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© ABSTRACT’

L]

The photochemmistry of HMp” (-me thyTphenazonium ion) iny
aqueous solution has been studied using e1ectron spin resonance (ESR)

and opt1cé% flash photolysis techniques.

When a ceqgassed NMPT solution is ir;adiated with blue light,
a stable radita] can be detected by ESR immediately after the 1jght is
. turned on. The radical has been identified from its ESR spect{hm and |
opftical absorption spectrum as the semireguced NMP+ radical cation ¥

(NMPHf); Pyocyanine is also found as a major product.

A mechanism for the photoreaction is. proposed involving

the formation of a so]veg} adduct of the excited singlet state of

-~

NMP+. This intermediate then donates an *0H radical to NMP+ in a
concerted re&ctién to form the‘ggmireducéd>pyocyanine radical cation
(PYHzt)’and the semireducgd.NMP+ neutral radical (NMP.) which is

then protoﬁated to form NMPHf. PYHz then reacts w1th NMP giving

e

NMBHf and PYH+, but PYH+ (the semireduced PYH™ neutral radical)
which can be generated' through the ionizati;k\6f PYHzt,‘can also

react with NHP+ giving N« and PYRT. - T

P The rate constanfyﬂef the various reactions were determ1ned

L

using an optical flashi photolys1s technique.

wqrerawd

2

- The quantum yield of the formation of NMPH® was determined  °

\\ \A P . ) . | -




.
-

using an ESR technique which does not require a knowledge of the-
jabsorption coefficient at the wavelength of the incident light. The
max imum quantum yield was--obtdined at pH 3 and drops to 0.29 ¢ 0.03

! . ‘ v

at pH 7f

P

»
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singly protonated form were carried out in ethanol and 6 M

hydrochtoric ac1d respectively. Sy - T absorption or

. phosphorescence of the doub]y protonated spec1es was not detected.
Fluorescence quantum yields for phenazine were found to be
8.6 xﬂlo_“ in.ethanol and 3.0 x ]O—s in hexane solution.
Fluorescence emission in ethanol was ascribed to a =,m state, énd
that in hexane was ascribed to a n,n* state because in hydrocarbon
so]ventsithe n,t* is the Towest excited éing]et state.

-
LS

These investigators also calculated the first and the
second pKa values of phenazine in ihe Towest m,n* triplet and n,n*
$inglet using FBrster's,cyc]e (35). Tﬁe pKa's of the n,n* tr§p1et
and n,7* singlet of phenazine were reported as 5.7, 4.0{second pKa)
and 4,1, 6.0 respectively whgreas the pKa values of the ground state

of phenazine are -4.30 and 1.21 (!B). : -

~

The photoreduction of phenazine in strongly acidic methanol
(0.1 - 1 M HCY in methanol) and weak]y'acidic methano] (methanol - .o

containing 0.1 M acetic acid and 0.1 M sodium acetate)gggs ‘
. oy

investigated by Bailey et al. (37). They 1nd1cated that the £ :

[
bl 17,‘

reactive state under both these conditions is the;]owest n, n* s1ng1et -
I - -state. They suggeste& tﬁat in weakly acidic metha;b{‘the }éact1ve
state underwent protonation followed by electron transfer from
methanol to produce semiquinone radical. The radical then reacted with -
d the solvent to produce 5,10—dihyérophenazine. In strongly acidic
methanol, the authors suggested, monoprotoqgted phenazine is directly

excited and then undergoes a second protonation to give a dication,

]
r b et o v e g 8

5,10-dihydrophenazine is forméd after electron transfer to the §

-
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CHAPTER 1

INTRODUCTION

¢ ~

Y e
In the beginning God created the heaven and the earth. And

then He made the light; the\sky, dry land and the seas; every so¥t of
grass, sged bearing plants and fruit trees..... On the sixth day

.

God ‘made every kind of animal and then He created man. God gave man

the seed beafing plants and fruit trees for food and all the grass
and plants to the animals and birds for their food. All life pn earth
is dependent on a wonderful process - photosynthesis - which converts

- carbon dioxide and water into carbohydrates and oxygen.

L

Photosynthesis is only one of the photochemical reactions
that are known to us today. _Many photochemical systems have been well
studied”such as the photoreduction of benzophenone in alcohols. Various
techniques such as elegtron spin resonance (ESR), nuclear magnetic .
resonance (NMR) spectroscopy, mass spectrometry, and fiash photolysis

\ .
have been applied to studymfhe mechanisms of photochemical reactions.
. - - - - -l . . _ . - PR - - . o e . _ Ja— o .o

Many photochemical reactions produce ridica]s and thus the
technique of ESR, which is a physical method to detect molecules with

one or more unpaired electrons,is of considerable value. For example,

the formation of the diphenylhydroxymethyl radical (])!gyhich was v

detected by ESR, confirmed that hydrogen abstraction by the excitqum
. A\ we




\

S

benzophenone from the solvent ethanol had indeed occurred. A} the'same

time, the intermediates of phatochemical reactions are usually very short

lived. Thue flash phetolysie techniques coupled with rapid detéction
techniques (such as optical flash photolysis and f%aéh ph9t01ysis
electron spin resonance (FPESR)) are very useful. in\reactjonsanmre
more than one transieht intermediate is _ Created, flash photolysis
techniques can also establish the chronolog1ca1 order of the .

appearance of transients. \

v

Dur1ng a study of the effect of the®dye NMPMS (N-methyl-
phenazon1um methy]su]fate, this dye is ofgﬁﬁ referred to as PMS) on
the kinetics of tight - induced free radical production and decay
in chromatophores of photosynthetic bacteria, an additional light - -
induced ESR signal was observed when a re& filter was accidentally
omitted. .The same ESR signal was observed when a control so]utidn
containing NMPMS but no chromatophores was illuminated with wh1te
light. Th15 ;::hulated us to 1nvestugate the photochemistry of NMP

(N-methylphenazon1um cation) in aqueous solution with the object of ¢

é]uc}dating the mechanism of this-reaction.

, ' N ;l' .
NMPMS has been shown to catalyze cyclic photophospharylation,

P e,

“the process where green plants, aIgae and photosynthetic bacteria use

rad1ant energy to form adenos1ne triphosphate (ATP) from adean1ne
d1phoﬂphete (ADP) and inorganic phosphate. It w.as,s,uggested.that'NMP+
substantia11y shortens the-chemica] pathway for the—A%P formation.

A knowledge of the wechanism of the NM§+ photochemical reactign Wil]

“perhaps help us to understand the role of NP in cyclic

o

photophosphorylation. . o ‘ ’ N

R ———— e el - e e e e




. reaction, of NMP* in aqueous solution and is very stable in

_ and optical flash Phq'f?‘ysi\,sy%c_hniqyes ‘were used to elucidate the

* -

N . S
~ »

Recently Bolton (2), by drawing analogies with the mechanism

‘ . 'of photosynthesis, has proposed a scheme for the sensitized

decompOSItlon of water using two coupled photochemical systems. This

scheme is shown in Fig, 1.1.< D is a strong photochem1ca1 reduc1ng agent

and A 1is a strong photochem1ca1 ox1d1z1ng agent When the two cells
are coup]ed e1ectrochem:ca11y the reverse of the photochem1ca1

reactions occur. Dur1ng the course of thlS work we have found that

. + . -
NMP  can serve as a phofbchem1ca1 oxidizing agent, that is, it can

photochemically oxidize itself, formate, acetate and other substrates.
Even though the photochemical react1on between NMP and water does not
produce oxygen as hoped for xn the scheme shown in Fig. 1.1, the

understanding of the mechan1sm of the.NMP reaction will provide more

information on hOw a photochemical oxidation reaction occurs.

N : b o
-

. In the present work it was also found that the semireduced

¢

species of NMP+ is one of_the major products of the photochemical -

{
anaerobic solution. This rad1ca1 was 1dent1f1ed as the sem1reduced\
NPT radical cation (NMPH') by the hyperf1ne pattern of the ESR signa]
and its optical absorption ¢ spectrum. ‘Both flash photolysis ESR (FPESR)

UV VV R U

kinetics of formation or removal of'various species in the system and
the rate constants of « the reactions were calculated from these .
measurements., The quantum yield of the format1on of NMPH was X
determined by an ESR technique whlch does not require a know1edge of
the absorption coefficient of the radical at the wavelength of the .
incident light. The pH-range covered in the"preseht study is from

N 2 tq'7. The reported pKa values of pyocyahine, NMPHt aﬂh one of the

T /

|
|
J
1
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. Figure 1.1

3

A Scheme ?Br the. Sensitized Decomposition of

N \ v .
Water Using Two (Bupled Photochemical Systems KZ).

. . -
- ¢

D is a strong photochemical reducing agent and A is

-

a strong photochemical -oxidizing agent.

’
.
.
B
- ]
Yy
e - N
Al
f v

v 4

'

-
5 : '~
i \
. N .,
. o )
Y s’-‘-r\‘: % ) ' .
>
;e il v . .
t
s ~
»
=3
-







@
N -
-

proposed intermediates, semireducgd Pyocyanine, are all around 6.
o Therefore both the protonated and the throtonated spec{es areé invo]Qed
in the reaction ;cheme. The severe ovgf]apping in the optical \
absorption spectra of NMP+ and the products further complicates ;he
system. Thg results are discussed in féry; of a mechanism involving

the addition of water to the excifed singlet state and the

formation of NMPHT and pyocyanine as the final products of the

reaction.

‘l




. CHAPTER 2

LY X
THE CHEMISTRY AND PHOTOCHEMISTRY OF\N-METHYLPHENAZONIUM

SALTS AND RELATED COMPOUNDS

2.1 HISTORY OF THE USE OF N-METHYLPHENAZONIUM METHYLSULFATE (NMPMS)‘

Kehrmann and Hawas (3) were the first to prepare NMPMS in
~ 1913 by treating phenazine with dimethyl sulfate for five minutes
at 100 - 1}O°C.ﬁ_\p_?he same paper, they reported that when an

alcoholic so]ution‘oi NMPMS was treated with a little sodium

hydroxiQe and allowed to.stand in the air for a short time a red ®
A S , -
colour develeped. They‘suggested that the methyl analog of

aposafranone 5(Fig. 2.1a) was formed. If concentrated auﬁonium
W
hydroxide'was used, the product was the 3-aminomethylphenazonium
salt (Fig. 2.1b).
Kehrmann and Havas (3) reported that on adding concentrated
potassium iodideé to a dilute solution of NMPMS, black - green
needles began to separate. They sugdested that it was a quinhydrone

; sélt;”C1;H11N2{3-26;3H12N2. In the same year, Hantzsch (4) reported

that the b]ack - green iodide prepared by Kehrmann and Havas was not

4
é a quinhydrone salt but. the simple methylphenazonium jodide because,
% ' on rubbing with silver nitrate or with silver sulfate in aqueous
§ suspension, the so called quinhydrone salt immediately and smoothly '
. .
!
r L




Figure 21

Structures of Aposafranone (a) and

3-Aminome thy1phenazoni um (S).
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gave the &e}low'- green nffrate or sulfate’aqd no dihydro salt was -

-

formed. - !

4

In the next year, Kehrmann and Danecki (5) agreéﬁ that the
--norma]hred - brown iodfde,'ClsHllNZI{ was formed by treating dilute
aqueous so]ufion of NMPMS with'koncentratgd aqueous or solid
potassium iodiazl When the NMPMS éo]ution'was first treated with
dilute sulfuric or hydrochloric qcid and then drop by drop with
concentrated potassium iodide, gray - green cfystals separated.
Black - green grystals were obtained after recrystallization from
" alcohol. Thg&ﬁalso suggested yhaﬁ the'erroneous analytical results
found (3) were probably due to the fact that the pnepanatioh‘
consisted of a mixture of the red - broyn iodide with a Tittle of the, ?
green compound. They réported that the;gregn cqmpound had gﬁe _ oo

+

formula C,3H NyI5Cy3HysN,I-2H,0. <

Hantzsch={6) reported that when NMPMS was digested with
: ) ’ - bl
~zinc dust and an excess of dilute hydrochloric acid containing a few /o

<drops of platinum tetrachloride, the solution first became green,

owing tq'tbé formation of the meriquinoid salt!, and then became

' The term meriquinoid is abp]iéd to compouﬁdg which are partially
qhin;1¢a1~§uéh as\warst%r‘5“5a1ts; while the term holoquinoid is. °
applied to compdunds which are completely quinoidal (7). wﬁrsﬁér's

_ salts are formed by the one - electron oxidation of aromatic
para - diamines, or the one - electron reduction of the

" corresponding holoquinoids. The redox potential of warster's
salt (a meriquinoid) is half way between that of the di;m{ne

and the holoquinoid (8). Although today it is easy to show by

~-
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colourless and precipitated as N - methyl1dihydrophenazine,
NH(CGHQ)ZNCHE. In the air, especially in agueous or.alcoholic solution,

its salts quickly oxidized to green meriquinoid salts. .

<

Michaelis (9) suggested that in acid ;olution phenazine and
related compounds, including N - alkylated deqivatives, were oxidized
and reduced in dist{nct one - electron steps, thereby passing through
a semireduced 16tennediate. These semireduced forms are stable in
acid and have a characteristic green colour which readily
di;;inguishes them from the fuf]y‘oxidized or fully reduced compounds.
Fiég 2.2 shows the structures of the various oxidation states of

NMP+‘and pyocyanine PYH+, i o
» .

Michaelis (9) deve]épedmé potentiometric titration method
to distinguish a process wﬁich involves a meriquipong.intennediate
from that involving a semiquinone intermediaté. R is a compound
which can be rever;ibiy oxidizéd in two successiv? steps, each
involving the loss of one e1ectfon. The completely oxidized form of

the compound is T. If the inte%mediateAfonm differs from R and from

T only by an electron Wi thout change of molecular sf}e,"the

e tacty

ESR that wbr§ter's salts, or more generally meriquinoids, are
,paramqgnetic'salts,reanly chemists had difficulty in
distinguishing between quinhydrones (meriquinones) and ]

- semiquinones (meriquinoids).
\
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Figure 2.2

Structures of Various Oxidation States o%

-

. Pl (2
/ NP and PYH'.
‘ + o4 , ’ - .
: , NMPHe and PYH,-3 NMPH and PYH, are the - :
prgtqnated semireduced NMP+ and PYH+; -
reduced NMP™ and PyH' respectively.,
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intermediate is called the semiquinone S. If the intermediate is a

compound of one molecule of R and one molecule of T, then it is caHed3
“a meriquinone M. In the case of a Teriguinone intermediaté reactior,

the potential depends on the volume of the solvent in which th?

initial amount of the substance was dissolved. It is shifted toward -

the positive Side of the reduction potential by 0.03 volt when the

volume is varied in the ratio 1 ; 10 while for the semiquinone

Y <

intermediate process the potential is independent of the volume of .

solvent used.-

“

£, - Ay [R]
D

= E, - B% In [s]
(7]
Efjp fhe potential, E; and E, are the apparént standard
\potentia1s of the R - S and S T systems respectively. E; and
E, are standard potentials d}{y if activjties are used in the
calculations.

. 2
Moo+ 2e -6, - AL 1n{¥%%
RT In [M]

2F E}i}

E is the potential, E, and E, are the apparent standard

2T+ 2 E =, -

potentials of the R ~ M and M - T systems respectively.
. 3 ¢
\ A




2.2 NMPMS IN PHOTOPHOSPHORYLATION

9 ‘ ‘
NMPMS has been w1de]y used in photosynthes1s studies where it
is found to have a st1mu1at1ng effect on photophosphory]at1on, the
#  mechanism by which green plants and photosynthetic bacteria use

radiant energy to-form ATP from ADP and inorganic phosphate.

Newton and Kamen (10) reported that ﬁhOtophosphorylation by
Chromatium chromatophoré particles is stimulated-by catalytic a@ounts
h of NMPMS or ascorbate, but tpat sé]utions of ﬁMPMS which were >« L ) .
egposed to Tight prior to use as photophosphorylation activato?é
have a decreased activating ability. The activatién of the
‘photophosphorylation system of Chromatium by NMPMS required the -
presence of the dye in the test mixture during assay. They a1so
showed that NMPMS was effect1ve in activating light 1nduced
phosphorylation under aerobic and anaerobic cond1tapns; however,
in the presence of excess reducing agent, the dye was inactive.
‘The authors also suggested that the most active reaox reagents for
stimu]gting photophosphorylation were those which h?ve :hstandard

potential of approximately zero Volts at'pH 7.

Hi1l and Walker (11) studied the effect. of 2 - nethy1-
1,4 naphthoquinone, flavine nuclebtfﬂe,fpyocyanine,—NMPMS,
anthraquinone-2-sulphonate, etc. on the photophosphorylation '
reaction in spinach chloroplasts. They foqnd that at ]ow:concentration . " i
(1075 M) these compounds could increase.phospho;}latioh under aerobic -
conditions. Of all the substances they tried, NMPMS appeared to be

the most active. If the experiment was set up in the dark and oxygen ‘

. removed as completely as pogsible, then no increase in

[ 4

l
'
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photosynthetic phosphorylation was obtained with NMbMS unless the NMPMS

solution had been previously exgbosed to light in the presence of gir.

The authors concluded that the activity observed with NMPMS was due to «

its rapid conversion to pyocyanine in light. However, Geller and

Lipmann (12) showed that photophosphorylation in gurified cell free

preparations of Rhodospirillum. rubrum was found to be stimulated

strongly by the addition of catalytic amounts of‘NMPMS, bbt not by
pyocyanine. When the NMWMS - activated- system was protected from
light absorbed by the dye, a reducing agent such as succingte o;
lactate was needed. The dye -"activated system was relatively
unaffected by electron transport inhibitors such aswéﬁtimycin A.
Thus NMPMS seems to bypass the inhibitor - sensitive spots in the
system. 1A maximal rate of photophosphory1d%1on is attained at an
intermediate sta§e of reduction of. the components of the electron
transport system; completely reduced o; oxidized dye inhibits

photophosphorylation. Thus it would appear that NMPH3L is the

“active agent in stimulating phosphorylation.
L . \

Geller (13) studied the effect of reduced NMPMS on

photophosphorylation induced in Rhodospirillum rubpym extracts by a

.10 us fldsh. The*author suggested that at least three steps were

.- . involved. -The first is -the light reaction, occurring at the - -

instant of a flash, in“which an oxidant and a reductant are formed.

3

This step is unaffected by the presence of the dye. The second step,

a slower reaction, is the réduction of the photooxidant at the

S

expense of reduced dye. The third step is the réduction of oxidized ZW“P;MIyA,QN;:

*
dye at the expense of reductant formed in the first step, completing Q

\ ”

~

~
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the cyclic prgcess of electron transport. It was found Epat addition - | .
of redhced NﬁPMS Towered the yield of ATP formed in a. 10 us flash.

He suggested fHat,with sufficiently intense illumination for a proionged
period)'intermediateé accumulated, presumably as a resﬁ]t of the

rapidity of photooxidation of the dye compared to the reaction

sequence which followed, and thus the yield of ATP obtained with

>

Tong (2 ms) flashes increased.




2.3 CHEMISTRY AND PHOTOCHEMISTRY OF NMP® SALTS

-~
.

2.3.1.  Oxidation States of HMP*

Using ESR and optical techniques Zaugg (14) studied the
spectroséopic and chemical properties Qf MY in ifs three oxidation
states at various pH values. The absorption coefficient of
recrystallized NMPMS at 387.5 nm in distilled water (pH 5.5).vas

Lo -1
reported to be 2.63 x 10 M o . -

L]

Fully meduced et (NMPH) was prepared (14) by adding
dithionite to NMPT in 0.2 M hydrochloric acid solution. The colour
of the solution first turﬁed;tq green, thén further addition of
dithionite causeg the disappearancé of the green colour and the -

formation of a white precipitate of NMPH.

-
The semireduced NMP+ was ;Jr%ed (14) by dissolving NMPH
in acidic ethanol and allowing air oxidation in the dark at room
temperature. During ;pié oxidation, acid is consumeq. If the
ethanol becomes neutral-in pH, red compounds will be fofﬁed which
probably are the oxidation produéts containing oxygen at the

2- or 3- position. i -

‘1zé&§§‘faréheﬁérebé;féaifhaf‘tﬁé‘{sogbést%erpoints pf the
oxidation of NMPH to semireduced nMp* and semireduced NMP' to NP
im aqueous pH a2 solutions were 355 nm and,409’nm respectively.
 Also, when excess ascorbic acid was added to an nMp solution at
pH 6.9, the nwp* was completely reduced to NMPH. NMPH“r is generated

-

when the solution is made acidic. The semireduced NMP® undergoes

!
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disproportionation to regenerate NMP+ and NMPH when the solution is
made basic again. The ESR spectrum of the semireduced species 1in
acidic solution had only nine broad lines; Zaugg did not report -any

hyperfine splitting constants. ,

2.3.2 Association” of NMP+ with Biological Eomponents

-

White and Dearman (15) added NMPMS and a reductant, such as

ethanol, to a B. megaterium or E. coli suspensien. As a result of

metabolic oxidation 6f the reductant, the contehts of the cell
became anderobic quite rapidly, and thereaffeéy NMPMS acted as the
principal electron acceptor. An,NMPMS free rédica] was observed

by ESR.

Zaugg et al. (16) studied the reactions between fully
reduced NMP' (NMPH) and chromatophores, They found out that

Co4
chromatophores of photosynthe;ic bacteria, R. rubrum, R. spheroides

and chromatium vinoscﬁ5cafa1y2ed a rapid, light - dependent‘

oxidation of NMPH. The/photooxidation_is coup]ed to a reduction

of ubiquinone (UQ, or UQS) A back reaction occurs in the dark

i

allowing for cyclic electron flow. The NMPH-UQ reaction was also
qata]yzed by extractég bacteriochlorophyll. They suggested that
the chromatophores cata]yze the photoreduct1on via

\ P

_ bacterxoch]orophyl] which med1ates a d1rect transfer of e1ectrons

from the donor mo1ecu1e to UQ under the influence of light.

~

_ Ishizu et al. (17) investigated the complex of
deoxyribonucleic 4¢id (DNA) with NMPY and NMRHt’by dltravioletﬂ-

visible and ESR spectrometry. The NMP+ was less strongly bound than

—
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NMPHT and had fewer biﬁding sites per DNA nucleotide. The binding
was reversed by raising"the ionie strength. Association of NMPHT -
with -DNA greatly stabilizes it against air oxidation and causes a

,shift in the Michaelis equilibrium (9) toward the semireduced species.

Nishikimi et al. (18)-studied the reduction of nitro blue

tetrazolium (NitroBT) by NADH (reduced nicotinamide adenine
dinucleotide) under aerobic conditions ana found that the rate was
negligible. They found that the addition of NMPMS tonthis systemn
provoked the reaction, and that the rate increased lineariy with
increasing concentration of NMPMS added. The authors suggested that
NMPMS acted as an electron car;ier in this system. This reaction

was inhibited upon addition of superoxide dismutase. Superoxide
dismutase has been shown to catalyze dismutation of the superoxide
anion radical (05) to form molecular oxygen aﬁd hydrogen peroxide (]9)»

!

Nishikimi et al. reported that the amount.of inhibition depended on*

the concentration of superoxide dismutase added. The maximum
inhibition obtained was 95 %, indicating that only 5 % of the

reduction of NitroBT was due to its‘direct reaction with reduced
E

NMPMS. They then suggested that the superoxide anion radicals weré

generated in the reoxidation o?’reduced NMPMS with oxygen.

When reductants such as NADH or ascorbic acid were added to,

NMPMS in the presence of hydrogen peroxide, Chayet et al.|(20) observed

chemiluminescence instrumentally. The emission obeyed consecutive
first order kinetics, both reactions beirng pseJBo first order. They

suggested that semireduced NMPMS was involved in the light

-

emission reaction. -

~ sl ~,
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Cost et al. (21, 22) reported that a reversible 1ight Jnduced

electron transfer can be induced béiween\a NMPMS radical and i
\

chromatophores from Rhodo§gjril1um rubrum. The NMPMS radical abbé?rs
to interfere with the transfer of electrons to or from thé site |
normally producing the light induced chromatophore free radical.
Using the technique of flash photolysis ESR, Cost and Bolton (23)
showed‘that NMPMS interacts with a reaction centre préparation from

the"blue - green mutant R26 Rhodopseudomonas spheroides. by a specific

binding mechanism. A mechanism was proposed involving the
interaction of NMPMS radicals on the donor side of P870. It 'wis in
this latter study that the direct photochemical production of free

radicals from NMPMS was discovered.

2.3.3 Photocheﬁica] Products from NMP'
McIlwain (24) was the first to study the photochemistry of
NMPMS. He exposed an aqueous solution of 2 g NMPMS to suglight in an
opeﬁ flask for one day. The solution was then neutralized and
extracted with-chloroform.The extract was dried with potassium
carbonate andwevaporated under reduced pressure. Pyoc&anine was
collected after pefro]eum ether was added to t{]e solution.®
737kgto-5~methy]phenazine and 1~hydroxyphenaz1ng\w§te/6515ined from“;

T

* the extract with water and dilute aqueous alkali respectively;
Phenazine was collected from the petroleum solution on evaporation..
The yields (in mole percent) of pyocyanine and ﬁhenazine-were
45 % and 47 % respectively. Mcllwain reﬁorted that in alkaline
solution N-methylphenazonium salts were found to be very unsfab]e

even under anaerobic conditions. In aqueous solution, a

-t
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precipitate of phenazine and N-methyldihydrophenazine was farmed and
fofma]dehyde detected. He suggested that N-metlylphenazonium
hydroxide is the immedijate prodﬁct‘of‘the reaction between -

1

-
N-methylphenazonium salts and alkali. -

McIlwain also prepared various highly coloured crysﬁal]ing
compounds such as 5-methy1phenqzy1-3-sulfonic acid and 5-methy1-
phenazyl-3-cyanide but he was unable to isolate 5—methy]phena2}1,'
that is the unprotonateﬁ/;emireduced'NﬂPMS radica],‘from solution..
owing to the ease ofliﬁs ggcomposftion to,phgnazine.

Rubaszewska and Grapéw@ki_(ZS) reporte& that the maxima of
the fluorescence spectrﬁm of NPT and NMPH' are at 526 nm and 746 nm
respectively. The f]uqrescehée 6f NMPH is on the borderline of the
i.r, and can bé detected only with an instrument of high sen;itivity.
They also reported that when NMPMS in aqueous golution‘was
irradiated at 405 nm or 435 nm in the presence of air,‘ﬁg underwent
photégxidation to pyocyaniﬁe:and no free radical forma%ign was
observed. They algz'repofxed the protolytic pK.a value for the ground

state of NMPMS was ~3.5 . The pKa value of the first excited singlet

state was'then determined using the Fgrster cycle and found to be 3.3 .

” When NMP+ was reduced efectrolyticai]y in 2- propanol, a -
solution of semireduced NMP' was generated:\ The product is eijther
NMP. or NMPHf depggﬁ?ng on the pH of the solution. NMP-_is the
neutral semireduced NMP+ and NMPHJ-r is the protopated'sémireduced NMP+.
Dobkowski and Rubaszewska (26) obtaiqed the ESR’spectra of both NMP-

and NMPH' in 2-propanol. Only the hyperfine splitting constants of

e ora v
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the neutral NMP: radical were reported as they ‘were unable to analyze
the ESR spectrum of NMPHT. They found that the pKa values for
) - ‘acridinium and-quinolium ions obtained in® 2-propanol by means of the
: glass electrode were 3.2°pKa units 1ower‘than-the cérrespond{ng pKa
; values obtained in aqueous solUtions. Thus the equation, ' t

ter) = pK_ ( 2-propanol-) + 3.2 , was used to correlate the
: a
agueous pH scale éﬁz\the apparent pH valyes in “2-propanol measured by
-~
the glass electrode. They reported that the pKa values for the
ground state and the excited state of NMPHt in watér were 5.7 and
10.4 respectively. Recently, Rao and Hayon (27) reported that the

pKa for the ground state of NMPH in 1 M t-butyl alcohol is 6.8 .

NMPHY in 2-propanol (26) was. found to be very stable in

the dark and under vacuum. There was no change in either ESR or
optical absorption spectra aftergfifipy months of storage. No )
phenazine was formed during storage of either NMP.or NMPHf in

(&)

solution. They sugge§ted that -degdkylation occurs in the course of, .

or parallel to, the photochemical (or chemical) reduction of NMPT

The authors also observed the quenching of NMP"fluo}escence in _

2= propano] b;-water. They suggested it was caused by the formation -
of the semireduced radical cation NMPHT in the excited state by fast - 5~ o
prdfon transfer. The extremely weak fluorescence of the radical ) .
cation was not detected under the conditions of the experiment, - | g
so’ the f]uéhescence of NMP. is Apparent]y quenched by water. The
f]uoré%cence lifetime of NMP. in 2-propanol is 5.1 ns in the absence

¢
» Of oxygen and 4.5 ns in an air saturated solution. The radiative

1ifetime was calculated to be 340 ns.




" When an aqueous NMPMS solution at pH 7.4 was exposed to UV

e

t al. (28), paper chromatogrﬁphic separation

1igﬁt by Marzotko
‘yielded five. different fractions, one of which“was usually unchanged
NMp . Optical absorption maxima of various species in methanol were

given, but the products were not identified.

Kehrmann and Danecki (5) reported that when a dilute aqueous
NMPMS solution was treated drop by drop wi%h tin (Il) chloride in”

-
hydrochloric acid a small permanent precipitate of the meriquinoid

SnC1, compound was formed wh;ch was then_ggdisso]ved by slow
" addition of the holoquinoid salt and shaking, and then salted out with
so]ip sodium chloride. - A green‘meriquinoid iodide was obtained with

a structure C13H11N21-C13H13N21~H20. Kehrmann (29) then showed in
1915 that when me;iquino?d iodide and iodine were added to 3ust

enough boiling alcohol and cooled, fine, dark needles of the compound
,CogHoyN, I, -EtOH quick]? separated according to the following equation
CCyaHyiNoICyaysNyl + Iy = CoghauNy Iy ‘The periodide was in all
aspects identical to a compound previqus1y described by-Kehrmann
. and Danecki (5). This is perha;s the first published report of the

preparation of a free radical salt even thoygh the authors did not

recognize that the meriquinoid jodide is actually a'radica1_(a ‘

ééhﬁdufnbne).‘
1972, Takagi et al. (30)ﬁfeported the preparation of
-a methylphenazonium radical ‘cation salt. The method is based on the
photoreduction of NMPMS in acid solution containing oxalate or

tartféte. The radical salts are stable for several monthsawen if

ked!“in air at room temperature. The structure was checked by1

P
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~ estimated values. a - S o

-y

2
e1ementaiaana]ysisfﬂ The presence of the ring NH in the perchdorate
-1
salt was verified by an absorption at ~2600 cm  in the i.r. spectrum
which_had been absent in the starting materialsNMPMS, . The ESR

spectrum of the perchlorate 5alt is the same as that of.the chemically
N N

semireduced NMP+ in abéo]ute alcohol. Furthermore, the ESR spectra

. n _ \
of the solid salts show a strongly narrowed singlet. These

observations.all indicate that it is indeed a radical salt.

2.3.4 ESR Studies

The ESR spectrum of the semireduced NP species was first

reported by Zaugg (14) in aqueous solution.

-

The spectrum at pH 3

consists of nine broad lines.

-

Dobkowski and Rubaszewska (26) recent]y‘reported the
hyperfine splitting constants of N-methylphenazyl radical (NMP.)
(5-methylphenazyl) generated by cathodic reduction on a platinum

cathode in 0.1 M LiCl isopropandl. Oxygen was removed from the

N _ N
= 6.47 G, ay ., = 4.52 G,

=3.91 6, ahyg = 3.2 G, al,e = 2.48 G and a),347,5 = 0,35 G.

soJution by bubbling argon through it. a

H
aN-Me

They could not resolve the hyperfine splitting constants of the

semireduced nMp* radical cation (NMPHT) and only reported




2.4 % PHOTOCHEMISTRY OF RELATED COMPOUNDS

4

2.4.1 Phenazine

The photoreduction and photoéﬂdition reactions of
acridine and phenazine are among the most stuQied of such reéctions
of heterocyclic compounds. Probqb]y}this is so because the primary
non-radical products can be isolated from both compounds and the
high_efficiency of these reactions make these compounds attractive

for detailed kinetic investigation.

i

The first reports of the photoreduction of phenazine were
by Dufraisse et al. (31) who investigated photoreactions of
phenazine in variéus a]coﬁg1s” Toromanoff (32) showed that the
pa%ﬁuéts'in methanol were molecular complexes of 5:10 dihydro- ”

phenazine and phenazine.

Phenazine had been thought to be a non - f]uorescent‘_

- -

molecule (33). However, fluorescence; phdéphorescencé and

corresponding absorption spectra of phenazine and both its

protonated forms were measured by Grabowski and Pakula (34) in 1969.
- The 0 - 0 energies of phenazine, the singly protonated species and the

21
doub]yAprptonated_SQQZies in the lowest m,n* triplet are 15475 ¢cm .,.

-1 . =1 . . . u
14175 ecm and about 9300 cm respectively. Corresponding energies
_1 L
of the lowest singlet state are 23500 cm , 21250 cm and
21 ’ -
17300 cm . The absorption and fluorescence spectra~ef phenazine,

singly protonated phenazine and Eoub]y protonated phenazine were

measured in ethanol, 6M sulfuric acid and concentrated sulfuric acid

4 .

respectively. The phosphorescence measurements of phenazine and its.

{ \
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singly protonated form were carried out in ethanol and 6 M

hydrochloric ac1d respectively. Sy » T absorption or

. phosphorescence of the doub]y protonafed spec1es was not detected.
Fluorescence quantum yields for phenazine were found to be
8.6 xth'“ in.ethanol and 3.0 x 10'5 in hexane so]hfion.
Fluorescence emission in ethanol was ascribed to a n,m* state, end
that in hexane was ascribed to a n,n* state because in hydrocarbon
solventgithe n,7* is the Towest excited singlet state.

' s

These investigators also calculated the first and the
second pKa values of phenazine in the lowest »,n* triplet and n,n*
$inglet using Ferster's,cycle (35). The pKa's of the =,n* trﬁplet
and =,m* singlet of phenazine were reported as 5.7, 4.0-{gecond pKa)
and 4.1, 6.0 respectiveby whereas the pKa ya]ues of the ground state

of phenazine are -4.30 and 1.21 (!b). : -

~

The photoreduction of phenazine in strongly acidic methanol

(0.1 - 1 M HCY in methanol) and weakly acid{c methano] (methano!l - N
centaining 0.1 M acetic acid and 0.1 M sodium acetate)gags {
investigated by Bailey et al. (37) They 1nd1cated that the é
reactive state under both ‘these cond1t1ons is the: 1owest n, n* s1ng1et iiiiii
state. They suggeste& that in weak]y acidic methano] the react1ve

state underwent protonation followed by electron transfer from :
methano[ to produce semiquinone radical. The radical then reacted with .

¢ the solvent te produce 5,10-dihy&rophenazine. In strongly acidic

methanol, the authors suggested, monoprotonated phenazine is directly

excited and then undergoes a second protonation to give a dication,

e Srrar £ At WA d L WSS kA k|

5,10-dihydrophenazine is'fonned after electron transfer to the

.
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dication., -The protonated excited phenazine triplet was found not to
- be reactive in :hat study. The p}oposed mechanisms may be summarized
as Fh]]ows. ) N
I; Qeak]y acidic methanol;
Np(sy) L My . (2.8).

Pysy) +H 2P (s)) (2.6)
pH’ f‘sﬁ# RH, - PH+ + RH} (2.7) .

\ PH. + RH, + PHy + RH- (2.8)
2 PH. L PH, 4P (2.9)

In strongly acidic methanol:

PHY (5,) hy gt (sy) ,  (2.00) .
pH* (sl)+ W2 pHEY (sy) (2.11)
PHEZ(S,) + RH, = PH, + RHL- (2.12)

- where P is the ground state phenazine ’ -

) PH' is the monoprotonated phenazine catign»
— PH-. is the phenazine semireduced radical -
PH, is 5,10-dihydrophenazine
’\“a_ ;, ' PH;2 is the doubly protonated phenazine !

RH, is methanol
P N i%f‘ ~

Using kinetic and‘f1a§h_php5b1ysi§ methods, Davis et al. (38)
showqg thaf tﬁe Towest w,7* triplet of phenazine is unreactive in the
photoreduction of phenazine by isopropanol, triethy]amine and
tri-n-butylstaﬂnane. They also ru]e& out the m,n* sjnglet as the
' »reactive species on’the basis of lifetime considerations. They
interpreted their data in terms of an n,n* singTetSQTth a lifetime of

about 1 ns as the reactant. The rate constants for the reduction
. ( -




.0

_then extracted with ether.

with triethylamine and the stannane were determined from\Stern-Vo1mer
plots and found to be close to that expected for a diffusion

3
controlled rate. In isopropanol, the reaction is abgut 10 times

. slower.

Japar and Abrahamson (39) then gave additional evidence
using the flash phoﬁo]ysis technique that the low - 1yt£g n,m* singlet P
1§'the reactive speéies‘in thé‘photéreduction of phenaf%ne in strong. N
hydrogen - bonding solvents. They suggested that fhe radiative

Tifetime Gf the lowest n,n* singlet state—should be on the order of -

0.1 us (ifinbt.complicated by radiationless decay). As the

formation of dihydrophenazine cation radical was observed during the -
first 150 us immediately after the photolytic flash, it is not the
primary product of the pgotoreduction. They then ‘proposed that.“
mbnoprotonated semireduced phenazine radical (Pﬁi)'ié the primary .
product. Due to a st;gng overlapping of the optical spectra of the
triplet, dihydrophenazine cation radical and PH- in trif]uoroethaﬁoi,

no direct evidence for the pre;ence of PH. was observed. These

authors furthér suggested PH- can form the cation radical by either

disproportionation or abstraction of acidic hydrogeh. The quantum

yield of formation of the dihydrophenazine cation radical in

trifiuoroethanol was found to be 0.08 = 0.015 .

When a.solution of phenazine in 2M aqueous phosphoric acid
so]ut{on was irradiated uhder nitrogen atmosphere, Wake et al. (40)
obtainéd a green solution containing a green precipitate. The .
solution was oxidized by air, neutra]i;ed with sodium cazbonate anq

The products were solvent addition

o

L e




.

products; They prépoéed a mechanism, which is shown in Fig. 2.3,
ipvo]ving a 1 ¢ 1 mixture of phengzonium and 1-hydroxyphenasonium
cation radicals. The structure of the solvent addition groduct
was identified eifhgr by comparison with an authentic sample or by

its physical properties and an elemental analysis.

Kawata et al. (41) investigated the photoreduction of

phenazine in -aqueous sulfuric acid solution. The pH dependence of

the quantum yield in acidic solution for disappearance of phenazine

was examined in agrategzand deaerated aqueous sulfuric acid solutions.

The maximum quantum yield ﬁ%s observed at pH 0.5 in both casegl They .

.suggested that the increase in the quantum yield at pH between 2.5
~and 0.5 with decreasing pH is due to the proto]yfic equilibrium in
the ground state. At pH less than 0.5 and HO'(Hammett acidity
function) between 0 and -0.5, the yield decreases and falls to-nlj as
pH or H, decreases.” The authors indicated that tRe decrease in
quantum yield is caused by the decreasé'in the amount of water in the
medium or by the suppression of the photoreaction process by the ’
"doubly protonated phenazine in the excited Singlet state. .Tth .
identified the dihydrophenazine cation radical as the main produgi.
The formation of hydrogen perox1;: ;as conf1rmed by the co]our change
of the potass1um hexacyanoferrate (IIIk-lron (III) ammon 1 um

Su1fate solution from red to dark green. They did not report the
relative y1e1d of the radical cation and hydrogen peroxide. The ™

dihydrophenazine cat1on radwcal is easily oxidized by air to give

1-hydroxyphenazine in the dark.

o
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Figure 2.3 o
The Proposed Mechanism of Wake et al. (40) for
the Photoreduction of Phenazine in Acidic Solution.
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2.4.2 . Pyocyanine

Pyocyan%ne is a compound Lhich is stab]g enough for
potentiometric titration and hence wa;.thé first compound studied
by Friedheim and Michaelis (42), even though the potentiometric
method was first applied,t? the study of the benzidine compounds by
Clark et al. (43). In‘theﬂlatter case the potential obtained

during the titration showed rapid drifts, so that no real insight

into the mechanism of "the process could be obtained.

«

~

Pyocyanine can be reversibly oxidized and reduced (42). - For
pH values greater than 6, the slope of th? potentiometric‘tié?ation
curves indicates there is only one twé - electron transfer step,
while for pH values less than 6, there are two one - electron
‘transfer steps. The appareﬁt standa;d potentials of pyocyanine at
various pH values were also given (42). The pKa values of
pyocyanine, semireduced pyocyanine and fully reduced pyocyaning'were

determined by Voriskova (44) and found to be 4.88, 5.63 and 9.36

respectively.

»e
2
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~ ’ CHAPTER 3

"EXPERIMENTAL TECHNIQUES AND MATERIALS

N
I3

3.1, BASIC PRINCIPLES OF ELECTRON SPIN RESONANCE (ESR)

<

Electron spin resonance spectroscopy~is a technique
designed to detect molecules with one or more unpaired electrons, -
such as free radicals, triplet states of molecules, most transition

metal ions etc., without altering or destroyifmy~the molecules .

-

In the presencé of an external magnetic field, the energy
levels of various spin _states of unpaired electrons are neo 122ger
degenerate. For a molecule with one hnpaired electron, the energy

gap between two states is -

AE = ggH ' \ (3.1a)
where g is called the g factor and is a dimensionless number whose
value for a free electron is 2.0023, g is the Bohr magneton and H

is $he intensity of the app]ié!lfie]d. ‘

'y
" A transition from cne state to the other occurs when the

system is exposed to an electromagnetic ?adiation with a frequency v,

where

" hv = ggH ) (3.1b)

, _ ’ ~
This is the basic ‘resonance condition of ESR. "




Because of ;he high frequency (100 kHz) modulation detection
» system used in most ESR spectrometers, typical ESR signals appear as .
the first deri&étive of the absorption lines. However,’with‘the use
of an-additional modulation frequency (1 kHz was used in this work)
and a second phase sensitive detector tHe second derivative of the
absorption line may be obtaiped. The second derivativé presentation
is very sensitive to gmall changes in slope of the absorption lines,

hence the resolution is improved. For further information beyond

this brief outline, please refer to Ref. (45 - 47), i
, . {
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FLASH PHOTOLYSIS TECHNIQUES

-

Flash photolysis is a me thod whereby a nonequilibrium state
can_be created in a reaction system in a short interval of time. It
is applicable to gases, liquids and‘ZQ]ids, and to the whole
a&ai?ab]e‘temperature range., The concentration of intermediates can
be measured directly as a function of time and their physical and
chemical properties can be determined. In the flash photolysig N
technique, fﬁg'feactants are irradiated with an 1ntenseif1ash of
visible or ultraviolet light. The intensit& of the flash must be

sufficient to produce a measurable change in chemical composition,

but the duration of the flash must be short coﬁpared with that of

ensuing reactions to be studied.

3.2.1 Optical Flash Photolysis
Flash photoTysis coupled with optical detectjon of
intermediates has proven to-be a useful device ingthé study of

transient intermediates in photochemical reactions '(48). There are

-

two main techniqueé for detection and estimation of intermediates.

T A

a. Flash spectroscopy: A second spectroflash, of shoft6duration,

k]

is fired at any chosen -time after the photolysis flash. A

spectrograph’is used to record- the absorption spectra

. of reaction intermediates phofographically.
Kinetic spectrophotometry: The Tight from a continuous
=1ight sburce is passed through the reaction celi.‘ A photo-
detector (usually photomultiplier and oscil]o;cope) is used
to record the changevin\light intens{iy:at a specified

wavelength which in turn is set by.a monochromator. By




changing the wavelenath of monochromator, the kinetic
behaviodr of various intermediates, reactants or products

can be determined.

i - The high sensitivity of the photomultiplier and in some
cases high absorption coefficients of the intermediates make the
detection of snﬁ]] concentrations of some intermediates possibie.
The investigation of some primary processes (49) is made possible
using newly developed picosecond laser pulses. Howéver, ‘
overlapping of absorption bands from several species, the small :
absorption coefficienié of s&me of the specie; conferned, and
the lack of detail in optical absorption bands are some limitations

of the opt?ca] detection technique which make it difficult to

identify or even detect some intermediates. - -
k

3.2.2 Flash Photolysis Electron Spin Résonance (FPESR) Technique’

The flash photolysis technique’was‘first coupled with ESR
by Bennett et al. in 1967 (505. Since then FPESR has become popular
in the study of photochemical and photobiolagical processes (23,5]-53).
Usually, a computer of average ttansients (CAT) is needed to improve
the siénal - to - noise ratio. The improvement in the signal - to -,
noise ratio of the data—increaseS'aS’the‘nghre'rboi of the number of
measurements. A delay unit is used to“trigéer the CAT at a set amount of
time prior to the triggering of ‘each flash. In this way i base Tine can
be recordéd to be used later in the determination of signal amplitude.
FPESR is-used to monitor’the kinetics of growth or decay of

X

paramagnetic intermediate species in the system. The ESR spectra

of the intermediates can be obeined when

,




by, -

the system is coupled with .a rapid s'can.gengerator or the profile of
. * /J‘
the signal can be constructed‘usiﬁg the signal amplitude of the

- s

- ~ kinetic¢ scan at various magnetic fields. From the g factor and

hyperfine pattern of the spectrum one can, in favourable cases, g

. , =
’ ” ” - N - . * -
kr 3 > hd 3 - '

e identify the paramagnetic species. . . >

3

" ESR is a sensitive technique: radical concentrations as low

v i) -9 . ! ’ N
S o= as 10 M Qave been detécted, but transient radica®s with ESR spectra

\
hav1ng~broad lines may be d1ff1cu]t to observe, éven with extensive

(-]
- ) s1gna1 averag1ng This is because the signal amp]\tude is .0

- approximgte]y proportional” to the_1nverse square of the peag - to -

peak- linewidth,- If the ESR spectra of two or more free radicals do

¢

overlap, the‘resu]ting-;pectrg can often be resolved by varying

‘instrumental conditions such as modulation amplitude and the v

¥ -

incident microwave power. FPESR allsws detecttom=af transients with
“lifetimes as'short as a feW microseconds. Unfortunately, the

uncerta1nty pr1ﬁ§?p1e prevents ESR detect1on of trans1ents w1th \ - .

11fet1mes less than ~1 ws. , : o

/' N
For a dﬁfg;%ed compar1son of optical flash phatolysis and

f1ash photolys1s ESR, please refer to Ref 54




" 3.3 SPIN TRAPPING TECHNIQUE

An indirect technique called spin trapping for the
detection and 1denfificatioq of low concgntrations of free radicals
in. reacti'ng. systems has been revjewed by Janzen (55). It'i nvo]\;es
grdpping of a feactive free radical by an addition reaction to an

unsaturated function to produce a more stable radical called a spin

adduct, detectable by ESR, whose hyperfine coupling paramefers may -

t
permit identification of the initial radical trapped. The basic

-5

reaction can be described as

SRy —H- CHR, + R» = R, — N — CH"§2 ©(3.2)
: | ' I
- o 0. A

. e

-

The two nitrone spin traps which have found wide use are

.« 5,5 dimethy]—1~pyrro]ine;1—oxide (DMPQ) and phenyl-t-butyl nitrone —

<

(PBN) | / .
: -~ H . H . : - ,
) 0 -
' Me - " '
. * ek _ > . ’
Me N . @* CH =N — C(CH;),

, | + *<
L0 L L .
DMPO | ' ‘ ' PBN

L4

DMPO has the advaatage that the 8 hydrogen hyperf1ne sp11tt1ng of the
sp1n adduct is qulte sensitive to the natare of R+ (56) whereas PBN

-~ has the advantage of forming,very stable sgin adducts. ’ 1 fz
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3.4 DETERMINATION OF THE CONCENTRATION AND g FACTOR OF RABICALS

3.4.1 Determination of the Absojute Concentration of Radicals
_The absolute concentration of an unknown radical can be
obtained by comparing the area enclosed by an ESR absorption curve to -~

a cqncentraiion standard under the following conditions.(57): -

a. the same incident microwave power; " .

b. no microwave power saturation of either standard or » v
M

,“i ’ . unknown rad1ca1i\\~//

¢. use of the same solvent and samp]e tube at the same

»
temperature.

—

The concentration of the paramagnetic species [X] is ﬁven by (57)
2 2 :
o - [Std] Area R (Scanx) Gera Motg (gstd) (S(S+T))std :

3.3)
“(Scan 2Gx M (gx)2(3(5+1))x

Area std)

std std
The subscr1pts X and std refer to the unknown and the standard °

respectively. Area is the measured -area under the absorpt1on curve

(arbitrary units as long=as they are the same for the unknown qnd

standard). Scan is the horizontal scale (in gauss per unit length)

on the chart paper. G is the relative gain of the signal amplifier,

K is the o L
degeneracy of the I§ne for which the area is be1ng determined and

M is the modu]at1on amp]1tude R = zD /D where D

sz is the sum of the degeneracies of all the lines in the spectrum;
L R is only required when hyperfine splitting is present. g is the g

afactor of the paramagnetic species. S is the spin quantum.number.

-

' We can rewrite the.resonance condition (Eq. 3,1b) as

= hv/gH I J ' (3.4) -




o

The absolute measurement of a g factor can be obtained if the

microwave frequency and the resonant magnetic field are known.

The frequenty of the micr&@aves can be measured by a frequene} meter
and absolute magnetic field measurements can be %ade using a gauss
meter (by measuring the frequency at which a water sample

exhibits proton magnetic reigpance). Due to a number of systematjc

errors (58) absolute meaéurements are (are1y attempted.

-

]

r
3.4.2 Determination of ¢ Factprs

The g factor of an unknown rd8ical can be found using a

standard with a.well - known g factor and the fo1]bwing equation
\

std ngx 1 (3.5)

-

-gsth

where'gstd, g, are the g factors of the standard and the unknown
respectively ;nd Hstd’ Hx are the resonant magnetic fields for the‘
standard and unknown respectively. The microwave frequency must bé
kept constant during the measurement.. The above equation can be

b d

rewritten as (59)

9y ='gsthstd/Hx. ' (3.6)

=‘95td(1‘+ AH/(Hy g - 8H)) \ (3.7)

BH = Hopq - Hy . ) (3.8)

If the g, and g, are very close, then aH will be small compared
with Hstd’ apd

o

- 9y * std(] ¥ AH/Hstq) (319)

and accurate results will depend only on an accurate measurement of
oH. The above equation shé@]d not'be used when the g factor of the

unknown is greatly different from the standard. Then either'a

-

1

-~




s
-

P

standard with a g factor close to that of the unknown should be used

or the exact formula, Eq. 3.7, should be used.

Q

"y
-

- 3.4.3 Determination of Area under the Absorption Curves:
Becatise of the high frequency (100 kHE) modﬁ]ation detection e
~ system used in most ESR spectrometers, typical ESR signals appear as —
the. first derivative of the aqigrption curve. To obtain the area
under theggbsorption curve a double integration of the ESR spectrum is

required. 4[pe method of Loveland et al. (60) was employed in this

Ed

work because the base line drift -is automaticaj1y corrected for and

$ the calculation is suited to both symmetric and asymmetric curves.

The equation used wds '

e, ’ -~

Area =

2

=

(2n - 31 +1) ¥, T (310)

&

o
"

i=]

where Y. is the value of the defivative in the i - th interval, h is
the interval width, n is the total number of intervals and Area is
the area under the ESR absorption curve. The print - out of, the

computer program used is shown in Appendix 1.

3.4.4 Weighted Linear Least Squares Meth%d
. ¥ w~

The weighteg linear least squares method (61) was used in. . - . - — -~

this work to oBtaih rate constants, This method was usqs, to account

:proper1y for the instrumental uncgrtainties. e !

"

For a function x = f(u), the square of the stangard
‘/déwiaiﬁén o, 18 oﬁ(dxfhu)Z. The weighting factor is equal to
L
l/idx/dﬁ)Z and 05 is usually assumed to be constant. * .2

>

1 ' [
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v For tfﬁfunction x = Jog ¢ where ¢ is a concentration, as in

the case of determining the first orfder rate constant by optical

flash photolysis, _ .
. O
(%—2—)2“: (-—-@—_—d(]dc C))Z = ]/CZ (3.]])

the weighting factor is c2. Similarly, for a second order reaction
with function x = 1/c,

(@ULedyz = q/e . (302)

L 2

and c* is the weighting factor.

+
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3.5 POIENTIOMETRIC TITRATION.

. e 4.
In potentiometric -titrations of NMP™“;*a. saturated calomel
electrode was used as a reference e]eégroae and Q:p]atinum electrode
as measuring electrode. A model 8691-2 mil1fvolt potentiometer

&n

from Leeds and Northrup was employeds u

-

The following equation was ‘used to determine the apparent

standard potential E° of a system, ’ -

. . ;‘.
E=E° - 0'259‘109 - X . (3.13)
U . N

where u is the amount of reductant used up at the end point of *

'ﬁgixration, X is the amount of feductant used at a given time during
| the titration and n is the number of electrons involved in the »
reduction. The slope of the linear plot of potential E versus
Tog (x/(u - x)) is equal to -0.059/n (that is¢ -0.059 forn =1,
-0.030 for n = 2). From the intercept, the apparent standard
- potential E° can then be calculated. Also from the magnjgade of fhe
slope one can detéfmine whether the reduction is a one - electron

reduction step (ne= 1) or a two - electron step (n = 2).




£
3.6 DETERMINATION OF FLUORESCENCE QUANTUM YIELD

A Perkin - Elmer fluorescence sbectrbphdtometer'model‘MDF\- 4
was used to record the fluorescence spectra and?to determine the

. fluorescence quantum yield.

©

The fluorescence quantum yield of NMP® was determined by ™
comparing fluorescence data of NMP+ with dhfa dbtained for a
standard.. Quinine sulfatg in 0.5 M sulfuric acid was used as#the
standard. Quinine sulfate was obtained from the MafhesonVCOmbany
andffecrystallized three times from hot water. The Fluorescence
yielq_of_quinine sulfate in 0.5 M sulfuric acid is 0. 55 0.03 (6 ).

-

at 457 nm.

=~ The fluorescence quantum.yield of an unknown can be found

using the following éhuation‘(ﬁs) )
2
- ¢ Area A - .
_ 'std std std M
¢, = ; . (3.14)
AX I

v AreaStd

Ay

x "std
the subscripts x and std refer to the unknown and the standard

respective]y ¢ is the quantum yield, A and I is the calculated

absorbance and relative intensity of the exc1t1ng light at the

LN
—, B oA L v

excitation wave\ength “As Aréa is the area under the emission curve and  ~w ~§;:~w=:
n is the index of refraction of the solvent. The above equat1;h is )
only good for dilute solutions (with absogba ce less than 0.05).

_ Use of dilute solutions minimizes reabsorption, re-emission and use

of the same instrument and cuvette minimizes error from instrumental

3
\

geometries.. ' T .




3.7 ESR SPECTROMETER “AND ACCESSORIES g

— ~
.

A Varijan E 12 spectrometer equipped with V3900 12 incﬁ_magnet

= . and Hall pr&be field control system was used in cenjunction with a
Fabritek 1072 computer of average transients (Nicolet Corp.). The
resulting data were read onto an X - Y recorder (Model 7335 B

Hewlett - Packard Company) of to Z/}éﬁ]y Tape perforator (Tally Corp.)

&

for storage on paperwtape which cduld be used %or computer analysis.
w%fh.the Varian E 12 1nstrumen;, it is possible to remove the sample
tuﬁé containing the standard solution, replace it, retune the

\ " spectrometer and obtain the same recorder trace to within 1.per cent”

e of the signal amplitude on the chart paper.

1
-

Normally a model EZ231 TE102 multi - purpose cavity with
“slotted walls allowing about 50 % irradiation to be transmitted was
used. For quantum yield measurements, a model E234 TE]03 optical
transmission c§vity which bermits full irra;iatfon'of the active
portion of the sample was employed. It contains’ twe optical
windows facing each other so that the light intensity after pas§{ng

&

through th& sample cell can be#measured.

Light intensities were Qgtermined:with a radiometer (Model
65 A radiometer ana‘gé51_probe, Yellow Springs Instrument Company )
which in turq had been ca]ibréte& against an Eppley '12 - junction
bismuth ) si]&er thermopile by the manufacturer. The laser (for
details please refer to Section 3.9) was positioned so that -the
laser beam passed through the centre of the windows of the TE]03

cavity. The location of the sensor was adjusted so that maximum

® !] . *
A

&

o,




light intensity reading was obtained. The radiomefkrvwas coupied to
a Varian G2000 strip chart recorder to ‘record the light intensit; on
paper for later calculation. The conversion factor o% the reading
from the chart paper to the reading of the radiometer was

Ed

determined before the experihents. Fig. 3.1 shows a block diagram

™ for the quantum yield measurement. A Uniblitz (Model 300 - SD

-

Vincent As§oc1a£es) shutter was also used to cut off fhe‘]aser beam
to avoid heating up the sensor of the radiometer. It usga11y takes
about half an hour to warm up the laser. The laser was left on all
the time during the experiment and 'light' mode was used so that-the
light intensity wou]a remain constant throughout the experi@ent. The
- light 1nfensity was measured both before and after the experiment -to
ensure its constancy. Usually an .average value was used in the“

ca]cu]ation.( -

For seme'experiment§,;a f}ash photolysis apparatus
manufactured by Photochemical Research Associates (Model 610 A) was
used in conjdggtion with the ESR. The flash lamp used was a
Novatron 185. (Xenon Corp.). A trigger uqit, éhe pulser, was used to

start the CAT scan before the lamp discharge pulsewas applied to

«45}ovide an initial base Tine for kinetic studies. The flash photolysis

ESR (FPESR) techmque has been describéd e]sewhere (54) Fig. 3.2

shows a block d1agram of the apparatus. o
e N

pRp———
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Figure 3.1

The Block Diagram for the Qdﬁntum Yield Measurement. . °
, R
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. The Block Diagram for the Flash Photolysis Electron
' Spin Resonance (FPESR) Experiment.
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3.8 OPTICAL FLASH PHOTOLYSIS |

“
3

Aplock diagramof the set - up i's shown in Fig, 3.3 . A

FX'- 1§ ~.6 f]ash Tamp from E1ectrQ - opttcs d1v1s1on E G&G Inc. 'was

-used. The photo]ys1s flash . 1amp-and-the reaction ce]] were housed

jn~an atum1n1um box. A-100 W quattz,—_ha]ogen projector lamp was &%ed

. as tnk\::::inuous 1ight“source A Bauscheand Lomb high intensity
grating ochromator 33 - 87 - 07 an IP - 28 photomultiplier and a

AY

Tektron1x 7613 storage osc1lloscope were emplo}ed to detect and ©

[

record the change. of tne 1ntens1ty of the cont1nuous 1ight source at
&

thefwave{inggh set by the monochromator The apparatus was pla\ed on
‘an I beain to_m1n}m1ze vibration. An osc1]ﬂoscope cameta from
}ehtronix Ihc. (Model'C 1é) was f1tted to the screen of the
osc111oscope to, reeord the resu]ts photograph?cal}y R tr1g-ﬁ““’

’ generator Gn’ the form of a spark gap.was used to tr1ggef”the firing,

of “the photons1s flash 1amp and»the start ‘of recordaﬁg of the *

: osc11105cope. In most of the expertments, a. Corn1ng CS 0.- 52 filter
"was p]éted betyeen the contsnuous lwght source and the reactton .

cell to{cut off any 11ght w}th wavelengths sﬂorter than.340 nm.
:. ) N N <&

o~

3 . . [
- N 4

For eachemeasuremEnt (F1g. 3 4), the osc1]loscoperwa5’f1rst
trlggered withe the shutter c]osed To , then w1th the shutter open
Tlgo and flnalTy 9 kv was applled"to the photo]ysts f]ash lamp
The—shutter was, reopened and then the-photo]ys1s ]amp fired. The’

’ osc1lloscope was tr1ggered s1mu1taneously to record the change 1n

the t&ansmittance of the so]ut1on T . About two seconds aftér the ’
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Figure ‘3.4 . -

- A Typica¥ Trace Obtained in:

- ~

Photolysis Experiment. )
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to record T_which can be used to calculate the concentration of the:™
transient at infinite tiﬁe. If the transient absorbs only a sma]f
fraction of the ]ight, the signal on the oscilloscope Must be amplified
for greatef accuracy; the light - off trace T, will not appé€ar on
the screen. In this case, the (light on - Tight off) amplitude must

be determined by reducing the oscilloscope amp]1f1cat1op because -

this factor is needed in the ca1cu1at1on ~

Since the oscilloscope only records the change in light
intensity detected by the photomultiplier, the differeﬁce between the
light on and 1ight off traces J corresponds to the 1ight intensity at
100 % transm&ssion.(Fig. 3.4). Similarly the difference between the
light off and the transient trace T, at any point K corresponds to
the light transmitted at tﬁat time. The time scale was set by the
horizontal scale on the oscilloscope. Transmittance T at time t;
is equal to the ratio between K and J. Using the following relation,
A= log {(1/T) = log (J/K), tﬁe absorgance at time t; can then be

calculated. o ' { -




e

3.9 ,LIGHT SOURCES.

Steady state illumination was supplied by awz::tom - designed
1lght source hous1ng a 600 W General Electric FFJ\lan Light was
co]]ected by an ellipsoidaT*reflector and theq‘passed through a water
filter and a Corning CS 3- 75 yellow green filter having 80 %
transmission at 460 nm and none below 370 nm. The 476.2 nm line of
a kryaton CW laser (Spectra —*Ehysics Model 164 - 01) was also used
espegially in the quantum yield measurements, The CW Taser was
shuttered with a Vincent Associates Model 306 - B "Uniblitz'
electronic programmable shutter drive and controlted with a 6 mm
Model 26 shutter. The 472.7 nm line of an Argen CW laser (Spectra -
Physics Model 164 - 03) vias also used. A Koehler I]]uminator Model
LKR was used for steady.gtate 11}um1nat1on in exper1ments not

e

1nvo1v1ng ESR measurements and a water f11ter was placed between the

1amp and the sample cell. The UV irradjation source was a
Hanovia Model 9778 1 kW Hg - Xe Tamp {n a Schoeffe] Model LH 151N

Tamp housing. e




)
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3.10 CHEMICALS AND SAMPLE PRERBRATIONS

NMPMS was cobtained from Sigma Chemical Company and used
without further purification. (During the study of the interaction-
of NMPMS with reaction centre preparations, Cost\anéeﬁplton (23)

found that recrystallization of NMPMS was not nece§séry). PBN
o .

(Phenyl1-t-butyl nitrone) was a gift from Dr. E. G. Janzen and DMPO

(5,5-dimethy1-1-pyrroline-i-oxide) was a gift from Dr. K.'$¢ Chen.

-

Chemically semireduced NMPMS was prepared by adding
1 mg of sodium borohydride to 0.75 mg NMPMS in 10 m] 0.1 M acetic

-

acid solution (pH ~3). y

b

In the quantuh yield experiment the concentrations of NDPMS

‘ggﬁutions wereﬁhggg be]ﬁW‘3 6 x‘10 M so that the absorbance at

o
ya -

476.2 nm waS‘be1ow 0. I w1tﬁ1n the f]at ce]] (th1ckness 0.0332 cm);
w
that is the 11ght intensity gradient across the cell is kept.small.
L 4
. _L .
The solvent was 5 x .10 M phosphate pH 7 buffer solution unless

otherwise stated: The samples were Fborough]y degassed on a

vacuum line usiﬁg 5 - 7 freeze - pump - thaw cycles until the
vheuum gaage measured no:pressu}e'change above 10_k torr duriﬁg%the'
pémpingrportﬁon oﬁuthe degassing—cye1e~ For the rest of the - - ———-

experiments NMPMS so]ut1ons were purged w1th nitrogen gas for at

§
least ten elf!3£§ before 1rrad1atlon

Toa
For the optical fTash photo]ys1s exper1ment, 1 x 100 #M
NMPMS was used so that about half of the photolys1s 11ght was

absnrbed (A)m0.3)."Conqentrated sodi um hydroxide or hydrochloric




-3 : 7
acid was added to 5 x 10 M_potassfb@ phthalate solution to buffer
the solution to various pH values. There was no signfficant change in

"the rate constant measured at 443 nm when the buffer concentration

D

: -3 -5 -3
was changed from 5 x 10 M to 5 x 10 g, 5 x10 M buffer was

used in this work. NMPMS solution was p&rged with nitrogen for

\ 4
fifteen minutes at the side arm of the apﬂaratds and at the same time

’

n1trogen gas was passed through the 19.5 cw long quartz reaction cell.

\

NMPMS so]ut1on was then poured into the react1on vessel just before
\
irradiation. A frésh sample was used_for each measurement.

' 2
Pyocyanine was prepared as reported\(24) but a 5 x 10 M
phosphate pH 7 buffer was used as the so]vent\1nstead of pure water,

NMPMS so]ut1on was exposed to ‘light for about @0 hours - The so]ut]on

-

had then become " dark 6$ue It was filtered through glass wool.
First ch]oroform was used to extract mainly pyocyanlne from the

neutral aqueous layer. Then 1 % sulfuric acid was added to the

¢,

ch]orofonn extracted layer to extract pyocyanine (64), All other
chloroform so]ub]e substances rema1neddln the chloroform layer.

The red aqueous layer was then neucraTized by sodium carbonate and
- — e
the co1our’bf the solution changed from red to blue. Pyocyanine

”;~was/;ben again- extracted by ¢hloroform which was evaporated under

reduced pressure. Hot hexane was added to the concentrated

”

solution. Deep blue crystals were thenrcollﬁcxed. ‘SemiFeducedg

L]

pyocyaning can be prepared by adding ascorbic acid to a nitrogen

purged pyocyanine solution.




3,11 1 MISCELLANEOUS INSTRUMENTS

A11 optical absorption measurements were carried out on a

Cary 118 spectrdmeter. ’ :

] . =
pH values of the.solutions were gzgsured using a Corning
T

Model 7 pH meter.

’?




- _ CHAPTER 4

S

RESULTS AND DISCUSSION

»
4.1 THE PROPOSED MECHANISM

¢ This work involves the investigation of the mechanism of

¢ the photochémistry of NMP+ in aqueous solution. Ke propose the
following mechanism for this reaction. The results which will be ‘
presented 1Plthis chapter are discussed in the context of the
proppseg,meéhanism as support for the individual steps in the
prgposed mechanism. In the discussion that fo]]owst the Ceactions

'

below will be referred to often. Thus the reader will find it

convenient to open out the following page for easy reference.

-

{




(
NMP (S¢)

NPT (S,)

e (Ty)

€ ke

W (s1) 2 HO o
X + 8P (So)
X + NPT (Sg)
NMP + H'
PYHo! + nmp’
PYH + NMP'
PYH,
2 okt
e 4
: kK-12

Overall reaction

3 NMPH(S)- + Hp0 BV

X is an intermediate of unknown structure.

-~

wwe* (51)

NPT (T, )
&

P (5q)

X+ H

NMP+ + PYH, "
2 WPt + oW
NMPH S

pyit + nmpet

t

PYH' + NMP.

Y

PYHe + HT
+ +
NMPT + NMPH + HT -

NMPH + NMP*

2 weHt ¢ eyt (4.73)

o

‘It will be shown

that the reactive state is singlet, disproportibnation is

not important and Reaction 4.6 is a possfb]e side reaction.

S¢ Reactions 4.2, 4.3, 4.6, 4,11 and 4.12 are ohit;ed in

the overall reaction,

\




4.2 ~ PHOTOCHEMICAL GENERATION-OF A RADICAL FROM NMPMS

»Whgn a degassed yellow solution of ﬁMPMS is irradiated with
blue 1ight, the solution turng green and a paramagnetic species is
formed,as d®tected by ESR, immediately after the light is turned on.
There is no sign}ficant chagge in the ESR signal ten midutes after
the light is-.turned off. However,in a system in which not all the

oxygen has been removed, the ESR signal completely decays away in
" \ ( >

-

ten minutes.

4.2.1  Identification of the Radical Formed

Fig. 4.1 shows the ESR.spectra of the Tight - induced species
invwater and in DéO. The tota; magnetic fiel&aspan of theASpectrum
is shorte} in D,0. . In water, the spectrum cons1sts of n1ne groups,
which cak~be separated into more than 120 hyperf1ne cnmponents undér
low modulation amplitude (0.1 G). When the spectrum is moderately
overmodulated (4 G), the spectrum shows ﬁineisroad lines‘wﬁich is
similar to the spectrum reported by Zaugg {14). . There is a marked
change in the hyperf1ne splitting pattern when the se]vent is changed
from water to D,0. A single deuterium (I = 1) gives a trlplet
ingtead of a doublet. hyperf1ne pattern for*a-hydrogen“(l 1/21;
I all other factors are the same, the deutetrium hyperf1ne sp11tt1ng
is only about one - seventh that of the hydrogen. The reduction in
hyperf1na splitting constant of the 11ght - induced spec1es in D0 °

3

can read1]y be interpreted as due to one (or more) exchangable 3

4
4

proton(s) being replaced by aiﬁ;%teron(s).

L

f - ”
¢

The addition of sodium borohydrideto & solution of NMPMS




Figure 4.1

" The First Derivative ESR Spectrum ©of the Light Induced

Radical Formed from NM¥P" (a) in H,05(b) in D,0 at pH 3.

. 7
)
. ¢

Modulation amplitude 0.08'@, time constant 0.3 s,
scan time 16 min., microwave power 10 mi. )

. . Y
"
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1eads to the estabhshmen\?ﬁﬁmhaehs equ1hbr1um mvo1v1ng the = Lo .
fuﬂy oxidized, fully reduced misem reduced NMPMS (see the scheme '
proposed by ng (65) shown i F1g\4?9\\F1g 4.3 and 4.4 show the ° -

absorptwn spectra of NMP ane NMPH perchlorate at pH 3. Fig, 45

NMP in 0 1 Macetw acid solt tmn Curve (b)- in F1g 4.5 ‘Shows t—he‘_ »

) _‘s‘ojutwn'_ The strong absorban e be]ow 400 nm is .due to the \Mp*

-

hyperfme sp’httmg con&tants. The ESR spectrum of NMP in e g ‘

i cor;émp& ‘bat the ligb’tw‘ 1nduced épecnes 15 a Semreduce.d NMP ) R

r

¥ @ .

— NMPH- is the prc&tonate form' of‘ the neutra] rad1ca1 ‘ e

4‘%’-

NMP \;Theﬁm p051t1on is thewonly pos i 1on& for which proten -

exchange is expected Smce NMP-* does no have any exchangab1e o

cat1 on NMPH

so?vent from -water to DZO Besides Dobkowsfi . and Rubaszewsl@ (26) .

.».s,; <_‘~ =

Jnave reported the ESR»ﬂspectrum pf NMP~ 'm 1sopropano] and 1ts

N - - T -

Tsopropano1 (F1g.w4 6) s tota‘ny differer‘g#t from the ESR spectrun of e

tﬁe hght - induéed species in aqggous solut‘t«om ’Hence, we carr -
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Figure 4.3 .o
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The Optical Absorption Spectrum of NMP ™ at.pH 3.
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Figure 4.4

43 , -
bR *
The Optical Absorption Spectrum of*NMPHJ-r \

Perchlorate at pH 3. '
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Figure 4.5 :
The Optical Absorption Spectrum Obtained (3) after

. Irradiating NPT in.0.1 M Acetic Acid, (b) after
Addition of Sodium Boyoliydride to NMP™ in 0,1 M

Acetic Acid.

E

The dotted line is the optical absorption spectrum
. ' of the starting material NMPY
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Figure 4.6

+

The First Derivative ESR Spectrum of NMP.
. o -
in 2-propanol L s -
] - Modulation amplitude 0.32 G, time constant 0.3 s, S
- scan tim& 16 min.’, microwave power 10 mW. ’
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Jz i{
4.2.2 - Analysis of the ESR Spectrum i /
The NMPH- radical catigg/ﬁge eight distinct sets of ;;/ X

i : %
magnet1c ‘nuclei and thus the ESR spectrum of NMPH' should consist of

5832 lines; nevertheless, only about 120 lines are observed in the
first derivative spectrum shown in Fig. 4.1a.” In order to obtain
improved resolution, the second derivative of the light-induced ’
ESR absorption spectrum at pH 3 was recorded. An attempt was made to
analyse the hyperfine structure of the light - induced sbecies using
this second derivative spectrum. ‘,,

! —

- Fro@ the expansion :; ;he tail eart of the speEfrum

(Fig. 4.7a), it was found that the ratio of the three small
hyperfine splitting constants is coincidentally about 1:2:3. Each
group consists of two equ1va1ent protons' The intensity profile of
the comb1nat1on of these three groups should be about 1 + 2 : 3 :
6:7:8:10:8:7:6:3:4:1. The smallest hyperfine
spliyting is equal to the separation of thé~twoloutermost Tines and i

. found to be 0.45 G. A fourth’proton hyperfine splitting.(namely

2.03’G) is discernible. Fig. 4.7b shows the simulated spectrum *

- using only these four small hyperfine splitting consﬁaﬂts:. <«

- ~The splitting of the N-H protpn was eéfimated\from the
diffesgence. in the total span-from outside Yine to,outside line of the
ESR spectra obtained in water and in D,0. If aH(H,0) 15 the total

extent for the spectrum in H,0 and AH(DZO) 1s the extent of the

sﬁéctrum in D,0, then
aH(H,0) - aH(D,0) - aNH 2 GNDEW_”ﬂ”m“nwmwm‘mmm,‘ﬁmlﬁ)ﬁemmuem,“m“; mﬂnu«,;;
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Figure 4.7 N

@

o

(a) The Expansion‘of the Low Field End of the Second
Derivative ESR §pec?rum of nMﬁHT and (b). The Computen

Stimulated Spectrum Using the Four Smallest Hyperfine

¥ s

Spmtings Listed in Table 4.1. &  * =

®

) ‘ - “‘
Modu]atfon amp]xtude D 16, time constant 10°s,
scan time 1 hr., microwave power T mw mpdu]atlon
frequencves 100 kHz and 1 khz,, }1new1dth uysed in the

simulation 0.15 G. oy s
Note that the peak of the second der1vat1Ve 11ne is
towards the bottom of the page.

,o
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« From the ratio of magnetogyric ratio of H to D,‘ag = 0.,1535 a:H, the™

Tagy = 1.443 QH(H0) - 8H(D,0)) (4.15)

-

It has been shaown_ that aSH is about 5 - 10 % greater than

N
ghe aNH

i's about 5 % less than aﬁMe' Using these two guidelines and the

for radical cations containing nitrogen heteroatoms (66) and
aH |
Me )
relation that the total span of the ESR spectrum must be equal tob ’;‘”

‘Eniljfﬁ (where n is the number of equivalent nuclei of type i,

Ii is the nuclear spin quantum number of the i-th set and a, is the
hyperfine splitting for a nucleus in the i-th set) the best fit t6-
the ESR spectrum of the light - induced species was obtained after

a number of fa1se'aftgmpts with the hyperfine splitting constants
shown in Table 4.1. Most of the hyperfine splitting constants are

within the estimated ranges suggested by Dobkowski and Rubaszewska (26),

The secénd derijvative ESR spectrum and the computer simulated
spectrum are shown in Appendix é. The line positions and fine
structure of the second dg{ivatiJe spectrum constructed from the
above information agrees very well with the expérimental spectrum,
but the relative intensity of the thef to centre lines is not exactly
as predicted. There are two possible reasons for this discrepancy,

First, because there is severe overlap in the centre of the spectrum,

AN o -
a small change in hyperfine splitting constants may.affect the relative

intensity of the observed lines. The second aﬁd more likely reason
is that the NMPH- raaical cation is a moderately large molecule
which will have a siower tumbling rate than a small radical, The
slower tgmﬁ]ing rate will result in a greater broadening of the .

outer lines of the ESR spectrum relative to the inner lines (45),

o




Table 4.1

"Radical NMPH®

N T
SNMe =6.936G
’ \ M
NMe = 6.35 G (3 protons)
N -
aNH = 6.00 G
¥ aH ’ = 6 45 G (] protOn)
NH -
(ah | ) (2036 (2 protons),,
1.39 G (2 protons)
(aT , aﬁ) ={0~9""'15 (2 Drotons)}*
0.45 G (2 protons)
o H
- !
1
N
5 2
+ .
: 3
N &
!
CH3

* Assignment of the four small ring proton hyperfine splittings.

is not certain - see page 83.

The Hyperfine“Splitting Constants of the

»

SRR R R S -




-

The exact hyperfine sp]itfihg constants of the rin;abFétons\shguld
not be more than 0.03. G away from the values listed in Table‘ﬁ:a,
The erro} in the four major ép]ittings could be as‘high as 0205 G.
This analysis indicates without doubt that there is indeed a proton

attached to the nitrogen. .

Fig. 4.8 shows the experimental spectrum (a) and the
simulated spectrum (b) of NMPHt~1n water. When a:H
Ny (0.99 6, 1= T) in the siglation, the resulting NMRD'

spectrum is shown in Fig. 4.9b which is also very similar to the

was substituted
by a

[

actual spectrum-(Fig. 4.9a).

The average of the two larger ring proton sp]ittinés of
NMPHt is 1.7 G and the two smgller sp]ittings is 0.69 G. These
averag; values are very close to the hyperfine splittings of the
ring protons of phenazine cation radical where aT = 0.66 G and
ag = 1.71 G (66). P}obably the two large proton splittings
correspond to the h&drogen at 2 and 3 positions’whi}e the twossmall
sp]ittings correspond to the hydrogen at 1 and 4 positions. A
molecular orbital calculation would perhaps give a better indication

of ‘the exact aséignment but such a calculatiop was not attempted.

In summary, the stable radical forng in the present system
is a semireduced NMP* and has one exchangable proton. Hence, the

light - induced radical species iswitheut doubt NMPH'.

~
.4.2.3 Identification of Other Products - /

.5
When a vacuum degassed et (~10 M) solution at pH 7 was

irradiated with a krypton laser, the colour of the solution changed




o4
Y - -
Figure 4.8
(a) The Experimental and (b) Computer Simulated (Using
Hyperfine Splittings Given in Table 4.1) First Derivative

ESR Spectra of,NMPHf in Water at pH 3

Modulation amplitude 0.08 G, time constant 0.1 s,
scan time 16 min., microwave power 10 mW, linewidth’
used in simulation 0.15 G.

e P S







Figure 4.9
. g

{a) The Experimental Cd (b) Computer S'imu1ated First

tra of WMPD! in D,0.

e

Derivative ESR Spe

Hyperfine splittings given in Table 4.1 with agD=o.99'G

were used.

Modulation amplitude 0.08 G, time constant 0.1 s, scan
time 16 min., microwave power 10 mW, linewidth used. in
the swnulation 0.15 G. )

f< et







gradually from yellow to blue. A large-.absorption peak was observed
at, 310 nm whi;_h is fairly weak in the chemically reduced solution.
A%ter the system was opened to the air, the absorbance at 310‘nm
remained unchanged. Hence; this peak does not originate from NMPHT

which-is not stable at pH 7 in the presence of oxygen.

y McIlwain (24)_ré§orted that,under the influence of visible
light, oxidation of NMP " salts in the presence ¢t air produced mainly
pyocyanine, together with phehazine and small amounts of

4-hydroxypHenazine and 3-keto-N-methy1phenazine.

{

“Whén a drop of concentrated acetic acid was /added to the

{

; :

blue solution (the final pH of the solution was ~4)/ the colour of .
» h /

the solution turned to red, The 310 nm absorption peak disappe#fed

T

as a 278 nm peak appeared. This pH depéndence is similar to that

of pyocyénine. The optical absorption spectra of pyocyanine at pH

3 and 7 (Fig. 4.10) are different because the pKa value of pyocyanine
is 4.9 (44). That is,at a pH ]dwer than 4.9, the protonated form
PYH' (whiqh is red) dominates, whide at a pH'higher than'4.9, the
unprotonated form PY (which is glue) predominates. The concentration
of pyocyanine was calculated ff;m the absorbance at 310 nm.~ It was
found that the amount of pyocyanine formed was comparable to the
amount of NMP+ used up in the reaction. As a result of these

observations we conclude that pyocyanine is a major product in the

present system.

At no time was any evidence obtained for demethylation of

NMP+ to form phenazine at pH <7,

[ 4

e




" Figure 4.10

The Optical Absorption Spectra of Pyocyanine
at pH 3 {dotted lined) and 7.
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4.3 QUANTUM YIELD DETERMINATION .

In photochemistry, the quantum yield @z of'product Z

resulting from the photédecomposition of X, X+ hv - Z, is defined
. . .
as P ¢
Molecules of Z formed

Quanta of light absorbed by X

~ S (4.16)

Z

The value of the denominator can be calculated from a measurement of
the absorbed-light energy and the excitation wavelength. The value of
¢the numerator is usually fqund by chemical apa]ysis. When Z is
paramagnetic and de@eciab]e by ESR, the qpnéentration 9f Z in a sample
‘ can be determined by comparing the sample under spudy with a standard
(for details see Section 3.4.1). )

Loach andyalsh (67) reported that there is a1l : 1
correspondence between the concentrations of photoreduced spins ip
chromatophores of R. rubrum as measured by the ESR tecﬁnique and by’
an absorbance change at 865 nm. The quantum yields for the
photoreduced species in chromatophores determined by ESR agree vé;y
well with the previous reported values (68, 57) which were determiqea
optically. In their experiments, they used an equation to relate
number of spins to peak - to - peak amplitude of ESR signal. The
1ipe shapes of the signals, that is Gaussian or Lbrentziaﬁ, are
required in the calculation. In order to relate the concentration to -
the total number 6f spins, tpe effective volume of the cell is also
required. The modulation amﬁ]itude used has to be significantly

less than the half - width of the narrowest line so that peak

height distortion does not occur. Since the peak - to - peak linewidth

» of NMPHT is apout 0.2 G, and in_the qqgniumﬂxield;gxpenimenxw4ﬁu}umm

<




L 3

magnet1c ftela is fixed at the peak® of the ESR signal; yery slight

fluctuatwons 1n magnetic field will cause a 1ar0e error in the

'quantum yleld obtained, Bes;des° 1t is quite 1mp0551b1e to determine

the relation between the area of the strongest ltine and the area of
an unsplit signal due to the comp]exity of the,SpeCtrum. “In this
work,\the signal was overmodulated so that the whole spectrum coq]d
be used in place of the strongest ]ine'and the area undér the .
absorption curve was u§ed,iesteqd of.peak - to - peak amplitudefin

the ca1cu1at;on of the concentration of the enknown. It has been

shown~(69) that ovefmodu]atjon does not-resu]t in a signif{cant error -

in the evaluation of the area under the absorption curve.

In the quantum yield experiment, the krypton laser was
aligned so that thellaser beam passed through the centre of the
cavity: The ESR spectra -of NMPHf were stored on the CAT. Peak - to -
peak amelitudes of the signals £2§Y') were measured in terms.of the
number of the, counfs in the CAT,:and areas under the egt1re
absorpt:on curve were determ1ned by double integration using ; PDP 10

computer (see Eection 3 4,3). It was found that there is a linear

relation between the area and fha%peak - to - peak amplltude The

~ .
slope § of the stra1ght ITﬂE was determined by the 1east squares :
‘method. - _ e _ )
Area = S_(aY') . (4117)
- \ d - . / .

Fig. 4.11 shows that S is equal to 380 + 4 when the seﬁtjngsrof the

ESR spectromege% were: scan range, 100 G;’nndulationlampii de, 16 G;

scan time, 2 minutes; t;if constant, 0.1 s and microwave power, 4 mW,

-

$ is equal to 158 + 1 when the settings were: scan range, 200 G;

O
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Figure 4.11

The Relation between the Area under-the Ahsorption
Curve and the Peak-to-Peak Amplitude of the ESR Signal.

. !\ Modulation amplitude 16 G, time constant 0.1 s,

° " scan time 2 min., microwave power 4 nM.
I3 N
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modulation amplitude, 4 G; scan time, 4 minutes; time constant, 0.3 s
and microwave power 10 mW. In both cases, the correlation
coefficients %e{ween Area and &Y' are larger than 0.999. 'The Second -

.
IS e

setting is the optimal condition for the NMPH ESR signal, that is,

the signal - to - neise ratio is highest. Under these conditions no
power saturation is“obServed and the ESR signal is overmodulated so

that only a broad peak is observed.
2

A9.7x 107 M solution of 4-hydroxy-2,2,6,6-tetramethyl-
piperidine-1-oxyl was used—as the standard. The ESR spectra nere
stored on the CAT dnd the areas were found by double intégration, In
this case the standard was unifqnﬁﬁy distributed in the cell while
NMPﬁfi which was generated by the‘irradiation of a laser beam was
concentrated at the centre of the sample cell. The field modulation
intensi;y‘%gong the vertical axis of the sample is a maximum at the
centre ofgihe cavity and a minimum at the top and bottom of the cavity.
It has been found by careful measurement that the signal amplitude
(AY'):rece1ved frem a sample with unlform]y distributed spins along

.the vertical axis is 0,50 tifes the signal amplztude obtainable from

the same number of sp1ns concentrated at the cav1ty centre (aYd) (70):

N 60”50 0.03)aY} : (4.18) -

€
\ -

where the subscript o indicates the spins be1ng conCentrated at the

cavity centre,

The time dependent ESR signal at conspgnt magnetic field and

vat ‘the peak of the NMPH? swgna1 was recorded and the output data were
stored on the CAT Fig. 4.12 snpws the change of ESR s1gna] amp11tude

with time. During the quantum y1e1d experiments the. 1a§er beam was

©




Figure 4.12

i
A Typical Trace Obtained in the Quantum Yield
Determination Experiment.
Modulation amplitude 16 G, time constant 0.1 s,
) microwave power 4 mi. ‘ '
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cut off after 8 s by a shutter to avoid heating up the sensor of the
radiomefer. The slope of the line shown in Fig. 4.12, d(aYl)/dt, '
‘was determin®d by the least squares method. The radicals are
concentrated at the centre of the cavity 'so Eq. 4.18 was then psed to
convert d(AYg)Zdt ﬁo‘d(AY'}dt. Using Eq.‘%f]7 the factor wasfihen
changed to d(Area)?dt. The ESR spectrum of a nitroxide standard of
knowh concentration’ was recorded using the samenmodu1ation amp1itude,
incident microwave power, solvent and stp]e cell and at the same
temperature as thétzused in the quantum yield experiment. Thus all
the criteria in Secfion 324.1 were met. Using Eq. 3.3, the factor
d(Arga)/dt was converted to d[NMPHf]/dt. The factor R in Eq. 3.3

was set to 1 for ggth standard and NMPHf because Qhole spectra were
used 16 the double integration, S is /2 for both cases. The g

&

factor of NMPH was found to be 2.0035 and the g factor of the

®

nitroxide standard is 2.0060. The g factor standard used was
aya-diphenyl-g-picrythydrazyl (DPPH) with g factor 2.0037 : 0.0002 *

LA

g
(71). The method used was described in Section 3.4.2.

-

In order to ensure that the lighé intensity remained constant
throughout the sample cell, the absorbance of the sample was kept

-3
below 0.1 (a1 x 10 M).

The fraction of light absorbed B was determined using the
following equation which is a simplified approximate formula derived
by cahsiderinb the effects of md1t{p1e reflection at the surfaces of

a flat cell (the sample cell)(57):

o
1 -t
= - - PAY S
B =1 t-(1+t )(] " to) 4.19)

»




it

where t = 1/1.,, to = I/1,0, 1 is the transmitted light intensity
through -the Eamp]e cuvette co&;aining the sample, and Iq is the
tranmitted 1ight qntensity through a similar cuvette containing
solvent only. Igoiis‘the light iq;ensity with no cuvette. 1, I, and
[0 were measureq by a radiometer and recorded by a Varian G2000

strip chart recorder.

The quantum yield of NMPHt'in.pH 7 buffer at 476.2 nm is
equal to (d[NMPH'1/dt)/(B I,.) ana was found to be 0.29 * 0.03, .
Table 412 summarizes the results. Table 4.3 shows the gﬂ;ertainties
in the measurements. These errors are the average of the percentage

standard deviations obtained in various measurements.

The quantum yields for the formation of NMPHJ-r at various pH
values were determined ;e1at1ve to that obtained at pH 7 at constant -
NMPT concentratiom, 5 x 107 M phosphate buffer, 5 x10™" M»phtha1ateg—h
buffer and hydrocﬁ?ﬁric acid solutions were used as the so]veng.for
pH above 5.5, pH between 3 to 5.5 apd.pH < 3 respectively. All
sgﬁp]es were purged with nitrogen_ gas. Tﬁe 1ight source was the
472.7 nin line of an argon laser. The.magnetic fiefd was set at the
peak of the HMPH® signal. The changes of ESR signal ampiitude with E
time $er various éoluiions wégg recorded. The initial thanéé of ESR
signal amplitude was measured and then compared to that optaiqsp in
a pH 7 solution. The reTative quantum yield is directly

proportional to the initial slope. The result is shown in Fig. 4.13
L) 7$,

which’shows that at pH 3, the quantum yield is 1.1 . Ac&érding to

-

the proposed mechanism on page 63 the maximum quantum yield of the

formation of NMPHT would be 2, that is, for every photon absorbed,

AR S i AN A PN iy afs e
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Table 4.3

Summary of the Uncertainties in the Quantum

fa Yield Measurements ‘

Standard deviation from
Measurement of B
Intensity measurement
Slope measurement

Eq. 4.18

Estimated instrumental error

Ca1ibrgtion With standard and
retuning the spectrometer

.
From the radiometer

Square root of sum of squares of
the above

R el A et 54




Figure 4.13
4

*The pH Dependence of the Quantum Yield

of the Formation of NMPH*
¢=0.29 at pH,7 was used as the reference point
in calculating the quantum yield at other pH's
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2 molecules of NMPH* should be formed, if all.photons absorbed

result in the formation of the observed péoducts.

A similar experiment at pH 3 was carried out for varioug
NMP+ concentrations. Again the absorbance of the sample was kept
below 0.2 so that less than 40 % of light was absorbed. It was
found that there is a linear relation between the initial change in
the ESR signal and the fraction of light absorbed by the sample
(Fig. 4.14) which was calculated from the concentration of NMP+.
But when the absorbance of HMP+ sample is higher than 0.3 (more than
50 % of light is absorbed), the points obtained started to deviate
from linearity probably due to nonuniformity in light intensity
across the sample cell. The result means that the quantum yield for

the formation of_NMPHf is independent of the concentration of NMP+.




o= N

Figure 4.14

The Re]a("on between the Initial Change in ESR Signal

and the Fract1on of Light Absorbed by NMP at pH 3.

o

.

Modu]ation amplitude 4 G, time constant 0.3 s, scan
time 1 min., microwave power 10 mW.
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4.4 FLUORESCENCE AND REDOX BEHAVIOUR OF NMP+

pad

4.4.1 F]queSceﬂE@ Behaviour )
The fluorescence emission spec;?um'of NPT in wa%er shows a

broad peak at 525 nm (Fig. 4.15). The excitation spectrum is : - s

virtually a mirrbr image of the. optical absorption:spectrum. The

f}uoregcence intensity decreased very quickly while the excitatibp

wavelength was set)at 385 nm.' hence, the excitation wavelength

was set at 360 nm'where the drop is slower and the emission

wavelength was-fi%ed at 525 nm. The time dependghce of the

f]uoresc;nce intensity at 525 nm was measured. The initial

fluorescence intensities at various pH values were then obtained by

9. .
extrapolation to zero tlme Fig. 4.16 shows the pH dependence of

the fluorescence 1ntens1ty The iptehsity starts to drop around ’
pH 4 and falls sharply as the pH s decreased below 3. ,//
4.4.2-% Fluorescence Quantum Yield S

/.

Eq. 3.14 in Section 3. 6 _was used to determ1neltﬁe

7%

fluorescence quantum yield. The stahdard used was gUinine sulfate.

The equation used is only good for d11ute solutidns (absorbance less

than 0. 05). Due to the low fluorescence yie)d of NMP and

sens1t1v1ty ‘of the fluormeter the optica)/density of NMP solution -

used was “&round 0.3 . The f]uorescencefauantum yield was est1mated to

“

be 0.5 % in water. Because of the /iéh absorbance of the solution, i
° 4 ,‘. z

. \ -
there is an incident light intensi y gradient across the cell, and
the measured fluorescence intensity isltherefore somewhat

S .
underestimated so the‘figgrefﬁf 0.5 % fluorescence yield should be

considered as a/lewé;/1im1t, but probably is not higher than 1 %.

e <




Figure 4.15
The Fluorescence Spectrum of NMP+ in Water
Excitation wavelength 360 *+ 4 nm,

emission wav§1ength 525 + 4 nm,
NPT = 107 M.
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Figure 4.16

%
Q

The Effect of ph on the Initial Fluorescence Yield

of NMP* Compared to that in Solution of pH 7.
. *  Excitation wavelength 360’z 4 nm,; °
emission wavg]ength 525 + 4 nm,
[NP*] = 107 1.
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4.4.3  Reactions Involving the Singlet State

-

Ustng the flash photolysis ESR technique with the magnetic
field set at the peak of the NMm-ﬂL signal, the'rigi§a1 concentration
formed after a flash was found to be same as in nitrogen - purged, air
- saturated and oxygen - saturated aqueous solutions even though the
decay rate of NMPH - 'ig faster in the oxygenated solution. Since
oxygen is a gr&und state triplet and é triplet quencher,,and the )
formation of NM?Hf is-not affected by the gresence of oxygen, this
means that the réactive species is in a singlet state as suggested by
Reaction_4.1.. The fluorescence yields ?f a nitrogen - purged sample
and an air - saturated sample are very similar, indicating that

oxygen is not quenching the excited singlet state.

The rate of formation of NMPHf was measured at different
light intensities by placing a neutral depsity filter in fron£ of a
krypton 1aser beam. The pﬁbt of the rate of “tye formation of NMPHY
versus light intensity gives a straight 1iﬁe (Fig. 4.17) and so we
conclude that the excitation process involves only one phéton. The
rate of formation of NMPHt at constant incident ligﬁi intensity

measured by ESR spectroscopy is also found to be proportional to

the concentration of NMP+G?%Mso]utjon (Fig. 4.18). Also recall

that Fig. 4.14 shows that the quantum yield of the formation of
NMPHf only depends on the fraction of 1ight ab§%?bed, further
indicating this photochemica]‘ﬁeaction is a one - photon process

-

shown in Reaction 4.1 .

Fig. 4.16 shows the pH dependence of the fluorescence

yie]d.,.lt starts to drop off around pH 3. Rubaszewska and




Figure 4.17

-

The Retation between the Rate of -Formation of

»

mPHT. and the lﬁght Intensity.

™~
. Modulation amplitude 4 G, time constant 0.3 s,
microwave power 5 mW, -

N
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(arbitrary units)

d INMPH'1/dt

N
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Light intensity (arbitrary units)




Figure' 4.18

The Relation between the Rate of Formation of NMPH® *

and the Concentration of NMP+.
Moduiation amplitude 4 G, time constant 0.3 s,
: ' niicrowave power 5 mW.
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Grabowski (25) reported that the pKa value of the excited protonated
e (NMPH‘+(SI)) is 3.3, that is at pH 3.3, the concentration of the

unprotonated excited WMPT and the protonated excited NPT are the

same. i
et (sg) M amet(sy) : (4.1)
2 .
NMPH T (Sq) T ONMPT (Sy) + HT (4.20)

The excited protonated P is the predominant species at pH below
3.3 . The drop off of the fluorescence yield at 525 nm matches the
drop off of the quantum yield of NMPHY (Fig. 4.13) at pH below 4.

It would thusbappear that NMPHZ+ (S;) is non - fluorescent and
photochemically inéftivef The reactive species in this system is
probably the excited unprotonated species, that is NMR+ (S1). The
fluorescence yield and quantum yield at pH 2.3 are not equal to one -
tenth of the yijelds at pH 3.3 where at equilibrium the concentration
of WMP* (S;) is only one - tenth of that of NMPH '~ (S;). This
indicates that_the protogation of NHP+ (Sy) which requires the
reaction of two cations is véry slow compared to the rate of
reactions involving NMP+ (S1). From the above results we conclude

that nMP* (Sy) is the photochemically active state.

4.4.4 Redox Behaviour

J Both NMP+ and PYﬂf‘have been shown to undergo twq séparate
one - electron reductions at pH values lower than 7. In order to
establish the thermodynamically allowed reactions for the NP and
pyocyanine systems, the redox potentials of NMP* at various pH's
were determined. The redox behaviour of pyocyanine has been studied

>

by Friedheim and Michaelis (42).




[ Sndt

Potentiometric titration (Section 3.5) of‘ﬁﬁP+ in buffers at,
pH 2, 3 and 7 vere carried out using chromous chloride as the
reducing agent. The solution was purged with nitrogen throughout the
experiment. The volume of chromous chloride consumed was less than
2 ml which is rather small when compared to.the total volume of the
solution ( ~100 m1). Fig. 4.19, 4.20 and 4.21 show plots of the
potential E versus log (x/{u - x}) at.pH 2, 3 and 7 respgctive1y;
u is the amount of reductant used up at tpe end point of titration apd
x is the amount of reductant used. The potentials of NMP+ afwvarious

pH values were determjned from the intercepts of these straight lines.

~The number of electrons involved in the reduction steps were

»

determined from the slopes of these lines:

~Table 4.4 summarizes the results in various pH buffers At
low pH, two one - electron reduction steps are well separated Hence,
two end - points are obtained, and thus two different lines arise

!
i

with same values of x/{u - x). While at pk 7 two one - electron

chves overlap and the titration curve becomes like that of a /
compound with only one two - electron step. The experimental slope
values are considerably higher than the theoret%ta1‘ones. Probably

this is due to the error in x/{u - x).

The formal potentials of pyocyanine (42) in various pH
buff;rs are also shown in Table 4.4, From the potentials of NMp™
and PYH' at pH 3, it can be shown that Reaction 4% is

thermbdynamica]]y allowed.
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Figure 4.19

The Potentiometric Titration of NMP+ at pH 2.

Chromous chloride was used as the reducing agent.

- -
u is the amount of reductant used up at the end point
of titration and x is the amount of reductant used.

>







Figure 4.20

The Potentiometric Titration of NMP+ at pH 3.

Chromous chloride was used as the reducing agent

- ,
u is the amount of reductant used up at the end point
of titration and x is the amount of reductant used.
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Figure 4.21 - . °

The Potentiometric Titration of HMP+ at pH 7.

Chromous chloride was used as the reducing agent. *

u is the amount of reductant used up at the end point f
of titration and x is the amount of reductant used.
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Table 4.4 -
D \
The Apparent ReauctiBhwzsﬁentia]s of NMPT at Various pH's

Apparent standard
reduction potential _

aMPT ke + BT - Nmpr! £, 1°2
‘NMPHY + e > NMPH E, 172
e’ py v
pH slope 3 Eq(V) E,(V) E (V) EL(V)
2 -0.083:0.008  0.38:0.03 © o 0.262
~0.0720.002 0.16:0.01  “®&  0.097
3 -0.064:0.002  0.31:0.01 0.207
~0.049:0.003 - 0.18:0.01 0.097
7 5 -0.034:0.003 - 0.099:0. 007 -0.34 ‘

1 Ep = B}
Ex = E3 .
)’i? and E$ are the apparent potentials at pH O, E; depends on

¢ /the pH of the solution while E, does not.

- 0.059 pH

==

2 A1l potentials are referred to the standard hydrogen
electrode. )

3 For a one-electron reduction step, slope should be -0.059
while for a two-electron reduction step, slope should be
-0.030. If the activities of all species are used in the
calculation.

“ QObtained from Ref. 42. ' 4

N\

5 A two-electron reduction.
%
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4.5 OPTICAL FLASH PHOTOLYSIS

The final products of this photochemical reactio§ihave

“already been identified as NMPHT and PYH" and their optical

‘absorption maxima are known. The formation of these products can

thus be followed using the optical flash photolysis technique,which can

also be used to detect the formation of other intermediate species

formed in the system. The kinetics of formation of NMPHf and pyocyanine

vere monitored at 443 nm and 525 nm respectively at pH 3, even

though both NMP- and PYH' absorb at 525 nm and NMPH®, PYH' and NMP™

all absorb at 443 nm. Hevertheless, PYH+ and NMPHf are the species

that absorb most strongly at 525 nm and 443 nm respectively at pH 3.

4.5.1 Rate Constant Determination &

7 &
s

-5 - ' -3 -
A 10 M NMPMS solution in 5 x 10 M phthalate buffer at

pH 3 was nitrogen purged for-at—teast Fifteen minutes. It was found

fhat there were no significant differerces in the rise kinetics

between a nitrogen purged and a vacuum degassed sample. Nitrogen

purged samples were used for all the expef%ments‘unless otherwise

stated. Typical traces at 443 nm- and.525 nm are shown in

Fig. 4.22. Fig. 4.23 and Fig. 4.24 §hgw.£he log (Aoo - A) plot as a

function of Ltime at 443 nm and 525 nm respectively, where A is the _

absorbance at time t and A°° is the absorbance about two seconds

after the firing of the photolysis ,flash lamp. (The duration of the

photolysis flash lamp is about 75 us}. The slope of the straight

l1ine of log (Aw - A) versus time was determined using the weighted

S

least squares method and is équa] to'-k/2.303 where k is the rate

constant of the reaction .

Since there is a linear relation between

ot

.-;.erij’;'

q?e




Figure 4.22

-

The Original Traces Obtained in the Optical Flash

Photolysis at 443 nm and 525 nm.
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. Ims fullscale 443 nm

50ms full scale 525 nm.
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Figure 4.23

The First Order Kinetics Plot Mgasurea

at 443 nm at pH 3,

4

.

-5
(1his s a semi-log plot, [wp*1- 107" .
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Figure 4.24 ' -
N The First Order Kinetics Plot Measured
¢ . . at 525 nm at pH 3 . .-
/ ' :
/ .. . " + -5
i This is a semi-log plot, [NMP ] = 10 M.
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log (A- A) and time, this sugggsts that the reaction is either first

ordgr or pseudo first order. §imi]ar experiments were carried

out atevarious NMP+,concentrations at pH 3. It was found that both

rate constants are proportional to the concentration of NMP+; hence,

both reactions are pseudo first order. In other wordssthe reaction

is a second order reaction and the concentration of one, of the -~
reactants (namely, NMP+) is considerably larger than the other. From

Fig. 4.25 and 4.26, second order rate constants (ks and kg),which are

equal to the slopes of the straight lines, were found to be

8 .1 _1 . 6 -1 _1
(7.7 +1.1) x10 M s and (5.8 +0.9)x 10 M s fon the

formation of NMPH' and pyocyanine (Reaction 4.8) at pH 3

-

respectively. It will be shown in Section 4.5.2 and Section 4.10

i

that NMP- is formed first and is fof]owed by fast protonation ‘co‘l -

give NMPHT. The above rate constant for the formation of NMPHT is
actually the rate constant for Reaction 4:5. The chronological order
of appearance of NMPHE and pyH sugges'ts that Reactions 4.5 and 4.7

proceed before Reaction 4.8. : ) . -

It was found that the kinetics monitored at 433 nm are I
. r
complex. First there is a fast rise which is then followed by a slow :

-2

decay. The slope of the plot, log (A_ - A) versus time, of "the
fast rise portioh was compared to that at 443 nm of the°same\NMP+
concentration at pH 3 (Fig. 4.27). This shows that both straight

lines have the same slope within experimental error, that is, the ?

-

' . . Lo +
rate constants of the formation of this species and that of NMPH-

»

are the same. .The first order rate constant of the slow decay at

E

“ «433 nm is close to that of the fbrmation of pyocyanine at 525 nm




Figure 4.25

The Effect of the Concentration of NMP+ on the Pseudo

Gt

First Order Rate Constan% of Reaction 4.5 Measured at

443 nm.and at pH 3.
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: Figure '4.26

The £ffect of the Concentration of NMP+ on the Pseudo

First Order Rate Constant of Reaction 4.8 Measured at

>

525 nm and at pH 3.
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w7 Figure 4.27
. . . .
The Comparison of Rise Kinetics at 443 nm
4 . 1
and 433 nm at pH 3. * r ]
D . + -5
This is a semi-log pot; [NMP ]=10" M. o ’
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e ravery

at ph 3 (Fig. 4.28). Zaugg (14) reported that semireduced pyocyanine

(PYth)‘asgorbs at 433 nm, Thus we propose that PYH{t is formed in_

" Beaqtj_"4.5, and then reacts with NMP" to give PYH (Reaction 4.8),

T + . ;
‘since the rise time of PYH,- is the sagme as that of NMPH? and its

L N

decay matches the rise of PYH+. These results al$o suggest. that

[ 4

. protenation (Reaction 4.7) at pk 3 is fast so that the rise kinetﬁ;s

Dl

-~ ) ~
of NMPW. matches that of PYHzf. It has been showp in Section 4.4.4

that Reaction 4.8 is allowed thermodynamically.

. The kinetics were monitored from 320 nm to 680 nm at pH 3 in
10 nm interva]sﬂgo search for a species with a decay time similar to
the rise time of the formation of NMPH® but the search was
unsuccgssfu1. Especially in the region between 350 nm and 400 nm,
any information would be masked by-the bleaching of the ground state

NMP+ which'has a strong absorption peak at 385 m, «

4.5.2 A Transient Speciés at 525 nm

“o. " In the pH.dependpnce experiments (see Section 4.6), a o
transient species was found.aCcidental]y around 525 nm which started )
to decay righé after the firing of the photolysis lamp. The rate of

decay is faster than the rate of formation of PYH+-whigh fs*in fhg

mi1lisecond regiqn. The initial signdl intensity (absorbance) of
the transient increases as the pH~of the solution increases

(Fig. 4.29) which is different from the behaviour of the pyocyanihe

" absorbance (Fig. 4.37). Fig. 4.30" shows that the decay kinetics at_

pH 4.75 im the Tog  (A) versus -time plot is biphasic. When the same-

o . -
reaction was carried out without nitregen purging, the fast decay

N

" -

N

{3 : ’
A * '




Figure 4.28 .

w

The Comparison of the Rise Kinetics at 525 nm and

the Decay kinetics at 433 nm at pH 3.

_5
These are semi-log plots; [NMP+] =10 " M. »
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. Figure 4.29 -

Thg/géfect of pH on the Maximum Yield of the

Fast Decay Transient Detected at 525 nam.

-5
[e¥] =107 M
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Figure 4.30

The Transient Observed at 525 nm (left) and the

Decay Kinetics of the Fast Decay Component (right).
‘The rate constant of the slglv decay was determined
using the data at longer ¢ime scale. The contribution
from the slow portion was subtracted from the data

in the short ti@g region. These va]ﬁes were then
replotted at the right and used to determine the rate
constant of the fast decay.
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portion disappeared, The reaction is a first order one, that is,

the log (A) versus t:me plot gives a s}raight line. This suggests
that the biphasic character of the decay kinetics at 525 nm is due

to the presence of two species.

The contribution from the slow portion was subtracted from
the daté before the rate constant of the fast decay portion was
calculated. It was found that both the rate constants of the fast
decay portion and the slow decay portion.are independent of the .
concentration of RMP+ (Fig. 4.31). Thus, the tgﬁnsient is not the
1nt;rmediate X because the decay of X should depend on the
coneentration of NMPT.  The rate constants of both decays were
determined in various pH-buffer solutions. The signai amplitude
became/very small beléw pH #5 and hence measurements were not
possible below this pH. Fig. 4.32 shows that the rate constant ‘of

the fast portion of the transient is independent-of the

concentration of the hydronium ion. i /e

The fast decay tYansiént is quenched by air, It has been
shown in Section 4.4.3 that?the fluorescence yieldLAf NP is not
affected by the presence of air. The fast decay component probably
arises from the triplet state of Pt Cwhich returns to ground state
of AMP* (Reaction 4.33 either .by phosphorescence or by

radiationlesg decay. If the reaction is a first order reaction then

.1
the rate constant (k3) will bé about 2 x 10 5™ . ‘
T T

_ Since the formation of PYH' at 525 nm is much slowe¥ than

- the fast decay, it tan be nég]ec;ed‘in the determination of the .

e 4

-




Figure 4.31.

The Effect of the Concentration of NMP+ on the "Rate

Constants of Both Fast and Slow Decay Transients

o

W Measured at 525 nm at pH 4.8.

) _5
[NPY] = 107 M.
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fast -rate constant., Even though the formation of PYH+ is also

1S
. A

slower than the slow decay at pH 3.5, nevertheless this term can no.
longer be neglected in the calculation of the rate constant of the
slow decay transient at higher pH. The pH dependence of the s]oQ .
decay rate constant was investigated in air - saturated solutions. -
- Unger this condition,, the fast aecay disappears and the contribution
from the formation of PYH' is small within 150 us after the firing of
. the photolysis Tamp, hence, more points can be obtained for the

cq]cu]atibn without taking into account the contribution from the

fotmation of PYH . ’ ’ \ ‘
’ .

Fig. 4.33 shows a p]éi'of log (rate constant of the slow
decay) versus the pH. L?he $lope of the straight line is ?
~0.88 + 0.06 which is close to -1. This suggests that the
reaction is an approach to an acid - base equilibrium., The re;?tion 0
is actually a second order reaction where the h}dfbniym ion
concentration is constant. The%seconq order rate consfant is equal

& C1

“ 7 1
to the average value of kp/[H39+], (6.6.£ 1.4) x 10 M s .

»

\‘ﬁ;§+ and NMP. are the only species among all the known
products and intermediates that absorb strongly ar;uhd 625 nm. Since
o the acid - base reaction occurs at an earlier time than. the formation
‘ 6? PYH+, NMP- is probably the species that is involved in the
reaction. Reaction 4.7 requires that thé'pseudo first o}der rate
constant k,p be independent of the concentrafion of NMp* and
#Eroportional to the coqgentratidn of hydronium ion. 5The§e

requirements agree with the experimental observations of the slow

__decay at 525 _nm. . _We thus—propose—that—NMP-—1s formed first and then

¥
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Figure 4.33

Tne pH Dependence of the Pseudo First Order Rate
Constant for the Slow Decay Transient Reaction 4.7

Observed at 525 nm.
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protonated to give NMPHY (Reaction 4.7).
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pH DEPENDENCE OF THE RATE CONSTANTS .AND THE YIELD

Reactions 4.5 and 4,8 do not involve H30+ so that the pseudo
first order rate constants of these two reactions should not depend

on pH. The psgydo_fi%st order rate constants of the formation of

3

g M phthalate buffer solutions at various

pH's were determined as described in Section 4.5.1. The results are

NMPHE and PYH' in 5 x 107

shown in Fig. 4.34 and 4.35. It was found that the rate constant for
the formation of NMPHf.at pH 3 s almost twice the value at pH 5 while
the concentration of hydronium ion at pH 3~is-a hundred times higher
than that at pH 5. In  other words, H3O+\is nof involved as a direct
reactant in the form%tion of either NMP or PYH™ as in Reaction

4.5 and 4.8. Similarly, the yields of NMPH' and pyocyanine are
relatively insensitive to the pH of the solutions from pH 2 to pH 5
(Fig. 4.36 and 4:37), that is , the yield does not chénge‘by

{
tenfold when the pH is changed by one pH unit.

Both Fig. 4.36 and 4.37 show a maximum at pH around 3 and at
pH qpout 5 the yjp]ds drop to ~50 % of that at pH 3. This ‘behaviour
1s;vefy”§Tﬁﬁ]a%‘tojkhé pH depgﬁdénée of the quantum yie}d*of the'
g fq@ﬁﬁjpn of NME&? (Fig. 4.13fﬁﬂxﬁ%he pH dependence of -the pééudo' e
first order rate cdMstant of Reaction 4.5“(Fig,.4.34?. But the

pseudo'fiyst order rate coqstaht of Reaction 4.8 behaves quite .

differently. : T }

AR Y

|

.Since the fluorescence yield (F}g. 4.16) does not depend on

the pH of the solution for pH >3 and only NMPH {not NMP+) is

Bl

observed as a final product at pH 7, the yie]d_of“NMPHT and pyoeyanjne

‘_i. v ’ B
A .




. ’ Figure 4.34 . s

The Effect of pH on the Pseudo First Order Rate

Constant of Reaction 4.5 Measured at 443 nm.
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Figure 4.3% -
&®

,The Effect of pH on the Pseudo First Order Rate — v,

, t Constant for the Formation of Pyocyanine
~* . Measured at 525 nm, .
_s '
[WMPT) = 107 M. 4 \
>
|




s o P @ bt et

weamd
o~ T




r ‘ X )
Figure | 4.36 ’
,“‘\ %
_The Effect of ph on the Ultimate Yield of HMPH: .
‘ Measured at 443 nm' ;‘
+ -5 . ‘
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shoald not depend on"pH “or ph between 3 and 7. In the fol]ouing

» sections several react1ons will be discussed to account for the fact

" that there is a small but rea] pH effect. . »

L Kl ~
. -~

4.6.1 Disproportionation of NMPHi{and NMP »

" Zaugg (14) reported that semireduced i undergoes

;disproportiowatidh to form NMP+,and NMPH and that-semireduced NMP+

'is readily regenerated when such a solution is again made acidic

and can also be formed when NMPH is added to an acid so]ution of NMP+

g

Th1s suggests that a disprdportionation equ111br1um exists wh1ch can

-

be wrwtten as Reactions 4.11 and 4.12 on page 63 Zaugg (14) also
! L,
reportad that most of the semireduced amp ™ spec1es undergo the, =
ks 2 . ’

d1sprqaart1onation reactionﬁat‘ph 7.5 to 8 in aqueous solution.

e

An exper1ment was set up to detenn1ne whether the decrease .
in the NMPH yield at h1gh pH was due to disproport1onat1on or, Just‘a'
ngtotonat1on reaction. NNPﬂf oxalate salt was prepared as reported
b; Takagﬁ'et al. (30). It was then(diesolved'iniabout,100 ml of
4-x 10 _ M pH 3 phthalate buffer. Concentrated sodium‘hyuroxjde

so1ut1onAwas—usedwto adjust the pH of the sohution‘ The: solution

was purged with n1trogen throughout the experiment: . “In the caseé of b

the disprogorttonatzon react1on (React1on 4.11)
] . . N t

et ICHmeH I Lo
Kll = ST N : . (4.2])
etz
Tog ._Z_A__A. = -0.5 pH *,0.5 pky, T (a22)

hed

* whewe A, is the initial absorbahce at 443-nmand A is the

>
TR

o~
SR

absorbancetét'443 nm measured at varibus‘pHJQaiues; pKyy is ‘

¥ i

{
R
g);é

R rnd (1] ok




the negative logarithm of the equilibrium constant for the

disproportionation and the initial concentrations of e and NMPH

- A
are zero. For the deprotonation reaction, -
. log — A = pH + pK : (4.23)
‘. . . -AO‘A a “
-0 e where pKa value was reported to be 5.7 (25) or 6.8 (27). Fig. 4.38
- shows that there is a linear relation between log (2-A/(A, - A)) and

. % pH. It was‘found that the siope is equal -0.6 + 0.1 and the intercept
: V ‘ is 3.8 2 0.2. These results ssagest_that NMPwadisproportionates as
the pH increases (Reaction 4.11). But we still cannot rule- out -the

pbssjbi1ity that deprotonation is followed by the disproportionation

R S anty B0 oo « 1

of NMP- (Régétion 4.12) which also gives the same overall reaction
as Reaction 4.1T. The pKy; value for the disproportionation w;s
found to be‘7:6:, This value agrees with Zaugg‘swobservation,,that
is, most of‘NMPHf.gpderwent disproportionation at pH 7.5 to 8 in
Equeous solution. éesides, the second derivative ESR spectrum of .
phe‘light induced spe?ﬁes generated at pH 7 is exactly the same as

' that of NMPHf\ at pH 3. Hence, at pH 7 any equi]i;rium”concentration\‘
of NMP+ cannot be- greater than about 10 % of that of NﬁPH#. The

... cause of the discrepancy between thig;gﬁge;Qétion aﬁd the reported

pK, yalue of NWPH' is.not clear. ‘ L n

y

‘. ) ) In ordgr to determine whether’disproportionatiop is~
jmbo}tqntlin the present work, the conversion factor as defined as
[NMfdAﬁ [NMPHf]o was ca}cg}ated; '[NMPHT]O isfthe?inipial concedg};iipn
of NUPH: . [NMPH] is the.-concentration of NWPH. L

The results are shown in Table 4.5, /?heAguantumryieid—e*éer%meuia

.
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~

the pH Dependeﬁ?g of the Fai?or (2 A/(Ac - A)).

A is the absorbance measured at 443 nm,

A, is the initial absogpance at 443 nm.
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Table 4.5 ‘

~
]

The Conversion Factor of The Disproportionation Reaction

“2 WMPHY T MMPT o+ NMPH + H (4.11)
3 ]

TTa(l - 20) A + b ac

(aa + b)M{aa)[H ]

. Kip = ﬁ(ab] = 2a))2 y T
’ ' s
" ‘ o3
W' b0 bel0TM p=1o‘5ﬂ b=10""N
1077 0.455  0.450 - 0.423 “0.31§A :
107" 0.380 . 0.39  0.302 - 0.133
07 0.250 0.228 0.125 0.0228 q
0% oe 0.089 0.0224  0:0025

5
10 0.0455  0.0194  0.0025 ° 0.00025
b :
. 10 0.0154  0.0024 , 0.0003
S . :
10 0.00%0  0.00025 . T

W
+

. ) o
a Initial concentration of NMPHT, a=10 M
- in this calculation
;- b Initial concentration of et

%;‘..’ConverSiohgf§ttor defined éﬁ‘ine COngéﬁtF%tionf
of NMPH when inittal concentration of NMPH: 3

is 1M : o
N

S S N

¢
7

ST
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, competitive. reactien 4s -

were carried out at and below pH 7 and such that the concentration of
NMP+ was considerably higher than the concentration of NMﬁHt formed

(b >a). Under these conditions the results in Table 4.5 indicate
fhat disproportionation is not important in the présent sxstem (o

is very small). Besides, the drop in the conversion factor is very#
small from pH 3 to-5 and it does not match the drod in.quantum yield K
versus pH (Fig. 4 13) Thus the drop in quantum y1e1d versus pH

cannot be attr1buted to disproportionation:”

-

4.6.2 Competitive Reactions Ihvo]ving Intermediate X. .
Fig. 4.33 indicates that at pH > 3, the rate constant for

the formation of NMP (k5) is not d1rect]y proportional to the

pRavne

concentrat1on of hydronium ion. A possible explaination is that kg

is- linearly dependent on, the concentrat1on of the hydronium Ton,

'\ 4

that is, ks = k& + k% [H30 ], .as the concentrat1on of hydronlum ion .o
increa%es,‘ks increases. The p]ot‘bf ks versus {H30 Jswhich is not o

shown here,indicates a possible Tinear relation between them: v

/

Sidce the quantum yield of‘yMPHt decreases as' pH increases (for

-

pH > 3), there must be a competitivé reactidn.involving X' As'ks

4, “ - L
4 ol e

decredses, the compet1t1Ve react1on becomes more 1mportant hence,
" the y1e1ds drop at pH > 3,  This compet1t1ve reactlon may hot be a .

untmolecular reaction sincé 1f it were the quantum y1e1d of NMP « sh0u1d ’ K

depend on the concentrat1on of NMP R possible bimolecular
- o f«\‘;

K ' . :
X, * et *ZNMP + OH" - C T (4.8)

. ¥ . ¢ %
This reaction involves the same reactqnts\agyReact1on 4.5, that is, ..

in the transitidn’state, the activated complex can fd119w dither \

PN

+

. &

-

WS SRR

-




Peaction 4.5 or 4.6. If k¢ were ﬁndepeqdeﬁt of pH, as pH increases,

',&""

ks/ke would decrea;e and the qhantum yield of NMPHJf would decrease
- for pH > 3,,15 tﬁe same way as kg. But it seems phat the~dﬁop in!
quantum yield is slower than ks.. Probably ke is also 5 function of
the concentrat1on of hydron1um ion, so that the quan%um yield of

HMPH decreases for pH > 3.

- A
O

r‘*»*

At pH < 3, the yield of NMP" (S) decreases (see Section®
- . 2
4.4.3) while the photochemically inactive HMPH * (Sy) predominates.

Hence, the quantum‘yiéld of NMPHf decreases. Fig. 4.34 also indicates

-~

‘that the rate constant for the formation éf“NMPHT or NMP- decreases -

as the pH is Towered. A possible explaination is

) . ‘
LTk et *2 . + eyt . (4.5)
s or-H o ’

Hxt + e’ k-%“ NMPH® + PYHZ S 2 (8.24)

At Tow pH (< 3), Hx* domlnates and posswb‘y kzu = kzu + k3 /[H30:], .
pi .
* " 50 as [H3b+] 1pcreases, Koy d@creases. Hence the psgudo first order

‘rate?constant observed at 443 nn-decieases-as pH decreases (pH < 3).

o In summary, at pH > 3, possibly Reactign 4,5'dominates, the -
rate constant fgr the formation of NMP. follows the relation ,
ki + kg'[H30+] and due to the compeff%%we reaction (Reagtion 4.6) the
yield of NyPHf drops as‘pﬁ~increases. At pH < 3, Reaction 4.24

dominates, the rate constant for the formation of ‘NMPH! follows

-

ko, k;u/[H30t] and due to the drop tn the concentration:of NMP+(SI),-

the quantum yield.of NMPH® decreases as pH decreases. Hence both

* 4
the rate constant.observed at 443 nm (Fig. 4.33) and the- quantum




)

yield of the_formation of NMPHt (Fig. 4.12) versus pH follow bell - <

shaped curves.
. ] *-

L)
-y

+ The fluorescence yield is small (Section 4.4.2), yet the
maximum quantum yield of NMPH' obtained is only half of the maximum
possible value of 2. This can be explained by thé presence of .

Reaction 4.6 which consumes the intermediate X, the formation of a

4

ﬁtripletistate which is photdchemica11y inactive and the' formation of

4

2 .
NMPH * (S,) which is also%hotochemica]]y inactive at pH < 3.

©4.6.3  Reaction of PYH,t .\’ ' : v
; © "Reaction 4.8 suggests that PYHZ\t is oiidjzed by NMP+ to give

%YH+:gdd NMPHf. Fig. 4.22 shows that NMPHt reaches a Steady state
concentration after about 0.5 ms while it takes PYH' about 60 ms to
rise to its final concentration; hencc the fcrmation of NMPH? and of
PYH+ (Reaction 4.8).seem to be indecendent prccesses. However, the

- absorpt1on change a£}443 nm-corresponds t% the net change in o oy
absorpt1on One has to account for the fOrmat1on of PYH and NMPHo
and at the same time, the dep]et1on of Nt and Y.t at this

wave]ength It was found that the sum of the molar absorptton N -

- _ o coeffr¢1ents of NMﬁ (2 éxio M- Cm 1)and PYHZ 67 2x10 M cm 1) and
the sum of the mo]ar'absorpt1on coeff1c1ents of NWPH® (1. 1x10 M cm )

and PRt (9. 7x10 M cm m) at 443 nm are about the same. Hence, no : .
chanqe in absorgtion at 443:nm after 0.5 ms should be observed. .

)

B o,

% . Voriskova (43) reported that the pK value of PYHz- is 5.63
in aqueous solution. This pKa value is w1ch1n the pH range of the
Nexperiménts,mso~thawequilibFium—be%wqenwthe—protonated~anﬁ‘ v

unprotonated species ma} affect the rate of'ghe*formation of PYH+..#3 .
- - ¥ .

o




RS . \ '\,/_l
.. *
Thus the formation of pyocyanine can be rewritten as

. " k
Pyt + et 2 pyHT + vpH? (4.8) |
T s
ok
PyH- + NMPY 3 pYH's NMp. (4.9)

~

PYH: %is the semireddced pyocyqn%ne neutral radical. Then the pseudo

first'ordef rate constant kp for the formation of pyocyanine becomes

y k= (ks + koKio/[H50 ) MP* ) - (a.25)

-

where Kjq is the equilibrium constant of semireduced pyocyénine and

»

can be calculated from the reported pKa value of PYHzf. If this is

the case, then the plot of kp/[NMP+] versus 1/[H30+] should be a L

stcgight line. The intercept is equal to kg and the slope is equal
to kgKig. Fig: 4.39 shows that there is indeed a linear relation

between kp/[NMP+];and 1/[H30"]. kg and kg were found to be.

6 .1 _1 - 8 _1 ‘
1x10 M s and7x10 M s ‘respective]y. At Tow pH, the
reaction between PYHZT and NMP+ is‘predomin nt‘and the rate of the

formation of PYH _is sTow. Asd increases, the second.term in the

9

—

above equation becomes sighificqnt. Hence the rate.of the formation

of pyecy.anirie increases.
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Figure 4.39

A Plot of 1/[H3O+] versus the Ratio of the
Pseudo .First Ordér Rate Constamt Measured

“at 525 nm to the Concentration of NMP'.

-5
INWPT] = 107 M.
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" «4.7. " THE STOICHIOMETRIC RATIO OF NMPH- AND PYH'®
z./f . " 4” "’f ‘ T e -
“\m . The overall reaction (Reaction 4.13) requires that the

s’tbichiometric ratio of NMPH' and PYH be 2. ~The following

» L4 L]

expemments were set up to deter‘mme th1s ratio,

"
2
¥ - t

s An experiment was planned to.measure the ratio of the yiveld

+ oo . + ’ '
of NMPH- to PYH at pH 3 simultaneously,where the concentration of

- ¥

NMPH was to be measured by ESR,and the concentration of f?Y»H+ was. to
be measured, by visible spectrometry . Begiuse of the small

absorptior{ feefficient oc;F the absorptior; peak of PYH"=L at 525 nm (-a ¢
.typu:a] va}ue of absorbance obtained 15 less than 0. 1) 1arge errors
- are: hkely to~ occur in the determanatwn of this ratio.” This

LR experment was therefore abandoned. ' >

-

Ay

‘ | " ' _ An attempt was made to neutralize the pH 3 solution using N ’
. soch um hydromde, The goncentrat1on of’ PYH was determined ¥rom
. the absorption speetrum at 310 nm'where absorptmn coefficient of e
- ‘a' PY a‘e this wevelen:gth is 2.9 x 10 M - cm'l‘. It was fbund that the
' e- r;fcio was“] 1. It is mpossﬂﬂe to estimate the error 1nvo]ved in.
.- ‘au this nethod due to the foUowmg reasons. Since —thewshape cf the, :
L t1trakon curve (pH versus the vo]uue of base/ac1d added) is S <
shaped a shght excegs of base’ wﬂ] cause the pH of-ﬂge sol utmn
Jump to 'u9 Mcllwair (24) reported that in aq‘uem;si alka"hne ,
solution ﬁMP decomposes éven 1n the’ absence of air to phenazme, ‘

NMPH, and forma]dehyde The concentratwn of NM" was abqut ~ . .

. ' - S

4 x 10" .M and the concentration of tbe PYH" f‘onned is less than .

-4 .
10, ,_lﬁ. A sma]l%decomposnwn qf NMP wﬂUzg_g__a__cmu_demblL..M A
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‘amount of NMPH. NMPH has a broad op;ica] absorption peak af 332 nm,

-_\A]théugh its absorption coéfficient at 310 nm is about one sixth of

.~

that of PY at that wavelangth, it will §til] interfere with the
measurement of the absorption peak of/PY ay/ 310 nm because of its high
the And of the experiment.the

\
concentration of NMP and,NMPHt were comparable, so from Table 4.5 the

“concentration. It was found that a

conversion factor o was found to be 0.12 at pH 7. Hence, NMPH

could be formed by the disproportionation df NMPHT, NMBH will again
interfere with the measurement. Thus due to the ihterfergnce of‘PMPH,
the determiﬁition of the ratio by thé above method may be considerab]y'

t

_in error on the low side. Thus another experiment was set up.

From the va1ué§'of;Aw at both 443 nm and 525 nm which were
obtainég‘from optical flash photolysis results at pH 3, 6ne finds\that
the ratio of NMPH:L formed per flash to PYH+ formed is 1.4. The‘Aeo

~at 443 nm corresponds to the net chénge in, absorbance anqxis equaT‘ﬁiJ//
the dif%erence'of the absorbance of NMPHf formed and thaflof NP
depietéd atfthat wavelength (the contribution of pYH' is'neg]igible)n
2 The concehtration of NMP+ dep]etea iixfﬁﬁ9] to thé sum of.the
concentration of NMPHY and PYH+.‘ The concentration of PYH' can-be
calculated pirectly from Aw~at‘525 nm, SO we havg tw0‘sjmu1taheous h

~ -+

equations in two unknowns. In the optical flash photolysis
,expe;imentsf very dilute solutions ( 10—5ﬂ) weré used. Even when ;
' 19.5 cm long cell is used, the absorbances obtained at 443 nm and
525 nm are always: less than 0.3. The stahdardhd;;?atjon of the ;
stoichiometrié fatio obtained after solving the equatioﬁs is fairly

- large (at least 15 %).
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‘The final method devised was as fo]]bwslS'An NMP+ solution
in ph 3 hydrochloric acid &aé p]aced'in én'anaerobic,absorpfion‘Qg]l,
The optical ‘absorbances at 443 nﬁ éhd 385 nm were measured at \
various irradjation timés. The change in absorbance at 385 nm is

i

considerably iarger than that at 525 nm, thus the error in the
i |

measurement is smaller at 385 nm. The following equations were

to find the-concentrations of NMPHf and PYH+ at various irradiation' s;\\

T

times, '
) + + +
. R (385 nm) = £, [NMPT] + e, [NMPHY] + o [PYH'}  (4.26)
A (483 nm) = eJ[AMPTT + 2 [NMPHYT + l[PYH'] - (4.27)
¢ .
et ] = (NP1, - [NMPHET - [PYHTY “(4.28)

where [NMP+]o is, the initial concentration‘of NMP+,-sl, €2 e3bénd
£}, €3, €5 are JLe molar absorption coefficients of NMPT, NMPH® and
PYH' at 385 nm and 443 respectively. It was found that the
stoichiometric ratio of NMPH® and PYH' is 2.2 + 0.4 a%ter three
independenp runs and a total of twenty'measurgments. This further

supports the proposed mechanism which requires the ratio to be 2:

'y\.‘




4.8 EFFECT OF ADDED AGENTS T~

e

4.8.1 . Addition of Spin Traps
By adding 5,5-dimethyl-1-pyrroline-1-oxide (DMPO) (fin$1

concentration 10_2 M) to a NMP+Aso1ution, a spin adduct,whose ESR
spectrumvhas al 2 :2 :1 quartet pattern,is formed immediately

after the light is turned on. The sbin ;dduct starts .to decay after

2 to 3 minutes of steady illumination. Experiments were alsﬁ carried
~out in et - H,0 and nvp* - D20 using phenyl-t-butyl-nitrone, PBN,
(saturated solution) as the spin trap. About a 20 % narro&ing of

spin adduct ]1newidth in D20 solution was observed. The ESR spectrum

of the DMPO spin adduct is shown in Fig. 4.40a. ’Tﬁe background slgna]
1s_due1:gﬂthe pﬁgsehce of NMPH. The speétra of the spin adduct are
identical to the ESR signals obtained from UV phétolysis of a 1 %

H,0, solution in the presence bf DMPO (Fig. 4.40b) and PBN. Harbour

et al. (72) have shown that -Oh radical isdthe main product from the .+
uv phqto]xsis of a 1 % hydrogen peroxide solution, while both -OH and
HO3 radjca]s are formed at higher concentratiéns of hydrogen peroxide. h
Table 4.6 shows the comparison of the hyperfine sp]itting constan%s \
“of the spin adduct in the present system and that of the -OH radical.
These results indicate that either the hydroxy! radical or a_;§3$igl

-
s %

similar to it is formed in the system.

L

.~

- The relation between the peak - to w‘peakléﬁﬁiitude and the
area,under the ESR absorption curyve of the -OH spin adduct usiag PBN
as the spin trap was determinedt/ The method was described in §ection
4.3. This factor was used laterlin the determination of the ratio of

the spin adduct to NMPH' formed. A nitrogen purged NMP¥ and PBN

L4 (3
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Figure 4.40

The First Derivative ESR Spectrum Obtained after

Irradiation of (a) NMp* ; (b) 1 % H,0, Solution

»

Both in the Presence of DMPO.

i .. :
Modulation amplitude 0.5 G, time constant 0.3 s,
scan time 4 min., microwave power 10 mW.
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Table 4.6 M

The Comparison of Hyperf1ne Sp11tt1ng Constants ofJ
Spin Adducts Formed in wmp” to that of - OH Pad1ca1
Spin Adducts Using DMPO and PBN as the Spin Traps - L4

) - -

PBH OMPO

} L
From Ref. 72 a' = 15,36 A PN
f »
at = 2.70 6 at < 14.96
b - Ta, 5‘
» : at = 0.616
Y
al=0.56
- Y .
. N N \
, From this work a =154+ 0.2 G a =.15.1+0.26G
: a*; = 2.74 + 0.05 G ag = 15.1+0.2 G .
% ) P
i g ' .
: AN
i
13 \
I g»;,'c' E
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sample was studied using FPESR technique. The mégnetic field was set
at the first low field 1ipe of the spin adduct, which is near the
tail pért of the NMPHf signal. .From the change in peak - to - peak
amp1itude;pe% flash, which was &§in1y due to the spin adduct, the
area under- the absqrption curve was then caicu{éted using the factor
dadtermined above. l}he area under the absorption curve of the NMPHf
formed per flash was also found by the difference in area under the
abéorption curve before and several m(ﬂytes after %¥f1ash. (By that
time most of spin adduct decayed and double integration of the whole
spectrum g;ve the area of NMPHf). The ratio of the spin adduct to
NMPHf“fo}med per flash was found to be about 0.52%: 0.05. This
result indicates that PBNlonTy trapped_about”ﬂ% % of the jintermediate
X formed be;aﬁse in tQS reaction_between PBN and X only one NMPH‘r

is formed while in the absence of PBN two NMF’!-foL are formed per X

Aformed.
,/

4.8.2 Ef%ect of Other Solutes
a. Fbrmate buffer: Formic acid is high]} reactive with
\Jﬂ@he «OH ;adical because an a'hydroge; is available in this
) ~m61ecu1e. The yield of the formation of PYH+ drops :

cqnsidérab]y in pH 3 sodium formate - formic acid buffer.

r?ié.f4.4l’sﬁow§ £hé y{éid‘bf=PYH+ ét varfous'concentrations

of formate buffer solutions. There must be an additional

reaction involving formate and the intermediate X.

"‘\ in - ) - ,
Cox+ 1600 . (8000 4 0 (4.29)
HECOOH "~ .COOH ,
1 l' ) .
i 1

<
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i Figur’fa 4.41

.

The Effect' of the Concentration of Formate Buszer

on the Yield of Pyocyanine Compared to that

e
. inl0 H# Formate Buffer,
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‘When the rate of Reaction 4.5 and this competitive reaction
-are the same, the yield of-PYH+ would be half of that in the
absence of formafe. It was found that in the ﬁresence of
0.8 M formate, the yield sis only half of that in a pH 3
hyarochloric acid solution. The rate constant of fhe

* reaction between the intermediate and formate at pH 3 was
found to be about 5 x 103'Mfl-s_1. It has been regprted that
the rate constant for the reaction of OH with formi¢ acic
at pi 1 is 7.5 x 10‘7 M_'l 5~ (73). This suggests: that the
intermgdiafe behaves like an +OH radfca] but is very much less

X reactive than .QH. The rates of the formation of WMPH® which
) are measured by ESR in pH 3 hydrochloric acid and 10'l M

{ / pH 3 férmate buffer a;e very simi]a} under steady - state

i1lumination. Formic acid oraformate probably reacts with

the precursor to form NMPHf so that the yield of NMPHt'

remains the same while the yield of pyocyanine decreases.

b. Acetate buffer: The rate constant fgr the reaction.of -OH ~
"with acetic acid at pH 1 has been reborted to be : o
1.4 x 107 ﬁfl s"1 (73). The authors (73) also indicate that
it is very unlikely that the -OH reacts at the.carboxyl
-‘ group either by H atom abstraction or by additign. The S -

* . possible site of attack is at the -CH; position. When NMp*

AT AT ChRes vt s ® 4

2 ' was added to various concentrations of sodium acetate -

acetic acid pH 7 buffer, the formation of.PY after,
" illumination (which was defgrmined optically at 310 nm) 3

¥

decreased as the concentration of acetate increased. It was

o




-

found that'a 0.4 M acetate -buffer could lower the yield of PY

N

to 50 % of that of a NMP* sample in a 4 x 107 M acetate

buffér. The rate constant k; at pH 7 was estimated'from the
pH dependence of the rate constant te be about 108 pr s-l
The rate constant of the reaction between the intermediaté
and acetate at pH 7 was estimated to be aboﬁt 3x710 ﬁfl -
Acetidté, an .OH quencher, «can again reduce the yield of PY.
It further suggests that tﬁe'intermediate X involved in the

reaction is a strong oxidant.

Iron salts: When iron (I11) was added to an nP* solution in
0.05 M sulfuric acid solution, the concentration of iron (II)

, increaséd after irradiation. The concentration of iron (II)

was determined by theloptical absorbance aé 510 nm after the_
addition of 1,10-phenanthro11ne; “Using FPESR, the addition

of iron (II) has no effect on the étabi]%ty of NMPH! formed

in a pH 3 hydrochloric acid ;o1ution except for-the first few
flashes. But in the presence of iron (III), the NMPHY signal
decays right after the f]ash.” As the concenpr&tioﬁ of iron(III)
is increased, the amount of NMPH' remaining after the decay
decreases. These results suggest that n\iMPlliir can reducemv
iron (III) to iron {11),thus causing the reduction of NMPH+
signgf after flashing. This reaction is thermodynamically .
allowed. The presence of iron (I111) impurity in the

irgn (II1) sample probably causes the decay of thé NMPHT ESR
signal during the fi;gf"?Ew\i%ashes and the reduction of
iron (III) to iron (II),thus'{ncreasing the concentration of

iron (II) after irradiation. . o,




-

4.9 THE NATURE OF THE INTERMEDIATE X

“ khen DMPO was added to a sodium 9,10-anthraquinone-2-
sulfonéte aqueous solution, the ESR spectrum of the spin adduct was
found to be similar to that pbtained in the nvp* system. Probably the
intermediates in the two systems have some sfmi]ar characteristics.

Clark and Stonehill (74, 75) suggested two mechanisms for //
the, photohydroxylation of9,10:;nthraquinone—2~su1fonate anion (AQS)
in aerobic aqueous solution. These iiechanisms involve an -OH
radical and a species equivalent to the -OH adduct of AQS.t Recently,
Buftﬂill et al. (76) showed tha:~= volume % of isopropanol could
quench the hydroxylation of AQS when the solution was y irradiated,
Charlton et al. (77) reported that even in the presence of 10 volume %
of isopropanol the photohydroxylation reaction still occurred, The
authors suggested that -OH radical was not involved in this
reaction., They further suggested the following mechanism which

involves the formation of a radical pair and the addition of water

to the cation radical to form another intermediate: .

AQS ~ AQS* (4.30)
AQS* + AQS -~ AQS: + AQSS (4.31)
AQs™ + H,0 - AQSOH- + H' (4.32)

¥

AQSOH- + AQS*: 2 AQS + OH™ ' (4.33)

2 AQSOH- ~ AQS + AQSOH + Hj0 (4.34)




L4

The proposed structure of the intermediate (AQSOH.) is

HO

Clark and Stonehill (78) also recently reported that free .OH was not

W™

an 1ntermed§ate in AQS system. They based thjs confention on: the
effects of several «OH scavengers and the effects of high OH',

conhcentration on hydroxylation yield in y radio}ysfs and photolysis.

oy ~
» < . o
-

Q. Dekker et al. (79) suggested that the primary step of the

e ' N "ta
photohydroxylation of 7,8-dimethylalloxazine was the addition of

vater tq‘ihe excited singlet state, because the reaction proceéded
under aerug}c conditions wnere the triplet was efficiently duenched

e

by oxygen. Durren et al. (80) suggesteg¢ that this stable primary _ -

iphotoproduct is LOH3 (Fig. 4.42). They proposed that it then

further reacts with another molecule of 7,8- d1methy1a11oxaz1ne to

form LO and LH3 (Fig. 4.42). The reaction s a two - e1ec§roﬂ

‘reduction reaction. They found that th1s reaction is a pseudo f1rst

-1

order reaction and the b1mo1ecu1ar rate constant was-1.4 x 10 M s
4.

We propose that the formation of the intermediate in the

NMP? reaction involves the addition of solvent waterﬁto the excited

N e
S - & %
v
N .
.

.
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Figure 4.42

Structures of Vaﬁjous Species Involved in the

Photohydroxylation of 7,8-Dimethylalioxazine.
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state, The structure proposed‘for X is
H OH
N
N
T N
. ( I
CHj

This structure is very simi]ar to that proposed by Wake et al. (40)

for the photochemical-reaction of phenazine in acidic solution.

The structure of their proposed intermediate is

v ;
N

The mechanism of the phenazine reéction is shown on Fig. 2.3. The
‘structu}e of the proposed intermediate in AQS , phenazine and NMP+
. Systems all involve a hydrogen atom and a hydroxyl group attached to a

S

! N ' *
carbon. This anit may 'then serve as either an electron donor or an

I
t

. +OH donor.. - ' A S o
-4 i - f‘ A X
- i
£

wk ~ The »0H scavengers such as fofmate and acetate are capab]e“““;

PYARIVN- SRS
& ’

of decreasingztni yield of pyocyan?né. Furt&fgmore, the -Oﬁ spin
adduct is ?ormeq after the addition of a spin trap. Thus, it would
appear that the intermediate X is either an -OH radical donor or at

e

“least a very strong oxidant. The intermediate then reacts with

. ) ) 7 {
“ v ? \

R

al
. , N .
3 ' B




v

t -

. V
another molecule of NMP+ to give NMP., and PYHzf, the second order rate

\ 8 1 _1
constant being 7.7 x 10 M~ s™ at pH 3 which is comparable to the rate

constant of the 2-electron reduction reaction. in the 7,8-dimethylalloxazine

system. ) ' \




4.10 - KENETIC SIMULATIONS

i

The following rate laws fdk Reactions 4.5 and 4.7 were set <:
up. ‘
d; IP' N
o] K DXI0IMETT - k[N 0K : (4.35)
~ )
d[NMPHY ] .
— - k,[NMP.][H ] ; € (4.36) ¢

The coupled diffé?ential equatiqns were solved by numerical integration
x(8f). The rise of PYR is slower than the formation df‘NMPHT and was
neglected insthis ca1cu13iion which only covered the first mitli- |
second after photolysis. From Section 4.5.2, the second order\}ate ;

7 .1 _1
constant (k7) of Reaction 4.7 was estimated to be 6.6 x 10 M s

Uging kg as 7 x 108 Mfl s , it was found tbat the gimu]ated decay x
inetics of NMP. are slower than the observed ones. Probably ﬁhe

sTow rise of NMP. is comparable to the decay of NMP.. The value of -

k, was varied until the simu]ated‘decays were close to the observed

“decays from pH 4 to 5. k, was then found to be 2 x 10° Mfl s

The rates for the formation and decay of NMP. were then ca]cu]gted.

It was found that the decay rate’is'%aster than (at pH 3) or close

tg (at pH around 4.5) the rate’of formation o% NMP.. Hence the rise Lo

kinetics of NMPHf'shou]d match the rise Kinetics of PYH2t as observed.

" The rate constants obtained at 443 nm are actually ks at pH 3 to 4.5

(Reaction 4.5 is the rate determin%ng step).

Pe
~

When the coup]ed“qifferéﬁtial equatibns involving Reactions

-

*

4.5, 4.7, 4.8,.4.9, 4.10 and 4.1] were solved hy'qumerica1 ?ntegration,

the concentrations of NMP', NMPHf, PYH' and NMPH at verious times.

i




| ®
were obtained. The forward raf;xEﬁﬁgtants for Reaction 4.10 and 4.11
vere asdmed to be 10. Bfl s~ and the backward rate const%n%s were:

then calculated from the equi]ibrigm constants. It was foﬁnd that

the pseudo first order rate constants for the formation of PYH+

match the observed rate constants (within 90 %). The concentrétion of

NMPH at various pH's (from pH 3 to pH 7) are only about 10-6 of that T

\
of NMPHT. This then confirms our conclusion that disproportionation/,’

is not important in the present system (Section 4.6.1).




4.11 FURTHER WORK AND APPLICATIONS °

4.1&.1 Further Work )

In the present study all rateAcons}ants were detehnfned by
optica] flash éhotolys}s. Since PYHZ'r is a radical, itg kinetics ,
could be monitored by FPESR Hepce, this technique could bé\uségﬂfo K\\___

confirm the rate constants reported here.

PYHZJf can be generated by chemically reduging PYH+ using

ascorbic acid. From its first derivative ESR spectyum, it was found
that there are some magnetic fields whfch.corresp nd_to, rossover
points of the NMPH® ESR spectrum. The Kinetics of PYH,* could be

then monitored at these niagnetic fields without the interference from

NMPHf, ks and kg and possibly kg eeulq\ffri-be determined.
‘ -

b
When a Ep M NMP solution is used, the rise time of PYH2

‘, is about 10 us. JW1thout using the 100 khz modu]at1on it is poss1b1e
to obtain resﬁ%gke times down to 1 us,sbut the signal - to - noise i;

poor. When not using the 1€&LkHz modulation the magnetic field should 4
be set at the first Eérivative crossover point of the ESR signal

o’ e

since the response is proportional to the ESR absorption intensity.
| ~ @ ™
The major problems in this method are‘:?g té improve the.

Al

signal - to no1se ratio and how to prevent shififng of the magnetic

field since the linewidth of the 55“*é§$“§” of PYHZ- is very narrow:
. ! L]

<

‘Using a UV-Tight source and quartz optics in the opt1ca]
. v ' N\

%

flash photolysis experiments, it might be pos§1b1e to detect the :

optical spectrum of X. F}om its decay kinetics, one should be able




*

to measure kg. Tﬁe pH dependence o% ks/kg could thenm be used to
confirm ?gr proposal that this ratio decreases as pH increases

(pH > 3)

e
.
iy

4.11.2  Possible Applicatioris

NMPHt is not stable under aerobic conditions. Hence, it s
not a very suitab1e~c6mpouﬁd to use as a subétr;te in a photochemical
system to decompose water to hydrogen and oxygen. Ishizu et al. (17)
reported that NMPHT‘WQE stroég]y bound to deoxyribonucleic acid.
This associatibn stabilizes NMPHY against air oxidation because NMPH'
is sterically protected from oxygen a@tack. Evans and Bolton (82)
recently reporteg that'there was a strong interaction between NMPHt
and'sodium‘dodecy1 sulfate micelles, again stabilizing the molecule
NMPHY . The binding site is iﬁ the nydroc ”¢¢2‘[E}n a few .
angstromssbelow\the'palar hezg\gggggfr/fgﬁs: NMPHJ'r could be stabilized

by deoxyribonucleic acid or by micelles in aerobic solution.
. - "‘

.This system could be used to couplg with anothef reduction
half cell which can sensitize the Hecdhposiiion of water to hydrégen
upon irradiation. The NMPHﬂt thus formed during the light period
. could possibly regene}ate the starting material of the.reduction half \

cell electrochemically in the dark, méking“the~ﬁeac;ion reversible.

L3
- ‘:’ . b
. °
.
» . .
\ »

L ot ]
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4.12 SUMMARY e

The photochemistry of NMP+ in AQueous solution was

~

investidated using a combination of electron spin resonance.and optical

flash photolysis techniques.

The formation of NMPHt was confirmed by tpe similarily of
the optical absorption spectrum of the 11ght induced species to

that o%ﬁg NMPH T perchlorate solution, the change in. the ESR signal

n
T

pattern when the solvent was changed from H,0 to D,0, and the analysis
of the ESR spectrum which indicdtes that there is a proton attached
to~the nitrogen. The formation of PYH+ was detected by its

characteristic.optical absorption maxima at various pH values.
L 2N

A mechanism is proposed (page'63)jin terms of the formation of

a so]vent adduct of the unprotonated excited 51ng1et state of NMP

&

This 1ntermed1ate donates an OH radical to NMP' in a concerted
reaction to form PYHzt and NMP- (Reaction 4.5) which is then protonated
forming NMPH (Reaction 4.7) or giving back the 'starting material NMP'
(Reaction 4.6). PYHZT then reacts with Nr‘P+ giving NMPHt and PYH"
(Reaction 4. 8) But %yH-,wh1éh can be generated through the ionization

of PYHZ (React1on 4.10}, can a!so react w1th N g1v1ng NMP and PYH™

(Reaction 4.9). Most of the forward rate constants were determ1ned.

The Fisproportionatioq reactions (Reaction 4&11 or 4.12) were found to be
!@ >
rather unimportant under the experimental conditions. The rate constants
/ ' -

for' these_ reactions are summarized in Table 4.7.
\4

~  The quanfhm-y1e1ds of the formation of NMPH were determined

‘\Ca

to be 0 29 + 0703 at pH 7.at 476.2 nm and 1.1 at pH 3 by an ESR




! - . i
Table 4.7
Summary of the Rate Constants Obtained
in Optical Flash Photolysis Experiments '
T \ '
Rate Constant
1 1
M s )
8
Ks *7.7 x 10
bl .
8
k7 2.0 x 10
- (3 ——
. kg ' 1.0 x 10
, 8
: . kg @ 7.0 x. 10
; . ‘
% o
§ [ 3
.
; 5
% .
H
i -
H .
t
i .
H
13
§ &
g / -
,N____m___"__________..’f"""’ i
é E r& s
9 >~ 1
%




technique which does not require a prior knowledge of the absorption

coefficient of the radical at the wavelength of the incident 1light.

-

Formate and acetate were found to quench  the formation of
PYH+L Probably other organic substances may also be used to facilitate
+ .
the formation of NMPH: which in turn may possibly act as a substrate

for photochemical hydrogen production.
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APPENDIX 1

. THE COMPUTER PROGRAM FOR THE DOUBLE
. INTEGRATION < .

' CIMENSION Y(1824),YY(1824),HT(1824),YP( lﬂéd)

1 TYPE 2
’ 2. FORMAT( /7/s"SONAME OF CATA FlLE'./. ENTER ENC
. | POINTS TO BE REAC IN 14°*/)
. ACCEPT 8, FILEN #
8 FORMAT(AS) - -
~ ACCEPT 91,N B
91 ,° FORMAT(l4) . ) -

CALL IFILECIFILEN)
REACC1,9) (Y (J),d=1,N)
L . L FORMAT(8F7,.8) i ‘
- ) , PRINT Sé ; c
56 FORMAT(® NUMBER OF PTS IN A GROUP IN [4%/)
’ ACCEPT 88, NOG
o9 FORMAT. (14) - .
NG=N/NOG .
Jee N
ANOG=NOG -
\V‘ LO 68 I=1,NG
SUM=8,
LO 61 K=1,NOG
JrieK -
UM= SUM+Y (1)
6! CONTINUE
‘ YY (1) = (SUM/ANOG) ‘
: .J=J+NOG ,
e CONTINUE o
S1aMAY=S, ‘&
CO 24 I=1,NG ‘ ~
HTCY mYY (E) =YY (1) :
SIGMAY=SI GMAY+NTCI) = _
24 CONTINUE ; .

[




PRINT 35
FORMAT(* SCAN RANGE OF SPECTRUM IN Fé.8°'/)
ACCEPT 33,SCANR
FORMAT(F6 .8)
CxSCANRsANOG/ {824,
ANG=NG
BE=-2.x 5| GMAY/ (C+ANGH (ANG# 1.))
SAREA=S,
LO 99 i=1NG
Al=] ,
SAREA= (2 . 2ANG~=3.2A1+ 1, )aHT(]! )+ SAREA
99 ©  CONTINUE
AREA=Ca[= SAREA/ 3, . .
PRINT 28,FILEN,NOG, NG, AREA :
20 FORMAT(* FILE NAME IS *,AS,/¢' NUMBER OF POINTS
e 1 IN A GROUP *,14,/,' TOTAL NUMBER OF GROUPS ',
‘ +214,/,* AREA 1S *,F18.8,//)
' SUMlO.
SB=BRaCal/2Z.
O 77 I=1,NG
Als=] .
SUMs SUM+ HT (1)
YP(1)=Ls Sute B (AT A1vAl) . 1'?
CONTINUE
CALL MAXMIN (YP»NGsYMAX,YMIN)
TYPE 58 .
FORMAT( -* TYPE PLOT FOR A PLOTS TYPE NO'/)
ACCEPT 8, PP
IF(PP.EQ.'NO') GO TO 9¢
I F(PP.NE.*PLOT*) GO TO S9
. GALL APLOT(YMAX,YMINsYPsNG)
96 TYPE 14 i A -
14 FORMAT (' TYPE YES FOR ABSORPTION CURVE CATAS
L\ LTYPE NO'/) o
ACCEPT 8, CONP
IF (CONP.EG.'NO') GO TO 9§
IF (CONP.NE.*YES') GO TO 96
15 PRINT 5, (YP(J),J=1,NG) .
95 PRINT 65
65 FORMAT(® TYPE NEWW FOR NEW CATA SET,
" JOTHERWISE TYPE STOP'/) .
ACCEPT 8, CONT
IF (CONT.EQ.'NEWW®) GO TO |
IF (CONT.NE.'STOP*) GO TO 9%
STOP
ENC

o




o

11

12

SUBROUTINE MAXMIN (YP,NG,YMAX,YMIN) -

CIMENSION YP(1824) .
YMAXxYP( 1) N

YMIN=YP(1)

K= - ' ,
L=1 3 e ‘

CO 1@ 1=2,NG

IFCYP(1) .GT.YMAX) GO TO 1|}

IFCYPCl) «GT.YMIN) GO TO 10 i
YMIN=YPCI) .

L=l

GO TO 1

YMAX=YP(1) :
K=

CONTINUE -
AO=YP (NG)

PRINT 12, YMAX,YMIN,K,L,AO '
FORMAT( * MAXIMUM VALUE |S=",F18.2,/, )
1* MINIMUM VALUE | S=*,F1@8.2,/,* ACCRESS OF MAXIMUM
2 1S=*,15,/,* ACCRESS OF MINIMUM IS=*,]S/, :

3* VALUE OF LAST ACE, 1S=°*,F5.2/)

RETURN :

ENC

SUBROUTINE APLOT(YMAX,YMIN,YP,NG)
CIMENSION YP(16824)

AsYMAX=-YMIN

B=NG-1

9 _»~ PRINT 1@

19

11

13

12
14
15

17
16

18-

]
i
|
I

FORMAT(®* TYPE POINT TO OBTAIN POINT PLOT, LINEE
I TO OBTAIN LINE PLOT*/)

ACCEPT 11,CONC
FORMAT (AS)
IF(CONC.EQ.*POINT*) GO TO 12

TYPE 13 -
FORMAT(/,* PLTL'/) - -
60 TO 15 . .
TYPE 14 ]

FORMAT(/s* PLTP'/)
CO 16 I=1,NG

Al =]

| HOR= (Al -1.)%9999,/8B .
IVERT=(YP(I1)=-YMIN) #9999 ,/A ~
TYPE 17,|qu.IVERT : - . ‘
FORMAT(IX,; 14, 1X,1 4)

CONTINUE * . \
TYPE 18 . .
FORMAT(/,' PLTT'/)

TYPE 22 £
FORMAT(® TYPE AGAIN TO PLOT THE SAME CATA*/)
ACCEPT 11,CON .

IF(CON .EQ., "AGAIN') GO TO 9

RETURN

ENDC

N
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APPENDIX 2
_,‘\J/ -

The Experimental Second Derivative of NMPHT ESR
Spectrum (top) and Esg Computer Simulated Spectrum

(bottom) Using the byperfine Splitting Constants

Listed in Tabje 4.1.
b Y
Modulation amplitude 0.063 G, time constant 1 s,
scan time 30 min./20 G, microwave power 1 mW,
modulation frequencies 100 kHz and 1 kHz,
linewidth used in the simulation 0.12 G.

Note that the peak of the second derivative line is
towards to top of the page.
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