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ABSTRACT

Yi, Jing, M.S., Department of Chemistry and Biochemistry, College of Science and
Mathematics, North Dakota State University, May 2010. Synthesis and Photophysics of
Platinum(1l) Terdentate and Bidentate Complexes. Major Professor: Dr. Wenfang Sun.

Platinum(11) terdentate and bidentate complexes possess square-planar d® configuration.
The moderate metal-to-ligand charge-transfer ('MLCT) absorption, MLCT emission, and
broadband excited-state absorption are the unique spectroscopic features for these
complexes. In my thesis work, two series of terdentate platinum(ll) complexes and one
bidentate platinum(ll) complex were designed and synthesized. The photophysical
properties, such as the electronic absorption, photoluminescence, and triplet excited-state
absorption, are investigated systematically.

Chapter | introduced the representative work on the synthesis and photophysical
studies of the terdentate and bidentate platinum(Il) complexes reported in the literature.
The motivation for my thesis project was briefly discussed.

In Chapter 2, the synthesis and photophysical properties of two platinum 6-phenyl-4-
(9.9-dihexylfluoren-2-yl)-2,2"-bipyridine complexes with phenothiazinyl (PTZ) acetylide
ligand were discussed. Their UV-vis absorption and emission characteristics in solutions
and LB films were systematically investigated. The triplet transient difference absorption
and reverse saturable absorption were also studied for these complexes. Both complexes
exhibit a broad metal-to-ligand charge-transfer / ligand-to-ligand charge-transter /
intraligand charge-transfer ('MLCT/'LLCT/'IL.CT) absorption band between 400 and 500
nm and a ‘MLCTAILCT  z,7* emission band at ~594 nm at room temperature, which blue

shifts at 77 K. Both UV-vis absorption and emission spectra show negative solvatochromic




effect. Both of the complexes also exhibit broad and moderately strong triplet transient
absorption from the near-UV to the near-IR spectral region. In addition, LB films of them
were prepared and characterized by AFM technique. The UV-vis absorption and emission
spectra of the LB films of them were also investigated and compared with those obtained in
solutions.

In Chapter 3, the synthesis and photophysical studies of a series of platinum 6-phenyl-
4-(7-benzothiazolyl-9,9-diethylfluoren-2-yl)-2,2"-bipyridine complexes with different
acetylides ligands, such as, nitrophenyl acetylide, fluorenyl acetylide, and
benzothiazolylfluorenyl acetylide, were discussed. The complex bearing nitrophenyl
acetylide ligand exhibited quite distinct photophysical properties compared to the other two
complexes.

In Chapter 4, one platinum bis(mesitylimino)acenaphthene complex was synthesized.
The lowest-energy absorption band was attributed to '"MLCT transitions, which was much

broader and red-shifted (extending from 490 nm to 800 nm) compared to those reported for

other diimine Pt(I1) complexes.
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Because of the square-planar nature of the d® Pt(II) complexes, they have many

implications:

1.

The metal-center d-d excited states are inclined to efficient non-radiative decay.
As shown in Figure 1.1, the highest antibonding orbital is d..,2, which can be
populated through absorption of light. In this situation, there is a significant
distortion of the Pt-L bond length at the excited states of the Pt(II) complexes. As
shown in Figure 1.2 (a), such a distortion would cause a displacement of the
potential energy surface of the low-lying d-d excited state, resulting in a crossover
of the potential energy surface of the d-d excited state with that of the ground state.
This would increase the decay path of the d-d excited state via the non-radiative
internal conversion. Therefore, luminescence from the d-d excited state generally
cannot be observed. For example, Pt(NH3)42+ and PtCly® are not luminescent in
fluid solution because the rate constant of non-radiative decay is large. In the solid
or crystal state, or at low temperatures, the rigidity of environment decreases the
distortion, and luminescence could be observed.

The d-d excited states can add non-radiative deactivation pathway for other lower-
lying d-7* (MLCT), n~7* or n-7* excited states. Either ligand-centered (LC, »n-7*
or 7*-m*) excited states or metal-to-ligand charge-transfer (MLCT, d-7*) excited
states may lie at lower energies than the d-d states. The radiative decay rate constant
k. for d-z*, m=a* or n-z* excited states is typically higher than that of the d-d
excited state. However, the d-d excited state still imparts negative influence on

luminescence because it is still thermally accessible for the lowest-energy excited




states like Figure 1.2 (b) shows. Thus, the effective method to solve this problem is

to increase the AE value.

The planar configuration of the Pt(II) complexes causes axial intermolecular
interactions. The square-planar platinum complexes are flat, which allows close
interactions with either other different molecules (e.g., excimer or intermolecular
stacking) or other molecules (exciplex). The d., orbital is perpendicular to the
molecular plane, which involves specific metal-metal interactions and forms weakly
bonding and antibonding do and do* molecular orbitals, shown in Figure 1.3. Thus
this type of interactions would raise the energy of the highest occupied metal-based
molecular orbital, which causes the red-shift of the lowest-energy electronic
transitions. This can lead to a change of the nature of the lowest-energy excited
state. For example, in Figure 1.3, m~7* transition occurs as the lowest-energy
transition in monomers without metal-metal interaction, while do*-z* transition
appears as the lowest-energy transition when there is intermolecular/intramolecular
interaction between d., orbitals. Heavy transition metal ion Pt(Il) can promote rapid
intersystem crossing (ISC) from singlet to triplet excited states, which leads to
another important feature for the triplet states of platinum complexes. Because of
the larger rate constant of ISC (~ 10'? s™') than radiative rate constant from singlet
(~ 10* s), the luminescence from platinum complexes is usually from the triplet

excited state, which is phosphorescence.

Based on the aforementioned characteristic electronic configuration of the platinum(Il)

complexes, these complexes generally exhibit interesting spectroscopic properties and great










bidentate ligands are the most interesting ones. Because of the multidentate ligand, these
complexes usually are more stable. The rigidity of these complexes makes the preference
of radiative decay pathway in molecules. In addition, the planar molecular geometry also
facilitates electron distribution among the molecule. Therefore, multiple charge-transfer
could occur in these complexes, such as metal-to-ligand charge-transfer (MLCT),
intraligand charge-transfer (ILCT) and/or ligand-to-ligand charge-transfer (LLCT).

My thesis projects focus on the synthesis and photophysical properties of two series of
terdentate platinum complexes and one bidentate platinum complex. Therefore, in the first
part of the introduction, the general synthetic approaches for these Pt(II) complexes are
summarized. The second part provides the basic information for photophysical
measurement to obtain the electronic spectra, photoluminescence spectra and excited-state
absorption difference spectra. The third part summarizes the photophysical properties for
these two types of Pt(1l) complexes reported in the literature. Finally, the objectives of my

thesis research are presented.
1.1. Synthetic Approach
1.1.1. Terdentate and Acetylide Ligands

The synthesis of 4,6-diphenyl-2,2’-bipyridine ligand generally uses the condensation
between acalkylpyridinium salts and o, f~unsaturated ketones in the presence of ammonium
acetate by refluxing in methanol. This method derives from Krohnke condensation
(Scheme 1.1).> Either changing 2-( o, Sunsaturated-acetyl)pyridine to «,Funsaturated
phenyl ketone, or changing N-heteropyridinium salts into [-(2-oxo0-2-phenyl-ethyl)-
pyridinium salts is alternative route for the synthesis of terdentate ligand.
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the metal center at room temperature, producing the metal-acetylide bond in high yield

without the need for the Cul catalyst.

1.2, Instruments for Photophysical Measurement

1.2.1. Ultraviolet-visible Spectroscopy (UV-Vis)

UV-Vis spectroscopy refers to the absorption spectroscopy in the UV-Vis spectral
region (light in the visible and near-UV or near-infrared ranges). The absorption in the
visible range directly influences the perceived color of the chemicals. In this region of the
electromagnetic spectrum, molecules undergo electronic transitions from the ground state
to the excited states.

Usually bidentate/terdentate Pt(11) complexes display characteristic low-energy
absorption bands that span wavelengths from approximately 350 nm to beyond 600 nm,
depending on the nature of the bidentate, terdentate ligands and the acetylide ligands.
Acetylide-localized #-7* transitions place at high energies; whereas the low-energy
absorption bands were proposed to originate from metal-to-ligand charge transfer (MLCT)

12, 15,17, 18

transitions. In some circumstances, the inter-/intra-molecular interactions result in

a broad and weak metal-metal-to-ligand charge transfer transition in the red region.””””

1.2.2. Photoluminescence Spectroscopy

Photoluminescence (PL) is a process in which a chemical absorbs photons and then re-
radiates photons. It also can be described as an excitation to an excited state and then a
return to a lower-energy state accompanied by emission of a photon. The simplest PL

process is resonant radiation. When a photon is emitted from a singlet excited state it is



called fluorescence; when a photon is emitted from a triplet excited state it is referred as

phosphorescence. Since the transition between triplet to singlet ground state is forbidden
naturally, phosphorescence is usually much lower in intensity than fluorescence. Transition
metals like platinum can increase the intersystem crossing to the triplet excited state, which
leads to distinctive photophysical properties of Pt(Il) complexes. The emission wavelength
provides important information about energy gap between the ground state and the excited
state. Emission at different concentrations and in different solvents usually indicates self-

quenching effect and polarity of the transition.
1.2.3. Transient Absorption Spectroscopy

In addition to the emission studies, another powerful tool in understanding the excited-
state characteristics is the transient absorption measurement of the excited state, which is
critical for predicting the nonlinear absorption of the compound. The time-resolved triplet
transient difference absorption study not only provides valuable information on the triplet
excited-state abso;ption spectrum but also on the lifetime of the triplet excited state. In
general, a positive band in a transient absorption spectrum suggests stronger excited-state
absorption than that of the ground state in the respective spectral region, which could cause
reverse saturable absorption.

1.3. Photophysical Properties of Bidentate/Terdentate Pt(II) Complexes

It is well known that five- and six-membered chelating rings are generally the most
stable ones.'® Polypyridine ligands were widely used for the synthesis of Pt(11) complexes.
In addition to using N as the chelating atom, C, O, and S have been utilized as chelating

atoms as well; and some of the C, O and S chelating platinum(1l) complexes featured very
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complexes (3a — 3d and 4a — 4d), in which both diimine ligands and the acetylide ligands

were varied by introducing different electron-withdrawing or —donating substituents on
these ligands.'”"”*” In the UV-Vis spectra, the 'MLCT band red-shifts by nearly 3000 cm™
from 3a to 3d, and the low-energy "MLCT of 3¢, 3d consists of two overlapping bands. In
other words, all the complexes feature a low-energy absorption band in the 350 — 500 nm
region, attributed to a Pt—diimine '"MLCT transition. This assignment is supported by the
influence of the substituent on An.. For Series 1 complexes, the energy of the band

decreases approximately 3000 cm™

along the sequence 3a < 3b < 3¢ < 3d, as the
substituents become increasingly electron-withdrawing, the diimine 7* (LUMO) energy
decreases.

All of the complexes shown in Chart 1.2 feature moderately intense photoluminescence
at room temperature in fluid solution and at 80 K in a glassy 2-MTHF. For complexes in
Series 1, the emission energy decreases substantially from 3a to 3d. This large red shift is
consistent with the photoluminescence emanating from the MLCT state, since the emission
energy decreases with the energy of diimine-based LUMO decrease. The
photoluminescence lifetimes and quantum yields also can be used to compute radiative and
nonradiative decay rate constants.

From 3a to 3d, the lifetime and quantum yield of these complexes decrease
systemically with the decreasing emission energy. For complexes in Series 2, the trend is
not so obvious as that in Series 1, although the photoluminescence of most of the

complexes also emanates from MLCT state. The complexity partially arises from the

different natures of the emitting state for 4b and 4c, which has *z,7* character.







Pt(Il) complexes were investigated in detail, yielding systems with rich photophysical
properties. One of the features of this type of terdentate complexation is the additional
rigidity imparted on the resulting complexes, compared to the bidentate systems. The d-d
excited states of bidentate Pt(II) complexes are unstable as the result of the D,y distortion,
which is caused by a twist of the plane of the bidentate ligand relative to that of the other
two ligands. However, this situation does not happen for the Ds, square-planar
configuration.”®”! The strong preference of the terdentate ligand for a planar geometry
greatly reduces non-radiative decay observed from the D, distortion. However, this is not
the case for d® transition. Crystal structures of Ru(Il) complexes reveal that the two central
metal-to-ligand bond lengths are similar in bidentate complexes, but not ideal for terdentate
complexes due to the constraints imposed by the rigidity of the ligand. Therefore, the
strength of the ligand field is reduced, resulting in the decrease of the energy for the d-d
excited state.”? For example, [Ru(tpy)z]2+ is almost non-emissive under ambient conditions,
incontrast to [Ru(bpy)s]*".”* By using a strong-field ancillary ligand in the fourth position,
this effect can be counteracted.””

Similar to the study on the bidentate platinum(Il) complexes, researchers investigated
the photophysical properties of the terdentate cyclometalated Pt(II) complexes with
different substituents attached on the terdentate ligand. In 2004, Che and co-workers
proposed that among the different terdentate Pt(II) lumophores, Pt(C*"N”N) exhibit superior
emissive properties compared to 2,2°:6",2"-terpyridine (tpy) and C*NAC congeners. "’ They
modified the substituents on the CN”N ligand to tune the emission energy for the
[(C'NN)PtC=C—R] complexes. Over 30 [(C"N*N)PtC=C—R] complexes have been

studied, as shown in Chart 1.2. Attachment of a para-substituted aryl ring at the 4-position
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of the middle pyridine ring of the C*N”N ligand makes Pt(II) complexes more diverse but

less soluble in common organic solvent. 22 that bears an electron-withdrawing nitro group
at the para-position has a very distinct peak at 446 nm in its absorption spectrum at room
temperature in CH,Clp, which is significantly blue-shifted compared to those in 18 — 21.
However, 18 — 22 exhibit similar orange-red emission around 595 nm in CH,Cl, at room
temperature, and the emission energies and quantum yields are comparable to those of 5.
This indicates that the impact of 4-aryl ring is very small on the emission properties. The
introduction of two fert-butyl groups to the bipyridine moiety of the C*N”N ligand affects
the emission properties of 23 and 24. The electron-donating nature of tert-butyl group leads
to blue-shifted emissions for 23 (571 nm) and 24 (550 nm) compared to the parent complex
5 (582 nm). In addition, the bulky fert-butyl groups minimize intermolecular interactions
between neighboring Pt(C*N”~N) planes. Therefore, bright yellow crystals were obtained
for 23 and 24, which is quite distinct from the dark red/brown colors of many other
Pt(CAN”N) complexes. On the other hand, the electron-withdrawing ethoxycarbonyl group
at the 4-position of C"N”N ligand causes dramatical red-shift of the emission energy for 26
(620 nm) and 27 (593 nm).

As discussed previously, modification of the terdentate (CAN”N) ligands facilitates
fine-tuning of the emission energy of the (C*"N*N)Pt(Il) acetylide complexes. In the same
project, Che and co-workers also modified the arylacetylide by introducing substituents
with different steric and electronic properties into the arylacetylide ligand, which
drastically tuned their photophysical characteristics as well.'” Figure 1.4 depicts that the
emission maxima of this class of complexes in CH,Cl, at room temperature can be tuned

from 630 nm for 7 to 560 nm for 10 upon varying the 4-arylacetylide substituent. Electron-
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the alkynyl ligand is homologously lengthened from trimethylsilyl-capped ethynyl to
hexatriynyl. The low-energy bands beyond 400 nm in the absorption spectra of 14 — 17 in
CHCl; solution at 298 K are similar and poor-resolved. The emission quantum yields and
lifetimes of these complexes are comparable. The emission energies in CH,Cl, solution at

298 K decrease in this order: triynyl (Amax 557 nm) > diynyl (Anax 561 nm) > monoynyl

(Amax 570 nm), but the differences are minor in glassy alcoholic solution at 77 K.

1.4. Applications of Platinum(II) Bidentate and Terdentate Complexes

Pt(11) bidentate and terdentate complexes have many potential applications in biology,
photonic devices and catalysis, such as DNA intercalator,®' organic light emitting diodes

(OLEDs),10’22'26’41‘68 photocatalysis,82‘84 and nonlinear optical materials®>%°

etc. The focus
of our group has been investigating the nonlinear absorption (reverse saturable absorption
and/or two-photon absorption) of the Pt(ll) complexes. For example, our group has
systematically investigated the photophysics and nonlinear absorption of a series of Pt(II)
complexes with alkoxyl substituted 4,6-diphenyl-2,2’-bipyridine ligand (structure shown in
Chart 1.4)*° The triplet transient difference absorption spectra shown in Figure 1.5
revealed that most of these complexes exhibit a broad and strong triplet excited-state
absorption in the visible to the near-IR region, which was attributed to *"MLCT state. All
complexes show significant transmission decreases with increased incident fluence, which
is a characteristic feature of reverse saturable absorption (RSA). Although the RSA of 32 -
35 and 37 is quite similar, the degree of RSA follows this order: 33 = 32 > 34 ~ 37 = 35 >>

36 because of the influence of alkoxyl group on C"N”N ligand and the effect of different

acetylide ligands.
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acetylide complexes and one bidentate complex are designed and synthesized in my thesis
work. The photophysical properties including electronic absorption, photoluminescence,
and triplet excited-state absorption, are systematically investigated. Specifically, my

research projects include:

1. Synthesis and photophysics of platinum(II) 6-phenyl-4-(9,9-dihexylfluoren-2-yl)-
2,2’-bipyridine complexes with phenothiazinyl acetylide ligand, in solution and in
LB films.

2. Synthesis and photophysics of platinum(II) 6-phenyl-4-(7-benzothiazolyl-9,9-
diethylfluoren-2-yl)-2,2’-bipyridine complexes with different electron-withdrawing
and —donating acetylide ligands.

3. Synthesis of a bidentate platinum(II) diimine complex with 7-benzothiazolyl-9,9’-

di(2-ethylhexylfluoren-2-yl) acetylide ligand.
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CHAPTER 2.

SYNTHESIS AND PHOTOPHYSICS OF PLATINUM(UI) 6-PHENYL-4-
(9,9-DIHEXYLFLUOREN-2-YL)-2,2’-BIPYRIDINE COMPLEXES

WITH PHENOTHIAZINYL ACETYLIDE LIGAND

2.1. Introduction

In recent years, square-planar platinum (II) complexes have attracted great attention
because of their unique photophysical properties,'” such as room temperature
phosphorescence in solutions, multiple charge transfer states, and broadband excited-state

absorption, which lead to a variety of potential applications in areas like organic light

10-11 12-14 15-17

emitting diodes (OLEDs),*® chemosensing, photocatalysis, photovoltaic cells,

and nonlinear optics erc.'®™

The unique photophysical properties and the variety
application of the platinum complexes mainly arise from their square-planar configuration,
the intramolecular charge transfer characteristics, and the heavy-atom effect from the
platinum that enhances intersystem crossing (ISC) rate to the triplet excited state.

Among these promising applications, our group is particularly interested in the
nonlinear absorption of the square-planar platinum terpyridyl and 6-phenyl-2,2’-bipyridyl
complexes because of the broadband excited-state absorption in these complexes, the long-
lived triplet excited state, the ease of structural modification, and the thermal and

photochemical stability of these complexes.'®*°

Among the platinum complexes studied in
our group, platinum complexes with 6-phenyl-2,2’-bipyridyl ligand have been

demonstrated to exhibit the broadest triplet excited-state absorption in the visible to the

near-IR region, and a strong reverse saturable absorption (RSA) for ns laser pulses at 532
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nm was observed.'® 2> 22 273%  However, the potential application of these complexes on

photonic devices that require broadband spectral response is limited because essentially no
ground-state absorption of these complexes above 600 nm, which prevents the population
of the triplet excited state via one-photon absorption. To solve this problem, one possible
solution is to shift the low-energy absorption band, ie. charge transfer band, to longer
wavelength. According to the studies reported in the literature, one of the methods to
bathochromically shift the charge-transfer band is to incorporate an electron-donating

acetylide ligand into the platinum complex.?”!

However, if the electron-donating ability
of the acetylide ligand is too strong, such as the dimethylaminophenyl acetylide ligand, it
would alter the nature of the lowest excited state of the platinum terpyridyl complex from a
metal-to-ligand charge transfer state to a ligand-to-ligand charge transfer state, which

exhibits no triplet excited-state absorption.”*>*

Therefore, it is critical to select an
appropriate acetylide ligand that would cause a red-shift of the low-energy absorption band
while maintaining the triplet excited-state absorption. For this purpose, phenothiazinyl
(PTZ) acetylide ligand was chosen for this work because Eisenberg and co-workers
reported that using this ligand as an electron donor in platinum terpyridyl dyad and triad
induces intramolecular charge transfer while the complex still show broadband triplet
excited-state absorption.”'3 ® On the other hand, 6-phenyl-4-(9,9-dihexylfluoren-2-yl)-2,2’-
bipyridine is selected as the terdentate ligand because our previous study shows that
platinum chloride complex containing this ligand exhibits strong reverse saturable
absorption at 532 nm as a result of its long triplet excited-state lifetime and broad excited-

state absorption in the visible to the near-IR region.” In addition, although it has been

reported that platinum (II) 2,6-bis(N-alkylbenzimidazol-2’-yl)pyridine complexes can be
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fabricated as Langmuir-Blodgett (LB) films,>”** few study has been carried out on

Pt(CAN~N) complexes.® Due to the highly ordered nature of the LB films, the
intermolecular interaction of the platinum complexes in LB films may be different from
that in solutions. The presence of the alkoxyl substituent on the C*"N”N ligand could make
the complex amphiphilic, which make it feasible to prepare LB films of the complex.

Taken into account all these factors, we recently synthesized two new platinum 6-
phenyl-4-(9,9-dihexylfluoren-2-yl)-2,2°-bipyridine ~ complexes  with  phenothiazinyl
acetylide ligand. The structure of the complexes and the synthetic route are shown in
Scheme 2.3. Photophysics of these two complexes are systematically investigated, and the
reverse saturable absorption of these two complexes at 532 nm is demonstrated.

2.2. Experimental Section

The details of experiments will be explained in this section. The synthetic route and the
experimental details for the complexes will be discussed first. Then the photophysical

measurements for the complexes are presented.
2.2.1. Synthesis

All the reagents were purchased from Aldrich and Alfa Aesar and used without further
purification. All solvent were purchase from VWR Scientific Company with analytical
grade, and used without further purification unless otherwise stated. The silica gel
(230x400 mesh) was purchased from Sorbent Technologies Company. All products were
characterized by '"H NMR, elemental analysis, and high resolution MS. '"H NMR spectra

were obtained using a Varian 300 MHz, 400 MHz or 500 MHz NMR spectrometer.
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(1H, m), 7.39 - 7. 34 (3H, m), 2.02 - 1.97 (4H, m), 1.10 — 0.97 (12H, m), 0.74 (6H, t, J =
7.2 Hz), 0.60 — 0.52 (4H, m).
Compound F-17°

Compound F6-CHO (1.17 g, 3.23 mol), 1-[4-(2-ethyl-hexyloxy)-phenyl]-ethanone
(0.80 g, 3.23 mmol) and KOH (0.84 g, 15 mmol) were dissolved in 80 mL dry MeOH. The
mixture was refluxed for 24 h. The solvent was removed and 40 ml water was added to the
residue. The resultant mixture was extracted with diethyl ether. The organic layer was
washed with brine and dried by MgSO.. After removal of the solvent, the crude product
was purified through silica gel column chromatography using CH,Cly/hexane (v/v =1/1) as
eluent. Yellow oil was obtained as the pure product (1.2 g, yield: 65%). 'H NMR (CDCls,
400 MHz, § ppm): 8.09 (2H, d, J = 8.4 Hz), 7.93 (1H, d, J = 15.6 Hz), 7.73-7.71 (2H, m),
7.66 — 7.59 (3H, m), 7.34 (3H, d, J=2.4 Hz), 7.00 2H, d, J= 8.4 Hz), 3.93 2H,d, /=54
Hz), 2.04 — 1.98 (4H, m), 1.77 - 1.75 (1H, m), 1.54 — 1.33 (8H, m), 1.14 — 1.05 (12H, m),
0.86 — 0.97 (6H, m), 0.78 — 0.73 (6H, m), 0.63 (4H, s). ESI-HRMS: m/z calcd for
[C42Hs5702]": 593.4353; found, 593.4363. Anal. Calcd (%) for Cs;Hs702-CsHyg: C 84.90; H
10.39, N 0.00; found: C 85.35, H 10.70, N 0.14.
Compound F-2*°

Compound F-1 (0.75 g, 1.26 mmol), pyridacylpyridinium iodide (0.41 g, 1.26 mmol)
and NH4OAc (1g, 13 mmol) were dissolved in 20 ml MeOH. The mixture was refluxed for
24 hrs. The solvent was removed and the residue was dissolved in diethyl ether., Then it
was washed with brine for 3 times. After removal of the solvent, the crude product was
purified through silica column chromatography using CH;Clo/hexane (v/v = 1/1) as eluent.
Pale yellow oil was obtained as the pure product (0.50 g, yield: 65%). 'H NMR (CDCls,
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500 MHz, & ppm): 8.73 (1H, d, J= 4.8 Hz), 8.68 (1H, d, /= 7.8 Hz), 8.61 (IH, d, J=1.2
Hz), 8.17 (2H, d, /= 8.7 Hz), 797 (1H, d, J= 1.2 Hz), 7.90 - 7.84 (1H, m), 7.80 2H, t, J=
1.2 Hz), 7.76 — 7.73 (2H, m), 7.37 — 7.32 (4H, m), 7.05 (2H, d, /=9 Hz), 3.93 2H, d, J =
5.7 Hz), 2.05 — 2.00 (4H, m), 1.80 — 1.73 (1H, m), 1.55 — 1.33 (8H, m), 1.14 — 1.05 (12H,
m), 0.97 - 0.91 (6H, m), 0.75 (6H, t, J= 6.3 Hz), 0.66 — 0.64 (4H, m). ESI-HRMS: m/z
caled for [CyHeN2O]": 693.4778; found, 693.4809. Anal. Caled (%) for
C4oHgoON,-1/3CClLH,: C 82.14, H 8.48, N 3.88; found: C 82.23, H 8.27, N 3.56.
Compound 2-3*

Compound F-2 (0.27 g, 0.39 mmol) and K;PtCl, (0.16 g, 0.39 mmol) were dissolved in
60 ml AcOH. The mixture was refluxed for 24 h. After removal of the solvent, the residue
was dissolved the in CH,Cl,, then washed by NaHCOs solution and brine. The organic
layer was dried by MgSOj4. After removal of the solvent, the crude product was purified by
silica gel column chromatography using CH>Cl, as eluent. The pure product was obtained
via recrystallization from CH,Cly/ethanol as orange crystal (0.18 g, yield: 55%). 'H NMR
(CDCl3, 500 MHz, § ppm): 8.72 (1H, d, J= 5.1 Hz), 7.82 — 7.77 (SH, m), 7.71 (1H, d, J =
8.1 Hz), 7.46 (1H, s), 7.39 — 7.36 (3H, m), 7.23 — 7.18 (2H, m), 7.15 (1H, d, J = 8.4 Hz),
6.98 (1H, d, J=2.4 Hz), 6.49 (IH, d, J= 8.4 Hz), 3.72 2H, d, J= 5.7 Hz), 2.12 - 2.06 (4H,
m), 1.72 - 1.67 (1H, m), 1.51 — 1.26 (8H, m), 1.15 - 1.05 (12H, m), 0.90 — 0.85 (6H, m),
0.79 — 0.72 (10H, m). ESI-HRMS: m/z caled for [CaoHsoN2OPtH+CH;CN]': 927.4539;
found, 927.4551. Anal. Calcd (%) for C49HsoCIN,OPt: C 63.79, H 6.45, N 3.04; found: C
64.03, H 6.80, N 3.04.

The synthetic route for 4-ethynylbenzyl-N-phenothiazine (2-1) and 10-(prop-2-ynyl)-
10H-phenothiazine (2-2) is outlined in Scheme 2.2.
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4-Ethynylbenzyl-N-phenothiazine (2-1)*

4-lodobenzyl-N-phenothiazine (5.3 g, 12.7 mmol) was dissolved in a mixed solvent of
40 mL freshly distilled triethyl amine and 200 mL benzene. The mixture was degassed with
argon, and then Pd(PPhs),Cl; (0.45 g, 0.64 mmol) and (0.24 g, 1.3 mmol) Cul were quickly
added as catalysts. Then trimethylsilyl acetylene (1.91 g, 19.0 mmol) was injected. The
reaction mixture was stirred for 4 h at room temperature, then was warmed up to 45 °C for
20 hrs. After removal of the solvent, the crude product was purified through silica gel
column chromatography using CH>Clyhexane (v/v = 1:1) as eluent. The pale yellow oil
intermediate was obtained, and was used for the next reaction immediately. It was
dissolved in the mixed solvent of THF/MeOH = 100 mL/100 mL. The reaction mixture
was degassed and stirred with 1.78 g K,COs for 4 hours. Then the solution was quenched
with icy water. After removal of the solvent, the residue was dissolved in CH,Cl>, and
washed with brine for 3 times. The organic layer was dried with Na,SO,. After removal of
the solvent, the crude product was purified through silica gel column chromatograph using
hexane as eluent. Pale yellow oil was obtained as the pure product (3.17 g, yield: 79%). 'H
NMR (CDCls, 300 MHz, ¢ ppm): 7.52 (2H, d, J = 8.1 Hz), 7.32 (2H, d, J = 8.1 Hz), 7.18
(2H, dd, J, = 7.8 Hz, J, = 1.5 Hz), 7.03 (2H, td, J, = 7.5 Hz, J, = 1.2 Hz), 6.94 (2H, td, J, =
7.2 Hz, J, = 1.2 Hz), 6.65 (2H, d, J = 8.1 Hz), 5.08 (2H, s), 3.13 (IH, s).
10-(prop-2-ynyl)-10H-phenothiazine 2-2)"

Phenothiazine (5.0 g, 25.0 mmol) was dissolved in 50 ml anhydrous toluene under
nitrogen. Sodium carbonate (3.98 g, 37.5 mmol) was added into the clear solution. After
stirring for 1h, propargyl bromide (13.3 g, 125.5 mmol) was added. The mixture was

refluxed for 24 h and then mixed with 2 M hydrochloride acid until the solution was acidic.
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with brine three times to remove KOH. The CH,Cl, layer was combined and dried over

Na,SO,. The solvent was then removed and the crude product was purified by
chromatography on a silica gel column using CHxCl; as the eluent. The pure product was
obtained by recrystalization from CH,Cl,/ethanol to give 98 mg dark red solid (yield: 39%).
'H NMR (CDCls, 400 MHz, 6 ppm): 9.26 (d, 1H, J = 4.8 Hz), 8.03 (t, 1H, J = 7.6 Hz), 7.97
(d, 1H, J= 8.4 Hz), 7.80 (d, 1H, J= 8.0 Hz), 7.74 (t, 1H, J = 2.8 Hz), 7.67 (t, 2H, J= 3.8
Hz), 7.60 (d, 2H, J = 6.4 Hz), 7.57 (d, 1H, J=2.8 Hz), 7.51 (d, 3H, J= 7.2 Hz), 7.40 (d, 1H,
J=17.6 Hz), 7.35 (d, 3H, J= 3.2 Hz), 7.18 (d, 2H, J = 7.6 Hz), 7.06 (dt, 2H, J= 7.6 Hz and
1.2 Hz), 6.97 (tt, 2H, J = 7.2 Hz and 1.2 Hz), 6.84 (t, 2H, J= 7.6 Hz), 6.67 (d, 2H, J = 8.0
Hz), 6.61 (dd, 1H, J= 7.6 Hz and 1.2 Hz), 5.06 (s, 2H), 3.93 (d, 2H, J = 5.6 Hz), 2.02 (t,
4H, J= 8 Hz), 1.72 (m, 1H), 1.51 (d, 1H, J= 1.6 Hz), 1.50 — 1.37 (m, 4H), 1.29 — 1.26 (m,
5H), 1.31 = 1.05 (m, 5H), 1.31 — 1.05 (m, 12H), 0.89 — 0.83 (m, 6H), 0.75 (t, SH, J = 7.2
Hz), 0.65 (s, 3H). ESI-HRMS: m/z caled for [C;0H;3N;OPtS+Na]™: 1222.5034; found,
1222.5048. Anal. Caled (%) for C70H73N3OPtS-CH30H: C 69.16, H 6.74, N 3.46; found: C
69.24, H 6.30, N 3.41.
Complex 2-5

Complex 2-3 (0.18 g, 0.20 mmol), compound 2-2 (0.11 g, 0.30 mmol), KOH (0.02 g,
0.36 mmol), and catalytic amount of Cul were dissolved in a mixed solvent of CH,Cl, and
CH;0H (v/v = 50 mL/30 mL). The reaction mixture was stirred at room temperature for 18
hrs. After removal of solvent, the residue was dissolved in CH,Cl,, and then washed with
brine three times to remove KOH. The CH;,Cl; layer was combined and dried over Na;SO,.
The solvent was then removed and the crude product was purified by chromatography on a

silica gel column using CH,Cl, as the eluent. The pure product was obtained by
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recrystalization from CH,Cly/ethanol to give 102 mg dark red solid (yield: 46%). '"H NMR

(CDCls, 400 MHz, ¢ ppm): 8.58 (d, 1H, J = 4.8 Hz), 7.74 (d, 2H, J = 8.4 Hz), 7.67 (d, 2H,
J=17.6Hz), 7.58 (t, 2H, J = 3.8 Hz), 7.55 (s, 1H), 7.84 (d, 2H, J = 8.4 Hz), 7.33 — 7.29 (m,
4H), 7.14 — 7.05 (m, 6H), 6.90 (dd, 1H, J = 8.8 Hz and 4.8 Hz), 6.83 (t, 2H, J = 7.6 Hz),
6.36 (dd, 1H, J = 8.4 Hz and 2.4 Hz), 4.84 (s, 2H), 3.43 (d, 2H, J= 5.2 Hz), 1.97 (t, 4H, J =
8.0 Hz), 1.47 — 1.43 (m, 1H), 1.36 — 1.16 (m, 10H), 1.09 - 1.00 (m, 12H), 0.84 — 0.75 (m,
6H), 0.69 (t, 5H, J = 6.8 Hz), 0.62 (s, 3H). ESI-HRMS: m/z calcd for [CesHgoN3OPtS+Na]",
1145.4706; found, 1145.4662. Anal. Calcd (%) for CesHesN3;OPtS-CH3OH: C 67.15, H
6.59, N 3.54; found: C 67.57, H 6.37, N 3.64.

2.2.2. Photophysical Measurements

The UV-vis absorption spectra were measured on an Agilent 8453 spectrophotometer in
a l-cm quartz cuvette in different HPLC-grade solvents. The steady state emission spectra
were obtained using a SPEX fluorolog-3 fluorometer/phosphorometer. The emission
quantum yields were measured by the comparative method** in degassed toluene solution.
A degassed [Ru(bpy)s]Cl; in aqueous solution (@em = 0.042, Ao = 436 nm)*> was used as
the reference. The excited-state lifetime, triplet excited-state quantum yield and the triplet
transient difference absorption spectra were gained in 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 (fwhm) = 4.1 ns, the repetition rate was set at
I Hz) was used as the excitation source. Each sample was purged with Ar for 30 min prior
to each measurement.

The triplet excited-state absorption coefficient and the triplet excited-state formation

quantum yield were measured using partial saturate method.*®
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2.2.3. Nonlinear Transmission Measurement

The experimental setup was similar to that had been described previously.”” The second
harmonic (4 =532 nm) of a 4.1 ns (fwhm),‘ 10 Hz, Q-switched Quantel Brilliant Nd:YAG
laser was used as the light source. The laser beam was focused by a f = 30 cm planoconvex
lens to the center of a 2 mm thick quartz cuvette that contained the sample solution. The
radius of the beam waist was approximately 75 zm. Two Molectron J4-09 pyroelectric
probes and an EPM2000 energy/power meter were used to monitor the incident and output
energies.

2.2.4. LB Film Preparation

Surface pressure-mean molecular area isotherm measurement and LB film preparation
were carried out by using a KSV minitrough (Teflon coating, 7.5x30x1 cm?). The trough
and the barriers were cleaned using ethanol and ultra pure water with a resistance of 18
MQ:-cm. Both of 2-4 and 2-5 were dissolved in HPLC-grade CHCl; solvent for the surface
pressure — mean molecular area measurement (¢ = 1.16 mmol/mL for 2-4 and 0.78
mmol/mL for 2-5). 50 ul of solution was spread on ultra pure water subphase at 25 + 1 °C
and was left for 25 mins. for CHCI; to evaporate. The compression rate was kept at 5
mm/min. The isotherm measurement for each sample was repeated at least twice.

The LB films of 2-4 and 2-5§ were deposited on hydrophilic glass slides using a dipping
method with the transfer ratio in a range of 0.6 — 1. The glass slides were cleaned using
detergent and water first, followed by soaking in concentrated H,SOy4 for at least 1 hr. This
would make the surfaces hydrophilic before the deposition. The slides were then cleaned

by ultra pure water.

42




"

The surface morphology of the films prepared was studied by AFM technique using the
tapping mode of a Veeco DI-3100 with a silicon nitride probe.

2.3. Results and Discussion
2.3.1. UV-Vis Absorption

The electronic absorption spectra of 2-4 and 2-5 in dichloromethane solution are shown
in Figure 2.1. The absorptions for both complexes follow Beer-Lambert’s law in the
concentration range from 10 to 10™* mol/L, illustrating that no aggregation occurs in this
concentration range. Both complexes exhibit intense high-energy absorption bands at 250-
390 nm, which are attributed to the 172',7[* transitions within the fluorenyl substituted

C~N”N ligand and the BTZ acetylide ligand. The broad low-energy band in the range of

400-500 nm can be tentatively assigned as the '"MLCT/'LLCT transitions with reference to
the similar band in other platinum terpyridyl or C"N”N acetylide complexes.” ="

The '"MLCT/'LLCT band in 2-4 is slightly broader than that in 2-5. This could be due to
the presence of the stronger z-donating benzene ring in the acetylide ligand of 2-4, which
could lower the 'LLCT transition slightly. The charge transfer nature of the low-energy
absorption band could be supported by the negative solvatochromic effect for these two
complexes in different polarity solvents (demonstrated in Figure 2.2). Low-polarity
solvents, such as toluene and dichloromethane, cause an pronounced bathochromic shift in
the low-energy absorption band in comparison to that in more polar solvents, such as

CH;CN. This indicates that the ground states of both complexes are more polar than that of

the excited states, which is a characteristic of a charge-transfer transition.










bt i e

e RE N L e e P

H
L)
i
I

2.3.2. Emission

Complexes 2-4 and 2-5 are emissive at room temperature. As shown in Figure 2.3,
when the concentration of the solution increases from 6.25x10° to 5.0x107 mol/L, the
intensity of the emission band at ~590 nm keeps increasing; while the lifetime of 2-4 and 2-
S at different concentrations are essentially unchanged. This implies that no self-quenching
occurs in the concentration range studied. The quantum yield of 2-4 is measured to be 0.18
and is 0.053 for 2-5 in toluene, which is much higher than the platinum(Il) terpyridyl
complexes with PTZ acetylide ligands (@, less than 0.0024) reported by Eisenberg et al.**
In addition, the quantum yield of 2-4 is 2-3 times larger than that of the correspondingly
“alkoxyl free” C~N”N platinum phenylacetylide complexes without the fluorenyl
substituent (@, = 0.07),5 and is 4 times as large as that for its corresponding platinum
chloride precursor 2-3.%° The lifetimes of 2-4 and 2-5 are approximately 1.3 us and 600 ns,
respectively. The long lifetime along with the large Stokes shifts for both complexes make
it reasonable to assume that the emission originates from a triplet excited state, likely from
the "MLCT/PILCT z 7 state with reference to the nature of the emission from related
platinum complexes with alkoxyl substituent.'® The involvement of the *ILCT/ T
character can be partially supported by the fact that the emission energies of these two
complexes are essentially the same, and they are similar to that of their corresponding
precursor 2-3.*° This similarity indicates that the acetylide ligand has negligible effect on
the emission energy, thus the emitting state should primarily be related to the fluorenyl
CAN”N platinum component. This phenomenon is similar to that of the platinum CAN"N

complexes with alkoxyl substituent.'®
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emitting state and is consistent with that observed in the platinum C"N”N complexes with

alkoxyl substituent.'® Although the solvatochromic effect on the emission energy is
insignificant, it is still evident that less polar solvents, such as CH,Cl,, cause a slight
bathochromic shift of the emission band compared to polar solvents, such as CH3;CN,
which implies the participation of the charge transfer character in the emitting state.

Table 2.1. Photophysical parameters of 6-phenyl-4-(9,9-dihexylfluoren-2-yl)-2,2’-

bipyridine Pt(II) 4-ethynylbenzyl-N-phenothiazine (2-4) and 6-phenyl-4-(9,9-
dihexylfluoren-2-yl)-2,2’-bipyridine Pt(II) 10-(prop-2-ynyl)-10H-phenothiazine (2-5).

Aabs /nm (e/L.mol.cm™)®  len/ nm (1 /ns; Aem/ NM At1-Te/ DM (€710 /
Dem)’ (t /us)’ L.mol.cm™; 7 /ns)’
R.T. 77K
2-4 462 (8280), 426 (10160), 594 (1210; 546 (10.2), 420 (12810; 1260),
350 (39960), 289 0.18) 589 (10.6) 636 (8190; 1210)

(52220), 255 (64540)
2-5 451 (8980), 427 (10180), 597 (600; 546 (9.7), 590 415 (9560; 560), 505
359 (43840), 292 0.053) (9.3) (4830; 630)
(45840), 255 (78280)

* In toluene. ® Measured at a toluene solution with A = 0.1 at 436 nm. © In butyronitrile glassy
solutions at 77 K. ¢ =3.5x10 mol/L “In toluene.
Emission measured in butyronitrile glassy solution at 77 K (Figure 2.4) reveals that the

emission band becomes structured and blue shifted in comparison to that measured at room
temperature. This could be due to the rigidochromic effect that is commonly observed in
transition-metal complexr;:s.”“‘o'52 The vibronic spacing is 1150 cm’ for 2-4 and 1310 cm™!
for 2-5, which falls in the range for stretching mode of the aromatic rings. Considering the
similar emission energy and structure of the emission of these two complexes to those

3-11.18-42

reported in the literature for other platinum terpyridyl or C*N”N complexes, the

emitting state at 77 K for 2-4 and 2-5 is tentatively assigned as the MLCT state,
presumably mixed with some *ILCT and 37,7* character. With an increased concentration

from 10°® mol/L to ~7x10° mol/L, the emission spectra remain the same, suggesting that no
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ground-state aggregation occurs in this concentration range. The lifetimes measured at the

two vibronic bands are essentially the same, all around 10 us (Table 2.1).

Table 2.2. Emission lifetimes and quantum yields of 6-phenyl-4-(9,9-dihexylfluoren-2-yl)-
2,2’-bipyridine Pt(II) 4-ethynylbenzyl-N-phenothiazine (2-4) and 6-phenyl-4-(9,9-
dihexylfluoren-2-yl)-2,2’-bipyridine Pt(II) 10-(prop-2-ynyl)-10H-phenothiazine (2-5) at
room temperature in different solvents at room temperature.

Solvent Aem / M (1/ 18 Dep)
2-4 2-5
CH,Cl, 584 (-;0.036) 584 (-; 0.0012)

Acetonitrile 576 (-; 0.022) 574 (-; 0.0019)
Acetone 579 (30; 0.0048) -
Toluene 594 (1210;0.18) 597 (600; 0.053)
DMSO 587 (-; 0.0009) 605 (-; 0.0021)
2.3.3. Triplet Transient Difference Absorption

In addition to the emission studies, another powerful tool in understanding the excited-
state characteristics is the transient absorption measurement of the excited state, which is
critical for predicting the nonlinear absorption of the compound. The time-resolved triplet
transient difference absorption study not only provides valuable information on the triplet
excited-state absorption spectrum but also on the lifetime of the triplet excited state. In
general, a positive band in a transient absorption spectrum suggests stronger excited-state
absorption than that of the ground state in the respective spectral region, which could cause
reverse saturable absorption.

The time-resolved triplet transient difference absorption spectra of 2-4 and 2-5 are
illustrated in Figure 2.5 and the lifetimes of the triplet exited state deduced from the decay
of the transient absorption are listed in Table 2.1. Both complexes exhibit positive
absorption bands from 400 to 820 nm, indicating stronger triplet excited-state absorption

than that of the ground state in this spectral region, and a bleaching band in the UV region.
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The relatively narrower band at ca. 420 nm for both complexes could possibly arise from

the absorption of the NN anion resulting from *MLCT, *ILCT, or *LLCT. However, the
lack of obvious absorption band in the region of 480-520 nm suggests that no PTZ" is
generated during the excitation.”® Therefore, contribution from the *LLCT state could be
excluded. The broad absorption band at ca. 640 nm for complex 2-4 locates at the similar
region to that observed in the precursor complex 2-3%° suggesting that this band emanates
from the *MLCT/ILCT that are independent on the monodentate ligand. This hypothetic
assignment is partially in line with that reported for platinum terpyridyl acetylide
complexes by Castellano et. al. for platinum terpyridyl complexes.’*>*

The lifetimes deduced from the decay of both bands are essentially the same (Table 2.1),
indicating that the absorption originates from the same transient species. Additionally,
these lifetimes are comparable to those obtained from the decay of the emission. Therefore,
the transient absorption likely arises from the same excited state that emits or a state that is
in equilibrium with the emitting state. Therefore, we tentatively assign the state that gives
rise to the transient absorption as the "MLCT/ILCT state. Compared the AOD value at 532
nm for 2-4 and 2-5 at the same excitation condition (4 = 0.4 at 355 nm), it is 2 — 3 times
larger for 2-5 than that of 2-4. Therefore we can roughly estimate that the reverse saturable
absorption for 2-5 at 532 nm could be stronger than that for 2-4, which is demonstrated by

the nonlinear transmission measurement and will be discussed in the following section.

2.3.4. Reverse Saturable Absorption

As discussed in the previous section, complexes 2-4 and 2-5 exhibit broad positive

triplet transient absorption in the visible to the near-IR region, and both complexes possess

long-lived triplet excited state. Therefore, reverse saturable absorption (RSA) is expected to
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occur in the visible to the near-IR region. To demonstrate this, nonlinear transmission

measurements were performed at 532 nm using nanosecond laser pulses. Figure 2.6 shows
the results of 2-4 and 2-5 in toluene solutions at a linear transmission of 80% in a 2-mm
cuvette. Both of the complexes show significant transmission decrease with increased
incident fluence, which is a typical phenomenon for RSA. However, the RSA of 2-5 is
much stronger than that of 2-4. The stronger RSA of 2-5 could be ascribed to its smaller
ground-state absorption cross-section (o= 2.6x10"° cm?) compared to that of 2-4
(op =4.0x 107" sz) at 532 nm; meanwhile, the AOD at 532 nm for 2-5 is 2.6 times as high
as that for 2-4. Both factors lead to an increased ratio of the excited-state absorption to
ground-state absorption cross-sections (oex/ dp), which is critical in determining the degree
of RSA.'*

2.3.5. Photophysics of LB Films

We have reported that platinum(Il) C*"N~N complexes with alkoxyl substituent can
form LB films due to its amphiphilic property.*® To explore whether complexes 2-4 and 2-5
can form LB films, surface pressure-mean molecular area of these two complexes have
been measured and the results are presented in Figure 2.7. The isotherm indicates that the
monolayers start to lift around the same molecular area of ca. 110 A? for both 2-4 and 2-5,
after which the surface pressure increases sharply. The slopes of the isotherm
corresponding to the liquid condensed phase are essentially the same for 2-4 and 2-5,
indicating the similar liquid condensed state for these two complexes. Both complexes
collapse at a surface pressure of ca. 70 mN/m, but the collapse pressure for 2-5 is slightly

higher than that for 2-4, indicating that 2-5 forms a slightly more stable monolayer than 2-4

does. The limiting molecular areas by extrapolating the plot to zero surface pressure are
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absorption spectra. Both complexes are emissive at room temperature in fluid solution and

at 77 K in glassy matrix; with the emission quantum yield of 2-4 (&, = 0.18) at room
temperature is larger than that of 2-5 (@, = 0.053). Both complexes exhibit broadband
triplet excited-state absorption, therefore considerable reverse saturable absorption (RSA)
was observed at 532 nm for ns laser pulses. Due to the smaller ground-state absorption
cross-section but larger triplet excited-state absorption at 532 nm for 2-5 compared to those
of 2-4, 2-5 exhibits stronger RSA than 2-4 does. The presence of the alkyl chain on the
CAN”N ligand makes it possible to fabricate LB films for 2-4 and 2-5. Although
aggregation is evident in the LB films of these two complexes via AFM images, the
electronic absorption energy and the emission energy are comparable to those in solutions,
indicating that the intermolecular distance in the LB films is not close enough for
intermolecular Pt-Pt interaction to occur.
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CHAPTER 3.
SYNTHESIS AND PHOTOPHYSICS OF PLATINUM(II) 6-PHENYL-4-
(7-BENZOTHIAZOLYL-9,9-DIETHYLFLUOREN-2-YL)-2,2’-
BIPYRIDINE COMPLEXES WITH ELECTRON-WITHDRAWING

AND ELECTRON-DONATING ACETYLIDE LIGANDS

3.1. Introduction

Platinum(Il) complexes bearing C"N”N and acetylide ligands, namely
[(CANAN)PtC=CR] [H(C"N”N) = 6-phenyl-2,2"-bipyridine], was reported to exhibit strong
luminescence in fluid solutions both at room temperature and at low temperature glassy

. 1-15
matrix. !

Substituents with different steric and electronic properties were introduced to the
CAN”N ligands and to the acetylide ligands.'” However, the platinum complexes containing
substituted fluorene group either at the C*"N”N ligand or at the acetylide ligand were rarely
reported.I6 Fluorene was chosen to serve as a thermally and photochemically stable 7-
conjugated system because it can be readily functionalized at the 2-, 7-, and 9- positions.
Belfield ef al. in 1999 reported two new fluorene derivatives with phosphonate and nitro
electron-withdrawing functionalities, both of them exhibit high nonlinear optical (NLO)
absorptivities.'” After that researchers continued to explore the fluorene-based compounds

8.19 .
1819 which have a

because of its two-photon absorption and high emission efficiency,
variety of potential applications, such as in blue light-emitting diode,” oxygen
photosensitizers,”’  microfabrication,”” and three-dimensional data-storage.> The

dialkylfluorene-based donor-acceptor chromophores have been reported to exhibit strong

nonlinear absorption via instantaneous two-photon absorption®*?® and subsequent excited-
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3.2. Experimental Section

The experimental details are described in this section. The first part is the synthetic
route and experimental procedure for the complexes. The second part is the photophysical

measurement for the complexes.
3.2.1. Synthesis

All the reagents were purchased from Aldrich and Alfa Aesar and used without further
purification. All solvent were purchase from VWR with analytical grade, and used without
further purification unless otherwise stated. The silica gel (230x400 mesh) was purchased
from Sorbent Technologies. All products were characterized by 'H NMR, elemental
analysis, and high resolution MS. "H NMR spectra were obtained using a Varian 300 MHz,
400 MHz or 500 MHz NMR spectrometer. Elemental analysis were conducted by NuMega
Resonance labs, Inc. in San Diego, CA. High resolution MS data was obtained using
Bruker Bio TOF III mass spectrometer.

The synthetic route for 6-phenyl-4-(7-benzothiazolyl-9,9-diethylfluoren-2-yl)-2,2'-
bipyridine platinum(1l) chloride is outlined in Scheme 3.1.
2,9-Dibromoﬂuorene33
Fluorene (33.2g, 0.2 mol), NaBr (53.4g, 0.52 mol) and H,SO4 (10%, 0.36 mol, 360 ml)
were added into 200 ml of [,2-dichloro-ethane(DCE). After the solids were dissolved,
H20, (30%, 0.52 mol, 60 ml) was added to the mixture. The color of the mixture turned
into red. After stirring the mixture for 6 hours at room temperature, the mixture was filtered.
The solid was washed by a large amount of water and then 100 ml DCE. The white solid

was dried in vacuum oven, and 52.1 g (yield: 80%) product was obtained. 'H NMR (CDCl,
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yield 39.2 g (yield: 86%) pale yellow crystal. m.p. = 158 °C. 'H NMR (CDCl;, 400 MHz, &
ppm): 7.54-7.44 (6H, m), 1.99 (4H, q, /= 7.2 Hz), 0.314 (6H, t, /= 7.6 Hz).
2-Bromo-9,9-diethyl-7-formylfluorene (Br-F2-CHO)"’

Compound 2,7-dibromo-9,9-diethylfluorene (28 g, 0.074 mol) was dissolved in 200 ml
absolute tetrahydrofuran (THF). The solution was cooled in a dry ice-hexane bath. n-
Butyllithium (Aldrich, 32 ml of 2.5 M solution in hexane, 0.080 mol) was added dropwise
over 25 mins. After 20 mins, N,N-dimethylformamide (DMF, 8.5 ml, 0.12 mol) in THF (20
ml) was added. The mixture was stirred in the cooling bath for 1.5 h and then at room
temperature for 1h. The reaction mixture was treated with aqueous HCI (12 ml
concentrated hydrochloric acid diluted with S0 ml water). After removal of the solvent, the
residue was dissolved in 100 ml ethyl acetate, then washed with water (3 x 200 ml). The
organic layer was dried over Na,SO4 and the solvent was then removed. The crude product
was recrystallized from heptane. The yellow crude product was purified by column
chromatography on silica gel with hexane used as the eluent. A pale yellow solid (19.2 g,
yield: 79%) was obtained as the pure product. 'H NMR (CDCls, 400 MHz, d ppm): 10.04
(1H, s), 7.80-7.96 (3H, m), 7.63-7.66 (1H, m), 7.50-7.53 (2H, m), 1.99-2.14 (4H, m), 0.28
(6H, t, J= 7.6 Hz).
3-(7-Bromo-9,9-diethyl-9H-fluoren-2-yl)-1-pyridin-2-yl-propenone (Br-F2-one-Py)

Compound Br-F2-CHO (16.5 g, 0.05 mol), 2-acetylpyridine (6.1 g, 0.05 mol) and
KOH (8.4 g, 0.15 mol) were dissolved in CH;OH (300 ml). The solution was stirred at 0 °C
and slowly warmed up to room temperature overnight. The solvent was removed and the
residue was dissolved in ethyl acetate and washed with saturated NaCl solution for 3 times.

The organic layer was dried over Na;SO4. The crude product was purified through silica
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gel column chromatography with CH,Cl; used as the eluent. Recrystallization from heptane
yielded pale yellow solid 5.2 g (yield: 24%). 'H NMR (CDCls;, 400 MHz, & ppm): 8.76 —
8.75 (1H, m), 8.30 (1H, d, J= 16 Hz), 8.19 (1H, dt, /= 8.0 Hz, /= 1.2 Hz), 8.02 (1H, d, J
=16 Hz), 7.86 (1H, dt, J = 8.0 Hz, /= 2.0 Hz), 7.68 (3H, s), 7.56 (1H, d, /= 8.0 Hz), 7.49
—7.44 (3H, m), 2.10 - 1.98 (4H, m), 0.30 (6H, t, J= 7.2 Hz).
Compound Br-F2-CNN

Compound Br-F2-one-Py (6.0 g, 14 mmol), 1-(2-oxo-2-phenyl-ethyl)-pyridinium
bromide (3.9 g, 14 mmol) and ammonium acetate (15.4 g, 0.2 mol) were added in 200 ml
ethanol. The mixture was refluxed overnight under argon. After removal of the solvent, the
residue was dissolved in ethyl acetate, and washed with brine. The organic layer was dried
with Na;SO,4 and the solvent was removed. The residual solid was purified by column
chromatography on silica gel with CH2Cl; used as the eluent. A colorless crystal (2.8 g,
yield: 38%) was obtained by recrystallization from heptane. m.p. = 193-194°C. '"H NMR
(CDCls, 400 MHz, 6 ppm): 8.68-8.77 (3H, m), 8.23 (2H, d, J = 8.1 Hz), 8.03 (1H, d, J =
1.5 Hz), 790 (1H, td, /= 7.2 Hz, J= 1.5 Hz), 7.82 (2H, s), 7.75 (1H, d, J = 1.2 Hz), 7.48-
7.65 (6H, m), 7.36-7.40 (1H, m), 2.04-2.17 (4H, m), 0.36 (6H, t, J= 7.2 Hz).
Compound CHO-F2-CNN

To an argon-protected dry THF solution (20 mL) of compound Br-F2-CNN (5.3 g,
0.01 mol) at -78 °C, a 2.5 M solution of n-BuLi in hexane (4.4 mL, 0.011 mol) was added
dropwise. After stirred at -78 °C for 20 min, DMF (1 mL, 0.014 mol) was added. The
reaction mixture was stirred overnight, first at -78 °C, then warmed up to room temperature
gradually. After addition of 10 mL water, the solvent was removed. The residue was

dissolved in ethyl acetate, and washed with brine. The organic layer was dried with Na,SO4
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and the solvent was removed. The crude product was purified by column chromatography

on silica gel with CH,Cl, used as eluent. A white solid (4.0 g, yield: 83%) was obtained as
the pure product. 'H NMR (CDCls, 400 MHz, & ppm): 10.07 (s, 1H), 8.74 -8.89 (m, 3H),
8.23 (d, 2H, J=8.0 Hz), 8.03 (d, 1H,J=1.2 Hz), 7.9 -7.8 (m, 7H), 7.54 (t, 2H, J = 7.2 Hz),
7.47 (t, 1H, J= 6.8 Hz), 7.36 -7.33 (m, 1H), 2.19 - 2.14 (q, 4H, J=7.2 Hz), 0.34 (t, 6H, J =
7.2 Hz).
Compound BTZ-F2-CNN

A degassed mixture of compound CHO-F2-CNN (4.0 g, 8.3 mmol) and 2-
aminobenzenethiol (0.9 mL, 8.3 mmol) in DMSO (30 mL) was refluxed for 2 hrs. under
argon. After cooled to room temperature, 500 mL water and 100 mL CH,Cl, was added.
The organic phase was separated and washed with acetic acid aqueous solution (V/V = 1/4),
sodium bicarbonate aqueous solution (5%) and brine. The organic layer was dried with
Na;SO4 and the solvent was removed. The crude product was purified by column
chromatography on silica gel. After removal of the impurity layers by CH,Cl,, the pure
product was obtained by ethyl acetate. The product was then recrystallized from
CH,Cly/heptane to yield 3.4 g yellow crystal as the pure product (yield: 70%). 'H NMR
(CDCl3, 400 MHz, 6 ppm): 8.76 — 8.67 (2H, m), 8.69 (1H, s), 8.24 2H, dd, /=64 Hz, J =
1.2 Hz), 8.17 (1H, s), 8.04 — 8.11 (3H, m), 7.92 — 7.83 (5H, m), 7.80 (1H, d, J = 1.6 Hz),
7.57 - 7.50 (2H, m), 7.50 — 7.45 (2H, m), 7.40 — 7.34 (2H, m), 2.26 — 2.15 (4H, m), 0.40
(6H, t, J=7.2 Hz).
Compound BTZ-F2-CNN-Pt-Cl

A solution of compound BTZ-F2-CNN (1 mmol, 0.6 g) and Pt(DMSO),Cl, (1.25

mmol, 0.53 g) in 10 mL DMF with two drops of water was heated and stirred at 80 °C for
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Complex 3-1

A mixture of BTZ-F2-CNN-Pt-Cl (164 mg, 0.2 mmol), and 3-4 (50 mg, 0.2 mmol) in
CH,Cl/pyridine = 15 ml/15 ml solvent was refluxed for 24 hours under Ar atmosphere.
After removal of the solvent, the residue was dissolved in CH,Cl,. The CH,Cl, solution
was washed with brine, and then dried with Na,SO,. After the solvent was removed, the
crude product was purified by silica gel chromatography with CH,Cl, as the eluent. Yellow
solid 62 mg was obtained as the pure product (yield: 35%). '"H NMR (CDCls;, 400 MHz,
oppm): 9.16 (1H, d, J= 5.6 Hz), 8.16 (t, 3H, J = 8 Hz), 8.11 — 8.04 (m, 4H), 7.93 — 7.87
(m, 4H), 7.82 (s, 1H), 7.76 — 7.73 (m, 2H), 7.66 (s, 1H), 7.61 — 7.49 (m, SH), 7.40 (t, 1H, J
=8 Hz), 7.17 (t, 1H, J= 7.6 Hz), 7.10 (t, 1H, J = 7.6 Hz), 2.28 — 2.15 (m, 4H), 0.40 (t, 6H,
J = 7.4 Hz). ESI-HRMS: m/z calcd for [C4sH34N4O,PtSNa]": 948.1946; found: 948.1935.
Anal. Caled (%) for C4gH34N4O,PtS-CeHj4-1/2CH,Cly: C 62.72, H 4.71, N 5.38; found: C
63.07, H 4.98, N 5.65.

The synthetic routes for ligand 2-ethynyl-9,9-dioctylfluorene and complex 6-phenyl-4-
(7-benzothiazolyl-9,9-diethylfluoren-2-yl)-2,2'-bipyridine Pt(IT) complex (3-2) is displayed
in Scheme 3.3.
2-Iodofluorene™

Fluorene (50 g, 0.3 mol) was dissolved in 500 ml of the boiling solvent (CH3COOH :
H0 : HaSO4 = 100 : 20 : 3), followed by cooling to 60 ~ 65 °C. Periodic acid dehydrate
(11.5 g, 0.05 mol) and iodine (25.5 g, 0.1 mol) were then added. After stirring at 60 — 65 °C
for 4 h, the elementary iodine almost disappeared and the precipitate was formed. Upon
cooling, the pale yellow solid was collected by filtration and washed with 2M aqueous
Na,COs; and water. The crude product was recrystallized from hexane to give 70 g white
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hexane to afford a pale yellow solid 6.6 g (vield: 84%). 'H NMR (CDCl;, 400 MHz,
Sppm): 7.66 — 7.62 (m, 3H), 7.43 (d, 1H, J =8 Hz), 7.33 — 7.30 (m, 3H), 2.20 — 2.02 (m,
4H), 0.98 — 0.75 (m, 20H), 0.66 — 0.56 (m, 10H).
4-(9,9-Dioctylfluoren-2-yl)-2-methyl-but-3-yn-2-ol

To a solution of 2-iodo-9,9-dioctylfluorene (5.16 g, 10 mmol) in 40 ml triethylamine, 3-
methyl-1-butyn-3-ol (98%, 1.5 ml, 14 mmol) was added. After the solution was degassed
with Ar, catalytic amount of dichlorobis-(triphenylphosphine)palladium (II) (15 mg),
triphenylphosphine (15 mg) and cuprous iodide (15 mg) were added. The reaction mixture
was then refluxed under Ar for 24 hours. The excess triethylamine was removed under
reduced pressure. CH,Cl, and brine was then added to the resultant yellow oil. The organic
phase was separated and extracted with brine twice, then dried over MgSQO,. The crude
product was purified by silica gel chromatography with hexane/ethyl acetate = 6/1 as the
eluent to afford a colorless oil 4.2 g (yield: 89%). '"H NMR (CDCls, 400 MHz, & ppm):
7.67 —7.64 (m, 1H), 7.61 (d, 1H, J=8.4 Hz), 7.40 — 7.29 (m, 5H), 2.03 (s, 1H), 1.93 (t, 4H,
J=17.8 Hz), 1.65 (s, 6H), 1.26 — 0.95 (m, 12H), 0.81 (t, 6H, J=7.2), 0.58 — 0.55 (m, 4H).
2-Ethynyl-9,9-dioctylfluorene

A mixture of 4-(9,9-dioctylfluoren-2-yl)-2-methyl-but-3-yn-2-ol (4.2 g, 8.9 mmol) and
KOH (3.0 g, 0.05 mol) in 100 ml of 2-propanol was heated at reflux under Ar atmosphere
for 3 hours. The solvent was removed. The residue was dissolved in CH,Cl; and washed
with brine for 3 times. The CH,Cl, layer was dried with Na,SO, and the solvent was then
removed. The crude product was purified by silica gel chromatography with hexane as the
eluent. Pale yellow solid 2.15 g was obtained as the pure product (yield: 58%). 'H NMR
(CDCls, 400 MHz, §ppm): 7.72 — 7.64 (m, 2H), 7.58 — 7.56 (m, 1H), 7.50 — 7.48 (m, 1H),

74




7.37-17.31 (m, 3H), 3.13 (s, 1H), 2.02 — 1.94 (m, 4H), 1.25 — 1.05 (m, 20H), 0.84 (t, 6H, J
=7.2 Hz), 0.65 — 0.62 (m, 4H).
Complex 3-2

A mixture of BTZ-F2-CNN-Pt-Cl (164 mg, 0.20 mmol), 2-ethynyl-9,9-dioctylfluorene
(105 mg, 0.25 mmol) and 1 g KOH in CH,Cl/MeOH = 15 ml/15 ml solvent was refluxed
under Ar atmosphere for 24 hours. After removal of the solvent, the residue was dissolved
in CH,Cl,, and washed with brine. The CH,Cl; layer was dried with Na;SQy, and then the
solvent was removed. The crude product was purified by silica gel chromatography with
CH,Cl, as the eluent. The pure product was obtained through recrystallization from
CH,Cl,/EtOH, 95 mg dark red solid was obtained (yield: 40%). '"H NMR (CDCls, 400
MHz, 6 ppm): 9.08 (dd, 1H, J; = 9.6 Hz, J, = 4.8 Hz), 8.18 (s, 1H), 8.14 — 8.05 (m, 5H),
7.99 (s, 2H), 7.93 — 7.77 (m, 7TH), 7.73 — 7.69 (m, 2H), 7.65 (d, 2H, J = 6.4 Hz), 7.60 - 7.50
(m, 4H), 7.42 — 7.35 (m, 4H), 7.05 — 7.02 (m, 2H), 2.29 — 2.07 (m, 8H), 0.98 — 0.75 (m,

20H), 0.66 — 0.56 (m, 10H) 0.42 (t, 6H, J = 7.4 Hz). ESI-HRMS: m/z calcd for

[C78H74N4PtS,]", 1193.5094; found, 1193.5121. Anal. Caled (%) for C;{H7 N3PtS: C 71.45,
H 6.00, N 3.52; found: C 71.31, H 6.40, N 3.63.

The synthetic routes for 7-benzothiazoly-2-ethynyl-9,9-di-(2-ethylhexyl)-fluorene
(BTZ-F8-CC) and 6-phenyl-4-(7-benzothiazolyl-9,9-diethylfluoren-2-yl)-2,2'-bipyridine
Pt(Il) complex (3-3) are displayed in Scheme 3 4.

The  synthetic procedure for  2,9-dibromofluorene, 2,7-dibromo-9,9-di(2-

ethylhexyl)fluorene  (Br-F8-Br), and 7-Bromo-9,9-di-(2-ethylhexyl)-fluorene-2-

carboxaldehyde (Br-F8-CHO) are similar to the procedures described for synthesizing the
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gel chromatography by using CH,Cl, as the eluent. Purple oil 2.4 g was obtained as the
pure product (yield: 73%). '"H NMR (400 MHz, CDCls, & ppm): 8.13 — 8.04 (m, 3H), 7.90
(d, 1H, J= 8 Hz), 7.75 (d, 1H, J= 8 Hz), 7.60 (d, 1H, J= 8 Hz), 7.54 (dd, 1H, J; =4 Hz, />
=1.6 Hz), 7.49 (td, 2H, J, =72 Hz, J, = 1.2 Hz), 7.37 (1, 1H, J = 8.4 Hz), 2.12 — 1.96 (m,
4H), 0.91 - 0.71 (m, 20H), 0.59 — 0.48 (m, 10H).
7-Benzothiazolyl-2-ethynyl-9,9-di-(2-ethylhexyl)-fluorene (BTZ-F8-CC)

Compound BTZ-F8-Br (2.6 g, 4.3 mmol) was dissolved in 20 mL degassed NEts.
Trimethylsilylacetylene (0.8 ml, 7.6 mmol), catalytic amount of Pd(PPh;),Cl, (15 mg) and
Cul (10 mg) were then added to the solution. The mixture was stirred at 85 °C for 24 hrs.
After removal of the solvent, the crude product was purified by silica gel chromatography
using hexane/ CH,Cl, = 1/1 as the eluent. The obtained yellow oil continued to react with
K,CO; (0.6 g, 4.3 mmol) in THF/MeOH (v/v = 30ml /30 ml) solution. The mixture was
degassed first, then stirred at room temperature for 4 hrs. The crude product was purified
by silica gel chromatography using CH,Cl; as the eluent. Brown oil 2.2 g was obtained as
the pure product (yield: 92%). 'H NMR (400 MHz, CDCls, 6 ppm): 8.25 — 8.10 (m, 3H),
7.88 (d, 1H, J =8 Hz), 7.78 — 7.47 (m, 5H), 7.36 (t, IH, J =8.4 Hz), 3.19 (s, 1H), 2.20 —
2.02 (m, 4H), 0.98 — 0.75 (m, 20H), 0.66 — 0.56 (m, 10H).

Complex 3-3

A mixture of BTZ-F2-CNN-Pt-Cl (164 mg, 0.2 mmol), BTZ-F8-CC (51 mg, 0.2
mmol) and | g KOH in CH,Cl/MeOH = 15 ml/15 ml solvent was refluxed under Ar
atmosphere for 24 hrs. After removal of the solvent, the residue was dissolved in CH,Cl,.
The CH,Cl, layer was washed with brine, and dried with Na,SO,. After removal of solvent,
the crude product was purified by silica gel chromatography with CH,Cl, as the eluent.
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Recrystallization from DCM/EtOH yielded 58 mg dark red solid as the pure product (yield:
22%). "H NMR (400 MHz, CDCls, § ppm): 9.08 (dd, 1H, J; = 9.6 Hz, J, = 4.8 Hz), 8.18 (s,
1H), 8.14 — 8.05 (m, 5H), 7.99 (s, 2H), 7.93 — 7.77 (m, 7H), 7.73 — 7.69 (m, 2H), 7.65 (d,
2H, J= 6.4 Hz), 7.60 — 7.50 (m, 4H), 7.42 — 7.35 (m, 4H), 7.05 — 7.02 (m, 2H), 2.29 - 2.07
(m, 8H), 0.98 — 0.75 (m, 20H), 0.66 — 0.56 (m, 10H) 0.42 (t, 6H, J = 7.4 Hz). ESI-HRMS:
m/z caled for [C7sH7N4PtS;]", 1326.5016; found, 1326.5051. Anal. Caled (%) for

C7sH74N4PtS,-2CsH 1 4-H,0: C 71.26, H 6.91, N 3.69; found: C 71.12, H 7.00, N 3.91.
3.2.2. Photophysical Measurement

The UV-vis absorption spectra were measured on SHIMADZU 2501 PC UV-vis
spectrophotometer in a 1-cm quartz cuvette in different HPLC-grade solvents. The steady
state  emission  spectra  were  obtained using a SPEX  fluorolog-3
fluorometer/phosphorometer. The emission quantum yields were measured by the
comparative method*® in degassed toluene solution. A degassed [Ru(bpy)s;]Cl, in aqueous
solution (@.y, = 0.042, A = 436 nm)3 5 was used as the reference. The excited-state lifetime,
triplet excited-state quantum yield and the triplet transient difference absorption spectra
were gained in 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 (fwhm) = 4.1 ns, the repetition rate was set at | Hz) was used as the excitation
source. Each sample was purged with Ar for 30 min prior to each measurement.

The emission self-quenching rate constants (k,) in CH,Cl, can be deduced by the Stern-
Volmer equation 3-1 through measuring the excited-state lifetime (zys) of the complex at

different concentrations:
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kobs = kq[C] + ko 3-1)

In this equation kops is the observed emission decay rate constants (kobs = 1/7em) at
different concentrations, [C] is the concentration of the complex solution, and 4o (ko = 1/%)
is the decay rate constant of the excited state in an infinitely dilute solution. The lifetimes
of the complex solutions were measured at different concentrations. The ks were plotted
against the solution concentration. The slope of the straight line is the kg, and the intercept
is the kp.

The triplet excited-state absorption coefficient (er) was measured using the depletion

method and calculated using the following equation 3-2.%¢

£ = ES[AODT]
T ™ "aopg

(3-2)

[n this equation AODs and AODr are the AOD values at the minimum of the bleaching
band and the maximum of the positive band in the triplet transient difference absorption
(TA) spectrum, and eg is the ground-state molar extinction coefficient at the wavelength of
the bleaching band minimum. After obtaining the er value from this equation, the quantum
yield of the triplet excited-state (@r) can be obtained using the comparative method,*® in

which SiNc in benzene (@r = 0.20 + 0.03, &r, 500 um = 53400 M™"-cm™)*7 as the reference .

Equation 3-3 was used to calculate the @r:

S _ref
S — qpref AODT & _
d)T T AOD-rref E%- (3 3)

where AODS. and AODX®! are the AODr values at the TA spectrum band maximum for the
ref

sample and the reference, respectively ' and & are the triplet molar extinction

coefficients at the wavelength where the AODr is observed for the sample and the reference.
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3.2.3. Nonlinear Transmission Measurement

The experimental setup was similar to that described previously.38 The second
harmonic (4 = 532 nm) of a 4.1 ns (fwhm), 10 Hz, Q-switched Quantel Brilliant Nd:YAG
laser was used as the light source. The laser beam was focused by a f = 30 cm planoconvex
lens to the center of a 2 mm thick quartz cuvette that contained the sample solution. The
radius of the beam waist was approximately 75 pm. Two Molectron J4-09 pyroelectric
probes and an EPM2000 energy/power meter were used to monitor the incident and output
energies.

3.3. Results and Discussion
3.3.1. UV-Vis Absorption

The UV-Vis absorption of 3-1 — 3-3 in CH,Cl, obeys Beer-Lambert’s law in the
concentration range of 10" — 10™* mol/L, indicating that no ground-state aggregation occurs
in this concentration range. As depicted in Figure 3.1, the high-energy absorption bands
below 400 nm are assigned as intraligand 7,7* transitions within the C"N”N ligand or the
acetylide ligand. For each complex, a charge-transfer band appears between 400 nm and
600 nm. The extinction coefficients (&) of the charge-transfer bands of 3-2 and 3-3 are quite
similar; however, the ¢ of the charge-transfer band of 3-1 is much stronger and narrower
than those of 3-2 and 3-3. In addition, 3-1 also exhibits an obvious blue-shift of the charge-
transfer band in comparison to those of 3-2 and 3-3. This is due to the strong electron-
withdrawing ability of the nitro substituent on the acetylide ligand. As reported by Sun and
co-workers on 4,6-diphenyl-2,2’-bipyridine platinum(Il) acetylide complexes via a time-

dependent density functional theory (TDDFT) calculation, the highest occupied molecular
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orbital (HOMO) in these complexes has a significant contribution from the acetylide
moiety, and the 6-phenyl and the central pyridine rings (referred to as C*N component in
CAN”N ligand), as well as a minor contribution from the Pt d orbital. In contrast, the lowest
unoccupied molecular orbital (LUMO) is exclusively dominated by the bipyridine
component in the C*N”N ligand (referred to as NN moiety).*® Therefore, the lowest-
energy electronic transition in these complexes has mixed 'LLCT/'ILCT/'"MLCT characters.
The strong electron-withdrawing —NO, group not only stabilizes the acetylide based
molecular orbital, resulting in an increased-energy 'LLCT transition, but also stabilizes the
Pt(II) d orbitals, which leads to an blue-shifted '"MLCT transition. Both effects cause the
significant hyposochromic shift of the charge-transfer band in 3-1.

The low-energy absorption bands of 3-1 — 3-3 exhibit solvent dependence. As shown in
Figure 3.2, Figure 3.3 and Figure 3.4, 3-1 exhibits a much clear negative solvatochromic
effect than 3-2 and 3-3 do, which is a characteristic for charge-transfer transition. Therefore,
the lowest-energy absorption band in 3-1 has more charge-transfer character, most likely
arising from the 'MLCT. In contrast, the negative solvatochromic effect is much less
pronounced in 3-2 and 3-3, suggesting that the electron density is more delocalized in the
HOMOs of 3-2 and 3-3. Alternatively, we can tentatively assume that the lowest-energy
absorption bands in 3-2 and 3-3 between 400 nm and 600 nm admix some ligand-to-ligand
charge transfer ('LLCT), intraligand charge transfer ('ILCT), 'z 7*, and possibly 'MLCT

transitions.
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3.3.2. Emission

Complexes 3-1 — 3-3 are emissive in fluid solutions at room temperature. Figure 3.5,
Figure 3.6 and Figure 3.7 display the emission spectra of 3-1 — 3-3 of different
concentrations in CH,Cl, at room temperature. The intensity of the emission band increases
while the concentration of the solution increases. The lifetime of 3-1, shown in Table 3.1,
becomes shorter when the concentration increases, which implies a self-quenching effect
(the quenching of the excited state because of the interactions between an excited-state
molecule and a ground-state molecule of the same type that can form excimers.) in the
concentration range of from 4.25 x 10 to 3.4 x 10 mol/L. However, no self-quenching
effect was observed for complexes 3-2 and 3-3 in the concentration range studied. This
probably can be attributed to the presence of the alkyl chains at the 9-position of the
fluorene component, which prevents the formation of excimers in these two complexes. In
Figure 3.8 the decay rate constants were plotted against complex concentration for 3-1,
which results in a straight line. The slope of the straight line corresponds to the self-
quenching rate constant, which gives k, = 3.53 x 10° M"-s”". This value is in accordance
with those reported for other (CAN~N) Pt(II) complexes (1.6 x 10° — 5.7 x 10° M’ 5.
6,15,39

For 3-1 — 3-3, the emission lifetime in relatively long, and a large Stokes shift is
observed. Additionally, the emission is quite sensitive to oxygen quenching. Considering
these features and with reference to the other Pt(Il) C"N”N complexes reported in the
literature, we believe that the emission from these three complexes at room temperature

originates from a triplet excited state, and we tentatively ascribe the emitting state as
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*MLCT excited state. In line with the trend observed in UV-vis spectral measurement, the
emission energy of 3-1 also shifts to a higher energy compared to those of 3-2 and 3-3.

The emission of complex 3-1 measured in butyronitrile glassy solution at 77 K (Figure 3.9)
shows vibronic structures compared to that at room temperature. The blue-shift of the
emission band is attributed to the rigidochromic effect that is a common phenomenon for
metal bidentate and terdentate complexes.6’4° For 3-2 (Figure 3.10) and 3-3 (Figure 3.11),
the emission spectra in butyronitrile glassy matrix at 77 K become narrower and simply
blue-shifted in comparison to those measured at room temperature. No clear vibronic
structures were observed in the spectra of these two complexes. This is probably due to the
weak emission from 3-2 and 3-3 (see the emission quantum yield listed in Table 3.1 at
room temperature), which would reduce the signal-to-noise ratio of the spectra at 77K.
With increased concentrations, the spectral features for all three complexes remain the

same, indicating that no ground-state aggregation occurs in the concentration range studied.
3.3.3. Triplet Transient Different Absorption

The time-resolved triplet transient difference absorption spectra of 3-1 — 3-3 in toluene
are displayed in Figure 3.12, Figure 3.13 and Figure 3.14 and the lifetimes of the triplet
exited state deduced from the decay of the transient absorption are listed in Table 3.1.
These measurements could provide valuable information on the triplet excited-state
absorption spectrum and the lifetime of the triplet excited state, which would help us
predicting the nonlinear absorption of these complexes. A positive band in the triplet

transient difference absorption spectrum illustrates stronger excited-state absorption than
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Table 3.1. Photophysical parameters of 6-phenyl-4-(7-benzothiazolyl-9,9-diethylfluoren-2-
yl)-2,2’-bipyridine Pt(Il) complexes 3-1 — 3-3.

Jabs /nm (&/L.mol " .cm)? Aem/ Nm (7 /ns; Aem/ N (7 /u8)°  Arito/ nm (e7)Tn
D) 77K /L.mol'.cm™; ¢
R.T. /ns)’
31 433 (26350), 380 570 (770; 0.165) 551 (48), 595 590 (45250; 630)
(72240), 286 (32590) (47)
32 441 (13870), 378 612 (400; 0.030) 580 (15) 420 (28070; 390)
(62800), 335 (61870)
3-3 440 (13720), 382 610 (610; 0.066) 564 (34) 495 (12860; 680)

(71220), 286 (26580)
 [n CH,Cl,. ® Measured in a toluene solution with 4 = 0.1 at 436 nm. © In butyronitrile glassy

solutions at 77 K. ¢ = 3.5x107° mol/L. 9In toluene.

Table 3.2. Emission lifetimes and quantum yields of 6-phenyl-4-(7-benzothiazolyl-9,9-
diethylfluoren-2-yl)-2,2’-bipyridine Pt(II) complexes 3-1 — 3-3 at room temperature in
different solvents at room temperature.

Solvent Jem / N (T / 18; Pery)
31 32 3-3
CH,Cl, 564 (1536; 0.188) 614 (160;0.012) 610 (340;0.029)
Acetonitrile - 616 (140; 0.0069) 604 (290, 0.017)

Acetone 579 (1747, 0.169) 625 (150; 0.0072) 609 (280; 0.020)
Toluene 570 (773;0.165) 612 (400; 0.030) 610 (610; 0.066)
DMSO - 618 (-; 0.0045) -

3.3.4. Reverse Saturable Absorption

As previously discussed, complexes 3-1 — 3-3 possess relatively long triplet excited-state
lifetimes and 3-1 exhibits moderately strong and broad triplet excited-state absorption in
the visible to the near-IR region. Therefore, reverse saturable absorption is expected for
these complexes. The concentrations of the solutions were adjusted to obtain the same
linear transmission of 80% for all the samples at 532 nm in a 2-mm cell. The nonlinear
transmission results for complexes 3-1 — 3-3 are shown in Figure 3.7. Only 3-1 shows

significant transmission decrease with increased incident fluence, which is a typical
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CHAPTER 4.
SYNTHESIS OF PLATINUM DIIMINE COMPLEX WITH 7-
BENZOTHIAZOLYL-9,9-DI2-ETHYLHEXYLFLUOREN-2-YL)

ACETYLIDE LIGAND

4.1. Introduction

In the past, the study on the metal-to-ligand charge transfer (MLCT) has been mainly
focused on the d° transition metal complexes, such as Ru(Il), Os(II) and Re(I)."* The
interest in studying the d® Pt(II) diimine complexes (diimine)PtL, (L = halide, nitrile,
thiolate, isonitrile, and acetylide) has been growing emergingly in recent years.”'’ These
(diimine)PtL, complexes have long-lived excited states, which is attributed to the *"MLCT
from d(Pt) to 7* of diimine transition. This unique property potentially can be applied to

20,21

many fields, such as electroluminescent devices'®'? dye-sensitized solar cells®**' and non-

linear optical materials?2?

etc. Most importantly, the excited-state properties of these Pt(II)
diimine complexes can be tuned by modification of either the diimine ligands or the L
ligands.

In this work, a new bis(mesitylimino)acenaphthene platinum(II) complex containing
alkynyl-benzothiazolylfluorene ligands (4-1) was synthesized and its photophysical
properties were investigated. The alkynyl-benzothiazolylfluorene moiety was chosen
because platinum complexes bearing this ligand were reported recently by our group to

exhibit relatively large two-photon absorption in the near-infrared region.”*** Diimine

ligand bis(mesitylimino)acenaphthene was chosen because the lower-lying 7* orbitals can
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shift the charge-transfer transition to much lower energy so that the absorption and

emission spectra could extend into the near-IR region.’
4.2. Experimental Section

The experimental details are presented in the following paragraphs. The synthetic
procedures for the complex are presented first, then the photophysical measurements for

the complexes are discussed.
4.2.1. Synthesis

All the reagents were purchased from Aldrich and Alfa Aesar and used without further
purification. All solvent were purchased from VWR Scientific Company with analytical
grade, and used without further purification unless otherwise stated. The silica gel
(230%400 mesh) was purchased from Sorbent Technologies Company. All products were
characterized by 'H NMR, elemental analysis, and high resolution MS. 'H NMR spectra
were obtained using a Varian 300 MHz, 400 MHz or 500 MHz VNMR spectrometer.
Elemental analysis were conducted by NuMega Resonance labs, Inc. in San Diego, CA.
High resolution MS data was obtained using a Bruker Bio Tof III mass spectrometer.

The synthetic route for the bis(mesitylimino)acenaphthene Pt(I]) acetylide complex (4-
1) is displayed in Scheme 4.1.

Bis(mesitylimino)acenaphthene (mesBIAN)

Acenaphthenequinone (2.00 g, 0.011 mol) and 2,4,6-trimethylaniline (3.65 ml, 0.026

mol) were stirred in a solution of MeOH/formic acid (100 ml/2 ml) for 60 hours at room

temperature. The orange suspension was stored at -5 °C overnight to precipitate the product,
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Complex 4-1

Complex (mesBIAN)PtCl; (0.11 g, 0.16 mmol), ligand BTZ-F8-CC (the detailed
synthetic procedure for this ligand was described in Chapter 3) (0.22 g, 0.40 mmol) and
catalytic Cul in CH,Cly/triethylamine (10 ml/10 ml) were stirred at room temperature for
24 hours. The solvent was removed and the residue was purified by silica gel
chromatography by using CH,Cl, as eluent. Dark blue solid was obtained as the pure
product (0.18 g, yield: 66%). '"H NMR (CDCls, 500 MHz, § ppm): 8.22 (2H, d, J = 8.1 Hz),
8.09-8.02 (6H, m), 791 (2H, d, J= 8.1 Hz), 7.69 (2H, d, J = 8.1 Hz), 7.53 — 7.46 (6H, m),
7.37 (2H, t, J= 7.6 Hz), 7.18 (4H, s), 6.94 — 6.90 (6H, m), 2.58 (6H, s), 2.41 (12H, s), 2.23
- 197 (8H, m), 0.92 — 0.70 (40H, m), 0.61 — 0.50 (20H, m). ESI-HRMS: m/z calcd for
[CrosH116N4PtS;Na]": 1727.8205; found, 1727.8246. Anal. Caled (%) for CigsH;1sN4PtSs:

C 74.66, H 6.86, N 3.29; found: C 74.53, H 7.13, N 3.35.
4.2.2. Photophysical Measurement

The UV-vis absorption spectra were measured on a SHIMADZU 2501 PC UV-vis
spectrophotometer in a 1-cm quartz cuvette in different HPLC-grade solvents. The steady
state  emission  spectra  were obtained using a  SPEX  fluorolog-3
fluorometer/phosphorometer. Each sample was purged with Ar for 30 min prior to each
measurement. The triplet transient difference absorption spectra were gained in 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 (fwhm) = 4.1 ns, the
repetition rate was set at | Hz) was used as the excitation source. Each sample was purged

with Ar for 30 min prior to each measurement.
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The low-energy absorption bands of 4-1 exhibit a solvent dependence. As shown in
Figure 4.2, 4-1 exhibits a clear negative solvatochromic effect. The low-energy band
features at 570 nm in DMSO, but shifts to a lower energy at 585 nm in acetone, and further
red-shifts to 599 nm in CH,Cl,, finally appears at 645 nm in toluene. These shifts in energy
can be easily observed by naked eyes as the colors of solutions changed from purple, to
purplish blue, to blue, and finally to green, as shown in Figure 4.3. The apparent
hyposochromic effect in low-polarity solvents is a characteristic for charge-transfer
transition, and is commonly observed in other transition metal complexes possessing

.. 8.26-
charge-transfer transitions.'***%

4.3.2. Emission

As a result of the red-shifted charge-transfer band, 4-1 is expected to display emission
at the near-IR region when excited at the charge-transfer band, which has been reported by
Weinstein et al. for (mesBIAN)Pt(C=CPhCF3); (Aem = 800 nm),”* and by Castellano e al.
for [Pt(mesBIAN)(tda)] (Aem = 832 nm).~ However, due to the limitation of our instrument,
no emission was observed in any of the 4-1 solution upon excitation at the 'MLCT band.
Further study needs to be carried out on an appropriate spectrometer that can measure the
emission in the NIR to IR region.

Although the emission from MLCT band is not observed, emission from the high-
energy 'z, 7* state was observed. Figure 4.4 shows the concentration-dependent emission
spectra of 4-1 (Aex = 374 nm) in CH,Cl; at room temperature. The intensity of the emission

decreases while the concentration of solutions increases because of the re-absorption of the
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limitation of our spectrometer. In the future study, an appropriate spectrometer should be

used to measure the emission in the NIR to IR region. In addition, different acetylide

ligands should be used to evaluate the effect of acetylide ligand on the photophysical

properties of the complexes.
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