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. An Investigation of the Behaviour

of the Maleonitriledithiolate'Dianion of Platinum
' in Heterogeneous' and Homogeneous Systems

Under Visible Irradiation

o

~

Aqdré Richard Joseph Domingue

o
’

' The dianionic maleonitriledithiolate complex Tof

platinum - is shpwn to display behaviour,£ indicative of ‘a

~

homogeneous systems, there are indications of the existance
cf a rather «complex photoprocess not occuring _with the
similar but unreactive nickel complex. During *&gradiation

with visible light, a homogeneous .solution cont;ining the

.dianionic platinum complex and a suitable electron donor .

species undergoes a sustained, photocatalytic redox

process., Several mild reductants (thiosulfate, bisulfate),
can be used to maintain this oxidative reaction
indefinitely. The reaction starts with a reduction of

r~



* . oxygen by the'pﬁotoexcited complex producing, a bound (or

1{

d . 4

f

"unbound) peroxide species. Rapid disappearance of the

dianionic form of the complex- %f 'accpmpagied by the.

/
/

—appearance of a new, photoactive and préviously unreported '

+

intermediate speciess Thé significant concentration‘ of

- - 1 ? 1 v ’
peroxide generated during irradiation rapidly consumes all_
reductant species in the solution and . even the

photocatalyst itself - is eventually 'degraded. The

photocatalytic‘sbecies may be an adduct of dioxygen related

to a similar complex "formed by the cobalt dithiolene

complex. - The processes that. had been observed octuring in

the system are attributed to strictly oxygen—dépendént
. o T v

t

|

photoprocesses. ~

N

>
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INTRODUCTION —

1.1 General Introduction ) '

+

» LS *
One of the most interesting stategies for harnessing

y . .
solar energy has involved the use of a photocatalytic
system which selectively promotes a specific feqction. This

may produce a high energy product. The photocatalytic

systém promotes the occurance of photochéﬁicg} steps,
overcoming severe kinetic limitations, and catalyzes the
subsequent dark reaction gteps. This has.become of great

_importance to  the increasingly important.-efforts devoted to

energy conversion, waste processing and chemical synthesis

(5,8).

"Over—- the last several decadeé, there have been a

.

~number of photocatalytic systems investigated (7,8).
\ ,

.Although "the most significant activity ha$§ centered around
heterogeneous systems (9,10}, - important contributions to

the,develdpment of photocatalytic systems have also occured

using homogeneous systems aund a large number of simple

<,

™~ |



%A Q
homogeneous photoredox systemé are currently known
(11,12,13). The devejopment of photocatalytic systems has
generally followed a multicompqnen; design . with each
component conﬁributing to a distinct process., Sensitizers,

electron relay species, cafalysts and donor species have

been combined to —produce rather complex systems (14). Many

photoredox systems use acridine dyes or the metal-organic .
, +2
complex sensitizers eg. Ru(bpy) , the porphyrin
2 .
derivatives (15). Some of these systems have achieved
\ ,

limited’ success but . they have. not usually attained
sufficient stability against decomposition for a practical

process (14), Generally, the sensitizer or catalytic

[

component 1is decomposed or poisoned. Since chemical and

photochemical stability’' is an important problem, an

efficient phdtdchemical and photocatalytic system requires
\ \ '

relatively stable, selective components. The general

ihstability of nmetal complex' catalysts in homogeneous
»

photosystems (16) has necessitated further research into

'syStem component stability,

The most important photochemical and phqtbcatalytic

. // '
systens have usually been transition-metal-centered
(17,18). Suitable candidates for a [photoredox system
possess several characteristics. hey have strong

absorption ‘in the wvisible, a rich

a

lectronic spectrum

essential for electron-transfer reactivity, an ability to

exist 1in more than one oxidation state and appropriate
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redox potentials. They -should also possess a catalytic &

ability to overcome significant kinetic barriers present in

‘'

the reaction pathway as well as a reasonable efficiency and
$ minimal <chemical ' and photochemical side-reactions which ‘\\~\,
éould lead to system ingtapility/ : \ . )
The sear;h for photocatglysts éventually le&'to thoge
éomponnds possessing metal-sulfﬂi bonds. Among the numerous
transition metal-sﬁlfur chelates, the sulfur-donor—iigﬁnd-
containing metal dithio}gne systems have been shown :to
possess many properties of interéét—to phétocatalysis. The
: *

'dithiolene ligabhd (figure 1.1) stabilizes a wide variety .

r

of transition met ions in complexes exhibiting a variety

. of structural forms eg. -the Ni, Co, Cu, Pd and Pt metal

;

Fig. 1.1 The 1,2-Dithiolate Di%nion ) /

- ‘ '
ions are stabilized in the square-planar gegmetry (figure //

[} ~ /‘I
1.2) (19), the Zn complex is tetrahedral and -tris complexes/' .

”

. may be octahedral or trigonal ©prismatic (20,21). These

‘the

weakly semiconducting dithiolene complexes (22) have |

/

ability to exist in several distinct oxidation states/ (net
L ]

- -
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R -s n |
« /SR
‘/FA )
R s_\s R -

i

X
It

metal ion
n = /0 y =1 , =2 ., =)

<)

’

1.2 Tﬁe Square-Planar Metal

Bis-1,2-Dathiolenes
A3 -

Q

v

charge varies from from 0 to -3) (figure A-2) and the

R

-electron transfer process realdily occurs with little or no

’

structural redrganization. Their structural analogy to
important biosynthetic redox systems (23), their favourable
excited-state redox potentials (as calculated from ground-

state values and excited-state energies) as ‘well as their

‘~often strong electronic absorptions in the visible are very

promising characteristics. Since their discovery in 1962

A »

(24,25), there have been _many novel .dithiolene redox
systems and a divérsity of applications. Useful as
important reagents, adpitives and developpers, . along with
other 2uses (21), ‘they are also used as catalysts for
oxidatioﬁsland folymerlzations. Although it had been known

,s“‘ L

for some time that metal dithiolemes could be catalytically




o — . ,
' active, photocatalytic activity had been relati&ely
P unexplored, | ; t
& Metal dithiolenes have the best known catalytic
, e I .

«properties and exhibit the best potential photpcgtalytic
behaviour among metal-gulfur compounds (figure A-1). Same "
of the most interesting prospects are “the
maleonitriledithiolate or mnt dithidlene complexes (figure

. s :

1.3) (8). 1In addition to electron-transfer capabilities,

, - '\

. ' / Ch

[ NC S CN
r \ / S ~ /
‘ > 7 %i‘
. ’ ' [ . ' / \ \ C
SR Nc” s 87" TCN .
. ' ) b “ - o
- - LN
y
.-\ar'-‘""@ bme s r

.ﬁ Fig. 1.3* Thé Metal Maleonitriledithiolate
v Complex

-

they possess strong absorpt&on bands in the visible., Under

-

visible irradiatien, ‘the dianionic mnt.complexes of Pt afd %

he ’
o

Ni will undergo a photo-~induced electron transfer to
transparent electrodes producing measurable photocurrents

(1,2). The metal-to-li%and charge transfer (M --> L*) is

- ¢
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. esponsiblé in Soth !cases (table A-3) bdt' tﬁe platinum
“species pbééesses a—mulh longer-~lived excited—s{ate“ (10-40
nsec vs 4—}\n§g£l (})._In'addition. ‘the whoto—re¥ctivity Af
the Pt(mnt);‘ species shows unusual char;cteri;tics. Its

induced&_ photocurrent undergoes an ‘unusual quenchiqg

. ” .

behaviour and quenching of the excited-state 1s observed
. . . \ N

(figure A-9) which may represent an electron transfer step

associated with an oxidation (1,4). Electrochemical studies

. -

have also shown that the irradiated species, unlike its
non-irradiated counterpart, induces an anedic shift in’the

h !
normal solvent 'reduction wave (l). In view! 0of ‘this
. Ly :
1

intriguing behaviour, the nature of these‘processeb must be

4
LS i

d?terhined;and evaluated, %‘2
= The reductant species. thiosglphate (S é ) and
sulfur dioxide (SO ), were used in these investizgzions. A
review of their gxidation and. photg—oxidation éeactions.
- follows. {
Thibsulphaté oxidation produces the tetr;thionate

L™

: ‘ ) “
species : : , 1 (;)
» . , » - IL n

SO + 2 ==--=> 250 Eo = +0.09 V

?

This reaction. is extremely sensitive td.igpurity“catalysis
(esp. cupric’"ion). The oxidations generally proceed via

: D - .
metal-thiosulphato inte#mediate complexes or  via simple’

',electgon transfer (26). .Thiosulphate is easily pxidized by




Cu (I1), its{complexgs and comparable redox species (27).

bxygen accelérates the oxidation, Copper-oxygen complex.

intermediates activate an oxygen moleculd and gubsequently

°

transfer it- to the coordinated thiosulphate ion (27).

Copper-molecular-oxygen complexes have been postulated in
\

several oxidation reactions and a transfer of oxygen to’

oxidizable substrates at a metal-ion site via an “ionic
mechanism is possible (27). The oxidétién of thiosulphate
in agueov's solution by moleéglar ’éxygen under -ambient
condi{io;% is, otherwise, extremely slow (2E§T The photo-
oxidatio# of thiosulphate"proceeds only at, short
wvavelengths, ' : _ .t

Sﬂlgur dioxi%e’ undergoes photo-oxidation producing
sulfur,/ trioxide of sulfuric acid if watér is 'presenfﬁ A

photon must 'have sufficient energy, however, to break the

05-0 bond in the molecule (29). The thermally-initiated

.

oxidation’ occurs at. room temperature in the presence of a

suitable metal catalysts, otherwise, it only occurs at

temperatures above 900 degrees C. Similar mechanisms may
. ' » '

operate for both the thermal and photochemi?al oxidations
xhé details of which remain unclear (29). Sulphur dioxide
reacts with water to form a compMcated "sulphurous acid"

system (29) <containing sulfite species in the following

\
equilibrium :

"
-

- S0+ + HO Cmmmm = H- + HSO -
2 2 o3

-
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/ . - .
, It gives rise to two series of salts, the normal or neutral
{ , : " ' . L T
i sulphites and the acid or hydyogen sulfites (or

»
bisulfites), - both of which are well characterized. 1In

L

aqueous "solutions athH 4 - ﬁpi the bisulfite 1on: is the
— ’ \ ,

predominant sulfite spec1e§“’(29) In their |, general

reactions, these mild reductants yield either dithionate or

.

sufphate. This reduciné' behaviour occurs under all pH
J 7 .

conditions (29) :

-~ ,
, » . E ) ‘
. 80 + 4H i+ 2e o --=> H 50 +" HO .Eo = +0.20 V
Y2 03 T 2 ‘
- N\ . I-4

. _2 , - & _2 - , ‘ '

SO + HO + 2e =---> S0 + 20H Eo + -0.92 V
4, 2 3 :

Oxidation Qiéésulfftes by oxygen is also controlled iby

datalysié., They:- can be oxidized by oxy;en'{n air in a

. reaction . strongly dependent on pH.. This is catalysed by
manganese dioxide, Fe (1I) and arsenite..The reaction does

proceed in water at room temperature bu; does sp_gxtremery

) slowly unless a catalyst is present.

3 -



1.2 Statement of the Problem , ’

4

. . The existaﬁce "of a photocatalytic syétem was first
{ . .

‘\suggestgd when the , complex, (Et N);Bt(mnt)\, upon .
/\ A‘ ir;adiation in’ flash .photolysis exp:ri;ents, inderwent
quenching or depopulatidn of the excited,states in the .
) absence of reducible ' components eg.  oxygen ‘(4}f The
. . _photocurrents were ai@o queﬂched (1). "Fufther‘observationsﬁ
[ J * N

included a photoinduced electrocatalytic-like behav;ou} in

i

]
aqueous acetonitrile whereupon the solvent reduction wave,

gmpsequent to irradiation, undergoes a strong, distinct
X .

anodic shift (1,3)., In the following investigation, the

photoredox reactions occuring with the dianionic species of 1

-

the nickel  and platinum maleonitriledithiolate complexes

are now identified and characterized.'

The objectives for this project included %+ the

.

synthesis and examination of the square-planar, dianionic
D -

tetraethylammohium maleonitriledithiolate or mnt complexes
of nickel and platinum. An analysis and measurements of the

photoredox behaviour occuring in systems containlng these

LY

complexes and their apparent behaviouxr in heterogeneous (or
slurry) and homogeneocus (or solution) environments\\is
B . \

reported, As well, an examination, of previous reports on .

the ©behaviour of aqueous systems containing the dianionic

blafinum maleonitriledithiolate complex 15 presented. -A .



-

phoiocatalﬁtic cycle idin'which this @ompound participates

efficiently- has been developed. Several interesting  °

<

.conclusions can now be derived about this particular

.

photoredox compound: \_

-

@*a

&




EXPERIMENTAL

“a.,

J

2.1

A

i
Materials

- - - .

A .
,u’§>¢~‘.;“

i

Table 2.1 Species of Chemicals Used

NiCl :6H
6

K PtC1 :6H 0O

KI

Na S O 55H 0
2.

2 23

2

0

2

-

N

(46.7%Pt)

supplier

May'and Bdker

|

Alfa
J.T. Baker

R
Aldrich

ke J

Fish

J.T;zﬁaker

4 -
'

Fisher

. Anachemia °

.

-

"analytical

reagent

technical

»

technical

reagent

USP grade

lab grade

reagent



compound supplier
f Z - ) s
NaHCO - A&C GChemicals
3
As 0 :2H O Fisher '
23 2
Starch (soluble) - Anachemia
Hel Anachemia
- 2 =
H SO :(6% ag.sol'n) - Anachemia“
2 3 . )
‘CH CN Fisher
3
Me OH Fisher v
" EtOH Anachemia
Acetone Aldrich’
W " Linde
2 ) N
0 . ‘Linde
. 2 . . ‘ . . .
H O, 30% Anachemia
2 2 ‘
DMF . Baker
CHC1 Anachemia
3 .
m4thorobénzoic acid Anachemia
Na €0 , anhydrous " " Anachemia
2 3 . .
Sodium citrate Mallinekrodt
Tetrasodium EDTA Fisher
Potassium,oxalate‘ Baker

N

v

reagent

reagent

reagent

Yeagent .

reagent - T

reagent
reagent

reagent
reagent
reagent

prepurified

regular

reagent

reagent
reagent ’ ‘
reagent
»

re;geqf
recrystallized

(reagent)
- L AN

reagent’
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' compound

.

»

[

~NaOH-pellets

Sfandard Buffers

'Potaqgium hydroéen
phthalate

éoiassium digydroggn

phosphate

HC1

CH C1
2 2

Isopropanol,
1,10 Phenanthroline

monohyﬁrate

Sodi acetate
Sodium perchlorate-

Dimefhyl sulfoxide

Isobqtanol

Phenolphthglein

Zn (powdery)

CuSO :H O
. 4 2

Méthylvidlogen

supplier

Anachemia
<3

A
Anachemia

Anachemia

A&C Chemicals’

Anachemia
0

Anachemia

Anachemia

-

Fisher

v

Aldrich

Anachemia
fisher
Baker
Anachemia
Anachemia

L i
Anachemia

- Fisher

+

commexrcial

A ]

standard

reagent

reagent

Teagent

, reagent

reagent

reagent

‘reagent

reagent

* reagent
purified
reagent

“reagent
reagent
reagent

reagent .

o

”’

recrystalljzéd

s
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The . water ytilized during the/ entire investigation

.
" »

was deionizgdeand distilled ‘in glass., In all synfhetic and

physical procedures,  only the"gugest‘grade of solvents.was -
. _also utifized[ 911 products produced-using the’ synthetic
procedures described . were .vacuum dried at 60° C wunless
N ¢

‘-spécified,‘ The purity of the products was

~

usually

»
-

established .'by comdarison oJf tHe U;V./ visrble, spectrum

DS -

with the published spectrum and by the use of thin layer

- ‘ * s . .. -
;o chromatography (TLC). - In the literature surveyed, the

.
"

compositioq of the metal complexes synthesized accor&!ng to -
o . :

‘the procedures “followed has been confirmed by elemental .

f . ‘ . . . . . d' . .

analyses, conduttivities :and magnetic moments (1,30) as

"well as by x-ray-crystallographic studies of a number of

.' structures (31,32,33,34).

A

. ¢

.
. . @
. . - ' i -

2,2 Synthesis

) ‘ -2 " ’ .o
The maleonitriledjthiolate ligand; mnt (or mnt), -
. necessary to produce the desired dianionic mnt “complexes,
@ ’ . i .
has been synthesized according te a variety of pgocedures‘

J L e

\ since the first synthesis by Bahr and Schleitzer (35).
: v ,
, 2.2.1 The Preparation of Sodium ‘ o
. o Maleonitrileﬂithiolate Ligand (Na mnt)

- ' 2
. : s
] '

The original procedure (35) was modified and impr&ved

¢




9

by'Simmonsfet al., (36), fhe sodium salt of the dianionic
ligand may be obtained. in éood vield and purity u;ing a new
modification of the procedure (37). Into a solution of
sodium cyanidé (NaCN; 30 g)’dissolved in dimethylformamide -

(DMF; 150 ml), carbon disulfide (CS ; 45 z / 35.7 ml) is
2

: DMF -t .
° NaCN(s) + CS ——--- > NaSCSCN(s)

added resulting in the appearance of a - dark . brown

precipitate. After «cooling the slurry and fi]tering it

\\V& under vacuum with air-drying, the precipitate is recovered.
Recryspal]iza;ioh can be carried out using isobutanol, The

\ . :
“hot super-saturated solution 'is .het-filtered,. <cooled,

.

filtered wunder vacuum and air-dried. The wet sodium

s - s ’ T i;
dithioformamide crystals (120-140 g) can then be dissolved ' -

. . ' _ |
in approximately, 300 ml Qf chloroform and tightly stoppered

4

~\\ CHC1 " : ' |
' ’ \\ 3 7 e ) * i
. 2 NaSCSCN ~ -=--- => Na mnt(s) + 2 S . -
S . , 5 . ‘
H -

(spontaneous)

-

~ .and kept in the dark for two days. 1In these conditions, ¥a\ =&

Ay

'spontaneous desulfurization occurs produciﬂg the ‘sodium
salt of the maleonitriledithiolaté (35,38). Insufficient

amounts of either chloroform or the dithioformatg results

i P

+
*

/ t
a
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- ]6, -

s

J 3
in an accelerated oxidatioL of the components in the

solution thereby reducing the yield of the Na mnt product.
)

The impure vellow product can be filtered “and diyfdried.

The gulfu} present wiph the product is easily'removed by

. dissplving with a minimal amount of methanol and filtering./

The ‘groducf,. after concentrating the filtrate to
approximaiely 200 ml1, cAn be precitated by the addition of.
excess chloroform (approximately 350-400 mf). The‘purified
product,. Na mnt, is filtered and air-dried. The yield fof
this proceduze is approximatefy 89% (or 49 g). The compound

is . subject to oxidation in certain <conditions involving

light and oxygen. This oxidation involves the condensation

light )
2Na mnt @ ~-—-- >- TCD + 2 8 + 2e
2 0 L -
. ) (
NC S CN .
i NN .
e ¢c. C
where TCD = = oo
- ' C
AT A
NC S CN

1 - \
of two molecules Efﬁthe'disodium maleonitriledithiolate to
form tetracyanodithiadiene }TCD) (24.36i. Tog avoid or

minimize this reaction, the mnt ligand can be stored for an

exteméEE period in a dessicator over calcium chloride (39).°

‘A wide variety of metal ions can form complexes with




fg\

the maleonitriledithiolate ligand including €Cu(l1), Co(11),

-Ni(11), - Pd(11), Pt(11) and Au(lll) (20) ‘and in each case,

the symthesis basically follows the same procedure (39).

~
2.2.2 The Preparation of Dianionic Tetraethylammonium
Metal Bis Maleonitriledithio;ate Complex
(Et N) : M(mnt) ‘ o .
T4 2 _ 2
where M = Ni, Pt
]
and n = -2

The sodium salt of the ligand previously prepared

(Na mnt) is dissolved in the minimum quantity of warm

' 2 , ..

aqueous methanol (1:1). The metal salt (NiCl :6H O or
- : . . ' 2 2

K PtCl :6H 0) 1is also dissolved in aqueous methanol which

2 4 2 ) .

is . then added dropwise with' stirring to the ligand

M

solution, An intensely red solution develops consisting of

-

the metal mntﬂcomplex (figure 2.1). It is subsequently

Fig. 2.1 The Ealeonitriledithiqlate Complex

‘ ) .
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¥

filtered. The solubility of this complex can -then be
significantly reduced by adding a Goncentrated methanolic

solution of tetraethylammonium bromide (Et NBr or TEABr) to
. N » 4 é

form the relatively insolubple dianionic tetraethylapmonium

salt of a metal mnt complex. Removal of the methanol” fron

the solutjon} by reduced pressure / ®vaporation results

in the crystallization of a‘dark red solid. The .solution is

.
3

cooled, filtered qnder vacuum and the proQuct air-dried. It
can then be recrystallized from acetone-ethanol (1:1),
Rémovai_qf the acetone results in crystaliization. The air--
’dried crystals are dried in wvacuo at 60°¢C (40,41). The
dianionic complexes are sensitive to 1lsght when in‘

solution and undergo oxidation so they must be kept in: the

. A :
Fig. 2.2 Photoexcitation and Oxidation of

the mnt Complex

dark. To ensure a pure dianionic product, purifiéation and

crystallizatioﬂ steps can be supplemented by the addition

. ' '
.of a slight amount of sodium thiosulphate which ‘reduces any
of the monoanionic species pregent Wwithout hindering the
crystallization and purification steps, Thiosulphate can

also be used to recover and reduce a significant amgunt of

the complex ‘which is oxidized during irradiations. The



©e AR Vs PR MMEARIT T W€ AT D TII=preey vy T

-1 -2 -2 -2
M(mnt) + 1/2 850 ~-—=- > M(mnt) + 1/4 50
- 2 723 2 4 6
.// ' . . 4

//

'Fig. 2.3 Reduction of the Monoanion by Thiosulphate

"
-

{ o . -
yields_ obtained for the metal complexes in allxcases are

B ) o
.7 greater/ than 757%. ' -

* .

2.3 Exﬁerimental Apparatus

. . \
, ,
2.3.1 The Simple Open Set-Up

<

‘ k In the preliminary investigation r of heterogeneous

N .

systems to determine heterogeneous photoreactivity eg. the

dpchlqrina;ion of chlorobenzoic acid, the oxidation of

’alcohols. a very simple system was used including an
erlynme&er flask, stirring bar and a tungsten-halogen 300 W

white light source (no filters or temperature control). The

1

flask contained a slurry of the complex tested (0.1 or‘O.S%-

-

ground metal complex) suspenfled in water by magnetic
b stirring of the slurry. A known concentration of a test

" compound (generally 100 ppm) was introduced and direct

irradiation of the slurry with the 1ight source: was
e .
sufficient for preliminary work with non-vQlatile

componeénts.

-




!,\

2.3.2 The.Closed Set-Up

A closed system was used in the heterogeneous system

for the detection of any hydrogen produced and for some of

the " early studies in the homogeneous system. It was also

found wuseful for work with wvolatile components., More

paraﬁeters are controlled. It includes a ground glass
water—-jacketed dirradiation cell and tﬁe system 1is closed
using a rubber septum or ground—glabs stépper. This special
cell has. a smal}er volume than the simple system (20 ml)
using the erlenmeyer flask buf.it can be closed to prevent
. . N

loss of volatiles. There 1s some temperature ~control as
well as improved system stability. There is, thus, ’an
improJement in the accu;acy of measqrements. h

A +

2 2.3.3 The E%panded Set-Up (Closed) L )

&

¢ ,
Teo- cantrol more parameters in the - homogeneous

system, a petter—contrblled closed, system was rﬁquired.
This wasxachievgd by~us£ng gr;upd—glass components:as vell
as a constant—temberature, flow-through water bath with a
thermostated circulator with the irradiation cell.v\AIso. a

5 cm water-co taining glass cell TI.R, heat filter  vas

included along with U.V.'cut!fo filters (340, 400, 420 nm)
5 . .

’ v I v
and a focusing lens which focuses light on the optical

window of the irradiation cell. The s&stem could be closed

-

s
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"using either a rubdber septum, a ground-glass stopper or a

stoppered separatory funnel (250 ml) for increased dead-air

v

volume. The system can readily be degassed - with

prepurified N or oxygenated with pure_ 0 .-
2 2 - .
* This final setup was used successfully for the

homogenecus systems to determine photoreactivity and its
4

dependence on .temperature, pQ, and various components. A

general schema of the set-up utilized is shown in figure.

2.4,

2.3.4 The Irradiation Cell . r

A special cell was used extensively with ' the

irradiations involving the homogeneous solutions and was

necessary to control conditions. It consisted of a 20 ml

water;jacketed, foil-covered, ground-glass irradiation cell

with an optical window. . It is capable of accomodating a

micro-magnetic stirring bar. Constani-temperatufe water is

6irculéted through the <cell constantly throughout the
. J - f

period of-irradiation. i

t

2.3.5 Gas Chromatography

Analyses depended on gas' chromatography, The

determination of a chlorinated hydrocarbon such as m-

-

chlorobenzoic, acid requires an electron . capture 'Qetector

(ECD). Samples are taken by extracting with a solvent such

3



N

. v . -
as dichloromethane. Aliphatics such. as alcohols can -be

[

determined with a lame ionization detector (FID) on

samples taken directly froh solution., Diatomic gases such

as hydrogen, however, required a thermal conductivity

* detector .(TCD). Dry gas samples were takeQ over the

+

solution.

-~

2,3.6 Ultraviolet-visible Spectroscopy

'The instrument utilized was the Perkin-Elmer 552 ‘\
uvV/vis spectrophotometer ' wieﬁb the Watanabe SR6254

M hY

servo-recorder. Most spectra involving the metal complexes
were vrecorded in acetonitrile or aqueous acetonitrile

.

solutions. ' ’

5;3.7‘ Infrared Spectroscopy

s

)

Infrared spectra utilized the Perkin-Elmer 5998 IR
spectrophotometer. The use of KBr pellets was in all cases

quite satisfactory for our purposes.

2.3.8 . Cyclic Voltammetry. °.. ' .
- -ﬁ i |
Cyclic voltammetryr was carried oﬁt'using the PAR 363

potentiostat with a triangular pulse generator, a standard

electrochemical cell and the silver  ion  reference. -

. f .
electrode. ‘This referénce elecfrohe\waS'used during both
| .

- the scans of dry and aqueous acetonitrile without any

- . L
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problems. The silver ion electrode, in a 0.010M AgNO /
» k}
0.100M tetraethylammonium- perchlorate _ (TEAP) solution

contained in a fritted tube, is separated from the

electrochemical solution by a strictly O0.100M- TEAP

#

solution. The 'literaiure redox potential for such an
electrode is +Q.S32V versus the normal hydrog;n va}ue (NHE)‘
in a dry system (50). The adéition of, some water does not
drastically altexr this value but will. induce a rapid;>ldss

of Ag+'from the reference electrode into the aqueous system
>

if disturbed. Stir&ing before or during scans 1is not,

desirable since a significant leakage of the reference

solution and a significant distortion of voltammogranms

occurs., Solutions are therefore very sensitive and must be
\X‘ -
t%eated carefully in order to obtain satisfactory scans. /
\\ e
\ ( ’
- ° 2.% Techniques
\

\ P . D

N

2,4.1 Buffer Solutions :

"Irradiation . solutions necessitated the‘p%esende of.
buffer sSolutions with. some redox stability in  a
photoreactive' envi%%nment. Sqtisfactory' buffers " were’
nrepared' and were founq L6 be re}atively inert and quite
satisfactory for ‘our purposes. Buffers of varioué pH values
were produced (6). A solution of\56.0 ml of b.lbO“ M-

poiassium dihydrogen ﬁhosphate along with 5,60 .and> 29,1 ml

of 0.100 M NaOH diluted 100 ml produces buffers with pH .

'




) ! . \ . .

~values #0f 6.00 "and 7.00 respectively. A buffer of pH 5.00

.. »
‘requires, 50,0 ml of potassium hydrogen phthalate along with

"

] i - R
22.6 ml of- 0,100 M NaOH diluted to 100 ml.

s , : . .

,2:&.2“ Solutions of the Comblex

1
The metal, mnt complexes can be dissolved in several

«

.

solvents, _Acetonitrile and methanol were used. The
volatilities 'of these solvents or the resulting loss of

v

solvent is not as significant as would be the case with
- ’ o ‘ '

other good solvents eg. acetone soO concentrations remain

relatively constant during use. The solution confentrations

of complex u5ed'vary between 0.100 and 10.0 mM eg. 10.0 ml

v
.
”

of a 1,00 mM solution can be réadily used to maké 20.0 ml

-

‘of a 0.500 mM irradiation solution., & . C

1

2.4.3 Donor Compounds in Solution
3 \ . +

a. Preparation of Thiosulphate Solution

To prepare 4 0.100 M thiosulphate *solution, water

Y

(1200 ml) is boiled for 5-10 min, and cooled to room

‘temperature, All glassware _is cleaned with dichromate

solution and flbseﬁ with mregular water, ~then boiled

’

distilled' water. ,Approxi%aiely 12.5 g of thioéulfaté\\and

"4 ,0500 g of sodium carbonate %s weighed out, dissolved in

v

the boiled -water ‘and diluted to 500 ml (titér of the

¢

solution degrades gradually due to oxygen but this reaction

W
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\ ‘ . o
is very slows. the solution, however, should be
. o r‘, * o .
%
refrigerated) (42), This solution can be used directly or

r]

,diluted as desired. -
N L
b. Preparation of Bisulfite Solution

A concentrated solution of dissolved sulfur dioxide

'
)

or sulfurous acid (6% aqueous solution) is easily , obtained

-

and can be used to make 'a soiunion of a reductant

2

comparable to thiosulfate. The concentrated solupipﬁ (0.57¢
M) can be adjustéd by &ilution.' It is dilqtéd Sx using
water (id;O' ml fo 100 ml).and diluted arother 5x using a
desirable buffer solution (5.00 ml of diluted acid to 25.0
ml pH 6.0 buffer). The acidic solution is hence buffered to

a desired pH and concentration (approx. 25 mM) € and the

species exists in solution primarily as the bisulfite

species.. The final concentration after combining with ~

complex solption to make the 1:1 aqueous \i}radiation
. solution furtﬁep. dilutes the solution. The actual final

L ‘ N
concentration to be irradiated is measurgd to be 15.9. mM in
the solution. "

2.4.4 The Irradiation Solutions.

s

A 'convenient solution of complex and components is

obtainad using the following general recipe:

- a 10.0 ml aliquot of MeCN or MeOH is added to the

cell; this solution may or may not contain

™

i 2

v



- one of the complexes

- a 6,0 ml aliquot of buffer solution -or water is

b
w

N
added
- a 4,0 ml aliquot of donor solutiz&\or water is

added .

4 S

The total amount of solution obtained for the

irradiation <cell is 20.0 ml which is almost exaEtly the -

-

volume of the cell when closed with a ground-glass stopper.

)

¢

This solution is continually stirred so as te maintain a
homogeneous system. . i

2.4,5 , Todimetry and Reductant Concentrations

.

N The use of iodine as a titrant requires a ﬁeutral or
mildly \ alkaline (pH 8) to weakly acidic solution

(necessitating- a_ -buffer’ eg. ‘NaHCO ) otherwise
. . ‘ | 3
disproportionation (alkaline) or oxidation (acidic) of the
. A . B} . 2
FO iodine occurs, The acidic solution may also hydrolyse or

'decompose the starch indicator during titrations dffecting
the titration end-point.. A neutral‘sblution will maintain

the maximum reducing power of the reductant being titrated,

w

thus . producing \thg most accurate*:remﬂts{ The solution

- must, -therefore, be buffered at a -relatively constant
L : . - . -
neutral pH for effective measurements using titrations.

e N

v
-

a. Ppéparation of Iodine Solution fot Titrations
| i
A 0.005M: (0.01 N) solution of iodine is needed to

produce the titration solution and can be ‘prepared by
L}

N
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weigﬁing_O.GSO g of ¥ and 2 g of KI. The iodine crystals
2. \
can then be ground i= a mortar with repeated additions of

KI and water until all the iodine is dissolved. Dilute to

500 ml and mix, Let stand overnight (@2). Titrating or

-

titrant. solution concentrations'bf approximately 0.00025M

ey

or 0.0005M (approximately 250 or 500 uM) are required to-

titrate the " solutions obtained. .They are prepared by
diluting the iodine solution approﬁimately 10 or 20 times
. (25,0 ml is diLuaed to 250 or 500-ml). This solution can be
L4

standardized using dried pfimary standard arsenic trioxide

{As 0 ) as explained in standard procedures (42),
2 3 ’ ) :

b, Preparation of the Buffered Titration Solution
fn ordgr to improve the efficiency of titration, a
buffered titration solution was prepdred which could be

poured difectly into a titration flask along with a’/sample

and rapidly titrated. This solution contains all the

ingredients required that are usually added‘ individually

before fhe. titration. This solution is prepared by

. . [
dggsolving approximately 120 g of bicarbonate in "water,

approximately 60 ml of the starch solution is added and the
solution 1is diluted to 2000 ml. This solution <can be
‘d11uted 10 times in usage since the concentrat1ons titrated

are’ very low. Approx1mate1y 50 ml of the d11uted tltratlon

solution is used and is suff1c1ent for each titration.




A} . Iy

~/p c. Standardization og the Iodine Solution

" The iodine titrating solution (especially the diluted
version) will rapidly degrade upon exposure tb air and its
, ] ' : - E ‘ . . .

titer must' be verified fr

ly during titrations. Tﬁis
would ‘be a tedious endepvour if not for the observation
.that a neutYalizeﬁ solufion of arsenic trioxide is quite
stable for long periods/ of time. A'standardized solution of
arsenic can be maintajfned which can be used to standardize
the iodine sglution during titration runs thereby saving
S time. Weigh accurately 0.01978 g of arsenic trioxide,

dissolve in approximately 5 ml of warm lN.ﬁaOH, cool and

g
-

neutralize with 1IN HCl. Dilute to 100 m1 with vater (or
weigh 0,04946 g and dilute to 250 ml). "This 0.00100M

"solution of arsenic can be used to determine'the titer of

4

the iodine titration solution. Add -5.00 ml' of this solution
"oto 50 ml of the buffered titration solution, titrate with
the iodine titrating solution and a simple caiqulation

o N

gives the ti}er. o \

2.4.6 Sampling
[

. .
F— .
4 »

Sampling has been done using disposié?e plastic

13

syringes which are quite stable to tpe solvents wutilized.
Some deterioration does eventually occur but ‘not before
séveral weeks of - extensive wuse. Both the 1 and. 3 nl
syringes have been used in sampling from the irradiation

cell‘setup but the 1 ml syringe is prefered and used due Eo

B N v
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its mﬁch greater precision and accuracy (+/- 0.005 ml wvs
.+]=- 0.02 hi) (42)."ngp1e§ -are taken for analysis at
regular tithe intervals dﬁr;ng the irradiations (0;5.1 1.0,
1.5 aqd)or_Z.O hour intervals). h

s s

. {
2.4,7 Titrations Poe .

A 50.00 ml +/- 0.05 ml TD glass titration burette is
used, to - containv the iodine. titrgtion solution,
Aﬁproximately 50 ml of titration buffer solution is added-

. —

‘to  an é}lenmeyer flask’wiﬁh stirring. It is then titrated’
to the end-point (slight blueish tinge) prior to sample
addition. A sampfe (0.500 or 1.00 ml) is taken from the
~ir}adiation -cell and is~édded,to the continually-mixed’
/<*titration buff;r and the sample 'is titrated to the':endf
point (idg%tified as a (i) a loss of complex colour (if
Eomplex'présent), (ii) a small colourless gap'and, finally,
(iii)\ a slight blueish tinge). "'The quantity of iodine
titrant required to reacﬁ”thé end-pbint, by using the ;itef‘

of the titrant determined during each titration, can be

-used to'calculate the ‘amount of donor species present in

the irradiation solution.
Y

[}

2.4.8 Detection of Strong Oxidants in Solutien:

Reduced Phenolphthalein Indicator (l\\*/

Phenolphthalein c¢can be dissolved in an alkaline

( o
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solution (2 g +in 50% sodium hydroxide (20 ml)) and the

resultiing intensely red solution can be decolourized by
refluxing . for- 2 hours with zinc dust (5 g).- The resulting’

reduced phenolphthalein solution, after filtering and
i ‘ .

"dilution to 50 ml with water; will turn red upon exposure
: y

to a strong oxidizing agent. The solution eventually does
turn red upon standing in Air but simple decolourization_
with zinc dust regenerates the solution. Hfdfogen peroxide
by itself reacts quite slowly but the addg¢ron of some
copper salt greatly accelerates the process resulting in a
sensitive test for peroxides in the absence of other strong
oxidizing lagents (43). The redﬁced phenolphthalein is
ﬁransparent in the visible region but; upon oxidatién.
absorbs strongly at 550 nm which can be readily -used for
analysis of an oxidant concentration. Further dilution of

the solution reduces the chances of obtaining a white

precipitate produced wupon oxidation of the <concentrated

solution which ‘strongly interferes with spectrophotometric
determinations,

2.4,.9 Actinometry

P

The actinomeyer used is the commonly used potassium

ferrioxalate systém (44) since it is probably the best
solution-phase chemical actinometer for photochemical
fesearch available and it has a good sensitivity for the

wavelengths from 254-480 nm, especially the wavelengths



’

+ A3

above 350 nm in which we are interested.

-4

The net photochemical reaction occufring is:

s

+3 -2 hv +2
2Fe + C 0  ecemem=- > 2Fe + 2C0
: 2 4 . 2 )
the resulting ferrous ion can be determined

-

spectrophotometrically at,.510 nm. The quantum yields.
accurately known in the SIue region of the ’ visible
spectruﬁ, allow a simple and rapid actinometric measurement
of light intensity during irradiations. The technique psed
is practica}ly identical to Hatchard and Parker (44) except
that the sampling was dong with a syringe from a small,
continuougly ‘mixed volume at spécific intervals of fime
determined so that photolysis of the actinometer 'solution
is not extensive (to avoid secondary photolysis). It was
determined tﬂ;t,‘ sincé the quantum y{elds for the

+

actinometer are 1lowest at the " longer’ wavelength region
) -1 . ¢ |
utilized in the system, a more concentrated actinometer

'

solution was required (a 0,150 M solution is wused versus-

the 0.006Q0 oY b.0200 M solutions. suggested). ‘The,

‘conditions employed were identical to a sample irradiation:

The number of ferrous ions formed during irradiation and

therefore the light intensity can be calculated using the

v

formula:

t
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where Vl =  volume of ifrédiéte?’solutioﬂ (20 ml)
‘ ' = volume of aligquot (ml)
V2 =* volume of dilution of aliquot (ml)
133 (Io/1) = measured absorb%pce at 510 nm
1 12 optical path (1 cm) .
e = experimental molar extinction .
coefficient = slopg ofwcalibration

plot (approx. 1.11 x 10 L/mqle-qm)

2.4,10 Ait'Volumes and pxygen

-

It is necessary to control the dead‘air space above
the 'irradiated’solution and, to do this, the system was
closed eg. using a ground-glass stopper (a rubber septum is
insufficient since it is penetrééle to gases and “volatile
solvents), This <closed system could be deaerated‘\with a
chosen gas without evaporating the‘solventlby tpe use ofég.
svolvent-saturated gas (gas is bubbled throﬁgh solvent

¥

first) and maintained closed by using a parrafin bubbler at _. = __.

,the gas outtet. Irntreasing the dead air volume was achieved

using several methods such as inverted test tubes or

containers. The most convenient container proved to be the

,
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<

separatory funnel (250 ml) which could close the system

quite securely while allowing the access tb air (ambient)

or oxygen (0 ).
2 -

9 -

2.4,11 Thin Layer Chromatography (TLC)

A convenipnt method to determine the purity of the
coiplexes is thin laber chrohatography which can be:readily
used to idehtify and isolate the metal .mn%s and tﬁeir
analogs, derivatives and components. Sﬁitablé TLC material
can be obtained from commercially available plates (silica)
which are easily cut into coﬁvenient strips upon which

samples can be applied with capillary applicators. The

commonly wused solvents for the mnts, when mixed with a

I

suitable counter-solvent eg. - ethyl acetate, allows a

.

partition of the solution components.
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"RESULTS

»

3.1 Relevant Preliminary Observations ’ w\ﬁ
' .

~
e

p 8
The//strongly‘stabilized, ‘square~p1anar, d system

¢
maleonitriledithiolate compleges have well -known chemical

propeXties (20) and represent unusually stable complexes
. / - 1

regfstaﬁt to substitution by most common ligands (22). The'
\ \ 8£;kly semiconducting dianionic forms of these complexgs
) . ,/;}e qir—stable, high melting point solids which ©possess
' l characteristic solubilities (the tetraethylammonium salt is
soluble din acetone, acetonitrile, partially soluble in

’ alcohols, insoluble in dichloromethane and completely

insoluble in ~ water) and exist  in solution as 1:2

' -

electrolytes. They undergo redox reactions in
cha;acteristic pofential regions ’(table A-4) linking
several_  available oxidation states (figure A-2) (20). The
complexes all absorg visible light in app?oximate;y the

same spectral region (465-475 nm) (table A-3) and produce

dark red solutions and crystals. The nickel and platinum

1

MY




complexes both have very similar . phbtochemical
characteristics and generate photocurrents in the .visible
e
region which are, at least partially, quenched by oxygen
(1). They are also potentially pgood reductants upon
excitation ’(excited-stéye potentials are -~0.5V for the Ni
Aand -0.7V for the Pt complex) (1). 1In f;ct, results and
progerties for the Ni and Pt complexes parrallel ekcept for
a relatively 1longer excited-state lifetime din the Pt
species, Upon irradiation, hovever, aqueous acetonitrile
§Uﬁutions. of the Pt cﬁmplek undergo changes not seen with
the Ni complex such as the changes in absorption spectrum

(figure A-10) and cyclic voltammogram (figure A-11),

Previops electrochemical results have underlined this

. 1 9 . °
particular behavior by the irradiated solutions with the

observation of a sighificant shift of the solvent reduction
wave in the anodic Airection (figure A-11b). 1In addition,
£hei solutions Qgre observed to undergo sediﬁentation and
the appearance of particulates. Their pp{ticipation‘in the

activity is underlined by voltammograms which indicate a

t

distinct loss of activity when the solution is allowed to

settle (figure A-12a). The actiQity can be renewed upon
- v - .
agitation or mixing (figure A-12b); The fine ‘insoluble
- :

precipitate displays a characteristic solution absorbance

. \\spectrum . (figure A-113), Since suspension of »the

e

-

particulates in the solution (via stirring). during

progressive irradiation 3is required in order to obtain



cyclic voltammograns exhibiting \ characteristic
electrocatalytic behaviour, the partlcvulgtes clearly show

indications of being dinvolved in| the photocatalytic

B}

/ activity. An ob'viously heterogeneous system would suggest

the existance of * semiconductor processes and a

!

{

\

heterogeneous photocatalytic svsten,.

\

3.2 Heterogeﬁéous Systems \
| ,
\rn N
In order to investigate the system for photocatalytic
- i

behaviour, a strictly particulate or hé\terogeneous form of

|
. the system 1is needed to allow the com‘plex to behave as -

-

|
. semiconducting particulates, Such . a é\ystem wvas easily

\

prepared with a 0.1% or 0.5% aqueous slurry of the

complexes., Initial experiments always prgvided comparisons

-

"between a blank, a datk and an irradiated|test solution.,

I

The first test compound chosen was| m-chlorobenzoic

AJ

acid which can undergo dechlorination or hydroxylation via

radical procejsres (45, 46). When la significant

s

concentration of this chlorinated compound, (100 ppm) was

irradiated using 'a 300 W tungsten-halogen jprojector lamp in

the presence of a slutry of eithei‘ ‘nigkel or platinum
complex '~ in an open cell setup, no| degradation or

rriodification‘ of the compound could be detected according to
the electron-capture detection (ECD) G.C. -analyses after 20
. . A ) ‘

hrs of irradiation.



When alcohols (100 ppm of ethanol, methanol,
isopropanol) were wutilized to search for photooxidative
capability, no modification of the alcohols was observed as

determined by examining samples with flame-ionization-

detection gas chromatography (FID) with the Same times of

irradiation. The use of a known charge mediator or electron

relay species (CuCl -) (47) for the photooxidation of
¢ 2 . z

aglcohols by oxygen (2:1 mediator:complex) resulted in the

rapid oxidation of the complex but mo oXidation of the

alcohqQls was detected., . In comparison, platinized titanium

Iy

i
dioxide produced and used according to literature methods

(48,49) showed a significant degradation of the alcohols
(>10%) under the same conditidﬁs}underlining the lack of
activity of the mnt complexes *in ~these heterogeneous

conditions. K , .

Gas samples obtained over the irradiated solutions
. I3 i

5 '

‘were analysed using thermal-cnnduptivity—detectlon' gas
chromatography (TCD). Under ak'variety of conditions
including 1long irradiation times,  high concentrations of

e ’

complex, addition of charge mediators and improvemeﬁts; in -

-

cell design as well as use of the highestosensitivity of
the detector:. ‘(capable of detecting 0.01% hydrogen), no

hydrogen was found. "

<
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3.3 Homogeneous Systems

- <

~The slurries are ﬁ%t strictly heterogengods systems
because the complexes are found to Be slightly‘soluﬁle in
;éhe aqueousN systems. The completé precipipation of the
complex ' requires vexcess comﬁon, ion species eg.
tetraethylammonium bromide (TEABr). Th; slurries have also
ptoven ‘to be difficult s&étems-for monitoring since there

-

is always some complex presént in the samples’'injected into

the G.C.s. As Welf, the particulates tend to render the
o .
-' ’ - . . ’ M
* sampling unreliable. Homogeneous systems were, }herefore,“
produced - usiﬁé acetonitrile .(MeCN) sol?ent‘ in the

solutions. A 1:] MeCN / H 0 mixtufe vas fouﬁé;to possess
2
the desirable characteristics.

4

o i
3.3.1 Tﬁe Persisting Ahsence of All Acgivity

. . \ ‘ - 9

‘In an extreme experiment, -a degassed, 20% aqueous

. . .
., solution of acetonitrile containing a high concentration of.

the Pt complex (20.0 mM) was irradiated with the unfiltered )

~1ight from the projector lamp for a significant amount of
™ne. onn sampling‘the gas volume above the solution, no -
hﬁdrogen was detected. An observable qhalitative change in -~
the solution irradiated had, hdwever, occnred‘eg. colour is

measurably altered. ‘

© °
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3.3.2 Turnover and .Catalysis

When a solukion of unbuffered _ 50% aqueous
acetonitrile solution with dianionic Pt mnt (0.870 mM) and

a known concentration of thiosulfate in an approximately

o

1:2 ratio (2.5x) was irradiated in a simBlé. closed flask

&

(rubber septum, T = 15°C, no buffer, -no -filters), a

measurable change wéb detected. A significant reduction in

the concentration of the thiosulphate had occured (a 30% or
. ) -1

0.653 mM reduction with apparent rate = -0.340 h ) (figure

3.1). The turnover (subétrate consumed vs, complex)

obtained was, however, less than 1 (approx. O0.8) and the
reaction was short-lived (does not <continue beyond 4

hours). The solution was also observed to undergo a colour

change (solution darkens with irradiation). Degassing was

attempted but solvent volatility is sf}nificanx.
-

A higher¢ thiosulphate - congentration (initial

{

concentration = 3,45 mM or 6.9x complex) produced a greater

change in concentration with ‘irradiation (-0.880 nM)
o ‘ - 1

- (apparent rate = -1,76 h ) (figure 3.2). A turnover or

catalytic consumption of the substrate had clearly occured

. [}
in this system after 2 hours of irradiation (1.8x) (a

tu;nover of substrate vs. complex greater than 1 is
catalytic). The reaction was again short-lived and
eventuaily"halted. The addition of a small amount of buffer

solution (pH 7) allowed the photoreaction to resume and a

. - : R .
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total thiésulfate‘dgprease of -1.28 mM (2.6x) was measured.
This indicates 'a pH dependencé "in the process, In

comparison, dark and irradiated blank solutions were made.

3.3.3 Buffering '

The irradiation solutions were subsequently buffered
to pﬁl6.0‘to~permit the reaction to cohtinue, A ground-
glass stopper (replaces the septtw to reduce MeCN leakage)

and ”water-jacketed flasks (to eliminate any undesirable

o

{hermal fIdctuations)  were also added. Irradiation of a
buffefed solution (thiosulpatE = 4,00 mM, complex' = 0,200
mM, 15°¢C) f&r almost 8 hours produced a continuous  and
significant reduction in concentration (-2.00 mM) £-2.50
h-ls and the resulting time—coppen{fation plots indicated a
relativély linear relationship in the system (figure 3,3) .
At least 10 turnovers are achieved. Blank and dark
conditions for the system show no changes 1in reductant
cbncent}afions.

In order to remove any possible ultraviolet component

present in the‘irra&iating light, a 340 ﬁm. ultraviolet
cutoff filter was introduced to the system. It was then
observed that, during ;rradiaiions, filtered light results
i; a darkened irradiation solution (complex is5 oxidized;
monpoanion appears) versus the bleached so}utionwobtéined in

the absence of filters (solution is lighter coloured:

‘yellowish). The irradiation of a 24 mM thiosulfate solution




-

(with  0.500 mM .Pt complex) with filtered  light,

nonetheless, results in a nearly complete reaction (=-22.0
-1 o , .
mM) (-2.00 h ) (figure 3.4a).. At least 44 turnovers of

catalyst are achieved. The addition of more thiosulphate
N A
resumes the reaction until, again, no more thiosulphate

"remains. A total of over 50 turnovers areachieved by the

system with no definitg limits to the reaction. A linear

‘relationship continues to be indicated. The process does

not proceed in the dark and halts when irradiation is

~

discontinued. The eXtensive irradiation of  comparable

solutions of thiosulphate containing dianionic Ni mnt aﬁd

no complex (blank) . produce no deti‘table decreases in

i

concentrations (figure 3.4b and 3.5 respecpi?ely).‘

Improvements and modifications to the system included
the wuse of new filters (420 cutoff, I.R;). changes' in
irr;diation parameters and generally improved cell setup., A
séldtion with an intreased donor concentration (40.5 hM).
increasing thé dongr to complex rat}o (91:1), was, yhen,

irradiated and resulted in. a significant decrease of the. .

donor concentration (-25.0 mM) at a significant rate (~3.33-

¢

h ) (figure 3.6).

o

3.4 Oxvegen Dependence : R

'
\

The air 1layer above the solution was sampled and

-

analysed ‘again using TCD gas chromatography. There is no



e

>

hydrogen product ,( detected undgr any qiréumstaﬂce. A
subsequent investigation of the irradiated system after a
successfui degassing‘with nitrogen (using an aﬁetonitrile
bubbler) shows and'clearly demonstrated the absence of any
detectable process in this‘system in the absence of air or
oxygen. The idintroduction of an electron relay species did
not have.any effect on the s?stem and did not promote or
facilitdte any possible oxygen-free photoprocesses. The air

oxidation of mnt complexes is ~known td6 occur in acidic

solutions 'so samples of the N1 and Pt complexes were
degassed ;ith nitrogen in acidic solution to de?é}mine the
effect by oxygen, Dggassed samples w;}e stable and did not
undergo oxidation while the aerated samples -underwent a

significant amount of oxidation (to the monoanionic form).

Increasing the concentration of complex or . substrate

5

in; thi§ system does not reéult in any significant increase
in the reaction rate and,‘ since it caﬁ Se assumed that an
increase in the availability ofloiygen might iﬁprove the
reaction rate, a larger source of air was provided to  the
system. When solutioqs were exposed to a greater source of
oxygen (via a large funnel) and irradiated using filtered
(400 nm and I1.R. filters), focﬁsed light, the solutions (pH
6.0, 25°) reacted at increased rates. Concentrations of
LB.& mM (26.8x) and 71.0 wmM (140x) thiosulfate gave

apparent rates of -3.16 (-15.8mM or 31.6x) (figure 3.7) and

~2.67 (-25.6mM or 51.2x) (figure 3.8) pey ho%r
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. : "
fespectively. Despite widely varyingfigncentra{ipns. the

fates, again, do not chaﬁge significantly. Comparable
solutions, but buffered to different pH values, show véry
little pH-dependent behaviour expected of these systems
when irriﬁiated while exposed to the air reservoir.,
Apparent rates diﬁ not vary significantly if at all for the
buffered systems (pr6.0 and'7.0).' Meanwhile, unbuffered
systems produce the samé comparable rates. All irradiated-

thiosulphaté solutions tested negative for the presence of

-
'

sulfate products (using barium chloride on irradiated

samples), -

3.4.1 Use aof Fure 0Oxygen

Thé irradiation.- of both buffered . and unbuffered
thiosulphate solutions in the presence éf bure oxygen
(flushed s‘epaj‘a’tory funn&) presented a different behaviour
pattern than that observed in previous irradi;tions. The
.solution buffered at pH 6.0 (22.6mM or 45.6x%, 25°C, 400 nm
filter) underwent ausignificant change in concentration
(-21.2mM or 42.4x) in less than half the time and at -a
significantly dincreased rate (-20.0 h_1) (figure 3.9).
Buffering at pH 5.0 (22.9mM or 45,8x) under the same
conditions resulted in a Ssimilar behaviour . (-19.3mM or
38.6x, =17.4 h-l) (figure 3.10). Again, the irradiation of
a similar .buffer—less system (22.6mM or 45.2x) gives a

-1
similar result (-18.0mM or 36.0x, -18.4 h ) (figure

’
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3.11). The apparent rates obtained are at least 6 - times
gteater than systems exposed to air, No significant changes
in behaviour are observed with either pH or filter changes.

Although the experimental behaviour in this system

can be represented by the generalized ‘rate eXxpression:

X y I

- d[{thiosulphate}/dt = k[thiosulphate] [0 ] {complex] ,
2

the reaction displays a pseudo-dependence with respect to

only one component, oxygen. This behaviour can be described
. . X
by the expression: -~ d[thiosulphate]/dt = k'{0 ] . It can
2

also be seen that the changes in concentration which occur
during irradiation are no longer strictly linear with time,
Significant changes in concentration oc;ur only after‘ a
‘short initial period has elapsed. This effect is not
observed in thiosulphake systems mnot exposed to ﬂﬁre
oxygen, This may correspond to an induction process vhere
the complex undergoes transformatiof.

]

3,4.,2 An Alternative Donor : Sulfur Dioxide

A solution of sulfurous acid, H SO0 (sulfur dioxide
in water), was»diluted and buffered tosz36.0 for use as an
alternate reductant species for the system, It was found to
be wunstable 1in the aqueous acetonitrile mixXxture used. A
solution of ’purely aqueous sulfur dioxide is, however,
quite stable over the time scale of dirradiations and a

satifactory irradiation mixture was preparéd using methanol

> ‘ . S
as a solvent instead. Under exactly the same conditions

N\ !
f
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. . A
used previously for acetonitrile systems (50% aqueous

mixture, 400nm and I.R. cutoff, pH 6.0, 25°C, air
reéervoir). a methanolic solution 6f dianionic Pt mnt
containing thiosulfate (24.2 mM ;r ¥8.4x) was irradiated.
In. comparisony to previous irradiations, tbe change in
concentration and apparent rate obgerved in the methanolic
sé%ution T is éoﬁsiderably r@duced (-2.90 mM or 5,.8x) (-1.,45
Ry, o

4

Thé irradiation of a sSolution of the buffered sulfur

dioxide (400 nm and I.R. cutoff, 25°C, 16.3 mM or 32.6x
-2 .

SO ), in "contrast, undergoes remarkably significant

k)

changes in donor concentration with a significantly higher

apparent rate.than ény previously measured in aif'(-ﬁ.?O mM
. -1 . -
or 13.4%) (~3:82 h ) (figure 3.12), The behaviour of the

obseryed changes can be seen, however, to be significantly

different. The reaction is greatly raccelerated suggesting
]

the existance of a facilitated process. The presence of

. *

-induction behaviour, "though, is similar enough to the

3
behaviour in thiosulphate systems with pure oxygen that it

¢

‘may be likely that the,process\in each system is the same,

. 3

The irradiated solutions, in this case, tested positive for

sulfate products (using barium chloride).

» . | "3




3.5 Electrochemistny - ( ) A

i

3.5.1 Cyclic Voltammetry of the Solutions

¢

Voltammetric scans were obtained from the irradiation
solutions (aqueous acetonitrile solutions of complex) as

N »
well as from the nonaqueous systems (acetonitrile solutigns

-~—~*-——_0%~eemp+ex+—ﬁs&ﬂg—&—s}ng%e—eemmen—%e%e%enee—e%ee%rede, thé“‘
Ag/Ag , 0.010N NO , O. 100N tetraethylammonium perchlorate

. 3 .
or TEAP referénce electrode (+0,532V versus NHE) (50).

»
)

3.5.2 The Non-Aqueous System

A voltj%metric' scan of dianionic Pt mnt in
acetonitrile indicates that the integrity of the complex is

maintained durlng scannlng only when the applled .potential

r

is kept within +the range lying betweeq ;1.0 and +0.4V
versus the reference. Scanning beyond thisfrange results in
a decohposition of the complex with the resulting artifacts
érowing with each scan. Within the recommended range, the
characteristic voltammogram of thislcomplex is readily

»

obtained (figure 3.13).

-

3.5.3 The Aqueous System , o . -

The voltammogram of a deaerateds aqd - relatively

» 1



‘concentratzd solution of dianionic Pt‘mnt in &cetonitrilé
(5 x 10_ M) in an electroé;;mical cell does not change
significantly during extensive ir};diation. The addition of
a slight amount of water (5% aqueous)lbefofe ‘irradiation
also doqs,not produce any change in the voltammogram 6f a
déaerated sample (no significant . modification of Fhe
voltammogram can be detected). As well, phe i;}adiétion of

a 30% aqueous solution of dianionic Pt mnt in acetonitrile

for 2 and 4 hours in a deaerated system shows no

-

significant change 'in voltammogram (figure 3.14a).

When the solugion is aérated, however, irradiation of
the solution ﬁog 1.5 houfs produces a significanf change‘in
voitamﬁogramti(figure 3J.14b). The wave for the complex in

'the voltammogram is severely diminished. Irradiaéion for
3.0 hours. results in further changes (figure 3.l4c).
S€anning at an incteased sensitivity shows the changes more
clearly (figure 3.15). In all cases, therxe wés no evidence

of a precipitate or any tendency fon‘pre ipitation in any

of the irradiated systems.

s

3.6 Spéctroscopy -
- 3.6.1 UuUv / Visible Spectroscopy ;
¥ The - spectra of the- maleonitriledithiolates are

characteristic and have been previously assigned (table A-

3) '(1,2,51,52). The reduced dianionic form of Pt




maleonitriledithiolate is characterized by a strong primary

absorption peak in the visible at 470 nm (a = 7,000). The
.gxidized or monoanionic form, meanwhile absorbs at 450 nm
(a = 8,800), 600 nm (a = 1,700) and 850 nm (a = 3,260).
Upon ,electron transfer, therefore, there is a
characle?isti; hypsochromic shift of. the madin visibié

absorption band from 470 nm to 450 nm. In addition, there

is the appearance in the oxidized ngctra of the new

identifyineg absorptions at 600 nm and at 850 nam (figure

3.16).

3.6.2 Changes~Upon Irradiation -

Hoﬁogeneéus solutions of the complexes yand their
mixtures display the straightforward sﬁectra of pure, .
unaltered substances; The spectra taken of 'an irradiation
solution (5 x 10-4 M dianionic Pt mnt din 50% aqueous
acetonitrile) show that practically no chapge in spectra
occurs with ‘the presence of wateér or any of ‘the 'other
components (figure 3.17). No discernible changes occur &ﬁen
a comparable solution of the Ni complex is ﬁgradiated but
little ifradiation is required to.produce' a substantial
cnangev in the 'Spectrum of a solution of the platinum
coﬁplex (figure 3.18). The solution undergoes a distinct
bleaching pracess which changes the colour of‘the inténsely

red dianionic solution to a light orange and, subsequently,

to the eventual pale yellow solution. All solutions of

A\



dianionic Pt mnt undergo this bleaching effect when éiposed

to 1ight) even when left exposed to standard lighting. Once
the yellow colour is attained, the solution seems

relatively stable to any further changes. -In contrast to a
)
solution of the oxidized complex which is reversible and

'

easily reduced. the bleached solution resists reduction.

2 , T
3.6.3 Spectral Changes Occuring With Time

Spectra pof the irradiated solution cIearly-sth the
shift in the main visible absorption band which has occured
from 470 nm to approximately 400 nm, During the irradiation
of a buf{éred substrate-less. dirradiation solutiqn.“this
sﬁift in absorption\octurs in a dramatic fashion especially
within the first hour of irradiation (figure 3.19). The
typical _Pt mnt peak at 465 nm rapidly disappears and is
replaced by ; strong péak at 390 nm which subsequently
decre;ses slowly., A carefui monitoring of the peaks during‘
phe_first hour of irradiation shows the qhange'more clearly
(figure'3.20). Within 20 minutes, the aianionic form of tﬁe
platinum complex has reacted exhaustively and there is the
appearance oﬁaa new speciéé with A ma; at agproximately 390
nfi. In a solution which is buffer-less, -the result is
similar (figure 3.,21) except that the appearance of a small
concentration of oxidized domple; as gegn from .the 750 nm

absorption is more obvious,

Monitoring several important waﬂelgngths during the



first hour of irradiatfon of a buffer-less and substrate-

less solution can help to give a'clearer outlook on the

natu;e of the degradation process. At the 390, 465 and 750

hd

nm wavelengths, corresponding to the new, the dianionic and

the monoanionic species present in the solution, there is.a
relatively large increase in the concentration of the new
species along with a sﬁgqi\éncrease increase and subsequent

decrease of _the monoanionic species ' (figure 3.22%). The

dianionic species, used up early in the process, disappears

within 20 minutes. A slodqdecrease of the other speéies‘
alsp evéntuaily occurs. This eventually results iﬁ the

disappearance of all peakshand indicates'that there is an

gngoing degombosition¥of all chromophores in ‘the soldtion.

A change “1n filters\(éoo to 420 nm) doeg nbt result in - any

significant change except that generation of the new
speéies is not as great and the decomposition—like event is_
slowed., If a sample of the irradiated solution is treated

with a dilute solution of buffered SO (pH 6), spectra of

tﬁe solution taken befo}e and after ihow that the species

in solution are reduced to the dianionic form to a limited

extent by‘this mild reductant (figure 3.23).\

-

3.6.4 Search for an Interméﬂiate

A comparison of the spectra of reduced, “oxidized‘and
R ) .

yellowish, irradiated solutions of Pt mnt (0.10 mM)

suggests the presence of an intermediate in the irradiated



solutions. ° The spectvum of the arradiated solution,
ignoring the minute gquantity of oxidized species, %isplays
a new, distinct absorption at 390 nm. Indications are that

this 1is a related but altogeiher new form/ of the Pt

complex. In an effort to identify this infermediate. a

sqlution: of reduced alkaline ‘phenolphthaline, a substance

L]

readily oxidized by peroxo compounds, was used. Samples of

€

an —irradiateﬂ"—éubsrTate—1ess solution test posxtmve{‘Tor
peroxide (turns }ight red immediately) when ;reated \witﬂ
this dindicator. With a suitable absorptibn in\ a non-
interfering wavelength region (550 nm), the: easily
measurable coaoUr chapge‘ éan be used. £0~ determine
concentrations in golution. After éorrelating the
absorbance with a ~diluted peroxide 'standard, it was
possible to “‘measure the appedrance‘of the peroxide-like

intermediate in a substrate—lesé, buffer-less solution of
complex during irradiation. Aften-lesg than 5 minutes. of-
irradiation, the concentration had increased rapidfy and
significanily (figure 3.24). The appearance of the peroxide
species correlates directly with the time scale of the

induction period observed previously.

Thé generated intermediate ca ‘igblated from  an

irradiated (1 -2 hours). buffer~-less, substrate~less
. -2 : ' "

solution of the complex (5 x 10 M) in " 1:1 aqueous

‘acetonitrile. With the addition of TEABr salt, crystals of

LY Y * -
the dintermediate can be recovered by rotoevaporation and

-



- 5 3 - % .
~ ‘ a .

reérysta]lization. The dgrk?brown crystals are obtained and
dried for several days‘in'a va;uum oven at- 60°C. The
spectr; of these crystals suggest dnly‘a single component
(figuré_ 3.25). The isolated inteYmediate was found to be
gquite sensitive and ﬁnstable. It _readily underggfs a
spontaﬁeous .decompgsition to non—chromophorés when exﬁoéed
to extreme conditions eg,“ﬁeat.

The possibility of obtaining a dark or chemically-

generated intermediate was entertained and it was decided

e N ) ]

to attempt a modification of the complex by wusing a
powerful reductant or oxidant to actually generate the

: 0
species without irradiation. Treatment of a solution of the

-

-

‘dianionic "'complex with hydrogen peroxide resulted ih. no
observable .changés itp- the complex. Treatment with sodium
borShydride also reéuited in no reaction. hen long term
exposure to a greater concentration of these compounds was
attempted, however, ’ different aresults we£e oétained.
Borohydride still ‘had” no‘efﬁgct but exposﬁrq to a high

concentration of peroxide for half an hour resulted in a

significant colour change of the solution (figure 3.26).</A

‘colour change roccurs which‘is dualitatively identical to

S \
irradiated solutions. Long-term exposure to a high

H

concentration of peroxide 1is, therefore, necessary to

generate the intermediate component (403 nm). No dianionic

'

{465 nm) and only a small quantity of monoanionic component
(450, nm) remains’ in’' the solution (figure 3.27). ' 0One

possible ¢andidate for the chromophoric ihtermediate, ‘the
[ -
¢/

+

-

i

!



§ .
‘. free maleonitriledithiolate ligand, absorbs  at a’
significantly different wavelength region (368 nm) (figure

3.28). Crystals of the generated intermediate are readily

-

obtained frop/na concentrated solution of the complex

1

\treated with peroxide.

3.6.5 IR Spectra of Components,

The infrared spectrL of various components were taken

in order to determine the characteristics relative to each
spectra, Spectra were taken of the pure diamionic complex,‘
the isolated intermediate mixture obtained from an
irradiateﬁ_solution and recovered crystals of the peroxide-
generatea intermediate (figure 3.29)., There is very little
difference in spectra between the dianionic complex (figure

3.23a) and the intermediate mixture from the idirradiated

~»

solution (figuré 3.29b). (The broad band appearing at 3400
-1
cnm may be associated with water). There.does not seem to

- ‘be any significant structural changes in the complex. The

spectrum of the peroxide-generated intermediate displays a
’ A . I3

significantly degraded complex (figure 3.29c3. The
isolation procedure (recrystallization) has produced a
severe loss of the complex because it accelerates tﬁe
“deeomposition reaction to which® the dintermediate is
sensitive.. Sgill, remnant peaks can be obsefvee which show
* that the dntermediate spegies is also not sigunificantly

different structurally from the original complex. Peaks



AN

which would indicate ihé presenée‘of an oxygen species in
the irradiated and‘perOXide-freated comblex-(llhs cm-l, 270
cm—l. 1556 pm—ll representing superéxidé, peroxide Vand‘
molecular oxygen respectively) are seen here to‘be eithe}

7

absent or very weak.

‘a

3.7 Ackinoﬁetry

Light ‘inteﬁsity measurements doine using ferrioxalate

agtinometry .show .that photon influx into the standard

v

irradiation cell using a 420 nm filfﬁr is approximately 9,2
X, 101‘5 pﬁo;ons per second in-dim lightinéi 1.7 x q016
pﬁotqni per secoﬁd in normaf iaborgiory fluoresqent ligﬁt
and 6.7 -Xx 1017 photons per second during irradiation using

tungsten-halogen’ projectdg light. This corresponds to a

* .\ R
Yatio of intensity of approximately 1:2:73 respectively.

[

?
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DISCUSSION

- ‘ ‘ . \
” 4,1 Prelude '
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The special propértfes of the metal dithiofatgs have
generated much interest regarding photocatalyticVp?ocesses.
Their ©peculiar electrical properties, highly efficient_
redox reactions and the fairly stable, structurally similar
ionic . forms for each comﬁlex (iﬁnic chdrge, n = Oato -3)
Lfigp;gmA:g)‘make these cohpounds—qui%e—#rfmafkﬁble1-k¥ong—f—;—*”*”
with. the capacity for electron-transfer 6ver a wide range '
of potential values and strong charge—transferzbandé in tﬂe\
visibie region of the spectrum, these compounds are strong ‘
potential candidates for photocatalysis.

v \The . chemical stability of these compounds can be
easily underestimaﬁed. The usually reactive electrophillic

~

su¥fur groups present on the structure are strongly .
stabilized by resonance and this makes the complexes, as a
° result, unusually stable chemically,— easily isolated and

characterized (8,13,53).‘ The slow interligand exchange




‘reactions common among dithiolates are not importani in the

v

complexes studied .(Cu, Ni, Pd, Pt and. Au complex. exchange
reactions are especially sliow) (P@). solutions of the metal
dithiolenes are mnot known to wundergo any significant

reactions/'when continuously irradiated with visibl light

- . .

.

(360—900. nm) regardlesé'of the dithiolene cbncentration or
the solvent utilized (54). Nonetheless, their aﬂility to
undergo a photoinduced electron transfer is of considerable
interest. The absence of' significant undes}rable. non-
photochemical pathways which could severely interfere with
any photoéhemistry permits the relatively straightforward
examinatioq of the ré}her simple photochemical systens.

Th? nitrile-substituted maleonitriled}thiolate or mnt
ligand, the most well-known and studied dithiolate ligand,

. - L3
forms very stable square-planar structures with several

tramsition metal ions eg.. Cu, Ni, Pd, Pt (figure 1.2)
(20,31,32,39,41,42). The mono and dianionic forms,
-especially, have been studied extensively (Cu, Co, Ni, Pd,
Pt, Rh, BRe and Au) (25,30,51,52?36,57v58,59). Despite a
relatively weak field character (similar to iodide), the
ligand éisplays stroﬂg pi 'forces which éontribute to
extremely stable four-coordinate complexes eg. forms high
qelting point solids, are inert to substitution by most
common liganQS.'(CN-) and are resistant to the axial
perturbations caused by solvent molecules (19,22,39). The

structures xhibit no chemically significant distortion

from planaxity through several oxidation states. This




- \

«
f

observed (20). The greater "accomodation of electrons

[y

interesting range of values between +1.0 and =-3.0V (vs.

Ag/Ag+) (19),

e , ¥ B
complexes are dark red,  high qklting,

crystalline salts. These s¢#miconducting and pi¢zoresistant

“e

counterion utilized (in thAs case tetraalkylammonium) (21).

The monvanionic specieé (n = -1), obtained via the oné-




A Y

electron oxidation of -the dianion, is slightly leéi.water-
soluble than the dianion (the dianionic species "is only
siighily soluble in water) but is alse stable. Conversion

N

of the. dianion to the monoénion océﬁring at a very .51054\
~“rate. in neutral solutidn increases with acidity. .

. . . The reactivity of the excited 'states in these
' stroggly absorbing compounds, * as determined 'by‘
photoéctivit& in the visible, shows that only'the dianionic
species of the Ni and Pt complexes are photoactive (metal
to ligand transitions in the Ni and Pt complexes are
~N\ ‘photoactive; ligand to metal traﬁsitions in the Pd complex
| are inactive) (1). The photocurrents measuﬁed in
homogeneoﬁs and heterogeneou$ systems are produced “by
lowest excited-states with relatively long excited-state
- life-times (4-7 nsec for Ni and 10-43 nsec for Pt) (1,2,3).
The excitation energy of 1.45 eV for the Ni complex and 2.3

eV for the Pt complex for the first excited state and a -2
/ -3 redox couple of ;1.9 for Ni and -3.0 for Pt make both
species potentially good reductants (excited stéte redox
geaction energy 1s approximately -0,45V éor Ni and -0.7V
for Pt) (2). A 1onger-1ﬂ§ed triplet, a greater redox
reaction energy, and / or more suitable complex orbital
energies have resulted in‘a markedly different beﬁavidur
for the Pt complex than for its Ni analog. .This, as
previously noted, has included indications of excited~state

energy gpenching {(figure A-9) . as well as evidence of

electrocatalysié by the photoproduct (figures A-11 and A-




T 12) (1).

/

/

_ " The processes which are seen to occur during the

irradiation of the dianionic¢ Pt complex Jequire definitiaon.

-

It “must be determined whether the complex is

photocat31ytic in visible light. Although, the existence’of

[ ’ a

YA
clearly photoreactive redox process, the quenching
behaviour and the evidence of an electrocatalytic process
o - - r X
may suggest a photocatalytic progess occuring, the actual

mechanism of this behavi&dq-has not been established.

e

4,2 Semiconducting Particles and the Heterogeneous

)
~

/< ] System

The poor solubility of the complex in 3ater had

supposedly created insoluble aggregates in the irradiated

aqueous solution. The evidence indicated that these
|8 ! -
‘ . . ] .
processes were occuring, in the ©presence of these

particulates or aggregates in aqueous Pt mnt systems during
' \ r
: irradiation (figure A-12) (1). This indicated that the

system which might be responsible for the photoprocesses is

« .

heterogeneous. The participation of semiconducting

particles was suggested in a manner reminiscient to other

/‘ + well known heterogeneous photocatalytic systems (7). To

f test this hypothesis, the initial manner of investigation
involved a study of heterggeneous systems of the complexes

in the form of aqueous slurries. Simple, reliable

\
. t
«
/ ' vo
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heterqgeneous solﬁtions,.in the presence of tést compounds,
would hélp determine the presence of any redox ©processes
acccuring with‘i{r;d{ation. _irradiationé were carried olt
using the péwerful but economical tungsten—halogen lamp
which emits a strong white light with 1little wultraviolet
coﬁponent. With complexes qf interest absorbing stroggly
(a ; 3500) at approximatély 470 nm (blue), the intense
white 1igﬁt was-whighly * suitable and cénvenient for~
irradiation purposes. .

The results obtained ftér lengthyl irradiations of
aqueous slurries -containigg redox test compounds such as
the chlorinated c;mpound, m-chlorobenzoic acid, and
alcohols (efhanol, methanol and i1sopropanol) producd% Mo
measureable changes in concentrations in the presence of

<

either the nickel or platinum mnt complexesr A facilitated
oxidation of the dianion to th; monoanion during the
irradiation was observed (with the acid). Absolutely no
‘phanges occured with the aléohols. Oxidatioﬁ via
‘photosensitized catalysis can be achigved'in some systems
using a third component acting as én electron relay and
this was attempted with the alcohols using Bpe §uch charge
médiator (CuCl ) wused in the photoaétivated oxidation of
@Icohéls by oiygen 147). After dddition to the- aqueous
slurry and Ejradjatlon. there was still no change in the

.
concentrations of he alcohols. Its relatively strong

oxidizing capacit'y imply resulted in the outright
L]

T
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oxidationrof -the complexes upon contact, In aqueous systems
containing a concentrated slurry (particulates) of
dianionié Pt mnt, the air above the solutions was monitored
afier exténéive irradiation. Samples showed no deteptable
hydrdgen under‘ any conditions so there 1is. clearly no

hydrogen generation in' such systems. In spite of the
. % ;
significant amount of .evidence £ photoactivity in. these

- [y ’
systems, this must therefore not proceed very efficiently

in a heterogeneous environment,

4.3 Tﬁe Homogeneous System and Photoreaction

L4

The relative absence of any evidence of reactivity by
' ° [
the: complexes in- the heterogeneous systems and the

2

corresponding absence of further.evidence for the existance
of relevant processes of interest does not explain some
important observations eg. evidence of electrochemical’

A,

- ol
(photocurrents prpduced and measured in the systems and

observations of electrocatalytic behaviour) (1,2,3),
picosecond flash photolysis (1,4) and quenching
- - \ —
(photocurrent and excited-state quenching) (1,4). The

existance of a photoinduced q]ectron-transfér is clearly
reflected in these processes which also suggest a‘possibie
reaction of the.photoactivated spes}es in solutiop. The
absence of photo{eactions associated with dechlorination,

alcohol oxidation or water reduction in the heterogeneous.

N
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_acetonitrile, .0f these, the preferred solvenl\ used ‘was

-

-
"

systems underlines the need for a significant modifdPcation

of the system. ¢

The difficulty encountered with the precision of

measurements and 4?“3 substantial «colour of slurries
\ N

strongly suggested that the system might not ‘be absolutely

heterogeneous, Slurries filtered through a 0.1 um filter

\

were found to retain a significant <colour. They are,
undoubtedly; sl}ghtly soluble and produce the slightly

orange-red 'solutions observed. The presence:'of other ions

assists solubilization. Experience with crystallization and

recrystalliization shqﬁg chat a solution of the -

S—

tetraethylammonium salt of Pt bis nmnt in acetonitr%}e

requires more than the simple addition of water to produce

- »

crvstallization., In fact, an excess amount of counterion

eg. petraethylammonium is required to render the complex

completely insoluble, Studies of the simple, easily

isolated, well-defined and relétiVely heterogeneous systems

demonstrated that 1little or no activity occurs in these
systems during irradiation,
-

The investigation of a purely —homogeneous system

» *

produced measurements which were nmore accurate - and

permitted any existing processes to proceed more vrapidly
P

and efficiently. Several solvents could be used to maintain

these complexes in solution eg. acetqne, rcthanol and

acetonitrile eg. excellent solvent, resistant to oxidation
\ .

and reduction, permiting vreasonably high conductivities
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.. ; °
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and, of course, transparent through the entire visible

~

. Spectrum aﬁd bevond (200-2000 nm) (44, ﬁethanbl«waé also

used and found satisfactory. All gohponents,used for the

irradiation | solution were chosen so that enly - the

dithiolene complex will absorb light (> 360 nm). - . a

The immediate effect of irradiation on a concentrated

A

“homogeneous splutioﬁ df complex (20.0 mM-of each complex in

20% aqueous acetonitrile) was dé???h&ned‘ in a closed

N

irradiation cell, No hydrogep was detected in the dead air

2

'space above the sblution even at the highest sensitivity,

" factor 'in the system or

-

- 3

~Again, this 1is a suggestion of eithegr'a strong inhibiting

(¢

that the process proceeds in mannery

-

, A
» -~ / .
not expected. The potential difficulties in'éii system .may

inélpde unfavourably low catalyst *concentrations,' an
inhib@to}y ghvi;oﬁment, the unfavourable solubility of a
product’ or reactant or the low efficigncies\,inhqrent to
such processes. In any event,* the observed photoegcitatipn

of the dianionic species with its subsequent oxidation does
¢ - .. ’ - 1
suggest activity. The actual mechanism occuring, ', however,

is ot definitely kqdwn. In order modify the system in a

possib ore favourable manner, a third component might be

candidate is an electron donor.. The

-

added. A rea

presence of a donor speciles favours a reduction.process and

w -
f .

iggreases the 4ikelyhood that the complex wundergoes and
& . . .

b . S 3 . ‘
maintains a reduction process eg. reduction of some

\
component in th® system., A catalytic tuTrnover oft~theJ

~

-l
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process ".Jis more likely gnd is highly desirable, A cyclic®

&

IR ‘systen woﬁﬁd _uidoubtedly‘ allow a better,\\m5¥# easily

R

~

»

& -

i : ‘ .
“measured accumulation of the product, - .

r

Commonly used electron donor spafies, such as EBPTA
/

1

< - ] » .
and triethanolamine (TEA), ' were. found to be. ineffective i
N y."’»“? f «

the system, Presumably, this is because of their ﬁnabilit}
t "~ ., ¥ “~ . t

-

U s S . o
.to reduce the oxidized monoanion +to the dianion. The

-t ’ ' ' . . :
pxidized product accumulates in the system and the'reaction T

~

'stOpPS., It became‘necesshry; therefore, to employ a better

reducing agent as electron donor in order to get a reaction
. / i M . . _

& -
i R [

T / i

started. -A- logical choice for this reductant was -the
. e . -— R - \ ——

thiosulphate species. Already used in the purification of

synthesized mnt.- complexes and in the reduction of oxidized.

complex, this mi}d reducing agent (the sodium salt) can

‘ . 5
[y

alsb be_ used 'to readily monitqr the system using a redox

N

" fhethod of analysis. .The. .changes in the thiosulphate

concentfation as measured from samples taken periodically

-

3 from the irradiation cell could now bg followed accurately,

L

o -2 ’ . o . )
s 0 + .2 e  =e=ee> s o ’ +0,090 V'
. 4 6 . 2 3
(: ¥ ~ (a) R
‘ -1 - - x . 9
JPt(mnt) + e —————> Pt(mnt) B +0.430 V
. 2 .y . ) ! 2 .: s
-~ ) : (b) -
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A relatiyely raccurate knowledge of the behaviour of\ the

true reductant centration in THe system and the actual

probable redox reaction '‘of interest .in the

proéress of th
. LK

Y t

system wit t'ime was hence obtained. The rate of oxidized

complex enerated during the irradiation was.measured - and

correlated to:' the amount of reduction occuring in the
sample irradiation cell.

To  maintain a homogzeneous system, the tvhiosulphate

) 1 . A i . .
salt was» dissolved in an aqueous acetonitrile solution.

o

Unlike metal mnt complexes, thiosulfate is quite insoluble
in acetoﬁitrile. Its solubility in water requires a system

.that maintains both these electrélytes in solution and,

thus, ‘requiresta mixture, It was readily determined .that a

50%2 (V/V) aqueous apeipnitrile mixture easilyﬂmajntains a

homogeneous solution and only a radical change in solvent

»

percentage would affect the system (> 75% MeCN reﬁuiréd

. ’ o ' N .
precipitate thiosulphate). 1In this case, a simple system,

’

easy to sample, was obtained.

+ .The solutions of buffered, as.well ‘as, wunbuffered,

.

\ . .
agueous acetonitrile. -(1.:1) containing dilute and

concentrated amounts of thiosulfate readily maintain their
reducing equivalents and stability over the space of

several days and more (concentrations’rem@in\constant). The
' " |

.t

\
. . i . ,
iodimetric analyses of relatively small precise sampleg of
solution from irradiation solutions necessitated the use of

a dilute 1odine titrating solution (25,0 wuM KI ). This.
4 3 ‘
assured the adequate titrating volume required (at least 10

s 3
-



ml) for +the “small volumes analyzed (0.500 - 1,00 ml).

. \ .
During 1irradiations, the systems were closed in—order to

prevent the rapid evaporation'a the acetonitrile and the.
resultant errors from the mo&ifie donor concentrations:
The {;radiation of an unbuffered 50% aqueous sofdfion
of acetonitrile containing the complex, electron. donor
(thiosulfate) ‘dOES' produce a decrease in the thiosulfate
concentration., A limited reaction occurs in the presence of
light and no changg in the homogeneity of the squtian can
be observed or detected. It is a p%otoreductive reaction
which uses " up availgble electrons‘from the thiosulphate

donor species. The reaction does not, however, achieve a

turnover in this system (the quantity of .substrate consumed

a . »

is less than the quantity of complex present).

4.4 Turnover and Céfalysis

¥
]

“
te

Increased donor Gconcentrations in the irradiation

solution and _comparison of blank, dark and irradiated
solutions help verify the behaviour observed in solution
during irradiation. The unfiltered irradiation of a°

solution with an increased concentration does produce a
; o B X
significant decrease in donor concentration again but, this

time, ‘a turnover is quanti%atively measured (1.8 times the

¢

complex) *indicating that a catalytic process may be

. . . . 3
occuring, The reaction is short-lived, however, and

4
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eventually halts, Buffer solution resumes the reaction
which éuggests some dependence on, solution pH.

The presence of a buffer in the irradiated solution

is required for -reaction.’ A buffering capétﬁty in the

\ .

solutiop may be favourable to the pho;éprocess by
Preventing 4 - halt in-the reaction due to the 1inhibiting
basic products generated (producing én unfavourable pH
gradient). The irradiagion'~of°such a buffefed (pH 6.0)
solution produces a clear decrease-in the thiosulphate
concentration with nQ noticeable changes ins comparable
blank or dark reductant concentrations. The significaqt

decrease in —concentration and good apparent rates Jf

~reaction follow a cleariy linear behaviour. A good \numbé

of photocatalytic turnovers are now achieved (> 10) (

catalytic process: is occuring) ¢ .

The-. observation of a distinct - bleaching effect
3 - . s o
occuring during inradiqtions of the complex in solution,
. T !

produced suspicions that K an uncompgnsated High energy

. |

component from the light source 'might be ' producing
undeéirable effects on the complex.. The introduction of a

340 nm ultraviolet cutoff filter, capable of removing any

— N

high energy light present, showed that observed, processes

&

still occur. The rate of reaction is only slightly reduced,.

-The filter does, however, reduce bleaching of the solution,
. - ) .
Extensive iyrradiation of the -"filtered solution will

" decrease the! thiosulphate concentration to nearly zero and

"
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pro@uce significant tvurnover numbers. In a relatively
conceq;rated solution gf thio§u1pha%e\ (24.0 mM),. the
turnov%r is:at least 44 iimes. When exhausted, a&ditional
thiosulfate can be added to the solutiqp continuihg .the -
process until ail is consumed again. In. %ﬁcess of 50
turnavérs has been achieved and there does not seem to be
any iimit to the reaction. The reaction proceeds

indefinitely. The reaction does not proceed to any extent

in the dark and it is stopped when the light source is

removed. The irradiation of an identical solution

contaiqing the Ni mn:\complex produces no decrease in

thiosulfate concentration and shows no comparable
.

photoactivity. The, extensive irradiation of . a 'blank
irradiation solutijon (no complex), meanwhile, confirms the

stability of the thiosulphate species in this solution
within the time scale of these'experiments. Irradiation of
a deaerated system gives inconclusive results due to
significant sofvent volatility,

The introduct}on of 4 420 nm cutoff filter (rejecting
98% of light from projector below 425 nm) further isolates
active wavelehgths for subsequent expe;iments.’ln addition,
significantly more accurate* calculations are now obtained
from the system with the fra2quent mopitoring of the titer
of the 3odine titrant ~solution. Increasing the donor
concentration again produces a significantly greater donor
to complex ratio (40.§ mM or 91x%x) which, upoq'irrad;;tion,

4

produceé the substantial substrate decrease expected (-25.0
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| .
mM at -3.33 h ). The high turnover (over 50x). highly

indicative of the significant reaction process occuring in
the system, also indicates a significant product formation.

N

A measurable amount of product may now be present in the

. K]
system.‘ A sampling of the air layey above the solution
shows ~ that no hydrogen is present. " Increasing
concen?rations is notlfound to increase tﬁe reaction réte
in a+ manner .normally associated with rate-limiting
components and it has become increasingly obvidus that the
fate-limiting ¢ondition of the process does not involve
either substate o; complex., A third component must exist in
order for the-process to proceed. An irfaﬂiated'system 5;
successfully degassed (using an acetonitrile bubbley) and
ihé underlihing behaviour of the process 1is <clearly
demonstrated when all activity ceases. The process requires

N
oxygen 1in order to proceed. The addition of an electron

relay species (methyl viologen) does not help induce any

N 13

4 ) ' .
further oxygen-free process. Any possible water reducing

process by the complex 1is definitel aﬁseﬁt. " The

photoprocess which had been identified in - systens

containing df;nionic Pt mnt is not a [ water vreduction .

mechanism. It must dinvolve, however, /a photoactivated

facilitated oxygen reduction mechanism,



4,5 Oxygen Dependence

~—

Although the importance /and extent of oxygen

involvement 1in the photoprocess'occuring in these . systems »

~
-

had been previously known and considered, it -had been
regarded as a slo& secondary process with little or no

effect on the fast primary electron-transfer processes (1),
. N J »
In this context, the relatively slow oxidative processes

occuring in Y various conditions (especially acidic media)?

eg. dilute .a ous acid solutions were considered normal ’

'
1]

albeit intriguing. The inactivity in a deaerated system

v

during ‘irradiation showed beyond all doubt the exclusivity

-

of the oxygen-dependent processes,.

! Exposure of an irradiation solution to a larger

ysource of oxygen eg. a larger volume of air wéuld,

1l

uddbubtedly. have a strong influence on the behaviour of ‘ /

the system. A separatory funnel placed over the irradiation // «
N /

cell ground glass joints provided a large volume of air to /

the irradiation solution surface (less than 1 ml air -
available with stopper; over 250 ml with funnel) and/
- y

allowed a continuous exposure to a larger oxyéen reservoér.
'A filferqd (400 nm and I.R., cutoff), focused (centergﬁ/on
cell window) light was used to irradidte several solutions

with varying donor concentrations. Besides the normal high

turnover rates obtained, generally higher rates of reactjon,
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¢ .
were /ﬁétained in-all cases. No outstanding trends in the

ra:;7/ could be detected despite_ the widely varying

concentrations. An increased supply of oxygen, therefore,

' increases the -rate. .
z v

- Irradiation of" solutions’buffered at different pH

[y

. ) C . .
values while “exposed to an air reservoir do not show the
)

strong pH dependent behaviour which had been suspected.
.Solutions with values other than pH 6.0 do seem to undergo
a slowgd process rate but, generally, the actual difference

is much less than would be expected from such a dependence

, . \
-and dindicates that pH-dependance is of 1little actual
. , -

significance 1in these systems. In the presence of no

’bdffer, the reactiony,will still proceed when exposed to air

at an uninhibited rate.

-

The irradiated Pt mnt system resists available

o
’

electrons ‘frcm other common ele¢tron donors, Therefore, a

reducing species comparable to thiosulfate is necessary for

A

the reaction to ftr6ceed. One suchk reducing agent is sulfur

dioxide. Dissolved in water and’s neutralized to more

\myderate X pH values (producing hhydrogen and. neutrél

sulfites) (29), the solution readily reduces the oxidized

Pt complex. Solutions of sulfur dioxide or sulfite can also
. be monitored in solution wusing the same titrimetric
procedure used for the tbiosulfate via the reaction:
) ’ o -2 + .. '

SO0 + HO + 1 ————->, 50 + 2H v+ 21
J "2 4 =

N



A neutralized (pH 6.0) solution of sulfur dioxide ot
-1 -
hydrogen sulfite, HSO . (the main species) dis stabhle
’ 3 £ ‘
over a short period of time in an_aqueous solution despite
. {

the 'slow, kinetically-hindetred oxidation which occurs in

the 4 ~ 8 pH range .in the presence og molecular oxygen. The
oxidation product is primarily sulfate with only an

infinitesimal amount of dithionate. In the presence ‘of

acetaonitrile, , however, there is ! an unaccountable

[

-

acceleration of this oxidation in normai/1 ambient
cnpdixions. Thislunusual instability of- the shlfur gioxide
in agetonitrile creates the need for another éolvént in the
system.: Methanol is a satisfactory solvent and the sulfur
dioxide species are ;taple in this new system (a 50%
aqueous .solution of methanol). The addition of the
thiosulphate donor does not affect fﬁe stability of this,
system, Irradiation (400 nm and I.R. filters, pH 6.0, 25°C,
—~N
eXxposed to air) produces a decrease in the thiosulphate
concemtration ° but at a significantly ‘;educed rate
(approximately' '1)2) versus the acetonitrile system
imdicating that the methanol environment has an inhibiting

-

effect on 1he ongoiﬂg process. Irradiation of the methanol
gystéﬁ with sualfur dioxide\donor, however, produces .aﬁ
apparent reaction rate which is significantly greatey’ than
thoée obtained in any of the Pprevious thiosulphate systems.
The observed inhibiting effect in methanol is greatly
overshadowed by this increased rate, An interesting

4

. . |
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op=wervation is the appearance of an "induction" _ period

7

/ duryng the course of the irradiation. The lack of reﬁction/,
. N 3 V . )
in the iniz?ﬁi\jstages of irradiation (during first 30
minutes) is followed by the accelerated decrease of donor.

Previously examined systems using thiosulfate\may also have

. this induction effect but was not observed {presumably due

| to the less favourabléQreactipn conditions present). - -

C " The .importggce of oxygen in the photoprﬁcesg as well
as the « presence of an induction period during the
irradiation suggested thai a purely oxygen atmosphere (100%
oXygen versus 20% in air) would have a signifﬁcanily
different effect on the process. When several buffered and
unbuffered ~irradiation solutions were irraéiated with
filtered 1light in the presence of pure oxygen, a mare
clearly defined procgsé did emerge; all sblutioﬁs (pH 5, pH
6 and buffer—lesé) }roduced the ‘same substantial dectreases
of the denor conceptratioﬁs. The rates of the process were
significantly enha;ced by phis increased availability of
oxygen, Also, the induction period previously seeﬁ in.the
sul%ur dioxide system is now clearly wvisible in the
thiosulfate system. The change in behaviour’betwaen the air

and oxygen systems are obvious qnd significant and this

determines that a reaction dependence on oxygen exists in

-,

g

-

the system,

v
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4.6 Electrochemistry

k]

suggesting the existance of an

The evidence \

-

electrocatalytic »process, aftey irradiation by the complex

necéssitated a re-evaluation of the giéctrochemistry of the

7

system., = Using the Ag/Ag+, 0.0I10N,NO , 0.,100N TEAP
l . ‘ 3 - )
(tetraéthxlammonium perchlorate) | reference electrode

LI ~

/
(+0.532V vs. NHE), voltammetric scans were obtained in non-

aqueous as well as in aqueous jrradiation solutions (water

/ acetonitrile 'mixtures): A comparison between systems

“helﬁed to determine ény behaviours induced primarily by the

solution enyi}onment.

Prglimiﬁary yoltammographic gcans of diéni&ﬂic Pt mnt
in .acetonitrile showed that the complex readily maintains
its stabiliky only in the fange of potentials lying between
-1,0 dnd +0.4V versus the reference electrode (+0.468 and
+0.932V vs NHE), Scanning more anodicaldly results in a
significant decomposi&ion process uﬁderlined by the
appearance of distortions or artifacts in the redox waves
due to decomposition products,. Stagqe, reliable scans of
the solution Trequire that the scans he 1limited to the
potential range between ~1,00 and +0:40 volts versus the
reference. The scan of a solut{pn of Pt complgx - then

results in the characteristic voltammograms of the complex.

" These voltammograms show the highly reversible mnature of

.
Y



/ the' electron-transfer process in this complex.:

+ .

., Relatively concentrated solutions' of dianionic Pt mnt

. -4 -
/ g, ’ fie . L
! ( 5 x 10 M) weYg® irradjaPed under varying conditions to

£y

- R
determine the effects on £ﬁ§?bo1tammograms. \In deaerated
conditibns, the solution doesn't undergo any changes in the
w0
. voltammogram even inp the presence of a significant amount

L

of water. The presence of'oxygen does produce a significant

change, however, which has nothiﬁg to do with

-

electrocatalysis. Increasing the sensitivity of th% scan

' produces a voltammogram that resembles a solvent wave
, . . .
(figures A-11 and 3-15) but sis caused, basically, by new

components generated. in the solution during irradiatidn.

Previous opservatlohs of precipitates appearing ‘in the

irraddated  solutions were never observed here wunder any
\ ’ ~
\ -

\ \J r

' TR
condition,

.7

/ S~

/ . 4.7 Spectroscﬁyyf - TP

The .Pt complex and other mnt complexes have

distinctive and chgractenistic absorption  spectra (figure
{ . o ,
T A=)). In "ambient conditions, the dianionic and the

mbnoanionic forms of the Pt complex consist of the two maih"
' W/

oxidation forms and they possess differences 1in spectra

which are characteristic. A change in the oxidation state

. l of the complex during _ irradiation can, therefore, be
o »

observed Yeadily., The spectrum of thg complex in an

' : ~

1
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acetonitrile solution also does not change to any extent

when water and / or thiosulphate are added to make the
. -4
irradiation solution (50% aqueocus solution of 5 x 10 M Bt

complex). ) :
° “ » ' -
The nickel - complex does not undergo any change in
spectra ubon irradiation. The platinum complex spectrum,

however, changes significantly when exposed to a light

source. The initially bright red solution bleaches to a

light orange and, with continding irradiation, achieves a

pale yellow colour., This ressembles a decomposition process

but .the spectra indicate that a relatively intact complex

exists. Only a éhift in the main absorption band towards

3

the blue occurs. The actual decomposition reaction produces

a colourless solution (when excess peroxide added). This

yellow form is relatively stable to any further c¢hanges

during’ irr.at'iiation‘or upon standing. This species is not
the dianior;ic nor the monoanionic form since these have
distinct ~absorptions and can be manipulated with redox
reagents eg. the dianion can.be o,xidizesl, the monoanion
reducéd. The drradiated solution is relatively stable‘ to
redox reagents. No change in colour occ‘urs whén the system
ig deoxygenated. :

Solution spectra of an irradiated solution containing
buf fer and thiosulphate show that a rapid change oécur,s

during irradiation. The diandonic main visible absorption

band at 470 nm shifts to.the new more intense absorption

i\

o



region at 390 nm.. Within the first twenty minutes of
1rradiation,&fthé absorption band of the d{aniop rapidly
disappears and the new absorption,ban&} distinct from the

dianion and monoanion absorption regions, gradually

i

appears., This is a new previously unknown species and the.
B ‘

prbcess occuriné is ciearly not a simple 0§idation
reaction, Thg absence of substrate from the idirradiateda
solution ailows a small monoanion concehtration'to tappear
which indicates that oxidation of the dianion does occur 1in
this sclutioa. l ¥

Changqs injabsorbanbe at the various wavelengths of

importance 'during. the dirradiation of a buffer-less and

~ . . ~
o , -
substrate-less sodution shows a <clear trend 1in the
behaviour of the wvaridus components. The particularly’

significant wavelgngths at 390, 465 rand - 750 nm,
corresponding to thel new, the dianionic and the monoanionic

species, indicate hat there is the appearance of a

relafiveiy small but constant concentration of monoanion

and. a decrease in the dianion concentration. The unknown

. % .
- species rapidly increases in concentration. Subsequently, a

slow ! decrease in all concentrations then occurs, This can
be interpreted as a general decomposition reaction occuring
in the system with continued irradiation.

The behaviour ,of the unknown-species can be readily

)
. ———

correlated to the measured photocatalytic activity of the

[N

system. The‘ induction period observed during irradiations

can then,be‘explained ds “the time required to generate the

4

.



.

new ph&iocatalytic species, A change in filter from 400 to

-
L

420 mm reduces the rate of generation of .the new species

t

while 1increasing the quantity of monoanion. There is ralso

an increase in the observed/;éfg of decomposition in . the

syéfem..Alihough the irradiated solution has practically no

N . t R .
. ’ oxidized complex even in the absence of reducing agents, it

;

. is found that the addition of a reducing agent to the’

.

: . ' solution ;ill. nonetheless, ‘ﬁroduce a change‘*in the
, spectra. TMis :indic;tes‘ the_preéence of some reducible

‘"‘a component. , ’
fﬁe reduced alka%iné phenolphthalein used to
. ' deter%inb the oxidant d1in solution demo%strated the

existance of a generated oxidant during idirradiations.

-

- ) Correlation of the absorbance of the indicator with a known

-

concentration of hydregen peroxide resulted in a’
. q .

- concentration veEQUS time plot during the irradiation of a
}
A

substrate-less and buffer-less solutiod. It shows the
- ' generation of a high concentration of strong oxidant within
T . ten minuges and attaining a relativeiy steady éta;e.

. ~ The intermediate spegies identified in spectra of

P
irradiated solutions <can be isolated by crystallization

LY

! from a puffer-less“and substrate-less solution, A spectrum
of the crystals obtained shows tﬁe characteristic spectrum
| " of a pure compongpt and supports the existance of this new

\ 0 . .
species as ’a separate component in the soluticn. The
= . b

N changes in spectrum obtained in a solution of complex after
. . . :

-~
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the addition of a significant conc¢entration of hydrogen

peroxide suggests that a concentration of °a perqxide—like
species is: generated during ifradiataon. The dianionic
species in solution is oxidized to some extent but it is
basically tranfofmed into a new species. The. peroxide is
generated using Qxygén and thus 1is presumably hydrogen
peroxide. This peroxide concentration converts the complex
into’ a peroxo intermediate which then photocatalyzés the
ensuiné peroxide generation, This new species, appearing at
390 nm, 1is the same in both the chemical and photochemical
reactions. A spectrum of this peroxide-generated compdénent
again shows the presence of the inter;ediagenspecies (at

401 nm). Comparison*to sodium mnt (at 367 nm) ,confirms the

distinctly novel species.

N \ ;
Infrared spectra of various components were taken to

examine any possible changes in the structures. The Pt mnt

dianion (figure 3.29a) shows the characteristic frequencies

of this species, Crystallites recovered from an irradiated-

solution (figure 3.29b) do not show a significant deviation
in structure from the dianion structure. The appearance of
new peaks at 1530, 1400 and 1210 cm'—l ﬁowever do represent
Significant differences. The perqxide-generated component
(figure 3.29c) shows a very weak spectrum dug’to advanced
decomposition occuring dufing~crystalljzation but stiLl

exhibits a faint mnt pattern. In all <cases, peaks that

‘would be indicative of the presence of oxygen (1145, . 770,
. — 1 “ N

and 1556 cm representing superoxide, peroxide and
- hY




molecular oxygen) are noticeably absent or very weak.

-

4.8 Mechanism
Despite the similar chemical properties, triplet
states and photoactivities (2), the observed photoreactive

behaviour of the Pt complex, versus the similar but

“honreactjve Ni complex is iuite different. This may be

related to a slightly longer excited-state lifetime, more

o )

favourable energy levels or the existance of a higher

photoexcitation energy in the Pt complex. The photoexcited

- .

..

. -2% -1 -1
Pt(mnt) + 0 -===-=>  Pt(mnt) + Q0 »
2 2 ‘ 2 .2

Pt complex will readily dohqte an elegtron to available

i .

D - A
oxyegen., In the absence -of oxygen, .no other photoreactions

will occur. The oxygen participates and is necessary -to

initiate the photocatalytic ©procéss in which any
appropriate donor species in the solution is oxidized.

There 1is no significant pH dependence and the temperature

3

dependence is difficult to determine. Reaction rate .

probably dincreases with temperature but reduced oxygen
solubility (the main rate-limiting component) undoubtedly
readily colnteracts the effects. The photocatalytic process

“begins with the reduction of oxygen and.the formation of

o

b
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Il ’ ?
“ o’ A : . 4 / ’
- superoxide . and / or-. hxdrogen' peroxide. . THere is,

o presumably, a change 'in the oxidation levelldf»the catalyst
5 . ' o / '
during catalysis, The <c¢9cle continues until the. donor

o o | )
population is depleted. The process proceeds regardless of
. . . . X I

14
the. system and thg level of oxygenation determines the

-

rate. . e . .

o . . f - N - -

»
v . ¢

- * The species réSponéible for -the photocatalytic

~ ~

activity 1is not the dianionic 6r the monoanionic form vof

N . T : - ' : ' .

the complex. A new dntermédiage species, absorbing at 390
2 . S >

., nm, appears rapi’dly‘ during ‘¥rradiation in the presem:eA of

o
o~
1 v

oxygen. The photocatalytic activity and "the ‘induction

period observed in the irradiated systems can be correlated

-

. to the appeérancef of this new unknoun species,. The

. M L]
k]

detection of .a.peroxide-like component generated “ during-

irradihtion can also be correlated to the, appearance of

this species, There are, possibly, two steps .to the
reaction: a pH-dependent initial photoreactioﬁ (reduction
. - .
of oxygen, generation. of intermediate) and a subseduenx pH-
. v

Y

¢

independent = photocatalytic process involving the . new
o » - .

»

-

L]

species (generation of peroxide?)’,
- The ‘species can also be generated chemically by

exposing the dianionic form to hydrogen peroxide.’lﬁ can be

" -

,re—crxstallized and 1isolated from both the irradidted

solution and the peroxide-generated solution, It 1is a

reddish-browun, thermally-unstable solid. A high
. /
concentration, of peroxide is required to decompose. the Pt

b4

. . '\
. 4 .
s
\ .

)
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.

mnt éomplex. The Ni mnt complex, on the other hand, rapidly

decomposes with ény amount of hydrogeén perdgide (all

chromophores in the solution  dre destroyed). An
intermediate Bt‘pnt complgx species must therefore exist.
Thg “infrared spectra indicates that the new species does
not vary greatly in structure from the parent compound.

* After the initial reduction of ’ox§gen -and the

genetation of superoxide, the simplest mechanism for the

[y

reaction consists of the formation' of peroxide ‘via
disproportionatﬁon of the superoxide. The rapid and

) -1 +

2 0 + 2 H -—————3 HO + 0
2 2. 2. 2

cbmplete disproportionation which normally occurs in

' - 20
aguepus solution (K = 4 x 10 at pH 7) (60) 1is:- not,
hovever, observed -in “the system, The 1low superoxide
concentration generated cannot sustain a significant

peroxide 1ev§l by this pathway. The reaction may also occur
\ v .
yia the reduced complex whica could itself reduce ¢the

. \ .
superoxlge to peroxide.

-2 -1 ' -1 =2
: Pt(mnt) + 0  —me=- > Pt(mnt) + 0 . v
n 2 .-

These mechanisms are unlikely" to be significant;

however, in irradiated solutions, The complex can be

¥
% . N ‘



obsefved to undergo significant 'and irreversible changes.
The <thanges inlabsorbtion and the presence of an induction
period ih the reaction alsoc suggest that a trénsfbrmation‘«
of the cbmplex has occured, A mechanism ofl ;nterest is
adduct formation. The ex;stance-of superoxide-complex would
imply thht a dissociation is a possible rate-limiting step.
The dissocia;ed complex could reduce hound superoxide, The
very low concentration of this species "in irradiated
solutions would thué\help explain, the slow rate. |

A more detailed reactive séquence for the reaction
occuring in irradiated systems containing the Pt complex

A

can be obtained by examining. known reactions of other
A

transition metal bis-dithiolenes. Recaction mechanisms have
been forwarded for some dithiolenes such as the dianionic

rhodium mnt complex (theoretical) (figure 4.2) (61)., There

-
-

Ha " (Rntman,} ~\\\£L

[Re(mnt,h, ) [Rrtmm, )
H.
HQ A}
] Reemigil”™ [RA(mntigH]>”
¢ i
Fig. 4.2 Hydrbgen’ceneration Scheme ; ~
!

_for a Dithiolene
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have 4lso been some reports of dithiolene photocatalytic

»
4

. water reduction (62,63), however, the promise of these
dithi&lenes)has so far remained unfulfilled. The reactions
,0f dithiolenes can, nonetheless, be used to detﬁrmine'the

mechanisms occuring in our system. The reactions with

dithiolenes can proceed either via an attack on the sulfur

CH~H
H

< H
1 |
s, _S S, _Se -
Dot S oy o

'

»

Fig. 4.3 Reaction Using a Sulfur

Centre

o

?

.atoms (figure 4.3) or an attack via the metal -~centre

-

“

(figure 4.4) "(61). Assuming that the process occuring

- ‘ ' H
/

H . H .
sl s |
LT

Fig. 4.4 Reaction Using the Metal

Centre

during irradiation follows one of these reaction pathways,




-

o

an attack on the met&l centre can be. considered more likely

-

since an attack on the sulfur woufh_presumably lead to a

rapid decgmposition.’ o e

Many complexes can react with oxygen to form adducts,

sometimes reversibly eg. if the resulting bonds are Tong
enough: the ;eaction may be reversiﬁfé’ (64), A strong
pxidant, oXxygen's reactions are subject to the inherent
kinetic limifations due to spin restrictignS'and the large
free energy requirepents for the first of its four one-
eiectron reduction stages (65,66), The activation of oxygen*®

is often effected and controlled via transition-metal

centres. - Reactions of metal complexes with oxygen are,

therefore, often related to biological and industrijal

catalytic oxygenat;on (67). Diamagnetic, monomolecular
oxvgen 1is known to'compqu reversibly with platihum metal
centers forming triangul;r comple%es with the two oXygen
atoms bound equivglently (67). This éoordinated oxygen is
more reactive and can oxidize many compounds of idinterest
including sulfur dioxide. The stoichiometric reaction of
coordinated oxygen with sulfur dioxide to form coordinated
sulfate 1is a reaction characteristic of these oxygen
complexes. Free oxXxygen can also react with a mgtql-sulfur
diéxide complex.(67). The new siécies may be an ionic salt
of superoxide; such salts (superoxo complex) are yellow to

orange solids and are known to occur’ in certain metal

centres (60).. Superoxo complexes are known to reduce each



another giving a peroxo complex. These are usually unstable
]
b »
and-unQe?go further reactions to give oxides or- hydroxides

—

(60) » .//’/ ‘ ‘ a’

//

Among relevant <catalytic processes, a reaction

occuring in systems containing the dianionic Co mnt complex’

yields results similar to those obtained (68,69). Thi§

? .

INCr
/2,5\ /l = /& /l/ + BH*
7\ ’Z/ | , K
=N P
. Rs'+‘no,;+n‘ S, |
. /"\Q ’

Fig. 4.% The Autocatalyzed Oxidation

of Substrates

complex, closely ressembles the Pt complex, and also
promotes the autocatalyzed oxidation of several reductant
substrates (figure 4.5). A kinetic activation of molecular
dxygen is involved. The dithiolene complex catélyst
activates the reductant and the oxidant by coo;dination,
transmitting one electron {(via the. coordinated 6xygen)

(69). The reaction is dependent on a bimolecular catalytic

s
complex., buffer and the inert salt present (69), Water has

kS
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1ittle effect or influence on the stoichiometry, There is
- . c -2 -2
no catalytic effect by either CoCl , mnt or (mnt)

’ 4 2
tdecomposition products). These and the following are among

charactpristics very similar to the Pt wmnt system. There 1is
a change in spectrum during reaction which is also relateq
to the generation of an int;rmediate and attributable to
binding onto the complex. Subsequently, there is a
facilitated binding of daoxygen to the metal centre. A
distinct catalyst deactivation also occurs. which
aéceleratesﬂonce the substrate is used up, The deactivation
is related 'to substit{tion by peroxide in a ‘mannef
analogous to substitution occuring with other nucleophiles
(70Y. Of the two tvpes o% mechanisms” for catalysed redox

reactions (ping-pong or via separate oxidation levels of

catalyst; reactants react separately and sequential co-

&

. L]
ordinative; one oxidation 1level and activation by co-

LY

qrdination), the sequentia}fgfoordipation mechanism* ?g
‘consiq;red to be the most liﬁgfy process (68). I}.is not
assumed that substrate binding occurs but a similar
mechanism undoub;edly occurs in.the Pg mnt systems.

As a result, it is reasonable to assume that. the
'photoexcited Pt ;omplex binds oxygen forming a superoxo-
complex (fi%&:ﬁ 4.6). This relatively. stable species 1is .

then subject \to furtheﬂb reduction and excitation and

!
peroxide is generated,

Only a simple electron-transfer occurs hetween

thiosulphate and the Pt complex spacies. Bisulfite will,

[4




X - 1

[ -

Fig. 4.6 Formation of the Intermediate

or Oxygen Adduct (I)
’

howéver, actually bind to,the activated dioxygen in order

rd

to. produce’sulfqte (the oxidation product .of bisulfite in

1
*

the pH range 4 - 8 is primarily sulfq&:}. The' ' product of

e

’ . sulfite and hydrogen. pefbxide is primarily sulfate too
”T?YYi In the system examined, we find that sulfate is the
main reaction product produced in the reaction. The product

d of thiosulphate amd peroxide is also generally sulfate (k = o
-1 -1 . -1
5.5k'1it, mol sec , Ea = 17 kc¢al mol ) and involves the

-

stoichjemetry

. 28 O + 4H O = S0 + SO + 4H O
\: 23 2 2 O 3 6 "4 2
In our system, however, we find that sulfate isn't

prodpced: Hyd;ogen peroxide redt{s with sulfite producing’

almost ‘exc{usively sulphate (the two peroxide oxygens are
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transfered). This probably proceeds via a nucleophilic

~displacement by the peroxide on bisulfite to form a

peroxomonasulfurous acid intermediate which then undergoes

.

a rate-determining 'rearrangement (73). The primary

'

oxidation product 1is sulfate (not dithionate, therefore'

this is not a radical pathway) (71). The reaction ‘between

oxygen and bisulphite in the presence of ajcatalyst usually

\Qiiplays an induction period where little or no reaction

occurs. This is fbllowed by an almost linear decrease in
£

the bisulphite concentration, This as well as its complex

- kinetic behaviour cali be explained by the existance of -a

chain mechanism involving a series 6f cobalt cémplex
inte}mediétes (73). Sulphite and bisulfite are known to be
an excellent complexing agents’anq they will coordinate
easily to a metal atom (through the sulfur atom) (71,

A decomposition of the catalytic species occurs
slowly during irradi§tion. The decomposition proceeds much
moré‘ rapidly 'when the donor concentratio; has been
depleted. The generated intermediate is attacked by unused

<t
peroxide product .destroying its chromophoric properties

NC CN Y . NC
\ / _— \
c-S. .S-C hv - mnt c-S. .0
' LPt, Cmm—— I T e S -
c-$S $-C 0 » c-S 0
/ \ 2 /

NC CN NC

Fig. 4.7 ﬁécomposition Process via Ligand Substitution




(figure 4.7},

The evidence has contributed to help elucidate the
pype of processes ‘occuring in the irradiated systems
contdining the dianionic Pt mnt complex. We have found a
system that photogenerates a~peroxide concentration via a
superoxo intermediate. The photoactivation of oxygen, occurs
by coordination at‘yhe metal site and uses electrQns from

available reductants.

)
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—_— —— e e e = G

CONCLUSION ‘ I

¥ 1

S

A relatively stable, photocatalytic pedox process has '

-

been established in a homogeneous solution coptaining the

dianionic Pt mnt complex and a suitable electron donor

[}

species during irradiation with wvisible Iiéht. In the: .
systems eXamined, several mild reductants were used to
maintain the reaction. These included the thiosulfate and

the bisulfite species and may presumably also include any’

o

_other reductant species which can effectively reduce the :

mononanionic form of the complex. These electron donors are - .

*
¢

able to sustain a photoreaction whose  extent in the

presence of a small quahtity of complex clearly. indicates

" -

that the process-is catalytic.' The driving force of ‘the
reaction is the photoinduced activation of oxygen:
In- their present state, the systems investigated

cannot produce hydrogen to any ﬁeasurablp extent upon

.

irradiation with visikle light; Also, a clean, oxygen-free
| 4 .
solution of the dianionic Pt complex does not exhibit

o

electrocatalytic activity., The precipitation of Pt _mnt'

complex aggregates reported to occur after irradiation ‘is



#-’ L 14 ! a
likewise not readily obsefved. It is clear, however, that a

B

pﬁotocaialytic consumption of ,oxygen 6bcufs. During

irradiation, there 1is the generation of a peroxide-like

4 .

species, . In the photoexcited state,' the dianionic complex

4

'slowly reduces all available oxygen. The product, a
: t
.peroxide .species bound or unbound to the platinum compleXx

. @ p ‘ .
.activates the complex producing a. new, previously

unreported intermedia;e'speciesz The appearance of this
r

spedﬁes can be-related to the aqcelerated photocatalytic

activity since the increase in the rate of photoactivation

"of oxygen can be related :to its formation, The appearance

of the fntermediate is accompanied by the rapid
\ 4 . . I
disappeararce of the dianionic form. A “significant

concentration of peroxide is generated in. the soilution and
éapigly consumes‘ al{ reductant rspecies. The previous
. . s
suggestions that prqcesses observed in the system were
A Y
related to . quenching and electrocatalysis can now be

attributed to strictly oxygen-dependent processes.

) The photocatalytic species generated in the
homogeneous systemuduring irradiation must be an adduct: of
superoxide or peroxidéhsince'(i) there is no fundamental
change in infrared spectral positions indicating Jdittle
actual structural ehange. ({i) a similar system h:;\already
been reported to exist with gifxygen involving a closely
reléted complex. (Co mﬁtt and (iii) the photocatalyst is

graduallv degraded during irradiation due to the .presence

°
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-

some destryctive agent. This also helps explain the changes

v »

‘ o a

in absorption and the existance of an induction period,
- 7

,Hydxosﬁn pergxide quickly degrades the nickel complex on

eXxposure while degradation of the platinum complex occurs

'

in the presence of a sufficiently high concentration.

Hydrogen perdkﬁde in close‘proximity to the complex would,

ek 1 TN

hgve the effect of a high concentration and is, therefore,
the leading camndidate for the peroxide, species generated.

In concldsion; solutions of the dianionic. Pt mnt
complex w111  ragidly generate a high concentrationh of
peroxfde when irradiated wigh.visible light. This behaviour¥
_provides a convenientﬁ method to generate a controlled
concentration of peroxide in solution eg. for synthesis,
degradéfion. sterilizétion, e£c. 1t has also been found _to
readily degrade sulfur dioxide present in solution to its

sulfate .product. The sVystem can be of some interest td

oxygen-metal studies,

There is a possibility of soptimization of the
.

deésirable characteristics in the dithiolenes. As such, a

bett%f light-harvesting ability eg. higher extinctian
géefficient, lovwer wavelength absorption and better
\ ' .

]

p?qg:rtles eg. more efficient electron transfer, greater

'

sele ijity towards a particular desirable process (H , 0O

) : 2 2
generaéggf or detoxification abilities) would be highly
deésirable features for a potential photocatalyst. A variety

of such modifications to dithiolene systems are possible,

The already great number of known dithiolene - structures



s

.
- .

possesg\ a good variety of chemical properties, can absorb

f

at a wvariety of-wavelengths and undergo redox Yeactions

over a wide range - of potentials. With further

€ —_

investigations, the desirable characteristics of a

potential system‘ could be optimized by design * helping

achieve an ability to plan the evolution of increasingly
efficient and selective photoactive catalytic systems and

furthering the wultimate objectives of photocatalytic

research. : ' -

-
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Table A-3 Electronic Absorption Spectra of Several

Relevent Metal mnt Complexes in Acetonitrile (1)

Complex Wavélength' R | Assignments Ref.
———————— N —-—r——- - W S R TEY W G S . - -
. j -1 -1
( nm ) dm M c¢m
-2 , - 2 2
Ni{(mnt) 855 30 X =y =-=> Xy 51
» 2 " , . "
571 570 Xz ~=> Xy .51
n - M 52
' * 2 2 *
519 1,250 X -y --> Ln 51
’ n --> M 51
) %
476 3,800 « Xz =-=> .Ln 51
378 6,600 ©Lm --> xy .51
s ’ ‘ :*
. 319 30,000 Ln --> Ln 51
270 - 50,000 Lo ~> xy . 51
-2 , 2 2
Pt(mnt) 694 . 49 X =~y . ==> Xy 51
2 .
4 H 4
- 639 56 xz =--> Ln | 51
( ‘ -~ -2 2
540 1,220 X ~y ' ==> xy 51
' 2 2 *
X -y -=> Ln 51
. , ' *_ 3
473 " 3,470 xz --> Ln 51 .
L . %

336 " 15,600 tn. -=> Ln 51
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Complex WaYelength

- - —————

- —— - — - T — —— - S W G e S - . = S o B = — ]

Ni(mnt) . 1,200 -~

848
600

545

411

370

311-

270

230

329

8,000
668

798

2,490

7,114

33,873

34,017

19,093

Assfignments

Lo

Xz

Ln

Ln

‘Lo

' --?

—_—

——

Ref.

- — -

- S e S G G —— T - -

51

51

51
52
51

52.°

51
52
52
51

52

51
52

51
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Table A-4 Cyclic Voltammetric Parameters for Several

Metal mnt. Complexes at Pt Electrode in Acetonitrile

vs Ag |/ Ag+ Redox Couple (1)
« * n
Complex = M (mnt)
. " 9
" - 1}
M E Ne
1/2 P
110 0e -1 -122-2 -2= -3 0/-1 ~1/-2 ~2/-3
) L O U
Ni - +0.82 -0.14 -1.94 - q/13‘ -
w : R
, ' A
Cu - +0.96 -0.03 -1.07 . - 0,06  0.10
' . ' A
PA - +0.48  +0.04 -2.17 4 0,38  0.16 -
- - ‘4
.’ . B
N i * * ‘ “ -
Pt - +0.72 - =-0,16 -2.68 0.07 . 0,07 -
- T - .-2.97 - - -
g
’ ]

»

% Values differ (8,23)

»v P
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