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1 	 ELECTRON P.ARAMAGNETIC RESONANCE IN BIOLOGY 

G. N. Androes and Melvin Calvin 

** 
Department of Chemistry and Lawrence Radiation Laboratory 

University of. California, Berkeley 4, California 

August 15, 1961 

Abstract 

A review of the theories of electron paramagnetic resonance in 

biology is presented, including a discussion of the nature of the 

physical observation, followed by examples of materials of .  biological 

Interest. Ir discussing these examples, information Is presented in 

terms of the nature of the starting material under observatiOn rather 

than the nature of the maetic entities observed. The examples pro-

ceed from the simpler molecules of biological interest (niatabolites, 

vitamins, cofactors) into the more complex materials (polymers, pro-

teins, nucleic acids) toward cellular organelles (mitochondria, chioro-

plasts) and, fInally, to whole cells, organisms and organs. 

The observation of photoinduced unpaired electrons in photosyn-

thetic material is described and the various parameter8 controlling It 

are discussed.. The basic observatIon is Interpreted in terms of a pri- 

mary photophysical act of quantum conversion. 

* 	Presented at First International Biophysics Congress, Stockholm, 
Sweden, July 31-Aug.  5, 1961. 

The preparation of this paper was sponsored by the U.S. Atomic 
Energy Commission, 
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I. INTRODUCTION. 

The material of which living organisms are made is largely organic. Even 

the inorganic constituents, aside from the sodium chloride, are most often found 

very closely associated with, if not a component part of, organic substances in 

living organisms. The structure andchange of structure of such materials, that 

is, organic substanóes in general, is determined by the electronic configuration 

of the atoms of which they are made, and by changes in these electronic 

configurations. Therefoxe, any method of observation which permits us to look 

closely into the nature of the electronic configuratioxis and the changes of these 

electronic configurations is likely to become a major tool in biological studies. 

One such method of observation which has recently (that is, in the laat decade 

or so) risen to prominence, particularly in the study of the electronic structure 

of inorganic materials, is now becoming of importance in the examination both of the 

statics and dynamiOs of organic and biological materials. This method depends upon 

the fact that a spinning electron is magnetic as are, in fact, a good many nuclei 

as well. Therefore, such an electron, when placed in an external magnetic field, 



will interact with that :deld in a characteristic way which can be determined by 

suitable conii'iguration Oi the magnet and electromagnetic radiation, which we will 

discuss later. 

Now not all the electrons present in chemical substances can be studied by such 

magnetic resonance methods. Only those substances which contain in them magnetic 

entities which can respond to an external magnetic field in an observable way are 

likely to yield information. Certain nuclei of considerable interest to us do have 

such properties, and we will mention them later. 

Most of the electrons in organic materials, however, although they individually 

do have a spin and a magnetic:moment, exist in the organic mateiial in pairs in 

which the magnetic moments are Qppositely directed and are closely coupled so that 

the individual electrons cannot interact in an as yet observable fashion with an 

external magnetic field. We are therefore limited in our biological exploitation 

of this method to such materials that contain electrons not so paired. Since 

many Important chemical transformations which occur in biological materials involve 

at some stage of their occurence the uncoupling of these paired electrons in some way: 

or another, it Baems likely that this method of observation will find a broad 

application in the study of biological structures and their changes. 

Materials which contaIn electrons in any of the following conditions might be 

susceptible to study by electron parainagentic resonance methods, and many of them 

have already been observed in biological materials: 

Free electrons: Such electrons as are found as conduction electrons in a 

metal are indeed free, and under certain special conditions their spin  lifetimes 

are sufficiently long so that they may be observed by these methods. 

Not-quite-free electrons: Such electrons as are found in the narrow 

conduction bands in semiconductors are also susceptible to observation. These 

electrons areproducec3. by being raised from bound, or coupled, states into their 

conduction, or free, states, usually by temperature or light. 

.1 
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Trapped "free" eiectons: These are electrons which are not paired but 

which are physically trapped in a solid lattice (either ionic, atomic or 

molecular) and are definitely readily observable by this method. 

Unpaired electrons from paired electrons: These unpaired electrons, 

created by the fission of a paired electron bond which generally involves the 

separation of atoms as well, are also clearly observable by these methods. 

Such (ordered) molecules may appear as chemical reaction intermediates or as 

broken bonds created by high energy radiation. 

Unpaired electrons in even molecules: These are unpaired electrons 

from molecules containing an even number of electrons in which two or more 

have been uncoupled to form what is called a state of higher multiplicity. 

(When only one electron pair is uncoupled to give two electrons with parallel 

spin moments, it is called a triplet state.) 

Unpaired electrons from transition metal ions: These electrons in the 

transition metal ions such as iron, cobalt, nickel and copper are generally 

observable by the method of electron spin resonance. It is clear that these 

unpaired electrons, existing as they do in the d-orbitals of transition elements, 

are quite common In biological systems. Unfortunately, they are not always 

observed, at least under the conditions which are currently known to us. 

However, much important information Is beginning to appear in studies of this 

sort. 

The course of our examination will be divided into two distinct parts, 

the first of which Is the nature of the physical observation itself. We will 

describe all of the parameters associated with the observation of unpaired 

electrons, that can be determined. Some of these are already in common use, 

and others have not yet achieved usefulness in the biological sphere and we 

will try to indicate those. 
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- 	 Finally, a collection of examples of the examination 01 materials of biological 

interest will be provided. Such a wide literature already exists that it will 

- be beyond our capacity to catalog them all. However, we will try to provide 

examples of all the types of observations that have been made and indicate 

those whióh are still possible but which have not yet been achieved. 

The pattern followed in the presentation of biological examples has been 

difficult to formulate, largely because the unifying principle here is a technique 

of observation rather than a biological principle. However, the general pattern 

has been the use of the physical tool as it became available directly on very 

complex biological material to demonstrate that there were indeed such 

magnetic entities as unpaired electrons present in biological materials under 

suitable conditions. The next step,however, of identifying and characterizing 

those entities has proved to be much more difficult and it has required a 

retrenchment toward the simpler systems in order to learn more of the nature 

of the observation itself. 

We will, therefore, present the examples in terms of the nature of the 

starting material under observation rather than the nature of the magnetic 

entities observed, ;since we do not really know the latter in most cases. We will 

proceed from the simpler molecules of biological interest -- such as metabolites, 

vitamins, cofactors, etc. -- into the more complex materials -- such as 

polymers, proteins, nucleic acids -- toward cellular organelles -- mitochondria, 

chioroplasts and the like -- and, finally, to whole cells, organisms, and 

organs. This will be the exposition, in spite of the fact that historically 

observations have been made in somewhat the reverse order. 
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II. PHYSICS WITH EXAMPLES. 

Zeeman Energy Levels. 

If an atomic or molecular system with spin angular momentum of magnitude 

+ i)' isplaced in a magnetic field, H, the component of angular 

momentum along the direction of the field may assume only the values 

- i)4', ................., 

Each of these 2S + 1 orientations will have a different energyi The energy of 

these states, the Zeernan energy, may be written 

g(.g(3Hm 

if H is in z direction and in 5  = S, S-1,...... ........,.. According to the 

basic quantum mechanical principle, transitions between these magnetic states •  

can be induced by providing a quantum of energy h1) , of the appropriate size. 

Except under special circumstances, transitions may be induced only between 

adjacent levels: i.e. 6m,= ± 1, Thus, the condition for inducing the transitions 

(the resonance condition) ish) = 	In this expression3 	c is the 

Bohr magneton, and g represents the effective size of the magnetic moment 

being acted upon by the magnetic field. It is equivalent to the spectroscopic 

splitting factor, 

+ 1) + s(s + i) - L(L + 1) 
2J(J+l) 

of the free atom. (1) When H is 3300 gauss and g = 2.00, 	is 9.5 Kinc/s. 

(x"3. 2  cm.) 

Resonant Energy Absorption. 

When the resonance condition is satisfied, transitions from In s to m s + 1 

and from m5  + 1 to m5  are induced with equal probability by the high frequency 

(microwave) magnetic field. This in itself leads to no energy absorption. A 

net energy absorption arises from two facts: 1) The spin system, in thermal 



equilibrium, has a few more spins in the state m than in the state m 5  + 1. 

The slightly greater number of spins in, the states of lower energy means that 

slightly more transitions up than down will be induced by the microwave 

field. 2) There are alternate routes by which spins excited to the state in 9  + 1 

can be returned to m; the routes through which thermal equilibrium would be 

re-established should the microwave field be suddenly removed. These processes 

are called thermal relaxation processes. 

The margin of operation for observation of the net energy absorbed is small. In 

Table I we have listed values for the Boltzman factor determining the population 

distribution, and the fractional spin unbalance for an S = 1/2 system at three 

different temperatures. It is seen that even at 4.2
0
K, of 100 spins there are 

only 5 more in the ground than in the excited state. The first person to observe 

these small energy absorptions was Zavoisky, in the USSR, in 1946. (2) He used 

solutions containing transition metal ions. In the United States, Cummerow and 

Halliday (3) inadethe first observations of this te in 1947. The field has been 

developing rapidly ever since. 

We would now like to answer the following two questions: What are the measurable 

parameters associated with this resonance absorption? And, which of these, if any, 

might be useful in the solution of problems concerning biology? 

C. Area under curve 

The reaction of a system of free electrons to an applied magnetic field is 

depicted in Fig. la. In a resonance experiment (holding constant) each 

electron would absorb energy at exactly the same value of H 0  (H and H are 

used interchangeably to identify the large applied field.) When unpaired 

electrons exist inside an actual sample the resonance condition is not. 

satisfied at one unique applied field, but over a range of values. This is 

because a range of local magnetic fields to contributed by the sample itself. 
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300°K 	 77°K 

x 10 	5.76 x 10 	1.05 x 10 

XT 

r4' -  	7.4 x 10 	2.9 x 10-3 	5.0 x 10
-2  

n4 + 

g = 2.00; p = 0.927 x 1020 erg/gauss; H = 3300 gauss 

Table I. 
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E2 -E 1  ij0.g 0 .H0=tEhVhCJA 

hc 	
juO = 0.927.0 20 	H0 3,300 	X'-'3,2 cm 

Fig. la. Diagramatic representation of the behavior of a population of free 

electrons in an external magnetic fielLi. 



These add vectorially to H 0  toproduce. the effective resonance field at a parti-

cular electron (see below). In the simplest cases the net effect is to produce 

a resonance curve as shown in Fig. lb. 

As the resonance condition is traversed enerr is absorbed from the microwave 

field, causing an electrical unbalance in the spectrometer. This unbalance is 

proportional to the amplitude of the absorption curve (Fig. ib) for a particular 

value of H0 . Recording the unbalance of the spectrometer as a function H will 

thus yield the absorption curve. 

The sensitivity of the spectrometer can be considerably enhanced by causing 

the resonance absorption to unbalance the spectrometer sinusoidally at a 

frequency 	One then looks specifically at the spectrometer unbalance occuring 

at frequency 	, any other frequency variation in unbalance being ignored. 

This scheme is accomplished, usually, by modulating 1i0  at frequency 	as 

is also being slowly swept through the resonance condition (Fig. ib). The 

unbalance that is recorded using this scheme is not proportional to the height 

of the absorption curve at the mean value of H 0  at a given point, but is proportional 

to the difference in height of the absorption curve between the extremes of the 

modulation envelope. The resultant sinusoidal unbalance is.designated. "signal" 

in Fig. lb. This, then, is the signal leaving the detector (Fig. 2). Its 

magnitude is proportional to the first derivative of the absorption curve. 

In Fig. 2 the lock-in amplifier analyzes the detected and amplified signal for 

only those components varying at frequency 	The magnitude of these components 

is recorded, and yields the first derivative of the absorption curve..This is 

the curve commonly observed in published work. 

The integrated area undei the absorption curve (the second integral of the 

derivative curve) is proportional to the number of magnetic species absorbing 

microwave power. For a voltage sensitive microwave detector and Lorentzian line 

shape function 
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Fig. lb. Field modulation applied to a resonance absorption, showing the origin of 

the derivative signal. 
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Fig. 2. Transmission spectrometer employing field modulation and phase 

sensitive detection. The microwave magnetic field, H 1, in the cavity is 

- 	 perpendicular to H0, the applied magnetic field. 
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Areaoc. HlQL 

(1 + 1/4 Y2 H12T1T2)1/2 

where H1  is the magnitude of the microwave magnetic field at the site .of the 

sample, QL  is the quality factor for the microwave cavity in place in the 

spectrometer, 7" =L4/H, T1  is the spin lattice relaxation time (discussed 

below), and, for our purposes, T 2  defines the width of the absorption line. 

= 	 s(s + 1) 
3T 

Here N0  is the number of spins per unit volume and T is the absolute temperature. 

The constant of proportionality between area and N 0  maybe evaluated in terms 

of the gains, power, time constant, etc., of the spectrometer. It is easier and 

more accurate, however, to relate the area under the curve of an unknown to the 

area under the curve of a sample with a known number of spins. 

In view of the form of the above factor, relating area to N 0, several facts 

should be observed.. 1) The same microwave power level shouldbe applied to both 

samples, and this power level should be such that both spin populations remain 

in thermal equilibrium with the lattice (1/ 1v 2H12T1T2 1), 2).The two samples 

should effect the electrical properties of the microwave cavity in the same way 

(giving the same L• 3) Most microwave spectrometers obtain, the necessary sensitivity 

by modulating H and employing a phase sensitive detection system (Fig. 2). 

This modulation scheme broadens the absorption line. This must be taken into 

account, especially if a narrow line is compared with a wide one and the same 

modulation amplitude is used on both. 

A double cavity, first used by Khnlein and Miller (4),  automatically 

takes points (1) and (2) into consideration. This cavity (Fig. 3) allows the 

simultaneous placement of both samples on equivalent nod1 planes of the stationary 

microwave pattern of the cavity. Overlapping resonance lines are separated by 

using steel shims or Helmholz coils to provide an auxiliary field at one sample site. 
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I 5cm 

Fic. 1. Double cavity. (1) Modulation coils, (2) mild steel disks with shims, 
(3) sample holes. 

Fig. 3. Double cavity. (1) Modulation coils, (2) mild steel disks with shims, 

(3) sample holes. (After 4). 
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I 	 We have used this type of cavity to advantage with samples whose dielectric loss 

properties vary greatly. 

In some situations one wants to know the spin concentration only as a function 

of time or as a function of some other external variable. Then it is necessary 

only to follow some resonance parameter which is proportional to the area under 

the curve. Assuming the line shape and width do not change, the amplitude of the 

resonance is such a parameter. 

D. Line Shapes. 

A second measurable parameter is the structure of the resonant absorption. 

This Is capable of providing quite detailed information about the environment of 

the observed magnetic species. Obviouéiy, this is the sort of thing an experimenter 

using biological systems would delight in. Unfortunately, it is seldom observed 

in such samples. 

The principal interaction which will produce structure in a resonance 

absorption is called the hyperfine or "contact" interaction. The name results 

from the fact that the electronic wave function must be in "contact" with the 

nucleus or the interaction is zero. The energy of this interaction may be written 

= A 1S = Am1m5  

where A is a constant representing the strength of the interaction and I and S 

are the spin quantum numbers of the nuclear and electronic systems, respectively. 

The last form of the equation results from the fact that both spin moments are 

quantized along the same axis, (m 1  = I, I-i, ........ , -(I-i), -I). This interaction 

is isotropic in space. Its effect is to split each electronic energy level into 

21 +1 levels. Hence, the resonance absorption is split into 21 + 1 equally spaced, 

equally intense lines. 

Several cases may be distiiiguished. 
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The electronic wave ±unction is confined to one atom and is interacting 

with the nucleus of that atom. An example of this case appears in Fig, 4. The 

55 state of the 3d electrons contains some s character so that the Mn nucleus is 

seen. L55 = 5/2 so that a6-line spectrum results. 

The electronic wave function is delocalizedso that the interaction is 

equally distributed among several nucleii. In thiscase I= 	I and 

+ 1 equally spaced lines result. However,, now a statistical effect enters. 
A given value of (m1)t  may possibly be achieved with several different nuclear 

configurations. For example, the states with (mi)t = ± I can be achieved in 

only one way all nuclear spins parallel), while the states with (mi) t .1w1 Ocan 

be made in several ways. The probability of these states (arid thus the line 

intensities)foflows the binomial coefficients. This type of behavior is shown 

for a series of halogenates semiquinones in Fig. 5. 

The electron is coupled primarily to one nucleus, but is d.elocalized enough 

to interact with neighboring nucleii -- a combination of (1) and (2). An example 

is shown in Fig. 6 for copper. etioporphyrin-II. The example is not as ideal as 

one might like, but apparently the Cu electrons are coupled primarily to 

(I = 3/2), and equally coupled to the four neighboring N il . I]A = 1, so 

= ii., and one expects 9 lines on each of the 4 lines resulting from the Cu 6  

coupling. Second order effects cause the Cu 63 lines to vary in intensity. On the 

most intense line, 7 of the 9 lines expected are visible. 

There are three nuclei of wide biological occurrence that have no nuclear 

moments and will thus not produce this type of structure. These are listed in 

Table II with several other nuclei from which splitting might be expected. 

As mentioned above, resonance lines with well resolved structures are seldom 

seen in samples of biological materials. We shall next inquire as to why structures 

are sometimes unresolved, and what other parameters characteristic of such 

lines can be measured. 
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Fig. 4 The epr spectrum of Mn (at 200 molar ppm) in MgO. 
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Fig. 5. The epr spectra of a series of chlorine-substituted semiquinones. 

(After 5). 
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(CH) 	(C2H5) 

(CH3),64 	
M 	IL 5 (C2H5 ) 

5) 

(C H3 ) 

ESR 
Cu Etlo E In Benzene 

Fig. 6. The epr spectrum of CuEtlo II in benzene. Inset, CuEtio II. (After 6). 
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STR1XTURE PRODUCING NUCLEII WITHOUT 
MAGI'1ETIC MOMENTS NUCLEII 

Isotope Spin % Abundance Isotope 	Spin 	% Abundance 

H1  1/2 99.9. - 0 	98.9 

N1  1 99.6 0 16 	0 	99.8 

p31  1/2 100 S 32 	0 	95.1 

c1 3  3/2 75.11 

5/2 100 

3/2 69.1 

Table II. 
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There are several mechanisms which might operate singly or in combinations to 

- 	obliterate structures. In extreme cases, the entire line might become unobservable. 

- 	Dipole-Dipole Broadening. This effect could be electron-electron (between neighboring 

molecules) or electron-nuclear (with nucleli on the same molecule). It iesults from 

the fact that the electrons and nucleii involved have magnetic moments.associated 

with them. The field of a magnetic moment is anisotropic in space and can be 

averaged out by the tumbling action of a molecule in solution. In amorphous or 

multicrystalline solids a broadening results. The order of magnitude of the effect is 

approximated by the expression ,.iA /r 3  ' h, where h is the local field produced 

at distance 'r from a spin with magnetic moment,fr( . For an electron 	gauss when 

a R. If this type of broadening is a problem, magnetic dilution of the sample 

(increasing the mean unpaired spin separation) is an obvious solution. 

The line shape resulting from this type of broadening is approximately Gaussian. 

The resonance may be further classified as homogeneous; that is, every magnetic 

species being observed is equivalent. A spin found resonating in the low field wing 

of the resonance line may at a slightly later time be found resonating in the high 

field wing due to a change in its local environment. 

Irthomogeneous Broadening. In distinction to the definition just given for a 

homogeneous line, a spin found resonating in the lw field wing of an inhomogeneous 

line will always be found in that wing because its local environment will never 

change sufficiently (in the time of theexperiment) to move it to any other section 

of the resonance. This type of broadening can be brought about, of course, by 

putting the sanle in an irthomogeneous external magnetic field. In the more 

interesting cases the conditions inside the sample are such that the observed 

resonance is only the envelope of a large number of overlapping narrower lines. 

This is depicted on the left side of Fig. 12. The classic case of. this kind is 
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F centers in ionic crystals. Here, there is a Gaussian distribution of types of 

magnetic sites.. In the other extreme, an unresolved 5 or  7 line structure displays 

some of the characteristics of an inliomogeneous system. 

Fig. 7 shows the idealized behavior of homogeneous and ihhomogeneous systems as 

a function of microwave power. At very low levels, the increase in signal amplitude 

is approximately linear with power. As the microwave, power is further increased the 

r.f. Induced transitions begin to catchup with.the thermal relaxation processes. 

Saturation begins to set In as the spin system departs from thermal equilibrium; 

the enèrr levels are becoming more and more equally populated. The saturation 

behavior of the hOmogeneous and inhomogeneous systems is distinctly different. 

In addition, the line width of the inhomogeneous system remains constant as the 

microwave power Is increased, whereas the homogeneous system broadens. For example,. 

the width of 'an homogeneous LorentzIan line (betweeti points of maximum slope) 

Increases as 

T2 1  (i + 1/4 ,I2H 2TT)1/2  

Now, although each narrow line making up the envelope follows homogeneous 

behavior, the, envelope as a whole does not; the broadening of any one component 

line is small compared to the width of the envelope; each individual component 

saturates in approximately the same way so the shape of the envelope does not change. 

Exchange Narrowing. This may bethought of as resulting from the actual physical 

exchange of unpaired electrons among different magnetic environments In the sample. 

- 	As the exchange becomes rapid, the electron will see an effective magnetic field 

which is some average of the local fields of the various sites. Because of the 

averaging effect resolved structure will collapse,, with a single narrowed line 

resulting from sufficiently rapid exchange. The single line tends toward 

Lorentzian in shape. 

Two cases will be mentioned. i) The unpaired electron is exchanging with other 
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1a 7. Idealized power saturation behavior. 
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unpaired. electrons. After each exchange a particular electron is still unpaired. 

The different local environments then result from different nuclear conligurations 

(the nuclear configuration is "constant" as compared with electron relaxation 

times). 2) A particular unpaired electron becomes paired after an exchange. This 

case is well illustrated in Fig. 8. In the top picture each fluoranil has reacted 

to become a semiquinone radical (at 10 M concentration), in the middle picture 

only 1 in 20 fluoranils has become a radical, while at the bottom only 1 in 180 

has reacted to become a semiquinone radical. The effect of exchange between the 

fluoranil semiquinone radical and the unracted fluoranil is clear. 

g-Valu: Pmisotropy. As noted above, the factor g appearing in the resonnce 

equation repre:serts the. effectIve size of the magnetic moment being acted upon by 

the magnetic ffe:]jcI. in erystal atructures of less than cubic symmetry, the value of 

g can vary a the direciio of the magnetic field is varied with respect to the 

crystal. Whyy this is so will be mentioned briefly. beiow Te point we. wish to make 

here is that in amorphous or polycrystalline materials an anisotiopic g-value can 

produce quite broad asymmetric absorptions., 

As an exan1e of such an effect we can take the resonance of the copper in the 

protein complex ceruloplasmin (Fig. 9). The extremes in g-value are probably 

associated with the asymmetry'of the molecular field around the copper. In a 

polycrystalline material there will be contributions from all g-values between 

extremes. Assuming tetragonal symmetry (8), the probability of H being parallel to 

the symmetry plane is twice that of its being perpendicular to this plane. 

The parallel configurations will therefore contribute more to the resonance 

absorption, and it becomes asymmetric. The spectrum resembles that of a frozen 

solution the copper-histidine complex. 

This broadening mechanism differs from the others discussed in that its effect 

is directly proportional to the applied field. Working in two different applied 

fields will distinguish this type of asymmetry from other possibilities. 



-2--- 

Fig. 8. The el -lect of electron exchange on the epr spectruw of 10 molar tluoranil 

serrilquinone in 90% tetrahydrofuran -10% acetonitrile. The spectra were 

produced by reacting 0.005 molar Nal with 0.005 (top), 0.100 (middle) and 

0 .900 (bottom) molar fluoranil at -750C. The scale magnitude of one gauss 

is indicated. (7) 
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C u+1 ;  Frozen 
Solution of 
Ceruloplasmin 

[Mairnstrdrn and 
Vanngord] 

1ig. 9. The epr spectrum o±' Cu in frozen solid ceruloplasmin. T = 770K. 

Magnetic field increases from left to right. (After 8) 
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• Lifetime Broadening (Relaxation Broadening). As the lifetime, T 1, of a spin state 

becomes very short, the energy of that state should, according to the uncertainty 

principle, become correspondingly uncertain. Intheextreme of very short 

10_11 see) the resonance may go unobserved because of its width. The remedy 

in this situation is to lengthen T 1, usually by lowering the temperature. Although  

this effect can be important for conduction electrons, and for transition metal 

ions under certain circumstances, it is not generally important for free radicals. 

E. g-Values. 

Whether or not structure is resolved one can measure the g-value for the resonance. 

Experimentally this requires measuring, simultaneously, the strength of the 

magnetic field at which resonance occurs and the frequency of the microwave source. 

The value of g differs from the ttfree  spin" value (2.0023) because the electronic 

state has some degree of orbital angular momentum associated with it. The electron, 

as a magnetic moment, interacts with the magnetic field produced by the electron, 

as an electric charge, moving in an orbit. This interaction is called the spin-

orbit Interaction, and it is characterized by the relation 

;so = 

where L Is the orbital-angular momentum quantum number, and X is the spin-orbit 

coupling constant. This perturbation mixes states of higlier energy and perhaps diff- 

erent symmetry properties with the ground state. When the Zeeman energy levels 

are calculated using the new (admixed) wave functions it is found that their 

separation has been altered by the perturbation. Also, their separation may be 

anisotropic with respect to the magnetic field directiOn because the perturbation 

has mixed in states of different symmetry. The effect, from the point of view of 

the resonance experiment, is to shift the g-value. The magnitude of the shift in 

• 	• 	g-vaiue (from 2.0023) may be roug -ily approximated as 	 where A is the 

energy separation between the ground and the first excited state. 
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is very siu 1.], for 	aiiic free rutdi :ei.u. Blois ()), using soph isticated 

methods, has ben abLe to establish some correlation betw(_, en g-value and molecular 

structure or chemical substituents on a given structure. Some of his reu1ts are 

shown in Fig. 10. Most laboratories are not equipped for such refined measurements. 

Values of (gL as high as.2 or 4 have been observed in transition metal loris, 

(10, 11, 12) For a particular ion jg will depend very strongly on the strength 

of the molecular or crystal fields, and on the symmetry of the site. 

g-Vclues as aids to identification can be useful if they are supported with 

independent data. This data could be in the forth of spectrophotometric observations, 

chemical analyses, etc. 

F. Thermal Relaxation. 

The concept of thermal relaxation processes has been mentioned several times. 

Any process which changes magnetic to thermal lattice energy is such a process. 

A time characteristic of such a process can be defined in the following way. A 

spin system with a unique temperature T 5  is not in thermal equilibrium with the 

lattice at temperature T <T ). At a certain time the perturbation keeping the 

spin system at T is removed. The spin system then returns to thermal equilibrium 

(i.e., to the lattice temperature) according to the expressIon exp (-t/T 1). T1  

is the spin-lattice relaxation time. This time is characteristic of the environment 

of the spin system, and will limit its rate of absorption of microwave power. 

T1  may be measured by continuous or transient methods. The amplitude of the 

resonance signal as a function of applied microwave power can be determined. As 

noted in Fig. 7, the shape of this curve is dependent upon whether the spin system 

is homogeneous or inhomogeneous. But given the type of system, the shape of the 

- 	 curve is determined by the magnitude of the product H 1 2 T 
1  T  2  . T1  can thus be 

determined if T2  and H1  are known. (13) The transient method makes more direct 

use of the above definition of T 1 . In this method the spectrometer is adjusted 
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so that the amplitude of the resonance line is continuously observed. A short, 

intense burst of microwave power drives the system fr'om equilibrium. The return to 

equilibrium is followed. Sec Fig. 11. (]A) 

G. Miscellaneous Measurements. 

Even though a resonance line displays no resolved structure, there is one 

technique available for deciding which nucieii are coupled to the resonating 

electrons. The line must be inhomogeneously broadened in the sense that it is 

made up of unresolved components, and the relaxation times must be long. The 

technique, called "electron-nuclear double resonance" (ENDOR), is due to 

Feher (15) and is depicted in Fig. 12 for S= 1/2, I = 1/2. 

As in the transient determination of T 1, the spectrometer is adjusted so that 

the electron spin resonance amplitude is continuously observed. This resonance 

is partially saturated. Then, while observing the amplitude of the electron 

resonance a second high frequency magnetic field is applied to the sample. This 

frequency is in the range of nuclear transitions (0-100 mc/s). Assume that while 

this frequency is being swept, one passes through the resonance of a nucleus 

coupled to the electron via the contact interaction, A 1S. Inducing the nuclear 

transitions changes the population of the corresponding electronic levels. The 

latter change is reflected in the resonance amplitude being 3bserved. ENDOR effects 

will be observed when 

h 	= 1/2 A ± (/iH, (A> *,) 

The ± sign, comes from the fact that the top and bottom electronic levels are 

- 	 not split quite equally by the nucleil. Thus, one is able to solve for both A 

and 	1"i identifies the nucleus since in the absence of the unpaired electron 

the nucleus would resonate at frequency h 3) = 17cH. 

• 	 An example of the ENDOR technique is shown in Fig. 13 for phosphorus impurities 

in silicon. 	for P31  at about 3000 gauss is "6 inc/s. Approximately twice this 

frequency is indeed the separation of the resonance peaks in Fig. 13a. 
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Pulse I T 1  for Ce3+ 
T: l.75°K 

t 	
[Uefson and Jeffries] 

X lt  

-'4 	l- 5 milliseconds 

Fig. 11. Determination of T1  using transient methods. Oscilloscope trace of re-

covery of Ce 	absorption line following a saturating pulse of microwave 

- 	 power. (After 14) 
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InhomogeneouS 
Broadening 

[Feher] 

m 1 :- 

Mj  

m 1=- 

Fig. 12. Characteristics of an inhoriiogeneously broadened line. At left: the observed 

electron spin resonance line shape. One obserS the envelope of many 

narrow resonance lines, each with sliitly different resonant frequency, 

At rit: the energy level system which produces the observed resonance. 

Double resonance nffects are observed in the electron resonance (&i 	n. 

= ± 1) when the nuclear transitions (Lm 1 = ± 1) are induced. (Aeter 16) 
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Fig. 13. Variation of the amplitude of the epr of phosphorus impurities in 

silicon as a function of the freq.uency of the "nuclear-transition" rf 

field. (After 15) 



Long-lived triplet states have been observed using epr techniques. These 

states were first observed (17)  using magnetically dilute, single crystals of 

- 	 naphthaiene in durene. The transitions observed in the single crystal are 

depicted by the dashed lines in Fig. 14. Recently, van der Waals and de Groot 

(18,19) have discovered that the 6m,= ± 2 triplet transitions can be observed 

in glasses containing the excited molecules. This may make this technique 

applicable to biological samples in certain instances, although it shoud be noted 

that the probability of this transition is an order of magnitude less than 	= 

± 1. The 6m5  = ± 2 transitions observed in naphthalene-durene crystals are also 

shown in Fig. ii, as well as the anisotropy of the enerr level system as H is 

varied with respect to the naphthalene molecule. The Lr1i = ± 2, g = 4 resonances 

observed in naphthalenc containing glasses are shown in Fig. 15. The Am5  = ± 2 

transitions are allowed for H both parallel and perpendicular to H 2 . 

H. Control of External Factors. 

Most of the parameters mentioned can also be determined as functions of the 

physico-chemical and "biological" environments of the sample. In fact, it is 

from such functional dependences that most can be learned. Many variables 

Immediately come to mind. Temperature, wavelength of light (in photo studies), 

ambient atmosphere, etc., would fall under the first category. Working with such 

things as mutants, selective extractions and simplified, systems, selective 

Inhibitors, etc., would fall in the second. 

III. BIOLOGICAL APPLICATIONS. 

We have listed the parameters characteristic of a resoxiating electron system. 

We now ask to what degree these measurements have been applied to biological systems, 

and where applied, to what extent they have helped to resolve problems. It will 

become immediately obvious that at this stage of their application to biological 

systems these measurements of resonance parameters, in and of themselves, are 

relatively impotent in solving major biological problems. They do, indeed, supply 
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 X 

[Von der Wools ondde Groot] 

lii. Relative energies of the components of the lowest triplet state of 

naphthalene as a function of magnetic field. Heavy lines: magnetic field 

along x axis. Thin lines: Magnetic field along z axis. The dashed tran-

sitions indicate those observed by Hutchinson and Mangum (17). Solid 

transitions observed by van der Waals and déGroot (18). (After 18) 
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[Von der Wools and de Groot] 

Fig. 15.  The epr spectra of 	± 2 transitions of naphthalene in a rigid 

glass. (a) H1  parallel to H 7 . (b) H1  perpendicular to H. T = 770
K. 

- 	 (After 19) 
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much new and unique data, but these must be supported by many kinds of phy3ico-

chemical-biological information before they can be made meaningful in bioioica1 

terms. This situation will change. As specific radical sites are identified, and 

specific reaction mechanisms are proposed, the strictly physical parameters of the 

resonance will become more important in deciding between possibilities. Thus, while 

the first reported applIcations of epr techniques to ioloEical systems dealt with 

essentially whole systems (20 ) 21,22), the emphasis of late has been toward the 

simpler, better defined systems. Our review of applications will start with these and 

proceed to the more complex or whole systems. 

A. Simplified Systems. 

Many molecules of basic biological interest have been investigated using epr 

techniques. Some of these have already been mentioned in Section II as examples 

of what one observes. The spectrum of Mn ion (Fig. 4) là observed in some biological 

systems (see below). The mëtallo-derivativesof the widely distributed porphyrin 

(and the related phthalocyanirie) type structure are being studied (Fig 6) (6, 10). 

A large number of the simpler semi-quinone type radicals have been observed 

as intermediates in oxidation-reduction equilibria (5, 23). Blois et al. (9) have 

recorded the g-values of inanyof these. One example was given in Section II for 

halogen substituted para-benzoqulnones (Fig, 5). Another Is given in Fig. 16, for the 

semiquinone of coenzyrne.Q. The distribution of the unpaired electron on the 

molecule is uniquely determined by the resolved structure of the resonance. The 

resonance of Fig. 16 is, of course, for coenzyme Q semiquinone radical in solution. 

The resonance of the same radical in a solid would lose much of its detail. 

An example of what one usually encounters, a radical situated In a solid structure, 

is given in Fig. 171 (25),  the bottom curve. The solid here is multi-crystalline 

choline chloride, a compound of great biological interest. Radicals were introduced 

into the solid by irradiation with k. -mev electrons, and a peculiar solid state 
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Fig. 16. The epr spectrum and line assignment of the semiquinone free radical 

of coenzyme 	(After 24) 
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Fig. 17. The epr spectra of irradiated choline chloride and its deuterated. 

analogs. Polycrystalline material: 1.5 mev electron irradiation. (After 25) 
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radical reaction wa observed. With incomplete resolution of the resonance 

structure identification of the radical environment becomes considerably more 

difficult. The epr technique must be supplemented. On the basis of the results 

obtained from selective deutratiori of the, solid (top three curves of Fig. 17),. 

it was concluded that the radical was associated with the structure: CH2 .CH2OH. 

Wertz et al. (26) have also used deuterium substitutions to aid in identification 

of the radical intermediates of the auto-oxidation of 3,4-dihydroxyphehylalanine. 

B. Intermediate Systems. 

Nucleic Acids. Broad, intense resonance absorptions have been observed in 

nucleic acid-albumin systems', (27, 28, 29).  Under the correct conditions of pH, 

ionic strength, and proteir content, energy absorption occurs at all fields 

between zero atid 6000 gauss (with g, = 2 at33O0 g), Fig. 18. Recently, 

essentially the same type of epr spectra have been obtained using Fe3+  treated 

resins (Fig. 19) (30). From estimates of the area under these absorption curves 

the spin concentration is estimated to be 10 20 ..-+ 21 10 spins/gram. In arriving at 

this number it was assumed that the energy is absorbed by a system of uncoupled 

electrons (S = 1/2). Bliuminfel'd et al. (29)  have reported that for the nucleic 

acids, the resonance absorption suddenly and completely disappears when the 

temperature is reduced below 80 to 1000K Blois (31) could not bring this effect about 

by lowering the temperature of a sample of DNA to 770K.  Such a temperature dependence, 

if it really exists, is common to materials known as anti-ferromagnetics. The 

presence Of coupled spin systems in such materials would have several implications 

(32). The estimate of the spin concentration could be one or more orders of 

maitude too high. This results from the fact that the distribution of the spin 

population among the various magnetic levels is no longer set by the Boltzmann 

factor (as was assumed in deriving the expression relating area under absorption 

curve to spin concentration), but by the energy of the magnetic interaction, as In 
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Fig. 18. The cpr spectra of RNA and egg albumin (EA) and of RNA and serum 
albumin (SA). 
Conditions: RNA + SA - 21 ml of 1% solution 01' serum albumin, 4 5 ml of 

0.2 111fo solution of RNA, 12.b ml of N-acetate buffer (pH = 4.0) 
containing 5.6% NaCl. 
RNA + A - 24 ml of 1% solution of egg albumin, 4 5  ml of 0.2% 
solution of RNA, 13.1 ra of' N-acetate buffer (pH = k.o) 
coritairiin 5.60il, NaCI. 

(After 29) 
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ferromagnetics. The elements of the coupled system are probably transition 

metal ions (as impurities or normal constituent elements), as these are. 

involved in all known cases of coupled systems. Their concentration is sufficient 

to explain the results in all cases if a coupled spin system is allowed (32). 

Introducing the idea of coupled spin systems may explain the high spin concen-

trations reported, but it opens another question: i.e., what properties do the 

nucleic acids have that promotes the coupling of the transition metal ions at 

such extreme dilutions? 

Ionizing Radiations. A great deal of work is being done on the effects of 

ionizing radiation on biological materials. These studies have been made on the 

trapped radicals produced, so solid or highly viscuous sample materials are 

generally used. This in turn makes identification of the radical site difficult. 

The complexity of the problem was realized early in these studies, so much of the 

work that has been reported has been,of a ttcatalogingtt nature. This consists, 

for example, of studying the epr spectrum obtained from irradiation of each of 

the constituent bases of the nucleic acids in preparation for studying the 

irradiation of the whole molecule. An example of this approach, taken from the 

extensive radiation damage studies of Gordy (33), is shown in Figs. 20, 21 and 22. 

The sugar and base constituents of RNA and DNA, obtainable from the acids by 

hydrolysis, are irradiated as evacuated dry powders at room temperature. Alter 

giving each constituent a radiation dose of approximately 5 x 10 Y from a 

kilocurie Co6 	-ray source, its epr spectra were recorded. Fig. 20 shows the 

results obtained from the pyrimidine base constituents, while Fig. 21 shows the 

results obtained from the constituent sugars. Thymine (5 -methyl -uracil) and 

5 methyl-cytosine exhibit markedly different spectra. The two molecules differ 

. . 

	

	only in the + position where thymine has an 011 group while 5-methyl-cytosine has an 

NH2  group. When the epr spectra of the 4 molecules of' Fig. 20 are compared., it is 
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[Shields and Gordy] 

- 	 Fig. 20. The epr spectra.±or 	Lrradiated pyrimidine bases. The curves are 

second derivatives of the absorption curve. The bars represent 

• 	 theoretically possible patterns for the fine structure. Irradiated at 

room 	
6 

temperature as dry powders under vacuun. Dose = 5 x 10 T from a 
- 

	

	 kilocurie Co6  ' "-ray source. Epr ran on dry powders at room temperature. 

(After 33) 
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[Shields and Gordy] 

Fig. 21. The epr spectra of l'irradiated d-2-deoxyribose and d-ribose. 

Conditions as in Fig. 20. (After 33) 



H- > 
[Shie'ds and Gordy] 

Fig. 22. The epr spectra of "irradiatei RNA and DNA. Conditions as in Fig. 20. 

(After 33) 
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seen that the presence of the methyl protons and the N1 on the 4 position of 

cytosine have marked. effects on the results. In the sugar constituents (Fig. 21) 

the epr coupling seems to be predominately to a spin 2 system in one case and to a 

spin 1/2 system in the other. In none of these cases could a definite assignment 

of the radical site be made. After recording the apr spectra of the remaining 

constituent bases, DNA and PM are finally irradiated and their epr spectra 

recorded. The resulting spectra (Fig. 22) can be identified with that of none 

of the constituents. In shape they resemble cytosine most. Here, however, there 

is a discrepancy in g-value. Thus, it is seldom, even in relatively simple 

systems, that one identifies the molecular group upon which the radical resides, 

let alone its detailed environment in the group. 

There is a quest running through the work involving ionizing radiation for 

chemicals which will mitigate the biological effects of the radiation. As is 

known, several such chemicals have been found, notably compounds containing 

sulphur and some amines (e.g. cystine,cysteamine). In an epr experiment 

the possibility for such protection is evidenced in two ways. 1) By the appearance 

for example, of only the resonance of irradiated cystine in the epr spectra 

of complex structures containing cystine as only one of many possible radical 

sites. 2) By the partial prevention of radical forrnatiorx(i.e. a decrease in 

epr amplitude in cases where the protective agent has been added). Apparently, 

the sulphur group is able to absorb the energy of the ionizing radiation, 

leaving the biological function of the protein or other polymer unimpaired. 

It has generally been concluded that the energy of the incident radiation 

is chemically transferred (involving the making and breaking of bonds) to the 

S group. (34, 35) The protective effect of cysteamine on bovine serum albumin 

exposed to l'rays at liquid nitrogentemperature (Fig. 23) (31) seems to indicate 

that the energy alone is transferred. In this system the SH groups are not 

reacting in an ordinary chemical manner, 1. e... by nuclear migration, because of 

the low temperature. 



Bovine serum albumin 909-' Bovine serum albumin 
+ 10% Cystearnine 

(a)' irradiated and (a)lrradidT' '  
observed in vacuum observed in vacuum at 
at 77°K. 0 value for 
free radicals/100eV.=1. 	18 gauss 

77°K. 0 value for free 
radicals/lOOeV.=0'5 	18 gauss 

(b) Irradiated and 
observed in vacuum (b) irradiated and observed in 
at room temperature vacuum at room temperature 

(c) Irradiated and observed in (c) Irradiated and observed in air at 
air at room temperature room temperature.No detectable signal 

- 	 Fig. 23. The epr spectra of irradiated tt protected" and "unprotected" bovine 

- 	 serum albumin. Dose = 5 14 rads at 750 Krads/hr. (After 34) 
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Visible Radiat:Lo. Visible light quanta are sufficiently energetic to produce 

unpaired electrons in some systems.We refer, of course, to systems re:Lated to 

photosynthesis. Several studies have been made on relatively simple systems, 

involving piiaent molecules active in photosynthesis. 

Terenin and Holmogorov, in a recent study on ."crystallin& t  chlorophyll (a + b) 

in vacuo (36) have observed two overlapping resonance curves (Fig. 2 11). One 

(g = 2.0035, half width = 11 g) ( fl a" in Fig. 24), is always present. The second 

(g = 2.0030, half width = 7 g) is light induced in the presence of an electron 

acceptor. Water vapor (at 18 mm Hg pressure) and p-benzoquinone molecules 

(at 2 x 10 mm Hg) are both efective as acceptors, although the rise and 

decay kinetics of the quinone induced photo signal are much the slower of the 

two cases. 

A dependence of epr signal on the presence of H 2 0 has been observed by 

Anderson (37) in an acetone extract of spinach chloroplasts. The extract was 

evaporated to dryness and tested (in vacuo) for the presence of a photo induced 

epr signal. No signal (either in the dark or light) was observed. However, 

when water vapor was admitted to the system narrow (r,, i  gauss wide) photo 

induced signals were observed, whose rise and decay times were much shorter than 

those reported by Terenin. These short times seem to be dependent upon the 

presence of as yet unknown components. The amplitude of the signal induced as 

a function of the amount of water present (Fig. 25). If these observations. 

survive more detailed investigation, and do indeed correspond to a photo-electron 

transfer between water and chlorophyll, they may point the way to an understanding 

of the more complex systems we will discuss later. 

Krasnovskii, et al. (38) have thoroughly studied the photo oxidation of 

ascorbic acid in pyridine solution, using chlorophyll as a sensitizer. The epr 

observation is on a free radical form of oxidized ascorbic acid. This radical 
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Fig. 24. Light induced epr in "crystalline' t  chlorophyll (a + b) in vacua 

in the presence 01' water vapor. (a) dark, (b) response to light, 

(c) superiRposed dark and light signals. (After 36) 
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Fig. 25. The light induced epr amplitude in an acetone extract o spinach chioro-

plasts as a function of the prcssur.e 01 water vapor present. The extract 

was evaporated to dryness and evacuated befor.e admi3sion ol water vapor. 



-51- 

produced a resonance which is a doublet with separation 1.8 gauss at g = 2.O0-i-. 

(This resonance will be discussed further in connection with photo induced epr 

signals in whole photosynthetic systems). 

Enzymatic Oxidation-Reduction. Enzymatic oxidation-reduction reactions have 

been followed in relatively simple systems. System simplicity is an important 

factor in identifying radical species. Free radical:intermediates specifically 

identified with the substrate as well as the participation of transition metal 

ions in these reactions have been reported. 

Yamazaki, Mason and Plette (39) have identified the free radical intermediates 

observed in a peroxidase system, as being the radical form of the substrate 

itself (ascorbic acid). This they did by independently forming the substrate 

radical. The kinetics of radical formation and decay were followed, using a stop- 

- 

f low system which mixed their reacting substances (10 
-2  M ascorbic acid, 10 M 

and 2 x lO Mperoxidase),.and immediately injected them into the epr 

cavity. The spectrometer had been previously adjusted to observe the anl1tude 

of the radical resonance as it formed and decayed. Thus, a. continuous record of 

radical concentration Is made. Some of their results are reproduced in Fig. 26. 

The radical concentration in the cavity rises in less than 0.010 sec. to #..l0 

M/l, then decays, apparently in two steps. 

A simplified dehydrogenase system has been employed, by King, Howard and Mason 

(10). This consisted of a soluble succinic dehydrogenase in combination with various 

substrate concentrations. Their reaction components were combined at room temp- 

- 	 erature, and , their epr spectra were taken at 77
0K (Fig. 27). By observing the peak 

amplitude ratios as experimental conditions were varied, they were able to show 

that the signals observed at g = 2.01 and g = 1.94 weredue to one ma netic 

species, while the resonance observed at g = 2.00 was due to another. The 

resonance structure shown in Fig. 27 is quite similar to one observed by Beinert and 
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Decay of Ascorbic Acid Free Radical 

[Yamazaki, Mason, and Piette] 

Fig. 26. Decay kinetics of ascorbic acid free radical. The ascorbic acid, H 202 , 

peroxidasernixture is injected into the cavity at the sharp drop in the 

curve on the left. Time progresses toward the rit. (After 39) 
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194 	200 201 

SOLUBLE SDH, 77°K 

(King )  Howard and Mason) 

Fig. 27. The epr spectrum of soluble succinic dehydrogenase at 77
0K. Conditions: 

- 	 2.6 mg protein in 0.1M phosphate buffer pH = 7.8: 5.8 x 10_2  M 

succinate: sample volume = 0.2 ml. (After 110) 



Lee in a more complicated system (see below). Beinert and Lee attribute the 

resonance at g 	1 , 9 4, 2.01, to Fe++. 

Resonance absorption from transition metal ions has been reported in several 

enzymatic redox reaátions; Beinert and Sands ('i-i, 42) and Beinert and Lee (43) 

++ 	 ++ 	 .1 
 i report Fe at g = 1.94, Fe 	at g I 

 .3, and. Cu at g = 2.0+ n their 

dehydrogenase systems (see below).. Vanngard et al. (11-4)  give g = 1.971 for Mo 3  

or MoS+  in an xanthine oxidase system. This resonance is relatively symmetric 

and 25 g wide, while that reported for Cu++  is very asymmetric and several hundred 

gauss wide (see Figs. 9 and 28). The identification of these transition metal 

ions as reactants in enzymatic redox reactions is not really on firm ground. 

Analogies have been drawn from spectrophotométric studies of the same systems, 

known resonance g-values in related compounds, or merely the known concentrations 

of transition metals present. As remarked in Section II, the g-values and g-value 

asymmetries will be strongly dependent on the particular local environment 

for a particular oxidation state of an ion. Iron in acidic ferrimyoglobin 

resonates at g 6 when the external magnetic field is in the plane of the heme 

C. Biological Systems. 	. 	. 

Enzymatic Oxidation Reduction. Beinert and Sands (li-i, 42) and Beinert and Lee 

(43) have investigated the enzymatic redox reactions associated with the 

mitochondrial electron transport system. Their systems have involved homogenates, 

mitochondrial, and submitochondrial preparations of beef heart. These studies 

have shown that changes of oxidation, level of transition metal ions, as well as 

free radical intermediates, are involved. An example of their results is:given 

in Fig. 28. To a small amount of subinitochondrial particles from beef heart 

they added miCromolar amounts of DPNB or succinate (A and B, respectively, in Fig. 

28). These were allowed to reduce substrate at 0 °C. for the periods of time 

indicated in the figure. At that point, chemical reactivity was stopped by 
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.- H 

Fe+ + 	

[Beinert and Lee] 

Fig. 28. The epr. spectra of submitochondrial particles of beef heart as a 

function of the time enzymatic reduction by DPNH (A) and succinate (B) 

is allowed to continue at 0°C. Spectra taken at -178
0
C. (After 43) 
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lowering the tmperature of the preparation abruptly to _17800.  The spectra of 

Fig. 28 were then recoro.ed. The kinetics of the various concentrations or: magnetic 

species is quite involved. A Cu++ resonance disappears as a free radical signal 

appears and disappears while, finally an Fc resonance grows in. The bottom curve 

in either case is similar to the spectrum obtained by King, Howard and Mason 

(Fig. 27)  ma simpler system. 

Ionizing Radiation. In the epr observations of the effects of inizing radiation 

on essentially complete biological systems, there are few regularities. One 

regularity is the frequent appearance of the •epr spectrum of irradiated cystine 

as the total epr spectra of irradiated naturally occurring proteinaceous materials 

(45 )  46). As discussed above, cystine is a compound which ttprotectsI biological 

materials against ionizing radiation. The observed resonance is about 11-0 gauss 

wide, quite asymmetric, and appears near g = 2.00. Another regularity which 

occurs in the epr irradiation studies is the frequent appearance, as the total 

observed spectrum, of a symmetric doublet with splitting of 12 gauss and 

essentially the free electron g-value (45).  This is attributed to an unpaired 

electron on an oxygen atom interacting with a hydrogen bonding proton on the 

adjacent polypeptide chain. The interaction is dipole-dipole. Thus oxygen can 

also act to accept ionization energy. 

Visible Radiation (Photosynthesis). The ionization studies might be said to 

be suffering from too much detail - every system gives different un-interpretable 

results. On the other hand, the application of epr to photosynthetic systems 

could be said to be suffering from dearth of detail. Almost every system invest-

igated yields a niggardly, rather narrow, single absorption line. (More recently 

two overlapping resonances have been observed in some systems. Others yield, 

still, the single line.) Thus, all conceivable tricks are being used to elucidate 

the nature of the radicals observed in photosynthetic systems. 
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Resolved fine structure has only seldom been reported in photosynthetic 

materials. Krasiiovskii et al. (38) report a photo induced electron spin resonance 

doublet in photosynthetic material. Their results are reproduced in Fig. 29. 

The g-vaIue for the resonance is 2.O04 and the line splitting is 1.8 gauss. 

Using model photocheniical reactiOns as a bais for reasoning, this group has 

attributed the photo induced doublet in the photosynthetic system to an -oxidized 

form of ascorbic acid (see above). Commoner- et al. (21, 117) have also reported 

a partially resolved structure in chioroplasts and Chiorella. This resonance is 

photo induced but decays away very slowly. It has ag-value of 2.005 and consists 

of 5 lines each separated by 6 gauss. 

Another resonance with easily resolved structure which is observed in 

chioroplasts, some green algae and bacterial spores, is that of Mn++.  This 

resonance does not appear to be photosensitive. As.shown in Fig. 1$ the 

structure consists of 6 lines. The Mn concentration in these samples is as 

high as 10 to lO molar. 

Many people have resolved structure in photosynthetic systems in the sense 

that two distinct overlapping resonance lines have been resolved. (48, 49) 

One of these has already been mentioned, namely, the slow decaying signal with 

some structure, observed at g = 2.005. The second resonance (also photo induced 

with fast rise and decay times) is narrow (%-. 10 gauss wide) and has a g-value of 

2,002. To resolve these signals small modulation amplitudes and high. instrument 

sensitivity are required. Under conditions in which the two resonances are 

easilyresolved in green algae, there is still only one narrow line resolved 

in the photosynthetic red bacteria Rhodospirillum rubrum. 

- 	 The derivative of this single line is shown in Fig. 30. This resonance 

may be classified as inhomogeneous. Its width does not change as a function 

of microwave power incident on the sample. It saturates approximately as does 
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10 oersteds 
I) Triticum vulgare 

2) Flordeum vulgare 
Room • emperatur.e 

[Krasnovskil,. et al I 

Fig. 29. The epr spectra of illuminated cereal leaves.. These signals are 

presumed by the authors (38) to be due to ascorbic acid free radical. 
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RH000SPIRILLUM RLJBRUM- AQUEOUS SUSPENSION 

LINE WIDTH (P-P) = 11.2 g, MOD. AMP 0.6 g 

H 

CURVES FIT AT ARROWS 

- LORENTZIAN 
• 	 H 

..—GAUSSIAN 

ASSYMMETRY 

L/H -0.90 

Fig. 30. Line shape analysis of the epr spectrum of Rhodospirillum rubrum 

in aqueous suspension at room temperature. 
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the signal in Rhodopseudomonas spheroides (upper curve in Fig. 33). From the 

latter figure we see that its saturation characteristics are not ideally 

inhomogeneous (see Fig. 7). In Fig. 30 we see that its shape is more nearly 

Gaussian than Lorentzian(d.isregarding the slight asymmetry that is observed). 

When these facts are taken in conjunction with the temperature dependence of the 

amplitude, and decay time (Pig. 31), it must be concluded that the observed 

resonance is still an envelope containing several narrower lines arising from 

quite different electrons. 

Recently we have been working with chrornatophores from the red photosynthetic 

bacteria Rhodospirilluin rubrum. These are small spherical particles approximately 

200 R in diameter, and containing all of the light absorbing pigments of the 

whole bacteria. These particles will perform cyclic photophosphorylation reactions. 

The sample of chromatophores is suspended in an appropriately buffered aqueous 

medium (50, 51). Photo induced resonance absorptlons are observed. In g-value, 

width, and shape these signals seem to be the same as observed in the whole bacteria 

(see Fig. 30). The rise and decay times of the signal are somewhat altered as 

might be expected when the terminations of the enerr transfer system have been 

removed. In particular, at room temperature the decay scheme contains a fast and 

a slow component, whereas the whole cell in aqeuous suspension has only a single 

fast component. 

Where the spin concentration is photo induced it is of some interest to 

determine the action spectrum of the equilibrium spin concentration as a function 

of the wavelength of the incident light. In previous attempts to obtain such a 

spectrum (52) the sample has been infinitely thick compared to the distance the 

active light penetrates into the sample. Self-absorption effects were pronounced, 

shifting the maximum of the action spectrum to the long wavelength side of the 

chlorophyll absorption maximum. The chromatophore sample used here was only 

slightly colored to the eye (the O.D. recorded in Fig. 32 represents a sample of 
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Fi€. 32. Action spectruni of Rhodospirillum rubrurn. chrornatophOreS. 
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Fig. 33. Power saturation of the epr in the wild and a mutant tpe of 

Rhodopseudomonas spheroides. Dried films at room temperature. 



the same thickness, but a factor of 3.3 greater in concentration than those 

used in the spin determination). As is seen in Fig. 32, the action spectrum 

- 

	

	 now peaks at the absorption maximum of the bacterial-chlorophyll. This spectrum 

probably still suffers somewhat from self-absorption effects, but is.ncarcr 

the true situation. It is evident that bacterial chlorophyll is the principle 

pigment responsible for spin production. 

No accurate absolute T 1  measurements have as yet been made on radicals 

appearing in biological systems. In photosynthetic. systems they appear to be on 

-6 
the order of 10 seconds at room temperature. Some relative T 1  measurements 

have been made. Allen, et al. (I8) report that, of the two overlapping photo 

induced resonances observed, in chloroplasts and green algae, the narrow 

(fast rising and decaying) one saturates more easily. 

In our laboratory we have studiied the red bacteria Rhodopseudomonas spheroides 

and a blue green mutant of this bacteria which lacked the carotenoid pigments. 

(53) One difference in behavior which was noted was the way in which the two 

resonances saturated. This is shown in Fig. 33. The wild type seems to 

saturate more like an inhomogeneously broadened system than does the mutant, 

and to have a somewhat shorter relaxation time. The physical parameters of the 

two resonances were otherwise the same. This would suggest that the mutant 

has fewer varieties of unpaired electrons participating in the production of 

this signal. 

Deuteration has been used in one experiment involving photosynthetic 

systems. Cormnoner (47) reports epr observations on Chiorella cultured in 

• 

	

	 99.9% DO growth medIum by Katz. (54) Both resonances observed. in Chlorella 

were significantly narrowed by the substitution of D for H. 

Mutants occasionally supply unique opportunities for insight into the 

mechanisms of radical formation in photosynthetic systems. Allen et al. (48) 
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have observed two overlapping resonance lines in several green algae. Some of 

their results for Chlorclla are reproduced in Fig 31  The dependence of the 

relative signal aMplitude on the wavelength of the light incident on the sample 

made it probable that the two resonance lines were resulting from the absorption 

of light by two different pigment systems. The pithnent  system absorbing the light 

which was producing the broader resonance was implicated with chlorophyll b 

by using a Chiorella mutant in which this pigment was absent. In this latter 

ease the broad resonance failed to appear. 

In what has been said concerning the formation of unpaired electrons in 

photosynthetic systems, the question of their role in quantum conversion has 

not been raised. No one has yet shown that they play any significant role in 

natural photosynthesis. It has beenshown (20) that etiolated leaves fail 

to show photo induced spins. We have attempted to inquire further into the 

possible role of the radical in photosynthesis using a yellow (chlorophyll-less) 

* 
mutant of Chiamydomonas 

* 	Supplied by Dr. Ruth Sager. 

In this experiment 6 flasks of cell cultures were grown anaerobically in the 

dark until the total cell volume per flask was sufficient for the needs of the 

experiment. When this condition was fulfilled all 6 flasks were exposed to 

uniform illumination. At this time the total chlorophyll content of the cells 

was very low. On being exposed to light, though, the cells start to revert, 

regaining their total chlorophyll compliment in 15 hours. One flask of cells was 

harvested immediately after exposure to light. The others were harvested at 

intervals of 3 hours thereafter. The uniform illumination in which the cell 

cultures were reverting (".' 700 foot candles) was approximately 5 to 10 times 

smaller than the illumination to which they were exposed in the later parts of 
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54004 
7100 A 

H 

CHLOREL LA PYRENO/DOSA 

(AMen, Piette and Murchio) 

Fig. 34. Light induced epr signals in Chiorella pyrenoidosa at two different 

wavelengths of ifluxnination. (After 48) 
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the experiment. 111ie later parts consisted 01 several independent measure entn, 

as follows. On each cell sample, a chlorophyll content., an 02  evolution rate, 

a CO2  fixation rate, and an equilibrium epr signal amplitude (using white lit 

in each case) were determined. The 02  evolution and CO2  fixatiOn experiments 

were performed on very dilute suspensions so that variation in observed rates can 

be attributed to physiological changes in the cell, and not to the shielding 

effects of an optically dense suspension. The epr experiments were performed on 

very dense aqueous suspensions so that, excepting possibly the first one or two 

measurements at zero time and at 3 hours, all of the light is absorbed by the 

sample. All of these measurements were normalized to the same volume of wet 

packed cells. 

Our preliminary results are plotted in Fig. 35. The equilibrium epr amplitude, 
14 

the rate of CO2  fixation, and the rate of 02  evolution are all normalized so 

that the maximum value observed in each variable is equal to one. These are 

plotted against chlorophyll (a + b) content, also normalized to one at maximum 

value. The chlorophyll (a +b) concentration as a function of time is given in Table 

III. 

Table III 

Time (hours) 	 0 	3 	6 	9 	12 	15 

Relative chlorophyll 	0.05 	0.08 	0.20 	0.80 	o.84 	1.00* 
(a + b) concentration 

* 	Corresponds to 2.7 mg chlorophyll (a + b)/mI wet packed cells. 

There are several clearresults: 1) An epr signal grows in as the chlorophyll 

content increases. ) The relationship between chlorophyll content and epr 

amplitude is not linear, the larger part of the signal amplitude growing with 
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Fig. 35. The epr amplitude, 02  evolution rate, CO2  fixation rate as a function 

of chlorophyll (a + b) content during the reversion to wild type of a 

yellow mutant of Chlamyd.omonas reinhardi. The esr amplitude recorded 

is the composite oftwo overlapping lines. These lines have been resolved 

in older cultures, but instrument sensitivity has prevented our resolving 

them during the reversion peridd.. The observed line shape and the concen-

tration ratio 0± chlorophyll a/chlorophyll b remain constant during 

the reversion. 



the last 20% of the chlorophyll synthesiz€d. 3) The rate of photosyfe1Ties:ts, a 

measured by the rate of 0
2 
 voiUtion, and the rate of turnover of the carbon 

cycle, as iiieasired by the rate of C1 02 fixation, are maximal long before the 

epr amplitude starts its steepest rise. These suggest that as the concentration of 

light absorbing pigments passes a certain level, the energyabsorbing ability of the 

pigments is no longer the limiting factor in the over-all reaction; some other 

process. becomes limiting. This may be represented schematically as follows: 

h . pigment 	o. A 	B 	

(cHo) 

As the energy absorbing ability of the pigment system increases step A—,B 

(say) becomes limiting. rjihis  allows pools of A, etc., and excited pigment 

molecules to build up. In this view the radicals would then be in any or all 

of these pools. 

The steepest rise of signal amplitude as the last chlorophyll is synthesized 

suggests also that the highest efficiency for sj in production is dependent upon 

the completion of some structural element containing chlorophyll. 

Some of these unpaired electrons are formed in the light and disappear in 

the dark at rates which are only very slightly, if at all, dependent on the 

temperature (Fig. 31). (55) We would suggest that these are the electrons 

resulting from the initial quantum conversion act. The unpairing and separation of 

a pair of electrons into two separate sites in a process which is nearly 

temperature independent constitutes the initial conversion into physical and chemical 

potential energy. One of these unpaired electrons would reside in the pigment 

srstem itself (chiorophylls), the other would be associated with one or another 

of the several concomitant molecules (cytochroriie, manganese. porphyrin, quinorie, 

disulfide, flavin) in the photosynthetic apparatus. The other pertinent evidence 
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for this basic idea has been reviewedelsewhere (56) and includes direct 

observation of such photo induced electron transfer from cytochrome as well as 

photo induced electron transfer in donor-acceptor. model systems (57). 
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