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method of deiteciing unpaired e ,?%’:a»’"v*r:m
gpm resonance is discussed. The ai ign
elactron 80 ’*-z resonance iz discussed zn

features of the 2lectron 8pin resonance Specﬁrv;ﬂzﬂ
e photoproduced unpaired 2lectrons in photosynthe
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That particuils
there was svidence of ung
now be explained. Those cm:ﬁf@a‘;
resonance absorpiion specira. W;u
alectron 5pin resonancs ;1;39 how w L it for the deteciion of
unpaired sleciroans in biclogical svys: em‘s, how it has been use d, znd how we
may hope to use if {further o ids: m&v the nature »f the unpared alectrons that
might and de oceur in Diclogical systems.
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Electron spin resonance is another gpectroscopic methed., Zavoisky

was the first to use it o detect unpaired clecivons in mwma al svstems, it is
basad on the principle that an eleciron ’%wmz»:« a apin, and that this 3 giv i’f a

)
magneiic moment such that when phaw‘d na Z};’ia%ﬁéilx field it wil

self with respect to that magn,wmc fiel d in certain specific d,zﬂeﬁi@mso In i-”l@
case of the electron, the spin is sald fo be one-balf of 2 nall, and this leads to
only two possible orieatations of the ;e«l@c* ron 1o an exiernal f,_e'ia—uwm‘\ the field
and against ii.

On the

Figure 1 shows the diagrs mamc representatioe of thi

lefi we have the case in which the electroas are in between the ‘3}3@1&% iax;@s of a
magnet, but the sleciric current is not yei flowing and the s#leciren zagtic
mornants are randorly arranged, When we turn on the field {as on the right),

some of the slecirons will orientate themselves with the external and soma
against it, Now, these iwo orientations d@ noL 1ave the same 2
energies are E@prﬁbé"‘lt"“d here by £ aand E5, and the diffsrzace
two energ;es is equal to the product of {he magws%:u‘ mement ({p(__
magnetic ratio \\g ), and the value of the 2xternal magnetic Geld

difference in ¢nergy can be expreassed in fterms of the {requancy n

Traascmpr: n of speech ;?1;'%’.,;.
Biophysical Science, Univer
work described hersin was s

3 ‘fSS., The
ergy Commission,
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Figure 2 indicates the maaner in w
the three-centimeier gea@ffa‘mr? and m@ <
magnetic fleld some of thess
soma2 ;aﬁ'iiparalléllq There will
aYre 17 i
tranasiil

D05 mk wesn siates dQeur.

Most of the apparaius in uge foday does noi :

ilt?m@mg?ﬁx some of them do. Insiead thev record ihe ivaily
and the twe graphs in the praceding section {Chapisr } wers these derivatives

of absorpiion rather than the absorptioca direc m,fc

This experimeant then provides a me
specificaily, (since *«:;aa'ma slecirons mutua
momenut), It provides a highly sensitive device,
any mass suscaptibility measurement can orovide, !
always correct for the diamagaetic material in which the «fl%z,t:m is burie d
In recent years this device has been v“sﬂq ﬁz@we @,ﬁﬂd more in chemistry, and is

aow being used on biological materi > de ¢ the presence of free radicals
and io determine whether or not ire -“;ﬁpaizﬁd zlectrons are
participants in biochemical transior

The method can not only 2l how many sl2ctrons ihere are, but also
may determine something about the environment in wﬁ‘nw they are situated by
the nalure of this absorpiicn?@c@rd it will be recalled ths the enar ay @f the
transilion is dependent upon the field thai the electron itself sees, that is to say
the external field due to the magnet, plus any magnetic {ield wiich the molecuie

itseif may cause,

Y

Now, the molecule itself is made up of nuclel and oth ctroas, Most of
ihe other electrons, of course, are paived off, but the nuclel may bave magnetic
moments and some of them do have magnetic moments producing magaetic
flelds with which the unpaired slactrons may interact.

<

i the odd plecivon not only sees ithe sxisraal
a magnetic field @f the molecule itsell,
In thws case the m@ﬂeﬂwl@ ig *3{1@ th oh ‘mas ;
aton itself has a nuclea
can fake up ons of three ori
27 normal 1o i1, Sf“ %& ?
be subjected
2ald of the n

d, But also
s of Fig. 3.

o
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Figurs 4 shows a pase of teirachlerohydroguincue
resonance fleld will act be mnodifisd by any of the atoms ina i
their nuclei are all of spin zero (0o 7 agﬁeiw moment ) and 30 yo
line, I, however, sae removes one of these chiorines and ;an <
proton, and if the eleciron can interzct with that proton at zll,
two possible orientations in the magnetic {ield will split the resonanc
lines.

Mow, with two ;r@tuaap how many different arrangemenis can one gei
1ig2 the exiternal magnet < i’ eld? Remember that sach one now o

itseli with or agaiast the maguneiic field. One can have both with the ©
can have both against the field, or one can have one with and one against it. So
there are three diiferent wavs in which these two proions caa e ar ?az@ged with
respect o the external magnetic fleld. The third situation above iz twice a3
probable as either of the other {wo, because one can have the lefi-hand proton
up and the right down, or vice versa. Therefore, the middle peak should be
twice as high as sither of the two outside ones as indeed is ithe case, In h@ﬁ;h
cases they will produce no aet modification of the external {eld. With th

protons therz are four pessible arraagemenis, and 30 one gets four ‘a@a?{sc=

with four protons there are five possible arrangements, and as seen in the figure
the amplitude ratios are the ordinary binomial coefficients.

Therefore, ocne may aot only determine the numbexr of odd elecirons that
are present in a system, but also ascertain sormething about the kind of an
enviroament they are in. Figure 5 shows the compound, dibenzens chromium
cation, which has one unpaired =lectron, and the guestion which arose in my
mind was the location of this uapaired eslectron. We found that this unpaired
electron of the chromium can aciually see the 10 protons of the fwo benzene rings
of this compound associated with the chromium atom. Ten protouws have 11
possible arrangements, and so one should have 11 lines. The outside ones are
very weak, because the probability of having all of the 10 protons oriented in
the same direction is very small compared with the mixed configurations. 5o one
can see how in iransition slements we can determine something about the
eavironment of the transilion elements by thiz method as well.

Now, the last sxample before going to the biological material i3 a nice
one, It's a perinapthalene radical--a beautiful symmetrical radical (Fig. SR
i’)@rwg preparation of pemnaz:athalfane it became accidentially oxidized, and when
put in the machine, this is what we saw., It leoked very formidabie, but it
didn® tura out too badly. The odd slectron sees two different kinds of protons.
if it is examined carefully, one will zes that theres are sevea groups of | lines- =
each group a guadrupiet., This means that there are six elecirons of one kind and
three of another. The zleciron intevacts more sirongly with the one group of six

protons than it deoes with the other group of thres.

u of biological frse

1o be usad. DBeiasryt
3 ransient,

oronosed, was i

Now, how
radicals? Wall,
has been working -
colored iatermadiate




How does on
sne shown in the pre
Zade, of course, at |
what happens when one cools the systam of chloroplasts, win
previousiy, The faci of the matier is that one can find structy

which we can induce the signal al low temperature, but ia which
at low temperature af a2 very high rate.

:a ‘%Z;z pter ?
w temperaiures, They are :C DzZen 1in,

The occurrvence of a signal due o an sxidation msach L3
illustrated by Fig, 8 in Whm.m the bahavier of 2 methanolic axtract o Ehodospis

ia spown when exposed alternately o oxyygen and nitrogen.
rnethanelic exiract of Chiovella is {lluminated in ao orRygen Al
atmesphere, the increased signal of the former [Fig., 9)is idex
of the contribution of an @xidau:v%ag a vhotpoxidative, and an odd eieciron mr@dwc%d
and irapped in a {ree radical. The relalive coniributions of these processes is
apparent from the figure, Figgm:@ 10 then shows how rooling, mmu in oxygen,
reduces the signal amplitndes, Here one se=s that cooling to - 143°C bas
practically eliminaied the dark specirum.

B3 "1’%,@2«

The spin resonance sigaal for Rhodospiriium is shown i
five minutes of illumination, and then Sxaminsd of the indicated ts
At 259C it is the second from the smallest signal, at -589C it i3 ki,
-157 it is bigger still. When the temperature is further recduced o -
intensity falls to the smallest shown., The #ime behavior is shown in Figure
The spectrometer is set on the peak of the signal, and one may ncw cbaerve t}he
rate of rise and the rzie of decay of each of these gignals at each temperature as
a innction of time. The room temperature signal is the second smallest shown,
and it rises as fast as the insirument can follow. This signal then immediately
decays after illumination ceases, to within the time conastant of the machine, There
is, however, no rapid decay at - 159 and at =552 there i3 a VETY 7 a
further slow rise, then fomewead by a small compen aat of ranid deoay,
much loager slow decay. At -160° all we have lafi is very ﬁ'a;:;iu »ise and very
rapid fall. Thus, I believe we have eliminated the ?Omﬂlbhlzp that we are
producing free radicals direcily by illumination, This bebavicr must be due to
#ither antrapped carriers or arai:ap@d carriers in well shislced iraps,

f‘

Refe ‘.rmg back

e firat act is the
b1 suveried into

conductive carriers, the carriers inte chemical radicals, aad the chemical

radicals lead to stable chemicals cnuired 1o a unt for the data of

Fig 12 is the presuraption that 3 nas a higher

How can one sccount for this whole
Fig. 13 {imtroduced in the previous cfaaﬂwm
absorpiion of light to pvroduce an sxciton; the e:

temperatere coefficient, The fiv tine
sacond mav have a very sli g*w 0ne, At roocin
fayr cf«ﬂ"ﬂaz‘ﬂa ; nar oy bt
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Another represe rae acherne is shown in
chioropayll ground stais : by a band instead of bv a
2 of the interaction of the chiorphvil molacules in these arrays
shown in sleciron micr ; he sxucited singlet siatz wo
hown as a rather navrow b

a broadser band., The i
ut the triplet directly in lin

&
&

with the sxcited segquenc i
because we never observy

This gives a working hypothesia o ace Tor at least some
nrobiems, outlined at the beginning, ihat one must acoount foxr--the
to be satisfied, in order 10 converi this 33 kilocalories formula into
chemical potential,

e
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[ON (303)2]- ———13 gouss—>—

Sampie volume: 0:02 ml.

Microwave power: 8 db
below 125 mw.

Audio Gain: x100—1

Modulation: L—1—-200

Integrating time: 1/3 second

Varian Associates

~vo=9500 Mc/sec. Tech. Inf. Bull. 2,
Ho 23400 gauss no. 2, 11, 1958
MU=-15935

Fig. 3.
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+ 6H  J7=N!/(N,-n)!nt Ny=6 ny=0,1;2;-6
37=1:6:15:20:15: 61

3HF  B3=Np!/(Na-no)ing!  Np=3  np=0,12,3
Sp=1:3:3:1

H H

MU-15461

Fig. 5.
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Cr[Cia Hiol 5 107> Molar

g=1.98 J = 1:10: 45:120:210:252:210:120:45:10:

MU-15463

Fig. 6.
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W=295 Kmc
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Fig. 7.
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Fig. 9.
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Fig. 10.
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-is°

-55°

+25°

ESR SIGNALS FROM AHODOSFIRILLUM RUBRUM
5 MINUTES CONTINUOUS ILLUMINATION

MU-15137

Fig. 11.
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f— 30—
SEC

-15°

RISE AND DECAY OF ESR SIGNALS
FROM RHODOSPIRILLUM RUBRUM

MU-15138

Fig. 12.
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CARRIERS
(CONDUCTION
BAND)
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CHEMICAL RADICALS
+hv] |-hv I
X

\
CHLOROPHYLL STABLE CHEMICALS

(GROUND STATE)

MU-15135

Fig. 13.
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INTEGRATED LUMINESCENCE INT
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FRCM 0.00i5-5.0 SECONDS AFTER EXCITATION AS A FUNCTION OF TEMPERATURE

MU-15136

Fig. 14.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, express
or implied, with respect to the accuracy, com-
pleteness, or usefulness of the information
contained in this report, or that the use of
any information, apparatus, method, or process
disclosed in this report may not infringe pri-
vately owned rights; or

B. Assumes any liabilities with respect to the use
of, or for damages resulting from the use of any
information, apparatus, method, or process dis-
closed in this report.

As used in the above, "person acting on behalf of the
Commission” includes any employee or contractor of the
Commission to the extent that such employee or contractor
prepares, handles or distributes, or provides access to, any
information pursuant to his employment or contract with the
Commission.



