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FOREWORD 
The ACS SYMPOSIU

a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 

I N 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 

The symposium, "Inorganic Reactions in Organized Media," and this 
volume grew out of the editor's belief that, while organic chemists have 

paid due attention to reactions in organized media, (that is, micelles, micro
emulsions, and vesicles), inorganic chemists as a group have virtually 
ignored the potential utility of these systems. Indeed, if one surveys the 
literature, he/she will be struck by the innumerable uses that have been 
found by the organic an
paltry are the references t
consequence, it was deemed desirable to bring together not only inorganic 
chemists who are working in structured solutions, but also those individuals 
in other disciplines who have acknowledged expertise in the area. In this 
way, new insight may be developed into ways in which organized media 
can beneficially be used in the study of inorganic reactions and mecha
nisms. 

A variety of interactions are examined in this volume. The first paper 
provides a general background on structures obtained from surfactant 
association and references some of the important literature in the area. 
The next five chapters focus on photochemical processes in organized 
assemblies. Chapter 2 focuses on cage and magnetic isotope effects of 
micellization. Chapter 3 discusses light-induced electron-transport proc
esses in micellar systems and Chapter 4 addresses photoprocesses in syn
thetic vesicles. Chapter 5, 6, and 7 describe exciting new developments 
in the study of photoinduced reactions at the surface of colloidal oxides. 
Of particular importance are studies involving the photochemical splitting 
of water and hydrogen sulfide discussed in Chapter 7. Chapter 8 describes 
work wherein micelle-like structures, which modify electrochemical reac
tivity, are formed on platinum electrodes when surfactant is introduced 
into particular systems. 

Chapters 9 through 12 focus on the use of microemulsions to modify 
reaction rate and pathway. Included are studies of porphyrin metalation, 
transmetalation, the Wacker process, and the hydrolysis of chlorophyll. 

ix 
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The last two chapters deal with chemical reactions in solids and solid 
surfaces, bridging the final gap between reactions in organized liquids and 
reactions in crystalline solids. 

SMITH L. HOLT 
Dean, College of Arts and Science 
Oklahoma State University 
Stillwater, OK 74074 
September 1, 1981 
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Surfactant Associat ion Structures 

STIG E. FRIBERG and TONY FLAIM 
University of Missouri—Rolla, Department of Chemistry, Rolla, MO 65401 

The phase region  fo  micella  solution d 
lyotropic liquid
tern in water/amphiphile/hydrocarbon systems. The 
present treatment emphasizes the fact that they may 
be considered as parts of a continuous solubility 
region similar to the one for water/short chain 
amphiphilic systems such as water/ethanol/ethyl 
acetate. 

Hence the different phases may be visualized 
as a series of association structures with increas
ing complexity from the monomeric to the liquid 
crystalline state. The transfer from the monomeric 
state to the inverse micellar structure is discussed 
for two special cases and it is shown that packing 
constraints may prevent the formation of inverse 
micelles. Instead a liquid crystalline phase may 
form. 

The surfactant association structures have a long history of 
research ranging from the McBain introduction of the aqueous 
micellar concept CL) over the interpretation of micellization as a 
critical phenomenon'-=.'-2/ to the analysis of the structure of lyo
tropic liquid crystals^) and the comprehensive picture of the 
phase relations in water/surfactant/amphiphile systems. Cl) These 
studies have emphasized the relation between the association 
structures in isotropic liquid solutions and the liquid crystal
line phases. Parallel extensive investigations in crystalline/ 
liquid crystalline lipid structures(A>Z) have provided important 
insight in the mechanisms of the associations. 

The thermodynamics of these systems have been extensively 
discussed in recent years including the micel l iza t ion , ' the 
liquid crystalsCi2) and inverse micellization. In addition 
the more general problem of the stability of microemulsions has 
been extensively covered.(λ!τ1§) 

0097-6156/82/0177-0001$05.00/0 
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2 INORGANIC REACTIONS IN ORGANIZED MEDIA 

This a r t i c l e w i l l , i n addition to a short description of the 
essential features of surfactant systems i n general, concentrate 
on the energy conditions i n premicellar'aggregates, the transition 
premicellar aggregates/inverse micellar structures and the direct 
t r a n s i t i o n premicellar aggregates/lyotropic l i q u i d c r y s t a l s . 

Surfactant Systems - A Word of Caution 

The inverse micellar s o l u b i l i t y areas i n systems of water, 
surfactants and a third amphiohilic substance frequently are of a 
shape according to Fig, 1.C1Z/ Such shapes are also found i n 
W/0 microemulsions » ϋ ) when water s o l u b i l i t y i s plotted against 
cosurfactant/surfactant f r a c t i o n . 

It i s tempting to evaluate t h i s s o l u b i l i t y curve as showing 
a maximum of water s o l u b i l i t y at the apex point. 

It i s essential t
of this s o l u b i l i t y "maximum
in the form of the three pure components  l i q u i d for s a 
f u t i l e exercise. The complete phase diagram, F i g . 2, shows the 
"maximum" of the s o l u b i l i t y area to mark only a change i n the 
structure of the phase i n equilibrium with the s o l u b i l i t y region. 
The maximum of the s o l u b i l i t y i s a r e f l e c t i o n of the fact that the 
water as equilibrium body i s replaced by a lamellar l i q u i d crys
t a l l i n e phase. Since this phase tr a n s i t i o n obviously i s more 
related to packing constraints'—' than enthalpy of formation^—' 
a view of the different phases as one continuous region such as i n 
the short chain compounds water/ethanol/ethyl acetate, F i g . 3, i s 
r e a l i s t i c . The three phases i n the complete diagram, F i g . 2, may 
be perceived as a continuous s o l u b i l i t y area with different pack
ing conditions i n different parts (Fig. 4). 

This means that the phase changes observed have comparatively 
less importance for the thermodynamics of the system. On the 
other hand, the changes and modifications of the association 
structures within the i s o t r o p i c l i q u i d hydrocarbon or alcohol 
phase pose a series of interesting problems. Some of these have 
recently been treated i n review a r t i c l e s by F e n d l e r ' — ' who 
focussed on surfactant inter-association emphasizing consecutive 
e q u i l i b r i a and their thermodynamics. The following description 
w i l l focus on the intermolecular interaction between different 
kinds of molecules and the importance of these interactions for 
the "inverse" association structures. 

It should be emphasized that these structural changes within 
a one-phase region may change the kinetics of a chemical reaction 
i n a pronounced manner. As an example may be mentioned the cata
l y t i c effect of inverse micelles on ester hydrolysis. F i g . 5 i s 
from the f i r s t p u b l i c a t i o n o n this subject. It c l e a r l y shows 
the lack of c a t a l y t i c effect by the premicellar aggregates and 
the sudden increase of hydrolysis rate i n the concentration range 
where the inverse micelles begin being formed. 

In Inorganic Reactions in Organized Media; Holt, S.; 
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FRIBERG A N D F L A i M Surfactant Association Structures 

C 6 H 6 

H20 C12(EO^ 

Figure 1. The solubility area of water in a hydrocarbon (C6He) pentaf ethylene gly
col) dodecyl ether (Clt[EO]s) solution at 30°C. Key: IM, inverse micellar solution. 

H20 C12(EO)5 

Figure 2. The phase diagram water/benzene/penta(ethylene glycol) dodecyl ether 
at 30°C. Key: IM, inverse micellar solution; LLC, lamellar liquid crystal; and un

marked, aqueous micellar solution. 
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4 INORGANIC REACTIONS IN ORGANIZED MEDIA 

Ε TO AC 

H20 ETOH 

Figure 3. The phase diagram water/ethanol (ETOH)/ethyl acetate (ETOAC). 

Figure 4. The similarity of Figure 3 to Figure 4 is seen if the maximum solubility 
of water is emphasized. 
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FRIBERG AND FLAIM Surfactant Association Structures 

TO 20 30 40" 
water, wt.7o 

Figure 5. The premicellar aggregates (< 12% water) do not catalyze the hydroly
sis of an ester (22). 
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6 INORGANIC REACTIONS IN ORGANIZED MEDIA 

Two solutions to i l l u s t r a t e these structural changes within 
one phase were chosen with emphasis both on their p r a c t i c a l impor
tance and on the pronounced difference i n behavior brought about 
by a small difference i n composition. The two li q u i d s chosen are 
both soap/water solutions i n a) an alcohol and b) a carboxylic 
acid. The alcohol solutions form the basis for the W/0 micro
emulsions^—' and the carboxylic acid solutions show a pronounced 
difference i n properties which merit an evaluation of the i n t e r -
molecular forces between the solvent and the solute. The primary 
difference i s i n the minimum concentration of water that i s 
required to form the solution. 

Minimum Water Content 

The two inverse micellar solutions w i l l f i r s t b r i e f l y be 
described followed by an evaluation of the available experimental 
and theoretical information

The Sodium Carboxylate/Carboxylic Acid System. This system 
has been investigated using IR and NMR^?3) showing the extremely 
strong hydrogen bonds present. It appeared evident early that the 
strong hydrogen bonds between ionized and nonionized carboxylic 
groups were responsible for the s t a b i l i t y of the 4 acid:2 soap 
complex\±z/ but no information could be obtained on the energy 
for formation of the complex nor could the s t a b i l i t y be based on 
a thermodynamic calculation. 

An answer has been given after calculations of the binding 
energies using the CNDO/2 semi-empirical approach'-=2y to quantum 
mechanical calulations. The r e s u l t s i l l u s t r a t e d the impor
tance both of the hydrogen bond and the carbonyl/sodium ion ligand 
bond of the proposed structure. The values for the hydrogen bond 
strength (19.5 Kcal/mole, 82 kJ/mole) compared well with the 
generally accepted values for other ion/molecule systems. C±£) 
In addition to the hydrogen bond the 4:2 molecular compound i s 
st a b i l i z e d by the acid carbonyl/sodium ligand bond, 36.1 kcal/mole 
(151 kJ/mole). 

The calculations — ' involving a thermodynamic cycle from the 
s o l i d c r y s t a l l i n e soap and the l i q u i d acid as references states 
showed the 4:2 complex to be stable even i n the gaseous state. 
The t r a n s i t i o n from gaseous to l i q u i d state should give further 
s t a b i l i z a t i o n to the structure. The excellent s t a b i l i t y of the 
compound was i l l u s t r a t e d by the fact that d i l u t i o n s to a compo
s i t i o n of the 7% sodium octanoate/octanoic acid, 93% by weight 
CCL4, gave no change of the structure. 

These conditions are*conspicuously i n contrast with those 
i n the carboxylate/alcohol system. 

The Carboxylate/Alcohol System. A comparison between d i f 
ferent alcohol s o l u b i l i t y areas with different surfactants and 
water^— reveals the fact that a minimum water/surfactant r a t i o 

In Inorganic Reactions in Organized Media; Holt, S.; 
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1. FRiBERG A N D F LAI M Surfactant Association Structures 7 

i s necessary i n order to ensure s o l u b i l i t y of the surfactant i n 
the alcohol. This i s i n contrast to the behavior of a l i q u i d 
carboxylic acid that w i l l dissolve a soap with no water pres
ent(29) (Fig. 6). 

The difference i s pronounced. In an alcohol solution a 
minimum of approximately s i x water molecules are required per 
soap to bring i t into solution. A l i q u i d carboxylic acid w i l l 
dissolve the soap without water to a soap/acid molecular r a t i o 
of 1/2. It appears reasonable to evaluate these differences from 
terms of intermolecular forces. These forces, the strong hydrogen 
bonds and ligand bonds to the metal ion w i l l be treated i n the 
following section. 

Experimental Information. The review by Ekwall(5) offers 
a whole series of phase diagrams which a l l show similar behavior. 
In order to dissolve an anionic surfactant with a sodium counter 
ion i n an alcohol a minimu
six i s needed to achiev
the potassium ion i s three. 

At the same time investigations using l i g h t scattering, 
electron microscopy, positron annihilation, d i e l e c t r i c i t y and 
transport properties(19,30-34) indicated the surfactant molecules 
not to be involved i n associations to c o l l o i d a l size aggregates 
at these low water contents. The low l i g h t scattering intensity 
rather points to the surfactant molecules not to be i n t e r -
associated (Fig. 7). 

An approximate thermodynamic evaluation(27) based on l i q u i d 
water and c r y s t a l l i n e sodium octanoate as reference states has 
recently evaluated the energy conditions i n the premicellar 
aggregate. The calculations essentially were concerned with the 
free energy of a gaseous soap/water complex. No attempt was made 
to evaluate the chemical potential changes i n any of the compo
nents when dissolved i n the pentanol. 

Accepting the facts that the calculations may be considered 
a zero order approach, the results are i l l u s t r a t i v e of the reason 
for the s t a b i l i t y of these small aggregates. The calculations 
included heat of evaporation of the surfactant, heat of evapora
tion of water and the free energy association i n the gaseous 
phase. The enthalpy of the l a t t e r was calculated using the CDNO/2 
approach(25) modified for larger aggregates 

CDNO/2 has a proven record for accuracy i n describing the 
energy of interaction for water clusters around metal ions i n 
aqueous solutions. (36,37) The entropie contribution due to the 
different s p a t i a l arrangements of the pa r t i c l e s was calculated 
using the l i q u i d volume according to Ruckenstein(13) and 
Reiss.(38) 

The following model was employed. The water molecules were 
consecutively entered into a regular octahedron around the sodium 
ion with the two f i r s t water molecules hydrogen bonded to the 
carboxylate group. Water molecules i n excess of the six f i r s t 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



8 INORGANIC REACTIONS IN ORGANIZED MEDIA 

fraction, S/(S+A) 
Figure 6. The solubility of water (weight percent of total) in sodium octanoate 
(S)foctanoic acid (A) ( ) and sodium octanoate (S)/octanol (A) ( ) mix

tures (weight fraction). 
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80 OA 

600-1 

400 -I 

20 CM 

Strong increase of 
Scattering intensity 

Submicellar region 
Low scattering intensity 

Pure benzene 

10 30 Concentration (%Η2θ) 
50 

Figure 7. At low water content (< 35% by weight) the water is not involved in 
colloidal association structures in a pentanol/potassium oleate (weight ratio 3.0) 

solution. 
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10 INORGANIC REACTIONS IN ORGANIZED MEDIA 

ones were hydrogen bonded forming an outer s h e l l to the primary 
octahedron. The results are given i n Fig. 8.C!LZ) 

It i s obvious that the results depend on the s p e c i f i c model 
chosen and that greatest care should be exercised when conclu
sions are drawn. However, the following remarks about the results 
may be j u s t i f i e d . 

The high hydration energy for the f i r s t added water molecules 
are primarily responsible for the thermodynamic s t a b i l i t y of these 
premicellar aggregates. The calculations show a minimum of f i v e 
water molecules to be necessary for the s t a b i l i t y of the gaseous 
complex. The agreement with experimental values, 5.5-6 ^ 0 / 
soap,\i/ i s excellent. This coincidence i s to some extent f o r t u i -
tious, but the strong negative shape of the free energy curve 
(Fig. 8) substantiates the claim of the main driving force being 
the high heat of hydration for the i n i t i a l l y bound water mole
cules. 

Experimental r e s u l t s ^ — > — ~ —
molecules per soap molecul
specimen. According to the calculations and to the chosen model 
the s t a b i l i t y ends at thirteen water molecules per soap molecule 
giving a positive free energy and i n s t a b i l i t y for t h i s monomeric 
specimen at higher water contents. Again the general trend 
supports the role of a large hydration energy as the s t a b i l i z i n g 
factor. 

Stable structures at high water contents could be l i q u i d 
water, spherical inverse micelles or l i q u i d crystals with lamellar 
or "inverse hexagonal" structure. The t r a n s i t i o n to the two l a s t 
structures w i l l be discussed i n the next section. 

Premicellar Aggregates/Inverse Micelles/Liquid Crystals 

The calculations presented i n the preceeding section agree 
well with experimental evidence. The l i g h t scattering studies of 
the system water/potassium oleate/pentanolQJO show a t r a n s i t i o n 
from premicellar aggregates to inverse micelles at a water/soap 
molecular r a t i o of 10 and an alcohol/soap molecular r a t i o of ten 
and higher. The series with the higher soap content, alcohol/soap 
molecular r a t i o 5.5, did not show m i c e l l i z a t i o n ; instead a 
lamellar l i q u i d c r y s t a l was formed when association i n excess of 
the premicellar aggregates took place. This phenomenon can be 
understood i n a qualitative manner using semi-empirical thermo
dynamics. (8>39) 

The chemical potential of an associated amphiphile, μ , i s 
taken a s ® n 

ο , 2ue2D ^ μ = γ·a + — - — + g 
n E a 

in which γ i s the i n t e r f a c i a l tension at the interface of the 
association structure, a i s the amphiphile cross-sectional area 
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moles H2o/mole soap 

Figure 8. Free-energy difference from solid crystalline sodium octanoate and 
liquid water for a (mono) sodium octanoate/water molecular compound with dif

ferent numbers of water molecules. 
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12 INORGANIC REACTIONS IN ORGANIZED MEDIA 

being i n contact with the water, e the electronic charge, D i s 
the Debye distance, Ea the d i e l e c t r i c constant and g the energy 
to transfer the hydrocarbon chain from water to the hydrophobic 
part of the association structure. 

This approach can be used to give c r i t i c a l m i c e l l i z a t i o n 
concentrations as well as size distributions of aggregates(8) but 
i s , of course, unable to distinguish between different forms of 
the association structures. In order to achieve this packing, 
restraints must be introduced.(8) 

The relevant term i s the expression V/ao1c i n which ν i s the 
volume of the hydrocarbon chain, ao i s the cross-sectional 
area of the amphiphile (assumed constant) and l c i s the c r i t i c a l 
chain length (= 90% of the f u l l y extended hydrocarbon chain). 
With these postulates(8) the following conditions may be stated 
(Table I ) . 

The o r i g i n a l contribution(8) applied these conditions to two-
phase systems of amphiphil
component system encounter
location of the t h i r d molecule may not be known. 

The information about area per head-group available i s from 
low angle X-ray data on l i q u i d c r y s t a l s . E k w a l l ® early found 
that the mean area i n a binary system obeys the r e l a t i o n 

S = S 1Z g or 

log S - log + g InZ 

i n which S i s area per head-group, i s area per head-group with 
1 H2O, Ζ i s number of water molecules per soap and g i s a constant 
= 0.2. 

For soap/alcohol combinations(5) g w i l l depend not only on 
the soap counter ion but also on the alcohol/soap r a t i o . Further
more, when a certain alcohol/soap r a t i o i s exceeded (-2 for the 
potassium oleate system) S becomes independent of the water con
tent of the lamellar phase. This condition applies for inverse 
structures and the water/pentanol/potassium oleate inverse 
micellar system w i l l be examined for the structure determining 
ra t i o i n Table I. 

The mean polar head group area i n a water/decanol/potassium 
oleate system i s approximately 26 A for an alcohol/soap molecular 
r a t i o of 2.1(5). For the soap alone an area of 36.0 was found. 
Assuming a linear relationship a value of 22 A2 i s obtained for 
the decanol. This value w i l l be used also for the pentanol. The 
volume, chain length and area can now be estimated® 

ν = 27.4 + 26.9 (A 3) 
a 
R 

l c = 0.9 (1.5 + 1.265 + 7 ) ( A 3 ) 
a 
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1. FRIBERG AND FLAIM Surfactant Association Structures 13 

TABLE I. 

Conditions for different amphophilic association structures 

ν Preferred structure 
a 1 ο c 

£ 1/3 Aqueous, spheric micelles 

^ *2 Cylinders with polar groups 
outwards 

£ γ> < 1 Bilayers 

>, 1 Inverse structures 
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14 INORGANIC REACTIONS IN ORGANIZED MEDIA 

36 + 21 R a 
a o " 1 + R a 

and the — — — can be calculated for an inverse micellar solution, a 1 
The ο c experimental results for the water/pentanol/potas

sium oleate system (18,19) show that a ρentanol/potassium oleate 
molecular r a t i o of 5.5 and lower should give a premicellar 
aggregate/lamellar l i q u i d c r y s t a l t r a n s i t i o n instead of the pre
micellar aggregate/inverse micelle t r a n s i t i o n at high alcohol/ 
soap r a t i o s . 

Calculation of the expression v / a Q l c for a pentanol/potas-
sium oleate r a t i o of 5.5 gives the result 

v/a 1 - 0.98 

A pentanol/potassiu
the inverse micellar solution gives the corresponding value 1.02. 
Formally the two values are straddling the value v/aQlc - 1 i n 
the correct directions, but i t i s obvious that they are extremely 
similar and the application of the zeroth order approach® to 
these systems must be viewed with caution. The pronounced i n f l u 
ence of a p a r t i t i o n of cosurfactants between the interface and the 
organic bulk i s evident. 

Summary 

It has been shown that the presence of strong intermolecular 
forces may have a drastic effect on the s t a b i l i t y of premicellar 
aggregates i n inverse micellar systems. 

The s t a b i l i t y of a carboxylic acid/soap premicellar aggregate 
was shown to be due to the presence of extremely strong hydrogen 
and ligand bonds. In alcohol systems the corresponding s t a b i l i z 
ing energy was the large heat of hydration of the water molecules 
forming the f i r s t s h e l l around the counter ion. 

The de s t a b i l i z a t i o n of the premicellar aggregates at high 
water content may give r i s e to a) separation of l i q u i d water, 
b) formation of inverse micelles, or c) separation of a lamellar 
l i q u i d c r y s t a l . Approximate calculations using the Tanford-
Ninham approach gave correct information for a model system, but 
the c r i t i c a l r a t i o appeared too insensitive to the alcohol/soap 
r a t i o to be useful. 
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Radica l P a i r Reactions in M i c e l l a r Solution in 
the Presence and Absence of Magnet ic Fields 

NICHOLAS J. TURRO, JOCHEN MATTAY, and GARY F. LEHR 
Columbia University, Chemistry Department, New York, NY 10027 

The photolyses o
micellar solutio
enhance both geminate radical pair recombination 
and the enrichment of 13C in recovered ketone 
compared to homogeneous solution. These obser
vations have been attributed to the combined 
effects of the reduced dimensionality imposed by 
micellization and hyperfine induced intersystem 
crossing in the geminate radical pairs. This lat
ter effect is the basis of Chemically Induced 
Dynamic Nuclear Polarization (CIDNP), a phenome
non which is well known in homogeneous solution. 
The photolyses of 1,2-diphenyl-2-methyl-1-propa-
none and its 2 H and 13C derivatives in micellar 
solution are now described and further demonstrate 
the enhanced cage and magnetic isotope effects of 
micellization. We report also the observation of 
CIDP during the photolyses of micellar solutions 
of several ketones, and demonstrate the validity 
of the radical pair model to these systems. Analy
ses of the CIDNP spectra in the presence and absen
ce of aqueous free radical scavengers (e.g., Cu2+) 
allow us to differentiate between radical pairs 
which react exclusively within the micelle and 
those that are formed after diffusion into the bulk 
aqueous phase. In some cases this allows us to 
estimate a lifetime associated with the exit of 
free radicals from the micelles. 

As evidenced by this symposium, the use of micelles and other or
ganized assemblies to control the selectivity of chemical reac
tions has recently attracted much attention. In most of these 
cases, micelles or vesicles have been used as a means of separa
ting charged intermediates formed by electron transfer reactions, 
thereby preventing the back reaction. The effects of the micelle 
or vesicle are usually dramatic. 

0097-6156/82/0177-0019$05.00/O 
© 1982 American Chemical Society 
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The micelle can also be used to enhance the reaction probabi
l i t y of intermediates i f they are seqestered inside the micelle. 
In this case, the micelle acts as a reaction vessel with molecular 
dimensions. Below we w i l l describe some of our results on the 
effect of m i c e l l i z a t i o n on ra d i c a l pair reactions. We w i l l show 
as well that the effects of m i c e l l i z a t i o n can be dramatically 
altered by the application of small external magnetic f i e l d s . 

The Cage Effect 

When l,2-diphenyl-2-methyl-l-propanone, J., i s irradiated with 
UV l i g h t , the primary photochemical process leads to α-cleavage 
from the lowest ^η,π* state to give a geminate t r i p l e t r a d i c a l 
pair.(A>^) In homogeneous solution these fragments begin to sepa
rate (io-iOs),® and lead eventually to products which arise p r i 
marily from scavenging or termination reactions of free radicals 
(Scheme I ) . Table I l i s t
these products i n benzene
Also l i s t e d i n Table I are the corresponding yields of products 
when the photolysis i s conducted i n cationic, anionic or non-ionic 
aqueous micellar solution. In these cases, the higher yields of 
products which could arise from the disproportionation of the 
geminate r a d i c a l pair, 2 and _3, as well as the lower quantum 
yields for disappearance of 1̂  lead us to suspect that a substan
t i a l increase i n cage reaction occurs on going from homogeneous 
to micellar environments. 

We have found that addition of Cu(II) to aqueous solutions 
of HDTCL leads to the selective (scavenging of free radicals which 
have entered the aqueous phase. Photolysis of JL under these 
conditions leads to the results l i s t e d i n Table I I . These results 
c l e a r l y indicate the enhanced cage effect induced by photolysis of 
JL i n micellar solution. From the copper scavenging results(A^ the 
cage effect i n HDTCL i s calculated to be 30% (% cage = moles of 2 
or 3/moles of _1 consumed). 2 and _3 appear to be formed exclusive
l y within the micelle by disproportionation of the geminate r a d i 
c a l p a i r . Since cage disproportionation involves reaction of a 
singlet r a d i c a l pair, cage reaction cannot occur pri o r to i n t e r -
system crossing (ISC) of the i n i t i a l l y geminate t r i p l e t p air, 
the rate of escape of the radicals from the micelle must be slower 
than the rate of ISC. These results are i n good agreement with 
the observed cage effects of other ketones studied i n our labora
t o r y . ® 

The Radical Pair Mechanism 

A simple model which accounts for the observed cage 
effects® i n micellar solution i s diagrammed i n Figure 1. Frag
mentation of a t r i p l e t molecular species (produced by l i g h t 
absorption to form a singlet followed by ISC to a t r i p l e t ) pro
ceeds along the repulsive energy potential u n t i l the fragments are 
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separated to a distance where the exchange interaction of the un
paired electrons i s negligible. At this point, the singlet (S) 
and t r i p l e t (T) energies are e s s e n t i a l l y degenerate and ISC within 
the r a d i c a l pair can occur. In homogeneous solution the random 
movement of the r a d i c a l fragments most often leads to i r r e v e r s i b l e 
separation of the p a i r , ® and we therefore expect most of the 
products to arise from uncorrelated free radicals. The enhanced 
cage effect i n micellar solutions arises because the chemical 
potential of the micelle-water interface provides a r e f l e c t i n g wall 
i n the region of the S and Τ degeneracy. The r a d i c a l fragments 
are prevented from diff u s i n g beyond several angstroms from their 
o r i g i n a l location, and the chances of a reencounter are therefore 
increased. The r a d i c a l pair thus experiences a longer period of 
time to effect ISC from Τ to S. 

The mechanism by which S and Τ can interconvert i s based on 
the r a d i c a l pair model of Chemically Induced Dynamic Nuclear 
Polarization (CIDNP).®
netic moments which are
fine interactions ( A n f s ) can a l t e r the rate at which the electron 
spins lose their phase coherence, i . e . , undergo ISC. In the pres
ence of an applied magnetic f i e l d greater than the hyperfine s p l i t 
tings, the components of the t r i p l e t surface s p l i t into T+, T Q and 
T_ l e v e l s , i n which the degeneracy of T+ and S i s removed (Figure 
2). The effect of a strong applied f i e l d then i s to i n h i b i t ISC 
of ^2/3 of the t r i p l e t r a d i c a l pairs from the ensemble which could 
(at zero f i e l d ) ISC to S. Several predictions based on the r a d i 
c a l pair m o d e l ® can be made with regard to the probability of 
cage reaction of a r a d i c a l pair: 
(a) for a t r i p l e t r a d i c a l pair, the cage effect at high f i e l d 

(H 0>Ahf s) w i l l be less than that observed at low or zero 
f i e l d (H 0 Ζ A h f s ) . 

(b) intersystem crossing w i l l be fastest for r a d i c a l pairs with 
the largest magnitude of hyperfine coupled nuclear spins. 

(c) a larger hyperfine coupling w i l l result i n faster intersystem 
crossing. 

(d) the maximum intersystem crossing rate occurs at an applied 
f i e l d approximately equal to the hyperfine s p l i t t i n g s . 
It was recognized ΟΛ) very early i n the development of the r a 

d i c a l pair model that a natural consequence of (b) was that the 
separation of nuclear spin isotopes from non-magnetic isotopes was 
possible. Since the cage reaction i n homogeneous solution c o n t r i 
butes very l i t t l e towards the overall product y i e l d s , the "magne
t i c isotooe e f f e c t " i s not very s i g n i f i c a n t i n homogeneous solu
tion. \ A ® In micellar solution, the extent of cage reaction can 
be substantially increased. Below we w i l l examine the consequen
ces of an applied magnetic f i e l d on the photoreactions of ketones 
i n micellar solution. 
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Magnetic F i e l d Effects on Cage E f f i c i e n c i e s 

Figure 3 shows the effect of applied magnetic f i e l d on the 
cage effect for 1 and some of i t s isotopic isomers. The higher 
cage effect for "̂ -̂ C enriched ketone (compound _8 i n Figure 3) cor
related well with prediction (b). In this case, we have added an 
additional spin 1/2 nucleus with a large hfs ( A 1 3 =128 G a u s s ) ® 
to one of the r a d i c a l fragments. Likewise, the lower cage effect 
observed for the deuterated ketones (6 and J_ i n Figure 3) corre
lates well with prediction (c) and the r e l a t i v e hfs of *H and 
(1:4). Its noteworthy that 2̂  shows no mass isotope effect for 
the disproportionation reaction.® 

With the application of a magnetic f i e l d , the cage effect for 
_1 drops substantially. The f u l l effect (30% decrease) i s achieved 
with the application of a f i e l d of only a few hundred Gauss, the 
magnitude of the f i e l d commonly available from a magnetic s t i r r i n g 
bar. A similar decreas
f i e l d effect on i s notabl
cage effect remains unchanged over the f i r s t 100 Gauss before the 
f a l l off occurs. Taking into account prediction (d), we would 
expect the larger hfs of the carbonyl ^ C Q f the benzoyl r a d i c a l 
(Ai3c=128 Gauss) to continue to provide an effective ISC pathway 
up to approximately 100 G. The increased ISC rate due to ^ C , 
however, i s counterbalanced by a decreasing ISC rate to "4l as the 
f i e l d becomes s i g n i f i c a n t l y larger than the proton hfs (A;Lh=16G). 
At an applied f i e l d of 1000 G or greater, the cage effect reaches 
a steady plateau and shows no further magnetic f i e l d effect. 

The Magnetic Isotope Effect 

In order to e f f i c i e n t l y enrich a cage product i n a magnetic 
isotope such as 1 3 C , several conditions should be satisfied.® 
Most eff e c t i v e enrichment w i l l result when (1) the r a d i c a l pair 
i s produced exclusively i n the t r i p l e t state, (2) there i s s i g n i 
ficant probability of cage reaction, i . e . , a substantial cage 
effect, (3) there i s only one product of the cage reaction, i . e . , 
recombination or disproportionation, (4) the cage and escape pro
ducts are c l e a r l y different and easily separable. These c r i t e r i a 
have been met by several compounds. ®JL2) One of the most widely 
used substances i s dibenzyl ketone (DBK). Upon direct photolysis, 
a t r i p l e t r a d i c a l pair consisting of a phenylacetyl and a benzyl 
r a d i c a l i s formed v i a α-cleavage of the excited t r i p l e t ketoneΛ ± λ ) 
The p r i n c i p a l cage reaction results i n recombination to the star
ting ketone, with a small amount of "head-to-tail" reaction to 
give p-methylphenyl acetophenone (PMPA) . Phenyl acetyl radicals 
which do not recombine by rapid ISC and recombination suffer uni-
molecular decomposition to benzyl radicals and CO with a half l i f e 
of about 10-100 n s . ( i D Thus, even i n the absence of free r a d i c a l 
scavengers, random termination of the escaped radicals leads to a 
unique product, diphenylethane (DPE). 
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When DBK i s photolyzed i n homogeneous solution, a small i s o -
topic enrichment of 1 3 C i n the recovered ketone i s observed.(8b»12) 
The extent of enrichment i s dependent on the solvent v i s c o s i t y . 
When DBK i s photolyzed i n HDTC1 micellar solution, however, the 
effic i e n c y of 1 3C enrichment i n the recovered ketone increases 
dramatically. Measurement of the enrichment e f f i c i e n c y can be 
expressed i n terms of Bernstein's parameter, a. Evaluation of 

13 
probability of product formation for C 

probability of product formation for C 

this parameter by either mass spectrometric analysis or by deter
mination of the r a t i o of quantum yields of reaction of and 
1 3 C containing DBK 1 3 ( 1 3C containing DBK was 90% enriched at the 
carbonyl carbon)® results i n the data presented i n Figure 4  At 
zero f i e l d , enrichment o
t i a l , and correlates wel
cussed above and the r a d i c a l pair model. Most importantly, the 
enrichment as a function of applied f i e l d goes through a maximum 
between 150 and 300 G as predicted by the r a d i c a l pair model. 
Deuteration of the methylene groups does not a l t e r the enrichment 
at zero f i e l d , and, interestingly, does not lead to a maximum i n 
the f i e l d dependence. 

CIDNP i n Micellar Solution 

If we are to use the r a d i c a l pair theory to explain the ef
fects of m i c e l l i z a t i o n on the cage reaction probability as well 
as the magnetic f i e l d e f f ect, i t i s mandatory that we be able to 
observe CIDNP i n these systems. In addition, since CIDNP i s sen
s i t i v e to events on the time scale of the r a d i c a l pair l i f e t i m e , 
detailed analysis of the CIDNP can often lead to mechanistic 
insight to the dynamics of the r a d i c a l pair. Below we describe 
one such r e s u l t . CHc.) 

As shown above, the process of d i f f u s i o n i n the micelle 
environment i s r e s t r i c t e d by the chemical potential of the micelle 
water interface. On the short time scale (0-1000ns), the r a d i c a l 
fragments are kept i n close proximity to one another, so that the 
probability of a reencounter i s high. Micelles are not, however, 
s t a t i c systems. In addition to exchanging monomer surfactant 
molecules, so l u b i l i z e d molecules or intermediates are subject to 
exchange. For most small or moderate sized hydrophobic fragments, 
the rate of escape from the micelle i s given by f i r s t order rate 
constants i n the range ÎO^-IO? s e c ~ l , while the rate of re-entry 
i s generally d i f f u s i o n c o n t r o l l e d . T h u s , the rate of exchange 
of fragments among micelles i s given by the exit rate of the probe. 

When di-t - b u t y l ketone i s photolyzed i n homogeneous solu
t i o n ' — ) , the CIDNP spectrum shown i n Figure 5a i s observed. 
Interpretation of this spectrum i s based on Scheme I I . a-CLeavage 
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Figure 5. Steady state CIDNP spectra during the photolysis of di-t-butyl ketone in 
a, homogeneous C$D6 solution and b, HDTCl micellar solution. 
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from the excited t r i p l e t state results i n a t r i p l e t r a d i c a l pair 
(T-pair) consisting of p i v a l o y l and t-butyl. The cage products 
of this pair, pivaldehyde, isobutylene and the starting ketone, 
w i l l exhibit net CIDNP effects, since the radicals have different 
g-factors(§) (i. e . , Ag φ 0). Most of the radicals diffuse into 
the bulk solution to become truly free r a d i c a l s . The l i f e t i m e of 
the p i v a l o y l r a d i c a l at room temperature i s only a few microse
conds. (15) Thus, decarbonylation occurs prior to the random 
encounter of free radicals to form free r a d i c a l pairs (F-pairs). 
The F-pairs, consisting of two t-butyl radicals, may also result 
i n products which exhibit CIDNP ef f e c t s . Since there i s no g-
factor difference we expect to observe multiplet effects i n these 
p r o d u c t s . ^ These expectations are confirmed(M) i n the spectrum 
shown i n Figure 5a. Likewise, when this photolysis i s conducted 
i n HDTCL micellar solutions i n T V ^ 1 1 ^ > a n e s s e n t i a l l y i d e n t i c a l 
CIDNP spectrum i s observed  as shown i n Figure 5b

The rate of decarbonylatio
of rates we expect for th
c e l l e s .\±6) The question arises as to whether or not exchange 
takes place prio r to or after decarbonylation of the p i v a l o y l 
r a d i c a l . This i s shown i n Scheme III . 

By addition an aqueous phase r a d i c a l trap, we can intercept 
any radicals which enter the water phase and prevent the forma
tion of F-pairs. Figure 6 shows the effect of added C u 2 + on the 
high f i e l d region of the CIDNP spectrum. The disappearance of 
the multiplet CIDNP i n isobutane and the residual net polarization 
i n 2,2,3,3-tetramethylbutane i s complete with the addition of only 
0.5 equivalents of Cu 2 +. The net CIDNP i n isobutylene, however, 
i s not affected by the addition of Cu 2 +. Thus, we are able to 
scavenge t-butyl radicals before they can form F-pairs, but do not 
affect the T-pairs of p i v a l o y l and t-butyl r a d i c a l s . 

If we estimate the time required for S-T mixing and recombina
tion for a r a d i c a l pair to be 100 n s ^ ) and the l i f e t i m e of the p i 
valoyl r a d i c a l at 31°C to be ^6 ysQJL), W e can estimate the rate 
constant for the exit of t-butyl/pivaloyl radicals from HDTC1 
micelles to be on the order of 10*-10^ see"*. This i s nicely i n 
l i n e with exit rates of small phosphorescent probe molecules from 
similar micelle systems.(i£) 
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Figure 6. Steady state CIDNP spectra during the photolysis of di-t-butyl ketone in 
the high-field region in HDTCl micellar solution in the presence of CuClt. 
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Light-Induced Elect ron Transfer Reactions of 
Metal loporphyrins and Po lypyr idy l Ruthenium 
Complexes in Organized Assemblies 

D. G. WHITTEN, R. H. SCHMEHL T  K  FOREMAN
J. BONILHA, and W. M. SOBO
The University of North Carolina at Chapel Hill, Department of Chemistry, 
Chapel Hill, NC 27514 

We have prepared and studied a number of 
surfactant, hydrophobic and water soluble luminescent 
metal complexes. These can serve as excited sub
strates in light-induced electron transfer reactions. 
Both the quenching processes and subsequent reactions 
can be strongly affected by incorporation of the 
substrate and/or quencher in an organized assembly. 
This paper focuses mainly on studies in micelles. 
In our investigations, we have attempted to control 
the light-induced redox reactions through the use of 
the organized assemblies so that net useful chemical 
conversions can be obtained. We have also used some 
of these reactions as a probe to study the structure 
and binding properties of surfactant micelles, 
particularly the micelle-water interface region. 

Light-induced electron transfer reactions, especially those 
occurring through visible light excitation, have been the focus 
of extensive investigation over the past several years (1-21). 
Recently there has been a great deal of study involving the use of 
organized assemblies, particularly aqueous surfactant media such 
as micelles or bilayer vesicles to modify the course of these 
reactions (22-34). While many interesting results have been 
obtained in several of these studies, it is clear that much 
remains to be done to optimize conditions for obtaining efficient 
charge separation or practical net chemical conversion. The 
present paper will focus on some recent studies carried out in our 

0097-6156/82/0177-0037$05.00/O 
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laboratories using luminescent metal complexes as excited sub
strates and a variety of electron acceptors as quenchers. The 
basic photochemical process and energy wasting back reactions 
(eqs. 1-3) have been elaborated i n numerous studies for most of 
these systems i n homogeneous solution (1-21). The 

MC h v > MC* (1) 

MC* + A • MC + A , (2) 
ox red 

MC + A - • MC + A (3) 
ox red 

current work describes the modification of rates and e f f i c i e n c i e s 
of these and competing reactions when either the substrate, 
quencher or both are associated with an organized assembly such as 
a surfactant micelle. The results show that through systematic 
selection of surfactant
electron transfer proces
chemical reactions i n which both the substrate and quencher can be 
recycled. Moreover, our studies show that these reactions can 
also be used to investigate the structure of the organized 
assemblies themselves, p a r t i c u l a r l y with respect to their i n t e r -
f a c i a l properties. 

Intramicellar Electron Transfer Quenching 

Some of our i n i t i a l studies i n this area have involved the 
use of the surfactant ruthenium complexes 1 and 2 and the electron 
acceptor N,N f-dimethyl-4,4 f-bipyridinium (methylviologen) (MV 
(28). Previously we and others (4,5) had 

r) 

( b i p y ) 2 

1 R = C 1 8 H 3 7 

2 R = C 1 6 H 3 3 

demonstrated that quenching of t r i s (2,2 f-bipyridine) ruthenium 
(II)2+ s(Ru(bipy) 3

2+)^excited states by MV2+ occurs as outlined 
i n eqs. 1-3. S o l u b i l i z a t i o n of X or 2 i n anionic (sodium dodecyl-
sulfate (SDS)) or cationic (cetyltrime thy1 ammonium bromide 
(CTAB)) micellar solution occurs readily although the complexes 
are t o t a l l y insoluble i n water i n the absence of detergent. 
Consequently the surfactant complexes must be t o t a l l y associated 
with the micellar phase. Addition of MV*2+ to the aqueous micellar 
solutions of 1 or 2 results i n strong quenching i n the case of SDS 
micelles but very l i t t l e quenching for the CTAB micelles (Table I ) . 
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As Table I indicates, Stern-Volmer quenching constants obtained 
in SDS by measuring either excited state lifetimes or luminescence 
i n t e n s i t i e s were within experimental error, moreover the observed 
quenching constants are strongly dependent on surfactant concen
tration. The decay of the 

Table I. Quenching of Surfactant Ruthenium Complex 
Luminescence by MV̂ + i n Various Media 

Complex Medium pa Observed Quenching Constant, k g y 

I°/I τ°/τ 
4»2 CH3CN 0.20 260 
1 0.00125M CTAB 0.20 <1 
2 0.012M SDS 0.20 4260 4109 
2 0.024M SDS 0.20 2403 2250 
2 0.042M SDS 

^ a C l used as supporting e l e c t r o l y t e . 

excited state i n SDS containing MV̂ + was found to follow simple 
monoexponential decay i n each case (29,35). We have interpreted 
the reduced quenching i n CTAB micelles as being due to exclusion 
of the cationic viologen from the micellar phase due to coulombic 
repulsion. The enhanced (compared to a c e t o n i t r i l e solution) 
quenching of \ and 2 by MV̂ + i n aqueous SDS solutions can be 
explained i n terms of an intramicellar quenching process i n which 
the micelle-solubilized substrate i s quenched by MV̂ + also 
associated with the anionic surfactant (29). The fact that only 
monoexponential decay i s observed i n the system 2, MV2+, SDS, and 
the dependence of the quenching constant on surfactant concentra
tion suggest a mechanism whereby MV 2 + i s strongly bound to the 
anionic micelles but exchanging very rapidly between aqueous and 
micellar pseudoohases (26,29). Unlike the situation with 
Ru(bpy)«j2+ - MV^+ i n water or a c e t o n i t r i l e , where luminescence 
quenching i s accompanied by the generation of moderately long-
l i v e d transient ions (4,5), the present intramicellar quenching 
process does not result i n production of detectable amounts of 
free ions. Presumably, coulombic factors and the micelle "cage 
e f f e c t " i n h i b i t separation of the product ions before back 
reaction occurs. 

In extensions of our studies of reaction of photoexcited 2 
with MV 2 + i n the prescence of anionic surfactants we have 
investigated the effect of added electrolytes on both the binding 
of MV to the assemblies and the intramicellar quenching process 
(36). Table II gives values for the exchange equilibrium constant 
k e x (eq. 4) and the intramicellar quenching constant kq obtained 
for the system Ζ - MV 2 + i n aqueous SDS. The variation of k e x with 
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Table II Equilibrium Constants, kex and Intramicellar 
Quenching Constants, kq, for the System 2, 
MV 2 + i n Aqueous SDS with Various CationsI S 

S K q x lQ-7M-J-sec-l 
(C 2H 5) 4N+ 279 5.67 

Na + 868 1.93 

Mg 2 + 102 1.36 

L i + 356

NH,+ 

4 5625 0.97 
added cations might be attributed to several factors. With the 
exception of Et,N +, the values of k e x increase with decreasing 
charge/size ratios of the hydrated cations. This could be 
interpreted as indicating that highly charged small ions bind 
more readily due to e l e c t r o s t a t i c attraction and thus compete 
more e f f e c t i v e l y with the viologen for binding s i t e s on the 
micelle. An alternative interpretation could be that the added 
ions "tighten up" the micelle by reducing head group repulsive 
interactions. The low value obtained for binding of MV 2 + i n the 
prescence of the organic cation Et4N + i s noteworthy and suggests 
the role of hydrophobic interactions (vide infra) i n interactions 
of both organic cations with the micelle. 

The variation of kq observed with the several added cations 
i s not very pronounced, with the exception of Et4N+ . It i s note
worthy that, while Et4N+ suppresses the binding of MV 2 + to the 
micelles, i t actually enhances the intramicellar quenching 
constant by a factor of 3-5 over that obtained with the inorganic 
cations. A possible explanation for this phenomenon which w i l l 
be discussed l a t e r i n more d e t a i l (vide infra) i s that the Et4N + 

binds primarily i n hydrophobic-hydrophilic s i t e s i n the micelle 
i n t e r i o r such that the viologen i s more l i k e l y to be excluded 
from these s i t e s and thus near the surface i n i t s presence, hence 
"closer" to the hydrophilic substrate chromophore of 2. 

In t e r f a c i a l Electron Transfer Processes i n M i c e l l a r Solutions 

As indicated above, while concentrating both the l i g h t 
absorbing substrate and electron acceptor-quencher i n an anionic 
micelle can lead to an enhanced quenching process, i t usually 
gives an enhanced back electron transfer process as well. As 
several studies have recently demonstrated, however, the use of 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



3. WHITTEN ET AL. Light-Induced Electron Transfer Reactions 41 

surfactant assemblies can result i n prolonged charge separation 
when the assembly binds only one of the substrate-quencher pair, 
or perhaps more importantly, only one of the products (29,34). 
One such system we have investigated consists of the water 
soluble tetra(p-sulfonatophenyl) porphyrins 3 and 4 as excited 
substrates and various viologen derivatives as electron acceptor-
quenchers i n the prescence of either cationic or anionic micelles* 
In homogeneous aqueous solution 

0 

The excited states of 3 and 4 are e f f i c i e n t l y quenched by viologen 
derivatives such as MV2+ or dibenzylviologen (BV 2 +) ; both dynamic 
quenching and s t a t i c quenching, due to ground state association 
between the porphyrin and viologen, are observed. No observable 
charge separation occurs as a result of the quenching since even 
the product ions are of opposite charge and should strongly 
associate. Addition of either cationic (CTAC) or anionic (SDS) 
detergent above the CMC results i n attenuated quenching but 
permits the observation of r e l a t i v e l y long-lived product ions 
(Table I I I ) ; both the li f e t i m e of the product ions and the rate 
of the quenching process are strongly affected by the concentra
tion and nature of added ele c t r o l y t e s . It i s d i f f i c u l t to 
precisely and quantitatively define the ov e r a l l effects produced 
by adding detergent and s a l t s to the aqueous solutions containing 
the tetraanionic porphyrins 3 and 4 and the various viologens; 
however a careful consideration of what can be established with 
certainty leads to a f a i r l y clear and systematic picture of the 
overa l l events occurring as follows: 

(1) The tetraanionic porphyrins associate strongly with 
moderately hydrophobic cations such as CTAC, R^N* and the 
viologens. These complexes are readily detected spectroscopically 
for both 3 an<* 4; however, ef f o r t s to measure precise values of 
the association constant are frustrated due to the fact that 
multiple association complexes are formed (eqs. 5, 6), where 
P 4~ • 3 or 4 and R4N+ i s either a cationic detergent or simple 
tetraalkylammonium ion. 

P 4~ + R 4N + ^ (P--R 4N) 3" έ=ϊ [P--(R 4N) 2] 2~ etc. (5) 

P 4" + RV 2 + ^ (P--RV) 2" [P--(RV) 2] (6) 
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Table III. Back Reaction Rate Constants and t\/2 
Values (Flash Photolysis Conditions) 
for Porphyrin 4 and Viologen Quenchers 
i n Aqueous Detergent Solutions 

Sur
fac
tant 

Salt 
k  χ 10" k  χ 10-9 

none 0.05M NaCl MV 2 + 3.7 a a 
&DS 0.05M NaCl MV 2 + 0.03 a a 
SDS 
SDS 
SDS 
SDS 

0.02M 
0.08M 
0.05M 
0.05M 

(CH 3) 4NC1 
(C 2H 5) 4NC1 
(nC 4H 9) 4NBr 
NaCl 

MV 2 + 

MV 2 + 

MV 2 + 

BV 2 + 

0.12 
0.27 

0.31 

2.0 
13.0 
44.0 
2.9 

9.2 
1.5 
0.2 
3.9 

SDS 
CTAC 

0.02M 
0.05M 

(C 2H 5) 4NC1 
NaCl 

BV 2 + 

MV 2 + 0.018 
0.52 

29.5 
7.3 
0.15 

CTAC 
CTAC 
CTAC 

0.05M 
0.05M 
0.05M 

(CH 3) 4NC1 
(C 2H 5) 4NC1 
NaCl 

MV 2 + 

MV 2 + 

BV 2 + 0.31 

10.3 
6.3 
3.7 

0.57 
1.5 
5.1 

CTAC 
CTAC 

0.05M 
0.05M 

( CH 3) 4NC1 
(C 2H 5) 4NC1 

BV 2 + 

BV 2 + 

0.26 1.8 
0.2 

10.0 
100.0 

a not observable 
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(2) Both the viologen dications and the cations of the added 
electrolyte associate with anionic (SDS) detergent above the CMC. 
The more hydrophobic electrolytes (e.g., (n-C^^N" 1" , (02^5)1^) 
are more effe c t i v e i n reducing the binding of viologens to the 
micelle (see above as well as l a t e r discussion) (36). The reduced 
viologens RV* should also bind strongly to the anionic micelles, 
and the effect of added hydrophobic ions ^N"1") should be more or 
less p a r a l l e l to that observed for the viologen dications. 

(3) The free porphyrin tetraanions do not associate with 
anionic micelles due to coulombic repulsions; however, the cation-
associated porphyrins ( i . e . , (P*R4N)3~ ) should experience less 
repulsion such that associated forms may either bind or at least 
encounter the micelle and interact with micelle-associated v i o l o 
gens. 

(4) No transients are observed for the porphyrin viologen 
system i n the absence of surfactant regardless of the electrolyte 
added. 

Given the above observation
becomes clear that i n the prescence of micellar SDS the quenching 
should consist of two processes, interaction of free (or asso
ciated) porphyrin excited states with viologen i n the aqueous 
phase (eq. 7) and reaction of cation-associated porphyrin excited 
states with micelle-bound viologen (eq. 8 ) . Reaction 7 w i l l give 

P*(R 4N)< 4" n )~ + RV2+ — * • p< R4 N> n~ n + R V * (7) 

P*(R AN) ( 4~ n )" + RV 2 t • P ( R y N ) ( 3 " n ) " + RV+, (8) 
4 'n mic 4 η mic 

no long-lived transient ions but reaction 8 offers the p o s s i b i l i t y 
of transient charge separation, p a r t i c u l a r l y i f the R V j i C i s drawn 
to a more hydrophobic s i t e upon reduction (37). The observation 
that quenching rates i n SDS increase as more hydrophobic electro
lytes are added could be consistent with either (or both) 
quenching processes 7 and 8 being of importance since the more 
hydrophobic cations should both increase the concentration of 
viologen i n the aqueous phase as well as the concentration of 
associated porphyrin capable of interacting with the micelle. The 
fact that back reaction rates increase with increasing hydropho-
b i c i t y of the added cation for MV 2 + but decrease for the more 
hydrophobic BV can be attributed to differences i n hydrophobe-
c i t y and hence binding c a p a b i l i t i e s for the reduced species MV 
and BV+. Thus for the former species addition of hydrophobic 
cations e f f e c t i v e l y decreases the sit e s available for binding of 
the reduced form and the back reaction rate increases; evidently 
BV + i s + s u f f i c i e n t l y hydrophobic so that competition between R4N 
and BV for sit e s i s r e l a t i v e l y less important. 

For the situation where cationic detergent (CTAC) i s present 
there i s probably competition between the micelle and aqueous 
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cations for the anionic porphyrin such that quenching takes place 
both at the micelle water interface and in the aqueous solution. 
Since CTAC i s considerably more hydrophobic than SDS, i t i s 
reasonable to conclude that like-charge repulsion should be less 
important for the former while hydrophobic effects should be more 
si g n i f i c a n t . The back reaction rates decrease as the hydropho-
b i c i t y of added cations increases and as the viologen becomes more 
hydrophobic. Although these trends could be attributed to a 
number of factors, we suspect that association of reduced viologen 
with the CTAC micelles not containing porphyrin may play a major 
role i n slowing the back reaction i n these cases. The effect of 
increased hydrophobicity of added R 4 # i n this case would then be 
associated with desorption of porphyrin from the micelle. 

Net Chemical Conversion v i a Selective Scavenging of Porphyrin-
Viologen Photoredox Products i n Micellar Systems 

Since the palladiu
reasonable yields of redox products having r e l a t i v e l y long l i f e
times, i t was of interest to explore possible subsequent reactions 
occurring with the redox radicals generated by photo-induced 
electron transfer, especially those i n which both substrate and 
quencher could be regenerated concurrent with net chemical conver
sion. For the present system i n which the oxidized porphyrin 
(P ) and reduced viologen (Mvt) are generated, i t i s clear that 
selective reaction of either product should be possible. The 
reduced viologen i s a moderate reductant and a number of previous 
studies have demonstrated that reactive c o l l o i d a l redox catalysts 
can intercept Mvt and catalyze rapid reduction of water to hydro
gen i n neutral or ac i d i c media (38-47). In flash photolysis 
experiments we find that addition of c o l l o i d a l platinum-PVA 
results i n a shortened lifetime for the portion of the transient 
spectrum corresponding to the reduced viologen with a concurrent 
increase i n the lifetime of the Ρ transient, unfortunately, the 
oxidized palladium porphyrin, a π-cation, i s unstable and i t 
decays r e l a t i v e l y slowly (k ̂  lO'^s' 1) i n aqueous SDS with some 
net decomposition of the porphyrin. Addition of iodide to the 
solution circumvents the degradation of the porphyrin as the 
iodide can be oxidized to t r i i o d i d e (eqs. 9-11). A flash spectro
scopic examination of solutions containing the palladium porphyrin, 

P 3" + I~ • I- + P 4~ (9) 

21. y I 2 (10) 

I 2 + Γ • i 3 ~ (11) 
2+ — 

MV , SDS, and I but no catalyst shows a rapid recovery of the 
bleached porphyrin at 525 nm and a subsequent increase i n absorp
tion due to I,." ; no permanent change occurs i n this case since 
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the 13"" oxidizes the reduced viologen. However, when platinum-PVA 
and I" are simultaneously added to deaerated solutions containing 
palladium porphyrin, MV 2 + and SDS, there i s a net buildup of the 
I3~-PVA complex which absorbs strongly at 490 nm (ε i 42,000 M"1 

cm"1 for I 3 " ) (48,49). Under these conditions there i s l i t t l e or 
no net decomposition of the porphyrin and i t i s evident that net 
cleavage of HI i s occurring, unfortunately the system i s not 
p r a c t i c a l since the net quantum y i e l d i s r e l a t i v e l y low (M).001) 
and the extent of conversion obtained very small due to masking of 
the porphyrin absorbance by that of I^~. 

A more interesting reaction i n terms of over a l l quantum 
eff i c i e n c y involves the use of iodide i n conjunction with 
molecular oxygen to intercept s e l e c t i v e l y oxidized porphyrin and 
reduced viologen respectively as outlined i n eqs. 12-19. 

MV+ + 0 2 • MV 2 + + 0 ~ (12) 

0 2~ + H + •

Η0 2· + Γ • Ι· + Η 0 2 " (14) 

Η 0 2 " + Η + • Η 2 0 2 (15) 

Η 2 0 2 + 2ΗΙ • 2Η 20 + Ι 2 (16) 

The net reaction occurring here i s given by eq. 17; although this 

4HI + 0 2 • 2 I 2 + 2H20 (17) 

reaction i s c l e a r l y energetically downhill, i t does not occur 
rapidly i n the dark or i n the absence of the porphyrin photo-
catalyst. The reaction i s mechanistically interesting i n that the 
protonation of superoxide (eq. 12) generates an oxidant from what 
was i n i t i a l l y a reducing r a d i c a l (MV ); i n this way the photo-
reaction can provide a l i m i t i n g quantum y i e l d of two for iodide 
oxidation; however, subsequent reaction of ILO with HI (eq. 15) 
(which i s spontaneous!) indicates that the true l i m i t i n g quantum 
y i e l d i s four. The reaction up to formation of H 20 2 (eqs. 9-15) 
is an oxidative counterpart to the t e r t i a r y amine mediated photo-
reduction of polypyridyl ruthenium(II) complexes where deprotona-
tion of an oxidized fragment provides the net generation of two 
reduced species/photon. In the present experiments with [MV 2 +] = 
0.005 M, TNal] = 0.05 M, [SDS] = 0.02 M and 1% PVA, we obtain 
Φ Ι 3 4 0 5 n m = 0.30 ± 0.05; since each I 3 comes from two oxidized 
iodide ions the net e f f i c i e n c y of iodide oxidation i s 0.60 or 
about 15% of the theoretical reaction quantum e f f i c i e n c y . Here 
again the reaction cannot be driven to large conversions because 
of competitive absorption by the product 1 3 " complex. However, 
the moderately high overall i n i t i a l e f f i c i e n c y for a reaction 
i n i t i a t e d by an excited state electron transfer process i n which 
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both substrate and quencher are recycled i s noteworthy and 
suggests that other useful applications i n similar reactions can 
be forthcoming. 

The Use of Extramicellar Probe Luminescence Quenching to Monitor 
Binding of Charged Substrates to Micelles 

The studies described up to this point have focused on the 
use of micelles to modify the rates and net processes occurring i n 
reaction sequences i n i t i a t e d by light-induced electron transfer. 
The remainder of the paper w i l l deal with studies i n which the 
same basic reaction i s used to probe the structure and binding 
properties of anionic (SDS) micelles. As pointed out e a r l i e r , i n 
many cases i t i s possible to "tune" many of the properties of 
tr a n s i t i o n metal complexes by varying ligand-substituents. One 
example where the chief e f f e c t i s on s o l u b i l i t y and hydrophilicity 
involves the use of the
and 5,5'-dicarboxy-2,2'-bipyridin
complexes, RuL34-, 5 and 6, which are water soluble and highly 
hydrophilic. These complexes are luminescent i n aqueous solution; 
the luminescence of 5 and 6 i s strongly quenched by addition of 
MV2+. In the case of 5 the quenching i n water gives coincident 
l i f e t i m e and intensitv Stern-Volmer plots (Figure 1) with added 

NaCl above 0.1 M; at lower s a l t concentrations the intensity plots 
show upwards curvature indicating a s l i g h t amount of association 
between 5 and the quencher. The dynamic quenching constant ob
tained i s 5.6 χ HP M - 1 s- 1. A similar study with C u 2 + as a 
quencher leads to l i n e a r l i f e t i m e Stern-Volmer plots giving a 
quenching constant, kq = 5.8 χ 109 M-l s - l 

Addition of SDS to aqueous solutions above the cmc leads to 
attenuated quenching for both cations as would be expected due to 
binding of the cations to the anionic micelles. The behavior 
observed d i f f e r s sharply for the two quenchers, however,(Figure 1) 
suggesting important differences i n the binding of the cations to 
the micelle. The behavior for MV2+ i s p a r t i c u l a r l y s t r i k i n g and 
clearcut: addition of SDS above the cmc results i n Stern-Volmer 
plots showing two d i s t i n c t linear regions (Figure 1). The 
quenching i s strongly attenuated u n t i l a certain [MV 2 +], d i r e c t l y 
related to the [SDS] | i s attained; at this point a sharp break 
occurs and the enhanced quenching above this point gives a plot 
p a r a l l e l to that obtained with no quencher. The r a t i o of [SDS]m/ 
[MV 2 +] at the "break point" i s 3.3 ± 0.2. For C u 2 + the attenua-
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tion of quenching i s less pronounced and instead of two d i s t i n c t 
l inear regions a much more curved plot i s obtained (Figure 1). 
Attempts to extrapolate to a "break point" analogous to that 
c l e a r l y indicated on the MV 2 + plots give a value of [SDS] m/[Cu 2 +] 
= 5.9 ± 0.4 (50). 

The rather s t r i k i n g differences i n behavior observed for the 
two dications as quenchers of the luminescence of 5 can be in t e r 
preted i n terms of different modes of binding to the anionic 
micelle. For C u 2 + the attractive forces leading to binding to 
the SDS micelle are primarily e l e c t r o s t a t i c and probably involve 
close association of the Cu 2* to the anionic headgroups. The 
curvature i n the quenching plot with Cu (Figure 1) i s attributed 
to a reduced tendency of the micelle to bind additional C u 2 + ions 
as the [Cu 2 +] increases due to screening of the micellar charge, 
as increasing numbers of Cu ions associate with the headgroups. 
The binding capacity estimated from the plot-ca. one C u 2 + for every 
s i x surfactant molecule
binding capacities measure
methods (51-53), and compares well with that measured for other 
divalent metal ions such as N i 2 + and Mn 2 + (51, 52, 54). 

The results obtained for MV 2 + suggest markedly different 
binding behavior toward the SDS micelle. Here the observation of 
l i t t l e upwards curvature i n the attenuated quenching region 
suggests that binding of several viologen molecules to the micelle 
does not reduce the a f f i n i t y of the micelle for additional v i o l o 
gens u n t i l a l i m i t i n g capacity i s reached. The l i m i t i n g capacity 
i s almost twice that observed for the much smaller metal ions; the 
differences observed cl e a r l y suggest that the viologen i s binding 
i n s i t e s different from those occupied by C u 2 + (and other metal 
ions) and that different factors govern the binding. Behavior 
similar to that obtained with MV has been observed for other 
organic cations such as BV 2 + and 4-cyano-N-benzyl-pyridinium 
(CBP+) (50). The behavior observed with CBP + i s p a r t i c u l a r l y 
s t r i k i n g since the binding capacity estimated from the break i n 
the quenching plot i s one CBP + for every two SDS molecules i n the 
micelle. In contrast, the less hydrophobic cation 4-cyano-N-
methylpyridinium (CMP+) shows r e l a t i v e l y small attenuation i n i t s 
quenching behavior indicating i t s a f f i n i t y for the micelle i s much 
reduced. We interpret the results of these experiments to 
indicate that the organic cations bind to sit e s away from the head-
groups where there would otherwise be a hydrocarbon-water i n t e r 
face. These regions are perhaps best described as hydrophobic-
hydrophilic s i t e s i n which the insertion of a moderately polar 
solute (in these cases cations) between hydrocarbon and water 
eliminates a high energy interface. This can lead to micelle 
s o l u b i l i z a t i o n or binding of reagents which are not p a r t i c u l a r l y 
soluble i n either pure water or alkane solvent alone. The obser
vation that the capacity of the micelle to absorb very large 
numbers of these ions i s i n accord with increasing evidence (55-58) 
that there i s a large surface-volume r a t i o for micelles and, 
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perhaps more importantly, a large hydrocarbon-water interface 
region. These results also agree with recent models suggesting 
a considerably more open structure for simple micelles than 
conventional models in which there is a sharp polar-nonpolar 
boundary. 

Acknowledgement: We are grateful to the National Institutes of 
Health (Grant GM15,238) and National Science Foundation (Grant 
#CHE 7823126) for support of this work. J. Bonitha thanks the Fund-
acao de Amparoà Pesquisa do Estado de Sao Paulo (FAPESP 80/0232 to 
J. B. S. Bonilha). 

Literature Cited 

1. Sutin, N. J. Photochem. 1979, 10, 19-36. 
2. Demas, J.N.; and Crosby, G.A. J. Am. Chem. Soc. 1970, 92, 

7262-7270. 
3. Gafney, H.D.; Adamson

8238-8239. 
4. Bock, C.R.; Meyer, T.J.; Whitten, D.G. ibid. 1974, 96, 4710-

4712. 
5. Bock, C.R.; Meyer, T.J.; Whitten, D.G. ibid. 1975, 97, 2909-

2911. 
6. Navon, G.; Sutin, N. Inorg. Chem.1974, 13, 2159-2164. 
7. Lawrence, G.S.; Balzani, V. ibid. 1974, 13, 2976-2982. 
8. Young, R.C.; Meyer, T.J.; Whitten, D.G. J. Am. Chem. Soc., 

1975, 97, 4781-4782. 
9. Young, R.C.; Meyer, T.J.; Whitten, D.G. ibid. 1976, 98, 

286-287. 
10. Creutz, C.; Sutin, N. Inorg. Chem. 1976, 15, 496-498. 
11. Lin, C.T.; Bottcher, W.; Chou, M.; Creutz, C.; Sutin, N. 

J. Am. Chem. Soc. 1976, 98, 6536-6544. 
12. Lin, C.T.; Sutin, N. ibid. 1975, 97, 3543-3545. 
13. Creutz, C.; Sutin, N. ibid. 1977, 99, 241-243. 
14. Toma, H.E.; Creutz, C. Inorg. Chem. 1977, 16, 545-550. 
15· Balzani, V.; Moggi, L. ; Manfrin, M.F.; Bolletta, F.; Lawrence, 

G.S. Coord Chem. Revs. 1975, 15, 321-433. 
16. Juris, Α.; Gandolfi, M.T.; Manfrin, M.F.; Balzani, V. J. Am. 

Chem. Soc. 1976, 98, 1047-1048. 
17. Sutin, N.; Creutz, C. Adv. Chem. Ser. 1978, 168, 1-27. 
18. DeLaive, P.J.; Lee, J.T.; Abruna, H.; Sprintschnik, H.W.; 

Meyer, T.J.; Whitten, D.G. Adv. Chem. Ser. 1978, 168, 28-43. 
19. DeLaive, P.J.; Giannotti, C.; Whitten, D.G. Adv. Chem. Ser. 

1979, 173, 236-251. 
20. Ballardini, R.; Varani, G.; Indelli , M.T.; Scandola, F.; 

Balzani, V. J. Am. Chem. Soc. 1978, 100, 7219-7223. 
21. Whitten, D.G. Accounts Chem. Res. 1980, 13, 83-90. 
22. (a) Thomas, J.K. Acc. Chem. Res. 1977, 10, 133; (b) 

(b) Kalyanasundaram, K. Chem. Soc. Revs. 1978, 4, 453-472. 
23. (a) Burrows, H.D.; Formosinho, S.J.; Pawa, F.J.R. J. 

Photochem. 1980, 12, 285-292; (b) Russell, J.C.; Braun, A.M.; 
Whitten, D.G.; unpublished results. 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



50 INORGANIC REACTIONS IN ORGANIZED MEDIA 

24. (a) Moroi, Y.; Infelta, P.P.; Grätzel, M. J. Am. Chem. Soc. 
1979, 101, 573-577; (b) Moroi, Y.; Braun, A.M.; Grätzel, M. 
J. Am. Chem. Soc. 1979, 101, 567-573. 

25. Meisel, D.; Matheson, M.S.; Rabani, J. J. Am. Chem. Soc. 
1978, 100, 117-122. 

26. (a) Rodgers, M.A.J.; Wheeler, M.F.; da Silva, E. Chem. Phys. 
Lett. 1978, 53, 165-169; (b) Rodgers, M.A.J.; Wheeler, M.F.; 
da Silva, E. Chem. Phys. Lett. 1976, 43, 587-591. 

27. Turro, N.J.; Grätzel, M.; Braun, A.M. Angew Chem. Int'l Ed. 
Engl. 1980, 19, 549-675. 

28. Schmehl, R.H.; Whitten, D.G. J. Am. Chem. Soc. 1980, 102. 
1938-1941. 

29. (a) Infelta, P.P.; Grätzel, M.; Fendler, J.H. J. Am. Chem. 
Soc. 1980, 102, 1479-1484; (b) Ford, W.E.; Otvos, J.W.; 
Calvin, M. Proc. Nat. Acad. Sci. U.S.A.1979, 76, 3590-3593, 
and references therein, (c) Sudo, Y.; Toda, F. Nature 1979, 
279, 807-809. 

30. (a) Tabushi, I.; Funakura
4684-4685; (b) Tien, H.T. Nature 1968, 219, 272-274; (c) 
Hesketh, T.R. Nature 1969, 224, 1026-1028; (d) see Photochem. 
Photobiol 1976, 24, 12; (e) Nekrasov, L.I.; Chasovnikova, 
L.V.; Kobozen, N.I. J. Phys. Chem. USSR 1967, 41, 1426-1430. 

31. Tsutsui, Y.; Takuma, K.; Nishijuma, T.; Matsuo, T. Chem. Lett. 
1979, 617-620. 

32. Razem-Katusin, B.; Wong, M.; Thomas J.K. J. Am. Chem. Soc. 
1978, 100, 1679-1687. 

33. (a) Moroi, Y.; Infelta, P.P.; Grätzel, M. J. Am. Chem. Soc. 
1979, 101, 573-577; (b) Moroi, Y.; Braun, A.M.; Grätzel, M. 
J. Am. Chem. Soc. 1979, 101, 567-573. 

34. Brugger, P.Α.; Grätzel, M. J. Am. Chem. Soc. 1980, 102, 2461-
2463. 

35. Rodgers, M.A.J.; Becker, J.C. J. Phys. Chem. 1980, 84, 2762. 
36. Schmehl, R.H.; Whitesell, L.G.; Whitten, D.G. J. Am Chem. Soc. 

in press. 
37. Brugger, P.-A; Infelta, P.P.; Braun, A.M.; Grätzel, M. J. Am. 

Chem. Soc. 1981, 103, 320. 
38. Lehn, J.-M.; Sauvage, J.-P. Nouv. J. Chem. 1977, 1, 449-451. 
39. Kalyanasundarum, K.; Kiwi, J. ; Grätzel, M. Helv. Chim. Acta. 

1978, 61, 2720-2730. 
40. Moradpour, Α.; Amouyal, Α.; Keller, P.; Kagan, H. Nouv. J. 

Chem. 1978, 2, 547-549. 
41. Koryakin, B.V.; Dzabiev, T.S.; Shilov, A.E. Dokl. Akad. Nauk. 

SSSR 1976, 229, 614-620. 
42. Koryakin, B.V.; Kzabiev, T.S.; Shilov, A.E. Dokl. Akad. Nauk. 

SSSR 1976, 238, 620-625. 
43. Lehn, J.-M.; Sauvage, J.-P.; Ziessel, R. Nouv. J. Chim. 1979, 

3, 423-427. 
44. Kiwi, J . ; Bogarello, E.; Pelizzetti, E.; Visca, M.; Grätzel, 

M. Angew. Chem. Int. Ed. Engl. 1980, 19, 646-648. 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



3. WHITTEN ET AL. Light-Induced Electron Transfer Reactions 

45. Kalyanasundarum, K.; Grätzel, M. Angew Chem. Int. Ed, Engl. 
1979, 18, 701. 

46. Lehn, J.-M.; Sauvage, J.-P.; Ziessel, R. Nouv. J. Chim. 1980, 
4, 355-358. 

47. Keller, P.; Moradpour, A. J. Am. Chem. Soc. 1980, 102, 
7193-7196. 

48. Tebelev, L.G.; Silkina, N.A. Dokl Akad.Nauk. SSSR 1965, 161, 
1096-1098. 

49. Mokhnach, V.O.; Zueva, I.L. Dokl. Akad. Nauk. SSSR 1961, 136, 
832-834. 

50. Foreman, T.K.; Sobol, W.M.; Whitten, D.G., submitted for 
publication. 

51. Fischer, M.; Knoche, W.; Fletcher, P.D.I.; Robinson, Β.H.; 
White, N.C. Colloid and Polymer Science 1980, 258, 733. 

52. Grätzel, M.; Thomas, J.Κ. J . Phys. Chem. 1974, 78, 2248. 
53. Grieser, F.; Tausch-Treml, R. J. Am. Chem. Soc. 1980, 102, 

7258. 
54. Oakes, J .J . ; Chem
55. Mukerjee, P.; Cardinal, J.R. J. Phys. Chem. 1978, 82, 1620. 
56. Cardinal, J.R.; Mukerjee, P. J. Phys. Chem. 1978, 82, 1614. 
57. Menger, F.M. Accounts Chem. Res. 1979, 12, 111. 
58. Mukerjee, P. "Solution Chemistry of Surfactants", Mittal, 

K.L., ed.; Plenum: New York, 1979, pp 153-174. 

RECEIVED May 27, 1981. 

51 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



4 

Aspects of Ar t i f i c i a l Photosynthesis 

The Role of Potential Gradients in Promoting Charge 
Separation in the Presence of Surfactant Vesicles 

MOHAMMAD S. TUNULI and JANOS H. FENDLER 
Texas A&M University, Department of Chemistry, College Station, TX 77843 

Completely syntheti
dioctadecyldimethylammoniu
dihexadecylphosphate, DHP, have been used in our 
laboratories as media for investigating aspects 
of artificial photosynthesis over the past several 
years. Different potentials, created by the high 
charge densities on the surface of DODAC and DHP 
vesicles, and their exploitation for photochemical 
solar energy conversion are discussed in this 
presentation. Surface potential, charge separation 
potential, diffusion potential and Donnan potential 
are exploited for enhanced energy and electron 
transfer on charged vesicle surfaces, for the 
utilization of field effects for charge separation, 
for partitioning between the inner and outer 
compartments of radicals expelled from vesicle 
bilayers and for facilitating electron transfer 
across bilayers. 

Photochemical solar energy conversion is a vitally important 
and extremely active area of research (1-9). The excited state of 
a suitable sensitizer, produced by irradiation, is a better electron 
acceptor as well as a better electron donor than its ground state. 
Light absorption can drive, therefore, a redox reaction nonsponta-
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Further, i f D + and A~ have appropriate redox potentials they may 
di r e c t l y reduce water to hydrogen and oxidize i t to oxygen: 

2A~ + 2H20 • 2A + 20H~ + H2+ (1) 

(2 e reduction) 

4D + + 2H20 • 4D + 4H + + 0^ (2) 

(4 e oxidation) 

Unfortunately, i n homogeneous solution the rapid recombination of 
D + A" to D + A precludes the p o s s i b i l i t y of this type of photo
chemical energy storage and conversion. Separation of charges i n 
space provides an e f f i c i e n t method for diminishing undesirable 
charge recombinations. Aqueous (10) and reversed (11,12) micelles, 
microemulsions (13), monolayer
membranes (15), polyelectrolyte
tant vesicles (18-27) have been used to affect charge separation 
by organizing se n s i t i z e r s , electron donors and acceptors i n their 
compartments (28)· These organized assemblies are expected to 
(a) s o l u b i l i z e , concentrate, compartmentalize, organize, and 
lo c a l i z e reactants; (b) maintain proton and/or reactant gradients; 
(c) a l t e r quantum e f f i c i e n c i e s ; (d) lower ionization potentials; 
(e) change oxidation and reduction properties; (f) change dissocia
tion constants; (g) affect v e c t o r i a l electron displacements; 
(h) a l t e r photophysical pathways and rates; (i) a l t e r chemical 
pathways and rates; (j) s t a b i l i z e reactants and/or products and/or 
tr a n s i t i o n states; (k) separate charges and/or products; and 
(1) be chemically stable, o p t i c a l l y transparent and photochemically 
inactive. 

Completely synthetic surfactant vesicles have been used i n our 
laboratories as media for examining aspects of a r t i f i c i a l photo
synthesis. To-date, we have investigated vesicles formed from 
dioctadecyldimethylammonium chloride, DODAC, and dihexadecylphos
phate, DHP (19-21, 23, 27): 

CI" 
C H 3 - ( C H 2 ) 1 7 v ^ ^ C H 3 CH 3-(CH 2) 1 5-0 0 

T» ^ f _ TT"" 

CH 3- (CH2) ^ CH 3 CH 3- (CH2) ^-0' 

DODAC DHP 

Dispersal of DODAC or DHP i n water by ultrasonic i r r a d i a t i o n 
results i n the formation of f a i r l y uniform single compartment 
vesicles (Figure 1). DODAC and DHP vesicles are stable for weeks 
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i n pH 2-12 range, osmotically active, undergo thermotropic phase 
transitions and, most importantly entrap and retain molecules i n 
their compartments. Advantages of surfactant vesicles over other 
systems are that they are able to organize large numbers of sensi
t i z e r s , electron donors and acceptors per aggregate and that they 
are amenable to e l e c t r o s t a t i c modification and chemical functional-
i z a t i o n . Importantly, unlike natural membranes which are composed 
mostly of zwitterionic l i p i d s , surfactant vesicles are highly 
charged and have high charge densities on t h e i r surfaces. These 
charges create appreciable potentials. The types of potentials 
associated with surfactant vesicles and their exploitation i n 
photochemical solar energy conversion are the subject of this 
presentation. 

Types of Potentials Associated with Surfactant Vesicles 

In addition to the
outer and inner surface
potentials can be created. Of these, the charge separation 
potential, the d i f f u s i o n potential and the Donnan potential w i l l 
be b r i e f l y discussed. 

Surface Potential. The presence of ionized head groups on a 
spherical v e s i c l e with radius r and charge q on the v e s i c l e leads 
to a surface potential Ψ ο: v 

Ψ 0 = q ve 2/er (3) 

where ε i s the d i e l e c t r i c constant at the interface. The surface 
potential decreases with increasing distances from the charged 
surface. At a distance x, from the surface the potential i s given 
by (see Figure 2): 

Ψ χ = Ψ οβχρ(-βχ) (4) 

where β s (distance from surface)/(distance from the outer 
Helmholtz plane)· 

In the Gouy-Chapman diffuse layer the concentration-distance 
p r o f i l e i s given by the Boltzmann d i s t r i b u t i o n : 

C x - C o e * > ( - ( 5 ) 

where C x and C Q are the concentration of ions at distance χ from 
the surface and at the bulk, respectively, z^ i s the number of 
units of electronic charge on ion i , F and R are the Faraday and 
universal gas constants and Τ i s the absolute temperature. The 
Poisson equation relates the potential p r o f i l e to the charge 
density by: 
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which upon integration (using appropriate boundary conditions) 
gives an expression for the e l e c t r i c f i e l d : 

Χ χ - ± . C _ p ( - - f c H H - 1\Y (7) 

Charge Separation Potential. An electron can be transferred 
across the bilayer of surfactant vesicles from a donor to an 
acceptor. This transfer renders the donor side of the v e s i c l e 
surface to be more positive than the acceptor side, thus i t creates 
a potential, referred to as charge separation potential, c.s. 
This, by analogy to chargin
by: 

q δ 
= S _ (8) 

c.s Αεε 1 (8) 

where q' i s the additional charge deposited on the v e s i c l e due to 
the photoinitiated electron transfer, δ i s the thickness of the 
surfactant v e s i c l e , A i s i t s surface area, ε denotes the d i e l e c t r i c 
constant of the i n t e r f a c i a l region and ε 1 i s the permittivity of 
free space. I f Ψ i s known, q f can be obtained from: 

where C i s the bulk concentration of electron donor/acceptor. 
Negative sign i s used i f i s positive and vice versa. 

Diffusion Potential. Diffusion potential arises from a 
concentration gradient, VC , across the v e s i c l e b i l a y e r . Addition 
of an electrolyte whose component ions d i f f e r i n their mobilities 
to already formed vesicles w i l l give r i s e to spacial segregation 
of ions. Sodium chloride provides an example for such a behavior. 
At 298.15eK the mobilities of Na+ and CI" are 5.2xl0" 4 cm2sec-V" 1 

and 7.9x10-4 cm 2sec" 1v" 1. 
For a v e s i c l e of thickness δ, immersed i n a stagnant ( i . e . no 

convection) d i l u t e e l e c t r o l y t e solution the transport of species 
across the b i l a y e r can be formulated by the following set of 
equations (29): 

J i β " z i W 1 C 1 W - D1VC1 ( 1 0 ) 

migration d i f f u s i o n 
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dC 
- d f -" " V J i 

i (ion current) = F j ] z J . (12) 
i 1 1 

£ z c. β ο (principle of electroneutrality) (13) 
i 1 * 

where i s the io n i c flux under the j o i n t influence of e l e c t r i c a l 
potential and concentration gradients, μ^, i s the mobility of the 
i t h species, and D^ i s the diffusion c o e f f i c i e n t of the i t h species. 
Equation 10 can be integrated numerically without much d i f f i c u l t y . 
A simpler approach has been provided by Goldman who assumed the 
constancy of the f i e l d across the membrane (30). The problem then 
becomes analogous to tha
- copper oxide r e c t i f i e
of equation 10 leads to 

i d 
U7 F <C " aTexp-

ή - - ^ * Α

 0 1 I R T (14) 
1 6 d 

exp- RT 

where Ψ, i s the di f f u s i o n potential, a + and a^ are the a c t i v i t y 
coefficients and μ^ i s the mobility o? the species involved. 

Donnan Potential. Colon exclusion and counterion condensation 
on the charged v e s i c l e surface creates the well known Donnan 
potential. The Donnan potential can be derived either by a ki n e t i c 
or by a thermodynamic approach (32). Using the ki n e t i c approach, 
the mass transport equation i s written by: 

ζ F 
J ± - - D iC i(Vlna i + - g j - W ) + C ± ( l - a ± ) J y (15) 

where the flux, J ^ , i f directed toward the v e s i c l e , i s considered 
to be positive. C^ i s the concentration of the species i n the 
interfacial region, J i s the volume flux through the vesicle, 
the " r e f l e c t i o n " coefYicient, represents some specific interaction 
of the species with v e s i c l e . Since at the interface of charged 
vesicles both d i f f u s i o n and migration fluxes are much larger than 
the flux due to convection, equation 16 can be written: 

ζ F 
1 W = - Vina., (16) RT " 

which upon integration gives the Donnan potential 
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DONNAN Ψ - Ψ solution 

RT (17) 
DONNAN l i r 

where m and γ represent molal concentrations and a c t i v i t y c o e f f i 
cients and the bar refers to the Donnan phase. Concentrations of 
the counterions accumulated i n the Donnan phase are given by: 

where M i s the concentratio
ai represents the mean io

Exploitation of Potentials for Energy and Electron Transfer and 
Charge Separation i n Surfactant Vesicles 

Enhanced Energy and Electron Transfer on Charged Vesicle 
Surfaces* Localization of molecules i n b i o l o g i c a l matrices i s an 
essential requirement for many processes. Energy transfer in vivo 
photosynthesis i s largely dependent, for example, on the precise 
location of chlorophyll molecules i n £he chloroplast (33). An 
average distance of approximately 15 A between chlorophylls i s 
considered to be i d e a l for e f f i c i e n t energy transfer without 
self-quenching. Ionic surfactant vesicles attract oppositely 
charged species onto their surfaces. Intravesicular energy and 
electron transfer readily occur i n the potential f i e l d of the 
aggregate at reduced dimensionalities (34). 

E f f i c i e n t intramolecular energy transfer has been observed i n 
DODAC vesicles (20). The donor, 2-hydroxy-l-[a)-(l-pyrene)decanoyl]-
-sn-glycero-3-phosphatidylcholine (lysopyrene), was lo c a l i z e d i n 
the hydrophobic bilayer of the ve s i c l e s . The acceptor, trisodium 
8-hydroxy-l,3,6-pyrenetrisulfonate (pyranine), having four negative 
charges, was attracted to the outer surface of po s i t i v e l y charged 
DODAC vesicles (Figure 1). Depending on the concentration of 
pyranine, energy transfer e f f i c i e n c i e s up to 43% have been 
observed (20). Conversely, energy transfer e f f i c i e n c i e s i n the 
absence of vesicles were less than 3%. The apparent rate constant 
for energy transfer quenching, 6.2x1ο 1 1 M" 1sec" 1, i s the consequence 
of an approximate 1000-fold increase of acceptor concentration on 
the v e s i c l e surface. 

E f f i c i e n t photosensitized electron transfer has also been 
observed from tris(2,2'-bipyridine)ruthenium cation Ru(bpy) 2 +* to 
methylviologen: 

(18) 
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Ru(bpy) ̂  h V > Ru(bpy) 2 + * (19) 

Ru(bpy) 2 +* + MV 2 + • Ruftpy)^ 4" + MV* (20) 

on the outer and Inner surfaces of anionic DHP surfactant vesicles 
(Systems III and IV, respectively i n Figure 3) (23)· The apparent 
rate constant for reaction 20, (4-5) 10 1* M^sec-TT i n Systems III 
and IV are three orders of magnitude greater than that found i n 
water (2xl0 8 M^sec"!). Electron transfer i s l i k e l y to occur by 
diff u s i o n or hopping on the ves i c l e surface. Under t y p i c a l condi
tions, approximately 60 molecules of Ru(bpy)^ + and 300 molecules of 
MV 2 + associate with each DHP ve s i c l e . Taking charge repulsions 
into consideration, average areas fgr Ru(bpy)^ + and MV2 molecules 
are estimated to be 400 A 2 and 200 A 2, respectively. Since the 
surface area of a DHP ve s i c l e i s 1.2x107 A 2 (18) the maximum area 
the reactive partners nee
200 A 2. This value i s
estimated for d 2 the square of the mean d i f f u s i v e displacement of 
Ru(bpy) 2 + and MV 2 + (12). Thus, the reactive partners can readily 
f i n d each other on the surface of the DHP vesicles within their 
l i f e t i m e s . Unfortunately, the close proximity also results i n much 
enhanced back reaction: 

Ru(bpy)3 ++ MV* • Ru(bpy) 2 + + MV 2 + (21) 

Different organization i s needed, therefore, to accomplish the 
desired e f f i c i e n c y i n energy conversion; i . e . , to enhance the rate 
of the forward electron transfer (reaction 20, for example) and at 
the same time reduce the back reaction (reaction 21, for example). 
Exploitation of potentials to accomplish this goal w i l l be 
i l l u s t r a t e d i n the following sections. 

Influence of F i e l d E f f e c t . Since electron transfer rates are 
d i r e c t l y related to the f i e l d , a judicious manipulation of the 
distance of a sensitizer and an electron acceptor (or donor) from 
a highly charged surface across the Stern layer (Figure 2, 
equation 7) i s expected to result i n altered e f f i c i e n c i e s . This 
expectation has been realized i n achieving e f f e c t i v e charge separa
tion under the influence of a posit i v e e l e c t r i c f i e l d , generated 
by DODAC vesicles (35). Rate constant for electron transfer from 
L-cysteine to the excited state of Ru(bpy)| +: 

Ru(bpy) 2 +* + L-cysteine — • Ru(bpy)* + L- c y s t i n e + (22) 

has been determined by laser flash photolysis (35). Satisfactory 
agreement has been obtained between the experimentally observed 
rate constants, kggg, and those calculated, kgg| c, on the basis of 
the presence of an e l e c t r i c f i e l d (Table I ) . 
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obs* 
, calc 
obs » 

PH M - l -1 
M sec M sec 

3.0 3.4xl0 7 6.7xl0 7 

8.4 8.2xl0 7 1.3xl0 8 

11.5 1.2xl0 8 1.7xl0 8 

TABLE I 
Calculated and Observed Rate Constants for the 

Electron Transfer Ruibpy)^"* + L-cysteine 
·* Ru(bpy)$ + L-cysteine+ i n DODAC Vesicles 

c a l e . a 

AG, _ ± AGT, _ ± 

Kcal mole Kcal mole 

-25.8 1.4 
-36.4 1.0 
-44.3 0.8 

Calculated by means of equation 31  See the ensuing discussion 
for d e t a i l s on the calculations

calc 
Details of obtaining the k Q ^ s values are as follows. The 

f i e l d operates through L-cysteine, whose charge and hence whose 
distance from the DODAC ve s i c l e surface can be altered by changing 
the bulk hydrogen ion concentration of the solution. Dissociation 
constant of L-cysteine i n the presence of surfactant v e s i c l e s , 
pKa, i s given by: 

pKa = pKa° - ζΡΨ χ (23) 

where pKa° i s the dissociation constant i n water and Ψ χ i s defined 
by equation 4. The redox potential for t h i s process can be 
written as: 

V/D " ED +/D - ° · 0 5 9 { 1 0 * ~ " 
(24) 

ζΈΊ! 

where α i s a constant (0.509x2.303) and μ i s the i o n i c strength, 
respectively. The free energy change for reaction 22 i s given by: 

AG = - 2 3 . 0 6 [ E R u ( b p y ) 2 + * / R u ( b p y ) + - E D + / D ] (25) 

and that for the rate by: 

k = Aexpi-AGt/RT) (26) 
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Assuming that the mechanism involves three steps; the diffusion 
of the reacting partners: 

Ru(bpy) 2 + + L-cysteine Ru(bpy) 2 + * | L-cysteine (27) 
3 1 -

electron transfer: 

k 
Ru(bpy) 2 +* L-cysteine Ru(bpy)* | L-cysteine (28) 

-et 
charge separation: 

Ru(bpy)* L-cysteine

and thermal recombination: 

Ru(bpy)* L-cysteine + Ru(bpy) 2 + + L-cysteine (30) 

and the observed overall rate, k c f l * c , is described by: 
* obs * 

• calc kD , (31) 
obs " kD 1 + K k

 D
+ k [expG/RT) + exp (AG/RT) ] 

where k is the association constant (K - k / k ) , obtainable 
from: 

3 
K A = exp (μ (a) A T) (32) 

2 
with μ(a) z i z 2 e / a e

8
 w n e r e a is the distance of closest approach, 

8 S is the static dielectric constant and z- and z 2 are the charges 
on the reacting species. The diffusion race constant k in 
equation 31 has been calculated from: 

1 - 4ir(D + D2)afN/1000 (33) 

where the diffusion coefficient D (D = D1 or D2) and electrostatic 
factor are given by: 

Di = k T / 6 n r \ r i (34) 

and 
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where η is the viscosity of the medium and ri is the radius of the 
species· 

AG has been estimated from (36): 

> - 4 [ - - + ] ( - t 

(where AGt(o) is the activatio
(AG =» 0) electron transfe
dielectric constant of the medium using the adjusted parameter 
K A(k s + k t) = 6.9x10 M-lsec" 1 (37). 

- Considering the assumptions involved the agreement between 
kobs a n d koSi ( T a b l e *> i s < l u i t e remarkable. 

Effects of Electrolyte Gradients on the Partitioning between 
the Inner and the Outer Compartments of Radicals Expelled from 
Vesicle Bilayers* Exit of photogenerated species from the bilayers 
of surfactant vesicles can be directed preferentially to the bulk 
solution (as opposed to the inner compartment of the vesicle) by 
setting up suitable potentials. Electron transfer from N-methyl-
phenothiazine, MPTH, solubilized within the hydrophobic bilayers 
of DODAC surfactant vesicles, to a long chain derivative of 
tris(2,2'-bipyridine)ruthenium cation, RuCig(bpy)23+, anchored onto 
the inner and outer surfaces of DODAC, have been examined (21). 
Electron transfer resulted in the formation of N-methylphenothiazine 
cation radical, MPTHt: 

RuC18ibpy)23+* + MPTH RuC l 8(bpy)| + MPTH+ (38) 

The MPTH* formed can disappear by a geminate type of back electron 
transfer at the very site of its creation: 

RuC 1 8(bpy)| + MPTH+ geminate RfRtpy)2* + MPTH (39) 

or due to the potential gradient exit into the D0DAC entrapped 
water pool or into the bulk solution. The ΜΡΤΗ· expelled into the 
bulk solution i s long lived since electrostatic repulsion between 
this species and the positively charged vesicle surface decrease + 

the probability of back reaction. Preferential expulsion of MPTH* 
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i s accomplished by the addition of NaCl to the outside of already 
formed ves i c l e s . This has three important consequences. F i r s t , 
the number of s i t e s , where the l o c a l e l e c t r o s t a t i c f i e l d prevented 
the existence of MPTH+, i s reduced. Second, a dissymmetry i s 
created between the inner and outer surface potential of the 
vesicles which w i l l increase the f r a c t i o n of MPTH*" exiting into the 
bulk solution. Third, the reduced net charge on the aggregates 
increases the rate of back reaction. The amounts of ΜΡΤΗ· produced 
and that expelled into the bulk aqueous solutions were maximized i n 
the presence of 1.0x10"3 M NaCl. Under this condition there was 
s t i l l a s u f f i c i e n t e l e c t r o s t a t i c repulsion between MPTHT and the 
charged surface of the vesicles to slow down considerably the 
undesirable charge recombination reactions (21). 

The Role of Potential Gradients across Bilayers to F a c i l i t a t e 
Electron Transfer. Creation of appropriate potentials also assists 
electron transfer acros
transfer from Ru(bpy)^
by placing the s e n s i t i z e r on the outer surface and the electron 
acceptor i n the inner surface (System I i n Figure 3) or vice versa 
(System II i n Figure 3) of anionic DHP surfactant vesicles (22). 
System I i s much more e f f i c i e n t than System I I . In System I a l l 
the negative charges on the inner surface of DHP vesicles are 
neutralized by MV2+, whereas there i s only p a r t i a l neutralization 
of the outer surface by Ru(bpy)5 +. The gradient, created by the 
d i f f u s i o n and Donnan potentials, f a c i l i t a t e s the flow of electrons 
from the outer to the inner surface of the v e s i c l e . The situation 
i s quite different i n System I I . Vesicle-vesicle fusion precludes 
extensive neutralization of the outer surface by MV̂ +, which i n 
turn creates i n s u f f i c i e n t potential for driving the electron from 
the inner to the outer surface. Addition of EDTA to aqueous 
solution of System I resulted i n the reformation of Ru(bpy)3 +. I f 
Pt02 i s incorporated i n the i n t e r i o r s of DHP vesicles of the same 
system, MV"*" i s reoxidized with concomitant hydrogen formation 
(Figure 4): 

+ P t 0 ? - 2+ 
2MVT + H 20 ^ * H 2 + 2 0 H + 2 m ( 4 0 ) 

Photolysis of this system leads, therefore, to the net consumption 
of only EDTA at very low stoichiometric Ru(bpy)^ +, MV 2 + and P t 0 2 

concentrations (22). 

Conclusion 

Importance of various potential gradients i n promoting charge 
separation i n the presence of surfactant vesicles has been deline
ated. Semiquantitative relationships between known theories and 
experimental results have been demonstrated for several systems. 
The obtained knowledge i n turn w i l l aid the systematic optimization 
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of different systems needed for viable photochemical solar energy 
conversions in membrane mimetic systems. 
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Control of Photosensitized Elec t ron Transfer 
Reactions in Organized Interfacial Systems 

Vesicles, Water-in-Oil Microemulsions, and 
Colloidal Silicon Dioxide Particles 

ITAMAR WILLNER, COLJA LAANE, JOHN W. OTVOS, and MELVIN CALVIN 
University of California, Laboratory of Chemical Biodynamics, Department of Chemistry 
and Lawrence Berkeley Laboratory, Berkeley, CA 94720 

The separatio
sensitized electro
for efficient energy conversion and storage. The 
organization of the components involved in the photo-
induced process in interfacial systems leads to effi
cient compartmentalization of the products. Several 
interfacial systems, e.g., lipid bilayer membranes 
(vesicles), water-in-oil microemulsions and a solid 
SiO2 colloidal interface, have been designed to 
accomplish this goal. 

An electron transfer across a lipid bilayer mem
brane leading to the separation of the photoproducts 
at opposite sides of the membrane is facilitated 
by establishing a transmembrane potential and 
organizing the cotransport of cations with specific 
carriers. 

In the water-in-oil microemulsion the separa
tion of photoproducts is achieved by means of the 
hydrophilic-hydrophobic nature of the products. A 
two compartment model system to accomplish the photo-
decomposition of water is described. Photosensitized 
electron transfer reactions analogous to those 
occurring in the two half-cells are presented. In 
these systems the phase transfer of one of the photo
products into the continuous oil phase is essential 
to stabilize the photoproducts. 

The colloidal SiO2 particles provide a charged 
interface that interacts with charged photoproducts. 
By designing a system that results in oppositely 
charged photoproducts, we can produce a retardation 
of recombination by the charged interface. The 
photosensitized reduction of a neutral acceptor, 
propylviologen sulfonate (PVSo) by positively 
charged sensitizers such as Ru(bipy)2+3and Zn-tetra-
methylpyridinium porphyrin, Zu-TMPyP4+, is des-

0097-6156/82/0177-0071$06.00/0 
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cribed. The reactions are substantially enhanced in 
the SiO2 colloid as compared to those in the homo
geneous phase. The effect of the SiO2 interface is 
attributed to a high surface potential that results 
in the separation of the intermediate photoproducts. 
The quantum yields of the photosensitized reactions 
are correlated to the interfacial surface potential 
and the electrical effects of other charged inter
faces such as micelles are compared with those of 
SiO2. 

The possible utilization of the energy stored in 
the stabilized photoproducts in further chemical reac
tions is discussed. Special attention is given to the 
photodecomposition of water as a reaction route. 

Reactions in organized media as a means of modeling natural 
processes are currently
Of particular interest i  subjec  Photosynthe
sis", that is, an attempt to create a synthetic apparatus that 
mimics the functions of the natural process (3,4). The natural 
photosynthetic cycle leading to the production of carbohydrates 
(eq.l) can be separated into two major parts (5): a photochem
ical part, in which visible light is captured and transformed into 
chemical energy, and a chemical part in which the stored energy is 
utilized in a sequence of dark reactions. The process is summariz
ed in the "Z-scheme" (Figure 1). The chloroplast utilizes two 
photosystems composed of well organized pigment molecules. Photo-
excitation of these units induces electron transfer reactions that 
result in the oxidation of water tp oxygen and formation of a re
duced intermediate (ferredoxin). The reducing power is then used 
in a set of dark reactions to form carbohydrates from C02. 

H20 + C02

 h V > [CH20] + 02 (eq.l) 
In this article we will discuss several approaches to the 

design of organized and controlled photosensitized electron trans
fer reactions. Special emphasis will be given to the utilization 
of the stored energy in the photodecomposition of water (eq.2). 

H20 h V > H2 + 1/2 02 (eq.2) 

A schematic cycle describing the principle of light capture and 
energy storage via a photosensitized electron transfer process in 
an artificial device is presented in Figure 2. In this system a 
synthetic sensitizer, S, substitutes for the natural chlorophyll 
as the light capturing entity. Excitation of the sensitizer, 
followed by an electron transfer to electron acceptor, A, results 
in the oxidized sensitizer and a reduced species, A". Oxidation 
of an electron donor, D, recycles the sensitizer and produces an 
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5. WILLNER ET AL. Photosensitized Electron Transfer Reactions 75 

oxidized product, D +. In such a way the l i g h t energy i s trans
formed into chemical energy and stored i n the reduced and oxi 
dized products* The reduced electron acceptor and oxidized elec
tron donor can then be further used to produce hydrogen and oxygen 
from water, as one example of long term energy storage. In this 
way a l l the active components of the system are recycled and the 
net result i s the conversion of water to a potential fuel (hydro
gen) · However, a basic l i m i t a t i o n of such a system i s the thermo-
dynamically favored back-electron transfer reactions of the i n t e r 
mediate photoproducts (eq.3 and 4 ). By these pathways the energy 
stored i n the photochemical event i s degraded and an e f f i c i e n t 
u t i l i z a t i o n of the photoproducts i s prevented. 

A" + S* > A + S (eq.3) 
A" + D ^ A + D (eq.4) 

In the natural process thi
tion of the components i
tion at opposite sides of a membrane and consequently the i n t e r 
mediates are separated and an e f f i c i e n t chemical u t i l i z a t i o n i s 
feasible. 

Thus, mimicking photosynthesis with the goal of decomposing 
water must involve three cooperative elements: (a) A l i g h t captur
ing entity that i s capable of photosensitizing electron transfer 
reactions; (b) an i n t e r f a c i a l b a r r i e r that separates the i n t e r 
mediate photoproducts and prevents their recombination; and (c) 
suitable redox catalysts capable of reducing and oxidizing water. 

Many synthetic dyes such as porphyrins, acridine, thionine 
and f l a v i n dyes have been used i n photosensitization of electron 
transfer reactions. In the past few years several promising 
organometallic compounds have been prepared as substitutes for 
the natural l a b i l e chlorophyll. These organometallics include a 
variety of metals, chelated to bipyridine or porphyrin ligands 
(6). The photophysical properties of these sensitizers and their 
potential use i n a r t i f i c i a l photosynthetic devices have been ex
tensively reviewed (_7, 9). In par t i c u l a r , sensitizers such as 
Ru(II)-tris-bipyridine, Ru(bipy)5 +(1), and Zn-porphyrins, such as 
Zn-meso-tetraphenylporphyrins (2) o?" water-soluble derivatives 
(3) and (4) have been widely explored. Different structural modi-
fTcations~such as hydrophobic substituents and charged headgroups 
have also been introduced. Thus, control of el e c t r o s t a t i c i n t e r 
actions and precise location of the sensit i z e r i n hydrophilic or 
hydrophobic environments can be achieved. 

The storage of energy by means of a photosensitized electron 
transfer cycle as presented i n Figure 2 requires a close proximity 
of the components for e f f i c i e n t quenching of the excited species. 
However, once the photoproducts are produced, their separation 
must be assisted and a barrier for their recombination must be 
introduced. Several i n t e r f a c i a l systems such as micelles (10,11), 
water-in-oil (12) or oil-in-water microemulsions (13) and bilayer 
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5. WILLNER ET AL. Photosensitized Electron Transfer Reactions 77 

membranes (14,15) (vesicles) provide microenvironments that meet 
these requirements. 

Since these interfaces are usually constructed of charged 
detergents a diffuse e l e c t r i c a l double layer i s produced and the 
i n t e r f a c i a l boundary can be characterized by a surface potential. 
Consequently, e l e c t r o s t a t i c as well as hydrophilic and hydrophobic 
interactions of the i n t e r f a c i a l system can be designed. In this 
report we w i l l review our achievements i n organizing photosensitiz
ed electron transfer reactions i n different microenvironments such 
as bilayer membranes and water-in-oil microemulsions.In .addition, 
a novel s o l i d - l i q u i d interface, provided by c o l l o i d a l SiO2 par
t i c l e s i n an aqueous medium w i l l be discussed as a means of con
t r o l l i n g photosensitized electron transfer reactions. 

Photosensitized Electron Transfer Across Bilayer Membranes 

With the knowledg
the natural process, we
pholipid membranes (vesicles) serve as an a r t i f i c i a l structure. 
For this purpose an electron transfer across the bilayer boundary 
must be accomplished (14). The schematic of our system i s present
ed i n Figure 3. In this system an amphiphilic Ru-complex i s incor
porated into the membrane wall. An electron donor, EDTA, i s en
trapped i n the inner compartment of the v e s i c l e , and heptylviolo-
gen (HV2+) as electron acceptor i s introduced into the outer phase. 
Upon illumination an electron transfer process across the ve s i c l e 
walls i s i n i t i a t e d and the reduced acceptor (HV+) i s produced. The 
different steps involved i n this o v e r a l l reaction are presented i n 
Figure 3. The excited s e n s i t i z e r transfers an electron to HV2+ i n 
the primary event. The oxidized s e n s i t i z e r thus produced oxidizes 
a R u 2 + located at the inner surface of the ve s i c l e and thereby the 
separation of the intermediate photoproducts i s assisted (14). The 
further oxidation of EDTA regenerates the se n s i t i z e r and conse
quently the separation of the reduced species, HV+, from the ox i 
dized product i s achieved. In this system the basic p r i n c i p l e of 
a v e c t o r i a l electron transfer across a membrane i s demonstrated. 
However, the quantum y i e l d for the reaction i s rather low (0 
4 χ 10-4). 

The transmembrane electron transfer was found to be the rate 
l i m i t i n g factor for the o v e r a l l reaction and the o r i g i n of the low 
eff i c i e n c y . The electron transfer across the membrane must be 
followed by cotransport of cations i n order to keep charge neu
t r a l i t y . Since the membrane has a low permeability to such cations, 
the photosensitized reaction might be limited by this e f f e c t . In
deed, further elaboration of the ve s i c l e system by including catiai 
carriers can improve the photoinduced reaction. For this purpose 
hydrophobic cation carriers (ionophores) such as valinomycin 
(s p e c i f i c for K+), CCCP (s p e c i f i c for H+) and gramicidin(transport 
agent of K+, Na + and H+) have been incorporated into the hydropho
bic region of the vesicles (16). The photosensitized electron 
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5. WILLNER ET AL. Photosensitized Electron Transfer Reactions 79 

transfer reaction i n the presence of these carriers i s enhanced 
to a 3-6 f o l d extent, depending on the ionophore (Figure 4A). 
These results confirm that the cotransport of cations plays an 
important role i n the photosensitized reactions. 

In addition to their function i n establishing charge neu
t r a l i z a t i o n during the photochemical reactions, cations might, by 
proper organization, even a s s i s t the electron transfer v i a produc
tio n of a transmembrane potential. Different concentrations of 
K+ i n the opposite aqueous phases of the l i p i d b i layer were used 
to test for this e f f e c t . The s p e c i f i c K + c a r r i e r , valinomycin, was 
incorporated into the v e s i c l e walls. Consequently, owing to the 
concentration difference, a long-lasting transmembrane potential i s 
established. The photosensitized electron transfer reaction 
appears to be affected by such e l e c t r i c f i e l d s (Figure 4B). I t can 
be seeithat when the ra t i o of Kf n/K u t >1,1·e·, i n t e r i o r boundary 
negative r e l a t i v e to the exterior, éne reaction i s 2-fold enhanced 
as compared to the syste
when the vesicles are designe
s i t e potential i s formed, the quantum y i e l d i s decreased and 
approaches the value obtained i n the absence of any valinomycin 
(16). We can see that the combined effects of cation permeability 
and a transmembrane potential result i n an 11-fold enhancement i n 
the photosensitized reduction of heptylviologen (HV2+). Thus, pro
per organization of different components i n the l i p i d bilayer 
i n t e r f a c i a l system can enhance electron transfer reactions and 
assi s t the separation of photoproducts across the bila.yer. 

Photosensitized Electron Transfer i n Water-in-Oil Microemulsions 

A water-in-oil microemulsion i s an i n t e r f a c i a l system of 
aqueous droplets i n a continuous o i l phase. By including water 
soluble or amphophilic reagents i n this system, the components can 
be concentrated at w i l l i n the different phases of the microemul
sion. By selecting an electron donor or electron acceptor that 
alt e r s i t s amphiphilic properties upon oxidation or reduction, 
one of the photoproducts can be extracted into the continuous 
organic phase and so the separation of the photoproducts i n two 
d i s t i n c t phases i s achieved. 

A possible model system i s composed of two compartment that 
include water-in-oil microemulsions represented i n Figure 5 as 
two droplets. In the aqueous phases of the two compartments two 
different s e n s i t i z e r s , S i and S2 are s o l u b i l i z e d . In one compart
ment, an electron acceptor, A2, i s so l u b i l i z e d i n the aqueous 
phase while the electron donor, D2, i s concentrated at the i n t e r 
face of the microemulsion. In the complementary h a l f - c e l l the elec
tron donor, Di, i s so l u b i l i z e d i n the water droplets and the elec
tron acceptor, Αχ, i s lo c a l i z e d at the interface. The electron don
or, D2, and electron acceptor, Αχ, are designed i n such a way that 
oxidized D2 and reduced Αχ are extracted into the continuous or
ganic phase. The photosensitized reactions i n i t i a t e d i n the two 
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Figure 4. Effect of ionophores (A ) and transmembrane potentials (B) on quantum 
yield of heptylviologen reduction in the vesicle system where φ is the quantum yield, 
CCCP (carbonyl cyanide m-chlorophenylhydrazone) is the H* carrier, and valino
mycin is the K* carrier; gramicidin makes the membrane permeable for cations such 
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h a l f - c e l l s thus result i n the separation of the photoproducts. 
U t i l i z a t i o n of the water soluble photoproducts i n decomposing water 
and coupling the two compartments with an electron mediator and 
proton c a r r i e r should recycle a l l the ingredients of the system 
except water. 

The two h a l f - c e l l s proposed i n this system have been con
structed separately. The analogue for the oxidative h a l f - c e l l 
(13) (Figure 6A) was composed of the electron donor EDTA and the 
sensi t i z e r Ru(bipy>3 (1), soluble i n the water droplet. As elec
tron acceptor, benzylnTcotinamide, BNA+, was used. This amphiphilic 
compound i s expected to concentrate at the water-oil interface. 
The photosensitized electron transfer reaction forms the reduced 
l i p o p h i l i c electron acceptor ΒΝΑ· which i s ejected into the con
tinuous organic phase and thus separated from the oxidized pro
duct. In order to monitor the entire phase transfer of the re
duced acceptor, ΒΝΑ·, a secondary electron acceptor  p-dimethyl-
aminoazobenzene (dye),wa
phase. The photochemicall
th i s system results i n the reduction of the dye (0 = 1.3 χ 10"3). 
Exclusion of the sen s i t i z e r or EDTA or the primary electron accep
tor, BNA+, from the system resulted i n no detectable reaction. 
Substitution of the primary acceptor with a water soluble deriva
t i v e , N-propylsulfonate nicotinamide, s i m i l a r l y results i n no re
duction of the dye. These results indicate that to accomplish the 
cycle formulated i n Figure 6A the amphiphilic nature of the p r i 
mary electron acceptor and i t s phase transfer a b i l i t y i n the re
duced form are necessary requirements. 

Similarly, the reduction h a l f - c e l l of the model has been 
constructed. In the l a t t e r system (Figure 6B) the electron accep
tor dimethyl-4,4'-bipyridinium (methylviologen, MV 2 +) and 
Ru(bipy)5 +(1) or the water soluble Zn-porphyrins (3) and (4) 
were dissolved i n the aqueous phase of the water-i!n-oil micro
emulsion with the electron donor, thiophenol, being concentrated 
at the water-oil interface. Illumination of this system results i n 
the production of the viologen r a d i c a l cation. This photosensitiz
ed electron transfer process results i n the separation of the re
duced photoproduct, MVt, from the oxidized product, diphenyldisul-
f i d e , which i s i n the toluene phase. 

Photosensitized Electron Transfer Reactions i n SiO^ Colloids 

C o l l o i d a l S1O2 p a r t i c l e s i n an aqueous suspension provide 
a s o l i d - l i q u i d interface. The s i l a n o l groups on the p a r t i c l e sur
face are ionized at a pH £6. Consequently, the surface of the par
t i c l e i s negatively charged and a diffuse e l e c t r i c a l double layer 
i s produced i n the v i c i n i t y of the s o l i d interface (17,18). Be
cause of the negative charges on the p a r t i c l e s they repel one 
another and their agglomeration i s prevented. The pa r t i c l e s can 
be used to exert e l e c t r o s t a t i c repulsive and attractive i n t e r 
actions with the components involved i n photosensitized reactions. 
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Interphase Toluene 

Figure 6. Cyclic mechanism for photoinduced electron transfer across the interface 
of a water-in-toluene microemulsion. Key: A, oxidative half-cell; and B, reductive 

half-cell 
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By means of these interactions a component can be s e l e c t i v e l y ad
sorbed to the interface and i t s recombination with an oppositely 
charged photoproduct can be retarded* 

To achieve such an organization i n the system the diffe r e n t 
components have to be functional!zed. Two p o s i t i v e l y charged sen
s i t i z e r s . Ru(bipy )§ + ( ]L) or Zn-meso-tetramethylpyridinium porphyrin, 
Zn-TMPyP*+ (_3), that aire adsorbed to the Si02 interface are used 
(19). The zwTtterionic dipropylsulfonate-4,4'-bipyridinium (5) 
(propylviologen sulfonate, PVS°) i s used as electron acceptor", and 
triethanolamine, TEA, i s introduced as electron donor. Photosensi
tized electron transfer i n these systems results i n a rapid pro
duction of the viologen r a d i c a l , PVST. The rates of PVST formation 
in the c o l l o i d a l Si02 systems using the different sensitizers are 
shown i n Figure 7, and compared with the analogous reactions i n a 
homogeneous phase. It can be seen that the electron transfer reac
tions i n the Si02 c o l l o i d are ca. 10-fold enhanced r e l a t i v e to the 
homogeneous phase and usin
tum y i e l d (0 = 0.35) i s
the SiO^ c o l l o i d s are ascribed to the control of the electron 
transfer reaction by means of e l e c t r o s t a t i c interactions (eq. 5 
and 6 and Figure 8). The electron transfer from the excited sen
s i t i z e r , Ru(bipy)3 +, to the neutral electron acceptor lesults i n 
two oppositely charged photoproducts. The charged interface i n t e r 
acts with these intermediate photoproducts; the oxidized s e n s i t i 
zer i s adsorbed at the interface while the reduced, negatively 
charged electron acceptor i s repelled. Consequently, the electro
s t a t i c interactions introduce a bar r i e r to the degradative gemin
ate recombination of the photoproducts. As a r e s u l t , the further 
e f f e c t i v e u t i l i z a t i o n of the oxidized product, Ru(bipy)^ +, i n o x i 
dizing the electron donor, TEA, i s f a c i l i t a t e d and high quantum 
yields are obtained. u 

+ PVS 7 (eq.5) 

+ PVS- (eq.6) 

The function of the SiO^ c o l l o i d i n retarding back-electron 
transfer reactions has been confirmed by several methods: 
(a) The quantum y i e l d i n the S1O2 c o l l o i d depends strongly on the 
ionic strength of the medium. By increasing the ionic strength the 
i n t e r f a c i a l surface potential i s decreased. As a re s u l t , the elec
t r o s t a t i c interactions with the interface are reduced and the quan
tum y i e l d i s decreased. 
(b) Substitution of the positive s e n s i t i z e r with one that i s ne
gatively charged yields two photoproducts that are repelled by the 
interface. Thus, the function of the interface i n separating the 
active intermediates i s l o s t . Indeed, with a negatively charged 
se n s i t i z e r , Zn-meso-tetraphenylporphyrin sulfonate, Zn-TPPS^- (4), 

Zn-TMPyP4+ + PVS° < , > Zn-TMPyP 

0 . hv 
Ru(bipy)3 + PVS°« , * R u ( b i p y ) ^ 
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there i s no enhancement of quantum y i e l d i n the Si(>2 system 
(Figure 7B). 
(c) The back-electron transfer reaction of the intermediate photo
products (eq. 5 and 6) has been d i r e c t l y followed i n the S1O2 
c o l l o i d by means of fla s h photolysis and compared to the similar 
process i n a homogeneous phase. A s i g n i f i c a n t retardation of back-
electron transfer i s observed.With Zn-TMPyP^* as se n s i t i z e r , 
the recombination rate constant (eq.5) i n the Si02 c o l l o i d i s re
duced by a factor of 100 r e l a t i v e to the value i n a homogeneous 
phase. Similarly, with Ru(bipy>3 + as sensit i z e r the recombination 
rate i s ca. 90-fold retarded i n the Si02 c o l l o i d . 

The extent to which back-electron transfer reactions are re
tarded i n the Si02 c o l l o i d can be improved by introduction of 
multinegatively charged electron acceptors such as Fe(CN>5 that 
increase the repulsive interactions with the interface (20). How
ever, with such electron acceptors the primary electron transfer 
event i s expected to b
approach the interface
quenching of the excited state, together with a substantial retar
dation of the recombination rate, two coupled electron acceptors 
can be used. For this purpose, a c o l l o i d a l Si02 system has been 
designed i n which Ru(bipy)§ +is the s e n s i t i z e r , PVS° (5) the p r i 
mary electron acceptor and triethanolamine, TEA, the electron 
donor. A secondary electron acceptor, K3Fe(CN>6, i s introduced 
into the system to provide a sink for the electron (Figure 9). 
The complete photosensitized electron transfer process results i n 
the reduction of Fe(CN)$~ to Fe(CN)£~ (Figure 10). I t appears that 
the photosensitized reaction i s at least 60-fold enhanced r e l a t i v e 
to the reaction i n a homogeneous phase (20). The sequence of 
events occurring i n this photosensitized electron transfer have 
been followed by fl a s h photolysis. The reduced primary electron 
acceptor PVS 7 i s produced by the quenching of the excited sensi
t i z e r adsorbed to the Si02 interface (eq.6). The reduced species 
i s ejected into the continuous aqueous phase where Fe(CN)$~ i s 
reduced (eq. 7) i n a "dark" reaction. The intermediate photopro
ducts thus created, Ru(bipy)^ + and Fe(CN)$"" , tend to back-react 
(eq.8). In a homogeneous system this process i s d i f f u s i o n con
t r o l l e d (k Dfc* 10 1 0M-l.sec-l)(21). However, i n the Si02 c o l l o i d 
a substantial i n h i b i t i o n of the recombination rate i s observed 
Xkb - 10 6-10 7 M-l-sec" 1). These results indicate that the d i f f e r 
ent functions required for an e f f i c i e n t electron transfer process 
can be achieved by coupling two or more electron acceptors. 

BVS 7 + Fe(CN)j?" * PVS° + Fe(CN)*~ (eq.7) 

^b 
Ru(bipy)^ + + Fe(CN)^" •> R u i b i p y ) ^ + Fe(CN)^" (eq.8) 
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Figure 10. Reduction of KsFe(CN)e as a function of light adsorbed. Key: 
SiOft system including PVS°; b, SiOt system; arrow, time of PVS° addition; 

homogeneous system; and d, NaLS micellar system (20). 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



90 INORGANIC REACTIONS IN ORGANIZED MEDIA 

Correlation of Quantum Yields with I n t e r f a c i a l Potentials 

The function of the Si02 c o l l o i d i n the photosensitized 
electron transfer originates from selective interactions of the 
components with the interface. The e l e c t r i c a l properties of the 
interface and the binding characteristics of the p o s i t i v e l y charg
ed s e n s i t i z e r , R u ( b i p y ) ^ , have been examined by means of flow 
d i a l y s i s ( K a s s . = 1.1 x 10 2 M~l)(22). The number of binding s i t e s 
on each S1O2 p a r t i c l e has been determined to be 65. These i o n i c 
s i t e s establish an i n t e r f a c i a l surface potential of ca. -170 mV. 

The quantum y i e l d for the photosensitized reduction of PVS° 
(using Ru(bipy)? + as sensitizer) has been correlated with the 
i n t e r f a c i a l surface potential of the S1O2 c o l l o i d (controlled by 
varying the ionic strength of the medium) (22). The correlation 
curve (Figure 11) shows that up to an i n t e r f a c i a l potential of ca. 
-40 mV the quantum y i e l
above th i s apparent threshol
the quantum y i e l d . A simila
Zn-TMPyp4+ was used as s e n s i t i z e r instead of Ru(bipy)^ + . 

The organization of components i n the Si02 co l l o i d s and the 
e l e c t r o s t a t i c interactions could, i n p r i n c i p l e , be designed with 
other negatively charged interfaces such as micelles. The photo
sensitized reduction of PVS° using Ru(bipy)$ + as s e n s i t i z e r and 
triethanolamine» TEA, as electron donor has been investigated i n 
the presence of negatively charged NaLS micelles and compared to 
the results i n the Si02 c o l l o i d (Figure 7A) (22). The size of the 
NaLS micelles i s similar to that of the Si02 p a r t i c l e s . The sen
s i t i z e r , Ru(bipy)^ +, appears to bind firmly to the micellar i n t e r 
face ( K a S s . = 3.5 χ 103 M" 1). Yet,the quantum y i e l d for the PVST 
formation i s 4-fold less e f f i c i e n t than that observed i n the Si02 
c o l l o i d . This result i s attributed to the difference i n the surface 
potential of the two interfaces. Flow d i a l y s i s measurements (22) 
indicate that the NaLS micellar interface has a surface potential 
of only -85 mV, s i g n i f i c a n t l y lower than the value determined for 
the Si02 interface (-170 mV). The experimental quantum yiel d s i n 
the NaLS micellar system f i t nicely into the correlation curve 
shown i n Figure 11. This indicates that due to the r e l a t i v e l y low 
surface potential of the micelles the e l e c t r o s t a t i c interactions 
are not as e f f e c t i v e . The comparison of photoinduced reactions i n 
the Si02 c o l l o i d to that occurring i n the NaLS micelles implies 
that both interfaces are capable of exerting e l e c t r o s t a t i c i n t e r 
actions. This can be used for organizing the components involved i n 
the photochemical reaction. However, the physical characteristics 
of the e l e c t r i c f i e l d of the d i f f e r e n t interfaces i s rather impor
tant i n controlling the reaction. In the NaLS micellar system, 
despite the organization of the components, the surface potential 
i s r e l a t i v e l y low and l i m i t s the a b i l i t y to retard back reaction. 
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Chemical U t i l i z a t i o n of the Photoproducts i n the Photodecomposi-
ti o n of Water 

The different i n t e r f a c i a l systems described i n this paper 
represent supramolecular assemblies for the separation and st a 
b i l i z a t i o n of photoproducts. These photoproducts generated i n the 
electron transfer reactions are an oxidized s e n s i t i z e r and a re
duced species (acceptor). In a l l systems that have been described 
here a s a c r i f i c a l electron donor (EDTA or TEA) has been used. For 

any p r a c t i c a l configuration, this s a c r i f i c i a l component must be 
excluded and water i t s e l f should be the compound oxidized. The 
oxidized intermediates, Ru(bipy)^ + and Zn-TMPyP5+, have the poten
t i a l for oxidizing water to oxygen (E 0(Ru(bipy)3 +/Ru(bipy)| f) « 
1.26 v o l t ; E 0 (Zn-TMPyp5+/Zn-TMPyP4+) -1.2 volt) ,but since the 
reaction requires a concerted four-electron process while the 
photoproducts are single electron oxidants  a mediating charge
storage catalyst i s needed
and, i n particular, Ru(>
oxygen evolution catalysts with Ru(bipy)§ + as oxidant (23,24). 
In an analogous way, the reduced species produced i n the photosen
s i t i z e d reaction should be coupled to hydrogen evolution. Reduced 
bipyridinium s a l t s (viologen radicals) are capable of reducing 
water to hydrogen (25, 26). For this reaction c o l l o i d a l platinum 
has been found to be an e f f i c i e n t charge-storage catalyst. 

A schematic view of one possible complete system i s shown 
i n Figure 12. Since the.oxidized photoproduct, e.g., Ru(bipy)^+, 
i s associated with one c o l l o i d a l p a r t i c l e , i t s interface should be 
coated with an oxygen-evolving catalyst. An additional c o l l o i d a l 
s i t e i s introduced by supporting platinum on a negatively charged 
polymer. The e l e c t r o s t a t i c repulsions of the two negatively charg
ed interfaces would prevent agglomeration. By using a polymer with 
a low enough surface potential the approach of the reduced photo-
product, P V S T, to the hydrogen evolution catalyst would be per
mitted while i t s recombination with Ru(bipy)^ + on the other, more 
highly charged c o l l o i d , would be prevented. In this way, the vec
t o r i a l character of the electron transfer process could be used 
for an e f f i c i e n t cleavage of water. 
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Figure 12. Utilization of Si02 colloids in the photodecomposition of water. 
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Photochemistry on Col lo idal S i l i ca Solutions 

J. WHEELER and J. K. THOMAS 
University of Notre Dame, Department of Chemistry, Notre Dame, IN 46556 

Two prob
Ru(II), and 4-(1-pyreny
bromide, PN+ have been used to investigate the na
ture of colloidal silica particles in water. The 
fluorescence spectra of the two probes show that 
the silica surface is very polar and similar to 
water. Quenching studies of the excited state of 
RuII and PN+ by anionic quenching molecules show 
that the particles are negatively charged but that 
the charge is not as effective as that on sodium 
lauryl sulfate micelles. Quenching studies with 
cationic quenchers show that the cations are bound 
strongly to the silica particles but do not move 
as readily around the surface as on anionic micelles. 
A small steric effect is observed with neutral quench
ers. Several charge transfer reactions, including 
photo-ionization are strongly affected by the silica 
particles. The studies show many similarities to 
anionic micelles; they differ from micelles in two 
important aspects: (a) they do not solubilize neu
tral organic molecules and (b) cationic organic 
molecules such as PN+, hexadecyltrimethylammonium 
bromide, and hexadecylpyridinium chloride, tend to 
cluster on the silica surface rather than disperse 
uniformly around it as with ionic micelles. 

The past decade has seen great strides in the utiliza
tion of organized assemblies, such as micelles, microemul-
sions, etc., to promote desirable features of photochemical 
reactions. (2,3) The most prominent feature of these systems 
is the use of an ionic surfactant, such as sodium lauryl 
sulfate, NaLS, or hexadecyltrimethylammonium bromide, CTAB, 
to create a charged barrier between the lipid and aqueous 
phases of a small region of the system. Reactants located 

0097-6156/82/0177-O097$05.00/O 
© 1982 American Chemical Society 
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at t h i s interface are strongly influenced i n t h e i r subsequent 
reactions by: -
(a) close proximity for rapid reaction 
(b) the strong e l e c t r i c f i e l d of the surface which influences 

electron transfer reactions, repeals ions of similar 
charge to the surface, and attracts ions of opposite charge 

(c) Organization of reactants to produce s p e c i f i c desired 
effects 

(d) s o l u b i l i z e hydrophobic molecules i n close proximity to a 
hydrophillic surface. 
Future developments i n u t i l i z a t i o n of organized assem

b l i e s could l i e i n the use of c o l l o i d a l semiconductors,^) 
and the use of inorganic c o l l o i d s i n place of the organic 
surfactants indicated above. One p a r t i c u l a r system of i n t e r 
est i s to use c o l l o i d Bentonite clays, which as they strongly 
promote thermal reactions  should also promote photochemical 
r e a c t i o n s . ^ ' However
than the simple micelle
s t a t i c very polar structure which can absorb cations by ex
changing the present clay cations. The exact nature of ad
sorption of uncharged organic molecules i s uncertain, but 
cations are expected to be strongly absorbed. 

To i n i t i a t e our studies we report data on photochemistry 
i n aqueous solutions of s i l i c a . These solutions are mainly 
water and the s i l i c a p a r t i c l e s possess a negative charge 
which i s counteracted by an i n v i s i b l e sodium ion. The systems 
bear some resemblance of anionic micelles such as NaLS. 

Experimental 

Absorption spectra were recorded i n a Perkin-Elmer spec
trophotometer, and fluorescence spectra were recorded on 
a Perkin-Elmer kkB spectrofluorimeter. Flash photolysis 
studies were carried out using an excimer l a s e r , λ excitation = 
3080A°, a ruby l a s e r , λ excitation = 3^T1A°, or a nitrogen 
l a s e r , λ excitation = 3391AQ. The system has been described 
previously. 

The c o l l o i d a l s i l i c a solutions were obtained from NALCOAG 
Chemicals #1115, pH 1 0 Λ , r = kOA° radius; #103^-A, pH 3.2, 
r = 200A°; #1050, pH 9.0, r = 200A°. These solutions were 
run at 20$ d i l u t i o n i n water. 

A new probe molecule h-(1-pyrenyl)butyltrimethylammonium 
bromide was made from pyrene butyric acid as follows: - pyrene 
butyric acid was refluxed with methanol and converted to 
the methyl ester, 

,0 

OCH3 
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The ester "was reduced with lithium aluminum hydride to the 
alcohol, 

LIAI Hj, 
Py(CH 2) 3- CH 2 0H ^ h * Py(CH 2) 3- CH 2 0H mp 8l-83°C 

The alcohol was converted to the bromide by refluxing with CBrl| 
and triphenylphosphine: 

CBn 
Py(CH 2) 3- CH 2 0H Py(CH 2) 3-CH 2Br mp 76-77°C 

The bromide derivative was refluxed with trimethylamine to 
produce the quaternary ammonium s a l t , ΡΝ +· 

Py(CH 2) 3-CH 2-Br me3p [Py(CH 2)i^-N(CH 3) 3]+ Br~ 

Experimental Data and Discussion 

Spectroscopy. I
the fluorescence spectrum of Ruthenium t r i s - b i p y r i d i n e , RuII, 
i s solvent dependent, showing a red s h i f t with increasing s o l 
vent p o l a r i t y . The fluorescence spectrum of RuII on s i l i c a 
p a r t i c l e s i s i d e n t i c a l to that of the excited molecule i n 
water. It w i l l be shown subsequently that the RuII i s essen
t i a l l y a l l bound to the s i l i c a p a r t i c l e , hence the data show 
that the environment of a probe molecule such as RuII on 
s i l i c a p a r t i c l e s i s very polar and similar to water. 

E s s e n t i a l l y , the same data i s obtained for the organic 
probe molecule k-( 1-pyrenyl)butyltrimethylammonium bromide, 
PN+. The fluorescence spectra of t h i s molecule i n several 
environments including s i l i c a and NaLS micelles are shown 
i n F i g . 1. The water and s i l i c a spectra are i d e n t i c a l , thus 
confirming the RuII probe data. 

Kinetic Data: RuII System 

Fi g . 2 shows the rate of formation and subsequent decay 
of excited RuII following laser excitation. The f i r s t order 
plot of the data i s also shown, and the slope of t h i s l i n e a r 
plot gives the rate constant for the process and the h a l f 
l i n e of reaction. Addition of a quenching molecule to the 
solution increases the rate of decay of (RuII)*: -

RuII (RuII)* 

ko* 
RuII + hv ^products 

The concentration of quencher [Q], i s much larger than 
[(RuII)*] SO reaction 2 i s pseudo f i r s t order. The o v e r a l l 
rate constant k i for decay of (RuII)* from data, such as those 
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Figure 2. Fluorescence decay of [Ru(II)]* in water where Aem = 610 nm. Key: 
1, fluorescence vs. time in arbitrary units; and 2, natural log of fluorescence vs. time; 

rate = 1.71 χ 106 s'1; half-life = 414 ns. 
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shown i n Figure 2 i s thus: k = k^ + k 2 [Q]. Several rate con
stants for reaction of (RuII)* with quenchers are shown i n 
Table I. The data may be divided into three sections, quench
ing by uncharged species, quenching by anions, and quenching 
by cations. The rate constants f o r reaction i n s i l i c a systems 
are compared to data for these systems i n homogeneous solution 
i . e . water, and i n anionic NaLS micelles. It i s noted that 
the quenching rates f or 0 2 and nitrobenzene i s about 25$ 
smaller than those i n water, but similar to those i n NaLS. 
This i s attributed to a s t e r i c factor imposed by the s i l i c a 
background on the approach of 0 to (RuII)*. 

Both negative ions Fe(CN)g" and 3-5 dinitrobenzoate 
are much slower i n s i l i c a compared to water but not as slow 
as i n NaLS where the rates were too slow to measure accurately. 
The decreased reaction rates are due to repulsion of the 
anionic quencher by th
micelles. 

(8) 
It i s possible to use the Debye modification 

of the Smoluckowski equation to explain these data. (_>2J 
The equation indicates that the d i f f u s i o n controlled rate 
constant k^ for reaction of two ions i s given by 

k = kJlr D Ν Z l Z 2 e 2 / f expj Z l Z 2 e 2 I -1 ] 
1000 rEkT / I * rEkT f J 

where Ν i s an Avagadro's number, r i s the interaction radius, 
Ε the d i e l e c t r i c constant of the medium and Z-̂ e and Z 2e are 
the charges of the two reactants and D i s the t o t a l d i f f u s i o n 
constant. The RuII data can be explained quantitatively i f 
charges of - 8 to -10 u n i t s / p a r t i c l e are used for s i l i c a ; a much 
larger charge (>20), i s necessary to explain the NaLS data. 
The exact position of the probe i n the surface i s important i n 
t h i s c a l c u l a t i o n , and the data could indicate that f or reac
t i o n to occur the anionic quenchers do not have to penetrate as 
close to S i 0 2 as to NaLS. 

The cation C u + + i s strongly bound to the s i l i c a p a r t i c l e s 
and to NaLS micelles. \ i 2 ' P a r t i c l e s or micelles containing 
(RuII)* and C u + + should show quenching of (RuII)* that i s more 
rapid than that i n water. This i s the case for NaLS micelles 
but the rates on s i l i c a are actually lower than those observed 
i n water. This i s due to a lower mobility of C u + + around a 
s i l i c a p a r t i c l e compared to an NaLS micelle, a fact already i n 
dicated by the strong binding of ions such as RuII to s i l i c a 
p a r t i c l e s . 

Kinetic Studies, PN+ System 

Table II shows the quenching rate constants for excited 
PN + with several quencher molecules on s i l i c a and on NaLS 
micelles. The patterns shown by neutral quenchers e.g. 0 2, 
CH 3N0 2 and dimethylaniline, anionic quenchers e.g. 3-nitropro-
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Table I Ru I I , observed at λ = 610 run 

System, k (LEH-S-1) 
Quencher Water NaLS, micelle S i l i c a 

None 

[1.5 x 

°2 
2.8 χ 1 0 9 2.1 χ 10 9 1.3 x 

[1.2 χ 

Nitrobenzene 3 x 1 0 9 1 χ 10 9 7.6 χ 
(8.8 χ 
[7.5 x 

Fe(CN)g~ 3.8 χ i o 1 0 <107 1.0 χ 
( 3 χ 
[1.0 χ 

3,5-dinitrobenzoate 7.8 χ 1 0 9 <107 1.5 x 

C u + + 5-3 χ 10 T 1.8 χ 10 8 (1.6 χ 

Heptyl Viologen l.h χ 1 0 8 

ο 
8.75 x 10 3.k3x 

(3.6 χ 

9̂ 

.8 

10 8 ] 

Small pH 10Λ ( ) acidic [ ] Large pH 9.0 
r = **0A° r = 200A° r = 200A° 
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Table II PN*  observed  λ

System k (LM'V" 1) 
Quencher Water NaLS, micelle S i l i c a 

None 6.8 χ 7.06 χ 10 

°2 
1.0 χ i o 1 0 7.0 χ 1 0 9 1.8 χ 1 0 9 

CH 3N0 2 3.8 χ 10 9 2.6 χ 1 0 9 1.1 χ 1 0 9 

Dimethylaniline U.O χ 10 9 (Poisson) 1.1 χ 1 0 9 

T l + 3.2 χ 10 9 1.7 x 1 0 1 0 1.6 χ i o 1 0 

C u + + 
1.9 Vf χ 10 9 1.8 χ 1 0 9 5 Λ χ 1 0 8 

(2% acidic Si) 

3-nitropropionate 6.7 χ 10 9 <107 2.0 χ 1 0 8 
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pionate, and positive quenchers e.g. T1+ and C u + + are quite 
similar to the (RuII)*, and are interpreted i n a similar fashion. 

At higher concentrations (PN+) forms excimers, the rate of 
formation of which i s too fast to be measured by the equipment 
(resolution <5 nsec). (PN+)* + PN+ — ^ (PN+)|. PN+ i s also 
quenched by hexadecylpyridinium ions on the s i l i c a p a r t i c l e s . 
This quenching rate i s also too fast to be measured. One hexa
decylpyridinium ion CP+ i s s u f f i c i e n t to t o t a l l y quench (PN+)*. 
The quenching i s s t a t i c i n nature i . e . the y i e l d of excited PN + 

decreases with increasing PN+ ((PN+) 2 being formed), or CP+, 
while the fluorescent l i f e t i m e of PN+ i s unaffected. Such 
effects are not observed i n micellar systems, but d i f f u s i o n 
controlled movement of the reactants i s required for reaction. 
It i s suggested that the organic cation only possess an a f f i n 
i t y for the s i l i c a p a r t i c l e s v i a e l e c t r o s t a t i c attraction. This 
same attractive force i  als  operativ  i  micelles  but i
addition the hydrophobi
vides an additional s o l u b i l i z a t i o  disperse
organic cations randomly around the micelle. This dispersion 
force i s not operative i n s i l i c a p a r t i c l e s and the organic ca
tions face an aqueous environment only as they cannot penetrate 
into the s o l i d s i l i c a p a r t i c l e . I f two organic cations are 
placed i n a s i l i c a p a r t i c l e , then a stable and favorable con
figuration i s attained i f the molecules group together i n close 
proximity and eliminate water from the hydrocarbon structure. 
This "colony" type process leads to s t a t i c reaction, producing 
(PN+)| or quenching of (PN+)* by CP+. 

Intermediates Produced (PN+) System 

Fig . 3 shows the spectra of short l i v e d species produced 
i n the laser f l a s h photolysis of PN+ i n water, NaLS, and i n 
s i l i c a p a r t i c l e s . Previous work enable us to i d e n t i f y the 
excited t r i p l e t and singlet states of the pyrene moiety, to
gether with the pyrene cation and hydrated electron, e~ a^ 

excited pyrene singlet PNS 1*700A° 
excited pyrene t r i p l e t PNT 1+150A0 

pyrene cation PN++ 1*600A° 
e~ aq 7200A0; using absorption 

to the red 
The PN S i s r e a d i l y i d e n t i f i e d as i t s decay i s that of the PN+ 
fluorescence; PN T i s long l i v e d and reactive with 0 2 but not 
with N20, PN"1"1" i s very long l i v e d and unreactive with 0 2 or 
N20, while e* aq i s short l i v e d and very reactive with 0 2 and 
N20. The photo-ionizationprocess giving r i s e to PN + + and e" a ( 1 

PN+ — ^ PN++ + e~ 
i s two photon and depends on the square of the laser intensity \±Z'. 
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The l i f e t i m e of ΡΝ+ + i s much enhanced on the anionic NaLS and 
s i l i c a p a r t i c l e s compared to water. An interesting feature of 
the s i l i c a p a r t i c l e s i s that PN + + i s ea s i l y observed, but un
l i k e micelles or water e~ ag i s not observed. This i s not due 
to the fact that e- a (^ reacts with s i l i c a , as e- aq produced i n 
the water bulk by photo-ionization of pyrene sulfonic acid (this 
molecule does not well bind to s i l i c a ) , has a long l i f e t i m e , 
>2 ysec. It i s suggested that the photo-ionized e~ i s ejected 
into the s i l i c a p a r t i c l e where i t i s s t a b i l i z e d and not observed 
over the spectral range studied, λ = 3000A° to 6 5 O O A 0 . 

Dimethylaniline rapidly quenches (PN +)* on s i l i c a and pro
duces the anion of PN +, (PN+)~ and the DMA cation, DMA+. The 
ions are short l i v e d as DMA+ and (PN +)~ do not escape from the 
p a r t i c l e rapidly enough to prevent back electron transfer. This 
has also been observed i n anionic NaLS micelles  (M.) 

Laser excitation
ing of the RuII groun
Heptyl and methyl viologen, HV++, MV++, rapidly quench the 
(RuII)* but the well established release of long l i v e d i n t e r 
mediates such as reduced MV+ i s not observed; (RuII)* + MV++ —> 
(RuIIl) + MV+. This i s similar to the PN+ - DMA system where 
the anionic s i l i c a surface binds the cationic products and pro
motes back e" transfer before the product ions can be separated. 

It i s interesting to note that Ag+ reacts with (RuII)* on 
s i l i c a leading to a long l i v e d , (several seconds) bleaching of 
RuII and to the formation of c o l l o i d a l s i l v e r . The reaction i s : 

(RuII)* + Ag+ — i > (RuIIl) + Ag° C o l l o i d a l s i l v e r 

The back reaction of Ag° + (RuIIl) i s rapid i n water, but i s 
strongly retarded i n s i l i c a where Ag° i s ejected from the 
v i c i n i t y of (RuIIl) which i s strongly bound to the s i l i c a 
p a r t i c l e . Such a long l i v e d separation of products i s not 
observed i n homogeneous aqueous solution. 

Conclusion 

The data show that i n many ways s i l i c a p a r t i c l e s behave i n 
a similar fashion to anionic micelles, although the quantita
t i v e aspects of the anionic surface are d i f f e r e n t . A major 
difference occurs i n the location of cationic organic molecules 
on the p a r t i c l e s , as these molecules tend to cluster together 
rather than disperse uniformly as i n micellar systems. 
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7 
Efficient Water Cleavage by Visible Light in 
Colloidal Solutions of Bifunctional Redox Catalysts 

MICHAEL GRÄTZEL 
Ecole Polytechnique Fédérale de Lausanne, Institut de Chimie Physique, 
1015 Lausanne, Switzerland 

Cleavage o
l ight into hydroge  oxyge
aqueous solutions of RuO2 and Pt cosupported by 
co l lo ida l TiO2 par t ic les . The only other compo
nent present i s a sensi t izer . No electron relay 
compound is required to accomplish the photolysis. 
Amphiphilic surfactant derivatives of Ru(bipy)2+

3 

exhibit astonishingly high ac t iv i ty in promoting 
the water cleavage process. Adsorption of the 
sensit izer at the TiO2 surface i s evoked 
to explain the observations. Exposure to UV radi
ation leads to eff icient water cleavage in the 
absence of a sensi t izer . 

In the present area of dwindling fuel reserves the develop
ment of alternative energy supplies has become a research subject 
of high p r io r i ty Q-.I). 0 n e topic that has intrigued scientists 
from many different f ields i s the photolysis of water using solar 
radiation (8-15). The prac t ica l potential of devices achieving 
this process would be enormous i f suff icient ly high conversion 
efficiencies could be obtained. Figure 1 shows a plot of the 
maximum conversion efficiency of a threshold absorber that would 
use a l l the photons i n the solar spectrum below an onset wave
length λ. In view of the thermodynamic requirements for the 
s p l i t t i n g of water into hydrogen and oxygen by a k photon process 

2H20 ^ V > 2H2 + 0 2 (Δ6 = 1.23eV « 1000) (1) 

and unavoidable losses, a threshold wavelength of 600nm i s proba
bly a r e a l i s t i c estimate for a water cleavage device. This would 
correspond to an upper l i m i t i n the conversion efficiency of ca. 
20$. According to more conservative estimates a λβ% y i e l d ap
pears to be feasible (16). S t i l l , such systems could make a 
tremendous contribution to satisfy future energy demands. 

0097-6156/82/0177-0113$06.25/0 
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Figure 1. Optical conversion efficiency for solar energy as a function of threshold 
wavelength of the absorber. Curve I is a plot of the fraction of incident solar power 
(percent) available at various threshold wavelengths; Curve II is a plot of the ther

modynamic conversion efficiencies under optimal rates of energy conversion. 
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In order to achieve the goal of decomposing water into hydro
gen and oxygen by v i s i b l e l i g h t , different strategies have been 
applied. A straightforward solution which suffers from high cost 
would be the coupling of a photovoltaic device with a water elec-
t r o l y z e r . An alternative approach i s based on the concept of wet 
photovoltaics, i . e . , the illumination of a semiconductor/electro
l y t e junction. Honda and collaborators have shown that photo-
e l e c t r o l y s i s of water can indeed be achieved with T i 0 2 as a photo-
anode (17). However, t h i s material absorbs only UV l i g h t , which 
makes i t unsuitable for solar application. This lecture deals 
with yet another concept of photoinduced water cleavage based on 
microheterogeneous photochemistry and redox c a t a l y s i s . Assemblies 
of minute dimensions w i l l be described which through suitable mo
le c u l a r engineering accomplish the d i f f i c u l t task of light-induced 
charge separation coupled to energy conversion. 

Among the variety of system  presentl  unde  investigatio
one can distinguish thre
prises photosynthetic hybrid systems, F i g . 2. Here, chloroplasts 
or individual photosystems are employed as l i g h t harvesting units. 
The objective i s to exploit the high e f f i c i e n c y of the primary 
photosynthetic redox events without attempting to synthesize car
bohydrates from C0 2. Instead hydrogen generation from water i s 
achieved by intercepting the electron transfer chain of photosys-
tem I with a suitable electron relay such as methyl viologen 
(MV 2 +). The l a t t e r couples the photosynthetic electron flow to a 
catalyst affording water reduction to hydrogen. Great progress 
has recently been made i n t h i s domain with the advent of synthetic 
catalysts such as u l t r a f i n e Pt p a r t i c l e s (18) or Pt on P t 0 2 (19) 
which replace the natural enzyme hydrogenase. Water oxidation 
i s carried out by the water s p l i t t i n g enzyme of photosystem I I . 
Attemps are also made to replace the l a t t e r by highly active oxy
gen generating catalysts such as c o l l o i d a l Ru0 2 (20). 

The second approach i s to employ synthetic molecular assem
b l i e s such as micelles, microemulsions and vesicles as reaction 
systems. Structural features of these molecular organizations are 
outlined i n Figure 3. These aggregates simulate the microenviron-
ment present i n b i o l o g i c a l systems. Hydrophobic host molecules 
par t i c i p a t i n g i n photoredox reactions may be incorporated i n 
t h e i r l i p i d - l i k e i n t e r i o r and the charged lipid/water interface 
may be exploited to control k i n e t i c a l l y the electron transfer 
events. Thus, i n the case of an ionic micelle, the l o c a l electro
s t a t i c f i e l d present at the surface of the aggregate can re a d i l y 
exceed 10° V/cm and t h i s microscopic e l e c t r o s t a t i c b a r r i e r can 
be used to achieve light-induced charge separation (21). The s i 
tuation i s analogous to electron-hole separation i n the space 
charge layer of a semiconductor. In the case of the photοinitiated 
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Figure 2. Schematic illustration of a cell-free hybrid system for the biophotolysis 
of water. 

Figure 3. Structural features of colloidal assemblies employed in light-induced 
charge separation. 
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redox reaction between a se n s i t i z e r (S) and an electron relay (R) 
the goal i s to enhance the rate of the forward reaction 

S + R S + + R~ (2 ) 

and at the same time retard that of the backward electron trans
fer. This can be achieved by using solutions of simple (22 ) or 
functional (23) micellar aggregates as reaction medium. The l a t 
t e r type of surfactants are distinguished by the fact that they 
are chemically linked to moieties p a r t i c i p a t i n g themselves i n the 
redox events. Amphophilic redox relays have also been success
f u l l y employed f o r light-induced charge separation. Here the 
addition of an electron to the molecule d r a s t i c a l l y s h i f t s i t s 
hydrophobic/hydrophilic balance. 

Apart from micelles
sions (2k) and vesicle
context of photoredox reactions i n biomimetic aggregates. Calvin 
and co-workers have for the f i r s t time i l l u s t r a t e d light-induced 
electron transfer across the b i l a y e r of liposomes ( 2 6 ) . The same 
group has also performed elegant studies with inverted micelles. 
The whole domain of biomimetic systems i s experiencing presently 
a rapid growth and exci t i n g discoveries manifest the astonishing 
progress i n t h i s area. 

Light Harvesting Units i n A r t i f i c i a l Water S p l i t t i n g Systems 

A t h i r d category which subsequently w i l l be treated i n more 
de t a i l i s that of t o t a l l y a r t i f i c i a l systems. These show no 
apparent s i m i l a r i t y with t h e i r natural counterpart. Figure k 
summarizes the mechanism of l i g h t harvesting and energy conver
sion operative i n three different configurations t y p i c a l l y employ
ed here. A sensitizer/relay p a i r i s used i n the f i r s t device. 
Light-induced electron transfer produces the ra d i c a l ions S and 
R~ which are subsequently employed to oxidize and reduce water, 
respectively. Thus, l i g h t functions here as an electron pump 
operating against a gradient of chemical potential. Such photo-
induced redox reactions have been studied i n great d e t a i l both 
from the experimental ( 2 £ ) as well as theo r e t i c a l point of view. 
The rate of electron transfer between excited s e n s i t i z e r and re
lay i s expected to approach the di f f u s i o n controlled l i m i t as 
soon as the driving force for the reaction exceeds a few hundred 
m i l l i v o l t s . Conversely, the backward electron transfer between 
S + and R~ which i s thermodynamic a l l y strongly favored i s almost 
always di f f u s i o n controlled. This poses a severe problem for the 
use of such systems i n energy conversion devices as i t l i m i t s the 
li f e t i m e of the r a d i c a l ions to at most several milliseconds 
under solar l i g h t intensity. 
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Figure 4. Light harvesting and catalytic units for light-induced water decomposi
tion. 
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With regards to the choice of the s e n s i t i z e r and the relay, 
compounds have to be found that are suitable both from the view
points of l i g h t absorption and redox potentials and undergo no 
chemical side reactions i n the oxidation states of interest. The 
sensi t i z e r should have good absorption features with respect to 
the solar spectrum. Also, i t s excited state should be formed 
with high quantum y i e l d , have a reasonably long l i f e t i m e and the 
electron transfer reaction must occur with high e f f i c i e n c y , v i z . 
good solvent cage escape y i e l d of the redox products. The redox 
properties of the donor-acceptor relay must obviously be tuned to 
the fuel-producing transformation envisaged. In the case of wa
t e r cleavage by l i g h t the thermodynamic requirements are such 
that E°(S +/S) > 1.23V (NHE/ and E°(R/lT) > OV under standard con
ditions. In the design of sensitizer/relay couples suitable for 
photoinduced water decomposition considerable progress has been 
made over the l a s t few years (28). A number of systems have been 
explored converting mor
required f o r excitatio
Porphyrines appear t o be p a r t i c u l a r l y promising i n t h i s respect. 
In several cases the reduced relay and oxidized s e n s i t i z e r are 
thermodynamically capable of generating H2 and O2 from water: 

Noteworthy examples are sensitizers such as R u i b i p y ) ^ (29) » por-
phyrine derivatives (30) and acridine dyes, e.g., p r o f l a v i n (31). 
Among the electron relay compounds investigated i t i s worth men
tion i n g the viologens (32) Eu 3 + , V 3 + and t h e i r respective s a l i c y 
l a t e complexes (j£), R u ( b i p y ) | + (3k) and cobalt complexes (35). 
Thus, at present a considerable choice of sensitizer/relay pairs 
i s available that f u l f i l l the photochemical and thermodynamic 
requirements for water decomposition. 

The next step i s to combine the photoprocess with the gener
ation of hydrogen using water as an electron source. This pre
sents a formidable problem since water oxidation as well as redu
ction are multistep electron transfer processes that proceed 
through stages of highly reactive and energetic intermediates. 
The success i n t h i s domain has therefore largely been determined 
by the development of redox catalysts mediating hydrogen and oxy
gen formation and thus avoiding these r a d i c a l intermediates. In 
fac t , only throu^i drastic improvement of previously known and 
discovery of new redox catalysts has the design of a c y c l i c water 
decomposition system operating on four quanta of v i s i b l e l i g h t 
become feasible. The performance of these catalysts has to 

R~ + H 20 -> I H 2 + OH" + R 

2S + + H20 I 0 2 + 2H + + 2S 

(3) 

(k) 
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s a t i s f y the following conditions: a) The catalysts have to i n 
tercept the thermal back reaction which occurs i n the micro-to-
millisecond time domain, b) The water reduction catalyst 2 must 
compete with oxygen reduction by R~ which i s expected to occur at 
a d i f f u s i o n controlled rate. This sets the rate l i m i t required 
f o r H2 generation at several microseconds, c) The intervention 
of the catalysts has to be s p e c i f i c i n order to avoid s h o r t - c i r 
cuitry of the back reaction, d) In order to achieve high quan
tum yields i t i s b e n e f i c i a l to keep the oxygen concentration i n 
solution as low as possible. Hence, i t i s desirable to have an 
oxygen c a r r i e r present i n solution that absorbs the 0 2 produced 
during photolysis. This allows also for H 2 / O 2 separation. 

Development of Highly E f f i c i e n t Hydrogen Producing Catalysts 

A few years ago i
a l l of the d i f f i c u l t i e
that time there was even no 0 2 producing catalyst available. 
This was discovered i n 1978 i n our laboratory (36) i n the form of 
noble metal oxides such as Pt 0 2 , I r 0 2 and Ru02. The l a t t e r has 
been most widely investigated since then (37). Platinum has been 
known for a long time to mediate water reduction by agents such 
as V 2 + , C r 2 + and also reduced viologens. However, i t required 
several years of research to develop a Pt catalyst that would 
s a t i s f y conditions (a-d) indicated above, i . e . , produce H 2 i n the 
microsecond time domain at reasonably low Pt concentrations. 

Our strategy here was to develop Pt colloids of minimum par
t i c l e size which would render the water reduction by the electron 
relay R~ p a r t i c u l a r l y e f f e c t i v e . The goal was to obtain hydrogen 
evolution rates i n the microsecond time domain which would com
pete with back electron transfer. F i r s t a centrifuged Pt s o l 
protected by polyvinyl alcohol was employed which gave clear and 
almost colorless aqueous suspensions even at higgi Pt concentra
tions (38). Flash photolysis technique was applied for the f i r s t 
time to study the dynamics o f intervention of the Pt p a r t i c l e s i n 
the water reduction process. Methylviologen (MV 2 +) was reduced 
by the excited state of Ru(bipy) 2 + : 

*Ru(bipy) 2 + + MV 2 + + MV+ + Ru(bipy)| + ( 5 ) 

and the behavior of MV+ analyzed by absorbance technique. The 
rate constant for water reduction: 

MV+ + H20 I H 2 + OH" + MV 2 + (6) 

was found to be 6 χ lO^S" 1 at 10"3M Pt concentration. The high 
a c t i v i t y of t h i s catalyst was also demonstrated i n a c l a s s i c a l 
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photochemical reaction, i . e . , the photolysis of benzophenone i n a 
water/alcohol mixture. Here i n the presence of c o l l o i d a l Pt the 
kety l radicals were directed towards water reduction (39) 

instead of dimerization or disproportionation. Thus the pathway 
of the photoreaction i s t o t a l l y altered i n the presence of these 
catalysts. Instead of the photoreduction o f "benzophenone to 
benzpinakol one observes sensitized conversion of isopropanol 
into acetone and hydrogen, which i s an energy storing process. 

For further refinement of the Pt catalyst we made use of 
Turkevich's method to prepar  u l t r a f i n d monodispers  Pt 
sols (40). Employing polyme
f i r s t successful attempt was made to rende  the interventio  o
these p a r t i c l e s s p e c i f i c . Thus polyvinylpyridine absorbs well to 
the 30 A platinum p a r t i c l e s rendering t h e i r surface amphiphilic. 
Hydrophobic relays such as long chain substituted viologen r a d i 
cals are readily trapped by these p a r t i c l e s and subsequently 
affect water reduction. In contrast the oxidized s e n s i t i z e r i s 
rejected from the Pt surface by hydrophobic and e l e c t r o s t a t i c 
interactions. Thus, s h o r t - c i r c u i t r y of the back reaction i s 
avoided. 

A further remarkable increase i n a c t i v i t y i s observed when 
these u l t r a f i n e Pt aggregates are deposited on a c o l l o i d a l semi
conductor such as T i O 2 . In t h i s case the cross-section of the 
reaction of the reduced relay R with the catalyst i s greatly 
increased as the support i t s e l f can act as an electron acceptor 
(FigureS). The electron i s injected into the conduction band of 
the semiconductor from where i t migrates to Pt sites where hydro
gen generation from water takes place. By using laser photolysis 
technique, i t was possible to d i r e c t l y monitor the kinetics of 
hydrogen formation from reduced methyl viologen and water i n such 
a system (kV). We observed a reaction rate constant of k = 
3 x 1 0 5S - 1 at 20mg P t / l . The k i n e t i c events are i l l u s t r a t e d i n 
Figure 6, which i l l u s t r a t e s the time course of MV decay (602nm) 
and Ru(bipy)* + bleaching (U70nm) a f t e r laser excitation. In the 
absence of catalyst there i s back reaction between these two 
species within a time domain of several hundred microseconds. 
Introduction of the Pt/Ti02 catalyst i n the solution causes a 
dramatic increase i n the rate of MV decay, which i s due to 
charge i n j e c t i o n into the c o l l o i d a l Ti0 2 and subsequent hydrogen 
formation. In contrast the Ru(bipy)* + bleaching i s retarded i n 
the presence of the catalyst showing that the pa r t i c l e s interact 
s e l e c t i v e l y with the MV , while no or very slow reaction occurred 

Φ 
c - OH + H20 (7) 
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Figure 5. Mediator function of the colloidal TiOg particle, loaded with Pt in the 
light-induced Hg generation from water. Electron injection from the reduced relay 

into the Ti02 conduction band. 
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Figure 6. Oscilloscope traces obtained from the laser photolysis of 10'4 M 
Ru(bipy)$3* and 2 X 10 3 M MV2* in deaerated aqueous solution at pH 5. Key: 
a,b, without catalyst; ctd> catalyst Pt (40 mg/L) or RuOt (8 mg/L) loaded on 500 

mg/L TiOt. 
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with the oxidized s e n s i t i z e r Ru(bipy)* + . This finding i s of 
c r u c i a l importance for the design of a c y c l i c water decomposition 
system where s p e c i f i c i t y and high rates of interaction are r e 
quired as pointed out above. 

Development of Highly E f f i c i e n t Oxygen Generating Catalysts 

The photodecomposition of water became feasible i n a regene
rative way only after oxygen generating catalysts had been deve
loped. In 1978, we showed (36) that noble metal oxides such as 
Pt0 2, Ir0 2 and Ru02 i n macrodisperse or c o l l o i d a l form are capa
ble of mediating water oxidation by agents such as Ce1*"1", 
Ru(bipy)* + and FeCbipy)^ . The development of Ru02 has advanced 
rapidly since then. An impression of the improvement of the ac
t i v i t y of Ru02 based catalysts may be gained from the following 
comparison: Three year
by Ru(bipy)* + 

URu(bipy)? + + 2H20 + URu(bipy)* + + 0 2 + UH+ (8) 3 3 

within a time domain of several minutes we required l g / l Ru02 

powder. Today, by using an ul t r a f i n e deposit of Ru02 on c o l l o i 
dal Ti0 2 p a r t i c l e s a h a l f l i f e t i m e of 5 to 10ms can be obtained 
(jj2) with only kmg Ru0 2/l. Thus, by decreasing the p a r t i c l e size 
of Ru02 and s t a b i l i z i n g the catalyst on a suitable c a r r i e r a more 
than 106 f o l d increase i n the c a t a l y t i c a c t i v i t y has been a-
chieved. 

Application of combined flash photolytic and fast conducto-
metric technique made i t possible to probe the mechanistic de
t a i l s of the oxygen evolution reaction. Thus, Ru(bipy)| + was 
produced v i a the photoredox reaction: 

2Ru(bipy)* + + S202~ 2Ru(bipy)* + + 2S0J" (9) 

and the kinetics of oxygen production v i a reaction (8) were stud
i e d i n the presence of a catalyst consisting of a transparent 
Ti0 2 s o l loaded with Ru02. A comparison of the temporal behavior 
of the Ru(bipy)* + absorption decay and the increase i n conductiv
i t y associated with water oxidation was made. Results obtained 
from 530nm laser photolysis experiments are i l l u s t r a t e d i n Figure 
7. The temporal behavior of the Ru(bipy)| + absorption at 6^0nm 
i s juxtaposed to that of the solution conductance. The lower 
oscillogram shows that the decrease i n the absorbance occurs con
comitantly with an increase i n the conductivity. This indicates 
that hole transfer from Ru(bipy)* + to Ru02 i s immediately follow
ed by release of protons and oxygen from water. Thus the c o l l o i 
dal catalyst p a r t i c l e couples reduction of Ru(bipy)g + to water 
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TIME (microseconds) 

Figure 7. Laser photolysis experiments with solutions containing 10"A M 
Ru(bipy)s

2+ and 2 X 10s M St06

2"; catalyst TiOt (200 mg/L) loaded with RuO, 
(4 mg/L). Simultaneous observation of transient conductance and absorbance. 
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oxidation. This experimental observation provides a direct proof 
that the concept of redox c a t a l y s i s , considering the Ru02 c o l l o i d 
as microelectrodes, i s v a l i d for water oxidation, as well as for 
water reduction. Moreover, The Ru02 p a r t i c l e s can be regarded as 
a r t i f i c i a l analogues of the water s p l i t t i n g enzyme i n photosystem 
I I , present i n chloroplasts. Both are capable of tra n s f e r r i n g 
four oxidation equivalents from a suitable solute to water re
leasing oxygen and protons. The Ru02 mediator affords water oxi
dation within milliseconds at surprisingly low concentration. 
This proved to be extremely valuable i n energy conversion systems 
where water i s the source of photodriven u p h i l l electron flow. 

Cyclic Water Cleavage by V i s i b l e Light 

Since photo generated MV+ and Ru(bipy)g + can be used fo r wa
t e r reduction and oxidatio
mine a system where th
simultaneously following photoinduced electron transfer. As was 
pointed out above, the Ru02 and Pt catalysts have to be active 
enough t o intercept the back reaction. Also, t h e i r intervention 
has to be s p e c i f i c i n that MV reacts s e l e c t i v e l y with the Pt 
par t i c l e s while Ru(bipy)| + interacts with Ru02. Cross reactions 
have to be avoided since they lead t o s h o r t - c i r c u i t r y of the back 
reaction. 

A f i r s t successful attempt to s p l i t water photochemically 
t h i s way was made by us i n 1979 ( ^3 ) » A copolymer of maleic an
hydride and styrene was used as a protective agent for the Pt s o l . 
This i s suitable to achieve s e l e c t i v i t y since i t provides func
tions with pronounced hydrophobicity. Of the redox products 
formed i n the ligjht reaction MV i s r e l a t i v e l y hydrophobic and 
w i l l therefore interact with the Pt. Ru(bipy)^ + on the other 
hand i s prone to interact with the hydrophilic and negatively 
charged Ru02 surface. One disadvantage of this system i s that 
the quantum y i e l d of water s p l i t t i n g i s small (M).l#) and that 
the photo reaction stops i n a closed vessel after a few hours of 
ir r a d i a t i o n . One encounters here a fundamental problem which i s 
inherent to a l l devices that attempt t o produce p h o t o l y t i c a l l y H 2 

and 0 2 without l o c a l separation: The presence of oxygen w i l l 
severely l i m i t the quantum y i e l d of water s p l i t t i n g as both depo
l a r i z a t i o n of the cathodically tuned Pt p a r t i c l e s as well as re-
oxidation of the reduced relay according to 

R" + 0 2 •+ 0 2 + R (10) 

w i l l interfere with hydrogen generation. Using computer simula
t i o n , I n f e l t a (hh) has elaborated the detailed kinetics of the 
processes occurring i n the Ru(bipy )*+/MV2+ system under 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



126 INORGANIC REACTIONS IN ORGANIZED MEDIA 

illumination. By taking into account the rate parameters fo r a l l 
relevant reactions including c a t a l y t i c H 2 and 0 2 production, he 
arrives at the conclusion that water s p l i t t i n g w i l l cease once 
the oxygen concentration builds up i n solution. 

This problem has been overcome only recently through the 
development of bifunctional redox catalysts The l a t t e r are 
distinguished by the fact that Pt and Ru0 2 are loaded onto the 
same mineral c a r r i e r p a r t i c l e . C o l l o i d a l T i 0 2 was the f i r s t ma
t e r i a l to be used as a support. It f u l f i l l s four different func
tions i n the water s p l i t t i n g system (Figure 8): 1) It serves as 
a c a r r i e r for Pt and Ru02 and maintains these catalysts i n a 
highly dispersed state. 2) The T i 0 2 conduction band accepts 
electrons from the reduced relay or the excited s e n s i t i z e r . 
These are channeled to Pt sit e s where hydrogen generation occurs. 
As the whole T i 0 2 p a r t i c l e i s reactive the cross-section and, 
hence, the rate of electro
respect to systems i n whic
used as catalysts. 3) Ru02 catalyzes oxygen production from 
water, k) T i 0 2 serves as an adsorbent for 0 2 produced during 
the photolysis. Some adsorption w i l l take place spontaneously, 
however, the main part i s photoinduced: Electrons injected into 
the conduction band are used to reduce 0 2 to 0 2 which i s strongly 
attached to the T i 0 2 surface. Assuming monolayer coverage l g of 
T i 0 2 with a surface area of 200m2 can adsorb ca. 50ml of 0 2. 
Through t h i s mechanism the amount of 0 2 i n solution i s kept very 
low, which benefits greatly the ef f i c i e n c y of water photolysis. 

A correlation has meanwhile been established between the wa
te r cleavage e f f i c i e n c y and the capacity for oxygen binding by 
T i 0 2 . The l a t t e r i s favorably influenced by surface hydroxyl 
groups. Thus, a good support material i s a f u l l y hydroxylated 
anatase with a high surface area. Flame hydrolyzed T i 0 2 has a 
small number of surface hydroxyl groups and, hence, a low a f f i n i 
ty for 0 2 binding. When charged with Pt and Ru02 i t shows only 
small c a t a l y t i c a c t i v i t y i n water decomposition systems. The 
binding of 0 2 to the support has been demonstrated unambiguously 
by exposing a photolyzed solution to a high concentration of oxy-
anions. This provokes release of 0 2 from the T i 0 2 surface, which 
can be readily analyzed (k6). 

Detailed investigations have meanwhile been carried out with 
the T i 0 2 based redox catalyst using the Ru(bipy)3 +/MV 2 + couple as 
a sensitizer/relay pair. Apart from the composition of the cata
l y s t (η-doping, Ru02 and Pt loading) the quantum y i e l d of water 
s p l i t t i n g depends strongly on T i 0 2 concentration, pH and tempera
ture (Jtl). Under optimum conditions, the ef f i c i e n c y for hydrogen 
production (φ(Η 2)) i s 6% (T5°C). A study of the kinetics of H 2 

and 0 2 generation showed that over the i n i t i a l period of 10-20h 
i r r a d i a t i o n time the gas released from the solution i s pure 
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ELECTRON 
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Figure 8. Schematic illustration of the intervention of a colloidal TiOt-based 
bifunctional redox catalyst in the cleavage of water by visible light. 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



128 INORGANIC REACTIONS IN ORGANIZED MEDIA 

hydrogen, oxygen being retained i n the solution through absorp
tion on Ti02. The k i n e t i c s of H2 production from i r r a d i a t i n g a 
solution containing Ru(bipy)23+ as a sensitizer are i l l u s t r a t e d i n 
Figure 9. One observes a l i n e a r increase i n the amount of hydro
gen generated during the f i r s t 10 to 20h of i r r a d i a t i o n time. 
Thereafter the rate of H2 production decreases. This i s a t t r i b u 
ted to the increase i n oxygen concentration i n the solution which 
lowers the quantum y i e l d of hydrogen formation. After flushing 
the systems with argon the H2 generation resumes at the i n i t i a l 
rate. This finding i s important i n that i t points at a way to 
separate hydrogen from oxygen which presents a problem for prac
t i c a l applications of such systems. The capacity of the c a r r i e r 
must be made high enough to absorb the quantity of oxygen produc
ed from one day of solar i r r a d i a t i o n . In such a system daylight 
production of hydrogen would alternate with O2 release during the 
night. 

Cyclic water cleavag
electron relay free system
sensitizer that i s absorbed onto the p a r t i c l e surface i s photo
active and electron i n j e c t i o n occurs d i r e c t l y from i t s excited 
state into the TiO2 conduction band. Using the surfactant ruthe
nium complex depicted i n Figure 10, a quantum y i e l d of 7% was ob
tained for the water s p l i t t i n g process. 

A t h i r d type of water photolysis system i s based on band gap 
excitation of c o l l o i d a l semiconductors as depicted i n Figure 4c. 
Photoinduced electron/hole separation i s followed by H2 produc
tion from conduction band electrons catalyzed by Pt. Holes i n the 
valence band are used to generate oxygen. Previous studies have 
been carried out with TiO2 or SrTi03 as support material (49-54). 
However, UV i r r a d i a t i o n i s required to excite these p a r t i c l e s and 
e f f i c i e n c i e s are usually small. An exception i s made by the b i -
functional redox catalyst which s p l i t s water with surprising 
e f f i c i e n c y under near UV illumination (λ > 300nm). Results are 
shown i n Figure 11 which i l l u s t r a t e s the amount of hydrogen and 
oxygen produced as a function of illumination time. The solution 
(25ml) contained 12.5mg TiO2 loaded with lmg Pt and 0.025mg Ru02« 
I n i t i a l l y one obtains H2 at a rate of 2ml/h, which corresponds 
to a quantum y i e l d of ca. 30%. The rate decreases as the pressure 
of H2 and O2 builds up i n solution. After flushing with argon 
the H2 generation resumes at the i n i t i a l rate. A key role i n 
achieving t h i s high e f f i c i e n c y i s played by the Ru02 deposit on 
the Ti02 p a r t i c l e , which greatly f a c i l i t a t e s the transfer of holes 
from the valence band of the semiconductor to the solution bulk. 

This c a t a l y t i c effect of Ru02 has been exploited recently 
to s t a b i l i z e small band gap semiconductor p a r t i c l e s which from 
their absorption properties are more suitable for solar energy 
conversion than T1O2. An undesirable property of these materials 
i s that they undergo photocorrosion under illumination. Holes 
produced i n the valence band migrate to the surface where photo-
corrosion occurs, i . e . , 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



7. G r ä t Z E L Efficient Water Cleavage by Visible Light 129 

Figure 9. Cyclic water cleavage by visible light in the presence of Ru(bipy)s

2* as a 
sensitizer and afunctional redox catalyst as an electron relay. 
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Figure 10. Processes involved in the photodecomposition of water in a relay-free 
system. An amphiphilic Ru(bipy)3

2+ derivative is used as a sensitizer. 
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TIME[h] 

Figure 11. UV irradiation (Pyrex filtered) of the afunctional TiOt (anatase) 
catalyst, 500 mg Ti02/L doped with 0.4% Nb205 loaded with 0.1% RuOt and 
40 mg Pt, pH 4.5 adjusted with HCl. Triangles indicate the volume of oxygen in 

mL. 
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CdS + 2 + + C d 2 + + S (11) 

Recently, we discovered (55) that loading of c o l l o i d a l or macro-
disperse CdS p a r t i c l e s with an u l t r a f i n e deposit of Ru(>2 prevents 
photodecomposition through promotion of water oxidation according 

(Ru0 2) 
4h +(CdS) + 2H20 ^ 0 £ + 4H ( 1 2 ) 

Sustained water cleavage by v i s i b l e l i g h t i s observed when CdS 
p a r t i c l e s loaded simultaneously with Pt and Ru0 2 are used as 
photocatalyst. Again, hydrogen and oxygen are generated by 
conduction band electronics and valence band holes, respectively, 
produced by band gap excitation. Thus i r r a d i a t i o n of a 25ml 
solution containing 2.5mg c o l l o i d a l CdS loaded with 0.5mg Pt and 
0.2mg Ru02 yields 2.8ml H  and 1.4ml 0  after 44 hours of i r r a d i
ation with the v i s i b l e outpu
y i e l d i s s t i l l s i g n i f i c a n t l
Pt/Ru0 2 s o l i n the presence of a suitable sensitizer and further 
development i s required to improve the performance of this system. 

Cleavage of Hydrogen Sulfide by V i s i b l e Light 

The a b i l i t y of Ru0 2 to promote hole transfer from the conduc
tion band of CdS to solution species can be exploited for process
es other than water oxidation. Thus, CdS suspension loaded with 
RuÛ2 decompose very e f f i c i e n t l y H 2S into hydrogen and sulfur under 
v i s i b l e l i g h t i r r a d i a t i o n (56). 

H 2S H 2 + S (13) 

Figure 12 i l l u s t r a t e s the amount of H 2 produced by illuminating 
a suspension of 25mg CdS loaded with 0.1% Ru0 2 i n 25ml water of 
pH3. The hydrogen formation rate i s constant up to more than 90% 
consumption of H2S. Rates improve with pH and Ru02 loading. For 
example, H2 i s produced at 9ml/h (ca. 35% quantum yield) at pH 13 
with the same amount of CdS loaded by 3% Ru02- The ro l e of Ru02 
i n t h i s system i s to enhance the rate of s u l f i d e oxidation by 
holes produced i n the valence band through band gap excitation. 
Thus electron-hole recombination i s interpreted e f f i c i e n t l y and 
high quantum yiel d s are obtained. Electrons i n the conduction 
band are used to reduce protons to hydrogen (Figure 13). Impor
tant with respect to p r a c t i c a l application i s the fact that no Pt 
catalyst i s required to promote hydrogen formation. This i s due 
to a cathodic s h i f t of the flatband potential of CdS caused by 
absorption of s u l f i d e ions. Thereby the driving force for water 
reduction to hydrogen i s increased making the use of a Pt catalyst 
superfluous. The composition of hydrogen s u l f i d e i s an energy 
storing process that could become an important alternative to 
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Figure 13. Schematic illustration of elementary processes involved in the CdS-
sensitized decomposition of HgS. 
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water cleavage as a source for hydrogen production from sunlight. 
is an abundant waste product in coal and petrol-related 

industry that could be made use of in this way. 

Conclusions 

Colloidal semiconductors, molecular assemblies such as 
micelles or vesicles and ultrafine redox catalysts provide suit
able microscopic organization to accomplish the difficult task 
of light-induced water cleavage. Work in the future will be 
directed to improve the efficiency of such devices by identifying 
new photocatalysts and solving the problem of hydrogen/oxygen 
separation. Colloidal semiconductors will certainly play a 
primordial role in this development. Their key advantage over 
other functional organizations is that light-induced charge 
separation and catalytic events leading to fuel production can be 
coupled without interventio
colloidal semiconducto
catalysts so that different regions function as anodes and 
cathodes. It appears that this wireless photoelectrolysis could 
be the simplest means of large scale solar energy harnessing and 
conversion. 
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The U s e of Cationic Surfactants in 
Electrochemistry and Catalysis on Pla t inum 
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The additio f cationi  surfactants
pecially Hyamin
benzyl trimethylammonium chloride) to aqueous 
systems has been shown to increase yields in electro
lytic synthesis studies, to make possible volt-
ammetric studies of various organic and inorganic 
compounds using platinum electrodes, and to accel
erate the rate of hydrolysis of esters on platinum 
surfaces. The surfactant accomplishes this by sol-
ubilizing the compounds in micelles and by forming 
a hydrophobic film on the surface of the platinum 
which excludes water but allows the penetration 
of the reactants to the surface. 

The film structure has been indicated to be 
similar to the structure of an inverted micelle. 
It is caused by adsorption of chloride ions on 
the platinum and the attachment of the quaternary 
ion by ion pairing. One can cause alternating in
creases and decreases in the rate of electrooxi-
dation and catalytic esterification by the presence 
of monolayers, bilayers, etc. 

General Use of Additives 
Additives have been routinely used in corrosion (1), cat

alysis (2) and electrodeposition(3,4) ,fields in which metals 
interface with electrolytic solutions. Studies in these areas 
are part of the field of modification of metal surfaces in order 
to change the rates of processes occurring at the surface. In 
recent years there has been a good deal of work on what is known 
as chemical modifications of electrodes (5). While these semi
permanent modifications have involved some sophisticated in
vestigations, the additive field is largely studied by a trial 
and error process. The work in our laboratories has been aimed 
at obtaining an understanding of the role of additives in these 
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p r a c t i c a l processes and i n recent years this work has con
centrated on cationic surfactants. 

Cationic Surfactant Additives 

Although anionic and cationic surfactants have always 
been typical additives used i n the empirical studies, i n recent 
years a more intensive look has been taken at the use of these 
surf actaats i n electrochemistry. Many of these studies have 
concentrated on quaternary s a l t s Ç6-18) and their use i n organic 
electrochemistry. These studies were i n part stimulated by the 
development at Monsanto (1Z) and l a t e r at P h i l l i p s Petroleum (18) 
of e l e c t r o l y t i c processes for the electrohydrodimerization of 
a c r y l o n i t r i l e to make a d i p o n i t r i l e using quaternary salts as 
supporting e l e c t r o l y t e s . 

The research i n electroorganic chemistry has concentrated on 
the uses of surfactant
ducts i n aqueous e l e c t r o l y t i
amounts of these hydrotropic s a l t s (17,19,20) have been used to 
break the water structure thus increasing "the s o l u b i l i t y of the 
organic compounds. In other cases the surfactants have been 
used as emulsifying agents for organic solvents, used to dissolve 
the compounds (21-26) . In s t i l l other cases the compounds have 
been s o l u b i l i z e d i n the form of micelles (27-39). 

Phase Transfer and Micelle Catalysis 

It has become increasingly evident that the surfactants are 
accomplishing more than the s o l u b i l i z a t i o n of the organic com
pounds. Certainly phase transfer catalysis would be expected to 
occur i n the emulsion system and this has been proposed i n 
several organic synthesis studies (21-^26). The term micelle 
catalysis has not been used to any extent i n electrochemistry. 
Instead terms such as ion pairing and ion bridging have been 
used to explain the acceleration of electrode reactions by the 
presence of a variety of ions i n the interface between the s o l 
ution and the electrode (40-42). Obviously these processes are 
the same king of processes one postulates i n micelle c a t a l y s i s . 

The Surfactant Film on the Surface of the Electrode 

Studies i n our laboratories (43-51) have concentrated on the 
effects of quaternary s a l t s on electrochemical oxidations on 
platinum electrodes i n emulsion and micelle systems. In addition 
studies have been made of the effect of these surfactants on a 
noncatalytic process occurring at the platinum solution interface. 
The quaternary s a l t used f o r most of the experiments was Hyamine 
2389 (predominantly methyl dodecylbenzyl t rime thy 1 ammonium 
chloride) and the aqueous solution was strongly basic. Under 
these conditions i t was concluded (49) that the anode was covered 
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with a layer of strongly adsorbed chloride ions. These ions 
were ion paired with the quaternary ion with the p o s i t i v e head 
toward the electrode and the nonpolar t a i l toward the aqueous 
solution. Thus the metal serves as a means of forming an 
inverted micelle (Figure 1). 

Voltammetric Studies 

Voltammetric methods are very useful for studying factors 
that influence films on the surface of metals. Figure 2 (44) 
shows a comparison of anodic current-voltage curves obtained with 
platinum electrodes i n aqueous sodium hydroxide. It can be seen 
that i n the absence of a surfactant water i s oxidized at about 
0.7 v o l t s . If anionic or neutral surfactants are present there 
i s l i t t l e s h i f t i n this oxidation potential indicating that 
water penetrates r e l a t i v e l y unhindered to the electrode surface. 
However, when Hyamine 238
F i r s t , there i s a peak
Hyamine i s oxidized. Upon repeated oxidation one sees this max
imum decrease i n height u n t i l a f t e r 3 or 4 runs one sees a r e l 
a t i v e l y f l a t residual current l i n e . This behavior indicates 
that the Hyamine i s oxidized to form a r e l a t i v e l y firmly 
bound f i l m which prevents new unoxidized Hyamine from reaching 
the metal surface. 

In addition one sees that the oxidation potential f o r water 
i s increased to about 2.0 v o l t s . Thus this hydrophobic f i l m 
has excluded water from the electrode interface to such an ex
tent that one must apply 1.3 volts more i n order to oxidize the 
water. This hydrophobic behavior i s s i m i l a r to the behavior 
expected i n micelle systems. 

Oxidation of Organic Compounds on the Filmed Surface 

From a p r a c t i c a l electrochemical viewpoint the f i l m f u r 
nishes 1.3 vol t s more of oxidizing potential i n which to look 
for the oxidation of compounds. Because of this extra potential 
range there area number of compounds that give d i s t i n c t o x i 
dation waves i n the presence of the Hyamine that give no wave or 
only i n d i s t i n c t waves i n i t s absence. Figure 3 shows a v o l t 
ammetric curve for the oxidation of thiourea (47). Thiourea 
gives no observable wave i n the absence of the surfactant but 
gives very d i s t i n c t waves i n i t s presence. I t should also be 
noted that the electrochemical technique furnishes a method of 
studying which substances are extracted by the inverted micelle 
into the zone of reaction. 

The three effects, increased s o l u b i l i t y , micelle c a t a l y s i s , 
and the increased range of available oxidation potentials allows 
one to see normally unobserved oxidation waves for a number of 
compounds, a few of which are l i s t e d i n Table I . 
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VOLTAGE (VOLTS) 
J. Electrochem. Soc. 

Figure 2. Effect of different surfactants on the anodic current potential (vs. SCE) 
curves obtained in 2 Ν NaOH. Key: A, no surfactant; B, anionic surfactant; C, 

neutral surfactant; and D, cationic surfactant 
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POTENTIAL (VOLTS) 
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Figure 3. Anodic current-voltage curves in aqueous sodium hydroxide. Key: A, 
with Hyamine2389; and B, with Hyamine 2389 plus8.76 X 10s M thiourea. 
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Table I 
Observed Half-Wave Potentials of 

Some Organic Compounds i n 
2N Aqueous Sodium Hydroxide 

With and Without Hyamine Micelles 

E l / 2 
With Sodium 

Compound Micel l e Hydroxide 

ΝADR (51) 0.77, 1.15 unobserved 
cysteine (51) 1.07 unobserved 
2,4-dinitroaniline (48) 0.78, 0.93 unobserved 
o-phenylenediamine (48) 0.42, 1.0 0.58, 1.05 
p^nitrobenzoic acid (48) 0.78 unobserved 
p-nitrobenzaldehyde (48
2,5-dichloroaniline (48
D-glueose (48) 0.80 unobserved 
biphenyl (48) 0.86 unobserved 
benzhydrol (48) 0.84 unobserved 
anthracene (48) 0.90 unobserved 
palmitic acid (48) 0.96 unobserved 
m-toluic a c i d (48) 0.81 0.80(s)* 
phenylsalicylate (48) 1.07 0.63 (sm) 
adenine (48) 1.11 0.77(s) 

*Abbreviations used: s sshoulder, sm^small 

Figure 4 (48) shows a comparison of oxidation potentials 
obtained for a variety of compounds i n aqueous sodium hydroxide 
and i n the same solution containing Hyamine, i n the form of 
micelles and as an emulsifying agent. In aqueous solutions 
oxidations occur primarily around the two potentials of oxidation 
of platinum (The three higher oxidation potentials i n the figure 
are i n the oxygen evolution region and probably oxidation occurs 
by oxygen.). The mechanism of oxidation on platinum i n aqueous 
solutions i s generally accepted to be electrochemical oxidation 
of the platinum surface followed by a chemical reaction of the 
compound with the surface oxides of platinum (52). 

Similarly i n the emulsion system the potentials are grouped 
around the oxidation potential of Hyamine indicating a chemical 
oxidation of the compounds by the e l e c t r o l y t i c a l l y oxidized 
Hyamine. However, i n the micelle system the oxidations are 
spread over a wide range of potentials indicating direct electro
chemical oxidation of the compounds. This i s very similar to 
the results obtained i n nonaqueous solutions, once more showing 
the hydrophobic nature of the electrode interface. 
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Figure 4. Comparison of anodic half-wave potentials of different organic com
pounds obtained in aqueous sodium hydroxide containing A, nothing; B, acetonitrile 
+ Hyamine 2389 (emulsion); and C, Hyamine (micelle). Key: O, anodic half-wave 
potentials of Hyamine in the micelle system; and J , Anodic half-wave potentials of 

Hyamine in the emulsion system. 
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Electrochemical Synthesis 

One of the primary uses of modified electrodes has been i n 
the area of electrochemical synthesis. Again the increased s o l 
u b i l i z a t i o n by micelles and emulsions has been the primary i n t e r 
est i n using cationic surfactants. However, micelle and phase 
transfer catalysis and the hydrophobic nature of the electrode 
f i l m has contributed to increased y i e l d s . Table II shows a 
comparison of y i e l d s obtained i n the electrooxidation of benz-
hydrol i n the presence of different surfactants and a comparison 
of the y i e l d s obtained with several other compounds with and with
out Hyamine 2389 (50). I t can be seen that without a surfactant 
there i s no y i e l d i n aqueous solutions. Anionic and neutral 
surfactants which s o l u b i l i z e the compound but do not f i l m the 
electrode cause only small increases i n y i e l d , but the cationic 
f i l m forming surfactant causes a sharp increase i n y i e l d . 

The E f f e c t of Surfactant Micelles on the Yields 
Obtained i n Electrooxidations on Platinum 

Electrodes i n 2N Aqueous Sodium Hydroxide* 
Type of 

Compound Product Surfactant Y i e l d % w/surfactant 

Benzyhydrol(44) Benzophenone cationic 29.4 
Benzyhydrol(44) Benzophenone anionic 3.5 
Benzyhydrol(44) Benzophenone neutral 4.8 
Diphenyl- (45) Dimer cationic 34.8 
a c e t o n i t r i l e 

D i e t h y l - (45) Dimer cationic 13.9 
malonate 
NADÉT (51) NAW- cationic 48 
Cysteine (51) Cystine cationic 36 

*In a l l cases negligible y i e l d s were obtained without any 
surfactant present. 

One can observe similar effects i f the same surfactants are 
used as emulsifying agents· Table III shows results obtained i n 
benzene - aqueous two molar sodium hydroxide emulsions using 
d i f f e r e n t surfactants. Again i t can be seen that the f i l m forming 
cationic surfactant causes marked increases i n y i e l d s . 
Apparently, key effect i s the fact that the hydrophobic electrode 
f i l m blocks the competing reaction of the electrode with water. 

The hydrophobic layer also furnishes an environment which 
protects anodically formed free r a d i c a l s . Thus i t i s possible 
to obtain appreciable y i e l d s of dimers of such compounds as 
diphenylacetonitrile (51) and diethylmalonate (51.52) as can be 
seen i n Table I I . In the oxidation of stilbene one can see a 
difference i n product depending on the s i z e of the molecule 
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Table I I I 
The Effect of Surfactants on the Yields Obtained 

In Electrooxidation
i n Benzene-2

Compound Product Type of Surfactant Yi e l d î 

Benzhydrol(44) Benzophenone Cationic 23.8 
Benzhydrol(44) Benzophenone Anionic 2.8 
Bénzhydrol(44) Benzophenone Neutral 4.0 
Diphenyl- (44) Dimer Cationic 19.7 
ac e t o n i t r i l e 

Benzyl (44) Benzaldehyde Cationic 17.8 
alcohol 

cr-methyl ben Acetophenone Cationic 21.3 
zy l alcohol(44) 

p-methyl ben p-tolualdehyde Cationic 29.9 
z y l alcohol (44) 

p-nitro ben p-nitrobenz- Cationic 23.3 
zy l alcoholC44) aldehyde 

*WLthout surfactant the benzhydrol had 0.4% y i e l d and a l l 
others had 0.0% y i e l d . 
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making the film. With the smaller tetraethylammonium chloride 
where water can attack the radical one obtains predominantly the 
ketone, but when Hyamine 2389 is used the product is an o i l . 

It should be pointed out that these are not good synthesis 
methods. It is difficult to separate the product from the sur
factant. The yields listed in Table II are the isolated yields. 
Undoubtedly the true yields are higher. Coulometric studies 
indicate that in several cases the yields approach 100%. 

Heterogeneous Catalysis 

Micelle catalysis of such reactions as the hydrolysis of 
ethyl benzoate have been extensively studied (53,54). Although 
platinum does not normally catalyze the hydrolysis, i f one in
serts a piece of platinum into a solution in which the micelle 
catalyzed reaction is occurring the rate is accelerated (50). 
The increase in rate i
platinum (Figure 5). I
surfactant one sees a periodic rise and f a l l in the extra cat
alysis caused by the platinum. The increase in catalysis by 
platinum rises to about 4.0 Χ 10"6 M/sec at 22 mM Hyamine» de
creases to about 0 at 45 mM, increases to 3.8 M/sec at 95 mM. 
A logical explanation of this data can be obtained from the 
structure of the film. Figure 6 shows a simplified model of the 
filmed electrode with multilayers present. As one adds small 
amounts of surfactant one forms an inverted micelle and obtains 
the extra catalysis of the inverted micelle causing a rise in the 
rate. As more surfactant is added the normal micelle starts to 
form on the surface and the rate drops back toward the catalysis 
of the normal micelle. This process is repeated through the 
second and third layers (50). 

That one is looking at catalysis by an adsorbed film can 
further be shown by potentiostatting the metal at various 
potentials (50). At +1.4 volts where the chloride is more 
strongly adsorbed the reaction rate is 11.8 X 10~6 M/sec. It de
creases as the potential decreases reaching a minimum of about 
7.8 X 10~6 M/sec around the zero point of charge and then begins 
to increase again reaching 11.8 X 10~e M/sec again around -0.6 V. 
The increase in the negative potential region is probably due to 
direct adsorption of the quaternary ion. 

Iodide Oxidation 

Because inorganic systems do not generally need the sol-
ubillzing ability of the surfactants studies of inorganic systems 
have been limited to such fields as the role of additives in 
electroplating. There is however an interest in studying simple 
inorganic ions to determine what type of substance will penetrate 
the film. Most of the work in our laboratory has concentrated on 
the iodide ion. Iodide gives no oxidation wave in aqueous 2N 
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1.2 

Ο 5 K> 15 20 25 
AREA,cm2 

Figure 5. The effect of added platinum metal on the hydrolysis of ethyl benzoate 
in the presence of Hyamine 2389 (4.87 X 10z M). Key: • , rate in the absence of 

platinum or surfactant, and O, rate in the presence of platinum and surfactant. 
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Figure 6. Simplified schematic of multilayer films formed on platinum by quater
nary chlorides. 
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sodium hydroxide but when Hyamine i s added to the solution an 
oxidation wave showing two maxima develops. The height of these 
waves are l i n e a r l y proportional to the concentration of the 
iodide (49). 

The product of the oxidation of iodide on the f i l m i s iodate. 
Table IV shows that the y i e l d of iodate increases when Hyamine i s 
added to the solution and that current efficiency increases. The 
l a t t e r fact i s caused by the decrease i n the side reaction, the 
e l e c t r o l y s i s of water. 

Table IV 
The Effect of Hyamine on the Electrooxidation 
of Iodide i n Aqueous 2N Sodium Hydroxide (49) 

NaOH(aq.) NaOH(aq.) + Hyamine 

%Yield of 

Iodate 2.6 24.0 

%Current 
Ef f i c i e n c y 0.28 30.4 

Changes i n concentration of Hyamine causes the same periodic 
variation i n the rate of oxidation of iodide as was observed i n 
the hydrolysis of ethyl benzoate. This again shows the influence 
of multilayers of surfactant on the rate of the electrode reac
t i o n . I t further indicates that oxidation of iodide occurs at a 
distance from the electrode, as long as i t i s i n the f i l m (40). 

Most other ions do not penetrate the f i l m . For example 
Figure 7 shows that ferrocyanide, without Hyamine present gives a 
simple oxidation wave. With Hyamine present the normal wave 
disappears indicating that the ferrocyanide cannot penetrate to 
the electrode. However, there i s a sharp peak at the potential 
at which the Hyamine normally begins to oxidize. The residual 
then decreases to a very low current. This f i l m which i s quite 
impervious to any of the compounds that are normally oxidized on 
the Hyamine f i l m (49) probably consists of a Hyamine-ferrocyanide 
insulating layer. 
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Figure 7. Current-voltage curve for oxidation of ferrocyanide in 2 Ν NaOH. Key: 
A, 3.3 X W4 M Fe(CN)6'4; B, 3.3 X lQr* M Fe(CN)6'4 + Hyamine (1st run); and 

C, same as Β (4th run). 
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Reactions of Long-Cha in Acidato Complexes of 
Transi t ion M e t a l s in Mice l l e s and Microemuls ions 

G. MATTNEY COLE, JR. 
University of Georgia, Department of Chemistry, Athens, GA 30602 

Complexes of Co(III) d Rh(II) hav  bee
pared having the
R'M-(NH3)4 where R = CH3(CH2)6CO2, CH3(CH2)4CO2 , CH3(CH2)2CO2

-, CH3CH2CO2

- and CH3CO2

-, and R' = a 
substituted phenanthroline. We have examined the 
rates for aquation reactions and condensation 
reactions with several β-diketones in both micelles 
and water in oil microemulsions. Overall rates in 
micelles are generally slower than in aqueous 
solution for the shorter chain acids. Longer chain 
acid complexes show rate enhancement in micellar 
solutions but tend to undergo a base hydrolysis 
side reaction. 

Inorganic chemists investigating reaction mechanisms are 
often at a disadvantage relative to organic chemists. Many in
organic reactions of interest occur too fast to be accessible 
by normal techniques. Furthermore, one generally cannot tailor 
inorganic complexes to obtain mechanistic parameters. 

However, it is well known that micelle and microemulsion 
solutions can have a profound effect on reaction rates for organ
ic (JL) and inorganic (?) reactions. In this work we report mech
anistic data from microemulsion solutions that would otherwise 
be inaccessible. 

The results of these investigations have yielded, in addition 
to reaction mechanisms, useful data on the structure of the 
microemulsion solutions, and on the properties of the complexes 
themselves. 
Acidato Complexes 

The cobalt acidato complexes are readily prepared from the 
pentammineaquacobalt (III) perchlorate, Co (ΝΗβ^^Ο (ClO^)^ As 
reported elsewhere(3), the aqua complex is added to a 10-fold 
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© 1982 American Chemical Society 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



158 INORGANIC REACTIONS IN ORGANIZED MEDIA 

excess of a 1:4 mixture of the free organic acid and i t s sodium 
s a l t and heated at 60°C overnight. The reaction mixture i s 
rotovaped and r e c r y s t a l l i z e d from an ethanol-water solution. 
Alternatively, acidato complexes can be prepared i n better yields 
from the pentamminecarbonato-cobalt(III) n i t r a t e , Co(NH ) CO 
N0 3. 0 * 0 

Co(NH 3) 5H 20 3 + 

RC0 2 

RC0 2 

*RC0 2CO(NH 3) 5
2" 

Co(NH 3) 5C0 3
+ ^ 

R = CH 3, CH3CH2, CH 3(CH 2) 4, CH 3(CH 2) 6, CH 3(CH 2) 8 

The hexanato, octanato, and decanato complexes are unique, 
interesting complexes, and, to the best of our knowledge, have 
not been previously reported. These complexes are surface-active 
i n aqueous solution. They form stable solutions, presumably 
microemulsions, with alcohols such as 2-propanol, cyclohexanol, 
benzylalcohol and toluene. They also form stable microemulsions 
with nonionic detergents, such as Tween 20 and Triton-X, and with 
cationic detergents, such as hexadecyltrimethylammonium bromide 
(CTAB). With anionic detergents, the acidato complexes form 
insoluble precipitates at detergent concentrations near the cmc, 
but dissolve as the detergent concentration i s increased. 

Hydrolysis of Acidato Complexes 

We have investigated the kinetics of base hydrolysis reac
tions of the cobalt acidate complexes i n aqueous solution and i n 
several microemulsion solutions i n which detergent concentrations 
are at least twice the respective cmc. The results are compli
cated by the onset of a slow secondary reaction which i s pre
sumably formation of insoluble, polymeric hydroxo, or hydrated 
hydroxo compounds. 

RC0 2Co(NH 3) 5
2 + + 0H~/H0H • HOCo(NH 3) 5

2 + + RC0 2" 

Co (OH) 
(?) 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



9. C O L E Reactions of Long-Chain Acidato Complexes 159 

Nevertheless, we were able to follow the reaction by spectro
photometry means over about two h a l f - l i v e s , p a r t i c u l a r l y for the 
faster reactions i n CTAB solution. The observed r e l a t i v e rates 
are shown i n Table I. Figure 1 shows the observed rate constants 
plotted as a function of chain length. 

Table I. 

RELATIVE RATES OF BASE HYDROLYSIS 
OF RC0 2Co(NH 3) 5

2 + IN VARIOUS SOLUTIONS 

R 
AQUEOUS 
SOLUTION CTAB 

TWEEN-20 
TRITON-X 

AQUEOUS 
+25% IPA SDS 

C6 3.2xl0" 3 5.8X101 9.1xl0" 4 N/A Very Slow 

C8 0.52 4.3xl0

C10 1 7.5xl0 2 1.2xl0" 2 1.5xl0" 2 tf 

Relative Rate = OBS 
kOBS ( C10, aqueous) 

The reaction i s found to be f i r s t - o r d e r i n complex and 
approximately f i r s t - o r d e r i n hydroxide. The observed rate i s i n 
dependent of other added nucleophiles, such as thiocyanate ion, 
SCN-. Substantial rate enhancement i s observed i n hexadecyltri-
methyl-ammonium bromide, but there i s not evidence of bromide 
participation; that i s , there i s no evidence of formation of 
BrCo(NH 3)5 2 +. 

Discussion 

The orientation of the acidato complex i s shown i n Figure 2. 
The complex resides at the interface. Since hydrogen-bonding 
between hydroxide ion and the ammine hydrogen i s undoubtedly 
important, the i n i t i a l step i n the reaction i s thought to be ab
straction of proton by hydroxide, forming a amido complex 
(Figure 2). The amido complex can dissociate through one of two 
possible five-coordinate intermediates; either tbp complex or a 
square pyramidal complex (Figure 3 ) . Since the observed rate 
increases as a function chain length, the square pyramid seems 
the more reasonable intermediate. 
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Figure 1. Observed rate constants vs. chain length for the basic hydrolysis of 
RC02Co(NHs)$2* in an aqueous hexadecyltrimethylammonium bromide (CTAB) 

solution. Key: O, this work. 
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Figure 2. Orientation of the RCOtCo(NHs)sz* complex at the interface of a micro
emulsion containing hexadecyltrimethylammonium bromide (CTAB), 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



162 INORGANIC REACTIONS IN ORGANIZED MEDIA 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



9. COLE Reactions of Long-Chain Acidato Complexes 163 

Literature Cited 
1. Fendler, J. Η. and Fendler, E. J. "Catalysis in Micellar 

and Microemulsion Systems", Academic Press, New York, 1975. 
2. Letts, K, and Mackay, R.A., Inorg. Chem., 1975, 14, 2990. 
3. Hearn, B. and Cole, G. Μ., (to be submitted to Inorg. Chem.). 

RECEIVED September 1, 1981. 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



10 

Chemical Reactions in W a t e r - i n - O i l 
Microemulsions 

ALVORO GONZALEZ and JOHN MURPHY 
University of Georgia, Department of Chemistry, Athens, GA 30602 
SMITH L. HOLT 
Oklahoma State University, Department of Chemistry, Stillwater, OK 74078 

We have carried ou  variet f chemical reaction
in microemulsions
meso-tetraphenylporphine, the base hydrolysis of 
long chain esters, the syntheses of macrocyclic 
lactones and the catalytic formation of ketones. 
In all instances there is a clear demonstration of 
the effect of microemulsification on reaction 
rate and pathway. 

Microemulsions as media for chemical reactions have only 
recently received close scrutiny. This neglect arose, in part, 
because of the limited number of carefully characterized micro
emulsion systems and, in part, because strong sentiment existed 
that microemulsions were in actuality merely swollen micelles. 
Current thinking suggests that there is indeed a difference 
between micellar solutions and microemulsion media, and that 
difference is such that reaction rates and pathway need not be 
similar in the two mediaCL). (For a current review of the 
literature on microemulsions see Ref. 1.) 

Micelles can exist as two component systems consisting of an 
amphiphile dissolved in either water or a hydrocarbon. When 
amphiphile sufficient to exceed the critical micelle concentration 
is dissolved in water, a "normal" micelle is formed, Figure la, 
i.e. the hydrophobic tails of the surfactant are directed inward 
while the polar head groups are in contact with the aqueous 
external phase. If a hydrocarbon is the bulk phase, the hydro
phobic tails of the amphiphile will be directed outward, creating 
an "inverse" micelle, Figure lb. Water added to an inverted 
micellar solution, is not distributed evenly throughout the hydro
carbon continum, but is found associated with the amphiphilic head 
groups. This is termed a "swollen inverse" micelle, Figure 1c. 
The volume of water which can be taken up and stabilized in these 
swollen inverse micelles is limited, usually only a small fraction 
of a mole percent of the total liquid present in the system. 

0097-6156/82/0177-0165$05.00/0 
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Figure 1. Some organized assemblies: a, "normal" micelle; b, "inverse" micelle; 
c, "swollen inverse" micelle; d, water-in-oil microemulsion; and e, oil-in-water 
microemulsion. Key: ·*ΑΛΛ/ , surfactant; · , water; θ+» 2-propanol; and ΛΛΛ/VS , 

hexane. 
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Microemulsions are related to mic e l l e s CL). The most common, 
the four component microemulsions, are constructed from a hydro
carbon, a surfactant, a short chain alcohol (cosurfactant) and 
water. When the hydrocarbon component present i s s i g n i f i c a n t l y 
larger than the water component the microemulsion i s generally a 
water-in-oil (w/o) microemulsion, Figure Id. This designation 
arises by v i r t u e of the fact that the water i s present i n the 
form of spheres, i n v i s i b l e to the naked eye (250& to lOOoX i n 
diameter), dispersed throughout the hydrocarbon continuum. The 
surfactant and cosurfactant s t a b i l i z e these water-rich droplets 
and help render them thermodynamically stable. These systems are 
o p t i c a l l y transparent and can contain up to 0.3XH9O — · A S A 

consequence of the large mole f r a c t i o n of water present, w/o 
microemulsions display a much greater a b i l i t y to s o l u b i l i z e polar 
reactants than swollen inverted micelles. Similarly, oil-in-water 
microemulsions, o/w, Figure l e . show an enhanced propensity to 
dissolve non-polar reactant

More recently i t ha
can be formed using only water, hydrocarbon and 2-propanol, 
omitting the addition of a conventional surfactant. These 
"detergentless" microemulsions have been constructed using either 
hexane(2) or toluene(2) as the hydrocarbon phase. The properties 
of these systems have been shown to be similar to those which 
contain long chain amphiphiles(2-5). 

The a b i l i t y of micellar solutions and microemulsions to 
dissolve and compartmentalize both polar and non-polar reactants 
has a s i g n i f i c a n t effect on chemical r e a c t i v i t y . An idealized 
representation of a ty p i c a l micelle catalyzed reaction i s depicted 
i n Figure 2. Here the non-polar reactant i s so l u b i l i z e d within 
the micelle while the ionic reactant i s at the surface. The polar 
head groups of the surfactants generate a charge at the micelle 
surface which serves to attract an oppositely charged water 
soluble reactant increasing the concentration of that reactant 
near the micelle. The result i s an enhanced reaction rate. 

Microemulsions work much i n the same way; i n an o/w micro
emulsion, the non-polar reactant i s dissolved i n the o i l droplet, 
with the polar reactant i n the water continuum. Chemical reaction 
occurs when there i s an encounter i n the interphase, Figure 3a, or 
one reactant i s transported across the interphase, Figure 3b. The 
mechanism i s much the same when dealing with a water-in-oil micro
emulsion, the only difference being that here the polar reactant 
i s dissolved i n the dispersed phase while the non-polar reactant 
i s i n the continuous phase. Because the interphase volume i s so 
large, up to 40% of the t o t a l volume, one can expect rapid reac
ti o n due to the high probability of reagent encounter. Further 
modification of reaction rates and pathways can be achieved by 
1) varying the amphiphile i n such a way as to change the charge 
gradient across the interphase, 2) adjustment of s t e r i c bulk of 
the interphase through varying of the surfactant concentration or 
molecular complexity, or 3) through the introduction of a phase 
transfer catalyst. These are exemplified below. 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



168 INORGANIC REACTIONS IN ORGANIZED MEDIA 

Figure 2. Micellar catalysis:
organic compound; and
compound. Key: φ, ZOW/AWNA, nonpolar organic reactant; and ΟΛΛΛΛΛ> polar 

organic reactant. 
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I n t e r f a c i a l Effects 

The reaction of Cu(II) with meso-tetraphenylporphine, TPP^, 

Cu 2* N+TPPH 0 / CuTPP, 4 1 N+2H +, N (aq) 2(oil)« ( o i l ) (aq) 

i s an ideal system with which to probe the nature of micro
emulsions and to ascertain the u t i l i t y of microemulsions i n 
modifying reaction rate and pathway. The Cu(H 20)2 + ion i s soluble 
only i n the aqueous phase while TPPH i s insoluble i n water. As 
a consequence, reaction must occur i n the interphase or some 
mechanism must be invoked which permits movement of a reactant 
from one phase to the other. 

Studies conducted i n our laboratories on the metalation 
reactionCl.,j6) have involved two types of microemulsions: deter-
gentless microemulsion
and microemulsions of th
(10~%) of added surfactant. Using these systems both the role of 
surfactant gegenion and the effect of medium composition on rate 
and mechanism have been investigated. 

The results are tabulated i n Table I. 

Table I 

Observed Pseudo F i r s t - Order Rate Constants i n "Surfactant" 
Containing and "Surfactant"-Free Microemulsions 

Type Surfactant k , 
obs 

(hr" 1) 

None 0.00696+.00070 

anionic Sodium Hexadecylsulfate 0.00413+.00035 
cationic Hexadecyltrimethylammonium Perchlorate 0.00612+.00001 

Hexadecyltrimethylammonium Chloride 0.213 +.0066 
Hexadecyltrimethylammonium Bromide 0.744 +.0603 

Pseudo f i r s t - o r d e r constants i n Table I were obtained i n a micro
emulsion composed of Ο . Α Ι Ι Χ ^ , 0.186^ 0 > ° · 4 0 3 Χ

Ι Ρ Α · T h e r a t e 

law for the reaction i n the absence ^ 
of detergent i s : 

r a t e m k[Cu 2 +] [TPPH 2] 

[H 30 +] 

In the presence of hexadecyltrimethylammonium bromide, HTAB, this 
rate law can be written: 
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rate = k [Cu ] [TPPH 2] [HTAB] 

The pseudo f i r s t - o r d e r rate constants, Table I, for the 
detergentless system, with added sodium hexadecylsulfate, SHS, 
and hexadecyltrimethylammonium perchlorate, HTAP, are much the 
same, i . e . 0.004-0.007 h r " 1 . Addition of hexadecyltrimethyl
ammonium chloride, HTAC, or HTAB d r a s t i c a l l y effects the rate 
however: k o b s(HTAC) *30 k o b s(HTAP) and k o b s(HTAB) «100 k o b s(HTAP) . 
This can be rationalized based on the mechanism diagramed i n 
Figure 4a and 4b. In a detergentless system containing only 
aqueous copper perchlorate and TPPH2 reaction much occur i n the 
interphase since neither reagent shows appreciable s o l u b i l i t y i n 
the other reactants host system. The addition of HTAP does l i t t l e 
to a l t e r these conditions. While there undoubtably exists a 
Stern-like layer, i t appears that the concentration of HTAP i s 
i n s u f f i c i e n t i n any give
factor. Addition of SH
This can be rationalized by noting that the sulfate head groups 
have some a f f i n i t y for Cu(II) and may be decreasing the copper 
mobility through complexation. In any case the affect i s not 
large. When HTAC or HTAB are added i t i s clear from the rate 
increases that a mechanism which relys only on a random encounter 
i n the interphase i s no longer applicable. Insight into the rate 
enhancement process can be obtained i f we compare the s t a b i l i t y 
for the formation of CuBr|~ and CuCl|". Log 34 for the reaction: 

2+ - 2-Cu + 4Br ± CuBr. 

i s 8.92 and, for the analogous reaction involving the chloride 
ion i t i s 5.62. 

These data are consistent with a mechanism whereby the forma
tion of CuX n

2~ n species f a c i l i t a t e the metalation reaction. This 
could be effected i n two ways. F i r s t , CuX|~ i s formed, 
attracted to the cation head groups (but not "bound"), Figure 
4b. This would then increase the concentration of Cu(II) i n the 
interphase enhancing the probability of an encounter with a TPPH^ 
molecule. An alternate pathway requires that CuXo be the dominant 
species. This molecule i s less polar than Cu(H 20)£ + or Cux|" 
and as a consequence can more readily penetrate the toluene 
continuum. This l a t t e r mechanism i s phase transfer i n nature. 
Addition ôf f i r s t NaBr then NaBr + HTAB to the detergentless sys
tem suggests that both pathways are important. When the Br*" i s 5.8x 
10"4M k o b s i s found to be 0.0951+0.0126 h r " 1 , considerably higher 
than for the reaction i n the detergentless system sans NaBr. If 
3.5xlO~4M HTAB and 2.2xlO"*M NaBr are used ( t o t a l concentration 
[Br"] = 5.7x10-4) k Q b s i s 0.172 + 0.025, a factor of 2 greater 
than that observed with NaBr alone. Since there i s no surfactant 
head group when only NaBr i s used i t i s l i k e l y that transport i s 
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Figure 4. Reaction of Cu2* with TPPH»: a, in the absence of added halide; and 
b, in the presence of added halide. 
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effected by CuBr 2. On the other hand addition of HTAB does 
increase the rate so i t i s probable that the CuBr24- species 
are also important. 

An investigation of the rate of metalation as a function 
of solution composition i n a detergentless system i s also very 
instructive. The rate of reaction varies l i t t l e , Figure 5, along 
the Χ H 2O=0.2 isopleth while the solution composition l i e s i n the 
microemulsion region. Once into the "small aggregate" region, 
however, kobs increases dramatically and continues to increase 
into the ternary solution formulation region. The p r i n c i p a l (and 
only discontinuous) change, which occurs i n leaving the micro
emulsion region, i s coincident with a breakdown of the interphase. 
This result i s a v i v i d demonstration of the effect of the i n t e r 
phase i n the control of the rate of reaction. 

The effect of the presence of the microemulsion interphase 
has also been demonstrated i n a study of the base hydrolysis of 
long chain esters i n a wate
microemulsion(7). Becaus
esters as stéarate, laurate, and caprylate, attempts have been 
made to enhance their rate of hydrolysis i n aqueous solution both 
through the addition of a phase transfer catalyst to a two phase 
system and by the introduction of micelles. The maximum rate 
obtained i n micellar solution when the reactant was the laurate 
ester, was 0.26 min-1 (8) while under normal conditions for phase 
transfer catalysis the y i e l d of an ester hydrolysis reaction i s 
- 35%(9). In contrast i f the same reaction i s carried out i n a 
hexane, water, 2-propanol microemulsion the y i e l d i s >98%, with a 
rate as high as 0.4 min - 1. When studies are carried out along an 
isopleth of constant mole fraction water the rate of hydrolysis 
changes i n a regular manner throughout the microemulsion region, 
Figure 6, but a discontinuity occurs at solution compositions 
which correspond to the pseudo-phase boundry. Though not as 
dramatic an effect as was observed i n the studies on the metal
ation of meso-tetraphenylporphine this behavior again demonstrates 
the importance of the microemulsion interphase on chemical reac
t i v i t y . 

Interestingly enough, i n t e r f a c i a l environment has l i t t l e 
effect on the formation of t r a n s i t i o n metal complexes of Ν -
dodecanoylamino alcohols (10-12). In a series of studies on 
Cu(II) complexes with the surface active N-dodecanoyl 
histidinol,-lysinol,-glutaminol,-methioninol and -tryptophanol i n 
hexane, water, 2-propanol microemulsions i t was found that the 
formation constants varied l i t t l e from those obtained i n aqueous 
solution. Further, where i t was possible to elucidate structure 
the coordination geometry was the expected one based on analogy 
with similar non surface active ligands i n aqueous media. 

Microemulsions i n Chemical Synthesis 

Detergentless microemulsions would appear to have considerable 
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Figure 5. Rate of metalation as a junction of a reaction medium composition: 
microemulsion region is stippled. 
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potential for u t i l i z a t i o n as media for chemical synthesis. As 
noted e a r l i e r not only does the presence of a very large i n t e r -
f a c i a l area enhance the probability of reagent encounter but 
pu r i f i c a t i o n i s simplified when compared to a micellar system 
or when phase transfer catalysts are employed. 

The e f f i c i e n c y of detergentless microemulsions i n promoting 
the formation of macrocylic lactones has been studied i n our 
laboratories C1D, The two most direct routes to the formation 
of large macrocyclic lactones are the acid "catalyzed" ester-
i f i c a t i o n of ω-hydroxyalkanoic acids and the c y c l i z a t i o n of 
potassium s a l t s of ω-bromoalkanoic acids. In both reactions 
a competitive pathway yields polymeric material and as a 
consequence high d i l u t i o n s are employed with the attendant 
extended reaction times. 

U t i l i z a t i o n of microemulsions would appear to be one method 
by which the polymerization problem might be reduced or even 
eliminated. In a water-in-oi
ω-hydroxy- and ω-bromoacid
basis i . e . an average of one molecule per drop up to some 
concentration, then two per drop, etc., and movement between 
drops inhibited. As a consequence since the base i s soluble 
i n water and the acid l i k e l y located i n the interphase we would 
expect that the chance of ring closure before dimerization, t r i -
merization, etc., would be greatly enhanced over that existing 
i n homogeneous media. 

Using a toluene based detergentless microemulsion to 
investigate the c y c l i z a t i o n of 12-hydroxyoctadecanoic, 15-
hydroxypentadecanoic and 16-hydroxyhexadecanoic acids i t was 
found possible to increase the concentration 40-fold and reduce 
the reaction time to 14 hours (as opposed to days) while obtaining 
20% y i e l d of lactone. The biggest deterrent to higher yields i n 
a detergentless system appears to be formation of the 2-propyl 
ester which appeared as 40% of the f i n a l product. (If the 
analogous reaction i s run i n a mixture of water and 2-propanol 
the result i s 50/50 ester/polymer but no lactone). 

U t i l i z a t i o n of 11-bromoundecanoic and 15-bromopentadecanoic 
acid eliminated the problem of ester formation. After reacting 
a 5xlO~ 3M solution of the 11-bromo acid with KOH for a period of 
one day, 25% lactone and 18% polymer were isolated. The remaining 
material was recovered as unreacted bromoacid. While neither of 
the results i s spectacular they do demonstrate the potential 
u t i l i t y of microemulsions i n helping to minimize the effects of 
an unwanted competing reaction. 

The palladium catalyzed formation of ketones from long 
chain«<-olef ins has also been investigated viz.' : 

CuCl, 
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The reaction conditions used were quite mild, e.g. 1 atm O2 
ambient temperature. Reaction rate was studied both as a 
function of olefin chain length and as a function of solvent 
composition. It was found that in a microemulsion the rate of 
reaction decreased with increasing chain length. Catalyst turnover 
rates, after two hours, were C^-19.1, C =15.7 and Ci8=12.4. 
In the ternary solution, the order of rates was the same but the 
absolute rates were some 10% - 30% lower. The specificity for 
the methyl ketone was higher when the reactions were run in a 
microemulsion rather than in a ternary solution (96% - 99% methyl 
as compared to 84-86% methyl). It was also found that the longer 
the chain length the higher the specificity for the methyl ketone. 
This latter result is likely due to the difficulty experienced 
by an internal olefin in penetrating the polar interphase to a 
depth which will allow inter-action with the Pd(II) catalyst. 
Summary 

Microemulsions appear to have broad applicability for use in 
enhancing chemical reactivity and modifying reaction pathway. The 
mechanisms by which this occurs in reactions thus far studied 
can be understood in terms of reactant partitioning, interphase 
encounter and phase transfer catalysis. 
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Inorganic Reactions in Microemulsions 
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The kinetics of the quinoline-promoted incorp
oration of copper(II
have been examine
emulsion stabilized by the anionic surfactant sod
ium cetyl sulfate and 1-pentanol as cosurfactant. 
A first order dependence of the rate on the quin-
oline concentration is observed, as compared with 
a second order dependence in a similar benzene in 
water microemulsion. The nature of the oil also 
has a significant effect on the electrochemical 
reduction of Cu(II), the half-wave potential(E1/2) 
being about 0.9 volts more negative in the min
eral oil microemulsion. The addition of quino-
line causes a positive shift in E1/2 which is a-
scribed to the formation of a four coordinate Cu(I) 
complex. Although aqueous inorganic ions are nor
mally repelled by a microdroplet interface of the 
same charge, it is found that cadmium(II) ion is 
bound to a droplet stabilized by the cationic sur
factant cetyltrimethyl ammonium bromide. This be
havior is interpreted as arising from the forma
tion of anionic species such as CdBr2-

4 in the 
Stern layer. 

In recent years there has been increasing interest in the ap-
lication of organized media such as micelles (1), vesicles (2), 
liquid crystalline phases (3) and microemulsions (4) to the study 
of chemical reactions. Most of the reaction systems examined have 
been organic reactions, and very few inorganic reactions (.5,.6,7) 
have been investigated in microemulsions. However, the first re
ported use of oil in water (O/W) microemulsions as reaction media 
involved the incorporation of copper(II) by tetraphenylporphine 
(8). More recently, electrochemical reactions involving species 
such as cadmium(II), thalium(I), ferricyanide and ferrocyanide 
have been carried out in order to investigate the transport prop-
1 Author to whom correspondence should be addressed. 
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e r t i e s of ions i n both ionic and nonionic 0/W microemulsions (9). 
These l a t t e r studies were not d i r e c t l y concerned with the chemi
ca l behavior of these ions, but rather focused on their d i f f u s i o n 
c o e f f i c i e n t s . Nonetheless, electrochemical measurements are a l 
so capable of providing information on the electron transfer pro
cess at the microemulsion-electrode interface as well as informa
tion on the binding and complexation of ions i n the surface reg
ion of the microdroplet. 

In the e a r l i e r study of copper tetraphenylporphine (CuTPP) 
formation i n an anionic 0/W microemulsion, the rate of reaction 
was greatly accelerated by the addition of quinoline. We have 
therefore extended our electrochemical measurements to include 
studies of the copper(II) - quinoline system i n an anionic micro
emulsion, supplemented by some additional kinetic data. We re
port here the results of these studies, as well as some supple
mentary investigations dealing with the effect of surface charge 
and the nature of the surfactan
cesses. 

Experimental 

The kinetics of formation of copper tetraphenylporphine were 
performed at 23°C by monitoring the disappearance of the 513 nm 
absorption band of the porphyrin. The detailed procedure has 
been described elsewhere (8). The exact microemulsion composi
tions employed, as well as phase maps of the microemulsion sys
tems can be found i n the o r i g i n a l paper by Letts and Mackay (8). 
The components are simply mixed i n any order to produce the micro-
emulsions. Formation i s spontaneous and the input of mechanical 
energy i s not necessary. However, s t i r r i n g i s usually employed 
to speed mixing. The electrochemical measurements were performed 
with a Beckman Electroscan 30 using a three electrode system and 
a three compartment c e l l . The working electrode i s dropping mer
cury, and the a u x i l i a r y and reference electrodes are platinum and 
saturated calomel (SCE), respectively. A l l potentials reported 
i n this paper are vs, SCE. Drop times and mass flow rates of 4-5 
seconds and 1.6 - 1.7 mg s~̂ - were employed. The supporting elec
t r o l y t e was 0.05 M L 1 C I O 4 . However, at the microemulsion water 
contents employed (c.a. 60%) the same results were obtained both 
with and without the supporting electrolyte due to the high con
centration of ionic surfactant. 

Results and Discussion 

Metalloporphyrin formation. Our e a r l i e r study of metal ion 
incorporation by TPP was carried out i n a benzene i n water micro
emulsion (ME) s t a b i l i z e d by cyclohexanol and a few different 
surfactants (8). The influence of Lewis bases, quinoline i n part
i c u l a r , was studied i n the ME system containing (anionic) sodium 
cetyl sulfate (SCS). For reasons to be discussed below, i t was 
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more convenient to perform the electrochemical studies i n a min
er a l o i l i n water microemulsion s t a b i l i z e d by 1-pentanol and SCS 
(10). We therefore performed some reaction rate measurements to 
determine i f the kinetics i n the mineral o i l and benzene micro
emulsions were similar. Two differences became immediately e v i 
dent. F i r s t , the absolute rate of incorporation i s a b i t slower 
i n the mineral o i l ME. Second, the reaction does not go to com
pletion i n the mineral o i l ME as i t does i n the benzene ME, but 
reaches a position of equilibrium. The equilibrium concentration 
of porphyrin, for a given i n i t i a l porphyrin and copper concentra
t i o n , depends upon the quinoline concentration. This may be un
derstood based on the e q u i l i b r i a of equations (i) and ( i i ) . 

Here P H 2 , CuP, and Q represent the porphyrin (TPP), copper por
phyrin, and quinoline, respectively. The equilibrium constants 
for equations (i) and ( i i ) are designated Κ and Ka, respectively. 
It should be noted at the outset that a l l of the concentrations 
refer to the o v e r a l l (analytical) values. The copper(II) ion i s 
confined to the aqueous phase and microdroplet Stern layer, 
while the porphyrin and quinoline are distributed within the drop
l e t . Thus, Κ w i l l be proportional to the true equilibrium con
stant, but not equal to i t . 

Under our experimental conditions, the i n i t i a l copper (-lmM) 
and quinoline (-l-10mM) concentrations are i n excess of the por
phyrin concentration (-80μΜ). Thus, taking [QH+] = 2[CuP], 
[ C u 2 + ] - [Cu 2 +]o, and [Q] = [Q]o, a value of K/K2 can be compu
ted. For [Cu 2 +]o , = 1.06mM and four different values of [Q] ran
ging from VL-8mMo, a value of K/K2 = 1.9 ± 0.6 i s obtained. °The 
value of Ka for quinoline i n the amicrodroplet surface i s not 
known. However, i f i t s value of 1.3 χ 10-5 at 25°C i n water i s 
used (15) then Κ = 3 χ 1 Ο - 1 0 . In the absence of quinoline 
i n an unbuffered ME, the equilibrium l i e s far i n favor of reac
tant and e f f e c t i v e l y no reaction i s observed. 

The position of equilibrium varied from about 40-80% reac
tio n , depending upon the quinoline concentration. In the presence 
of O.lmM NaOH, for (PH 2) - 60μΜ, the reaction was about 80% com
plete. Addition of too much NaOH led to slow pr e c i p i t a t i o n of 
the copper. In order to obtain a rate constant for the forward 
reaction, log (A - A ) was plotted vs. t. Here, A i s the absorb-
ance of a tetraphenylporphin band at 513 nm and A i s the absorb-
ance which would result i f a l l of the P H 2 were converted to CuP. 
Straight l i n e s were generally obtained over the f i r s t 15-30% of 
reaction, and the slope was taken to be the psuedo f i r s t order 
forward rate constant k o b s . The dependence of kobs on the concen
tra t i o n of quinoline and copper i s shown i n Figures 1 and 2, re
spectively. The experimental rate law i s given by equation ( i i i ) . 

PH 2 + Cu 2 = CuP + 2H (i) 
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Figure 1. Pseudo first-order rate constant (k) for CuTPP formation divided by the 
quinoline concentration (Q) vs. Cu(II) concentration in a mineral oil/l-pentanol/ 

SCS (60% water) microemulsion. Key: O, 0.1 mM NaOH; and · , no NaOH. 

0 2 4 6 8 10 

Quinoline concentration (mM) 

Figure 2. Pseudo first-order rate constant (k) for CuTPP formation in mineral 
oil/l-pentanol/SCS microemulsion (60% water) vs. quinoline concentration. Key: 

0,0.1 mM NaOH; and · , no NaOH. 
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-dln[PH 2]/dt = k o b g ( i i i ) 

The dependence of k ̂  on the copper (M) and quinoline (Q) con
centrations i s given i y equation (iv) and by equation (v) for the 
microemulsions containing O.lmM NaOH. 

kobs * 0 e 0 3 9 I Q ] ( i v ) 

kobs * ( 8 · 5 Ι Μ ] + -014)rQ3 (v) 

The concentrations are i n mois dm"3 and k ^ i n s~*. These may 
be compared with the e a r l i e r result obtainei i n a benzene i n wa
ter microemulsion (8), given by equation ( v i ) . 

k o b g = (1.3 χ 10* [M] + 42) [Q] 2 (vi) 

The second order dependenc
the equilibrium formatio  Cu(II)  quinolin  complex,
i s also i n equilibrium with a "sitting-atop complex" (SAT) with 
the porphyrin. The rate controlling step i s then the loss of a 
proton from the SAT. It i s also i m p l i c i t l y assumed that the as
sociation constant of the copper-quinoline complex i s s u f f i c i e n t 
l y small so that the stoichiometric concentrations of both the 
metal ion and base may be employed i n the rate equation. 

It i s not necessary to invoke a metal-ligand complex to ex
pl a i n a f i r s t order dependence of ̂ 0 ^ s <>n the quinoline concentra
t i o n , since t h i s w i l l arise as a consequence of the removal of a 
proton from the SAT as the rate determining step. This leads to 
a f i r s t order dependence on both copper and quinoline, which i s 
observed only i n the presence of the low l e v e l concentration of 
NaOH. In the absence of NaOH, only a copper ion independent com
ponent i s obtained which could result from a mechanism involving 
removal of a proton from the porphyrin, followed by reaction of 
the porphyrin monoanion with metal ion. The puzzling aspect of 
this behavior i s that one would expect a dependence on added NaOH 
opposite to that observed. 

The s o l u b i l i t y of TPP i s much greater i n benzene than i n 
mineral o i l , and i t i s therefore l i k e l y that i t s average location 
(10, 11)is nearer to the interface and the copper does not have 
to be transported (e.g., as a complex) into the droplet i n t e r i o r . 
Since the microdroplet has a net negative surface charge, i t i s 
expected that the l o c a l concentration of hydroxide i s lower, and 
that hydroxide cannot e f f e c t i v e l y penetrate very deeply into the 
surface region. This i s consistent with the effec t of hydroxide 
on an alkylation reaction, to be discussed below. This can ac
count for i t s f a i l u r e to increase the rate of the base removal 
component, but i t s role i n promoting the dependence of k ̂ s

 o n 

copper ion remains unexplained. 

Effect of surface charge. The effect of the microdroplet 
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surface charge on the rates of a number of chemical processes has 
been examined. It may cause ejection of an ion of the same 
charge (12), as well as a lower surface concentration of an a-
queous ion of the same charge (4), while the i n t r i n s i c rate and 
equilibrium constants appear to remain r e l a t i v e l y unaffected (4^ 
13, 14). However, l i t t l e information i s available on the r e l a 
t i v e depth of penetration of simple aqueous ions into an o i l mi-
crodroplet. That t h i s type of consideration can be important i s 
i l l u s t r a t e d by the k i n e t i c s of metalloporphyrin formation discus
sed above. 

Some l i g h t on t h i s question can be shed by considering the 
reaction of a substituted pyridine with alkylating agent and hy
droxide. The reaction sequence i s given below. 

colorless v i o l e t 

I II III 

The o i l - s o l u b l e reagent p-nitrobenzylpyridine (I_) reacts with a l 
kylating agent RX (here, CH3I) to produce the pyridinium s a l t 
( I I ) , which then reacts with base to form the v i o l e t product I I I . 
The base must be added after alkylation since i t can slowly react 
d i r e c t l y with 1̂  to produce a blue colored product. These reac
tions were examined i n both an anionic (SCS) ME as well as i n a 
cationic CTAB system. The results are given i n Table I. 

Hydroxide does react d i r e c t l y with I i n a cationic ME., but 
no reaction takes place i n the anionic system. Unfortunately, 
the CH3I does not alkylate .1 under these conditions. However, 
the addition of a small quantity of s i l v e r ion results i n a l k y l a 
t i o n , and the hydroxide ion does react d i r e c t l y with the pyrinium 
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Table I. Reactions of p-nitrobenzylpyridine i n 0/W 
microemulsions (vide text). 

Reagent/ME ( D a OH" ( I I ) a CH 3I Λ + b 

Ag Result 

Cationic X X blue color 
Anionic X X no reaction 

X X X no reaction 
X X v i o l e t color (III) 

X X X no reaction 
X X X X v i o l e t color (III) 

a. jp-nitrobenzylpyridine (I) and N-methyl-j>-nitrobenzylpyridi-
nium iodide ( I I ) . 

b. AgN03. 
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ion (II) i n the anionic microemulsion. While I I i s also o i l s o l 
uble, i t would be expected to be located, on the average, closer 
to the aqueous interface. Therefore i t i s clear that no reaction 
between hydroxide and the very o i l soluble TPP should take place 
i n an anionic microemulsion. 

I n t e r f a c i a l Metal Ion Complexation. Complexation of copper 
(II) ion by o i l soluble ligands has been implicated i n metallo-
porphyrin formation i n benzene i n water ME's, but not apparently 
i n the mineral o i l i n water system (vide supra). Therefore, an 
electrochemical study of the interaction of quinoline and copper 
ion was undertaken. 

In the benzene/cyclohexanol/SCS microemulsion, polarographic 
studies were rendered d i f f i c u l t by high background currents and 
poorly defined half-waves, usually possessing maxima. However, 
qu a l i t a t i v e l y the reduction of copper occurred at about the same 
potential as i n water (c.a
quinoline caused a negativ
as normally observed upon complexation. It was therefore con
cluded that the copper ion remained r e l a t i v e l y unaffected by the 
(monoanionic) a l k y l s u l f a t e head group of the surfactant i n the 
microdroplet surface, and that i t was (probably weakly) complexed 
to a small extent by the quinoline. The o v e r a l l equilibrium con
stants for the formation of mono ($1) and dipyridine (β 2) com
plexes of Cu(II) are on the order of 10 2 and 1 θ \ respectively 
(15), and i t might be expected that quinoline exhibit similar 
values· 

In the mineral oil/l-pentanol/SCS microemulsion, the back
ground current i s r e l a t i v e l y low and a well defined half-wave 
with no maximum was obtained for Cu(II). Much to our surprise 
however, an E- of -0.73V vs. SCE was obtained. This i s a neg
ative s h i f t of almost 0.9V with respect to the value i n water or 
the benzene ME which employed the same surfactant (SCS). A l 
though a single half-wave i s apparently observed at {Q] < lOmM 
(Figure 3), a plot of i / t e ^ - i ) vs_. Ε (Figure 4) shows that there 
are two processes which are occurring. Here i , i , , and Ε are the 
current, l i m i t i n g d i f f u s i o n current, and potential respectively. 
Since the value of i , i s that expected for the o v e r a l l two elec
tron reduction of CutII) (vide i n f r a ) , the two straight l i n e seg
ments i n Figure 4 are treated as two electrochemically i r r e v e r s 
i b l e one electron processes corresponding to Cu(II) + Cu(I) at 
higher (more positive) potential and Cu(I) Cu(0) at lower poten
t i a l . From the slopes of the l i n e s i n Figure 4, i t i s possible 
to calculate the transfer c o e f f i c i e n t s for the f i r s t (oti) and sec
ond ( a 2 ) reduction step, respectively. From the values i n Table 
I I , i t may be seen that α ϊ and a 2 have constant values of 0.39 ± 
.02 and 0.61 ± .05, respectively, independent of the quinoline 
concentration. However, the width of the half-wave, as measured 
by the difference between the potential at 25% (E- ) and 75% 
( E ^ ^ ) of i ^ , increases with increasing quinoline. Although 
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0 0.2 0,4 0.6 0.8 

Figure 3. Polarographic half-waves for the reduction of 0.3 mM Cu(H) in a min
erai oil/l-pentanol/SCS microemulsion (60% water) containing various concentra
tions of quinoline (Q). Curve 1, (Q) = 0; Curve 2, (Q) = 32 mM; and Curve 3, 

(Q) = 147mM. 

Table II. Electrochemical Data for the reduction of 
Cu(II) as a function of added quinoline in the 
mineral oil/n-pentanol/SCS microemulsion 

lQ]/[Cu(II)J a a 2
b A d 

0.00 .44 .69 0.733 4 
0.27 .37 .59 0.695 2 
0.54 .40 .62 0.670 5 
0.81 .40 .59 0.658 4 
1.08 .37 .64 0.643 5 
1.63 .40 .65 0.627 26 
2.17 .40 .59 0.612 11 
2.71 .39 .60 0.602 14 
3.25 .39 .57 0.587 9 
4.06 .39 .55 0.570 14 
4.86 .35 .62 0.565 22 
6.50 .39 .69 0.540 15 
8.36 .36 .55 0.525 14 

a. The copper and quinoline concentrations varied from 1.4 -
1.8mM and 0 - llmM, respectively. 

b. transfer coefficient (vide text). 
c. Half-wave potential (volts vs. SCE). 
d. Δ - ( E 1 / 4 - E 1 / 2 ) „ ( E 1 / 2 - E 3 / 4 ) , m V . 
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Figure 4. Log i/(id — i) vs. potential (E) for the reduction of 1.76 mM Cu(II) in 
a mineral oil/l-pentanol/SCS microemulsion (60% water). Key: O, 1.43 mM 

added quinoline (Q); and +,Q = 0. 
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E l / 4 °^ ^ n c r e a s e s with increasing quinoline. Although Ε^,^ 
i s s h i f t i n g i n a positive d i r e c t i o n , the values of Δ i n Table 
II indicate that ^^/^ * s s h i f t i n g negative, but more slowly than 
E^y^is s h i f t i n g positive. This suggests that the quinoline i s 
complexing Cu(I) more strongly than Cu(II). 

If the quinoline concentration i s increased, there appears 
to be a cationic wave appearing at <0 v o l t s . As the concentra
tion of ligand i s increased to ̂150mM, a new (reversible) wave i s 
seen at about -.16V (Figure 3). There i s a continuous t r a n s i t i o n 
i n these features from 10-150mM quinoline, but there i s a maximum 
on the C--1V) wave at intermediate concentrations of ligand. We 
do not have a clear interpretation of these r e s u l t s . It may be 
that as quinoline i s added i t releases copper from the surface 
(e.g. the benzene system) since at the higher concentrations i t 
i s an appreciable f r a c t i o n ( i . e . - 15%) of the t o t a l o i l present. 
The reversible wave which s h i f t s negative with added quinoline 
may be due to complexatio

I f , for the f i r s t
the half-wave obtained at low (<10mM) quinoline concentration, 
the positive s h i f t i n potential i s ascribed e n t i r e l y to the form
ation of a Cu(I) - quinoline complex, then equations ( v i i ) and 
( v i i i ) are obtained. 

dE . .059 
d log(Q) η 

3. 3 In 
j l A | = ak ( v i i i ) 

.3 ln(Q) 

The number of electrons transfered i s η (here, η » 1), and k i s 
the number of ligands i n the complex (a single complex i s as
sumed) . The plots corresponding to equations ( v i i ) and ( v i i i ) 
are shown i n Figures 5 and 6, respectively. It should be noted 
that the half-wave potential employed for the f i r s t reduction i s 
the Ε-,, of the complete two electron wave, and i , i s one half 
the l i m i t i n g current of the wave. From equation t v i i ) , a value 
of k - 3.7 i s obtained. From equation ( v i i i ) , using α • 0.39 
(αϊ from Table II) a value of k a 3.7 i s also obtained. This 
would tend to indicate that a tetracoordinate Cu(I) complex i s 
formed. The s t a b i l i t y constant must be r e l a t i v e l y low since the 
straight l i n e segments i n Figures 5 and 6 begin at a Q/Cu r a t i o 
of 1.6. It may also be noted that quinoline has the same effect 
on the reduction of Cd(II), except that only a single, i r r e v e r s 
i b l e , two electron half-wave i s observed (Figure 7). For η » 2, 
the slopes y i e l d α values of 0.44 and 0.45 for zero and 6.8mM 
quinoline, respectively. 

F i n a l l y , an interesting example of complexation has been ob-
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Figure 5. Log quinoline concentration vs. E1/h for reduction of Cu(H) in a min
eral oil/1-pentanol/SCS microemulsion (60%) (see text and Equation vii). Slope 

of straight line segment at higher quinoline concentration is 4.55. 
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ι : 1 1 
1.0 0.5 10 

Quinoline concentration (mil) 

Figure 6. Log i/(id — i) at a fixed potential of —0.50 V (vs. SCE) vs. log quino
line concentration (see text and equation viii). Slope of straight line segment at 

higher quinoline concentration is 1.46. 
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10h 

Figure 7. Log i/(id — i) vs. potential (E) for the reduction of 2 mM Cw(H) in a 
mineral oil/l-pentanol/SCS microemulsion (60% water). Key: O, (upper Ε scale), 

6.8 mM added quinoline (Q); and %,Q=zO. 

In Inorganic Reactions in Organized Media; Holt, S.; 
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served with Cd(II) ion i n a hexadecane i n water microemulsion s t a 
b i l i z e d by the cationic surfactant cetyltrimethylammonium bromide 
(CTAB) and 1-butanol as cosurfactant (16). It might be expected 
that the C d 2 + ion be repelled by the p o s i t i v e l y charged microdrop-
l e t . However, the value of the di f f u s i o n c o e f f i c i e n t (D) determ
ined from the l i m i t i n g current of the half-wave for the reduction 
of Cd(II) i s constant upon d i l u t i o n with water over the range 35-
70%. The constant value of D - 7.2 ± 0.7 χ 10" 7 cm2 s*"1, i n d i c a 
ting that a l l of the Cd(II) i s i n fact strongly bound to the mi-
crodroplet (2). It may be estimated that the concentration of 
bromide counterion i n the Stern layer of the microdroplet i s on 
the order of 3M. Using the formation constants for complexation 
of Cd(II) by Br" i n water (15), approximately 90% of the cadmium 
i s present as CdBrt»2"", and the remaining 10% as CdBr3~. Thus, the 
Cd(II) i s bound to the cationic drop as anionic bromide complexes. 
This conclusion i s consistent with th  result f  stud f
per ion incorporation b
was found that the rate  incorporatio y y
onic surfactant, and then only when the counterion was capable of 
complexing the Cu(II) (e.g. - bromide was eff e c t i v e but perchlo-
rate was not). This was ascribed to the formation of CuXi*2*" spe
cies at the oil-water interface. 

Summary 

The microemulsion components, p a r t i c u l a r l y the nature of the 
o i l , has been shown to have a dramatic effect on the interaction 
of metal ions i n the microdroplet i n t e r f a c i a l region. In p a r t i 
cular, the change from benzene to mineral o i l causes a change i n 
the quinoline dependence of the rate of metalloporphyrin forma
tion and a 0.9 v o l t s h i f t i n copper (II) half -wave potential. The 
positive s h i f t i n E- ,~ for Cu(II) upon addition of quinoline i s 
ascribed to the s t a b i l i z a t i o n of Cu(I) v i a a tetracoordinate com
plex. I t has been shown that simple aqueous ions such as hydrox
ide can react with species i n the Stern layer of a microdroplet of 
the same charge, but cannot penetrate as deeply into the interface 
as compared with a droplet having the opposite surface charge. 
The high concentration of bromide counterion i n the Stern layer of 
a cationic microemulsion droplet results i n the binding of Cd(II) 
i n the form of CdBr^ 2" ions. 

It should also be noted that while very few i n t e r f a c i a l i n 
organic reactions have been examined i n microemulsion media, these 
studies have shown that t h i s i s a f e r t i l e f i e l d for future inves
tigations · 
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The Hydro lys i s of Chlorophyl l a in Detergentless 
Microemuls ion M e d i a 
An Initial Study in the Development of a Kinetic Model 
for the Geologic Transmetalation Reactions of 
Porphyrins Found in Petroleum 
DAVID K. LAVALLEE, EUPHEMIA HUGGINS, and SHELLEY LEE 
Hunter College of the City University of New York, Department of Chemistry, 
New York, NY 10021 

The most reasonabl  mechanis  fo  th  conversio f l 
macrocylic complexes, th
nickel and oxovanadium porphyrins formed in petroleum appears to 
be a sequence of hydrolysis and metallation reactions. The chlo
rophylls and natural metalloporphyrins are hydrophobic whereas the 
hydronium ion and typical aquated metal ions are hydrophilic so 
the hydrolysis and metallation reactions may have taken place in 
interphase regions. Results for the hydrolysis of chlorophyll a 
in detergentless microemulsion media consisting of toluene, water 
and 2-propanol show a rate law that is first order in chlorophyll 
a and second order in acid concentrations, 

rate= k [ch1 a] [H+]2 

withk - 4.7xl03 m-2s-1 at χ (toluene)= 0.411, χ (water) = 0.180 
and χ (isopropanol) = 0.408, Τ = 25.0°C and I . 0.10 M over a 
range of 105 inkobs. The rate is strongly dependent on the con
centration of toluene giving a relationship of kobs α [toluene]2.5 
while there is no evident correlation of the rate with water or 
isopropanol concentrations. The reaction follows the same rate 
law for a variety of compositions within the microemulsion region 
and even for compositions for which the structure is no longer a 
microemulsion. 
Introduction 

Chlorophylls and iron porphyrins are prevalent in plant and 
animal matter whereas only nickel (as Ni (II)) and vanadium (as oxo
vanadium V(IV), Vs0) metalloporphyrins are found in petroleum. 
To determine a plausible reaction sequence for these conversions, 
we are studying hydrolysis and metallation reactions of metal com
plexes of pheophytins (the demetallated ligands of chlorophylls) 
and of porphyrins. The pheophytins and metal pheophytinates, in
cluding the chlorophylls and the most abundant natural porphyrins, 
are highly lipophylic and have very low solubilities in aqueous 
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solutions. Common natural forms of metal ions and the hydronium 
ion are, of course, hydrophilic with low s o l u b i l i t y i n nonpolar 
organic solvents. Since reactions of pheophytins and porphyrins 
with acid and with metal ions during the geological development 
of petroleum may have occurred at lipid-aqueous interphase regions; 
we have chosen to study reactions i n nonionic microemulsion media. 
In this report we discuss the hydrolysis of chlorophyll a i n a 
medium consisting of toluene, water and isopropanol. 

Background 

While crude o i l consists mainly of hydrocarbons which have 
undergone s i g n i f i c a n t chemical changes that reduce their u t i l i t y 
as chemical records of the geologic history of the o i l formation 
process, there are also some stable components of o i l that have 
persisted largely intact for very long periods - the metallopor
phyrins. The porphyri
and n i c k e l complexes o
deoxophylloerythin, and etioporphyrin III (or mesoetioporphyrin)-
see Figure 1 (2, 2Ù · The s i m i l a r i t y of these porphyrins to the 
common porphyrins found i n plants and animals, chlorophyll and 
protoporphyrin IX (the porphyrin found i n hemoglobin, myoglobin 
and many plant and animal cytochromes) shown i n Figure 2, was one 
of the early indicators of the o r i g i n of crude o i l . Along the 
fact that most o i l occurs i n formation with sedimentary rock, the 
presence of porphyrins provides very strong evidence for the 
o r i g i n of o i l being vegetable and animal matter that has been 
chemically transformed by the effects of temperature and pressure 
over long periods of time. Metalloporphyrins are very stable com
pounds, pe r s i s t i n g at temperatures of two hundred degrees Celsius 
with changes of organic substituents on the periphery of the 
macrocycle but with retention of the basic macrocyclic structure. 
They have apparently survived from the o r i g i n a l deposition of 
organic material millions of year ago. 

As stated by Constantinides and Arich (4): 

The problem of the o r i g i n of the metal-porphyrins i s 
closely related to that of the o r i g i n of petroleum and i s one 
of the most basic and interesting questions of petroleum geo
chemistry. The most probable conclusion seems to be that 
the n i c k e l and vanadium porphyrin complexes are formed by 
metal exchange reactions from animal and/or plant metabolic 
pigments such as hemoglobin and chlorophyll. 

These comments have been amplified by Hodgson, Baker and Peake 
(5): 

Among the multitude of compounds occurring i n petroleum 
there are few which are unique. Of these, the porphyrin com-
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0-CH2 -CH-Ç-C l 6H33 
CH 3 

Figure 2. Structures of chlorin and porphyrin molecules found in plant and ani
mal matter. Several different chlorophylls have the same basic ring structure but 

different peripheral substituents. 
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pounds are d i s t i n c t i v e , offering some hope of defining more 
cle a r l y the genesis of petroleum. Although there are many 
possible structures for porphyrins, only a limited number 
occur i n petroleum. However, these few may have had both an 
active and a passive role to play i n the development of crude 
o i l from i t s source biogenic material. The passive role 
played by the pigments was that i n which the precursor mole
cules underwent a series of systematic changes u n t i l they 
became the stable and e a s i l y recognizable trace compounds of 
crude o i l . In an active sense, the developing pigments may 
have had a surfactant role to play during the mobilization, 
migration and accumulation of crude o i l hydrocarbons. 

The transformation of porphyrin precursors to porphy
r i n s , as well as the occurrence of these compounds i n pos
s i b l e petroleum source materials and i n petroleum, have con
siderable geochemical significance i n the history of the 
o r i g i n and accumulatio

The range of concentrations of porphyrins i n o i l i s quite 
large - from about 1 ppm i n some l i g h t o i l s especially i n Texas 
and Oklahoma to nearly 2000 ppm i n heavier crudes from Venezuela 
(and as high as 0.4 % by weight i n some o i l shales) (6), with the 
common concentration of 100-400 ppm. Because of the high extinc
tion c o e f f i c i e n t s (^10^ I f ̂  cm ) of both free porphyrins and por
phyrin complexes and the very strong fluorescence of free porphy
rins (obtained by treating the metalloporphyrins with acid) low 
concentrations of porphyrins can be quite readily determined. The 
ra t i o of vanadium to n i c k e l i n the porphyrin fra c t i o n can be de
termined accurately by common techniques such as atomic absorption 
spectrometry. 

Large collections of such data are available (7 - 10). 
Attempts have been made to correlate the vanadium to n i c k e l ratios 
(which vary from e s s e n t i a l l y a l l vanadium to less than 10% vana
dium) with age of the crude o i l and limited success - generally 
with deposits i n the same region - has been achieved (5). Further 
elucidation of the transmetallation mechanism may provide more i n 
formation for purposes of correlation with history of an o i l de
posit. I t may be found as a result of these investigations that 
temperature of pH i s important i n determining the type of metallo-
porphyrin as well as metal ion a v a i l a b i l i t y . 

In modelling studies of the chemical transformations of 
chlorophyll and protoporphyrin IX to the porphyrins found i n o i l s , 
more attention has been given to the organic chemistry - the 
changes of substituents at the periphery of the porphyrin ring -
than to the way i n which these species came to be vanadium and 
nic k e l complexes. The presence of the i s o c y c l i c ring i n deoxophyl-
loerythroetioporphyrin and deoxophylloerythrin points to chlorophyll 
as precursor while the structure of etioporphyrin (or mesoporphy-
rin) makes hemin (chloroprotoporphinatoiron(III)) a l i k e l y precur
sor. The conversion of the chlorin ring system found i n chloro-
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p h y l l (one saturated double bond i n one of the four pyrrole rings) 
to the porphyrin system ( a l l unsaturated pyrroles) i s readily ac
complished by quinones (11). Similarly, bacteriochlorophylls, i n 
which two p y r r o l i c double bonds have been saturated, can also be 
converted readily to porphyrins. The other organic reactions that 
lead to the porphyrins found i n o i l include saponification of 
ester substituents, saturation of v i n y l groups, reduction of 
formyl and acetyl groups, reduction of carbonyl groups and de
carboxylation of acid groups (6). From the nature of these reac
tions and the known properties of decaying organic matter, the 
l o c a l environment during the development of o i l i s presumed to be 
reducing. Of the metal ions commonly available from ground water 
and sedimentary rock that can react with porphyrins i n contact 
with water, two have dif f e r e n t oxidation states under normal 
aerobic conditions and under reducing conditions. These are i r o n 
and vanadium - two metal ions which are thought to be very im
portant i n the conversio
and vegetable matter to
i n petroleum. Under reducing conditions of the type presumed for 
petroleum development, iron i s expected to exist as Fe(II) and 
vanadium as V(III) (vanadium(II) i s such a powerful reducing agent 
that i t would be expected to reduce organic compounds whereas 
V(III) near neutral pH i s only a mild recuding agent). Other 
metal ions that are reasonably abundant and could play a role i n 
natural transmetallation reactions are Cu(II), N i ( I I ) , Zn(II), and 
*fti(II) . 

Metallation and Transmetallation Reactions 

Several different sequences of reactions may be postulated 
for the conversion of the magnesium complexes of pheophytins 
(chlorophylls) and iron complexes of protoporphyrin IX and related 
porphyrins (hemes and hemins) into the n i c k e l and vanadium porphy
rins found i n petroleum. One possible reason for the i s o l a t i o n of 
only the n i c k e l and oxovanadium metalloporphyrins i s that only 
they were resistant to degradation. While studies of Hodgson do 
indicate that complexation of vanadium and n i c k e l do impart added 
thermal s t a b i l i t y to porphyrins (12), Berezin has found that com
plexation of other metal ions such as cobalt and copper also im
parts added thermal s t a b i l i t y (13, 14). In addition, Hodgson's 
study indicates that r e l a t i v e l y l i t t l e thermal degradation of the 
metalloporphyrins has taken place i n most crude o i l s (which would 
lead to unbound vanadium and n i c k e l ) . One would expect that i f 
l i t t l e degradation of these metalloporphyrins has occurred, 
complete disappearance of other metalloporphyrins by thermal de
gradation i s an unreasonable assumption. 

A second type of mechanism would be the reductive or oxida
tive demetallation of intermediate metalloporphyrins, allowing 
n i c k e l and vanadium to complex. From the electrochemistry of por
phyrins, and solution studies involving oxidizing and reducing 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



12. LAVALLEE ET AL. The Hydrolysis of Chlorophyll a 201 

agents, (15) however, i t would appear that the only metalloporphy
rins which are involved i n petroleum maturation that would be 
susceptible to demetallation under mild conditions by this mech
anism are oxovanadium porphyrins (16), which are, i n fact, one of 
the two types of complexes found. It would appear then that none 
of the intermediate species would be affected by this mechanism. 

A t h i r d general mechanism i s direct transmetallation i n which 
a metal atom displaces a metal atom that i s bound to a porphyrin 
or pheophytin ligand. I t could not be necessary for n i c k e l or 
vanadium to d i r e c t l y displace the magnesium of chlorophylls or the 
i r o n of hemes of hemins but a series of transmetallation reactions 
could occur for which the termination steps involved the n i c k e l 
and vanadium reactions. The k i n e t i c s of transmetallation reac
tions of several metalloporphyrins have been interpreted i n terms 
of such a direct displacement mechanism (17, 18, 19). The high 
r e a c t i v i t y of copper (II) as the displacing metal ion i n these 
reactions and r e l a t i v e l
that at least some coppe
i n petroleum. In addition, the direct (or associative) mechanism 
for transmetallation has only been postulated for cases involving 
metalloporphyrins i n which the metal ion i s s i g n i f i c a n t l y out-
of-plane (Hg(II), Pb(II), Cd(II) and Zn(II)) and which are also 
of low s t a b i l i t y with respect to acid hydrolysis. 

An alternative mechanism for transmetallation i s one which 
involves acid catalyzed dissociation followed by competitive 
metallation (20, 21, 22). In this process, the metal ion i n the 
metalloporphyrin i s displaced by protons. At r e l a t i v e l y low acid 
concentrations (pH >_ 4) expected for ground waters and most en
vironments of developing petroleum deposits, the predominant form 
of the demetallated porphyrins and pheophytins would be the 
neutral free base. The metal ions i n the v i c i n i t y of these free 
base species could then compete with each other to form complexes. 
The hydrolysis - competitive complexation sequence would be 
repeated u n t i l the metal ion or ions which are most resistant to 
acid hydrolysis have bound a l l the available ligands. The s t a b i 
l i t i e s of metalloporphyrins toward displacement of the metal ion 
by acid were reported many years ago by Caughey and Corwin (23) 
and i t was found that acid dissociation rates were i n the q u a l i 
tative order Ni(II) < Cu(II) < Co(II) « Zn(II). From a number 
of qualitative studies Falk and Buchler have constructed a s t a b i 
l i t y series for resistance to acid dissociation as : Ni(II) > 
Co(II) > Cu(II) > Fe(II) > Zn(II) > M g ( n ) with no mention of 
oxovanadium complexes (24, 25) . Although the r e l a t i v e l y high 
s t a b i l i t y of Ni(II) porphyrins toward acid displacement might be 
taken as presumptive evidence i n support of the i n d i r e c t trans
metallation sequence involing acid hydrolysis, data of Berezin 
and Drobysheva must also be considered. Berezin and Drobysheva 
have studied acid hydrolysis of metal complexes of pheophytin a 
i n mixed solvent systems of ethanol, g l a c i a l acetic acid and s u l 
f u r i c acid. They suggest a s t a b i l i t y order of Fe(III) > Cu(II)> 
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Ni(II) > Co(II) > Zn(II) (13, 14, 26, 27). Considering the con
centrations of metal ions which react with porphyrins and pheo
phytins that are t y p i c a l of groundwater (in ppm) Fe(0.23), 
Mn(0.009), Cu(0.007), Ni(0.004) and V(0.001), i n sedimentary rock 
such as graywackes and shale, respectively (Fe(3.84x10*, 4.8x10*), 
Mn (750,850), Cu(45,45), Ni(40,68) and V(67,120)) and i n marine 
sediments ( l i k e those of shale, a l l data from reference 28), and 
reaction rates t y p i c a l l y found i n homogeneous solutions (29^, 30, 
31) one would expect to f i n d Cu(II) porphyrins i n petroleum i f 
Berezin's order dominated the transmetallation sequence. 

Several interesting p o s s i b i l i t i e s for unraveling the present 
ambiguities exist. It i s quite possible that the r e l a t i v e acid 
s t a b i l i t i e s for a series of metal ions as pheophytin complexes 
and as porphyrin, complexes are indeed very dif f e r e n t and the 
c r u c i a l transmetallation hydrolysis reactions occurred a f t e r the 
pheophytins had been converted to porphyrins. Another in t e r e s t 
ing p o s s i b i l i t y to explai
petroleum i s that the hydrolysi
not take place i n homogenous solution but i n interphase regions 
and that the k i n e t i c s of these reactions are s i g n i f i c a n t l y d i f 
ferent from those i n homogeneous solution. Herein we report on 
the f i r s t stage of our investigation of this aspect of the devel
opment of a k i n e t i c model for the metalloporphyrin transmetalla
tion sequence for the formation of the complex found i n petroleum: 
the hydrolysis of chlorophyll i n a detergentless microemulsion 
medium. 

Results and Discussion 

Holt, Barden, and coworkers have recently reported the charac
t e r i z a t i o n of detergentless microemulsion media consisting of 
toluene, water and 2-propanol and hexane, water and 2-propanol 
(32, 33, 34). In developing pseudophase diagrams for these sys-r 
terns, they have i d e n t i f i e d regions of stable water-in-oil micro-
emulsions. Since isopropanol which i s present i n the interphase 
region i s also quite soluble i n both water and hydrocarbons, the 
structure of these microemulsions i s much looser, with a greater 
average thickness of molecules, than i s t y p i c a l of microemulsions 
formed with detergents. Reiser and Holt have shown that metal
l a t i o n of a free base porphyrin (tetraphenylporphyrin) occurs 
readily i n the detergentless water-in-oil microemulsion media we 
have used i n t h i s study (35). When they added other surfactants 
to this medium, they found l i t t l e e f f e c t with nonionic and anionic 
surfactants but large rate enhancements with cationic surfactants, 
i n sharp contrast with results previously found by Letts and 
Mackay for oil-in-water microemulsion media (36) and by Lowe and 
P h i l l i p s i n aqueous micellar media (37). Hambright has also r e 
ported metallation rates for porphyrins i n aqueous media contain
ing Tween 80 (38). To avoid the profound influence that i o n i c 
detergents can have, we have decided to employ a nonionic medium. 
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As yet, no k i n e t i c data have been reported for the metallation of 
pheophytinates or for the hydrolysis of metal pheophytinates or 
metalloporphyrins i n well-characterized microemulsion media. 

For this study, we prepared toluene, water, 2-propanol micro
emulsions i n which chlorophyll a (extracted from fresh spinach, 
39) was dissolved i n toluene and perchloric acid and lithium 
perchlorate (to maintain the i o n i c strength at 0.10M) were d i s 
solved i n the aqueous phase. Kinetics were monitored by observ
ing changes i n the v i s i b l e absorption spectrum with a convention
a l or a stopped-flow spectrophotometer, as appropriate, and the 
temperature was carefully maintained at 25.0°C. A l l k i n e t i c runs 
were pseudo-first-order with the chlorophyll a concentration at 
less than 10 TL In a l l cases, the change i n absorbance corre
sponded to a f i r s t - o r d e r process for several h a l f - l i v e s . A 
typ i c a l p l o t i s shown as Figure 3. As reported previously (39), 
at a single microemulsion composition of χ (toluene) = 0.411, 
χ (H 20) - 0.180 and χ (2-propanol
observed rate on acid concentratio
orders of magnitude of rate ( f r o m k o b s = 1,0 to 10"*). The data 
of Berezin, et. a l . (13, 14, 26, 27) have indicated non-integral 
behavior for acid catalyzed hydrolysis of other metal pheophytin
ates and the nature of the solvent systems used (eg ethanol, 
glacid acetic acid) have often made determination of the hydrogen 
ion a c t i v i t y tenuous and the range of acid concentrations studied 
were generally very r e s t r i c t e d . More extensive studies of acid 
catalyzed dissociation have been performed with metalloporphyrins, 
including Zn(II), ^ ( I I ) , Cd(II), Fe(II) and Fe(III) complexes 
(29, 40, 45). The rate laws at high acid are t y p i c a l l y second 
order but at low acid, t h i r d order rate laws have been observed. 
For example, for the acid catalyzed hydrolysis of one of closest 
analogues to the petroleum porphyrins, etioporphinatozinc(II). 
the rate law observed by Hambright and coworkers(41) i s : 

rate = <k [ZnP] [HCl ] 3 ) / ( p + [HCl]) 

so that the observed rate appears to be second order at high acid 
concentration but t h i r d order at low concentration. For the 
chlorophyll hydrolysis reaction we fi n d no evidence whatever of 
th i r d order behavior. Quite possibly this i s due to the presence 
of one saturated p y r r o l i c ring i n the pheophytin ligand. The 
mechanism that i s proposed for the chlorophyll hydrolysis i s 
shown i n Figure 4. This mechanism requires the breaking of two 
bonds between nitrogen atoms and the magensium and subsequent 
rapid dissociation (39). This result i s quite d i f f e r e n t from 
that reported by Berezin for the hydrolysis of chlorophyll a i n 
ethanol/glacialacetic acid mixtures, i n which he found no simple 
dependence on the concentration of g l a c i a l acetic acid, but "a 
parabolic dependence on the square of the g l a c i a l acetic acid con
centration or an approximately fourth power dependence on H+QQ^J» 

(26) . The mechanism proposed by Berezin i s one i n which the 
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Figure 3. A typical plot of the change in concentration of chlorophyll a as it is 
hydrolyzed to pheophytin a in microemulsion media. 
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Figure 4. A mechanistic scheme for the hydrolysis of chlorophyll a that is con
sistent with the observed rate law. 
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rupture of the f i r s t Mg-N bond i s rate determining, a conclusion 
that i s d i f f i c u l t to reconcile with the data. The detergentless 
microemulsion medium appears to of f e r a much better system for 
determining hydrolysis reaction mechanisms. 

Table I. Rate Constants For Chlorophyll A Hydrolysis i n Media 
Of Different Composition. 

Composition ^ c a l c = 

ftobs/[H+]2)xlO-2§ M-2
S-* 

[H+], M 
X(PrOH) x(tol) χ(Η 20) 0.0078 0.013 0.025 0.031 
0.51 0.39 0.094 62 97 100 76 

0.64 0.26 0.10

0.79 0.17 0.042 7.8 6.9 3.8 4.8 

0.85 0.12 0.030 4.7 5.0 5.3 6.0 

0.90 0.00 0.10 3.6 2.2 2.7 2.1 

It i s of interest to us to see how the composition of the 
microemulsion medium affects the hydrolysis rate. The data i n 
Table I demonstrate that the hydrolysis reaction i s second order 
i n acid concentration. I t i s also quite evident from the table 
that the hydrolysis rates are indeed sensitive to the composition 
of the microemulsion. Figure 5 i s the pseudophase diagram for the 
toluene, water, 2-propanol system. We are, of course, dealing 
with a s l i g h t l y modified system since the aqueous phase has an 
io n i c strength of 0.10 M. Barden, Holt and coworkers have shown 
for the rather similar hexane, water and 2-propanol system, how
ever, that addition of NaCl does not d r a s t i c a l l y a l t e r the pseudo-
phase diagram. Hence, we expect that the compositions used to 
obtain the data i n Table 1 represent a l l three of the regions of 
low t u r b i d i t y , B, C and D. In a l l cases the media we have used 
appear transparent. Despite the fact that several different 
s t r u c t u r a l regions are represented by the compositions i n Table I, 
there does not appear to be any sharp break i n the observed rates 
with composition but instead a rather gradual change. From the 
data i n Table I, i t i s evident that there i s no simple r e l a t i o n 
ship between the observed rate and the amount of water i n the 
media. The mole fraction of water i n a l l of these compositions i s 
s u f f i c i e n t l y small that the propanol concentration and the toluene 
concentration are highly correlated i n an inverse relationship. 
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Thus, although the rate decreases with increasing propanol con
centration and increases with increasing toluene concentration, 
i t i s not clear from these data which of the two species i s most 
important i n af f e c t i n g the hydrolysis rate. Further experiments 
were performed i n which the propanol concentration was maintained 
with water and toluene concentrations varied and with toluene 
concentration held fixed and water and 2-propanol concentrations 
varied. When these data are included, the dependence of the rate 
on toluene concentration (Figure 6) i s obvious while the depend
ence on propanol concentration does not appear to be highly cor
related (Figure 7). 

In an attempt to determine i f a r a t i o n a l relationship exists 
between the observed hydrolysis rate and the toluene concentra
tion, we attempted a number of correlations to see i f surface area 
of the toluene component or volume available to the chlorophyll 
might be the c r u c i a l factor. The only correlation which we have 
found i s that a p l o t o
the logarithm of the toluen
with a slope of 2.5. Such a result i s consistent with an e q u i l i b 
rium involving association of toluene with chlorophyll which i n 
creases the r e a c t i v i t y of the chlorophyll toward hydrolysis. This 
i s a l i n e a r free energy relationship which would r e s u l t i f , f or 
example, propanol s t a b i l i z e s the magnesium i n the porphyrin by 
blocking the approach of acid to the nitrogen that bind the magne
sium atom. If the toluene displaces the propanol, hydrolysis 
could be easier. While consistent with a reasonable physical 
picture, i t i s certainly a speculative interpretation. We plan to 
test this hypothesis using other media (for example, the hexane, 
water, 2-propanol system) which have good s o l u b i l i z a t i o n properties 
for the chlorophyll and acid reactants but for which the hydro
carbon fr a c t i o n i s not expected to associate strongly with the 
chlorophyll ring system. I t should be noted that although a 
straight l i n e log-log plot i s often not a stringent test of a 
correlation between parameters, the agreement i s , i n fact, quite 
remarkable i n this case as evidenced from the values calculated 
from the relationship obtained from the log-log plot and the 
experimentally determined values of the rate constant (Fig.6). I t i s 
interesting that the rate dependence on toluene concentration i s 
the opposite of what might be expected from orientational con
siderations. It might be presumed that the most favorable orien
tation for hydrolysis would be one i n which the plane of the 
aromatic ring system of the chlorophyll molecule i s p a r a l l e l to 
the surface of the water droplet so that the acid could d i r e c t l y 
attack the coordinating nitrogen atoms without traversing propanol 
and/or toluene. Increasing the amount of toluene might be expected 
to reduce the amount of chlorophyll oriented i n this manner since 
the e f f e c t i v e concentration of chlorophyll i n the interphase 
region i s reduced. Diffusion to the interphase region i s l i k e l y 
so fast compared with hydrolysis and the concentration changes 
of toluene are s u f f i c i e n t l y small, however, that no s p e c i f i c 
s t e r i c e f f e c t due to the concentration change i s evident. 
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[Toluene] 9 M 

Figure 6. The variation of the third-order rate constant with different concentra
tions of toluene. 
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Figure 7. The variation of the third-order rate constant with different concentra
tions of propanol. 
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Conclusions 
The hydrolysis of chlorophyll a in a detergentless micro

emulsion medium consisting of toluene, water and 2-propanol is 
readily monitored giving clean third-order kinetics, first order 
in chlorophyll and second order in acid concentration, over a 
wide range of acid concentrations. The reaction is faster in the 
microemulsion region than in solutions of propanol and water or 
in regions where the structure consists principally of large 
hydrogen - bonded aggregates of propanol and water (34). The 
hydrolysis rate shows a marked dependence on the concentration 
of the hydrophobic phase, toluene. 
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Reactions on Sol id Potassium Permanganate 
Surfaces 

FREDRIC M. MENGER 
Emory University, Department of Chemistry, Atlanta, GA 30322 

Oxidations of alcohol
permanganate surface
tions with high yield and easy workup. Solid sodium 
permanganate can also oxidize aldehydes and sulfides 
but not alkenes or alkynes; the solid reagent is 
thus more selective than the oxidant in solution. 
Mechanistic aspects (including an observed need for 
trace quantities of water at the crystal surface, 
Cu+2 catalysis, RCOOH inhibition, crystal deteriora
tion, and reaction intermediates) are s t i l l not 
understood. 

Crystallinity is the ultimate in molecular order, so one 
naturally wonders how reactions at crystal surfaces compare with 
corresponding "disordered" reactions in solution. Our recent 
attempts to study this question would, according to the subject 
of the Symposium, be best introduced with examples of solid state 
inorganic chemistry. Such examples are, however, rather rare. 
On the other hand, solid state organic chemistry has been develop
ing rapidly ÇL, 2) ; work of others in this area will illustrate 
the effect of organization in the solid state on reactivity and 
stereochemistry. 

Kornblum and Lurie (3) showed that homogeneous alkylation of 
sodium phenoxide by allyl bromide in ethylene glycol dimethyl 
ether (in which both reagents are soluble) gives 99% O-alkylation 
(Figure 1). In contrast, heterogeneous alkylation of sodium phen
oxide suspended in ether produces ortho-allylphenol as the major 
product. Preference for C-alkylation over O-alkylation at the 
crystal surface most likely arises from the poorly solvated halide 
ion that would be formed in a solid state O-alkylation (Figure 2). 
Moreover, covalent bonding to an oxygen at the solid surface would 
dissipate charge on the oxygen, thereby depriving the sodium ions 
held in proximity to the oxygen of a counterion. The above diffi
culties do not apply to C-alkylation at the solid phenoxide surf
ace (Figure 2). The incipient bromide is stabilized by ion-pair 
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Figure 2. 
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formation with a sodium ion; charge separation i s therefore less 
unfavorable. 

Taylor et. a l . (4_) found that heating c r y s t a l l i n e thallium(I) 
s a l t s of 1,3-dicarbonyl compounds with a l k y l iodides generates 
C-alkylation products i n v i r t u a l l y quantitative y i e l d (Figure 3). 
None of the common side reactions (dialkylation, O-alkylation, 
cleavage, etc.) i s found. Since an X-ray structure of acetylace-
tonatothallium(I) shows the carbon backbone located on the c r y s t a l 
surface and the oxygens buried i n the i n t e r i o r , the extraordinary 
reaction s p e c i f i c i t y probably results from the packing geometry. 

Mayer-Sommer (5) alkylated a l k a l i metal pyrazolates both 
homogeneously and with a suspension of the s o l i d pyrazolate i n a 
solution of the alkylating agent (Figure 4). Two products are 
possible when Rf φ R". Heterogeneous conditions, however, lead to 
the greater product s p e c i f i c i t y . Thus, when the metal i s located 
nearer to one nitrogen than the other i n the c r y s t a l , then that 
particular nitrogen i s "blocked
alkylated. 

Quinkert et. a l . (6) photoeliminated carbon monoxide from c i s -
l,3-diphenyl-2-indanone (Figure 5). In solution, the major product 
i s the more stable trans-substituted benzocyclobutane. However, 
the c i s geometry i s maintained i n the corresponding s o l i d phase 
reaction because the c r y s t a l l i n e state impedes rotation about 
carbon-carbon single bonds i n the reaction intermediate. 

Penzien and Schmidt (7) exposed a single c h i r a l c r y s t a l of 
4,4 f-dimethylchalcone to bromine vapor and showed that the r e s u l t 
ing dibromo derivative i s o p t i c a l l y active (Figure 6). Thus, i f a 
c r y s t a l has a c h i r a l structure, then reaction i n that c r y s t a l can 
lead to c h i r a l products even though the reactant molecules are 
a c h i r a l . The common textbook statement that reactions of a c h i r a l 
molecules always produce a c h i r a l products does not necessarily 
apply i n the c r y s t a l l i n e phase. 

Curtin et. a l . (8) exposed benzoic acid crystals to ammonia 
gas and generated ammonium benzoate. As shown i n Figure 7, the 
(101) faces of the crystals become opaque while the (001) faces 
remain clear. The resistance of molecules at the (001) faces to 
reaction with ammonia i s explainable by the r e l a t i v e l y unexposed 
carboxyl groups within t h i s region. 

Cheer and Johnson (9) described a system which i l l u s t r a t e s 
the s e l e c t i v i t y possible for a reaction on a s o l i d surface. They 
rearranged an epoxide (Figure 8) homogeneously (BF^-etherate i n 
C ^ C ^ ) and heterogeneously (on an alumina surface;. In the homo
geneous reaction, both erythro and threo-epoxide gave predomin
antly product _1 corresponding to a more favorable a r y l migration. 
The heterogeneous rearrangement catalyzed by alumina behaved quite 
d i f f e r e n t l y : erythro led to >90% 2 and threo led to >90% 1. This 
remarkable s e l e c t i v i t y was explained by immobile t r a n s i t i o n states 
i n which both the epoxide and alcohol oxygen atoms of the sub
strate are fixed to the alumina surface (Figure 9). Such confor
mational constraints are, of course, not imposed on the molecules 
i n solution. 
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Figure 6. 
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Chihara (10) has recently u t i l i z e d r e a c t i v i t y on an alumina 
surface i n another interesting manner. Generally i t i s d i f f i c u l t 
to react with good y i e l d only one of two id e n t i c a l functional 
groups i n a molecule. For example, mono-esterification of tere-
phthalic acid i s complicated by diacid and diester formation. 
However, when terephthalic acid i s chemisorbed onto alumina, then 
i t can be mono-esterified quantitatively i n a stream of diazometh
ane (Figure 10). The carboxyl bound to the alumina surface r e s i s t s 
e s t e r i f i c a t i o n , thus leading to mono-derivitization. 

L a t t i c e control of free radicals from the photolysis of crys
t a l l i n e acetyl benzoyl peroxide was observed by Karch and McBride 
(11). When acetyl benzoyl peroxide crystals are photolyzed to 15-
17% completion, methyl benzoate and toluene are formed as the only 
detectable products (Figure 11). It was shown that the products 
arise exclusively from an intramolecular process i n contrast to 
the situation with melt photolyses. Moveover, the investigators 
demonstrated by means of ^0 l a b e l l i n  experiment  that th  methyl 
benzoate i s formed predominantl
peroxidic oxygen (as oppose  carbony  oxygen)  pref
erence for one possible oxygen over the other i s absent i n the 
l i q u i d phase. 

Our own experience with reactions on c r y s t a l surfaces has been 
confined to oxidations on s o l i d KMnO, and NaMnO, (12). The work 
began with a curious observation i n c o n f l i c t with l i t e r a t u r e state
ments. We found that s o l i d KMhO, s t i r r e d with a benzene solution 
of a secondary alcohol would oxidize the alcohol to a ketone, 
Regen and Koteel (13), on the other hand, reported no oxidation 
under these conditions. Ultimately the discrepancy was resolved 
with the r e a l i z a t i o n that traces of water, perhaps monolayer 
amountSij are necessary for oxidation to take place. Slight d i f 
ferences i n tfte moisture content of the KMnO^ account for the vary
ing r e s u l t s . When we dried the KMnO, over P~0 5 under reduced 
pressure, the KMnO^ l o s t a l l i t s oxidative a b i l i t y ; t h i s could be 
restored by adding small quantities of moisture to the system. 
In addition, i t was shown that CuSO,(H 20) 5 mixed with the KMnO^ 
accelerated the oxidation of secondary alcohols. The combination 
produced an oxidant which was capable of oxidizing alcohols to 
ketones i n high y i e l d and under mild conditions as shown i n Table 
I. Perhaps the most useful feature of the reactions i n Table I i s 
the easy workup; f i l t r a t i o n of the solids and evaporation of the 
benzene give the product i n a satisfactory state of purity. 

Note that Table I shows that primary alcohols are not e f f e c t 
i v e l y oxidized by the KMnO^/CuSO, couple. This contrasts with the 
usual solution behavior where primary alcohols are oxidized faster 
than secondary alcohols. Thus, the s o l i d phase system presented 
the p o s s i b i l i t y of carrying out selective oxidations not easily 
accomplished i n solution: CHoOH CfWTH 
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Figure 11. 
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CT3CH2CH2-<jH-
OH 

CH. [ 3CH 2CH 2--C-CH 2CH 2CH 2CH 2Œ 

Unfortunately, such selective oxidations were not possible because 
primary alcohols form small amounts of carboxylic acid under the 
reaction conditions; these acids e f f i c i e n t l y i n h i b i t oxidation, 
thereby accounting for the apparent inertness of primary alcohols. 
When a secondary alcohol was mixed with a primary alcohol, neither 
was oxidized by the s o l i d reagent i n good y i e l d . An oxidation of 
a secondary alcohol over c r y s t a l l i n e KMnO. would immediately cease 
when octanoic acid was added i n tiny amounts to the benzene  The 
octanoic acid presumabl
surface and impedes th

Sodium permanganate, commercially available although more 
expensive than potassium permanganate (14), was found to be an 
even more potent oxidant. The monohydrate form (NaMnO.-H^O) can 
be used as purchased to oxidize a variety of fu n c t i o n a l i t i e s by 
s t i r r i n g the s o l i d with substrates dissolved i n hexane or methylene 
chloride (Table I I ) . The s o l i d phase oxidation would seem p a r t i c 
u l a r l y useful for small-scale reactions (< 1 gram substrate). 
Note that the NaMnO^'H^O oxidizes o l e f i n s only slowly whereas i n 
solution glycols are formed readily from o l e f i n s . S e l e c t i v i t y may 
turn out to be a major advantage of s o l i d state reactions. 

At present we do not understand most aspects of the s o l i d 
phase oxidations: the need for trace quantities of water, Cu*"1" 
ca t a l y s i s , RCOOH i n h i b i t i o n , cation dependence, reaction s e l e c t i v 
i t y , c r y s t a l deterioration, intermediates and mechanism. I t i s a 
case of a f i e l d i n i t s infancy. We w i l l c l e a r l y need to examine 
spectrometrically the permanganate surface while a reaction i s i n 
progress i f we are to learn the secrets of r e a c t i v i t y on this 
c r y s t a l l i n e s o l i d (15). 
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1 4 
Photochemical Studies of Zeolites 

STEVEN L. SUIB, OVIDIU G. BORDEIANU, KERRY C. McMAHON, 
and DIMITRIOS PSARAS 
University of Connecticut, Department of Chemistry and Institute of Materials Science, 
Storrs, CT 06268 

The followin
the field of zeolit
preliminary results of photochemical studies of 
uranyl-exchanged zeolites. The areas of water 
splitting by metal-exchanged zeolites and lumines
cence quenching are discussed as well as some of 
the properties of zeolites that make them excellent 
media for organizing chemical reactions. Some pre
liminary results of the photochemistry of uranyl 
ions exchanged into zeolites A, X, Y, mordenite 
and ZSM-5 are then presented. Quenching of the 
uranyl zeolites with isopropanol and bulk analyses 
of the products of this quenching are reported. 
Factors affecting the luminescence of uranyl ions 
in zeolites and their reactivity are described at 
the end of this paper. Results of these studies 
indicate that uranyl-exchanged X, Y and ZSM-5 
zeolites are the most active in the photochemical 
conversion of isopropanol into acetone. 

The use of light for the activation of inorganic ions in a 
variety of catalytic materials is rapidly increasing and has 
given a stimulus to research in photocatalysis. Materials such 
as micelles (1_5 2), bilayers and vesicles (3, 4, 5), thin films 
(6, 7), monolayer assemblies (8), and clays (9j have recently 
been studied as organized media that have the ability to sepa
rate charged photoproducts. These materials are important as 
models for the photochemical processes that occur in photosynthe
sis (10) and for solar energy devices (11). Another group of 
organized media that possess attractive features for charge sepa
ration are zeolites. 

Zeolite Photochemistry 
Zeolites are ordered three dimensional aluminosilicates 

0097-6156/82/0177-0225$05.00/0 
© 1982 American Chemical Society 
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composed o f po res c a p a b l e o f m o l e c u l a r s i e v i n g . The m o l e c u l a r 
d i m e n s i o n s o f t h e po res c o n t r o l t h e s p e c i e s t h a t may e n t e r o r 
l e a v e t he z e o l i t e . These m a t e r i a l s have as a backbone an a n i o n i c 
f ramework t h a t rema ins i n t a c t when c a t i o n s a r e exchanged i n t o t h e 
p o r e s . S i n c e t h e r e a r e hundreds o f z e o l i t e s , a number o f c r i t i 
c a l c h e m i c a l pa ramete rs l i k e m o l e c u l a r s i z e , a c i d i t y and p o l a r i t y 
can be s e l e c t e d by c h o o s i n g a p a r t i c u l a r z e o l i t e . There a r e many 
r e v i e w s ( 1 2 , V3) and a r t i c l e s ( V 4 , 15) c o n c e r n i n g z e o l i t e s t o 
w h i c h t h e r e a d e r i s r e f e r r e d f o r more i n f o r m a t i o n . 

The l a t e s t r e v i e w o f pho tochemica l s t u d i e s o f z e o l i t e s was 
t h a t o f P o t t and S t o r k (]6_). The g e n e r a l p r i n c i p l e s o f p h o t o -
l u m i n e s c e n c e as r e g a r d s i n o r g a n i c i o n s i n hos t l a t t i c e s a r e d i s 
c u s s e d and w i l l no t be d e s c r i b e d h e r e . The r e v i e w o f P o t t and 
S t o r k c o n c e r n s many d i f f e r e n t o x i d e c a t a l y s t s such as a l u m i n a , 
s i l i c a and z e o l i t e s . The z e o l i t e work m a i n l y d e a l s w i t h p h o s 
pho rescence o f i n o r g a n i c i o n s such as F e 3 + , M n 2 + , and Eu * i n 
z e o l i t e s A , Y and m o r d e n i t e

S i n c e t h e r e v i e w o
r e p o r t s c o n c e r n i n g t h e p h o t o c h e m i s t r y o f i o n s i n z e o l i t e s . Most 
r e p o r t s i n v o l v e wa te r s p l i t t i n g by i o n - e x c h a n g e d z e o l i t e s . 
J a c o b s and U y t t e r h o e v e n (17) r e p o r t e d t h e c l e a v a g e o f wa te r by 
s i l v e r exchanged Y z e o l i t e s . In t h e s e s t u d i e s a t w o - s t e p p r o c e s s 
f i r s t i n v o l v i n g s u n l i g h t i r r a d i a t i o n and s e c o n d l y the rma l a c t i v a 
t i o n y i e l d e d oxygen and hydrogen r e s p e c t i v e l y . S i g n i f i c a n t 
amounts (0 .47 mmol/g z e o l i t e ) o f hydrogen were p roduced when 
s i l v e r X z e o l i t e s were u s e d . I t i s b e l i e v e d t h a t t he sys tem 
l o s e s r e v e r s i b i l i t y e i t h e r due t o s i n t e r i n g o f t h e s i l v e r o r 
when h y d r o x y l g roups a r e removed d u r i n g t h e the rma l t r e a t m e n t . 

T i t a n i u m ( I I I ) exchanged 3A z e o l i t e can a l s o s p l i t wa te r 
a c c o r d i n g t o E y r i n g and coworke rs ( 1 8 ) . I l l u m i n a t i o n w i t h v i s i 
b l e l i g h t causes t h e e v o l u t i o n o f hydrogen as e v i d e n c e d by mass 
s p e c t r o m e t r y . As w i t h t h e s i l v e r sys tem d e s c r i b e d a b o v e , t h e 
t i t a n i u m 3A z e o l i t e p r o c e s s i s no t c a t a l y t i c and l o s e s r e v e r s i 
b i l i t y . A d e t a i l e d r e p o r t c o n c e r n i n g t h e e l e c t r o n pa ramagne t i c 
r esonance s p e c t r a o f t h e t i t a n i u m ( I I I ) 3A z e o l i t e sys tem has 
a l s o been r e c e n t l y r e p o r t e d ( 1 9 ) . 

E u r o p i u m ( I I I ) exchanged z e o l i t e s have been s t u d i e d by a 
number o f r e s e a r c h g r o u p s . Arakawa and coworke rs ( 2 0 , 21) r e p o r t 
t h e l u m i n e s c e n c e p r o p e r t i e s o f e u r o p i u m ( I I I ) - e x c h a n g e d z e o l i t e Y . 
E m i s s i o n s p e c t r a were measured under a v a r i e t y o f c o n d i t i o n s and 
bands f o r e u r o p i u m ( I I ) were obse rved a f t e r the rma l t r e a t m e n t o f 
t he e u r o p i u m ( I I I ) Y z e o l i t e s . A mechanism was p roposed f o r t h e 
the rma l s p l i t t i n g o f w a t e r wh i ch i n v o l v e d t he c y c l i n g o f europ ium 
between t h e two d i f f e r e n t o x i d a t i o n s t a t e s . Europ ium Mossbauer 
e x p e r i m e n t s (22) a l s o show t h a t on the rma l t r e a t m e n t o f e u r o p i u m -
( I I I ) z e o l i t e s t h a t e u r o p i u m ( I I ) i s f o rmed . S t u c k y and coworke rs 
( 2 3 , 24) s t u d i e d t h e phosphorescence l i f e t i m e o f t h e s e eu rop ium-
( I I I ) z e o l i t e s and showed t h a t t he i n v e r s e o f t h e l i f e t i m e ( t he 
decay c o n s t a n t ) was l i n e a r l y r e l a t e d t o t he number o f wa te r m o l e 
c u l e s s u r r o u n d i n g the e u r o p i u m ( I I I ) i o n i n t he z e o l i t e s u p e r c a g e s . 
These s t u d i e s i n v o l v e d z e o l i t e s A , X , Y and ZSM-5 . 
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V e r y r e c e n t l y , Lehn and coworke rs (25) have used z e o l i t e 
s u p p o r t e d meta l o x i d e c a t a l y s t s f o r t he pho to i nduced g e n e r a t i o n 
o f oxygen f rom w a t e r . V a r i o u s meta l o x i d e s l i k e R u 0 2 , I r 0 2 and 
P t 0 2 were d e p o s i t e d on Y z e o l i t e s wh i ch were t hen immersed i n 
aqueous s o l u t i o n s o f R u ( b p y ) 3

2 + and [ C o ( N H 3 ) t t C l ] 2 + . The i r i d i u m 
and ru then ium o x i d e s u p p o r t e d m a t e r i a l s gave t he b e s t r e s u l t s f o r 
oxygen g e n e r a t i o n . The a u t h o r s p o i n t ou t many i m p o r t a n t f e a t u r e s 
o f z e o l i t e s f o r s t u d i e s o f t h i s t ype such as t h e easy r e c o v e r y o f 
t he n o b l e meta l c o n t a i n i n g z e o l i t e and t h e i n f l u e n c e o f t h e 
z e o l i t e s t r u c t u r e f o r redox a c t i v a t i o n o f o r g a n i c m o l e c u l e s . 

L u n s f o r d and coworke rs (26) have p r e p a r e d a R u ( b p y ) 3

2 com
p l e x i n z e o l i t e Y and s t u d i e d t h e quench ing o f oxygen and w a t e r . 
The e m i s s i o n bands o f t h e i o n - e x c h a n g e d z e o l i t e resemb le t h o s e o f 
aqueous s o l u t i o n s . D i f f u s e r e f l e c t a n c e s p e c t r o s c o p y and ESCA 
measurements were a l s o made i n t he c h a r a c t e r i z a t i o n o f t h e s e 
s a m p l e s . 

F a u l k n e r and coworke r
t e r a c t i o n o f R u ( b p y ) 3

2

measurements and e m i s s i o n s p e c t r a were used t o s t u d y e l e c t r o n 
t r a n s f e r quench ing o f t he e l e c t r o n donors Ν , Ν , Ν 1 , Ν ' - t e t r a m e t h y l -
p - p h e n y l e n e d i a m i n e and 1 0 - p h e n y l - p h e n o t h i a z i n e . L i f e t i m e measure 
ments show a t l e a s t two modes o f quench ing f o r t he i n t e r a c t i o n o f 
R u ( b p y ) 3

2 + i o n s w i t h t h e s e d o n o r s . P r o d u c t s o f t h e s e 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 were i s o l a t e d and t h e s e e x p e r i m e n t s show t h a t 
t h e z e o l i t e can s e p a r a t e t h e p r o d u c t s o f l i g h t i n d u c e d e l e c t r o n 
t r a n s f e r . 

U r a n y l - e x c h a n g e d Z e o l i t e s . The same p r o p e r t i e s o f a z e o l i t e 
t h a t a r e u s e f u l i n p r e v e n t i n g t h e back r e a c t i o n o f p h o t o p r o d u c t s 
a r e a l s o i m p o r t a n t i n a z e o l i t e p h o t o c a t a l y t i c s y s t e m . Our goa l 
i s t o e x p l o r e t h e dynamics o f p h o t o l y z e d u r a n y l - e x c h a n g e d z e o 
l i t e s . The o n l y r e p o r t i n v o l v i n g c a t a l y s i s by a u r a n y l z e o l i t e 
r e v e a l s t h a t t h i s m a t e r i a l i s p r o d u c t i v e i n gas o i l h y d r o c r a c k i n g 
as w e l l as t o l u e n e d i s p r o p o r t i o n a t e ( 2 9 ) . S i n c e a l a r g e number 
o f sys tems c o n t a i n i n g t he u r a n y l c a t i o n have l o n g been known t o 
be p h o t o s e n s i t i v e and c a t a l y t i c (30) i t i s q u i t e s u r p r i s i n g t h a t 
pho tochem ica l s t u d i e s o f u r a n y l z e o l i t e s have n o t been e x p l o r e d . 
S i n c e pho tochem ica l r e a c t i o n s and z e o l i t e r e a c t i o n s a r e w e l l 
known t o be s e l e c t i v e , perhaps by comb in ing t h e two a r e a s a h i g h 
l y s e l e c t i v e p r o c e s s may be d e v e l o p e d . The l u m i n e s c e n c e , s p e c 
t r o s c o p i c and c r y s t a l l o g r a p h i c p r o p e r t i e s o f u r a n y l - e x c h a n g e d 
z e o l i t e s A , X , Y , mo rden i t e and ZSM-5 a r e t he s u b j e c t o f t h e r e s t 
o f t h i s p a p e r . 

E x p e r i m e n t a l P r o c e d u r e 

Ion -exchange o f t h e z e o l i t e s was c a r r i e d o u t i n ou r work by 
suspend ing 1 gram o f z e o l i t e i n 100 ml o f 0.01M U 0 2 ( C H 3 C 0 0 ) 2 * 2 H 2 0 
and s t i r r i n g t h e m i x t u r e f o r 24 h o u r s . A f t e r t h e i o n - e x c h a n g e 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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t h e z e o l i t e s were f i l t e r e d , washed w i t h pure d i s t i l l e d d e i o n i z e d 
w a t e r and d r i e d i n vacuo a t room t e m p e r a t u r e . The d e t a i l s o f 
t h i s p r o c e d u r e a r e a v a i l a b l e e l s e w h e r e ( 3 1 ) . 

Luminescence s p e c t r a were r e c o r d e d on a doub le C z e r n y - T u r n e r 
s c a n n i n g monochromator Model 1902 F l u o r o l o g Spex s p e c t r o f l u o r o -
m e t e r . V a r i a t i o n s i n t h e e x c i t a t i o n r a d i a t i o n a r e a u t o m a t i c a l l y 
c o r r e c t e d by a r e f e r e n c e d e t e c t o r equ ipped w i t h a Rhodamine Β 
quantum c o u n t e r . E m i s s i o n s p e c t r a were r e c o r d e d w i t h t h e r i g h t 
a n g l e mode. F u r t h e r d e t a i l s a r e a v a i l a b l e e l s e w h e r e ( 3 1 ) . 

B u l k p h o t o l y s e s were c a r r i e d ou t u s i n g a 1000-W, h i g h p r e s 
s u r e , Xe lamp (Model 6117 , O r i e l C o r p . , S t a m f o r d , Conn. 06902) 
and a UV-VIS g r a t i n g monochromator . F o r pu rposes o f compar i son 
and e v a l u a t i o n o f power , 8 . 5 mW o f power a t 425 nm i s p roduced 
a t t h e sample s u r f a c e w i t h i n t h e c u v e t t e c e l l . The p rocedu re f o r 
d e t e r m i n i n g t h i s i s found e l s e w h e r e ( 3 2 ) . Samples were l o a d e d i n 
a t y p e 52-H 2mm l i g h t pa th q u a r t z c e l l pu rchased f rom P r e c i s i o n 
C e l l s , I n c . , H i c k s v i l l e
grams. S o l u t i o n s o f 1.
were used f o r t h e b u l k p h o t o l y s e s . 

Gas c h r o m a t o g r a p h i c a n a l y s e s were per fo rmed on a H e w l e t t 
P a c k a r d Model 5880 sys tem equ ipped w i t h a the rma l c o n d u c t i v i t y 
d e t e c t o r w i t h an i n j e c t o r t empera tu re o f 210°C, d e t e c t o r t empera 
t u r e o f 210°C and an oven tempera tu re s e t a t 6 0 ° C A l l runs were 
i s o t h e r m a l . The column used f o r t h e s e p a r a t i o n was a 6 f o o t 5% 
carbowax 20 M, 80 -100 mesh , W.A.W. DMCS. A b s o l u t e r e t e n t i o n 
t i m e s were 1.11 m i n . ( a c e t o n e ) , 1.95 m i n . ( i s o p r o p a n o l ) and 3 . 5 
m i n . ( a c e t o n i t r i l e ) . Methods o f a u t o m a t i c peak i n t e g r a t i o n t h a t 
were used d u r i n g the a n a l y s e s were peak h e i g h t , peak a r e a , a r e a 
% and i n t e r n a l s t a n d a r d e x p e r i m e n t s . 

A n a l y s e s o f t h e z e o l i t e s a f t e r i o n - e x c h a n g e were made w i t h 
a D iano-XRD 8000 X - r a y powder d i f f r a c t i o n a p p a r a t u s . 

R e s u l t s 

E m i s s i o n S p e c t r a . The e m i s s i o n s p e c t r a o f t h e u r a n y l a c e 
t a t e d i h y d r a t e i n s o l u t i o n and i n t he s o l i d s t a t e a r e shown i n 
F i g u r e 1. The f i n e s t r u c t u r e i n t h e s o l i d s t a t e spec t rum i s no t 
obse r ved i n s o l u t i o n . The c o r r e s p o n d i n g e m i s s i o n s p e c t r a o f 
u r a n y l - e x c h a n g e d z e o l i t e s , A , Y , mo rden i t e and ZSM-5 a r e shown i n 
F i g u r e s 2 - 4 . E x c i t a t i o n i s c a r r i e d o u t a t 366 nm. The e m i s s i o n 
s p e c t r a have been scanned i n a l l c a s e s between 450 nm and a t 
l e a s t 630 nm. 

F u r t h e r o b s e r v a t i o n s f rom s i m i l a r e x p e r i m e n t s a r e t h a t t h e 
e m i s s i o n s p e c t r a l l i n e s h a p e s a r e no t a f u n c t i o n o f t he u r a n y l i o n 
c o n c e n t r a t i o n i n t h e z e o l i t e . The l i n e s h a p e does a l s o no t seem 
t o be i n f l u e n c e d by t h e r e l a t i v e a c i d i t y o f t he i o n - e x c h a n g e d 
z e o l i t e s . When t h e degree o f h y d r a t i o n i s changed f rom f u l l y 
h y d r a t e d ( s t o r e d i n a d e s s i c a t o r under s a t u r a t e d NH^Cl aqueous 
s o l u t i o n s ) t o vacuum d r i e d a t 1 χ 1 0 " 3 T o r r a t room t e m p e r a t u r e , 
o n l y t he i n t e n s i t y o f l um inescence (and no t t he l i n e s h a p e ) changes. 
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Figure 1. a, emission spectrum of U02(CHsCOO)2 · 2 H20 in aqueous 10 2 M 
solution; and b, emission spectrum of U02(CHsCOO)2 · 2 H20 in the solid state. 

Excitation was carried out at 366 nm. 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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Λ (nm) 
Figure 2. a, emission spectrum of UOe

2* exchanged A zeolite; and b, emission 
spectrum of UOg2* exchanged ZSM-5 zeolite. Excitation was carried out at 366 nm. 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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Figure 3. a, emission spectrum of U02

2* exchanged NHkY zeolite; and b, emission 
spectrum of U02

2* exchanged NaY zeolite. Excitation was carried out at 366 nm. 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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Figure 4. a, emission spectrum of U02

2* exchanged Ν a mordenite; and b, emission 
spectrum of U02

2* exchanged Η mordenite. Excitation was carried out at 366 nm. 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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A S t e r n Vo lmer p l o t o f t he quench ing o f u r a n y l - e x c h a n g e d Y 
z e o l i t e by i s o p r o p a n o l i s g i v e n i n F i g u r e 5 . The I 0 / I v a l u e was 
de te rm ined by measu r ing t h e peak i n t e n s i t y w i t h o u t any quencher 
( Ip ) and d i v i d i n g t h i s by t h e peak i n t e n s i t y w i t h quencher ( I ) . 
T h i s r a t i o was de te rm ined by t a k i n g t h e v a l u e o f t h e maximum 
i n t e n s i t y (^522 nm), a l t h o u g h I 0 / I r a t i o s were c o n s i s t e n t o v e r a 
w ide wave leng th range (500 nm t o 550 nm). 

B u l k P h o t o l y s e s . Data f o r b u l k p h o t o l y s e s o f u r a n y l -
exchanged z e o l i t e s i n c o n t a c t w i t h i s o p r o p a n o l / a c e t o n i t r i l e m i x 
t u r e s a r e g i v e n i n T a b l e I. The X - r a y powder d i f f r a c t i o n d a t a 
r e v e a l t h a t t h e U 0 2 A sample and t h e U0 2 ZSM-5 sample a r e bo th 
amorphous. A l l o t h e r samples a r e c r y s t a l l i n e a f t e r t he i o n e x 
change p r o c e d u r e . C r y s t a l l i n i t y i s no t l o s t when t h e samples a r e 
p h o t o l y z e d . 

D i s c u s s i o n 

Ion -exchange o f u r a n y l i o n s i n t o z e o l i t e s has been p r e v i o u s 
l y d e s c r i b e d ( 3 3 , 3 4 ) . The u r a n y l i o n i s c e r t a i n l y s m a l l enough 
t o exchange i n t o z e o l i t e s X , Y and m o r d e n i t e . The X - r a y powder 
d i f f r a c t i o n d a t a r e v e a l t h a t t h e exchanged A z e o l i t e and t h e e x 
changed ZSM-5 z e o l i t e a r e amorphous. In t h e c a s e o f z e o l i t e 
ZSM-5 t h e po res a r e s t i l l f i l l e d w i t h t h e t e t r a p r o p y l ammonium 
p o l y m e r i c network used as a backbone o r t e m p l a t e a round w h i c h t h e 
z e o l i t e c r y s t a l l i z e s ( 3 5 ) . Perhaps because o f t h i s f a c t t h e 
u r a n y l i o n s can no t be exchanged i n t o t h e i n t e r i o r o f t he z e o l i t e . 
I f t h e s t a r t i n g unexchanged ZSM-5 z e o l i t e i s t h e r m a l l y t r e a t e d , 
however , t he p o l y m e r i c m a t e r i a l i s removed and exchange can t a k e 
p l a c e r e a d i l y . The amorphous n a t u r e o f t h e u r a n y l - e x c h a n g e d 
z e o l i t e s A and ZSM-5 c o r r e l a t e s w e l l w i t h t h e i r l u m i n e s c e n c e 
e m i s s i o n s p e c t r a wh i ch do no t have much f i n e s t r u c t u r e and resem
b l e t h e s o l u t i o n spec t rum o f u r a n y l a c e t a t e d i h y d r a t e g i v e n i n 
F i g u r e 1. C o l l i s i o n a l d e a c t i v a t i o n i n s o l u t i o n a c c o u n t s f o r t h i s 
l o s s i n v i b r a t i o n a l f i n e s t r u c t u r e . 

The e m i s s i o n s p e c t r a f o r u r a n y l - e x c h a n g e d z e o l i t e s Y , morde
n i t e and X a l l have d i f f e r e n c e s but do show some f i n e s t r u c t u r e 
and t h e r e f o r e resemb le t he s o l i d s t a t e spec t rum o f u r a n y l a c e t a t e 
d i h y d r a t e . In f a c t , t he spec t rum o f u r a n y l i o n s exchanged i n t o 
sodium m o r d e n i t e i s v e r y s i m i l a r t o t h a t o f t he u r a n y l a c e t a t e 
d i h y d r a t e s o l i d spec t rum shown i n F i g u r e 1. F u r t h e r s u p p o r t f o r 
ou r b e l i e f t h a t some z e o l i t e s have a s o l u t i o n l i k e env i ronment 
and o t h e r s have a s o l i d l i k e env i ronmen t comes f rom t h e c o r r e l a 
t i o n between t h e c r y s t a l l i n i t y o f t h e s e u r a n y l - e x c h a n g e d z e o l i t e s 
and t he appearance o f some f i n e s t r u c t u r e i n t he e m i s s i o n s p e c 
t r u m . We f i n d no appa ren t c o r r e l a t i o n between t h i s f i n e s t r u c 
t u r e and t h e c o n c e n t r a t i o n o f t h e u r a n y l i o n i n t h e z e o l i t e s even 
w i t h a t e n - f o l d change i n t h e c o n c e n t r a t i o n o f t h e u r a n y l i o n . 
The degree o f h y d r a t i o n a l s o does no t seem t o change t he e m i s s i o n 
spec t rum u n l e s s t h e i o n - e x c h a n g e d m a t e r i a l i s h e a t e d . P r e l i m i n a r y 

In Inorganic Reactions in Organized Media; Holt, S.; 
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Figure 5. Stern-Volmer plot for quenching of VOt

2* exchanged Y zeolite by 2-
propanol. 
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T a b l e I. 

B u l k P h o t o l y s i s o f I s o p r o p a n o l U r a n y l Z e o l i t e S u s p e n s i o n s 

Z e o l i t e 3 P h o t o l y s i s 
Time» [ I s o p r o p a n o l ] 0 

Moles 
A c e t o n e d 

U 0 2 A 30 1.05 e 

U 0 2 m o r d e n i t e 30 1 .05 e 

U 0 2 m o r d e n i t e ( H + ) 30 1 .05 e 

U0 2 ZSM-5 30 1.05 2 . 1 4 

U0 2 X 30 1.05 0 .90 

U0 2 Y 10 1.05 0 . 2 0 

U0 2 Y 30 1.05 0 .46 

U 0 2 Y 45 1.05 1.06 

a . 0 . 3 0 grams o f z e o l i t e u s e d . 
b. 1000 Watt Xe l amp , 425 nm w a v e l e n g t h , 8 . 5 mW o f power , t ime 

i n m i n u t e s . 
c . A c e t o n i t r i l e as s o l v e n t . _ 5 

d . Carbowax 20-M column u s e d , moles ace tone t imes 1 0 " . 
e . No ace tone d e t e c t e d . 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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a c i d i t y measurements o f t he u r a n y l - e x c h a n g e d z e o l i t e s a l s o r e v e a l 
no c o r r e l a t i o n between t he a c i d i t y and t h e f i n e s t r u c t u r e . 

The most r e a s o n a b l e q u a l i t a t i v e e x p l a n a t i o n o f t h e change i n 
t h e e m i s s i o n s p e c t r a i s t h e above-men t ioned resemb lance t o s o l u 
t i o n o r s o l i d s t a t e b e h a v i o r wh ich c o r r e l a t e s w e l l w i t h t h e c r y s 
t a l l i n e t y o f t he u r a n y l - e x c h a n g e d z e o l i t e s as de te rm ined by X - r a y 
powder d i f f r a c t i o n . However , t h e r e a r e d i f f e r e n c e s between a l l 
o f t h e z e o l i t e s w h i c h c o u l d be an i n d i c a t i o n o f s i t e symmetry and 
c o o r d i n a t i o n i n t h e l a t t i c e . The a l u m i n o s i l i c a t e l a t t i c e i s p r e 
s e r v e d a f t e r i o n - e x h a n g e e x c e p t f o r z e o l i t e s A and ZSM-5 . 

I sop ropano l Quench ing and Ace tone G e n e r a t i o n . The S t e r n 
Vo lmer p l o t o f F i g u r e 5 shows a dua l quench ing p a t t e r n s i m i l a r 
t o p l o t s o b s e r v e d i n t h e quench ing o f R u ( b p y ) 3

2 * z e o l i t e X 
m a t e r i a l s w i t h Ν , Ν , Ν ' , Ν 1 - t e t r a m e t h y l - p - p h e n y l e n e d i ami ne and 1 0 -
p h e n y l - p h e n o t h i a z i n e ( 2 7 , 2 8 ) . F o r t h o s e expe r imen t s i t i s b e 
l i e v e d t h a t t h e dua l quench in
s i t e s , one b e i n g e x t e r n a
t h e z e o l i t e l a t t i c e . 

F u r t h e r s u p p o r t f o r t h i s e x p l a n a t i o n i s g i v e n by the u r a n y l -
exchanged Y z e o l i t e S t e r n Vo lmer p l o t shown i n F i g u r e 5 as w e l l 
as t h e d a t a i n T a b l e I. I t i s obse rved f rom the d a t a i n T a b l e I 
t h a t l a r g e po re z e o l i t e s l i k e z e o l i t e s X and Y t e n d t o p roduce 
s i g n i f i c a n t amounts o f a c e t o n e on b u l k p h o t o l y s i s . There i s a l s o 
an i n d u c t i o n t ime o f abou t 10 m inu tes b e f o r e w h i c h a c e t o n e i s no t 
d e t e c t e d by gas c h r o m a t o g r a p h i c t e c h n i q u e s . These o b s e r v a t i o n s 
a r e i n l i n e w i t h a f a s t r e l a t i v e l y s m a l l quench ing o f i s o p r o p a n o l 
by e x t e r n a l s u r f a c e u r a n y l i o n s wh ich does no t p roduce l a r g e 
amounts o f ace tone ( f o r i n s t a n c e , z e o l i t e A) f o l l o w e d by d i f f u s i o n 
i n t o t h e supe rcages and quench ing by i n t e r n a l u r a n y l i o n s wh i ch 
a r e much more abundant t han t h e e x t e r n a l s u r f a c e u r a n y l i o n s . 
The i n d u c t i o n t ime c o u l d be due t o d i f f u s i o n i n t o t h e supe rcages 
o f t h e z e o l i t e s . I t i s a l s o no ted t h a t t h e c o n d i t i o n s f o r t h i s 
p h o t o l y s i s a r e q u i t e m i l d , w i t h v e r y s h o r t p h o t o l y s i s t i m e s p r o 
d u c i n g r e l a t i v e l y l a r g e amounts o f a c e t o n e . The e x c i t a t i o n i s i n 
t h e v i s i b l e r e g i o n and no o t h e r p r o d u c t s f rom any o f t h e p h o t o l y 
ses a r e d e t e c t e d . T h i s h e l p s s u p p o r t ou r hopes t h a t t h e s e z e o l i t e 
p h o t o l y s i s r e a c t i o n s can be h i g h l y s e l e c t i v e . 

F u t u r e A r e a s o f R e s e a r c h . There a r e c e r t a i n f u t u r e e x p e r i 
ments t h a t a r e v e r y i m p o r t a n t f o r f u r t h e r u n d e r s t a n d i n g o f t h e 
work r e p o r t e d h e r e . The most i m p o r t a n t ones c o n c e r n l i f e t i m e 
measurements o f t h e quench ing o f i s o p r o p a n o l . S e c o n d l y , t h e 
mechanism o f quench ing must be u n d e r s t o o d . E l e c t r o n pa ramagne t i c 
r esonance e x p e r i m e n t s w i l l be h e l p f u l h e r e . More b u l k p h o t o l y s e s 
and o t h e r o r g a n i c quenchers need t o be s t u d i e d , e s p e c i a l l y v a r i 
a b l e s i z e q u e n c h e r s , i n o r d e r t o h e l p unde rs tand d i f f u s i o n a l p r o 
c e s s e s i n t h e s e z e o l i t e s . We a r e p r e s e n t l y s t u d y i n g t h e s u r f a c e s 
o f t h e s e z e o l i t e s w i t h i o n s c a t t e r i n g s p e c t r o m e t r y and seconda ry 
i o n mass s p e c t r o m e t r y . The p r e l i m i n a r y r e s u l t s i n d i c a t e t h a t we 

In Inorganic Reactions in Organized Media; Holt, S.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



14. SUIB ET AL. Photochemical Studies of Zeolites 237 

may be able to distinguish external sites from internal sites in 
these uranyl-exchanged zeolites. The fundamental observations 
made in this preliminary report provide further evidence for the 
behavior of solid zeolites as solutions as has been recently pro
posed (36, 37, 38). The fate of the UO22+ cations in the zeolite 
after photolysis is unknown at present. Photolysis experiments 
in the presence and absence of O2 are in progress. 
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