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Abstract

Platinum(II) bipyridyl complexes exhibit rich absorption and emission properties
in the solid and solution states, which can be understood within the context of their
electronic and molecular structures. Depending on the ancillary ligands, the emission
from square planar monomers originates from either an intraligand T—7*, ligand field, or
MLCT triplet state. Tuning the electron-donating properties of a series of pyrazolate
ligands induces energy crossover between the lowest 3t—7* and 3SMLCT states.

The Pt---Pt distances determined by X-ray crystallography for nine linear-chain
platinum(II) diimine complexes range from 3.24 to 3.49 A. While we find evidence for
interligand interactions influencing these structures, the Pt---Pt bonds are the most
important stacking forces. The metal-metal distances are consistent with an electronic
structural model in which ¢-donor / m-acceptor ligands strengthen Pt---Pt bonding
interactions. The intense colors of the linear-chain solids and related binuclear
complexes (orange, red, violet, or blue) are due to an electronic transition to the
IMLCT[do*(Pt)—>m*(diimine)] state, where the HOMO (do*) derives from the
interaction of the fully occupied 5d,2 levels of adjacent Pt centers and the LUMO (7*) is
predominantly centered on the diimine ligand. The intense emission from these materials
originates from the corresponding 3MLCT state. Overall, the emission and absorption
spectra are consistent with an electronic structural model that accounts for the electronic
properties of the ancillary ligands, as well as the Pt---Pt interactions. Interestingly, for the
red form of Pt(bpy)Cl, (bpy=2,2'-bipyridine) the Pt---Pt distance shortens from 3.449(1)
t0 3.370(2) A in the interval between 294 and 20 K. The emission maximum red-shifts as
the temperature drops (613 nm, 300 K; 651 nm, 10 K), with the peak energy decreasing
linearly with the inverse cube of the Pt---Pt separation.

The violet color of Pt(bpy)(bdt) (bdt=1,2-benzenedithiolate) is due to a low-
energy transition to a metal-mixed ligand-to-ligand charge-transfer state (LLCT); the

emission originates from the corresponding triplet state. Photochemical oxidation of



vi
Pt(bpy)(bdt) occurs in the presence of oxygen, this reaction has been investigated by 1H
NMR and UV-visible absorption spectroscopy, as well as transient absorption
spectroscopy. Singlet oxygen produced by energy transfer from the excited complex is
implicated as the active oxygen species, in sequential formation of the sulfinate and

disulfinate products. Both products have been characterized by X-ray crystallography.
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The thermal and photochemical reactivity of molecules is a direct consequence
of their electronic and three-dimensional structures. Since transition metal complexes
have many practical applications, including catalysis, chemical sensing and materials
engineering, considerable effort has been devoted to understanding the factors
governing their electronic and molecular structures, both in the ground and excited
states. The central premise of these investigations is that, with this knowledge,
molecules exhibiting desirable chemical and physical properties can be rationally
engineered.

In this regard, a long-standing goal for chemists has been to utilize light energy
to drive thermodynamically or kinetically unfavorable reactions.l-> The energy,
structure and electronic distribution for a molecule in an excited state can be very
different from the ground state. For example, in an excited state a molecule is both a
better oxidant and reductant than in the ground state. Therefore, if the excited state is
sufficiently long lived, the enhanced reactivity may be harnessed in an electron-transfer
or other chemical reaction. The photosynthetic process that converts solar energy to
chemical energy in the form of ATP (adenosine triphosphate) and NADPH
(nicotinamide adenine dinucleotide phosphoric acid) for the eventual reduction of CO,
is one of the most important examples of this reactivity.57 Before chemists can match
the remarkable efficiency of biological photosynthesis in artificial systems, a detailed
understanding of energy-transfer and electron-transfer reactions is necessary. Our
studies are motivated by the fact that these reactions depend directly on the electronic
properties and static and dynamic structure of molecules. Since the electronic and
molecular structure are inextricably interrelated, we require a fundamental
understanding of the relationship between electronic structure, molecular geometry and
intermolecular interactions. With this goal in mind, we embarked on a detailed study of

platinum(II) diimine complexes. Our strategy combined spectroscopic techniques for
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the investigation of electronic structure and X-ray crystallography for the elucidation of
molecular structure and intermolecular interactions.

Our interest in platinum(II) diimine compounds is, in part, driven by the
possibility of coupling desirable characteristics of Pt complexes with photophysical
properties of transition metal diimine complexes. The tendency of platinum complexes
to favor thermal multielectron reactions over single-electron processes8 suggests that
they also may be amenable to photoinduced multielectron transfer chemistry. Indeed,
many of the most important targets in photochemistry today involve multiple electron-
transfer processes (e.g., conversion of water to H, and O,, C-H bond activation,
nitrogen fixation). In addition, square planar platinum(Il) complexes offer the
possibility for metal-assisted reactions via direct substrate-Pt interaction at the open
coordination sites of the complex. Furthermore, since transition metal complexes with
diimine ligands such as?-1! Ru(bpy);2+ and12-14 Re(phen)(CO)s;L* (bpy=2,2'-
bipyridine; phen=1,10-phenanthroline) often exhibit long-lived metal-to-ligand charge-
transfer (MLCT) excited states in fluid solution, it is logical to combine these ligands
with Pt to obtain photoactive complexes.

In fact, platinum(II) diimine complexes (e.g., Pt(diimine)L,) often show intense
green to red emission in glassy solution and solid-state forms. In the case of innocent
ligands (L), that is, ligands that do not participate in the observed electronic transitions,
the emissive state is usually an intraligand T—7* or ligand field (LF) triplet state.15,16
Generally, for compounds containing exclusively strong-field ligands (e.g.,
Pt(bpy)(en)2*, en=ethylenediammine) the lowest excited state is predominantly ligand-
centered and gives rise to a highly structured green emission. On the other hand, for
complexes with weak-field ancillary ligands (e.g., Pt(bpy)Cl,), a characteristic broad red
emission originates from a lowest 3LF state.17 In some instances, solid-state or solution
intermolecular interactions involving the diimine ligand can result in excimer

emission.16:18-20 While the existence of low-lying 3t—7* and 3LF states strongly
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suggests the presence of a nearby 3SMLCT state, an earlier study by Miskowski and
Houlding!6 found no evidence of 3MLCT emission from platinum(II) bipyridyl
complexes with innocent ligands.

An intriguing situation arises when non-innocent ligands, such as dithiolates, are
integrated into the Pt(diimine) complex. Since the lowest unoccupied molecular orbital
(LUMO) of platinum(II) diimine complexes is often the ligand-centered t* level of the
diimine,2!-24 binding of a strongly reducing bidentate ligand opposite the diimine results
in a donor-acceptor type complex. Because it is the ligands that assume the roles of
donor (dithiolate) and acceptor (diimine) and the metal that acts as the bridge mediating
electronic coupling, these molecules share a converse relationship with asymmetric
mixed-valence complexes (e.g., (CN)sRull(CN)Rulll(NH3)57)25:26 popularized in studies
of electron transfer.27-30 Platinum(II) diimine dithiolate complexes are intensely colored
because of a low-energy absorption commonly referred to as a ligand-to-ligand charge-
transfer (LLCT) transition, involving oxidation of the dithiolate with concomitant
reduction of the diimine. Recently, these complexes have received considerable
attention,31-35 because they often exhibit luminescence from the long-lived triplet LLCT
excited state in room-temperature fluid solution.36:37 Eisenberg and co-workers31-35
have suggested that a more accurate assignment is the 3d(Pt)/p(S)t—>m*(diimine) state,
where the HOMO derives from a mixture of Pt and S orbitals, emphasizing the role of the
metal in electronic coupling. Interestingly, Pt(diimine)(dithiolate) complexes have been
shown to undergo a variety of photochemical reactions that have yet to be fully
characterized.31,32,38-41

Another intriguing characteristic of square planar d3 electron complexes is their
propensity to form face-to-face dimers, oligomers and linear-chain materials with short
metal-metal contacts (<3.5 A).4243 In this configuration, the orbitals of the adjacent
metal centers strongly interact. The fully occupied 5d,2 levels split to give bonding (do)

and antibonding (d6*) molecular orbitals; similarly, the unoccupied 6p, levels split to
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give po and pc* orbitals. Since both the do* and do levels are fully occupied, no formal
Pt-Pt bonding occurs. However, configuration interaction with the pc and pc* orbitals

stabilizes the do* and do levels, resulting in net favorable interactions.44

These interactions lead to striking spectroscopic and photophysical properties. The
lowest energy electronic transition involves excitation of an electron from an
antibonding do* orbital (d,2 parentage) to a bonding po orbital (p, parentage). In the
cases of dimers, the resulting 3do*—pe excited state is frequently long-lived in fluid
solution. Consequently, the binuclear complexes exhibit rich photochemistry that
includes electron-transfer and atom-transfer reactions.!1:45-52 Surprisingly, there are
few examples of binuclear platinum(II) diimine complexes, and their spectroscopy has
not been closely examined.33-58

In contrast, linear-chain platinum(II) diimine complexes are well known,
including neutral stacks (e.g., Pt(bpy)(Cl),, Pt--Pt 3.448(1) A)5% and double salts (e.g.,
[Pt(bpy)(en)][Pt(CN),], Pt---Pt ~3.3 A).60 Studies of the spectroscopic and
photophysical properties of these materials have established that the electronic
structures of platinum(Il) diimine complexes are strongly perturbed by solid-state

effects, such as Pt---Pt and ligand---ligand intermolecular interactions.16,17.60-62 While
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these complexes typically dissolve to give yellow or colorless solutions, they can form
deeply colored solids (orange, red, violet, and blue) that are intensely luminescent at
room temperature. Recently, these materials have attracted interest, in part, because
certain water insoluble platinum(II) salts containing bipyridyl ligands (e.g.,
[Pt(bpy),][Pt(CN)4]) have been shown to undergo photoinitiated (A>400 nm)
multielectron transfer, sensitizing the production of hydrogen from water. In addition,
Mann and co-workers®3 have exploited the vapor sensitivity of the spectroscopy of
related linear-chain compounds in chemical sensing applications. The properties of the
platinum(II) diimine systems indicate that the presence of the low-lying diimine t*
level results in a somewhat different lowest excited state, namely a 3dc*—m*
state;16:17.60 however, we note that there is still some debate surrounding this
assignment.64-67 Unfortunately, while many these materials have been prepared, the
absence of structural information has, in most cases, limited interpretation of their
spectroscopic properties.

A central goal in materials science is the controlled assembly of molecules to
prepare solids with desirable properties. By engineering highly organized molecular
arrays, it should be possible to exploit molecular electronic and structural anisotropy, as
well as intermolecular interactions, to prepare materials with highly anisotropic
properties that are vastly different from those of amorphous solids. Crystals composed of
stacked platinum(II) complexes forming linear-chain structures are prominent examples
of such materials. The chief component that is missing from most current methodologies
for preparing novel materials is the element of molecular control. A strategy based on
mainly empirical methods (“shake and bake” chemistry) is still the most widely
employed, as emphasized by the rising popularity of combinatorial approaches.68:69
Along with steric factors, such as molecular shape, intermolecular electronic interactions
are a fundamental factor dictating the organization of molecules in solids. These

considerations are, in part, the underlying motivation for our investigations of the
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electronic structures of stacked platinum(II) complexes. In analogy to hydrogen bonds in
crystal engineering, intermolecular interactions between d8 metal centers provide a
potentially powerful tool for the controlled assembly of molecules. Therefore, there is
strong motivation to compile a structural and spectroscopic database for a series of these
compounds in order to elucidate the factors governing their stacking interactions and
resulting electronic structures.

Before examining the linear-chain complexes or the diimine dithiolate system, we
set out to solidify our understanding of the lowest excited-state structure of
Pt(diimine)L,2+ monomers. To this end, Chapter 2 details a strategy for tuning a lowest
MLCT excited state. This approach emphasizes strong-field ancillary ligands that
destabilize the lowest d—d excited states. The electron-donor properties of these ligands
are an equally important consideration, since strongly electron-donating ligands, such as
pyrazolates, tend to stabilize the MLCT states of these complexes. By tuning the
electron-donating properties of a series of pyrazolate ligands, an energy crossover
between the lowest 3t—7* and 3MLCT states is achieved, thus changing the nature of
the emissive state.

In Chapters 3-5, we turn our attention to Pt---Pt interactions. In the spirit of the
Structure Correlation principle of Biirgi and Dunitz,’0 Chapter 3 details an analysis of the
structures of nine neutral linear-chain platinum diimine complexes (Pt--Pt, 3.24-3.49 A)
and an electronic model describing the stacking interactions is presented. In Chapter 4,
we examine the spectroscopy of these linear-chain complexes and establish that the
emission from these materials originates from a lowest 3do*—m* state. The emission
and absorption spectroscopy of these materials is consistent with an electronic structural
model that considers the properties of the ancillary ligands, as well as variations in the
Pt---Pt separations. In Chapter 5, we extend our studies of d8-d8 interactions to bridged-

binuclear complexes. The 3do*—>7* state also is the emissive state in these compounds.
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Interestingly, we have encountered some unusual structural isomerism when using 2-
mercaptopyridinate as a bridging ligand.

Chapter 6 is devoted to the study of a single complex, namely Pt(bpy)(bdt)
(bdt=1,2-benzenedithiolate). Our data support an interpretation of the LLCT state in
terms of semi-classical electron-transfer theory, and this state is described as a metal-
mixed LLCT state. We also have extensively examined the photoreaction of Pt(bpy)(bdt)
with oxygen, and for the first time, the photoproducts have been identified. The reaction
involves conversion of the dithiolate to the sulfinate and disulfinate species in sequential
steps. Singlet oxygen sensitized by the excited Pt complex is implicated as the active
oxidizing agent. Interestingly, the transient absorption spectra are consistent with
generation of a persulfoxide intermediate or superoxide. These results lead to the
suggestion that this and related chromophores could be used as mechanistic model

systems for singlet oxygen activation of organic sulfides.
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Chapter 2

Tuning the Excited States of Platinum(II) Bipyridyl Complexes
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I. Introduction

One of the most striking characteristics of square planar platinum(II) diimine
compounds is their broad range of colors. For example, in solution complexes with
innocent ancillary ligands (e.g., Cl- or NHj3) are typically yellow or colorless. In contrast,
stacked complexes with short Pt--Pt contacts (<3.5 A) or complexes with easily oxidized
ligands (e.g., dithiolates) may be intensely colored (orange, red, violet or blue).
Understanding the origin of these dramatic color variations is a profoundly intriguing
problem for physical inorganic chemists using the tools of molecular spectroscopy.
Before tackling the cases involving intermolecular interactions (Chapters 4 and 5) or
dithiolate ligands (Chapter 6), a firm grasp of the electronic structure of platinum(II)
diimine monomers is required. In this chapter, the spectroscopic and photophysical
properties a series of platinum(II) bipyridyl complexes are described. In one instance, we
detail the effect of ligand field strength on the spectroscopy of three bis(halo) complexes,
Pt(bpy)X, (bpy=2,2'-bipyridine; X = Cl, Br, I), and draw on these trends to assign the
lowest energy feature in the absorption spectrum of Pt(bpy)Cl,. In a second series of
complexes with derivatized pyrazolate ligands, the electronic properties of the ancillary

pyrazolate ligands are used to tune the nature of the emissive state.

A. Electronic Structure

Platinum(II) diimine complexes often exhibit intense green to red emission in
glassy solution and solid-state forms. This luminescence is diagnostic of the lower
excited-state electronic structure. In the case of innocent ligands, the emissive state
may be either an intraligand T—t*, ligand field (LF), or metal-to-ligand charge-transfer
(MLCT) triplet state.! Thus, for compounds containing exclusively strong-field ligands
(e.g., Pt(bpy)(en)2+, en=ethylenediammine) the lowest excited state is predominantly
ligand-centered and gives rise to a highly structured green emission. On the other hand,

for complexes with weak-field ancillary ligands (e.g., Pt(bpy)Cl,), a characteristic broad
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red emission originates from a lowest 3LF state.2 The electronic structure is readily
described using the molecular orbital diagram in Figure 2.1. Listed in Table 2.1 are a
series of platinum(II) bipyridyl complexes along with their solid-state photophysical

properties;2 these data are useful to consider during the following discussion.

Table 2.1. Photophysical properties of some platinum(II) bipyridyl complexes in the solid
state.2

Compound Room Temperature Lifetime  Emissive
(color) Emission Maxima (nm) (us) State
[Pt(bpy)(en)](ClOy4), 461, 482sh, 492, 521, 530sh, 1.4 3t
(yellow) 569sh, 607sh
Pt(dmbpy)(CN), 455, 488, 518, 557, 600sh 1.82 3n—m*
(yellow)
Pt(bpy)Cl, (624, 77K) (23) 3LF
(yellow) (630, 10K) (3.4
Pt(dmbpy)Cl, 645 1.24 3LF
(yellow) (647, 10K) (5.1)
Pt(3,3'-(CO,Me),bpy)Cl, 550sh, 595 0.35 3SMLCT
(orange) (555, 595, 645sh, 10K) (1.1)

The possibility of a lowest energy Pt(d—p) or ligand-to-metal charge-transfer
(LMCT) state can be rejected on energetic grounds. Vibronic structure associated with
the lowest energy triplet intraligand T—7* transition in platinum bipyridyl complexes
originates near 450 nm. However, the lowest energy d—p transitions in platinum(II)
complexes typically occur at wavelengths shorter than 250 nm. For example, the d 2—p,
transitions to the E,(3A,,) state (D4}, symmetry with spin-orbit coupling) of [Pt(NHz)4]%*
and [PtCl4]2- occur at <220 nm.3-6 Similarly, even in the extreme weak-field case of
PtCl42- with high energy anionic ligand orbitals, the energy of the lowest E,(By,)
LMCTId,y—p,] state is greater than 42000 cm! (<240 nm).4
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Figure 2.1  (a) Coordinate system used in the discussion of square planar MN,X,
complexes. (b) Qualitative molecular orbital diagram for platinum(II) bipyridyl
complexes. The diagram includes the molecular orbitals referenced in text and their C,,,
symmetry labels. (D4, symmetry labels for relevant orbitals are shown in parentheses.)
For the ordering indicated, the lowest energy electronic transition is from the d,2 2 level
to the antibonding dyy level. A limitation of this one-electron description becomes
apparent if one considers the vastly different singlet-triplet splittings for the T—m*
(~9000 cm-1) and MLCT (~3000 cm1) states. Consequently, this discussion emphasizes

the energies of states rather than the energies of orbitals.
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B. Electronic Transitions

1. mw—m* Transitions

Emission from 3n—7* states in metal complexes can be identified by comparison
with spectra of the free ligand”-8 or other diimine complexes.910 One major drawback to
the first approach is that the free ligand geometry is not likely to be planar. In addition,
the electronic effects of coordinated nitrogen lone-pairs are more likely to resemble those
in another complex rather than those in the free diimine. For these reasons, coordination
complexes such as Zn(bpy)s2* and Ir(bpy)s3* are more suitable model systems. The zinc
d10 system is free of low-lying ligand field and charge-transfer bands, and the lowest
excited state in the iridium system has been confirmed to be a 3x—1* state.10

The absorption spectra of platinum(II) bipyridyl complexes exhibit characteristic
intense structure originating in the 300-325 nm region and tailing off to shorter
wavelengths with spacings of ~1000-1500 cm-!. These features correspond to vibronic
structure of an intraligand 3t—1t* transition and are similar to the progression originating
at 309 nm in the spectrum of Zn(bpy);2+.7-8 In some instances, the spin-forbidden
3n—7* transition near 450 nm is resolved (e.g., Pt(bpy)(en)?+, 447 nm, € 6 M-lcm1;
Pt(dmbpy)(CN),, dmbpy=4,4'-dimethyl-2,2'-bipyridine).1 112 This progression is not
found in the Zn(bpy)32* spectrum and is probably amplified by heavy-atom spin-orbit
coupling in the platinum(II) bipyridyl and Ir(bpy)s3* (450 nm, € 10) spectra.”-10 The
singlet-triplet splitting is very large (~9000 cm-!) and the energies of these states are
relatively constant from complex to complex. In solution, Pt(bpy)Cl, exhibits a lowest
energy absorption at ~475 nm that has been attributed to either a low-lying triplet 3t—7*
or d—d band.!1 In this chapter, we examine this transition in more detail using diffuse
reflectance and single-crystal polarized absorption.

At room temperature, the green emission from the 3t—7* state is usually
structured for both solid-state and solution samples. The Stokes shift is generally small,

and the radiative rate constant (k;) is on the order of 10# s-1.2,11-14 For example, the first
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band at 458 nm in the structured emission from samples of [Pt(bpy)(en)](ClOy), overlaps
the 3n—7* absorption at 447 nm.1! The vibronic pattern is nearly identical with the
Zn(bpy)32* emission, and the radiative rate constant is 5.3 x 104 s-1.7.8,11

In some cases (e.g., [Pt(phen),]Cl,-3H,0 and [Pt(bpy),]1(ClO4),), solid-state
interactions of diimine ligands in adjacent complexes may result in excimer emission.
These broad structureless bands occur at lower energy than their monomer
counterparts.11:15 Excimer emission may also occur in solution (e.g., Pt(4,4'-di-tert-
butyl-2,2"-bipyridine)(CN), and Pt(4,7-diphenyl-phenanthroline)(CN),).16:17 At low
concentrations, the monomer emission dominates the spectrum. However, as the

concentration is increased, the excimer band grows in relative intensity.

2. d—d Transitions

The lowest spin-forbidden ligand field absorption for Pt(NH3)42+ occurs at 289
nm.> Thus, in the strong-field case, the 3g—m* states of the diimine complex are
expected to lie well below the ligand field states. However, weaker fields may
substantially lower the energy of d—d transitions. For Pt(NH3),Cl,, Pt(pyridine),Cl,
and Pt(en)Cl,, the lowest observed ligand field spin-forbidden transitions (3A,, 3By; d,,.
dy,—dyy) occur at 422 nm, 455 nm, and (®B,; dy2.y2—dyy) 402 nm, respectively; and the
corresponding spin-allowed transitions (1A,,1B;) occur at 308 nm, 370 nm, and (1B,)
301 nm.18-22 (As in Figure 2.1a, z is perpendicular to the molecular plane and x lies
along the C, molecular symmetry axis.) Consequently, in the weak-field case, LF states
of Pt(diimine)(X), (X = Cl, Br, I) may lie below the 3g—m* states.

The red ligand field emission from Pt(diimine)Cl, complexes is characteristically
broad (full width at half maximum=fwhm~3000-4000 cm!) with a large Stokes shift
(~3000-4000 cm-!) between the lowest energy absorption feature and the emission
maximum. These features suggest a large excited-state distortion resulting from the

population of the antibonding dy,(b,) level.11,23 Even for the cis-Pt(NH3),Cl, in a 77 K
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glass, the emission maximum occurs at 590 nm (Stokes shift of ~6750 cm-!) with a fwhm
of 3500 cm-1.18 Pt(phen)Cl,, Pt(bpy)Cl, and Pt(dmbpy)Cl, exhibit temperature
independent emission (Ay,y: 624, 630 and 645 nm) similar to that of cis-Pt(NH3),Cl,.
All three emission bands are characteristically broad (fwhm: 3700, 3300 and 2700 cm-!,
respectively) and strongly shifted to lower energy from the estimated position of the
lowest Pt(diimine)Cl, 3LF absorption (500-550 nm). For Pt(dmbpy)Cl,, the radiative
rate constant is 5100 s-1;2.11 since the d—d transitions are Laporte forbidden, kr is

typically an order of magnitude smaller than that observed for 3t—7* emission.11.23

3. MLCT Transitions

MLCT absorption is more difficult to identify than either the intraligand or LF
transitions. Though more intense than the d-d bands, MLCT absorption features can be
easily obscured by t—n* vibronic structure. However, in contrast to intraligand and
d—d transitions, MLCT absorption and emission is very solvent sensitive due to
inequivalent interaction of solvent with the metal d and ligand & orbitals. Thus, solvent
dependence has been used as criterion for assigning IMLCT absorption bands in
Pt(bpy)X, (X= Cl, Br or I), and Pt(bpy)(alkyl), complexes.24:25 (Because of this solvent
sensitivity, care must be taken when comparing energies of MLCT states for different
complexes.) Lowest IMLCT absorptions in platinum(Il) complexes typically occur at
short wavelengths. For example, the lowest MLCT bands in Pt(CN) 42‘,
cis-Pt(CN),(NH3), and Pt(NH3)42* occur at 280, 244 and <200 nm, respectively.5:26
However, because of the low energy of the t* levels of aromatic diimine ligands, Pt(II)
diimine complexes often exhibit MLCT absorption features in the near UV region (300-
400 nm); these transitions are best characterized as platinum-to-diimine charge-transfer

transitions.
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C. Tuning Excited States
While the existence of low-lying 3t—n* and 3LF states strongly suggests the
presence of a nearby 3MLCT state, an earlier study by Miskowski and Houlding!! found
no evidence of 3SMLCT emission from platinum(II) bipyridyl complexes with innocent
ligands (e.g., NHz and CI). These authors have proposed two strategies23:27 that employ

either strong or weak-field ligands to achieve a lowest 3MLCT excited state:

3LF -------- ey
SMLCT 1
3n_n* IR = - = - - - T 37t—ﬂ* -\“ ------ ~se—
SMLCT .
3LF -:‘..“.-.-_ \\‘
weak field strong field

In the weak-field case, electron-acceptor groups are introduced on the diimine ligand of a
complex with weak-field ligands. In the strong-field case, strongly electron-donating
ancillary ligands should destabilize the metal levels resulting in a lowest SMLCT state.
The efficacy of the first approach is demonstrated by the spectroscopy of Pt(3,3'-
(CO,Me),bpy)Cl,. Because of the electron-withdrawing groups on the bipyridyl ligand,
the lowest IMLCT absorption band for this compound (CH,Cl,: 444 nm, € 3030) is
shifted by 2900 cm! to lower energy from that of Pt(bpy)Cl, (394 nm). Moreover,
unlike the LF emission from Pt(bpy)Cl,, the solid-state emission from Pt(3,3'-
(CO,Me),bpy)Cl, is distinctly asymmetric, appearing as a mirror-image of the
absorption. This band also shows good overlap with the 3MLCT absorption, observed as
a shoulder at 525 nm (g 120). In contrast to the LF emission from Pt(bpy)Cl,, the 10 K
emission spectrum shows vibronic structure (Av~1300 cm-!) characteristic of the

bipyridyl vibrational modes. Thus, the emission originates from the 3MLCT[d,,—7*]
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state. Unfortunately, this compound is not luminescent in room temperature solution,
precluding characterization of the emissive state in solution.23

The stablization of the MLCT states in Pt(3,3'-(CO,Me),bpy)Cl, is attributable in
part to the strong 7-donor properties of the chloride ligands. Indeed, the IMLCT for
Pt(bpy)Cl, is red-shifted by >1000 cm! from that of1! Pt(bpy)(NH3)2+ and >4500 cm-!
from that of Pt(bpy)(CN),.28 This observation leads directly to a second strategy for
achieving a lowest 3SMLCT state; namely, use of strongly electron-donating ancillary
ligands. It is well known that strong ¢-donors, such as methyl, stabilize MLCT states; for
example, the lowest IMLCT absorption for Pt(bpy)(CH3), in dichloromethane occurs at
467 nm.25 In fact, SMLCT emission has been reported for several alkyl and aryl
platinum(I) diimine complexes.29-33 In the case of Pt(bpy)(mesityl),, the ancillary
ligands are proposed to block the open metal-coordination sites allowing for reversible
electrochemical generation of Pt(I).29 Undoubtedly, the strong electron-donating
ancillary ligands increase the overall electron density on the platinum, thereby stabilizing
the MLCT state.

In this chapter, we demonstrate the second approach for achieving a lowest
3MLCT state by preparing a series of luminescent platinum(II) bipyridyl complexes with
derivatized pyrazolate ligands. We find that the emission originates from a 3T—7* or

3MLCT state depending on the electron-donating properties of the ancillary ligands.

II. Experimental

A. Materials and Methods

All reagents were obtained from Aldrich and used without further purification,
unless specified. In most cases, tetrahydrofuran (thf) was distilled under argon from
sodium and benzophenone prior to use, and dichloromethane was distilled under argon
from CaH,. Spectroscopic grade methanol was supplied by Burdick and Johnson.

Solution emission samples were typically freeze/pump/thaw cycled four times to give a
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final pressure of less than 10-3 mTorr; for some steady-state measurements on samples
with short-lived excited states, air-saturated or argon-saturated solutions (bubble-
degassed for 10 minutes) were used. Room-temperature solution samples were contained
in a 1 cm pathlength quartz cuvet; 77 K glassy solution were prepared by inserting a
quartz EPR tube containing the solution into a quartz-tipped finger dewar. Solid-state
emission samples were contained in a quartz EPR tube or a sealed quartz capillary tube;
for low-temperature measurements, the sealed capillary tupe was placed in a CTI 350CP
closed-cycle He Refrigerator from Janis Research. Elemental analyses were carried out
by Galbraith Laboratories Inc., or Mr. Fenton Harvey of Caltech. Mass spectra were

obtained from the Caltech Mass Spectrometry Laboratory.

B. Instrumentation

IH NMR spectra were obtained using a Brucker AMS500 Spectrometer. UV-vis
spectra were recorded using a Hewlett-Packard Diode Array 8452A Spectrotometer or a
Cary-14 spectrometer upgraded by OLIS to include computer control. Emission spectra
were recorded using three different systems. These have been described
elsewhere,11:23,34,35 and we summarize the most important elements of their
configurations below.

Emission and excitation spectra of 77 K glassy solutions (3:1 ethanol:methanol)
were measured using light from a Hanovia 200 W Hg/Xe (emission) or 150 W Xe lamp
as the excitation source. The light was wavelength-selected using a SPEX 1681B 0.22 m
Minimate monochromator, subsequently passed through a PAR 125A light chopper (108
Hz) and focused on the sample by a pair of 90° off-axis parabolic mirrors. The emission
was collected at 90°, focused into a SPEX 1780 0.5 m monochromator and detected with
a Hamamatsu R955 photomultiplier tube (PMT); the signal was amplified with a PAR
Model 186A lock-in amplifier interfaced with a 386-based PC. Appropriate emission

cut-off filters were used to protect the detector from scattered excitation light. Software
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developed by Dr. James A. Bailey (Caltech) was used for monochromator control and
data analysis. Emission and excitation spectra were corrected using the following
calibration data; the wavelength dependence of the PMT was proportioned against the
response of a calibrated UV-enhanced silicon photodiode to the 150 W Xe lamp
spectrum; excitation spectra were proportioned against the 150 W Xe lamp profile
obtained from a standard Rhodamine 6G quantum counter.

Solid-state emission studies were carried out by Dr. Virginia H. Houlding of
Bandgap Technology Corp. using a SPEX Ramalog Raman spectrometer. The 457.9 nm
laser line of a Spectra Physics 2020 SW argon ion laser was used to excite the sample; the
emitted light was dispersed with a SPEX 1404 double 1 m monochromator and detected
using an RCA C31034M single-photon counting detector. Typically, incident intensity
was reduced to the 2-200 wW cm-2 range using neutral-density filters. These emission
spectra were corrected for instrumental response. 30

Since in room-temperature fluid solution, the platinum(II) pyrazolate complexes
are only weakly luminescent, excitation using a Hg or Hg/Xe lamp resulted in emission
spectra with poor signal-to-noise. However, high quality emission data were obtained
using the 441.6 nm line (~20 mW) from a He/Cd laser as an excitation source. The
emission was collected at 90° and dispersed using a Spex 1403 0.85 m Double
Spectrometer equipped with a cooled R955 Hamamatsu PMT and an ORTEC 9315
single-photon counter. These spectra were not corrected for instrumental response.

Excitation pulses for solution emission lifetimes37 were generated using a
Quanta-Ray Nd:YAG laser (second or third harmonics: 532 or 355 nm) or a Lambda
Physik LPX210i XeCl excimer-pumped Lambda Physik FL.3002 dye laser (PBBO, 396
nm). The emission was passed through a monochromator prior to detection using a R955
Hamamatsu PMT. Data were analyzed using least-squares fitting programs (KINFIT and
DECON) written by Dr. Jay R. Winkler (Caltech). For solid-state emission lifetimes, !!

the sample was excited using the third harmonic (355 nm) of a Quanta-Ray DCR3
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Nd:YAG laser. The beam was severely attenuated to avoid sample heating and artifacts;
measurements were made with different excitation intensities to ensure that the emission
intensity was linear with excitation intensity. The emitted light was passed through

Schott KV non-fluorescing cutoff filters and detected using a R928 PMT.

C. Diffuse Reflectance Spectroscopy

Diffuse reflectance and single-crystal polarized absorption spectra were recorded
using a home-built diode array spectrometer optimized for handling small crystalline
samples. The detector and sources (Xe or tungsten filament lamps) were fitted with
fiber-optic cables which allow for considerable flexibility in experimental design. For
diffuse reflectance measurements, samples were diluted in MgSO,4 and thoroughly
ground. The powder was placed on a glass slide and gently flattened with the blade of a
spatula; best results were obtained using highly homogenous samples prepared in an
exactly identical fashion as a MgSO,4 reference blank. The source beam was orthogonal
to the glass slide and focused on the sample. The fiber optic cable leading to the detector
was positioned at 45° to the source and to the glass slide. A sample of MgSO4 was used

as a reference blank.

D. Single-Crystal Measurements

The optical components used for the diffuse reflectance measurements were re-
configured for the single-crystal measurements. The source beam was directed vertically
into the end of the detector fiber optic cable approximately 18” away. Optical
components and the sample were placed in the path of the probe light. A linear polarizer
was placed after the source; appropriate filters also were used to attenuate certain spectral
regions of the source to avoid saturating the detector. The sample holder consisted of a
0.5 cm nickel disk with a small laser-drilled aperture in the center (100 um for
Pd(bpy)Cl, and 30 um for Pt(bpy)Cl,) glued to a 1” diameter brass disk with a larger

aperture (2 mm) in its center. The brass disk served chiefly as a support for the nickel
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disk and was of the appropriate dimensions for insertion into a rotating stage that was
positioned between source and detection fibers. The aperture of the nickel disk was
chosen to be smaller than the width of the crystal. Thus, the nickel disk served to mask
the crystal so that the probe light could only reach the detector by passing through the
sample, preventing stray source light from reaching the detector. Polarization
measurements were made with the crystal positioned between the source and detector
fibers. The stage supporting the sample holder was rotated in order to align the crystal
optical axes with the polarizer.

Prior to recording spectra, unit-cell dimensions for Pd(bpy)Cl, and Pt(bpy)Cl,
were obtained from the setting angles of 12 reflections using an Enraf-Nonius CAD4
diffractometer (Mo K|, radiation). Observed [previously reported] for orthorhombic
Pd(bpy)Cly:38 a, 18.257(14) [18.144(5)]; b, 15.861(12) [15.952(5)]; ¢, 7.483(9) A
[7.494(2)]. Observed [previously reported] for orthorhombic Pt(bpy)Cl,:38 a, 18.271(44)
[18.257(4)]; b, 15.754(28) [15.795(3)]; ¢, 7.467(32) A [7.443(3)]. Pd(bpy)Cl, forms long
plates with stepped edges; the length of the crystal is parallel to ¢ and the narrowest
dimension is parallel to b. Pt(bpy)Cl, forms rectangular needles; the length of these
crystals also is parallel to ¢, but the narrowest dimension is parallel to a. Thus, the
orientation of the crystals could be determined from the morphology. Since these crystals
are orthorhombic, the unit-cell axes are parallel to the crystal optical axes. The
absorption experiments were carried out perpendicular to the [010] face for Pd(bpy)Cl,

and perpendicular to the [100] face for Pt(bpy)Cl,.

E. Synthesis
The preparations of several compounds whose properties are not discussed in

detail in this chapter also are included in this section.
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1. General Synthesis of Pt(bpy)X, Complexes

Pt(bpy)Cl, and Pt(dmbpy)Cl, were prepared as described by Morgan and
Burstall3® and later by Bielli and co-workers.40 In a typical reaction, 2 g of K5[PtCl4] in
150 ml H,O was refluxed for 5 hours with 0.76 g bpy dissolved in 40 ml of 1 M HCL.
The resulting bright yellow solid was isolated and washed with water, acetone and ether,
before drying in a vacuum oven (95.3% yield). Yellow needles of Pt(bpy)Cl, are readily
prepared by recrystallization from hot dmf (N, N-dimethylformamide).

A sample of Pt(bpy)I, was generously provided by Dr. V. M. Miskowski
(Caltech). This material and Pt(dmbpy)I, were prepared by the method of Wimmer and
co-workers.41 Crystals of Pt(bpy)l, suitable for X-ray diffraction studies were grown by
slow evaporation from dmf.

The following method has proven superior for preparing Pt(diimine)X,
complexes, including Pt(bpy)Br;, Pt(bpy)(CN),, Pt(bpy)(NCS),, Pt(dmbpy)(NCS),,
Pt(phen)(NCS),, Pt(bpy)(NCO),, Pt(dmbpy)(NCS),, Pt(bpy)(N3),, Pt(bpy)(NCS),,
Pt(bpy)(oxalate), Pt(bpy)(malonate), Pt(bpy)(1,2-benzenedithiolate),
Pt(bpy)(catecholate), Pt(bpy)(zert-butyl-catecholate), Pt(bpy)(thiosalicylate), Pt(bpy)(2-
mercaptopyridinate),, Pt(bpm)(NCO),, and Pt(bpm)(CN),. In a typical reaction,
Pt(bpy)Cl, (0.2376 g) was dissolved in warm dmf or dmso (dimethylsulfoxide) (~10 ml).
The flask was wrapped in aluminum foil to minimize exposure to light. A slightly less
than stoichometric amount (99%) of solid AgNO3 (0.1909 g) was added to the solution
and the mixture was heated for 0.5 hour before allowing it to cool to room temperature
without stirring. The AgCl was efficiently removed by filtering the solution through a
medium porosity frit with Celite; on occasion, a second filtration using another frit was
necessary. At this point, an excess or slight excess of an appropriate nucleophile is added
dropwise (usually in 1 ml dmf or H,O) to the solution. In the case of Pt(bpy)Br,, yellow
microcrystals with an orange emission were obtained by recrystallization from dmf.

Analysis (calc): C 23.53 (23.50); H, 1.30 (1.58); N 5.50 (5.48).
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In several instances, the previous protocol was not successful; though these
difficulties are mostly likely intrinsic to the synthetic targets. For example, an attempt to
prepare Pt(bpy)(SeCN), resulted in formation of a platinum mirror. Also, Pt(bpy)F, is
apparently too water sensitive to be synthesized in this manner. Efforts to prepare salts of
Pt(bpy)(diphenylphophino-ferrocene)2+ gave an unstable, oily orange material. Listed
below are the properties of several compounds prepared by the previous protocol, though
these compounds are not discussed further in this chapter.

Pt(bpy)(malonate) forms yellow needles with orange emission. Analysis (calc):
C, 23.53 (23.50); H, 1.30 (1.58); N, 5.50 (5.48).

Pt(bpy)(oxalate) forms a yellow solid with bright orange emission. The material
appeared to be photosensitive, turning a gray color over time. Analysis (calc): C, 31.45
(32.81); H, 1.85 (2.84); N, 6.47 (6.38).

[Pt(bpy)(Fcen)]?* (Fcen=1,6-diferrocenyl-2,5-diazahexane)42 forms red solids.
X-ray diffraction data were collected for a crystal of the nitrate salt grown from water;
however, though the Pt and one ferrocene moiety could be located, the structure could not
be solved.

Pt(5-Cl-phen)(CN),43 forms sparingly soluble orange and deep violet solids. We
also observed a red form which may be a mixture of the orange and violet forms or a
third isomer. One of these observed products may be the [Pt(5-Cl-phen),][Pt(CN)4]
double salt. Since at least one of these products has a very intense red emission, further

Investigation is warranted.

2. Pt(dmpzH),(dmpz),
Pt(dmpzH),(dmpz), (dmpzH=3,5-dimethlypyrazole) was synthesized according
to the literature preparation for Pt(pzH),(pz), (pzZH=pyrazole).44-46 Initially,

Pt(DMSO0),Cl,-H,0 was prepared from K,[PtCl,] as previously described.#¢

Subsequent reaction with excess dmpzH in boiling water and precipitation with acetone
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gave the colorless product in 84% yield. Pt(Me,pzH)4Cl,-H,O was characterized by

elemental analysis (calc): C 36.16% (35.93), H 4.80 (5.13), N 17.01 (16.76). Treatment
of this complex in acetone with 6 N NaOH gave Pt(dmpzH),(dmpz),. The colorless
product was characterized by lH NMR in CDCl5 (8, 1.71 and 1.61 ppm (12H); & 5.43
ppm (2H); & 18.37 ppm (1H)) and elemental analysis (calc): C 41.25% (41.59), H 5.15
(5.23), N 19.49 (19.40).

3. Potassium Pyrazolates

Potassium pyrazolates of pzH, dmpzH, and 3,4,5-trimethylpyrazole (tmpzH) were
obtained by the same method described above. In a typical reaction, ~3 g potassium
metal was added slowly to a solution of 7 g dmpzH in thf. After refluxing for 5 hours, a
white hydroscopic solid was isolated. No analytical data were obtained. This reaction

could not be extended to azaindole.

4. Pt(bpy)(pz), and Related Compounds

Pt(bpy)(pz), and its derivatives were synthesized using a modification of the
literature preparation.4” For example, 0.80 g K(dmpz) and 0.95 g of Pt(dmbpy)Cl, were
refluxed in approximately 20 ml. thf for 5 hours under argon. The filtered yellow solid
was washed with ether. The raw product was more brightly colored if the starting
platinum complex was recrystallized from dmf. The most successful methods of
purification involved recrystallization from CH,Cl, and then methanol. Crystals of
Pt(dmbpy)(dmpz), suitable for X-ray diffraction studies were grown by vapor diffusion
of thf into a methanol solution of the complex.

The solvent of crystallization affects the color of these samples. For example, in
the case of Pt(dmbpy)(dmpz),, wet samples are yellow, whereas dry samples are orange.
Both forms exhibit orange emission at room temperature. These samples are identical in
methanol and dichloromethane solution by !H NMR and UV-visible spectroscopy. The

mass spectra are consistent with the chemical composition of the complexes. Both of the



29

tmpz derivatives are photochemically unstable in solution; and heating of Pt(bpy)(dmpz),

at 100° C over 24 hours in air resulted in decomposition.

Analysis4® of the solid products indicates a tendency to retaina water of

crystallization (Table 2.1). Samples that were dried under mild conditions (24 hours at

40° C under vacuum) contain 0.5 to 4 water molecules for every platinum complex.

Some samples that were rigorously dried for days under vacuum at >80° C were 0.8%

low in carbon and 0.4% low in nitrogen; oxygen was less than 1.3 % corresponding to

fewer than 0.5 water molecules per platinum complex. Loss of water of crystallization

was monitored by weight. With the exception of Pt(dmbpy)(tmpz),-(H,O), solid samples

used in spectroscopic studies contained 0.5 or fewer water molecules per platinum

complex. These compounds are generally discussed without mention of water, though

we are fully aware of the possible presence of solvent in these solids. The formation of a

surface hydrate also is a consideration since these compounds were handled in an open

atmosphere.

Table 2.2. Elemental analysis data for platinum(II) bipyridyl bis-pyrazolate complexes;

calculated percentages shown in parentheses.

Compound %C %H JoN %0
Pt(bpy)(p2)y-(H,0) 3827 (38.17) 2.94(320) 16.84(16.69) 1.58 (3.18)
Pt(bpy)(pz),-0.5(H,0) 38.68 (38.87) 2.99 (3.06) 17.25(17.0) 1.25 (1.62)
Pi(dmbpy)(pz)y0.5(H,0)  41.38 (41.38) 3.51(3.67) 16.28 (16.08) 1.00 (1.53)
Pt(dmbpy)(pz), 41.69 (42.11) 3.48(3.53) 16.02(1637) 0.53 (—)
Pi(bpy)(dmpz),0.5(H,0)  43.70 (43.63) 4.08 (4.21) 1527 (1527) 0.87 (1.45)
Pi(bpy)(dmpz), 43.62 (44.36) 3.86 (4.09) 1527 (15.52) <0.5(—)
Pt(dmbpy)(dmpz), 1.5(H,0) 43.96 (44.29) 4.86 (4.90) 14.31 (14.09) 4.09 (4.02)
PeAmbpy) Empr)y 4552 (45.86) 4.94(5.09) 13.52(13.60)  —

(H,0)-0.4(th)
Pt(dmbpy)(dmpz),-0.5(H,0) 45.39 (45.67) 4.33 (4.70) 14.34 (14.52) 0.61 (1.38)
Pi(bpy)(tmpz)y0.5(H,0)  45.26 (45.67) 4.65(4.70) 14.46 (14.52) 1.20 (1.38)
(after rigorous drying) ~ 45.45 (45.67) 4.53 (470) 14.61 (14.52) 1.20 (1.36)
Pi(dmbpy)(tmpz),-(H,0)  46.12 (46.82) 478 (5.24) 13.43 (13.65) 2.25 (2.60)
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5. Preparation of Pt(bpy)(pz)Cl

This material was prepared under the same conditions as in the previous sections
except using a 1:1 ratio of pyrazole to Pt(bpy)Cl,. The isolated solid is yellow and
exhibits no emission at room temperature. However, during recrystallization from
CH,Cl,, formation of the red form of this product was observed on several occasions.
Emission from this product is intensely red at room temperature and is reminiscent of the
red linear-chain form of Pt(bpy)Cl,. The red and yellow solids appear interconvertible,
and both give yellow solutions in DMSO and CH,Cl,. Inducing formation of the red
product has proven difficult and not wholly reproducible. For example, in one case,
rotovapping a CH,Cl, solution to dryness resulted in mostly red product. Repeating this
process with the same re-dissolved sample sometimes yielded some red solid with mostly
yellow material, and other times only yellow solid. Slow diffusion recrystallization of
the yellow product from MeOH/Et20 gave yellow needles (>99% of sample) and two
small red crystals.

6. Pt(dmbpy)?* and Pt(bpy)?* in Aqueous Solution

The aqueous solution chemistry of platinum(II) 4,4'-dimethyl-2,2'-bipyridine is
similar to that observed for 2,2'-bipyridine.#! The following products were observed:
Pt(dmbpy)(NO3), [yellow] (pH<3), (dmbpy)Pt(i-OH),Pt(dmbpy)?* [orange] (3<pH<7),
(dmbpy)Pt(OH)3Pt(dmbpy)* [deep red] (7<pH<9), Pt(dmbpy)(NO3), [orange] (9<pH).
Several of these complexes are intensely luminescent and likely candidates for the
emissive impurities in Pt(diimine)X, compounds. For example, [(bpy)Pt(1L-
OH),Pt(bpy)I(NO3),"-H,O exhibits an intense orange emission at room temperature
(Aax> 617 nm, fwhm 3200 cm-l, 7 115 ns; 10 K: 637 nm, fwhm 3000 cmm'l; 77 K: T 515
ns); analysis (calc): C, 27.44 (27.34); H, 2.19 (2.29); N, 9.10 (9.57).



31

E. X-ray Crystallography

Diffraction data were collected at room temperature on an Enraf-Nonius CAD4
diffractometer (MoK, radiation and graphite monochromator). Intensities were corrected
for Lorentz and polarization effects, as well as absorption (¥ scans of six reflections).
The intensities of three standard reflections showed no variations greater than those
predicted by counting statistics. The Pt coordinates were obtained from Patterson maps,
and remaining non-hydrogen atom positions were determined from successive structure-
factor, Fourier calculations. Ligand H atoms were positioned by calculation (C-H, 0.95
A) and were assigned isotropic B values approximately 1.1 times those of the attached
carbon atoms. Weights were taken as 1/02(F,2); variances [02(F,2)] were derived from
counting statistics plus an additional term, (0.014F,2)2. Variances of the merged data
were determined by propagation of e.s.d.s plus another additional term, (0.014<F,2>)2.
Atomic scattering factors were taken from Cromer and Waber.49-50 Computer programs
used were those of the CRYM crystallographic computing system>! and ORTEP.52
Pertinent data are collected in Table 2.3. Full details may be obtained from the Caltech

X-ray Crystallography Facility.

ITII. Results and Discussion

A. Crystal Structures

In several instances, compounds were structurally characterized in order to
identify intermolecular interactions which might significantly impact the electronic
structure (see Chapters 3 and 4). For example, Pt(bpy)Cl, exhibits dimorphism,
crystallizing in a yellow form as discrete monomer units38:53 and in a red form as a linear
chain with a Pt--Pt separation of 3.45 A.5455 We have noticed that the spectroscopic
properties of the yellow bis(bromo) analogue strongly suggest that the complex exists in
a monomeric environment in the solid state. However, the interpretation of the

spectroscopy of the orange bis(iodo) species is less conclusive. It is uncertain whether
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the orange color of crystalline Pt(bpy)I, arises from a do*—7*(bpy) charge-transfer
transition associated with a dimer/linear-chain structure or a unimolecular d—m*(bpy)
charge transfer red-shifted in the relatively weak NI ligand field. Our determination of
the structure of Pt(bpy)I, establishes <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>