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Abstract

The thermal and photochemical reactions of the dianion of rhodizonic acid
(1,2-dihydroxycyclohexenetetrone) and the kinetics of the photochemical reactions of the
dianion of croconic acid (1,2-dihydroxycyclopentenetrione) have been studied in aqueous
solution in the presence and absence of electron acceptors. For rhodizonate dianion, both
thermal and photochemical reactions are initiated by electron transfer to an acceptor which
is a sufficiently strong oxidizing agent. With hydrogen peroxide and ferricyanide. a square
root dependence of the rate of disanpearance of rhodizonate dianion on the concentration of
additive was observed, whereas with tetracyanoethylene the rate was first order with respect
to the concentration of additive. This difference in behavior is explained on the basis of the
rate of separation of ions from the initial charge transfer complex. For croconate dianion,
the quantum yield for disappearance of croconaie dianion was small (<10-3) in neutral
solution, but was substantially increased in basic solution and in the presence of electron
acceptors. At pH 12 in the presence of 4-nitrobenzylbromide or biacetyl, a quantum yield
of 1 was observed. The kinetics of the rate of disappearance of croconate dianion as a
function of pH and concentration of acceptor showed that the excited dianion is oxidized by
acceptors and reacts with hydroxy! ion. A mechanism is proposed that is shown to be
consistent with the results. The main reaction product for rhodizonate dianion is croconate
dianion, while for croconate dianion, the main reaction product is squarate dianion. |

Photopolymerization of acrylamide was initiated by the photochemical reactions of
rhodizonate dianion and croconate dianion in the presence of various acceptors.
Photoinitiation was most efficient with croconate dianion where a maximum quantum yield
for polymerization of acryamide of 2x10* was observed in neutral solution. Kinetic studies

using croconate dianion as initiator showed that the rate of polymerization was a linear

i



function of the concentration of monomer and proportional to the square root of the light
absorbed by the croconate dianion. The rate of initiation of radicals calculated from the rate
of polymerization was compared with the rate of production of radicals calculated from the
steady state photolysis study of croconate dianion.

Laser-induced flash photolysis study of rhodizonate and croconate dianions has been
performed both in the presence and absence of electron acceptors. The rate constant for the
recovery of the ground state from the excited state (kp) is 2.4x10° s*! for rhodizonate
dianion and 2.8x10° s for croconate dianion in neutral solution. Absorption spectra of
croconate monoanion radical with a maximum at 500 nm were observed in the presence of
the additives 4-nitrobenzylbromide, biacetyl and methyl viologen. Rate constants for the
diffusion-controlled electron transfer reactions from the excited croconate dianicn to the
acceptors (kt) were measured. The values of ky were 2.0x108 M!s’! for biacetyl, 2.8x10°
M-1s°? for 4-nitrobenzylbromide and 3.7x10'% M-Is"! for methyl viologen. The rate constant

for quenching of the excited state of croconate dianion by oxygen was 4.5x10% M-1s1,

iii



Table of Contcnts

Acknowledgments
Abstract

Table of contents
List of tables

List of figures

Chapter 1  Introduction

1.1 History

1.2 Properties of oxocarbons

1.2.1 Aromaticity

1.2.2 Electronic excited states and absorption spectra
of oxocarbon dianions

1.23 Dissociation constants and the structure of

oxocarbon acids in aqueous solution

(a) Dissociation constants of oxocarbon acids

(b) The structure of croconic acid

(c) The structure of thodizonic acid
1.24 Applications of oxocarbon acids and their salts
1.3 The synihesis of croconic and rhodizonic acid and their salts
1.3.1 Rhodizonate dianion

(1) Cyclopolymerization of carbon monoxide

(2) Cyclotrimerization of glyoxal

iv

i
iv
ix

xi

11
12
13
13
13
14



13.2
14

1.5

Chapter 2
2.1

2.1.1

2.1.2

213

2.1.4
2.15

2.1.6
2.2
2.2.1
222
2.3

(3) Oxidation of inositol
Croconate dianion
Photo-induced electron transfer

Purpose of the study

Photochemical reactions of rhodizonate dianion
Experimental

Technique for degassing

(a) Nitrogen gas bubbling

(b) frcei.c-pump-thaw

Light source

Measurement of light intensity

(a) Preparation of potassium ferrioxalate actinometer
(b) Measurement of the extinction coefficient of the complex
Fe(Il)-phenanthroline at 510 nm

(c) Photolysis of actinometer and determination of I
Other measurement

Preparation of reaction solution

(a) Solutions for irradiation

(b) Solution for 1*C NMR measurement

Reagents

Resuits

Rate of disappearance of rhodizonate dianion

Product detection

Discussion

14
14
17

23
23
23
23
24
26
26
27

27
28
29
30
30
30
31
32
32
36
40



2.3.1
232
233

24

Chapter 3
3.1
3.1.1
3.1.2
3.1.3

3.1.5
3.1.6
3.17
3.2

3.2.1

322

3.23
3.24
33

3.3.1

The thermal dark reaction
The photochemical reaction
Products of the reaction

Conclusions

Photochemical reactions of croconate dianion
Experimental

Preparation of disodium croconate

Light source

Measurement of light intensity

(1)} Preparation of uranyl oxalate

(2) Preparation and photolysis of uranyl oxalate solution
(3) Calculation of light intensity

Fluorescence measurement

Critical micellar concentration measurement
Reaction solution preparation and degassing
Reagents

Results

Products of the photolysis

Measurement of quantum yield in the presence or
absence of electron acceptors

Photolysis in the presence of radical traps
Fluorescence of croconate dianion

Discussion

Conversion of croconate dianion to squarate dianion

40
51
60
65

66
66
66
67
67
67
69
69
70
70
71
73
74

74

77
83
86
21
01



332

3.33

Chapter 4

4.1
42
4.2.1
422
423

Chapter 5
5.1
5.1.1
5.1.2
5.1.3
5.2

Kinetics of disappearance of croconate dianion
(a)} Photolysis in the absence of additive

(b) Photolysis in the presence of additive

(c) Evaluation of equation (3-9)

(d) Quantum yield in micellar solution

Comparison with the photochemical reaction of rhodizonate dianion

Acrylamide polymerization initiated by the photolysis of dianicns
of rhodiz ‘nic and croconic acids

Introduction

Experimental

Photolysis and measurement of quantum yield

Measurement of average molecular weight of polymer

Materials
Results
Initiation by photolysis of rhodizonate dianion

Initiation by photolysis of croconate dianion

Discussion

Laser flash photolysis
Introduction

Flash photolysis

ESR

Radical trap

Experimental

vii

92
96
97
102
108

111

112
112
117
117
119
121
121
121
122

135

146
146
147
148
149
150



522

5.3.1
5.3.2

5.4

Flash photolysis apparatus
(1) Excitation source
(2) Detection system

a: Kinetic system

b: OMA system
Reaction system
Results
Rhodizonate dianion
Croconitte dianion

Discussion

Claim to original research

References

viii

150

150

180

182



Table
1.1
1.2
2.1
2.2

23

2.4

2.5

2.6

2.7

2.8

3.1
3.2

3.3

34

3.5
3.6

List of Tables

Bond lengths of C,0,% and normal C-C, C-O bond lengths.
Dissociation constants of oxocarbon acids.
Rate of disappearance of rhodizonate dianion without additive.

(a) Thermal and photochemical oxidation of rhodizonate dianion at 20° C.

(b) Thermal and photochemical oxidation of rhodizonate dianion at 200 C.

Fraction of conversion of rhodizonate dianion to croconate dianion.
Thermal oxidation of rhodizonate dianion at 30° C.

Thermal and photochemical oxidation of rhodizonate dianion at different
concentration of rhodizonate dianion at 20° C.

Thermal oxidation of rhodizonate dianion at different temperature.
Relative thermal and photochemical reaction rate.

13C NMR spectra of the products of the photochemical reaction of

rhodizonate dianion,

Quantum yield for disappearance of croconate dianion as a function of pH.

Quantum yield for disappearance of croconate dianion at

different concentration of additives.

Quantum yield for disappearance of croconate dianion in the presence
of methy! viologen.

Dependence of quantum yield on the concentration

of croconate <;lianion.

Quantum yield for disappearance of DPPH.

Ratios of rate constants obtained from Figures 3.7 and 3.8.

ix

Page

32
34
35
39

47

43

49

39

62
79

82

84

85

88
99



3.7
3.8

3.8

4.1

4.2

43

4.4

4.5

4.6

5.1

5.2

Values for the rate constants in equation (3-9).

(a) Calculation of quantum yield for disappearance of croconate dianion
according to equation (3-9) in the presence of 4-nitrobenzylbromide.

(b) Calculation of quantum yield for disappearance of croconate dianion
according to equation (3-9) in the presence of biacetyl.

Rates and quantum yields of polymerization initiated by photolysis

of rhodizonate dianion.

Quantum yield of photopolymerization with the additives
4-nitrobenzylhalides.

Quantum yield of polymerization with the additives biacetyl and 4DS.
Measurement of viscosity of polymers.

Molecular weight of polymers obtained using different additives.

Rate of initiation and quantum yield for production of radicals.

Rate constants for reactions of transients in the photolysis of rhodizonate
and croconate dianions.

Triplet lifetime of some selected compounds.

104

105

106

123

125

126

136

138

144

160
178



List of Figures

Figures Page
1.1 Calculated electronic states of oxocarbon dianions. 6
1.2 Absorption spectra of dianions of squaric, croconic and rhodizonic acids. 7
2.1 Apparatus for freeze-pump-thaw degassing. 25
2.2 Absorption spectra of a solution of rhodizonate dianion in the presence of

cupric ion, showing formation of croconate dianion. pH=7.0. 38
2.3 Rate of the disappearance of rhodizonate dianion as a function of square root

of concentration of hydrogen peroxide. T=293 K; pH=7.0. 43
24 Rate of the disappearance of rhodizonate dianion as a function of square root

of concentration of potassium ferricyanide. pH=7.0. 44
2.5 Rate of the disappearance of rhodizonate dianion as a function of

concentration- of tetracyanoethylene. pH=7.0. 45
2.6 Rate constant of the disappearance of rhodizonate dianion as a function of

temperature in the presence of tetracyanoethylene. [TCNE]=5.0x10" M;

pH=7.0. 50
27 Quantum yield of the disappearance of rhodizonate dianion as a function of

concentration of tetracyanoethylene, pH=7.0; T=293 K. 55
2.8 Quantum yield of the disappearance of rhodizonate dianion as function of

square root of concentration of hydrogen peroxide. pH=7.0; T=293 K. 57
29 Quantum yield of the disappearance of rhodizonate dianion as a function of

square root of concentration of potassium ferricyanide. pH=7.0; T=293 K. 58
2.10 HETCOR spectrum of the photolysis product of rhodizonate dianion in the

presence of oxygen. pH=7.0, 64

xi



3.1

3.2

33

3.4

3.5

3.6
3.7

3.8

3.9

3.10

3.11

4.1

4.2

(») Arrangement of the photolysis apparatus.

(b) Transmission pattern of Corning filter #7-37.

Equivalent canductivity as a function of square root of concentration of SDS
(equivalent). pH=7.0; 25%C.

Absorption spectra of Cs0s%* and C,0,%".

A: Before photolysis. B: After photolysis.

The quantum yield for loss of croconate dianion as a function of pH.

The quantum yield for loss of croconate dianion as a function

of concentration of 4-nitrobenzylbromide.

Relative loss of DPPH as a function of time, [DPPH]=3. 1x10° M,

(a) Fluorescence spectrum of croconate dianion in water.

(b) Emission of croconate dianion at 490 nm as a function of time.

¢! for ioss of croconate dianion as a function of [OH! in the absence of
acceptors.

¢! for loss of croconate dianion as a function of [BrCH,CgH,NO,]"L.

The quantum yield for the loss of croconate dianion as a function of the
concentration of biacetyl. The solid line is calculated values according to
equation (3-9) and rate constants in Table 3.7.

(a) Structure of SDS micelle in water.

(b) Interaction of cations on the surface of SDS micelle.

The rate of polymerization as a function of concentration of
4-nitrobenzylbromide. [Monomer]=1.0 M; [C505%1=2.3x10"5 M; Aqueous
solution,

The rate of pb'lymerization as a function of the concentration of biacetyl.

[Monomer]=1.0 M; [C5052]=2.3x105 M; aqueous solution.

xii

68

72

75
78

81

87

89

o8

101

107
110
110

128

129



4.3

4.4

4.5

4.6

4.7

5.1

52

5.3

5.4

3.5

3.6

5.7

5.8

5.9

The rate of polymerization as a function of pH of the solution for the additive
4-nitrobenzylhalides. [Monomer]=1.0 M; [C50521=2.3x10-5 M.

Rate of polymerization as a function of pH of the solution for the additive
biacetyl. [Monomer]=1.0 M; [C505%1=2.3x10- M; [Biacetyl]=6.4x10"4 M.
The rate of polymerization as a function of the square root of the relative rate
of light absorption by the croconate dianion. [BrCH,CgH4NO,]=6.4x104 M;
[C505%1=2.3x10" M; pH=8.0.

The quantum yield for polymerization as a function of the concentration of
monomer at pH 6.0, 7.0 and 8.0.

Specific viscosity as a function of concentration of polymer.

Arrangement of the laser flash photolysis apparatus.

Croconate monoanion radical absorption in the presence of biacetyl.
[Biacetyl]=1.46x103 M, pH=6.2, A, =337 nm.

Recovery of ground state of rhodizonate dianion. pH=7.0; top O. D.=0.033.
Recovery of ground state of croconate dianion. pH=7.0.

Observed rate constant for the recovery of ground state of croconate dianion as
a function of the concentration of oxygen. pH=7.4.

Transient absorption of croconate monoanion radical in the presence of methy!
viologen. [MV?**]=1.48x10%4 M, pH=7.2, Ay, =337 nm.

Transient absorption of croconate monoanion radical in the presence of
4-nitrobenzylbromide. [BrCH,C4H,NO,]=1.18x10% M, pH=7, A_,, =355 nm
Growth of C505™ absorbance at 500 nm, in the presence of
4-nitrobenzylbromide. [BrCH,CgH,NO,]=1.74x10+ M, pH=7.0.
Semilogarithm plot of the absorption of CsOs™ at 500 nm as a function of time

in the presence of 4-nitrobenzylbromide. pH=7.0.

Xiif

130

131

133

134

137

151

155

157

159

162

163

164

166

170



5.10

5.11

5.12

5.13

5.14

Observed rate constant of the formation of C50Os™ as a function of
concentration of methyl viologen. pH=7.2.

Observed rate constant of the formation of C5Os™ as a function of
concentration of biacetyl. pH=6.2

Observed rate constant of the formation of CsO5™ as a function of
concentration of 4-nitrobenzylbromide. pH=7.0

Qbserved rate constant of the formation of C505™ as a function of
concentration of 4-nitrobenzylbromide. pH=9.0 |

Decay of C;04™ absorbance at 500 nm, in the presence of

4-nitrobenzylbromide. [BrCH,CcH,NO,]=1.18x104 M, pH=9.0.

Xiv

171

172

173

174

176



Chapter 1

Introduction

"Oxocarbon" refers to compounds in which all or nearly all of the carbon atoms are
bonded to carbonyl or enolic oxygens or their hydrated or deprotonated equivalents.(!: 2)
The monocyclic oxocarbon acids have the general formular HoCpOy, where the known
acids are HpC303, delic acid, HyC4qO4, squaric acid, HpCs50s, croconic acid and
HCgOg, rhodizonic acid. The name croconic is derived from the Greek krokos, meaning
yellow, the color of croconic acid and its salts. The name rhodizonic comes from the Greek
rhodizene, rose red, the color of rhodizonic acid and its salts. The chemical nomenclature
of 4, 5 and 6 membered monocyclic acids are: Cyclobutenedione, 1,2-dihydroxy;

Cyclopentenetrione, 1,2-dihydroxyl; and Cyclohexenetetrone, 1,2-dihydroxyl; respectively.

1. 1 History

The first discovery of an oxocarbon can be dated back to 1823, when Berzelius,
Wéhler and Kindt observed a black powdery residue formed in the reaction of potassium
hydroxide with carbon. The isolation of potassium croconate and the preparation of its acid
was not reported until two years later by Gmelin, the same year in which benzene was
obtained from illuminating gas oil by Michael Faraday. Gmelin's preparation of croconic
acid was therefore a synthesis of an "organic" compound in the original sense---from
inorganic starting materials. As such it was perhaps the first synthesis of an organic
compound ever made, predating Wohlers classic synthesis of urea by three years.
Rhodizonic acid was obtained from the same residue a few years later by Heller.®

Although croconic and rhodizonic acids were synthesised at approximately the same



time as benezene, studies of the oxocarbons were far fewer than of benzene. The important
and interesting properties of the oxocarbons were widely ignored by chemists for more than
one century.

The modern era of oxocarbon chemistry started from an accidental synthesis of
squaric acid by Cohen, Lacher and Park in 1959 by hydrolysis of
1,3,3-triethoxy-2-chloro-4,4-diflucrocyclobutene or by the aqueous and acid hydrolysis of

1 ,2—diethoxy—3,3,4,4-ten'aﬂurocyclobutenc,(5)

Cl OFEt HO ’/o
OEt H,0
P |
E F HO X0
Et F HO 0
—
F or H+, H20 I
Et E HO X0

They found the solid, white dibasic squaric acid was almost as strong as sulfuric
acid with pK,=1.0 and pK,=3.2. The infrared spectrum of the acid showed the carbonyl
vibration absorption at 1818 cm™! and the C=C absorption at 1640cm™l. In the spectrum of
its salt, both of these two absorption bands vanished and a broad band between 1480 cm'!
and 1540 cm’! appeared, which is in the range for C-O vibration in acid salts and anions.
They concluded that the anion would have much resonance stabilization, since all four

atoms should become equivalent through resonance. They suggested the following electron

delocalized form:



0. . 2-

O

This proposed structure led to the suggestion that the squarate ion was aromatic and
that the oxocarbon anions might constitute a previously unrecognised aromatic series.
Although this study is gererally considered to have sparked the interests of chemists in
further investigation of this series of compounds, it appears that the first suggestion of a
resonance delocalized structure for croconate dianion was made by K. Yamada, an
undergraduate student at Nagoga University in Japan in 1958.6) He used the silver
croconate salt to prepare the dimethyl ester of the acid. In their description of the reaction,
he and his colleagues suggested a resonance structure for the croconate dianion, in which

the & electrons were delocalized throughout the ring and the oxygen atoms, as follows:

0O

Q OMe

O// OMe
They failed, however, to justify their representation of the delocalized croconate

dianion and it was overlooked by others. Nevertheless, this probably deserves to be

recognized as the first resonance stabilized structure of oxocarbon anions reported in the

literature,



1.2 Properties of Oxocarbons

1. 2.1 Aromaticity

One of the most important properties of the oxocarbon salts is their aromaticity.(:
57 The resonance structure stimulated the interest of both theoretical and experimental
chemists. % 8-10)

Infrared and Raman spectroscopies contributed much to the understanding of the
structure of the oxocarbon anions.11:13) The planar and symmetrical dianions should each
have seven Raman lines, of which two (the totally symmetrical C-O stretching and ring
breathing modes) should be strongly polarized. The infrared spectra for each anion should
be even simpler, containing only four fundamental bands. Experimental results of the
infrared and Raman spectra confirmed the assignment, demonstraiing that all these anions
have a planar D, symmetrical structure. There were no normal C=0 vibrational bands and
the C=C absorption also vanished, confirming the delocalized resonance structure. The C-C
bond lengh was between the lengths of a typical C-C single bond and a C=C double bond.
The C-O bond length in the anions was also shorter than the C-O single bond length, but
longer than the C=0 double bond length. All the C-C bond lengths in the ring were equal,
as were the C-O bond lengths for a particular anion. These values are compared to normal
values in Table 1. 1.

It seems that C404% has less aromaticity than the corresponding four or five
membered ring dianions, as seen from the longer C-C and shorter C-O distances, which
indicate less n-bondingin the ring in this species. The shortest C-C distance was found for
squarate dianion. The diamagnetic anisotropies suggest strongly the existence of a ring

current in all oxocarbon anions.



Table 1. 1 Bond Lengths of C,0,2- and Normal C-C, C-O Bond Lengths

Oxocarbon Dianions Normal Bond Lengths
n=4 n=5 n=6 C=C Cc-C C=0 C-0
d.(A)  1.440 1.458 1.471 1.34 1.54
do(A)  1.249 1.243 1.240 1.20 1.43

Oxocarbon dianions are a very interesting subject for theoretical chemists(® 7-9),
The quantum chemical studics of the cyclic oxocarbon dianions revealed that the dianions
show a delocalization of the two "extra" electrons of the double charge, thus contributing to
the overall stability.("? The interaction between neighbouring carbon atoms decreases with
increasing ring size. Double-bond character for the C-C bonds exists in all members of the

series, but the degree of aromaticity cannot be determined precisely.

1. 2. 2 Electronic Excited States and Absorption Spectra of Oxocarbon

Dianions

The calculated electronic states of oxocarbon dianions are shown in Figure 1.1.
Solid and broken lines in Figure 1.1 indicate the states allowed and forbiden, respectively,
for electronic transitions from the ground state.!> 16) It seems from the figure there is only
one allowed excited state above 200 nm for each of the oxocarbon anions, These transitions

are represented as Ey(mx*)-A,, E'(nt,n")-A"| and E, (m.n")-A,, for C;0,2, Cs0,% and
lg 1 lu 1g



C¢Og%, respectively.

eV
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Figure 1. 1 Calculated Electronic States of Oxocarbon Dianions

The absorption spectra of the oxocarbon anions in aqueous solution are shown in
Figure 1.2. The maximum wavelength of the absorption shifts progressively toward longer
wavelength with increasing ring size. The shape of the absorption spectra is very similar
for all three anions: the maximum absorption is accompanied by a shoulder at shorter
wavelength with a separation of about 50 nm for each ion. This double maximum is due to
the fact that the lowest allowed excited state is a degenerate &, &* state for all the ions. The

occurrence of a Jahn-Teller effect is expected in the very high symmetry oxocarbon

dianions.(1?



SPIY d1U0ZIPOYY PUE d1U02017) Oienbg jo suotuel( jo eajdadg uondosqy °Z T aansiy

wu /Y 00S 00t 00¢
¥ ] T
m
3
(=]
»
doz =
IS
-9
=
L
O
w._.
t-/ \\O |_O.¢
@)
o Yo
-2
21U0ZIpoyY 2IU02040) olenbg



1. 2. 3 Dissociation Constants and the Structure of Oxocarbon Acids in

Aqueous Solution

(a) Dissociation Constants of Oxocarbon Acids
The ionization of the diprotic oxocarbon acids may be represented by the following

reactions:

H,C,0, + H,0 s=—= HG0, + H30" (1-1)

HC O, + H, 0O o—* (.0, + Hy0" (1-2)

Studies of the suucture of oxocarbon acids in aqueous solution showed that these
simple proton transfers between the parent acids or monoanion acids and water do not
adequately reflect the actual structure changes that occar when oxocarbon acids deprotonate
in aqueous solution*3-20), Neverthless, the strength of the acids still can be expressed by
the lonization constants in the normal sense. Table 1.2 summarizes the dissociation
constants of oxocarbon acids and the methods used to measure the constants.(@1-22)

The methods wsed in the determination of the equilibrium constants of the
oxocarbon acids are: potentiometric, conductimetric and  spectrophotometric.
Spectrophotometric was particularly useful with croconic acid as there is a substantial
change in the UV absorption as the equilibrium composition is shifted from H,CsOs to
HCs0s", and to Cs04% with increasing pH. The potentiometric method can be used o
measure K, accurately but is less suitable for K, because the determination is quite

sensitive to the reagent purity and to the response of the glass electrode, and these factors

introduce a relatively large uncertainty.



Table 1. 2. Dissociation Constants of Oxocarbon Acids

Oxocarbon Acids pK; (Method) pK; (Method)
H,C40, 0.511+0.02 (Cond.) 3.194+0.01 (Pot.)
1.24+0.2 (Pot.) 3.21 (Pot.)
0.9610.3 (Pot.) 3.4810.03 (Pot.)
H,C505 0.5040.05 (Spect.) 1.97 (Spect.)
0.68 (Spect.) 2.2810.14 (Pot.)
0.8010.08 (Spect.) 2.24%0.01 (Spect.)
H,CsO6 4.021+0.05 (Spect.) 4.62%0.05 (Spect.)
4.20%0.05 (Spect.) 4.6520.01 (Spect.)

4.3810.01 (Pot.)

4.72140.07 (Spect.)

(b) The Structure of Croconic Acid

The structures of the croconic and rhodizonic acids in aqueous solution are
complicated by hydration and are not completely understood.@-2%) The thermodynamic
data for the primary ionization of H,Cs05 and HyC¢Og are abnormal compared with other
similar compounds, suggesting that the parent acids do not have the simple structure
indicated by the formula.!’» 26 From the similarity of the UV spectra of related

compounds, Carpentier et al” first deduced that the undissociated croconic acid has one



water molecule covalently attached. 3C NMR spectra®: 2% of a series of croconate
solutions over a range of pH showed that when pH>> pK;(0.7), only the dianion or the
monoanion was present, and only one single peak exists, in agreement with the charge

delocalized structure shown below:

When the pH is near or less than pK; four peaks were observed. These three
additional peaks, wiiich appear only in the most acidic solutions, become virtually invariant
with even lower pH. This implies that when HC5O5™ and C505% are present, all croconate
species equilibrate rapidly relative to the NMR relaxation time, thus producing a single
resonance. But at low pH, when H,C;05 is also present in- significant amount, the
equilibration time is sufficiently slow to allow the resolution of three additional widely

spaced peaks. A hydrated structure of H,C505 was proposed and the mechanism can be

expressed as:

o OH OH
0 0
—_—
S R
-H,0
OH OH o1 OH
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Further measurements using deuterium species led to the conclusion that 90% of the
diprotonated croconate species in aqueous solution exist as the hydrated form.
The final conclusion is that the diprotonated species is hydrated, while mono- and

nonprotonated croconate species are not hydrated.

(¢) The Structure of Rhodizonic Acid

A similar investigation was made on the structure of rhodizonate species in aqueous
solution.®® The pH dependence of the *C NMR spectrum of rhodizonic acid was
measured by changing the mole ratio of LiOH/H,C¢O,. In the absence of LiOH, the
resonances observed immediately after preparation of the rhodizonic acid solution consisted

of three peaks, consistent with an ortho-dihydrated structure for the undissociated acid:

0O
HO OH
OH
OH
HO ™~ OH
9

- After standing for a few hours the following more stable dihydrated structure

formed,

HO _OH
HO O

HO
HO “OH

This showed only two peaks, one from the geminal diol carbons and the other from

11



the carbons as enols and carbonyls. The latter are equivalent because of rapid exchange of
H*. The 13C NMR spectra also showed that the mono-protonated rhodizonate species is
hydrated whereas the dianion is not. In the dianion only one single peak in the 13C NMR

spectrum was observed, showing that all carbons are equivalent.

1. 2.4 Applications of Oxocarbon Acids and Their Salts

Oxocarbon acids and their salts are perhaps most widely used as analytical
reagents.314%) For example, rhodizonate dianion has been used to determine the content of
sulfate in Glycosaminoglycans, to detect lead from soil, drinking water and from living
plant tissue. Rhodizonate dianion forms colored complexes with a variety of transition
metal ions, and thus it can be used in quantitative spectrophotometric measurement of these
metal ions. Examples are Yttrium, Scandium and Praseodymium. Sodium rhodizonate has
been used as an indicator in the EDTA titration of Fe(IT) and Cu(II).

Rhodizonic acid is also of biological importance.648) It exhibits antitrypanosomal
and antiviral activity. It is one of the products from the process of the respiratory chain
involving simultaneous proton and electron transfer processes which occur in the
mitochondrial membrane of animal cells and in the chloroplast of plant cells.“%

Croconate aniorll- also forms complexes with many metal ions and can be used as a
quantitative analytical reagent.*%5 For example, it has been used to determine the iron
content in metallic aluminum. Derivatives of croconic acid with the following structure

have been used as one of the components to make a recording medium sensitive to a

(AlGa)As semiconductor laser.6.57)

12
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Rhodizonic and croconic acids have been used as heat stabilizers for some

polymers.©® Sodium rhodizonate has an inhibition effect on the corrosion of brass.®%

1. 3 The Synthesis of Croconic and Rhodizonic Acids and Their Salts

1.3.1 Rhodizonate Dianion

(1) Cyclopolymerization of Carbon Monoxide

The earliest preparation of rhocizonic acid involved the reaction of potassium or
sodium with carbon monoxide to form a polymer, (KCO),. When the temperature of the
reaction mixture was increased to about 300° C, the product K,C4Og formed. 19 Oxidaticn
of this product, hexapotassium hexahydroxybenzene, produces rhodizonate dianion. The

whole process can be expressed as follows:

280--340° Oz H,0
K+CO _b(KCO)x ¢ - KGCGOG—'—b'

Polymer Gray
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(2) Cyclotrimerization of Glyoxal
Glyoxal undergoes oxidative cyclotrimerization to form tetrahydroxyquinone salt,

which on heating yields the rhodizonate salt.

O O
I I I | N32C03, NaI-ICO3

—_— -
B—C—C—H—5—75

170°C

Na2C605

The yield of this procedure is low.

(3) Oxidation of Inositol
When inositol is oxidized with nitric acid in the presence of potassium acetate and

oxygen, dipotassium rhodizonate was formed:
2-

HNO KOAc
C¢Hy(OH)g : . >

1. 3. 2 Croconate Dianion

In part 1. 1, it was mentioned that the first oxocarbon discovered was croconate
dianion, from the reaction of potassium hydroxide with carbon. Later studies showed that
actually, rhodizonate dianion was the precursor of croconate dianion. The ring contraction

reaction is an alpha-oxo alcohol rearrangement,t) as shown in scheme 1.1.

This oxidative ring contraction gives quantitative conversion to croconic acid and is

the usual method of preparation of croconic acid.
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Scheme 1.1 Oxidation of rhodizonate dianion in alkaline solution

Another method of preparation of croconic acid which is not widely applied in the
laboratory is the electrochemical demetallation of
(n4-tetra-t—butoxycyclopentadienone)(ns-cyclopentadienyl) Cobalt, readily available from
di-t-butoxyethyne. The reaction leads to tetra-t-butoxycyclopentadienone which can be
converted into hydrocroconic acid by trifluoroacetic acid hydrolysis and then croconic acid
by oxidation in basic medium.©® The whole process can be summarized in scheme 1.2 on
the following page. The reagents and reaction conditions in each step are:

Reagents: i) (C5Hs)Co(CO),, Pentane -78° C
ii) Electrochemical Oxidation at +0.770mV. (t-BuyN)*ClO,*/MeCN
ili) CF;CO.H, CH,Cl,, R.T.



iv) 0.1 MKOH in H,0, R. T.

v) 0.1 MH,S0,inH,0,R.T.

Byt——Q— C=C— O0—Bu!

¢i

0
Bu OBut Bu'O OBut
i L..
Bu' OBu' Bu \OBu‘

Co(CsHs)
OH 9
N {/0 iv, v O\ ¢O
AL
H OH oﬁ \OH

Scheme 1.2 Preparation of croconic acid using electrochemical demetallation
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1. 4 Photo-induced Electron Transfer

The absorption of ultraviolet or visible light by an organic or inorganic molecule
causes the excitation of an electron from a highest occupied molecular orbital (HOMO) to a
lowest unoccupied molecular orbital (LUMO) and the molecule becomes electronically
excited. The physical and chemical properties of the excited molecule may be greatly
different from those of the ground state.®) For example, the structure of the molecule may
change and the increased energy of the excited state may facilitate chemical reactions.(62. 63)

The major processes following excitation of a molecule can be illustrated as follows:
Sy

A—". A E ..-'-_.(.4')

3) : )

nl @ i N
ol ®

s, Y v v Vv

(1) Upon absorption of the light, one electron is excited to a higher energy level
orbital. In an allowed process, the electron does not change its spin state during the process

and the final state is a singlet.

IM+hy — I*

(2) The singlet excited state molecule may emit light(fluorescence) and return to the

ground state.

IM*——» M+hv
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(3) The singlet molecule may undergo energy transfer processes and return to its

ground state. It may also undergo chemical reactions.

(4) The singlet excited state molecule may change its spin state and become a triplet

excited state molecule with lower energy. This process is called intersystem crossing(ISC)
M — M
(5) The triplet excited molecule may emit light(phosphorescence) and return to the

ground state, undergoing a spin change during the process.
M*——» IM+hv”
(6) The triplet excited molecule may undergo energy transfer and return to its singlet

ground state, or may undergo triplet chemical reactions.

(7) The excited states (both triplet and singlet) may undergo radiationless decay to
the ground state.
M ————» M
The chemical reactions that may take place for an electronically excited molecule
include;(64-67)
a) Dissociation.
b) Isomerization reaction, including structural isomerization and valence

isomerization reactions.

¢) Electron transfer reaction, if a suitable electron acceptor or donor is presen:.

An excited molecule has an increased ability either to receive an electron or to
donate an electron compared to its ground state.(?) Promoting an electron from the HOMO
to the LUMO leaves an electron hole in the lower energy orbital and adds an electron to the

higher energy orbital. This can be schematically demonstrated as follows:
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A
Pp | |EA4 Ppe | |EAu
et LUMO ———|.-{.--HOMO
. Memerems = b a s a o HOMO X ...&....LUMO
Ground State Molecule Excited State Molecule

Upon excitation, the ionization potential has been reduced and the electron affinity
has been increased:

IPpe =Py - Ep’ (1-3)

EAps =EA, +E," (1-4)

Here Ep” or E,” is the excitation energy, which is equal to the energy difference
between the LUMO and the HOMO.

The free energy change during the electron transfer in the ground state is:

AG=IPp-EA, (1-5)

When the donor or acceptor is electronically excited the free energy change during
the electron transfer becomes:

AG =1Pp - EA, - Ep' (1-6) or

AG=IPp-EA, -E,” (1-7)

In general, simple rules for determining the feasibility of electron transfer can be

derived from the above equations.
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For D’+A 2 —— D"+A-

when IPpe -EA, <0 allowed
IPp. -EA, >0 forbidden
For D+A* —g&—» D"+A-
when EApe-IPp <0 allowed
EA AW - IPD >0 forbidden

The photo-induced electron transfer reactions between donor and acceptor in

solution can be expressed as in Scheme 1.3,

In solution, if the electron transfer occurs during the lifetime of the collision
complex (i.e. when the reaction partners are in contact), the charge-transfer species
immediately formed is a "contact ion pair". The collision complex can also separate
slightly, undergo electron transfer, and generate a "solvent-separated” ion pair. Following
electron transfer, solvent molecules rapidly stabilize contact ion pairs and solvent-separated
ion pairs. Contact ion pairs and solvent separated ion pairs are sometimes described as
"geminate” ion pairs, provided that each ionic partner is a descendant of the same parental
pair. If solvent-separated ions dissociate into the bulk of the fluid medium where they
become separated by a large distance, they are classified as free or solvated ions.(68)

The energy change in formation of a solvated radical ion pair from electron transfer

in solution is:(62)

AGggp(kcal/mol.)=23.06[E(D*/D)-E(A/A)-e¥/edsspl-Ep” (1-8)
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D+hy ——p» D*

D*---.. Am———» D'+A ——» [DA)"
Encounter Collision Exciplex

Complex Complex
\ 'olar solvent

Non polar solvent

D*..... A = » D+ A~
SSIP Polar solvent CIP
D™+ A-
FIS CIP: Contact Ion Pair

SSIP: Solvent Separated Ion Pair
FIS: Free Ions

Scheme 1.3 Electron transfer reaction process in solution

where E(D™/D) and E(A/A") are redox potentials of the donor and acceptor, respectively, €
is the solvent dielectric constant, dggpp is the distance between the ions and the numerical
term 23.06 involves the conversion factor to kcal mol™! from volts. If the solvent-separated
ion pair dissociates into free ions so that they are sufficiently separated beyond their
respective Coulombic fields, or if the solvent has a large dielectric constant, the Coulombic

energy term can be neglected and equation (1-8) can be simplified to:

AGgg(Keal/mol.)=23.06[E(D*/D)-E(A/A)]-Ep” (1-9)
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1.5 Purpose of the Study

Both rhodizonate and croconate dianions are strong absorbers in the visible or near
ultraviolet region in aqueous solution. Rhodizonate dianion has an extinction coefficient of
3.2x10% ¢cm'M! at its maximum absorption at 483 nm, and croconate dianion has an
extinction coefficient of 3.9x10* cm'*M-! at its maximum absorption at 363 nm. In spite of
this favorable situation for absorption and possible utilization of visible or near UV
radiation, no systematic study of the photochemical reaction of any of the oxocarbon
dianions has been reported. The purpose of the present study was to explore the
photochemical reactions of the oxocarbon dianions with emphasis on the kinetics of the

reaction. The investigation is divided into four parts.

(1) A study of the photochemical reactions of rhodizonate and croconate dianions in

aqueous solution as a function of pH, in the absence of additives.

(2) An investigation of the mechanism, kinetics and reaction products of the
photo-induced electron transfer reaction between rhodizonate dianion (or croconate dianion)

and electron acceptors, under various reaction conditions.

(3) Detection of radicai intermediates by polymerization of acrylamide and by
reaction with 2,2'-Di(4-tert-octlphenyl)-1-picrylhydrazyl (DPPH). The kinetics of the

acrylamide photopolymerisation was also investigated.
(4) Detection of reaction intermediates using laser-induced flash photolysis.

Radicals generated by the electron transfer reaction between the excited croconate dianion

and electron acceptors were detected by absorption spectroscopy.
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Chapter 2.

Photochemical Reactions of Rhodizonate Dianion

2. 1, Experimental
2. 1, 1, Technique for Degassing
Oxygen reacts thermally with rhodizonate dianion in aqueous solution, leading to
the disappearance of the anion, and is also an efficient quencher of excited states. It was
therefore important to remove it completely from the reaction solution. Two methads for

degassing were used in these experiments.

(a) Nitrogen Gas Bubbling

By saturating the reaction solution with high purity nitrogen gas for long periods of
time (depending on the volume of the solution to be degassed), it is possible to drive oxygen
from the solution, leaving only traces of oxygen in the solution. In addition, deionized
distilled water used to prepare the rhodizonate dianion solution was saturated with high
purity nitrogen gas before preparation of the solution. The loss of rhodizonate dianion
during solution preparation due to the thermal reaction was thus reduced to minimum.
Solutions of other reactants were prepared and degassed separately. Mixing of these
solutions with the rhodizonate dianion solution was performed under a flow of nitrogen.
Finally, 3 mL of reaction solution containing both rhodizonate dianion and additives was
transferred to the spectrophotometer cell, and the nitrogen flow was maintained in the
solution in the cell for another 10 minutes. The cell was then capped with a rubber septum
and was ready for irradiation. During all these degassing procedures, the reaction solution

containing rhodizonate dianion was protected from light.
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(b) Freeze-pump-thaw

A special cell was designed for freeze-pump-thaw degassing and is shown in Fig.
2. 1. Solutions of rhodizonate dianion and of additives could be degassed separately in B
and then mixed under vacuum in the quartz cell before photolysis. In this way, thermal
reaction prior to photolysis was greatly reduced. The degassing procedure using this device
was as fullows:

One of the reactant solutions was admitted to reservoir B through opening F. After
degassing for five cycles with freeze-pump-thaw technique, the whole apparatus was
disconnected from the vacuum line while maintaining vacuum. The sample solution was
transferred to cell A, stopcock C was closed and reservoir B was cleaned and dried under
vacuum. The second reactant solution was admitted to B and degassed with five
freeze-pump-thaw cycles, then transferred to cell A and mixed with the previous degassed
solution. Cell A was sealed by closing teflon stopcock C, disconnected at ground joint D
and was ready for spectrophotometric measurements or photochemical reaction. In this
way, the time required between mixing reactant solutions in cell A and the measurement of
the absorption of the solution was reduced to about 15 seconds. During saturation with
nitrogen a rnuch longer time elapsed before measurement of the mixture. Particularly at
high pH, the thermal reaction was significant and a noticeable drop of the reactant
concentration was observed during the nitrogen bubbling process, thus reducing the
accuracy of the measurement of initial rates. In the micellar solution, it was difficult to
drive oxygen out completely by nitrogen bubbling and the freeze-pump-thaw method was

much more efficient.
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Figure 2,1 Apparatus for freeze-pump-thaw degassing
A: Quar zcell; B: Reservoir; C & E: Stopcock;
D, F & G: Ground Joint.
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2. 1.2 Light Source

The light source used for the irradiation of rhodizonate dianion solution was a
fan-cooled 625 W tungsten filament lamp used in conjuction with a GM 250 high intensity
quarter meter grating monochromator (Schoeffel Light and Light Measurement, New
Jersey). A bandwidth of about 20 nm was used. The wavelength of 483 nm, the maximum
absorption wavelength of rhodizonate dianion, was selected for the photolysis of

rhodizonate dianion solution.

2. 1. 3 Measurement of Light Intensity

The intensity of light incident on the reaction cell at the wavelength of 483 nm was
measured using the potassium ferrioxalate actinometer. The actinometer was prepared
according to the procedures outlined by J. F. Rabek.(6%)

When an acidic aqueous solution of KyFe(C,0,); is irradiated, the ferric ions Fe**
are reduced to ferrous ions Fe?* and CO, is formed.® 7)) The over-all reaction is the

foilowing:
[Fe™(C,0,):]* + hv — [Fe@ (C,0,),)% + C,0,
[Fe™(C,0,)31* + C;04 — [Fe™M(C0,)31% + (G0
[FeTX(C,04)3]% + hv — [Fe™(C,0,),]* + 2CO,
The product [Fe™(C,04),]> does not absorb light of A>250 nm and the

concentration of Fe?* ion can be measured spectrophotometrically through formation of the

red compiex with 1,10-phenanthroline. The quantum yield of Fe?* ion formation at 480 nm
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is 0.94,(69.70)

(a) Preparation of Potassium Ferrioxalate Actinometer
Three volumes of 1.5 M potassium oxalate K,C,0, solution and one volume of 1.5
M ferric chloride FeCl3.7H,0 solution were mixed while stirring. A green precipitate of

potassium ferrioxalate was formed:

3K20204 + FCC137H20 > K3FC(C204)3.3H20 + 3KCl + 4H20

The solid potassium ferrioxalate was filtered and recrystallized twice from warm

water. The final purified product was dried at 45% C for 20 hours and was kept in the dark.

(b) Measurement of the Extinction Coefficient of the Complex

Fe.Phenanthroline at 510 nm

(1) A 0.1 M FeS04.7H,0 solution containing 0.1 N H,SO, was prepared and the
concentration of the ferrous ion was standardized against K,Cr,O; by titration using sodium
diphenylamine sulfonate as indicator,

(2) Ten standard solutions of Fe-Phenanthroline complex with Fe2*
concentration of from 5.0x10¢ M to 5.0x10-5 M were prepared in a buffer solution of pH
4.7. The solutions were kept in the dark for one hour for color development.

(3) The absorbance of the Fe™-Phenanthroline complex solutions were measured
at 510 nm using the same cell which was used for photolysis. From the plot of the
absorbance of the solution against the concentration of Fe®, the extinction coefficient of

the Fe™-Phenanthroline complex at 510 nm of 1.11x10% M-lem-! was obtained.



(c) Photolysis of Actinometer and Determination of I,

A solution of 0.15 M in K3Fe(C,0,4)5.3H,0 and 0.1 N in H,SO, was prepared. 3.0
mL of this solution was photolysed at 483 nm for ten minutes.

The total solution was transferred to a 25 mL volume metric flask, and to this flask
was added 2.5 mL of 0.1% phenanthroline and 10 mL of 0.6 N NaAc soluidon. Sulfuric
acid was added to make the final concentration of H,SO, in the flask 0.1 N. The solution
was diluted to the mark and allowed to stand in the dark for one hour for color development.
The absorbance at 510 nm was measured.

The number of Fe?* ions (ngeqr) formed during the photolysis can be calculated

according to the following equation:

AxXVxN

Ngeqm =

A: absorbance of the complex at 510 nm

\£ volume of the actinometer

N: Avogadro's number

€ Extinction coefficient of Fe(II)-phenanthroline complex at 510 nm

The incident light intensity can be calculated as:

DFe(m)
tx ¢ (1-104)
t: time of the photolysis (second)
o: guantum yield of formation of Fe?* at 480 nm
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A: absorbance of actinometer before photolysis at 483 nm

Following the procedure mentioned above, in one particular measurement of the
light intensity at 483 nm, the absorbance of the Fe?* complex was 0.115 at 510 nm. The

number of ferrous ions formed during the photolysis is therefore:

0.115%0.025x%6.02x10%
1.11x104

DFe(m) =

= 1.56x10!7

The photolysis time was 10 minutes (600 sec.), the absorbance of the actinometer
before photolysis was 0.20 at 483 nm and the quantum yield for the formation of Fe2* is

0.94 at 480 nm, so that the light intensity reaching the photolysis cell at 483 nm is:

1.56x10'7
600x0.94 (1-10-020y

=7.5x10" quanta s’

2.1.4 Other Measurements

The UV-Visible absorption spectra were measured using a Unicam SP-1800
Ultraviolet Spectrophotometer coupled with a Unicam AR 25 Recorder, supplied by Pye
Unicam Ltd. Cambridge, England. The scan speed of the spectrophotometer was set at 4
nm sec.”! and the band width at 1 nm. The spectrophotometer had provision for circulating
water from a thermostat through the cell holder to maintain a constant temperature in the

cell.

3C NMR spectra were measured using the Varian XL-300 nuclear magnetic
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resonance spectrometer. Dioxcine was used as external reference and the resonance
frequency was at 75.429 MHz.
The pH value of the solution was measured using a Model 320 Expanded Scale

Research pH Meter from Fisher Accumet with a Comning combination electrode.

2.1.5 Preparation of Reaction Solution

(a) Solutions for Irradiation

Aqueous rhodizonate dianion is unstable in the presence of oxygen and solutions
were prepared daily. A stock solution, 5x103 M, was prepared by dissolving 0.102 gram'of
disodium rhodizonate in 100 mi of nitrogen-saturated distilled water. This solution was
protected from light and nitrogen was continuously passed through the solution. The
preparation of the solutions for irradiation and the degassing techniques, both by nitrogen
saturation and by freeze-pump-thaw cycles, were described in section 2. 1. 1. The
concentration of the rhodizonate dianion in the cell was determined from the absorbance at

483 nm provided that none of the additives absorbed light at this wavelength.

(b) Solution for 13C NMR Measurement

For measurement of the C NMR spectrum, 200 mL of reaction solution
containing an electron acceptor and rhodizonate dianion with concentration of 5.0x104 M
was photolysed using a 250 W incandescent lamp. A small amount of buffer solution was
added to the reaction system. When oxygen gas was used as oxidant, rhodizonate dianion
solution was bubbled with high grade oxygen gas. After the rhodizonate dianion was
completely consumed, the reaction solution was concentrated by evaporating under vacuum

at temperatures below 60° C to about 2.5 mL.

30



2.6 Reagents

Electron acceptors used in the investigation of the photo-induced electron transfer
reactions of rhodizonate dianion include anionic, neutral and cationic species. Acceptors
used were: potassium ferricyanide, tetracyanoethylene, hydrogen peroxide, cupric ion,
methyl viologen (1,1:-Diethyl-4,4’-bipyridinium dichloride), 3-nitrobenzaldehyde,
4-nitrobenzaldehyde.

Disodium rhodizonate, anhydrous oxalate acid, 3-nitrobenzaldehyde,
4-nitrobenzaldehyde and buffers were purchased from Aldrich; potassium ferricyanide,
cupric chloride were purchased from Fisher Scientific Company; potassium oxalate, methyl
viologen, hydrogen peroxide, ferric chloride were purchased from BDH. Nitrogen and
oxygen were high purity grade (> 99.99%), purchased from Air Products. Cupric chloride
and potassium ferricyanide were recrystallized from warm water-ethanol solution. Other
reagents were used without further purification.

Deionized distilled water was obtained by passing distilled water first through ion
exchange columns and redistilled using a Model AG-2 Water Distillation apparatus

supplied by Corning Glass Works.
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2.2, Resulis

2.2.1 Rate of Disappearance of Rhodizonate Dianion

Rhodizonate dianion is rapidly oxidized in air-saturated solutions in the dark and
the rate of this reaction increased with increasing pH of the solution. Removal of oxygen
stabilizes the system, but in the pH range 6--8 of the present experiments a small residual
rate of disappearance of rhodizonate dianion was observed in all solutions regardless of the
procedures used for degassing. Typical results are shown in Table 2.1, The loss of
rhodizonate dianion in the absence of additive is probably due to traces of cxidizing
impurities in the solution.

Table 2.1 Rate of Disappearance of Rhodizoﬁate Dianion Without Additive
[Ce0eZ1=2.5x10° M

pH Thermal (Ms™1) Photochemical (Ms™!)
6.0 1.3x10°10 1.5%x10-10
7.0 1.0x10°10 1.0x10-10
8.0 1.5%10°1¢ 1.9x10°10

At pH 2 9 the dark reaction initiated by the OH", discussed in the introduction,
become too fast to allow accurate kinetic measurements. Measurements of the
photochemical reaction were therefore limited to pH < 8 and 2 6, where the acid was
completely in the form of the dianion. (see values for pK; and pK, in Table 1. 2.). In the
present studies, the pH of the reaction solutions containing rhodizonate dianion were
maintained between pH 6 and 8 using buffers. The rates of disappearance of rhodizonate
dianion in the absence of additives both in the dark and on irradiation were negligible

compared to the rates in the presence of additives. Kinetic measurements were therefore
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made only with rhodizonate dianion in the presence of additives.

The thermal and photochemical rates of disappearance of rhodizonate dianion were
measured at 20°C in Deaerated solutions in the presence of the following additives:
iaotassium ferricyanide (K3Fe(CN)g), hydrogen peroxide (H,0,), tetracyanoethylene
(TCNE), cupric ion (Cu®"), methyl viologen cation (MV2), 3-nitrobenzaldehyde
(3-NOy-CsH,CHO) and 4-nirobenzaldehyde (4-NO,-C¢H,CHO). The results showed that
only the additives cupric ion, ferricyanide anion, hydrogen peroxide and tetracyanoethylene
caused a thermal reaction substantially faster than the residual rate and only with the latter
three additives was the rate increased on irradiation. The measuremen:s of photochemical
rates were reproducible within about 5% as were the higher thermal rates. The slower
residual dark reaction had more uncertainty, but was generally consistent. The results are
summarized in Table 2.2, Table 2.2(a) summarizes the rates of disappearance of
rhodizonate dianion both in the dark and on irradiation from reaction with those electron
acceptors which caused a faster reaction on irradiation. Table 2.2(b) summarizes the rates
of disappearance of rhodizonate dianion from reaction with those additives which caused no
remarkable rate increase over the rate without additive or no noticeable increase on
irradiation compared with the rate in the dark. The quantum yields of the disappearance of
rhodizonate dianion in Table 2.2(a) were calculated from the rate of disappearance of
rhodizonate dianion under photolysis after subtracting the rate of disappearance of
thodizonate dianion in the dark. For example, when the concentration of
tetracyanoethylene was 2.0x10° M and the concentration of rhodizonate dianion was
2.5x10° M, at pH 7 the rates of disappearance of rhodizonate dianion in the dark and under
photolysis were 5.2x10% Ms! and 2.3x109 Ms™! respectively. The net rate of loss of
rhodizonate dianion due to photolysis was:

2.3x107? Ms™! - 5.2x10-1% Ms! = 1.8x10°9 Ms-!
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Thermal and Photochemical Qxidation of Rhodizonate Dianion at 20° C

Table 2. 2 (a)

Additive pH Conc, of Reactants Rate 0
[A] [Cs06%] Thermal Photochemical (103
(Mx1075) (Ms1x10%)
TCNE® 7 2.0 2.5 0.52 2.3 6.2
E0=+048v 7 5.0 2.5 1.6 4.9 12
7 10 2.5 3.8 10.2 23
7 15 2.5 53 14.5 33
7 20 Z.5 6.6 19.3 45
H,0, 7 2.5 2.5 1.5 2.3 33
E0=+133v 7 5.0 2.5 2.0 3.0 3.9
7 10.0 25 2.9 4,5 6.3
7 20.0 2.5 4.1 6.4 8.4
7 25.0 2.5 4.6 7.0 9.6
7 50.0 2.5 133 16.4 13
Fe(CN)g> 7 2.5 2.5 1.1 2.3 4.4
E%=+036v 7 5.0 2.5 1.6 3.2 5.6
7 10.0 25 2.1 43 7.6
7 15.0 2.5 24 4.9 9.2
7 20.0 2.5 2.6 57 11
7 25.0 25 29 6.3 12

a) E®vs NHE. EO for TCNE was measured in CH;CN solution, others were in H,O
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Table 2. 2(b)

Thermal and Photochemical Oxidation of Rhodizonate Dianion at 20° C

Additive pH Conc. of Reactants Rate
[A] [C4067] Thermal Photochemical
(10° M) (1019 Ms )
Cu?* 6 5.0 5.0 34 34
E% = +0.153v 7 5.0 5.0 42 42
8 5.0 5.0 9.4 11

MV2+ 6 25 2.5 1.2 3.1
EC=- 0.44v 7 25 2.5 2.0 2.0

3-NO,-C4H,-CHO
EC = - 0.90v 6 5.0 5.0 1.6 1.6

4-NO,-C¢H,-CHO
E0=-.0.86v 6 5.0 5.0 2.3 42
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The quantum yield was calculated as follows:

RxNxL

Ipx (1 - 104)
Where R: rate of disappearance of rhodizonate dianion caused by photolysis Ms1
N: Avogadro's constant (6.02x10%)
L: Volume of the reaction solution used for photolysis (Liter).
I,: light intensity reaching the photolysis cell (Quanta sh).
A: absorbance of rhodizonate dianion at 483 nm.

In the example cited, the quantum yield was therefore:

1.8 x 109 x 6.02 x 102 % 0.0031

6.32 x 1014 x (1 - 10080)

$=62x10"3

The initial rates of disappearance of rhodizonate dianion were obtained from plots
of the rhodizonate dianion concentration against the reaction time. From randomly repeated

experiments, the uncertainty in the initial rates was less than 5%.

2. 2.2 Product Detection

From the UV-visible absorption spectra, the only product detected from the
reaction system of rhodizonate dianion and electron acceptors was the croconate dianion.
The percentage conversion from rhodizonate dianion to croconate dianion varied with the

electron acceptors used and the pH value of the reaction solution. The highest conversion
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rate occurred when cupric ion was used as elzctron acceptor at pH 7.0 Fig 2.2 shows the
appearance of the absorption of the croconate dianion and the corresponding decrease of the
absorption of the rhodizonate dianion at pH 7.0 during photolysis in the presence of cupric
ion.

Detection of products from the reaction of rhodizonate dianion with hydrogen
peroxide, ferricyanide and oxygen was also done using 1>C NMR spectra. The 13C NMR
spectrum of the dianions of croconic and rhodizonic acids each has only one single
chemical shift, at 188 ppm for croconate dianion and at 177 ppm for rhodizonate dianion.
The amount of croconate dianion formed from the reaction of rhodizonate dianion with
additive could be estimated by comparing the area under the resonance peak at 188 ppm of
a 3C NMR spectrum of the reaction solution with the area of the same peak at 188 ppm of
a sample of pure croconate dianion with a known volume. Because of the uncertainty in the
volume of solution from the experiment the amount obtained from the reaction may be
uncertain by 10%. The acquisition time for !3C NMR signal should be long enough to
allow the relaxation process to be complete before next pulse was applied, so that it usually
took one night for measurement of one sample.

The fractional conversions of rhodizonate dianion to croconate dianion are

summarized in Table 2.3, along with the detection techniques used for each sample.
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Figure 2.2 Absorption spectra of & solution of rhodizonate dianion in the presence
of cupric ion, showing formation of croconate dianion. pH=7.0

Complete reaction of the rhodizonate dianion required three days.
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Table 2.3

Fraction of Conversion of Rhodizonate Dianion to Croconate Dianion

Additive pH % Conversion Detection Technique
to C5052'
Cu?* 6.0 48 UV-Visible Spectra
7.0 78
8.0 77
H,O, 7.0 33 13¢ NMR
Fe(CN)¢> 7.0 26 13C NMR
O, 7.0 11 3¢ NMR

* Thermal reactions in the cases of Cu?* and O,, photochemical reactions in the cases of
H,0, and Fe(CN)¢™",
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2.3 Discussion

2,3.1 The Thermal Dark Reaction

Rhodizonate dianion is oxidized rapidly by oxygen or hydrogen peroxide in basic
solution to give croconate dianion quantitatively. The first step in the reaction is believed to
be attack by the hydroxide anion. The mechanism of the reaction was illustrated in chapter
1 (page 15). The present results show that conversion to croconate dianion and other
products occurs also in neutral or slightly acidic solution and can be initiated by several
oxidizing agents as well as oxygen and hydrogen peroxide.

The fact that reagents such as Cu?*, Fe(CN)¢** and TCNE are effective suggests

that the first step is electron transfer and the first stages of the reaction may be written as:

(1] 06062- +A = ( CGOG-‘...A' )
[2] ( CGOG-.“‘A-) = C&Oﬁ" + A"
(31 C606-' - Product

Where A stands for additive and ( C4Og™...A™ ) represents the caged charge transfer
complex before the ions separate.

Assuming a steady state concentration of the intermediate (C¢Og™...A).

k; [CoO6F1[A] + k 5[CO06~I[AT] = (k_y + k)[(CgOg-..A)]

The concentration of the caged complex may be written as:

k,[CsO¢¥I[A] + k,[CsO6™1[A7]
ki +k

[(CeO6™.. A)] =

Also since [C4Og] = [A7]
ky[(CgOg...A)] = k 5[C40¢™]2 + k31Cc04™]

Two limiting cases may be considered.



(@) Only a small fraction of the ions escape the cage before the reverse electron
transfer regenerates the reactants but all those that escape react to form product. This
assumes the following requirements:

ky <<k,
k 5[C6051% << k3[C40g7]

Also, since all the monoanion radicals react to form products,
k 5[Cs0671? << k1 [C4O2[A]

Therefore:

k3[C506"] = kz[C506"...A'] and
ky
[C60s™...A] —— [Cs06%1 [A]
-1
The rate of disappearance of rhodizonate dianion therefore is:

-d[CcO(2] k.k
01 Mk [C406Z1A] @-1)
dt k,

The rate is therefore first order with respect to the concentrations of both

rthodizonate dianion and electron acceptor.

(b) If the ions escape the cage but still 2 major fraction undergo the reverse
electron transfer and only a small fraction form products, it follows that:
k3[Cs0g™] << k5l C405 T2
kp <<k,
In this case, the concentration of the monoanion radical will be controlled by the
equilibrium constants for reactions [1] and {2] and the rate of the disappearance of
rhodizonate dianion can be derived as follows:

kz[CGOG"...A'] = k—2[C606-.]2
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ky 12
[C406] =4 —— [C4O¢".AA]
ko

K [CsO6>IA] =k 4[Ce0¢™...A]

k)
[Ce0g AT =—— [A] [C40¢%1
-1

The rate of disappearance of rhodizonate dianion becomes in this case:

d[C404*
L =k3 [ C¢047]

dt
ki k 122
=k 172 2.
3{ k1 ks [CsO¢ ][A]}

12
=ks { K; K; [Cs06™] [A]} (2-2)

In this case the rate of disappearance of rhodizonate dianion is proportional to the
square root of the concentrations of both electron acceptor and rhodizonate dianion. For
this case, it is not necessary that the intermediate step [1] attain equilibrium. Only an
overall equilibrium involving the electron transfer is indicated and the intermediate step
may not be kinetically important.

In the present experiments, case (b) was observed with the oxidizing agents
hydrogen peroxide and potassium ferricyanide. The results are shown in Fig. 2.3 and Fig.
2.4, where the rate of the reaction at a fixed concentration of rhodizonate dianion is plotted
as a function of the square root of the concentration of electron acceptor [A]V/2.
Measurements of the rate at 30° C with Fe(CN)¢>* are also included in Fig. 2.4. The rate of
the reaction with TCNE, on the other hand, was a linear function of [A] and for this reagent

therefore the mechanism corresponds to case (a). The results at both 20° C and 30° C are
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_Rate of the disappearance of rhodizonate dianion as a function of square
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Rate of the disappearance of rhodizonate dianion as a function of square
root of concentration of potassium ferricyanide.

a: T=293 K; 2: T=303 K; pH=7.0



Concentration of TCNE (Mx104)

Figure 2.5 Rate of the disappearance of rhodizonate dianion as a function of

concentration of tetracyanoethylene

0: T=293 K; *: T=303 K; pH=7.0
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shown in Fig. 2.5. The rates of disappearance of rhodizonate dianion at 30° C using TCNE
and Fe(CN)¢>- as electron acceptors are summarized in Table 2.4.

Some experimental results with constant concentration of TCNE and Fe(CN)g>
and variable concentration of rhodizonate dianion are summarized in Table 2.5. With
TCNE the rate was proportional to the concentration of rhodizonate dianion while with
Fc(CN)63', the rate was proportional to the square root of the concentration of the dianion.

At first sight it appears improbable that different limiting cases would be observed
for similar reactions, particularly when k; is the same, and k; is similar for each reaction.
The difference in rates between k 5[Cs04~]? and k3[C4O¢], which governs the order of the
rate, arises through the difference in the concentration of rhodizonate monoanion radical in
the two systems. The change-over in the order occurs when [C40¢™] = ka/k;. The
concentration of the monoanion radical is largely determined by the rate of separation of the
caged complex, which is a function of the structure and properties of the oxidizing agent,
inciuding the charge distribution in the complex. It is interesting that similar rates are
cbserved for TCNE and the other two reactants and indicates the compensating effects of
ko k5 and ki,

For TCNE, the rates of disappearance of rhodizonate dianion measured at several
different temperatures are summarized in Table 2. 6 and shown in an Arrhenius plot in Fig.
2.6. This data shows the change‘in the rate constant for formation of product as a function
of temperature. The reaction may be represented as:

C06% + A — CO™ + A" M

CsOg~ — Products

If all the monoanion radicals C4O¢" react to form products then reaction (T)
represents the rate of loss of rhodizonate dianion and the rate may be expressed as:

-d[Ce02Vdt = kr[C4OZ (Al



Table 2.4

Thermal Oxidation of Rhodizonate Dianion at 30° C

[Cs0¢%] = 2.5x10° M, pH=7.0

Additive Concentration of Additive Rate
(Mx10%) (Msix10%)

TCNE 2.5 2.8

5.0 3.6

10 7.4

20 14.7
Fe(CN)> 1.25 1.2

2.5 1.7

5.0 2.5

20 4.6
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Table 2. 5

Thermal and Photochemical Oxidation of Rhodizonate Dianion at

Different Concentration of Rhodizonate Dianion at 20° C, pH=7.0

Additive [A] [Cc0¢%1 Rate 0
(M) (Mx10-5) Thermal  Photochem. (10-3)
(Ms™1x109)

Fe(CN)¢>  2.0x10% 1.5 2.0 4.6 12
2.0x104 25 H 5.7 11
2.0x10" 5.0 4.2 ;,'.5 9.7

TCNE 20x10% 125 3.2 12.1 44
20x104 25 6.6 19.3 45
2.0x10 5.0 13.5 28.4 44
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Table 2. 6

Thermal Oxidation of Rhodizonate Dianion

[C406%1=2.5x10"° M; [TCNE] = 5.0x15" M; pH=7.0

T (K) 1000/T Rate(Ms1x10%) Inky
283.2 3.53 1.0 -0.223
293.2 341 1.6 0.259
303.2 3.30 3.6 1.06
313.2 3.19 5.5 1.48
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Figure 2.6 Rate constant of the disappearance of rhodizonate dianion as a function of

temperature in the presence of tetracyanoethylene

[TCNE]=5.0x103 M; pH=7.0
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From the slope of the plot, the over-all activation energy for the reaction of
rhodizonate dianion with TCNE may be estimated as 42 kJ mol-l.

The equilibrium constant for the over-all one-electron transfer process :

[T] CeOg> + A = CeOg + A-
may be expressed as:

RTInKry = nFE®
where EU is the standard cell potential for the cell represented by reaction [T] which may be
expressed as

E® = EXA/A) - ENC¢0Q4/C4042)
where E%(A/A") and E%C404/C404%) represent the standard reduction potentials for the
reactions indicated. Although the experiments were not performed under standard
conditions, the concentration of rhodizonate dianion and additives were in the same range,
and [C405™] =[A"]; hence:

E(A/A") - E(C404/Cs04%)
will be similar to the cell potential under standard conditions.

For a particular concentration of rhodizonate dianion, InKy and hence [C4Og] will
therefore be proportional to E’(A/A-). From the results in Table 2.2 it appears that the rate
of the thermal reaction correlates roughly with the strength of the oxidizing agents. No
oxidation was observed with the reactamts of MV2*, 3-nitrobenzaldehyde  and
4-nitrobenzaldehyde. It may be concluded that oxidizing agents with standard reduction
potentials below approximately zero volts have not sufficient strength to oxidize
rhodizonate dianion in aqueous solution. This correlation of the rate with potential supports

the mechanism of electron transfer.



2. 3.2 The Photochemical Reaction

An increase in the rate of disappearance of rhodizonate dianion on irradiation was
ohserved with the reactants hydrogen peroxide, ferricyanide and tetracyanoethylene. The
quantum yields in all cases were low (maximum 4x102) as expected when the reverse of
reaction [2] is fast. A simple extension of the mechanism for the thermal reaction may be

written as follows:

| CgOgZ + hv — C40¢%"°

[D] Cg0s2" — C40g™

[4%] CeOZ" + A = (C04™...AY)
[-4] (CgOg .- A) — CeOZ + A
[5] (Cg06™...A) = C404™ + A
[3] CsO¢~ — Product

Kinetic analysis of the reaction mechanism assuming a steady state concentration
of intermediates leads to the following expressions:
The concentration of the caged complex is:

k4. [C6062-] [A] + k_5 [C606"]2

CO Al =

[CeOg™--A] K, + ks
d [CcOs]

___[_ds[_6=0 and we have:

ks[CsOg...A] = k,s[C(,OG"]z + k3[Cg04~1
Since only reaction [3] leads to the loss of rhodizonate diznion, the rate of

disappearance of rhodizonate dianion is:
- d[C406°]
=K [Cs0s7]
Two limiting cases similar to those described in the kinetics of the dark reaction

are considered.
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For case (a) the concentration of the rhodizonate monoanion radical is:
ks k,'

. ks
[Cs0671 = ksky

[Cs062"1[A]
and the photochemical rate of disappearance of rhodizonate dianion is therefore:
-d[C40¢%] _
_dlCe06™ _ k3[CeOf]

dt
ks k" .
=S5 0@ IAl

The total rate of disappearance of rhodizonate dianion from both thermal and

photochemical reactions becomes:

'd[cﬁoﬁz-] 2 k4‘ ks 2.8
— =k, K [Cs04%1 [A] + [Cs0=1 [A]
dt ky

The steady state concentration of C¢O¢2" is given as

I
C4062"] =— 2
[66 ] m

So the expressions for the rate and quantum yield of the disappearance of

rhodizonate dianion are:

-d[C40*] I, [A]
e = k0 K [CeOc21[A] + k "k i -
5 2-K1[CsO6™ 1A} + k4 ks kg T KA (2-3)
kA
o= ky ksl ]* (2-4)
kukp + kg [A])

In calculating the quantum yield, only the loss of rhodizonate dianion initiated by
the photo-induced chemical reaction is considered, so that only the second term in the total
rate expression of equation (2-3) was taken into account.

Since the rate of disappearance of rhodizonate dianion is not independent of [A],

kp must be greater than k,’[A), and equation (2-4) can be simplified further to:

E ]

ky' ks

s >

[A]

As in the thermal reaction, this case was observed with additive TCNE. The

quantum yield for the disappearance of rhodizonate dianion was linearly dependent on the
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concentration of TCNE, as shown in Fig. 2.7, where the measurements were made with

constant concentration of rhodizonate dianion.

For case (b) the concentration of rhodizonate monoanion radical is,
Kk iR
[CsO4] {k_s [C(,OG"...A%
-5

{sicos AT

and the concentration of the complex cage is:

L

- - _l&. X
[CeOg...A"] = X [Cs06%"1[A]

The rate of disappearance of rhodizonate dianion by the photo-induced reaction is:

-d[C404%]

pr = k3[C¢O¢™]

k.* . 12
= ks{Ks 1 1G04 T1AY

I
C.0.2"] =—— 25
GO = T rTAT

- 2- -
and d[Ce0s"] -k, { ke L J[A] }1:‘2

dt ka4 (kp+ k4 [AD

The total rate of disappearance of rhodizonate dianion by both thermal and

photochemical reactions is:

-d[C4047]

12 I,k [A] 112
dt =k3{ K1K2[C6052'][A]} +k3 {Ks skt

e 2-5
k_4(kD + k4 [A] ( )

Following the previous reasoning, where it was shown that kp>>k,[A], the

quantum yield is given as:
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Quantum yield of the disappearance of rhodizonate dianion as a function of
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ky" Kq [A] }1’2

=K
’ 3{ T kK,

(2-6)

As in the thermal reaction this mechanism was found when hydrogen peroxide and
potassium ferricyanide were used as electron acceptors. The quantum yields for the
photochemical reaction with these two additives are shown as a function of [A]Y2 for
constant concentration of rhodizonate dianion in Fig. 2.8 and Fig. 2.9, respectively.

With TCNE and at fixed concentration of additive, the thermal reaction rate is
proportional to the concentration of rhodizonate dianion, while the photochemical reaction
rate is proportional to the light intensity absorbed by rhodizonate dianion. For example,
when the concentration of thodizonate dianion increased from 1.25x10° M (I,,,=0.60 I) to
2.5x10° M (I,;=0.84 Ip) and then to 5.0x10° M (I,;,,=0.975 I;), the thermal rate for the
disappearance of rhodizonate dianion increased in the ratio of 1.0:2.1:4.2. The light
intensity absorbed by rhodizonate dianion increased in the ratio of 1.0:1.4:1.6 and the
corresponding net photochemical reaction rates increased in the ratio of 1.0:1.4:1.7. These
changes in the concentration of rhodizonate dianion and the light intensity absorbed by
rhodizonate dianion as well as the rates of both thermal and photochemical reactions are
presented in Table 2.7. The quantum yield was unchanged with the change of rhodizonate
dianion concentration as shown in Table 2.5. All these results shovred that the mechanism
of the reaction between TCNE and rhodizonate dianion corresponds to the limiting case (a)

On the other hand, the mechanism of the reaction between ferricyanide and
rhodizonate dianion is consistent with the limiting case (b). The relative thermal and
photochemical rates at different rhodizonate dianion concentrations and fixed ferricyanide
concentration are summarized in Table 2.7. These results show that the rate of thermal
reaction between rhodizonate dianion and ferricyanide is proportional to the square root of

the concentration of rhodizonate and the rate of the photochemical reaction is proportional
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Quantum yield of the disappearance of rhodizonate dianion as function of
square root of concentration of hydrogen peroxide

pH=7.0; T=293 K
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Quantum yield of the disappearance of rhodizonate dianion as a function of
square root of concentration of potassium ferricyanide

pH=7.0; T=293 K
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Table 2.7

Relative Thermal and Photochemical Reaction Rate

pH =7.0

[TCNE] = 2.0x10% M:
[Cs0¢2] Relative Relative Relative Relative

M] [Cs06%] Therm. Rate Tape] Photochem. Rate
1.25x10°5 1.0 1.0 1.0 i.0
2.5x103 2.0 2.1 1.4 1.4
5.0x107 4.0 4.2 1.6 1.7
[Fe(CN)¢*] = 2.0x104 M:
[Ce02] Relative Relative Relative Relative

[M] [Cs062112 Therm. Rate 1 ANEC Photochem. Rate
1.25x10°5 1.0 1.0 1.0 1.0
2.5x10°5 1.4 1.3 1.2 1.2
5.0x10% 2.0 2.1 1.3 1.3
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to the square root of the light intensity absorbed by the rhodizonate dianion.
Thus the mechanism of the oxidation of rhodizonate dianion with each oxidizing
agent is the same under both thermal and photochemical reactions. Irradiation of the

dianion simply increases the rate of the initial electron transfer.

2.3.3 Products of the Reaction

Detection and analysis of products in the dilute solutions used in the present
experiment presented some difficulty. In an aqueous solution of ions absorption in the
visible or ultraviolet often provides a basis for identification. The only product detected and
quantitatively measured by its absorption spectrum was croconate dianion. When Cu?* was
present in the reaction system the majority of the product was croconate dianion. With
other additives the fraction of rhodizonate dianion converted to croconate dianion was
smaller and detection of croconate dianion by absorption spectra was difficult. For these
cases, ’C NMR detection was used. The fraction of conversion of rhodizonate dianion to
croconate dianion under different reaction conditions is listed in Table 2.3.

In basic solution rhodizonate dianion is quantitatively converted to croconate
dianion with the oxidizing agents hydrogen peroxide or oxygen. In neutral solution the
fraction converted was much less, 33% with hydrogen peroxide and only 10% with oxygen.
The most efficient conversion occurred with Cu?* at pH 7, and the experimental results
showed that changing the ratio of additive to rhodizonate dianion in the reaction system had
no noticeable effect on the fraction of conversion. The fact that each oxidizing agent
produced a different rate of conversion to croconate dianion indicates that additional steps
after the initial electron transfer are required for this conversion, and these steps may
involve the oxidizing agent. It should be noted that secondary photolysis of croconate

dianion is not important because the wavelength of maximum absorption of the croconate



dianion (363 nm) is far outside the narrow band width of the incident radiation. In basic
solution the ring contraction is believed to occur by an a-oxo alcohol rearrangement
following attack by hydroxyl ion. The present resuits show that the ring contraction giving
croconate dianion may be initiated in neutral solution with several oxidizing agents. No
evidence for absorption in the visible and near ultra-violet due to other products was
obtained with any of the additives. Weak absorbers would, of course, escape detection.

The 13C NMR spectra of the reaction products formed during the reactions of
rhodizonate dianion with ferricyanide, hydrogen peroxide and oxygen are summarized in
Table 2.8, including the single resonance at 177 ppm observed in the neutral solution of
rhodizonate dianion. With all the reactants rhodizonate dianion was completely consumed.
The resonance at 188.8 ppm shows the presence of croconate dianion formed in all three
reactants. Other carbonyl resonances are present in the products formed from all three
reactants. Carbonyl resonance due to oxalic or formic acid are, however, absent, as there
were no resonances at 162.9 ppm and 166.5 ppm, as observed for pure oxalic and pure
formic acid respectively. Oxalic acid and formic acid were observed by Isbell’2 as
products of the reaction of rhodizonate dianion and H,0, in aqueous solution. In these
experiments H,0, was in large excess and probably secondary oxidation occurred. No
evidence for products containing C-H bonds was obtained with the additives ferricyanide
and hydrogen peroxide and except for the resonance at 76 ppm, the products appear similar
from both reactants.

With oxygen the products are diverse and may include secondary oxidation. The
proton decoupled spectra showed the resonances at 91.5 ppm with coupling constant of
163.3 HZ and at 76.1 ppm with coupling constant of 149.9 HZ represent carbon atoms
bonded to a single hydrogen atom. Fig 2. 10 shows a Heteronuclear Chemical Shift

Correlation spectrum showing both 13C and 'H chemical shifts. The 'H-NMR chemical
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Table 2. 8

13C NMR Spectra of the Products of the Photochemical

Reaction of Rhodizonate Dianion

Additives
CeOe* Fe(CN)g> H,0, )
13C Chemical Shift
177.0 188.6 188.9 188.8
176.4 177.2 177.3
172.6 173.7 176.5
76.0 170.5
93.7
91.5
76.1
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shift of the proton attached to the carbon which has 13C-NMR chemical shift of 91.5 ppm is
about 4.8 ppm, while the !H-NMR chemical shift of the proton attached to the carbon which
has *C-NMR chemical shift of 76.1 ppm is about 4.4 ppm. Using the DEPT technique, the
results showed that both carbons which have !*C-NMR chemical shifts of 91.5 ppm and
76.1 ppm had either one or three protons. Because it seems unlikely that three protons
would be attached to a carbon derived from the rhodizonate dianion, the structure most
probably involves a C-H bond. The resonance at 93.7 ppm which did not involve a C-H
bond may indicate a geminol diol carbon, as suggested by Gelb, Schwargz and Laufer®® in
their interpretation of the NMR spectra of aqueous solutions of rhodizonate dianion. It
seems clear that in the oxygen system reduction at a carbon atom has occurred and there is
strong indication, particularly from the resonance at 91.5 ppm that an oxygen atom has been

incorporated into the ring in an ether linkage. Possible products are ring compounds of the

type:
O
HO OH O 0
H H ~0
H H
O 0 HO OH 0]
0 OH O
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Figure 2.10 HETCOR spectrum of the photolysis product of rhodizonate dianion in

the presence of oxygen. pH=7.0



2. 4 Conclusions

The most important conclusion obtained from the present study is that the thermal
and photochemical conversion of rhodizonate dianion io croconate dianion and other
products in aqueous solution are initiated by electron transfer to an acceptor which is a
sufficiently strong oxidizing agent. This conclusion is based on several observations.

(@) The rate of the thermal reaction in the absence of oxygen is increased in the
presence of oxidizing agents with positive standard reduction potentials.

(b) Photolysis of the rhodizonate dianion in the presence of additives increased its
rate of disappearance only with those additives which noticeably increased its thermal rate
of reaction.

(c) For any one oxidizing agent, the rates of the thermal and photochemical
reactions have the same order with respect to the concentration of additive (either square
root or linear).

Details of the subsequent reactions of the monoanion radical following the initial
electron ransfer step cannot be established at this stage. Because the fraction of the product
appearing as croconate dianion is not the same with each additive, several competing
reactions must occur, which will be dependent on the pH of the solution as well as the
reduction potential of the additive. The other products suggest that hydration of the
monoanion is important and that oxygen may be incorporated into the ring through a ring
-contraction mechanism. This type of mechanism does not invalidate the mechanism
involving an a-oxo alcohol rearrangement following attack by hydroxide ion suggested for
the conversion of rhodizonate dianion to croconate dianion in an oxygenated alkaline
solution. The present results simply show that this conversion is a more general reaction and

can occur in neutral solution and with other oxidizing agents.
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Chapter 3

Photochemical Reactions of Croconate Dianion

3.1 Experimental

3.1.1 Preparation of Disodium Croconate

Neither croconate acid nor its salts are commercially available. Sodium croconate
used in this study was prepared by the oxidation of sodium rhodizonate. Rhodizonaic salts
can be quantitatively converted to croconate salts in basic solution in the presence of an
oxidizing agent. The mechanism of this ring contraction reaction has been suggested to be
an alpha-oxo alcohol rearrangement, as described in the introduction (p.10). Several
oxidants have been used for the reaction. For the present experiments the procedure
developed by Schwartz, Gelb and Yardley was followed, using hydrogen peroxide as
oxident.?®) The procedure was as follows: 6.42 grams of disodium rhodizonate Na,CgOg
(0.03 mole) and 3.0 grams of sodium hydroxide NaOH (0.075 mole) were dissolved in 15
mL of hot water in a 125 mL Erlermeyer flask. The solution was stirred for an extended
pericd of time to dissolve the sodium rhodizonate and allowed to cool. When the solution
had reached room temperature 34 mL of 3% hydrogen peroxide solution was added. After
adding the hydrogen peroxide, the solutica quickly became clear and turned yellow.

The Erlermeyer flask was cooled in an ice bath and a yellow precipitate appeared.
The precipitate was filtered using a glass filter, washed a few times with 1:1 ethanol-water
solution, and recrystallized from a warm ethanol-water solution. The final product was
dried at 120% C for ninety minutes. According to Schwartz et. al., sodium croconate
prepared in this way is monohydrated, Na,Cs505.H,0. (M. W. 204.0g/mol). The yield of

sodium croconate was 48%. The 13C NMR spectrum of this product showed only one



single peak at 188 ppm in agreement with the chemical shift reported by Gelb, Schwartz,
Laufer and Yardley.(?®) The UV-visible absorption spectrum of the aqueous solution of this
sodium croconate gave an extinction coefficient of 3.9x10* M-lem! at its maximum r-x*
absorption at 363 nm. The absorption spectrum showed the characteristic double maximum

as reported previcusly.(20)

3. 1. 2 Light Source

The light source for the photolysis of croconate dianion solution was a
medium-pressure mercury arc (Hanovia 673 A10) with a water-cooled housing. The lamp
was operated at 250 V and 2.9 amp. A Pyrex plate was attached to the housing at the exit of
the beam to cut off light of wavelength shorter than 300 nm and hence reduce the formation
of ozone. A round bottomed flask filled with water was placed between the lamp and the
photolysis cell to absorb heat from the lamp as well as to focus the light. A Coming filter
#7-37 was used to allow only the light of wavelength 366 nm to reach the photolysis cell.

The arrangement of the photolysis apparatus and the transmission of Corning filter #7-37

are shown in Figure 3.1,

3. 1.3 Measurement of Light Intensity
The incident light intensity at 366 nm was measured using the uranyl oxalate
actinometer,® 7 and the measurement was performed periodically. The quanfum yield

for oxalate ion loss from the photolysis of uranyl of oxalate at 366 nm is 0.492 at 25° CT3).
(1) Preparation of Uranyl Oxalate

Concentrated uranyl nitrate solution (0.047 mole) was mixed with an excess of hot

oxalic acid (0.13 mole) solution. Urany! oxalate precipitated from the solution,
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UO,(NQ3), + Hy;C;04 = UO,C,04 + 2HNO,

The precipitate was recrystallized three times from warm water and dried at 110° C
for 2 hours. It was kept in the dark.

(2) Preparation and Photolysis of Uranyl Oxalate Solution

The actinometer was an aqueous solution, 0.01M in UQ,C,0, and 0.05 M in

H;C,04. 3 mL of the actinometer was photolysed in the spectrophotometer cell at 366 nm

for 12 hours.

(3) Calculation of Incident Light Intensity

3 mL of uranyl oxalate actinometer were titrated before and after photolysis using
potassium permangnate, previously standardized against sodium oxalate. The difference in
the number of oxalate ions before and after photolysis is equal to the number of oxalate ions
lost during the photolysis.

The incident light intensity reaching the photolysis cell may be expressed as:
An XNy

o .t (1-10°4)
¢: quantum yield of loss of oxalate ion at 366 nm at 252 C .
t: photolysis time (second)
A: absorbance of actinometer at 366 nm before photolysis.
an: moles of oxalate jons lost during the photolysis.
Ny: Avogadro's number.

As an example, when the loss of C,0,% was 2.99x10°5 moles after twelve hours
of photolysis, and the absorbance of the actinometer at 366 nm before photolysis was
0.215, the incident light intensity reaching the photolysis cell therefore is:

2.99x10°° x6.02x102
0.492x3600x12 (1-100215)

IO=
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Ip=2.97 x 10%5 quanta s°!
In all the manipulations the uranyl oxalate solutions were protected from visible

light.

3. 1.4 Fluorescence Measurement

Fluorescence spectra of croconate dianion were measured using a Perkin Elmer
Luminescence Spectrometer LS50. A personal computer from IBM was used to receive,
analyze and store the signal. An Epson Ex-800 printer was used as chart recorder. A
special Xenon flash tube was the excitation source, operating at 50 Hz. The optical system
consisted of two reflection grating monochromators (emission and excitation), a series of
mirrors and the reference and sample photomultiplier detectors. For the croconate dianion
fluorescence measurement, the excitation monochromator was set at 360 nm with band
width of 5 nm. The emission was measured in the range from 440 nm to 640 nm, with the
emission monochromator band width of 5 nm, and scan speed of 240 nm/minute. The
solution was degassed by nitrogen bubbling for ten minutes and sealed using a rubber
septum.

For the measurement of the lifetime of fluorescence, a flash photolysis apparatus in
the laboratory of Dr. Konigstein at Carleton University was used. The excitation source
was an excimer laser with emission wavelength of 308 nm, and the duration of the flash was
8 ns. The decay of the fluorescence at 490 nm was monitored and an estimation of the life

time of fluorescence was derived from the decay trace.
3. 1.5 Critical Micellar Concentration Measurement

Surfactants aggregate spontaneously when the concentration is raised beyond a

certain specific, rather sharply defined value which is called the critical micellar
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concentration (emc).*7® The appearance of micellar aggregates manifests itself by a
change of solution properties such as conductivity and light absorption and scattering
around the cmec. Thus the value of cmc of micellar solution can be determined by
measuring these property changes as a function of micelle concentration. The critical
micellar concentration (cmc) of sodium dodecyl sulfate (SDS) was determined by
conductivity measurements. A platinum electrode was used as the cell and a Bamstead
Conductivity Bridge Model PM-70B was applied to measure the solution conductivity. The
cell constant, 0.8944 cmrl, was measured using a 0.1000 N potassium chloride solution. All
the solutions to be measured were thermally equilibrated at 25° C.

The conductivities of a series of solutions with different SDS micellar concentration
and micellar solutions containing croconate dianion were measured. The equivalent

conductivities of the solutions were calculated according to the equation:

Conductivity
Equivalent Conductivity = (MHO cm'! N'1)
. C

C is the concentration of the micelle in equivalents L'I. In all calculations of the
conductivity of the solution, a correction was made for the conductivity of pure water.

The critical micellar concentration (cmc) was obtained from the inflection point in
the plot of equivalent conductivity against the square root of the micellar concentration,
Figure 3.2 is an example showing the equivalent conductivity of the solution as function of

the square root of the micellar concentration. From the inflection point, the cmc of the SDS

solution is 4.0x103 M.

3. 1. 6 Reaction Solution preparation and Degassing
Aqueous croconate dianion solution is stable when it is kept in the dark, even in the

presence of oxygen, for several monshs. Degassing procedures were basicaily the same as
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those used in the experiments with rhodizonate dianion solution, Solutions with croconate
dianion and with additive were separately degassed with five freeze-pump-thaw cycles and
mixed in the cell under vacuum. With the micellar solutions, only the freeze-pump-thaw

degassing technique was used.

3. 1. 7 Reagents

Electron acceptors used in the investigation of the photochemical reactions of
croconate dianion were: potassium ferricyanide, methyl viologen, 4-nitrobenzylbromide and
biacetyl. Methyl viologen was purchased from BDH, 4-nitrobenzylbromide was purchased
from Aldrich, biacetyl and potassium ferricyanide were purchased from Fisher Scientific
Company, and quinine bisulfate was purchased from Plaltz & Bauer Inc.
4-nitrobenzylbromide was recrystallized from water-methanol solution and potassium

ferricyanide was recrystallized from water-ethanol solution. Other reagents were used

without further purification.
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3. 2 Results

3.2.1 Products of the Photolysis

Under all conditions croconate dianion was more stable thermally than rhodizonate
dianion. The rhodizonate dianion was oxidized in the dark in aerated solutions, the rate
increasing with increasing pH of the soluticn. Croconate dianion was stable in aerated
neutral solutions for several months and in basic solutions (pH>10), its concentration
decreased only slightly (< 1%) after several hours in the dark. In strongly basic solution
(pH=12), however, in the presence of oxygen, photolysis caused conversion to squarate
dianion with a yield of 90%. Figure 3. 3 shows the disappearance of croconate dianion and
at the same time the generation of squarate dianion when the croconate dianion aqueous
solution was photolysed at pH 12 while oxygen gas was passing through the solution. At
the beginning of the photolysis the absorption shows the presence of croconate dianion
only, and at the end of the reaction, the spectrum shows only absorption from squarate
dianion. All the croconate dianion has been consumed completely. Formation of squarate
dianion from croconate dianion has not previously been reported and it appears that
photolysis of croconate dianion under these conditions provides a useful method for
preparation of squaric acid. Squarate dianion was also formed in the presence of
4-nitrobenzylbromide although absorption due to the additive at 270 nm masked to some
extent the absorption by the product squarate dianion. Nevertheless some indication of the
formation of squarate dianion may be observed by assuming that one molecule of the
additive reacted for cach dianion of croconate consumed. Thus the formation of squarate
dianion may be estimated in the presence of 4-nitrobenzylbromide. The following

experiments illustrate the effect of pH and of oxygen on the rate of this conversion,
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Absorption spectra of a solution of Cs0s% before and after irradiation in
the presence of oxygen. Showing formation of C,0,%.
A: 2.4x10'* M croconate dianion in solution before irradiation, pH=12.

B: Same solution after complete consumption of croconate dianion.
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(a) De-oxygenated croconate dianion solution was photolysed at pH 7 in the
presence of d4-nitrobenzylbromide. The absorbance of croconate dianion at 363 nm
decreased from 0.96 to 0.17, while the absorbance of the solution at 278 nm decreased frcin
0.93 to 0.81. The absorbance change at 278 nm is caused by the combination of the
formation of squarate dianion and the loss of 4-nitrobenzylbromide and may be expressed

as follows:
AA = ANge) - ANg(ep)

where  aA: absorbance change at 278 nm
ang: number of moles of squarate dianion formed
ang: number of moles of 4-nitrobenzylbromide reacted during the photolysis
€g. extinction coefficient for squarate dianion
€g: extinction coefficient for 4-nitrobenzylbromide.
ang is equal to the number of moles of croconate dianion disappeared during the
photolysis. Taking the extinction coefficient for 4-nitrobenzylbromide at 278 am as 1.03x
10* M-lem! and for squarate dianion as 2.4x10* M-! cm’l, the fraction of croconate dianion
converted ic squarate dianion during the reaction is therefore 18%. In the calculation, we
did not consider the absorbance from the reaction product from 4-nitrobenzylbromide which
is most probably a dimer of 4-nitrobenzyl radical, as the absorbance of the dimer at 278 nm
is expected to be small. This calculation probably will bring some uncertainty at the a low
fraction of conversion from croconate dianion to squarate dianion, but at higher fractional
conversion, the error will be small.
(b) Croconate dianion solution was photolysed at pH 12 in the presence of
4-nitrobenzylbromide. Oxygen was removed by saturation with nitrogen. The absorbance
at 363 nm changed from 0.725 to 0.085, while at 278 nm the change was very small, from

0.80 to 0.806. A calculation similar to that made in case (a) showed that about 60% of
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croconate dianion converted to squarate dianion in the reaction.

(c) Photolysis of croconate dianion solution at pH 12 in the presence of
4-nitrobenzylbromide with continuous bubbling with oxygen during the photolysis, gave a
much slower reaction than in cases (a) and (b). The absorbance at 363 nm decreased from
0.74 to 0.065, and the absorbance at 278 nm increased from 0.785 to 0.990. Similar
calculations showed that nearly 97% [:)f the croconate dianion was converted to squarate
dianion during the reaction. Another interesting point is that the maximum absoeption
shifted from 278 nm to 274 nm after photolysis.

Analysis of the three cases showed clearly that even in the presence of the additive,
an increase in the pH of the solution and the presence of oxygen both increased the rate of
conversion of croconate dianion to squarate dianion. Squarate dianion was the only product
of the photolysis of croconate dianion observed by absorption over the wavelength range
200--700 nm. Products which have lost the psedo-aromatic structure of oxocarbons would
be too weakly absorbing to be detected at the concentrations used in the present
experiments and the quantities produced were too small to be easily measured by other

methods. Attempts to use 3C NMR analysis to detect reaction products were unsuccessful.

3. 2. 2 Measurement of Quantum Yield in the Presence or Absence of
Electron Acceptors

Deaerated croconate dianion solutions were photolysed in the range of pH6to 12in

the presence and absence of the following additives: biacetyl, methyl viologen, potassium

ferricyanide and 4-nitrobenzyioromide. Potassium ferricyanide absorbs about 5% of the

total light at 366 nm at the concentration of 1.0x10 M. Other acceptors do not absorb light

at 366 nm significantly. The quantum yield for the disappearance of croconate dianion in

the absence of additives was low (<0.001) in acid solution but increased as the solution was
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The quantum yield for loss of croconate dianion as a function of pH.
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Table 3.1
Quantum ield for Disappearance of Croconate Dianion as a Function of pH

[CsOsz-] = 2.3)(10'5 M

pH Without Fe(CN)g> MV2Z+ BrCH,C,H,NO,  Biacetyl
Additive (5x104 M) (1x10% M) (1104 M) (1x10* M)

6.0 0.009 0.018 0.004

7.0 0.012 0.0014 0.042 0.005

8.0 0.012 0.0057 0.028 0.10 0.052

9.0 0.05 0.011 0.12 0.17 0.059

10.0 0.17 0.20 0.48 0.34 0.34

11.0 0.34 0.49 0.65 0.73 0.81

12.0 0.40 . 0.5 0.71 0.98 0.98
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made basic reaching a value of 0.4 at pH 12. The presence of additives increased the
quantum yield, particularly in basic solution and approached unity at pH 12 in the presence
of biacetyl and 4-nitrobenzylbromide. The quantum yield for the disappearance of
croconate dianion as a function of pH in the presence and absence of additives is shown in
Figure 3.4 and the data are summarized in Table 3.1.

The quantum yield was calculated using the equation on page 36, and the rate of
disappearance of croconate dianion was obtained by monitoring the rate of absorbance
change of the sample at 365 nm

As an example, in an experiment at pH 12 in the presence of 1.5x10* M biacetyl,
the rate of disappearance of croconate dianion was 1.06x10 M-1s’!, the absorbance of
croconate dianion at 366 nm before photolysis was 0.90, the volume of the solution was 3.0
mL and the light intensity reaching the photolysis cell was 2.17x10!1% quanta s”!. The

quantum yield therefore is:
b= 1.06 x10°6 x 0.0030 x 6.02x102 10
2.17x10%5 (1-10-09% '

In the presence of oxygen, the rate of disappearance of croconate dianion under

photolysis decreased dramatically, and was undetectable in the pH range of 6--8. The rate
was about two orders of magnitude slower than that in the deaerated system at pH >9. It
may be concluded that oxygen molecules effectively quenched the excited croconate
dianion.

The presence of an electron acceptor had a considerable effect on the quantum yieiu
of disappearance of croconate dianion. As an illustration the quantum yield for
disappearance of croconate dianion is shown as a function of concentration of
4-nitrobenzylbromide at pH 9 and pH 12 in Figure 3.5. The quantum yield as a function of
concentration of additives of BrCH,-C¢H,-NO,, Biacetyl and Fe(CN)¢>- are summarized in

Table 3.2. Some measurements of the quantum yield of the disappearance of croconate
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The quantum yield for loss of croconate dianion as a function of

concentration of 4-nitrobenzylbromide.
a: pH 9, experimental results; o: pH 12, experimental results.

Solid lines are caiculated values according to equation (3-9) and rate

constants in Table 3.7.
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Table 3.2

Quantum Yield for Disappearance of Cs0s* at Different Concentration of Additives

[C50¥] = 2.3x105 M

Additive Fe(CN)g> BrCH,C¢H,NO, Biacetyl
Concent.(M) pH=12.0 pH=9.0 pH=12.0 pH=12.0
1.5x10°5 0.57

5.0x108 0.68

1.0x107 0.76 0.50
2.0x10°5 0.44 0.08 0.87 0.60
3.8x10° 0.73
5.0x107 0.57 0.11 0.97 0.81
8.0x107 0.14 0.95
1.0x104 0.54 0.17 0.98 0.98
1.5x10* 0.21 1.0 1.0
2.0x104 0.53 0.23

5.0x104 0.52 0.33
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dianion at pH 12 in a micellar soluiion in the presence of methyl viologen were performed.
These results are summarized in Table 3.3. It is interesting to note that the quantum yield
of the disappearance of croconate dianion reached a limit at very low concentration of
methyl viologen both in aqueous and micellar solutions, but the limits are different in the
two systems, 0.7 in aqueous solution and unity in micellar solution,

The dependence of the quantum yield of the disappearance of croconate dianion on
the concentration of croconate dianion was investigated with croconate dianion alone at pH
12 and in the presence of 4-nitrobenzylbromide at pH 9. The results are summarized in
Table 3.4. These results show that in both cases the quantum yield for disappearance of
croconate dianion is independent of the concentration of croconate dianion in the range of

concentration 1.3x10-3--3.3x10-5 M.

3. 2. 3 Photolysis in the Presence of Radical Traps

2,2-Di(4-tert-octylphenyl)-1-picrylhydrazyl (DPPH) is widely used as a free radical
trap to detect newly-formed radicals in solution. It contains one free electron and has strong
absorption in the visible and near UV wavelength range with two maxima at 360 nm and
540 nm. The concentration of DPPH can be monitored by its absorption at 540 nm. Once
DPPH captures another free radical its visible absorption disappears."” In the present
experiment, DPPH was used to detect the presence of radicals generated from the electron
transfer between excited croconate dianion and additives. Because DPPH is more soluble
in methanol than in water, photolysis in the presence of DPPH were performed in methanol
solution degussed under vacuum in the usual way. The spectrum and absorption maximum
of croconate dianion were not changed in methanol solution. Photolysis of croconate
dianion in the presence of DPPH caused a loss of DPPH as measured by the absorbance at

540 nm. Although DPPH has a strong absorption at 366 nm no measurable loss of DPPH
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Table 3.3

Quantum Yield for Disappearance of Croconate Dianion in the Presence of MV2+

pH=12.0
TMVZH] Aqueous Solution Micellar Solution
(M)
6.0x10°7 0.62
5.0x108 0.71 0.99
5.0x10° 0.73 1.00
6.0x103 0.70
1.5x10% 0.71 1.00
3.0x10% 0.67
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Table 3. 4

Dependence of Quantuin Yield on the Concentration of Croconate Dianion

[CsOs*] pH BrCH,C4H,NO, 0
(M) M)

1.28x103 12.0 0 0.40
2.49x10° 12.0 0 0.40
3.33x10°5 To120 0 0.39
1.28x103 9.0 5.0x103 0.12
2.49x10° 9.0 5.0x103 0.11
3.33x10°5 9.0 5.0x107 0.11
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occurred on photolysis in the absence of croconate dianion. The rate of loss of DPPH was
increased when biacetyl, 4-nitrobenzylbromide and methyl viologen were added to the
system but was not affected by the presence of potassiurn ferricyanide. The relative loss of
DPPH as a function of time in the presence and absence of additives is shown in Figure 3.6.
The quantum yield for loss of DPPH, with respect to photons absorbed by croconate dianion
only at 3.6 nm, is given in Table 3.5. The results showed that the quantum yield for loss of
DPPH was independent of the concentrations of croconate dianion and of DPPH.
Polymerization of acrylamide was observed on photolysis of croconate dianion in
the presence or absence of additives. This polymerization is a very sensitive method for
detection of radicals. A very slow photopolymerisation of acrylamide was observed on
photolysis of croconate dianion alone in aqueous solution and the rate was greatly increased
in the presence of 4-nitrobenzylbromide, 4-nitrobenzylchloride and biacetyl. The results of

a systematic investigation of the photopolymerisation of acrylamide will be presented in the

next chapter.

3. 2. 4 Fluorescence of Croconate Dianion
Croconate dianion exhibits a weak luminescence emission. The spectrum is shown
in Figure 3.7. The emission maximum is at 480 nm when excitation was at 360 nm. The

quantum yield of the fluorescence of croconate dianion can be calculated according to the

formula:(7®

(Iahs)SXFu
= ———— &
(Iabs)uXFs

where u and s stand for unknown and standard respectively. F is the area under the
emission spectra. L, is the light intensity absorbed by the standard or unknown at the
excitation wavelength. Since both standard and unknown were in aqueous solution,

correction for refractive index was not necessary. In the present measurement, quinine
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Figure 3.6 Relative loss of DPPH as a function of time, [DPPH]=3.1x10" M.
o: biacetyl+DPPH, [BA]=3.2x10-° M; a: DPPH+C5042";
o bppH+c5052-+Mv2+, [MV2+]=6.4x10% M;
O:DPPH+C50O;2"+4-nitrobenzylbromide, [BrCH,C4H,NQ,]=6.4x10- M;
a: DPPH+C;504%+Biacetyl, [BA]=3.2x10" M.
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Quantum Yield for Disappearance of DPPH in Methanol

Table3. 5

Additive [Additive] [DPPH] [C505%] o
(Mx10%) (Mx10-5) (Mx10-%)

No Additive 0 3.1 2.3 0.055
Biacetyl 32 3.1 0 0
Biacety!l 3.2 1.5 2.3 0.52
Biacetyl 3.2 3.1 2.3 0.53
Biacetyl 32 4.7 23 0.52
Biacetyl 3.2 6.2 2.3 0.52
Biacetyl 6.4 3.1 2.3 0.52
BrCH,C¢H,NO, 6.4 3.1 2.3 0.28
MV 6.4 3.1 2.3 0.20
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Figure 3.7 (a) Fluorescence spectrum of croconate dianion in water.

(b) Emission of croconate dianion at 490 nm as a function of time.
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bisulfate was used as standard. Its emission spectrum covers a range of wavelength close to
that covered by the emission from croconate dianion. Correction for the sensitivity of the
detecter was not necessary in the measurement. Quinine bisulfate hus a quantum yield of
0.54607® in 1.0 N H,S0, solution. The area under the emission spectrum for quinine
bisulfate was 19055 (arbitrary units) and the absorbance at 360 nm was 0.092, while the
area under the emission spectrum for croconate dianion was only 291 with an absorbance of
0.47 at 360 nm. These areas were obtained by integration over the range of wavelength, as
shown in Fig. 3.7(a). Stictly, these areas should be calculated as total energy of emission, in
other words, integrated ov :r wavelength in units of 1/A. The ratio F/F, will be very similar

for the two methods of calculation. The quantum yield for croconate dianion emission can

be calculated as follows:
0 0.092 x 291 L6107
= = 1.6l
047 = 19055 < 0346

This low value of the quantum yield for emission shows that it is not an important
deactivation process of the excited state of the croconate dianion.

The lifetime of the fluorescence was measured ir an aqueous solution of croconate
dianion, without additive, degassing by saturation with nitrogen. The decay trace of the
emission at 490 nm is shown in Figure 3.7. assuming the decay is first order, the lifetime of
the decay curve at 490 nm is 10 ns. The lifetime of the laser pulse from the excimer laser
is 8 ns, the lifetime of the laser pulse from the excimer laser is 8 ns, without attempting
deconvolution of these two decays, it is clearly that the lifetime of the fluorescence is less
than the lifetime of laser pulse. Clearly this lifetime is close to the limit of measurement
with this light source. The main conclusion from the measurement is that this short lifetime
must be associated with the singlet state of the croconate dianion, ard that fluorescence is a

minor role in the decay of the excited singlet state.



3. 3 Discussion

3. 3. 1 Conversion of Croconate Dianion to Squarate Dianion
The measurements of the rate of formation of squarate dianion in the photolysis of
croconate dianion clearly showed that conversion is strongly favoured in basic solution and
that oxygen has a remarkable effect on the rate. Thus both OH" and O, must be involved in
the reactions leading to the conversion of croconate dianioﬁ to squarate dianion. The
mechanism of the conversion may be similar to that suggested for the conversion of
rhodizonate dianion to croconate dianion in basic solution in the presence of oxidant.()
With croconate, however, the dianion must first be excited by absorbing light before further
reactions leading to the formation of squarate dianion may take place. The proposed
mechanism of the conversion reaction of croconate dianion to squarate dianion is shown in
scheme 3.1
The role of 4-nitrobenzylbromide in this mechanism is not clear at present, It is

possible that the OH- may react with the monoanion radical as well as the excited state.

o) o O\ 2-
H* 0 8
I o > +C0,
L o Xeo
Sceheme 3.1 Photochemical conversion of croconate dianion to squarate dianion
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3. 3.2 Kinetics of Disappearance of Croconate Dianion

The effect of all four additives on the quantum yield for the disappearance of
croconate dianion is convincing evidence that an electron transfer occurs from the excited
dianion.

The increase in quantum yield of the disappearance of croconaie dianion observed in
basic solution (in the presence or absence of additive) suggests a further reaction of the
excited dianion, a direct reaction with the hydroxyl ion. The two processes, electron
transfer between the excited croconate dianion and additive and the addition of hydroxyl ion
to the excited croconate dianion may be regarded as oxidation and reduction, respectively.
Both processes are facilitated by photoexcitation. Without photolysis, reaction of croconate
dianion was not observed with any additive, even at high pH. By comparison, reaction of
hydroxyl ion with rhodizonate dianion was observed in basic solution without photo
excitation. The effect of both concentration of additive and pH of the solution on the
quantum yield of disappearance of croconate dianion can be seen clearly from Tables 3.1
and 3.2 and from Figures 3.4 and 3.5.

The reaction of DPPH indicates that the radical or radicals, formed as a result of the
electron transfer have sufficient lifetime to undergo reactions in the bulk solution. This
result is consistent with direct measurements of the lifetime of croconate monoanion radical
formed from the electron transfer between the excited croconate dianion and
4-nitrobenzylbromide in neutral solution, which will be described in chapter 5. A value of
190 psec. was measured, which is sufficient to allow the reaction with DPPH to take place
in solution. A further interesting observation is an apparently synergistic effect of the

additive and hydroxyl ions. For example, the increase in quantum yield observed on
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increase of concentration of 4-nitrobenzylbromide depends greatly on the pH of the
solution. This is illustrated in Figure 3.5 where the change in quantum yield is shown as a
function of concentration of 4-nitrobenzylbromide at pH 9 and 12. If the effects of both
reactants, hydroxyl ion and additive, were additive, the rate of change of quantum yield
with concentration of additive would not change with pH of the solution. Only the quantum
yield without additive would change. From Figure 3.5, we can sec that the rate of increase
in quantum yield with increase in concentration of 4-nitrobenzylbromide at pH 12 is much
faster than that at pH 9. The limiting quantum yield at high concentration of additive is also
quite different at pH 9 and at pH 12. Such an effect requires an interaction of one of the
reactants with an intermediate formed by the other reactant.

A mechanism for the reaction incorporating these features and allowing for

deactivation of the excited state by both acceptor and hydroxy! ion is summarized below.

[Tabs] Cs505% + hv = C505%”

[D] C505%" — C505™

(1 Cs05%>" + A — (C505™...A")

(2] (C5057... A7) = Cs05% + A

(3] (C505™...A") = Cs05™ + A"

(4] (C504™...A") + OH" — Products
[5] C;05~ — Products

(6] Cs05*" + OH" — (C505*...0H")"
(7] (C505%...0H)" — Cs0s% + OH-
[8] (Cs052%...0H")" — Products

[9] (C5042...0H")" + A — Products
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where A stands for an acceptor molecule and (C505™...A") and (CsO52...0H")" represent the
transient intermediates formed between the excited state of the croconate dianion and the

reactants, which in each case may reform the ground state reactants, proceed to products or

react with the other reactant.

Assuming a steady-state concentration of all intermediates, their concentrations may
be expressed as follows.
Lyps = kp[CsO0521" + k [A][C50527* + kg[OH[C50521*
Labs

[Cs0521" = (3-1)
kp + k;[A] + ks[OH]

k1[C5057 T A] = ky[Cs05™... AT + k3[C505...A"] + ky[OHI[C505™...A"]

k;[Cs0521"[A]
[CsOs...AY = (3-2)
k2 + k3 +k4[OH-]
k3[C505"...A'] = ks[C505"]
ks
[C5057] = ‘;“ [C50s5™...A7] (3-3)
5

ks[OHI[C505%T" = ky[C505%...0HT" + kg[C5O52"...OH]" + kg[A][C505%...OHT*

(€02 OB = k¢ [OH'] [C505%7* (34
e ky + kg + kg [A]

Substituting equation (3-1) into equation (3-4)

0 =
[Cs05%...0H]" = ks (O] Labs

(3-5)
kg + kg + kg [A] kp + ky[A] + kg [OH]
Substituting equation (3-1) into equation (3-2)
k; [A] Tabs
[C504-..A]= (3-6)

ky+ks +k, [OH]  kp+k; [A] + kg [OF]

Substituting equation (3-6) into equation (3-3)
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k; kg [A] Ly

[CsO57] = - (3-7)
ks (ko + k3 + ks [OH) (kp + k; [A] + ks [OH'1)

The rate of disappearance of croconate dianion is

Rate = ky[OHJ[CsOs™...A"] + ks[C5O57] + kg[C505%...OHT" + ko[ AI[C5O5...OH"
(3-8)

Therefore the rate of disappearance of croconate dianion can be expressed as

L k1 k4 [A] [OH] Ly ki k3 [A)

Rate = +

o=

(ky + kg +k[OH(kp + K [A] + KgOHT)  (k; + kg +kyJOH D(kp + ky[A] +kg[OHT)

Lobs ke kg [OH I kg ko [A] [OH]

+ +
(ky + kg +kg[A] )kp + k[A]l + kg [OHT) (k7 + kg +ko [A])(kp + Ky [A] + ke [OHT)

The quantum yield therefore is:

k; [A] l_ ks + k4 [OH] k¢ [OH] kg + kg[A]

kp +k; [A] + kg [OH'] I_ k; + k3 + k4 [OH] ¥ kp + ky[A] + k[OHT| k7 + kg + ko[A]
(3-9)

Quantum yields under different reaction conditions will now be examined in relation

to this expression.
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(a) Photolysis in the Absence of Additive

In the absence of additive, equation (3-9) may be simplified as follows

kg [OH] kg
kD + k(, [OH'] k7 + ks

Rearranging this equation, gives the following expression:

kD k-; + kg k7 + ks
o= T i (oHDT+ — (3-10)

According to this mechanism a plot of ¢! against ((OH1)"! should show a linear
relationship with a slope equal to:
kD k7 + kS
ke kg

and the intercept equal to (ks + kg)/kg. The results are shown in Figure 3.8 and the ratios
kp/kg-and kg/(ky + kg) are given in Table 3.6. From the slope and intercept of Figure 3.8, a
value of 1.4x10* M was obtained for kp/ks. The measurement of the lifetime of the excited
croconate dianion (described in chapter 5) demonstrates that the triplet lifetime is about 3.2
us, and the rate constant for deactivation to the ground state is about 3x10° 571, Taking this
value for kp, the value of kg is:

kg = kp/1.4x104 = 2.1x10° M-Is"1

This value of kg is close to a diffusion-controlled rate constant, showing that the
addition of hydroxyl ion to the excited croconate dianion is a very fast process. On the
other hand, the fact that the ratio kg/(k+kg)=0.4 indicates that deactivation by hydroxyl ion
occurs concurrently with reaction and more than half of the intermediate (05052'...01-1')' is

deactivated to regenerate the ground state reactants.
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(b) Photolysis in the Presence of Additives

The quantum yield of disappearance of croconate dianion was increased by addition
of the additives Fe(CN)¢", MVZ*, biacetyl and BrCH,-CgH,-NO, into the reaction system.
No indication of quenching of the exrited croconate dianion through energy transfer process
was observed with any of the additives. With the additives biacetyl and
4-nitrobenzylbromide a quantum yield of one was obtained at pH 12 in aqueous solution
with a -oncentration of additives in the neighborhood of 104 M. With the additive
Fe(CN)63', a maximum quantum yield of 0.57 occurred at a concentration of 5.0x10° M
and then decreased with increasing concentration of additive. This apparent decrease was
due to absorption of light by Fe(CN)>. If the light absorbed by the croconate dianion is
corrected for the fraction absorbed by the additive, the quantum yield reached a plateau
value with increasing concentration of Fe(CN)g™".

The kinetics of the reaction of croconate dianion in the presence of additives will be
analyzed in mlaﬁon to equation (3-9). At lower pH where the reaction of excited croconate

dianion with hydroxyl ion (reaction [6]) is negligible, equation (3-9) may be written as:

ki [A] ky + k JOHT
kp+ ki [A] + kg[OH'] k, + k3 + k[OH']

q):

Assumning that k, and kg have similar values and the concentration of A is not t00
low, then at low pH, ks{OH'] must be much smaller than (kp + k;[A]). This equation can be
rearranged as:

ky + k3 + k4 [OH?]
k3 + k4{OH]

ol = (1 + [AT! kp/ky)

A plot of ¢! against [A]! should yield a straight line with the intercept equal to the

ratio:
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Table 3. 6
Ratios of Rate Constants Obtained from Figures 3.7 and 3. 8

kp = 3.0x10° 571

kS kD
k7 +Kg ke K
0.4 1.4x104M  2.1x10° M-1s1
k3 + k4[OH-] kD K
kotka+ko[OH] Tk, !
pH=8 2.5 1.44x104 M 2.1x10° M-1s1
pH=9 4.1 1.36x104M  2.2x10% M-is’1
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kz + k3 4 k4 [OH']

k3 + kg [OH']
and the slope equal to:
k, + k3 + k4 [OH] kp
k3 + k4 [OH] K

The plots of &1 against [A]"! for the additive 4-nitrobenzylbromide at pH 8 and pH
9 are shown in Figure 3.9. From the slopes and intercepts the value of the ratios of kp/k, at
pH 8 and pH 9 were 1.44x10* M and 1.36x10* M respectively. Taking an average value
of 1.4x10% M for kp/k; and 3.0x10° s! for kp (obtained from laser flash photolysis
measurements), the value of k, is 2.1x10° M-!s'l. These results are summarized in Table
3.6. If reaction [4] is assumed to be a diffusion-controlled reaction and an upper limit for k,
of 5x10° M-!s"! is taken, values for k, and k; may be obtained from the intercepts of the
plots in Figure 3.9, representing data at pH 8 and pH 9. The values of k; and kj are 1.3x10°
s1 and 3.8x10* s, respectively. The ratio of ka/(kyt+ks) is 0.22, which reflects the

efficiency of separation of the charge transfer complex into the free ion pairs in solution.

(¢) Evaluation of Equation (3-9)

With these estimates of the rate constants the quantum yield may be calculated from
equation (3-9) as a function of the concentrations of additives and hydroxyl ion. At pH 12
the concentration of hydroxyl ion is 0.01 M, and with an additive concentration of [A]=104
M, k [A)<<kg[OH]. Therefore the ratio of k;[A]/(kp+k;[A)+ks[OH]) is very small and
the ratio of ks[OHl/(kp+k;[A]+ks[OH]) is close to one. Since both ratios

kg + kg [A] - ks + k,[OH')

k7 + ks + kg [A] kz + k3 + k4[OH-]

have values less than 1, the first term in equation (3-9) is negligible compared with the
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second term. The increase in quantum yield as the concentration of additive increases to
104 M must be caused by the increasing contribution of reaction (9) through the fraction
(kg+ks[AD/(krtkg+ko[Al).

Both reaction (4) and (9) are probably diffusion-controlled with rate constants of the
order of 10° M-1s'!, At the concentration of 4-nitrobenzylbromide of 1.0x10%4 M, kg[A]
must be much greater than (ky+kg) so that the ratio (kg+kg[A])/(k7+kg+ko[Al) will be close
to unity. Also the values of ky and kg will not differ greatly, since the ratio of kg/(k;+ky)
(Table 3.7) is 0.4. Assuming a value for kg and k, of 5.0x10° M-1s’!, the maximum value
for (ky+kg) will be 5.0x10* 5! with k; equal to 3.0x10% s'! and kg equal to 2.0x10%s°!.

Minor modifications to these rate constants were made to maximize the agreement
of the calculated quantum yield with the experimental measurements for the additive
4-nitrobenzylbromide at both pH 9 and pH 12. The final value for the rate constants are
given in Table 3.7 and the calculated values for the quantum yield are shown as the solid
lines in Figure 3.5. The calculated values of the fractions in equation(3-9) are shown in
Table 3.8. At pH 12, as predicted, the first term in equation (3-9) contributes a maximum of
1.5% to the quantum yield even at highest concentration of 4-nitrobenzylbromide. At pH9,
both terms contribute to the reaction at low concentration of additive but at high
concentrations of additive the first term predominates.

The value of k3 deduced from these results is smaller than the usua! values of rate
constants for the separation of contact ion pairs in solution. It must be concluded that the
ion pair, (C505™...A") is sufficiently stable to five a lifetime long enough to react with OH",
reaction (4), at pH 8 and 9. That reaction (4) occurs at both pH 8 and 9 is clear from the
results shown in Fig. 3.9.

With the additive biacetyl the approach of the quantum yield to the limiting value of

one at pH 12 was slower over a comparable range of concentration, suggesting that reaction
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[9] was substantially slower than the corresponding reaction with 4-nitrobenzylbromide.
The best agreement was obtained with k;=4x108 M-1s], k,=5x10% 51, k;=8x10* 5! and
kg=7x10% M5! with the other constants remaining the same. It is understandable that the
rate constants for kg, k; and kg should be the same with both biacetyl and
4-nitrobenzylbromide if the reactions follow the same mechanism. The result for the
measurement at pH 12 is shown in Figure 3. 10. Agreement is only qualitative, suggesting
that additional reactions with biacetyl may be important, bui the general pattern of the
reaction and the change of quantum yield with pH are consistent with the mechanism.

The quantum yield in the presence of potassium ferricyanide and methyl viologen
reached a limiting value less than one at pH 12, which suggests deactivation by the additive.
In order to be effective at pH 12 deactivation must take place at the (C5052'...0H')"‘
complex rather than at the excited croconate dianion.

[10]  (C505%...0H)" + A — C,0s2 + OH + A

The fraction in the second term of equation (3-9) in this case changed from

kg + kg [A] kg + kg [A]
t
o +kgtlo (Al Ky +ks+ko[A] +kyo [A]

This fraction approaches the limit kg/(kg+k,q) as the concentration of additive

increases. The limit for potassium ferricyanide was 0.56 and was obtained at a
concentration of 5.0x10” M. For this additive the rate of reaction [9] is therefore slightly
greater than that for 4-nitrobenzylbromide. With methyl viologen the limiting quantum
yield was observed at a concentration of 2.0x10~ M and the rate constant for reaction [9]
would therefore be of the order of 1010 M-1s-1, Reaction [1] would likely be very fast as
well but still would not make a significant contribution at pH 12. Such a large value for kg
(or for k) is reasonable considering the attraction of the positive ion towards the excited
(C5052'...0H‘)' complex. These estimates will be verified by direct measurements

described in Chapter 5.
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Table 3.7

Values for the Rate Constants in Equation (3-9)

BrCH,C¢H4/NO, Biacety!

k 2.0(0.1)x10° M5! 4.0(£0.2)x108 M-1s!
k; 1.8(0.1)x10% 51 5.0(£0.3)x10* s°t

K3 5.0(10.3)x10% 57! 8.0(£0.5)x10% 57!

k, 7.0(£0.4)x10° M-1s-1 7.0(x0.4)x10% M5!
kg 1.8(£0.1)x10% M-1s1 1.8(+0.1)x10° M-1s°1
k; 1.1(20.05)x10% 5! 1.1(20.05)x10% 51
kg 7.2(0.4)x103 51 7.2(+0.4)x103 57!

kg 5.0(20.3)x10° M-1s 7.0(x0.4)x108 M-1s!
kp 3.2(0.2)x10° 57! 3.2(£0.2)x10° 5!

* The error for rate constants obtained from fitting may be larger than the values given here.
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Table 3. 8 (a)
Calculation of Quantum Yield for Disappearance of Croconate Dianion

According to Equation (3-9) in the Presence of BrCH,-C;H,-NO,

[BrCH,C¢H4NO,] Experimental Calculated First Term Second Term
M) () )
pH=12.0 |
0 0.40 0.39 0 0.389
1.5x10°6 0.57 0.56 0 0.562
5.0x10°6 0.68 0.73 0 0.732
1.0x10° . 076 0.82 0.001 0.823
2.0x10° 0.87 0.89 0.002 0.889
5.0x10° 0.97 0.94 0.005 0.937
1.0x10 0.98 0.96 0.011 0.951
1.5x104 1.0 0.97 0.016 0.953
pH=9.0
0 0.05 0.02 0 0.021
2.0x10° 0.08 0.086 0.042 0.043
5.0x10° 0.11 0.13 0.091 0.039
8.0x10°5 0.14 0.16 0.129 0.035
1.0x10 0.17 0.18 0.149 0.033
1.5x104 0.21 0.22 0.188 0.028
2.0x104 0.23 0.24 0.217 0.024
5.0x104 0.33 0.31 0.300 0.013
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Table 3. 8 (b)
Calculation of duantum Yield for Disappearance of Croconate Dianion

According to Equation (3-9; in the Presence of Biacetyl

pH =120
[Biacety]] Experimental Calculated First Term Second Term

M) () (@

0 0.40 0.39 0 0.389
1.0x10°3 0.50 0.59 0 0.585
2.0x10 0.60 0.68 0 0.684
3.8x103 0.73 0.78 0 0.775
5.0x10° 0.81 0.81 0.001 0.811
8.0x10-5 0.95 0.86 0.002 0.861
1.0x104 0.98 0.88 0.002 0.880
1.5x104 1.0 0.91 0.003 0.909
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Figure 3.10 The quantum yield for the loss of croconate dianion as a function of the

concentration of biacetyl. The solid line is calculated values according to

equation (3-9) and rate constants in Table 3.7.
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(D) Quantum Yield in Micellar Solution

It is interesting to note that the limiting quantum yield of disappearance of croconate
dianion in the presence of methyl viologen was increased in micellar solution and at pH 12
approached one at very low concentration of additive (see Table 3.3). Photochemical
reactions in micellar solution may be affected by local concentration changes in reactants
on the surface of the surfactant, by charge transfer cage effects exerted by the presence of
micelles, or by changes in the solution structure.(’%-93) $DS is an anionic surfactant and it
aggregates spontaneously when the concentration is raised beyond a certain specific, rather
sharply defined critical surfactant concentration, called the critical micelle concentration
(cmc). SDS micelle is spherical with a homogeneous surface charge at low surfactant
concentration as shown in Figure 3.11. From conductivity measurements the cmc of SD§
under the present experimental conditions is 4x10-3M. This value is close to the value of
4.6x10* M reported by C. David, but is somewhat lower than value of 6--9x103 M
reported by others®#%6). The value of cmc changes with the condition of experiment. The

concentration of micelle aggregate can be calculszted as:
C,-C
= --S—
where  C.;: concentration of micelle aggregate

C,: concentration of surfactant in solution
C,: critical micelle concentration (cmc)
S:  average number of surfactant molecules per micelle
If we take S as 60 as reported previously®>), then the concentration of micelle
aggregate can be calculated as :

__0.01-0.004

Ca o

=1.0x10% M
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With this concentration of micelle in solution, we expect that a significant portion of
methyl viologen cations will be attached to the anionic surface of the micelle aggregates
and the local concentration of MV2* on the micelle surface will be greater than the
concentration in a homogeneous solution. This is shown schematically in Figure 3.11(b).
This increase in local MV?* concentration may increase the rate of the reaction with the
excited state of croconate dianion and hence increase the quantum yield as the
photochemical reaction takes place.

Another possible mechanism for the increased quantum yield in the micellar
solution is due to the charge transfer cage effect. After the methyl viologen cation has
received one electron from the excited croconate dianion, its affinity to the anionic micelle
surface is weakened and would be replaced by another free methyl viologen cation from the
solution phase, as illustrated in Figure 3.11(b). On the other hand, due to the negative
charge carried on the surface of the micelle aggregate, the monoanion CsOs™ will be
repelled away from the surface of the micelle and thus inhibit the electron back reaction.
These effects will increase the quantum yield of disappearance of croconate dianion.

As the limit of the quantum yield for the disappearance of croconate dianion reached
unit in the micellar solution, it appears that the reaction mechanism is different from that in
homogeneous solution. the reduction in the concentration of MVZ* in the presence of the
micelles may also affect the deactivation of the excited state complex as expressed in
reaction (10):

[10]  (Cs505%..0H)" + A = Cs0s% + OH- + A
A reduction of the deactivation would also lead to an increase in the quantum yield.

Because of the limited data these mechanisms are suggested without further proof.
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Figure 3.11

(a) Structure of SDS micelle in water.

(b) Interaction of cations on the surface of SDS micelle.
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3.3.3 Comparison with the Photochemical reaction of Rhodizonate Dianion
Several similarities and differences are evident in the photochemical behavior of
rhodizonate and croconate dianions.®7-%® Both excited dianions undergo oxidation by
electron transfer to a suitable acceptor. The efficiency of the process appears much larger
for croconate dianion, where a primary quantum yield of one for disappearance of the
dianion was obtained for certain additives, whereas the quantum yield for disappearance of
rhodizonate dianion in the presence of additives did not exceed 4x 102, The large quantum
yield for loss of croconate, however, was observed only in basic solution and was the result
of the synergistic effect of the additive and the hydroxyl ion. The photochemical reaction
of rhodizonate dianion was measured only in neutral solution because the thermal reaction
in basic solution was too fast to allow concurrent photochemical measurements. The
similarity in these observations is the loss of the dianion through reactions with hydroxyl
jon. In the case of rhodizonate dianion the reaction occurs in the dark, whereas with
croconate dianion photochemical excitation of the dianion is required to induce the reaction.
The product of the thermal reaction of rhodizonate dianion in basic solution in the
presence of oxidants is croconate dianion. Conversion of croconate dianion to squarate
dianion occurred photochemically in strongly basic solution in the presence of oxygen.

This reaction is an easy route to the formation of squaric acid.
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Chapter 4
Acrylamide Polymerization Initiated by the Photolysis of

Dianions of Rhodizonic and Croconic Acids

4.1 Introduction

Polymerization processes can be divided into three categories: step-reaction
polymerization, ionic chain reaction polymerization and radical chain reaction
polymerization.(1%0-192) Step-reaction polymerization refers to polymerizations in which the
molecular weight increases in a slow, step-like manner as reaction time increases.
Polyesterification in a bulk polymerization process is one example of this kind of
polymerization. Condensation reactions between dialcohol and diacid molecules lead to a
slow increase of polymer molecular weight. Ionic chain reaction polymerization refers to
polymerization processes initiated by ionic species produced by a heterolytic cleavage of
chemical bonds. This in turn can be divided into two categories on the basis of the nature of
the charge on the tip of the growing polymer chain: cationic polymerization and anionic
polymerization. Carbonium ions are one example of a cationic initiator. Sulfuric acid,
tin(IV) chloride, boron trifluoride and iodine have also been used as cationic initiators in
polymerization processes. Base catalyzed polymerization of ethylene oxide involving a
ring-opening chain reaction is one of the eariiest examples of anionic polymerization. The
mechanism is shown in scheme 4.1

Polymerization catalyzed by a transition metal complex is another type of ionic
chain reaction polymerization process. The well known Ziegler-Natta catalyst is a typical
example of this kind of catalyst. In the process of polymerization, the polymer chain grows

through an active center of the transition metal complex. Many vinyl and conjugated dienes
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0]
/TN
RONa + CH2 — CHZ —_— ROCHzCHzO'Na+
/N

CH,— CH,

ROCHQCHQOCI’igCI'IzO-Na+

I\

l (n-2) CH,—/CH,

RO(CH,CH,0),Na

Scheme 4.1 Propagation of Polyethylene Oxide Chain

have been polymerized using Ziegler-Natta catalysts.

Radical polymerization refers to the polymerization initiated by a radical which in
turn can be generated by homolytic cleavage of a chemical bond.(1) This is an easy,
convenient polymerization process and has wide application in the polymer industry. In
some polymerization processes, radical and ionic chain reaction polymerization
mechanisms coexist.(19%

Photopolymerization is a general description of a variety of processes which result
in the conversion of small molecules into large ones involving some photoactivated
process.(10+107 1n the conventional photopolymerization concept light is involved only in
the initiating step to generate either free radicals or ions, which then propagate by a chain
mechanism to give high molecular weight products. New types of photopolymerization

have been described in which photochemically excited states are involved in each step of
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the polymerization reaction. In this process a macromolecule is obtained from a low
molecular weight material by stepwise condensation reactions in which, for each of these
chain-extending steps, the absorption of a quantum of light is necessary.

Polymerization processes initiated by photoinduced electron transfer are important
in the polymer industry. In this system, reactive species which are capable of inducing the
spontaneous polymerization of corresponding monomers are formed through photoinduced
electron transfer. Thesc active species may be neutral or ion radicals. The production of

the radicals can be expressed in a general way as follows:

S+hv—8§* absorption
s*—8§ emission, internal conversion, etc.
$*+X—S+R sensitization

Here S is the absorbant, called the sensitizer, X is either a suitable electron acceptor
or donor which can react with the excited sensitizer S* to generate a radical R' through an
electron transfer reaction. Two types of electron transfer sensitizer can be identified.(19%) In
one case the excited sensitizer S* functions as an electron acceptor. In the presence of a
suitable electron donor, D, reduction of S* produces the donor cation D*, which may be
transformed into a species capable of initiation of polymerization. In the other case, the
excited sensitizer functions as an elecwon donor for a suitable ground state electron
acceptor A, and the reduced acceptor A~ can produce radical initiators on further reaction.
The first kind of sensitization is called photoreducible sensitization and the process can be
expressed as:

$*+D— 5" +D*
D*—R-+M*
An example is aryl sulphonites:

S* + ArSO, — S~ + ArSOy
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ArSQy is an initiator capable of initiating radical polymerization.
The second kind of sensitization is called photooxidizable sensitization and the
process can be expressed as:
S*+A—S5"+A-
A"—R+M
An example is: S* + ArN,* — S+ + ANy
ANy — Ar + N,
The radical Ar is capable of initiating polymerization. This type of reaction is also
called reductive photofragmentation.

The general mechanism of the radical-initiated polymerization can be expressed as

scheme 4.2
. ki .
initiation R*+M —>p M, R;
k
propagation M'+M —» M," Rp
ky
M’ +M —> My
M+ M— M, I
. k
termination Mi. + Mi‘ _t_> (M), Rt

Scheme 4.2 Kinetics of Radical Polymerization
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Termination may occur by combination of any two radicals to give a stable
molecule. Assuming that the rate constant for combination of radicals is the same for any of
the radicals M; present in the system the rate of termination may be expressed in terms of

the total radical concentration in the system:

n
Re=ke [2<Mi' P =k, (M Y2
i=1

where M* is the total radical concentration. Under steady-state conditions the rate of the
radical initiation should equal the rate of radical termination, R;=R,. Therefore the total
radical concentration may be expressed as :
M= (—
k
By further assuming that in the propagation the rate constants for each chain
extending reaction are the same, that is: k;=k,= ks...= k; =k, then the expression for the rate

of polymerization is:

-d [M]

Rp= at =k [M;1 [M] + k; (My"] [M] ++ -k, [M,,*] [M]

n
= kpz M [M] =k, [(M"] [M]
1=
R

Sk (— 12 M
ko () M)

where kp and k; are rate constants for chair: propagation and terrnination, respectively, [M]
is the concentration of monomer. In photochemically initiated polymerization, R;=291,,
where ¢ is the quantum yield for radical production and I, is the number of quanta of light

absorbed per unit volume and time. The rate of polymerization can be expressed as:
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This expression shows that the rate of polymerization in this case is proportional to
the first power of the concentration of monomer and proportional to the square root of the
absorbed light intensity.

The results described in Chapters two and three showed that in aqueous solution in
the presence of various acceptor molecules the initial reaction of the excited dianion of
rhodizonic and croconic acids was electron transfer to the proper acceptors. Because of
their strong absorbing properties and the potential efficiency of the photochemical
reactions, particularly of croconate dianion, these dianions appear to be promising initiators
for photochemical polymerization. In order to test the efficiency of photopolymerization
initiated by photolysis of oxocarbon dianions, we studied the process and mechanism of
photopolymerization of acrylamide using the dianions as initiators. Acrylamide can be
polymerized in aqueous solution via radical chain reaction processes and is widely used as a

model monomer in polymerization studies.(108-112)

4.2 Experimental

4. 2. 1 Photolysis and Measurement of Quantum Yield

A monomer (acrylamide) concentration of 1.0 M in aqueous solution was used in
most photopolymerization experiments. The light source used in the experiments was
either the tungsten lamp or the medium-pressure mercury lamp which was described in
chapter 2 and chapter 3, respectively, according to which dianion was used in the

photopolymerization. Solutions containing monomer and electron acceptors and solutions
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containing croconate dianion or rhodizonate dianion were separately degassed by
freeze-pump-thaw cycles five times and then mixed under vacuum in the photolysis cell.
The absorbance at 363 nm (with croconate dianion) or 483 nm (with rhodizonate dianion) of
the solution in the cell was monitored during the course of photolysis to give the
concentration of croconate dianion or rhodizonate dianion. The photolysed solution
containing the polymer product and other unreacted chemicals was poured into a beaker
containing 200 mL methanol, thus precipitating the acrvlamide polymer. After a few hours
in the dark, the polymer was filtered using Whatmen glass microfiber filter paper and was
washed with methanol three times. Finally, the polymer was dried at 60° C until constant
weight. Solutions containing monomer were protected from visible light during the
preparation and photolysis processes.

The percentage polymerization was based on the initial input of monomer to the
photolysis cell and the final yield of polymer formed during the photolysis. A small
polymerization observed on photolysis under the same condition except without oxocarbon

dianion was subtracted from the polymerization yield.

The quantum yield of the photopolymerization was calculated according to the

following equation:
No
¢ =

Ipt(l-104)
Np: number of molecules of monomer reacted during the polymerization process.
Iy: light intensity reaching the photolysis cell, (photon sec™!)
t: photolysis time (sec.)
A: average absorbance of oxocarbon dianion during the photolysis process. Because

the decay in absorbance was not liear with time, th average absorbance was obtained

from severl redings taken on the cause of the reaction.
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Number of molecules reacted (Njp) can be calculated as:

Weight of polymer
No = x N
Molecular weight of monomer (71.08)

N: Avogadro's number 6.02x108

In the study of hotopolymerization using croconate dianon as sensitizer, the
dependence of quantum yield on light intensity was investigated. The incident light
intensity was attenuated using a cell filled with the required concentration of aerated
croconate dianion. The oxygn acted as an efficient quencher o the excited dianion and

prevented consumption of the croconate dianion.

4. 2.2 Measurement of Average Molecular Weight of Polymer

The molecular weight of the polymer was obtained by measuring the viscosity of the
aqueous polymer solution. The viscosity was measured by a Cannon-Fenske Routine
Viscometer (also called Ostwald vicometer) supplied by Cannon Instument Company.
The viscometer was cleaned thorughly until the measurement for water reached a constant
time. Similar cleaning was also made between the measurementsof samples. Since the
quantity of polymer was limited, the viscosity of the aqueous polymer solution with the
highest polymer concetration was measured first, followed by successive dilution ntil
measurements of viscosity of the aqueous polymer solution with five different polymer
concentrations were obtained. In each measurement of the viscosity for a particlar
polymer concentration, measurements were repated until good agreement was obtained.
All the viscosity measurements were made at 25° C.

The relation between the viscosity and the time of the flow as measured in an

Ostwald Viscometer is given as:(!!>)
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n=pBt
where p is the density of the solution and B is a constant for a particular viscometer tube,
Assuming that the density of ine polymer solutions are not significantly different from pure
water, then the ratio of the viscosities of the water and polymer solutions is:
n/mo =t
~where 11 and ng are the viscosities of the polymer solutions and solvent respectively, t and ¢,
are times (second) required for a fixed volume of diluted polymer solution and solvent to run
through the capillary tube of the viscometer, respectively.
In the determination of thc molecular weight of polymer by viscosity measurement

the following equation can be derived:(113)

(TI/Tlo)'l
Lim ————— =[n]

C—0
C is the concentration of the polymer in solution (g/100mL). The quantity (n/ng-1)

is called the specific viscosity Tg,. The vaiue of Ngp/C at C=0 is obtained by extrapolation of
the linear portion of the plot of nsp/C as a function of [C] and this value is called the
intrinsic viscosity or limiting viscosity number of the polymer solution [n]. The empirical

relationship between [n] and the molecular weight of polymer is expressed as:
[n] =k x (M)®

where k and o are constants. The values of k and o are different for different polymers and
they also vary with the solvent used and the temperature at which the viscosities were
measured. From the viscosity measurement an averaged molecular weight of polymer can be
obtained. Although the viscosity of a polymer solution does depend in part on the size of the
polymer molecules, the molecular weight obtained by measurement of the viscosity of
polymer solutions often does not conform to either the simple number or weight-average

quantity, and is called "viscosity average”. In general, it is much closer to the weight-average
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molecular weight than to the number-average quantity.

4.2.3 Materials

The additives used as electron acceptors with rhodizonate dianion were
tetracyanoethylene, 4-nitrobenzylbromide, 4-nitrobenzylchloride, end with croconate
dianion were biacetyl, 4-nitrobenzylbromide, 4-nitrobenzylchloride, methyl viologen,
potassium ferricyanide and 4-aminodiphenylamine diazonium sulfate (4DS). Potassium
ferricyanide was recrystallized from warm water-ethanol solution and 4-nitrobenzylbromide
was recrystallized twice from warm water-methanol solution. Other reagents were used
without further purification. The additives which caused polymerization with both
rhodizonate dianion and croconate dianion absorbed less than 1% of the irradiating light at

the highest concentrations used.

4.3 Results

4, 3.1 Initiation by Photolysis of Rhodizonate Dianion

Polymerization of acrylamide by initiation of rhodizonate dianion was attempted
because of the potential value of an initiator which absorbs visible light. As described in
Chapter 2, the maximum quantum yield for disappearance of rhodizonate dianion was about
102 with the acceptors hydrogen peroxide and ferricyanide and was 4x10? with
tetracyanoethylene and it was concluded that irreversible conversion of the monoanion
radical did not compete effectively with the back electron wansfer to form ground state
reactants. Because of this efficient reverse transfer, the rate of polymerization in the
presence of acrylamide was not efficient. A maximum quantum yield for polymerization of
44 was obtained in the presence of 4-nitrobenzylbromide. Although the acceptor TCNE

gave the highest quantum yield in the photolysis of rhodizonate dianion the quantum yield
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for polymerization was lower than with 4-nitrobenzylbromide. The results of the
polymerization with rhodizonate dianion are summarized in Table 4.1. The lower limits for
the rate of polymerization and for the quantum yield are based on a lower limit of about i
mg for recovery of polymer with the present technique. The low quantum yield for
polymerization indicates that the yield of radicals which escape the cage recombination is
small and is therefore consistent with the quantum yield measurements described in Chapter
2. Further studies of the kinetics of polymerization using rhodizonate dianion as initiator

were therefore not pursued.

4.3.2 Initiation by Croconate Dianion

Photolysis of croconate dianion in the presence of monomer but in the absence of
acceptors led to small yields of polymerization barely greater than the limit of detection. In
the presence of the acceptors 4-nitrobenzylbromide, 4-nitrobenzylchloride and biacetyl the
rate of polymerization of acrylamide was greatly increased and a maximum quantum yield
for polymerization of 2x10% was observed with the additive 4-nitrobenzylchloride in neutral
solution. The additive 4DS also led to polymerization(14-116) with rates comparable to
those observed with biacetyl. Polymerization was not observed in the presence of
ferricyanide or methyl viologen, although both these additives had increased the quantum
yield for disappearance of croconate dianion on irradiation in neutral and basic solu:ion.

The rate of polymerization of acrylamide was measured using an initial
concentration of croconate dianion of 2.3x10* M, corresponding to an absorbance of 0.90.
An average rate of polymerization was calculated as the total weight of polymer recovered
divided by the irradiation time. Significant loss of croconate dianion occurred during the
time necessary to produce suffizient polymer for accurate measurement and an average

value for the light absorbed by croconate dianion was therefore used for the calculation of
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Table 4.1
Rates and Quantum Yields of Polymerization Initiated by Photolysis of
Rhodizonate Dianion

[Ce0e2] =2.5x10°M, pH=7, [Monomer]=10M

Additive [Additive] Rate 0]
M) (Ms1)

No Additive 0 ND ND

TCNE 2.0x104 2.0x10% 8

BrCH,C¢H,NO, 3.2x10% 1.0x107 44

CICH,C¢H,NO, 1.0x10% <5%x10-7 <2
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the quantum yield for polymerization. The quantum yield of polymerization using
4-nitrobenzylhalides as acceptor as a function of pH is shown in Table 4.2. Some results
with biacetyl or 4DS as additive are summarized in Table 4.3. Irradiation of solutions of
acrylamide alone at 366 nm did not cause measurable polymerization but a small
measurable rate was observed in the presence of 4-nitrobenzylbromide,
4-nitrobenzylchloride and biacetyl. In the case of 4-nitrobenzylchloride, this rate was less
than 1% of the rate in the presence of croconate dianion under all conditions. With
4-nitrobenzylbromide the rate was about 20% of the rate in the presence of croconate
dianion at pH 7--8 and .somewhat less (12%) at pH 12, while with biacetyl the rate without
croconate dianion was about 30% of that measured in the presence of croconate dianion. In
calculating the quantum yield of polymerization initiated by the photolysis of croconate
dianion, the rate of polymerization was corrected for the rate measured in the presence of
additive but in the absence of croconate dianion. For example, in the photolysis of
croconate dianion at pH 8 using 4-nitrobenzylbromide as electron acceptor with a
concentration of 6.45x10% M, the concentration of acrylamide was 1.0 M, the photolysis‘

period was 3 minutes and the volume of the solution photolysed was 3.0 mL. The initial

amount of monomer was :

0.0030x1.0x71.08 =0.213 g

The polymer recovered after photolysis was 0.062 g. The fraction of monomer
converted to polymer in this case therefore is:

0.062/0.213 =29%

The rate of polymerization is:

0.062/71.08 1000
603

= 1.6x103 Mgl

By 2 similar measurement the rate of polymerization of acrylamide in the presence
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Table 4.2
Quantum Yield of Photopolymerisation with the Additives 4-nitrobenzylhalides
[C0s%] = 2.3x105 M, [BrCH,C{H4NO,] = 6.4x104 M, [CICH,CcH NO,] = 1.6x104 M

Photolysis Period: 3 minutes

pH CICH,C4H,NO, BrCH,C4H,NO,
4 1400 1000
5 1400
6 2000 1600
7 . 2500 1700
8 2200 1700
9 | 1700
10 1800 1600
11 1600
12 1700 1500
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Table 4. 3
Quantum Yield of Polymerisation with the Additives Biacetyl and 4DS

[Cs05%1 =2.3x10"°, Photolysis period: 30 minutes

[BA] (M) o
3.2x104 19
6.4x10% 93
9.4x104 100
1.25%103 130
1.61x103 140
[4DS] (M)

3.2x104 86
6.4x10%4 130
9.4x104 130
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of 4-nitrobenzylbromide in the absence of croconate dianion is 3.15x10% M s1. The
corrected rate of polymerization therefore is:

1.6x10? - 0.32x1073 = 1.3x107 Ms'!

The average absorbance of croconate dianion during the photolysis was 0.60, so that

the quantum yield for polymerization of acrylamide is

1.3x103 x0.0030x6.02x10%
2.28x1015 (1-109-60)

=1400

The rates of polymerization of acrylamide as a function of the concentration of
additives 4-nitrobenzylbromide and biacetyl in aqueous solution are shown in Figures 4.1
and 4.2 respectively. The rates expressed in these figures were corrected for polymerization
in the absence of croc}mate dianion, With each additive the rate approached a plateau
value, indicating a limiting efficiency in the photoproduction of radicals. The maximum
concentration of 4-nitrobenzylbromide was limited by its solubility in water. The
dependence of the polymerization rate on the concentration of 4-nitrobenzylchloride was
not studied because the solubility of this additive in water is very small. The rate of
photopolymerization measured at a concentration corresponding to the plateau value for
4-nitrobenzylbromide (within the limitation of the solubility) and for 4-nitrobenzylchloride
near the limit of its solubility (1.6x10-* M) is shown as a function of the pH of the solution
in Figure 4.3. Figure 4.4 shows the rate of polymerization as a function of pH for the

additive biacetyl.

According to the mechanism described in the introduction the rate of polymerization
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Figure 4.1

i
2.0 4.0 6.0
[BrCH,C4H,NO,] (Mx104)

The rate of polymerization as a function of the concentration

of 4-nitrobenzylbromide.

[Monomer]=1.0 M; [C505%1=2.3x10" M; aqueous solution.
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Rate of Polymerization (Ms-1x10-4)
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Figure 4.2 The rate of polymerization as a function of the concentration of biacetyl

[Monomer] = 1.0 M; [C505%] = 2.3x10-5 M; aqueous solution.
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Figure 4.3 The rate of polymerization as a function of the pH of the solution for the additives
4-nirobenzylhalides. [Monomer] = 1.0 M; [C5052] = 2.3x10°5 M.

A: [4-nitrobenzylchloride] = 1.6x104 M; o: [ 4-nitrobenzylbromide] = 6.4x10% M
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Figure 4.4 Rate of polymerization as a function of the PH of the solution for the additive biacetyl

[Monomer] = 1.0M; [C5052]2.3x10° M; [Biacetyl] = 6.4x104 M
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may be expressed as:

¢ Ias
Rp=l(— ) (M)
L

The quantum yield for polymerization is

Rp

¢ =
Iabs

and thus may be expressed as:

or
Iabs kt

)2 [M]

0=l (

The rate of polymerization using 4-nitrobenzylbromide as a function of the square
root of the light intensity absorbed by croconate dianion at twoe monomer concentrations is
shown in Figure 4.5. The results show that the rate of polymerization is proportional to the
square root of light intensity absorbed by the croconate dianion when the concentrations of
additive and monomer are fixed.

The quantum yiéld of polymerization is shown as 2 function of the concentration of
monomer in Figure 4.6 using 4-nitrobenzylbromide as additive. In the range of pH 6--8,
where the rate is a maximum, the quantum yield is a linear function of the concentration of
monomer. The rates of polymerization presented in both Figures 4.5 and 4.6 were corrected
for the rate of polymerization measured in the absence of croconate dianion. It was
observed that the rate of polymerization in the absence of croconate dianion was a linear
function of the relative incident light intensity, with constant concentration of reactants,
The mechanism for this polymerization is not known and was not further investigated since

the correction was small.

The average molecular weight of the polymers formed using the additives
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Figure 4.5 The rate of polymerization as a function of the square root of the relative rate of light
absorption by the croconate dianion.
[4-nitrobenzylbromide] = 6.4x104 M; [C5052] = 2.3x10°5 M: pH=8

0: (Monomer] = 1.0 M; A: [Monomer] =0.5 M
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Figure 4.6 The quantum yield for polymerization as a function of the concentration of monomer
For clarity the x-axis has been displaced upwards by 500 units for pH 7

and by 1000 units forpH 6. o:pH 6; A:pH 7; O: pH 8
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4-nitrobenzylbromide, 4-nitrobenzylchloride and biacetyl under the conditions of maximum
rate was obtained from the viscosity measurements using the parameters measured by

Collinson, Dainton and McNaughton as follows:(117

[n] = 6.8x10 (M)*5

where [n] is the intrinsic viscosity. The experimental results of the viscosities for the three
polymers at different concentrations as well as their intrinsic viscosities are presented in
Table 4.4. The plots of specific viscosities n;, as a function of polymer concentration
(g/100mL) for three polymers are shown in Figure 4.7. The calculation of the molecular
weight of the polymer obtained in the presence of the additive 4-niu°obcniylbronﬁde is
shown below as an example. The intrinsic viscosity of the pol;:ix: solution is 3.03,
therefore

3.03=6.8x104(M)%-66

0.66logM=log —2>__

6.8x10

M=3.4x10° grrnol'1
The molecular weights of polymers obtained by viscosity measurement are

presented in Table 4.5.

4.4 Discussion

The kinetics of the polymerization of acrylamide initiated by the photolysis of
croconate dianion in the presence of electron acceptors provides good evidence that
polymerization proceeds by the gencral mechanism for radical polymerization with
photoinitiatiqn, where the rate of generation of radicals is proportional to the light absorbed
and termination occurs by bimolecular combination of radicals. As an example, the initial

reactions in the presence of 4-nitrobenzylbromide may be expressed as:
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Table 4.4 Measurement of Viscosity of Polymers

tp =233.0 Sec.

C t tt Msp) (nl

(g/100mL) (Sec.)

BrCH,C,H,NO, 3.03
0.512 %11.0 39l 5.68

0.410 721.5 3.10 5.11

€.308 563.0 2.42 4.60

0.206 429.0 1.84 4.08

0.104 320.0 1.37 3.59

0.052 273.0 1.17 3.30
CICH,C{H,NO, 3.70
0.407 796.5 3.42 5.95

0.305 613.0 2.63 5.37

0.208 467.0 2.00 4.85

0.104 335.5 1.44 4.27

0.052 281.0 1.21 3.96

Biacetyl 3.10
0.440 759.5 3.26 5.49

0.330 609.0 2.61 4.89

0.224 558.0 2.39 4.31

0.112 330.0 1.42 3.72

0.056 " 2780 1.19 345
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Figure 4.7 Specific viscosity as a function of cencentration of polymer

Additives: O: CICH,C¢H;NO,; o: Biacetyl; a: BrCH,CH,NO,.
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Tabled. 5
Molecular Weight of Poiymers Obtained Using Different Additives
[CICH,C(H,NO;] = 3.2x10* M
[BrCH,C,H,NO,] = 6.4x104 M

[Biacetyl] = 6.4x10* M

Molecular Weight of Polymer

(g/mol.)
Additive Rp R; dr 71.08xRp/R; Viscosity
Ms1) Ms1) Measurem.
CICH,C,H,NO,  2.2x1073 4.2x107 0.350 3.7x10° 4.6x10°
BrCH,C(H,NO,  1.52x1073 2.00x107  0.167 5.4x10° 3.4x10°
Biacetyl 1.47x10 4.2x10°? 3.5x103 2.5x108 3.5x10°

Reaction condition: For 4-nitrobenzylhalides, at pH 7; for biacetyl, at pH 4.
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C5052' +hvy — C5052J
C5052"* + BrCH,-C¢Hy-NO, — C505™ + "BrCHy-CgHy-NO,
'BI'CHz-C6H4-N02 - 'CHZ'C6H4N02 + Br-

The radical “CH,-C¢H,-NO, is capable of initiating polymerization of acrylamide through
chain reactions.

The results in Figure 4.5 show that the rate of polymerization of acrylamide initiated
by the photolysis of croconate dianion is a linear function of [I,]"2 demonstrating that the
termination of radical chain growth is through a biradical combination process. The
absorbed intensity in Figure 4.5 is expressed as a relative value I/T,,,, where I is the
absorbed intensity by croconate dianion at the maximum intensity of the lamp. The
intensity dependence was measured at two concentrations of acrylamide, 1.0 M and 0.5 M

respectively. The slope of the plots in Figure 4.5 is

drla |17
kp{—R—} M)
kl

The values of the slope at a monomer concentration of 0.5 M is 6.04x10* Ms™ and
is 1.29x10"3 Ms-! at a monomer concentration of 1.0 M. The fact that the values of the two
slopes are different by a factor of two is evidence that the rate of the polymerization of
acrylamide is linearly dependent on the concentration of monomer.

Figure 4.6 provides further results to show that the quantum yield of polymerization
of acrylamide is linearly dependent on the concentration of monomer. Linear regression

analysis of the results in Figure 4.6 (correlation coefficient > 0.997) indicates that the

slopes,
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increase from 1300 M1 at pH 6 to 1400 M-! at pH 7 and 1450 M'! at pH 8. The results of
Currie, Dainton and Watt{!18) showed that the ratio (kp/k,}’2) increased about 5% between
pH 6 and pH 8. Although this is somewhat less than the 12% increase observed in the slope
from pH 6 to 8, the combined uncertainty in both the present and previous results suggests
that the variation in (kp/k,}?) is sufficient to account for the present trend, noting that I, was
constant in these experiments.

If no chain transfer occurs with either the croconate monoanion or additive radicals
then the ratio of the rate of polymerization (Rp) to the rate of radical formation (R),
Rp(gL‘ls'l)/Ri(Ms‘l), gives directly the average molecular weight (gmol‘l) of the polymer.

The rate of initiation of polymerization is:

Rp 2
Ri'{ (kp/ktm)M}

Using the values for (lcp/ktm) at 25% C measured by Currie, Dainton and Watt of 3.5
M 12512 at pH 4 and 3.4 M"V25"1/2 3t pH 7, the value of R; can be calculated once the rate
of polymerization and the reaction conditions are known. For example, the rate of
polymerization with 4-nitrobenzylbromide concentration of 6.4x10% M and at pH 7 is

1.52x10-3 Ms'l. Therefore the rate of initiation under these conditions can be calculated as:

3) 2
R; = 1.52%10
- 3.4x1.0

=2.00x10"7 Ms!

Some results of R; for three polymerization reactions are presented in Table 4.5.
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The molecular weight of the polymer obtained with 4-nitrobenzylbromide under the

same conditions is therefore

Rp
M,, = x 71.08
R

i

3
_ 1.52x10 71.08

2.00x10°7

= 5.4x10° gM'!

where the value of 71.08 is the molecular weight of acrylamide. Values of the calculated
molecular weight of three polymers based on the rate of polymerization are given in Table
4.5.

For the 4-nitrobenzylhalides the calculated average molecular weight is in
reasonable agreement with the measured molecular weight and for these additives chain
transfer is not an important reaction in the polymerization process. With biacetyl the
calculated average molecular weight is 7 times higher than the measured value. With this
additive therefore chain transfer makes an appreciable contribution at a concentration of
biacetyl of 6.4x10% M. Table 4.5 shows that even though the average molecular weight
obtained with biacetyl from viscosity measurement is similar to those with the
4-nitrobenzylhalides the rate of initiation in the presence of biacetyl is much slower, leading
to a higher value for the ratio of Rp/R;. This low rate of initiation is in accordance with the
results of the photolysis of croconate dianion in the presence of biacetyl.

The quantum yield for the production of radicals can be obtained from the equation

R;=0gI,, and therefore is:

R;

b=
Iabei
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The calculated quantum yields, ¢y, for the three polymers in the presence of
additives 4-nitrobenzylchloride, 4-nitrobenzylbromide and biacetyl are presented in Table
4.5, For example, from the rate of initiation of polymerization in the presence of biacetyl at
pH 4, the quantum yield for the production of radicals is:

R 4.2x109

or = = =3.5x103
I 1.2x106

The quantum yield for the loss of croconate dianion in the photolysis experiment in aqueous
solution should not exceed this value. In acid solution the quantum yield for loss of
croconate dianion in the presence of biacetyl was too small to be detected. For the
4-nitrcbenzylhalides, ¢p is larger than the quantum yield for disappearance of croconate
dianion in neutral solution. This indicates that without monomer present, loss of radicals by
recombination must be important,

There was no indication that the acrylamide quenched the excited croconate dianion.
Although the energy level of the triplet state of the croconate dianion is not known, the
difference in energy between the first absorption bands of croconate dianion and of
acrylamide (<270 nm) suggests that quenching of the triplet excited state of croconate
dianion by acrylamide is energetically very unfavorable.

The quantum yield for loss of croconate dianion increased with increasing pH and at
pH 12 approached a value of one with the additive 4-nitrobenzylbromide and biacetyl and
somewhat lower values with other additives. In contrast, the quantum yield for
polymerization with the additives 4-nitrobenzylbromide and 4-nitrobenzylchloride reached
a maximum at pH 7--8 and declined in more basic solution (Figure 4.3). With biacetyl the
quantum yield declined steadily with increasing pH. It should be pointed out that these

effects of pH on the rate of polymerization are much greater than the small change in the
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ratio( kp/k,!?) for acrylamide over the pH range 4--12 observed by Currie, Dainton and
Watt. It appears that the reactions leading to loss of croconate dianion, indicated by the
reactions [4], [5], [8] and [9] in chapter 3 are not all preceded by the formation of radicals
free to diffuse throughout the solution. As the pH value is increased, reaction with
hydroxyl ion, reaction [6], becomes dominant, leading to the formation of the exciplex
(Cs0s%...0H")"* as the major primary reaction product. Thus at higher pH the reaction with
hydroxyl ion becomes the main process for the loss of croconate dianion instead of reaction
with the additive leading to the formation of radicals. As well, increasing the pH can also
inhibit the formation of radicals through reaction [4].

The rate of initiation of radicals in the presence of additive may be equated to the
rate of reaction {3]. A steady-state treatment of the mechanism in chapter 3 led to the

following expression for the quantum yield for the generation of radicals:

e
kp + k) [A] +keOHTI L k, + ks +k,JOH]

This expression reflects the rate of radicals produced from the electron transfer
reaction, both the croconate monoanion radical and the radical formed from the additive by
accepting one electron from the excited croconate dianion. Using the values of the rate
constants for 4-nitrobenzylbromide in Table 3.7, the quantum yields for the production of
radicals {(¢;) at pH 6—-10 are summarized in Table 4.6. These values may be compared to
the quantum yields for production of radicals, ¢, obtained from the rate of polymerization,
as described earlier. Values for ¢y with the additive 4-nitrobenzylbromide at different pH
values are also given in Table 4.6. Quantum yields calculated from the equation above for
¢ are roughly a factor of two larger than the corresponding quantum yields calculated from

the rate of polymerization, ¢g. This suggests that only one radical formed from the electron
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Table 4. 6
Rate of Initiation and Quanum Yield for Production of Radicals

[BrCH,CH,NO,] = 6.4x10* M

pH Rp R; or )
MsT) Ms1)

6 1.43x103 1.77x107 0.148 0.348

7 1.52x10°3 2.00x107 0.167 0.346

8 1.61x103 2.24x107 0.187 0.338

9 1.46x10-3 1.84x107 0.153 0.264

10 1.11x103 1.07x107 0.089 0.080
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transfer reaction functions as an initiator for polymerization.

In the initial electron transfer from the excited croconate dianion, two radicals are
formed, the croconate monoanion radical and the radical formed by the acceptance of the
additive. If the croconate monoanion radicals were effective in polymerization of
acrylamide, then we would expect the polymerization reaction would take place with each
additive. This, however, was not the case. Polymerization occurred caly in the presence of
the additives biacetyl and 4-nitrobenzylhalides. It must be concluded that the croconate
monoanion radical is not effective in polymerization. It follows that the anion radical
formed through the electron transfer to the acceptor is the radical which induces
polymerization. The 4-nitrobenzylbromide is a typical example of an anion radical which
releases a neutral radical following electron transfer:

BrCH,CgH/NO,” — Br- + ‘CH,CgH;NO,

The efficiency of biacetyl in promoting polymerization seems surprising unless the

biacetyl anion has sufficient energy to undergo dissociation,119
CH3COCOCH;" — CH3CO" + CH;CO:
and release a radical to the solution, so that the polymerization reaction may take place.

On the other hand, the results show that the monocation of methyl viologen, MV+
does not initiate polymerization of acrylamide. This observation was also reported by Iwai,
Uesugi and Takemura in their study of the photopolymerization of acrylamide using
tris(2,2 -bipyridine)rhuthenium as sensitizer(!19,

The reason for the lack of reactivity of the croconate monoanion is not readily

apparent but might suggest that the monoanion retains a high degree of delocalization,

making a less reactive radical center.
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Chapter 5

Laser Flash Photolysis

5.1 Introduction

The quenching of an excited state by energy transfer or by electron transfer are two
most important processes for photoinduced chemical reactions:

M*+Q— M+ Q*
M*+Q—>MT+QE

These two processes are conceptually related.(!2%-123} In both cases, spatial overlap
of donor and acceptor orbitals is required, no bond-making or breaking process takes place,
and Franck-Condon restrictions must be obeyed because electronic rearrangement (energy
transfer) or the net transfer of an electron occurs in a time that is short compared to that
required for nuclear motion. When both processes are thermodynamically allowed, which
one will dominate? This is a question that has been difficult to answer in most cases. There
is not enough experimental data to derive a concrete criterion to determine which one will
dominate. Nevertheless some general cousiderations have been suggested.(12) When both
energy transfer and electron transfer are thermodynamically allowed, it seems electron
transfer process will predominate. This may be because for an energy transfer process,
favorable and simultaneous overiap of orbital pairs HOMO-HOMO and LUMO-LUMO of
the donor and acceptor couple is required, whereas such a criterion is less stringent for
electron transfer process where only one such overlap is required. It should be noted that
the formation of an c;ccited quencher or of a quenching product is not a proof of an
energy-transfer quenching, because the primary electron transfer quenching product M- and

Q*(or M* and Q°) could undergo subsequent reaction to yield M and Q*.(6D
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Photoinduced electron transfer to form radical ions is now well established as an
important mechanism for product formation in photochemistry.(!2) The overall quantum
yields for these radicals vary over a wide range. The determination of intermediates in
electron transfer reactions and measurement of the kinetics of the reactions of these
intermediates are very important in understanding reaction mechanisms. Some
experimental techniques commonly used in detecting electron transfer intermediates are

described in the following sections.(126-129)

5.L1 Flash Photolysis

In many cases, short-lived ransients formed during a photochemical reaction can be
detected spectroscopically by flash photolysis.(128-12%) A conventional low-speed flash
photolysis using a high energy xenon flash lamp is suitable only for detecting relatively
long-lived transients, such as free radicals, with a time scale of milli or microsecond. Use
of lasers with narrow pulse width as flash sources enables one to expand the detection of
transient intermediates into the nanosecond range. Measurement of the lifetime of
short-lived radicals and triplet excited states becomes possible. Using the picosecond time
domain laser flash photolysis enables the measurement of the kinetics of very fast chemical
or physical reactions, such as fluorescence, or isomerization reactions.

Measurement of spectra using flash photolysis techniques is divided into two
categories: transient spectroscopy and kinetic spectroscopy. Transient spectroscopy is
concerned with the absorption spectrum of the interiediate. Usually the absorbance of the
transient is recorded at a number of wavelengths using a fixed time window. Since the
region of absorption of the transient and the precursor frequently overlap the measurement
of the transient absorbance is recorded as a difference between the total absorbance and the

absorbance of the precursor.
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Kinetic spectroscopy refers to the measurement of the kinetics of the transient
following the laser flash, either decay or growth. If the transient formed during the laser
pulse produces a detectable change in a physical property and this change is proportional to
the transient concentration, then the kinetics of the transient can be obtained by monitoring
this physical property as a function of time. If the primary photolysis product does not
exhibit a converiently-measurable absorbance, but one of its reaction products does, the
growth kinetics of the signal-producing transient can be used to provide information about
the kinetics leading to its formation, as well as other modes of decay of its precursor. Both
decay and growth kinetics have been studied in the present experiment. The rate
expressions for both decay and growth kinetics will be derived later.

Radicals formed through the electron transfer reaction following the laser puise may
be detected by absorption, fluorescence, resonance Raman spectroscopy, or conductivity
measurements.126 130) Among these techniques, detection by absorption is the most widely
used. In the present study, because the radical formed has a fairly strong absorption in the

visible region, all measurements were obtained using detection by absorption.

5.L2 ESR

Electron Spin Resonance (ESR) can be used to detect the presence of ion radicals
resulting from electron transfer. Radicals can be defined as species capable of independent
existence that contain one or more unpaired electrons, so that the species is paramagnetic, is
attracted slightly to a magnetic field and thus can be detected by ESR. These species
sometimes are highly reactive. Radicals can easily be forraed when 2 covalent bond is
broken if one electron from each of the shared pair remains with each atom (homolytic

fission). The energy required by dissociation of the covalent bond may be provided by heat,

or by electromagnetic radiation.(126)
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ESR can detect radicals at concentration as low as 10-1° mol L°! but the radicals
must have a lifetime sufficiently long to be measured. For measurement of short lived
radicals, several approaches can be employed to make the radical desectable.

a) Use of a flow system, whereby the radicals are continuously generated in the
spectrometer so as to maintain a steady-state concentration.

b) Generation of radgicals in a frozen transparent solid matrix which prevent them
from colliding with other species and undergoing reaction. By allowing the matrix to warm
up, reactions of the radicals can be observed.

¢) Trapping a highly reactive radical, which is difficult to observe by normal ESR,
by reaction with a compound to produce a long-lived radical which can be detected by

normal ESR.

very reactive radical fairly stable radical

Nitroso compounds (-R-N=0) and nitrones (R=N*-O") are two types of the most

widely used spin trapping materials

5.1.3 Radical trap

In some cases, certain reactants can be added to the reaction system to capture the
newly generated radicals.’” By observing changes in chemical or physical properties of
the reactant information on the generation of radicals in the reaction system may be

obtained. Use of this technique was described in Chapter 3, where the radical trap DPPH
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was added to the solution of croconate dianion. The change in the concentration of DPPH
was measured and used to estimate the formation of croconate monoanion radical

qualitatively.

The results described in Chapter 2 and 3 established that the first step of the
reactions between the excited dianions and suitable electron acceptors was an electron
transfer process. Studies on the kinetics of the steady state photolysis experiments, use of
DPPH as a radical trap and polymerization of acrylamide initiated by the photolysis of the
dianions have shown that radicals were generated during the photochemical reaction. In
order to detect directly the presence of the intermediate monoanion radicals and to study the
kinetics of the reactions of the radicals in solution, laser flash photolysis experiments were
performed.  Abscrption of the croconate monoanion radical was detected and its lifetime
was measured. The lifetimes of excited states of both dianions were determined by

measuring the rate of recovery of the ground state of each dianion.

5.2 Experimental

$.2.1 Flash Photolysis Apparatus

Most of the laser flash photolysis experiments were performed at the Sussex Drive
Laboratories of the National Research Council of Canada. A description of the laser flash
photolysis system employed in the present study is given.(.131‘133) A diagram of the

arrangement of the photolysis apparatus is shown in Fig. 5.1

(1) Excitation source

Samples were excited with a single laser pulse from either a Molectron UV-24

nitrogen laser (8--10 ns, 337.1 nm, ~10 mJ/pulse), or a Candela 500 M dye laser which with
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Figure 5.1 Arrangement of the Laser Flash Photolysis Apparatus
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Rhodamine 6G has 200--250 ns duration and up to 2.5 J/pulse. Appropriate frequency
doubling crystals make wavelengths in the 265--310 nm range available, and a pulse slicer
(Model 51016 from laser Metrics) allows the time duration to be adjusted down to 10--20
ns. The excitation dose can be adjusted by using suitable neutral density filters. The pulses
were concentrated (but not focussed) on the samples by a combination of spherical and
cylindrical lenses. The laser beam from a nitrogen iaser entered the sample at 19° to the
monitoring beam whereas the dye laser beam is used at 80° with respect to the monitoring
beam. The use of the small-angle approach for the nitrogen laser beam allowed a
minimized sample volume to be irradiated and gave a high signal to noise ratio. The pulsed
lasers were operated at a frequency of 1 Hz continuously. This regular pulsing leads to a
very reproducible pulse energy. Shutters were placed before the lasers and were controlled

by computer to allow the selection of one laser pulse for the experiment.

(2) Detection System

Under the irradiation of a reproducible laser pulse, transients are generated from the
light-induced reaction in the cell and the concentration of the transients is proportional to
their intensity of absorption or emission. The detection system at NRC was convenizatly

divided into two different systems based on how the si gnal was detected and treated.

a. Kinetic System

In this detection system, the intensity of the UV-visible absorbance of the transients
at a particular wavelength (usually at one of the maxima of absorption) was measured as a
function of time. The absorption of the transient changes in intensity according to its
growth or decay in concentration. The monitoring system consists of a pulsed 200 watt

xenon lamp as light source, a PRA-B204 monochromator, and an RCA-4840

152



photomultiplier tube as detector. When the sample is flashed by the laser beam, a shutter
opens simultaneously to allow the monitoring beam to reach the analyzing monochromator;
another command from the computer activates the xenon lamp pulser. This particular unit
can also be activated when the computer is ready to gather the information. This kind of
approach makes it possible to correct the traces for background and fluorescence. For
example, in order to correct for the background, one activates all units except the shutter
controlling the laser pulse. To correct for the fluorescence, the shutter for the monitoring
beam was closed and the xenon lamp was not activated. The information guthered during
these trials could be used to correct for the background and for the fluorescence. The
monitoring beam was focussed on to the sample and the transmitted light from the sample
cell was passed onto the monochromator; the photomultiplier transforms the light signal
from the monochromator into a voltage signal which is proportional to the light intensity.
The output from the photomultiplier was captured by a R7912-Tektronix transient digitizer.
A tektronix 607 storage oscilloscope displays each trace stored by the digitizer and the
digitizer memory was read by a PDP 11/23* computer. This computer converted the
voltage signal to a change of absorbance (A O.D.); finally, a decay or a growth trace of the

absorption as function of time was obtained.

b. OMA System

Detection of transient signals using the Optical Multichannel Analyzer (OMA, EG.
& G. 1420-1024) allows the absorbance to be measured over a range of wavelengths. As
well, a luminescence emission spectrum could be obtained. The light source for detection
in this system is a 150 W xenon lamp, which could be operated /n a pulsed mode if needed.
The optics, shutters and sample holder were the same as those used in the kinetic system,

but the way of treating the data obtained from the sample was different from that of the
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kinetic system. In the OMA system, the transmitted monitoring radiation was focused onto
a Jarrel-Ash MonSpec27 spectrograph with a 600 grooves/inch grating blazed at 500 nm.
The light was passed on to the OMA giving a set of voltage signals as a function of array
channel (proportional to wavelength); these voltage signals were fed into the detector
controller (EG. & G. Model 1463) and the output from the controller was transmitted to an
EG. & G. Model 1461 interface. Finally, these data were read and processed by the PDP
11/73 computer and displayed as the transient absorption over the measured wavelength.
The time duration for the OMA gate to be open to collect the light signal was typically 20
nanoseconds. This gate can be delayed in time from the end of the laser pulse up to 1 ms
after the laser pulse in steps of 10 ns. This allows collection of transient spectra at different
times after the laser fires.

Transient absorption spectra can also be obtained with the kinetic system by
acquiring a transient kinetic trace at several different wavelengths and plotting the AO.D,
for each as a function of monitoring wavelength. Since AQ.D. is measured, the transient
specﬁ‘um measures the difference between the absorption spectrum of the substrate and that
of the transient. Usually ten flashes per decay were required to generate transient spectra
using the kinetic system. In the present experiments this method of data acquisition
provided better signal/noise because of the averaging effect. All the transient absorption
spectra in the present study were obtained using the kinetic system. Fig. 5.2 is one example

of the transient absorption spectrum for croconate monoanion radical obtained using this

technique.

154



O.D.

400 0)%) 600 709

A (nm)

Figure 5.2 Transient Absorption of Croconate Monoanion Radical
in the Presence of Biacetyl

[Biacetyl]=1.46x103 M, pH =6.2, A =337nm, Top O.D.=0.04
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5.2.2 Reaction System

The flash photolysis cell used in the experiments was a 7x7 mm? quartz flow cell
connected to a 100 mL reservoir. The solutions were saturated with nitrogen gas. Buffer
solutions were used for pH values other than neutral. A concentration of croconate dianion
of 3.7x10 M was used for the flash photolysis experiments with excitation wavelength of
337.7 nm. In the experiments with the excitation wavelength of 335 nm, a concentration of
croconate dianion of 2.7x10 M was used. These concentrations gave an absorbance of the
croconate dianion at the respective excitation wavelengths of 0.70 with the 7 mm path
length. The concentration of additives was increased gradually by adding concentrated
additive solution to the reservoir stepwise. After each addition of the concentrated additive
solution, the reaction solution in the reservoir was degassed with nitrogen for another ten
minutes before the next flash photolysis measurement was performed. At each
concentration of additive, the measurement of the transient kinetics was repeated to ensure
that the concentration of reactants in the cell was uniform. For each additive at a particular

condition, measurements were performed for at least five additive concentrations.

5.3 Results

5.3.1 Rhodizonate Dianion

No transient absorption was observed over the wavelength range 460-700 nm
following flash photolysis of the rhodizonate dianion, using either the Xenon flash lamp or
the dye laser. The rate of recovery of the ground state was obtained by monitoring the
rhodizonate absorption at 480 nm after the flash from a dye laser. The rate of recovery was
first order and recovery of the dianion was complete in neutral solution. An example is
shown in Figure 5.3. Under the condition of these experiments (pH 7, no additive),

reactions of the excited dianion are negligible and the only loss process for the excited state
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Figure 5.3 Recovery of Ground State of Rhodizonate Dianion

pH=7.0, Top O.D.=0.033
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is deactivation to the ground state.
Cg0¢2" — Co0g% (D)

From the experiment, the value of kp of 2.4x10° s was obtained and with the
assumption that no other loss processes of the excited dianion occurs the life time of the
excited state of the dianion is 4.2 psec. The presence of oxygen decreased the lifetime and
resulted in incomplete recovery of the ground state. The thermal reaction of oxygen with
rhodizonate dianion was significant at room temperature, particularly in basic solution.

‘Reaction with the excited state may also occur along with the quenching of the excited

state. The effect of oxygen was therefore complex and measurements of the quenching

constant was not practical.

5.3.2 Croconate Dianion

As with rhodizonate dianion, no transient absorption was observed over the
wavelength range 400-700 nm following flash photolysis of the neutral solution of
croconate dianion by itself. In neutral solution the quéntum yield for disappearance of
croconate dianion was less than 10~ and it may be assumed that the only significant loss
process of the excited dianion | is deactivation to0 the ground state:

C505% + hv — Cs042* [Ths]
C505%" — C5052 (D]

The recovery of the ground state was monitored at 360 nm and a typical trace,
showing the fit of the date to a first order equation, is shown in Figure 5.4. Measurements
were made at both pH 7 and pH 9 and the first order rate constants for recovery of the
ground state are given in Table 5.1..

Oxygen was an efficient quencher of the excited state of croconate dianion, The

rate of recovery of the ground state of croconate dianion was measured as a function of the
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Table 5.1

Rate Constants for Reactions of Transients in the Photolysis of

Rhodizonate and Croconate Dianions

Reactants pH kp Kt ks kq
(S'l) (M-ls-l) (S'l) (M'IS‘I)
CeOg% 7.0 2.4x10°
C5052' 7.0 28)(105
9.0 2.9%x10°
Biacetyl + Cs0s%" 6.2 2.3x103 2.0x108
MVZ+ C5042 7.2 3.0x10° 3.7x1010
BrCH,C(H,NO+ G0 7.0 3.2x10° 2.8x10° 5.3x10°
9.0 2.7x10° 2.6x10° 2.4x10°
02 + C5052' 1.4 4,5% 109
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concentration of oxygen. Aqueous solutions (pH 7.4) were prepared with a range of
concentrations of oxygen by saturation with a suitable mixture of nitrogen ar<l oxygen
gases. Unlike the system containing rhodizonate dianion, oxygen does not react chemically
with the ground state croconate dianion, nor with the excited state croconate dianion, and in
the presence of oxygen, a complete recovery of ground state croconate dianion occurred
following the laser flash photolysis. The only additional reaction occurring in the presence
of oxygen is therefore the quenching of the excited state:
C50s2* +30, — C505% + 0, [Ql

This reaction may be very efficient if the singlet state of O, is formed. For a
particular concentration of oxygen and because oxygen is in large excess, the observed rate
of recovery was first-order and may be expressed as:

kobs = kp + kglO2]

Figure 5.5 shows the relation between the concentration of oxygen and the ohserved
first order rate constant for recovery of the ground state. The data in Figure 5.5 show some
scatter, probably due to the inaccuracy in measuring the concentration of oxygen in the
solution. The value of kg obtained from the results in Figure 5.5 is 4.5x10° M-1s71,

In the presence of the electron acceptors, methyl viologen, biacetyl and
4-nitrobenzylbromide, a new transient absorption spectrum was observed with a maximum
at 500 nm following the flash photolysis of croconate dianion at 337 nm (or 355 nm).
Using the kinetic system the absorption was measured as a function of wavelength for four
fixed time intervals following the flash. The spectra at the time delay giving the maximum
absorption are shown in Figures 5.2, 5.6 and 5.7 for each additive. In the presence of
methy! viologen, the transient absorntion spectrum has two peaks at 393 nm and 603 nm,
which are due to the absorption from the methyl viologen monocation radical MV™,

Because the absorption at 500 nm was observed with all three additives it may be concluded
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Figure 5.5 Observed Rate Constant for the Recovery of Ground State of

Croconate Dianion as a Function of Concentration of Oxygen, pH=7.4
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Figure 5.6 Transient Absorption of Croconate Monoanion Radical

and Methyl Viologen Monocation Radical

[MV2+1=1.48x104 M, pH=7.2, Aoy =337 nm, Top OD=0.05
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Figure 5.7 Transient Absorption of Croconate Monoanion Radical in the
Presence of 4-Nitrobenzylbromide

[BrCH,C¢H NO,]=1.18x104 M, pH=70, A, =355nm.
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that this absorption is due to the presence of the croconate monoanion radical formed
following electron transfer from the excited dianion to the acceptors. Although the transient
absorption spectra were not very well resolved, in the presence of biacetyl and
4-nitrobenzylbromide some indications of a double maximum in the absorption band
between 460-500 nm is evident, especially in the case of 4-nitrobenzylbromide. This
double maximum characteristic is consistent with the absorption pattern of the parent
croconate dianion, showing that the transient monoanion may still have a highly
symmetrical structure and the Jahn-Teller effect is significant.

The transient absorption spectra were obtained at the early stage of the reactions
where there is no measurable decay of the radical absorption. These measurements will be
described later. In neutral solution, the growth kinetics were the same for both methyl
viologen cation radical and croconate monoanion radical. The rate constants measured by
monitoring the absorption either at 500 nm or at 603 nm were identical. It may also be
assumed that at the early stages of the reaction, the radicals of methyl viologen and
croconate are formed in equal amounts, so that the extinction coefficient for the croconate
monoanion radical at 500 nm may be derived from the transient absorption spectrum. The
extinction coefficient for the methyl viologen monocation radical absorption at 603 nm is
1.2x10* M-lem'1.(13%)  Thus the extinction coefficient for the croconate monoanion radical
absorption at 500nm may be estimated from Figure 5.6 as 0.7x10% M-lem'l.

Figure 5.8 shows a typical trace of growth of thé absorbance at 500 nm with
4-nitrobenzylbromide in neutral solution. The formation of croconate monoanion through
the electron transfer between the excited croconate dianion and acceptor following flash
photolysis can be expressed as:

Cs042" + A — G505~ + A [T]

Referring to the mechanism for the reaction of croconate dianion in the presence of
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Figure 5.8 Growth of CsO5™ Absorbance at 500 nm, in the
Presence of 4-Nitrobenzylbromide.

[4-Nitrobenzylbromide] = 1.74x104 M; pH=7.0
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additive derived in Chapter 3 (page 93), the rate constant for the electron transfer can be
expressed as:

ks

k-r = kl

kz + k3
In the absence of oxygen, the simple mechanism of reactions [I ], [D] and [T)
describes the formation of the monoanion radical, and if the loss of the monoanion radical

can be expressed by a single order process, the whole process can be expressed as follows:

CsOs% + hv = C5042° [Tabel
C505%" — C505> [D]
Cs05*™* + A — Cs05™ + A- [T]
Cs05— — product [P]

Assuming that the duration of the laser pulse (8-10 nsec.) and the lifetime of the
triplet croconate dianion are short compared with the monoanion radical lifetime, the

following relation should hold:

-d [C5042"]
T a = (kp + kr [A]) [C505%"] -1
d [Cs057] . *
--—;—5— = ky [ C505%*] [A] - kp [C5O57] (5-2)

In the early stages of the reaction, kg[C5052*][A]>>kp{CsOs>]. This can be
verified by viewing the trace of the absorption at 500 nm as a function of time (Figure 5.8).
The first order growth of the absorption at 500 nm of the monoanion radical was not

distorted in the first few microseconds. Therefore equation ($-2) can be written as:
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d [CsO57]

=k [ Cs05%*] [A] (5-3)
dt

Therefore, the rate of formation of the monoanion radical is related to the rate of

loss of the excited croconate dianion as follows;

kr [A] )
d[C5057) = - ————— d[C505>"] (5-4)
kp + ky[A]

Equation (5-4) can be integrated from a concentration of CsOs™ at any time, t, to a
time, ty,,, where CsOs™ reaches its maximum concentration, (CsOg ).« (se¢ Figure 5.8).

At this point the concentration of Cs052" is practically zero. Therefore:

[CsO5™ T max 0
kplA]
d[Cs0y7] =- ————— d[C505%"]
.. kp+kg[A]
[C5057), [Cs0*, °
k(A .
(€505 I - [Cs057], = —Tml—— [C5042") (5:5)

kD + kT[A]

The term [C505%*] in equation (5-5) can be substituted by the relation in equation

(5-3), and we have:

[C5OsImax - [CsO5 Ty = —— dICDs)
T T e + KlA] at
d[C505™]
= (kD + kT[A])dt (5-6)

[CSOS-.]max - [CSOS-']I:
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We integrate (5-6) from O tot, t<T,,,,

[C5057]
-In ([CsOs™ ) max - [CsO5™ 1) =(kp+ kT[A]) t
H

C505 I max
I 1559 = (kp+ kr[AD t (5-7)
[C5O5 )max - [Cs0571 ¢

Because the concentration of CsQs™ is proportional to its absorbance at 500 nm, the
concentration of CsOs™ in equation (5-7) can be substituted by the transient absorbance at
500 nm

In [Aso0lmax

[Asgolmax - [Asoo! ¢

= (kp +ky[ADt (5-8)

The value of [Aspolmax @nd [Asgpl; can be obtained from the transient absorption
growth trace, and a plot of In{[Asgp]lmax/(TAspolmax - [As00),)} against time t for a particular
additive concentration should give a linear relation in the early stages of the reaction.
Figure 5.9 shows the data plotted according to equation (5-8), at five different
4-nitrobenzylbromide concentrations. The slopes of these lines represent the observed first
order rate constants expressed as:(136-137)

kops =kp + kg [A] (-9

Plots of the experimental results with additives methyl viologen and biacetyl in
aqueous solution are shown in Fgures 5.10 and 5.11 and with additive
4-nitrobenzylbromide at pH 7 and pH 9 are shown in Figures 5.12 and 5.13, respectively.
All plots showed a linear relationship between k., and [A]. The first order decay constant

kp, and the second order electron transfer rate constant ky for each additive are summarized
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Figure 5.9 Semilogarithm Plot of the absorption of CsOs" at 500 nm as a
Function of Time in the Presence of 4-nitrobenzylbromide; pH=7.0.
[BrCH,CaH,NO,J: o: L18X10* M; a: 1.74x104 M;
0: 245x10% M;  x:325x10%M;  ¢: 4.05x104 M.
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Figure 5.10 Observed Rate Constant of the Formation of CsCs-asa

Function of Concentration of Methyl Viologen. pH =7.2
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Figure 5.11 Observed Rate Constant of the Formation of CsOs~ as a

Function of Concentration of Biacetyl. pH = 6.2
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[BrCH,C¢H,NO,] (Mx104)

Figure 5.12 Observed Rate Constant of the Formation of Cs0s~ as a

Function of Concentration of 4-Nitrobenzylbromide. pH = 7.0
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Figure 5.13 Observed Rate Constant of the Formation of Cs05-asa

Function of Concentration of 4-Nitrobenzylbromide. pH = 9.0
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in Table 5.1. The decay trace of the croconate monoanion absorption at 500 nm is shown in
Figure 5.14. The first-order rate constant for the decay at two different pii values are given
in Table 5.1. The rate of decay is clearly too slow to interfere with the measurement of the

first order rate of growth.

5.4 Discussion

According to the reaction mechanism derived in Chapter 3, in the absence of
additive, the recovery of ground state croconate dianion from the excited state is through the
deactivation reaction [D], and through the sequence of reactions [6] and [7]. The rate of

recovery can be expressed as:

d[C5052'] k

o kp+ —— ks [0HT | [C5052°]
at = D k; + kg 6 5Us

Using the rate constants given in Table 3.7, in neutral solution the second term on
the right hand side calculated is negligible and the recovery rate is equal to the rate of decay
of the excited state. At pH 9, recovery through the sequences of reaction of [6], [7] and [8]
is about 3% of the recovery through deactivation. This correction to the measured decay
rate constant was made for both measurements at pH 9. The magnitude of the correction is
however within the error of the measurement. The effect will, however, be important at
higher pH values.

The values obtained for kp, the rate constant for deactivation of the excited state to
the ground state, are ih reasonable agreement from all the experiments, both with and
without additives. The average value, 2.910.4 pusec., clearly indicates the excited state is
triplet. This conclusion is substantiated by the measurement of the lifetime of the singlet

state of croconate dianion as ~ 2 nsec. The highest concentration of the reactants, either
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Figure 5.14 Decay of C505~ Absorbance at 500 nm,
in the Presence of 4-Nitrobenzylbromide
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OH, 0.01 M, or the electron acceptor, 10-3 M, are not sufficient to react with an excited
singlet state with this short lifetime. In Table 5.2 are shown for comparison, some triplet
lifetimes for various types of carbonyl and oiefin compounds.(138-143)

It was shown in Chapter 3 that quantum yields of one for loss of croconate dianion
were observed in the presence of some additives, also, only a very weak fluorescence
(6p<103) was observed from the first singlet state of the croconate dianion. It may be
concluded that the intersystem crossing must be 100% efficient. Such efficient intersystem
crossing is common with carbonyl compounds.where excitation usually involves an n--nt*
transition but in the oxocarbon dianions the allowed lowest excitation is a n--n” transition.

Plots of the experimental observed rate constants k. against the concentration of
additives methyl viologen, biacetyl and 4-nitrobenzylbromide shown in the Figures 5.11,
5.12, 5.13 and 5.14, all exhibit a very good linear relation between the two variables. This
is a clear indication that the reactions of croconate dianion with all the additives follow the
mechanism represented by the reactions of [I,,], [D], [T] and [P] shown on page 167. With
the three additives used a 180-fold variation was observed in the value of kr. The fastest
rate, which even exceeds a diffusion-controlled rate, occurs with the positive ion methyl
viologen. This is higher than all the rate constants of the electron transfer reactions of
methyl viologen with the excited triplet neutral donors reported in the literature.(144-149 |
our case, coulombic attraction must be important. Possibly a loose ground-state complex of
methyl viologen cation and croconate dianion may form prior to the photoexcitation.
Coulombic attraction woulid not be 2 factor with the molecuies 4-iatrobenzylbromide and
biacetyl and with the former, kr has a value close to a diffusion-controlled rate constant.
The lower value for kr observed with biacetyl may reflect a lower electron affinity, or
reduction potential for the redox process. This characteristic will influence the value of k,

in the scheme for the reactions of the excited croconate dianion derived in Chapter 3. This
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Triplet Lifetime of Some Selected Compounds

Table 5.2

Compounds Solvent T(usec.) Reference
1,4-Diphenyl-1,3-butadiene Benzene 2.6 17
Tewraphenylethylene Benzene 0.13 6
1,3-Cyclohexadiene Benzene 1.3 11
Butanone Water 0.18 32
2,3-Hexenedione Benzene 3.7 36
1-Phenyl-1,2-butanedione Benzene 59 72
Croconate Dianion Water 34 This work
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lower value of ky also reflects a lower ratio of ka/(ka+kj), as ky is the product of k, and this
ratio. Taking the values of ky, ky and k3 from Table 3.7, the product of k; and the ratio
[ka/(ko+ks)] is 2.5%10% M-I for biacetyl, compared with the experimentally measured rate
constant ky of 2.0x108M-!s™. These two values are in very good agreement, showing that
the values of the rate constants in Table 3.7 obtained by fitting the results of steady state
photolysis experiments 1o the reaction scheme are in reasonable agreement with the results
obtained from flash photolysis experiments. In the case of 4-nitrobenzylbromide, the
product of k; and the ratio [ky/(k,+ky)] is 0.43x10% M-!s’!, using the values of rate constants
in Table 3.7, and the rate constant for kr obtained from the experiment is 2.8x10° M-1g-!,
This discrepancy seems outside the errors in the measurements and the estimation of the
rate constants, and suggests that a change in the mechanism occurs in the flash photolysis
experiments. One possibility is a more efficient separation of the ion radicals in the cage
complex under the conditions of the flash photolysis experiments. Thus the ratio kq/(kq+k;)

could increase and bring the value of ky estimated from the rate constants in Table 3.7

closer to the measured value of k.
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Claim to Original Research

This study has shown that rhodizonate dianion reacts with hydrogen peroxide,
ferricyanide and tetracyancethylene both thermally and photochemically, with the
first step being an electron transfer from rhodizonate dianion to acceptors with
sufficiently strong oxidizing potential (>0.1 v). The mechanism of the reaction with
hydrogen peroxide and ferricyanide is different from that with tetracyanoethylene,
but for a particular acceptor the mechanism is the same under both thermal and
photochemical conditions. The main reaction product is croconate dianion and the
rate of conversion from rhodizonate dianion to croconate dianion varies with the

acceptors present.

The quantum yield for disappeasrance of rhodizonate dianion was low under all
conditions studied. The highest value for the quantum yield was 0.04 in the
presence of tetracyanoethylene. The low quantum yield for the disappearance of
rhodizonate dianion demonstrates that for the reactions of rhodizonate dianion and

acceptors

ks
(CgOg™ ... A7) kﬁ CgOg™ + A”
-2

. ky
(C0g* o A') ——3 C,02 +A

k 4>>k;. Most of the caged complex (C404...A") reforms the reactants instead of

separating into the oxidized and reduced products.

Croconate dianion reacts with electron acceptors photochemically only. The
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quantum yield for the disappearance of croconate dianion increased with increasing
pH and concentration of additive. In the presence of 4-nitrobenzylbroniide and
biacetyl the quantum yield reached a value of one at pH 12. The main reaction

product was squarate dianion.

The mechanism of the photochemical reaction of croconate dianion in the presence
of electron acceptors was proposed. The rate constants for each reaction were
estimated by analysis of the relation between the quantum vyield and the
concentration of hydroxyl ion and acceptors. The quantum vyields calculated
according to these rate constants were in good agreement with those obtained from

experiments under a range of conditions.

This study has shown that croconate dianion is a promising initiator for
photopolymerization. In the presence of 4-nitrobenzylchloride, a quantum yield of

2500 for the polymerization of acrylamid= was obtained in neutral solution.

The lifetimes of the excited states of rhodizonate and croconate dianion were
obtained using flash photolysis techniques, by measurement of the rate of recovery
of the ground state from the excited state. Transient absorption spectra of the
croconate monoanion radical were detected in the presence of 4-nitrobenzylbromide,
biacetyl and methyl viologen. Rate constants for the initial electron transfer
reactions between the excited croconate dianion and acceptors (k) were measured,
showing that these were diffusion-controlled processes. In the case of methy!]

viologen, a coulombic effect is responsible for the large value of kt measured with

this acceptor.
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