  In complexes 4-1 – 4-4, different substituents 

were introduced at the 4-position of the ethynylphenyl unit.  In complexes 4-2, 4-5, and 4-6, 

the linkage between the C^N^N core and the benzothiazol-2-yl (BTZ) component was varied 

from single bond (4-6) to phenyl (4-5) to ethynylphenyl (4-2). Comparison of the 
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photophysics and RSA of 4-1 – 4-4 would allow the terminal substituent effect to be 

evaluated; while investigation of 4-2, 4-5 and 4-6 would help us to better understand the 

linkage effect and thus the extended π-conjugation effect. 

 
Chart 4.1. Structures for complexes 4-1 – 4-6 (C8H17 = 2-ethylhexyl). 

4.2. Experiment Section 

4.2.1. Synthesis and Characterization 

The synthetic routes for ligands 4-1-L – 4-5-L and complexes 4-1 – 4-5 are illustrated 

in Scheme 2. The synthesis of ligand 4-6-L and complex 4-6 has been reported previously.20 

1-Ethynyl-4-nitrobenzene (7a), phenylacetylene (7c), and 1-ethynyl-4-methoxybenzene (7d) 

were purchased from Aldrich Co. All of the other reagents and solvents were purchased from 

Aldrich Chemical Co. or Alfa Aesar and used as is unless otherwise stated. Silica gel for 

column chromatography was purchased from Sorbent Technology (60 Ǻ, 230 - 400 mesh, 

500 - 600 m2/g, pH: 6.5 - 7.5).  The synthesis of precursors 823 and 1124 followed the 

literature procedures. The synthetic procedures and characterization data for the key 

precursors 10a – 10d, 12, ligands 4-1-L – 4-5-L and complexes 4-1 – 4-5 are provided 

below.  Sonogashira coupling reactions between 7a – 7d and 9 respectively yielded 10a – 

10d.  Suzuki coupling reaction between 6 and 11 formed compound 12. 10a – 10d and 12 

then reacted with 8 respectively under Suzuki coupling reaction conditions to afford 4-1-L – 

4-5-L.  The ligands 4-1-L – 4-5-L reacted respectively with K2PtCl4 in refluxing acetic acid 

under argon for 24 hours to afford complexes 4-1 – 4-5.  All intermediates, ligands and the 

Pt(II) complexes were characterized by 1H NMR.  Ligands 4-1-L – 4-5-L and complexes 4-1 

– 4-5 were also characterized by electrospray ionization high-resolution mass spectrometry 
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(ESI-HRMS), and elemental analyses. 1H NMR spectra were obtained on Varian Oxford-

VNMR spectrometers (300 MHz, 400 MHZ, or 500 MHz). ESI-HRMS analyses were 

performed on a Bruker BioTOF III mass spectrometer.  Elemental analyses were conducted 

by NuMega Resonance Laboratories, Inc. in San Diego, California. 

 

 

 

 
 

Scheme 4.1. Synthetic routes for ligands 4-1-L – 4-5-L and complexes 4-1 – 4-5. 

6. The mixture of 4-bromobenzalhyde (3.7 g, 20 mmol), 2-amino-benzenethiol (2.5 g, 

20 mmol), and DMSO (20 mL) was heated to reflux for 2 hrs. After the reaction, the off-

white precipitate formed upon cooling was collected and dissolved into dichloromethane.  

The solution was discolored by stirring with activated carbon pellets under reflux.  The 
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carbon pellets were removed by filtration after the solution cooled down to room 

temperature.  The solvent of the filtrate was then removed by distillation.  3.96 g white 

powder was collected as the product (yield: 68%).  1H NMR (CDCl3, 400 MHz): 8.03 – 8.06 

(m, 1H), 7.92 – 7.96 (m, 2H), 7.87 – 7.90 (m, 1H), 7.59 – 7.62 (m, 2H), 7.46 – 7.50 (m, 1H), 

7.36 – 7.40 (m, 1H). 

7b. (2 successive steps)  In the first step, compound 6 (0.38 g, 1.3 mmol) was 

dissolved in 30 mL triethylamine and the solution was degassed.  Pd(PPh3)2Cl2 (58 mg), PPh3 

(98 mg) and CuI (48 mg) was then added. The system was purged with argon again and 

TMSA (0.5 mL, 3.6 mmol) was injected.  The mixture was then heated to reflux for 18 hrs.  

After reaction, the black precipitate was removed by filtration.  The solvent from the filtrate 

was removed by distillation.  The residue was purified by running a silica gel column eluted 

with a mixed solvent of dichloromethane and hexane (v/v = 1/1).  0.35 g white powder was 

collected as the product and confirmed as trimethyl-(4-BTZ-phenylethynyl)-silane (yield: 

88%).  1H NMR (CDCl3, 400 MHz): 8.04 – 8.06 (m, 1H), 8.00 – 8.02 (m, 2H), 7.88 – 7.90 

(m, 1H), 7.54 – 7.56 (m, 2H), 7.46 – 7.50 (m, 1H), 7.35 – 7.39 (m, 1H), 0.25 (s, 9H). In the 

second step, the mixture of trimethyl-(4-BTZ-phenylethynyl)-silane (0.35 g, 1.1 mmol), KOH 

(0.56 g, 10 mmol), THF (6 mL), CH3OH (6 mL), and water (1 mL) was stirred at room 

temperature for 2 hours.  After reaction, the solvent was removed by distillation and the 

residue was dissolved in dichloromethane.  The dichloromethane solution was washed with 

brine twice and dried over MgSO4.  After removal of the solvent, 0.26 g yellow powder was 

collected as the product (yield: 97%).  1H NMR (CDCl3, 400 MHz): 8.03 – 8.07 (m, 3H), 

7.88 – 7.90 (m, 1H), 7.58 – 7.60 (m, 2H), 7.46 – 7.50 (m, 1H), 7.36 – 7.40 (m, 1H), 3.20 (s, 

1H). 

9. Compound Br-F8-Br (5.14 g, 9.4 mmol) was dissolved in 20 mL THF and the 

solution was degassed and cooled down to -78 oC.  BuLi (4.1 mL, 10.3 mmol) was then 
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added dropwise. The solution was stirred under argon for 1 hour. 2-Isopropoxy-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane (1.92 mL, 0.912 g/mL, 9.4 mmol) was then added dropwise 

and the reaction mixture was allowed to warm up to room temperature for 20 hours.  After 

the reaction, the organic layer was washed with saturated NH4Cl aqueous solution and dried 

over MgSO4.  The solvent was removed and the residue was purified by running a silica gel 

column eluted with a mixed solvent of hexane/CH2Cl2 (v/v = 3/1).  3.55 g colorless oil was 

collected as the product (yield: 63%).  1H NMR (CDCl3, 400 MHz): 7.75 – 7.80 (m, 2H), 

7.61 – 7.63 (m, 1H), 7.53 – 7.55 (m, 1H), 7.47 – 7.48 (m, 1H), 7.40 – 7.43 (m, 1H), 1.87 – 

2.01 (m, 4H), 1.33 (s, 12H), 0.63 – 0.95 (m, 22H), 0.42 – 0.53 (m, 8H). 

General synthetic procedure for 10a – 10d. The mixture of 7a – 7d (1.0 mmol), 9 

(0.94mmol), CuI (40 mg), Pd(PPh3)2Cl2 (40 mg), PPh3 (80 mg), and Et3N (20 mL) was heated 

to reflux under argon for 24 hours.  After reaction, the solid was removed by filtration and 

Et3N was removed by distillation.  Purification was carried out by column chromatography 

(silica gel) eluted with mixed solvent of hexane and dichloromethane (v/v = 2/1 for 10a and 

10b; v/v = 5/1 for 10c and 10d). 

10a.  90 mg yellow oil was collected as the product (yield: 14%).  1H NMR (CDCl3, 

500 MHz): 8.19 – 8.22 (m, 2H), 7.77 – 7.84 (m, 2H), 7.64 – 7.71 (m, 4H), 7.49 – 7.55 (m, 

2H), 1.93 – 2.06 (m, 4H), 1.34 (m, 12H), 0.45 – 0.95 (m, 30H). 

10b. 0.16g light yellow oil was collected as the product (yield: 22%).  1H NMR 

(CDCl3, 500 MHz): 8.09 – 8.12 (m, 3H), 7.93 – 7.94 (d, J = 8.0 Hz, 1H), 7.81 – 7.88 (m, 2H), 

7.68 – 7.73 (m, 5H), 7.51 – 7.60 (m, 3H), 7.36 – 7.43 (m, 3H), 1.97 – 2.10 (m, 4H), 1.39 (s, 

12H), 0.50 – 0.99 (m, 30H). 

10c. 0.54 g light yellow oil was collected as the product (yield: 93%).  1H NMR 

(CDCl3, 400 MHz): 7.80 – 7.87 (m, 2H), 7.68 – 7.70 (d, J = 11.2 Hz, 2H), 7.50 – 7.59 (m, 

3H), 7.29 – 7.38 (m, 10H), 1.95 – 2.08 (m, 4H), 1.37 (s, 11H), 0.49 – 0.94 (m, 30H). 
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10d. 0.25 g light yellow oil was collected as the product (yield: 41%).  1H NMR 

(CDCl3, 400 MHz): 7.77 – 7.83 (m, 2H), 7.65-7.67 (m, 2H), 7.45 – 7.51 (m, 4H), 6.86 – 6.88 

(m, 2H), 3.82 (s, 3H), 1.93 – 2.05 (m, 4H), 1.35 (s, 12H), 0.46 – 0.92 (m, 30H). 

Synthesis of 12. The mixture of 6 (0.3 g, 1 mmol), 11 (0.65 g, 1 mmol), K2CO3 (0.52 

g), Pd(PPh3)2Cl2 (48 mg), PPh3 (78 mg), toluene (15 mL), and water (10 mL) was heated to 

reflux under argon for 30 hours.  After reaction, the solid was removed by filtration and the 

organic phase was washed with brine and dried over MgSO4.  After removal of the solvent, 

the residue was purified by running a silica gel column eluted with a mixed solvent of 

dichloromethane and hexane (v/v = 1/3).  0.24 g colorless oil was collected as the product 

(yield: 33%).  1H NMR (CDCl3, 500 MHz): 8.21 (d, J = 8.0 Hz, 1H), 8.12 (d, J = 8.0 Hz, 

1H), 7.94 (d, J = 8.0 Hz, 1H), 7.89 (d, J = 9.0 Hz, 1H), 7.81 – 7.84 (m, 2H), 7.78 (d, J = 8.0 

Hz, 2H), 7.74 (d, J = 7.5 Hz, 1H), 7.67 (m, 1H), 7.63 – 7.65 (m, 1H), 7.52 (t, J = 7.5 Hz, 1H), 

7.41 (t, J = 7.8 Hz, 1H), 2.05 – 2.14 (m, 4H), 1.39 (s, 12H), 0.52 – 0.91 (m, 30H). 

General synthetic procedure for 4-1-L – 4-5-L. The mixture of 8 (0.20 mmol), 10a 

– 10d or 12 (0.18 mmol), K2CO3 (0.60 g), Pd(PPh3)2Cl2 (40 mg), PPh3 (60 mg), toluene (10 

mL), and water (5 mL) was heated to reflux under argon for 24 hours.  After reaction, the 

solid was removed by filtration and the organic phase was collected and washed with brine 

and dried over MgSO4.  After removal of the solvent, the residue was purified by running a 

silica gel column eluted with dichloromethane. 

4-1-L. 0.10 g yellow oil was collected as the product (yield: 81%).  1H NMR (CDCl3, 

400 MHz): 8.68 – 8.69 (m, 1H), 8.64 (d, J = 7.6 Hz, 1H), 8.37 (d, J = 7.6 Hz, 1H), 8.20 – 

8.22 (m, 2H), 8.12 – 8.17 (m, 2H), 7.78 – 7.90 (m, 4H), 7.74 (d, J = 7.6 Hz, 1H), 7.65 – 7.69 

(m, 2H), 7.57 – 7.60 (m, 1H), 7.54 – 7.56 (m, 1H), 7.30 – 7.33 (m, 1H), 2.00 – 2.16 (m, 4H), 

0.51 – 0.95 (m, 30H). Elemental analysis calculated for 
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C47H51N3O2•0.125CH2Cl2•0.25C6H14: C, 80.88; H, 7.64; N, 5.82. Found: C, 81.27; H, 8.07; 

N, 5.80.  ESI-HRMS: m/z calc. for [C47H51N3O2+H]+: 690.4054; Found: 690.4035. 

4-2-L. 0.12 g yellow solid was collected as the product (yield: 86%). 1H NMR 

(CDCl3, 400 MHz): 8.68 – 8.70 (m, 1H), 8.64 – 8.66 (m, 1H), 8.35 – 8.38 (m, 1H), 8.11 – 

8.17 (m, 1H), 8.06 – 8.10 (m, 3H), 7.77 – 7.91 (m, 5H), 7.72 – 7.74 (d, J = 8.0 Hz, 1H), 7.64 

– 7.69 (m, 2H), 7.58 – 7.60 (m, 1H), 7.54 – 7.57 (m, 1H), 7.47 – 7.51 (m, 1H), 7.36 – 7.40 

(m, 1H), 7.28 – 7.33 (m, 2H), 2.01 – 2.16 (m, 4H), 0.52 – 0.97 (m, 30H).  Elemental analysis 

calculated for C54H55N3S•0.25CH2Cl2: C, 81.52; H, 7.00; N, 5.26. Found: C, 81.12; H, 7.35; 

N, 5.37.  ESI-HRMS: m/z calc. for [C54H55N3S+H]+: 778.4189; Found: 778.4162. 

4-3-L. 0.10 g yellow oil was collected as the product (yield: 86%). 1H NMR (CDCl3, 

400 MHz): 8.65 – 8.71 (m, 2H), 8.37 – 8.39 (m, 1H), 8.12 – 8.18 (m, 2H), 7.71 – 7.91 (m, 

5H), 7.52 – 7.57 (m, 4H), 7.31 – 7.38 (m, 4H), 2.01 – 2.17 (m, 4H), 0.50 – 0.95 (m, 30H). 

Elemental analysis calculated for C47H52N2•0.1CH2Cl2: C, 86.58; H, 8.05; N, 4.29. Found: C, 

86.89; H, 8.37; N, 4.30.  ESI-HRMS: m/z calc. for [C47H52N2+H]+: 645.4203; Found: 

645.4172. 

4-4-L.  0.10 g yellow oil was collected as the product (yield: 82%).  1H NMR (CDCl3, 

400 MHz): 8.65 – 8.71 (m, 2H), 8.36 – 8.38 (m, 1H), 8.11 – 8.18 (m, 2H), 7.83 – 7.91 (m, 

2H), 7.79 – 7.81 (m, 2H), 7.70 – 7.71 (m, 1H), 7.48 – 7.56 (m, 4H), 7.31 – 7.34 (m, 1H), 6.88 

– 6.90 (m, 2H), 3.83 (s, 3H), 2.00 – 2.16 (m, 4H), 0.52 – 0.97 (m, 30H).  Elemental analysis 

calculated for C48H54N2O•0.25CH2Cl2•0.25C6H14: C, 83.25; H, 8.15; N, 3.90. Found: C, 

83.21; H, 8.43; N, 4.02.  ESI-HRMS: m/z calc. for [C48H54N2O+H]+: 675.4309; Found: 

675.4283. 

4-5-L. 0.12 g yellow solid was collected as the product (yield: 88%).  1H NMR 

(CDCl3, 400 MHz): 8.66 – 8.70 (m, 2H), 8.36 – 8.38 (m, 1H), 8.13 – 8.20 (m, 4H), 8.09 (d, J 

= 8.4 Hz, 1H), 7.75 – 7.91 (m, 8H), 7.68 (m, 1H), 7.62 – 7.65 (dt, J = 8.0, 1.6 Hz, 1H), 7.47 – 
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7.51 (m, 1H), 7.36 – 7.40 (m, 1H), 7.30 – 7.33 (m, 1H), 2.07 – 2.21 (m, 4H), 0.51 – 0.92 (m, 

30H).  Elemental analysis calculated for C52H55N3S: C, 82.82; H, 7.35; N, 5.57. Found: C, 

82.42; H, 7.44; N, 5.52.  ESI-HRMS: m/z calc. for [C52H55N3S+H]+: 754.4189; Found: 

754.4167. 

General synthetic procedure for 4-1 – 4-5. The mixture of 4-1-L – 4-5-L (0.17 

mmol), K2PtCl4 (72 mg, 0.17 mmol), and acetic acid (10 mL) was refluxed under argon for 

24 hours.  After reaction, the solvent was removed by distillation.  The red solid was purified 

by column chromatography on silica gel eluted with dichloromethane.  Further purification 

was carried out by recrystallization from dichloromethane and hexane. 

4-1. 62 mg red powder was collected as the product (yield: 40%).  1H NMR (CDCl3, 

400 MHz): 8.93 – 9.00 (m, 1H), 8.19 – 8.22 (m, 2H), 8.11 – 8.12 (m, 1H), 7.90 – 7.95 (m, 

2H), 7.81 – 7.84 (m, 1H), 7.72 – 7.79 (m, 1H), 7.64 – 7.69 (m, 2H), 7.46 – 7.54 (m, 5H), 7.30 

– 7.31 (m, 1H), 1.94 – 2.03 (m, 4H), 0.48 – 0.94 (m, 30H).  Elemental analysis calculated for 

C47H50ClN3O2Pt: C, 61.40; H, 5.48; N, 4.57. Found: C, 61.34; H, 5.72; N, 4.51.  ESI-HRMS: 

m/z calc. for [C47H50N3O2PtCl+H]+: 920.3317; Found: 920.3355. 

4-2.  52 mg yellow powder was collected as the product (yield: 30%).  1H NMR 

(CDCl3, 400 MHz): 9.17 – 9.19 (m, 1H), 8.14 (s, 1H), 8.04 – 8.09 (m, 4H), 7.89 – 7.92 (m, 

2H), 7.81 – 7.83 (m, 2H), 7.64 – 7.66 (m, 3H), 7.47 – 7.56 (m, 5H), 7.36 – 7.40 (m, 1H), 7.33 

(m, 1H), 1.98 – 1.99 (m, 4H), 0.48 – 0.92 (m, 30H).  Elemental analysis calculated for 

C54H54ClN3PtS•0.5CH2Cl2: C, 62.34; H, 5.28; N, 4.00. Found: C, 62.48; H, 5.54; N, 4.00.  

ESI-HRMS: m/z calc. for [C54H54N3SPtCl+H]+: 1008.3453; Found: 1008.3501. 

4-3.  30 mg yellow powder was obtained as the product (yield: 20%).  1H NMR 

(CDCl3, 500 MHz): 9.04 – 9.08 (m, 1H), 8.14 (s, 1H), 7.93 – 8.01 (m, 2H), 7.77 – 7.84 (m, 

2H), 7.52 – 7.58 (m, 7H), 7.33 – 7.39 (m, 4H), 1.97 – 2.05 (m, 4H), 0.52 – 0.96 (m, 30H).  
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Elemental analysis calculated for C47H51ClN2Pt: C, 64.56; H, 5.88; N, 3.20. Found: C, 64.10; 

H, 6.21; N, 3.13.  ESI-HRMS: m/z calc. for [C47H51N2PtCl+H]+: 875.3466; Found: 875.3432. 

4-4. 46 mg yellow powder was obtained as the product (yield: 30%).  1H NMR 

(CDCl3, 400 MHz): 9.08 – 9.11 (m, 3H), 8.10 (s, 1H), 7.96 – 7.99 (m, 1H), 7.90 (d, J = 8.0 

Hz, 1H), 7.75 – 7.80 (m, 2H), 7.45 – 7.59 (m, 7H), 7.29 (d, J = 1.6 Hz, 1H), 6.85 – 6.87 (m, 

2H), 3.81 (s, 3H), 1.96 – 1.97 (m, 4H), 0.47 – 0.94 (m, 30H).  Elemental analysis calculated 

for C48H53ClN2OPt: C, 63.74; H, 5.91; N, 3.10. Found: C, 63.55; H, 5.91; N, 3.05.  ESI-

HRMS: m/z calc. for [C48H53N2OPtCl+H]+: 905.3572; Found: 905.3592. 

4-5. 53 mg yellow powder was obtained as the product (yield: 32%).  1H NMR 

(CDCl3, 400 MHz): 9.24 – 9.26 (m, 1H), 8.19 – 8.21 (m, 3H), 8.08 – 8.11 (m, 2H), 7.92 – 

7.94 (m, 3H), 7.83 – 7.86 (m, 1H), 7.78 – 7.80 (m, 2H), 7.65 – 7.67 (m, 2H), 7.49 – 7.60 (m, 

6 ), 7.38 – 7.42 (m, 2H), 2.00 – 2.10 (m, 4H), 0.49 – 0.94 (m, 30H).  Elemental analysis 

calculated for C52H54ClN3PtS•0.33CH2Cl2: C, 62.12; H, 5.45; N, 4.15. Found: C, 61.86; H, 

5.49; N, 4.14.  ESI-HRMS: m/z calc. for [C52H54N3SPtCl+H]+: 984.3452; Found: 984.3462. 

4.2.2. Photophysical Measurements 

The spectroscopic grade solvents used for the photophysical experiments were 

purchased from VWR International and used as is without further purification.  A Shimadzu 

UV-2501 spectrophotometer was used to record the UV-vis absorption spectra in different 

solvents.  A SPEX fluorolog-3 fluorometer/phosphorometer was used to measure the steady-

state emission spectra.  The emission spectra of 4-1 – 4-6 were recorded after their solutions 

were purged with argon for 30 minutes.  The emission quantum yields of 4-1-L – 4-6-L and 

4-1 – 4-6 were determined by the relative actinometry method25 (4-1 – 4-6 were measured in 

degassed solutions). A degassed aqueous solution of [Ru(bpy)3]Cl2 (Φem = 0.042, λex = 436 

nm)26 was used as the reference for complexes 4-1 – 4-6, and a 1 N sulfuric acid solution of 
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quinine bisulfate (Φem = 0.546, λex = 347.5 nm)27 was used as the reference for ligands 4-1-L 

– 4-6-L. 

The nanosecond transient difference absorption (TA) spectra and decays of 4-1-L – 4-

6-L and 4-1 – 4-6 were measured in degassed CH3CN solutions on an Edinburgh LP920 laser 

flash photolysis spectrometer. The third harmonic output (355 nm) of a Nd:YAG laser 

(Quantel Brilliant, pulse width: 4.1 ns, repetition rate was set at 1 Hz) was used as the 

excitation source. Each sample was purged with argon for 30 min prior to measurement.  The 

triplet excited-state absorption coefficient (εT) at the TA band maximum was determined by 

the singlet depletion method.28 The triplet quantum yields (ΦT) of 4-1 – 4-6 were determined 

by the relative actinometry using SiNc in benzene as the reference (ε590 = 70,000 M-1 cm-1, 

ΦT = 0.20).29 

4.2.3. Nonlinear Transmission Experiment 

The reverse saturable absorption of complexes 4-1 – 4-6 was characterized by 

nonlinear transmission experiment at 532 nm using a Quantel Brilliant laser as the light 

source.  The pulse width of the laser was 4.1 ns and the repetition rate was set at 10 Hz.  The 

complexes were dissolved in CH2Cl2.  The concentration of the sample solution was adjusted 

to obtain a linear transmission of 90% at 532 nm in a 2-mm-thick cuvette.  The experimental 

setup is similar to that reported previously,30 with a 40-cm plano-convex lens being used to 

focus the beam to the center of the 2-mm-thick sample cuvette. 

4.3. Results and Discussion 

4.3.1. Electronic Absorption 

The electronic absorption of 4-1-L – 4-6-L and 4-1 – 4-6 were measured in 

dichloromethane in the concentration range of 1×10-6 – 1×10-4 mol/L, and the spectra are 

shown in Figure 4.1a for the ligands and Figure 4.1b for the complexes.  The absorption band 



	
   141 

maxima and molar extinction coefficients for the ligands and the complexes are summarized 

in Table 4.1. No ground-state aggregation was evident in the concentration range studied, as 

supported by the obedient of the absorption to the Beer’s law. The major absorption bands of 

4-1-L – 4-6-L appear at the 300 nm – 450 nm region with the molar extinction coefficients 

being on the order of 104 L•mol-1•cm-1. Considering the large molar extinction coefficients 

and the minor solvent effect as shown in Figures 4.2, these bands are ascribed to the 1π,π* 

transitions.  The UV-vis absorption spectra of the Pt(II) complexes 4-1 – 4-6 are featured by 

strong absorption bands below ca. 430 nm (450 nm for 4-1) and a broad tail from 440 nm 

(450 nm for 1) to 500 nm. Comparing to the UV-vis absorption spectra of their respective 

ligands and with reference to the other Pt(II) C^N^N chloride complexes with similar 

structures,31 the major absorption bands are attributed to predominantly the ligand centered 

1π,π* transitions; while the broad tail is believed to be dominated by the 1MLCT transition, 

probably mixed with some intraligand charge transfer (from the ethynylfluorene component 

to the bipyridine component) characters. The 1π,π* transitions in the complexes are 

significantly red-shifted compared to those in their respective ligands, indicating the electron 

delocalization induced by the interactions with the metal ion. 

 
Figure 4.1. (a) UV-vis absorption spectra of ligands 4-1-L – 4-6-L 
measured in CH2Cl2; (b) UV-vis absorption spectra of complexes 
4-1 – 4-6 measured in CH2Cl2. 
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Comparing the UV-vis absorption spectra of 4-1-L – 4-4-L, it is very clear that 

substitution at the 4-position of the ethynylphenyl (regardless electron-donating or electron-

withdrawing substituent) causes pronounced red-shifts of the absorption bands and increased 

molar extinction coefficients, as evidenced by 4-1-L, 4-2-L and 4-4-L compared to 4-3-L, 

which suggests electron delocalization induced by the substituents.  Notably, the absorption 

spectrum of 4-1-L is much broader and red-shifted, but with significantly low molar 

extinction coefficients with respect to the other ligands. This implies that there could be 

strong mixing of the intramolecular charge transfer character with the 1π,π* transition in 4-1-

L, which decreases the 1π,π* transition oscillating strength but increases the intramolecular 

charge transfer transition oscillating strength. In contrast, the absorption of 4-2-L – 4-4-L 

should be dominated by the 1π,π* transitions.  Comparison of the UV-vis absorption spectra 

of 4-2-L, 4-5-L and 4-6-L reveals that with the extended π-conjugation between the BTZ unit 

and the C^N^N core, the UV-vis absorption spectra of 4-2-L and 4-5-L are pronouncedly 

red-shifted and their molar extinction coefficients are dramatically increased. 

Table 4.1. Electronic absorption, emission (room temperature and 77 K), and excited-state 
absorption parameters for complexes 4-1 – 4-6 and ligands 4-1-L – 4-6-L. 
 λabs/nm (ε/L.mol-

1.cm-1)a 
λem/nm (τ0/µs; 
ksq/L.mol-1.s-1); 
Φem

b 
R. T. 

λem/nm(τem/µs)c 
77 K 

𝜆!!!!!/nm (𝜏!/µs; 
𝜀!!!!!/L.mol-1 cm-

1; ΦT)d 

4-1 450 (9120), 410 
(47670), 393 
(53650), 338 
(29500) 

593 (7.5; 1.53×109), 
638 (7.0; 1.60×109); 
0.13 

583 (26.1), 632 
(23.9) 

560 (5.1; 26530; 
0.37) 

4-2 450 (5490), 410 
(55380), 389 
(72130), 366 
(63380) 

592 (6.2; 1.63×109), 
636 (6.2; 1.26×109); 
0.053 

585 (26.1), 633 
(28.1) 

675 (8.1; 90010; 
0.19) 

4-3 450 (3270), 405 
(28100), 381 
(41910), 336 
(41630) 

589 (4.7; 1.66×109), 
630 (4.5; 1.21×109); 
0.084 

577 (22.4), 626 
(20.9) 

610 (5.7; 37510; 
0.43) 

4-4 450 (3030), 400 
(28300), 385 
(33170), 335 
(27980) 

591 (4.6; 1.69×109), 
635 (4.5; 1.31×109); 
0.051 

578 (22.9), 627 
(23.3) 

640 (7.1; 37190; 
0.25) 
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Table 4.1. Electronic absorption, emission (room temperature and 77 K), and excited-state 
absorption parameters for complexes 4-1 – 4-6 and ligands 4-1-L – 4-6-L (continued). 
 λabs/nm (ε/L.mol-

1.cm-1)a 
λem/nm (τ0/µs; 
ksq/L.mol-1.s-1); 
Φem

b 
R. T. 

λem/nm(τem/µs)c 
77 K 

𝜆!!!!!/nm (𝜏!/µs; 
𝜀!!!!!/L.mol-1 cm-

1; ΦT)d 

4-5 450 (4650), 405 
(46110), 382 
(62880), 348 
(55090) 

590 (3.4; 1.79×109), 
640 (3.4; 1.26×109); 
0.069 

576 (24.7), 623 
(23.0) 

650 (7.3; 60730; 
0.12) 

4-6 450 (4310), 404 
(37320), 385 
(49820), 343 
(40510) 

588 (6.1; 1.44×109), 
634 (6.1; 9.33×108); 
0.092 

581 (24.0), 630 
(28.0) 

625 (8.2; 56980; 
0.33) 

4-1-L 400 (29080), 377 
(39530) 

571 (-); 0.032 485 510 (26.7; -; -) 

4-2-L 384 (63900), 366 
(79400) 

428 (-); 0.92 430, 461 625 (12.3; -;-) 

4-3-L 357 (52000), 344 
(60230) 

393 (-); 0.96 378, 392, 413 555 (14.0; -; -) 

4-4-L 363 (55150), 348 
(68850) 

400 (-); 0.99 383, 399, 416 530 (29.6; -; -) 

4-5-L 371 (56100), 356 
(71580) 

427 (-); 0.92 402, 421, 462 610 (15.3; -; -) 

4-6-L 373 (44200), 358 
(58250) 

410 (-); 0.80 395, 410, 437 580 (24.0; -; -) 

aAbsorption band maximum (λabs) and molar extinction coefficient (εmax) in CH2Cl2.  
bEmission wavelength (λem), intrinsic lifetime (τ0), self-quenching rate constant (ksq), and 
emission quantum yield measured in CH2Cl2 with Ru(bpy)3Cl2 as the standard for the 
complexes and quinine for the ligands.  cIn BuCN glassy matrix.  dTriplet excited-state 
absorption band maximum (𝜆!!!!!), molar extinction coefficient (𝜀!!!!!), quantum yield 
(𝛷!) and lifetime (𝜏!) measured in CH3CN. 

Although the effects of terminal substituent and linkage variation on the 1π,π* 

transitions are significant for the ligands, these effects become much weaker in complexes 4-

1 – 4-6. The ligand centered 1π,π* transitions of complexes 4-3 – 4-6 are essentially at the 

same energy except for that they are obviously red-shifted in 4-1 and 4-2.  However, the 

molar extinction coefficient still increases with the terminal substitution and extended π-

linkage except 4-4.  In contrast, the effect of the π-linkage on the charge-transfer tails of 4-2, 

4-5 and 4-6 is more pronounced.  The tail in 4-2 and 4-5 are clearly more red-shifted and 

stronger than that in 4-6. Furthermore, as shown in Figure 4.2, the absorptions of 4-1 – 4-6 
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showed negligible solvatochromic effect, indicating the ligand centered 1π,π* transitions 

nature of the absorptions.  
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Figure 4.2. Normalized absorption spectra of 4-1-L – 4-6-L and 4-1 – 4-6 in different 
solvents. 

4.3.2. Photoluminescence 

The emission spectra of 4-1-L – 4-6-L and 4-1 – 4-6 in dichloromethane at room 

temperature and in butyronitrile glassy matrix at 77 K were measured and shown in Figure 
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4.3.  The emission band maxima, lifetimes and quantum yields for the ligands and complexes 

are summarized in Table 4.1. 

 
Figure 4.3. (a) Normalized emission spectra of ligands 4-1-L – 4-6-L (λex = 398 nm for 4-1-
L, 365 nm for 4-2-L, 345 nm for 4-3-L, 350 nm for 4-4-L, 356 nm for 4-5-L, and 358 nm for 
4-6-L; c = 4×10-5 mol/L for 4-1-L and 4-3-L, 5×10-6 mol/L for 4-2-L, 4-5-L, and 4-6-L, and 
1×10-6 mol/L for 4-4-L); (b) Normalized emission spectra of 4-1-L – 4-6-L at 77 K in glassy 
BuCN matrix at the concentration of 1×10-5 mol/L (λex =398 nm for 4-1-L, 365 nm for 4-2-L, 
345 nm for 4-3-L, 350 nm for 4-4-L, 356 nm for 4-5-L, and 358 nm for 4-6-L); (c) 
Normalized emission spectra of complexes 4-1 – 4-6 (λex = 393 nm for 4-1, 383 nm for 4-2, 
381 nm for 4-3, 385 nm for 4-4, 383 nm for 4-5, and 383 nm for 4-6) at the concentration of 
2×10-5 mol/L; (d) Normalized emission spectra of complexes 4-1 – 4-6 at 77 K in glassy 
BuCN matrix, c = 2×10-5 mol/L (λex = 393 nm for 4-1, 383 nm for 4-2, 381 nm for 4-3, 385 
nm for 4-4, 383 nm for 4-5, and 383 nm for 4-6). 

As shown in Figure 4.3a, the emission of the ligands 4-3-L and 4-6-L in CH2Cl2 is 

featured by distinct vibronic structures, while the emission from 4-4-L is slightly structured.  

In contrast, the emission from 4-1-L, 4-2-L and 4-5-L is broad and structureless.  The 

lifetimes of the emission from the ligands are too short to be measured on our spectrometer.  

This suggests that the emission of the ligands predominantly originates from the 1π,π* state 

for 4-3-L and 4-6-L, but predominantly emanates from the 1ILCT (intraligand or 

intramolecular charge transfer state) for 4-1-L, 4-2-L and 4-5-L in CH2Cl2.  For 4-4-L, the 
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emission exhibits mixed characters of 1π,π*/1ILCT.  This assignment is supported by the 

different solvatochromic effects for these ligands.  As demonstrated in Figure 4.4 for 4-1-L – 

4-6-L, 4-3-L and 4-6-L exhibit minor solvatochromic effects, with the similar shape of 

spectra in both polar and nonpolar solvents and a slight red-shift when the polarity of solvent 

increases.  These features are characteristics of 1π,π* fluorescence.  However, for the other 

four ligands, the fluorescence spectra become structureless and drastically red-shifted in polar 

solvents (such as CH2Cl2 and CH3CN), reflecting the transition from 1π,π* character in less 

polar solvents to 1ILCT character in more polar solvents.  Comparing the emission spectra of 

4-1-L – 4-6-L, it is clear that the fluorescence energy trend follows the similar trend as the 

UV-vis absorptions, namely, both substitution and extended π-conjugation of the linkage 

between the BTZ substituent and the C^N^N core effectively lower the fluorescence energy.  

In addition, both the substitution and extended π-conjugation lead to significant charge 

transfer characters in their respective fluorescence spectra in polar solvents.  It is worth 

noting that strong electron withdrawing group like NO2 in 4-1-L plays the most significant 

role in switching the emission into charge transfer fluorescence, testified by the 

solvatochromic study shown in Figure 4.4, in which the emission was only observed in 

dichloromethane and THF but diminished in nonpolar solvent such as hexane and toluene and 

in the more polar solvent CH3CN. 

Table 4.2.  Fluorescence quantum yields of ligands 4-1-L – 4-6-L different solvents 
 CH2Cl2 Hexane CH3CN THF Toluene 
4-1-L 0.032 0.0077 0.008 0.032 0.017 
4-2-L 0.924 0.945 0.848 0.968 0.992 
4-3-L 0.957 0.879 0.916 0.920 0.945 
4-4-L 0.991 0.912 0.922 0.919 0.978 
4-5-L 0.921 0.907 0.857 0.921 0.946 
4-6-L 0.795 0.727 0.783 0.785 0.800 

The emission spectra of 4-1-L – 4-6-L in butyronitrile glassy matrix at 77 K are 

shown in Figure 4.3b. The spectra become narrower and more structured (except 4-1-L) in 
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comparison to those at room temperature but essentially remain the similar energy.  

Therefore, they are attributed to the low-temperature fluorescence. 
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Figure 4.4. Normalized fluorescence spectra of 4-1-L – 4-6-L in different solvents. λex = 
347.5 nm. 

The emission spectra of the Pt(II) complexes 4-1 – 4-6 in CH2Cl2 at room temperature 

are displayed in Figure 4.3c. Despite the different substituents and π-linkage, the emission 

spectra of these complexes all resemble each other, with a remarkable Stokes shift, distinct 

vibronic structure, long lifetime (3.4–7.5 µs), and minor solvatochromic effect as shown in 
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Figure 4.5. Taking these features into account, we can assign the observed emission of 4-1 – 

4-6 to the phosphorescence predominantly from the C^N^N core localized 3π,π* state.  

However, contribution from the 3MLCT state is possible in view of the several microseconds 

lifetime, which is relatively shorter than a pure 3π,π* phosphorescence, and the minor but 

clear negative solvatochromic effect. This assignment is also supported by the small 

thermally induced Stokes shifts for these complexes, i.e. 289 cm-1 for 4-1, 202 cm-1 for 4-2, 

353 cm-1 for 4-3, 381 cm-1 for 4-4, 412 cm-1 for 4-5, and 205 cm-1 for 4-6.  This phenomenon 

is also consistent with that observed from the Pt(II) complexes with a 2-(9,9-dihexadecyl-7-

(4-R-phenylethynyl)-fluoren-2-yl)-1,10-phenanthroline ligand.31 

Table 4.3. Emission characteristics of complexes 4-1 – 4-6 in different solvents at room 
temperature 

λem /nm (τem/ns); Φem 
 CH2Cl2 Hexane CH3CN THF Toluene 
4-1  594 (5640), 

640 (5490); 
0.133 

598 (1190), 
640 (1160); 
0.038 

588 (3770), 
630 (3470); 
0.066 

591 (295), 
639 (280); 
0.0060 

594 (3240), 
634 (3250); 
0.052 

4-2 593 (3620), 
636 (3530); 
0.053 

599 (1250), 
645 (1290); 
0.029 

586 (6020), 
630 (6320); 
0.048 

- 594 (2230), 
635 (1800); 
0.067 

4-3 588 (4020); 
0.084 

591 (905); 
0.042 

583 (3620), 
624 (3790); 
0.043 

588 (290), 
632 (290); 
0.0063 

591 (2040); 
0.056 

4-4 591 (4120), 
635 (4160); 
0.051 

600 (1100), 
650 (1130); 
0.020 

585 (5010), 
625 (5060); 
0.048 

590 (280), 
620 (280); 
0.0057 

593 (1870), 
636 (1810); 
0.040 

4-5 590 (3120), 
640 (3120); 
0.069 

596 (1180), 
645 (1210); 
0.032 

583 (3640), 
625 (3960); 
0.059 

591 (195), 
638 (200); 
0.0059 

592 (1490), 
632 (1160); 
0.061 

4-6 589 (5430), 
632 ( 5760), 
660 (5780); 
0.092 

594 (1810), 
636 (1780), 
680 (1950); 
0.037* 

583 (1790), 
600 (1750), 
630 (1710); 
0.02 

- 591 (2310), 
638 (2530), 
680 (2160); 
0.064 

*with 5% CH2Cl2 
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Figure 4.5. Normalized emission spectra of 4-1 – 4-6 in different solvents.  λex = 436 nm. 

Concentration-dependent emission study of 4-1 – 4-6 in CH2Cl2 was conducted.  As 

exemplified in Figure 4.6 for complex 4-3, the emission intensity increases with increased 

concentration up to 2×10-5 mol/L.  Above this concentration, the emission intensity decreases 

when the concentration gets higher.  Considering the remarkable ground-state absorption of 

this complex at the excitation wavelength (381 nm), primary inner-filter effect is clearly a 

cause. Contribution from the ground-state aggregation can be excluded because our 

concentration-dependent UV-vis absorption study described earlier confirms that no ground-

state aggregation occurs in the concentration range used in our study.  However, lifetime 

measurements reveal that the lifetime of the solution keeps decreasing with increased 

concentration, which clearly indicates the presence of self-quenching. The self-quenching 

rate constant deduced for 4-3 at 589 nm emission wavelength is 1.53×109 L.mol-1.s-1, which 

is in line with those reported for Pt(II) terpyridine, Pt(C^N^N) or Pt(II) diimine 

complexes.17,32, 33 Similar phenomena were observed from the other five complexes, and the 

results are shown in Figure 4.6 and in Table 4.1. 
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Figure 4.6. (a) Emission spectra of 4-1 – 4-6 at different concentrations in CH2Cl2. (b) & (c) 
Stern-Volmer plots for the emission of 4-1 – 4-6 at the wavelengths indicated in CH2Cl2. 
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The emission spectra of 4-1 – 4-6 at 77 K BuCN glassy matrix are presented in Figure 

4.3d. These spectra are somewhat blue-shifted and become more structured and narrower 

with respect to those at room temperature, which are ascribed to the rigidochromic effect.34 

The vibronic progressions for 4-1 – 4-6 are in the range of 1212–1357 cm-1, and the thermally 

induced Stokes shifts for these complexes are approximately 200–410 cm-1. All these features 

indicate the 3π,π* nature of the emission at 77 K for these complexes. 

4.3.3. Transient Absorption 

The nanosecond transient difference absorption (TA) measurements were conducted 

for ligands 4-1-L – 4-6-L and complexes 4-1 – 4-6 in acetonitrile to understand the triplet 

excited-state characteristics. By performing the transient absorption experiments, the spectral 

feature of the triplet excited-state absorption can be obtained, and the spectral region where 

the excited state absorbs stronger than the ground state can be identified from the positive 

absorption band(s) of the TA spectrum.  In addition, the excited-state lifetime and the triplet 

excited-state quantum yield can be deduced from the decay of the TA and determined by the 

relative actinometry, respectively. 

The nanosecond transient absorption spectra of 4-1-L – 4-6-L at zero delay after 

excitation are displayed in Figure 4.7a.  In addition to the bleaching bands in the UV region 

that correspond to the ground-state absorption bands, all the ligands show moderate to strong 

transient absorption in the visible spectral region.  Compared to 4-3-L, the TA bands of 4-1-L, 

4-2-L and 4-4-L are much broader.  For the three ligands with different π-conjugated 

linkages, i.e. 4-2-L, 4-5-L, and 4-6-L, the major TA band is noticeably red-shifted from 4-6-

L, to 4-5-L, and to 4-2-L although the TA bands of 4-2-L and 4-5-L are weaker.  The TAs of 

all of the ligands show well time-resolved decay as illustrated for 4-1-L in Figure 4.7b and 

Figures 4.8 for 4-2-L – 4-6-L.  The lifetimes deduced from the decay of TA are all tens of µs, 

implying that the excited state giving rise to the observed TA spectra should be the 3π,π*. 
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Figure 4.7. Nanosecond transient difference absorption spectra of (a) ligands 4-1-L – 4-6-L 
at zero delay after excitation; (b) time-resolved TA spectra of 4-1-L; (c) complexes 4-1 – 4-6 
at zero delay after excitation; (d) time-resolved TA spectra of 4-1. All of the spectra were 
measured in CH3CN, λex = 355 nm, A355 = 0.4 in a 1-cm cuvette. 

The TA spectra of 4-1 – 4-6 at zero delay after excitation are illustrated in Figure 4.7c.  

The triplet excited-state lifetimes, extinction coefficients, and quantum yields are deduced or 

calculated and the results are summarized in Table 4.1.  The TAs of all of the complexes 

show well time-resolved decay as illustrated for 4-1 in Figure 4.7d and Figures 4.8 for 4-2 – 

4-6. The TA spectra of all complexes possess three characteristic bands: the bleaching band 

in the blue spectral region corresponding to their respective 1π,π* absorption band, the 

moderate and narrow TA band in the wavelength range of 400–500 nm, and the broad and 

strong TA band in the wavelength range of 500–700 nm.  The energy of the 500–700 nm TA 

band varies with the terminal substituent and the extent of π-conjugation between the C^N^N 

core and the BTZ unit: both electron-withdrawing and electron- donating substituents (NO2 

in 4-1, BTZ in 4-2, and OCH3 in 4-4) cause a red-shift of the major TA band, extending the 

π-conjugation in the linkage also effectively red-shifts the major TA bands in 4-2 and 4-5 

compared to that in 4-6.  From the decay of the TA, the triplet lifetimes were deduced to be 5 
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– 8 µs, suggesting that the TA spectra likely arise from the ligand based 3π,π* state as well, 

which is supported by the red-shift of the major TA bands in 4-1 – 4-6 compared to the TA 

bands in their corresponding ligands.  The red-shifting reflects the interactions between the 

ligand π orbital and the metal d orbital.  
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Figure 4.8. Nanosecond time-resolved transient absorption spectra of 4-2-L – 4-6-L and 4-2 
– 4-6 in CH3CN.  λex = 355 nm.  A355 = 0.4 in a 1-cm cuvette. 

4.3.4. Reverse Saturable Absorption (RSA) 

As manifested by the positive absorption bands in the visible spectral region of the 

TA spectra, complexes 4-1 – 4-6 all exhibit stronger excited-state absorption than that of the 

ground state at 532 nm.  Meanwhile, the triplet-state lifetimes are significantly longer than 
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the ns laser pulse width (4.1 ns).  Therefore, it is expected that these complexes would exhibit 

reverse saturable absorption (decrease of transmission with increased incident energy) for ns 

laser pulses at 532 nm.  To verify this assumption, nonlinear transmission experiment was 

carried out for complexes 4-1 – 4-6 in CH2Cl2 solutions at a linear transmittance of 90% in a 

2-mm cuvette using the 532-nm ns laser pulses.  Figure 6 displays the nonlinear transmission 

results.  The transmissions of all of the complexes decrease remarkably with increased 

incident energy, which clearly demonstrates a strong RSA from these complexes.  The 

strength of the RSA follows this trend: 4-6＜4-4＜4-5＜4-2≤4-3＜4-1.  It appears that 

electron-withdrawing substituents (NO2 and BTZ) enhance the RSA of 4-1 and 4-2, while 

electron-donating substituent (OCH3 in 4-4) decreases the RSA at 532 nm.  Extending the π-

conjugation of the linkage also results in improved RSA, as evident by the trend of 4-6＜4-5

＜4-2. 

 
Figure 4.9. Nonlinear transmission curves for 4-1 – 4-6 at 532 nm 
for 4.1 ns laser pulses.  The radius of the beam waist at the focal 
point was approximately 96 µm.  The linear transmission for all 
sample solutions was adjusted to 90% in a 2 mm cuvette. 

To rationalize the trend of RSA performance for these complexes, the ratios of the 

excited-state absorption cross section with respect to that of the ground state (σex/σ0) at 532 

nm, which is the key parameter determining the RSA, have to been evaluated.  According to 
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the ground-state absorption at 532 nm and at the wavelength of the TA band maximum, the 

optical density changes (ΔOD) at 532 nm and at the TA band maximum, the molar extinction 

coefficient at the TA band maximum (εT1-Tn), and the method described by our group 

previously,35 the excited-state absorption cross sections (σex) for 4-1 – 4-6 at 532 nm were 

estimated and the results are shown in Table 4.4.  The calculated ratios of σex/σ0 follow this 

trend: 4-6<4-4<4-5<4-2<4-3<4-1, which matches the observed RSA trend very well. 

Table 4.4.  Ground-state (σ0) and excited-state (σex) absorption cross-sections of complexes 
4-1 – 4-6 at 532 nm in CH3CN. 

 4-1 4-2 4-3 4-4 4-5 4-6 
σ0/ 10-18 cm 0.35 0.59 0.38 0.57 0.57 0.67 
σex/ 10-18 cm 65 84 59 74 80 80 
σex/σ0 186 142 155 130 140 125 

4.4. Conclusions 

We have synthesized and characterized five new 6-[9,9-di(2-ethylhexyl)-7-R-9H-

fluoren-2-yl]-2,2'-bipyridine ligands (4-1-L – 4-6-L) and their Pt(II) complexes (4-1 – 4-6) 

(R = 4-R'-phenylethynyl with R'= NO2, BTZ, H and OCH3 or R = 4'-BTZ-phen-1-yl or BTZ).  

The effects of terminal substituents and the different π-conjugated linkages between the BTZ 

component and the C^N^N core on the photophysics of these ligands and complexes and on 

the RSA of the complexes were systematically investigated.  It is found that both the terminal 

substitution and extended π-conjugation of the linkage cause pronounced red-shift of the UV-

vis absorption bands and the fluorescence bands in the ligands; and induces significant 

intraligand charge transfer character in their fluorescence in polar solvents like CH2Cl2 and 

CH3CN.  4-1-L – 4-6-L all exhibit moderate triplet transient absorption in the visible spectral 

region.  Terminal substitution causes a broadening of the TA bands in 4-1-L, 4-2-L and 4-4-

L; while extended π-conjugation in the linkage induces a red-shift of the TA bands in 4-2-L 

and 4-5-L compared to that in 4-6-L. After complexation with the Pt(II) ion, the major 

absorption bands in the formed complexes 4-1 – 4-6 all bathochromically shift compared to 
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those of their respective ligands, accompanied by a low-energy charge transfer tail.  Terminal 

substitution and extending π-conjugation exert similar effects to those observed in the ligands.  

In contrast, the emission spectra and energies are essentially independent of the variation of 

the substituent and degree of π-conjugation for 4-1 – 4-6, suggesting a C^N^N core localized 

3π,π* phosphorescence in nature.  Similar to the trend observed in the UV-vis absorption 

spectra, the TA bands in 4-1 – 4-6 also red-shift with terminal substitution and extended π-

conjugation.  These bands also notably shift to lower energy compared to those in their 

corresponding ligands.  The ground-state absorption and transient absorption studies 

demonstrate that the absorption properties of both the ground state and the excited state can 

be efficiently tuned by structural modifications.  As a result, complexes 4-1 – 4-6 exhibit 

strong RSA for ns laser pulses at 532 nm.  The degree of RSA (4-6＜4-4＜4-5＜4-2≤4-3＜

4-1) is also affected by the substituents and the π-conjugation on the ligand.  The RSA 

performance is efficiently improved by electron-withdrawing substituents (NO2 and BTZ) 

and by extending the π-conjugation; while electron-donating substituent (OCH3 in 4-4) 

decreases the RSA at 532 nm.  The broadband excited-state absorption, long triplet lifetime 

and strong RSA of 4-1 – 4-6 at 532 nm suggest these complexes could be promising 

nonlinear absorbing materials for photonic device applications. 
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CHAPTER 5. SYNTHESIS, PHOTOPHYSICS, AND NONLINEAR ABSORPTION 

OF 7-(BENZOTHIAZOL-2-YL)-9,9-DI(2-ETHYLHEXYL)- 9H-FLUOREN-2-YL 

TETHERED [Ir(BPY)(PPY)2]PF6 AND Ir(PPY)3 (BPY = 2,2'-BIPYRIDINE, PPY = 2-

PHENYLPYRIDINE) 

5.1. Introduction 

Another important family of transition-metal complexes is iridium(III) complexes. 

Comparing to the square-planar geometry of platinum(II) complexes, iridium complexes(III) 

adopt octahedral geometry. Meanwhile, iridium has the largest spin-orbit coupling constant 

among all transition metals.1 Thus, strong intersystem crossing to the triplet excited state and 

high phosphorescence efficiency are expected for iridium(III) complexes. Extensive research 

has been engaged in utilizing the photoluminescence properties of iridium(III) complexes as 

dopant for organic light-emitting diodes (OLEDs)2,3 and light-emitting electrochemical cells 

(LEECs).4,5 Other applications of Ir(III) complexes including therapeutic and bioimaging,6 

oxygen sensing,7 and photocatalic water splitting8 are also explored. 

It has been widely established that the electronic structure can be efficiently 

controlled by deliberate structural modifications.8,9 By using different types of diimine or 

arylpyridine ligands,10 or varying substituent on the ligands,11 the nature of the lowest singlet 

and triplet excited states can be significantly adjusted. For instance, density functional theoty 

(DFT) calculations and experimental studies carried out by Hay and co-workers12 revealed 

that metal d orbital contributions in the low lying metal to ligand charge transfer states varied 

from 45% to 60% in replacing one ppy ligand (2-phenylpyridine) in Ir(ppy)3 with 

acetoylacetonate or benzyolacetonate. In another reported work by Watts and Houten, the 

energy levels and lifetime of the lowest triplet excited states of iridium 1,10-phenathroline 

complexes were found to be readily tuned through different substituents such as electron 
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withdrawing groups (-NO2 and -Cl) or electron donating groups (-Br and -CH3) on the 4, 5, 6, 

or 7 position of the 1,10-phenathroline ligand.13  

Further structure-property correlation studies were conducted in more “bulky” 

molecules with molecule weight up to 3000. In recent reports by Zhao,14, 15 the photophysics 

of tris-cyclometalated iridium complexes with varied positions or repeating-unit of the 

alkylated fluorenyl oligomer on the 2-phenylpyridine ligand was studied. Spectroscopic 

studies and DFT calculations revealed that both the radiative and nonradiative decay rates, as 

well as the phosphorescence quantum yield, decrease with increased chain length of the 

oligofluorene, due to localization of the triplet excitons. Meanwhile, the contribution of the 

MLCT state to the emissive excited state is significantly affected by the attachment position 

of the oligofluorene. Particularly, the extended π-conjugation of the substituent at the para- 

position of the cyclometalating carbon of the phenyl ring produced a ligand centered triplet 

excited state with long lifetime and considerable quantum yield.  

Unlike of the extensive study on the light-emitting applications, the research on 

nonlinear absorption of iridium(III) complexes is quite limited. Schanze16 first reported the 

dual mechanism nonlinear absorption of an iridium(III) complex. In the heteroleptic complex 

with two 2-phenylpyridine ligands and one 4,4′-(2,2′-bipyridine-5,5′-diylbis(ethyne-2,1-

diyl))bis(N,N-dihexylaniline) ligand, strong excited-state absorption in the near infrared 

region was observed. Meanwhile, the absorbing excited state can be populated by 5 ns, 1064 

nm laser via two-photon absorption. Therefore, both one-photon process and two-photon 

absorption can induce the nonlinear transmission by the complex. Our group also reported he 

photophysics and reverse saturable absorptions of fout heteroleptic Ir(III) complexes with 

extended π-conjugation on the bypyridine and the phenylpyridyl ligands.17 It was found that 

extending the π-conjugation of the bypiridine ligand can significantly increase the triplet 

lifetime by admixing bipyridine-localized 3π,π character into the lowest triplet excited state; 
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whilst the extended π-conjugation on the phenylpyridyl ligand decreased the triplet lifetime 

due to predominantly 3MLCT/3LLCT characters. All complexes exhibited very strong RSA at 

532 nm for nanosecond laser. However, there is no report on the nonlinear absorption of the 

neutral Ir(III) complexes to the best of our knowledge. 

In this chapter, five Ir(III) complexes 5-1 – 5-5 were designed, synthesized and 

studied. The structure of these complexes are shown in Chart 5.1, which features 7-

(benzothiazol-2-yl)-9,9-di(2-ethylhexyl)-9H-fluoren-2-yl pedant to the coordination core at 

the para- position of the cyclometalating carbon of the phenyl ring. The ultimate goal of this 

research is to illustrate the structure-property relationship in neutral and cationic Ir(III) 

complexes in order to develop ideal nonlinear absorbing materials. Complexes 5-1 and 5-2 

contain one bipyridine ligand and two substituted 2-phenylpyridine ligands instead of three 2-

phenylpyridine ligands in complexes 5-3 – 5-5. Therefore, the comparison is based on the 

different nature of bipyridine and 2-phenylpyridine, with the latter having much stronger 

ligand field. Instead of single bond connection in 5-1, the 7-(benzothiazol-2-yl)-9,9-di(2-

ethylhexyl)-9H-fluoren-2-yl unit is connected to the 2-phenylpyridine via a triple bond in 5-2. 

In this way, the effect of extended π-conjugation length will be evaluated. From 5-3 to 5-5, 

the number of the 7-(benzothiazol-2-yl)- 9,9-di(2-ethylhexyl)-9H-fluoren-2-yl unit increases 

from one in 5-3, to two in 5-4, and to three in 5-5. By execution of this variation, we are 

expecting to have the interplay or mixing between the ligand centered 3π,π* state 

predominantly contributed by the 7-(benzothiazol-2-yl)-9,9-di(2-ethylhexyl)-9H-fluoren-2-yl 

component and the 3MLCT/3LLCT excited state related to the coordination core. Therefore, 

complexes exhibiting different emission and absorbing characteristics are anticipated. 

Moreover, comparison of the photophysics of 5-1 to that of 5-4 would allow us to assess the 

effect of ionic vs neutral complexes. Finally, reverse saturable absorption for these 

complexes will be investigated, aiming to develop ideal nonlinear absorbing materials.   
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Chart 5.1. Structures of complexes 5-1 – 5-5 

5.2. Experimental Section 

5.2.1. Synthesis and Characterization 

The synthetic routes for 5-1 – 5-5 are illustrated in Scheme 5.1. All the chemicals and 

solvents were purchased from Aldrich Chemical Co. or Alfa Aesar and used as received. 

Silica gel for chromatography was purchased from Sorbent Technology (60 Å, 230−400 

mesh, 500−600 m2/g, pH: 6.5−7.5). Complexes 5-1 – 5-5 and ligands 5-1-L – 5-2-L were 

characterized by 1H NMR, electrospray ionization mass spectrometry (ESI-MS), and 

elemental analyses. Other intermediatex were characterized by 1H NMR. 1H NMR was 

obtained on Varian Oxford-VNMR spectrometers (400 or 500 MHz). ESI-MS analyses were 

performed on a Bruker BioTOF III mass spectrometer. Elemental analyses were conducted 

by NuMega Resonance Laboratories, Inc. in San Diego, California. Br-F8-BTZ was 

synthesized according to literature procedure.18  
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Scheme 5.1. Synthetic routes for complexes 5-1 – 5-5 

ppy-Br. To the THF (30 mL) solution of 2-bromopyridine (1 mL, 10.5 mmol) at -78 

oC under argon, BuLi in hexane (6 mL, 15 mmol) was added dropwise. The solution was 

stirred under argon for 90 minutes. Then Bu3SnCl (3 mL, 11 mmol) was added dropwise at -

78 oC. The mixture was then allowed to gradually warm up to room temperature. After 15 

hours, the reaction was stopped, and the solution was poured into saturated aqueous NH4Cl 

solution (50 mL). The organic layer was collected and dried over MgSO4. The solvent was 

removed and the residue was purified by a silica gel column eluted with hexane and DCM 

(v/v = 8/1). The dark oil collected was dried in vacuum oven for 24 hours and was used for 

next step reaction directly without any further purification. Then, the dried oil produced from 
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the previous step, 1,3-dibromobenzene (2.5 g, 10.5 mmol), Pd(PPh3)4 (30 mg), and toluene 

(30 mL) was added. The reaction mixture was degassed with argon and heated to reflux for 

24 hours. After reaction, the precipitate was removed by filtration. The solvent of the filtrate 

was then removed by distillation. The resultant dark oil was purified by running a silica gel 

column eluted with hexane and ethyl acetate (v/v = 10/1). 1.7 g yellow oil was collected as 

the final product (yield: 61% from 2-bromopyridine). 1H NMR (CDCl3, 500 MHz): 8.69 – 

8.70 (m, 1H), 8.19 (s, 1H), 7.91 (d, J = 8.4 Hz, 1H), 7.73 – 7.77 (m, 1H), 7.69 (d, J = 8.0 Hz, 

1H), 7.54 (d, J = 8.0 Hz, 1H), 7.32 – 7.35 (m, 1H), 7.24 – 7.28 (m, 1H). 

ppy-B. To the argon protected THF (30 mL) solution of 2-(3-bromophenyl)pyridine 

(1.5 g, 6.4 mmol) at -78 oC, BuLi in hexane solution (2.5 M, 4 mL, 10 mmol) was added 

dropwise. After stirring for 2 hours, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2 

mL, 11.8 mmol) was added dropwise to the solution. The system was allowed to warm up to 

room temperature afterwards, and continued stirring for 12 hours. Then the mixture was 

poured into saturated aqueous NH4Cl solution (100 mL). The organic phase was collected 

and dried over MgSO4. After removal of the solvent, purification of the residue was carried 

out by running a silica gel column eluted with mixed solvent of hexane and ethyl acetate (v/v 

= 7.5/1). 1.04 g colorless oil was collected as the final product (yield: 58%). 1H NMR 

(CDCl3, 500 MHz): 8.70 – 8.71 (m, 1H), 8.41 (s, 1H), 8.14 – 8.16 (m, 1H), 7.87 – 7.89 (m, 

1H), 7.79 – 7.80 (m, 1H), 7.72 – 7.75 (m, 1H), 7.49 – 7.52 (m, 1H), 7.20 – 7.23 (m, 1H), 1.37 

(s, 12H).  

5-1-L. The mixture of Br-F8-BTZ (1.78 g, 3.0 mmol), ppy-B (0.87 g, 3.0 mmol), 

K2CO3 (2.11 g, 15.3 mmol), Pd(PPh3)4 (55 mg, 0.048 mmol), PPh3 (150 mg, 0.57 mmol), 

toluene (30 mL), and H2O (15 mL) was heated to reflux under argon for 36 hours. After 

reaction, the organic phase was collected, washed with brine (50 mL × 2) and water (50 mL × 

2), and dried over MgSO4. After toluene was removed by distillation, the sticky oil was 
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purified by silica gel column eluted with mixed solvent of hexane and ethyl acetate (v/v = 

10/1). 1.11 g colorless oil was collected as the product (yield: 55%). 1H NMR (CDCl3, 500 

MHz): 8.76 (d, J = 4.5 Hz, 1H), 8.29 – 8.31 (m, 1H), 8.15 – 8.19 (m, 1H), 8.11 – 8.14 (m, 

2H), 8.01 (d, J = 7.5 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.78 – 7.86 (m, 4H), 7.70 – 7.74 (m, 

3H), 7.59 – 7.62 (m, 1H), 7.50 – 7.53 (m, 1H), 7.40 (t, J = 7.5 Hz, 1H), 7.27 – 7.30 (m, 1H), 

2.11 – 2.21 (m, 4H), 0.54 – 0.99 (m, 30H). HRMS: m/z Calc. for [C47H52N2S + H]+: 

677.3924; Found: 677.3918. Anal. Calc. for C47H52N2S�0.5H2O�0.5C6H14: C, 82.37; H, 8.30; 

N, 3.84; Found: C, 82.24; H, 8.52; N, 4.21. 

BTZ-F8-C≡CH. The mixture of BTZ-F8-Br (3.2 g, 5.3 mmol), 

(trimethylsilyl)acetylene (1 mL, 7.1 mmol), Pd(PPh3)2Cl2 (10 mg, 0.014 mmol), PPh3 (20 mg, 

0.076 mmol), CuI (2 mg, 0.01 mmol), and Et3N (50 mL) was heated to reflux under argon for 

24 hours. After reaction, the precipitate was removed by filtration. After being confirmed by 

HRMS, the yellow oil obtained after distillation of Et3N was used directly for the next step 

without further purification. The yellow oil collected in the previous step, combined with 

K2CO3 (3.7 g, 27 mmol) and MeOH (50 mL), was stirred at room temperature for 12 hours. 

After reaction, water (100 mL) was added and the mixture was extracted with hexane (50 mL 

× 3). The combined hexane solution was then dried over MgSO4. After the solvent was 

removed, the red oil was purified by running a silica gel column eluted first with hexane and 

then with the mixed solvent of hexane and dichloromethane (v/v = 3/1). 2.65 g yellow oil was 

collected as the final product (yield: 91% from Br-F8-BTZ). 1H NMR (CDCl3, 400 MHz): 

8.06 – 8.13 (m, 3H), 7.88 – 7.91 (m, 1H), 7.76 – 7.78 (m, 1H), 7.67 – 7.69 (m, 1H), 7.46 – 

7.54 (m, 3H), 7.35 – 7.39 (m, 1H), 3.13 (t, J = 2.4 Hz, 1H), 1.97 – 2.12 (m, 4H), 0.48 – 0.96 

(m, 30H).  

5-2-L. The mixture of Br-ppy (0.60 g, 2.6 mmol), BTZ-F8-C≡CH (1.4 g, 2.6 mmol), 

Pd(PPh3)2Cl2 (20 mg, 0,028 mmol), PPh3 (50 mg, 0.19 mmol), CuI (5 mg, 0.025), and Et3N 



	
   166 

(30 mL) was heated to reflux under argon for 24 hours. After reaction, the precipitate was 

removed by filtration. The solvent was removed by distillation and the resulted brown oil was 

purified by running a silica gel column. The column was first eluted with CH2Cl2/hexane (v/v 

= 1/1) then with ethyl acetate/hexane (v/v = 1/3). 0.95 g yellow oil was collected as the final 

product (yield: 52%). 1H NMR (CDCl3, 400 MHz): 8.70 – 8.72 (m, 1H), 8.22 – 8.23 (m, 1H), 

8.07 – 8.14 (m, 3H), 7.95 – 7.98 (m, 1H), 7.88 – 7.91 (m, 1H), 7.71 – 7.79 (m, 4H), 7.54 – 

7.62 (m, 3H), 7.44 – 7.50 (m, 2H), 7.34 – 7.38 (m, 1H), 7.22 – 7.25 (m, 1H), 2.03 – 2.16 (m, 

4H), 0.50 – 0.96 (m, 30H). HRMS: m/z Calc. for [C49H52N2S + H]+: 701.3924; Found: 

701.3924. Anal. Calc. for C49H52N2S �0.4H2O�0.8C6H14: C, 83.15; H, 8.30; N, 3.60; Found: 

C, 82.79; H, 8.76; N, 4.06. 

5-1. The mixture of 5-1-L (136 mg, 0.20 mmol), IrCl3·4H2O (37 mg, 0.1 mmol), 2-

ethoxyethanol (9 mL) and water (3 mL) was heated to reflux under argon for 24 hours. After 

the mixture was cooled down to room temperature, 50 mL water was added and the yellow 

precipitate was collected and washed with hexane and water. The resultant yellow powder 

was dried in vacuum oven for 24 hours and used for the following reaction directly. The 

yellow powder collected, 2,2’-bipyridine (16 mg, 0.1 mmol), AgCF3SO3 (26 mg, 0.1 mmol) 

and 2-ethoxyethanol (10 mL) were heated to reflux under argon for 48 hours. After the 

mixture was cooled down to room temperature, NH4PF6 (17 mg, 0.1 mmol) was added and 

the mixture was stirred at room temperature for 3 hours. After the reaction was finished, 50 

mL ethyl acetate was added. The combined organic solution was washed with brine (50 mL × 

3). After drying over MgSO4 and filtered, the solvent was removed by distillation. 

Purification was conducted by a flash silica gel column eluted with dichloromethane 

followed by recrystallization from dichloromethane and hexane. 69 mg orange powder was 

collected as the final product (yield: 37% for two steps). 1H NMR (CDCl3, 500 MHz): 8.70 – 

8.71 (m, 2H), 8.19 – 8.23 (m, 2H), 8.07 – 8.16 (m, 10H), 7.99 – 8.00 (m, 2H), 7.79 – 7.93 (m, 



	
   167 

8H), 7.62 – 7.65 (m, 6H), 7.48 – 7.52 (m, 4H), 7.39 (t, J = 7.5 Hz, 2H), 7.30 – 7.33 (m, 2H), 

7.17 (t, J = 6.5 Hz, 2H), 6.50 – 6.53 (m, 2H), 2.07 – 2.20 (m, 8H), 0.51 – 0.99 (m, 60H). 

HRMS: m/z Calc. for [C104H110N6S2Ir]+: 1699.7866; Found: 1699.7893; m/z Calc. for 

[C104H110N6S2Ir+H]2+: 850.3969; Found: 850.3998. Anal. Calc. for C104H110N6S2IrPF6: C, 

67.69; H, 6.01; N, 4.55; S, 3.48; Found: C, 67.63; H, 6.32; N, 4.62; S, 3.80. 

5-2. The synthesis of 5-2 followed the same procedure as for 5-1. 5-2-L (140 mg, 0.20 

mmol) was used. 43 mg yellow powder was collected as the final product (yield: 23% for two 

steps). 1H NMR (CDCl3, 400 MHz): 8.67 – 8.69 (m, 2H), 7.69 – 8.18 (m, 24H), 7.35 – 7.56 

(m, 12H), 7.10 – 7.13 (m, 2H), 6.30 – 6.32 (m, 2H), 1.98 – 2.12 (m, 8H), 0.46 – 0.90 (m, 

60H). HRMS: m/z Calc. for [C108H110N6S2Ir+H]2+: 874.3970; Found: 874.3999. Anal. Calc. 

for C108H110N6S2IrPF6�4H2O: C, 66.00; H, 6.05; N, 4.28; Found: C, 65.93; H, 6.29; N, 4.03. 

5-3. The mixture of 2-phenylpyridine (32 mg, 0.20 mmol), IrCl3·4H2O (37 mg, 0.1 

mmol), 2-ethoxyethanol (9 mL) and water (3 mL) was heated to reflux under argon for 24 

hours. After the mixture was cooled down to room temperature, 50 mL water was added and 

the yellow precipitate was collected and washed with hexane and water. The resultant yellow 

powder was dried in vacuum oven for 24 hours and used for the following reaction directly. 

The yellow powder collected, 5-1-L (68 mg, 0.1 mmol), AgCF3SO3 (26 mg, 0.1 mmol) and 

2-ethoxyethanol (10 mL) were heated to reflux under argon for 48 hours. After the reaction 

was finished, 50 mL ethyl acetate was added. The combined organic solution was washed 

with brine (50 mL × 3). After drying over MgSO4, the solvent was removed by distillation. 

Purification was carried out by a flash silica gel column eluted with dichloromethane 

followed by recrystallization from dichloromethane and hexane. 15 mg yellow powder was 

collected as the final product (yield: 13% for two steps). 1H NMR (CDCl3, 500 MHz): 7.88 – 

8.14 (m, 8H), 7.19 – 7.81 (m, 13H), 7.37 – 7.41 (m, 1H), 7.18 – 7.20 (m, 1H), 6.85 – 6.99 (m, 

10H), 2.06 – 2.16 (m, 4H), 0.51 – 0.90 (m, 30H). HRMS: m/z Calc. for [C69H67N4SIr+H]+: 
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1177.4793; Found: 1177.4806. Anal. Calc. for C69H67N4SIr�0.5CH3COOC2H5: C, 69.86; H, 

5.86; N, 4.59; Found: C, 69.98; H, 6.22; N, 4.27. 

5-4. The mixture of 5-1-L (136 mg, 0.20 mmol), IrCl3·4H2O (37 mg, 0.1 mmol), 2-

ethoxyethanol (9 mL) and water (3 mL) was heated to reflux under argon for 24 hours. After 

the mixture was cooled down to room temperature, 50 mL water was added and the yellow 

precipitate was collected and washed with hexane and water. The resultant yellow powder 

was dried in vacuum oven for 24 hours and used for the following reaction directly. The 

yellow powder collected, 2-phenylpyridine (16 mg, 0.1 mmol), AgCF3SO3 (26 mg, 0.1 

mmol) and 2-ethoxyethanol (10 mL) were heated to reflux under argon for 48 hours. After 

the reaction was finished, 50 mL ethyl acetate was added. The combined organic solution 

was washed with brine (50 mL × 3). After drying over MgSO4, the solvent was removed by 

distillation. Purification was carried out by a flash silica gel column eluted with 

dichloromethane followed by recrystallization from dichloromethane and hexane. 11 mg 

orange powder was collected as the final product (yield: 6% for two steps). 1H NMR (CDCl3, 

400 MHz): 7.88 – 8.12 (m, 13H), 7.73 – 7.78 (m, 4H), 7.57 – 7.70 (m, 11H), 7.45 – 7.50 (m, 

2H), 7.34 – 7.37 (m, 2H), 7.17 – 7.20 (m, 2H), 6.85 – 7.04 (m, 8H), 2.01 – 2.13 (m, 8H), 0.47 

– 0.86 (m, 60H). HRMS: m/z Calc. for [C105H110N5S2Ir+2H]2+: 849.8993; Found: 849.8991. 

Anal. Calc. for C105H110N5S2Ir�2.5CH2Cl2: C, 67.57; H, 6.07; N, 3.67. Found: C, 67.91; H, 

6.31; N, 3.26. 

5-5. The mixture of 5-1-L (136 mg, 0.20 mmol), IrCl3·4H2O (37 mg, 0.1 mmol), 2-

ethoxyethanol (9 mL) and water (3 mL) was heated to reflux under argon for 24 hours. After 

the mixture was cooled down to room temperature, 50 mL water was added and the yellow 

precipitate was collected and washed with hexane and water. The resultant yellow powder 

was dried in vacuum oven for 24 hours and used for the following reaction directly. The 

yellow powder collected, 5-1-L (68 mg, 0.10 mmol), AgCF3SO3 (26 mg, 0.1 mmol) and 2-
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ethoxyethanol (10 mL) were heated to reflux under argon for 48 hours. After the reaction was 

finished, 50 mL ethyl acetate was added. The combined organic solution was washed with 

brine (50 mL × 3). After drying over MgSO4, the solvent was removed by distillation. 

Purification was carried out by a flash silica gel column eluted with dichloromethane 

followed by recrystallization from dichloromethane and hexane. 9 mg orange powder was 

collected as the final product (yield: 4% for two steps). 1H NMR (CDCl3, 500 MHz): 8.07 – 

8.14 (m, 12H), 7.98 (m, 3H), 7.92 (d, J = 8.0 Hz, 3H), 7.78 – 7.81 (m, 6H), 7.66 – 7.71 (m, 

12H), 7.48 – 7.52 (m, 3H), 7.39 (t, J = 8.0 Hz, 3H), 7.25 – 7.31 (m, 3H), 7.10 (m, 3H), 6.98 – 

7.00 (m, 3H), 2.05 – 2.19 (m, 12H), 0.51 – 0.99 (m, 90H). Anal. Calc. for 

C141H153N6S3Ir�3CH2Cl2: C, 69.88; H, 6.48; N, 3.40. Found: C, 69.98; H, 6.58; N, 3.71. 

5.2.2. Photophysical and Nonlinear Absorption Studies 

The solvents used for photophysical experiments were spectroscopic grade, and were 

purchased from VWR International and used as is without further purification. UV-vis 

absorption spectra were recorded on a Shimadzu UV-2501 spectrophotometer. A FluoMax-4 

fluorometer/phosphorometer was used to measure the steady-state emission spectra in 

different solvents. The emission quantum yields were determined by the relative actinometry 

method19 in degassed solutions, in which the degassed acetonitrile solution of [Ru(bpy)3]Cl2 

(Φem = 0.097, λex = 436 nm)20 was used as the reference for complexes 5-1 – 5-5.  

The nanosecond transient difference absorption (TA) spectra and decays were 

measured in degassed toluene solutions on an Edinburgh LP920 laser flash photolysis 

spectrometer. The third harmonic output (355 nm) of a Nd:YAG laser (Quantel Brilliant, 

pulse width: 4.1 ns, repetition rate was set to 1 Hz) was used as the excitation source.  Each 

sample was purged with argon for 30 min prior to measurement. The triplet excited-state 

absorption coefficient (εT) at the TA band maximum was determined by the singlet depletion 

method, and the detail has been desctibed previously.21 After obtaining the εT value, the ΦT 
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could be determined by the relative actinometry using SiNc in benzene as the reference (ε590 

= 70000 M-1 cm-1, ΦT = 0.20).22 

The reverse saturable absorption of complexes 5-1 – 5-5 was characterized by 

nonlinear transmission experiment at 532 nm using a Quantel Brilliant laser as the light 

source. The pulse width of the laser was 4.1 ns and the repetition rate was set to 10 Hz. The 

complexes were dissolved in CH2Cl2. The concentration of the sample solutions was adjusted 

to obtain a linear transmission of 90% at 532 nm in a 2-mm-thick cuvette. The experimental 

setup and details are similar to that reported previously.23 A 40-cm plano-convex lens was 

used to focus the beam to the center of the 2-mm thick sample cuvette. The radius of the 

beam at the focal plane was approximately 96 µm. 

5.3. Results and Discussion 

5.3.1. Electronic Absorption 

The electronic absorption of 5-1-L, 5-2-L, and 5-1 – 5-5 in toluene obey Beer’s law in 

the concentration range of 5×10-6 – 1×10-4 mol/L, suggesting the absence of ground-state 

aggregation in the concentration range used. Meanwhile, the magnitude of the molar 

extinction coefficients for the major absorption bands below 400 nm of the complexes 

roughly correlate to the number of the substituted ligand 5-1-L or 5-2-L. The electronic 

absorption spectra of 5-1-L, 5-2-L, and 5-1 – 5-5 in toluene are shown in Figure 5.1, and 

their absorption band maxima and molar extinction coefficients are presented in Table 1. 
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Figure 5.1. UV-vis absorption spectra of 5-1 – 5-5, 5-1-L, and 5-
2-L at room temperature in toluene 

Table 5.1. Electronic absorption, emission (room temperature and 77 K), and excited-state 
absorption parameters for complexes 5-1 – 5-5 and ligands 5-1-L and 5-2-L in toluene 
 λabs/nm (logε/Lmol-

1cm-1) 
λem/nm (τ/µs); 
Φem

 a 

R.T. 

λem/nm 
(τ/µs); 

77 K 

𝜆!!!!!/nm (𝜏!/µs; 
log𝜀!!!!!/L mol-1 cm-1; 
𝛷!)c 

5-1 350 (sh, 5.06), 361 
(5.13), 380 (sh, 5.03), 
420 (3.85) 

583 (6.4), 633 
(7.6); 0.095 

546 (1447); 
594 (966) 

602 (0.058; 5.14; 0.042) 

5-2 350 (sh, 5.07), 369 
(5.15), 392 (sh, 4.97), 
425 (4.03) 

592 (6.3), 644 
(6.0); 0.13 

558 (933); 
598 (-) 

590 (4.2; 5.04; 0.063) 

5-3 363 (sh, 4.68), 390 
(4.73), 440 (3.89) 

520 (6.9), 555 
(5.3); 0.22 

548 (857); 
592 (622) 

524 (44.2; 4.64; 0.25) 

5-4 356 (sh, 4.93), 371 
(4.96), 395 (sh, 4.81), 
455 (3.93) 

596 (1.9), 644 
(2.0); 0.047 

552 (426); 
590 (-) 

532 (33.7; 4.74; 0.17) 

5-5 350 (sh, 5.18), 372 
(5.23), 395 (5.14), 470 
(4.01) 

600 (2.1), 650 
(2.1); 0.055 

556 (502); 
586 (411) 

545 (15.5; 5.21; 0.021) 

5-1-
L 

353 (4.63), 371 (4.49) 389 (-), 409 (-
), 429 (-); - 

 510 (56.3; -; -) 

5-2-
L 

362 (4.68), 377 (4.57) 392 (-), 415 (-
), 438 (-); - 

 510 (58.8; -; -) 

a At 1×10-5 mol/L concentration. 

For ligands 5-1-L and 5-2-L, well-resolved vibronic structures were observed in the 

300 – 400 nm region, which are attributed to the 1π,π* transitions considering their strong 

intensity (molar extinction coefficient in the magnitude of 104) and well resolved vibronic 

structures. The electronic absorption of 5-2-L is red-shifted compared to that of 5-1-L, which 

can be explained by the extended π-conjugation via incorporating the triple bond. 
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Comparing to the ligand absorption spectra, the absorption spectra of 5-1 – 5-5 are 

broader and somewhat red-shifted, and the molar extinction coefficients of the major 

absorption bands are much stronger than the corresponding C^N ligands. The bathochromic 

shift indicates electron delocalization induced by the interaction with the metal center. The 

broadening and red-shift of the ligand centered 1π, π* transitions are more significant for 

neutral complexes 5-3 – 5-5 comparing to the cationic complexes 5-1 and 5-2, suggesting a 

stronger interaction between the ligand and the metal center in the neutral complexes than the 

cationic complexes. This can be explained by the stronger ligand field strength of the 2-

phenylpyridine ligand than the bipyridine ligand. In addition to the ligand centered 1π,π* 

transitions, lower energy absorption bands are observed for all the five complexes, which can 

be tentatively attributed to the charge transfer transitions including 1,3MLCT, 1,3ILCT or 

1,3LLCT. Similar to the trend observed from the 1π,π* transitions, the charge-transfer 

absorption bands in the neutral complexes 5-3 – 5-5 are more red-shifted and stronger in 

comparison to the cationic complexes 5-1 and 5-2. With the increased number of the 

substituted ppy ligands, the charge-transfer bands become stronger and more distinct in 

complexes 5-3 – 5-5. It is also worthy noting that the ratio of the absorption band/shoulder at 

ca. 400 nm relative to the major band at ca. 370 nm decreases with the increased number of 

substituted ppy ligand, indicating the decreased contribution of the 1MLCT transition with the 

increased contribution from the 1π,π* transitions. 

The absorption spectra of the complexes 5-1 – 5-5 exhibit minor solvatochromic 

effect, as illustrated in Figure 5.2. This supports the assignment of the 1π, π* transitions for 

the major absorption bands. Note that even if the low-energy charge transfer states are also 

insensitive to solvents polarity, which could probably be explained by the strong mixing of 

the charge transfer transitions with the 1π,π* transitions in the low energy transitions. 
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Figure 5.2. Electronic absorption of 5-1 – 5-5 at room temperature in different solvents (a: 5-
1; b: 5-2; c: 5-3; d: 5-4; e: 5-5) 

5.3.2. Photoluminescence 

5-1 – 5-5 all exhibit strong emission with relatively long lifetime (in the scale of 

several microseconds) both in room temperature solution and in butyronitrile glassy matrix at 

77 K. The emission spectra of 5-1 – 5-5 at room temperature are shown in Figure 5.3(a), and 

the emission spectra of 5-1 – 5-5 at 77 K are shown in Figure 5.3(b). The emission spectra of 
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5-1-L and 5-2-L are included in Figure 5.3(a) for comparison purpose. The emission band 

maxima, emission lifetimes, and quantum yields are summarized in Table 5.1. 
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Figure 5.3. (a) Normalized emission spectra of 5-1 – 5-5, 5-1-L, and 
5-2-L at room temperature in toluene at the concentration of 1×10-5 
mol/L (λex: 353 nm for 5-1-L, 360 nm for 5-1-L, 363 nm for 5-1, 400 
nm for 5-2 – 5-4, and 430 nm for 5-5); (b) Normalized emission 
spectra of 5-1 – 5-5 at 77 K in butyronitrile matrix at the concentration 
of 1×10-5 mol/L (λex: 363 nm for 5-1, 400 nm for 5-2 – 5-4, and 430 
nm for 5-5). 

The ligands 5-1-L and 5-2-L show strong emission with well-resolved vibronic 

structures and short lifetimes (too short to be measured on our spectrometer), which can be 

assigned to the 1π,π* fluorescence. Similar to the electronic absorption, the fluorescence 

spectrum of 5-2-L is red shifted compared to that of 5-1-L, indicating the electron 

delocalization induced by the more extended π-conjugation in 5-2-L with the triple bond. 

The emission spectra of the complexes 5-1 – 5-5 are all drastically red-shifted in 

comparison to their corresponding ligands. They all possess well-resolved vibronic 

structures, with the lifetimes in several microseconds. Considering these characteristics, we 

assign the observed emission to predominantly ligand centered 3π,π* phosphorescence. 

However, contribution of the charge transfer state cannot be excluded. 
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The emission of 5-2 is red-shifted compared to that of 5-1, manifesting the extended 

electron delocalizing by the triple bond in 5-2. In 5-3 – 5-5, the emission band maximum is 

red-shifted as the number of 7-(benzothiazol-2-yl)-9,9-di(2-ethylhexyl)-9H-fluoren-2-yl unit 

increases, indicating a stronger electron delocalization across the whole molecule as the 

conjugation extends in each ligand.  

In Figure 5.4, the emission spectra of 5-1 – 5-5 in toluene at different concentrations 

as well as the Stern-Volmer plots for the emission decay rate at different concentration are 

provided. As illustrated in Figure 5.4(a-c), the emission intensity of complexes 5-1 – 5-3 

reaches the maximum value at the concentration of 1×10-5 mol/L. Above this concentration, 

the intensity decreases with increased concentration. Meanwhile, the lifetime decreases with 

increased concentration. This clearly indicates the occurrence of self-quenching. However, 

considering the considerable ground-state absorption at the excitation wavelength, inner-filter 

effect should also play a role in the emission intensity decrease at higher concentrations. The 

self-quenching rate constant and the intrinsic lifetimes for 5-1 – 5-3 are calculated from the 

slope and intercept of the fitting line of the Stern-Volmer plot, and the values are summarized 

in Table 5.2. However, self-quenching is not observed in complexes 5-4 and 5-5, probably 

due to the highly branched structure of the two complexes, which could substantially inhibit 

inter-molecular packing between the molecules. 

Table 5.2. Intrinsic lifetimes and self-quenching rate constants at the emission band 
maximum for complexes 5-1 – 5-3 in toluene 
λem/nm (τ0/µs; ksq/L.mol-1.s-1) 
5-1 5-2 5-3 
583 (6.8; 2.3×108) 592 (8.5; 1.1×109) 555 (6.9; 4.2×108) 
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Figure 5.4. Emission spectra of 5-1 – 5-5 at room temperature at different concentrations and 
Stern-Volmer plots for the emission lifetime at the emission band maximum (a and b: 5-1; c 
and d: 5-2; e and f: 5-3; g: 5-4; i: 5-5) 

500 550 600 650 700 750
0.0

2.0x105

4.0x105

6.0x105

8.0x105

 

 

Em
is

si
on

 In
te

ns
ity

Wavelength (nm)

 1E-4 M
 5E-5 M
 1E-5 M
 5E-6 M

λex = 400 nm

c

600 650 700 750
0.0

5.0x105

1.0x106

1.5x106

2.0x106

2.5x106

3.0x106

 

 

Em
is

si
on

 In
te

ns
ity

Wavelength (nm)

 1E-4 M
 2E-5 M
 5E-6 M

λex = 440 nm

i



	
   177 

The emission spectra of complexes 5-1 – 5-5 in butyronitrile matrix at 77 K are 

shown in Figure 5.3(b). The well-resolved emission spectra are significantly blue-shifted and 

become narrower compared to the room temperature emission spectra due to rigidochromic 

effect in the solid matrix.24 The lifetime of the emission at 77 K is extremely long, up to 1.4 

ms. This supports the 3π,π* nature for the emitting states. 
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Figure 5.5. Emission spectra of 5-1 – 5-5 at room temperature in different solvents upon 436 
nm excitation (a: 5-1; b: 5-2; c: 5-3; d: 5-4; e: 5-5) 
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To verify the nature of the emitting state for 5-1 – 5-5, emission in solvents with 

different polarities was studied and the spectra are shown in Figure 5.5. Minor 

solvatochromic effect for the emission was observed for all complexes, testifying the 

assignment of the emission state being predominantly 3π, π* state. 

5.3.3. Transient Absorption 

Nanosecond transient absorption (TA) of complexes 5-1 – 5-5 in toluene were 

investigated to understand their triplet excited-state characteristics. The spectra for 5-1 – 5-5 

at zero delay after excitation are displayed in Figure 5.6. The triplet excited-state lifetimes, 

extinction coefficients, and quantum yields are deduced or calculated and the results are 

summarized in Table 5.1.  

 
Figure 5.6. Nanosecond transient difference absorption spectra of 5-1 – 
5-5 in toluene at zero time decay (λex = 355 nm, A355 = 0.4 in a 1-cm 
cuvette). 

The TA spectra of all complexes feature a bleaching band in the blue spectral region 

corresponding to their respective 1π,π* absorption band. Complexes 5-1 and 5-2 show 

moderate and broad TA band spreading the wavelength range of 400 – 700 nm, and the TA 

of 5-2 is red shifted in comparison to that of 5-1 due to more extended π-conjugation in the 

ligand. The positive TA region of 5-3 – 5-5 feature two parts: a narrow but stronger 
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absorption in the wavelength range of 450 – 600 nm and a wider and weaker region in the 

wavelength range of 600 – 800 nm. The TA spectra are red-shifted from 5-3 to 5-4 to 5-5, 

indicating the stronger electron delocalization when the number of substituted C^N ligand 

increases. However, the intensity of the TA decreases from 5-3 to 5-4 to 5-5. 

  

  

 

 

Figure 5.7. Time resolved transient difference absorption spectra of 5-1 – 5-5 in toluene (λex 
= 355 nm, A355 = 0.4 in a 1-cm cuvette；a: 5-1; b: 5-2; c: 5-3; d: 5-4; e: 5-5). 
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The time-resolved TA spectra of 5-1 – 5-5 are shown in Figure 5.7. From the decay of 

the TA, the triplet excited-state lifetimes can be deduced. The triple lifetime of 5-1 is 58 ns, 

suggesting the triplet excited-state absorption is from the short-lived 3MLCT state. The triplet 

lifetime of 5-2 is several microseconds, which is in line with the lifetime deduced from the 

emission. Therefore, the observed TA for 5-2 is tentatively attributed to predominant 3π, π* 

state. In contrast, the lifetimes of 5-1 – 5-5 are much longer (tens of microseconds) compared 

to those observed from the emission decay. These long lifetimes suggest that the nature of the 

excited state giving rise to the observed TA could be mainly the ligand-centered 3π,π*. 

Notably, the lifetimes of 5-3 – 5-5 decreased from 44.2 µs for 5-3 to 33.7 µs for 5-4 to 15.5 µs 

for 5-5.  

Comparison of the TA features of 5-4 to those of 5-1, it is obvious that replacing the 

bipyridine ligand with the 2-phenylpyridine ligand results in a broadening of the TA 

spectrum of 5-4, and switching the TA excited state from 3MLCT in 5-1 to 3π,π* in 5-4. 

5.3.4. Reverse Satuable Absorption 

Complexes 5-1 – 5-5 all manifest stronger excited-state absorption than that of the 

ground state at 532 nm noticing the positive absorption bands in the visible spectral region of 

their TA spectra. Meanwhile, the triplet-state lifetimes are significantly longer than the ns 

laser pulse width (4.1 ns). Therefore, it is expected that these complexes would exhibit 

reverse saturable absorption (RSA) for ns laser pulses at 532 nm. To verify this assumption, 

nonlinear transmission experiment was carried out for complexes 5-1 – 5-5 in CH2Cl2 

solutions with a linear transmission of 90% in a 2-mm cuvette using the 532-nm ns laser 

pulses and the results are shown in Figure 5.8. The transmissions of all of the complexes 

decrease remarkably with increased incident energy, which clearly demonstrates a strong 

RSA from these complexes. The strength of the RSA follows this trend: 5-5＜5-4＜5-1＜5-3

＜5-2. 
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Figure 5.8. Nonlinear transmission of 5-1 – 5-5 at the linear 
transmission of 90% in CH2Cl2 solution in a 2-mm cuvette for 
532 nm 4.1 ns laser. SiNc was plotted for comparison. The 
radius of the beam waist at the focal point was approximately 
96 µm.  

The ratios of the excited-state absorption cross section to that of the ground state 

(σex/σ0) at 532 nm was evaluated to rationalize the trend of RSA for these complexes. 

According to the ground-state absorption at 532 nm and at the wavelength of the TA band 

maximum, the optical density changes (ΔOD) at 532 nm and at the TA band maximum, the 

molar extinction coefficient at the TA band maximum (εT1-Tn), and the method described by 

our group previously,25 the excited-state absorption cross sections (σex) for 5-1 – 5-5 at 532 

nm were estimated and the results are shown in Table 5.3. The trend of the calculated ratios 

of σex/σ0 matches the observed RSA trend very well. 

Table 5.3. Ground-state (σ0) and excited-state (σex) absorption cross-sections of complexes 5-
1–5-5 at 532 nm in toluene 

 5-1 5-2 5-3 5-4 5-5 
σ0/ 10-18 cm2a 0.63 0.65 0.35 0.75 2.1 
σex /10-18 cm2b 298 394 172 210 568 
σex/σ0 473 606 491 280 270 

5.4. Conclusion 

The synthesis, photophysics, and reverse saturable absorption of five iridium(III) 

complexes with 7-(benzothiazol-2-yl)-9,9-di(2-ethylhexyl)-9H-fluoren-2-yl pedant attached 
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to the 2-phenylpyridine ligand was reported. The effects of the extenden of the π-conjugation 

in the ligand was studied by the comparison between 5-1 and 5-2, and the effects of the 

number of the 7-(benzothiazol-2-yl)-9,9-di(2-ethylhexyl)-9H-fluoren-2-yl unit was compared 

among 5-3, 5-4, and 5-5. The results show that the electronic absorption, emission, and ns 

transient absorption are all red shifted by extending the π-conjugation or increasing the 

numbers of 7-(benzothiazol-2-yl)-9,9-di(2-ethylhexyl)-9H-fluoren-2-yl unit. The emission of 

the complexes are dominated by ligand-centered 3π,π* excited state. All complexes possess 

moderate TA in the sivible spectral region, with the TA predominantly emanates form the 

3MLCT state for 5-1, and from 3π,π* states for 5-2 – 5-5. Reverse saturable absorption of 

these complexes at 532 nm were evaluated for nanosecond laser pulses. The results 

demonstrate that these complexes all exhibit strong exhibit strong RSA for ns laser pulses at 

532 nm, with a trend of 5-5＜5-4＜5-1＜5-3＜5-2. The trend is primarily determined by 

ratios of the excited-state absorption cross section to that of the ground state (σex/σ0) at 532 

nm.  
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CHAPTER 6. SYNTHESIS, PHOTOPHYSICS, AND NONLINEAR ABSORPTION 

OF A SERIES OF BIPYRIDYL IRIDIUM(III) COMPLEXES WITH DIFFERERENT 

CYCLOMETALLATING ARYLPYRIDINE LIGANDS 

6.1. Introduction 

Ionic iridium(III) complexes, featuring d6 transition metal center and octahedral 

coordination geometry, have drawn intense attention due to their intriguing photophysical 

and photochemical properties.1 – 5 Undersranding the photophysics of the Ir(III) complexes is 

the key for utilizing them as electrochemical light emitters, one of the most important 

applications for iridium complexes.6 – 10 Tremendous efforts have been engaged to tune the 

ground-state and excited-state properties of iridium complexes with different diimine or 

cyclomatallating ligands. These studies have found outstanding luminophore with lifetime in 

the microsecond scale or longer, and tunable colors from blue to red.  

Ir(bpy)3
3+ (bpy = 2,2′-bipyridine) complex was first reported by Martin in 1958.11 In 

1974, Demas12,13 reported the synthesis and luminescence property of [Ir(bpy)3](ClO4)3. It 

was found that the emission lifetime of this complex at 77 K was about 80 µs, thus had 

ligand-centered (LC) characteristic; while at room temperature, the lifetime was about 2.4 µs, 

showing some metal to ligand charge transfer (MLCT) character. Comparing to bipyridine 

ligand (bpy), 2-phenylpyridine (ppy) loses one proton during the coordination, thus forming 

carbon-metal bond in which the coordinating carbon atom has one negative charge. As a 

result, after coordination of three ppy ligands to the Ir(III) ion, neutral complexes are formed. 

Ir(ppy)3 was first reported by Watt in 1985,14 in which the lifetime of the complex at 77 K 

was found to be ~ 5 µs in ethanol/methanol glassy matrix (4/1 v/v), and at ambient 

temperature the lifetime was found to be up to 2 µs in toluene or acetonitrile. The 

luminescence was assigned as 3MLCT transition.15 – 18 
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Although not widely investigated, nonlinear absorption of Ir(III) complexes is an 

important and intriguing phenomenon associated with the strong intersystem crossing 

induced by the heavy atom effect of iridium and the broad and relatively strong excited-state 

absorption.22 Our group has long been developing platinum(II) complexes to explore their 

nonlinear absorption properties.23 – 25 Due to the large spin-orbit coupling constant of 

iridium,26 Ir(III) complexes are good candidates for the nonlinear absorption application. 

When two cyclometallating ligands and one diimine ligand are incorporated or 

coordinated to the same iridium(III) ion, monocationic complexes can be obtained, which 

show intriguing photophysics. As a prototype example, [Ir(ppy)2(bpy)]PF6 was found to show 

intriguing interplay between the LC and the MLCT excited states.19 The lowest-energy 

excited state of the complex in solution or in poly(methyl methacrylate) glasses at room 

temperature is dominated by the MLCT transitions. In contrast, in the host crystalline lattice 

of [Rh(ppy)2(bpy)]PF6 the lowest excited state was assigned to LC state localized on the ppy 

ligand. The interplay between the ligand-centered excited state and the MLCT state results in 

versatile and tunable photophysics, which leads to various important applications such as 

high efficiency light-emitting electrochemical cell.20, 21 

Inspired by the interesting properties of the monocationic complexes, seven 

iridium(III) complexes 6-1 – 6-7 were designed and synthesized, and the structures are shown 

in Chart 6.1. These complexes all feature one bpy ligand, but the 2-arylpyridine ligand varies 

from 6-1 to 6-7 as following: benzo[H]isoquinoline (6-1-L), 1-phenylisoquinoline (6-2-L), 1-

(2-pyridyl)naphthalene (6-3-L), 2-(2-pyridyl)naphthalene (6-4-L), 1-(2-pyridyl)pyrene (6-5-

L), fused imidazole (6-6-L), and 3-(2-pyridyl)perylene (6-7-L). By varying different ligands 

with similar coordination nature with ppy, we are aiming to understand the effect of different 

2-arylpyridine ligands on the photophysics and nonlinear absorption. By studying these seven 

complexes, the following factors will be evaluated: 1) the extent of the π-conjugation of the 
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aryl group from 6-3, to 6-5, to 6-7; 2) the position of the fused benzene ring on the 2-

phenylpyridine ligand. 

 
Chart 6.1. Structure of the targeted iridium(III) complexes of 6-1 – 6-7 

6.2. Experimental Section 

6.2.1. Synthesis and Characterization  

All the chemicals and solvents were purchased from Aldrich Chemical Co. or Alfa 

Aesar and used as received unless otherwise mentioned. 6-1-L was purchased from Alfa 

Aesar and used as received. 6-2-L was purchased from Aldrich Chemical Co. and used as is. 

6-6-L was synthesized from pyrene according to the literature procedure.27, 28 6-3-L, 6-4-L, 

6-5-L, and 6-7-L were synthesized by Stille coupling exemplified by the synthesis of 6-3-L 

in Scheme 6.1. 1-bromonaphthalene, 2-bromonaphthalene, ad 1-bromopyrene were 

purchased from Alfa Aesar. 3-bromoperylene was synthesized following the literature 

procedure.29 The synthesis of 6-1 – 6-7 followed a two-step procedure exemplified by the 

synthesis of 6-3 in Scheme 6.1. Silica gel for chromatography was purchased from Sorbent 

Technology (60 Å, 230−400 mesh, 500−600 m2/g, pH: 6.5−7.5). Complexes 6-1 – 6-7 were 

characterized by 1H NMR and electrospray ionization mass spectrometry (ESI-MS). Each 

intermediate and ligand were characterized by 1H NMR. 1H NMR was obtained on Varian 

Oxford-VNMR spectrometers (400 or 500 MHz). ESI-MS analyses were performed at a 

Bruker BioTOF III mass spectrometer. 
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Scheme 6.1. Synthetic routes for 6-3-L and 6-3. 

6-3-L. The synthesis follows Stille coupling procedure. The mixture of 1-

bromonaphthalene (0.50 g, 2.5 mmol), 2-(tributylstannyl)pyridine (1.1 g, 3.1 mmol), 

Pd(PPh3)4 (40 mg, 0.035 mmol), and toluene (50 mL) was heated to reflux under nitrogen for 

24 hours. After reaction, toluene was removed by distillation, and the resultant dark oil was 

purified by a silica gel column eluted with hexane/ethyl acetate (v/v = 9/1). 0.34 g colorless 

oil was collected as the product (yield: 67%). 1H NMR (400 MHz, CDCl3): 8.78 – 8.79 (m, 

1H), 8.07 – 8.09 (m, 1H), 7.89 – 7.91 (m, 2H), 7.77 – 7.82 (m, 1H), 7.44 – 7.60 (m, 5H), 7.31 

– 7.33 (m, 1H). 

6-4-L. The procedure was similar to that of 6-3-L, with 2-bromonaphthalene (0.53 g, 

2.5 mmol) being used as the reagent. 0.28 g product was collected (yield: 55%). 1H NMR 

(400 MHz, CDCl3): 8.72 – 8.74 (m, 1H), 8.47 (s, 1 H), 8.12 (dd, J = 8.6, 1.8 Hz, 1H), 7.93 (d, 

J = 8.4 Hz, 2H), 7.84 – 7.87 (m, 2H), 7.74 – 7.79 (m, 1H), 7.48 – 7.51 (m, 2H), 7.22 – 7.25 

(m, 1H). 

6-5-L. The procedure was similar to that of 6-3-L, with 1-bromopyrene (0.71 mg, 2.5 

mmol) being used as the reagent. 0.55 g colorless oil was collected as the product (yield: 

79%). 1H NMR (CDCl3, 500 MHz): 8.90 – 8.91 (m, 1H), 8.41 (d, J = 9 Hz, 1H), 8.28 (d, J = 

8 Hz, 1H), 8.18 – 8.24 (m, 3H), 8.14 (s, 2H), 8.10 (d, J = 9.5 Hz, 1H), 8.04 (t, J = 7.5 Hz, 

1H), 7.91 (td, J = 7.5, 2.0 Hz, 1H), 7.76 (d, J = 7.5 Hz, 1H), 7.39 – 7.42 (m, 1H). 

Ir

N

Cl
N

Ir

N

Cl
N

1. 2,2'-bipyridine, 
AgCF3SO3, 
2-methoxyethanol, 
reflux, N2, 24 h
2. NH4PF6, RT, 3h

IrCl3  4H2O, 2-
methoxyethanol/water, 
reflux, N2, 24 h

Ir

N

N
N

N

PF6

15% for 2 steps

6-3

Br N

N

SnBu3

Pd(PPh3)4, toluene, 
reflux, N2, 24 h

67%

N

6-3-L
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6-7-L. The procedure was similar to that of 6-3-L, with 3-bromoperylene (0.83 g, 2.5 

mmol) being used as the reagent. 0.43 g bright yellow powder was collected as the product 

(yield: 52%). 1H NMR (CDCl3, 500 MHz): 8.83 (dd, J = 6.4, 0.5 Hz, 1H), 8.23 – 8.29 (m, 

4H), 7.98 (d, J = 13.5 Hz, 1H), 7.84 – 7.87 (m, 1H), 7.70 – 7.73 (m, 2H), 7.62 – 7.64 (m, 

2H), 7.47 – 7.53 (m, 3H), 7.35 – 7.37 (m, 1H). 

6-1. The mixture of 6-1-L (180 mg, 1 mmol), IrCl3·4H2O (186 mg, 0.5 mmol), 2-

methoxyethanol (15 mL) and water (5 mL) was heated to reflux under nitrogen for 24 hours. 

After reaction the yellow precipitate was collected by filtration, washed with water and 

hexane, and dried in vacuum for 12 hours. Then the mixture of the yellow powder collected, 

bipyridine (79 mg, 0.5 mmol), AgSO3CF3 (129 mg, 0.5 mmol), and 2-methoxyethanol (15 

mL) was heated to reflux under nitrogen for 24 hours. After the reaction mixture was cooled 

down to room temperature, NH4PF6 (82 mg, 0.5 mmol) was added and the mixture was 

stirred for another 3 hours. The yellow precipitate was collected by filtration and the washed 

with water and hexane. Separation was carried out by running a silica gel column eluted with 

dichloromethane and ethyl acetate (v/v = 6:1). Further purification was conducted by 

recrystalization from dichloromethane and hexane. 62 mg bright yellow powder was 

collected as the product (yield: 15% for two steps). 1H NMR (CDCl3, 400 MHz): 8.68 (d, J = 

8.4 Hz, 2H), 8.25 (dd, J = 8.0, 1.2 Hz, 2H), 8.11 (td, J = 8.0, 1.6 Hz, 2H), 7.87 – 7.90 (m, 

2H), 7.85 (d, J = 8.8 Hz, 2H), 7.66 (d, J = 8.8 Hz, 2H), 7.42 – 7.50 (m, 4H), 7.27 – 7.29 (m, 

2H), 6.97 – 7.19 (m, 4H), 6.30 (dd, J = 7.2, 0.8 Hz, 2H). ESI-HRMS: m/z calc. for 

[C36H24N4Ir]+: 705.1627; Found: 705.1607. Anal. Calc. for C36H24N4IrPF6�0.5CH2Cl2: C, 

49.13; H, 2.82; N, 6.28; Found: C, 49.07; H, 3.08; N, 6.27. 

6-2. The procedure is the same as that described for 6-1, with 6-2-L (205 mg, 1 

mmol) being used as the reagent. 71 mg orange powder was collected as the product (yield: 

16% for two steps). 1H NMR (CDCl3, 400 MHz): 8.88 – 8.92 (m, 2H), 8.65 (d, J = 8.0 Hz, 
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2H), 8.24 (d, J = 8.0 Hz, 2H), 8.08 – 8.12 (m, 2H), 7.86 – 7.90 (m, 2H), 7.71 – 7.76 (m, 6H), 

7.33 – 7.37 (m, 6H), 7.06 – 7.10 (m, 2H), 6.84 – 6.88 (m, 2H), 6.26 (dd, J = 7.6, 0.8 Hz, 2H). 

ESI-HRMS: m/z calc. for [C40H28N4Ir]+: 757.1940; Found: 757.1936. Anal. Calc. for 

C40H28N4IrPF6: C, 53.27; H, 3.13; N, 6.21; Found: C, 52.96; H, 3.33; N, 6.25. 

6-3. The procedure is the same as that described for 6-1, with 6-3-L (205 mg, 1 

mmol) being used as the reagent. 83 mg red powder was collected as the product (yield: 18% 

for two steps). 1H NMR (CDCl3, 400 MHz): 8.60 (d, J = 8.0 Hz, 2H), 8.51 – 8.56 (m, 4H), 

8.06 – 8.10 (m, 2H), 7.82 – 7.86 (m, 2H), 7.77 – 7.79 (m, 2H), 7.71 (d, J = 8.0 Hz, 2H), 7.61 

– 7.63 (m, 2H), 7.51 – 7.55 (m, 2H), 7.23 – 7.37 (m, 2H), 7.23 – 7.31 (m, 4H), 7.03 – 7.07 

(m, 2H), 6.28 (d, J = 8.4 Hz, 2H). ESI-HRMS: m/z calc. for [C40H28N4Ir]+: 757.1940; Found: 

757.1922. Anal. Calc. for C40H28N4IrPF6�0.3CH2Cl2: C, 52.20; H, 3.11; N, 6.04; Found: C, 

52.23; H, 3.29; N, 6.04. 

6-4. The procedure is the same as that described for 6-1, with 6-4-L (205 mg, 1 

mmol) being used as the reagent. 79 mg yellow powder was collected as the product (yield: 

18% for two steps). 1H NMR (CDCl3, 500 MHz): 8.93 (d, J = 8.0 Hz, 1H), 8.18 – 8.23 (m, 

6H), 8.02 (dd, J = 5.5, 1.0 Hz, 2H), 7.89 – 7.92 (m, 2H), 7.77 – 7.79 (m, 2H), 7.65 – 7.66 (m, 

2H), 7.30 – 7.38 (m, 8H), 7.15 – 7.18 (m, 2H), 6.65 (s, 2H). ESI-HRMS: m/z calc. for 

[C40H28N4Ir]+: 757.1940; Found: 757.1944. Anal. Calc. for C40H28N4IrPF6�0.5CH2Cl2: C, 

51.51; H, 3.10; N, 5.93; Found: C, 51.42; H, 3.27; N, 5.99. 

6-5. The procedure is the same as that described for 6-1, with 6-5-L (281 mg, 1 

mmol) being used as the reagent. 101 mg yellow powder was collected as the product (yield: 

19% for two steps). 1H NMR (CDCl3, 500 MHz): 8.88 (d, J = 9.0 Hz, 2H), 8.80 (d, J = 8.5 

Hz, 2H), 8.76 (d, J = 8.0 Hz, 2H), 8.14 – 8.22 (m, 6H), 8.02 – 8.08 (m, 2H), 7.93 (t, J = 7.5 

Hz, 2H), 7.88 (d, J = 9.0 Hz, 2H), 7.84 (d, J = 5.5 Hz, 2H), 7.73 (d, J = 5.0 Hz, 2H), 7.51 (d, 

J = 9.0 Hz, 2H), 7.26 – 7.28 (m, 2H), 7.21 – 7.24 (m, 2H), 6.87 (s, 2H). ESI-HRMS: m/z 
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calc. for [C52H32N4Ir]+: 905.2254; Found: 905.2239. Anal. Calc. for C52H32N4IrPF6: C, 59.48; 

H, 3.07; N, 5.34; Found: C, 59.08; H, 3.26; N, 5.30. 

6-6. The procedure is the same as that described for 6-1, with 6-6-L (394 mg, 1 

mmol) being used as the reagent. 111 mg yellow powder was collected as the product (yield: 

17% for two steps). 1H NMR (CDCl3, 500 MHz): 8.60 (d, J = 6.0 Hz, 2H), 8.24 (d, J = 8.0 

Hz, 2H), 8.09 (t, J = 7.5 Hz, 2H), 7.99 – 8.03 (m, 4H), 7.90 – 7.96 (m, 4H), 7.80 – 7.85 (m, 

8H), 7.70 – 7.72 (m, 2H), 7.64 (t, J = 8.0 Hz, 2H), 7.43 – 7.46 (m, 2H), 7.37 (d, J = 8.0 Hz, 

2H), 7.29 (m, 2H), 7.09 – 7.12 (m, 2H), 6.93 (d, J = 8.0 Hz, 2H), 6.84 – 6.87 (m, 2H), 6.78 – 

6.81 (m, 2H), 6.67 (d, J = 8.0 Hz, 2H). ESI-HRMS: m/z calc. for [C68H42N6Ir]+: 1135.3101; 

Found: 1135.3151. Anal. Calc. for C68H42N6IrPF6�0.2C4H10O2 (C4H10O2: 2-ethoxyethanol): 

C, 63.65; H, 3.42; N, 6.47; Found: C, 63.35; H, 3.78; N, 6.37. 

6-7. The procedure is the same as that described for 6-1, with 6-7-L (329 mg, 1 

mmol) being used as the reagent. 87 mg red powder was collected as the product (yield: 15% 

for two steps). 1H NMR (CDCl3, 500 MHz): 8.78 (d, J = 8.5 Hz, 2H), 8.63 (d, J = 8.0 Hz, 

2H), 8.45 (d, J = 8.5 Hz, 2H), 8.19 – 8.21 (m, 6H), 8.01 – 8.06 (m, 4H), 7.77 (d, J = 5.0 Hz, 

2H), 7.60 – 7.66 (m, 6H), 7.46 – 7.49 (m, 2H), 7.41 – 7.43 (m, 2H), 7.34 – 7.35 (m, 2H), 7.26 

– 7.30 (m, 2H), 7.16 – 7.19 (m, 2H), 6.95 (s, 2H). ESI-HRMS: m/z calc. for [C60H36N4Ir]+: 

1005.2568; Found: 1005.2602. Anal. Calc. for C60H36N4IrPF6�1.2CH2Cl2: C, 58.71; H, 3.09; 

N, 4.47; Found: C, 58.72; H, 3.13; N, 4.74. 

6.2.2. Photophysical and Nonlinear Absorption Measurements 

The solvents used for photophysical experiments were spectroscopic grade, and were 

purchased from VWR International and used as is without further purification. UV-vis 

absorption spectra were recorded on a Shimadzu UV-2501 spectrophotometer. A Jobin-Yvon 

FluoroMax-4 fluorometer/phosphorometer was used to measure the steady-state emission 

spectra in different solvents. The emission quantum yields were determined by the relative 



	
   191 

actinometry method30 in degassed solutions, in which the degassed aqueous solution of 

[Ru(bpy)3]Cl2 (Φem = 0.097, λex = 436 nm)31 was used as the reference for complexes 6-1 – 6-

7. 

The nanosecond transient difference absorption (TA) spectra and decays were 

measured in degassed toluene or acetonitrile solutions on an Edinburgh LP920 laser flash 

photolysis spectrometer. The third harmonic output (355 nm) of a Nd:YAG laser (Quantel 

Brilliant, pulse width: 4.1 ns, repetition rate was set at 1 Hz) was used as the excitation 

source.  Each sample was purged with argon for 30 min prior to measurement. The triplet 

excited-state absorption coefficient (εT) at the TA band maximum was determined by the 

singlet depletion method that was decribed previously.32 After obtaining the εT value, the ΦT 

could be determined by the relative actinometry using SiNc in benzene as the reference (ε590 

= 70000 M-1 cm-1, ΦT = 0.20).33 

The reverse saturable absorption of complexes 6-1 – 6-7 was characterized by 

nonlinear transmission experiment at 532 nm using a Quantel Brilliant laser as the light 

source. The pulse width of the laser was 4.1 ns and the repetition rate was set at 10 Hz. The 

complexes were dissolved in CH2Cl2. The concentration of the sample solutions was adjusted 

to obtain a linear transmission of 90% at 532 nm in a 2-mm-thick cuvette. The experimental 

setup and details are similar to that reported previously.34 A 40-cm plano-convex lens was 

used to focus the beam to the center of the 2-mm thick sample cuvette. 

6.3. Results and Discussion 

6.3.1. Electronic Absorption 

The electronic absorption of 6-1-L – 6-4-L, 6-6-L, 6-7-L and 6-1 – 6-7 were carried 

out in dichloromethane and the absorption obeys Beer’s law in the concentration range of 

5×10-6 – 1×10-4 mol/L, suggesting the absence of ground-state aggregation in the 

concentration range tested. The UV-vis absorption spectra of the ligands and complexes are 
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shown in Figure 6.1, and their absorption band maxima and molar extinction coefficients are 

summarized in Table 6.1. 
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Figure 6.1. UV-vis absorption spectra of 6-1-L – 6-4-L, 6-6-L and 6-7-L 
(a), 6-1 – 6-7 (b) at room temperature in dichloromethane 

Table 6.1. Electronic absorption, emission (room temperature and 77 K), and excited-state 
absorption parameters for complexes 6-1 – 6-7 and ligands 6-1-L – 6-4-L. 
 λabs/nm (log ε/L.mol-1.cm-1)a λem/nm (τ0/µs; 

ksq/109.L.mol-1.s-1); Φem
b 

R. T. 

λem/nm (τ0/µs; 
ksq/L.mol-1.s-1)c 
77 K 

6-1 312 (4.39), 365 (4.02), 423 (3.79) 580 (0.53, 1.7), 600 (0.53, 
1.6); 0.33 

500 (6.9), 534 
(4.6) 

6-2 343 (4.35), 380 (4.15), 441 (3.93) 587 (3.5, 0.87), 622 (3.4, 
0.85); 0.44 

580 (-), 628 (4.4) 

6-3 311 (4.45), 343 (4.37), 439 (3.90) 585 (5.7, 1.2), 615 (6.2, 
1.4); 0.18 

570 (13.5), 620 
(12.9) 

6-4 324 (4.54), 387 (3.67), 435 (3.50) 604 (0.20, 1.1), 650 (0.20, 
1.6); 0.089 

527 (221), 570 
(163) 

6-5 283 (4.93), 417 (4.87), 469 (3.88) 680 (9.5, 0.52); 0.0046 670 (17.8), 735 (-
) 

6-6 342 (4.64), 405 (4.41), 440 (3.15) 570 (30.3, 0.40), 585 (27.4, 
0.44); 0.024 

566 (44.7), 580 (-
) 

6-7 488 (4.62), 522 (4.65), 553 (3.43) 570 (-, -), 628 (-, -) 566 (-), 623 (-) 
6-1-L 265 (3.52), 330 (2.55), 346 (2.64) 350 (-, -), 368 (-, -), 386 (-, 

-) 
 

6-2-L 280 (3.74), 324 (3.62) -  
6-3-L 293 (3.60) 368 (-, -)  
6-4-L 251 (3.86), 295 (3.42) 346 (-, -), 364 (-, -), 382 (-, 

-) 
 

6-6-L 291 (4.21), 350 (3.98), 381 (3.61) 387 (-, -), 407 (-, -), 427 (-, 
-) 

 

6-7-L 257 (4.21), 421 (4.00), 446 (4.07) 470 (-, -), 496 (-, -)  
aAbsorption band maxima (λabs) and molar extinction coefficient (εmax) in CH2Cl2.bEmission 
wavelength (λem), intrinsic lifetime (τ0), self-quenching rate constant (ksq), and emission 
quantum yield measured in CH2Cl2 with Ru(bpy)3Cl2 as the standard for the complexes. cIn 
BuCN glassy matrix. 
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The electronic absorptions of 6-1-L – 6-4-L, 6-6-L and 6-7-L were measured in 

dichloromethane. All the ligand exhibited typical ligand centered 1π,π* transitions in their 

electronic absorption. The electronic absorption spectra of 6-6-L and 6-7-L are significantly 

red-shifted in comparison to the other four ligands’ due to extended π conjugation. 

The major absorption bands of all the complexes are broadened and red-shifted in 

comparison to their corresponding ligands, suggesting the electron delocalization induced by 

interaction with the metal center. For complexes 6-1 – 6-4, the strong absorption bands with 

large extinction coefficients in the region of 250 – 370 nm are from the ligand centered 1π,π* 

transitions by comparing to the ligand absorption. However, the tails from 380 – 500 nm are 

absent in the ligand absorption, which are assigned to 1MLCT/1LLCT transitions. Similarly, 

for complex 6-5, the absorption in the region of 250 – 450 nm is from the ligand-centered 

1π,π* transition and the absorption in the region of 450 – 500 nm is from the 1MLCT/1LLCT 

transitions. The observable absorption for 6-1 – 6-5 above 500 nm can be attributed to the 

spin forbidden transition to the lowest triplet excited state. The regions for the ligand centered 

1π,π* transition and 1MLCT/1LLCT transitions for complex 6-7 are 350 – 550 nm and 550 – 

600 nm, respectively. For complex 6-6, the separation of the ligand centered 1π,π* transitions 

and 1MLCT transitions is not obvious. The electronic absorption of this complex is 

dominated by the ligand centered 1π,π* transitions by comparing the absorption spectra of the 

complex and the ligand, with the 1,3MLCT/1,3LLCT buried in the 1π,π* bands. Comparing to 

those of 6-1 – 6-4, the absorption spectra of 6-5 – 6-7 are significantly red-shifted, indicating 

that extending the π-conjugation of the arylpyridine ligand has significantly delocalized the 

electron density.  
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Figure 6.2. Normalized UV-vis absorption spectra of 6-1 – 6-7 at room temperature in 
different solvents. 

The UV-vis absorption studies of the complexes 6-1 – 6-7 in different solvents 

support the assignments of the transitions. As shown in Figure 6.2, the less pronounced 
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solvatochromic effect with red-shifted absorption in less polar solvents like toluene for all the 

complexes except 6-6 suggests the 1π,π* percentage of the major absorption bands and the 

charge-transfer nature of the transitions in the region of 400 – 450 nm for complexes 6-1 – 6-

4, 450 – 500 nm for complex 6-5, and 550 – 600 nm for complex 6-7. 

6.3.2. Photoluminescence 

6-1 – 6-6 all exhibit moderate to strong emission with lifetimes spanning from 

hundreds of nanoseconds to tens of microseconds both in solution at room temperature and in 

butyronitrile glassy matrix at 77 K. The emissions of 6-7 and 6-2-L are too weak to be 

observed. The emission spectra of 6-1 – 6-7, 6-1-L, 6-3-L, 6-4-L, 6-6-L, and 6-7-L at room 

temperature are shown in Figure 6.3, and the emission spectra of 6-1 – 6-7 at 77 K are shown 

in Figure 6.4. The emission band maxima and emission lifetimes are summarized in Table 

6.1. 
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Figure 6.3. (a) Normalized emission spectra of 6-1-L – 6-4-L, 6-6-L 
and 6-7-L at room temperature in CH2Cl2 at the concentration 1×10-5 
mol/L (λex: 300 nm for 6-1-L and 6-3-L; 320 nm for 6-4-L; 350 nm for 
6-6-L; 380 nm for 6-7-L). (b) Normalized emission spectra of 6-1 – 6-
7 at room temperature in CH2Cl2 at the concentration of 1×10-5 mol/L 
(λex: 418 nm for 6-1; 440 nm for 6-2 and 6-3; 432 nm for 6-4; 465 nm 
for 6-5; 405 nm for 6-6; 553 nm for 6-7). 

As shown in Figure 6.3a, all the ligands measured showed strong emissions with 

vibronic structures for the emission spectra. The virtue of the emissions is attributed to ligand 
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centered 1π,π* transitions. The emission spectra of 6-6-L and 6-7-L are significantly red-

shifted due to extended π conjugation.  

Except for 6-5, all the complexes emit in the region of 500 – 700 nm, while 6-5 emits 

in the region of 550 – 800 nm. The relatively long lifetimes of the emission for complexes 6-

1 – 6-6 suggest that the emitting states are triplet-excited states for these complexes. In view 

of the vibronic structure or the long lifetimes of 6-5 – 6-7, the emission of these three 

complexes are ascribed to the 3π,π* phosphorescence. For 6-2 and 6-3, the moderately long 

lifetimes suggest that the emitting states possess predominantly 3π,π* character in nature, 

possibly mixed with some 3MLCT/3LLCT characters. For 6-1 and 6-4, the relatively short 

lifetimes and structureless feature imply the charge transfer nature of the emitting excited 

states.  

Table 6.2. Emission characteristics of complexes 6-1 – 6-6 in different solvents at room 
temperature* 

λem /nm (τem/µs); Φem 
 CH2Cl2 CH3CN Toluene 
6-1  593 (0.22); 0.33 587 (0.26); 0.12 580 (0.51); 0.14 
6-2 587 (3.6), 650 (3.6); 0.44 588 (1.6), 644 (1.5); 0.18 592 (2.5), 630 (2.6); 

0.38 
6-3 575 (5.3), 585 (5.3), 

615 (5.3); 0.18 
574 (3.8), 584 (3.8), 640 
(3.8); 0.11 

574 (5.0), 585 (4.9), 
640 (5.4); 0.23 

Table 6.2. Continued. 
6-4 590 (0.2), 604 (0.2), 650 

(0.2); 0.089 
575 (0.1), 609 (0.1), 660 
(0.1); 0.031 

623 (0.08), 650 (0.09); 
0.025 

6-5 680 (-); 0.0046 677 (-); 0.0045 682 (-); 0.0056 
6-6 570 (23.1); 0.024 568 (11.9), 613 (12.7); 

0.028 
568 (12.2); 0.064 

6-7 574 (-); - 576 (-); - 620 (-); - 
*The emission quantum yields of 6-7 in different solvents were not obtained due to its weak 
emission and lack of proper reference. Ru(bpy)3Cl3 was used as the reference (λex = 436 nm, 
Φem = 0.097) for the emission quantum yield. Signal is too weak to deduce the emission 
lifetime for complex 6-5. 
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Figure 6.4. Normalized emission spectra of 6-1 – 6-7 at room temperature in different 
solvents 

Our assignment of the emitting state is supported by the solvent-dependency emission 

study. As demonstrated in Figure 6.4, minor solvatochromic effect for the emission was 
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observed for all the complexes except 6-1 and 6-4, suggesting that the emitting states for 6-2, 

6-3, and 6-5 – 6-7 are predominantly 3π,π* states. For complexes 6-1 and 6-4, negative 

solvatochromic effect is observed, indicating the charge-transfer nature of the emission in 

these two complexes. The emission maxima, emission lifetime, and quantum yields in 

different solvents are summarized in Table 6.2. 

To evaluate whether self-quenching occurs at high concentrations for 6-1 – 6-7, the 

emission intensity and the emission lifetimes were measured at different concentrations in 

CH2Cl2. The results are displayed in Figure 6.5. By plotting the observed radiative rate 

constant vs concentration, the self-quenching rate constant and intrinsic lifetimes for 

complexes 6-1 – 6-6 were deduced from the slope and intercept of the fitted linear plots, and 

the values are summarized in Table 6.1. 

The emission of complexes 6-1 – 6-7 in butyronitrile matrix was recorded and the 

spectra are shown in Figure 6.6. The well-resolved emission spectra are significantly blue-

shifted and narrower comparing to the room temperature emission due to rigidochromic 

effect in the solid matrix.35 Considering the small thermally induced Stokes shifts of 6-2, 6-3, 

6-5 – 6-7 (206 cm-1 for 6-2, 450 cm-1 for 6-3, 219 cm-1 for 6-5, 124 cm-1 for 6-6, and 124 cm-1 

for 6-7), and long lifetimes, the emission in these five complexes are verified to be 

predominantly 3π,π* in nature. In contrast, the thermally induced Stokes shift of 6-1 and 6-4 

(2759 cm-1 for 6-1 and 2419 cm-1 for 6-4,) are quite large, and the lifetimes are relatively 

short, confirming the charge-transfer nature for the emission of the two complexes.  
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Figure 6.5. Emission of 6-1 – 6-7 at room temperature at different concentration in 
dichloromethane and Stern-Volmer plots 
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Figure 6.6. Normalized emission spectra of 6-1 – 6-7 at 77 K 
in butyronitrile matrix at the concentration of 1×10-5 mol/L. 
(λex: 355 nm for 6-1 and 6-7; 360 nm for 6-2, 6-3, and 6-4; 
400 nm for 6-5; 360 nm for 6-6). 

6.3.3. Transient Absorption 

Nanosecond transient absorption (TAs) studies of complexes 6-1 – 6-7 in toluene or 

acetonitrile were carried out to further understand their triplet excited-state characteristics. 

The time-resolved spectra for 6-1 – 6-6 are shown in Figure 6.7. The TA for 6-7 was too 

weak to be observed. The triplet excited-state lifetimes, extinction coefficients, and quantum 

yields are deduced or calculated and the results are summarized in Table 6.3. The triplet 

excited-state lifetimes for these complexes are similar to their emission lifetimes. Therefore, 

we tentatively assign the transient absorption of these complexes being from the same 

excited-states that emit. 

Table 6.3. Excited state absorption parameters for complexes 6-1 – 6-7 in CH3CN  
 𝜆!!!!! /nm( 𝜏! /µs; 𝜀!!!!! /M-1 cm-

1;𝛷!) 
6-1 590 (0.30; -; -) 
6-2 590 (3.0; -; -) 
6-3 590 (2.0; -; -) 
6-4 590 (0.10; -; -) 
6-5 460 (7.3; 41910; 0.28) 
6-6 590 (29.8; -; -) 
6-7 560 (0.44; -; -) 
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Figure 6.7. Time-resolved ns transient absorption spectra of 6-1 – 6-6. (6-1 and 6-4, in 
toluene; 6-2, 6-3, 6-5, and 6-6, in acetonitrile; λex = 355 nm; A355 = 0.4 in a 1-cm cuvette). 

6.3.4. Reverse Satuable Absorption 

Nonlinear transmission experiment was carried out for complexes 6-1 – 6-7 in CH2Cl2 

solutions at a linear transmittance of 80% in a 2-mm cuvette using the 532-nm ns laser pulses 

and the results are shown in Figure 6.8. The transmission of all of the complexes decreases 

remarkably with increased incident energy except for 6-7, which clearly demonstrates a 

strong reverse satuable absorption (RSA) from these complexes except for 6-7. The strength 

of the RSA follows this trend: 6-7 ＜ 6-1 ＜ 6-4 ＜ 6-6 ＜ 6-5 ≈ 6-2 ≈ 6-3. The very weak 

RSA of 6-7 should be due to the strong ground-state absorption at 532 nm, which 

dramatically decreases the ratio of the excited-state absorption cross-section to that of the 

ground state. 
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Figure 6.8. Nonlinear transmission plot of 6-1 – 6-7 at the 
linear transmittance of 80% in CH2Cl2 solution in a 2-mm 
cuvette for 532 nm 4.1 ns laser. The radius of the beam waist at 
the focal point was approximately 96 µm. 

6.4. Conclusion and Future Direction 

The synthesis, photophysics, and reverse saturable absorption of seven cationic 

iridium(III) bipyridine complexes with different cyclometallating arylpyridine ligands were 

discussed in this chapter. The effects of extended π-conjugation of the arylpyridine ligands 

were systematically investigated. With extended π-conjugation in the arylpyridine ligand, the 

absorption spectra are red-shifted. The emission of all the complexes is dominated by ligand-

centered 3π,π* transition except for complex 6-1 and 6-4, which has predominant contribution 

from the 3MLCT/3LLCT states. Complexes 6-2, 6-3, and 6-5 show moderate triplet transient 

absorption in the visible spectral region of 450 – 600 nm while 6-6 exhibits broad and weak 

transient absorption in the region of 430 – 700 nm, which can be assigned to the ligand 

centered 3π,π* state for all four complexes. The transient absorptions of 6-1 and 6-4 are broad 

but short lived, which implies the charge-transfer nature of the transient species. 
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The reverse saturable absorption of these complexes was evaluated at 532 nm for ns 

laser pulses. The results demonstrat that these complexes all exhibit strong RSA for ns laser 

pulses at 532 nm except for 6-7, with a trend of 6-7＜6-1＜6-4＜6-6＜6-5 ≈ 6-2 ≈ 6-3. 

To further understand the ground-state and excited-state properties, TD-DFT 

calculations are necessary to help figuring out the nature of the lowest energy transitions. On 

the other hand, to rationalize the RSA performance of these complexes, measurement of the 

ratios of the excited-state absorption cross section to that of the ground state should be 

conducted using z-scan technique. 
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