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. THE USE OF .A NITROXIDE RADICAL AS A TEST REAGENT 

OF TIlE PRH1ARY PROCESSES OF PHOTOSYNTHESIS 

Gerald Aloysius Corker 

ABSTRACT 

The presence of photo-induced paramagnetic species in photosyn ... 

thetic organis~ \'Jas demonstrated over ten years ago. However, the 

identification of these species and their connection \'lith the processes 

of primary quantum conversion remain elusive even though numarous 

approaches have been applied to this 'problem. This work reports an 
:.~: 

attempt at identifying these species ·using ditertiarybutylnitroy.ide,~ 

a stable free radical. as a test reagent. 

Spinach chloroplasts sensit1zea photo";reduction of the nitroxide 

to the corresponding hydroxylamine. Oxygen is produced from H20 con

currently \'iith the reduction in a ratio of 1 mole of oxygen evolved 

to ca. 4 moles of the nitroxide rpduced. The reduction appears to be 

coupled with photosystem II in the chloroplasts. Also, the following 

reagents inhibit (or partially inhibit) tlll.:! reaction: 1}3-(3.4-

di chl orophenyl )-1 t l-dimethyl tI r(H'I t 2) 2 ,6 ... di chloropbeno 1-i ndophenol 

(reduced or oxidized form) D 3) salicylaldoxime, and 4) potassium 

ferricyan;de • 

The photo-reduction, which is shown to occur with fresh chloro-

p' as ts. fresh frugments or aged fragments, is accompani ed by a da rk 

reaction which (11so involves a reduction·of the nitroxide. 
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The reduced fonn of the nitroxide. d1tertiarybutylhydroxylamine, 

underyo~s d j.ilioto-oxidilt1on \'1ith spinach chloroplasts. It is proposed 

:thnt the arnountof the hydroxylamine photo-oxidized is controlled by / 

the amount of an indigenous oxidant present in the chloroplasts and 

ti1at this oxidant, though coupled to electron transport, is not an 

actual participant and is irreversibly t~educed. 

A product \'Jhich could' be ascribed to a coupling reaction beb/~en 

the n1troxide and the radical species which gives rise to the photo

induced EPR signal in spinach chloroplasts was not detected; even using 

radioclctive tracer methods. The nitroxide is not suitable as a trapping 

agent. 

Tile nitroxide is oxidized by potasstum ferricyanide toisobutene 

and 2-methyl .. 2-nitrosopropanc. The reaction is complicated by a photo ... 

chemical degradation of the nitroso compound. 

A reversible photo-t~eaction between the nitrox1de and various 

Quinones appears to involve the formation.of a di-peroxide type,.mole

cu1e resulting from th~ interaction of the nitroxide with the triplet 

states of the qui noneS. 

Also reported in this work is a discussion of a widely accepted 

mechanistic view of photosynthesis, a revie\ll of the experimental elec-

tron paramagnetic resonance observations Obtained \t/ith photosynthetic 

organisms. a brief investigation of charge-transfer complexes formed 

between p~ntofluorobenzonitrile and hexafluorobcnzene \'Jith the organic' 

bases. N .r~ ,U' .N' -tetramcthyl-l?.-phenil enedi ami nc and eli methyl (lnil i n~ I 

/ and a di scuss ; on of lln impl~ovcd method for the dctecti on of triti um 

combinin~ the techniques of thin-layer chromatography, scintillation 

couilting and radioautography. 
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PREFACE 
, . . 

Sufficient experimental data to justify proposing a mechanism 

for the primary quantum, conversion act of photosynthesis existed as 

early as 1955. At that time, Bradley and Cal;;n1 proposed a ~echan'ism 
.. 

involving an ordered array of chlorophyll molecules. Their sugge~ted 

sequence of events involved the absorption of light, resulting in the 

fonnation of chlorophyll singlet states which, by intersystem crossing, 

were converted into chlorophyll triplet states. \'Jith the energy in 

this form, an electronic ionization occurred leading to trapped 

electrons and ho1es--the reductants and oxidants. respectively--

requi red for photosynthesi s. 

According to this scheme, one \-JoIl1d expect to find at least three 

different types of species exhibiting paramagnetism during photosyn

thesis--the triplet state of chlorophyll, the trapped electrons and 

holes. and organic free radicals produced by enzymatic reactions. 

Although photo-induced paramagnetic species have been detected';n . 

photosynthetic organisms by electron paramagnetic resonance (EPn) tech

niques, little success has been achieved in identifying the species 

exhibiting this para~agnet1sm. The present work is an attempt at 

identifying these species USing ditertiarybutylnitroxide (OTBN) as a 

test reagent. 

This 'work is presented in four chapters. The first of these 

presents a discussion of the current mechanistic view of photosyn~ 

thesis, a review of the EPR observations obtained \'lith photosynthetic 

organisms and a statement and analysiS of the approach used in 

attempting to ;den~ify the photo-induced paramagnetic species in 

iv 



photosynthetiC organisms. The vie'll of photosynthesis discussed here 

was used as a model for some experiments reported in this work. 

Chapter II contains the results of brief investigations of the 

interaction of DTBN \'lith various chemicals, kno\'11edge of ~/hich \1aS 

requi red for thi s work. Experiments conducted \'1; th'DTBN and photosyn ... 

theti c mater; al s are reported in Chapter II 1. Incl uded are ki neti c 

experiments which rel ate a photochemical destruction of DTBN with 

photosynthetic oxygen production and analysis of the products of this 

destruction. Concl~sions and suggested continued work are presented 

at the end of Chapter III. 

Chapter IV contains the results of investigations of charge trans-
. , 

fer complexes and of a method for detecting tritium using thin-layer 

chromatography. scintl1lation techniques and radioautography. 

The method of preparation and the properties of DTBN (including 

the preparation of l4C-labelcd DTBN), a list of materials, their 

sources and methods used to prepare and/or purify them. anddescrip

tions of the instruments used for the work. are contained in the 

appendix. Also included in the appendix is a br1e.f analysis o-f using 

EPR technique for kinetic studies. 

v 
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CHAPTER I 

, Introduction 

This chapter is divided into three sections. The first of these 

discusses superficially the development of a widely held view on the 

mechanism of photosynthesis. No attempt at annotation is rr.ade. Nor 

is a complete historical development of this vievl attempted. Instead, 

listed in Table I are the investigators who have made major contribu

tions to the development of the current view.· 

The second section describes the observations obtained with photo" 

synthetic organisms using the technique of electron paramagnetic 

resonance (EPR) spectroscopy. No discussion of the principles t instru

ments or applications of EPR is given since numerous publications 

describe these topics. 1- 5 Knm'4ledge of the principles of EPR required 

. to understand the remainder of this thesis is given in the appendix. 

The third section discusses the problem toward which the work 'ir!. 

this thesis is addressed, the approach to be used, and the problems 

anticipated with the approach • 

. fhotos ynthes 11 
An overall view of photosynthesis, the complex process by which 

plants, a1gae and certain bacteria convert electromagnetic energy 
I 

into chemical energy in the form of ~ital organic materia1s, is ordi-

narily abbreviated, using,equation 1. This equation, summarizing 

experiments conducted in the late seventeen and early ei ghteen hundreds II 

says nothing about the intricate manner in .. ~hich these organisms perform 

this important reaction. Um'lever. this equation is based upon observations 



Date 

1777 

1779 
"f 

1782 

1804 

1845 
!" 

t· 
1864 

1881 

1883 

1887 

1905 

1931 

~. 

l 1932 

:rable I 

Najor Contributions to the Current Vie\'l of Photosynth~t;c Electron Transport 

Contributor 

Priestly, J. 

Ingen-House, J. 

Senehier, .1. 

de Saussure t T. 

r,'ayer, R. r·1. 

Saches, .J. V. 

Engleman, T. H. 

Engleman, T. W. 

~~inoqradsk.Y; s. 

Blackman,/ F. F. 

Van Nie1. C. B. 

Emerson. R •• 
and /l.rnold, A. 

• :JiI 

Contribution 

Shov/ed that green plants could change tor-ic atmosphere to one 
which supports oxidation 

, ShOl'/ed that sunliqht'isrequiredand 0iis',actually evolved 

ShoHed that toxic materhl is actually removed by plant 

Showed that \'later is ,involved in process 

Recognized that the process 1s efficient in energy storage 

Demonstrated starch acctI!T)ulation in leaves during process 

Sh0l1ed process occurs in chloroplasts and chlorophyll, is required 

Discovered photosynthetic bacteria 

Discovered chemosynthetic bacteria 

Demonstrated thi\t overall process consists of hoth light and 
da rk react; ons 

Pointed out similarities bet\~een bacterial and plant ohotosyn
thesis: proposed that photo-act involves H20, not CO2 , 

Separated light and dark reactions in tiMe; introduced concept 
of photosynthetic unit 

'E: ~ 

Reference 

6 

7 

8 

9 

10 
t 

N 
I 

11 

12 

13 

14 

15 

16 

17 



Date 

1939 

1941 

1943 

1954 

1957 

1957 

1958 

1960 

~ '~ 

Contributor 

Hill, R. 

Ruben, S. ~!!.. 

Emerson, R. and 
Le~i 5, c. r~. 

Arnon. O. I. 
et al. --
Calvin, N. and 
Bassham, J. A. 

Emerson, R. 
~!l. 

Trebst. A. V.' 
et !!.l. 

Hill. R. and 
Bendall, F. F. 

Tah le t (Cont.) 

Contribution 

Observed 0z evolution with isolated chloroplasts 

Demonstrated that 0z evolved originates from HZ!')' not CO2 
Observed "red drop phenomenon" of quantum yield 

. ,,= 

Obtained CO2 fixation and ATP and NAOPH2 formation by isolated 
chloroplast _, 

Napped fixation path\·tay of CO~; 'shcy''1ed that sugar phosphates 
are ~nitial products from COZ' defined ,'TP and NAOPH2 requl rements, 

Observed "enhancement phenomenon" 

SilO\'/ed that formation of ,ATP and NADPH2 associated with light and 
membrane of chloroplast; C02 fixation a~sociated with soluble 
enzyme 

Proposed two photo-act model of photosynthetic electron transfer 
in green plants 

L, ____ ''''' , ___ " ____ ~ 

.... 

Reference 

+-18 

19 

ZO 

21 

22 
I 
w 
~ 

23 

24 

25 
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that green plants when subjected to sunlight assimilate carbon dioxide 

and water and evolve oxygen. These observations gave rise to a 

mechanistic view that sunlight splits C02 into its component atoms, 

the oxygen atoms being liberated as 02 wh1ie the carbon and \'1ater were 

used in a synthesis of the organisl~1 bodymaterial. 7 This view pre

vailed through the nineteenth cel')tury, \'iith the additional observation 

that the cellular sites of 02 evolution \'Iere the chloroplasts , the 

chlorophyll-containing organs of 'the leaves. 12 

. H20 + CO2 + hv ---- (CHO)n +02 - hE I 

. The discovery of photosynthetic bacteria,13 organisms which also 

utilize sunlight to assimilate CO2 or organic substrate~ but without 

the accompanied evolution ofOZ' and c~emosynthetic bacteria o
14 

organisms \t/hich also assimilate C02 but w·ithout the use of sunlight 

and also ,.,ithout the evolution of 02. should have raised doubts about.· 

the validity of this mechanistic vie\>l. However, 1t was not until thirty 

years after the turn of this century. when van Niel 16 USing a compara

tive approach in a study of photosynthetic green. and purple-sulfur 

bacteria proposed that light promoted a photolysis of water and not a 

splitting of CO2,, that the first serious objection was raised against 

the early vie",. 

According to Van Niel, sunlight is used both in green plants and 

bacteria to effect d, ,..~d~y. l'!'\!,action involving \'/ater, reSUlting in the 

formatiori of a reductant and an oxidant. The reductant ultimately 

reduces the carbon source while the oxidant leads to oxygen evolution 

. in 9reen materials but interacts with another moiety in bacteria to 

~.->- ,~" ," - - ~'."'''' ." ,;, ......... ' ~ .. ,~,.., •• ,",. '. ",' • 

'. 
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produce water again and another product, for example p sulfur~ 

Van Niel's prediction that the oxyg~n liberated during green plant 

photosynthesis originates from the water and not the C02 was sub-

. s tanti ated expert menta 1 ly by nubi nand \'/orkers t 19 who conducted exper;

ments with algae and C02 and H20 containing 180. 

The observations of Blackrnann15 and those of Emerson and Arnoid 17 

are also consistent with van Nt ell s concept of the photo-act. In a 

. study \iith green plants. Blackmann. by varying the light intensity, 

C02 concentration and temperature, demonstrated that overall photosyn

thesis consists of two types of events: photochemical evnnts which ' 

are light intensity dependent, but terr.perature insensitive; and chemi

cal events involving the C02. which are light intensity independent, 

but temperature sensitive. 

Emerson and Arnold measured the yields of photo!>ynthetic oxygen 

production from algae using saturating light in brief f1ashes and 

showed that the two types of events found by Blackmann cou1d be sepa

rated in time. They also observed that approximately- one CO2 molecule 

\'/as assimilated per 2500 chlorophyll Jl molecules present'llhen saturating 

light was used. an obsel"vation which led them to propose the concept of 

a photosynthetic unit which will be \discussed be1ow. 

These observations suggest (as proposed by vnn tliel) that C02 is 

not involved in the photochemical events but. is assimilated by a dark, 

temperature sensitive reaction involving a product generated in the 

photochemical reactions. In fact, Calvin and co~workers22 have since 

elucidilted the reactions by Itlhich C02 is accepted by ribulos!~ dirhos

phate (RuDP). an organic compound found within green plants and a10ae, 
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and is' transfonned into sugars with regeneration of the initial CO2 

acceptor. Although the C02 fi xing process consi sts of dark) enzymi c 

reactions, the reducinq power, the reduced form of nicotinamide adeno .. · 

sine dinucleotide phosphate (NADPHZ) and the energy source, adenosine 

triphosphate (ATP), both of which are required for the assimilation 

of C02, are generated by or coupled intimately \t(1th the photochemi-

cal events. 

Gacteria display a great diver~ity both in regard to the carbon 

source used in the synthesis of their body materials and in regard to 

the primary source of electrons to reduce the carbon. 26 Some strains 

are 'k.no\'m Hhich assimilate C02. Ho\'1ever, no strain is known in \oJhich . 

the fixation of the carbon source is accompanied by the evolution of 

. 02 ~. Ins tead. one of many 'organ1 C ori'norqani c compounds other than 

water is oxidized.' Also, although ~arbon fixation occurs by dark 

enzymatic reactions and is accompanied by light dependent formation 

of ATP. 29 the requi rement for ali ~ht produced reduci n<J agent for 

utilization in carbon fixati·on is not a universal requirement. 27 

Instead. metabolic products are used as reducin'g agents. 

Since the assimilation of the carbon source 'during photosynthesis 

appears to involve orthodox biochemistry, many current inves·tiqations 

focus upon the photochemical events, hopefully to explain how ATP, 

fADPH 2 and 02 are produced. what chemical products result initially 

from the photo-act, \.olhat role is played by the pigments, a,nd I'lhat 

mechanism enables photosynthetic organisms to transform 35 kcal quanta 

into chemical energy with an efficiency of 35% or better. 28 

- . .... - .. 
. ".,.,' . .;., •. ;-.... ' .. , ..... ~;:.~,.,. ~".,:.-: . ....".,,: .• , ~.' "Y,""'" '" ." .• c.:_ .. ~" . 

, 

.. 
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The investigations of these photochemical events have been possible 

largely through the use of subcellular organelles, of photosynthetic' 

organisms; namely, chloroplasts from green materials and chromatophores 

from bacterial cells. Although the level of activity, as based upon 

their chlorophyllcontcnt, is generally much lov/er in these units than 

that displayed by the organisms from '''hich they are isolated,2l.29.30 -

they perform the same photochemical reactions. 

I n fact. a major advance in photosynthetic resea rch was made by 

H111 l8 when he demonstrated that chloroplasts promote the evolution of 

oxygen if subjected to illumination and supplied with a suitable elec

tron acceptor such as ferric ion. Since then, a variety of artificial 

oxidants besides the ferric ion have been found to be effe~tive in pro

moting chloroplasts and light catalyzed 02 evolution. This process is 

called the IIHill reaction".11i11 was unable to show that C02 would 

functi on as the oxi dante Hm'lever. other workers 21 have since demon-

strated that isolated chloroplasts are the sites of carbon fixation 

and of 11 ght dependent format10n of the co-factors, IU\OPH2 and ;UP. ' 

Thus, chloroplasts are able to reduce NADP. generate ATP. evolve oxygen 

and assimilate C02. 

In order to effect these reactions, electrons from \'Jaterare 

raised to a negative redox potential (E = --0.43) high enough to reduce' . 
ferredoxin. 43 The formation of ATP is coupled with this electron flow. 

The complete process, including the forma.tion of ATP, is comr.lonly 

referred to as photosynthetic electron tnmsport and occurs in 

specialized units (photosynthetic units) contained within the chloro

plast. Such units exist also in chromatophores isolated froT.1 bacterial 

cel1s. 32 
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The photosynth.cti c _ unit is a concept fi rst proposed by Emerson 

and Arnold17 and s ince ex~anded upon by other workers-. 33 Thi s uni t 

is an ordered collection of lipid. protein and pigment molecules func

tioning together to ~ol'cct and transfer light quanta to specific 

reaction centers \Olhere the quanta proi:}ote redox reactions resulting 

in the formation and storage of u stable chemical potential t a process 

called pri mary quantum convers; on. The reaction centers are the sites 

of electron transport and contain chlorophyll moleculos cornplexcd in a 

manner whi ch makes them distinct from the bulk of the chlorophyll 

present. 34- 37 These chlorophyll complexes are associated ~'1ith other' 

types of molecules, for example, cytochromes and quinones; which play 

a role. in photosYllthetic electron transport.25,38.,39,36 

Van Nie1*s concept of ·the photo-act hnsbeen incorporated into a _ 

scheme. di agt·ammcd in Figure 1. whi ctl represents the most wi drily 

accepted view of photosynthetic electron transport in green plants and' 

algae. This scheme resulted from the use of comparative biochemistry 

because t\>IO cytochromes II f and b6 • arc found exclusively in the photo

synthetic apparatus. The possibility that these playa role in an 

electron transfer process analogous to the role played by cytochromes _ 

in oxidative electron trilnsport,40 pro'mptcd Hill and Benda11 25 to pro

pose a scheme basically s 1m11 ar to the am? sho\,tn in Fi gure 1. 
, 

The tv/o arro':!s 'in Figure 1 represent t\>lO 1i gilt-acts supposedly 

occu rri n9 in b:o di ffcrcnt pi gment system5 (called photosystems I and 

II) and driven by'separZlte wavelennths of light. Photosystclll II is 

driven by 650 nlll li9ht which prolliotes the- oxidation of water41 and the 

reduction of some unkl1mm. possibly one of the cytochrornes or a plasto .. 

quinone,which also has be.en ~hm'll1 to he involved in the electron 

.-
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transfer process. 39 The pigment composition of system II is subject 

to speculation, ho\tJever; an accessory pigment, either chlorophyll b' 

or phycobilin, and a pa,rtof the chlorophyll !.are thought to be 

involved. 

Photosys temI is operated by 1 i ght of 680 rt~", I \'ih i ch bri ngs about 

the reduction Of NAD? by a sequence of reacti ons i nvcl vi n9 an iron' 

containing protein, called' ferrodoxin, and a flavoprotein of unknm·m 

structure~42,43 This 680 mu light causes also the oxidation of both 

cytochrome f amI apigmcnt complex contained in this photosystelfl. 34 

The pigment contained in this complex (termed P700) is a chlorophyll ".! 

molecule. The moiety {or moieties)wHh which it is complexed is 

unknown. 
" 

The dashed line in the fiqurerepresents an electron transport 

chain conn~cting the pr1:r.ar1 oxidant of photosyste~l II !(dth the pri

mary reductant of photosystem I. Little is known regarding the com

position of thi s chain except that ~700", the t\o:o cytochrCimes I p1asto

cyan;n and a plastoquinone are involved. At some point along this 

chain, as the electron drops from the redox' level of the primary 

oxidant of system II to the redox level of P700, the energ'y loss is ' 

used to ptlosphoryl ate ADP. 

An abundance of experimental data can be explained by this scheme. 

Most significant among these are the observations of Emerson and co- , , ~ 

\'JOrkers,20,23 W;10 in tht!l r studies of the Havelength dependence of 

the quantum yield of photosynthesis observed that the efficiency 

decreased at excitation wavelengths greater than 670 mlJ even though 

light absoy'ptionby the cellular pigments occurs further into the red 

',"'., " .. ~/.,. ,'. '-"-',.r,.i"'.",-~",,- .. -., .'''''.''-._ ," T .• -' -.' ~. ' • 
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(red drop phenomenon) and that the 10\'1 quantum yield obtained by 

e>:citat10n \.,r1th light in the 10ng wavelen0th spectral region could 

be enhanced if the system wass1multaneously exposed to light of 

shorter wavelength (enhancement). The yield observed by excitation 

"lith t'-IO wavelengths Has greater than the sum of the. yields observed. 

by excitation with each wavelength separatf!l.'1. These ob5crvations . 

suggest that efficient photosynthetic activity in plants and algae 

requires the simultaneous excitation of the photosynthetic apparatus 

by tNO ,,,avelenqths of light as proposed in. the schemetiepicted in 

Fi gure 1. 

Als,o. photo-induced oxidations and reductions of the components 

shown on the dashed line in Figure 1 are manifested by absorbancy 

changes. Far .red light prer.lotes the oxidation of cytochrome f,41,44 

P7C034c andPlastol1uinone,45 \\'hUe shorter wavelength light causes 

their .. reduction. The reductions are inhibited by dichlorophenyl

dimethylurea (OCr,RJ), a potent il1h'fb~tor of photosynthetic oxygen evo

lution. The oxidation of P700 and the reduction oflMDP can be effected 

\'lith far red light with chlorop1ast poisoned \-;ith D01U. 46 These obser

vations are all consistent with the scheme shown in Figure 1 and an 

intr.rpretation that DOru stops electron flO\<1 beb:ecn H20 and light-act 

II. 

T\\'o types of photosynthetic pho$phorylat1on (cyclic and non-cyclic) 

have been demonstrated \',ith chl oropl asts. 47 Non-cycl ; c phosphoryl ati on 

is coupled to the reduction of a. '-:i11 oxidant or N,\DP and the oxidation 

of H20. This type cf phozrhorylation involves both photosysten:sand 

the electton transport chain, ~\'herE~as cyclic phosphorylation~ ' .. :})ich 
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requ1res the presence of an added co-factor such as phenazine metho

sulfate or vitari11n Ie b~t proceeds in the absence of o>,ygen evolution. 

involves only photosystem I and the transport chain. The .l\dded co-· 

factor interacts with the primary oxidants of both pilotosystcms, there~ 

fore establishing a cyclic path\1/ay for electrons involving the electron 

transport chatn and one photo-act. 

Arnon48 proposes by analogy to dark phosphorylation of glycolysis 

and respiration that photosynthetic phosphorylation is coup1ed "lith 

the electron transport chain connecting the blO photosystems, the 

energy for formation of the pyrophosphate: bond iJein!'l obtained as the· 

electron drops from the redox level of the primary oxidant of system II 

to the J)rimary reductant of syst~1il I. 

Althoughbact~riill and green plant photosynthesis occur in different 

organisms and diff{!)~ gn~atly in their synthE~tic cheri'.istry, these 

organisms have many features in common, especially \'Iithin their photo

synthotic apparatus •. They also,exhjbit SOl!~~'·riJarked diffzrcnces •. Some 

of these differences and similarities are etlumcrated in Table II. The . 

observations listed in Tab~e II ·~~ggest that bacterial photo~ynthettc 

electron transport is essentially a simplification nf the system 

operating in green plants and algae •. Schemes 'Ilhich represent bID 

types of bacterial photosynthesis are presented- in Figure 2 • . 
If the mechanisms Qf photosynthetic electron transport, as 

depictud in ~i~;urcs 1 and 2, represent il true p'icture of the events 

occurl"ing during photo5ynthesis, and if the photo-induced redox 

reactions and accompanying electron transport processes occur via one 



'- " 
,0£ ~-

Table II 

Comparison of Photosynthetic Bacteria to Plants and Algae 

Characteristics in common Refe .... nc~ .. Olffe .... nces Reference 

1) Photosynthetic ~nits exist in both 17,32,33 1) Plants and algae evolve 02 
whereas bacteria do not 18,26 

2) Chlorophyll pi qment necessary for 
I 2) Bacteria display greater photochemical function of organism 56 

variation in their carbon 
source for synthesis 26,57 

3) Chlorophyll pigment exist in 3) Chlorophyll pigment in bacteria I 

different micro environments 34,35, absorbs at longer wavelength -' 
w 

within organism 36,37 than that found in plants and 56, t 

algae (less energetic quanta 
required for synthesis) 

4) Chlorophyll pigment complex under- 4) Chlorophyll pigment in bactp.ria 
gees rapid, reversible changes in reduced state compared to pig- 56, 
upon illumination or treatment 34.35 ments in plants and algae 
with chemical oxidants; change 36,37 
associ ated 't/ith a cytochrome 

5) Contain carotenoids and qui nones 5) Green plants and al<Jae exhibit 
which although not identical , cooperative light effects; 23,55 
structurally seem functional,y 39,56,58 bacter1 a do not 
the same 
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Characteristtcs in common 

6) Contain cytochromes. at least 
blOt ~-lithdiffererit oxidation 
potentials 

7) Identical or, very ,similar en ... 
zymes serve as reduCing a'gents --
for cat"bon source 

8) Photophosphorylation of AD? to 
ATP occurS,i n both " 

9) Energy is, transferred from the 
accessory pigments .to the' 

, chlorophyll ~ol1lplexes 

10) light promotes EPR signal, of 
similar spectrum characteristics 

~~ "D- .' 

Table II '(Cont.) 

Reference 

25.38.54 

22~57 

21.29 

37.56 

67.81 

Differences 

7). ~atio of photosynthetic units to, 
-, ~- ' the' amount of chlorophyll pigment 

,present ishff)her for bacteria 
, than plants and algae ' 

\.,:. 

~-

Reference 

'61.81 

32.34 ,- , 

,r., 

..... 
.p. 
I 
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electron transfer step, one would expect photo-induced free radica.ls 

to occur as intermediates during photosynthesis. This expectation' 

was su'bstant1 ated '~hen Commoner67 and Sogo end Cal vin62 demonstrated 

the presence of photo .. induced free s,pins in photosynthetic material" 

using an electron p'aramagnet1c'resonance {EPR} spectrometer. Since 

these initial observations, nU,merous reports dealing with the photo

induced EPR s1gnals present in photosynthetic materials have appeared 

and will be discussed in the next section of this chapter. 

,Before ending this secti~n. it should be noted, however, that the 

scheme proposed by Hill and Bendall is not theon,lyone which visualizes 

the mechanism of photosynt,~esis to involve the cooperative action of two 

dist1n,ctHght' rCi3c,t1ons ~OfJnected :1n scr1e~.,35.4l ,49.50,51 although 
• ~: . . : ."" • I 

,the~~schemes' are"bas1eali',y si.rn11ar to the Hill-Bendall model. In 

addition, severalinvestigatorS~ especially Gaffron 52 and Franck.53' 

take exception to the seri.es fonnulntion and propose. a parallel formu

lation and anal ternating formul~tion'. respect1vely. '. Howeve~, the 

scheme shown in Figure lis theotie used for the 'f'/ork ,in this thesis. 

Electron Paramagnetic Resonance 

Since Commoner's and Sago and CalVin's initi'al observations of 

the photO-induced EPR ,signals in photosynthetic material e such signals 

have been detected in, all photosynthetic system~. The samples inve~ti~ 

gated include 1ntactorganisms(green leaves~76 \'1hole cell 'algae59 and 

photosynthetic bacteri,a59). fragments (chloroplasts b
37 quantasomes 76 

and ,pigment solut1ons71 .79). Experiment's have been conducted both on 

dry film~and on 1-12° suspensions of these materials. 

" .. ,," ...... " .. :~..i~ .. , ... ~J~;:"'~"'::"~"'~'~'!:~ ', ... ;.~ .. ;. 

,'J 
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Photo-induced EPR'signals have been detected in purified chloro

phyll .! and E.. 95 ,96,100 Although these observations demonstrate that 

these compounds could be the species giving rise to the signals found·. 

in the photosyntheti corganisms, the spectral characteri sti cs of the 

observed EPR pattern differ from those obtained from the organisms. 

The work conducted \"i th the pur; if ed components vi; 11 not be i ncl uded 

in this discussion. 

Figure 3 shows a typical light-induced signal obtained with the 

.. " photosynthetic bacterium ghodospir111umrubrum. Shown as the first 

derivative of the absorption. versus the· strength of the appl fed mag

netic field, the signal consists of a single, non-structured line with 

a s.-value between 2.002 and 2~003 and a linewidth (~1i1/2) of approxi

mately 11 gauss. A light-induced signal "lith these same characteristics 
. . 

is found· in all photosynthetic bacteria and chrQmatophores containing 

bacteriochlorophyll. 

The signals found in green plants and a19ae, which in contrast to 

photosynthetic bacteria have a capacity to evolve oxygen, c~n be 

resolved into bio photo .. induced signals as shown in Figure 4.. The 

. narrower of these two s1gnals, \l/hich is genera.l1y referred to as siq:

nal It has a ,a-value, line shape and 6Hl/2 similar to the signal found 

in bacteria. Not only these spectral chnracteristics, but the response 

to light and to temperature of signal I ~ (as is shown in Table III) is 

so similar to the signal found in bacteria that the two can be equated 

operati onal1y. 
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'The broader signal,~ which' is 'called signal II. has a it-value" 

between 2.004 and 2.005. a ,6Hl/2 between ~7-21 gauss and'a line shape 

consisting of a five line hyperfine structure with 5.5 gausssepara

tions 70 and with intensity ratios of ca. 1:4:6:4:1 indicative of an 

organic free radical in which the free spin interacts \l/ith four chemi

cally equivalent protons. 

Unfortunately, the spectral characteristics of these signals yield 

very little information as to what chemical species give rise to these, 

~: . 

. .. . . 
signals or whether' these sp~cies play n role in photosynthetic electron· 

transport or primary quantum ,conversion. These two questions need to 

be ans't/ered if the results of EPR are going to substantiate or dis

tinguish between the various theories put forth to explain the mechanisms" 
, 

, of these processes. 64 ,,102-l07 In further attempts to ans\'ler these ques~. 
, , 

tions. investigators have probed the effect of physical. chemical and 

biological variations on the signals produced ;n the various photosyn

thetic systems~ A compilation of the results of many of theseinvcsti

gators is presented in Tables III, IV and V. 

Difficulties arise in the analysis of the data in these tables 
'. ' 

for several reasons. (1) No distinction is made between experiments 

conducted with ; ntact sys terns as opposed to th,ose on ,subunits. However.· 

the bulk of the data were obtained with whole cell algae or bacter.ia 

and chloroplasts. Also, the primary differences generally encountered 

beb/een intact systems and subunits i'nvolve the kinetics of formation 

and decay and therefore the $teady~state level of the spins detected. 
. . 

. (2) No distinctions are rr.ade between the various types of photosyn-

theti c bacteria nor between a luae and green plan ts (and thei r subuni ts, 

I 

'.' . r:-.... , , ........ ~ .... ~ .. . . ... :-............. . ........ ,:: ..... . 
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Vari ation 

1) MicroI;iaVe 
power 

2) light: 
a) \~ave length 

b) Intensity 

c) Quantum 
yield 

3) Temperature: 
'a) Above bio

kinetic 
range. 

b) 5-30°C 

c) Belm-<I O°C 

,..,. 

Table III 

Effects of Physical Perturbations on EPR Signals of Photosynthetic Materials 

Bacterial Signal 

1 ) 

Signal I 

1) Saturates at· higher 
value than signal II 

Signal II. 

1) Saturates at lower 
value tnan signal I 

a) Action spectrum corres- a) Sar.:e as for bacterial a) Same as for.signal I 
ponds to optical absorp- signal 
tion spectra 

b) Saturates at hi9h~ . b) Saturates at high 
intensity intensity 

c) J\prroximately one (1) c) 0.03 

a) a) 60°C (5') enhances 
sig:1al· . 
lOOoe (10~) destroys 
signal 

b) Signal increases below b) Sar~ 
20°C 

c) Larger @ -15°C than 25°C c) Larger @ 250 than 
Smaller @ -160° @ -150° or -140° 

b) Saturates at-low in-
tens i ty campa rab 1 e to 
values for photosyn-
thesis 

c) 

a) 60°C (S') destroys 
signal 

b) Same 

c) Larger @ 25° than 
@ _140 0 

References 

59,60,61 

a) 59,50,63-69 

b) 61,70-73 

c) 74,75 

a>. 73,85 

b) 71 

c) 59,71.72 

• N -• 



Variation 

4) Time: 
a) Room Teme. 

1) Ri se 
2) Decay 

b) -150°C n Rise 
2) Decay, 

", -,:" 

Table III (Cont.) 

Bacterial Signal Signal I' 

a)1) Fractions of a second a)l) Fraction of a second 
2) R n" "~" "A It 

b)l) 
2) 

:.) 

.. 
II 

.. r. 
" " 

It 

" 
b) 1) InstnJment limited 

2} Irreversible--no decay 

" ", 

Signal II References 

all) Fraction of'a second a) 76t72~70. 
2) !nitial--seconds 71 l 59,65, 

b)l) 
2) 

Complete decay--hours 77 t 78 

l!: 

b) 66,71 ,65, 
76 ,J7 ~59 

~. 

, 
N 
N , 
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Table IV 

Effects of Chemical Perturbations on EPR Signals of Photosynthetic Naterials 

Variation Bacterial Signal 

1) Substitution of 1) 
(D) for (Ii) 

Caus~s narrowinQ of 
signal--interacting 
protons not exchange
able 

2) Presenc.e of 
reduced dyes 

3) Jl.ddition of 
DOru 

4) Kle{O:),. 
Tl trati o~ 

5) Removal of 
pigments 

a) -CHl{95:~) 
b) -carotene and 

Quinones 

2) Increases rate of 
decay--decr~ased_ 
steady-state concen
tration 

3) 

4) K3Fe(C~~6 pro~uces 
slgnal 10 darK--redox 
potential = +0.44 
volts 

.. :~. 

5)a) Signal unchanged 
~} ~ 

6) Addition of PMS 6) Oestroys signal 

Signal I 

1) Causes signal to 
decrease in width 
(1l/0 ca. 4.3) 

2} Decreased steady
state concentration 
of signal- -

Signal II 

1) Cause~ signal to 
decrease in wi dth 
(HID ca. 2.6) 

2) Decreased steady
state concentration 
of signal 

3) Apparent increase of 3) Effect not dis
ampl i tude--s lows rate cemible. 
of decay 

4} K.ie(CN)6 produces 4) 
sl::!na1 in dark--
results suggest two 
one-electt'On transfer 
acts. +O.·l6. 

&)a) Signal still present 5)a) 
b) No effect on signal b) 

6) 6} 

\ 

.. :: ~ .... ' 

10 

References 

59,70,79 

72 ~80t81 

68,82 

66,83 

a) 84533 
b} 85 

Q...,0 
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Table V 

Effects of Biological Perturbations on ErR Signals of Photosynthetic Nater1als 

Variation 

I) Systems:' . 
a) Green olants:· . n Cl11o"roplast 

2) Quantascmes' 

b} A1Qae (whole cell) 
1) Complex P700 . 
2) 'I P672 

. ~) Gacteria (whole cel1)~ 
lnhn.lmatcphores '" 

I I) Sys tem Trea trr.-ents': .' 
,a) Sonication 
b) Hashing 
c) Aging at O°C ' 
d) Freez':i nq 

I I I) M" '" -,1'" - • tn .• \.0 . . t..-.~ • 

a) lackinfi green pigm~nts 
b) Lacr.i;1,:-J OIL b . 
c) lacking corotenoids 

d} Etiolated' 
e) Etiolated exposed to 

light. 
f) No O~ evolution but 

but .1orma 1 pi gmen ts 

'.;') 

Oacterial Si'1na1 

i· 

Present .. 
n 

Present 

Enhanced 

P resent-- pm-Ie r 
saturation diff. 

~i.gn3' I 

Present 
II 

n 

II 

II 

~~ ..... " 

--::~. 

Prc!';cnt 
u 

II 

Enhanced 

J\bsent 
Present 

Absent 
Increases 
\-1/[CHl] . 
Present· 

S1 ~lna 1 II 

Present 
No't de:tectab le,', . 

Present 
Not·detectable 

II .. 

'-- '. 

Not detectable 
Disappcc:.rs .. 
Decreased 

l\bsent 
u 

Absent 
... '-

Absent 

02 Evolution 

,: I. 

't' 

Normal 
low 

No'rmal 
low 

... ", 

Hone 
,n 

: i 

None 
. Decreases 

Decreases to 0 
·None· 

None 
11 

None 
Correlates 
\'I/[CHl] 

None 

., 

References 

65,70,76,87,88 
59 

67-71,78,82~87-90 
84 
92 

59,71,75~78.91 I 

59~77,91 ~ .'. 

84,92. 
85,87 

.85 
59 ., 

59.72 
60 
59 

59,67,88 
59,88 

. 89 

i . 

b 

; . 

'! 
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'Variation 

g) ~O~02 f!~~ti~n but 
.. ortl.a T pl Yillen \,s 

h) Added cofactorsre
qui red to red\Jce NADP 

i) r'~n deficient 

',' 

.:, 

~., 

-~~ 

Bacterial Signal 

j) No photosyhtheti c 9ro~'/th 
, i-. u+' ~~"""~1 ,., l' ,"Tr-~_£.-

Absent .. 
l.) .. nUl JUU' iJ ~"'t:'II.;' 

:,-;.: 

'. . :.. ~ 

.. ·}f . 

, .. 

Table V (Cant.) 

S19n111 I 

!'I8 - absent 
#17 - small' 
#18 - normal .. 

Present 
"~"':'. : 'J~::;_,,::, . : 

" --

" 

Signal II 

Present 

Absent ' 
!!...,,' .. ~ 

n",:"_",' , .-

".~ . 

.'.~' .' 
~~ 

02 Evolution References 

Normal 

tow 

Very low 

89 

69 

, 93 

94 

""". 

. ' 

N 
en 
t 

, 
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chloroplasts}., (3) The: data were obtained by numerous investi9ators~' 

and experimental conditions va~y considerably.: (4) A particular 

variation may have been attempted 'with bacteria but not\'/ith green" 

plants or algae, or'vice versu'.so a comparison cannot'be made., 

(S) The compound giving rise to ~i9na1 II'in green plants and algae 

is extremely sensitive to mild perturbations, as sho\'m in Table V. 
, ' 

so th; s compound may not be present ,1,n order 'for one to determi ne the, 

effect of anot-her perturbation on this signal •. 

Even'with these difficulties considered, comparisons of the 

data in these tables yield some useful information. Taken together', 

the narrowing of the signal 11new1dth when the cells are cultured in 

°20 (see reference 2).,thespaclng of 'the energy levels ,(a-value)' and 
'. . . ' 

the hyperfine structure strongly indicate that the compound 91 ving 

rise to signal ,II is organic. Furthermore. the slow decay exhibited 

by this signal. both 1n whole. cells or \-Jhen leached into water as 

observed by Calvin and Androes. 59 ,5ndic~tes that e.Hher this organic 

moiety has a large. resonating structure in order to' delocalize the 

unpai red electron or a 1 arge, sterica,l1y hindered structure to pro

tect the electron. The effects of ,'educed dyes upon the decay kinetics 

suggest that'the free spin results from an oxidation of the organic 

compound, not a reduction. 

It is alSo evident from the tables that this organic moiety is 

intricate 1y connected with the oxygen evo,1 ving mechani sm of photosyn

the~ds and requ1res a specific form of binding in order to take part., 

This assertion is substantiated by the follo\'I;ng: (1) Signal II is 

IV ' 

",,-
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ob!:erved only in green plants and algae, not bacteria. (2) ~1i1d per

turbations. such as washing. shaking, heating, etc., cause a loss in 

the magnitude of signal II and a concomitant reduction in the rate of 

photo-evolved oxygen. (3) Agents which impair oxygen evolution, such 

as DCNU. reduce signal II. (4) Mutant strains of algae which do not 

evolve oxygen do not display signal IIo (5) The signal saturation 

to 1 i ght intensi ty corresponds to that observed for photosynthes is •. 

Akinetic analysis of the blo signals in whole cell.algae, made 

by Commoner and Heise/O is interpreted to mean that signal II follows,: 

signal I in time and that the two signals are connected g signal II 

resulting from electrons supplied by the component giving rise to " 

signal I. Although the in.terpretation that the t\'10 are connected, 

signal II being formed after signal I, may be correct, the effe.cts of 

reduced dyes on the decay rates and the fact that signal I can be pro

ducedin the dark by ferricyan1de suggest that the species giving rise 

to the signals are in oxidized states. Therefore. it is 'more probable 

that species I causes an oxidati,on ofClJtnponent·II. not a reduction. 

The data in Tables III t IV, and V indicate that the component 

(or components) which gives rise to signal! is also an organic com

pound (~J.-value. effect of deuterium substitution for hydrogen), is 

firmly bound 'in the photosynthetic apparatus (requires extreme physi-
. 

cal treatment to destroy capacit'y to she", signal). and is connected 

with the capacity to reduce NADP (NAO) or C02 (data obtained with 

mutants) • 

The line shapes of siqnal I in algae and the Signal in bacteria 

were compared by Heaver68 and Androes 59c ~ respecti ve 1y, to the two 



I,' , 

",' ..... 

.. 28-

theoretical p,oss1bilities, Lorentzian and Gaussian, and \'Iere found to 

more nearly approximate the Guassian' shape. A Gaussian shape is indica'.. 

tiVe either of a spin system in which electrori-electron"interactions of 

:" neighboring ~olecu,les or electron-nuclear interactions within the same 

molecule contribute to the linewidth or a system consisting of several 

'distinct radicals in which case the EPR pattern is the'resulting 

envelope of narrower overlapping lines~59c . 
The fact that a portion of the signnls observed at room tempera-

tures can be produced at liqui d nitrogen and hel ium temperatures,' sug

gests that a photo-physi ca 1 process (photo-induced charge separation) , , 

is involved in the production of at least a portion of the spins 

detected at room temperature (spectrum characteristics suggest that 

the same signals are detected at both high and low temperatures). 

This, the rapid response of the bacterial s1gnal'and si9nal I to light, 

the correspondence beb/een the kinetics of formation' and decay of the 

bacterial signal to those exhibited by the pig~ent complex ~890t97 and, 

the presence of signal I in the complex .P700 1so1ated from algae, ' . ' , 

strongly indicate that signal r and the bacterial signal ,are intricately 

assoc1ated with the photosynthetic apparatus in these,organisms and 

probably with the primary quantum conversion process. Additional data' 

which substantiate this assertion' are that the concentrations of spins, . 
produced correspond to the concentration ~f P70084 and P890BQ in algae 

and bacteria, respectively, and the redox potentials of the species 

giving rise to signal I and the bacterial'signal"as determined by 

titration with ferricyanide84~66 are equal to that foun'd for P70a and 

P890 by the same method.35 t 99 
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The quantum yields of spin production in bacteria and in chloro

plasts have been measured, as shown in Table III; however. the values 
. . 

reported must be accepted with reserve due to the technical difficulties 

encountered in making therequi red measurements of the number of spins" 

produced and the quanta of light absorbed. 

In revi ewi ng the. data sho~n 1 n Tables I II, IV and V, and the 

statements made above. one must conclude that little succes's ,has been, 

made in identifying specifically the chemical species responsible for 

the signals or in relating the signals to the primary quantum conver

sion process. The data strongly indicate, however, that the sign'als 

are connected with somO port1t?n of'the photosynthetic process. 

Statement of Problem 

\Jhat are the chemical species responsible for the photo-induced 

EPR signals in photosynthetic systems? Do thesespec1es.play a role 

in photosyntheti c quantum conyers; on or el ect.ron transport? These are 

the prinCipal questions which the w6rk.describedin this thesis sought 

to answer. r~ore sp~c1 fi cally, the work \'las performed to ansv/erthe 

quest1~ns whether di-tertiarybutylnitrcx1de (a stab;le free radical) 

would couple with the photo-inducedrad1cals formed in photosynthetic 

materials and what product (or products) is forn~d if a coupling does 

occur. 
, 

01-tertiarybutylnitroxide (OTm!) is a ~."ater-$table, soluble-free 

radical first prep.:lred by Hoffman108 and I',hich he described ilS a 

"vigorous free radical scavenger ll
• It shm·/s a sharp, \'Jell resolved, 

symmetrical, three-line paramagnetic resonance spectrum that is rela

tively insensitive to the molecular environment. The chcmistryof 
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DTBN has not been studied extensively. However, four distinct types 

of interactions can be envisioned for,th1s ~Oleculc. It could undergo 

a one-electron reduction to form a hydroxylamirlc \'/hich can be reduced 

, subsequently to the amine; an oxidative degradation to 2-methyl-2-n'itroso

propane and isobutylene; or a couplinq ... Jith another radical forming 

either an oxygen-substituted hydroxylnmine or a tri-substituted amine 

oxide. These reacti ons are represented by equations II through V. 

R) R, 
$ 

R, 
R ·~!O +ee > )~_Oe H ) N-OH II 

R RI 

Rl~!O R, + CI13 ' . 
wee ~R-N=O 

., 
H~ III > )J-O + /C=CH2 . + 

R/ R '" CH3 

R, 
RJ1:'O + AO 

•. 11' '7 
.R) .. 

4-0-A. IV 
R . 

R' , , R\/~ 
>!O,+' A· ,~ . t·, : 'v 

fl,,~o 
. ' 

R = terti ary butyl radical;A· = unspecffi cd radical 

The present \-/ork sought to determine \'Jhethcr, in the presence of 

photosyntheti ca lly active organi sms and 1i ght, the nitroxyl tadi cal 

·would react with the rad'icals produced ill these organisms via reactions 

IV and V. If so, the use of a 14C-labelcd nitroxid'e \-Jould make it pos

sible to isolilte and determine whieh constituent (or constituents) 

gives rise to the photo-induced ErR signals. 

Several di fficul ties were untici pated with this approach. 'One 

of these is the stability of the trltroxide itself. The sterie hindrance 

provi ded by the bulky terti Dry butyl groups supposedly' confers on thi s 

rudical its stability. Therefore. this hindruncc coulct also keep the 

---------~---.. -.--.-.. ---

~. 
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nitroxide from reacting with the photo-induced, radicals. However, 

Hoffman's staterr.ent that the nitroxide isa radical scavenger$ and 

the fact that he \lIas able to isolate tr1-tertiarybutylhy~roxylarnine, 

which according to him \'/as formed by a radical mechanism, show that' 

this steric factor can be overcome o 

In addition, radical-ra.dical interactions are not determined by 

the lifetime of only ~ne of the radicals involved. One mus,t consider 

the stabil1ty of both species as well as the energy gained by, the for

mation of the chemical bond. If both radicals are extremely stable. 

one would not expect a coupling to occur •. However. if one of the 

radicals is relatively unstable. its instability, aided by the energy 

gain from the formation of a chemical bond. may supply the driving 

force to promote the coupling. The radical cannot be too unstable or 

else it can promote the formation of other radicals by hydrogen 

abstraction or undergo self-destruction via disproportionation 

reactions. 

The rapid decay exhibited by the EPR signal in'photosynthetic 

organisms \'Ihen the light is turned off, suggests that the radical 

,'giving rise to this signal is unstable and therefore one might trap. 

it with a nitroxide radicnl. However. if the photo-induced radical 

(or radicals) is located in the lipid-protein matrix of the photosyn

thetic app'aratus. it may not b'e acce9:sible to the nitroxide. 

The redox potentials found \'/ithin photosynthetic organisms ~xtend 

at least over a range between that of the oxygen electrode at +0.8 

volts to that of ferredoxin at -0.43 volts. The chance that the 
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nitroxide would not undergo an oxidation or a reduction within this 

range of potentials is not too great. Hopefu1ly, however, a coupling 

reaction would occur in parallel and at a rate to be competitive with 

these forms of destruction. 

Even if a coupling reaction were to occur between the nitroxide 

and the radicals found in photosynthetic materials, the reported values 

of the number of spins contributing to the detected 519nals84,98 sug

gest that the amount of materi al obta'ined by th; s type of reaction 

would be quite small and therefore insufficient for proper chemical 

characterization. It must be kept in mind, however, that the signal 

detected by EPR represents only a steady-state val ue and not a "measure 

of tHe amount of material available. 

The product 'iJh1ch would result from ,a coupling reaction would 

have a structure involving an N~O-R lfnkage (R beinq an unspeCified 

atom) which is a relatively unstable speCies. Therefore. it might not 

be possible to isolate the product. 

Even with all these difficult'1es considered. and since the experi

ments condu~ted to date were not successful in identifying the species 

giving rise to the EPR Signals in photosyn~heticorganisms or in con

necting these si()n~ls with the act of primary quantum conversion, it 

seemed worth\l/hile to conduct the experiments reported in this thesis. 

l 
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CHAPTER I I 

CHECK OF STJlBILlTY OF OTIHf 

The purpose of th~ '·/ork reported in this chapter \'1as to test the 

stabl1ity of DT!3N in various chemical environments. The chemicals· 

chosen for these investigations include compounds ,,,hich are found in 

photosynthetic organisr.1S. others .\'Ihich possess functional groups or 

structures similar to those possessed by compounds found ·in these 

organisms. and yet others which are known to interact with the photo

synthetic processes. 

Due to the lack of information on the chemistry of OTBN and the 

complex mi'fture of compounds found in photosynthetic organisms, knO\I/

ledge of the interactions of DTBN in various chemical environments was 

requi red 1 n order to facil Hate the search for the products of the 

interactions of OTUN with photosynthetic organisms. In addition, 

kno\'Iledge of the effects of chemicals \'/hich interact \\lith the photo" 

synthetic processes on the interaction. occurring between DTBN and photo

synthetic organisms can be used to .relate the latter interaction with 

the photosynthetic processes. This would require, however. that these 

chemicals not interact directly \·dth DTGN. 

Exper1menta 1 

Since OTnN exhi~its~an EPR signal (see appendix II), an EPR spec

trometer was used to detect whether DTRN reacted \'11 th a· chosen chern; ca 1 • 

The procedure involved recording the DTI3N spectrum, positioninry the 

magnetic field so that a maximum deflection of the recorder pcn occurred, 

and following the amplitude of this deflection in time. Since all these 

samples were subje.cted to illumination» a perturbation \'Ihich could give 
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rise to an EPR signal in the chosen chemical in the field re~ion of 

the nitroxide absorption, and since maxil11uM deflections in the OTBN 

spectrum occur at three different field positions, the field strength 
. . 

~'las varied between these three positi cns in di fferent experiments. 

Two methods lIlCre used to prepare the sample!:;. One of these. 

involved preparing a stocJ~ solution of OTON in an appropriate solvent •. 

placing il weighed amount of the other chemical intoa.S' ml volumetric 

flask, adding a measured amount of the OTBN solution to the flask, and 

bringing the resulting mixture to vo1ume \·lith the solvent. The second 

method involved preparing stock stolution~of both OTl3N and ,the chosen 

chemical .and mi,xing measured amounts of these •. 

The EPR spectra, \'/1th the exception of those in solution in aceto

nitrile, ethanol and \1nter. were'taken using cylindrical quartz tubes 

of approximately' 4 mm 1.D. These samples were, frozen, evacuated to 

a pressure of less than 5 x 10-5 mm Hg to remove oxygen. and thai-led. 
, . 

This procedure was repeated at 1 east three til1'es on each sampl e. The 

tubes \'1ere sealed through the use of greased vacuum stopcocks. The 

spectra of the acetonitrile, ethanol and water solutions were obtained 

using a 5 cm by 1 em by 0.4 rom rectangular quarti cell. This cell is 

not strong enough to permit evacuation or freezing of the sample. 

Therefore, in order to remove oxygen from these samples, a nitrogen 

purge \'Jas used. The s<!mple used fer the EPR \'/aS trans ferred under N2 

\~ith a hypodennic syringe into the EPr?, cell t ·\',hich \liaS sealed \·,ith a 

rubber septum. 

The 1i gilt sources .used for 111 urn; nati ons \'1ere a 1 OOO-Hatt . 

ll5-volt GE projection lamp (tunasten filament) or a l50-watt xeon 
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. 1 amp •. The beam of the tungsten 1 amp was passed through a \'later bath 

(1-1/2 in.) containing an IR fiiter and was focused onto the sample 

through slits in the lPR cavity,. The beam from the xeon source was 

passed through a monochromator and focused onto the sample using a 

quartz lens. In experiments involving the attenuation of the 1 ight 

intensity, metal screens, the transmittance of whi ch had been deter

mined on a Cary 14 spectrometer, were inserted between the' sample and 

the light source. The ener~y output of these t\'JO light sources was 

measured using a themopfle which \.lIas calibrated against a li9ht 

source supplied by the National Oureau of Standards. 'This information 

is reported in the appendix. 

Al so reported in the appendi'x are the method of preparati on and 

properties of DTBN, the sources or methods of preparati on and 'purifi

cation of the various solvents and chemicals, and a des~ritpion of the' 

instrumental equipment used in these investigation,s. 

In 0:10 of the systems investigated, as wil', be discussed below. 

the products resulting from the interactions were looked for, usin~ 

optical, spectroscopy (a Cary 14 spectrometer), gas manometers (see 

appendix for descr'iption) and, vapor phase chromatoqraphy (description 

, in appendix). 

Results and Discussion 

Experimental l"csults are summarized in Table 'VI. The headings in 

this table are self-explanatory. ~'lith the possible exception of the 

last two columns. A plus (+). sign is used in these two columns to 

indicate that a reaction occurs between OTCN and the compound speci

fiedin the second column. A minus (-) sign indicates that no reaction 
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Table VI .. ' 

(Contld) 

. Oxygen Solvent Results 
Cone. with without Dark LiQht* 

Concentration 
of DTBN Compound(s): 

6.5xlO-5 M (none) (-) (-) .. , .. 

II' Ch 1 orophyll a .. " (sat.) 

(sat. ) 

(-) (-) 
. >540 1TlJ; .. , . 

(-) (-).' .. .. Ch 1 orophyll a + 
:1,4-benzoqulnone 

.. " 

>350 rIJ.I .. .. (sat.) .. .. (-). (+) 

3.95xl0-5 M· , {none} 

.. lumi fl avi n 

.. lumichrome 

.. Anthroquinone . 

All cone. . (none) 

1.9 x10-4 r4 KBH4 . 

.. KCN 

.. DCMU** '" 

" NaDCPIP (ox)** 

.. .. (red)** 

II Na Ascorbate 

.. K3 Fe (CN)4 

.Ol.M II 

1.5xlO-4 N Salycylaldoxime 

2.7xlO-4 r~ HydrofJU; none 

" 

(sat.) , .. 

(sat.) II 

" .01 M .. 
x 

.. 

.1 M II 

1.9xlO-~ M .·11 

6.0xlO-5 M .. 
.. .. 

5.0xl0-3 ~1 II 

'. 

5.0xl0-4 M II· 

.Ol',r·1 II 

.01 M II 

• 03 f~ II 

.. 

Benzene: (-) 
Dimethyl-
formamide 
(5:1) 

·11 (~ ) 

II (- ) 

Benzene (-) 

0.5 r~ sucrose 
. in H20; pH (-) 
6.8 P04* 

.. (-) 

II (- ) 

II (- ) 

II (-) 

II (-) 

" (+) 
II (-) 

H2 O (+) 
II (-) 

HZO:pH >7 • (+) 

*Visible light, ~ greater than approximately 300 mu. 
**DCf1U = 3-(3,4-dichlorophenyl)-1,1~dilT1cthyl urea; DCPIP &:I 2,6-dichloro-

phenolindophenol. -

."-<01. .. ,/_ .• ,~.. • • 

.. ", 

(- ) 

(-) . :'~" 

(_).'-t .. 

(+) .' .' 
'. ','" 

(- ) 

(-) 
.' . 

(-) 

(-) 

(- ) 

(-) , . 

(1) 

(1) 

( 1) 

(-) 

(.) 

v : 

: 

, 
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takes place. If a plus sign appears in the column labeled "dark" and 

a minus sign in the column labeled "liqht". this means that exposure 

of the sample to visible light had no effect on the,decay rate which 

is observed in the dark. 

As sho\'m in Table VI, DTflN undergoes reactions in the dark with 

tetracYilnoethyl ene, 2,-chl orani1 t 'p"-ch 1 oranil. sod"j urn ascprbate, the 

semiquinone of ~enzo~uinone and potas~ium ferr1cyanide. With the 

exception of the last t~."o t'eactions. these interactions 'vlere,not 

studied further except to shm'i that the reactions were not influenced 

by illumination and the dark reactions \>Jere irreversible. 

Reaction with SemiQuinone .... . . , . 
Hhen OTBN is added. to n solution of l,4 .. benzhydroquinone in \'Jater 

buffered at pH 10 .... Jith phosphate', a destruction' of the nitrox'ide occurs. 

If the sample is removed from the EPR tube 'and exposed to air with 

shaking, the nitrox1de ·reappears. As shovin in Figure 5, \oJh;ch is an 

EPR spectrum of a m1xtur:e containing hydl'oquinone and OHm at pH 10, 

both the nitroxide rild1cal and the semiquinone of the hydroquinone are 

present in this sample. 80th of these radicals disilppear ItJith til'1e. , 

The nitroxide itself is stable in th~ buffer used in these experi .. 

ments. !101.,ever, at this pH ,the hydroquinon'c is oxidized by oxygen to 

the semiquinone 'Nhich is unstable and undergoes further reactions. 
, 

Thus, although the destntction of thenitroxide is associated with 

the presence of thp. hyc1roquinone, it is not knm·Jn ','Jhether it is also 

connected \'l1th the presnnce and destruction of the semiquinone radical. 

The folloNing equations express the possible reactions Hhich cou1d 

be occurring in these samples. !n thE.'se equationG N represl-::nts the 

'''' 
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Figure 5 •. EPR spectrum of a mixture containing OTBN (10-4 M) and 

benzhydroquinone (4 mg/ml) in water buffered at pH 10 with phosphate. 
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nitroxide; NIl. ditert1arybu,tylhydroxyl amine; H2Qe hydroquinone; QH, 

semiquinone; Q. benzoquinone; P,unidentified polymer products; Qn2Q. 

a quinhydrone complex; HQN, a coupling product; and (0]. molecular 

o>cygen. 
La] QII _ [0] 'Q 

"2Q +, Q :==QH2Q 

()Il + 'r~ ~ 'HQN ,(coupling product), 

H2Q ... N - qH + rm 

QH +' N ==: 'Q + Nt! 

HI-! ,[oJ N 

QI·j p 

VI-a 

VI-b 

VI-c 

VI-d 

Vl-e 

VI-f 

VI-g 

Experiments ShON that reactions, ,VI .... a. h., f ',and. 9 occur in these 
. " ....' . "'. . .' . 

samples and the reversible nature' qf,,·the nitroxic!e' des~l·uction SU9gests":' 

that either maction"VI~d":or"vi~e, i's also taking p'lace an.d that reaction 
." . . . 

" 

VI-f "is unable 'to comp~tewitlt 'reaction VI-a. Thus. the oxida'tion of 

the hydroxylamine does not occur lJDtileitherthe,bydroquinone ;s 

expended or an unlimited supply of oxygen is pre'sent (until the sample 

is removed from cell and'is shaken withait·). The reversible nature 

of the nitroxide destruction does not; hO\;lever. rule out reaction VI-c, 
, . 

especially if the coupling of the radicals res'ults in the formation of, 

a relatively unstable, oxygr:n-oxygen bond betltleen the nitroxide and 

the semiquinone. 

t·lhether the nitroxide is destroyed in this system through a 

coupling \>/ith thE: semiquinone or by a reduction'to the hydroxylamine 

is not kno"Jn. The answer to this question requires the identification . . .. . 

of the product (or products) It,hose instability so fa}' precludes its 

isolation. 

~ 

,~, 
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Reaction \'lith K3Fe(CN)6. 

The interaction of OTBN with K3Fe(CN)6 is an oxidation of the 

nitroxide. If the two chemicals are mixed in the dark in equimolar 

amounts ('" .01 M) in a closed system and the pressure above the' solu

tion is monitored, a pressure increase is observed as sho\'In in Figure 6. 

If the sample is then exposed to visible light, a rapid decrease in 

pressure ;s observed (also shown in Figure 6). 

The gas released in the dark reaction was analyzed by vapor phase 

chromatography and found to contain 2-nitroso-2-methylpropane and 1so

butene in a molar ratio of 3.6:1. The identities of these two were 

ascertained by co-chromatography of the atmosphere over the sample

with added amounts of the kno\'m compounds. The response of the VPC 

detection system to these two compounds was calibrated by injecting 

known amounts of these two compounds and plotting the recorded peak 
, ," 

area (measured by tri angulatioli, method) versus the amount injected. 

Using the resulting curves and measured peak areas. the molar ratio 

of the two was determined. A trace from the VPC of the gas atmosphere 

is shown in Figure 7. 

Extraction of a similar reaction mixture by pentane yields a 

solution \'Ih1ch has an optical spectrum as shown in Figure 8. The 

absorption displayed in the region of 680 mv is identical to that 

exhibited 'by the nitroso compound. 109 

Unfortunately. a material balance was, not possible due to the 

heterogeneous nature of the system. l'lm'lever, since both the nitroso 

compound and isobutene are insoluble in water, the ratio of these 

two compounds in the gas phase is probably a true reflection of the 
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. Figure 6. Pressure changes above a solution containing DTBN and 

K3Fe(CN)6; 0.01 M in both. 
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XBL 677-4546 

ttgure 7. VPC traces of the atmosphere above a solution containing 
0.01 f4 DTBN and K3Fe{CN)6 before mixing (a), in the.dark after mixing (b). 
and in the light after mlxing (c). The column was 10% SE-30 on chromosorb 
W. The column. the injector. and the detector were at 45, 60 and 60 
degrees centigrade, respectively. (1) is air. (2) is isobutene. (3) is 
2-methyl-2-nitrosopropane. 
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Fi9ure8~ Optical absorption spectrum of a pentane extract of a 

reaction mixture conta1ning DTBN- and K3Fe(CN)6;, 0.01 M in both. kept 

in the dark. 
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ratio fonned in the reaction •. ..If anything, one \I/ould expect that the 

ratio of the two formed in the reaction is greater than 3.6 since the 

nitroso compound is known to form a dimer in aqueous solutionllO \'lhich 

is insoluble and precipitates. whereas one would expect to find the 

1sobutene primarily in the gas phaseo 

Attempts to detect by VPC additional compounds containing a ter .. 

tiarybutyl group, such as tertiarybutyl cyanide or tertiarybutyl a1cohol, 

failed due to the tailing of H20 in the VPC columns. Attempts to 

extract the water with pentane or diethylether also failed to yield 

a compound identifiable as a tertiarybutyl derivative • 

Examination of the water solution by EPR did show that the nitrox1de 

was completely destroyed. However, the optical s'pectrum of this solu ... 
. . 

tion has an. absorption maximum at 420 rn~ which is.due to K3Fe(CN)6. 

The magnitude of the optical density of this peak (€ a 103) indicates 

that 3.6 times as much DTBN ~s destroyed as K3Fe(CN)60 

The correspondence between the ratio of DTBN toK3Fe{CN)6 destroyed 

and the ratio of the n1troso compound to isobutene formed, suggests that 

the ferrocyanide initially formed in the reaction is re-oxidized to 

ferricyanide and possibly by the tertiarybutyl group which is unac-

counted for. 

It should also be mentioned that the reaction occurs even if oxy- . 

gen is excluded from the system. Also. a slight blue preCipitate 

forms which is probably ferro-ferr;cyani de or ferri -ferrocyani de. 

Equations which can account for these observations are as follows: 

~H3 ~113 4Fe(CN)63 + 4DTBN - 4Fe(CN)64 + 4 CH3- -N"'O + 4 CH3-
113 . H3 

VII-a 
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VII-b 

VII-c 

The fate of the tertiarybutyl radical is probably a coupling with DTBN 

.to form tri-tert1arybutylhydroxylamine, although this compound was not 

detected. The retention time (r.t.) of this compound is very large 

with the best conditions found to detect it, as is evident in Figure 64 

of appendix II. Hith such a large r.t •• the quantity of this material 

one would expect to find in these samples would not be detectable due 

to broadening of the VPC peak with a resulting decrease in the amplitude. 

Following the dark reaction, when the sample is illuminated \'1ith 

\"lh1te light, a rapid decrease in pressure is observed (see Figure 6). 

Analysis of the gas phase, again by VPC, shows that the ratio of iso

butene to the n1 troso compound has increased (see Fi gure 7). This obser

vation is in aqreement "lith the experiments of de Boer,lll who observed 

a photochemical degradation of 2-n1troso-2-methylpropane which suggested 

the sequence of reactiol1s shown below: 

VII I-a 

VI II-b 

VI II-c ...... 
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The nitrox1de formed by equation VllI-c would then interact with the 

Fe(CN)63 again producing more nitroso. This would continue until the 

nitroxide is transformed to NO, isobutene. and some unknown tertiarybutyl 

derivative. The NO is probably complexed with the ferric and cyanide 

ions to fom [Fe(CN)s(NO)r3 or with free ferrous ions, to form [Fe(NO)t2• 

However, a search for either of these ions was not conducted. 

Although the destruction of OTI3N .by ferricyanide is quite rapid 

if substrate quantities of both are used, the rate of this interaction 

when the concentration of ferricyanide is belo~1 10-2 M and the concen

tration of OTBN is approximately 1O-4 ll is so 510\'1 that no noticeable 

change in the EPR spectrum of the nitroxide is observed over a 30-min 

period. One would expect a decrease in the rate by a factor of l02 

just by consideration of the concentration differences, between 

{.Ol M} x (.01 ~) and (10-2 ~) x (10-4 ~) assuming a second order 

reaction involving one equivalent of each species. 

Reaction with Quinones 

Since compounds with;-quinone functional groups are found in plants 

and photosynthetic bClcteria and since I intended to investigute the 

interaction of OTBN with these latter systems under the influence of 

visible light. I decided to investigate further the quinone-OTBN photo

chemical reactions reported in Table VI • 
. , 

As shown in the tableD OTBN does not interact in the dark with 

1,4-benzoquinone (BO), duroquinone (OQ). or 1,4-naphthoquinone (NQ) in 

cyclohexane nor with 9,lO-anthroquinone (AQ) in benzene. However, 

when these systems are exposed to visible light, a rapid destruction 
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of the nitrox1de occurs. These reactions are inhibited if oxyqen has 

not been removed from the samples. A typical trace of the decay of 

the nitroxide resonance signal in the benzoquinone-DTBW system is shown 

in Figure 9. 

After the destruction Of the n1troxide and the samples are placed 

1n the dark, the nitrox1de reappe~rs slmoJly. as shovsn in Figure 10. 

The amount of the nitroxide which reappears varied bebteen 50 and 85 

percent of the original startinq materinl in different experiments. 
. . 

Table VII sho\-/s the free spin concentrations t both before and after 

exposure to light. in systems cnntaining originally 2.94 x 10-5 ~1 DTI3N 
J 

\'lith .031 !i BQ •• 032 !1 OQ, and .017 !! NO. )\.150 included in a sample 

containing only the nitroxide. 

Table VII 

Time 
(hrs) 2.94 x 105 M 

2.94 x 10-5 M oTuH with 

o 2.9x1015 spins** 2.7)(1015 spins 2.4xl015 spins 2.7x1015 spins 

0* 2.9 " " 0 0 0 

12 3.0 " II '.7x1015 spins 1.9x1015 spins 1.2xl015 spins 

24 2.9 " " 1.9 .. " 1.9 II 1\ 1.9 1\ " 
39 2.8 " II 1.5 II II 1.9 .11 " 2. 1 II It 

65 2.8 " II 1.9 .. " 1.6 " " 1.9 " II 

*f\ftcr exposure to l1.ght 
"'-'Calculated from concentration and volume, 3.1 x 1015 spins 

tl/2 for the destruction of DTBN in these s~mplc$ was 3.4 sec for BO, 
1.9 sec for NQ and 17.2 sac for OQ~ 

------~---~~..,.,----..,.....--,.-=-:-. "----- .. _ .. 
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. .fi1ure 9. Time response of DTBN EPR signal to light. The initial 

reaction mixture contain,ed 0.03 M benzoquinone and 3.5 x 10-5 M DTBN 

in cyclohexane without air. Light of wavelength 458,! 5 mJ.l was used • 
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The procedure followed in obtaining the data shown in Table VII 

involved measuring the spin concentration immediately after the samples 

, were prepared, exposing the samples to light and then storing the 

samples in the dark at room temperature; measuring the concentration 

of spins at the ti~esshown in the table. 

The actual number of spins was determined using the fo110wing 

formula: 
G 9 s, . s - # spins S IX 

where S refers to a standard. X to an unkno\'m. and Hm I: modulation 

amplitude. AH = line width. A = the signal amplitude, G I: the gain of 

the complete system, and.9 = the g ... value ,of the resonance line. 

This formula is based upon the assumption that the shape of the 

EPR absorption spectrum approximates a Lorentzian line (which is true 

for the DTBN spectrum) andrequ1res the simultaneous measuremant of 

the EPR spectra of a standard containing a known number of spins and 

a compound with an unknown number of spins. 

The standard used in this work \lias Cr+3 (a known quantity) incor

porated as a substitu10nal impurity in ~1g0 which was then dispersed in 
polyethylene. An EPR spectrum showing the signals due to both DTBN 

and Cr+3 is shown in Figure 11. To record this spectrum» a solid 

sample containing Cr+3 was fixed in the EPR cavity alonqside a quartz 

tube containinq DTBN in solution. The data taken from similar spectra 

were used to calculate the number of spins reported in Table VII. The .. 

numbers shmm in the DTBN sample compare quite well with the number 

of spins calculated using the concentration of the OTON in these 

samples and the volume used. 
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Figure 11. EPR spectrum showing the signals from DTBN .00-4 M) and 

Cr+3 (1016 spins); diff~rent gain settings. 
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Attempts to detect products from the 'reaction of DTBN with 1,4';;" 

benzoquinone using VPC and thin-layer chromatography (TLC) failed. 

Sampl~s containing equal concentrations of the two species yield peaks 

in the VP chromatogram due to the n1 troxi d~ and the quinone both befo,'e 

,and after illumination. An additional compound is present follo\'ling 

the illumination; hOHever, it is also formed in. a f1uinone blank aftel' 

exposure to liqht • 

,.... : ~ :, 

. ~1nce the quinone undergoes n phDtochem1~al reriction by itself, an ! 

experiment \/as conducted to ~~e if OTBN wa:-: interacting vlith the product 

of this reaction. Tubes were constructed with stopcocks isolating blo 

compartments, one above the other. f, quinone solution (.03 r~) was placed 

in the lower half of this tube, oxy~en was remov~tI, and this s~ction was 

closed off at a rres~ure "f 10.5 mm Hg. A Crml solution (en. 10-5 ~) 

\tIaS then placed in the upper section, oXYgen \'1'(15 removed, and an atmos- . 

phere .of N2 \-Ias introduced. 

With the tube ir, the ,EPR spectrometer, the quinone \'tas illuminated 

for 3 min an~ then left in the dark for 1 Min. The OTBN \oJas then allowed 

into this section, the pressur-e difference callsinq a rapid mixing of the 

two solutions. Comparhon of the number of spins in the resulting mix .. 
, . 

ture with the nunber found in an experiment without the quinone, showed 

that none of the nitroxide was destroyed. If the tvJO solutions \·:ere 

mixed at the time of turning off the light, approximately 50X of the 

nitrox1de \'ias destroyed. indicating that the species .... lith \;thicn the 

nitrox1de is interacting has a long lifetime compared to ordinary singlet 

state lifetimes. 

This latter' observation and the fact that oxygen inhibits the 

reaction (see Table VI and page 48) suggest that the nitroxide is 

;'" 
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reacting with the triplet state of the quinone although this species 

was not detected in these samples by EPR at ro()m temperature or at 

liquid nitrogen temperature. 

Additional evidence which substantiates the proposal that the 

triplet state of the quinone is involved is the lack of a photochemical 

reaction bebmen DTI3N and ortho or para-chloranjl. The heavy chlorine 

atoms are knOtln to quench triplets. This evidence must be accepted 

\"ith reserve, however, since DTBN reacts with the chloranils in the 

dark. A photochemical reaction between OTBN.and these species might 

also be occurring but at a rate much slower than the dark reaction rate. 

Therefore, the photochemical reaction \'Iouldcontribute only slio,htly 

to the overall destruction rate and would be undetectable. 

The kinetics of the reaction in this system 'tlere also investigated 

with variation of the light intensity (monochromatic light @ A ::I 

458! 5 mll) and: the conc(!ntration of DT8N. 

The simplest sequence of reactions that one would expect to occur 

in this system is as fol1O\'1s: 

Q:. 
Ia 

> [0*] . 
. ~, 

> Pl X-a 

[0*] 
k2 . > [QTJ k3 . .. ~ P2 X .. b 

[QT] + nN k4 
. ) P3 X-c 

where Q represents the quinone: Q* and QT, the singlet and triplet 

state of the quinone. respect1vely;P, and P2' products from the excited 

states, including the quinone itself; N, the n1troxide; ·P3t the product 

from the n1troxide and quinone; n. the number of nitroxides involved; 

k, the rate constants of the specified reaction; and la' the ulnount of 

11 ght absorbed by the qui none. 
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The equations which describe the variation of the exicted state 

qui nones and the ni troxi de concentrlltion$\'1i th tir..c are as fo 11 0\'15:: 

~~* = ~Ia - (k1 + k2)[Q*], X-d 

:~ Ta k2[Q*1 -' k3[Q T] .. k4(Q T][NJ" X-e 

art = -k4[Q T][N']n X-f at 
where !) represents the primary quantum yield. 

Assuming a steady-state level of the excited states of the quinone. 

their concentrations and the rate of the change of the nHroxida are 

given by the follo~/1ng: 

~la 
(Q*] = (k1+k

2 
T kZ ~I~, , 

[Q ] = (k3+k4[N]n)(k1+k2) 

aN -k4k2<1>IaC~nn := -k'Ia[N]" 
at = {Kl+k2)(k3+k4[N)IJ} (k + [rU") 

and k I!:< , k3' 
'r: 4 

X-g 

X-h 

X-i 

The solutions to equat1onX-1 for the cases of n = 1 and n =2 

in terms of measurable .parameters. assuming a direct proportionality 

between the concentration of nitroxide and the height of the EPR 

spectral lines. are: 

(n = 1) k In S/So + No [S/So .. 1] ::: -k' Ia t X-j 

(n = 2) S/S = k' Ia t k 
X-k .. -....... 

0 No So/S - 1 N t. 
0 

where So and No represent the height of the nitroxide EPR spectral 

Hne ;:md the concentration of nitroxide o respectively. at time zero; 

Sand N. these same quantities at another time; t, the time~ and k and 

k', as shown above. 
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It should be noted that these equations are,valid (even if the 

mechanism proposed above is correct) only so long a,s the assumption' 

regarding the direct proportionality between thesignal he19ht and 

the nitroxide concentration is correct. Also, another assumption 

, needs to be ',considered. This is that the total change in the si~n,al 

" height is due to' a change in the nitroxide concentration. This is not 

, an insignificant consideration, as is discussed in the appendix. 

As can he seen in Figures 12 and 1.3. which are plots of experi-

mental data according to equation X-k fora variation of the i.nitial 

. concentration of nitrox,ide (No) and a variation of the light intensity, ' 

respectively. the destruction of, the n1trox1de 'follows the mechanism' 
, , 

shown above in which two equivalents of nitroxide react with one quinone 

equivalent. 

According to equation X-k~ th~ slope of the straight lines in 

'. Figures 12 and 13 should vary linearly with the reciprocal of t/1(! 

'1nitial concentration afthe nitroiide and the relative light inten-

" sity. 'respectively. The intercepts of the 'lines in Figure 12, should 

vary linearly'as the square of the reciprocal of the initial concen .. 

tration. As shown in' Figure~ 149 lS and 16. these qu~ntitiesdo vilry 

in a linear manner with one another. However~ the inte~cept of the 

'" "plot of the rate versus the reci procal of the conc'entrati on should be 

zero. The' reason for'this inconsistency is unknown. but it is pos-

sibly:duc to the problems considered in appendix I. 
'. , 

The values of the rat~constants. k and ktl a , ca,lculated from the: 

dataconiained in Figures 12 through 16 are: kt Ia ~ 2.5 ~ 10-6 and 

2.0, x '10.;.6 IT'oles/l!.. sec and k :: .42 x 10-10 and 3.8x 10-1°. " 

.. ,' 



'.', 

... r.i:, 

.... : ...... : 
". -,.'. 

," , 

,> .. : 

, . " 

. ' ." 
..... ',.' 

, .,', 

... '" 

.' ,;" ': " I 

... ,.': . 
. - , ~ 

'" .... 

." . 

.... :; 

.' ' 

,; .,' 

'. .' 
'" 

.. ;1'" 

'.' .-

• ,.'1.' 

'" :\~ .. 

, " .... 

'.1 

-57- ...... 

. j , 

: -0.2 '--___ -'-__ .......;..---Ji-___ --'--___ -"'_--" 

010 ,20 30 40 
t (sec.) 

50/5- 1 

" .' . ,XBL 678~4570 

~i9.ure 12. Concentration dependence of DTBN EPR signal photo-induced . 
ecay-,r,;-O.03 M benzoquinone cyclohexane solution without air; illumi

nated with light of wavelength 458 ± 5 mlJ. The coordinates are defined 
by equation l-k in Chapter II. The concentrations of DTBN were 
1.8xlO-5 M (open circles), 3.5xlO-5 M (triangles), and 7.lxlO-5 M 
(closed cTrcles). - -
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Figure 13. Photo-induced decay of OTSN (3.5xl0-5 ~) EPR signal in a 
0.03 M benzoquinone cyclohexane solution without air as a function of 
relatTve light intensity. The coordinates are defined by equation X-k 
in Chapte.r II. The samples were illuminated with light of wavelength 
458 :t 5 mlJ (5.0xl014 quanta/sec/cm2). The relative light intensities 
were 100% (open circles), 60.7% (closed circles), 53.7% (open triangles), 
and 31.8% (closed triangles). 
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Figure 14 • . The slope of the lines in Figure 12 plotted versus the 

, 
reciprocal of the initial concentration of'OTBN. 
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Figure 15. The intercepts of the lines in Figure 12 plotted as a 

function of the square of the reciprocal of the initial concentration 

of OTBN. 
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. Figore .16. The slopes of the lines 1n Figure l3.plotted asa function" 
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l~hen S = 1/2 So' equation X-kreduces to the follm'linq: 
. . 

No2 ~ 2 k'Ia(tl/2No) - 2 k X-' 
., = 
tl/2 

2 k' 
(fl Z+2 k .Ia 

a 
X-Ill 

Figures 17 and la. show the plots of the dat.a (the same .experirr.ental ' 

data used for Figures 12 and 13) according'to equations X-1 and X-mt 

respectively. From these plots the values of thE! rate constants, 

k'I a and k, are: k'Ia = 1.0 x 10-6 and 1.1 x 10.6 moles/to sec (or 

1.5 x 10.6 d~pending upon whether k = ~4 x 10.10 or 3.8 x 10.1°), 

and k = -.8 x 10.10• Again the int~rcept of the plot involving the 

variation of concentration is not in agreement \'1ith the equation. In 

Figure 17, the intercept should be negative according to equation X-'. 
The values of the rate constants (k'Ia • ca. 10-6 moles/to sec and 

k. ca. 10-1°) are not unreasonable •. The measured light intensity of 

the source was 5.0 x 1()14 quanta/~ec/cm2. This light was passed' 

through a glas;, filter (4-96) v/hichtransmitted 94.3% of the 1i9ht 

at 458 m~ as measured in a Cary 14 .. Another 57% of the intensity \'1 as 

lost in passing info the EPR cavHy (mr.>ta1 \"]i~li ent.:'anl;E! slits--optical 

density.measured in Cary 14). Allowing for another 50% loss due to 

scattering upon the cylindrical tube used in the EPR experiments, the 

,approximate 1ntt~nsity reaching the sample ~ ... as 1.0 x 1014 quanta/sec/crn2• 

The length' of tubes illuminated was 1 em (dimension of spot on entrance 

plate of cavity-dinmeter 1 em) and the vlidtl1 of the tube was 0.2 em. 

Therefore, the area illuminated was 0.2 cm2• Thus, the intensity of 

light reaching the sample \'Ias approximately 2 x 1013 quanta/sec. The 

concentration of benzoquinone was 0.03 M and th~ extinction coefficient 

.j 

.' 
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·Fi9ure17.·The data shown in Figure 12 plotted according to equation 

X~l in Chapter II. 
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Figure 18. The data shown in Figure 13 plotted according to equation 

X-m in Chapter II~ 
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for this quinone at 458 mp is 21.6 Ro./mole em. Therefore. assuming a 

path length of 0.2 em (the diameter of the tube), the sample absorbed 

ca. 1012 quanta/sec or ca. 10-11 einsteins/sec •. The rate consta.nt, 

k'Ia is ca. 10 .. 9 moles/cc/sec. The volume of sample illuminated was·· 

approximately 0.03 ec. Therefore. k'la is approxiamtely 10 ... 11 mo1es/sec, 

k' is ca. 1. Since $:: " this would mean k, is equal tok2 or \';ithin 

a factor of 103 of 1<2 considednq all the approxima tions requi red to 

reach this conclusion. 

Since the absorption band at 458 ml.l in benzoquinone is an n+1'* 

transition. the probability of this transition is Cluite low (emax 1':1 21.6). 

Therefore, klwould be approximately 105 to 107 corresponding to a life

time for this state of 10-5 to 10-7 sec. This is a long lifetime com

pared to 11'-+1f* states which r.orm"lly have lifetitr.es of 10-8 to 10-10 sec. 

The long 11 fetime of the n~1r s tate increases the probabil Hy of inter

system crossing {~ing1et to ·triplet). Another factor operating in the 

n+tr" state to increase the probability of singlet to triplet conversion 

is the 10\</ energy gap between the s'inglet and trip~et states. 

Also, the value of k (10-1°) means that k4 ", 1010 k3 (rate constants 

of the 'reactions X-b and c).· Thhis also reasonable since k3 reflects 

the lifetime of the triplet state \>/hich islonfl (ag<1in due to spin for-

. biddenness) and therefore k3 is small t whereas k4t which represents 

possibly a coupling of two radicals (the nitroxide and the triplet 

state of the quinone which can be considered a bi-radical), could be 

quite 1 arge. 

The datil in F1 'Jures 12 through 18 suggest that two nitroxi des 

are destroyed by one quinone, a reo.sonable ratio, especially if the 
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quinone triplet state is involved. A possible sequence of reacti9ns 

consistent with this ratio is as follows: 

XI-a 

" " R 0'· R 
R ,N-O-O- ~ 0 -O-O-N'R XI-b 

o 

+ o 5 
XI-c 

.. 
The fact that the experimental \data fit equation X ... I< mei'!ns ,that 

XI-b is much more rapid than XI-a or XI-c. Also, the slow' kinetics 

displayed in the reappearance of the nitroxide (see Figure 10) sU<Jgest 

that the rate of one of the back reactions depicted in XI-b and XT-c 

is quite slO\'i. if the scheme shown Clboveis correct. 

r~ore evidence which su!,>ports the given scheme is the observation 

that duroqui nor~e. 1 ,4-naphttwquinone J and anthroqui none a 11 photoreact 

with the nitroxide. This sllgge~ts that the t,·:o oXY(7ens of their <luinoid 

structures are involved and not the ring rosit1ons. 

Summary. 

The data presented in this chapter'indicate that OTBr-! is stable 

to a number ofdifferont chemical environments. The exceptions to 

this arc the chemicals, tetracyanocthylene. chloranil ~nd Y.3Fe(CN)6s 

. Hhich are normally considered stl"ong oxidants, and also a strong 

reductant. sodium ascorbate. The reaction between l<3Fe(CN)6 and DTBN 
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was shown to involve an oxidation of OTBN to isobuten~ and 2;.mcthyl. 

2-n1trosopropane.which was complicated by a photochemical reaction of 

the nitroso compounc. 

A photochemical reaction between OTBN and several'quinones is al$~, 

reported. Kinetic experiments involving the photochl!!mical intertlct( {. 

of OTBN with '.4-benzoqu1none suggest that two molecules of OTBN rel'ct 

with the triplet sf~te of the qllinone to form an unstahle di-p~roxide 

type compound. The instahil Hy of the product of the OTHN-quirione 

reaction makes it!; isolation impossible. 

As sho\l>/n in Table VI, OTBN' is stable in the presence of chlorophyll! 

and !?, bClth in the dark and in the li[lht.. This is pOinted out because 

these two compounds are the primary pi(lments in the biolo~ical system 

used in the investigations reported i,n the next chapter. 
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'Chapter I I I 

REACTION OF' OTBN [41TH PHOTO,SVNTHETIC ORGANISMS 

In the foreg01ng. evidence was presented which shows that OTBN 

,'is unstable to both strong oxidants and a strong reductant. It also 

undergoes photochemical reactions with quinones. However, it is 

stable both 'in the ,dark or in the light to chlorophyll a and b, the 
. . --

two principal pigments found in photosynthetic green plants. 

': -', 

, " 

" ' 

As stated in Chapter I. it is conceivable that DTBN. possessing, ' 

an unpaired electron, could couple \'Iith the photOinduced paramagnetic 

species observed in photosynthetic organisms. ' ThiS' chapter contains 

'the results of an investigation of the phot9chemical interaction of 

DTBN with chloroplasts isolated· ,from spinach leaves. These results '. -.,: .. " 

. are presented in four sections. The first of the'se is concerned with 

studies conducted, to detennHle:the effects of various chemical and 

physical perturbations upon this interaction. ' The second discusses 

',' ... ,' 

.' , experiments which relate the interaction with ,photosynthetic oxygen 

production. The thi.rd gives an analysis of the products of this inter-

action'. The fourth discus'ses the conclusions drawn from this work. 

Kinet1 c Experiments' 

, The basic exper'iment to be discu,ssed in, this section is the obser

vat10nby EPR techniques of the photo-destruction of the nitroxide 

(OTBN) contained in a water suspension, of spinach chloroplast', fragments.' 

~lhen freshly isolated chloroplasts from spinach leaves are sus

pended in a 0.5 M sucrose solution buffered at pH 6.8 bv phosphate 'and' - ' -
co'ntaining DTBM,' a rapid, irreversible destruction ~f the nitroxfde 

. '. ! 
occurs in the dark. The same observation is made with intact Chlorella 

cells (algae) and the photosynthetic bacterium Rhodosp1rillum rubrum. 

." , - ...... 
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Chromatophores isolated from R~odospirillum rub rum by sonication 

of the whole cells also cause a fast, dark destruction of DTBN. When 

these samples are 111uminated~ no change in the dark decay is observed. 

This suggests that either no photo-reaction occurs in this system or 

else that the photo-decay is not rapid enough, to produce a detectable 

, change in the dark destruction. 

However, when spinach chloroplasts are washed several times with 

buffer solution or are allowed to age several days in a cold room in 

the dark and chloroplast-OTBN mixtures prepared from these chloroplasts 

are examined in the dark by EPR, only a slow decay of the nitroxide 

resonance is obsarved. When such preparations are illuminated with 

light of wavelengths greater than 5400 ~, the rate of destruction of 

the radical is increased. The same results are observed with chloro

plast fragments obtained by rupturing the chloroplasts in distilled 

water orin 0.05 M sucrose solution buffered at pH 6.8. Results 
. - . '. 

typical of this effect are shown in figure 19. 

Experimental 

The chloroplasts used in these studies were isolated from spinach 

leaves according to the procedure of Park and Pon. 112 The leaves were 

purchased commercially (Berkeley r~arket). FqJ10wing the isolation, 

the chloroplasts were then either washed three times with buffer solu~ 

tion or ,else allowed to age in the cold room three days. The results 

observed using chloroplasts treated in either of these two ways were 

qualitatively the same. Both treatments yielded chloroplasts which 

when mixed with OT3N caused only a slow destruction of the n1troxide 

in the dark. The photo-induced destruction of nitroxide is sti 1 1 ob-

served. 
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BASE LINE CHECK 

LIGHT 
ON 

. ' 

~o~_u~~~--------------------~-----=~~~~~aw----~~~ 
C/) 

o 10 
(Min.) 

MU 8 ·10655 

Figure 19. Time response ~f DTBN EPR signal to light. The initial 

reaction mixture contained 1.4 mg chlorophyll (a+b) per ml of suspen

sion. 1.67 x 10-4 M DTBN, 0.05M sucrose, 0.05 M phosphate buffer, pH 
. - - - . 

6.8. Light with wavelength between 5400 ~ and 9800 ~ was used. Base

line check was made by displacing field from resonance value. Sample 

purged with nitrogen. 
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Chloroplast fragments were obtained, as stated above. by "rupturing . , 

chloroplasts either in pure distilled water or in .05 ~ sucrose solu

tion buffered at pH 6.8, although the latter method is the one generally 

followed. The dark destruction of the nitroxide still occurs if frag~ 

ments are used; however, it is much slower than if chloroplasts are 

used. 

In fact. the rates of both the dark and the light-induced decay 

vary for differing chloroplast preparations (from one isolation to 

another), for different treatment of the chloroplasts or fragments. and 

with the age of the chloroplasts or fragments. Therefore. fthas been 

assumed that the same photochemical destruction of the nitroxfde is 

occurring with both the chloroplasts and the fragments. and no dis

tinction is made between the two in the results to follow. 

In attempting to ascertain the effect of a particular perturbation 

or chemical upon the photo-destruction. a control showing the destruc

tion of the nitroxide with the chloroplast (or fragment) preparation in 

question wasco~pared with a sample which had been subjected to the per- . 

turbation of interest or which contained the chemical of interest. 

The procedure followed in preparing the samples used in these 

studies consists in suspending the .chloroplasts in the sucrose buffer 

and using this suspension to bring known amounts of DTBN solutions to 

a known. volume. Stock solutions of OTBN were prepared in 0.5 ~ sucrose 

solution buffered at pH 6.8 and their concentration detennined assuming 

the extinction coefficient of the nitrox1de in this solution to be the 
I 

same as it is in water (see Appendix II, ~igure 65). 

When another chemical was added to the OT8N-chloroplast mixture. 

a stock solution of this chemical was prepared and a known amount of 
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this solution was added. An equal amount of buffer solution was then 

added to the DTBN-chloroplast control in order to maintain equal. con

centrations of DTBN and chloroplasts in all silmples o If the chemical 

. was not soluble in water, it was prepared in. a suitable solvent and 

added to the DTBN-chloroplast suspension using this solvent. In these 

cases, the same solvent was used for the control sample instead of the 

. sucrose buffer. 

The experimental procedure was essentially the same as that em

ployed for the study of the interaction of DTBN with quinones reported 

in Chapter II. The EPR spectrum of OTSN \'1as recorded. Then the mag

netic field of the EPR spectrometer was positioned at one of the three 

field strengths where maximum deflection of the recorder pen occurs in 

the nitroxide resonance (see Figure 11, Chapter II). The position of 

the base line (the field region where the microwave power is not ab

sorbed) was checked through the use of additional coils around the ErR 

cavit'y. ~Jhen current was applied to these coils, the resultinq field 

was superimposed upon the main spectrometer field. causing a displace

ment from the resonance vaJue of the nitrox1de. Thus, the signal 

height of the particular nitroxide resonance line chosen for obser

vation was followed with time with periodic checks on the base line. 

Typical results are shown in Figure 19. 

The light source used, for illumination of the samples \"Ias a 1000 

watt, 115 volt G.E. projection lamp (tungsten filament). The light 

from this source after passing through a water bath (water flowing) 

1-1/2 inches long. containing an· infrared fi Here ''las passed through 

additional filters (Corning 1-69~and 3-67) and focussed onto the sample 

throuqh slits in the EPR cavity.; Figure 20, the absorption spectrum of 

... 
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Figure '20. Optical absorption spectrum of Corning filters 1-69 and 
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this filter combination, shm'ls that light of wavelengths less than 

5400 ~ and greater than 9800 ~ are removed. This light was excluded 

since chloroplasts contain Quinones which could photo-react t'lith the 

nitroxide (see Chapter II). 

Attempts to use monochromatic light supplied by a 150 watt xeon , 
lamp failed. ihe light intensity obtained from this source ~'1as not 

strong enough to produce a photo-destruction rate large enough to 

compete \t/ith the dark reaction. 

The dark reaction causes another complication. If a stock mixture 

of the nitroxide and chloroplasts is prepared ~nd samples are taken 

from this mixture and examined at different times, the results shown 

. in Figure 21 are obtained. However, if each DTBN-chloroplast mixture 

is made up fresh and examined immediately after mixing, the results 

shown in Figure 22 are obtained. The data shown in these two figures 

were obtained with samples placed in the EPR with approximatel'y 45 min 

between each observation (two different,sets of experiments). 

The destruction rate of the n1troxide is dependent upon the ini

tial concentration of the nitrox1de, as is shown in Figure 23. These 

samples were prepared, each separately, from a stock solution of DTBN 

and a common suspension of chloroplast. These data indicate that the 

variation in destruction rate shown in Figure 21 results because of 

variations in the concentration of DTBN due to the dark decay. There

fore, the procedure followed in preparing samples for the experiment

reported in this section was that used to obtain the results shown in 

Figure 22. 

The oxygen tension in the sample also affects the destruction:rate 

of the nitroxide& as is shown in Figure 24.· In this experiment, the 

. ,,,.. 
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Figure 22. Photo-induced decay o.f DTBN EPR 'signal in three identical 

samples freshly prepared with approximately 45 min between each sample. 
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Figure 24.· Photo-induced decay of OTBN EPR signal sensitized by c:hloro-. 

plasts showing the, effects of O2 upon the observed decay. One· sample 

was purged with nitrogen (open triangles); one sample was untreated 

(closed c1rcles); and one sample was purged with oxygen (open circles) • 
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chloroplast suspension was divided into three portions. One portion 

was purged with nitrogen for 20 min, one was purged wfthpure oxygen 

for 2,0 min, and the third was untreated. Even though the effect of 

oxygen on the decay rate is small in comparison to the effects of the 

other chemicals used in these studies, a standard procedure of purging 

the chlt\roplast susepns10n and the nftroxfde solution for 20 mfn each 

was adopted. 

The chlorophyll content of each chloroplast suspension was deter

mined according to a method of Vernon. 113 Thepfgments were extracted 

from known volumes of the chloroplast suspensfonswfth 80$ acetone. 

The acetone extracts were brought to known volumes and visible absorp

tion spectra were recorded. A tppical spectrum 1$ shCMn in f"fgure 25. 

The following equations were used to detenn1ne the chlorophyll content 

in mg/ml of chloroplast su~pension: 

Chl. a (mq/t) • 11.63 (A.665) - 2.39 (A·649) - , 
xn";a 

Chl. b (mg/!.) • 20.11 (A·649) - 5.18 (A·665) 
, - ' 

, .-

XlI-b 
where A·665 and A-649 are the optical density of the aCQtone extract 

measured at wavelengths of 665 tnu nnd 649 mu ,respectively. The total 

amount of chlorophyll (.!+!U contained in the suspensions used in these 

studfes var'fed between 0.5 rng to 1.5 m9 per ml of suspension. 

Figure 26 shows the absorption spectrum (solid line) of a typical 

chlorop~ast suspension (total chlorophyll = 1.0 mg/ml) recorded using 

the EPR call (0.4 mm path length) taken against air. The dashed' line 

in this f1ture is the spectrum of the same sample diluted approximately 

one to five. Although these samples ~'1ere complicated hv light scatter

ing by the suspended particles, one can calcuhte from the chlorophyll 

concentrations, the extinction coeffic1ents and path length o th~t the 
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absorption at 678 m~should be ca. 3.4 optical density units for the 

soli d line. 

This large 0.0. value signifies a large, exponential variation in 

the light intensity through the sample. This is true for all the 

samples examined in these studies. A rigorous kinetic analysis of 

the experimental data is precluded because of this non-linear varia

tion of the light intensity and also because non-monochromatic light 

was used (see above). Therefore. the initial rate of decay of the 

ni troxi de or the hal f-l i fe of the decay are used to compare the re

sults in the following discussion. 

Results and Discussion 

As stated above, when DTBN is mixed with chloroplasts and the 

resulting mixture is illuminated, a rapid irreversible destruction 

of the nitroxide follows. Since I had hoped' that this destructio~ 

was a result of a chemical trapping of the nitroxide by the photo-

1nduced paramagnetic spec1es within the chloroplasts, I tried various 

perturbations which affect the chloroplast EPR signals to see what 

effect these had on the n1troxide destruction. 

Since the EPR spectrum of OTBN mixed with chloroplasts does not 

exhibit any asymmetry which would indicate that the .nitroxide was 

associating with the chloroplasts or a chloroplast component.114 ·a 

mixture of DTBN (10-4 M) and chloroplasts in 0.5 M sucrose buffered ---- -
at pH 6.8 \.,as centrifuged at approximately too x q for 5 min. washed 

. twice by resuspending in buffer solution and re-centrifuging at the 

same speed. and finally resuspended in buffer solution. 

The level of nitroxide detected in the resulting solution was 

10\'Ier than the original. HOI'Iever, this is probably rlue in part to 
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the washing and in part to the reaction. since it is impossible to ex

clude light completely during the washing procedure. The DTBN which 

did remain was still sensitive to light. These results indicate that 

the nitroxide is soluble in the chloroplasts--a result which was ex

pected because of the affinity of the two tertiarybutyl groups of the 

nitroxide for the lipid components of the chloroplasts. 

As shown in Table III of Chapter I, if a chloroplast suspension 

is heated at sooe for 5 min, signal t is enhanced while signal II is 

no longer detectable. These observations were repeated and confirmed. 
, 

However, it was also observed that the drastic treatment of heating 

the chloroplnst at lnooc also converts the bulk of the chlorophyll to 

pheophytin. When the chloroplasts are subjected to this type of treat

ment, the photo-destruction of the nitroxide is affected as shown in 

Table VIII. Al~o shown are data obtained with samples of the chloro

plast preparations which were not heated. 

Treatment 

R.T. - 15 min 

" 

Table VIII 

DTBN Cone. ki (X/min/mg Chl) 

" --
.70 

.72 
- - - -- --- ---- - ---- - -- -- --- ---- -

, 
R.T. - " -24.0 5.04 

u " - 0.9 

These results suggest that the photo-destruction of the nitrox1de 

is connected with the capacity of the chloroplasts to exhibit signal I. 
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Another treatment of the chloroplasts which causes an apparent 

increase in the level of signal I. is the addition of 00.111 to the 

suspension.68 Therefore, the effect of Dcr~u on the destruction of 

the nitrox1de was investigated \,/ith the results shown in Table IX. 

Table IX 

Concentrations 
DTBN' DCMU 

-4 2.08 x 10 M -
" 

o 
-4 2.28 x 10 !! 

tl/2 
(min) 

? 

k1 
%lrnin/rng Chl 

-18.3 

-0.48 ----- --- --------- ---- - - - - - - ---
5 5.0 x·10· M -

" 

o 
4.7 x 10.4 11 

1.05 

1 

-46.0 

o 
- ---- - ------ - - ----- -- -- -- - -- ~ -
1.2 x 10.5 !i a 
"5.0 x 10-5 ! 

7.6 

0.68 

·Chlorophyll content unknown; rate 1n % min. 

100* 

7.8* 

The blockade of the photoreaction of OTBN by OCMU. together with 

the apparent increase of the amplitude of signal I in Dcr~U .. treated 

materials,68 precludes the notion that DTBN is coupling with the 

species responsible for this particular photo-induced signal. DCMU is 

a potent inhibitor of photosynthetic oxygen evolution and electron 

flo\ll 1n general. Thus, it is conceivable that Dcr~U blocks the forma

tion of a radical species which contributes only slightly to the EPR 

pattern obtained with chloroplast suspensions, and it is this radical 

with which the nitioxide might cou~le. 
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The inhibitory effect of DeMU upon the photo-reduction of NADP 

can be removed through the use of ascorbate and a ca1yt1c amount of 

DCPIP.115 In addition, during the course of NADP reduction with DCMU· 

poisoned chloroplasts, using ascorbate and DePtP, photophosphorylation 

also occurs. 116 These observations, interpreted in terms of the 

mechanism in Figure 1, suggest that the DCPIP is reduced by the ascor

bate, and, fn the reduced forme interacts with an intermediate in the 

electron transport chain connecting the two photo-acts. Thus, photo

system I onerates. but "photosystem II d"oes not. 

Unfortunately, DTBN is not stable to Na-ascorbate. However. it 

fs stable to KBH4 and the reduced form of DCPIP. Therefore, DCPIP 

was reduced by KBH4 in water, and this was added to a DOm poisoned 

chloroplast preparation in order to see 'f/hether the inhibition caused 

by DCMU up~n the nitroxide reaction could be removed. The results of 

thiS experiment are shown in Table X. 

Table X 

. ,Concentrations ki 
OTBN . DCPIP (red.) DeMU 'Yo/m1n/mg Chl 

2.08 x 10.4 M 0 0 -18.3 -
It 7.4 x 10-5 !i 0 - 6.4 
.. 0 2.3 x 10.4 M - 0.48 
.. 7.4 x 10-5 M ., - 0.19 -

As is evident in the table, the reduced form of DCP!P does not 

lift the inhibition of DeMU and, in fact, it also causes a partial 
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inhibition of the nitroxide destruction. The reduced form of DCPIP 

also causes an increased rate of the dark destruction of the nHroxide. 

It was also observed that treatment of the chloroplasts with KBH4 

caused an increase in the dark destructi<,'1 of the nitroxide and a 

slower light decay. KBH4 will reduce plastoqu1nones, NADP and pro

bably other compounds found within the chloroplasts. This is probably 

true for the reduced dye also. The increased dark destruction of DTBN 

in these systems suggests that the dark decay is a reduction. The in

hibition of the light reaction by these reagents probably is the result 

of a reduction of a compound in the chloroplasts ,~hich is required in 

its oxidized form in order to obtain efficient electron turn-over. 

Plastoquinone is one possible candidate, especially if its function in 

the chloroplasts is to accept electrons from photosystem II. 

Since chloroplasts contain plastoquinones which undergo photo

reductions which are inhibited by DCMU. 45 and since qui nones are known 

to form relatively stable semiquinones. the possibility of an inter

action between DTBN and plastoquinone was investigated. Bishop39 has 

shown that if chloroplasts (or fragments) are extracted with petroleum 

ether, the Quinones are removed from the chloroplasts, causing a re

duction in their photosynthetic act1vity as measured by oxygen evolu

tion or reduction of a Hill reagent. If the petroleum ether extract' 

or a so)ut1on of plastoquinone in petroleum ether is evaporated onto 

the fragments which had been extracted, a recovet"Y of photosynthetic 

activity is observed. 

As sho\'m in Table XI, when .chloror)lasts are extracted \'t1thheptane, 
, , 

the initial rate of photo-destrliction of the n1troxide is'drastically 
i 
\ 

reduced. Also shown is the efff1ct of adding Plastoquinone..,A (PQ-A), 

" 
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back to the extracted chloroplasts using the evaporation procedure of 

Bishop. The effects of evaporating pure heptane and the heptane ex

tract are also shown. The addition of PQ-A by this procedure causes 

a slight recovery of the lost activity. The effect of the heptane 

extract is understandable. The extracted PQ could have undergone 

decomposition and the heptane extracted more PQ. However, the effect 

, of pure heptane casts doubts upon the experimental procedure. 

Table XI 

Concentration ki (%/min/mg ~hl) 
DTBN Untreated Extracted PQ-A

r 
Heptane 

4.7 x 10-4 M 24.0 6.0 9.1 ---
1.5 x 10-4 !i 14.0 7.0 9.0 

2.5 x 10.4 I~ 13.9 5.8 -
2.7 x 10.4 !i 5.3 5.3 5.3 

1.7 x 10-4 !:l 11.9 . 14. 1 ** 13.5 

·Saturated solution of PQ-A in heptane used. 

*·Concentration of PQ-A in heptane in 3.6 mg/400 ~. 

Extract 

2.2 

--

The method used in these experiments involved extracting wet-packed 

chloroplasts with heptane (ca. 1 m1 heptane per mg wet-pack) at O°C in 

the dark. The resulting chloroplasts were suspended in buffered 

sucrose solution which was divided into several portions. Some of 

these porti ons were used to observe the nitroxi de dest,'ucti on rate with 

extracted chloroplasts. The remainder were centrifuged •. The solution 

to be tes ted (either heptane. PQ-A in heptane. or extract) was app 11 ed 
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by evaporcttion under a NZ stream to the chloroplast pellets resulting 

from the centrifugations. These chloroplasts, suspended in sucrose 

buffer. were used to observe the rate of the nitroxi de destruction. 

The results indicate that the photo-destruction of thenitroxide 

is connected with the presence of p 1 astoqui nones. l1o\l~ever, thi sis 

not conclusive since it is not known exactly what, in addition to the 

extraction of the quinone and a-carotene, heptane does to the chloro

plasts. Even if the decrease in rate observed with extracted chloro

plasts is due to the absence of plastoquinone, this does not distin

guish between a radical coupling of the nitroxide with the semiquinone 

and a reduction or an oxidation of the nitroxide. 

If one assumes that the inhibitory effect of DCMU occurs at only 

one site within the photosyntheSizing .organism, namely. on the oxygen

evolving side of the mechanism depicted in Figure 1, the data in Table 

IX (effects of DCMU) suggest that the nitroxide is oxidized or reduced 

bya species activated by photosystem II (see Fiqure 1). 

A sample containing DT3N (.01 !:!) and chloroplasts was treated 

with K3Fe(CN}6 (.01 !1) in the dark in a sealed flask. Examir.ation of 

the atmosphere in the f,lask by VPC after 30 min of reaction showed 

the presence of both isobutene and 2-methyl-2-nitrosopropane. How

ever. if the K3Fe(CN)6 was exclu.ded and instead the c~loroPlasts-DTBN 

m1 xture '48S exposed to 1i ght. these b/o products ,"ere not detected. 
, 

Furthermore, no absorption due to 2-methyl.2-nitrosopropane was de

tected in the UV-vis absorption spectra of samples of chloroplasts in 

which the nitroxide radical had been destroyed by liqht. These re

sults rule out the possibility that the photo-destructton of the 

nttroxide involves an oxida·~.ion. 
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In order to determine whether the DTBN-chloroplast interaction 

involved a reduction of DTl3N to hydroxylamine or to an oxygen substi

tuted hydroxyl ami ne wh i ch wou 1 d resu 1 t by a coupl i ng of OTBN \'Iith a 

free radical species, the effect of two Hill reagents upon the nitroxide 

destruction was examined. The Hill reagents used vlere K3Fe(CN)6 and 

OCPIP. The results are contained in Table XII. 

Table XII 

DTBN Concentration Hill Reagent k; (%/min/mg Chl) 

2.08 x 10-4 ~ (none) -18.3 

" 7.4 x 10.5 ~ DCPIP -16.1 

« 5.9 x 10-4 M K3Fe(CN) -12.9 
- 6 

The inhibitory effect of K3Fe(CN)6 can be removed by washing the 

treated chloroplasts with buffer solution. This effect is shO\,," in 

Table XIII. In addition,the effect of increasing K3Fe(CN)6 concen

tration upon the nitroxide decay rate was investigated with the re

sults in Figure 27. These types of experiments were not performed 

with the DCPIP-treated chloroplasts. 

Table XI II 

Concentrati ons 
DTBN K

3
Fe(CN)6 

1.0 x 10-4 M 0 
. " - 2.2 x 10-3 M 

Before washing . After \",ashinq 
ki {%/min/mg} ki (%/m1n/mg) 

-47.7 
'" 11.5 

... 24.6 
-24.2 
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The partial inhibitory effects caused by the Hill reagents sug

gest that a competition for electrons exists between DTBN and these 

reagents. The reversibility of the inhibition caused by K3Fe(CN}6 

shows that ferricyanide does not cause permanent damage to the chloro

plasts and supports the proposal that the inhibition stems from a 

competition between OTSN and K3Fe(CN)6 for electrons. The leveling 

of the curve in Figure 27 indicates that the sites of interaction of 

DTBN and K3Fe(CN)6,within the chloroplasts are d1fferent. Several 

mechanisms could b~ proposed to explain the shape of this curve; 

however, sufficient experimental data to justify any of them are not 

available. 

Salicylaldoxime 1s thought to remove the copper atoms from. 

plastocyanine {PCy).117 a copper-containing protein that plays a 

role in the electron transport mechanism of photosynthesis (see 

Figure l). thus terminating electron flow at this point. 

When chloroplasts \'1ere incubated in. this oxime for 20 min prior 

to adding OTBN. the initial rate of decay of the nitroxide decreased 

from 32%/min/mg Chl for a sample containing untreated chloroplasts to 

l2%/m1n/mg Chl for the sample with oxime. The concentrations cf 

DTBN and the oxime were 1.5 x 10.4 ~ and 9.6 x 10·3~, respectively. 

This result indicates that the nitroxide reaction is connected \'lfth 

photosyrthetic .electron transport. Hm'lever, it' yields no information 

as to the mechanism of the nitroxide destruction. 

The results of the experiments reported in this section suggest 

that the photochemical destruction ofDTBN by chloroplasts involves.a 

reduction. However, the product which would result from a reduction 

of OTEN. ditertiarybutylhydroxy'lamine (fJTBNH)~ has no physical property 



which would allm\' one to detect. it readily in mixtures containing 

chloroplasts •. In tiddition. thi's hydroxylamine is extremely sensitive 

to atmospheric oxygen and one would expect the nitroxide destruction 

to be reversed 1n the dark upon exposure to ai r unless another factor 

was competing for the oxyge~ and acting as an anti-oxidant. 

To test this proposition. DT3NH was prepared as reported in 

Appendix II •. This reduced fonn of the nitroxide is not oxidized in 

the dark in the presence of chloroplast fragments and air, nor with 

· freshly isolated chloroplasts and aira However, if the fragment 

mixture is 111uminatedwith light of 'Ilavelengths greater than 540 roll, 

a rapid increase of the nitroxide resona~ce signal occurs follo\'Ied by 

a gradual decay. This effect is shown in Figure 28. This effect 1s 

also observed in samples containing DTBN and freshly isolated fragments-

preparations in \</hich 80-9S'·per cent of the nitroxide has disappeared 

during the period bet\'1cen the preparation of the samples and detection 

· of the nftrox1de signal in the EPR spectrometer. The chan!le in signal 

height is not as large in these latter samples as with the ones con-

· tain1ng the deliberately reduced form .and fragments. No signal increase 

is observed with fresh. whole chloroplasts with either DT8N or OTBNH, 

,either in the dark or in the light. However, if the· whole chloroplasts 

are washed with buffer several times. the effect sholtm in Ff gure 28 f s 

also observed with them, suggesting that the rate of destruction of 

OTBN is too rapid with freshly isolated chloroplasts to detect the 

oxidation of DTBNH. 

The increased s1gn·al height shown in Figure 23' \o(as shown to be 

due to an enlarged nitroxide signal and not due to some other photo

generated radi ca 1 by sweepi ng through the" three-li ne spectrum of the 

.' . . c .. -, ~ 
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ti 9..l!re 28. Effect of light on OTBN EPR signal in the presence of 
arge excesses of OTBNH. Initial mixture contain~d 1.85 mg 

chlorophyll (a+b) per ml of suspension. 2.1 x 10- M OTBNH. 
0.05 ", sucrose, 0.05 M phosphate buffer, pH 6.8. N2-atmosphere. 
111umTnated with light of wavelength of 4500 ~ to 9800~. Check 
of baseline made by displacing magnetic field from resonance. 
Nitroxide present initially assumed due to air oxidation of 
DTBNH during sample preparation. Complete oxidation of DTBNH 
originally present would result in a signal height of 5.1 units 
on th 1 5 S ca 1 e. . 
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n1troxide before and after illumination. In addition, the decay of 

the signal amplitude was shown to involve the photochemical degra

dation of the nitrox1de. If the light is turned off, the decay stops 

and the signal levels off. 

Although the samples which were exposed to light '"ere purged with 

nitrogen prior to each experimente it is conceivable that the in

creased Signal height could be due to a photosreaction involving the 

uptake of oxygen which would cause' a narrowing of the \i1dth of the 

n1trox1de resonance line and a concomitant increase of the signal 

height, if the concentration of DTBN remained constant. This is un-

11nely, however, since the magnitude of the siqnal change would require 

a narrowing of the signal by a factor of two or moree This narrowing 

was not observed. Also, oxygen is produced in this system, as ''1111 

be shown below • 

. If a sample of the hydroxylamine with a concentration equal to 

that of the sample used to obtain the data shown in Figure 28 is oxi

dized with K3Fe(CN)6' the signal height of the nitroxide formed is 

5.1 units on the scale used in this ffgut~. 

A separation of the oxidation of the hydroxylamine from the des

truction of the nitroxide was attempted using a OCMU-poisoned chloro

plast preparation. However. it was observed that D01U also poisoned 

the photo-oxidation of the hydroxylamineu 

Since it is assumed that ·11ght produces both an intermediate 

oxidant and an 1ntern~d1ate reductant in spinach chloroplasts. it is 

possible that both processes, oxidation and reduction. could operate 

simultaneously on the hydroxylam1ne-nitroxide system. thus estab

lishing a steady-state ratio of the two. Since this does not occur 

,-
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(the nitroxide becomes undetectable by EPR), there must be an irre

versible drain of material from the chloroplast-nitroxide-hydroxy,l. 

amine system • 

As will be discussed below, the primary mode of destruction of 

the nitroxide is indeed a reduction to OTBNH. The observations that 

illuminated chloroplasts reduce the nitroxide to the hydroxylamine 

(causing a destruction of the nitrox1de EPR signal) and oxidize the 

hydroxylamine to the nitroxide are in contradiction to one another. 

This dfsparity could result cecause of one of the following causes: 

(1) The specieswh1ch oxidizes OTBNH is available in only limited 

quantity and is expended; (2) the ratio of the reduced fann to the 

oxfdized form maintained in illuminatedchloraplasts is large and, 

therefore, the level, of DTBN is low and undetectable by EPR~ or (3) 

the identification of DTBNH as the reaction product of DTBN.illuminated 

chloroplasts' reaction is incorrect. 

These three proposals will be discussed at greater length follow

ing the presentation of the data which show that the photochemical 

degradation of DTBN involves a reduction. 

Summa~y: Kinetic Experiments 

Df.tert1arybutyln1troxide undergoes both a dark and a photo

induced reaction in the presence of chloroplasts and light. The 

photo-reaction is inhibited by OCMU. an inhibitor of photosynthetic 

oxygen evolution and photosynthetic electron transport, \'1hich is 

thought to truncate electron flow in the reactions coupling the 

oxidation of water to photosystem II. This is consistent with the 

observation that R. rubrum chromatophores do not photo .. react with -
DTBN and suggests that the reaction is connected \~ith photo system II 
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(see Figures 1 and 2). ' OCr4U has no e,ffect upon the dark reaction. 

The dark reaction is stimulated by the presence of KBH4 and the 

reduced fom of DCPtP. However. these reagents impair the photo

reaction. The reduc,ed fonn of DCPIP does not 11ft the inhibition 

caused by OCMU. 

\~hen plastoqu1nones are extracted from the chloroplasts with' , 

heptane, the photo-reaction is slower than normal. implicating the 

qui nones in the photo-reaction: ' Thh, conclusion is uncertain since 

not all the effects of heptane upon chloroplasts are known. 

The presence of additicnal Hill reagents partially impedes the 

photo-reaction. This is interpreted as competition between DTBN and 

the Hill reagents for electrons. 

Salfcylaldox1me also partially inhibits the photo-reaction. 

This compound is thought to stop photosynthetic electron transport 

by binding the copper atoms of plastocyanine, a protein involved 1" 

the' electron transport chain connecting the two photosystems operating 

in green plants and a19ae~ 

No products which would result from an oxidation of OTBN could 

be detectedo In addition. the reduced form of OTBN undergoes a 

photo-oxidation to OTBN \,/ith illuminated chloroplastse These results 

suggested that the OTBN reaction was an addition of OrBN to a compo-

, nent of the chloroplasts. This is inconsistent \\lith evidence to be 

presented below. The oxidation of DT8NH is not in agreement with 

the rest of the resultsG 

Measurement of Oxygen Evolution 

l~ith the exception of the experiments conducted ~/1 th the reduced 

form of the nitroxide e the data reported in the previous section are 

'~ , 

, " 

.. ,.," .; 
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all consistent with an interpretation that the nitroxide undergoes a 

reductive degradation with illuminated chloroplasts. This implies 

that DTBN is functioning as a Hill reagent. Therefore, this system 

should evolve oxygen. The experiments discussed in this section 

deal with the measurement of oxygen evolution from the chloroplast

DTBN suspensions. 

Experimental 

The basic experiment described in this se~tion is one which in

volves the 'use of a Warburgapparatus to measure gas exchange between 

the DTBN-chloroplast suspensions and the atmosphere above these 

suspensions. 

The photosynthetic materials used in these studies include , 

freshly isolated chloroplasts, fresh chloroplast fragments, and aged 

chloroplast fragments. These were suspended in 0.5 ~ sucrose solution 

buffered at pH 6.8, to give suspensions varying in conce~tration of 

chlorophyll between 0.5 lng and 1.5 mg per ml of suspension. The 

chlorophyll content of each suspension was determined according to 

the method reported in the previous section. 

The procedure followed in these experiments involved placing 2 ml 

of the chloroplast suspension in the main body of the Warburg flask 

and 1/2 ml of buffer D DrBN or K3Fe(CN)6 solution in the side arm. 

The sy~tem was then isolated from air and allowed to equilibrate 1n 

the dark with shaking at the temperature of the constant temperature 

bath (normally 21°C). 

,Once the readings on the mlcromanometers became constant. the 

contents of the side arms were added to the chloroplast suspensions o 

Generally this caused an irreversible change in the pressure levels 
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fnthe systems. The mixing was done in a darkened room using a dim 

flashlight. The samples were, allowed to equi l1brate again until the 

micromanometer readings were constant& The lights (bank of photo, 

spots) \flere turned on and the change in pressure followed with time. 

A flask containing water was used to measure fluctuations fn the 

barometric pressure of the room and in the temperature of the water 

bath. The pressure changes recorded for the other systems were 

corrected for these fluctuations. 

The change~ in pressure in the fhsks is measured with micromano

meters calibrated in ,centimeters.' These readings can be converted 

into ~moles of oxygen evolved by the use of the following equation: 

k • h ~moles 02 evolved = 22.4 

273°K 
where k at _V~9 __ T __ +_V .. f_CI • h ::I manometer reading' in tmle and V 9 and 

Po 

Vf are the volumes of the gas phase and liquid phase. respectively; 

T. the temperature in degrees Kelvin; .po' Brodieos manometer fluid 

consta,nt equal to 104; a. the solubility of oxygen in the liquid phase., 

Most of the data in this section is reported in changes of pres

sure in centimeters. Where,.umoles of oxygen are used. the appropri~te 

flask constant was calculated assuming c equal to the solubility of 

oxygen in water at the proper temperature (0.031 @ 21°C) and the cena 

timeters were ~onverted into umoles of °2 0 

The amounts of DTaN destroyed in the dark and in the light ,,,ere 

measured using identical samples to those ,used for measurement of the 

pressure change. Known volumes of these samples' were diluted 1 :100 

and EPR spectra were taken at time zero and following the illumination 

. "-. 



· -99-

period. The ratio of the 'signal heights times 100 were taken as the 

per cent n1trox1de destroyed. USing the concentration of nitroxide 

initially present and this percentage, the umoles of n1troxide des

troyed were calculated. 

Results and Discussion 

When mixtures containing freshly isolated ch'loroplasts and .01 M 

OTBN are examined in the Warburg apparatus with illumination, the 

pressure above the suspension increases as shown in Figure 29. Also 

included in this figure are the pressure variations observed in two 

systems, one containing the same chloroplast preparation with 0.01 !1. 

K3Fe(C~)6' the other the chloroplast suspension and buffer. 

Vapor phase chrornutography of the gas phase of the samples des

cribed above failed to show that the'increases of pressure observed 

in these samples were due to increases of molecular oxygen. The 

amounts of O2 initially present in these samples prevented the de

tection of the small quantity of gas produced in these systems. 

However, \~hen identical sample,s are prepared in flasks 'sealed 

with rubber septums and these flasks are purged with helium (the gas 

used for the VPC carrier gas) prior to the illumination, most of the 

ai r is removed. The results shown iii Ff gures 30 and 31 \'/ere obtained 

when the gases over these 'samples were analyi~dby VPC~ 

·These results conclusively demonstrate that DTBN functions as a 

Hill reagent. However, DTBN could couple with a free radical pro .. 

duced by the e'lectr'ons obtained from the water through photosystem II 

(see Figure 1). If this \'/ere the case, oxygen would still be pro

duced and DTBN would be f~nctioning as a Hill reagent--however. not 

in the normal sense. The reduction would be by another radical 
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Figure 30. ' VPC traces of a sample of the atmosphere above a chloroplast 

,suspension containing 0.92 mg chlorophyll (a+b) and 0.003 M DTBN before 

(a) and afier (b) illumination of the sample for 1 hr with white light. 

The column was Molecular Sieve 5-A. The temperature of the column, in

jector, and detector were 55°, 180° and 250°C. respectively~ The flow 

was 12 ml/mfn. The vessel was purged initially with helium. 
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~e 31. VPC traces of a sample of the atmosphere above a chloro
p'last-su5pension containing 0.92 mg chlorophyll (a+b) and 0.01 M ' 
K3Fe(CN)6 before (a) and after (b) illumination of the sample fOr 1 hr 
wlth white light. The column was Molecular Sieve 5-A. The temperature 

. of the column •. injector, and detector were 55°. 1800 and 250°C, respec
, tively. The flow was 12 m1/min. The vesseJ was purged initially with 

helium. 
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instead of a hydrogen atom. 

As shown in. Figure 29~ after approximately 100 min of illumina

tion, o~gen production in these systems stops. This could result 

in three ways: (1) the Hill reagent is expended; (2) the chloroplasts 

have become damaged either through aging in suspension with shaking 

at 21°C or through an irreversible photo-induced change; or (3) the 

reaction w1th K3Fe{CN)6 or the nitroxide removes (or damaqes) a com

pound (or compounds) required for photosynthetic electron transport. 

Several experiments were conducted seeking to differentiate be

tween these three possibilities. The results are reported in Figures 

32 through 35. 

Figure 32 shows the data from an experiment which 'involved using 

a Warburg flask with two side arms. Equal quantities of DTBN solution 

were put into these side anns. One of these was added to the chl~ro •. 

plasts, the resulting mixture was illuminated and the pressure changes 

followed until oxygen production stopped. The vessel was then opened 

to air, equilibrated, sealed again, and the procedure repeated. This 

data demonstrates that tennination of oxygen production is not caused 

by a lack of Hill reagent. 

Four separate vessels were used to obtain the data shown in 

Figures 33 and 34--two containing chloroplasts with DTBN. the other 

two, chloroplasts with K3Fe(CN)6. In these experiments the Hill 

reagents were added to the chloroplast at essentially the same time. 

Two samples (one \tl1th OTBN, the other with K{e(CN)6) were ex

posed to light and two were kept in the dark by wrapping them with 

metal foil. Hhen the production of oxygen had stopped in the samples 

exposed to light. the other two samples were illuminated. As can be 
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Figure 32. ,Pressure changes above chloroplast suspension containing' 

0.013 M DTBN showing that after the evolution of oxygen from a sample 

stops, the addition of more DTBN does not promote the evolution again. 
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Figure 33. Pressure changes above ch1orop1ast-DTBN mixtures showing 

. the effect of incubating the chloroplasts in the dark at 21°C for 

'138 min with DTBN. The mixtures contained 1.10 mg of chlorophyll 

(a+b) and.Ol ~ DTBN. 
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showing the effect of incubating the chloroplasts in the dark at 21°C 

for 13~ min with K3Fe(CN)6. The mixtures contained 1.10 mg chloro-

, , phyl1 (a+b) and 0.01 MK3Fe(CN)6. 
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seen in the figures" incubation'of the chloroplasts with the Hill 

reagents at 21°C and shaking had little effect upon their capacity 

. to evolve oxygen for the sample containing OTBNo The ferr1cyan1de 

apparently causes damage to the chloroplast i.n the dark. 

Figure 35 sho\tls the effect of illuminating the chloroplast 

prior to adding DTBN. The chloroplasts used in this'experiment 

were the same as those used to obtain the data shown in Figure 32. 

In 'fact, the d~ta shown 1n Figures 35 and 32 were obtained simul

taneously. 

The result 1n Figure 35 demonstrates that chloroplasts subjected 

to white light for extended periods of time lose their capacity to 

evol"ve oxygen. 

This same type.of experiment was conducted using shorter periods. 

of illumination 'before adding the OTBN in order to see how the ini

tial rate of oxygen production is affected. The results are presented 

1n· Figure 36. Also included in this figure is a curve showing .the 

variation of total oxygen output in these experiments versus the 

period of pre-illumination. 

The results of Figures 35 and 36 demonstrate that the termination 

of OXYgen production Observed in these studies is due to a photo

chemical degradation within the chloroplast. 

l,lhen the initial concentration of nitroxide is variecl e the ini

tial rate of oxygen productione the :amount of nftroxide destroyed& 

and the total amount of oxygen produced also vary~ and in a linear 

manner to the initial concentration of DTBN. (See Figures 37 e 38 and 

39.) The slope of the dashed line in Figure 38 divided by the slope 

of the line in Figure 39 gives the ratio of the moles of nitroxide 

,.:. 
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destroyed in the light to the moles of molecular oxygen produced. 

The value of this ratio is 4.6. 

Since four electrons must be removed from water in order to yield' 

molecular oxygene this value is not surprising. The deviation from 

a value of 4 probably arises because no corr~ction 1n the data shown 

1n Figure 39 was made to account for the uptake of oxygen by the 

chloroplasts (see control in Figure 29). If this were done. the 

ratio 'of the two slopes would be smaller since the amounts of 02 

produced would be larger for each experiment. 

DCMU poisons the photo-production of oxygen and the photo

destruction of the nitroxide. However, it has no effect upon the 

dark destruction of the nitrox1de. These effects are sho\'1n 1n 

Figure 40 and Table XIV. 

Table 'XIV, 

Initial Amounts Oxygen OTBN 
OTBN DTBNH Dcr4U Condt .. Produced " 

, Destroyed 
.. 

3.3 x 10-5 0 0 Dark 0 1.44 x 10 .. 5 

It 0 0 liqht 2.4 x 10-6 2.82 x 10-5 

18 0 3.0 x 10 .. 7 light 0 1.34 x 10-5 , 

H 3.9 x 10 
.. 5 0 light 2.4 x 10'"'6 ' 2.07 x 10 ... 5 

All quantities reported in moles'. 

Each sample contained 1021 mg chlo"ophyl1 (a+b). 

The data obtained with samples containing both DTBN and D'fBNH are 

also included in Figure 40 and Table XIV. These data shm·, that the 
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presence of DTBNH has no effect Uf>on the oxygen released during the 

destruction of the nitroxide •. However. Table XIV indicates that the 

photo-oxidation of DTBNH occurred in this sample (ca. 7.5 x 10.6 ,m.oles) • 

The foregoing results suggested that DTBN \'1as reduced to DTBNH 

in the light. However. the EPn studies and Table XIV showed that 

DTBNH is oxidized by light to DTBN. Since the nitroxide v~a's observed 

to become undetectable in the EPR studies. these observations are in 

contradiction to one another. A possible explanation of these results 

was that DTBNH was also photo-reduced irreversibly to ditertiarybutyl. 

amine (DTBNH2) in this system. If this were true. then DTBNH should 

function as a Hill reagent. 

The results of an investigation of this possibility are shown in 

Figure 41. No oxygen is produced in the system containing chloro

plasts and DTBNH. This observation indicates that DTBNH is not 

further reduced by chloroplasts and light. 

Figure 42 shows a comparison of the oxygen production observed 

using DTBN with freshly 1solated chloroplasts, fresh chloroplast 

fragments and aged fragments (6 days old). Figure 43 shows these 

same effects using K3Fe(CN)6 instead of DTBN. The decrease in the 

initial rate of oxygen production and in the maximum obtainable pres

sure observed in going from freshly isolated chloroplasts to aged 

fragments is probably a reflection of an increased sensitivity of the 

fragments to photo-destruction or to a more rapid uptake of oxygp.ne 

These two effects are probably related. The amounts of n1troxide 

destroyed in these samples in the dark and in the light and the 

arnounts of photo-produced oxygen are tabulated in Table XV. The 

quantities of oxygen produced were not co~rected for oxygen uptake~ 
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The rate of oxygen production in the aged fragment sample is just· 

great enough to compensate for the oxyqen uptake in this sample. 

Therefore. no quantity of oxygen produced is given in the table for 

thi s system. , 

Table XV 

Photosynthetic Initial DTBN Destroyed Oxygen 
materi al DTBN. Dark Light produced 

Fresh 
2.7 x 10-5 0.49 x 10~5. 1.9 x 10-5 4.8 x 10-6 . chloroplast 

Fresh 
0.27 x 10 .. 5 -5 .. -6 fragments .. 1.0 'C 10: 1.6 x 10 ' 

. Aged 
fragments .. 0.02 x 10 .. 5 . 0.76 x 10-5 ... (1) 

All quantities reported in moles. 

The data in this table show that photosynthetic oxygen production 

using OTBN as the Hill reagent 1s dependent upon thp. state of the biolo

gical materhl. Although the amount of nitroxide destroyed in the light 

1n the samples containing fragments 1s not very different, the detec

table levels of oxygen are quite different in the two samples. If one 

assumes that the nitrox1de destruction occurs by the same mechanism in 

both samples (evidence that this 1s the case will be presented in the 

next section). The marked differences in detectable oxygen levels in 

these samples suggest that the aged fragments use oxyqen in the light 

more rapidly than fresh fragments which use it more rapidly than fresh 

chloroplasts. This suggests that the photochemical degradation occur

ring within the chloroplasts \'1hich causes the tennination of oxygen 
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production is due to a photo-oxidation of a chloroplast component re

quired for photosynthetic electron transport. Evidence will be given 

below which rules out a degradation of the chloroplast pigments. 

It should be mentioned that the ratio of OTSN destroyed to the 

amount of chlorophyll present in the sample varied from sample to 

sample. However, ratios as high as 25 were observed. 

Summary: Measurement of Oxygen Evolution 

The data presented in this section shm" that the destruction of 

DTBN by chloroplasts, chloroplast fragments or aged fragments is accom

panied by oxygen production. This reaction is inhibited by OC?4U but 

is not affected by DTBNH. although the latter also appears to undergo 

photo-oxidation \~ith fresh chloroplasts. DTONH does not function as 

a Hill reagent with illuminated chloroplasts. 

In addition. illumination of chloroplasts destroys their ,ability 

to evolve oxygen •. Evidence suggests that fresh and aged fragments 

also experience this photO-destruction even more rapidly than fresh 

chloroplasts. Also, this destruct~on appears to involve a photo

oxidation as evident by an incr~ased rate of oxygen uptake. 

Product Analysis 

Despite the collection of evidence presented in the preceding 

two sections which indicated that DTBN experienced a reduction to a 

hydroxylamine. the observation that this hydroxylamine \'Jas photo- ' 

oxidized to the nitroxide was a strong argument against this conclusion. 

Since no product resulting from an oxidation of thenitroxide \</a5 

detected i and s i nee DTBNH \</as not reduced further to the d1 .. substituted 

amine. the remaining alternative t'las that DTAN addition to a component 

of the chloroplast~ occurred in these systems. 

~ .. 

" 
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Therefore, a search for the products of the nftroxide reaction 

was undertaken. This section describes the results of that search •. 

Experimental 

The studies reported in this section were conducted wfth samples, 

wf th and without DTBN. some of whf ch were exposed to light and others 

which were kept in the dark. The photosynthetic materials included 
-

freshly isolated chloroplasts, fresh chloroplast fragments, and aged 

fragments. 

The OTBN-chloroplast (or fragments) mixtures were prepared by 

mixing 2 ml of the chloroplast suspension with 1/2 ml of DTBN solution· 

in 30 ml flasks sealed with rubber septums. The samples without DTBN 

contained 2 ml rif the suspension and 1/2 ml of buffer solution.Al' 

samples were prepared in .the dark. The samoles which were to remain 

in the dark were wrapped with two sheets of metal foil. All samples 

were put into the constant temperature bath of the ~/arbur9 apparatus 

(T .11:1 21°C) on a stand \'/hich allowed continual shaking of the samples. 

The 11 ght was turned on and the mixtures were an o\'1ed to react for at 

least 100 minutes with shaking. 

Oxygen evolution was followed according to the procedure described 

in the previous section, using samples of the chloroplast preparation 

used in these studies. This was done to check the activity of the 

chloroplasts. The destruction of the n1trox1de was checked by the 
. 

EPR spectra of the samples containing DTBN diluted 1:100 both before 

tnd after the illumination period. 

Following the period of illumination. the samples (2.S ml) were 

transferred in the dark to test tubes and centrifuged at 5000 x 9 for 

20 minutes. The supernatant was removed with a pipette. The chloro-
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'plast pellet was extracted \'I1th methanol in the darkin'a cord room 

w1ththe methanol at O°C until the solid ,residue was essentially 

colorless. The amount of methanol used was kept constant in each set 

of experiments'. by bringing each extract to, a final volume of 10, ml. 

The methanol extract and the \.,a ter supernatant (or ,an ethe'r extract 

of the water) \'I'ere analyzed by the m~thod described be1o\r/. 

The priinarymethodof analysis was thin-layer chromatography', 

(TLC). The TLC material was silica gel (l supplied by Warner-Chibeott 

Labs. The solvent system was a mixture of diethylether. petroleum 

ether and tertiarybutyl alcohol in ~ ratio of 160:100:5. which was 

prepared fresh cefore each chromatogram was developed. The silica· 

gel was applied to the thin-layer glass plates (8 x 8 in) to a thfck~ 

ness of 5 mrr. from a slurry contailling x grams of ge"' to 2x ml of 

acetone. 

Three methods were used to detect compounds on the developed 

chromatograms, besides'visual inspection. The first of these in

volved the following three procedures: (1) an inspection .with ultra

violet light; (2) 10catingspots which were fluorescent by the use of, 

a darkened box equipped with an excitation source; and (3) by the use 

of chemi cal sprays. The spray primarily used was phosphomolybdic ad d 

(pr1). 10% in ethanol 0 If this spray is used. the chromatogram has to 

be heatc;!d before 10\'/ concentrat10ns of reduci ng compounds can be de

tected e Thus! \."hen this spray was applied" the chromatograms \r/e're 

heated at 60° for approximately 2 minutes. 

The other two methods of detection involved the use of radio

active carbon. One of these methods was radioautography using 14C. 

The thin-layer chromatogram was placed in direct contact with the 

~'- . 

.' '. 

, ~, 



. .. 

-123 .. 

X-ray film (Kodak .. no screen). The other method was zonal mapping. 

This involves spotting the solution to be analyzed the full breadth 

of the plate, developing it in one direction, scraping every half 
t 

centimeter into scintillation counting solution, counting the radio-

activity in each sample, and plotting the count versus the position 

. the sample was on the plate. 

Permanent records 'of the TLC plates were made either by taking 

polaroid pictures of them, or else the spots on the chromatogram were 

circled using a sharp object and Xerox copies were made of them. 

Results and Discussion 

Since the destruction of DTBN involved a photochemical reaction 

sensitized by chloroplasts which contain several different types of 

pigments, experiments were conducted to see if changes in pigment 

composition occurred dur1 n9 the DTBN reaction. Fi gures 44 and 45 

are Xerox duplicates of TLC chromatograms of methanol pigment extracts 

(5G l of 10 ml ·solution) obtained in experiments with freshly isolated 

chloroplasts and aged chloroplast fragments (3 days old), respectively. 

Nefther.DTBN nor light effected gross changes in th~ pigments detected. 

In addition, no material which could be ascribed to a product of DTBN 

was detected upon these chromatograms. 
. J' 

However. when the water supernatant from the reactions were ex-

tracted ''11th diethylether and this extract vias analyzed by TLC, the 

results shown in Figures 46 and 47 were obtained (experiments \"ith 

fresh chloroplasts and aged fragments, respectively). The large spot 

with an x through it in column D of Figure 47 was made by my finger 

during the process of outlining the spot in column C. 
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Thin-layer chromatogram of methanol extract of aged 
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Figure 46.', Thin-layer chromatogram of ether extract of the water 
'-" : ...... ' . I .. . . I . '" ; 

phase from samples containing fresh;:,.c~loroplastsG The symbols are 

explained in the text. 
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F1,9ure 47~Th1n-l ayer chromatogram of the ether extract of the water 

phase from samples containing aged fragments. Symbols are explained 

in the text. 
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The symbols in these four figures represent extracts obtained 

from the following: A. a sample of chlorop1asts (or fragments) with-

out DTBN exposed to light; B, a sample of chloroplasts without GTBN 

kept in the dark; C. a sample of chloroplasts with DTBN exposed to 

light; 0, a sample of chloroplasts \'1ith DTBN kept in the dark; and 

N. a sample of pTBN. 

The darkened spots in these four figures are spots which turned 

blue upon trea~ment with PM spray and heat. The blue color fades 

rapidly. 

The spots in column C of Figures 46 and 47. which are absent in 

the other columns of these figures. were taken as a product of DTBN. 

This product was suspected to be di-tertiarybutylhydroxylamine. 

Therefore, a chromatogram was run to which a sample from a reaction 
. . 

of DTBN with chloroplasts, a sample of the hydroxylamine and a mix-

ture of these two were applied o The mixture contained equal volumes 

of the other b~o solutions and t'tJ1ce as much of H was applied to the 

TLC plate as the other t\~IO. The results (see Figure 48) show that 

the material contained in the new spot is indeed the hydroxylamine. 

When 1 ml of acetic acid was added to the TLC solvent system, the 

compounds again exhibited identicalr6 f. values. 

Attempts to remove this material from the TLC chromatogram 

failed. The reaction m1 xture \liaS extracted \.,rith ether and the whole 

sample applied to a TLC plate. Development of this plate was followed 

by masking all but one edge of the resulting chromatogram with 

another pane of glass. The exposed edge was sprayed to determine 

the location of the hydroxylamine. This section of the chromatogram 

corresponding to this location was scraped off and exb'~cted Nith 
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Figure 1!!. 'Thin-layer chromatogram of ether extract of the water 

phase from OTBN-chloroplast reaction mi;xture (exposed to light); 
i 

ether extract of water solution of OTBNI-I. and a mixture of these 

two. . 
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various solvents. The hydroxylamine wa$ not detected by re .. chromato-

graphy. 

The above procedure was repeated and the TLC powder was put 

into a flask equipped wi~h an ann which fit into amass spectrometer. 

After putting the p~wder into the flask, the flask was cooled to 

liquid nitrogen temperature, evacuated and then fitted onto the mass 

spectrometer. The mass spectral pattern obtained from the atmosphere 

in this flask was the same as that obtained from a TlC plate without 

anything on it except the TlC solvent. 

A sample of DTBNH gave these same results. 

Column chromatography of the DTBN-chloroplast mixture (ether ex

tract of water phase) using silica gel and the same solvent used for 

TlC failed to yield the product, DTBNH. One hundred and fifty 5 ml 

samples (20 min/sample) were collected. An aliquot of each sample 

was spotted on a silica gel TLC plate and sprayed with PM •. The only 

material detected in the 150 samples was DTBN. 

The above results show that one product from the photo-destruction 

of DTBN sensitized by chloroplasts is DTBNH. However. the possibility 

of a parallel coupling re~ction was not ruled out by this result since 

a material balance was not done. Furthermore, if the product of such 

a reaction were insensitive to Pt4, colorless and non-fluorescent, it 

would nqt have been detected. 

Therefore. a He .. labeled DTBf~ was used. Figures 49 and 50 are 

radioautograms of thin .. layer chromatograms obtained in experiments 

using fresh chloroplasts and fragments (fresh and aged). respectively. 

F1 gure 49 represents an X-ray film exposed for 58 hours to the radio .. 

active chromatogram. In this figure. A'stands for the sample exposed 

'. 
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Figure 49. l-ray film exposed for 58 hours to a thin-layer chromatogram 
containing 1 C-DTBN (N), ether extract of the water phase from a 14C-DTBN
chloroplast reaction mixture kept in the dark (Be) and exposed to light (Ae) and 
the methanol extract of chloroplasts from the 14C -DTBN -chloroplast reaction 
mixtures kept in the dark (B ) and exposed to light (Am). Small dark spots on 
the right due to radioactive iWk used to align developed film with TLC plate. 
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Figure 50. X-ray film exposed for two weeks to thin-layer chromatogram 
containing ether extract of the 14C -DTBN -fresh fragment reaction mixture, 
water phase, exposed to light (F 1) and kept in the dark (F d) and ether extract 
of the water phase of a 1 C -DTNB -aged fragment reaction mixture, e x posed 
to light (Ai) and kept in the dark (Ad) ' 
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to light; A, the sample kept in the dark; sub m. methanol extract; 

and sub e, ether,extract. Sample N is the radioactive nitroxide. 

Although both samples A and B contained 1.38 x 106 dpm originally, 

the only radioactive spot to be detected besides the nitroxide itself 

, is the hydroxylamine (DTBNH) found in the ether extract of the \'1ater 

phase of sample A. This is from the sample which had been exposed 

,to light. Longer exposures (3 weeks) do not yield new spots on the 

film. A'slight darkening in sample B in the region of the chromato

gram ~h1ch would correspond to DTBNH is observed. This could signify 

that OTBNH is formed in the OTBN-chloroplast dark reaction or else 

, light was not excluded cOl1tpletely. 

The X-ray film shown in ~fgure 50 was expo~ed for approximately 

2 weeks. In this figure 8 A stands for aged fragments, F for fresh 

fragments, sub 1 and d for light and dark, respectively. The chroma

togram used to expose this film was one run of the ether extracts of 

reactions between 14C_DTBN, and aged and fresh fragments. No radi 0-

active spots were found in the methanol extracts of the pigments of 

these systems even wi th 3 '(leek exposure of the X-ray f11m. The film 

obtained with the material from the experiments with fragments has a 

total of 8 spots corresponding to ~ spots on the chromatograms, 4 of 

OTBN and 4 of DTBNH. HOI'lever, the DTBNH spots are less intense in 

the blo da.'k samples with films obtained with shorter exposure ttmes. 

Also, when the chromatogram was sprayed with PM, the blue spots ob

served in the dark samples were much fainter than the spots of the 

11 qh t s amp 1 e • 

The fact that DTSNH is detected in the dark samples again sug

gests that the dark reaction is a reduction. The DTBNH could be due 
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to the failure to exclude light completely. However, extreme care. 

was used to exclude light and because of the low activity of the 

fragments and also because no product which can be ascribed to the 

dark reaction was detected in these samples, other than DTBNH, I 

think the DTBNH detected 1n the dark samples is due· to a dark re

duction reaction. 

14hen a methanol extract of the chloroplasts frqm a 14C_OTBN .. 

chloroplast mixture, &n ether extract of the "later phase of such a 

mixture or the water phase itself arc applied,.the full length of a 

TLC plate and the resulting chromatogram isdiv1ded int~ 0.5 c~ 

samples' and the radioactivity is counted in each sample and plotted 

versus the position of the sample on the chroma~ogram. the zonal 

maps corresponding to Figures 51 t 52 and 53, respectively. are 

obtained. 

The amounts of mater1 a] applied to each plate were 600 >. of the 

methanol extracts. 1 ml of the ether extracts', and 300 >. of the water 

solution's. These values of the methanol extract and water are the 

maximum one can use with these systems. When more of the msthanol 

extracts was applied, no resolution of the pigments occurred. Water 

is difficult to apply to silica gel. Due to the strong interaction 

which occurs between them, the water does not evaporate from the 

origin and contributes its influence in the solvent system. 

The methanol extracts contained 6.5 x 10
2 dpm/m~ in the light 

samples and 6.0 x 102 dpm/ml in the dark samplee 'Th~se values for 

the ~/ater solutions are for the light sample, 4.3 x 103 dpm/ml and 

fOI" the dark sample, 4.5 x 103 dpm/ml. The counts in the ether ex .. 

tract are unknown. 



: .... 

'"" 

.', , 

;", ".:. 

.~ .. .'~': 

. " .~., .,' 

;:'" 

, ./ " ,"; 

'," 

"'::. 

. :.' ~ .. , 

, : ' .~ 
~ " " 

-135':' 

j. 
I; 
; 

, . . .. " 

.';: " .:,.,! 

". 

" 

OTBN 
60 

'. origin 

I. 

40 
" E • , 

'n 
"0 

20 

'0 ,-----..;.------

5 10 

iLont 
front dark 
light 

15 

CHROM ATOGRAM LENGTH (em) 

XBL 679-61S1 

Figure 51. . Zonal map of chromatogram of methanol extract ofchloro- .,' 

plasts "from l4C~DTBN;'chloroplast reaction mixtures', Solid line is 

light sample; dashed 1 fne is dark sample. 
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£!gure'S2. Zonal map of chromatogram of water phase ~f 14C_DTBN_ 

chloroplast reaction mixture. S6lid line is light sample~ dashed 

line is dark sample. 
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., Figure 53.' Zonal map of chromatogram or'ether extract of the water .. 

. ~hase of l4C .. OTBN .. chloroplast reaction mixture. Solid line is light 

sample; dashed line is dark sample. 
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As is'evident in these zonal maps,the major radioactive peaks 

are those correspondi ng to DTlm and OTBNH. Redi oacti vi ty is detected 

in the region corr~sponding to the origins. Hm'Jever, the values in. 

the cases of the water and the ether extract are identical for both 

the light and dark samples" suggesting that the observed radioact1.v1ty 

may be due to the app11cation·of the samples to the,silica gel plate.' 

There is a difference in the values detected .between the light and 

dark samples of the methanol extract. However, the background count 

1n ,thes~ s,amples is a considerable portion of the counts found in 

these samples. Inaddition l due to the amount" of pigment applied 

to these plates" not all the pigment moved from the origin. Traces 

of green ,were still visible at theorig1n. The source of the'radio

activity at the origins was not investigated furt~er. si~ce it was 

assumed due to OTBN or DT!3NH which remained at the origin because of 

an interaction with the silica gel or a compound bound to the silica 

Table XVI gives an account of the radioactivity in the water 

phase and in the methanol extract. The radioactivity in the insoluble 

protein fraction of the chloroplasts was counted for one experiment 

and found to contain less than 0.1% of that found in the original 

mixture. 1\\'0 trends are obvious 1n the data in Table XVI: (1) The 

. water phase always contains more radioactivity than the methanol; and . ' 

(2) the radioactivity found in the dark samples is ah1ays less than 

that found in light samples. The first of these is understandable • 

.The distribution is a reflection of the solubility of the radioactive 

compounds in chloroplasts and in \</ater. The second implies that 

either a systematic error was made in the experimental pl'ocedure or 

._ •. Ii 

... 

,. 
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Taule XVI 

Overall Account of Radioactivity for 14C-DTBN-Fresh Chloroplast Reaction 

(DTBN)!cond.I Oriqinal 
- I : .' 

Mi xture Hater Phase r'jeth ana 1 Extract Tota 1: H?D + CIi.101t 

dpm I ·1 dpm 

6 I I 
1.3Bxl0 Ilightj· 

n . jDark 
- • I 

2.7GxlO:> ILightj 
n !Dark ! 

4.9fJxl04 ltli qht I 
Ii Qa.rk.' 
10 l'l"qh L I 

1
_ . II 

I. Dark . 
II I Li qht I 
,I I f\ar-k I 

! -' I 

-
2.50xl05 
2.37xl05 
5.15xl04 

4.72x10: 
5.16:-:10 
4.67Y.104 

It 
5.32;0; lOOt 
4;74xl04 

%DTEN 

90.5 
85.9 

105.3 
96.3 

1 O!i. 3 
95.3 

103.6 
96.7 

d T (i"" pm N~':' x. 
I 
I 

! 1.13XiO~1 1.05xlOv 

1 2.2oxln~1 ~ 8.8.0 
I) oC 1 o~ ". [,' jJ ,',, • ... ·:.lX. If l;Q.,,? 

14.46xlO<~ 

14.32xl04 
14.47x1G1 
4.28xlOLJ. 
4.47x104 

- * 

(~6 ~ 6 
~11 .5 
e5'~6 
91.6 
t54.0 

:,cuet. 

97.5 
98.2 
ry7.1 
97.2 
99.3 
99.7 
99.5 
99.7 
99.3 

dpm 1%~~ix.I~Wet. 

3.0xl04 
2.0xl04 

6.5xl03 
6.0xlo3 
3.08xl02 
1.38xl02 
2.21xl02 
1.18x102 
2.51xl02 

2.G 
2.5 
0.59 
" ?q v .. _.-

0.43 
0.25 
0.47 

2.2 
1.4 
2.9 
2.8 
0.58 
0.32 
C. ,19 
0.28 
0.56 

dpm 

1.18xl0~ 
1.08x10~ 
2.26x1a~ 
2. 12xlO~ 
4.49x10

4 4.33xlO 
4.49xl04 
4.29xl04 
4.50x104 

%DTDN 

85.5 
78.2 . 

·81.9 
76 .. 8 
91.6 
M.t! 
91.6 
87.6 
91.3 

%r~i x. 

90.4 
3~.4 
D7.1 
91.7 
8],0 . 
91.4 
84.5 

(DTGN) is the original dpm calculated fr~~ kno~n volumes 0f DTBN solution used and observed dpm per ~lof 
solution. 11% mix. \I is the percent cf the dpm feund in original mixture of on;"! and chloroplast •. 
!I:~ det.1I is the pr.~rcent of the tot?-l detected in the l'later phase rlus methanol phase. . . 

*Sa~ple 105£ during c~ntrifugation. 
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else a volatHe compound was fonned in the dark which is lost. 

Furthermore. Figures 51 and 53 indicate that DTONH is essen

t1ally' in the water phase. If DTBN is the only other ra'dioactive 

compound present and it is higher in concentration in the dark sample 

than in the light (see Figures 52 and 53), then the level of radiou 

activity in the methanol extract of the dark sample should be la'rger 

than or equal to that found in the light sample. However. this is 

not the ·case. This s'u9gests that another compound is formed in the 

light which is soluble in the chloroplasts. This could be the com

pound which caused the increased actiVity of the light sample at the. 

origin or the shoulder on the OlBN p~ak in Figure 51. This pos$ib1~ 

lity was not investigated further~ 

Summary: Product Analysis 

The only product. besides oxygen. identified in the reaction 

mixture of DTBNwith illuminated chloroplasts (and fragments) Nas 

DTBNH. which was the major (>95%) product formed from DTBN. The 

product was shown to be this compound by co-chromatography with an 

authentic sample in two different solvent systems. oata which indi

cate the possibility of another photo-product are given. However e · 

the quantity of this material is extremely 1m'l. Therefore e the possi

bility was not pursued. 

Alt~ou9h the experiments with 14C suggest that the dark reaction 

involves the formation of OTBNH. they also indicate that a volatile 

compound is formed in the darke suggesting an oxidation of DTBN to iso

butene and 2-methyl-2-nitroso-propane. 

The photo ... destruction which occurs within the chloroplasts illumi

nated for lengthy exposure times (see section on oxygen measurement) 

,'" 
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does not appear to involve the chromophor1c groups of the pigments of 

fresh chloroplasts or of aged fragments. 

Discussion 

The studies reported in this chapter show that chloroplasts sen

sitize a photo-reduction of ditertfarybutylnitrox1de to the corres

ponding hydroxylamine. Oxygen is produced concurrently with the re

duction in a ratio of 1 mole of oxygen evolved to ca. 4 moles of DTBN 

destroyed. These results are consistent with an interpretation that 

the·OTGN reduction is coupled with photosynthetic electron transport 

and that the oxygen evolved Originates from \'1ater which is oxidized 

photosynthetically. 

The lack of a photo-destruction of DTBN by chromatophores. isolated 

from ~he photosynthetic bacterium Rhodospir111um rub rum suggests that 

the reduction of OTON by spinach chloroplasts occurs by electrons 

supplied by photosystem II (see Figures 1 and 2). the reduction occur

ring near the photo-act. It is not known whether the chromatophores 

used in these studies were photosynthetically actfve. Therefore, this 

suggestion needs further ~ubstantiat1on. 

Cons1stent with this suggestion. ho, ... ever. are the following obser

vations: (1) OCMU. which truncates photosynthetic electron flow be

tween water and photosystcm II. inhibits the photoo:.reauction of DTaN; 

(2) Plastoquinones are thought to be the primary oxidants coupled to 

photosystem II. t~hen these are partially extracted from chloroplasts 
, 

the rate of destruction of DTBN is decreased; (3) KBH4 and the reduced 

form of OCPIP which will reduce plastoquinones cause a reduction in the 

destruction rate; (4) The reduced form of DC?IP has been used in Dcr~U- .~ . 

poisoned chloroplasts to effect the reduction of NADP which 1s 
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chloroplasts use oxygen in the dark at a rate of ca. 1.6 x 10 .. 9 moles 

per.sec per mg chlorophyll (assuming total pressure change due to 02 

uptake, no exchange. of other gases). Since the t~arburg vessels were 

·shaking ·during the measurement of th~ pressure cha~ges. this rate is 

probably'the actual rate of oxygen usage by the chloroplasts. not the 

rate Of 02diffusi~n into the suspensions. Using this rate and the 

amount of chloroplast suspension used in the EPR experiments, one can 

calculate that the chloroplasts can remove 02 from the EPR samples in 

the dark at a rate of 2.6 x 10.11 ·moles per sec. 

, 
... r 
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In contrast, in experiments involving only DTONH in sucrose 

solution, the initial increase of DTBN corresponded to a rate of for

mation of DTBN of ca. 6.0 x.10·12 moles per sec. nurin9 this period, 

less than 20% of the original DTBNH was oxidized to DTBN. However, 

following this period, the rate of formation of OTnN became slm'ler 

and linear in time, indicatinq that the oxidation had become limited 

by a diffusional process--probably the rate at which 02 could diffuse 

into the solution. The observed rate was ca. 1.5 x 10-12 moles per sec. 

A factor which significantly influences the rate of oXYQen uptake 

by the chloroplasts is their condition, i.e., age. source. extent of . 

fragmentation, etc. Therefore, a strict comparison of the rates stated 
, 

above cannot be made because th~se were obtained from experiments per

formed with differing chloroplast preparations~ The numbers do 

demonstrate that the rate of the chlorop.last-oxygen reaction can be . 

faster than that of the DTBN-oxygen reaction. 

Another observation that is inconsistent with the interpretation 

of the photo-destruction of OTBN 9iven above is that chloroplasts 

when suppl1 ad wi th DTBNH convert it photochemi ca 11y to OTBN. This 

implies that a steady state ratio of DTBN to OTBNH should exist in 

the light. However, the studies with EPR indicate that this is not 

the case unless the ratio is extremely small. thus rendering the 

amount of n1troxide undetectable by EPR. 

A.nother possible explanati'on for this dispitrfty. represented 

pictorf.ally on the following page, is that the species which oxidizes 

DTBNH (ox. in scheme) is. present in a limited amount and is expended 
, . 

rapidly, thus tenninatin,g the photo-oxidntion of OTBNH. ,Since ttlis 

oxfdation was observed in a chloroplast suspension which had not been 
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supplied with an additional oxidant. and since no oxidation of DTBNH 

,occurred in the dark with chloroplasts, the species which photo-oxidized· 

DTBNH ,must be one generated in the chloroplast~ with light. If this is 

the case, its concentration is very small ,compared to the amount of . 
OTBNH used in these studies. Assuminq the scheme pictured belmoJ. one 

can calculate, usin~ the data in Figure 28 without correcting for the 

photo~reduction of OTBN .. that the concentration of this oxidant (or 

speci es from whi ch it is generated) shoul d be greater than 5 x 10-8 

moles per mg chlor'ophyll. l~aking a similar calculation \oJith the data 

,shown in Table XIV without correcting for oxidation due to O2, one 
, , 

arrives at the conclusion,that the concentration of this speCies should 

be less than 6 x 10.6 moles per mg chlorophyll. If one could correct 

'for the pho,to-reduction in the first calcula'tion and the air oxidation 

in the second, these tloJO numbers would both be adjusted tm<Jard 10 ... 7 

moles per mg ch lorophyl,l. The approximate corresrondence of these 

numbers is ·sur~rising. especially since the data used in these calcu

lations were, obtained uSing in one case aged fragments and in the other 

fresh chloroplasts. If this correspondence' is real, ,it supports the 

scheme pictured be'low. 

, 
, 1 

{ 

I 
• I 

" 

h" .. II. 

DTBN 

REO 

. '. ~'.' , ' 

. '" .... i 
:" , 

I~' " • .f. 
.. " . ~ 

" :' ,~ 

,·1 
I 
j 

1 
, ! 

" f 
! , 

r 

I 

I 
I 

': 

. 
i 

I 
,I 



.. 145-

Another observation \'1hich supports the picture above is shown in 

Figure 41. ' The curve representing the pressure changes occurring in 

the sample containing substrate amounts of DTBNH (ca. 0.01 !1) demon

strates that no 0z is produced in this sample. If DTBNH were under

going a continuous photo-oxidation (if an unlimited supply of oxidant 

were present), the DTBN formed should have functioned as a Hill reagent, 

thus promoting the evolution of OZ. 

Since the oxidation of OTBNH is photo-induced. the oxidant must 

be coupled with the photosystems found within the chloroplasts. The 

inhibitory effect of DeMU signifies that the coupling is \'11th a parti

cipantin the sequence of reactions ",hlch couple the oxidatfon\of H20 

to photosystem II. However, sfnce the oxidant has to be irreversibly 

reduced (or removed during the illumination) 1f it is to be expended 

rapfdly, it ftself cannot be a participant 1n photosynthetic electron 

transport or the photo-reduction of DTBN should cease. 

OTBN was also observed to undergo a reaction with chloroplasts 1n 

the dark. In experiments conducted with radioactive DTBN. the only 

product detected which could be ascribed to the dark reaction was 

DTBNH. Only low concentrations of DTBNH \'Iere present in the dark 

samples. The source of this OTBNH could have been the 11 ght reaction. 

However, extreme care was taken to exclude light from these samples • 

. In addit,ion, the reduced form of OCPIP and KBH4 both cause an increase 

fn the rate of the dark reaction.' Since these compounds do not react 

directly with DTBN. their effects upon the DTBN-chloroplast dark 

reaction suggest that the latter reaction involves a reduction of 

the radf ca 1. 



.. 

-146-

Upon prolonged exposure to light, chloroplasts lose their capa-

city to evolve oxygen. ' Analysis of the pigments by TlC gives no 

indication that this loss of capacity results because of gross changes 

in the chromophoric groups of the pigments. In addition, thereactfon 

, which causes this loss appears to involve molecular oxygen. 

A product which could be ascribed to a coupling reaction between' 

" the n1trox1de and the radical species which gives rise to the photo

induced £PR signal in spinach chloroplasts was not detected. Unfor

tunately,the most sensitive methods used for detection of the pro

ducts (zonal mapping, and X-ray film) were not calibrated to yield 

qua'ntitative daya.. HO\<Jever, in samples containing ca. 7% of the 

original 14C_OTBN, an intense darkening of the X-ray film caused by 

this DTaN was observed in 58 hours. As an estimate, 1 would say that 

f f a coupling product 'corresponding to at least one per cent of the 

original l4C-OTBN were fanned, it should have exposed the X-ray film. 

Although the attempt to trap the species giving rise to the photo

induced EPR s1gna1 in photo"synthetic materials was unsuccessful using 

DTBN, the method should be attempted again but \"ith a more reactive 

radical (one which is not as stable as OTBN) and preferably a radical 

which, if it did couple to another radical, would yield a carbon

radical bond. The use of a radical more reactive than DTBN could 

lead to difficulties in distinguishing beb/een the products which 

resul~ from the radical through disproportionat1on or hydrogen 

abstraction reactions and those which result from a coupling of the 

rad1 cal with the photo ... induced radical. However~ this d1 fficulty 

could be overcome by'the use of dark contro~so One must use a highly 

reactive radical. hmiever. if a coupling reaction is goin9 to be 

," 

'. i 
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competitive with the reduction reactions associated with the redox

potentials found in photosynthetic 'materials. 

In addition, several aspects of the DTBN-chloroplast photo

reaction should be investigated further. If one could conclusively 

demonstrate that DTBNH 'is oxidized by an indigenous species of the 

chloroplasts and a method could be found to remove this species, then 

the rnduct10n of DTBN coul d be observed uncomplicated by a back 

reaction.: If this could be accomplished, then the measurement of 

the action spectrum of the quantum yield of the photo-reducti.on should 

. be determined. This 'would show whether the destruction of DTBN is 

associated with photosystem II as suggested above. 

Furthermore, since the reduction of DTBN can be follo\1ed by EPR, 

the use of extremely low levels of DTBN and chloroplasts is possible. 

Therefore. theoretically one could measure both the rate of DTBN 

reduction and the rate of light absorption simultaneously. The 

accuracy in using small concentrations of DTBN, as long as they 

were still detectable by EPR, would be the observed signal to noise. 

This could be improved by' the use of multiple scan, averaging tech

niques which would require the· use of a flow system. However. the' 

use of low concentrations of DTBN and chloroplasts would reduce 

several sources of error normally encountered in measuring the 

quantum yields of thel-lill reactions. The major source of error in 

thes~ types of measurements is the 11 ght scatter1 nQ exh 1 bi ted. by the 

chloroplasts~ This could be reduced by using the EPR cell. which fs 

only 0.4 mm thick, and a 10\'1 concentration of chloroplasts. Another 

source of error occurs because one normally- determines the -rate of 

the Hill reaction by fo110\,/1ng changes in t_he optical absorption 
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sp'ectra of the H111 reagents, the optical absorption qf which occurs 
'. , . . .' 

in a region of the electromagnetic spectrum where changes in the 

,optical spectrum of the chloroplasts also occur. In addition, the 

chloroplasts are illuminated by one wavelength of light while changes 

at another are measured. Both of thes~\could lead to errors in the 

measurement of the rate of reduction of the Hill reagents. However, 

the EPR spectrum of DTBN can be observed 1!1dependently of the con-. 

st1tuents of the chloroplasts. Thus e the observation of the rate of 

reduction lacks the complications encountered in using the opt1~al~ 

methods. 
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Chapter IV 

MISCELLANEOUS TOPICS 

The investigations of two different topics will be discussed 

in this chapter. The first .of these is concerned with the pheno

mena of charge transfer complexes (CTC); the second, a method of 

detection of tritium combining the techniques of thin-layer chroma

tography and radioautography. These studies relate to the work 

contained in the first part of this thesis only so far as the 

latter stems from observations made during the investigations of 

CTC. The work with the tritium \'/as conducted because of a pheno

menon observed during the thin-layer chromatographic analysis of the 

products of the DTBN-ch10roplast reaction. This is an observation 

that polyethylene. powder which can be used for TlC forms a trans

parent film if heated. 

The results from these investigations are presented in se~arate 

sections. 

CHARGE TRANSFER COMPLEXES 

Introduction . 
In 1959. Tol1in. Sogo and Calv1nl18 proposed a mechanism for the 

primary act of photosynthesis in which the chemical oxidation find re

duction'reactions of photosynthesis proceed independently at electron 

deficient and electron rich sites within the plant. The formation of 

these sites requires electron donors and acceptors. However, since 

very little \'las knm'ln about the mechanism of electron transfer be

tween organic species, research was initiated in this laboratory to 
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investigate a class of chemical entities known asltcharge transfer 

. complexes" in hopes of understanding the conditions required to pro

mote or cause electronic ionization and/or electron transfer in 

organic systems. 

For information regarding the definition· of a charge transfer 

complex, the various theories explaining their existence, and the 

means of detecting them, the reader is referred to the excellent. re

views1l9 and books on these topics. 120 The results of the work 

previously conducted in this laboratory by other workers can be 

found in thei r theses. 121 , 

The work to be discussed in. this section was a continuation of 

the researches conducted in this laboratory by D. R. Kearns, J. W. 

Eastman, and D. F. Ilten. SpeciffcaHy& the work reported here was 

pursued in order to examine the magnetic and electric properties of 

charge transfer complexes, the acceptor.component of which exists 

normally as'. a liquid. The principal interest was to determine 

whether photo-induced electron migration could be observed in these , 

systems as evidenced by the observation of photo-conductivity or 

photo-generated radical ions. 

, Since the physical state of organic compounds which were knm'ln 

to functi on as the acceptor components in charge complexe,s at the 

start of this investigation was the solid state~ a search was made 

to find organiC compounds which were liquids under standard condi

tions and which would function as acceptor molecules with suitable 

complfmentary molecules. 

Pentafluorobenzonitrfle (C6FSCN), hexafluorobenzene (C6F6> and: 

ditert1arybutyln1troxide (DTBN) were the liquids investigated in this 

." 
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study. Since both the cyano group and fluorine atoms are known to be 

highly electronegative, it was felt that C6FSCN and C6F6 would function 

as acceptors. OTSN is a radical and, therefore, one of its electrons 

is unpaired. The possibility that this electron could bE: shared with 

another molecule to form a eTC was'examined. 

Two different physical methods were used in atteMpts to detect 

.CTC of these materials with various donor and acceptor molecules. The 

fi rst me~hod entailed the measurement of the electroni c spectra of 

various mixtures. The presence of eTC are normally manifested in 

the electronic spectra of solutions containing both components. When 

eTC are present, a band ,(or bands) not found in the spectra of either 

of the compounds is detected in the spectrum of the mixture. 120 

~ 

The second method involved the measurement of the electron para-

magnetic resonance (EPR) spectra of mixtures containing OTBN. The 

spectrum of aTaN consists of a resonance spl1tinto a symmetrical 

triplet by the presence of the nitrogen atom. The hyperfine splitting 

constant {JIn} of the triplet is 15.4 gauss in cyclohexane 501ution. 

Theoretically, this splitting constant is propo~tional to the charge 

density on the n1trogen ,atom. 122 , If this is true 'and if the bonding 

in an electron donor-acceptor molecular complex takes place by de

localization of electrons over the const1tuents of the complex,123 

then th~ charge density and, therefore, the splitting constant, should 

change if OTRN function's as one of the partners in a CTC. If a full 

electron transfer occurs (either to or from DTBN) , the EPR absorption 

should disappear. 
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Experimental 

OTBN was' prepared as described in appendix II. The solutions 

containing DTBN were 'prepared as stated 1,.. Chapter II anrl III. A 

description of the EPR equipment is 'given in appendix III. 

The C6F6CN used in, this work comes from b"o sources. Material 

supplied by Pierce Chemical Company was used after one distillation' 

in the studies involving equilibrium constants. spectra and ESR. 

Material received from Imperial Smelting, Corporation was used 1n 

the conductivity'experiments. It was twice distilled in a spinning .. 

band column under vacuum. However. af,ter distillation the material 

exhibited less electrical resistance than that from the source.' 

Therefore, the source material was used without further purification. 

, The, material from the two companies have identical spectra ,in cyclo

hexane. and both behave identically on a di-2-ethylhexyl' sebacate 

column 1n a Wilkenson VPC. 

C6F6 was' supplied by Honsanto and was 'once distilled before use. 

For the source of the other materials, see ap~endix III. 

The electronic spectra were recorded on a Cary-14 recording 

spectrophotometer using quart~ 1 em-path len~th cells. Spectrograde· 

cyclohexane was used in making the solutions • 

. Electrical measurements using a direct current method were made 

at a temperature of 33°C using a circuit shOl"n schematically in 
, 

rigure 54. The conductivity cell consisted of a circular. Pyrex con· 

ta1np.r of approximately 5 ml volume with fixed. platinum electrodes. 

These\1ere circular discs of one centimeter radius separated by 0.5 

centimeter. On one side of the container, a quartz window had been 

attached using an Epoxy resin. The \'1indO'.>/ \liaS pOSitioned so that 

" 
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V-Keithley' 6l0A electrometer; R-Mosley 680 chart recorder; C-conduc

tivity cOil; Cs-camera shutter; FH-filter holder. L-quartz len; S-

super high pressure Hg arc lamp (pek-l07) • 
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light passing thr.ough the cell passed between'the t\'1oelectrodes., 

The distance from the outer.surface of the window to the center of 

the electrodes was approximately 1.~ cm. The container "-las surrounded, 

except for the quartz window, by a plastic container for circulating a 

liquid around the cell to maintain a constant temperature in the cell. 

This assembly, painted black except for the window,' was enclosed in 

a metal container which was used as an electrical shield. 

A Keithley. Model 6l0A electrometer with an'imput impedance of 

1014 ohms was used to measure the .voltage drop across the cell. A 

Keithley Model 410 m1cromicroammeter, capable of measuring currents 

as low as 10-13 , was used to measure the ·current.The output of 

the ammeter was supplied to a f40sely r~ode1680 recorder. The light 

source was a super high pressure mercury' arc lampe type PEK-107. All 

samples were purged with N2 prior to each experiment. 

The measurements of the electronic spectra were taken on a Cary 

11 or 14 recording spectrophotometer or a Perkin-Elmer 221. One (1) 

em cells were generally used. 

Results and Discussion 

1. ~. The results of the EPR experiments conducted with OTBN 

and various donor., and acceptor molecules are summarized in Table 

XVII. Many of the compounds shown in Table VI . (Chapter II) should 

also ,be included in this table. However. the EPR data on the basis 

·of the splitting constant, all of \'1hi~h are within experimental error. 

indicate that no charge transfer interactions are occurring bett'leen 

onm and the molecules examined in these studies. The ·same conclusion 

resulted from an examination of the .electronic spectra of OrBN and 

various donor and acceptor molecules. 
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Con cent loa t ion 
of !)TS~J 

1) 1.06 x 10-5 r~ 

I Ii) " 

I I II) " 

1 V) " 

V) H 

VI) 1.64 x 10.5 M 

. VII) .. 
.-

VIII) l.l2 x 10-~ M 

I X) a 

X) 6.Sx 10-4 H I 

I 
XI) . . I 

XI1) ... 

fable XVII " " 

Interaction of DTBN with Various Chemicals 

Donor or Acceptor 

Co~ound 

(none) 

il ,:~-Dimethyl ani 1 i fie 

1~ t;~,iJ' - Tetramethyl-
p-pheny1ene diamine 

Hexamethylbenzene 

Quinoline 

(none) 

Ch loran; 1 . , 

. (none) ! 

Tetracyanoethylene 

(none) 

s-Trinitrobenzene 

p-:;i trobenzor.i tri 1 e 

1 Concentration 
Ratio 

rConc.l 
[comr.]/[DTB~] 

--- .--.. I 

• 247 ~1 I 2.3 x 10 
4 

.207 r·, 2.0 x 10 
4 

.104 11 ' 1.0 x 10 
4 

.363 t1 
I 4 

I 
3.0 x 10 

. 

--- .-- , . 
" 

Sat." ., J '.' . :. (1.) :',.::- ". ,:", 

.--
.025 H 

.210 t·' 

• 199 11 

---
. 2 

9.2 x 10 

. 2 
3.2 x 10 

2 
3.0 x 10 

Solvent 

I ~yclo-
. i"iE:Ant,e 

I 
/I 

II 

" 

" 
II 

" " 

Aceto- I 
~itri1e I 

II .~ 

c:;e1 . 3 

" 
II 

" 

~ 

+ * An . hHif Temp. 
(g) (e) 

I (9) 

15.4 .11' I ".20°' , . 
, l 

.-~< ........ ':. ~ 

15.4 

15.4 . 

15.4 

15.4 

15.4 

1 ~ _ fi 

15.7 

16.0 

15.7 

15.8 

j 
1 I 

j 
1 

1 

'1 

1 
* ... 1~ 

I 3.3" 

.. , 
2(10 '.J. 

-

20° 

20°. 

20°' 
-~ - ~ ... " 

R. T.~ 
.¥'-

DT ~" 

R.T t' 

• -CJ'1 
U1 • 

" :~ .. ~~~. 

r ' t· ..:.. :.~.;:.:.-R. T. ' ~, 

.\ 

i 
i 
1 

.8 I 22° 

.6 I 22
0 

.6 . 22° 

I 

'-



·Table XBII (Cont.) 

-
An+ * I . Concentration Donor or Acceptor ConcEntration Solvent llHif Temp. 

of DT8N Ratio (g) . .( C) . - I [co~P. J/ [orml] . (9) ~ 
." CO::ioound rCone.1 ----_ .. 

I 
-----• 't_ 

,- ,-
" . . '. .,. 2 

:~ II 1) 6.5 x 10- 4 ~ , m·Dinitro~enzene • 179 r~ . ·2 •. 8 x 10 C'-lCl., 15.8 .6 22° 
' . ...; 

I . 
X' ,;\ II Chloranil Sat. ... ,:-,(?) tI --- --- 22° HJ 

, 
! 

: ' .. .. 
-- - - --- -- .--- - --

.'1.:. -U"I 
0\ • +) An = hyperfine splittin9 constant! .29 

*) '~H'I = Deak width at inflection points of absorption 'curve . 11 . 
-'-... -

*) hidth due to ~odulation broadening. .~ ... ~. ": .. - .-

", . , . ',. '"f' h 

~.1 
-~ 

-; '" . _"'-___ .. '" ......... _~w_ 
---~--~ 

.- .. - ~ .. ~. , .. ,- ... ~.\. 
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2. ~CN and C~. As indicated by the sp~ctra shown in 

Figure 55 (the presence of an extended shoulder in the spectra of 

the mixtures), pentafluorobenzonitr11e complexes with N,N,N',N'

tetramethyl-.e.-phenylenedi amine (fr.1PD) , wi th N .N-dimethyl ani line 

(OMA) and with phenothiazine in cyclohexane. In addition, crystal

line complexes ~f TMPD-C6F6CN and DMA-C6F5CN are obtained when the 

pure materials are mixed. 

These two organic bases also form solid adducts with C6F6 when 

the materials are mixed in the pure state in a ratio of l!l. How

ever, new absorptions are 'not detected in the spectra (in cyclohexane 

solutions) of mixtures of TfI:PD or DMA with C6F6• '\4hen C6F6 is used 

as a solvent for TMPO or OMA. the solutions are visibly yellow. 

However. with time a reaction occurs. as evident by the formation of 

a black precipitate. 

The ultra-vio.1et-visible absorption spectra of C6F
S

CN. C6F6, 

n~po and O~'A (in cyclohexane) are shown in Figures 56 and 57, res

pectively • 

. The solid complex forn~d between TMPD-C6F6 was analysed by a 

combination extraction and spectroscopic method and by vapor phase 

chromatography and found to contain an approximate ratio of the b10 

components of 1:1. This result agrees approximately Nith an elemen

tal ana,lysis of this complex, \'1h1ch was as follows: 

Calc. 

Found 

C 

57.13 

59.87 

H 

4.51 

5.56 

N 

11.78 

12.06 
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'. (a)·1. 
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.. . '. WAVE -LE~GTH (mp) 
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The analysis involving the extraction consists of removing the 

organic base from a cyclohexane solution containing a weighed amount 

of the complex. The base was removed \-lith di lute HCl solution. The 

UV.vis spectrum of the cyclohexane solution exhibited the spectrum 

of C6FSCN (see Figure 56). Using the known extinction coefficient 

of C6FSO'. the quantity in the complex was calculated. The diffe

rence in weight between that of the complex used minus the amount of 

C6FSCN found ~/as assumed due to TMPD. The molar ratio of TMPO to 

. C6FSCN was calculated to be 1:1. A control to determine the amount 

of C6FSCN extracted into the HCl was performed simultaneously. 

C6FSCN is essentially not soluble in HC1. The n~PD was extracted 

from the eyclohexane almost totally. as evident from the lack of 

absorption above 300 mil (compare Figures 56 and 57). 

The analysis by VPC involved the use of an internal standard. 

ethylbenzene. Unfortunately. condi ti ons \'lere not found by whi ch both 

C6FSCN and Tt~PD could be detected by VPC simultaneously. Therefore. 

a known a~ount of the (TMPD-C6F5CN) soli d complex \<las analysed for 

'. its C6FSCN content and the difference between the amount of the com

plex used minus the amount of C6FSCN detected was assumed due to T!·1PD. 

The procedure involved mixing known amounts of the complex with 

known amounts of ethyl benzene (EB) and cyclohexane. Known amounts 

of th~s solution were injected into the VPC (20% di-(2-ethylhexyl) 

Sebacate on 60/80 firebrick column. From the resulting chromatogram, 

the ratio of areas between ethyl benzene and C6FSCN were determined 

using a disk integrator. A typical trace is, shO\'l/n in Figure 58. The. 

detector system was calibrated by injection of mixtures of ethyl· 

benzene and C6F5CN in cyclohexane. The ratio of the Neight versus 

.. 
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Figure 58. VPC trace of an aliquot of a cyclohexane solution contain

ing 6.8 mg of TMPD-C6FSCN charge transfer complex and 7.0 mg of ethyl~ 

,benzene. The column was' 20% di-(2-ethylhexy1) Sebacate on firebrick • 

The teinperatures of the column. the detector. and the injector were 

105°. 240° and 230°C. respectively. The flow was 60 ml/min. '.Lower 

curve is trace from disk integrator. 
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the ratio of detected areas for C6FSCN to EB was ,plotted as shm·m in 

Figure 59. This plot ""as used to obta1n the weight of C6FSCN in a 

given weight of the complex using the VPC data obtained with the 

EB/n~po-c6FSCN complex mixtures. The complex was foU~d to contain, ' 

for three different samples, 51%, 51% and 52% by weight C6FSCN. If 

one assumes a 1:1 complex between C6FSCN and TMPD, the per cent 

C6F5CN by weight in the complex is calculated to be 51%. 

Analysis of 0~1A-C6F6 or Dt~A"C6F5CN ~as complicated by the presence 

of excesses of the liquid components on the crystalline complexes. 

When attempts were made to dry the crystals, the crystals dissociate 

as the excesses evaporate until the crystals and the two components 

totally disappear. The complex, c6F6-n~po. was not analysed. Nor 

was the C6FsCN-phenothiazine. 

The association constants for the TMPO-C6F5CN and the OMA-C6FSCN 

c!lmplexes were determined according to the method of Hildebrand and 

Benesf. 124 The equation developed by these workers. assuming one of 

the components is used in high excess over the other, is as follows: 

0.0. ' 
iii to [lIT 

where [0] and [AJ are theconcentrat10ns of the donor and acceptor • 

respectively; K, the association constant; O.Det the measured optical 

density at a particular wavelength; t, the path length of the cell; 

and cc' the extinction coefficient of the complex, at the wavelength 

where the 0.0. is rneasu)~ed. Another assumption 1n this equation is 

that only the complex 'absorbs at the wavelength employed e to deter

mine the K value. 
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Figure 59-.'Cal1bration -plot of VPC detection system. 
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The data obtained for the C6FSCN-n1PD and C6FSCN.OMA complexes. 

plotted according to the above equation, are shown in Figure 60. 

The association constants and extinction coefficients are given in 

Table XVIII. 

Table XVI II 

Concentrations 0 K ~c 
C6FSCN THPO OHA (m ) moles/! (t/mole·cm) . 

0.08 to 0.73 11 5.06 x 10-4 .!i -... 380 4.0 800 

II n .. -.... 400 4.1 700 

.. .. n 420 4.3 600 ---
0.07 to 0.66 t~ - 4.52 x 10-3 t!. 340 2.7 500 

II II II 350 3.1 400 

II " II 360 3.1 310 

The' path length of the cell was 1 cm in all these experiments. 

The nuclear magneti c resonance (NMR) spectra of DMA and n~PD in 

C6FSCN are shown in Figures 61 and 62. Also included in these figures 
, 

are the NMR spectra of these materials in CC1 4• The broadened reso-

nance lines of n1PD in C6FSCN is believed due to lifetime broadening 

caused' by the paramagnetic cation, TMPO+. although this species "las 

not detected by EPR even with illumination. The lack of broadening 

in the or·1A resonance 1 ines in C6FSCN demonstrates that the line 

broadening observed in the TMPO solution is not connected with the 

complexing of TMPD. 
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Figure 60. Hildebrand-Benesf plot of charge transfer absorption. 
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Figure 61. NMR spectra of TMPD in (a) CC1 4 and in (b) C6FSCN. 

. ( 

. ,~ . 

~ .. 



., 

I .. .. .. 
RING PROTONS .., 

'. 

I 

J~ ~ 

~ 
.. ., ", .. .. 

RIN!j. PROTONS "', 

-168-' 

.. •• -4-..:....u. 
METHYL PROTONS TMS .... 

Pl) .. -:---.0-", 

, 

J '. 

I ... 
. . .. ~ ...... / ... /~ 

t-~~ . 
.. .. .. It ,-" . 

METHYL PROTONS .. 

I 
I 
I 

)! 
~------ ~ 

X8L &79-&13& 

,,'j 

Figure 62. NMR 'spectra of OMA in (a) CC1 4 and in (b) C6FSCN. 

' .. 

, . 
. ,\, 

• It , 

. . 
II 

· t,;,:. 

I 

. " I 
" I 

. J' I . ...".; 

'., ! 

S";- • l , 

, / 

· . '. 
~: 

· "1-. '".' 



-169-

The shift in the resonance lines to higher fields in C6rSCN is 

also observed for the resonance line of cyclohexane in C6rSCN when 

compared to solution 1n CC1 4• The shift is probably due to internal 

fields caused by the ring currents of the aromati;c system of the 

nitrile and by the magnetic moments of the fluorine atoms. 

Although the Nr~R spectrum of the TMPO-C6FSCN complex suggested· 

that free radicals. were present in this complex, none could be de

tected byEPR either 1n solution (TMPO in C6FSCN) nor in the solid 

complex. Illumination with ultraviolet or vis~ble light did not 

produce a detectable level of paramagnetic species. 

The resistance of a 8.6 x 10-4 ~ solution of TMPO in C6rSCN is 

ohmic from 0 to 6 volts and has a resistivity of 3.S x 108 ohm-cm at 

33°C. The solvent,' CSFSCN, has a resistivity of 8.8 x 108 ohm-cm at 

this temperature and exhibits no detectable variation of its resis-

tivity when illuminated with ultraviolet or visible light •. A 9.0 x 10.4 ~ 

solution of TMPO in spectrograde cyclohexane has a resistivity of : .. 

8.4 x 1010 ohm-cm at 33°. Light does not produce a resistivity 

variation in this solution either. 

However, the solution of TMPD in CSFSCN when subjected to a 0.1 

volt potential at 33°C and illuminated by light from a mercury arc 

~xh1bits a definite variation in resistivity as evident in Figure 63.

The curve shown in this figure was found to be non-reproducible 
, 

(even qualitatively) from day to day unless the TMPD solution was 

made up fresh and the electrodes were cleaned with H2504 between 

each eXfleriment. These observations suggested that photo-chemical 

reactions were occurring in these systems. 
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In addition, when a filter was inserted between the light source 

and the cell so that only Hght of wavelength greater than 3600 a 
passed through the cell. the light did not produce a variation in the 

resistivity. As this is the region of the electromagnetic spectrum 

in which the charge transfer band of this complex lies, this result 

indicates that the observed decrease of resistivity is not connected 

with the presence of the complex. Since it was necessary that both 

C6FSCN and TMPO be present in order to see the photo-effect, the 

photochemical reaction probably involves both species. Hm'lever, a 

larger quantum of energy than that supplied by the complex absorption 

is required to produce the reaction. 

Summary of eTC 

01methylanaline and N,N,N·,N'.tetramethyl-£-phenylenediamine 

form charge transfer complexes with both hexafluorobenzene and 

pentafluorobenzonitrlle. Phenoth1 azine also forms a complex with 

the ~1trlle. Analysis of the C6F5CN-TMPD complex showed that the 

ratio of the two components 1n the complex 1s 1:1. The association 

constants for the Dt1A-CSFSCN arid TMPD .. C6F SCN complexes, as deter

m1ned by the method of Hildebrand and Benesi, 124 are 3.1 and 4.1, 

respectively. 

The Nr1R spectra of m1A and n1PO in C6FSCN differ from those' 

attained using CC1 4 as the solvent 1n that the t"esonancp. lines are . ' 

found at higher fieldt, the lines are closer toqether, and in the 

case of THPD,' the line width of the resonance lines are much broader. 

This latter observati,on is 1 nterpreted as due to the presence of the 
.... 

paramagnetic cation, TI~PD'. which causes increased relaxation and. 

thus, uncertainty broadening. 



. \ 

·172-

I11umination of the or~A or TMPD containing complexes with 

light from a mercury arc does ~ot produce detectable levels (by 

EPR) of paramagnetic species •. In addition. illumination of the 

n~PD in C6FSCN with light absorbed by the complex does not promote 

a photo-conductance 1n the solution. When UV light is used, a 

photo-induced change 1n the resistance of the solution is observed. 

However. the change in resistance appears to be due to the gene

ration of 10ns during a photo-chemical reaction of Tr~PD. 

Since light caused only photo-chemical reactions in these 

systems. these investigations were suspended and the investigations 

with OTBN initiated. 

Tritium Detection 

Introduction , . 

Many common isotopes. important in' bi 01 ogi ca 1 sys terns. he., 

14C• 35s, and 32p. can be detected· easily by using the combined· 
. . 

techniques of thin-layer of paper chromatography and radioautography. 

If the chromatogram containing the radioactive element is placed 'in 

oPPosition to a film. the a-particles emitted by the isotope pene

trate the emulsion leaving a darkened track upon development of the 

f11m. This technique has proven .very ~seful. for the detection of 

elements emitting medium or high energy a-particles. Tritiume 

ho,,/ever, emits a very soft beta (max. energy .018 mev) with a 

small penetration radius. Therefore. detection of' compounds con

taining low levels of tritium by the above technique has not been 
: . 

too successful due to lack of penetration of the -partfcles into' 

the emulsion. 

.». 

... 
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The followfng is a preliminary report on the development of a 

process for detecting low levels of tritium utilizing the combined 

techniques of thin-layer chromatography and scintillation counting. 

Method 

The small penetration distance of tritium 6-p~rticles could 

possibly be overcoroo ~y converting the beta emission into photon 

emission, !!l ~~ by incorporating a sCintillator into the absor

bant of a thin-layer chromatogram. With the scintillator in c1os.e 

proximity to tritium, the a-particle causes an excitation of the 

scintillator, resulting in photon emission. Generally, most of the 

photon emission would not be detected because of the light scattering 

nature of the povlder of the chromatogram. However" by rendering the 

powder transparent. more efficient light transmission occurs. 

Powdered polyethylene has been found suitable as the absorbant 

material for it forms an almost transparent film by heating at 1200 

for several minutes. 

Exper1 m~n.ta 1. 

A chemically inert scintillator ,(approx. 2% by weight), either 

phenylbiphenyloxadizo1e-l,2,3 [pao]. 4,4D-bis-(2-but.Yloctyloxy)-.e.

quaterphenyl [BOQPJ. 2.5-diphenyloxazole (PPO) pr a mixture, containing 

manganese activated zinc silicate and silver activated zinc sulfidc e 

was mixed un1formely with powdered polyethylene. The resulting 

mixture was used to prepare a chromatogram .25 mm thick using an 

acetone slur~ (50 9 powder to 200 ml acetone). 

The uniformity of: the scintillator distribution on the plates 

was checked by visual inspection of their fluorescent emission in a 

darkened box containing a UV light source to effect excitation. Each 
i 
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plate was then developed usi'n9 an acetone/water (80/20) solvent 

. system. and the uniformity checked again by the same method. No 

movement of the scintillator was detected. The po~dered polyethy

lene was then fused 'into a transparent film by heating at 1200 for 
, I 

several minutes and tl~e uniformity of fluorescence ,was checked 

again by visual inspection • 

. In order to check the effect of ,the scintillator on the 

characteristics of the chromatogram, three plates, :one containing 

POD. one containing the inorganic mixture, and one Y/ithout a fluor. 

were prepared and spotted with phenylalanine hydrochloride. The 

plates were developed in 80/20 acetone/water and sprayed with nin-' 

hydr1n in order to locate the amino add. The amino acid displays~" , 

'approximately the same Rf value on all three plates. This system 

would not be good for chromatography of this material since the 

amino acid Hel ran very near the solvent front. However. the 

important conclusion is that the sc1ntillators did not appear to 

influence the movement. 

Two plates., one with PBO and one t'41th the inorganic materials, 

were spotted with some tritiated,phenylalanine hydrochloride.' The 

test s.01ut10n con'tained 1.07·x 106 dpm per lambda (l). Four spots 

were 'applied to each of the plates [104, 105• 106, '~nd 107 dpm] and 

the plates were developed until the, amino acid had m,igrated up a . 
third of the plate. Following fusion of the polyethylene, the 

chromatograms were placed in opposition to the film for a specific 

period of time. Three different' types of film were used. The films 

used were Kodak Royal X Pan. Kodak Medical X .. ray "no screen", and 

Kodak Medical X .. ray Royal Slue. The spots containing 107 and 106dpm 

.~ 
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caused an intense darkening of all three films with both scintilla-
S, ' 

tors. The spot with 10 dpm also caused a detectable darkening of 

the Royal Blue and the "no screen!! X-ray film; however, the X-Pan 

f11m was spo1led by an unknown exposure in the area of this spot. 

The spot containing 104 dpm did not expose any of the films. By 

visual inspection of the darkened areas, the combination 'of the 

organic fluor and the Royal Blue X-ray film appear to be the most 

sens1tive comb1nation. 

Separate polyethylene plates containing either the organic 

scintillator BOQP or the inorganic scintillator mentioned above, , 

were prepared. Four different concentrations of each (2, 1.5, 1.0 

andO.S%, and 8, 4, 2 and 1%, respectively, were used. Six spots 

(103,5 x 103.104,5 x 104,105, and 106 dpm) of the trit1ated 

amino acid were applied to each plate. The powder was fused with

out development of the plates and the resulting chromatograms placed 

inoppositiQn to the Royal X-Pan film. The film was exposed for 

34 hrs and developed with Kodak 0-19 developer o The spots contain

ing activity as· low as 5 x 103 dpm caused a detectable darkening of 

the f11m. The darken,fng of the film and the level of detectibf11ty 

of th~ activ1ty appears to be independent of the scintillator con

centratfon in the concentration ranges examined. These'experiments 

need to be repeated to include the development of the chromatogram 

prior to the fusion. If development is not included, the tritiated 

compound is found in a ring in the area of application& thus con

centrating the tritium. 
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Discussion 

These preliminary resul tssuggest that this method is more 

sensitive by at least a factor of ten over current~y used technf-
i 125 ques utilizing autoradiography for the detection of tritium. 

In an attempt to, increase this sensitivity, t~e possible 

use of photomultiplier detection of the photon emission was being 

investigated. A light-tight box fitted with mounts for a thin

layer plate and a photomultiplier had been constructed. After 

the photomultiplier output pulse were -amplified and suitably 

shaped. they were collected in a pulse heiqht analyzer. Very 

preliminary results indicated a detection efficiency of 0.5 to 

1.0 per cent. 

- . 
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APPENDIX r 

Sources of Error in Os1ng EPR for Kinetics 

The procedure normally employed in EPR spectroscopy is to sub

ject the spin system to constant electromagne.ti C. radiati on as the 

externally applied magnetic field is varied. As the resonance con

dition is traversed (when hv == gBH). power is ahsorbed from the 

radiation field causing an electrical imbalance in the spectrometer. 

Recording this imbalance of the spectrometer as a function of the 

applied field strength will yield a curve proportional to the ab

sorption •. Generally, however, the external magnetic field is modtJ-
J 

lated with an amplitude smaller than 'AHl/2 and the resulting AC 

s1gnal 1s demodulated in a phase-sensitive detector. The imbalance 

that is then recorded as the field sweeps through the resonance con

dition is not proportional to the absorption but 1s proportional to 
\ 

the first derivative of the absorption. This derivative is what is 

called "signal" in this work. 

The shape of the derivative as a function of applied field is 

dependent upon characteristics of the spectrometer (e.g •• the operating 

behavior of the detector, ,the frequency at whkh the field is modulated, 

etc.), and characteristics of the spin system. 

For a voltage sensitive microwave detector and an unsaturated 

spin system exhibiting a Lorentzian line share function e the maximum 

in absorption derivative curve is proportional to the following: 1} 

a so-called filling factor which is the ratio of th~ sample volume to 

the cavity volume times a parameter whi ch depends upon the mi c"owave 

field distribution in the cavity and over the sample, 2} the quality 

factor of the EPR cavity which is defined as the ratfo of the energy 
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stored to the energy loss in the cavity, 3) thearnplitude of the 

field modulation (Hm), 4) the, resonant frequency of the spin system 

at a field strength of Hot 5) the reciprocal of the temperature of 

spin system at equilibrium, 6) the square of the reciprocal of the 

line-width (~Hl/2) of the absorption curve,7) the isquare of the 

amplitude of the microwave ,field, and 8) the number of paramagnetic' 

species on comprising the spin system (see reference 2 .. 5). The 

constant of proportionality includes gains~ time constants and 

various numerical constants (i.e.,'n~ 8. h. etc.). 

In using the EPR for kinetic studies of paramagnetic species, 

one generally assumes that all the f'actors listed above ,ar:e constant 

with time except N and therefore the maximum of the curve (Smax). 

During a particular kinetic experiment this assumption is probably 

valid, the possible exception being that the line-width also varies 

with changes in N (see Figure 77 in appendix II) 0 

Therefore, 

'4S~ax '. 1 c5N I3N I51\H1/2 
a 

{.~Hl /2)2 (hH1/ 2)3 1St 1St cSt 

however, 
ohHl/2 MH1/2 oN a X -cSt 6N 1St 

Therefore, . 

~Smax 1 . [1 - c5N MH1/2 l oN .. a . 2 6H1/ 2 oN IT ' 1St (~~1!2) . 

for the kinetic experiments reported in this work, the second 

term in the bracket of equation (3) is ca. 0.04 (No = 10 .. 5 mole/t; 

(l) 

(2) '. 

(3) 
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AH1/2/AN ca. 200 gauss/mole/! and AH1/2 ca. 1 gauss). Thus the con

tributions to the decay of Smax due to AH/AN are slight. The effects 

of other perturbations which cause changes in the line-width (for 

example, the generation of other paramagnetic species, saturation, 

etc.) are also probably very slight. 

The major problem encountered in using EPR for:- kinetic studies 

is the impossibility of reproducing all the conditions required to 

obtain an identical proportionality constant from experiment to ex

periment. This difficulty is generally circumvented by normalizing 

the data according to the following equation: 

"( 4) , 

whereSt and Nt are the signal height and the concentration of the 

paramagnetic species at time t. and So and No are these same quanti. 

tjes at t' a O. 

The difficulty in treating the data in this way is that unless 

the chemical destruction of N is first order in the concentration of 

, N. the rate of decay observed from plots of St/So versus t are a 

function of the value of No' For many systems investigated by EPR. 

this value is difficult to determine. Fortunately, N~ could be deter

mined in this work by measurements of optical absorption spectra. 

Another source of error in using the EPR for kinetic analysis 

is the possibf11ty that the rate of change of Smax is not directly 

proportional to the rate of change of N. This could arise if drift 

occurs in the spectrometer •. Normally in following. the decay of Smax' 

one positions the magnetic field at one field strength (the position 

,.,here Smax occurs). If the spectrometer drifts from this position 
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because of variations in the magnet, in the frequency of the klystron, 

or within the cavity, the rat,e of change of Smax is then also a 

function of this drift. 

Thus, 

~N + ISS x 6H 
6t Mi' rr (5) 

where ISH/cSt represents the drift, and ~S/~H is the slope of the deri- . 

vative curve which is normally qu1te1arge in the region of Smax ' 
, , 

(see Figure 11, Chapter 11). This ~rift is probably not s~gnificant 

_ unless lengthy decay times are encountered. Al so, the dri rt ; s 

generally not constant nor linear in time., In the e";periments re

ported in this work, this type of drift normally caused a machine 

limited decrease in Smax which was obviously due to shifts from the 

selected field position. 

Othe,r variations which contribute to the observed decay of Smax 

a're changes in the base line. This is an insignificant source of 

error unless the, changes are extremely sporadi c. Normally the dri ft 

resulting in these is linear in time and in one direction during one 

.kinetic run. Therefore, the observed decay of Smax can be corrected 

for this drift. This was done in experiments reported in this work. 

The position of the base line was checked by the procedure stated 

in Chapter II. 

- ' ... 

. ~," 
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APPENDIX II 

A.Preparation and Properties of OTBN 

Ditertiarybuty1nitroxide and di.tertiarybuty1hydroxylamine were 

prepared according to the procedures of Hoffman. 10S The n1trox1de 

was purified by spinning band distillation at a pressure of 11 mm Hg 

at S8°C and stored in a refrigerator. The hydroxylamine was isolated 

as the hydrochloride and purified by crystallization from an alcoholl 

diethylether mixture. The starting material. 2-methyl-Z-nitropropane. 

was prepared ~cCOrding to the method of Kornblum126 from tertiary

butylamine which was supplied by t4atheson, Coleman and Bell. 

Analyses of the three products were as follows: 

C12H27NO: C-66.60, H-1Z.58. N-9.71 Calc'd 

-66.35 -12.35 -9.76 Found 

C12H29NOC1: -52.88 -11.09 -7.71 

-52.86 -11.40 -7.91 

C4H9N02: -46.59 - 8.80 -13.78 

-46.87 - 8.83 -13.35 

The purity of the nitroxide radical, checked by vapor phase 

chromatography (VPC). was found to be greater than 99%. Figure 64 

is a spectrum obtained from the VPC which shows the various impuri

ties found in the nitroxide. The identities of the compounds under

lined were assigned by co-chromatography of the radical ''11th known 

compounds. The remainder were assumed to be those reported by 

Hoffman. 
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The ultraviolet-visible spectrum of DTBN in H20 is shown in 

Figure 65. The visible absorption in H20 and in c.Yclohexane are 

compared in Figure l\6. These two solvents were·used as solvents for 

the nitroxide in much of the work in this thesis. These spectra 

were obtained using a Cary 14 spectrophotometer and 1 cm cuvettes. 

Figures 67 and 68 are the EPR spectra of the same solution of 

DTBN in cyclohexane. The difference in the two spectra is caused 

by the presence of oxygen in the sample used for Figure 68. The· 

paramagnetism of oxygen causes lifetime broadening of the nitroxide 

signal which results in a decreased signal aaight. 

Since the height of the nitroxide EPR signal was to be used to 

,follow the reactions of OTBN. the effects of several mild pertur

bations upon the nitroxide signal height were investigated with the 

results shown in Figures 69 through 73. The slope of the line in 

F~gure 6915 ! 1.05% per cent change in power setting. This para

meter is dependent upon the experimental conditions (the concen

tration. temperature. etc.) used in measuring the spectra. However. 

the power value where saturation sets in should not differ greatly 

for the range of conditions reported in this work. The power 

settings employed varied between 0.4 to 0.7 of the maximum value 

available. 

Figure 70 shows the variation of the nitroxide EPR spectral 

line-width with concentration. The small insert in this figure 

shows the concentration region used in this work. This is the con

centration range where three distinct lines are observed for the 

nitroxide. When the concentration of DTON is increased above 10-2 ~ 

the three lines become so broadened that they start to overlap. This 
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solid curve. 
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Figure 66. Comparison of the visible absorption spectra of DTBN in ' 

water (dashed curve) and in cyclohexane (solid curve). 
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Figure 67. EPR spectrum of 1.06 x 10.5 ~ DTBN in cyc10hexane 

without air. 
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Figure 70. OTBN EPR signal line-width as a function·of OTBN 

concentration in cyclohexane •. 
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effect is shown in F1gure·71. Finally. at a concentration around 

0.1 tt, the hyperf1ne structur~ of ' the n1troxide collapses completely 

due to' rapid electron exchange and only one broad line is observed. 

Continued increase of concentration causes a narrowing of the line 

and then a broadening. The concentration range used in this work 

. was around 10-4 to 10-5• In this range the rate of change of the 

line-width with concentrations is ca. 200 gauss/mole/!-l (see 

appendix I). 

The effect of temperature upon the signal height of a 10-4 ~. 

solution of OTBN is shown in Figure 72. The rate of change in height 

with temperature is' ";0.05%rC.This rate also will depend upon 

several instrumental parameters and experimental conditions. How

ever .• the conditions used in the experiment to obtain Figure 72 were 

typical of those employed in this work. When the temperature drops 

below· the freezing point of the solvent. more drastic effects' are 

observed. Figure 73 is a spectra at liquid nitrogen of OTBN .-

(~10-5 ~) in cyclohexane. Foran explanation of this effect. see 

reference 114. 

B. PrP.parat1on of Radioactive OTRN 

The l4C_labeled OreN was synthesized combining the'procedures 

of Ritter and r~1nier1.l21 Kornblum et al. e
126 and Hoffman etal. 108 

, .............. ---
The starting materi.al •. 14C-tertiarYbutyl alcohol, was supplied by 

New England Nuclear Corp. ·VPC showed this to be greater than 99% 

pure in radioact1vity. The princfple impurity Vias 14C-isopropanol. 

t-Butyl alcohol' (.032 moles) was added to 3.4' ITl9 of l4C_t_butyl - -
alcohol (0.5 mC) in 10 ml of acetic acid (AcOH) in a 100 ml round 

bottom flask. fMCN ( .• 048 moles) was added \.,ith the flask submerged 

. .... , 
.,. .. ' 
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Figure' 72. Effect,of.t~mperature on the OTBN EPR signal height 

normalized to the height observed at 22°C. The concentration of 

OTBN was ca. 10-4 M •. 
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fig,u,re_?,3. ,EPRspectrum of a 1.0 x 10 .. 4 tt cyclohexane solution 

ofDTBN w1thout air at liquid nitrogen temperature. 
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in fce. Then a mixture of 10 ml AcOH with 15 ml of H2S04 was added 

over a period of 20 m1nutes.to the 100 ml round bottom flask in a 

closed system. \~hen the acid mixture was introduced. the tempera

ture rose rapi dly. The temperature was maintained beb/een 45-55°C •. 

After the addition of the acid mixture, thE! solution was allo\,/ed to 

stand at room temperature for six hours. The reaction mixture \~as 

poured into.SO ml of 1i20. to.Wh1Ch \'Ias added 100 ml solution of NaOH 

(0.4 g/ml) with cooling. The resulting basic mixture was refluxed 

for twelve hours •. Then a portion was distilled to another. vessel 

uSing b'lo condensors (vertical) and an HC1-solution-trap. This 12 

hour reflux and dhtillationwas, repeated t\'10 times~ The dist1llate 

was collected in a 250 ml round bottom flask. To the distillate. 

150 ml of H20 and 40 9 K2Mn04 ~ere'added and the connection between 

this flask and the one with the NaOH was removed. The flask con

tain1~g the K
2

f,1n04 solution, fitted with a reflux condensor and 

magnetic stirrer, was allowed to stand for 24 hours. After t~is 

·t1me, the condensor was ·removed, the flask ·\I/a5 fitted toJith an in

let tube for steam, and the contents were steamed-distilled. The 

product was collected at OoC. 

The nitro compound obtained at this pOint was removed from 

the water 1 ayer \'1.1 th ether (an excess). The ether 1 ayer vias sepa

rate~ from the \l/ater in' a separatory funnel. dried over K2C03, and 
.. . . 

distilled to l volume of approximately 1-2 ml. Glyme was then 

distilled under N2 .from-Na directly into the nitro-ether solution. 

The glyme was dried by refluxing·. with LiA1H4 and distilled from ' 

l1A1H2 under N2 directly into a flask ~ontaining Na. Approximately 

0.2 9 Na was added to the nitro"glyme solution. During the 
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addition, a nitrogen purge was used to exclude air. A magnetic.,(i :":' 

stirring bar was added and the flask was sealed with a ground glass 

stopper. The reaction mixture was allowed to stand at room tem

perature with stirring until a white slurry fm"'med and most of the 
, 

Na was expended. The solution exhibited the following color changes: 

golden, pale blue, dark blue, lavender, and pm .... der white. The solu .. 

tion was filtered to obtain a white precipitate. Sodium bits were 

removed by hand. Then the prec1 pi tate was added to ~..,ater. Two. 

layers formed. The organic layer was extracted with pentane at ooe 

until the pentane became colorless. The pentane was dried over 

K2eo3 and most of the pentane was removed by distillation at 35°,e. 

DTBN was isolated from the pentane extract using an n1N Auto-Prep. 

The VPC column (.3/8", by 4') .contained Oow-ll on firebrick (60/80 

mesh). The temperature of the column wa~ 70o~ the injector, 60°& 

the detector. 60°, and the collection tra? O°C. The helium flow 

rate was 0.5 on prep flow control. 

14e_DTBN was recovered from the VPC trap with pentane to a 

final volume of 10 ml e The solution in pentane was 0.12 ~ by its 

visible absorption spectrum. Two ~ were.used for counting of the , . 

radioactivity (13.400 dpm). The .Yield of l4C_DTBN \'l~S 0.03 mC 

(6%) and 0.0012 9 (6%). The pentane was removed by distillation. 

The following equations summariz~ this sequence of reactions: 
I • 

. . 1) AcOH + H2S04 ( ~] 
t·BuOH + NaCN ~ t-Bu-N-C-H 
- 2) H 0 - I 
·2· H 

NaOH> [,l .. OuNH2) , KHnO,. i-SuN02' 

B ~;n ) Ct.- SIJ )2NO 

The compounds in brackets were not isolated. 
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APPENDIX II I 
, . 

[PRe The EPR data were obtained using an x-band' spectrometer 

(9.5 KMc). An x-y recorder was used to record' the. signal which was, 

recorded as the first derivative of the radical a~sorpt1on curve. 

The y-axis was used to r~cord the signal intensity. The x-axis, 

plotted in gauss. was driven by a sweep generator, which was used 'to 

, vary the magnetic field or else by the output ofa Bell "240" Incre

mental Gaussmeter which was used to determine the width of the sweep 

in gauss. 

The signal intensity was also recorded on'a Mosely model 680 

chart recorder so that the kinetics of the light-induced changes in, 
, , 

the s1gnal intensity could be recorded. 

'.' 

The t(!mperature of the cavity was v.aried using a Varian low tern- ' 

perature attachment~ The temperature was 'monitored USing a copper-
, ' 

constantan thermocouple with an ice water mixture as. the reference 

'. temperature. The temperature was not determined 'i f temperatures 

around r.oom temperature were used. 

A 0.01 r1 solution of peroxylam;ne, d1sulfonate (Fermi Salt. sup ... 

plied by Alfa Inorganics. Inc.) in wtter solution saturated with 

carbonate was used for accurate calibration of the x-axis. The' EPR 

pattern of this. salt consists of a symnetrical triplet with a 13.0 

gauss splitting constant. Once the splitt1ng constant of DTBN in 

cyclohexane was detennin~d to be 15.4 gauss. this solution was. used 

for a standard. 

,., 

, ., 
! 

. r 

}\. , 
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rtMR. A Varian A-60 NMR instrument was used to obta1nthe NMR data. -
I UV-Vis. The optical spectra reported' 1 n this work were obtained' 

',' 

using either a Cary 11 or 14 recording spectrophotometer or a Perkin-

Elmer 221. 
i 

Radioactivity. A Packard Tri-Carb. liquid scintillation spectrometer, 

model 3375, was employed for assying the amounts of radioactivity in the 
i • 

solution containing 14C .. labeled DTBN. The scintillation solution' (18ml 

. ,in a glass vial) contained 18.0 g 2.5-diphenyloxazole (PPO), 0.4 9 1.4-

bis [2-(5-(4-methylphenyl) oxazoyl)-benzene] (Dimethyl pOPOr). 200 9 

naphthalene in 1 liter of ethanol. 1400 ml of toluene and 1600 ml dioxane. 

The efficiency of counting in this solution Was detcNI)ined by Hallace 

E",.,1n using 14C-labeled toluene. 

The radioactive purity of 14C-tertiarybutyl alcohol was determined 

using a proportional tube employing a 1:1 by volume mixture' of helium 

and methane gases. The tu~ewas connected directly to the exit of a 
" ' 

VPC. A duel pen recorder was used·torecord simultaneously the mass 

peaks and' radi oacti vi ty. ' 

Gas Pressure~. Gas pressuros were monitored using a Warburg 
, . 

apparatus which ~s described elsewhere. 128 

~. The VPC instruments used for analytical ,\~ork in,clude Aero ... 

graph VPC models90A. 350-A. 1520 and~he'Aerograp'h Autoprep. For 

the isolation of l4C .. DTBN, a· Hewlett-Packard 775 prepmaster was used. 

The detection system employed with all these instf'uments was a thermal 

conductivity bridge. The carrier gas employed \'1as helium. 

The columns used in this \'1ork, \'11 th the exception of the one used 
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fO~'the isolatfon of ,14C~OTBN which was 3/8 inch in d1amet~r ~nd 4 ft 

,long, were 0.25 inch and either, '6 or',.lO ft long. 

The substrates, thef'r conce~tration, the support, ~~h and the 

materia'ls separated upon these were '~s fo110\'I5:,.o) Molecular sieve 
. '" . 

. ' 5-A. H)O%~ 30/60 mesh', nitrogen and oxygen; (2) Dow-ll, 15%, chromo~ , 

sorb W. 60,,/80. DTBN. isobutene. 2"J!1e'thyl ... 2-nftrosopropane; (3) di 1 so ... 

,'decyl phthalate, 15%, chromosorb ~/~ 60/80, DTON. ~enzoquinone; , 

, (4) S[-30, 10% chromosorb W, 60/80, isobutene. 2 .. methyl-2-:nftrosopro-' 
, . , 

pane;. (5) df-(2-ethylhexyl) sebac~te, 20%, firebrick, 60/80, C6FSCN. 

C6H5C2H5~ 

", l:iOht Intensitx. ' The intensity of the light, sources' used for . . : 

. illuminations, in the EPR ~xperiments.'(1000 ~'1att tungsten and 150 watt 
. I' • • • • t' '. . ' .. 

,Xeon) w'ere, determined using it thermopile calibrated with a lamp {f,424),; . . ' . . '. . " 

, 
supplied qy. the National Bureau of Standards according to the procedure 

described in' reference,'129. 
'. '.' ~ .' . 

. The 1000 watt sou'rce· has an .~JtPut ~f 7' x 105 erg/sec cm2 after' 

passing through the water bath ~ndIR f11t~r., W1thfilte~s :1-69 and 

3-67 the intens1ty drops by 61.3%. 
, . 

The light from the Xeon source was passed'through a monochromator 
, I 

, a'nd the 'quanta/sec' cm2 determined fo~ wav~lengths fro~ 300 mlJ to 700 mil •. 

The output at45a m1J~ the wavelength used for the study'of the quinone

DTBN reaction. \'IBS 5 x 1014 quantn/s,ec ern? 

.. 
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B. Chemicals, 

Chemical 

OTBN 

OTBNH 

14C-OT81'-1 

14C"'1 .. Butyl alcohol 

Ch 1 orophy11 !. . 

Ch 1 orophyll E. 
Plastoquinone A 

l-Butyl amine 

1.4-Benzoqu1none 

1.4 ... Benzhydroquinone 

1.4.NaphthoQuinone 

1.4 .. 0uroquinone 

9,10-Anthroquinone 

Tetracyanoethylene 

s-Trinitrobenzene -
!!!.-D1nitrobenzene 

.2,-Ni trobenzoni t ri.l e 

Hexamethylbenzene 

Quinoline . 

E,-Ch 1 oranil 

~.-Ch 1 orani 1 

lumfflavin 

lumichrome 
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. Source andr~ethod of Purifica,tiQfl, 

See appendix II 

" " 
II /I , II 

(, 

Nm'l England Nuclear Corp. - no further treatment 

Isolated from spinach by M. Byrn - column chromatography 

" II II II' " " 

" II. " p. Scott II II 

Matheson. Coleman and Bell .. no further treatment 

Eastman Organic Chemical ... crystallized 

" " " II 

" II II II 

" Calb10chem - not further treated 

, Eastman Organic Chemicals .. no further treatment 

.. 1\ II - sublimed (vac.) 

II II /I - no further treatment 

II II " " II 1/ 

II " .. " " " 
II " II " " fI 

" II II .. di,s ti 11 cd (vac.) 

Source unknm,m .. sublimed (vac.) 

II II II II 

It " - not puri fi ad 

II r II 
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,Chemical 

Hexafluorobenzene 

P~ntafluorobenzonitr11e 

N.N-D1methylani11ne 

N ,t~ ~N ~':.\N.'" Tetra~thyl-p ... " 
phenylene diamine -
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Source and '~1ethod of Puri fi cation 

Monsanto - distillation (spinning band), 

Pierce Chemical & Imperial Smelting -
distillation (spinning band) 

•. c 

,. 

Eastman Chemical - d1stilled (spinning band) , 

" II .. sub 1 i med free base 

. ,Ethyl benzene M~theson. Coleman & Bell .. distillation 

f~atheson, Company .. no further treatment ",' 
',: . . . 

Isobutene 

2-Methyl-2-ni tr~SOI)rop'a~e' : Prepared accordinlJ to refer.ence 130 

Phenothiazine 

DCNU 

OCPIP (ox.)' ',', ' :, 
.' ," ... 

DCPIP,(red."i,:,:'::'., ,'; , 

, Research !;ample furnished by Smith. Kline, 
, :' 'and French Labs of Phil ade 1 phi a .. no' . 

'further treatment ' 

, duPont de Nemours & Co .... from' KennE!th Sauer 

K & K laboratories "', from Kenneth Sauer 

, Prepared from. ox. form \>lith KBH4 

Prepared an(l pllrif1,~d according to reference 131 
, , ' 

Salycylaldox1me .. :. 

'; ".' . 

, ,', 

, , 

Tr1 tiated Phenylalanine New England Nuclear Corp. -no further treatment 

Silica gel G \4arner-'Chl1co~'t Labs - no further treatment 

Polyethyl ene, . 

Phospho~~lybd1c acid 

, '. . . . 

c. List of Abbrev1at10ns 

, (see' next pagE) 

Dow Chemical - no further treatment 

Merck' - no further treatment 

,. 

. '! 
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C. List of Abbreviations . 
. AOP 

ATP 

I\Q 

BQ 

Chl 

CTC 

Cyt. b6 
'. , ; 

, Cyt. f 

DCMfJ 

, : ,:,' ,: OCPIP or 
; , .;~ OPIP . 

OMA ' 

dpm 

OQ 

OTBN 

OTBNH 

DTBNH2 

EB 

EPR 

Fd. 

AIIl/~ 

NAD 

NAOH 

NADP 

NAOPH2 

adenosine diphosphate 

adenosine triphosphate 

9l 10-anthroQuinone 

1,4~bcnzoquinone 

,chlorophyll' 

charge transfer complex 

cytoch rome b6 

cytoch rome f 

3-(3.4-dichlorophenyl)"',l-dimethylurea 

,;' ";:' ,2.6~dichl orophenol ... i ndopheflol '( 

. N ,N-dimethylanl1 inc 

disintegration per minute 

1.4-dl1roquinone 

di-terti arybutyl n1 trox1 de 

. d1 .. terti arybutyl hydroxyl amine 

d1-terti arycutyl ami ne 

ethyl benzene 

electron paramagnetic resonance 

ferredoxin 

linewidth at half-maximum of EPR spectral line 

nicot,namide adenosine dfnucleotide 

reduced form of NAD 

nicotinamide adenosine dinucleotide phosphate 

reduced form of N;~OP 

!\ 
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NMR nuclear magnetic resonance 

; NQ . " l,4-naphthoquinone 

0.0. optical density 

P700' 

P890, 

pigment complex which absorbs at ·ca. 7{}0 mJ,t 

fl· n, ., ·tJ 

Pcy plastocyanine 

pr~ 

" PHS 

phosphomolybdic acid 

phenazine n~thosulfate 

plastoqufnone-A 

ribulose diphosphate 

fhi n-.1 ayer chromatography .. 

" n . 890 roll 

.PQ .. A 

RuOP 

TLC . 

Tf'lPO N.N.N·,N' .. tetramethy1-.2,-phenylene d1am1ne 

Vi t. k vi tamf n~·;k:. . 

. VPC .. , " vapor ph'llse chromatography 

' .. 

. . , 

... 
. . ,". 

, • ··-~01 
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