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Solar Chemistry of
Metal Complexes

Harry B. Gray and Andrew W. Maverick

Solar chemistry may be defined as that

area of photochemistry in which the ex- -

citation energies fall within the spectrum
of solar radiation at the surface of the
earth. The potential importance of solar
chemistry in the generation of energy-
rich molecules from cheap, energy-poor
raw materials has been discussed by
many authors, and the role transition
metal complexes could play in such ener-
gy storage schemes has received special
attention in recent years (/).

Photochemical Energy Storage Reactions

Of the energy storing reactions dis-
cussed for these photochemical systems,
by far the most popular has been the
splitting of water:

Hzo solar i:ctcns Hz +12 02 (1)

In reaction 1, which stores 2.46 electron
volts of chemical energy, M represents a
metal complex sensitizer. The reaction

Summary. Electronic excited states of certain transition metal complexes undergo
oxidation-reduction reactions that store chemical energy. Such reactions have
been extensively explored for mononuclear complexes. Two classes of polynuclear
species exhibit similar properties, and these complexes are now being studied as

possible homogeneous sensitizer-catalysts for hydrogen production from aqueous -

solutions.

This article deals primarily with one
area of transition metal solar chemistry,
namely, that involving the photochemi-
cal properties of several types of polynu-
clear metal complexes in homogeneous
solution. We will begin with some gener-

al considerations of photochemical pro- -

cesses and their previous application to
photochemical energy storage reactions,
and then discuss current research in our
laboratory (2). We have emphasized

polynuclear complexes in our own work .

because they are promising as robust,
efficient absorbers of visible light and
because they offer stability in a number
of different oxidation states. The latter
feature is attractive for the design of
systems capable of multielectron oxida-
tion-reduction (redox) reactions in ho-
mogeneous solution.
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could be accomplished by allowing the
sensitizer in its electronically excited
form (M*) to reduce protons to hydro-
gen, followed by thermal oxidation of
water by M™:

hv

M — M* 2)

M*+H*->M"'"+12H, @

M"+12H,0->M+ H" + 1/4 0,
“4)

Bolton (3) suggests that a system such as
that represented by reactions 2 to 4 could
be driven by 611-nanometer (2.03-eV)
excitation, with as much as 14 percent of
the available solar energy stored in
chemical form.

There are several examples of reaction
3 involving high-energy excited states of
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simple aqueous complexes of metal ions
(4-7) (Table 1). Although some of these
photoreactions produce oxidants power-
ful enough to accomplish reaction 4, they
involve excitation wavelengths shorter
than those found in the solar spectrum.
Thus the systems are of interest mainly
as mechanistic models.

Irradiation of halogen complexes of
certain transition metals leads to the
production of hydrogen and the corre-
sponding one-electron oxidized species.
Recent work with hexachloroiridate (III)
is a case in point (8):

_ hv _
IrClg~ + H T IrCl™ + 172 HES)

Once again, relatively high excitation
energies are involved, as the quantum
yield ddta for reaction 5 show (Table 2).
This system is of interest, however, as
the oxidized product IrCle’~ may be
converted photochemically back to
IrCls*~, producing chlorine:

2— — = 500 nm
IrClg"™ + Cl ETTa

IrCle~ + 172 Cl,

(6)
The net result is a photochemical cycle
for splitting HCI to hydrogen and chlo-
rine, which involves substantial energy
storage:

< 313 nm/IrClg>~
< 500 nm/IrClg2 ™

12H,+ 12Cl,
@)

The hydrogen-producing half of this
cycle appears restricted to radiation of
relatively high energy. However, corre-
sponding electronic transitions are found
at lower energy in IrBrg®~ and IrBrg~;
thus we hope to demonstrate similar
photochemical reactions with light of
longer wavelengths in the IrBrg® ™2™ sys-
tem.

Another possibility is that the charge-
transfer excited state of a halogen com-
plex (MXs) might undergo two-electron
redox reactions, leading to the following
scheme:

MXs =5 [XsM™ - X*]* ®)
[XsM™ = X*'1* + X~ = MXs~ + X, (9

HCl(aq)
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MX;s~ + H" - HMX; (10)
HMXs + HY - MXs* + H, (11)
MX;s" + X~ — MX, (12)

with the net conversion
2HX =5 H, + X, (13)

Although ligand dissociation is a well-
known process for certain excited states
of metal complexes, step 9 would repre-
sent a new type of reactivity based on a
charge-transfer excited state. Good can-
didates for these reactions might be sys-
tems based on the favorable d® (MXg)
and d® (MX;s™) electronic configurations.
Again, the process would be more likely
to occur with visible light for X = Br and
X=1I

Reactions of Long-Lived Excited Metal

Complexes

One approach to systems for storage
of solar energy has been to initiate a
redox reaction by electron transfer
quenching of a long-lived excited state of
a suitable metal complex (9). A rutheni-
um complex, Ru(bpy);** (bpy = 2,2'-bi-
pyridine), has been extensively used in
this manner. A modified Latimer dia-

gram illustrating the redox properties of
the ground and lowest excited states of
Ru(bpy);>* appearsin Fig. 1. Energy stor-
age systems based on Ru(bpy);**” have
involved electron transfer quenching by
suitable acceptors A and donors D, reac-
tions 14 and 15; the energy-wasting back
electron transfer steps 16 and 17; and the
reduction of protons to hydrogen, reac-
tions 18 and 19:

Ru(bpy)*** + A — Ru(bpy);** + A~

(14)

Ru(bpy);** + D — Ru(bpy);* + D*
(15)

Ru(bpy);** + A~ — Ru(bpy):®* + A
(16)

Ru(bpy);* + D* — Ru(bpy);** + D
a7
AT+H"-> A+ 12H, (18)

Ru(bpy);* + H* — Ru(bpy);>* + 1/2 H,
(19)

Gafney and Adamson (/0) were the
first to observe reaction 14; since then,
several strategies have been followed in
order to incorporate these reactions into
efficient systems for hydrogen produc-
tion. The back electron transfer reac-
tions 16 and 17 may be inhibited if A~ or
D* decomposes; this was the case in the
experiments of Gafney and Adamson
with the acceptor Co(NH;)sBr?*, where

Table 1. Photochemical hydrogen production from simple metal ions (M) in aqueous solution:

M+ H*2,M* + 12 H,.

Eox Irradiation Quantum
M ) Solvent wavelength yield Reference
(nm) of H-
Eu?* -0.43 4.8M HCI 366 0.32 )
Cr2* -0.41 1.9M HCI 254 0.18 5)
Fe?* 0.77 2.0M H,SO, 254 0.20 (6)
Ce** 1.70 1.0M HCIO, 254 0.0006 (7)

*Standard electrode potential for the couple M* + e — M versus a normal hydrogen electrode.

*
Ru(bpy) 2
0.84 —0.84
2.1 eV
R -1.28 2 1.26
Ru(bpy)’, Ru(bpy) Ru(bpy) 3*

Fig. 1 (left). Structure and modified Latimer
diagram (9) for Ru(bpy);>*. Electrode poten-
tials versus a normal hydrogen electrode in
aqueous solution. Fig. 2 (right). Hydrogen
evolution from irradiated aqueous acidic
(HBr) solution of Rh,bgBr,**.

the Co(II) product complex (A~) hydro-
lyzed before it could be reoxidized by
Ru(bpy);**. Amines are suitable as do-
nors in this respect because their radical
cations often decompose in solution. Mi-
cellar solutions have also been used to
isolate A~ (/1) or Ru(bpy);* (/2) physi-
cally and thereby to decrease the back
electron transfer rate. Finally, the hydro-
gen-producing steps 18 and 19, which are
very slow for Ru(bpy);* and for most
one-electron reductants A™, can be ac-
celerated by heterogeneous catalysts
such as colloidal platinum (/3). Gritzel
and co-workers (/4) showed that solid
RuO, catalyzes the evolution of O, from
oxidants such as Ru(bpy);**. By adding
both RuO, and Pt to the irradiated solu-
tion, they combined the two reactions,
thereby achieving sensitization of the full
water-splitting cycle with visible light.
The problem of conducting reactions
18 and 19 in homogeneous solution is a
formidable one. Brown et al. (15) de-
veloped a system which accomplishes
this with a cobalt-based macrocyclic
catalyst, Co(Meg[14]dieneN,)(H,0),>*
(CoL?*, where L stands for the ligand),
according to the following scheme:

Ru(bpy);* + CoL?** —

Ru(bpy);>* + CoL* (20)
CoL*+ 2H" — CoL*" + H, (21)
CoL?** + D— CoL?* + D* (22)

Here Ru(bpy);*, produced in reaction
15, reduces the Co(II) complex by one
electron; but the Co(I) species then acts
as a two-electron donor, yielding a mole-
cule of H,. The overall cycle is rendered
catalytic in both Ru(bpy);?* and CoL?*
by reaction 22, in which a second donor
molecule is consumed. This system is a
major step toward overcoming the limi-
tations imposed by one-electron reac-
tions such as 14 to 19.

Other transition metal complexes have
been examined for their ability to under-
go bimolecular excited state electron
transfer reactions. A bipyridine complex
of chromium, Cr(bpy);**, like a number
of other Cr(III) complexes, exhibits
phosphorescence from a long-lived met-
al-centered excited state. In this case the
Cr(II) complex is accessible by reductive
quenching of the luminescent excited
state (/6); and it is reoxidized to Cr(III)
by H* in the presence of a noble metal
catalyst (17).

Polynuclear Complexes

In recent years photochemical studies
in our laboratory have centered on reac-
tions of polynuclear complexes. Our in-
terest arose initially from studies of the



photochemistry of binuclear complexes
with strong metal-metal bonds. The data
presented in Table 3 (/8-25) demonstrate
that a number of quadruply bonded binu-
clear ions yield H, on ultraviolet irradia-
tion in acidic solution. The example of
Mo,Clg*~ is of particular interest in that
the details of its photochemical reactions
may be useful in future studies of poly-
nuclear species:

Mo,Clg*™ + H* 25 Mo,ClH>™ (23)
Mo,ClH*™ + 2H,0 —

Moy( — OH),** + H' + 8Cl™ + H,
24)

In this scheme Mo,Clg*~ is protonated
photochemically, and the ‘‘hydride”
character of the Mo,ClgH*~ intermediate
is manifested in its reduction of water,
according to reaction 24 (/8). This is an
example of one type of reaction we hope
to conduct, using visible light, with a
polynuclear species represented by M,;:

M, + H" > M,H*
MH + H" - M,2* + H,

(25)
(26)

Most of the reactions outlined in Table
3 proceed only with ultraviolet light and
therefore cannot form the basis for a
solar energy storage system. However,
with polynuclear isocyanide complexes,
many of which have intense absorption
bands in the visible region of the spec-
trum, we have been able to use light of
considerably lower energy. Indeed, the
deeply colored solutions that are formed
when Rh,b,*" (b = “*bridge,” or 1,3-di-
isocyanopropane) dissolves in aqueous
acid produce H, on visible irradiation
(22) (Fig. 2). In degassed concentrated
HCl each Rh,b,®" ultimately gives up
two electrons:

Rh,b?" + 2HCl — Rh,b,ClL*" + H,
(27

We had originally thought that the blue
solution formed from Rh,bs*" in HCI
contained a hydrogen chloride adduct.
The evolution of H, could presumably be
promoted in such a hydride species by
irradiation:

Rhyb 2" + HCl — HRh,b,CI2* (28)
HRh,b,CI2* + HCI 2>
Rh,b,Cl,>" + H, (29)

We found (23-25), however, that hydro-
gen is evolved in two steps, the first
thermal and the second photochemical:

2Rh,b2* + 2HCl —

Rh,bsCL** + H, (30)
RhybgClL** + 2HCI 2>
2Rh,b,CL** + H, (31)

The tetranuclear structure of the blue
Rh,bsCL*" ion, produced according tore-
action 30, was later confirmed by a crys-
tallographic study (26). It is one of a
number of polynuclear ions, some con-
taining as many as 12 rhodium atoms,
which have been identified in redox equi-

Table 2. Quantum yields for photooxidation
of IrClg>~ by H™ in aqueous HCI solutions
(254-nm irradiation) (8).

Quantum
I({A%‘ vield
of Hz
12.0 0.14
9.0 0.064
6.0 0.012
4.0 0.0046
2.0 0.0043
1.0 0.0033
CH» 2+
/// \\\\
jHZ CH»
N N
fi 1]
c Cc
I 1
R~ — e — — — Rh
Rhabs2*¥
0.3? 1.7N.8
-1.4? ?
Rhabg* ——Rhpbs2t ————————Rhpb,s3*

Fig. 3. Structure and modified Latimer dia-
gram for Rh,b,** (30). Numbers are electrode
potentials versus a standard calomel electrode
in acetonitrile solution,

libria in acidic aqueous solution (27).
We now believe that hydrogen produc-
tion in reaction 31 is triggered by photo-
disproportionation of RhsbgCL**. One
possibility is the direct production of
binuclear Rh(I) and Rh(II) species:

RhybsCL*" <% Rh,b,Cl* + Rhyb,CI3*
(32)

This could be followed by hydrogen pro-
duction from Rh,b,Cl™, as in reaction
30. The mechanism of reaction 30 itself
is uncertain, but may involve the forma-
tion of short-lived hydrides such as
HRh,b,CI** (reaction 28). Such adducts
have been identified by Smith and Gray
(28) in reactions of Rhy(TMB),** and
Ir,(TMB)2* (TMB = 2,5-diisocyano-
2,5-dimethylhexane) with various protic
acids. In addition to their possible inter-
mediacy in the formation of H, from
Rh,b,*", the hydrides may themselves
be photosensitive, as we had originally
predicted in reaction 29.

Our studies of polynuclear isocyanide
complexes centered originally on their
spectroscopic features. Intense fluores-
cence was observed in early spectro-
scopic studies of the Rh(I) complexes
(29), but more recently we have exam-
ined the corresponding triplet states and
their phosphorescence (30). The *A,, ex-
cited states of Rhybs>" (Fig. 3) and
Rhy(TMB)2* have lifetimes of 8.5 mi-
croseconds and 25 nanoseconds, respec-
tively, in acetonitrile solution. Simple
molecular orbital theory suggests that
the excited states should be more strong-
ly bound, in terms of metal-metal inter-
actions, than the ground states. Recent-
ly, experimental evidence in favor of this
interpretation has been obtained from
low-temperature absorption and emis-
sion spectra (3/) and from ground and
excited state resonance Raman spectra
32).

The long-lived excited states of Rh,b,>*
and Rhy(TMB),** undergo oxidative and
reductive quenching (30). The use of

Table 3. Photochemical hydrogen production from polynuclear metal complexes in aqueous

solution.
Irradiation Quan-
Species Solvent IVZ s;fh Products* ;:g]r:j Reifg'
(nm) of H,
Mo,Clg*~ 3M HCI 254 Mo,(p — OH),** 0.14 18)
Mo,Brg*~ 3M HBr 254 Mo, — OH)-** 0.043 (18)
Mo,**(ag) IM CF;SO;H 254 Moy(p — OH),** 0.035 (18)
Mox(SO,)4* 2.5M H,S0, 254 Mox(SO4)*~ 0.17 (18, 19)
Re,Cly?~ 12M HCI < 3667 Re,Cly?™ < 0.0001 20)
Re,Brg?™ 9M HBr < 3667 Re,Bry™ < 0.0001 20y
Fe;(CO),2 IM NaOH 254 Fe(OH),,CO 0.011 2n
Fe;(CO), 2~ 1M NaOH 313 Fe(OH),,CO 0.0055 20
RhybsCL** 12M HCI 546 Rh,b,Cl,2* 0.0018 (22-25)
Rh,bsBr,** 9M HBr 546 Rh,b,Br,>* 0.022 (22-25)

*Hydrogen was produced in all cases.

tPrincipally 313 nm,
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Fig. 4 (left). Absorption {(—)
and phosphorescence (---)
spectra for MoeClis®~ in
solution  (34).
\ Fig. 5 (right). Structure and
\ modified Latimer diagram
. for MogCl4* (34). Numbers
Sy are electrode potentials ver-

300 ' 500 700
Wavelength (nm)

these ions in solar energy storage reac-
tions seemed attractive, because the par-
tially oxidized tetranuclear species
Rhybs®* (described above as its chloride
complex, RhybsCl,*") had already been
shown to reduce protons to H, photo-
chemically in strongly acidic solution.
We hoped that one-electron redox reac-
tions of the rhodium complexes could be
utilized in schemes analogous to reac-
tions 14 to 19 for Ru(bpy);**. Indeed,
electrochemical studies suggest (33) that
the reducing power of Rhyb,™ is suffi-
cient to produce H, from aqueous solu-
tion. An additional possibility was that
the availability of three oxidation states
might, as with the cobalt-based cocata-
lyst studied by Brown et al. (/5), enable
a two-electron reduction to take place:

Rh2b4+ + 2H+ - Rh2b43+ + H2 (33)

Although Rh,bs*, produced in aqueous
solutions by reductive quenching, does
not appear to reduce water to H, quickly
enough to compete with back electron
transfer, the possibility remains that hy-
dride formation and hydrogen produc-
tion by such species could be encour-
aged in strongly acidic solution for com-
plexes of other bridging isocyanides.
Recently, we have been studying an-
other class of polynuclear complexes,
the cubic molybdenum and tungsten
cluster halide ions, M¢X,4°~. These are
luminescent in aqueous and nonaqueous
solutions at room temperature (Fig. 4),
and the ion MogCl,+%" in particular shows
an unusually long lifetime for any kind of
transition metal complex (180 usec in
acetonitrile) (34). The absorption and
emission bands do not display fine struc-
ture, making a detailed description of
electronic structure difficult. Still, the
emissive excited states do appear to be
associated with transitions centered on
the hexanuclear (Mg) core structure.
These cluster halides, therefore, contain

1204

900  sus a standard calomel elec-
trode in acetonitrile solution.

a metal atom core which is bound strong-
ly enough to resist degradation in its
lowest excited states.

The MogCl,,>~ ion can be oxidized in
a simple one-electron step; the oxidation
has been achieved both electrochemical-
ly and photochemically, in the latter case
by reaction of the ion’s phosphorescent
excited state with various electron ac-
ceptors. A modified Latimer diagram for
MogCl,4*~, derived from emission spec-
tra and quenching reactions, appears in
Fig. 5. Examination of the photoredox
reactions of these cluster ions in aqueous
solution may indicate a basis for solar
energy storage reactions of the type dis-
cussed above.

In two classes of polynuclear metal
complexes, then, we have been able to
associate photoredox activity with
strong metal-metal bonding in the excit-
ed state. Photophysical studies with
Re,Clg?™ (35) and Mo,(0,CCF3)4 (36) are
also of interest: they suggest that, in
addition to the high-energy photoioniza-
tion processes described above (Table 3)
for quadruply bonded species, lower en-
ergy excited states are available with
long lifetimes. The luminescent excited
state of Re,Clg?~, indeed, undergoes
both oxidative and reductive quenching
37.

We hope to make use of these photo-
chemically attractive properties in a
scheme based on two photochemical
studies described earlier in this article.
In the hexachloroiridate system, the dra-
matic increase in photooxidation quan-
tum yield with acidity suggests the con-
sumption of a protonated or hydridic
species in the rate-determining step. In
the case of Mo,Clg*™, such an intermedi-
ate, Mo,ClgH?™, was actually observed.
Cluster species offer an advantage over
these mono- and binuclear complexes in
planning systems for photoredox reac-
tions: in ions such as [NbeClj,]% (z = 2+,
3+, 4+) (38) and [(CsHs)Fe(CO)l4

(z=-.,0, +, 2+) (39), facile multiclec-
tron redox processes occur without ma-
jor structural change.

In the next phase of photochemical
experiments with metal clusters, then,
these features should be combined: the
possibility of protonation in strongly
acidic solutions, and the chance for effi-
cient photoredox reactions without deg-
radation of the clusters. We propose that
a metal cluster (M,) can exist in acidic
aqueous solution as an equilibrium mix-
ture of protonated species:

(34)

M,+ H" s MH"
s (33)

MH* + H* & M,H,2*

Protonation should be particularly fa-

_vorable for anionic clusters such as

MeXs2~. The cluster excited state
formed on visible irradiation might then
react with a proton in solution to make
hydrogen (compare reaction 26), or it
might eliminate H, directly in its doubly
protonated form:

MH"” + H' s M, + H, (36)
MH2" s M +H, (37)

Both processes would lead to the forma-
tion of M,;>", which would (at least in the
MoeCl;4* " system)beanextremely power-
ful oxidant. In hydrohalic acid solution
M,** might easily oxidize the solvent,
forming oxygen or a halogen while re-
generating M,,.

Concluding Remarks

The eventual role of the solar chemis-
try of metal complexes in fuel production
is uncertain. Although there are now
several systems that meet many of the
criteria demanded for practical solar
chemical conversion (40), the cost and
especially the lack of durability of the
sensitizers and cocatalysts are two criti-
cal factors that stand in the way of large-
scale applications. It was partly the need
for more durable systems that stimulated
our research on all-inorganic clusters
such as MogCl;4>~, which could prove to
be sturdier in solar chemical cycles than
complexes containing organic ligands. It
is likely that more clusters will be found
whose electronic excited states can un-
dergo oxidation-reduction reactions that
store chemical energy.
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Determination of Nucleotide
Sequences in DNA

In spite of the important role played by
DNA sequences in living matter, it is
only relatively recently that general
methods for their determination have
been developed. This is mainly because
of the very large size of DN A molecules,
the smallest being those of the simple
bacteriophages such as $X174 (which
contains about 5000 base pairs). It was
therefore difficult to develop methods
with such complicated systems. There
are, however, some relatively small
RNA molecules—notably the transfer
RNA’s of about 75 nucleotides, and
these were used for the early studies on
nucleic acid sequences (J).

Following my work on amino acid
sequences in proteins (2) I turned my
attention to RNA and, with G. G.
Brownlee and B. G. Barrell, developed a
relatively rapid small-scale method for
the fractionation of 3’P-labeled oligonu-
cleotides (3). This became the basis for
most subsequent studies of RNA se-
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quences. The general approach used in
these studies, and in those on proteins,
depended on the principle of partial deg-
radation. The large molecules were bro-
ken down, usually by suitable enzymes,
to give smaller products which were then
separated from each other, and their
sequence was determined. When suffi-
cient results had been obtained they
were fitted together by a process of
deduction to give the complete se-
quence. This approach was necessarily
rather slow and tedious, often involving
successive digestions and fractionations,
and it was not easy to apply it to the
larger DNA molecules. When we first
studied DNA some significant sequences
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of about 50 nucleotides in length were
obtained with this method (4, 5), but it
seemed that to be able to sequence ge-
netic material a new approach was desir-
able and we turned our attention to the
use of copying procedures.

Copying Procedures

In the RNA field these procedures had
been pioneered by C. Weissmann and his
colleagues (6) in their studies on the
RNA sequence of the bacteriophage Q.
Phage QB contains a replicase that will
synthesize a complementary copy of the
single-stranded RNA chain, starting
from its 3’ end. These workers devised
elegant procedures involving pulse-label-
ing with radioactively labeled nucleo-
tides, from which sequences could be
deduced.

For DNA sequences we have used the
enzyme DNA polymerase, which copies
single-stranded DNA as shown in Fig. 1.
The enzyme requires a primer, whichis a
single-stranded oligonucleotide having a
sequence that is complementary to, and
therefore able to hybridize with, a region
on the DNA being sequenced (the tem-
plate). Mononucleotide residues are add-
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