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ABSTRACT

The primary objective of this study was to investigate
the cause of the photopotentials produced upon irradiation
of absolute ethanol solutions of organic compounds. Negative
photopotentials were recorded for the following compounds in
this studys Acetophenone, 4-amino-, 4-bromo-, 4-hydroxy-,
4-methoxy-, 4-nitro-acetophencne, snthraquinone (9,10),
anthraquinone 2,6 df sulfonic acid d% sodium salt, benzalde=
hyde, benzoin, benzophenone, 4-bromo-, 4,4’»dimethyl-benzo-
phenone, benzopinacel, p=benzoquinone, benzoyl peroxide,
2,2' bipyridyl, diphenylamine, fluorescein, tetrabromo-
fluorescein, 1,4 naphthoguinons and phenazine. Earlier
Investigators reported positive potentials for several of
the above mentioned compounds,

When the radiation was made incident on the nitrogen-
flushed solution in the cell, the photopotential rose to a
steady-state value and decayed slowly when the exciting
radlation was extinguished. The following mechanism is
proposed to account for the negative photopotentisl: Ab=-
sorption of radlation by the compound to yield an excited
statey formation of an iIntermediate species from the excited
statey and interaction of the intermediate with the electrode
to give a photopotential, The observed rise time was
attributed to the formation of the intermediate and the

decay time by reaction of the intermediate and diffusion of
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the intermediate away frdm the electrode surface. Experie
mental observations on the intermediate, in the case of
anthraquinone (9,10), are shown to be consistent with a
free radical mechanism.

Positive potentials were observed only when oxygen was
present, obscuring the primary process. The production of
positive photopctentials has been shown to be due to peroxide
formation,

Also, the photo-induced electrode potentials were
investigated for oxygen-free soluticns of metal oxalate
complexes In water, A negative photopotential was observed
in &11 cases,

The effect of variables was studied, Furthemmore, it
was determined that the photochemical production of the
intermediate species did not require the presence of an
electrode.

Attempts were made to determine the order of reaction
of the rise and decay curves. Results indicated that
complex equations are inveolved.

Absorption and fluorescence spectra of the intermédiates
at room temperature and luminescence spectra at liquid-

nitrogen temperature are presented and dilscussed,
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INTRODUCTION

The photovoltaic effect (sometimes called the

Becquerel Effect) refers to the production of an electro-

motive force when two electrodes, immersed in a suitable

electrolyte, are unsymmetrically illuminated. Thils

phenomenon was first reported by Becquerel in 1839 (1).

Since that time, numerous investigators have been concerned

with the photovoltaic effect and several baffling, and

sometimes conflicting, reports have been published. The

photovoltaic effect has been observed for different

types of electrode systems and electrolytes. Six

experimental arrangements have been described in a

review article (2):

I.

II.

III.

IV,

Ve

VI.

Metsal electrodes immersed in a suitable
electrolyte.

Metal electrodes immersed in a fluorescent
solution.

Metal electrodes immersed in an organic, non-
fluorescent solution,

Metal electrodes coated with an inorganie
compound and {mmersed in a solution of an
electrolyte.

Metal electrodes coated with a dye and
immersed in a solution of an electrolytee

Metal electrodes separated by a semi-conductor.
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Most of the studies reported in the literature have

been concerned with experimental arrangements IV, V, and
VI. A summary of work on equilibrium processes to 1930
can be obtained from Hughes and DuBridge (3). More
recently Levin and co-workers published a series of
articles which summarized previous experimental work and
extended investigations in this field (4,5,6). Their
work involved metal electrodes immersed in organie
fluorescent and non-fluorescent solutions. The first
paper dealt with experimental varliables as they affect
photopotentials. The other two papers were concerned
withe (1) an attempt to correlate the absorption
spectrum of a compound and the photopotential produced
as a funection of wavelength of radiation, and (2) an
investigation of certain anomalies, which in the case of
benzaldehyde, were attributed to peroxide formaticn.
Results of some of Levin's work concerning photo=-
potentials of various compounds are shown in Table I.
These data were obtained using the following experi-

mental setup$

(1) A cubical glass cell, 5 x 5 x 5 cm., opened
to the atmosphere.
(2) Two platinum electrodes -~ the irradiated

electrode was 0.5 mm in diasmeter and 2 mm
long, and the reference electrode was 2 x 6

CMe X 035 em, thick,



TABLE I

Se

PHOTOPOTENTIALS OF VARIOUS COMPOUNDS ACCORDING TO LEVIN

Ccoucoe Photopotential
Substance (Molality) (Millivolts)
Acetophenone 0,10 + 22,0
Anthraquinone (9,10) 0,003 + 38,5
Benzaldehyde 0.1l2 + 49,5
Benzoin 0.06 +117,.7
Benzophenons J.07 + 77.0
p-Benzoquinone 0.12 + 66,0(transient)
Benzhydrol 0,07 none
Hydroguinone 0.12 none

v




(3) Absolute ethanol as solvent.,

(4) Excitation wavelsngths longer than 3000 i gupplied
by a General Electric 100 watt clear glasse=
covered Mercury Lamp.

(5) An Electrometer in conjunction with a galvanometer

as the detector.

Except for benzaldehyde, no mention is made of the purity
of the compounds,

Since Levin and his co-workers failed to determine
the cause of the photopotential, the present investigation
was begun to establish the nature of the physical
processes giving rise to the photo~induced electrode
potentials for equilibrium systems (those in which no
materisl transfer occurs at the electrode surface), In
addition, the effect of irradiatioﬂ‘on systems involving
mass transfer across a concentratianmg?adient, as in
polarography, was investigated. The results of this work
are presented in Part I of this thesis.,

In the course of the above investigations photo-
induced luminescence was observed in the solutions. The
nature of the photo~induced luminescence was investigated

as described in Part II of this thesise



PART I

STUDIES ON PHOTO-INDUCED ELECTRODE POTENTIALS
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INTRODUCTION

The initial title of this thesis was to be "Studies
on the Photovoltaic Effect for Equilibrated and Mass
Tpansfer Controlled Electrcdes”, However, the bresent
work has shown that the effect referred to as a
fphotovoltaic effect®™ is not reslly a true photovoltaic
effect but a change in electrods potential caused by a
photochemically~-produced intermediate species,

A broad definition of a photovoltaic effect was
given on Page 3. However, practically all of the recent
work relating to this effect has involved coated
electrode~electrolyte systems (7,8,9,10) and semi-
conductor-electrolyte systems (11,12,13,14) in which it
has been definitely shown that the photovoltaie effect
resulted from a chemical change of the irradiated
electrode. This, then, is to be considered the criterion
for a true photovoltaic effect,.

In this present work it has been shown that the
observed effect is due to photo chemical production of
en intermediate species which occurs without the
presence of an electrode. An electrode was used simply
to indicate the change in potentiael due to the new
intermediate speciles. Therefore, on this basis, the
guthor felt that the observed sffect should not be called
a photovoltaic effect and subsequently chose the title
of "Studies on Photo-Induced Luminescence and Electrode

Potentials"™ for this thesis,



EXPERIMENTAL

Reggents and Soluticns

The best available grades of chemicals were used
and where necessary they were further purified by methods
tndicated in Table IT. (The purification methods are
described immediately following Table II). The uncorrected
melting points versus those recorded in the literature are
shown in Table ITII,

The source snd quality of solvents used are listed
in Table IV,

Solutions used were flushed with oxygen-free
Nitrogen for ten minutes prior to use. Oxygen-free
Nitrogen was obtained by passing Nitrogen (Airco Dry
Nitrogen) through a purification train consisting of
separate contailners of vanadous chloride solution (15),

water, Ascarite and calcium chloride,

Apparatus and Procedures

Photopotential-Time Curves

The instrument used in this investigation is

described in detail in Appendix A. It consisted ofs

(1) A Vycor "T" shaped cell.
(2) A platinum point electrode as the irradiated
electrode and a silver-silver chloride electrode

as the dark or reference electrode,
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SOURCE AND METHOD OF PURIFICATION FOR COMPOUNDS

Purification
Compound Source Method

l. Acetophenone DuPont Vacuum distillation
2, 4=-Aminoacetophenone Eastman Kodak a
3¢ 4~-Bromoacetophenone Eastman Kodak a
4, 4-Hydroxyacetophenone| Eastman Kodak a
5, 4=Methoxyacetophenone| Eastman Kodak |Vacuum sublimation
6e 4-Nitroacetophenone Aldrich Chemi- a

7
8.

Oe
10.

1l.
12,
13e
14,
15.

16.

Anthraquinone (9,10)
Anthraquinone 2,6
DiSulfonic acid
DiSodium Salt
Ascorbic Acid

Benzaldehyde

Benzhydrol

Benzoin
Benzophenone
4-Bromobenzophenone

4,4"'-Dimethyl-
benzophenone

2 Hydroxy, 5 Chloro
Benzophenone

cal Company

Eastman Kodak

K & K
Laboratories,
Ine °

Eastman Kodak

J., T, Baker

Lehigh Stock
Eastman Kodsak
Eastman Kodak

Aldrich Chemi-
cal Company

Eastman Kodak

DuPont

a (repeated twice)

b

None

Vacuum distillation
69.5°C at 20 mm,

c

a

None




TABLE II (Cont.)

1l.

Purification
Compound Source Method
17. Benzopinacol Lehigh Stock Recrystellization
from Ethanol
18, p-Benzoguinone Eastman Kodak a (repeated twice)
19, Benzoyl Peroxide Matheson None
Coleman & Bell
20, 2,2' Bipyridyl The G.Frederick a
Smith Chemical
Coo
21. Diphenylamine Merck & Co., Iric, c
22, Fluorescein (Water Allied Chemical None
Soluble-Uranine & Dye Corpo
C.I.766)
23, Tetrabromofluorescein| Allied Chemical None

24,

25,
26.
27«
28,

(Basin Y C.I.768)

Methyl Methacrylate
{(Monomer)

1,4 Naphthoquinone
Phenazine
Tetraphenylhydrazine

Styrene

& Dye Corpe

Rohm & Haas Cos

Eastman Kodak
Lehigh Stock
DuPont

Matheson
Coleman & Bell

Vacuum Distillation
37.5°9C at 75 mm,

a (repeated twice)
a
None

Vacuum Distillation
48°C at 20 mm,

Purification Methods

Method a - The compound was dissolved in hot absolute ethanol,

treated with decolorizing carbon, boiled for five

minutes, filtered and then crystallized from
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TABLE II (Cont.)

sbsolute ethanol. After drying in a desiccator,

the compounds were then vacuum sublimed.

Method b - The compound was heatsd with charcoal in aqueous

solution and recrystallized from aqueous ethanol,

Method ¢ - Same as Method a, except the compound was re-
erystallized from water following the boiling

ethanol with decolorizing carbon treatment.



TABLE TIIT
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COMPARISON OF MELTING POINTS FOR COMPOUNDS

Melting Point in °C
Compound
Literature (16) |Found (Uncorrected)
1., Acetophenone 20.5 20,5
2. 4=Aminoacetophenone 106 105,5=106
3, 4-Bromoacetophenone 50=51 50-51
4. 4-Hydroxyacetophenonej 109 109
5. 4-Methoxyacetophenone 38-39 38-39
6. 4=Nitroacetophenone 80-81 80
7. Anthraquinone (9,10) 286 285, 5=286
8. Benzhydrol 69° 67.5=6805
9., Benzoin 137 136-137
10. Benzophenone form 48,5 47 ,5«48,5
11. 4=-Bromobenzophenone 82 8l1,5-82
12, 4,4' Dimethyl~ 95 94,5-95
benzophenone
13, Benzopinacol 186 decomp. 186.,5 decomp.




TABLE III (Cont,.)
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Compound

Melting Point in °C

Literature (18)

Found (Uncorrected)

15,

16,

17,

18,

p-Benzoquinone
2,2' Bipyridyl
Diphenylamine

1,4 Naphthoquinone

Phenazine

115.7

69.5
54
125

171°, 173-4°

115-116

69="70

54

124.5

172-173




TABLE IV

SOLVENT INFORMATION
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Snlvent Source Grade

l. Benzene Brothers Reagent ACS
Chemical Co,.

2. Chloroform Jo. T. Baker Anglyzed Reagent
Chemical Co.

3o Di Ethyl Ether Mgllinckrodt Analytical Reagent

( anhydrous)

4, N,N-Dimethylformamide|Matheson Spectrc=Quality
Coleman & Bell

5. Etharol, Absolute U, S. Industrial|Pure, 100%
Chem. Co, '

6. Glycerol Matheson Spectro-Quality
Coleman & Bell

7. 2=Methyl Butane Bastman Kodak Practical

8. Propanol, Iso Matheson Spectro~Quality
Coleman & Bell

9., Pyridine Je. T. Baker Analyzed Reagent

Chemical Coo.




(3Y A Hanovia high pressure D.C. Xenon Compact Arc
Lamp, alr cooled, as a source of radiation,

(4) A double convex quartz lens in the incident
light beam,

(8) A Corning No, 7-54 filter between the lens and
iris diaphragm,.

(6) A detection system of a D.C. electrometer (17)

in conjunction with & Brown recorder.

To obtain a photopotential-time curve 25 ml., of sample
were added to the Vycor cell., The cell with sample was
then flushed for 10 minutes with oxygen-free nitrogen. An
atmosphere of Nitrogen was maintained above the sample
after the initial flushing, With the recorder running,
the ultraviolet radiation was made incident on the cell by
means of a cable control on the iris diaphragm and the

photopotential-time curve was recorded,

Photopotential~Time Curves as a Function of Wavelength

The instruments and calibration procedures used in
this part of the investigation are described in detail in
Appendix A,Tables XXII and XIIL, The only difference in
operating procedure for obtaining a photopotential=-time
curve involved the use of a monochromator inserted between

the radiastion socurce and cell,

16,
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Absorption Spectrsa

Absorption Spectra were obtained using a Warren
Spectracord with matched 1 ecm, glass-stoppered, fused-
3ilica cells,

Polymerization Studies

Polymerization initiated with Anthraquinone (9,10)
were carried out in a 15 cc., Pyrex test tube at room
semperature (25°C) using sbsolute ethanol as the solvent
and 2400-4200 R radiation from a Xenon lamp, 56 cm, from
the cell, as the activator. The monomers, Methyl
Methacrylate and Styrene, were distilled at reduced
pressure immedlately prior to use. In the polymerization
of Methyl Methacrylate, equal volumes of a & x 10"4 Molar
ethanol solution of Anthraquinone (9,10) and Methyl
Methacrylate were added to the test tube, flushed with
nitrogen, sealed with a cork and paraffin, and irradiated
for 1 hour, unless otherwilse specified. A similar
polymerization procedure was used for Styrene except that
s nitrogen atmosphere was maintained over the sample
throughout the 2 hours of irradiation. Changes in

viscosity and asppearsnce of precipitabes were noted.

Polarographic Studies

The cell and irradiation system were the same ones
used for the photopotential-time studies. A dropping

mercury electrode in the form of an "L" was used as the



cathode snd a mercury pool was used as the anode, The
polarograms were recorded on an gutomatic recording

polarograph constructed by Dr. E., J. Serfass at Lehigh in

1953,

All apparatus was turned on for fifteen minutes to
a half hour prior to use. Thils was found to be sufficient

time for the instruments and lamp to reach stability.

18,
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RESULTS

The photopotentials observed for various organic
compounds in absolute ethanol are given in Table V. These
were obtained using 2400-4200 R radiation from a Xenon
lamp 56 cm. from the cell and a nitrogen atmosphere sbove
the sample, unless otherwilse specifieds A typlcal photo-
potential-time curve is shown in Figure l. Photopotentials
for the potassium metal oxalate complexes are‘presented in
Table IX.

The effects of variables such as air, solvent,
product, solute concentration, viscosity, and wavelength
of ineident radiation, on photopotentials are_presented in
Tebles VI, VII, XI, XII, XIII, and XIV to XVI, respectively.
The effect of Cobaltous ions on the photopotential of
potassium cobaltioxalate Complex in water is shown in Table
Xo

The correlation between the photopotentials and ab-
sorption spectra for Anthraquinone (9,10), Benzoin and
Benzophenone in absolute ethanol, as a function of wave=
length of radiation are shown in Pigures 6, 7 and 8,
respectivelye

The effect of 2400-4200 g radiation on the sbsorption
spectrum of Anthraquinone (9,10) in absolute ethanol is
shown in Figure 2, Comparison of absorption spectra of
Anthraquinone (9,10) in concentrated sulfuric acid, (non-

irradisted solution), absolute ethanol, (irradiated and
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non-irradiated solutions), and alkaline (KOH) absolute
ethanol, (irradiated solution), are shown in Figures 3 and 4.

The effects of unfiltered radiation from a Xenon lamp
on the sbsorption spectra of separate nitrogen flushed
ethanol solutions of Benzophenone, Benzopinacol and
Benzhydrol are shown in Figure Se.

Results of the polymerization of Styrene and Methyl
. Methacrylate using ultraviolet radiation as the activator
and Anthraquinone {(9,10) as the initiator are listed in
Table VIII,

Hélf wave potentiasls for various gquinones in different
solvents containing Lithium Chloride as the supporting
electrolyte are summarized in Tablés XVII and XVIII,



PHOTOPOTENTIALS OF ORGANIC COMPOUNDS IN ABSOLUTE ETHANOL

TABLE V

AT 0,01 M CONCENTRATIONS UNLESS OTHERWISE SPECIFIED

21,

Photopdtential in

Compound Millivolts
Acetophenone - 434
4=Aminoacetophenone - 43
4-Bromoacetophenone - 210
4-Hydroxyacetophenone - 62
4-Methoxyacetophenone - 350
4-Nitroacetophenone - 42
Anthraquinone (9,10) - 395

(,0005 M)
Anthraquinone 2,6 Di - 250 (a)
Sulfonic Acid D1 Ng
Salt (,005 M)
Benzaldehyde - 290
Benzhydrol 0
Benzoin - 409
Benzophenone - 400
4-Bromobenzophenone - 350
4,4'-D1methy1benzophenone - 510
2 Hydroxy 6 Chloro Benzophenone 0

Benzopinacol (.005)




TABLE V (Cont.)
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Photopotential in
Compound Millivolts
p~-Benzoquinone - 60
Benzoyl Peroxide - 150
Bipyridyl (2,2") - 240
Diphenylamine - 465
Fluorescein - 10
Tetrabromoflucrescein - 200 (e)
(,0001 M)
Naphthoquinone (1,4) - 95
(.,001 M)
Phenazine {.001 M) - 345
Tetraphenylhydrazine + 130 (a)

(a) Sclvent mixture used - 60% water and 40% sbsolute

ethanol by volume.

() Used unfiltered radiation from Xenon lamp.

(¢) Solution contained 0,001 M Ascorbic Acid. Also used

unfiltered radiation from Xenon lamp.

(d) Solution used was the filltrate from a saturated solution

of Tetraphenylhydrazine in absolute ethanol.

solution of Tetraphenylhydrazine in Chloroform gave a

photopotential of + 1535 millivoltse

A O, 01l M



TABLE VI
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EFFECT OF ATR ON PHOTOPOTENTIALS

Photopotentials

Molar Conc. in
Compound Absolute Ethanol in Millivolts
pAir (a) Nitrogen
Acetophenons 0.01 + 10 - 434
4-Bromoacetophenone 0.01L + 60 - 210
4-Methoxyacetophenone 0.01 0 - 350
Anthraquinone (9,10) 0,0005 + 70 - 395
Benzoin 0,01 + 47 - 409
Benzophenone 0,01 + 60 - 400

(a) Same experimental setup as for the Nitrogen flushed

samples except that a 50 ml. Pyrex beaker was used as

the cell and a 200 mesh screen with openings of ,0029

fneh was placed between the cell and iris diaphragme.

Exclusion of air from the 50 ml. beaker, resulted in

negative photopotentials for the above compoundse



TABLE VII

EFFECT OF SOLVENT ON PHOTOPOTENTIALS OF ANTHRAQUINONE (9,1C)

Anthraguinone (9,10)

Photopotentiall

Solvent Molar Conco. X 109 in Millivolts
Benzene 0.5 (a)
Chloroform 005 - 570
N, N-Dimethylformemd de 1,0 - z70 (P)
Ethanol, Absolute 0.5 - 395
Ethanol, Absolutey Col - 450

Alkeline (¢)
Isopropanol 0,5 - 215
Pyridine 0.5 (a)
sulfuric Acid, Conce 0ol - 85

(a) Could not be measured due to low dielectric constant of

benzene., However, no yellow intermediate was formed

upon irradiation.

(b) Solvent had a residual photopotential of + 25 mve

(¢) Potassium Hydroxide ndded to alcochol before dissolving

the Anthraquinone.

(d) Solvent reacted with the Anthraquinone before irradi-

ation, therefore, no photopotential was determinede,
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TABLE IX

26@

PHOTOPOTENTIALS OF POTASSIUM METAL OXALATE

COMPLEX

0,01 M IN WATER

Photopotential
Compound Formula in Mlllivolts
Potassium Chromfoxslate K.Ccr(C.0,) - 145
3 274 3
Potassium Cobaltioxslate K.Co(C.0 ) - 115
3 274 z
ﬁPotassium Perrioxalate - 450

K5F6(0204)5




TABLE X
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EFFECT OF COBALTOUS IONS ON THE PHOTOPOTENTIALS

OF POTASSIUM COBALTIC OXALATE COMPLEX 0.0l M

IN ACETIC ACTID MODIFIED WATER

Molar Concentration of

Potential [Using 2400-4200 A

Priotopotential 4

Cobalt Nitrate C@(N03)2 + 6HO0 | at  Start Irradistion
0 + 245 mv - 69 mv
0.1 () + 335 mv - 135 mv
0.01 + 310 mv - 110 mv
0,001 + 290 mv - 90 mv
0,0001 4+ 275 mv - 75 mv

{(a) A Ol M Co++ solution in acetic acid modified water with-

out any KzCo (0204) gave a photopotential of + 80 mv,
3

Acetlc acid»modified,watér without any KzCo (02047
' 3

gave no photopotentiale
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TABLE XI

EFFECT OF BENZOPINACOL ON THE PHOTOPOTENTIAL
OF BENZOPHENONE 0,001 M IN ABSOLUTE ETHANOL

Photopotential in Mfllivolts

#Molar Conc. of Benzopinacol] Filtered 1light Unfiltered light
in Absolute Ethanol X 10% | (2400-4200 1)

0 - 200 - 305
1.0 - 204 - 310
0.5 - 196 - 305

el - 200 - 300
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TABLE XII

EFFECT OF SOLUTE CONCENTRATION ON PHOTOPOTENTIALS

Molar Concentration Photopotentiall
Compound in Absolute Ethanol x10%]| in Millivolts

395
285
225
200
195
o (a)

Anthraquinone (9,10)

L
1"
"
1 1]

oNeoNoNoRe Ne R
9]

o o © o & °

Q QOO
Sora ‘

500
482
308

Benzoin

=
Ol IO
QO

e o @

504
427
400
355
200

Benzophenone

o

, -
cooro lrwowm
(-]

bomoo [onmoool] »

= o

465
465
320
160
15

Diphenylamine

°
[ I I I B |

e o o

(a) Visual observation revealed the presence of a very small
amount of yellow intermediate around the irradiated
electrode but the detection system wasn't sensitive

enough to show any photepotential,



TABLE XTII
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EFFECT OF VISCOSITY ON PHOTOPOTENTIALS

Compound

Solvent

Composition by Volume

% Absclube|% Glycerol
Ethanol

Photepotential
in Millivolts

Anthraquinone (9,10) 100 0 - 285
(0.0001 M) 90 1¢ - 275

80 20 - 210

70 30 - 165

60 40 - 150

Eenzophenona 100 0 - 395
(0,01 M) 80 20 - 265

€0 40 - 110

40 60 - 80
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TABLE XIV

EFFECT OF WAVELENGTH OF RADIATION ON THE PHOTOPOTENTIAL OF

ANTHRAQUINONE (9,10) 0,0005 M IN ABSOLUTE ETHANOL

Photopotential | Xenon Lamp Corrected Photo-
Wave Length| Uncorrected in Relative Potential
in g Millivolts (A)Y | Intensity (B) A/B
from Filgure Relative Units
47

2700 - 24,0 4.00 - 6,00

2800 - 31.2 4,05 - 7,70

3000 - 27,2 4,65 - 5.85

3100 - 50,4 5,10 - 9,90

3200 - 60,0 5,70 -10,53

3300 - 43,2 6430 - 6,84

3400 - 20,1 7,05 - 4,14

35600 - 345 7.80 - 0,45

3600 - 2,5 8455 - 0,29




TABLE XV
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EFFECT OF WAVELENGTH OF RADIATION ON THE PHOTOPOTENTIAL OF

BENZOIN 0,005 M IN ABSOLUTE ETHANOL

Photopotential Xenon Lamp Corrected Photo-
ﬁWave Length | Uncorrected in Relative Potential
in K Millivolts (A)Y | Intensity (B) A/B
from Figure Relative Units
47

3100 - 141.0 5.10 - 28,0

3200 - 159,0 570 - 27.9

3300 - 121,86 6430 - 19,3

3400 - 107.2 7.05 - 15,2

3500 - 94,4 7.80 - 12,1

3600 - 77.8 8455 - 9.1

3700 - 20,8 9.40 - 2,2




TABLE XVI

EFFECT OF WAVELENGTH OF RADIATION ON THE PHOTOPOTENTIAL OF
BENZOPHENONE 0.01 M IN ABSOLUTE ETHANOL

Photopotential Xewonn Lamp Corrected Photo=
Wave Length] Uncorrected in Relative Potential
in s Millivolts (&) | Intensity (B) A/B
n from Figure Relative Unita
47

2900 - 38,3 4,30 - 869
3000 - 3346 4,65 - Ted
3100 - 36,8 5,10 - 7.2
3200 - 58.4 5.70 - 6¢7
5300 - 4408 6030 — 7.2
5400 - 4:906 ‘7005 - 7.1
3500 - 47,4 7.80 - 6.1
5600 - 4:196 8055 - 4.9
3700 - 2848 9,40 - 3ol
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TABLE XVII

HALF-WAVE POTENTIALS FOR VARIOUS QUINONES 0.001 M IN
N,N-DIMETHYLFORMAMIDE SOLUTIONS CONTAINING O.1 M

LITHIUM CHLORIDE

(v) vs. Hg Pool
Radiation El/g &
)

Quincne 2400=420C A 1st Wave 2nd Wave
p=-Benzoquinone None - - 0025(3)
p=Benzoquinone During run - - 0,25
p-Benzoguinone Pre-irrsdiated — - 0,25

10 minutes
Naphthoquinone (1,4)] None ~ 0,15 - 0,40
Naphthoquinone (1;4)| During run - 0,15 - 0,40
Naphthoquinone (1;4)} Pre-irradiated - 0,15 - 0,40

10 minutes
Anthraguinone (9,10}| None - 0.34(b) - 0.68(b)
Anthraquinone (9,10} During run - 0,34 - 0,68
Anthraquinone (9,10)| Pre-irradiated - 0.34 - 0.68

10 minutes

(a) Reported in 1iterature - 0.92 v5 0.1 M Tetrabutyl-

ammonium bromide used as supporting‘electroljte.‘

(b} Reported in literature = 0.34 v 1lst wave and - 1,10 v

for 2nd wave,




HALF-WAVE POTENTIALS

ALCOHOL SOLVENTS

TABLE XVIII

38e

FOR ANTHRAQUINONE (9,10) 0,0005 M IN

CONTAINING 0.3 M LITHIUM CHLORIDE

B (v)
E v} vs, Hg Pool
Radiati 1
Trial adiation /2
Noe Solvent 24004200 A last Wave 2nd Wave
1 Isopropancl None - 0.68 None
1-A f Isopropanol Soln, pre- - 0,68 None
$rradisted 10O
min, and during
TUn
1 Absolute Ethanol | None - 0,68 None
1-=A §{ Absolute Ethancol | During run - 0,95 None
1-B | Absolute Ethanol Pre-irradliated - 0,40 None
15 minutes
2 Absolute Ethanol | None - 0,34 = 0,68
2-A | Absolute Ethanol Pre-irradiasted - 0,34 - 0,68
1 minute
2-B | Absolute Ethanol’ Pre-irradiated - 0,34 - 0,68
1 3 minutes
2-¢ | Absolute Ethanol | Pre-irradiated - 0.26 - 0,53
8 minutes
3 Absolute Ethanol | Pre-irradiated - 0,40 - 1,03
15 minutes (a)
z-a | Absolute Ethanol | None - 0,34 - 1,03
3-B [ Absolute Ethanol | During run - 0,34 2 - 0,95
3-C | Absolute Ethanol | Pre-irradiated - 0,354 None
10 minutes
(a) Pre=irradiation performed on semple solution in a large

test tube prior to transfer to cell.
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DISCUSSION OF RESULTS

Photopoteﬁtials for Anthraquinone (9,10)

_Anthraquinoné (9,10), AQ, was chosen as & model
compéund. Generally what has been found for AQ épplies to
the other compounds. AQ was selected because the AQ inter-
mediate is easy to observe and is very stable.

A typical photopotential-time curve for 0.0005 M AQ
in sbsolute ethanol in a nitrogen atmosphere is shown in
Figure 1, It is clear from Figure 1 that the potential
repldly became more negative during illuminstion, resached
e meximum negative potential, and slowly returned to a
value near the initial point after the illumination was
extinguished, The cbserved varlation in the potential can
be explained by the existence of an Intermediate in the
peduction of AQe The initial rise in the photopotential=-
time curve occura as the intermediate is photochemically
produced at the electrode surfaces As this product
‘sccumulates, a stéady.state is established between pro=
'ductidm;‘reaction‘and diffusion from electrode surface,

; causing the potential to remain constant as a function of
tiqg. When the radiation is shut off the potential changes
to e value near the starting point. This 1is due %o dif=
fusion of the intermediate product away from the electrode
surface combined with chemicel reasction of the intermediate

species, For long-lived intermediates such as the AQ
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intermediate, the former is the rate controlling process,
whereas for short=lived specles, the latter predominates,
The following mechariism is proposed to account for
the negative photopotential of AQ in absolute ethanol in
& nitrogen atmosphere, Most of the zompounds listed in 
Table V follow this mechanism, Exceptiens to this mecha-

rilsm gre listed individualily.

Primary Process

=o

Cl

(Excited) (1)

¥

Since 2£400-4200 i radiation is effective in promoting this
reaction, it is clear that the primaery rhotochemical
process must involve absorption of radiation by AQ (cfe
Figure 2), rather than excitation of the absolute ethanol.
which is transparent above about 2200 K. Since the

7 — 7% transition seems to be as effective as well
g8 the n =3 Z#* transition, interconversion between the
excited states lﬂ,_’n* and 1%’ ‘7)7* probably occurs.
Because the species involved is a radical, these must be

tod to ol m
conver 0 Tr’n .
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OH
?I H lﬁ
1 l : - 5 .
X'4 + CHa=C-0H —" |[ - + CHaC-OH  (2)
| : : H
d H 2 .
el -
{(Excited) (S@miquiﬂon@)
C
if
O
(Non-excited) (Semiquinone)
1
2 CHa-C~OH - CHy-C-CH  =~» CHy~C=0 + CHoCHZOH (4)
|
H CHg~(:-OH
H
Q OH
% o
8 5
(Semiguincne)
l [;:]:?:::::
C
Ho~~
(6)



The yellow=colered semiguinone was found tc be the cause

of the negative potentiasl. This can be explained by
congidering that some of the AQ molecules sare converted to
the yellow-colored‘semiquinone in the irradiated area. The
pletinum electrode 1s simpiy indicating the potentiel change
due to the formation of the semiquinocne, (+AQH). The fol=-

lewing type of equation may be used to explain the potential

changeg
AQ + BH ———>» o-AQH + Ro (7)

Tn terms of the Nermst squation

| , . BRI aq] [rE
E = E° + nF'en 4%1%;?7 (8

The sclvent molsculey, RH, and solvent radical, °R, do nob
havevmuch of an effesct on the potential change since the
concentration of RH is assumed to be constant and that the
sR is very short-lived as showh in Equations 3 and 4.

Therefore, the potential will be dependent upon the ratio

of -15%%%T s Since °AQﬁ is being.produced photochemically,
this results in a smaller ratio of -é%%%T which in turn
causes the pctential to be more negatives In an alkalina
medium the semiquinone radical is converted to the semi=-

quinone radicael ilon.

SAQH === °AQ~ + HT (o)
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Therefors, in the Nernst equation, the ratic of oAQ

is smaller during irradistion than the initial ratio and this
should result in a negative photopotentiale. This was con=-
firmed experimentslly by addition of KOH to the alcoholic

AQ solution which produced a moré negative'potential than

the mlcoholic AQ sclution.

The need for the reactions to be carried out in an
inert atmosphere was demonstrated by the irradiation of AQ
in asbsolute ethanocl in the presence of aire No yellow=colored
intermediste was formed, The observed photopotential was
positive as indicated for AQ and other compounds in Table VI,
Levin obtained positive photopotentials and could not explain
the cause cf the potentials. These positive potentials are

due to peroxide formation (19) which can be accounted for

most satisfactorily in the terms of the mechanism detailed

belows
AQ + h? —» AG" (10)
i
AGY + CHgO=O0H ——> oAQH + CHy=C=OH | (11)
H H
o B
CHg=C=0H + AQ ——> oAQH 4+ CHg=C=0 (12)
! o
oAGH + 0y —> AQ + HO (13)
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H
]
|
CHg=C-0H + Op —> case?-o-oo (14)
H OH
H. » _
! ‘O .
2CH,,»Cw0=0® ——3 20H,~C + H.O (15)
3 | 3 \OH ore
OH
HOe 4+ HQO® —> H O + 0 | 18
2 2 2 2 2 ( )
. i
CHS-c':-OH + HO, —> CH,C=0 + H,0, + O, (17)
OH

As can be seen from the sbove equations, there are several
factors controlling the electrode reaction, One is the
02/'Hzo2 couple, another is the CHS-gA?C)O species and another
is the oxidized alcohol, The net result of the esbove is a
positive potential for the irradiated system. This was
confirmed experimentally by addition of small amounts of a
3% hydrogen peroxide solution to an ethanol solution of AQ
in the presence of air in the vicinity of the platinum
point e}ectroda. A potential more positive than the initial
potentlal of AQ in alcohol was produceds

The need for the‘solvent to furnish a hydrogén atom
to AQ was demonstrated by irradiation in various solvents
as shown in Teble VII., No yellow intermediate was obtained

upon irradiation of AQ in benzene in a nitrogen atmosphere,
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The potential of the AQ~benzens solution could not be
measured due to the low dielectric constant of benzenee
Negative photopotentials were obtalned for AQ in tertiary
butanol due to impurities. Gas chromatography showed the
preéencg of primary and secondary alcohols in the tertiary
butanol. The yellow intermediate of AQ was also produced
in a tertiary fluoro-alcchel. This likewise was due to
impurities in the flucro=-alcchol as shown by a UV absorption
apectrum of the fluoro-alcohole.

Evidence for which atom of hydrogen 1s sbstracted by
the excited AQ molecule is cited in Reference 19. Bolland
and Cooper (19) presented a detailed kinetic analysis of
the reaction scheme involved in the photo-sensitized oxi-
detion of ethancl, They used anthraquinone 2,6 disulfonic
scid di sodium salt as the sensitizer, It was demonstrated.
that this sensitizer operated by an efficient cyclic mecha-
nism and that it abstracted a hydrogen atom from the
ethancl to give a semi-quincne radicsl which was rapldly
converted to the original quinone by resction with molecular
oxygen, Bond-strength data indicated that the solvent
radicai produced by hydrogen sbstraction by the excited

sensigizer was cﬂs-gfn{ and not the alkoxy form

i
CHs-C-O * o

Equation (3) was postulated on the basis of the work
of Pitts et al.(20) concerning the photochemical reactions



of benzophenocne in Iscpropancl. They postulated a reaction

similar Equation (3) in order to account for the quanti-

tative formation of benzopinacol, The absence of pinacols,

mixed‘pinacols snd benzhydrol indicated that the isopropyl
free radicals (CH5)260H reacted very soon after they were
formed in a manner similar to Equation (2) but not in re=
combination or disproportiocnation processes with the
benzophenons radicals (CGH5)260H:], The hYdrogen transfer
to form the more stable free radical (CGHS)ZCOH gppeared to
be rapid and in view of the strongly reducing nature of the
(C’HS)BEOH radical, (21,22), seemed quite.reasonable to
Pitts and co=workerse.

Equation (4) is another possible way the iscpropyl
radicals may combine and then be converted to the aldehyde
and aleochole

Rjuations (5) and (6) appear to be possible ways of
explaining the reaction between two semiquincne radicals

in the absence of oXygen.

Nature of the AQ Intermediate Species

Direct evidence indicating that the yellow=colored
intermediste is a semiquinone radical is supported by
absorption studies, The gsbsorption spectrum of an ire
radiated solution of AQ in absolute ethanol in a nitrogen
atmosphere is shown in Figure 2. The formation of three
new bands, two in the UV region at 360 and 383 millimicrons

44,
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and a long band extending from 390 to 460 millimicrons is
attributed to the yellow-colored intermediate, a semi=
quinone‘radicalo ABfidge'ahd.Porten (23) reported a group
of bands at ca., 360 to 39C millimidrons;ﬂue fd‘the semi- -
quinone radical in their flash photoiysié S£udy of AQ in
selution, In addition they indicated the presence of a
strong band at 480 millimicrons which they attributed to
the semiquinmne.raaical fon, In Figure 3 it can be seen
that irradiatiom of én glkaline (KOH) ebsclute ethanol
solution of AQ in a nitroéen atmosphere resulted in pro-
duction of two new bands, one at 395 and another at
approximately 485 millimicrons. This is a normal spectral
shift caused by ionization of‘thé semiquincne radical as

followsg

+ H (18}

. (II)
Semiquinone Semiquinone

Radical Redical Anicn

(I) exists in an aleohol mediuﬁ'while (II) predominates in
an alkaline alechol soiution. The entire spectrum was
shifted to the red region with no apparent change in the
shape of the spectrum. - The most intense band shifts from
257 te 272 millimicrons, The small band shifts from
Z05=430 millimicrons. The large band shift corresponds to
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2300 Gmo-l and the small band shift corresponds to 2100 cm.-l

which indicates that the shifts are comparable shifts, This
indicates that the transition involved a 77 —»77* trensition.
Additional characteristics of a 7 —>7* transition ares
fine structure present even in polar solventsg fallure of
the absorption band tc disappear in acld and a large molar
absorptivity. In Figure 4 it is seen that the absorption
spectrum of the irradiated sclution of AQ in a nitrogen
atmosphere is similar to the absorption spectrum of AQ in
concentrated sulfuric acld, |
Spectrescopic evidence suggests the presence of free
radicals for octher compounds 1isted in Tasble V. Pitts and
co=-workers (2¢) reported formaﬁion of a highly colored,
oxygen-sensitive intermediate from tﬁe irradiation of‘ﬁ
nitrogen flushed solution of beniopheﬁone in isoprdpanol.'
They attributed this to the formation of benzophenone free
radicals, [‘ceHs)za-OH)]’. In addition, they‘attempted
to generate the "intermediate" by irradiation of solutions
of benzhydrol in acetone., No trace of an "intermediate™
similar to that found in the benzophenone-isopropyl
glcohol was observed, Apparently, the benzopinacol-alecohol
system was overlooked or else 1t was not considered due to
the UV intensity of radiation source being too low below
3000 :. Figure 5 clearly indicates the presence of an
intermediate in the irradiated solution of benzopinacol

in ethanol which absorbs in exactly the same region as the
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proﬁosed benzophenone free radizal in the benzophenone-
alcohol system. This 1s explained on the basis of
benzopinacol first being photodecomposed into benzophenone
and berizhydrol° Prolonged irradietion results in the
photoreduction of benzophenone to the benzophenone free
radical. Irradistion of an ethanol solution of benzhydrol
produced no "ntermediate"” as seen in Figure 5 and likewise
did not produce a photopotential,

Recently, Russian investigators reported on studies
pertaining to the photoreduction of eosin (tetrsbromo-
fluorescein) employing ascorbic acid as the reducing agent
and pyridine as the soclvent. The first study pertained to
potentiometric measurements of the intermediate reduction
produst of eosin; Tsepalov et al (24) obtained a photo-
potential-time curve which was different from Figure 1 due
to use of a low concentration of éosin, However, when the
concentration of eosin was increased to sbout 10'4,M, a
curve similar to Figure 1 was obtained. The second study
employing spectral methods established that the photo=-
reduction . proceeds in stages. with formation of an
' intermediste product (25). The detailed study of the
kinetics of the reaction which was conducted in these
"investigations led to the assumption that the relatiiely
gtable intermediate product is a free radical = seml-
quinone of eosin. The kinetics of the reaction were

described by the schemesg

Oo
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k Kz
g* — 15 ge h — 3 5 E H,, (19)

¢ 2

where E¥* and E are eosin in the excited and ground states,
respectively; E°H is the semiquinone of eosin and E Hp 1is
the leuco compound' The third study involved the electron
Iaaramagnet*c resonance method (26)° Results of the EPR
method proved that it detected the same intermediate product
detected earlier by the spectral and potentiometric methods.
An ahalysis of the EPR spectrum permitted them to conclude
that the free valence of the semiquinone form of eosln was
localized on the carbon atom in position 9.

Hantzsch (27) in 1916 suggested a free radlical struc-
ture for the reduced phenazine in view of the presence of
two absorption bands in the UV, a phenomenon which is ob=-
served neither in the fully reduced nor in the fully
oxidized form, and is absent in compounds of bimolecular
structure., Irradiation of phenazine in absolute ethanol in
a nitrogen atmosphere gave a negative photopotential as
shown in Table V and also produced a new abeorption band
in the UV reglon at 270-275 mu in addition to the one
present at 250 mu before irradiation.

Additlonal direct evidence indicating that the yellow=
colored semiquinone of AQ is = radicael is supported by
polymerization results given in Tagble VIII, It 1is known
that s photosensitizer of polymerization should absorb ov

radiation and with the energy so acquired form free
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radicals which have sufficient energy to initiate polymeriz-
ation. It was demonstrated that the yellow=colored
intermediate could initiate the polymerization of methyl
methacrylate. This was done by first irradilating an
‘ethanol solution of AQ in a nitrogen atmosphere until a
sufficient quantity of yellow=-colored intermediate was
present, Irradiation was shub of f and freshly'distilled

- methyl methacrylate was added to the yellow—coloredu B
solution. The tube was immediately seaied and placed in
the dark. A very viscous solution resulted in'24 hours
indicating that polymerization of methyl methacrylate

had occurred, An additional 24 hours resulted in the
complete precipitation of polymethyl methacrylatee
Tdentical results were obtained when a mixture of AQ in
ebsolute ethanol and methyl methacrylate were irradiated
for one hour in a nitrogen atmosphere, Comparison of the
infra red spectra of polymethyl methacrylate and poly=-
styrene with those presented in the literature (28) confirm
the presence of the polymers. ’

Other compounds listed in Tabie V which gave negative
photopotentials have also been reported ae'phetosensitizers
in polymerization processes. Benzaldehyde and benzophenone
were used as initiators in the photo-polymerization of
isoprene and styrene (29). Photopolymerizations of styrene,
butyl acrylate, methyl acrylate, methyl methacrylate, and

numerous vinyl compounds were initiated by benzoin (30,31,32),



Benzoyl peroxide has been employed as initiator in the
photopolymerizatidn of allyl methacrylate (33) and vinyl
acetate (34). Phenszine has been reported as a sensiﬁizer
for film formers such as rubber hydrochlorides and nitro-
celluloses, under the action of ultraviolet radiation (35).
Nuclear magnétic resonance studies (made by an outside
laboratofy) ofﬂan irradiated chloroform-ethanol solution
of AQ in a nitrogen atmosphere showed a shift in the chloro-
form proton resonsnce band indicating the presence of a
paramagnetic species in solution. Adams et al (56) have
obsérved the parsmagnetic resonance spectra of a nﬁmber of
semiquinone free radicals which included the AQ semiquinone
intermediste., These were observed in alkaline solutioﬁ
(water, ethanol, acetone or mixtures thereof) while under;
going oxidation by atmospheric oxygen or after reduction
with metallic zinc. An electron spln resonance study of
the AQ radical jon produced by controlled potential
electrolysis of AQ in 0,1 XN tetraethylammonium iodide in
dimethylformamide has been reported (37). Positive results
were obtained only when the electrolyzed sample was chilled
'in liquid'nitrogen and the ESR spectrum was run ét liquid~
oxygen temperatures, These same workers could not observe
any hyperfine structure for the AQ radical at room tempera-
ture, owing to the lack of homogeneity in the magnetic

f£161d under the conditions that were used, Repeating the




controlled electrolysis experimenta, the characteristic

color of the propcsed radical was produced,

85,

Mechanisms for the Production of Photopotentials Different

from that for AQ

The negative potential obtained upon illumination of

& nitrogen flushed solution of benzoyl peroxide in asbsolute

ethanol is attributed to the fofmation'of benzoyloxy

radicals as follows (38):

$coo - 0004 ———éﬁf;ey 2 $coo®

H

$c00° + CHzCHOH ——> §CO0H + CHLCOH

H H
sCOH + ¢$C00 - ooc@-———a-CH5-?oH + $cooe
0cod

CH

. .
‘ | . : I
followed by CHy-G-OH ———3 CHg=0=0 + dcoon
0cod

Elsctrochemically benzoyl peroxide may be reduced as

follows:
D e R S a, @
' 26 [ X J
phisde + o5« b
Ion‘ Radical
Q9
¢c-00C-¢

LE = B o+ 22210 ‘B_g;o_] [(b_g_oo]

(20)

(21}

(22)

(23)

(24)

(25)
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‘Therefore, any reéctibn that tends to form benzoyloxy
padicals will result in the above ratio being smaller;énd
thus the potential will be more negative., This is confirmed
experimentally since radiation decomposes each benzoyl
peroxide molecule into two benxoyloxy radicals and a
potential more negative than the starting . potential is‘
observed,

The observed photopotentials for diphenylamine and
tetraphenylhydrazine (39) cannot be explained by their

obvious reactions

povu 22> boN. ¢ o H (26)

+ PN (27)

On the basis of the above reactions and the Nernst equation,
diphenylamine should have given a positive potentlal and
tetraphenylhydrazine, a negative potential. But the ob-
served photopotentials were reversed, therefore, some other

mechenisms are involved which cannot be explained here,

Photopotentials for Complex Oxslates

The negative photopotentials obtained by irradiation
of the complex oxalates shown in Table IX are prdbably due

to the photoreduction of the metal complexes resulting in
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' the‘fdrmation of the next‘loﬁeﬁt oxidation state of the
metal and conversion of'tﬁé oxalate fon to carbon dicxides
The most recent work done on the photodecomposition of

ferrioxalate indicates the following stages in the reaction
' _(46)5 |

1l Absorption of radiation by a trioxalate ferric
iron ion tolyiéld an excited lon.

2, Conversion of the excited tricxalate ferric iron
fon tc & mestable state which may be a free radical, a
quartet or a ferrc-oxalate ilon attached toc an oxalate
radical.

%, Dissociation of the metasteble state to give a
dioxalate ferrous iron ion and an oxalate radical.

4, Reaction ¢f the oxalate radical with a trioxalate
ferric iron to give an oxalate ion and a dloxalate ferric
iron attached to the oxalate radical which in turn de-

composes to a dioxalate ferrous iron ion and carbon dioxide.

The effect of Cot* on the photopotential of potassium
cobaltioxalate complex in water is shown in Table X. During
radiation, the formation of a white precipitate was ob-
served in the irfadiated area, .Actually the Cotd 15 reduced
.by'the oxalate to Co*2, The oxalate is beihg released from
the complex and, therefore, results in precipitation of
cobaltous oxalates. This makes a quantitative analysis of

the photopotentisl data via the Nernst equation impractical
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without further investigation. Author cannot conclude from
this whether photopotentisl is due to accumulation of cote

or oxalate radlcal,

Effect of Varisbles on the Photopotential

1. Effect of Air. This already has been mentioned in

discussing the proposed mechanism responsible for formatlon
of the AQ yellow-colored intermediate. Photopotential
results are listed in Table VI,

o, Effect of Benzopinacol on the Photopotential of

Benzophenone., Results of this study are shown in Table X.

This investigation was conducted in order to show the
effect of a product on the photopotential of a particular
system. Benzopinacol was selected since it was deflnitely
shown to be a product obtained in the irradlation of benzo-
phenone in alcohol 1n a nitrogen atmosphere., Table XI
indicates that benzopinacol had no significant effect on
the photopotential of benzophenone. Thils can be explalned
by consideration of the absorption spectra of‘the compounds
'as shown in Figure 5. Benzophenone probably absorbs all of
the radiation, thus preventing the benzopinacol from being
photodecomposed into benzophenone and benzhydrql; T able
XI also indicates the precilsion 6f>the measurement of
photopotentials to be approxlimately ¥ 29 as shown by the
photopotentials obtalned using filtered radiation.

3, Effect of Concentration of Solute on Photopotentials.

The results of this study are presented in Table XII, It 1s
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seen that increasing %he concentration of the solute produced
a higher negative vhotepotentisl., An inerease in concen-
tration of solute leads tc increased absorption of radiation
and, in general, has the same effect on thé kinetica of the
process as an increasse in the intensity of radiation., A
higher initial coﬁcentration of solute results in the pro-
duction of an increased concsntraticn cf intermediatey
thereby, changing the potential to a more negative value.

4, Effect of Viscosity on Photopotentials, As can be

seen in Table XIII, increasing the viscosity of the solvent
resulted in lower photopotentisls., The major viscosity
effect is that of enhancing recombination of the AQ radical
and solvent radical. This resuits in more AQ molecules
being present in the irradiated area. Therefore, the ratio
of the oxidized form {AQ)te the reduced ferm (cAQH) is greater
in a more viscous medium., This causes the potential to be
more positive. It should be noted that the viscosity of the
solvent had a much greater effect on the decay curve than on
the rise curve. More time was reguired for the potential

to reach a value near the initisl point as the viscosity of
the solvent was increased. (See Figure 6). This definitely
indicates that the decay curve is dus to diffusion of
products away from the platinum electrode provided it 1s a
case of long=lived species as for AQ.

5, Effect of Para-Substitubtents on the Fhotopotentials.

The photopotentials obtained for the para=-substituted
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acetophenones and benzophenones are 1isted 1n Table V. Due
to the strong absorption in the region of the exciting
radiation, one might expect that all of the compounds should
have produced high negative photopotentials. However, such
was not the case. No explanation for the resulting photo=-
potentials can be gilven at this time., Information regarding
the electron densitles of the exclted states of these com=
pounds would probably help explain these results,

6., Effect of Wavelength of Radiatlon on Photopotentials.

Bxcellent results are presented in Tables XIII, XIV, and XV
to demonstrate this effect., Figures 7, 8 and 9 show that
the photopotentials definitely follow the absorption spectra
for the investigated compounds. The 77— 77* band was
chosen for the radiation studies since the n-——;?T* band

is very weak in these compounds. Thé results are reasonable
gince increased radiatlon absorption by a compound results
in more molecules being excited. These in turn can then
abstract hydrogen atoms from solvent molecules to form the
free radicals which have been shown to be the cause of the
photopotentialse

Effect of Presence or Absence of Electfode on

Productlion of Intermediate Specles. It 1s interesting to

note that a homogeneous concentration of the yéllow-
colored semiquinone in a very viscous medium (80% glycerol
and 20% absolute ethanol by volume) in a nitrogen atmos-

phere produced a negative photopotential which changed
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very little, hours after the irradigtion waé stopped.
Introduction of air into this system resulted in a gradual
disappearance of the yellow-colored semiquinone accompanied
by a corresponding change in potential to a less negative
value approaching the initial non-irradiated potential,

At ﬁhis point, an experiment was performed to determine
whether or not an electrode was essential for production of
the intermediate species, The platinum point electrode was
rotated 90° so that it was not in the path of the radlation.
With the recorder running, the radiation was made lncldent
on the cell, During a period.of several minutes of ir-
radiation, no change in potential was noted even though the
yellow intermediate was being formed. Then, gsimultaneously,
the radistion was shut off and the platinum electrode ro-
tated 90° so as %o be against the cell wall in the area

| préviouélyfirradiated. The potential changed to a more
negative Value“and.then decayed to a point near the starting
pofentiai. This definitély indigated that the electrode is
not néceésary for the productioh of the yellow intermediate

species of AQe

Reactlon Kinetics

The rlse- and decay-curve data were employed in
various equations in an attempt to determine the order of
reaction. It was found that the decay data could not fit

any simple equation due to several factors, such as reaction
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of intermediate and diffusion of intermediate away from the
electrode, contrclling the decay rate. The rise-curve data

gave a straight line when used in the following equation

E = mCr 4+ b (28)
dE _ dCr
at - ™3t (29}

If kinetics obey first order

- dCr

Ll = kC O

5 T (30)

then = (‘ 93‘1) = k [E:-J = KE - kb (1)
m d m

Plot of _2_% vs. E is linear with slope = k(t~1) and

intercept = - kb,

However, there is no justification for assuming (28) to be
correct since electrode potentials involve a log term for
the concentration. This means that the rise curve 1s
affected by several factors other than concentration of

reactante

Polarography

Half-wave potentials for p=-Benzoquinone, Naphtho-~
quinone (1,4) and Anthraquinone (9,10) in Dimethylformamide
solutions containing 0.1 M lithium chloride are presented

in Table XVII. TResults indicate that irradiation
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(2400-4200 i) had no effect on the half-waves. The only
observed effect was that of the diffusion currents being
decreased when the solution was exposed to irradistion
before and or during the run., The half-waves found for
p=-Benzoquincne and Anthraquinone (9,10) do not agree with
those presented in the literature (41)., The only difference
was the use of lithium chloride as supporting inert electro-
lyte instesd of tetrabutylammonium bromide., Apparently the .
fact that lithium chloride is very hygroscopic is a partial
explanation for the shift of the hsglf-waves of p~Benzoquinone
and Anthraquinone (9,10). Wawzonek and co=workers (41)
reported that the presence of 1% water in the solutions
lowered the second half-waves approximately 0.35 volts in
sach case. Therefore, the presence of water could easlly
account for results listed in Table XVII.

Polarographic results of alcohol solutions of Anthra-
quinone (9,10) using 0.3 lithium chloride as supporting
electrolyte are listed in Table XVIII. Inconsistent
results were obtained as shown by the values for the second
half-wave., In addition to the diffusion current being
decreased, irradiation also resulted in a shift of the
half-waves of 9,10 Anthraquinone in most cases and of the
supporting electrolyte in some cases. The values for the
helf-waves found in this study do not agree with those

presented in the literature (42). The only differences
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were the use of a satufated calomei electrode as the
reference electrode énd‘the presende éf a smaliﬁamount of o
lithium hydfoxidéo In the.cited reference (42) Anthra-
quinone exhibited half-waves at -0.83v and -1l,17v vs. the
" gaturated caibmel electrode which was assumgd to represent
a reduction through the semiquinone to anthrahydroquinone.
Apparently these suthors overlooked the juhction potential
effect due to the use of a saturated calpmel electroda in
a non-aqueous medium, This would probably account for the
major differences between the results obtained in the
present study and the literature report.

These series of polarographic investigations were
primarily of a qualitative nature and an accurate exﬁla-
nation for the compounds studied is impossible in view of

the inconsistent results.
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CONCLUSIONS

The investigation of the photo-induced electrode

potentials can be summarized by the following conclusions:

1. The photo=induced electrode potentials have been
shown to be due to intermediates produced by photochemical
reduction, The experimental observations on the inter-
mediate in the case of anthraquinone (9,10) are consistent

with a free radical interpretation.

2, On the basis of the experiments with AQ, it can be
concluded that the free radical is the active agent causing
the negative potentials produced by radiation of other

compounds,

3. Discrepancies in the literature pertaining to
positive photo=-induced electrode potentials have been ex-

plained on the basis of peroxide formation,

4, Variables affecting the photo-induced electrode

potentials have been studied.

5 Photo-induced‘electrode potentials appear to be
potentially, a useful tool for the detection of minute
quantities of radicals and should pfove useful in the
investigation of the kinetics of resctlons involving

radicals,
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PART II

PHOTO-INDUCED LUMINESCENCE



71e

INTRODUCTION

Luminescence is a process whereby a molecule which
has absorbed energy of a given ffequency emits electro-
magnetic radiation to rid itself of the absorbed energye.
Fluorescence and phosphorescence are examples of lumi-
nescent processes. These phenomena occur when electro-
magnetic radiation of one freguency (generally ultraviolet
radiation) is absorbed and radiation of another frequency
1s emitted. The time delay between absorption and emission
is extremely short (10"8 seconds) for fluorescence but may
be on the order of minutes or hours for phosphorescence.

Normally, ketcnes do not fluoresce but phosphoresce
due to n-——)?r* absorption leading to a triplet states
T his was reported by Lewis and Kasha (43) in their work
concerning phosphorescence in rigid media at llquid=-
nitrogen temperature. During the studies pertaining to
photo=induced electrode potentials most of the compounds
1isted in Table V exhibited fluorescence and showed the
presence of colored intermediates. Therefore, this thesis
was expanded to study the fluorescence at room temperature
and luminescence at liquid-nitrogen temperature of these

intermediates.
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. EXPERIMENTAL

Materiels

All materials were purified and oxygen=free solutions
were prepared, as described in Part I of this thesis,
Absolute ethanol and EPA were used as solvents for room
temperature and liquid-nitrogen temperature studles,
respectively. These solvents showed no residual fluo-
rescence at the level of the sensitivity used. EPA was
prepared as followse

EPA - Ether, isopentane and absolute ethanol (5:5:2) -
Mallinckrodt reagent grade diethyl eﬁher, Eastman Kodsak
technical grade isopentane and absolute ethanol were used

without further purification.

Apparatus and Procedure

The apparatus used to obtain room temperature fluo=-
rescence and low-temperature luminescence spectra has
already been described (18). In brief, for room tempera-
ture studies, radlation from a high-pressure mercury lamp
was passed through a filter system and into a Vycor cell.
Fluorescence was, in turn, passed through a Bausch and
'Lomb grating monochromator to a photomultiplier tube.

The output of the photomultiplier was amplified and
introduced into a Varian recorder, For liquid-nitrogen

temperature studies, the only difference in the experimental



ample cell in a 1iquid-

procedure was the placing of the s

held in a Vycor Dewar flaske

nitrogen bath
ned on for fifteen minutes to a

A1l apparatus was tur

This was found to be gufficient

half hour prior to usee.

time for the fnstrument and lamp to reach stabllity.
Detalled operating procedures 8re given in Reference 18
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RESULTS

The absorption and fluorescence spectra for compounds
1isted §in Table V are shown in Figures 10 through 27. The
sbsorption spectra were obtained using non-irradiated,
nitrogen flushed solutions., Radical bands which were
found to be present in the absorption spectra of some of
the irradisted, nitrogen flushed sclutions are also shown
in these FPlgures. The fluorescence spectra were obtained
using nitrogen flushed solutions in stoppered Vycor cells
at room temperature and are uncorrected for phototube
regponse. Pertinent information for the fluorescence
procedure is listed in Table XIX.

The luminescence spectra of compounds in EPA at
liquid-nitrogen temperature are shown in Figures 28 through
45, These spectra were obtained using irradiated (for 1
minute with 3130 g radiation) end non-irradiated, niltrogen-
flushed EPA solutions. The sclutions contalning 5 x 10-4 M

of solute were frozen bto clear gl=

(4

zpz2 $in a liquid-nitrogen
bath prior to placing in the Spectrofluorometer. The
spectra are uncorrected for phototube response, The ange
lyzer monochromator slit widths used to obtain the spectra
are indicated on each Figure. Visual observations
regarding the color and duration of phosphorescence of the
EPA glasses, after removal from the exclting radlation,

are noted in Table XX,
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INFORMATION CONCERNING ROOM TEMPERATURE

FLUORESCENCE PROCEDURES

Analyzer
Molar Monochromator
Compound Concentration S1it wWidths

X 10% in mme
Acetophenone (a) 5,0 018
4=-Aminoacetophenone ° «19
4-Bromoacetorhenone ° 18
4-Nitroacetophenone ° «18
Anthraguinone (9,10) 0 10

in alcchol
Anthraquinone (9,10) in acid 1.0 030
Anthraquinone (9,10} 1.0 «30
in alkaline alc¢chol

Benzaldehyde 5.0 .18
Benzhydrol 5,0 o1l
Benzoin (b 10,0 $15
Benzophenone 1.0 «20
4-Bromobenzophenone 500 05
4,4'-Dimethylbenzophencne 1.0 +19
Benzopinacocl 5.0 «12
p-Benzoquinone - (b) 1.0 ol5
Benzoyl Peroxide 1.0 «l5
2,2' Bipyridyl 205 .18
Diphenylamine 25 .09
1,4 Naphthoquinone (vY 10,0 0l5
Phenazine 5,0 025




(a)

(b)

' PABLE XIX (Cont.)

A1l of the above compounds were run using the following
settings for the Spectrofluocrometer: Voltage 8003
Load 100 megohmsg Amplifier Beckman Zeromatics Filter
System, 7-54 glass filter + N§S0,06H,0, 200g/L of Hy0

in a 5 cm., quartz cell,

Same as (a) except an additional filter of Ky,Cr0,,
0.2g/£ of B0, in a 1 cm. quartz cell was Inserted in
the filter systemo



TABLE XX

VISUAL OBSERVATIONS OF PHOSPHORESCENCE OF EPA

GLASSES AT LIQUID-NITROGEN TEMPERATURE

Color and Duration of
Phosphorescence after

Benzoyl Peroxide
2,2' Bipyridyl
Diphenylamine

1,4 Naphthogquinone

Phenazine

Compound Removal from Exciting
Radiation

Acetophenone Nene
4-Aminoacetophenone Blue - approx. 4 secs,
4~Bromoacetophencone Blue - approx. 2 secse
4-Hydroxyacetophenons Blue - approx. 4 secs,
4-Methoxyacetophenone Blue - approx. 5 secs,
Anthraquinone 9,10 None

Benzaldehyde None

Benzoin Viclet - approx.4 secs,
Benzophenecns None
4-Bromobenzophenons None
4,4'~Dimethy1benzophenone None

[Benzopinacol None

p-Benzoquinone Blue = approxe.l0 secse

(2) Blue-approx.6 secs.
Sky Blue-~approxe5 secse
Brilliant Blue-1l0 secs,
ane

(a) Green-approx.5 secs.

(2) Obtained on the EPA glass whose solution was irradiated

before being frozen.

770
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DISCUSSION OF RESULTS

Absorption and Fluorescense Spectra

Quinones

The quinone structure has been reported as not being

conducive to fluorescence, Benzoquinone, naphthoquinone
and anthraquinone (AQ) do not fluoresce 1ln solution,
although anthraquinones containing hydroxyl groups capable
of forming hydrogen bridges with the carbonyl oxygen are
fluorescent, like 1,4-dilhydroxyanthraquinone (44). Fluo-
rescence spectra for AQ in neutral and basic solutlons are
shown in Figure 10. These are attributed to radlcal
formation produced by intense radiation of the T —>mr#
absorption band in an inert atmosphere and in a solvent
possessing an abstractable hydrogen atom. The alcohol
solution of the semigquinone radical produced the most
intense fluorescence. This is not evident from Flgure 10
since the analyzer monochromator slit widths were O.l mm,
for the alcohol solutions compared to 0.3 mm for the alka-
1ine alcohol solution. The limit of detectlon of fluo-
rescence for an alcohol solution of the semiquinone_fadical
was found to be 5 x 10=7 M using slit widths of 0.3 mm, It
should be noted that in the presence ofkair, the‘élcohblic
solution of AQ was not fluorescent. This 1s attributed to
the absence of the AQ radical due to trapping of thé B

radicals by oxygene
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Figure 10 shOwé thé'Similérities among the fluorescence
spectra of the AQ solutions. The shift from 21,000 cm, "t
to 18,600 cmo"l is caused by ionization of the semlquincne
radicsl to a semiquinene radical fon. It is interesting to
note that prolonged irradiation of a 5 X 10”6 M AQ solution
in alcohol resulted in an intensity shift with the 24,250
em.™t band becoming the most intense. This caused the band
to show a peak at 25,000 cme. ™+ instead of being a broad
band as shown in Figure 10, Apparently, decreased radicsl
formation and increased formation of a fully reduced AQ or
a dimer, caused this intensity change.

It should be noted that exposure to air, of an ethancli
solution of AQ irradiated for C.5 hour in a nitrogen atmos-
phere, produced practically the same absorption spectrum as
a non-irradiated AQ sclution. This is additional evidence
for the yellow intermediate being a radicale.

Tt is known that phenyl substitution for hydrogen in
condensed ring hydrocarbons tends to increase the normal
fluorescence intensity and to displace the absorption and
fluorescence to longer wavelengths, This accounts for the
differences in the absorption and fluorescence spectra of
p-benzoquinone and 1,4 naphthoquinone when compared to AQ.
Fluorescence bands were obtained in the presence of air for

these two quinones as shown in Figures 1l and 12. Exclusion

of air resulted in these same fluorescence bands becoming
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approximately four times more intense. In the presence of

gir there is a small amount of radicals present while in

the sbsence of air the concentration of radicals is increased,
T+ should be noted that the p=-benzoguinone and 1,4 naphtho=-
guinone solutions in ethanol were used within fifteen

minutes after preparation. This was necessary since exposure
of solutions to sunlight or even standing in the dark re-

sulted in more intensely colcred solutlons,

Phencones

The absorption and fluorescence spectra for the
phenones are presented in Figures 13 through 20, The only
reference in the literature concerning the fluorescence of
these compounds was reported for benzophenone (20), An iso-
propancl solution of benzophencne exhibited strong blue
fluorescence when irradiated with 2537 i radiation. However,
this reference (20) failled tc mention the wavelength of
fluorescence.

Acetophenone and all of the substituted acetophenones
produced fluorescence In an inért atmosphere under intense
ultraviolet radilation., Only the 4-amino- snd 4-bromoaceto-
phenones exhibited fluorescence in the presence of air.

The 4-hydroxy- and 4-methoxyacetophenone fluorescence
spectra are not shown since the intensities of their broad
‘bands were very weak, The peaks of these bandé were at

o
3850 snd 3600 A, respectively. It is interesting to note



f5%)
e
[-]

that amincacetophenone produced the most intense fluo-
rescence band of the acetcphenones, This band at 27,300
cm._l (3663 R) ig the normal 7/ —» 7® fluorescence band,
Atmospheric oxygen had no effest on the intensity of this
band. In normal fluorescence, it is known that the presencse
of an amino group increases the fluorescence.

Nitro groups do not necessarily completely quench the
fluorescence of compounds absorbing at longer wavelengths,
especially if the mclecule contaigs a substituent tending
to intensify fluorescencs. A concentrated sulfuric acid
solution of acetophenone was found to have the same absorp=
tion bands (at longer wavelengths) as an irradiated ethanol
solution of acetophencne in a nitrogen atmosphere, Matsen
(45) described the interaction of the trivalent carbon atom
(in carbonium ions, free radicals, and carbonions) with &
vinyl or phenyl group in termeg of the mclecular orbital
theory. He concluded that the moclecular orbitals and their
associated energy levels for one elsctron will be very
similar for the carbonium ion, the free radical and the
carbonion. Matsen (45) reported that the formation of an
jon or radical conjugate to a benzene ring introduces a
level intoc the center of %the benzens level system which
shifts the absorpticn to longer wavelengths. This is more
evidence that the new band produced in the UV spectrum of
en irradiated acetophencne solution in a nitrogen atmos-

phere is a free radical,
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In Figure 17 it is seen that benzoin has a strong
fluopescence band ab £7,000-27,400 cm.~L (= 3680 R). This
band 1s completely quenched by air. The absorption
spectrum of an irradiated benzoin solution in ethanol
indicates the presence of a new band in the vieinity of
the n —> 77 ¥ absorption band. Introduction of air into
+his irradisted sample resulted in the disappearsasnce of
this band. The presence of a benzoin free radical is
probably the cause of this absorption band and the fluo=-
rescence band.

Benzophenone and the gsubstituted benzophenones
1ikewise exhibited fluorescence which have not been re-
ported in the literature except for Pitts (20) mention of
blue fluorescence for benzophenone. Figures 18 and 19
show the fluorescence bands for benzophenone and the 4-
bromobenzophenone appear at exactly the same frequency,
26,800 em.~1 (~ 3730 K). It is interesting to note that
4-bromobenzophenone exhibited a strong fluorescence, even
though in normal fluorescence bromo-compounds are known
to diminish fluorescence. The 4,4v dimethylbenzophenone
solution in ethanol also produced fluorescence as shown
in Pigure 20.

Comparison of the fluorescence and aebsorption spectra

of benzophenone, benzopinacol and benzhydrol cléarly

indicates what 1s happening in the photochemical reactions

of these compounds. Benzophenone fluoresces at 26,800 cm,"

1
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due to formation of & benzophenone free radical,
‘ [?CGH5)ééOH o Benzopinacol Tikewiss shews this same fluo=
 rescence. band in Figure 21. This is reasonable since the
primary action of UV radiation on benzoplnacol results in
photodecomposition of benzopinaccl to benzophenone and
penzhydrol. The benzophenons in turn is converted to the
radical, according to the reaction mechanism of Pitts et
a1 (20), which then exhibits a fiucrescence band at 26,800
cm."l. Benzhydrcl shows a fluorescence band at approximately
27,000 om.~1 in Figure 22, The iInitial fluorescence spectrum
of benzhydrol showed a very weak band at 27,000 em. T,
Prolonged radiation resulted in this band becoming more
intense. This can be explained on the basis of benzhydrol
being oxidized %o benzophencne which in turn produces free
radicalse

Tt should be noted that the absorption spectrum of
benzophenone in concentrated sulfuric acid appeared
gimiler to the spectrum of an irradiated, nitrogen-flushed,
ethanol solution of benzophenone. The entire sgspectrum was
shifted to longer wavelengths in acid., According to infor-
'Amation given by Matsen (45), this is additional evidence

. for indicating the probable structure of the benzophenone

radical to be [(06115) 2COH] .

Miscellaneous

In Figure 23, a fluorescence band ab 26,800 to
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RELATIVE FLUCRESCENCE (ARBITRARY UNITS)

FIGURE 22

EﬁSORPTION AND FLUORESCENCE SPECTRA OF ABSOLUTE ETHANQL SOLUTIONS OF BENZHYDROL
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FIGURE 23

ABSORPTION AND FLUORESCENCE SPECTRA OF ABSOLUTE ETHANOL SOLUTIONS
OF BENZALDEHYDE
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27,400 <m, 1 (~ 3730-3650 A) iz shown for benzaldehyde in
abzolute ethanol in a anitrogen atmosphers, Compareble
fluorescence bands for scme other compounds containing a

ketcne group are listed in Table XXI,

TABLE XXI

FLUORESCENCE BANDS FOR SOME COMPOUNDS CONTAINING

A KETONE GROUP

Compound Frequency in eme ™t

Acetophenocne 25,000
4-Bremoacetophenons 27,000
4-Nitroacetophencne 26,200
enzoin 27,250
enzocphenone 26,800
4=-Bromobenzophenone 26,800

Since benzaldehyde does not normally fluoresce, the fluo-
rescence band is probably due to the benzaldehyde free
radical [ CsHsgIOH ] °

An absolute ethancl solution of benzoyl peroxide in
a nitrogen atmosphere exhibited the fluorescence spectrum

shown in Figure 24. Benzoyl peroxide did not fluoresce
in an atmosphere of air. Agaln, it is felt that the
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fluorescence is probably dus to the benzoyloxy free radical,

[06H5COO°] resulting from the rhotodecomposition of benzoyl

peroxide. |
Figure 25 shows the flucrescence spectra of 292v Bi=

pyridyl in alechcl in the presence and absence of air.

Two new fludrescence bands asppeared in the nitrogen-flushed

sample. Normally, 2920 Bipyridyl does not fluoresce. In

wview of the photopotential results due to presence of free

radical, it can be concluded that the fluorescence is dus

to the bipyridyl radicsl, one of whoss forms can be repre-

sented by

Figure 26 clesrly indicates two well-defined peaks
in the fluorescence spectra of Dirhenylamine at 27,800
and 29,000 cme™+ (35937 and 3448 4, respectively)s Di-
phenylemine has been reported to exhiblt a continucus
fluorescence band at 3260=4150 ﬁ in a Hexane solutien (46).
The diphenylamine radical [(GGHB)QE“;] is probably the
cause of the fluorescernces

One of the most interesting fluorescence spectra
obtained in thesevstgdies,is.ghownAiﬁ Figure 27 fof.anA
gabsolute ethanol soiutioﬁ 6f,Phen&zine. Iﬁ order to show
the fluorescence intensity increase for the nitrogen—
flushed solution, the relative fluorescence values are

expressed in logarithms. It 1s seen that the 21,300 em.=1
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(4695 i) band is the most intense fluorescence band in
the nitrogen-flushed solution. The 23,800 em.~l (4202 )
band which was the most intense fluorescence band in =
solution containing air, appears to have disappeared or
else has been completely smeared by the 21,300 cm.'l band,
This intense band at 21,5%? cm,'{aﬁs probably due to the

phenazine readicsal, The intense green

o

fluorescence cannot be attributed to contamination by
phenazine-N-oxide or phenazine-di-N-oxide (47). The only
other fluorescence bands reported for phenazine in the
Iiterature pertained to those bands produced by x-ray

irradiation (48) of phenazine crystals,

Luminescence Spectra at Liguid Nitrogen Temperature

Quincnes

Figure 28 shows the luminescence spectra of AQ in
EPA glasses at liquid-nitrogen temperature. These spectra
gre uncorrected for detector response., It is interesting
to note that there is structure present Iin both spectrae
As seen in Figure 10, the fluorescence spectra at rooﬁ
temperature shows broad bands., This agrees with the well-
known fact that spectra are generally sharpened when
frozen into glasses at low temperature, due to a decrease

of thermal smearing. The sclid curve represents the
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apectrum of =n AQ sclublon in EPA which was rozen to &
glass without any radisticn treatment. This 1s the true
phosphorescence spectrum for AQ since gzll of the bands in
the spectrum agree with thcse reported by Lewis and Kashs
(43), The dobted wave represents the luminescence spschtrum
of an AQ solution in EPA whish was irradiated for apﬁroxi-

- frozen. 1t 1s seen that s

&)
it
fde
—
)
3

mately cne minute befeore |
new, intense, broad band appears in the 21,000-20,450 eme ™t
region (476CG-4830 R) for the dotted curve. -This band isl
due to the fres radical which appsars at approximately
21,000 sme™t (4760 R) in an ethanol solution at rocm
temperature, In the EPA glass made from a non=irradiated
sclution, ths solvent and solute molecules are rigidly
fixed, Thus, intsraction bstween the solvent snd excited
state solute molecules to form free radicals is greatly
minimized, The EPA glass of AQ formed from an irrsdiated
solution was melied =and the solution was re-irradiated for
thirty minutes. After re-freszing, a luminescence spectrum
wag run. This spechrum showed a band at 22,222 cmo ™t

(45C0 K) which was more "intense than the 21,000 eme ™t

(4&60 27 band mentioned above., The formation of a
luminescent product accounts for this band and is additicnal
proof for the 21,000 cm.”> bend being caused by the for=
mation of the yellew intermediate, the semlquinone radical

of AQ. (Refer to page 79 )
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The luminescenze spsctra for EPA glasses of p-benzo-
quinone are shcwn in Pigurs £2. Thers is practically no
d%fference between the spsctrs, Apparently, the radical
detested at room temperabure fluorescence decayed very
repidly after irradiation of the sclution befcre freezing.
.The spectra are probvably due td the rhosphorescence of
p-Benzoquinons. It sheuld be noted that a blue phose=
phorescence which persisted for approximately 10 seconds
wag observed for the EPA glasses of p=-Benzoquinone after
removal from the exciting radistion.

Figure 30 shows the luminescencs spectra for EPA
glasses of 1,4 naphthoquinene, The zurves shown probably
represent the phosphicrescence and radical spectra for
1, 4-naphthoquincnes Trradiation of the solution before
freezing produced the dotted curve. It can be seen that
two new pesks sppeared in the dotted curve., These must
be attributed tc the radical which produced a very intense
flucrescence band at aspproximately 24,000 em.~L (4167 i)
in ethanol at room tempsrature. It should be noted that
the phosphorescence of 1,4-néphthoquinone and p-benzo=
quinone have not been reported in the literature prior to

this work,.

Phenones
_The luminescence spectra of EPA glagses of aceto-

phenone are shown in Figure 3l. These spectra represent
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the phosphorescencs of scetophenene. Lewls and Kasha (43)
found & phosphorescence spsectrum of acebtophencne in the
same wavelength region in EPA at low btemperatures, but did
not describe the details of ths spectrum. A more recent
investigation by Vanselow and Duncan (49) described the
details of the spectrum of scetophencne in EPA at liduidw
nitrogen temperature. Both curves in Figure 31 sare
practicelly identical and ars in complete agreement with
the spectrum reported in Reference 45 o

Figure 32 shows the luminescence spectra of 4-asmino-
acetophenone to be the same for voth EPA glasses., These
spectra are dus to phosphoressence and fluorescence of
4-aminoacetophencne. A visusl observation regarding the
color and duration cof phosphorescence after removal of
the EPA glass from the exciting radiation revealed a blue
color whish lasted approximstely four seconds. This is
due to the broad band which appesred at 4300-4900 io The
bands at approximately 3580 and 3680 i (28,000 cme™+ and

27,174 cmo-l) are dus toc fluorescence of 4=-aminoaceto-

phendneo

The luminescepce spectra of 4-bromoécetophenbné in"w
EP& at liquid-nitrogen temperatures are shown in Figure
33, It can be seen that radiation of the solution before
freezing resulted in an incresse in luminescence intensity

in the 27,000 cm."l region which might be due to presence
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of 8 radiecal., Table ¥x¥ indicates 4=bromoacetophenons
exhibited a blue phosphorescence for approximately two
geconds. Therefore, the bands having a frequenecy of less
than 24,000 cm.-l probably represent the trus phosphor-
egcence for this compound,

The luminescence spectra of the EPA glasses of
4-hydroxy- and 4-methoxyacetophenones are shown in Figures
34 and 35, reSpecﬁivély. These probably represent the
phosphorescence of both éompounds since both exhibited
blue phosphorescence for approximately 4 seconds as indi-
cated in Table -

Examination of Figure 36 shows that irradiation of a
benzoin solution in EPA prior to freezing results in &
decrease in the intensity of the 3900 K (25,641 c¢mo™%) band
and the éppearance of new bands in the 27,000 eme ™t region,
The benzoin radical was found to fluoresce at approximately
27,000 cm.-li in ethanol at room temperature as shown in
Figure 17. The new bands in the EPA glass around 27,000 cm,'l
must be<attributed to the radical, The remainder of the EPA
spectra probably represents the phosphorescence of benzoin
which exhibited a violet color for approximately four@ @
seconds as indicated in Table XX .

Lewis and Kasha (43) reported the detailed phosphor-

escence spectrum for benzophenone in EPA at liquid-nitrogen

temperatures, Figure 37 is in complete agreement with their
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work., The spectrum of an EPA glass made from the irradiated
benzophencne solution shows a broad basnd in the 25,000~
27,000 cm."l region which is probably due éo the benzophenocns
free radica1, ‘Fluorsscence spectrum of a benzophenone
goclution in ethancl has a band around 26,800 ome~+ which is
attributed to the free radical,

Figure 38 shows the luminescence spectra of 4-bromo=
benzophencne which probably represents the phosphorescencs
spectra, In addition to changes in intensity, there appears
to be something underlining the dotted curve which could be
due to radical phosphorescence or product phosphorescence.

Radiation of a 4,4q-dimethy1benzophenone solution in
EPA just prior to freezing results in significant intensity
changss and the sppearance of two new bands in the lumi-
nescence spectrum as shown in Figure 39, These are probably
due to the presence of radicals which were produced in the
solution before freezing.

Figure 40 shows the luminescence spectrum of an EPA
glass of benzopinacol, This spectrum is identical with
the specfrum shown in Figure 37 for an EPA glass of benzo-
phenone whose solution was irradlated before being frozen.
This is reasonable since benzopinacol is photodecomposed
into beniophenone and benzhydrol. Life-time mea;urements
with low intensity radiation are necessary to identify the
fluorescence and phosphorescence bands in this luminescence

spectrume
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Miscellaneous

r

Figure 41 is in complete agreement with the phosphor-
sscence spectrum reported for benzaldshyde (43), Radiation
of a aolution of benzaldehyde before freezing results in
‘an intensity change and smearing of the 27,000 cmo~F band.
Apparently the Eenzaldehyde free radical is very short=livsd
and disappears in the time required to transfer the radiated
solution to a ligquid-nitrogen bath.

The luminescence spectrum of an EPA glass made from
an irradiated benzoyl peroxide solution is shown in Figure
42, This glass exhibited a blue phosphorescence for
spproximstely 6 seconds as indicated in Table XX . Ar: EPA‘
glass made from s non-irradiated benzoyl peroxide solution
did not exhibit any luminescence in the 3000-705C i regione.
The .cause cf this iuminescence is probably the benzoyl-
éxy radiceal, Thiskis based on the lack:of similarity
between the phosphorescence spectra of benzoice acid, which
{s a known product, and the benzocyloxy radical. Additional
work pertaining to the identification of the fluorescence
and phosphorescence bands would help to account for the
Iuminescence spectrum,

Since the luminescence spectra of the EPA glasses
of 2,2'=bipyridyl are practically the same as shown in
Figure 43, no conclusion can be made regarding the contri-

bution of the radical to 1umineécence. Teble XX indicates
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that 2927=bipyridyl exhibited = sky biue rhosphorescencea,
This indicates that Figure 43 probably rspresents the
phosphorescence spectrum of 292“=bipyridylo

Figure 44 shcws the luminescence spectra of the EPA
glassea of diphenylamine. The solid wave represents the
phosphorescence specstrum for diphenylamine, Lewis and
Kasha (43) reported the detaiied phosphorescence spectrum
for diphenylsemine, They reportsd bands at exactly the same
fréﬁuepciesfsﬁdwnrfof the szclid curve in Figure 44, Radie
‘létion‘of an EPA sclubtion of diphenylamine before freezing
resulted in production of 5 new bands., These bandsy .
probably due %o the diphenyliamine radical, exhibit a red
shift when compared to the fluorescencs bands in Figure 26,
Diphenylamine exhibitsd a briliiant blue phosphorescence
for approximately ten seconds as ncted in Table XX,

According to Lewls snd Kasha (43) the normal phosphor=
escence of phenazine cccurs in the infra-red region., An
EPA glass made from s non-irradiated phenazine solution
exhibited no luminescence in the 3000-7050 R region.
However, when an EPA solution of phenazine was irradiated
for sppreximately one minute, just prior to freezing,
luminescence was detected as shown in Figure 45. This is
probably due to radicsal formation, The luminescence
spectrum closely follows the fluscrescence spectrum of

phenazine in ethanol et room temperature as shown in
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Figure 27, It should be noted that this EPA glass of
phénazine exhibited a green phosphorescence for approxi-

mately five seconds after removal from the exciting

radiation,
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CONCLUSTIONS

This investigation of photo-induced luminescence can

be summarized by the following conclusionsg

1. The semiquinone radical and radical ion of anthra=-
quinone (9,10) have been shown to fluoresce. The 1limit

of detection for the former was found to be 5 x 10"7 M.

2, Detailed fluorescence spectra are shown for
seventeen compounds, Except for benzophenone and diphenyle
amine, these compounds have never before been reported as
being fluorescent, The fluorescence spectra are attributed
to radical formaetion produced by intense ultraviolet
radistion of the 77" —>77 ¥ absorption band in an inert
atmosphere and in a solvent possessing an abstractable

hydrogen atom.

3, Detailed luminescence spectra for various compounds
gt liquid-nitrogen temperature are shown. In most cases,
these represent the true phosphorescence spectra previously
reported in the literature, However, irradiation of the
EPA solution before freezing, produced changes in the
luminescence spectra which can probably be attributed to

radical formation in most cases,
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APPENDIX A

INS TRUMENTATION AND PROCEDURES
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Photopotentials

Instrumentation

A "T" shaped cell made by joining together three 24/40
standard tapered Vycor ground-glass joints so as to have a
maximum cepacity of 30 ml. was used to determine photo-
potentials. (See Figure 48)., One short arm of the cell
contained a 24/40 8 Pyrex ground glass stopper. The other
short arm of the cell contained a platinum electrode, 0.5 mm,
in diameter sealed In a standard tapered Pyrex jolnt 1eaving
a small exposed length of spproximately 2,0 mm. Thls elec-
trode was supported in the cell against the irradiated slde,
A silver=silver Chloride electrode was used as the dark
electrode in most cases, This electrode was made by
anodizing a 1 mm. dia., silver wilre in a 2 M HC1 solution
for 5 minutes using a constant current of 5 milliamperese
Tn cases where the solutions were strongly alkaline, a
platinum foll 1 x 1 cme X ,035 cm, thick was used as the
dark electrode. The dark or reference electrode was placed
in the long arm of the cell in a position where light could
not strike it. The long arm of the cell had a speclally
designed cap with four Inlets. One inlet was for the
reference electrode; the second, an inlet for bubbling
nitrogen into the solution; the third, an lnlet for malne-
taining a nitrogen atmosphere above the solution, and the

fourth inlet was used as an opening to the atmosphere,
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The entire cell was covered with black "Scotch” electrical
tape No. 33 except at the irradiation point where an area
of approximately 1.5 square centimeters was left uncovered,
The irradiation system consisted of a Hanovia high
pressure D.C. Xenon Compact Arc lamp (900 watts), air
cooled, housed in a hood. A double convex quartz lens, one
tneh in diameter and having a focal length of 14 cm, was
used in the incident 1light beam. A Corning No. 7=54 filter
Corex Glass No., 9863, 3,05 mm thick (2400-4200 X light
transmission) was placed between the lens and iris dlaphragm.
The detection system consisted of a D.C. electrometer
(17) having an impedance of 1012 ohms and a high speed, low
f{mpedance Brown recorder having a one second response time
for a full scale deflection. By means of a switeching panel,
the output of the electrometer was connected to the recorder
in such a manner so as to give photopotentials in positive
or negative millivolts. The recorder was further modified
with two, 1000 ohm, 10 turn Beckman Hélipots to enable one

to change the starting position and sensitivity.

Operating Procedure

To obtain a photopotential-time curve the following

was adopted as standard operating procedures’

1, The cell was mounted on a heavy ring stand placed

on a 23" x 23" x 1/2™ thick piece of iron which was further
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cushioned with foam rubber to minimize vibration. The
distance between light source and cell was 56 cm. Since

the laboratory was air conditioned and the lamp was properly
cooled, no further precautions were necessary to maintain

the cell at ccnstant temperature.

2, 25 mlo, of sample solution were added to the Vycor
cell and were then flushed with oxygen free nitrogen for

ten minutes.

%, An atmosphere of Nitrogen was maintained above the

sample solution in the cell after the initial flushing.

4, After allowing the solution to come to equilibrium
in approximately five minutes, the recorder was started,
then UV radiation was made incident on the cell by means of
g cable control on the iris diaphragm and the photopotential=

time curve was recorded.

5, After completion of several runs on one solution,
the cell and irradiated electrode were cleaned before

making a run with a new gsolution,

Cleaning Procedures

1. The cell was cleaned with water containing some
Alconox wetting sgent, rinsed with distilled water and

thoroughly dried before re-usee.
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2, The platinum electrode, used as the irradiated
electrode, was immersed in hot {(110°C) Chromic acid cleaning
solution for three minutes, rinzed with distilled water,
cathrnéized in a 1 M H2804 soluticn for ten minutes using a
constant ecurrent of five millismperes and rinsed with abso-
lute ethanol before re-insertion into the cell., This
electrode was always cleaned just prior to use in the cell
in order to remove oxide films on the platinum surface and
also to minimize the contamination of the clean surface with

atmospheric oxygene

3, The reference electrode, silver=silver chloride,
was always rinsed with absolute ethanol and wiped before re-
use in the cell, When needed, the silver=silver chloride
was cleaned by immersion in concentrated Ammonium Hydroxide
for ten minutes, followed by polishing with an Emory cloth

LYefore anodization in a 2 M HC1Ll sclution.

Calibrations

In order to obtain a correlation of photopotentials
and radiation absorption as a function of wavelength for
various compounds in absolute ethanol, the relative intensi-
ties for the Xenon lamp had to be determined. The apparatus
used in these investigations was composed of¢ a source of
radiation, a monochromator to analyze the emitted radiation,
a detector to produce a signal proportional to the light

emittance and a milliammeter to indicate the amplified output
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of the photomultiplier detector. Each of the components is

described in detall belowe

Source of Radliations Exciting radiation was obtained

from a low pressure Hydrogen lamp in the first part of the
calibration procedure. A high pressure Xenon Compact Are
leamp D.C. operated and rated at 900 watts was used in the

second parte.

Monochromators A Bausch and Lomb, Ebert mount, grating

monochromator was used as the analyzer monochromator. The
grating contained 1200 grooves/ﬁm and the efficiency was 65%
at 3000 R, The spectral range of the monochromator extended
from 2000 te 7000 i and the focal length was 500 mm. The
monochromator possessed a high degree éf spectral purity,
0.03% straylight at 3000 i and had a linear dispersion of
16.5 X/mm. Further information concerning the efficlency of
the monochromstor at various wavelengths and the calibration
of the wavelength drive of the moncchromator is given in

Reference 18,

Detectors The detector used in this investligation was
an R.C.A. 1P28 photomultiplier tubes This phototube was
used throughout the spectral region 2500 to 4200 i.

The output of the photomultiplier was amplified and

introduced into a Milliammeter,
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Calibration Procedure Part I

All equipment was turned on cne half hour before use
to insure maximum stability. The analyzing wavelength was
then set on the Bausch and Lomb monochromator. With the
entrance and exit slits closed; the slit widths were set
st 1.5 mm each. After setting the photomultiplier sensi-
tivity, the slits on the moncehromator were opened for one
minute and the reading on the Millismmeter was recorded,.
The slits were then closed and the analyzing wavelength was
changed. This procedure was repeated every 50 X for the
spectral range of 2500 to 42C0 io These readings were
corrected by using an energy output as a function of wave-
length value supplied by the United States Bureau of
Standards for a hydrogen lasmp. These readings and relative
intensities based on the 3350 i output being 100% are listed
in Table XXII,

Calibration Prccedure Part II

Part I was repeated using the Xenon lamp as the
rediation source end moncchromator slit widths of 0.18 mm
each. These readings were corrected by using the relative
intensities for the hydrogen lamp at each wavelength,

These readings and corrected relative intenslty values for
the Xenon lamp are listed in Table XXIII. These relative
intensity values were then used in preparation of a response
curve for the 1P28 photomultiplier tube as a function of

wavelength as shown in F igure 47.
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Calibration Procedurs Part TIT

Photopotentials for varicus compounds in absolute

ethanol were obtained at different wavelengths as followss

1. The wavelength was set on the monochromator. Slit“

widths were set at 10 mm eachs

2, The cell with 25 ml of nitrogen flushed sample was

mounted twe inches away from the mcnochromator exite

3, With the recorder running, the entrance siit to
the monochromator was opened first followed by immediate
opening of the exit siit to allow the radiation to strike
the cell and the photopotential-time rise curve was re=

cordeds

4, To obtain the decay curve, the exit slit was
closed first followed quickly by closing the entrance slit

in the monochromator.
5, Steps 2-4 were repeated for different wavelengths,

The photopotential as a function of wavelength results
are listed in Tables XVI through XVIIT,
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RELATIVE INTENSITY CALIBRATION FOR THE HYDROGEN LAMP

(B) % Relative
. Ener Output A/B Intensit
ewaveleggth (A) v.8.5. 8. Lgmp / Based  on

in % |mtiitamps x10~5 | watt per em? | x107° | 3350 Output
2500 9,60 06260 48,0 64,2
2550 9,35 0,190 49.2 65,6
2600 9,05 Coi71 52,9 70,6
2650 8,70 0.161 54,0 72,1
2700 8, 40 0,151 55,6 74,3
2750 8,15 00139 58,6 7803
2800 7,90 Co13l 6063 80,5
2850 7,70 0ol 62,6 83,6
2900 7,55 Coll? 64,6 86,2
2950 7445 0,113 65.8 87,9
3000 7., 40 0,108 70.5 04,2
2050 7,25 0,107 67.8 90,5
3100 7,15 0,105 68,1 91,0
3150 7,05 0,102 68,8 92.0
3200 7,05 0,101 69,9 93,4
3250 7,00 0.008 71,0 94,8
3300 7,10 0.097 73,2 97.8
3350 7,15 0,0955 74,9 100,0
3400 7,00 0,095 73,8 98.7
3450 6,60 0,094 7003 93,9
3500 6,15 0,093 66,2 88,5
3550 570 0,092 62,0 82,8
3600 5450 0,091 60,5 80,7
3650 5050 0,090 61.2 81,7
3700 5460 0.089 62.9 84,0
3750 5,30 0,088 6063 80,5
3800 5,30 0,087 60,9 81.4
3850 4,75 0,086 55,2 73,7
3900 4,15 0,085 48,9 65 4
3950 3,90 0.084 46,4 62,0
4000 4,00 0,083 48,2 6403
4050 3,95 0,082 48,2 64,3
4100 30 30 0,081 40,7 54,4
4150 3,10 0,080 38,7 51,7
4200 3,40 0,079 43,0 5745
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RELATIVE INTENSITY CALIBRATION FOR THE XENON LAMP

(D) % Relative
% Relative Intensity | Intensity
v ’ : for Hydrogen Lamp for Xenon
[Vavelength (¢ Based on 3350 Ae Lemp C/D
in A Microamps Output X10
2500 25,0 64,2 3,90
2550 117.0 65,6 17.88
2600 3645 TCa5 5,186
2650 33.0 7201 4,57
2700 31la.5 T4.S 4,24
2750 32.0 786 3 4,08
2800 3360 80,5 4,11
2850 35.0 83,6 4,18
2900 42,0 B6.2 4,87
2950 38,0 87,9 444
3000 43,0 C402 4,57
3050 45,0 90,5 4,98
3100 47,0 ©1l.0 5o14
3150 53,0 92,0 5,76
3200 54,0 89304 5,79
3250 57,0 S4,8 6,00
3300 61,0 g7.8 Be24
3350 71,0 100,.0 7010
3400 70,0 98,7 7610
3450 7040 9349 7046
3500 68,0 88,5 7,68
3550 675 82,8 8,15
3600 68,0 80,7 8.40
3650 77,0 81l.7 Q042
3700 78,0 84,0 9,30
3750 7965 80,5 9,77
3800 78,0 8l.4 2.58
3850 7240 T3s7 9,76
3300 70,0 65,4 10.70
3980 73,0 62,0 11.75
4000 72,0 84,3 11.20
4050 66,5 640 10,34
4100 67«5 54,4 12,38
4150 64,0 5167 12,38
4200 7360 5745 12,70




FIGURE 47

RESPONSE CURVE FOR 1P28 PHOTOMULTIPLIER TUBE USING A XENON LAMP AS SOURCE
OF
IRRADIATION AND A BAUSCH AND LOMB MONOCHROMATOR AS EMITTANCE ANALYZER . (REFER TO TABLE XXI1II)
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