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I. PROGRESS REPORT, 10/1/91- 11/30/92

1. Ortho-metalated Photoreducing Agents.

An account of a vastly improved synthesis of rris-ortho-

metalated Ir(III) complexes of 2-phenylpyridine and related

ligands has been published. 1 The emission energies, excited

state lifetimes and ground state oxidation potentials of

these species have also been reported, and from these data

potentials for the excited states to function as reducing

agents can be estimated. These estimates as well as a sum-

mary of several potential means for using these and related

photocatalysts to carry out demanding chemical reductions and

oxidations have also been published. 2 Several projects

within this area are being actively researched at this time,

including the following: a) production of strong reducing

agents by photoreduction of tris-ortho-metalated species; b)

precursors for generation of solvated monomeric photocata-

lysts, and; c) photochemical methanol production from CO 2 and

H20. Brief descriptions of these projects are provided
below.

a) _Production of stronq reducinq a_gents by photoreduc-

tion of cris ortho-metalated species. In this project we are

attempting to devise systems of reductive quencher/solvent/

ortho-metalated photosensitizer in which visible irradiation

will lead to formation of species of the type Ir(ppy) 3 I- via

electron transfer from the quencher to *Ir(ppy)3 or a related
I- should be

complex. Reduced complexes of the type Ir(ppy)_, and are not
even stronger reduclng agents than *Ir(ppy) 3 -

,._ubject to the kinetic limitations inherent in spontaneous

radiative and non-radiative decays of excited state reducing

agents. The solubility properties of the photosensitizers

requires use of solvents such as acetonitrile or toluene for

this work, and relatively few mild organic reducing agents

are suited to perform the reduction of *Ir(ppy) 3. Potential

quenchers must be soluble in compatable solvents, provide

sufficient reducing power to transfer an electron to

*Ir(ppy)3 and lack low energy excited states which might lead

to quenching via energy transfer rather than electron trans-

fer. We are presently using Stern-Volmer methods to charac-

terize quenching of *Ir(ppy) 3 by several tertiary aromatic

amines which appear to be suited to the task. This study

will be extended to related _ris ortho-metalated complexes as

our knowledge of optimal quenchers to perform the reduction

is refined. The value of _ for the couple



I- is known to be about -2.0 V vs SCE, and
Ir(PPY) 3/Ir(PPY)3
electron donating substituents on ppy will shift this more

negative by several hundred millivolts. Once Ir(ppy) I- has

been well-characterized in these reversible systems, we will

seek to devise irreversible systems in which Ir(ppy) I- is

produced and then studied for its ability to drive difficult

chemical reductions of carbon-containing substrates such as

CO 2 •

b) Pre____c_ursorsfor qeneration of solvated monomeric

photocatalysts_ In this project we are preparing and study-

ing dichloro-bridged dimers of It(III) and Rh(III) as precur-

sors to photoelectrochemical catalysts which might be at-

tached to electrode surfaces and/or used to coordinate sub-

strates prior of photochemical electron transfer reactions.

The prototype precursor for this work is [Ir(ppy)2Cl] 2,

which, like the tris ortho-metalated species, can be modified

substantially with electron donating and/or electron with-

drawing substituents. The dichloro-bridged dimers can then

be converted to solvated monomers by reaction with an organic

silver salt The range of ligand substituents which have

been successfully used in this project is quite extensive,

and it has become clear that many of the substituted ppy

ligands which do not form tris ortho-metalated species will

react readily to form dichloro-bridged dimers. We are pre-

sently in the process of characterizing the photoproperties

of a wide range of these species, several of which are being

employed in the following project.

c) Photochemical methanol____tQ_duction from CO2 and H2 O.

A variety of photochemical systems have been devised in which

CO 2 and H20 are caused to react to form products such as CO
or formate ion. We are presently exploring the possibility

of selective photochemical reduction of CO 2 to methanol

without formation of these two-electron reduction products.

Although relatively little is known of methods by which this

type of selective reduction might be achieved, Ogura 6-I0 has

performed extensive studies of electrochemical and photoelec-

trochemical processes in which this type of selective reduc-

tion of CO 2 to CH3OH has been reported. The primary compon-

ents of Ogura's methanol production systems consist of a Pt

electrode which is coated with Everitt's salt (K2Fe[Fe(CN)6])

and a CO 2 saturated solution containing a transition metal

catalyst with a coordination site occupied by a labile sol-

vent ligand (Fe(CN) sH20 for example). The solution catalyst

is thought to first bind solvent methanol and then CO 2, and
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this is followed by a series of reduction steps in which

water is formed and protons react with the complex to form

two equivalents of methanol with re-formation of the solution

catalyst. Ogura reports that only the Everitt salt deriva-

tized electrode is selective in forming methanol, suggesting

that binding of the solution catalyst to the electrode at

some intermediate stages might be involved in the selectivity

of the system.

In this project we are attempting to combine the func-

tion of the Everitt salt and the solution catalyst in one

ortho-metalated species. The solvated species is formed by

reacting one of the dichloro-bridged dimers described above

with an organic silver salt to remove the bridging chlorides

as insoluble AgCl. We are att,_mpting to study binding of

methanol and carbon dioxide by the resulting solvated species

in several different solvent systems. It is clear from

Ogura's work that binding of methanol and CO 2 by the solution

catalyst is a key step in the formation of more methanol via

CO 2 reduction. In addition to these studies of methanol and

carbon dioxide binding, we have begun to develop procedures

for coating Pt electrodes with the solvated metal complexes

via solvent evaDoration. At the present time, we have been

able to prepare the acetonitrile derivative of [Ir(ppy)2Cl]2

by reaction of the dimer with silver triflate and to deposit

the resulting triflate salt on Pt electrodes. The resulting

film is insoluble in aqueous methanol solutions which will be

used to study the possibility of photoelectrochemical metha-

nol production.

2. Photoproperties of Metal-Silicon Chelated Complexes.

Our work in this area has been concentrated upon the

preparation and characterization of Ir(III), Rh(III) and

Pt(II) complexes of ligands based upon 8-silylquinoline. We

designed and prepared this type of ligand (Fig i) in order to

stabilize metal-silicon bonds via chelation, while also pro-

viding good electron accepting (quinoline) and electron-

donating (SIR2) sites to promote optical charge-transfer

transitions. Metal silyls have been extensively studied for

their thermal catalytic properties (polymerization of monosi-

lanes to polysilanes, for example), and chelate-assisted

hydrosilylation 11-18 has been used as a method to stabilize

metal-silicon bonds with phosphinosilyl ligands. However,

this work is providing the first account of photoproperties
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of chelated metal silyl complexes.

R1 _

R2

Figurel. Structure of (8-quinoline)diorganosilane Ligand

Precursors (R I, R 2 = methyl, phenyl, H) •

Our initial efforts in this area has led to the develop-

ment of a synthetic route to tris chelated complexes of the

type illustrated in Figure 2. These complexes, which have

Figur._ 2. Structural Representation of fa¢-_ris [8-(Diorgno-

silyl)quinolyl] Complexes of Ir(III) or Rh(III) (R I, R 2 =

methyl, phenyl or H) .

been characterized with either Rh(III) or Ir(III) as the cen-

tral metal, are the first reported examples of rris (N,Si-)

chelated species. Both complexes emit from excited states

which are believed to arise from charge-transfer of a metal-

silicon bonding electron to a pi* quinoline orbital. Similar

types of excited states have been discussed for Re(I)-Sn and

Re(I)-Ge bonded species. 19-22 Our initial work in this area

was described 23 at the 9th ISPPCC in Fribourg, Switzerland,

and has been accepted for publication. 24 A second manuscript

describing X-ray and NMR structural studies of these complex-

es will soon be submitted for publication. During the next

year, we will extend our spectroscopic studies of these

species to more fully characterize their excited state struc-

tures, and will begin the first studies designed to charac-

terize their interactions with oxidative quenchers.
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3. Detailed Electronic Structure and Energy Transfer in

Ortho-metalated Complexes.

Work in this area has resulted in two recent publica-

tions 25,26 in which excited state dipole moments and dual

emissions in mixed ortho-metalate/chelate complexes (ppy and

bpy, for example) have been characterized. The published

dual emission work was limited to a study of emissions at 77

K, and more recently we have completed an extensive study of

dual emission in Ir(ppy)2(bpy) + and in Ir(ppy)2(bpy-d8 )+ as a

function of temperature (80 K - 300 K) in several different

solvents. Dramatic changes in the emission spectra occurs

over this range, as illustrated in Figure 3a,b on the follow-

ing page. A broad emission associated with MLCT to bpy

progressively red-shifts between 80 K and 300 K, with a

dramatic red-shift over a small temperature range associated

with the glass/fluid transition in propanol (160 - 170 K). A

higher energy somewhat structured emission, associated with

MLCT to ppy, shifts relatively little but intensifies rela-

tive to the MLCT state of bpy in the glass/fluid transition

region. This complex behavior is believed to arise from a

combination of relaxation to the ground state and interligand

electron hopping moderated by solvent dynamics. The dynamic

behavior of electron hopping in the glass/fluid transition

region is of particular interest since static dielectric

relaxation of the solvent becomes a relevant factor in this

region. 27-33 We are presently developing a model to inter-

pret the different temperature dependencies of the two emis-

sions which emphasizes that the excited state dipoles of the

two excited states requires rather diffe:cent solvent optical

and static dielectric relaxation.

The time-resolved emission of Ir(ppy) 2(bpy) + is dis-

played in Figure 4a,b, which illustrates that the MLCT to ppy

excited state retains a much longer lifetime than the MLCT to

bpy state as the temperature is increased, particularly in

the glass/fluid transition region. A detailed ananlysis of

the decay kinetics over the full 80 - 300 K temperature range

has been completed for both Ir(ppy)2(bpy) + and for

Ir(ppy) 2(bpy-d8 )+, and this has been compared to similar data

for Ir(ppy)3. A manuscript describing this analysis and the

resulting estimates for rates of electron hopping is present-

ly in preparation.

-8-



a)

:N

Z

Z

Z

W

,750
450 WAVELENGTH (NM)

b)

p.q

Z
W

Z W

¢ Z

W :)

2: W
W

450
vso WAUELENCTH <NN)

Figure 3. Emission Spectra of Ir(pPY)2(bPY) I+ as a Function of Temperature

In n-Propanol. Two Different Perspectives Are Shown in a) and b). The
Spectrum at each Temperature Has Been Normalized to Unity at the Maximum.
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Figure 4. Time-Resolved Emission Spectra of Ir(ppy)2(bpy) in Propanol

at 165 K. Two Different Perspectives Are Shown in a) and b). The Spectrum
at each Time Has Been Normalized to Unity at the Maximum.
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