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ABSTRACT

We have observed hydrogen formation when a buffered system (pH 7), containing
methylviologen (MV2*+), ruthenium tris bipyridyl (Ru(bpy)32+), triethanolamine and the
smectite clay minerals montmorillonite, hectorite or nontronite was irradiated with visible
light. The effect of varying either the clay or the electron relay (methylviologen) concen-
trations on the hydrogen evolution efficiency is discussed. From the results of the com-
petitive adsorption of MV2* and Ru(bpy)32+ by montmorillonite a proposal is put for-
ward to interpret the function of the clay minerals in the hydrogen photoproduction
process.

The fluorescence of the methylviologen cation could be observed when it was incor-
porated into the lamellae of colloidal montmorillonite or hectorite suspensions. The inten-
sity, the anisotropy and the lifetime of the fluorescence of methylviologen intercalated in
these two clays were studied as a function of the cation to clay ratio.

The segregation of Ru(bpy)32+ and MV2* in the interlayer spaces of hectorite and
montmorillonite was studied by X-ray diffraction by oriented films of the clays.

The configuration of isolated montmorillonite particles exchanged with various

amounts of either Ru(bpy)32+ or MV2* was examined by scanning electron microscopy.
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CHAPTER 1

STORAGE OF SOLAR ENERGY.

1.1 Introduction.

In the past decade, water photoreduction has attracted considerable interest because of
its potential use for the storage of solar energy.1 2

One of the chief obstacles in the use of the sun as an en;rgy source in today’s
industrial society is the intermittent nature of this form of emergy. Uniess sunlight is

collected in space3

one must deal with the night and day cycle and with variable weather
conditions. A lot of progress has been made recently in the conversion of sunlight into
electrical energy, in particular the development of the amorphous silicon solar cell,4 but
electricity is difficult to store or to transport over large distances. It is the ease of storage
and transportation that makes attractive the conversion of solar energy to chemical energy,
via a light driven fuel producing reaction.> This fuel can be stored and used when and
where it is needed.

In order for a chemical reaction to be a good candidate for storage of solar energy, it

must meet certain requiremen‘cs.6

First it must be a reaction driven by visible light, pro-
ducing a stable fuel. The photochemical reaction must operate over a large portion of the
solar spectrum so as to store a significant fraction of the light energy. To have a good
yield of fuel, the quantum yield of the reaction must be high. For large scale applications
the system must be cyclic, with no important side reactions leading to consumption of the

reaction reagents or catalysts. And finally, those reagents and the other components of

the system should be readily available, inexpensive, nontoxic and easy to handle.



3
Not many reactions can meet all of these requirements. Among them, one of the

most interesting is the photosplitting of water.7

H,0 —> Hy + 1/2 0, (E° = 1.229 V) [1]

Water is the cheapest and most abundant starting material there is. Its reduction
yields hydrogen. Hydrogen is an ideal non-polluting fuel since it is a stable compound

whose combustion produces only water.

10
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Figure 1: Absorption spectrum of water and sea level solar spectrum. (reproduced

with permission from reference 8)

In figure 1, the absorption spectrum of water is compared to the distribution of sun-
light at sea level. Pure water is colorless. Thus its sea level photochemistry is quickly
described: there is none.® To make water splitting useful for solar energy storage, one
must somehow succeed in driving the reaction with visible light.

Visible light contains enough energy to induce water photosplitting. The heat of
dissociation of water into molecular hydrogen and molecular oxygen is only 58 kcal/mole.
This means that about 16% of the sunlight contains enough energy to split water via a

one photon process and as much as 40% via a two photons process.9
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Direct photodissociation of water requires ultraviolet light because it proceeds via the
formation of radicals. This is a waste of energy since radicals cannot be stored. One must
look therefore for cycles in which water is split without the need of the formation of
intermediate radicals. In the past decade there has been a lot of work done, on a wide
variety of photoelectrochemica.l,lo photobiological11 and photochemical12 13 systems,

aimed at the development of such cycles.
1.2 Limits on the conversion efficiency.

The storage of solar energy via an endergonic photochemical reaction is shown in
figure 2. Some of the energy is lost at several points in the conversion scheme. First,
because of the quantum nature of light, only photons having a certain minimum energy,
E*, will be absorbed. The system will therefore have a threshold wavelength )‘E*' If the
photons have more energy than E*, the excited state produced, R*, will have large
amounts of vibrational energy. In condensed media internal relaxation is rapid, the system
will return to its lowest vibrational level in less than 10 picoseconds7 and any energy in
excess of E will be lost to the surroundings as heat.

A further fraction of the energy is lost in going from the excited state R*, to the
product P. In order to form a stable product, there must be an energy barrier between P
and the starting material R. These limiting factors on the conversion efficiency of sun-
light to chemical energy, have been treated by Ross et a1.14 The Ross treatment allows
optimization of the various loss terms to give the maximum conversion efficiency of an
ideal system, as a function of the threshold wavelength )‘E*’ of the light driven reaction.

This model predicts that the maximum conversion efficiency attainable in water
photosplitting via a two photon process, is approximately 31%, if the system threshold

wavelength is 775 nm.7 The maximum conversion efficiency can be increased by using a
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Figure 2 Photochemical energy-storage cycle. in which a fuel P is produced

by a photochemical reaction of R.

dual system which contains two light driven processes. In such a system the conversion
efficiency reaches 42% when the threshold wavelengths are 655 and 930 nm respectively.
These values are for ideal systems, where all photons having energy larger than the
threshold energy, E*, are absorbed and in which the formation of the product P, occurs
with a quantum yield of one. In practice this will not be the case. Furthermore there
will be additional losses that cannot be avoided. For example, some energy may be lost

due to the reflection of some of the light or during the collection of the products, com-

pression of the gases etc.
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Being optimistic, one hope that a single two photons process could give 10% conver-

sion, while a dual two photons process could give 16% conversion. These results may
appear to be low, but when this treatment is applied to photosynthesis, considered as a
dual system with both threshold wavelengths equal to 690 nm, the ideal conversion effi-
ciency is only 12.4%.7 Under controlled laboratory conditions conversion efficiencies of

5-6% have been obtained.® The yields in field conditions are lower.13

1.3  Photoreduction of Water : Microheterogeneous Systems.

One way to overcome the great disparity in wavelength which exists between the
upper limit of absorption of water and the lower limit of the sea level solar spectrum, is
to use a photosensitizer. A photosensitizer is a compound that absorbs visible light and
can transfer the energy thus absorbed, via a series of relays, to a water molecule, where it
can then be used to split the molecule into hydrogen and oxygen. This is essentially the
function fulfilled by chlorophyll in photosynthesis.

One example of a photosensitizer used for water splitting is the dye acridine yellow
(AY). As shown in figure 3, when AY is irradiated in the presence of an electron donor
D, such as cysteine or ethylenediamine tetraacetic acid (EDTA) the dye is reduced. In
1977, Shilov et 3116 have shown that this reduced dye could reduce methylviologen
(1,1-dimethyl-4,4*~dipyridinium, MV2*) to give the radical MV** and that the radical pro-
duced could reduce water in the presence of a dispersion of small particles of PtO, cata-
lyst. This is the first report of a completely artificial water photoreduction scheme,
involving such a microheterogeneous dispersion of a catalyst.

Since then, the efficiency of this scheme has been improved by replacing PtO, by a

colloidal suspension of metallic platinum.2 This system is sacrificial. The hydrogen evo-
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Figure 3: Sacrificial water photoreduction scheme, using acridine yellow
(AY) as photosensitizer.

lution relies on the irreversible decomposition of an electron donor, thus blocking the ther-
modynamically favored back reactions between AY ° and D*, or between MVt and Dt
Of course, in a practical system, oxygen would be produced in another subcycle, supplying
the electrons for water reduction and making the decomposition truly cyclic.

What are the requirements of a good photosensitizer for water splitting? First it
must absorb visible light. Figure 1 shows that very little light with a wavelength of less
than 400 nm reaches earth’s surface. On the other hand, it is unlikely that light with a
wavelength longer than 850 nm will have enough energy to split water. Therefore the
ideal chromophore should absorb all the light having wavelengths between 400 and 850
nm.2 Secondly, the excited state, formed by light absorption, must be produced with a
high quantum yield, and have a long enough lifetime to allow time for useful chemical
reactions to take place. It will aimost certainly be a triplet state since, not only do triplet
states generally have longer lifetimes, they also usually allow more efficient product sepa-
ration. In a triplet state, spin rephasing must occur within the solvent cage before the
thermodynamically favorable reverse electron transfer can take place. As a result, ions can

escape from the solvent cage in better yields.2 (see figure 7)
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In addition to the photophysical requirements just described, a photosensitizer must

also meet some thermodynamic requirements to be capable of mediating the splitting of

water. The reduction potential of water is pH dependent. At pH 7 it is -0.41 V. To

reduce water, a redox couple with a potential more negative than -0.41 V at pH 7 is
required.

The excited state of the photosensitizer can be quenched by either oxidative or reduc-

tive electron transfer. If the photosensitizer is oxidized, then water reduction proceeds via

equations 2 and 3.
S + A — st + A™ [2]
A~ + H — 12H, + A (3]

Where S stands for the photosensitizer and A is the electron acceptor which acts as a relay

between S and water. To be capable of reducing water at pH 7
E(S*/S") < EJ(A/A) < EHTH, = 041V [4]

On the other hand, if the photosensitizer’s excited state is reduced, then water reduction

proceeds via equations S and 6
S + D — s* + D% [5]
s© + HY — 1/2H, + 8 (6]
And to reduce water at pH 7
E(8/8™) < E(HYHy) = -041V [7]

Finally, even if a chromophore meets all the photophysical and thermodynamic

requirements, it still may not be a suitable photosensitizer for water reduction for a num-
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ber of reasons. S, S~ and ST must not be hydrolyzed by water or undergo other decom-
position reactions; nor must they be involved in any side reactions which lead to unwant-
ed products. Finally, s* must be efficiently quenched by electron transfer with good cage
escape yields (i.e. good charge separation) and quenching rates. These criteria do not guar-
antee that a chromophore will be a good photosensitizer, but only that it may be one. If
it does not meet the requirements of equation 4 or 7 it is certain that it could never be

useful for hydrogen photoproduction.

1.4  Tris(bipyridyl)ruthenium(Il) as a Photosensitizer.

The sensitizer which has received the most attention, in connection with its poten-
tial use in water photosplitting, is tris(bipyridyl)ruthenium(II) dichloride (Ru(bpy)32+C12 ).
This water soluble complex has an absorption band in the visible (‘\ma.x = 452 nm; ¢ =
14,400 M lcm™1), attributed to a ”metal to ligand” charge transfer process, (MLCT) in
which an electron is promoted from the metal t, orbital to a t; orbital associated with the
ligamd.17 Irradiation at 452 nm produces an excited state with a quantum yield of one.18
This excited state has a lifetime of 0.62 Ms, and is luminescent at room temperature in
water, emitting light at 607 nm with a quantum yield of 0.042.17

The nature of the luminescent state of Ru(bpy)32+ has been the object of some con-
troversy. At 77 K the emitted light could be resolved into three peaks at 584, 630 and
690 nm respectively. It has been established, that at 77 K the luminescence of RuL32+
type complexes was essentially of the charge transfer type and was spin-forbidden.

If one compares the photophysical properties of Ru(bpy):*;2+ with those of the ideal
photosensitizer for water splitting described in the previous section, one sees that
Ru(bpy)32+ is far from an ideal chromophore. It absorbs light only between 400 and 500

nm (see figure 4) and the lifetime of its excited state is relatively short. When the Ross
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Absorption and emission spectrum of Ru(bpy):,,2+ in water. (reproduced

treatment, for the maximum efficiency of solar energy conversion attainable, (see section

1.2) was applied to Ru(bpy)32+ the result was only approximately 8%.7 Ru(bpy)32+ does

fulfill the thermodynamic requirements discussed in section 1.3. The potential involving

the ruthenium excited state can be evaluated from the redox potentials of the ground state

ions and the energy of the luminescent excited state, 2.12 V, obtained by spectroscopy, by

assuming that all this energy is available as free energy for the excited state redox process-

€s.

3+
Eo(Ru /2+*)

Ey(RuZ+"/+)

3+
EO(RU. /2+)
126 - 212

Ey(Ru2*/+)

-1.28 + 212

2+
Eo(Ru /2_'_*)
086V

2+
Eo(Ru /2+*)

+0.84 V

(8]

(9]
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Experimental support for the potential estimated via equations 8 and 9 is given by studies
of the quenching of Ru(bpy)32+ luminescence by series of quenchers covering a range of
redox potentials.17

The results of equations 8 and 9 imply that the excited state of Ru(bpy)32+

is at
the same time a better reductant and a better oxidant than the ground state. This is
accounted for by a model in which the excited state has complete charge transfer character,
with an electron deficient dS(Ru3+) center and excess electron localized on one of the com-
plex bipyridyl ligand. (i.e. Ru3+(bpy)2 bpy))

Ru(bpy)32+ fulfills the thermodynamic requirements set forth in equation 4 and 7.
The potentials for the couples Ru(bpy)3+3/ 2+* and Ru(bpy)32+/ * are both below -0.41 V,

the reduction potential of water at pH 7. Therefore this photosensitizer can be used to

reduce water via both reductive and oxidative quenching of its excited state.

EraNt Ru(bpy)3
> ( \ <P102
EtsN *Ru(bpy)2+ Ru(bpy)§*

=N

Figure 5. Water e%ucuon via reductive electron transfer quenching of
*Ru(bpy)3

In figure S, an example of the use of Ru(bpy)32+ to reduce water in a reductive

cycle is shown. Excited Ru(bpy)32+ can be reduced by triethylamine (Et3N) in acetoni-
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trile to give Ru(bpy)3+.19 It Pt02 is also present, hydrogen is produced with a quantum

yield of about 0.44 mol/ein.

+
TEOA Ru(bpy)3* MV H+
P10,
+
TEOA' 7 Rulbpy)3’ *Rulbpy)dt mv2+ Ho
\_/
h.)h‘.\
Figure 6: Water reguction via oxidation electron transfer quenching of
*RU(bPY):; +.

As shown in figure 6, Ru(bpy)32+ can also mediate the evolution of hydrogen via
an oxidative cycle. This is one the most extensively studied and best characterized scheme
for visible light photoreduction of water. Despite the efficient quenching of excited
Ru(bpy)32+ by MV2+, relatively large concentrations of the quencher are needed because
of the relatively short lifetime of the Ru(bpy)32+ excited state. With high MV2* concen-
trations, the quantum yield of hydrogen in this system is 0.13 mol/ein.20

The main limitation of this system is the relatively low cage escape yield. In no
cases was the quantum yield of reduced methylviologen, produced by irradiation of
Ru(bpy)32+ in the presence of a sacrificial donor, larger than 0.25.21 This low quantum
yield is attributed to poor charge separation.2 The back electron transfer within the sol-

vent cage, reaction k, in figure 7 is thermodynamically favored (see equation 10).

ki Ak + k,) < 0322 [10]
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Ru(bpy)33+ + MVt

|«

b 3
Ru(bpy)32+ + MVt [Ru(bpy)ss"“ ——— MV*- ]
| =
[Ru(bpy)z+ ——- MV3*]
Figure 7 Quenching of *Ru(bpy)32+ by methylviologen. Competition

between the production of separated ions (kl) and back electron
transfer within the solvent cage (k,).

Therefore the quantum yield of hydrogen, which is half the quantum yield of MVt is
limited to about 0.15 mol/ein.

A wide range of sacrificial donors has been tested in this system. The most efficient
ones are ethylenediamine tetraacetic acid (EDTA) or triethanolamine (TEOA), depending on
the pH. Many different catalysts have also been studied. The most widely used are colloi-
dal suspensions of platinum23 or platinum deposited on inorganic supports.24 Other met-
al suspensions, like i:idium25 or preparations of the enzyme hydxogenase26 have also been
used.

One mechanism proposed for the action of the metal catalysts involves the transfer
of an electron from the relay, MV’ in this case, to the metal particle, followed by proto-
nation leading to formation of an H atom on the metal surface, and finally evolution of
H2.25 Hydrogenase is an enzyme involved in hydrogen evolution in nature. It has been
known for a long time that it catalyzes the reduction of water by reduced methylviologen.

This reaction is in fact used to assay hydrogenase.2



14
hydrogenase
mvt + HY — 1/2H, + MV [11]

The action of the catalysts will be discussed in more detail in a subsequent section of this

thesis.
1.5 Porphyrin Photosensitizer.

Aside from Ru(bpy);2*, the most investigated class of chromophores as possible pho-
tosensitizers for water splitting are the metalloporphyrins. This is due, in part, to the
similarity of their structures to chlorophyll, which is a magnesium porphyrin. Chlorop-
hyll itself is too fragile and expensive to be used for large scale solar energy conversion.

The work done on these chromophores has been concentrated on the preparation of
stable water soluble metalloporphyrins. The most success has been obtained with zinc por-
phyrins. Two of them, zinc tetra(N-methylpyridyl)porphyrin (ZnTMPyP**) and zinc tet-
rasulphonated phenylporphyrin (ZnTSPP*"), will be briefly discussed here.

Metalloporphyrins have better photophysical properties than Ru(bpy)32+ for water
reduction. They absorb more visible light. In some cases they can collect up to 45% of
the energy available in sunlight.Z'7 Visible light irradiation of these porphyrin produces a
triplet state with a long lifetime in high quantum yield, but there is a large energy gap
between the initially produced singlet state and the lowest triplet state. More than 20% of
the energy available in the excited singlet state is lost during intersystem crossing to the
triplet manifold.

The photophysical properties of these two porphyrins, along with those of
)32+

Ru(bpy and chlorophyll-a, are given in table 1, and their thermodynamic properties

are given in table 2.
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As is the case for Ru(bpy)32+, the potentials for the redox couples of both porphy-
rins meet the requirements of equations 4 and 7. Therefore, they can be used to mediate

water reduction via both oxidative and reductive cycles.

Table 1: Photophysical properties of some typical photosensitizers.

Sensitizer > max(nm) e (u8) by Ey (eV)
Ru(bpy) 52+ 452 0.65 1.0 2.12
ZnTSPP 555 -— _— 1.61
ZnTMPy P4+ 560 655 0.9 1.57

Chlorophyll-a 661 1000 0.6 1.33

*max Of the lowest spin allowed absorption band, ,,, <I>t and E; are to the lifetime, quan-
tum yield and energy of the triplet photoactive state.

Table 2. Redox Potentials of some typical photosensitizers.

Eo (V)

Sensitizer (s*/8) (8/87) (s*/8™ (s*/87)
Ru(bpy%32+ 1.3 -1.3 -0.86 0.84
ZnTSPP 0.9 ~1.2 ~0.75 0.45
ZnTMPyPE+ 1.2 -0.9 -0.4 0.7

Chlorophyll-a 0.8 -0.9 -0.5 0.4

Redox potentials are referred to the NHE. They were calculated using equations 8 and 9
together with the excited state energies shown in table 1.

Figure 8 shows an example of an oxidative cycle involving ZnTMPyP4+ as photo-
sensitizer and MV2tas electron relay. Quantum yields of 0.75 for MVt27 and of 0.3
mol/ein for hydrogen28 have been reported for this system. Because of the instability of

the reduced porphyrin, which leads to the lost of the chromophore, the reductive cycle is

much less efficient.
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Figure 8 Water reduction via an oxidative quenching of ZnTMPyP4+.

The yield of MV™ obtained from an analogous system, using ZnTSPPY instead of
ZnTMPyP‘“' was less than 0.01. This difference was attributed to a very low charge sepa-
ration quantum yield,®g. The overall yield of Mvt, q)ion' by such a system can be sepa-

rated into three parts according to equation 12.

Whered, is the quantum yield of the excited triplet state and ®q is the quantum yield of
quenching of this triplet state MV2+, In the case of Zn’I'MPyP4+ $; = 0.9, and if we
assumecbq to be approximately 1.0 then to get the observed®d;,, of 0.75,d; must be about
0.8. For ZnTSPP4', the strong attraction between the two oppositely charged ions MV2+
and ZnTSPPY leads to a very small P, explaining the low &;,, found. Further,
ZnTSPP4 is known to form ground state complexes with MV2H, complexes which do not

yield 1:)hotoproduc:ts.29
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1.6  Simultaneous Photoproduction of Hydrogen and Oxygen.

All the systems discussed so far have been sacrificial systems. The hydrogen evolu-
tion observed depended on the irreversible decomposition of an electron donor. In a practi-
cal solar energy storage scheme, the photoreduction of water, will have to be coupled with
water oxidation to provide a truly cyclic splitting of water.

A few complete systems, in which both oxygen and hydrogen are produced simulta-
neously, have been reported. One example is shown in figure 9. If a dispersion of RuO,
was added to the system shown in figure 6, illumination produced hydrogen without the
need for a sacrificial donor. Ru(bpy)32+ was regenerated by RuQ, catalyzed oxidation of

water by Ru(bpy)33+, with concomitant evolution of oxygen.30 31

H,0 Ru(bpy3*

Ru0s ><
0 Ru(bpy)%+ *Ru(bpy)%+ Y\Vias

2 ~
hw\h\\

Figure 9. Simultaneous photoproduction of oxygen and hydrogen.

The oxidation catalyst, Ru02, and the reduction catalyst, Pt, could be deposited on a
dispersion of TiO, semiconductor particles, producing what is called a bifunctional cata-

lyst. In this case the mechanism of water splitting was described as follows. The excited
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state of Ru(bpy)32+, produced by illumination, transfers one of its electrons to the con-
duction band of a TiO, semiconductor particle. From there, it is channelled to a Pt site
where hydrogen evolution occurs. The reconversion of the oxidized sensitizer into its
original form is coupled to oxygen formation at a RuO, site.

Aside from a few reports in which PtO, or IrO, were used, RuO, is practically the
only oxidation catalyst ever used for water photooxidation with visible light. It was cho-
sen on the basis of its very low overvoltage for O, evolution.32 The mechanism of OXy-
gen evolution has been less studied than that for hydrogen evolution. It is known that
only hydrated Ru02 is effective. This is explained by the intervention in the water oxi-
dation process of Ru-OH spet:im.33

The action of the colloidal platinum catalyst was described by the model of colloidal
microelectrodes.3] To be effective in realizing hydrogen generation, the metal catalyst has
to intercept diffusion controlled processes in the microsecond range. Moreover it has to be
selective and stable. Platinum is very efficient because of its low overvoltage for H, evo-
lution. The most efficient catalyst preparation involved Pt particles of 1.5 nm radius pre-
pared in aqueous solution by citrate reduction of HoPtClc. The 1.5 nm Pt-cluster size was
favorable since it ensured large dispersion of the platinum, while maintaining a minimum
size necessary for the Pt to have metallic chau'acter.32

Several attempts have been made to improve the catalyst efficiency, such as the
deposition of the platinum on TiO,. There has also been some work on the coating of the
Pt particles with Carbowax 20M34 or cationic polysoap like polyvinylpyridine-Cy¢ to pre-
vent aggregation of the particles. More will be said on this topic in a subsequent section
of this thesis. A measure of the success of the platinum catalyst is given by noting, for
example, that the quantum yield of MV given by illumination of ZnTMPyP** was 0.75,

while H, was obtained with a yield 0.3 mol/ein in this system. Since two MV * jons

were needed for each H, molecule produced, the catalytic reduction of water by MV o was
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very efficient, at least for short irradiation times. The problem lies more in insuring the

long term stability of the systems.35
1.7 Hydrogen Evolution over Suspensions of Semi-conductor Particles.

An alternative to dye sensitized systems, involving microheterogeneous dispersions of
solid catalyst particles, is the use of an heterogeneous dispersion of semiconductor particles.
In these systems the energy of the photon is used to promote an electron from the valence
band to the conduction band of a semiconductor, instead of being used to excite a photo-
sensitizer. The aim is to use the electron-hole pair formed, for the splitting of water.

To do so, the problem of the rapid electron-hole recombination reaction must be
solved. The use of semiconductors is exemplified by TiO, dispersions, upon which Pt and
RuO, are codeposited. Figure 10 shows what happens when such a semiconductor suspen-
sion is subjected to ultraviolet light.

The light causes the formation of an electron-hole pair according to equation 13.
TiO,b, + b — bt + ¢ [13]

The electron is channelled to a Pt site where an ohmic contact develops and hydrogen is
evolved. The promotion of an electron also causes an increase in the Fermi level of TiO,,
as Pt seeks to equalize its own Fermi level with TiO, and the electrolyte through the for-
mation of an ohmic contact. A potential A-B is produced. Band bending takes place, orig-
inating a Schottky barrier, to equalize the Fermi level of RuO, and TiO,. Because of the
low overvoltage of Ru02 for oxygen evolution, hole capture is very efficient, thus limit-
ing the importance of the electron hole recombination reaction.

TiO, has a band gap of 3.0 ev,32 5o only light with a wavelength less than 400

nm can be used to promote an electron to its conduction band. Visible light does not have
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Figure 10 Water splitting with semiconductor particles. Ohmic contact
(OC) and Schottky barrier (SB) developed when band bending
occurs (A-B) on TiO,. Semiconductor loaded with islands of Pt
and Ru02 and in contact with electrolyte solution. Ef = Fermi
level, e, = electron level and h1+ = hole level. (reproduced with
permission from reference 32)

enough energy. The problem with using semiconductors is finding a species that is capable
of forming a suspension in water, is stable in sunlight, and has a band gap larger than the
1.23 volts needed to split water at pH 7, but small enough to absorb visible light. This
has proven to be a difficult problem.

One semiconductor that has been studied is CdS. It has a suitable band gap, 2.4 €V,
but it is not stable, being sensitive to pho’cocorrosion.:‘)5 Fe5O3 has also been studied. Its
band gap is 2.2 eV. Photocatalytic production of hydrogen from water has been observed
in a system containing a p-type semiconductor, made by doping Fe203 with magnesium,

and an n-type semiconductor of silicon doped Fe203.3 6



CHAPTER II

THE CHEMISTRY OF CLAY MINERALS.

2.1 Introduction.

We have observed the evolution of hydrogen when a system containing Ru(bpy)32+,
MV2+ and the sacrificial donor, triethanolamine, was illuminated with visible light in the
presence of the clay mineral montmori]lonite,37 38 without the need for a platinum cata-
lyst.

The idea of using clay minerals in a photocatalytic water splitting system is attrac-
tive for many reasons. Aside from the fact that they are cheap and widely available, clay
minerals have a number of properties that can make them potentially very useful for
water photoreduction. In recent years, their chemistry and the chemistry of reactions tak-
ing place on their surfaces has been receiving increased attention.37-42

There are many advantages of performing reactions on solid supports such as clays.
Adsorption of the reagents can result in a faster reaction because of the increase in local

concentration of reagents,3 44

or the support can induce shape selectivity,” ° changing the
distribution of products. Also, in many cases, solid supports lead to a simplification of
the experimental procedure by, for example, facilitating product isolation.45 Clays can
also activate the adsorbed reagents, either via their acid sites, (clays are known to have
both Lewis and Bronsted acidity) or via their electron acceptor or donor sites. 46 Further-
more, clays have interesting adsorption capabilities, being capable of intercalating mol-

47

ecules™’ or of adsorbing them on their external surfaces, by either cation exchange or sim-

ple replacement of adsorbed water molecules.48 49 Finally, clay minerals may have

-21 -
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played a key role in the origin of life.SO‘s2 In this respect, the role of photochemistry
on clay surface in prebiotic evolution is of particular interest.

In the following sections, a brief description of the structure of clay minerals will
be given, followed by a discussion of the properties of clay suspensions and of the reac-
tions of clay adsorbed reagents. Then a few words will be said on the reactions of clay
adsorbed reagents. Finally we will look at the uses of clay minerals in assisting water

photoreduction.

2.2 Structure of Clay Minerals.

Clays are naturally occurring mjnerals,53 characterized by a layered structure. The
main building elements of clay minerals are two-dimensional arrays of silicon-oxygen tet-
rahedra and two-dimensional arrays of aluminum or magnesium oxygen-hydroxyl octahe-
dra. These tetrahedral and octahedral sheets are superimposed in different fashions to form
the clay layers.

The arrangement of the clay sheets forming the clay layers is the first characteristic
used in classifying a clay mineral. There are essentially two groups. The 1:1 minerals, in
which the layers are made up of one tetrahedral sheet and one octahedral sheet and the 2:1
minerals, in which the layers are made up of two tetrahedral sheets, one on either side of
a central octahedral sheet. Montmorillonite, hectorite and nontronite, the three minerals
which will be used in this work, are 2:1 clays. A schematic representation of unit cell of
the these 2:1 minerals is given in figure 11.

The tetrahedral sheets are formed by linked silicon oxygen tetrahedra. They are
linked by the sharing of three of their four oxygens by neighboring silicons. The fourth
oxygen of each tetrahedron points down. It is the sharing of these apical oxygens between

the silicon of the tetrahedral sheet and the aluminum or magnesium of the octahedral
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Figure 11: Schematic representation of the arrangement of the atoms in the
unit cell of 2:1 layer minerals. (reproduced with permission
from reference 54)

sheet that holds the clay layer together. This linking is only possible because of the
almost identical dimensions of the two types of sheets and their analogous symmetry.54
The second important characteristic of a clay is the degree of occupancy of its octa-
hedral sheet. Looking at the unit cell of the 2:1 mineral shown in figure 11, one sees an
empty octahedral site. When the octahedral sheets are made up of AI(III), only 2/3 of the
available octahedral positions need to be fill to maintain the electrical neutrality of the
layers. Therefore, minerals such as montmorillonite that contain mainly AI(II) in their
octahedral sheets are called dioctahedral clays. Hectorite, on the other hand contains most-

ly Mg(Il) in its octahedral positions. In this case one must fill all available octahedral
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positions to achieve the electrical neutrality of the layers. This clay belongs to the trioc-
tahedral group.

The most important property of clay minerals is the existence of a net negative
charge on their layers. The unit cell shown in figure 11, is the cell of the mineral pyro-
phillite. If the octahedral sheet contained Mg(II) atoms, and all the octahedral positions
were filled, it would be the unit cell of the mineral talc. The layers of these minerals are
not charged so they are not clays, but pyrophillite and talc are the parent minerals of the
clays montmorillonite and hectorite respectively. The two clays are derived from these
minerals by substitution of some of the tetrahedral Si(IV) atoms by AI(III) or of some of
the octahedral AI(III) or Mg(I) by Mg(Il) or Li(I). This substitution by a lower valency
atom causes a deficiency of positive charge, resulting in the observed negative layer charge.
Since these atoms are of similar sizes, this substitution does not cause much distortion of
the layer structure. It is therefore called an isomorphous substitution. The clay can also
undergo substitution of some of its aluminum, magnesium or silicon by other atoms like
Fe, Cr, Zn etc. In fact, a particular clay can have a wide range of compositions,55 depend-
ing on its origin in nature.

The negative charge of the clay layer is counter balanced by adsorbed or intercalated
exchangeable cations, usually a mixture of alkali and alkaline earths metal cations. These
are called exchangeable cations since they can be replaced by other cations from solution.
The extent of isomorphous substitution, and therefore the magnitude of the layer charge,
is measured by the clay cation exchange capacity (CEC), the amount of adsorbed cations
needed to neutralized it.

Clay minerals are also characterized by the nature of their interlayer spacings. A
clay particle is made up of a stack of clay layers, themselves composed of clay sheets. The
distance between two clay layers in a stack is called the interlayer spacing. In some clays

this distance is not fixed, but variable. When dispersed in water these clays can swell,
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intercalating up to four water layers. They are called expandable clays. Montmorillonite,
hectorite and nontronite are all expandable clays. This expandability allows them to inter-
calate large cations, such as Ru(bpy)32+ and MV2*,

Figure 12 shows a classification of clay minerals. A particular clay mineral can be
classified according to three characteristics, layer structure, (1:1 and 2:1 minerals) occupan-
cy of octahedral sheet, (dioctahedral and trioctahedral) and nature of interlayer spacings,
(stable and expandable clays). The individual clays are then obtained by a combination of
their chemical composition, extent and location of isomorphous substitution and type of
layer stacking.

For example, the 1:1 minerals kaolinite and dickite both belong to the kaolinites
group. They are very similar in composition, containing an octahedral AI(III) sheet and a
tetrahedral Si(IV) sheet with very little isomorphous substitution, but the order of stack-
ing of their layers is different.55 The kaolinite layers are stacked in such a way that the
empty octahedral sites of the AI(III) sheets are line up, while in dickite they are not. In
other words, if A, B and C represent the three possible octahedral sites, the stacking of the
empty sites in dickite is BCBCBC, while in kaolinite it is AAAAAA.

The location of isomorphous substitution is also used to differentiate between some
clays. For example, it has been suggested that the division between beidellite and montmo-
rillonite should be made at the composition at which the lattice charges due to octahedral
and tetrahedral substitution equal each other.55 Both these clays are 2:1 dioctahedral
expandable minerals with similar chemical composition and surface charge, but the charge
of montmorillonite comes mainly from substitution for AI(III) in the octahedral sheets,
while in beidellite it comes mainly from substitution for Si(IV) in the tetrahedral sheets.

Aside from the 1:1 and 2:1 clays shown in figure 12, there are other types of clay
minerals. The mixed layer clays are clays whose stacks are composed of the interstratifi-

cation of the layer of different minerals, in either a regular or a random order. For exam-
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ple, the montmorillonite-illite mixed clay contains layers having the chemical composition
of the layers of montmorillonite stacked with layers having the chemical composition of
illite. There is also the chlorite group in which the negative surface charge is counter bal-
anced, not by intercalated cations, but by intercalation of an octahedral magnesium
hydroxide sheet, in which substitution of some Mg(II) by AIII) causes a positive charge.
They can be considered to be 2:2 minerals. Finally, some clays do not have a layer struc-
ture at all: attapulgite, for example, has a chain structure.>>

In conclusion the "impure” nature of clay minerals should be stressed. In doing
chemistry with them, one must always keep in mind that the composition of a particular
mineral may vary depending on its source. To get a "pure” clay, one must use synthetic

clays prepared in laboratory.56

2.3 Properties of Clay Saspcnsions.54

Depending on the size of the particles, the dispersion of a clay in water is called a
clay suspension or a clay sol. A suspension contains particles of more than 1 um, while a
sol contains particles smaller than 1 um. This is an arbitrary division. Both terms are
applied to clays, especially since most dispersions contain a range of particle sizes. The
term suspension is most used. Clays are classified as hydrophobic colloids, despite their
high affinity for water. This unfortunate nomenclature comes form the historical devel-
opments of colloid chemistry, before the nature of suspension was well understood.
Today, it is applied to all colloids formed by the dispersion of small solid particles in a
liquid. The term hydrophilic is reserved for true solutions of macromolecules, where the
colloidal properties come from the large size of the dissolved molecules. >4

A clay particle is a stack of clay layers. In a suspension the number of layers in a

stack depends on many factors. In a colloidal suspension of sodium montmorillonite for
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example, the stacks contain only 2 or 3 layers, while in the same suspension of calcium
montmorillonite, there are approximately 8 layers per stack.54 This property is called the
degree of aggregation of the clay. Na*-montmorillonite forms dispersed suspensions, while
Ca2*-montmorillonite forms more aggregated suspensions. (see figure 14)

The stability of a colloidal clay suspension depends on a delicate equilibrium of forc-
es. The particles repel each other because of their negative surface charges. On the other
hand there are van der Waals attractions between the atoms of the particles. Stability is
attained because of the different ranges of action for the two types of forces. In pure
water, the electrostatic repulsion acts over long distances, not allowing the particles to
approach each other close enough for the van der Waals attraction to be felt.

This simple view of suspensions accounts for the flocculation effect of electrolytes.
The negative charge of the particles leads to the formation of an electric double layer at
the particle surfaces. The negative charge attracts cations from the solution, increasing
their concentrations close to the surfaces. In the same way anion concentrations near the
surface are decreased. Entropy on the other hand seeks to equalize the ion concentrations
over the entire bulk of the suspension. This is analogous to the competition between
gravity and diffusion in earth’s atmosphere. This competition of forces leads to an
“atmospheric” distribution of ion concentrations near the surfaces of the particles, called
the electric double layer.

The thickness of this layer is the key to the stability of a clay suspension. By neu-
tralizing the surface charge, the excess cation concentration near the surfaces curtails the
range of the electrostatic repulsion forces. The effect of increasing the bulk electrolyte
concentration is to compress this double layer. Since the clay surface charge is constant,
with a larger bulk concentration of cations the neutralization of that charge is achieved
closer to the particle surface. Thus, the range of the electrostatic repulsion force is short-

ened. If the electrolyte concentration is large enough the clay particles can get close
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enough for the van der Waals force to act. There is an aggregation of the clay particles;
the suspension flocculates. Figure 13 shows the balance of forces at low and high electro-
lyte concentrations as a function of the distance between particles. In the first case an
energy maximum exists between the most stable state, the flocculated state in which inter-
particle distances are small, and the colloidal state at larger interparticle distances. At high
electrolyte concentration no such maximum exists. The clay cannot form a stable colloidal
suspension. Note that even a so called stable colloidal suspension is only meta-stable. All
clay suspensions will eventually flocculate.

The model presented here is a simplified representation of clay suspensions. It
ignores such factors as the existence of regions of positive charge at the edges of the clay
particles, the size of particles, the aggregation of small particles is faster, or refinements of
the double layer model such as the Stern layer and the Gouy layer.54 Nonetheless it is

adequate for our purpose. In figure 14 the various types of particles aggregation are sum-
marijzed.
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Figure 14 Model of the various types of particle association that can be
found in clay suspensions. a) dispersed, b) aggregated, c) and d)
dispersed and flocculated, e), f) and g) aggregated and flocculated.
(reproduced with permission from reference 54)

2.4 The Chemistry of Supported Reagents.

There is growing interest in the use of insoluble inorganic supports in organic
synthesis.43 57 Many factors make them potentially useful. The adsorption of the
reagents on a solid support can have two types of effects on a chemical reaction. First

there are physical effects such as a decrease in the entropy of the reaction, which is due to
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the increase in the local concentrations of the reagents caused by their adsorption on a sol-
id surface, or shape selectivity , a variation in the product distribution imposed by the
geometry of the support. Secondly there are chemical effects, such as the activation of one
of the reagents by its interaction with the support surface.

The increased reactivity resulting from an increase in the local concentration of an
adsorbed reagent has been observed, for example, in the reaction of ozone with an hydro-
carbon to give an alcohol by direct oxygen insertion.58 Although this reaction provides a
one step hydroxylation, it has been rarely used because ozone is only slightly soluble in
organic solvents. 03 is very efficiently adsorbed by silica gel at low temperatures. (4.5%
by weight at -7 80C). Therefore, by adsorbing ozone on Si0,, the reagent could be brought
into contact with an hydrocarbon, in a high enough concentration for the reaction to pro-

ceed at a good rate.

04/8i0, OH

> (14]

L7

In reaction 14, the alcohol was produced with a yield of 79% in 30 minutes with
retention of configuration.58 Further, the addition of silica supported ozone to the hydro-
carbon eliminated the problem of the reaction of 03 with the solvent and greatly simpli-

fied the experimental procedure.59

especially the isolation of the product.

The production of olefins from methanol in the zeolite H—ZSM-S,60 61 is an exam-
ple of support induced shape selectivity. Zeolites contain channels, whose size and geome-
tries can control the product distribution.61 Support induced shape selectivity in zeolites

can be divided into three classes: 1) reactant selectivity, in which only reactants of a given

geometry can enter into the channels and reach the reaction sites, 2) product selectivity, in
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which only products of a given geometry can leave the reaction sites and 3) restricted
transition state selectivity, in which the geometry of the reaction sites allows only certain
types of products to be formed, those which are formed by reaction whose transition states
geometries corresponds with that of the reaction sites.

The other types of effects of the support, the chemical effects, are those in which
the support is an active participant in the chemical reaction. When methanol was heated

in the presence of silica-alumina gel,62 dimethyl ether was produced.

$i0,-A1,0,

2CH30H ———>  CH30CH3; + H,0 [15]

In this example the support catalyzed the reaction by generating a key intermediate. It
could act by either protonation of the methanol by one of its Bronsted acid sites, as in

equation 16,
CH30H + HY —> CH30H,* + CH;0H —> CH;0CH;3 + Hy0 + HY  [16]

or by adsorbing the methanol in one of its Lewis acid sites, as in equation 17.

H CH CH H
o 093 03 o
N 08 7/

| ] | |

. [17]

N ,A]\ /Al\ ,A|\+ 2(,H30H > A]\ ,A]\O/\I\ /Al -> CH30CH3
0 0 0 /0 0\

Al

So far a few examples showing the advantages of using inorganic insoluble supports,
like zeolite, silica or alumina have been presented. In the next section, examples of the

uses of clay minerals as supports will be discussed.
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2.5 Reactions on Clay Surfaces.

Clays can be used as supports for reagents. They have some of the advantages of
the supports described in the previous section.

Before the description of some of the unusual chemical conversions that can take
place on clay surfaces, the adsorption of chemical compounds by clay minerals will be
shortly reviewed. The smectites used in this work can intercalate various species between
their layers. In a water suspension, besides the exchangeable cations such as calcium and
sodium, the interlayer spaces of these clays can contain up to four layers of intercalated
water molecules. This water can be displaced by other neutral molecules. For example,
pyridine has been shown to form four different intercalates with montmorillonite. Their
basal spacings (i.e. the sum of the thickness of the clay layers, 9.6 A and of the clay
interlayer spacings defined in section 2.2) were 29.3, 23.3, 19.4 and 14.8 K, depending on
the water to pyridine ratio. #8 The intercalation of the organic base, p-phenylenediamine,
in montmorillonite*? was another example. (see figure 15) In this case, the clay protonat-
ed the base and more than one layer could be intercalated.

The clay’s exchangeable cations can also be replaced by large organic cationic spec-
ies.63 In fact large organic ions are more strongly held by the clay than are the inorganic
cations, including hydrogen ions. Their presence markedly alters the dispersibility of the
clay and practically destroys their ability to swell in Water.49

Aside from the clay adsorption properties, other factors will have an influence on
chemical reactions taking place on their surfaces. The most important ones are the pres-
ence of Bronsted?? and Lewis acid sites39 in clays and the clays’ ability to act as both
electron donors or electron acceptors.‘46 Further the water molecules present in the inter-
layer spaces are highly activated. They are polarized by interaction with the negative sur-
face charges of the clays and with the exchangeable cations located at the mineral sur-

face.64
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Figure 15: Intercalation of p-phenylenediamine in sodium-montmeorillonite.

(reproduced with permission from reference 49)

The identification of the various donor and acceptor sites in montmorillonite can be
credited, in a large part, to D. H. Solomon and his group.41 46 The existence of these
sites is perhaps best exemplified by the results shown in figure 16.

If tetracyanoethylene is brought in contact with reduced montmorillonite, a clay
treated in such a way as to reduce all its structural iron to the Fe(II) state, the clay is
oxidized and the tetracyanoethylene radical anion can be detected by esr spectros;copy."’6 If

one uses the oxidized clay, no reaction takes place. In this case, the clay is an electron
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Figure 16: Montmorillonite as an electron donor and an electron acceptor.

donor, the donor sites being Fe(II). On the other hand, oxidized montmorillonite in con-
tact with benzidine leads to the formation of the blue benzidine monocation radical, while
the clay is reduced.65'67 " In this case the clay is an electron acceptor, the acceptor sites
being structural Fe(III).

In addition to the acceptor and donor sites involving atoms that can exist in more
than one oxidation states, clays like kaolinite and montmorillonite have another type of
electron accepting site, namely aluminum at the edges of the clay layers that have an

incomplete coordination shell.

This is shown by the conversion of triphenylmethyl radicals to triphenylmethyl

carbonium ions in the presence of these clays.
PhyC + [Al — Phyct  + [CAl  —  PhyCOH [18]

This reaction does not take place in the presence of talc, since talc contains Mg(II) instead

of AI(II) in its octahedral sheets.
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The model of clays having two types of electron acceptor sites and one type of elec-

tron donor site is very successful in accounting for the effect of the presence of clays in
many chemical processm.41 For example, it accounts for the catalysis or the inhibition by
clays of some polymerization reactions. The polymerization of styrene is catalyzed, since
the donation of an electron to the clay by the styrene monomer produces a radical cation
which is an initiator for the polymerization. The inactivity of talc in this reaction shows
that this radical is produced by donation of an electron to an AI(III) site at the edge of the
clay layers. On the other hand the inhibition of the polymerization of methyl metacry-

late by montmorillonite is attributed to the destruction of the propagating free radicals by

_the clay.46
Table 3 Some of the types of organic reactions that have been shown to take place
on the surface of clays.
Rx types Example

Thermal decomposition| Esters --»> acids and hydrocarbons
Dimerization trans-stilbene

Reduction - Oxidation| 1,1'-diphenylethylene to 1,1
diphenylethane and benzophenone

Hydrogen transfer 9,10 dihydroanthracene and 1,1
diphenylethylene

Lactonization Cyclooctene carboxylic acid --»
1,4 and 1,3 lactanes

Ether formation (CHz)5CHy + CHzOH --> (CHz)zOCHgZ

Ester formation CH,CHy + CHzCOOH --> CoHg5COOC,Hg

Eliminations 2RCHoNHy -—-> (RCHz)zNH + NHg
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Many of the unusual organic reactions taking place in the smectite interlayers
involve the activation of the reagents by the clay acid sites. Some of the types of organic
reactions that have been found to proceed in the presence of clay minerals are summarized
in table 3.3% The first step in many of these reactions is the protonation of one of the
reagents by the Bronsted acid sites of the clay. The thermal break down of cyclohexyl

ethanoate in the presence of montmorillonite, proceeds according to equation 19.42

0
i
0-C-CH

3 H+ +
[:::]/ LN [:::] + CHCO0H + H [19]

In the dimerization of trans-stilbene, shown in equation 20, the reaction is initiated by

the protonation of the reagent, 39

PhCH H
2 — [20]
H H2Ph

as is the lactonization of cyclooctene carboxylic acid,

COOH
_> <<ji§i::] [21]
CH3
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the formation of methyl t-butyl ether in the presence of Cu2+-montmorillonite,67
Cu2* Mont.

and the addition of acids to alkenes®® to give esters in the presence of

A13+-montmorillonite.

A13+ Mont.

CH,=CH, + CH3COOH ————>  CH3;COOCH,CH, [23]

The conversion of primary amines to secondary amines in the presence of montmorillonite

is also initiated by protonation of the amine group,‘?‘9

Mont.

2RCH,NH,

and so is the similar elimination of H,S and H,0, from thio1®? and alcohol”® respective-
ly.

Other types of acid catalyzed reactions found to occur in clays were oxidation reduc-
tion processes such as the conversion of 1,1-diphenylethylene to benzophenone and
1,1—diphenylethzme,71 and hydrogen transfer reactions between 9,10-dihydroanthracene and
1,1-diphenylethylene which took place on synthetic hectorite.’ 2

In all the examples discussed so far, the clay was used as a support for the reagents.
When catalysis was found it was by the mineral itself via its acid sites. There are also
cases in which the clay was used to adsorb a catalyst in addition to the reagents. The
advantages of adsorbing catalysts are the same as those described previously for the adsorp-

tion of reagents. An increased reactivity and a variation in the catalyst selectivity,

imposed by the support geometry, could result from the immobilization of a reagent and of
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a catalyst in close proximity on the surface. Also, in some cases, it was found that the
clay induced the catalytic activity. That is, the catalyst was not the adsorbed species, but
the clay adsorbate complex.

An example of a catalyst whose selectivity was changed by intercalation into clays
is the rhodium hydrogenation catalyst RhL * (L = triphenyl phosphine n = 2 or 3)
adsorbed in hectorite.53 In homogenous solution, this complex catalyzed the hydrogena-
tion of both terminal and nonterminal olefins, while in the clay interlayer space terminal
olefins were selectively hydrogenated. The same preference for the hydrogenation of ter-
minal alkyne was found. The adsorbed catalyst was also more specific, almost no isomeri-
zation took place in the presence of the clay. This was an example of shape selectivity.
Figure 17 shows the proposed arrangement of the catalyst in the hectorite interlayer space.
One can see how an interlayer spacing of 7.7 A favors the reaction of terminal alkynes.

Uranyl ions (U022+) incorporated in different clays have been tested as catalysts for
the photooxidation of isopropyl alcohoL”3 In general they were more active than U022+
incorporated into zeolites. The U022+ hectorite intercalate was the most active. Their
stability was less than that of the zeolite supported ones and they were not as selective for
the production of acetone.

A pillared clay, prepared by adding a montmorillonite suspension to a solution con-
taining cationic polychromium oligomers was tested as a catalyst for the conversion of
cyclohexane to benzene at 550°C. Its activity was found to be substantially higher than
that of a commercial chromia catalyst supported on alumina.”4 Similar pillared clays,
intercalated with alumina and zirconia were found to be petroleum cracking catalysts hav-
ing shape selectivity comparable to that of commercial zeolite catalysts.

The greater catalytic activity of chromia pillared montmorillonite was attributed in
part to the greater degree of dispersion of the chromia. A possible use of clays was to

help in the preparation of such highly dispersed catalysts. Pinnavaia et al75 found that
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they could prepare highly dispersed Os3(CO);, by reacting HOS(CO)12+ with hectorite.
The cation reacted at the edges of the clay layers, producing Os3(C0)12 more highly dis-
persed than what could be achieved by impregnation of the neutral clusters from solution.
Although the catalytic activity of this preparation was not tested, the ability to make
highly dispersed metal carbonyl clusters may prove to be useful in enhancing their catalyt-

ic activity.



CHAPTER II
USES OF SUPRAMOLECULAR ORGANIZATIONS IN WATER

REDUCTION.
3.1 Introduction.

One of the main obstacles that must be overcome to achieve efficient water photos-
plitting is charge separation. This problem can be divided into two parts, achieving charge
Separation in the first place, and then maintaining it a time long enough for the produc-
tion of useful chemicals. For example, the photoreduction scheme depicted in figure 6,
involves quenching of excited Ru(bpy)32+ by MV2*. The key reaction in this system is

electron transfer between *Ru(bpy)32+ and MV2*,
Rulbpy);2* + MV — Rulbpy);3t  + MVt [25]

The quantum yield of separated ions in equation 25 is limited by the cage escape yield of
the reaction to less than 0.3.22 The cage escape yield is defined as the ratio of ions
Ru(bpy)33+ and MV produced per encounter of *Ru(bpy)32+ with MV2+

Once charge separation is achieved, the challenge is to maintain it. The back elec-
tron transfer reaction between MV™ and Ru(bpy)33+ is thermodynamically favored. It is

one of the major energy wasting processes found in this system.

Ru(bpy)33"' + MVt — Ru(bpy)32+ + Mv2+ [26]

-42 -
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Some success can be achieved in limiting the importance of this back reaction by
varying the experimental conditions. One can increase the concentration of the sacrificial
donor to consume Ru(bpy)33+ more efficiently or one can look for a more efficient cata-
lyst to make the reaction of MV' with water faster. However, such changes have very
little effect on the cage escape yield which is an inherent limitation of electron transfer
between these two cations.

The third problem encountered in water photoreduction is that two electrons are
needed for the production of one hydrogen molecule, while MVt is a one electron carri-
er.12 Somehow, the electrons from two MV’ must be combined. Two approaches have
been used to attempt to solve this problem. One solution is to use a catalyst that can act
as an electron accumulator, such as a metallic platinum particle. The other is to use a
surface on which adsorbed hydrogen atoms can be produced. The production of a hydro-
gen radical is not a solution because it requires too much energy.

A possible solution to these three problems is once again found in nature. Compart-
mentalization is an essential feature of natural photosynthesis. The components of the
photosynthetic apparatus are bound to the thylacoid membrane. Their arrangement makes
light harvesting, charge separation, electron transfer, water oxidation and carbon fixation

possible. 12

The solution thus suggested is the engineering of the water splitting system on
the supramolecular level, by using molecular assemblies like micelles, vesicles and mem-
branes, polyelectrolytes or inorganic colloids such as silica, alumina, zeolites and
clays.u 76

The following section will cover a few examples of how using compartmentalization
can help to solve the problems outlined above: charge separation, back electron transfer and
performing a two electron reduction with a one electron carrier. In particular, the last

section of this chapter will deal with the use of clay minerals in water photosplitting.
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3.2 Organized Molecular Assemblies in Water Reduction.

The first problem that compartmentalization can help to solve is achieving charge
separation. Since direct electron transfer between *Ru(bpy)32+ and MV27 is so inefficient,
and since®s, the cage escape yield is not markedly altered by changes in experimental con-
ditions, one can try to use an intermediate which will help to transfer the energy between
those two ions more efficiently. Increasing the concentration of MV2+ or Ru(bpy)32+
will increase the number of encounters between the ions, but will not increase Ps, the
number of MV™" ions produced per encounter. The yield of MV™" can be increased by
adding an intermediate to the system such as 9-anthracenecarboxylic acid (AA").77 Elec-
tron transfer between the excited triplet state of this soluble anion and Mv2+ proceeds
with a cage escape yield close to unity, as opposed to only 0.25 between MV2* and
*Ru(bpy)32+. Unfortunately the production of the AA™ triplet state proceeds by excita-
tion of the anion into its singlet state, at a much higher energy, requiring light of less
than 392 nm. However the triplet state of AA™ can be made indirectly, in high yield, by
the very efficient quenching of *Ru(bpy)32+ by AA" via energy transfer. Electron trans-
fer can then take place between this triplet AA™ state and MV2t, In this enlarged system,
(see figure 18) the yield of MV™* approaches 100% and the yield of H, is close to 90%.
Unfortunately the system is not stable. AA"™ tends to dimerize or to decarboxylate when
it is irradiated.

Instead of adding a soluble intermediate, another approach to improve charge separa-
tion is to physically separate the two ions, Ru(bpy)32+ and MV2+, for example, by plac-
ing one inside and the other outside of a vesicle. Of course there must be a mechanism
for the transport of the electrons from one ion to the other through the barrier. For
example, Fendler et al’8 prepared a system in which MV2t and Pt catalyst were placed

inside a vesicle of dihexadecylphosphate, while Ru(bpy)32+ and EDTA were outside. They
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Figure 18: Water reduction with a system cgntaining
9-anthracenecarboxylic acid (AA), MV2* and Ru(bpy), +

found that the electrons were free to move through the bilayer, and since MV2* and
Ru(bpy)32+ were not in direct contact no problem with the cage escape yield was encoun-
tered.

Alternatively the ions could be immobilized on a solid support like cellulose.79 80
The results indicated that the electron transfer between adsorbed excited Ru(bpy)_,,2+ and
MV2t tooks place in an active sphere of up to 20 A, a distance which is larger than the
sum of the van der Waals radii of the reacting molecules (about 10 R). The quenching of
excited Ru(bpy)32+ by MV 2+ in a cellulose matrix was therefore assumed to proceed by
an electron tunneling mecham'sm,79 rather than by a collision mechanism, eliminating the

problem of cage escape yield.
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The investigation of the uses of compartmentalization in water photoreduction has
been mostly applied to the problem of maintaining charge separation once it has been
achieved. After all, the cage escape problem can be solved by simply using a different
photosensitizer. The quenching of *ZnTMPyP4+ by MV2* for example, proceeds with a
cage escape yield of about 0.8,27 (see equation 12) but the problem of the thermodynami-
cally favored back electron transfer reaction remains.

The use of micelles or vesicles can help in preventing the recombination of the two
ions, by physically separating them. An example was provided by the use of Cq MV 2+
(figure 19) as electron relay to quench a'ZnTMPyP“"' in the presence of the micelle cetyl-
trimethylammonium chloride.81 The radical cation ¢4 4M'V+' produced was stable for sev-
eral milliseconds in the presence of the micelle, while the back electron transfer was very
fast in its absence. The system worked because both Cy 4MV2+ and ZnTMPyP"‘+ were
hydrophilic, while Cy 4MV+' was hydrophobic. As soon as Cy 4MV+' was formed it
entered into the hydrophobic center of the micelles, while ZnTMPyP5+ remained in the
bulk water phase. The micelle physically separated the two ions after their formation,
preventing them from reacting with each other.

The donor and the acceptor can also be physically separated prior to electron trans-
fer. This was the case in the photoproduction of reduced heptylviologen (HV™) (see fig-
ure 19) in the presence of a microemulsion of cetyltrimethylammonium bromine in dode-
cane containing small amounts of water.32 In such a system the surfactant molecules
formed inverted micelles, in which small water droplets were isolated from the hydropho-
bic bulk phase by being surrounded by the surfactant. In this system, Ru(bpy)32+ was
located in the water pool inside the micelles, while amphiphilic HV2* was embedded in
the interface boundary. In the same system no MVt was produced, since both
Ru(bpy)‘?.2+ and MV2* were located exclusively in the water pools, making the back elec-

tron transfer very efficient.
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An alternative to the physical separation of the ions by a membrane or is the induc-
tion of a favorable spacial distribution of the cations in solution by the electric field of a
polyelectrolyte.83'86 For example, the addition of polyvinylsulphate to the system retard-
ed back electron transfer between Ru(bpy):,‘?’+ and the electron relay, BSV™.
p-disulphonated benzylviologen (BSV), (see figure 19) a neutral zwitterionic viologen, was
not affected by the negatively charged polyelectrolyte,83 while Ru(bpy)32+ was concen-
trated near it by eclectrostatic attraction. After electron transfer, the negatively charged
BSV™ was repelled away from the polyelectrolyte, and therefore away from Ru(bpy)33+,
insuring the persistence of the charge separation. In a related system, the anionic field of
the inorganic colloid SiO,, has been used to suppress the reverse electron transfer in a
Ru(bpy)32+ zwitterionic viologen system.37
Back electron transfer can also be hindered by the immobilization of the cations on
a solid support. Cellulose retarded back electron transfer between MV and Ru(bpy)33+
by some three orders of magnitude. This was attributed in part to Franck-Condon factors,
but also to the reduction of Ru(bpy)33+ by the cellulose.”? This reduction was assumed
to be more efficient than reduction by the usual sacrificial electron donors, and it resulted
in the accumulation of MV
Finally, with regards to the problem of doing a two electrons reduction with a one
electron carrier, the use of supramolecular organizations, such as inorganic colloids, can be
very useful. They can provide sites where electrons can be accumulated. This was pro-

posed as one of the functions of the colloidal platinum c:atalysts.2

They can also provide
a surface for the production of adsorbed H atoms. Further, many surfaces have acid sites
that can be used to activate adsorbed water molecules. One proposed mechanism for the
evolution of hydrogen on metal colloids involved protonation of the particle surfac&s.25

The inorganic colloids could be the source of these protons.
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Figure 19 Structures of a) C 4MV2+, b) heptylviologen (HVZY), ¢
p-disulphonated benzyjlviologen (BSV), d) propylviologen sulpho-
nate (PVS).

3.3  Water Photosplitting on Clay Surfaces.

Clay mineral suspensions have been used to promote hydrogen evolution in synthet-

ic water photosplitting systems.
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The negative charges of the clay particles were used by van Damme and his group to
maintain charge separation in water photoo:vcidation.sa'90 They observed the simultaneous
evolution of hydrogen and oxygen in a system containing the photosensitizer Ru(bpy)32+,
a catalyst for water oxidation, RuO, (coadsorbed on the fibrous clay sepiolite), an electron
acceptor Eu3+, and a water reduction catalyst, colloidal Pt, coadsorbed on a positively
charged A.l(OH)x ge1.90 The use of two solid surfaces of opposite charges made possible
the physical separation of the redox intermediates and their coupling with the correspond-
ing catalysts.

The first system was made up of a negatively charged clay, sepiolite. This clay
could only adsorb cations by exchange on its external surfaces. By coadsorbing
Ru(bpy)32+, the electron donor, and the water oxidation catalyst Ru02 on those surfaces,
the reaction of Ru(bpy)33+ with water to give oxygen was very efficient. The other col-
loid was an ill-organized aluminum hydroxide gel, having a net positive charge. An elec-
tron acceptor, Eu3* was embedded in the gel close to Pt particles making water reduction
efficient. The rapid consumption of Ru(bpy):,,3+ and Eu?t thus diminished the impor-
tance of back electron transfer. The two systems were coupled through interparticle asso-
ciation in the reaction medium.

Interestingly, the gas evolution in the system displayed an oscillatory behavior.
This was attributed to some type of cross catalytic effect arising from the presence of H,
and 02 on the one hand and from the presence of the oxidized and reduced catalysts on
the other. Each of these catalysts was able to catalyze the oxidation or the reduction of
the other by oxygen or hydrogen, consuming some of the gas produced in regenerating the
catalysts. An oscillatory gas evolution could be an advantage in a practical water photos-
plitting system, provided its periodicity could be well controlled, since it could provide a
means for the separation of hydrogen and oxygen via the time dependence of their evolu-

tion.
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This system could be divided into two sacrificial subsystems, that were studied indi-
vidually, by the addition of a sacrificial donor, EDTA, or a sacrificial acceptor,
Co(NH3)5C12+. When water photooxidation was tried in a system in which sepiolite was
replaced by hectorite, no oxygen was found.89 This was attributed to the location of the
adsorbed photosensitizer, Ru(bpy)32+, and of the oxidation catalyst RuO,. Ru(bpy)32+
was intercalated in hectorite, while the larger RuO, particles were restricted to the outside
surfaces of the clay. This physical separation of the photosensitizer and the catalyst pre-
vented the oxidation of water. If the hectorite layers were collapsed by heating them to
600°C, so that Ru(l:vpy)32+ could no longer be intercalated, then the catalyst and the
donor were in contact on the outside surface of the clay and oxygen evolution occurred.
This confirmed the importance of the spacial arrangements of the catalysts and redox
intermediates in building an efficient water photosplitting system.

The incorporation of semiconductor particles in clay films was studied by Bard and
his coworkers.”! 92 The irradiation of an hectorite film in which TiO, and MV2+ were
intercalated resulted in the photoproduction of MV, The immobilization of the semicon-
ductor in close proximity to an electron acceptor resulted in the efficient capture of the
electron of the photogenerated electron-hole pair. The hole had then time to react with
the sacrificial donor TEOA. The persistence of charge separation was thus ensured.

Catalytic hydrogen evolution was found upon illumination of a montmorillonite
film containing Ru(bpy)32+, Pt and polyvinyl alcohol along with propylviologen sulpho-
nate (PVS).92 (see figure 19) In this system the clay was a direct chemical participant in
maintaining charge separation. It was found by cyclic voltammetric measurements, that
the ratio of the number of coulombs passed during the reduction of electrochemically gen-
erated Ru(bpy)33+ to the number of coulombs passed during the oxidation of Ru(bpy)32+
was 0.2. Further, when Ru(bpy)33+, produced by the chemical oxidation of Ru(bpy)32+

with Pb02 in acidic solution, was mixed with colloidal montmorillonite, an immediate
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reduction of Ru(bpy):,,3+ to Ru(bpy)32+ took place. These results were interpreted by pos-
tulating a reduction of Ru(bpy)33+ by an unknown electron donating site in the clay. By
removing Ru(bpy)33+ from the system and thus allowing the accumulation of PVS™, the
persistence of charge separation was ensured. This is analogous to the previously discussed
reduction of Ru(bpy)33+ by cellulose.8?

Finally, there was a recent report of hydrogen evolution upon irradiation of a mix-
ture of the semiconductors ZnS and CdS in colloidal suspensions of montmorillonite,93
without a noble metal catalyst. The efficiency was comparable to that previously found
for a ZnS, CdS mixture on 8i0, and on Nafion fi1m94 and to that of a Pt catalyzed CdS
system. The behavior of the system was consistent with the following interpretation.
The H, evolution was catalyzed by Zn metal formed by irradiation of ZnS in the system.
It was proposed that an reactive layer of Zn metal was formed, coating the colloidal CdS
particles.

In all of the systems discussed above, the clay acted as a support for both the
reagents and the catalysts of the photoreduction cycles. Besides our own work,37 38 we
are not aware of any other reports of water photoreduction involving clay minerals as

supports for reagents without the presence of an added external catalyst.



CHAPTER 1V

IRON-SULFUR CLUSTERS IN WATER PHOTOREDUCTION.

4.1 Introduction.

The original objective of this work was to look at the potential use of iron-sulfur
clusters in artificial water photosplitting. These iron-sulfur clusters are analogues of the
active sites of iron-sulfur proteins such as hydrogenase, which catalyzes hydrogen evolu-
tion in natural systems.95 Several intermediates in plant photosynthesis have also been
shown to contain iron-sulfur sites.

The first section of this chapter will deal with the structures of the active sites in
iron-sulfur proteins,95 along with their roles in natural processes, in particular plant pho-

tosynthtsis.97

Then the synthesis and the activity of low molecular weight analogues of
these proteins will be described.?8 The last section of this chapter will deal with the use
of iron-suifur proteins and their analogues in the photoreduction of water by visible

light 95 99

4.2 Structures and Biological functions of Iron-Sulfur Proteins.

Iron-sulfur proteins have been found to contain three types of active sites. Their
structures are illustrated in figure 20.

The 1-Fe site found in the protein rubedoxin is composed of a distorted tetrahedral
arrangement of four sulfur ligands around a central iron atom.?® The 2-Fe site is found

in plant ferredoxin, where it plays a role in the electron transport chain. This site has a

-85 -
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Figure 20 Structure of the active sites of the iron-sulfur proteins. (see

text)

core formed by two irons bridged by two sulfur atoms. Each iron atom is further linked
to the protein amino acid chain, via two other sulfurs, so that once again the iron atoms
are at the center of distorted tetrahedra of four sulfurs. The third type of site, the 4-Fe
site is formed by a cluster of four irons and 4 sulfurs linked to form a distorted cubane
structure. A sulfur atom from the protein chain is linked to each of the four irons com-
pleting the iron-sulfur tetrahedra. This 4-Fe site is the structure of the active site of the

protein hydrogenase.g5 Figure 20 also shows the structure of the active site of the pro-

tein nitrogenase,104 which catalyzes nitrogen fixation. This site is made up of two 4-Fe
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sites linked by the replacement of two irons by two molybdenum atoms and bridged by
three sulfur atoms.

The biological function of the iron-sulfur proteins is redox coupling to enzymatic
systems which catalyze a myriad of reactions.96 They are electron relays. Because of
their high reducing power they can function as electron carriers on the hydrogen side of
NADP+.102 plant ferredoxin, for example, has a redox potential of -420 mV, which is
comparable to molecular hydrogen. (i.e. -413 mV at pH 7) By contrast, cytochromes, the
better known group of protein electron carriers that contain heme iron, function on the
oxygen side of NADP.*

Five iron-sulfur sites have been identified in the electron transport chain in plant
photosynthwis.” (see figure 21) The Rieske center, which is also a component part of
mitochondria, is thought to be a 2-Fe center. It has a redox potential of +290 mV and
functions as a link between the two photochemical systems. The other four are low
potential centers. Three of them are membrane bound 4-Fe sites, call X, A and B, having
redox potentials of -700 mV, -550 mV and -594 mV respectively. Their function is to
transport the electron from Chl, the primary electron acceptor of PS1, to the soluble pro-
tein ferredoxin. This protein (redox potential -420 mV) then reduces NADP** (-320 mV)
to NADPH via an intermediate, the enzyme ferredoxin-NADP-reductase. (FNR) The multi-
ple oxidation states of the flavin moiety of FNR allow this enzyme to couple the overall
two electron reduction of NADP* by a one electron carrier in two one electron step reac-
tions.103
Hydrogenase contains 4-Fe centers.104 To explain its ability to mediate the reduc-
tion of water to hydrogen, by a one electron relay like MV™*  without the presence of a
solid surface, it is assumed that the cluster can have several oxidation states. The cluster
contains four iron atoms in which electrons can be placed. When three electrons are put
into the iron-sulfur cluster, the result is molecular hydrogen with concomitant reoxidation

of two Fe atoms.11
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Figure 21: Electron transport chain in plant photosynthesis. (reproduced
with permission from reference 97)

4.3 Synthesis of Analogues of Iron-Sulfur Proteins.

There has been a lot of work, in particular by Holm?® and his group, on the prepa-
ration of low molecular weight iron-sulfur clusters analogues of the active sites of the
iron-sulfur proteins. By an analogue one means that those clusters would mimic both the
structures of the protein sites along with the proteins redox potentials. As a result of this
work, analogues for all three types of active sites have now been successfully synthes-
ized.105 106 107 1 yyrng out that in methanol, in the absence of air and moisture, the
4-Fe type clusters are the thermodynamically most stable soluble products of Fe(Il) or

Fe(III) salts and elemental sulfur in the presence of sufficient thiolate reductand.”®
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The structural and redox properties of a wide variety of these clusters have been

meas.l.u'ed.96 108-110 They are found to be very similar to those of the proteins, making
them true analogues of the proteins active sites.

The iron-sulfur clusters have been tested as catalysts in several reactions. For exam-

ple the 4-Fe clusters were found to catalyze the oxidation of thiols to disulfides by oxy-

gen.111

[Fe4S,(SPh) ]

4PhSH + O, —_— 2RSSR+ 2H,0 [27]

They also catalyzed some reduction reaction, such as the production of cis-stilbene from

diphenyla,c:e!:ylene.1 12

H H
Dimedy — ngb "

NaBH,

Further, the cluster [Fe4S4(SPh)4]2' has been shown to have catalytic activity in
two very important, and potentially very useful, reactions: the reduction of carbon dioxide
and the fixation of nitrogen. In nonaqueous DMF solutions, addition of this cluster shift-
ed the potential needed for the electroreduction of CO, to a more positive value by
approximately 0.7 V.13 The electrochemical reduction of [Fe,S,(SPh),12" to
[Fe,S,(SPh)413" or [Fe,S4(SPh),I*, or of [MoyFegSg(SPh)gI™ to [Mo,FecSg(SPh)glS™ in
a protic solvent led to the production of NH; when nitrogen was bubbled through the

solution.144
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These two clusters have also been shown to be active in hydrogen evolution reac-
tions. The electrogenerated reduced clusters were capable of reducing acetylene to ethylene
with concomitant evolution of hydrogen.115 Hydrogen was also produced in the reaction

of the reduced clusters with PhSH.104

2[Fe S,(SPh) 13~ + 2PhSH —> [Fe,S,(SPh),]>" + 2PhS™ + H,  [29]

However the hydrogen evolution in these reactions depended on the irreversible con-
sumption of the reduced clusters. What we are looking for is a light driven system in
which the cluster catalyzes the evolution of hydrogen. The protein hydrogenase itself has
been used as a catalyst in several such systems.26 It was shown to catalyze water photo-
reduction in systems, such as the one of figure 6, where Ru(bpy)32+ was the photosensi-
tizcr,116 or of figure 8, where ZnTSPP3117 118 o CdTSPP3119 were the photosensitiz-

128

ers, or even in systems where triphenylamine was the photosensitizer with near

ultraviolet illumination. In all these examples MV2* or a related viologen derivative”?
was used as the electron relay. The function of hydrogenase was the catalysis of the
reduction of water by MV*. However, in a practical water splitting system one cannot
use hydrogenase as a catalyst, for the same reason that one cannot use chlorophyll as pho-
tosensitizer: it is too expensive and too fragile.

This is what makes the use of iron-sulfur clusters analogues so interesting. In one
system the evolution of hydrogen was reported when Ru(bpy)32+ was illuminated in the
presence of the cluster I=e4S4(SCH2Ph)42".121 The excited ruthenium complex was
assumed to reduce the cluster. The reduced cluster was then able to reduce Ru(bpy)32+ to
Ru(bpy)3+ giving hydrogen via a reductive cycle like the one of figure 5. The yield of
hydrogen was very low and the system very unstable.

In general, the isolated clusters do not have the catalytic ability of hydrogenase.

The ability of the protein must therefore be due in part to the structure of its amino acid
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chain (tertiary structure). Attempts have been made to mimic the environment of the
active site of iron-sulfur proteins, by placing the clusters in a matrix. For example, it was
found that the cluster [Fe4S4(SPh)4]2' incorporated into the protein Bovin Serum Albu-
min catalyzed the photoreduction of water by MV+‘.95 The yield of hydrogen was much
lower than with hydrogenase, but this result showed the importance of the environment
of the iron-sulfur cluster on its catalytic properties. There was a report on the adsorption
of a 4-Fe cluster on silica gel.122 In that case, the cluster was linked to the surface by a
chemical bond. The surface was first modified by the attachment of thiol chains and the
cluster was then linked to those surface thiol groups. This surface attached cluster did not
display any catalytic activity. ~

We were therefore led to wonder what effect incorporating the clusters into other

types of solid matrix, such as clays, would have on their ability to catalyze the reduction

of water by MV ™.



CHAPTER V

EXPERIMENTAL.

51 Synthesis.

5.1.1  Iron-sulfur Cluster [(n-Bu)4NL,[Fe S (SPh)]

The iron-sulfur cluster [Fe,S 4(SPh)4]2' (see figure 22) was prepared according to the
procedure reported by Christou et al.105 The reagents, sulfur precipitated purified powder,
tetra-n-butylammonium iodide 98% from Alfa Products, anhydrous ferric chloride, lithium
metal from Aldrich and anhydrous thiophenol from Sigma were used without further
purification. The solvents, acetonitrile and methanol were Fisher certified reagents. Prior
to their use they were dried by distillation over calcium hydride and magnesium respec-
tively.

All the manipulations were carried out under nitrogen. Care was taken to keep the
reaction mixture free of moisture. The solvents were made free of dissolved oxygen by
bubbling with N, for 15 minutes prior to their use.

Lithium (0.56 g, 80 mmol) was dissolved in 80 ml of methanol; 8.2 m! (80 mmol)
benzenethiol was added followed by 3.24 g (20 mmol) anhydrous ferric chloride in 50 ml
methanol. The black solution was added to 0.64 g (20 mmol) sulfur giving a brown reac-
tion mixture. This mixture was stirred overnight at room temperature, filtered and added
to a solution of 5.54 g (15 mmol) tetra-n-butylammonium iodide in 40 ml methanol. The
mixture was left overnight in the cold (-5°C) to allow time for crystallization of the
product to take place. Filtration gave a black crystalline solid, (needles) which was vac-

uum dried.

-59 -
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Figure 22 Structure of the iron-sulfur cluster [n-BuNl,[Fe,S,(SPh) ]

The product was purified by recrystallization. The solid was dissolved in hot ace-
tonitrile. After addition of methanol, cooling to -5°C gave 3.2 g of black needles, m.p.
187-192°C, for an experimental yield of 60%. (lit. m.p. 190-191°C, yield 76%105) The
product was characterized by its UV-Visible spectrum and its 1y NMR spectrum. Both

were identical to those reported for the cluster [n-BuyN],[Fe,S,(SPh)y] in the litera-
rure 123 124

5.1.2  Adsorption of the Cluster on Montmorillonite.

The cluster prepared in section 5.1.1 was adsorbed on clay mineral in the following
way. A suspension of the clay montmorillonite (a bentonite from Clay Spur Wyoming,
see section 5.1.4) was made by dispersing 0.3 g of the clay in 15 ml of acetonmitrile. A
solution of 0.2 g [n-Bu4N]2[Fe4S4(SPh)4] in 20 ml acetonitrile was added. After 30 min-
utes of stirring under nitrogen, the solid was isolated by filtration, giving, after drying,
0.45 g of a black powder. This solid was not further characterized, but the cluster was

shown to be intact after this treatment since this solid was active in catalyzing the oxida-
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tion of benzenethiol to diphenyl disulfide by oxygen, according to the procedure described
by Hirobe et al 111 (see equation 27) A second clay incorporated material was prepared
having a different ratio of cluster to montmorillonite (ie 0.1 g of cluster in 0.3 g of clay).

The activity of these two preparations as water photoreduction catalysts was tested.

51.3  Zinc Tetramethylpyridine porphyrin. (ZnTMPyP4t)

The photosensitizer [ZnTMPyP4+]I4 (see figure 23) was synthesized according to the
procedure described by Harriman et al.28 The reagents, methyl iodide and sodium iodide
from Fisher, meso-tetrapyridylporphyrin 90% pure from Sigma and anhydrous zinc chlo-
ride from Alfa product were used without further purification. The solvents DMF and
CH,Cl, were Fisher certified reagents.

1.0 g meso-tetrapyridylporphyrin (TPyP) was stirred at room temperature under
argon for 3 days in 100 ml methyl iodide. The product, tetra(N-methylpyridyl)porphyrin
iodide ([TMPyP4+]I4) was isolated by filtration and purified by recrystallization. The sol-
id was dissolved in hot water. A saturated solution of sodium iodide in water was added
and the solution cooled in an ice bath. After filtration the solid was dried under vacuum
over PyOg giving 1.7 g of a purple red powder. The product yield was 88% and its purity
was estimated at more than 95% from its UV-visible spectrum.125 (See figure 23)

1.0 g of this product was dissolved in 75 ml of boiling DMF; 150 mg of anhydrous
ZnCl, in 25 ml of DMF was added and the mixture was reflux for 2 hours under N,.
After cooling, 100 ml of CHCl; were added and the solution was left overnight in the
cold (-5°C) to allow time for crystallization. The solid was separated by filtration,
washed with cold CHCl3 and purified by recrystallization from water with Nal as before,
giving, after drying in vacuum over P,0s, 0.6 g of a purple powder, for a yield of 57%.
From the UV-Visible spectrum (see figure 23 and table 4) the purity of the product was

estimated at more than 90%. This product was used without further purification.
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Figure 23: tion of the porphyri UV-Vis Jble spectra of A) TMPyP*+
(10x10 ) and B) ZaTMPyP** (1.0 x 10™*M) in H,0.
Table 4 Characterization of the porphyrin [ZnTMPyPH]1,
Apax DI e M lem™?
Observed Literature Observed Literature

435 436 177,000 181,000

562 560 15,000 16,000

604 602 5,000 5,300

Position of the porphyrin absorption bands in water and their molar extinction coeffi-
cients. (Literature values taken from reference 125)
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5.1.4 Purification and Characterization of the Clays.

1. Hectorite

Samples of this clay and of the two others that have been used in this work, mont-
morillonite and nontronite, were provided by Dr. H. Kodama from the Land Resource
Research Center, Research Branch, Agriculture Canada, Ottawa. The sample was from San
Bernardino county California U.S.A. Its elemental composition is given in table 5. It

contained large amounts of calcium carbonate impurities.

Table 5 Elemental analysis of the clay minerals used in this work.

Ca-Saturated Ca-Saturated Ca-Saturated
Oxide Montmorillonite| Hectorite Nontronite
(Clay Spur (San Bernmardino (Garfield
Wyoming) California) Washington)
Sio 61.95 % 52.8 45.23 %
Al 83 21.823 0.8 7.11
Ti 0.14 -——- -
are 83 4.17 0.34 32.28
Mni - - 0.02
Mgo 2.06 24.0 0.31
Cao 2.29 8.6 2.61
K50 0.07 ——- -—-
Na,0 ——- 0.3 0.13
Lig0 ——- 0.13 S
Prg“Loss 7.60 12.8 10.56
total 100.1 99.8 98.25

a) All the iron present is assumed to be in the Fe(IIl) oxidation state, b) Ignition loss

Prior to use, these carbonate impurities were removed and the < 2.0 ym fraction sep-
arated by the procedure described by J. E. Brydon,126 which was derived from the proce-
dures reported by Jackson et a1127 and by Mackenziel 28 for the purification of clay min-
erals. A suspension of 15 g of the crude hectorite in 200 ml of water was prepared. To

destroy the carbonates, 1 N HCl was added until the pH was reduced to 3.5 and remained
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at or near that value for 10 minutes. The mixture was then centrifuged, the clear super-
natant discarded and the sediment washed with HCl1 (pH 3.5) to remove soluble salts and
exchangeable basic cations. After a second centrifugation, the sediment was redispersed in
water, the suspension pH was adjusted to 8.0 with 0.1 N NaOH and the suspension was
covered and allowed to stand overnight. It was then transferred to a 600 ml beaker mark-
ed 10 cm from the ingide bottom, water was added to the mark and the suspension was
stirred overnight.

The < 2.0 pm fraction of the clay was then separated by gravitation. After standing
undisturbed and free from vibrations and drafts overnight, the suspension above the sedi-
ment was siphoned off and poured into a large vessel. Water was added to the sediment
up to the mark and the sediment was redispersed. The suspension temperature was taken
and it was allowed to stand for the length of time needed for all particles larger than 2.0
pm to deposit themselves at the bottom of the beaker, as specified in figure 1 of reference
129. (6 hours in our case) The suspension above the sediment was then siphoned off and
combined with the one siphoned off previously. This was repeated until the supernatant
liquid became clear after the 6 hours waiting period.

The siphoned suspension that contained all the < 2.0 pm clay was then acidified to
pH 3.5 with 1 N HCl and 75 ml of a saturated CaCl, solution was added to prepare the
homoionic < 2.0 ym Ca2*-hectorite. This also caused the flocculation of the suspension.
Most of the clear supernatant could then be siphoned off and discarded. The remaining
clay water mixture (about 400 ml) was centrifuged at 4000 rpm on a Fisher Centrific cen-
trifuge for 15 minutes. The sediment was washed, first with a saturated CaC12 solution,
then water and water-acetone mixtures, increasing the acetone content each time until a
negative chloride test was obtained. The sediment was transferred to a 250 ml beaker
with acetone, the acetone was evaporated over a water bath and the sediment was dried in
vacuum at 80°C. 6.3 g a of beige powder was obtained. This material was used for all

experiments involving hectorite.
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2. Montmorillonite
The montmorillonite used was a Bentonite from Clay Spur Wyoming U.S.A. The
crude sample was used in some experiments, but purified montmorillonite was used in
most of them. Dr. Kodama provided us with samples of < 2.0 um Ca2*, Ni2*, Cu?t,
Zn2+, C02+, Mg2+, Sr2+. Li2* and NH4+ and a sample of < 0.2 ym Na' homoionic mont-
morillonite. They were prepared by conventional techniques, using gravitation and satu-
rated chloride solutions of the cations. (see part 1 of this section) The elemental composi-

tion of this montmorillonite is given in table S.

3. Nontronite
The nontronite was the < 2.0 pm fraction of a Ca?* saturated nontronite from Gar-

field, Washington. Its elemental composition is also given in table S.

4. Calculation of the Clay Formulas
A formula for each of the three clays was calculated by the procedure described by

54

Van Olpen”* using the general formula of smectite clays, (see equation 30) and the ele-

mental composition of the three clays. (see table 5)

[(Si4FYAly)IV(Ala_yFebsFeczMgdCre3Mnf3Mng2Lih)v'OIO(OH)2]27& [30]

TiO, and P,Og were assumed to be mineral impurities and all the iron was assumed to be
in the Fe(IlI) oxidation state. The following usual arbitrary assumptions were made: 1)
all the Si present is in the tetrahedral sheet, 2) the remainder of the tetrahedral positions
are filled by Al 3) the additional Al and all the other metals, except K, Na and Ca are
assigned to the octahedral sheets and 4) Potassium, sodium and calcium are assumed to be
intercalated exchangeable cations.

The analytical values for the percentage of the oxides of the crystal elements and
exchangeable ions were reduced to atomic proportions by using the oxide formula and

molecular weights. Equation 31 was then applied.
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K(4Z + 3A +3B+2C +2D+3E+3F+2G + H + X) = 22 [31]

where Z, A, B, C, D, E, F, G, H and X are the atomic proportion of Si, Al, Fe(Ill), Fe(II),
Mg, Cr{III), Mn(III), Mn(II), Li and the sum of the atomic proportion of the exchangeable
cations. K is the factor by which the atomic proportion must be multiplied to obtain the
actual amounts of a species in the formula. (see equation 30) Evaluation of K by equation
31 allows the formula of the clay to be computed. Y, the atomic proportion of Al in tet-
rahedral positions can be evaluated since K(Z + Y) = 4. Note that the value of X can be
replaced by the cation exchanged capacity of the clay expressed in equivalent of exchange-
able ions per 100 g of clay. This value will be called calculated cation exchange capacity,
in table 15. Also, since hectorite contains carbonate impurities its formula cannot be eval-
uated in this way. The amount of CaCO; impurity has to be estimated in order to obtain

the value of % CaO and the corrected elemental composition of the clay.

5.2 Hydrogen Evolution Experiments.

5.2.1 Illumination.

In the early hydrogen evolution experiments, visible light illumination was provided
by a 300 W tungsten halogen lamp placed 25 ¢cm from the center of the solution. Ultra-
violet light was removed by < 395 nm filter. (Ealing GG-395)

For the majority of the experiments, illumination was provided by a Kratos Solar
Simulator equipped with an ozone free XBO 450 W xenon arc lamp, an air mass 1 filter
and a sun lens diffuser providing a 14° uniform diverging beam. The same 395 nm filter
was used to eliminate ultraviolet light. The temperature of the reaction mixture was
approximately 30°C. The spectral distribution of the light given by this system is com-

pared with that of the noon sun at sea level in figure 24,
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Figure 24 Spectrum of the Kratos Solar Simulator. A) Sea level noon solar
spectrum and B) spectrum of the kratos solar simulator with air

mass 1 filter.

The reaction mixture was contained in a 100 ml round bottom flask equipped with
a valve and a septum. Its illuminated cross-sectional area was 25 cm.2 The flask was
placed 15 cm from the lens of the lamp. The diameter of the illuminated target at that

point was 10 cm and the light intensity equivalent to 2.7 times that of the noon sun or

about 270 mW/cm.2
5.2.2  Preparation of the Mixture for Photolysis Experiments.
The reagents used in the water photolysis experiments, tris

(2,2’bipyridyl)ruthenium(Il) chloride (Ru(bpy);Cl,) from Alfa products, methylviologen

monohydrate dichloride (MV), triethanolamine (TEOA) and ethylenediamine tetraacetic
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acid (EDTA) from Aldrich were used without further purification. The buffers were
Fisher solutions, monobasic potassium phosphate and sodium hydroxide for pH 7.0 and
potassium biphthalate for pH 4.0. A typical reaction mixture was prepared, keeping the
same order of addition of the various reagents, in the following way: under an argon
atmosphere 10 ml of the pH 7.0 buffer solution was added to 0.8 ml of TEOA followed
by 0.20 g of one of the clay minerals, 0.0771 g of MV2* and 0.0192 g of Ru(bpy)32+
followed by deoxygenated deionized water so that the volume was constant at 60 ml.
Argon was bubbled through the mixture for 20 minutes to remove all traces of air. The
reaction flask was a 100 ml round bottom flask equipped with a valve and a septum. The
flocculated clay mixture was stirred with a Teflon coated magnetic bar during illumina-
tion. After illumination the gas phase over the mixture was analyzed by gas chromatogra-
phy (see section 5.2.3) by taking a gas sample through the septum with a syringe equipped
with a valve.

In the experiments where the activity of the iron-sulfur cluster,
[0-Bu N][Fe,S 4(SPh),] as water photoreduction catalyst was tested the mixtures were pre-
pared in the same way, except that 0.150 g of clay incorporated cluster, prepared according
to the procedure of section 5.1.2, was used instead of the clay.

The mixtures for the photolysis experiments performed at pH 5.3 were prepared in
the same way, replacing the pH 7.0 buffer solution and the TEOA by 10 ml of the pH 4.0
buffer solution and 2.2 g of EDTA. In some experiments the photosensitizer Ru(bpy)32+
was replaced by 0.030 g of the porphyrin photosensitizer ZnTMPyP‘“’. In one case 0.335
g of EDTA, 0.123 g of MV2* and 12 ml of a solution 1.0 x 10"4M in ZnTMPyP** were
used giving a mixture having concentrations of the reagents of 1.5 x 102M, 8.0 x 1073M
and 2.0 x 10°5M respectively. These are the optimum concentrations for the photoproduc-
tion of MV* with ZnTMPyP4+.28 The various blank experiments were performed by

simply omitting one of the reagents in the mixture preparation.
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The effect of using a nonflocculated clay mixture was also tested. A typical mixture

in this series was prepared by mixing, under argon, 0.060 g of a clay with 10 ml of deox-
ygenated deionized water, followed by the addition of 0.1 ml of TEOA, 20 ml of a solu-
tion of MV 5.0 x 10™*M and 30 ml of a solution of Ru(bpy);2* 1.0 x 107*M and bub-
bling argon through the mixture for 20 minutes. Some of those mixtures were placed in
an ultrasound bath prior to illumination, to study the effect of ultrasound on hydrogen

evolution.

5.23 Analysis of the Evolved Hydrogen.

Samples of the gas phase, taken over the reaction mixtures, were injected into a
GOW-MAC SS50P gas chromatograph equipped with a thermal conductivity detector and a
6 x 1/8” molecular sieve 5 A column using argon as gas carrier. The output was recorded
by a Spectra Physics SP4270 chromatography integrator. The conditions used for the
analysis were: detector temperature 40°C, injection port temperature 45°C, oven tempera-
ture 40°C, detector bridge current 110 mV and flow rate of the argon carrier gas 30 ml/
min. The attenuator was set at 2.

The amount of hydrogen in the injected samples was determined by comparison with
a calibration curve. A mixture of hydrogen and argon containing a precisely known
amount of hydrogen was prepared. Various volumes of this mixture were then injected
into the gas chromatograph and the peak area were recorded. A calibration curve of
amount of hydrogen versus peak area was then computed. A typical chromatograph
obtained with this analysis system is given in figure 25. The hydrogen peak appears at a
retention time of 0.34 min. The two peaks at retention times of 0.68 and 1.36 minutes
are due to the oxygen and the nitrogen respectively, from residual traces of air in the sys-
tem. It was estimated that the system detection limits was about 0.3 to 0.4 umol per litre.

(i.e. in such a case, a 1.0 ml sample of the gas phase contains about 0.01 uL of hydrogen)
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5.3 Adsorption of MV2*, Ru(bpy)32+ and ZnTMPyP** on Clays.

531 Amounts of the Cations Adsorbed by the Clays.

In order to determine the amount of MV2* adsorbed by < 20 um
Ca2+—montmorillonite, 0.150 g of this clay was dispersed in 25 ml of distilled water and
75 ml of a solution of MV2* 2.00 x 103M was added. The mixture was stirred over-
night and then centrifuged for one hour. The solid was kept for further use described in
section 5.3.2 c). The concentration of MV2" remaining in the supernatant was determined
by measuring its absorbance at 257.5 nm (lit. € = 20,100 Mlcm™ 130), The amount of
cation adsorbed by the clay was determined by difference

The same procedure was used to determine the amounts of Ru(bpy)32+ and of
ZnTMPyP4+ that were adsorbed by montmorillonite, using their absorbances at 452 nm
(lit. ¢ = 14,600M lcm! 17 and 562 nm (lit. ¢ = 16,000 M lem™! 125) respectively.
This procedure was repeated several times for all three cations. It gave always the same
results within experimental error. The amounts of MV2t and Ru(bpy)32+ adsorbed by <

2.0um Ca2* hectorite were also measured using this procedure.

5.3.2 Competitive Adsorption of two Cations.
a) Simultaneous Addition of the two Cations

The competitive adsorption of Ru(bpy)32+ and MV2* and of ZnTMPyP* and
Mv2+ by montmorillonite was studied when both cations were added simultaneously. In
each case a series of reaction mixtures was prepared in the following way: 0.025 g of
montmorillonite was dispersed in 25 ml of distilled water and 25 ml of a solution con-

taining various concentrations of MV2+ and Ru(bpy)32+ or of MV2* and ZnTMPyP4+
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was added, such that the total concentration of cations added was about twice the amount
that the clay could adsorb, as measured in section 5.3.1. The mixtures were stirred over-
night and the supernatants were isolated by centrifugation. The concentrations of MV 2+
and Ru(bpy);2* or of MV2* and ZnTMPyP** left in solution were determined by UV-
Visible spectroscopy, allowing the determination of the amounts of the various cations
adsorbed as in the previous section. The composition of the solution phase versus the
composition of the absorbed phase was then plotted to see if the clay adsorbed one of the

cations preferentially.131

b) Delayed Addition of one of the Cations

The same procedure was repeated except that instead of adding mixed solutions of
MV2+ and Ru(bpy)32+ or of MV2* and ZnTMPyP** to the clay suspensions, a solution
of one of the cations was added first, followed, 30 minutes later, by a solution of the oth-
er. Again, the total amount of both cations added was about twice the amount that the
clay could adsorb, as determined in section 5.3.1. Four series of these mixtures were pre-
pared in which Ru(bpy);2* was added first followed by MV2¥, MV2* was added first fol-
lowed by Ru(bpy);2*, ZnTMPyP* was added first followed by MV2* and MV2* was
added first followed by ZnTMPyP4*. After overnight stirring the compositions of the

solutions phases and of the adsorbed phases were determined and plotted.
¢) The Displacement of a Pre-adsorbed Cation

The ability of MV2* to displace Ru(bpy)32+ or ZnTMPyP#t from montmorillonite
and the ability of Ru(bpy);2* or ZnTMPyP#* to displace preadsorbed MV2* from mont-
morillonite were studied. The solids isolated by centrifugation in section 5.3.1 were

washed several times with water and dried under vacuum over P205.
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Suspensions of the MV2* intercalated montmorillonite were prepared by dispersing
0.025 g of this solid in 25 ml of distilled water. A series of reaction mixtures were pre-
pared by adding various volumes of a solution of Ru(bpy)32+ such that the total amounts
of Ru(bpy)32+ added covered a range from about 0.1 to about 10 times the amounts of
Mmv2+ present on the clay. After stirring overnight, the compositions of the solution and
adsorbed phases were determined as before (see part a of this section) and plotted. The
same procedure was repeated adding a solution of ZnTMPyP# to the MV2* intercalated
montmorillonite. Then the reverse was done, solutions of MV2t were added to suspen-

sions of Ru(bpy)32+ and ZnTMPyP4+ exchanged clays. For each series the compositions

of the solution and adsorbed phases were then plotted.



CHAPTER VI

6.1 Production of hydrogen.

RESULTS.

6.1.1 Hydrogen Evolution at pH 7.0.

Table 6: Production of hydrogen in the presence of the clay adsorbed cluster. B
Ru(bpy)z3* Mv3+ Cluster Hy (umol/L)
) M) (M) in 15 hours

5.0 x 104 5.0x 1072 | oo 4.2

5.0 x 10~% 5.0 x 10~° 6.5 x 1074 2.0

5.0 x 10°% 5.0 x 10”9 1.3 x 1079 1.0

———————— 5.0 x 10795 1.3 x 1073 —

5.0x 100% | o 1.3 x 1079 _—

Cluster = [n—Bu4N]2[Fe4S4(SPh)4], in each case the montmorillonite concentra-

tion was 3.0 g/L.

Table 6 shows the amount of hydrogen produced after 15 hours of illumination,
with a 300 W tungsten halogen lamp through a 395 nm filter, as a function of the con-
centration of the cluster [n-Bu,N],[Fe,S,(SPh),] adsorbed on montmorillonite. (see sec-

tion 5.1.2) In each case, the concentration of the sacrificial donor TEQOA was 5.0 x 10'2

M and the pH was adjusted to 7.0 with a buffer solution.

-74 -
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No hydrogen was produced if either Ru(bpy):‘,2+ or MV2t were omitted from the
reaction mixture. The cluster could not act as photosensitizer or electron relay. During
the illumination the color of the reaction mixture turned from orange to deep purple,
showing that reduced methylviologen, (MV*) was produced. The evolution of hydrogen
follows very likely the mechanism shown in figure 6 of chapter 1. The cluster adsorbed
on montmorillonite did not have the ability to catalyze the reduction of water by MV ™,

as does the cluster incorporated into Bovin Serum Albumin?S

or the enzyme hydroge-
nase.2 Far from catalyzing hydrogen evolution, the presence of the cluster hindered water
reduction. The larger the amount of cluster used, the smaller was the amount of hydrogen
produced. The most efficient case was the blank experimen_t in which no cluster was
present. Therefore, we turned our attention to the study of this blank system, in which
hydrogen was produced by the irradiation of Ru(bpy)32+, MV2t and TEOA in the pres-
ence of a clay mineral without any other catalysts.

Figure 26 shows the dependence of the amount of hydrogen evolved on the concen-
tration of the clay montmorillonite (curve A) and on the concentration of the electron
relay MV2* (curve B) used. In both cases, bell shape curves were obtained. One can see
from curve A of figure 26, that only traces of hydrogen were found in the absence of
clay. The yield of hydrogen increased with the increase of the clay concentration up to a
maximum of 5.6 umol/L in 20 hours of irradiation, at a clay concentration of 3.3 g per
litre of solution. When the clay concentration was increased to 5.0 g per litre, the activi-
ty was reduced by a factor of 3. Similarly, the yield of H2 increased with the concentra-
tion of MV2* (see curve B), until a maximum was reached. At higher MV2+ concentra-
tion, the yield decreased.

The maxima in both cases corresponded to the same conditions, in which the con-

centration of MV2* was 5.0 x 10°3M and the clay concentration was 3.3 g/L. In other

words, the optimum conditions were those in which the ratio of MV2t 1o clay was 1.5
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Amount of hydrogen evolved at pH 7.0 after 20 hours of illumi-
nation under argon _of a system containing TEOA (1.0 x
10"1M) and Ru(bpy)32+ (5.0 x 1074M). A) Dependence on con-

centration of clay with [M¥2+] = 50 x 10°M B) Dependence
on the concentration of MV“" with [Clay] = 3.3 g/L.
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mmol MV2+/g of clay. This is a surprisingly high value, three times higher than the
typical cation exchange capacity of montmorillonite.134 Under optimum conditions the
ratio of MV2* to Ru(bpy)32+ was 10 to 1. As we will see later this value will be
important in the interpretation of the dependence of hydrogen production on the concen-
tration of MV2*,

The production of hydrogen was also followed as a function of the concentration of
clay and MV2+, when their ratio was kept constant at a value close to the optimum val-
ue. (Table 7) Since the concentration of Ru(bpy)32+ was kept constant, the hydrogen pro-
duction should increase with an increase in the MV2* concentration. However, the
observed hydrogen production dependec_i only slightly upon the quantity of MV2* used in

the experiment.

Table 7: Hydrogen production as a function of MV2t] and [Clay] at a

constant ratio MV<*/clay.

[Mv3+]  (1073M) [Clay] (g/L) H, (Mmol/L)
2.50 1.50 3.9 + 0.5
5.00 3.00 5.4 + 0.6
7.50 4.50 4.3 + 0.7

10.00 6.00 6.3 + 0.7

H, production after 28 hours of illu.mlﬁation at pH 7.0 under a.rgo? of a system
contzining Ru(bpy)s + (50 x 10*M), TEOA (1.0 x 10°'M), and a
MV“*/montmorillonite ratio of 1.67 mmol/g.

The amount of hydrogen produced was directly proportional to the time of irradia-
tion, at least for the first 24 hours.” It was also found that the H, production was inde-

pendent of the cation with which the montmorillonite was saturated prior to its use. In

¥ Correlation coefficient = 0.96 for 10 points with a slope of 185 nmol/L/hr.
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table 8, the amounts of hydrogen evolved using samples of nine different homoionic clays
(see section 5.1.4) are shown. No synergistic effect between methylviologen and the inter-
layer cation was found. The order of magnitude of the hydrogen production was the same
as the one observed with the clay, in which the natural distribution of interlayer cations
was present. This is consistent, as we will see later, with the ability of MV2t and

Ru(bpy)32+ to displace completely the inorganic cations from the clay interlayer spac-
es.135 136

Table & Effect of the associated metal cation on hydrogen evolution in the
presence of homoionic clays.
Clay associated metal cation Hy (pmol/L)
Cult 5.6 + 0.8
Nil+t 4.8 + 0.7
srl+ 4.6 + 0.7
znl+ 4.3 + 0.7
cal+ 3.8 + 0.7
cal+ 2.9 + 0.7
Mgt 2.9 + 0.7
NH,* 2.4 + 0.7
Natural 3.9 + 0.5

H, production ter 20 hours ﬂlummatmn ildel' argon at gﬁ 7.0 of a system
contam.mg MVt (2.5 x 1073M), Ru(bpy);“* (5.0 x 10™*M), TEOA (1.0 x
10"1M) and homoionic montmorillonite (1.5 g/L)

Hydrogen evolution was also observed in the presence of two other smectites, name-
ly hectorite and nontronite. In table 9 the efficiency of those two clays is compared with
that of montmorillonite. The conditions of the measurements were those for optimum
hydrogen production according to figure 26, that is a MV2+/c1ay ratio of 1.5 mmol per

gram and a ratio of MV2+/Ru(bpy)32+ of 10 to 1. The table also includes the iron con-
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tent of the three clays expressed as % Fe503. There was no correlation between hydrogen

evolution efficiency and the clay iron content.

Table 9. Hydrogen production with different clays at pH 7.0

Clay Fey0z Hy (pmol/L)
Nontronite 32.3 % 9.0 + 0.8
Montmorillonite 4.17 % 5.0 + 0.6
Hectorite 0.25 % 5.7 + 0.8

H2 produced in the presence of the clay at BH 7.0 after 20 l_13urs of illumination
uader argon, [Clay] = 3.3 g/, [Ru(bpy)s *] =50 x 104, [MVZt] = 50 x
10™M, [TEOA] = 1.0 x 10T°M. Note that in each case the amount of H,
evolved in the absence of clay was subtracted. (see table 10)

A complete series of blank experiments was performed, in which one of the system
components was omitted. (Table 10) Little or no hydrogen was evolved unless all the
components of the reaction mixture were present. Also, if the system was not irradiated,
but only stirred in the dark for 20 hours, no hydrogen was produced, showing that the

reaction was driven by visible light.
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Table 10: Results of the blank experiments (pH 7.0).

[Ru(bgy) 2] [MvRt] [Clay] [TE? ] H,"

(10~ (1073y) g/L (10” ( umo% /L)
5.0 5.0 3.3 1.0 5.6 + 0.6
. 5.0 3.3 1.0 | ———————-
5.0 — 3.3 1.0 | ——————-
5.0 5.0 -— 1.0 0.6 + 0.4
5.0 5.0 3.3 -—- 0.6 + 0.4

‘Hydrogen evolved after 20 hours of illumination under argon.

6.1.2 Hydrogen Evolution at pH 5.3.

The replacement of the pH 7.0 buffer by a pH 4.0 buffer and the sacrificial donor
TEOA by ethylenediamine tetraacetic acid (EDTA) lowers the pH of the mixture to 5.3
(see section 5.2.2). The pH did not go down to 4.0 because EDTA (the disodium salt was
used) itself acted as a buffer (pky = 2.0, pky = 2.7, pk3 = 6.2 and pk, = 10.3). The first
effect of this reduced pH was to increase the rate of hydrogen evolution. The amount of
H, production in 20 hours of illumination in the presence of montmorillonite at pH 5.3
was 27 umol/L compared to only 5.6 umol/L at pH 7.0. The importance of hydrogen pro-
duced in the blank experiment, when no clay was used, was also increased, accounting for
approximately 40% of the evolved hydrogen (10 ymol/L) compared to only 10% (0.6
umol/L) at pH 7.0. But, even after correcting for the blanks, the amount of hydrogen
evolved at pH 5.3 was still more than three times the amount evolved at pH 7.0. (17
vmol/L vs 5.0 ymol/L)
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This is attributed to the increase in the driving force of the reduction of water by
MV Methylviologen has a pH independent redox potential of -0.445 V.2 The redox
potential needed to reduce water at pH 5.3 is only -0.313 V compared to -0.414 V at pH
7.0. Attributing the increased hydrogen evolution to the increase in the thermodynamic
driving force also accounts for the increase in the yield of hydrogen in the blank experi-
ment.

The dependence of the rate of hydrogen evolution on the concentration of MV 2+ at
pH 5.3 was studied (See figure 27). Similarly to the pH 7 experiment, a bell shape curve
was obtained. Note that the maximum efficiency was found at the same concentration of
MV2t as at pH 7.0. Lowering the pH of the reaction mixture has no effect on the opti-
mum conditions of hydrogen evolution, namely the ratio of MV2+ to clay of 1.5 mmol/g
and the ratio of MV2* to Ru(bpy):;2+ of 10 to 1. This is taken as an evidence that low-
ering the pH does not affect the reaction mechanism.

The yields of hydrogen in the optimum conditions, at pH 5.3, in the presence of the
clays montmorillonite and hectorite, after 4 and 20 hours of irradiation are compared in
table 11. The rate of hydrogen evolution was approximately proportional to the time of
irradiation within experimental error. Comparing these results with those of tabie 9
shows that lowering the pH had a dramatic effect on the relative yield of hydrogen. At
pH 7.0 both clays produced approximately the same amount of hydrogen, while at pH 5.3
the efficiency of hectorite was much lower than that of montmorillonite.

If the porphyrin ZnTMPyPH (see figure 23) was used in place of Ru(bpy)32+ as
photosensitizer, similar yields of hydrogen were found. With a concentration of 4.0 x
107M of porphyrin and 3.3 g/L of montmorillonite, 4.8 umol/L of hydrogen were pro-
duced in 4 hours of illumination at pH 5.3 under argon. In this case the blank experi-
ment, in which no clay was used, gave 1.1 umol/L of hydrogen. After subtraction of this
blank 3.7 ymol/L of hydrogen were obtained, due to the presence of the clay with the por-

phyrin compared to 3.8 umol/L when Ru(bpy)32+ was used. (see table 11)
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Figure 27: Hydrogen produced as a function of [MV2*] at pH 5.3 after 4 hours of
illumination under argon. [Ru(bpy); 241 50 x 10°4M, [EDTA} 1.0 x
10*M and [clay]= 3.3 g/L. The amounts of H, evolved in the absence of
the clay were subtracted from each point.
Table 11: Hydrogen production with different clays at pH 5.3
Clay Hopmol/L (4 hrs) Houmol/L (20 hrs)
Montmorillonite 3.8 £+ 0.7 17 £+ 1.0
Hectorite 0.5 + 0.3 4.3+ 1.0
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One further experiment was done using the concentration of reagents found to be
optimum for the photoproduction of MVt by irradiation of Zn’I'MPyP4+ 28 (see section
5.2.2). In that case 7.9 pmol/L of hydrogen were produced in a system containing 2.0 x
10-5M ZnTMPyP‘“’, after 20 hours of illumination, for a turnover with respect to the
porphyrin of 79%. This is the highest turnover with respect to the photosensitizer ever
obtained. With Ru(bpy)32+, even after 20 hours of illumination at pH 5.3 in the pres-
ence of montmorillonite, the turnover was only about 10%, while at pH 7.0 the turnover
after 20 hours was only about 2%. Since the production of H, is seen to be linear with
time, at least for the first 24 hours, we could achieve a turnover larger than 1 providing
the illumination period be long enough._ But, since we never tried periods of illumination
longer than 24 hours, we cannot say that we have a catalytic system. Hydrogen evolution

may not be linear with time for longer irradiation periods.

6.1.3  Dependence of the Yield of H, on the Method of Preparation of the

Reaction Mixture.

The amount of hydrogen evolved was found to be dependent on the method used in
the preparation of the reaction mixtures. In particular the order in which the photosensi-
tizer Ru(bpy)32+ and the electron relay MV2t were added to be clay suspension had a
dramatic effect on the yield of hydrogen. This dependence is illustrated by the results
shown in table 12

In the optimum conditions, when Ru(bpy)32+ was added immediately after MV2*,
7.5 pmol/L of hydrogen were produced. In the absence of clay 3.0 umol/L of H, were
evolved. But if Ru(bpy)32+ was added to the clay suspension 15 minutes after MV2* the
yield fell to 4.5 pmol/L and if Ru(bpy);2* was added 15 minutes before MV2* then the
yield fell to only 1.5 pmol/L. This effect was not observed when ZnTMPyP4+ was used
instead of Ru(bpy);>*. With this photosensitizer the yield of H, varied only slightly

with the order of addition of the reagents.
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Table 12: Dependence of the H, yield on the method of preparation of the reaction
mixtures at pH 5.3.
Conditions Hy (pmol/L)
Clay + MV3* + Ru(bpy)sz2* 7.5 + 0.8
MvR+* 4 Ru(bpy)g 2+ (no clay) 3.0 + 0.6
Clay gvz’“ + 15 minutes + 4.5 + 0.6
Ru(bpy)
Clay § Ru(bpy)g 2+ 4+ 15 minutes 1.5 + 0.5
Clay + MV2* + znTMPYP%* 4.8 + 0.6
Mv2* + zaTMPyPY*t (no clay) 1.1 + 0.2
Clay + MV2* + 15 minutes + 6.1 + 0.7
ZnTMPyP%+
Clay § ZnTMPyP4* + 15 minutes 4.4 + 0.6

Amounts of H, produced after 4 hours of illumination under argon in the presence of 3.3
g/L of montmonllomte. (see text)

The results of a further series of experiment on the effect of the method of prepara-
tion of the reaction mixtures are listed in table 13. Under optimum conditions, 5.6
pmol/L of hydrogen were produced. In the absence of clay, only traces of hydrogen were
found. When a sample of montmorillonite that had been previously exchanged with
MV2* was used instead of the usual clay exchanged with an inorganic cation, no hydro-
gen was produced. Finally, when sodium dithionate was added to the system to reduce

MV2* 1o MV chemically, according to equation 32

Nay$,04 + 8MV2* + 4H,0 —> Na,$,0g + 8MV™ + 8H' [32]
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Table 13 Dependence of the yield of Hy on the method of preparation of the reac-

tion mixtures at pH 7.0.
Conditions Hy (pmol/L)

Clay + MV* + Ru(bpy)z3+ 5.6 1+ 0.6

MVR*+ &+ Ru(bpy)32+ (no clay) 0.6 + 0.4

MVR*t - egchanged clay + 0

Ru(bpy)3 +

Clay + MV2* + NayS,0, 0

Amounts of H, after 20 hours of illumination under argon in the presence of 3.3 g/L of
montmorillonite. (see text)

no hydrogen was produced. The function of the clay is not simply the catalysis of water
reduction by MV, The evolution of hydrogen requires the simultaneous presence of both

the photosensitizer and MV2* on the clay surfaces.

6.1.4 Evolution of Hydrogen with Colloidal Clay Suspensions.

In all the results reported so far the clay suspensions were flocculated by the addi-
tion of the MV2* and Ru(bpy)32+ solutions. (see section 2.3) To ensure that the clay
suspensions did not flocculate it was necessary to reduce the concentration of these two
cations in the system. (see section 5.2.2) No hydrogen was detected when such a system
was irradiated. If any was produced, it was below the detection limit of the apparatus
used for hydrogen analysis. (see section 5.2.3)

Some of these mixtures were submitted to ultrasound. In those cases, hydrogen was
detected, but it was attributed entirely to the sonication of the samples. As can be seen

from table 14, illumination of the systems after sonication did not result in any increase
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in the amount of hydrogen produced. The production of H' and OH' radicals by the

action of ultrasound had no effect on the yield of hydrogen. (see discussion)

Table 14: Hydrogen evolution vs. sonication.

Conditions

hr. irradiation

e

irrad.

TN

hr. irrad. 1 min.
hr. irrad. 1 min.

min. sonic. 1 hr.
min. sonic. 1 hr.

sonlication
sonlic 1 hr.

in the dark
irradiation

3.8
3.8

18
19

H+ K+ O

H H

oo
L

6.2 Study of the Adsorption of MV2+, Ru(i bpy)32+ and ZnTMPyP4+ by Clay Minerals.

6.2.1 Amount of Cation Adsorbed.

Table 15 Formula of the Clays. (< 2.0 pm Ca2* saturated fractions)

Clay Calculated Formula Calcutated CEC
meq/g
. . 1v 3+ VI
Nontronite (513,480,520 (A1, 137} 790 0a) 010(0”)g]zcao.44 0.96
Momtmori 110t Iv 3 Vi
ntmoriTionite | [(S15 g4ATg og) " (A1) seFeq’aMag 20 O30(0H)g] 2 32 0.83
L * . v 3+ vl
Hect
ectorite [1573.99%70.01) " (Ag o7Feg. 02, 73t To. 00 O10(0H)2)C%. 28 0.67

* Estimated after correction for CaCOj impurities (see section 5.1.4 d)
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The formula of the three clays used in this work, along with their cation exchange

capacities (CEC), as calculated from their elemental analysis (see table 5), are listed in table

18.
Table 16: Adsorption by < 2.0 yum Ca2*-Montmorillonite.
Cation Amount adsorbed Basal Spacilngs o
(meq/g) Measured (A) Literature (A)
Na* | e 10.7 10.6151
Ruébpy)sz*' 0.83+0.04 17.4 18.0137
MVe* 0.89+0.04 12.6 12.41584
ZnTMPyP+ 0.84 £0.05 13.4 —— -

The amounts of MV2*, ZoTMPyP** and Ru(bpy);2* adsorbed by 1.0 gram of
montmorillonite are shown in table 16. For all three cations these amounts were found to
be equivalent, within experimental error, to the full extent of the cation exchange capacity
of the clay, as calculated from the clay elemental composition. For Ru(bpy)32+ and
MV2+, this is in agreement with previous reports on the adsorption of these two cations
by montmorillonite.135 136

The observed increase in the basal spacings of oriented thin films of montmorillonite
exchanged with the three cations, as measured by X-ray diffraction shows that the cations
were intercalated in between the layers of the clay. The measured values of the basal
spacings agrec well with those reported in the literature.

The amounts of MV2' and Ru(bpy):;2+ adsorbed by 1.0 gram of < 2.0 um
Ca2*-hectorite are shown in table 17, along with the basal spacings of oriented films of

this clay intercalated with the two cations. Once again they were found to be adsorbed by

the clay to the full extent of its calculated cation exchange capacity. Adsorption of these
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Table 17: Adsorption by < 2.0 um Ca2+-Hectorite.

Cation Amount adsorbed Basal Spacings
(meq/g) (a)
Mve+ 0.72 0.05 12.7
Ru(bpy) 52+ 0.66 0.05 17.4

two cations increased the basal spacings of hectorite, indicating that they were intercalated.
The values of the basal spacings were in good agreement with those of MV2* and

Ru(bpy)32+ intercalated in montmorillonite.

6.2.2 Competitive Adsorption of Ru(bpy)32+ and MV2* or of ZnTMPyP* and

MV2* by Montmorillonite.

The results of the study of the competitive adsorption of MV2+ and Ru(bpy)32+ by
montmorillonite, when the two cations were added to the clay suspension simultaneously
(see section 5.3.2), are shown in figure 28. The results of a similar study of competitive
adsorption of MV2+ and ZnTIvﬂ’yP4+ by montmorillonite are shown in figure 29. In the
case of Ru(bpy)32+ and MV2+ (figure 28), a quasi-equal distribution of the cationic spec-
ies between the two phases was observed. At low Ru(bpy)32+/(MV2+ + Ru(bpy)32+) rat-
ios, no preferential adsorption was found. The clay and the water phases contain the same
molar ratio in Ru(bpy)32+ vs. the total concentration of charged organic species. At high
Ru(bpy)32+ concentration a slight preferential adsorption of MV2* was observed.

The situation was different in the case of the simultaneous addition of ZnTMPyP4+
and MV2+ (figure 29). Except at very low ZnTMPyP4+/MV 2+ ratios, the clay displayed

a large preference for the adsorption of MV2*, For example when the molar fraction of
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ZnTMPyP# in solution was 0.80, the molar fraction of ZnTMPyP4 adsorbed by the clay

was only 0.20. In figures 29, 31 and 33, the composition of the adsorbed and solution

phases are expressed as the fraction [ZnTMPyP4+]/[(ZnTMPyP4+] + [MV21]) with all the

quantities in mole of cations. It turns out that it makes very little difference whether the

fractions are expressed as molar fraction of cation or as fraction of cation in number of

equivalents, to account for the different charge of the two cations. In both cases, the

shape of the adsorption curves are very similar. Using equivalents only shifts the curves

upward.

The results were very different when the two cations were not added to the clay

suspension simultaneously. Figure 30 shows the results of a study of the competitive
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adsorption of Ru(bpy)32+ and MV2* by suspensions of montmorillonite when there was a

delay of 30 minutes between the addition of the two cations (see section 5.3.2 b)). When

a solution of MV2% was added first (curve A), a large preference for this cation was

found. Even for e Ru(bpy) 2+/MV2* ratios only about 20% of the adsorbed cations
3

were Ru(bpy)32+. In other words, Ru(bpy)32+ could only displace a small fraction of the

MV2*t pre-adsorbed by the clay. When Ru(bpy)32+ was added first (curve B), MV2*

could displace a large fraction of the pre-adsorbed Ru(bpy)32+, up to about 60%.

Figure 31 shows the results of a similar study on the competitive adsorption of

ZnTMPyP4+ and MV2+ by montmorillonite. Once again the clay adsorbed preferentially

the first cation added to the suspension. In both cases, the second cation added could dis-
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Figure 30: Molar fraction of Ru(bpy)32+ adsorbed on clay. 38 function of the

molar fraction of Ru(bpy)z2t in solution a) MVt added 30 minutes
3 4

before Ru(bpy)y * b) Ru(bpy); + added 30 minutes before MV2+.

place only approximately 20% of the preadsorbed one. Further, curve A was similar to
the one found when both cations were added simultaneously (see figure 29). It appears to
make little difference whether or not MV2t was added first or if the two cations were
added simultaneously.

In the last type of competitive adsorption studies, whose results are shown in figure
32 and 33, the ability of one cation to replace the other one from the clay was studied for
the cases where a solution of one cation was added to a clay previously saturated with the
other one. Figure 32 shows the results of adding a solution of Ru(bpy)32+ to a suspen-
sion of homoionic MV2*-montmorillonite (curve A) and of adding a solution of MVZ* to

a suspension of homoionic Ru(bpy)32+-montmorillonite (curve B). Ru(bpy)32+ could dis-
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place only a limited fraction of the MV2t (curve A). Even with a Ru(bpy’)32+/MV2+
ratio equal to 10 only 22% of the MV2+ was displaced. The composition of the two
phases was similar only at very low Ru(bpy)32+/MV 2+ ratios.

Curve A of figure 32 is almost identical to curve A of figure 30. Using a pre-
exchanged clay sample or simply waiting 30 minutes between the addition of the two
cations made very little difference in this case. However, when a MV2+ solution was add-
ed to homoionic Ru(bpy)32+-montmoriuom'te (curve B of figure 32) practically no
Ru(bpy)32+ was replaced by MV2t. When the two cations were added to a
Ca2*-montmorillonite suspension at 30 minute interval, about 60% of the adsorbed cations

were MV2t (see curve B figure 30).
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Figure 33 shows the results of the study of the ability of ZnTMPyP4+ to displace

MV2* from montmorillonite (curve A) and of the ability of MV2* o displace

ZnTMPyP*t from montmorillonite (curve B). The results are the same as in figure 32.

ZnTMPyP4+ could only displace a small fraction of the pre-adsorbed MV2+, less than 20%

of the total (curve A), while practically no ZoTMPyPH was displaced by MV2t. (curve

B) Further, curves A of figure 31 and 33 are very similar.

In summary, the clay adsorbed preferentially the first cation added, and even a large

excess of the other one could only replace a small fraction of the first incorporated one.

This fraction was usually around 20% of the total amount of cation adsorbed by the clay.

When MV2*t was added first, or when the two cations were added simultaneously, the
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composition of the solution and adsorbed phases were similar at a low Ru(bpy)32+/MV 2+

ratio (see figure 28 and curves A of figures 30 and 32). This is important since in the

optimum conditions for hydrogen evolution the ratio of Ru(bpy)32+ to MV2t was 1 to

10 (see figures 26 and 27). Further, under optimum conditions, the ratio of Ru(bpy)32+

to clay was only 0.15 mmol/g or about 1/3 of the clay exchange capacity, so that accord-

ing to curve B of figure 30, when Ru(bpy);* was added first, it was fully adsorbed by

the clay. This will be used to account for the dependence of the yield of hydrogen on the

order of addition of the reagents shown in table 12.



CHAPTER VI

DISCUSSION.

7.1 Reaction on the Clay Surfaces.

The first conclusion that can be drawn from the results reported in chapter 6 is that
the reaction leading to photoproduction of hydrogen takes place between species adsorbed
on the clay surfaces. N

This is shown by the observed increase in the amount of hydrogen produced upon
the addition of the clay mineral to the reaction mixtures. Table 10 shows that, at pH 7.0,
ten times more hydrogen was evolved when montmorillonite was present than when no
clay was used. Similar increases in the amounts of hydrogen were observed upon the
addition of nontronite or hectorite to the Ru(bpy)32+ and MV2* system (see table 9). At
pH 5.3, the addition of montmorillonite resulted in an increase in the amount of hydrogen
evolved after 4 hours of illumination from 3.0 to 7.5 umol/L, when Ru(bpy)32+ was used
as photosensitizer, and from 1.1 to 4.8 umol/L when ZnTMPyP4+ was used as photosensi-
tizer. The presence of the clay mineral definitely promoted hydrogen evolution.

Table 8 shows that the cation with which the montmorillonite was initially satu-
rated had very little effect on the amount of hydrogen produced. It is known that inor-
ganic cations, such as those of table 8 are totally displaced from the clay surface by
Mv2+ 135 o Ru(bpy)32+.136 This was confirmed by the results shown in tables 16 and
17, which show that both MV2t and Ru(bpy)32+ were adsorbed by hectorite and mont-
morillonite to the full extent of the clays cation exchange capacities (CEC) as calculated

from the clay formulas (see table 15). The cations originally saturating the clays had lit-

-95-
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tle effect on the hydrogen yield since they were displaced from the clay phase. Therefore
they would not affect a reaction between MV2" and Ru(bpy)32+ taking place on the clay
surfaces. This is what was observed (see table 8).

Locating the electron transfer reaction between MV2t and Ru(bpy):‘,2+ on the clay
surfaces also accounts for the observed effect of the iron-sulfur cluster
[n-BuyN],[Fe,S,(SPh),] on the yield of hydrogen (see table 6). The adsorption of this
compound, in particular of its n—Bu4N+ cations, could interfere with the adsorption of the

Ru(bpy)32+ and MV2* cations by occupying some of the adsorption sites.
7.2 Proposcg Mechanism of Hydrogen Evolution.

The observed dependence of the amount of hydrogen produced on the concentration
of the clay and on the concentration of the electron relay, MV2+, are consistent with the
following hypothesis. The reduction of water comes about via a visible light driven reac-
tion taking place between Ru(bpy)32+ and MV2* coadsorbed on the external surfaces of
the clay. Intercalated cations do not react to give hydrogen, it is only those found on the
outside surfaces of the clay particles that are effective in the photoreduction of water.

This hypothesis can be used to account for the dependence of the hydrogen yield on
the concentration of MV2+, as well as the effect on changing the order of addition of
MV2* and Ru(bpy)32+, providing that Ru(bpy):;2+ cannot displace clay intercalated MV2t
and that MV2* cannot displace clay intercalated Ru(bpy);2*. We will first show that
this is the case by looking at the results of the competitive adsorption measurements of

these two cations by montmorillonite.
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721  Adsorption of MV2*, Ru(bpy);2* and ZaTMPyP** by Montmorillonite or

Hectorite.

The three cations, MV2+, Ru(bpy):,’2+ and ZnTMPyP4+ were adsorbed by the clays
to the full extent of the clays calculated CEC (tables 15, 16 and 17). In fact, the interac-
tions of the three cations with the clays are very strong, in agreement with the observa-
tion that large organic and inorganic cations are more strongly held by clays than are
small inorganic cations.4?

In particular, the interaction of methylviologen (which is a widely used herbicide
called paraquat) with seoils, including clay minerals, has been studied extensive-
1y.138 139 140 Its enthalpy of adsorption by Na*-montmorillonite measured by microca-
lorimetry was -48 kJ/mole. The cation was found to be completely adsorbed by the clay,
in an amount equivalent to the clay CEC, in less than 30 minutes.13%  The adsorption
isotherm was of the H-type, which indicated a strong preference for the Mv2+ adsorbate;
no free MV2* was found in solution until at least 90% of the clay cation exchange capaci-
ty was saturated with MV2+135

Further, MV2t was very difficult to desorb from clays. Only about 5% of the
adsorbed cations could be displaced from montmorillonite by 1 M BaC12.135 A five fold
excess of a dilute chloride salt solutions of A13+, Ca2+, Mg2+ or Kt could not displace
more than 15% of the adsorbed methylviologen from montmorillopite. A similar treat-
ment of vermiculite, an other 2:1 smectite derived from talc (like hectorite, see chapter 2)
released up to 70% of the adsorbed MV2+,141

Ru(bpy)32+ is also very strongly held by clay minerals. A hundred fold excess of
the anionic micelles SDS could not displace any measurable amounts of Ru(bpy)32+ from

the interlayer spaces of montmorillonitc.64
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From the basal spacings measured on oriented films of the two clays intercalated

with MV2* and Ru(bpy);2* (table 16 and 17), and from the value of the thickness of a
clay layer (9.6 .3}38). one can calculate interlamellar distances of 3.0 and 7.8 :\ for the
intercalated methylviologen and Ru(bpy)32+ cations. These relatively small distances, con-
sidering the size of the two cations142 143 impose a strained adsorption geometry. We

propose the geometry shown in figure 34.
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Figure 34: Proposed geometry of MV2t and Ru(bpy)32+ intercalated in

montmorillonite or hectorite.
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To fit in an interlayer spacing of only 3.0 K, Mv2+t could be adsorbed in a planar
configuration with both of its rings parallel to the clay layers. In fact, 3.0 A is less than
the van der Waals thickness of a pyridinium ring. For example, MV2* intercalated into
layered metal phosphorus trichalcogenides such as MnPS3, CdPS3 or FePS3 is known to
adopt a planar configuration. Yet in those intercalation complexes, the gap between the
MPS; layers is 3.3 Al44 This is not an unknown phenomenon. The interlayer spacings
of adsorbed organic molecules are not always compatible with the nominal van der Waals
dimensions of the molecules. For instance Greene—Kelly145 has quoted a spacing of 0.53
nm for aromatic molecules oriented perpendicular to the expanded interlamellar surfaces of
montmorillonite, although the nominal width of the hexagonal aromatic structure from
van der Waals dimensions is 0.67 nm.146 The discrepancy may be explained partly by
the keying of the molecules into the lattice holes of the clay surfaces and partly by uncer-
tainties in the van der Waals radii of atoms.

Moreover, methylviologen intercalated in montmorillonite has been shown by IR
spectroscopy to be adsorbed flat to the clay surfaces.134 This was not the case for MV2*
in vermiculite, where the pyridinium rings were adsorbed at an angle of 35-37° to the
clay layers with keying of the molecules into lattice holes. This planar configuration of
the adsorbate was used to explain the difference in the enthalpy of adsorption of Mv2t
and the related cation diquat (1,1’-ethylene 2,2’-bipyridinium, see figure 35). Diquat has a
dihedral angle of 19.7°.147 The lower enthalpy of adsorption, -32 kJ/mole as opposed to
-48 kJ/mole for MV2+, may represent the additional energy required to flatten the diquat
molecule puckered by its ethylenic bridge.m9

Ru(bpy);2* on the other hand, which is a distorted octahedral cation42 could be
adsorbed as shown in figure 34, in order to fit in an interlayer spacing of only 7.8 A
The geometry of this adsorbed cation bas been studied by IR and XPS spectroscopy in the

interlamellar spaces of hectorite.148 It was shown that the planes of the three bipyridyl



100

=12 A

Figure 35. Structure and surface area of MV2* and diquat in planar config-
urations.

ligands of the cation made an angle of 60° with the plane of the clay layers, that two of
the triangular faces of Ru(bpy)32+ were parallel to the clay layers and that the cation
pseudo threefold axes of symmetry was perpendicular to the clay layers.

An interesting effect of the intercalation of larger organic cations is their ability to
alter the clay swelling ability49 (see section 2.5). In particular, methylviologen has been
found to destroy the swelling ability of montmorillonite. Knight and Denny149 found
that fully saturated MV2+-montmorillonite complexes could not be expanded by ethylene
glycol, although some expansion was evident for partially saturated complexes. The inter-
calation of MV2* collapsed the lamellae of montmorillonite, the water molecules associated
with the inorganic cations being expulsed. This collapse was not observed in wet vermicu-
lite methylviologen complexes. There, the basal spacings of a wet film were 14.5 A, they
decreased to 12.7 A when the film was dried. In MV2+-montmorillonite complexes, dry-

ing the films only changed the basal spacings from 12.6 to 12.5 A.138 139
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This difference between the two clays was attributed to the energy needed to dis-
place adsorbed water molecules. In vermiculite the surface charge comes mainly from iso-
morphous substitutions in the tetrahedral sheets of the clay (see section 2.2). Due to the
proximity of the negative charge sites to the adsorption sites, the hydration forces operat-
ing in vermiculite are larger than in montmorillonite, where the charge is due mainly to
octahedral substitution. The adsorption energy of MV2* by the clay is enough to displace
water from montmorilionite but not from vermiculite,

Still, even in the collapsed clay, the water was not fully displaced. Considering the
surface covered by one planar MV2* cation (see figure 35) and the number of cations
adsorbed by 1.0 g of clay (see table 16), one can calculate that even for a montmorillonite
completely saturated by MV2* the cation covers only about 60% of the available surface
(assuming monolayer coverage and taking the surface area of the clay to be 750 m2/g).
Ru(bpy)32+ covers a larger fraction of the surface, but its larger interlayer spacings could
allow for more than one partial layer of adsorbed water molecules.

Finally, the collapse of the clay layers upon intercalation of methylviologen is the
process to which we will attribute the increase in the intensity of the fluorescence of

MV2* in the presence of a clay suspension. (see chapters 8, 9 and 10)

7.2.2 Competitive Adsorption of Two Cations.

When MV2* and Ru(bpy)32+ were added simultaneously to the clay, no preferential
adsorption was found (see figure 28), except at high Ru(bpy)32+ molar fractions where a
small preferential adsorption of MV 2+ was observed. The result is in agreement with the
strong interaction between the clay and the two cations discussed in the previous section.
The small preference for MV2* at high Ru(bpy)32+ molar fraction can be attributed to
the collapse of the clay layer induced by the intercalation of methylviologen.13 8 139 pe
resulting interlayer spacings of 3.0 R are too small to allow the entry of Ru(bpy)32+

cations.
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ZnTMPyP4+ was expected to interact strongly with the clay surface because of it 4+
charge. Still a preference for MV2* was observed (figure 29). In fact the results of the
competitive adsorption of MV2t and ZnTMPyP4+ by montmorillonite, when the two
cations were added together were very similar to those obtained when MV2* was added 30
minutes before ZnTMPyP4+ (figure 31 curve A). Further MV2* is known to be adsorbed
very rapidly by clay minerals.138 Therefore we attributed the strong preferential adsorp-
tion of MV2+ (figure 29) to the speed of intercalation. The MV2+ being adsorbed more
rapidly, it occupied the majority of the interlayer sites before ZnTMPyP4* could be inter-
calated.

It made very little difference on the amounts of the two cations that were adsorbed
by montmorillonite, whether Ru(bpy)32+ was added to a clay suspension 30 minutes after
MV2t, or Ru(bpy)32+ was added to a suspension of montmorillonite that had been previ-
ously completely exchanged with MV2* (see curves A of figures 30 and 32). Two conclu-
sions can be drawn from these two curves. First, since the two curves were very similar,
adsorption of Mv2+ by montmorillonite was complete within 30 minutes. It made no
difference whether Ru(bpy)32+ was added 30 minutes after MV2* or several hours later.
This confirms the rapidity of the intercalation of MV2* in montmorillonite.138 Second,
Ru(bpy)32+ could only displace a limited fraction of the pre-adsorbed MV2t, Even a ten
fold excess of Ru(bpy):;2+ displaced a maximum of only 22% of the pre-adsorbed MV2*.

The fraction of MV2" that could not be displaced from montmorillonite, 78% of the
adsorbed cation, was in agreement with the reported strong adsorption capacity (SAC) of
montmorillonite for MV2*, 76% of the clay CEC.140 The SAC is defined as the fraction
of the clay CEC below which MV2* can no longer be detected in solution after centrifuga-
tion of the clay mineral. We propose that the SAC value corresponds to the fraction of
the adsorbed MV 2+ that was intercalated between two layers of montmorillonite. The

remainder, the 22% that could be displaced by Ru(bpy)32+, is assumed to be MV2* cations
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that were adsorbed on the external surfaces of the clay particles. This proposal is support-
ed by the fraction of the surface area in a montmorillonite suspension that was reported
to be external surface area in the literature. Tennakoon et a166 has reported that 30% of
the surface area of a Nat exchanged montmorillonite were outside surfaces and that those
external surfaces accounted for 33% of the clay cation adsorption capacity. Finally, as it
will be seen in chapter 11, "the interlayer CEC” of montmorillonite, defined as the quan-
tity of cation that can be intercalated by 1.0 gram of clay, measured by X-ray diffraction,
was found to be of the order of 80% of the total CEC measured by cation exchange.

The reason why Ru(bpy),2* could not displace intercalated MV2* could be due to
the collapse of the clay layer caused by the intercalation of this cation (see previous sec-
tion). Methylviologen intercalated montmorillonite was characterized by a stable interlay-
er spacing of 3.0 ;& The clay could not swell to accommodate Ru(bpy):;2+ cations which
required a spacing of 7.8 A. The Ru(bpy)32+ cations could only compete with MV2* for
the external adsorption sites. In fact it appears that the clay had a preference for
Ru(bpy)32+ over MV2* in those outside sites. For low Ru(bpy)32+ molar fractions, both
figures 30 and 32 (curves A) show that the ratio of MV2* and Ru(bpy)32+ adsorbed were
similar to the molar fraction of the two cations in solution. Since the interlayer spaces
contained almost exclusively MV2*, the ratio of Ru(bpy)32+ to MV2t on the external
surfaces must have exceeded the ratio of Ru(bpy):‘,2+ to MV2* in solution.”

This can be used to explain the results shown in curve B of figure 32. When
MV2+ was added to a suspension of montmorillonite that had been previously completely
exchanged with Ru(bpy)32+. MV2* was not able to displace any significant amount of
pre-adsorbed Ru(bpy):,.2+ from the clay. Not only was MV 2+ ynable to replace intercalat-
ed Ru(bpy)32+, it also had great difficulty displacing Ru(bpy)32+ from the external surfac-

5_‘_ point f+ curve2+ of f1gure 32 shows that the fraction
[Ru(bpy) ]/([Ru(bpy) HMV“T]) in solution is 0.14. Taking the fraction of exter-
nally orbed catlons to be 22% of the clay CEC and assuming that all the

Ru(bpy) adsorbed Ev rbed on the external surfaces, the fraction
[Ru(bpy? 2"']/([Ru(bpy) *+1+IMV4*]) on the external surfaces was 0.4.
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es of the clay. As for the difference between the results of figure 30 B from those of fig-
ure 32 B, they can be attributed to the speed of adsorption of the two cations. Even after
a delay of 30 minutes, adsorption of Ru(bpy)32+ was not complete, so that MV2* could
occupy a larger fraction of the sites, up to 60%, than it would if the delay between the
addition of Ru(bpy);2+ and MV2* had been longer.

The two curves of figure 31 are symmetric. In both cases the second cation added
could only replace about 20% of the first one whether it was MV2+ or ZnTMPyP4+.
Again this shows that only the cations adsorbed on the external surfaces of the clay could
be desorbed by the addition of the other cation. Finally, figure 33 shows that the clay
had a preference for ZnTMPyP4+ on its outside surface. MV2¥ could not displace the
externally adsorbed porphyrin. This was expected, since the 4+ charge of the porphyrin

should make its interaction with the clay surface very strong.

7.2.3  Dependence of the Yield of Hydrogen on the Concentrations of MV2+

and Clay.

The result of the study of the competitive adsorption of MV’ 2+ and Ru(bpy)32+ by
montmorillonite can be used to interpret the dependence of the amount of hydrogen
evolved on the concentration of the electron relay, MV2+, and of the clay used (figure
26). It can also show why the optimum efficiency was found at a concentration of
MV2* of 5.0 x 10™3 M when the concentration of clay was 3.3 g/L.

What is the effect of changing the order of addition of MV2* and Ru(bpy);2*+?
The conditions used for the experiment of Table 12 were those that gave the maximum
amount of hydrogen according to figure 26. That is, the ratio MVZ*'/Ru(bpy):s2+ was 10
and the ratio MV2+/clay was 1.5 mmol/g. In other words, the ratio Ru(bpy)32+/c1ay
was 0.15 mmol/g, which was only 36% of the total amount of Ru(bpy)32+ the clay could

adsorb (see Table 17). Therefore, when Ru(bpy)32+ was added 15 minutes before MV2t it
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was fully intercalated in the clay, as shown by figure 30 (curve B). MV2+ which could
not replace pre-adsorbed Ru(bpy)32+ will then occupied the remaining interlayer sites and
all the external adsorption sites. No Ru(bpy)32+ was adsorbed on the clay outside surfac-
es. In this case, Table 12 shows that only 1.5 pmol/L of hydrogen were produced, which
was only half the amount obtained when no clay was used. When Ru(bpy)32+ was added
first, the presence of the clay actually hindered the photogeneration of hydrogen. This is
understandable since we proposed that evolution of hydrogen results from the reaction of
excited Ru(bpy)32+ with MV2* on the clay external surfaces. We have shown that in
this case there was almost no Ru(bpy):;2+ adsorbed on the clay outside surfaces, only
MV2+, The presence of the clay in this case reduced the amount of contact between the
two reagents.

A possible interpretation for the fact that intercalated cations do not react to give
hydrogen could be the ability of the clay to segregate MV2* from Ru(bpy)32+. To
explain the very inefficient quenching of excited Ru(bpy)32+ by MV2*in a suspension of
hectorite compared to the quenching in water (kq in Na-hectorite = 1.1 x 106M'ls'1, kq
in Hy0 = 3.0 x 108M1571), Bard and his group150 proposed that Ru(bpy)32+ and MV2t
were segregated by the clay. That is to say, in one particular interlayer space only one
cationic species and not a homogeneous mixture of the two cation was found. This
implies that there was very little contact between the two intercalated cations. As will
seen in chapter 11, we have confirmed the existence of this segregation by X-ray diffrac-
tion measurements.

When MV2t was added 15 minutes before Ru(bpy)32+ the amount of hydrogen pro-
duced was 4.5 pmol/L (see Table 12). The maximum yield, 7.5 pmol/L was obtained
when Ru(bpy)32+ was added immediately after MV2*. In both cases, since MV2* was

added in approximately three fold excess of the clay cation exchange capacity and since

adsorption of MV2+ was very rapid, the clay interlayer spaces were practically saturated
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by MV2* prior to the addition of Ru(bpy)32+. Since Ru(bpy):‘}2+ was capable of displac-
ing pre-adsorbed MV2+ from the clay outside surfaces, there was a competition between
the photosensitizer and the excess of MV2+ for those outside surface sites. This was the
situation in which photogeneration of hydrogen was the most efficient.

When a solution of Ru(bpy)32+ was added to a clay that had been pre-exchanged
with MV2+, no hydrogen was produced (Table 13). Unlike the previous system, here
there was no excess of MVZ* in solution. Ru(bpy):,,'2+ displaced all the surface adsorbed
methylviologen since there was no MV2+ in solution to compete for those sites, and the
clay adsorbed Ru(bpy)32+ preferentially in those sites. As a result, the clay interlayer
spaces were saturated with MV?2* while the surface sites were saturated with Ru(bpy)32+.
There was very little contact between the adsorbed cations.

To recapitulate, in the first case the external surfaces of the clay were saturated
with MV2*, while Ru(bpy)32+ and some MV2* were intercalated. Only a small amount
of hydrogen was produced. In the third case MV2* was intercalated, while the external
surfaces were saturated with Ru(bpy)32+. No hydrogen was produced. It is only in the
second case when both MV2* and Ru(bpy)32+ were coadsorbed on the clay external sur-
faces that the presence of the montmorillonite significantly enhanced the rate of hydrogen
evolution.

When ZnTMPyP# was used instead of Ru(bpy)32+ as photosensitizer, the yield of
hydrogen was much less dependent on the order of addition of MV2t and ZnTMPyP4+.
This could be attributed to two factors. First, the relative amounts of the two cations
adsorbed were similar whether MV2t was added first or the two cations were added simul-
taneously (see figure 29 and 31). The relative amount of cations adsorbed by montmoril-
lonite was not as sensitive to the order of addition of the two cations. Second, we are not
aware of any report of segregation of ZnTMPyP4+ and MV2*t by clay minerals. There

may still be a significant amount of contact between the cations even in the clay interlay-
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er spaces, so that with the porphyrin, hydrogen evolution may not be limited to a reaction
of surface adsorbed cations, but could also come from electron transfer between intercalated
cations.

The results of the competitive adsorption measurements of MV2% and Ru(bpy)32+
could account for the dependence of the rate of hydrogen evolution on the concentration
of MV2* observed in figures 26 and 27. The ratio MV2*/Ru(bpy);2* at the maximum
of the two figures was 10. At such a low molar fraction of Ru(bpy)32+ figures 28, 30
and 32 show that the relative amounts of the two cations adsorbed by the clay were simi-
lar to the relative amounts of the two cations in solution. In other words, one
Ru(bpy)32+ cation was adsorbed for each ten MV2+ cations adsorbed. It has been estab-
lished that about 22% of the cations adsorbed by montmorillonite were located on the
external surfaces of the clay.38 Further, since Ru(bpy)32+ was the second cationic species
added during the preparation of the reaction mixtures, the results of the competitive
adsorption study show that it was almost exclusively adsorbed on the clay external surfac-
es. Therefore, under the conditions of optimum hydrogen evolution, Ru(bpy)32+, which
accounts for approximately 10% of the cations adsorbed by the clay, was found only on
the external surfaces. Since those surfaces adsorbed approximately 20% of the total num-
ber of cations adsorbed, in the optimum conditions the ratio of MV2¥ and Ru(bpy)32+ on
the external surfaces was about 1 to 1.° In fact the amounts of Ru(bpy)32+ and MV2+
adsorbed by the clay were measured in an actual water photoreduction reaction mixture,
)32+

0.11 meq/g of Ru(bpy were adsorbed out of a total of 0.90 meq/g which correspond

to the expected value (10%).

*Moie precise _calculation based on the numbers above afforded a ratio
MVZt/Ru(bpy),2* rbed on the external surfaces of 1.4. The same amount of
Ru(bpy)32+ and MV“* were coadsorbed_on the external gurfaces of the clay when the
ratio between the total amounts of MVt and Ru(bpy), * was 8. Given the precision
of our measurements and the assumptions made in the calculation, the agreement
between the observed maxima of the curves in figures 26 and 27 and the calculated
number is excellent.
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The bell shape curves found in figures 26 and 27 could then be attributed to varia-
tions of the ratio of MV2* and Ru(bpy)32+ adsorbed on the external clay surfaces. When
the concentration of MV2* was increased by a factor of 2, the ratio MV2t to Ru(bpy)23+
on the external surfaces was close to 3 to 1 and, more importantly, the amount of
Ru(bpy)32+ adsorbed by the clay was reduced by half. The yield of hydrogen fell accord-
ingly. When the concentration of MV 2+ was decreased, the outside surfaces became satu-
rated with Ru(bpy)32+, with very little coadsorbed MV2' and although the absolute
amount of Ru(bpy)32+ adsorbed increased, the yield of hydrogen fell because the quench-
ing of excited Ru(bpy)32+ by MV2t became very inefficient.

The depencicnce of the rate of hydrogen evolution on the clay concentration was also
studied (see figure 32). At low clay concentrations the rate of hydrogen evolution first
increased with an increase of the clay concentration since the amount of cation adsorbed
also increased. The ratio of MV2* to Ru(bpy)32+ adsorbed did not change since the total
concentrations of MV2+ and Ru(bpy)32+ were kept constant. However, when more clay
was added, a larger fraction of the adsorbed Ru(bpy)32+ was screened by other clay parti-
cles. The decrease of light intensity reaching the Ru(bpy)32+ cations became more impor-
tant than the increase in the number of Ru(bpy)32+ adsorbed by the clay. Accordingly,

the yield of hydrogen fell at high clay concentration.
7.3 Function of the Clay Mineral.

The ways by which a solid support could affect the evolution of hydrogen were
described in chapter 3. First, the clay could provide a surface on which adsorbed H atoms
could be produced or sites in which electrons could be accumulated. The clay could also
promote electron transfer between excited Ru(bpy)32+ and MV2*, Finally, the clay could

prevent charge recombination.
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7.3.1 Catalysis of Water Reduction.

The clay could possibly act as a catalyst for the reduction of water by MV*, fulfill-
ing the function of colloidal platinum23 or the enzyme hydrogenase.26 In other words
the clay could provide sites in which electrons can be accumulated or surfaces on which H
atoms could be produced.

But taking into account one of the results listed in table 13, which shows that no
hydrogen was produced when MV2+ was reduced to MV* chemically, by the addition of
Nay8,04, in the presence of montmorillonite, one sees that the function of the clay was
not simply the catalysis of water reduction by MV*:. In the absence of visible light irra-
diation, no hydrogen was evolved even when Ru(bpy):,,2+ was added to the system. Not
only was the simultaneous presence of Ru(bpy)sz"' and MV2* on the surface needed, but
also visible light irradiation.

This was a very surprising result. After all, even if the function of the clay was
not the catalysis of water reduction, but the promotion of charge separation, this leads to
more efficient production of MV*1 The quantitative reduction of Mv2+ by Na,y8,0,4
should still give the same amount of hydrogen. It should not make any difference wheth-
er MVt is produced photochemically or via a chemical reaction.

One possibility is that clay mediated photoproduction of hydrogen does not involve
reduction of water by MV, but proceeds via a mechanism other than that of figure 6.
The production of MV, as indicated by the purple color of the reaction mixture, would
then be only a side reaction that does not produce hydrogen.15 1 However, this cannot be
the case since hydrogen was not produced in the absence of MV2* (Table 10).

An alternative interpretation may lie in the variation of the positive charges of the
coadsorbed MV2* and Ru(bpy):;‘2+ cations. When MV2t was reduced with Na,$,0,4

before its addition to the clay suspension, the clay adsorbed MV*' and not MV2*. In a
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reaction mixture where MV2* was reduced prior to its addition to the clay 0.90 mmol/g
of methylviologen was adsorbed, while only 0.45 mmol/g of MV2* was adsorbed when
the cation was not reduced (i.e. 0.89 meq of MV2* per gram of clay). This is normal
since a clay adsorbs the fixed number of equivalents of a cation that it needs to cancel its
surface charge. Twice as many methylviologen cations were adsorbed when they were
reduced from 2+ to 1+. It means that each time an adsorbed MV cation was oxidized to
MV2+, as it must be to reduce water (see equation [11]), an adsorbed MV™** cation had to
be desorbed in order to accommodate the extra positive charge of the oxidized methylviolo-
gen. Or, since two electrons were needed to produce a molecule of hydrogen, two mvt
had to react, giving two MV2+ cations, one of which was desorbed. Extra energy was
needed to overcome the strong adsorption energy of MV 2+139 (AH, = -48 kJ/mole). In
the photochemical transfer of electrons between MV2+ and excited Ru(bpy)32+ no such
desorption was required. The electron transfer produced adsorbed Ru(bpy)33+ and MV
The total charge was still 4+. When MV was oxidized to give hydrogen, Ru(bpy)33+
was reduced by the sacrificial donor. In fact, the reduction of Ru(bpy)33+ to Ru(bpy)32+

could help to drive the oxidation of MV™ to MV2*,

7.3.2 Increase in Local Concentrations of the Reacting Cations.

The most likely and also the simplest interpretation for the increase in hydrogen
production in the presence of clays, is the increase in the local concentrations of the
cations due to their adsorption in a small volume on the clay surfaces. The probability of
the quenching of excited Ru(bpy)32+ by MV2* is therefore increased, leading to more effi-
cient charge separation (see section 3.2). In the case of clay minerals the cations were
very strongly adsorbed. If the totality of the cations adsorbed on the outside clay surfaces
were located in a thin layer of about 10 A thickness (Ru(bpy)32+ has a diameter of about

-]
8 A), and if we assumed that the external surface area of the clay was 150 m2/g (20% of
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the total surface area 750 mz/g), then about 0.1 meg/g of either Ru(bpy)32+ or MV2+
adsorbed in this volume, which was of the order of 0.15 cm3. corresponded to a local con-
centration of the two cations on the external surfaces of the order of 0.3 M. This is an
increase in concentration of the cations of several order of magnitude compared to the bulk
concentrations. This can easily account for the ten fold increase in the rate of hydrogen
evolution observed in the presence of the clay minerals!

This fixation on the clay surface, of the photosensitizer and of the electron relay in
close proximity gave a result similar to what was obtained by the preparation of a com-
plex in which a photosensitizer and an electron relay moieties were linked by chemical
bonds. For example, evolution of hydrogen has been recently reported upon the irradiation

152

of a viologen linked porphyrin in the presence of a platinum catalyst. Light induced

charge separation was also observed in chlorophyll linked to a quinom:.153

7.3.3  Acidity of the Clay Surfaces.

Another property of clay minerals, which may play a role in the promotion of
water reduction is their surface acidity.39 42 Intercalated molecules are highly polarized
by the clay surface charges. The dissociation constant of water intercalated in montmoril-
lonite, for example, was estimated to be of the order of 10'7.64 The observed increase in
the amount of hydrogen evolved in the presence of clays could be due to this higher local

acidity.

* the same calculation was done using ge exter surface area of

Nat-montmorillonite determined by Tennakoon et al°° of 228 m /g, the local concen-
tration of cations turned out to be 0.2 M. The argument is still valid.



112
7.3.4 Possible Involvement of the Clay Minerals in the Electron Transfer

Process.

Aside from variations in local concentrations of the adsorbed cations or the acidity
of the clay surfaces, another possible effect of clays on water photoreduction could be its
involvement in the electron transfer process between 1ERu(bpy)23"' and MV2*,

The clay could act as an electron relay between ‘Ru(bpy)32+ and MV2+, thereby
contributing to forward electron transfer. We have determined that the cations involved
in the evolution of hydrogen were adsorbed on the clay external surfaces. If we assumed
that the approximately 0.2 meq/g of cation thus adsorbed were evenly distributed on the
150 m2/g of external surface area and that the adsorbed cations were fixed on these sur-
faces, the average distance between them was 16 At (intercalated Ru(bpy)23+ can be con-
sidered as practically immobile since its diffusion coefficient D, was of the order of
10'12cm25°1 in the interlayer spaces.154). This is more than the sum of the radii of the

-]
two cations, which is approximately 10 A. Milasavljevic and Thomas’?

have shown that
the radius of the active sphere for the quenching of the luminescence of Ru(bpy)23+ by
MV2t in a cellulose matrix was 20 X and that electron transfer took place via a tunnel-
ing process. Further, as was discussed in section 2.5, clay minerals can act as either elec-
tron acceptors or donors. 41 46 The acceptor or donor sites are structural atoms that exist
in more than one oxidation state, in particular iron atoms. But iron cannot act as an elec-
tron relay between ’Ru(bpy)32+ and MV2* because the redox potential of the Fe3*/2+
couple is not comprise between the redox potentials of the Ru(bpy)33+/ 2+* (0.86 V) and
the MV2+/+ (-0.445 V) couples. In water the redox potential of Fe3*/2+ i3 0.77 V and

in the montmorillonite octahedral sheets it was estimated to be 0.84 V.154

*If the external surface area was taken as 228 m2/g as measured by Tennakoon et a166
the average distance turned out to be 19 A.
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Another possibility is that the structural iron could reduce Ru(bpy)33+ to
Ru(bpy)32+, thereby hindering back electron transfer. The reduction of this cation by cel-
1\1105«:79 and by montmorillonite92 has been reported. In montmorillonite this reaction

was recently shown to proceed via equation 33.154

Ru(bpy)33++ Fe(ID{,11ice —> Ru(bpy)32++ Fe(I)y, vice [33]

If this is the explanation for the effect of clay minerals on water reduction then there
should be a relation between the yield of H2 and the iron content of the clays. Tables 9
and 11 show that no clear correlation between the clay iron content and the amount of
hydrogen produced was found. At pH 5.3, more hydrogen was found in the presence of
montmorillonite than in the presence of hectorite (nontronite is not stable at this pH). At
pH 7.0 we did observe slightly more hydrogen with iron rich nontronite than with mont-
morillonite (see table 5), but hectorite, with practically no structural iron, gave about the

same amount as montmorillonite.
7.4 Hydrogen Production in Colloidal Clay Suspensions.

The absence of hydrogen production in the experiments in which colloidal suspen-
sions of montmorillonite were illuminated (see table 17) can be attributed to one of two
factors. First, to ensure that the clay suspensions did not flocculate it was necessary to
reduce the concentrations of Ru(bpy)32+ and MV2* used in the system (see section 5.2.2).
Thus the amount of hydrogen evolved, if any, may have been too small to be measurable
(the detection limit of the hydrogen analysis system used was of the order of 0.3 umol/L,
see section 5.2.3). Or, since the total amount of cations added was below the adsorption
capacity of the clay used, all the Ru(bpy)32+ and MV2* cations added were intercalated in
the clay, leaving no cations on the external surfaces where, as we have shown, the hydro-

gen producing reaction took place.
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When the systems were sonicated, Table 17 shows that the hydrogen gas was due to

the ultrasound and not to the irradiation of the mixtures. Sonication of water containing
dissolved gases leads to the production of H' and OH' radicals by the process of acoustic
cavitation.156 The observed hydrogen came from the recombination of these H' radicals.

Irradiation of the mixtures had no detectable effect on the yield of hydrogen.
7.5 Conclusion.

The three cations used in this study, MV2*, Ru(bpy)32+ and ZnTMPyP#, were
intercalated in the interlayer spaces of the smectite clays hectorite and montmorillonite.
All three cations were adsorbed to the full extent of the clays cation exchange capacities.

The results of the competitive adsorption studies of two cations by montmorillonite
showed that an intercalated cation could not be replaced by another. Only a limited frac-
tion of the pre-adsorbed cations, about 20 % of the total, could be desorbed from the clay
by the addition of a second cation. This was assumed to be the fraction of cations
adsorbed on the clay external surfaces.

The hydrogen evolution reaction was shown to be a light driven reaction taking
place between Ru(bpy)32+ and MV2* coadsorbed on those clay external surfaces only.
Intercalated cations did not react to give hydrogen. The optimum conditions for hydrogen
evolution corresponded to the case for which the ratio of Ru(bpy)32+ to MV2* adsorbed
on the external surfaces was approximately one. The dependence of the efficiency of
hydrogen evolution on the concentration of MV2* was attributed to the variation of this
ratio, combined with the total amount of Ru(bpy)32+ adsorbed by the clay. The depen-
dence of the efficiency of hydrogen evolution on the clay concentration was attributed to

an increase of the opacity of the system with the increase of the clay concentration.
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The simplest interpretation of water reduction promotion by clay minerals was the
increase in the local concentrations of the reacting cations, Ru(bpy)32+ and MV2*, that
resulted from their adsorption on the clay external surfaces. But we could not completely
exclude other possibilities such as the acidity of the clay surfaces or the involvement of

structural iron in the reduction of photogenerated Ru(bpy)33+.
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FLUORESCENCE OF CLAY-INTERCALATED METHYLVIOLOGEN.

CHAPTER 8 Fluorescence Spectroscopy in the Study of

Colloidal Systems.

CHAPTER 9 Results.

CHAPTER 10 Discussion.
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CHAPTER VI
FLUORESCENCE SPECTROSCOPY IN THE STUDY OF

COLLOIDAL SYSTEMS.

8.1 Introduction.

The absorption of a light photon causes an electronic transition. An electron from
the 'highest occupied molecular orbital is promoted to an unoccupied higher orbital.
According to the Franck-Condon principle, since electronic motions are much faster than
nuclear motions, electronic transitions occur most favorably when the nuclear structure of
the ground and initially excited states are similar.157 Because light absorption is extreme-
ly fast, (1015 s'1) molecular positions are unchanged in the excited state. In other words
“vertical transitions” are preferred. (see figure 36) Excitation occurs to different vibration-
al levels of the excited state.157 158 Since in condensed media vibrational relaxation is
very fast, the singlet excited state, S{, relaxes rapidly to its lowest vibrational level.

Being an excited state, S, is only meta-stable. The molecule will seek to return to a
ground state. This can occur by several competing routes. The energy dissipating process-
es can basically be divided into two classes, photochemical processes and photophysical pro-
cesses 157 159

The photochemical processes are those in which the energy of the photon absorbed is
used to drive a chemical reaction. For example, when the energy of the light quantum
absorbed in the excitation process is large enough to cause the breaking of a chemical bond,

dissociation can occur. Or the energy absorbed can cause the photoionization of the chro-

mophore. The energy of the excited state can also be dissipated by photochemical bimole-
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Figure 36: Representation of an electronic transition produced by light

absorption. A) Vertical or Franck-Condon allowed transition
from S to S; and vibrational relaxation to S;. B) Some of the
photophysim} processes involved in light absorption and light

emission.

cular processes. An example is the quenching of *Ru(bpy)32+ by electron transfer to
MV2* that was observed to lead to the production of hydrogen in part 1 of this thesis.

In the second class, the photophysical processes, no net chemical reaction takes place.
Some of these photophysical deactivation processes are shown in figure 36. The energy
can be dissipated as heat in radiationless transitions. Two of the most common radiation-
less processes are shown in figure 36. Internal conversion (IC) is a transition between Sy
and the ground state S ,. (i.e. a transition between two singlet states or two triplet states)
Intersystem crossing (ISC) is a transition between S; and the triplet excited state Ty. (i.e.

between a singlet and a triplet state)
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Figure 36 also shows two radiative processes, in which light is emitted. Light emis-
sion by a spin-allowed transition between S; and S, is called fluorescence. Light emission
by a spin forbidden transition between Ty and S, is called phosphorescence.160 161
Because it is a forbidden transition, phosphorescence usually occurs at a much slower rate
(see table 18) and it is not often observed at ambient temperatures.

Deactivation of the excited state can also occur via bimolecular photophysical pro-
cesses. Quenching by the solvent, self quenching or quenching by other molecules such as
oxygen are bimolecular processes by which an excited state can return to the ground state.
Sometimes, the distinction between photochemical and photophysical processes is not clear.
An example is the quenching of excited Ru(bpy)32+ by 9-anthracenecarboxylic acid shown
in figure 18. (see chapter 3) Energy transfer produces the triplet excited state of
9-anthracenecarboxylic acid, which reacts with MV2+ to give MV"".‘77

All of these deactivation processes are in competition with one another. The inten-
sity of the fluorescence emitted by a particular molecule will depend on the relative effi-
ciency of the various processes. The efficiency of fluorescence is measured by its quantum
yield ®¢, defined as the number of light quanta emitted per light quanta absorbed. It may
be shown to be related to the rate constants of the various deactivation processes (equation

34).
®p = ke/(ke +TKk) [34]

k¢ is the rate constant of fluorescence and 2k is the sum of the rate constants for all the
other possible deactivation processes. d¢ will be large when k; is much greater than Zk.
Table 18 shows the range of rate constants typically found for some of the processes dis-
cussed here.

Fluorescence is a very sensitive technique, more so than the absorption spectrophoto-

metric methods, since the absolute emitted radiation is measured, as opposed to the differ-
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Table 18: Average rate constants of some photophysical processes.

Step Process rate congtant
(sec™)
Excitation Sg + by —-> §4 | 1018
Internal coanversion (IC) Sy —=> 8§, 1011-1014
Fluorescence (F) 8] --» S5 + huyg 106 -1011
Intersystem crossing(ISC)| S; —-»> T 108 -1011
Internal conversion (IC) S ——> 8§, 107_-109
Internal conversion (IC) TJ -— T 1011-1014
Phosphorescence (P) T) -—> S5 + hup 102-103
Intersystem crossing(ISC)| T; --> S, 1072-103

ence between the incident and transmitted bea.xns.159 Further, the fluorescence spectrum
and the fluorescence intensity have been shown to be very sensitive to both the environ-
ment of the fluorescing molecules, and the efficiency of the deactivation processes. Infor-
mation on them can therefore be inferred from their effect on the fluorescence of a partic-
ular molecule.161 This technique, called fluorescence probing has proven very useful in
many cases, including in the study of colloidal systems.

The fluorescent probes used in this technique can be separated into two groups. In
systems where a fluorescent molecule is naturally present, one can use it as an intrinsic
probe. In most cases however it is necessary to add a fluorophore to the system. These
are called extrinsic probes.

This section of the thesis describes some of the fluorescence properties of MV2+,
The fluorescence of this cation has not been observed in water. However, we have
observed the fluorescence of MV2* for the first time. We found that in clay minerals
MV2* fluoresces with a reasonable efficiency.182 As such methylviologen has the poten-

tial to become a very useful new probe for the study of clay colloidal suspensions. The
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fluorescence of clay intercalated MV2+ was studied by three related fluorescent techniques,
the fluorescence spectra, the anisotropy of the fluorescence and lifetime of the singlet

excited state.
8.2 Fluorescence Spectrum.

One of the advantages of fluorescence spectroscopy over other spectroscopic tech-
niques is that the observed spectral intensity is a function of two spectral variables, the
excitation wavelength, A, and the emission wavelength, \.,,. Two different types of
fluorescence spectra can therefore be measured. If A, is held constant and )., is scanned,
a fluorescence emission spectrum results. If N, is held constant and )., is scanned a
fluorescence excitation spectrum results.

The excitation spectrum should be nearly identical to the absorption spectrum of the
fluorophore. When there is more than one chromophoric species present, the shape of the
excitation spectrum will be the same as that of the absorption band which gives rise to
the observed fluorescence. That is, when the excitation and the absorption spectra do not
agree, then the excitation spectrum gives the absorption spectrum of the emitting species.

As mentioned in the previous section, the relative efficiencies of the various energy
dissipating processes will control the intensity of the emitted light (If). This intensity is
found to be proportional to the quantum yield of fluorescence, (®;) and to the concentra-

tion of the sample.

I = I(1-10° [35]

€, c and 1 are the molar absorptivity, the concentration of the sample and the path length
respectively and Io is the intensity of the excitation radiation. For low values of ecl(i.e.

low optical density) equation 35 reduces to

L = I(2.3ecl)y [36]



122
and the fluorescence intensity is linearly proportional to the concentration of the sample.
In practice one tries to work at low concentration to be able to use equation 36. Other-
wise inner filter and geometry effects need to be considered.

It is difficult to measure the absolute quantum yield of fluorescence.15? However it
has been measured for certain standards, allowing the measurement of the relative quan-

tum yield of a substance (equation 37).

of = (lpegcy/Tpgeckyy [37]

Lts, €g and cg are the fluorescence intensity, molar absorptivity and concentration of a
standard compound whose atlsolute quantum yield q’fs is known.

The fluorescence spectrum and the fluorescence intensity of an absorbed probe can
give information about the local polarity, the mobility and the accessibility to quenchers
or to the solvent of an adsorbed chromophore.161 162

In inorganic colloids the probe Ru(bpy)32+ has been the most widely used chromo-
phore, especially for the study of clay suspensions. In water Ru(bpy)32+ emits light at
607 nm with a quantum yield of 0.042 and a lifetime of 620 nsecl” (see section 1.4). In
inorganic colloids its spectrum provided information on the chromophore’s mobility. For
example, the shift of the spectrum of Ru(bpy)32+ adsorbed on polymerized Si02 from the
one found in water to the one found in ethylene glycol/water glass at 77 K (see figure 37
A) was attributed to a rigid adsorption site.164 The comparison of the spectra of
Ru(bpy)32+ adsorbed on montmorillonite or kaolin, in ethylene glycol/water glass showed
that Ru(bpy):‘;2+ retained more mobility in montmorillonite (see figure 37 B). This was
attributed to the fact that Ru(bpy)32+ in montmorillonite was intercalated and therefore,
isolated from the ethylene glycol/water matrix, while on kaolin, a non-expandable clay

(see section 2.2), it could only be adsorbed on the clay external surfaces.ﬁ4
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Figure 37 Emission spectra of Ru(bpy),2* A 1) adsorbed on polymerized silica and
2) in water (Reproduced with permission from reference 164). B) (—) in
an ethylene glycol/water glass at 77 K, (----) adsorbed on kaolin in ethy-
lene glycol/water glass at 77 K, (~--) adsorbed on montmorillonite in
ethylene glycol/water glass at 77 K (Reproduced with permission from
reference 64). Note the spectra of part A and B are not on the same
scale.

The spectrum can also be used to determine the site of adsorption of a chromophore.

For example the magnitude of the blue shift of the emission maximum of Ru(bpy):,,2+ in

clays has been correlated with the clay particle size.165 1t has been proposed that interca-

lation induced a larger spectral shift, since the externally adsorbed Ru(bpy)32+ Wwas more
exposed to the solvent. Since the ratio of internal to external surfaces decreased with par-
ticle size, this could explain the smaller spectral shifts found in the presence of smaller

particles.
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The same distinction between intercalated and surface adsorbed cations was used to
account for the increase in luminescence intensity of Ru(bpy)32+ adsorbed on laponite,
with increase in either clay concentration or salt concentration. Laponite is a synthetic
clay having a structure similar to hectorite. In dilute solution, laponite was completely
dispersed and all the Ru(bpy):‘;2+ was adsorbed on outside surfaces. As the clay concentra-
tion increased or in the presence of salt, aggregation of the layers occurred, forming clay
stacks into which Ru(bpy);2* could be intercalated (see section 2.3). These intercalated

cations were assumed to be more luminescent than those adsorbed on the outside surfac-

05,166

8.3 Fluorescence Polarization.

Another steady state fluorescence measurement that can be made on a probe interca-

lated in clay minerals is the fluorescence anisotropy, r, given by equation 38:
r o= (I -IAT +21)) [38]

I, and I are the fluorescence intensities observed through a polarizer oriented parallel
and perpendicular to the plane of polarization of the excitation beam.16'7 The measure-
ment involves the excitation of fluorescence with plane polarized light, usually in the ver-
tical direction, and the observation of the emitted light at right angles to the excitation
propagation direction, through a polarizer oriented parallel and perpendicular to the plane
of polarization of the excitation beam. The anisotropy is a measure of the extent to
which the emitted light retains the polarization of the excitation light. It gives informa-
tion on the flexibility of the probe and the ordering or structure of its adsorption sites.
Theoretically, the maximum value of r is 0.4 in a solution system. The observed

value of r can be reduced by different effects. It will depend on the angle between the
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absorption and the emission oscillator in the chromophore.168 It will be reduced by
dynamic processes like rotational flexibility of the probe and the fluidity of its adsorption
site. This is what makes fluorescence anisotropy such a useful technique in the study of
supramolecular assemblies.

For a rotating fluorescent sphere in an isotropic environment, the observed r value

obeys the Perrin equation.168 169

1/t = 1+37% [39]

T, is the value of r when the emitting molecules maintain their orientations between exci-
tation and emission (i.e. in a very viscous solvent), is the fluorescence lifetime and the

rotation relaxation time, given by equation 40170

p = 3Vi/RT [40]

V is the molar volume of the fluorophore, 7 is the viscosity, R is the gas constant and T
is the temperature. The quantity ro/r is called the degree of depolarization of the fluores-
cence.

Fluorescence anisotropy uses the fluorescence lifetime as a clock of the probe mobili-
ty. A particular orientation of the probe is selectively excited by using polarized light.
The extent to which the emitted light is depolarized will show how much the angle
between the emission oscillator at the time of emission and the absorption oscillator at the
time of excitation differs from the angle between the absorption and emission oscillators at
the time of excitation. The degree of depolarization is a measure of the fraction of the
probes that change their orientations in the time 7, the delay between light absorption and
emission.

Some examples of the use of fluorescence anisotropy follow. Combining equations

39 and 40 gives

1/t = 1+RT7/V [41]
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This suggests that anisotropy measurements may be related to either the viscosity or the
volume of the probe. For example the degree of depolarization has been used to obtain
values of the microviscosity of probes in a variety of micellar systems.168 However, it
has now been shown that in anisotropic systems, such as micelles, the estimation of the
microviscosity of the system is inappropriate. Rather one discusses the anisotropy in
terms of the fluidity of the system. Fluidity can have both dynamic and structural con-
notations.

The effective volume of a rotating probe V can also be estimated from fluorescence
anisotropy measurements. For example the volume of the inverted micelle AOT (sodium
diidootyl sulfosuccinate) as a function of its water content has been measured in this
Way_171 172

In inorganic colloids, only r is usually measured, and the result is then used directly
as an indication of the probe fluidity by comparing it with the corresponding value in a
rigid matrix. For example, pyrene adsorbed on TiO, had a polarization value of 0.26,
which was attributed to a rigid adsorption site.173  The degrees of polarization of the
light emitted by Ru(bpy)32+ in ethylene glycol and adsorbed on kaolin and montmorillo-
nite were 0, 0.10 and 0.11 at 298 K and 0.20, 0.15 and 0.11 at 77 K respectively. This
was in agreement with the interpretation of the luminescence spectra (see section 8.2, fig-
ure 37 B). At low temperatures Ru(bpy)32+ intercalated in montmorillonite exhibited
more flexibility then Ru(bpy)32+ adsorbed on the outside surfaces of kaolin.5%
Ru(bpy):,’2+ adsorbed on porous vycor glass had a similar flexibility as clay adsorbed
Ru(bpy)32+. Its degree of polarization was 0.12,174 175

Since clay suspensions are turbid, the effect of light scattering by the clay particles
must be considered. In biological systems this problem has been treated by Teale.176
Light scattering of the excitation beam or emission beam can cause a partial depolarization,
leading to a reduction of the observed anisotropy. In membranes a numerical relationship

was found between r; . and the absorbance! 77 (used as a measured of light scattering).



127

Tohs =~ -KAr + r [42]

Tops 18 the observed anisotropy, r’ the extrapolated anisotropy to infinite dilution where

A, the absorbance, is zero and K is a proportionality constant.
8.4 Fluorescence or Singlet Lifetimes.

The singlet lifetime r_, is the mean lifetime of the excited singlet state. The prob-
ability of finding a given molecule that has been excited at time zero still in the excited
state at time t is e't/"s. 7g is the reciprocal of the sum of the rate constants of deactiva-

tion.

g = 1/ks +ZK) [43]

This is distinguished from the radiative lifetime TP which is
T = l/kf [44]
The equation relating the fluorescence intensity and the singlet lifetime in most cases is

I = IeYTs [45]

where I and Io are the fluorescence intensities at time t and at time zero.160 161 The

singlet lifetime can therefore be obtained by measuring the fluorescence intensity as a
function of time. In practice the technique consists of exciting a fluorescent molecule
with a short light pulse at a suitable wavelength and monitoring the intensity of the
emitted light, at a fixed observation wavelength, as a function of the time after excitation.
The decay curve is then fit to a kinetic decay law, which describes the physical processes
by which the excited state is deactivated. In many cases this is an exponential function

from which the lifetime of the fluorescent excited state species can be calculated.
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The singlet lifetime of many organic molecules is in the nanosecond region. In table

18 the average rate constants of the photophysical processes described in section 8.1 are
compared. As mentioned previously, the efficiency of fluorescence, the quantum yield,
will depend on the relative values of these rate constants for a specific molecule (see equa-
tion 34). Measuring the singlet lifetime can therefore give information on the kinetic

parameters. Combining equations 34, 43 and 44 gives:

o= Ty [46]

Measuring the lifetime and the fluorescence quantum yield can therefore be used to get k¢
and then using equation 34,2k etc.

If there is more than one fluorescing species the decay of the fluorescence intensity
may not be satisfactorily fit by a single exponential function as in equation 45, but rather
by a sum of two or more exponentials, from which more than one decay time can be
determined. The pre-exponential factors will be proportional to the relative fluorescence
contribution and the concentration of the different fluorescing species. For example the
decay of the intensity of the light emitted by Ru(bpy);2* adsorbed on kaolin, montmoril-

64 and hectorite! 50 were fit to the sum of two exponentials. The fast decay time

lonite
had values of 100, 32 and 62 nsec respectively and accounted for 50, 62 and 60% of the
excited molecules. The slow decay time had values of 715, 415 and 350 nsec respectively
and accounted for the remaining luminescence. In water the decay of Ru(bpy)32+
luminescence is single exponential with a lifetime of 620 nsec.17 These results have been
attributed to the existence of two distinct adsorption sites for this cation in the different
clays.

Valuable information can also be gained by comparing the lifetimes of an adsorbed

probe with its lifetime in solution. The decay of the fluorescence of pyrene on TiO, for

example was double exponential.173 70% of the excited states were quenched very effi-
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ciently by the support, their lifetimes was only 5 nsec. The remaining 30% had a lifetime
of 290 nsec, longer than the solution lifetime of 200 nsec. Apparently pyrene was initial-
ly adsorbed in a limited number of sites where quenching was very efficient. Only when
these sites were filled was pyrene adsorbed in other sites where the excited molecule was
protected from quenching by the support.173

Quenching by the support was also observed when Ru(bpy)32+ was adsorbed on
clays. The shorter lifetime of Ru(bpy)32+ phosphorescence in clays was attributed to
quenching by impurities present in the clay lattice, in particular structural iron. In water,
Fe3* is known to quench excited Ru(bpy)32+ by electron transfer.l78 179 180 According
to van Damme et 1181 the decay of Ru(bpy):,’2+ luminescence in clay minerals was mul-
tiexponential. Since only one type of adsorbed Ru(bpy)32+ was detected by UV-Visible
spectroscopy, steady-state fluorescence, IR spectroscopy or X.p.s., they attributed this mul-
tiexponential decay to a range of surface environments. These environments did not per-
turb the electronic properties of the probe molecule but they modified its fluorescence life-
time. They suggested that a key factor was the number of neighboring iron atoms, which
could quench the essentially immobile adsorbed cation. As is discussed in the next chap-
ter, the iron content of the clay had a dramatic effect on the fluorescence of intercalated
My2+ 182

Instead of quenching luminescence some supports have the effect of increasing the
fluorescence lifetime of adsorbed probe. This was the case for Ru(bpy)32+ adsorbed on
polymerized silica, where it had a lifetime of 2 ysec.164 Ru(bpy)32+ was proposed to be
adsorbed in a very rigid site where it was protected from quenching by the solvent.

Finally, besides looking at the effect of the support on the lifetime of an adsorbed
probe one can look at the effect of adding an external quencher. This provides informa-
tion on the accessibility of the probe and therefore of the adsorption site. For example,

quenching of *Ru(bpy)32+ in hectorite by MV2+ was much less efficient than the quench-
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ing of 'Ru(bpy)32+ by MV2* in water. This was attributed to the segregation of these
two cations by t:lays150 (see chapter 11). Excited Ru(bpy)32+ was thus shielded from
MV2* by the clay.

In the next two chapters we present and discuss the results of the study of the

fluorescence of MV2+ intercalated in montmorillonite and hectorite by these three fluores-

cent techniques.



CHAPTER X

RESULTS.

9.1 Experimental

9.1.1 UV-Visible Spectra.

The UV-Visible spectra of Ru(bpy);>* and MV2* adsorbed on < 2.0 um
Ca2+-exchanged fractions of the clays hectorite and montmorillonite were recorded on a
Varian DMS 90 UV-Visible spectrophotometer. Some spectra were taken on a Cary 219
spectrophotometer.

Suspensions of the clays exchanged with one of the two cations were prepared, such
that the cation concentration was 5.00 x 10™M and the clay concentration 0.50 g/L.
Spectra were recorded with a blank in the reference cell containing 0.50 g/L of clay but
no cations. In the same way the spectrum of MV2* adsorbed in micelles of Sodium Dode-
cylSulphonate (SDS) in which the micelle concentration was 1.0 x 10'4M and the concen-
tration of MV2+ was 5.0 x 10'6M, was taken. The effect of the cation to clay ratio on
the absorption spectrum was studied. Clay suspensions were prepared in which the con-
centration of methylviologen was kept constant while the concentration of the clay was
increased in order to decrease the ratio MV2+/c1ay. The absorption spectra were recorded
in each case using the corresponding suspension of clay with no adsorbed methylviologen

as the reference, as described above.

-131 -
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9.1.2 Fluorescence Measurements.

The fluorescence spectra of MV2t in montmorillonite, hectorite, nontronite and
water were recorded on a Perkin Elmer Model 44A spectrophotofluorimeter equipped with
a DCSU-2 corrected spectra Unit in the laboratory of Dr. A. Szabo at the Division of Biol-
ogical Sciences of the National Research Council of Canada in Ottawa. Fluorescence aniso-
tropy was measured on the same instrument using the appropriate polarizers. The instru-
ment used to measure the fluorescence lifetime is described in detail in reference 133.

The samples were prepared by simply mixing volumes of a stock solution of MVv2+
with volumes of stock suspensions of the clays 0.400 g/L. One measurement was done on

the fluorescence of MV2* (5.0 x 10°5M) in SDS micelles (1 x 10°4M).
9.2 UV-Visible Absorption Spectrum of Clay Intercalated Methylviologen.

The absorption spectrum of the MV2t in water is shown in figure 38. It was iden-
tical to the one previously reported.130 The absorption maximum, \ .. was at 257.5
nm, where € = 20,800 M lem™ (lit. Apgy 5 ;o €= 20,100 M lem™! 130). A5 shown
in figure 38 is the absorption spectrum of MV2* in montmorillonite. We noted a red
shift of A, from 257.5 nm to approximately 280 nm. This was in agreement with pre-
vious reports of the spectrum of MV 2+ jntercalated into montmorillonite.183 A red shift
was also found when MV2+ was intercalated in hectorite.

The effect of the MV2+/clay ratio on the absorption spectrum of intercalated MV2+
was studied. In this thesis, the ratio MV2*/clay is expressed as a fraction of the clay
cation exchange capacity (CEC). In chapter 6 it was shown that MV2* was fully
adsorbed by both clays to the full extent of their CEC (see tables 16 and 17). The ratio

MV2+/clay is therefore expressed as the fraction of the clay exchangeable cations that have
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Figure 38 Absorption spectra of MV2+, A) in water B) in a suspension of2 mont-
morillonite, [MV2*] = 5.0 x 10°°M and [clay] = 0.50 g/L. (MVZ*/clay
= 22.5% CEC, see text)

been displaced by MV2+, assuming the complete adsorption of the MV2+ present. For

example, in the spectrum shown in figure 38, the concentration of the clay was 0.50 g/L

and the concentration of MV2t was 5.0 x 10°5M. This corresponds to a ratio of

MV2+/c1ay of 50 x 105 mol/0.50 g, or 1.0 x 1074 mole of MV2+ per gram of montmo-

rillonite. Table 16 shows that one gram of montmorillonite could adsorb up to 0.89 meq
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of MV2*, Therefore with complete adsorption, MV2* accounted for 2.0 x 1074 eq./g/8.9
x 1074 eq./g = 0.225 or 22.5% of the clay CEC.

Figure 39 shows the absorption spectra of MV2* adsorbed in montmorillonite and
hectorite for different ratios MV2+/clay, for the cases where this ratio was larger than
100% CEC. In these cases both free and bound MV2* cations were present simultaneous-
ly. In both clays, a gradual shift of \ .. was noted, from 257.5 nm in water to approxi-
mately 280 nm in montmorillonite and 275 nm in hectorite, as the cation to clay ratio
decreased. Isosbestic points were observed at 268 nm in montmorillonite and at 273 nm
in hectorite.

The absorption spectra _for the mixtures in which the ratio MV2+/c1ay was less than
100% of the CEC are shown in figures 40 and 41. The first observation made was that
in both clays the intensity of the band appeared to increase with the decrease in the cation
to clay ratio. In hectorite, ¢ changed from 25,000 M‘lcm'1 at 90% CEC to 32,000
Mleml at 5.6% CEC, while in montmorillonite it increased from 18,000 Mlem? at
90% CEC up to 34,000 M1cm™ at 2.2% CEC. Note that in montmorillonite this varia-
tion was not regular, at 45% CEC, ¢ was larger than at 30% CEC. There was no change
in the shape of the band or shift in their maxima. Further the absorbance of the mix-
tures did not reach zero at 400 nm, where MV 2+ did not absorb light, especially in the
case where the ratio of cation to the clay was large (see figures 40 and 41).

The variation in ¢ was not large considering the experimental error. With [MVZ2*]
=20 x 10'6M, the observed variation of ¢ from 25,000 to 32,000 M‘lcm"1 corresponded
to a variation of the absorbance of 0.050 to 0.064, which was not large if one considers
the turbidity of the clay suspensions. This turbidity could be estimated by measuring the
absorbance of the blank (i.e. no MV2+). For example in hectorite and montmorillonite at
14% and 15% CEC the concentrations of the clays were 0.040 and 0.030 g/L respectively.
The absorbancies at 270 nm with respect to water of these two suspensions were 0.138

and 0.178.
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Figure 39 Absorption spectra of MV2* in clays vs. MV2+/clay tio for the ratios

larger than 100% CEC. (A) in montmorillonite, MV*/Mont. = 1) in
water, 2) 550% CEC,_3) 190% CEC, 4) 140% CEC and 5) 100% CEC.
(B) in hectorite, MV2*/Hect. = 1) in water, 2) 570% CEC, 3) 290%
CECQ 4) 200% CEC and 5) 150% CEC. In all cases the concentration of
MV“* was constant (1.0 x 10™°M).
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Figure 40 Absorption spectra of MVv2+ adsorbed op hectorite vs. MV 2+/clay ratio.
for 5he ratios less than 100% CEC. [MV“*] was constant at 2.0 x 10~ M,
MV4t/Hect. = 1) 5.6% CEC, 2) 14% CEC, 3) 28% CEC, 4) 56% CEC and

5) 92% CEC.
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Absorption spectra of MV2+ in montmorillonite vs. MV2+/clay ratio.
for the case Wlicre this ratio was less than 100%, g.n all ca23es the concen-
tration of MV2* was kept constant at 2.0 x 10°°M, MV*/Mont. = 1)
2.2% CEC, 2) 15% CEC, 3) 30% CEC, 4) 45% CEC and 5) 90% CEC.
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An estimate of the relative value of ¢ in the two clays could be obtained from the

comparison of two similar situations. The extinction coefficients were 28,000 M~ lem1

at
280 nm (curve 2 of figure 41), at 15% CEC in montmorillonite and 30,000 M1lem1 at
275 nm (curve 2 of figure 40) at 14% CEC in hectorite.

Finally, the absorption spectrum of MVZ* (5.0 x 10°M) bound to the micelle SDS
(1.0 x 1074M) was recorded. X max Shifts to 265 nm but the molar extinction coefficient
remained the same as in water, 20,000 M~ 1em-1130

9.3 UV-Visible Absorption Spectrum of Ru( bpy)32+ Intercalated in Hectorite and

Montmorillonite.

The absorption spectra of Ru(bpy):,‘2+ intercalated in hectorite and montmorillonite
were measured. Figure 42 shows the metal to ligand charge transfer band (MLCT) of this
complex in water, montmorillonite and hectorite. In agreement with previous reports
*max shifted from 452 nm in water to about 470 nm in the clays.lso In hectorite the
molar extinction coefficient at 470 nm, 20,400 Mlcm'l, was also in agreement with the
value reported in the literature. In montmorillonite it was lower than expected, only
15,100 M lem™1,

The spectra of Ru(bpy)32+ in montmorillonite and hectorite were also measured at
different values of the Ru(bpy)32+/clay ratio. Once again some small variations of inten-
sity were found at the various ratios. In hectorite when the ratio Ru(bpy)32+/clay varied
from 10% to 90 %CEC, ¢ decreased irregularly from 20,400 to 16,700 M'lcm'l. In mont-
morillonite the change was smaller, : was 15,100 M lem1 at 8% CEC and decreased irreg-
ularly to 13,000 M lem™ at 85% CEC. The average in hectorite was 18,200 Mlem at
467 nm and in montmorillonite it was 14,200 M'lcm’1 at 474 nm. There was no visible

change in the band shape or shift in *max With changes in the Ru(bpy)32+/clay Tatio.
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Figure 42: Absorption spectra of Ru(bpy)s2t. (1.0 x 10°5M) in A) water B) mont-

morillonite (0.30 g/L, 8.0% CEC) and C) hectorite (0.30 g/L, 10% CEC).
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9.4 Fluorescence of Clay Intercalated Methylviologen.

9.4.1 Fluorescence Spectra.

To the best of our knowledge, the fluorescence of MV2+ has not been previously
reported under any conditions. The emission of light, near S00 nm, found in solutions of
this cation has now been attributed to a fluorescent impurity.185 No emission in the 300
to 400 nm region has ever been observed. In fact this cation was reported to be non-
fluorescent in water.184

Despite this, a study of the effect of the presence of clay minerals on the fluores-
cence of MV2* was undertaken. When MV2* was intercalated in montmorillonite or hec-
torite a distinct fluorescence could readily be observed.132

In figure 43, the emission spectrum of MV2* in montmorillonite is shown. The
emission maximum was at 330 nm and the quantum yield, measured using NATA
(N-acetyl-L-tryptophanamide)161 as standard was 0.014. The fluorescence of MVZ* in
water at the same concentration was barely detectable, the maximum occurred at 345 nm
and the quantum yield was estimated to be less than 0.001. To check that the fluores-
cence in water or clays was not due to an impurity the MV2* cation was purified by two
successive recrystallizations from methanol. It had no effect on the observed light emis-
sion.

The fluorescence of MV2t was also measured in two other clays minerals, hectorite
and nontronite. The intensity of fluorescence observed was seen to depend on the iron
content of the clay. Table 19 shows that in hectorite, which contained almost no iron,
the intensity was 10 time greater than that in montmorillonite, while no fluorescence
could be detected in the presence of the iron rich clay nontronite. Finally, negligible
fluorescence was observed when MV2* (5.0 x 10°M) was adsorbed into SDS (1.0 x
10"4M) micelles.
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Corrected fluorescence spectra (%,, = 285 nm) of MV2*, 5 x 10°M.  a)
Adsorbed on montmorillonite (625 g/L, 4.5% CEC) and b) in water at
room temperature and pH 7. The spectrum (b) in aqueous solution was
recorded at a sensitivity which was 10 x greater than for spectrum (a).
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Table 19 Fluorescence intensity of MV2+ in smectites of different iron
content.
Clay %Fe,0z MV3*/clay Fluor. Int.
(%CEC) ATb. Unit
Hectorite 0.37 5.6 640
Montmorillonite 4.17 4.5 43
Nontronite 32.3 4.2 -—

Fluorwce%ce intensity at 330 nm following excitation at 285 nm of a solution
5.0 x 10°°M in MV“* in the presence of 0.25 g/L of the clay.

The fluorescence emission and excitation spectra of MV2* intercalated in hectorite
and montmorillonite are compared in figures 44 and 45. Except for the fact that the
intensity in hectorite was more than ten times larger than in montmorillonite, the two
emission spectra are very similar. The emission maxima were at 330 nm and 326 nm in
montmorillonite and hectorite respectively.

The two excitation spectra were also similar in shape. Their maxima were 274 nm
in hectorite and 275 nm in montmorillonite. Again the intensity was more than ten times
larger in hectorite. Further, comparison with figures 40 (curve 1) and 41 (curve 1)
showed that the two excitation spectra were also very similar in shape to the correspond-
ing absorption spectra. In hectorite the excitation spectrum was also recorded for two dif-
ferent emission wavelengths (see figure 46) and at several values of the MV2+/c1ay ratio
(see figure 47). In all cases the spectra had the same shape and only the intensity varied.
All these results indicated that there was either one fluorescing species, or that all the

fluorescing species had the same spectra.
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Figure 44: Corrected fluorescence emission spectra (x__ = 270 nm) of w2t (1.0 x 10~%M) intercalated in a)

hectorite (0.050 g/L, 5.6% CEC); b) montmori1lonite (0.100 g/L, 2.2% CEC). The spectrum b) was
recorded at a sensitivity which was 10 x greater than that for spectrum a).
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Figure 45: Fluorescence excitation spectra ( = 350 nm) of MVS" (1.0 x 10~ M), intercalated in (a)

hectorite (0.050 g/L, 5.6% CEC); ( ST montmor1]10n1te (0.100 g/L, 2.2% CEC). The spectrum (b) =~
was recorded at a sensitivity which was 10 x greater than that for spectrum (&). R
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Fluorescence excitation spectra of MV2+ (2.0 x 10'6
2.8% CEC) for two different emission wavelenghts, a) 325 nm and b) 350 nm.
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Figure 47:  Fluorescence exc}iation spectra (Ae = 350 nm) of MV2+ (1.0 x 10'6M), intencalated in hectorite
for different MV“"/clay ratios, a) B.6% CEC, b) 13.9% CEC, c) 27.7% CEC, d) 46.3% CEC, e) 92.6%
CEC and f) 185% CEC.
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9.4.2

Fluorescence Intensity as a Function of the MV2+ 1o Clay Ratio.

147

The fluorescence of MV 2+ intercalated into hectorite and montmorillonite was meas-

ured as a function of the cation to clay ratio. As seen in figures 48 and 49, in both clays

the intensity of the emitted light was observed to depend on this ratio.

Table 20: Variation of the fluorescence intensity with the ratio MV2+/c1ay
in montmorillonite.

Mv3+/clay clay/Mvet Fluor. Int.

-~ (%CEC) (g/mole) ATb. TUnit
0.28 8.0 x 1079 58 + 10"
0.37 6.0 x 1079 49 £ 10
0.55, 4.0 x 1079 57 + 10
1.1 2.0 x 1079 58 + 5
1.9 1.2 x 1079 65 £+ 5
2.2 1.0 x 1079 73 £+ 5
4.5 0.5 x 1079 81 + 5

* The large_error margin on the fluorescence intensity was due to the need to
reduce [}4}’2"'] so as not to have to increase [clay] and render the mixture too
opaque. First point of figure 48.

In montmorillonite the intensity of fluorescence increased as the ratio increased from

1.1% CEC to 15% CEC. With further increase in the ratio, the intensity decreased nearly

linearly. In hectorite the fluorescence intensity was largest at the lower ratios. With an

increase in the ratio, it fell rapidly at first and then more slowly.

The variation of the intensity was further studied at very low MV2+/c1ay ratios in

montmorillonite. The decrease in intensity was observed to level off at MV2+/c1ay ratios

of less than 1% CEC. (see table 20)
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Figure 48: Fluorescence intensity of MV2+ intercalated inimontmorillonite vs. MV2+/c1ay ratio. Aoy = 270 nm
A = 330 nm, the concentration of methylviologen was constant at 1.0 x 10'6M and the clay

14

em
concentration was varied from 0.200 to 0.002 g/L.



80—

60—

20—

1 ! 1 L ] 1 1 1 | 1 1 3

Figure 49:

10 30 50 70 90 110
% C.E.C.

Fluorescence intensity of MV2+ intercalated in hectorite vs. MV2+/c]ay ratio. Nex =
270 nm, Nem = 330 nm, the concentration of methylviologen was constant at 1.0 x 10'6M

and the clay concentration was varied from 0.200 to 0.0025 g/L.
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9.4.3 Fluorescence Anisotropy.

The anisotropy of the fluorescence of MV 2+ jntercalated in hectorite was studied.
In practice when one measures the anisotropy one must correct for the response of the
instrument, which is different for vertically and horizontally polarized light. This instru-

ment correction factor, G, is given by equation 47.

Iiyy is the intensity when both polarizer are oriented horizontally and Iy, is the intensi-
ty when excitation is with horizontally polarizer light and the emission is observed
through a vertically oriented polarizer. G should be the same for all samples at a given
set of excitation and emission wavelengths. The value of the anisotropy is given by a

modified equation 38161

r = [Iyy - GygGWiyy + yyG] [48]

Iy is the intensity when both polarizers are oriented vertically and Iyyy is the intensity
when the emitted light is measured through an horizontally oriented polarizer.

The value of G was observed to vary with the MV2*/clay ratios, going from 1.07
at 6.9% CEC to 1.33 at 93% CEC. This was thought to be due to light scattering. The
anisotropy was therefore measured as a function of the absorbance at 270 nm of the blank
(no MV2+) clay suspensions, to obtain r’ via equation 42.176 177 (gee section 8.3) The
value of G (0.91) used in the calculation of Iops Was the one obtained using NATA in
water. NATA was used because it had similar excitation and emission wavelengths, its
emission was not polarized and it did not scatter light.

The expected decrease in the observed anisotropy, predicted by Tealer76 was not

found. Within experimental error the value of r’, the anisotropy obtained by extrapola-
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tion to zero turbidity (see equation 42), was the same as the average of the values of Tobs'

The values of the anisotropy given in the remainder of this section refer to this average of

the l'obs.

Table 21: Anisotropy as a function of the MV2+/c1ay ratio.

MV2*/clay (%CEC) Anisotropy T
3.9 0.068 £+ 0.005
6.9 0.065 £ 0.005
14 0.071 £+ 0.005
28 0.087 + 0.005
57 0.114 = 0.005
69 0.115 £ 0.010
83 0.120 £ 0.010
93 0.121 += 0.010
99 0.110 +£0.010

Excitation 270 nm, emission 330 nm, [MV2+] =50x 10'6M, G = 0.91 measured
with a sample of NATA in water.

The fluorescence anisotropy was measured as a function of the ratio MV2+/c1ay.
The results are shown in table 21 and are plotted in figure 50. The anisotropy was found
to increase as the ratio increased, until a plateau was reached at approximately 50% CEC.
The same variation was found for MV2" intercalated in montmorillonite. In fact the ani-
sotropy variation was larger in montmorillonite. It went from 0.08 at 3.1% up to 0.19 at
90% CEC. Because of the much lower intensity of the fluorescence, a complete study was
not done in montmorillonite.

The anisotropy of the fluorescence of MV2* in hectorite was also studied as a func-
tion of the temperature. It was difficult to obtain reproducible results because of the sam-

ples’ turbidity. The anisotropy was found to be temperature independent between 2 and
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Figure 50: Fluorescence anisotropy as a function of the MV2+/hector1te ratio. Ae = 270 nm, Aem

330 nm, the concentration of methylviologen was constant at 5.0 x 10 °M and the clay
cohcentration was varied from 0.360 to 0.014 g/L.
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60°C within the error limits of the measurements (+10%). Finally it was observed that,
at large MV2+/clay ratio, the value of the anisotropy decreased as the sample aged. For
example at 69% CEC, r decreased from 0.145 immediately after preparation to 0.115 3
hours after preparation, where it stabilized. At low MV2+/clay ratio this was not the

case. At 6.9% CEC for example r was time independent.

9.4.4 Fluorescence Lifetimes.

The fluorescence decay time of MV2t intercalated into the two clays was measured
at different values of the MV2+/clay ratio. The results are summarized in tables 22 and
23.” In figure 51 A, curve 1) is a typical example of the log of the fluorescence decay of
MV2* in hectorite and curve 2) is a typical instrument response function measured at the
excitation wavelength used. In figure 51 B and C the residual plots for the best fit expo-
nential functions are shown.

In montmorillonite, the best fit of the fluorescence decay was obtained with a sum
of three exponential components (see figure 51). Except for the result at a MV2*/clay
ratio of 11.2% CEC, which was not consistent with the others, the three lifetimes were
found to be independent of the cation to clay ratio. Even more surprisingly the relative
contributions, F;, of the exponentials to the total fluorescence intensity were also indepen-
dent of the MV2+/c1ay ratio.

All three lifetimes were shorter than one nanosecond. The longest was 0.95 nsec
and its contribution to the fluorescence intensity was 0.41." The second was shorter, 0.37
nsec, but it made a larger contribution to the fluorescence, 0.50. Finally the third was

extremely short, 0.078 nsec and it contribution to the fluorescence was only 0.10.

* The results at MV2+/clay ratio of 11.2% CEC were not used in the calculation of the
average lifetimes or contributions.



Normalized counts

Figure 51A

z
3

E
100
103
B L
0 12

time (ns)
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double exponential decay function.
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refauve contribution to the fluorescence intensity, given by oyt./Taz,
bm<3+om§

are the pre-exponential factors. Errors were for =; + 0.01, 75 +

andF + 0.01

Table 22 The "best fit” decay lifetimes of fluorescence of MV2+ intercalat-
ed in montmorillonite.
2+

MV<T/clay *; nsec (F;) <5 nsec (F,) t. ngec (Fz)

(%CEC) 2 2 8 S
3.1 0.93 (0.41) | 0.37 (0.50) | 0.083 (0.10)
5.6 0.91 (0.43) 0.37 (0.48) 0.084 (0.10)
11.2 1.02 (0.32) 0.45 (0.52) 0.135 (0.15)
22.4 0.94 (0.41) 0.37 (0.50) 0.071 (0.10)
45 0.94 (0.42) 0.35 (0.49) 0.064 (0.09)
64 0.95 (0.40) | 0.37 (0.50) | o.o77 (0.10)
90 0.95 (0.38) 0.37 (0.50) 0.089 (0.12)

= 295 nm, ) = 340 nm. At = 0.0108 nsec/ch, < is the lifetime and F the

where a;

Table 23:

The “best fit” decay lifetimes of fluorescence of MV2+ intercalat-

ed in hectorite.

2+
MV<T/clay = nsec (F;) 5 nsec (Fy) *z nsec (Fg)

(%CEC) 1
3.9 4.37 (0.90) 1.38 (0.10) |  -———-
9.9 4.26 (0.92) 1.19 (0.08) |  ———--

17.4 4.12 (0.93) 1.00 (0.07) | -———-

28 4.06 (0.93) 1.07 (o0.07?) | « ————-

56 3.80 (o.gé) 1.00 (0.09) |  -—=——-

93 3.50 (0.79) 1.12 (0.11) | 0.023 (0.01)
= 295 nm, ) = 340 nm. At = 0.0108 nsec/ch, < is the lifetime and F the

reﬁtlve contribution to the fluorescence intensity. FErrors were for - +0.01 and

F; + 0.01.
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In hectorite, the best fit of the fluorescence decay was obtained with a sum of two
exponential components, (see figures 51 and 52) except at the ratio MV2+/c1ay of 93%
CEC, where three exponentials were required. Here the lifetimes were not independent of
the MV2+/c1ay ratio. The first lifetime decreased from 4.37 nsec at 3.9% CEC to 3.50
nsec at 93% CEC. (see table 23) The second lifetime also decreased, but not as regularly
with increase of the MV2*/clay ratio. At the ratio of 93% CEC a third lifetime was
found, 0.023 nsec, It had a very small contribution to the fluorescence intensity of only

0.01. Also, in hectorite the decay parameters were highly correlated.



CHAPTER X

DISCUSSION.

10.1 The Fluorescence of MV?t in Water.

Recently, Mv2+ was reported to form fluorescent ion pairs with a variety of
anions.187 188 These complexes were found to have excitation and emission spectra that
were independent of the anion present. Their emission spectra wefe centered around 520
nm and their excitation spectra were centered around 400 nm. This green fluorescence
was not observed when the MV2* cation was excited to its singlet excited state by illumi-
nation at 280 nm.189 190

It has now been shown conclusively that this emission was due to a strongly
fluorescent impurity, and not to the MV2t cation.185 189 This was shown first of all
by the fact that the intensity of the emission was dependent on the history of the Mv2+
sample. In particular a freshly prepared solution did not emit.190 Further, such a freshly
prepared solution of Mv2+ began to emit green light after exposure to ultraviolet light.
Further, the emission has now been observed in the absence of added anions.135 The
emission was therefore attributed to an impurity, formed by the decay of MV2+ upon its
irradiation with ultraviolet light.190

Emission from the singlet state of MV2t was recently 1'¢:investigated.195 The
authors concluded that the quantum yield of fluorescence of this cation had to be less than
10'4, since they were not able to detect any fluorescence. To the best of our knowledge
no fluorescence attributed to the transition from the singlet excited state of the MV 2+ has

ever been reported. In aqueous solution, this cation is considered to be non-fluorescent.184

186
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Yet, as shown in figure 43, we were able to detect a very weak fluorescence of

MV 2+ in water. This barely detectable emission persisted even after two recrystallizations

of the cation from hot methanol, showing that it was probably not due to an impurity.

By comparison with the fluorescence of clay intercalated MV2+, the quantum yield, which
was too low to be measured reliably, was estimated to be approximately 3 x 1074, 182

In our hands, the fluorescence in water was extremely weak, if it was detectable at

all. As shown in figure 43, we found that the fluorescence of MV2+ was significantly

enhanced when it was in the presence of clay minerals. In this chapter, this emission is

described and we attempt to show how intercalation of MV2+ may lead to such a dramatic

increase of the fluorescence.
10.2  Fluorescence of Clay Intercalated Methylviologen.

An enhancement of the fluorescence of MV2t was observed when the cation was in
the presence of two expandable clay minerals, montmorillonite and hectorite. The emis-
sion spectra were similar in shape in both clays. The emission maxima were 330 and 327
nm, respectively, in montmorillonite and hectorite.

In hectorite, the fluorescence intensity was more than ten time higher than in
montmorillonite. This was attributed to the presence of larger amounts of structural iron
in montmorillonite than in hectorite. Table 19 showed that the intensity of the fluores-
cence of MV2* in the presence of three clay minerals, hectorite, montmorillonite and non-
tronite correlated well with the iron content of the clays. The lower intensity found in
montmorillonite bound MV2* and the absence of fluorescence in the presence of iron rich
nontronite was therefore attributed to quenching of the excited MV?2* cations by structur-
al iron. This was in accord with what was found when the effect of the clay iron con-

tent on the intensity of the light emitted by intercalated Ru(bpy):;2+ was studied.150 181
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The excitation spectra were similar in shape in both clays. They were also found to
be superimposable on the absorption spectra of MV2* in the two clays. Further, all spec-
tral evidence showed that all the adsorbed MV2* cations have the same absorption spec-
trum and the same fluorescence spectrum.

The absorption spectra of MV2* bound to montmorillonite and hectorite (figures 38
to 41) can be discussed in the following terms. The red shift was reported previously for
MV2* in montmorillonite.138 183 It was attributed to cither a charge transfer complex
between the cation and the clay or to conformational changes induced by the intercalation
of the cation. Charge transfer processes with aromatic nuclei are known to cause shifts in
the ultraviolet spectra of molecules. The shift in MV 2+ clay complexes were analogous to
the shifts observed for several ion pairs formed by the association of MV2t with
anions.192 Furthermore, attributing the observed shift of the absorbance maximum of
clay bound MV2+ to a charge transfer process between the siloxane surface and the bipyri-
dyl nuclei, allowed a similar interpretation of the analogous shift of the MLCT band of
clay adsorbed Ru(bpy)32* (see figure 42).

Alternatively, the shift could be due to a change in configuration of the adsorbed
cation. In aqueous solution, MV2* can rotate about the single bond joining its two pyri-
dinium rings. But in the clay interlayer spaces, as we saw in chapter 7, MV2* was con-
strained into a planar conﬂguration.134 138 139 pe position of 3. .. in the presence of
clay minerals was similar to the absorption maximum found for solid MVCl,, 285
nm,193 and it is known that in solid MVCl,, the MV2* cation adopts a planar configura-
tion.143  Further, although it has a more rigid conformation, diquat in water is not pla-
nar.'47  When it was intercalated into clays, diquat assumed a flatten configuration.l?’8
139 Its absorbance maximum was also shifted to the red by intercalation, but by a small-
er amount than MV2*, The red absorbance shift has also been reported to be much small-

er when MV2t was intercalated into vermiculite.138 This was attributed to a greater
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conformational flexibility of the cation in the interlayer spaces of this clay. As we saw
in chapter 7, the intercalation of MVZ* in vermiculite did not cause the collapse of the
clay. The interlayer spacings of a wet MV 2+ vermiculite complex were 5 :& compared to 3
X for MV2t in montmorillonite.

All the UV-Visible results showed that all the adsorbed MV2* cations have the
same absorption spectrum. The presence of isosbestic points in the spectra of MV 2+ for
the cases in which the MV2*/clay ratios are larger than 100% CEC (see figure 39) is indi-
cative that there are only two spectral species, one for free MV 2+ and one for bound
MV2+, Figures 40 and 41 show that the spectrum of bound MV2* did not change with
the ratio MV2%/clay, when this ratio was less than 100% CEC. The shape and the posi-
tion of the band were independent of the MV2+/c1ay ratio in both clays. The apparent
increase in the intensity of the bands was attributed not to the presence of more than one
species having distinct absorption spectra, but to differences in size and shape of the clay
particles between the reference and the sample clay suspensions. The presence of the
MV2t cation in the sample affected the clay suspension in such a way that a suspension
of Ca2t exchanged clay was not a proper blank for recording the absorption spectrum of
Mv2+ exchanged clay. A study of Mv2+ exchanged montmorillonite by scanning electron
microscopy (see chapter 12) showed that the presence of the organic cation had an effect
on the configuration of the clay particles. Therefore, the increase in the intensity of the
absorption band of clay intercalated MV2* was assumed to be due to alteration of the
properties of the clay suspension, resulting in changes in the light scattering power or the
degree of aggregation of the clay particles. Some evidence that this was indeed the case
was provided by the observation that the absorbance of the mixtures, especially at high
ratios did not go to zero at 400 nm, where MV2+ did not absorb light.

Similarly, the independence of the excitation spectra on the emission wavelength and
the MV2+/clay ratio, shown in figures 46 and 47, showed that either there was only one

fluorescing species, or that all fluorescing species have the same fluorescence spectrum.
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10.3  Origin of the Fluorescence of Intercalated Methylviologen.

The observed enhancement of the fluorescence of intercalated MV2+ may originate
from several phenomena.

One is a reduction of the quenching by the chloride counter ions. Intercalated
MV2* cation would be shielded from the counter ion by the clay layers. MVZ2* and
4,4’-bipyridine were nonfluorescent in aqueous solution. Yet their derivatives
1,1°,2,2°,6,6’-hexamethyl-4,4’-bipyridine dication and 2,2’,6,6™-tetramethyl-4,4’-bipyridine

were fluorwcent.lgo

This was attributed to shielding of the cations from deactivation by
interaction with the counter anions, due to steric hindrance resulting from the presence of
the methyl groups.190 Adsorption of the cation was expected to isolate MV2* from the
chloride counter ion much more efficiently. Such a protection of an adsorbed chromo-
phore was invoked to account for the low efficiency of the quenching of excited
Ru(bpy)32+ by oxygen when Ru(bpy)32+ was adsorbed on polymerized 8102.164 An
argument against reduced quenching by the counter ion as the main reason for the increase
in fluorescence was that in such dilute solutions (10°M) quenching by the chloride was
not expected to be so efficient as to preclude the detection of any fluorescence.

Some entropy was lost upon intercalation of MV2+, especially since it caused the
collapse of the clay stacks.138 Its apparent diffusion coefficient, the sum of contributions
from the lateral diffusion and from electron exchange (hopping) between adjacent sites was
estimated to be 9.0 x 10°12 cm2/5.140 Essentially the cations were immobile in the clay
on a nanosecond time scale. This would preclude diffusional self-quenching of the MVv2+
cations and could account for part of the increase in fluorescence. But, once again, because
of the low concentration, reduced self quenching was not expected to be a major factor.

As mentioned in the previous section, the intercalation of MV2* had an effect on

the configuration of the cation. In water MV 2+ is not planar, and there is some rotation-
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al freedom around the single bond linking the two pyridinium rings. Intercalated Mv2+
has been shown to adopt a planar con.figuration.138 139 The interlayer spacings of inter-
calated MV2* were only 3.0 A (see tables 16 and 17). Rotation around the single bond
linking the two pyridinium rings would therefore be restricted. We propose that this
reduced rotational flexibility reduces the efficiency of the nonradiative deactivation pro-
cesses. The importance of the conformational flexibility of MV 2+ in fluorescence deactiva-
tion processes was shown principally by the fact that the conformationally rigid viologen
derivative, diquat (1,1’-ethylene-2,2’-bipyridinium dichloride, see figure 35) was fluorescent
in water.184 In diquat, rotations around the single bond linking the two pyridinium
rings are blocked by the ion’s ethylene bridge,147 and the cation fluorescence can be
observed in water.184 In intercalated MV2+, these rotations are blocked by the clay lay-
ers, and the cation fluorescence can be observed in clay suspensions. Another argument
for this explanation was our observation that MV2* adsorbed in the micelle SDS did not
fluoresce. Unlike in clays, MV2+ adsorbed on the surface of SDS retained much of its
conformational flexibility. This was supported by the smaller red shift of the MV2*
absorption maximum observed when the cation was adsorbed in the micelle compared to
clays, from 257.5 to only 265 nm. MV2+ did not adopt a rigid planar configuration in
the micelle and therefore it did not fluoresce.

Alternatively, the absence of fluorescence when MV2* in the SDS micelle could be
due to the fact that since the cation was adsorbed on the outside surface, it was still
exposed to the solvent, and MV 2+ was non-fluorescent in water because of solvent
quenching. Reduced quenching by water was used for example, to account for the increase
of the fluorescence of 2-p-toluidinyl-6-naphthalene sulfonate when it was bound to pro-
teins.191 The fluorescence in clay minerals may be due to a shielding of MV2t from
quenching by the solvent. Such a protection from quenching by the solvent was invoked

to account for the very long lifetime of the phosphorescence of Ru(bpy)32+ in polymer-
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ized silica.164 The intercalation of MV2* would remove the cation from a water envi-
ronment since, as we saw in chapter 7, intercalation of MV 2+ in montmorillonite resulted
in the displacement of most of the interlayer water. Even if some water molecules
remained in the interlayer spaces of the clay, the immobilization of the cation and of
these adsorbed water molecules could still result in a reduction of the efficiency of the

quenching.

10.4  Effect of the MV2+/c1ay Ratio on the Fluorescence of Clay Intercalated
Methylviologen.

The intensity and the lifetime of the fluorescence of MV2+ intercalated in clays
were studied as a function of the cation to clay ratio.

The most surprising results obtained in the study of the lifetime of the fluorescence
was the independence of the decay time on the cation to clay ratio. In montmorillonite
the decay of the fluorescence of adsorbed MV2* was fit to the sum of three exponentials
(see table 22). In hectorite, except at a ratio of 93% CEC the decay of the fluorescence
intensity was best fit to a sum of two exponentials (see table 23). In both clays, the life-
times, 7; and the relative contributions to the fluorescence intensity, F;, did not change
with the cation to clay ratio. Therefore, we do not believe that the decay times represent
distinct adsorption sites for MV2* in the clays. If we assume that there were two or
three fluorescing species in hectorite and montmorillonite respectively, then the fact that
the relative contributions to the fluorescence intensity were constant with variation of the
%CEC would require that they all had the same binding constant with the clays. Then
their relative populations would remain constant, irrespective of the MV2+/clay ratio. We

do not consider that this was likely.
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Hence, the postulation of several fluorescing species cannot be used to explain the
variation of the fluorescence intensity with the %CEC shown in figures 48 and 49. If the
relative populations of the sites were independent of the cation to clay ratio, so too would
the intensity of the fluorescence.

According to equation 46, the quantum yield of fluorescence is directly proportional
to the lifetime, if the lifetime is constant, then &, must be constant. Further since we
found that the relative contributions to the fluorescence were independent of the %CEC
then, according to equation 36, the only way I¢ could vary whendy did not, was a varia-
tion of the concentration of the fluorescing species. In order to interpret the variation of
the fluorescence intensity shown in figurgs 48 and 49, we have to take into account non-
fluorescent component, whose concentration was not constant.

The results in hectorite, (figure 49) showed that the intensity was highest at low
CEC. With increased %CEC, the intensity fell, rapidly at first and then more slowly.
There appeared be a break in the curve at near 20% CEC. It is suggested that there were
two factors that could account for this decrease. The first was self-quenching of the
fluorescence of adsorbed MV2+, and the second was that with an increase in the %CEC
there was a gradual increase of the population of a non-fluorescent binding site.

At low %CEC self-quenching was inefficient because of the large distance between
the adsorbed cations. For example in hectorite at a ratio of 3% CEC the average distance
between two MV2* was almost 70 A, while at 100% CEC it was less than 15 A" The
variation of the average distance between two adsorbed MV2*+ cations in hectorite as a
function of the cation to clay ratio is shown in figure 52. In the first case (curve A) all
the MV2+ were assumed to be intercalated, with no cations on the clay external surfaces,

while in the second case (curve B) a uniform distribution of the cations on both the inter-

* The average distance between the center of two %tions assuming a uniform distribu-
tion of the cations on the surfaces, taking 750 m“/g as the surface area of the clay,
150 m2/g as the external surface area of the clay and 0.72 meq/g as 100% CEC. (see
figure 52)
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Figure 52 Average distance between two adsorbed MVZ* in hectorite as a function

of the CEC. A) Calculated assuming that all of the cations were interca-
lated. B) Calculated assuming that the cation were evenly distributed in
the interlayer and on the external surfaces of the clay. (the external sur-
faces were afsumed to account for 20% of the total surface area of the
clay, 150 m“/g out of 750 m“ /g.)
nal and external surfaces was assumed. Both curves are similar in shape. The “real” situ-
ation was probably a gradual change from curve A at low %CEC to curve B at large
%CEC. Notice the similarity of these curves to the one shown in figure 49 for the varia-
tion of the fluorescence intensity of MV 2+ in hectorite as a function of the %CEC. The
decrease of the fluorescence intensity with increase in the cation to clay ratio could there-
fore be attributed to self-quenching of the intercalated cation. Since the average distance
decreased much more rapidly at low %CEC, this explanation account for the break in the
curve of figure 49.

The decrease of the fluorescence intensity could also be due to the existence of a

non-fluorescent site. In chapter 7 we postulated that at 100% CEC approximately 20% of
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the adsorbed MV2+ cations were adsorbed on the clay external surfaces, while the remain-
ing 80% were intercalated. Since surface adsorbed MV2* were not isolated from the sol-
vent and retained some rotational flexibility, they were expected to be non-fluorescent.
The decrease in the fluorescence intensity may therefore be due to an increasing proportion
of externally adsorbed non-fluorescent cation with increasing cation to clay ratio. But, in
chapter 7 we have established that the intercalation of MVv2+ was preferred, by far, over
its surface adsorption. If the observed decrease in the fluorescence intensity was due only
to an increasing fraction of surface adsorbed cations, then it would be expected that the
curvature would be reversed from the one found in figure 49. The proportion of surface
adsorbed cation would be expected to increase slowly at first (or not at all) at low %CEC,
and then more rapidly at high %CEC. The fluorescence intensity variation in hectorite
was the reverse of this, at low %CEC it decreased rapidly, while at high %CEC the
decrease was slower.

This was for the case in which the ratio of external to internal surface area did not
change with the %CEC. Increase in the population of adsorbed cation on the clay external
surface alone cannot explain the results of figure 49. But there may be change in the
structure of the clay with variation of the cation to clay ratio. For example, since the
concentration of MV 2+ used for the measurements was constant, at low ratio MV2+/c1ay,
high concentrations of clay were required. At these higher concentration of clay the
degree of aggregation of the clay is known to be largc:r.1 66 The ratio of internal to exter-
nal surface area was high. The cation has therefore a greater probability of being interca-
lated as opposed to be only adsorbed on the external surfaces. As the ratio MV2+/clay
increased more and more of the MV2t was adsorbed on the outside surfaces of the clay
since the decrease of the clay concentration led to a greater dispersion of the clay and
therefore to larger ratio of external to internal surface area. This could explain why the

decrease in fluorescence intensity was largest at low %CEC.
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In montmorillonite the results were different. (see figure 48) A likely interpretation
for the decrease of fluorescence intensity at ratios less then 15% CEC is the static quench-
ing by structural iron of a fraction of the adsorbed MV2*. The MV2* cations were ini-
tially adsorbed in a non-fluorescent site, possibly in close proximity to an iron atom in
the clay tetrahedral sheet (see section 2.2). Iron is in much higher concentration in mont-
morillonite than in hectorite (see table 19). The low but constant fluorescence found at
less than 1% CEC (see table 20) was due to the fraction of the cation not quenched by the
iron. As the MV 2"'/clay ratio increased, these iron sites became saturated and the fraction
of adsorbed MV2* not quenched increased giving rise to the observed increase in the
fluorescence intensity. A maximum was reached at 15% CEC, presumably at the point at
which the other factors, self-quenching and increasing fraction of the cation adsorbed on
the external surfaces became more important. The intensity then started to fall.

The fluorescence decay results support the above interpretation. Since a MV2* mol-
ecule bound very close to an Fe atom would be non-fluorescent, it would not be detected
in the fluorescence decay experiment either. Because there was no variation in the decay
or fractional fluorescence with the %CEC, the three components may correspond to MV2t
cation intercalated in the lattice that vary only in their relationship to structural iron.
For example, the long lifetime component would correspond to a 40% fraction of MV 2+
which was furthest removed from Fe sites. The short decay component would represent
10% of the population which was quite close to an iron atom. The intermediate compo-
nent then would represent 50% of the MV 2+ cations which were at intermediate positions.
In other words the different lifetimes could be a function of the number of iron quenchers
in a particular radius around the adsorbed cations.181

The above interpretation suggest that a distribution function would better account
for the decay behavior. While the fluorescence decay data was fit to three discrete expo-

nential components they may not represent discrete fluorescing species. Rather the fit
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may only be a mathematical fit of population distribution function. Evidence for the
presence of a distribution function rather than distinct species was suggested by inspection
of the correlation matrix of the decay parameters. The decay parameters were highly corre-
lated. This can be considered to be evidence that the data represented fit a distribution

function.
10.5 The Anisotropy of the Fluorescence of Clay Intercalated Methylviologen.

The variation of the anisotropy of the fluorescence of MV?2* intercalated in hector-
ite as a function of MV2+/clay ratio is shown in figure 50. Clearly there were two states
of flexibility in the clay. At low ratio the cations had more rotational flexibility. As the
ratio increased, the anisotropy increased until a plateau was reached at about 50% CEC.
This correlated well with the collapse of the clay layer that is known to occur upon the
intercalation of MV2+.138 139 (gee chapter 7) At low %CEC, the clay layers could be
assumed not to have collapsed since there was insufficient intercalated MV2*, In this case
the cations retained a greater degree of rotational flexibility. On the other hand, at high
M'V2+/c1ay ratios, the energy gained by the adsorption of MV2t was large enough to deh-
ydrate the clay surface. (see section 7.2.1) The basal spacings of the clay were reduced to
only 12.6 ;\,139 greatly curtailing the rotational flexibility of the cations, hence the larger
anisotropy. Support for this interpretation came from the observation that montmorillo-
nite saturated with MV2" (i.e. at ratio of 100% CEC) could not be expanded with ethy-
lene glycol, but some expansion was observed for the partially saturated <:omplex.149

The same variation in anisotropy was found in montmorillonite intercalated with
MV2*. In fact the anisotropy at high MV2+/clay ratio was larger in montmorillonite
than in hectorite, 0.19 at 90% CEC compared to 0.12 at 93% CEC. The increase in aniso-

tropy with the %CEC can be attributed to the same phenomena, the collapse of the clay
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layers. The anisotropy was higher in montmorillonite either because MV2* had a stronger
interaction with this clay or because the clay CEC was larger. At 90% CEC in montmo-
rillonite there was actually more MV2" adsorbed in the clay than at 93% CEC in hector-
ite (see table 16 and 17).

Another factor that must be considered in accounting for the increase in the aniso-
tropy with increased %CEC was the ordering of the intercalated cations. As was seen in
the previous section, the average distance between the cations decreased with increase in
the %CEC. In order to "fit” in the clay interlayer space, the cation have to be highly
ordered. At low %CEC, MV2t was diluted in the clay interlayer spaces. In this situation
the structure would be less ordered and the MV2+ may have more fluidity. Considering
the length of a MV2* cation (13.4 .&, see figure 35), with an average distance between
them of less than 15 ;\ at 100% CEC, at high %CEC a cation may not be able to move
independently. This increased order would account for the observed increase of the aniso-
tropy with the MV2+ to clay ratio.

Further support for this explanation came from the observation that the anisotropy
was time dependent at high % CEC. Immediately after the intercalation the anisotropy
was larger because the cation did not yet have the time to form an organized structure.
The cations were disorganized and there was interference with their respective motions. In
time, the cations organized themselves in the most efficient packing and the anisotropy

was observed to stabilize at a lower value than immediately after the preparation of the

mixture.

10.6 Conclusion.

The intercalation of MV2* in clay minerals resulted in a dramatic increase in the

quantum Yyield of fluorescence of this cation. This was attributed to the adsorption of
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MV2* in a rigid planar configuration which hindered rotational deactivation processes,
and/or to the shielding of the intercalated cation from quenching by the solvent. The
increase of the fluorescence anisotropy with the cation to clay ratio was attributed to the
collapse of the clay layers induced by the intercalation of MV2t as well as to a restricted
fluidity resulting from an increase in the degree of ordering of the intercalated cation.
The decay of the fluorescence intensity could be fit to the sum of either two exponentials
in hectorite or three exponentials in montmorillonite. This was attributed to a distribu-
tion of environments of the adsorbed cations in the clay interlayer spaces. Because both
the lifetimes and the relative contributions of the exponential components were indepen-
dent of the cation to clay ratio, non-fluorescent components were postulated to account for
the variation of the intensity with this ratio. The intensity decrease for cation/clay high-
er than 15% CEC variation was attributed to the self-quenching of the intercalated cations.
In montmorillonite a second non-fluorescent component, was postulated to account for the
decrease of the intensity at low cation to clay ratio. Plausibly, this non-fluorescent site
consists in Fe(III) substituted sites in the tetrahedral sheets of the clays. These sites are
highly negatively charged and could adsorb Mv2t preferentially. The presence of non-
fluorescent surface adsorbed MV2+, combined with the variation of the degree of aggrega-

tion of the clay could also contribute to the observed intensity results.
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X-RAY DIFFRACTION AND SCANNING ELECTRON MICROSCOPY
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CHAPTER 11 Application of X-ray Diffraction to the Analysis

of Interlayering in Clay Minerals.

CHAPTER 12 Scanning Electron Microscopy of MV 2+ and

Ru(bpy);2* Clay Aggregates.
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CHAPTER XI
APPLICATION OF X-RAY DIFFRACTION TO THE ANALYSIS OF

INTERLAYERING IN CLAY MINERALS.

11.1 Introduction.

X-rays are electromagnetic radiations characterized by wavelengths between 0.1 and
45 A. They are generated when electrons collide with the atoms of an obstacte.1?4 The
energy lost by the electrons in these collisions is emitted as X-ray photons. The wave-
lengths of these photons are a function of the amount of energy lost by the electrons dur-
ing the encounters. This gives rise to a continuous spectrum of X-ray radiation. When
the energy of the bombarding electrons is varied to a critical level, which depends on the
composition of the target, they have sufficient energy to penetrate to the interior of the
atoms and dislodge electrons from the innermost shells. Electrons from higher levels fall
in to fill the vacancies, emitting X-ray photons having a characteristic wavelength, which
depends on the difference between the energy levels involved in the transition. This gives
rise to a characteristic or line spec‘trum.lg4

The simplest way to describe X-ray diffraction is to picture the phenomenon as the
reflection of a part of the incident beam by lattice planes, as described by W. L.
Bragg.194 The ”reflected” rays combine to form a diffracted beam only if they differ in

phase by a whole number of wavelengths, that is, if the path length difference is equal
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to a multiple of the wavelength of the X-ray used. It can be shown that this condition is

met only when equation 49 is satisfied.
oA =  2dsing [49]

Where A is the wavelength of the X-rays, d the spacing between the lattice planes and§
the angle of incidence of the X-ray beam.

X-rays are useful in the determination of crystal structures because their wavel-
engths are similar to the distance between atoms in cx'ystals.194 195 Equation 49 shows
that diffraction does not occur if nA > 2d. On the other hand if n) << 2d, § becomes too
small to be measurable. Since crystals are repetitive arrangements of atoms, they diffract
X-rays in the same way as ruled gratings diffract visible light. Measuring the angle § at
which diffraction occurs allows the calculation of the lattice spacings d, from which the
lattice dimension can be deduced.

X-ray diffraction is not limited to the study of perfectly ordered single crystals.
Debye and Scherrer have developed a very useful method for the study of powder sam-
pl&s.w4 Powders are composed of many small crystals called "crystallites”. In an ideal
sample all possible orientations of the crystallites, and therefore of the crystal lattice
planes are simultaneously present. When X-rays strike the sample, the Bragg condition
for reflection is simultaneously satisfied by all of the types of lattice planes present in the
sample. The sample is placed at the center of a cylindrical film whose axis is normal to
the X-ray beam. When this beam strikes the sample the diffraction cones formed are
recorded as arcs on the cylindrical film. The positions of these arc allows the calculation

of the separation between the reflecting planes, from which the lattice dimensions can be

deduced.194 195
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11.2  X-ray Diffraction by Clay Minerals.

X-ray diffraction by clay minerals is used mostly as an analytical tool for the iden-
tification of minerals.132 197 X-ray diffraction patterns of powder clay minerals are
sometimes recorded by the Debye-Scherrer method, but usually only the one dimensional
diffraction of X-ray by oriented thin films of clay are measured.

It is easy to prepare an oriented mount of a clay for X-ray analysis.132 When a
suspension of clay in water is left undisturbed, sedimentation takes place. The clay platel-
ets naturally deposit on the bottom of the flask, with the clay layers parallel to each oth-
er. To prepare an oriented clay film, a clay suspension is placed on a glass slide and the
water is allowed to evaporate. To get good diffraction patterns the films must have a cer-
tain thickness. For clay minerals, the best results are obtained with films having thick-
nesses of between 0.07 to 0.12 mm.197 For a film surface area of about S 22, this corre-
sponds to approximately 40 mg of clay. The preparation of oriented mounts for clay
minerals has been discussed by Gibbs.198

In an oriented film, order is found in only one direction, the direction normal to
the basal plane (i.e. normal to the plane of the clay layers, the c-axis), the direction that
coincides with the stacking sequence of the layers. The observed X-ray diffraction pattern
is only due to the lattice plane spacings along that direction. The Bragg equation (equa-
tion 49) will only be satisfied for value of d corresponding to the clay basal spacings.
This makes the interpretation of the results much simpler, but of course this method pro-
vides only one dimensional structurat information.

The X-ray diffraction data of clay films presented in this chapter were obtained
using an automated X-ray diffractometer in the laboratory of Dr. H. Kodama at the Land
Resource Research Institute, of Agriculture Canada Central Experimental Farm in Ottawa.

A diffractometer consists of an X-ray generator, a goniometer for measuring diffraction
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angles and a number of electronic circuits for determining the intensity of diffraction at
any angle. The apparatus is shown schematically in figure 53. The X-ray beam originates
from a fixed point, labeled F, and strikes a large flat sample, S, at an incident angle of 6.
The diffracted beam is then recorded by a counter at C. This counter is mounted so as to
sweep an arc (see goniometer arc). The circle formed by extending this arc passes through
point F and has the sample at its center. In practice the intensities of the diffracted
X-rays are recorded as a function of the angle©. The sample is rotated about the goniome-
ter axis to sweep all the values of ©. At the same time the counter is moved along the
goniometer arc so that the angle between FS and SC is 20194 A diffraction peak is
detected when the sample passes through a value of © for which equation 49 is satisfied.
The intensity of diffraction is plotted as a function of the angle 2§ allowing the calcula-

tion of the dg; distances in the oriented clay films.

Figure 53: Schematic representation of a diffractometer X-ray optical sys-
tem.
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This method is well suited to the study of clay films, since the large flat samples
which it requires can easily be made from clayey materials. Diffractometers have better
resolving power than Debye-Scherrer cameras. Further, it is easier to compare the relative
intensities of peaks recorded by a counter than it is for those recorded onto a photographic
film. But diffractometers require large amounts of samples. The Debye-Scherrer method is
useful when a very limited amount of sample is available. It is also better for low inten-

sity lines.

11.3 Experimental.

11.3.1 The Measurements of Basal Spacings.

Oriented thin films of MV2*, Ru(bpy)32+ and ZnTMPyP*4* exchanged montmorillo-
nite were prepared as followed: a suspension of < 2.0 ym Ca*-montmorillonite was pre-
pared (30 mg in 6 ml water). A solution of MV2t, Ru(bpy)32+ or ZnTMPyP# was add-
ed such that the total amount of cation was about twice the amount the clay could adsorb.
After a night of stirring, the solid was isolated by centrifugation and washed several times
with water. The clay was then resuspended in water (5 ml) and stirred overnight. This
suspension was then placed, drop by drop, on a glass slide (6 cm?2) and the water was
allowed to evaporate depositing a thin oriented film of the clay on the glass.132 It was
necessary to repeat this last operation one or two times since the glass slide could not con-
tain the S ml of suspension at once. The same preparation was done with Ru(bpy)32+
and MV2+ hectorite suspensions, using < 2.0 um Ca2* hectorite as the starting clay
material. The oriented films had weights that varied between 20 and 35 mg.

The oriented films were examined by an X-ray diffraction method to measure the

changes in dgy1-spacings of the clays. The diffraction patterns were recorded on a Scintag

computer automated X-ray diffractometer using Co radiation in the laboratory of Dr. H.
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Kodama. The clay films were dried over P205 prior to measurement of their basal spac-

ings.

11.3.2 Study of Ions Segregation by Clays.

The ability of the two clays, hectorite and montmorillonite, to segregate the two
cations MV2+ and Ru(bpy)32+ was investigated by X-ray diffraction.

In the first case, oriented films were prepared in the same way as in the previous
section, except that the suspensions of < 2.0 um Ca2* hectorite or montmorillonite were
saturated with mixed solutions of both MV2* and Ru(bpy)32+. Three montmorillonite
and one hectorite films were prepared. UV-Visible measurements done on the supernatant,
after addition of the mixed solutions, showed that the montmorillonite films contained
0.22, 0.43 and 0.67 meq of Ru(bpy)32+ and 0.67, 0.46 and 0.25 meq of MV2* per gram
of clay, while the hectorite film contained 0.35 meq of Ru(bpy)32+ and 0.43 meq of
Mv2t per gram of clay.

In a second series of experiments, two oriented films of hectorite were prepared in
the following way: a solution of Ru(bpy)32+ or MV2, containing enough cations to
account for approximately 50% of the amount the clay could adsorb, was added to a clay
suspension, followed 30 minutes later by a solution of the other cation of equal concentra-
tion. UV-Visible measurement on the supernatant showed that the two films contained
0.40 and 0.35 meq of Ru(bpy)32* and 0.35 and 0.39 meq of MV2* per gram of clay.

In a third series of measurements, suspensions of MV2* and Ru(bpy):.;2+ exchanged
montmorillonite were prepared. (see section 5.3.2 c). Volumes of the two suspensions
were mixed to prepare oriented films containing 22.7, 46.9 and 72.2% Ru(bpy)32+ and

77.3, 53.1 and 27.8% MV2" respectively.
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11.4 Results

11.4.1 X-ray Diffraction Patterns of MV2* or Ru(bpy)32+ Intercalated Clays.

Oriented thin films of montmorillonite and hectorite saturated with MVZ2t or
Ru(bpy)32+ were prepared as described in the previous section and their X-ray diffraction
patterns were measured. The results are shown in figures 54 to 57. The clay basal spac-
ings shown in tables 16 and 17 were calculated from these patterns (see section 6.2.1).

Figures 54 and 55 show the X-ray diffraction patterns of oriented films of montmo-
rillonite exchanged with MV2* and Ru(bpy);2* respectively. On these figures, the inten-
sity of the diffracted X-rays, in counts per second, is plotted on the vertical axis, against
the value of 20, twice the angle of incidence on the horizontal axis. The values of the lat-
tice plane spacings dgg, as calculated from equation 49 (using the wavelength of the
X-rays used Co Ko, A= 1.7902 A1%4) are included for each peak, along with the peak
intensity.

From the four main peaks of figure 54, a value of dggyy = 12.6 A for MV2* inter-
calated in montmorillonite was calculated. In the case of Ru(bpy)32+ intercalated in
montmorillonite (figure 55) six 001 reflections were seen, from which a value of dggy =
17.4 A was calculated. Figures 56 and 57 show the X-ray diffraction patterns of films of
hectorite saturated with the two cations MV2* and Ru(bpy)32+. The result for MV2+
intercalated clay (figure 56) shows three 0Ol reflections from which a value of dggq =
12.7 A was calculated. In the case of Ru(bpy);2* intercalated hectorite (figure 57) seven
001 reflections were seen. The average value of dygq was 17.6 A. Note that in some of

]
these spectra, there are some small peaks around 4 A. They are attributed to impurities.
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11.42 X-ray Diffraction by Clay Film Intercalated with a Mixture of the two

Cations.

In order to explain the low efficiency of the quenching of excited Ru(bpy)32+ by
MV2* in an hectorite suspension, Ghosh and Bard!50 postulated that the clay could segre-
gate these two cations in its interlayer spaces. If this segregation exists, an oriented film
containing a mixture of the two cations would contain two types of clay layers, having
distinct basal spacings. This would be detectable by X-ray diffraction. Such mixtures
were prepared and examined by X-ray diffraction.

Figure 58 sho_ws the X-ray diffraction pattern of an oriented film of montmorillo-
nite containing a mixture of Ru(bpy)32+ (47%) and MV2" (53%) intercalated cations, pre-
pared by mixing a suspension of MV2* saturated clay with a suspension of Ru(bpy)32+
saturated clay (see previous section). The result was the superimposition of figures 54 and
§5. All of the major peaks could be attributed to 00l reflections from two distinct clay
phases, having basal spacings of 12.6 and 17.4 A respectively. When the ratio of the two
cations was changed from approximately 1:1 to about 3:1 or 1:3, similar results were
obtained except for changes in the relative intensities of the two sects of 00l reflections.
This superimposition of two patterns is characteristic of a mechanical mixture of two con-
stituents194 199 (see next section).

Figures 59 to 62 show that this was not the case when mixtures of the two cations
in the smectites were prepared by adding a premixed solution of the two cations to a
water suspension of the clays. Two sets of peaks were still seen, but they were shifted to
positions intermediate to those expected for the layer thicknesses of the two constituents,
12.6 and 17.4 Zx When the ratio of the two cations was approximately one ( figure 59
and 60, in montmorillonite and hectorite respectively) two set of peaks were observed

Their positions were close to those expected for a dggy value of 12.6 ;\ and 17.4 A.
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Figure 59: X-ray diffraction pattern of an oriented film of montmorillonite containing a 52:48

mixture of MV2+and Ru(bpy)§+ prepared from a premixed solution of the two cations.
(recorded at 0% humidity)
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Figure 60: X-ray diffraction pattern of an oriented film of hectorite containing a 55:45 oo

mixture of MyZ*

(recorded at 0% humidity)
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and Ru(bpy)3 prepared from a premixed solution of the two cations.
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Figure 61:  X-ray diffraction pattern of an oriented film of montmorillonite containing a 27:73
mixture of Mv2+ and Ru(bpy)§+ prepared from a premixed solution of the two cations.
(recorded at 0% humidity)
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Figure 62: X-ray diffraction pattern of an oriented film of montmorillonite containing a 75:25

mixture of MV2+ and Ru(bpy)§+ prepared from a premixed solution of the two cations.
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When the ratio of Ru(bpy)32+ to MV2* was increased to 7:3 (figure 61) or decreased to
1:3, (figure 62) the main peaks (the 001 reflections) merged into a single one, although
shoulders were still visible. For the higher reflections, two sets of peaks were again
found, giving dg, values slightly larger than 12.6 A and slightly smaller than 17.4 :&
Finally, figures 63 and 64 show the X-ray diffraction patterns of hectorite films
containing an approximate 1 to 1 ratio of the two cations MV2+ and Ru(bpy)32+. They
were prepared by adding a solution of one of the cations to a water suspension of the clay.
Its concentration was such that it replaced about 50% of the inorganic exchangeable
cations. Thirty minutes later a solution of the second cation was added to the clay sus-
pension. The two patterns were practically identical, and they were very similar to the
one shown in figure 60. Two sets of peaks were observed. One set corresponded to a
basal spacing close to that of MV2+ exchanged hectorite (see figure 56), and the other to a
basal spacing close to that of Ru(bpy)32+ intercalated hectorite (see figure 57).
The presence of peaks in positions intermediate between those of the pure constitu-
ents of a mixture was indicative of the interstratification of two types of layers having

different thicknmmo
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Figure 63: X-ray diffraction pattern of an oriented film of hectorite containing a 53:47 ratio
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11.5 Discussion.

The basal spacings of MV2* and Ru(bpy):‘,2+ intercalated montmorillonite and hec-
torite, as measured by the X-ray diffraction patterns given in figures 54 to 57, were dis-
cussed in detail in chapter 7. (see section 7.2.1). Those diffraction patterns can be used as
reference in the comparison of the different patterns shown in figures S8 to 64.

First, a few terms that will appear in the following discussion are defined. The
expression “segregation of MV2t and Ru(bpy)32+ by clay minerals” means that the clay
has the ability to adsorb preferentially one of the two cations in a given interlayer space.
That is, in a segregated mixture, a given interlayer space contains only one species of
cation. This results in the creation of two types of layers. The layers which contain
only MV2* intercalated cations have a basal spacing of 12.6 A and the layers which con-
tain only Ru(bpy)32+ cations have a basal spacing of 17.4 A. It is the opposite of an
"homogeneous mixture”, in which the composition of the substance is completely uniform.
In that case a given interlayer space contains both cations in a ratio equal to their bulk
ratio, and there is only one type of clay layer. In the case of segregation, two types of
layers are present. These layers can either be “interstratified”, that is, stacked together in
one crystallite or not. Further, the interstratification can be random or ordered.

Figures 58 to 64 show that segregation was present. The mixtures were not homo-
geneous. In the case of a completely uniform distribution of the two cations in the clay
interlayer spaces every interlayer space would contain some Ru(bpy)32+. Table 16 shows
that the basal spacing of Ru(bpy)32"' intercalated montmorillonite was 17.4 A as opposed
to only 12.6 Zx for MV2+ intercalated montmorillonite. In an homogeneous mixture, the
Ru(bpy)32+ ions would act as props, keeping the clay layers 7.8 A apart so that only one
dyoq spacing would be present, that of clay intercalated Ru(bpy)32+. Further, the X-ray

spectra would be the same regardless of the ratio of the two cations in the mixture.1??
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Of course there could be deviation from the ”ideal” case, at very low Rn(bpy):;z"'/MV2+

ratios or if the mixture were only partially homogeneous.

There are examples in the literature where such homogeneous mixtures of two inter-
layer cations were used to account for constant basal spacings. It was found that mont-
morillonite exchanged with a mixture of Cu2+ and tetrapropylammonium or tetramethy-
lammonium cations had constant basal spacings equal to those of the clay exchanged with
only the organic cations, 201 if the organic cations accounted for at least 55% of the
exchangeable cations. Montmorillonite whose surface charge was reduced by reaction with
LiT also displayed a constant basal spacing when it was exchanged with tetramethylammo-
‘nium, provided the charge of the clay Was reduced by less then 40%.200 These observa-
tions were attributed to an uniform distribution of the organic cations in the clay inter-
layer spaces.

Clearly, this was not the case in our study. The X-ray diffraction pattern shown in
figure 58 was the superimposed sum of the patterns shown in figures 54 and 55. Chang-
ing the ratio of the two cations in the mixture did not affect the position of the peaks. It
only changed their relative intensities according to the mixing ratios of the two compo-
nents. This was characteristic of a mixture in which two phases were prmcnt.194 Not
only was there segregation of the two cations, but the two types of clay layers thus
formed were not interstratified. Two types of clay particles (or at least crystallites) were
observed, one type containing only Ru(bpy)32+ and one type containing only MV2*. The
pattern consisted in two sets of peaks, corresponding to the 00l reflections of Ru(bpy):;,2+
and MV2+ intercalated montmorillonite,199 as if the two constituents had been recorded
separately.

This was not surprising considering that the mixtures were prepared by mixing two
suspensions of MV2* and Ru(bpy)32+ saturated clay. The mixing of the two cations

would involve the desorption of a cation from its original adsorption site, followed by the
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displacement of another cation from another particle. This would require a lot of energy.
The interactions of both these cations with the clay surfaces are s’crong136 138 139 (see
chapter 7). Further, the results of the competitive adsorption of these two cations by
montmorillonite (chapter 6) showed that they cannot displace each other from an inter-
layer adsorption site. Also, intercalation of methylviologen is known to cause the collapse
of the clay layers.138 139 In order to replace MV 2+, Ru(bpy)32+ would have to expel
the MV2+ cation and then force the clay layers apart. Therefore the cations, remained
separated into two distinct clay phases. Entropy was not enough of a driving force to lead
to a more homogeneous mixing of the two cations.

Two sets of peaks were observed when the mixtures were prepared from homogene-
ous premixed solutions of the two cations (figures S9 to 62). Although the adsorbed
cations were not homogeneously mixed, there was some degree of mixing. Since the peaks
were shifted toward each other, there was not a complete separation of the two types of
layers. This peak migration to positions in between those of the pure constituents, was
indicative of the random interstratification of two the types of layer.

The two cations were segregated, forming two types of layers having distinct thick-
nesses, and the two types of layers were stacked together in a given crystallite. These
types of mixtures have been extensively studied. The problem of the interstratification of
two types of layers can be divided into two parts, ordered and random interstratification.

The results shown in figures 59 to 64 show that the interstratification was not
ordered. In the discussion below, a layer intercalated with only MV 2+ characterized by a
thickness of 12.6 A will be called layer A, and a layer intercalated with Ru(bpy)32+
characterized by thickness of 17.4 A, layer B. Ordered interstratification is characterized
by the presence of a ”ssuperlat’cice”.202 203 gor example, if the ordering is a simple
sequence ABABABAB etc, in a mixture where the ratio of A to B is approximately one, as

was the case in figures 59 and 60, the repeating unit in the staking sequence is AB. The
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X-ray pattern should show a thickness of 12.6 + 17.4 = 30 1;. We did not observe such a
"superlattice”.

The other type, random interstratification, in which the occurrence of the two types
of layers in a stack is random, has also been extensively studied.204’211 Reynolds has
recently reviewed the subject.207 Numerous procedures have been developed to interpret
the X-ray diffraction patterns of such mixtures in terms of their composition and degree
of interstratification. The interpretation below is based on the work of Hendricks and
Teller in 1942204 They looked at the X-ray interference for layer lattices in which the
phase shifts between consecutive layers did not follow a strictly periodic arrangement.
They derived an equation for the calculation of the X-ray diffraction intensity in such
systems.

Later, MacEwan developed a method to calculate the expected X-ray diffraction pat-
terns of oriented clay film mixtures as a function of the thicknesses of the two constitu-
ent layers.205 206 This method is based on the calculation of a mixing function, ¢, for

the two types of layers ( equation 50).
$() =  2N/aZno(R )eos2rr Ry [50]

Where a is the thickness of the sample, N is the number of layers per crystallite, ¢ is the
total probability of occurrence of the given spacing Rn and r' = 2sind/\ where § is the
angle of incidence of the X-ray beam and A the wavelength of the X-rays used.206 The
mixing function does not give the actual X-ray diffraction curve. The curve calculated by
equation S0 must be multiplied by |F|25., where F is the layer structure factor, a measure
of the scattering power of a given layers and = is a geometrical factor. F varies with wav-
elength and with the orientation and direction of the polarization of the incident and out
going radiation, relative to the plan of the layers. It can be calculated by adding the scat-

terings from all the atoms within the layers.204 207
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Using this method, Ruiz-Amil et a1212 pave published a wide series of curves of the
expected results of X-ray diffraction patterns for a large number of two component sys-
tems. This method was also extended to three component systems.213 The random
interstratification of two layers was characterized by so-called nonrational peak&zoo The
position of these peaks could not be obtained directly from the values of the two layers
thicknesses. For example, for a completely random 1:1 mixture of layers having thick-
nesses of 15 and 10 A, the calculation showed the occurrence of peaks at d = 13.3 A and
d = 6.67 A.206
In general it was found that completely random interstratification was characterized
by one set of nonrational peaks, with a dygq Value in between the values of the two lay-
ers thicknesses. When two sets of nonrational peaks were found, one having a dggq Vvalue
close to the thickness of layer A and one having a dggq value close to the thickness of
layer B, this indicated the presence of zonal structures. If P, and Pg were the probability
of finding layers A or B in a given stack and if P, 4 and Ppp, were the probability that
a layer A was followed by another layer A or B, then in zonal structures, P, o > Py
and PBB > PB. Some zones in the crystallites contain mostly one type of layer and some
that contain mostly the other type of layer. One example of such a zonal structure was
provided by hectorite partially exchanged with tris-bipyridyl metal oomplexes.l:'j6
This was what we observed in the X-ray patterns shown in figures 59 to 64. We
compared our results with the curves published by Ruiz-Amil et a1212 for the expected
X-ray diffraction patterns for the random interstratification of two types of clay layers
having thicknesses of 12.5 and 17.5 X. Since we knew the mixtures compositions, we
could determine P, and Pg. They were equal to the molar fractions of the two cations in
the mixtures (layer A is MV2* intercalated clay while layer B is Ru(bpy)32+ intercalated
clay). The values of r (see equation 50) were calculated from the values of the average

dgo; distances given by the two sets of nonrational peaks of figures 59 to 64. The com-
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parison with the curves of Ruiz-Amil et al212 jllowed the estimation of the value of

P AA" The results are summarized in table 24.

Table 24: Estimation of P, 5 by the Method of MacEwan.212
+ %1
X-ray Pattern Py Pg T A Paa
Figure 59 0.52 | 0.48 7.93 | 5.96 | 0.80 + 0.05
60 0.55 | 0.45 7.92 | 5.77 | 0.85 + 0.05
61 0.27 | 0.73 7.93 | 5.78 | 0.80 + 0.05
62 0.75 | 0.25 7.52 | 5.73 | 0.70 = 0.05
63 0.53 | 0.47 7.75 | 5.76 | 0.75 + 0.05
64 0.47 | 0.53 .78 | 5.67 | 0.75 % 0.05

r =100 x 2sinf/A = 100/dp; where d(yq are the basal spacings calculated from
the two sets of nonrational peaks in the patterns of figures 59 to 64. (see text
for the definitions of Py, Pg and Py »)

With the exception of the mixture in which the ratio MV2+/Ru(bpy)32+ = 3 (fig-
ure 62), the values of P, o Were consistently larger than the values of P,. In fact, Py o
was similar in all cases. The fact the P, , > P, implied that the layers of one type had
a tendency to cluster together in regions or zones of the crystallites, giving rise to zonal
structures. For example, in the cases for which P, = 0.5, if we assumed that a crystallite
was made up of ten clay layers, 5 of type A and 5 of type B, the stacking sequence had to
be for example AAABBBBBAA|AA... to obtained a value of P, o of approximately 0.8
The tendency of formation of zonal structure was even more important in the case where
P, = 0.27 (figure 61). The stacking sequence had to be for example AAABBBBBBB|AA...
for which Py o = 0.67.

In the case where Py = 0.75 (figure 62), P A Was approximately equal to P AA» and

the tendency towards the formation of zonal structures was much less important. This
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was in agreement with the observation that the second set of nonrational peaks appeared
only as small shoulders on the main peaks.

The following discussion will deal with the two main questions coming from the
X-ray results. Why is there segregation between the two organic cations? Why does the
interstratification of the two types of layers favor stacking of the same type of layers in a
given region of the clay particles?

When there was a delay of 30 minutes between the addition of the two cations the
results were the similar whether MV2*+ or Ru(bpy)32+ was added first (figures 63 and
64). They were also similar to the case in which two cations were added together (figure
60). In these cases, a preferential adsorption of the organic cations in certain interlayer
spaces was observed. The segregation of organic and inorganmic cations by clay minerals
has been observed before. For example, X-ray basal spacings measurements done on mont-
morillonite exchanged with mixtures of copper and tetramethylammonium or tetrapropy-
lammonium cations have shown that the mixtures of the two cations were not homogene-
ous.199 201 e distribution of tetramethylammonium cations in the interlayer spaces of
charge reduced montmorillonite was not homogeneous either.200 In fact, Traynor et al136
proposed segregation between sodium and tris-bipyridyl metal complex cations, including
Ru(bpy)32+, in the interlayer spaces of hectorite, to account for the nonrational peaks
found in their X-ray diffraction patterns.

The interpretation most often given to account for this segregation is the nonhomo-
geneous charge density of the surfaces of smectite clays. It has been shown that the sur-
face charge density in clays is not uniform.214  Some interlayer spaces have higher charge
densities, with closely spaced exchangeable cations and other have lower charge density
with more widely spaced cations. The transition between monolayer and bilayer coverage
in clay minerals exchanged with alkylammonium cations was studied by X-ray.214 It

showed that certain interlayer spaces were more highly charged than others. For example,



201
in a New Zealand bentonite, 59% of the interlayer spaces had a charge demsity of 0.30,
18% of 0.35 and 20% of 0.40 eq./(Si,A1)40,.21* This method also allowed the measure-
ment of the interlayer CEC of a clay. It was found to be of the order of 80% of the total
CEC measured by cation exchange.

The segregation was assumed to be due to a preference of the organic cations for
those interlayer spaces with higher charge density. The first cation added displaced prefer-
entially the inorganic cations from those sites. Since the two organic cations could not
displace each other from the clay interlayer adsorption sites, (see chapter 6 and 7) the sec-
ond cation added filled the remaining sites, the interlayer spaces of low charge density.
The formation of zonal structures could then be attributed to a clustering of the interlayer
spaces of high layer charge densities in certain zone of the clay particles.

This interpretation could be extended to the cases where the two cations were added
simultaneously (figures $9 to 62). One could assume either a similar preference of one of
the two organic cations for these higher charge density interlayer spaces, or a faster
adsorption of one of them, filling most of the preferred sites before the other can be
adsorbed.

An alternative interpretation for the segregation, is the collapse of the clay layers to
12.6 A that is known to occur upon intercalation of Mv2+138 139 54 discussed in
chapter 7, this collapse was attributed to the strong interaction of the clay and the organic
cation. When we studied the anisotropy of the fluorescence of clay intercalated MV2t as
a function of the MV2*/clay ratio (see figure 50) we attributed the increase to this col-
lapse. It was assumed that the collapse was complete only for a ratio larger than 50%
CEC. A given interlayer space had to contain a minimum amount of MV2t before it col-
lapsed. Since it was the preferred situation, we can assume that MV2t was preferentially
adsorbed in certain interlayer spaces causing them to collapse. Once the layers had col-

lapsed, no Ru(bpy)32+ could be intercalated since the cation was too large to fit between
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the clay layers. The collapsed layers contained only Mv2+ cations and others contained
only Ru(bpy)32+. This is similar to the argument that segregation of inorganic and alky-
lammonium cations in clay minerals was due to the favored adsorption of the large organ-
ic cation in the interlayer spaces that had already been expanded by the previous adsorp-
tion of an organic cation.?15 Here the large Ru(bpy)32+ ions were preferentially adsorbed
in the interlayer spaces that had not been collapsed by adsorption of MV2*,

The zonal structures in this case could be attributed to the aggregation of the clay
particles upon addition of the organic cations. As will be seen in chapter 12, addition of
MV2t or Ru(bpy)32+ caused aggregation of the clay. Possibly the clay exchanged with
one cationic species aggregated preferentially, forming particles in which most of the inter-

layer cations were of one species.
11.6 Conclusion.

When the sample preparation involved the mixing of suspensions of MV2* and
Ru(bpy)32+ homoionic montmorillonites, the two cations remained completely separated.
There was a physical mixture of two distinct clay phases and the X-ray diffraction pattern
was the superimposed sum of those of the two pure constituents.

Even when the mixtures were prepared from homogeneous premixed solutions of
MV2* and Ru(bpy)32+, the X-ray patterns showed that there was not an homogeneous
mixture of the two cations in the clay interlayer spaces. The X-ray results were inter-
preted by assuming the segregation of the two cations and the clustering of the two types
of layers thus formed in regions of the crystallites to form zonal structures. The fact that
intercalated MV2* and Ru(bpy)32+ did not react to give hydrogen (see chapter 7) could be

attributed to this segregation.
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The segregation could be attributed to either a property of the clay, namely the non-
homogeneous charge density of the surface of sxme:ctites,214 or to properties of the cations

like size and hydration energy, in particular their ability to cause the collapse of the clay

1ayers.2 17



CHAPTER XII
SCANNING ELECTRON MICROSCOPY OF MV2+ AND

RU(BPY);2* CLAY AGGREGATES.

12.1 Introduction.

The fundamental principles on which scanning electron microscopy (SEM) is based
were first recognized in Germany in the 1930,216 von Ardenne actually built such a
microscope in 1938,217 put it was not until after World War II that progress in electron-
ics allowed the construction of a practical apparatus. The modern scanning electron micro-
scope has been available since about 1965. It was developed in the Cambridge University
Engineering Department beginning around 1950 by the group of C. W. Oatley.217 The
first SEM sold commercially was custom built by one of Qatley’s students, in 1958 for the
Pulp and Paper Research Institute of Canada and in 1964, DuPont Company of Canada
bought the prototype of the first commercial sEm.217

Figure 65 shows schematically a typical SEM column. At the top there is a source
of electrons. They are accelerated by a potential to form the primary electron beam. This
beam is focused by electromagnetic lenses to a fine spot of less than 10 nm in diameter
and deflected by the two scan coils so that the surface of the specimen can be scanned
point by point and line by line. When the beam strikes the sample several phenomena
occur. The electrons can be backscattered, or they can ionize the specimen causing the
emission of either secondary or Auger electrons or the emission of X-ray radiation. All of

these phenomena can be measured and used to form an image of the sample.

- 204 -



205

]

l Electron source

First lens
(condenser)

Scan coils

Final lens
(objective)

|
Specimen washms

Scanning electron
beam

| Secondary collector

Figure 65 Schematic representation of a typical SEM column. (see text)

In most cases, only the secondary electrons are detected. Since they have much low-

er energy than the primary electrons, they can only escape from the sample if they are

produced close to its surfaces. In other words, the image is produced by the surface of the

specimen, in a manner similar to the image produced by the reflection of light on a sur-

face.218 This makes SEM particularly useful for looking at the topography of rough sur-

faces. The other three processes can also be used if the microscope is equipped with the

appropriate detectors. Since the energy of the backscattered electroms, the Auger electrons

or the X-rays emitted by a sample are dependent on its composition, their detection can

provide information on the specimen composition.
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The major advantage of SEM over light microscopes, aside from its resolution of
about 10 nm as compared to 500 nm for a light microscope, is its depth of focus, which is
more than 300 times better than that of a light microscope. Further, in SEM, as already
mentioned, the image is mostly formed by electrons produced close to the samples surface,
S0 it closely resembles the normal ima.ge.218
Theoretically the depth of focus of a transmission electron microscope (TEM) is the
same as that of a SEM, but in a TEM the image is formed using electrons transmitted
through the sample. It can only be applied directly to samples that are transparent to
electrons. In most cases the samples are opaque to electrons and one must use either very
thin sections of the specimen or replica of the surfaces.21?  This is often difficult and
time consuming. In SEM, one has only to place the sample on a suitable mount, and if it
does not conduct electricity, to coat it with gold. The only limitation is the need for a
vacuum.216
However, SEM can not replace the other two microscopic techniques. Despite the
problem of sample preparation, TEM continues to be used because of it better resolution, 2
A as opposed to 100 :& for SEM, while light microscopy remains the only technique that
provides color pho’cogmphs.n6 Color SEM images can be produced by the use of fil-

ters,220 but they do not give the true colors of the samples.

12.2  The Use of SEM in Clay Mineralogy.

In recent years, scanning electron microscopy has proven to be a powerful tool of
the descriptive mineralogist.221 This is due to its ability to produce photomicrographs
with an apparent three dimensional quality that comes from its great depth of focus, and
because SEM can be used to determine the chemical composition of the specimens. In clay
mineralogy, scanning electron microscopy is used either as an analytical tool for the iden-

tification of a given clay or to look at the morphology of clay minerals. 222
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Since the SEM characterization of the major clay minerals groups (i.e. kaolin, chlor-
ite, smectite, illite ) is well mta.blisho':d,222 223 the presence of a given clay species in a
sample can be shown by SEM. In some cases SEM even allows a distinction between min-
erals that cannot be distinguished by other methods. For example, Tompkins224 has
shown, by SEM, that a sample of regular chlorite/smectite (corrensite) was actually made
up of two clays having different morphology but the same X-ray diffraction pattern.
In the study of clay morphology, SEM can give some information on a variety of
clay characteristics. It has been used to look at the configuration of clays particles (i.e.
size and shapes). However, the method of preparation of the sample has been shown to
_ have a dramatic effect on the particles shapw.222 A natural rock sample of kaolinite was
seen to be made up of the small plates characteristic of this type of clay,223 225 put if
the specimen was prepared by spray-drying a suspension of the clay, spherical aggregates
having radii of up to 10 ym were formed.222 The texture of clay minerals can also be
investigated by SEM. Smectites for example are easily identified by their characteristic
crinkly, ridged, honeycomb-like texture which is sometimes called the typical “corn flake”
or "maple and oak leaf” texture of expanding clay minerals.222 225 Tpe relationship
between the clay particles such as interlocking, interpenetration and aggregation features is
also accessible to SEM. For example, SEM showed very clearly the face to face arrange-
ments of the platelets of Li—montmorillonite.226 Finally, scanning electron microscopy can
also be used to look at the way in which clay minerals were formed in nature. SEM has

been used to look at such processes as the smectite to illite conversion seri&s,227

the for-
mation of kaolinite,228 and the formation of montmorillonite.22? In all these studies the
change in the morphology of the samples was monitored by SEM.

Most of the SEM work done on clay minerals has been done on samples of natural

rocks, but in some cases samples prepared by evaporation of dilute suspensions of clay

were studied.230 These gave different results, since one could see isolated particles. They
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did not give information on texture or fabric, but only on the configuration of the clay
particles. We looked at isolated particles of montmorillonite prepared in this way by
scanning electron microscopy. In particular we were interested by the effect of replacing
the inorganic exchangeable cations by either MVZ+ or Ru(bpy)32+ on the configuration of

the particles.
12.3 Experimental.

We studied suspensions of montmorillonite exchanged with various amounts of
MV2* or Ru(b;:oy)32+ by scanning electron microscopy. The samples were prepared in the
following way: solutions of MV2* or Ru(bpy):.,2+ were added to suspensions of the clays
in water such that 0, 25, 50, 80 and 100% of the clay exchangeable cations were replaced
by MV2* or Ru(bpy)32+. The suspensions were diluted with water to a concentration of
0.005 g/L. A few drops of each suspension were placed on a smooth clean quartz slide (1
cm2) and the water was allowed to evaporate overnight. Gold was sputtered on the sam-
ples and pictures of each samples were taken at different magnification with a scanning
electron microscope.

The samples in which 50% of the exchangeable cations were replaced by MV2+ or
Ru(bpy)32+ were divided into three fractions prior to the final dilution. One fraction was
then diluted as described above. A second was diluted and then placed in an ultrasound
bath for 3 hours. The third fraction was centrifuged, the sediment was washed several
times with water, to remove all nonadsorbed cations. The clay was resuspended in water
and diluted to a concentration of 0.005 g/L like the other samples.

The SEM measurement were taken by Dr. T. Wrzesniewska on a Nanobabs 7 scan-
ning electron microscopy from SEMCO in the department of chemistry of the university

of Ottawa. The energy of the electron source was 30 keV.
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12.4 Results.

Figure 66 shows the configuration of the particles of homoionic < 2.0 pm Ca2*
montmorillonite. Irregular shaped platelets were found. This result was similar to what
was reported by Mingelgrin and Tsetkov230 for a sample of bentonite. This clay was used
as the starting material for all other samples.

Replacement of some of the calcium exchangeable cations by either MV 2+ o
Ru(bpy)32+ had a dramatic effect on the configuration of the particles. The SEM micro-
graphs of montmorillonite exchanged with methylviologen are shown in figure 67. Fig-
ures 67 A, B and C show the case in which approximately 25% of the calcium ions were
exchanged by MV2*. In the general view (figure 67 A) one can see that two types of
particle configuration were present: platelets, similar to those seen in figure 66, which are
shown at a higher magnification in figure 67 B, and a new type of particle, spherical glo-
bules, which are shown at higher magnification in figure 67 C.

When 80% of the calcium cations were replaced by MV2+, fewer, but larger, parti-
cles were formed. Again, both configurations, platelets and globules, were found, the glo-
bules being the more numerous. Only a few platelets could be seen. Figure 67 D shows a
close up of a larger spherical particle. One clearly sees that it was formed by the aggrega-
tion of platelets. When all of the calcium was replaced by MV 2+ the spherical particles
were not found, only platelets. (see figures 67 E and F)

When the exchangeable calcium ions were replaced by Ru(bpy)32+ similar observa-
tions were made. Figures 68 A and B show that the same two types of particle configura-
tions were found in a sample in which approximately 25% of the Ca2* have been replaced
by Ru(bpy)32+. This was also the case for a sample in which about 80% of the calcium
ions were replaced by Ru(bpy)32+ (see figures 68 C and D). In both cases the two types

of particles, spherical globules and platelets, coexist. Spherical particles were also found in

the clay saturated with Ru(bpy)32+ (see figures 68 E and F).
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SEM micrograph of homoionic Ca~* < 0.2 um montmonilonite.
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SEAM mrcrographs of montmorniiloniie exchangsd with MV A) General
view of a clav sample m which approyvimaetly 25% of the exchongeable
calcrum ons have been replacud by MV, showing two types of parttle
configurations B) Higher magnification of sumple A showing the platelets
") Higher magnification of sample A showing the spherival partides 13)
Close up of one Ia,r%c spherieal particle form when 809 of the wiluum
was replaced by MV“™ 1) and 1) Micrograms of montmornillontte saturat
ed with MV showing only platelets and no globules
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SEM micrographs of mentmorillonite cxchanged with {{n{%*;py}‘%. By
and B} The two types of particles found in a ﬁampie of clay n which
&ppmxxmatdx 25% of the exchangeable calcium ions have been replaced
hy Rulbpy 3 . C) and 13) The two tvpes of particles found in a sample
of the day in wh:ch EO% of the exchangeable calcium tons have buen
replaced by Kul bp}} ) General view of a clay saturated with
i\u{bpy’) , %hmmnk, m two types of particles conligurations and 1)
higher mwmhmnoq of sample L showing sphencal particles.
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The effect of changing the sample preparation method was studied. Samples of
montmorillonite, in which approximately 50% of the exchangeable cations were replaced
by either MV2" or Ru(bpy)32+, were prepared in three different ways. The results are
shown in figures 69 and 70.
In the first case, the samples were prepared in the same way as for figures 67 and
68 . The results were generally similar. Two distinct configurations were found, platelets
and spheres. However as can be seen in figure 69 A and B, there were large, thin particles
and rolls not observed before. In the second case, the clay suspension was centrifuged and
the clay was washed with water to eliminate the CaCl, formed when Ca2t was displaced
by MV2t, Figures 69 C and D show the results. Again platelets, globules and rolls were
found. In fact figure 69 C shows an incompletely formed globule. The only difference
was in the appearance of particle clusters (see figure 69 D). These clusters disappeared
when the sample was submitted to ultrasound, indicating that they were due to incomplete
redispersion of the clay in water after the centrifugation. Under higher magnification
these clusters resembled the ”corn flake” texture typical of smectites.224
When the clay was exchanged with Ru(bpy):,'2+ the same general results were
found. Globules, platelets and rolls coexist in all three samples. Figures 70 A, B and C
show general views of the three cases. One can observe a cluster of particles in figure 70
B, in the case of the specimen that was centrifuged and wash with distilled water. The
average particle size was much smaller in the specimen submitted to ultrasound (figure 70
C). The important point was that the globules did not completely disappear even, after

sonication of the sample (figure 70 D).
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Figure 6% SEM miciogiapliv ob aeiinoioca e ad with MY2* showing the
effect of the methad of preparation.. A) and B) View of large thin plates
and rolls formed by 4 ssmple of montmorillonite in whith 50% of ihe
calecium ions were replaced by MV 2+ ) and D) samples of monunoritle-
nite in which the cxeess sults was removed by washing with disulled
water, showing a half formed globule and a cluster of parucies.
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ing the ctfect of the method of preparation. General view of a sample of
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were replaced by Ru{bpy}3 *, A) prepared as in figure 68, B) washed to
removed excess CaCly, C) sonucated, 1) view of a spherical particle that
rematned atter somcation of the sample. {close up of )
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12.5 Discussion.

The intercalation of MV2* or Ru(bpy)32+ in montmorillonite caused some of the
clay platelets to aggregate and form spherical globules (figures 66 to 70).

A possible interpretation is that the spheres were formed during the preparation of
the samples. The spherical aggregates observed by Bohor and Hughcm224 in a spray-dried
sample of kaolinite were attributed to the method of preparation of the sample. Spray-
drying was also observed to results in the formation of spherical bentonite particles having
a mean diameter of 7 pm.230 However, we cannot attribute the spheroids found here to
the method of preparation of the samples. First, the suspensions were not spray-dried.
Second, the same method of preparation was used for homoionic Ca2* montmorillonite
(figure 66), and spherical globules were not observed in that sample.

The globules had therefore to be formed in the suspensions, by the aggregation of
clay platelets taking place upon the addition of the solutions of either MV2t o
Ru(bpy)32+. In accordance with the observations of segregation of organic and inorganic
cations by clay minerals, that was discussed in chapter 11, we know that some clay parti-
cles (or at least clay crystallites) contained mostly Ca2+. Since, in homoionic Ca2+ mont-
morillonite only platelets were observed, we can attribute the globules to the aggregation
of those clay particles that contained the MV2+ or Ru(bpy)32+ cations. The large thin
plates and the rolls seen in figure 69 A and B are assumed to be intermediate situations
between the platelets and the fully formed globules.

Several reports of spherical clay particles exist in the literature.231-234  Two plausi-
ble interpretation of there occurrence have been suggested. The presence of spherical parti-
cles could be due to the relics of the previous structure of the material from which the
clay was formed. For example, the bubbles found in a sample of bentonite formed from

volcanic ash, were assumed to have retained the original morphology of the volcanic

ash.234 Obviously this was not the reason for the globule observed in figures 67 to 70.
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Most often, spherical clay particles are attributed to the mechanism by which the

clay was formed. For example, Tomura et a1231 report the synthesis of spherical kaolinite
particles having diameters of up to 0.6 ym. Their formation was explained by assuming
that kaolinite was formed around a small noncrystalline aluminosilicate ”seed” particle.
The spherical particles of montmorillonite reported by Glasmann,232 and the large (10 to
20 um) globular clusters of endellite (hydrated halloysite), made up of tubular structures
radiating from the center, reported by Diamond and Bloor233 were similarly attributed to
the growth of the particles around "seeds” from the solution phase. Growth habits were
also invoked to explain the formation of a rare form of chlorite, the “cabbagehead” config-

uration.223

The addition of organic cations to clay suspensions is known to cause the aggrega-
tion of the clay particles. We assume therefore that the globular particles seen here were
due to the aggregation of those clay platelets containing the organic cations. This aggrega-
tion took place around seeds, perhaps provided by the first few particles that adsorbed the
organic cations. The presence or absence of calcium chloride in the solution had very little
effect on this aggregation, since washing the clay with distilled water did not change the
configuration of the clay (see figures 69 C and D and 70 B). The aggregates, once formed,

were very stable since submitting the suspensions to ultrasound did not completely destroy

them (figures 70 C and D).
12.6 Conclusion.

Scanning electron microscopy showed that the intercalation of MV2+ or Ru(bpy)32+
in montmorillonite had an effect of the configuration of the clay particles. The spherical
aggregates observed by SEM were attributed to the aggregation of the clay particles which

took place in the suspension upon the addition of the solution of MV2t or Ru(bpy)32+.
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This aggregation led to the growth of spherical particles around a center in a manner anal-
ogous to what has been previously observed in the formation of spherical clay particles
from solution. They were not due to the method of preparation of the suspension. The

seed around which aggregation took place may be one of those first few clay platelets to

be saturated with the MV2* or Ru(bpy)32+ cations.
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11.

CLAIMS TO ORIGINAL RESEARCH.

Ru(bpy)32+ photosensitized hydrogen evolution in the presence of the clay min-
erals montmorillonite, hectorite and nontronite.

ZnTMPyP4+ photosensitized hydrogen evolution in the presence of the clay min-
erals montmorillonite and hectorite.

Effect of the presence of the iron-sulfur cluster [n-BuyN],[Fe,S,(Ph) ] on the
Ru(bpy)32+ photosensitized hydrogen evolution in the presence of montmorillo-
nite.

Competitive adsorption of MV2* and Ru(bpy)32+ by montmorillonite.
Competitive adsorption of MV2* and ZnTMPyP*t by montmorillonite.
Fluorescence of MV2* intercalated in montmorillonite.

Fluorescence of MV2+ intercalated in hectorite.

Anisotropy of the fluorescence of MV2* intercalated in montmorillonite and hec-
torite.

Lifetime of the fluorescence of MV2* intercalated in hectorite and montmorillo-
nite.

Application of X-ray diffraction to the analysis of interlayering in clay minerals
showing segregation of Ru(bpy)32+ and MV2* by montmorillonite and hectorite.
Examination of isolated montmorillonite particles exchanged with MV2* or

Ru(bpy)32+ by scanning electron microscopy.
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