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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

INORGANIC CHEMISTRY continues to provide the spawning ground for the 
evolution of vast areas of chemistry. It reaches into solid state chemistry, 
polymer chemistry, biochemistry, organic synthesis via organometallics, 
homogeneous and heterogeneous catalysis, energy storage and energy-
related technology, analytical, physical and theoretical chemistry. By 
definition, inorganic chemistry is concerned with the chemistry of the 
elements and their compounds, other than those of carbon which fall into 
the field of organic chemistry. The 1950s were considered the renaissance 
of inorganic chemistry. Since then, the field has grown rapidly in many 
new directions. The challenges that the world presents to inorganic chemists 
have never been greater; nor have the contributions that inorganic chemists 
make been more than at this time. 

This symposium brings together a large number of leading chemists to 
discuss some of the rapidly developing areas. Emphasis was placed on 
looking toward the future, and some speculation from the speakers was 
encouraged as to what may arise in the future in their fields of research. 
I have also encouraged discussion of these ideas by allotting a greater 
amount of time for questions, answers, and debate after each lecture. This 
volume is the proceedings of this historic symposium, the first symposium 
to be jointly sponsored by the inorganic divisions of the American Chemical 
Society and The Chemical Institute of Canada, and the Dalton Division of 
the Royal Society of Chemistry. 

I should like to thank the Office of Naval Research, the Petroleum 
Research Fund administered by the American Chemical Society, Ε. I. du 
Pont de Nemours & Company, Exxon Research & Engineering Company, 
The Chemical Institute of Canada, the ACS Division of Inorganic Chem
istry, Monsanto Company, Imperial Chemical Industries (London), Union 
Carbide Corporation, Strem Chemicals, Indiana University's Friends of 
Chemistry, and the Office of the Vice President of Indiana University for 
financial support of this symposium. I should also like to thank my wife, 
the former Cynthia Truax and Symposium Secretary, for all her assistance. 

MALCOLM H. CHISHOLM 
Indiana University 

October 1982 
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1 
Solar Electricity: 
Lessons Gained from Photosynthesis 

J A M E S R. B O L T O N 

The University of Western Ontario, Department of Chemistry, Photochemistry 
Unit, London, Ontario N6A 5B7 Canada 

Nature has developed a mechanistically very complex yet 
conceptually very simple process for the conversion and storage 
of solar energy. In this lecture I shall first examine the 
reaction and mechanism of photosynthesis deriving insights into 
how nature has achieved this remarkable process. I shall then 
go on to describe various attempts to mimic the primary steps of 
photosynthesis. Finally, I shall speculate on how these insights 
into the mechanism of photosynthesis might be used to design a new 
type of solar cell for the conversion of light to electricity. 

The Photosynthesis Reaction 
The reaction of photosynthesis is clearly the most important 

chemical reaction since life could not exist for long without it. 
The overall reaction is 

CO2(g) + H2O(l) light C6H12O6(s) + O2 (g) 

where C6H12O6(s) is D-glucose, the major energy-storage product of 
photosynthesis from which all plant and animal biomass is derived. 
The thermodynamic parameters for the photosynthesis reaction at 
298K (25°C) are ΔΗ=467 kJmol-1; ΔG=496 kJmol-1 and E°=1.24V (1). 

It is helpful to think of the photosynthesis reaction as the 
sum of an oxidation half reaction and a reduction half reaction as 
shown in Figure 1. In fact, nature does separate these half re
actions, in that the reduction of CO2 to carbohydrates occurs in 
the stroma of the chloroplast, the organelle in the leaf where the 
photosynthesis reaction occurs, - whereas, the light-driven 
oxidation half reaction takes place on the thylakoid membranes 
which make up the grana stacks within the chloroplast. Reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) carries the 
reducing power and most of the energy to the stroma to drive the 
fixation of CO2 with the help of some additional energy provided 

0097-6156/83/0211 -0003$06.00/0 
© 1983 American Chemical Society 
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4 I N O R G A N I C C H E M I S T R Y : T O W A R D T H E 21 ST C E N T U R Y 

C02(g) 8 hv 

2NADPH+2H* 

/ carbon \f 
1 fixation Y 
V cycle Λ 

+ 3 ATP 

2NADP+ 

^ / l i g h t 
Y driven y 
1 electron A 

JV transportJ\ 

Λ stroma +3ADP 
+3Pi 

thylakoid 
membrane 

2H20(I) 

0?(g) 

l/6C6H| 206(s)+ H20(l) 

Figure 1. The separation of the half reaction in the chloroplast of the photosyn-
thetic plant cell. The dark reaction (left) and the light-driven reactions (right) are 
shown. Key: NADP\ oxidized form of nicotinamide adenine dinucleotide phosphate; 

ATP, adenosine triphosphate; and Pif inorganic phosphate. 
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1. B O L T O N Solar Electricity 5 

by adenosine triphosphate (ATP) which i s also generated on the 
thylakoid membrane. [Readers interested i n the structure and 
mechanism of photosynthesis should refer to references (2-4)·] 
Although the mechanism of the carbon-fixation cycle i s very 
interesting biochemistry, i t i s the mechanism of the oxidation 
half reaction which w i l l concern us most, because i t i s here that 
the conversion of sunlight to chemical energy takes place. We 
s h a l l now explore some of the d e t a i l s of this remarkable process. 

Mechanism of the Primary Photochemical Reaction of Photosynthesis 

The primary photochemistry of photosynthesis takes place 
within very specialized reaction-center proteins situated i n the 
thylakoid membrane (see Figure 2) of the chloroplast (2) . Most 
(>99%) of the chlorophyll and other pigments act as an antenna 
system to gather l i g h t photons and channel them to one of the 
two reaction centers. In essence the antenna chlorophyll system 
acts as a photon concentrator, concentrating the photon flux by 
a factor of ^300 over what i t would be without an antenna system. 
In both Photosystems I and II the photochemically active component 
(P700 or P680) i s thought to be a chlorophyll a species. P700 i s 
l i k e l y a dimer of chlorophyll a. The primary photochemical step 
then involves the transfer of an electron from the donor (P700 or 
P680) to an acceptor species. In Photosystem II the acceptor Q1 

i s thought to be a molecule of plastoquinone. In Photosystem I 

the acceptors are not as well characterized; Ax may be a molecule 
of chlorophyll a i n a special environment and A 2 i s thought to be 
an iron-sulfur center. 

Hence, i t appears that nature has chosen the fastest and 
perhaps simplest of a l l photochemical reactions, namely, photo
chemical electron transfer, to trap the energy of the elusive 
sunbeam. In effect, the reaction-center proteins of photosynthesis 
are solar c e l l s converting l i g h t to e l e c t r i c i t y which i s then used 
to drive the r e l a t i v e l y slow biochemical reactions which lead 
ultimately to D-glucose. These reaction-center solar c e l l s are 
very effective - the y i e l d for electron transfer i s almost unity, 
and the overall solar energy conversion to e l e c t r i c a l energy i s 
VL6% (5). This i s as good as or generally much better than most 
commercially available s i l i c o n solar c e l l s . 

Now l e t us examine more closely the details of how the 

0 

0 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

00
1

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



6 I N O R G A N I C C H E M I S T R Y : T O W A R D T H E 21ST C E N T U R Y 

NADPH 

Figure 2 . Model of the thylakoid membrane showing the various components 
involved in electron transport from H20 to NADP\ 

The reaction-center proteins for Photosystems I and II are labeled I and II, respectively. Key: 
Z, the watersplitting enzyme which contains Μη; P680 and Qh the primary donor and acceptor 
species in the reaction-center protein of Photosystem II; Qi and Qt, probably plastoquinone 
molecules; PQ, 6-8 plastoquinone molecules that mediate electron and proton transfer across 
the membrane from outside to inside; Fe-S (an iron-sulfur protein), cytochrome f, and PC 
(plastocyanin), electron carrier proteins between Photosystems II and I; P700 and At, the 
primary donor and acceptor species of the Photosystem I reaction-center protein; At, Fe-SA. 
and Fe-SB, membrane-bound secondary acceptors which are probably Fe-S centers; Fd, 
soluble ferredoxin Fe-S protein; and fp, is the flavoprotein that functions as the enzyme that 

carries out the reduction of NADP+ to NADPH. 
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1. B O L T O N Solar Electricity 7 

electron i s transferred from one side of the thylakoid membrane 
to the other. Figure 3 i l l u s t r a t e s a view of our current know
ledge of the composition and structure of the reaction-center 
protein from photosynthetic bacteria which performs a photo
chemical electron-transfer reaction analogous to the reactions i n 
the two photosystems of green-plant photosynthesis (2, 7_9 8). 
The bacterial reaction-center protein contains 4 bacteriochloro-
ph y l l molecules, 2 bacteriopheophytins, one nonheme iron and a 
ubiquinone molecule. Two of the bacteriochlorophyll molecules 
form a special pair called P870 which acts as the photochemical 
electron donor. The other two bacteriochlorophylls absorb at 
800 nm and may act as the l a s t l i n k to the antenna system. Within 
<6 ps following the absorption of a photon, an electron moves from 
the P870 to one of the bacteriopheophytin molecules. Subsequently 
within V300 ps the electron moves to the ubiquinone. Thus within 
V300 ps the energy conversion step i s over resulting i n a charge 
separation between P870 + and Q of 20-30 Â. If transfer to 
secondary acceptors does not occur, as i t does e f f i c i e n t l y i n vivo 
at physiological temperatures, then the electron returns to 
v i a a tunnelling mechanism with a h a l f - l i f e of ^20 ms at low tem
peratures (7, 8). A similar picture, although more complex and 
less well characterized, has been assembled for the reaction cen
ter of Photosystem I i n green plants (9). 

Now for some speculation - i t appears that nature has 
achieved the very d i f f i c u l t task of assuring rapid and e f f i c i e n t 
forward electron transfer while at the same time preventing the 
spontaneous back reaction. In effect, the reaction-center pro
tein i s an almost perfect photodiode. However, this f a c i l i t y has 
a price i n that ^0.8 eV of energy i s l o s t i n the primary electron 
transfer while an electron i s moved 20-30 Â away from the primary 
donor. This process i s carried out i n several steps rather than 
one step - this has two advantages - less energy has to be d i s 
sipated i n each step and i t i s possible to move the electron away 
a greater distance and thus minimize the chance of i t s returning. 
These seem to be key features i n the energy-conversion process. 

Spectral and Thermodynamic Considerations 

Photosynthesis uses sunlight as i t s energy source, a source 
with a broad spectral d i s t r i b u t i o n of photon energies. Thus any 
device which operates using a sensitizer with a fixed excitation 
energy w i l l l i k e l y be more e f f i c i e n t the lower the excitation 
energy, because more solar photons may then be u t i l i z e d . However, 
i t i s important to point out that, just as the Second Law of 
Thermodynamics says that i t i s impossible to convert heat into 
work with 100% e f f i c i e n c y , there i s a similar thermodynamic 
r e s t r i c t i o n on the conversion of l i g h t to work or any other form 
of energy other than heat (6, 10, 11). The plant degrades the 
energy of a l l absorbed l i g h t photons i n the photosynthetically 
active region (380-720 nm) to the energy of the lowest excited 
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8 I N O R G A N I C C H E M I S T R Y : T O W A R D T H E 21 ST C E N T U R Y 

Excitation 

Figure 3. The bacterial reaction-center 
protein model from Rhodopseudomonas 
sphaeroides; the structure and positioning 

of components are highly speculative. 
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1. B O L T O N Solar Electricity 9 

state of the chlorophyll molecules i n the reaction centers which 
l i e at an energy of M..8 eV (174 kJ mol" 1, 700 nm) above the 
ground state. It i s a common misconception that i n prin c i p l e a l l 
of this energy i s available to be converted into work or chemical 
energy. In fact, the thermodynamic analysis indicates that even 
i n a perfect converter at 700 nm only ^1.4 eV or *W8% of this 
energy i s Gibbs energy and available to do work. 

Now l e t us see what effect these thermodynamic l i m i t s have 
on the mechanism of photosynthesis. The simplest system which 
nature could have devised would be one i n which a single photo
system absorbs l i g h t and carries out the necessary reactions of 
photosynthesis. At most only one electron can be driven through 
the c i r c u i t for every photon absorbed. The thermodynamic l i m i t 
allows only VL.4 eV from each photon at 700 nm to operate the 
overall photosynthesis reaction which requires a minimum of 1.24 
eV per electron driven through the c i r c u i t . Thus the reaction i s 
allowed thermodynamically; however, to achieve this only MD.16 eV 
could be lost i n any nonidealities i n the process. The problem 
i s analagous to the engineer being required to design an almost 
f r i c t i o n l e s s heat engine. The system requires more f l e x i b i l i t y 
and thus we conclude that the photosynthesis reaction cannot be 
operated with one photosystem. In fact, we have already seen 
that the energy loss i n the primary electron transfer i s ̂ 0.8 eV 
leaving only M..0 eV to drive the reactions of photosynthesis. 
This i s why the plant had to develop the much more complex mech
anism of two photosystems operating i n series (see Figure 2). 
Thus two photons are absorbed for every electron transferred from 
water to NADP+ providing ^2.0 eV which i s plenty to run the 
reaction. 

Efficiency of Photosynthesis 

The efficiency of photosynthesis depends on how the question 
i s asked. Worldwide ^3 χ 10 2 1 J of solar energy i s stored per year 
(12) and the annual solar input to the biosphere i s *\> 3 χ 10 2 4 J -
thus the worldwide efficiency of photosynthesis i s ̂ 0.1%. This 
may sound rather low but then consider that 3 χ 10 2 1 J i s about 
10 times the annual energy consumption by a l l peoples on the 
earth! Crops growing under ideal conditions have achieved as 
much as ^4% efficiency for short terms (13). However, i t i s pos
si b l e to analyze the maximum efficiency expected for a plant from 
a knowledge of the absorption spectrum of a leaf and the experi
mental quantum yields for O2 production as a function of wave
length. Such an analysis (12) indicates a maximum gross efficiency 
of ^9% which drops to %5% when photorespiration, a light-stimulated 
back reaction, i s accounted for. Hence, i t i s seen that a consid
erable loss i n efficiency occurs between the primary conversion to 
e l e c t r i c a l potential (VL6%) and the end products (V5%). Of course, 
the end product i s usually a very stable and storable f u e l . 
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10 I N O R G A N I C C H E M I S T R Y : T O W A R D T H E 21ST C E N T U R Y 

Lessons Gained from Photosynthesis 

Here I s h a l l summarize some of the salient points gained 
from our examination of the mechanism of photosynthesis. 

1. Light i s concentrated by a factor of ^300 by use of an 
extensive antenna system of pigments. This minimizes the need to 
duplicate reaction centers. 

2. The primary photochemical reaction i s an electron trans
fer reaction which occurs within a highly structured reaction-
center protein which spans the thylakoid membrane. 

3. Photochemical electron transfer occurs from the excited 
singlet state of the primary donor. 

4. One or more intermediate electron acceptors mediate the 
electron transfer across the reaction center from the donor to 
the ultimate acceptor. 

5. Relatively long wavelength absorbers are u t i l i z e d to 
maximize the capture of the solar spectrum. 

6. Two photosystems are required to run the f u l l reaction 
of photosynthesis. 

A r t i f i c a l Solar Energy Converters Designed to Mimic Photosynthesis 

Much has been written about a r t i f i c a l solar-energy converters 
- the reader i s referred to references 10, 12, 14-17 for detailed 
treatments. Here I s h a l l deal exclusively with those a r t i f i c i a l 
systems designed to mimic various aspects of the photosynthesis 
reaction. 

The primary donor i n Photosystem I P700 i s thought to be a 
special pair of chlorophyll a molecules. Katz and Hindman (18) 
have reviewed a number of systems designed to mimic the proper
ti e s of P700 ranging from chlorophyll a. i n certain solvents under 
special conditions where dimers form spontaneously (19) to co-
valently linked chlorophylls (20). Using these models i t has 
been possible to mimic many of the o p t i c a l , EPR and redox proper
t i e s of the i n vivo P700 entity. 

Most of the interest i n mimicing aspects of photosynthesis 
has centered on a wide variety of model systems for electron 
transfer. Among the early studies were experiments involving 
photoinduced electron transfer i n solution from chlorophyll a. to 
p-benzoquinone (21, 22) which has been shown to occur v i a the 
excited t r i p l e t state of chlorophyll a. However, these solution 
studies are not very good models of the i n vivo reaction center 
because the i n vivo reaction occurs from the excited singlet state 
and the donor and acceptor are held at a fixed relationship to 
each other i n the reaction-center protein. 

The next l e v e l of sophistication involved studies of systems 
where separate donors and acceptors interact across an interface. 
Chlorophyll-quinone photochemical studies have been conducted 
using liposomes (23-25) and acetate films (26). Calvin and his 
coworkers (27) have conducted a variety of experiments 
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1. B O L T O N Solar Electricity 11 

demonstrating that e f f i c i e n t photochemical electron transfer can 
under certain conditions be sensitized across a r t i f i c a l vesicles 
using ruthenium (II) t r i s ( b i p y r i d y l ) as a sensitizer (see also 
28). In addition micelles (29-32) and monolayers (33-35) have 
been used to separate donors and acceptors. 

The f i n a l l e v e l of sophistication has involved covalently 
link i n g a donor and an acceptor. I s h a l l review these systems 
extensively as this i s where we have concentrated our own work. 
Kong and Loach (36, 37) were the f i r s t to report the synthesis 
of such an intramolecular donor-acceptor entity - namely ( I ) ; 

however, none of the photophysical or photochemical properties 
of (I) were reported at that time. Tabushi et a l (38) reported 
the synthesis of (II) and found that the fluorescence of (II) was 
strongly quenched as compared to tetraphenyl porphyrin and 
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12 I N O R G A N I C C H E M I S T R Y : T O W A R D T H E 21ST C E N T U R Y 

speculated that the quenching might be due to intramolecular 
electron transfer. Mataga and his coworkers (39) have synthesized 
the series of compounds (III) and also observed strong 

fluorescence quenching. In another publication (40) they obser
ved o p t i c a l changes by picosecond laser flash spectroscopy which 
they interpreted as evidence for formation of a charge transfer 
state v i a intramolecular electron transfer from the porphyrin to 
the quinone. The lifetime of the charge transfer state was found 
to increase markedly as η increased from 2 to 6. Ganesh and 
Sanders (41) reported the synthesis of a quinone-capped metallo-
porphyrin but did not report on any of i t s photophysical or photo
chemical properties. Netzel and his coworkers (42, 43) have 
studied (IV) using picosecond spectroscopy and on the basis of 

(IV) 

a complex kinetic model concluded that the charge transfer state 
of (IV) comes from the porphyrin t r i p l e t state rather than the 
singlet state. Harriman and Hosie (44) studied a series of por
phyrins i n which a variety of electron donors and acceptors were 
attached at the four meso positions. They found strong f l u o r 
escence quenching for good electron donors (such as N,N-dimethyl 
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aniline) as well as good electron acceptors (such as p-benzoquin-
one). F i n a l l y Matsuo et a l (45) reported the synthesis of 
ruthenium t r i s ( b i p y r i d y l ) covalently linked to viologen units. 
They found almost complete quenching of the emission from the 
ruthenium complex and i n addition the covalently linked compound 
considerably enhanced electron transfer to relay systems of 
aligned viologen units on micelles and polymers. 

Although the fluorescence quenching and opt i c a l absorption 
changes found on excitation of many of the above intramolecular 
donor-acceptor molecules i s highly suggestive of intramolecular 
electron transfer, none of the above studies provided conclusive 
proof. We have been very interested i n the problem of the syn
theses of porphyrin-quinone molecules. When Kong and Loach (36) 
published their synthesis of (I) i n 1978, we repeated their 
synthesis and i n 1980 we reported (46) a light-induced electron 
paramagnetic resonance (EPR) signal which was shown, v i a a var
iety of control experiments, to arise from an intramolecular 
electron transfer from the porphyrin end to the quinone end of 
(I) . Under certain conditions the electron transfer i s reversible. 
Kong and Loach (46) have observed similar EPR signals from i n t r a 
molecular transfer i n the Zn complex of I; however, under a l l 
conditions the electron transfer was i r r e v e r s i b l e . Loach et a l 
(47) have reported a variety of EPR and fluorescence data on (I) 
and i t s Zn complex confirming the intramolecular nature of the 
electron transfer and from the fluorescence data they conclude 
that the electron transfer most l i k e l y occurs out of the singlet 
state. 

Our current work i s concentrated on the series of porphyrin-
quinone molecules (V). These are very similar to I i n that amide 
linkages have replaced the ester linkages. We chose to study 
these molecules not only because they provided a def i n i t e change 

(V) 

0 

H 
( C H J - N 2 η H 

0 
V 
/ 

C-CH, 2 

0 

0 

η = 2, 3, 4 
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i n the structure of the linkage but also because they are much 
less susceptible to decomposition by hydrolysis. The rate con
stant for forward electron transfer, as inferred from the fl u o r 
escence li f e t i m e s , i s about three times slower i n (V) as compared 
to (I) (48). We have also observed o p t i c a l changes using nano
second optical flash photolysis and low temperature photolysis 
which show cle a r l y the development of a charge transfer state 
which p a r a l l e l s the EPR observations (48). F i n a l l y , we have 
observed s a t e l l i t e s i n the EPR spectrum of (V) with η = 2 which 
arise from spin exchange between the porphyrin cation r a d i c a l 
and the quinone anion r a d i c a l providing conclusive evidence for 
intramolecular electron transfer (49). Also the quantum e f f i c 
iency for electron transfer i s found to be VL-2% (49). 

A Possible Solar C e l l 

Much fundamental work yet remains i n the study of i n t r a 
molecular donor-acceptor molecules to find out what structural 
parameters of the donor, acceptor and p a r t i c u l a r l y the linkage 
enhance the effi c i e n c y of forward electron transfer while at the 
same time i n h i b i t i n g the rate of reverse electron transfer. Pro
gress so far i s very promising. 

Assuming that an e f f i c i e n t D-A type of molecule can be syn
thesized, i t should be possible to deposit these molecules as a 
monolayer onto a glass s l i d e coated with a metal such as aluminum 
or a wide bandgap semiconductor such as Sn02. With the acceptor 
end of the molecule near the conductor and with contact to the 
other side v i a an electrolyte solution i t should be possible to 
stimulate electron transfer from D to A and then into the con
ductor, through an external c i r c u i t and f i n a l l y back to D 
through the electrolyte. This would form the basis of a new type 
of solar c e l l i n which the layer of D-A molecules would perform 
the same function as the p-n junction i n a s i l i c o n solar c e l l 
(50). Only the future w i l l t e l l whether or not this concept w i l l 
be feasible but i f nature can do i t , why can't we? 
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Discussion 
A.W. Adamson, U n i v e r s i t y of Southern C a l i f o r n i a : You men

t i o n e d a thermodynamic l i m i t a t i o n to the e f f i c i e n c y of conver
s i o n of s o l a r energy t o u s e f u l work. T h i s i s an i n t e r e s t i n g 
p o i n t , and I would l i k e t o hear more about i t . I can see an 
e n t r o p i e e f f e c t i n terms of the f o l l o w i n g h y p o t h e t i c a l c e l l f o r 
the system A = A*, where A* i s the e x c i t e d s t a t e of s p e c i e s A: 

P t / C ( s ) / s o l u t i o n of A 
w i t h e q u i l i b r i u m 
c o n c e n t r a t i o n 
of A* 

s o l u t i o n of A 
w i t h n o n - e q u i l i 
brium c o n c e n t r a t i o n 
of A* produced by 
i r r a d i a t i o n 

C(s)/M/Pt 

Here, C(s) i s a s o l i d reduced form of A, and the double l i n e 
denotes a l i q u i d j u n c t i o n of n e g l i g i b l e p o t e n t i a l . A l s o , A* i s 
a t h e r m a l l y e q u i l i b r a t e d e x c i t e d ( o r t h e x i ) s t a t e and, as such, 
i s e s s e n t i a l l y a d i f f e r e n t chemical s p e c i e s from A. We suppose, 
t h e r e f o r e , t h a t i t i s p o s s i b l e t o f i n d an e l e c t r o d e M t h a t i s 
r e v e r s i b l e t o the r e d u c t i o n of A* t o C ( s ) , but co m p l e t e l y 
p o l a r i z e d w i t h r e s p e c t t o the r e d u c t i o n of A t o C ( s ) . O p e r a t i o n 
of t h i s c e l l under steady s t a t e c o n d i t i o n s s h o u l d then g i v e the 
d e s i r e d r e v e r s i b l e work a v a i l a b l e from the p h o t o p r o d u c t i o n of 
A*. 

J.R. Bolton: Your model i s interesting, but I believe i t 
complicates the issue. The system A,A* i s a two-component system. 
In the dark μ^ = μ Α* = \ΐχ*° + kTlnX^S where the y*s are chemical 
potentials and X^$ i s the equilibrium mole fraction of A*. In 
the l i g h t X^* increases; hence, the chemical potential available 
to do work i s X 

Δμ = kTln — 

Δμ can never be as large as E g , the excitation energy. 
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A.B.P. L e v e r , York U n i v e r s i t y : Most model p h o t o c a t a l y s t s 
undergo e l e c t r o n t r a n s f e r r e a c t i o n s v i a t h e i r s p i n t r i p l e t 
s t a t e s . You p o i n t out t h a t t h e r e are advantages t o u s i n g the 
s p i n s i n g l e t s t a t e f o r e l e c t r o n t r a n s f e r as e x e m p l i f i e d by 
c h l o r o p h y l l . What k i n d of s t r u c t u r a l or e l e c t r o n i c f e a t u r e s 
s h o u l d be b u i l t i n t o model p h o t o c a t a l y s t s t o favour use of 
t h e i r s p i n s i n g l e t s t a t e s f o r e l e c t r o n t r a n s f e r quenching? 

J.R. Bolton: In solution most photochemical electron trans
fer reactions occur from the t r i p l e t state because i n the c o l l i 
sion complex there i s a spin i n h i b i t i o n for back electron transfer 
to the ground state of the dye. Electron transfer from the 
singlet excited state probably occurs i n such systems but the back 
electron transfer i s too effective to allow separation of the 
electron transfer products from the solvent cage. In our linked 
compound, the quinone cannot get as close to the porphyrin as i n 
a c o l l i s i o n complex, yet i t i s s t i l l close enough for electron 
transfer to occur from the excited singlet state of the porphyrin 
Now the back electron transfer i s inhibited by the distance and 
molecular structure between the two ends. Our future work w i l l 
focus on how to design the linking structure to obtain the most 
favourable operation as a molecular "photodiode". 

A . J . B a r d , U n i v e r s i t y of Texas: The mechanism you propose 
i m p l i e s t h a t t h e r e are s p i n s e l e c t i o n r u l e s o p e r a t i v e which 
a f f e c t the r e l a t i v e r a t e s of the e l e c t r o n t r a n s f e r r e a c t i o n s . 
I s t h e r e any evidence t h a t such s p i n s e l e c t i o n r u l e s are 
i m p o r t a n t i n these k i n d s of r e a c t i o n s , e s p e c i a l l y i n the 
presence of m e t a l l i c c e n t e r s ? 

J.R. Bolton: We have not carried out any experiments as yet 
on metalloporphyrins linked to quinones. The spin selection 
rules should be operative i n the radical pair. The singlet state 
of the radical pair should be able to return to the ground state 
with no spin i n h i b i t i o n ; however, the t r i p l e t state of the radical 
pair can return to the ground state only v i a spin interconversion 
or v i a the t r i p l e t state of the porphyrin. 
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T.J. Kemp, U n i v e r s i t y of Warwick; N o t i n g the v e r y low 
quantum y i e l d f o r i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r i n low 
temperatures d i s p l a y e d by your p o r p h y r i n - q u i n o n e model compound, 
would i t not be p o s s i b l e t o ' s h o c k - f r e e z e ' a s o l u t i o n undergoing 
i r r a d i a t i o n at a h i g h e r temperature (and g i v i n g a workable 
c o n c e n t r a t i o n of paramagnetic s p e c i e s ) i n o r d e r t o determine a 
low-temperature spectrum w i t h the p a r t i c u l a r aim of o b s e r v i n g a 
p o s s i b l e Am = 2 t r a n s i t i o n ? 

J.R. Bolton: This i s a good idea - we w i l l t r y i t . 

M.S. W r i g h t o n , M.I.T.; What i s the b a s i s f o r an e s t i m a t e 
of 5% e f f i c i e n c y f o r p h o t o s y n t h e s i s and the 187o f o r a comparison 
w i t h s o l i d s t a t e p h o t o v o l t a i c s f o r e l e c t r i c i t y g e n e r a t i o n ? 

J.R. Bolton: The 5% figure refers to the net energy e f f i 
ciency in the production of d-glucose taking account of photore
spiration. The 18% figure refers to the e f f i c i e n c y of conversion 
of sunlight to e l e c t r i c a l energy at the level of the reaction-
center protein. The details of the calculation are in my paper. 
However, as you pointed out, I neglected a f i l l factor and thus a 
more r e a l i s t i c value would be ~16%, s t i l l an impressive number for 
the natural photovoltaic c e l l . 

T.J. Meyer, U n i v e r s i t y of N o r t h C a r o l i n a : You r e p o r t t h a t 
the d a t a t h a t you observe suggests a l a c k of s o l v e n t depen
dence, and t h e r e f o r e t h a t e l e c t r o n t r a n s f e r occurs through the 
c h e m i c a l l i n k r a t h e r than through the s o l v e n t . However, i n 
e i t h e r case t h e r e i s a charge t r a n s f e r process through d i s t a n c e 
and t h e r e should be a s o l v e n t dependence a s s o c i a t e d w i t h the 
e l e c t r o n t r a n s f e r a c t . Do you have any comments on t h i s p o i n t ? 

J.R. Bolton: If the electron reaches the quinone v i a the 
linkage, then the transfer must involve the molecular orb i t a l s 
of the linking structure and thus the solvent w i l l have only a 
secondary effect. If the electron transfer occurs through the 
solvent, then the solvent should have a f i r s t - o r d e r effect on 
the rate. 
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Oxidation-Reduction Photochemistry of 
Polynuclear Complexes in Solution 

DANIEL G. NOCERA, ANDREW W. MAVERICK, JAY R. WINKLER, 
CHI-MING CHE, and HARRY B. GRAY 
California Institute of Technology, Arthur Amos Noyes Laboratory, 
Pasadena, CA 91125 

Three classes of polynuclear complexes containing 
metal-metal bonds possess emissive excited states 
that undergo oxidation-reduction reactions in 
solution: the prototypes are Re2Cl2-8(d4·d4), 
Pt2(P2O5H2)4-4 (d8·d8), and Mo6Cl2-14 (d4)6. Two
-electron oxidations of Re2Cl2-8 and Pt2(P2O5H2)4-4 
have been achieved by one-electron acceptor 
quenching of the excited complexes in the presence 
of Cl-, followed by one-electron oxidation of the 
Cl--trapped mixed-valence species. Two-electron 
photochemical oxidation-reduction reactions also 
could occur by excited-state atom transfer path
ways, and some encouraging preliminary observations 
along those lines are reported. 

Present systems for photochemical energy conversion emphasize 
one-photon/one-electron-relay/catalyst schemes, as i n the famous 
Ru(bpy)| +/water s p l i t t i n g experiments of many workers(1-14). A l l 
such systems are designed to take advantage of the fact that upon 
excitation the metal complex sensitizer i s a better oxidant and 
reductant than i t s ground state, and as a result i t can oxidize 
poor donors and reduce weak acceptors provided i t l i v e s long 
enough i n solution to do so (Figure 1). Net storage of photochem
i c a l energy i s then achieved by employing separate catalysts to 
convert the photogenerated species into useful products(1). 

It has been our goal for some time to run photochemical 
energy storage reactions without relay molecules or separate 
catalysts. We have concentrated on the photochemistry of poly
nuclear metal complexes i n homogeneous solutions, because we 
believe i t should be possible to f a c i l i t a t e multielectron transfer 
processes at the available coordination sites of such cluster 
species. 

One problem we have had to overcome i n developing metal-
cluster oxidation-reduction photochemistry i s the tendency of 
excited clusters to dissociate into r a d i c a l fragments (for 

0097-615 6/ 83/0211 -0021 $06.00/0 
© 1983 American Chemical Society 
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example, Mri2(CO)io)* But after several years of research we have 
found that (at least) three broad classes of metal-metal bonded 
systems have attractive excited-state properties: 

Electronic Configuration Example 

(1) d ^ d 1 * Re 2Cl8~ 

(2) d 8-d 8 Pt 2(P 20 5H2)Îr 

(3) ( d l *) 6 Mo 6 C l f ^ 

In the f i r s t case the metal-metal bond i s quite strong i n the 
ground state, and i t i s weakened only s l i g h t l y i n the lowest 
singlet (16δ*) excited state. In the second case the lowest 
excited state (3do*po) possesses a r e l a t i v e l y strong metal-metal 
bond. In the th i r d case the nature of the long-lived excited 
state i s not well understood at this time. It may have some 
relationship to a δ+δ* or δ+π* excited state i n a d1* binuclear 
complex, however. 

Binuclear Complexes 
ι * 2-Evidence suggests that the Αδδ state of Re 2Cls i s not 

eclipsed (the δ bond i s gone), and that Franck-Condon factors are 
responsible for the r e l a t i v e l y long li f e t i m e of this state 
(Figure 2)(15,16.17). Various electron acceptors (e.g., TCNE) 
quench the R e ^ l e ^ luminescence i n nonaqueous solutions, thereby 
producing Re 2 C l e " and the reduced acceptor(17) . A transient 
signal attributable to TCNE" was observed i n flash k i n e t i c 
spectroscopic studies of dichloromethane solutions containing TCNE 
and (BuifN)2Re2Cl8; the decay of the transient was found to follow 
second-order kinetics (k = 3 χ 10 9 M"1 s - 1 ) . 

The luminescence of Re2Cl§~* also i s quenched by secondary 
and t e r t i a r y aromatic amines i n a c e t o n i t r i l e solution(17). 
Neither the electronic absorption nor the emission spectrum of 
Re2Cl§" changes i n the presence of the quenchers, and no evidence 
for the formation of new chemical species was observed i n flash 
spectroscopic or steady-state emission experiments. The results 
of these experiments suggest that the products of the quenching 
reaction form a strongly associated ion pair, Re2Cl8~'D+. 

The two reduction potentials involving Re2Cl8~* (-/2~*; 
2-*/3-) have been estimated from the results of spectroscopic and 
electrochemical experiments (-0.51 and 0.90 V vs. SCE)(17). The 
δδ* singlet provides a f a c i l e route to an extremely powerful i n 
organic oxidant, Re2Cl8~ (E° = 1.24 V vs_. SCE), a species that 
has not been generated cleanly by other means. 

In recent experiments D. G. Nocera has extended this work to 
include two-electron photochemical oxidation of Re2Cls . The 
strategy involved here i s to generate Re2Clê by acceptor quenching 
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N O C E R A E T A L . Polynuclear Complexes in Solution 

Figure 1. Modified Latimer diagram illustrating the relative reduction potentials 
of a metal complex (M) and its excited state (M*). 

.§* 1 [SS*] ( D 4 D ) ( 1 . 7 5 6 V ) 

680 nm absorption 

1/ 1/ 
Re uuRe 

/I /I 

0.14 ̂ LLS 
emission 

(CH3CN solution) 

V ] ( D 4 H ) 

Figure 2. Selected electronic spectroscopic properties of Re2Cl8

2~-
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of 166*, and then by adding C l ~ to trap the mixed-valence species, 
Re2Clg". Acceptors whose potentials are high enough can then 
oxidize Re2Clg" to Re2Cl§ (Figure 3) . 

Several d 8«d 8 complexes of rhodium(I), iridium(I), and 
platinum(II) possess r e l a t i v e l y long-lived excited states (many 
are i n the ys range)(18,19,20). The excited state i s believed to 
be a do*po t r i p l e t (Figure 4). The beautiful green phosphores
cence (517 nm; l i f e t i m e VLO us) exhibited by Pt2 (P2°5H2)i+~ i s a n 

interesting case i n point(20). Spectroscopic studies on Ba2Pt2~ 
(Ρ2θ5Η2)^ at 4 Κ have revealed that the Pt-Pt bond i s much 
stronger i n the excited state than i n the ground state (Pt-Pt 
stretching frequency: 160 cm"1 (excited state), 110 cm"1 (ground 
state); Pt-Pt distance: 2.7 Â (excited state), 2.93 Â (ground 
state)(21). ^_ 

The phosphorescence of Pt2(P2°5)i+H8 i n aqueous solution i s 
quenched by 1,1-bis(2-sulfoethyl)-4,4'-bipyridinium inner s a l t 
(BSEP). Transient absorption attributable to BSEP" ( X m a x ^ 610 nn) 
i s observed i n f l a s h k i n e t i c spectroscopic studies of aqueous 
solutions containing P t 2 ( ? 2 ° 5 ) k s - B ~ and BSEP, thereby establishing 
an electron transfer quenching mechanism: 

Pt 2(P20 5)i +He"* + BSEP —9—>· Pt2(P205)i+H8~ + BSEP~ 

Stern-Volmer analysis of the quenching yields k q = 5.5 χ 10 9 M"1 

s" 1([Pt 2(P 205)i +H8 ] ~ 10"1* M; 0.1 M NaClO^; 25°C). Both the 
quenching reaction and the bimolecular back electron transfer 
(k - 1 χ 10 9 M"1 s" 1 for P t 2 ^ O s ) ^ " and BSEP") are near the 
diffusion l i m i t for such processes i n aqueous solution at 25°C. 

The 3A 2 u(do*po) state of Pt2(P205)i*H8 i s an extremely 
powerful one-electron reductant i n aqueous solution. Preliminary 
experiments have shown that species such as 0s(NH3)5Cl 2 ( E ] / 2

 = 

-1.09 V vs. SCE) and nicotinamide (Εχ/2 • -1.44 V vs. Ag/AgCl; 
CH30H, pH 7.2) are readily reduced by P t 2 ( Ρ 2 0 5 ) ^ Η 8 \ From these 
and related experiments i t i s apparent^that Pt2(P2°5)4 H8" i s a 

stronger reducing agent than Ru(bpy)3 +* i n aqueous solution. 
C.-M. Che has demonstrated that the back reaction of photo-

generated Pt2(P205H2)^~ with a reduced acceptor can be inhibited 
by a x i a l ligand binding. Addition of CI" traps the mixed-valence 
species, Pt2(P205H2)i +Cl 4", which i s rapidly oxidized by the 
acceptor to Ρί2(Ρ2θ5Η2)ι^ΐ!Γ (Figure 5). 
Hexanuclear Clusters 

The (d i +) 6 clusters (M 6xfi : M = Mo, W; X - C l , Br, I) 
exhibit red luminescence, and the excited state lifetimes are 
remarkably long: 
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N O C E R A E T A L . Polynuclear Complexes in Solution 

Figure 3. Modified Latimer diagram for the Re2Cl8

2'/Re2Cl9 system (E°/V 
vs. SCE). 

Pz 
pa

per 

4 ! _ da» 

4 f — *>• 

dcr* per 

emission 

(0.01 to 20/xs) 

d 8 (dTT)6 ( d z
2 ) 2 . (d z

2) 2 (dTT)6 (dcr*)' 

Figure 4. Electronic structure of d 8 · d 8 systems that highlights the emissive 
da*pa triplet state. 
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2.5 eV 

2 C I 4 + ) ^ ^ ( R 2 c £ + ) 

A A" 

Figure 5. Modified Latimer diagram for the Pt2(P205)4H8

4-/Pt2(P205)H8Cl2

4-
system. 
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2. N O C E R A E T A L . Polynuclear Complexes in Solution 27 

M X Lifetime (ys)(Bu uN* s a i t , CHqCN soin) 
Mo C l 180 
Mo Br 130 
Mo I 50 
W C l 2 
W Br 15 
W I 30 

In recent studies the diamagnetism of the clusters has been 
confirmed(22), which accords with the closed-shell (^ig) ground 
state obtained i n an SCF-X*-SW calculation(23). The positions of 
the emission and weak absorption bands at low temperature suggest 
excited state energies of ̂ 2 eV for a l l three clusteç ions(22,24). 
As t h | energies of these bands are similar for Mo^Cl^ and 
MogBrj^, i t appears that both HOMO and LUMO are largely metal-
centered. Also, i t may be deduced from the symmetry of the EPR 
spectrum of MogCly^ that the oxidized cluster i s a x i a l l y d istor
ted i n some way(22). Although there are several possible 
explanations for the apparent reorganization, an attractive one 
consistent with the values of the £ tensor components i s that an 
eg cluster o r b i t a l i s depopulated on oxidation, and that as a 
result the parent 0^ cluster undergoes a tetragonal d i s t o r t i o n to 
give a 2 A i g (D^) or 2Αχ (0^ ν) ground state for MogCl^. Deter
mination of the nature of the Mo-Mo and Mo-Cl interactions i n the 
half-occupied cluster o r b i t a l w i l l require a f u l l analysis of the 
£ parameters based on structural information for the oxidized 
ion that i s not available at present. 

Electrochemical studies have shown that the cluster ions 
undergo simple one-electron oxidation i n aprotic solvents. 

Reduction potenitals of (Bu^N^MgX^ complexes 
i n CH3CN solution at 25°C. 

Μ/Χ E 1 / 2(V)/Ag/Ag + E 1 / 2(V)/SCE(est.) 

Mo/Cl 1.29 1.60 
Mo/Br 1.07 1.38 
W/Cl 0.83 1.14 

The ΜβΧχι* products are powerful oxidizing agents, rivaled by 
only a few chemical oxidants. Also, the position of the oxidation 
wave r e l a t i v e tg those of the free halide ions confirms that the 
halides i n MgXjIJ are firmly bound. 

The luminescent excited state of ΜοβΟΙ^ reacts rapidly with 
electron acceptors(24). The powerfully oxidizing MogClïi+is pro
duced i n these reactions. Experiments with BSEP as acceptor i n 
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particular confirm that the ion's attractive photochemical pro
perties, o r i g i n a l l y inferred from i t s photophysical and electro
chemical behavior i n nonaqueous media, are retained i n aqueous 
solution as well. These properties, namely, the presence of 
long-lived excited states and the capacity for rapid thermal and 
photochemical redox reactions withou£ major structural change, 
are expected to persist i n the MogBr^IJ and WgCl^ ions also. 

Atom Transfer Processes 

Excited state atom transfer could be very attractive as a 
means to photochemical energy storage, because the accompanying 
structural rearrangements could create s i g n i f i c a n t k i n e t i c 
barriers to the energy-wasting back reactions. What i s more, 
atom transfers t y p i c a l l y are multielectron events, as are most 
useful energy storage reactions. Recent work i n this area has 
involved systems that are well suited for photochemical O-atom 
and C l + transfers. 

Several luminescent (^650 nm) dioxorhenium(V) systems(25) 
have been investigated as potential 0-atom transfer agents. The 
emission quantum yields measured with 436 nm excitation are about 
0.03 for trans-Re02(pyridine) ί and i t s isotopically-substituted 
derivatives i n pyridine solution. The excited state lifetimes 
of these ions vary from 4 to 17 ys. 

Though the electronic spectra of the dioxorhenium(V) ions 
indicate that their excited states possess activated metal-oxygen 
bonds(25), i t has not been possible to demonstrate any simple 
oxygen atom transfer photochemistry with these species. The 
thermodynamic and k i n e t i c barriers to oxygen atom transfer from 
Re02 +* must be quite large. As a res u l t , attention has been 
directed toward a mono-oxo rhenium(V) compound, ReOCl3(PPti3)2, 
i n which the oxygen atom acceptor i s PPI13. J. R. Winkler has 
found that i r r a d i a t i o n of this species i n noncoordinating solvents 
leads to a green product whose infrared spectrum exhibits 
phosphorus-oxygen stretching bands but no rhenium-oxygen stretches, 
In addition, preliminary laser flash spectra suggest that the 
formation of this green product i s rapid (y7 ys) and obeys f i r s t -
order k i n e t i c s . These data imply a unimolecular photochemical 
reductive elimination process i n which an oxygen atom i s transfer
red from rhenium to coordinated PPI13. 

Evidence obtained i n recent experiments by D. G. Nocera 
suggests that energetic species generated by i r r a d i a t i o n of 
Re2Cl8~ may undergo atom transfer reactions (Figure 6). A key 
observation i n this 2context i s that a dichloromethane solution 
of Re2Cl 8" and P t C l 6 " produces Re 2Cl9 upon i r r a d i a t i o n (>560 nm). 
Solutions i d e n t i c a l with those used for the photochemical experi
ment do not react i n the dark over a period of f i v e days at 50°C. 
It i s reasonable to speculate that the reaction involves that 
fraction of the higher excited states of Re2Cl8*" that are believed 
to bypass the θδ* singlet channel, thereby producing a high energy 
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NOCERA ET AL. Polynuclear Complexes in Solution 

Cl Cl 2-* 
I I jP 
Re s « Re 

Λ Λ 

| ç i a 

A 

ci α 9 ci V ci ? , 
Re. ,.Re 

/ Xa7 \ 
Cl C l Cl 

Figure 6. Proposed atom (CV) transfer pathway for the photochemical oxidation 
of Re2Cl8

2~ to Re2Cl9~. 
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(probably Cl-bridged) intermediate(15) that would be i d e a l l y 
suited for C l + transfer to form Re2Clg. In any case, these 
preliminary photochemical experiments are encouraging, because 
they demonstrate that Re2Cl8~ can be converted to Re2Clg by C l + 

transfer, thereby effecting with low energy v i s i b l e l i g h t a net 
two-electron photoredox reaction i n homogeneous solution. 
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Discussion 
A.W. Adamson, University of Southern California: You spoke 

of the bond energy being larger in the excited state, in the 
case of Pt2(P205H2)^ . It seems to me that what the i.r. data 
indicate is that the bond strength, that is, the bond force 
constant, may be larger. The concept of an excited state bond 
energy probably requires some care of definition. In the case 
of ground state molecules, one ordinarily would like the sum of 
all bond energies to add up to the atomization energy. Depen
ding on the definition used, this might not be the case with an 
excited state species. Could you comment on this matter? 

Η. B. Gray: Care of definition is certainly 
needecT The reference dissociation limit must be 
specified. Discussion of this point has been 
published (1). 

(1) Rice, S. F.; Gray, H. B. J . Am. Chem. Soc. 
1981, 103, 1593. 
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C.H. L a n g f o r d , Concordia U n i v e r s i t y : Gray r i g h t l y empha
s i z e s the v a l u e of the search f o r l o n g - l i v e d e x c i t e d s t a t e s as 
i n i t i a t o r s of p h o t o r e a c t i o n i n homogeneous s o l u t i o n . T h i s i s 
because the r e a c t i v e e x c i t e d s t a t e must a c c o m p l i s h an encounter 
w i t h a r e a c t i o n p a r t n e r . The long l i f e t i m e does impose a 
d i s a d v a n t a g e . I t u s u a l l y i m p l i e s a f u l l y r e l a x e d e x c i t e d s t a t e 
which i s prevented from r e l a x i n g t o the ground s t a t e by a 
s u i t a b l e b a r r i e r . T h i s i s one of the l o s s p r o c e s s e s d i s c u s s e d 
by B o l t o n which l i m i t s the e f f i c i e n c y of energy s t o r a g e . In the 
c o n t e x t of energy c o n v e r s i o n , I suspect t h a t n a t u r e uses an 
a l t e r n a t e s t r a t e g y . Both c h l o r o p h y l l and r h o d o p s i n appear to 
a c h i e v e an i r r e v e r s i b l e step very f a s t w i t h o u t w a i t i n g f o r f u l l 
r e l a x a t i o n . Thus, e f f i c i e n c y photochemical s y n t h e s i s of ender-
g o n i c p r o d u c t s c o u l d be argued t o r e q u i r e assembly f i r s t t o 
a v o i d a d i f f u s i o n encounter requirement then the e x a m i n a t i o n of 
" s e l e c t i o n r u l e s " t o d i s c o v e r u s e f u l i r r e v e r s i b l e pathways of 
energy d e g r a d a t i o n . H o l l e b o n e (_1) has proposed an approach t o 
such s e l e c t i o n r u l e s . 

(1) H o l l e b o n e , B.R. ; L a n g f o r d , C H . ; Serpone, N. Coord. 
Chem. Revs. 1981, 39, 101. 

H. B. Gray: We must remember th a t we are s t i l l i n 
the i n i t i a l stages of systematic study of i n o r g a n i c 
o x i d a t i o n - r e d u c t i o n photochemistry. Nature has indeed 
some s l i c k ways to optimize photochemical energy 
conversion. I am c o n f i d e n t t h a t i n o r g a n i c chemists 
w i l l do as w e l l or b e t t e r , perhaps even before the 
t u r n of the century! 

A.B.P. L e v e r , York U n i v e r s i t y : The next few y e a r s w i l l see 
growth i n our knowledge of two e l e c t r o n photoredox r e a g e n t s as 
suggested by the atom t r a n s f e r work you have r e p o r t e d . The 
p u r p o s e f u l d e s i g n of two e l e c t r o n r e a g e n t s might l e a d t o sequen
t i a l two e l e c t r o n redox or c o n c e r t e d two e l e c t r o n redox. For 
purposes such as the o x i d a t i o n of water, how do you see such 
r e a g e n t s d e v e l o p i n g ? 

H. B. Gray: Work on the e x c i t e d s t a t e s of soluble 
metal oxo species t h a t i n a sense are the homogeneous-
s o l u t i o n analogues of T i 0 2 - t y p e m a t e r i a l s i s a promising 
d i r e c t i o n to take, i n my view. 
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2. N O C E R A E T A L . Polynuclear Complexes in Solution 33 

D. Cole-Hamilton, L i v e r p o o l U n i v e r s i t y : P r o f e s s o r Gray, 
some of the platinum complexes t h a t you have prepared a t 
the same time as producing hydrogen c o n t a i n , f o r m a l l y a t 
l e a s t , P t ( I I I ) . Can these compounds act as o x i d i s i n g agents, 
e i t h e r t h e r m a l l y or p h otochemically? 

H. B. Gray: Yes, c e r t a i n of the b i n u c l e a r P t ( I I I ) 
complexes act as m i l d thermal o x i d i z i n g agents, and they 
are more potent o x i d i z e r s when i r r a d i a t e d . 

D.R. M c M i l l i n , Purdue U n i v e r s i t y : You r e f e r r e d t o a r e a c 
t i v e e x c i t e d s t a t e of R e 2 C l 8

l * which had a l i f e t i m e of the 
o r d e r of a microsecond i n CH 2C1 2 s o l u t i o n and suggested t h a t i t 
c o u l d be a s s i g n e d t o the s i n g l e t s t a t e of the δ 1 δ * 1 c o n f i g u r a 
t i o n . That would r e q u i r e i n t e r s y s t e m c r o s s i n g to the a s s o c i a t e d 
t r i p l e t s t a t e to occur w i t h a r a t e constant of the order of 10 6 

sec 1 which seems q u i t e low f o r a t r a n s i t i o n metal complex, 
e s p e c i a l l y one i n v o l v i n g a t h i r d row i o n . Would you comment on 
t h i s p o i n t ? 

Η. B. Gray: M u l t i c o n f i g u r a t i o n SCF c a l c u l a t i o n s 
by P. J . Hay i n d i c a t e t h a t the χδδ*- 3δδ* energy 
s e p a r a t i o n i s over 1 eV, and there i s no evidence f o r 
i n t e r v e n i n g s t a t e s t h a t c ould provide a f a c i l e i n t e r 
system pathway. Thus a r e l a t i v e l y small s i n g l e t - * 
t r i p l e t i n t e r s y s t e m c r o s s i n g r a t e constant i s not a l l 
t h at p e c u l i a r . 

R.A. Walton, Purdue U n i v e r s i t y : The q u e s t i o n as to r o t a 
t i o n a l conformation ( e c l i p s e d or staggered) t h a t c h a r a c t e r i z e s 
the e x c i t e d s_tate geometries of the complex anions [ R e 2 C l 8 ] 2 

and [ M o ^ l g ] 1 * has been addressed by P r o f e s s o r Gray (JL). There 
i s o b v i o u s l y no q u e s t i o n t h a t a s t e r i c a l l y h i n d e r e d complex 
such as M o 2 C l ^ ( P - n - B u 3 ) ^ (1) w i l l r e t a i n the e c l i p s e d geometry 
t h a t p e r t a i n s to the ground s t a t e , thereby p r o v i d i n g an i n t e r 
e s t i n g comparison w i t h [ M o 2 C l e ] ' ' . I should l i k e to mention 
t h a t we have now prepared the s t e r i c a l l y h i n d e r e d quadruply 
bonded d i r h e n i u m ( I I I ) complex [ R e 2 C l „ ( P M e 2 P h ) h ] ( P F 6 ) 2 ( 2 ) , a 
molecule t h a t i s i s o e l e c t r o n i c w i t h the unhindered o c t a c h l o r o d i -
r h e n a t e ( I I I ) a n i o n , [ R e 2 C l 8 ] 2 . A study of i t s e m i s s i o n 
b e h a v i o r would perhaps be of i n t e r e s t . 

(1) Miskowski, V.M.; Goldbeck, R.A.; K l i g e r , D.S.; Gray, 
H.B. I n org. Chem. 1979, 18, 86. 

(2) Dunbar, K.; Walton, R.A., unpublished work. 

Η. B. Gray: Indeed i t would. Please send me a 
sample! 
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Photochemical Intermediates 

J . J . T U R N E R and M. P O L I A K O F F 

University of Nottingham, Department of Chemistry, 
Nottingham NG7 2RD England 

Few would deny the importance of photochemistry -
few would further deny that full exploitation of 
photochemistry demands an intimate knowledge of 
the identity, structure and behavior of the 

appropriate intermediates. In this article we 
review some of the methods used to obtain this 
information, and the techniques are illustrated 
with some detailed examples taken from Organo-

metallic - mostly metal carbonyl - Photo
chemistry (1). Since this symposium looks towards 
the 21st century(!) a few speculations on future 

experiments are included. 

Clearly, mechanistic investigations can provide circumstant
i a l evidence for the participation of parti c u l a r intermediates i n 
a reaction but, here, we are concerned with the d e f i n i t i v e observa
tion of these species. If the intermediates are r e l a t i v e l y stable 
then direct spectroscopic observation of the species during a 
room-temperature reaction may be possible. As a rather extreme 
example of t h i s , the zero-valent manganese radicals, Mn(CO)3L2 
(L = phosphine) can be photochemically generated from Mn2(CO)3L2, 
and, i n the absence of O2 or other ra d i c a l scavengers, are stable 
i n hydrocarbon solution for several weeks C2 ,3 ). However, we are 
usually more anxious to probe reactions i n which unstable i n t e r 
mediates are postulated. There are, broadly speaking, three 
approaches - continuous generation, instantaneous methods and 
matrix isolation. 

Continuous generation simply means that the intermediate i s 
continuously replenished by; some method and examined under pseudo-
equilibrium conditions. For instance, Whyman (4) was able, using 
a special IR c e l l working at high pressure and temperature, to 
monitor the behavior of several species of importance i n the 
thermal hydroformylation c a t a l y t i c cycle. Similarly, Koerner von 
Gustorf and colleagues (5) have monitored the photochemical 

0097-6156/83/0211-0035$07.00/0 
© 1983 American Chemical Society 
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36 I N O R G A N I C C H E M I S T R Y : T O W A R D T H E 21ST C E N T U R Y 

production of substituted iron carbonyls by IR spectroscopy at 
-60OC. 

In the most popular instantaneous technique, f l a s h photolysis, 
a burst of li g h t (or i n pulse r a d i o l y s i s , a pulse of electrons) 
generates a high concentration of intermediates whose disappear
ance i s monitored by k i n e t i c spectroscopy. There are very many 
applications of this technique to Organometallic Chemistry but the 
great problem i s that, using UV methods i n solution chemistry, i t 
is almost impossible to identify an intermediate p o s i t i v e l y . 
Unfortunately, conventional IR spectroscopy, which could provide 
this i d e n t i f i c a t i o n , i s much too slow to monitor r e a l l y fast 
reactions. There are, however, l i k e l y to be technical develop
ments which w i l l overcome this problem. Fourier-Transform IR with 
i t s a b i l i t y to acquire data quickly w i l l prove increasingly 
valuable for f a i r l y slow reactions. Thus, using FTIR, Chase and 
Weigert (6) have monitored the catalyst lifetime i n the Fe(C0)5~ 
catalyzed o l e f i n isomerization, and Kazlauskas and Wrighton (7) 
have characterized the tfjorcodentate intermediate i n the photochem
i c a l formation of tetracarbonyl (4,4 f-dialkyl-2 ^ b i p y r i d i n e ) -
metal from M(C0)5« For genuinely fast reactions the recent 
experiments of Schaffner and colleagues (8) look extremely 
promising; using fast IR detectors and a "point-by-point 1 1 flash 
photolysis technique they have been able to probe the short-lived 
intermediates i n the solution chemistry of Cr(CO)£. There i s also 
the p o s s i b i l i t y of exploiting pulsed Resonance Raman spectroscopy, 
but there w i l l be problems with photolysis and fluorescence being 
more si g n i f i c a n t than Raman scattering (9). Stopped flow and 
related techniques may be considered as a "slow11 form of instant
aneous techniques. 

In both continuous generation and flash photolysis, the 
intermediate starts to react as soon as i t is formed and i f i t is 
very reactive (e.g. "naked" Cr(C0)5, Ni(CO)3) i t may not be 
possible to detect. 

If there i s a si g n i f i c a n t activation energy for these reac
tions, reduction i n temperature may slow the reaction rate to such 
an extent that the intermediate can be examined by more " l e i s u r e l y 
spectroscopic methods (e.g. IR), but simply lowering the tempera
tures w i l l be ineffective for very reactive species which have 
activation energies close to zero. However, i f the species can be 
isolated i n a r i g i d matrix, then reaction may be prevented a l t o 
gether by introducing a higjh activation energy for diffusion. The 
technique of matrix isolation - either i n frozen glasses at 77K or 
in frozen noble gases at *\>4-20K - has provided structural informa
tion about many organometallic intermediates (10-13), but, of 
course, without any k i n e t i c or energetic data. 

In what follows, we select a number of systems of current 
interest and try to i l l u s t r a t e the relationship between the 
results obtained by the various techniques mentioned above. 
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3. T U R N E R A N D P O L I A K O F F Photochemical Intermediates 37 

Cr(CO)s...X and Related Species 

It i s generally believed (1) that the photochemical substitu
tion reactions of Cr(CO)£ can be summarised: 

However, i t w i l l become apparent that the process i s more complex 
than this simple scheme suggests. The objective i s to determine 
the structure of the intermediate, examine i t s behavior and to 
unravel the photochemical processes. This can only be achieved by 
a combination of techniques. 

Matrix Studies. In the early 60 fs Sheline and co-workers 
(14,15) used IR spectroscopy to follow the photochemical behavior 
of frozen solutions of M(CO)fc i n glasses at 77K. Clear evidence 
for the generation of carbonyl fragments was obtained but the 
conclusions were necessarily somewhat speculative. Perutz and 
Turner (16) d e f i n i t i v e l y established the structure of the primary 
photoproduct, Cr(C0)5, by UV photolysis of Cr(CO)£ i n noble gas 
and methane matrices at 20K. Figure 1 i l l u s t r a t e s both IR and 
v i s i b l e spectra. Certain features of this work are worth noting. 
The stoichiometry, symmetry and even bond angles of the carbonyl 
fragments could be determined r e l i a b l y , using isotopic l^CO 
Cl8o enrichment combined with the simple frequency factored 
force f i e l d (17) and simple intensity arguments (18). Thus, the 
primary photoproduct i s Cr(C0)5 with C4V symmetry, i n agreement 
with theoretical predictions.(19) 

[Preparing i s o t o p i c a l l y enriched carbonyls and related 
species i s not always a t r i v i a l problem. We have recently 
developed (20) a method which looks p a r t i c u l a r l y promising i n some 
cases. CW CO2 laser i r r a d i a t i o n of a gas phase mixture containing 
S F 5 as an energy transfer agent can promote thermal chemistry with
out complications due to wall reactions, e.g. 

The i s o t o p i c a l l y enriched carbonyl can be separated from the CO 
and S F 5 i n a c i r c u l a t i n g vacuum system.] 

It was observed that photolysis could be reversed by 
i r r a d i a t i o n of the matrix with l i g h t at a wavelength corresponding 
to the v i s i b l e absorption band of Cr(C0)5. 

Although the IR spectrum of Cr(C0)5 was only s l i g h t l y dependent 
upon the matrix, the position of the v i s i b l e band of Cr(C0)5 was 
extremely sensitive to matrix (21,22). Figure 2 i l l u s t r a t e s this 
effect. Mixed matrix experiments were used to prove that this 
effect arises from interaction between the matrix species and the 

Cr(C0) 6 

hv Cr(C0)5 + CO — C r ( C 0 ) 5 L + CO 

Fe(C0) 5 + 13co + SFe C02 laser Fe(12 C0) 5- x(13co) x 
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cm 1 nm 
Figure 1. Photolysis of Cr(CO)6 in CHk at 20 Κ (IR and visible spectra). 

Key: top, deposition of Cr(CO)$ (Τι* mode marked 6); middle, 15 s photolysis with unfiltered 
Hg arc showing production of Cr(CO)s and molecular CO [Cr(CO), has three IR bands 
(marked Ah Ah and E) and a visible band (marked 5), and the UV band of Cr(CO)$ is not 
shown]; and bottom, 2 min photolysis with Hg arc + λ >375-nm filter, showing regeneration 
of Cr(CO)s. The spectra above 2050 cm'1 and the visible spectra are taken with about five 
times as much material as the spectra below 2050 cm'1. (Reproduced from Ref. 21. Copyright 

1975, American Chemical Society.) 

Ne 
SF6 

CF4 

Ar 

Kr 
Xe ι ! CH4 1 i 
glass 1 . 1 

500 550 600 nm 

INCREASING STRENGTH OF Cr(CO)5...X 
INTERACTION 

Figure 2. Diagrammatic representation of the position of the visible band of 
Cr(CO)5 in different matrices (plot is linear in cm'1). (Reproduced from Ref. 21. 

Copyright 1975, American Chemical Society.) 
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3. T U R N E R A N D P O L i A K O F F Photochemical Intermediates 39 

empty 6th coordination s i t e of Cr(C0)5. Of these species the 
weakest interaction w i l l c l e a r l y involve Cr(C0)5-..Ne and the 
strongest Cr(C0>5...CH4, so although the s h i f t i n i s due 
mostly to perturbation of orbitals only populated i n the excited 
state (12,13), the trend i n X m a x also refle c t s grotmd state i n t e r 
action (23). This interaction i s of very great importance i n 
understanding the solution behavior of tfCr(C0)5fl - i n p a r t i c u l a r , 
i t suggests that no solvent w i l l be completely innocuous towards 
"naked11 Cr(C0)5 and that trace impurities may be extremely 
important i n the photochemistry. An important technique for 
probing the photochemical mechanism involves the combination of 
matrix i s o l a t i o n and the use of plane polarized l i g h t for both 
photolysis and IR/UV-vis spectroscopy (24-26). The polarized 
photolysis can generate pr e f e r e n t i a l l y oriented molecules i n the 
matrix which display dichroic absorption of l i g h t . In the absence 
of photochemical stimulation, the molecules are held r i g i d l y i n 
the matrix cage and so the photochemically induced dichroism can 
subsequently be probed by spectroscopic techniques. [This method 
i s somewhat akin to the use of nematic solvents by Gray and 
colleagues (27) for the assignment of UV spectra, e.g. Mn2(CO)io-J 
In this way i t was shown that the v i s i b l e absorption band i n 
Cr(C0)5...X has a transition moment of Ε symmetry and the detailed 
photochemical behavior could be explained by the scheme shown i n 
Figure 3. It w i l l be noted that this mechanism involves the 
i n i t i a l generation from Cr(C0)£ of C4V Cr(C0)5 i n an excited 
singlet state ( ΊΕ); this matches Hay's calculations, (28) although 
i t has caused some surprise (29). The excited C4V molecule decays 
v i a a structure to ground state C4V 0-k]) and subsequent 
photochemically induced interconversion between Cr(C0)5 in d i f f e r 
ent orientations proceeds v i a this same U3 n intermediate. Thus 
the regeneration of Cr(C0)£ from Cr(C0)5 arises because the Cr(CO)> 
fragment i s " s t i r r e d " by the i r r a d i a t i o n u n t i l the empty coordina
tion s i t e encounters the o r i g i n a l l y ejected CO. This mechanism 
i s relevant to solution chemistry and perhaps fortuitously 
predicts a quantum y i e l d for Cr(CO)£ _JÛL^Cr(C0)5 : ..X of h 
which i s i n exact agreement with a recent determination (30) of 
the quantum y i e l d for the solution reaction of Cr(C0)6 with 
pyridine. 

The matrix experiments thus reveal some complex photochemistry 
of relevance to solution chemistry but the experiments do not 
provide information about kinetics. For this we need a f l u i d 
medium e.g. gas or l i q u i d , and we consider such experiments i n the 
next two sections. Flash photolysis suggests i t s e l f as the tech
nique for detecting a species as reactive as Cr(C0)5 but before 
describing these experiments we show what can be achieved from 
low-temperature solutions. 

Low-temperature Solutions. The matrix spectroscopic data for 
Cr(C0)5...X (Figure 2) suggest that the interaction between 
Cr(C0)5 and saturated hydrocarbons may be quite substantial, 
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CO CO 

Figure 3. Scheme of the photochemical behavior of M(CO)5 in a mixed Nt/Ar 
matrix via a trigonal bipyramidal intermediate. Key: O, the matrix cage; and *, 
*E excited state of Cr(CO)5. (Reproduced from Ref. 25. Copyright 1978, American 

Chemical Society.) 
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3. T U R N E R A N D P O L i A K O F F Photochemical Intermediates 41 

perhaps large enough to s t a b i l i z e Cr(C0)5...(hydrocarbon) species 
at low temperatures i n f l u i d solutions. Tyler and Petrylak (31) 
have indeed shown, using IR spectroscopy, that i n extraordinarily 
well p u r i f i e d methylcyclohexane the species M(C0)5...MCH (M = Cr, 
Mo, W; MCH = methylcyclohexane) can be photochemically generated 
with a lifetime of about an hour at -780C. The degree of purity 
of MCH required i s extremely high since even trace concentrations 
of unsaturated hydrocarbons promote the production of TT-olefin 
complexes. Although there i s l i t t l e doubt that Tyler and 
Petrylak produced Cr(C0)5...MCH, a more sensitive test of these 
weak interactions i s UV-visible spectroscopy (21) and i t i s hoped 
such measurements w i l l be made. 

We have recently been investigating an alternative approach, 
liquid noble gases. These seem to be ide a l solvents for i n v e s t i 
gating organometallic photochemistry; the noble gases are complet
ely transparent over a very wide spectral range (hence long path-
lengths are possible). By working i n a specially designed 
pressure c e l l (32) i t i s possible to cover the temperature range 
^80K to 240K, using Ar, Kr or Xenon, and these noble gas solvents, 
p a r t i c u l a r l y Ar (Figure 2), are l i k e l y to be weakly interacting. 

Surprisingly, metal carbonyls are soluble i n these liquids 
e.g. Cr(C0)6 i n l i q u i d Xe, and Fe(C0)5 even i n l i q u i d Ar. Our 
i n i t i a l experiments have involved N2 complexes, since these are 
expected to be moderately stable, and i n the case of Cr(C0)5N2, 
allow comparison with both matrix i s o l a t i o n and room temperature 
flash photolysis experiments. We have generated (33,34) the 
species Cr(CO)5- x(N2) x (x = 1 to 5) by photolysis of Cr(C0)6 i n 
liquid xenon at -80°C doped with N2. Figure 4 shows both the 
photolytic production of Cr(CO)5N2 and also photochemical regen
eration of Cr(C0)6, i . e . exactly mimicking the matrix behavior 
(22). Prolonged photolysis of Cr(C0)6 i n l i q u i d xenon with higher 
concentration of added N2 generates more highly ^ - s u b s t i t u t e d 
species. Figure 5 shows how the s t a b i l i t i e s of the different 
Cr(CO)6- x(N2) x species depend on the degree of N2 substitution 
and suggests that k i n e t i c parameters might be obtainable. For 
thermally less stable compounds, sequential photolysis and 
spectral analysis are inadequate because the compounds decompose 
before they are detected. However, using a special 4-way c e l l we 
have been able to generate the very unstable species Ni(00)3^, 
by photolysis of Ni (CO) 4 i n l i q u i d Kr doped with N2 at -170OC, and 
record the IR spectrum during UV i r r a d i a t i o n . On switching o f f 
the UV lamp the IR spectrum of Ni (00)3^ decays and by monitoring 
the rate of this decay we have measured k i n e t i c and activation 
energy parameters (35) for Ni(C0)3N 2 + CO •Ni(CO)4 + N2. UV 
photolysis of Cr(CO)£ i n pure l i q u i d xenon ( i . e . i n the absence of 
N2) produced IR bands of a transient species ( t i ^ 2 sec at -78°C) 
which may well be unstable Cr(C0)5...Xe. We believe that such 
experiments w i l l provide an important extra window on solution 
kinetics monitored by flash techniques to which we now turn. 
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Spectra are taken repetitively over 3-min intervals. Bands marked f all decay simultaneously, 
and the band at ~2240 cm'1 demonstrates an underlying feature coincident with the decaying 
absorption. The band marked I is due to Cr(CO)e and it increases in intensity with time, 
probably due to undissolved Cr(CO)e dissolving slowly at the higher temperature. Note that 
the other bands due to Cr(CO)sNt and Cr(CO)k(N»)$ remain unchanged in intensity throughout, 
indicating that these compounds are thermally stable at —79°C. (Reproduced from Ref. 34. 

Copyright by American Chemical Society.) 
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Flash Photolysis i n Solution. Studies on Cr(C0>6 by fl a s h 
photolysis i n solution have been plagued with impurities and some 
of the e a r l i e r work has been shown to be wrong for this reason. 
It i s worth noting that one of the great advantages of the matrix 
technique i s that trace impurities are rarely a problem because 
there i s l i t t l e or no diffusion i n the matrix. Recently Bonneau 
and Kelly Qfi) have obtained d e f i n i t i v e results on this solution 
system, partly by reference to data obtained i n s o l i d matrices 
(21), which suggest that saturated perfluorocarbons should i n t e r 
act with Cr(C0)5 less than other practicable room temperature 
solvents. Thus, Bonneau and Kelly have investigated the laser 
flash photolysis of Cr(C0)5 i n perfluoromethylcyclohexane (C7F14) 
at room-temperature. A transient species (Α^χ ^620 nm) formed 
by the f l a s h , i s assigned to Cr(C0)5 which i s presumably only very 
weakly coordinated to C7F14, since Xjnax i s close to that of matrix 
isolated Cr(C0)5...Ne (624 nm) where presumably the interaction i s 
very small. Bonneau and Kelly were able to follow the reaction of 
Cr(C0)5...C7F14 with other dissolved species, i n par t i c u l a r with 
cyclohexane (the'normal' innocuous solvent'.) to form Cr(C0)5... 
cyclohexane with CO to regenerate Cr(C0)5 and with Cr(C0)6 to 
form Cr(C0)5...Cr(C0)6. Also i t was noted that the rate of decay 
of Cr(C0)5...C7F14 was enhanced by N2 presumably forming Cr(C0)5N2-
The relationship between solution and matrix data are i l l u s t r a t e d 
i n Figure 6. 

More recently, Lees and Adamson (37) have used flash photo
l y s i s to investigate the reaction of W(C0)6 with 4-acetylpyridine 
(L) i n methylcyclohexane (S). A transient with X m a x = 425 nm i s 
assigned to W(C0)5S ( c f . the matrix data (21) W(C0)5...CH4 i n 
s o l i d CH4 has X m a x = 415 nm) and the overall reaction can be 
summarised: 

hv 
W(C0)6 •W(C0) 5S + CO 

S 
W(C0)5S « *W(C0) 5 + S 

W(C0)5 + L *W(C0)sL 

The detailed analysis of this scheme leads to a number of sur
prises; for instance, the rate constant for reaction of W(C0)5 
with L i s 270 times larger than with S. Their analysis did, 
however, ignore possible complications due to impurities, 
p a r t i c u l a r l y H2O. 

The li m i t a t i o n i n a l l of these flash experiments i s that only 
broad featureless UV/vis bands are observed and hence assignment 
has to rely on comparison with matrix data and/or k i n e t i c consist
ency. How much more informative vibrational spectroscopy would 
be.' There i s good reason to be optimistic as i n the recent work 
of Schaffner (8), where, incidentally, i t i s shown how important 
a role i s played by traces of H2O i n the detailed mechanism of 
the photochemistry of Cr(C0)6-
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cyclohexane rCr(CO)5...cyc. 

510 nm 

C r ( C O ) 6 = 3 t Cr(CO)5 — — •Cr(CO)5... OCCr(CO)5 

C O ™ ^ C r ( C 0 , 6 AQti nm 
620 nm 

No 
485 nm 

^Cr(CO)5N2 

? nm 

k For all Cr(C0)5 reactions ~ 4 * 109 dm3 mol"1 s"1 

Figure 6. Summary of the results of flash photolysis of Cr(CO)6 in C7FH in solu
tion. (Reproduced from Ref. 36. Copyright 1980, American Chemical Society.) 
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One might conclude this f i r s t section by commenting that the 
combination of room-temperature and cryogenic techniques now 
available promises to unravel some photochemical problems of 
considerable complexity. Before turning to some further examples, 
i t i s worth noting some very interesting recent experiments 
involving the gas phase photochemistry of Cr(CO)£. 

Flash Photolysis i n the Gas Phase. The only way of obtaining 
completely "naked" Cr(C0)5 must be i n a low pressure gas, and 
Breckenridge (38) has described preliminary gas phase experiments 
with the ultimate objective of following the behavior of naked 
Cr(C0)5. Flash photolysis of Cr(C0)5 vapour with the frequency 
t r i p l e d output of a pulsed Nd YAG laser at 355 nm shows a transient 
species ( X m a x 485 nm) with a lifetime of several hundred ysec -
presumably Cr(C0)5...Cr(C0)£ ( c f . Bonneau and Kelly (36))· [with 
highly focussed lasers, multiphoton effects are observed and spec
ies such as Cr, C r + detected/] In the presence of Ar or CH4, gas 
phase transients were observed at wavelengths corresponding to the 
matrix species (21) Cr(C0)5...Ar and Cr(C0)5...CH4. In these 
experiments there was no evidence for loss of more than one CO. 
However, i n related experiments, Yardley et a l (39) have photo-
lysed gas phase Cr(CO)5/PF3 mixtures with a pulsed KrF laser 
(λ = 248 nm) and examined the dist r i b u t i o n of Cr(CO)6- x(PF3) x 

products. By analogy with more detailed experiments CâQ) on 
Fe(CO)5/PF3 mixtures they conclude that the primary photofrag
mentation quantum yields are : 

Cr(CO) 5 Cr(C0)4 Cr(CO)e Cr(C0)2 
.03 i .03 .73 ±.16 .14 ± .05 0.1 ± .06 

Yardley and co-workers conclude that a 248 nm proton has sufficient 
energy (115 kcal mol~l/481 kJ mol" 1) to break four Cr-CO bonds of 
average strength 25.0 kcal mol'l. It i s suggested that i n the 
gas phase the production of lower fragments i s possible by 
sequential CO loss, following absorption of one photon because 
there i s a high degree of internal energy retention i n the remain
ing carbonyl fragment, whereas i n condensed phases ( l i q u i d or 
matrix) rapid dissipation of excess energy due to intermolecular 
interaction prevents additional fragmentation. This i s why KrF 
photolysis of Cr(C0)e/l-butene mixtures i n the gas phase can 
result i n isomerization to 2-butene (39). Complexation of a low 
carbonyl fragment to the o l e f i n produces a π-complex which i s 
s t i l l coordinatively unsaturated and which i s thus capable of 
additional unimolecular or bimolecular reaction. 

The difference between these two sets of gas phase experiments 
i s very interesting and a f u l l explanation i s awaited. Meanwhile 
i t i s worth commenting that matrix i s o l a t i o n work has already 
provided information about these lower carbonyl fragments. 
Prolonged photolysis of M(C0)fc (M = Cr, Mo, W) produces sequential 
CO loss to give M(C0) 5, Μ(00) 4, M(C0) 3 and M(C0) 2 (£JJ , with the 
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3. T U R N E R A N D P O L I A K O F F Photochemical Intermediates 47 

loss of each CO group presumably requiring the absorption of one 
UV photon. Isotopic substitution and IR band intensity measure
ments suggest the following structures for these species: 
M(C0)5-C4V; M(C0)4-(cis di-vacant) C2 V; M(C0)3"C3V; M(C0>2 -
uncertain. These structures are i n agreement with the theoretical 
work of both Burdett and Hoffman (19). It should be noted that 
carbonyl fragments i n matrices can be generated by either 
"molecular striptease" involving prolonged photolysis of parent -
e.g. Fe(C0)5 i n argon eventually produces Fe atoms (42) - or by 
cocondensation of metal atoms with CO/Ar mixtures, a technique 
exploited by several workers but p a r t i c u l a r l y i n the laboratories 
of Ozin and Moskovits (10). 

Note added in typing. In a very recent paper (81) Vaida and 
co-workers have used picosecond laser photolysis to show that, i n 
cyclohexane solution, Cr(CO)5...cyclohexane ( X m a x 497 nm) i s 
formed within 25 ps of the photolysis of Cr(C0)£. This suggests 
that, i n solution, the primary photoproduct i s Cr(C0)5 and that 
there i s essentially no activation energy for the reaction of 
Cr(C0)5 with the solvent. Clearly, experiments with pulsed 
KrF lasers on carbonyls i n solution and matrix may be very 
revealing. 

Some Other Carbonyls and Related Species 

In this section, we outline a number of studies by various 
workers i n which matrix i s o l a t i o n experiments have contributed to 
the understanding of some photochemical pathways and where the 
objective was to relate the experiments to room-temperature photo
chemistry. We then consider b r i e f l y some current problems involv
ing dinuclear and polynuclear carbonyls. 

Organometallic Intermediates by CO Loss. There are many 
studies where the primary photoproduct generated by CO loss has 
been characterized i n a matrix. One example w i l l i l l u s t r a t e . 
Rest (43) and Wrighton (44) have irradiated (n5-C5H5)W(CO)3R i n 
noble gas and paraffin matrices respectively; the observed product, 
i d e n t i f i e d by IR spectroscopy, i s (n5-C5H5)W(CO)2R and there i s no 
evidence for a radical pathway probably because of i t s low quantum 
y i e l d and the ready recombination of radical pairs i n the frozen 
environment. By warming the paraffin matrix, Wrighton (44)was 
able to observe for R = n-pentyl, i n addition to reformation of 
the starting species, a s i g n i f i c a n t conversion of the coordinativ-
ely unsaturated 16e species to trans (n^-C5H5)W(CO)2(l-pentene)H 
i.e . the $-H transfer was observed at temperatures as low as 
-100°C, a result of potentially great significance for c a t a l y t i c 
cycles (vide i n f r a ) . 

Selective Photochemistry. It i s well known that for many 
substituted metal carbonyl compounds i n solution, photochemical 
loss of either CO or the substituent L can be promoted depending 

American Chemical 
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on the wavelength of i r r a d i a t i o n used (1). It has often been 
supposed that i n a frozen matrix the "cage ef f e c t " would preclude 
the observation of any intermediates produced by loss of a bulky 
ligand L because " i n cage" recombination would be very f a c i l e . 
In an elegant series of experiments involving both independent 
and j o i n t work Rest and Oskam and their colleagues have shown how 
solution chemistry involving even large ligands can be mimicked i n 
a matrix but with some differences not yet resolved. A nice 
example (45) involves Cr(C0)5(pyrazine) isolated i n Ar. Irradia
tion at 229, 254, 280 or 313 nm produces cis-Cr(CO)4(pyrazine) 
( i . e . CO loss) whereas i r r a d i a t i o n with λ = 405 or 436 nm gives 
Cr(C0)5 ( i . e . pyrazine l o s s ) . Similarly (46) short-wavelength 
photolysis of matrix isolated M(C0)5pip complexes (M = Cr, Mo, W; 
pip = piperidine) gives M(C0)4pip species of C s symmetry and long 
wavelength photolysis results i n M(C0)5-

Η-Containing Compounds (47). The key intermediate i n the 
photochemistry of (r|5-C5H5)2WH2 i n solution i s believed to be 
tungstenocene, (n5-C5H5)2W (48)• Photolysis of the dihydride 
species i n a CO matrix shows (49) the formation of (n^-C5H5)2W, as 
well as some (r^-Cs^^WCO but no HCO. This i s surprising sinceitis 
known that Η atoms react readily with CO to form HCO. Thus, i t i s 
concluded that the loss of H2 from (r|5-C5H5)2WH2 i s close to 
concerted and no Η atoms are produced. In contrast (50) photoly
si s of (n5-C5H5)2ReH i n a CO matrix does generate HCO as expected 
as well as rhenocene, (n^"C5H5)2Re. 

Photolysis ( H ) of H2Fe(C0)4 i n matrices at 10K with 254 nm 
li g h t produces f i r s t Fe(C0)4 (52) and subsequently lower carbonyl 
species Fe(C0)3 (53) etc. The process i s readily reversed, 
p a r t i c u l a r l y i n H2~doped matrices, e.g. by v i s i b l e l i g h t and even 
on warming the matrix to 20K; this l a t t e r observation suggests 
that the activation energy for the oxidative addition of H2 to 
Fe(C0)4 must be extremely small. At f i r s t sight estimating the 
re l a t i v e quantum yields for Η loss and CO loss from HM(C0) x 

species i s impossible since, although the Η atoms readily escape, 
CO reversal i s so f a c i l e (see Cr(C0)5 section). However, by 
carrying out the photolysis i n a s o l i d l^CO matrix, the approx
imate r e l a t i v e quantum yields can be obtained by comparing the 
rate of production of the Η-loss fragment with the rate of 
incorporation of i^CO into the parent. For both HMQ(C0)5 (5A) and 
HCo(C0)4 (55), CO loss i s about an order of magnitude more 
important than Η loss, even though the apparent primary product i n 
each case i s Μα(CO)5 and Co(CO)4. It i s for this reason that the 
d e f i n i t i v e i d e n t i f i c a t i o n of the spectrum and structure of the 
important hydroformylation intermediate, HCo(C0)3, has been so 
d i f f i c u l t (56,12). 

Interaction with Hydrocarbons. Wrighton CD, i n p a r t i c u l a r , 
has shown how photolysis of suitable precursors i n solution can 
generate higher concentrations of c a t a l y t i c intermediates than 
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3. T U R N E R A N D P O L I A K O F F Photochemical Intermediates 49 

obtained i n conventional thermal reactions. One of the aims of 
homogeneous catalysis i s the easy activation of hydrocarbons (58), 
and one of the most interesting recent relevant experiments i s 
photochemically induced C-H activation i n a completely saturated 
hydrocarbon (59). 

There are some interesting matrix experiments of relevance to 
this problem. Although the interaction of CH4 with Cr(C0)5 i s 
only s light (vide supra) the interaction between CH4 and Fe(C0)4 
i s s u f f i c i e n t l y great to a l t e r the geometry of the Fe(C0)4 frag
ment considerably (52,60). We are planning with new FTIR tech
niques, to probe this interaction i n more d e t a i l . In a recent 
extension of e a r l i e r experiments (vide supra) Kazlauskas and 
Wrighton (£1) have detected two types of intermediate on photo
l y s i s of (TV>-C5H5)W(CO)3R i n paraffin matrices. With R = CH3 the 
intermediate i s blue, but when R contains $ hydrogens the i n t e r 
mediate i s yellow; by analogy with the Cr(C0)5 interaction data 
(21) i t i s concluded that this yellow intermediate adopts a c y c l i c 
structure i n which a $-H i s coordinated back to the metal centre. 

The most potent species for activating hydrocarbons are 
l i k e l y to be naked transition metal atoms. Margrave (62) and 
Ozin (63) have shown that cocondensation of Fe atoms or Cu atoms 
with methane at ^10K followed by UV i r r a d i a t i o n produces def i n i t e 
spectroscopic evidence for the insertion of the metal atoms into 
the C-H bond. 

It i s l i k e l y that further experiments along these lines w i l l 
open up new c a t a l y t i c p o s s i b i l i t i e s . 

Rearrangements. It w i l l have been obvious from the Cr(C0)5-.. 
X discussion above that the matrix technique i s p a r t i c u l a r l y well 
suited to the examination of photochemically induced rearrange
ments and isomerization since the matrix holds the par t i c i p a t i n g 
species i n fixed positions and hence allows spectroscopic study 
of each, yet allows ready photochemical interconversion. 

One of the more detailed studies of this type (£4) has i n v o l 
ved the unravelling of the rearrangement modes of the coordinat-
iv e l y unsaturated species W(C0)4CS, which was generated by UV 
photolysis of W(C0)5CS; the experiments involved IR/UV spectros
copy, wave-selective photolysis and analysis based on ^C0 sub
s t i t u t i o n . The results are summarised i n Figure 7. These 
experiments also confirm that W(C0)4CS i s i n i t i a l l y formed i n an 
excited state, as predicted by the scheme outlined i n Figure 3. 

Even more complex experiments have been performed on matrix 
isolated Fe(C0)4, generated by UV photolysis of Fe(C0)5. Isotopic 
l a b e l l i n g coupled with CW-CO laser pumping (65) of the CO stretch
ing vibrations (\>1900 curl) showed that the rearrangement mode of 
Fe(C0)4 follows an inverse Berry pseudo-rotation as shown i n 
Figure 8. 

Similarly, i n experiments with Fe(fi0) (generated i n a 
matrix from Fe(C0)4L; L = NMe3) , the C3 V and C s forms of the 
species can be interconverted with l i g h t of appropriatE wavelength(66). 
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S 
c 

xmax ~ 3 0 5 n m 

300 nm 

S 
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/vmax 
445 nm 

48Sf 
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Figure 7. Summary of the photochemistry of W(CO)5CS in an Ar matrix. (Repro
duced from Ref. 64. Copyright 1976, American Chemical Society.) 

1919 

1898 

1902 

1894 

1894 

1881 

1901 

1894 

1881 

Figure 8. The observed IR-laser induced isomerizations of Fe(12Cî60)h-j(13C180)x 

species in an Ar matrix. X represents the 13C180 group, and the numbers represent 
the wavenumbers of the CO laser lines that induce the particular isomerizations. 
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Photochemical Routes. F i n a l l y , two sets of experiments from 
Rest's laboratory which demonstrate the subtle implications of 
quite complex matrix photochemistry experiments. The f i r s t (67) 
involves (r)5-C5H5)Co(C0)2 and can be summarised 

(n5c 5H 5)Co(CO) 2 * < 2 8 0 n m / C Q » * t T i l (n3-c 5H 5)Co(CO) 3 

λ > 290 nm 
[There was no evidence for production of (n^-Cs*^)Co(C0) i n Ar 
matrices, presumably because of very ready recombination with CO 
in the matrix cage. Whether a matrix isolated carbonyl molecule 
can eject CO without automatic recombination probably requires 
the photochemical path to lead to a ground state fragment i n 
which the empty coordination s i t e i s oriented away from the photo-
ejected CO - see the Cr(C0)5 photochemical scheme (Figure 3) .] 
In a CO matrix, therefore, the primary product involves an expand
ed coordination number ("ring-slippage") and i t i s argued that 
such a species i s consistent with the associative mechanism prop
osed for room temperature substitution reactions of (r|5-C5H5)Co-
(C0) 2. 

By contrast, when (n5-C5H5)Fe(C0)2(C0R) i s photolysed (fcâ), 
even i n CO matrices, only CO loss i s observed with (r|5-C5H5)Fe-
(C0)(C0R) being formed en route to (n5-C5H5)Fe(CO)2R. 

Dinuclear Carbonyls. One of the characteristic features in 
the UV spectra of metal-metal bonded dinuclear carbonyls and 
substituted species i s an intense band i n the 350 nm region (1). 
For example, for Mn2(CO)io this band, at 336 nm, i s assigned to 
a transition from the f i l l e d σ M-M bonding molecular o r b i t a l to 
the corresponding antibonding o r b i t a l . Confirmation of this 
assignment comes from an elegant experiment (27) based on the 
argument that such a transition must be polarized along the Mn-Mh 
axis ( i . e . of tr a n s i t i o n moment B2) confirmed by examining the 
dichroic properties of IR and UV bands of MXI2(CO);LO i n a nematic 
solvent. 

A great deal of photochemistry of dinuclear carbonyls i s 
consistent with the generation of radicals following M-M bond 
schism on i r r a d i a t i o n into the σ — • o*band. However, even for 
the much studied Mri2(CO)io the picture i s s t i l l obscure. For 
instance, pulse radiolysis (65) and flash photolysis (70-72) 
combine to suggest that i n addition to generation of two Mn(C0)5 
radicals other photochemical routes may involve bridged-Mn2(CO)^o> 
Mn2(CO)9,Mn2(CO)3; however, i n view of the enormous importance of 
solvent interactions and impurities (see Cr(C0)5 above) one 
wonders what the correct explanation i s going to be. 

Matrix i s o l a t i o n has already provided a valuable insight into 
the behavior of dinuclear carbonyls. In the f i r s t experiments of 
this kind we were able (ZD to show that, on photolysis i n s o l i d 
Ar, Fe2(C0)g loses CO to form Fe2(C0)s i n both bridged and 
unbridged forms and the behavior of these fragments was studied; 
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interestingly Hoffmann (74) has recently drawn attention to this 
Fe2(C0)3 species and to Stone's experiments involving polynuclear 
complexes of Fe2(CO>3. More recently, Sweany and Brown (75) have 
shown that UV photolysis of 002(00)3 i n argon generates unbridged 
Co2(CO)7, while i n CO matrices there i s evidence for Co(CO)4. 
Thus, there i s evidence that matrix studies could help with 
Mri2(CO)i0> unfortunately, such experiments have so far been 
rather unrevealing. Presumably the Cage Effect encourages the 
recombination of any Mn(C0)5 radicals generated by photolysis. 
Indeed the best way of generating Mn(C0)5 photochemically i s by 
UV photolysis of H*fci(C0)5 in a CO matrix (54). The structure of 
Mn(C0)5 as a C4 V fragment has now been established (54) by 
isotopic IR and, more recently, confirmed by ESR (£6). It i s , 
however, our b e l i e f that subtle wavelength-dependent photolysis 
experiments, p a r t i c u l a r l y using polarized l i g h t , w i l l eventually 
unravel the problem of Mri2(CO)io* 

Another dinuclear carbonyl which presents interesting prob
lems i s [(n5-C5H5)Fe(C0)2] 2· D o e s t l i e photochemistry proceed 
exclusively through homolytic f i s s i o n to produce two (1̂ -05115) Fe-
(C0)2 radicals or by other possible routes? The discussion of 
this reaction has involved mechanistic and synthetic studies (77), 
flash photolysis (78) and low-tempe rature photolysis (22.) - the 
l a t t e r work, i n THF or ethyl chloride at -78°C, invokes an i n t e r 
mediate i n which the Fe-Fe direct bond i s broken but the two 
halves of the molecule are held together by a CO bridge. Clearly 
such an i n t r i g u i n g problem merits more detailed investigations. 

Polynuclear Clusters. The photochemistry of polynuclear 
clusters i s a very active f i e l d , partly because of the potential 
c a t a l y t i c importance of these compounds. It i s s t i l l not clear 
how to predict the conditions which w i l l lead to d e c l u s t e r i f i c a -
tion as opposed to internal rearrangement or substitution (1). 
There i s an absence of good d e f i n i t i v e evidence for s p e c i f i c 
intermediates and we close with a hint. Some years ago i n rather 
crude unpublished work (80) we showed that the photolysis of 
Fe3(CO)i2 isolated i n a matrix led to production of some CO, but 
more p a r t i c u l a r l y , complete disappearance of IR bands due to the 
bridging CO groups and the appearance of new terminal CO IR bands. 
We believe that careful studies of this kind, taking advantage of 
sophisticated FTIR methods, w i l l provide valuable insight into 
even complex photochemical intermediates. 
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Discussion 

A.W. Adamson, U n i v e r s i t y of Southern C a l i f o r n i a : You spoke 
of an e x c i t e d s t a t e C^ product. We have never been able t o 
observe s o l u t i o n p h otochemistry of a c o o r d i n a t i o n compound i n 
which l i g a n d d i s s o c i a t i o n produces an e x c i t e d s t a t e p r o d u c t . 
F u r t h e r , w h i l e chemiluminescent r e a c t i o n s are known, the ones 
i n v o l v i n g c o o r d i n a t i o n compounds produce l i g h t o n l y i n q u i t e 
low y i e l d , i n d i c a t i n g t h a t the path through an e x c i t e d s t a t e i s 
not a f a v o r e d one. JDo you know of any d i r e c t e x p e r i m e n t a l 
evidence f o r the [C^ ] product? 

J.J. Turner. University of Nottingham: The short answer i s 
No(!); but the f i r s t point to make i s that we don't claim that 
C4v Cr(C0>5 i n an excited state i s a 'product' - undoubtedly the 
'product' i s C4 V Cr(C0>5 i n the ground state. What the experiments 
t e l l us i s t h i s . The polarized photolysis/spectroscopic experi
ments (ref. 24,25 of above) prove that the Cr(C0>5X species are 
' s t i r r e d ' by v i s i b l e l i g h t , f i r s t v i a an excited state of the 
C4 V Cr(C0>5X and then, almost certainly, v i a the D3 n intermediate 
state (see figure 9 i n ref. 25), i . e . a l l the pathways i n 
figure 3 (above) are established except that from Cr(C0)5 to D3 n 

Cr(C0)5 v i a the excited C4 V fragment. However, i n matrix 
experiments, my colleague, Martyn Poliakoff (ref. 64 above), 
showed that photolysis of s t e r e o s p e c i f i c a l l y ^ço-labelled trans-
(13C0)W(C0)4CS y i e l d s , as the major product, square-pyramidal 
cis-('L3C0)W(C0)3CS with the CS group i n the a x i a l position, i . e . 
the p r i n c i p a l path involves loss of equatorial CO and rearrange
ment of the remaining CS and four CO groups. Whether this i s 
imagined as CO loss followed by rearrangement ( i . e . analogous to 
the excited state path i n figure 3)or as a concerted process does 
not affect the argument - we certainly don't consider the excited 
C4 V fragment as a 'thexi' state, we just find i t easier to 
picture the 6 > 5 process v i a the excited fragment. 

G.A. O z i n , U n i v e r s i t y of T o r o n t o ; In our Cr/CO m a t r i x 
c o c o n d e n s a t i o n experiments (Angew. Chem., I n t . Ed. Eng. 1975, 
14, 292), we r e p o r t e d evidence f o r the f a c i l e f o r m a t i o n of a 
b i n u c l e a r chromium c a r b o n y l complex C r 2 ( C O ) i 0 or C r 2 ( C O ) x x 

which c o u l d be d e s c r i b e d as square p y r a m i d a l Cr(CO) 5 weakly 
i n t e r a c t i n g w i t h e i t h e r a Cr(CO) 5 or Cr(CO) 6 moiety i n the 
v a c a n t ( s i x t h ) s i t e . As a r e s u l t , the i n f r a r e d spectrum of t h i s 
" w eakly-coupled" b i n u c l e a r s p e c i e s c l o s e l y resembled t h a t of 
the mononuclear fragment C r ( C 0 ) 5 . I would l i k e to ask you, 
whether or not you have any evidence f o r the e x i s t e n c e of such 
a b i n u c l e a r s p e c i e s i n your Cr(CO) 6 /Xe c r y o g e n i c s o l u t i o n s 
f o l l o w i n g v a r i o u s p h o t o l y s i s t r e a t m e n t s . 
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J.J. Turner, university of Nottingham: You are quite correct 
that species such as Cr(C0>5...X, where X i s a weakly coordinat
ing 'ligand* such as Ar, Xe, CH4, Cr(C0>6, show barely distinguish
able IR spectra i n the carbonyl region. However, the v i s i b l e band 
is extremely sensitive to X whether measured i n matrices (Ar, 
533 nm; Xe, 492 nm; CH4, 489 nm (see ref. 21 above); Cr(CO)£, 
^460 nm (J. Amer. Chem. S o c , 1975, 97^ 4805)) or i n solution 
(cyclohexane, 510 nm; Cr(C0)6, 485 nm (see ref. 36 above)). The 
position of this band ref l e c t s the strength of Cr(C0)5/X i n t e r 
action which suggests that Cr(C0)£ and Xe w i l l interact s i m i l a r l y 
with Cr(C0)5; given that i n l i q u i d Xe, Cr(C0)6 i s extremely dilute 
(̂ 1 ppm) i t seems unlikely that one would observe Cr(C0)5... 
Cr(C0)6 i n preference to Cr(C0)5...Xe. Nevertheless, proof of 
this must await UV data which we are i n the process of obtaining. 

Two further related comments. F i r s t l y , since Ν2 i s a "good" 
ligand ( X m a x , 364 nm) , with N2~doped Xe there i s no trace even of 
Cr(C0)5...Xe since Cr/C0/N2 species predominate. Secondly, during 
experiments with Ni(CO)4/N2/liquid Kr (see above), photolysis i n 
the complete absence of dissolved N2 led to the appearance of a 
transient carbonyl species with IR bands similar to those assigned 
to NÎ2(C0)7 (J.E. Hulse and M. Moskovits; unpublished data) -
presumably the interaction of Ni(CO)3 with Ni(CO)4 i s considerably 
stronger than with Kr. 
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Fuel and Electricity Generation from Illumination 
of Inorganic Interfaces 

M A R K S. W R I G H T O N 

Massachusetts Institute of Technology, Department of Chemistry, 
Cambridge, MA 02139 

Semiconductor-based photoelectrochemical devices 
represent good systems for the sustained, direct 
conversion of light to chemical or electrical 
energy. The interfacial structure, energetics, and 
redox kinetics control the overall performance of 
such systems. Examples of improvements in 
efficiency and durability of photoelectrochemical 
cells stemming from chemical manipulations at 
semiconductor/liquid electrolyte interfaces 
illustrate the critical importance of understanding 
interface properties. 

Inorganic chemistry at in terfaces i s c r u c i a l to a large 
number of processes, systems, and devices that have p r ac t i c a l 
consequence now and in to the 21st century. Heterogeneous 
c a t a l y s t systems, ba t t e r i e s , fuel c e l l s , f i e l d e f fec t 
t r a n s i s t o r s , op t i ca l and acoust ica l recorders, sensors, so la r 
c e l l s , and even natural plant photosynthesis are a l l dependent on 
in t e r f aces . I t i s becoming evident that cha rac t e r i za t i on , 
synthes is , manipulat ion, and understanding of i n t e r f a c i a l 
proper t ies w i l l comprise a s i g n i f i c a n t f rac t ion of the 
fundamental e f fo r t undergirding many p rac t i ca l app l ica t ions of 
inorganic chemistry. With the advent of an arsenal of new 
spectroscopic probes i t i s apparent that chemically complex 
in ter faces can be character ized with good r e s o l u t i o n . The impact 
o f the s t ruc tura l charac te r iza t ion of interfaces i s l i k e l y to be 
as great as from the s t ruc tura l charac te r iza t ion that i s 
commonplace for r e l a t i v e l y small molecular e n t i t i e s . E luc ida t ion 
of molecular s t ructure plays a central ro le i n the understanding 
of reactions and leads to in s igh t in to de t a i l s of mechanism and 
e l e c t r o n i c s t ruc ture . E x p l o i t a t i o n of interfaces i n 
inorganic-based systems can continue with no new i n s i g h t s . 
However, as the 21st century approaches inorganic chemists have 
the opportunity to contr ibute heavi ly to the understanding of 

0097-6156/83/021l-0059-$09.25/0 
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in terfaces and ra t iona l app l i ca t ion of basic knowledge to better 
use in te r faces . 

One current basic research endeavor involves the use of 
i l l umina ted i n t e r f a c i a l chemical systems to bring about the 
sustained conversion of op t ica l energy to chemical or e l e c t r i c a l 
energy. In fac t , semiconductor-based photoelectrochemical c e l l s 
l i k e that i n Scheme I represent the best chemical systems for the 
d i r e c t conversion of op t ica l energy to e l e c t r i c a l energy or to 
chemical energy i n the form of high energy redox products .(1) 
In such devices the l igh t -absorb ing semiconductor electrode 
immersed i n an e l e c t r o l y t e so lu t ion comprises a photosensi t ive 
in te r face where thermodynamically u p h i l l redox processes can be 
driven with op t i ca l energy. Depending on the nature of the 
photoelectrode, e i ther a reduction or an oxidat ion ha l f - r eac t ion 
can be l i g h t - d r i v e n with the counterelectrode being the s i t e of 
the accompanying h a l f - r e a c t i o n . N-type semiconductors are 
photoanodes, p-type semiconductors are photocathodes, (2^2*1) a n d 

i n t r i n s i c materials (5) can be e i the r photoanodes or photo-
cathodes depending on the nature of the contact by both the 
l i q u i d and the wire of the external c i r c u i t . Within the past 
decade remarkable progress has emerged from conscious ef for ts to 
understand and improve semiconductor-based photoelectrochemical 
c e l l s . Systems based on η- type GaAs,(6,_7) η- type WSe2, a n d 

p-type InP (1Ό, 11) have been shown to "Be able to convert sunl ight 
with greater e f f i c i ency than the widely regarded minimum useful 
e f f i c i e n c y of 10% for large scale energy generation from sunl ight 
i n the United States.(12^) 

The aim of t h i s presentation i s both to ou t l ine recent 
advances and to iden t i fy problems associated with i l lumina ted 
semiconductor electrodes for op t i ca l energy conversion. Results 
from th i s laboratory w i l l be h igh l igh ted . P r ac t i c a l 
a p p l i c a t i o n s , i f they come at a l l , w i l l be important i n the 21st 
century and beyond. However, though the prospects for large 
scale energy generation from sunl ight may appear dim, i t i s c l ea r 
that e x i s t i n g f o s s i l fuel reserves are f i n i t e , f i s s i o n nuclear 
power has an uncertain future, and fusion does not work now and 
may not work i n the future. Solar chemical conversion schemes do 
work on a large scale as evidenced by the natural photosynthetic 
apparatus. E x i s t i n g so lar i n s o l a t i o n i s far greater than man's 
needs. The research e f fo r t required to f u l l y inves t iga te 
i n t e r f a c i a l so lar conversion schemes i s worth expending when 
viewed against the poss ible return and the prospect that other 
a l t e rna t ives may prove unacceptable from a t e c h n i c a l , s o c i a l , 
p o l i t i c a l , economic, or safety standpoint. 

Semiconductor/Liquid E l e c t r o l y t e Interface Energetics 

Schemes II and I I I represent the equ i l ib r ium interface ener
get ics for ideal n- and p-type semiconductors, r e spec t ive ly , for 
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4. W R I G H T O N Fuel and Electricity Generation 61 

Scheme I. Semiconductor-based photoelectrochemical cell. Energy output may be 
in the form of electricity by putting a load in series in the external circuit, or the 
output can be in the form of chemical energy as redox products formed at the 
electrodes. N-type semiconductors effect uphill oxidations upon illumination, and 
p-type semiconductors effect uphill reductions under illumination. Either or both 

electrodes in the cell can be a photoelectrode. 
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contact by e l e c t r o l y t e so lu t ions containing d i f fe ren t redox 
reagents that vary i n electrochemical p o t e n t i a l , Ε Γ Ρ ( ι Ω Χ . ( 2 , 3 , 4 , 1 3 ) 
For E r e ( j o x s u f f i c i e n t l y negative for η - , or s u f f i c i e n t l y p o s i t i v e 
for p-type, semiconductors the electrode behaves as a m e t a l l i c 
e lec t rode , not blocking the flow of electrons i n e i the r 
d i r e c t i o n . This s i t u a t i o n i s analogous to the c r i t e r i a for 
forming an ohmic contact to an n- or p-type semiconductor.(14) 
When E r e ( j o x i s between the top of the valence band, Εγβ, ancFthe 
bottom of the conduction band, EQB» the p-type semiconductor i s 
b locking to reductions and the η- type semiconductor i s b locking 
to oxidat ions i n the dark. The minori ty c a r r i e r (e~ or h + for 
p- or η - type semiconductors, respec t ive ly) i s only ava i l ab le upon 
photoexci ta t ion with >E« l i g h t and i s driven to the in te r face , 
owing to the f i e l d i n tne semiconductor near the surface. The 
a v a i l a b i l i t y of the minori ty c a r r i e r at the in terface upon 
photoexci ta t ion allows oxida t ion with h + or reduction with e", 
and importantly the o x i d i z i n g power of the h + for n- and the 
reducing power for p-type semiconductors can be greater than that 
associated with the electrochemical potent ia l (Fermi l e v e l ) , Ef , 
i n the bulk of the semiconductor. This means that l i g h t can be 
used to dr ive thermodynamically non-spontaneous redox processes. 
The extent to which a process can be driven i n an u p h i l l sense i s 
the photovoltage, Εγ, that i s given by equation (1) for ideal 

semiconductors where Ερβ i s the f la t -band p o t e n t i a l , i . e . the 
value of Ef where the bands are not bent. For commonly used 
c a r r i e r concentrations Ερβ i s wi th in 0.1 Y of Εγβ for p-type 
semiconductors, and for η- type semiconductors Ερβ i s wi th in 0.1 Y 
of EÇB» Thus, >Eg i l l u m i n a t i o n of a semiconductor electrode at 
open -c i r cu i t tends to dr ive Ef to Ερβ, more pos i t i ve for p-type 
electrodes and more negative for η- type electrodes compared to 
dark equ i l ib r ium where Ef = E r e d 0 X . 

I d e a l l y , the maximum value of Εγ approaches the band gap, 
Eg, of the semiconductor. However, ~0.3 Y of band bending i s 
required to e f f i c i e n t l y separate the e~ - h + pa i r s created by 
l i g h t . The separation of e~ - h + pa i rs i s essent ia l to obtain a 
high quantum y i e l d for net e lec t ron f low, In any energy 
conversion app l i ca t ion the e f f i c i e n c y , η, for the photoelectrode 
i s given by equation (2) , and since i i s proport ional to % i t i s 

Εγ = |EpB - E r e d o x | 

(For E r e ( j 0 X between EQB and Εγβ) 

(1) 

Εγ χ i 
(2) η Input Optical Power 

i photocurrent 
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4. W R I G H T O N Fuel and Electricity Generation 65 

desi rable to obtain a large value of Φ θ. Good Ey at i = 0 
( i l l u m i n a t e d , open-c i rcu i t ) or good i at Εγ = 0 ( i l l umina t ed , 
s h o r t - c i r c u i t ) are both s i tua t ions that give η = 0. The 
objec t ive i s to optimize the product of Εγ and i i n order to 
achieve the maximum e f f i c i e n c y . Figure 1 shows a steady-state 
photocurrent-voltage curve (15J for an n-type WS2 (Eg « 1.4 eV) 
photoanode based c e l l for conversion of l i g h t to e l e c t r i c i t y 
employing the Br2 /Br" redox couple and the inse t shows the f u l l 
c e l l energetics for operation at the maximum power point , the 
value of Ef when Εγ χ i i s maximum. Figure 2 shows a s i m i l a r 
curve for a c e l l based on p-type WS2 employing Fe(^-C5Me5)2+/° 
as the redox couple.(16^) In so lar energy appl ica t ions an Eg i n 
the range 1.1-1.7 eV i s des i rab le , since a s ing le photoelectrode 
based device would have optimum solar e f f i c i e n c y , exceeding 20, 
for such band gaps.(12) 

The WS2 electrodes represent n- and p-type semiconductors 
that behave r e l a t i v e l y i d e a l l y (15,16) with respect to in ter face 
energetics i n that the value of ΐ γ does vary with E r e d 0 X 

according to equation (1) for E r e d o x w i th in ~0.8 V of Ερβ. 
However, for many electrode materials the va r i a t i on i n Εγ does 
not fol low equation ( 1 ) . ( Γ 7 ) For example, n-type CdTe (Eg = 
1.4 eV) can give e i ther a constant value of Εγ (independent of 
E r e ( j o x ) or a nearly ideal va r i a t i on i n Εγ, Figure 3, depending on 
the pretreatment of the surface p r i o r to use.(18) The a b i l i t y to 
improve the value of Εγ from the constant value of -0.5 V to 
~0.9 V using a reducing surface pretreatment i s c l e a r l y des i rab le , 
but at the same time ce r t a in oxidat ion reactions can be driven 
i n an u p h i l l sense using the o x i d i z i n g pretreatment that could 
not be done with the CdTe pretreated with the reducing reagent. 

For CdTe i t i s evident that the surface pretreatment 
chemistry i s re la ted to the value of Εγ. In f ac t , Auger and 
X-ray photoelectron spectroscopy reveal a c o r r e l a t i o n of the Εγ 
vs . E r e ( j ç X behavior re la ted to the composition of the surface of 
CdTe.(18) The o x i d i z i n g surface etch leaves a Te- r i ch overlayer 
that causes the CdTe to behave as i f i t i s coated with a metal 
having a work function that gives a Schottky ba r r i e r height of 
-0.6 Y. In the l i q u i d junc t ion system the analogue of Schottky 
b a r r i e r height i s the E r e ( j o x - EQB or E r e ( j o x - Εγβ separation for 
p - or n-type semiconductors. I f a Schottky ba r r i e r i s immersed 
in to a l i q u i d e l e c t r o l y t e so lu t ion the value of Εγ should be 
independent of E r e ( j o x , as found from n-type CdTe af ter an 
o x i d i z i n g pretreatment. 

Genera l ly , when Εγ i s f ixed for a wide range of E r e ( j o x the 
semiconductor i s said to be "Fermi leve l pinned".(17J Fermi leve l 
pinning simply means that the value of Ef at the surface of the 
semiconductor i s pinned to some value r e l a t i v e to the band edge 
p o s i t i o n s , independent of the electrochemical potent ia l of a 
contact ing so lu t ion or work function of a contacting metal . The 
pinning of the Ef i s due to surface states of s u f f i c i e n t density 
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Figure 3. Photovoltage from n-CdTe etched with an oxidizing etch (%) or an 
oxidizing etch followed by a reducing treatment (NaOH/S2Ok

2~) (M) as a function 
of Ei/g of a contacting couple. Key to redox couples: 1, Ru(bipy)s

0/~; 2, Ru(bipy)s*/0; 
3, Ru(bipy)s

2^; 4, T&>°; 5, TQ2^; 6, Fe(v

5-C5Mes)g^; 7, Fe(v

5-C5Hs)S/0; 8, 
TMPD2^; 9, TMPD+/0; 10, MV2^; and 11, MV+/0. (Reproduced from Ref. 18.) 
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and d i s t r i b u t i o n . Thus, the presence of surface states can a l t e r 
the behavior of a semiconductor photoelectrode with respect to 
output e f f i c i ency vs . E r e ( j o x owing to a l i m i t a t i o n on Εγ. The 
degree of a l t e r a t i o n i n behavior depends on the surface state 
d i s t r i b u t i o n . For n-type CdTe the value of Εγ i s f ixed to -0.5 
Y, a r e l a t i v e l y small f r ac t ion of the band gap. For p-type InP 
(Eg = 1.3 eV) i t would appear that the surface state d i s t r i b u t i o n 
i s such that the value of Εγ i s f ixed to -0.8 Y, (11) a much 
l a rge r f r ac t ion of the band gap. Understanding a n T c o n t r o l l i n g 
surface states i s thus c r u c i a l to development of e f f i c i e n t 
semiconductor-based devices . 

Even for ideal (surface-state free) semiconductors the 
behavior with respect to Εγ vs . E r e d 0 X can be confusing. For the 
idea l p- or n-type semiconductor s u f f i c i e n t l y negative or 
p o s i t i v e E r e ( j o x , r e spec t ive ly , w i l l r e su l t i n c a r r i e r invers ion 
at the surface of the semiconductor, Schemes II and III.(14>19) 
In the region of E r e ( j o x where there i s invers ion the semi
conductor photoelectrode can s t i l l e f fec t u p h i l l redox processes 
upon i l l u m i n a t i o n and Εγ can be independent of E r e ( j o x . The Fermi 
l e v e l , r e l a t i v e to the band edge pos i t i ons , simply cannot be 
dr iven s i g n i f i c a n t l y more negative than EQB or more pos i t i ve than 
Εγβ. Thus, for a range of E r e ( j o x the band edge pos i t ions vary 
with E r e ( j o x i n a manner s i m i l a r to when surface states between 
E Ç B and Εγβ pin the Fermi l e v e l . In the ideal case i t i s the 
high density of states from the valence οθ conduction band that 
eventual ly gives an Εγ that i s independent of E r e ( j | 0 X . 

When the observed value of Εγ i s a large f rac t ion of Eg i t 
i s not easy to determine whether surface states pin Ef or whether 
a t a i l i n g density of valence or conduction band states ef fect 
p inn ing . Whenever the Εγ exceeds 1/2E„ there i s a measure of 
c a r r i e r invers ion at the surface at dark e q u i l i b r i u m , but t h i s 
does not mean that strong invers ion i s poss ib le . Strong 
invers ion can only occur when the region between EÇB and Εγβ i s 
s u f f i c i e n t l y free of states that Εγ can approach Eg. General ly , 
i t i s d i f f i c u l t to ef fec t strong invers ion when the semiconductor 
i s i n contact with any conductor, i nc lud ing l i q u i d e l e c t r o l y t e 
s o l u t i o n s . The metal chalcogenides, M0S2, MoSe2, WS2, and WSe2, 
seem to be c loses t to ideal of the semiconductors s tudied , though 
there s t i l l seems to be a ro le for surface s t a t e s . ( 1 5 » 1 6 * 2 0 ) A 
material such as n-type CdTe that gives a f ixed Εγ at <T/2Fg must 
be one that i s Fermi l eve l pinned by states between EQB and Εγβ . 
Fermi l eve l pinning would also appear to apply to photoelectrode 
mater ia ls such as SrTi03 , (21) ΉΟ2, (21) InP,(11) GaAs, (22) and 
S i . (23 ) _ _ _ _ 

""Manipulating surface states of semiconductors for energy 
conversion appl ica t ions i s one problem area common to e l ec t ron ic 
devices as w e l l . The problem of Fermi l eve l pinning by surface 
states with GaAs, for example, ra ises d i f f i c u l t i e s i n the 
development of f i e l d effect t r ans i s to r s that depend on the 
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a b i l i t y to move the Fermi l eve l at the surface. Interface 
e l e c t r o n i c states need to be understood i n a l l 
semiconductor-based devices and w i l l continue to be the object of 
study for the foreseeable future. 

The conclusions from these considerat ions are that semi
conductor photoelectrodes can be used to ef fec t e i ther reductions 
(p-type semiconductors) or oxidat ions (n-type semiconductors) i n 
an u p h i l l fashion. The extent to which react ion can be driven 
u p h i l l , Εγ, i s no greater than Eg, but may be lower than Eg owing 
to surface states between EQB ana Εγβ or to an inappropriate 
value of E r e ( j o x . Both Eg and Ερβ are propert ies that depend on 
the semiconductor bulk and surface proper t ies . I n t e r e s t i ng ly , Εγ 
can be independent of E r e ( j o x meaning that the choice of E r e ( j o x 

and the associated redox reagents can be made on the basis of 
factors other than theore t ica l e f f i c i e n c y , for a given 
semiconductor. Thus, the important reduction processes 
represented by the ha l f - reac t ions (3)-(5) cou ld , i n p r i n c i p l e , be 
effected with the same e f f i c i ency at a Fermi l eve l pinned (or 

c a r r i e r inverted) p-type semiconductor photocathode. However, as 
i s usual i n chemical systems, thermodynamics re la tes what i s 
pos s ib l e , but k i n e t i c s ru le whether a thermodynamically 
spontaneous process w i l l occur at a p r a c t i c a l l y useful ra te . 

Each of the reduction processes represented i n (3)-(5) has 
great potent ia l p r ac t i c a l s ign i f i cance i f i t could be done 
e f f i c i e n t l y using so la r energy. However, each i s a 
m u l t i - e l e c t r o n process having poor heterogeneous k i n e t i c s at 
i l l umina ted p-type semiconductors. Thus, the a b i l i t y to e x p l o i t 
the ava i l ab l e d r i v i n g force from i l l u m i n a t i o n of a semiconductor 
w i l l depend on improvements i n heterogeneous k i n e t i c s for these 
and other mu l t i - e l ec t ron redox processes. Success i n t h i s 
p a r t i c u l a r area w i l l have p r a c t i c a l consequence i n the future 
even i f semiconductor-based photoelectrochemical devices f a i l to 
prove use fu l . Development of bet ter fuel c e l l s depends on the 
improvement of heterogeneous redox k i n e t i c s of mu l t i - e l ec t ron 
processes. I f fusion works and provides inexpensive e l e c t r i c i t y , 
chemical fuel formation v i a e l e c t r o l y t i c processes may be use fu l . 
Again, heterogeneous k i e n t i c s must be improved. And c l e a r l y , 
heterogeneous c a t a l y t i c chemistry w i l l continue to be the key to 
e f f i c i e n t chemical product ion. The problem of poor heterogeneous 
k i n e t i c s for most fuel-forming reactions i s thus one facet of a 
generic problem pervading much of chemistry. 

N 2 + 6H+ + 6e- 2NH3 
C 0 2 + 2H+ + 2e- HCOOH 

2H+ + 2e- H 2 

(3) 
(4) 

(5) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

00
4

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



4. W R I G H T O N Fuel and Electricity Generation 71 

One addi t ional problem at semiconductor / l iquid e l e c t r o l y t e 
in ter faces i s the redox decomposition of the semiconductor 
i t s e l f . ( 2 4 ) Upon i l l u m i n a t i o n to create e" - h + p a i r s , for 
example,"al l n-type semiconductor photoanodes are 
thermodynamically unstable with respect to anodic decomposition 
when immersed i n the l i q u i d e l e c t r o l y t e . This means that the 
o x i d i z i n g power of the photogenerated o x i d i z i n g equivalents 
( h + , s ) i s s u f f i c i e n t l y great that the semiconductor can be 
destroyed. This thermodynamic i n s t a b i l i t y i s obviously a 
p r a c t i c a l concern for photoanodes, since the k i n e t i c s for the 
anodic decomposition are often quite good. Indeed, no non-oxide 
n-type semiconductor has been demonstrated to be capable of 
evolv ing 0 2 from H 20 (without surface mod i f i ca t ion ) , the anodic 
decomposition always dominates as i n equations (6) and (7) for 

n-type CdS(25) and S i , (26) r e spec t i ve ly . Protec t ing v i s i b l e 
l i g h t responsive n-type semiconductors from photoanodic 
decomposition has been a major a c t i v i t y i n the past ha l f dozen 
years and w i l l continue to be an issue of concern. The p-type 
semiconductors have not been plagued by gross d u r a b i l i t y 
problems, but thermodynamic i n s t a b i l i t y can be a problem i n some 
cases.(24>27) In t e re s t ing ly , the redox decomposition processes 
of semiconductors are mu l t i - e l ec t ron processes that can be 
s u f f i c i e n t l y slow that k i n e t i c competition with desired redox 
processes can be successful to br ing about sustained generation 
of energy-r ich products or e l e c t r i c i t y from photoexci ta t ion of a 
photoanode. 

Suppression of Photocorrosion of Photoanodes and Manipulation of 
K i n e t i c s for Anodic Processes 

In 1976 the f i r s t sustained conversion of v i s i b l e l i g h t to 
e l e c t r i c i t y using an n-type semiconductor-based c e l l (CdS ( E q = 
2.4 eV) or CdSe ( E g = 1.7 eV)) was reported.(25,27) In the 
ensuing s ix years remarkable progress has been r ea l i z ed i n t h i s 
area. The key has been to f ind reducing reagents, A, that can 
capture photogenerated o x i d i z i n g equivalents , h + , at a rate that 
precludes decomposition of the semiconductor, equation (8 ) . The 
reverse process, equation (9) , can then be effected at the 

CdS + 2h + • C d 2 + ( a q ) + S 

Si + 4h + + 2H20 • S i 0 2 + 4 H + ( a q ) 

(6) 

(7) 

A + h + (8) 

A + + Θ  Α (9) 

counterelectrode to complete a chemical cyc le invo lv ing no net 
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chemical change, but y i e l d s i g n i f i c a n t e f f i c i ency for e l e c t r i c i t y 
generat ion. Now, a va r ie ty of n-type 
semi conductor/sol ven t / e l ec t ro ly t e /A + /A /coun te re l ec t rode systems 
are known to comprise e f f i c i e n t , durable v i s i b l e l i g h t energy to 
e l e c t r i c a l ene rgy . (£ -£ ,15^ ,25 ,27 ,28) 

Often, there i s a potent ia l regime where the process 
represented by (8) i s completely dominant compared to the anodic 
decomposition of the semiconductor. In some cases, e .g . 
C d S / S n

2 " , (29) C d T e / T e n

2 " , (29) and MoSe2/l3", (30) the redox 
species i n t e r ac t strongly wi l i ï the electrode material r e su l t i ng 
i n changes i n Epg. Such strong in te rac t ions can be useful i n 
pro tec t ing the semiconductor. In the examples c i t e d above, Epg 
s h i f t s more negative reducing the tendency for anodic 
decomposition and opening a wider potent ia l regime where the 
desired oxida t ion process can be effected without competition 
from anodic decomposition. 

The unique in te rac t ions of a semiconductor with so lu t ion 
species , such as MoSe2 wi th I3", (30) are very l i k e l y the sorts 
of s i tua t ions that w i l l lead to the f i r s t app l ica t ions of 
semiconductor photoelectrochemical devices for photochemical 
synthesis of redox products. General ly , the p r ac t i c a l 
competit ion w i l l come from convent ional , inc lud ing 
e lec t rochemica l , methods for producing redox reagents. When the 
semiconductor electrode has unique surface chemistry t h i s can 
change the product d i s t r i b u t i o n and i n some cases i t may be that 
the semiconductor may be the only surface at which a desired 
reac t ion w i l l occur e f f i c i e n t l y . However, even when a 
semiconductor i s the electrode material of choice i t i s not c l ea r 
that l i g h t would be used. The des i rable in te rac t ions that e x i s t 
for a p-type photocathode, for example, would l i k e l y e x i s t as 
wel l for the opposi tely doped, n-type, m a t e r i a l . The reductions 
that require l i g h t at the p-type electrode can be effected i n the 
dark at the n-type m a t e r i a l . A l s o , degenerately doped 
semiconductors often behave well i n the dark and are not blocking 
to any redox processes. However, the unique chemistry of 
semiconductor surfaces needs to be e lucidated before a ve rd ic t 
can be reached regarding the p r a c t i c a l consequences. 

The strong in t e rac t ion of the I3 - / I " redox system with the 
metal dichalcogenide materials was recently explo i ted (31) to 
br ing about the v i s i b l e l i g h t - d r i v e n process representecTby 
equation (10). In 50% by weight H2SO4 the react ion as wr i t ten 

S0 2 + H2O > H2SO4 + H2 (10) 
-50% H2SO4, 
~10-3 M !-

requires -0.3 V or d r i v i n g force , a good match to the 
photovoltage at the maximum power point for n-type WS2-based 
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c e l l s for the oxidat ion of I~.(15^) But the oxidat ion of SO2 to 
SO42- i n H2SO4 has poor k i n e t i c s (32) and does not compete with 
photoanodic decomposition of the e lec t rode. Further , 
E r e d o x ( S 0 4 / s o 2 ) 1 5 s u c h t h a t equation (1) predic ts a very small 
photovoltage.(32) The I 3 - / I - , though, in te rac ts to s h i f t Ερβ of 
WS2 favorably to give a good Εγ with respect to E r e d o x ( s ° 4 " / S 0 2 ) 
and simultaneously provides a mechanism for the oxidat ion of SO2, 
since the I3" r ap id ly ox id izes SO2 to SO42-, Scheme IV. Thus, 
the I3 - / I " serves as a redox mediator and favorably a l t e r s the 
in te r face energetics to give a good Εγ and a potent ia l window of 
d u r a b i l i t y . The v i s i b l e l i g h t - d r i v e n react ion represented by 
equation (10) i s one of the most e f f i c i e n t op t i ca l to chemical 
energy conversions (up to -14% from 632.8 nm l i g h t ) known. The 
system i l l u s t r a t e s the complex re la t ionsh ips that must be 
understood i n order to e f f i c i e n t l y dr ive mul t i - e l ec t ron redox 
processes. 

The suppression of photoanodic corrosion i s not always 
d i f f i c u l t . For example, metal dichalcogenides are not durable i n 
aqueous 0.1 M KC1; equation (11) represents the photoanodic 

MoS 2 + 18h + + 8H 20 —* 16H+ + 2S04 2" + M o 6 + (11) 

decomposition process for MoS2«(33) However, the oxidat ion of 
low concentrations of C l " o c c u r s T n CH3CN so lu t ion with 100% 
current e f f i c i ency . (34 ) Even in aqueous so lu t ion the oxidat ion 
of CI" can be effected" at s u f f i c i e n t l y high CI" a c t i v i t y . ( 1 5 , 3 5 ) 
In aqueous 15 M L i C l the oxidat ion of CI" has 100% current 
e f f i c i e n c y . Tfie high L i C l concentration y i e l d s very high 
C I " a c t i v i t y and lower a c t i v i t y of H2O, both con t r ibu t ing to the 
improved d u r a b i l i t y of i l lumina ted n-type MoS2.(35) Thus, these 
experiments show, not s u r p r i s i n g l y , (24) that the medium i n 
contact with the semiconductor can a l î ê r the overa l l i n t e r f a c i a l 
chemistry, even though CI" i s ava i l ab le as a reductant in each 
case. The a b i l i t y to ef fec t the sustained generation of CI2 at 
an i l lumina ted in terface shows that potent oxidants can be made 
photochemically; CI2 i s thermodynamically more potent, and 
k i n e t i c a l l y more aggressive, than O2. 

The a b i l i t y to manipulate the anodic corrosion problem using 
high concentrations of redox act ive e l e c t r o l y t e also makes 
poss ib le the sustained oxidat ion of Br" at i l lumina ted metal 
dichalcogenide-based c e l l s , Figure 1.(15) The use of high 
concentrations of e l e c t r o l y t e has proven valuable i n s i tua t ions 
i n v o l v i n g other photoanode mater ia l s , notably n-type S i . (36 ,37) 

Reducing photoanodic corrosion with high concentrations of 
redox act ive mater ia ls led to the conclusion that redox reagents 
cova len t ly anchored to the photoelectrode might prove useful .(38) 
For example, research showed that n-type Si could be a durable 
photoanode i n Et0H/0.1 M [n-Bu4N]C104/Fe(^ -C5H5)2 + / ° for the 
generation of e l ec t r i c i " fy . (26) The Fe(ir>-C5H5)2 i s a fas t , 
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Scheme IV. Representation of the Is~/I~ mediated oxidation of S02 at illuminated 
metal dichalcogenide photoanodes (top) and interface energetics with and without 
H/V in 6 M H2SOh/l M S02 for MoS2 (bottom) (31). In the absence of the 
mediator system the photovoltage for the S02 oxidation is expected to be negligible. 
The adsorption of the If IV is unaffected by the S02 so the negative shift of the 
flat band potential can be exploited to give a photovoltage for the desired process 
with the Ι3'IV system simultaneously providing an acceleration of the S02 oxidation. 
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one-electron reductant that i s durable and gives a durable 
ox ida t ion product. Subsequent study showed that the reagent 
represented by I_ can be polymerized and attached to the surface 

of n-type Si to protect i t from photoanodic corrosion.(38,39,40) 
The important r e su l t i s that once the electrode i s made^aiirabTê 
using the surface-confined redox system, [ A + / A ] S U r f . , then the 
photoelectrode can be used to sustain many oxidat ion processes, 
say Β B + , where Β i t s e l f i s not successful i n competing with 
the anodic corros ion of the e lec t rode. The a b i l i t y to 
photooxidize Β would then depend on the thermodynamics and 
k i n e t i c s for the i n t e r f a c i a l process represented by equation (12) 

and not the k i n e t i c s for h + capture by B. I t has been shown that 
n-type Si de r iva t i zed with j[ i s capable of e f fec t ing the 
photoassisted oxidat ion of a var ie ty of reagents i n H2O so lvent , 
where the decomposition (7) i s most severe.(40) In several cases 
i t has been es tabl ished that the process represented by (12) 
represents the dominant path for production of B + . Thus, i n 
p r i n c i p l e , the molecular propert ies of the surface-confined 
reagent could be explo i ted to ef fec t spec i f i c reac t ions . For the 
surface species derived from I_ the o x i d i z i n g power i s f ixed to 
-+0.45 Y vs . SCE, the formal p o t e n t i a l , Ε ° ' , of the surface 
reagent.(41) However, the Fe(î)5-C5H5)2+/° systems are 
outer-sphere reagents and do not offer any basis for s e l e c t i v i t y 
other than the p o t e n t i a l . However, such species may prove useful 
i n f a c i l i t a t i n g the redox react ions of b i o l o g i c a l reagents, vide 
i n f r a . 

Several groups have recent ly shown ( 3 £ , 4 2 , 4 3 , 4 4 ) that 
photoanode mater ials can be protected from pTiatoanôïïic corros ion 
by an anodica l ly formed f i l m of "polypyrrole" . (45) The work has 
been extended (46) to photoanode surfaces f i r s t T r e a t e d with 
reagent U_ that covalent ly anchors i n i t i a t i o n s i t e s for the 
formation of po lypyr ro le . The r e su l t i s a more adherent 
polypyrro le f i l m that bet ter protects n-type Si from 
photocorrosion. Unlike the material derived from polymerizat ion 
of I , the anodica l ly formed polypyrrole i s an e l ec t ron ic 
conductor.(45) This may prove u l t imate ly important i n that the 
rate of i onTranspo r t of redox polymers may prove to be too slow 

I 

C A + ] S u r f . + Β + B + + [ A ] s u r f . (12) 
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Ο Ν i (0Me) 3 

II 

to be useful i n a t t a in ing useful photocurrent dens i t i e s . For the 
e l e c t r o n i c a l l y conducting polymer the rate would not be l i m i t e d 
by ion t ranspor t . 

At t h i s point i t i s evident that there are many approaches 
to the sustained conversion of v i s i b l e l i g h t using photoanodes. 
The approaches based on strong i n t e r a c t i o n , e .g . WS2/l3*7I~,(15) 
or modified surfaces, e .g . de r iva t i zed n-type S i , (38,39,40) seem 
most i n t e r e s t ing since the unique propert ies of the î n ï ê r T a c e can 
be explo i ted at the molecular l e v e l . S i g n i f i c a n t l y , the 
generation of potent oxidants such as B r 2 or CI2 can be effected 
using v i s i b l e l i g h t and with reasonably good e f f i c i ency but 
without electrode de t e r io ra t i on . 

Improving the Kine t i c s for Hydrogen Generation from P-Type 
Semiconductors 

No naked semiconductor photocathode has been demonstrated to 
have good k i n e t i c s for the evolut ion of H2, despite the fact that 
the pos i t ion of EQB i n many cases has been demonstrated to be 
more negative than Eo,(H20/H2). This means that electrons 
exc i ted to the conduction band have the reducing power to effect 
H2 evo lu t ion , but the k i n e t i c s are too poor to compete with 
e~ - h + recombination. The demonstration that 
N j N ' - d i m e t h y l ^ ^ ' - b i p y r i d i n i u m , M Y 2 + , could be e f f i c i e n t l y 
photoreduced at i l lumina ted p-type Si to form MY+ i n aqueous 
so lu t ion under condit ions where E 0 , ( M V 2 + / + ) = Eo,(H20/H2) when no 
H2 evolu t ion occurs es tabl ishes d i r e c t l y that the thermodynamics 
are good, but the k i n e t i c s are poor, for H2 evolu t ion . (23 ,47) 
The a b i l i t y to e f f i c i e n t l y reduce M Y 2 + to MY+ at i l l u m i n a t ë ï ï 
p-type Si led to studies of the surface d e r i v a t i z i n g reagent I I I 

CMe0l3! i ( 0 M e ) 3 B r 2 

I I I 
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4. W R I G H T O N Fuel and Electricity Generation 77 

for use as an e lect ron acceptor on photocathode surfaces.(48) 
Subsequent deposi t ion of Pd(0) by electrochemical reduction of 
low concentrations of aqueous PdCl4 2 " leads to the in ter face 
represented i n Scheme V.(49) The Pd(0) i s c r u c i a l to bring about 
e q u i l i b r a t i o n of the surface-confined viologen reagent, 
C ( P Q 2 + / + ) n ] s u r f . » with the H 2 0 / H 2 couple. The 
[ ( P Q 2 + / + ) n ] s u r f e / P d ( 0 ) c a t a l y s t system can, i n p r i n c i p l e , be used 
on any photocathode surface to improve H 2 evolut ion k i n e t i c s . 

The improvement i n photoelectrochemical H 2 evolut ion 
e f f i c i e n c y using the [ ( P Q 2 + / + ) n ] s u r f . / p d ( ° ) system i s re f lec ted 
by the data i n Figure 4. For the naked surface, H 2 evolu t ion 
barely onsets at E o , ( H 2 0 / H 2 ) . For the photoelectrode bearing 
[ ( P Q 2 + / + ) n ] S u r f / P d ( 0 ) the onset for H 2 evolut ion i s up to -500 
mV more pos i t i ve than E ° ' ( H 2 0 / H 2 ) . The extent to which the onset 
i s more p o s i t i v e than E o , ( H 2 0 / H 2 ) i s Εγ. I t i s obvious that the 
modified photoelectrode gives superior performance. 

The mechanism of the c a t a l y s i s for the 
p - S i / [ ( P Q 2 + / + ) n ] s u r f # / P d ( 0 ) system i s represented by equations 
(13) and (14). The E 0 , [ ( P Q 2 + / + ) n ] s u r f . = -0.55 ± 0.5 Y vs . SCE, 

C ( P Q 2 + ) n ] s u r f . • C(PQ + )n3surf . (13) 

n H + + [(PQ+) n ]surf . > C ( P Q 2 + ) n ] S u r f . + l / 2 n H 2 (14) 

(50) independent of pH, whereas E o , ( H 2 0 / H 2 ) var ies with pH. 
Tïïûs, the cata lyzed process represented by (14) i s only downhill 
for s u f f i c i e n t l y low pH; at the lower pH's the d r iv ing force i s 
greater and the rate i s f a s te r . However, as the pH i s lowered Εγ 
becomes smal ler . This leads to an optimum i n overa l l energy 
conversion e f f i c i ency at pH = 4 . For monochromatic 632.8 nm 
l i g h t the e f f i c i ency for photoassisted H 2 evolu t ion i s up to ~5% 
whereas naked electrodes have n e g l i g i b l e e f f i c i ency . (49 ,50) 

The C ( P Q 2 + / + ) n ] s u r f . system can also be employed wi t i ï Pt(0) 
(50) as the ca t a ly s t instead of Pd(0). Both Pt(0) and Pd(0) have 
exce l l en t H 2 evolu t ion k i n e t i c s . One v i r tue of Pd(0) i s that i t 
i s much more e a s i l y detected by Auger e lect ron spectroscopy than 
i s Pt (0) . (49) Auger e lec t ron spectra taken while sput ter ing the 
surface w i W A r + ions have led to the establishment of in ter face 
s t ructures l i k e that represented i n Scheme V. T y p i c a l l y , 10~ 8 

mol/cm 2 of P Q 2 + centers and - 1 0 " 8 mol/cm 2 of Pd(0) are used to 
give an overlayer of -2000 Â i n dimension. A key feature of the 
in te r face represented by Scheme Y i s that there i s no Pd(0) at 
the p-type S i / S i O x surface. This means that the only mechanism 
for e q u i l i b r a t i n g H 20/H? with the photogenerated reducing 
equivalents i s v i a the L ( P Q 2 + / + ) n 3 s u r f . system. Studies have 
a lso been done with Pt(0) or Pd(0) dispersed throughout the 
polymer from Π_Ι_ v ia the sequence represented by equations (15) 
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Sputtering Time , min 

Scheme V. Representation of the catalytic p-type Si photocathode for Hg evolu
tion prepared by derivatizing the surface first with Reagent III followed by deposi
tion of approximately an equimolar amount of Pd(0) by electrochemical deposition. 
The Auger/depth profile analysis for Pd, Si, C, and Ο is typical of such interfaces 

(49) for coverages of approximately 10~8 mol PQ2*/cm2. 
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_ l I l _ 
-0.4 -0.2 0.0 

POTENTIAL, V v s . SCE 

Figure 4. Comparison of photocathodic current (632.8 nm; ~6 mW/cm2) for 
naked p-type Si ( ), p-type Si bearing [(PQ2*)n]8Urf ( ), and p-type Si bearing 
[(PQ2 )n]aurf/Pd(0) (-·-·) at pH — 4. The photocathodic current in the last case 
is associated with H2 evolution that occurs more positive than E0' (H20/H2). For 
current density multiply values shown by 10 cm'2. The current peak for the smooth 
curve is associated with the uphill reduction [(PQ2*)n]surf -> [(PQ )n]surf- (Repro

duced from Ref. 49. Copyright 1982, American Chemical Society.) 
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[ ( P Q 2 + . 2 B r - ) n ] s u r f . + n P d C 1 4

2 - — [(PQ2+ · P d C l 4 2 - ) n ] + 2nBr~ (15) 

and (16) for Pd(0).(49) In such cases there i s at l eas t a small 

r, 0j_ ο % „ reduce ox id i ze 
[(PQ2+ · P d C l 4 2 - ) n ] s u r f e • > 

[(PQ2+ · 2C1 . P d ( 0 ) n ] s u r f . (16) 

amount of Pd(0) at the p-type S i / S i O x surface. The Pd(0) at the 
p-type S i / S i O x surface should be responsible for some H 2 

evolu t ion current densi ty , since the d i r e c t deposi t ion of Pd(0) 
or Pt(0) (without I I I ) onto p-type S i / S i 0 X does improve H 2 

evolu t ion dramat ica l ly . (50 ,51) Indeed, the d i r e c t deposit ion of 
c a t a l y t i c metals onto p-^Çype InP has led to a demonstration of 
-12* e f f i c i ency for the so l a r - a s s i s t ed production of H 2 . (52) 

The a b i l i t y to e f f i c i e n t l y catalyze the H 2 evolu t ion with a 
metal deposited onto the p-type semiconductor ra i ses the 
l eg i t ima te question of why use III at a l l , l e t alone attempt to 
prepare and e x p l o i t the more ordered in terface represented by 
Scheme V. In theory, the e f f i c i ency of a l l devices based on a 
given semiconductor would be the same. The d i r ec t deposi t ion of 
Pt(0) or the use of C ( P Q 2 + / + ) n ] s u r f . / P d ( 0 ) are both ways of 
c a t a lyz ing the H 2 evo lu t i on . A problem with the redox polymers, 
as already mentioned, i s that rate i s l i k e l y to be ion transport 
l i m i t e d . A problem with Pt(0) and Pd(0) i s that they often give 
an ohmic contact , rather than a Schottky b a r r i e r , with p-type 
semiconductors. For example, i n attempting to cata lyze H 2 

evolu t ion from i l lumina ted p-type WS2 by e lec t rochemical ly 
deposi t ing Pt(0) or Pd(0) a large percentage of the electrodes 
give an ohmic contact .(16) This r esu l t s i n no photoeffects from 
the e lec t rode . A uniform coating with the redox polymer from III 
gives a reproducible , photosensi t ive surface that can be used to 
generate H 2 v i a Pd(0) or Pt(0) deposited on the outermost 
surface. Neither of the approaches has led to s u f f i c i e n t l y 
durable ca ta lys t s that p r a c t i c a l devices are at hand; the Pt(0) 
or Pd(0) i s very ea s i l y poisoned. S u r p r i s i n g l y , the 
C ( P Q z + / + ) n ] s u r f . polymer does not suffer de te r io ra t ion on the 
t imescale of loss of a c t i v i t y of the Pd(0) or Pt(0) c a t a l y s t . 

The synthesis of c a t a l y t i c photocathodes for H 2 evolut ion 
provides evidence that de l ibera te surface modif ica t ion can 
s i g n i f i c a n t l y improve the overa l l e f f i c i e n c y . However, the 
synthesis of rugged, very ac t ive c a t a l y t i c surfaces remains a 
chal lenge . The resu l t s so far e s tab l i sh that i t i s poss ib le , by 
ra t iona l means, to synthesize a desired photosensit ive in ter face 
and to prove the gross s t ruc ture . Continued improvements i n 
photoelectrochemical H 2 evolu t ion e f f i c i e n t l y can be expected, 
whi le new surface ca ta lys t s are needed for N 2 and C0 2 reduction 
processes. 
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4. W R I G H T O N Fuel and Electricity Generation 

A Role for B i o l o g i c a l Redox Catalysts? 

8 1 

The enzymes hydrogenase, nitrogenase, and formate 
dehydrogenase can be used to equ i l i b r a t e reducing reagents with 
H2O/H2, N2NH3, and CO2/HCOOH, respec t ive ly . (S3) In no case do 
the enzymes involve expensive noble metals as c a t a l y s t s . 
P r a c t i c a l considerat ions as ide , the mul t i - e lec t ron t ransfer 
c a t a l y s i s effected by enzymes provides an existence proof for 
desired photoelectrode c a t a l y s t s . One of the major d i f f i c u l t i e s 
i s that large b i o l o g i c a l redox reagents are often unresponsive at 
e lectrode surfaces. For a var ie ty of reasons the heterogeneous 
e lec t ron t ransfer k i n e t i c s for large b i o l o g i c a l reagents are 
poor. However, small redox reagents dissolved in so lu t ion do 
e q u i l i b r a t e rap id ly with the large b i o l o g i c a l reagents.(54) 
In t e r e s t i ng ly , MY + , for example, w i l l effect reduction o F T ^ O , 
N2, or CO2 when the proper enzyme i s present as a ca ta lys t . (53) 
The use of surface-confined, fas t , one-electron, outer-sphere 
redox reagents l i k e those derived from I_ or III as redox 
mediators for b i o l o g i c a l reagents would seem to represent an 
exce l l en t approach to the e q u i l i b r a t i o n of the electrode with the 
b i o l o g i c a l reagents. 

Experiments r e l a t i n g to the oxidat ion and reduction of 
f e r r o - and ferricytochrome c , cyt c(red) and cyt C (QX) from horse 
heart , e s t ab l i sh that pho toe l ec t ro ï ï e s der ivat izedTwitn molecular 
reagents can give s i g n i f i c a n t l y improved response to b i o l o g i c a l 
redox reagents.(55,56) The cyt c provides an example of a 
r ead i l y accessible" ïïfomolecule t ï ï a t generally has poor k i n e t i c s 
a t electrode surfaces.(57) The f i r s t experiments concerned 
electrodes de r iva t i zed with 111.(55) The fact that MY+ r ap id ly 
reduces cyt £ ( o x ) to cyt £ ( r e d ) to the use of the 
[ ( P Q 2 + / + ) n ] s u r f # for t h i s purpose.(58) The E ° ' ( c y t £ ( o x ) / c y t 
£ ( r e d ) ) 1 S ~ + 0 · 0 2 V vs . SCE (59) anëTthe react ion represented by 
equation (17) i s thus downhill by -0.5 V. In t e re s t ing ly , the 

C ( p Q + ) n ] s u r f . + η cyt £ ( 0 x ) — • C ( p Q 2 + ) n ] s u r f . + π cyt £ ( r e d ) (17) 

process represented by (17) was shown to account for the 
reduction of cyt c at i l lumina ted p-type Si func t iona l ized with 
111.(55) The reduction of cyt £ ( o x ) a t electrodes de r iva t i zed 
with Τ Π i s mass transport l i m i t e d and independent of coverage of 
P Q 2 + centers on the electrode from -10-1° to 10""8 mol / c m 2 . Naked 
electrodes do not respond to the cyt £ (ox ) i n the same potent ia l 
range. Inasmuch as adsorption of cyt £ , or impur i t ies contained 
i n i t , onto most electrodes leads to overa l l poor k i n e t i c s , i t i s 
p a r t i c u l a r l y noteworthy that high concentrations of cyt £ (ox ) can 
be reduced with good k i n e t i c s v ia the C ( P Q + ) n 3 s u r f . · Thus, ihe 
modi f ica t ion of electrode surfaces with III brings about 
improvement i n response with respect to reduction of cyt £ ( ο χ ) · 
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8 2 I N O R G A N I C C H E M I S T R Y : T O W A R D T H E 2 1 ST C E N T U R Y 

While experiments with the cyt £ ( η χ ) at C ( P Q 2 + / + ) n ] s u r f · d o 

es t ab l i sh a po in t , the d i spa r i t y E°* or the reagent and the 
mediator precludes the claims that electrodes can i n fact 
e q u i l i b r a t e with the b i o l o g i c a l reagent. The synthesis of j Y has 

l ed to the demonstration that de r iva t i zed electrodes can be 
e q u i l i b r a t e d with b i o l o g i c a l redox reagents.(56) Representing 
the surface species from IV by [ P M F c + / ° ] s u r f . , the 
E 0 , [ P M F c + / ° ] S u r f . = + 0 . 0 4 T v s . SCE, that i s very close to the 
E ° ' for cyt c . Conventional Pt electrodes de r iva t i zed with IV 
can be used To ox id ize cyt c ( r e d ) , or reduce cyt £ ( o x ) near Tfîe 
E ° ' of cyt £ , v i a the equ i l i b r ium process represented by equation 
(18) . Importantly, n-type Si electrodes de r iva t i zed with IV can 

[ P M F c + ] s u r f e + cyt £ ( r e d ) ï = ± [ P M F c ° ] s u r f . + cyt £ ( o x ) (18) 

be used i n aqueous e l e c t r o l y t e so lu t ion at pH = 7 and the process 
represented by equation (19) can be effected in an u p h i l l sense, 

Εγ « 300 mV. As on the Pt surface, the [ P M F c + ] s u r f # on n-type Si 
i s capable of e f fec t ing the oxidat ion of cyt c ( r e ( j ) ! Thus, the 
n-type S i / [ P M F c + / ° ] s u r f . e lectrode can be useïï to ef fec t the 
u p h i l l oxida t ion of c y t ' c j V p d ) . The rate constant for react ion 
represented by equation T20) i s >7 χ 10 3 M " l s " l . The observed 

[ P M F c + ] S u r f . + cyt £ ( r e d ) — * [ ™ F C 0 ] s u r f . + cyt £ ( o x ) (20) 

heterogeneous e lect ron rate constant i s >1 χ 10" 4 cm/s for a 
va r i e ty of electrodes independently prepared, representing 
substant ia l improvement compared to naked electrodes that give 
n e g l i g i b l e rates under the same condi t ions . (56) S i g n i f i c a n t l y , 
as for [ ( P Q 2 + / + ) n J s u r f . > the [ P M F c + / ° ] s u r f # Ts useful at high 
concentrat ions of cyt c . Very pure, low concentration cyt c 
apparently responds weTl at conventional e lec t rodes , but small 
amounts of decomposition or impur i t ies cause severe problems from 
a d s o r p t i o n . ( 6 £ ) The surface reagents from I I I or IV apparently 
minimize the adsorption problems, while providing a mechanism for 
exchanging electrons with the electrode.(55,56) Prel iminary 

IV 

[ P M F c O ] s u r f # + h + • [ P M F c + ] s u r f . (19) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

00
4

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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r e su l t s have es tabl ished that hydrogenase can e q u i l i b r a t e with 
the polymer derived from I I I , suggesting that the one-electron 
polymers from I I I and jV^ can i n fact come into redox equ i l ib r ium 
with mul t i - e l ec t ron t ransfer ca ta lys t s for react ions of possible 
importance i n energy conversion. 

Large Area Photosensi t ive Mater ia ls 

The studies described so far have concerned r e l a t i v e l y 
s m a l l , -0.1-1 cm 2 , s i n g l e - c r y s t a l photoelectrode mate r i a l s . 
Promising resu l t s have been obtained i n that there are a var ie ty 
of durable, e f f i c i e n t paths to generation of high energy 
chemicals or e l e c t r i c i t y . However, s i n g l e - c r y s t a l photoelectrode 
mater ia ls are l i k e l y to remain too expensive for s i g n i f i c a n t 
p r a c t i c a l development. The question i s whether the basic resu l t s 
from s i n g l e - c r y s t a l systems can be appl ied to large area 
photosensi t ive materials not necessar i ly fabr ica ted from s ing le 
c r y s t a l s . In t h i s area as well some promising resu l t s have been 
obtained. Thin f i l m and/or p o l y c r y s t a l l i n e GaAS (61) and CdX 
(62) photoanodes have been shown to have r e l a t i v e l y good 
e f f i c i e n c y compared to t h e i r s i n g l e - c r y s t a l analogues. 

Recently, resu l t s from amorphous hydrogenated s i l i c o n , 
a - S i : H , Eg = 1.7 eV, obtained i n a glow discharge of SiH4 show 
s i g n i f i c a n t promise. S o l i d state devices for so la r to e l e c t r i c a l 
energy conversion based on absorption of l i g h t by a -S i :H have 
been shown to have almost 10% ef f i c i ency (63) and i t i s bel ieved 
that a -S i :H can be produced inexpensively and uniformly i n large 
areas. 

In p r i n c i p l e , i n t r i n s i c photoconductors such as a -S i :H can 
be good photoelectrodes. (5^,64) Scheme VI shows the approximate 
in te r face s i t u a t i o n for a recent ly reported a-Si:H-based c e l l 
for the generation of e l e c t r i c i t y . ( 6 £ ) C r i t i c a l l y , the i n t r i n s i c 
t h i n f i l m (1-4 μ ) of a -S i :H was deposited onto a very th in (-200 
Â ) heavi ly η-doped a -S i :H layer on s t a in less steel i n order to 
assure that the Fermi l eve l contacts the bottom of the conduction 
band. This means that E r e ( i o x pos i t ions of Εςβ w i l l r e s u l t i n a 
f i e l d across the photoconductor such that photogenerated h + , s 
w i l l be driven toward the e l ec t ro ly te / redox couple s o l u t i o n . For 
E redox c lose to Εγβ the Εγ would be expected to approach Eg as 
for an n-type semiconductor photoanode. As for any other 
photoanode the a -S i :H i s suscept ible to photoanodic 
decomposition, but the corrosion can be completely suppressed by 
using the 0.1 Μ [n -Bu4N]C104 /E tOH/Fe (^ -C5H 5 ) 2

+ / 0 

electrolyte/recTox couple s o l u t i o n , Figure 5. In t e r e s t i ng ly , the 
sustained conversion of 632.8 nm l i g h t i s j u s t as e f f i c i e n t for 
the i n t r i n s i c a -S i :H photoanode as for s i n g l e - c r y s t a l n-type Si 
electrodes under the same conditions.(5^) 

The surface of a -S i :H can also be de r iva t i zed with reagent 
J_ and the Εγ i s -750 mV compared to Εγ « 500 mV on s ingle c rys t a l 
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τ 1 r 

0 . 2 0.4 0 . 6 0 . 8 1.0 1.2 
PHOTOVOLTAGE, V 

Figure 5. Output characteristics and photocurrent density at maximum power 
point against time (inset) for an intrinsic a-Si:H photoanode-based cell. (Repro

duced from Ref. 5.) 
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n-type Si.(S) This r e su l t suggests that a -S i :H could be durable 
i n aqueous solu t ions v i a protect ion by the surface reagent. As 
for n-type Si t h i s would allow the use of large area, e f f i c i e n t 
a - S i : H to ef fec t a va r ie ty of l i g h t - d r i v e n oxidat ion processes. 

Summary 

Semiconductor-based photoelectrochemical c e l l s can ef fec t 
the sustained, d i r e c t conversion of l i g h t to chemical or 
e l e c t r i c a l energy with good e f f i c i e n c y . There are several 
approaches to suppressing the photocorrosion of n-type 
semiconductor photoanodic mate r ia l s , a l l depending on the 
manipulation of in terface propert ies such as s t ruc ture , 
energe t ics , and k i n e t i c s . The v i s i b l e l i g h t - d r i v e n generation of 
CI2 from photoanodes represents the most potent oxidant generated 
from non-oxide e lec t rodes . Output parameters depend on surface 
proper t ies as re f lec ted i n experiments with reducing vs . 
o x i d i z i n g pretreatments for n-type CdTe. In te r fac ia l redox 
k i n e t i c s can be modified by ra t iona l means as i l l u s t r a t e d with 
r e su l t s for photocathodes modified to improve H2 evolu t ion 
k i n e t i c s . However, much more work remains to be done on 
mu l t i - e l ec t ron processes to br ing about improvements i n k i n e t i c s . 
Cer ta in enzymes may prove useful i n N2, CO2, or H2O reduct ion. 
Progress i n r e l a t i v e l y e f f i c i e n t , large area, inexpensive 
photoelectrode materials has been made, with a -S i :H being one 
example. At t h i s point the performance of i n t e r f a c i a l inorganic 
chemistry systems for energy conversion i s s u f f i c i e n t l y good that 
they cannot be ruled out as contenders for large seal6 energy 
generat ion. The near-term, pre-2000 charter i s to f u l l y 
elaborate the basic science underlying the i n t e r f a c i a l systems 
with a conscious e f fo r t d i rec ted toward e f f i c i e n t (>10%), 
durable, and inexpensive systems for the d i r ec t production of 
energy-r ich redox products from abundant, inexpensive resources 
such as H2O and CO2. I t i s too ear ly to focus on fuel vs . 
e l e c t r i c i t y generation as the ul t imate ob jec t ive . Many of the 
requirements for both outputs are the same but fuel generation 
poses the greatest chal lenge, since useful fuel generation w i l l 
require new mul t i - e l ec t ron t ransfer c a t a l y s t s . 
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Discussion 
C H . L a n g f o r d , Concordia U n i v e r s i t y : Dr. Wrighton's paper 

m a i n t a i n s a p p r o p r i a t e d i s c r e t i o n w i t h r e s p e c t t o the twenty-
f i r s t c e n t u r y . As N e i l s Bohr s a i d , " P r e d i c t i o n i s d i f f i c u l t , 
e s p e c i a l l y about the f u t u r e " . However, he does c a l l a t t e n t i o n 
to a number of problems i n s o l i d s t a t e and i n t e r f a c i a l chemis
t r y which are c e r t a i n l y important now and would not have been 
l i k e l y t o be p i c k e d out f o r emphasis i n a meeting of i n o r g a n i c 
c h e m i s t s h e l d t e n y e a r s ago and o r i e n t e d t o the theme of 
i n o r g a n i c c h e m i s t r y i n 1990. T h i s makes me r e f l e c t on the one 
aspe c t of the a c t i v i t i e s of the m a j o r i t y of the i n o r g a n i c 
c h e m i s t s p r e s e n t where we are r e q u i r e d , l i k e i t or not, t o 
p r e d i c t the f u t u r e . I r e f e r , of course, to the t e a c h i n g f u n c 
t i o n . I n t e a c h i n g , we make c h o i c e s designed t o prepare the next 
g e n e r a t i o n of chemi s t s . T y p i c a l l y , the impact of these c h o i c e s 
can be expected t o endure over 40 y e a r s . T h i s means t h a t 
c o n s c i o u s l y or u n c o n s c i o u s l y we engage i n p r e d i c t i v e a c t i v i t y . 

A f t e r r e a d i n g the p r e p r i n t of Wrighton's s t i m u l a t i n g 
paper, I d i d a qu i c k and incomplete survey of the i n o r g a n i c 
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c h e m i s t r y t e x t b o o k s on my s h e l f . Of f i v e t h a t I examined, o n l y 
one had a s e r i o u s treatment of semiconductors and one seemed t o 
me to develop a " M a t e r i a l s " p e r s p e c t i v e as a subtheme or 
s i d e l i g h t . I am t r o u b l e d by t h i s . S u r e l y , the m a t e r i a l s t h a t do 
and w i l l support the development of e l e c t r o n i c m a t e r i a l s and 
no v e l c a t a l y s t s o f f e r a f r u i t f u l f i e l d f o r r e s e a r c h by i n o r g a n 
i c c h emists and r e p r e s e n t a f i e l d which can b e n e f i t from the 
p a r t i c i p a t i o n of i n o r g a n i c chemists. We should t e l l our 
s t u d e n t s . 

On another p o i n t , Wrighton r a i s e s the q u e s t i o n of e l e c t r o n 
i c v ersus i o n i c conductance i n f i l m s and o f f e r s the thought 
t h a t o n l y the f i r s t w i l l be s u f f i c i e n t l y f a s t f o r e f f e c t i v e 
d e v i c e development. I t h i n k t h a t t h e r e i s a p a r t i c u l a r subspe
c i e s of e l e c t r o n i c conductance t h a t i s l i k e l y t o dominate the 
be h a v i o r of chromophore f i l m s i n v o l v i n g m o l e c u l a r u n i t s . I t i s 
a "hopping" or p o l a r o n mechanism which i s c l o s e l y r e l a t e d t o 
the homogeneous e l e c t r o n t r a n s f e r p r o c e s s which has been ext e n 
s i v e l y s t u d i e d by i n o r g a n i c c h e m i s t s . I'd l i k e t o r a i s e the 
q u e s t i o n of the l i m i t on the r a t e of t h i s mechanism where 
d i f f u s i o n t o g e t h e r of the p a r t n e r s i s not r e q u i r e d . Here, we 
may f i n d t he t e s t of the e x i s t a n c e and s i g n i f i c a n c e of the 
e l u s i v e " i n v e r t e d r e g i o n " . 

M.S. Wrighton: I concur with your observation that 
students in inorganic chemistry receive r e l a t i v e l y l i t t l e 
formal i n s t ruc t i on i n mater ia ls sc ience. This w i l l l i k e l y 
change as the inorganic chemists begin to exert t he i r 
inf luence on the p rac t i ca l aspects of materials-based 
devices . 

Regarding the question of the rate of e lect ron transport 
through polymer f i l m s , i t i s not yet c lea r what ult imate rate 
can be achieved. In so lar energy appl ica t ions the important 
issue i s whether the rate can be high enough so that the net 
e lec t ron t ransfer rate i s l i g h t i n t ens i t y l i m i t e d . 
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5 
Integrated Chemical Systems: 
n-Silicon/Silicide/Catalyst Systems 

ALLEN J. BARD, FU-REN F. FAN, G. A. HOPE, and R. G. KEIL 

The University of Texas, Department of Chemistry, Austin, TX 78712 

The paper by Wrighton describes semiconductor systems which 
incorporate other components, such as polymer layers, to produce 
useful electrode structures. The development of such multicom-
ponent, multiphase systems, which we call "integrated chemical 
systems" by analogy to the integrated circuits used in semicon
ductor devices, clearly represents an important new trend in 
chemistry. The design of useful semiconductor electrodes and 
powders will require surface modification to passivate surface 
states to improve efficiency, to protect the surface from photo-
decomposition, to catalyze desired reactions and to provide sen
sitizers. For example the system p-GaAs/viologen polymer/Pt can 
be used for the photodriven evolution of hydrogen. The develop
ment of such systems will probably require the application of 
techniques very different from those normally used in chemical 
synthesis, e.g., molecular beam epitaxy, sputtering, ion implan
tation, spin coating, and other methods borrowed from solid 
state physics and semiconductor technology. These integrated 
chemical systems will have properties different and, we hope, 
more useful, than that of the individual components. Such syner
gistic effects are well-known in biological systems where the 
overall behavior of the complex structure is usually more than 
the simple sum of the parts. 

I would l i k e to describe b r i e f l y an integrated chemical sys
tem recently under investigation i n our laboratory based on n-
type s i l i c o n which i l l u s t r a t e s some of the above features (1,2). 
As Wrighton points out i n his paper, η-Si electrodes are usually 
unstable i n aqueous solutions, because they tend to form a passi-
vating oxide f i l m under i r r a d i a t i o n . We have found that by form
ing a platinum s u i c i d e layer on the surface of the S i electrode 
(by flash evaporation of Pt on the pretreated S i surface followed 
by annealing) the electrode w i l l show stable operation i n aqueous 
photoelectrochemical (PEC) c e l l s . The current-voltage curves for 
an η-Si electrode (coated with 40 angstroms of Pt and annealed at 
400 C i n vacuum for 10 minutes) i n a solution of 1 M FeCl2, 0.1 M 

0097-6156/83/0211-0093$06.00/0 
© 1983 American Chemical Society 
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P h o t o v o l t a g e , V 

Figure 1. Photocurrent-photovoltage characteristics of the cell η-Si (Pt suicide 
coated)/1.0 M FeCl2, 0.1 M FeCls, 1 M HCl/Pt at 65 nW/cm2 illumination. Pt 
thickness deposited ~ 40 À and annealing temperature 400 °C at ~ 10'6 torr for 
10 min. Key: a, before long-term stability test; and b, after long-term stability test. 

Figure 2. Voltammetric curves of Pt (curve a) and n-Si(Ir)/Ru02 (curve b) elec
trode in 11 M LiCl at pH = 7. Light intensity 65 nW/cm2, and scan rate 100 
mV/s. (Reproduced with permission from Réf. 1. Copyright 1982, The Electro

chemical Society, Inc.) 
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FeCl^, and 1 M HC1 under illumination of 65 mW/cmz (tungsten-
halogen lamp) are shown i n Figure 1. This c e l l has operated for 
more than 20 days with no appreciable change i n performance or 
decomposition at a maximum power conversion efficiency of about 
6%. To s t a b i l i z e such an electrode to oxidants stronger than 
iron(III) a catalyst such as Ru0£ must be added to the surface 
to allow the rapid transfer of photogenerated holes to a solution 
species before S i reactions occur. Under these conditions even 
chlorine and bromine evolution are possible on S i . For example 
an iridium s i l i c i d e coated η-Si electrode with Ru02 catalyst i n 
11 M L i C l solution w i l l evolve chlorine at potentials about 0.4V 
less positive than the reversible chloride/chlorine potential 
(Figure 2) and show no appreciable deterioration after seven 
days of continuous i r r a d i a t i o n . 

In looking towards the 21st Century, I predict that inter
f a c i a l photochemical and electrochemical processes at designed 
and integrated chemical systems w i l l play an important role i n 
the development of energy conversion and other devices. 
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6 
Metalloporphyrins 
Catalysts for Dioxygen Reduction and 
P-450-Type Hydroxylations 

D A V I D D O L P H I N and B R I A N R. J A M E S 

University of British Columbia, Department of Chemistry, 
Vancouver, British Columbia V 6 T 1Y6 Canada 

The functions of the heme proteins, cytochrome oxi
dase, cytochrome P-450, catalase, and peroxidase, are 
discussed with special reference to the mechanisms of 
enzymatic action and the development of protein-free 
in vitro catalysts. The use of dimeric face-to-face 
cobalt porphyrins for the electrochemical four-elec
tron reduction of dioxygen to water is limited, prob
ably as a result of destruction of the porphyrin 
macrocycle by intermediate hydrogen peroxide that is 
released. The cytochrome oxidase system prevents 
hydrogen peroxide release, possibly by utilizing it 
in much the same manner as catalase and peroxidase, 
as well as P-450 that more commonly functions as a 
hydroxylating reagent using dioxygen and a two
-electron reducing source. The mechanisms of each of 
the enzyme systems can be pictured as involving for
mation of a ferric peroxide that breaks down, via 
cleavage of the oxygen-oxygen bond, into an oxo 
iron(IV) porphyrin cation radical species with 
release of water. The oxo intermediate, that in the 
case of P-450 can be generated also via the iron(III) 
state and iodosylbenzene or peracids, is considered 
to be the key species governing the reactivity pat
tern of the enzyme. 

Figure 1 shows in bold type the trace elements in nature 
essential for the proper functioning of bi o l o g i c a l processes. 
The importance of metals has been long known but i t i s only in 
the past three decades that some of their s p e c i f i c roles have 
begun to be elucidated. It i s perhaps not surprising that iron, 
the most naturally abundant of a l l metals, should play many 
important roles in nature. We shall present here one small 
aspect of this rapidly expanding area of inorganic chemistry, 
namely that of the functioning of iron when coordinated to 
porphyrins ( 1 , 2 ,̂ 3 ) . Figure 2 shows the major heme proteins 

0097-6156/83/0211-0099$06.00/0 
© 1983 American Chemical Society 
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IA IIA III Β IVB V B VIB VIIB 
s ί 

VIII IB IIB IDA 
A 

IVA VA VIAVIIAgSSSl 

H / \ 

\ 
/ \ H H e 

Li Be 
\ / \ Β C Ν ο F N e 

Να M g A l Si Ρ s C l Ar 

Κ C a S c Ti V C r M n F e C o Ni C u Z n G a G e A s S e Br Kr 

R b Sr Y Zr N b M o Tc Ru Rh Pd A g C d In Sn S b Te 1 X e 

C s B a La Hf Ta W R e O S Ir Pt A u H g TI P b Bi Ρο At Rn 

Fr R a A c 

Figure 1. The periodic chart: essential trace elements in nature are shown in bold. 

2* 0 2 . HEMOGLOBIN 
MYOGLOBIN 

CYTOCHROMES 

Fe 
' 2* 
Fe 

Fe 2* Fe° 

H 2 0 2 H 2 0 0
 H .2°2 ° 2 

CATALASE RC3+V ^ r F e V ' 
PEROXIDASE f^HRP 

2RH 2R* 

H02C COgH 
HEME CYTOCHROME P-450 Fe 

RH ROH 

0 2 , 2 e - , 2 H + H20 

CYTOCHROME 2Fe3* 2Fe3* 
OXIDASE 2 C u p ^ >T2Cu2 + 

0^,4e-,4H* 2H20 

Figure 2. The major heme proteins and their biochemical functions. 
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6. D O L P H I N A N D J A M E S Metalloporphyrins 101 

and their biochemical functions. In addition to functioning as 
transport and storage proteins for electrons and oxygen, hemo-
proteins play other important roles. A major theme played by 
heme enzymes i s the control and u t i l i z a t i o n of oxygen and reduced 
oxygen derivatives (4). Figure 3 shows the complex chemistry of 
oxygen in terms of the reduction potentials governing i t s oxida
tion states at both neutral (pH 7.0) and acid (pH 0.0) condi
tions; shown also are the areas where heme proteins exert their 
influence. 

Nature has had a long time to perfect her inorganic chemistry, 
and understanding the mechanisms of enzymatic action can suggest 
ways for the inorganic chemist to develop corresponding in v i t r o 
catalysts. We sha l l show how knowledge of cytochrome oxidase and 
cytochrome P-450 has led to such p o s s i b i l i t i e s . 

Cytochrome oxidase i s the terminal electron acceptor in the 
respiratory chain of a l l oxygen-breathing organisms (5). Nature 
uses cytochrome oxidase to bring about the "concerted" four-
electron reduction of dioxygen to water without the release of 
the toxic one- and two-electron reduction products (superoxide 
and hydrogen peroxide, respectively). The study of cytochrome 
oxidase i s complicated by the fact that i t i s a multi-component 
enzymatic system which functions within and across the b i o l o g i c a l 
membrane. U n t i l Sanger's group (6) recently sequenced part of 
human mitochondrial genome, even the size of each component of 
the enzyme, l e t alone the individual protein sequences, was 
unknown. The whole enzyme complex, however, i s known to contain 
two heme porphyrins and two copper centers. While these four-
electron redox centers allow for speculation on the storage of 
the four electrons provided v i a cytochrome c_ (another heme pro
tein) , the mechanism of their delivery to dioxygen to form water 
is far from clear. 

The p r a c t i c a l need to reduce dioxygen to water without the 
release of peroxide i s important in f u e l - c e l l technology, where 
the fabrication of a cheap and robust oxygen electrode i s s t i l l 
a major goal. The use of metalloporphyrins for this purpose has 
been widely studied and some considerable success has been 
achieved recently. By using c o f a c i a l l y linked dimeric cobalt 
porphyrins (1), Anson, Collman et a l . (_7, 8) have brought about 
the "direct" four-electron reduction of dioxygen to water. How
ever, the c a t a l y t i c l i f e t i m e of the dimeric porphyrins on the 
carbon electrodes i s short (9). We supposed that hydrolysis of 
the amide bridging groups, under the strongly acidic conditions 
employed for oxygen reduction, accounted for the loss of cata
l y t i c a c t i v i t y . We have prepared an analogous series of dimeric 
co f a c i a l porphyrins linked by polymethylene chains (2) (10) which 
cannot, of course, undergo hydrolysis. These complexes p a r a l l e l 
those of Anson's and Collman 1s with respect to their a b i l i t y to 
promote the four-electron reduction of water. Unfortunately, 
their c a t a l y t i c l i f e t i m e i s also short, suggesting that the loss 
of a c t i v i t y results not from the breaking of the linking groups 
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but rather from destruction of the porphyrin macrocycle by 
hydrogen peroxide (11). 

How does nature prevent the release of hydrogen peroxide 
during the cytochrome oxidase-mediated four-electron reduction 
of dioxygen? It would appear that cytochrome oxidase behaves in 
the same manner as other heme proteins which u t i l i z e hydrogen 
peroxide, such as catalase and peroxidase (vide i n f r a ) , i n that 
once a f e r r i c peroxide complex i s formed the oxygen-oxygen bond 
i s broken with the release of water and the formation of an oxo 
iron(IV) complex which i s subsequently reduced to the ferrous 
aquo state (12). Indeed, this same sequence of events accounts 
for the means by which oxygen i s activated by cytochromes P-450. 

Cytochromes P-450 occur in both procaryotes and eucaryotes 
(13) and, while many different s p e c i f i c enzymatic reactions are 
known to be controlled by these enzymes, they can a l l be general
ized into two main categories; namely, the epoxidation of ole f i n s 
(including aromatic systems) which gives r i s e to the carcino
genicity of fused polycyclic aromatic hydrocarbons, and the ox i 
dation of unactivated carbon-hydrogen bonds to the corresponding 
alcohol, such as the conversion of cyclohexane to cyclohexanol 
(14) . 

The enzymatic cycle for cytochrome P-450 i s shown i n Figure 
4. Binding of the substrate (RH) to the f e r r i c hemoprotein 
changes the iron from low to high spin; a subsequent one-electron 
reduction gives the ferrous heme protein. Like myoglobin (Mb), 
ferrous P-450 binds both oxygen and carbon monoxide, but the 
analogy ends there. The majority of heme proteins exhibit a 
strong Soret absorption band at approximately 420 nm. However, 
the CO complex of P-450 i s atypical in that i t exhibits a s p l i t 
Soret band with one tra n s i t i o n at 450 nm (from which the enzyme 
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Figure 3. Standard reduction potentials associated with the chemistry of oxygen; 
values in upper and lower halves of diagram refer to pH 0.0 and pH 7.0 conditions, 

respectively. 

(Product) ROH 

P g 3 + ( Resting enzyme) 
RH (substrate) 

S*I0/ 

Fe3+- RH 

Fe2+- RH 

Fe 0 2 R H 

Figure 4. The enzymatic cycle for cytochrome P-450. 
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was named (15)) and a second higher energy tra n s i t i o n at 350 nm. 
This unusual op t i c a l spectrum has been shown to result from the 
unique a x i a l l i g a t i o n of a thiolate anion provided by a cysteine 
residue of the protein (16-19). Oxy P-450 also exhibits such a 
s p l i t Soret band and t h i s , together with pH-titration data (19), 
show that this enzymatically important oxygenated derivative i s 
also coordinated by a thiolate anion. The high electron density 
on sulfur, which can be transmitted to the coordinated oxygen, 
makes oxy P-450 r e l a t i v e l y unstable at ambient conditions, and 
the loss of superoxide with the reformation of the f e r r i c com
plex i s a f a c i l e process (19). At f i r s t sight this i n s t a b i l i t y 
appears to be a waste of the c e l l s 1 reducing capability, but we 
suspect that i t i s a compromise between the unwanted side-effect 
of the thi o l a t e ligand at this stage of the reaction and i t s 
positive effects at lat e r stages of the enzymatic cycle, that we 
s h a l l d e t a i l below. 

The next, and rate l i m i t i n g step, in the enzymatic reaction 
i s a further one-electron reduction of oxy P-450. As yet, l i t t l e 
i s known about the enzymatic reactions beyond this stage. We 
(20) and others (21, 22), however, have explored this further 
chemistry using model systems. Enzymatically, the one-electron 
reduction of oxy P-450 occurs at approximately -0.20 V (23); 
this value i s vs. Ag/AgCl, which has a potential of about +0.23 V 
w.r.t. the S.H.E. We have found that a one-electron reduction 
of oxy ferrous octaethylporphyrin in DMSO/CH3CN at -20° can be 
brought about electrochemically at a platinum electrode at a 
very similar potential,-0.24 V (vs. Ag/AgCl),to give the 
η^-peroxy complex (3) (20, 24). However, in our hands, and those 
of others (25), this model monoanionic complex exhibits none of 
the oxidizing powers of P-450. This may, of course, mean that a 

complex of the type (3) i s not formed enzymatically. More l i k e l y 
though i s that within the enzyme the thiolate now plays a c r i t 
i c a l r o l e . Any single bond between two electronegative elements 
i s necessarily weak. This i s certainly true for peroxides and 
the added electron density supplied by an a x i a l l y coordinate 
thiolate anion ligand would aid in the cleavage of the peroxy 
bond in an enzymatic species corresponding to complex 3 · l n 

addition a l l of the substrates for cytochromes P-450 are hydro
phobic, and the binding s i t e for substrate, which i s necessarily 
close to the iron porphyrin, must also be hydrophobic. Yet the 
addition of the last electron in the enzymatic cycle could gen
erate a species such as 3, that in fact would have a net double 
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6. D O L P H I N A N D J A M E S Metalloporphyrins 105 

negative charge. In such a non-polar environment the peroxo 
ligand w i l l be strongly nucleophilic (basic) and this could ease 
0-0 bond cleavage either by direct protonation or acylation (26). 
By whatever mechanism the bond cleavage occurs, one oxygen atom 
must leave at the oxidation l e v e l of water. Scheme 1 shows that 
the iron oxygen complex (4) remaining, which i s presumed to be 
the oxidizing agent, i s formally an Fe^ + oxene (oxygen atom) 
complex. The chemistry of oxenes i s hardly explored, although 
oxygen atoms can bring about P-450-like hydrocarbon oxidation 
(27). By analogy, however, the chemistry of oxenes can be 
expected to p a r a l l e l that of nitrenes and carbenes. Here direct 
insertion into C-H bonds and the addition across olefins without 
loss of stereochemistry i s well defined (28). Cytochromes P-450 
do not appear to function v i a direct insertion, and the oxene 
analogy i s probably not a reasonable one (29). 

If the active oxidizing agent i s not formulated as a f e r r i c 
oxene complex, the questions then remain as to what i s i t s elec
tronic ground state and how does hydrocarbon oxidation occur? 

Answers to these questions were i n i t i a t e d over a decade ago 
during our studies on catalase (CAT) and horseradish peroxidase 
(HRP) (30). Both native enzymes are f e r r i c hemoproteins and 
both are oxidized by hydrogen peroxide. These oxidations cause 
the loss of two electrons and generate active enzymatic i n t e r 
mediates that can be formally considered as Fe^ + complexes. 
Un t i l very recently no complexes of Fe^ + were known, and so we 
examined the electronic ground state of these highly oxidized 
hemoproteins, which are known as the compound I derivatives, 
CAT I and HRP I. 

An examination of their o p t i c a l spectra (Figure 5) suggested 
that both CAT I and HRP I contained porphyrin 7r-cation radicals 
in which the porphyrin ring had undergone a one-electron oxida
tion (31). Many porphyrins and metalloporphyrins can be oxidized 
to Tt-cation radicals and these species can occupy one of two 
ground states (̂ A-̂ u or ^&2\j) * T n e s e t w o ground states have d i f 
ferent but characteristic o p t i c a l spectra and can be interchanged 
as a function of a x i a l l i g a t i o n of the metalloporphyrin (Figure 
5) (30). Catalase i s a x i a l l y coordinated by a phenoxide of 
tyrosine (32), and HRP by an imidazole of h i s t i d i n e (33), and 
this may well explain their different electronic ground states 

4 
Scheme 1 
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300 400 500 600 nm 
Figure 5. Comparison of the optical absorption spectra of cobalt(III) porphyrin 
π-cation radical species with those of catalase compound I and horseradish peroxi
dase compound I. The ground states of the bromide and perchlorate species are 

2A l u and 2A2u, respectively.  P
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6. D O L P H I N A N D J A M E S Metalloporphyrins 107 

even though both enzymes contain iron protoporphyrin. Oxidation 
to the ïï-cation rad i c a l accounts for the loss of one of the two 
electrons involved in the peroxide-mediated oxidation. The other 
electron i s lost from the iron, as exemplified by optical and 
Mossbauer spectroscopy (34). Hence the electronic configuration 
of CAT I and HRP I i s believed to be that of an Fe*+ porphyrin 
π-cation ra d i c a l ; moreover, labelled oxygen (35) and ENDOR 
studies (36) have shown that the complex contains an oxo ligand 
(5). 

0 
F e 4 + P o r -

The f e r r i c oxene complex (6) i s , of course, just one reso
nance formulation of 5 (see scheme 2). Moreover, the addition 
of dioxygen and two electrons to P-450 i s equivalent to using 

:o: :o: :o: ο ο 
4 s - P „ FL'P— IV-R TP 
6 p= Protoporphyrin 

Scheme 2 

peroxide, and indeed the cytochrome P-450 catalysis can be 
shunted by using a l k y l hydroperoxides (28), Figure 4. It i s 
now apparent that the hemoprotein families of the catalases, 
peroxidases, and cytochromes P-450 are closely related. Scheme 
3 i l l u s t r a t e s the suggested s i m i l a r i t i e s for each of these sep
arate enzymes. In addition to activating P-450 by the use of 
alk y l hydroperoxides, both iodosylbenzene (7) and peracids (28) 
can also be used. 

Groves et a l . have elegantly followed up such findings, and 
have found that f e r r i c porphyrins and iodosylbenzene provide a 
system, c a t a l y t i c in porphyrin, for the room temperature oxida
tion of hydrocarbons (37), see Figure 4. More recently this 
group has shown that f e r r i c tetra-mesitylporphyrin (8), when 
treated with a peracid, yields an isolable oxo intermediate 
which i s the active hydrocarbon oxidizing agent (38). Depending 
upon the a x i a l l i g a t i o n , this intermediate exists as either the 
Fê ~*~ π-cation radical or the Fe-*+ complex (39). These observa
tions add further support to the hypothesis concerning the 
electronic structure of the active enzymatic oxidizing agent, 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

00
6

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



108 I N O R G A N I C C H E M I S T R Y : T O W A R D T H E 21ST C E N T U R Y 

Fe3* CAT 

H 2 0 2 H,0 

Fe4* CAT** 

R02H ROH 

Fe3* P-450 ^ > » 

0 2 ,2e-,2H* H20 

Fe4 P-450* 
I 

"S 

0 
Fe3*HRP Fe4*HRP** 

Η>02 H20 

Scheme 3 

as outlined i n schemes 2 and 3. We can now attempt to describe 
in more d e t a i l the iron porphyrin complexes that are involved in 
the enzymatic cycle of cytochrome P-450 (Figure 6, cf. Figure 4). 
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Figure 6. The enzymatic cycle for cytochrome P-450, detailing possible electronic 
structure of intermediates. (Ρ represents protoporphyrin.) 
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Studies with both cytochromes P-450 and model systems sug
gest that hydrocarbon oxidation proceeds v i a the intermediacy of 
a substrate radical (28, 29); the hydrophobic nature of the bind
ing s i t e would also argue for an uncharged (radical) substrate 
intermediate. The storage of unpaired spins at iron, oxygen, and 
the porphyrin macrocycle, would allow for the s t a b i l i z a t i o n of 
rad i c a l intermediates during the enzymatic oxidation. The 
abstraction of a substrate hydrogen atom, and the subsequent 
transfer of a hydroxyl r a d i c a l to substrate from the iron por
phyrin complex, account for the observations concerning hydro
carbon oxidation. 

It i s interesting to note that in so many areas of oxygen 
chemistry, nature uses iron porphyrins for the transport, stor
age, and u t i l i z a t i o n of dioxygen and i t s reduced derivatives. 
To this end, cytochrome P-450 may be considered as nature's 
equivalent of Fenton's reagent; in the enzyme system, highly 
reactive intermediates such as hydroxyl radicals and oxenes 
appear to be controlled by their interaction with hemoprotein. 

What can a l l these studies suggest to the inorganic chemist 
interested in the controlled and f a c i l e c a t a l y t i c oxidation of 
hydrocarbons? Groves and coworkers have already shown that iron 
porphyrins in the presence of iodosylbenzene and peracids can be 
used for such c a t a l y t i c reactions (37, 38). However, the cost of 
the oxidants makes such reaction uneconomical at this time. 
Nature uses dioxygen and two electrons to generate the active 
oxidizing agent, but we have shown that one such intermediate 
generated electrochemically with a model system (lacking the 
thiolate, however) i s not an oxidant. 

The only difference between the active oxidizing and a 
f e r r i c porphyrin hydroxide complex i s two electrons (scheme 4). 
Indeed, the electrochemical oxidation of hydroxy f e r r i c t e t r a -
mesitylporphyrin shows two reversible one-electron oxidations 
(40), and, in principle, use of water and an electrode should 
allow development of a system capable of c a t a l y t i c a l l y oxidizing 
hydrocarbons. 
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RECEIVED August 1 0 ,  1982 

Discussion 
N. Sutin, Brookhaven National Laboratory; In the reduction 

of oxygen by cytochrome c oxidase, i s there any evidence for 
coopérâtivity between heme a n and Cu B? In particular, i s there 
evidence for the formation or a peroxo-bridged a^-Cu-Q intermedi
ate? 

D. Dolphin: Clearly the fact that the a3-Cug pair can be 
antiferromagnetically coupled shows that these two centres can 
communicate with each other. It i s not clear, however, that 
this particular "intermediate" has any enzymatic significance. 
I know of no d e f i n i t i v e evidence concerning the formation of 
a μ-peroxo complex between and Cu B, and i f the analogy between 
cytochrome oxidase and the other heme proteins, I have referred 
to, holds then I see no need to suggest such peroxo-bridging. 
I suspect that Cug i s there as an electron ca r r i e r and not as 
a ligand for dioxygen in any of i t s oxidation states during 
i t s reduction to water. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

00
6

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



6. D O L P H I N A N D J A M E S Metalloporphyrins 113 

D.R. McMillin, Purdue University: Like cytochrome oxidase, 
the blue copper protein laccase catalyzes the reduction of 
dioxygen to water, albeit at a somewhat slower rate. Given the 
structural analogies that exist between the proteins — each 
contains four metal ions, a s i t e involving a coupled pair of 
metal ions, etc. — one might expect there to be analogies i n 
their mechanisms of action as well. On the other hand, i t seems 
unlikely that a copper ion could achieve the valency changes you 
ascribe to the a 3 heme. Do you have any comment regarding the 
laccase system? 

D. Dolphin: I agree with you that I find i t unlikely either 
the copper ion, or the copper ion and i t s attendant ligands, 
could achieve the high oxidation states analogous to those 
postulated for the a3 heme. 

T.J. Kemp, Warwick: Noting the c r i t i c a l r ole of higher 
oxidation states of Fe i n the functioning of cytochrome P-450, 
i t i s interesting to note the recent u.v.-spectral character
isation of transient intermediate in the oxidation of 
[ F e l l i C N ) ^ - by both H0C1 and XeF 2 in aqueous solution. 1» 2 

This species i s assigned to an F e I V species by Purmal et al., 1» 2 

and in association with his laboratory, Dr. Peter Moore and I 
have obtained f u l l y time-resolved u.v.-visible spectra of these 
systems in a stopped-flow apparatus coupled to a rapid scanning 
spectrometer, as exemplified in the f i g u r e . 3 

O r 

σ 

20 

40 

6O 

ΘΟ 

IOO 
350 400 

λ/η 
450 

Spectral p r o f i l e of the i n i t i a l part of the reaction between 
FeiCN)^- (2.5 χ 10" 4 mol dnT 3) and NaOCl (2.5 χ 10" 3 mol dm-3) 
at pH 2.25; trace α represents spectrum on mixing ( i . e . of 
reactants), while b9o9 ... are spectra at successive intervals 
of 150 ms. g i s the spectrum of the intermediate, attributed 
to FeIV(CN) 6

2-. 
Kozlov, Yu.N.; 
V.F.; Zh. Fiz. 

Moravskii, A.P.; Purmal 1, A.P. 
Khim.1981, 55, 764. 

3. 

Kozlov, Yu.N.; Vorob'eva, T.P.; Purmal 1; A.P. 
Khim. 1981, 55, 2279. 

Kozlov, Yu.N.; 

Shuvalov, 

Zh. F i z . 

Kemp, T.J. 
Silver, G.R. 

Moore, P.; Purmal', A.P. 
to be published. 
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P. Dolphin: A very interesting observation. There are, 
of course, many such examples of the Fe*V oxidation state when 
the iron i s coordinated to a porphyrin. 

T.J. Kemp, Warwick: Is i t not the case that the product 
dis t r i b u t i o n in hydroxylation of organic molecules by Fenton's 
reagent d i f f e r s in considerable d e t a i l from that realised by 
cytochrome P-450? 

1 2 
D. Dolphin: Groves and his co-workers ' have shown that 

ferrous perchlorate and hydrogen peroxide can carry out hydroxy-
lations which bear close p a r a l l e l s to the P-450 mediated systems. 
1. Groves, J.T.; McClusky, G.A. J. Am. Chem. Soc. 1976, 98, 

859. 
2. Groves, J.T.; Van Der Puy, M. J. Am. Chem. Soc. 1976, 98, 

5290. 

M.S. Wrighton, M.I.T.: Why are the 4e-02 reduction catalysts 
decomposed by H2O2 when i t appears that these catalysts operate 
at potentials where i t i s thermodynamically impossible to make 
H 20 2? 

D. Dolphin: Such potentials refer to free hydrogen peroxide 
(H2O2). The potentials at which coordinated peroxide can be 
formed are lower, but subsequent protonation of such coordinated 
peroxide can result in the l i b e r a t i o n of free peroxide which can 
then react with the periphery of the porphyrin. 

E.R. E v i t t , Catalytica Associates, Inc: In their work 
with amide-linked c o f a c i a l porphyrins, Collman and Anson have 
only observed 100% four-electron 0 2 reduction in the four-atom-
bridged member of the series. Your comments implied four-elec
tron 0 2 reduction i s observed with the f i v e and eight as well 
as four-atom bridged methylene-1inked cofacial porphyrins you 
have prepared. Is such a c t i v i t y observed for the compounds with 
longer linkages? 

D. Dolphin: Collman and Anson have found with their f i v e -
atom bridged amide systems that the reduction of dioxygen i s 
partitioned roughly one third undergoing a four-electron reduc
tion to water and the rest a two-electron reduction to peroxide. 
We see the same result; indeed the 5-5 systems of ours and that 
of Collman-Anson are indistinguishable. Neither type of c o f a c i a l 
dimers with chains greater than f i v e show any four-electron 
reduction. 
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6. DOLPHIN AND JAMES Metalloporphyrins 115 

E.R. E v i t t , Catalytica Associates, Inc.: Have you prepared 
polymethylene-1inked cof a c i a l porphyrins that contain two d i f 
ferent metals in the cof a c i a l unit? Is i t possible to prepare 
polymethylene-1inked co f a c i a l porphyrins that are unsymmetrical 
by virtue of two different length bridges in the same molecule? 

P. Dolphin: For reasons that are at present unclear both 
the rates of insertion, or removal, of metals within the co f a c i a l 
systems are different so that mixed metal complexes can be con
vient l y prepared. We have, as yet, not looked at the unsymmet-
r i c a l l y linked systems. 
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7 
Electron Transfer Mechanisms 

R. J . K L I N G L E R , S. F U K U Z U M I , and J. K . K O C H I 

Indiana University, Department of Chemistry, Bloomington, I N 47405 

The finely tunable steric and polar properties 
inherent to alkyl ligands can be exploited in both 
the homogeneous and the heterogeneous electron trans
fers from several classes of organometals. Outer
-sphere mechanisms pertain to electron transfer with 
iron(III) oxidants such as Fe(phen)33+, since the oxida
tions of various organometals are singularly unaf
fected by steric effects and follow the free energy 
correlation established by Marcus Theory. Likewise 
the rates of heterogeneous electron transfer at a 
platinum electrode are shown to be directly related 
to the homogeneous chemical oxidation with Fe(phen)33+ 

provided they are evaluated at the same potential, 
i.e., driving force. The free energy relationship 
for the outer-sphere rates of electron transfer, 
which can be measured by the electrochemical method 
over an extended region far from the equilibrium 
potential, shows the asymptotic behavior at both the 
endergonic and exergonic limits describable by the 
empirical Rehm-Weller equation. The contrasting 
inner-sphere mechanism for electron transfer applies 
to the oxidation of the same series of organometal 
donors RM by either hexachloroiridate(IV) or tetra-
cyanoethylene (TCNE), in which steric effects play 
an important kinetic role. The observation of tran
sient, charge-transfer absorption bands from meta-
stable [RM TCNE] complexes can be used to evaluate 
the work term for ion-pair formation with the aid 
of the Mulliken formulation. A single, unified free 
energy relationship applicable to inner-sphere pro
cesses relates the activation free energy to the 
standard free energy change for electron transfer 
and the work term. The large variations in the 
apparent Brønsted slopes (from unity to even nega
tive values) can be attributed to changes in the 

0097-6156/83/0211-0117$10.75/0 
© 1983 American Chemical Society 
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work term arising from steric effects in ion-pair 
formation. 

Traditionally, electron transfer processes i n solution and 
at surfaces have been c l a s s i f i e d into outer-sphere and inner-
sphere mechanisms (1). However, the experimental basis for the 
quantitative d i s t i n c t i o n between these mechanisms i s not com
pletely clear, especially when electron transfer i s not accom
panied by either atom or ligand transfer ( i . e . , the bridged a c t i 
vated complex). We wish to describe how the advantage of using 
organometals and alkyl radicals as electron donors accrues from 
the wide structural variations i n their donor a b i l i t i e s and 
st e r i c properties which can be achieved as a result of branching 
the alkyl moiety at either the a- or β-carbon centers. 

Structural Variations i n Electron Donors 
We consider the four st r u c t u r a l l y diverse classes of organo

metals I-IV, i n which the configuration and coordination about 
the metal centers vary systematically from octahedral, square 
planar, tetrahedral to linear, respectively. 

Me xPMe 2 Ph Et Et 
> t ' Sn Et-Hg-Me 

\>Me2Ph I 

II III IV 

These organometals are especially desirable for kinetic studies 
since they are a l l s u f f i c i e n t l y substitution stable i n solution 
to allow meaningful measurements to be made. Moreover, for these 
neutral organometal donors, the work term of the reactants wr i s 
considered to be unimportant. An additional benefit derived from 
the use of organometal donors l i e s i n the transient character of 
many of the oxidized organometal cations. As a result, the back 
electron transfer i s generally minimal, and the electron transfer 
process i s overall i r r e v e r s i b l e i n these systems. As r e l a t i v e l y 
v o l a t i l e and electron-rich compounds, the photoelectron spectra 
of the alkylmetals III and IV are readily accessible, and the 
v e r t i c a l ionization potentials Irj can be accurately measured. For 
example, the photoelectron spectra i n Figure 1 i l l u s t r a t e s how the 
lowest energy band of a homologous series of dialkylmercurials 
undergoes large, systematic variations merely by branching at the 
α-carbon of the alkyl ligand (2). 

In these alkylmetals of the main group elements, ionization 
occurs from the highest occupied molecular o r b i t a l (HOMO) which 
has σ-bonding character, i . e . , they are σ-donors. Consequently 
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8 9 10 

l D (RHgMe), eV 

Figure 1. He (I) photoelectron spectra 
of the lowest energy bands of Me2Hg, 

EtHgMe, i-PrHgMe, and t-BuHgMe.  P
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alkyl ligands exert a large dominating influence on the ionization 
potentials and the s t e r i c properties of alkylmetals. Both trends 
are i l l u s t r a t e d i n Figure 2 for the α-branched ligands: methyl, 
ethyl, isopropyl, and tert-butyl on the l e f t , as well as the β-
branched ligands: ethyl, η-propyl, isobutyl, and neopentyl on the 
right (3). Note that the s t e r i c and polar effects generally i n 
crease together in the α-branched alkyl ligands, whereas varia
tions i n the s t e r i c effect dominate i n the β-branched alkyl 
ligands. 

Alkyl radicals share many of the desirable properties of or
ganometals described above, insofar as electron transfer reactions 
are concerned. Thus the s t e r i c properties of alkyl radicals with 
a- and (3-branches follow the trends i n Figure 2. Moreover, the 
direct p a r a l l e l i n their donor properties i s shown i n Figure 3 by 

A L K Y L R A D I C A L S : 

d-Β ranched ft-Branched 

Me Me Me Me 
I I I I 

•CH, . C H , - C H *C-Me · Ο Η 3 Ο Η 3 · Ο Η 2 Ο Η 2 *CH 2 CH - C ^ Ç - M e 

Me Me Me Me Me Me 

a comparison of the ionization potentials of the series of a-
branched alkyl radicals (R«) with the I D of the corresponding 
alkylmethylmercurials (RHgMe) and dialkyldimethyltin compounds (R2-
SnMe 2)(4). The same p a r a l l e l behavior i s also observed with the 
β-branched alkyl series, although the variations i n the absolute 
values of I D are not as large (see Figure 2, r i g h t ) . 

Outer-Sphere Electron Transfer 
The minimal interpénétration of the coordination spheres of 

the reactants i s inherent in any mechanistic formulation of the 
outer-sphere process for electron transfer. As such, s t e r i c ef
fects provide a basic experimental c r i t e r i o n to establish this 
mechanism. Therefore we wish to employ the series of structurally 
related donors possessing the fi n e l y graded s t e r i c and polar pro
perties described i n the foregoing section for the study of both 
homogeneous and heterogeneous processes for electron transfer. 

Homogeneous Processes with Tris-phenanthroline Metal(III) 
Oxidants. The rates of electron transfer for the oxidation of 
these organometal and alkyl radical donors (hereafter designated 
generically as RM and R*, respectively, for convenience) by a 
series of tris-phenanthroline complexes ML 3

3 + of iro n ( I I I ) , ruthe-
nium(III), and osmium(III) w i l l be considered i n i t i a l l y , since 
they have been previously established by Sutin and others as 
outer-sphere oxidants (5). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

00
7

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



K L i N G L E R ET AL. Electron Transfer Mechanisms 

Figure 3. Direct relationship between the ionization potentials of alkyl radicals 
(R*) with ID of the alkylmetals: RHgMe (O) and R2SnMe2 (Φ). 
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The iron(III) complexes FeL 3
3 +, where L = 2,2 f-bipyridine and 

various substituted 1,10-phenanthrolines, cleave a variety of or
ganometals i n a c e t o n i t r i l e according to the general reaction mech
anism i n Scheme I (6). The activation process for oxidative clea-

RM + FeL 3
3 + RM+ + FeL 3

2 + (1) 

RM+ -^Ëi. R . + M
+ , etc. (2) 

Scheme I 

vage i s represented by the electron transfer step i n eq 1. The 
organometal cation RM+ i s a transitory intermediate which subse
quently undergoes a rapid fragmentation i n eq 2, rendering the 
electron transfer i r r e v e r s i b l e . 

The same iron(III) complexes also oxidize alkyl radicals, 
p a r t i c u l a r l y those with secondary and t e r t i a r y centers, to the 
corresponding carbonium ions (7). 

R- + FeL 3
3 + —*· R + + FeL 3

2 + (3) 

Since these carbonium ions are reactive, the subsequent followup 
steps with solvent are s u f f i c i e n t l y rapid to make electron trans
fer in eq 3 rate determining and essentially i r r e v e r s i b l e . 

For a particular iron(III) oxidant, the rate constant (log 
kp e) for electron transfer i s strongly correlated with the ioniza
tion potential Irj of the various alkylmetal donors i n Figure 4 
(le f t ) (6). The same correlation extends to the oxidation of 
alkyl r a dicals, as shown i n Figure 4 (right) (7). [The cause of 
the bend (curvature) in the correlation i s described i n a subse
quent section.] Similarly, for a parti c u l a r alkylmetal donor, the 
rate constant (log kp e) for electron transfer i n eq 1 varies l i n 
early with the standard reduction potentials E° of the series of 
iron(III) complexes FeL 3

3 +, with L = substituted phenanthroline 
ligands (6). 

In order to account for the foregoing kinetic behavior, we 
rel y on the Marcus theory for outer-sphere electron transfer to 
provide the quantitative basis for establishing the free energy 
relationship (<8 ), i . e . , 

(4) 
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where AG = AG0 + Wp - wr and AG0 i s the standard free energy 
change accompanying electron transfer. The i n t r i n s i c barrier AGo* 
represents the activation free energy for electron transfer at AG 
= 0, and Wp i s the work required to bring the products together. 
For neutral reactants such as the organometal examined in this 
study, the work term of the reactants wr i s considered to be n i l , 
and the rate constants are converted to the activation free 
energies by, 

AG* = -RT In (k/Z) (5) 

where the c o l l i s i o n frequency Ζ i s taken to be 3 χ 10 1 0 M"1 s" 1. In 
order to apply the Marcus equation to electron transfer from neu
t r a l organometals RM to the series of FeL3 3 + oxidants, eq 4 can be 
rewritten i n an alternative form as (6), 

yjlG* = [ï/AGo* + —7=Z (ERM + ? ) 1 - - f c EFe < 6 ) 

* 4VAGo* * 4^0* t e 

since AG0 = (E^j - Ep e) and wr = 0. ERM and Ep e are the standard 
electrode potentials of the alkylmetal and FeL 3 , respectively, 
and & i s the Faraday constant. The experimental correlation be
tween AG* and Ep e i s linear for the various alkylmetals i n Figure 
5 ( l e f t ) , and the slopes of the correlations represent i / 4 ^ G ? \ 
It i s important to note that the most s t e r i c a l l y hindered a l k y l 
metal examined, v i z . , tetra-neopentyltin, i s precisely included 
with the other alkylmetals in the correlations shown in both 
Figures 4 and 5. In other words, alkylmetals are not d i s t i n 
guished from each other on the basis of their s t e r i c properties 
when they undergo oxidation with FeL 3

3 + -- the electron donor pro
perty of the alkylmetal being the dominant factor. Such a conclu
sion accords with an outer-sphere mechanism for electron transfer 
i n eq 1. The activation free energies AG^ obtained from the kine
t i c data are plotted against the driving force i n Figure 5 (right). 
The dashed line i n the figure represents AG^ calculated from the 
Marcus eq 4 using the single value of AG0* = 10 kcal mol" 1. Thus 
electron transfer from alkylmetals to FeL 3

3 + accord well with the 
Marcus theory. The absence of notable s t e r i c effects i n this 
outer-sphere process must be emphasized. 

Heterogeneous Processes at a Platinum Electrode. The 
series of organometals I-IV are also readily oxidized electrochem
i c a l ly (9). Thus we can apply the same s t e r i c probe to the cor
responding anodic process for which the analogous mechanism for 
heterogeneous electron transfer at an electrode [E] i s represented 
by an electrochemical EC sequence shown i n Scheme II. 

RM —£L RM+ + e (7) 

RM+ J£5£. R . + M
+ , etc. (2) 

Scheme II 
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10 

I 

ii-Pr 

Ο 

\ 
alkyl- ^ 

! 
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Figure 4. Correlation of the ionization potentials of alkylmetal donors with the 
electron-transfer rate constant (log kFe) for Fe(phen)s

3+ Fe(bpy)s

3+ (O), and 
Fe(Cl-phen)3

3+ ((D), (left). The figure on the right is the same as the left figure for 
Fe(phen)3

3* except for the inclusion of electron-transfer rates for some alkyl radicals 
as identified. (Note the expanded scale.) 

3 h 

26 30 

<3 

34 

kcal mol AG , kcol mcl 

Figure 5. Relationship of the activation free energy for electron transfer with 
the electrode potentials of various FeL3

3+ according to Equation 6 (left), and the 
driving force according to the Marcus Equation 4 (right). 
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The heterogeneous rates of electron transfer i n eq 7 were measured 
by two independent electrochemical methods: c y c l i c voltammetry 
(CV) and convolutive potential sweep voltammetry (CPSV). The 
u t i l i t y of the c y c l i c voltammetric method stems from i t s simpli
c i t y , while that of the CPSV method derives from i t s rigor. 

For a t o t a l l y i r r e v e r s i b l e electrochemical process, the het
erogeneous rate constant k e for electron transfer at the CV peak 
potential Ep i s given by 

k e (Ep) = 2.18[DMv/RT] 1/ 2 (8) 

where η i s the number of electrons transferred i n the rate-
l i m i t i n g step, and ν i s the scan rate. The diffusion c o e f f i c i e n t 
D and the transfer coefficient β are measured by independent tech
niques. Equation 8 i s derived from Fick's laws of di f f u s i o n to
gether with the usual expression for the linear potential depen
dence of the heterogeneous rate constant k e for electron transfer, 
v i z . , 

k e (E) = k s exp [(βη^/RT) (Ε - E 0)] (9) 

where E° is the standard potential for the organometal which fixes 
the value of k s. [Alternatively stated, k s i s the i n t r i n s i c rate 
constant for electron transfer at the equilibrium potential, i . e . , 
Ε = E°. It is thus related to the i n t r i n s i c barrier AG0^ i n Marcus 
theory.] The s h i f t i n the current maximum with the sweep rate 
accords with standard electrochemical theory (10), and may be used 
with the aid of eq 8 to determine the heterogeneous rate constant 
k e for electron transfer at different values of the applied poten
t i a l (driving force). The results of this analysis are shown in 
Figure 6 for the representative organometals I-IV (11). The l i n 
ear plots i n Figure 6 correspond to the free energy relationship 
in eq 9, with the slope representing the electrochemical transfer 
coefficient β, i . e . , 

β = 2.3RT/n^[3 log k e/8E] (10) 

A closer scrutiny of Figure 6 reveals the persistence of small, 
but consistent curvature i n a l l of the plots. In order to v e r i f y 
the curvature, the transfer coefficient β was also determined i n 
dependently from the width of the CV wave, as described by Nichol
son and Shain (10). The potential dependence of β obtained i n 
this manner i s shown in Figure 7. The slopes 8β/3Ε represent the 
unmistakable presence of curvature in Figure 6. 

We deemed i t necessary to confirm the CV results by the alter
nate method using convolutive potential sweep voltammetry, which 
requires no assumptions as to the form of the free energy relation
ship and i s i d e a l l y suited for an independent analysis of curva
ture revealed in Figure 7. In convolutive linear sweep voltamme
try, the heterogeneous rate constant k e i s obtained from the cur-
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-2 51—r 

POTENTIAL, V vs NoCI-SCE 

Figure 6. Variation of the heterogeneous rate constant (log ke) with the applied 
potential for some representative organometals. 

P O T E N T I A L , voltt vt NoCI SCE 

Figure 7. Dependence of the heterogeneous transfer coefficient β with the applied 
electrode potential for the representative class of organometals I-IV. 
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rent i(E) at a given applied potential by 

k e ( E ) = (n&r'iCEJ/CCt) (11) 

where A is the area of the electrode and C(t) i s the time-dependent 
concentration of the organometal at the electrode surface (12). 
The values of C(t) can be evaluated from the current-time history 
using the convolution integral 

n 103
 rt i ( n j 

where C° i s the i n i t i a l concentration of the organometal i n the 
bulk solution. Indeed the CPSV method, which i s k i n e t i c a l l y rigo
rous, affords values of the rate constant k e, the transfer c o e f f i 
cient β, and the curvature 33/8E, which are a l l i n excellent 
agreement with those obtained by the more direct CV method (11). 

Comparison of Homogeneous and Heterogeneous Electron 
Transfers. Let us now compare the values of the heterogeneous 
rate constants k e for the anodic oxidation of organometals with 
the homogeneous rate constants kp e for the chemical oxidation of 
the same organometals with FeL 3

3 +. The direct comparison of the 
electrochemical and chemical oxidations of organometals requires 
that they be evaluated at the same thermodynamic driving force, 
i . e . , the applied electrode potential must be reasonably similar 
to the standard reduction potential E° of FeL 3

3 +. This situation 
i s unfortunately d i f f i c u l t to obtain experimentally since the 
anodic currents for the electrochemical oxidation of alkylmetals 
at the standard reduction potentials of FeL 3

3 + (ranging from 0.92 
to 1.18 V) are too small to be r e l i a b l y measured. Conversely, at 
the applied electrode potentials convenient for the CV measure
ments of alkylmetals (ranging from 1.5 to 1.9 V), the homogeneous 
chemical rates of oxidation would be too fast to measure (even i f 
such powerful oxidants were available). Thus, ba s i c a l l y the pro
blem is to find the free energy relationship which w i l l allow the 
electron transfer rate constant, measureable at one potential, to 
be evaluated at another potential. We consider two free energy 
relationships: the well-accepted linear form i n eq 9 and the 
quadratic Marcus eq 4. 

The linear free energy relationship is obtained from the CV 
data by the combination of eq 8 and 9, i . e . , 

k e ( E ) = 2 . 1 8 [ ^ ] V * e x p [ ^ ( E - Ep)] (13) 

The s t r i k i n g correlation of the homogeneous and heterogeneous rate 
constants, when both processes are measured under conditions of 
equivalent thermodynamic driving force, i s presented i n Figure 8 
(left ) (9). Note the slope of 0.76. We now turn to the quadratic 
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form of the Marcus theory to provide an alternative free energy 
relationship for the heterogeneous rate constants. The i n t r i n s i c 
barrier AG0* required i n eq 4 can be evaluated from the measured 
values of the transfer coefficient β by the relationship 

AG0* = AG*/4B 2 (14) 

which allows AG* to be determined at any other potential from a 
knowledge of AG at the CV peak potential. The heterogeneous 
values of AG* evaluated at the standard reduction potential of the 
iron(III) oxidants are plotted against the homogeneous values in 
Figure 8 (right) (11). The linear correlation with the slope of 
1.01 (in contrast to 0.76 obtained with the aid of eq 13) repre
sents strong support for a common outer-sphere mechanism for homo
geneous and heterogeneous electron transfer from these organome
t a l s . An important feature i n Figure 8 i s the s t r i k i n g absence of 
s t e r i c effects a r i s i n g from the organometal. Thus Figure 8 esta
blishes the essential unity of outer-sphere mechanisms in homoge
neous and heterogeneous electron transfer from organometals. 

H i s t o r i c a l l y , the slopes of the free energy relationships 
have been referred to separately as the Br0nsted coefficient α for 
homogeneous processes and as the transfer coefficient β for heter
ogeneous processes. For example, to i l l u s t r a t e t h eir d i s t i n c t i o n 
we noted that the homogeneous Br^nsted slopes α l i e in the range 
of 0.71 to 0.53 for the oxidation of sec-Bui+Sn by various FeL 3

3 +, 
whereas the electrochemical transfer coefficients f a l l in the sig
n i f i c a n t l y lower range of 0.2 and 0.35. However, when the d i f f e r 
ences in the driving forces are also taken into account, the 
values of α and β follow the same relationship, as shown i n Figure 
9_. Three important conclusions can be drawn from the analysis in 
Figure 9. F i r s t , the difference between the electrochemical β and 
the chemical α slopes arises from the fact that the two are mea
sured i n different potential regions, necessitated solely by ex
perimental limitations. Otherwise there i s no inherent difference 
between α and β in the outer-sphere oxidation of these organome
t a l s . Second, the importance of the second-order term i n the po
t e n t i a l , i . e . , the curvature in Figure 6, is confirmed for both 
the heterogeneous and the homogeneous rate processes. Thus a 
single value of either α or β cannot be used to describe both the 
homogeneous and heterogeneous rate data. Third, the accordance of 
β with α demonstrates that factors contributing to the potential 
dependence of the heterogeneous process must fundamentally be the 
same as that i n the homogeneous electron transfer proceeding v i a 
an outer-sphere mechanism. 

Electron Transfer Far From Equilibrium. We have shown how 
the Marcus Theory of electron transfer provides a quantitative 
means of analysis of outer-sphere mechanisms i n both homogeneous 
and heterogeneous systems. It i s p a r t i c u l a r l y useful for pre
dicting electron transfer rates near the equilibrium potential, 
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but i t s a p p l i c a b i l i t y unfortunately decreases as the free energy 
change i s extended to the exergonic and endergonic l i m i t s . The 
d e s i r a b i l i t y of establishing an extended free energy relationship 
stems from i t s importance to systems which undergo interesting 
chemistry attendant upon electron transfer. These include an ever 
increasing variety of organic and organometallic systems i n which 
questions r e l a t i n g to the involvement of (single) electron trans
fer or "SET" mechanisms have arisen. For these chemically i r r e 
versible systems, electron transfer rates are often measureable 
only at potentials (driving forces) far removed from equilibrium. 

Most electron transfer studies have heretofore encompassed 
only a limited range in AG since they are largely circumscribed i n 
homogeneous systems by the a v a i l a b i l i t y of chemical oxidants and 
reductants with standard reduction potentials of s u f f i c i e n t span. 
On the other hand, the electrochemical methods described i n the 
foregoing section provide an excellent opportunity to examine such 
a range of electron transfer rates, simply by continuously tuning 
the applied electrode potential Ε i n eq 9 over an extended region. 
Among the various organometals, the organocobalt macrocycle t y p i 
f i e d by Me2Co(M) shown in Figure 10 i s unusually well suited in 
that the essential kinetic features of Scheme II have a l l been 
determined (13). Thus the direct comparison with electron trans
fer effected by various chemical oxidants i n solution has esta
blished the fundamental unity of outer-sphere electron transfer 
between heterogeneous electrochemical and homogeneous chemical 
processes in this system. Furthermore, the f i r s t - o r d e r decay of 
the cation (RM+ = Me 2Co(M) +in eq 2) has been independently v e r i 
f i e d to proceed with the f i r s t - o r d e r rate constant of 10 5 s - 1 . 
The potential dependence of the electron transfer rate constant k e 

determined by the CPSV method i s noteworthy for two reasons. 
F i r s t , at the low potential end in Figure 10, i . e . , the endergonic 
region, the slope of the relationship between the activation free 
energy (log k e) and the driving force (E) i s close to unity, as 
shown by the line of unit slope (14). Second, at the other 
li m i t i n g extreme, of high potential, the net forward rate constant 
for electron transfer i s observed to be c l e a r l y leveling o f f and 
becoming independent of the applied potential. The electron trans
fer rate behavior so graphically i l l u s t r a t e d in Figure 10 i s 
unique, and we know of no other kinetic measurement in which both 
limiti n g kinetic extremes have been covered, p a r t i c u l a r l y i n a 
single system. Consequently, we now wish to exploit the experi
mental information contained i n Figure 10 to develop the free 
energy relationship for electron transfer over an extended range. 
In order to determine the functional dependence of the rate con
stant for electron transfer with the free energy change, we must 
f i r s t c l e a r l y delineate the d i s t i n c t i o n between the experimental 
rate constant k e and the i n t r i n s i c rate constant ki for forward 
electron transfer i n Scheme III. Indeed the relationship between 
the two rate constants i s c r i t i c a l l y dependent on the lifetime of 
Me2Co(M)+, which i s determined from the magnitudes of the rate con-
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1.0 1.5 

POTENTIAL f voltt 

Figure 9. The direct relationship between the homogeneous Br0nsted coefficient 
oc(O) and the heterogeneous transfer coefficient β (€)) with the electrode potentials, 

as measured for s&c-Bu^Sn. 

. 3 . 4 . 5 . 6 . 7 

P o t e n t i a l , v o l t s 

Figure 10. Variation in the experimental rate constant (log ke) for heterogeneous 
electron transfer as a function of the applied potential. 
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stant k_ xfor back electron transfer and the rate constant k 2 for 
decomposition, as graphically i l l u s t r a t e d below. 

I k^ ' k^ } 

Scheme III 

Me2Co(M) ^γ=^ e" + Me2Co(M)+ >- products 

The rigorous combination of the kinetics i n Scheme III with F i c k f s 
laws of diffusion affords the relationship among these rate con
stants as: 

k e = ki [ k 2'/(k-i + k 2')] (15) 

which i s the same as that obtained from a straightforward steady 
state treatment. [Note that the homogeneous rate constant k 2 i n 
Scheme III has been converted to i t s heterogeneous equivalent k 2

! 

for use i n eq 15.] The evaluation of the i n t r i n s i c rate constant 
ki proceeds from the rearrangement of eq 15, followed by the com
bination with the Nernst expression to y i e l d 

ki = k eki'{k 2' - k eexp[(-n^/RT)(E - E 0)]}" 1 (16) 

The complete kinetic expression i n eq 16 relates the experimental 
rate constant k e with the forward rate constant k i , as a direct 
function of the decomposition rate constant k2

f and the standard 
reduction potential Ε . Since an independent measurement of k2

f = 
1.2 cm s" 1 (or k 2 = 10 5 s" 1) i s available for Me2Co(M)+, i t can be 
used in conjunction with E° = 0.53 V to convert k e to k i , shown 
in Figure 11 (14). 

Our problem now is to determine the functional form of this 
experimental free energy curve for the i n t r i n s i c rate constant ki 
for electron transfer. In addition to the Marcus eq 4, two other 
relationships are currently i n use to relate the activation free 
energy to the free energy change in electron transfer reactions 
(15,16). 

Marcus : AG* = AG0*[1 + J£^]2 (4) 

Rehm-Weller: AG* = ψ + [φ2 + (AGo*) 2] 1/ 2 (17) 

Marcus-Levine-Agmon: AG* = AG + ^ ί ΐ η { 1 + exp [- Δ^* n^ 2 ] } (18) 

The functional form of the free energy relationships among these 
three formulations i s t y p i c a l l y i l l u s t r a t e d i n Figure 12 (17). 

Each of these free energy relationships employs the i n t r i n s i c 
barrier AG0* as the disposable parameter. [The i n t r i n s i c barrier 
represents the activation energy for electron transfer when the 
driving force is zero, i . e . , AG* = AGo* at AG = 0 or the e q u i l i -
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Figure 12. The shapes of the free energy relationships for electron transfer 
according to Marcus (Equation 4) (· · ·), Rehm-Weller (Equation 17) ( ), and 

Marcus-Levine-Agmon (Equation 18) ( ). 
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brium potential E 0.] Since the i n t r i n s i c barrier i s the single 
parameter in eqs 4, 17, and 18, the a p p l i c a b i l i t y of these r e l a 
tionships to the experimental free energy curve in Figure 11 i s 
best carried out by testing each for the consistency of AGo*, 
which was calculated from the experimental value of AG* at each 
AG. The result i s graphically i l l u s t r a t e d i n Figure 13. Several 
features i n Figure 13 are noteworthy. F i r s t , i n the equilibrium 
region of E° = 0.53 V, a l l three relationships y i e l d a consistent 
value of the i n t r i n s i c barrier as AGo* = 6.3 kcal mol"1. [Note that 
the scatter of points in the exergonic region arises from the ex
perimental d i f f i c u l t i e s in the measurement of k e.] Second, the 
a p p l i c a b i l i t y of the Marcus eq 4 i s limited to the region of the 
free energy change about the equilibrium potential. Significant 
deviations occur in the endergonic region, p a r t i c u l a r l y at poten
t i a l s less than -0.4 V. Third, the Rehm-Weller and the Marcus-
Levine-Agmon relationships are equally applicable over the entire 
span of the experimental free energy change. Both relationships 
y i e l d values of AG0* which deviate less than 0.3 kcal mol" 1 only at 
the extrema. This test thus represents a unique example of the 
experimental v e r i f i c a t i o n of these free energy relationships over 
an unusually extended range of the driving force. Owing to i t s 
simpler functional form, a l l subsequent discussions of the free 
energy relationship for electron transfer w i l l be based on the 
Rehm-Weller relationship. 

The Rehm-Weller formulation of the free energy relationship 
i n eq 17 can be rewritten as 

AG* (AG* - AG) = AG0*2 

to emphasize i t s hyperbolic form (18). The asymptotes of AG* = 0 
and AG* = AG predict the transfer coefficients i n the exergonic 
and endergonic limits to be 0 and 1, respectively. The magnitude 
of the i n t r i n s i c barrier AGo* determines how rapidly the transfer 
coefficients approach these l i m i t s , as shown i n Figure 14 -- the 
right side showing the functional variation i n the activation free 
energy with the driving force, and the l e f t side the actual varia
tion of 3 (19). Over the limited region of AG i n which the Marcus 
eq 4 i s applicable, the inverse relationship between the i n t r i n s i c 
barrier and the transfer coefficient i s given by eq 14. Indeed, 
this remarkable and useful prediction i s borne out by the con
stancy of B2AG0* for a variety of organometals i n Table I (11). It 
i s interesting to note that the i n t r i n s i c barrier for the octahe
dral Me2Co(M) i s s i g n i f i c a n t l y less than those for either the 
tetrahedral t e t r a l k y l t i n and lead compounds or the square planar 
dimethylplatinum(II) complex. 

Inner-Sphere Electron Transfer 
The series of organometal donors I-IV are also readily oxi

dized by the one-equivalent oxidant hexachloroiridate(IV) as well 
as by the organic acceptor tetracyanoethylene (TCNE) (3). In both 
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Figure 13. Test for the consistency of AG0
l evaluated from the intrinsic rate 

constant (log ki) using Marcus Equation 4 (a), Rehm-Weller Equation 17 (b), and 
Marcus-Levine-Agmon Equation 18 (c) at various potentials. 
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AG AG 

Figure 14. Dependence of the Rehm-Weller free energy relationship on the 
intrinsic barrier Δ ϋ Λ Key: left, activation free energy change; and right, transfer 

coefficient variation. 

Table I. Effect of Organometal Structure on the Transfer 
Coefficient and the Intrinsic Barrier. 

Organometal AG* AG* β2 AG* 

Me2Co(DpnH) 7.46 0.73 2.1b 1.1 
(s-Bu)uSn 7.65 0.31 10.0 1.0 
EUPb 7.68 0.28 10.0 0.8 
Me2Pt(PMe2 Ph)2 7.69 0.27 13.0 0.9 
EtHgMe 7.70 0.20 22.0 0.9 

M e a s u r e d b y CV a t 100 mV s ' 1 . bWhen t h e e f f e c t o f r e v e r 
s i b i l i t y i s t a k e n i n t o a c c o u n t t h e v a l u e i s 6.3 k c a l m o l " 1 

f o r r a t e - l i m i t i n g e l e c t r o n t r a n s f e r . 
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cases, the rate - l i m i t i n g step involves electron transfer, i . e . , 

I r C l 6
2 " + RM —> I r C l 6

3 " + RM+ (19) 

TCNE + RM — • TCNE" + RM+ (20) 

which i s essentially the same stoichiometry described for the 
tris-phenanthrolinemetal(III) oxidants i n eq 1. 

Reactivity Patterns for I r C l 6
2 " and TCNE as Oxidants. A l 

though the r e a c t i v i t y pattern for I r C l 6
2 ~ and TCNE are similar, 

they are quite d i s t i n c t from the outer-sphere pattern established 
for FeL 3

3 +. The contrast i s graphically i l l u s t r a t e d i n Figure 15, 
in which the second-order rate constants (log k) for each of the 
three oxidants are plotted against the ionization potentials of 
the same series of alkylmetal donors (3). The uniquely linear 
correlation for Fe(phen) 3

3 + was discussed in the foregoing section 
for outer-sphere oxidation. The marked deviations of a l l the 
points for I r C ^ 2 - and TCNE from any analogous relationship i s 
unmistakable. In particular, the most s t e r i c a l l y hindered organo
metal tetra-neopentyltin (entered as entry 18 in Figure 15) shows 
the most pronounced deviant behavior. Furthermore in Figure 16, 
the experimental values of AG* for I r C l 6

2 " (right) and TCNE (l e f t ) 
consistently f a l l below the s o l i d lines representing the expected 
outer-sphere rates which were calculated from the Marcus eq 4 by 
taking into account the differences i n the reorganization energies 
of I r C l 6

2 " and TCNE (3). With the exception of t-Bu2SnMe2 (entry 17) 
a l l the experimental rates are faster than the calculated values. 
The magnitudes of the deviations vary from 12.5 kcal mol" 1for the 
least s t e r i c a l l y hindered Mei+Sn to ~0 for the hindered t-Bu2SnMe2. 
Indeed the departure from the outer-sphere correlation i s the most 
pronounced with the last hindered alkylmetals (see Figure 2 for a 
qualitative expectation of s t e r i c e f f e c t s ) . Thus among the symme
t r i c a l t e t r a a l k y l t i n compounds Ri*Sn, the least hindered methyl and 
n-alkyl derivatives a l l l i e farthest from the outer-sphere corre
lation. Conversely those t e t r a a l k y l t i n compounds with a- and β-
branched alkyl ligands consistently l i e closest to the lines in 
Figure 16. 

The same s t e r i c dichotomy persists i n the oxidation of alky l 
radicals by tris-phenanthrolineiron(III), i n which two competing 
processes occur -- v i z . , the oxidation to alkyl cations, pre
viously i d e n t i f i e d as an outer-sphere process in eq 3, 
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Figure 15. Contrasting behavior of IrClt (Φ) and TCNE (O) relative to 
Fe(phen)s

3* ((3) in the correlation of rates (log k) of oxidation with the ionization 
potentials of alkylmetals (identified by numbers in Reference 3).  P
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and aromatic substitution on the phenanthroline ligand as i n eq 

For the series of β-branched alkyl radicals, the second-order rate 
constant k^ in eq 3 i s r e l a t i v e l y unaffected by s t e r i c effects 
[compare Figure 2 (right)] as expected for an outer-sphere process. 
In strong contrast, the rate constant kL for ligand substitution 
in eq 21 i s adversely affected by increasing s t e r i c effects, as 
shown in Figure 17. 

The measureable effects of s t e r i c perturbation on the rates 
of oxidation of encumbered alkylmetals by IrCl6 2~ and TCNE in 
Figure 16, and on the rates of ligand substitution by alkyl radi
cals on FeL 3

3 + i n Figure 17, are to be c l e a r l y distinguished from 
the corresponding outer-sphere processes i d e n t i f i e d in Figure 4, 
in which s t e r i c effects exert l i t t l e or no influence on the rates. 
Such a trend for the former must r e f l e c t s t e r i c effects which per
turb the inner coordination sphere of the alkylmetal or a l k y l 
radical donor in the tr a n s i t i o n state for electron transfer. In
deed we wish to employ this conclusion as an operational d e f i n i 
tion for the inner-sphere mechanism of electron transfer (3). 

In the context of the Marcus formulation, the lowering of the 
activation barrier in an inner-sphere process could arise from the 
reduction of the work term wp as a result of the strong interac
tion i n the ionic products, e.g., [R 4Sn + IrCl 6

3"] and [R^Sn* TCNE"]. 
The el e c t r o s t a t i c potential in such an ion pair i s attractive and 
may cause the t e t r a a l k y l t i n to achieve a quasi five-coordinate 
configuration i n the precursor complex, reminiscent of a variety 
of trigonal bipyramidal structures already well-known for tin(IV) 
derivatives, i . e . , 

The extent to which s t e r i c effects adversely affect the attainment 
of such intimate ion-pair structures would be reflected i n an i n 
crease i n the work term and concomitant diminution of the inner-
sphere rate. This qualitative conclusion accords with the reac
t i v i t y trend in Figure 16. However, Marcus theory does not pro
vide a quantitative basis for evaluating the variation in the work 
term of such ion pairs. To obtain the l a t t e r we now turn to the 
Mulliken theory of charge transfer i n which the energetics of ion-
pair formation evolve d i r e c t l y , and provide quantitative informa-

21 (7). 

(21) 

S n C l l r C I , 
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Figure 17. Steric effects (E8) on the rates (log kR) for the outer sphere oxidation 
(O) and the rates (log kL) for the ligand substitution (Q) of Fe(phen)s

3+ by β-
branched alkyl radicals. 
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tion on the s t e r i c effects. Before doing so, however, l e t us for
mulate the problem i n a more general context i n which we consider 
organometals as electron donors D and the oxidants IrCU 2" and TCNE 
as electron acceptors A. 

Mechanistic Formulation of Electron Transfer. The Impor
tance of the Work Term. Accordingly, the electron transfer mech
anism can be considered i n the light of the standard potentials E° 
for each redox couple, i . e . , EQ X for the oxidation of the donor 
(D -> D ++e") and E^ed f ° r t n e reduction of the acceptor (A + e" -* 
A"). Thus the general reaction scheme for an ir r e v e r s i b l e process 
i s represented by (20): 

D + A ^4 [DA] ^ [D+A-] ***** Products 

in which electron transfer i n the encounter complex [D A] i s rate-
li m i t i n g . This scheme i s p a r t i c u l a r l y applicable to systems which 
l i e i n the endergonic region of the driving force [ i . e . , where the 
standard free energy change, AG0 » 0]. The observed second-order 
rate constant k 0 b s i s then given by: 

kobs = k e t K D A W 

where K D A i s the formation constant of the complex and k e t i s the 
intramolecular rate constant for electron transfer. The thermo-
chemical cycle for an ir r e v e r s i b l e electron transfer i n the highly 
endergonic region i s schematically i l l u s t r a t e d below. 

.D • A 

fDA] D>A"e 

Scheme IV 

According to the thermochemical cycle i n Scheme IV, the activation 
free energy for electron transfer AG* i n the encounter complex i s 
given by (16): 

AG* = AG0 + wp - wr (23) 

AG0 corresponds to the standard free energy change of the redox 
process: D + A •> D + + A", and the work terms wp and wr represent 
the energy required to bring together the products and reactants, 
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respectively, to within the mean separation r ^ i n the ion pair 
[D + A"*]. The observed second-order rate constant i n eq 22 can be 
expressed in terms of the activation free energy AG* in eq 23 
which leads to the free energy relationship for electron transfer 
as : 

log kobs = -275RT ( A G° + V + C l ( 2 4 ) 

where Ci = log (κΤ/h). Since the free energy change for electron 
transfer AG 0 i s obtained from the standard potentials of the donor 
and acceptor [ i . e . , AG 0 = 2 ( E £ x - E ° e d ) ] , the free energy re
lationship i n eq 24 may be represented by an equivalent form i n 
eq 25, 

log k o b s = " 2. 3RT ^ E ° x + Wp) + c o n s t a n t ( 2 5) 

when one i s dealing with a series of electron transfer reactions 
with a fixed acceptor. Thus eq 24 and 25 state that the observed 
rate constant (log k o b s ) for electron transfer can be expressed as 
the sum of the standard free energy change (AG 0) and the work term 
of the products (w p). Previous considerations of electron trans
fer have tended to focus only on the magnitude of AG 0, without 
e x p l i c i t l y taking into account the energetics of ion pair [D + A"] 
formation, i . e . , the work term Wp. Such an oversimplication i s 
perhaps understandable i f one considers the experimental d i f f i 
culty of d i r e c t l y evaluating the work terms of ion pairs by the 
usual procedures. The problem i s severely compounded by the ex
ceedingly short lifetimes of the transient ion pairs which must be 
involved i n i r r e v e r s i b l e electron transfer. We now wish to d i s 
cuss how the observation of charge transfer spectra i n these sys
tems can be used to evaluate such ion-pairing energies. 

Evaluation of the Work Term from Charge Transfer Spectral 
Data. The intermolecular interaction leading to the precursor 
complex in Scheme IV i s reminiscent of the electron donor-acceptor 
or EDA complexes formed between electron donors and acceptors (21). 
The l a t t e r i s characterized by the presence of a new absorption 
band i n the electronic spectrum. According to the Mulliken charge 
transfer (CT) theory for weak EDA complexes, the absorption maxi
mum h v C T corresponds to the v e r t i c a l (Franck-Condon) transition 
from the neutral ground state to the polar excited state ( 2 2 ) . 

[D A] [D+A-]* (26) 

The asterisk i d e n t i f i e s an excited ion pair with the same mean 
separation r D A as that i n the precursor or EDA complex. The ther-
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144 INORGANIC CHEMISTRY: TOWARD THE 21 ST CENTURY 

mochemical cycle for such a charge transfer t r a n s i t i o n i s schema
t i c a l l y i l l u s t r a t e d below. 

. D • A 

[0 4 D% A" 

to* A] 

Scheme V 

The v e r t i c a l ionization potential of the electron donor i s repre
sented by I D , and the electron a f f i n i t y of the acceptor by E A. 

The charge transfer Scheme V i s akin to the adiabatic elec
tron transfer cycle in Scheme IV. In this case the work term Wp* 
required to bring the products D + and A" together to the mean 
separation r ^ i n the CT excited state i s given by: 

wp* = h v C T - I D + C 2 (27) 

where C 2 = E A + wr and considered to be constant for a fixed 
acceptor (23). In the limit of simple ion-pair interactions, the 
work term is largely coulombic, i . e . , Wp*s - e 2 / r D A . We relate the 
work term Wp* to that of a reference donor wjî* since the series of 
organometals i n Figure 15 involves either TCNE or IrCU 2" as the 
common accpetor. This comparative procedure allows the acceptor 
component in a given series to drop out by cancellation, and i t 
follows from eq 27 that: 

Awp* = wp* - w°* = Ahv C T - A I D (28) 

In eq 28, Ahv C T refers to the rel a t i v e CT tran s i t i o n energy with a 
common acceptor, and A I D i s the difference i n the ionization po
tent i a l s of the donor and the chosen reference. Thus by selecting 
a reference donor, we can express a l l changes i n the ion-pairing 
energies i n the CT excited state (including s t e r i c , d i s t o r t i o n a l , 
and other effects in the D/A pair) by a single, composite energy 
term Awp*. 

We now return to the thermal electron transfer reaction i n eq 
20, in which the rate-limiting activation process has been shown 
to proceed from the electron donor acceptor complex (23), i . e . , 

[RM TCNE] — ^ [RM+ TCNE"] (29) 

The variation in the driving force i n eq 29 derives from two fac
tors: (1) the differences i n the oxidation potentials of the 
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alkylmetals and (2) the changes in the work terms in the ion pairs 
resulting from differences i n the s t e r i c effects ( i . e . , mean sepa
rations). The f i r s t i s obtained from the free energy change for 
electron transfer ( i . e . , RM -* RM++ e) i n the outer-sphere process 
(see eq 6). The change i n the work term i s equated to Awp*, deter
mined from the CT interaction in eq 28 (24). Thus the linear cor
re l a t i o n i n Figure 18 (left) between the driving force and the 
activation free energy represents a linear free energy r e l a t i o n 
ship for electron transfer expressed as: 

AG* = AG0 + Awp* + C (30) 

where the constant C represents the reference terms (3) . Further
more, the same relationship applies to I r C l 6

2 ~ , as shown by the 
correlation i n Figure 18 (right). [The a p p l i c a b i l i t y of the 
values of Awp* obtained from TCNE to the inner-sphere oxidation 
with I r C l 6

2 " i s probably fortuitous. An indication of the i r simi
l a r i t y i s , however, apparent from a comparison of Figure 15 or 16.] 

Applications of the Ion-Pair Formulation. Electron trans
fer mechanisms are receiving increased attention i n a wide variety 
of organic and organometallic reactions such as (1) the addition 
of halogens to alkenes, (2) the e l e c t r o p h i l i c aromatic substitu
tion, (3) the Diels-Alder reaction, and (4) the halogenolysis of 
alkylmetals (24). Such mechanisms have been referred to as single 
electron transfer or SET since they derive their driving force 
from one component (A = Br 2, HgCl 2, (NC)2C=C(CN)2, I 2) acting as an 
one-electron acceptor r e l a t i v e to the other component (D = C 6H 6, 
CH2=CH2, C 6H 8, Me2Hg) which i s then considered to be the electron 
donor. In each case, a charge transfer interaction can be ide n t i 
f i e d in the precursor complex (24), and typical variations in the 
r e l a t i v e work term Awp* are shown i n Figure 19 as a function of the 
ionization potential of the donor (25). 

Several features i n Figure 19 are noteworthy. F i r s t , the 
magnitude and the variation of the work term depends strongly on 
the electron donor as well as the acceptor. Thus wp* i s rather 
constant for TCNE when i t interacts with various suostituted-
anthracene donors (Figure 19a), but i t decreases s i g n i f i c a n t l y as 
the ionization potential of the organometal donors increases 
(Figure 19b). Furthermore, the variation i n wp* i s the largest 
with organometals, when considered among other donors such as 
arenes and alkenes. With a particular series of donors, the v a r i 
ation of w p*is the largest with the mercury(II) complexes Hg(0Ac)2 

and HgCl 2, among other acceptors such as TCNE and Br 2. 
We associate such variations i n the work term w p*with changes 

in the mean separation r ^ in the EDA complexes. Qualitatively, 
such changes may be viewed as s t e r i c effects which hinder the 
close approach of the acceptor and the donor. For example, the 
constancy of wO* for the substituted-anthracene donors accords with 
the minor s t e r i c perturbation a substituent i s expected to exert 
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Figure 18. Relationship between the activation free energy AG* including the 
work term Awp* and the driving force for electron transfer AG° to TCNE (left) 

and IrCl6

2~ (right) following Equation 30. 
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a b 

IONIZATION POTENTIAL, eV 

Figure 19. Variation of the work term Δ\νρ* evaluated for various charge-transfer 
complexes. 

American Chemical 
Society Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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on a large diffuse π-donor such as a polycyclic aromatic network. 
By contrast, bulky substituents on alkylmetals can effect large 
changes in Wp* owing to the localized nature of the interaction i n 
these σ-donors. 

These work terms can be employed i n the free energy re l a t i o n 
ship in the same manner as that described for eq 20 above. For 
example, in Figure 20 (top), we find a direct relationship between 
the EQ X of anthracenes and alkylmetals and their r e a c t i v i t y (log 
k o b s ) toward TCNE. The experimental plot shows two linear, but 
separate correlations (25,26). It i s noteworthy that the two d i f 
ferent correlations in Figure 20 (top) emerge as a single corre
lation when the work term AwD* i s included. The result in right 
figure i s a linear free energy relationship, 

log k o b s = " 2 7 5RX t^ Eox + A wp* ] + constant (31) 

which applies to both anthracene cycloaddition and alkylmetal i n 
sertion. Note the line i s a r b i t r a r i l y drawn with a slope of unity 
to emphasize the f i t of both sets of data to eq 31. Such an uni
f i c a t i o n i s remarkable since these processes c l e a r l y represent i n 
herently dissimilar reaction types. Thus the Diels-Alder reaction 
i s usually considered to involve a concerted [2π + 4π] cycloaddi
tion, whereas the alkylmetal insertion requires a multistep s c i s 
sion of a σ carbon-metal bond. The a p p l i c a b i l i t y of eq 31 to such 
diverse processes as anthracene cycloaddition and alkylmetal inser
tion derives from a correspondence of the work term variation, 
i.e. , AWp* = Awp. 

The relationship between the rates of el e c t r o p h i l i c bromina-
tion (log k 0 D S ) and the standard potentials (E£ x) of the arene, 
alkene, and alkylmetal donors i s shown in Figure 20 (middle). A l 
though a rough linear correlation exists for each series, there i s 
no clearcut interrelationship among any of them. However, i f the 
variation of the work term Awp* derived from the CT data i s 
included, the three separate relationships become a single corre
lation. The result in the right figure i s the same linear free 
energy relationship expressed i n eq 31. Indeed the line i n the 
figure i s a r b i t r a r i l y drawn with a slope of unity to emphasize the 
correlation of the data with eq 31. 

Figure 19 (bottom) shows that the cleavage of alkylmetals by 
mercuric chloride follows an apparent negative Br^nsted slope α 
(l e f t figure). However, when the work term Wp* i s included with 
EQ X, the curved free energy relationship with negative slopes i s 
transformed into the linear correlation shown on the right. 

Significance of the Br^nsted Slope i n Electron Transfer. 
Linear free energy relationships have been extensively studied for 
electron transfer and related reactions i n both inorganic and 
organic systems. For highly endergonic reactions, the Br0nsted 
slope α i s close to unity. In many cases, however, the more or 
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Figure 20. Unified free energy relationship for ion-pair formation. Key: left, free 
energy relationships between the rates of reaction (log koos) and the oxidation poten
tial Eox° of the donor; and right, after inclusion of the work term following Equation 

31. (Keys to symbols are located at the far left.) 
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less linear plots of AG* (or a related quantity such as the rate 
constant log k o b s ) and AG0 (or some related quantity such as the 
polarographic Ε γ 2 potentials) have been observed with slopes s i g 
n i f i c a n t l y less than unity (e.g., t y p i c a l l y 0.1 < α < 0.5) i n sys
tems showing i r r e v e r s i b l e electron transfer i n the endergonic 
region. Such contradictions have led to the explanation that 
electron transfer i s not complete i n the tra n s i t i o n state. As 
such, the diminished Brtfnsted slope would correspond to the frac
tion of charge transfer i n the activated complex. Alternatively, 
the small Brtfnsted slopes may be ascribed to large i n t r i n s i c bar
r i e r s AGo* for electron transfer, since the limit of α w i l l be 0.5 
for a s u f f i c i e n t l y large value of AGo*. For the l a t t e r , α i s not 
related to the fra c t i o n a l charge transfer which i s taken to be 
unity i n a l l cases, but i t cannot readily explain those cases with 
α < 0.5. 

In this l i g h t , our observations of apparent Brtfnsted slopes 
which span the limit of α = 1 [Figure 20 (top)] to α ~ 0 [Figure 
20 (middle)] cannot be easily reconciled with either explanation 
especially i f one includes the examples [Figure 20 (bottom)] i n 
which the apparent Brtfnsted slopes are actually negative. However 
i t c l e a r l y follows from the electron transfer cycle i n Scheme IV 
that the work term wp must be e x p l i c i t l y included i n the free 
energy relationship. Such a FER i s expressed by eq 23, and the 
i n t r i n s i c Br0nsted slope i s accordingly evaluated as: 

3 AG* Λ 3wp 

Α = TAG* = 1 + TAG* ( 3 2 ) 

It i s important to emphasize that the Brtfnsted slope i s not a 
meaningful quantity without a knowledge of the variation of Wp 
from system to system. Indeed the systems shown i n Figure 20, for 
which the apparent Brtfnsted slopes l i e i n the range 0 < α < 1, are 
those i n which variation i n the work term i s -1 < (8wp/8 AG0) < 0. 
Furthermore when the variation of the work term i s large enough 
such that (8wp/3AG°) i s less than -1 i n eq 32, the apparent Br0n-
sted slope w i l l become negative, as observed i n Figure 20 (bottom). 
In other words the variation of the work term i s largely respon
sible for the magnitudes of the apparent Br^nsted slopes i n Figure 
20. 

The right sides of Figure 20 represent the unified free ener
gy relationship i n eq 31 and uniformly support the use of the CT 
work term wD* in the experimental v e r i f i c a t i o n of the thermochemi-
cal cycle in Scheme IV (eq 23). Thus the work term Wp* i s s u f f i 
cient to unify a l l those systems with small and even negative 
values of the apparent Br0nsted slope into a single general r e l a 
tionship in eq 31. At this juncture, we might enquire as to why 
the work term evaluated from the CT interaction i n Scheme V serves 
as such an adequate representation of the adiabatic work term i n 
Scheme IV. 
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By employing the variation of the work term AwD* in eq 31, we 
are actually focussing i n large part on the e l e c t r o s t a t i c inter
action in the ion pair, since the other structural factors drop 
out by cancellation in the comparative procedure used in eq 28. 
Thus the contribution to Awp* consists largely of a coulombic po
t e n t i a l ( i . e . , -e 2/rrjA) i n which the mean separation r ^ i n the 
ion pair i s the determinant factor. It i s then l i k e l y that s t e r i c 
effects which mediate the magnitude of r D ^ in the EDA complex, and 
thus the CT excited ion-pair state, p a r a l l e l those i n the adiaba-
t i c ion pair in Schemes V and IV, respectively. 

Conclusions and Outlook 

The activation processes for outer-sphere electron transfer 
in both homogeneous and heterogeneous systems are well provided by 
Marcus theory, p a r t i c u l a r l y when they are examined near the equi
librium potential. However, the a p p l i c a b i l i t y of the Marcus equa
tion decreases as the free energy change i s removed from this 
benchmark into the exergonic and endergonic l i m i t s . Although the 
Rehm-Weller formulation provides a closer functional relationship 
between AG* and AG over an extended range of the driving force, as 
an empirical equation i t does not lend any additional insight as 
to the causes of the f a i l u r e of eq 4 to predict these rates. 

The s u s c e p t i b i l i t y to s t e r i c effects can serve to differen
t i a t e the outer-sphere mechanism for electron transfer from the 
more ubiquitous inner-sphere processes for organometals. If the 
Marcus theory i s applied d i r e c t l y to the inner-sphere mechanism, a 
large reduction i n the work term i s necessitated i n order to ac
commodate rates which can be many orders of magnitude faster than 
the predictions of eq 4. This change in the adiabatic work term 
Wp as a result of s t e r i c effects i s functionally equivalent to the 
change i n the charge transfer work term wp* evaluated from Mulliken 
theory. Operationally, the u n i f i c a t i o n of Marcus electron trans
fer and Mulliken charge transfer theories can provide a quantita
tiv e basis for predicting the rates of inner-sphere electron 
transfer with organometals (3). An alternative approach to the 
free energy relationship for inner-sphere processes derives from 
the standard free energy change and the inclusion of the work term 
for ion-pair formation evaluated from the CT data. Owing to i t s 
strong dependence on the experimental determination of standard 
free energy changes from i r r e v e r s i b l e systems, the limitations of 
this approach must be scrutinized by further studies. 

The prospects for electron transfer mechanisms cle a r l y extend 
beyond inorganic chemistry into the broad regions of organometal
l i c and organic systems. Pushed to these l i m i t s , adequate quanti
tative c r i t e r i a w i l l be needed to delineate outer-sphere from 
inner-sphere mechanisms. However, the extent to which theoretical 
studies w i l l provide more concrete guidelines of predictive value 
w i l l determine whether electron transfer processes w i l l form the 
basis of reaction mechanisms into the next century. 
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Discussion 
N. S u t i n , Brookhaven N a t i o n a l L a b o r a t o r y ; The l i n e a r f r e e 

energy p l o t s t h a t you o b t a i n are of c o n s i d e r a b l e i n t e r e s t . I t 
seems t o me t h a t i m p l i c i t i n these p l o t s i s the assumption t h a t 
t h e r e o r g a n i z a t i o n parameter λ i s c o n s t a n t f o r the p a r t i c u l a r 
s e r i e s of organometal l i e s . T h i s might not be a good assumption 
i f t h e r e i s a l a r g e v a r i a t i o n i n the s i z e of the organo-
m e t a l l i c s . The l a t t e r would g i v e r i s e t o changes i n the o u t e r -
sphere ( s o l v e n t ) b a r r i e r . 

J.K. K o c h i : S i n c e the HQMOs of these organometals are 
ce n t e r e d on the carbon-metal bonds, the c o n f i g u r a t i o n about the 
me t a l i s the most important f a c t o r i n d e t e r m i n i n g the magnitude 
of the r e o r g a n i z a t i o n e n e r g i e s . Thus, f o r t h i s homologous s e t 
of organometals, i t i s not unreasonable f o r the r e o r g a n i z a t i o n 
e n e r g i e s t o be r a t h e r i n v a r i a n t . 

N. S u t i n , Brookhaven N a t i o n a l L a b o r a t o r y ; S t r i c t l y speak
i n g , the oute r - s p h e r e and in n e r - s p h e r e d e s i g n a t i o n s r e f e r t o 
l i m i t i n g c a s e s. I n p r a c t i c e , r e a c t i o n s can have i n t e r m e d i a t e 
o u t e r - s p h e r e or i n n e r - s p h e r e c h a r a c t e r : t h i s o c c u r s , f o r exam
p l e , when t h e r e i s e x t e n s i v e interpénétration of the i n n e r -
c o o r d i n a t i o n s h e l l s of the two r e a c t a n t s . T r e a t i n g t h i s i n terme
d i a t e s i t u a t i o n r e q u i r e s m o d i f i c a t i o n of the u s u a l e x p r e s s i o n s 
f o r o u t e r - s p h e r e r e a c t i o n s — p a r t i c u l a r l y t hose e x p r e s s i o n s 
t h a t are based upon a hard-sphere model f o r the r e a c t a n t s . 

J.K. K o c h i : I agree. The q u a n t i t a t i v e treatment of i n n e r -
sphere mechanisms i s d i f f i c u l t from a p u r e l y t h e o r e t i c a l p o i n t 
o f view. The phenomemological approach d e s c r i b e s the a c t i v a t i o n 
b a r r i e r f o r in n e r - s p h e r e p r o c e s s q u a n t i t a t i v e l y , but p r o v i d e s 
no t h e o r e t i c a l b a s i s , u n f o r t u n a t e l y . 
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D.R. M c M i l l i n , Purdue U n i v e r s i t y : You have suggested t h a t 
c e r t a i n o x i d a n t s are more s e n s i t i v e to s t e r i c e f f e c t s when 
r e a c t i n g w i t h the t i n a l k y l s . I s t h e r e evidence f o r p r e f e r e n 
t i a l a t t a c k of the l e s s b u l k y a l k y l s when unsymmetrical 
r e a g e n t s such as SnR 2R 2' or SnR 3R' are used? 

J.K. K o c h i : Yes, the problem has been t r e a t e d somewhat i n 
J . Phys. Chem. 84, 608-16 (1980). For example, at the same 
v a l u e s of 1^, the i n t e r a c t i o n energy of the unsymmetrical 
RSnMe 3 w i l l be l a r g e r than t h a t of the symmetrical R^1 Sn w i t h a 
g i v e n a c c e p t o r [when R i s α-branched]. 

Dr. R.H. Morris, University of Toronto 

My question to Dr. J. Kochi i s whether i t i s possible to 
correlate the s t e r i c factor i n his equations describing the 
oxidation of alkylmetal compounds to some measure of the bulkiness 
of the a l k y l groups such as cone angles similar to ones suggested 
by Dr. C.A. Tolman for t e r t i a r y phosphine ligands. 

Jay Kochi: In p r i n c i p l e , yes. However, the problem i s 
quite a b i t more complicated than that encountered with phos-
phines, i n which s t e r i c effects derive from a coordination to 
metal with minimal changes i n configuration, e.g., 

/ / M + : P ^ . — M - P ^ 

In contrast, with organometals there may be substantial reorgani
zation changes i n inner-sphere processes. With the t e t r a a l k y l -
t i n s , for example, i t could involve a conversion of a tetrahedral 
structure to a trigonal bipyramidal structure, i . e . , 

\ / ο + 

Sn + A — _ > S n + A " 
A ^ 1 

Thus i n addition to the sheer bulk of the a l k y l group in the 
tetrahedral structure, one must include the compressional change 
in going to the trigonal bipyramidal structure. We t r i e d to c a l 
culate the l a t t e r with Jeremy Burdett (Chicago), but with no not
able success, as yet. 
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T.J. Kemp, Warwick: Have you determined the slopes i n 
the plots of log k E T versus E°? The point i s that s t r i c t 
adherence to modified Marcus theory* should produce a slope of 
- 16.9 V" 1. Your comprehensive study of thermal oxidation of 
metal alkyls by tris-phenanthroline complexes i s complemented 
by a briefer one where electron-transfer rates from two series 
of metallocenes 2 and metal carbonyls 3 to excited U02 2 + ion were 
determined by laser flash photolysis. Data are combined i n the 
plot of log k ET versus E°, which i s linear, but with a slope of 
only - 2.07 ± 0.04 V" 1. 

Key: 1, [Fe(rC5H5)2]; 2, \Fe(TC,H5)(TCbHhCOPh)]; 3, [Fe(TC5H5)(rrC5Hr 

COMe)]; 4, [Ru(TC5H2)2]; 5, [Ru(TC5H,)(TC5HhCHOHPh)]; 6, [Fe(TC5Hr 

COMe)2]; 7, [Ru(TC5H5)(TC5HfiOPh];8, [Ru(TC&HkCOPh)2];9, [Os(TC5H5)2]; 
10, NifCOh; 11, Fe(CO)5; 12, W(CO)6; 13, Mo(CO)6; 14, Cr(CO)6; and 15, 

Mn2(CO)10. 

Correlation of log k 2 (/dm3 mol""1 s" 1) versus E° for the 
quenching of the excited U02 2 + ion by organometallic molecules 
i n acetone solution. 

1. R.A. Marcus, Ann. Rev. Phys. Chem., V5_9 155 (1964). 
2. D. Rehm and A. Weller, Isr. J. Chem., 8, 259 (1970). 
3. 0. Traverso, R. Rossi, L. Magon, A. Cinquantini, and 

T.J. Kemp, J. Chem. Soc. Dalton Trans.9 569 (1978). 
4. S. Sostero, 0. Traverso, P.D. Bernardo, and T.J. Kemp, 

J. Chem. Soc. Dalton Trans.3 658 (1979). 
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J.K. Kochi: For outer-sphere electron transfer, the slope 
of the plot of the rate constant (log k E^) versus Ε varies with the 
magnitude of the driving force for electron transfer. For example, 
the slope is expected to be -16.9 V" 1 (which corresponds to a 
Br^nsted coef f i c i e n t of α =1) i n the endergonic region of the 
driving force. 1 For the oxidations of organometals by FeL 3

3 + ex
amined i n our studies, 2 the slope i s -8.5 V" 1 or α =0.5, as pre
dicted by Marcus theory for electron transfer in the region about 
AG = 0.3 A slope of only -2.07 V" 1 corresponds to α =0.12, which 
l i e s i n the exergonic region according to the Rehm-Weller formula
tion, graphically underscored i n Figure 14 with α = β. [Note that 
the span in AG over which the slope i s linear depends on the mag
nitude of the i n t r i n s i c barrier AGo*.] Are the relevant standard 
potentials and i n t r i n s i c barriers for the metallocenes, carbonyl-
metals, and excited uranyl ion known? 

(1) Marcus, R.A. J.Phys.Chem. 1968. 72, 91. 
(2) Wong, C.L.; Kochi, J.K. J.Am.Chem.Soc. 191g, 101, 5593. 
(3) Klingler, R.J.; Kochi, J.K. J.Am.Chem.Soc. 1982, 104, 

4186. 

T.J. Meyer, U n i v e r s i t y of N o r t h C a r o l i n a : One of the most 
remarkable t h i n g s t o come out of t h i s work i s the f a c t t h a t as 
time passes o r g a n i c chemists have been f o r c e d t o c o n s i d e r and 
then have d i s c o v e r e d many c l a s s i c a l r e a c t i o n s which appear t o 
i n v o l v e e l e c t r o n t r a n s f e r . Do you have any comments on the 
e x t e n t of o n e - e l e c t r o n t r a n s f e r p r o c e s s e s i n some of these 
c l a s s i c a l o r g a n i c t r a n s f o r m a t i o n s ? 

J.K. K o c h i : I do b e l i e v e t h a t the a p p l i c a b i l i t y of the 
conc e p t s i s p e r v a s i v e t o o r g a n i c c h e m i s t r y . However, t h e r e are 
many s k e p t i c s , and we w i l l have to p r o v i d e i r o n c l a d experiments 
f o r each system. 
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8 
Excited-State Electron Transfer 

THOMAS J. MEYER 
The University of North Carolina, Department of Chemistry, 
Chapel Hill, NC 27514 

Many of the features of electron transfer reactions 
involving excited states can be understood based on 
electron transfer theory. 

In other contributions i n this symposium, a clear case has 
been made for the possible value of molecular excited states as a 
basis for solar energy conversion processes. Amongst possible 
approaches i n using molecular excited states i s the following se
quence of events: 1) Optical excitation to give an excited state. 
2) Electron transfer quenching of the excited state to give sepa
rated redox products. 3) U t i l i z a t i o n of the separated redox pro
ducts as a basis either for a photovoltaic application where the 
stored chemical redox energy appears as a photopotential, or a 
photochemical application where the stored energy appears as high 
energy redox products. 

In order to i l l u s t r a t e the approach suggested above, i t i s of 
value to consider a spe c i f i c case. V i s i b l e or near-UV excitation 
of the complex Ru(bpy)3 2+ results i n excitation and formation of 
the well-characterized metal to ligand charge transfer (MLCT) ex
cited state Ru(bpy>32+*. The consequences of opt i c a l excitation 
i n the Ru-bpy system i n terms of energetics are well established, 
and are summarized i n eq. 1 i n a Latimer type diagram where the 
potentials are versus the normal hydrogen electrode (NHE) and are 

(1) Ru(bpy) 3
3+ R u ( b p y ) 3

2 + - 1 · 2 6 Ru(bpy) 3
+ 

+2. IV 
3+ -0.84 2+* +0.84 + Ru( b p y ) 3 " w > u " Ru(bpy)3 Ru(bpy) 3 

written as reduction potentials (]L) . In the reduced form of the 
couple, Ru(bpy) 3

+, the added electron i s i n a ir*(bpy) l e v e l and i n 
the oxidized form of the chromophore, Ru(bpy)3^ +, the electron has 
been removed from a dïï l e v e l . 

0097-6156/83/0211-0157$06.00/0 
© 1983 American Chemical Society 
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The redox potential diagram i n eq. 1 i l l u s t r a t e s that the 
effect of opti c a l excitation i s to create an excited state which 
has enhanced properties both as an oxidant and reductant, compared 
to the ground state. The results of a number of experiments have 
i l l u s t r a t e d that i t i s possible for the excited state to undergo 
either oxidative or reductive electron transfer quenching (2). An 
example of oxidative electron transfer quenching i s shown i n eq. 2 
where the oxidant i s the a l k y l pyridinium ion, paraquat (3). 

(2) R u ( b p y ) 3 2 + ^ R u ( b p y ) 3 2 + * 

Ru(bpy) 3
2 +* + P Q 2 + — Ru(bpy) 3

3 + + PQ + 

(PQ 2 + = CH 3-N^ ) - < g N-CH 3
2 +) 

Eq. 2 i s notable i n the context of the energy conversion scheme 
proposed above because the separated redox products, quite remark
ably, have the thermodynamic a b i l i t y over a broad pH range to 
either oxidize water (using Ru(bpy)^+) or to reduce water (using 
PQ+) · 

Reductive electron transfer quenching of Ru(bpy) 3^+* has also 
been observed, e.g., eq. 3 (4). 

2+* + + 
(3) Ru(bpy) 3 + DMA • Ru(bpy>3 + DMA 

(DMA = Me2NPh) 

In the case of either eq. 2 or eq. 3, even though excited state 
energy has been converted into stored chemical redox energy, the 
storage i s temporary because of back electron transfer between the 
separated redox products, e.g., eq. 4. 

(4) Ru(bpy) 3
3 + + PQ + — * Ru(bpy) 3

2 + + PQ 2 + 

A major dilemma i n any approach to energy conversion processes 
based on electron transfer reactions of molecular excited states 
i s u t i l i z a t i o n of the stored redox products before back electron 
transfer can occur. 

The net quenching reaction i n eq. 2, which leads to separated 
redox products capable of oxidizing and reducing water, r e l i e s on 
a series of electron transfer steps. The basic theme of this ac
count i s excited state and related electron transfer events which 
occur i n such systems and the basis that we have for understanding 
them both experimentally and theoretically. 

In order to begin i t i s useful to consider Scheme 1, i n which 
the quenching reaction i n eq. 2 i s considered i n kinetic d e t a i l . 
In the scheme, the assumption i s made that the only important 
quenching event i s electron transfer and that energy transfer 
quenching i s negligible. The series of electron transfer events 
i n the scheme are i n i t i a t e d by opti c a l excitation to give the ex
cited state and the electron transfer reactions which occur f o l -
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8. MEYER Excited-State Electron Transfer 159 

lowing excitation are: 1) Excited state decay to the ground state 
occuring by a combination of radiative and nonradiative processes 
(1/τ 0 i n Scheme 1). Nonradiative decay i s by a ligand to metal 

Scheme 1 

RuB 3
2 +* + P Q 2 + ^ R u B 3

2 ^ P Q 2 % ^ R u B ^ P Q ^ â R u B ^ + PQ + 

HK "D
k.. 1 ν 

RuB 3
2 + + PQ 2 + < =5 RuB 3

2 +,PQ 2 + 

(RuB 3
2 + = Ru(bpy) 3

2 +) 

electron transfer reaction, (bpy)Ru 1 1(bpy)2 2 +*^π5π*) —> (bpy)Ru 1 1-
(bpy)22+(dïï^). 2) Electron transfer quenching (k^) . 3) Back 
electron transfer to repopulate the excited state (k_^). 4) Back 
electron transfer to give the ground state rather than the excited 
state (k2). 

In any photoredox application based on electron transfer 
quenching, l i k e the one i n Scheme 1, the c r i t i c a l factors deter
mining device performance are the per photon efficiency with which 
the separated redox products appear, and the u t i l i z a t i o n of the 
separated redox products before back electron transfer between 
them can occur. The separation efficiency i s determined i n large 
part by the series of electron transfer steps described above: 1) 
Quenching must occur before excited state decay. 2) Following 
quenching, the efficiency of separation of the redox products 
shown by k f_n i n Scheme 1 must be rapid compared to back electron 
transfer to give the ground state, k2« Clearly i t i s essential 
to understand the factors which control the rate constants for 
such electron transfer events. 

Electron Transfer Theory 

The factors that determine the rate of electron transfer be
tween chemical sites are the extent of electronic coupling between 
electron donor and acceptor sites and the extent of vibrational 
trapping of the exchanging electron by both intramolecular and me
dium vibrations. Vibrational trapping i s a natural consequence of 
the effects of changes i n electron content on molecular structure. 
The point i s i l l u s t r a t e d i n Figure 1 where a plot i s shown of po
t e n t i a l energy versus a normal coordinate for the electron transfer 
system, D,A -> D+,A". The plot i s for a trapping vibration assum
ing the harmonic o s c i l l a t o r approximation. In order for a vibra
tion to be a trapping vibration, the displacement between the bot
toms of the potential wells i n Figure 1, AQ e q, must be nonzero. In 
the c l a s s i c a l l i m i t , electron transfer can only occur at the i n t e r 
section between the two potential curves because i t i s only at that 
point that energy i s conserved before and after the electron trans-
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8. M E Y E R Excited-State Electron Transfer 161 

fer event. The c l a s s i c a l energy of activation w i l l be determined 
by the thermal energy needed to reach the intersection region, for 
a l l of the normal vibrations which respond to the change i n elec^ 
tron d i s t r i b u t i o n before and after electron transfer occurs. As 
noted above, there are two contributions to vibrational trapping, 
one from the intramolecular vibrations of the molecule, which are 
normally i n the frequency range 200-4000 cnT^ and the c o l l e c t i v e 
vibrations of the surrounding medium, which for a solvent are of 
low frequency and i n the range 1-10 cm"^. 

In fact, electron transfer occurs at the microscopic l e v e l 
where quantum mechanics provides the necessary description of the 
phenomenon (5-13). In the quantum mechanical solution, associated 
with the potential curves i n Figure 1 are quantized energy levels, 
Ej = (VJ + 1/2)^0). , where v^ and ajj = 2TTVJ are the v ibrational 
quantum number ancl angular frequency for vibration j . The cor
responding vibrational wavefunctions are X-:. In the quantum mech
anical picture the advantage of thermal activation to the i n t e r 
section region i s enhanced vibrational overlap between the vibra
t i o n a l wavefunctions for the i n i t i a l (D,A) and f i n a l (D+,A~) 
states. The importance of vibrational overlap i s that where i t 
occurs the vibrational configurations of both states are allowed 
and electron transfer can occur. 

The presence of the electron acceptor s i t e adjacent to the 
donor s i t e creates an electronic perturbation. Application of 
time dependent perturbation theory to the system i n Figure 1 gives 
a general result for the t r a n s i t i o n rate between the states D,A 
and D+,A~. The rate constant i s the product of three terms: 1) 
2πν 2/η where V i s the electronic resonance energy arising from the 
perturbation. 2) The vibrational overlap term. 3) The density of 
states i n the product vibrational energy manifold. 

In the c l a s s i c a l l i m i t where the condition -ftu)M << kgT i s met 
for the trapping vibrations, the rate constant for electron trans
fer i s given by eq. 6. In eq. 6, χ/4 i s the c l a s s i c a l vibrational 
trapping energy which includes contributions from both intramole
cular (X^) and solvent (X Q) vibrations (eq. 5). In eq. 6 ΔΕ i s 
the internal energy difference i n the reaction, v n i s the frequen

cy or an averaged frequency of the trapping vibration or vibra
tions, and κ i s the single passage Landau-Zener transmission co
e f f i c i e n t . In the l i m i t that electron transfer i s slow on the 

(5) x - x± + x 0 

(6) k = ν Kexp-E /RT η r a 

Ε = ( * T A E ) 2 

a 4χ 

vibrational timescale, eq. 6 becomes eq. 7. 
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(7) k = v exp-E /RT 
et et r a 

2πν 2. 1 1/2 
V e t ft ^4ïïkfiTX; 

Although eq. 5-7 are derived i n the c l a s s i c a l l i m i t , related equa
tions are available which include i n a s p e c i f i c way the contribu
tion of high frequency vibrations (6,8-11). 

Excited State Quenching. The Normal Region. In order to maximize 
the energy stored i n a device based on Scheme 1, i t i s important 
that the energetics of the quenching step be such that the overall 
quenching reaction occur with AG near zero. An electron transfer 
reaction i n this domain i s said to occur i n the "normal" region i n 
that the minima of the potential curves before and after electron 
transfer are on different sides of the intersection region, as i s 
the case i n Figure 1. In terms of the quantities which appear i n 
the d e f i n i t i o n of E a i n eq. 6, the normal region i s defined by the 
condition that -ΔΕ < X. The c l a s s i c a l result i n eq. 6 i s v a l i d i n 
the normal region, at least for low frequency trapping vibrations 
and the equation has a direct application to some of the electron 
transfer events i n Scheme 1. In particular, the quenching step 
(k^) and the step involving repopulation of the excited state 
(k_i) are usually carried out i n the normal region. 

In eq. 8 are shown the results of a kinetic analysis of the 
series of reactions i n Scheme 1. The analysis i s based on the 
quenching rate constant k ? , corrected for di f f u s i o n a l effects, 
which would be measured for the quenching of Ru(bpy)3 2 +* by PQ2 +. 

k'-D + k2 *D 
( 8 ) k ' q = kl KA<k'_° + + k ^ <KA = k ^ > 

Assuming that ΔΕ ~ AG, the rate constants for the quenching reac
tion and i t s reverse (kj and k_^ i n eq. 8) can be written using 
the theoretical results of eq. 5-7. In order to make the sit u a 
tion clear i t i s useful to consider two l i m i t i n g cases. In the 
f i r s t l i m i t , k_^ << k2,k f_ D, back electron transfer to give the 
excited state, i s slow r e l a t i v e to separation or back electron 
transfer to give the ground state, and eq. 9 applies. 

(Χ+ΔΟ ) 2 

(9) k l q = k i K A = V n K K A e x P - [ - ^ ^ ] G 

RTlnk' q = RT( l nv nKK A - •£) - J j l ( l + -φ 

= RTlnk q(0) - + 
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8. M E Y E R Excited-State Electron Transfer 163 

In the second l i m i t , >> k2,k !_ D, back electron transfer to 
give the excited state i s rapid, and eq. 10 applies. 

(10) RTlnk 1 = RTln(k f _ + k 0)K A - AG-q -D I A I 
In the equations, k (0) i s the hypothetical quenching rate con
stant when ΔΕ (=AG)q= 0 and AG^ i s the free energy change on 
quenching. 

Eqs. 9 and 10 make clear predictions about the dependence of 
quenching rate constants on the free energy change i n the quench
ing step. One way of testing the theory i s to observe the quench
ing of the excited state by a series of related quenchers where 
the parameters k^(0), K^, and kf_Q should remain sensibly constant 
and yet where the potentials of the quenchers as oxidants or re-
ductants can be varied systematically. Such experiments have been 
carried out, most notably with the MLCT excited state, Ru(bpy)32+* 
(1). The experiments have u t i l i z e d both a series of oxidative 
nitroaromatic and a l k y l pyridinium quenchers, and a series of re
ductive quenchers based on a n i l i n e derivatives. From the data and 
known redox potentials for the quenchers, plots of RTlnk fq vs. 
E° 1 for the quencher couple show regions of slope 1/2 and slope 1 
as predicted by eq. 9 and 10. In fact, the theoretical equations 
appear to account for the observed variation of lnk'^ with E° f 

s a t i s f a c t o r i l y . Given the agreement with theory, i t follows that 
i f an excited state i s thermally equilibrated, i t can be viewed as 
a t y p i c a l chemical reagent with i t s own characteristic properties, 
and that those properties can be accounted for by using equations 
and theoretical developments normally used for ground state reac
tions. 

Transition Between the Normal and Inverted Regions. In the pre
vious section, electron transfer events were considered i n the 
framework of available theory for the normal region where -ΔΕ < X. 
According to eq. 6, as -ΔΕ approaches X i n magnitude, E a ·*• 0, and 
there i s no longer a vibrational trapping barrier for the exchang
ing électron. With a further increase i n -ΔΕ, -ΔΕ > X and as 
shown i n Figure 2, one potential curve i s "embedded" within the 
other. In t h i s , the inverted region, the situation i s quite d i f 
ferent from that for an electron transfer reaction i n the normal 
region. In the normal region, the intersection region occurs out
side the potential curves. In the quantum mechanical view, ther
mal activation i s desired i n order to reach regions near the i n 
tersection region where vibrational overlap i s maximized. In the 
inverted region, the two potential curves are within each other 
and vibrational overlap plays a more important role. In addition, 
because of the embedded nature of the potential curves, emission 
can occur i n the inverted region. 

The relationship between electron transfer i n the normal and 
inverted regions i s i l l u s t r a t e d i n Figure 3 for the case of 
quenching of Ruibpy)^** by a nitroaromatic quencher. Excitation 
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Ε 

Figure 2. Energy-coordinate diagram for 1 

the "inverted region" where — Δ Ε > χ. Q 

Figure 3. Energy-coordinate diagram for 
quenching of Ru(bpy)3

2** (RuB3

2**) by a 
nitroaromatic (A rN02). 
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8. M E Y E R Excited-State Electron Transfer 165 

of an association complex between the ruthenium complex and the 
quencher, Ru(bpy)3 2 +,ArN0 2, would lead to Ru(bpy)3 2 +* i n close 
contact with the quencher. Excited state decay of this state by 
nonradiative decay ( k ^ i n Figure 3) can occur as an electron 
transfer process i n the inverted region. Electron transfer quen
ching and excited state repopulation (k^ and are reactions i n 
the normal region. The quenching step can be viewed as an i n t e r -
conversion between intramolecular and intermolecular charge trans
fer excited s t a t e s — ( b p y ) 2 R i I I ( b p y ) 2 + * , A r N 0 2 —• ( b p y ) 2 R u i n -
(bpy) 2 +,ArN0 2~. The f i n a l process to consider i n Figure 3 i s back 
electron transfer to give the excited state (k 2)—Ru(bpy>3^ +, 
ArN02*~ —* Ru(bpy>32+,ArN02. This i s also a reaction i n the inver
ted region and can be viewed as nonradiative decay of an "outer-
sphere 1 1, charge transfer excited state. 

Electron Transfer i n the Inverted Region. Decay of an excited 
state and electron transfer i n the inverted region are conceptual
l y the same process (14). As suggested by the potential curves i n 
Figure 2, there are three l i m i t i n g pathways available for excited 
state decay, but a l l three are subject to the limitations imposed 
by energy conservation. Decay can occur by emission, i n which 
case energy conservation i s met by the loss of an emitted photon. 
Decay could occur nonradiatively by thermal activation to the i n 
tersection region between potential curves, which i s the pathway 
i n the c l a s s i c a l l i m i t . However, decay can also occur from low-
lying vibrational levels of the excited state to high energy 
levels of the ground state (Figure 2). Because of energy conser
vation, the electronic energy lo s t i n the transition between 
states, e.g., (bpy)Ru I l : L(bpy)2 2 +* —> (bpy)Ru I I(bpy) 2

2 +, must 
appear as vibrational energy i n the product. A c r i t i c a l feature 
i n determining the rate of the transition i s the extent of vibra
tio n a l overlap between the vibrational wavefunctions for the 
states before and after electron transfer. Vibrational overlap i s 
obviously of importance i n the inverted region because of the 
nesting of the potential curves as shown i n Figure 2, and i t s mag
nitude i s influenced by: 1) The vibrational quantum spacing for 
the acceptor vibration or vibrations, "huty. As the vibrational 
quantum number ν increases, the vibrational amplitude increases 
near the potential curve. For a high frequency vibration, the 
energy conservation condition i s met for vibrations with lower ν 
values. 2) The extent of di s t o r t i o n of the acceptor vibration 
i n the excited state compared to the ground state, AQ e q. As AQ e q 

increases, vibrational overlap increases. 3) The energy gap be
tween the ground and excited state, ΔΕ. As ΔΕ decreases, energy 
conservation i s met for vibrational levels of lower ν number where 
the amplitudes are greater toward the center of the potential 
curve for the ground state. 

In the l i m i t that η ω Μ » kfiT, the rate constant for nonradia
tive decay i s simply the product of the square of the vibrational 
overlap integral <Xi nitial IXfinal* a n d an electronic term for the 
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transition between states. In the l i m i t that "huty >> kgT and 
assuming a r e l a t i v e l y small excited state d i s t o r t i o n , the rate 
constant for nonradiative excited state decay i s given by eq. 11 
(11). 

k n r = C \ < " Η ί φ Ε 1 - ) 1 / 2 - Ρ - ν χ Ρ - ^ 

ΔΕ; the internal energy change accompanying excited state 
decay. 

ω Μ = 2πν^; the angular frequency of the acceptor vibration 
or vibrations. 

S M = -^Δ Μ
2 ; a measure of the d i s t o r t i o n of the acceptor 

vibration i n the excited state. Δ Μ i s the dimension-
less, f r a c t i o n a l displacement i n normal vibration M 
between the thermally equilibrated excited and ground 
states. It i s related to AQ e q by = A Q ^ C ^ ) 1 / 2 , 
where M i s the reduced mass for the vibration. 

Ύ = ln(|AE|/S Mnu) M)-l 
C 2œ^; note below. 

To f i r s t order, the transition between excited and ground state i s 
forbidden because they are both solutions of the same molecular 
Hamiltonian and their wavefunctions are orthogonal. However, the 
tr a n s i t i o n can be induced by exciting a promoting vibration or 
vibrations (ω^) which when activated result i n a change i n elec
tronic overlap between the electron donor and acceptor s i t e s . The 
magnitude of the v i b r a t i o n a l l y induced mixing of the states i s 
given by C.; the angular frequency of the promoting vibration i s ω^. 

When contributions from the low frequency, c o l l e c t i v e vibra
tions of the solvent are included, eq. 11 becomes eq. 12. In eq. 

γ E Y k Τ 
/ T O N ι η 2 / π N l / 2 _ ο em_ ο Γ Β , η 2 , (12) k = C ω. (——-—) exp-S exp exp + -—fcr—(γ +1) J nr kN2hu)..E ' Μ ηω^. v ηω-,τιω., ο Μ em M M M 

12 the assumption i s made that the experimentally observed emis
sion energy at X m a x, E e m , i s related to ΔΕ and X Q as i n eq. 13. 

(13) Ε ~ ΙΔΕΙ - X 
em 1 1 ο 

The assumption i s reasonable i n the l i m i t that the d i s t o r t i o n i n 
uty i s not too great i n the excited state. 

When written i n logarithmic form and noting that the pre-ex-
ponential and Y Q terms i n eq. 12 are only weakly dependent on E e m , 
eq. 12 can be written i n the form of the "energy gap law" (12a, 
12b) as shown i n eq. 14. 

γ E bx 
(14) Ink = Ink = Ιηβ - ° e m + zr2-

nr et ο ηω^ ηα^ 
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β = C 2 m ( — - ! — ) l / 2 o k 2ηω>χΕ 7 

M em 
k R T 2 

b = 4 ( Y ° + 1 ) 

M 
One way to test the "energy gap law" and therefore the a p p l i 

cation of electron transfer to the inverted region i s by measuring 
radiationless decay rate constants for a series of closely related 
excited states. An especially useful series has turned out to be 
the complexes (bpy)0sL4 2 + or (phen)OsL42+ (L = py, RCN, 1/2 bpy, 
1/2 phen, P R 3 . . . ) , a l l of which contain an MLCT (Os(dTr)-bpy(π*)) 
based chromophore. The range of ligands that can serve the role 
of L i s large, and systematic changes i n L can cause r e l a t i v e l y 
large variations i n the emission energy. The primary o r i g i n of 
the variations i n E e m appears to be i n the backbonding a b i l i t i e s 
of L i n s t a b i l i z i n g the ground state by metal to ligand backbond
ing. In any case, for a series of related chromophores i n a con
stant solvent, the terms β 0, fiu^, and X Q i n eq. 14 are expected to 
remain sensibly constant and plots of l n k ^ vs. E e m are expected 
to be linear. In addition, i n low temperature (77°K) emission 
measurements vibrational structure can be observed. From the 
energy spacings between the vibrational components, *ηω^ ~ 1300-
1400 cm~l for the acceptor vibration(s). It i s also possible to 
calculate S M ( = 1A m

2) from the r e l a t i v e i n t e n s i t i e s of the vibra
tional components2(15). 

Experimentally, E e m i s available from the emission spectrum 
and k n r from a combination of excited state lifetime (τ 0) and 
emission quantum y i e l d (φ Γ) measurements as shown i n eq. 15. An 

(15) — = k + k τ nr r ο 
k 
r 

k + k r nr 
extended series of osmium complexes i s available, and the results 
of experiments where both emission energies and k n r allow plots 
of lnknj- to be made (16) . As the data show, the linear r e l a t i o n 
ship predicted by eq. 14 i s observed. It i s even more s t r i k i n g 
that the slopes of the lines of the plots are also i n agreement 
with eq. 14 although a detailed analysis of the data i s required. 
The s i m i l a r i t y i n slopes and vibrational spacings i n low tempera
ture emission spectra for the two series show that the acceptor 
vibrations are ring-stretching i n nature. The different i n inter
cepts for the two series i s not surprising. The intercept i n 
cludes the term C 2 which i s dependent on the electronic structure 
of the chromophoric ligand. 

Given the change i n electronic_distribution between MLCT 
excited and ground states, e.g., (bpy)0s I I IL4 —* (bpy)0s I IL^, a 
second approach to testing the energy gap law should be through 
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solvent variations. In the c l a s s i c a l d i e l e c t r i c continuum l i m i t , 
ΔΕ i s predicted to vary with the s t a t i c d i e l e c t r i c constant of the 
medium (Dg), as i n equation 16, and X Q with Dg and the o p t i c a l d i -

e l e c t r i c constant D Q p as i n eq. 17 (17). In eq. 16 and 17 μ ± and 
\if are the dipole moments of the metal-ligand electronic d i s t r i b u 
tions before and after electron transfer has occurred. In the 

equations a i s the radius of a sphere enclosing the metal-ligand 
dipole. 

According to eq. 14, i f variations i n X Q are r e l a t i v e l y small 
through a series of solvents, plots of l n k n r vs. E e m should be 
linear for a single excited state. It has been shown that for a 
series of polar organic solvents, the prediction i s borne out for 
several of the (phen)0sL^2+_type MLCT excited states, including 
Os(phen)3 2 +* (18). It i s especially s t r i k i n g that the slopes of 
the plots are the same within experimental error as i n the experi
ments described above where L was varied. 

However, for hydroxylic solvents such as methanol or water, 
sp e c i f i c solvent effects exist, the d i e l e c t r i c continuum result i n 
eq. 17 i s no longer applicable, and variations i n X Q are appre
ciable. Even so, eq. 14 s t i l l applies i n that for a series of 
excited states l i k e (bpyjOsL^+a, plots of l n k n r vs. E e m remain 
linear and have the same slope as the plots for polar organic s o l 
vents. The difference i s that the lines are p a r a l l e l but offset, 
because the term appears i n the intercept and x Q i s non-negli
gible for the hydroxylic solvents. 

Studies l i k e those mentioned here on the osmium complexes are 
more d i f f i c u l t for related complexes of ruthenium because of the 
intervention of a lowlying, thermally populable d-d excited state. 
However, i t i s possible to separate the two contributions to exci
ted state decay by temperature dependent measurements. In the 
case of Ru(bpy)3 2 +*, temperature dependent lifetime studies have 
been carried out i n a series of solvent, and the results obtained 
for the variation of k n r with E e m are i n agreement with those ob
tained for the Os complexes (19). 

A closely related test of the energy gap law for Ru complexes 
has come from temperature dependent lifetime and emission measure
ments for a series of complexes of the type Ru(bpy)2L2 2 + (L = py, 
substituted pyridines, pyrazine...). From the data, the variation 
i n l n k n r with E e m predicted by the energy gap law has been ob
served and i t has been possible to observe the effect of changing 
the ligands L on the transition between the MLCT and dd states 
(20). 

The discussion i n this section has been oriented toward the 
use of intramolecular reactions and excited state decay to test 
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electron transfer theory i n the inverted region. However, the 
same ideas should apply to intermolecular electron transfer where 
electron hopping occurs between different chemical s i t e s , as long 
as the conditions which define the inverted region are appropriate. 

One s t r i k i n g prediction of the energy gap law and eq. 11 and 
14 i s that i n the inverted region, the electron transfer rate con
stant ( k n r = k e t ) should decrease as the reaction becomes more 
favorable ( l n k n r

 œ -ΔΕ). Some evidence has been obtained for a 
f a l l - o f f i n rate constants with increasing -ΔΕ (or -AG) for i n t e r 
molecular reactions (21). Perhaps most notable i s the pulse radio-
l y s i s data of Beitz and M i l l e r (22). Nonetheless, the a p p l i c a b i l i 
ty of the energy gap law to intermolecular electron transfer i n a 
detailed way has yet to be proven. 

Application of the energy gap law to the energy conversion 
mechanism i n Scheme 1 leads to a notable conclusion with regard to 
the efficiency for the appearance of separated redox products f o l 
lowing electron transfer quenching. From the scheme, the separa
tion efficiency, Φ 3 βρ» i s given by eq. 18. Diffusion apart of the 

k ,-D 
(18) ' - D Ysep k2+k'_D 

quenching products once the quenching step has occurred (k f_ D) i s 
dictated by such features as the charge types on the reactants, 
and the solvent polarity and v i s c o s i t y . However, back electron 
transfer to give the ground state ^2) i s an electron transfer re
action. According to the energy gap law, as the quenching step 
produces redox products where the energy stored becomes more and 
more favorable, -ΔΕ increasing, k 2 should decrease. One therefore 
reaches the s t r i k i n g conclusion that i n a properly designed system 
both the efficiency of separation of the redox products and the 
amount of energy stored should increase as the reduction potential 
of the quencher approaches that of the excited state (2b). 

Directed Electron Transfer. This account was begun by considering 
the p o s s i b i l i t y of creating energy conversion schemes based on 
simple electron transfer processes involving excited states. One 
obvious extension i s to more complex systems where some of the de
mands of an overall conversion mechanism could be spread amongst 
different chemical s i t e s . In order to build more complex, coupled 
systems where l i g h t absorption and chemical redox events are sepa
rated, i t i s necessary to understand and control the molecular 
characteristics which can lead to directed, intramolecular elec
tron or energy transfer. What i s meant by directed electron 
transfer i s that following o p t i c a l excitation of a chromophore, 
the excited electron or electron hole, or perhaps both, d r i f t away 
from the i n i t i a l chromophoric s i t e by intramolecular electron 
transfer. If the rate of recombination of the excited electron-
electron hole pair i s s u f f i c i e n t l y slow, i t i s possible to extract 
them from different parts of the molecular at a l a t e r time, before 
recombination can occur (23). As an example of such a system, 
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consider the complex [Ru(bpy) 2(NC^N +-Me) 2]^+ i n which there are 
both Ru(bpy) chromophoric sites andattached, intramolecular elec
tron acceptor pyridinium s i t e s . There i s a clear s i m i l a r i t y be
tween this intramolecular redox complex and the reaction i n Scheme 
1 based on paraquat. In the complex, the bimolecular, intermole
cular quenching reaction of Scheme 1 has been converted into an 
intramolecular quenching reaction. Experimentally, o p t i c a l ex
c i t a t i o n of the Ru-bpy chromophore i n a frozen solution at 77°K 
leads to excited state decay by an emission which i n terms of 
emission energy, vibrational structure and lifetime closely resem
bles the emission from Ru(bpy)3 2 + . However, at room temperature 
a strongly red-shifted, weaker, short-lived emission i s observed 
from the molecule (24). The most straightforward interpretation 
of the sequence of events that occurs following excitation at room 
temperature i s summarized i n Scheme 2. 

Scheme 2 
CT 2 

CTJL 

+hv 

GS 

(bpy) (bpy) ( L ) R u n ^ l ® ^ + - M e ] 4 + * 

(bpy) ( L ) R u 1 1 1 (NOHgk'-Me] 4 +* 

-hv 1 

(bpy) 2 (L) Ru 1 1 (Ng><0>+-Me) ] 4 + 

At room temperature thermally activated electron transfer occurs 
from the bpy ligand to the remote pyridinium s i t e followed by 
decay of the lower, pyridinium-based CT state. The electron 
transfer step i s the intramolecular analog of the paraquat quen
ching of Ru(bpy) 3

2 +*. 
A feature of interest i n the sequence of events outlined i n 

Scheme 2 i s that following optical excitation, directed electron 
transfer does occur away from the chromophoric s i t e to a remote 
ligand. In that sense, the excited state acts as a molecular 
photodiode (23). With the proper molecular design i t may be pos
s i b l e to build systems where the excited electron and/or electron 
hole cascade through a series of redox levels leading to the spa
t i a l separation of the electron-electron hole pair and slow back 
electron transfer. It i s important to realize that the observa
tion of directed electron transfer i s subject to the "rules 1 1 of 
electron transfer as described above. For the case of the p y r i 
dinium complex, nonradiative decay from the i n i t i a l CT state. CT~, 
[(bpy)(b^y)(L)RuiII(N^)<@^-Me)]^* — + [ ( b p y ) 2 ( L ) R u I I ( N 5 X o y -
Me)]^ +, i s an electron transfer process i n the inverted region 
subject to the energy gap law. On the other hand, the bpy — • 
pyridinium electron transfer corresponding to the transition be
tween excited states, CT 2 CT-p appears to be a thermally activa
ted electron transfer which occurs i n the normal region. 

A second system which i s closely related to the pyridinium 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

00
8

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



8. MEYER Excited-State Electron Transfer 171 

complex mentioned above i s based on the series of dimeric com
plexes, (PhSCH 2CH2SPh)2ClRu I I(L)RuIIICl(bpy) 2

3 + (L = N(O)<(ON, 
H 

N oVc=Ç-@^, NÔ)-CH 2CH 2-@Ï) . In the series of mixed-valence d i -
H 

mers the use of the dithioether ligand has the effect of l o c a l i z 
ing the s i t e of oxidation on the bpy s i t e and, i n addition, i t 
introduces no lowlying, v i s i b l e chromophoric s i t e s . In the Ru(II)-
Ru(III) mixed-valence dimers the only s i g n i f i c a n t chromophore i n 
the v i s i b l e region arises from opt i c a l transitions from the Ru(II) 
s i t e to the bridging pyridine-type ligands. In the dimers, optical 
excitation into the dïïiRu11) TT*(L) chromophore leads to emission 
spectra and excited state lifetimes which are characteristic of 
those for the related monomeric complexes, ( L ) R u I I C l ( b p y ) 2

+ (25). 
The only reasonable explanation i s that following o p t i c a l excita
tion into the Ru L chromophore, the resulting MLCT excited state 
undergoes intramolecular electron transfer quenching from TT*(L) to 
π*(bpy) on the second s i t e , (PhSCH 2CH 2SPh)Ru i : E(L)Ru T l I(bpy) 23+ 
- i b * * (PhSCH 2CH 2SPh) 2Ru I I I(L)Ru I I ICl(bpy) 23+* + (PhSCH 2CH 2SPh) 2-
Ru I : L I(L)RuIIÏCl(bpy) (bpy) 3+*. The excited state resulting from 
intramolecular electron transfer i s a typical MLCT excited state 
based on the Ru-bpy chromophore, and i t subsequently decays by a 
combination of radiative and nonradiative decay processes. The 
net effect i s cl e a r l y closely related to that shown i n Scheme 2. 
However, i n this case opt i c a l excitation at one chromophore leads 
to emission and subsequent decay from a second chromophore. The 
two observations are connected by the fact that i n i t i a l excitation 
i s followed by one-electron transfer events of an intramolecular 
nature. Both suggest the p o s s i b i l i t y of building such features 
into more complex systems i n a systematic way. 
Acknowledgements are made to the National Science Foundation under 
grant no. CHE-8008922 for support of this research. 
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Discussion 
N. S u t i n , Brookhaven N a t i o n a l L a b o r a t o r y : The c o r r e l a t i o n s 

of the l i f e t i m e s of the osmium(II) e x c i t e d s t a t e s w i t h the 
energy gap law are ver y i m p r e s s i v e . I n t h i s r e g a r d , i t i s 
noteworthy t h a t the energy gap law works w e l l i n r a t i o n a l i z i n g 
the l i f e t i m e s of c h a r g e - t r a n s f e r s t a t e s , but seems l e s s s u c c e s s 
f u l i n p r e d i c t i n g the r a t e s of very exothermic b i m o l e c u l a r 
e l e c t r o n t r a n s f e r p r o c e s s e s . The f o r m a t i o n of e x c i t e d s t a t e 
p r o d u c t s c o u l d be r e s p o n s i b l e f o r the apparent breakdown of the 
energy gap law i n some of these cases. A change i n r e a c t i o n 
mechanism might be r e s p o n s i b l e i n o t h e r s . 

D.R. M c M i l l i n , Purdue U n i v e r s i t y : You i n d i c a t e d t h a t emis
s i o n can sometimes be d e t e c t e d from luminophors f i x e d near a 
p l a t i n u m e l e c t r o d e . I s n ' t t h i s s u r p r i s i n g g i v e n the f a c t t h a t 
m e tal e l e c t r o d e s are g e n e r a l l y e x c e l l e n t quenchers of e x c i t e d 
s t a t e s ? 

T.J. Meyer: The o b s e r v a t i o n of e m i s s i o n from the f i l m s i s not 
s u r p r i s i n g . The f i l m s d e s c r i b e d a r e r a t h e r t h i c k and c o n s i s t o f 
the e q u i v a l e n t of many m o l e c u l a r monolayers. No doubt we a r e ob
s e r v i n g e m i s s i o n from l a y e r s w e l l away from the e l e c t r o d e s u r f a c e . 
E m i s s i o n i s not observed from t h i n f i l m s , s u g g e s t i n g t h a t e f f i 
c i e n t quenching o f e x c i t e d s t a t e s i n the l a y e r s near the e l e c t r o d e 
does o c c u r . 

M.S. Wri g h t o n , M.I.T.: Your H 2 0 2 , B r 2 g e n e r a t i o n i s 
a good example of how one can couple o n e - e l e c t r o n r eagents 
w i t h i n t e r f a c i a l systems to do the d e s i r e d r e a c t i o n . Most 
pho t o c h e m i c a l systems w i l l be o n e - e l e c t r o n i n i t i a l l y , s i n c e 
one photon e x c i t e s one e l e c t r o n . A l s o , under what c o n d i t i o n s 
does your system work? 

T.J. Meyer: A t t h i s p o i n t the H202/Br 2 c e l l i s r e s t r i c t e d t o 
a c e t o n i t r i l e s o l u t i o n , the chromophore used i s not an i n t e n s e 
v i s i b l e a b s o r b e r , and, i n terms of s u s t a i n e d o p e r a t i o n , the c e l l 
c o u l d be l i m i t e d by o x i d a t i o n o f 1^2 by N(£-C^H^Br) ̂ + as 
b u i l d s up i n s o l u t i o n . N o n e t h e l e s s , t h e r e a r e some v i a b l e 
approaches f o r d e v e l o p i n g aqueous s o l u t i o n c e l l s based on a s e r i e s 
of p o s s i b l e chromophores. 
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C H . Brubaker, M i c h i g a n S t a t e U n i v e r s i t y : How d i d you 
d e p o s i t the p o l y p y r i d i n e l i g a n d on the e l e c t r o d e s u r f a c e ? 

T.J. Meyer: The procedure used involved evaporation of the 
preformed metallopolymer from a solution i n a polar organic s o l 
vent l i k e methanol. 

A . J . Bard, U n i v e r s i t y of Texas: The f a c t t h a t one can 
g e n e r a t e chemiluminescence i n polymer f i l m s c o n t a i n i n g Ru-
( b p y ) 3

2 i m p l i e s t h a t the e x c i t e d s t a t e may not be quenched 
c o m p l e t e l y by e l e c t r o n t r a n s f e r r e a c t i o n s . Are the photoreac-
t i o n s you d e s c r i b e thermodynamically u p h i l l ( i . e . , w i t h chemi
c a l s torage or r a d i a n t energy) or are they p h o t o c a t a l y t i c ? 

T.J. Meyer: In the production of ^O? and Br^, energy i s 
stored; ~ 0.4V i n aqueous solution. In the experiments with 
polymer films, the excited state quenching i s i r r e v e r s i b l e since 
Co(III) i s reduced to Co(II) with the loss of ligands. 

N. Sutin, Brookhaven National Laboratory: In some instances i t 
may be desirable to change or control the direction of electron 
flow between a pair of reactants. Some of the factors deter
mining the direction of electron transfer can be i l l u s t r a t e d by 
considering the quenching of the raetal-to-ligand charge-transfer 
excited state of RuL3 2 + (L - 4,7-(CH3)2phen) by Co(bpy)3 2 +. 
Since the excited state may act as an electron donor or as an 
electron acceptor, two electron-transfer quenching pathways, 
reductive and oxidative, are possible. 

r_ I I / T . .2+ hv. * I I I / T N /T-M 2 + 

[Ru (L) 3] > [Ru ( L ) 2 ( L )] 
(dTr)6(LTT*)° (d - O^Lir*) 1 

[Ru I I(L) 2(L-)]++ [ C o I I I ( b p y ) 3 ] 3 + 

f 
k r e d 

[ R u m ( L ) 2 ( L - ) ] 2 + + [ C o I I ( b p y ) 3 ] 2 + 

kox 
\ 
[ R u I I I ( L ) 3 ] 3 + + [Co I(bpy) 3]+ 
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8. M E Y E R Excited-State Electron Transfer 175 

In the f i r s t case the electron transfer is from Co(bpy ) 3 2 + to 
* R u L 3 2 + to produce Co(bpy ) 3 3 + and R u L 3 + while in the second 
case the electron transfer is from * R u L 3 2 + to Co (bpy) 3 2 + to 
y i e l d R u L 3 3 + and Co(bpy)3 + . The driving forces for these two 
reactions can be estimated from the relevant reduction 
potentials. 

E°,V ΔΕ°,ν 

reductive pathway; 

*RuL3 2 + + e" = RuL3 + +0.67 

Co(bpy) 3
3+ + e" = Co(bpy)3 2 + +0.35 

oxidative pathway: 

Co(bpy) 3
2+ + e" = Co(bpy) 3

+ -0.89 

R u L 3 3 + + e" = * R u L 3 2 + -1.01 

0.32 

0.12 

The driving force is larger for the reductive pathway and favors 
this pathway by a factor of ~ 50 (C. V. Krishnan, C. Creutz, D. 
Mahajan, H. A. Schwarz, and N. Sutin, Israel J . Chem., 22, in 
press.) On this basis i t might be tempting to conclude that the 
oxidative quenching pathway may be neglected in this system. 
This conclusion i s not j u s t i f i e d since i t ignores any difference 
i n the i n t r i n s i c barriers for the two reactions: these barriers 
are very different for the two reactions largely because of the 
difference in the nuclear configurations of the cobalt couples 
involved. This difference i s reflected in their self-exchange 
rates. 

reductive pathway: 

Co ( b p y ) 3
2 + + Co(bpy) 3

3 + 0.19 20 
(dTr) 5(do*) 2 (dTr)6 

oxidative pathway: 

Co(bpy) 3
+ + Co(bpy) 3

2 + -0.02 > 10 8 

(dTr) 6(do*) 2 (dTr) 5(do*) 2 
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The difference in the self-exchange rates of the two cobalt 
couples favors the oxidative pathway by a factor of ̂  300. (For 
a further discussion of the above and other self-exchange rates, 
see B. S. Brunschwig, C. Creutz, D. H. Macartney, T.-K. Sham, and 
N. Sutin, Faraday Discuss. Chem. Soc., No 74, i n press). 
Evidently the difference in the i n t r i n s i c barriers i s large 
enough to compensate for the less favorable driving force for the 
oxidative pathway. As a result the latte r pathway can compete 
favorably with the reductive pathway. 

This system i l l u s t r a t e s the importance of both the thermo
dynamic and i n t r i n s i c barriers in determining the direction of 
electron transfer within a given reactant pair. In addition, 
systems such as the one considered here in which the oxidative 
and reductive pathways possess comparable rate constants afford 
an opportunity of controlling or switching the direction of 
electron transfer by modifying one of the barriers. 

1+ 3+ 

1+ 

This may find application in biological and other systems. One 
way in which the effective thermodynamic barrier can be modified 
is through the movement of a charged group near one of the 
reactants: since the charge distribution following electron 
transfer d i f f e r s i n the two cases, a given pair of products can 
be preferentially stabilized (or destabilized) through inter
action with nearby charged groups. Consequently the movement of 
such groups prior to electron transfer, for example through a 
protein configuration change or through the diffusion of ions, 
could change the direction or rate of the electron transfer in 
suitable systems. 
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Metalloproteins and Electron Transfer 

S. K . C H A P M A N , D. M. DAVIES, A . D. W A T S O N , and A. G. S Y K E S 

The University, Newcastle-upon-Tyne, Department of Inorganic Chemistry, 
Newcastle-upon-Tyne NE1 7 R U England 

Studies on 1:1 electron-transfer reactions of metallo
proteins with inorganic complexes are, in a number of 
cases, at a stage where the site or sites on the protein 
at which electron transfer occurs can be specified. 
Results obtained for the blue Cu protein plastocyanin are 
considered here in detail as illustrative of different 
approaches yielding relevant information. The reduction 
of plastocyanin PCu(II) with cytochrome c(II) is also 
considered as an example of a protein-protein reaction. 
It has been possible in the latter to define the reaction 
sites of the two proteins with respect to each other at 
the time of electron transfer. 

Metalloproteins f a l l into three main structure categories 
depending on whether the active s i t e consists of a single co
ordinated metal atom, a metal-porphyrin unit, or metal atoms i n 
a cluster arrangement. In the context of electron-transfer 
metalloproteins, the blue Cu proteins, cytochromes, and ferr e -
doxins respectively are examples of these different structure 
types. Attention w i l l be confined here mainly to a discussion 
of the r e a c t i v i t y of the blue Cu protein plastocyanin. Reactions 
of cytochrome c are also considered, with b r i e f mention of the 
[2Fe-2S] ferredoxin, and high potential Fe/S protein [HIPIP]. 

It i s timely to review the r e a c t i v i t y of plastocyanin i n 
the l i g h t of recent aqueous solution studies, and the elegant 
structural work of Freeman and colleagues on both the PCu(I) 
and PCu(II) forms (1,2). Plastocyanin now ranks alongside cyto
chrome c (3) as the electron-transfer metalloprotein for which 
there i s most structural information. 

The aim i n solution studies on metalloprotein i s to be 
able to say more about intermolecular electron transfer processes, 
f i r s t of a l l by studying outer-sphere reactions with simple 
inorganic complexes as redox partners. With the information 
(and experience) gained i t i s then possible to turn to protein-
protein reactions, where each reactant has i t s own complexities 

0097-6156/83/0211-0177$06.25/0 
© 1983 American Chemical Society 
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1 7 8 INORGANIC CHEMISTRY: TOWARD THE 21ST CENTURY 

and reactions are correspondingly more d i f f i c u l t to assess. A 
f u l l e r understanding of reactions involving physiological protein 
partners i s the ultimate objective. In addition to the active 
s i t e chemistry of each protein, the i d e n t i f i c a t i o n of a s i t e (or 
sites) on the protein surface at which electron transfer occurs, 
the nature and s p e c i f i c i t y of such functional s i t e s , the distance 
over which electrons are transferred, and the manner i n which 
electrons are transferred (intervening groups?) are relevant. 
Multimetal proteins such as cytochrome oxidase with, more than 
one active s i t e are not considered here. Intramolecular electron 
transfer i s an additional feature with such proteins. 

Function of Plastocyanin. Plastocyanin (M.W.10,500, 99 
amino-acid residues) occurs i n a l l higher plants as well as green 
and blue-green algae (104 amino acids) (4). It has a r e l a t i v e l y 
well defined function i n photosynthetic electron transfer and 
acts as an oxidant for membrane bound cytochrome f (M.W.33,000), 
and as a reductant for P700 which i s the double chlorophyll 
pigment of photosystem 1. The Cu i n plastocyanin has a Cu(II)/ 
Cu(I) reduction potential of 370 mV at pH 7, which i s between 
that of cytochrome f (360 mV) and P700 (520 mV). From the amino-
acid composition cytochrome f i s estimated to have a charge of 
-30 at pH 7 05). 

Structure of Plastocyanin. The structure of PCu(II) i s now 
known to 1.6A resolution, (2). The protein contains a single Cu 
atom with a distorted tetrahedral coordination geometry. It i s 
coordinated to the imidazole N<$ atoms of two h i s t i d i n e residues 
(37 and 87), the thiolate S-atom of cystein 84, and the thio-
ether S-atom of methionine 92, Figure 1, which has come to be 
regarded as the normal view. Metal-ligand distances at the 
Cu(II) s i t e are indicated i n Figure 2. The upper edge of the 
imidazole of His 87 i s level with the molecular boundary, and the 
Cu i s at this point at i t s closest to, and only 6& from, the 
surface. Viewed from above the Cu i s situated i n a pocket, the 
walls and rim of which are lined with conserved hydrophobic 
groups. Solvent H 20 does not have access to the Cu s i t e . The 
matching tetrahedral geometries for PCu(II) and PCu(I) provides 
an excellent example of the entatic state of Vallee and Williams 
(6). 

From 13 completed amino-acid sequences and 54 p a r t i a l 
sequences (>40 residues) of plastocyanins from higher plants i t 
appears that sixty residues are invariant and 7 are conservatively 
substituted (2,7). With three algal plastocyanins included there 
are 39 invariant or conservatively substituted groups. It i s 
believed that the same structural features apply to the whole 
family, and that highly conserved residues are an indication of 
functional sites on the protein surface. The upper hydrophobic 
and right-hand-side surfaces are believed to be p a r t i c u l a r l y 
relevant i n this context, the l a t t e r including four consecutive 
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C H A P M A N E T A L . Metalloproteins and Electron Transfer 

Figure 1. Structure of plastocyanin (2) showing the positions of α-carbon atoms 
of amino acid residues. The active site and positions of the conserved (plant) 

negative patch (42-45) and Tyr 83 are indicated (Φ). 

Figure 2. The Cu active site of plastocyanin PCu(II) (2). 
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negatively charged amino acids (which form a negative patch 42-
45) as well as Tyr-83. Plastocyanin from the blue-green algal 
source Anabaena v a r i a b i l i s has no negative patch (only 42 i s 
acidic) Ç4). The extra amino acids (104 compared to 99) are 
incorporated i n lower sections of the structure remote from the 
active s i t e . 

Rate Constants and Reactivity. Electron-transfer reactions 
of plastocyanin (and other metalloproteins) are so e f f i c i e n t 
that only a narrow range of redox partners (having small driving 
force) can be employed. Rates are invariably i n the stopped-
flow range, Table I. Unless otherwise stated parsley plastocyanin 

Table I 

Summary of reduction potentials and rate 
constants for reactions with plastocyanin 
PCu(I) and PCu(II) at 25<>C, pH 7-8, 
I = 0.10 M(NaCl). 

red 
(M-1 s-1) 

Cytochrome c(III)/(II) 260 1.45 χ 1θ6 
Ru(NH3)5py3+,2+ 273 4.2 χ 10^ c 4.2 χ 105 
PCu(II)/PCu(I) 
Co(phen)33+,2+ 
Co(bipy)33+,2+ 
Co(dipic)2", 2~ 
Fe(CN) 63-,4- 410 9.4 χ 10* 1.9 χ 10* 

*As oxidant for PCu(I) 
bAs reductant for PCu(II) 
cAt pH 5.8, I = 0.10M (NaClO^ 
dValue obtained at low [Co(phen) 3

3 +] before l i m i t i n g 
kinetics effective. 

E«- k a . , E«- oxid 
(mV) (M-1 s-1) 
260 
273 4.2 χ 10* 
370 
370 3.0 χ 103 
370 313 
400 510 
410 9.4 χ 104 

is used i n studies described. Reactions as i n (1) 

PCu(I) + Co(phen)3 +—» PCu(II) + Co(phen)3 + (I) 

are monitored at the PCu(II) peak at 597nm (ε 4500 M"1 cm"1) 
with the inorganic redox partner i n >10-fold excess. With 
cytochrome c (M.W. 12,500, 104 residues) the Fe(II) form i s 
readily monitored at 417nm (Ac 4 χ 1θ5 M"l cm"l) and the 
reaction i s best studied with PCu(II) i n large excess, (2). 

Cyt c(II) + PCu(II) — ^ Cyt c(III) + PCu(I) (2) 
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9. C H A P M A N E T A L . Metalloproteins and Electron Transfer 181 

Ionic strengths are generally adjusted to I = 0.10M (NaCl). A 
range of buffers (~10"2M) has been employed with satisfactory 
agreement i n overlap regions. Phosphate i s known to associate 
with cytochrome c and was therefore avoided i n a l l such studies. 
Care i s required when studying reactions which are thermodynam-
i c a l l y unfavourable, since i t i s necessary to have high concen
trations of redox partner to ensure that the reaction proceeds 
to completion (>95%). If this condition i s not met incorrect 
interpretation can result unless a more rigorous kinetic treat
ment i s employed (8). Simple f i r s t - o r d e r kinetics (k Qb s) apply 
i n very many cases, (3), 

Rate = k [P] [C] (3) 

i . e . k 0 b s = k[C], where [P] and [C] are protein and complex con
centrations respectively. Typical rate constants, k, are l i s t e d 
i n Table I. Attempts to apply Marcus correlations give a wide 
range of rate constants (50 to 3 χ 106 M"l s~l) for the PCu(I) 
+ PCu(II) self-exchange (9). 

Limiting Kinetics. In some instances f i r s t - o r d e r rate 
constants ( k 0 D s ) give a less than f i r s t - o r d e r dependence on the 
reactant i n large excess, and (3) no longer applies. Instead, 
i n for example the Co(phen>33+ oxidation of PCu(I), (4) holds, 

k , = K k [C] obs et 
1 + K [C] 

(4) 

with Κ and k e t as defined i n (5) and (6), 

Ρ + c 
P, c 

P, C 

products 

(5) 

(6) 

Such behaviour i s i d e n t i f i e d by curvature when k 0fc s i s graphed 
against [C], Figure 3, (10). Both Κ and k O D S can be obtained 
from linear plots of ( k 0 f c s ) - l against [C]""l. If Κ i s small so 
that K[C]«1 then the kinetics conform to (3). Under such 
circumstances i t i s s t i l l appropriate to think i n terms of a 
two-step process with k = Κ k e f I d e n t i f i c a t i o n of (5) - (6) 
with the implication of long duration or 'sticky 1 c o l l i s i o n s i s 
important i n that i t could present a means by which low probab
i l i t y (long distance?) electron transfer could occur. For 
reactions involving large protein-molecules electron transfer 
over long distances may be a necessity. 

A number of examples of li m i t i n g kinetics have been reported 
for reactions of [2Fe-2S] and 2[4Fe-4S] ferredoxins with inor
ganic complexes (11). Recent stopped-flow work has not however 
confirmed l i m i t i n g kinetics for the reaction of azurin, ACu(I) + 
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182 INORGANIC CHEMISTRY: TOWARD THE 21ST C E N T U R Y 

Figure 3. Dependence of first-order rate constants k o b e (25 °C) vs. [Co(phen)s

3*] 
for the oxidation of plastocyanin PCu(I). Conditions: pH, 7.5 (phos); and I, 0.10 M 
(NaCl). Key: M, spinach; and A, parsley. (Reproduced from Ref. 10. Copyright 

1978, American Chemical Society.) 
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9. CHAPMAN ET AL. Metalloproteins and Electron Transfer 183 

Fe(CN) 63~, and for the reaction Fe(CN) 6
4"" + PCu(II) at pH 7, and 

a requirement for (4) would now seem to be that the overall 
charges on the two reactants are of opposite sign. Clearly 
k = Κ k e t applies since ΔΗΪ for k i n the ACu(I) + Fe(CN) 63-
reaction i s negative implying a composite term with ΔΗ for Κ 
having a negative value. From the amino-acid composition charges 
on ACu(I) and PCu(II) are estimated to be -1 and -7 respectively 
at pH 7. The ionic strength at which a kinetic study i s 
carried out can of course have an influence on behaviour and 
interpretation. Since each reactant has associated with i t an 
ionic atmosphere of opposite charge, Κ w i l l become smaller as the 
ionic strength increases. Limiting kinetics (4), i s less l i k e l y 
therefore at I = 0.50 M, (12), and conversely more l i k e l y to be 
detectable at I < 0.10 M. To test for l i m i t i n g kinetics 
r e l a t i v e l y high concentrations of C (<v 3 χ 10"3 M) are sometimes 
required, and replacement of a 1:1 electrolyte (NaCl) by e.g. 
a 3:1 electrolyte (the reactant) to maintain constant I may 
contribute. It i s d i f f i c u l t to allow for such an effect ( i f 
any), so that when Κ i s small as i n the PCu(I) + Co(phen)33+ 
reaction there w i l l be some uncertainty attached to the magnitude 
of K. However other work described below i n which 3+, 4+ and 
5+ complexes associate more strongly with PCu(I) provide a 
self-consistant pattern of behaviour which leaves l i t t l e doubt 
that an effect i s present. 

It should also be mentioned that (5) - (6) i s not a 
unique interpretation for (4). An alternative i s the so-called 
Mead-end1 mechanism (7) - (8) 

Ρ + C p> c <7> 

Ρ + C -^4^ products (8) 

where association of C occurs at another s i t e on the protein to 
give non-reactive P, C. Some sort of conformational change i s 
envisaged to account for this 1switching-off 1 i n r e a c t i v i t y . 
No evidence has yet been obtained i n support of such a mechanism 
i n the present context, and i t i s unlikely that i t has general 
a p p l i c a b i l i t y . NMR measurements for example provide no support 
for a conformational change of PCu(I) on association with 
Cr(III) complexes (13). Moreover i t has i n one case been demon
strated that k e t i n (4) i s not dependent on ionic strength, 
consistant with an intramolecular as opposed to intermolecular 
process (11). Although caution i s required, p a r t i c u l a r l y as 
isolated examples of (7) - (8) may exist, the invoking of such 
a mechanism seems to be a case of looking for greater complexity 
than may actually exist. A reasonable stance, and one which we 
have adopted, i s that discussion should proceed i n terms of (5) -
(6) u n t i l evidence i n support of (7) - (8) i s obtained. 
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The Effect of pH on Reactivity. In spite of the different 
charges on oxidants 0ο(ρηβη)β3+ a n d Fe(CN)53- and evidence that 
they use different reaction sites on PCu(I) (see below), 
remarkably similar pH p r o f i l e s of rate constants are observed, 
Figure 4. Dependence on [H +] are described by (9), 

k = k Q + k H ^ [H+] ( 9 ) 

I + Kg [H +] 

where the constants are as defined i n (10) - (12). 

P + H + JEHA H+p (10) 

Ρ + C products (11) 

H + Ρ + C products (12) 

The above reactions give KJJ = 0 and acid dissociation pK a values 
(from K H) of 6.1 for Co(phen)33+ and 5.7 for Fe(CN)^3- (10). 
Results obtained for the spinach PCu(I) + Co(phen)33+ reaction 
(pK a 5.7) are also included i n Figure 4. The complete switch-
off i n r e a c t i v i t y led to the suggestion that protonation at or 
near the Cu s i t e occurring (10). Certainly formation of planar 
three-coordinate Cu(I) was an attractive p o s s i b i l i t y . This has 
now been confirmed by crystallography where protonation of the 
His 87 of PCu(I), but not of PCu(II), has been demonstrated, 
Figure 5. C l a r i f i c a t i o n i s required however of an e a r l i e r report 
that pK a's at 4.9 and <4.5 from NMR correspond respectively to 
h i s t i d i n e ligand dissociations (14). Also with the oxidant 
Co(4,7-DPSphen)33-, (15), i t has now been demonstrated that 
proton switch -off occurs at a pH just <5. Other protonation 
effects are presumably modifying the r e a c t i v i t y of Co(4,7-DPS 
phen)33" but this remains a puzzling result, and one which.we 
do not f u l l y understand. Protonation of the negative patch 
42-45 could affect r e a c t i v i t y i n the pH range investigated, 
p a r t i c u l a r l y with Co(phen)33+ (see below). However this cannot 
be the only effect since preliminary results with plastocyanin 
from Anabaena v a r i a b i l i s (no negative patch) give a similar 
switch-off i n r e a c t i v i t y with Co(phen)33+ to that indicated i n 
Figure 4, (16). 

No kinetic evidence for significant protonation of PCu(II) 
has previously been reported (10). With Fe(CN)g4- a s reductant 
effects are small, Figure 6. The contrasting behaviour of 
Fe(CN)^3- a n d FeiCN)^- i n Figures 4 and 6 respectively carries 
the implication that E®" for the protein increases with decreasing 
pH. With Ru(NH3)5py2+ and cytochrome c(II) (8+ charge) as 
reductants significant pH effects are observed, Figure 7, 
giving pK a values of 4.95. A f i t of rate constants for Ru(NH3)5 

p y 2 + to (9) gives kn which i s ~ 40% of k Q. For cytochrome c a 
value kjj = 0 i s obtained. To account for this behaviour 
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Figure 4. The variation of rate constants kfM'h'1) at 25 °C (relative scale) for 
the oxidation of parsley PCu(I) with Fe(CN)6

3' (A) and Co(phen)s

3+ (%), and 
spinach PCu(I) with Co(phen),3' (+) [I = 0.10 M (NaCl)]. (Reproduced from 

Ref. 10. Copyright 1978, American Chemical Society.) 

Figure 5. The Cu active site of plastocyanin PCu(I) at pH values > 7 (left) and 
< 4.5 (right) (2). 
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Figure 7. The variation of rate constants k (25 °C) with pH for the reduction 
of parsley plastocyanin PCu(II) with Ru(NH3)5py2+ (%) and cytochrome c(II) (±) 

[I=0.10M(NaCl)]. 
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protonation at the negative patch 42-45 i s proposed. Therefore 
electron transfer at or near 42-45 i s envisaged for these redox 
partners. With Fe(CN)^4- the much smaller effect i s consistent 
with reaction at a more remote s i t e only s l i g h t l y influenced by 
the overall change i n charge attendant on protonation of for 
example the 42-45 patch. 

NMR Studies 
Imaginative use of high resolution-l.H NMR spectroscopy to 

examine the interaction of PCu(I) (3.5 mM) with redox inactive 
Cr(CN) 63-, Cr(phen) 33+ and Cr(NH 3) 63+ (0.2 - 1.2 mM), the f i r s t 
two of which are analogues of Fe(CN)£3- and Co(phen) 33+ has been 
reported (17) . The paramagnetic Cr(III) complexes give l i n e -
broadening effects which indicate preferred sites for association. 
Such experiments provide unequivocal evidence that Cr(CN)^3-
associates close to His 87 and near to the Cu s i t e (6Â), whereas 
Cr(phen) 33+ and Cr(NH 3)63+ associate at a s i t e more distant from 
the Cu and close to Tyr 83. The negative patch 42-45 i s close 
to Tyr 83. These results hold for the three plastocyanins from 
french beans, cucumber and parsley (17, 18). The conservation 
of amino-acid residues throughout a l l higher plant plastocyanins 
i n the v i c i n i t y of His 87 and Tyr 83 i s p a r t i c u l a r l y relevant i n 
the context of these results. 

Blocking Effects. Highly charged redox inactive complexes 
Cr(phen) 33+, Co(NH 3) 63+, Pt(NH 3) 6*+ and (NH 3) 5Co.NH 2.Co(NH 3) 55+ 
block the reaction of PCu(I) + Co(phen) 33+. Experiments with 
Pt(NH 3)54+ are at pH 5.8 to avoid ammine ligand acid dissociation 
(pK a 7.1). Blocking by Cr(phen) 33+ i s an important li n k with 
NMR experiments (as above) indicating that the region close to 
Tyr 83 i s used for electron transfer. More extensive association 
(Kg) of the ammine complexes with PCu(I) i s observed, and these 
have been explored more f u l l y therefore. As can be seen by 
inspection of Figure 8 blocking by different complexes (B) i s 
incomplete. A satisfactory explanation i s provided by the 
mechanisms (13) - (15) i n which the adduct PCu(I), Β retains 
some r e a c t i v i t y with Co(phen) 33+. The corresponding rate law 

PCu(I) + Β PCu(I), Β (13) 

PCu(I) + C products (14) 

PCu(I), Β + C products (15) 

dependence i s as i n (16), where k app i s the rate constant at a 

< k - k a p p > = k - kB h [ B ] ( 1 6 ) 

1 + Kg [B] 

particular value of [B]. Values of K B are l i s t e d i n Table I I . 
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C 

Table II 

Reactions of Parsley Plastocyanin PCu(I). 
A Comparison of Protein-Complex Association 
Constants (25°C) at pH 7.5, I = 0.10 M(NaCl). 

Complex Association Constant 
(M-1) 

Co(phen) 3
3 + 167 a 

Cr(phen) 33+ 176b, 
Co(NH 3) 63+ 580 b 

Pt(NH 3) 64+ 5 χ 103 b,d 
1.6 χ 104 b,e 

(NH 3) 5Co.NH 2.Co(NH 3) 55+ 1.6 χ 104 b 

aRedox active association Κ as i n (5) 
bRedox inactive association Kg as i n (13) 
cComplete blocking assumed 
dPt(NH3)64+ has acid dissociation pK a =7.1, the 3+ c.b. 

form i s dominant at pH 7.5. 
epH 5.8 

The p o s s i b i l i t y that (15) corresponds to unblocked reaction of 
Co(phen)33+ at the His 87 si t e has been considered, but i s d i s 
counted because (eventual) complete blocking of the Tyr 83 s i t e 
by the 3+, 4+, 5+ complexes would be expected to give behaviour 
as i n Figure 9. This i s not observed. Accordingly a s e l f -
consistent interpretation along the following lines i s possible 
Ammine complexes associate strongly i n the region of the 42-45 
s i t e , which influences the reaction of Co(phen)33+ with the 
protein at a s i t e near to the Tyr 83. An additional feature i s 
that the conserved negatively charged Glu 59 residue i s close 
to Tyr 83. By invoking two adjacent sites (or one large site) 
i n this way p a r t i a l blocking of Co(phen)33+ can be explained. 

Other redox partners Co(bipy) 33+ (oxidant) and Ru(NH 3)s 
py2+ (reductant) are likewise p a r t i a l l y blocked by Pt(NH3)64+. 
Interestingly the reaction of cytochrome c(II) with PCu(II) i s 
also blocked by Pt(NH 3)54+ 9 thus identifying this as a si t e for 
electron transfer with cytochrome c. This observation i s con
sistant with a preliminary report of NMR results (19). The 
blocking i s i n fact more extensive than that observed with the 
above complexes, which i s reasonable i n view of the larger size 
of cytochrome c. Reaction with the negatively charged d i p i c o l -
inate oxidant, Co(dipic)2", w a s s i m i l a r l y investigated, where 
separate association of the oxidant with Pt(NH 3)6^ +

 c a n be 
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2 4 6 

104 [Blocker] (M) 

Figure 8. The blocking effect (25 °C) of redox inactive complexes on the reaction 
of parsley plastocyanin PCu(I) + Co(phen)3

3\ Rate constants were determined at 
pH 7.5 (for Μ and Φ) and pH 5.8 (for A) [1 = 0.10 M (NaCl)]. 

Reaction at 
site 2 

[Blocker] 

Figure 9. Behavior expected if there are two separate functional sites on the 
protein for electron transfer. One site (Site 1 ) is blocked directly by redox inactive 

5+ < 4+ < 5+ complexes, the other (Site 2) is not blocked. 
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assumed negligible. No blocking effect (or enhancement) i n rate 
was observed on addition of Pt(NH3)£4+e This implies that as 
with Fe(CN)6 3", the His 87 s i t e i s u t i l i z e d . 

Two additional effects with PCu(II) are of interest. F i r s t l y 
K B for Pt(NH 3) 64+ decreases with decreasing pH, 16500 M~l at 
pH 5.8 and 6500 M"l at pH 5.45, which i s consistant with proto
nation at 42-45 influencing the effectiveness of Pt(NH3)£4+. 
Secondly Pt(NH3)64+ does not have any blocking effect on the 
reaction of Ananaena v a r i a b i l i s plastocyanin (no negative patch) 
with Co(phen)3^+~as~oxidant (16). 

It i s concluded that blocking by association of the 
Pt(NH3)54+ a t the 42-45 patch i s a pa r t i c u l a r l y sensitive test 
for u t i l i z a t i o n of the Tyr 83 s i t e . The aromatic ring of Tyr 83 
is located' 10A from the Cu at the active s i t e . 

Reaction with Cr(III) Modified Plastocyanin. From thermo-
l y s i n proteolysis experiments Farver and Pecht (20) have con
cluded that reduction of PCu(II) with labelled Cr(H20)6 2 + (1:1 
mole amounts) at pH 7 gives a product i n which Cr(III) i s 
attached to the peptide chain 40-49. Coordination of the Cr at 
one or two carboxylates i n the 42-45 patch i s favoured. It has 
now been demonstrated that rate constants (25oC) for the 
reaction of PCu(I).Cr(III) + Co(phen)33+ are decreased by *Ί6%. 
The effect i s of similar magnitude to that observed for blocking 
by the 3+ redox inactive Co(^3)53+ (~30% decrease). Use of 
Cr(III) modified protein has no effect on the reaction with 
Fe(CN)fc3- as oxidant. These observations (21) support the be l i e f 
that positive and negative redox partners u t i l i z e different 
functional sites on the protein for electron transfer. 

Reaction with Chemically Modified Cytochrome c. Chemically 
modified (CDNP) cytochrome c derivatives have been prepared by 
Margoliash and colleagues (22). Lysine residues react as i n (17), 

+ HC1 (17) 

N0 2 N0 2 

the 1+ charge on the lysine (RNH3"1*) at pH < 10 being replaced 
by a charge of 1-. Eight singly modified derivations have been 
used to investigate the effect of modification on r e a c t i v i t y . 
It i s assumed i n these experiments that the modification closest 
to the electron-transfer s i t e w i l l have most effect on rate 
constants. Rate constants are enhanced for 3+ and retarded for 
3- redox partners. With Co(phen)33+ and Fe(CN)£3- as oxidants 
i t has been demonstrated that both react at the exposed heme 
edge of cytochrome c (23). The exposed heme edge i s also r e l e 
vant with PCu(II) as oxidant, Table I I I . With a l l three oxidants 
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Table III 

Second-order rate constants (25°C) for the 
oxidation of singly modified CDNP-Lysine 
Cytochrome c Derivatives by Co(phen)33+ 
( k C o ) , Fe(CN) 63- ( k F e ) and PCu(II) ( k C u ) at 
pH 7.5, I = 0.10 M (NaCl). 

Modification 1 0 " \ ο 1 0 " \ e 10 \ n Cu 
Native 1.5 12 15 
Lys-7 2.1 10 12 
Lys-13 3.6 3.9 7.5 
Lys-25 2.8 7.8 8.6 
Lys-27 11 5.1 8.1 
Lys-60 1.7 13 15 
Lys-72 4.4 3.3 13 
Lys-86 1.7 7.7 8.6 
Lys-87 1.9 9.1 9.0 

use of lysine-60 modified cytochrome c (modification on the 
reverse side from the exposed heme edge) has no effect on 
r e a c t i v i t y . It can also be concluded that there i s a preferred 
orientation of PCu(I) to the exposed edge, Figure 10. Since 
in cytochrome c the porphyrin ring délocalises electron 
density from the Fe(II), i t can be argued that the 10A separat
ing Tyr 83 from the Cu i s relevant as far as the electron-trans
fer process i s concerned. Whether overlap of the aromatic Tyr 
83 ring with the porphyrin, or indeed with the aromatic ligands 
of Co(phen)33+ and Ru(NH3)5py2+ (24), i s a requirement remains 
to be demonstrated. 

Other Studies. Experiments i n which rate constant pH 
p r o f i l e s , blocking effects of redox inactive complexes as well 
as the effect of Cr(III) modification should now be possible 
enabling sites on plastocyanin used by cytochrome f and P700 
to be specified (25,26). 

Rate constants for the oxidation of the negatively charge 
high potential Fe/S protein from Chromâtium Vinosum with PCu(II) 
do not exhibit any dependence on pH 5.0 - 8.5 which suggests 
that the His 87 s i t e i s being used i n this case. 

Similar approaches to those described herein are already 
underway with [2Fe-2S] ferredoxins. From NMR line-broadening 
studies Markley has demonstrated that redox inactive Cr(NH3)63+ 
preferentially associates at a s p e c i f i c s i t e close to Tyr 83 
(13,27). This particular group i s a r e l a t i v e l y long way from 
the T2Fe-2S] cluster and the result i s surprising since con
served or p a r t i a l l y conserved negative patches at 67-69 and 
94-96 are nearer to the active s i t e and might have been expected 
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Figure 10. View of cytochrome c with positions of exposed heme edge (block) 
and lysine modifications (sequence numbers for α-carbons) shown. The smaller 
circles indicate the relative effectiveness of modifications on rate constants for the 
reaction of Cyt c(U) + PCu(U) (see Table III). Preferential interaction with PCu(II) 

in the direction 25,27,13, 87 is indicated. 
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to be involved. The effect of Cr(NH3> 6
3 + on the [2Fe-2S] + 

Co(NH3>^3+ reaction (100% blocking i s observed) and related 
studies suggests that a single functional s i t e on [2Fe-2S] i s 
relevant (28). A comparison of r e a c t i v i t y patterns observed 
with [2Fe-2S] from parsley and algal Spirulina plastensis i s 
also of interest i n order to test the effect of amino-acid 
variations (35%). With oxidants Co(NH3)63+, Co(acac) 3, and 
Co(edta)" very similar k i n e t i c behaviour i s observed, and 
i t i s concluded that i d e n t i c a l reaction sites must be involved 
on the two proteins. 
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Discussion 
N. S u t i n , Brookhaven N a t i o n a l L a b o r a t o r y ; The 16% decrease 

i n the r a t e of o x i d a t i o n of reduced p l a s t o c y a n i n by C o ( p h e n ) 3
3 

r e s u l t i n g from the attachment of the chromium(III) l a b e l seems 
r a t h e r s m a l l i f the chromium i s indeed bound a t or near the 
p r o t e i n s i t e used f o r e l e c t r o n t r a n s f e r t o C o ( p h e n ) 3

3 . 

A.G. Sykes: I agree w i t h Dr. S u t i n that a 16% 
e f f e c t i s s m a l l . Recent work has however shown that 
i n our experiments the Cr binds at two or more s i t e s 
on the p l a s t o c y a n i n (analyses c o n f i r m t h a t there i s 
attachment of one Cr per molecule of p r o t e i n ) , and 
i t i s necessary t h e r e f o r e f o r us to ela b o r a t e on the 
o r i g i n a l Farver and Pecht r e s u l t s . Our evidence i s 
based on d e t a i l e d k i n e t i c s t u d i e s w i t h redox p a r t n e r s 
such as Co(phen)g3 + when k i n e t i c p l o t s are found to 
be b i p h a s i c . I t i s concluded that the Cr attached at 
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one of the s i t e s has l i t t l e or no e f f e c t on 
r e a c t i v i t y . On f u r t h e r r e a c t i o n of P C u ( I I ) . C r ( I I I ) 
w i t h a second C r 2 + a product P C u ( I ) . 2 C r ( I I I ) i s 
obtained and a much l a r g e r 70% e f f e c t on the r a t e of 
r e d u c t i o n of C o ( p h e n ) 3 3 + i s observed. With t h i s 
f u r t h e r m o d i f i c a t i o n the k i n e t i c s are c l o s e to being 
u n i p h a s i c . The i m p l i c a t i o n would seem to be t h a t 
there i s a f t e r attachment of a second Cr complete 
m o d i f i c a t i o n at the 42-45 patch (Farver and P e c h t 1 s 
o r i g i n a l assignment), w i t h the other Cr attached at 
a more remote ( n o n - i n f l u e n t i a l ) s i t e . A l s o r e l e v a n t 
i s the o b s e r v a t i o n t h a t PCu(I), P C u ( I ) . C r ( I I I ) , and 
P C u ( I ) . 2 C r ( I I I ) a l l r e a c t w i t h F e ( C N ) 6

3 ~ at the same 
r a t e . This confirms that C o ( p h e n ) 3

3 + and F e ( C N ) 6
3 " 

re a c t at d i f f e r e n t s i t e s and t h a t the Cr m o d i f i c a t i o n 
procedure provides a means of i d e n t i f y i n g the s i t e 
used by C o ( p h e n ) 3

3 + . 

H.B. Gray, C a l i f o r n i a I n s t i t u t e of Technology; The r a t e of 
C o ( p h e n ^ 3

3 o x i d a t i o n of the chromium d e r i v a t i v e s of the 
reduced blue copper p r o t e i n i s s u r p r i s i n g l y c l o s e t o the r a t e 
f o r the n a t i v e p r o t e i n , i n my view. Could you comment f u r t h e r 
on what you t h i n k t h i s r e s u l t means i n terms of the proposed 
i n t e r a c t i o n s i t e s i n the v a r i o u s mechanisms? 

A.G. Sykes: As already i n d i c a t e d (answer to 
Dr. S u t i n ) recent r e s u l t s have helped c l a r i f y the 
s i t u a t i o n c o n s i d e r a b l y . A 70% r a t h e r than a 16% 
e f f e c t of C r ( I I I ) bond at the 42-45 patch i s 
c e r t a i n l y to be regarded as s u b s t a n t i a l . That 
t h i s f a l l s short of 100% b l o c k i n g suggests that 
the Cr i s l o c a t e d c l o s e to r a t h e r than at the s i t e 
on p l a s t o c y a n i n used f o r e l e c t r o n t r a n s f e r . Redox 
par t n e r s such as C o(phen)3 3 + probably need to 
approach more c l o s e l y to the Cu a c t i v e s i t e than 
the 42-45 patch, and e l e c t r o n t r a n s f e r at a s i t e 
i n the r e g i o n s t r e t c h i n g from Tyr83 and the upper-
right-hand corner of the molecule ( F i g u r e 1) 
would be p e r f e c t l y c o n s i s t e n t w i t h e x i s t i n g 
i n f o r m a t i o n . 

C.H. B rubaker, M i c h i g a n S t a t e U n i v e r s i t y ; In the case of 
the cytochromes, i t has been proposed t h a t e l e c t r o n t r a n s f e r 
from the i r o n p o r p h y r i n may i n v o l v e the p i system of the 
p o r p h y r i n and even nearby a r o m a t i c r i n g s . Do you t h i n k t h a t a 
s i m i l a r t h i n g may happen i n the case of the r e a c t i o n between 
t h e s e c o p p e r ( I ) p l a s t o c y a n i n s and the chromium(III)? You seem 
t o f a v o r the i d e a t h a t the important f a c t o r i s t h a t the C r ( I I I ) 
be a t a s i t e t h a t i s r e a s o n a b l y c l o s e t o the copper c e n t e r . 
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A.G. Sykes: The involvement of aromatic r i n g s 
i n e l e c t r o n - t r a n s f e r r e a c t i o n s of m e t a l l o p r o t e i n s 
i s an a t t r a c t i v e i d e a . There are two p o s s i b l e e f f e c t s 
to c o n s i d e r . A s i n g l e r i n g might f u n c t i o n simply 
as a mediator f o r e l e c t r o n t r a n s f e r between two 
metal c e n t r e s , or when such r i n g s are present on 
both r e a c t a n t s s t a c k i n g may occur making e l e c t r o n 
t r a n s f e r e a s i e r . In the case of p l a s t o c y a n i n 
h i g h l y conserved r e s i d u e s such as Tyr83 which are 
c l o s e to the 42-45 patch, could w e l l f u n c t i o n i n 
one or other of these ways. U n f o r t u n a t e l y evidence 
i n support of such d e t a i l e d e l e c t r o n t r a n s f e r 
mechanisms i s at present l a c k i n g . The p o r p h y r i n 
of cytochrome c c e r t a i n l y has a s p e c i f i c f u n c t i o n 
i n e l e c t r o n t r a n s f e r , but t h i s i s r a t h e r a s p e c i a l 
case s i n c e the metal i s coordinated at the centre 
of the r i n g system. 

D.R. M c M i l l i n , Purdue U n i v e r s i t y ; In a d d i t i o n t o the 
charge e f f e c t s d i s c u s s e d by P r o f e s s o r Sykes, I would l i k e t o 
add t h a t s t r u c t u r a l e f f e c t s may h e l p determine e l e c t r o n t r a n s 
f e r r e a c t i o n s between b i o l o g i c a l p a r t n e r s . A case i n p o i n t i s 
the r e a c t i o n between cytochrome C 5 5 1 and a z u r i n where, i n o r d e r 
t o e x p l a i n the observed k i n e t i c s , r e a c t i v e and u n r e a c t i v e forms 
of a z u r i n have been proposed t o e x i s t i n s o l u t i o n (_1). The two 
forms d i f f e r w i t h r e s p e c t to the s t a t e of p r o t o n a t i o n of 
h i s t i d i n e - 3 5 and, i t i s supposed, w i t h r e s p e c t t o c o n f o r m a t i o n 
as w e l l . I n f a c t , the *H nmr s p e c t r a shown i n the F i g u r e 
p r o v i d e d i r e c t evidence t h a t the n i c k e l ( I l ) d e r i v a t i v e of 
a z u r i n does e x i s t i n two d i f f e r e n t c o n f o r m a t i o n s , which i n t e r -
c o n v e r t s l o w l y on the nmr t i m e - s c a l e , depending on the s t a t e of 
p r o t o n a t i o n of the H i s 3 5 r e s i d u e (2.). As p o i n t e d out by 
S i l v e s t r i n i et a l . , such e f f e c t s c o u l d p l a y a r o l e i n c o o r d i n a 
t i n g the f l o w of e l e c t r o n s and p r o t o n s to the t e r m i n a l a c c e p t o r 
i n v i v o . 

(1) S i l v e s t r i n i , M.C.; B r u n o r i , M.; W i l s o n , M.T.; D a r l e y -
Usmar, V.M. J . I n o r g . Biochem. 1981, 14, 327-338. 

(2) B l a s z a k , J.A.; U l r i c h , E.L.; M a r k l e y , J.L.; M c M i l l i n , 
D.R., submitted f o r p u b l i c a t i o n . 

A.G. Sykes: P r o f e s s o r M c M i l l i n does r i g h t 
to draw a t t e n t i o n to the e f f e c t of H + on r e a c t i o n s 
of a z u r i n , which are somewhat d i f f e r e n t to those 
observed f o r p l a s t o c y a n i n . 
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Λ Met 12/ 

ρ Η 3 . θ Ι j 

ρ Η β . 8 

u 
35 30 25 

δ ppm 
20 15 10 

Figure. The pH titration of the C2-H proton of His35 and the methyl protons of 
the copper ligand Met83. The discontinuous nature of the spectral shifts establish 
the existence of two structures which interconvert slowly on the NMR time-scale. 
Note that the same ρΚΛ is involved, namely that one associated with the protonation 
of His35. (The spectra were obtained with a Nicolet 8.5T NMR spectrometer, 

supported by NIH grant RR01077.) 
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10 
Nonclassical Coordination Compounds 

JOHN P. FACKLER, JR. and JOHN D. BASIL 
Case Western Reserve University, Case Institute of Technology, 
Department of Chemistry, Cleveland, OH 44106 

The topic "Non-Classical Coordination Compounds" is troub
ling since it implies some knowledge of the meaning of both 
"classical" and "non-classical". To a young inorganic chemist 
reviewing some β-diketone work of ours, performed in the '60's, 
the term "classical" apparently meant work done a number of 
years ago. Obviously work being done today by modern young 
chemists is, therefore, "non-classical". 

Rather than accept the above definition, the fourth edition 
of "Advanced Inorganic Chemistry" by F. A. Cotton and G. Wilkinson 
(1) was consulted to see what it contains relevant to the "non
-classical" behavior of metal-metal bonded compounds. Page 980 of 
this text presents an interesting illustration. H. Schmidbaur, 
in some beautiful work involving coordination of methyl ylides to 
metals, demonstrated that the dinuclear gold(I) ylide complex 
(Figure 1), reacts with dichlorine to form a dichloride which 
formally contains Au(II). As described below, there is a single 
bond between the two Au atoms. However, a remarkable non-classi
cal species appears to be formed upon reaction with NaBPh4. This 
cation is formulated as a Au(II) compound containing only two 
ligands coordinated to each metal atom. As any good inorganic 
chemist knows, a d9 metal ion such as Au(II) must be non-classi
cal when it is only two coordinate. Even if a Au-Au bond is 
added, the species remains non-classical. Consequently, a careful 
examination of the system has been undertaken. After considerable 
study of the system and published results from Schmidbaur's lab
oratory (2), it has been concluded that this ion is so non-classi-
cal that it is NON-EXISTENT. 
What Does Exist? 

As indicated i n Figure 2 , Schmidbaur and his students have 
reported (3) some very interesting reactions of the dinuclear 
Au(I) yl i d e complexes. Not only do these species oxidatively add 
halogen atoms to form Au(II) species (Fig. 2 ;3 ) a second mole of 

0097-6156/83/0211-0201 $06.00/0 
© 1983 American Chemical Society 
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^CH - A u - C H 2 v 

Me2P v / PMe2 

CH—Au-CH 2 

CI 
CH — Au - CH 

Me2P% 
/ 2 2s- PMe„ 
CH 2—Au-CH 2 

CI 

NaBPh,, 

12+ 
CH -Au-CH 

CH 2—Au -CH2 

Figure 1. The remarkable "nonclassical" dinuclear gold(II) ion. 

KS 

Η 2 < Η 2 ^ Η 2 
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(X« CLBr.I) 
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R' R 
2 
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R^R 
3 

F/gwre 2. Reactions of dinuclear gold ylide complexes. 
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halogen w i l l produce a dinuclear Au(III) species. Such a com
pound has not been subjected to a structural examination yet, but 
the dichloride species (Fig. 2^4) appears to be isolable as a 
pure compound. The oxidative addition of methylene dihalides 
leads (4) to bridged methylene species analogous to the types of 
compounds reported by Balch and coworkers (_5) and by Puddephatt 
and coworkers (6) for the palladium and platinum A-frame com
plexes. Schmidbaur also reported (7) that methyliodide oxidative-
l y adds to the Au(I) complex to form a species which contains 
methyl on one end and iodide on the other (Fig. 2 ;2 ) . This i n t 
eresting compound has been the subject of an intensive study i n 
our own laboratory. 

Methyliodide Oxidative Addition 

F i r s t attempts to synthesize the methyliodide oxidative 
addition product i n our laboratory led to c r y s t a l l i n e materials 
which were found by X-ray crystallographically to be a mixture 
of the Au(I) starting material and the Au(II) diiodide species 
(8) . As indicated i n Figure 3, the Au(I) dimer shows a normal 
non-bonding metal-metal distance and a t y p i c a l linear geometry 
about each metal atom. On the other hand, the diiodide displays 
an essentially linear I-Au-Au-I axis with a metal-metal bond of 
approximately 2 . 668. Note that the Au iodide distance i s approxi
mately 2.78 long, Figure 4. The coordination geometry about each 
Au(II) atom i s not unusual for a d^ metal. The puzzling thing 
was that the syntheses of the methyliodide oxidative addition 
product appeared to be non-reproducible. 

After several years of e f f o r t i t has been possible to repro
duce Schmidbaur 1s addition of methyliodide (8) . The problem 
appears to be that the methyliodide product i s extremely photo
sensitive i n solution. It decomposes with the production of 
methyl radicals and the ultimate formation of a mixture of the 
Au(I), and Au(II) diiodide products. The X-ray c r y s t a l structure 
of the methyliodide product i s presented i n Figure 5. Two fea
tures are to be noted. F i r s t l y , the metal-metal distance leng
thens only a small amount, 0.04Â, but the Au iodide distance 
lengthens by approximately 0.20&. The structural trans effect 
caused by the methyl group i s not attenuated by the Au-Au bond. 

A qualitative, symmetry based molecular diagram for the d i 
nuclear system i s presented i n Figure 6. Note that the only empty 
o r b i t a l associated with the planar D £ n framework i s the o r b i t a l 
which i s antibonding both i n the Au-Au interaction and i n Au-hal-
ide interaction. Thus, one i s l e f t to conclude that a metal-
metal single bond exists. Furthermore, i t i s clear that, as the 
metal-halide bond strength increases, the metal-metal bond 
strength decreases. An extended Hiickel calculation on the related 
Rl^H^C^^" has been reported by Hoffman and Hoffmann (9) As a func
tion of metal-metal distance, i t i s found that the energies of the 
b2U levels decrease strongly as the metal-metal distance i s i n 
creased. On the other hand, the two a g levels both increase i n 
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Figure 4. The x-ray structure of Au2[(CH2)2P(CHs)2]2I2. 
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Figure 5. The x-ray structure of Au2[(CH2)P(CH3)2]2CHsI. 
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Figure 6. Orbital diagram for dinuclear gold complexes. 
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energy as the distance i s lengthened. At some distance there, 
indeed, can be a crossover between the 2a^ l e v e l and the l b 2 u 

l e v e l . This work suggests that, as additional electron density 
goes into the linear sigma bonding system through the formation 
of covalently bonded ligands, such as produced by the addition of 
two methyl groups, the metal-metal bond may be destroyed. 

Examination of the interesting reaction (Fig. 7;2a,b to 4) 
suggests that, indeed, such a bond rupturing transformation can be 
observed. Schmidbaur and his coworkers (10) indicate that the 
methyliodide product and the Au(III) dibromide species react with 
methyllithium to produce a compound which appears to be the asym
metrical Au (III)-Au (I) dinuclear species _4. Spectroscopic e v i -

C H 0 - A u - C H 

CH 2-Au-CH 2 

CH 3I 
f 3 

CH 2-Au-CH 2 

R 2 \ 1 I / P R 2 
CH 0-Au-CH 0 2 ι I 

l a (R = CH 3) 

b (R = C 6 H 5 ) 
2a,b 

CH3I. 
LiMe 

- L i l 

I 
/ 2 « 2 \ 

R 2P I PR 2 

CH 0-Au-CH 0 

I 

^ C H 2 - A u - C H 2 

R 2P 
\ 

PR. 

CH 2-Au-CH 2 

CH 3 CH 3 

3a,b M_ 

Figure 7. Organometallic reactions of dinuclear gold complexes. 
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dence i n our laboratories confirms this result,(11), although to 
date no c r y s t a l l i n e material has been isolated for X-ray struc
tu r a l analysis. The extreme photosensitivity i n solution and 
chemical i n s t a b i l i t y have made i t d i f f i c u l t to achieve structural 
results to date. Hopefully, before the beginning of the 21st 
century, this problem w i l l be sorted out, and the compound no 
longer w i l l be "non-classical. 1 1 

In summary, i t can be concluded that "non-classical coordina
tion compounds" are chemical compounds not explained by the text
books. As the papers i n this ACS symposium series "Inorganic 
Chemistry: Towards the 21st Century" are examined, the reader w i l l 
find much that i s "non-classical" today but w i l l be " c l a s s i c a l " 
by the 21st century. 
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11 
High- and Low-Valence 
Metal Cluster Compounds: 
A Comparison 

F. ALBERT COTTON 
Texas A&M University, Department of Chemistry, College Station, TX 77843 

The characteristic differences between metal 
cluster compounds having the metal atoms in low 
formal oxidation states and those having them in 
high formal oxidation states are reviewed 
critically and analytically. 

There i s now not only a great number but also a great 
variety of metal atom cluster compounds. In this essay I should 
l i k e to discuss the differences between those that have metal 
atoms i n a r e l a t i v e l y high mean oxidation state (+2 to +4, and 
even, i n rare cases, a b i t higher) and those with metal atoms i n 
oxidation states i n the range -1 to +1. To keep the discussion 
within reasonable l i m i t s I sha l l r e s t r i c t i t almost exclusively to 
clusters consisting of only two or three metal atoms. I eschew 
the pedantic assertion that two atoms do not a cluster make. 

For convenience and brevity i n the discussion the 
abbreviations HVC and LVC for high-valent cluster and low-valent 
cluster, respectively, w i l l be adopted. 

To i l l u s t r a t e the d i s t i n c t i o n between the two types of 
cluster compounds the examples shown i n Fig. 1 may be examined. 

While the HVC/LVC dichotomy has rather routinely been taken 
for granted i n the past, i t has not been the subject of an 
explanatory discussion. There are five points of comparison 
and/or contrast to which I should l i k e to draw attention; four 
are empirical and one theoretical. 

Ligand Preferences. The LVC* s are electron r i c h and i n 
order to exist i n stable compounds they require ligands, such as 
CO, that are weak donors and good π acceptors. On the other hand 
the HVC clusters are not attractive to such ligands nor do they 
require them for s t a b i l i t y . In this respect, there i s a direct 
p a r a l l e l to mononuclear compounds where M° prefers CO, RNC or 
similarly π-acidic ligands while the M n + (n = 2-4) ions do not 
generally form CO complexes. 

0097-6156/83/0211-0209$06.00/0 
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LVCS HVCs 

Ο 
C 

0 

D(Re-Re) = 3 . 0 2 Â 

CI CI Ί 2 -

I χι l^ci 

CI CI 

D(Re=Re) = 2 . 2 4 Â 

Mo. foo. 

υ 

D ( M o - M o ) = 3 . 2 2 Â 

V 0 H 

I ,<ϊ~Λ#ά 
iOH 

H g O - M o s M o ' - O H g 

H O ^ O ? 0 Jo 
o 

HO 0 
D ( M O H M O ) = 2.22 Â 

D(CrsCr) = 2.28 Â 

0 " "NT 

Ο 
D(CrsCr) = 1.86 Â 

Figure la. Representative dinuclear cluster species of the high- and low-valent 
types. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

01
1

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



COTTON Comparison of Metal Cluster Compounds 211 

D(Ru-Ru) = 2.85 Â 

/ 

Rh 

Rh 

D(Rh-Rh) = 2.62-2.70 Â 

D(Re=Re) = 2.48 Â 

/ QH2\ 

Mo 

D(Mo-Mo) = 2 . 4 9 Â 

Figure lb. Representative trinuclear cluster species of the high- and low-valent 
types. 
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Generally speaking, HVC1s are found with v i r t u a l l y the 
entire gamut of ordinary ligands, such as halide ions, SCN , 
amines, phosphines, sulfate, carboxylates, etc., and they are 
unstable towards strong π-acceptors. The LVC's rarely bind such 
ligands and are not infrequently found surrounded entirely by CO 
groups or similar π-accepting ligands. 

Clusters that contain M-M multiple bonds present a particu
l a r l y interesting situation with respect to the interaction 
between π-acceptor ligands and the cluster i t s e l f . In most cases 
the cluster i s actually rendered unstable by π-acceptor ligands, 
though there are a few exceptions to be discussed below. The 
general phenomenon i s presumed to be due to the action of such 
ligands i n withdrawing electron density from the π and 6 com
ponents of the M-M multiple bonds. The matchup between M-M bond
ing o r b i t a l s and ligand π* o r b i t a l s i s i l l u s t r a t e d schematically 
i n Fig. 2. Several representative examples of chemical 
reactions that proceed from this interaction are: 

Mo 2(0 2CCH 3)i t + 14CH3NC • 2Mo(CNCH 3) 7
2 + + 4CH3C02~ 

MoaCUiPEtaK + 6C0 • 2Mo (CO) 3C1 2 (PEt 3) 2 

Presumably these transformations begin with one or more simple 
ligand replacement steps but these early intermediates are too 
unstable or reactive to be detected because of the action of 
the π-acceptor ligands i n draining off electrons from the M-M 
π and 6 bonds. 

The general principle here i s that electrons i n ·Μ-Μ π and/or 
6 bonding or b i t a l s would generally be even more stable i n M-CO 
or M-CNR π or b i t a l s and provided there are no other counter
v a i l i n g factors, that i s where they go. It i s recognized that 
this argument does not f u l l y explain the above reactions since 
i t does not cover the rupture of the σ as well as the π and 6 
bonds. 

Among the few well-established exceptions to the generali
zation that M-M multiple bonds are unstable i n the presence of 
strongly π-accepting ligands are the following: 

(1) Os 3(CO) 1 0H 2 

(2) (r^-CsHs^M^COK ; M = Cr, Mo, W 
(3) Fe 2(CO) 6(Me 3CCECCMe 3) 
(4) (n 5-C 5H 5) 2Fe 2(N0) 2 

(5) (cyclo-RitCQ 2 F e 2 (CO) 3 

(6) Mo2(OR)6CO 

For (1) i t i s not actually clear that there i s a multiple 
bond. The molecule i s commonly depicted as i n Fig. 3(a). From 
structural studies i t i s known that the Os-Os1 and Os-Oslf d i s 
tances average 2.815(3)A and Osf-Os" i s 2.680(2)Â. This would 
seem to be prima facie evidence that the Os'-Os" bond has a 
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11. COTTON Comparison of Metal Cluster Compounds 213 

higher order than the other two, whose characterization as 
single bonds i s not l i k e l y to be controversial. However, the 
representation shown i n Fig. 3(a) i s not l i k e l y to be a true 
representation of the bonding. If the lines drawn between the 
Os-Osf and Os-Os" pairs of metal atoms are, as usual, meant to 
represent electron-pair bonds then there seems to be a super
f l u i t y of such lines i n the region of 0 s f , Os" and the two 
hydrogen atoms. For one thing, the hydrogen atoms w i l l not form 
two Η-Os single bonds; the best each of them can do i s to 
participate i n an Os H Os three-center/two electron bonding 
situation, of the kind familiar i n boron hydrides, and which we 
might here also represent by the usual symbol 

H 
Os ~~0s 

Thus, we might represent Os 3(CO)i 0H 2 as i n Fig. 3(b). However, 
this i s s t i l l open to possible question since i t leaves only four 
electrons each on 0 s f and Os" for Os-CO π-backbonding, which may 
not be enough. Moreover, a bond length decrease of only 0.14Â 
on going from a double to a single bond seems surprisingly small. 
I think i t i s l i k e l y that the Osf-Os" bond order i s considerably 
less than 2 with a substantial fraction of the electron density 
needed to make a f u l l double bond being withdrawn from the 
Os'-Os" region to strengthen the Os-CO π bonding. Thus, the 
molecule might most accurately (or least inaccurately) be 
represented as i n Fig. 3(c). 

For compounds (2) and (3) there i s no reason to question the 
assignment of t r i p l e bonds and a double bond, respectively. The 
structure of the Cr compound of type (2) has been shown i n Fig. 
1. The structure of (3) i s shown i n Fig. 4(a). Such bonds are 
consistent with the attainment of 18-electron configurations. 
The reason why these bonds are not destabilized by the terminal 
CO groups present appears to be quite simple: s u f f i c i e n t metal 
d. electrons are available to enter into M-CO π bonding without 
taking any from the M=M or M=M bonds. For each metal atom i n 
a molecule of type (2) there are, i n addition to the six 
electrons i n the M=M bond, the six involved i n the M-C5H5 
bonding and the four i n M-CO σ bonding, two more electrons that 
can participate i n M-CO π bonding. Two electrons per two CO 
groups may be barely s u f f i c i e n t , but i n these molecules we also 
have an unusual positioning of the CO groups that may enable 
each of them to donate electron density to the metal atom other 
than the one to which they are bound by the carbon atom. 

In the case of (3) there are, on each metal atom, six 
electrons not required for Fe=Fe, Fe-acetylene or Fe-CO σ 
bonding. This situation contrasts sharply with that i n , for 
example,an Mo 2X 8

4~ species, where there are no electrons i n 
metal or b i t a l s other than those i n the Μ0ΞΜ0 bond and the Mo-X σ 
bonds. 
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M2(7T) — C0(7T*) M2(8) — C0(7T«) 

Figure 2. Diagrams of the overlaps between M-M π - or h-orbitals and the π * -
orbitals of carbon monoxide. 

(C0)4 Os 

(a) 

(0C) 30s ,== ?0s"(C0) 3 

(C0)4 

Os 

(b) 
(0C) 30^^=^s(C0) 3 

Η Η 
(C0)4 

Os 

(0 
( 0 C ) 3 0 ^ ^ ^ s ( C 0 ) 3 

Η Η 

Figure 3. Three representations of the Oss(CO)10H2 molecule. Key: a, a common, 
but incorrect one; b, a formally correct one; and c, a more realistic one. 
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In compounds (4) and (5), whose structures are shown i n Fig. 
3, there are also electrons available for M-NO or M-CO π bonding 
after a l l other bonds have been provided for. In (4) there are 
four such electrons and i n (5) there are six. It may also be that 
the bridging CO or NO groups require r e l a t i v e l y l i t t l e (or even 
no) back-donation of metal electrons (although this i s an 
unsettled question), but even i f they do, i n (4) and (5) there 
i s one electron pair per bridging ligand, which would be quite 
s u f f i c i e n t even for a terminal CO or NO ligand. 

Compound (6) has the structure shown i n Fig. 4(d). It 
formally has 14-electron configurations about each metal atom 
and a l l fourteen electrons are involved in the bonds represented 
by li n e s i n the structural drawing. Either the y2~C0 group makes 
no appreciable demand for π electron density or there may be an 
indirect feeding of electrons from the lone-pair o r b i t a l s of the 
alkoxide groups to μ2-CO. Alkoxide groups are known to be 
π-electron donors. 

Metal Preferences. LVC's are formed mainly by t r a n s i 
tion metals to the right i n the periodic table (especially 
elements i n Group 8). This i s i n part due to the a v a i l a b i l i t y 
of d electrons that can be used i n back-donation to the 
π-accepting ligands. Moreover, the formation of LVC 1s i s not 
p a r t i c u l a r l y "row-sensitive" by which I mean that the f i r s t -
transition-series metals, Fe, Co and Ni, tend to form most of 
the same cluster compounds as their congeners, Ru, Rh, Pd and 
Os, I r , Pt. 

HVCfs are formed mainly by the early t r a n s i t i o n elements, 
especially those in groups 6 and 7. Their s t a b i l i t i e s are 
markedly "row-sensitive," with the l i g h t metals showing i n 
general very l i t t l e tendency to form clusters or multiple M-M 
bonds i n higher oxidation states. 

It i s also notable that very large clusters are entirely i n 
the province of the LVCs as far as we know at present. The HVCs 
include some octahedral clusters such as those i n [ T a 6 C l i 2 ] 2 + 

and [MoeCle]1*"1" derivatives, but there i s nothing to r i v a l the 
gigantic, metal-like rhodium clusters such as [Rhi (CO) 25 ] ** 
and even larger ones such as [Pt 3 8 (CO) 4ΐ+Ηχ] 2~, i n which the metal 
atoms adopt "packing" arrangements quite similar to those 
found i n the metallic elements themselves. 

M-M Bond Lengths. As a general rule, the M-M bonds are 
longer i n the LVC compounds than i n the HVC compounds. The 
values found i n Fig. 1 are representative of this trend. To 
emphasize the point, some further discussion may be given. For 
HVC Mo-Mo single bonds, we have various values depending on 
structural details. In the [Mo^Oi*(02CR) 3 (H20) 3 ] + type species, 
the distances are about 2.50A but i n the [Mo 3(μ 3-0) 2(0 2CR) 6-
( H 2 0 ) 3 ] 2 + clusters, where the metal coordination numbers are 
higher they are about 2.75A. In both cases the oxidation number 
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Figure 4. Some molecules containing 
both M-M multiple bonds and π-acceptor 

ligands.  P
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number i s +4. However, i n LVC clusters of nearby elements, such 
as Ru3(C0)i2 we have distances >2.80A and the Mo-Mo single bond 
in ( n 2-C 5H 5 ) 2 M o 2(C0) 6 has the astonishing length of 3.22Â. 
Among multiple bonds, similar trends are found. For ΜΟΞΜΟ 
t r i p l e bonds we have a length of 2.22A for the HVC species 
[Mo 2 (HPOi f ) l f ] 2 "" but 2.45Â i n the LVC species ( n 2-C 5H 5) 2Mo 2 (CO) h. 
It i s appropriate to stress that metal-metal bonds show far more 
complex behavior than those between main-group atoms and simple 
bond-length/bond-order relationships do not exist except i n 
special cases. Nevertheless, the general trend of longer bonds 
i n the LVCs as compared to the HVCs i s unmistakable. 

Any attempt to explain this observation must be speculative, 
but i t i s l i k e l y that two interrelated factors are largely 
responsible. In the HVCs the bonding i s due to overlap of 
r e l a t i v e l y compact metal di o r b i t a l s for which overlap (and hence 
bond strength) increases markedly with close approach of the 
metal atoms. In the LVCs the M-M bonding i s largely due to 
overlap of JS, £ or s£ hybrid o r b i t a l s , which are more diffuse 
and give best overlap at r e l a t i v e l y long distances. The <i 
o r b i t a l s i n LVCs are mainly involved i n π back-bonding to the 
ligands such as CO. 

Lack of HVC-LVC Interconversions. A very mundane but 
sound reason for considering the LVCs and HVCs as separate 
categories i s that members of the two classes are not often - i f 
ever - interconvertible. One cannot start with a particular 
cluster of metal atoms, Μ , present i n a compound of one class 
and by an oxidative or reâuctive procedure, i n which the 
necessary ligand replacements would also have to take place, 
arrive at an M cluster compound of the other class. It i s 
possible that one or a few examples of this might be found (or 
perhaps I have overlooked one already known) but at present this 
i s not and does not seem l i k e l y to become a significant facet 
of metal atom cluster chemistry. I would, however, be delighted 
to have this judgement proven wrong, since such interconversions 
would afford valuable new synthetic routes. 

Relative Importance of &, 3. and p. Orbitals i n M-M 
Bonding. Under the f i r s t four headings we have examined some 
facts and observations concerning the differences betwen the HVC 
and LVC classes of cluster compounds. We turn now to a theoreti
cal point that underlies many of these differences, namely, the 
valence o r b i t a l s employed by the metal atoms i n forming bonds. 

For metal atoms i n a formal state of oxidation of zero, 
or thereabouts, the energy gaps between nd and the (n+l^s, 
(n+l)£ or b i t a l s i s f a i r l y small and a l l three types of o r b i t a l s 
can play comparable roles i n bond formation. Hybridization 
concepts are therefore useful i n dealing with compounds contain
ing LVCs. However, as the metal atom becomes more highly 
ionized, the energy gap between the (n+l)j$ and (n+l)£ o r b i t a l s 
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on the one hand and the nd o r b i t a l s on the other increases. At 
least for metal-metal bonding the former become much less 
important and i n qualitative work can be neglected. 

One of the consequences of this i s that LVC compounds 
nearly always attain, or approach, the 18-electron configuration, 
whereas i n HVC compounds, the number of electrons often f a l l s 
far short of t h i s . Thus, i n ( n 5-C 5H 5)(OC) 2ΜοΞΜο(CO) 2 ( n 5 - C 5 H 5 ) 
we have 18e configurations while i n the Χ 3 Μ 0 Ξ Μ 0 Χ 3 (X = OR, NR2, R) 
the metal atoms have only 12e configurations. Similarly i n 
[ R e 2 C l 8 ] 2 " , [Re 2Cl t f (PR3) i+] and [Mo2 ( H P O 4 ) ι* ] 2~, with quadruple, 
t r i p l e and t r i p l e bonds, respectively and metal oxidation states 
of +3, +2 and +3, respectively, the electron configurations about 
the metal atoms are 16, 18 and 14, respectively. In M o 6 C l s H + 

each metal atom has only 16 electrons although they weakly attach 
an additional ligand to give a t o t a l of 18 electrons, but i n 
N b 6 C l i 2

2 + there are eight fewer electrons i n the cluster. 
However, there are also HVC compounds i n which formal 18e con
figurations are attained, as i n [ R e 3 C l i 2 ] 3 " * or [Mo 30 2 (0 2CCH 3) 6-
( H 2 0 ) 3 ] 2 + . The l a t t e r type, however, can be oxidized to loee 
one or two electrons while remaining intact. 

For the purpose of explaining the bonding i n cluster com
pounds i t i s at times c r u c i a l to keep i n mind the fact that f u l l 
p a rticipation of a l l (n+l)js and (n+l)£ o r b i t a l s , on an equal 
footing with the nd o r b i t a l s , i s not l i k e l y to be a correct 
assumption for HVC compounds even though i t generally i s so for 
LVC compounds. For example, i n the e a r l i e s t attempts by this 
author to account for the entire electronic structure of some 
compounds containing M-M quadruple bonds, and other compounds 
related to them, i t was suggested that low-lying non-bonding 
σ or b i t a l s formed by ŝ  and/or £ o r b i t a l s might be available to 
hold up to four electrons beyond those occupying the σ, π and 
6 bonding o r b i t a l s . This led to the suggestion that i n 
dirhodium species of the type Rh 2(0 2CR)i t the Rh-Rh bond order 
would be 3, whereas, without such nonbonding o r b i t a l s , four 
more electrons would have to occupy antibonding o r b i t a l s , 
thereby reducing the bond order to 1. Chemical and structural 
evidence was indecisive, but an SCF-Xa-SW calculation showed 
convincingly that the 5ŝ  and 5£ o r b i t a l s do not give r i s e to 
such nonbonding or b i t a l s and that the Rh-Rh bond order i s best 
regarded as 1. 

For the t r i p l e bonds in Χ 3ΜοΞΜοΧ 3 and X3WEWX3 species, the 
role of ŝ  and £ or b i t a l s i s again one that requires judicious 
consideration i n connection with the question of the barrier to 
internal rotation. The ligands themselves, of course, favor a 
staggered configuration, but the question i s whether the t r i p l e 
bond i t s e l f imposes any barrier and, i f so, which conformation 
(staggered or eclipsed) i t favors. Reasonably rigorous calcula
tions by either the SCF-Xa-SW or the Hartree-Foch method give a 
picture of the t r i p l e bond i n which i t consists of one σ and two 
π components, each formed from essentially pure d_ o r b i t a l s ; 
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1 1 . C O T T O N Comparison of Metal Cluster Compounds 2 1 9 

the predicted barrier to rotation i s essentially zero i n both 
calculations. On the other hand, from a frontier o r b i t a l treat
ment, i n which the fro n t i e r o r b i t a l s are assumed to be d 2 s p 3 

octahedral hybrids, a preference for the eclipsed conformation 
was inferred, as of course i t must be since the three "banana" 
bonds that constitute the t r i p l e bond should be strongest when 
the frontier o r b i t a l s point d i r e c t l y at one another. To the 
extent, however, that one reduces the £ o r b i t a l participation 
this barrier w i l l be reduced, and i f there i s not any significant 
amount of £ o r b i t a l participation i t w i l l vanish. While the 
type of frontier o r b i t a l approach used has been quite success
f u l i n dealing with compounds containing metal atoms i n very 
low formal oxidation states, i t i s questionable whether i t i s 
suitable for the metal atoms i n an Mo l : c l2 moiety. From a 
philosophical point of view the prediction that "with small 
ligands d 3-d 3

 L 3 M M L 3 dimers w i l l be eclipsed" i s no meaningful 
s c i e n t i f i c prediction at a l l since i t i s not f a l s i f i a b l e by any 
possible experiment. No matter what ligands are chosen, i f 
(as I expect) the configuration remains staggered, the 
"predictors" can simply say: "Your ligands are s t i l l too big." 

Concluding Remarks 

The existence of two classes of metal atom cluster compounds 
i s a fact of Nature. Like many such facts i t i s not neatly 
delineated; there are many blurred boundaries, few quantitative 
relationships, and exceptions to most i f not a l l generalizations 
concerning i t . Despite t h i s , the way we recognize the d i f f e r 
ence, use i t , and try to account for i t i s a good example of 
why chemistry i s both less exact and more interesting (to me) 
than physics and mathematics. We chemists are forced to tackle 
far more complex and "messy" problems than workers i n these 
other f i e l d s and, i n our own way, I think we make a good job 
of i t . 

The sources of the facts and structural data cited and 
discussed above are multifareous. Rather than provide the usual 
reference l i s t that might run to a great length, suffice i t to 
say that a l l of the pertinent primary l i t e r a t u r e can be located 
through Advanced Inorganic Chemistry by Cotton and Wilkinson, 
4th Edition, John Wiley and Sons, Ν. Y. 1980 and Multiple Bonds 
Between Metal Atoms by Cotton and Walton, John Wiley and Sons, 
Ν. Y. 1982. 
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Metal-Metal Quadruple Bonds 
Direct Experimental Determination of the Bonding 
Contribution of a δ-Orbital Electron 

DENNIS L. LICHTENBERGER 
University of Arizona, Department of Chemistry, Tucson, AZ 85721 

The newly-developed capability to observe metal
-metal vibrational fine structure in the valence 
ionizations of quadruply bonded dimers is illus
trated for the delta-bond ionization of 
Mo2(O2CCH3)4. Observation of this structure pro
vides direct information on the bonding influence 
of an electron in a delta-bonding orbital by show
ing the significant changes in metal-metal force 
constant and bond distance that occur when that 
electron is removed. 

I wish to describe the f i r s t application of a sign i f i c a n t 
new experimental capability to a rather " c l a s s i c " question about 
a " c l a s s i c " molecule. The beauty of the story i s that direct and 
unique information i s provided by the technique, and the expla
nation i s short and simple. 

The " c l a s s i c " molecule i s Mo2 ( 0 2 ^ 3 ) 4 , which i s an impor
tant representative member of di-metal molecules containing a 
quadruple bond. The occupation of the delta-bonding o r b i t a l , 
which completes formation of the quadruple bond, i s a special 
feature of these molecules. The c l a s s i c question i s the follow
ing: To what extent does an electron i n the delta-bonding orbit
al contribute to the t o t a l bond strength and force constant 
between the two metal centers? 

The obvious approach to answering this question i s to remove 
an electron from this o r b i t a l and observe the effect on, for 
example, the metal-metal stretching frequency or metal-metal bond 
distance. Of course, removal of an electron from the delta bond
ing o r b i t a l creates a positive molecular ion for which determina
tion of these properties may not be possible using normal tech
niques. In those cases where the ion i s s u f f i c i e n t l y stable that 
these properties can be measured, the meaning of the information 
may be clouded by changes i n intermolecular interactions or other 
internal factors. 

One simple method of taking the electron from the molecule 
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i s photoelectron spectroscopy. Advantages of this technique are 
that the molecule i s in the gas phase, so that solution or s o l i d -
state effects are non-existent, and the technique i s fast, so 
that subsequent molecular occurrences are generally not observed. 
Also, this i s the best technique for measuring accurate ioniza
tion energies. Professor Cotton discussed the importance of 
ionization energies to understanding bonding interactions i n his 
talk. I wish to stress that these ionizations can also provide a 
direct measure of both the metal-metal stretching frequency and 
the equilibrium bond distance in the positive ion. This i n f o r 
mation i s obtained i f the vibrational fine structure comprising 
the ionization band envelope i s observed. 

The p o s s i b i l i t y of obtaining t h i s direct information has not 
been discussed previously i n this context because vibrational 
fine structure i s not generally observed i n the ionizations of 
molecules of thi s size, and has never before been observed for 
any tr a n s i t i o n metal-metal vibrational mode. Our breakthrough i n 
demonstrating that this fine structure can be observed has f o l 
lowed from several developments of our instrumentation. The 
details of these developments have recently been published along 
with our report of the f i r s t observations of metal-ligand vibra
tional fine structure i n the ionizations of metal carbonyls QJ . 

Figure 1 displays the ionization band of M02(C^CCHs)** cor
responding to loss of one electron from the delta-bonding o r b i t a l 
( 2 B 2 g positive ion state). The fine structure due to the t o t a l l y 
symmetric metal-metal vibrational mode levels i n the positive ion 
i s c l e a r l y observed. As Figure 1 shows, the band i s well repre
sented by an evenly spaced progression of vibrational components. 
No anharmonicity i s detected. The progression has a skewed Gaus
sian intensity p r o f i l e as expected for excitation to a potential 
well with a displaced equilibrium bond distance. This i s i l l u s 
trated i n Figure 2. 

The spacing between the vibrational components gives a 
metal-metal stretching frequency i n the positive ion of 360(10) 
cm"1, which i s considerably less than the 406 cm"1 metal-metal 
stretching frequency in the neutral molecule. Thus, the force 
constant between the metals has decreased with removal of an 
electron from the delta-bonding o r b i t a l . Franck-Condon analysis 
of the progression shows that the metal-metal bond distance i n 
this positive- ion i s about 0.17 A longer than i n the neutral 
molecule. This also shows that an electron i n the delta-bonding 
o r b i t a l has a substantial influence on the strength of the metal-
metal interaction. 

Additional insight i s obtained i f these results are compared 
with the related absorption experiments in which an electron from 
the delta-bonding o r b i t a l i s excited to the delta-antibonding 
o r b i t a l (2). The pertinent data i s summarized i n the Table. The 
state obtained by 6 ionization has a greater formal bond order 
than the state obtained by 6->6* excitation, but has a weaker 
metal-metal force constant and a longer metal-metal bond. It i s 
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12. L i C H T E N B E R G E R Metal-Metal Quadruple Bonds 223 

Figure 1. The Β ionization band (2B2g positive ion state) of Mo2(02CCHs)h fit with 
equally spaced symmetric vibrational components. 
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Figure 2. The relationship between the δ ionization band and the potential wells 
of the ground state and the displaced 2BXg positive ion state. 
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TABLE. Related data for three electronic perturbations of 
Mo2 (0 2^Η 3)ι*. 

formal Mo-Mo Mo-Mo 
state bond order stretch distance 

neutral 4.0 406 cm"1 2.093 A 

δ-δ* 3.0 370(5) 2.20 

δ ionization 3.5 360(10) 2.26(1) 

important to note that, i n addition to the change i n formal bond 
order, the ionization process also changes the formal oxidation 
state of the metal centers. The increase i n positive charge at 
the metal centers w i l l contract the metal d orb i t a l s and reduce 
th e i r overlap. This w i l l decrease the bonding a b i l i t y of the 
remaining delta-bonding electron, as well as that of the p i -
bonding electrons and quite possibly also the sigma-bonding elec
trons. This effect of positive charge i s seldom discussed for 
vibrational fine structure i n photoelectron spectroscopy, but has 
been discussed for quadruply bonded metal complexes (3). 

The important point to remember i s that an electron i n the 
delta-bonding o r b i t a l of Mo2 (02CCH3)i,. has a substantial influence 
on the strength of the metal-metal interaction. This influence 
i s d i r e c t l y evidenced by the metal-metal vibrational fine struc
ture observed with ionization from the delta o r b i t a l , which shows 
a lowering of the metal-metal stretching frequency and a length
ening of the equilibrium metal-metal bond distance. 
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13 
Higher Nuclearity Carbonyl Clusters 

BRIAN T. HEATON 
University of Kent, Chemical Laboratory, Canterbury CT2 7NH England 

Professor Cotton's studies have considerably clarified our 
understanding of di- and tri-nuclear metal-metal bonded compounds. 
For higher nuclearity clusters, rationalisation of structures, 
bonding, reactivity etc., must be much more tenuous because of 
the increased number of variables (metal-metal, metal-ligand, 
steric effects) now present. However, I would briefly like to 
present a few trends which seem to be emerging in this area. 
Substitution Sites in Tetra- and Penta-Nuclear Clusters 

Apart from nitrile-substituted derivatives of [Ir4(CO)12] (1, 2) which retain the non-carbonyl-bridged structure of 
[Ir4(CO)12], (3) all other derivatives of [Ir4(CO)12], both in 
the solid state and in solution, are based on the C3V-structure 
of [M4(CO)12][(M = Co, (4-7) Rh (4, 8)](Fig. 1). This structure, 
with three edge-bridging carbonyls, is better able to dissipate 
the increased nuclear charge induced on carbonyl substitution. 
Three possible isomers could result by carbonyl replacement at 
the apical, radial or axial site but the better back-bonding 
ability favours carbonyl replacement on the basal metal atom and 
the substituent is found exclusively in the axial site, eg. 
[Ir4(CO)11X]- (X = Br, (9) CO2Me, (10) [Ir4(CO)11 ]- (11)), 
[Ir4(CO)11L] (L = PR3 (12)). 

Further occugancy of axial sites occurs with small ligands, 
eg. [lr^(C0)^QH 2] ~", (13) but minimisation of s t e r i c effects 
becomes important for larger ligands and the substitution pattern 
shown in Fig. 2 i s preferred. (12, 14) 

The reason for preferential a x i a l s i t e occupancy by mono-
dentate ligands i s probably related to results of recent CNDO 
calculations on [Co^iCO)^]* (15) which show that the a x i a l 
carbonyls are least involved i n back-bonding. Extrapolation to 
Rh^- and Ir^-derivatives seems reasonable and finds some support 
from n.m.r. measurements, which show that the ̂ C n.m.r. chemical 
s h i f t of the ax i a l carbonyl i s always at higher f i e l d than the 
radi a l carbonyl i n both rhodium (16) and iridium derivatives. (12) 

0097-6156/83/0211-0227$06.00/0 
© 1983 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

01
3

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



228 INORGANIC CHEMISTRY: TOWARD THE 21ST C E N T U R Y 

Figure 2. Isomers formed on ligand (L = PRS, P(OPh)s) substitution in 
[Mk(CO)lt], (M = Rh, Ir). Key: ·, terminal CO; and M, bridging CO. 
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13. H E A T O N Higher Nuclearity Carbonyl Clusters 229 

Related substitution patterns are observed in tetranuclear 
cobalt and rhodium clusters. Thus, the small ligand, P(OMeK(L), 
occupies a x i a l sites in [Co,(CO) L ] (x = 1,2) (17) whereas 
s t e r i c effects become important witS ?(OPhK and the isomers 
shown in Fig. 2 are obtained with tetrarhodium derivatives. 
U8> υ ) . 

However, there i s some deviation from these substitution 
patterns, especially with cobalt clusters. Thus, iodide in 
[Co^(CO)^l]~ i s predominantly in an apical s i t e , although there 
i s some substitution (2%) on the basal cobalt, (20) and 
P(CH2CH:CH2)Me2(L) in [Co 4(C0) 1 ( )L 2] occupies one axi a l and a 
trans-apical s i t e . The reasons for these discrepancies are not 
clear but are probably associated with cobalt being both smaller 
and less electronegative than rhodium or iridium. 2_ 

For the substituted penta-nuclear cluster, [Rh<. (CO) . ^ i ] , 
the iodide i s on an apical rhodium, which i s also coordinated to 
four other carbonyls (Fig. 3a). (22) Equalisation of charge 
over the cluster i s probably the reason for iodide being on the 
apical rhodium since this arrangement then readily allows each 
of the other four rhodium atoms to also be associated with four 
carbonyls. It should be noted that the iodide substituted apical 
rhodium i s essentially octahedrally coordinated to two terminal 
carbonyls, two edge-bridging carbonyls, iodide and the unbridged 
R h -Rh bond. This group could exhibit isomerism in which the 
iodide i l either trans to a bridging carbonyl (Fig. 3a) or trans 
to the unbridged rhodium-rhodium bond (Fig. 3b); only the former 
i s found. This substituent s i t e occupancy should be compared 
with the preferred a x i a l s i t e occupancy, trans to the Rh^ ~ ^ n ] 5 a s 

bond, in Fig. 1, (vide supra); in the l a t t e r case, there aRre no S 

trans 0C-M-C0 groups available for substitution. 
The structure of [M'M (CO) Ί«-] 2" (Μ' = Ru, M = Ir; (2J3) 

M1 = Fe, M = Rh (24)) i s related to [ R h 5 ( C 0 ) 1 4 I ] 2 - since the 
iodide substituted Rh atom i s replaced by the electron r i c h 
metal, M' , which i s tfîin associated with more carbonyls than the 
other metals, M. 

Capping of Triangular- or Square-Metal Faces 

Addition of either nucleophilic or e l e c t r o p h i l i c metallic 
species can result in the capping of triangular- or square-metal 
faces in carbonyl clusters. These redox reactions provide high 
y i e l d syntheses of higher nuclearity clusters and somewhat 
resemble surface reconstruction on metals. With a few examples, 
I would l i k e to show how there i s often minimal rearrangement of 
the carbonyl skeleton. 

The 90 electron trigonal prismatic cluster, [Rh^CiCO)^] 2"", 
i s electron r i c h and seems to behave as though there i s a pair of 
electrons pointing out of each triangular face. Each metal atom 
i s surrounded by fiv e groups (1 terminal CO, 3 bridging CO1s and 
the i n t e r s t i t i a l carbide) in an essentially square pyramidal 
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array. Octahedral coordination of the metal i s accomplished by 
occupancy of the sixth s i t e , which i s above the trigonal face. 
Thus addition of electrophiles, [Cu(NCMe)]+(25)[M(PEtJ] + 

(M = Ag, Au), (26) H + (27) , results in the formation of either 
mono- or bis-adducts but perhaps more surprising are the 
structures of the adducts formed on incremental addition of Ag +, 
which f i r s t acts as a linear bridge between staggered Rh^-
trigonal prismatic units and then progressive capping of the 
terminal trigonal faces occurs, resulting i n breakdown of the 
polymer to a monomeric unit (see :Table ). 

In contrast, nucleophilic addition to a Rh^-face in 
[Rh 6(CO)]5] 2" occurs on reaction with either [Rn(C0),]~ or 
[Ni?C0) J to give the iso-structural [Rh ?(C0) 6 F ~ (28) and 
[NiRh 6(CO) 1 6]2- (29) clusters respectively, (Fig. 4). In this 
case, three terminal carbonyls in [Rh^(CO),c] 2~ become edge-
bridging to the capping atom with l i t t l e other change of the 
carbonyl polyhedron. 

The square-face in [Rh qE(C0)o^] 2" (E = P, As) (30) undergoes 
nucleophilic attack with [Ph(C0) 4J- to give [RhioE(CO) 22] 3" 
(31, 32); the edge-bridging carbonyls on this square-face become 
edge-bridging to the capping atom but again there i s l i t t l e other 
reorganisation of the carbonyl polyhedron (Fig. 5). 

In [Rh 1 3(C0) 2 4H 5__ ] x " (x = 2, 3, 4), i t has been shown by 
X-ray crystallography ̂ 33-35) that there are four pentagonal holes 
on the surface of the carbonyl polyhedron. It seems as though 
these holes are present because of a preference for a l l the 
edge-bridging carbonyls to be coplanar with the Rh„-plane 
incorporating the carbonyl bridged edge and the i n t e r s t i t i a l 
rhodium atom; the terminal carbonyls then adopt positions which 
minimise s t e r i c interactions. Protonation can be used to 
successively convert the mono-hydride to the tetra-hydride 
cluster and low temperature ^H-[l^^Rh] n.m.r. measurements have 
shown that, when χ = 2, three of these pentagonal holes are 
occupied by hydrogen. (36) Similarly, e l e c t r o p h i l i c additions 
with [Rh(C0)2(NCMe)2]"1' results in capping of the Rh^- square-
faces below the pentagonal holes with minimal reorganisation of 
both the metallic and carbonyl polyhedra (Fig. 6). (37-39)  P

ub
lic

at
io

n 
D

at
e:

 M
ar

ch
 3

, 1
98

3 
| d

oi
: 1

0.
10

21
/b

k-
19

83
-0

21
1.

ch
01

3

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



13. H E A T O N Higher Nuclearity Carbonyl Clusters 231 

(a) (b) 

Figure 3. Possible isomers of [Rh5(CO)1JfI]2' that involve apical iodide substitu
tion. Each equatorial rhodium has one terminal CO and each equatorial edge is 
carbonyl bridged; all these COs have been omitted for clarity. Key: O, CO; · , 

/; a, observed; and b, not observed. 

Table 

Adducts formed v i a addition of Ag + to trigonal faces 
of [Rh 6C(CO) 1 5] 2-, (M = [Rh 6C(CO) 1 5] 2-). 

Adduct M:Ag+ 

[M Ag M] 3" 6:3 

[M Ag M Ag M] 4" 6:4 

[M A g ] n
n - 6:6 

[Ag M Ag M Ag M Ag] 2" 6:8 

[Ag M Ag M Ag]" 6:9 

[Ag M Ag] 6:12 
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(a) (b) 

Figure 4. Capping of a triangular Rh3-face in [Rh6(CO)ls]2~ (a) to give 
[M Rh6(CO)16]n- (b). (M = Ni, η = 2; M =z Rh, η = 3.) The terminal COs (®) 

in a become edge-bridging to the capping atom (M) in b. 

(a) (b) 

Figure 5. Capping of a square Rhk-face in [Rh9E(CO)21]2' (a) to give [Rh10E-
(CO)22]3~ (b). (Ε = P, As.) Each rhodium has one terminal carbonyl that, together 

with the interstitial atom, E, has been omitted for clarity. ( Β = μ — CO.) 

Figure 6. Capping of square Rhk-faces in [Rhls(CO)H]5~ (a) to give [Rhir 

(CO)25]4~ (b) and [Rh15(CO)27]3~ (c). Key: O, Rh; O, Rh-CO; O, Rh(CO)t; and 
· , interstitial Rh. 
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14 
Resonance Raman Spectroscopy as a Complement 
to Other Techniques for Making Electronic Band 
Assignments for (Re2X8)2- Ions 
ROBIN J. H. CLARK and MARTIN J. STEAD 
University College London, Christopher Ingold Laboratories, 
20 Gordon Street, London WC1H 0AJ England 

The resonance Raman (RR) spectra of the [Re2X8]2-

ions, X = F, Cl, Br or I, obtained at resonance 
with the δ* <- δ, δ* <- (Χ)π and π* <- π transitions 
are strikingly different from one another, and 
allow confirmation of the electronic band 
assignments in a new and convincing way. 

Some years ago we demonstrated that very intense RR spectra 
of the CMo 2Clg] 4-, [Mo 2Br g]4-, [ R e ^ l g ] 2 " and [ R e 2 B r g ] 2 - ions 
(_1>2_,3) could be obtained at resonance with the lowest electronic 
bands of the ions. These spectra (Α-term RR spectra) took the 
form of long progressions in the mode, the ReRe stretching 
mode, implying that (a) the resonant electronic transition i s 
e l e c t r i c dipole allowed and that (b) in the excited state the 
ions suffer a substantial change to the metal-metal bond length. 
These results allowed the resonant electronic transition to be 
assigned to the 1 A 2 u «- 1 A l g , δ* «- δ transition since, on 
excitation to the δ* state, the metal-metal bond order would be 
reduced from four to three with consequential elongation of the 
metal-metal bond. 

Two features have encouraged us to study the RR spectra of 
these ions in greater d e t a i l . F i r s t , the recent syntheses of the 
[ R e 2 F 8 ] 2 ~ and [Re 2Ig] 2"- ions completed the tetrad of [Re 2Xg] 2~ 
ions, (£,5^6) and second, the development of new lasing dyes in 
the blue (stilbene 1 and 3) and red/infrared (LD 700) together 
with the a v a i l a b i l i t y of u.v. lines (Ar , K r 2 + ) now permit 
r e l a t i v e l y easy coverage of the wide excitation range 330-800 nm. 
Thus the p o s s i b i l i t y emerges of irr a d i a t i n g , for each ion, within 
the contour of each of the electronic bands with λ > 330 nm in 
turn, thus opening the way to probing the nature of each excited 
state of each ion. 

The electronic spectra of the ions are shown in Figure 1, 
and the RR spectra of the ions at resonance with t h e i r lowest 
electronic bands in Figure 2, For each ion, long progressions in 
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236 INORGANIC CHEMISTRY: TOWARD THE 21ST C E N T U R Y 

Figure 1. Electronic spectra of the complexes [(n-CflgiiNjglReftXg] at ~ 14 Κ 
in the region of their δ* <- δ, δ* *- π(Χ) and π* «- n (?) transitions (Cs[BFJ, KCl, 

KBr, and Csl discs for X = F, CI, Br, or I, respectively). 
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IRe2Fe]2" X 0 * 5 3 0 - 9 n m 

— ^ JL . H 

v. 

1 1 

[Re2Cl e]2" X 0 = 6 4 7 l n m \ 2v, 

1 1 

[Re2Bre]2" X 0 = 6 4 7 l n m 2 V | 

^^NÉ^^JI — - -11 ilth.Mm^à**J\Ml 

• -J 1 
[Rc2I8l2" λ ο β 7 5 2 - 5 nm 

- w κ

 2 1 ν * , . ^ - Λ L . - - - - τ** 1 
I O O O 5 0 0 Ο 

Wavenumber / cm"' 

Figure 2. Resonance Raman spectra of the complexes [(n-C,,H9)jtN]2[Re2X8] at 
~ 80 Κ in the region of their δ* <- δ transitions. 
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V! are observed (318, 275, 276 and 257 cm"1 for X = F, CI, Br and 
I, respectively), c l e a r l y indicating the similar nature of the 
lowest electronic transition i n each case and (by comparison with 
e a r l i e r work) the assignment of the lowest band to the 6* «- δ, 
1 a 2 U *~ l Alg> tra n s i t i o n . This conclusion i s substantiated by 
measurements of the depolarization ratios of the bands at 2_ 
resonance. These have been measured for the [Re2Fg] 2~, [Re2Clg] 
and [Re2Brg]2- ions and are found to be 1/3, a situation which 
can only arise i f the resonant electronic transition i s z-
polarized, as the δ* «- δ tran s i t i o n (in the point group) must 
be. 

Irradiation within the contour of the second electronic 
transition of each ion produces entirely different RR spectra in 
each case. These spectra (Figure 3) are characterised by 
resonance enhancement to the v 2 mode and i t s overtones, where v 2 

i s the t o t a l l y symmetric metal-halogen stretching mode (624, 362, 
211 and 152 cm"1 for X = F, CI, Br and I, respectively). Thus 
the principal structural change undergone by each ion on 
excitation i s , in this case, along the metal-halogen coordinate, 
a result in keeping with that expected in consequence of a non-
bonding-to-antibonding halogen-to-metal charge-transfer 
tr a n s i t i o n . Thus, the assignment of the second strong band in 
the electronic spectra of the [Re2Xg] 2" i o n s t 0 t n e 

b l u ( 0 * ) ( x ) e g M > 1 E U A 1 ( T, transition follows naturally. 
This assignment i s confirmed 6y the fact that the measured 
depolarization r a t i o of the V2 band of the [Re2Clg] 2~ and 
[Re2Brg] 2~ ions at resonance i s 1/8, a situation which can only 
arise i f the resonant electronic transition i s xy polarized. 
This i s precisely the polarization required (in D^) for the 
*E U *A l g t r a n s i t i o n . 

RR spectra obtained at resonance with the th i r d electronic 
band of each ion leads to resonance enhancement to both the 
and V2 bands (and their overtones) to comparable extents. 
Although no firm assignment of the resonant electronic band can 
be made in this case, the results are consistent with the 
assignment e G(TT*) <- e u(ir). This transition has been shown, by 
XctSCF calculations (7-9) to be between metal-based orbitals with 
a considerable amount of halogen character, and thus structural 
changes along both metal-metal and metal-halogen bond lengths 
would be expected, as implied by the RR results. 

In conclusion, i t can be seen that RR spectroscopy can be a 
valuable complement to other techniques for making electronic 
band assignments for these ions, and that the technique should 
have wide a p p l i c a b i l i t y to related studies of other inorganic 
species. 
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Figure 3. Resonance Raman spectra of the complexes [(n-CiH9)JlN]2[Re2X8] at 
~ 80 Κ in the region of their δ* *-π(Χ) transitions. 
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15 
Synthetic Strategy for Interconverting High- and 
Low-Valence Clusters 
M. DAVID CURTIS 
University of Michigan, Department of Chemistry, Ann Arbor, MI 48109 

Professor Cotton has pointed out some interesting differences 
between high valence clusters (HVC) and low valence clusters (LVC). 
I would like to comment on his observation that there appear to be 
few or no synthetic procedures which convert an HVC to an LVC or 
vice versa. Since the ligands in an HVC are typically halide or 
oxide ions (good π-donors), while those in an LVC are typically 
good π-acceptors, e.g. carbonyl, the synthetic problem reduces to 
the exchange of one ligand type for another without disrupting the 
cluster framework. 

From that viewpoint, a synthetic strategy for converting 
HVC's to LVC's or vice versa would start with introducing ligands 
which can stabilize both high and low valent metals. Are there 
any such ligands? Experience would suggest that cyclopentadienyl 
and sulfur ligands are quite comfortable bonded to metals over a 
very wide range of formal oxidation states. These ligands are 
relatively moderate electron donors and relatively poor acceptors. 
Therefore, in concert with good π-acceptors, low oxidation states 
are possible, but in the absence of π-acceptors, the higher oxida
tion states are straightforwardly stabilized by increased electron 
donation from Cp or S. 

A few examples i l l u s t r a t e this point. Cp2Mo2(C0)4(Mo=Mo)(1) 
reacts with S 3 or propylene sul f i d e to give the cluster, C P 3 M 0 3 
(C0 ) 6 S + ( 2 ) . l Although the direct conversion from 2 has not yet 
been demonstrated, the more highly oxidized cluster C p 3 M o 3 S 4 + (3) 
possesses the same Mo3S-tetrahedrane type skeleton. 2 Thus, i n 
the 1 •> 2 •> 3 conversion the molybdenum oxidation state goes from 
+1 +2 +4 and at some point presumably crosses the border 
between the land of LVC and the kingdom of HVC. 

As a second example, Cp2Mo2(CO)£ (4) reacts with sulfur to 
give CP2M02S4 (5) which can be converted into complexes of the 
type, Cp2Mo2(S)2(SR)2 (6) and Cp2Mo2(SR)4 ( 7 ) . 3 The oxidation 
state of Mo i n the series 4 -*· 5 •> 6 7 changes i n the order 
1 -> 5 •> 4 3, again spanning both the LVC and HVC c l a s s i f i c a 
tions. 

0097-6156/83/0211-0241 $06.00/0 
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The synergic effect of the Cp and S-ligand combination i s 
dramatically shown by the changes i n the Mo-S and Mo-C distances 
as the oxidation state of Mo i s increased. CpMo complexes i n 
which the oxidation state of Mo i s I or II have Mo-C (Cp) d i s 
tances i n the range from 2.28 - 2.37Â.* In the Mov dimers this 
range i s 2.35 - 2.47Â. In Cp2Mo2(SMe)4 (Mo 1 1 1) the Mo-S distance 
i s 2.42, but shrinks to 2.30 i n the Mo(V) dimers. Thus, as the 
oxidation state of the Mo increases, the Mo-S distances decrease 
as expected, but the Mo-Cp distances tend to increase! This 
observation suggests that Cp i s moderately effective at accepting 
electrons from low-valent metals v i a d •> π* bonding; but as the 
metal i s oxidized, the d -** π* bonding i s lost and the sulfur l i 
gands take on the burden of increased electron donation to the 
metal v i a both σ- and π- donation. The M-S distances decrease, 
and the loss of d 7T*-bonding (combined with the increasing 
trans-influence of the shorter M-S bonds) causes the M-Cp d i s 
tances t a increase. 

In conclusion, i t appears that the 7r-C5H5 ligand i n concert 
with a polarizable donor ligand, e.g. S~2 (or possibly Se~ 2, 
I", etc.), s a t i s f i e s the requirements of our synthesis stratagem 
for interconversions of high and low valence clusters. 
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16 
Metal Alkoxides: Models for Metal Oxides 

M A L C O L M H . C H I S H O L M 

Indiana University, Department of Chemistry, Bloomington, I N 47405 

In the spirit of this symposium, I should like to invite 
discussion of my proposal that metal alkoxides (1) may act as 
models for metal oxides in their reactions with a wide variety 
of hydrocarbons and small unsaturated molecules. Since metal 
oxides provide the most versatile class of heterogeneous catal
ysts used in the petrochemical industry, studies of metal 
alkoxides, which are hydrocarbon soluble, could shed light on 
metal oxide catalyzed reactions and furthermore might yield a 
new generation of homogeneous catalysts. The fact that metal 
oxide catalysts are effective for reactions such as olefin
-hydrogenation, -isomerization, -polymerization and -metathesis 
implies that metal-hydrogen and metal-carbon bonds are 
involved, perhaps in an analogous manner to those which are 
well documented in organometallic chemistry (2). This by itself 
is an interesting thought since metal oxides seem far removed 
from the now classical organometallic compounds which abound 
with ligands such as tertiary phosphines, carbonyls, π-bonded 
eyelopentadienes and arenes, etc. How can a metal-oxide environ
ment compete with the sophisticated ligand systems that the 
contemporary organometallic chemist has available for catalyst 
design? Apparently, metal-oxide systems compete very effective
ly and certainly in some instances there are no known homoge
neous analogues. One can think of CO/H2 activation in Fischer-
Tropsch chemistry as just one system in which the metal oxide 
catalysts win hands down over homogeneous metal-carbonyl chemis
try Ο ). Let us speculate what special requirements a metal 
oxide environment or surface may provide. Factors which come to 
my mind include (i) unusual coordination numbers, geometries 
and electronic configurations for metal atoms; (ii) oxo ligands 
are strong π-donors, which contrast with most ligands commonly 
used in organometallic chemistry which are ιτ-acceptors; (iii) 
oxo ligands may act as terminal six-electron (M=0) or four-elec
tron (M=0) ligands (4) or may act as bridging (μ2-> U3~> VU -, 
μ5- and μ6-) ligands and changes from one form to another may 
r e a d i l y occur i n response t o the a d d i t i o n or e l i m i n a t i o n of 
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s u b s t r a t e m o l e c u l e s ; and ( i v ) f o r many t r a n s i t i o n elements i n 
t h e i r lower, middle and even p e n u l t i m a t e o x i d a t i o n s t a t e s , 
m e t a l - m e t a l bonding may be important. Of course, i n mixed metal 
o x i d e systems, t h e r e can be important c o n t r i b u t i o n s from two or 
more d i f f e r e n t metal atoms a c t i n g c o l l e c t i v e l y t o b r i n g about 
a c t i v a t i o n t h a t would not be p o s s i b l e i n a homometallic system. 
The i d e a of h e t e r o b i m e t a l l i e a c t i v a t i o n of s m a l l but "tough" 
m o l e c u l e s such as CO has g a i n e d much a t t e n t i o n i n homogeneous 
o r g a n o m e t a l l i c c h e m i s t r y w i t h i n the l a s t few y e a r s (3) and i n 
view of the mixed metal na t u r e of many oxide c a t a l y s t s i t would 
seem e q u a l l y important i n heterogeneous systems. 

Let us f i r s t examine some of the s t r u c t u r a l and e l e c t r o n i c 
r e l a t i o n s h i p s t h a t e x i s t f o r metal oxide s and metal a l k o x i d e s . 

S t r u c t u r a l and E l e c t r o n i c A n a l o g i e s between M e t a l - O x i d e s and 
A l k o x i d e s 

I s h a l l take the simple view t h a t most metal oxide s t r u c 
t u r e s are d e r i v a t i v e s of a c l o s e s t packed 0 2 l a t t i c e w i t h the 
m e t a l i o n s occupying t e t r a h e d r a l or o c t a h e d r a l h o l e s i n a 
manner which i s p r i n c i p a l l y determined by s i z e , charge (and 
hence s t o i c h i o m e t r y ) and d c o n f i g u r a t i o n (5). The presence of 
d e l e c t r o n s can lead t o pronounced c r y s t a l f i e l d e f f e c t s or 
m e t a l - m e t a l bonding. The l a t t e r can l e a d t o c l u s t e r i n g of metal 
atoms w i t h i n the l a t t i c e w i t h l a r g e d i s t o r t i o n s from i d e a l i z e d 
( i o n i c ) g eometries. 

In 1958, B r a d l e y (6) proposed a s t r u c t u r a l theory f o r 
m e t a l a l k o x i d e s M(OR) based on the d e s i r e of metal i o n s to 
a c h i e v e t h e i r p r e f e r r e d c o o r d i n a t i o n number and geometry by 
o l i g o m e r i z a t i o n i n v o l v i n g the f o r m a t i o n of a l k o x i d e b r i d g e s (μ 2 

or μ 3 ). For compounds of formula MOR, o c t a h e d r a l and t e t r a h e 
d r a l geometries are not a t t a i n a b l e , but the c u b a n e - l i k e M l f(OR) H 

s t r u c t u r e which a f f o r d s the maximum c o o r d i n a t i o n number, 3, i s 
o f t e n found, e.g. M = T l and Na (J.). For M(0R) 2 compounds, a 
t e t r a h e d r a l geometry i s p o s s i b l e f o r a tetramer and an octahe
d r a l geometry can be envisaged f o r an i n f i n i t e polymer. For 
M(OR) 3 compounds, t e t r a h e d r a l geometries and o c t a h e d r a l geome
t r i e s are e a s i l y o b t a i n e d by o l i g o m e r i z a t i o n . One s t r u c t u r a l 
c h a r a c t e r i z a t i o n of A l ( 0 - i - P r ) 3 r e v e a l s a c e n t r a l o c t a h e d r a l l y 
c o o r d i n a t e d A l ( I I I ) i o n surrounded by t h r e e t e t r a h e d r a l A l ( I I I ) 
i o n s . (See I below.) C r ( 0 - i - P r ) 3 , on the o t h e r hand, o n l y 
e x i s t s i n a p o l y m e r i c form which i s t o t a l l y i n s o l u b l e i n 
h ydrocarbon s o l v e n t s . Based on s p e c t r o s c o p i c and magnetic data, 
[ C r ( O - i - P r ) 3 ] i s b e l i e v e d t o have C r ( I I I ) i n o n l y o c t a h e d r a l 
environments. The d i f f e r e n c e between A l ( I I I ) and C r ( I I I ) i s 
i n t e r e s t i n g and i s r e a d i l y understandable when one r e c o g n i z e s 
t h e marked p r o p e n s i t y f o r the d 3 i o n to adopt o c t a h e d r a l 
g e o m e t r i e s t o the e x c l u s i o n of o t h e r s - a f a c t which i s g e n e r a l 
l y r e c o n c i l e d w i t h c r y s t a l f i e l d s t a b i l i z a t i o n e n e r g i e s (5). 
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OR OR 

\ A I / 

_-OR 

-OR 

•OR 

•Al 

OR 

The s t r u c t u r e of [ T i ( O E t ) * ]i» r e p o r t e d by Ibers (2) i n 1963 
was of h i s t o r i c s i g n i f i c a n c e s i n c e i t p r o v i d e d the f i r s t s t r u c 
t u r a l t e s t of B r a d l e y ' s theory f o r a compound of formula 
M(OR) H. Each t i t a n i u m atom achi e v e s an o c t a h e d r a l environment, 
through the agency of four doubly b r i d g i n g and two t r i p l y 
b r i d g i n g alkoxy groups, as i s shown i n I I . 

X X 

T i ~ T i 

I I 

χ. ι _̂ x__ 
~ T i T i 

x ^ | N x ^ J N x 
X X 

Compounds of formula M(OR) 5 can r e a d i l y a t t a i n an octahe
d r a l geometry by d i m e r i z a t i o n to g i v e two edge-sharing octahe-
dra [M(y 2-0R) (OR) ^] 2 and t h i s has been v e r i f i e d by the s t r u c t u 
r a l c h a r a c t e r i z a t i o n of [Nb(OMe) 5] 2 (1) · 

In 1967, B r a d l e y (8) wrote f u r t h e r about metal oxide 
- a l k o x i d e ( t r i a l k y l s i l o x i d e ) polymers. He noted t h a t these com
pounds [MO (OR), η \~\ a r e i n t e r e s t i n g p o l y m e r i c compounds 
which b r i d g e the gap between the o l i g o m e r i c a l k o x i d e s [M(OR) ] 
and the macromolecular metal oxides [M 20 ]a. S i m i l a r l y , ?he 
metal oxide t r i a l k y l s i l y l o x i d e s [MO ( O S i R 3 ) ^ 1 m a y D e r e g a r d 
ed as i n t e r m e d i a t e between the o l i g o m e r i c me'taï t r i a l k y l s i l y l o x 
i d e s [M(OSiR 3) ] and the m i n e r a l s i l i c a t e macromolecules. 

The c e n t r a i T i 7 0 2 i f u n i t i n T i 7 0 „ ( O E t ) 2 0 ( 9 ) , and the 
N b 8 O 3 0 u n i t i n Nb 8 Οχ 0 (OEt ) 2 0 (10) are shown i n F i g u r e 1 and 
r e v e a l a s t r i k i n g s i m i l a r i t y to both the [Ti(0Et)„ s t r u c t u r e 
and the s t r u c t u r e s of i s o p o l y and h e t e r o p o l y a c i d s of molybde
num, t u n g s t e n and vanadium. 
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Figure 1. The Ti702ft unit in Τί70,,(ΟΕί)2ο (top) and the Nb8O30 unit in Nb8O10-
(OEt)20 (bottom). Key to top: o, oxygen; and O, Ti. Key to bottom: · , Nb; O, 

oxygen in Nb-O-Nb bridge; and Φ, ethoxide oxygen. 
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16. C H i S H O L M Metal Alkoxides 247 

R e c e n t l y some i n t e r e s t i n g a n a l o g i e s have been found 
between m e t a l - o x i d e s and a l k o x i d e s where the d c o n f i g u r a t i o n 
i s i m portant i n l e a d i n g t o s t r o n g metal-metal bonds. For exam
p l e , the [ T i ( 0 E t ) l t ] 4 type of s t r u c t u r e i n v o l v i n g f o u r f u s e d 
o c t a h e d r a t o g i v e a centrosymmetric M», rhomboheral u n i t i s a l s o 
found f o r W „ ( 0 R ) 1 6 , where R = Me or Et (11,12). Here the e i g h t 
e l e c t r o n s from the W(4+) i o n s are used i n c l u s t e r bonding. The 
same b a s i c geometry i s found i n the mixed a l k o x y -oxo molybde
num compound Mo h (=0) ^ (μ 2-0) 2 (μ 3-0) 2 (μ 2-0-i-Pr) 2 ( 0 - i - P r ) 2 (py) 
( 12) and i n t e r n a r y metal oxide s AgeW^jg (13) and Bai u M o 8 0 1 6 

( 1_4). The s t r u c t u r e of the l a t t e r i s p a r t i c u l a r l y i n t e r e s t i n g : 
(1) There are i n f i n i t e c h a i n s of metal c l u s t e r u n i t s bound 
t o g e t h e r i n such a way t h a t t u n n e l s are c o n s t r u c t e d f o r the 
Ba 2 i o n s . (2) The c l u s t e r s are of two type s , though both have 
the c o n n e c t i v i t y M o h 0 2 0 8 / 2 0 6 . 3. Both share the b a s i c M^Xie 
geometry found i n M„(0Et/ 1 6 (M = T i and W), but d i f f e r w i t h 
r e s p e c t to M-M d i s t a n c e s . In one c l u s t e r u n i t , t h e r e are 
r o u g h l y f i v e e q u a l l y s h o r t Mo-Mo d i s t a n c e s , 2.58 A (a v e r a g e d ) , 
w h i l e i n the o t h e r t h e r e are two lon g e r Mo-Mo d i s t a n c e s , 2.85 A 
(av e r a g e d ) . In keeping w i t h the s t o i c h i o m e t r y B a i . m M o 8 0 i 6 > i t 
i s r e asonable t o a s s i g n the r e g u l a r and e l o n g a t e d c l u s t e r s as 
ha v i n g t e n and e i g h t c l u s t e r bonding e l e c t r o n s , r e s p e c t i v e l y . A 
p a r t i c u l a r l y i n t e r e s t i n g comparison of M-M d i s t a n c e s i n these 
M HX 1 6 c o n t a i n i n g u n i t s can be made as a f u n c t i o n of the number 
of c l u s t e r bonding e l e c t r o n s 0, 4, 8 and 10. See Table I . 
C o t t o n and Fang (JJ>) r e c e n t l y c a r r i e d out c a l c u l a t i o n s which 
suggested t h a t the l e n g t h e n i n g of two M-M bonds i n the e i g h t 
e l e c t r o n c l u s t e r W ^ ( 0 E t ) 1 6 r e s u l t s from a 2nd orde r J a h n - T e l l e r 
d i s t o r t i o n which accompanies removal of two e l e c t r o n s from the 
r e g u l a r C^^ rhombohedral M H geometry. The l a t t e r accommodates 
t e n c l u s t e r e l e c t r o n s i n e f f e c t i v e l y f i v e M-M bonds. McCarley 
( 14) noted i n d e s c r i b i n g the Mo^ c l u s t e r s found i n B a 1 # m M o 8 0 1 6 

t h a t these were metal-metal bonded a d a p t a t i o n s of the w e l l 
known h o l l a n d i t e s t r u c t u r e and c l o s e l y r e l a t e d t o the c l u s t e r 
found f o r CsNb hCl1!. 

T r i a n g u l o Mo 3 and W3 u n i t s are common i n d i s c r e t e c o o r d i n a 
t i o n c l u s t e r s (JL6) and t e r n a r y o x i d e s ( 19,20,21 ) and may accom
modate f i v e , s i x , seven and e i g h t c l u s t e r bonding e l e c t r o n s 
(12). In the mixed oxo a l k o x i d e s of formula M o 3 ( 0 ) ( 0 R ) 1 0 where 
R = CH 2-t-Bu and i - P r , the Mo-Mo d i s t a n c e i s 2.535 A (averaged) 
( 2 3 ) , which may be compared w i t h Mo-Mo = 2.524(2) R (averaged) 
i n Z n 2Mo 30 8 (19,20). The c o o r d i n a t i o n about the molybdenum 
atoms i s s i m i l a r , but not the same f o r these t r i a n g u l o complex
es as i s shown i n F i g u r e 2. In both cases, the molybdenum atoms 
a r e surrounded by s i x oxygen l i g a n d s i n a d i s t o r t e d o c t a h e d r a l 
manner. One can imagine t h a t the M o 3 ( μ 3 - 0 ) ^ 3 - 0 R ) ^ 2 - 0 R ) 3 ( O R ) 6 

s t r u c t u r e c o u l d be conv e r t e d t o the Mo 3(μ 3-0)(μ 2-0) 3(0) 9 s t r u c 
t u r e by a r e a c t i o n i n which the μ 3-0R l i g a n d becomes a t e r m i n a l 
OR group to one molybdenum and two new t e r m i n a l bonds are 
formed, one t o each of the o t h e r two molybdenum atoms. T h i s has 
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Figure 2. The Mo3013 unit found in Zn2Mos08 (top), and the MosO(OC)10 unit 
found in MosO(OR)10 compounds (R = CHMe2 and CH2CMe3) (bottom). 
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250 INORGANIC CHEMISTRY: TOWARD T H E 21ST C E N T U R Y 

not y e t been achieved c h e m i c a l l y , but a h y p o t h e t i c a l r e a c t i o n 
i s e a s i l y e n v i s a g e d : Mo3 (μ3 - X ) 2 (μ 2-Χ) 3 (Χ) β + 2X Μο 3(μ 3-Χ)-
(μ 2-Χ) 3(Χ) 9. Thus, the Mo 3(μ 3-0)^ 3-0R)(μ 2-0R) 3(OR) 6 s t r u c t u r e 
may be viewed as c o o r d i n a t i v e l y u n s a t u r a t e d w i t h r e s p e c t t o 
t h a t found i n the presence of a s i n g l e capping (μ 3) l i g a n d , 

M-M m u l t i p l e bonding has long been known i n metal oxide 
s t r u c t u r e s . The f i r s t Mo=Mo bond was seen i n one c r y s t a l l i n e 
form of Mo0 2 which has a d i s t o r t e d r u t i l e s t r u c t u r e w h e r e i n the 
Mo(4+) i o n s occupy a d j a c e n t o c t a h e d r a l h o l e s throughout the 
l a t t i c e (24)· The octahedra are d i s t o r t e d because of the sh o r t 
Mo-Mo d i s t a n c e s 2.51 La„Re 2O 1 0 has a f l u o r i t e type s t r u c t u r e 
i n which 0 2 i s s u b s t i t u t e d f o r F and four of the f i v e C a 2 

s i t e s are occupied by L a 3 i o n s . The remaining C a 2 s i t e i s 
oc c u p i e d by an (Ren R e ) 8 + u n i t w i t h an Re-Re d i s t a n c e 2.259(1) X 
( 2 5 ) . 

In the a l k o x i d e s M 2 ( 0 R ) 6 , where M = Mo and R = t-Bu, i - P r 
and CH 2-t-Bu and M = W and R = t-Bu, t h e r e are unbridged M=M 
bonds (2j) ). The Mo2 0 6 geometry has approximate D ^ symmetry, as 
shown i n I I I below, and i n t h i s way a Mo 2

6 u n i t o c c u p i e s a 
d i s t o r t e d 0 6 o c t a h e d r a l c a v i t y . 

I l l 

The compounds M 2 ( 0 R ) 6 ( Μ Ξ Μ ) , where M = Mo and W, are 
c o o r d i n a t i v e l y u n s a t u r a t e d and r e a c t r e v e r s i b l y w i t h donor 
l i g a n d s such as amines (27,28) and phosphines (^9) a c c o r d i n g t o 
eq. 1. The p o s i t i o n of e q u i l i b r i u m appears t o be l a r g e l y 
determined by s t e r i c f a c t o r s a s s o c i a t e d w i t h R and L. 

M 2 ( 0 R ) 6 + 2L ̂  M 2 ( 0 R ) 6 L 2 (1) 

In the s o l i d s t a t e , the M 2 ( 0 R ) 6 L 2 compounds have f o u r 
c o o r d i n a t e d metal atoms u n i t e d by Μ Ξ Μ bonds. The f o u r l i g a n d s 
c o o r d i n a t e d t o each metal atom l i e roughly i n a square plane as 
i s shown i n F i g u r e 3. 

I s h a l l mention j u s t two f u r t h e r a l k o x i d e s t r u c t u r e s which 
I b e l i e v e are noteworthy w i t h r e s p e c t t o metal oxide s t r u c 
t u r e s . The f i r s t i s W „(μ-H) 2(0-i-Pr) l H (30) whose c e n t r a l 
W^H 20m s k e l e t o n i s shown i n F i g u r e 4. T h i s molecule may be 
viewed as a dimer of W 2(μ-H)(0-i-Pr) 7 . The average o x i d a t i o n 
s t a t e of t u n g s t e n i s +4 and e v i d e n t l y the e i g h t e l e c t r o n s 
a v a i l a b l e f o r M-M bonding a r e used t o form two l o c a l i z e d double 
bonds: W(l)-W(2) = W(l)'-W(2)' = 2.45 % and W ( l ) - W ( l ) f = 3.41 
K, T h i s may be viewed as a model f o r a s e c t i o n of a reduced 
t u n g s t e n o x i d e . Through the agency of b r i d g i n g oxygens and 
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cmsHOLM Metal Alkoxides 

Figure 3. Two stereo stick views of the Mo2(OCH2CMe3)6(py)2 molecule viewed 
perpendicular to the Mo-Mo bond (top) and down the Mo-Mo bond (bottom). 
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252 INORGANIC CHEMISTRY: TOWARD THE 21ST C E N T U R Y 

Figure 4. The central Wll(^-H)20lfy skeleton of the centrosymmetric \ν4(μ-Η)2-
(O-i-Pr)n molecule emphasizing the octahedral geometries of the tungsten atoms. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

01
6

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



16. cmsHOLM Metal Alkoxides 253 

h y d r i d e s , t u n g s t e n a t t a i n s an o c t a h e d r a l environment and the d 
e l e c t r o n s are used t o form metal-metal bonds. F o r m a l l y , the 
o u t e r t u n g s t e n atoms are i n o x i d a t i o n s t a t e +4%, w h i l e the 
i n n e r ones are +3%. 

The s t r u c t u r e of the centrosymmetric molecule M o 6 0 1 0 -
( 0 - i - P r ) 1 2 (3jO has an S-chain of s i x molybdenum atoms and i s 
shown i n F i g u r e 5. Here t h e r e are both s i x and f i v e c o o r d i n a t e 
molybdenum atoms and t e r m i n a l and b r i d g i n g oxo and a l k o x i d e 
l i g a n d s . The average o x i d a t i o n s t a t e f o r molybdenum i s 5 . 3 3 
which l e a v e s f o u r e l e c t r o n s a v a i l a b l e f o r metal-metal bonding. 
These are e v i d e n t l y used t o form two l o c a l i z e d s i n g l e Mo-Mo 
bonds ( 2 . 5 8 5 ( 1 ) X ) . An i n t e r e s t i n g f e a t u r e not p r e v i o u s l y seen 
i n m e tal a l k o x i d e s t r u c t u r e s i s the presence of " s e m i - b r i d g i n g " 
RO l i g a n d s . One of the a l k o x y l i g a n d s on each of the s i x -
c o o r d i n a t e t e r m i n a l molybdenum atoms i s p o s i t i o n e d beneath the 
b a s a l plane of i t s f i v e c o o r d i n a t e n e i g h b o r i n g molybdenum atom. 
The Mo 0 d i s t a n c e i s 2 . 8 8 ( 1 ) £, much too long f o r a r e g u l a r 
b r i d g i n g d i s t a n c e , but much too s h o r t to be viewed as non-
bonding. Furthermore, the r e g u l a r Mo-OR bond i s lengthened and 
the Mo-O-C angle of t h i s t e r m i n a l OR group i n d i c a t e s t h a t t h e r e 
i s s i g n i f i c a n t i n t e r a c t i o n between the oxygen lone p a i r and the 
n e i g h b o r i n g molybdenum atom. The s t r u c t u r e suggests i n c i p i e n t 
bond f o r m a t i o n . The f a c i l e i n t e r c o n v e r s i o n of t e r m i n a l and 
b r i d g i n g l i g a n d s (0 and OR) i s a dominant f e a t u r e of the 
c h e m i s t r y of these compounds. I n s o l u t i o n , ν/,,ίμ-Η) 2 ( 0 - i - P r ) l ̂  
and Mo 60jο(0-i-Pr)! 2 a r e f l u x i o n a l on the nmr t i m e - s c a l e and 
both m o l e c u l e s are c o o r d i n a t i v e l y u n s a t u r a t e d . 

Oxygen-to-Metal ττ-Bonding 

C e r t a i n g e n e r a l trends i n M-O bond d i s t a n c e s can be c o r r e 
l a t e d w i t h bond m u l t i p l i c i t y and the degree of oxygen-to-metal 
π-bonding. A comparison of M-O bond d i s t a n c e s f o r s t r u c t u r a l l y 
r e l a t e d compounds having a Μ 4 ( μ 3 - Χ ) 2 ( μ 2 ~ Χ ) Ά ο u n i t i s g i v e n i n 
Table I I . For M = Mo and W i n c l o s e l y r e l a t e d compounds, 
d i f f e r e n c e s i n M-L d i s t a n c e are n e g l i g i b l e . 

1. The t e r m i n a l M-O d i s t a n c e s f o l l o w the orde r B a l i l l t M o 8 -
0 1 6 > RO-M i n both W„(0Et) 1 6 and Mo„ 0 8 ( 0 - i - P r )„ (py ) „ > Ag 8W\0 1 6 

> Ο Ξ Μ Ο i n M o H 0 8 ( 0 - i - P r ) 8 ( p y ) k . T h i s t r e n d i s r e a d i l y understood 
i n terms of the r e l a t i v e degrees of 0-to-M π-bonding i n the 
s e r i e s and p l a c e s t e r m i n a l RO l i g a n d s somewhere between the 
i n f i n i t e c h a i n oxygen donor l i g a n d s found i n the t e r n a r y molyb
denum oxide and the t e r m i n a l oxo l i g a n d s found i n A g 8 W H 0 i 6 ^ 
which approximates to W^O^8 , w i t h weak c o o r d i n a t i o n to Ag 
i o n s . 

2. Μ-μ 2-0 and Μ-μ 3-0 d i s t a n c e s are s l i g h t l y s h o r t e r f o r 
oxo l i g a n d s than f o r a l k o x y l i g a n d s . T h i s g e n e r a l o b s e r v a t i o n 
may, however, be masked by ot h e r f a c t o r s . For example, the 
Μ-μ 3-0 d i s t a n c e s i n Ag 8 W,, 0 X 6 and W 4 ( 0 E t ) 1 6 are comparable but 
l o n g e r than those i n McCarley's compounds. These d e v i a t i o n s 
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Figure 5. ORTEP view of the centrosymmetric Mo6O10(O-'i-Pr)12 molecule. Some 
pertinent bond distances (λ) and angles (deg) are: Mo(l)-Mo(2) = Mo(l/-Mo(2/ 
= 2.585(1); Mo(l)-Mo(l/ = 3.353(1); Mo(2)-Mo(3) = Mo(2)'-Mo(3f = 
3.285(1); Mo(l)'-Mo(l)-Mo(2) = 146.5(1); Mo(l)-Mo(2)-Mo(3) = 134.3(1); 
Mo-oxo (terminal) = 1.68 (averaged); Μο-οχο (μ2) = 1.93 (averaged); Mo-OR 

(terminal) = 1.86 (average); and Mo-OR (μ2) = 2.05 to 2.19. 
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16. C H i S H O L M Metal Alkoxides 

Table I I . Comparison of Metal-to-Oxygen Bond D i s t a n c e s 
i n Compounds which are S t r u c t u r a l l y R e l a t e d t o W ^ ( 0 E t ) 1 6 . 

Compound M-0 Terminal Μ-0μ 2 M-0 μ 3 

W \ ( O E t ) 1 6
b 

1.96 
1.90 
1.94 
1.93 
1.98 

2.03 
2.02 
2.08 
2.03 

2.17 
2.16 
2.20 

A g 8 w \ 0 1 6
C 

1.80 
1.73 
1.77 
1.79 
1.83 

1.86 
2.20 
1.87 
2.14 

2.11 
2.15 
2.22 

M o . O e C O P r ^ J p y ) ^ 
1.68 (=0) 
1.70 (=0) 
1.94 (OR) 

1.95 (-0-) 
1.94 (-0-) 
2.12 (OR) 
2.24 (OR) 

1.98 
2.18 
2.04 

10 e l e c t r o n 

Mo^ c l u s t e r i n 

Ba x . l l t M o 8 0 1 6
d 

2.10, 2.08 
2.21, 2.09 
2.06, 1.99 
2.11, 2.14 
2.03, 2.06 

2.05, 2.01 
2.06, 2.05 
1.93, 1.92 
2.08, 1.95 

2.06, 2.10 
2.03, 2.07 
2.03, 2.09 

8 e l e c t r o n 

Moi» c l u s t e r i n 

Ba x . m M o 8 0 1 6
d 

1.94, 1.85 
2.06, 2.10 
2.10, 2.12 
2.09, 2.00 
2.11, 2.14 

1.94, 1.91 
2.00, 1.99 
2.10, 2.00 
2.10, 2.04 

2.05, 2.12 
1.99, 2.12 
1.99, 2.08 

(a) D i s t a n c e s quoted t o ±0.01 X . ( b ) Ref. 12. (c) S k a r s t a d , 
P.M.; G e l l e r , S. Mat. Res. B u l l . 1975, 10, 791. (d) McCarley, 
R.E.; L u l y , M.H.; Ryan, T.R.; T o r a r d i , C.C. ACS Symp. S e r i e s 
1981, 155, 41. 
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from the g e n e r a l r u l e , d M > , may be accounted f o r 
by c o n s i d e r a t i o n s of t r a n s i n r i u e n c e s ^ ( J 2 ) o p e r a t i n g w i t h i n the 
o c t a h e d r a l u n i t s . The t r i p l y b r i d g i n g oxo groups i n AgeW^!* 
are t r a n s to t e r m i n a l W-0 bonds which are sh o r t (1.79 A 
average) because of m u l t i p l e bond c h a r a c t e r . An ex a m i n a t i o n of 
the t h r e e Μο-μ 3-0 d i s t a n c e s i n M o k 0 Q ( 0 - i - P r ) H ( p y ) h i s p a r t i c u 
l a r l y i n f o r m a t i v e s i n c e the bonds are t r a n s t o t h r e e d i f f e r e n t 
l i g a n d s , namely oxo, is o p r o p o x y and p y r i d i n e , which have d i f f e r 
ent t r a n s i n f l u e n c e s . A s i m i l a r l a r g e asymmetry oc c u r s i n the 
Μ-μ 2-0 d i s t a n c e s i n Ag 8W^0 1 6 and Moi,08 ( 0 - i - P r ) , , (py)i» and may be 
t r a c e d t o the d i f f e r e n t t r a n s i n f l u e n c e s of t e r m i n a l oxo and 
b r i d g i n g oxo l i g a n d s . 

What i n f l u e n c e w i l l s t r o n g π-donor l i g a n d s have i n organo-
m e t a l l i c chemistry? T h i s q u e s t i o n i s one which cannot be 
answered r e l i a b l y a t t h i s time. The s t a b i l i z a t i o n of unusual 
c o o r d i n a t i o n numbers and geometries by π-donor l i g a n d s i n com
pounds such as M o ( 0 - t - B u ) 2 ( p y ) 2 ( C 0 ) 2 and M o ( C O ) 2 ( S 2 C N R 2 ) 2 has 
a t t r a c t e d t he a t t e n t i o n of Hoffmann (33) and Templeton (34) and 
t h e i r coworkers. We have noted t h a t RO π-donors may produce 
anomalous p r o p e r t i e s i n ot h e r l i g a n d s which are c o o r d i n a t e d t o 
the same met a l . For example, i n M o ( C O ) 2 ( 0 - t - B u ) 2 ( p y ) 2 ( 3 5 ) , the 
c a r b o n y l s t r e t c h i n g f r e q u e n c i e s are anomalously low f o r carbon-
y l groups bonded t o Mo(2+), v(CO) = 1906 and 1776 cm and, i n 
M o ( 0 - i - P r ) 2 ( b p y ) 2 , the 2 , 2 ' - b i p y r i d y l l i g a n d s appear p a r t i a l l y 
reduced from X-ray and Raman s t u d i e s (_36). Q u a l i t a t i v e l y , both 
of these o b s e r v a t i o n s may be r a t i o n a l i z e d i n terms of R0-to-M 
π-bonding. Strong π-donor l i g a n d s r a i s e the energy of the "* 
e l e c t r o n s and, thus, enhance metal backbonding t o π*-accept§r 
l i g a n d s , even t o l i g a n d s such as 2 , 2 ' - b i p y r i d i n e which do not 
u s u a l l y behave as π-acceptor l i g a n d s i n the ground s t a t e i n 
t r a n s i t i o n metal c o o r d i n a t i o n compounds. 

R e a c t i o n s of M e t a l - M e t a l Bonded A l k o x i d e s of Molybdenum and 
Tungsten 

Having e s t a b l i s h e d s t r u c t u r a l and e l e c t r o n i c a n a l o g i e s 
between metal oxide s and a l k o x i d e s of molybdenum and t u n g s t e n , 
the key rema i n i n g f e a t u r e t o be examined i s the r e a c t i v i t y 
p a t t e r n s of the m e t a l - a l k o x i d e s . M e t a l - m e t a l bonds p r o v i d e both 
a source and a r e t u r n i n g p l a c e f o r e l e c t r o n s i n o x i d a t i v e -
a d d i t i o n and r e d u c t i v e e l i m i n a t i o n r e a c t i o n s . Stepwise t r a n s f o r 
mations of M-M bond o r d e r , from 3 t o 4 (37,38), 3 t o 2 and 1 
(39) have now been documented. The a l k o x i d e s M 2 ( 0 R ) 6 (M=M) a r e 
c o o r d i n a t i v e l y u n s a t u r a t e d , as i s e v i d e n t from t h e i r f a c i l e 
r e v e r s i b l e r e a c t i o n s w i t h donor l i g a n d s , eq. 1, and are r e a d i l y 
o x i d i z e d i n a d d i t i o n r e a c t i o n s of the type shown i n equa t i o n s 2 
(39) and 3 ( 3 9 ) . 
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16. Cff iSHOLM Metal Alkoxides 257 

X 

Upon o x i d a t i o n , a l k o x y b r i d g e s seem to be i n v a r i a b l y 
formed and t h i s may be viewed as an i n t e r n a l Lewis base a s s o c i a 
t i o n r e a c t i o n i n response t o the i n c r e a s e d Lewis a c i d i t y of the 
m e t a l i o n s which accompanies the changes ( Μ Ξ Μ ) 6 -*• (M=M)8 + 
(M-M) 1 0 . The s t r u c t u r a l changes which take the e t h a n e - l i k e 
Χ3ΜΞΜΧ3 u n i t t o two fused t r i g o n a l b i p y r a m i d s , s h a r i n g a common 
e q u a t o r i a l - a x i a l edge, to two f a c e - or edge-shared octahedra 
are f a s c i n a t i n g . 

The M 2 ( O R ) 6 compounds p r o v i d e a good source of e l e c t r o n s 
t o l i g a n d s t h a t are capable of b e i n g reduced upon c o o r d i n a t i o n . 
For example, P h 2CN 2, r e a c t s w i t h M o 2 ( 0 - i - P r ) 6 i n the presence 
of p y r i d i n e t o g i v e the adduct Mo 2 ( 0 - i - P r ) 6 ( N 2 CPh 2 ) 2 (py) 2 (4Ç0 
i n which the diphenyldiazomethane l i g a n d may be viewed as a 2e 
l i g a n d , Mo=N-N=CPh2 and the dimolybdenum u n i t may be viewed as 
( M o - M o ) 1 0 + . See F i g u r e 6. 

The f o u r e l e c t r o n s i n v o l v e d i n the two Mo-Mo bonds i n 
Mo 60jο(0-i-Pr)J 2 ( F i g u r e 5) are r e a c t i v e t o m o l e c u l a r oxygen: 
Μ ο 6 0 χ 0 ( 0 - i - P r ) j 2 + 0 2 -» 6/n[MoO 2 ( 0 - i - P r ) 2 ] . The s t r u c t u r e of 
[ M o 0 2 ( 0 - i - P r ) 2 ] i s not p r e s e n t l y known, but the 2 , 2 ' - b i p y r i -
d i n e (bpy) ad9uct M o O 2 ( 0 - i - P r ) 2 ( b p y ) , which i s o b t a i n e d by 
a d d i t i o n of bpy t o a hydrocarbon s o l u t i o n of [ M o 0 2 ( 0 - i - P r ) 2 ] 
has been s t r u c t u r a l l y c h a r a c t e r i z e d and shown to have the 
e x p e c t e d o c t a h e d r a l geometry w i t h c i s d i - o x o l i g a n d s ( 4 1 ) . 

Carbon monoxide r e a c t s w i t h M 2 ( 0 R ) 6 compounds and the 
f i r s t step has been shown to i n v o l v e the r e v e r s i b l e f o r m a t i o n 
o f M 2 ( 0 R ) 6 ( p - C O ) . A s t r u c t u r a l c h a r a c t e r i z a t i o n of M o 2 ( 0 - t - B u ) 6 -
(μ-CO) r e v e a l s an i n t e r e s t i n g square based p y r a m i d a l geometry 
f o r each molybdenum atom (420. See F i g u r e 7. The two h a l v e s of 
the molecule are j o i n e d by a common a p i c a l b r i d g i n g CO l i g a n d , 
a p a i r of b a s a l b r i d g i n g OR l i g a n d s and f o r m a l l y a Mo=Mo bond. 
C l o s e l y r e l a t e d compounds M 2(0R) 6 L 2 ^ - C 0 ) have been i s o l a t e d 
f o r R = i - P r and CH 2-t-Bu where L i s a donor l i g a n d such as an 
amine (43). The s t r u c t u r e s of the M 2(0-i-Pr) 6(py) 2(μ-CO) com
pounds (M = Mo, W) have been determined by X-ray s t u d i e s and 
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C(30) 

Figure 6. An ORTEP view of the Mo2(0-\-Pr)6(N2CPh2)2(py) molecule. Some 
pertinent distances (A) and angles (deg) are: Mo-Mo = 2.661(2); Mo(l)-0(39) 
= 1.96(1); -0(43) = 1.96(1); -0(47) = 2.24(1); -0(51) = 2.11(1); -0(55) 
= 2.13(1); -N(3) = 1.76(1); Mo(2)-0(47) = 2.16(1); -0(51) = 2.04(1); 
-0(55) = 2.04(1); -0(59) = 1.98(1); -N(18) = 1.78(1); -N(33) = 2.225(10); 
N(3)-N(4) = 1.30(1); N(4)-C(5) = 1.30(2); Ν(18μΝ(19) = 1.30(1); N(19)-
C(20) = 1.31(2); Μο(ΐμΝ(3μΝ(4) = 164(1)°; N(3)-N(4)-C{5) = 124(1)°; 

Mo(2hN(18hN(19) = 155(1)°; and N(18hN(19)-C(20) = 122(1)°. 
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C H i S H O L M Metal Alkoxides 

Figure 7. An ORTEP view of the central [Mo206(CO)] skeleton of the 
(0-l-Bu)6(n-CO) molecule. 
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r e v e a l a s i m i l a r i t y t o the Mo 2(O-t-Bu) 6(μ-CO) s t r u c t u r e : the 
p y r i d i n e l i g a n d s complete the c o n f a c i a l b i o c t a h e d r a l geometry 
by forming bonds t r a n s t o the M-C bonds. C h a r a c t e r i s t i c 
f e a t u r e s of these compounds are t h e i r e x c e e d i n g l y low v a l u e s of 
v ( C 0 ) , c a . 1650 (Mo) and 1550 cm"" (W) and low c a r b o n y l carbon 
c h e m i c a l s h i f t s , c a . 325 ppm (Mo) and 315 ppm (W) d o w n f i e l d 
from Me^Si. These low v a l u e s , which are u n p r e c i d e n t e d f o r 
n e u t r a l b r i d g i n g (μ 2-) c a r b o n y l compounds, imply a g r e a t reduc
t i o n i n C-0 bond order. In a formal sense, the Mo 2 (OR) 6 (μ-CO)-
(py) 2 compounds are i n o r g a n i c analogues of eyelopropenones and 
i t i s p o s s i b l e t o envisage a s i g n i f i c a n t c o n t r i b u t i o n from the 
resonance form IV, shown below, which emphasizes the analogy 
w i t h a b r i d g i n g oxy a l k y l i d y n e l i g a n d . B r i d g i n g a l k y l i d y n e 
carbon resonances i n [ (Me 3 S i C H 2 ) 2W^ 2 -CSiMe 3 ) ] 2 are found a t 
353 ppm ( 4 4 ) . 

M o 2 ( 0 R ) 6 compounds i n hydrocarbon s o l v e n t s r a p i d l y polymer
i z e a c e t y l e n e t o a b l a c k m e t a l l i c - l o o k i n g form of p o l y a c e t y l -
ene. Propyne i s p o l y m e r i z e d t o a y e l l o w powder, w h i l e but-2-yne 
y i e l d s a g e l a t i n o u s r u b b e r - l i k e m a t e r i a l ( 4 5 ) . The d e t a i l e d 
n a t u r e of these polymers i s not y e t known and the o n l y molybde
num c o n t a i n i n g compounds recovered from these p o l y m e r i z a t i o n 
r e a c t i o n s were the M o 2 ( O R ) 6 compounds. When the r e a c t i o n s were 
c a r r i e d out i n the presence of p y r i d i n e / h e x a n e s o l v e n t mix
t u r e s , simple adducts M o 2 ( O R ) 6 ( p y ) 2 ( a c ) were i s o l a t e d f o r R = 
i - P r and CH 2-t-Bu, and ac = HCCH, MeCCH and MeCCMe (45,46). 

The s t r u c t u r e of Mo 2(0-i-Pr) 6(py) 2(μ-0 2Η 2) i s shown i n 
F i g u r e 8. The c e n t r a l M 2C 2 u n i t i s t y p i c a l of those commonly 
found i n d i n u c l e a r o r g a n o m e t a l l i e complexes, e.g. C o 2 ( C 0 ) 6 -
(RCCR) ( 4 7 ) , Cp 2M 2(C0)„(HCCH) where M = Mo (48) and W (49) and 
(C0D) 2Ni 2(RCCR) ( 5 0 ) . The a c e t y l e n i c C-C d i s t a n c e (1.368(6) X ) 
i n the M o 2 ( 0 R ) 6 ( p y ) 2 ( H C C H ) compound i s s l i g h t l y l o nger than 
t h a t i n e t h y l e n e , 1.337(3) Κ ( 5 1 ) . The a c e t y l e n i c d i s t a n c e i n 
W 2 ( 0 - i - P r ) 6 ( p y ) 2 ( H C C H ) , which i s i s o s t r u c t u r a l w i t h the molybde
num compound, i s even l o n g e r , 1.413(19) X . A g a i n , we see the 
a b i l i t y of the M 2 ( 0 R ) 6 compounds to donate e l e c t r o n d e n s i t y t o 
ττ-acceptor l i g a n d s w i t h the order W > Mo. In a formal sense, 
t h i s can be viewed as an o x i d a t i v e - a d d i t i o n r e a c t i o n accom
p a n i e d , as u s u a l , by a r e t u r n to o c t a h e d r a l geometries through 
the agency of a l k o x y b r i d g e s and, i n t h i s i n s t a n c e , a b r i d g i n g 
a l k y n e l i g a n d . 

The neopentoxy compound Mo 2(0Ne) 6(py) 2(μ-0 2Η 2), which can 
be prepared by the a d d i t i o n of one e q u i v a l e n t of a c e t y l e n e to 
M o 2 ( O N e ) 6 ( p y ) 2 , r e a c t s f u r t h e r w i t h another e q u i v a l e n t of a c e t y -

0 
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lene t o y i e l d Mo 2(ONe) 6 ( μ - C ^ ) (py ) (45,46). An ORTEP view of 
t h i s i n t e r e s t i n g molecule i s shown i n F i g u r e 9. The f o r m a t i o n 
o f a Μ 2(μ-0,^) u n i t by the c o u p l i n g of two a c e t y l e n e s at a 
d i m e t a l c e n t e r i s a w e l l r e c o g n i z e d f e a t u r e of o r g a n o m e t a l l i c 
c h e m i s t r y and was f i r s t seen i n 1961 w i t h the s t r u c t u r a l 
c h a r a c t e r i z a t i o n of (CO) 6 F e 2 ( μ-CMe 2(0H) 2 ), a product o b t a i n e d 
from the r e a c t i o n between but-2-yne and a l k a l i n e s o l u t i o n s of 
i r o n h y d r o x y c a r b o n y l : MeCCMe *H 2Fe 2 ( CO) 8 (53.)· In M o 2 ( 0 N e ) 6 -
(μ-C^H^)(py) , one molybdenum atom i s i n c o r p o r a t e d i n a m e t a l l a -
c y c l o p e n t a d i e n e r i n g , w h i l e the o t h e r i s π-bonded t o the diene 
i n a n^-manner. F o r m a l l y , one molybdenum i s i n o x i d a t i o n s t a t e 
+4^ and the o t h e r +3^. In any event, the dimolybdenum c e n t e r 
has been o x i d i z e d from ( Μ Ο Ξ Μ Ο ) 6 + t o (Mo=Mo)8 and we see a 
r e t u r n t o the c o n f a c i a l b i o c t a h e d r a l geometry i n which the 
μ-C^H,, l i g a n d o c c u p i e s two s i t e s of the b r i d g i n g f a c e . 

These μ - ^ ^ 2 and μ-^Η,, molybdenum a l k o x i d e s are very 
s o l u b l e i n hydrocarbon s o l v e n t s which a l l o w s t h e i r c h a r a c t e r i z a 
t i o n i n s o l u t i o n by XH and 1 3C nmr s p e c t r o s c o p y . In a l l cases, 
low temperature l i m i t i n g s p e c t r a have been o b t a i n e d which are 
c o n s i s t e n t w i t h those expected based on the s t r u c t u r e s found i n 
the s o l i d s t a t e . I t i s a l s o p o s s i b l e , by nmr s t u d i e s , to 
e l u c i d a t e t h e i r r o l e i n alkyne o l i g o m e r i z a t i o n r e a c t i o n s and 
a l l a v a i l a b l e evidence i n d i c a t e s t h a t they a r e not a c t i v e i n 
p o l y m e r i z a t i o n , but are a c t i v e i n e y e l o t r i m e r i z a t i o n which 
y i e l d s benzenes. For example, when Mo 2(ONe) 6(μ-0^Η 4)(py) was 
a l l o w e d t o r e a c t w i t h c a. 20 e q u i v . of C 2D 2 i n a s e a l e d nmr 
tube, the *H i n t e n s i t y of the s i g n a l a r i s i n g from the μ-Ο,,Η,, 
l i g a n d decreased as a s i g n a l due to 06Υ{^ΌΖ grew. S i m i l a r l y , 
when Mo 2(0-i-Pr) 6(py) 2(μ-0 2Η 2) was a l l o w e d t o r e a c t w i t h ca. 20 
e q u i v . of C 2D 2, a benzene p r o t o n resonance appeared and, w i t h i n 
the l i m i t s of *H nmr i n t e g r a t i o n , the i n t e n s i t y of t h i s s i g n a l 
corresponded t o the l o s s of the μ 2 - 0 2 Η 2 s i g n a l . When M o 2 ( 0 - i -
Pr) 6(py) 2(μ-MeCCH) was al l o w e d t o r e a c t w i t h HCCH, c a . 20 
e q u i v . , f o r m a t i o n of t o l u e n e was observed a l o n g w i t h Mo ( 0 - i -
P r ) 6 (py ) 2 (μ-C 2H 2) and the r a t i o of the \x-C2^2 and toluene-CH 3 

s i g n a l s was 2:3, which e s t a b l i s h e s the s t o i c h i o m e t r y of the 
r e a c t i o n shown i n eq. 4. 

M o 2 ( 0 - i - P r ) 6 ( p y ) 2 ( y - M e C 2 H ) + 3 HCCH » (4) 

M o 2 ( 0 - i - P r ) 6 ( p y ) 2 ( y - C 2 H 2 ) + C 6H 5Me 

The s p e c i e s r e s p o n s i b l e f o r alky n e p o l y m e r i z a t i o n , which 
i s k i n e t i c a l l y more f a c i l e than e y e l o t r i m e r i z a t i o n s i n c e o n l y a 
s m a l l f r a c t i o n of the added a l k y n e i s co n v e r t e d t o benzenes, i s 
not y e t known. Carbene-metal complexes, both mononuclear (54) 
and b i n u c l e a r ^ 2 - C R 2 ) complexes (55,56), have been shown to 
a c t as a l k y n e p o l y m e r i z a t i o n i n i t i a t o r s and s e v e r a l years ago 
i t was shown t h a t t e r m i n a l a l k y n e s and a l c o h o l s can r e a c t to 
g i v e a l k o x y c a r b e n e l i g a n d s (5_7). As y e t , we have no evidence 
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Figure 9. An ORTEP view of the Mo2(ONe)6(^-C}lHh)(py) molecule. Some 
pertinent distances (A) are: Mo(l)-Mo(2) = 2.69(1); Mo-O (terminal) = 1.92 
(averaged); Mo-O (μ9) = 2.15; Mo-N = 2.15(1); Mo(l)-C(3) = 2.12(2); Mo(2)-
C(3) = 2.39(2); Mo(2)-C(4) = 2.34(2); C(3)-C(4) = 1.47(3); and C(4)-C(4/ 

= 1.44(4). 
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t h a t carbene l i g a n d s are formed i n these r e a c t i o n s , but they 
remain h i g h on the l i s t of p o s s i b l y a c t i v e s p e c i e s p r e s e n t i n 
the s e r e a c t i o n s . 

W H ( u - H ) 2 ( 0 - i - P r ) l l t (30) i s one of the very few t r a n s i t i o n 
m e t a l h y d r i d o a l k o x i d e s t h a t have been cl a i m e d i n the l i t e r a 
t u r e (58,59). I t i s the on l y one to be f u l l y s t r u c t u r a l l y 
c h a r a c t e r i z e d by an X-ray study and, though i n the s o l i d s t a t e 
each t u n g s t e n i s i n a d i s t o r t e d o c t a h e d r a l environment ( F i g u r e 
4 ) , i t behaves i n s o l u t i o n as a c o o r d i n a t i v e l y u n s a t u r a t e d 
m o l e c u l e . I t i s f l u x i o n a l on the *H nmr t i m e - s c a l e i n t o l u e n e -
de· Even at the lowest temperatures a c c e s s i b l e i n t h a t s o l v e n t 
t h e r e i s one time averaged type of 0 - i - P r group and a h y d r i d e 
resonance at δ = 7.87 ppm f l a n k e d by tu n g s t e n s a t e l l i t e s of 
r o u g h l y o n e - f i f t h i n t e n s i t y due to c o u p l i n g t o 1 8 3W which has I 
= \ and 14.47o n a t u r a l abundance. The appearance of only one 
c o u p l i n g c o n s t a n t , J 1 8 3 w 1 = 96 Hz, and the i n t e n s i t y of the 
s a t e l l i t e s i n d i c a t e t h a t the h y d r i d e l i g a n d sees two e q u i v a l e n t 
(time-averaged) t u n g s t e n atoms. C r y o s c o p i c m o l e c u l a r weight 
d e t e r m i n a t i o n s i n benzene gave M = 1480 ± 80, which showed t h a t 
the t e t r a n u c l e a r nature of the complex i s l a r g e l y or t o t a l l y 
m a i n t a i n e d i n n o n - c o o r d i n a t i n g s o l v e n t s . However, i n p-dioxane, 
the m o l e c u l a r weight was c l o s e to h a l f the va l u e o b t a i n e d i n 
benzene, which suggests t h a t the t e t r a n u c l e a r complex i s 
c l e a v e d i n donor s o l v e n t s to g i v e s o l v a t e d W 2(μ-Η)(0-i-Pr) 7. In 
the mass spectrometer, a very weak m o l e c u l a r i o n was d e t e c t a 
b l e , but the major i o n , by f i e l d d e s o r p t i o n , was νί 2(μ-Η)-
( 0 - i - P r ) 7 . A l l of t h i s i s c o n s i s t e n t w i t h the view t h a t 
c l e a v a g e of one or both of the c e n t r a l a l k o x y b r i d g e s , which 
are long (and weak) being t r a n s to the hy d r i d o l i g a n d and span 
the W(l) t o W ( l ) ' atoms which are non-bonded ( W ( l ) - W ( l ) ' = 
3.407(1) A ) , c r e a t e s a vacant c o o r d i n a t i o n s i t e . T h i s molecule 
thus p r o v i d e s an i n t e r e s t i n g o p p o r t u n i t y f o r the study of the 
r e a c t i v i t y of the b r i d g i n g h y d r i d o l i g a n d . In a q u i c k survey of 
i t s r e a c t i o n s w i t h u n s a t u r a t e d hydrocarbons c a r r i e d out i n nmr 
tubes i n t o l u e n e - d 8 s o l u t i o n , i t has been found (30) t o r e a c t 
r a p i d l y w i t h e t h y l e n e , aliène and d i p h e n y l a c e t y l e n e . In each 
case, the Wp-hydride resonance was l o s t . The r e a c t i o n w i t h 
e t h y l e n e i s e v i d e n t l y r e v e r s i b l e s i n c e attempts to i s o l a t e the 
presumed e t h y l complex formed by i n s e r t i o n y i e l d o n l y W«*(y-H) 
( 0 - i - P r ) Moreover, when W4 (μ-Η) 2 ( 0 - i - P r ) x ̂  was al l o w e d t o 
r e a c t w i t h a l a r g e excess of CH 2=CD 2 i n an nmr tube, the l a b e l s 
i n the excess e t h y l e n e were r a p i d l y scrambled and when \^^(μ-ϋ) 2-
( 0 - i - P r ) 1 4 was r e a c t e d w i t h excess CH 2=CH 2, the ν/^(μ-Η) 2-
( O - i - P r ) m compound was re c o v e r e d . W u ( μ-Η) 2 ( O - i - P r ) i n and 
1-butene show no apgarent r e a c t i o n at room temperature i n 
t o l u e n e - d 8 , but at 60 C, 1-butene i s s e l e c t i v e l y i s o m e r i z e d t o 
c i s 2-butene ( 6 0 ) . 
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C o n c l u d i n g Remarks 
1. The s t r u c t u r a l a n a l o g i e s between metal o x i d e s , m e t a l -

a l k o x i d e s and m e t a l - a l k o x i d e - o x i d e polymers o r i g i n a l l y noted 
f o r d° metal systems can be extended t o metal-metal bonded 
systems. 

2. M e t a l - m e t a l bonds i n molybdenum and t u n g s t e n a l k o x i d e s 
p r o v i d e a ready source of e l e c t r o n s f o r o x i d a t i v e - a d d i t i o n 
r e a c t i o n s and a d d i t i o n r e a c t i o n s i n v o l v i n g π-acidic l i g a n d s . 

3. The s t r u c t u r a l p r o p e r t i e s and chemical r e a c t i v i t i e s of 
the M 2-y-C 2R 2, -μ-Ο,,Η,,, -μ-Η groups have d i r e c t p a r a l l e l s w i t h 
t h o s e of " c l a s s i c a l " o r g a n o m e t a l l i c compounds. 

4. The c a t a l y t i c c y c l e s t h a t have been documented, namely 
a l k y n e e y e l o t r i m e r i z a t i o n and o l e f i n i s o m e r i z a t i o n , demonstrate 
t h a t a d d i t i o n and e l i m i n a t i o n from d i m e t a l c e n t e r s can occur 
r e a d i l y i n the presence of metal-metal bonds and a l k o x i d e 
1igands. 

5. A l k o x i d e l i g a n d s , which are st r o n g π-donors and may 
r e a d i l y i n t e r c h a n g e t e r m i n a l and b r i d g i n g (μ 2 or μ 3) bonding 
s i t e s , c o u l d p l a y an important r o l e i n the f u t u r e development 
of o r g a n o m e t a l l i c c h e m i s t r y , p a r t i c u l a r l y t h a t of the e a r l y 
t r a n s i t i o n elements which may w i s h t o i n c r e a s e t h e i r c o o r d i n a 
t i o n numbers and va l e n c e s h e l l e l e c t r o n c o n f i g u r a t i o n s . A l k o x 
i d e s of t i t a n i u m , s o - c a l l e d o r g a n i c t i t a n a t e s , i n the presence 
of aluminum a l k y l s or al k y l a l u m i n u m h a l i d e s , have a l r e a d y been 
used f o r p o l y m e r i z a t i o n and c o p o l y m e r i z a t i o n r e a c t i o n s of o l e 
f i n s and d i e n e s , but t h i s has a t t r a c t e d l i t t l e m e c h a n i s t i c 
a t t e n t i o n . Schrock and h i s coworkers (6J1) have shown t h a t 
a l k o x i d e l i g a n d s may be used t o supress 3-hydrogen e l i m i n a t i o n 
r e a c t i o n s i n o l e f i n m e t a t h e s i s r e a c t i o n s i n v o l v i n g niobium and 
ta n t a l u m c a t a l y s t s . 

F i n a l l y , I should l i k e t o draw a t t e n t i o n t o the work of 
o t h e r s who have p r o v i d e d models f o r metal o x i d e s and t h e i r 
i n t e r a c t i o n s w i t h hydrocarbon and o r g a n o m e t a l l i c fragments. 
S p e c i f i c a l l y the work of Klemperer (62,63,64) and Knoth (65,66,-
67 ) and t h e i r coworkers have p r o v i d e d us w i t h d i s c r e t e s a l t s of 
the h e t e r o p o l y a n i o n s t o which a v a r i e t y of o r g a n i c / o r g a n o m e t a l -
l i c fragments have been adhered. 
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RECEIVED July 26, 1982 

Discussion 
F. A. Cotton, Texas A&M University: In connection with the 

very nice results just presented by Dr. Chisholm, I would like 
to mention work done by Dr. Willi Schwotzer in my laboratory. 
He has carried out a related but different reaction, namely 

W2(OPr1)6py2 + CO • [W2(OPr1)6(C0)py]2 

The product is a centrosymmetric "dimer of dimers" each half 
of which is (py)(Pr10)2W(y-0Pr1)(y-CO)W(OPr1)3, with W-W = 
2.654(1)A. These are linked by bonds from the μ-CO oxygen atom 
of one to the pyridine-bearing W atom of the other, so that two 

W — W 
ÏÏ ο 

units are present. I know of no precedent for this type of 
n2-y3-C0 group. 

A.R. Siedle, 3M Central Research Laboratory: How may these 
novel polynuclear metal alkoxides be studied so as to contri
bute further to our understanding of chemical reactions which 
occur on the surfaces of bulk oxides? 

M.H. Chisholm: No comment. 
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17 
Dimolybdenum Versus Ditungsten Alkoxides 

RICHARD A. WALTON 
Purdue University, Department of Chemistry, West Lafayette, IN 47907 

In the preceding paper, Malcolm Chisholm (1) has presented a 
cogent case for the modeling by metal alkoxides of certain aspects 
of the structural chemistry and reactivities of metal oxides. The 
focus of this work has been the dinuclear and polynuclear alkox
ides of molybdenum and tungsten, an area of research which has 
also attracted our interest (2-4) and upon which I would now like 
to take this opportunity to comment. 

In the case of the triply bonded unbridged alkoxides M2(OR)6, where M = Mo when R = t-Bu, i-Pr or CH2-t-Bu, and M = W when R = 
t-Bu, (1, 5-7), the ditungsten derivative W2(O-t-Bu)6 is much less 
thermally stable than Mo2(OR)6. Furthermore, attempts to prepare 
other complexes of the type W2(OR)6, where R represents a bulky 
alkyl group, through the reactions of W2(NMe2)6 with the appro
priate alcohol leads to facile oxidation to tungsten(IV). This is 
shown, for example, in the conversion of W 2(NMe2)6 to W4(O-i-
Pr)14H2 (containing W=W bonds) (1,8), a reaction which corresponds 
formally to an oxidative addition. Another important example is 
the formation of tetranuclear W4(OR)16 upon reacting W2(NMe2)6 
with methanol or ethanol (1,9). In the case of the dimolybdenum 
Mo2(OR)6 complexes, oxidative additions require somewhat more 
potent reagents, as in the conversions of Mo 2(O-i-Pr)6 to doubly 
bonded Mo 2(0-i-Pr) 8 by i-PrOO-i-Pr and to Mo 2Xi+(y-0-i L-Pr) 2(0-i-
Pr) i+ by the halogens X 2 (1,10) . 

Qualitatively at least, the preceding observations hint at an 
increased s t a b i l i t y of the higher valent ditungsten alkoxides over 
related dimolybdenum species, a trend which correlates with the 
increasing s t a b i l i t y of higher oxidation states as a transition 
group i s descended. Our own entry into this area stemmed from 
studies we made into the reactions between alcohol - HCl(g) mix
tures and the quadruply bonded complexes M2(mhp)i+, where M = Mo or 
W and mhp i s the anion of 2-hydroxy-6-methylpyridine. In the pre
sence of CsCl such reactions give Csi f Mo2Cls and CS3W2CI9 (2), 
re f l e c t i n g the greater ease of oxidizing the W24"1" core. When the 
ter t i a r y phosphines P E t 3 or P-n-Pr3 are added i n place of CsCl, 
each dimetal system i s oxidized one step further, Mo2(mhp)i+ 

0097-6156/83/0211-0269$06.00/0 
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affording (R 3PH) 3Mo2Cl 8H (11), a member of an already well char
acterized class of μ-hydrido bridged dimolybdenum(III) complexes 
(7), while W2(mhp)i+ produces the dark green ditungsten(IV) alkox
ides W 2Cl i +(y-0R)2(0R) 2(R0H)2(2-4) · The l a t t e r molecules possess 
a W=W bond represented by a σ^π2" ground state electronic configur
ation (4). X-ray structure determination on the methoxide and 
ethoxide show that these complexes possess structure ^, the short 

c l \ l / ° \ l / c l 

V W = W 

W-W distance (2.48A) r e f l e c t i n g the double bond character. Oxida
tion of 1 by 0 2, H 20 2, N0 2 or Ag(I) s a l t s gives dark red complexes 
(structure ^ ) , which are the ditungsten(V) analogs of ^ (W-W d i s -

R o R o R 

c i Ι .ο. I m 
^ W ^ - ^ J J ^ 2 

R° R °R 
Ο 

tance of 2.72A)(3). In addition to the difference i n W-W bond 
orders, 1 and 2 d i f f e r i n that the former possesses two alkoxide 
and two alcohol ligands whereas i n £ there are now four terminal 
alkoxides. As a result, £ does not possess the unsymmetrical 
hydrogen bond that exists between the adjacent alkoxide and alco
hol ligands i n L̂, v i z . 

In contrast to the remarkable thermal and a i r s t a b i l i t y of ^ 
and the dimolybdenum(V) analogues of Mo 2Xi +(y-0-i^-Pr) 2 ( 0 - i -
Pr) 1+ (X = CI or Br) are thermally unstable and very moisture sen
s i t i v e (10). Interestingly, molybdenum analogues of ^ are unknown 
although the closely related Mo 2X 2(0-i-Pr)g may be formed as a 
very unstable intermediate i n the oxidation of Mo 2 (0-i-Pr)5 by 
halogens ( 1 0 ) , and the dimolybdenum(IV) complex Mo2(0-i_-Pr) q i s a 
very well characterized species ( 1 ,10 ). Whereas Μο 2Χ^(u-O-i-Pr) 2-
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(O-i-Pr)4 decompose even at room temperature (to evolve isopropyl 
halides), high temperatures are required to decompose ditungsten 
complexes of types ^ and 2, and preliminary experiments indicate 
that they may decompose by pathways different from the isopropox-
ide complexes of dimolybdenum(V). For example, the ditungsten 
isopropoxides of types ^ and 2 decompose at 160° i n vacuum to give 
propene but l i t t l e propyl chloride (12). In the case of the 
n-propoxide of ditungsten(IV), W 2Cli +(y-0-n-Pr) 2(0-n-Pr) 2(n-PrOH) 2, 
di-n-propylether i s the p r i n c i p a l v o l a t i l e (12). 

The doubly bonded complexes V^Cli^p-OR) 2(0R) 2(R0H) 2 are d i f f 
erent from the f u l l y substituted tungsten(IV) alkoxides W^iOR)^ 
(1,9), i n that the l a t t e r 8-electron cluster exhibits a consider
able degree of delocâlized W-W bonding, the shortest W-W distance 
(2.65Â) being much longer than the W=W bond (2.48A) i n W 2Cli +-
(y-0R) 2(0R) 2(R0H) 2 (4). 

The p o s s i b i l i t y of converting W2Cli+(y-0R) 2(0R) 2(R0H) 2 to 
tetranuclear Wi^OR)^ by substituting OR" for CI" i s being pursued 
(12). In the course of this work we have studied the alcohol ex
change reactions of the ethoxide W 2Cli t(p-0Et) 2(0Et) 2(EtOH) 2. Com
plete exchange occurs i n reactions with primary alcohols ROH (R = 
Me, n-Pr, η-Bu, n-Pent, η-Oct or i-Bu) to give W 2Cl4(y-OR) 2(0R) 2-
(R0H) 2 (12,13). On the other hand, the more s t e r i c a l l y demanding 
secondary alcohols R'OH (R' = i-Pr, s-Bu or £-Pent) afford the 
mixed alkoxides W 2Cli +(y-0Et) 2(0R f) 2(R fOH) 2 (12). X-ray structure 
determinations on the derivatives where R' = i-Pr or s-Pent (14) 
show that these complexes, while s t i l l possessing the same general 
type of structure as depicted i n ^, now contain a symmetrical 
hydrogen-bond, v i z . 

R1 Rf 

\ .--H»„ / 
o— 

w— w 
Thus the hydrogen-bonding i s apparently dependent, amongst other 
factors, upon the nature of the a l k y l substituents. Perhaps the 
more highly branched secondary a l k y l substituents increase the 
hydrophobic environment about the hydrogen bond, thereby favoring 
a symmetrical interaction. In any event, i t i s apparent that this 
interaction i s best described by a very broad, shallow potential 
function. 

The hydrogen-bonding interactions within the complexes W 2Clit-
(y-0R) 2(0R) 2(R0H) 2 and W2Cli+(μ-OR) 2(0R T ) 2(R f OH) 2 may provide the 
molecular analogues with which to model the structure and r e a c t i 
v i t i e s of transition metal oxide catalysts that possess surface 
hydroxyl groups. The thermal treatment which i s often carried out 
i n the pretreatment of metal oxides (leading to the loss of -OH 
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groups and the evolution of H2O) may have interesting analogies 
in the thermolysis of the ditungsten alkoxides. 
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18 
Metal Clusters and Extended Metal-Metal 
Bonding in Metal Oxide Systems 

R O B E R T E . M c C A R L E Y 

Iowa State University, Ames Laboratory and Department of Chemistry, 
Ames, IA 50011 

The results of recent investigations of the 
synthesis and structures of ternary and quater
nary molybdenum oxide compounds having metal
-metal bonded cluster units or infinite chains 
are presented. In all cases the average oxi
dation state of molybdenum is less than 4+, the 
lowest state previously known in structurally 
characterized oxide phases. New compounds con
taining discrete clusters are LiZn2 Mo3O8 and 
Ζn3Μo3O8 , with triangular units, and Ba1.14Mo8O16 
with two variants of rhomboidal tetranuclear 
units, one having regular and the other distorted 
rhomboidal geometry. Infinite metal-metal 
bonded chains consisting of Μο6 octahedral 
cluster units fused on opposite edges are found 
in the new compounds NaMo4O6, Ba5(Mo4O6)8, 
Sc0.75Zn1.25Mo4O7, and Ti0.5Zn1.5Mo4O7. The ef
fects of the differing metal-based electron 
counts in the repeat units of the infinite chains 
among these compounds are discussed with refer
ence to metal-metal bond order and structural 
variations within the units. 

Metal clusters in metal oxide systems have not been well-
characterized or abundantly investigated up to the present time. 
Only isolated examples of metal-metal bonded units in oxide 
lattices have appeared from time to time. It will be the thesis 
of this presentation to show that highly unusual structures 
determined by strong metal-metal bonding will be found in 
ternary and quaternary metal oxide systems, and that oppor
tunities abound for creative work on the synthesis, theory and 
structure-property relationships of such compounds. Because 
of the well-known correlation of d-electron population and 
d-orbital radial extension with metal-metal bond formation, 

0097-6156/83/0211-0273$06.00/0 
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we may expect that oxide systems containing the early 4d and 5d 
transition elements i n reduced oxidation states w i l l provide 
the most f e r t i l e area for new investigations. We emphasize here 
our recent work with the reduced ternary oxides of molybdenum, 
but expect that related chemistry w i l l be observed for oxides of 
Nb, Ta, W, Tc and Re. 

The most familiar examples of metal-metal bonding i n oxide 
compounds are found i n the dioxides, VO2, Nb02, M0O2> WO2 and 
a-Re02 > a l l of which adopt low-symmetry variants of the r u t i l e 
structure ÇL-4). In each case the metal atoms occur i n chains 
of edge-shared ΜΟβ octahedra running p a r a l l e l to the r u t i l e c-
axis. Displacement of each metal atom towards one and away from 
the other of i t s nearest-neighbor metal atoms along the chain 
accounts for the alternate short and long distances between 
metal atoms. The metal-metal bonds thus established may be re
garded as single (VO2> NDO2) or double (M0O2» WO2 and a-Re02) 
(4). With the edge-shared bioctahedral arrangement of oxide 
ligands only 4 electrons may populate M-M bonding o r b i t a l s i n 
the configuration σ 2 π 2 (5). Additional electrons then populate 
nonbonding (M-M) or antibonding (M-0) orb i t a l s of 6 and 6 
symmetry with respect to the M-M bond axis 05,6) . Thus, though 
6 electrons reside i n metal-centered o r b i t a l s , the Re-Re bond i n 
a-Re02 i s best regarded as a double bond, with two additional 
electrons i n the δ*, essentially nonbonding o r b i t a l . The com
pounds M0O2 and WO2 exhibit metallic conductivity because of 
overlap of the f i l l e d M-M π and empty M-0 π* valence bands, 
which then provide a p a r t i a l l y f i l l e d conduction band (4). More 
recently metal-metal doublets with multiple bond character have 
been found in Lai+ReeOig 05), La30s20io (7) and La i fRe 20 1 0 (8). 
In the f i r s t two cases the M-M bonds, established i n an edge-
shared bioctahedral arrangement, are at best considered as 
double bonds, with extra electrons consigned to M-0 π* de-
localized o r b i t a l s . The doublets of Re atoms i n La l tRe 20 1o con
s i s t of Re20e units l i k e that of Re 2Cl8~, i . e . two ReO^ frag
ments held together i n an eclipsed configuration by a strong 
metal-metal bond. Here the Re atoms share 6 electrons i n a 
t r i p l e bond with the configuration σ 2τΛ, and the eclipsed con
formation of the Re 20s unit i s imposed by the arrangement of 
oxygen atoms i n the l a t t i c e . 

We notice that i n these examples of ternary oxides the 
oxygen/metal (O/M) ratio i s high. This fosters small metal-
metal bonded units because an octahedral arrangement of 0 atoms 
about each metal atom can be attained with a minimum of shared 
atoms, e.g. only two shared 0 atoms i n the Os 20io units of 
La 30s 20io. It i s reasonable to expect that, as the O/M rat i o 
i s decreased, higher degrees of aggregation w i l l ensue i n order 
for the metal atom to attain higher coordination numbers. For 
a given electron/metal (e/M) ra t i o larger cluster units with 
M-M bonds of low bond order then w i l l be favored over the smal
l e r units with M-M bonds of higher order. The best known 
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18. M C C A R L E Y Metal Oxide Systems 275 

examples showing effects of this kind are found i n metal halide 
systems, e.g. presumed dimers i n WC1J+, trimers i n Nb 3Cl 8 (9), 
and hexamers i n Z r 6 C l i 2 (10). 

Oxides with Trinuclear Clusters 

The f i r s t compound containing a well-characterized cluster 
in a metal oxide system was Ζη 2Μθ3θ 8, reported i n 1957 by 
McCarroll, Katz and Ward (11,12). In this compound the Mo 30 8 

cluster units are constructed such that three M0O5 octahedra 
share common edges, and share 0 atoms with adjacent cluster units 
as reflected i n the connectivity formula Ζ η 2 Μ ο 3 0 ^ 0 8 / 2 Ο3/3· 
Thus the true cluster unit i s of the type M 3X 1 3 as shown i n 
Figure 1. Although the e/Mo ratio i s the same as i n MoO^, a l l 
electrons are u t i l i z e d i n single bonds i n the Mo 30 8~ cluster 
as opposed to the double bond i n the Mo2 dimers of Mo02. Pos
si b l y this difference i s dictated by the higher 0/total metal 
ratio i n Mo02 as opposed to Ζη 2Μο 30 8. ^_ 

Other compounds containing the Mo 30 8 cluster units have 
been prepared as members of two series. The f i r s t series i s 
of the type M 2

I IMo 30 8 (11) with M 1 1 = Zn, Cd, Mg, Mn, Fe, Co 
and Ni, and the second series i s of the type LiM-t^-cMo303 (13, 
14,15) with M i l l = Ga, In, Se, Y, and rare earth ions having 
atomic numbers greater than 62(Sm). The structural arrangement 
in crystals of the two series however i s very similar. In each 
case one-half of the cations occupy tetrahedral sites and one-
half occupy octahedral sit e s within a close-packed oxide l a t t i c e . 
Indicating these as M° for ions i n octahedral sites and Mfc for 
those i n tetrahedral s i t e s , we have the formulas Μ 1 :Μ°Μο 30 8 and 
LitM°Mo30e for the two series. 

Our work was i n i t i a t e d on the reduced ternary molybdenum 
oxides with the thought that the metal cluster electron count 
(MCE) should be variable for the Mo 30 8 cluster units. Based 
on Cotton's previous molecular o r b i t a l treatment of such 
clusters (16) i t appeared that MCE1s from 6 to 8 could be ac
commodated, but i t was not clear whether the seventh and eighth 
electrons would occupy bonding or antibonding o r b i t a l s with 
respect to the M-M interactions. We thus set about to determine 
this from structural data on suitable compounds. The attempted 
replacement of Z n 2 + with S c 3 + to secure the compound 
Zn Sc°Mo 303 w a s conducted v i a the reaction shown i n equation 1. 

2Sc 20 3 + 4Zn0 + HMo0 2 + Mo • 4ZnScMo308 (1) 
1100° 

X-ray powder patterns showed that the product of this reaction 
i s indeed isomorphous with Zn 2Mo 30 8 and hence i s the desired 7-
electron cluster derivative. Unfortunately single crystals for 
a complete structure determination have not been obtained. Sub
sequent work (17) however showed that additional cations could 
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Figure 1. The M3X1S cluster type as found in the oxides Zn2Mo308, LiZn2Mo308, 
and Zn3Mo308. (See Table I for atom numbering scheme.) 
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be introduced into the l a t t i c e of a modified Zn 2Mo 30 8 structure 
v i a high temperature reactions, equations 2 and 3. 

L^MoO^ + 4ZnO + 4Mo02 + IMo 2LiZn 2Mo 30 8 (2) 
1100° 

6ZnO + 5Mo02 + Mo • 2Zn 3Mo 30 8 (3) 
1100° 

Structure determinations of LiZn 2Mo 30 8 and Zn 3Mo 30 8 (18) 
showed that these compounds are isomorphous but the pattern of 
oxide-layer stacking i s different from that of Zn 2Mo 30 8. Other
wise the structures are closely related and a l l contain the 
cluster units with the same connectivity, [ Μ ο 3 0 ^ 0 8 / 2 0 3 / 3 ] n ~ . 
Thus we may compare structural data for Zn 2Mo 30 8 (6MCE) with 
those for LiZn 2Mo 30 8(7MCE) and Zn3Mo308(8MCE) to discern the 
effects of adding successive electrons to the Mo30^~ cluster 
unit. A comparison of Mo-Mo and Mo-O bond distances i s given 
in Table I for these compounds. It i s clear that addition of 

ο 
Table I. Comparison of Mo-Mo and Mo-O bond distances (A) i n 

Zn 2Mo 30 8, LiZn 2Mo 30 8 and Zn 3Mo 30 8. 
Bond Zn 2Mo 30 8

a LiZn 2Mo 30 8 Zn 3Mo 30 8 

Mol-Mol 2.524(2) 2.578(1) 2.580(2) 
Mol-01 2.058(10) 2.063(6) 2.100(9) 
Mol-02 1.928(20) 2.003(8) 2.056(13) 
Mol-03 2.128(30) 2.138(5) 2.160(8) 
Mol-04 2.002(30) 2.079(7) 2.054(11) 
Mo 1-0 (aver.) 2.017 2.058 2.088 

Data taken from reference (12). 

electrons to the Mo 30 8 cluster causes a net elongation of both 
the Mo-Mo and Mo-O bonds. This may be taken as evidence that 
the seventh and eighth MCE's enter a molecular o r b i t a l which i s 
antibonding with respect to boçh Mo-Mo and Mo-O interactions. 
Among the Mo-O bonds, those involving the three-edge-bridging 0 
atoms are the most strongly affected. It therefore appears 
that the set of three d-orbitals not involved i n either Mo-O or 
Mo-Mo σ-bonding mix primarily with the set of three ρπ orb i t a l s 
located on the edge-bridging 0 atoms to form a set of 3 bonding 
and 3 antibonding M0fs. The bonding set (a± + e) i s populated 
by electrons from the 0 atom lone pairs, and these probably l i e 
below the Mo-Mo σ-bonding o r b i t a l s ; the antibonding set 
(a x + e*) would then constitute the LUM0fs of Zn 2Mo 30 8. 
Magnetic s u s c e p t i b i l i t y data for LiZn 2Mo 30 8 showed Curie-Weiss 
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behavior over the temperature range 95-298 Κ with a very large 
Weiss constant θ = -545°. At 298 Κ, μ r = 1.18 μ_, a low 

err D 

value caused by strong antiferromagnetic coupling. Magnetic 
measurements on Zn 3Mo 30 8, while less detailed, show only a weak 
paramagnetism, p e f f = 0.6 μ β, probably indicative of Van Vleck 
paramagnetism. We thus in f e r that the electron spins are paired 
in Zn 3Mo 30 8, and that the a* l e v e l l i e s below the e* l e v e l . 
Oxides with Tetranuclear Clusters + 

In the structure refinement of LiZn 2Mo 30 8 the L i ions 
were not located because of their apparent scrambling with Zn 
ions i n both the tetrahedral and octahedral s i t e s . An e f f o r t 
to overcome this d i f f i c u l t y was made with the attempted synthesis 
of NaZn 2Mo 30 8, where i t was expected that the Na + ions would be 
confined only to the octahedral s i t e s . This attempted synthesis 
led instead to the formation of the new compound NaMo^Og (19) 
which grew in the reaction mixture and on the wall of the moly
bdenum container as thin needles with s i l v e r y metallic luster. 
The serendipitous discovery of this compound has proven to be 
extremely important to our visions of p o s s i b i l i t i e s for new 
metal-metal bonded structures i n reduced oxide phases. In 
retrospect i t i s amazing that oxide phases containing molybdenum 
in oxidation states less than 4 + were essentially unknown and 
certainly s t r u c t u r a l l y uncharacterized. The existence of the 
previously mentioned series MJ IMO 30 8 and LiM I I IMo 30 8 should have 
been a t i p - o f f to an extensive chemistry for metal-metal bonded 
molybdenum oxide systems. Indeed, subsequent work has revealed 
a plethora of new compounds a l l of which (where structure has 
been determined) feature strong metal-metal bonding i n either 
discrete cluster units or extended chain arrays. 

A chart of these structurally characterized compounds i s 
given i n Table II, showing the correlation of average oxidation 
state of the molybdenum with cluster formation or extended 
arrays. There are two notable effects which are pertinent to 
the nature of the metal-metal bonding, namely the electron/metal 
(e/M) rat i o and the oxygen/metal (O/M) r a t i o . With other 
factors constant an increase i n e/M r a t i o should promote more 
extensive M-M bonding, and a decrease i n the O/M r a t i o should 
promote clusters of increasing nuclearity, progressing from 
dimers through larger clusters to systems with extended chains, 
sheets or 3-dimensional arrays (20, 21). 

The interesting compound Bai ii+Mo 80 1 8 (17,22) contains 
tetranuclear rhomboidal cluster units, tied into i n f i n i t e chains 
by Mo-O-Mo bonding as represented i n the connectivity 
Mo I +0 20 8/ 20 6/ 3 . The Ba2+ ions are stacked i n sit e s along tunnels 
formed by weaving together the [MO^OQ ]qq chains, as shown i n 
Figure 2. In this low-symmetry, metal-metal bonded adaptation 
of the well-known hollandite structure the chains forming the 
four sides of each tunnel are related i n pairs by Ρ 1 symmetry. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

01
8

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



18. M C C A R L E Y Metal Oxide Systems 279 

Table II. Characteristics of metal-metal bonded ternary and 
quaternary molybdenum oxides. 

Structural 
feature Compound O.N.a 

e /Mo 

B al.l*+ M o8°16 3.72 2.28 2.0 
L i Z n 2 M o 30e 3.67 2.33 2.67 
Zn 3Mo 30 8 3.33 2.67 2.67 
NaMoi^Oe 2.75 3.25 1.50 
B a 5 ( M o i t 0 6 ) 8 2.69 3.31 1.50 
SCo . 7 5Ζηι . 25ΜΟ4Ο7 2.31 3.69 1.75 
Tio.sZni.sMoitOy ? 1.75 

rhomboidal clusters 
triangular clusters 
triangular clusters 
i n f i n i t e chains 
i n f i n i t e chains 
i n f i n i t e chains 
i n f i n i t e chains 

Oxidation number (average) of molybdenum 

Average electron to metal rati o for metal-metal bonding 

Oxygen to molybdenum ra t i o 

Figure 2. A three-dimensional perspective of the structure of Ba1A,tMos016 as 
viewed down the unique axis parallel to the direction of chain growth and tunnel 

formation. 
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In one pair of chains the rhomboidal cluster units have fi v e 
Mo-Mo bonds of nearly equal length (regular units), and in the 
other pair the (distorted) rhomboidal units have three short and 
two long Mo-Mo bonds. Figure 3 shows how these rhomboidal units 
are bound together within the i n f i n i t e chains. A comparison of 
Mo-Mo and selected Mo-0 bond distances for the regular and d i s 
torted cluster units i s given i n Table I I I . 

Table I I I . Selected bond distances (A) within the distorted and 
regular cluster units of Bai. n*Mo80i6. 

Distorted Cluster Regular Cluster Atoms 
Mol-Mo2 
Mol-Mo21 

Mo2-Mo21 

Mol-03 ï 
Mol-08 \ edge 
Mol-04 J 
Mol-01 Ï 
Mol-02 I capping 
ΜΟ1-02Ί 

2.847(1) 
2.546(1) 
2.560(1) 
1.931(6) 
1.894(6) 
2.079(6) 
2.082(6) 
2.046(6) 
2.104(6) 

2.616(1) 
2.578(1) 
2.578(1) 
1.936(6) 
2.022(6) 
2.143(6) 
2.053(6) 
2.055(6) 
2.095(6) 

See Figure 3 for atom numbering scheme. 

Since the Mol-Mo2 distance i n the distorted unit corresponds to 
a Pauling bond order (23) of ca. 0.5 these bonds may be con
sidered as one-electron bonds. Assuming the Mol-Mo2f and 
Mo2-Mo2f bonds are each normal two-electron bonds, there are ca. 
8 MCE*s for the distorted units. In the regular units the Mo-Mo 
distances indicate that these bonds should be considered as 
normal two-electron bonds and an MCE count of 10 is_obtained. 
Thus the compound may be formulated as Bai. 14 (Mo^ol MMoi+Oe'28 ) 
to represent this unbalanced electron d i s t r i b u t i o n . As noted 
in the previous paper by Professor Chisholm the distorted 
Μοι^Οβ cluster unit has a recently discovered molecular analog 
in Wi^OEOie (24,25) • The dist o r t i o n i n these 8-electron rhom
boidal clusters has been attributed by Cotton and Fang (26) to 
a second order John-Teller ef f e c t . This seems reasonable for 
the molecular Wit(0Et)i6 but i s questionable for the distorted 
unit i n Bai.ι^ΜοβΟιβ. Examination of the Mo-0 distances i n 
Table III reveals a much shorter Mol-08 distance i n the d i s 
torted cluster as compared to that i n the regular cluster. Thus 
i t appears that there i s a push-pull effect at work, such that 
electron density removed from Mol through weakening of the 
Mol-Mo2 bond i s compensated by increased π-bonding i n the Mol-08 
bond of the distorted cluster. 

It appears that other compounds having this structure type 
should be possible. In particular, by appropriate substitution 
of B a 2 + by cations of different charge the MCE count should be 
variable over some range, and conceivably even compounds having 
more than 10 MCE per cluster unit might be prepared, with ad-
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Figure 3. A view of one MokO% cluster chain in Βα^Μο^Ο^ which shows 
intrachain Mo-Mo and Mo-O bonding. (See Table 111 for atom numbering scheme.) 
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d i t i o n a l electrons entering a conduction band. Work along this 
l i n e i s presently i n progress i n our laboratory. 

Oxides with Extended Metal-Metal Bonding 
The remaining compounds l i s t e d i n Table II a l l adopt 

structures with i n f i n i t e metal-metal bonded chains consisting 
of octahedral cluster units fused on opposite edges. However, 
because of the large difference i n effective ionic radius of 
the cations concerned, very different l a t t i c e types are d i c 
tated. The compounds NaMoi+Oe (19,22) and Β 3 5(Μθι*0 6)8 (17) adopt 
tunnel structures with the Na + or B a 2 + ions located i n sites 
along the tunnels with 8-fold coordination by oxygen atoms. 
In the sodium and barium compounds there are 13 and 13.2 MCE*s 
per Mô Oe- unit of the chain, respectively. Ordering of the 
cation vacancies along the tunnels i n Ba5(Moit06)8 results i n a 
super-lattice with a dimension eight times that of NaMoi^ 
along the unique chain (or tunnel) axis. Views of the NaMoi^ 
(tetragonal) and Β35(Μοι»0β)8 (orthorhombic) structures as 
viewed down the c-axes are shown in Figure 4. Construction 
of the [MoitOe]^ chains i s shown i n Figure 5. 

The compounds Sco . 7 δΖηχ . 2 5M04O7 and Tio . sZni. 5M04O7 are 
the most recent additions to the family of reduced, ternary 
or quaternary oxides (27). Once again they were obtained as 
unexpected products i n experiments designed for another purpose. 
Attempts to obtain single crystals of ScZnMo303 produced only 
macrocrystalline powders i n the range 1100-1400°C. At vL450°C 
the l a t t e r compound decomposed and beautiful gem-like crystals 
of the new compound were found i n the product mixture. Analyses 
of several crystals for Sc, Zn and Mo by electron-microprobe 
x-ray fluorescence provided consistent results and the average 
atomic ratios Sc:Zn:Mo of 0.75:1.25:4. These data, combined 
with the subsequent x-ray structure determination, established 
the composition SCQ· ι^τΐγ . 2 5 ^ 0 ^ 0 7. The composition of crystals 
of T i 0 . sZni. 5MOI+07, formed i n a reaction between T i 0 2 , ZnO, 
Mo02 and Mo at 1450°C, was established i n l i k e manner. Although 
these new compounds proved to be isomorphous, d i s t i n c t d i f 
ferences were found i n the metal-metal bonding characteristics, 
evidently caused by d i f f e r i n g MCE counts i n the repeat units of 
the i n f i n i t e chains. Because the oxidation state of T i i n 
Ti 0. s ^ n l·5 M°t+07 has not been established, the assessment of the 
MCE count and interpretation of bonding differences with 
SCQ. 7 5Zn!. 2 5Moi+07 i s uncertain. Fcr this reason only the 
structure and bonding features of the scandium compound w i l l be 
described here. 

A view down the c-axis ( p a r a l l e l to the chain axes) of the 
scandium compound i s shown in Figure 6. It can be seen that the 
[Mo^Oy] chains are bound together through Mo-O-Mo bridge 
bonding to form layers which are, i n turn, bound together 
through O-Sc-0 and O-Zn-0 bonding. The sites for these metal 
ions are of two types: tetrahedral si t e s occupied only by Z n 2 + 

ions, and octahedral sites occupied by either Z n 2 + or S c 3 + . In 
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Figure 4. A three-dimensional perspective of the structures of NaMofie (top) 
and Ba5(Molt06)8 (bottom) as viewed down the unique axis of chain growth and 

tunnel formation. 
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Figure 5. Segment of one (MokOi)^ chain in NaMok06 which shows intrachain 
Mo-Mo and Mo-O bonding. Key: %, Mo; and O, oxygen. 
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the o c t a h e d r a l s i t e s the m e t a l i o n s appear to be s t a t i s t i c a l l y 
d i s o r d e r e d w i t h 0.25 Zn 2+ and 0.75 S c 3 * f r a c t i o n a l o c c u p a t i o n . 
Based on these c o n s i d e r a t i o n s and the s h a r i n g of 0-atoms a l o n g 
and between c h a i n s , the compound can be fo r m u l a t e d as 
Sco.7 5 Z n O-2 5 Z nl-O u t( M o4 08/2 02/2)°2]· 

E l e c t r o n t r a n s f e r from the Sc and Zn to the Μοι+Ογ u n i t s 
of the c h a i n s r e s u l t s i n 1 4 . 7 5 MCE per u n i t . The average 
f o r m a l o x i d a t i o n s t a t e of 2 . 3 1 + f o r Mo i n t h i s compound i s the 
lowest y e t a t t a i n e d i n a t e r n a r y o x i d e phase. A comparison of 
Mo-Mo bonding a l o n g the ch a i n s between NaMoi+Og w i t h 1 3 MCE and 
SCQ.75Zni.25Μοι+θ7 w i t h 1 4 . 7 5 MCE i s i n s t r u c t i v e . P e r t i n e n t 
Mo-Mo bond d i s t a n c e s f o r these compounds are g i v e n i n Table IV. 
The p r i n c i p a l bonding d i f f e r e n c e between the c h a i n s i n the two 
s t r u c t u r e s i s t h a t i n NaMoi+Og the s p a c i n g between Mo atoms a l o n g 
the c h a i n , b o t h apex-apex and w a i s t - w a i s t , i s p e r f e c t l y r e g u l a r . 
In c o n t r a s t , w h i l e the w a i s t - w a i s t s p a c i n g i s r e g u l a r , the apex-
apex d i s t a n c e s a l t e r n a t e between s h o r t ( 2 . 6 2 5 ( 2 ) Â ) and l o n g 
( 3 . 1 3 9 ( 2 ) X) w i t h i n the c h a i n s of SCQ · 7 5 Z R M . 2 5Μθΐψθ7, as shown 
i n F i g u r e 7. The sum of P a u l i n g bond o r d e r s f o r the net of two 
apex-apex bonds per Μο^0 6 repeat u n i t i n NaMo^Og i s 0 . 7 7 3 . For 
the n et of one s h o r t and one l o n g apex-apex bond per rep e a t u n i t 
i n Sc 0.75Ζη χ. 25MO1+07 the sum of P a u l i n g bond o r d e r s i s 1 . 0 9 2 . 
T h i s i n c r e a s e of 0 . 3 1 9 f o r the apex-apex bond o r d e r sum i n going 
from the former to the l a t t e r compound d i c t a t e s an i n c r e a s e of 
ca. 0.64 bonding e l e c t r o n s per repeat u n i t . Summed over a l l 
Mo-Mo bonds of the repea t u n i t , the t o t a l bond o r d e r f o r NaMoi+Og 
i s 6 . 3 6 , and f o r S c 0 . 7 5 z n i . 2 5M°i+07 the sum i s 6 . 8 4 . These 

ο 
Table IV. A comparison of Mo-Mo bond d i s t a n c e s (A) i n NaMo i f0 6 

and S c 0 e 7 5 Z n l e 2 5 M o 4 0 7 . 
d (Mo-Mo) 

Bond NaMoi+Og SCQ. 75^1. 25Μοι+07 

( w a i s t - w a i s t ) a 2 . 8 6 1 8 ( 2 ) 2 . 8 8 5 4 ( 5 ) 

( w a i s t - w a i s t ) b 2 . 7 5 3 ( 3 ) 2 . 8 1 7 ( 2 ) 

apex-waist 2 . 7 8 0 ( 2 ) 2 . 7 4 7 ( 1 ) 
2 . 7 8 2 ( 1 ) 

apex-apex 2 . 8 6 1 8 ( 2 ) 2 . 6 2 5 ( 2 ) 

3 . 1 3 9 ( 2 ) 

Bond d i s t a n c e p a r a l l e l t o c h a i n d i r e c t i o n . 

^ Bond d i s t a n c e p e r p e n d i c u l a r t o c h a i n d i r e c t i o n . 
numbers s t r o n g l y i n d i c a t e t h a t a l l MCE fs p a r t i c i p a t e i n bonding 
i n t e r a c t i o n s i n NaMo^Og and t h a t the a d d i t i o n a l e l e c t r o n s r e 
q u i r e d t o form the c h a i n s i n SCQ . 75^1.2 5 M o tf°7 f u r t n e r enhance 
the Mo-Mo bonding. 
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Several important questions then arise. What range of 
electron counts per repeat unit i s permitted i n chain structures 
of this type? What changes may be expected i n the pattern of 
metal-metal bonding within the units as the electron count i s 
varied across the permitted range? What i s the detailed bond 
structure? How many discrete bands separated by forbidden gaps 
w i l l occur? Answers to these and related questions are very 
important as guides to further synthetic work, i. e . what com
pounds are possible, and as a base to understand physical 
properties. At the present time several compounds are known 
having chain structures of the same type discussed here. These 
are found among the rare earth and group III transition metal 
subhalides, v i z . Tb 2Br 3 (20) with 6 MCE; and S c 5 C l 8 ( 2 8 ) , 
Gd 5Br 8 ( 2 9 ) , Tb 5Br 8 (29) and Eri+Is Ç30) with 7 MCE. Thus a 
wide range of MCE counts per repeat unit i s indeed possible. The 
compounds at the low end of the range are composed of both metal 
and nonmetal atoms having r e l a t i v e l y large r a d i i . Because of 
the chain construction, which requires that the average M-M 
separation must equal the nonmetal-nonmetal separation along the 
chain direction, the large nonmetal atoms dictate long M-M 
distances. This condition i s met by metal atoms having large 
r a d i i forming bonds of low net bond order, hence metals with low 
valence electron counts. At the upper end of the range are the 
molybdenum oxide compounds with the much smaller nonmetal atoms, 
comparatively short metal-metal bonds, and higher net bond 
orders. It w i l l be interesting to see i f the gaps between these 
two extremes can be f i l l e d - i n by suitable synthesis and requisite 
matching of MCE with metal and nonmetal r a d i i , and electronic 
band structure. 

Concluding Remarks 
As a f i n a l comment we should note that no ternary moly

bdenum oxide phase has yet been found having discrete octa
hedral cluster units l i k e those found i n the famous Chevrel 
phases MxMo6S8 and M xMo 8Se 8 (31,32). Only in the case of 
Mg3Nb 80 1 1 (33) has a discrete octahedral cluster unit been 
found i n an oxide phase. The existence of the l a t t e r however 
signals opportunity for further research, and taken together 
with the results reported here and those known for a few other 
metal oxides, extensive metal-metal bonded, metal oxide chemistry 
can be anticipated for Nb, Ta, W, Tc and Re. The great 
s t a b i l i t y and unusual structure types observed for the known 
metal oxide cluster compounds should make them interesting candi
dates for the study and development of useful physical and 
chemical properties. 
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Discussion 

J.P. F a c k l e r , J r . , Case Western Reserve U n i v e r s i t y : 
Bob, I f i n d your study t o be most i n t e r e s t i n g . Has i t been 
p o s s i b l e f o r you t o i s o l a t e mixed 0,S phases of the C h e v r e l 
type by oxygen s u b s t i t u t i o n ? 

R. Ε. McCarley: No, we have done very l i t t l e work along 
this l i n e , although I think important results w i l l be obtained 
from studies of mixed 0, S phases. So far we have found no d i 
rect structural analogies between the reduced ternary molybdenum 
oxide phases and the various ternary sulfide or selenide phases 
of the Chevrel type. 

A.R. S i e d l e , 3M C e n t r a l Research L a b o r a t o r y : I f one of the 
extended s t r u c t u r e s d e s c r i b e d by P r o f e s s o r McCarley were t r u n 
c a t e d through a low M i l l e r index p l a n e , can one, f o l l o w i n g the 
appproach of Solomon, p r e d i c t what metal o r b i t a l s would pro
t r u d e from the s u r f a c e so generated? Have u l t r a v i o l e t p h o t o e l e c 
t r o n s p e c t r a been o b t a i n e d on s i n g l e c r y s t a l s of any of these 
m a t e r i a l s ? 

R. Ε. McCarley: In response to the f i r s t question, i t 
should be easy to predict those metal orbitals which would pro
trude from the 001 and 002 faces of NaMo^ô, i . e . those faces 
normal to the direction of chain growth. However, up to the 
present time we have not considered such questions because of our 
generally poor understanding of bonding details i n these extended 
systems. 

In reference to the l a t t e r question, we have obtained UPS 
data on polycrystalline samples of NaMo406, but not on single 
crystals. These measurements indicate a r e l a t i v e l y high density 
of states at the Fermi l e v e l , which i s i n agreement with the low 
r e s i s t i v i t y and metallic character of the material. 
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Low-Valent Dimers of Tantalum and Tungsten 

A. P. SATTELBERGER 
University of Michigan, Department of Chemistry, Ann Arbor, MI 48104 

I am not going to discuss early transition metal oxide or 
alkoxide chemistry here. Instead I would like to use the few 
minutes allotted me to describe our work with low valent dimers of 
tantalum and tungsten. Professor McCarley will no doubt see his 
influence on our work and forgive this digression from the topic 
of his excellent presentation. 

The synthesis of the first quadruply bonded tungsten(II) car-
boxylate, W2(O2CCF3)4 (hereafter referred to as W2(TFA)4), was re
ported by us last year (1). The structure of its diglyme adduct, 
W2(TFA)4.2/3 diglyme is shown in Figure 1. This particular view 
shows the partial contents of two unit cells and it emphasizes the 
tridentate nature of the axially coordinated polyether which 
"stiches" W2(TFA)4 units together in the solid state. We now have 
in hand several other adducts of W2(TFA)4 and one of these, 
W2(TFA)4.2PPh3 (an axial adduct), has been structurally charac
terized (2). Despite many attempts, X-ray quality crystals of un-
solvated W2(TFA)4 have not been obtained. 

The successful synthesis of W2(TFA)4 was the culmination of 
two years of hard work i n our laboratory. In retrospect the syn
thesis now appears t r i v i a l (reaction 1); a l l of our more grandiose 
approaches f a i l e d . We have further streamlined reaction 1 by 

T H F 
W 2C1 6(THF) 4 + 2Na/Hg + 4Na0 2CCF 3 > W 2(TFA) 4 + 6NaCl (1) 

using polymeric WCI4 as the starting material and W2(TFA)4 i s 
usually obtained i n ̂ 65% y i e l d from a "one-pot" synthesis. Our 
efforts to extend this method to other carboxylates have only been 
successful i n the case of W2(02CCMeg)4. Sodium pivalate, l i k e 
sodium trifluoroacetate, i s s l i g h t l y soluble i n tetrahydrofuran 
and this factor appears to be c r u c i a l to the success of reaction 
1. No quadruply bonded products were isolated i n reactions with 
sodium acetate or sodium benzoate, both v i r t u a l l y insoluble i n THF. 

0097-6156/83/0211-0291$06.00/0 
© 1983 American Chemical Society 
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With W2(TFA>4 i n hand and Mo2(TFA>4 already known and well 
characterized (3), we began to pursue comparative spectroscopic 
studies. The results of our IR and Raman experiments have already 
been presented i n preliminary form (1) . We have also measured the 
gas phase photoelectron spectra i n collaboration with Professor 
G. M. Bancroft, Department of Chemistry, University of Western 
Ontario (4). The Hel spectra are shown i n Figure 2. The spectrum 
of Mo2(TFA)^ (top) i s i n good agreement with that published pre
viously by Green and coworkers (5). We also f i n d two peaks below 
the onset of ligand ionization (ca. 12 eV). The peak at 8.76 has 
t r a d i t i o n a l l y been assigned as the δ ionization (5,.6). The 
assignment of the 10.46 eV band i s another matter. SCF-Xa-SW re
sults favor assigning this band as the π ionization (7), whereas 
ab i n i t i o calculations suggest that this band be assigned to over
lapping π and σ ionizations (8,9,10). Cotton has documented a l l 
of the objections to this l a t t e r assignment (6). Now we turn to 
the W2(TFA)^ spectrum. Here we find three d i s t i n c t bands i n the 
region below 12 eV. These are at considerably lower binding 
energy than i n the molybdenum dimer, a feature not inconsistent 
with the greater r e a c t i v i t y (e.g., toward 02or HC1) of W2(TFA)4 re
l a t i v e to Mo2(TFA)4 (1). We have assigned the lowest energy band 
at 7.39 eV as the 6 ionization. The remaining two bands (9.01 and 
ca. 9.76 eV) are separated by 0.75 eV and this presents an assign
ment problem. It might be tempting to assign these as the spin-
orbit components of the 2 E state of W2(TFA)J. However, 0.75 eV i s 
outside the range expected from the spin-orbit interaction, ca. 
0.3 to 0.6 eV (11) and we consider i t unlikely, even taking 0.75 
eV as an acceptable spin-orbit s p l i t t i n g , that the photoionization 
cross sections, width and structure of the two levels would be so 
di f f e r e n t . We are therefore inclined to assign the bands at 9.01 
and 9.76 eV as the π and σ ionizations, respectively. The 
opposite interpretation has been invoked to explain the PES spec
trum of W2Cl4(PMe3)4 (12). Here the separation between the second 
and t h i r d bands i n the spectrum i n 0.4 eV, i . e . , within the range 
expected from tungsten spin-orbit s p l i t t i n g but the band shapes 
are anomolous even considering mixing with the σ and 6 l e v e l s . 

Now I would l i k e to leave tungsten chemistry and describe 
a few of our results i n low valent tantalum chemistry. Our entry 
into this area began with the synthesis (reaction 2) and struc
t u r a l characterization (Figure 3) of the tantalum(III) dimer, 

Ta C l 5 + 2Na/Hg + 2PMe3
 P h C H 3 » Q.5[TaCl 2(PMe 3) 2j 2(μ-Cl) 2 + 2NaCl 

[TaCl2(PMe3)2]2( u-Cl) 2 (13). The short metal-metal bond length 
of 2.710(2)ft has been interpreted as a formal metal-metal double 
bond on the basis of molecular o r b i t a l arguments (13,14). An un
usual feature of this complex i s that i t reacts with molecular 
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S A T T E L B E R G E R Tantalum and Tungsten 

Figure 3. Molecular structure of [TaCl2(PMe3)2]2(^-Cl)2 (13, 14). 
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hydrogen under very mild conditions (1 atm H 2, 25°C) to form the 
quadruply bridged tantalum(IV) dimer, [ T a C l 2 ( P M e 3 ) 2 ] 2 ^ - C l ) 2 ^ - H ) 2 

(13,15). A view of this dimer looking down the Ta-Ta axis i s 
shown i n Figure 4. The bridging hydrogens were not located i n the 
f i n a l difference Fourier of this X-ray structure but a battery of 
spectroscopic techniques 0-H and 3 1 P NMR and IR) places them i n 
the cavity below the bridging chlorides (15)• The (μ-01) 2(μ-Η) 2 

dimer offers a convenient entry back into tantalum(III) dimer 
chemistry (reaction 3) and the product, [TaCl 2(PMe3) 2] 2^-H) 2, n a s 

been characterized by X-ray crystallography (16). This time we 
were fortunate enough to locate the bridging hydrides (Figure 5). 

[ T a C l 2 ( P M e 3 ) 2 ] 2 ( y - C l ) 2 ( y - H ) 2 + 2Na/Hg g l y m e > 

[TaCl 2(PMe 3) 2] 2(y-H 2) + 2NaCl (3) 

The geometry of the Ta 2Cl4(PMe3)4 substructure i s reminiscent of 
the quadruply bonded dimers Μο^Ι^ίΡΜββ)^ and W 2Cl4(PMe 3)^ (17) . 
The room temperature ^H and 31p NMR spectra (Figure 6) of the 
(μ-Η) 2 dimer are inconsistent with the s o l i d state structure. 
Rapid rotation of the end groups and/or bridging hydrides i s re
quired to account for apparent magnetic equivalencies. The mole
cule does, however, have b u i l t i n pseudo-cylindrical symmetry, 
i. e . , one set of metal π-type or b i t a l s binds the bridging hydrides 
and the other set forms the π-component of the metal-metal double 
bond. 

[TaCl 2(PMe3) 2] 2(y-H) 2 reacts with many substrates. Time per
mits me to mention only one - the reaction with molecular hydro
gen. The l a t t e r provides the quadruply hydrogen bridged tantalum 
(IV) dimer, [TaCl 2(PMe3) 2] 2(μ-Η)^ whose X-ray structure i s shown 
in Figure 7. This dimer has crystallographically imposed D 2 (j 
symmetry and a very short (2.511(2)Â) tantalum-tantalum bond 
length (18). Unlike i t s tantalum(III) precursor, the (μ-Η)4 dimer 
i s s t a t i c on the NMR time scale (Figure 8). This i s i n keeping 
with the predictions of Hoffmann and coworkers on (μ-Η)^ dimers 
(19). A l l of the metal π-type or b i t a l s are engaged i n Ta-H-Ta 
bonding and a substantial rotational barrier arises from the over
lap of o r b i t a l s of δ symmetry. This combination i s shown below. 
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Figure 5. Molecular structure of [TaCl2(PMe3)2]'2(μ-Η)2 (16). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

01
9

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



VO
 

00
 

36
0 

M
Hz

 
1
H 

NM
R 

14
5.

Θ
Μ

Η
Ζ 

^P
lS

E
lJ

H
l 

NM
R J
P

H 
=1

3.4
 

Hz
 

Π 

-9
.9

 

J P
H
=1

3.
4H

Z 

_
J

L
L

L
_

_
_ 

a5
2 

1.5
2 

Fi
gu

re
 6

. 
*H

 a
nd

 s
el

ec
tiv

el
y 

de
co

up
le

d 
[f

ro
m

 P
(C

H
3) 3

] 
31
P-

N
M

R 
sp

ec
tr

a 
of

 
[T

aC
l 2(

PM
e 3)

2] 2
-

(μ
-Η

) 2 
in

 C
6D

6(*
). 

P
ro

to
n 

ch
em

ic
al

 s
hi

fts
 (

B
) 

ar
e 

in
 p

pm
 f

ro
m

 M
e J

fSi
. 

31
P

 
ch

em
ic

al
 s

hi
fts

 (
S)

 a
re

 
in

 p
pm

 f
ro

m
 e

xt
er

na
l 

H
3P

O
k 

2 ο ο > g ο ο w g So
 

H H I s H O
 w H 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

01
9

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



19. S A T T E L B E R G E R Tantalum and Tungsten 299 

TV 
8.79 1.47 

Figure 8. 360 MHz Ή-NMR spectrum of lTaCU(FMe3)2]2(^-H)k in C6D6(*). 
Chemical shifts (8) are in ppm from MekSi. The amplitude of the 88.79 signal (4 
bridging hydrides) is twice that of the 81.47 resonance (36 PMes protons) (IS). 
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Discussion 

I would l i k e to make a few comments regarding the photo-
electron spectra presented by Dr. Sattelberger. In referring to 
his spectrum of W2 (^CCFa)^, he has assigned the ionization band 
near 10 eV to be associated with removal of an electron from the 
sigma-bonding o r b i t a l between the two metal centers. This 
assignment i s made primarily on the basis that the s p l i t t i n g of 
this band from the band near 9 eV, and the widely different 
cross-sections for these ionizations, are not consistent with 
spin-orbit effects on the predominantly metal p i bond ionization. 
The occurrence of the sigma ionization i n this region would have 
some important implications. However, there i s considerable 
information, both i n the spectra of the compounds presented by 
Dr. Sattelberger, and from other related work, that indicate 
assignment of this band to the sigma ionization i s not warranted. 
I w i l l r e s t r i c t my comments to the compounds discussed by 
Dr. Sattelberger. 

F i r s t , inspection of the low energy ionization bands pre
sented by Dr. Sattelberger for W2 (^CCFa)^ shows that the band 
near 10 eV i s extremely narrow. I f this band i s assigned to the 
sigma bond ionization, then i t follows that the change in metal-
metal bond distance with removal of an electron from the sigma 
bond i s very small and i s much less than the change that occurs 
with removal of an electron from the delta bond. This point i s 
related to the comments I made i n my contribution following 
Professor Cotton's talk. A narrow band and negligible change 
in bond distance for a sigma ionization i s unprecedented and 
would be quite remarkable. 

Second, spin-orbit effects i n a dimetal system must be 
treated rigorously before stating what i s or is not reasonable 
for the ionization structure. One component of the spin-orbit 
s p l i t p i ionization w i l l mix with the sigma framework of the 
molecule, while the other component w i l l mix with the delta 
framework. These components w i l l have different relaxation ener
gies with ionization, different cross-sections for ionization, 
and different displacement of positive ion potential wells above 
the ground state of the molecule. A prediction of the magnitude 
of these differences i s a major calculational challenge. In view 
of the present l i m i t of our knowledge of the spin-orbit effects, 
interpretation of these ionizations as originating from the p i -
bond electrons cannot be considered unreasonable. 

F i n a l l y , the implication i s made that the sigma ionization i s 
also i n the region of the p i ionization for the molybdenum dimers. 
We have recently carried out an examination of the p i ionization 
of M02(02CCH3)it i n which we observe clear vibrational fine 
structure across the band. This observation i s not expected i f 
two different ionizations, the sigma and p i , are overlapped 
i n the same envelope. Thus, I do not see any evidence at this 
stage that the sigma ionization i s i n the region of the p i 
ionization for these complexes. 
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20 
Dynamic Processes of Metal Atoms and Small 
Metal Clusters in Solid Supports 

G E O F F R E Y A . OZIN and S. A. M I T C H E L L 

University of Toronto, Lash Miller Chemistry Laboratories, 
Toronto, Ontario M5S 1A1 Canada 

Major developments in the field of metal vapor synthe
sis and matrix isolation spectroscopy involving ground 
state metal atomic and cluster reagents over the past 
decade are briefly contemplated. A new direction which 
focuses attention on the chemistry and spectroscopy of 
these reagents in selected excited electronic states is 
the subject of this paper. In particular, matrix cage 
relaxation dynamics, following uv and visible excitation 
of atomic and small cluster guests of copper and silver 
in rare gas lattices will be examined. Reactivity 
patterns of electronically excited metal atomic reagents 
with methane and dioxygen will also be briefly described. 
Metal-support effects involving both ground anexcited 
electronic states of the metal guest-cage unit will 
feature prominently in these discussions. These inter
actions play a critical role in determining reactivity 
patterns and relaxation processes of immobilized metal 
guests and clearly bear a relationship to metal-support 
effects known to be important in supported metal cata
lysts. 

As the main theme of this meeting i s to assess and consoli
date past achievements in various key areas of inorganic/organo-
metallic chemistry, with the objective of gazing deep and hard 
into the f u t u r i s t i c chemical crystal b a l l of the 21st century, 
the purpose of my presentation w i l l be to focus attention on p i 
votal developments in the f i e l d of transition metal atom/metal 
cluster chemistry over the past decade and then to attempt to 
project and forecast some of the more promising directions that 
the area i s l i k e l y to follow in the years ahead. 

If one surveys the exciting growth period of the early seven
ties one cannot help but notice the natural but constrained sub
division of the f i e l d of metal vapor (MV) chemistry into a mac-
roscale synthetic school, conducting experiments usually at 77-
300K and a matrix scale spectroscopic school, working in the lower 

0097-6156/83/0211-0303$07.25/0 
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temperature range of 4.2-300K (1). Recently, the two method 
ologies have been successfully merged to the great benefit of 
both. Currently, both s o l i d state cocodensation and solution 
phase MV experiments of a combined synthetic/spectroscopic type 
are performed on a routine basis in our laboratory (2). Moreover, 
matrix and macroscale MVS equipment i s now commercially available 
(3) . These early studies were aimed at expoliting the often 
unique chemical r e a c t i v i t y of naked metal atoms, molecular metal 
clusters and c o l l o i d a l metal particles in their ground electronic 
states, with each other to form well defined metal aggregates, as 
well as with organic ligands to produce novel reactive i n t e r 
mediates and products with varying degrees of s t a b i l i t y over the 
cryogenic temperature to room temperature range. 

The f i e l d of ground state MVS enjoyed profusive growth in the 
seventies and attracted a multidisciplinary audience of scien
t i s t s . This was because of the wide ranging ramifications of the 
results in f i e l d s as diverse as nucleation theory, photographic 
and xerographic science, cluster and chemisorption model theory, 
catalysis by supported metal clusters, organometallic synthesis, 
homogeneous catalysis, organometal polymers, to name but a few 
(4) . 

Along with the elegant chemical achievements and impressive 
instrumental design, one also witnessed a rapid expansion in 
spectroscopic and k i n e t i c techniques for characterizing matrix 
entrapped atomic/cluster metal vapor reaction products. Noteable 
amongst these pioneering experiments are SIMS (Michl (5)), MCD 
(Grinter(8), Schatz (7)), UPS (Jacobi (8)), EXAFS (Montano (9)), 
NMR (Michl (10)), ESR (Weltner, (11), Kasai (12), Lindsay (13)), 
Mossbauer (Barrett, Montano (14)), optical absorption and f l u o r 
escence (Kolb (15), Ozin (16)), Laser fluorescence, Raman, Reso
nance Raman (Bondybey (17), Nixon (18) Schulze (19), Gruen (20), 
Moskovits (21)). 

Molecular electronic structure calculations of naked metal 
clusters, with nuclearities spanning the range from atom to bulk 
became the focus of intense s c i e n t i f i c interest in the 70*s (22). 
Experimental techniques, on the other hand, for fabricating and 
spectroscopically probing s p e c i f i c clusters developed more slowly. 
Presently, molecular beam and matrix i s o l a t i o n methods have 
emerged as the premier approaches for studying ligand-free metal 
clusters in the gas and condensed phases respectively. Each 
method displays advantages and limitations. 

In the ideal c o l l i s i o n free environment of a molecular beam, 
the properties of a metal cluster can be considered to be truely 
isolated from cluster-substrate effects. Therefore, spectro
scopic methods that can s e l e c t i v e l y extract information from 
metal cluster beams hold great promise for illuminating diverse 
size dependent properties of aggregates of metal atoms in their 
equilibrium configuration (23). 

Condensation of metal atoms and/or metal clusters, with or in 
rare gases at cryogenic temperatures, from either jets or beams 
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represents the other main approach for observing nucleation 
phenomena from isolated metal atoms to bulk metal aggregates in 
a weakly interacting s o l i d support (4,24). In this way, metal 
dispersion, thermal and photolytic behaviour of particular metal 
clusters may be observed. The spectra obtained are often of low 
resolution and observations r e f l e c t not only the properties of 
the guest but also their interaction with the host (25). The 
matrix method appears to be able to provide individual cluster 
properties up to about s i x atoms (4,24,26). Above this size, 
spectral overlap problems between different species in the matrix 
usually preclude an unambiguous determination of cluster nucle-
ar i t y . Nevertheless, the important transition, atom to molecule 
to bulk and quantum size effects in small metal aggregates can be 
studied in this way (26,27). 

Because the size regime of n=l-6 atoms i s of great p r a c t i c a l 
significance to the spectroscopic, chemical and c a t a l y t i c pro
perties of supported metal clusters in both weakly and strongly 
interacting environments (28), i t i s important to study very small 
metal clusters in various types of substrate as well as in the 
gas phase. In this way, one can hope to develop a scale of metal 
cluster-support effects (guest-host interactions) and evaluate 
the role that they play in diverse technological phenomena. 

In the past few years, the f i e l d of metal atom/metal cluster 
chemistry has taken an interesting turn out of the realm of the 
ground electronic state into the world of the excited state. This 
promises to be an intriguing new phase and one with considerable 
potential for new s c i e n t i f i c discovery and technological develop
ment. 

The origi n a l swing of emphasis away from ground state metal 
atom/metal cluster chemistry can be traced to investigations of 
the photoprocesses of these reagents embedded in weakly in t e r 
acting supports, mainly of the rare gas variety (24). Studies of 
this kind revealed that the interactions between the excited 
states but not the ground states of certain matrix entrapped 
metal guests with the surrounding cage, were not quite as inno
cent as might have been i n i t i a l l y anticipated. In fact, these 
metal support effects were of s u f f i c i e n t magnitude to result in a 
range of hithertofore unobserved matrix relaxation processes, i n 
cluding metal atom photodiffusion and aggregation (30), metal 
cluster photofragmentation/fluorescence/cage-recombination (31), 
and metal cluster photoisomerization (32). These photoeffects 
were found to be exceptionally sensitive to the nature of the 
support and unveiled the existence and operation of surprisingly 
strong guest-host interactions. 

It was as a result of investigations of the aforementioned 
kind that a new kind of excited state metal atom/metal cluster 
photoprocess was discovered, involving chemical reaction with the 
support i t s e l f (33). A prerequisit for the successful exploita
tion of this novel kind of chemistry, i s a weakly interacting 
metal atom/metal cluster - cage ground electronic state. Only in 
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this situation i s i t possible to prepare the metal reagents in 
the desired electronic state for investigation of their excited 
state r e a c t i v i t y patterns. This phase of development i s very 
recent and may be considered to have opened up a new era of metal 
vapor chemistry, certainly worthy of consideration by chemists of 
the 21st century. 

Early indicators emerging from studies of the excited state 
chemistry of metal atomic and cluster reagents point to an i n 
teresting and bright future for the f i e l d . Highlights over the 
past year include excited state metal atom agglomeration reac
tions (34), selective photoinsertion processes of metal atoms 
into the CH bonds of p a r a f f i n i c hydrocarbons (33,35), the s p l i t 
ting of dihydrogen (36), dioxygen (37), water and ammonia (38) 
by photoexcited metal atoms, and photoinduced electron-transfer 
processes (37). A taste of the intriguing opportunities that 
this new f i e l d has to offer, can be appreciated from the recently 
discovered selective, room temperature,atmospheric pressure,photo-
heterogeneous dimerization of paraffins to higher saturated alka-
nes on a metal zeolite (39) ,an interesting new avenue i n the quest 
for transforming natural gas ultimately to gasoline hydrocarbons. 

For the remainder of this presentation, I w i l l concentrate 
on some of the more interesting photophysical and photochemical 
properties recently observed for metal atomic and small cluster 
reagents entrapped in non-reactive and reactive s o l i d substrates. 
Attention w i l l be directed to matrix-cage relaxation energetics 
and dynamics following uv and v i s i b l e photoexcitation of atomic 
and small cluster guests of copper and s i l v e r in rare gas,methane 
and dioxygen l a t t i c e s . Metal-support interactions involving both 
ground and excited electronic states of the metal guest-cage unit 
w i l l feature prominently throughout this discussion as they play 
a c r i t i c a l role in controlling the observed r e a c t i v i t y patterns 
and relaxation processes of the entrapped metal guests. 

Results and Discussion 

The major absorption and emission processes of gaseous Cu 
and Ag atoms in the uv-visible range are rather straightforwardly 
interpreted in terms of electronic transitions between an i s o t r o 
pic ad 1 0 ( n t l-l)s 1

 y
2Si/2 ground state and n d 1 0 (n+l)p 1, 2Ρ Χ/? , 3 / 2 and 

n d 9 ( n + l ) s 2 , 2 D 3 / 2 , 5 / 2 excited states (40) .Only the 2S χ /2+2P 1/2 > 3/2 
transitions are both parity and spin allowed although the 

2 D 5 / 2~^Si/ 2 transition i s seen in the emission spectra of 
Ag vapor (41). The 2Pi/ 2 > 3 / 2 terms are almost coincident for 
Cu and Ag atoms .Furthermore,the 2D 3 / 2 , 5 / 2 term of s i l v e r i s almost 
equienergetic with the 2P\l 2 ^ 3 / 2 term, whereas this term for Cu 
l i e s well below that of the 2Pi/ 2» 3/2 term. The spin orbit 
coupling constant for Ag020,7cm-1 ) i s considerably larger than for 
Curtail-1) . 

When these atomic species are embedded in a s o l i d rare gas, 
dramatic alterations in their spectroscopic and photolytic pro-
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perties ensue which can be traced to s p e c i f i c guest-host i n t e r 
actions operating in their ground and excited states (30,31,34). 
These perturbations can be described in terms of attractive van 
der Waals interactions and short range repulsive forces due to 
overlap between charge clouds on the metal and matrix atoms (42). 
It i s evident that the potential energy of interaction between 
a metal atom and a support w i l l in general be different for d i s 
t i n c t electronic states of the metal atom, since the p o l a r i z a b i -
l i t y , r a d i a l extent and symmetry of the electronic charge d i s 
tribution w i l l generally vary from one elctronic state to another. 

One of the objectives of this paper i s to evaluate the spec
troscopic and photochemical consequences of the occurrence of 
markedly disparate guest-host interactions in the ground and 
o p t i c a l l y excited states of Cu and Ag atoms, and some of their 
low nuclearity clusters, in rare gas as well as other supports. 
Original papers should be consulted for d e t a i l s . 

In a l l discussions of metal support effects, whether weak or 
strong, a knowledge of the l o c a l structure and symmetry of the 
metal s i t e i s mandatory.For the s o l i d rare gases, the available 
spectroscopic (43) and theoretical (44) evidence leans heavily 
towards substitutional incorporation into a tetradecahedral s i t e 
with 0 n symmetry, as the most probable location for entrapped Cu, 
Ag and Au atoms. In principle^matrix EXAFS measurements could 
place this proposal on a concrete footing. Comparison of the 
estimated van der Waals diameters of Cu, Ag, Au atoms (4.40,4.70, 
4.60Â respectively) with the known substitutional s i t e diameters 
for Ar, Kr, and Xe solids (3.83, 4.05, 4.41Â respectively) 
suggest that this would be a reasonable trapping s i t e arrangement 
especially for Cu atoms in Xe, although a rather large mismatch 
in size would occur for Ag atoms in Ar matrices. I t i s expected 
that these comparisons are useful only as rough qualitative guide
l i n e s . 

Atomic S i l v e r in Rare Gas Supports 

Consider the absorption spectra for atomically dispersed Ag 
in Ar, Kr, Xe (30) (Figure 1 ) . Instead of displaying the gas 
phase spin-orbit doublet pattern with i t s characteristic 1:2 
intensity ratio for the 2 S \ l i l l >2$\l$12 transitions, one 
observes three well resolved components (major blue site) with 
roughly equal i n t e n s i t i e s , with the s p l i t t i n g between the low 
energy component and the mean of the two high energy components 
being close to the gas phase spin-orbit s p l i t t i n g energy. Exci
tation of any one of these three lines results in rapid bleaching 
at equal rates with concurrent growth of Ag n cluster absorptions 
straddling the Ag atomic bands (29,30). This phenomenon of 
photoaggregation has been found to be a sensitive function of the 
metal dispersion, nature and temperature of the support. During 
the photolysis of these Ag atom-rare gas films one cannot help 
but notice intense v i s i b l e fluorescence (Figure 2 ) . A time 
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308 INORGANIC CHEMISTRY: TOWARD THE 21ST C E N T U R Y 

Figure 1. Optical absorption spectra of well-isolated A g atoms in Ar, Kr, and Xe 
matrices (Ag/inert gas ^l/ΙΟ5) at 10-12 K. (Reproduced from Ref. 30. Copyright 

1980, American Chemical Society.) 
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300 400 500 600 700 nm 

Figure 2. Comparison of the major emission bands of A g atoms isolated in Ar, 
Kr, and Xe matrices. The ordinate represents emission intensity in arbitrary units, 
and the corresponding excitations are illustrated on the absorption spectra at the 

left. (Reproduced from Ref. 30. Copyright 1980, American Chemical Society.) 
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resolved study of the two main emissions for Ag/Xe using a pulsed 
Ν2 laser, yielded corrected radiative lifetimes (^12ns) within a 
factor of two of that of the ̂ 3/2 l e v e l of free s i l v e r atoms 
(6.5±0.6ns at 328nm)(45). This suggests that the fluorescent 
states in question decay exclusively by the observed radiative 
pathways since lifetimes s i g n i f i c a n t l y shorter than the free atom 
values would be expected i f concurrent non-radiative decay pro
cesses were important. The measurements also demonstrate that 
both fluorescent states were formed well within nano seconds 
following excitation of the s i l v e r atoms, consistent with the 
picture of a fast vibrational relaxation process and a r e l a t i v e l y 
long radiative lifetime such that emission occurs after the 
matrix cage has attained i t s f u l l y relaxed configuration. 

This raises the issue of the occurrence of s h i f t s between the 
matrix and the gas phase electronic transition energies. These 
can be understood in terms of differences between the interatomic 
potentials which apply for ground and e l e c t r o n i c a l l y excited 
states of the metal atom in i t s matrix cage. If the net i n t e r 
action energy between the metal atom and the matrix i s not iden
t i c a l in the two states involved in an electronic transition then 
a matrix s h i f t in the transition energy results as seen for Ag 
in Ar, Kr, and Xe. The interaction energy for the excited state 
of the metal atom refers in this context to the interaction where 
the configuration of the rare gas atoms about the metal atom i s 
unchanged between the ground and excited states, that i s the 
l a t t i c e i s "frozen" during the electronic transition. Since the 
interatomic potentials change as a result of the electronic 
transition, there w i l l be a tendency for the rare gas atoms to 
relax to a new equilibrium configuration about the excited metal 
atom. If the guest-host interactions are appreciably different 
between the ground and excited states, then the situation imme
diately following absorption i s one in which the matrix cage i s 
in a state of high vibrational potential energy. In the absence 
of very fast non-radiative electronic relaxation processes the 
system would tend to vib r a t i o n a l l y relax and thus the matrix cage 
would attain the equilibrium configuration appropriate for the 
excited state of the metal atom. In this way part of the elec
tronic energy i s channelled d i r e c t l y into vibrational excitation 
of the host l a t t i c e . 

It i s useful to view o p t i c a l absorption and emission processes 
in such a system in terms of transitions between d i s t i n c t vibra
tional levels of the ground and excited electronic states of a 
metal atom-rare gas complex or quasi-molecule. Since the vibra
tional motions of the complex are coupled with the bulk l a t t i c e 
vibrations, a complicated pattern of closely spaced vibrational 
levels i s involved and this results i n the appearance of a smooth, 
structureless absorption p r o f i l e (25). Thus the homogeneous 
width of the absorption band arises from a coupling between the 
electronic states of the metal atom and the host l a t t i c e vibra
tions, which i s induced by the differences between the guest-host 
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interactions in the ground and excited states of the metal atom. 
Inhomogeneous contributions to the band width most l i k e l y arise 
from the occurrence of a d i s t r i b u t i o n of s l i g h t l y different 
matrix trapping si t e s for the metal atom. 

The fluorescence prof i l e s of Ag in say Kr, b a s i c a l l y shows 
two major emission bands around 415 and 510 nm which can be 
traced through their excitation dependence to originate from the 
three 2S+ 2P atomic components. S p e c i f i c a l l y , the lowest energy 
absroption band gives r i s e to only the lowest energy emission 
system, whereas the two higher energy absorption bands give r i s e 
to both emission band systems. 

The observation of large Stokes s h i f t s for the 2P- 2S tran
s i t i o n of entrapped Ag atoms indicates that the guest-host in t e r 
actions are markedly different for the 2S and 2P states of this 
system and can be explained in terms of matrix cage relaxation 
effects. 

An interesting way to v i s u a l i z e the origin of these s h i f t s 
i s to consider the ways in which twelve rare gas atoms in the 
symmetry of a substitutional s i t e can approach a s i l v e r atom 
in i t s ground and excited states and to evaluate the van der 
Waals attractive forces and repulsive interactions that c o n t r i 
bute to the binding energy of the cage-complex (46). It i s well 
known that one electron wave functions for the |j,m. > spin-orbit 
levels arising from a np 1 configuration can be written in the 
following form (47): 

1 / 2 

I 3/2, ± 3/2 > = (1/2) (ρ χ ± ip )|±l/2> 
I 3/2, ± 1/2 > = ( 2 / 3 ) ^ pJ±l/2> + ( l / 6 ) / 2 ( p a + i p y ) | ; l/2> 
11/2, ± 1/2 > = -(l/3) 1 / 2p z|±l/2> +(l/3) 1 / 2(p x±ip )|; l/2> 

where Ρ χ, Py and p z refer to the real p-orbitals and |± l/2> i s 
the spin function corresponding to mg = ± 1/2. Here 
13/2, ± 3/2> and |3/2, ± l/2> are the degenerate components of 

P3/2 a n d I 1/2, ± l/2> corresponds to 2Pi/ 2 > where each state i s 
a Kramers doublet (48). Multiplication of these wave functions 
by their complex conjugates and integrating over the spin v a r i 
able yields the following expressions for the associated charge 
distributions : 

P3/2, ± 3/2 = 1/2(P X
2 + P y

2) 
P3/2, ± 1/2 = 1/6(Ρ χ

2 + P y
2) + 2/3 p z

2 

P l / 2 , ± 1/2 = 1/3(Ρ χ
2 + P y

2 + P z
2) 

Thus the van der Waals s t a b i l i z a t i o n should be maximized in the 
2P3/2 ±312 state by allowing the rare gas atoms above anà below the 
xy plane to approach the metal atom more closely than those 
lying in the xy plane. In terms of the substitutional s i t e , this 
corresponds to an axial contraction along the z-axis, which 
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s h o u l d l e a d to a d e s t a b i l i z a t i o n of the P 3 / 2> ±l / 2 s t a t e because 
of the o v e r l a p between the p z charge d e n s i t y on the m e t a l atom 
and the charge c l o u d s on the a x i a l r a r e gas atom. An expansion 
along the z - a x i s would r e v e r s e t h i s s i t u a t i o n and cause the 
2 P 3 / 2 , ± 1/2 s t a t e t o be s t a b i l i z e d . I t can be seen i n t h i s way 
th a t an a x i a l d i s t o r t i o n from 0^ symmetry g i v e s r i s e to a s p l i t 
t i n g of the 2 P 3 / 2 l e v e l i n t o 2 P 3 / 2 > ± 3/2 a n c * 2 p 3 / 2> ±l/2 com
ponents such t h a t one of these components i s s t a b i l i z e d by the 
d i s t o r t i o n . These i d e a s can be put on a more s o l i d f o o t i n g by 
d i s c u s s i n g the m a t r i x cage r e l a x a t i o n process i n the 2 P e x c i t e d 
s t a t e of Ag i n terms of a J a h n - T e l l e r e f f e c t . I t can be shown 
t h a t an a x i a l d i s t o r t i o n i s r e q u i r e d by symmetry c o n s i d e r a t i o n . 
The above s i m p l y p r o v i d e s a p h y s i c a l p i c t u r e of t h i s requirement 
i n terms of van der Waals s t a b i l i z a t i o n o f the s i l v e r atom-rare 
gas complex. 

The aspect of the J a h n - T e l l e r problem (49) which i s of i n 
t e r e s t i n the p r e s e n t c o n t e x t i s the form of the n u c l e a r p o t e n 
t i a l energy s u r f a c e f o r a 2 P e l e c t r o n i c s t a t e i n the AgXj2 
q u a s i - m o l e c u l e . T h i s s t a t e t r a n s f o r m s as 2T± i n 0^ symmetry. 
O r b i t a l a n g u l a r momentum i s not quenched i n a T l u s t a t e . I f 
s p i n - o r b i t c o u p l i n g i s v e r y s t r o n g , as i n the case of Ag, then 
the J a h n - T e l l e r e f f e c t i s of secondary importance and the 2 T l u 

s t a t e s p l i t s i n t o 2 G 3 / 2 U
 a n d 2 E i / 2 u s p i n - o r b i t components 

( c o r r e l a t i n g d i r e c t l y w i t h the 2 P 3 / 2 and 2Ρχ/ 2 s t a t e s of the 
f r e e atom) where the symmetry l a b e l s denote i r r e d u c i b l e r e p r e 
s e n t a t i o n s of the double group O^1 a p p r o p r i a t e f o r h a n d l i n g 
h a l f a n g u l a r momenta s t a t e s . I n the l i m i t of s t r o n g s p i n - o r b i t 
c o u p l i n g ( 5 0 ) , i t i s reas o n a b l e t o c o n s i d e r J a h n - T e l l e r i n t e r 
a c t i o n s o n l y i n the 2G 3 / 2 u s t a t e r a t h e r than i n the 2 T l u term 
as a whole, which seems more a p p r o p r i a t e f o r Cu (see l a t e r ) . 
The v i b r a t i o n a l modes t h a t can couple i n f i r s t o r d e r w i t h a 
2 ^ 3 / 2 u s t a t e are c o n t a i n e d i n the a n t i s y m m e t r i c square 
i G 3 / 2 u

2 } = A l g + E g + T 2 g . Co u p l i n g w i t h e g modes s t a b i l i z e s 
t e t r a g o n a l d i s t o r t i o n s from Oh symmetry whereas c o u p l i n g w i t h 
t 2 g modes s t a b i l i z e s t r i g o n a l d i s t o r t i o n s . These a x i a l d i s 
t o r t i o n s remove the degeneracy of the two Kramers d o u b l e t s c o r 
responding to the 2G 3 / 2 u s t a t e . The s o l u t i o n of the s t a t i c p a r t 
of the J a h n - T e l l e r problem i n v o l v i n g a G 3 / 2 u e l e c t r o n i c s t a t e 
i n t e r a c t i n g w i t h eg or t 2 g v i b r a t i o n a l modes i s w e l l known ( 5 1 ) . 
On the b a s i s of the d e s c r i p t i o n g i v e n e a r l i e r of the symmetry 
p r o p e r t i e s of the charge d i s t r i b u t i o n a s s o c i a t e d w i t h the de
generate s u b l e v e l s of a 2 P 3 / 2 s t a t e i t i s suggested t h a t the 
s t r o n g e s t v i b r o n i c c o u p l i n g s h o u l d i n v o l v e e,g s t r e t c h i n g v i 
b r a t i o n s . The form of the t e t r a g o n a l d i s t o r t i o n which i s expec
ted t o be s t a b l i l i z e d by c o u p l i n g w i t h eg s t r e t c h i n g modes (52) 
i s i l l u s t r a t e d i n F i g u r e 3. The form o f the p o t e n t i a l energy 
s u r f a c e (50,51) f o r t h i s case i n the s i m p l e s t t h e o r y i s a l s o 
i l l u s t r a t e d i n F i g u r e 3. The upper and lower branches of t h e 
p o t e n t i a l energy s u r f a c e l a b e l l e d U i and U2 r e p r e s e n t the two 
e l e c t r o n i c s t a t e s which r e p l a c e the o r i g i n a l degenerate s t a t e . 
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20. OZIN A N D M I T C H E L L Dynamic Processes of Metals 313 

Figure 3. A: Tetragonal distortion of an MX12 tetradecahedral complex. B: 
Schematic potential energy surface for a doubly degenerate electronic state in 0h 

symmetry interacting with a doubly degenerate vibrational mode, neglecting anhar-
monicity effects. V represents the nuclear potential energy and Q2 and Q3 represents 
the degenerate components of an eg vibrational mode. C: Scheme of the ground and 
excited state potential energy surfaces for AgX12 cage complexes (X — Ar, Kr, or 
Xe). The absorption and emission processes are illustrated on this configuration 

coordinate diagram f49—51Λ  P
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The separation of the Ui and U2 branches at any point in the 
(Q2> Q3) coordinate space represents the vibronic s p l i t t i n g of 
the G 3/2U state. If anharmonic terms are included in the nu
clear potential then the energy surface looses i t s c y l i n d r i c a l 
character and retains only the three fold symmetry arising from 
the cubic symmetry of the Hamiltonian (53). In this case, the 
potential surface has three equivalent, trigonally disposed 
minima separated by saddle points, the minima corresponding to 
equivalent tetragonal distortions along the x,y,z directions of 
the molecule fixed cartesian coordinate system. The curve 
labelled U3 represents the potential energy surface for the 2Px/2 
state in which account has been taken of the effects of 2P3/2 ~ 
2 p l / 2 mixing by a second order perturbation treatment (53). 

The configuration coordinate diagram described above can be 
used to interpret the major s p l i t t i n g s in the absorption and 
emission spectra of entrapped Ag atoms, including the origin of 
the Stokes s h i f t s , the direction of the s h i f t s Xe>Kr>Ar, the 
temperature dependence of the absorption spectrum, fluorescence 
lifetimes and provides a basis for speculation concerning the 
origin of photoinduced diffusion and agglomeration effects 
described e a r l i e r (30). 

Thus, optical excitation to the ϋχ, U2 or U 3 levels should be 
followed by vibrational relaxation to the minimum point of the 
respective potential energy surfaces and subsequent radiative 
decay to the ground state surface as i l l u s t r a t e d in Figure 3. 
The large Stokes sh i f t s of the emission bands are seen to be the 
consequence of the tendency for distortion of the excited state 
complexes. The s h i f t s arise both from the s t a b i l i z a t i o n of the 
excited state and accompanying destabilization of the ground 
state and i s expected to follow the order Xe>Kr>Ar as observed(30). 

It i s l i k e l y that the destabilization caused by producing 
ground state complexes in the relaxed excited state configuration, 
provides the driving force for photoinduced diffusion of the Ag 
atoms (29). Perhaps the anisotropic forces arising from the 
axial distortion of the A g X x 2 complex, causes the Ag atom in i t s 
ground electronic state to be ejected from i t s trapping s i t e . 
The ejected s i l v e r atom could displace one of the surrounding 
rare gas atoms in such a way that an exchange of the o r i g i n a l s i t e 
positions occur. This would have the effect of moving the s i l v e r 
atom one i n t e r s i t e distance and restoring the o r i g i n a l structural 
arrangement of the trapping s i t e . As the Ag atom absorption 
p r o f i l e s generally tend to retain their well defined structure 
during photoinduced aggregation experiments this suggests that 
the Ag atoms migrate between s i t e s which are not very different 
in structure. 

Atomic Copper in Rare Gas Supports 

At f i r s t glance, the three fo l d s p l i t t i n g of the 2P- 2S absorp
tion band of Cu in Ar, Kr and Xe matrices might lead one to 
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expect similar spectroscopic and photolytic properties to those 
described for Ag atoms (Figure 4). This i s certainly not the 
case and differences can be traced to diminished importance of 
spin-orbit coupling effects and to the a c c e s s i b i l i t y of the low 
lying 2Ι>3/2>5/2 term for Cu compared to Ag atoms (34). These 
changes translate experimentally into d i s t i n c t relaxation mecha
nisms for the excited state cage complexes of Cu and Ag atoms, 
which manifest themselves for example, in different photo-
aggregation kinetic behaviour (54). This can be seen in Figure 5 
where the M/Kr ratio i s lower by a factor of two for Ag compared 
to Cu. 

If similar considerations described for Ag atoms are applied 
to Cu atoms in rare gas solids taking into account that the Jahn-
T e l l e r effect in the 2 T l u excited electronic state dominates 
over that of spin-orbit coupling, then one can proceed with the 
analysis using the o r b i t a l wave functions representing the 2 T l u 

state in 0^ symmetry (49). By neglecting spin-orbit coupling 
and anharmonicity effects, the solution to the problem of 
T l u ® e ^ vibronic coupling, i s an excited state potential energy 
surface in (Q 2, Q3) normal coordinate space which consists of 
three d i s j o i n t (mutually orthogonal) paraboloids (49,51). In 
this case, the 2 T l u +• 2A^g absorption band i s expected to be a 
single Gaussian with a single relaxed emission band from the 
minimum of the upper state paraboloids. This scheme i s not 
consistent with the spectral observations of a threefold s p l i t 
ting of the 2P +• 2S absorption p r o f i l e (34,55). On the other 
hand,for dominant T l u ^ t 2 g vibronic coupling, the upper state 
potential surface has been shown to consist of three sheets with 
four equivalent minima in (Qt+j Q5, Qg) space the l a t t e r being the 
normal coordinates spanning the t 2 g representation (49,51).Such 
a potential energy hypersurface can be seen to y i e l d a threefold 
structure in absorption with the expectancy of a complex emis
sion p r o f i l e . Thus the T j u © t 2 g coupling scheme can accurately 
describe the absorption p r o f i l e of CuXi 2, whereas a strong spin-
orbit and weak vibronic coupling model would appear to be more 
appropriate for AgX 1 2 (30,34,55). 

Photoexcitation of Cu rare-gas films in the region of the 
2P 2S absorption band produces intense narrow emissions bands 
showing large spectral red s h i f t s as seen in Figure 4,(34). 
In contrast to Ag, these emission p r o f i l e s are insensitive to 
variations of the excitation wavelength within the threefold 
structure of the 2P «- 2S absorption band. Simultaneous with the 
photolysis of any of the three 2P +• 2S components, one observes 
gradual bleaching of a l l lines with concurrent formation of C i ^ 
where η = 2 - 5 (34,56). A further intriguing observation con
cerns the appearance of a weak structured emission near 420 nm 
for excitations centered on the secondary atomic s i t e band of Cu 
in a l l three rare gas films (Figure 4), which has been found from 
independent studies of the absorption and emission spectra of 
matrix entrapped Cu 2 to arise from the Α-state of Cu 2 (34). 
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350 400 4 5 0 700 750 
l \ ( n m ) 

8 0 0 850 900 

Figure 4. Fluorescence spectra of Cu atoms isolated in solid Ar at 12 Κ (Cu/Ar ~ 
1/104) uncorrected for instrumental factors. The corresponding excitation wave
lengths are indicated on the absorption spectrum shown at the upper left. (Repro

duced from Ref. 34. Copyright 1982, American Chemical Society.) 

Figure 5. Agglomeration of Cu and A g atoms in solid Kr at 10-12 Κ induced 
by 2P <r- 2S photoexcitation. Experimental conditions were identical except: Cu/Kr 

~ 2/104, and Ag/Kr ~ 1/104 (54). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

02
0

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



20. OZIN AND M I T C H E L L Dynamic Processes of Metals 317 

The major relaxation processes of 2P -«- 2S photoexcited Cu atoms 
in rare gas matrices are summarized in the following scheme (34). 

(1) 
-»Cu(2D) — * Cu(2S)+hv(756,894nm) 

C U ( 2 S ) hv(320nm) > C u ( 2 p ) 

Cu( 2S) 
(2) 

Cu 2 (A 1 n u)^Cu 2 (X^^+hv (415nm) 

- » Cu( 2S) 
(3) 

where the wavelengths in parenthesis apply to Ar. Here (1) and 
(3) represent non-radiative transitions which dissipate part, or 
a l l , respectively of the 2P +• 2S excitation energy into the rare 
gas l a t t i c e . The occurrence of process (1) can be recognized 
d i r e c t l y from the fluorescence spectra since 2P 2S photoexci
tation i s followed by 2D 2S emission with no sign of 2P •> 2D 
fluorescence. Similarly the absence of 2P 2S fluorescence 
suggests that process (3) i s important, since the quantum y i e l d 
for 2D •> 2S fluorescence is s i g n i f i c a n t l y less than unity as 
seen from comparing the fluorescence i n t e n s i t i e s for Cu atoms 
trapped in two different matrix s i t e s , where the majority s i t e 
(>90%) clearly shows a smaller quantrum y i e l d for 2D -> 2S fluore
scence following 2P «- 2S photoexcitation. 

Although the details of these non-radiative transitions are 
not presently clear, i t seems reasonable to suggest that the 
energy released into the matrix by processes (1) and/or (3) could 
account for the observed photo-induced diffusion and aggregation 
processes of Cu atoms in rare gas matrices (34,56). Related to 
this photoinduced diffusion effect i s process (2) of the above 
scheme, which depicts an excited state dimerization reaction 
involving Cu( 2D)+Cu( 2S) separated atoms, forming Cu 2 in an elec
t r o n i c a l l y excited state as seen by the observation of vibra
t i o n a l ^ relaxed A •> X Cu 2 fluorescence following 2P 2S Cu 
atomic excitation.The following points can be cited in support of 
the excited state reaction proposal.First the 2D Cu atom excited 
state i s l i k e l y to be quite long lived as a consequence of the 
forbidden nature of the optical transitions to the ground state. 
Second, the formation of these states should be accompanied by a 
release of considerable energy into the matrix as a result of the 
2P •> 2D non-radiative transition. This could result in " l o c a l " 
melting or matrix softening which would promote diffusion of the 
2D excited Cu atoms and allow for reactive encounters with nearby 
ground state 2S Cu atoms. These considerations suggest that 
photoinduced diffusion and aggregation of Cu atoms in rare gas 
solids i s promoted by 2P ->• 2S and 2P •> 2D non-radiative t r a n s i -
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tions (34), in contradistinction to Ag atoms, which i s believed 
to involve 2P excited Ag atom-cage relaxation processes resulting 
in strong destabilization of ground state Ag atoms (30). 

Dicopper and P i s i l v e r i n Rare Gas Supports 

Studies of the energetics and dynamics of 
gas solids have also been completed (31,34). 
fluorescence spectra are si m i l a r l y indicative 
host interactions in the low lying states of 
than presenting the spectroscopic and photolyt 
summary of the observed radiative relaxation 
and uv excited Cu2 and Ag2 i n rare gas solids 

Cu 2(B) Cu( 2D 3/ 2)+Cu( 2S 1 / 2)^Cu( 2Si / 2)+Cu( 2S 1 / 2) 
hv(400nm) ' ̂  +hv( 756nm) 

Cu2 and Ag2 in rare 
The absorption and 
of strong guest-

Cu 2 and Ag2» Rather 
f t i c d e t a i l s , a 
processes of v i s i b l e 
i s shown below: 

Cu 2ocr 

hv(280nm)" 

(2) 

(3) 
Cu 2(C) >Cu 2(A) + Cu 2(X) + hv(415nm) 

It i s proposed that the B-state of Cu 2 (bound in the gas phase) (57) 
i s s u f f i c i e n t l y strongly destabilized in the matrix to the extent 
that i t i s unstable with respect to dissociation to Cu(2D3/2) + 
Cu( 2Si/2) fragments following photoexcitation of Cu2 from the 
ground state, process (1) in above scheme. The extent to which 
the dissociation actually occurs depends on the l o c a l dynamics 
following photoexcitation and the details of the Cu2~rare gas 
potentials for the s p e c i f i c trapping s i t e involved. 

The absorption and fluorescence spectra of Ag 2 in rare gas 
solids are also clearly indicative of strong guest-host i n t e r 
actions involving the A 1!* and C 1 Instates of Ag2 as sum
marized below: 

(1) Ag 2( 1n u') _ ^ A g 2 ( 1 Z + ) + hv(285nm) 

hv (260nn0 A J 2 < \ >
 ( 2 ) l A g ( 2 S ) 

hv(390nm) 

Ag( zP)+Ag 2( 1S+) 

\ 

l ( 3 ) Ag(2S)+Ag2(1E+)+hv(326,365,420,460,480nm) 

Ag 2( 1Z+) Ag( 2P) + Ag( 2S) 
2Ag( 2S) + hv(460,480nm) 
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The emission spectrum produced by A<-X Ag 2 excitation i s interpre
ted in terms of an excited state Ag 2 dissociation involving 
strong s t a b i l i z a t i o n of the 2P+ 2S Ag fragments,process (4) in the 
above scheme, by matrix cage relaxation effects as described for 
the 2P excited state of Ag i t s e l f . Electronic relaxation of the 
C-state of Ag 2 i s interpreted in terms of matrix cage relaxation, 
process (1), energy transfer to Ag atoms,process (2) and non
radiative decay to the A-state,process (3) followed by cage assis
ted photofragmentation,process (4). 

Excited State Metal Atom Chemistry 

Let us now turn our attention to the newly emerging f i e l d of 
excited state metal atom chemistry. The discovery of the excited 
state dimerization reaction (34): 

Cu( 2D 3/ 2)+Cu( 2S 1/ 2) r a r e g a S> Cu 2(A xn )+Cu 2(X 1E + )+hv(415) 
12K U 9 

indicated that a prerequisit for performing condensed phase 
excited state metal atom chemistry was a weak interaction between 
the ground state metal atomic species and the matrix. This would 
allow for the preparation of the desired excited state metal 
atomic species, as i l l u s t r a t e d in the recently discovered a c t i 
vation of CH^ by photoexcited metal atoms (33): 

C u ( 2 S 1 / 2 ) { C H i + } 1 2
 h v ( 3 2 Q n m )

> C u ( 2 P l / 2 , 3 / 2 ) { C H i + } 1 2 + CH3CuH 
12K 

weak ground state strong excited photoinsertion 
cage-complex state cage-complex 
On the other hand to perform excited state metal atom chemistry 
in the M/CH3Br system i s not quite so straightforward (58): 

M{BrCH3}n hv ^ no reaction 
highly coloured 
strong ground state 
charge transfer complex 

because the metal atomic reagents tend to form strong ground 
state charge transfer complexes,thereby precluding the a b i l i t y of 
achieving the desired metal atomic excited states. One way to 
surmount this d i f f i c u l t y i s to work in dilute matrices as can be 
seen in the ground and excited state r e a c t i v i t y patterns of Cu 
atoms towards dioxygen summarized in the scheme below (37): 

Fe 
Co 
Ni 

CH3Br 
12K 
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P-Cu-0 Ρ hv(290) 

/ 

290nm(LMCT) 
1100cm~1(v00) 

^O-Cu-0 
0 0 
345nm(LMCT) 
1090cm"1(vOO) 

(photoisomerization) 

Cu( zS!/ 2) 

02/Xe \ 
(1/10-1/100) 

12K ^ 

/ 
O-Cu-0 + Cu-0 + Cu( 2S 1/ 2){Xe}i2 

290nm _ 
1100cm" 

224nm _ 
1000cm" 

hv(310) 
12K 

Λ 
Cu -»0 

0 

"0 

0··-Cu = 0 4 
(perturbed 

2 copper oxide 
monomer) 

(Cu( 2P){Xe} 1 2 

I 
Cu( 2D){Xe} 1 2 

(mobile) 

The above reaction scheme was established by a combination of 
uv-visible absorption and fluorescence, i r isotopic substitution, 
esr and kinetic measurements (37). The important point to note 
here i s that i n 0 2 r i c h Xe matrices, ground state Cu( 2Si/ 2) can
not avoid reactive encounters with 0 2 to form Cu(0 2) 2 and Cu(0 2) 
dioxygen complexes,whereas i t i s proposed that the formation of 
CuO, Cu(03) and 0 3 i n dilut e 02/Xe matrices arises from the re
action of a long lived mobile excited state Cu( 2D) with 0 2. On 
the other hand the reactions of photoexcited Ag( 2P) with 0 2 are 
different (37), electron transfer being favoured to form Ag*02~". 
It i s thought that this difference between the GS/ES r e a c t i v i t y 
of Cu and Ag atoms with 0 2 originates i n the a c c e s s i b i l i t y of the 
reactive Cu( 2D) state from the phot o l y t i c a l l y prepared Cu( 2P) 
state which i s not possible for Ag( 2P) as i l l u s t r a t e d i n Figure 6. 

Reactivity differences between 2P ·<- 2S photoexcited Cu and Ag 
atoms have also been observed with CH^ (59). For example com
parative matrix quenching kinetic measurements for Cu and Ag 
atoms i n s o l i d CHI+ show that the f i r s t order rate constant i s con
siderably larger for Cu Fig.7. Detailed studies on the Cu system 
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nearest- next nearest 
neighbor neighbor 

Figure 6. Reaction pathways for ground and excited state Cu and A g atoms in 
02/Xe matrices. (Reproduced from Ref. 37. Copyright, American Chemical 

Society.) 
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(50) show that (i) the rate of chemical quenching by CH1+, CD^ 
and CH2D2 are id e n t i c a l within experimental error, (2) the a c t i 
vation energy for the Cu( 2P)/CHi + reaction i s essentially zero ,(3) 
the quantum y i e l d for chemical quenching of Cu( 2P) by CRi+ i s 
close to unity,(4) isotopic scrambling i s not observed in Cu( 2P)/ 
CHi^/CD^ mixtures and (5) i n the Cu( 2P)/CH 2D 2 reaction the 
[ C U H J / [CuDj r a t i o i n the secondary photolysis channel of 
CH2DCUD/CHD2CUH i s unity within experimental error. C o l l e c t i v e l y 
these results strongly support the direct insertion mechanism 
rather than the energetically less favourable electron transfer 
pathway. Furthermore? reactions of CH^ with the B 1 ! ^ state of 
Cu 2 produced by 378nm photoexcitation of C^/CHi* solids (60), 
show only the formation of CuH+CH3; CH3CUH i s not detected. 
These results provide some indirect evidence for excited state 
s e l e c t i v i t y i n the reactions of Cu with CHi^, that i s the 2P 
state inserts into a CH bond whereas the 2D state abstracts H 
atoms. These ideas have been incorporated into Figure 8 which 
attempts to consolidate the different relaxation processes of 
Cu( 2P) and Ag( 2P) in so l i d CH^. In essence i t i s proposed that 
the higher f i r s t order rate constant for the chemical quenching 
of Cu( 2P) by CH^ arises from the fact that a s u b s t i t u t i o n a l ^ 
incorporated Cu atom i n the p a r t i a l l y ordered phase II of s o l i d 
CH^ (stable below 20K) (61) can sample apex, edge and face con
figurations of CHt+.Thus i f 2P -> 2D non-radiative relaxation i s 
favoured for apex positions, then this could lead to H-atom 
abstraction, whereas the edge or face orientation could lead to 
direct insertion of Cu( 2P). In either case, photoexcited Cu( 2P) 
is e f f i c i e n t l y chemically quenched by CH^. On the other hand,the 
2D state of Ag appears not to be accessible from the 2P state,so 
cage relaxation of apex oriented CH^ molecules around the Ag( 2P) 
state could lead to ground state Ag i n a relaxed CH^ cagf, This 
would cause photoinduced di f f u s i o n of Ag( 2S) atoms for reasons 
similar to those proposed for the rare gases, resulting in Ag 
atom photoagglomeration as a competing pathway to CH^ activation. 
Like Cu, a Ag( 2P) atom lying on an edge or face of CH^ i s pro
posed to be reactive giving direct insertion to CH3AgH. 

Conclusion 

From the above discussion, i t should be possible to appre
ciate how extremely subtle differences i n guest-host interactions 
in the ground and excited states of Cu and Ag atoms and dimers i n 
both non-reactive and reactive supports can lead to dramatically 
d i s t i n c t chemical r e a c t i v i t y patterns and dynamical processes. 
Photochemical and photophysical phenomena of this kind should 
provide chemists of the 21st century with a r i c h f i e l d for fun
damental and applied research, offering considerable scope for 
experimental challenges and i n t e l l e c t u a l stimulation. 
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Ag/CH 4 (^ e x ='332nm;A = 3PO nm) 

Ο 
t(min) 

Figure 7. First-order kinetic plots for the quenching of 2P <r- 2S photoexcited Cu 
and A g atoms in solid CHk at 10-12 K. Identical experimental conditions were used 
with Cu/CHk ~ Ag/CHk ~ 1/104. (Reproduced from Ref. 59. Copyright American 

Chemical Society.) 

4 
(non-radiative 

relaxation) 

- CuH+CH3 

(attraction)N 

Ch^CuH 

(insertion) 

( non-radiative 2_ 
re taxation, mobile AgCS)) 

CI-^AgH 
(insertion) 

(immobilization) 

^Cufo) • cdC) 
(cage assisted 
photodissociation) 

\ 
Cu2(B) 

I n C >378 
Cu2(X) 

^2,3 
(photoaggregation) 

Figure 8. Proposed relaxation schemes for 2P <- 2S photoexcited Cu and A g atoms 
in solid CHk at 10-12 K. 
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Discussion 

R.L. Sweany, U n i v e r s i t y of New O r l e a n s : I was s u r p r i s e d 
a t s e e i n g your r e p o r t of a 2D Cu atom being a b l e to a b s t r a c t 
a hydrogen atom from methane, but, of course, the copper 
atom i s "hot". I wonder i f you see methyl take back i t s hydrogen 
atom a f t e r p h o t o l y s i s or does the r a d i c a l p a i r c o l l a p s e t o 
g i v e HCuCH 3? 

G. A. Ozin: Responding to your f i r s t comment. The 2D Cu atom 
is produced i n d i r e c t l y by 370-400 nm photofragmentation of Cu2 

entrapped in s o l i d CH^. In this photolysis we observe rapid 
bleaching of the Cu2 absorptions, complete quenching of the 2D 
emissions of Cu atoms, e f f i c i e n t photoproduction of 2 S Cu atoms 
and the observation of some CH3 radicals with trace amounts of 
H atoms. 

In contrast, the corresponding Cu2 photolysis i n the s o l i d 
rare gases causes only a small net permanent photodissociation 
of Cu2 and photodissociative y i e l d of 2 S Cu atoms with accom
panying 2D Cu atom emissions being easily observed. 

(1) Ozin, G.A.; Mi t c h e l l , S.A.; Garcia-Prieto, J.; J . Phys. 
Çhem., 1982,86,473; Angew, Chem. Suppl., 1982, 798, 

These observations indicate that 2D Cu atoms react with 
CHi+ according to the scheme shown below: 

cu2(x) ^ ; 4 Ϊ2κ™» C U 2 ( B ) " C u ( 2 D ) + C u ( 2 s ) 

C H L 

(trapped) 
12K 

CH3 + CuH 
(abstraction) 

to give mainly the abstraction products CH3 + CuH, whereas 2 Ρ 
Cu atoms produced d i r e c t l y y i e l d the insertion product CH3CuH 
which fragments v i a a secondary photolysis channel to give 
mainly CH3+CuH. The 2D Cu atom reaction with CHi+ described above 
is thermoneutral or s l i g h t l y exothermic based on the known gas 
phase bond dissociation energy of CuH (65.5 kcal mol" ) and the 
energies of the 2D 5 / 2 (33.6 kcal mol" 1) and 2D3-/2(38.0 kcal mol" 1) 
states respectively. Even so, the Cu(2D)/CHI+ result i s somewhat 
surprising and c l e a r l y suggests that further work i s needed to 
elucidate the excited state r e a c t i v i t y patterns of the Cu atom 
CHi+ reaction. We are actively pursuing this line of research. 

(2) Ozin, G.A.; Mi t c h e l l , S.A.; Mcintosh, D.F.; Garcia-
Prieto, J.; J. Amer. Chem. Soc., 1981, 103, 1574). 

In response to your second enquiry, we do not have any 
evidence for a reaction of the photoproduced CH3 radical with i t s 
hydrogen atom partner (or CHi* i t s e l f ) after photolysis. However, 
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we do have data which depicts the presence of a CH3 radical i n 
teracting with CuH (cf Pimentel and Tan's CH3 . . . . L i l species) 
formed as a product of the Cu(2P)/CHi+ reaction by either 

Cu( 2P) + CHi* C H 3 t f t t CuH (abstraction) 

{Cu( 2P) + CHt* -> CH3CuH (insertion) 
{CH3CuH -> CH 3 t t f tCuH (secondary photolysis) 

Thermal annealing of the CH3,,,CuH interacting pair at 30-35K 
leads to e f f i c i e n t generation of the insertion product CH3CuH, 
which suggests that this reaction i s to some degree exothermic. 
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Synthetic Inorganic Chemistry in Low 
Temperature Matrices 

J . L . M A R G R A V E , R. H .  H A U G E , Ζ. K . ISMAIL , L . F R E D I N , and 
W. E . B I L L U P S 

Rice University, Department of Chemistry, Houston, TX 77001 

Simplicity and spontaneity are two of the attractive features 
of many metal atom reactions which justify the prediction that 
synthetic inorganic chemistry at low temperatures will be an 
important technique in the next two decades. Pimentel,1 Skell,2 

Timms,3 Green,4 Klabunde,5 Andrews,6 Ozin,7 and others have made 
significant contributions to this area. 

For over 15 years we have conducted research utilizing metal 
atoms in low temperature spectroscopic and synthetic studies at 
Rice University.8 Our synthetic work was started in the late 
1960s with the work of Krishnan,9 on lithium atom reactions with 
carbon monoxide, extended by Meier10 in his studies of lithium 
atom reactions with water and ammonia and expanded over the next 
several years to include metal atom interactions with HF, H2O, 
H3N, H4C, and their hundreds of organic analogs--RF, R2O, ROH, 
R3N, . . . H3N, R4C, R3CH, etc.11-15 A most exciting aspect of 
metal atom chemistry seems to lie in the photoassisted insertion 
processes by which one can produce molecules like HMF, HMOH, 
HMNH2, HMCH3, HNC2H5, etc. simply by co-depositing metal atoms 
with the potential reactant material and either through spon
taneous reaction or through photochemically induced reactions 
achieving the formation of new molecular species. This approach 
has already been taken to a multigram preparative scale and there 
seems to be no reason why one cannot move on to preparation of 
industrially significant quantities of organometallic materials 
by this technique. Table I summarizes the studies of Fe2 and 

0097-6156/83/0211-0329$06.00/0 
© 1983 American Chemical Society 
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TABLE I 

A. Reactions of Metal Atoms with H?0 and Isoelectronic Species 

(a) M + HF [M:FH] + HMF •+ MF 

(b) M + H20 -> [M:FH2] -* —» MO 
1 0 1 0 , 1 H O B 

(c) M + NH3 
-> [M:NH3] + Τ Τ Λ Λ Τ Τ Τ MNH 

(d) M + CH. 4 
-> [M...CH4] - H M C H ^ ™ ^ 

(e) M + ROR [M:0R2] + RMOR 

Reactions of Metal Atoms with CO and C0 o 

(a) M + CO ->- [M+,C0"] + [^.(CO)^ * A 2 ^ 2 

e.g. [Li +;"0C Ξ C0";Li +] 

(b) M + C0 2 + [M+,CO~] + [M+, C 20^] + M2 C2°4 

C. Reactions of Metal Atoms with Aliphatic & Cyclic Hydrocarbons 

(a) M + C 2H 6—îiU* HMC2H5 

(b) M + C 3H g HMC3H? 

(c) Fe + cyclo-C QH, — ^ H0C CH 0 

3 6 2 | ,2 
Fe CH 2 

D. Reactions of Elemental Fluorine i n Low-Temperature Matrices 
Al 

(a) F 2 + UF 4 > UF 5 + UF 6 (complete reaction) 
CO 

» HF^ + F 2 (no reaction) 

(b) F + CH. ° r Ν?.) CH (no reaction) CF., CF H, etc. 
Z * 10K * * 

(c) F 9 + C9H, D a r k > (no reaction) — — — * C?H,F , C H F, etc. 
^ 10K 10K z J 
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metal atom chemistry already performed at Rice University and 
some of the various molecules which can be prepared. 

New formulas, new stoichiometries, new structures, new 
reactants, new reducing agents, new oxidizing agents, and new 
areas of chemical research w i l l result from the studies of 
chemical reactions i n low-temperature matrices. 
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Heteroatom Cluster Compounds Incorporating 
Polyhedral Boranes as Ligands 

NORMAN N. GREENWOOD 

University of Leeds, Department of Inorganic and Structural Chemistry, 
Leeds LS2 9JT England 

Synthetic routes to metalloboranes are briefly 
summarized. Two specific aspects of the field are 
selected for more detailed comment: (i) the 
occurrence of exopolyhedral cycloboronation of 
P-phenyl groups; (ii) oxidative cluster closure 
reactions. These topics are illustrated by 
reference to reactions of closo-B10H-102-, nido
-B9H12- and arachno-B9H14- with a variety of IrI 

complexes, and several novel metalloborane cluster 
geometries (as determined by X-ray diffraction 
analysis) are described, notably nido-[Ir(B9H13)Η 
(PPH3)2], iso-nido-[{IrC(OH)B8H6(OMe)}(C6H4PPh2) 
(PPh3)], closo-[Ir2B4H2)(C6H4PPh2)2(CO)3(PPh3)], 
iso-closo-[(HIrB9H8)(C6H4PPh2)(PPh3)], arachno-
[(HIrB8H11Cl)(CO)(PMe3)2], nido-[(IrB8H11)(CO) 
(PMe3)2], and closo-[(HIrB8H7Cl)(PMe3)2]. The 
significance of these results is discussed. 

Boron hydrides are generally regarded as electron deficient 
compounds in which the lack of electrons is compensated by forming 
multicentre bonds which lead to polyhedral cluster geometries of 
the molecules. Three principal series of boranes are now 
recognized: closo-BnHn^", nido-BnHn+l| and arachno-BnHn . In 
addition, there are the hypho-BnHn+fl and precloso-BnHn series (so 
far known only as derivatives) and also the general class of 
conjuncto-boranes BnHm formed by joining together various 
polyhedral fragments from the parent series. Most metals share 
with boron the property of having fewer valency electrons than 
orbitals available for bonding; accordingly, in the early 1960fs, 
we initiated a research programme to investigate the consequences 
of considering metal atoms as honorary boron atoms, so that they 
could be incorporated as vertices within the polyhedral borane 
clusters. This idea has proved enormously fruitful and many 
groups on both sides of the Atlantic have made notable contributions 
to the burgeoning field of metalloborane cluster chemistry. As a 

0097-6156/83/0211-0333$06.00/0 
© 1983 American Chemical Society 
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r e s u l t , i t i s now known that most metals (except the most electro
positive metals of Groups I, I I , and III of the Periodic Table) 
can be so incorporated and to date some 3 0 metals, having 
electronegativities i n the range 1 . 5 - 2 . 2 , have been shown to form 
polyhedral metalloborane clusters (cf. electronegativities of Β 
2 . 1 , C 2 . 5 ) . Equally significant has been the growing recognition 
that boranes and borane anions can act as excellent polyhapto 
ligands to appropriate metal centres (2). These new perceptions 
have greatly expanded the f i e l d of boron-hydride chemistry and 
have led to a deeper understanding of the factors influencing the 
structure, thermal s t a b i l i t y , and chemical r e a c t i v i t y of these 
compounds. 

Synthesis of Metalloboranes 

Numerous routes have been devised for the synthesis of 
metalloboranes. Among the most useful of these are: 
1 . Coordination of a metal by a (polyhapto) borane ligand; 

examples of a l l modes from to r r are known. 
2 . Oxidative insertion of a metal into a borane cluster. 
3 . P a r t i a l degradation of a borane cluster i n the presence of a 

metal complex. 
k. Expansion, degradation, or modification of a preformed 

metalloborane cluster. 
These routes are not mutually exclusive and many syntheses 
involve aspects of more than one category. For example reaction 
of arachno-BoHiU" with Vaska's compound trans-[Ir(CO)Cl(PPI13 )2] 
gives, amongst other products, a small y i e l d of the ni d o - i r i d a -
decaborane cluster [Ir(Bc;Hi3)H (PPh3)2], Figure 1 , whereas i t s 
reaction with the isoelectronic platinum complex cis-[PtCl2PMe2 
Ph)2] gives a high y i e l d of the monodeboronated product arachno-
[Pt(n3-B8H-|2)(PMe2Ph)2], Figure 2 . This l a t t e r product can be 
deprotonated and reacted with a further mole of c i s-[Pt CI2(PMepPh) ̂  
to y i e l d the 1 0-vertex diplatinadecaborane cluster arachno-L£t2 
(n3,n3-B8H-|o)(PMe2Ph)l|], Figure 3 . Whilst 6-subrogated metallo-
decaboranes were previously known [see references c i t e d i n (_1_) ] , 
dimetalladecaboranes had not previously been reported. Mixed-
metal clusters e.g. PtPd, and P t l r can also be prepared by this 
and related routes. Rather than attempt a general review of 
metallaborane chemistry and the use of boranes as ligands (which 
would necessarily be s u p e r f i c i a l i n the space available) two 
specific topics w i l l be selected i n order to i l l u s t r a t e the 
advances that are at present being made and which point to some of 
the ways i n which the f i e l d i s l i k e l y to develop. Both topics 
involve borane cluster complexes with iridium i n various oxidation 
states. 

Exo-polyhedral Cycloboronation 

Recent work by Janet Crook on the reaction of trans-[Ir(CO)CI-
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Figure 2. Structure of 2LT2ichno-[Ptfa3-B8H12)(PMe2Ph)2]; positions of H atoms 
are not determined (4). 
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Figure 3. Structure of arachno-/Ft^ >-tf-BJi10)(FMe2?h)k]; only the borane H 
atoms have been shown for clarity (4). 
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(PPh^o] i n b o i l i n g methanol with the normally unreactive closo-
B10H10 dianion led to the i s o l a t i o n of ten new metalla- and 
dimetalla-boranes, and the structures of eight of these have so 
far been unambiguously established, including the novel ten-vertex 
iso-nido-cluster [ {IrC(OH)EQE^(OMe )} ( C6HUPFI12 ) (PPh3 ) ] shown i n 
Figure h and the equally unexpected exo-bicyclic closo six-vertex 
dimetallahexaborane [ ( i ^ B ^ ) ( CgHl+PPhg )2( c°)3( p P n3) 1 shown i n 
Figure 5. Of the numerous significant aspects of these two 
compounds (5_, 6) a p a r t i c u l a r l y interesting feature common to both 
i s the occurrence of ortho-cycloboronation of one or more P-phenyl 
groups on the t e r t i a r y phosphine ligands. The mechanistic or i g i n 
of t h i s feature (which i s unprecedented i n metalloborane 
chemistry though well established i n organometallic chemistry) 
was unclear. Further work suggested that i t did not occur by 
straightforward elimination of H2 from the acyclic analogues. 

Jonathan Bould has now shown that ortho-cycloboronation occurs 
essentially quantitatively i n certain reactions using 
[lrCl(PPh3)3] as the source of iridium (T.). Thus, as shown i n 
Scheme 1 reaction with nido-B9Hi2~ i n CH2CI2 solution at room 
temperature yields two isomeric forms of the yellow nido 
iridium (III) compound ^, [ ( ΗΙΓΒΟ,Η-Ι 2 ) ( C6Hl|PPh2 ) ( ΡΡηβ ) ] by the 
unusually clean reaction: 

[ l r C l ( P P h 3 ) 3 ] + Β Η " > [(HIrB H^)(ÛgH^PPhg)(PPh 3)] + C l " 
+ PPh 3 

The precise stoichiometry and high y i e l d of th i s reaction suggest 
that a driving force of the ortho-cycloboronation i n thi s case i s 
the provision of the two additional cluster electrons required 
for the nido ten-vertex structure. These can be thought of as 
being provided by two H atoms (the ortho-H atom on the cyclo-
boronating phenyl group and the terminal H atom on B ( 5 ) ) ; the nett 
result i s the formation of an Ir-H-^ and an additional Ir-H u-B(5) 
bond. In fa c t , two isomers of the ortho-cycloboronated nido-
iridadecaborane are formed which d i f f e r i n the arrangement of the 
ligands about the pseudo-octahedral I r ( l l l ) centre; the more 
l a b i l e , can be quantitatively converted into the more stable, 

, by mild thermolysis at 65°C. At s l i g h t l y higher temperatures 
5°C) quantitative loss of 2H2 results i n the smooth production 

of the novel bright orange-yellow iso-closo-iridium(V) compound, 
2 (Scheme 1). It w i l l be noted that the {irBp} cluster (Figure 
6) has the previously unobserved C 3 v symmetry {1^36363} rather 
than the normal Dl|^ bicapped square antiprismatic arrangement of 
vertices. A formal electron count requires 22 electrons (2n + 2) 
for the closo-cluster bonding; of these 18 are supplied by the 
nine boron atoms, leaving k to be contributed by the Ir atom. 
This, together with the Ir-H terminal bond indicates that the 
compound can be regarded as a further example of the growing 
number of compounds i n which the high oxidation state I r ( v ) i s 
sta b i l i z e d by coordination to a 1 s o f t 1 polyhedral borane ligand 
( 5 , 7 , 8 ) . 
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Figure 5. Structure of close--/"(lr2B iH2)(C6H ! tPPh2)2(CO)3(PPhs)] with the P-phenyl 
groups omitted (apart from their ipso C atoms), but with the two ortho-cycloboro-

nated P-phenylene groups retained (6). 
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(2) 

Scheme 1. Reactions of mdo-B9H12~ and arachno-B 9 H n " with [IrCl(PPhs)s] at 
room temperature, and the quantitative thermolvtic dehydrogenation of the products 
at 85 °C to give iso-closo-KHlrÈgHsXCeH^PPhzXPPhs)]. (Reproduced with per

mission from Ref. 7. Copyright 1982, Royal Society of Chemistry.) 
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COD 

Figure 6. Structure of iso-c\oso-f(HIrn9H8)(è6HIfPPh2)(PPhs)] with P-phenyl 
groups omitted for clarity (except for their ipso C atoms). All H atoms were located 

Oh 
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Scheme 1 also shows that t h i s ortho-cycloboronated iso-closo 
iridium(v) compound, ξ, can be formed d i r e c t l y and quantitatively 
by the mild thermolysis of compound ^ which i s the acyclic 
analogue of the cycloboronated isomers ^ and Compound ^, 
whose molecular structure has already been given i n Figure 1, was 
formerly obtained (3.) i n <2% y i e l d by reaction of arachno-BQH-|l+~" 
with trans- [ Ir( CO)Cl( PPI13 )ρ 1 but can now be obtained v i r t u a l l y 
quantitatively (7.) by using the related [lrCl(PFh3)3] instead of 
Vaska's complex. 

Oxidative Cluster Closure Reactions 

In a related set of experiments the complete series of formal 
cluster oxidations from arachno •> n i do closo has been effected 
by mild thermolysis of bis(trimethylphosphine) iridanonaboranes 
(_8 ). Although the p o s s i b i l i t y of such reactions i s implied by 
the structural c l a s s i f i c a t i o n s mentioned at the beginning of this 
lecture, and isolated examples are known as discussed above, the 
complete sequence has not previously been demonstrated. Jonathan 
Bould has shown that reaction of trans-[Ir(CO)CI(PMe^)2] with 
nido-BpHip"" affords a mixture of products amongst which are the 
colourless arachno-[(HIrBflHip)(CO)(PMe3)p] ^ and i t s monochloro 
derivative ^. The c r y s t a l structure of t h i s l a t t e r compound i s 
shown i n Figure 7. Mild thermolysis of ^ (and ^) i n hydrocarbon 
solutions effects a f a c i l e f i r s t - o r d e r denydrogenation to the 
pale yellow nido-analogues £ and £ (Scheme 2 and Figure 8). 
Further heating at 135° results i n loss of a further mole of H2 
and the CO to give a h5% y i e l d of the poppy red closo-iridium(V) 
species (Figure 9) though the process i s now accompanied by some 
decomposition and degradation (which i s even more severe for the 
non-chlorinated compound). Before discussing the mechanistic 
implications of these reactions i t i s worth noting the unique 
cluster geometry of the closo-IrBfl species; t h i s does not adopt 
the usual 03^ tricapped t r i g o n a l prismatic arrangement t y p i f i e d 
by C 1 Q S Q - B Q H Q 2 - and i t s derivatives, but has an idealized C2 V 

cluster geometry which features an η^-'inverted boat' coordination 
of the borane moiety to iridium: the k equivalent Ir-B(2,4,5,7) 
distances are 218 pm and the 2 Ir-B(3,6) are 231 pm. There i s 
no significant bonding between B(2)-B(U) (307 pm) and B(5)-B(T) 
(30U pm) as would be required for tricapped t r i g o n a l prismatic 
geometry; the bonding B-B contacts are a l l within the normal range. 

The mechanistic implications of these f a c i l e formal cluster 
oxidations arachno -> nido -*· closo by nett loss of H2 at moderate 
temperatures are considerable. The processes are accompanied 
by, and presumably assisted by a f l e x i b i l i t y of coordination 
geometry about the Ir atom and also by i t s ready oxidation. The 
metal atom can be seen as a potential source of electrons for 
cluster bonding either by involving i t s lone pairs of electrons or 
by switching between Ir-H-B bridging and Ir-H terminal bonding 
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trans-[i r
I(co)Cl(PMe 3) 2] + nido-B^H^" 

arachno- [ HIr 1 1 H1 £ ) ( CO ) ( PMe ) g ] 

k (colourless) 

® 50-100°C 
100$ yield 

nido-[(lr I I IB 8H 1 1)(CO)(PMe 3) 2] 

£ (pale yellow) (Figure 8) 

135°C 
<{% yield 

closo-[(HIr BQHQ)(PMe ) 2] 

(bright red) 

arachno-[HIr I I IB 8H 1 1CI)(CO)(PMe 3) 2] 

% (Figure T) 

® i 50-100°C 
100^ yield 

nido-[Ir I I IB 8H 1 QC1)(CO)(PMe 3) 2] 

£ (pale yellow) 

-H, 135°C 
1+5$ yield 

closo-[HIr BgH^Cl)(PMe3)2] 

(POPPY r e d ) (Figure 9) 

Scheme 2. Formal cluster oxidation reactions arachno - » nido -> closo. Reactions 
labelled ® and @ follow first-order kinetics with activation parameters: ΔΗ*, 127 

and 122 kJ mol1; and Δ # , 35 and 13 J/K1 mol1. 
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Cl 

Figure 7. Structure of 2^2iC\mo-[(HlrB8H11Cl)(CO)(PMes)2]. The terminal H 
atom on lr(4), mutually cis toP(l) and P(2), was established by NMR spectroscopy, 
which also showed the presence of an ^no-terminal H atom on each Β atom except 
B(l), cndo-terminal Η atoms on B(6) and B(8), and bridging Η atoms between 

B(5,6)andB(8,9)(S). 
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Figure 8. Structure of mao-[IrB8Hu)(CO)(PMe3)2]. ^-{"B} NMR spectroscopy 
showed the presence of an txo-terminal H atom on each Β atom and bridging Η 
atoms between B(6,9) and B(8,9). There is also a bridging Η atom Ir(2)-H-B(5) 

trans to P(1)(S). 

CI 

Figure 9. Structure of c\oso-[(HIrB8H7Cl)(PMe3)2]. Selective 'Η-^Β} NMR 
spectroscopy showed that each Β atom except B(8) has one terminal Η atom attached 
and that there is a terminal Η atom on Ir(l) symmetrically cis to the two Ρ atoms ($). 
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p a i r s . S i m i l a r p r o c e s s e s are known i n o r g a n o m e t a l l i c systems, 
p a r t i c u l a r l y t hose showing a c t i v i t y as hydrogénation c a t a l y s t s . 
However, t h e pr o c e s s e s o c c u r r i n g appear t o be r a t h e r more complex 
tha n t h i s s i m p l e p i c t u r e s u g g e s t s , s i n c e the p o s i t i o n s o f t h e CI 
s u b s t i t u e n t s i n F i g u r e s 7 and 9 i m p l y t h a t some c l u s t e r 
rearrangement (such as a diamond-square-diamond p r o c e s s ) i s a l s o 
t a k i n g p l a c e . One p o s s i b l e sequence which would account f o r t h e 
observed p r o d u c t s i s shown i n F i g u r e 10. 

Figure 10. A possible sequence of skeletal rearrangements occurring during the 
arachno -» nido -» closo cluster closure reactions discussed in the text. 
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Discussion 
W.L. G l a d f e l t e r , U n i v e r s i t y of M i n n e s o ta: The t h e r m o l y s i s 

of a£achno-[(CO)H(PMe 3) 2(IrB 8H 1 2)], i n which H 2 i s e v o l v e d , i s 
an example of a d i n u c l e a r r e d u c t i v e e l i m i n a t i o n . Have you 
observed any dependence of the r a t e on the PMe 3 c o n c e n t r a t i o n ? 
A l s o , do the compounds undergo H/D exchange when p l a c e d i n a D 2 

atmosphere? 

N.N. Greenwood: We have not y e t done the experiments you 
mention, though we have them v e r y much i n mind. 

T. Baker, DuPont C e n t r a l Research: In r e f e r e n c e t o your 
s o - c a l l e d i s o - c l o s o i r i d a b o r a n e complex, H ( P P h 3 ) 2 I r B 9 H 9 , we 
have r e c e n t l y p u b l i s h e d two papers (1,2) d e a l i n g w i t h i s o e l e c -
t r o n i c , i s o s t r u c t u r a l t e n - v e r t e x ruthenacarborane complexes and 
have demonstrated t h a t these s t r u c t u r e s are r e l a t e d t o the 
common c l o s o bicapped square a n t i p r i s m a t i c s t r u c t u r e by the 
removal of two e l e c t r o n s ( i . e . 2N s k e l e t a l e l e c t r o n s f o r an Ν 
v e r t e x p o l y h e d r o n ) . Such complexes have been r e f e r r e d t o as 
h y p e r - c l o s o to imply t h a t the e l e c t r o n i c u n s a t u r a t i o n i s not 
p r i m a r i l y metal-based (as i n , f o r example, n i d o - ( P P h 3 ) 2 R h C 2 B 8 -
H 1 2 (3) or c l o s o - ( P P h 3 ) C l R h ( l , 7 - C 2 B 9 H 1 x ) ( 4 ) , but i s d e l o c a l -
i z e d throughout the p o l y h e d r a l network. The h y p e r - c l o s o s t r u c 
t u r e s i n d i c a t e t h a t w i t h the i n c l u s i o n of a t r a n s i t i o n m e t a l -
c o n t a i n i n g v e r t e x , capped-closo s t r u c t u r e s are not always the 
p r e f e r r e d p o l y h e d r a l g e o m e t r i e s . 

(1) Jung, C.W.; Baker, R.T.; K n o b l e r , C.B.; Hawthorne, 
M.F. J . Am. Chem. Soc. 1980, 102, 5782. 

(2) Jung, C.W.; Baker, R.T.; Hawthorne, M.F. i b i d 1981, 
103, 810. 

(3) Jung, C.W.; Hawthorne, M.F. i b i d 1980, 102, 3024. 
(4) Baker, R.T.; K i n g I I I , R.E.; Long, J.A.; Marder, T.B.; 

Paxson, T.E.; T e l l e r , R.G.; Hawthorne, M.F. i b i d 1982, submit
t e d f o r p u b l i c a t i o n . 

N.N. Greenwood: Whether your compounds are d e s c r i b e d as 
h y p e r - c l o s o or i s o - c l o s o depends on the number of e l e c t r o n s assumed 
to be c o n t r i b u t e d by the metal atom t o the c l u s t e r . I f , as i s 
g e n e r a l l y assumed, ruthenium c o n t r i b u t e s two e l e c t r o n s t o the 
c l u s t e r i n compounds such as y o u r s , then { R U C 2 B 7 } has a c l o s o 22e 
s k e l t a l e l e c t r o n count ( i . e . 2n+2) r a t h e r than a 20e h y p e r - c l o s o 
count. The u n c e r t a i n t y c o n c e r n i n g the most a p p r o p r i a t e c h o i c e of 
f o r m a l o x i d a t i o n s t a t e f o r metals i n c o v a l e n t compounds permeates 
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the whole of organometallic chemistry and can only be resolved 
when experimental evidence from XPS and other techniques provides 
grounds for preferring one particular oxidation state rather than 
another. Fortunately this uncertainty does not normally extend to 
cry s t a l structure déterminâtions and, at least where these are 
available, we are both in agreement about the geometrical 
description of our respective compounds. 

A.J. Carty, Guelph-Waterloo Centre; With regard to the 
rather interesting examples of orthocycloboronation of a triphe-
nylphosphine ligand in the reaction of [lrC&(PPh 3) 3] with nido-
B 9H 1 2 , do you have any information on the mechanisms of these 
reactions? It is thought, for example, that in the case of 
orthopalladation as in the reaction of PdCl^ 2 with azobenzene, 
the mechanism involves an e l e c t r o p h i l i e attack by the metal on 
the arene ring. Could e l e c t r o p h i l i e attack by the borane frag
ment on an arene ring of iridium coordinated Ph3P be a possible 
mechanism here? It is also interesting to note that [lrC&-
(PPh 3) 3] i t s e l f undergoes intramolecular orthometallation, 
although under more severe conditions than used for orthocyclo
boronation. 

N.N. Greenwood; We have not yet undertaken detailed mechanis
t i c studies of the ortho-cyclo boronation reactions but the 
sequence you envisage has also seemed quite plausible to us. 

American Chemical 
Society Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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23 
Reactions of Iridium and Rhodium Complexes 
with the arachno-B4H9- Ion 

SHELDON G. SHORE 
The Ohio State University, Department of Chemistry, Columbus, OH 43210 

Professor Greenwood has provided routes to metalloboranes 
which are derived from the noble metals Pt and Ir and the nido
-B9H12-, arachno-B9H14-, and closo-Β10Η102- ions. We wish to make 
note of some new reactions of Ir and Rh complexes with the 
arachno-B4H9- ion and compare these results with his observations 
of arachno-B9H14-. 

The following reaction studied by Dr. S. K. Boocock produced 
arachno-[Ir(B4H9)(CO)(PMe2Ph)2] in about 60% yield. Its structure 
(Figure 1) was determined by J. C. Huffman and K. Folting of the 

[Ir(CO)Cl(PPh3)2] + K[B4H9] --> [Ir(B4H9)(CO)(PMe2Ph)2] + KCl 

Molecular Structure Center, Indiana University. This compound is 
an analogue of arachno-B5H11 with Ir replacing the apical boron. 
It can also be considered to be an analogue of a metal-1,3-buta-
diene complex since the B4H9- unit is isoelectronic with 1,3-buta-
diene. A similar complex, arachno-[Ir(B4H9)(CO)(PMe3)2] has been 
isolated in about 1% yield from the reaction of trans-
[Ir(CO)Cl(FMe3)2] with nido-B9H12-(1). 

The reaction of arachno-B4H9- cited above differs from those 
described by Professor Greenwood in that there is no oxidative 
transfer of hydrogen from B4 to irridium. Such transfer occurs 
in the reaction of arachno-B9H14- with [IrCl(PPh3)3] and also with 
trans-[Ir(CO)Cl(PMe3)2] to give nido-[Ir(B9H13)H(PPh3)2] in re
spective yields of 85% and 2%. Interestingly, Dr. M. A. Toft 
observed oxidative transfer of hydrogen from B4 to the metal when 
he reacted [RhCl(PPH3)3] with K[B4H9] 

[RhCl(PPh3)3] + K[B4H9] --> [Rh(B4H8)H(PPh3)2] + KC1 + PPh3 

The proposed structure of nido-[Rh(B/»H8)H(PPh3) 2] is shown in 
Figure 2. It is based upon XH, X 1B, 3 1P NMR and IR spectra. 

0097-6156/83/0211-0349$06.00/0 
© 1983 American Chemical Society 
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Figure 1. The molecular structure of arachno-/"lrBkH9){CO)(PMe2Ph)2]. 

H 
I 

Figure 2. The proposed molecular structure of nido-/"Rh(BkHg)H(PPhs)2 J. 
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24 
Platinacyclobutane Chemistry: 
Skeletal Isomerization, α-Elimination, and Ring 
Expansion Reactions 

R. J. PUDDEPHATT 
University of Western Ontario, Department of Chemistry, London, Ontario 
N6A 5B7 Canada 

The rearrangement of platinacyclobutanes to 
alkene complexes or ylide complexes is shown to 
involve an initial 1,3-hydride shift (α-elimina
tion), which may be preceded by skeletal isomeri
zation. This isomerization can be used as a model 
for the bond shift mechanism of isomerization of 
alkanes by platinum metal, while the α-elimination 
also suggests a possible new mechanism for alkene 
polymerisation. New platinacyclobutanes with 
-CH2OSO2Me substituents undergo solvolysis with 
ring expansion to platinacyclopentane derivatives, 
the first examples of metallacyclobutane to 
metallacyclopentane ring expansion. The mechanism, 
which may also involve preliminary skeletal 
isomerization, has been elucidated by use of 
isotopic labelling and kinetic studies. 

Metallacyclobutanes have been proposed as intermediates i n a 
number of c a t a l y t i c reactions, and model studies with isolated 
transition metallacyclobutanes have played a large part i n 
demonstrating the p l a u s i b i l i t y of the proposed mechanisms. Since 
the mechanisms of heterogeneously catalysed reactions are 
especially d i f f i c u l t to determine by direct study, model studies 
are p a r t i c u l a r l y valuable. This a r t i c l e describes results which 
may be relevant to the mechanisms of isomerization of alkanes 
over metallic platinum by the bond s h i f t process and of the 
oligomerization or polymerization of alkenes. 

The proposed mechanism of the bond s h i f t isomerization of 
neopentane i s shown i n Scheme I (1-3). There are now good 
models for each step i n the proposed sequence, but no simple 
transition metal complex can accomplish a l l steps since there 
cannot be s u f f i c i e n t co-ordination s i t e s . The f i r s t steps 
involve α,γ-dimetallation of the alkane, for which there are good 
precedents i n both platinum and iridium chemistry (4, _5, 6). The 

0097-6156/83/0211-0353$06.00/0 
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skeletal isomerization then occurs within the metallacyclobutane 
intermediate. Model studies show that this reaction i s possible 
(equation 1) but do not p o s i t i v e l y show that the carbene-alkene 
intermediate shown i n Scheme I i s necessary (3, 1_> 8) . 

(1) 

CI CI 
Scheme I 

This skeletal isomerization i s strongly retarded by the 
presence of free pyridine and i s not observed when the monodentate 
pyridine ligands are replaced by bidentate ligands such as 2,2 T-
b i p y r i d y l (7). This behavior i s explained by the need to 
dissociate a pyridine ligand before the skeletal isomerization can 
occur, and can be useful i n mechanistic investigations (vide 
i n f r a ) . 

Our f i r s t observations related to the particular skeletal 
isomerization of Scheme I were obtained i n a study of s t e r i c 
effects of ligands on the s t a b i l i t y of platinacyclobutanes (9). 
Three products could be obtained as shown i n equation 2. 

The isolated platinacyclobutane, (I), has the neopentane 
skeleton but the rearrangement products (II) and (III) have the 
isopentane skeleton. Low temperature NMR experiments, when L = 
2,6-dimethylpyridine, showed that at -70°C the product was (I) but 
that this decomposed to (II) at -30°C and then (II) decomposed to 
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(III) at -10°C. The mechanism shown i n Scheme II was therefore 
suggested, involving skeletal isomerization and α-elimination 
from the platinacyclobutane. 

(I) JL=2-Mepy 

L=2,6-Me2py 
CI -H 
Cl 
(III) 

CHMe2 

L—Pt—CH(L)CH 2CHMe 2 (2) 

Cl 
(ID 

At this point i t should be noted that this mechanism i s 
unexpected. Simple platinum alkyls decompose by β-elimination 
whenever possible and there are no well-established examples of 
α-elimination [10]. A l l previous studies have indicated that 
metallacyclobutanes decompose by β-elimination, even for tantalum 
and titanium derivatives for which α-elimination i s a frequent 
mechanism for decomposition of the simple alkyls [11, 12]. There 
i s even a l a b e l l i n g study which appears to prove the 3-elimination 
mechanism for decomposition of platinacyclobutanes (equation 3) 
[13]. 

Cl Me Py/p,o<e 

py I / \ Me 

py 

py 
Cl D D 

C]_Me Me 

Cl D D 

Cl 
I CD2 

-pt-|| 
J CMe(CHMe2) 
Cl 

(3) 

Cushman and Brown proposed that both the yli d e and alkene 
complexes (II) and (III) were formed by a β-elimination mechanism 
as shown i n Scheme III [14]. 

The Schemes II and III are written with a selec t i v e l y labelled 
platinacyclobutane to show how the mechanisms can be distinguished 
i n this way. It can be seen that i n Scheme II the yli d e i s formed 
by a single hydride s h i f t , while the alkene formation requires 
two hydride s h i f t s . As a result the yl i d e CH group i n (V) i s 
adjacent to a CD2 group and should therefore give a singlet i n 
the *H NMR spectrum, while i n the alkene complex products (VI) and 
(VII) the end groups are =CHD. In scheme I I I , on the other hand, 
the y l i d e i s formed by a complex series of β-elimination-insertion 
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steps and the yli d e CH group i n (XI) i s adjacent to CHD group and 
should give a doublet i n the *H NMR spectrum, while the alkene 
complexes (VIII) and (IX) are formed by a single hydride s h i f t so 
that the end groups are =CH2 and =CU2. This w i l l be a ty p i c a l 
result for rearrangement of other sel e c t i v e l y labelled platinacy
clobutanes. 

It was shown that the yli d e formed from [ { P t C l 2(CH 2CMe 2-
CD 2)} n] was (V) by the 1H NMR spectrum, i n the cases where L = 
2,6-dimethylpyridine (at low temperature) or 2-methylpyridine. 
For example, the complex trans- P t C l 2 L ( C H L C D 2 C H M e 2 ) , where L = 
2,6-dimethylpyridine, gave a singlet i n the *H NMR spectrum at 
-30°C [6(CH)6.1 ppm, 2J(PtH)108Hz]. Similar results were found 
for decomposition of the complex [{PtCl 2(CH 2CHPhCD 2)} nl t o t n e 

ylide derivative [PtCl 2L(CHLCD 2CH 2Ph)] (9), so that the formation 
of the ylides according to the α-elimination mechanism of Scheme H 
appears to be general. 

It i s , of course, s t i l l possible that alkene complexes are 
formed by β-éliminâtion. This i s most eas i l y investigated using 
the platinacyclobutane [{PtCl2(CD2CHMeCHMe)}n]. The predicted 
products according to the two opposing mechanisms are shown i n 
equation (4). 

In this case yl i d e complexes are not observed and therefore 
the reactions are very simple. When L = 2-methylpyridine or 
ac e t o n i t r i l e , the product was shown to be (XII) rather than 
(XIII). Complex (XII) could be characterised d i r e c t l y by *H and 
1 3C NMR spectroscopy or, more simply, treated with triphenylphos-
phine to release the alkene. Figure 1 shows the 1 3C{ XH} NMR 
spectrum of the released alkene (together with 2-methylpyridine), 
which cle a r l y shows 1:1:1 t r i p l e t s for carbon atoms C 1 and C** due 
to coupling to deuterium as expected for the alkene from (XII) 
but not from (XIII). In addition, the 2H{1H} NMR spectrum shows 
approximately equal integration for deuterium at C 1 and at C1* 
(15), and the lH NMR spectrum gives a doublet due to v i c i n a l H-H 
coupling for the Me5 signal. This alkene i s therefore formed by 
the α-elimination mechanism of Scheme II . 

This unexpected result promoted us to reinvestigate the 
decomposition of the platinacyclobutane [{PtCl 2(CD 2CMe 2CHMe)} n]. 
In our hands, this gave as pr i n c i p a l product on reaction with 
pyridine the complex [PtCl2(py){CHD=C(Me)CDMe2}] and not the 
product shown i n equation (3). This reaction i s complicated by a 
side reaction apparently involving fS-elimination from one of the 
methyl substituents, but an analysis similar to that described 
above by *Η, 1 3C{ XH} and 2H{1H} NMR spectroscopy showed that the 
major product was formed by the α-elimination pathway (15). 

Thus i t seems that a l l platinacyclobutanes decompose by the 
α-elimination mechanism of Scheme II, and the reactions can be 
understood in terms of the following empirical rules. 

(i) The skeletal isomerization i s fast compared to the 
hydride s h i f t reactions. As a result the ylides and alkene 
complexes frequently have a different carbon skeleton from the 
dominant platinacyclobutane (3, 9, 13-16). 
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Me Me Me Me 

D D D D 

L 1 I L ι L L ι 
Pt-CDCI-^CDM^ Pt=CDCH^CDMe2 PtrCHCD2CHMe2- Pt"CHCD2CHMe2 ι ι 

CHD ÇHD 
Pt-ll PHI 

CHCDMe2 CDCHMc2 

(VI) (VII) 

Scheme II 
Me Me Me Me 

Db DD I 
ι 1 

C H 2 
CHCHMe2 DDMe Me * 
(νιπ) ι, J L 

(IX) 

JL.D Η U l?D I D J 

, CHMep CMe 2 CMe2 CDMe2 

1 i 

Pt—U > Pt-CD Pt-CH < Pt—I 
X H M e 2 CHDCHMe2 CHDCDMe2 π CDMeo 

(X) (XI) ^ 

Scheme III 

? CHD 
L - F f t - « 2 

C l M^VtHDMe5 

(ΧΠ) 
(4) 

C I MÎ3 N C 4 H 2 M e 5 

(XIII) 
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( i i ) . The f i r s t hydride s h i f t occurs as a 1,3-hydride s h i f t 
with transfer of hydride from a CH2 group to the most substituted 
carbon atom, to give a platinum-carbene complex. Some examples 
to i l l u s t r a t e this s e l e c t i v i t y are given i n equations (2) and (3) 
and i n Scheme I I . 

( i i i ) . In some cases the carbene complex i s trapped as an 
yl i d e complex by attack of the ligand L. This occurs i f the 
β-carbon i s primary (e.g. for Pt=CHCH2CHMe2 but not for Pt=CHCHMe-
C H 2 M e ), i f the ligand i s compact (e.g. pyridine or 2-methyl-
pyridine but not usually 2,6-dimethylpyridine) and i f the ligand 
i s a strong base (e.g. pyridine but not a c e t o n i t r i l e ) . The f i r s t 
two conditions are s t e r i c i n or i g i n while the third i s electronic. 

(iv) . If any of the above conditions i s not met, then a 
subsequent 1,2-hydride s h i f t yields a platinum-alkene complex. 

The observed 1,3-shift together with the high s e l e c t i v i t y 
suggest a possible mechanism for the Ziegler-Natta polymerisation 
of alkenes to add to the mechanisms already put forward (17, 18, 
19), as i l l u s t r a t e d i n equation (5), Ρ = growing polymer. 

Amongst other predictions that can be made i s that polymerization 
of CH2=CD2 should give -CHD- units as well as CH2 and CD2 units i n 
the linear polymer, but we know of no experimental evidence on 
this point. 

Skeletal Isomerization and Ring Expansion 

Since β-elimination reactions are often rapid and reversible, 
i t i s surprising that no examples of metallacyclobutane to 
metallacyclopentane ring expansion reactions according to equation 
(6) have been found. 

Schrock has proposed that the reverse reaction occurs during 
some ca t a l y t i c alkene dimerisation reactions (20) but, i n studies 
of decomposition of a l k y l substituted platinacyclobutanes, no 

Ρ 

(5) 

(6) 
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platinacyclopentanes have ever been observed even though they 
would be thermally stable under the reaction conditions used. A 
different approach was therefore used, based on the ring expansion 
commonly observed during solvolysis of cyclopropylmethyl or 
cyclobutylmethyl esters (equation 7) (21). 

CH2OTs H 0 A M Q _ O A C + ^ - j O A c 
100°C 

(7) 
99% 1% 

The required platinacyclobutanes were prepared and solvolysed 
according to equation (8) (OMs = mesylate). 

[{PtCl 2(C 2H-)} 2] + [ XCH 20MS " C 2 H S t { p t C 1 2 C H 2 C R(CH 20Ms)CH 2} n] 

Cl R Cl (8) 

L I \ V L I CH2OMs 
Cl Cl 

XVII, R=H, L=py 
XVIII, R=H, L=h bipy 
XIX, R=Me, L=py 

XIV, R=H, L=py 
XV, R=H, L=h bipy 
XVI, R=Me, L=py 

The solvolyses were conducted i n 60% aqueous acetone at 36°C, 
and products were isolated i n good y i e l d and shown to be 
essentially pure platinacyclopentane derivatives (22). Characteri
sation of products included elemental analysis and *H and 1 3 C NMR 
spectra. P a r t i c u l a r l y s t r i k i n g are the differences i n the 
coupling constants *J(PtC) which are V350 Hz i n platinacyclobu
tanes but 490-550 Hz i n platinacyclopentanes, no doubt due to 
opening up of CPtC angles i n the larger ring. 

In order to determine the mechanism of this novel rearrange
ment, some kinetic and la b e l l i n g studies were carried out. Some 
results are given i n Table I. 

TABLE I 

F i r s t Order Rate Constants and Distribution of 
Isotopic Label for the Reaction of Equation (9) 

% product 
L [py] k o b s(36°C)/s" 1 1-D2 3-D2 

py 0 2.4 χ ΙΟ" 5 86 14 
py 0.32 M 6.0 χ ΙΟ" 6 32 68 
h bipy 0 5.9 χ 10" 6 27 73 
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The solvolyses followed simple f i r s t order kinetics but the 
observation that XIV, with pyridine ligands, was solvolysed four 
times faster than XV, with 2,2'-bipyridine ligands, suggested 
that ligand dissociation might be involved at some stage. In 
confirmation the solvolysis of XIV was found to be retarded i n 
the presence of pyridine, the observed f i r s t order rate constants 
being given by the two term rate expression k 0bs = 5.90 χ 10""6 + 
1.81 χ 10~5/{1 + 275 [py]}. The component which i s independent of 
[py] i s equal to the rate constant for solvolysis of (XV). 

Next, l a b e l l i n g experiments were carried out using the 
complexes [P t C l 2 L 2 C H 2 C H ( * C H 2 0 M s ) C H 2 ] or [ P t C l 2 L 2 C H 2 C H ( C D 2 0 M s ) C H 2 ] , 
where *C = carbon enriched to 7.5% with 1 3C. In either case, 
analysis by 1 3C{ 1H} NMR spectroscopy of the solvolysis product 
when L = py showed that the labelled carbon largely occupied the 
1-position but with some i n the 3-position (equation 9, Figure 2). 

However, the 1 3C NMR method i s not quantitative and the 
products were therefore also analysed by the quantitative 2 H { X H } 
NMR spectra. Typical spectra are shown in Figure 3 and results 
are summarised in Table I. It can be seen that solvolysis of 
(XX), L = pyridine, i n the absence of added pyridine gives largely 
the I - D 2 isomer but that, when s u f f i c i e n t pyridine i s added, the 
s e l e c t i v i t y i s reversed and the product i s largely the 3-D2 
isomer. In no case i s there evidence for deuterium at either the 
1- or 4-position. Solvolysis of (XX), L 2 = 2,2'-bipyridyl gives 
largely the 3-D2 isomer. These results are interpreted i n terms 
of the mechanism shown in Scheme IV. 

For (XX), L = py, i t i s l i k e l y that the major reaction path 
involves i n i t i a l skeletal isomerization to give (XXI) followed by 
rapid solvolysis of this isomer. The solvolysis of this isomer 
i s strongly metal-assisted since the intermediate carbonium ion 
i s s t a b i l i s e d by the metal-alkene resonance form as shown i n the 
Scheme. The product i s the I - D 2 isomer. Now, the skeletal 
isomerization of (XX) i s expected to be retarded by free pyridine 
and cannot occur when L 2 = 2,2 f-bipyridyl (7). Hence under these 
conditions the reaction must occur by solvolysis of (XX) giving 
largely the 3-D2 isomer. However, the product formed under these 
conditions i s s t i l l about 30% of the 1-D2 isomer (Table I ) . 
Either there i s a route to skeletal isomerization which can occur 
without ligand dissociation or else solvolysis of isomer (XX), 
Scheme IV, can give 30% of the I - D 2 isomer. 

These solvolysis reactions essentially transform the isobutyl 
to the η-butyl skeleton and the above results c l e a r l y show that 

(XX) (9) 
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24. P U D D E P H A T T Platinacyclobutane Chemistry 363 

Figure 3. V^HyNMR spectra of products of hydrolysis of {PtCl2Li[CH2CH-
(CD2OMs)CHg]}. Key: a, without added pyridine, largely 1-D2 isomer; and b, with 

added pyridine, largely 3-D2 isomer. 
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this can be accomplished either by skeletal isomerization of the 
platinacyclobutane or by a normal carbonium ion rearrangement. 
Taken together with the e a r l i e r rearrangements to yl i d e or alkene 
complexes, the results establish c l e a r l y that the skeletal 
rearrangement i s of fundamental importance i n the chemistry of 
platinacyclobutanes and lend credence to the proposed mechanism 
of alkane isomerization given i n Scheme I. 
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Discussion 

W.L. G l a d f e l t e r , U n i v e r s i t y of Minnesota: At t h i s time, 
can you make any g e n e r a l i z a t i o n s which would a l l o w you t o 
p r e d i c t when you w i l l see α-hydrogen a b s t r a c t i o n versus 3-hydro-
gen a b s t r a c t i o n ? 

R. J. Puddephatt: Not r e a l l y . I think almost a l l organo
metallic chemists would have predicted ^-elimination from pl a t i n a 
cyclobutanes and that, i f platinacyclobutanes did α-eliminate, 
then most other metallacyclobutanes should also. Both predictions 
would have been wrong and the reasons are s t i l l obscure. In a 
more general observation, although we now know the mechanisms of 
many of the fundamental organometallic reactions, we know very 
l i t t l e about factors which influence s e l e c t i v i t y . In the present 
case, one could argue i n terms of the re l a t i v e s t a b i l i t i e s of 
carbene-hydride vs. η-alkyl-hydride intermediates but, since 
nothing i s known about either class of compound i n platinum (IV) 
chemistry, the arguments are not convincing. More experimental 
work i s needed to establish general patterns of behavior for other 
metals. 
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A . J . C a r t y , Guelph-Waterloo C e n t r e ; I t might be expected 
t h a t the f a c i l i t y w i t h which m e t a l l o c y c l o b u t a n e s undergo 
a- o r β-eliminations would be r a t h e r dependent on the p r o x i m i t y 
of hydrogen atoms on the a- or 3-carbon atoms to the m e t a l . 
In o t h e r words, t h e r e might be a s t r u c t u r a l dependence. I s 
t h e r e any evidence t h a t such s t r u c t u r a l f e a t u r e s c o n t r i b u t e 
s u b s t a n t i a l l y t o the p r e f e r r e d r e a c t i o n pathway? 

R. J. Puddephatt: The ^-elimination mechanism requires 
considerable puckering of the platinacyclobutane ring to bring 
the 3-hydrogen atom close to platinum. We, i n collaboration with 
J.A.Ibers 1 group, have shown that some platinacyclobutanes have 
almost planar PtC3 rings i n the s o l i d state but that the rings 
are puckered by about 25° i n solution, indicating that the a c t i 
vation energy for puckering i s small(l). However, i t i s possible 
i n these Pt((IV) complexes that the more extreme puckering which 
must precede 3-elimination i s prevented by s t e r i c hindrance of the 
a x i a l halogen substituents. It would be interesting to find i f 
platinum(II) derivatives, for which this hindrance should be much 
less , undergo a- or 3-elimination. 

(1) J. T. Burton, R. J. Puddephatt, N.L. Jones and J. A. 
Ibers, J. Am. Chem. Soc., submitted for publication. 

R.R. Schrock, M.I.T.: Have you or anyone e l s e prepared 
p l a t i n u m ( I V ) m e t a l l a c y c l o b u t a n e complexes w i t h a l k o x i d e l i g a n d s 
i n p l a c e of c h l o r i d e s ? One might expect the a l k o x i d e complexes 
t o behave c o n s i d e r a b l y d i f f e r e n t l y t h a n the c h l o r o complexes, 
perhaps l i k e e a r l y t r a n s i t i o n metal complexes. 

R. J. Puddephatt: No. Nobody has prepared such complexes 
and the synthesis i s not t r i v i a l . Substitution of halide ligands 
i n octahedral platinum(IV) derivatives i s t y p i c a l l y very slow, and 
a better route (suggested by J. K. Kochi) might involve oxidation 
of platinum(II) metallacyclobutanes with peroxides. It would 
certainly be worthwhile to attempt this synthesis i n view of the 
promise of enhanced r e a c t i v i t y . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

02
4

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



25 
Multiple Metal-Carbon Bonds in Catalysis 

RICHARD R. SCHROCK 

Massachusetts Institute of Technology, Department of Chemistry, 
Cambridge, MA 02139 

The presence of alkoxide ligands slows down the rate 
of rearrangement of tantalacyclobutane rings and 
probably also speeds up the rate of reforming an 
alkylidene complex and an olefin. However, tantalum 
and niobium alkylidene complexes are not good olefin 
metathesis catalysts because either intermediate 
methylene complexes decompose rapidly, or because 
intermediate alkylidene ligands rearrange to olefins. 
Tungsten(VI) oxo and imido alkylidene complexes will 
metathesize olefins, probably because rearrangement 
processes involving a β-hydride are even slower as a 
result of the π-electron donor abilities of the oxo or 
imido ligand. Disubstituted acetylenes are metathe-
sized by tungsten(VI) alkylidyne complexes containing 
t-butoxide ligands. When chloride ligands are present 
instead of t-butoxides, a tungstenacyclobutadiene 
complex can be isolated. It reacts with additional 
acetylene to give a cyclopentadienyl complex. Tanta
lum neopentylidene hydride complexes react with 
ethylene to form new alkylidene hydride complexes in 
which many ethylenes have been incorporated into the 
alkyl chain. The polymer that slowly forms in the 
presence of excess ethylene is approximately a 1:1 
mixture of even and odd carbon olefins in the range 
C50-C100. 
E.O. Fischer's discovery of (CO)5W[C(Ph)(OMe)] in 1964 marks 

the beginning of the development of the chemistry of metal-carbon 
double bonds (1). At about this same time the olefin metathesis 
reaction was discovered (2)9 but i t was not until about five years 
later that Chauvin proposed (3) that the catalyst contained an 
alkylidene ligand and that the mechanism consisted of the random 
reversible formation of all possible metallacyclobutane rings. Yet 
low oxidation state Fischer-type carbene complexes were found not 
to be catalysts for the metathesis of simple olefins. It is now 

0097-6156/83/0211-0369$06.00/0 
© 1983 American Chemical Society 
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v i r t u a l l y ce r t a in that the a lky l idene chain t ransfer mechanism i s 
cor rec t and that the most ac t ive ca ta lys t s are d° complexes (count
ing the CHR l igand as a d i an ion ) . In t h i s a r t i c l e I ' d l i k e f i r s t 
to trace the events and f indings which l ed to our concluding that 
d° a lky l idene complexes were responsible for the rapid c a t a l y t i c 
metathesis of o l e f i n s . Then I want to present some recent r e su l t s 
concerning the polymerizat ion of ethylene by an a lky l idene hydride 
c a t a l y s t , and f i n a l l y some resu l t s concerning the metathesis of 
acetylenes by tungsten(VI) a lky l idyne complexes. We w i l l see that 
an important feature of much of the chemistry of mul t ip le metal -
carbon bonds i s the ro le played by a lkox ide , oxo, or other 
π-bonding l igands . Such observations are congruent with some 
recent ideas and resu l t s Chisholm discusses elsewhere i n t h i s 
volume concerning alkoxide l igands i n organometallic chemistry. 

Tantalum and Niobium Neopentylidene Complexes (4) 

The f i r s t neopentylidene complex was prepared by the react ion 
shown i n equation 1 (5). Although the exact d e t a i l s of t h i s reac-

Dentane 
Ta(CH 2CMe3) 3Cl2 + 2LiCH2CMe3 - • Ta(CHCMe3)(CH2CMe3)3 (1) 

t i o n are s t i l l unclear ( £ ) , i t i s almost c e r t a i n l y a version of 
what has come to be c a l l e d an α-hydrogen atom abst ract ion r eac t ion . 
The best studied example of α-hydrogen atom abst ract ion i s the 
in t ramolecular decomposition of Ta(T)5-C5H5)(CH2CMe3)2Cl2 to 
Ta(îi 5-C5H5)(CHCMe 3)Cl2 (7_). But the simplest and most general i s 
the α-hydrogen atom abst rac t ion i n M(CH2CMe3)2X3 M = Nb or Ta, X = 
Cl or Br) promoted by oxygen, n i t rogen, or phosphorus donor l igands 
( 8 ) . The r e s u l t i n g octahedral molecules of the type M(CHCMe 3)L2X 3 

oTfered an ideal opportunity to study how a neopentylidene complex 
of Nb or Ta reacts with a simple o l e f i n . 

A complex such as Ta(CHCMe 3 )(PMe 3 )2Cl 3 reacts r ead i ly with 
ethylene, propylene, or styrene to give a l l of the poss ible pro
ducts (up to four) which can be formed by rearrangement of i n t e r 
mediate metallacyclobutane complexes (two for subst i tu ted o l e f i n s ) 
by a β-hydride e l imina t ion process ( e . g . , equation 2) ( £ ) . We saw 

absolute ly no evidence for a meta thes is - l ike react ion u n t i l we 
s tudied the complexes M(CHCMe 3)(THF)2Cl 3 (M = Nb or Ta) . In t h i s 
case we found low but reproducible y i e l d s (5-15%) of 3 ,3-dimethyl-
1-butene upon react ing M(CHCMe 3)(THF)2Cl 3 with ethylene, and i n the 
case of cis-2-pentene, -6 turnovers to 3-hexenes and 2-butenes. We 
reasoned~"tiïat the rate of metathesis of the MC3 r i ng was faster 

-CMe4 

+ (2) 
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r e l a t i v e to the rate of rearrangement of the MC3 r i ng when an 
oxygen donor l igand was present i n place of a phosphine l i g a n d . 
Therefore we prepared t-butoxy complexes such as Ta(CHCMe3)-
(0CMe3)2(PMe3)Cl i n order to see i f s e l ec t ive metathesis of an 
i n c i p i e n t MC3 r i n g would r e s u l t . 

Ta(CHCMe3)(0CMe3)2(PMe3)Cl reacts with ethylene, s tyrene, or 
1-butene to give l a rge ly t -butyle thylene (equation 3 ) . 

Ta=CHR • Bu*CH=CH2 M 
(R = H,Ph,or Et) 

When styrene i s the o l e f i n the r e s u l t i n g benzylidene complex can be 
trapped i n the presence of addi t ional PMe3 to give Ta(CHPh)-
(0CMe3)2(PMe3)2Cl. Neither the methylene nor the propylidene com
plex could be observed, but i n the case of 1-butene we could trace 
the fate of intermediate metallacyclobutane and a lky l idene com
plexes . Metathesis of 1-butene was not successful for two reasons. 
F i r s t , an intermediate β-ethylmetallacyclobutane complex rearranges 
to 2-methyl-1-butene. Second, intermediate methylene complexes 
decompose by a bimolecular react ion to give ethylene. 

In contras t to the f a i l u r e to metathesize terminal o l e f i n s , 
i n t e rna l o l e f i n s such as cis-2-pentene can be metathesized to the 
extent of ~50 turnovers. The chain terminating react ion i n t h i s 
case i s rearrangement of intermediate ethylidene and propylidene 
complexes (equation 4). Both rearrangement of intermediate t r i s u b -

M=C'" • CH2=CHR (R = H or Me) (4) 
N CH 2 R 

s t i t u t e d metallacyclobutane complexes and bimolecular decomposition 
of monosubstituted a lkyl idene complexes must be slow enough to 
a l low a s i g n i f i c a n t number of steps i n the metathesis react ion to 
proceed. Rearrangement of intermediate a lky l idene complexes then 
becomes the major termination step. 

There had been some evidence that alkoxide l igands slow down 
react ions which involve e l imina t ion of a β-hydride from an a l k y l 
l i g a n d . α -Olef ins are dimerized to a mixture of head- to- ta i l and 
t a i l - t o - t a i l dimers by o l e f i n complexes of the type Ta(Ti 5-C5Me5)-
(CH2=CHR)Cl2 (10K The β,β'- and a,β ' - d i subs t i tu ted t an t a l acyc lo -
pentane complexes are intermediates i n t h i s r eac t ion . Their 
decomposition involves the sequence shown i n equation 5. When one 
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ch lo r ide l igand i n the c a t a l y s t i s replaced by a methoxide l igand 
the rate of o l e f i n d imer izat ion decreases by a factor of approxi 
mately 10 2 as a r e su l t of the greater s t a b i l i t y of the t an t a l a -
cyclopentane complexes. Although i t could not be proven, i t was 
f e l t that the f i r s t step, β-hydride e l i m i n a t i o n , had been slowed 
down s i g n i f i c a n t l y . Therefore i t was f e l t that the β -e l imina t ion 
process by which tantalacyclobutane complexes rearranged to o l e f in s 
at l eas t would be slowed down by replac ing two ch lo r ide l igands i n 
Ta(CHCMe3)(PMe 3)2Cl 3 wi th t-butoxide l igands . The question as to 
whether the rate of metathesis of the TaC 3 r i ng increases upon 
rep lac ing ch lor ide by t-butoxide l igands i s s t i l l open. However, 
on the basis of some resu l t s we present l a t e r concerning acetylene 
metathesis i t seems l i k e l y that t-butoxide l igands encourage 
reformation of the metal-carbon double bond. 

O le f in Metathesis by Tungsten Oxo and Imido Complexes 

In retrospect i t i s not su rp r i s ing that the niobium and tanta
lum a lky l idene complexes we prepared are not good metathesis ca ta 
l y s t s since these metals are not found i n the " c l a s s i c a l " o l e f i n 
metathesis systems [2). Therefore, we set out to prepare some 
tungsten a lky l idene complexes. The f i r s t successful react ion i s 
that shown i n equation 6 (L = PMe3 or PE t 3 ) These oxo 

Ta(CHCMe 3 )L 2 Cl 3 + W(0)(0CMe3)4 • (6) 

Ta(0CMe 3 ) 4 Cl + W(0)(CHCMe 3 )L 2 Cl 2 

a lky l idene complexes are octahedral species i n which the oxo and 
a lky l idene l igands are c i s to one another and the W(0)(CHCp) atoms 
a l l l i e i n the same plane (12). This type of s t ructure cah be 
r a t i o n a l i z e d e a s i l y on the Bas is of the fact that the oxo l igand i s 
an exce l l en t π -e lec t ron donor (13). Therefore, the oxo l igand uses 
two of the ava i l ab l e three d orBTtals of π-type symmetry to bond to 
W, leaving only one to form the π-bond between W and the a lky l idene 
l i g a n d . Several d i f fe ren t types of oxo neopentylidene complexes 
have been prepared inc lud ing W(0)(CHCMe 3 )(L)Cl 2 , 
[W(0)(CHCMe3)L 2 Cl] + , and [W(0)(CHCMe3)L 2 ] 2 + . Characterizeable oxo 
neopentylidene complexes have not yet been prepared d i r e c t l y from 
oxo neopentyl complexes by α-hydrogen abst rac t ion reac t ions , 
although Osborn has presented some evidence that they could be 
(14) . Another p o t e n t i a l l y important method of preparing oxo 
aTFylidene complexes i s by adding water or hydroxide to a lky l idyne 
complexes (see l a t e r ) as shown i n equation 7 (15). 

[W(CCMe 3 )Cl 4 ] - + 2PEt 3 + E t 3 N + H 20 — ^ (7) 

W(0) (CHCMe 3 ) (PEt 3 ) 2 Cl 2 
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25. SCHROCK Multiple Metal-Carbon Bonds in Catalysis 

Imido a lky l idene complexes were f i r s t prepared by a react ion 
analogous to that shown i n equation 6. Recently they have been 
prepared from imido a l k y l complexes by well-behaved α-hydrogen 
abs t rac t ion reactions (16). Imido neopentylidene complexes seem to 
be more stable than oxo neopentylidene complexes, poss ibly because 
the oxo l igand i s s t e r i c a l l y more access ib le to Lewis ac ids , 
i nc lud ing another tungsten center . 

Oxo a lky l idene complexes react with o l e f in s i n the presence of 
a trace of A1C13 to give new a lkyl idene complexes ( e . g . , b e n z y l i -
dene, methylene, ethylidene) (11a). Both terminal and in te rna l 
o l e f i n s can be metathesized slowly i n the presence of aluminum 
c h l o r i d e . Probably the best ca ta lys t s are the i o n i c species , 
[W(0)(CHCMe3)(PEt3)2Cl] +AlCl4- and [W(0)(CHCMe3)(PEt3)2] 2 +(AlCl 4-)2 
i n dichloromethane or chlorobenzene (17). Of the order of 10-20 
turnovers per hour for a day or more are possible with these ca t -
i o n i c c a t a l y s t s . These studies demonstrate that t r ansa lky l idena -
t i o n i s possible with a d° tungsten a lkyl idene complex that w i l l 
metathesize o l e f i n s s lowly , but conv inc ing ly . There i s s t i l l con
s iderable doubt concerning the ro le of the Lewis a c i d . However, 
the fact that W(0)(CHCMe3)(PEt3)Cl2 (18) metathesizes o l e f in s more 
r ap id ly i n i t i a l l y than the s ix-coordina te complexes ( in the 
presence of AICI3) es tabl ishes that a Lewis acid i s not requi red . 
On the basis of these studies and some ca l cu la t ions by Rappe and 
Goddard (19) i t would seem incon t rove r t ib l e that the oxo l igand 
prevents reduction of the metal and perhaps also enhances the rate 
of reforming an a lky l idene complex from a metallacyclobutane com
p l e x . The next question was whether other strong π-donor l igands 
such as alkoxides could take over the oxo's function ( l i b ) . 

Osborn's discovery (14) that aluminum hal ides bincTto oxo 
l igands i n tungsten oxo neopentyl complexes, and that these com
plexes decompose to give systems which w i l l e f f i c i e n t l y metathesize 
o l e f i n s , ra ised more questions concerning the ro le of the Lewis 
a c i d . A subsequent communication (20) answered some of the ques
t i o n s ; the aluminum hal ide removes Î i ïe oxo l igand and replaces i t 
wi th two hal ides to y i e l d neopentylidene complexes (equation 8 ) . 

Addi t iona l aluminum hal ide coordinates to an ax ia l hal ide to give a 
species which w i l l metathesize o l e f in s extremely e f f i c i e n t l y . 
These studies demonstrate that two alkoxide l igands can take the 
place of an oxo l igand and that aluminum ha l ides , by coordinat ing 
to a hal ide l i g a n d , can generate an e f f i c i e n t and l o n g - l i v e d ca ta 
l y s t . I t i s poss ible that [W(CHR)(0R)2(Br)] +AlBr4" i s responsible 
for the c a t a l y t i c a c t i v i t y , but at low concentrat ions, and i n the 

+ AIBr 3 
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presence of excess o l e f i n , bimolecular decomposition of the 
c a t i o n i c species should be slow. 

The Reaction of Tantalum Neopentylidene Hydride Complexes with 
Ethylene — 

A few years ago I v i n , Rooney, and Green made a provocative 
suggestion for which there was only tenuous experimental support 
(21) . They suggested that s te reospec i f ic propylene polymerizat ion 
by~7iegler-Nat ta ca ta lys t s could be explained by a mechanism 
i n v o l v i n g react ion of the o l e f i n with an a lky l idene l igand i n an 
a lky l idene hydride c a t a l y s t . We set out to tes t t h i s proposal by 
preparing and studying tantalum a lky l idene hydride complexes (22). 
One of these, Ta(CHCMe 3)(H)(PMe 3)3Cl2, reacted r ead i ly with e t h y l 
ene to give nei ther products of rearrangement nor metathesis of an 
intermediate tantalacyclobutane complex. High b o i l i n g products 
were formed but we could not obtain consis tent r e s u l t s . However, 
r e su l t s using Ta(CHCMe 3 )(H)(PMe 3 ) 3 l2 were consis tent and repro
ducib le (23). 

Ta(CflCMe3)(H)(PMe 3) 3l2 i s probably a pentagonal bipyramidal 
complex containing an ax ia l neopentylidene l igand with the phos-
phines, one i od ide , and the hydride i n the pentagonal plane ( c f . 
Ta(CCMe 3)(H)(dmpe)2(ClAlMe 3) (24)) . The lH NMR signal for the 
hydride l igand i s a c h a r a c t e r i s t i c octet at δ 8.29 while the broad 
a lky l idene α-proton signal i s found at δ -1 .76 . On addi t ion of a 
l i m i t e d quantity of ethylene v i r t u a l l y i d e n t i c a l lH NMR patterns 
appear at δ 7.74 and δ -0.73 consis tent with formation of a new 
complex, Ta(CHR)(H)(PMe 3 ) 3 l2 ; -50% of the o r i g i n a l Ta(CHCMe 3)(H)-
(PMe 3 )3l2 remains. The v o l a t i l e s formed on treatment of t h i s 
mixture with CF3CO2H cons i s t of neopentane (-50%), and the alkanes 
Me3C(CH2CH2)nCH3 where η = 1, 2, 3, and 4 (-50% to t a l y i e l d ) , 
cons is tent with hydro lys i s of Ta[CH(CH2CH2) nCMe 3](H)(PMe 3)3l2. 
When CD2CD2 i s used the new product i s Ta(CDR)(D)(PMe3)3l2. 

When excess ethylene i s added to Ta(CHCMe3)(H)(PMe3)3l2 a pale 
green polymer slowly forms which weighs approximately four times 
the o r i g i n a l weight of Ta(CHCMe3)(H)(PMe3)3l2 af ter two days; at 
t h i s point any further increase of the weight of the polymer i s 
n e g l i g i b l e . Hydrolysis of the pale green polymer y i e lded a white 
organic polymer which was shown by f i e l d desorption mass spectral 
s tudies to cons i s t of approximately a 1:1 mixture of even and odd 
carbon o l e f i n s i n the range C S Q - C I O O - Therefore, the pale green 
polymer i s l a rge ly organic . By s i m i l a r l y studying the polymer 
prepared from Ta(CDCMe3)(D)(PMe3)3l2 we showed that only the odd 
carbon polymers increased by two mass u n i t s . Therefore, most of 
the even carbon polymers must be polyethylene. The mechanism of 
chain t ransfer i s at present unknown, but the preceding r e su l t 
suggests that i t i s not metathesis of metallacyclobutane r i n g s . 

There are two ways of viewing the react ion between Ta(CHCMe3)-
(H)(PMe3)3l2 and ethylene. The one shown i n equation 9 (nonessen-
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25. S C H R O C K Multiple Metal-Carbon Bonds in Catalysis 375 

H 
I C9H4 
Ta=CHCMe3 — • TaCH2CMe3 TaCH2CH2CH2CMe3 • 

Ta=CHCH2CH2CMe3 

t i a l l igands omitted) contains i n part the c l a s s i c a l Cossee-type 
step (25) where ethylene " inser t s" in to the tantalum(III)-neopentyl 
and subsequent t an ta lum(I I I ) -a lky l bonds. I t cannot yet be ruled 
out since magnetization t ransfer experiments show that the a l k y l i 
dene α-proton and the hydride l igand i n Ta(CHR)(H)(PMe3)3l 2 

exchange r e a d i l y , most l i k e l y by forming Ta(CH 2 R)(PMe3)3l 2 . The 
a l t e rna t i ve shown i n equation 10 i s analogous to that proposed by 
I v i n , Rooney and Green. We do not think i t w i l l be easy to d i s 
t i ngu i sh between these two p o s s i b i l i t i e s , i f i t i s poss ible at a l l . 
But since a lky l idene l igands i n other tantalum(V) complexes react 
r ap id ly with o l e f i n s , and since there are few examples of i s o l able 
t r a n s i t i o n metal a lky l complexes that react r ead i ly with ethylene 
(26) , we feel that the second a l t e rna t ive i s more p l a u s i b l e . 

H H 

One of the most i n t e r e s t i ng aspects of the mechanism shown i n 
equation 10 i s the l a s t step, an α -e l imina t ion react ion to give the 
new a lky l idene hydride complex. Our resu l t s do not imply that 
β -e l imi nation to give an o l e f i n hydride intermediate i s r e l a t i v e l y 
slow. I t i s poss ib le that although K 2 > K j , k i > k 2 (equation 11), 
i . e . , β -e l imina t ion i s s t i l l f a s te r . I f t h i s i s t rue , i t must also 

Ta=CHCH2CH2CMe3 (10) 

H 

TaCH2CH2R ^ Ta=CHCH2R (11) 
CHR "k" 

-1 k 
- 2 

be true that the o l e f i n hydride complex i s r e l a t i v e l y stable toward 
displacement of CH2=CHR by ethylene under the react ion condi t ions 
which we employ. 
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These resu l t s at l ea s t demonstrate that ethylene can be po ly
merized by an a lky l idene hydride c a t a l y s t , probably by forming a 
metallacyclobutane hydride intermediate. The extent to which t h i s 
i s relevant to the more c l a s s i c a l Z ieg le r -Nat ta polymerizat ion 
systems (27) i s unknown. Recent resu l t s i n lu te t ium chemistry 
(28) , where a lky l idene hydride complexes are thought to be 
u n l i k e l y , provide strong evidence for the c l a s s i c a l mechanism. 

Tungsten(VI) A lky l idyne Complexes and Acetylene Metathesis 

On the basis of the fact that tungsten(VI) a lky l idene com
plexes w i l l metathesize o l e f i n s one might predic t that acetylenes 
should be metathesized by tungsten(VI) a lky l idyne complexes (29). 
Acetylene metathesis i s not unknown, but the ca ta lys t s are i n F F f i -
c i e n t and poorly understood (30, 31). 

The f i r s t tungsten(VI) aTFylTcTyne complex was prepared i n low 
y i e l d (-20%) by react ing WCle w i * h s i x equivalents of neopentyl 
l i t h i u m (32). Three equivalents of the l i t h i u m reagent are used 
simply to reduce W(VI) to W(I I I ) . Therefore the y i e l d i s l i m i t e d 
and the mechanism by which W(CCMe 3)(CH?CMe 3) 3 forms obscure. A 
higher y i e l d route to W(CCMe 3)(CH2CMe 3) 3 cons is t s of the react ion 
shown i n equation 12 (33). Reproducible y i e l d s of 50-70% can be 
obtained on a r e l a t i v e l y large scale (30 g ) . The mechanism by 
which W(CCMe3)(CH2CMe3)3 forms v ia t h i s route i s only s l i g h t l y 

ether 
W(0Me) 3 Cl 3 + 6NpMgCH2CMe3 • W(CCMe 3)(CH 2CMe 3) 3 (12) 

bet ter understood; the methoxide l igands are bel ieved to prevent 
reduction of tungsten(VI) and so allow a tungsten(VI) neopenty l i 
dene complex to form. I t i s f e l t that once a neopentylidene 
complex forms, formation of a neopentylidyne complex would be f a s t . 
Since both W(0Me 3) 3(CH2CMe 3) 3 and W(0Me)2Np4 can be prepared, and 
shown not to be converted in to W(CCMe 3)(CH2CMe 3) 3 under the reac
t i o n cond i t ions , the c r u c i a l intermediate most l i k e l y s t i l l 
contains some h a l i d e ( s ) . W(0Me)2(CH2CMe3)2Cl2 i s an i n t e r e s t i ng 
p o s s i b i l i t y since W(0CH2CMe3)2(CH2CMe3)2Br2 i s a p l aus ib l e pre
cursor to W(CHCMe3)(0CH2CMe3)2Br2 (equation 8 ) . 

W(CCMe3)Np3 reacts with three equivalents of HC1 i n ether or 
dichloromethane i n the presence of NEt4Cl to y i e l d blue [NEt4]-
[W(CCMe 3)Cl4] quan t i t a t i ve ly (34). I f 1,2-dimethoxyethane i s 
present instead of NEt4Cl, the product i s purple W(CCMe 3)(dme)Cl 3. 
E i t he r reacts smoothly with three equivalents of LiX to give 
W(CCMe 3)X 3 (X = 0CMe 3, SCMe 3, NMe2)· A l l are thermally s t ab le , 
subl imable, monomeric pale ye l low to white, c r y s t a l l i n e species . 

W(CCMe 3)(0CMe 3) 3 reacts rap id ly with symmetric acetylenes to 
give the new a lky l idyne complexes shown i n equation 13. 
W(CPh)(0CMe 3) 3 i s orange and W(CCH2CH 2CH 3)(0CMe 3) 3 i s whi te . Both 
can be sublimed. The l a t t e r i s an important species since i t 
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25. SCHROCK Multiple Metal-Carbon Bonds in Catalysis 

W(CCMe3)(0CMe3)3 + RCECR • W(CR)(0CMe3)3 + RC=CCMe3 (13) 

proves that β-hydrogen atoms are to le ra ted i n the a lky l idyne 
l i g a n d , and that the bulk of the subst i tuent i n W(CR)(00^3)3 i s 
probably not a fac tor i n determining whether W(CR)(0CMe3)3 
decomposes to W2(0CMe3)ç and RC=CR, or not. (So far we have not 
observed t h i s r eac t ion . ) We have shown that the s to ich iomet r ic 
reac t ion i s f i r s t order i n tungsten and f i r s t order i n acetylene 
over a wide range of concentrations (35). 

W(CCMe3)(0CMe3)3 reacts rap id ly wvth unsymmetric acetylenes to 
give the i n i t i a l metathesis products, RC=CCMe3 and/or R'CECCMes, 
and the symmetric acetylenes c a t a l y t i c a l l y . The most impressive i s 
the metathesis of 3-heptyne where the value for k ( M " 1 sec" 1 ) i s 
between 1 and 10. Therefore, i n neat 3-heptyne (-1 M) at 25° the 
number of turnovers i s of the order of several per second. I f we 
assume that W(YI) or Mo(YI) a lky l idyne s i t e s or complexes are 
responsible for the r e l a t i v e l y slow metathesis i n the known 
heterogeneous (30) and homogeneous (31) systems, then i t becomes 
c l e a r that the concentration of ac t ive species on the surface or i n 
so lu t ion must be extremely s m a l l . 

W(CCMe3)(0CMe3)3 i s not the only a lky l idyne complex which w i l l 
metathesize acetylenes. W(CCMe3)(NMe2)3 w i l l a l s o , although the 
data so far have not been quant i ta ted . A l l others (W(CCMe3)Np3, 
[W(CCMe3)Cl4]", W(CCMe3)(dme)Cl3, and W(CCMe3)(SCMe3)3) w i l l not. 
Of these, we have studied the react ion between the hal ide complexes 
and a l k y l acetylenes most c l o s e l y . Addi t ion of excess 2-butyne to 
W(CCMe3)(dme)Cl3 y i e l d s red , paramagnetic, soluble W d ^ - C s l ^ B u * ) -
(MeC=CMe)Cl2> and orange, paramagnetic, 
[W(* 5-C5Me4But)Cl4]2, each i n -50% y i e l d (36). The i d e n t i t y of 
W(n5-C5Me4But)(MeC=CMe)Cl2 was proven by an x-ray s t ruc tura l study 
which showed i t to be s i m i l a r to Ta(n5-C5Me5)(PhC=CPh)Cl2 (37) and 
re l a t ed species . The W(Y) dimer and W(III) acetylene complex 
probably form by d ispropor t ionat ion of some intermediate W(IY) 
complex. What we were most in teres ted i n was whether any i n t e r 
mediates not containing a T ^ - C S I ^ B U * l igand could be i s o l a t e d . 

W(CCMe3)(dme)Cl3 reacts with one equivalent of 2-butyne to 
give a v i o l e t complex whose 1 3 C NMR data are consis tent with i t 
being a tungstenacyclobutadiene complex (equation 14) (36). In 
p a r t i c u l a r , two s ignals are found at 268 and 263 ppm (cT7 335 for 
the neopentylidyne α-carbon atom i n W(CCMe3)(dme)Cl3) and a t h i r d 

R = Ph or Pr (excess RC=CR required) 

W(CBu f)(dme)CI3+ MeC=CMe (14) 

Me 
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at 151 ppm. An x-ray s t ruc tura l study showed that i t i s indeed a 
tungstenacyclobutadiene complex, a t r igona l bipyramidal monomer 
with ax ia l ch lo r ide l igands and a planar WC3 r i n g . Perhaps the 
most su rp r i s ing feature of t h i s molecule i s the fact that VI·"Co 
(2.12Â) i s less than a t y p i c a l W i V D - C ^ y i bond dis tance. This i s 
probably the reason why the C a - C o - C a angle i s so large ( 1 1 9 ° ) , and 
could be the reason why the α-subst i tuents are bent away from the 
meta l . There i s c l e a r l y plenty of room for addi t ional 2-butyne to 
coordinate to tungsten, probably between C l e q and C a ( / C l e q - W - C a » 
140° ) , to produce a WC5 r i ng which then col lapses to a cyclopenta-
dienyl system (equation 15). As a r e su l t of t h i s process the metal 

lit 

(15) 

(not observed) (disproportionates) 

i s reduced from W(YI) to W(IV). Perhaps at l eas t one ro le of a 
t -butoxide l igand i s to make the metal more d i f f i c u l t to reduce. 
I t probably also destabl izes the tungstencyclobutadiene complex 
r e l a t i v e to the a lky l idyne complex so that the actual concentration 
of a tungstenacyclobutadiene t r i - t - b u t o x i d e complex i s s m a l l . 
I n t e r e s t i ng ly , one t-butoxide l igand can be added i n the equatorial 
pos i t i on but i f addi t ion of a second i s attempted, only t r i - t -
butoxyalkyl idyne complexes r e su l t (equation 16). 

Cl Bu* , Λ Ο • 

B u * 0 - W ^ - M e • WtCRKOBu^ (16) 

C ' M e (R = Bu f or Me) 

In view of the s e n s i t i v i t y of o l e f i n metathesis ca ta lys t s to 
functional groups we were somewhat surprised to f ind that acetylene 
metathesis ca ta lys t s are apparently much more to le ran t of func
t i o n a l groups than o l e f i n metathesis c a t a l y s t s . For example, 
W(CCMe3)(0CMe3)3 w i l l metathesize 3-heptyne i n the presence of many 
equivalents of a c e t o n i t r i l e , e thylaceta te , phenol, t r i e t h y l ami ne, 
or in te rna l o l e f in s (35). Consequently, W(CCMe3)(0CMe3)3 w i l l 
metathesize some func t iona l ized acetylenes. Prel iminary studies 
show that i t w i l l metathesize EtC=CCH2NMe2, and that i t w i l l cross 
metathesize Me3SiOCH2C=CCH20SiMe3 with 3-hexyne. However, f i r s t 
attempts to metathesize EtC=CCH2Cl, H0CH2C=CCH20H with 3-hexyne, or 
EtC=CC02Me f a i l e d . There are several possible reasons why and we 
are i n the process of attempting to f ind out i n de ta i l what they 
are . 
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Discussion 

W.L. G l a d f e l t e r , U n i v e r s i t y of Mi n n e s o t a : Does the s t a b i l i 
t y of the t r i c h l o r o t u n g s t e n a c y c l o b u t a d i e n e complex imply t h a t 
t h e " s p e c i a l e f f e c t " of the OR l i g a n d i s t o enhance the r a t e of 
de c o m p o s i t i o n of t h i s i n t e r m e d i a t e ? 

R.R. Schrock: We b e l i e v e so, but the t - b u t o x i d e l i g a n d 
seems t o be a unique a l k o x i d e . We have prepared t u n g s t e n a c y c l o 
b u t a d i e n e complexes c o n t a i n i n g o t h e r a l k o x i d e l i g a n d s which are 
s t a b l e toward d e c o m p o s i t i o n t o an a l k y l i d y n e complex. 

M.H. Chisholm, I n d i a n a U n i v e r s i t y : I sh o u l d l i k e t o 
make a p r e d i c t i o n . In view of the a b i l i t y of t u n g s t e n t o 
form m u l t i p l e bonds w i t h carbon, as i s w e l l i l l u s t r a t e d by 
your work w i t h a l k y l i d e n e and a l k y l i d y n e l i g a n d s , I b e l i e v e 
we s h a l l soon see the emergence of a new c l a s s of t u n g s t e n 
compounds i n c o r p o r a t i n g c a r b i d e (C1* ) as a l i g a n d . The probable 
modes of bonding f o r c a r b i d e should compliment t h a t found 
f o r oxo and n i t r i d o complexes. 
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W.L. G l a d f e l t e r , U n i v e r s i t y of M i n n e s o ta: Can you polymer
i z e p r o p y l e n e w i t h your t a n t a l um c a t a l y s t ? 

R.R. Schrock: No. P r o p y l e n e r e a c t s to g i v e p r i m a r i l y 
propane and a complex of the type T a ( C H C M e 3 ) ( C H 2 P M e 2 ) ( P M e 3 ) 2 I 2 . 

J.M. B u r l i t c h , C o r n e l l U n i v e r s i t y : Is t h e r e any evidence 
f o r an exchange of a l k y l i d y n e l i g a n d of the s o r t shown below? 

L 2'Ci, 3WECr + L 2CJt 3WECR' * L 2'Cfc 3WECR' + L 2C£ 3W=CR 

R.R. Schrock: No. The r e q u i r e d l a b e l l i n g experiment has 
not been done. 

A . J . C a r t y , Guelph-Waterloo C e n t r e : What are the f r e q u e n 
c i e s of the metal-carbon ( V ( M E C ) ) s t r e t c h i n g f r e q u e n c i e s 
i n the t u n g s t e n a l k y l i d y n e compounds? One might expect these 
to be q u i t e high i n view of the x-ray data showing s h o r t 
MEC bonds and evidence of m u l t i p l e bond r e a c t i v i t y . 

R.R. Schrock: There are bands at ca. 1 3 0 0 cm i n the IR 
s p e c t r a of s e v e r a l a l k y l i d y n e complexes which might be a s s i g n e d 
t o WEC s t r e t c h i n g modes analogous t o those observed by F i s c h e r 
i n complexes of the type ( X ) ( C 0 ) 5 W E C R ( X = h a l i d e ) , but we have 
not done the a p p r o p r i a t e l a b e l l i n g or Raman s t u d i e s t o c o n f i r m 
the assignments. 
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26 
The Alkylidyne Compound 
[(η-C5H5) (OC)2 W ≡ CC6H4Me-4] 
A Reagent for Synthesizing Complexes with Bonds 
Between Tungsten and Other Metals 

F. G O R D O N A . STONE 

The University, Bristol, Department of Inorganic Chemistry, 
Bristol BS8 1TS England 

In 1979 we reported (1) that the compound 
[(η-C5H5)(OC)2W = CR] (R = C6H4Me-4), discovered by Fischer et al. 
(2), would displace ethylene from the complexes [Pt(C2H4)(PR3)2] to give species (1), with platinum-tungsten bonds and bridging 
tolylidyne ligands. Because of the isolobal relationship 
existing between the groups CR and W(CO)2(η-C5H5)[W(d5), WL5], the compound (1) may be compared with the long known alkyne
-platinum complexes (2). It thus became apparent that the 
molecule [(η-C5H5)(OC)2W = CR] would show a reactivity pattern 
towards other transition metal complexes similar to that of an 
alkyne, thus affording numerous complexes with metal - metal 
bonds involving tungsten. This area of study has grown 
sufficiently to merit a review. A survey is particularly timely 
for two reasons. Firstly, considerable interest has developed 
recently in the chemistry of transition metal complexes contain
ing heteronuclear metal - metal bonds. Secondly, in relation 
to current awareness of the importance of C1 chemistry, the study 
of compounds having CR groups bridging metal - metal bonds is 
important. Finally, in the context of the theme of this 
Conference, perhaps the work described represents a modest step 
towards placing the synthesis of compounds with metal - metal 
bonds on a more logical basis than hitherto. 

Dimetal Compounds 

Compounds (3) - (1J) have been i so l a t ed from react ions 
between [(η-C 5H 5y(0C) 2W = CR] and the species [Co(C0) 2(η-C 5Me 5)] 
(3 ) , [Rh(C0)L(η-C 9H 7)1 (L = CO or PMe3) ( 4 ,5 ) , [Rh(acac)(C0) 2] 
(F), tM(CO) 2 ( thf ) (n-C 5 H 4 R")J (M = Mn, R ' = Me; M = Re, R ' = H) 
(T), [ C r ( C 0 ) 2 ( t h f ) ( n - C 6 M e 6 ) l (4 ) , and [M(C0) 2 (n -C 5 H 5)2] (M = Ti 
or Zr) (7 ) , r e spec t ive ly . The iron-tungsten compound (12) has 
been obtained by t r ea t ing [(η-C 5H 5)(0C) 2W = CR] with ~ 
[Fe 2 (C0) 9 ] i n ether solvents (8) . I t i s e s p e c i a l l y r e a c t i v e , 
r e a d i l y transforming in to d i i r o n tungsten or i ronditungsten 
c l u s t e r species in the presence of an excess of one or other of 
the reactants . 

0097-6156/83/0211-0383$06.00/0 
© 1983 American Chemical Society 
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R 

Cp(0C)?W 
.PR, 

P t ' 

φ L = PR 3 

(14) L = CO 

R' 
. C . PR-

^ \ / 3 

R' C P T \ 
X p R 3 

(2) 

R 

Cp(0C) 2Wi- M(C0)Cp 

(3) 
(13) 

M 

Co 

Rh 

R 

C p ( 0 C ) 2 W — R h ( L ) ( n - C g H 7 ) 

(4) CO 
(5) PMe-

C p ( 0 C ) 2 W - -Rh(acac)(C0) Cp(0C) 2 W- M ( C 0 ) 2 ( n - C 5 t y O 

(6) M R 

(7) Mn Me 

(8) Re H 

R R 

C p ( 0 C ) 2 W ^ - ^ C r ( C 0 ) 2 ( n - C 6 M e 6 ) C p ( 0 C ) W ^ MCp2 

(9, * 0 

M 

(IS) T i 

R v ^ 

C p ( 0 C ) 2 W ^ — ^ F e ( C 0 ) 4 

(12) 

Throughout t h i s paper, i n the s t ruc tu ra l formulae, CR = CC6Hi*Me-4> 
Cp = n 5 - C 5 H 5 , Cp* = n 5 - C 5 M e 5 , n - C 9 H 7 = n n - i ndeny l (n = 3 or 5 ) . 
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Complex (13) i s one product (see l a t e r ) of the reac t ion of 
[ R h 2 ( y - C O ) 2 ( n - i l M e 5 ) 2 ] with [ (n-C 5 H 5 ) (0C) 2 W = CRJ (9 ) . The 
compounds (3) - (13) are formulated with dimetallacyclopropene 
r i n g s , and Tn the 'case of (3,), (5 ) , (9) and (10) t h i s i s supported 
by the resu l t s of s i n g l e - c r y s t a l ~ X - r a y d i f f r a c t i o n s tud ies . 
Several o f the species contain a semi-br'idging CO l igand fo r 
which there i s e i t he r i . r . ( v c o c i r c a 1 850 c n H ) or X-ray 
evidence. An in t e r e s t i ng feature of the s t ructure o7 (10) i s 
that the X-ray d i f f r a c t i o n resu l t s reveal the presence ofan 
n 2 - C = 0 F r i d g i n g group. A s i m i l a r l igand i s probably present 
i n ( U ) s i n c e both (10) and ( ]J ) show CO s t re tch ing bands i n the 
i . r . at 1 638 and 1 578 c m " l , r e spec t i ve ly , as wel l as terminal 
CO bands at 1 930 and 1 937 cm"!. 

For the dimetal compounds the most useful spectroscopic 
property of a d iagnost ic nature i s the resonance due to the y-C 
l i g a t e d carbon i n the 1 3 C n.m.r . spec t ra . In the precursor 
t (n-C 5 H 5 ) (0C) 2 W = CR] the a lky l idyne carbon atom resonates i n the 
n C n.m.r . spectrum at δ 300 p.p.m. In the dimetal compounds 
(3) - (13) the s ignal for the μ-C nucleus i s even more deshielded: 
t y p i c a l 1 values are 341 (3 ) , 327 (5 ) , 431 (9 ) , and 391 p.p.m. (Π) . 

I t i s becoming inc reas ing ly apparent that a very extensive"* 
chemistry i s associated with the dimetal species ( 1 ) , and 
(3) - (1,3). Three types of reac t ion may be i d e n t i f i e d : ( i ) 
adidit iorTof other metal l igand fragments, discussed i n the next 
Sec t ion , ( i i ) replacement of peripheral l igands on the metal 
cent res , and ( i i i ) react ions at the br idging carbon atom. One 
example of ( i i ) and ( i i i ) w i l l su f f i ce to i l l u s t r a t e the scope 
and potent ia l for new chemistry. 

The PR 3 l igands t ransoid to the y-CR group i n (Vj are 
r e a d i l y d isplaced by CO gas (1 ba r ) , af fording i n i t i a l l y the 
dimetal compounds (14)» which subsequently i n so lu t ion y i e l d the 
t r ime ta l complexes ( l j ) . Evident ly compounds (1,4) p a r t i a l l y 
d i s soc ia t e in to [ (n-C 5 H 5 ) (0C) 2 W = CR] and [ P t ( C 0 ) ( P R 3 ) j , and 
the l a t t e r adds to undissociated (14) to give the complexes (15) 
( 1 0 ) . 
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I t i s i n t e r e s t i ng to compare the s t ruc ture of the species (15) 
(IK-ray d i f f r a c t i o n study for PR3 = PMePh2) with those of the 
i so loba l bridged alkyne complexes (L = PR3 or L 2 = c y c l o -
oc ta - l ,5 -d iene ) (11). In both (1^) and (16) the P t - - - - P t 
vectors ( c i r c a 2.ΤΓΑ) are too great for any 'appreciable metal -
metal i n t e r a c t i o n s , and the platinum atoms can be regarded as 
having 16-electron conf igura t ions . 

We referred e a r l i e r to the s ign i f i cance of react ions at the 
a lky l idyne carbon atoms of the dimetal species . Our studies i n 
t h i s area are in a pre l iminary stage, but Schemes 1 and 2 
summarise some chemistry at the bridged carbon centres fo r the 
compounds (Y) and (3^)(12). I t w i l l be noted that protonation of 
the neutral Dridged^all<ylidyne compounds y i e l d s c a t i o n i c 
a lky l idene species i n which one C — C bond of the t o l y l group i s 
η 2 co-ordinated to tungsten, a feature revealed by both n .m.r . 
and X^ray d i f f r a c t i o n s tud ies . 

F i n a l l y , i n our survey of dimetal compounds derived from 
[(n-C 5 H 5 ) (0C) 2 W = CR], we re fer to the react ion of the l a t t e r with 
[(Ph 3 P) 2 N][HW(C0) 5 l which affords (80 %) the novel s a l t (]7)(13l). 
This i s apparently the f i r s t example of an anionic dimetal species 
with a br idging a lky l idene group, and the s t ructure has been 
confirmed by X-ray d i f f r a c t i o n . 

The s a l t (17) undergoes an unusual react ion with 
[AuCl(PPh 3 )J inT:he presence of T1PF 6 , g i v i n g the novel bridged 
a lky l idene compound [AuW(u-CHR)(C0) 2 (PPh 3 ) (n-C 5 H 5 ) l , the s t ructure 
of which hasbeen e lucidated by X-ray c rys ta l lography . By t r ea t ing 
(17) with Ph 3SnCl a re la ted species , which may contain a 
W(p-CHR)Sn bridge system, has been obtained. In the 1 3 C n.m.r . 
spectra of the gold and t i n compounds resonances fo r the l i g a t e d 
carbon of the a lky l idene l igand occur at δ 229 and 214 p .p .m. , 
r e spec t i ve ly . In the spectrum of (17) the bridge carbon 
resonates at 148 p.p.m. ~ 

[(Ph 3 P) 2 N][Cp(0C) 2 W W(C0) 5] 
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R C u 
- c \ , . . . / V e 

(7)-C5H5)(0C)2W Co(CO)(7)-C5Me5) — Î —- Cn-C5H5)(OC)2W^--|^Co^-C5Me5) 

il 11 m 
He 

" I X 
ϊ(η-05Η5)(0Ο2νν Co(CO)^-C5Me5)lBF4 ^ [(7)-C5H5)(0C)W — — — Co(7)-C5Me5)]BF4 

0 

R Η 

X 
[(7)-C5H5)<OC)(Me2PhP)W -Co(C0)(7)-C5Me5)]BF4 

0 

Scheme 1. Chemistry at the bridged carbon centers for Compound 3. Key: R, 
C,HkMe-4; i, MeC2Me in PhMe; ii, HBFh · Et20; Hi, k[BH(CHMeEt)s] in tetra-
hydrofuran (THF); and iv, PMe2Ph. (Reprinted with permission from Ref. 12. 

Copyright 1981, Royal Society of Chemistry.) 

Me 

XX 
(7)-C5H5)(OC)2W- -Pt(PMe3)2 [(η-05Η5)(Οθνν- -Pt(PMe3)2]BF4 

( i ) 

R Η 

/ \ 

[(7)-C5H5)(0C)LW— 7^Pt(PMe3)2]BFA 

Ο 

L=PMe3 

L= CO 

(7)-C5H5)(0C)2W, 

R Η 

x 
Pt(PMe3)2 ^ X 

Scheme 2. Chemistry at the bridged carbon centers for Compound 1. Key: R, 
C6HkMe-4; L, PMes or CO; i, HBFfy · Et20; ii, CO or PMe3; and Hi, K[BH(CHMe-
Et)s] in THF. (Reprinted with permission from Ref. 12. Copyright 1981, Royal 

Society of Chemistry.) 
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Trimetal Compounds 

Ear ly in our work i n t h i s area we prepared the compounds 
(18) " (2P) b y reac t ing the complexes [ N i ( c o d ) 2 ] , [Pd(C7H10)3] 
and [ P t ( C 2 H 0 3 ] , i n t u r n , with r (n-C 5 H 5 ) (0C) 2 W Ξ CR] (14). 
The platinum species (JO) i s i s o l o b a l l y re la ted to a ser ies of 
alkyne complexes [P t (a lkyne) 2 ] (15_). Recently we have 

0 R 

M 

(18) Ni 

(19) Pd 

(20) Pt 

synthesised the molybdenumditungsten compound (£1) and i t s 
t r i tungs ten analog (22) by reac t ing the compounds rM(C0) 3(NCMe) 3l 
(M = Mo or W) wi th [(n-CsH 5 )(0C) 2 W == CR] i n r e f lux ing hexane (16). 
Complexes (20) and (22) are i s o l o b a l l y r e l a t ed : 

M L 0 ( d 1 Q ) < ô > C 4 * * ô > M L 2 ( d 6 ) 

M 

(21) Mo 

( § ) W 
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26. S T O N E Alkylidyne Compound 389 

In and (£2) the centra l metal atoms acquire 18-electron 
configurat ions by i r -bonding from a CO l igand on each 
W(C0) 2 (n-C 5 H 5 ) moiety, a feature es tabl ished by X-ray d i f f r a c t i o n . 
The l 3 C n.m.r . spectra of (£1) and (22) are a l so informative 
showing CO groups i n three environments ( r e l . i n t . 2 : 2 : 2 ) , and 
resonances for the y-CR groups at 6 360 (21) and 376 p.p.m. (22). 

In an ever increas ing number of compounds t o l y l i d y n e l igands 
t r i p l y - b r i d g e a t r i a n g l e of metal atoms, one of which i s tungsten 
and the other two may or may not involve the same element. Thus 
two types of core s t ructure are poss ib l e : fM 2W(y 3-CR)] (Class A) 
or [M 1M 2W(y 3-CR)] (Class B ) . Two methods are a v a i l a b l e fo r the 
synthesis of c lus te r s of Class A. v i z 

( i ) Successive addi t ion of s i m i l a r metal l igand fragments to 
[ (n-C 5 H 5 ) (0C) 2 W = CR] 

Thus (2£) i s prepared by adding [ R h ^ H O ^ a c a c ) ] to ( 6 ) , 
the l a t t e r being preformed by t r ea t i ng the mononuclear tungsten 
a lky l idyne compound with [Rh(C0) 2 (acac)] (6). S i m i l a r l y , 
step-wise add i t ion of [ R h ( C 0 ) 2 ( n - C 9 H 7 ) l to | (n -C 5 H 5 ) (0C) 2 W = CR] 
y i e l d s (?5) (9) . 

We referred e a r l i e r to the r e a c t i v i t y of (12). I f t h i s 
species i s generated i n the presence of excess [FeiCO)!,(thf)] i t 
r a p i d l y affords (25)(8) . I f , however, (12) i s generated i n the 
presence of e x c e s r [ ( n - C 5 H 5 ) ( 0 C ) 2 W = CR] the alkyne bridged 
i ronditungsten c l u s t e r (26) i s the major product. This species 
i s of i n t e re s t on two counts. F i r s t l y , i t i s an example of a 
c l u s t e r i n which a coupling of CR fragments of the carbyne has 
occurred, a r e a c t i v i t y pattern referred to below. Secondly, 
(26) i s an unsaturated metal c l u s t e r (46 valence e lec t rons) and 
t i e W —W distance [2.747(1) A] suggests a degree of double 
bonding. 

R R 

L 3 
L 

(23) 

( 2 i ) 
(33) 
OS 

acac 
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390 INORGANIC CHEMISTRY: TOWARD THE 21ST C E N T U R Y 

Cp(0C)W W(C0)2Cp 

( i i ) Reaction of [ (n-C 5 H 5 ) (0C) 2 W = CR] wi th dimetal complexes 

I t has long been known that alkynes react with dimetal 
compounds, e .g . [ C o 2 ( C 0 ) 8 l (17,18) , [ N i 2 ( y - C 0 ) 2 ( n - C 5 H 5 ) 2 ] (19,20) , 
or L M O2 (C0)7rn-C 5 H 5 )2] (21_,27y,To give species with dimetaTTa-
tetrahedrane core s t ruc tures . I t seemed l i k e l y , therefore , that 
[ (n-C 5 H 5 ) (0C) 2 W = CR] would show a s i m i l a r r e a c t i v i t y pa t te rn , 
and i n confirmation of t h i s compound (27) i s produced i n 
quan t i t a t ive y i e l d by reac t ing the a lkyl idyne- tungsten compound 
with [Co 2 (C0) 8 ] i n pentane at room temperature (6J. 

Cp(0C)2W Co(CO), 

(27) 

M 2 ( C 0 K ( n - C 5 H 5 ) 2 l (M = Mo or W) 
uene, the complexes [2$) and 

By r e f lux ing the compounds 
with [ (n-C 5 H 5 ) (0C) 2 W = CR] i n tot 
(29) are formed (23). I n t e r e s t i n g l y , a s i m i l a r react ion with 
L f r 2 ( C 0 K ( n - C 5 H 5 h T affords (30) q u a n t i t a t i v e l y , and no (31) i s 
produced. Somewhat s i m i l a r behaviour i s shown by 
[ N i 2 ( y - C 0 ) 2 ( n - C 5 H 5 ) 2 ] which wi th the alkyl idynetungsten compound 
produces a mixture of (30) and (32). I t should be noted that 
[ (n-C 5 H 5 ) (0C) 2 W = CR] does not d îmer i s e to (30) when heated by 
i t s e l f ; indeed such a transformation i s unalfowed. In the 
reactions of the dimetal compounds with [ (n-C 5 H 5 ) (0C) 2 W = CR] i t 
seems probable that the former reactants d i s soc ia te i n i t i a l l y to 
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26. S T O N E Alkylidyne Compound 391 

Cp 

give mononuclear metal l igand fragments (24) , and that the l a t t e r 
are captured by [ (n-C 5 H 5 ) (0C) 2 W = CR] to give dimetal species 
which r a p i d l y undergo fur ther r eac t i on , affording the f i n a l 
products (9) . In t h i s context i t i s i n t e r e s t i ng that the 
alkyl idynetungsten compound reacts with [Rh 2 (y-C0) 2 (n-C 5 Me5)2] to 
give a mixture of the dimetal species (13) and the t r imeta l 
compound [Rh 2 W(y 3 -CR)(y-C0)(C0) 2 (n-C 5 H5)(n-C5Me5)2] (33). 

In some instances formation of (30) may be avoided by 
employing ' a lkyne ' displacement reac t ions . Thus (32) i s 
formed i n e s s e n t i a l l y quant i t a t ive y i e l d by reac t ing 

Clusters of Class Β may be prepared by adding appropriate 
metal l igand fragments to the dimetal species . Thus treatment 
of (3) with [ F e 2 ( C 0 ) 9 l affords (34) , and s i m i l a r l y (4) reacts 
w i t h " [ F e 2 ( C 0 ) 9 J to give (3§){9).~ 

The species (V) r eac t " read i ly with [Fe 2 (C0) 9 ] i n 
tetrahydrofuran at'Voom temperature. However, a mixture of 
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ML 

(34) CoCp* 

(35) Rh(n-C g H 7 ) 

c lus t e r s (36) - i s produced (25). The t r imeta l compounds 
(3§) r e s u l T f r o m addi t ion of an Fe^tTO)., fragment to Q ) , 
presumably from [Fe(C0)^(thf)] (26). Loss of a molecule of CO 
would afford ( 3 § ) . I so l a t i on of the c lu s t e r s (37) can be 
understood i n the fo l lowing way. I t was mentioned e a r l i e r that 
the dimetal compounds (V) r e a d i l y react with CO to give (14). 
Enneacarbonyl d i i r o n in~tetrahydrofuran provides a source of CO 
(from [Fe(C0)s]) , thereby leading to the i n s i t u formation of 
(14). Addi t ion of an Fe(CO)^ fragment to the l a t t e r , 
accompanied by loss of CO, would y i e l d the c lus t e r s (37). 

(C0) 3 (38) 
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26. S T O N E Alkylidyne Compound 393 

In t e r e s t i ng ly , compounds of Class A or Class Β have 50 
c l u s t e r valence e lectrons i f the three metal atoms are 
i n d i v i d u a l l y to have 18-electron conf igura t ions .* Several of 
the compounds meet th i s requirement, e .g . (25) , (27) , (31) , (34) 
or (36). However, compound (23) wi tTTïë c î u s t e r ~ v a l e n c e ~ 
e l ec t rons , and compounds (37) and (38) with 48 c l u s t e r valence 
e l ec t rons , possessing four^and f i v e ' s k e l e t a l bond e lec t ron p a i r s , 
r e s p e c t i v e l y , r e f l e c t the tendency of rhodium or platinum atoms 
to adopt 16-electron conf igura t ions . 

By r e f lux ing [ R u 3 ( C 0 ) i 2 ] with [ (n-C 5 H 5 ) (C0) 2 W == CR] i n 
toluene the isomeric c lus t e r s (39) are produced (8) . The 
osmium analogs (40) form i n the"react ion between 
[Os 3 (y-H)2(y-CH 2 y(CO)io] and the alkyl idynetungsten compound i n 
th f at 60 °C. In the formation of (39) and (40) a lky l idyne 
groups have coupled to produce t r imeta l species^with co-ordinated 
RC2R groups. In the context of i s o l o b a l r e la t ionsh ips , i t i s 
i n t e r e s t ing to regard (39) and ($Q) as dimetal lacyclobutadienes 
s t ab l i s ed by complexatioh with M(C0) 3 or W(C0) 2 (n-C 5 H 5 ) groups. 
A fur ther point of in te res t i s t h e i r ready in terconvers ion i n 
s o l u t i o n , which we have studied by va r i ab le temperature n.m.r . 
measurements (8 ) . Reaction of [(n-C 5H5)(0C) 2W = CR] with 
polynuclear metal carbonyl species i s l i k e l y to afford many new 
heteronuclear c l u s t e r compounds containing tungsten. 
I l l u s t r a t i v e of t h i s i s the formation of (41) i n the reac t ion 
with [ O s 3 ( C O ) i o ( c y c l o - C e H i 0 2 ] (£) 

/ Π \ / w \ 
Cp(0C)2W . ' 'W(C0)2Cp Cp(0C)2W ^ M(C0) 3 

^ w ( c o ) ? c p 
(CO), 

* M 

(3?) Ru 

(40) 0s 

We have chosen to t rea t the y 3 - C atom as part of the c l u s t e r 
core , and the RC group (5 valence e lec t rons) as con t r ibu t ing 
three electrons fo r c l u s t e r bonding. A l t e r n a t i v e l y , the 
t r ime ta l compounds, i n which each metal atom has an 18-electron 
conf igu ra t ion , can be regarded as 48 e lec t ron species having 
three-e lec t ron y 3 -CR l igands . By adopting t h i s formalism, 
compound (23) would be a 44-elect ron c l u s t e r . 
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Conclusion 

We seem to have been the f i r s t to appreciate that 
W(C0) 2 (n-C 5 H 5 ) (W,d 5) i s i so loba l with CH (27), and to use t h i s 
concept i n designed syntheses of compounds with bonds between 
tungsten and other metals. We are hoping to extend the method 
to other systems containing LpM = CR groups, i nvo lv ing both 
ear ly and la te t r a n s i t i o n metals , e .g . 
M U ( d 7 ) { 0 sCl (C0) (PPh 3 ) 2 (28) } an3~RL 6 (d 3 ) 
{ TaCl (PMe 3 ) 2 (n -C 5 Me 5 ) (29J1. 
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Discussion 

A.W. Adamson, U n i v e r s i t y of Southern C a l i f o r n i a ; You demon
s t r a t e d t h e u s e f u l n e s s of the i s o l o b a l approach as a c o r r e l a 
t i n g one. Can you, however, g i v e some examples of how the 
approach has l e d t o e x p e r i m e n t a l c h e m i s t r y t h a t would not have 
been suggested by o t h e r r a t i o n a l e s ? 

F.G.A. Stone: I had thought t h a t the answer t o your 
q u e s t i o n had been embodied i n the l e c t u r e . However, perhaps 
I f a i l e d t o s t r e s s t h a t the i s o l o b a l approach i n our work 
has been p r e d i c t i v e r a t h e r than a mere c o r r e l a t i o n of apparent
l y u n r e l a t e d r e s u l t s . I would h i g h l i g h t two experiments which 
emphasize the ' p r e d i c t i v e ' c h a r a c t e r of the r e s e a r c h . 

( i ) We were l e d t o prepare the t r i m e t a l compound (20) 
as a consequence of the e a r l i e r p r e p a r a t i o n of the compounds 
[ P t ( a l k y n e ) 2 ] (15) from [ Ρ ^ 0 2 Η „ ) 3 ] and RC^CR. The i s o l o b a l 
r e l a t i o n s h i p between [(n-C 5H s)(0C) 2W^CR] and RC=CR prompted 
us t o i n v e s t i g a t e the c o r r e s p o n d i n g r e a c t i o n between the 
t u n g s t e n compound and [ P t ( C 2 H k ) 3 ] , as d i s c u s s e d elsewhere 
( 1 4 ) . 

( i i ) I t was the long known o b s e r v a t i o n t h a t a l k y n e s 
w i t h [ C o 2 ( C 0 ) 8 ] a f f o r d the d i c o b a l t s p e c i e s [ C o 2 ( u - a l k y n e ) ( C 0 ) 6 ] 
w h i c h prompted our d i s c o v e r y of the c l u s t e r compound ( 2 7 ) . 
I t seemed l i k e l y (6) t h a t [(η-C 5H 5)(0C) 2W=CR] would r e a c t 
w i t h [ C o 2 ( C 0 ) 8 ] i n a s i m i l a r manner to RC^CR because of the 
r e l a t i o n s h i p CR <—-—> W(C0) 2 (η -C 5H 5) . 

W.L. G l a d f e l t e r , U n i v e r s i t y of Minnesota; What i s the 
p o s s i b i l i t y of forming carbon-carbon bonds u s i n g two metal 
a l k y l i d y n e fragments? 

F.G.A. Stone: W i t h i n c r e a s i n g f r e q u e n c y , as our work 
i n t h i s a r ea d e v e l o p s , we are o b s e r v i n g r e a c t i o n s i n which 
the metal a l k y l i d y n e fragments l i n k t o form C-C bonds. P l e a s e 
r e f e r t o compounds (39) and ( 4 0 ) , and the r e l e v a n t r e f e r e n c e s 
t o t h ese s p e c i e s . 
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G.A. O z i n , U n i v e r s i t y of Toronto; In view of t h e c u r r e n t 
i n t e r e s t i n e l e c t r i c a l l y c o n d u c t i n g , undoped and doped p o l y a c e -
t y l e n e t h i n f i l m s , do you envisage any p o s s i b i l i t y of i n i t i a t i n g 
a c o n t r o l l e d p o l y m e r i z a t i o n of a metal-metal t r i p l y bonded 
o r g a n o m e t a l l i c complex t o produce a s p e c i e s of the form: 

L L L L ,n w n w n w n 
\ / , 

M' M ( c i s or t 
L L L L L η η η η η 

rans) 

F.G.A. Stone: T h i s i s a very i n t e r e s t i n g thought, but 
i t seems more l i k e l y t h a t the model compound employed i n 
our work [ (η-C 5H 5)(0C) 2W^CR] w i l l form c y c l i c o l i g o m e r s r a t h e r 
than a f f o r d l i n e a r polymers, when t r e a t e d w i t h a p p r o p r i a t e 
t r a n s i t i o n metal s a l t s . You w i l l r e c a l l t h a t many l o w - v a l e n t 
m e t a l complexes r e a c t w i t h a l k y n e s t o produce arenes c a t a l y t i -
c a l l y . We have not as y e t succeeded i n t r i m e r i s i n g [ ( n - C 5 H 5 ) -
( 0 C ) 2 W E C R ] , but the l a t t e r i n the presence of c e r t a i n complexes 
a f f o r d s the b r i d g e d - a l k y n e d i t u n g s t e n compound ( 3 0 ) . I r e f e r 
you t o our papers: 

Green, M.; P o r t e r , S.J.; Stone, F.G.A. J . Chem. Soc. 
D a l t o n T rans., i n p r e s s . 

Green, M.; J e f f r e y , J.C.; P o r t e r , S.J.; Razay, H.; Stone, 
F.G.A. J . Chem. Soc., D a l t o n T r a n s . , i n p r e s s . 

L. L e w i s , General E l e c t r i c : F o l l o w i n g you i s o l o b a l argu
ment, would you expect or do you observe any metal carbon bond 
s c i s s i o n r e a c t i o n s ? V o l l h a r d t et a l . (_1) observe C^C bond 
s c i s s i o n t o form carbynes u s i n g CpCo(C0) 2. P r o f e s s o r Schrock 
j u s t t o l d us how t o break C^C u s i n g h i g h v a l e n t m e t a l s . Does 
your W=C show any s i m i l a r r e a c t i v i t y ? 

(1) F r i t c h , J.R.; V o l l h a r d t , K.P.C. Angew. Chem. 1980, 19. 

F.G.A. Stone: Yes, I would expect cleavage of the WEC 
bond i n [ ( n - C 5 H 5 ) ( 0 C ) 2 W E C R ] t o occur i n c e r t a i n r e a c t i o n s . 
Indeed, we b e l i e v e we have observed C=W bond cleavage i n 
a r e a c t i o n of the t u n g s t e n compound w i t h a c a r b i d o ( c a r b o n y l ) i r o n 
c l u s t e r . I n t e r e s t i n g l y , [ ( n - C 5 H 5 ) ( 0 C ) 2 W E C R ] r e a c t s w i t h s u lphur 
t o y i e l d [ ( n - C 5 H 5 ) ( 0 C ) · W S e C R : S ] ( I . Moore, B r i s t o l U n i v e r s i t y ) . 
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27 
Structure of [{Os3(μ-H)3(CO)9C(μ-O)}3(B3O3)] 

SHELDON G. SHORE 

The Ohio State University, Department of Chemistry, Columbus, OH 43210 

Professor Stone's paper points out that the reactivity of 
[(η-C5H5)(OC)2W=CR] towards transition metal complexes is similar 
to that of an alkyne. It would be of interest to examine this 
compound and several of its derivatives which contain C=W double 
bonds with respect to their reactivity patterns towards the BH3 
group to determine if reactions analogous to the hydroboration 
reaction of alkynes and olefins would occur (1) or reactions simi
lar to the attempted hydroboration described below would take 
place. 

In our laboratory we have examined the reactivity pattern of 
[Os3(μ-H)2(CO)10], an unsaturated cluster which can be represented 
as possessing an osmium-osmium double bond in its classical 
valence bond representation. We find (2,3) that this compound 
undergoes a number of reactions with metal carbonyls which in some 
cases can be formulated as proceeding through intermediates analo
gous to metal olefin complexes. 

We have also examined the reaction of THFBH3 with 
[Os3(μ-Η)2(CO)1 0](4,5). Our purpose was to determine if a reac
tion analogous to hydroboration would occur to give a compound 
isoelectronic with the known [0s 3(y-H) 2(y-CH 2)(CO) 1 0] ( 6 ). The 
following reaction was observed. 

3[0s 3(y-H) 2(C0) l o] + 3 C/»H 80BH 3—> [{0s 3 (μ-Η) 3 (CO) 9C(y-0) } 3 (B 30 3) ] 
+ 

3 C 4 H 1 0 

The x-ray structure of [{0s 3(y-H) 3(C0) 9C(y-0)} 3(B 30 3)] (Figure 1) 
was determined by Dr. J . C. Huffman (Molecular Structure Center, 
Indiana University). It contains a boroxine ring (B 30 3) and to 
each boron there i s attached, through a bridging oxygen between 
boron and carbon, the cluster unit 0s 3(μ-Η) 3(C0) 9C. The proton 
nmr spectrum (τ28.5) of this compound i s consistent with the 
presence of bridging hydrogens around the 0s 3 plane. 

0097-6156/83/0211-0399$06.00/0 
© 1983 American Chemical Society 
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Figure 1. The molecular structure of [{OSs(fi-H)s(CO)9C(p-0)}s(BsOs)}. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

02
7

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



2 7 . S H O R E Structure of [{Oss(^H)s(CO)9C(^0)}3(BsOs)] 4 0 1 

The above reaction i s close to being quantitative. Stoichio-
metry was determined by varying molar ratios of reactants. The 
Ci»Hio was i d e n t i f i e d by mass spectrometry. In this reaction 
oxygen i s abstracted from C<.H80 (THF) by boron to form the B 30 3 

unit. Two hydrogens from BH3 add to the C4»H8 unit to form C 4 H 1 0 

while the third hydrogen adds to the osmium cluster. 
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28 
High-Resolution Magic Angle Spinning and 
Cross-Polarization Magic Angle Spinning Solid-
State NMR Spectroscopy 
Analytical Chemical Applications 
C. A. FYFE, L. BEMI, H. C. CLARK, J. A. DAVIES, G. C. GOBBI, 
J. S. HARTMAN, P. J. HAYES, and R. E. WASYLISHEN 

University of Guelph, The Guelph-Waterloo Centre for Graduate Work in Chemistry, 
Guelph Campus, Department of Chemistry, Guelph, Ontario N1G 2W1 Canada 

The techniques of cross-polarization and 'magic-angle' 
spinning used to obtain high-resolution solid-state 
NMR spectra are described and their application to 
inorganic systems illustrated. In general the ex
periments are complementary to diffraction techniques, 
being applicable to amorphous systems (such as sur
face immobilized species and glasses) where diffrac
tion data cannot be obtained and to crystalline 
systems where diffraction measurements yield only 
partial structural data (as in the case of dynamic 
solid-state structures where the molecular motions 
are not detected, and zeolites where Si and Al atoms 
cannot be distinguished). In addition NMR spectros
copy provides a valuable 'bridge' between solid
-state diffraction-determined molecular structures 
and those which exist in solution. 

There has been substantial interest i n recent years i n the 
chemical applications of high-resolution NMR spectroscopy of 
solids . The experiments are the result of a series of advances 
over a number of years and have now reached the routine stage 
with commercial systems being available. Usually they involve some 
combination of high-power proton decoupling, cross-polarization 
and magic-angle spinning techniques. Below we review the experi
ment and discuss i t s application i n particular to inorganic sys
tems indicating the role of each of the components of the t o t a l 
experiment. 

The Experiment 

NMR of solids usually give broad featureless absorptions due 
to the dipolar interactions which, at least i n the case of pro
tons, are orders of magnitude larger than the characteristic chem
i c a l s h i f t s and spin-spin couplings used for structure elucidation 

0097-6156/83/0211-0405$07.25/0 
© 1983 American Chemical Society 
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406 INORGANIC CHEMISTRY: TOWARD T H E 21ST C E N T U R Y 

etc. Scheme I i l l u s t r a t e s the way i n which the high-resolution 
characteristics of the spectrum may be recovered i n high-
resolution NMR of solids. 

Scheme I 
*H: 'Abundant1 nucleus 

HTot = HZeeman + ^-H dipolar + H0ther (negligible) i l ] 

1 3C: 'Dilute 1 nucleus 
H = H H 4" H Tot Zeeman H-C dipolar C-C dipolar 

[2] + H Other (shift anisotropy) 

Hydrogen i s an example of an 'abundant' nucleus. That i s , 
there i s a high concentration of nuclei with a nuclear isotope of 
high natural abundance (*H, I = 99.8%) in the sample. In this 
case the dipolar interactions between the nuclei dominate the 
spectra giving broad featureless absorptions. In the case of 1 3C, 
a 'dilute' nucleus ( i . e . , there are few NMR active nuclei in the 
system), the situation i s considerably simplified. The 1H- 1 3C d i 
polar interactions are between different nuclei and may be removed 
by powerful oroton decoupling f i e l d s and most importantly, the homo-
nuclear 1 3C- 3C dipolar interactions do not exist because of the 
low concentration of 1 3C i n the system due to the low natural 
abundance of 1 3 C (I = h9 1.1%). 

The largest remaining interaction i s the 'chemical s h i f t 
anisotropy' which i s the three-dimensional magnetic shielding of 
the nuclei. In the s o l i d state, a single nucleus w i l l give r i s e 
to a signal which i s dependent on the orientation of the c r y s t a l 
to the f i e l d and since a l l possible orientations exist for a poly-
c r y s t a l l i n e sample, a broad absorption (or s h i f t anisotropy 
pattern) w i l l result. This i s averaged to the isotropic average 
value by the random motion of the molecules i n solution. The same 
averaging may be achieved for a polycrystalline sample by spinning 
i t rapidly about an axis inclined at an angle of 54°44' to the 
magnetic f i e l d vector (Figure 1), the so-called 'Magic-Angle' (_5, 
6^7). Various designs are available for rapid sample spinning, 
most of which are based on the o r i g i n a l designs of Andrew (5) and 
Lowe (8). 

In addition, the technique of 'cross polarization' introduced 
and developed by Pines, Gibby and Waugh (9) i s used to increase 
the signal-to-noise r a t i o of the spectrum. The proton magnetiza
tion i s 'spin-locked' along the y' axis with a spin-locking f i e l d 
Hfl and the carbons subjected to an RF pulse chosen such that the 
two f i e l d s f u l f i l l the 'Hartmann-Hahn' condition (10), equation 
[3] (Figure 2). 

V H = YC HC [3] 
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28. F Y F E ET A L . Magic Angle Spinning 407 

Figure 1. Representation of the geometric arrangement for a sample spinning at 
the magic angle to the magnetic field vector H0. (Reproduced with permission from 

Ref. 40. Copyright 1982, Royal Society of London.) 

H channel H decoupling 

l-contact H acquisition time 1 
timeTc 

13C channel 

Figure 2. Cross-polarization timing diagram (see text for discussion). (Reproduced 
with permission from Ref. 40. Copyright 1982, Royal Society of London.) 
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The net effect i s that the carbon nuclei are polarized by the pro
ton magnetization and the S/N i s increased both d i r e c t l y by the 
ratio YH/"YC i n t r i e case of 13C) and i n d i r e c t l y because the ex
periment now depends only on the recovery of the proton magnetiza
tion which w i l l usually be much faster than the 1 3 C relaxation. 

The combined CP/MAS experiment was f i r s t applied by Schaefer 
and Stejskal (11, 12) and has since found wide application i n a 
number of areas. Figure 3 shows the effect of spinning and the 
kind of resolution which may be obtained from very c r y s t a l l i n e 
materials (13). Spectra with this degree of resolution obviously 
contain substantial chemical information. 

Several points may usefully be made at this stage concerning 
the experiment : 

F i r s t l y , although 1 3C was used in the above example and i n 
the p r a c t i c a l applications, the experiment w i l l work for any 
nucleus which s a t i s f i e s the requirements of being ' d i l u t e 1 . In 
some cases, eg. 13C (I = 1.1%) or 2 9 S i (I = h> 4.7%) this 
occurs automatically because of the low abundance but w i l l work 
even for 3 1P as long as there are not too many of them, too close 
to each other. In fact, apart from *H and possibly 1 9 F i n 'con
centrated' samples any spin h nucleus w i l l f u l f i l l the NMR require
ments of being 'dilute'. Results reported to date on other nuclei 
suggest that many are amenable to study i n the s o l i d state. 

Secondly, in many important inorganic systems, a very con
siderable s i m p l i f i c a t i o n exists i n that often there are no protons 
present which are d i r e c t l y incorporated into the l a t t i c e (eg. 
zeolites, glasses and calcogenides) and the only mechanism of 
line-broadening i s the chemical s h i f t anisotropy, which can be re
moved by MAS. Further, cross-polarization i s not possible and the 
removal of the need for high-power decoupling means that i t i s 
possible to use a conventional high-resolution spectrometer and 
the experiment i s thus easily within the reach of most NMR spec-
troscopists. In many cases, there are substantial advantages of 
working at high f i e l d s i n the superior homogeneity and s t a b i l i t y 
of superconducting solenoid magnets, and a MAS probe for narrow 
bore superconducting magnet systems has been described (14). 
Examples of spectra of different nuclei obtained i n this way are 
shown i n Figure 4. 

Thirdly, i n the case of quadrupolar nuclei with non-integral 
spins (eg. 2 7A1, : 1B, 1 70) there are very definite advantages i n 
working at the highest possible f i e l d . The (h «-* -h) t r a n s i t i o n 
i s not subject to quadrupolar interactions to f i r s t order (Figure 
5), but i s affected by second order quadrupolar interactions, re
sulting i n line-broadening and s h i f t s . This interaction i s i n 
versely proportional to the magnetic f i e l d strength (equation [4]) 
where i s the linewidth at half-height of the peak, VQ i s the 
quadrupolar frequency and V L i s the Larmor frequency, and i s thus 
minimized at high f i e l d s when the chemical s h i f t i s maximized. 
MAS reduces, but does not completely remove, the interaction and 
substantial improvement i s found at high f i e l d s (Figure 6). It 
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Figure 3. 13C-CP/MAS solid-state spectrum of the cation shown illustrating the 
resolution obtainable from crystalline samples. 
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5/2 

3/2 

Vl 

-Vl 

-3/2 

-5/2 

5/2 

3/2 

/2 

-/2 

" 3/2 
- 5 4 

Figure 5. Energy level diagram for a spin 5/2 nucleus showing the effect of the 
first-order quadrupolar interaction on the Zeeman energy levels. The (m = V2 ±? m 
= -V2) transition (shown in bold) is independent of the quadrupolar interaction to 

first order. 

(a) 104.22 MHz 

200 100 -100 

23.45 MHz 

100 0 
6 [ppm] 

-100 

Figure 6. High-resolution micrograph together with corresponding scalar struc
tural drawing, computed image, and appropriate diffraction pattern showing struc

tural resolution of Bi2W2Og with some Bi2W3Oïg intergrowths (24). 
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2 

ωι (quadrupolar) = [4] 

should be noted that the majority of NMR active nuclei are quadru
polar with non-integral spins and h i g h - f i e l d MAS experiments w i l l 
be applicable to a whole range of s o l i d systems containing such 
nuclei, especially since their relaxation times are t y p i c a l l y 
short. 

Thus, by the correct choice of experiment, i t i s possible to 
obtain high-resolution spectra from a wide variety of nuclei in 
the s o l i d state and spectra of this type have many applications to 
inorganic chemistry. 

Applications i n Inorganic Chemistry 

In general, high-resolution NMR of solids i s found to be very 
much complementary to d i f f r a c t i o n techniques i n the investigation 
of solid-state structures. The applications may be c l a s s i f i e d 
into three very general groupings: 

F i r s t l y , for amorphous systems (some of which are of con
siderable commercial importance) the NMR data provides essential 
information as d i f f r a c t i o n techniques are not applicable at a l l 
due to the lack of order i n the l a t t i c e . 

Secondly, for some c r y s t a l l i n e systems, the structure ob
tained by d i f f r a c t i o n techniques may be incomplete. For example, 
in some cases the d i f f r a c t i o n data may not reveal dynamic aspects 
of the solid-state structure (as in the case of fluxional organo-
metallics) and in others i t may not be possible to distinguish 
c l e a r l y between different atoms (as for example 2 7A1 and 9 S i i n 
zeolites) and a combination of the NMR and x-ray data w i l l y i e l d a 
more complete and meaningful description of the structure. 

Thirdly, in cases where the NMR spectra can be obtained both 
in solution and i n the s o l i d state, the NMR studies w i l l act as a 
valuable 'bridge 1 between the structure characterized by d i f f r a c 
tion techniques and that which exists in solution. Where gross 
structural changes do occur, as for example, where exchange equi
l i b r i a are present i n solution, the solid-state spectra w i l l serve 
as 'benchmark' values for an interpretation of the solution 
studies. In the following sections we w i l l i l l u s t r a t e applications 
of the technique within the general groupings described above, 
using examples from our own work and relating the choice of the 
experimental conditions to the characteristics of the nuclei being 
studied as discussed in Part 2 above. 

Amorphous Systems (Polymer and Surface Immobilized Catalysts and 
'Inorganic' Glasses) 

Immobilized Polymers. There has been considerable interest 
in recent years in the synthesis and use of reagents covalently 
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immobilized on insoluble support materials such as glass and 
polymers because of their potential advantages i n terms of ease of 
separation, conservation of valuable materials, control of noxious 
reagents etc. (15,16,17). The immobilization of transition metal 
catalysts has been extensively studied as a method of combining 
the most desirable characteristics of homogeneous and heterogen
eous catalysts. Systematic research efforts i n this f i e l d have 
been severely r e s t r i c t e d because of the lack of suitable a n a l y t i 
c a l techniques for the analysis and most importantly, structural 
characterization of surface immobilized species ( d i f f r a c t i o n mea
surements cl e a r l y not being applicable). Many of the complexes 
contain phosphine donor ligands and 3 1 P CP/MAS spectra may be used 
to probe their structure and geometry. 

Immobilization on glass surfaces can be carried out by either 
routes [5] or [6] i n Scheme 2 both y i e l d i n g the immobilized com
plex (1), reaction [5] being the procedure most commonly used. 

Scheme 2 
(s)-OH + (EtO) 3SiCH2CH 2PPh 2 ^ 0-O-Si-CH 2CH 2PPh2 

(S/-0-S i-C H 2 C H 2-P-ML ( n _ χ ) 

I 
Ph 

(1) 
Ph 
I 

[MLjJ + (EtO) 3SiCH 2CH 2PPh 2 + (EtO) 3Si-<:H 2CH 2-P-^L ( n_ 1 ) 

ι ©-Γ-0» 
Ph 

(sVo-Si-CH 2CH 2-P^iL, Λ. 
1 Ph 

(1) 

Figure 7 shows the 3 1P CP/MAS spectrum of cis[PtCl 2(PPh 2Me) 2] 
(18,19). There are two central resonances indicating that the two 
phosphine ligands i n the complex are not equivalent in the s o l i d , 
probably due to the freezing i n of a fixed conformation (the 
equivalence in solution resulting from rotation about the Pt—Ρ 
bonds). The sidebands are from the interaction of the 3 1P nuclei 
with the 33% abundant 1 9 5 P t isotope (I = h, 33.4%). Most impor
tantly, the magnitude of the ^ ( 1 9 5 Ρ ί , 3 1 Ρ) coupling indicates 
that the geometry of the complex i s c i s as indicated in the figure. 
The middle spectrum i s of a very similar complex, ci s - [ P t C l 2 ( P P h 2 -
CH2CH2SiOEt3)2] (2), where the phosphine ligands are functional-
ized with siloxy groups for covalent attachment to an activated 
glass support. In this case, there are three central resonances 
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60 0 -60 
PPM from H3P04 

Figure 7. 31P-CP/MAS solid-state spectrum of [PtClg(PPhgCHs)g] at 36.442 
MHz (ah 31P-CP/MAS solid-state spectrum of [PtClg(PPh2CH2CHgSi(OEt)s] at 
36.442 MHz (b), and 31P-CP/MAS solid-state spectrum of {PtClg[PPhgCHgCHgSi-
(OEt)g]} covalently immobilized on glass beads. All spectra referenced to external 
85% HsPOt (IS). (Reproduced with permission from Ref. 40. Copyright 1982, 

Royal Society of London.) 
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but i t i s not possible to explain this m u l t i p l i c i t y without i n f o r 
mation from other sources. (A single resonance i s again observed 
in the solution 3 1 P spectrum.) The couplings indicate that there 
has been no change in the geometry of the complex. The above 
spectra demonstrate a defi n i t e s e n s i t i v i t y of the 3 1 Ρ nucleus to 
l o c a l environmental effects and i t might be anticipated that r e l a 
t i v e l y broad peaks would be observed for a disordered environment. 
This i s observed i n the lowest spectrum i n the series which i s 
complex (2) immobilized on an activated glass surface indicating 
a highly 3isordered environment with no preferred orientations. 
The coupling to 1 9 5 P t i s s t i l l present indicating that the coor
dination to the metal atom i s s t i l l intact and i t s magnitude shows 
that the geometry i s s t i l l f c i s f . 

Thus, a very e f f i c i e n t catalyst immobilization can be carried 
out by route [6]. However, route [5] i s much less successful: 
Even under the most inert atmosphere conditions, the 3 1 CP/MAS 
spectrum of the immobilized ligand showed a major signal at δ = 42 
ppm (wrt 85% H 3 P O 1 J characteristic of phosphine oxide rather than 
phosphine. This could be quantitatively reduced by HSiCl3 and 
this surface reaction monitored by NMR but the subsequent exchange 
reaction (equation [5]) generated substantial quantities of phos
phine oxide and a number of different isomeric complexes were 
formed. 

A similar situation i s seen from the 3 1 P CP/MAS spectra of 
polymer immobilized catalysts (20,21). Again, two routes are 
possible as shown i n Scheme 3, equations [7] and [8] forming simi
l a r immobilized complexes (3), ( 3 ) 1 . Route [8], where the complex 
i s formed with a polymerizable ligand and d i r e c t l y incorporated 
into the polymer during the polymerization process, quantitatively 
produces well characterized immobilized catalysts as shown by the 
3 1 P CP/MAS spectra i n Figure 8. The alternate route [7], which i s 
by far the most widely used approach, again yields phosphine oxide 
when attaching the ligand and gives a mixture of products during 
the exchange process. It i s possible to probe the structures of 
these complexes v i a the 3 1 P CP/MAS spectra of attached phosphine 
ligands even where they are not the linking group to the surface 
as indicated i n Figure 8c. 

Scheme 3 
Ph Ph 

Ph Ph 

f 
Ph^NPh 

+ ML + η Ph-P-Ph 
ML (n-1) 

i n i t i a t o r 
(AIBN) 

(3) 
~ Ph 

Ph 
(3)' 

(n-1) [8] 
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75 0 

I I 

ι 1 1 

75 0 -50 
PPM from H3PO4 

Figure 8. 31P-CP/MAS solid-state spectrum of polymer-bound (polystyrene cross-
linked with 2% divinylbenzene) triphenylphosphine (a), 31P-CP/MAS solid-state 
spectrum of cis-[PtCl2(PPh2-C6HrCH=CH2)2] (referenced to external 85% Hs 

POh) (b), 31P-CP/MAS solid-state spectrum of a copolymer of 65% styrene, 31% 
divinylbenzene and 4% c\s-[PtCl2(PPh2-C6HrCH=CH2)2] after soxhlet extraction 
(c) and 31P-CP/MAS solid-state spectrum of cis-[PtCl(PPh3)2, (Ν Ρ )]+ClOf after 
soxhlet extraction (d). All spectra referenced to external 85% H&POh. (Reproduced 

from Ref. 21. Copyright by American Chemical Society.) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

02
8

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



28. F Y F E ET A L . Magic Angle Spinning 417 

Thus 3 1 P CP/MAS NMR may be used to characterize s o l i d and im
mobilized transition metal catalyst systems. The results indicate 
that high yields of single complex may be formed by the correct 
choice of preparative route, but that the most commonly used pro
cedures are r e l a t i v e l y i n e f f i c i e n t and that the measured c a t a l y t i c 
a c t i v i t i e s cannot represent the optimal performance of these systems. 

Inorganic Glasses. The important class of inorganic glasses 
i s another situation where the amorphous nature of the system pre
cludes the use of d i f f r a c t i o n techniques. Commonly, they are t y p i 
c a l l y composed of A l , B, Na,0 and Si and their composition from ele
mental analysis i s expressed i n terms of the component oxides (i.e., 
AI2O3, B2O3, Na2Û and S1O2). Thus, the composition of a glass, 
Pyrex (Corning 7740) for example, i s t y p i c a l l y given as 81% Si02, 
2% AI2O3, 13% B2O3 and 4% Na20. In these systems, s o l i d spectra can 
be obtained for X 1B, 2 7A1, 2 9 S i , possibly 2 3Na (and even 1 7 0 , i f 
enrichment i s used) and a complete characterization of the system i s 
possible. There are not protons present i n the system and the ex
periment i s reduced to one of simple MAS. Further, two of the most 
common nuclei, 2 7A1 and 1*B, are quadrupolar and the MAS spectra 
w i l l show least residual distortion when run at the highest possible 
f i e l d strength. Figure 9 shows n B MAS spectra obtained at 128 MHz 
corresponding to a proton frequency of 400 MHz on a conventional 
high-resolution spectrometer (13). The top l e f t spectrum i s of a 
"soda glass" where the boron atoms have tetrahedral coordination 
and a single sharp absorption i s observed as the near spherical sym
metry produces a very small quadrupolar interaction. The bottom-
right spectrum i s of a glass where the boron atoms have trigonal co
ordination and a large quadrupolar interaction which produces the 
characteristic 'doublet 1 structure observed. The intermediate 
spectra are superpositions of these two extreme cases and can be 
used to determine the proportions of the two boron coordinations i f 
care i s taken to assure the spectra are quantitatively r e l i a b l e . 
When taken together with measurements on the other NMR active nu
c l e i , the spectra y i e l d a complete detailed description of these 
systems. 

Incomplete X-Ray Structures 
Molecular Motions and Dynamic Structures. Molecular motions 

are of quite general occurrence i n the s o l i d state for molecules 
of high symmetry (22,23). If the motion does not introduce d i s 
order into the c r y s t a l l a t t i c e (as, for example, the in-plane re
orientation of benzene which occurs by 60° jumps between equivalent 
sites) i t i s not detected by d i f f r a c t i o n measurements which w i l l 
find a seemingly s t a t i c l a t t i c e . Such molecular motions may be de
tected by wide-line proton NMR spectroscopy and quantified by re
laxation-time measurements which y i e l d activation barriers for the 
reorientation process. In addition, i n some cases, the molecular 
reorientation may be coupled with a chemical exchange process as, 
for example, i n the case of many 1 f l u x i o n a l * organometallic mole
cules. 
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Soda Glass 
( B 3 / B 4 ) = ? 

Corning 7740 
( B 8 / B 4 ) = 3.15 

p p m f r o m B F 3 - O E t 2 

Figure 9. High-resolution nB-MAS-NMR spectra (128.4 MHz) of borate glass 
systems. The trigonal to tetrahedral boron ratios, BJBk are calculated from the 

oxide formula of the glass. 
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The proton NMR measurements, however, indicate only that 
motion i s taking place, not that i t involves a chemical exchange. 
This information must come from a comparison with data from other 
sources which may themselves be suspect i f they were obtained 
assuming the l a t t i c e to be r i g i d . High-resolution CP/MAS NMR pro
vides an opportunity for the direct investigation of the mechanism 
of the exchange process i t s e l f , thus the only mechanism by which 
chemically inequivalent nuclei w i l l y i e l d a single absorption 
(apart from a r t i f i c i a l degeneracy) i s a chemical process, just as 
i n solution. 

This i s i l l u s t r a t e d in Figure 10 which shows the 1 3 C CP/MAS 
spectrum of the fluxional organometallic cyclooctatetraene-diiron 
pentacarbonyl (4) (13), whose 'localized' bonding scheme deter
mined by d i f f r a c t i o n measurements i s shown inset i n the figure. 
A l l eight carbons show a single sharp absorption due to the ex
change which does not change down to 77°K, consistent with the 
activation barrier of 2.0±0.1 kcal mol" 1 from proton relaxation 
data. In some cases, the exchange pan be frozen out as i n solu
tion. For example, in the 1 3C CP/MAS spectrum of bis-cycloocta-
tetraene triruthenium tetracarbonyl (5), at ambient temperatures 
a l l eight carbons of the organic moieties contribute to a single 
exchange averaged absorption whereas at low temperatures this ab
sorption becomes a multiplet when the exchange process i s frozen 
out (24). Spectra at intermediate temperatures show the expected 
broadening and coalescence of the signals (13) and may be used to 
determine the mechanism of the exchange, under conditions where 
the geometry of the ground state i s well defined from d i f f r a c t i o n 
measurements. Evidence for chemical exchange i n other organo
metallic systems has been found for r^-CsHs HgX complexes (6) 
(where X - C l , Br, I and V-CsHg) (13). 

Limited Structural Data: Zeolites. Zeolites represent 
another situation where d i f f r a c t i o n data on c r y s t a l l i n e compounds 
i s limited, i n this case, different atoms ( 2 9 S i , 2 7A1) cannot be 
c l e a r l y distinguished because they have very similar scattering 
factors, and the gross structure may be determined r e l a t i v e l y 
easily but the d i s t r i b u t i o n of the individual atoms i s not known. 
In collaboration with Professor J.M. Thomas and Dr. J. Klinowski 
of the University of Cambridge, U.K., we have used 2 9 S i , 2 7A1 and 
1 7 0 solid-state NMR spectroscopy to investigate the detailed 
microstructures of these materials. Zeolites have very loose 
frameworks formed from corner or face-sharing SiOi+ and AIOJ* t e t r a -
hedra and are v e r s a t i l e i n their i n d u s t r i a l applications, 
especially in the petroleum industry becuase of their c a t a l y t i c 
and sorptive properties. The way i n which the frameworks may be 
b u i l t up i s i l l u s t r a t e d i n Figure 11 which shows a 'truncated octa
hedron' made from six and four membered rings as a basic building 
unit where the vertices are either S i or A l atoms joined by 
bridging oxygens being combined to form the repeat unit of 
zeolite-Α by joining units v i a the four-membered rings by bridging 
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CO 

( O C ) 2 F e ^ " F e ( C O ) 2 

CO 

-160°C 

CO 

u 
10 kHz 

Figure 10. 13C-CP/MAS spectrum at 22.6 MHz (90 MHz Ή) of cyclooctate-
traenediiron pentacarbonyl (4) shown along with the localized bonding scheme 

suggested from x-ray diffraction measurements. 

Figure 11. The truncated octahedron building block (also termed "sodalite cage" 
or "β-cage") (a); tetrahedral atoms (usually Si or A I) are located at the corners of 
the polygons with oxygen atoms halfway between them. Illustration of the linkage, 
through double four-membered rings, of two truncated octahedra (b); and the struc

ture of zeolite-A (c). 
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oxygens. There i s a large central cavity accessible through 
three orthogonal linear channels which gives the system i t s 
molecular sieve properties. The same building units may be com
bined i n alternate ways to y i e l d faujasite and sodalite zeolites 
(Figure 12). The gross overall structures are thus well defined 
and NMR can provide complementary information regarding the d i s 
tribution of Si and A l atoms i n the l a t t i c e . Further, there are 
no hydrogen atoms covalently incorporated into the l a t t i c e and a 
simple MAS experiment w i l l s u f f i c e to give l i n e narrowing and 
y i e l d quantitatively r e l i a b l e spectra. The experiments may be 
advantageously carried out at high f i e l d for better resolution in 
the case of 2 9 S i (Figure 13) and for more r e l i a b l e spectra i n the 
case of 2 7A1 (Figure 6). It was f i r s t shown by Lippmaa et a l . 
(25,26) that the five signals observed in the 2 9 S i spectra cor
responded to the five possible second coordinations of S i , i . e . , 
Si[4Al]; S i [ 3 A l , l S i ] ; Si[2Al,2Si]; S i [ l A l , 3 S i ] and S i [ 4 S i ] , and 
that the absorptions occurred within characteristic chemical s h i f t 
ranges (Figure 14) and could thus be used to define the microdis
tribution of S i within the l a t t i c e . Further, the S i / A l r a t i o may 
be obtained from the spectrum using equation [9] where η i s the 
number of attached A l atoms for a given peak and I i s the peak 
intensity (27,28,29). It should be noted that the ratio here i s 

Si 
Al 

4 
Σ I 

n=0 Si(nAl) 
[9] 

Σ 0.25 η·Ι 
n=0 Si(nAl) 

only for Si and A l i n the framework. Chemical analysis, however, 
w i l l include a l l Si and A l atoms (including contributions from 
intercalated species) and thus may not provide an accurate compo
s i t i o n of the ze o l i t e framework. The 2 7A1 spectrum does not pro
vide direct information regarding the second coordination sphere, 
but i s very sensitive to whether the A l coordination i s te t r a 
hedral (δ = 50-70 ppm, wrt A1(H 20) 6

3 +) or octahedral ( 6 - 0 ppm 
wrt Α 1 ( Η 2 0 ) 6 3 + ) and when combined with the 2 9 S i spectra can be 
used to investigate the mechanism of dealumination and other 
chemical modifications of zeolites carried out to modify their 
c a t a l y t i c and sorptive properties. 

Thus, dealumination may be effected by reaction with SiCli*, 
the reaction being postulated to occur as i n equation [10]. 

N a x [ ( A 1 0 2 ) x ( S i 0 2 ) y ] + S i C U Ν β ( χ _ χ ) [ ( A l O z ^ ^ S i O z ) ^ ] 

+ A1C13 + NaCl [10] 

Figure 15 shows the 2 9 S i spectra of the precursor zeolite and the 
dealuminated material (30). The sharpness of the single peak 
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Figure 12. The structure of zeolite-A formed by linking truncated octahedra 
through double four-membered rings (a), the sodalite structure formed by 
direct face-sharing of four-membered rings in the neighboring truncated octahedra 
(b), and the faujasite structure formed by linking the truncated octahedra through 

double six-membered rings (c). 
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- 8 0 ^ ^90 ^95 -100 -105 - 8 0 - 8 5 - 9 0 - 9 5 -100 -105 -110 
ppm from TMS ppm from Τ MS 

Figure 13. 29Si-MAS NMR spectra of analcite (left) and zeolite Na-Y (right). Key: 
top, deconvoluted spectra; middle, 79.5 MHz spectra (400 MHz 1H); and bottom, 
17.9 MHz spectra (90 MHz 1H). (Reproduced with permission from Ref. 14. Copy-

right 1982, J . Magn. ResonJ 
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Si(4Al) Si C3AI ) Si(2AI) Si(1Al) Si(OAI) 
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Si(1Al) 

Si(2Al) 

• 
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Si (3 Al) 

C 
Si (4 Al) 
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- 8 0 - 8 5 - 9 0 -95 -100 -105 -110 -115 
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Figure 14. The five possible local environments of a Si atom tetrahedron together 
with their characteristic 29Si-chemical shift ranges (boxed areas). Si(nAl) represents 
Si bonded, through oxygen bridges, to nAl atoms where η ranges from Ο to 4. The 
chemical shifts of the five resonances of zeolite ZK-4 are shown in broken vertical 

lines. (Figures adapted from References 25 and 35). 
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Figure 15. Dealumination of zeolite Na-Y using SiClk vapor studied by 29Si-MAS 
NMR at 79.8 MHz. Key: top, parent Na-Y zeolite; and bottom, after treatment 
with SiClh. (Reproduced from Ref. 30. Copyright 1982, American Chemical Society.) 
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indicates that the material has retained i t s c r y s t a l l i n i t y and 
d i f f r a c t i o n measurements confirm that the sample retains the 
faujasite structure. The 2 7A1 spectrum (Figure 16b) (30), con
firms that the aluminum has been lost from the l a t t i c e , but shows 
aluminum in octahedral as well as tetrahedral ( l a t t i c e ) coordina
tions indicating that some of the aluminum removed from the 
l a t t i c e remains behind as i n t e r s t i t i a l species formed from A l C l ^ -

which may be detected i n unwashed samples. This can be removed by 
extensive washing as shown i n the lower figure, but some octa
hedral aluminum remains behind and bulk chemical analysis would 
y i e l d S i / A l ratios unrepresentative of the l a t t i c e composition. 
Similar analyses have recently provided important information re
garding the r e l a t i o n between the structure of ZSM-5 and S i l i c a l i t e 
(two new and important z e o l i t i c materials) and have detailed the 
l a t t i c e composition (31). 

In the case of Zeolite-Α, a single sharp peak i s observed at 
a chemical s h i f t value of δ = -88.9 ppm (25,32) which corresponds 
(in the o r i g i n a l ranges defined, Figure 14 (26)) to S i [ 3 A l , l S i ] 
coordination and several authors (19-33) suggested that the o r i g i 
nal structure for Zeolite-Α was incorrect and have proposed a l t e r 
nate schemes consistent with the NMR data where 'Loewenstein 1s 
Rule 1 (34) forbidding (Al—0—Al) linkages i s systematically broken. 
Recent work, however, on Zeolite ZK-4 (which has the same basic 
structure as Zeolite-Α but with Si / A l ratios greater than 1) has 
shown that the o r i g i n a l assignment of the spectrum of this z e o l i t e 
was incorrect (35,36,37), a timely cautionary reminder than any 
technique has i t s limitations. The Zeolite ZK-4 spectrum c l e a r l y 
shows f i v e peaks so the assignment i s unambiguous (Figure 17) and 
use of equation [9] gives the correct S i / A l r a t i o . It can be seen 
that the s h i f t of the Si[4Al] peak, δ = -89 ppm, i s i d e n t i c a l to 
the s h i f t value of the single absorption of Zeolite-Α. This i s 
possibly due to the almost linear Si—0—A1 linkages in the struc
ture and the o r i g i n a l chemical s h i f t ranges, for the effect of the 
second coordination sphere must be extended as indicated i n Figure 
14. 

The Relation Between Solution and Solid-State Structures 

Solution and solid-state structures need not be the same and 
sometimes quite drastic changes can occur (as exemplified by the 
early work of Andrew (38,39) on PCI5 in which the 3 1 P MAS spectrum 
reveals that PC1 5 c r y s t a l l i z e s as PCIi*© PCIe®, Figure 18). In 
most cases, however, the changes are not nearly as dramatic. The 
solid-state NMR measurements on compounds of known solid-state 
structure can be used to confirm that the structure remains un
changed i n solution, to put such correlations as 3 1 P chemical 
shift/bond angle relationships on an absolute basis and to serve 
as benchmark values for the interpretation of solution data where 
exchange processes can occur. This area i s one of intense current 
a c t i v i t y and substantial contributions w i l l probably be made, 
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(a) 

δ [ppm] 

Figure 16. Dealumination of zeolite Na-Y using SiClk vapor studied by 27Al-MAS 
NMR at 104.2 MHz. Key: a, parent Na-Y zeolite; b, after treatment with SiClj, 
and moderate washing with dilute acid; and c, a sample similar to b, but after 
extensive washing. (Reproduced from Ref. 30. Copyright 1982, American Chemical 

Society.) 
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SK3AI) 

-80 -100 -120 
ppm from TMS 

Figure 17. 29Si~MAS NMR spectrum at 79.8 MHz of zeolite ZK-4 showing five 
peaks at the chemical shifts indicated, corresponding to the silicon environments 
shown in the figure. The vertical arrow indicates the frequency of the single peak in 

the spectrum of zeolite-A. 

PClJ PCI; 

2 0 0 1 0 0 - 1 0 0 - 2 0 0 
— ι 1 

- 3 0 0 - 4 0 0 

PPM from H3P04 

Figure 18. 31P-NMR spectrum of poly crystalline phosphorus pentachloride with 
magic angle spinning. The two lines arise from the differently shielded PClf and 

PCl6~ ions of which the solid is composed. 
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especially in the area of 'other 1 nuclei including many quadru
polar and metal nuclei. 
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Polarized x-Ray Absorption Spectroscopy 

J A M E S Ε. HAHN and K E I T H O. H O D G S O N 

Stanford University, Department of Chemistry, Stanford, CA 94305 

The applications of polarized x-ray absorption 
spectroscopy (PXAS) for structure determination in 
inorganic and bioinorganic systems are discussed. 
PXAS studies of oriented samples add angular detail 
to the information obtained from x-ray absorption 
edges and from EXAFS. In some cases, PXAS can be 
used to determine molecular orientation. In other 
cases, PXAS can be used to infer the details of 
electronic structure or of chemical bonding. Some 
of the potential future applications of PXAS are 
discussed. 

During the l a s t decade there has been a dramatic increase i n 
the use of x-ray absorption spectroscopy (XAS) for determining 
and understanding chemical structures. This increase i s i n large 
part attributable to the a v a i l a b i l i t y of synchrotron radiation 
from high-energy electron storage rings (1^.2^3)· The high 
intensity of synchrotron radiation l i g h t sources allows rapid 
c o l l e c t i o n of high quality XAS data. 

XAS data comprises both absorption edge s t r u c t u r e and 
extended x-ray absorption f i n e s t r u c t u r e (EXAFS). The 
application of XAS to systems of chemical interest has been well 
reviewed (4,_5)· B r i e f l y , the structure superimposed on the x-ray 
absorption edge results from the excitation of core-electrons 
into high-lying vacant o r b i t a l s (6,_7) and into continuum states 
( £ , 9 ) . The shape and intensity of the edge structure can 
frequently be used to determine information about the symmetry of 
the absorbing s i t e . For example, the ls+3d transition i n 
f i r s t - r o w t r a n s i t i o n metals i s d i p o l e forbidden i n a 
centrosymmetric environment. In a non-centrosymmetric 
environment the admixture of 3d and 4p o r b i t a l s can give 
intensity to this transition. This has been observed, for 
example, i n a study of the iron-sulfur protein rubredoxin, where 
the iron i s tetrahedrally coordinated to four sulfur atoms ( 6 ) . 

0097-6156/83/0211-0431$06.00/0 
© 1983 American Chemical Society 
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The EXAFS, which occurs at higher energies above the edge, 
i s due to the i n t e r f e r e n c e between the outgoing and the 
backscattered photoelectron waves (10-14 ). EXAFS provides 
information about the l o c a l structure of the x-ray absorbing 
atom. Typically, nearest neighbor bond lengths and coordination 
numbers can be determined to ±0.02 Â (1%) and one atom i n four 
(25%) (4). The accuracy of these determinations i s somewhat 
worse for outer-shell atoms, for disordered systems, or for 
systems with asymmetric distributions of atoms within a s h e l l 
U5,JL6). 

Angular information i s notably absent from the l i s t of 
structural parameters normally obtained from XAS. One approach 
to obtaining angular d e t a i l i s to make use of multiple scattering 
effects (17). Unfortunately, this technique i s only useful for 
outer shells (non-nearest neighbor atoms) where there are atoms 
in t e r v e n i n g between the absorber and the s c a t t e r e r . This 
technique suffers from complications i f the shells of interest 
overlap i n distance with other shells of atoms. 

An alternate method for obtaining angular information i s to 
make use of the plane polarized nature of synchrotron radiation. 
It has long been known that XAS should exhibit a polarization 
dependence for anisotropic samples (18) ; however i t i s only 
recently that attempts have been made to exploit this effect. 
Early attempts to observe anisotropic XAS suffered from the low 
i n t e n s i t y and incomplete p o l a r i z a t i o n of conventional x-ray 
sources. This work has been reviewed by Azaroff (19). 

In this chapter, we b r i e f l y discuss the theoretical back
ground of polarized x-ray absorption spectroscopy (PXAS). Many 
of the recent applications of synchrotron radiation to polarized 
absorption edge structure and to EXAFS are discussed, with 
particular emphasis being given to the study of discrete molec
ular systems. We present here some indication of the potential 
applications of PXAS to systems of chemical and b i o l o g i c a l 
interest. 

Theory 

The general expression f o r a dipole-coupled absorption 
crosssection σ i s 

σ = Σ Ki| e-r l f > l 2 (D 

where <i| and |f> represent the i n i t i a l and f i n a l state wavefunc
tions, ê i s a unit vector pointing i n the direction of the polar
iz a t i o n , r=(x,y,z) i s a unit vector pointing i n the direction of 
the x, y or ζ axes, and the sum i s taken over a l l orientations 
(20). The EXAFS, χ, i s proportional to absorption cross-section. 
Equation 1 can be simplified to 

χ = Σ K i | r |f>|2 C O s 2 e (2) 
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where θ i s the angle between ê and r. The matrix element <i|r|f> 
can be evaluated to give the familiar isotropic EXAFS expression 
(c.f. references 10-14). In the single-electron approximation, 
this matrix element i s only significant i f r points i n the 
dire c t i o n of the unoccupied state of interest (edge structure) or 
the backscatterer of interest (EXAFS). Thus, we can identify θ 
i n Equation 2 with the angle between e and an unoccupied o r b i t a l 
(edge structure) or an absorber-backscatterer vector (EXAFS). 
This i s i l l u s t r a t e d for EXAFS i n Figure 1. For a rigorous 
development of the theory of PXAS, the reader i s referred to, for 
example, reference 20. 

For c r y s t a l l i n e samples of cubic or higher symmetry, for 
polycrystalline samples, or for amorphous materials (e.g.9 for 
most XAS experiments), symmetry requires that the observed XAS be 
spherically symmetric (20,21). In these cases the angular 
dependence i n Equation 2 must be averaged over a l l orientations, 
giving a factor of 1/3. 

Edges 

Although there are notable exceptions, most applications of 
edge structure for determination of molecular geometry have 
concentrated on an empirical correlation of absorber s i t e sym
metry and chemical environment with edge structure. This i s a 
result of the d i f f i c u l t y i n quantitatively interpreting much of 
the edge structure. When the incident photon has an energy just 
b a r e l y above the absorption threshold, the r e s u l t i n g 
photoelectron can undergo numerous multiple scattering events, 
greatly complicating the theoretical analysis (22). Thus, while 
transitions to bound states are reasonably well understood, a 
complete t h e o r e t i c a l treatment of the edge s t r u c t u r e i s 
d i f f i c u l t . 

Oriented samples allow the p o s s i b i l i t y of greatly simpli
fying the interpretation of the edge structure. The information 
obtained from polarized edge studies i s i n many ways analogous to 
the information obtained from polarized o p t i c a l spectroscopy. 
Since edge s t r u c t u r e i ncludes t r a n s i t i o n s i n t o h i g h - l y i n g 
molecular o r b i t a l s (for discrete molecular systems) or high-lying 
bands (for extended solid-state structures), the polarization 
dependence of these t r a n s i t i o n s can, i n p r i n c i p l e , provide 
information about the symmetry properties of s p e c i f i c o r b i t a l s or 
bands. The observed symmetry i s a product of the symmetries of 
the i n i t i a l state, the f i n a l state, and the operator coupling 
these states. Κ and L(I) absorption edges thus have an important 
sim p l i f i c a t i o n over op t i c a l spectroscopy since the i n i t i a l state 
(Is or 2s) i s spherically symmetric and does not influence the 
observed o r i e n t a t i o n a l dependence of the t r a n s i t i o n . 
Unfortunately, the i d e n t i f i c a t i o n of x-ray absorption edge 
transitions i s not always unambiguous, especially for transitions 
into states that are near the continuum. 
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Figure 1. Polarized XAS. The orientations of ê and k and the angle θ (see Equa
tion 2) are shown for a typical PXAS experiment. For this orientation, there can be 
no Cu-S contribution to the EXAFS (& — 90°). The Cu-N contribution to the 

EXAFS will be 3cos2e-times that observed for an isotropic sample. 
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Electronic Structure Determination* Cox and Beaumont have 
studied the polarized x-ray absorption edge of a single c r y s t a l 
of ZnF^ (23), i n which the Zn has tetragonal (D^) s i t e symmetry. 
The observed anisotropic K-absorption edges were explained i n 
terms of a ls+4p and a ls-K4p ,4p ) tra n s i t i o n . 

Templeton and Templeton rfave yobserved anisotropic edges for 
the "oxo" species [V=0] 2 and [ U 0 2 ] 2 (24,25). In the vanadium 
case, a very strong pre-edge transition was observed only when 
the e l e c t r i c vector of the polarization was oriented p a r a l l e l to 
the V=0 bond. From this ρ type symmetry and from the strength 
of the feature ( i n d i c a t i n g an allowed t r a n s i t i o n ) , i t was 
suggested that this peak i s due to a tr a n s i t i o n into a molecular 
o r b i t a l containing vanadium 3d 2 a n d 4s o r b i t a l s and a sigma 
o r b i t a l (having ρ symmetry) from the vanadyl oxygen. In the 
uranyl case, the Z L ( I ) (2s i n i t i a l state) and the L(III) (2p 
i n i t i a l state) edges were both studied (25). Because of their 
d i f f e r e n t i n i t i a l - s t a t e symmetries, these two edges give mutually 
exclusive d.ipole selection rules. In agreement with t h i s , the 
authors observed not only orientational dependence for both 
edges, but also a different orientational dependence for the 
different edges. 

Orientation Determination. While polarized edge studies, 
together with a known sample orientation, can provide information 
about the electronic structure of the absorber, one can also use 
polarized edges to probe ordered systems of unknown orientation. 
This sort of approach was used i n a study of B ^ adsorbed on 
graphite (26,27). In this case, the orientational dependence of 
an edge t r a n s i t i o n was used to c a l c u l a t e the degree of 
orientational purity of the graphite surface. 

Another example of the potential u t i l i t y of polarized edge 
spectra for structure determination i s found for [Mo0^2Î 2" (28)· 
This molecule has C £ v symmetry and the C2 axes of a l l of the 
molecules i n the unit c e l l are c o l l i n e a r . Thus, when the cr y s t a l 
i s oriented with the polarization p a r a l l e l to the S-S interatomic 
vector, the polarization i s perpendicular to the Mo-O bonds and 
nearly p a r a l l e l to the Mo-S bonds. Similarly, the c r y s t a l can be 
oriented with the polarization perpendicular to the Mo-S bonds 
and nearly p a r a l l e l to the Mo-O bonds. For both orientations, 
excellent agreement was obtained with SCF-X α calculations of the 
edge structure (8). 

Moreover, excellent agreement was also observed between the 
polarized edge spectra of [MoO £ 21 2 ~ a n <* t r i e, corresponding "pure" 
isotrop i c spectra of [MoO^] 2 ~ and [MoS^] " ( e*g., with the 
polarization p a r a l l e l to the 0-0 vector, an [MoO^] spectrum was 
observed) (8). In general, i f a molecule contains ligands which 
individually give very different edge structures, i t may be pos
s i b l e to determine the orientation of these ligands using polar
ized absorption edges. As shown here, the isotropic spectrum of 
a "pure" compound, containing only one of the ligands, can be 
used to determine the ligand-dependent edge structures. 
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Determination of the Nature of the Coupling Operator. If 
both the nature of the edge transition and the orientation of the 
absorber are known, one can used p o l a r i z e d x-ray edge 
spectroscopy to determine the nature of the operator coupling the 
i n i t i a l and f i n a l states. The previously discussed studies a l l 
involved intense t r a n s i t i o n s and hence used the reasonable 
assumption that dipole coupling was involved. However, i n the 
case of the first-row transition metals, a weak tra n s i t i o n i s 
observed which i s attributed to a ls+3d tra n s i t i o n , which i s 
dipole forbidden for centrosymmetric compounds. This tra n s i t i o n 
i s weak, but not absent, even i n rigorously centrosymmetric 
complexes. The intensity of this t ransition could arise from 
vib r o n i c a l l y induced distortions from centrosymmetry or from a 
direct coupling to the quadrupolar component of the radiation. 
Although the quadrupolar coupling i s allowed, i t i s expected to 
be very weak, with an intensity comparable to that expected for a 
vib r o n i c a l l y allowed transition. 

Polarized x-ray edge spectroscopy has been used to d i s t i n 
guish between these two coupling mechanisms i n bis-creatinium 
tetrachjorocuprate (29). In a c r y s t a l of this compound, the 
[CuCl^] unit has D ^ symmetry. There are two molecules per 
unit c e l l , but they are fortuitously located such that the 
molecular x, y, and ζ axes are nearly p a r a l l e l (the χ and y axes 
are defined to be pointing i n the direction of the CI atoms, as 
shown i n Figure 2a). The amplitude of the ls+3d transition was 
observed to have a four-fold periodicity as a function of angle 
for rotations of a c r y s t a l about the molecular ζ axis, as shown 
i n Figure 2b. This experiment unambiguously * demonstrates the 
presence of direct quadrupolar coupling. 

Since the [CuCl^] 2" molecule i s only s l i g h t l y distorted from 
D, symmetry, vibron i c a l l y allowed coupling i s expected to be 
independent of rotation about the ζ axis. Indeed, an angularly 
independent component to the crosssection i s also observed, with 
approximately 1/3 the strength of the quadrupole component. 
Thus, i n the rigorously centrosymmetric [CuClit] , the l s ^ d 
intensity i s due approximately 25 % to vi b r o n i c a l l y allowed 
d i p o l e coupling and approximately 75% to d i r e c t quadrupole 
coupling. In addition, from the orientation of the maximum i n 
the ls*3d cross section, i t was possible to determine that the 
vacant o r b i t a l had symmetry properties of d 2_ 2, as expected 
from simple ligand f i e l d theory (29). It shoufd î>e noted that i t 
would be d i f f i c u l t to extract detailed information of this sort 
from an absorption edge i f the transitions were not as well 
c h a r a c t e r i z e d and unambiguously i d e n t i f i e d as the ls"*"3d 
transition. 

Future Applications. These examples i l l u s t r a t e a few of the 
applications of polarized x-ray absorption edges to the deter-

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

02
9

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



29. H A H N A N D HODGSON Polarized x-Ray Absorption Spectroscopy 437 

9 0 « 

Φ 
Or 

C I — C u — C I 
/ 

CI 

/ 

(V 

8960 8980 9000 9020 
ENERGY (eV) 

9040 9060 

Figure 2. [CuClh]2~ absorption edge. Orientation of the CuClk unit showing the 
definition of the angle φ with respect to the polarization direction -*p (top), and 
spectra of CuClk

2~ in the orientations that minimize (φ—0°) and maximize (φ=45°) 
the 7s-»3d transition. 
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mination of molecular structure. Other potential applications 
include determining the symmetry properties of various trans
i t i o n s on an absorption edge. This determination would be one 
step toward understanding the nature of these transitions. For 
example, the blue copper protein plastocyanin has been shown to 
have very anisotropic edge structure (30,31). By determining the 
symmetry of edge features, polarized edge spectroscopy could be 
useful i n testing the predictions made i n various theoretical 
studies of edges (8,22,32). 

For systems where the polarization dependence of the edge 
structure i s already known, polarized measurements could be used 
to determine the sample orientation. For example, the intense 
pre-edge transition described for (acac)«V=0 i s also found i n the 
i s o t r o p i c absorption spectra of M=0(porphyrin) (M=Ti,V,Cr) 
systems (33). Strongly polarized transitions l i k e these could be 
used, for example, to determine the orientation of the porphyrin 
moiety within an ordered system such as a b i o l o g i c a l membrane or 
f i b e r (24). 

EXAFS 
2 

Using Equation 2 and the fact that cos θ gives a factor of 
1/3 when averaged over a l l orientations, we see that 

2 
χ(ροΐ) = 3[x(iso) cos θ] 

where χ(ροΐ) i s the oriented (polarized) EXAFS, x(iso) i s the 
i s o t r o p i c EXAFS and θ i s the angle between ê and the 
absorber-scatterer vector. Thus, EXAFS of oriented samples gives 
a three-fold enhancement i n the amplitude of the EXAFS from a 
given scatterer. More s i g n i f i c a n t l y , however, polarized EXAFS 
measurements allow a comparison of the r a d i a l d i s t r i b u t i o n 
f u n c t i o n i n a number of d i r e c t i o n s , p o t e n t i a l l y a l l o w i n g 
determination of the sample orientation. 

Due to the r e l a t i v e ease of interpretation, there have been 
more quantitative studies of polarized EXAFS than of polarized 
edges. This work has largely involved samples i n which the 
orientation i s known. The extended l a t t i c e systems WSe« and TaS« 
( 2 p , Zn, (34, 3 £ ) , ZnF ? (23), and GeS (36), and the molecular 
solids [Mo0 2S 2 T (28), (acac) 2V=0 (24),~~Γυθ2Γ (25), and the 
blue copper protein plastocyanin (30,31) have a l l been studied 
with polarized EXAFS using synchrotron radiation sources. Also, 
B r 2 adsorbed on graphite has been studied as a function of 
concentration and temperature (26,27). Anisotropic effects have 
a l s o been noted using the analogous technique of extended 
electron energy-loss spectroscopy (37) and have frequently been 
used i n surface EXAFS studies (38-4117 

Structure Determination. In general, good agreement was 
found between the observed EXAFS and the known structure i n a l l 
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of the gtudies cited above. For example, i n the tetrahedral 
[MoO^S^] , the molecules were oriented within the unit c e l l such 
that only Mo-0, only Mo-S, or a combination of Mo-0 and Mo-S 
EXAFS could be selected (28). The observed E3Ç£FS spectra^_agreed 
well wi^h the isotropic spectra of [MoO^] , [MoŜ ,] , and 
[Mo0^2l > respectively. 

In the case of the Br^ on graphite, polarized EXAFS was used 
to determine molecular orientation (26,27). The system consisted 
of a stack of p a r a l l e l graphite sheets i n which the EXAFS could 
be measured p a r a l l e l or perpendicular to the plane of the sheets. 
The authors were able to show that the bromine was bound as Br« 
and to determine the orientation of the Br^ molecules witfi 
respect to the plane of the graphite sheets. Polarized EXAFS 
proved to be a useful complement to LEED, which had been used to 
probe the long-range order i n this system. 

A different sort of information was obtained i n a study of 
the L(II) and L(III) edges of W i n WSe2 ( 2 p . Since the i n i t i a l 
state i n these cases i s a 2p o r b i t a l , both s and d f i n a l states 
are permitted. From the anisotropy of this EXAFS, the authors 
determined that the average contribution of the f i n a l s state to 
the t o t a l absorption edge was 0.02 of that of the f i n a l d states. 

I n v e s t i g a t i o n s of Chemical Bonding. In a d d i t i o n to 
anisotropies i n bond length and coordination, an analysis of the 
polarized EXAFS data for Zn revealed anisotropics in the mean 
square r e l a t i v e displacement of the Zn atoms (34^). This 
i l l u s t r a t e s the u t i l i t y of single c r y s t a l EXAFS even for studying 
systems where the c r y s t a l structure i s known. S p e c i f i c a l l y , 
crystallography determines the mean square motion of each atom 
about i t s mean position, while EXAFS i s sensitive to the mean 
square relative displacement of a pair of atoms about their mean 
separation. Thus the combination of crystallography and single 
c r y s t a l EXAFS can provide a powerful tool for studying chemical 
bonding. 

Another example of using polarized EXAFS to study bonding i s 
found i n a study of the blue-copper protein plastocyanin (30). 
In t h i s case, crystallography had shown that the Cu atom was 
bonded to two imidazole nitrogens at 2.0 Â and one cysteine 
sulfur at 2.15 Â (42). In addition, there was a methionine 
sulfur [S(Met)] located at 2.9 Â from the copper. Previous 
solution XAS studies had f a i l e d to show any evidence of Cu-S(Met) 
EXAFS. Possible explanations were that Debye-Waller damping was 
reducing the amplitude of the Cu-S(Met) EXAFS to below the 
detection l i m i t or that destructive interference was occuring 
between the Cu-S(Met) EXAFS wave and a Cu-C(imidazole carbon) 
wave, resulting i n the cancellation of the EXAFS. 

A single-crystal study of oxidized plastocyanin demonstrated 
that the absence of Cu-S(Met) EXAFS was due to Debye-Waller 
damping (30). The a n a l y s i s b e n e f i t s from the t h r e e - f o l d 
enhancement of Cu-S(Met) s c a t t e r i n g amplitude expected for 
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oriented EXAFS. However, the decisive factor i n this study i s 
the a b i l i t y to compare an orientation i n which the EXAFS should 
be dominated by Cu-S(Met) EXAFS with an orientation which can 
contain no S(Met) contribution to the Cu EXAFS (Figure 3). In 
neither orientation i s there a feature above the noise l e v e l 
which can be attributed to an atom at 2.9 Â from the copper 
(Figure 4). This indicates that the amplitude reduction i s due 
to Debye-Waller damping, a somewhat surprising result since 
n e i t h e r the Cu nor the S(Met) has an anomalously l a r g e 
temperature factor i n the cr y s t a l structure. As i n the Zn case 
above, this highlights the fact that crystallography and EXAFS 
are sensitive to different sorts of vibrational damping. 

These st u d i e s i n d i c a t e the v a r i e t y of ways i n which 
polarized EXAFS can be used to understand chemical structures. 
In general, such studies are most useful when used i n conjunction 
with other structural techniques (e.g. LEED or crystallography). 

Future Applications. In addition to probing bonding i n 
structurally characterized systems (as described above), future 
polarized EXAFS studies may also study oriented but structurally 
uncharacterized systems. This would be similar to the Br« 
adsorbed on graphite study described e a r l i e r . Future work might 
include polarized XAS studies of b i o l o g i c a l fibers or membranes. 
For example, o p t i c a l dichroism might be used to establish the 
o r i e n t a t i o n of a heme-containing, membrane-bound p r o t e i n . 
Polarized EXAFS could then be used for selective study of the 
axial l i g a t i o n of the heme. Even i n systems with unknown 
orientation, polarized EXAFS could conceivably be useful. For 
example, proteins which can be c r y s t a l l i z e d , but for which 
high-resolution d i f f r a c t i o n data do not exist, might be l i k e l y 
candidates for study. In these cases, the known space group and 
unit c e l l orientation of the protein could be used to select 
unique orientations for examination with polarized XAS. 

Conclusions 

Polarized x-ray absorption spectroscopy offers a number of 
advantages over isotropic XAS. We have presented a brief 
theoretical description of PXAS and have described a variety of 
applications of PXAS to the study of inorganic and bioinorganic 
systems. These applications involve adding angular d e t a i l to the 
electronic information obtained from x-ray absorption edges and 
the r a d i a l d i s t r i b u t i o n information obtained from EXAFS. This 
angular d e t a i l can be used to determine the orientation of a 
sample within a c r y s t a l , membrane, or fi b e r . Alternately, i f the 
sample orientation i s known, the angular d e t a i l of PXAS allows 
detailed probing of the electronic structure (using edges) or of 
the bonding (using EXAFS). If both the sample geometry and the 
detailed nature of an edge transition are known, PXAS can be used 
to study the nature of the operator coupling the i n i t i a l and 
f i n a l states involved i n an edge transition. 
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Figure 3. Plastocyanin orientations. The 
Cu(N-Imid)2(S-Cys)(S-Met) unit has ap
proximately trigonal pyramidal symmetry, 
with the S(Met) ligand at the apex of the 
pyramid. Key: top, orientation giving pre
dominantly Cu-S(Met) EXAFS; and bot
tom, orientation giving no Cu-S(Met) 
EXAFS. (Reproduced from Ref. 30. 
Copyright 1982, American Chemical So
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0.0 2.0 4.0 

R (X) 
Figure 4. Plastocyanin transforms. Fourier transforms of the EXAFS for two 
different plastocyanin crystals in two different orientations, key: dark line, orienta
tion maximizing Cu-S(Met) EXAFS (see Figure 3a); light line, orientation contain
ing no Cu-S(Met) EXAFS (see Figure 3b). In neither orientation is a peak observed 
at approximately 2.5 A, corresponding to an atom at 2.9 A. (Reproduced from Ref. 

30. Copyright 1982, American Chemical Society.) 
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It should be noted however, that only a small percentage of 
crystals are suitable candidates for single c r y s t a l XAS. Not 
only must the symmetry of the absorbing s i t e be lower than cubic, 
but also the different sites within the unit c e l l must be 
oriented i n such a way that the EXAFS (or edge structure) due to 
the scatterer of interest can be isolated. Similar constraints 
apply to bi o l o g i c a l fibers or membranes, with the additional 
problem that these systems w i l l have at best uniaxial symmetry. 
Despite these limitations, there are a large number of systems 
which are suitable for study using PXAS techniques. We expect 
that i n coming years PXAS w i l l prove to be a useful complement to 
other structural methods. 
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High-Resolut ion Electron Microscopy and 
Electron Energy Loss Spectroscopy 

J. M. THOMAS 
University of Cambridge, Department of Physical Chemistry, 
Lensfield Road, Cambridge CB2 1EP England 

The merit of high-resolution electron microscopy 
(HREM) is that it can yield structural information, 
in real space and at the sub-nanometric level, about 
materials that are not amenable to structure deter
mination be X-ray crystallographic and other conven
tional techniques. Specific, localised, rather than 
spatially averaged information is gleaned in this 
way, and new structural types as well as new mechan
istic details are brought to light through the appli
cation of HREM to hitherto intractable systems. The 
first part of the article illustrates the validity 
of these statements by specific reference to: (i) 
quasi-crystalline solids (zeolites and transition 
metal sulphide catalysts), and (ii) oxides and 
silicates in which there are intergrowths at the 
unit cell level as in the pyroxenoids and bismuth 
tungstates. Some of the new structural types dis
covered by HREM include a spatial form of graphite 
intercalate, multiply-twinned zeolites, and ring
-chain intergrowths amonsgt silicates and their 
germanate analogues. HREM is also especially useful 
in evaluating mechanisms of structural transfror-
mations and in clarifying the nature of crystalline 
imperfections. 

Electron energy loss spectroscopy (EELS) is a 
powerful new microanalytical technique, capable of 
detecting less than 10-20g of a particular element. 
The basic principles of this new method of chemical 
analysis is outlined. Extended, electron energy 
loss fine structure (EXELFS) and its potential as 
a new method of determining the structure of ordered 
or amorphous inorganic materials (applicable unlike 
EXAGS to materials consisting of all atoms, other 
than hydrogen, lighter than calcium) is also 

0097-6156/83/0211-0445$07.75/0 
© 1983 American Chemical Society 
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discussed and illustrated. Future prospects, of 
using Compton scattering and other procedures are 
also outlined. 

As an analytical tool high resolution electron microscopy 
(HREM) either alone or in conjunction with closely related 
techniques (such as selected area electron diffraction (SAED), 
ultramicro X-ray-emission spectrometry (XRES), ultramicro 
electron-energy-loss spectroscopy (EELS) (in EELS, because 
resolution is appreciable (<leV) we talk of spectroscopy, whereas 
in XRES the term spectrometry is retained, in view of the poor 
resolution (with energy dispersive detectors) characteristic of 
such measurement)) or in association with other measurements 
that can be effected, in situ, inside an electron microscopy 
(such as luminescence spectroscopy, dynamic mass spectrometry or 
Compton scattering) is a powerful means of extracting information 
about inorganic materials. Projected, two dimensional structures 
may be determined, with near atomic resolution, at the localized 
scale (covering regions of specimen of typically lOOX diameter); 
and compositional as well as structural heterogeneity can be 
straightforwardly identified, also at this level of spatial 
discrimination. 

In this review we shall emphasize some of the unique features 
of HREM and, in so doing, illustrate how, in association with one 
or other of the additional techniques mentioned above, or in 
association with separate studies (e.g. magic-angle-spinning 
solid-state NMR), HREM has clarified several new, or hitherto 
enigmatic, features of the chemistry of inorganic solids. In 
particular we discuss, how: 

the nature of quasicrystalline solids, particularly those 
of interest in heterogeneous catalysis, has been elucidated; 

the structure of what may be termed "X-ray intractable" 
solids has been clarified; 

new structural types have been discovered and identified; 

the mechanism of certain kinds of solid-state transformation 
has been established; 

various kinds of regular and irregular structural defects 
may be accommodated within a parent matrix. 

EELS, chiefly as a tool for ultramicroanalysis, will also be 
discussed with the aid of some recently studied examples. Electron 
energy loss microscopy will also be briefly mentioned. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

03
0

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



30. THOMAS Electron Microscopy 447 

We sh a l l also outline how bond distances and information 
pertaining to the d i s t r i b u t i o n of electron density may, i n 
principle, be extracted from measurements carried out using 
electron microscopy. F i n a l l y we touch upon future possible lines 
of development l i k e l y to be of value to the inorganic, surface 
and analytical chemist. 

H.R.E.M. 

The Principles. The principles of this technique have been 
adequately discussed i n several recent reviews ( 1^~4). Using 
microscopes possessing lenses that have the lowest acceptable 
coefficients of spherical aberration as well as lens pole-pieces 
which offer adequate scope for generous sample t i l t i n g about two 
orthogonal axes and adequate space f o r the insertion of detectors 
for emitted X-rays or secondary electrons, a series of high 
resolution images is recorded as a function of sample thickness 
and also as a function of lens defocus. These measurements are 
f a c i l i t a t e d by selecting tapered or wedge-shaped specimens. The 
trustworthiness of the images so recorded i s assessed by comparing 
observed and calculated intensity d i s t r i b u t i o n i n two-dimensional 
projections of the structure. It follows, therefore, that some 
prior, rudimentary knowledge of the unknown structure i s a pre
requisite. Structures can be refined by i t e r a t i v e procedures in 
which computation of image i s carried out after each successive 
alteration of the atomic coordinates u n t i l , ultimately, the 
observed and calculated images match (_5). 

The Characterization of Quasi-Crystalline Solids. It has 
become increasingly apparent that our ignorance of many important 
phenomena involving inorganic materials stems in part from our 
i n a b i l i t y to elucidate the structure of grossly disordered, 
quasi-crystalline or amorphous solids. There are numerous facets 
of heterogeneous catalysis, for example, where the paucity of 
adequate techniques to cope with structural characterisation of 
imperfectly ordered solids limits our a b i l i t y to design and 
control better catalysts. The work of Chiannelli et a l (6~8) on 
hydrodesulphurization using the d i - t r i - and non stoichiometric 
sulphides of the transition metals as catalysts nicely i l l u s t r a t e s 
this point. Biological mineralization (9) and amorphous semi
conductors (1Ό, j j ^ , 12̂ ) are two other important examples. 

When the nature of the disorder i s s p a t i a l l y invariant 
EXAFS is a viable technique. Under these circumstances, however, 
unless the specimens are exceptionally thin (<2θ8), HREM i s of 
l i t t l e value (13̂ , 14), as two-dimensional projected 'images' are 
d i f f i c u l t to interpret. When, however, there are residual 
c r y s t a l l i n e regions s t i l l intact in a 'growing' glassy matrix, 
or when, conversely, the embryonic stages of c r y s t a l l i z a t i o n of a 
glassy precursor have been reached, HREM is p a r t i c u l a r l y 
powerful (14·, 15) . 

American Chemical 
Society Library 

1155 16th St., N-W. 
Washington, D.C. 20036 
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448 INORGANIC CHEMISTRY: TOWARD THE 21 ST C E N T U R Y 

P a r t i a l l y Crystalline Z e o l i t i c Catalysts. Materials 
that are X-ray amorphous often contain vestiges of c r y s t a l -
l i n i t y , but the c r y s t a l l i t e size i s so small that the l i n e -
broadening i s such as to y i e l d l i t t l e or no information by 
conventional X-ray methods. We have shown (L5, lj>) that HREM 
can quickly reveal whether a so-called x-ray amorphous zeolite 
( s t i l l capable of ion exchange) i s better c l a s s i f i e d as either 
a microcrystalline material with a coherence length of ca 108, 
or, rather, as a heterogeneous mixture of both c r y s t a l l i n e and 
essentially amorphous regions, or whether i t approaches the 
classica£+randoin network model. Figure 1 shows a micrograph 
of a U0^ - exchanged 'amorphous1 zeolite-Y recorded at a 
point-to-point resolution of 2.48. £^e dark spots represent 
projected rows (of about 5 or 6) UO ions. The continuous 
diffuse ring i n the optical diffractogram (taken on an optical 
bench using the micrograph negative as an object and a CW laser 
as a monochromatic source) indicates that the predominant 
spacings i n the image range from 2.3 to 3.48, peaking at 2.78; 
and the mean correlation length, derived from the width of the 
diffuse ring, i s ca 98. 

Zeolites possess the remarkable property of exhibiting 
shape-selective catalysis even when they are X-ray amorphous. 
Clearly, even though there i s no long range order, there i s 
s t i l l a degree of structural organization i n the alumino-
s i l i c a t e adequate to exert shape-selectivity i n the "non
c r y s t a l l i n e " regions of the samples. Thanks to HREM we can 
now understand how this state of a f f a i r s arises (17). 

P a r t i a l l y Crystalline Transition Metal Sulphide Catalysts. 
Chiannelli and coworkers ((>, 7_, 8.) have shown how, by preci
p i t a t i o n of metal thio-molybdates from solution and subsequent 
mild heat-treatment many selective and active hydrodesulphuri-
zation catalysts may be produced. We have shown (18) recently 
that molybdenum sulphide formed i n this way i s both structurally 
and compositionally heterogeneous. XRES, which yields d i r e c t l y 
the variation i n Mo/S r a t i o shows up the compositional non-
uniformity of typical preparations; and HREM images coupled to 
SAED (see Figure 2) exhibit considerable spatial variation, 
there being amorphous regions at one extreme and highly crys
t a l l i n e (lj$, 19) MoS at the other. 

We s h a l l see later that a special variant of EELS (EXELFS) 
is l i k e l y to be of great value in characterizing quasi-
c r y s t a l l i n e solids. 

Dealing with X-ray Intractable Materials 

Wollastonite. From time to time inorganic and geochemists 
encounter materials which, although showing unmistakable signs 
of c r y s t a l l i n i t y , y i e l d most unpromising X-ray d i f f r a c t i o n 
patterns. The naturally occurring s i l i c a t e of calcium, 
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30. THOMAS Electron Microscopy 449 

Figure 1. High-resolution electron micrograph and corresponding optical trans
form (inset) of an x-ray amorphous zeolite-Y specimen that has undergone ion-
exchange with a solution containing U02

2+ ions. The microcrystalline regions are 
rendered visible by the locally ordered U02

2* ions. (See text.) 
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Figure 2. These high-resolution micrographs show how a so-called x-ray amor
phous, nonstoichiometric molybdenum sulfide catalyst exhibits structural (as well 
as compositional) heterogeneity. Amorphous, quasi-crystalline, and crystalline 

regions coexist at the ultramicro level (18). 
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wollastonite, CaSiO^, i s one such example. Its (hl£) 
reciprocal l a t t i c e net, taken by X-ray precession photography 
(20) i s shown i n Figure 3. The marked streaking rightaway 
s i g n i f i e s that there i s considerable disorder at the unit c e l l 
l e v e l . To disentangle the nature of the repeat units along the 
backbone of the corner-sharing SiO^ tetrahedra from X-ray 
photographs of this kind i s well nigh impossible. By direct , 
real-space imaging, however, using HREM (21^ 23) great c l a r i 
f i c a t i o n ensures (Figure 4). By constituting one-dimensional 
(Figure 4 (a) and 4 (b)) and two-dimensional dark-field images 
(Fig. 4 (d)), i . e . constructed solely from the diffracted 
beams, bearing i n mind that the number of unit c e l l s explored 
by this glectron microscope approach i s diminished by a factor 
of ca 10 from the number explored i n X-ray studies, the 
ultrastructure of the wollastonite i s greatly c l a r i f i e d . We 
can now understand the reason for the pronounced streaking i n 
the X-ray (hl£) (Fig. 3) section, and the streaking of some of 
the electron d i f f r a c t i o n spots (k odd) Figure 4). It should 
f i r s t be recognized that wollastonite i s a quasi-layered 
structure: the t r i c l i n i c and monoclinic forms d i f f e r from one 
another i n that they represent two extreme highly ordered 
modes of stacking of the (100) layers in the a* direction. In 
the image shown i n Figure 4 (c) (to a lesser degree in Figure 
4 (b)) we see that the layers are haphazardly stacked, minute 
strips - no more than a few unit c e l l widths - of t r i c l i n i c 
and monoclinic structures. 

Bismuth Tungstates. A family of structures recently 
i d e n t i f i e d (23) to occur i n the Bi/W/0 system i s i l l u s t r a t e d 
schematically i n Figure 5. The individual members are made of 
interleaved ^̂ 2̂ 3 a n c* ̂ 3 l a v e r > t r i e l a t t e r consisting of 
corner-sharing WO- octahedra. The resulting homologous series 
has a formula B ^ η 3n+3* 

When various compositions of Bi 90o a n c * W O o
 a r e f u s e < l 

together so as to synthesize individual members of the homo
logous series, some unexpected d i f f i c u l t i e s are encountered. 
Thus, for reasons which are at present obscure, a l l attempts 
to isolate the pre n=3 member have f a i l e d . Moreover, some 
complicated intergrowths appear to form under certain 
circumstances, and the resulting materials are more or less 
X-ray intractable, i n a sense similar to that described above 
for wollastonite. Combined HREM imaging, computer simulation 
of images (23, 24) SAED (bright f i e l d - i . e . using the 000, or 
forward scattered, as well as diffracted beams for image 
construction), leave l i t t l e doubt as to the nature of these 
materials (Figure 6). In particular i t i s seen that some 
intergrowths of B^2 W3^12 C a n ^ e a c c o m m o c* a t e c*> possibly 
s t a b i l i z e d , within a predominantly Β^2^2^9 m a t r * - X e I t : a P P e a r s 

that the n=3 member survives or exists only when bounded by 
n=2 or n=l members. Upon annealing samples that are nominally 
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452 INORGANIC CHEMISTRY: TOWARD THE 21ST C E N T U R Y 

Figure 3. Schematic illustration of the disposition of chains made up of corner-
sharing SiOk tetrahedra in the triclinic and monoclinic forms of wollastonite. (The 
Ca2+ ions have been omitted for clarity) (top), and (hOl) and (hll) x-ray diffraction 
patterns that signify that the specimen in question is disordered and made up of 

intergrowths of the triclinic and monoclinic forms (bottom). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

03
0

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



30. THOMAS Electron Microscopy 453 

Figure 4. Electron diffraction pattern (bottom left) of a typical 'disordered' wol-
lastonite specimen. Evidence of the disorder comes from the streaked (k odd) 
diffraction spots. The fringes shown in the dark-field image (a) are ~ 7 A apart. 
Dark-field image b, taken from the streaked diffraction spots, shows a one-dimen
sional image of the disordered wollastonite. Dark-field image c shows a two-dimen
sional image which shows the haphazard stacking of the triclinic and monoclinic 

constituents. 
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Bi2W06 Bi2W209 Bi2W3012 

Figure 5. An illustration of the first three members of the structural series 
BizWJD^+s, viewed along [100]. The structures consist of (Bi20^ sheets separated 
by one, two, three, etc. (n = 1, 2, 3, etc., respectively), corner-sharing sheets of 

WOe octahedra. 

Figure 6. High-resolution micrograph together with corresponding scalar struc
tural drawing, computed image, and appropriate diffraction pattern showing struc

tural resolution of Bi2W209 with some Bi2W3012 intergrowths (24). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

03
0

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



30. THOMAS Electron Microscopy 455 

Bi^W^O , but which contain very nearly contiguous slabs of 
Bi^W 0 and Β^ο^δ' *-s °^ s e r v e (i that some kind of mutual 
annihilation of Che n=3 and n=l members, takes place to y i e l d 
the n=2 member, as is shown dramatically (24) in Figure 7. 
The solid-state reaction: 

B i 2W 30 1 2 + Bi 2W0 6 - 2Bi 2W 20 9 

can, therefore, be "seen" d i r e c t l y by HREM at ca 3& resolution 
occurring at the u n i t - c e l l l e v e l . 

Pyroxenoid S i l i c a t e s . Pyroxenoids, of which wollastonite, 
described above, i s but one member, constitute a family of 
single-chain s i l i c a t e s made up of corner sharing SiO, tetra-
hedra. Their general formula i s MSiO M=Mg, Ca, Fe, Mn, etc.), 
and they display a r i c h d i v e r s i t y of structural types which 
d i f f e r one from the other in the nature of the backbond repeat 
patterns. The difference between individual members of this 
family manifests i t s e l f i n the number of SiO^ tetrahedra i n a 
backbone repeat. Both naturally occurring pyroxenoids and their 
synthetic analogues tend to display fine intergrowths so that 
X-ray patterns are again complicated and tend to be streaked. 
But HREM enables us to "read o f f " d i r e c t l y the nature of the 
repeat patterns (see Figure 8), rather l i k e reading off the 
constituents of a polypeptide chain (25, 26). 

New Structural Types: Their Discovery by HREM. As well as 
being invaluable in confirming the atomic d e t a i l of known struc
tures, HREM has, i n the best traditions of a new technique, led 
to the discovery of hitherto unknown structural types. 

Graphite Intercalates. Under optimal imaging conditions 
(27, 28) the s t a t i s t i c a l nature of the distr i b u t i o n of stages 
in a so-called 'second stage 1 graphite intercalate ( i . e . one 
which, on the basis of X-ray diffractograms has guest species 
accommodated every other interlamellar space) can be d i r e c t l y 
viewed (Figure 9 (a)) at a spatial scale ca 10 times that 
explored by X-rays. A new type of graphite intercalate struc
ture, consisting of double stacks of guest species (FeCl ) 
within a given interlamellar space has been discovered (29): 
see Figure 9 (b). 

New Z e o l i t i c Structures. Multiply twinned f a u j a s i t i c 
zeolites ( t y p i c a l l y zeolite-Y) have recently been shown (3(), 31) 
to be capable, by recurrent twinning on {111} planes, to 
generate a new, hexagonal zeolite in which tunnels replace the 
interconnected cages of the parent cubic structure. 

By exposing certain zeolites to S i C l ^ vapour at modest 
temperatures i t i s possible to produce (see Fig 10 (a)) 
cr y s t a l l i n e solids that are almost exclusively SiO^ i n 
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Figure 7. Micrograph showing evidence for the occurrence of the reaction: 
Bi2W3012 + Bi2W06 -» 2Bi2W209 at the unit-cell level To the right of the dashed 

line A Β the composition is Bi2W209. 

Figure 8. High-resolution image of a disordered synthetic pyroxenoid (of compo
sition MnFeSi2Oe) not amenable to x-ray crystallographic study (see text). The 
region shown consists of intergrown, recurrent strips of the pyroxenoid structures 
known as rhodonite (with 5 linked SiOh tetrahedra) and pyroxmangite (with 7 

linked SiOk tetrahedra). 
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Figure 10a. Scheme of the alumino-silicate framework of a typical faujasitic 
zeolite Si/AI ratio of 1.18 (arbitrarily chosen to illustrate the ordering among 
tetrahedral sites) before (left half) and after (right half) exposure to SiCls, which 

'dealuminates' the zeolite (see Figure 10b). 

Si(2Al) 

-80 -90 -100 -110 -120 

Si(OAl) 

Si/Al = 55 

L 
-80 

Figure 10b. Magic angle-spinning 29Si-NMR spectra of a typical faujasitic zeolite 
(Si/ AI ratio 2.61) before and after dealumination by exposure to 5/C/4 vapor 

(see text). 
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Figure 10c. Typical HREM image (with associated selected area diffraction 
pattern and schematic illustration of framework structure) after dealumination of 

a faujasitic zeolite by exposure to SiCl^. 
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composition but which nevertheless retain the o r i g i n a l zeolite 
structure (32, 32-34, 34). Magic-angle-spinning ^ S i a n c j 27^1 
NMR confirms that Al i s removed from the structure, the various 
proportions of S i ( 0 A l ) 4 , Si(OAl) (OSi), S i ( 0 A l ) 2 ( 0 S i ) 2 etc., 
being ultimately replaced by the Si(OSi), grouping (see Fig. 
10 (b)). HREM and SAED further reveal that the integrity of 
the precursor z e o l i t i c framework i s retained, the <110> 
projected images being of such quality that the pore-structure 
i s readily apparent (Fig. 10 (c)). The overall reaction here 
is : 

Na (A£0 o) (Si0 o) + SiCJL -> Na .(AAOj - ( S i O j . + A£C£ Q χ 2 χ 2 y 4 x-1 2 x-1 2 y+1 3 
+ NaC£ 

It i s to be noted that the Si/Al r a t i o , which i n i t i a l l y i s in 
the range 1.5 to 2.6, can be increased to over a 100 by this 
simple gas-solid reaction which converts the o r i g i n a l hydro-
p h i l i c zeolite to a much less hydrophilic microporous c r y s t a l 
l i n e , essentially non-zeolitic structure. 

New Ring-Chain Intergrowth Structure. It i s well known 
that among the wide variety of structural types displayed by 
the s i l i c a t e s the chain structures (which can consist of single 
chains of linked SiO^ tetrahedra as i n pyroxenes and pyro
xenoids, or of double chains as i n the amphiboles) and the ring 
structures (consisting of three, four, six or more tetrahedra) 
are quite separate. Using HREM and SAED, Wen Shu-Lin ejt a l . 
(34) have recently shown that, over a substantial range of 
composition, the metagermanates that c r y s t a l l i z e out of pre
cursor glasses containing Ca^ +, Sr^ +, 0^~ and Ge0^~ ions 
exhibit a microstructure which i s composed of pyroxenoid chains 
(akin to that of wollastonite - see Sections 2.3 (a) and (c) 
above) and small rings of corner-sharing GeO,̂ "" tetrahedra. 
There is considerable scope here for combined synthetic and 
HREM studies to determine the so-called existence ranges of 
various ( u n i t - c e l l level) intergrowths of rings and chains i n 
pure or mixed inorganic borates, phosphates, s i l i c a t e s , 
germanates and vanadates. 

Simulating and Predicting New Inorganic Structures. 
Progress has already been made (26) to adapt the well-known 
pair potential approach (_35, 36), using carefully parameterized 
atom-atom potentials, to interpret and predict the structures 
of pyroxenoid s i l i c a t e s , and at the same time to unify the 
results of HREM studies of this class of c r y s t a l l i n e s o l i d . 
Again the scope for the elaboration of this approach is 
considerable, and efforts are currently being made (37) to 
extend these calculations in other areas of inorganic s o l i d -
state chemistry. In this connection, i t i s of interest to note 
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that Parker and Catlow (38) recently predicted the crystal 
structure of ThSiO,. Their result was at variance with an 
e a r l i e r X-ray based structure, but in agreement with a more 
refined determination carried out after the results of their 
calculation were known. 

Structural Transformations. Although i n s i t u HREM studies 
are extremely d i f f i c u l t to perform - in view of the demanding 
experimental conditions - much valuable insight into the mechanism 
of nucleation and c r y s t a l l i z a t i o n of new phases from amorphous 
precursors and into the atomic details of single-crystal -»· single-
crystal transformations. HREM has also shown that some structural 
transformations which appear on crystallographic arguments to be 
topotactic (38), solid-state processes take place v i a the inter-
mediacy of a glassy phase. This has been shown (39) to be the 
case, i n , for example, the conversion of the wollastonite chain 
structure into pseudowollastonite, a ring structure composed of 
corner-shared three-membered SiO, tetrahedra, at elevated 
temperatures (ca 1250°C). The parent chains break up and 
simultaneously there i s considerable migration of the C a 2 + ions 
leading to the formation of the glassy state. The pseudowollas
tonite i s nucleated and grows from this glass precursor. 

A hitherto puzzling process known to occur amongst the 
graphite intercalates when one stage (40) i s rapidly converted 
into another is seen (28), by HREM, to involve interpenetrating 
or co-existing stages. By altering the chemical driving force 
(so as to increase or decrease the 1 stage number1) one or other 
of the coexisting stages grows preferentially. In other words, 
HREM has revealed that present in a given 1 stage 1 of intercalate 
are nuclei of other (both lower or higher stages) at which growth 
of a new 1 stage number1 may proceed in response to changes of 
chemical potential. 

Further examples of how HREM portrays at near atomic scale 
the mode of solid-state transformation that takes place i n solids 
are the B i

2
W 3 ° i 2 B i2 W3°12 + B i2 W°6 "** 2 B i2 W2°9 c o n v e r s i o n 

discussed i n section 2 A (b) above, and the f a c i l e interconver
sions of the rare-earth oxides and of niobium oxides (41). 

Structural Imperfections. In many respects HREM has had a 
greater impact upon our knowledge of the nature of the atomic 
reorganization at c r y s t a l l i n e imperfections than any other 
single technique. One of the very f i r s t contributions of HREM 
as a new analytical and structural tool was described i n the 
paper by I i j i m i a (4v2) in 1971 on T i ^ N b I Q ^ Ç v i - e w e c * down to i t s 
b - axis. Structural faults, a r i s i n g trom subtle fluctuations 
in composition, could be c l e a r l y seen i n the block-structure 
(based on NbO^ octahedra) which i s a feature of this ternary 
oxide system. More than a decade later similar materials are 
yielding to active scrutiny by HREM, and Horiuchi (43), for 
example, has shown how point defects may be d i r e c t l y viewed 
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(using lMeV microscopes) i n reduced form of nNb^O^ mWÔ  and 
oxidised forms of Ub^O 

In studies of amphiboles (44), isolated strips of t r i p l e -
chain s i l i c a t e s were discovered embedded in the double-chain 
parent structure. It was la t e r realized that new types of 
s i l i c a t e structures, composed of recurrent t r i p l e chains, existed 
in nature. The part that HREM played i n the i d e n t i f i c a t i o n of 
this new family of triple-chain s i l i c a t e s , which constitute a 
further step i n the progression: pyroxene, amphibole, ... mica, 
was c r u c i a l . 

Jefferson's studies of the pyroxenoids has added greatly to 
our application of the way i n which, through the intermediary of 
planar - or planar and Kinke - faults one structure is converted 
into another (45). And Audier, Jones and Bowen (46) have revealed 
how unit c e l l strips of Fe«C may be accommodated as extended 
defects in the F e c ^ 2 structure. Both these carbidic phases can 
be readily i d e n t i f i e d by HREM at the interface of iron catalysts 
used for the disproportionation of CO (to y i e l d C( g) + 0 0 2 ) . 

E.E.L.S. 

Analytical Electron Microscopy. We have already seen that 
one way of gaining chemical (compositional) information about the 
specimens which we image in electron microscopy i s to monitor the 
X-rays that are invariably emitted during the imaging (CXRES). 
Nowadays this i s usually accomplished by employing devices such 
as L i - d r i f t e d S i - detectors coupled to multichannel analyzers, 
so that the energy dispersed X-rays can be straightforwardly 
recorded. Another procedure that also permits of analytical 
electron microscopy entails placing an electron spectrometer i n 
the path of the beam of high-energy transmitted electrons so as 
to measure the ( f r a c t i o n a l l y ) small variations i n kinetic energy 
arising from the various i n e l a s t i c interactions that have taken 
place in the specimen (and some which have resulted in the 
production of X-rays and Auger electrons). The resulting plot of 
electron intensity as a function of energy loss i s termed the 
electron-energy-loss spectrum. In electron-loss spectroscopy 
(EELS) we extract information from the i n e l a s t i c a l l y scattered 
electrons, not from the e l a s t i c a l l y scattered ones which make 
HREM possible. Non-crystalline or amorphous solids give l i t t l e 
information in HREM (see section 2 . 2 ) ; but the efficiency of EELS 
is hardly impaired irrespective of whether the specimen i s 
c r y s t a l l i n e or not. 

Basic Principles. Egerton (47-50) has given admirable 
summaries of the background theory and the equations required for 
quantitative application of EELS to the determination of specimen 
composition: suffice i t to note that ionization energies depend 
upon the type of shell (K, L, etc.) and upon the atomic number (Z) 
of the atom involved. Their values have been accurately 
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determined for a l l the elements and are not s i g n i f i c a n t l y 
affected (but see later) by the chemical environment of an atom. 
Detection of ionization edges i n an EEL spectrum, therefore, 
enables elements present within the specimen to be i d e n t i f i e d . 
Moreover EELS, unlike XRES, i s very sensitive to l i g h t elements 
( L i , Be, B, C, Ν, 0 etc.). Another advantage that EELS possesses 
- one that has not yet been f u l l y u t i l i z e d chemically - i s that, 
with EELS, the region of the specimen contributing to the spectrum 
can be controlled by using an appropriate aperture (since the 
cone of a i n e l a s t i c a l l y scattered electrons i s a rather narrow one 
around the forward scattered, zero-loss beam). In p r i n c i p l e , 
therefore, EELS i s capable of greater ( l a t e r a l ) spatial resolution 
than, say, XRES; and, indeed, phosphorous distributions i n 
micleosomes have been recently charted (57) with an estimated 
resolution of 1.4 nm. This technique i s so sensitive that i t i s 
capable of estimating 48 phosphorous atoms or 2.5 χ 10 g of 
phosphorous. 

Unlike XRES, which yields information as elemental ratios 
and from comparisons with standard samples of known composition, 
EELS is capable of yielding absolute results, i . e . the composition 
i s derived without reference to a standard. The concentration, 
N, of a measured element, i n atoms per unit area of the specimen, 
is given (50, 52) by (see Figure 11.) 

Here, G i s a factor that takes account of any difference i n 
detector gain between the low-energy and high-energy regions of 
the spectrum, α i s the maximum angle of scattering allowed into 
the spectrometer, Δ i s an energy range of integration within the 
energy-loss spectrum, and σ.(α,Δ) is an ionization p a r t i a l cross 
section, which can be calculated (47). The quantity Ι^(α,Δ) i s 
obtained by integrating the energy-loss intensity over a range Δ, 
starting at the zero-loss peak. The inner-shell intensity 
Ι.(α,Δ) (where i indicates the type of s h e l l : K, L, etc.) is 
oètained by integration under the appropriate ionization edge, 
making due allowance for the background intensity (Figure 11). 
Fortunately, this background intensity often follows a power-law 
dependence on energy loss: AE" r, where A and r can be assumed 
constant over a limited range of energy loss E. By sampling the 
background just preceding the ionization edge, the values of A 
and r can be determined. This above expression (for N) has been 
found to be s u f f i c i e n t l y accurate provided that the thickness of 
the analyzed region of the specimen is less than the mean free 
path for valence electron i n e l a s t i c scattering, which i s typically 
about IOOOX for 100 keV incident electrons. It i s to be noted 
that, even with suitably thin specimens, the r a t i o of background 
to characteristic signal i s usually higher in EELS than i n XRES. 
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electron energy loss, E/cV 

Figure 11. Electron-energy-loss spectrum of crystalline boron nitride, showing 
the boron K-edge (at 190 eV) and the nitrogen K-edge (at 400 eV). The back
ground intensity, delineated by the dashed curve arises from inelastic scattering 
by valence electrons. The hatched areas represent the measured values required 

for the quantitative analysis of boron (see text) (50).  P
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EELS i s , therefore, not good for the detection of elements when 
their concentration i s ca 1 per cent of other constituents i n the 
sample. 

Applications of EELS for Chemical Analysis. Apart from the 
fact that i t i s an 'absolute' technique requiring no standard for 
calibration the special advantage possessed by EELS as a means of 
chemical analysis i s that i t combines s e n s i t i v i t y with spatial 
resolution. It i s , i n a l i t e r a l sense, an ultramicro method with 
minimum detectable amounts, i n favourable circumstances, of better 

- O f ) ' ' 

than 10 g. Its especial advantage i n being able to cope with 
the li g h t elements makes i t a very useful tool for certain appli
cations. Thus, EELS was successfully used by Leapman et al (53) 
to identify the composition of needle-shaped precipitates i n 
Cr-Mo steel as Cr^N and that of granular precipitates as 
Fe^Cr l gC^. In studying the Si-Al-0-Ν ceramics, EELS has been 
pa r t i c u l a r l y useful i n determining l o c a l composition both at 
c r y s t a l l i n e and at contiguous amorphous regions. And i n the 
study (48) of graphite intercalates and graphite fluorides EELS 
has yielded lo c a l compositional information, again i l l u s t r a t i n g 
i t s superiority i n coping with the analysis of l i g h t elements. 

It has to be borne i n mind that some ionization edges are 
more easily detected and measured than others. Below an energy 
loss Ε ^ lOOeV, for example, the edges tend to be less v i s i b l e 
because they are submerged i n a background arising from i n e l a s t i c 
scattering by outer-shell (valence) electrons. This background 
does not vary smoothly (as i s the case at higher energy loss) and 
may even contain several peaks. When the energy loss i s very 
high, the electron intensity becomes very low and the spectrum 
correspondingly lacks meaningful signal over noise. These 
considerations suggest 100 to 2000 eV as a preferred range of 
energy loss, which, i n turn, means that the elements Be to Si 
(Z=4 to 14) can be detected from their K-shell losses, elements 
Si to Sr (Z=14 to 38) v i a their L-shell and elements Rb through 
Os (Z=37 to 76) from their M-losses, with a p o s s i b i l i t y of 
detection of even heavier elements by N-shell ionization. It i s 
further worth noting that whereas K- and certain L-edges are 
rather sharp, other L-edges are somewhat rounded, which renders 
their detection and measurement more d i f f i c u l t . It i s prudent, 
therefore, to rely more on XRES for the detection of medium and 
heavy elements. 

Structural Information from EELS. Besides yielding chemical 
composition, EELS i s also capable of providing structural infor
mation on an atomic scale. It has been known (54) for some time 
that the fine-structure i n the energy-loss spectrum close to an 
ionization edge r e f l e c t s the energy dependence of the density of 
electronic states above the Fermi l e v e l . 

Pre-Absorption Edge Structure. Egerton (50) and 
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Ritsko (55) have shown that, for the graphite-ferric chloride 
intercalate, the additional states due to the intercalant 
species (FeCl«) show up as an increase i n the spectral intensity 
just ahead of the K-ionization edge of carbon. There i s also a 
small chemical s h i f t i n the carbon K-level upon intercalation. 

EXELFS-Extended Energy Loss Fine Structure. Modulations in 
the electron intensity ( i . e . i n the d i f f e r e n t i a l i n e l a s t i c 
electron scattering cross-section) extending over ca lOOeV on 
the high-energy side of an ionization edge, can be used to 
provide structural information (bond lengths and coordination 
numbers as well as Debye-Waller factors) concerning the l o c a l 
environment of the appropriate element. This much was clear 
from the early work of Leapman and Cosslett (56). It has 
become (57-69) clear i n recent years that, potentially, EXELFS 
can y i e l d structural information which would be very d i f f i c u l t 
to extract from i t s 1 photon-analοgue1 EXAFS. One point to 
emphasize here is that at, lower energies (characteristic, for 
example of the K-shell edges of elements with atomic numbers 
ranging from 3 to 12), X-rays have very l i t t l e penetrating 
power. EXAFS i s not, therefore, the most appropriate method 
for ascertaining the atomic environments of t y p i c a l l y , B, C, 
Ν and 0, i n s o l i d material. The second point is that EXELFS is 
especially suitable for the study of inhomogeneous samples 
(structurally and compositionally heterogeneous i n the sense 
discussed in section 2.2 above) because the primary electron 
beam can be focussed to a diameter of ca 2θΧ. Other advantages 
of EXELFS have been discussed elsewhere (60, 61_) . The 
limitations of the technique include ( i ) the need to select an 
optimal thickness of sample so as to minimize multiple scat
tering; and ( i i ) the s u s c e p t i b i l i t y of the samples to suffer 
radiation damage. 

Brown (62̂ ) has recently shown that the presently available 
theory for the interpretation of EXELFS data i s inadequate. In 
his study of the layered BN structure he found that whereas the 
distances to f i r s t nearest neighbours could be s a t i s f a c t o r i l y 
extracted from EXELFS data, second nearest-neighbour distances 
could not. The way ahead (62), here, i s for the theory to be 
extended and tested against several known structures composed 
of l i g h t elements. 

Compton Scattering. The electron spectrometers which 
electron microscopists nowadays use for chemical analyses 
(section 3.3) or for structural analysis as described i n the 
preceding paragraphs, may also be used (63) to determine the 
extent of the Doppler broadening of the scattered electrons 
which, in turn, y i e l d the Compton p r o f i l e . Using energy and 
momentum conservation, we can convert the energy scale to one 
representing the momentum of the electrons i n the sample. The 
Compton p r o f i l e i s a projection of the momentum density on to 
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the direction of the scattering vector. This information then 
leads (2J5, 63) to the autocorrelation function of the position 
space wavefunction. And so, we see that, potentially, this 
branch of electron energy loss spectroscopy ( l i k e EXELFS) i s 
capable of yielding structural information in a s p a t i a l l y 
resolved manner. 

Future Developments 

The u t i l i z a t i o n of higher accelerating voltages (500 to 
1000 keV) i s already well developed, and the results obtained 
(64, 65, 66) to date give clear indications that, i n the near 
future, atomic resolutions i n the range 1 to may well become 
commonplace. Important questions i n inorganic chemistry can then 
be answered by the application of direct, real-space c r y s t a l l o 
graphy. To i l l u s t r a t e this point we consider whether, in 
rendering a perovskite structure (ABO^) grossly non-stoichiometric, 
the resulting structure (ΑΒ0^_ χ), i s composed either of a l t e r 
nating stacks of BO^ octahedra, or of uniformly stacked BO^ 
pyramids. Bando et a l (65), using the 1000keV high resolution 
microscope, answered this question d i r e c t l y and found that in the 
perovskite related structure (Ca^YFe,_0 ) successions of FeO^ 
octahedra and FeO^ tetrahedra are clea r l y present i n the micro-
c r y s t a l l i n e samples, that are not readily amenable to X-ray 
studies. 

As low-temperature operation becomes progressively more 
feasible, a broader range of specimen types (e.g. organometallic 
compounds that are stable only below room temperatures) w i l l 
inevitably be capable of study by HREM. On-line interactive 
computer f a c i l i t i e s , with appropriate means of d i g i t i z i n g images 
and routines for fast Fourier Transforms, as well as associated 
video cassette f a c i l i t i e s , ought to bring structure analysis by 
real-space crystallography into greater popularity (5). 

HREM and EELS studies are also l i k e l y to be of greater 
importance i n the near future, thus enabling structure i d e n t i f i 
cation as well as composition and bonding properties to be 
determined more or less simultaneously and with very high spa t i a l 
resolution. With the improved vacua attainable i n modern 
microscopes - the current generation of commercial scanning 
transmission electron microscopes (STEM) operate with vacua of 
ca 10"10 Torr at the specimen stage - there i s every prospect 
that many of the measurements employed i n studies of catalysis, 
such as Auger electron spectroscopy, r e f l e c t i o n high energy 
electron d i f f r a c t i o n (RHEED) and imaging i n the r e f l e c t i o n 
mode (REM) w i l l be possible (67, 68). At the Tokyo Institute 
of Technology recently, spectacular images of surfaces have been 
produced (67), using RHEED microscopy with conventional imaging 
in a ultrahigh vacuum chamber. The (111) face of S i revealed 
monatomic steps that terminated at emergent dislocations. Yagi 
and his coworkers (67) have been able to image both ( l x l ) and 
(7x7) re-constructed regions at the S i ( l l l ) surface, for example. 
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Developments i n electron microscopy also promise to 
revolutionize other studies of the surfaces of solids i n general 
and/of catalysts i n particular. Previously, monatomic steps and 
other topographical features at the exterior surfaces of solids 
were best investigated by the powerful but cumbersome, and 
destructive technique of gold-decoration - see refs 69 and 70 for 
studies of a l k a l i halide and layered sulphides, respectively. 
But darkfield conventional transmission electron microscopy can 
now reveal monatomic steps d i r e c t l y , as the micrograph i n Fig. 12 
shows (7JL). Using this kind of approach i t should be possible to 
ascertain quantitatively the extent of the interaction between a 
catalyst and i t s underlying support. 

Another future development l i k e l y to be vigorously pursued 
is that of electron energy loss microscopy. This functions by 
combining HREM and EELS in such a way that only electrons that 
have suffered a well defined loss are "used" to construct the 
image. The work of Bazelt-Jones and Ottensmeyer (51_) i s based 
on this p r i n c i p l e . They have already succeeded i n resolving 
structural information of b i o l o g i c a l specimens to at least the 

level while supplying chemical information with the same 
spa t i a l resolution. Although interest i n this novel approach i s 
currently greatest amongst biophysicists (who, for example, can 

Figure 12. A dark-field transmission electron micrograph of a (lll)Ag platelet 
grown on single-crystal MoS2. The regions with different contrast differ in thickness 
by one monatomic step from one another. The larger the number marked on each 

region, the thicker the crystal (3,11). 
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image f e r r i t i n molecules either with electrons i n e l a s t i c a l l y 
scattered from the iron or with those i n e l a s t i c a l l y scattered 
from the enveloping carbon), the stage i s set for the technique 
to be adopted to inorganic materials. 
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Discussion 
E.A.V. Ebsworth, Edinburgh University: Has Vibrational 

Electron Energy Loss spectroscopy any relevance in this context? 

J.M. Thomas: The energy resolution attainable with the 
electron spectrometers that have been available up to the 
present is inadequate to detect the fine structure that may be 
expected from phonon or local modes. With continued improve
ments, one may reasonably expect some progress in this direc
tion; but, at present, more information is retrievable from the 
fine structure, discussed in the text, that arises from causes 
other than vibrational modes. 
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Lasers , Laser Spectroscopy, and Laser Chemistry 

WILLIAM H. WOODRUFF 
The University of Texas at Austin, Department of Chemistry, Austin, TX 78712 

The historical development and elementary operating 
principles of lasers are briefly summarized. An 
overview of the characteristics and capabilities of 
various lasers is provided. Selected applications 
of lasers to spectroscopic and dynamical problems in 
chemistry, as well as the role of lasers as effectors 
of chemical reactivity, are discussed. Studies from 
these laboratories concerning time-resolved resonance 
Raman spectroscopy of electronically excited states 
of metal polypyridine complexes are presented, exem
plifying applications of modern laser techniques to 
problems in inorganic chemistry. 
The advent of the laser has revolutionized many areas of ex

perimental science and technology. The unique properties of 
laser light - extreme brightness, monochromaticity, spatial and 
temporal coherence, time resolution, directionality, and polari
zation - have engendered entirely new fields of study in optics, 
physics, biology, medicine, engineering, and, of course, chemis
try. Many previously existing fields have been transformed by 
experimental approaches which could not have been contemplated 
in the pre-laser era. This article will review briefly the chem
ically relevant characteristics of lasers and laser radiation, 
and provide a selective survey of current chemical applications 
of lasers. Concurrently we shall examine present and possible 
future influences of the laser revolution upon "inorganic chem
istry toward the 21st century". A case study is included which 
illustrates potential applications of lasers to problems of in
terest to inorganic chemists. 

Most chemical applications of lasers have fallen into three 
categories. Firstly, spectroscopic applications have utilized 

0097-6156/83/0211-0473$07.75/0 
© 1983 American Chemical Society 
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the extreme spectral purity of laser l i g h t for high resolution, 
and also the high l i g h t i n t e n s i t i e s that lasers can produce to 
generate saturation or nonlinear spectroscopic effects. Secondly, 
dynamical applications have u t i l i z e d the short pulses of l i g h t 
that can be obtained from lasers to observe extremely rapid chem
i c a l processes. F i n a l l y , several properties of laser l i g h t com
bine to make lasers a unique source of energy for i n i t i a t i n g or 
modifying chemical r e a c t i v i t y , leading to applications which may 
be termed laser chemistry. 

In a l l of these applications, the emphasis to date has been 
on the use of lasers to study chemically and physically well 
characterized systems, that i s , simple molecules in the gas phase, 
or i n ordered phases such as molecular cr y s t a l s , or in cryogenic 
matrices. There are exceptions to th i s statement, but the basic 
fact i s that the great strides in chemical applications of lasers 
have been made by the chemical physics and analy t i c a l chemistry 
communities and largely ignored by inorganic, organic, and bio
l o g i c a l chemists. 

In many respects laser technology i s now mature enough so 
that, i n the f i r s t place, existing techniques may be profitably 
applied to complex chemical systems (e.g. solutions, large mole
cules, "dirty 1 1 surfaces, etc.) and, i n the second place, at 
least some laser devices are simple enough to be usable by chem
i s t s other than full-time laser technologists. What i s not f u l l y 
developed among many chemists i s a knowledge of the a v a i l a b i l i t y 
and c a p a b i l i t i e s of lasers and related devices, an appreciation 
of the chemical techniques that these devices make possible, and 
a r e a l i s t i c view of their present and potential a p p l i c a b i l i t y to 
problems of interest i n inorganic chemistry. One purpose of this 
a r t i c l e i s to provide some insight into these areas. 

Lasers: H i s t o r i c a l Perspective 

The word LASER i s an acronym for Light Amplification by 
Stimulated Emission of Radiation. The physical process upon 
which lasers depend, stimulated emission, was f i r s t elucidated 
by Einstein in 1917 (1). Einstein showed that i n quantized sys
tems three processes involving photons must exist: absorption, 
spontaneous emission, and stimulated emission. These may be 
represented as follows: 

Absorption S + hv ·+ *S 
Spontaneous Emission *S -*· S + hv 
Stimulated Emission *S + hv + S + 2hv 

where S and *S denote the system i n i t s ground and excited state, 
respectively. Absorption and stimulated emission are exactly 
analogous processes for the ground and excited states. The prac
t i c a l consequence of stimulated emission i s that for an ensemble 
of excited-state systems a chain-reaction-like process can take 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

03
1

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



31. WOODRUFF Lasers, Laser Spectroscopy, and Laser Chemistry 475 

place, resulting in net production of photons (amplification) be
cause one photon directed into an excited system can y i e l d two 
exiting photons. Furthermore, the exiting photons w i l l have the 
same energy, direction, phase, polarization; i n short, they w i l l 
be coherent. 

The f i r s t experimental observation of stimulated emission i s 
credited to CH. Townes and coworkers who in the early 1950s de
veloped the maser, which was the microwave-frequency precursor of 
the laser. The laser ("optical maser") was f i r s t predicted by 
Schalow and Townes (2) i n 1958. The f i r s t observation of stimu
lated emission at o p t i c a l wavelengths, and thus the actual inven
tion of a working laser, i s due to T.H. Maiman (3) who, i n 1960, 
was able to produce pulsed laser emission from a ruby c r y s t a l ex
cited by a photographic flashlamp. Continuous laser emission was 
f i r s t produced by Javan and coworkers (4) who developed the c.w. 
helium-neon laser i n 1961. The ruby and He-Ne lasers were f o l 
lowed closely i n development by lasers based upon Nd^+-doped 
crystals, semiconductors, N2, CO2, HF, argon, krypton, and other 
media, such that by the mid-1960s a number of lasers existed with 
wavelength capability ranging from the mid-infrared ((Χ>2$ HF) to 
the near u l t r a v i o l e t (N2). 

The early lasers either produced a single discrete wave
length or a series of selectable but discrete wavelengths. Thus 
successful chemical and spectroscopic application of these de
vices generally required the accidental coincidence of an a v a i l 
able laser wavelength with a transition of a chemical system of 
interest. In fact, for a considerable time a "system of inte
rest" was defined as one which possessed a transition near a 
laser wavelength. That i s , chemical systems were chosen to f i t 
devices rather than vice versa. General a p p l i c a b i l i t y of lasers 
to the f u l l range of chemical problems obviously awaited the de
velopment of tunable lasers. 

The f i r s t , and s t i l l the most commonly used, of the tunable 
lasers were those based upon solutions of organic dyes. The 
f i r s t dye laser was developed by Sorokin and Lankard (5), and 
used a "chloro-aluminum phthalocyanine" (sic) solution. Tunable 
dye lasers operating throughout the v i s i b l e spectrum were soon 
produced, using dyes such as coumarins, fluorescein, rhodamines, 
etc. Each dye w i l l emit laser radiation which i s continuously 
tunable over approximately the fluorescence wavelength range of 
the dye. 

Subsequent to the advent of the dye laser, tunable lasers 
based upon other lasing media were developed which operate over 
various wavelength ranges. Nobable among these are the f-center 
lasers and diode lasers which are tunable i n the infrared. 

The mid 1970s may be viewed as the period during which a 
large number of lasers (including broadly tunable ones), having a 
wide variety of c a p a b i l i t i e s and satisfactory r e l i a b i l i t y , de
signed for users other than dedicated laser experts, became 
widely available on the market. With t h i s , general application 
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of lasers to chemical problems became feasible. As noted pre
viously, however, chemical applications of lasers have continued 
to be practiced largely by investigators in chemical physics and 
anal y t i c a l chemistry. 

Lasers: Elementary Operating Principles 

A l l lasers have the following three fundamental components 
(see Figure 1). The gain medium, the business end of the laser, 
i s the medium in which excited states are created which w i l l pro
duce stimulated emission. The exciter i s the source of energy 
for production of the excited states i n the gain medium. F i n a l l y , 
the o p t i c a l resonator determines the d i r e c t i o n a l i t y , wavelength 
s e l e c t i v i t y , o p t i c a l feedback, polarization, and other charac
t e r i s t i c s of the stimulated emission from the gain medium. 

A wide range of types of materials are suitable laser gain 
media: noble gases, notably neon, argon and krypton; molecular 
gases such as nitrogen, hydrogen, CO2, HF, and CO; excimers such 
as ArF and XeCl; doped crystals such as ruby and Nd^+-doped 
yttrium aluminum garnet (Nd:YAG); semiconductors such as GaAs 
and InSb; f l u i d solutions of organic dyes such as coumarins and 
rhodamines; metal vapors such as cadmium and copper; and even 
free electrons. Each of these media must have at least one pair 
of energy levels, the transition between which has an acceptable 
cross-section for stimulated emission. The energy levels which 
comprise this pair are imaginatively known as the upper laser 
l e v e l and the lower laser l e v e l . Some media have many such pairs 
of levels. In order for a laser to operate (that i s , to exhibit 
net gain or to amplify l i g h t at the laser wavelength) i t i s neces
sary to produce a population inversion, that i s , the upper laser 
l e v e l must be more highly populated than the lower. This i s 
necessary because absorption and stimulated emission are i d e n t i 
cal processes, therefore i f stimulated emission ( i . e . , gain) i s 
to overcome absorption ( i . e . , loss) for a given transition, the 
population of the upper l e v e l of the transition must be greater 
than that of the lower. Thus the second fundamental requirement 
for a laser gain medium, in addition to the presence of at least 
one suitable laser transition, i s that i t must be possible to 
create an inverted population of the levels involved i n the tran
s i t i o n . 

Because i t i s d i f f i c u l t to invert the population of an ex
cited state with respect to the ground state of a system, the 
lower laser l e v e l of a gain medium i s not usually the ground 
state. Thus t y p i c a l gain media are either three-level or four-
l e v e l systems (see Figure 2) with the lower laser l e v e l far 
enough above the ground state to avoid excessive thermal popula
tion. Furthermore, because i t i s increasingly d i f f i c u l t to i n 
vert the population of two levels as the energy difference be
tween them increases, i t i s increasingly d i f f i c u l t and i n e f f i 
cient to create lasers which operate at increasingly short wave-
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Figure 1. Oversimplified block diagram of the fundamental components of a laser. 

ULL ULL 

Ο ce 
u 
ζ 
u 

i§ 
IS 
• « 

• ce 

GS 
i 

>LLL 

LLL GS 

ULL 

J L 

LLL 

GS 

Figure 2. Representations of two- (left), three- (middle), and four-level (right) 
laser systems. Key: GS, ground state; ULL, upper laser level; and LLL, lower laser 

level. 
Note that operation of a two-level laser system requires inversion of the population of the 
upper laser level with respect to the ground state—a theoretical impossibility under steady-

state conditions if optical excitation is employed. 
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lengths. It was no accident that the f i r s t observation of stimu
lated emission was in the microwave region, and that the f i r s t 
lasers produced red l i g h t . 

The creation of a population inversion in the gain medium i s 
the function of the exciter. The characteristics of the exciter 
are as diverse as those of the gain medium, because a successful 
method of "pumping11 the gain medium into excited states i s highly 
dependent upon the nature of the gain medium i t s e l f . The two 
most common methods of excitation are e l e c t r i c discharge (obvi
ously applicable only to gas lasers) and o p t i c a l pumping. The 
exciter for e l e c t r i c discharge pumping may be a high-power D.C. 
or radio frequency power supply, which creates excited states by 
inducing a continuous e l e c t r i c discharge in the gaseous gain 
medium. This type of excitation i s appropriate for c.w. gas 
lasers such as He-Ne, Ar+, Kr +, CO2, etc. The exciter for elec
t r i c discharge pumping may also be a pulsed high-voltage power 
supply which w i l l produce a high energy transient e l e c t r i c d i s 
charge in the gain medium, and therefore pulsed laser operation. 
Most gas lasers which can be operated c.w. can also be operated 
by pulsed excitation. In addition, certain gas laser gain media 
wherein population inversion i s d i f f i c u l t to attain can only be 
operated by pulsed e l e c t r i c discharge excitation. These are 
primarily gain media producing u l t r a v i o l e t laser emission, such 
as the superradiant N2 and H2 lasers and the excimer lasers. 

Exciters employing o p t i c a l pumping are in pr i n c i p l e a p p l i 
cable to any gain medium having three or more levels (see Figure 
2). In practice o p t i c a l pumping i s almost exclusively used with 
doped cr y s t a l (e.g. ruby, Nd:YAG) and dye lasers. In op t i c a l 
pumping, l i g h t i s shone on the gain medium and i s absorbed by 
the medium, creating excited states and either d i r e c t l y or i n 
d i r e c t l y populating the upper laser l e v e l . The source of the 
pumping li g h t may either be a broadband source (e.g. a xenon arc 
lamp) or a laser. Either broadband or laser pumping may be con
tinuous or pulsed. As i s the case with the gas lasers, some gain 
media are suitable f o r either pulsed or c.w. operation (Nd:YAG, 
dye) while some are only suitable for pulsed operation (ruby). 
Doped cr y s t a l lasers, whether pulsed or c.w., are almost always 
pumped with broadband l i g h t , while c.w. dye lasers are invariably 
pumped by c.w. ( t y p i c a l l y , A r + or Kr +) lasers. Pulsed dye lasers 
may be pumped either by flashlamps or by pulsed laser excitation. 

Other methods of excitation are effective or necessary for 
certain gain media. For example, certain energetic chemical re
actions produce molecules i n excited states. These excited mole
cules may then comprise the upper laser l e v e l of an inverted-pop
ulation system. A s p e c i f i c example i s the hydrogen fluoride 
"chemical laser" wherein excitation i s provided by the reaction 
of hydrogen gas with atomic fluorine. Another method of excita
tion i s simply the passage of an e l e c t r i c current through a semi
conductor device. This serves as the exciter for diode lasers. 

The most common type of o p t i c a l resonator, i n i t s simplest 
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form, consists of two p a r a l l e l mirrors with the laser gain 
medium placed between them. The mirrors form a Fabry-Perot 
interferometer, wherein wavelengths of l i g h t equal to twice the 
distance between the mirrors divided by an integer experience 
constructive interference. This i s one of the most important 
functions of the optical resonator; to provide a resonant cavity 
for reinforcement of the wavelengths at which the gain medium 
produces stimulated emission. A second, equally important func
tion of the op t i c a l resonator i s to provide o p t i c a l feedback. 
This means that the o p t i c a l resonator should r e f l e c t one photon 
having the resonant wavelength back and forth through the gain 
medium a number of times, i n order to stimulate emission of more 
photons coherent with the f i r s t and thus to enhance the gain of 
the laser. Because only photons emitted p a r a l l e l to the axis of 
the interferometer experience enhanced gain due to multiple 
passes through the medium, the op t i c a l resonator i s also respon
si b l e for the d i r e c t i o n a l i t y of the laser. Laser emission i s 
usually extracted from the o p t i c a l resonator by making one of 
the two cavity mirrors p a r t i a l l y transmitting. 

The chain-reaction nature of stimulated emission and i t s 
coherence dictate that any mode of laser action that has a gain 
advantage over other possible modes w i l l dominate the output of 
the laser. Thus the op t i c a l resonator can be designed such that 
the laser output w i l l be extremely selective with respect to 
wavelength, polarization, phase, timescale, and other character
i s t i c s . This selective resonator design may be accomplished by 
adding op t i c a l elements to the basic Fabry-Perot cavity, or by 
using fundamentally different resonator concepts. In either case 
design features are incorporated which maximize the quality fac
tor ("Q") of the resonator for the laser output characteristics 
desired. We s h a l l not consider these resonator hardware features, 
except as necessary to understand the pragmatic aspects of the 
laser output. 

The a v a i l a b i l i t y of a wide range of laser wavelengths pro
duced i n a simple manner has been a great concern for chemical 
applications since the inception of the laser. One solution to 
this problem, the tunable laser, was discussed above. A second 
approach, not d i r e c t l y having to do with the fundamental com
ponents of the laser i t s e l f , involves the use of nonlinear o p t i 
cal devices to produce harmonics or shifted frequencies from a 
single laser output frequency. Nonlinear o p t i c a l effects arise 
when the intensity of l i g h t becomes so great that the c l a s s i c a l 
e l e c t r i c f i e l d associated with the l i g h t exceeds the linear polar-
i z a b i l i t y of the medium. These effects usually require l i g h t i n 
tensities so great that pulsed lasers are necessary for their 
observation. Except for a few heroic pre-laser experiments, the 
pioneering work in nonlinear optics has been done since the ad
vent of the laser, largely by Nicolaas Bloembergen and associates 
(6). 

At present, from the chemist's point of view, the most prac-
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t i c a l result of nonlinear o p t i c a l technology i s the a b i l i t y to 
produce large amounts of energy at the harmonics, sum and d i f 
ference frequencies, and v i b r a t i o n a l l y shifted frequencies of 
pulsed lasers. For example, the Nd:YAG laser emits l i g h t at only 
one wavelength, 1.064 u. If the laser i s pulsed, however, the 
second (532 nm) and fourth (265 nm) harmonics can be generated 
simply by passing the 1.064 u output through appropriately cut 
crystals of KD2PO4 (KD*P). The third (355 nm) and f i f t h (213 nm) 
harmonics can be generated by summing the even harmonics with the 
fundamental in similar crystals. The fundamental or any of the 
harmonics can be used to generate emission shifted from the har
monic frequencies by the stimulated Raman effe c t , whereby a sub
s t a n t i a l fraction of the o r i g i n a l energy can be converted into 
v i b r a t i o n a l l y shifted frequencies. U t i l i z i n g the stimulated 
Raman s h i f t s (SRS) of H2 and D2 gases or a H2/D2 mixture, laser 
l i g h t can be produced at discrete wavelengths spaced approximate
ly every 1000 cm~l beginning in the vacuum u l t r a v i o l e t and con
tinuing into the infrared. Using a minimum number of r e l i a b l e 
dyes pumped by the Nd:YAG harmonics along with the H2/D2 s h i f t s , 
continuous tunability throughout the v i s i b l e and near u l t r a v i o l e t 
can be achieved (see Figure 3). A large number of discrete lines 
are available from the H2/D2 s h i f t s between 30,000 and 50,000 
cm~l, with energies above 0.1 mJ/pulse. Thus a simple laser 
system, a Nd:YAG laser with harmonic generators, dye laser, and 
SRS c e l l , represents an extraordinarily v e r s a t i l e l i g h t source 
for chemical applications for which pulsed excitation i s neces
sary or tolerable. A similar system based upon an excimer laser 
rather than Nd:YAG i s potentially superior because the excimer 
laser fundamentals l i e in the wavelength range 193-353 nm and 
therefore may be down-converted into the v i s i b l e with r e l a t i v e l y 
greater ef f i c i e n c y than the infrared Nd:YAG fundamental may be 
up-converted into the v i s i b l e and u l t r a v i o l e t . Excimer laser 
technology, however, i s at this date far from being as stable and 
advanced as that of Nd:YAG lasers. 

Lasers: Characteristics of the Output 

The most obvious characteristics of laser l i g h t are i t s 
brightness, i t s spectral purity, and the d i r e c t i o n a l i t y of the 
beam. It i s not so obvious how extreme these properties are. It 
has been pointed out (7) that a one-milliwatt He-Ne laser, v i r 
t u a l l y a toy laser, i s 100 times brighter than the surface of 
the sun in terms of luminous intensity per unit area. Consider
ing only l i g h t at the laser wavelength of 632.8 nm, the laser i s 
2 χ 10^ times brighter than the sun! 

When focussed into a d i f f r a c t i o n limited spot (ca. 10 μ i n 
diameter) the 1 mW laser yields a power density of 10-* watts per 
square centimeter. Readily available c.w. lasers produce 10 
watts of output, whence a focussed power density of 10? w/cm̂  can 
be obtained. Moderately powerful pulsed lasers may produce pulse 
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powers of 100 megawatts which, when focussed, y i e l d power den
s i t i e s of the magnitude of 10-^ w/cm2 during the pulse. The 
e l e c t r i c f i e l d associated with such a power density engenders 
a host of enormously nonlinear o p t i c a l effects such as breakage 
of o p t i c a l components, d i e l e c t r i c breakdown of gases, and the 
emission of x-rays from metal surfaces. The most powerful 
pulsed laser yet constructed produces pulse powers of terawatts 
(1 TW = 10-L2 W) which leads to focussed power densities near 10^0 
w/cm2. This approaches the power densities thought to occur in 
the i n t e r i o r of stars, and suggests the planned application of 
this particular laser i n the i n i t i a t i o n of fusion reactions. 

The spectral resolution of the most monochromatic laser yet 
devised, expressed as frequency of the laser emission divided by 
the laser linewidth, i s approximately 5 χ ΙΟ^. The laser i n 
question i s a special-purpose He-Ne laser with a nominal wave
length of 632.8 nm (15,308 cm-1 or 4.74 χ 10 1* Hz i n frequency 
units) and a linewidth of 7 to 10 Hz. It i s d i f f i c u l t to grasp 
the physical significance of this degree of resolution. One 
i l l u s t r a t i o n i s that, i f the spectrum of this laser were d i s 
played on chart paper such that the zero of electromagnetic 
energy were located at the sun and 15,308 cm~l were located at 
the orbit of Earth, the width of the peak representing the out
put of the laser would be 3 millimeters. 

The He-Ne laser described above i s b a s i c a l l y a sin g l e - f r e 
quency device and therefore i t s resolution i s useful primarily 
as a frequency or dimensional standard. Tunable dye lasers have 
been devised, however, which operate in the v i s i b l e region and 
have linewidths approaching 100 Hz. More common lasers, readily 
available commercially, have resolution (frequency/linewidth) i n 
the range of 10 7 to 10 δ. 

In terms of d i r e c t i o n a l i t y , an off-the-shelf laser may have 
a beam divergence of 0.5 mi l l i r a d i a n s . Such a laser, shone on 
the moon from the surface of Earth, would project a spot approxi
mately 120 miles i n diameter. Very special optics, e.g. c o l l i -
mation of the laser beam by a large o p t i c a l telescope, can de
crease the beam divergence by a factor of ten. 

Characteristics of laser l i g h t which are less obvious to the 
unaided eye are i t s s p a t i a l and temporal coherence, time resolu
tion, and polarization. It i s common for the output of a laser 
to be l i n e a r l y polarized with a polarization r a t i o of 1000:1 or 
better. Coherence refers to one's a b i l i t y to predict the pro
perties of a waveform (amplitude, phase, polarization, etc.) at 
a l l positions or times by observation of i t s properties at a 
single position or time. A high degree of coherence i s inherent 
in laser l i g h t due to the coherent nature of the stimulated emis
sion processes. The actual output of a laser may be more or less 
coherent, depending upon whether design features are incorporated 
to maximize this property. The coherence of laser l i g h t allows 
such applications as holography and other types of interferometry, 
flow v i s u a l i z a t i o n , and the creation of coherent superpositions 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

03
1

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



31. WOODRUFF Lasers, Laser Spectroscopy, and Laser Chemistry 483 

of states (e.g. molecular ensembles vibrating with known phase) 
in matter. 

The temporal resolution available from lasers varies from 
zero (c.w.) to timescales approaching the shortest of chemical in
terest. The shortest laser pulses yet produced are approximately 
30 femtoseconds (1 fs = 10~15 s) i n duration. This i s a time 
interval so short that (a) the "thickness" of the pulse, i t s 
dimension along i t s propagation direction, i s only 0.01 mm, (b) 
the pulse duration i s short compared to the period of most molec
ular vibrations, and (c) the Heisenberg principle-limited energy 
uncertainty (linewidth) of the pulse i s approximately 1000 cm . 
The foregoing i s a formidable achievement, but lasers are a v a i l 
able commercially which, while not t r i v i a l to operate, w i l l pro
duce pulses of 10~11 s duration. A number of more-or-less i d i o t -
proof lasers are available which generate 10"^ s pulses and at 
the same time y i e l d a great selection of wavelengths (e.g. Q-
switched Nd:YAG; see Figure 3 for depiction of wavelength output). 

With regard to pulsed lasers, i t should be noted that these 
devices are almost orthogonally divided into two types: the 
"giant-pulse", low duty cycle lasers (e.g. Nd:YAG, excimer, ruby) 
and the "quasi-c.w." high repetition rate, small-pulse lasers 
(e.g. modelocked ion lasers). The giant-pulse lasers t y p i c a l l y 
produce in the neighborhood of one joule of energy in each pulse 
with peak powers of many megawatts and repetition rates of a few 
per second. The small-pulse lasers, l i k e the c.w. lasers, may 
produce the same average power as the giant-pulse ones. However, 
they do so by repeating pulses of a few nanojoules energy at 
rates of many megahertz. 

There are two p r a c t i c a l consequences of interest to chemists 
in this dichotomy. F i r s t , by and large only the giant-pulse 
lasers e f f e c t i v e l y induce the nonlinear effects which are the 
simplest way to generate v e r s a t i l e wavelength s e l e c t i v i t y (see 
Figure 3). Secondly, there i s a fundamental chemical difference 
between giant-pulse illumination on one hand and small-pulse or 
c.w. illumination on the other. That i s that the giant-pulse 
lasers, when shone on a chemical sample, t y p i c a l l y furnish many 
more photons than there are molecules i n the illuminated volume, 
in a time i n t e r v a l which i s short compared to any conceivable 
transport process (diffusion, flow, etc.) in the sample. The 
small-pulse or c.w. lasers, on the other hand, t y p i c a l l y furnish 
many fewer photons per pulse than there are molecules i n the 
illuminated volume or (in the c.w. case) the flux of photons i s 
such that molecular transport processes can compete and w i l l f u r 
nish previously unilluminated molecules to the illuminated volume. 
In consequence, sequential single-photon (as well as nonlinear) 
events are highly probable with giant-pulse illumination and 
r e l a t i v e l y improbable with small-pulse or c.w. illumination. 
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Laser Spectroscopy 

Spectroscopy, the measurement of the interactions of electro
magnetic energy with matter, bears upon chemical problems in 
three important ways. F i r s t l y , spectroscopic measurements may 
be diagnostic, allowing one to infer the structure, bonding, and 
other physical and chemical properties of molecules. Secondly, 
spectroscopy may serve as a detector to determine the presence 
and abundance of chemical species having known spectroscopic pro
perties. F i n a l l y , the interactions of lig h t with matter may be 
employed as an effector of chemical change ( 8 ) . Any of these 
spectroscopic functions may be accomplished with or without tem
poral resolution. Although an enormous amount of work in this 
area was accomplished in the pre-laser era, the unique combina
tion of properties available from laser l i g h t has revolutionized 
the entire f i e l d . In this section, we s h a l l consider the chemi
cal applications of lasers as diagnostics and detectors. While 
an understanding of their role as effectors requires considerable 
spectroscopic knowledge, we sh a l l consider this application in 
the following sections on laser dynamics and laser chemistry. 

Fundamentally, the properties of laser l i g h t are concomi
tants of i t s coherence, which i s in turn a consequence of the 
nature of stimulated emission. Most of these properties, espe
c i a l l y brightness, monochromaticity, d i r e c t i o n a l i t y , polarization, 
and coherence i t s e l f , are useful (for many applications, i n d i s -
pensible) in a spectroscopic light source. The spectroscopic 
potential of lasers was recognized even before they were invented. 
Actual applications remained very specialized u n t i l tunable 
lasers were devised. 

An exception to the l a t t e r statement i s Raman spectroscopy, 
which in i t s simplest form does not require a tunable l i g h t 
source but only an extremely bright monochromatic one. In 1928, 
Landsberg and Mandelstam (9) obtained the f i r s t "Raman11 spectrum 
(as opposed to qualitative observation of i n e l a s t i c l i g h t scat
tering (10)). The apparatus devised by Landsberg and Mandelstam, 
a mercury arc l i g h t source and a photographic spectrograph to 
detect the spectrum, s t i l l represented the state of the art in 
Raman spectroscopy in 1960 when the laser was invented. 

The f i r s t spectrum of any sort recorded using a laser l i g h t 
source was a ruby laser-excited Raman spectrum reported by Porto 
and Wood in 1962 (11). This may also be regarded as the f i r s t 
reported chemical application of a laser. Aside from the l i g h t 
source, the apparatus used by Porto and Wood was essentially 
the same as that used by Landsberg and Mandelstam. Shortly 
thereafter, Porto and coworkers developed the double monochroma-
tor with cooled photoelectric detection for Raman spectroscopy 
(12,13), and f i r s t used the c.w. gas laser (He-Ne) as a Raman 
excitation source (14). These developments led to the fabled 
laser resurgence in Raman spectroscopy. Spontaneous Raman spec
troscopy using c.w. laser excitation remains the most common 
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chemical application of lasers, i f not indeed the most common 
application of lasers i n general. Despite extensive refinements, 
the apparatus used for this type of spectroscopy has not changed 
in any fundamental manner since the landmark innovations by 
Sergio Porto and his associates. 

Raman spectroscopy i s primarily useful as a diagnostic, i n 
asmuch as the vib r a t i o n a l Raman spectrum i s d i r e c t l y related to 
molecular structure and bonding. The major development since 
1965 in spontaneous, c.w. Raman spectroscopy has been the obser
vation and exploitation by chemists of the resonance Raman effect. 
This advance, pioneered in chemical applications by Long and Loehr 
(15a) and by Spiro and Strekas (15b), overcomes the inherently feeble 
nature of normal (nonresonant) Raman scattering and allows obser
vation of Raman spectra of dilute chemical systems. Because the 
observation of the resonance effect requires selection of a laser 
wavelength at or near an electronic transition of the sample, 
developments in resonance Raman spectroscopy have closely paral
l e l e d the increasing a v a i l a b i l i t y of widely tunable and l i n e -
selectable lasers. 

The f i r s t laser Raman spectra were inherently time-resolved 
(although no dynamical processes were actually studied) by virtue 
of the pulsed excitation source (ruby laser) and the simultaneous 
detection of a l l Raman frequencies by photographic spectroscopy. 
The advent of the scanning double monochromator, while a great 
advance for c.w. spectroscopy, spelled the temporary end of time 
resolution i n Raman spectroscopy. The time-resolved techniques 
began to be r e v i t a l i z e d i n 1968 when Bridoux and Delhaye (16) 
adapted tel e v i s i o n detectors (analogous to, but faster, more 
convenient, and more sensitive than, photographic film) to Raman 
spectroscopy. The advent of the resonance Raman effect provided 
the s e n s i t i v i t y required to detect the Raman spectra of i n t r i n 
s i c a l l y d ilute, short-lived chemical species. The development 
of time-resolved resonance Raman (TR^) techniques (17) i n our 
laboratories and by others (18) has led to the routine TR^ obser
vation of nanosecond-lived transients (19) and isolated obser
vations of picosecond-timescale events by TR^ (20-22). A speci
f i c example of a TR^ study w i l l be discussed i n a later section. 

The foregoing paragraphs refer to spontaneous Raman scatter
ing, which i s actually a two-photon process involving the i n c i 
dent and scattered photons. Spontaneous Raman i s linear in the 
incident l i g h t intensity. Nonlinear or higher order Raman pro
cesses have also proliferated with laser development (23). Some 
of these, notably stimulated Raman s h i f t s (SRS), were among the 
f i r s t nonlinear op t i c a l effects to be observed using lasers (6). 
Other effects involving multiwave mixing require two or more 
lasers, generally tunable, for their observation, and therefore 
are more recent techniques. The most prominent of these are co
herent antiStokes Raman spectroscopy (CARS) and stimulated Raman 
gain/loss (SRG/SRL). These and other higher order Raman techni
ques are d i f f i c u l t and highly specialized, but they have two 
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great advantages. They are coherent processes, and their output 
i s i n the form of a l a s e r - l i k e beam which can be s p a t i a l l y sepa
rated from potentially interfering l i g h t . The coherence means 
that these spectroscopies can be used to perform the o p t i c a l ana
logues of coherent magnetic resonance (e.g., spin echo) experi
ments and also to study coherent dynamical phenomena (e.g., 
quantum beats). The s p a t i a l property means that CARS and SRG/SRL 
can be successful with strongly emitting samples such as flames, 
explosions, and luminescent species in solution. Additionally, 
the frequency resolution of each of these techniques i s limited 
only by the linewidths of the lasers involved, making them 
attractive probes for high-resolution v i b r a t i o n a l or rotational 
studies. 

Spectroscopic methods based upon one-photon absorption or 
luminescence obviously existed long before lasers. However, 
these methods have been transformed by the resolution of laser 
l i g h t sources and their brightness. The l a t t e r leads to new 
schemes for the detection of absorption and to enhanced s e n s i t i 
v i t y . It i s clear that tunable lasers had to be developed before 
absorption spectrometric methods using laser l i g h t could succeed, 
therefore the f i e l d i s barely ten years old. In general a p p l i 
cation of these methods only makes sense i n situations where high 
spectral resolution i s required, because of the expense of the 
tunable lasers and the limited tuning range for a given dye, 
diode, etc. For this reason laser absorption/laser induced 
fluorescence (LA/LIF) methods have commonly been limited to i s o 
lated molecule conditions (molecular beams, matrices) and ordered 
systems at cryogenic temperatures (molecular c r y s t a l s ) . There 
have already been cases, however, wherein the need for extreme 
s e n s i t i v i t y or s p a t i a l resolution dominated a l l other considera
tions and led to the application of LA/LIF to less well-defined 
systems. Examples are the detection of femtograms of potent 
carcinogens (aflatoxins) i n νegtable o i l s (24) and the detection 
of the luminescence spectra of single, l i v i n g c e l l s i n flow cyto
metry (25). It i s certain that condensed-phase chemists w i l l 
find more such applications for LA/LIF when new, more reasonably 
priced tunable laser l i g h t sources are developed. 

A related technique of potential interest to solid-state i n 
organic chemists and others able to study their systems i n s o l i d 
or frozen media i s laser-induced matrix luminescence (26). It i s 
possible to obtain v i b r o n i c a l l y resolved luminescence spectra by 
laser excitation of inhomogeneously broadened absorptions of 
guest molecules i n s o l i d matrices (e.g., frozen solutions, 
glasses, catalyst supports, etc.) i f the exchange of energy 
among the inhomogeneous s i t e s of the guest molecule i n the matrix 
i s slow compared to the emission l i f e t i m e . The laser then excites 
only the molecules in a selected type of inhomogeneous s i t e , and 
the emission comes only from that s i t e . Information to be gained 
from t h i s resolved emission includes (a) the structure of the 
guest moelcule and (b) the number and structures of the matrix 
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s i t e s occupied by the guest. In favorable cases this technique 
need not require cryogenic conditions, as long as the timescale 
c r i t e r i o n stated above i s met. 

One of the ea r l i e s t spectroscopic applications of lasers 
was two-photon absorbance. It was possible (although d i f f i c u l t ) 
to practice this technique before the advent of tunable lasers 
because the two photons involved could be from a fixed-frequency 
pulsed laser (e.g., ruby) and a high-intensity white l i g h t source 
such as a xenon flashlamp. The development of tunable lasers 
made the technique much simpler. One interesting aspect of two-
photon absorption spectroscopy i s that the absorption intensity 
i s governed by quadrapole selection rules rather than dipole 
selection rules as i s the case with single-photon absorption. In 
addition, i n the gas phase, two-photon absorption can be per
formed with counterpropagating laser beams and thereby doppler-
free absorption linewidths can be observed. From most inorganic 
chemists' point of view, the selection rule aspect of two-photon 
absorption should be most interesting. This rule means that one-
photon and two-photon absorption spectra are complementary i n the 
same sense as infrared and Raman spectra, because odd-parity 
(g u) transitions are allowed i n the former and even-parity 
(g g) transitions are allowed i n the l a t t e r . This character
i s t i c has been of great value i n elucidating the electronic 
structure of aromatic molecules and polyenes, and i t s potential 
a p p l i c a b i l i t y to the ligand f i e l d spectroscopy of tran s i t i o n 
metal complexes i s obvious. 

A technique which i s not a laser method but which i s most 
useful when combined with laser spectroscopy (LA/LIF) i s that of 
supersonic molecular beams (27). If a molecule can be coaxed 
into the gas phase, i t can be expanded through a supersonic 
nozzle at f a i r l y high flux into a supersonic beam. The apparatus 
for this i s f a i r l y simple, i n molecular beam terms. The result 
of the supersonic expansion i s to cool the molecules rotationally 
to a few degrees Kelvin and v i b r a t i o n a l l y to a few tens of de
grees, eliminating almost a l l thermal population of vib r a t i o n a l 
and rotational states and enormously simplifying the LA/LIF 
spectra that are observed. It i s then possible, even for complex 
molecules, to make r e l i a b l e vibronic assignments and inf e r struc
t u r a l parameters of the unperturbed molecule therefrom. Mole
cules as complex as metal phthalocyanines have been examined by 
this technique. 

A number of other laser spectroscopic techniques are of i n 
terest but space does not permit their discussion. A few special
ized methods of detecting laser absorption worthy of mention i n 
clude: multiphoton ionization/mass spectrometry (28), which i s 
extremely sensitive as well as mass selective for gas-phase sys
tems; o p t i c a l l y detected magnetic resonance (29); laser i n t r a -
cavity absorption, which can be extremely sensitive and i s ap p l i 
cable to gases or solutions (30); thermal blooming, which i s also 
applicable to very weak absorbances i n gases or liquids (31); and 
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photoacoustic detection, which i s applicable to any phase of 
matter and especially to o p t i c a l l y poor materials (32)• 

Laser Dynamics 

From the point of view of the study of dynamics, the laser 
has three enormously important characteristics. F i r s t l y , because 
of i t s potentially great time resolution, i t can act as both the 
effector and the detector for dynamical processes on timescales 
as short as Î O " ^ s. Secondly, due to i t s spectral resolution 
and brightness, the laser can be used to prepare large amounts 
of a selected quantum state of a molecule so that the chemical 
r e a c t i v i t y or other dynamical properties of that state may be 
studied. F i n a l l y , because of i t s coherence as a li g h t source 
the laser may be used to create in an ensemble of molecules a 
coherent superposition of states wherein the phase relationships 
of the molecular and electronic motions are specified. The 
dynamics of the dephasing of the molecular ensemble may subse
quently be determined. 

The f i r s t capability, simply that of a time-resolved l i g h t 
source, has been used to a considerable extent by inorganic photo-
chemists. Although there are conspicuous exceptions i t has been 
largely overlooked by inorganic k i n e t i c i s t s interested in thermal 
reactions, despite the evident fact that a large number of ther
mal processes can be i n i t i a t e d and probed by laser pulses. This 
low l e v e l of active investigation of thermal reaction dynamics by 
inorganic chemists between the fastest relaxation method (ca. 
10~8 s) and the fastest laser method (ca. 10~13 s ) i s d i f f i c u l t 
to understand in view of the successive lessons on the importance 
of "immeasurably f a s t " reactions provided by the development of 
flow methods and relaxation methods. On the other hand, the 
chemical r e a c t i v i t y and intrastate dynamics of excited states are 
being intensely studied by inorganic photochemists. Obvious 
problems i n thermal chemistry which might be studied on nano
second and shorter timescales include nondiffusional processes 
such as isomerization, intramolecular electron transfer, geminate 
recomination i n solution, solvent motions, and possible spin re
st r i c t i o n s on substitution reactions. 

The second dynamical capability of lasers, the a b i l i t y to 
excite a large f r a c t i o n of ground-state molecules to a selected 
quantum state, has hardly been applied to inorganic systems. To 
be sure, saturation of excited states by laser pulses i s common
place, but excitation to a selected vibronic l e v e l i s rare. 
There are several good reasons for t h i s . The molecular system 
chosen for such a study must generally be under isolated-molecule 
conditions (gas phase or inert gas matrices) so that the states 
of interest are spectroscopically resolved. Furthermore, the 
spectroscopy of the system must be well enough understood to 
make the dynamics observed interprétable. These requirements 
tend to dictate study of extremely simple systems at this time; 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

03
1

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



31. WOODRUFF Lasers, Laser Spectroscopy, and Laser Chemistry 489 

few inorganic systems more complex than SF^ have been studied. 
No doubt this w i l l change soon as fundamental understanding ex
tends to more complex molecules. For example, the supersonic 
beam techniques described e a r l i e r show promise in elucidating 
the vibronic states of r e l a t i v e l y complex molecules, i f they 
have adequate v o l a t i l i t y . 

The last mentioned dynamical capability of lasers i s in i t s 
infancy. It i s possible in principle to make opti c a l measure
ments which are analogous to coherent NMR measurements, and 
thereby to observe homogeneous linewidths in inhomogeneously 
broadened systems, to measure opt i c a l or v i b r a t i o n a l T i and T2 
relaxation times d i r e c t l y , and to observe quantum recurrences. 
In practice these experiments are very d i f f i c u l t and expensive, 
and have t y p i c a l l y been applied to systems such as l i q u i d ben
zene (33). On the encouraging side, i t should be noted that 
these techniques are indeed applicable to condensed-phase sys
tems and are extremely informative concerning fundamental con
densed-phase dynamics. 

Laser Chemistry 

One of tbe central properties of lasers i s the a b i l i t y to 
furnish large numbers of photons at very s p e c i f i c energies. This 
a b i l i t y has caused many investigators to hope that laser chemis
try might be possible, that i s that the energy from the laser 
might be deposited in molecules in very s p e c i f i c ways in order 
to i n i t i a t e very selective, interesting, or remunerative chemis
try. 

The p r a c t i c a l questions concerning laser chemistry may be 
tersely stated. (1) W i l l i t work? If so, (2) i s i t interesting 
as opposed to being a t r i v i a l extension of known, non-laser 
photochemistry? (3) Is i t a p r a c t i c a l tool for r e a l chemists 
as opposed to full-time laser technologists? And, (4) are the 
goods worth the price charged - i s i t economically worth the 
effort? To make a long story short, the answers are: (1) yes, 
in many but not a l l cases; (2) yes; (3) almost; and (4) yes, i n 
some cases, but the product had better be valuable. 

A number of different ways in which laser chemistry might 
work can be imagined. 

Bond- or Mode-selective Laser Chemistry. Suppose we 
wish to break a s p e c i f i c bond i n a molecule or cause a molecule 
to rearrange i n a s p e c i f i c way, and the desired transformation 
i s not the one which w i l l occur i f the molecule i s simply heated 
( i . e . , i t i s not the weakest coordinate in the molecule). Can 
we, by sele c t i v e l y exciting with a laser the bond or motion in 
question, cause the desired transformation to occur i n greater 
than thermal yield? 

This problem i s generally thought of i n terms of vibrational 
excitation, and resolves i t s e l f into two questions. F i r s t , the 
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ground-state vibrations of the molecule are a c o l l e c t i o n of v i 
brational modes, each of which are some linear combination of the 
elementary molecular motions (bond stretches, bends, torsions, 
etc.). Does there exist a v i b r a t i o n a l mode which resembles the 
desired transformation, so that laser energy can be absorbed 
s p e c i f i c a l l y into the desired molecular coordinate? Secondly, 
assuming that the answer to the previous question i s affirmative, 
does energy absorbed into the selected motion remain there long 
enough to promote the desired transformation, or does the energy 
rapidly redistribute i t s e l f among the molecular motions in a 
thermal manner before s p e c i f i c chemistry can occur? Because the 
photon energies used to promote this chemistry are v i b r a t i o n a l , 
and therefore multiphoton absorption i s necessary to break bonds, 
a related question i s the following: can a s u f f i c i e n t number of 
photons \>e absorbed in a s u f f i c i e n t l y short time to beat the rate 
of intramolecular energy thermalization? 

In many cases molecules have v i b r a t i o n a l modes that are 
s u f f i c i e n t l y l o c a l to s a t i s f y the f i r s t c r i t e r i o n above. In many 
other cases of molecules having strongly coupled o s c i l l a t o r s , 
they do not. For example, isolated C-H stretches are good candi
dates to be " l o c a l " , while the stretch of a bond in an aromatic 
ring i s not. The second c r i t e r i o n i s more d i f f i c u l t . Intra
molecular thermalization of v i b r a t i o n a l energy can be extremely 
rapid, especially under c o l l i s i o n a l conditions, and generally 
becomes more rapid for higher vib r a t i o n a l excitations. As a 
result, there i s probably no case observed to date wherein non
thermal bond dissociation occurs as a result of infrared exci
tation. In a number of cases, however, nonthermal isomerizations 
may occur as a result of single-state v i b r a t i o n a l excitation (34, 
35). A l l i n a l l , the outlook for mode-specific laser chemistry 
i s not bright at present. However, since many theorists have 
decided that i t w i l l not work, the time i s probably ripe for an 
experimental breakthrough. 

Molecule-specific Laser Chemistry. It may be desirable 
to i n i t i a t e chemical transformations se l e c t i v e l y i n a subgroup 
of a co l l e c t i o n of similar molecules. Photochemical isotope 
separation i s an obvious case i n point. The quantum states of 
chemically i d e n t i c a l molecules w i l l be s l i g h t l y different depend
ing upon which isotopes of the constituent elements are present. 
It i s possible i n p r i n c i p l e and also in fact to use the resolu
tion available i n laser l i g h t to excite s p e c i f i c a l l y molecules 
containing a chosen isotope of one element. It i s also possible 
that these isotope-selectively excited molecules w i l l undergo 
r e a c t i v i t y that the ground state molecules, containing the un-
desired isotope, w i l l not. Subsequently, a chemical step can be 
carried out which w i l l separate the isotope-enriched, reacted 
molecules from the remaining unreacted ones. The only require
ments for such a scheme to succeed are for there to be s u f f i c i e n t 
isotope s p l i t t i n g to allow selective excitation, and that the 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

03
1

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



31. WOODRUFF Lasers, Laser Spectroscopy, and Laser Chemistry 491 

excitation and subsequent r e a c t i v i t y be rapid compared to the 
intermolecular redistribution of the excitation energy. These 
requirements are r e l a t i v e l y mild compared to those in (a) above. 
Indeed laser isotope separation has been shown to work in a num
ber of cases (36,37), yielding enrichment of isotopes such as 2D, 
13 C, 15N, etc. There i s obviously much interest in separating 
much heavier isotopes such as 2̂ !>U, a n ( j m u c h Q f isotope separa
tion technique i s probably subject to the "iceberg e f f e c t " due to 
c l a s s i f i c a t i o n . Nevertheless, i t i s clear that laser separation 
of certain l i g h t isotopes may be close to being economically 
competitive with current non-laser separation methods. 

Nonspecific Laser Chemistry. If l a s e r - i n i t i a t e d chem
i s t r y i s nonspecific, why bother with the expensive and trouble
some laser? The fact i s that unique, or at least uniquely 
energetic, chemical reactants can be generated by laser i r r a d i a 
tion even i f no mode- or molecule-selectivity exists. For 
example, i t has been shown (38) that excitation of HC1, HBr and 
H2S into their dissociative continua with excimer laser pulses at 
193 nm produces hydrogen atoms with average translational ener
gies of 61, 45 and 55 kcal/mol, respectively. Such average 
energies are absolutely unattainable thermally because, for ex
ample, 61 kcal/mol thermal translational energy requires a tem
perature of approximately 30,000°K! The potential r e a c t i v i t y 
of these hot atoms must be quite r i c h , and i s v i r t u a l l y unin
vestigated. It may be expected that other photodissociation re
actions w i l l produce hot atoms of other elements, and that these 
species w i l l find some u t i l i t y i n gas-phase synthesis. 

Effect of the Radiation F i e l d . The great power density 
which can be generated by lasers makes i t appropriate i n some 
circumstances to view the radiation as a c l a s s i c a l e l e c t r i c f i e l d . 
The presence of such a f i e l d can obviously modify the energy of 
molecules possessing e l e c t r i c dipoles. As a consequence, chemi
c a l r e a c t i v i t y may be modified because the energies of the po
t e n t i a l surface of the reaction may be changed. This effect re
mains the realm of the theorist at present. Power densities of 
gigawatts per square centimeter or more are calculated to be re
quired to produce an observable effect on model reactions (39). 
Such high power densities, while easily attaintable, generally 
lead to other problems such as d i e l e c t r i c breakdown. 

" C l a s s i c a l " Photochemistry with Lasers. Any photo
chemistry which can be done with incoherent l i g h t sources can a l 
so be done with a laser, assuming that an appropriate laser wave
length i s available. Generally the spectral brightness of the 
laser w i l l be many orders of magnitude greater than that of the 
incoherent source. Even i n the case of very nonspecific photo
chemistry which can be i n i t i a t e d with broadband incoherent i r 
radiation, i t i s usually the case that laser i r r a d i a t i o n can re-
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suit i n faster production of photoproducts simply because the 
i n i t i a t i n g photon flux i s greater. This may be important enough 
in preparative photochemistry to j u s t i f y the increased cost of 
the laser. The narrower the wavelength band which i s effective 
in producing the desired photoproduct, the greater the advantage 
of the laser becomes. In inorganic systems, which may exhibit 
different photochemistry depending upon whether l i g a n d - f i e l d , 
charge-transfer, or π -> π* chromophores of a given molecule are 
excited, the s e l e c t i v i t y and spectral brightness of the laser may 
be important. 

The r e l a t i v e ease with which lasers can produce high concen
trations of excited states can be important in i n i t i a t i n g multi-
molecular photochemistry. It i s t r i v i a l to produce 0.1 M or 
greater photon "concentration" in a 1 μ il volume over a 10 ns 
period of time. Subsequent multimolecular reactions of excited 
states or l a b i l e photofragments are limited p r i n c i p a l l y by the 
unimolecular lifetimes involved. 

The a b i l i t y to supply more photons to i n i t i a t e photochemis
try with lasers compared to incoherent l i g h t sources increases 
the importance of, and the a b i l i t y to observe, low-yield photo
chemistry. Aside from the i n t e l l e c t u a l challenge of understand
ing the subtleties of condensed-phase inorganic photochemistry, 
there i s potential synthetic u t i l i t y in this area. Many photo-
fragments are extremely reactive, and i f produced in concentra
tions low enough so that they do not annihilate one another, may 
function as chain carriers in c a t a l y t i c processes. In terms of 
economically p r a c t i c a l laser chemistry, this i s a p o s s i b i l i t y 
that must be investigated because the cost of a laser photon i s 
so high that quantum yields much greater than unity are highly 
desirable. 

The Bottom Line: What do the Photons Cost? We w i l l con
sider four representative cases: an ArF excimer laser (193 nm) 
producing 0.2 J/pulse at 10 pulses per second; a c.w. A r + laser 
producing 5 W at 514.5 nm; a Nd:YAG laser (1064 nm) producing 
0.5 J/pulse at 10 pulses per second; and a c.w. CO2 laser produc
ing 100 W at 10,600 nm. Each of these lasers presently cost 
approximately $40,000. It i s assumed that the useful lifetime of 
each laser i s 5 years. In terms of operation, i t i s assumed that 
the lasers can be run 12 hours per day, 300 days per year. Elec
t r i c a l costs are figured at the re s i d e n t i a l rate in Austin, Texas, 
$0.08 per kwh. Water expenses are not included, but i t should be 
noted that the A r + laser uses $1000 of water per year at Austin 
rates ($0.10 per 100 gal). Annual operating expenses exclusive 
of energy and water (plasma tubes, YAG rods, ca v i t i e s , gases, 
etc.) are estimated to average $3300 annually for the ArF and 
Nd:YAG lasers, $15,000 for the A r + laser, and $1700 for the C0 2 

laser. The results of the calculations are given i n Table I. 
The "bottom l i n e " cost figures are given in the last two 

columns of Table I. These are the approximate cost of Avogadro's 
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number of photons (cost per mole) and the approximate cost of the 
number of photons energetically equivalent to a 100 kcal/mol 
chemical bond. The figures appear overly optimistic, i f that i s 
the correct word, because for the "cost per mole" to transfer 
d i r e c t l y into chemical terms a reaction would have to be found 
which used exactly the wavelength of the laser and had a quantum 
y i e l d of unity. Furthermore, the reduced "cost per 100 kcal 
bond" compared to "cost per mole" of the excimer laser i s spur
ious unless a way to break more than one bond per photon were de
vised. Moreover, no account i s taken of the energetic penalty 
assessed or hardware costs incurred when frequency s h i f t s , har
monics, or tunable dye emission i s generated. Clearly, the cost 
of photons mounts as v e r s a t i l i t y increases. 

A number of points are clear. F i r s t , i n a l l cases the major 
expense of laser photons i s the hardware, not the energy (even 
at Austin pri c e s ) . Secondly, the i n t r i n s i c a l l y greater e f f i 
ciency of the lower-energy lasers, especially the economic attrac
tiveness of the CO2 laser, i s evident. One can easily understand 
why laser chemistry schemes based upon multiphoton infrared ab
sorption attract so much e f f o r t . Thirdly, on a per-unit-time 
basis the ion laser i s more than twice as expensive to operate 
than even the rather exotic excimer laser. This i s because of 
the inherent energetic i n e f f i c i e n c y of the rare-gas plasma as a 
gain medium and because of the ex t r i n s i c , and hideous, expense 
of ion laser plasma tubes (and their poor r e l i a b i l i t y ) . 

No attempt has been made to assess r e l a t i v e r e l i a b i l i t y i n 
these figures. Undoubtedly, the Nd:YAG and CO2 lasers are the 
most r e l i a b l e of the group. When the c r i t e r i o n of f l e x i b i l i t y 
and u s a b i l i t y for a number of chemical purposes i s included, the 
Nd:YAG system i s the winner because i t can be used (albeit at 
lower power) to produce l i g h t at the CO2 wavelengths as well as 
the excimer wavelengths, while the CO2 output cannot be up-con
verted with any acceptable ef f i c i e n c y . One may argue that the 
only circumstance that keeps ion lasers i n existence i s the fact 
that, i n the wavelength range covered by the ion lasers, some 
experiments simply cannot be done with pulsed lasers. 

To summarize the state of technology for the chemist wishing 
to practice laser chemistry: the laser devices exist with the 
capability one would l i k e , but they are expensive. We may expect 
that cheaper pulsed laser systems based upon excimer, Nd:YAG, N2, 
alexandrite, etc. may be i n the offing i n the near future. This 
has already begun to happen with a new generation of N2-pumped 
dye lasers from two manufacturers. No such prospects presently 
exist for c.w. lasers i n the v i s i b l e and u l t r a v i o l e t , but one may 
hope that the ion laser w i l l be r a d i c a l l y improved or supplanted 
soon. For chemical applications which can use infrared excita
tion, satisfactory devices presently exist and the price i s right. 
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Case Study; Time-Resolved Resonance Raman Studies of the Excited 
States of Tris(Bipyridine)Ruthenium(II). 

The following case study contains examples of several topics 
discussed i n previous sections, including some aspects of laser 
technology, laser spectroscopy and laser chemistry. A variety of 
lasers and laser techniques are applied in a straightforward 
manner to the problem of ascertaining structural and dynamical 
information on an excited electronic state of wide chemical i n 
terest. This information i s obtained rather simply, i l l u s t r a t 
ing the potential of laser techniques i n the resolution of prob
lems in solution chemistry. 

We have reported the f i r s t d irect observation of the v i b r a 
t i o n a l spectrum of an e l e c t r o n i c a l l y excited state of a metal 
complex in solution (40). The excited state observed was the 
emissive and photochemically active metal-to-ligand charge trans
fer (MLCT) state of Ru(bpy)g +, the v i b r a t i o n a l spectrum of which 
was acquired by time-resolved resonance Raman (TR 3) spectroscopy. 
This study and others (19,41,42) demonstrates the enormous, v i r 
t u a l l y unique u t i l i t y of TR J i n structural elucidation of elec
t r o n i c a l l y excited states i n solution. 2+ 

The photochemical and photophysical properties of Ru(bpy)3 
and related d^ polypyridine complexes have been the subject of 
intense recent interest (43-49). This i s due to their potential 
in photochemical energy conversion, their i n t r i n s i c a l l y s i g n i f i 
cant excited state behavior, and their attractive chemical pro
perties. The structures of the excited states of these complexes 
are clearly of great interest. 

At least two p o s s i b i l i t i e s for the structure of the MLCT 
state exist. It may be formulated as Ru(III)(bpy)2(bpy T) 2 +, 
which has maximum symmetry of C2, or the heretofore commonly pre
sumed Ru (III) (bpy"-*-'^3, which may have D3 symmetry. We s h a l l 
refer to the former structure as the " l o c a l i z e d " model of the 
excited state, and the l a t t e r as the "delocalized" model. The 
experimental details of this study are presented elsewhere (19). 

The electronic absorption and emission spectra of the 
ground state and MLCT excited state of Ru(bpy) 3 are shown i n 
Figure 4. It can be seen that the ground state absorption at the 
wavelength of the Nd:YAG third harmonic, 354.5 nm, i s consider
able. Therefore, laser pulses at this wavelength are suitable 
for generating good yields of the MLCT excited state. It i s a l 
so evident that the resonance condition for enhancement of Raman 
scattering in the MLCT excited state should be very favorable i f 
354.5 nm excitation i s used, because this wavelength i s v i r t u a l l y 
on top of the excited state absorption maximum at ca. 360 nm. 
F i n a l l y , the onset of the emission of the MLCT state occurs at 
long enough wavelengths so that Raman scattering produced by 
354.5 nm excitation encounters no interference from the i n t r i n s i c 
luminescence of the complex. 

The excited state TR 3 results are obtained by illuminating 
the sample at an appropriate wavelength with a laser pulse of 5-7 
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8.0 H 

I 1 1 1 " — · ι π 
200 300 4 0 0 500 600 700 

X, n m 

Figure 4. Absorption and emission spectra of Ru(bpy)3

2* and the excited state 
transient absorption spectrum of Ru(bpy)3

2\ Key: A, absorption spectrum of 
Ru(bpy)3

2*; B, absorption spectrum of *Ru(bpy)3

2*; and C, emission spectrum. 
Conditions: room temperature, and aqueous solution. (Reproduced from Ref. 19c. 

Copyright 1981, American Chemical Society.) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ar
ch

 3
, 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

1.
ch

03
1

In Inorganic Chemistry: Toward the 21st Century; Chisholm, M.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



31. WOODRUFF Lasers, Laser Spectroscopy, and Laser Chemistry 497 

ns duration. The laser pulse contains greater than tenfold ex
cess of photons over molecules i n the illuminated volume of solu
tion (a cylinder approximately 1 mm in diameter and 1 mm in 
depth). The excited state l i f e t i m e , ca. 600 ns, i s much longer 
than the laser pulse width. Therefore, the absorbed photons 
from the laser pulse produce essentially complete saturation of 
the excited state. Other photons from the same laser pulse are 
Raman scattered by the sample, both by the ground state and ex
cited state complexes. The dominant spectrum which i s observed 
i s that of the excited state, because of the extreme saturation 
condition. Complementary ground state spectra were obtained us
ing c.w. u l t r a v i o l e t illumination (350.7 or 356.4 nm) from a 
krypton ion laser. 

The c.w. and TR 3 spectra of Ru(bpy)3 + in the frequency 
region of the C-C and C-N stretches (900-1700 cm" 1), obtained us
ing near-UV excitation, are compared in Figure 5. The peak at 
984 cm"1 i n Figure 5 i s the internal intensity reference, the 
symmetric stretching vibration of SO4 (0.50 M Na2S0^ added). The 
c.w. and TR 3 spectra were obtained on the i d e n t i c a l sample using 
a Shriver rotating c e l l (50) and 135° backscattering illumination 
geometry. A l l of the Raman peaks having s u f f i c i e n t intensity to 
allow measurement of depolarization ratios are polarized (ρ ~ 
0.3-0.5) in both the c.w. and TR 3 spectra. 

The ground state spectrum in Figure 5 exhibits the t y p i c a l 
features of the Raman spectrum of a bipyridine complex (40,51,52). 
Seven r e l a t i v e l y intense peaks dominate the spectrum. These may 
be approximately described as the seven symmetric C-C and C-N 
stretches expected of bipyridine i n any point group wherein the 
two pyridine rings are related by a symmetry element. 

The TR 3 spectrum of the MLCT state comprising the predomi
nant fra c t i o n of excited Ru(bpy)^ + species averaged over the 
timescale of our laser excitation pulse (7 ns) i s shown i n Figure 
5 (lower trace). This predominant MLCT species has been various
l y denoted " t r i p l e t charge-transfer" ( 3CT) (45), "du*" (43), or 
simply *Ru(bpy)g + (44). We adopt the l a t t e r nomenclature. It i s 
the emissive and photochemically active state which has a l i f e 
time of ca. 600 ns (room temperature, aqueous solution). 

The TR 3 spectra of *Ru(bpy)^ + exhibit increased complexity 
compared to the ground state RR spectra (Figure 5, upper trace). 
If the excited state were not saturated on the average over the 
duration of the laser pulse, this complexity might be thought to 
be due simply to the superposition of the bpy modes of *Ru(bpy)^ 
upon the seven bpy modes observed for ground state Ru(bpy)^ . 
However, luminescence intensity measurements as a function of 
laser pulse energy show that the *Ru(bpy)g state i s greater than 
90% saturated under the TR 3 illumination conditions i n Figure 5. 
Therefore, no peaks observed i n Figure 5 are due to the ground 
state. This can be seen by comparing the in t e n s i t i e s of the 
1609 cm-1 "ground state" peak between c.w. and TR 3 spectra in 
Figure 5. Despite 90% depletion of the ground state in the TR 3 
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— i 1 1 1 1 1 1 I · 
1700 1600 1500 1400 BOO 1200 1100 1000 9 0 0 

AV (cm"1) 

Figure 5. Comparison of the c.w. and TR3 spectra of Ru(bpy)s

2* (top) and 
*Ru(bpy)s

2* (bottom). (Reproduced from Ref. 19c. Copyright 1981, American 
Chemical Society.) 
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spectrum, the 1609 cm"1 peak retains approximately two thirds of 
i t s intensity. Apparently two sets of bpy frequencies are being 
observed i n *Ru(bpy)3 , one set at approximately the ground state 
frequencies and another set at considerably lower frequencies. 
This observation alone allows rejection of the p o s s i b i l i t y of D3 
symmetry for *Ru(bpy)§ +. 2+ 

If the " l o c a l i z e d " formulation of the structure of *Ru(bpy)3 
as Ru(III)(bpy)2(bpy")2+ i s r e a l i s t i c , the resonance Raman spec
trum of *Ru(bpy)3 + can be predicted. A set of seven prominent 
symmetric modes should be observed at approximately the frequen
cies seen in Ru(III)(bpy)3 , with approximately two thirds of the 
intensity of the ground state bpy modes. The intensity of the 
isolated 1609 cm"1 peak f i t s this prediction, as do the other 
"unshifted" peaks. A second set of seven prominent Raman modes 
at frequencies approximating those of bpy" should also be ob
served. Figure 6 shows that this prediction i s correct. The 
seven *Ru(bpy)| + peaks which show substantial (average ~60 cm~l) 
sh i f t s from the ground state frequencies may be correlated one-
for-one with peaks of Li +(bpy') with an average deviation of 10 
cm" . In addition, the weak 1370 cm~l mode i n *Ru(bpy)3 i s 
correlated with a bpy" mode at_1351 cm"l. It i s somewhat uncer
tain whether the 1486 cm~l bpy* mode should be correlated with 
the *Ru(bpy)3 mode at 1500 cm L or 1482 cm"1. It appears clear 
that the proper formulation of *Ru(bpy)3 i s Ru(III)(bpy) 2(bpy T) . 
This conclusion requires reinterpretation of a large volume of 
photophysical data (43,45,51 and references therein). 

These TR 3 results demonstrate that the localized model of 
*Ru(bpy)^+ i s v a l i d on the timescales of electronic motions and 
molecular vibrations. It i s v i r t u a l l y certain that d e r e a l i z a 
tion (via, for example, intramolecular electron transfer or 
dynamic Jahn-Teller effects) occurs on some longer timescale. 
The present experiments are mute as to the timescale on which 
d e r e a l i z a t i o n may occur. EPR results on Ru(bpy)1j demonstrate 
l o c a l i z a t i o n of the bpy' electron density in this Ru(II)(bpy)2* 
(bpy') + species on the EPR timescale, but suggest that d e r e a l i 
zation may occur on a timescale only s l i g h t l y longer. It i s 
possible that either time-resolved EPR or temperature dependent 
fluorescence depolarization experiments may establish the time-
scale of l o c a l i z a t i o n i n *Ru(bpy)^ +. 

In this system, we have been able to observe the f i r s t reso
nance Raman excitation p r o f i l e of an el e c t r o n i c a l l y excited state. 
The a v a i l a b i l i t y of a number of stimulated Raman shifted (SRS) 
frequencies between 340 nm and 460 nm, and also tunable sum f r e 
quencies adding the Nd:YAG fundamental to the Rhodamine 6G dye 
laser fundamental, allows the acquisition of the excitation pro
f i l e of *Ru(bpy) 2 . The SRS frequencies were generated by focus
sing the laser beam inside a c e l l containing ca. 100 p s i of H2 or 
D2 gas. The laser and SRS frequencies are given in Table I I . 
Saturation i s confirmed by comparing spectra at a given wave
length using extremely different pulse energies (e.g., 369 nm, 
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SOÎ* 

H 1 1 1 1 1 1 1 τ -
Ι 700 1600 1500 1400 1300 1200 MOO 1000 9 0 0 

AV (cm"1) 

Figure 6. Comparison of the TR3 spectrum of *Ru(bpy)s

2* (top) to the c.w. 
resonance Raman spectrum of bipyridine radical anion (lithium reduction) (bottom). 

(Reproduced from Ref. 19c. Copyright 1981, American Chemical Society.) 
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Table II. 
Stimulated Raman Shifts and Nonlinear Sum Frequencies 

Available from Nd:YAG/Dye Laser System 

λ, nm -1 
v, cm SRS Shift Per Pulse Energy 

459 21776 2v + 1D2 0.3 m J 
450 22209 3v - 2D2 3. m J 
436 22946 2v + 1H 2 0.5 m J 
416 24030 3v - 1H 2 >4. mJ 
396 25198 3v - 1D2 >7. mJ 
369 27100 2v + 2H2 <0.03 mJ 
355 28289 3v >7. mJ 
342 29253 4v - 2H 2 2. m J 

Tunable UV from Nonlinear Mixing 
360-375 ca.27000 INd:YAG + Dye(R6G) 
364 27473 >5. mJ 
369 27100 _>5. mJ 
374 26738 >1. mJ 

Nd:YAG Frequencies SRS Frequencies 
Harmonic λ, nm v, cm ^ Molecule, S h i f t , cm ^ 

2v 532 18800 H 2 4155 
3v 355 28289 D 2 2940 
4v 266 37563 
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Table I I ) . Representative TR 3 spectra at three different wave-_ 
lengths are shown in Figure 7. It i s seen that a l l of the "bpy*11 

Raman peaks show greatly increased intensity with short excita
tion wavelength, while the "neutral bpy" peaks increase i n r e l a -
t i v e _ i n t e n s i t y at the long excitation wavelength. Three of the 
"bpy*" modes in the excited state also show long-wavelength en
hancement, and these are analogous to three modes of chemically 
reduced bipyridine r a d i c a l anion which are also enhanced with 
long-wavelength excitation (53). 

The resonance Raman excitation p r o f i l e s are shown in Figures 
8, 9 and 10. The r a d i c a l modes cle a r l y peak with the electronic 
transition of *Ru(bpy)3 at ca. 360 nm (Figure 8), demonstrating 
a bpy* π* π* assignment for this absorption. The neutral bpy 
modes peak with the weaker transition at ca. 430 nm (Figure 9), 
suggesting that this absorbance has charge-transfer character^ 
undoubtably analogous to the IHCT tran s i t i o n of Ru(III)(bpy)3 
at 420 nm. In addition, the three aforementioned "bpy*" modes 
peak near the same wavelength (Figure 10), suggesting that t h i s 
absorption i s actually the superposition of two *Ru(bpy)g + transi-
tions^ one being the Ru(III) LMCT mentioned above and the other 
a bpy* transition analogous to the long-wavelength absorptions of 
the chemically produced r a d i c a l (53). 

This study and others i n this series (19, 40-42) as well as 
results from other laboratories c l e a r l y establish TR^ as the most 
v e r s a t i l e and generally applicable probe presently available 
which provides direct information on the structures of electron
i c a l l y excited states i n f l u i d media, the relevant conditions 
for essentially a l l photobiology as well as much photochemistry 
and photophysics. Such structural information i s c r u c i a l (a) to 
test (as i s the present case) conclusions on excited state para
meters drawn from less structure-specific experimental probes or 
from theoretical approaches, (b) to establish excited state po
t e n t i a l surfaces experimentally under chemically relevant condi
tions, and (c) i n general to understand the mechanisms whereby 
li g h t i s converted into chemical energy. Our ef f o r t s to extend 
both the temporal range and the chemical range of a p p l i c a b i l i t y 
of TR 3 and related laser spectroscopies are continuing. 

Acknowledgmen t s The author i s grateful for support of 
this work by National Science Foundation Grant CHE8109541 and 
Robert A. Welch Foundation Grant F-733. 
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λ 0 = 436 nm 
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Figure 7. Comparison of TR3 spectra of *Ru(bpy)3

2* acquired by using laser 
excitation at 436 nm, 396 nm, and 369 nm. 
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350 370 390 410 430 450 
À,nm 

Figure 8. RR excitation profiles of the "bpy~ modes of *Ru(bpy)s

2\ Key: A, 744 
cm'1; O, 1214 cm1; • , 1288 cm1; · , 1429 cm1; and A , 1550 cm1. 

I I I I I I 
350 370 390 410 430 450 

A,nm 

Figure 9. RR excitation profiles of the "neutral bpy" modes of *Ru(bpy)s

2\ 
Key: Q 1176 cm:1; · , 1320 cm1; 1566 cm1; and A , 1609 cm1. 
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— ι 1 1 ι 1 ι — 
350 370 390 410 430 450 

A,nm 

Figure 10. RR excitation profiles of the three "bpy" modes of *Ru(bpy)s

2* that 
exhibit long-wavelength resonance enhancement (see text). Key: 1016 cm'1; 

A , 1368 cm1; and Φ, 1496 cm:1. 
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32 
Determining the Geometries of Molecules and 
Ions in Exc i t ed States by Us ing Resonance 
Raman Spectroscopy 

ROBIN J. H. CLARK 
University College London, Christopher Ingold Laboratories, 
20 Gordon Street, London WC1H 0AJ England 

The magnitudes of geometric changes in molecules on 
electronic excitation can be determined from the 
excitation profiles of resonance-enhanced Raman bands, 
most accurately where both the resonant absorption 
band and the profiles show vibronic structure. 

We are all well aware of the tremendous advances over the 
past decade in both the quality and number of X-ray structural 
studies on molecules and ions, aimed at the accurate determination 
of the ground-state geometries. However, our knowledge of 
excited-state geometries has not developed at a comparable rate, 
and few techniques can be brought to bear upon this problem. 
This situation is unfortunate, since it could be argued that 
chemists have a greater interest in obtaining a knowledge of 
excited-state than ground-state geometries of species of chemical 
interest, since such species will be the more reactive. However, 
it has recently been shown that resonance Raman spectroscopy can 
be applied with effect, not only to permit the indication of the 
nature of the geometric change on excitation to an excited state 
but also, where the resonant transition is vibronically structured, 
the magnitude of that change. 

At resonance with an electric dipole allowed transition, the 
Stokes resonance Raman scattering, I (π/2), associated with a 
single totally symmetric mode and its overtones is proportional 
to 

where vn and v n 0 are the wavenumbers of the exciting line and η 

I (π/2) « ( V v n 0 r i [ y p ] 

<η|νχν|0><η|ν'><ν' |0>[ενεγ, + Γ γΓ ν,]\ 
[ε ν

2 + Γ ν

2 ][ε ν . 2 + Γν»2] 

0097-6156/83/0211-0509 $06.00/0 
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harmonic, respectively, [ y p ] g e i s the pure electronic transition 
moment of polarization ρ from the ground (g) to the resonant 
excited (e) electronic states, <n|, <v|, <vf| and <0| are 
vibrational wavefunctions, Γ ν and Γ νι are complex damping factors 
related to the lifetime of states ν and v 1, and ε ν = v e v >gQ - V Q . 
The f i r s t summation gives r i s e to a series of peaks, each at a 
vibronic transition wavenumber; the Franck-Condon factors 
responsible for these peaks are the same as those which give r i s e 
to vibronic structure in the resonant absorption band. The 
second summation, however, depends on pairs of excited-state 
vibrational levels, and may give r i s e to either constructive or 
destructive interference effects. The net effect of the two 
terms i s to produce an excitation p r o f i l e for the a^g Raman band 
which does not necessarily follow the contour of the resonant 
absorption band, but may d i f f e r from i t in c r i t i c a l l y important 
ways. 

The Franck-Condon integrals depend on (a) the ground-state 
and excited-state vibrational harmonic wavenumbers (ω^) of the 
a^ mode of the scattering species and (b) the displacement of the 
excited-state potential minimum with respect to that of the 
ground state along the a^ coordinate. This displacement i s 
related to the bond length change (δ) undergone by the scattering 
species on excitation to the resonant excited state. Thus 
experimentally obtained excitation p r o f i l e s , i f v i b r o n i c a l l y 
structured, can be simulated with the appropriate choice of 6 and 
Γ values. The desired 6 values are derived with greater accuracy 
by this method than they are d i r e c t l y from the vibronic structure 
in the resonant absorption band since, by the Raman method, only 
one mode is being monitored, whereas several modes may 
contribute to overlapping progressions in the resonant absorption 
band, a situation which tends to confuse the analysis. 

Some results are given in Figure 1 for [Mn0 4]~, and related 
ones have been obtained for [ReS 4]", [MoS 4] 2" and [WS 4] 2" (1-7), 
for each of which the lowest electric-dipole-allowed transition 
(*Τ2 + -̂Â ) i s cl e a r l y v i b r o n i c a l l y structured (a situation which 
is brought about by the fact that > Γ). The best f i t 6 value 
derived for each ion (0.05-0.09 X) indicates that, in the 1 T 2 

state, the change undergone i s rather larger than that typical of 
a one-electron reduction of the ion e.g. 0.03 A for [Mn04] (8). 

Unfortunately, the above analysis can never be widely 
applicable to the determination of excited-state geometries since 
so few molecules and ions exhibit v i b r o n i c a l l y structured 
absorption bands and excitation p r o f i l e s , even at low 
temperatures. Moreover, some questions arise as to the possible 
breakdown of the Condon approximation. Other types of molecule 
for which similar analyses have been carried out include 
3-carotene, carotenoids (9) and certain carotenoproteins such as 
ovorubin (10). In these cases the excitation p r o f i l e s of three 
skeletal a-̂  bands are monitored, and estimates for the change in 
C-C and C=C bonds lengths (^0.02 A) have been made. 
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C L A R K Resonance Raman Spectroscopy 

450 

Wavelength / nm 

500 550 600 

22,000 2 0 , 0 0 0 Ι Θ , Ο Ο Ο I6.000 

Excitation Wavenumber / cm -1 

Figure 1. Absorption spectrum of K[MnOk]IK[ClOk] mixed crystal at room 
temperature (a), and experimental (O) and best-fit calculated (—) excitation profile 
of the V! (a1) band of [MnOJ~ in K[MnOJ/K[ CIO J mixed crystal for Y/he = 

300 cm1 and 8 = 0.092 A (b). 
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Another type of complex for which i t i s obvious that Qlarge 
structural changes occur on excitation (probably 0.2-0.3 A) along 
particular coordinates are the in f i n i t e - c h a i n mixed-valence 
complexes of platinum and palladium (class II, or localized mixed-
valence complexes) ( Π ) . These P t n / P t I V , P d l I / P t I V or Pd I I/Pd I V 

complexes contain .. M 1 1 X-MIV-X.. chains (X = CI, Br or I ) , 
with amines (NH3, 1,2-diamino-ethane, -propane, -butane, -pentane, 
-cyclopentane, -cyclohexane, and 1,3-diamino-propane} in the 
equatorial positions. On excitation to the M-^/M11* intervalence 
state, considerable structure change along the M*V-X bond length 
would be expected since, in the relaxed excited state, the halide 
ion would be expected to be centrally placed between the M ions. 
The very long Raman progressions observed in the v j , v(X-MIV-X) 
symmetric stretching mode (to 17 members in some cases, Figure 2), 
at resonance with the M I V +• M 1 1 intervalence band, cle a r l y 
indicate that the MX bond-length change on excitation i s large. 
The magnitude of the change cannot, however, be determined 
exactly, since the intervalence band i s unstructured, even at 
4 K. The reason for the structure change being large and 
localized along a single coordinate i s undoubtedly because the 
intervalence band i s a x i a l l y polarized; the appropriate coordinate 
i s v i r t u a l l y uncoupled from any of the equatorial ones. This i s 
the opposite of the situation for ruthenium red, [ R U 3 O 2 ( N H 3 )14]^*, 
where the valence electrons are delocalized over the whole 
complex ion; excitation to an excited state of such an ion 
results in small s h i f t s in the potential minima for a large 
number of different coordinates, leading to small structural 
changes to a l l the skeletal bonds (12,15). Thus the nature of 
the Raman band excitation p r o f i l e s of a mixed-valence complex may 
allow the di s t i n c t i o n between class II (localized valence) and 
class III (delocalized valence) complexes, a matter of 
considerable contemporary interest. 

Conclusion 

There i s l i t t l e doubt that, as we approach the end of the 
2 0 ^ century, there w i l l be greatly enhanced interest in 
determining the structures of molecules and ions in excited 
states and, in consequence, in techniques which bear upon this 
problem. 
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Figure 2. Resonance Raman spectrum of [Pt(pn)2][Pt(pn)2Br2][CusBr5]2 in a 
KBr disc at ~ 80 Κ (λ0 = 568.2 nm). (Reproduced with permission from Ref.14. 
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Laser Studies of Radiationless Decay Mechanisms 
in Os2+/3+ Polypyridine Complexes 

THOMAS L. NETZEL and MICHAEL A. BERGKAMP 
Brookhaven National Laboratory, Chemistry Department, Upton, NY 11973 

The lowest energy excited states in Os(II) polypyridine 
complexes are of a metal-to-ligand charge transfer (MLCT) type and 
live for 10-40 µs at 4.2 K.1 The long wavelength absorptions in 
the visible region of the spectrum in Os(III) polypyridine 
complexes arise from ligand-to-metal charge transfer (LMCT) 
transitions and do not produce detectable luminescence. This 
suggests that these LMCT states are very short lived. We report 
here the results of picosecond absorption studies on the lifetimes 
the LMCT states in OsL33+ complexes [L = 2,2'-bipyridine(bpy) or 
1,10-phenanthroline(phen)] as functions of temperature and 
isotopic substitution. The LMCT lifetimes at low temperature are 
then contrasted with the low temperature lifetimes of the MLCT 
states of OsL32+ complexes and both are examined from the 
perspective of a coarse-grained radiationless decay theory 
developed by Englman and Jortner.2 In particular we seek to 
understand which molecular factors are responsible for the 
experimentally observed lifetimes. 
Results 

For picosecond kinetic measurements of change-in-absorbance 
( AA.) spectra, the samples were degassed in 2 mm path length 
cells and held at constant temperature in a flowing-helium 
cryostat. The samples were excited at 527 nm with 6 ps laser 
pulses and the M. spectra of the excited states were measured with 
8 ps white probe pulses. The laser system has been described 
elsewhere. The observed ΔΑ. signals are consistent with the known 
MLCT spectra of ground state OsL^2* complexes and support our 
assignment of the observed optical transients in 0sL3̂ " complexes 
to the production of LMCT states. 

Table I lists the excited state lifetimes for 0s(phen)3̂ " at 
three temperatures. The striking result is the lack of any 
significant change in the LMCT state*s lifetime on going from 295 
to 10 K. Table I also presents data on the effects of deuteration 
on the charge transfer state lifetimes of Os(bpy)3^"/̂  
complexes. The lifetimes are lengthened, but only by factors of 2 
and 2.5 respectively, for Os(bpy)33+ and 0s(bpy)3 "̂. 

0097-6156/83/0211-0515 $06.00/0 
© 1983 American Chemical Society 
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Table 1. Charge Transfer Excited State Lifetimes 3. 

Temperature 
(K) 

Lifetime 
Compound (ps) 

Os(phen) 3̂ ">Jl 295 < 9 

O s ( b p y ) 3
a f ^ 

Os(d 8-bpy) 3^*1 
Os(phen) 3̂ *" 
Os(bpy) 3

Z i-»i 
Os(d 8-bpy) 3

2 f » i 

80 
10 

10 
4 

10 

5 

20 ± 3 
19 ± 2 
62 ± 4£ 

120 ± 10 

10 

32 ]ssl 
1.05 ± 0.04 p s i 
2.5 ± 0.2 p s l 

JL The following abbreviations are used in this table: 
phen = 1,10-phenanthroline and bpy = 2,2'-bipyridine. 

J> In H2O with 9 M H2S01+. 
£ The lifetime in H20 with 9 M D2S0Î* i s 64 ± 4 ps. 
1 In D2O with 9 M D2S01+. 
£ From ref. 1. 
JL Determined in this work by measurement of emission decay. 

While the lifetimes of the OsL^ and OsL3 3 + charge 
transfer states d i f f e r by a factor of 10 5-10 6, the energy gaps 
between their ground and charge transfer states are similar, 
14.5 χ 10 and 16.0 χ 10 cm" , respectively. However, OsL 3^" 
complexes have IR bands that OsL^ complexes don't have. Our 
observation of these absorptions agrees with a recent report by 
Kober an<̂  I£eyer of IR absorptions i n [Os(bpy) 3] (PFe) 3 at 5090 and 
4580 cm" · These transitions arise because spin-orbit coupling 
interactions in the trigonal f i e l d s p l i t the t2g levels of 0 n 

symmetry. 

Discussion 

We expect the charge transfer excited states of O s L 3 2 + / 3 + 

complexes to have much the same equilibrium nuclear configurations 
as their corresponding ground states and thus to f a l l into the 
weak electron-vibration coupling l i m i t of Englman and Jortner's 
radiationless decay theory. The small temperature dependence of 
the lifetime of the LMCT state in 0sL3^" complexes suggests that 
i t s nonradiative decay rate ( k n r ) has l i t t l e activated component 
even at room temperature. Thus low frequency (< 500 cm" ) 
molecular modes are not c r i t i c a l to i t s decay mechanism. 
Similarly the small increase in charge transfer state lifetime 
upon deuteration implies that high frequency C-H stretching modes 
are not c r i t i c a l to the radiationless decay process in 0sL3^"' 
complexes. The above considerations imply that mid-frequency 
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(1000-2000 cm" ) skeletal stretching modes are l i k e l y to be the 
key energy accepting^channels i n these molecules. Consistent with 
this i s the 1300 cm"* vibrational progression observed in the 
emission spectrum of OsL^2* complexes. 1 

Equation 1 describes the radiationless decay rate for a 
single-frequency model with weak electron-vibration coupling^in 
the low temperature li m i t as derived by Englman and Jortner. 

W = K e l * % * % (1) 

where <ei i s a dimensionless electronic coupling factor which 
should be near unity for the charge transfer spates of OSL32*/3"*" 
complexes; i s the frequency (~ 4 χ 10 s" ) of the c r i t i c a l 
vibration governing the decay process; and F^ i s a Frank-Condon 
factor describing the vibrational overlap of the i n i t i a l and f i n a l 
states. 

F M = exp (-Ύ · ΔΕ/hVM) (2) 

where 

y = loge [(2 · * > / ( d · · ^ ) ] - 1 (3) 

In the above equations, ΔΕ i s the electronic energy gap; d i s the 
number of degenerate (or nearly degenerate) modes of frequency 
Vf4 whose reduced displacement ^ i s non-zero, (d = 13 and 16, 
respectively, for Os(bpy) ^ and Os(phen) 3 ^ v ) 

As a preliminary test of equations 1-3, we calculated the 
values of ^4 required to explain the observed nonradiative 
deactivation rates for 0s(phen)3 2 F and Os(bpy)3^ at 4.2 K.1 The 
resulting values, respectively, 0.29 and 0.33 are i n good 
agreement with the value of 0.29 calculated by Byrne et a l . for 
skeletal stretching modes in large aromatic molecules. 

A more stringent test of the formalism would be to explain 
the much shorter lifetimes of the LMCT states of 0s(phen)3^" and 
0s(bpy)3^. Since 0sL3^" complexes do not emit in the v i s i b l e , 
the energy of the 0-0 lev e l of the lowest LMCT state i s not 
known. If one takes ΔΕ from the^ onset of absorption in the 
v i s i b l e and uses hv^ = 1300 cm" and and d as specified 
above, the calculated values of 1% Γ are seven orders of 
magnitude too small relative to the observed nonradiative decay 
rates. In fact the observation of IR transitions for 0s(bpy)3^" 
shows tt^at ΛΕ for this complex can be no larger than 
11 χ 10 cm" . With this energy gap, the calculated value of 

can be brought into exact agreement with the observed decay 
rate i f both the accepting mode frequency and displacement are 
increased s l i g h t l y to 1600 cm" and 0.35, respectively. 
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Conclusions 
The above agreement between experiment and theory suggests 

the following: 1) Englman and Jortner's theory of radiationless 
decay is useful for inorganic as well as organic systems, 2) 
mid-frequency (1300-1600 cm" ) vibrations are the important energy 
accepting modes for radiationless decay of the charge transfer 
excited states of OsL^2*/^" complexes, and 3) the 105-10 
difference in lifetimes between the MLCT states of OsL^2* 
complexes and the LMCT states of 0sL3̂ " complexes is largely due 
to the difference in their energy gaps. 
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Carbon monoxide in metal complex, 
photochemical behavior 40/ 

Carbon nuclei, polarization 408 
Carbon-tungsten double bonds, 

hydroboration 399 
Carbonyl clusters with higher 

nuclearity 227-32 
Carbonyl photochemistry 48 

hydrogen-containing compounds .... 48 
interaction with hydrocarbons 48-49 

Catalase 105 
electronic configuration 107 

Catalase compound I, optical 
absorption spectra 105/ 

Catalysis, multiple metal-carbon 
bonds 369-82 

Catalyst immobilization 415 
Catalysts 52 

metalloporphyrins 99-110 
Charge transfer 

Mulliken theory 140 
thermochemical cycle 144 
work term 144 

Charge-transfer complexes, work term 147/ 
Charge-transfer excited states, 

osmium polypyridine compounds 516/ 
Charge-transfer spectrum, metal-to-

ligand .*. .' 495 
Chemical bonding, extended x-ray 

absorption fine structure 439-40 
Chemical energy conversion, light-

driven reaction 73 
Chemical laser, hydrogen fluoride 478 
Chemical shift anisotropy 406 
Chemically modified cytochrome c .190—91 
Chemistry of oxygen, reduction 

potentials 103/ 
Chlorine evolution 95 
Chromium complex with carbon 

monoxide, photolysis 38/ 
Chromium compounds 213 
Chromium species 

matrix studies 37-39 
photochemical reactions 37-47 

Chromium(III) complexes, N M R 
studies 187 

Chromium(III)-modified 
plastocyanin 190 

Chromophores 170 
Classical photochemistry with lasers 491-92 
Cluster closure reactions, oxidative .341-45 
Cluster ions 24-28 
Cobalt clusters, tetranuclear 229 
Cobalt porphyrins 101 

optical absorption spectra 105/ 
Compton profile 466 
Compton scattering 466-67 
Continuous generation, photochemical 

intermediates 35, 36 

Continuous wave lasers 494 
gas 478 
output characteristics 480-83 

Convolution integral 127 
Convolutive linear sweep voltammetry, 

heterogeneous rate constant 
determination 125, 127 

Convolutive potential sweep 
voltammetry 125 

Coordination compounds, 
nonclassical 201-8 

definition 207 
Copper, atomic, in rare gas supports 314-18 
Copper, photoexcitation 315 
Copper atoms 

guest-host interactions 322 
Jahn-Teller effect 315 
photoexcited, relaxation processes .. 317 
reactivity pattern toward dioxygen .. 320 
relaxation mechanisms 315 

Copper atoms in rare gas supports 314 
CPSV—See Convolutive potential 

sweep voltammetry 
Cross-polarization 406 
Cross-polarization/magic angle 

spinning solid-state N M R 405-29 
Crystal field effects 244 
Crystalline system, high-resolution 

N M R 412 
Crystallography 439 
CV—See Cyclic voltammetry 
Cyclic voltammetry 125 
Cycloboronation, exo-polyhedral ... 334-41 
Ori/io-cycloboronation 337 
Cyclooctatetraene-diiron 

pentacarbonyl 419 
Cyclopentadienyl ligands 241 
Cytochrome c 181 

chemically modified 190-91 
lysine-modified 191 
redox kinetics 81, 82 
as reductant, pH effects 184 

Cytochrome oxidase 101 
reduction of dioxygen 102 

Cytochrome P-450 102 
enzymatic cycle 102-104, 103/, 109/ 
oxygenated derivative 104 
substrates 104 

D 

d electrons 244 
Dead-end mechanism 183 
Dealumination of zeolites 426 
Delta-orbital, electron removal 221-22 
Delta-orbital electron, bonding 

contribution to metal-metal 
bonds 221-25 

Derivatized electrodes 82 
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Dialkyldimethyltin compounds 120 
Dicopper 

in rare gas supports 318-19 
relaxation processes 318 

Diirontungsten 383 
Dimeric porphyrins 101 
Dimerization reaction, excited state .... 319 
Dimetal compounds 383-87 

preparation 391 
useful spectroscopic properties 385 

Dimetal species, anionic, with 
bridging alkylidene group 386 

Dimetallohexaborane, 
o-cycloboronation 337 

N,iV'-Dimethyl-4,4 ,-bipyridinium 76 
Dimolybdenum complexes, oxidative 

additions 269 
Dimolybdenum vs. ditungsten 

alkoxides 269-72 
Dinuclear carbonyls 51-52 

matrix isolation 51 
Dioxygen, reactivity with copper 

atoms 320 
Dioxygen reduction 99-110 
Direct insertion mechanism 322 
Directed electron transfer 169-71 

definition 169 
Dirhodium species 218 
Disilver 

absorption and fluorescence 318 
in rare gas supports 318-19 
relaxation processes 318 

Ditungsten alkoxides, valence 269 
Ditungsten complexes 

decomposition 271 
hydrogen-bonding 271 
oxidative additions 269 

Ditungsten vs. dimolybdenum 
alkoxides 269-72 

π-Donor ligands 256 
Donor-acceptor photosynthetic model 11 
Dye lasers 

nonlinear sum frequencies 50It 
Raman shifts 50It 

Ε 
Edge structure 433 
Edges 

coupling operator 436 
electronic structure determination .. 435 
orientation determination 435 

EELS—See Electron energy loss 
spectroscopy 

Efficiency of photosynthesis 9 
Electricity generation 59-86 
Electrodes, derivatized 82 
Electron acceptor, respiratory 101 
Electron donors, structural 

variations 118-20 

Electron energy loss spectroscopy ...445-74 
applications 465 
element concentration 463 
limitations 465 
principles 462-65 
vibrational 472 

Electron energy loss spectrum 462 
Electron transfer 

See also Outersphere electron 
transfer and Innersphere 
electron transfer 

activation free energy 142 
Br0nsted slope significance 148-51 
comparing heterogeneous and 

homogeneous 127-29 
difficulty in evaluating work terms .. 143 
directed 169-71 
equilibrium potential 129-34 
excited state 157-71 
experimental vs. intrinsic rate 

constants 130 
forward rate constant 132 
free energy relationships 132, 133/ 
functional sites 190 
innersphere 134-51 

work term evaluation 143-45 
intrinsic barrier 129 
inverted region 165-69 
irreversible process 142 
Marcus theory 129 
mechanism and work term 142, 143 
and metalloproteins 177-93 
outersphere 120-34 

activation free energies 123 
blockers 187 
heterogeneous processes 123-27 
heterogeneous rate constant 125 
homogeneous 120 
Marcus equation 123 
p H effects 183-86 
rate constant 122 
tris-phenanthroline metal 

oxidants 120-23 
quantum mechanical solution 161 
quenching step 165 
theory 159-71 
transition from normal to inverted 

regions 163-65 
vibrational wavefunctions 165 

Electron transfer for alkylmetals 
activation free energy 139/ 
driving force 139/ 

Electron transfer mechanisms 117-51 
Electron transfer quenching 

oxidative 158 
photoredox application 159 
reductive 158 
separation efficiency 169 
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Electron transfer quenching 
mechanism 24 

Electron transfer rate constants 124/ 
Electronic coupling 159 
Electronic perturbation 161 
Electronic transition energies, matrix 

and gas phase 310 
Electrophilic addition, rhodium 

clusters 230 
Electrophilic bromination 148 
Elemental fluorine, reaction in low 

temperature matrices 330 
«-Elimination, platinacyclobutane 

chemistry 353-67 
^-Elimination reactions 359 
Energy gap law 166 

application to energy conversion .... 169 
Epoxidation of olefins 102 
Essential trace elements 100/ 
EXAFS—See Extended x-ray 

absorption fine structure 
Excitation methods 478 
Excited state, thermal equilibrium 163 
Excited state decay, nonradiative 165 

vibrations 166 
Excited state dimerization reaction .... 319 
Excited state electron transfer 157-71 
Excited state metal atom chemistry .319-22 
Excited state quenching, normal 

region 162-63 
Exciter 476 

population inversion 478 
EXELS—See Extended electron 

energy loss fine structure 
Exo-polyhedral cycloboronation 334-41 
Extended energy loss fine structure .... 466 
Extended metal-metal bonding, 

oxides 282-89 
Extended x-ray absorption fine 

structure 432,438-40 
applications 440 
chemical bonding studies 439-40 
combination with crystallography .. 439 
polarized 439 
for structure determination 438-39 

F 
Faujasitic zeolites 421,454,460 
Ferric oxene complex 107 
Ferric porphyrins 107 
Flash photolysis 36, 45/ 

See also Instantaneous technique .... 36 
gas phase 46-47 
point-by-point 36 

Flash photolysis solution 44-46 
Fluorine, elemental, reaction in low 

temperature matrices 330 
Formate dehydrogenase 81 
Fourier-transform IR 36 

Franck-Condon factor 517 
Franck-Condon integrals 510 
Free energy relationship 132 

Br0nsted slope 150 
Frontier orbital 219 
Fuel-cell technology, dioxygen 

reduction 101 
Fuel cells, improving 70 
Fuel generation 59-86 

G 
Gain medium 476 
Gas lasers, continuous wave 478 
Gas-phase flash photolysis 46-47 
Gas-phase synthesis, laser chemistry .. 491 
Glass, composition 417 
Glass surface, immobilization 413 
D-Glucose 3 
Gold alkylidene compounds 386 
Gold (I) complexes 

with methyl iodide 203 
methyl iodide oxidative addition 203 

Gold (I) ylide complexes 201 
Gold (III) species, dinuclear 203 
Graphite fluorides 465 
Graphite intercalates 454, 465 
Graphite-ferric chloride intercalate, 

preabsorption edge structure 466 
Ground and excited states, guest-host 

interactions 310 
Ground-state metal-vapor chemistry .. 304 

H 
He (I) photoelectron spectra 119/ 
Helium-neon laser, output 

characteristics 482 
Heme proteins, major 100/ 
Heme proteins, roles 101 
Heteroatom cluster compounds, with 

polyhedral boranes as ligands .333-48 
Heterogeneous activation free energy, 

iron(III) oxidations 128/ 
Heterogeneous catalysts, 

petrochemical industry 243 
Heterogeneous electron transfer 

intrinsic rate constant 133/ 
outersphere mechanism 129 
rate constant 131/ 

Heterogeneous outersphere electron 
transfer 123-27 

Heterogeneous rate constant vs. 
applied potential 126/ 

Heterogeneous transfer 
coefficient 126/, 131/ 

Hexanuclear clusters 24-28 
High- and low-valence clusters 

interconversion 241-42 
molybdenum species 242 
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High- and low-valence metal cluster 
compounds 209-19 

High valent/low valent-cluster 
interconversions 217 

High-resolution electron 
microscopy 445-74 

characterization of quasicrystalline 
solids 447 

principles 447 
specimens 447 
structural transformations 461 
transition metal sulfide catalysts .... 448 
zeolitic catalysts 448 

High-resolution magic angle spinning, 
analytical applications 405-29 

High-resolution N M R of solids, 
applications 412 

High-valence cluster 
electron configuration 218 
ligand preferences 209, 212, 213, 215 
ligands 241 
metal preferences 215 
metal-metal bond lengths 215, 217 
metal-metal multiple bonds 212 
M o - M o bonds 215 
p-orbitals 218 

Higher nuclearity carbonyl clusters .227-32 
Homogeneous activation free energy, 

iron(III) oxidations 128/ 
Homogeneous Br0nsted coefficient .... 131/ 
Homogeneous catalysts 243 
Homogeneous electron transfer, 

outersphere mechanism 129 
Horseradish peroxidase 105 

electronic configuration 107 
Horseradish peroxidase compound I, 

optical absorption spectra 105/ 
HREM—See High-resolution electron 

microscopy 
HVC—See High-valence cluster 
Hydroboration of carbon-tungsten 

double bonds " 399 
Hydrocarbon activation 49 
Hydrocarbon oxidation 110 

catalysts 107 
Hydrodesulfurization 447 
Hydrodesulfurization catalysts 448 
Hydrogen 406 
α-Hydrogen atom abstraction 370 
Hydrogen-fluoride chemical laser 478 
Hydrogen generation 93 

catalysts 80 
from semiconductors 76-80 

Hydrogen peroxide oxidation 105 
Hydrogenase 81 

I 
Imido alkylidene complexes, 

preparation 373 

Imido neopentylidene complexes, 
stability 373 

Immobilized catalysts 
polymer 412-17 
surface 412-17 

Immobilized polymers 412-17 
Innersphere electron transfer 134-51 

rate-limiting step 137 
work term evaluation 143-45 

Innersphere mechanisms 117 
Inorganic chemistry, interfacial 59 
Inorganic glasses 412 

diffraction techniques 417 
Inorganic interfaces, illumination 59-86 
Inorganic structures, new, simulating 

and predicting 460-61 
Instantaneous technique 36 
Integrated chemical systems 93 

w-silicon 93-95 
Intergrowth structure, ring-chain 460 
Internal olefins, metathesis 371 
Intrinsic photoconductors, amorphous 

hydrogenated silicon 83 
Iodide ion as ligand 229 
Iodosylbenzene 107 
Ionization edges, detection 465 
Iridium complexes, reaction with 

ûrac/wo-tetraborane ion 349 
Iridium(V) compound 341 
Iron (III) complexes 122 
Iron (III) oxidations, heterogeneous 

activation free energy 128/ 
Iron(III) oxidations, homogeneous 

activation free energy 128/ 
Iron-carbon monoxide σ-bonding 213 
Iron-iron bonds 213 
Iron porphyrins, use in oxygen 

chemistry 110 
Ironditungsten 383 
Ironditungsten cluster 389 
Iron-tungsten compound, preparation 383 
Isolobal approach 396 

J 
Jahn-Teller effects 312 

Κ 
Krypton 41 

L 

Lanthanum compounds, multiple 
bond character 274 

Large photosensitive materials 83-86 
Laser absorption/laser induced 

fluorescence methods 486 
Laser chemistry 473-506 

bond-selective 489, 490 
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Laser chemistry—Continued 
mode-selective 489, 490 
molecule-specific 490-91 
nonspecific 491 
power densities 491 
radiation field effects 491 
vibrational modes 490 

Laser dynamics, characteristics 488-89 
Laser gain media 476 
Laser light, characteristics 482 
Laser operating expenses 4931 
Laser operating parameters 493/ 
Laser spectroscopy 473-506 
Lasers 473-506 

chemical applications 473-74 
classical photochemistry 491-92 
continuous wave 480-83, 494 
continuous wave gas 478 
definition 474 
excitation methods 478 
helium-neon, output 

characteristics 482 
historical perspective 474-76 
nonlinear optical devices 479-80 
operating principles 476-80 
optical feedback 479 
output characteristics 480-83 
population inversion 476 
pulsed 

giant-pulse 483 
small-pulse 483 

temporal resolution 483 
tunable 475 

Ligand(s) 
cyclopentadienyl 241 
iodide ion 229 
oxo 372 
polyhedral boranes 333-47 
sulfur 241 

Ligand-free metal clusters, studying .. 304 
Ligand substitution rates, outersphere 

electron transfer 140 
Light amplification by stimulated 

emission of radiation—See Lasers 
Liquid noble gases 41 
Low- and high-valence metal cluster 

compounds 209-19 
Low temperature matrices, 

synthesis 329-31 
Low-lying nonbonding σ-orbitals 218 
Low-temperature solutions, 

photochemical intermediates 39-43 
Low-valence clusters 

See also High- and low-valence 
clusters 

electron configuration 218 
interconversion to high-valence ...241-42 
ligand preferences 209, 212, 213, 215 
ligands 241 

Low-valence clusters—Continued 
metal preferences 215 
metal-metal bonds, orbitals 217 
metal-metal multiple bonds 212 

Low-valent dimers, tantalum and 
tungsten 293-302 

LVC—See Low-valence cluster 
Lysine 190 

M 

Magic angle spinning, 
high-resolution 405-29 

Magnetic susceptibility 277 
Major heme proteins 100/ 
Marcus theory of electron transfer .... 129 
Marcus-Levine-Agmon relationships 134 
Maser 475 
Matrix isolation, photochemical 

intermediates 36 
Matrix isolation methods 304 
Matrix technique, advantages 44 
Mechanisms 

electron transfer 117-51 
innersphere 117 
outersphere 117 

Metal alkoxides 243-65 
bond distances 248/ 
metal-metal multiple bonds 250 
reaction with carbon monoxide 257 
structural theory 244 

Metal-alkoxy π-bonding 256 
Metal alkylidyne fragments, 

carbon-carbon bonds 396 
Metal atom chemistry 

excited state 319-22 
photoassisted insertion processes ... 329 

Metal atom/metal cluster chemistry 
excited state chemistry 305, 306 
support effects 305 

Metal atoms 
condensation 304 
nucleation 305 
reactions 330 

Metal atoms in solid supports, dynamic 
processes 303-28 

Metal carbonyls, selective 
photochemistry 47 

Metal cluster compounds, high- and 
low-valence 209-19 

Metal clusters 244 
condensation 304 
metal-oxide systems 273-92 
nucleation 305 
in solid supports, dynamic 

processes ...303-28 
Metal complex with carbon monoxide, 

photochemical behavior 40/ 
Metal dichalcogenides 73 
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Metal faces 
square, capping 229-30 
triangular, capping 229-30 

Metal oxide catalysts 243 
Metal oxide models 243-65 
Metal oxide systems 

extended metal-metal bonding ...273-92 
metal clusters 273-92 

Metal oxide systems, metal clusters .273-92 
Metal oxide trialkylsilyloxides 245 
Metal oxides 

electronic analogies to alkoxides .244-53 
metal-metal multiple bonds 250 
structural analogies to alkoxides .244-53 

Metal sulfide catalysts, transition 448 
Metal vapor chemistry 303 

ground state 304 
solution phase 304 

Metallacyclobutanes 353 
decomposition 355 

Metalloboranes 349 
synthesis 334 

Metalloporphyrins 12,99-110 
Metalloproteins, active site 177 
Metalloproteins and electron 

transfer 177-93 
Metal-metal bonded alkoxides 256 
Metal-metal bonding 244 

d, s, and ρ orbitals 217-19 
extended, in oxides 282-89 
nonmetal atoms 288 

Metal-metal bonds 51-52 
bond distances 248/ 

Metal-metal multiple bonds 212 
Metal-metal quadruple bonds 

δ-orbital contribution 221-25 
positive charge effect 225 

Metal-oxides, metal-metal bonds 247 
Metal-oxygen bond distances 255/ 
Metal-oxygen π-bonding 253, 256 

oxo vs. alkoxy ligands 253 
terminal 253 

Metal-to-ligand charge transfer 
osmium polypyridine complexes .... 515 
possible structures 495 

Metal-to-ligand charge transfer 
spectrum 495 

Metathesis catalysts, acetylene vs. 
olefin 378 

Methyl iodide oxidative addition 203-8 
Mode-specific laser chemistry 490 
Molecular beam methods 304 
Molecular geometry, edge structure .... 433 
Molecule-specific laser chemistry ...490-91 
Molybdenum 

metal-metal bonded alkoxides ....256-64 
oxidation state 253 
oxidation state and cluster 

formation 278 

Molybdenum alkoxides 
characterization 262 
metal-metal bonds 265 
pyridine ligands 260 

Molybdenum bonds 213 
Molybdenum carboxylate, H e l spectra 295 
Molybdenum clusters 

bond distances 247 
rhomboidal units 280, 280/ 
trinuclear 275 

Molybdenum ions, resonance Raman 
spectra 235 

Molybdenum-molybdenum bond 
distances 

oxides 288 
trinuclear clusters 277 

Molybdenum-molybdenum bonds, 
high-valence cluster 215 

Molybdenum oxides 
quaternary, metal-metal bonded .... 280/ 
ternary 280/, 289 

Molybdenum-oxygen bond distances, 
trinuclear clusters 277 

Molybdenum species 
electronic perturbations 225/ 
high- and low-valence clusters 242 
quadruple bonds 221, 269 
stretching frequency 222 
triple bonds 218 

Molybdenum sulfide 448 
Molybdenumditungsten compound .... 388 
Molybdenumtritungsten compound ... 388 
Monodentate ligands, preferential site 227 
Mulliken theory of charge transfer .... 140 
Multiple bonds 217 
Multiple metal-carbon bonds in 

catalysis 369-82 
Multiply bonded unbridged alkoxides 269 

Ν 
Neopentane, bond shift isomerization 353 
Neopentyl complexes, tungsten oxo, 

aluminum halides 373 
Neopentylidene complexes 

niobium 370-72 
reaction with simple olefin 370 
tantalum 370-72 

metathesis 371 
reaction with styrene 371 

Neopentylidene hydride complexes, 
tantalum, reaction with 
ethylene 374-76 

New inorganic structures, simulating 
and predicting 460-61 

Nickel complexes 388 
Niobium alkylidene complexes 372 
Niobium neopentylidene complexes.370-72 
Nitrogenase 81 
Noble gases, liquid 41 
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Nonbonding σ-orbitals, low-lying 218 
Nonclassical coordination 

compounds 201-8 
definition 201,207 

Nonmetal-nonmetal separation 288 
Nonoxide n-type semiconductors 71 
Nonradiative decay 159 

excited state 165 
Nonradiative excited state decay, 

vibrations 166 
Nonradiative transitions, copper 

atoms 317 
Nonspecific laser chemistry 491 
Nonspontaneous redox processes, light 

driven 64 

Ο 

Octahedral clusters 215 
Olefin isomerization 265 
Olefin metathesis 

by tungsten imido complexes 372-74 
by tungsten oxo complexes 372-74 

Olefin metathesis catalysts 378 
Olefins, epoxidation 102 
α-Olefins, dimerization by tantalum-

olefin complexes 371 
Optical dichroism 440 
Optical energy conversion 60 
Optical excitation 157 
Optical feedback 479 
Optical resonator 476, 479 
Organocobalt macrocycle 130, 131/ 
Organometal electron donors 118 

ionization 118 
Organometal oxidation, comparing ... 127 
Organometallic chemistry, ττ-donor 

ligands 256 
Organometals, cleavage 122 
Osmium complexes 168 
Osmium polypyridine complexes, laser 

studies of radiationless decay 
mechanisms 515-18 

Osmium polypyridine compounds, 
charge transfer excited states 516/ 

Osmium-osmium bonds 212-13 
Osmium-osmium double bond 399 
Outersphere electron transfer 120-34 

activation free energies 123 
blockers 187 
heterogeneous processes 123-27 
heterogeneous rate constant 125 
homogeneous 120 
ligand substitution rates 140 
limiting kinetics 181 
Marcus equation 123 
N M R studies 187 
pH effects 183-86 
rate constant 122 

Outersphere electron transfer— 
Continued 

tris-phenanthroline metal 
oxidants 120-23 

Outersphere mechanisms 117 
intrinsic barrier 129 

Outersphere oxidation, steric effects .. 141/ 
Oxene chemistry 105 
Oxidation of unactivated carbon-

hydrogen bonds 102 
Oxidation-reduction photochemistry, 

polynuclear complexes 21-34 
Oxidative cleavage 

alkyl radicals 122 
organometals 122 

Oxidative cluster closure reactions ...341-45 
Oxidative electron transfer quenching 158 
Oxide ligands, edge-shared 

bioctahedral arrangement 274 
Oxides with extended metal-metal 

bonding 282-89 
Oxides with tetranuclear clusters 278-82 
Oxides with trinuclear clusters 275-78 
Oxo alkylidene complexes 

preparation 372 
reactions with olefins 373 

Oxo ligands 243, 372 
Oxo vs. alkoxy ligands 253 
Oxygen-metal bond distances 255/ 
Oxygen-metal ττ-bonding 253, 256 

oxo vs. alkoxy ligands 253 
terminal 253 

Oxygen-molybdenum bond distances, 
trinuclear clusters 277 

Oxygen chemistry 
reduction potentials 103/ 
use of iron porphyrins 110 

Oxygenated cytochrome P-450, 
one-electron reduction 104 

Ρ 

P-450-type hydroxylations 99-110 
3 1 P cross-polarization/magic angle 

spinning spectra 415 
3 1 P nucleus, environmental effects 415 
Palladium 77,80 
Palladium complexes 388 
Parsley plastocyanin, protein-complex 

association 188 
Pentanuclear clusters, substitution 

sites 227-29 
Pentanuclear rhodium cluster 229 
Peracids 107 
Periodic chart 100/ 
Phosphate 181 
Phosphine donor ligands, immobilized 413 
Phosphorescence 24 
Photoaggregation 307 
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Photoanoae corrosion, suppression by 
polypyrrole 75 

Photoanode photocorrosion, 
suppression 71-76 

Photoanodes 60 
Photocathodes 60 
Photochemical electron donor 7 
Photochemical energy storage, atom 

transfer processes 28 
Photochemical intermediates 35-52 

continuous generation 35, 36 
instantaneous technique 36 
low temperature solutions 39-43 
matrix isolation 36 
organometallic 47 

Photochemical reactions 51 
spectral and thermodynamic 

considerations 7,9 
Photochemical rearrangements 49 
Photochemistry 

carbonyl 48 
optical energy conversion 60 
selective 47, 48 
semiconductor/liquid electrolyte 

interfaces 60-71 
Photocurrent-photovoltage 

characteristics 94/ 
Photoelectrochemical cell, tungsten 

sulfide 
n-type 66/ 
p-type 67/ 

Photoelectrochemical hydrogen 
evolution 93 

Photoelectrodes, amorphous 
hydrogenated silicon 83 

Photoelectron spectroscopy 222 
Photoexcitation of copper 315 

relaxation processes 317 
Photosensitive materials, large 83-86 
Photosensitivity, gold (I) complexes 

with methyl iodide 203 
Photosynthetic mechanism 7,9 
Photosynthetic model, donor-acceptor 11 
Photosynthetic plant cell, half reaction 4/ 
Photosynthetic reaction, blockers 187 
Photosynthesis reaction 3 

efficiency 9 
end product 9 
half reactions 4/ 
primary photochemical reaction .... 5-7 
reaction center protein 8/ 

Photosynthesis and solar electricity . . . 3-20 
Plastocyanin 438 

electron-transfer rate constants . ...180-81 
electron transfer reactivity 180-81 
extended x-ray fine structure 439 
function 178 
reactivity 177 
structure 178-80 

Platinacyclobutane chemistry 353-67 
hydride shift 359 
skeletal rearrangement 365 
ylide complex formation 359 

Platinacyclobutanes 
decomposition 356 
^-elimination mechanism 355 
platinacyclopentanes 360 
ring-expansion reaction 360 
skeletal isomerization 

mechanism 355 
relative reaction rate 356 

Platinum 80 
voltammetric curves 94/ 

Platinum complexes 388 
Platinum electrode, heterogeneous 

outersphere electron transfer ...123-27 
Platinum-tungsten 383 
Polarized x-ray absorption edge, 

applications 436 
Polarized x-ray absorption 

spectroscopy 431-43 
edges 432 
theory 432-33 

Polarized x-ray edge spectroscopy, 
distinguishing coupling 
mechanisms 436 

Polyhedral boranes as ligands 333-47 
Polymer immobilized catalysts 412-17 
Polynuclear clusters 52 
Polynuclear complexes in solution, 

oxidation-reduction 
photochemistry 21-34 

Polypyrrole 75 
Population inversion 476 
Porphyrins 12 

cobalt 101 
dimeric 101 

Porphyrin-quinone molecules, 
synthesis 13 

Preabsorption edge structure 466 
Propylene polymerization, Ziegler-

Natta catalysts 374 
Proton magnetization 408 
Pulsed lasers 483 
PXAS—See Polarized x-ray absorption 

spectroscopy 
Pyridinium complex 171 
Pyroxenoid silicates 454 

Q 
Quadruple bonds, metal-metal, 

δ-orbital contribution 221-25 
Quasicrystalline solids, 

characterization 446, 447 
Quaternary molybdenum oxides, 

metal-metal bonding 280/ 
Quaternary oxides, reduced 282 
Quenching 158 
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Quenching products, separation 
efficiency 169 

Quenching rate constants, free energy 
dependence 163 

Quenching step 165 

R 

Radiationless decay 518 
Radiationless decay rate constants, 

measuring 167 
Raman scattering 

spontaneous 485 
Stokes resonance 509 

Raman spectroscopy 484 
Rare gas atoms, transition from ground 

to excited state 310 
Rare gas supports 

atomic copper 314-18 
atomic silver 307-14 
dicopper 318-19 
disilver 318-19 

Rate constants 
experimental vs. intrinsic 130 
homogeneous and heterogeneous 

electron transfer 127 
Reactions of metal atoms 330 
Redox process 81 

nonspontaneous light driven 64 
Reduced quaternary oxides 282 
Reduced ternary oxides 282 
Reduction processes 70 
Reductive electron transfer quenching 158 
Rehm-Weller free energy 

relationship 134, 136/ 
Resonance Raman spectroscopy 

as complementing technique 238 
electronic band assignments 235-39 
molecular and ionic geometry 

determination 509-13 
Respiratory electron acceptor 101 
Rhenium complex 

electronic properties 23/ 
photochemical oxidation 29/ 

Rhenium ions 
electronic band assignments 235-39 
metal-halogen stretching mode 238 

Rhodium clusters 215 
electrophilic additions 230 
pentanuclear 229 
square-face 230 
tetranuclear 229 

Rhodium complexes, reaction with 
arac/mo-tetraborane ion 349 

Rhodopseudomonas sphaeroides, 
bacterial reaction center 8/ 

Ring expansion reaction 360 
platinacyclobutane chemistry 353-67 

Ring expansion and skeletal 
isomerization 359-65 

Ring-chain intergrowth structure 460 
Ruthenium complexes 168 
Ruthenium dioxide catalyst 95 

S 
Scandium complex, bonding features 285 
Selective photochemistry 47, 48 
Selenide phases, Chevrel type 291 
Semiconductor behavior 69 
Semiconductor electrodes, design 

requirements 93 
Semiconductor/liquid electrolyte 

interfaces 
photochemistry 60-71 
problems 70, 71 

Semiconductor photoelectrodes 70 
reduction processes 70 

Semiconductors 
solution interactions 72 
surface state manipulation 69 

SET—See Single electron transfer 
Shape-selective catalysts 448 
Sigma donors 118 
Sigma orbitals, low-lying nonbonding 218 
Silicates 454 

pyroxenoid 454 
Silicon, amorphous hydrogenated 83 
Silicon atoms 421 
A/-Silicon integrated system 93-95 
Silver, atomic, in rare gas supports .307-14 
Silver atoms 

destabilization 314 
entrapped 

major splitting 314 
optical excitation 314 
Stokes shifts 311, 314 

fluorescent states 310 
guest-host interactions 322 
Jahn-Teller effect 312 
transition from ground to excited 

state 310 
Silver in krypton, fluorescence profiles 311 
Single electron transfer 145 

mechanisms 130 
Skeletal isomerization 

ligand effects 354 
metallacyclobutane 354 
platinacyclobutane chemistry 353-67 

Skeletal isomerization and ring 
expansion 359-65 

Soda glass 417 
Sodalite zeolites 421 
Sodium pivalate 293 
Solar cells in nature 5 
Solar electricity 3-20 
Solar energy 70 

See also Photochemistry 
reduction processes 70 

Solar energy conversion, processes .... 157 
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Solar energy converters, artificial 10-14 
donor-acceptor model 11-13 

Solid state 
dynamic structures 417, 419 
molecular motions 417, 419 

Solid-state cocondensation 304 
Solid-state transformation, 

determination of mechanism 446 
Solid supports, dynamic processes of 

metal atoms 303-28 
Solid systems, high-field magic angle 

spinning 412 
Solids 

characterization 417 
dynamic structures 417, 419 
high-resolution N M R 412 
molecular motions 417, 419 

Solution, flash photolysis 44-46 
Solution/semiconductor interactions .. 72 
Solution phase metal vapor chemistry 304 
Solvents, liquid noble gases 41 
Spectroscopic functions 484 
Spontaneous Raman scattering 485 
Square-metal faces, capping 229-30 
Stokes resonance Raman scattering .... 509 
Stokes shifts, entrapped silver atoms .. 311 
Structural changes on excitation 509-14 
Structural transformations, high-

resolution electron microscopy .. 461 
Structure determination 438 
Styrene 371 
Substitution sites 227 
Sulfide phases, Chevrel type 291 
Sulfur ligands 241 
Sunlight, conversion—See Photochemistry 
Supersonic molecular beams 487 
Surface immobilized catalysts 412-17 
Surface states 

manipulation for energy 
conversion 69 

semiconductors 69 
Synchrotron radiation 432 
Synthesis in low temperature 

matrices 329-31 

Τ 

Tantalum 
low-valence dimers 293-302 
neopentylidene complexes 370-72 

Tantalum alkylidene complexes 372 
Tantalum neopentylidene complexes 371 
Tantalum neopentylidene hydride 

complexes, reaction with 
ethylene 374-76 

Tantalum-olefin complexes, alpha-
olefins, dimerization 371 

Tantalum(III) dimer 295, 298 
Tantalum(IV) dimer, formation 298 
Tantalum (V) complexes, alkylidene 

ligand reaction with olefins 375 

TCNE—See Tetracyanoethylene 
Ternary molybdenum oxides 289 

metal-metal bonding 280/ 
Ternary oxides, reduced 282 
Tetracyanoethylene 

reactivity patterns 137-42 
work term 145 

Tetraneopentyltin 123, 137 
Tetranuclear clusters 

oxides 278-82 
substitution sites 227-29 

Tetranuclear cobalt clusters 229 
Tetranuclear rhodium clusters 229 
Thallium silicate structure 461 
Thiolate anion 104 
Thylakoid membrane 6/ 
Tin alkylidene compounds 386 
Titanium clusters 245 

metal-metal bonds 247 
Tolylidyne ligands 389 

bridging 383 
Trace elements, essential 100/ 
Transalkylidenation 373 
Transfer coefficient 129 
Transition metal catalysts, 

immobilization 413 
Transition metal sulfide catalysts, 

partially crystalline 448 
Triangular-metal faces, capping 229-30 
Trichlorotungstenacyclobutadiene 

complex 381 
Trimetal compounds 388-93 
Trinuclear clusters, oxides 275-78 
Triple bonds 218 
Triply bonded unbridged alkoxides .... 269 
Tris(bipyridine)ruthenium(II), time-

resolved resonance Raman 
studies 495 

Tris-phenanthroline metal oxidants, 
outersphere electron transfer ....120-23 

Tunable dye lasers, output 
characteristics 482 

Tungsten 
low-valent dimers 293-302 
metal-metal bonded alkoxides 256-64 

Tungsten alkoxides, metal-metal 
bonds 265 

Tungsten alkylidene complexes 
preparation 372 
transalkylidenation 373 

Tungsten alkylidene compound 
carbon bond scission 397 
reaction with dimetal 

complexes 390 
Tungsten alkylidyne compound, 

addition of metal ligands 389 
Tungsten carboxylate, binding energy 295 
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Tungsten clusters 247 
multiple bonds 250 
octahedral arrangement 253 
tetranuclear nature 264 

Tungsten complex, photochemistry ... 50/ 
Tungsten-halogen lamp 95 
Tungsten imido complexes, olefin 

metathesis 372-74 
Tungsten-metal bonded complexes .383-98 
Tungsten-metal bonding 383-98 
Tungsten oxo complexes, olefin 

metathesis 372-74 
Tungsten oxo neopentyl complexes, 

aluminum halides 373 
Tungsten species, triple bonds 218 
Tungsten sulfide photoelectrochemical 

cell 
n-type 66/ 
p-type 67/ 

Tungsten(II) carboxylate, quadruply 
bonded 293 

Tungsten (VI) alkylidyne complex, 
preparation 376 

Tungsten (VI) alkylidyne complexes 
and acetylene metathesis 376-78 

Tungstenacyclobutadiene complexes 
formation 377 
stability 381 

Two-dimensional structures, 
determination 446 

Two-photon absorbance 487 
η-Type semiconductors 60, 65 

nonoxide 71 
p-Type semiconductors _ 60 

hydrogen generation, improvement 76-80 
η-Type silicon, corrosion suppression 75 
p-Type silicon, photocathodic current 79/ 

Vibrational electron energy loss 
spectroscopy 472 

Vibrational fine structure 222 
Vibrational overlap 165 
Vibrational trapping 159 
Vibrational wavefunctions 165 

Ψ 

Wollastonite 448,451 
conversion to pseudowollastonite .. 461 
ultrastructure 451 

Work term 
charge transfer 144 
innersphere electron transfer 142 

X 

Xenon, liquid 41 
x-Ray absorption fine structure, 

extended 438-40 
applications 440 
chemical bonding studies 439-40 
combination with crystallography .. 439 
polarized 439 
for structure determination 438-39 

x-Ray absorption spectroscopy, 
polarized 431-43 

edges 432 
theory 432-33 

x-Ray amorphous materials 448 
x-Ray amorphous zeolite 448, 449/ 
x-Ray edge spectroscopy, polarized, 

distinguishing coupling 
mechanisms 436 

x-Ray intractable materials 448-62 

U 

Ultramicroanalysis, tool 446 
Ultrastructure, wollastonite 451 
Unbridged alkoxides, triple bonding .. 269 
Uranyl 435 

Vanadium 435 

Zeolites 306, 419-26, 448 
dealumination 421, 426 
faujasite 421 
new structures 454, 460 
sodalite 421 

Zeolitic catalysts, partially crystalline .. 448 
Zeolitic structures, new 454, 460 
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