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. THE USE OF A NITROXIDE RADICAL AS A TEST REAGENT
- QF THE PRIMARY PROCESSES OF PHOTOSYNTHESIS

Géfa?d ATdysius Corker

ABSTRACT

The‘presence of photo-induced paramagnétic species in photosyn- |
thetic organisms was demonstrated over ten years ago. However, the |
fdentification of these species and their'connection with the processes
of primary quantum conﬁérsion remain eIusivé even though numerous
approaches have been applied to this ‘problem. This work reports an
attempt at fdentifying these species using ditertiarybutylnitroxide;
a stable free radical, as a test reagent. “

Spinach chloroplasts sensitize a photo-reduction of the nitroxide

‘to the corresponding hydroxylamine. Oxygen is produced from Ho0 con-

currently with the reduction in a ratio of 1 mole of oxygen evolved

to ca. 4 moles of the nitroxide reduced, The reduction apbears to be

coupledefth photosystem Il in the chloroplasts. Also, the following

reagents inhibit (or partially inhibit) the reaction: 1) 3-(3,4~
dichlorophenyl)-1, 1-dimethy1urea, v2) 2,6~dich1ordpheﬁol-indopheho?
(reduced‘or'o¥1Q§zed'form), 3) sa1icy1aldoiime, and 4) potassium
fgrricyanide. ‘.

The photo-raduction, which is shown to occur with fresh chloro-
plasts, fresh fragments or aqed}fragmenté, is accompanied by a dark

reaction which also involves a reduction of the nitroxide.



’Thé reduced form'of the nitrbxide; d1teriia¥ybutyfhydroxy1amine,'
underyoes a photo~oxfdation with spfnach ch]orép]aSts.v It is proposed
that the amount of the hydroxy]&mine.phofo-oxidized is cohtro11ed by
the amount of an 1nd1genou5 oxidanf'pfesent in ﬁhe‘chloroplasts and
that this oxidénﬁ, though coupled to electrdh transport, is not an
actual participant and is irreversibly reduced,

A product whiéh cou1d be ascribed'to a coupling reaction betwsen
the nitroxide and the radical species which qives rise to the phbté-
induced EPR signal in spinacn ch]orop]asts Was not detected even using
radioact1ve tracer methods, The nitrox1de is not suitable as a trappino'
agént..

The nitroxide 15 ox1d1zed by potacsxuw ferr1qyan1de to 1sobutene
and 2-methyl- 2~nitrosopropann. The reaction 1s comp1icatpd by a photo~ f
chemical degradatxon of the n1troso compound,

A reversible photo-reaction between the nitroxide and various
quxnone' appears to xnvolve the fermation of a di-peroxide type. mo]e~ i
cule resu]tlng from the 1nferact10n of the nitroxide with the trxplet
states of the qu1nones. |

Also reported in this work 1s a doscussfon of a widely accented
mechanistic view of phctosynthesis a review of the experimental c?mc—
tron paramagnetic resonance observat1ons obtained w1th photosynthetic,
organisms, a brief investigatfdn of charge-transfer complexes forméd
between péntafluorobenzonitri?evand'héiafluorobcnzene with thevorganiéf
bases, H.N,N‘.N'-tetram&thy]-Efphenylenediémine and dimethylani}ine.
and a discussion of an improved method for thc detection of tritium
combining the techniques of thin-layer chromatography, sc1nt1]iation

counting and radioautography.

it



D o

ACKNOHLEDGMENTS
I wish to express my gratitude to Or, Me]vin‘Calvin, under whose
gufdanceathe work reported in this thesis was conducted.. His advice,

demanding criticisms and unrestrained scientific curiosity have méde '

my years as 2 gradﬂaté.student both ﬁruitfuT and interesting, I would .

a]so 11ke to - thank him for making my residence in the Laboratory of
Chemical Biodynamics possib1e. |

1 shall always be indebted. to Dr. Melvin K]ein for his coqt1nua]

interest, advice and encouragement.~ The_1nya1uab1e discussions with

him qreatly extended m§ knowiedge,of the principles of Spectroscopy.

It was a priv11egé to have associated with Drs. Didier Lafont and

~ Albert Bobst, with whom I collaboratéd 1n the studﬁes reported in Chap-

fer.III; and with Dr. Thomas Dehner, with whom I collaborated in some
of the work described in Chapter IV, |

To the staff visitors and students of the Laboratory of Chemical
Biodynamics, and in particular Drs. Yenneth Sauer, Dav1d Samuel,
Marianne Byrn Cap1e. and Mrs, Johanna Onffroy, I would like to extend
my thanks, , ‘ . | 1 | |

To myu.family and Mrs.lpaﬁ Hulse éoes my deep apprqciétion fbr J.
their many hours of patient.listening and their unwéVerihQ ehcouragerf

ment, ‘ o ‘
This work was supported 1n part, by the U.S Atomic Enerqy

Commission., S § o

iii



Lt

A

PREFACE -

" Sufficient exper1menta1.dafd to jusfff} préposing'é‘mechénism'
for the primary quaﬁtum.cohversion act of phétésynthegis existéd as
early as 1955, At that time, Bradley and Pal\;in1 oropdsed a ﬁe@haﬁism .
1nvolvinq an ordered array of ch10rophy]1 molecules, Their §QQQested
sequence of events involved the absorption of 1ight, resulting in the
formation of chlorophy11 singlet states which, by intersystem croasfng,
were converted into chlorophyll triplet states. With the enerqgy in
this form, an electronic ionization occurred leading to trapped
electrons and holes--the reductants and oxidants,:respectively--
required for photosynthesis.

Accordina to this scheme, one wou]d expect te find at 1east three
d{fferent types of species exh1bit1ng paramagnetism during photosyn~ -
thesis«=-the trip]ét state of chlorophyll, the trapped e1ecﬁrons and
ho]es, and orgahic free radicals produced by eniymatic reactions,
Although photo-induced paramagnetic species have been detected in
photosynthetic organisms by electron paramagnetic resonance (EPR) tech-.’
niques, little success has been acﬁieved in identifying the species.
exhibitinq'this paramagnetiém. The present work is an attempt at
1dent1fy1ng these species using ditertiarybutylnitroxide (DTBN) as a
test reagent, |

This work is presented in four chapters. The first of these
Vpresents a discussion of the current mechanwstic_view of photosyn-
thesis, a review of the EPR observations obtained with photosynthetic -
organisms and a statement and analysis of the approach used in

attempting to identify the photo-induced paramagnetic species in

iv



photosynthetic organisms, The view of photosynthesis discussed here
' was usedvas a model for some experiments reported in this WOrk,_ |
Chapter 11 contains the results of brief investigations of the

interaction of DTBN with various chemicals, knowledge of which wasA

required for this work. Experiments éonducted with DTBN and photosyn- -

thetic materials are reported in Chapter III}_ Included are kinetic
experiments which're1ate a photochemical destruction of DTBN with
photosynthetic oxygen production and analysis of the products of this
destruction. Conc1us1ons and suggested continued worP are presented
at the end of Chapter III.

Chapter IV contains the rgsu1ts of 1nvest1gations of charge trans-
fer comp]exés and of a method for détéctinq‘tritiuh using thin-fayer ,
chromatography, scintillation techniques and radioautoqraphj.

The method of preparation and the propert1es of DIBN (1nc1uding
the preparation of 14C-labeled DTEN), a 1ist of materfals, their
sources and methods used to prebare and/or purify them, and.descrip-'
tions of the instruments used for the work, are éontained in the
éppendix. A1so included in the appendix is a brief ana]ys1s of using _
EPR technique for kinetic studies.

-
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" CHAPTER I

Introduction

This chaptér is divided into three seétioﬁs; The first of these
discussés supérf1c1a11y the development of é'wfdély held yiew on the
mechanism of photosynthésis. No attempt af annotation is made, HMor
is a complete historical development of tﬁis view attempted, Instead,
listed in Table I are fhe investiqators who have made major contriby-
tions to the deve1opment of the current view, -

The second section describes the observations obtained w1th photo-
synthgtic organisms using the technique of electron paramagnetic
resonance (EPR) épectfoécopy. No discussion of the principles, instru-
ments or app]icatiqns,of EPR is given since numerous publications

describe these topics.l'_5 Knowledge 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 ép#rbach to be used, and the problems
- anticipated with the approach,
- Photosynthesis

An overall view of photosynthesis, the complex process by which
plants, a]gaeAand certain bacteria convert electromagnetic energy

into chem%ca]_energy 15 the form of vital organfc materials, ié ordi-

‘narily abbreviated, using equation I. This equation, summarizing

experiments conducted in the late seventeen and early eighteen hundreds,
says nothing about the intricate manner in which these organisms perform

this important reaction. However, this équation is based upon observations



Table 1

Hajor Contributions to_the Cufrent View of Photosynthetic Electron Transport

Date Contribhutor Contribution Réference
1777 PrfeSt]y; Jo Showed that green plants could chanqe toxic atmoqphere to one 6
: S whlch supports oxidation : : ,
1779 Inqen~ﬁouse,.d.. " Showed that sunlwght is reqdired'and Og-is7actuélfy-év619éd _ 7
1782 Senebiér, J, Shovied that toxic mé{erial-is actually removed hy plant 8
1804 | de Saussure, T. Shaved that water is.involved in"process | 9
;. 1845 ﬁayer, R. M, Recognized that the process is efficient in energv storage JO_V
é; }86§.> Saéhes, J. V. Demonstrated starch accumulat1on in leaves during process 1 :
?‘ 1881 Engleman, T. W. Showed process occurs in Ch]OFOPlﬁstS and chlorophyllviS'reqdired | 12
1283 | Engleman, T. W. Discovered photosynthetic baéteria_; | 13
‘1887 Winogradsky; S. Discovered chehbsynthetic bactéria- 14
1905 Blackman,/F; F; Démonétrated that overall procéss consfsts of hoth 1igh£'and_ B
: 3 dqu reactions 15
| 1931 Van Niel, C. B. Pointed out sih11ar1tlés betWéen bacterial and plant photosyn-
e : ' “thesis: proposed that whoto-act invo]ves H,0, not €0, 16
| 1932 Emerson, Res Separated ]ight and dark reactions in t1me, 1ntroduced concept ,
’ of pﬁotosynthetxc unit 17

and Arnold, A.




L) -
Tahle I.(Cont.)
Date Contributor - Contribution ;»Referencé
- 1539 Hill, R Observed 02 evolution with iso]afed'ch!oroplasts 18
1941 Ruben, S. et al. Demonstrated that OZ‘éVOIVEd originates from HZO, not €0, 19
1943 Emerson, R. and Observed "red drop phenomenon® of quantum yield 20
Lewis, C, M. : .
1554 Arnon, D, I, Obta1ned CO2 fixation and ATP and i HADDHZ formation by isolated . N '
et al. chloroplast _ i _ o : 21
1857 Calvin, M., and Happed fixation pathway of COZ’ showed that sugar phosphates - -
'l Bassham, J, A. are initial products from C02 defined ATP and NADPHZ 22
Co requ1rements
1957 Emerson, R, - Observed “enhancement phenomenon® 23
et al, ’
1258 Trebst, A, V. Showed that formation of ATP and NADPH assbciated with light and
et al, membrane of chloroplast €0, fixation associated with soluble 24
- enzyme _ _
1960 Hill, R. and ,APrOposed two photo-act model of photosynthetic electron transfer
Bendall, F, F. in green plants _ . 25
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that green plants vthen subjected to sunlight assimilate éafbon dicxide

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

-

mechénistic view that éunlight sblffs €0, into its component atoms,
the oxygen atoms being liberated as 0, while the carbon and water were
used in a Synthesis of the orqanisns body mater1a1 7 This view pre- : 
vailed through the nineteenth century, with the additional observation
that the céllular sites of 02 evolution were the chlorobTasts, the
ch]orophy11~conta1n1ng organs of ‘the Ieaves 12 | |
Hgl +.C0p + by -mon (CHO), + 0p - 8E RS
The d1scovery of nhotosynthetic bacteria,13 orqanisms which also
utili“e sun]ioht to assimilate C02 or. orqanic substrates but without
the. accompanfed evo]ution of 02, and chemosynthetic bacter:a,14 f
organisms which also ass1m11ate coz but without the use of sun1iqht
and also w1thout the evolution of Oy, should have raisnd doubts. about R
" the validity of this mechan1stic view. Houever, it was not until thirty
years after the turn of this century, Qhen van Niell6 ysing a compara- B
tive approach in a study of bhotosyﬂthetic nreen and purple-su?fur
bacteria proposed that 11ght promoted a photo]ysis of water and not a
sp]ittinq of COZ, that the first serious obiection was raised ana1nst -
the early view, _ ‘ _ |
Accordinq to van Niel sunlight is used hoth in qreen p?ants and
bacteria to effect d.rednx rc¢action invo1v1ng water. resu1ting in the . . - A
formation of a reductant and an cxfdant. The §eductant u1timate1y
 reduces the carbon source while the oxidant leads to oxygen evo1ution

“in areen materfals but interacts with another moiety in bactoria to
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produte water again and:another proddct, for examp1e, sulfur,
FVan Niel's prediction that the oxygen liberated during green plant

photosynthesis originates from the water and not the CQ, ~was sub-

" stantiated éXperimenté]ly by Rubin and workers.‘g who conducted experi-'

. ments with algae and COp and Hy0 containing 180,

The observations of Biackﬁann‘s and those of Emerson and Arnotgl’ :

are also consistent with van Niel's concept of the photo-act, In a

study with green b]ants, B]ackmann, by varyfng the 1ight intensity,

C0, concentration and temperature, demonstrated that overall photosyn-
thesis coﬁsists of two types of events: _photochemica1 events which
are light 1htens1ty depéndent, but temperature insensitive; and cheni- |
cal events inVo1viﬁg the C0,, which are 1ight intensity independent,.
but temperature sensitive. | |

Emerson and Afno?d measured the y{elds of_photosynthetjc oxygen
production from algae using saturating light in brief flashes and
showéd that the two types of events found by Blackmann could be sepa-
rated in tjme.' They also observed that‘ébproxjmateTy::one O, mo?ecule:'

was assimilated per 2500 chlorophyl] a molecules present when saturating

1ight was used, an observation which led them to propose the concept of

a photosynthetic unit which will be 'discussed below.

These observaticns suggest (as proposed by van titel) that COp is
notvinvolQed in the photochemical events but: is assimilated by a dark,

temperature sensitive reaction involvying a product generated in the

. photochemical reactions., In fact, Calvin and co-_workers22 have since

elucidated the reactions by which €0y is accepted by ribulose diphos-

phate (RuDP), an organic compound found within green plants and alqae, |
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and {s transformed}fnto sugars with regenerétion of the initial €Oy

-acceptor.‘ Although thé COZ fixing process consists of dark, enzymic

reactions, the redubinq 5owér, the reduced form of nicotinamide adeno- -
sine dinuc]eotide.phOSphate (HADPHZ)'énd thé enerqy source, adenosine
triphosphate (ATP),-bofh'of which are required for the assimilation |
of CO2, are generated by or coup]ed iﬁtimateiy with the photochemi-

cal events,

Bacter1a d15p1ay a qreat diversxty both in regard to the carbon
source used 1n the svnthes1s of their body materials and in regard to
the pr1mary source of e1ectrons to reduce_the carbon.26  Some strains
are known which assimi?afe 602.' However, no strain {s known in whichﬂjv

the fixation of the carbon source is accompanied by the evo1ution of

- 02.. Instead, one of many organic or 1norqan1c compounds other than

water is oxidized. AIso, although qarbon fixation occurs by dark
enzymatic reactions and is éccompanied byd1ight dependent formation
of ATP,29 the requirement for a light produced reducing agent for

utilization in carbon fixation is not a universal requirement.27 “

Instead, metabolic products are used as reducing agents.

Since the assimi]ation of the carbon‘source”durinb photosynthesis
appears to involve orthodox biochemistry. many current investigationév

focus upon the photochemica] events, hdpefully to explain how ATP,

FADPH, and Cp are produced, what chemical products resu\t in1t1a11y

from the photo-act, what role 1s p!ayed by the p1gmenta, and what
mechanism enables photosynthetic organisms to transform 35 kcal quanta

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

TR e Smarentnsz 8 T s et e+ b 5T Tratemmn et Tt it T L e bt Rt e o T AT gty T BT, LA AN e D
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The investigations of these photochem1ca1 events have been poss1b1p
‘1arge1y through the use of subce11u1ar organelles of photosynthet1c
organisms; namely, chlproplasts from green materials and chromatophores
. from bacterial cells, AJthdugh the level of activity, as bascd upon
their chlorophyll content, is generally much lower in these units than
that d15p1ayed by the organisms from which they are isolated, 21, 29 30
they perform the same photochemical react1ons.

In fact, a major advance in photosynthetic research was made by
Hi1118 when he demonstrated that ch1orop1astslpromote the evolution of
oxygen if subjected to i]lumihation énd supplied W1th a suitable elec;
tron acceptor such as ferric 1bn. Since then, a variety of artificial
oxidants besides the ferfic fon have been found to be effective in pro-
moting chloropiasts and light cataljzed 02 evolution. This process- is -
called the "Hill reaction", "Hill was unable to show that Cdp would
function as the oxidant. However, other worker521 have since demon-
strafed that fsblated chlorop?asts}are the sites of carbon fixation
and of light dependent formation pf the_cq-factors. NADPHZ and ATP,
Thus, chloroplasts are able to reduce RNADP, geﬁerate ATP, evdlve'oxygen
and assimilate €O,

in ordervto effect these reactions} electrdns fkom Qater‘are
raised to a negative‘redox potent1a1 (E =.-0,43) high enough to reduce'
ferredoxiﬁ.43 The formation of ATP is codp]éd with this electron flow. -
The complete process; including the fbrnntion of ATP, is comnonly |

referred to as photosynthetic electron transport and occurs in

o specié]ized units (photosynthetic units) contained within the chloro-

plast. Such units exist also in chromatophores isolated from bacterial

cells.32



: : ) 7-:8- :

- The photosyntoetic;unit is o cohCeptkfirst pfoposed by Emerson
and Arnold!7 and since expanded upon by other workers,33 This onit"‘
islanVOrdered 6011éctioh of.Tipid..protein and piqunf molecules func;r
- tioning together to colIéct'andAtrather iigh quanua to specific
-‘reaction centers where fhe quanta prom ote redox reactions resu1ting
in the formation and storage of a stgble chemical potential, a process
caITed primary quantum conversion. The reaction centers are tho sites
of electron tranSport and contain chlorophy?l molecules complexed in a
manner which. makes them distinct from the bulk of the ch1orophy1}
present, 34-37 These chlorophyll cowplexes are associated wwth other
types of mo]ecules, for examp?e cytochromes and quwnones wn1ch olay U
a role. in photosynthetic electroo transport 25 38, 39 30 “

Van Nfel s concept of the photo-act has ‘been incorporated Into a .
scheme, diagrammed in Figure I,lwhich represents the mostlwidQTy
accepiéd view of photosynthetic electron transport in.gfeen plants and i‘
| aigée. This schuwu resulted'ffom the use of‘comparativo biochénistry
because two cvtochromes, f and b6, are found exclusively in the photo--.
synthetic apparatus. The poss1b111ty that these p1ay a role in an
e]ectroo transfer process analogous to the role played by cytochromes:f
in oxidative eiectroovtfansport,ao prompted.Hill and Bendallzs to pro-
pose a scheme basically similar to the one shown in Figure 1;

The tﬁo arroQS'in Figure 1 repfesent two Tight-acts supposedly
occurring in two different pigment systems (calTed photosystems I and
11) anc driven by separate wavelengths of light; Photosystem 11 is
driven by 650 ma Tight which promotes the oxidation of water?! and the
reduction of some unkoown, possib]y one oflthe cytochromes or.a plasto~ :

quinone, which also has been shown to he involved in the electron



"5ﬂi, C)——~FK) - . _
: © FNa- oscorbote '

o .!.« . vo_2__..

R Figure 1
‘7-vships of some species 1nvo1ved in green p]ant photosynthetic e1ectron

(-) 04——"H2

r—DPlP: |
‘ | Cyt.
04-—- Pcy.

transport

er NADPH?/}‘ 1/

~NADP s NADP |

. EP700, P8O0 P
o~ o

(m-h)

 XBL67T-4549 -

Schematic diagram showing the approximate redox relation-




transfer p}bceﬁs;gg"The_p;gmeﬁt compo§1ti6n of;system fI is subject

to speculation, howevér; ahiacéessofy pigment; eithér Ch70F§DhY31,g-
or phycobi]in,'aﬁdna part df the chlorophyll a are thougﬁt to be

| 1nv01Ved.  . ‘ | _‘ f‘. | | | » A

Photosystem'l'is_@perateé Sy 1fghtfof SBO‘mu, which bringsvabouf

the reduction of NADP by é‘sequencetof reactions involving an iron’.

containing protein, cai]e& ferfcdoxin, and a fTavoprotein of unknown

" structure.42,43  This 660 mu 1ight causes also the oxidation of both

- cytochrome f and a pignent complex COntained‘in this photosystem.34

The pigment containéd in this complex (termed P700) is a chlorOphyll 31"

molecule, .The'moiety (or moiet1es)Awith which it is complexed is
- unknown, | '_ | L v _ | N
The daéhéd 1{ne in the'figurefrepresents an electron transport

cbéfn connécting the primary oxidant of'photosyétem II_with the pri- '

mary reductant df'photbsystem I.. Little is known regarding the com- =~

position of this chaiﬁ excent thatAP700; the two cytochrdums, pTastof“ﬂ‘n

cyanin and a plastoquinone are involved. Al some point along this
chain, as the electron droﬁs from the redox level of the primary
oxidant of system I1 to the redox levél of P700, the energy loss is .

used to phosphorylate ADP,

An abundance of expefimental data can be explained by this schgme. '

Most significant among these afevthé observations of Emerson and co- -
workers,2°-23 wno in theif studies of the wavelength dependence of
the quantum yield of bhotqsynthesis observed that the efficiency _

decreased at excitation wavelenqths greater than 670 mu even though

light absorption by the cellular pigments occurs further into the red v

™
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(ked drop phenomenon) and that the low quantum yield obtained by
excitation with 1ight - 1n the long wavelenoth spectral region could
bevenhanced if the system was simultaneously exposed to light of
shorter wavelength (enhancement); The yie]d cbsarved by ekcitation
~ with two wavelengths was qreater than the sum of the yields observed
- by excitation with each wavelenath separately., These observations -
vsuggest fhat efficient photosynthetic activity in plants and a1§ae
" requires the simultaneous éxcitation of thevphotosynthetic apparatus
by two wavelengths of light as proposed in the scheme:depicted fﬁ
Figure 1, j
Also, photo-induted oxidations and recucticns of the componeants
shown on the dashed line in Figure 1 are manifested by absorbancyl
- changes., Far‘rédv1ight premotes the oxidétion of cytochrome f,47144
P70034C and.p?astoquinone;45 while shortef wavelength light causes
their.reduction, The reductions are inhibited by dichlorophenyl-
dimethylurea (DCHY), a potent 1nhibitor'0f photosynthetic oxygen evoF
lution. The oxidation of P70C and the reduction of MADP can be effected |
with far red‘]1ght with chloroplast poiﬁoned with DCMU.46  These obser- .
vations are all consistent wifh the'schemé shown 1n Figure 1 and an
interpretation that DCMU stops electron flow between HpC and Hght-act
. | |
Two iypes of photosyrithetic phosphorylation {cyclic and n6n~cyc1ic}'
have been demonstrated with chlqroplasts.47 Non-cyclic phosphorylation
fs coupled to the reduction of g Hill oxidant or NADP and the diidation
of_HZO.' This type cf phosphorylation involves both photosystemé_and

the electron transport chain, whereas cyclic phosphorylation, which
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requires the presencé 6f an'added éo-factor such.as'phenazihe metho-
sulfate or vitamih k but proceeds in the absence of oxygen evolution,
~ involves only photosystem I'and thé transport chain, The added co- -
factor interacts with the primary oxidants of both photosystenms, thereer-
fore establishing a cyclic pdthway for electrons involving the e]cctront o
,tranSport chain and one photo~act o | |

Arnon’8 proposes by ana?oOJ to dark phosphory1au1on of clvcoiysis
and respiratien that phiotosynthetic phosphorylation is coupied thh
‘the electron t}anspoft chain connecting the tﬁo photosystems; the
energy for formétion of the pyrcphosphate bond beina obtained as the
electron drops from‘the redox Tevel of the'priméry oxidant of'system 11
- to the primdry reductant of aysten I : v _‘
Although bacte rial awd qreen plant photosynthe;is occur in d}fferent |
‘ organisms and di ffer greatly in their synthetic chemistry, these |
organisms have many feqtures in co&mqh,‘QSQecially within their photb-
synthetic appératus.. They aiso,exﬁjbit SOmé“markéd differences. = Some
of these differences and siﬁi?aritiés are eﬁumeréted in Table II. ﬁThé' 
obs ervations 1istao in Table 11 Suggest that b cterial photoéyntbetic
o]actron transport is essent1a1}y a sxmerfwcation of the s;stcm
operacing in green plants and algae. -achmes which represent two‘
tynves of bacterial phqtosynthesiﬁ‘are prﬁsented.in Figufé 2.

If the nwchaﬁi°h3 of photosynthetic electron. ‘Erensport, és. o ) -
_cepicycd in Firureq 1 and 2, represent o truL pzcture 07 the eve'ts
oceurring during photosgnthesis, and if the photo- induced redox

reactions and occompanying electron fransport processes occur via one



Table II

- Comparison of Photosynthetic Bacteria to Plants and Algae

structurally seem functionally
the same ' _ '

Characteristics in common Referencg NDifferences Reference
1) Photoéynthetic Units'éxist in both 17,32,33 ’ 1) Plants and algae evolve 92
_ ' whereas bacteria do not 18,26
2) Chlorophyi] pigment necessary for
photochemical function of organism 56 - 2) Bacteria display greater
: variation in their carbon
source for synthesis 26,57
3) Chlorophyll pigment exist in 3) Chlorophyllnpfgment in bacteria
different micro environments 34,35, ahsorbs at longer wavelength -
within organism 36,37 than that found in plants and 56-
» algae (less energetic quanta
required for synthesis)
4) Cnlorophyll pigment complex under- 4} Chlorophyll pigment in bacteria
geces 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
associated with a cytochrome
5) Contain carqtenoids and quinones 5) Green b1ants and algae exhibit
which although not identical : .. cocperative light effects; 23,55
39,56,58 bacteria do not

€t~



Table If;(tont.)

- 6)

similar spectrum characteristics

Characteristics in common Reference Differences Reference
Contain cytochromes, at least . v 6) Two photoinduced EPR signals o
two, with different ox1dat1on : 25,38,54 - found- in gqreen plants and a!gae, +67,81

N potentiais _ ‘ : . 1. one in bacteria |
'7) ldentical or very simﬂar en- L 7) Ratio of nhotos_/nthetic unfts to .- | . .
- Zymes serve as reducing agents - 22,57 © " the amount of chlorophyll piqment 32,34 .
for carbon source - o ~_present is higher for bacteria : : : .
: S - S * than plants and algae D
8) Photophosphorylation of ADP to . : : :
ATP occurs. in both .. 21,29 S
: i N : £
. 9) Enerqy is transferred from the B b
accessory pigments to the- 37,56
- chlorophyll complexes .
10) Light nromotes EPR signal of .
67,81
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le?ectron transfer step, one wou1d expect photo 1nduced free radicals '5A
to occur as intermediates during photosynthesis. This expectat1on

. Was substantiated when Commoner67 and Soqo and Ca1v1n52 demonstrated
the presence of photo-induced free sp1ns in photosynthet1c material:
using an electron paramagnetic.resonance (EPR) spectrometer. Since |
‘these initia1 observations, nqmeroos reports dea]ino with the photo-

' ~ induced EPR signals present in photosynthetic materia1s,have appeared -
and will be discussedlin the next sectfon of this chapter.

Before ending this section, it should be noted however, that the

scheme proposed by H111 and Bendall is not the only one which visualizes o

 the nechanism of photosynthesis to 1nv01ve the cooperative actlon of two
distinct 11qht reactions connected in series”35 41,49,50,51 although
.~‘these schemes are’ ba31Ca11y simi]ar to the Hi11-Bendall model. 'In
addition, several investioators, espec1a11y Gaffronsz and Francr,53

~ take exception to the series formu1etion and prOpose a‘parailel formuf_'
lation and an alternating formuIetion; neSpective1x. *However,‘the |

_ scheme shown in Figure 1‘15 thetone'useo for the vork in thts thesis.

Electron Paramegnetic Resonance

Since Commoner s and Soqo and Ca]vin S initia] observations of

the photo-induced EPR signals 1n photosyn*hetic mater1a1, such sionals |

have been detected in all photosynthetic systems, The samples 1nvest1-.v.f

gated include 1ntact organisms (green leaves, 76 who1e cell algaed9 and
- photosynthetic bacteriadd), fragments (ch?oropla ts 87 quantasomes’6
and pigmentfso}utionsZJ.7Q). ‘Experiments have been conducted both on

dry films and on Héo suspensions. of these'meterials.

L ATI ST TN AT T T
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Photo-induced EPR signals have been detected in purified chloro-
phyll a and b. 95,96,100 Although these observations demonstrate that
these compounds could be the species giving rise to the signals found-.
in the photosynthetic'organisms, the spectral characteristics of the
observed EPR pattern differ from those obtained from thé organfsms. o
The work conducted with-fhe purified components will hot be included
1n>this discussion, | | o | .

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

photosynthetic bacterium Rhodospirillum rubrum. Shownas the ffrét
derivative of~the absorption,versusvthe'streogth of tho‘app1ied'mag~.
netic_field. the signal consists of a single, non-stroctured 11oe with
a‘grvo1ue between 2,002 and'2;003.ano o Tinewidth (AH1/2) of approxi-
motely 11 qauss. A light-induced sfgna] with these same characteristics
is found'in al photosyoihetic bacteria and chromatophores containing
bacterioch1orophy1]

The signa]s found in green plants and algae, which in contrast to
| photosynthetic bacteria have a capacity to evo1ve»oxygen, can be
resolved 1nto two photo-induced siqna15‘as shown in Fiqufe 4, The
" narrower of these two s1qna1s, which is genera11y referred to as sig-
nal I, has a g-value, line shape and AH1/2 similar to the signal found -
" {n bacteria. Mot only these spectral characterist1cs, but.the response
to light and to temperature of siqgnal Ij(as is shown 15 Tob1evIII) is
so similar to the signal foond in bacteria toat the two can be oquated

‘operationally.
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The broader siqna] which 1s ca11ed s1qna1 II has e c-va]ue75

'between 2 004 and 2.005, a MHyy2 between 17-21 qauss and a line shape B
_consisting of a f1ve line hyperfine structure with 5.5 pauss separa-"'

~ tions’0 and with intensity ratios of ca. 1:4:6:4:1 indicative of an.

3

organic free radica1 in whieh,the free spin-interacts with four chemi-
ca]]y equ1va1en» protons. |

Unfortunately, the spectral characterist1cs of these szona1s y1e1d

" very little 1nformat10n as to what chcmical species qive rise to these.
fj sianals or whether these Species_play a ro]e_1n photosynthet1c electron -

- transport or prfmarx quantumlcqnvehsioh.> These fwo questions need to |

- be ansvered {f the results of EPR are gofnq'to substantiate or dfs-
tinquish between the various theories put forth to explain the mechanisms

of these processes 64, ]02 107 In further attempts to answer these ques-:lav;iLL

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

biological variations on the signals produced in the yarious_photosyné '

thetic systems; A compi]ation of the resuTts of many of these investi-

gatofs is pfesented in Tables III 1v and V.-
Oifficulties arise 1n the analysis of the data in these tables '

for several reasons. (1) No distinction is made between exper1ments

conducted with intact systems as opposed to- those on subun1ts. However',"~

the bulk of the data were obtained’w1th who1e cell algae or bacterjal""

and ch]ordp]asts. Also, the primary differehces generally encountered'

- between intact systems and subunits involve the kfnetics_of formation .
and decay and therefore the steady-state level of the spins detected. "if'

'.‘(2) No distinctions are‘made between the various typesﬂof photosynf'

thetic bacteria nor between algae and qreen plants.(and their subhnits,

3



Table 111

Effects of Physical Perturbations on EPR Signals of Photosynthetic Materials

Variation Bacterial Signal ‘ - Signal T~ .~ Signal II. -~ Referehceg-
1) Microwave 1) -- _ 1) Saturates at higher 1) Saturates at lower ~ 59,60,61
power s S - value than signal Il value than signal I '
2) Light: . o . o . -
a) Yavelength a) Action spectrum corres- a) Same as for bacterial a) Sawe as for. sxgna? I a) 59,50,63-69
ponds to optical absorp- sxonal ~ . o '
o ~ tion spectra _ , o
b) Intensity . b) Saturates at high' - . b) Saturates at high  b) Saturates-at low in- = b) 61,70-73
' . intensity , : intensity ‘tensity comparable to
- - ' values for pnotosyn- -
- : S ‘ thesis - : N
¢} Guantum c) Approximately cne (1) c) 0.03 _ . c) -- RERTRRTEN c) 74,75
yield , . ‘ : - :
3) Tem oerature~ o ] ' . ‘
‘a) Above bie- a) - - : a) 60°C {5') enhances ~a) 60°C (5') destroys - a) 73,85
kinetic ' . : signal sional
range. . o 120°C (10*) destroys : :
. o : o s1q"a] .
b) 5-30°C b)'dxﬂnal increases be]ow b) Same o : b) Same . S b) 71
c) Below 0°C c) Larger @ -15°C than 25°C é) Larger @ 25° than ¢) Larger @ 25° than ¢) 59,71,72

Smaller @ ~160° @ -150° or -140° 8 =140°

-Lz-



Table III (Cont.)

Variation ‘Bacterial Signal ' Signal 1~ .~ © Signal 11 References
4) Time: . - - SRS
a) Room Temp. o o e T - - ' .
1) Rise "a)1) Fractions of a second a)l) Fraction of a second  a)l) Fraction of a second a) 76,72,70,
2) Decay 2. . " nowoow .o oo 2) Initial--saconds - 71,59,65,
S o - ~ Complete decay--hours 77,78
b) -150°C . . T e e ' | E |
1) Rise b}1) o u " " b)1) Instrument limited b)) - b)Y 66,71,65, -
2) Decay - 2) " "o * . 2) Irreversible--no decay 2)  -- - 76,77,59

A"ZZf 



Table IV

Effects of Chemical Perturbations on EPR Signals of Photosynthetic Materials

Signal I

A

Variation Bacterial Signal Signal 11 References
1) Substitution of 1) Causes narrowing of 1) Causes signal to 1) Causes signai to 59,70,79°

() for (H) signal--interacting decrease in width decrease in width

protons not exchange- (H/D ca. 4.3) ' {(H/D ca. 2.6)
~able : T

2) Presence of 2) Increases rate of 2) Decreased steady- 2) Decreased steady- 72,80,81

reduced dyes decay-~decreased state concentration state concentration o

- steady-state cohcen-- of signal - of signal -

, tration ] o o ’
3) Addition of 3) . 3) Apparent increase of 3) Effect not dis- 68,82

DCrHY ' amplitude--siows rate cernible. = ' :
» ‘ of decay
4) K3Fe(c.":)5 4) K3Fe{Ct§')6 produces - 4) K3Fe(CH)5 produces "4) -- 66,83

Titration signal in dark--redox signal in dark-- ' o -

: rotential = +0,44 results suggest two
volts Lo onz~electron transfer
acts., +0.46,

5) Removal of

picments ' _ _ - '
a) -CHL{25%) - 5)a) Signal unchanged 5Ya) Stanal still present 5)a) -~ s a) 84,83
b) ~carotene and b) .- b) No effect on signal b) -~ = b) 85

aquinones _ - :
6) Addition of PMS 6) Destrovs signal - 8) - . 85

6)




Effects of b1o]oq1ca1 Perfurbatwons on EPR Signals of Pnoto synthetic ﬁaterialSA |

Table V

Yariation . -

Bacterial Signal

T signal I

Signal I1 .

0, Evolution

References

I) sttems : .
a) Green nlants- . -

cidonElte T

1) Cnioroniast - ‘ Present Present Normal 65,70,76 87 88 .
. 2) Quantascmes’ - P Pot detnctable;' Low 59 ‘
b) Aleae (whole cn11) - " ?resent " Normal 67»71,78,82,87~90 .
1) Complex P70 - " © Mot detectable ToLow 84 o
2) " pe72 - » o - ,92 _
. ¢) bacteria {whole cell)- Present - " Hone 59,71, 7o 78 91 ;
17 Chircmatophores I " - - .n 59,77 9] !F
II) System Treatments: - . A o
_a) Senicatlon : Present Preosent Hot detectsble Hone - 84,92 .
b) tashing : L e " Disappeoars . Decreases 85,87
¢) Aging at 0°C - ‘ - e Decreases to 0 .85
d) Freez:nq *Enhanced Enhanced Decreased None 59 )
IIT) Mutants: i _ , E . o R
a) Lacking gre en o1gr°nts _— Ahsent _ Absent - . None 89,72
) Lacking CHL. .- Present LI "o 50
¢) Lacking »uruucq01d5 Present--pover  -= - -~ 59
- . saturaticn diff, o - o _ B
d) Et1o]ated ' G . Absent Absent . Mone 59,67,88
e) Eticlated exposed to P Increases e Correlates 59,88
- Tight = . - o owffCHLY w/[CHL] - o
£} No 0., evolutien but - Present” -~ . 89 .

but aormau pigments

Absent -

None
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- ‘T’able v ’(Co:it.’)“;’_i‘_’ REURR A

o _‘51.;“‘.'

Variation

~ Dacterial Signal

Stgral 1

Signal 11

0, Evolution

References .

9)

Ho COy Tixation but
wormal pigments .

Bn deficient

Ro photosynthetic growth
but rormal pigrments

Added cofactors re-
quired to reduce K

’ f{Absent‘; SR

48 - absent

#17 - small

 #18 - normal .

~ Present

Present

.__JAbséni;?: ._'

Véry Tow

~ tiormal -

: "[_ow

89

3
Do
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' ch1orop1asts) (3) The. data were obtained by nuwerous investigators,

leand experimental conditions vary considerab1y. (4) A partwcu]ar

': variat1on may have been attemoted w1th bacteria but not with qreen “. d.  t'.Le

plants or alqae or vice versa, so a comparison cannot be made. |

(5) The compound giving rise to signal II in qreen plants and a1gae ;:'5'

is extreme]y sensitive to mild perturbations, as shown in Tab]e v, |

so this compound may not be present 1n order for one to determine the

: effect of another perturbation on th1s signal,, . |
Even with these difficulties considered compar1sons of the

data in these tables yie]d some usefu] informatlon. Taken toqether; ZJ;

the narrowing of the signa] linewidth when the ce11s are cultured in

020 (see reference 2), the spacing of ‘the enerqy levels. (q-value) and |

‘ ..the hyperfine scructure stronq]y {ndicate that the compound glv1ng

rise to signal,II is organ1c. Furthermore, the slow decay exhibited

by this signal, both in uhOIe ce11e‘or'when leached into water as

observed by Calvin and Androes,59 1nd1cates that either this organic .

'moiety has a large, resonating structure 1n order to delocalize the: |

unpaired e]ectron or a large, sterica]]y hindered structure to0 pro-  _'_

. tect the e]ectron. The effeCcs of reduced dyes upon tne decay kinet1cs

i'.suggest that the free spin results from an oxidation of the organic R ’::r"d ,

compound, not a reduction. | |
It is also evident from the tab1es that this orqanic moiety is .

1ntr1cate1y connected with the oxygen evo1vinq mechanism of photosyn- .

thesis and requires a spec1f1c form of binding in order to take part.lx

_ This assertion is substantiated by the followan. ‘(]) Signal Il is
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" observed only in green plénts and algae, not bacteria. (2) Mild 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) Aﬁents which impair oxygen evolution, such

as DCMU, reduce signal II. (4) Mutant strains of algae which do not
evolve oxygen do not display signal II. (5) The signal saturation

~ to light intensity corresponds to that observed for photosynthesis.'

A kinetic analysis of the two signals in whole ce11\a]gée, made

by Commoner and Heise,7o is interpreted to mean that signal 1I fol]ows; o

signal I in time and that the two signals are cénnected;'signal 1T

resulting from electrons supplied by the component giving rise to

signal 1. Although the interpretation that thé two are connected,
~signal II being formed after signal I, may be correct, the effects of

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

duced in the dark by ferricyanide suggest thét’the-species giving rise

* to the signals are in oxidized states, Therefore, it 1s'moré‘probab1e

that species 1 causes an oxidation of camponent -I1, not a reduction,
The data in Tables III, IV, and V indicate that the component
(or components) which gives rise to signal I is also an organic com-

pound (g-value, effect of deuterium sUbstitﬁtion for hydrogén),_is

~firm1y bound ﬁn the photosynthetic apparatus (requires extremé physi~ .

cal treatéent to destroy capacity to show sigral), and is connected

with the capacity to reduce NWADP (NAD) or'COZ,(data.obtained with
mutants),

The line shapes of siagnal I in algae and the sianal 1n_bac£erié

58c

were.comparEd by Weaver®® and Androes . resbectively, to fhe two
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theoretibai possibilities, Lorentzian and Gaussian, and were found to

more nearly approximate the-GuaéSiah-shape.V_A‘Gaussian shape is indicas =
- tive either of a spin system in which e1ectkoﬂ~e1e¢tron“1nteractions of ‘

"¢~neighbor1ng molecules or electron-nuclear 1nteractions within the same

molecule contribute to the linewidth or a system consisting of severa1
“distinct radicals in wh1ch_case the EPR pattern_is the resulting
envelope of narrover overlapping ]ines,sgc '

The facé that a portion of the sigha1s ohserved at room tempéra-

~ tures can be produced at Tiquid nitrogen and he]ium'temperatures,‘sugA 5

gests that-a photo-physical process - (photo-induced charge separation)
ifs involved in the production of at 1east a portion of the spins
detected at room temperature (spectrum characteristics sugoest that

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

This, the rapid response of the bacterial signa1-and signal I to 1ight,-f' o

the correSpondence between the kinetics of formation and decay of the _-f e

bacterial 1qna1 to those exhibited by the pxqment complex P890, 97 and
the presence of signal I {n the complex P700 1so!ated from algae,'ﬁ_
stronaly indicate that signaI I and the bacterial signal are intricately
associated with the photosynthetic apparat@s'in these.drganisms and
'probany'with‘the primgry quantum conversion process, Additiona) data
which substantiate this éssertﬁon'are that the concentrations of spins .
produced correspond to the concentration of P7003% and PgooB? in algae
and bacteria, respectively, and tﬁe redox potentfa1s of the species
glving rise to signal I and the bactertal signal, as determined by
titration with ferricyanide84n56 are equal to that found for P700 and
P890 by the same method,35,%9

. e g -
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- The QUantum yields of spin prdductfon in bacteria and in ch]oro-
plasts have been measured, as shown in Table III; however. the va?ues
reported must be accepted with reserve due to the techn1ca1 diff1cult1es

encountered in making the required neasurements of ‘the' number of spins .’

produced and the quanta of light absorbed

In review1nq the data shown 1n Tab?es III, IV and V, and the
statements made above, one must conclude that 11tt1e success-has been
made in identifying specifically the chemical species responsible for

thevsigna1s~or in re?atihg the signals to the primary quantum conver-

~ sfon process. The data stronaly indicate, however, that the signals

are connected with some portion of the photosynthetic process.

Statement of Problem

What are the chemical species responsible fof the photo-inddced '

EPR s?gné]s 1h photosynthetic systems? Do these species play a role

in photosynthetic quantum conversion or electron transport?_'These are

the principal questions which the wdrk.destribed-ih this‘thesis'sdught

to answer., Hore spécifica]ly, the work was berformed to ahswer'the

- questions whether di~tertiafybuty1nitrcxide (a stable free radical)
- would couple with the photo-induced radicals formed in photosyntheﬁicl_

materials and what product {or productS) is formed if a toupIing does

occur,
'Di—tértiérybutylnitroxide (DTBM) 1s a water-stable, soluble-free
radical first prepared by Hoffman108 and which he described as a
fviqorous free radical scavenger”. It shows a sharp, weli reso]véd,
symmetr1cé], three~-line paramagnetic resonance spectrum that is rela-

tively insensitive to the molecular environment, The chemistry of
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DTBN has not been studied extenswve]y. ' Howé?er. four distinct tybes
of 1nteractions can be envis1oned for this mdlecu1e.‘ It cou1d underqo
a one-electron reductlon to form a hydroxylamine which can be reduced
'subsequently to the amxne' an oxidative deqradat1on to 2-methyl-2- nltroso-
propane and 1sobuty1ene; or a coupling with another radical forming |
either an oxygén-sﬁbstitdted hydroxy]ahine or a tri-substituted amine

oxide, These reactions are represented by equations II_through v,

R>' e R o Ry . .
020 +ef =09 N-OH o
R o > ;v/ > p . o a
Yoo iy RS
\4- ):-o > R-NeC 4 c cnz + H@ R ¢
! 3 CH3 T
Ry : .“'- »R-ﬁ o e
)"0 A e )‘-0-"' o S
.p\ ,A

Ry : : .
' R>N;o +OA —
A NO

R = tertiary buty? rad1c31 M‘ = unspecxffed radicaT
The present work souqht to daterm1qe whether, in the presence of
' photosyntheticaT]y act1ve organ1¢ms and quht the nitroxyl radical .
would react w1th the radicals produced in these organisms via react1ons;'.
IV and V. If so, the Qsevof a V4c-labeled nitroxide would make it pes-
-~ sible to isolate and deterﬁine which constituent (or constftuents)
gives rise'tb the‘photo-inGUCPd EP“ éiqnals. |
Several difficulties were anticipaued with this approach. 'One
of these is the stability of the nitroxide itself, The steric hindrance
“provided by the bulky tertiary butyl groups supposedly confers on this

radical its Suab111ty. Therefcre, this hxndrance could also kaep the
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nitroxide froh reactiné«with the photo-induced|radica1§.' chevek, B

 Hoffman's statement that the nitroxide is a radical scavenger,land :

the fact that he was able to isolate tristért1arybuty1hydrokylamine,
whiéh,aééording to'him was formed by a radical meéhanism, show that"
this steric factor can be overcome. | | .. |
in additfon, radfcél-radical 1nteracfions are not detérmined’by
the 1ifet1me of only one of thé radicals involved. One must ;6hsider 
the stability of both~5pecie§ as well as the energy gained by the for-
mation of the chemical bond. If both rédica?s are extreﬁe}y stab1e,_ .,.

one would noi expect a coupling to oceur, - Howevek, if one of the

radicals is relatively unstable, its instability, aided by the enefgy '

gain from the formatidnldf‘a chemicallbond. ﬁay supply the d*{V1ng.“
force‘to promote the coup11ng.v The radical cannot be too unstablé or
else it can promote the formation of éthér radicals by hydfogén ;
abstraction or undergo self-destruction via_diSprdbortionation
reactions, ”, ' | S _
The rapid decay exhib1ted by'the_EPR.signal 1n'photosynthgfic |

organisms when the 11§ht is. turned off, suggests that the radical:

~gfving rise to this signal is unstable ahd.therefOre one might trap |

it with a nitroxide radical, Howevér, if the photo-inducedvradicél'

~{or radicals) is Jocated in the Yipid-protein matrix of the photosyn-

 thetic appératus, it may not be accessible to the nitroxide,

The redox potentials found within'bhotosynthetic organisms extend

at Teast 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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nitroxidé would dot undergo ad dxidation dr a-reductidn'wfth1n this
“range of potentials is not too great, Hopeful1y, however, a coup?an
reaction would occur in paral]el and at a rate to be comp9t1t1ve with id"
these forms of destruction. o |

Even if a coupling.reaction were to'ctéur betheen.the'nitroxide~"
and the radicals found in pnotosynthetic mater1als, th renorted vaTués _.
of the number of spins contributina to the detected siqna1584 98 sug-
gest that the amount of material obtained by this tyne of react1on
would be quite small and thgrefcre 1nsuff1c1ent for proper chemical

characterization. It must be kept 1n'mihd hbﬁevér, that the siqnal

detected by EPR. represent' on1y 2 steady-state value and not a measure S

of the amount of mater1a1 avallable.
" The product wh1ch would result from‘a coupling réactidn'WOu1d

have a structure 1nvo1v1ng an N-O-R linkage (R beinq an unspec1f1ed

atom) which 1s a relatively unstable spocics. Therefore, it m1qht not o

"be poss1b1e to 1solate the product, |
Even with all these difficu?ties'cchsideréd; andAsindé the expérf—
ments conducted to-date were not successful dn 1den£ify1ng the-species
giving rise to the EPR sfgnals in ﬁhdtosyhthetic;ordanismsior in con-
| ne¢t1ng these sighalsiwith the act of primary quénfum conversion, jf_

seemed worthwhile to conduct the experiments reported in this thesis.,
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© GHAPTER 11 |
CHECK OF STABILITY OF DTEN

The pﬁrposevof the work reportéd in this chapter was io test the

stab11i€y of DTBN ih vér{ous chemical environments.‘ The chemicals’

\

chosen for these 1nvest1gat10ns include compounds which are found in
photosynthetic organisns, others .which possess functional groups or

structures similar to thbse possessed by compounds fognd in these

 organisms, and yet others which are knoWn to interact with the photoQ

synthetic processes,

Due to the lack of 1nformation'qn ﬁhe,chemistry of DTBN and the
complex mixture of compounds found in photosynthetic organisms, know-
ledge of the interactions of DTBN in various chemical environments was

réquired in order to facilitate the search for the products of the

interactions of DTON with photosynthet1C‘organiéms. In addition,

knowledge of the effects of chemicals which interact with the‘photo-

synthetic processes on the interaction occurring between DTBN and .photo-

" ‘synthetic organisms can be used‘tb.relate the latter interaction with '

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

chemicals not interact directIy’with DTON.

Experimental

Since DTBN exhibfts;én EPRvsigna] (see aﬁpendix‘ll), an LPR spec-
trometer was used to detect whether DTBY reaéted with a chosen chemical, -
Tﬁe procedure involved recording the DTBN spectrum, positioning the
magnetic field so that a maximum.def1ection of the'reéorder pen occurréd;

and following the amplitude of this deflection in tfme. Since all fhese

samples were subjected to illumination, a perturbation which could qive
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risé to én EPR signal in the chosen chemfcaT 1nvth§ field Eegion bf'.
the nitroxidevabsorption, and since maximum defiéﬁtions in the OTBN =
spectrum occur at three d1fferent field pésitions. the fjeld strength
was varied between *heée'three pdsit{bns in dif‘erenf éxperiments.'

Two methods were used to prepare the sanp}ea. One of these .
involved preparing a stock so]ution of DTBN in an appropriﬂte so?vent. ':
placing a weiqhed anount of th@ other chemical into a. 5 ml vo1uwetric
flask, adding a measured anount of the DTBN solution to the TTask and.
bringing the re°u1tina nixturc to volume with the so]vent The seccndv
method 1nv01ved oreparinq JtocP sto1ut10ns of both DTBN and the cbcsen -
chemtca1 .and mixirg mcasured amounts of these. |

The EPR spectra, with the exception of those 1n so]ut1on 1n aceto-
nitrile, ethanol_and water. were taken u51ng cylxndrica1 quartz tqbes :
of approximately 4 mm I.D. These sdm§1es_wereufrdzen, evacuated to
a bressure of 1esshthan'5 x 10-3 mm Ho to remove pxygen, and thawed,v

This procedure was repeated at least thfee timesion each Samp1e6 The -

" tubes were sealed throush the use of greased vacuum stopcocks, The

Spectkalof the acetonitrile, ethanol énd water solhtioﬁs Were pbtaihed'
using @ 5 cm by 1 cm by 0.4 mm rectancular quartz ceil._ This cell is
not strong enouch to permit gvacuation or freezing 6f the sample, -
Therefore, in order to remove oxygen'from these samp1es, a nitrogen .
purge was'used. The'sample uﬁed fér the [PR was transferred under Np
with a hypodermic syringe into the EPR cell, which was secaled with a
rubber septum. |

The 1ight'sources,used for fTTuminationé were a 1000-watt

115-volt GF projection lamp (tungsten filament) or a 150-watt xéoq
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, ]amp..;The beam of the tungsten lamp was paéséd throdqh a water bafh_ |
(1-1/72 1n) cbntaining ﬂn IR fiiter andeas‘fbcuéed.ohtb ihe séﬁb?e
through s11ts}in the EPR céVfty, The beam from the xeon source wés
passed through a monocﬁromator and focused 6nt01the‘§amp1e usihg a
quartz lens, In experimentslinvdlvfng thévattenuatioh'of the 1ight
- intensity, metal screens, the transmittance of which had been deter-
mined on a Cary 14 spectrometer, weré inserted between thé sample and
the light soﬁrce.‘ The ehergy.output of fhese two ]ight-sourcés was
meaéured using a therm6p11e which was calibrated agaiﬁsi a light
.lsource supplied bylthe National Buréau of Standards. "This infbrmation' 
is reported 1n.the'append1x. o o | | ‘ | |
Also reported in the appendix are the method of breparaf1on and
properties of DTBN, the sources 6r'methods of preparation'and purifis
cafioﬁ of the vafioué solvents and chemicals, and a destritpfon of the
instrumental equipment used in these investigations. o
In two of the systems investigated, as wﬁ1]‘bg discussed below,
the products resulting from the interactions were looked for; Qsing
optical .spectroscopy (a Cary 14 sgectrometer), gas:manbmeters (see
' éppendix for description) and vapor phase chromatograbhy (descriptiob
:1n appendix), '

Results and Discussion

Expefimenta1 results arelsumma¥1zed in Table VI. The headings in
fhis table are self-explanatory, with the possible excepiion of the v”
last two columns. A plus (+) sign is used in these two columns to
indicate that a.reaction occurs betweén DfBN and the compound speéf-

fied in the second column. A minus {-) sign indicates that no reaction
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IR CTable VI
~ i Sensitivity of DTBN to Various Chemicals

. Concentration - S Oxyaen __.Solvent - Results S
" of DTBN ~ Compound(s) ‘Conc.,. with without Dark Light* s

.A11.coﬁc. (none) . eee . x Cyciohexéne (- (-)
1.06x10-5 M N;N-Dimethylaniline ;24? M f. “ " (=) (-5
. NN N -Tetra- .207.M - o L Z(-); (-)
methyl-p-phenyl- » - : S . .
ene diamine :
o j | Hexamethylbenzene .104 M  n : f ’ ‘. M | (-): (-)’, l" 
S quinoline <3N LM () ()
1.64x1075 M p-Chloranil - (sat.) o B G (+) (=)
8.0 X105 M o-Chloranil L0001 M | .. o ot (4) (<)
Tsat) o () ()
©iehorophydlh L m B W () ()

- . . 1,
S

3.95x10°> M Chlorophyll,

jo

~ Benzoquinone | ";03’M : 1§  ' R (=) H)
e e e e e () ()
2.94x10°5 M Naphthoquinone 2w . '..f x S ()
o ‘ | N O B
: i 6.2 x10°3 M ~lHexa?1uorobehzené . §-  ?'" 3'} 'Céfs ,. (=) (=)

L RN (=) ()

Duroquinone . W03 M

[P Uy JU. S
-
H

2.88x10f5 M '_Hydroquinone'__'i, (sat.)

Hexafluorobenzo- -
nitrile e

2.72x10°5 M ~ (none) | L -

i

: N (=) (-) ';".vgﬂ
" ' Tefracyahoethy]ene' 025 M " I (+) (=) . .7 ¢

x,_.,,,,‘
o
=
I
O
=

;Wf 6.5 x10~4 M . :(none)_ ' - ; c ; X fCHC13 (-i- (=)
" - s=Trinitrobenzene .210 M. - "ﬁ B (=) . (=)

 'm¢Djnitrobeﬁzene. arem I (=)

"f;l. _ p-Nitrobenzonitrile .99 - 4 (=) (=)

" . p-Chloranil o (Sat.) . . ﬂ. o n (+) (-)
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Table VI |
- (Cont'd) .
Concentration | | ' o '.:Oxygen‘ - Solvent Results
of DTBN Compound(s): - Conc. with without _ Dark _Light* .
. 6.5x10°5 M (none) X CH3CHOH (=) (=) -
. Chlorophy1l d (sat.) - "o " (=) (-) .
: : , . .>540 mu
" Chlorophyll. a + (sat.) " " (-) (=)
. 1,4-benzoquinone P ‘ R
' , i - . 350 mu .7
. L] . | : | L] (Sat.) , oon . " . (_) ' (+) .
3.95x10°° M'_' (none) - " Benzene: (-) (=)
o © Dimethyl-
formamide
. (5:1) |

z Lumi f1avin (sat.) W =) (=)

M Lumichrome 7 (sat.) " | " (=) (-)"5-
| " “Anthroquinone BTN I T " Benzene (=) (+);f f€f;f;

A1l conc, - {none) 1 ._. - X 0.5 M sucrose : T
. o ‘ ' : ' -in Hp0; pH (-) (=)
_ ‘ L . 6.8 P04 .
- 1.9 x10=4 1 KBHy | () ()

" KCN . 4, v . ' : .1 M hll. (1] (-) (-)

"o DCMUR CLoxiemdmoen " COREN C I

" NaDCPIP (ox)** 6.0x10°5 M " = v () (2)

w " (T'Ed)** : " " . - ' R T (-) (-) .

" Na Ascorbate 5.0x10°3 M " - " (+) (?)

“ ' KgFe(CN), o B.Ox10%A M wo () Q@)
.o1L.M I oM T e (4 ()
1.5x10-% M- Salycylaldoxime .01 M - " .f'-"' ) (=)
2,7x10"4 M Hydroquinone oM Hy0: pH 7. S (=)

*V151b1e 11ght A greater than apprnx1mate1y 300 my, :
**DCMU = 3-(3,4- d1chloropheny1) 1 1~ d]methyl urea; DCPIP = 2,6~ dxch]oro-
phenol1ndophenol
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takes p1acé. If a plus sign appears in the column labeled “dﬁrk" ahd
~a minus sfen in fﬁe co1umnv1abe1ed "1ight", this means that eprsure
of the sample fo visible light had no effeci on the decay rate which
is observed 1n the dark v | . | .. o

As shown in Tab1e VI DTRR undergoes reactions in the dark with
: tetracyanoeth/1ene, chhloranil. E;ch!oran11, sodnum ascprbate, the
semiquinone of banzqquinone and potassfum ferricyanide. With the
exception of the Tast two reactions, these interactions were not-
studied further except:td show that the reactions wefe not influenced
by 11lumination and the dark reactions vere irreversible,

Reaction with Semicuinone

' When DTENM is'added‘to a solution of 1,4-benzhydroquinone in wéter
'.buffered at bH 10 with-phosphété} a déstruction'of the>nitroxide_occurs.
If the sample is.removéd from ihe EPR'tUbe'éhd'exposed to air with
shaking, the nitroxide'reanpears. Aé shbwn in Figure 5, which is an
EPR spectrum of 2 mixture containinq hydrequinone and DTEN at ph 16,
both the nitroxide radical and the semiqu1none of the Hydroqu1none are
present in this sample. Both of these rad:cals d1aappear w1th time,
The nitroxide itse]f,is.stab1e in tha buffe% used'in_thése exwéri- '
ments, However, at.this pH.thé hydroquinone is oxidized by oxygen to
the semiquinone which is unstable and undergoes further reactions._'
Thus, a]tﬁduqh the'destruction of the nitroxide is associated with
the présence of the bydroquinone, it is not known whether it'is a1so-b5
connected with the presence and destruction_of the semtifnone radical.
Tho.foTTOWinq equdtfons express thefpbssibie réactiéﬁs which could

be occurring in these samples. In these equations ! represents the




v

?'"_"'IIO gauss

5 B - o ' XBL 677~ 4544'?1 ‘
Figure 5 EPR spectrum of - a m1xture contammg DTBN (10“4 M) and | |
benzhydroqumone (4 mg/m]) in water buffered at pH ‘IO w1th phosphate. '
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nitroxide; NH, ditertiarybu;ylhydroxyl amine; H,Q, hydroquinone; QH,

- semiquinone; Q; behzoquinonéé ?,-unidentified polymer products; QHéQ. ‘

a quinhydrone complex; HGN, a coupling product; and [o], molecular

oxyaen. B | N ‘

T 2l Ll g - Vl-a
-1120+o-—'_;__'—_~:dt;2q' - .Y

O+ N ::::'iﬂvx (coup]inq product)_f  v{v:'.‘ ," Vi-c

CH 4 N = O+ CE i

| QH # = Q o o Vi-e

R L. R

g ———— — o g

Experiments show that reactions VI—a b, fand, g occur in these

samples and the reversib1e nature of the nitroxide des truction suguests".

~ that either rract10n VI d or. VI-e 1s aiso tak1nn p}ace and that reaction
' VI f is un¢b1e to comptte with roaction VI-a. Thus,-the oxidation of

the hydrOXJlam1ne does not occur unt1l»e1ther the -‘hyvdroquinone is

expended or an unlimited supply bf oxygén is present {until the sample

is removed from cell and i§ shaken with air). The reversible nature
of the nitrqxide'desﬁruction does‘het,'however, rule out reaction Vi-c,

gspecialiy if the codp]ihg of the radicals results in the formation of. .

a relatively unstable, oxygen-oxygen bond between the nitroxide and
the ﬁemiquinone. .

Whether the nitroxide is destroyed in this system through a

' qoup]ing with the semiquinone or by a reduction to the hydroxy]aminé '

is not known., The answer to this question requires the identification;

of the product (or products) whose instabi1ity so far precludes its = .

isolation.
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~ Reaction with KaFe(CH)e |

The interaction of DTBN wifh‘K3Fe(CN)6 is an oxidation of the |
nitroxide, If the two.chemicals are mixed in the dark in équimo1ér |
amountsl(m .01 M) in a c]qséd system and thé-pressure above the solu~
tion is monitored, a preSsdre increase is observed as shown in Figure 6; |
If the sample is then exposed to visible light, a rapid decrease in
pressure is observed (also shown in Figure 6). |

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

chromatography and found to contain 2-n1troso—2-methy1propéne and iso- _:7'.

butene in a molar ratio of 3,6:1, fhe jdentities of these two were
ascertained by co-chfomatOQraphy of the étmosphere'over‘the sample
- with added amounts of the known compounds., The response of tﬁe vPC  ‘;
detectién system fo these two compounds was calibrated by injecting
~known amounts of these two compounds -and plottidg the recorded peak
area (measured by triangulatfon‘method) versus the amount injected.
Using the resulting curves and meqsured peak areés.'the molar rétio
of the twe was detérmined. A trace from the VPC of the gas atmosphere
| is shown in Figure 7.
| Extraction of a simiTar reaction mixture by pentane yields a
solution which has an‘opticaIVSpectrdm as shown in Figure 8, Thé
absorption displayed in the reqion of 680 muifs identical to that
exhibited by the nitroso compound.‘og
Unfortunately, a material balancé was not possible due to tﬁe 
“heterogeneous nature of the system, However, since both the nitrosb vv
compound and isobutene are insoluble in water, the ratio of these

two compounds in the gas phase is probably a true ref?ecfion of the-J.
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 Fiqure 6, Pressure changes above a solution containing’

K3Fe(CN)g: 0.01 M 4n both.
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thuré 7. VPC traces of the atmosphere above a solution containing

0.01 M DTBN and K3Fe(CN)g before mixing (a), in the dark after mixing (b),

and in the 1ight after mixing (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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Figure 8. Optical absorption spectrum of a pentane extract of a

reaction mixture coh'taining DTBN and K3Fe(CN)5;v0.01 M in both, kept

in the dark.
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" ratio formed in the reaction. ﬁlf‘ahythiﬁé; one would expect that the

ratio of the two formed in the reaction is greéter than 3.6 since the
nitroso compound is’known to form a dimer in aqueous solution’lo which

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

~isobutene primari]y in the gas phase°

Attempts to detect by VPC add?tiona] compounds conta1n1nq a ter-
t1arybuty1 group, such as tertiarybutyl cyan1de or tertiarybuty! alcohol

- failed due to the tailing of Hy0 in the VPC columns, Attempts to

extract the water with pentane or diethylether also failed<to,yie1dk
a compound 1dent1f1able as a tertiarybuty? derivative,

Examination of the water solution by EPR did show that the nitroxide
was comp1ete1y‘destroyed. However, the optica1 spectrum of this so]un

tion has-an‘abso§pt1on maximum at 420 my which is due to K3Fe(CN)6.

- The magnitude of the optical density of this peak (e = 103) indicates o
" that 3.6 times as much DTBN fs destroyed as K3Fe(CN)6. |

The correspondence between the ratio of DTBN to K3Fe(Ch)6 destroyed
and the ratio of the nitroso compound to 1sobutene formed, suggests that

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

ferricyanide and possibly by the tertiarybutyl group which is unace

counted for.
| 1t should also be mentioned that the reaction occurs even if oxy—‘
gen is excluded from the system. Also, a s]ight blue precipitate
forms which is probably ferro-ferrvcyanwde or ferr1-ferrocyanide.
Equations which can account for these observations are as follows:

H3 Ha
4Fe(Ch)‘3 + 4DTBN ——— 4Fe(C&)“4 + 4 CHa—g-N=O + 4 CHa-g 3 VII~a
Hy - H '

3 '3 -



. H3 | L H3 L 3 , |

3oHg(Y 4 3 Fe(eN)t —> 3 oHp(tT + 3 Fe(oW;d T VI

_ i | H R : '
3 3 4

e H. |
1 cn3-§53 — 1 CH'2=C}: P VII-c

, : Npu
Ha CHs

‘The fate of the terfiérybutyl radicéYIis probably a coupling with DTEBN

.to form tri-tertfarybuty]hydroxy1amine, aithdugh,this compound was not

detected, The retention time (r.t.) qf'this compound is very large

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

| of appendix II. With such a large r.t., the quantity of tﬁis material

one would expect to find in these. samples would not}bé detectable due

to broadening of the VPC peak with a resulting decrease in the amplitude,
Following the dark reaction, vhen the sampIe is 111um1nated with

white light, a rapid decrease in pressure is observed (see F1gure 6).

Ana]ysis.of,the gas phase, again by VPC, shows that the ratio of iso-

butene to the nitroso compouﬁd has increased (see Figdre 7). This obsér-

: vation is in agreemént with the experiments of de Boer,”'l who observed

a photochemical degradation df 2-nitroso-2-methylpropane which suggested v

"the sequence of reactions shown below:

: H3 H3 : '
CH3~§~N 0 —-i? NO + CHj- g , ' . ViIl-a
H3 . W3 - o
| oy c gy o
2 tn3-§°3 —> Hpt=c? ¥ 4 CH3-2H°v R 43 S
T e NeH H | —
3 3 3
 CHy 13 o | S
053-§°'._ + CH3-§I-!N=0 —> OTBH | VIII-¢
1y R ) |




v '47-v S .
The nitroxide formed by equatidh}VIII-c would then idteract wfth the
Fe(CN)g3 again producing more nitroso. This would COﬁtinue‘unti1 the
nitroxide is transformed to NO, isobutene, and some unknown tértiarybutylb
derivative, The NO is prbbab]y complexed with the ferric and cyanide
fons to form [Fe(Cl\l)s(P‘tO)]"3 or with free}ferrous fons, to form EFe(NO)}+2.
’_However. a search for either of.these.ions was not conducted,

Although the desfruction of DTBN by ferricjanide isiquite‘rapid

if substraté quantities of both are used.‘thé.rate of ihis:interaction
- when the condentration of ferricyanide is below 10~2 M and the concen-
tration of DTBN is approximately 10'4vﬁ.is so slow thaflno notfceable
change in the EPR spectrum of the nitroxide is observed over a 30-min
perfod. One would expect a decrease in the rate by a factor of 10
Just by cons1defatfon of the concentration differences. betheen
(;01‘ﬂ)-x (.01 M) and (10‘2 M) x (10-4 M) assumfng a second order
reaction involving one equivalent of each species,

Reaction with Quinones

Since compounds with-quinone functional groups are found in piantS'_’
and photosynthetic bacteria and'sincg I intended to investigate the
interaction of DTBN with these 1attér systems under the influence of
visible light, I decided to investigate further the quinone-DTBN photo-
chemical reactions reported in Table VI. | | |

~ As shown in the table, DTBH does not fnteract in the dark with |
1,4-benzoquinone (BQ),.dbroquinone (09), or 1,4-naphthoquinone (ﬁQ) in
cyclohexane nor with 9,10-anthroquinqne (AD) in bepzene.- However, |

when these systems are exposed to visible light, a rapid destruction
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of the'nitroxidé occurs., These react1§hs are inhibitéd if oxyqen has
not been removed from the'éamp1es. A typical trace of the decay of
the nitroxide resonance signal in the benzoquinoneonTBN fyotem is shown
~in Figure 9, _ |

After the destruction of the nifroxide and the samples are pTéced
in thé dark, the nitroxide reappearé slowly, as shown in Figure 10, |
The amount of the nitroxide which reappears varied between 50 and 85
percént of the original stérting_material in different experiments,
Table VII shows the free spin Concentratibné; both before and after' 
~ exposure to 1ight, in systems containing originally 2.94 x 10-5 M DTBR o
vm’th .031 1 B, .032 I{DQ, and .017 féNQ. Also included in a sample

- containing only the nitroxide.

Table VII

" Time "r I3 X 105 1 DIOH with
{hrs) 2,94 x 105 M TOIT R ~037 5 00 0T BT

0 2.9x10%5 spins** 2.7x10'5 spins 2.4x1015 spins 2.7x105 spins

o* 2.9 " v 0 0 0

12 3.0 " " V1 J7x1015 spins 1 9x1015 spins 1. ZXYO]J spins
20 2,9 * " Lg% 9 v e g oa
390 2.8 " " L5 " % 9 0 omaq v
65 2.8 " " L9 " 4 g vor o qg v

*ifter exposure to 11oht
**Calculated from concentration and vo1ume 3 1 x 1015 spins

t1 2 for the destruction of DTBN in thnse samplef was 3.4 sec for B],
.Y sec for 80 and 17.2 sec for Df},
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The procedure followed in obtaining the data shown in Table VII

fnvolved measuring the spin concentration immediately after'the samples
.  were'brepared, exposing the samples to light and then étoring the
sam§1es in the dark at room temperature;vmeaﬁuring.the concentfation
of spins at the tifies shown in the table. |

~ The actual number of spins was determfned using the following

forrula:
v My i 2 A2 G g . -
' = : - e ins § . IX
f spiﬁ X ﬂ;;' KH;‘ A &, Oy # gpwn -

| Qﬁefe S refers to a standard, X to‘aniunknown. and Hy, = modulation
amblitude, AH = 11né width, A = the signal amplitude, G = the gain of
the complete system, and ¢ = the g#va1uelof'the resonance line, B
This formula is based.upon the assumﬁiion that the shape'of‘the
EPR absorption spectrum'approximates a Lorentzian 1in§ (which is true
for the DTBN spectrum) and requires the simultaneous measurement 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 was‘Cr+3 (a known‘quant1ty) incor-
poratéd as a substituional impurity in MoO which was tﬁen dispersed in
polyethylene. An EPR spectrum showing the sighaTs due to both DTBN

and Cr*3 is shown in Figure 11, To record this spectrum, a soiid

sample containing cr*3 was fixed in the EPR cavity a1oﬁgside a quartz -

tube contéining DTBN in solution. The data téken from similar spectra
were used to ca]cuTate the number ofJSpinﬁ'reported in Tab1eYVII. Thef
numbers shown in the DTBN sample compare quite well with the number

of spins calculated using the concentration of the DTBM in these.

samples and the volume used.
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Figure 11, EPR spectrum showing the signals from DTBN (10'4 M) and
Cr+3 (1016 spins); different gain settings,
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Attempts to detect products from the ‘reactfon of DTBN with 1,4~ .
benzoquinone using VPC and thin-layer chromatography (TLC) failed. .
éamp]és containing equal concentrations of the two species yield-peaks
in the VP chromatogram due fo the nitroxide andvthe quinone hoth befdrel
- .and after illymination. An additional corpound is present following
the 11Tumination; hnwevér, it is also formed in. a aquinone blank after
_ exposure to light, ,

- Since the quinone undérgoes a photochemiéal redctidn by itself, an
cxperiment was conducted to see §f n:eh was 1n*eract1ro vith the product ;
of th1s reaction. Tubes were constructed w1th stopcocks isolating two
compartments, one above the othpr. A_qpinone so1utionl(.03 ﬂ) was pIaced
‘1n the lower half cf this tube,. oxveen was removed; and this'sectfon was
closed off at a presﬁure of 10°% rm Ha. A CTBN solution (ca. 10‘5.ﬂ) |
- was tﬁen placed in the uppervsection, oxygen was removed, and an atmose .
phero of Ny wag 1ntroduced , _

With the tube in the EPR spectrometer, the quinone was 111uminated
for 3 min and then left in the dark for 1 min. The DTS . was then aTlowed: ,
.1nto this section, the pressure difference causing a rapid mixing of the
two solutions, Comparison of the nuhber of spins in the resulting mix- -
ture with the number found in an expériﬁent without the quinone, showed
that none of the nitfoxide was destroyed, ‘If the two solutions were
mixed at Fhe‘timé of turning off the light, approximately 50% of the
nitroxide was destroyed, indicating that the species with which the
nitroxide is interacting hgs a long lifetime compared to ordina}y singlet
state li{fetimes. | |

This latter observation andvthé fact that oxygen’inhibits-the'A"

reaction (see Table VI and page 48) Suggest that the nitroxide is
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reacting w1th the triplet state of the quinone although tﬁis spécies'
was notvdetected fn these sémp1és by EPR at room temperafure or at
1iquid nitrogen temperature. |

Additional evidence which substantiafeS the proposal that the
triplet state bf the quinone is invb]ved is the Thck of a photochemicai
reaction between DTON and ortho or para-chloranil. The heavy chlorine
atoms are known to duench>tr1p1ets.' This evidence must be accepted
with:resefve, however, since DTBN reacts with fhe ch1of&hi1s in the
dérk. A photochemical reaction between DTBN.and these species might
‘also be oceurring but at a rate much slower than the dark reacfion rate.
Therefore, the photochemical reéctfon wou1d contribute only slightly
to the overall destruction rate and would be undetectable.

The kinetics of'fhe reaction in-thiéisystem vere also 1nvestigated
with variation of the light intensity (monochromatic light @ A =
458 % 5 my) and. the concaﬁtration of DTBN.

The simplest sequence of feactions'thét one wpu]d expect to occur

in this system is as f611ows:

| o ¥ - | . | _
Q= [0*] = Py | X-a
ko Ka _ v
C[f] —2» [ —3» Py - . X=b
[QT] + nn f-E£€> Pq | o | o Xec

where Q represents the quinone: Q* ahd QT, the singlet and triplet
state of the quinone, respecti&e]y;'P1 ahd Po, products from the excited
states, including the quinone 1tself; N, the nitroxide; P3, the product
from the nitroxide and quinone; n, the number'of nitroxides involved;
k, the rate constants of the specified reaction; dnd'la, the amount of

light absorbed by the quinbne;



The equations which descr1be the variation of the ex1cted Jtate _'

'qhinones and the nitroxide concentrations with time are as follows:

I R (I P31 (0 P - ke
T e | -
O RN (1 115 LD &

- where 6 represents the primary"quantum yield.
| Assuming a steady-state level of the excited states of the quinone,
the1r concentrations and the rate of the chanqe of the nitroxide are

g1ven by the following:
¢Ia

' ko o1z - S |
T 2 9ia )
(] = gy gy K=t
AN, -kakaeIa[NI YA | A
3 T WG w0~ W T SRR
vwhere k' = kpd and k = K3 '
F.]+E2 o T{z

fhe sb1utions to equatfon X-i for the cases of n =<1:and n=2-
in'terms'of measﬁraﬁie paraMeterﬁ,'assuminq a direct proportiowaifty'
" between the concentration of n1trox1de and the height of the EPR |
' spectra1 lines, are: | |

(n=1) Kk InS/S,+ M [S/Sg - 1] = k' It x;j‘

k' 1, ot K |
n=2) SJS.= a . Xk
A >0 No  So/5 - 1 NyZ

where Sb and N, represent the béight of the nitroxide EPR spectré]
line and the concentration‘of'nitroxide, respective1y; at time zero;
S and'N, theée same quantities at another time; t, the time; and k and |

k!, as shown above,
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It shouid be noted tnat these equations are. valid (even if the
' mechanism proposed above is correct) only so long as the assumption :
' regarding the direct proportionaiity between the_signei height and
the nitroxide concentration is correct Also, another essumption |
" needs to be considered This i{s that the'tota] change in the signal ",
'»height is due to a change in the nitroxide concentration. This is not
_an in51gnificant conSideration, as 1s discussed in the appendix.

As can be seen in Figures 12 and 13, which are plots of expeni?i .

~ mental data occordinq to equation'x-k fonle Variation of the initiai e

) concentration of nitroxide (No) and a variation of the iinht intnnstty, B
respectively, the destruction of the nitroxide fo]iows the mechanism

. shown above in which two equivaients of nitroxide react with one qu1none"v'

"“'v quiva!ent

_ Accordinq to equation Xk, the slope of the straioht iines in ' _
o Figures 12 and 13 should vary iineariy with the reciprocai of thevr"'f.'
w-initia] concentration of'tne nitroXide anddthe relative iight inten- f‘i
sity, respectively, The-interCepts’of the lines in Figure 12.5hobid ,:f-
vary linearly'as thevquare_of the keciprocal of the initioi concen-.’ff
-f'_tration. Aé shown in'Findnes 14, is-and 16; thesé'qu&ntities do vary‘ N

in a iinear manner w1th one another. .However, the intefcept of the

' ,_p]ot of the rate versus the reCiprocai of the concentration should b

2ero, The rcaSOn for this inconsistency is unknown but it is pos-
sibiy due to the problems considered in appendix I,

The vaiucs of the rate constants, k and k Ia, caicuiated from tho"
- 'data contained in Figures 12 through 16 are: k'Ia 5 2.5 x 10‘6'and -
2.0 x 10°6 moles/e. sec and k = .42 x 10710 and 3,8 x 10710,
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. Figure 12, Concentrat1on dependence of DIBN EPR signal photo-induced
‘decay 1n 0.03 M benzoquinone cyclohexane solution without air; illumi-

nated with 1ight of wavelength 458 * 5 my, The coordinates are defined R

by equatlon X-k in Chapter Il.  The concentrations of DTBN were
©7 0 1.8x10°5 M (open circles), 3.5x10-5 M (triangles), and 7.1x10-5 M
B (c]osed cmrcles) ‘ ' .
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Fiqure 13. Photo-induced decay of DTBN (3.5x10~> M) EPR signal in a

0.03 M benzoquinone cyclohexane solution without air as a function of
relative light intensity. The coordinates are defined by equation X-k
in Chapter II. The samples were illuminated with light of wavelength

458 * 5 my (5.0x1014 quanta/sec/cm?). 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 Tines in F1gure 12 p1otted versus the :

‘reciprocal of the 1nitia1 concentration of DTBN SR
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Figure 15. - The intercepts of the lines in Figure 12 p10ttéd as a
fuﬁction of the square of the reciprocal of the initial concentration

of DTBN.
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;fJ‘Figu?ef16 The 510pes of the 11nes 1n Figure 13 p1otted as a funct1on

o of the relative 1ight intensity.
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vwhen S =1/2 So' equation X-k r"duces to the fo?lowinn'

Mo = 2 k' Ta(t1/20) “2k N Sl
1 L 2K | . c -
tiz (022 K a0 A-m

| 'Figuresv17'and 18.show the p]bis'of thé data (thévsame:experimental'" 

data used fof Figu}es lziand 13) aﬁccfding'to‘equations X~1 and YXem,
réspective]y. From these plots the values of the rate constants,
k', and k, are: k'Ia‘= 1.0 x 1076 and 1.1 x 106 moles/2. sec (or
1.5 x 10-6 depending upon whether k = .4 xJO‘10 6r 3.8 x 10-10),
and k = =.8 x 10‘10 }Aqain the intercept of the plot involving the
variation of concentration is not in aqreemtnt with. the equation, In
Fiqure 17, the 1nterccot shou1d b° negativc according to equat1on X-1.

" The values of the rate constants (k'Ia, ca, 10-6 mo1es/£. sec and
v k,’ca. 10~10) are not unrea,onable. ‘The measured 1ight intensity of ‘

the source was 5.0 x 1014 quanta/sec/cn®, This Tight was passed

 through a glass filter (4-96) which transmitted 94.3% of the light

at 458 my as nwasured in a Cary 14." Another 57% of the intensity was
:_ lost in passing jnto the EPR caQity (mnt31 wjth entrance slits--optical
v.density measured in Cary 14), Allowing for another 50% loss due td
scatterinq upon the cylindrical tube used in the EPR exuerlwerts tne
approximate 1ntonsity reaching the sample was 1.0 x 1014 cuanta/sec/cr?.
The length of tubes illuminated was 1 cm (dimension of spox on entrance |
" plate of cavity-diameter 1 cm) and the width of the tube was 0.2 cm.
Therefore, the area illuminated was 0.2 cmz. Thus, the intensity of
light reaching the sample was approximately 2 X 10]3 quanta/sec. The

concentration of benzoouinone was 0,03 w and fuc extinction coeff1cient

o
d




" “Figure 17. ‘The data shown in Figure 12 p1
%1 in Chapter II. .

1o 20 : 30

-t Nox i045 (séc.ﬁioles £-').
- re T S

1

i

XBL 678~4577

btted'according to equatibn fu.'
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for this quinone ét 458 my s 21.6 z./molé_cm._ Therefofe, assuming é
- path 1éngth of 0.2 ¢m (the>d1ameter of the tube), the sample absorbéd.
ca, 1012‘quanta/sec or ca. 10-11 einste1ns/$ec.r The rate‘cénstant, ‘7
| k'I, is ca. 10-2 moles/cc/sec, The‘volume of sample illuminated wés:
. approximately 0.03 c¢c. Thercfore, k'Ig'is approxiamtely 1011 moles/sec,
k' is ca, 1. Since ¢‘= 1, this would mean kl is equal to'k2 or ﬁifhin
a factor of 10° of_k?_considerihg all the approximations required to
~‘reach this conclusion, | |

Since fhe absorp;ion band at 458 mu fn benioquinone is an h»n*
transition, the probability of'this transition is quite Tow (emax = 21.6).
Therefore, ky would be approximately 109 to.107 cbrresponding to a life-
“time for this state of 1075 to 1077 sec. This is a long lifetime com-
pared to w+a* states which normally have Tifetihes of 1078 to 10°10 sec.
The long 1ifetine of the ns»r* state 1hcrease$»the probability of inter-
system crossing (sing1et to triplet). Anqther factor operating in the
n+n* state to increase thé probability of singlet to tripiet conversion
is the low'energyvgap between fhe singlet and triplet states.“ ‘

Also, the value of k (}0'10) means that k4«,1010 kq (rate constants
bf the reactions X-b and c). This is also reaSénab]e since kg reflects
the lifetime of the triplet state which is,}oﬁgv(again due to spin ?or~

- biddenness) and therefore K3 is small, whereas k4, which represents

o possibly d coupling of two radicals (the nitquide and the triplet

state of the quinone which can be considered a bi-radical), could be
quite 1arge.
The data in Figures 12 through 18 suyggest that two nitroxides

are destroyed by one quinone, a reasonable ratio,'especially if the
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quinoné triplet state is involved, A pbssiblé sequence of reactions

consistent with this ratio is as follows:

. ) N ¢ 0. A . » N . L
R\ . R\ : . ! . ) 7 . " v‘ ]
HIO + —_— ,m-o-o-<::j>-o~ | XI-a
R’ R . e
0r o
. S i ., B -
Hi0 o+ :m-0»0-<:j:>-o- = jm-o-o-<:f3>fo-o-w: © XI-b
R© - R R g R S

Ry Re o |
Ne00- (0 P0r > w0 ¢ R Y

The fact that the experimenté1%data fit eguation Xéﬁ_méans‘that '

XI-b is much more rapid than XI-a or Xl-c. Also, fhe'sToW‘kinetiés

“displaved in the reappearance of the nitroxide (see Ficure 10) suggest

that the raté of one of.the back‘rcéctjnnﬁ depicted in XI-h and XI-¢
is quite slow, if the échene shown aboveiis correct,

More evidenée which supports the giveh scheme is the observation
'that duroquinone,’1,4-naphthoquinohe’ané anfhroquinone éli photoreact
with the nitroxide, This suggests:that the two oxyeens of their quinoid
struttures are involved and not the ring poﬁitions; :

Summary ' |
The data presented in this chaptcr‘indicatérthét DTIRN i< stable

to a number of different chemical environments. The excepticns to

- this are the chemicals, tetracyanoethylene, chloranil and K3F¢(CH)6,

_vhich are normally considered strong oxidants, and also a strong . -t

reductant, sodium ascorbate., The reaction betweeﬁ K3Fe(CN)6 and DTBN
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was shdwh3to'involve an oxidation of DTBN to,isopytené and Z»mefhyls |
2-n1trosoprobane.which was complicated by a photochemical reaction of
thé nitroso coméound;

A photochemical reacticn between DTBN and sevgraT;quinones is a]s;f
‘reported. Kinetic experiménts invblv1ng the photochemical 1ntef§ctfi,fil
of DTBH with 1,4-bhenzocuinone suggest that two molecules of DTBN renét
with the triplet state 6f the quindne to form an unstable di-paroxide
type cqmpound. The instability of the product of the DTBN-aquinone
reaction makes its isolation impossible, |

As shown in Table VI, DTEN'fs stable in the presence of chlorophy]i'g
~and b, both iﬁ the dark and in the light. This is pointed out_beCause |
these two compounds are the primary piecments in the biological system

used fn the investigations reported in the next chapter.
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N . S Chapter III f“” N \
o REACTION OF DTBN HITH PHOTOSYNTHETIC ORGANISHS -

- ln the foregoing. evidence was presented which shows that DTBN

{s unstabie to both strong oxidants and a stronq reductant. It aiso N

o ,'undergoes.photochemicai reactions with quinones. However, it is

- stable both 1n the .dark or in the 1ight to chiorophyii 2 and b,‘the |
4two principai pigments tound infphotosyntheticigreen piants. .
As stated in Chapter I, 1t is conceivable that DTBN. possessing
- an unpaired electron. couid coupie with the photoinduced paramaqnetic
species observed in photosynthetic orqanisms. This chapter contains

“the resuits of an investigation of the photochemicai interaction of

‘f DTBN with chioropiasts isolated. from Spinach ieaves. These results j,ﬂ5{5*j“ifi

" are presented in four sections.,‘The first of these is concerned with = =

studies conducted to detennine the effects of various chemicai and
physical perturbations upon this interaction. The second discusses '

B experiments which relate the interaction with. photosynthetic oxygen :‘

",ﬂf production, The third gives an analysis of the products of this inter- fffLF*l~

~action, The fourth discusses the conclusions drawn from this work.

Kinetic Experiments

The basic experiment to be discussed in this section is the obser- fih”7

o vation by EPR techniques of the photo-destruction of the nitroxide |

(DTBN) contained in a water Suspension of Spinach chioropiast fragments.’; )

When freshly isolated chioropiasts from spinach leaves are sus-
. pended in a 0,5 M sucrose solution buffered at pH 6.8 by phosphate and
containing DTBM, a rapid, irreversible destruction of the nitroxide

occurs in the'dark. The same observation is,made"with intact Chlorella

~ cells (algae) and the photosynthetic bacterium Rhodospirillum rubrum,
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Chromatophores isolated from Rhodospirillum rubrum by sonication

 of the whole cells also cause a fast, dark destruction of DTBN., When
these samples a;e 11luminated, 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
ichange in the dark destruction. -
However, when spinach chloroblasts_are washed severa1't1mes with
buffer so]ut1on_or are allowed to age severél days in a cold room in
~ the dark and chloroplast-DTBN mixtures prepared from these chlorop]ast$ :
are examined in the dark by EPR,_on]y a slow decay of the nitroxide
_ resonanceyis observed. When such preparations are 11luminated with
"v_light of wavelengths greSter thaﬁ 5400 K, the rate of destruction of
| thé radical is increased. The same results are observed with chloro;
- plast fragments obtained by ruptufing the chloroplasts in distilled
“water or in 0.05 ﬂ;sqcrose so]dtion 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.“2 The leaves were
purchased comercially (Befke]ey Market). Following the 1solation;

- the chloroplaéts were then efther washed_three times with buffer solu~
| ~ tion or else allowed to age 1ﬁ 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
vwhen mixed with DT3N caused only a slow destruction of the nitroxide
~ in the dark, The photo~induced destruction o% nitroxide is sti11 ob-

served,
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Figure 19, Time response of DTBN EPR signal to light. The initial
reactio'n mixture contained 1>.4 mg chlorophyll (a+b) per ml of suspen-

sfon, 1.67 x 10-% M DTBN, 0.05 M sucrose, 0,05 M phosphate buffer, pH -

K12

© 6.8, Light with wavelength between 5400 R and 9800 R was used. Base-

.Hne check was made by displacing field from resonance value. Sample IO
. . ) ! . v' n

purged with nitrogen.
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) Chloroplast fragments were'obta1ned,:as'statéd‘above} by;fupturfng.'
1‘ch10rop1a§ts either in pure distilled water br.in .05 ﬁ.sucroﬁe solu- v}
- tion buffered at pH 6.8, although the latter method {s the one geher&]lyv>_
"f,f0110wed."The dark destruction of the nitroxide stil occurs {f frag~ |
“f ménts are used; however, it is huch s1owér 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, it‘has been';' |

assumed that the same phofochemica] destruction of the nitroxide is'
occurring with poth the chloroplasts and the fragments, and no dis=
'tinction s 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 3

question was’compared with a sample which had been subjected to the per-  ”‘

turbation of interest or which contained the chemical of interest,
| The procedure fo]]oWed in preparfng the sahp]es used in these
_ studtes cbnsists in suspending the,chioroplasts in the sucrose buffer

and using this suspension to bring known amounts of DTBN solutions to
.a known, volume. Stock solutions of DTBN were p%epared in 0.5 ﬂ.sucrosé
solution buffered at pH 6.8 and their concentration determined assuming
~ the extinction coefficient of the nitroxide in this so]utign to be the
same as it is in water (see Appendix 1I, Figure'ss);

When another chemical was added to the NTBN-chloroplast mixtdre.

a stock solution of this chemical was prepared and a known amount of
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"this_solutfon was added. An équal amount of buffer solution was then
added to the DTBN-chlofoplast control fn order td maintafn equal con-
centrations of DTBN and chloroplasts in all samples. If the chemical
: - was hot soluble in water, it was preparedvin:a suitable solvent and

B added to the DTBN-ch1ofoplast suspension using this solvent, In these
cases, the same solvent was used for thé control sample instead of the
- sucrose buffer,

The experimental procedure-wa; essentially the same as that em=
ployed for the study of the interaction of DTBN with quinones reported
in Chapter II; The EPR §pectrum of DTBN was recorded. Then the mag-
netic field of the EPR spectrometer was positioned at one of the three
field strengths where méximum deflection of the recofder pen occurs in
the nitroxidé.reSOnénce (see Figure 11, Chapter II), The position of
the base line (the field region where the microwave power is not ab- . .
- sorbed) was chébked through the use of additional coils érbund the EPR -
' cavfty. When current was applied to these coils, the resulting field
was superimposed upon thé main sbectrometer field, causing a displace-
ment from the resonance va]Ue of the nitroxide. Thus, the signal
height of the particular nitroxide resonance line chosen_for obser-
vation was followed with time with perfodic checks on the base 1ine,
Typical results are shown in Figure 19, |

~ The 1ight source used for illumination of the samples was a 1000
watt. 115 volt G.E. projection lamp (tungsten filament). The light
frdmvthis soufce éfter passing thkouﬁh a water bath (water flowing)
1-1/2 1hches long; containing anzinfrared'fi!ter, Qas passed thrdugh_
additional filters (Corning 1-69-and 3-67)}and focussed 6nto the sampIe
through slits in the EPR cavity.i Figure 20, the ébsorbtion §pectrum'of

j
I
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Fiqure 20, Optical absorption spectrum of Corning filters 1-69 and
3-67 1n combination, : _
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th1§ filter combinatfon, shows that 1light ofjwavelengths 1es$ than
5400 R and greater than 9800 ﬁvare remdyeé. This light was excluded
sihce chloroplasts contafn quinones which cduld photo-reéct with the
nitroxide (see Chapter II). | |
| Attempis to use monochromatic light supb]ied by a 150 watt‘xeon
Tamp failed.‘ The light intensity obtained from thiévéource was not |
stroné enough to produce a photo-destruction rate large enough to ,'
compete with the dark reaction, '

The dark reaction causes anothef complicatfon, If a stock mixture
of the nitroxide and chloroplasts is prepéred and saﬁp]es are taken
from this mixture and'exahined at different times, the results shown

- in Figure 21 are obtained. vHoweVQr, if each DTBN-chiorop1ast mixture
is made upvfresh and'examined.immediately after mixing, the resulté
shown in Figure 22 are obtained.v The data shown in these two figqures
were obtafned with samples placed 1h the EPR with approximately 45 min
between each observation (tﬁo different sets of experiments).

The destruction rate of the nitroxide is dependent upon the ini=
tial concentration of the nitrdxide, as is shown in Figure 23, These
sampfﬁs were prepared, each separate]y, from a stock soldifon of DTBN
and a common suspension of chloroplast; Thése data indicate that the
variation in destruction rate shqwh in Figure 21 résu1ts because of
variations'in the concentration qf DTBN due to the dark decay. There-
fore, the procedure followed in preparing samples for the experiment.
reported fn this section was that used to obtain the results shown in
Figure 22, |

The oxygen tension in the sample also affécts the deétruction:réte

of the nitroxide, as is_shown in Figure 24, In this experiment, the
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Figure 22.' Phbtoéinﬁdced deéay:of DTBN EPR 'signal in three identical o

samples freshly prepared with apprbximately 45 min between each sample. -
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.'F1gure 24._jPhot6-1nduced decay of DTBN EPR signal sensitized by ch]oroQ
" plasts showing the,effecfs of-Oé upon the observed décay. One sample
‘was purged With_nitrogen (open triangles); one sample wés untreated

(closed circles); and one sample was purged with oxygen (open circles).
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:chTOroplast‘suspension'was divided into three portifons. One portion
was purged wi;h nitrogen for 20 min, one was purged with.pure oxygen
for 20 min, and‘the third was untreated., Even though the effect of

_oxygen on the decay rate s small in ccmparisén to the effacts of the
- other chemicals used in these studfes, a Etandard procedure of purging
the chlar&plast susepnsfon—and the nitroxide solution for 20 min each
was adopted. _

" The chlorophyll content of each chloroplast suspension was deter- |

mined according to a method of Vernon.1j3:

The“pfgments were extracted
from known vo}umes of the chloroplast suspénsions,with 80% acatone,
The acgtone extracts were brought to known volumes andvvisible absorp=-
tion spectra were recorded, A tppica1 spectrum s shown in Fiqure 25,
The following equations were used tolﬁetermine the chlorophyll content
tfn mg/ml of chloroplast suspensfon: o

Chl. 2 (mg/2) = 11,63 {A665) - 2,39 (A-649) XI1-a

“Chl. b (ma/e) = 20,11 (A649) - 5.18 (A*665)  yyp.p
where A+665 and A<649 are the optical density of the aceione éxtract _
ﬁeaSured at wavelengths of 665 my and 649 my , respective1y. The total
- amount of chlorophyll (atb) contained in the suspensions used'in these
studies varied between 0,5 mg to 1.5 mg pef mi of suspens?on.' |

Figure 25 shows the absorption spectrum (solid line) df a typical

chlorop}aﬁt suspension (total éhlorophyll = 1,0 mqg/ml) recorded‘using
the £PR cell (0.4 mm path Jength) taken against afr, The dashed line
in this fiture is the spectrum of the same sample diluted approximately
one to five. Although these sanmples were complicated by Tight scatters
~ inq by the suspended particles, one can calcuiate from the chlorophyll

concentrations, the extinction coefficients and path length, that the
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F1gure 25. Optical absorpt1on spectrum of 80% acetone/water extract of sp1nach ch]oroplasts'_
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absorption at 678 my should be ca. 3.4 onticai density units for the
solid line. ‘ |

This large O.D..vaiue signifieﬁ-a large, exponential varfation in -
the iight intensity through the sampie.: This i§ true for all the |
samples examined in.these studies., A rigorous kinetic analysis oi
the experimental data is precluded because of this non- linear variae
| tion of the light intensity and also because non-monochromatic Iight -
was used (see above), Therefore. the initial rate of decay of the
nitroxide or the half-1ife of the decay are used to compare the re-
'sults in the fo]iow1ng discussion.

Results and Discussion

s stated above, when DTBN fs mixed with chioropiasts and the‘a.f
_vresulting mixture is iliuminated a rapid irreversible destruction

“of the nitroxide follows. Since I had hoped-that this destruction
was a result of a chemicél trapping of thé nitroxide by the photo-
induced paramagnetic species within the chioropiasts; i tried varipus
perturbations which affect the chloropiast EPR signals to see what
t‘ effect these had on the niiroxide destruction, | |

~ Since the EPR spectrun of DTBN mixed with chloroplasts does not
exhibit any asymmetry which would indicate that the,nitrOXide'was
associating with the éhloroplasts or'a chloroplast component,]]4-a
mixture of DTBN (104 ) and chldrop]asts fn 0.5 M sucrose buffered
~at pH 6.8 was centrifuged at approximateiy 100 x g for 5 min, washedi -
'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 resuiting solution was

lower than the origina]. However, this is probably due in part to -
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“ the washing and in part to the reaction, since it 1s-1mpossib1e to,ex-

~ clude 1ight 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 teftiarybutyl groups of the
" nitroxide for the lipid component§ of the chloroplasts,

As shown in Table III of Chapter I, if a chloroplast suspension
is heated at 50°C for 5 min, signal I {is enhanced while signal II {s
- no longer detectab]e. These observations we}e repeated and confirmed,
However. it was also observed that the drastic treatment of heating
the chloroplast at 100°C also converts the bulk of the chlorophyll to
pheophytfn. Nhen the chloroplasts are subjected to this type of treat-

ment, the photo-destruction of the nitroxide is affected as shown in

Table VIII, Also shown are data obtained with samples of the chloro- -

plast preparations which were not heated.

Table VIII
Treatment OTBN Conc, ki (%/min/mg Chl) t]/2
: R.T. = 15 min 1.6 x 107 M - 70
(64§ - " " -~ .72
RI. - ® 4.7 x 1074 m -24.0 5.04
1000 - " " - 009 T fadad

These results suggest that the photo-destruction of the nitroxide

is connected with the capacity of the chloroplasts to exhibit signal I,
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Another treatment of the chlioroplasts which causes an apparent
fncrease in the level of signalvl, is the addition of DCMU to the
suspension.68 Therefore;'the effect of DCMU on the destruction of

the nitroxide was investigated with the results shown in Table IX.

Table IX
Concentrations ' Y2 &y
DTBN : ‘DCMU (min) %/min/mg Chl
2.08x107 'm0 1.3 -18.3
. 228 x 1070 2 -0.48
5,0 x-10°3 4 0 1.05 46,0
" 4.7»)(10-411 S 0- .
.2x107° 0 o 7.6 100*
"o 5.0 %107 1 0.68 7.8"

*Chlorophyll content unknown; rate in % min.

The blockade of the photoregction of DTBN by DCMU, together with’
the apparent increase of the ampiitudé of signal I in DCMU-treated .
mater1a15,68 precludes the notion that DTBN is coupling with the
specie§ responsible for this particular photo-induced signal, DCMU is
a pétent inhibitor of photosynthetic oxygen evolution and electron
flow in general. Thus, it is conceivable that DCMU blocks the forma-
tion-of a radical species which contributes only slightly to the EPR
'_ pattern obtained with chloroplast suspehsions, and it 1svth1§ radical

with which the nitﬁpxide might couble,
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The fnhibitory effect of DCMU'Opon the photo-reduct1on of NADP
can be‘removed through the use of ascorbate and a calytic émount of

oeprp, 10

In addition, during the course of NADP reduction with DCMU-
. poisoned chloroplasts, usin§ ascorbate and DCPIP, phctophosphdry]at?on
also occurs.”6 These observations, interpreted in terms of the
mechanism in Figure 1, suggest that the DCPIP!is reduced by the ascor-
bate, and, in the reduced form,'interacts,with an intermediate in the
: eleétfon transport chain cohnecting the two photo-acts. Thus, photo-
system I 0perates, but -photosystem 11 does not.

Unfortunately, DTBN is not stable to Na-ascorbate., However, it
fs stable to XBH, and the reduced form of DCPIP, Therefore, DCPIP
-was reduced by KBH4 in water, and this was added to a DCMU poisonéd
chloroplast preparation-in.ofder to see whether the inhibition caused

- by DCMU upon the nitroxide reaction could be removed. The results of

this experiment are shown {n Table X,

Table X
. sConcentrations ' ks
 OTON "DCPIP (red.) DCMU %/min/mg Ch1
2,08x10™*M 0 0 -18.3
" 7.4 x 107> 4 0 - 6.4
" 0 2.3x107%n - 0.48
W 7.4x070N X - 0.19

As is evident in the table, the reduced form of DCPIP does not

1ift the inhibition of DCMQ and, in facﬁ. it also causes a partial
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fnhibition of the nitroxide destruction, The reduced form of DCPIP |
also causeﬁvanvincreased raté;of the dark'desfruction'of the nitroxide." .
It was also observed that tre§tment of the chloroplasts with KBH, | | E
caused an increase in the dark déstruction of the nitroxide and a
slower 11qht decay. KBH, will reduce plastoquinohes. NADP and pro- .
bably other compounds found within therchlorop1asts. This 1s probably
true for thé reduced dye also, The increased dark destruction of DTBN
in fhese systems suggests that the dark decay is a Eeduction. The 1n;
hibition of the 1ight reaction by these reagenfs probably is the result
of a reduction of a compound in the chloroplasts which is_required in
fts oxidized form in order_fo obtain effiéfent e]éctron turn-over, .
Plastoquinone i§ oné possible candidate, especially if its function.in__  1 B "
-the chloroplasts 1s‘to éccept éfectrons from photosystevaI. | |
Since chldrop1a$ts'conta1nvp1astoqu1nonés which uhdergo-ohoto;

45

reductions which are inhibited by nemy, and_éince quinones are known

to form relatively stable semiquinones, the possihility of an inters

39 has

~action between DTBN and plastoquinbne was investigated., Rishop

shown that if chloroplasts (or fragments) are extracted with petroleum‘_’

ether, the quinones are removed from the chloroplasts, causing a re-

ductidn in their photosynthetic activity ds measured by oxygen evo!uQ

tion or reductfon of a Hill reagent, If the petroieum ether extract

or a so]utidn of plastoquinone in petroleum ether is evaporated onto

- the fragments which had been extfacted. a recovery of photoéynthetic ~‘,  o
activity is observed. | | |

| | As shown in Iabie.XI. when chloropiasts are eiﬁratted with»heptane;7'

the initia] rate of photo-destr&ction of the nitroxide is dféétically
reduced, Also shown is the efféct of adding Plastoquinone-A (PQ-A).



back to fhe extréctedvchlorobIASts using thetevaporation brocedure of
Bishop. The effects of evaporating pure heptane.éﬁd the heptane ex-
‘tract'are #159 shown, The addition of PQ-A by this procedure causes
‘a slight recovéry of the lost activity, The effect of tﬁe heptane
extract is understandable. The extracted PO could have undergone |
decomposition and the heptane extracted more PQ, However, the effect

of pure heptahe casts doubts upon the experimental procedure.

Table XI
Concentration ky (%/min/mg Ch1)
DTBN Untreated Extracted PQ-A( Heptane Extract

4,7 x 104 M 24.0 6.0 9.1 - -
1.5 x 1074 10 7.0 9.0  em e
2.5 x 04 139 5.8  e= e 2.2
2.7x10%M -« 53 5.3 5.3 -
1.7x107% ¥y - Ms o 18a¥ 135 --

*Saturated solution of PQ-A in heptane used.

**Concentration of PQ-A in heptane in 3.6 mg/400 A,

The hethod used in thesé experiments 1h&o]ved extracting wet-packed -
chloroplasts with heptane (ca. 1 ml heptane per mg wet-pack) ét 0°C in
‘the dark, The resultihg chloroplasts were suspended in buffered
sucrbse solution which was divided into several portions. Some of
‘these portions were used to observe tﬁe nitroxi&e destruction rate with
extracted chloroplasts. The remafnder were centrifuged, The solution

to be tested (either heptane, PQ-A in heptane, or extract) was applied



| -88- .
by evaporation under a N2 stream to the ch1orop1ast peilets res&1t1n§:-'
- from the centrifugations. These ch]oropiasts; suspended 1n sucrose |

1 buffer. were used to observe the rate of the nitroxide destruction.
| The results indicate that the pho*o-destruction of the. n1trox1de.
1s‘connected with the presence of plastoquinones, However, this is

not conclusive since it is not known exactly what, in addition to éhe
extraction of fhe quinone and Bécarotene; 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 disfin-
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 et only

one site within the photosynthesizing,organism, namely, on the okern-

evolving side of the mechanism depicted in Figure 1, the data in Table s

IX (efrects of DCMU) suggest that the nitroxide is oxidized or reduced.
by a snecies activated by photosystem I1 (see Figure 1),

A sample containing DTBN (.01 M) énd.chlorop1asts.was treetee
with K3Fe(CN)6 (.01 M) in the dark in a sealed flask., Examiration of
the atmosphere in the flask by VPC aftef 30 min of reaction showed
the presence of bo:h isobutene and 2-methyl-2-nitrosopropane. How-
ever, if the K3Fe‘(CN)6 was excluded and instead the cﬁlorOplasts-DTBN
m1iture was exposed to 1ight, these two products were not detected.

'Furthermore.-no absorption due_to Z-methyl-Z-nitrosop}opane was de-
tected in the UV-vis absorption.spectra of samples of chloroplasts in
which the nitroxide radical ﬁad been destroyed by light, These re- -
sults rule out the possib111ty that the photo-destruction of the

nitroxide involves an oxida jon,
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In order to determine whether the DNTBN-chloroplast interaction
involved a reduction of DTBN to hydroxylamine or to an oxyaen substi-
tuted hydroxylamine which would result hy a coup}ing of DTBN with a
free radical species, the éffect of two Hi11 reagents upon the nitroxide
destruction was examined. The Hill reagents used were K3Fe(CN)6 and

- DCPIP, The results are contained in Table XII.

Table XI1
DTBN Concentration Hi1l Reagent ky (%/min/mg Ch1)
2,08 x 1074y (none) -18.3
" 7.4 x 1073 M pePIP -16.1
. 5.9 x 1074 u KyFe(en) -12.9

The inhibitory effgct of KéFe(CN)6 can be removed by washing the
treated chloroplasts with buffer solution, This effect is shown in
Table XIII._ In addition, the effect of 1ncréasing 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 XIII
Concentrations Before washing After washing
DTBN K3Fe(CN)6 ky (#/minfmg) ki (%/min/mg)
1.0 x 10°% 0 47,7 ~24,6

2.2 x 1073 -11.5 =242
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tized by'chlbrdﬁ1asts as a function of KBFé(CN)G'in the sample.

Figure 27.-. Plot of the initial rate of decay of DTBN EPR signal sensi~




" 97~

The partia] inhibitory effects caused by the Hill reagents sug-
gest that a competition for electrons exists betwéen DTBN and these
'_ reagents;, The reversibility of the 1nh1bition caused by K3Fe(CN)é
shows that ferricyanide does not cause permanent damage to the chloro-
blasts and supports the‘propbsai ihat the inhibition stems from a
competition between DTBN}and K3Fe(CN)6 for electrons, The leveiing.
of the curve in Figure 27 indicates that the sites of interaction of
DTBN and K3Fe(CN)6,w1thin the chloroplasts are different, Several
mechanisms could be proposed to explain the shape of this curve;
however, sufficieht experimental data to justify any of them are not
available. |

‘Salfcyla]doxime is thought to remove the copper atoms from .

17 a copper-containing protein that b?ays a

plastocyanine (?cy).
role in the electron transport mechanism of photosynthesis (see
Figure 1), thus terminating electron flow at this point,

When chloroplasts were incubated in this oxime for 20 min prior
to adding DTBN,.the initial rate of decay‘of the nitroxide decrea§ed _
from 32%/min/mg Chl forva sample contdining untreated chioroplasts to
12%/min/mg Chl for the sample with oxime., The concentrations cf
* DTBN and the oxime were 1.5 x 104 M and 9.6 x 1073 M, respectively,
This result indicates that the nitroxide reactfon is connected with
photosynfhetic,electron transport. However, it yields no information
as to the mechanism of the nitroxide destruction.

Thé results of the experiments reported in this section suggest
| that the photochemical destr&ction of .DTBN by chloroblasts 1nvo]ve§,a

reduction, However, the product which would result from a reduction

of DTBN, ditertiarybutylhydroxylamine (DTBRH) . has no physical property
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f-.whiéh would allow one to detecﬁuit readily in mfxtufes.cqntaiﬁfng‘i B
cﬁlordpia;ts. In additidn, ﬁhfs hydroxylaminevis éxtremefy.sensitive
to'atmospheficvoxygen and one WOuldAthect the nitroxidé destructfon'
“to be reyersed 1n tbe dark ubon exp05ure‘to air unless. another factof

was competiﬁg for-the oxygen and acting as an anti-o#idant."

» To test this proposition, OTBNH was prepared as reported in
'.Apbendix II. This reduced form of the nftroxide is not oxidized in
the dark in the presence of chloroplast fragménts and 51?, ncr.with

. freshly isolated chloroplasts and air. However, if the fragment

mixture is f1luminated with light of wavelengths greater than 540 mu,

"a rapid increase of the nitroxide resonance signal occurs followed by R

a gradual decay; This effect is shown in Figure 28, Tﬁis effect js'

~ also observed in Samples containing DTBN and freshly isolated fragmehtsQ-__ ‘

preparations 1n which 80-95 per cent of the nitroxide has disappeared
~during the period between the preparation of the samples and detection
" of the nitroxide signal in the EPR sbectrometer. The change in signal

- height is nbt as large in these latter samples as with the ones con-

 taining the deliberately reduced form and fragments, No signal increase

fs observed with fresh, whole chloroplasts with either DTBN or OTBNH,
~efther in the dqu or in the 1igh§. However, if the whole ch1qrop1asts :
; are washed with buffer several times, the effect shown in Fiqure 28 is
also o@ser?ed with them, suggesting that the rate of destruction of
DTBN §s too rapid with freshly isolated chloroplasts to detect the
oxidation of DTBNH, |

The fncreased stignal hejght.shown in Figure ZS'Qas shown to be
"due to an eniarged nit(oxide signal énd not due to some other photo~

generated radical by sweeping through the three-line spectrum of the

Ty



 -03-

y units)

LIGHT
ON

BASE ‘ S
LINE CHECK—» ‘

TIME (Min.)

SCALE
ATTENUATION

SIGNAL HEIGHT (arbitiar

O

MUB-12308

glggre 28, Effect of light on DTBN EPR signal in the presence of
arge excesses of DTBNH. Initial mixture containsd 1.85 mg

chlorophyll (a+b) per ml of suspension, 2.1 x 10~ M DTBNH,

0.05 M sucrose, 0.05 M phosphate buffer, pH 6,8, N, atmosphere,

f1luminated with 11ght of wavelength of 4500 R to 6800 8. Check

- of base line made by displacing magnetic field from resonance.

Nitroxide present-initially assumed due to air oxidation of

DTBNH during sample preparation, Complete oxidation of NTBNH

originally present would result in a signal height of 5.1 units

~on this scale. -

1
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 nitroxide before and after illuminét{on. ‘In addition, thevdeca} of'
the signal amplitude was shown to involve the photochemical degra;
" dation of the nitroxide, if thé lightiis turned off, the decay stops
vand the signal levels off, _ _
Although the samples which were exposed to light were purged with |
nitrogen prior to each experiment, it is conceivable that the in-
creased signal height could be due to a photo-reaction involving the
uptake of oxygen which would cause’ a narrowing of the width of the
nitroxfde resonance line and a concomitant increase of the s1gha1
height, 1f the concentration of DTBN remained constant., This is un-v'
1inely, however, since the magnitude‘of the siqnal chahge would require
a narrowing of the signal by a factor of two or more, This narrowing }
was not‘obsefved. Also, oxygen 1s produced in this systém, as will
be shown below, : |

- 1f 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 KsFe(CN) ., the signal height of the nitroxide formed is -
5.1vun1ts on the scale used in this figure.

A separation of the oxidation of the hydrexylaming from the deé-
truction of the nitroxide was attempted using a DCMU-pofsoned chloro-
plast preparation. However, it was observed that DCMU also poisoned
the pho;o-oxidation of the hydroxylamine.

Since 1t is assumed that light produces both an intermediate
" oxidant and an intermediate reductant in spinach chlofop?asts, it {s
possible that both processes, oxidqtion and reduction, could operate
simultaneously on the hydroxylamine-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 chloroplaste-nitroxide-hydroxyl-
amine §ystem. . '

As will be discussed below, the primary mode of destruction of
-~ the nitroxide 1s indeed a reduction to DTBNH, The observations that :
i1luminated chloroplasts reduce the nitroxide to the hydroxylamine
(causing a destruction of the nitroxide E£PR signal) and oxidize the
hydroxylamine to the nitroxide are in contradfction to one another,
This disparity could result cecause of one of the following causes:
(1) The species which oxidizes DTBNH is available in only limited
quantity and is expended; (2) the ratio of the reduced form to the
oxidized form maintained in 11luminated chloroplasts is large and,
thereforé. the level of DTBN is low and undetectable by EPRs or (3)
the 1dentif1cation of DTBNH as the reaction product of DTBNQillum1nated
chloroplasts’ reaction 1s incorrect. |

These three proposals will be discussed at greater length follow-
ing the presentation of the data whfch show that the photochemical
deqradation of DTBN involves a reductidn.

Summary: Kinetic Experiments

Di-tertiarybutylnitroxide undergoes both a dark and a photo-
induced reaction in the presence of chloroplasts and light, fhe
photo-reaction is inhibited by DCMU, an inhibitor df phatosyntheti§
/oiygen evolution and photosynthetic electron transport, which is
thought to truncate electron fiow in the reactions coupling the
‘oxjdation of water to photosystem II, This is consistent with the
observation that R, gggggﬂ.chromatQphores do ndt photo-react with

DTBN and suggests that the reaction is connected with photosystem I
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(see Figures 1 and 2), ' DCMU has no e?fécf upon'fhe-dark reaétion. -
The dark reaction is stimulated by the presence of KBH4 and the
reduced form of DCPIP, However, these reagents fmpair the photo-
vreaction, The reduced form of DCPIP does not 1ift the inhibition
caused by DCMU, :
when,plastoquinonés are extracted from the chloroplasts with '

= heptane, the bhoto-reaction is Slower'than normal, 1mp11cating the_ -

- quinones in the photereaction;' This conclusion is uncertaih since - . -

not all the effects of heptane upon chioropiasts are known,

The presence of additicnal Hi11 reagents partially impedes ﬁhe
ﬁhoto-reaction. This is interpreted as cpmpetition between DTBN and
“the HIN reagents for electrons. |
| Salicylaldoxime also partially inhibits the photo-reaction.
fhfs compound is thought to stop photosynthetic electron transport

' by bfnding the copper atoms of plastocyanine, a protein involved in

the electron trdhsport chain connecting the two photosystems operating =

An green plants and algae.
f No products which would result from an oxidation of DTBN could
| be detected. In addition, the reduced form of DTBN undergoes a
photo-oxi&ation to DTBN wfth i1luminated chloroplasts. These results}
_ suggested that the DTBN reactfon was an addition of DTBN to a compo-
 nent of the chloroplasts. This is fnconsistent with evidence to be
'i présented below, The oxidation of DT8NH §s not in agreemént with
the rest of the results, o

‘Measurement of Oxygen Evolution

With the exception of the experiments conducted with the reduced

" . form of the nitroxide, the data reported in the previous section are. »
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all consfstent with an interpretation that the nitroxide Qndergoes é
reductive degradation with {11luminated chloroplasts, This implies
that DfBN is functioning as a Hill reagent. Therefdre. this system.
o should evolve oxygen. The experiments discussed in this section |
. deal with the measurement bf oxygen evolution from the chloroplast-
DTBN suspensions, | |

Experimental

The basic experiment described in this section {s one which 1n-- 
volves the use of a Warburg apparatus to measure gas exchange between
the DTBN=-chloroplast suspensions and the atmosphere above these
suspenéions.

The photosynthetic materials used in these studies include .
freshly isolated chloroplasts, fresh chloroplast fragments, and aged
chloroplast fragments. These were suspendednih 0.5 1 sucrose solution
buffered at pH 6.3, to give suspensions varying in concentration of |
chlorophyll between 0.5 mg and 1.5 mg pér mi of suspenéion. The
chlorophyll content of each suspension was determined according to.
the method reported in the previous section,

The proceddre 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, DTBN or K3Fe(CN)6 solution in the side arm,

The system was then isolated from air and allowed to equilibrate in
the dark with shaking at the temperature of the constant temperature
~ bath (normally 21°C).

‘Once the readings on the micromanometers became constant, the
contents of the side arms were added to the chloroplast suspensions,

fienarally this caused an irreversible change in the pressure 1eveis"
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a 1n>fhe ﬁyStems. ‘The mixing was dohe fn a darkened room usfng a dim

flashlight. The samples were allowed to equilibrate again untii‘the ::_fff

'i  mféromanometer readings were constant., The lights (bank of photo
spots) were turned on and the change in pressure followed with time,

A flask containing water was used to measure fluctuations {n the

barometric pressure of the room and in the temperature of the'water,';~~

bath, The pressure changes recorded for the other systems vere

_ corrected for these fluctuations,

The chénge"in pressure in the flasks is measured with micromano- -

kmeters calibrated in .centimeters. These readings can bevconverted

. _ into umoles of oxygen evo]ved by the use of the following equation:

_k+h
umoles 02 evolved = -EETE

273°K

~ where k = V, T+ Vea o h = manometer reading in mm, and Vg and

Po‘

Vf érg the volumes of the gas phase and Tiquid phase, resnectively;

T, the temperature in degrees Kelvin; Pye Brodie’s manometer fluid

‘vconstant equal to 104; a, the'solubi11ty of oxygen in the I{quid phase,

Most of the data in this section is reported in changes of press’

sure in centimeters., Hhere;umolés of oxygen are used, the appropriate', "

flask constant was calculated assuming a equal to the solubility of

| oxygen in water at the proper temperature (0.051 @ 21°C) and the cen= |

 timeters were converted fnto wmoles of 0,, | ‘
The amounts of DTBN destroyed in the dark and in the iight were

measured usfing identical samples to those -used fér 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 i11umination

.v -
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period, The ratfo ofsthe éfgnal heights.fimes 100 were taken a§ thgv
pér cent nitroxide destroyed. Using the concentration of nitroxide
f'1n1t1a11y present and this percentage, the umolgs of nitroxide des-
troyed were calculated. |

Results and Discussion

When mixtures containing freshly {solated chloroplasts and JO1 M
DTBN are examined in the Warburg apparatus with i1lumination, the‘
pressure above the suspension increases as shown in Figure 29;._A1so
included in this figure are the pressure variations observeé in two
~ systems, one containing the same chloroplast preparatfon with 0,01 M
K3Fe(CN)6. the other the chloroplast suspension and buffer,

Vépor phase chromatography of the gas phase of the samples des-
cribed above failed to show that the {ncreases of pressure observed
in these samples were due to increases of molecular oxygen. Tﬁe
amounts of 02 initially present in these samples prevented the de-
tection of the small quantity of gas produced in these systems,

However, when identical samples are prepared fn flasks sealed
with rubber septums and these flasks are purged with helium (the gas
used for the VPC carrier gas) pfior to the illumination, most of the -

alr is removed, The results shown in Figures 30 and 31 were obtained

| when the gases over these 'samples wereianalyZed’by yPC.

Thgse resu!ts conclusively demonstrate that DTBN functiohs as a
H111 reagent. However, DTBN could couple with a free radical pro-
duced by the eTectrons obtained from the water through photosystemhli :
(see Figure 1). If this were the case, oxygen would still be pro-
duced and DTBN would be functioning as a Hill reagent--however, not

fn the normal sense, The reduction would be by another radical
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'Figure,29. Pressﬁre changes above fresh ch]oi?oplast suspensions con- |

- tainin'g 1.10 mg chlorophyll (é+b) with 0,01 M K3Fe(CN)6 (open triangles),
0.009 M DTBN (closed circles) and buffer (open circles). Illuminated - "

with white 11ght.
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,'f; Figure 30' VPC traces of a samp]e of the atmosphere above a chlorop]ast
_'*[:esuspension containing 0.92 mg ch]orophy]l (atb) and 0. 003 M DTBN before | L

- _ﬁ; The column was Mo1ecu1ar Sieve 5-A. The temperature of the co]umn. 1n-“"f

K “¢ ‘was.12 ml/min, The vessel was purged initially with helium,

 TIME ——> . ke—-5 min.—> EI

. , : S - ' YBL, 679-6166 f
(a) and after (b) 11]uminat1on of the sample for 1 hr with white 1ight. S
'e['Jector. and detector were 55°, 180° and 250°C, respectively. The flow 'ﬁfff
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Fiqure 31, VPC traces of a sample of the atmosphere above a chloro-
plast suspension containing 0.92 mg chlorophyll (a+b) and 0.01 M
KyFe(CN)g before (a) and after (b) illumination of the sampie for 1 hr
with whige 1ight. The column was Molecular Sieve 5-A. The temperature

_of the column,.injector, and detector were 55°, 180° and 250°C, respec-

tively. The flow was 12 ml/min. The vessel was purged initially with
helium, v o '
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{nstead of a hydrogen atom,

As shbwn in Figure 29, aftér appfoximateiy 106 min of 111um1né-
~ tion, oxygen p}oduction in these systems stops. This could result
in three ways: (1) the Hill reageht‘is expended; (2) the chloroplasts.
have become damaged either through aging in suspension with shakingv
~at 21°C or through an 1rrevérsib1e photo-induced changej or (3) the

reactfon with K3Fe(CN)6 or the nitroxide removes (or damages) a come
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 frqm an experiment which involved using
a Warburg flask with two side arms. Equal quantitfes of DTBN solution
were put into these side ams. One of these was added to the chloro-.
plasts, the resulting mixture was {lluminated and the pressure changes
fof1owed until oxygen production stopped. The vessel was then opened
to air, equilibrated, sealed again, and the procedure repeated. This

~ data demonstrates that termination of oxygen production is not caused

by a lack of Hil1l reagent,

Four separate vessels were ﬁsed to obtain the data shown 1in
Figures 33 and 34--two containing chloroplasts with DTBN, the other
two, chloroplasts with K;Fe(CN)c. In these experiments the Hill
reagents were added to the chioroplast at essentially the same time,

Two samples (one with DTBN, the other wiih K3Fe(CN)6)were eX~
- posed to light and two were kept in the dark by wrapping them with}
metal foil., When the production of oxygen had stoppéd in the samples

exposed to light, the other two samples were illuminated. As can be -
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. Figufe 32.',Pre§sure changés 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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* Flgure 34, Pressure changes above chlorop]ast-K3Fe(CN)6 mixtures
| showing theAeffect of incubat§ng the chloroplasts in the dark at‘21°C"
for 138 min with KFe(CN). The mixtures contained 1,10 mg chloro-

- phyN (a+bj Snd 0.01 M{K3Fe(CN)6.
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‘hbfgf,Ff ure 35.v pressure changes above chloroplast-DTBN mixture showing
.; i?? the effect of 111um1nat1ng the chloroplast suspension prior to. adding.tf;‘:
o the OTeN. - The mixture was 0.013 1 in DTN with 1.21 mg of chlorophyll
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“seen {n the figures, incubation of the chloroplasts with the Hill

feagents>at 21°C and shaking h;d litfle éffect updn their capacity_.--
- to evolve oxygen fgr the sample containing DTBN, The ferricyanide

't_ apparentiy causés damage to the chloroplast in the dark, | A

" Figure 35 shows the effect of illuminating the ch}orop1a§t

3_ prior to qdding DTBN, .The chloroplasts used in this experiment

. were the same as those used to obtafn the data shown in Figure 32,

In fact, the data shown in Figures 35 and 32 were obtained simul-
taneously. ‘, |

The result in ngure 35 demonstrates that chloroplasts subjected
’to white 1ight for extended periods of time lose their capacity to

- evolve oxygen,

This same fype,of.experﬁment was conducted using shorterrperiodS'A_ f

of 11lumination before adding,the DTBN in order to see how the ini~
tial rate of oxygén production is affected. The results afe presented}
~ {n Figure 36. Also included in this figuré is a curve showing the
.variation of total oxygen output in these experiments versus the |
period of pre-ii]umination. .
" 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 chlorOpiast.. |

When the initial concentration of nitroxide 1s varied, the ini-
tial r;té of oxygeh production, the :amount of nitroxide destroyed, |
and the total amount of oxygen produced also vary, and in a linear
manner to the initial concentration of DTBN, (Seé Figures 37, 38 and
39.) The slope of the dashed 1ine in Figure 38 divided by the slope

of the Tine in Figure 32 gives the ratfo of the moles of nitroxide
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destroyed in the light.to the moles of ho!ecular oxygen produced,
- The value of this ratio is 4.6, | ‘
| Since four electrons must be removed from water in order to yield 51’
"molecular oxygen, this value is'not‘surprising. The deviatfoh from
a value of 4 probably arises because.no correction in the data shown
~in Figure 39 was made to aécount for the uptake of okygen by the
chloroplasts (see control in Figure 29), If this were done, the
ratio of the two slopes would be smallier since the amounts of 0y
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 nitroxide, These effects are shown in

Figure 40 and Table XIV,

. Table XIV- ~
Initial Amounts = Oxygen DTBN
DYBN DTBNH - DCMU Condt. Produced | - Destroyed
3.8x10°% 0 0 Dark 0 1.44 x 1079
" 0 0 Light 2.4 x 107~ 2,82 x 1075 -
" . o - 3.0x107 . Light 0 1.34 x 1070
5 6. 2,07 x 107

a 3,9x10° © 0 Light 2.4 x 107

A1l quantities reported in mo}eﬁg

Each sample contained 1.21 mg chlorophyll (a+b),

The data obtafned with samples containing both DTBN and DTBNH are
also included in Figure 40 and Table XIV. These data show that the
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‘ Fiqure 40, Pressure changes above chloroplast suspensions containing

"1.21 mg chlorophyll (a+b) and 0.01 M DTBN with 7 mg of DTBNH-HC1 (open

c1rc1e§) and with 1.x 10-4 M DCMU (closed circles). Changes for a sam-
| ~ple containing only thé ¢hloroplasts and DTBN are shown by'the solid

triangles,
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.presence of DTBNH has no effectvupon the oxygen'released during the
destruétion of the nitroxide. However, Table XIV {indicates ihat the
photo-oxidation of DTBNH occurred fn this sample (ca. 7.5 x 10-6 moles).

The foregoing results suggested that DTB& was reduced to DTBNH
in the 1ight, However, the EPR studies and Table XIV showed that
DTSNH is oxidized by light to DTBN, Since the nitroxide was 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 ditértiarybutyl-
amine (DTBNHZ) fn this system. If this were true, then DTBNH should
function as a Hill reagent,

The results of an investigation of this possibiliity are shown in
Figure 41, Ro oxygen is produced in the system containing chloro-
plasts and DTBNH., This observation indicates that DTBNH {s not

 further reduced by chloroplasts and Tight.

. Figure 42 shows a comparison of the oxygen production cbserved
us1hg DTBN with freshly isolated chloroplasts, fresh chloroplast |
fragment§ 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 pfoduction and in the maximum obtainable pres-
sure observed in going from freshly isolated chlioroplasts to aged

fragments is probably a reflection of an increased sensitivity of the -

fragments to photo-destruction or to a more rapid uptake of oxygen,

 These two effects are probably related. The amounts of nitroxide

destroyed in these samples in the dark and in the light and the
amounts of photoéprod0ced oxygen are tabulated in Table XV. The

quantities of oxygen produced were not corrected for oxygen uptakéJ
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Figure 41. Préssure changes above chloko‘p]ast suspensions containing

0.92 mg chlorophyll (a+b) and 0.009 M DTBN (open circles) and 10,7 mg -
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;fjgube 42. Pressdre changes‘above solutions of 0,011 M DTBN with
fresh chlorOplasts (open circles) contawning 1.3 mg of chlorophyll

f(a+b). with fresh fragments (closed trwang]es) containing 1.3 mg -

ch10rophy1} (a b). and with aged (6 days) fragments (closed circles)f'»f i,_

f  ;conta1n1ng 1.7 mg of chlorophyll (a+b).




L L
50 100 ~ 150
TIME (min.) '

YBL 679-6149

"w*Figure”43 Pressure changes above so1ut1ons 0. 0] M 1n K3Fe(CN)6

fresh fraqments (open circles) conta1ning 1. 3 mg of chlorophyl? (a+b)

with

'*f5 and with aged (6 days) fragments conta1ning 1.7 mg of chlorophyl] (a+b), o
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The rate of oxygen production in the aged fragment sample is just.
great enough to compensate for_the oxyqgen uptake in this sample,
Therefore, no quantity of oxygen produced is given in the table for

this system,

Table XV
“Photosynthetic  Initial DTBN Destroyed Oxygen
material oT8N . Dark Light ~ produced

Fresh '-5 o -5 -5 ‘ -6
chloroplast 2,7 x 107 . 0,49 x 1077 1.9 x 1077 4,8x10 "

Fresh

fragments K 0.27 x 10°% 1.0 %1075 15 x 1070
. Aged - : -5 | -5
fragments " 0.02 x 10" 0,76 x 107 (?)

A11 quantities veported in moles.

The data in this table show that photosynthetic oxygen production
“using DTBN as the Hi1l reagent is dependent upon the state of the bio]oé.“
gical material, Although the amount of nitroxide destroved in the light
in the\samp]es containing fragments 1s not very different, the detec~
~ table levels of oxygen are quite different in the two saﬁp]es. If one
assumes that the nitroxide destruction occurs by the same mechanism 1n~
both samples (evidence that this is the case will be presented in the
next section). The marked differences in detectable oxygen Ieveis iﬁ
these samples suggest that the aged fragments use oxygen 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 chloropliasts which causes the termination of oxyqgen
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prdductipn'1s due fo a phétd{oiidat1oh of a chloroplast component re-

.quired fof.photOSynthetic electron transport, Evidence will be given
below whfch rules ouf a degradation of the chlgrbp]ast pigments,

B It should be mentioned thaﬁ the ratio of DTBN destroyed‘to the

amount of chlorophyll present in the_saMpTe'varied from sample to

samplé, However, ratios as high as 25 were observed.

Summary: HMeasurement of Oxygen Evolution

The data presented in this_section show that the destruction of o
DTBN by chloroplasts, chloroplaét fragﬁents or aged fragments is accom-
paniedvbyfoxygen production, This reaction is inhibited by DCMU but
is not affected by DTBNH, although the latter also appears to undérgb
_photb-oxidation with fresh chloroplasts, DTBNH does not function as
.'a Hfll reagent with illuminated ch1orop1asts.

In addition, {11umination of ch)orop]asts deqtroys their abilwty |
to evolve oxygen. Evidence suggests that fresh and aged fragments |
élso expefience this;phofo~destruction even more rapidly than'freshv
chloroplasts. Also, this destruction appears to involve a phbtoQ

oxfdation as evident by an incraased rate of oxygen uptake,

Product Analysis _
Daspite the collection of evidence presenfed in the preceding
~ two sections which indicated that DTBN experienced a reduction to a
vhydroxylamine. the observation fhat this hydroxylamiﬁe was photo-~ -
oxidized to.the nitroxide was a strong argumentiagainst this cohclusion.
Since no product resulting from an oxidation of the nitroxide was
detected, and since DTBNH was not reduced further to the di-substituted
amine, the remainfng alternative_was that DTBN addition to a component

of the chloroplasts occurred in these systems,
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Therefore, a search for the products of the nitroxide reaction
was undertaken. This section_describeé the results of that search,

Experimental

The studies réported in this section were conducted wfﬁh samples,
with and without DTBN, some of which were exposed to 1ight and others
which were kept in the dark. The photosynthetic materials included
freshly isolated chloroplasts, fresh ch]brop]ast fragments, and aged '
fragments, | _

The DTBN-chlorop1ast (or fragments) mixtures were prepared by
mixing 2 m1 of the chloroplast suspension with 1/2 ml of DTBN sclution:
in 30 ml flasks sealed with rubber septums., The samples without DTBN
~ contafned 2 ml of the suspension and 1/2 m1 of buffer solution. Al |
| samples were prepared in .the dark, The samples thch were to remain
in the dark were wrapped with two sheets of metal foil, All éamples
were put into the constant temperature bath of the Warburg apparatus
,(T_n 21°C) on a stand whichba1lowed continual shaking of the samples,
The 1ight was turned on and the mixtures were é110wed to react for at
least 100 minutes with shaking.

Oxygen evolution was followed according to the procedure descffbed
1in the previous section, using samples of the chloroplast preparation
used fn these studies. This was done to check the activity of the
chloroplasts. The destruction of the nitroxide was checked by the
EPR spe;tra of the samples containing DTBN diluted 1:100 both before.
and after the {llumination period. | _

Following the period of illumination, the éamples (2.5 m1) were
'tfansferred‘in the dafk to test tubes and centrifugéd at 5000 x g for

20 minutes, The supernatant was removed with a pipétte. The chloro-



;'b]ast pellet was'e£trécted with methanol in the dark in‘a cold room s

with the methanol at 0°C until the solid residue was essentially

colorless, The amount. of methano] used was kebt constant in each set

of experiments.by bringing each extract to a final volume of 10 ml,

‘The methanol extract and the water supernatant {or an ether extract

. of the water) were analyzed by the method described bélow.

The primary method of analysis was thin-layer chromatography =+ =

(TLC). The TLC material was silica gel 6 suppiied by Warner-Ch{beott“ .;.'

 Labs. The solvent system was a mixture of diethylether; petroleum

'i ether and tertiarybutyl alcohol in a ratio of 160:100:5, which was

prepared fresh tefore each chromatogram was developed, The silica . R

gel was applied to the thin-layer glass plates (8 x 8 in) to a thick- 3{

'_ness of 5 mm from a slurry containing x grams of gel to 2x m! of
acetone,

" Three methqu were used to detect compounds on the developed .
. chromatograms, besides visual insbection. The fifst of these in-

., volved thé following three procedures: (1) an {inspection with ultra-

violet 11ght; (2) locating spots which were fluorescent by the use of.
a darkened box equipped with an excitation source; and (3) by the use

of chemical sprays. The spray primarily used was phosphomolybdic acid _>

(PM). 10% in ethanol, If this spray is used, the chromatogram has to
be heated before low concentrations of reducing compounds can be de-
-tected. Thus, when this spray was applfed, the chromatograms were

; heated at 60° for abproximately 2 minutes, o

~ The other two methods of detection invoived the use of radio- |
R i.active carbon. One of these meﬁhods was radioautography using ]QC.

The thin-layer chromatogram was placed in direct contact with thé

g
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~ Xeray ff?m (Kodék ~‘nb 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
centiméter into scintf]latidn couhting solution, countinq.the'radio-
aétivity in each sample, and plotting the count versus the pdsitﬁon '
“the sample was on the plate,

Permanent records of the TLC plates were ﬁade either by £aking
Apolaroid pictures of them, or else the spot§ on the chromatogram were
circled using a sharp object and Xerox copies were made of them..

Results and Discussion

Since the destruction 6f DTBH involved a photechemical reactfon,
sensitized by chloroplasts which contain seQera] different type§ of
| pigments, experiments were conducted to see if changes in pigment |
- composition oécurred during»the DTBN reaction, Figures 44 and 45 =
. are Xerox duplicates of TLC chromatograms of methanol pigment extracts'
(Sd-x of 10 m) solution) obtained in experiments with fresh1y isolated
~chloroplasts and aged chloroplast fragments (3 days old), respective?y.'
Neither DTBN nor light effected gross changes in the pigments detected,
In addition, no material which could be ascribed to a product of DTBN
was detectad upon these chroﬁatogrgms. |

However, when the water supernatant from the reactions were exs
tracted with diethylether and this extract was analyzed by TLC, the
resu!ts‘shown in Figures 46 and 47 were obtained (experiments with
fresh chloroplasts and aged fragments, respectively), The 1afge.spot,-
with an x through it in column D of Fiqure 47 was madé by my finger

during the prbcess of outlining the spot in colum C,



N —> G )

0
<A(}
1
E

N f: p.n.snénv:_€><gg:> - . (:::>'
%

'Qmow-j—'-—sg‘.”

O 06
00

"'i iggég e -‘:;:;  f"_f‘ , <:5 - N

L L pit SPRAY s~ o N ©
) o . )

Copm, eray T awl
oYY — N

.
"

¢ - B
XBL 678-6115

"'Figuretdd. vTh1n-1ayér chromatbgram of methanol éxtract of fresh
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" Figure 85." Thin-layer chromatogram of methanol extract of aged -
S " fragments, . SR
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- Figure 46.. Thin-layer chromatogram of ether extract of the water

vphase from 4samp1es~COntaining,fresh@hj’]drop’laéts° -Thé symbols are;_ff

- explained in the text.
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The symbols in thesé four figures represent extracts obtained
from the following: A, a sampfe of chloroplasts (or fragments) withe
out DTBN exposed to light; B, a sample of chloroplasts without OTBN
Ikept in the dark; C, a sample of chloroplasts with DTBN ekposed to
light; D, a sample of chloroplasts with DTBN kept in the dark; and
N, a sample of DT8N. o

The darkened spots in these four figures are spots which turned
 blue upon treatment 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-tartiarybutylhydroxyTamfne.
Therefore, a chromatogram was run to which & §ample from a reaction
of DTBN with chlofoplasts, a sample of the hydroxylamine and a mix-
ture of these two were applied. The mixture contained equal volumes |
‘of the other two solutions and twice as much of ii was applied to the
TLC plate as the other two. The results (see Figure 48) show that
the material contained in the new spot is indeed the hydroxylamine.
When 1 ml of acetié acid was added to the TLC solvent system, the |
compounds again exhibited identical v.f. values. |

Attempts to remove this material from the TLC chromatogram
fé?ledf The reaction mixture was extracted with ether and the whole
sample applied to a TLC plate, Development of thfs plate was fol?éwed
by masking all but one edge of the resulting chromatogram with
another pane of glass. The exposed edge was sprayed to detérmine
the location of the hydroxylamine, This section of the chromatogram

4

coerresponding to this location was scraped off and extracted with
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IVaribﬁs'sélvents. The hydroxylamlne was not detected by re-chromato-'
. graphy. - - |

The above procedure was repeated and the TLC powder was put
.1nto a flask equlpped wx;h an arm which fit into a mass spectrometer.
.After putting the powder into the flask, the flask was cooled to}‘
1iquid nitrogen tempefature. evacuated and then fitted onto the mass
~ spectrometer, The massVSpectral pattern obtained from the atmosnhere
In this flask was the same as that obtained from a TLC plate without

anything on it except the TLC solvent., o

| A samp]e of DTBNH gave these same results,

| Co1umn‘chromatography of the DTBN-chloroplast mixture (éther ex=
- tract of watef phase) using silica gel and thé same solvent used for
TLC fatled 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 siiica gel TLC plate and sprayed with PM, .The only
~material detected in the 150 samples was DTBN.

The ahove results show that one product from the photo-destruction
of DTBN sensitized by chloroplasts is DTBNH, However, the possibility
of a paraliel coupling reaction 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 PM.'color¥ess and non=-fluorescast, it
would nct ha?e been detected. |

Therefore, a MC--labe]ed DTBN was used. Figurés 49 and 50 are
radioautograms of thin-layer éhromatograms obtained in experfments
usidg fresh chloroplasts and fragments (fresh and aged), respectively,
Figure 49 repreéents 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. g-ray film exposed for 58 hours to a thin-layer chromatogram
containing **C-DTBN (N), ether extract of the water phase from a 14C_DTBN-
chloroplast reaction mixture kept in the dark (B,) 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 (A,,). Small dark spots on
the right due to radioactive ink used to align developed film with TLC plate.

“Fer-
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X-ray film exposed for two weeks to thin-layer chromatogram -

Figure 50.
containing ether extract of the 4C-DTBN-fresh fragment reaction mixture,
ight (Fy) and kept in the dark (Fq) and ether extract

water phase, exposed to
iC DTNB aged fragment reaction mixture, exposed

of the water phase of a
to light (A4) and kept in the dark (Ag).

-2¢t-
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to 1ight; B, the sample kept in the dark; sub m, methanol extract; =
and sub e, ether;extract. Sample N is the radicactive nitroxide,

Although both samples A and 8 contained 1.38 x 108 dpm originally,

- the only radfoactive spot to be detected besides the nitroxide itself

. is the hydfoxyIamine'(DTBNH) found in the ether extract of the water
phase of sémple A, This i{s from the sample which had been exposed

to 1ight. Longer exposures {3 weeks) do not yiéld new spots on the
film. Aislight darkening in sample B in the region of the chromato-
gram which would’correspond to DTBNH s observed. This could signify
that DTBNH {s formed in the DTBN-ch1orop1ast‘darkvreaction or else

" 1ight was not excluded completely.

The X~ray film shown in Figure 50 was exposed for approximately
Z‘wéeks. In this figure, A stands for aged fragments, F for fresh
fragments, sub 1 and d for light and dark, respéctively. The chroma=-
togram used to expose this fiIlm was one run of the ether extracts of

. reactions between ]4C-

DTBN and aged and frosh fragments., No radio-
~active spots were found in the methanol extracts of the p1gments of
these systems even with 3 week exposure of the X-ray film, The film
obtained with the material from.the experiments with fragments has a

total of 8 spots corresponding td,a spots on the chromatograms, 4 of

k2

"~ DTBN and 4 of DTBNH. However, the DTBNH spots are less intense in

the two dark samples with films obtained wfth shorter exposure times,
Also, whén the chromatogram was sprayed with PM, the blue spots obe
served in the dark samples were much fainter than the spots of.the

- light sample, |

| The fact that DTBNH {s detected in the dark samples again squv

gests that the dark reaction is a reduction, The DTBNH could be due
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 _'50 the failufe to exélude light completely. However, extreme ca}e,”'.'
was used to exclude light and,bécause of the Tow activity of the
fragments and aiso becéuse no praduct which can be ascribed to the'
N dark reaction was detected in these samples, other than DTBNH, 1
think the>DTBNH detected in the dark samples‘is due. to a dark ree-
duction reaction. _

| Nhén a methanol extract of the chlioroplasts from a MC-DTSN-
Chloroplast mixture, an ether extract of the water phase of such a
mixture or the Qaéer phase itself are app1ied»the4fu11 length of a
TLC plate and the resulting chromatogram is divided into 0.5 cn

- samples and the kadioactivity is'counted in each sample and plotted |
verﬁus the position of the samp]é on the chromatogram, the zonal
maps corresponding to Figures 51, 52 and 53, respectively, are
obtained. | _

The amounts of material app]ied to each plate were 600 A of the
~methanol extracts, 1.m1 of ‘the éther eXtracts} and 300 x of the watef
solutfons., These values of the methanol extract and water are the
maximum oné can use with these systems. Uhen more of the methanoj
) ektracts was applied, no reso]ution of the pfgments occurred. Water
1s difficult to apply to silica'gel. Due to the strong ihteractfon
which occurs between them, the water does not evaporate from the
‘. origin apd contributes its influence in the solvent system,

The methano1 extracts contained 6,5 x 102 dpm/ml in the 1ight‘
samples and 6.0 x 102 dpm/ml in the dark samp]e; ‘Thése values for
the water solutions are for the light sample, 4.3 x 10° dpm/ml and
- for the dark sample, 4.5 xv103 dpm/ml, The counts in the ether ex~

tract are unknown.
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Figure 52, Zonal map of chromatogram of water phase of 14C-DTBN-
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As 1s evident in these zonal maps, the maJor radioactive peaks :
.are those corresponding to D’BN and DTBNH, Radioact1v1ty is detected
1n the reqion corresponding to the orfgins. Howéver. the volues 1hj_ ;"'
.the cases of the water apd the ether extract are fdentical for both |
the light and dark samples, suggesting that the observed radicactivity = -
_ may be due to the app11ca£ioﬁ-of'the samples to the siltca Qe] plate,
There {s a difference in the values detected between the 1ight and
 ‘d§rk samp1os of the methanol extract. However, the background count
K in.these oamples is a considerable portion of the coonts found in
these sampleo. In -additionn due to the amountiof pigment applied
: l,to these plates, not all the pigment moved from the'origfn. Traces
lof green were st111 visible at the origin. The source of fﬁe'radio- -
. activity at the Origino_was not 1nvestig&ted further, since it vias
;A  assumed due to DTBN or DTBNY which'remained-ot the origin because of
vén interaction with the silica gel or a compound bound to the sflfca -
gel.

Téb?e XVI gives an aocount of the radioactivity in the water

phase and in the methanol extract. The radinactivity in the insoluble o

protein fraction of the chloroplasts was counted for one ekperimenf
and found to contain less than 0,1% of that found in the original

| mixture. Two trends are obvious in the data in Tao]e XVI: (1) The |
‘ﬂwater phase always contains more radioactivity than the methanol; and
(2) the radicactivity found in the dark samples is always less than
that found 1n 1ight samples. The first of these is understandable,
The distribution is a reflection of the solubility of the radioactive
" compounds ih'chloropfasfs and in water, The second implfes that

efther a systematic error was made in the experimental procedure or



Table XVI

Overall Account of Radioactivity for 14C-DTB-Fresh Chloroplast Reaction

{DTBN) 1Cond.! Cricinal Mixture Water Phase Fethanol Extract Total: HoQ + CHaCH
dpm dpm Z0TBN | dpm $Hix, |%Det. dpm Zix. |9Det. dpm” AOTEH | ZMix.
1.36x108 [Light| - - hsxaod]l - oers| 3ot | - [ 2.2 ] rexaef | ess | -
v |park - - 11.05x105 - (.2 2.0q0% | - 1.4 v.o8x108 [ 7827 -
2.76x10% [Light! 2.50x10° | 90,5 |2.20x102| 88,0 | 97.1] 6.5x103 | 2.6 | 2.9 | 2.26x10° | 81.9 o0.4
. fark | 2.37x102 | 85.9 |2.06x10%| #5.4 | 27.2| 6.0x103 | 2.5 | 2.8 | 2.12x10% | 76.8 | 32.4
4,50x10% [Light| 5.15x10% [105.3 l4.a6x10%| 25,6 | 99.3] 3.08xi62| £.59] 0.58] 4.49x10% | 91.6 | &7.1
n Dark | 4.72x10% | 96.3 |4.32x10%] ¢1.5 | 90.7] 1.38x102] ©.29} 0.32] 4.33x10% | 88.4 | ©1.7
" Light! 5.16x10% 1105.3 1a.47x104) es5.6 | 99.5| 2.21x1021 0.43] c.49] 4.a0x104 | 91.6 | 7.0
" Dark | 4.67x10% | 95.3 [4.28x10%] " 91,6 | 99.7] 1.18x102| 0.25| 06.28] 4.29x10% | 87.6 | 91,4
" Light! 5.32x10% [103.6 |4.47x10%] ©4.0 | 98.3] 2.51x102] 0.47! 0.56] 4.50x10% | 91.8 | 84,5
g park | 4:74x10% | 96,7 N - - - - - - -

(D7) is

soluticon,
"% det." is the porcent of the total detected in the water phase plus methanol phase,

the criginal dpm calculated from known volumes of DTEM solution used

*Sarple 1ost during cantrifugation.

]
i
]

and observed dpm per ml of

"% mix." 15 the percent of the dpm found in original mixture of DTEBH and chlo

roplast.

“6EL~
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else a volatile compound was formed in the dark which is lost.
Furthermore, Figures 51 and 53 indicate that DTBNH {s essen=

'_fially‘in the water phase. If DTBN is the only other radiocactive .

; -_1'comp6und presentvand it is higher in concentration in the dark sample

_ than in the light (see Figures 52 and 53), then the level of radio-

- activity in the methanol extract of the dark sample shbd!d be larger .

than or equal to that found in the light sample, Hawever, this is
- not the case. This suggests that another compound is formed in the

light which 1s.solub1e in the chloroplasts. This could be the com= -

'bound which caused the increased activity of the light sample ét thé,v"“
origin or the shoulder on the DTBN peak in Figbre 51. This possibi- =~ o

lity was not investigated further,

- Summary: Product Analysis |
| The only product, besides'oxygen. fdentified in the reaction
mixture of DTBN with illuminated bh1orop1asts (and fragménts) was
>'_DTBNH. which was the major (>95%) product fofmed from DTBN. The
product was shown to be this compound by co-chromatography with an-
| authentic sample in two different sg]vent systems; NData which indi-

éate the possibility of another photo-product are given. However, -

the quantity of this material is extremely low. Therefore, the possi~ __,~'

bility was not pursued,

Although the experiments with 19C suggest that the dark reaction
dnvolves the formation of DTBKRH, ﬁhey glso fndicate that a volatile .
compound is formed in the dark, suggesting an oxidation of DTBN to iso-
' butene and 2-methyl-2-nitroso-propane,

The photo~destruction which occurs within the chioroplasts {1lumi-

nated for‘lengghy exposure times {see section on oxygen measurement)

"é
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.does}nét appear to involve the Ehromophoric groups bf thé pigménts of
v fresﬁ Chloroplasts or of aged fragments, | |
Discussion | _

The studies reported in this chapter show that chloroplasts sens
sitize a photo-reduction of ditehtianybuty]nitroxidé to the corres-
ponding hydroxylamine., Oxygen is produced concurrently with the re-

. ductfon in a ratio of 1 mole of oxygen evolved to ca. 4 moles of DTBN

destroyed. These results are consistent with an interpretation that

thé.DTBN reduction is coupled with photdsynthetic electron transport

and that the oxygen gvolvedVOriginates from water which is oxidized

photosynthetically. | ‘- o
The lack of a photo-destruction of DTBN by chromatophofes;isolaied |

‘from ;he photosynthetic bacterium Rhodospirillum rubrum suggests that
the reduction of DTBN by spinach chloroplasts occurs by electrons .
| supplied by phogosystem I1 (see Figures 1 and 2), the reduction occur~ |
ring near the photo-act. It is not known whethe} the cnhromatophores
uﬁed in these studies were photosyﬁthetically active. Therefora, this
suqgestion needs further substantiation.

Consfstent with this suggestfoh. however, are the following obser-y»v-
vatfons: (1) DCMU, which truncates photosynthetic electron flow be-
A_.tween water and photosystem 1I, inhibits the photosreducticn of DTBN;

| (2) Plastoquinones are thought to be the primary oxidants coupled to
photosyétém II. When these are partially extracted from chloroplasts - :1
the rate of destruction of DTBH is decéeased; (3) K8H , and the reduced--‘
form of DCPIP which will reduce p1astoquiﬁones cause a reduction in the
destruction rate; (4) The reduced form of DCPIP has been used in DCMU-. a

poisoned chloroplasts to effect the reductfon of NADP which is
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a  effected hy photosystém I, However, this reagent w111 not 11ft the

o  f;1nh1b1t1on caused by DC“U upcn the photo-destruction of DTBN

An ohservation that appears inconsistent with the interprntation
fhat DTBN 1s}photo-reduced by chloroplasts is that when a solution of . ~
DTBNH.(?.G x 10°4 Min sﬁcrose buffer) was examined by.EPR, the for-
.i‘hationlof'DTBN resulting from the oxidation of DTBNH by atmosphefig
: oxygen was observed. - However, this'oxidation does not occur in the
presence of chlorop]asts (.14 mg ch]orophyll per samp]e) The'
‘°_ch10rop1asts were kept in the dark prior to the addition of DTBNH
. Since the chTorOplasts assimilate oxygen in the dark, the amount of‘v
oxygen in the chTorop1ast su5pensions coqu be very low. Therefore,
| the oxidation of DTBNH would be limited by the amount of avaiiable -
- .oxygen which_wou]d have to diffuse across the 1nterface between the
Jiiiquid phase and air, the surface area.of which was only 0.04 em?,

" Therefore, i? the chloroplasts react with the oxyagen more rapidly
| than DTBNH, they.could use the oxygen as §t diffuses iﬁto the suspen=~
sfon, thus effectively inhibiting the DTBNH oxidation.

"The data from experiments using a Warburg apparatus show that
:chIOrOplasts use bxygen in the dark at-a rate of ca. 1.6 x 10°9 noles
~ per sec per mg chlorophyll (assuming total pressure chanqe.due fo 02'
uptake, no exchange. of other gases), Since the Marburg.vesseTS were
'shaking-dur1ng the measurement of the pressure changes, this rate is
: probably'the actual rate of oxygen usage by the ch1orob1asts; ﬁOt the
rate of Oz.diffusion fnto the suspensions, Using this rate and the
Aamount of chloroplast suspension used in thé EPR experiments, one can

ca1cu1ate that the chloroplasts can remove 02 from the FPR samples in

the dark at a rate of 2.6 x 10‘1]'m01es per sec.
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In contrast in experiments involving only DTBNH in sucrose
solutfon, the initial increase of DTBN corresponded to a rate of for—v
mation of DTBN of ca. 6.0 x.JO']2 moles per sec, During this period,
“less than 20% of the oriéinal DT8NH was oxidized to DTBN, However,
‘fol1ow1ng this period, the rate of formation of DTBN became}510wer'

and linear in time, indicating that the oxidation had become 1{imited
: by a diffusional process--probably the rate atvwhich,oz could diffuse
into the solution., The obsefved rate was ca. 1.5 x 10°12 moles per sec,

A facfof which sfgnificantly influences the rate of oxyaen uptake
by the chloroplasts is their condition, i.e., age, source, exfent'of
fragmentatioh, etc. Therefore; a s?rict‘comparison of the rates stated
above cannot be made because these were obtained from experimants pere
formed wfth differing chloroplast preparations, The numbers do i
demonstrate that the rate of the chloroplast-oxygen reaction can bhe
faster than that of the DTBN-onyen reaction, |

Another observation that is inconsistent with the interpretation
of the photo-destruction of DTBN given above is that chloroplasts
when supplied with DTBNH convert it photochemically to DTBN. 'This',
{mpiies that a steady state ratio of DTBN to DTBNH should exist in
‘the 11ght. .However, the studies with EPR indicate that this s rot
the case unless the ratfo is extrémely small, thus rendgring the |
amount of nitroxide undetectable by EPR,

Another poséib]e explanation for this disparity, represented
pictorially on the following page, is that the species which oxidizes
DTBNH (ox. in scheme) s present in a 1imited amount and {s expended
rapidiy. thus terminatidg the photo-oxidation of DTBNH, §ince this

oxidation was observed in a chloroplast suspensfion 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 whfch photo-oxidized?ﬁj

‘:; NDTBNH -must be one generated in the chloroplasts with light, If this is :

‘the case, fts.concentratioh is very small .compared to the amounf of

" DTBNH used in tﬁese sfudies. Assuming the scheme pieturedvbelow. oee

can ca]culate.'usind'the,date in Figure 28 without cdrrecting for the
-.'photoereduction of DTBN‘ that the concentration of this oxidant (or
~.species.from which it is generated) shou]dvbe'greater than 5 x 10”8

moles pér mq ch]ofophyll. Making a similar calculation with the dafa

-shown in Table XIV without eorreeting for oxidation due to 02.‘one

'ffe: arrives af'the'conclusion.thet the concentration of this species should

* be less than 6 x 10'6 moles per mg chlorophyll, If one could corfect
- for thelphoﬁo-reduction in the first calculation and the air oxidation

in the second, these two numbers would both be adjusted toward 10‘7

" "; moles per mg ehlorophy]]. The approximete correspondence of these

numbers is surprising, especially since the data used in these calcu=- '

‘:-1ations‘were,obtained using in one case aged fragments and in the otherv'

fresh ch]ofoplasts. If this correspondence is real, -it supports the

~ .scheme pictured below,
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Another observation which supports the picture abové 15~550wn fn
Figdre 41, The curve representing the pressure changés occurring fn
the sample containing substrate amounts of DTBNH (ca. 0,01 M) demon-

- strates tﬁat no O2 is produced in this sample, If DfBNH wefe under-

- going a continuous photo-oxidation (if an unlimited shppIy of oxidant
were present), the DTBN formed should have functioned as a Hill reagent,
f thus promoting the evolution of 0, |
 Since the oxidation of DTBNH is photo-induced, the oxfdant must
be coupled with the photosystéms fouﬁd within the ch]oroplastﬁ., The _'
inhibitory effect of OCMU signifies that the coupling is with a parti=-
cipant in the sequence of reactions which couple the oxfdation\of H20
to photosystem II, Howe?er. since the oxidant has to be {rreversibly -
reduced (or removed during the 111uminat10n) if 1t is to be expended
rapidly, it itself cannot be a participant in photosynthetic electron
transport or the photo-reduction of DTBN should cease,

- DTBN was also observed to,undergo a reaction with chloroplasts in
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 DTENH were present in the dark
samples, The source of this DTBNH could have been the 1ight reactfon,
Howéver, extreme care was taken to exclude light from thesé samples,
‘In addition, the reduced form of DCPIP and KBH4 both cause an increase

in the ;ate of the dark reaction, Since these compoun@s'dd not react
| directly with DTBN, their effects upon the NDTBN-chloroplast dark
reaction suggest that the latter reaction involves a reduction of

the radical.
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Upon proIonged exposure to 1ight, chlorop?asts lose their capa- -

.‘f city to evolve oxygen., Ana1ysis of the piqments by. TLC gives no

‘:_1nd1cat10n that this loss of capacity results because of gross changes

" {n the chromophoric groups of the pigments, In addition, the reaction .

which causes this loss appears to involve molecular oxygen.

A product which could be ascribed to a coupling reactionvbetweeﬁ-

" the nitroxide and the radical species which gives rise to the'photo- |

. 1{nduced EPR signal in spinach chloroplasts was not detected. Unfor=

' tunately;‘the most sensitive methods used for detection of the pro-
ducts (zoﬁal mapping. and X-ray £11m) were not calibrated to yield
quntffative daya. However. in samples éontaining cé. 7% of the |
v:_,original 146-DTBN, an intense darkening of the X-ray film caused by

~ this DTBN was observed in 58 hours, As an estimate, I would say that

if a coupling product ‘corresponding to at least one per cent of the

orfginal IQC—DTBN were formed, it should have exposed the Xeray film,

-Although the attempt to trap the species giving rise to the photo-

j-induced EPR signal in‘photo-synthétic materfals was unsuccessfu1 using
DTBN, the method should be attempfed agqain but with a more reactive
radical {one which is not as stable as DTBN) and preferably a rad1§a1
which, 1f it d1¢ 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 between the products which
result f;om the radical through disproportionatfon or hydrogen
abstraction reactions and those which result from a coupling of the
radian with the photo~induced radical. However, this difficu]ty’
could be overcome by the use of dark coritroIs° One must use a highly

reactive radical, however, if a coupling reaction is going to be

e e v o g At ane e e e
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competitive with the reductién rgactions associated:with the redox~ -
potentials found in photosyntheticimaterials.

In addition, several aspects of the DTBN-chIqrop]ast photo-i
reaction should be investigated further. If one could conclusively
deﬁonstrate that DTBNH ‘is oxidized by an indigenous species of the
vchloroplasts and a method could be found to remove this species, then
~ the reduction of DfBN.cbuid be observed uncdmplicated by a back
‘reaction.i If this could be accomplished, then the measurement of
“the actfcn spectrum of the quantum yield of the photo-reduction should
. be determined. This would show whether the destrucfion of DTBN fis r
associated with photosystem II as suggested abdve.

Furthermoré. since the reduction of DTBN can be followed by -E'PR,‘~
- the use of exfremely low levels of DTBN and chloroplasts is possib]é.'k
Therefore, theoretically one could measure both the rate of DTBN
reduction and the rate of light absorptibn simultaneously. 'The
- accuracy in using small concentrations of DTBN, as long as they
were sti1]l detectable by EPR, would be the observed signal to noise.
‘Thfs could be improved by the use of mgltiple 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 source§ of error normally encountered in measuring the
quantum yields of the Hill reactions, The major source of error in
these tybes of measurements is tﬁe 1ight scattering exhibited by the
chloropjasts; This could be‘reduced by using the EPR cell, which f§_"
only 6.4 mm thick, and a low concentration ofvchlorOplasts.' Another
source of error océurs because one norma!ly-determines the rate of

the Hi11 reaction by following changes in the optical absorpt1bn



 spectra o?iihe Hjll'réagenis, the optical absorption of which occurs
in a regibn'of the eléctromagneffc'spectrum where changes in thé .
- optical spectrum of the éh]oroplésts a!so‘occur. In addition, tﬁe
chlorOpIasts'are i1luminated by'one wavelength'of light.wh11e'changes

at another are measured. Both of these 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 independently of the cone.
 stituents of the chloroplasts. Thus, the observation of the rate of
reduction lacks the complications encountered in using the optical:

‘nethods.
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Chapter 1V .
MISCELLANEQUS TQPICS

The investigations of two different topfcs will be diséussed |
in this chapter, .The first .of these i3 concerned with the pbeno- _
mena of charge transfer complexes (CTC); the second, a method of
detection of tritium combining the techniques of thin-layer chroma~ B
‘tography and }adioautography. These studies relate to the Qork |
contained in the first part of this thesis only so far as the
lattef gtems from observations made during the 1nvest1g$tions of
CTC. The work with the tritium was conducted because of a pheno-
menon observed dUring the thin-layer chromatogfaphic analysfs of the
products of the DTBN-chloroplast reaction, This is an observation
that polyethylene powder which can be used for TLC forms a trans-
parent film {f heated, |

The results from these investigations are presented in separate

sections,

CHARGE TRANSFER COMPLEXES

Introduction

In 1959, Tollin, Sogo and Ca1v1n1]8 proposed a mechénism for the
primary act of photosynthesis in which the chemical oxidation and re-
duction'regctions 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 1ittle was known about the mechanism of e]éctrod tran;fer be~ -

tween organic species, research was initiated in this laboratory to
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1nvest1uate a class of chemical entities known as "charge transfer
: comp]exes in hopes of understanding the conditions required to pro-
'l_mote or cause electronic fonfzation and/or electron transfer in
organic systems. . | .

For information regarding the definitiqn-of a charée transfér |
complex, the various theories explaining their existence, and the .
means of detecting them, the reader is referred to the excellient re=

119 120 -

The results of the work

views and books on these topics.

'.previobs1§ conducted in this laboratéry by other workers can be
found 1n their theses.'?] | .
| The work to be discussed in.th1§ section waé a éontinuation of
the researches conduéted in this laboratory by D, R. Keafns. J. ¥,
Easfman. and 0, F, Ilten, Specifically, the work reported here was
_ pursued fn order to examine the magnetic and electric properties of
charge transfer complexes, the acceptpr.component of wﬁich exists
normal]j as a liquid. The principal interest wés to determiné
vhether photo-induced electron migfﬁtion could be observed in these
systems as evidenced by the observation of photo-conductivﬁty or
photo-generated radical fons,

. Since the physical étate of organic compounds which were known
.to function as the acceptor components in charge comp?exés at the
start of fhis {nvestigation was the solid state, a seafch was made
to find Arganib compounds which were liquids under standard condi-
~ tions and which would function as acceptor molecules with suiftable
complimedtary molecules.

Pentafluorobenzonitrile (CGFSCN), hexafluorobenzene (CGFG) and
ditertiarybutylnitroxide (DTBN) were the liquids investigated in this
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_study; Since both thg cyano group and fluorine atomé are known to be
hfghly electronegative, it was felt that CGFSCN and C6F6 would function f
as acceptors, DTBN is a radfcai.and, ﬁherefdre. one of {ts electrons
is unpaired, The possibility that this electron could be shared wtth"
another molecule to form a CTC was examined. |

Two different physiéa] methods were used in attehpts to detect

CTC of these materials with vérious dqnor and acceptor molecules, The
first method entailed the measurement of the electronic spectra of
various mixtures.. The presence of CTC are normally manifested in
the electronic spectra of solutions containing both compdnents. When
CTC are present, a band,(or bands) not found in thelspectra of efther

of the compounds is detected in the spectrum of the fn'ixtur'e."20

The second method involved the éea§urement of the electron para-
magnetic resonance (EPR) spectra of mixtures containing DTBN. The
spectrum of DTBN consists of a resonance split into a symmetriéal
triplet by the presence of the nitrogen atom, The hyperfine splitting

:jconstant (A,) of the triplet is 15.4 gauss in cyclohexane solution,

Theoretically, this splitting constant is proportional tp the charge

122

density on the nitrogen atom, If this is true and if the bonding

fn an electron donor-acceptor molecular complex takes place by de-
localization of electrons over the constituents of the <:omplex,]23
then the charge densfty and, therefore, the splitting constant, should
change 1f DTBN functionk as one of the-paftners in a CTC.,  If a full

electron transfer occurs (either to or from DTBN), the EPR absorpt1dn

should disappear,



-152-

-Egpér1menta1

. DTBN was prepared as described in appendix 11, The solutions o
contafnfng QTBN wereiprebared as stated in Chapter.II and III, A
" description of the EPR equipment {s given in appendix 111, |
| .Thg CGFGCN used in this work cbmes from two sources, Mater1éi
- supplied by Pierce Chemical Company was used after one‘distii]atiqn':
in the studies involving equilibrium constants, spectra and_ESR.
- Material received.from Imperial Smeltﬁng-torporatfon was used in
“l tﬁe cbn&uctivity'experiments. It was twice distilled in a spfnnfng-‘ i
band column under vacuum. However, after distillation the material

exhibited less electrical resistance than that from the source.

Therefore, the source material was used without further purification, .

~ The materialnfrqm the two'companies have identical épectra in cyclo- -
'-2hexane. and both béhave tdentically on a di-2-éthylhexy1' sebacate
cblumn in a wilkenson_VPC.. |

CGFG was'supplieﬂ by Monéanto and was once distilled befqre use,
v- For the sou?ce of the other materials, see appendix III.

The electronic spectra were recorded on a Cary-14 recbrding |
spectrophotometér using quarti 1 cm-path length cells. Spectrograde -
'cyclohexane was used in making the solutions.

"Electrical measurements using a direct current metbod were made
..at a temperature of 33°C using a circuit shown schematically in
Figure'54. lThe conductivity cell consisted of a circu!ar,vRyrex'con;
tatner of approximately 5 ml volume with fixed, platinum electrodes:
These were circular discs of one centimeter radius separated by O.S

centimeter, On one side of the container, a quartz window had been

attached using an Epoxy resin, The window was pcsiiioned so that
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L Figure éa;flExbefihehtéI arrangement used in directidurreht'condué-

.. tivity experiments.  VS-7.5 volt dry cell; A-Keithley 410 picoammeter; -

'-:ffljv-Keithleyi610Aié1e¢trdmeter; R-Mosley 680 chart recofder§ C-conduc- e

"Eif_tivfty‘coil; cSLCamefa'shutter; FH=filter Ho]der; L-quartz len; S-  1fff*;

. super high pressure Hg arc lamp (pek-107),




light pgssihértﬁrough fhe'ceII'passed between'the twojeIectrodesﬂ

. The distance from the outer.surface qf the window to the center of

the-e1ectrodes‘was approximately 1,5 cm. The container was surrounded;'. |

- 'exéepf-for thé quartz window, by a p1as£ic container for cfrculatiné a |
 11qu1d around the cell to maintain a constant temperature 1h the cell,

This assemhly, painted blaék except for the'window,'was enclosed in

: a metal container which was used as an electrical shield,

A Keithley. Model 610A electrometer with gn'imput 1mpedanée of

10" ohms was used to measure the voltage drop across the cell, A

. Keithley Model 410 micromicroammeter, capable of measuring currents.

0-13

as low as 1 , was used to measure the current, The output of

| the ammeter wa§ supplied to a'Moser Model 680 recorder, The 1igh£ g
source was a super high pressure mercury arc lamp, type PEK-107. AN
samples were purged with N, prior to each experiment. |

The measurements of the electronic spectra were taken on a Cary;

i! or 14'record1ng spectrophoiometer.or a Perkin-Elmer 221. One (M

cm cells were generalfy used,

Results abd Discussion

1. DIBN. The results of the EPR experiments conducted with DTB
and various donor. and acceptor molecules are summarized in Table‘
val. Many of the compounds shown in Tqble VI (Chapter II) should
also be included 1ﬁ this table. However, the EPR data on the bastis
of the splitting constant, all of which are within experimental error,
indicate that no charge transfer interactions are occurring between
DTBN and the molecules examined in these studies. The .same conclusion
resulted from an examination of the,e]eétronic spectra of DTBN and

various donor and acceptor molecules.



Table XVIT -~

Interaction of NTBN with Various Chemicals

. , %
Concentration Donor or Acceptor Concentration Solvent An+ . AHif Temp,
of DTEN Ratio (9) ()

; [comp, ]/[DTBY] : (9)
_Compound [Cone.] o
1) 1.06 x 1072 M (none) --- -— Cyclo- | 15.4 | 1. | .20
) ) : 4 hekane A _
ii) " N,HN-Dimethylaniline 247 M 2.3 x 10 o 15.4 ] 25°
I11) " N N ' =Tetramethyl- o 4
p-phenylene diamine | ,207 Mo 2.0 x 10 " 15.4 1 1 20°
vy - Hexamethylbenzene .104 1 1.0 x 104 " 15.4 {1 20°.
V) " Quinoline 3631 | 3.0x 100 " 5.4 | 20°-.
V1) 1.64 x 107° M (none) - e " 154 |0 R.T.
vty .| chloranil sat. ) .. R R LTI Tl P o
VIT1) 2.72 x 1070 ~ {none) —— e aceton | 15.7 | 3.3% | Ry
IX) # Tetracyanoethylene 025 2,2 x 10 TS - | -— - R.T..
() 6.5x 1071y (none) -- - cicl, | 160 | .8 | 22
X o s-Trinitrcbenzene 210 M 3.2 x 10° " 15.7 -6 22°
X11) B p-{itrobenzonitrile | .199 M 3.0 x }02 " 15.8 .6 22°

- -ggl-




‘Table XBII (Cont.) -

"Concentration

Donor or Acceptor

Concentration -

Solvent

An

#
M

Temn.

 of DTS Patio (g) - S ("
. - ‘ o [comp. 1/[DT8N], - (9) | =
N Compound [Conc.] _
<I11) 6.5 x 107% M m-Dinitrobenzene a7 m | 2.8 x 10° cHer, | 15.8 | .6 | 220
K1V " “Chloranil o Sat. | TUH(2) " --- -—- ] 22°
+} An =.5yperfine splittihg constant i_.29" i
) :;Hif = peek wid{h at inf]éction points of absorptiohlchrVé
*) Width due to modulation broadening, 1 E :§g~.,;f.-a,f_‘; ' ~;,-5‘

~96l-
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-2, CSFSCN and CSFB' As 1nd1cated by the‘spectra shownlih.
’Figure 55 (the presence of an extended shoulder in ihe spectra of
~ . the mixtures), pentafiuorobenzonitrile complexes with N.N.N‘,N?-
"tetramethyl-g:pheny1eﬁediamine (TM?D). with N ,Nedimethylaniline
V(DMA) and with phenoﬁhiazine in cyclohexane, In addition, crystale-

1ine complexes of TMPD-CGFGCN and DMA-C_F_CN are obtained wheh the

65
fpure materials are mixed. _

These two organic bases also form solid adducts with CGF5 when
the materials are mixed in the pure state 1n a ratio of 1:1. How-
ever, new absdrptions.are'not detected in the spectra (in cyclohexane
solutions) of mixtures of THPD or DMA with CoFg. When C.F, is used
as a solvent for TMPD or DMA, the solutions are visibly yellow,

| However, with t{me a reaction occurs, as evident by the formation of
a black precipitate.

fhe ultra-vio]et-visible abéorptfon‘Spectra of CSFSCN° CGFG’
TMPD and DMA {in cyclohexane) are shown in Figures 56 and 57, rese
pectively, _

. The solid complex formed between TMPD-CGF6 was analysed by a

combination extraction and spectroscopic method and by vapor phase
_ chromatography and found to gontafn an approximate ratio of the two
components of 1:1. This reSult agrees approximately with an elehen-4

tal analysis of this éomplex, which was as follows:

c 4 N
Calc. 57.13 4,51 11.78
Found 59.87 5,56  12.06
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The analysis involving thé extraction consists of removing the
organic base ffom a cyclohexane solution containing a weighed amount ° f
of the complex, The base was removed with dilute HC1 solution, The -
U-vis spectrum of the cyclohexane solution exhibited tﬁg spectrum

of C.F.CN (see Figure 56). Using the known extinction coefficient

6
of CGFSCN. the quantity in the complex was calculated. The diffe-

“ rence in weight between that of the complex used minus the amount of .
CGFSCN found was assumed_due to TMPD. The molar ratio of TMPD to
'CGFSCN was calculated to be 1:1, A coﬁtrol to determine the amount
of CGFSCN extracted into the HC1 was performed simultaneously, |

- CgFgCN is essentially not soluble in HC1. The TMPD was extracted
from the cyclohexane almost totally, as evident from the lack of
absorption above 300 mu (compare Figures 56 and 57).

The analysis by VPC involved the use of an internal standard,
eﬁhylbeniene. Unfortunately, conditions were not found by which both
CGF5CN and TMPD could be detected by VPC simultaneously, Therefore,

- a known amount of the (TMPD-CGFSCN) solid complex was analysed for
~ts C,F5CN content and the difference between the amount of the com=
, F.CN detected was assumed due to THPD,

65
The procedure involved mixing known amounts of the complex with

-plex used minus the amount of_C

known amounts of ethylbenzene (EB) and cyé1ohexahe. Known amounts

“of this solution were injected into the VPC (20% di=(2-ethylhexyl)
Sebacéte on 60/80 firebrick column., From the resulting Chromatogram,'
the ratio of areas between ethylbenzene and C6F5CN were determined |
using a dfsk integrator. A typical traée fs shown in Figure 58. The .
detector system was calibrated by.injection of mixtures of ethyi- : :

benzene and CSFSCN in cyclohexane, The ratio of the weight versus
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' Figure 58, VYPC trace of an aliquot of a cyclohexane solution contain- 95”§"
: ing 6.8 mg of TMPD-C_F_CN charge trénsfer complex and 7,0 mg of ethyl= .f‘é

65

.benzene. The column was'ZOZ di-(2-ethylhexyl) Sebacate on firebrick,
'JThe temperatures of the column, the detector, and the injector were
.. 105°, 240° and 230°C, respectively., The flow was 60 m1/min, _Lower

':'i curve is trace from disk integrator.
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| the ratio of detected areas for CGFSCN to EB was plotted as shownrin
Figure 59, This plot was used to obtatn the weight of CSFSCN'in a
given weight of the complex using the VPC data obtained with the
EB/TMPD-CGFSCN complex mixtures, The complex was found to contain,
for three different samples,VSI%. 51% and 52% by weigﬁt CeF5CN.  If
one assumes a 1:] complex between CSFSCN and TMPD, the per cent
CgFsC by weight in the complex 1s calculated to be 51%.

| Analysis of'DMA--CGF6 or DMAQCGFSCN was complicated by the presencé |
of excesses of the liquid components on the crystalline comp]exes(
When attempts were made to dry the crystals, thé crystals dissociate
as the excesses evaporate until the crystals and the two components
totally disappear. The complex, CGFG-TMPD, was not analysed, Norl
was the CGFSCN-phenothiazine. | |

The association constants for the TMPD-CGFSCN and the DMA-CsFSCN )

cpdplexes were determined according to the method of Hildebrand and

BeneShm4 The equation developed by these workers, assuming one of o

the components is used in high excess over the other, is as follows:

LR A Oy

€1 IKTK € E¢ Q|
‘where [D] and [A] are thé concentrations of the donor and acceptor,
respectively; K, the association constant; 0.Ds, the‘measured opt1ca1
densiéy at a particular wavelength; g, the path lengthvof the cell; -
~and L the extinction coefficient of the complex, at the wavelength
 whererthe 0.D. is measured. Another assumption in this equation is
that only the complex ‘absorbs at the waveiendth employed, to deter-

mine the K value,
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The data obtained for the.CsFSCN—TMPD.and CgF s CN-DMA comp]ekes.' '
bIotted according to the above equation, are shown in Fiqure 60,
Tﬁe assocfation constants and extinction coefficients are given in

Table XVIII.

Table XVIII

Concentrations ) K e

-C
CGFSCN - THPD DMA (m ) moles/2 (2/muleccm). -
0,08 to 0,73 M 5.06 x 1074 M ee- . 380 4.0 800
. " " --- 400 4.1 700
" " S - 420 4.3 600
10,07 to 0,66 M —--  452x103M 30 2.7 - 500
S = o 350 3.1 400

" " -=- " 360 3.1 310

The path length of the cell was 1 cm in all these experiments,

The nuclear magnetic resonance (NMR) spectra of DMA and TMPD in
CgF5CH are shown in Figures 61 and 62, Also included in these figures
are the NMR spectra of these mate}ials in CC14. The broadened reso-
nance 1ines of TMPD in CoF-CN is believed due to 1ifetime broadening
caused'by the paramagnetic cation; TMPD*, although this species vias
not dgtected by EPR even with i1luminatfon, The lack of broadening
in the DMA resonance lines in C4F-CN demonstrates that the line
) broadening observed in the THPD solution 1s not connected with the

complexing of TMPD,
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fiqure 60. Hﬂdebrand-penesi plot of charge transfer absorption,
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The shift in the resonance 1ines io higher fields in CGFSCN is
) also observed for the resonance line of cyclohexane in CSFSCN when
compared to solution fn CCl,. The shift is probably due to internal
fie]dsrcaused'by the ring currents of the aromatic system of the
nitrile and by the magnetic moments of the fluorine atoms. '
Although the NMR spectrum of the TMPD-CgFCN. complex suggésted-v
that free radicals were preseﬁt in this complex, ndne could be de=
tecfed by EPR either in solution (TMPD {in CGFSCN) nor in the solid |
complex. Illumination with ultraviolet or visible 1ight did not
“produce a detectable level of paramagnetic species,
The resistance of a 8.6 x 10-4 ¥ solution of TMPD in C.F.CN is
ohmic from 0 to 6 volts and has a resistivity of 3.5 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 ﬁo detectab1e variation of its resis-
tivity when 1lluminated with ultraviolet or visible light. A 9.0 x 1074 ¥

- solution of THMPD in spectrograde cyclohexane has a resistivity df e

8.4 x 10" ohm-cm at 33°, Light does not produce a resistivity

varfation in this solution either,
However, the solution of TMPD in CcFsCN when subjected to a 0;1
volt potential at 33°C and illuminated by light from a mercufy arc
| exhibits a definite varfation in resistivity as evident in Figure 63.;”
The curve sho&n in this figure was found to be non-reproducible
(eveﬁ qualitatively) from day to day unless the TMPD solution was
made up fresh and the electrodes were cleaned with H2804 between
‘each experiment, These observations suggested that pboto-chemicaI

reactions were occurring in these syétems.
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In dddition, when a filter was inserted between the light source
and the cell so that only light of wavelength greater than 3600 R
passed through the cell, the light did not produce a variation in the
resistivity. As this fs the region of the electromagnetic spectrum
in which the charge transfer band of this comp]exilies, this result
indicates that the observed decrease of res1stiv1ty-is not connected
with the presence of the complex. Since it was nécessary that both
CGFSCN and TMPD be present in order to see the photo-effect, the
photochemical reaction probably involves both species. However, a
larger_quéntum of energy than that supplied by the complex absorption
\|1s required to produce the reaction, |

Summary of CTC

Dimethy]analine and N,N,N',N';tetramethylfgrphenyiened1amine

- form charge transfer complexes with both hexafluorobenzene and

pentaf]uorobenzonitrile. Phenothiazine also forms a complex with

‘the nitrile, Analysis of the CGFSCN-TMPD complex showed that the

ratio of the two components in the complex is 1:1., The association -
_constants for the DMA-CSFSCN and TMPD-CGFSCN complexes, as deter=

o mined by the method of Hildebrand and Benesi.124 are 3.1 and 4.1;

respectively. ‘

The NMR spectra of DMA and THPD in C5FSCN differ from those
attained using CC] as the solvent 1n that the resonance lines are
found at higher field the lines are closer together, and'in the
case of TMPD, the line width of the resonance 1ine§‘are much broader,
This latter observation is interpreted as due to the presence of the
paramagnetic cation, TMPD*, which causes 1nc?eased relaxation and. |

- thus, uncertainty breadening.,



. ane
\l.f1IUm1nafion of the DMA br T™PD contafning”comp1exés with
'iight from a mercury arc does not produée detectable levels (hy
E?R) of paramagneﬁic specfes., In addition, 111uminat10n of the
6¢5CN with light absorbed by the complex does not promdte-
a photo-conducténce in the solution, When uv Tight is used, a

T™PD in C

rphotofinduced éhange in the resistance of the solutfon is observed,
However, the change in resistance appears to be due to the gene-
ration of ions during a photo-chemical reaction of TMPD,

Since 1ight caused only photo-chemical reactions in these
systems, these invesfigations were suspendad and the 1nvestigation§ :

with DTBN initiated.

o Tritium Detection

Introduction

. Many common isotopes, 1mpqrtant fn biological systems,'jggp. ;
14C5 355. and 32?, can be detected easily by using the combined-
fechniques of thin-layervo? paper chromatdgrabhy andradioautography;
I the chromatogram containing the radioactive element is placed in -
| opposition to a film, the B-parfic]es emitted-by the isotope pene-
trate the emulsion leaving a darkened track upon deveiopmenf of th¢
o film;v This technique has pfoven.very useful for the‘detection of
elements emitting medium or high energy B-partic]es.' Tritium,

- howevgr. emits a very soft beta (max, enefgy .018 mev) with a

- small benetration radius, Therefbre, detection of compounds con=
taining.Tow levels of tritium by the above techniqyé has not been

too successful due to lack of penetration of the fpartfc1es 1ntol"“

the emulsfion.



The fbllowfng is a preiiminéry report on the ﬁeveIOpment of a
prbcéss for detecting Tow ]eve1§ of tritium Qtf1121ng the combined
B techniques of thin-layer chromatography and scintiflation counting."
Method | |

The small penetration disfance of tritfum Bopartié1e$ could
possibly be overcome by converting the beta emission into'photon
emission, in situ, by incorporating a scintf1]ator'1nto the absor=
. bant of a thin-layer éhromafogram. With tﬁe scintf!latoryin close
proximity to tritium; the g-particle causes an excitation of the
scintillator, resulting in photon emission, GenerAIIy. most of the
photon emissfon would not be detected because of the light scattering
‘nature of the powder of the chromatogram, However, Sy rendering the -
powder transparent, more efficient 1ight transmission occurs,

- Powdered polyethylene has been found suitable as the absorbant

o m@tefiai for it forms an almost transbarent film by heating at 120°

for several minutes,

~ Experimental

A chemically 1qert scintillator (approx. 2% by weight), either
3phenylbiphenyloxadizo]e-l,2,3 {ran], 4,4°-bis-(2-buty1octyioxy)-gf
quatefphenyl [8oqr], 2,5»dipﬁeny1oxazole (PPD) or a mixture, containing
manganese activated zinc §i11cate and silver activated iinc suifide,
was mixed uniformely with powdered polyethylene, The resulting
mixture was used to prepare a chrométogbam «25 mm'thick using an
acetone slurry (50 g powder to 200 ml acetone).
The uniformity ofi the scintillator distribution on the plates-  o
~ was checked by visual inspection of their fluoresceﬁt emissfon in a |

darkened box containing a UV light source to effect excitation. Each
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" plate was then developed using an acetone/water (80/20) solvent . -

~system, and the un1form1ty checked again by the same'méthod. No 
- .movement of the scintillator was detected. The powdefed polyethy=-
lene was then fused‘1?to a transparent film by heating at 120° for
several minutes and the 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 piates,.pne ponfaihing~-:
PBD, one containihg the inorganic mixture, and oﬁe‘w1thout a fluor, ;
o were prepared and spotted with phenylalanine hydrochloride, The
.plates were devéloped in 80/20 acetone/water and sprayed witﬁ hin-'

'v hydrin in order to locate the amino acid. The amino acid displays- -

\'-Happrox1mate1y thé same'Rf'va1ue on all three plates. This system
'f  would not-be good for chromatography of this material since the
amino acid HC! ran very near the solvent front, However, the
1hportant conclusfon 1{s that the scintillators did not appear to

1nf1uence the movement,

Two plates, one with PBD and one with the 1norganf¢ méterials.'}

were spotted with some tritiafed.pheny?alanine_hydkoch]oride.' The
test solution contained 1,07 x 10° dpm per lambda (A). Four spots
were -applied to each of the plates [10%, 105, 105, and 107
the plaFes were developed until the amino acid had migrated Qp a
third of the plate. Following fusion of the polyethylene, the

~ chromatograms were placed in opposftion to the film for a specific

period of time, Three different types of film were used, The films.f _ o

used were Kodak Royal X Pan, Kodak Medical X-ray “no screen®, and

Kodak Medical X-ray Royal Blue. The spots containing 107 6

dpm] and - -

and 10 dpm
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caused an intense darkening of all three films with both scintilla-
| tors, The spot with 105 dpm also caused a detecfablé darkening of
‘the Royal Blue and the "no scréen" X-ray film; however, the X-Pan' 
film was‘spoi1ed by an unknown exposure in the areé of th1§ spot. |
The spot containing 104 dpm did not expose any of Fhe films, By
visual 1n§pection of the darkened areas, the combiﬁation"of the -
_.organfc fiuor and the Royal Blue X-ray film appear to he the mqst
sensitive combination. | o |
Separate polyethylene p1ates containing either the organic
scintillator BOQP or the inorganic scintillator mentioned above,
were prepared, Four different concentrations of each (2, 1.5, 1.0
and 0.5%, 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 tritiated
amino acid were applied to each plate, The powder was fused with-
out development of the plates and the resu]ting>chromatograms placed
1h~opposition to the Royal X-Pan film, The film was exposed for
34 hrs and developed with Kodak D-19 developer. The spots contain-
ing activity as'low as 5 x 103 dpm caused a detectable darkening of
. the film. The darkening of the film and the level of detectibility
of the activity appears to be independent of the scintillator con-
7.centrat10n in the concentration ranges examined, These experiments
need tq be repeated to include the development of the chromatogram
prior to the fusion, If devé1opment s not included, the tritiated
compound4is found in a ring in the area of application, thus cod-

centrating the tritium,
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Discﬁssiop
o These preliminary results 'suggest that this method is more
senéit{ve by at least a factor of ten over cbrrentﬂy used techni-
ques utilizing autoradiography for the detection of tritium.‘zs |
| In an attémpt to increase this sensiti#ity, the possible

i use of photbmu1t1p11er detection of the photon emission was befng
© investigated. A 1ight-tight box fitted with mounts for a thin-
layer plate and a photomultiplier had'been constructed, After
the photomultiplier output pulse were amplified and sditéb]y
shaped, they were collected in a pulse hefght analyzer, Very

| preliminary results indicated a détection efficiency of 0,5 to

1.0 per cent.

a



«177-
APPENDIX I

Sources of Error in Using,EPR for Kinetics

The procedure normal]y employed in EPR spectroscopy is to sub--
ject the spin system to constant electromagnetic radiation as the
externa]ly.applied magnetic field is varied. As the resonance con-
dition is traversed {when ﬁv = q8H), power 1s absorbed from the |
.radiation field causing an electrical imbalance in the spectrometer,
Recording this {mbalance of ﬁhe spectrometer as a function of thé
applied field strength will yield a cﬁrve proportional to the ab-
sorption, Generally, however, the external magnetic ffe?d {s modu-
lated with an amplitude smaller tﬁan‘AH”2 and the resulting AC
signal is demodulated in a phase-sensitive detector. The imbalance

that 1s then recorded as the field sweeps through the resonance con-'

- dition s not prOportionai to the absorption but is proportional to

the first derivative of the absorption, This derivative_is what is
cailed “"signal” in this work.

The shape of the derivative as a function of applied field is
.dependent upon characteristics of the spectrometer (é.q09 the operating
--behavior of the detector, the frequency at which 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 shape function, the maximum
in absorption derivative curve is proportioha] to the following: 1)

- a8 so-called filling factor which is the ratio of the sample volume tdv
the cavity volume times a parameter which'depends upon the microwave
field distribution in the cavity and over the sample, 2) the quality

factor of the EPR cavity which is defined as the ratio of the enerqy
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stored td the énérgy loss in the cavity, 3) the‘amplitudé'of the
Vlfield modulation (Hm). 4) the,résonaht frequency o? the §p1n‘systeh SRR
'at a field strength of Ho. 5) the reciprocal of the temperature of |
:spin system at equ111brium? 6) the square of the reciprocal of the
"1ine-width (AH]/Z) of the absorption curve, 7) the 'square of the :
‘amplitude of the microwave field, and 8) the number of parahagnetic
species {N) comprising the spin system (see reference 2-5), The
constant of proportionality includes gains, time constants and
various ndmerical constants (1;3..'n; g, h, gtc.).

In using the EPR for kinetic studies of paramagnetic species,

one'genefa11y'assumes_that all the factors 1isted above are constant
with time excgpt N and therefore the maximum of the curve (Smax)' |
During a particular.kinetic expériment thfsAaSSumption is probably
valid, the possible exception being that the line-width also varies
with changes in N (see Figure 77 in appendix I1), .

Therefore,
SSpax o1 NN Mz
. 8t . (AHUZ)Z v6t (AH'I/2)3 6t |
GAH]/Z ’ GAH] 2 s8N | . B
however, ~5t % _-G-ITL X Tt (2)
Therefore,
SSnax LU IR || 8oy 2 N (3) |

For the kinetic experiments'reported {n this work, the second

term in the bracket of equation (3) is ca. 0.04 (No = 10°° moie/%s
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AHi,z/AN ca. 200 gauss/mole/% and 8Hp/9 ca. 1 gauss), Thus ;He con= R
tributions to the decay of S ., due to aH/AN are slight.‘ The effects
of other perturbations whiéh cause.changes in the'line-wfdth (for
example, the generation of other pafamagnetic specfes, saturation,
etc.) are also probably vefy slight,

" The major problem encduntered in using EPR for kinetic studies
is the impossibility of reproducing all the conditfons required to
obtain an identical proportionality.constant frOmAexperiment to ex=
- periment, Thfs.difficulty is.generaIIy circumvented hy no?ma1izing

the data according to the following equation:

_ Ny : | ld)l
R .

g B

where_st and Nt are the signal height and the concentration of the
paramagnétic species at time t, and So and No are these same quanti-
‘tjes»at t =0, |

| Tﬁe 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 54/, versus t are a
function of the‘value of No. For many systems investigated by EPR,
this value 1s difficult to qetefmfne. Fortunately, Nb could be detef- 
.miped fn this work by measurements of optical absorption spectra,

‘Another source of error in using the EPR for kinetic analysis

fs the possibility that the rate of change of Spax 1S ot directly
proportional to the rate of change'of Ne This cou?& ariseiif drift
occurs in the spectrdmeter. 'Nofmally in fo]]owinq the decay of Smax' -
one positions the magnetic field at one field stréngth (the position

where Smax occurs), If the spectrometer drifts from this position
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: becauée of variations in the magnet, in the'frequehcy‘of tﬁe k?ystron;__ ; o

or within the cavity, the rate of change of S is then alsb a

_ max
function of this drift.

Thus,
6S .
max SN 8S (12 A
<t s T X , N )

where 8H/8t represents fhe drift, and 8S/8H is thé‘siope'of_the deri-'[

vative curve which is normally quité large in the region of}'Smax
-~ (see Figure‘1], Cﬁaptef II). This qrift is probably not significant
f;unléss lengthy decay timeslare encountered, 'Also. the drift is
generally not‘constant nor linear in time, Iﬁ the experiments re-
ported fn this work, this type of drift normally caused a machine
limited decrease in Smax which was obviously due to shiftsvfrom the
rse]ected field position. | |

Other variations which contribute to the observed decéy of Smax

| are changes in the basé line. This is an insignificant source of
‘error unless the:changes-are extremely sporadic. Normally the drift
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‘th1s drift. This was done in experiments reported in this work,

The position pf the base line was checked by the procedure stated

in Chapter II.
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APPENDIX 11

- A ‘Preparation and Propertiés of DTBN
| Ditertiarybutylnitroxide and d1-tert1arybdtyihydroxyiam1ne were ‘:
prepared according to tﬁe procedures of Hoffman.]og. The nitroxide
was purified by spinning band distillation at a preséure of 1i mm Hg
at 58°C and stored in a refrigerator, The hydroxylamine waslisolated‘;
as the hydrochloride and purified by crystallization from an alcohol/
| diethylether mixture. The starting material, 2-methy1-2-nitropropane;
- wés prepared éccording to the method of Kornb]uml26 from tertiary-
'v'buty1am1ne which was supplied by Mathéson, Coleman and Bell,

Analyses of the three products were as follows:

CqoHayNO: €-66.60,  H-12,58, N=9.71 Calc'd

-66.35 12,35 -9.76 Found
CpoMpgNOCT:  -52,88 ~11.09 7.7
| -52,86 -11.40 -7.91

-46.87 - 8,83 -13.35

’ The purity of the nitroxide radical, checked by vapor phase
chromatography (VPC), wés found to be greater than 99%, Figufe 64
is a spectrum obtained from the VPC which.shows the various fmpuri-
ties found in the nitroxide., The identities of the compounds under-
vlined were assigned py co-chromatography of the radfcal with known
compounds, The remainder were assumed to be those reported by

Hoffman, | ’



Figure 64.
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VPC trace showing the impurities in DTBN., The column was 15% diisodecyl pthallate on chromo- -
The temperatures of the detector and the injector were 110° and 105°, respectively. The He

The peak with the question mark (t-BuNHOH) is-also found in t-BuNO, . '

flow was approximately 20 ml/min,

" prepared by KHnO4.oxidation of t-BuNHZ. .
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Thé ultraviolet-visible spectrum of DTBN {n sz s shown 1in |
'~Figure 65. The visible ébsorption in Hzo and in cyclohexane are
compared in Figure 6. These two solvents were used as solvents for
tﬁe nitroxide in much of"thévwofk in this thesis., These spectra
were obtained using a Cary 14 spectrophotométer and 1 cm cuvettes,

Figure§ 67 and 68 are the EPR spectra of the same solution of
DTBN in cyclohexane, The difference in the two spactra is caused
by the presence of oxygen in tbe sample used fér Figure 68. The -
paramagnétism of oxygen causes lifetime broadening of the nitroxide |
signal which results in a decreased signal bhight,

Since the height of the nitroxide EPR s1gna1'was to be used to
",follow the reactions of DTBN, the effects of severai mild perture
bations upon the nitroxide signal height were investigated with the
| results shown in Figures 69 through 73, The slope of the line in
Fjgure 69 -1s + 1.05% per cent change in power setting, This'para-
meter is dependent upon the experimenta) cbnditions (the concen- |
tratfon. 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
settihgs employed varied between 0.4 to 0,7 of the maximum value
| avatlable, , |

Figure 70 shows the variation of the nitroxide EPR spectral
1ine-width with concentration. The small insert in this figure

shows the concentration region used in this work, This is the cone.

" centration range where three distinct lines are observed for the

nitroxide. When the concentration of DTBN is increased above 10'2 i

the three lines become so broadened that they start to overlap, This
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Figure 67, EPR spectrum of 1,06 x 1072 M DTBN in cyclohexane

without air,
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" Figure 68. EPR spectrum of 1,06 x 10°5 M OTBN in cyclohexane ~
Cwithate, o |
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'?effect is shoﬁn in Figufe<71. F1na11y. at a concentration around

0.1 M, the hyperfine structure of the nitroxide coilapses comp]ete1y '

* due to rapid electron exchange and only one broad 1ine is observed,
Continued increase of concentration.causes a narronng of the liee~
and then a broadening. The concentration range used in this work

" was around 10” -4 to 107 5 In this range the rate of change of the

- 1ine-width with concentrations is ca. 200 gauss/me]e/z“] (see
appendix 1), | |

» The effect of temperature upon the sfgnal height of a 10‘4 M
solution of DTBN 1s shown in F{gure 72, The rate of change in height

 with temperature is -0.05%2/°C, This rate also will depend upon

" several {nstrumental parameters and experihenta1 conditions, How- . -

ever, the conditions used in the experiment to obtain Figure 72 were
'typ1Ca1 of those employed in th{s'work. wﬁen the temperature drqps
| below the freezing point of the solvenf. more drastic effects are
. observed. Figure 73 is a spectra atvliqu1d nitrogen of DTBN .

, («JO"5 M) in cyclphexane. Fervan explanation of this effect, see

reference 114,

8. Preparation of Radioactive OTBN

" The '¢-1abeled DTGN was synthesized combining the’ procedures

_ of Ritter and Minieri 127 Kornb]um et a1..] 6 108

l4c_

and Hoffman g_t_g_L.

The starting material, tertiarybutyl alcohol, was supplied by

" New Eng]and Nuclear Corp. VPC showed this to be greater than 99%

pure in radioactivity. The principle impurity was MC-isopropenel.
t-Butyl aleohol (.032 moles) was added to 3.4 mg of 14C-t-butyl

~ alcohol (0.5 mC) in 10 m1 of acetic acid (AcOM) ¥n a 100 ml round

bottom flask. NaCN (.048 moles) was added with the f]aﬁk submerged
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 Flqure 71, EPR ‘spectrum of a 0.03 M cyclohexane solution of OTON.
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Figure 72, Effect of .temperature on the DTBN EPR signal height
‘normalized to the height observed at 22°C,. The concentration of

DTBN was ca, 10~% M.
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' _1n'1ce. Then a mixture of 10 m AcOH with 15 m1 of H2S04 was added
over a per1od of 20 minutes to the 100 ml round bottom flask in a
closed system, When the acid mixture was 1ntroduced. the tempera-'

ture rose rapidly. The temperature was maintained between 45-55°C,

;5 After the addition of the acid mixture, the solution was allowed to

stand at room temperature-for'six hours. The reaction mixture was
poured into 50 ml of HZO’ to which was added 100 ml solution of NaOH
(0.4 g/m1) with cooling. Thé resulting basic mixture was refluxed
for twelve hours, . Then alportion.was distilled to another vessel
using two condensors (vertical) and an HCl-solution-trap, This 12
hour reflux and distillation was. repeated two times. The d1st111ate'
was collected in a 250 ml round bottom flask, To the distillate,
150 ml of H,0 and 20 g KZMnO4 were‘added and the connection between
this flask and the one with the NaGi{ was removed. The flask cone
taining the KZPnO4 solution, fitted with a reflux condensor and

. magnetfc stirrer, was allowed to stand for 24 hours. After this
b'time, the condensor was removed, the flask was fitted with an in-
Tet tube for steam, and the contents were steamed-distilled, Tﬁe |
product was collected at 0°C.

The nitro compound obtained at this point was removed from
the water layer with ether (ah excess), The ether Yayér was sepa-
' rated from the water in a separatory funnel, dried over K2C03, and

distilled to a volume of approximate]y 1-2 ml Glyme was then
.distilled under Nz.from'Na directly into the nitré-ether so1ut1§n.
The glyme was dried by refluxing with LiAIH,; and distilled from '
.L1A1H2 Qnder N2 directly into a flask containing Ha. Approximately
0.2 g Na was added to the nitro-glyme solution, During the
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.additioh.'a nitrogen pdrge was‘uéed to‘exCIude atr. A magnétic-a;if}
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.untii a white slurry formed and most of the
Na wé§ expended, The solution exhibited the following color changeﬁ:
golden, pale blue, dark b1de, lavendar, and powder white, The solu-
tion was filtered to obtain a white precipitate. Sodium bits were
removed by hand, Then the precipitate was added to water, Two
layers formed. The organic layer was extracted with pentané at 0°C
until the'pentane became co!orless.. The pentane was dried over
KZCO3 and most of the pentane was removed by distillation at 35°C,
DTBN was isolated from.the pentane extract using an FMN Auto-Prep,
The YPC column (.3/5"yby 4');contained Dow-lj on firebrick (60/80
mesh). The temperature of the column was 70°; the injector, 60°,
the detector, 60°, and the collection trap, 0°C, The helium flow
rate was 0.5 on prep flow control. |
| MC-DTBN was recovered from the VPC trap with pentane to a
final volume of 10 ml. The sofution in pentane was 0,12 M by its
visibie absorption speétrum. Two A were used for counting of the

Ve 0TBN was 0.03 mC

‘radfoactivity (13,400 dpm). The yield of
(6%) and 0,0012 g (6%). The pentane was removed by distillation.

The fol?owing'equations summgrize this sequence of reactions:

1) AcOH + HpS0, [

£-BuOH + NCN >
| 2) Hy0

)
£-Bu-Y1-C-H }
H

HaOH . ££7BUGH2]i KinQ E:BUNOZ'

The compounds in brackets were not isolated.
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APPENDIX 3 SER

:A.f Equipment ‘

: EPR, The EPR data were obtafned Qsing.an‘x-baﬁdf§pectrométer
(9.5 KMc). An x-y recorﬁer was used to record'the,signa1‘whfch was
recofded as the ffrstvderivative of thé radical abéorption'curVe.
The y-axis was used to record thé signal intensity., The x-axis,
~ plotted in gadss, was driven by a sweep generatortwhich was used to
_ vény the hagnetfc field or else by the output of a Bell ”249" Incre-
mental Gaussmetgr which was used to determine the width of the sweep
--1n gauss.

The signal 1ntensfty was also recorded on'a Mosely model 680
chart recorder so that the kinetics of the Iight-induced changes 1n
"1the signal intensfty c0u1d be recorded. .

The temperature of the cavity was variéd ysing 2 Varian low tém-'
perature attachment, The temperature was‘monitoredlu51ng a coppef—
constantan thermocouple with an {ice water'mixfure'as the reference
" temperature, The temperature was not defermihed‘if temberature§
around room temperature were used, .

A0.0T M solution of peroxyiamine disulfonate (Fermi Salt, sup-
plied by Alfa Inorganics, Inc.) in water so1ution saturated with
~carbonate was used for accurate calibration of the x-axis. The EPR
pattern of this salt consists of a ,ymmetrical triplet with a 13, 0
gauss splitting constant. Once the splitting constant of DT8R in
tyclohexane was determined to be 15.4 gauss, this solution was used |

for a standard.
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ﬁﬁﬁg, A Varian A-60 NMR instrument wés'used~to'obféin the NMR data.
' UV-Vis, The optical spectra reported in this work were obtained
: using either a Cary n or 14 recording spectrophotometer or a Perkin-_

Elner 221, | | |
Radioactivity. A Packard Tri Carb 11quid scinti??ation Spectrometer,

mode] 3375 was employed for assying the amounts of radxoactivity 1n the
solution containing c-labeled DTBN, The scintillation solution (18 I
'{1n a §1ass vial) concained 18.0 ¢ 2,5;diohenyIOXai01ek(PQO), 0.4 g 1;4-

bis [2-(5 (4-methylphenyl) oxazoyl)-behzeoe] (DimethyI POPOP), 200 g
c naphthalene in 1 Titer of ethanol, 1400 ml of toluene and 16G0 ml dioxane,
The efficiency of counting in this solutvon was determ1ned by ha11ace
Erwin usinq 14¢.1abeled toluene. o

The radioactive purity of 14C-tert1arybuty1 alcoho1 was determined

‘yusing a proportuonal tube employing a 1 1 by volume mixture of helium
'ond methane gases, The tube was connected direct1y to the exit of a
“VPC. A duel pen recorder was used to record simultaneously the mass

) peaks and :radioactivity,

Gas PréSSures.“ aas preSSures were monitored using a worburg
»..npparatus which is described elsewhere.]28 | |

VPC. The VPC 1nstruments used for analytica] work include Aero-
graph VPC mode]s 90A, 350 A, 1520 and the Aerograph Autoprep, For
 the 1solation of 14C-DTBN, a Hewlett-Packard 775 prepmaster was used.
The detection system employéd with all these instruments was a thermal
conductivity bridge. The carrier gas employed was helium,

The columns used in this work, with the excepticn of the oné used
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'fof”the fsolatfon of-‘4C'DTBN which was 3/8 fnch‘in diamefér ohd‘4 ft

: ,long. were 0.25 1nch and either 6 or 10 ft 1ong. ,

The substrates, thefr concentration the support. mesh and the j;f;"

. materia1s separated upon these were as foilows* (1) Molecular sieve

B 100% 30/60 mesh nitrogen and oxyoen (2) Oow-ll 15% chromos : ,"

tsorb W, 60/80. DTBN isobutene, Z-methyI 2-n1trosopropane (3)_diiso;i‘,
"decyl phtha]ate. 15%. chromosorb Q, 60/80. pTBM, benzoquinone; .

0 (4) SE-30, 10% chromosorb W, 60/80 isobutene, 2-methy1-2-n1trosopro-'"

pane' (5) di- (2-ethy1hexy1) sebacate 20%, firebrick, 60/80 c5F5CN
C5H5C2H5.
Light Intensity. The intensity of the 1ight sources used for

'111uminations in the EPR experiments (1000 watt tungsten and 150 watt '

. Xeon) were.determined using a thermopi]e_ca11brated with a lamp (#423))

supplied by the National Bureau of Standards according to the procedure

J'described in reference 129, _ _ ‘ :
. . The 1000 watt source has’an output of 7 x 105 erq/sec cm2 after
: passinq through the water bath and IR fi]ter.v With f11ter5-1~69 and
| ;3 67 the 1ntensity drops by 61. 3%, | |

The Iight from the Xeon source was passed through ‘a monochromator

" and the quanto/sec cm? determingd for wave}engths from 300 my to 700 my.

The output at 458 mu, the wavelength used for the study'of the quinone-
DTBN reaction. was 5§ x 1014 quanta/sec cm?;

7

-,
N2



8. Chemicals

Chemical

~ DTBN
 DTBNH

14c-pTBN |
14C:g}8u§y1 alcohol
ChldrOphyll‘g‘
Chlorophyll b
P!astoquinoﬁe A

t-Butyl amine

1,4-8enzoquinone

1,4-Benzhydroquinone -

1,4~Naphthoquinone

v 1,4-quoqu1none

9,10-Anthroquinone
Tetracyanoethylene
s-Trinitrobenzene

m-Dinftrobenzene

E:Nitrobenzonitrile'v o

Hexamethylbenzene

Quinoline °

- p~Chloranil

0-Chloranil

: Tumi flavin

:': tumichrome

o199

- Source and Method of Purification

See appendix 1l

1] f "

o " .8

New EnQYand Nuclear Corp, = no further treatment

" :Isolated from spinach by M, Byrn - column chroﬁatography

f " " " 0 # on

" Y n

" P, Scott " "

' Matheson, Coleman and Bell - no further treatment

- Eastman Organic Chemical - crystallized

L ] " "

n [0 L : u

 1Ca1b1ochem - not further treated

-Eastman Organic Chemicals - no further treatment

" " "

- sublimed (vac.)
" i " - no further treatmenﬁ

[ " ) [} ’ n 1] _ n
I ., 0 o " " u o

i 'y oown o oM T n

n ] ) [

. - distilled (vac.,)
Source unknown - sublimed {vac.)

” N ] 1

- not purified -

L I L] L n



! Chemica?

Hexafluorobenzene o

_Pentaf]uorobenzonitr11e :

N, N Dimethylaniline '

NN NS ~TetranbthyTaps -

pheny]ene diam1ne
,,Ethylbenzene

Isobutene

o 2-Methy1-2-nitrosopropane

_ Phenothiazine_"

- DCMy o
DCPIP (ox,)

,-Salycylé1d0xfme'

"-'Tritiated Pheny1a1an1ne o

© Silica ge1 6

Polyethy1ene

e ‘PhOSphomolybdic ac1d

V':Prepared from ox, form with kBHd

- -200-

Source and Method of Purification

Monsanto - distillation (Spinningvband)r o

Plerce Chemical & Imperial Smelting - "
distillation (spinning band)

" Eastman Chemical - distilled (spinning band) g*f

" - "

- suinmed‘free base

~ Matheson, Coleman & Bell - distillation
: Méthoson'Cdmbany = no further treétmentﬁ*f7
;Prepared according to reference 130

o Rcsearch sample furnished by Sifth, Kline.

and French Labs of Philadelphia ~ no
further treatment *

‘f-‘du:ont de’ Nemours & Co. - from Kenneth Sauer S

"JK & K Laboratories ~ from Kenneth Sauer

= Prepared and purified according to reference 731 ;
New Enq]and Nuclear Corp. - no further treatment '_i'7’f
- warner-Chiicott Labs - no further treatment

L “Dow Chemical - no further treatment_

Merck - no further treatment

C. Listof Abbreviations' N

(see next page)
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" List of Abbreviations

~ ADP
ATP
M

BQ
S
cTC -

- Cyt, bg

Lyt. f
peMy

G ADCPIP or
S DPIP L :

'DMA_,:” |

'dpm |
. 0Q
DTBN
DTBNH
DTENH,
£8
 EPR
Fd.
B
NAD
NADH
HADP
NADPHZ

adenosine diphOSphate '

" adenosine triphosphate

9,10-anthroquinone

- 1,4-benzoquinone

'.AchlorophyIT‘

charge transfer complex

cytochrome bg

- cytochroﬁe f

3-(3,4Qd1chloropheny1)¥1,1-d1methy1urea

fVZ,Grdich10rophen01~ind6phen6¥% ;
"M N-dimethylaniline |

- disintegration per minufe

1,4-duroquinone

di-tertiarybutyinitroxide

. di-tertiarybutylhydroxylamine

di-tertiarybutylamine -
ethylbenzene

electron paramagnetic resonance -

ferredoxin

Tinewidth at half»maximun of EPR spectra1 linef

. nicotinamide adﬂnosine dinucTeotide

. reduced form of NAD

nicotinamide adenosine dfnuc]eotide phosphafe

reduced form of NADP



MR

© P700°
P890
B Pcy )

G

" PMS
. PQ=A

RUDP
e

mep
' Vit, |

-VPC

0.0,

_”5202-
nuclear magnetic resonance
1 4-naphthoduihone
optical density

". n . .o .o "

~ plastocyanine

-,'phbsphonmlybdic‘acid“

phenazine methosulfate -

"‘plastoquinoné-A

ribulose dibhosphate,
thin-layer chromatography .

o piqment complex which absorbs at ca._700 mu,: |

890 mu‘

NN N‘,N'—tetramethyl-grnheny1ene dfamine B

._,vitamin ke

--;vapor phase chromatography
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