/“"‘\\e >E\
-* EJ W %%% E @@ G|
& 3 @,ng /@m 65;7‘?‘/ )_3[/_9, (&m/ KPCE}E

u

v\m_ﬂﬂgg L&@@ /j&

1:}% %}@ﬂ 5@@1 %&@&)j@l L &J‘

l,&f‘@j@@b j@mg %7

7 } JJLQ ((\w@m u 6@,@/@, (e

ﬁ“\\ f’;aﬁﬁ’o N l?m% 237" “—uv:ﬁ. : S 2\

@@m\% L:,’D / g@ﬁ\%ﬁ %&Wb&(@?@@ u"t,.@gm\“ %@(ﬁl\ M gi [
o*-’éi‘\« P . iy ‘ o a? v/' AN
KLme g gmm ﬁmbj@m ;%\L}u&, &@g ”j\\, /)%&Q N KE’ N @ m\“ m

1 g r5 , “, N - \ﬁ _.1/

imﬁ{% 7 .~ f i
Y M@j@u_& T L . :[C?fﬁi\ff?

i g e <3y -
m@ it /@@{ e
,—. ‘ NX“ 7

s .\.‘:.x .

’ _ )- M_J{ Rd

N ‘\,«

» M@;‘y@

3 L@g;) @ @5\, @;@;@1

A N N / ﬁfg_\?/fm 4
\,@y (ol jfial, @@3}@3%

\>~ o
KL W&ﬁ L SV R , N 1' r/ AN

DLl
__ﬂmv

ey 1@ NTL M/ﬁ NVERSION. “
{ /Jﬁ%“ﬂ@ﬁ s /)@5:2 e )L@\J“: iD\H' Q%%T@ééS@m\ D@m&f@m
A ‘Pf‘( C;?RE%% NCE OF= Rﬁf’s? e
== LT ,OMM/}@?@}%&HAW@» {my@mcm‘}( ngw_v}k ”%\L_M 5/5'
k\: : (7 () = N 7 / / : \\
(3 n/&;@‘l‘, (S k&ug}@ LB (é’ﬁ_ Ve e
”?"’:\"‘\/;,* I ey "&f«af,’/i‘\\;k
l&LJ}‘LEW L W 2 i
SN - TWO- WEEK LOAN COPY _
lpi o
E\S_ﬁa“ﬁ“}“ ‘“&D:%@D & This is a Library Circulating Copy

which may be borrowed for two weeks.
‘For a personal retention copy, ¢ call

Tech lnfo Division, Ext. 5545

¥ L:}&/ '<b@b

NN \:13 *% Jut‘“’“-

@IL;J_;/}&@E ;, @‘;1

d"“\ Sy
ﬂ @@f

\
A,ﬁ‘




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



kSR S

Research ang Development

UCRL-16970

X
- #
. e N
o ' :
> ! | UNIVERSITY OF CALIFORNIA
- T Lawrence Radiation Laboratory
< Berkeley, California

AEC Contract No. W-7405-eng-48

I. THE QUANTUM CONVERSION PROCESS OF PHOTOSYNTHESIS

II. PARAMAGNETIC RESONANCE OF TRANSITION
METAL COMPLEXES HAVING BIOLOGICAL INTEREST

Robert T. Ross
{(Ph.D.. Thesis)

June 1966

T,

-
e

{



1. THE QUANTUM CONVEARSION PROCESS OF PHOTOSYNTHESIS

11, . PARAMAGHETIC RESONANCE OF TRANSITION METAL COMPLEXES

Robert 7. Poss
Lawrence Hadiation Laboratory

University of Califernia
Gerkelaey, California

PART I.
A limit on the thermodynamic potential difference betwecen the
ground and excited states of any photochemical system may be estab-
tished by evaluating the potentiail difference at which the rate of
photon absorpticn and emission are equal; the re?ationshfp{cffabsora-
tiontand emission :is.givsn by a ﬁ}anc& ani“ﬁiav.onu;11 betieen the |
,twoéTprpyidééqthai;th;%é is therma? equ111hr1um within the sub1cvo¥s
of the electronic bands., The maximum amount of power storage ob-

~

tainable is evaluated wy lowering the potential difference until the

!

product of the potentiai difference and the fraction of the quanta ., s "¢ -

reiaénnd is maximized, The effect of a finife.rate of transfer of
excitation away from the excited state on power storage and lumines-
cence yield is found by an elementary kinetic derivation.

The Planck law relation between absorption and luminescence is
used %o caiculate the luminescence spectra of purpie bacteria from
their absorwtién spectré; the resulting Eqminescence spactra compare
well but not perfectly with publisned experimentaily measured lumines-

cence spectra. Appiication of the Planck law relation to puhlished



-iva .

-~

activation spectra for Systems I and II of spinach chloroplasts

permits independent calculation of the luminescence spectra of

the two systems. If the luniinescence yield of System I is taken
to be one-third the yield of System II, then the combined lumines-
cence spectrum closely fits a published experimental fluorescence

spectrum.

Spinach chicroplasts under an illumination of 1 kilolux can

=3
]
o
O
©w
[o]
)
p—
(.\)
)

produce at most a potential diffe Y for System T,

and 1.36 ¢ v for System II. In the absence of non-radiative losses,
the maximum amount of free energy stored is 1.19 eV per photon abe
sorbed for System I and 1,23 eV per photon for System II., The
bacterium Chromaiium.undnf an ilijumination of 10 ki?oerqs/cmzsec

of Na D radiation can produce at most a potential difference of

0.920

x‘D

s the maximumn amount of Tree energy stored is 0.79 eV per
photon absorbed. The thermodynamically calculated potentials
match the redox potential difference botween p700 and Kok's -0,7V"
compound in System I of plants, and the poatential difference be-
Tween p890 and farredoxin in bacteria,

On the basis of an efficiency argument, it is hypothesized
that there should be & linear re!ationship‘between the net fiow
througnh a hiochemical pathway and the free energy lost per unit
fiow. This nypothesis is compatible with the observed light satura-
tion behavior of photosynthesis. Preliminary extension of this
model to include transient behavior correctiy predicts the 1/time

-

cgecay of chemiluminescence observed in piants.
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Much of the theory used is presented in a preprint of an

~article entitled "Thermodynamic Limitations on the Conversion

of Radiant Cnergy into Work," J. Chem., Phys. 45, No. 1 (1966).

PART 1II

The problems and techniques invoived in the EPR spectro-
scopy of transition metals are reviewed, and the Titerature on
the EPR of metél complexes which has bioleqical significance is.
surveved, Particular emphasis is piaced on the cohditions

necessary for the observation of paramagnetic resonance, and on

the EPR of manganese. A reprint of an articie entitled "Dipolar

Broadening of -EPR Spectra Due to Solute Segregation in Frozen.

Aqueous Solutions,” J. Chem. Phys. 42, 3919 (1965), is presented,

<
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A. Aoplications of Thermodynamics to the Investigation of | -

Chapter 1

hTAOOuC TON

Pho;osvnthesxs by nreén piants convertis radiant ane g} in the
wavelength region from 4060 A to 70? R into chemical free energy, Av
-photonzhaving a wave?ength of 7QOO 3 has an enerqy of 1.8 electron
_volts,1but’manometric measurements o:'oxynan‘:voiutiow indicate that
oh!y aﬁout @26 eV per quantum ab orbed is Jtored as free ene ray in
the férm ofvstable chemical ptoducts,v The original motwvataon-for
the work 1n Part 1 of tn.s thosxs wostaAdesfre_to acc0unt for the
"niss1nc“ 2/3 of the photon's energy. |

Thé_engrgylconversion Drocess Qf piQnt pnotcsyn*hesvs is summa-
riZed ianieuré 1-1. Light -energy i: capturmﬂ by severai‘types of
p1qmert mo?écdiesg the mbst imnortant of wq1ch is chiorophyil. The
absorpt1on o; a pno»onICGanQ the exc1t tion of a chiorophyll mole-
cule from }gs ground e}ectr0ﬁ1c state to thé first excited sfng1et
state,. This excitation'is'then transfekred in sbﬁe magner:to a site
_of cherical cowversxon3:i11s trunafﬂr niOCQSD is not well uqder;tood

Reiat1ve§y 1mned1aué consequences of this: chemwcal converswon are
the‘pﬁospgsry atzon of ADP, c*v1n3 packets of bio?oq7cat.energy in the
 form of_ho?éc&%es of ATP; and the oxidation of water to molecular OXy=

aen, with the production of packets of biclogical reducing power in

"References 1-5 are the books and review articles most pertinent to
the materiail discussed in this thesis, References 6 and 7 are en-
cyclopadiac surveys of photosynthesis. ’

o
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_the form of pyridine nucieotides. These soluble, diffusible packets

of energy and reducing power are then used to drive the carbon re-

5

duction cyc‘ze9 which takes carbon dioxide and converts it into sugars,

.Ih §ﬁdfifon to this photosynthasis by @}antsb with which we are¥'
more famifiar,‘?ight~§$'alsq,us&dt€or chemical synthesis by several
kinds of‘bacteria. These bacle §1a pay be d1vadeﬁ into two c?asaes-
red bacteria and greeh bac teria. The red bacteria use wavelengths out
to 9000 A or so_foruphotosynthesmg and the green bacteria use light
out to about 8000 A #nile plants can oxidize water to obtain the
electrons necessary for biclogical reductions, the bacteria cannot:

‘they must rely on an.exteral sgurce of roouc:ng po>°r such . as hydro-

qpn su1¢1n » other sulfur compounds, or ex Lﬁrna:iy obtained organic

s
1

compounds such as acids or alcohols,

o
O
v

What can cause tna u:fference between t e ..8 eV of energy con-
. 2
tained in'a 7060 A nnotoﬂ, and the 0.6 eVY of free enercy shor@d bv a
piant per photon? Much. of the difference bftwecﬁ these two f1qures

)

is lost in the complex biochemical-patﬂways between the.ahsorption nf.

light and the output of CdT?Oﬂ/uTﬁLP' we wil }'ronsider these losses
in Cﬁagta% 5, but in the meanwhile we sha7} be conce rned‘with-two
H‘]Osse.s.“ which are incurred,immediately upogvabsorption of the light.
The'first of these is simp1y.a consideraf?oh:oﬁ the entropy |
associated.with ?he absorbed radiation; in éther words AE 15 not
equal to AF. The first worker to consider this Eimitatioﬁ én the
ene?gy:conversidn process of ,hotosynthesfs waé the Dutch biologist
Lo Mo M. Duyseﬂs,3’8 who did so by a genefa} and soﬁewhat intuitive

thnrwodynaM* approach which is strictly applicablie only for systems

. €

<
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-G
- and Mazo® and Bell

B

which absorb only in a narrvow freguency range. Since then, Mortimer
10 have considered the thermodynamics of monochro-
matic radiant energy conversion in a more_genera? context; their work
has expressed buysen‘s insight in more formal terms, but it has not
a?téred the basic argument, Application of the narrow band_theory'to'

photosynthesis requires scme extensions in order to make it applicable

to photochemical systems absorbing over broad bands; this will be con-

sidered in Chapter 2.

The second immediate 1oss is due to a degree of irreversibility

which 1s necessary to cause a net flow of energy into any radiation

absorber, If an absorber were in equilibrium with a radiation field,

then it would reradiate at the same rate at which it received photons,

meaning that the quantum yield for energy storage processes would be

zero. In order to get a net retention of photons, the entropy of the

v

absorber must be greater than the entropy of the radiation field,

This loss was considerad in an electrical engineering context by
11 12

Shockiey and Queisser, In a paper'c which is presented as Part I.B.
of thfs theéisg I recentiy considered this and other losses for the

general problem of radiant energy conversion; that work was under-

- taken with the pnotosynthesis problem in mind,; and this Part of this

thesisvrepfesents an extension on that papér;__

During the extensjon of the theory té bead band systems in
Chapter 2, we will consider some relationships between absorbtion
spectra and Tuminescence spectra, and thé éffect which these spectra
have on the Cﬁemica? potential which is developed in a-phbtochemicaf
system, In Cﬁapter 3 we-will consider some»bf the available infor-

mat%o@bon the absorption and fluorescence spectra of photosynthetic

systems, and relate them to the theory developed,



G
In Chapter 4 we will use the theory of Chapter 2 and the spectra
of Chapter 3, together with a -1ittie data on the intensities of the

Tight fields in which

ke

hotosynthesis operates, in order to calculate
A chemical potentials developed in different photosynthetic systems.
These are then related to observed potentials, and the agreement is
found to be rather godd,

In Chabter 5 we sketchily consider the problem of the design of
biochemical pathways, and éhe losses which are incurred between the

-absorption of light and the storage of carbohydrate, Scme simple,
“thermodynamically motivated models for the behavior of this system
help to account for the light saturation behavior of photosynthetic

systems, and for the decay kinetics ohservad for chemiluminescence.

v

W



'THEORY -OF THE PHOTOCHEMICAL CONVERSION OF LIGHT INTO WORK

&y
in

a., Heuristic Theory for a Narrow-Band Absorber

'BefOPé-starting a formal treatmentAof the thermodynamics 6f free
eﬁergy_étbrage'iﬁ a general, broadnband~ab§0rbing photochemical sys?,
tem, it may be useful to veview the theory for narrow-band absorption,
part?cuﬁarﬁy as it applies %o photochemical Systems. A forma} treat-
ment of thg narrow-band theory may be found in iPart l.B. *; but for
the next few pages we will make a somewhat informal and nopefully
heuristic deve?opment of the theory. The formﬁ]as and arguments of
- the next few pages are selected for their fami}farity to ﬁost chemists,
they cdnﬁaih'w?ﬁhin thém the assumptions that Boltzmann statistics
app1y9.and‘thaé'the different rate processes involved are first order.
ﬁActuéliyvthe'resulfs are more general than one would infer from these
ésSumptiOﬁs. | |
for a cdncrete example of a nérrow-bahd bhqtochemicé%'system9 the
< reader'is'jnvited to consider a vapor of sodium atoms, dilute and in
a very“}arge box so that collisions are iﬁfrequent, Light at 589 nﬁ*‘;
' éhining:on this gas gili excite atoms from the ground to an excited
electronic stafe, and resonance fluorescence will return excited atoms
"  21‘ . to the grpund-state, | o | - |
| | ps Tight absorptfcn greatly incréases:thelpobulatioh of the ex=
cited state over_thé population present thermaiiy, there will be a
free.ene%gy change associated with ihé transfer of an atom from one

electronic state to the other, In'ahaiogy with the Mernst equation

*1 nm (nanometer) = 1 my = 10 A
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of freshman chemistry, the {ree energy change asscciated with the
transfer of an atom from the AC?ted state to the ground state is

equal to

3

p = dv * k'i-']ﬂ(?"‘/[))‘p . .‘ : 4 (2’;1:) . &

where P and P* are, respectively, the population of atoms in the

ground and excited electronic states., The thermodynamic potential,
u, is defined as dA/di, wheve A is the Helmholtz free energy, £ - TS,

and N is Lhe number of transfers from the excited to the ground statexi'
(Since there are no sub5nunaiaa net vo?uwe uhanges in photosynthesis,
‘we can neglect the distinction between energy'and enthalpy, and refer -
to the more fa mi%faf AF réther than af,)

As we can see, this chemical potcno1a1 is determined by the fre-

-

quency of absorpt1on, vy and by P*/P, This la tter is in turn detera

mined by a steuay—suatw re } tionship bnbw&en tne rate of absovrption
and,th“ rate of tm15510n, The réte of absorption is determined_by
fhe_}ight intensity and by the absorption cross-séction,'whi?e the
rate of emission 1is conﬁrol}ed by tﬁe radiative lifetime. At any
given v, however, the relative sizes of the absorption cross-section
and the radiative lifetime are fixéd by the Einstein coefficients., A
more Fandamehté] way of saying thié is to note that‘thé effective
areas for absorption and e11ss€on must he 1uent1ca7 As a re'uit,
- the chemical potential developed is 1ndependﬁnt of efther, and depends ' : #
only on the 3fghﬁ intensity at.she frequency of acsorptﬁon. |
What is the'dependence of'the potential §n light intensity? For-
mally éhe reiationShip is very ﬁirect,ias we shall see-in the next

section, but in order to stay with familiar formulas we use 2 more
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indirect approach now: If our box of sodium atoms wera placed in a

blackbody with temperature Tp, then we know that
px/p = exp(-hv/kTR) . o \ o (2-2)

- Since the sbdfum atoms are sensitive to radiation only over a
VEry navrow freéuencj range, the population of the excited state will
also be given by (2~2) whenever the vaporvis in a radiation fie?d'}
which has tae same radiation intens ity ét 589 nm as‘dqes a blackbody
at Tp. Ore can then describe this radta sie}d.ég_havihg a t§m~ 
perature o: TP at ao9 nme‘ it need not nuve the same temperature at,
say, 700 nm. ‘_ ‘ o

Bylp?ugging (252)_iﬁto (2-1), we see that
¥ = %VW(X—T/.TR‘)I . : .‘ L ' | (2-‘3) 
where the potential is defined re%gtfve £o tem9¢rature Ts.
fﬁe re?ationéhip‘between the fadjation jntgnsity and Tp is given ;

by the Planck radiation Taw , which ‘is that®

= (8av 2/¢2 )explin/kTp) - it o (2-4)
,',wn@re I 15 the iio}t 1nt9ns1ty in units such as’ Dnotons Der cm?aec E

per ua?t bandw iidth per 4w sol.d anql . (Refer to. Part L;;u.,for,a
.1 'mora compiete d1scusszon ) | | |

So uar we hWVL oniy cowsaderbd thc ;bédfbtibn and the'resonant’
fluorescenu emvs ion of rauaat1un w1th no pvoviQ»ow for the sgoraqe
of free energy. uow.,et s add anotner qas;to our.box ef sod?um atoms.'
By’fhteracﬁinglwith this ' quanchlnq gas, ‘sodium atoms in the Axcated

state are returned to the groundastate nonmrao?atively. This process’
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6f non-radiative decay is coupled to, and can drive, an endothermic
chemical reaction for which the 4F is equal to the pc{entia1 difference
between the‘excited and ground statesg_u.
The ameunt of chemical work dene per quanium absorbed by the

sddium gaé will be egual to the product of the quantum yield for tﬁe
energy stqragé nrocess, and the iight-driven chemical potential. In
designing a systam Tor the conversion of light into werk, one would
seek to maximizé this product. B8Because of the competitive advantage
which a plqnt with a more efficient enerqgy conversion system would
have, we anticipate ;hat photosynthetic systems will have this producﬁ
nearly maxihized also. |

In the presence of the quencher, the quantum yield for lumines-

cence will be
= px/p* (2-5)

glum max °

where P* is the population of the excited state in the presence of the
‘quencher, and P*max is the population in the absence of the quencher,

The quantum yield for the energy storage pathway is then

= 1 - pr/pw

Tmax (2-6) ° .

Pt
The decrease in P* due to the non-radiative pathway ‘causes a de-
crease in the potential difference between the excited and ground

states. From {2-1) we can write

.(2f7)

+ kT In{P*/p*

U= Mmax max) s

where u,., fs the light=driven potential in the absence of quenching.
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flote that if tne population of the excited state is not decreased
substaﬁtia]!y by the intrcduction of guenching, then the quantum yield
vfor énergy storage is relatively Tow, resulting in 1ittie energy

storage. MNote also that if the population of the excited state is de-

‘creased drastically, then the potential difference will drop signifi-

cant_b)B also'reducing the amount of power stored, There exists an
optimal ?* for maximum free energy stovage, and this may be easily
found by taking the product of (2=6) and {(2~7), and setting the dif-
'ferentia1 with respect to p* equal to zero.'

Doing this, we find that for maximal power storage,

P

p

“"max Hmax P nax : ‘
e L P X )

px o kTl P )

The leading term in this expressicn is the most significant, and for

iilustrative purposes we nced consider only it., In the visible re-
gion, the potentials developed are about one electron volt, which is

about 40 kT. Plugging this back into (2-5),'welsee that in our ideal

system the 1umin¢scehce yie]d should be about 2% for maximal power
storage. | _ : _ v
- By substit@ting the 1eadiﬁg'term Qf (2;8).into (2-7), we find
that the optimum‘potentiai.is‘given by v :

. . . [

JKTY .

(ﬁmax' . 0 e (259)

: ?Bpt_% Hnax = kT In .

Now kT 1n40 is about 1710 evnband_this représents most of'the Toss due

to this basic érreversibi}ity.

‘So far we have neglected the possibility that there might be non~

radiative decay which is not coupledito energy storage, and in any

~
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real system there will be some of this. The effect of this decay is
easiiy.éhcluded in the theory: If the total rate of non-useful de-
céy‘froﬁ the excited state is o times the rate of rédiative_decay
a?oﬁe, {hen‘the population of the excited state in the absence of

'enerQJ storaqo will be reduced by a 1ac+or of oy 50 that Mimax will be
decreased by KT no. - Hhen this kind of decay is present, equation_-
(2-5) represents the guantum yieid for all ndnnenergy storing pro;
ceﬁses, rather than the guantum yield for luminescence., |

With this much as background, we can consider the general broad-

band theory with better understanding.

“h, Formal Theory for a Broad-Band Absorher
The theoretical limits on power storagé:resuiting from naryrov-
band absorption, which were sketched in the previous section and are-
discussed more fully in Part B, may be avpz1oa to 3 broau~band ab-
éorber by appropriately averagwng the monochromatic 1imit over'the
fvequnnqy 1nueer1 of absorption: bThe “@su“inn'iimi“ Has great
general1ay9 but som« consideration of txe strubturu of the radiant

enerqy convefter may perm!t a s1cn1f1c "+1y 1ow er limit to be set on

the fracLlon of light energy which may anpnar as stornd f”ec ennray.

In addition, one may obtain a consxderabie amount of additional physi-

cal informaticn,

'_First one szt analyse the mahneriin which the absorbed quanta.
will.be used. Fundémental]y thereAare twd types which we might con-
sider: One would be where the absorbed energy. is used asvheat; in

~ this thesis we are more interested in ancther kind of conversion,

-~

where excitations pFOQJLeG by the d;scrpte aquanta of light are utilized.

A



“13-

The most fundambn tel feature of these quantum, or ﬁhotochemical,
radiation conversion systems is the equality of quanta of d1f‘ﬂrent
‘wave!engths, If one has a‘broad_absorptien extending from 400 nm to
700 nm, @ qqantum.absorbed at 400 nm has the same net effact és a
guantum absorbed at 700 nm., It is this equality of quanta which is
the start?nglpoint for a'consideration of the thermodynamics of these'
systems '. |

The purpose of this section is to discuss the limits on the

[$°]

amount of work appearing as a result of the broadnband absorpticn of

il

qnt by’ aﬂy photochemical system, Shock To/ and Queisser ~ have con=-

51dered such a 11m11 on radiant energy conversion in non-degenerate
semi-conductors, and the present work represents a generalization of

this. The discussion in this-section is independent of the structure

of the photochemical system, and does not contain the Timitations of
the prev1ous sect1on,

Imagine that the grouna and exc1teu states of the sodwum atoms

of the previous section are generalizad so that each of the two elec-

tronic states contains any arbitrary number of sub-states, at arbi-

trary energies, due to the presence of vibraticnal or other degrees .

.of freedome

If the sub= statea within each band_are'in thermal equilibrium,

mean1ng that therL are no variations in thérmodynamic potentiaT-wﬁthin;

each band, then tnﬂ potantxul d1ffer°nce between sub-state 7 of the

-ground e}ectron?c state and sub-state j of the excited electronic -

state will be independent of either i or j. In other words, there

will be a single, well~defined free energy change for any possible

transition between the bands.
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e shall examine ine validity of the assumption of thermal
equilibrium within the bends later.

Fvatuation of _f fmur notential

- Dur first task is to evaluate the potential difference which is

developed be,w en the excited and ground bands in the absence of non-

of the.phstcchemicai system can be mest easily
'évaiuaﬁed when it is in equilibrium with a radiation field. Thus one
nee&s to inquire what radiation field is in equilibrium witl
sorber'wﬁiCh has a roL“ztx T difference independent of frequency,

Fdr;the interaction o be reversibie at all frequencies, it must
be reversib?& at each frequency, 50 we can reduce the prob]ém to an
‘examination of équ%ii@rium between a.radiation field and an absorbar
in a small frequency incroment at eaéh V.

_ Reversib?e reaction impiies that tnerc 13 no chanqe 1ﬂ entropy

for thﬂ emission or absorption of raczat?on by the chemical system:

<3Sf3§‘f}abscrb . * (35/3”)rad~]at 0"1

veda
w

The potential difference of the ?hotéchémica] systen

wo= oaEN~TRS/AN . U (2-10)

/~av" - Me know that
FE/N = hw e : (2-11)
50 that

CRYER (ho=p)/T o (2-12
For the radiation field, the partial c'LrOny

3S/oN = -(azE/a?s)/T;i - (2_‘}3)‘

- 0. ‘(2;9) |

7%
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' un1t bandw1dth is equal to

-1:}::
where Tp(v) is the radiation temperature which we discussed earlier,

By substituting (2-4) into (2-13), we find that
Las/a = Kk In(1+Bm?/eln) (21

where I is the light intensity absorbed and emctted due to band-to-

. band transitions (as before, in units of'photons per 4n solid angle, -
: _ : m solid angle,

per unit bandwidth, per.unit area, per un nit time).
If we assume that the photochemical absorber is isotropic in its
interaction with a radiation field, then by integrating over soiid

angle, and equating (2-12) and {2-14), we find tnaf the rate of pho=

_ton absorption and emission per unit bandwidth and unit cross-seccion

is

: lhe fzqurc one in (2 ]a) may be neglected in the visible region,

swmplvfywng (2 1&) to

o

- —“ -. ’, A . , ) ' : .
I{v,u,T) = (8mv/c%) expl{u=hv)/kT] & 0 0 '(2-15")

If one Lnowf the absorpt'on cr0°s sectlon for band to~band exc1- o

-tat1on A(u,uD ) ‘then the total ratn of. excwaatwon and. em1s<ion per

:

u  I I(ygysf)" - 7fif‘?'£' o ‘3_." - (2-16)

' for a phofochOﬂach sysLem which has thermaI equilibrium at tempera~

=t\re T W1Ln1n 3tS Llectron1c bands, and a potential d fference yn be-

twecn the bands9 and uh1ch is in equ111br1ua w1th an 1sotrop1c radia-

tion field at all frequench;.

'I(v?uzT) gv2/c? (expl(hvmp)/KTI=1} .0 . (2-15)

i
i
|
.
1
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How cénsider that the same potential difference;g is established
beﬁween the bands of tha same cheﬁfca1 system by‘ahy manner whatsow
gver, This may be done by causing the same rate of exé%tations with
an arbitrary radiation.field, or even by pamning {he System eiectri-

iy or chemicaﬂy° Regardiess of how the “Oueﬂ ial is established,
“the emission spectrum must 5£111 be given by {2~36); |
?his!éeans that, given Lnermal equliijriuﬂ within eabn band,

know*eove OT the absorptzon Spectrum of any chem ca] sys*en permits

direct caicu?auzon of tne Tuntinescence spectrum. Th1s re?at!on has

a fa:r?y iong and 1nter“‘tmo mstory5 none of which I had hcard unbil';"'

after hav1ng deriveu the're?au1on myself., It was fwrst der1veo by

Kennard]3 at Corne]] in 1310, and he confirmed 1 experimentally with

several dye'moiecules in solution. The rela tienship was then redis=~ -

covered independently by two,Russian‘physicai chemists, the first of

14

Cwhich’ to publish was Schanov. It has been used faTrly extensively

'lby Russwan pnyswra} cnym1sts for calculat?“g the lam1nescence spectra‘°'

"of organ?c mo?ecules, and compar1n3 tNLse w1th the observed Tumines-
13 10

.

'cencm spectr* This history of tne relation has been revxewnd

16

.by Mazurenko and Hegorent - In Jp1te of the usefu}ne55a of the re- -

'1at10n9 it does not seem to havL b en used recen;]; bn molecular
' soectroscorists ou»51dﬂ of the, U.J.S R. 7.

The ralation was aiso uer1ved aoa1n indepenuen v, for a more
’restricbed S?LL&tTOﬂ by van &oosbroeck an” Rh ck!ny. 8 'This has been
uSed'fcrica?éu}ating the spectral dastrzautiow of the radiation from
~lthe‘recdmb§hat€oq of eléctrons and ho?es,in serm'conductors.]9
The experimental work by the Russian_workers has shown that the

assumption of thermal ezuilibrium w1tn1n the electronic bands of a
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40

large organic molecule is fairly accurate The stignht discre-

pancies which are observed are not sufficient to affect our caicu-

lations of potential, but they may affect the accuracy of caiculated
luminescence spectra.

We will now use this Planck law rela o onship to calculate the

‘-potent1a] deve]oped in a photochemical system when the absorption

spectrum and incident light flux are known. For simplicity we shall

assume that the absorption spectrum is independent. of u, although this

may not be true. We can ignore changes with temperature since our T
remains. fixed.

The rate of band-to-band excitations resuiting from an arbitrary

v;radiative field is equal to

Ry E fA(V)IS(v)dv . L - | o ..(2~17)

where Ig(v) is the flux distribution Drov1de by the light source.
From (2 10), with (2-13'} substzuuted in, the rate of radiative

decay from a phetochemical system having potential difference p is

an Lexp(u/kT) 1/ (892 /e2)A(v)exp(=ho/kT)dy » ~ (2-18)

e sha?f'ébbreviate the integral with L;véq'that

= eM/KT |

Riun oo mA e ,.::'lfif o | (2-18°)

'38y:équaténg.(2-}7)‘and (2;18'),'we‘can:fihd-thefmaximum possib?e

" potential of a photochemical system having an absorption spbectrum
Al{vY, and ﬁllum{nated by a radiation field of intensity and distri-

bution ISCv):

beax = KT (Re/L) o (2-19)
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Maximum power. storage

The potential Hpax Was de red for the condition that the rate
~ of luminescence equals the rate of absorntion. As we saw earlier there
is no net storage of energy.in this sitvation. ilet storage must be

D

obtained by lowering the petentia} so that the rate of luminescence
viil be iess than the rate of absarption,

The ameunt of power stored is

P o= (Rip = Ryynlu » | ' : - (2-20)

“where y is. the po»entxal of the pnotoc“§n1cal system.

By COmanTﬂQ (24?8')vand7(2-19)’ we €ind that

Ryym/Rin = A TR 3 ;  (2-21)
~ so.that | :.-' . | T

T gy FRT I D o (2-22)

' where ﬁ’um is the quantus yield for lumxnesconce, Ry, m/Rin .

" ‘The amount of. power stored, which may be rewrxtten as
P = Rin_? (1'ﬂlum)-? , L o _ | ) (2—23)v7

. may be maximized by anpyoariaL ¢hoice of u. ‘By'settx g d“/ dp’ equal -
to zero, we find that for maxiMumJbOwer'storage
] = + .. -
.}/Qlum_ . “Wax/kT 1n ¢IUW e o (2-24)
The potentxgi for maximum power storage ny be obtained by substi-
tuting £y, from (2-24) into (2-22).
-, As you can s€e, this more geneval derivation is very analogous to

the less formal treatment which appeared eariier in the chapter,
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1 haven't figured out a neat way of expressing non-uyseful non-
£ t

radiative decay in terms of potentials instead of populati ions. e

can note that the potential umax_of_this section may be correcbed

. downward by kT Ing, where the td?a] rate of non-useful decay of the

excited state is equal to o times the rate of radiative doray. In

. general, o may depend on u.

c. Losses from Siow Excitation Transfer

At this point we can consider one kinetic limitation on the

amount of power stored. This relates to the finite rate of transfer

of the excitation from the absorbing piqment mo]ecules into species

| which do not interact 31311F1cant1/ with a radxab1on field, Strict}y

speakmgB porhaps this discussion should be 1n Chapter 5, where we

-

will consider other kinetic limitations on power storage, but this

_vparticu?ar'probﬁﬂm is easily treated in. ihe present context,

Consider that we have the swtuatmon diagrammed in Figure 2 1(a).

Here the excited state of the pigment molecules Chl*:is'in7thermal’equili- 3

brium with a trap state., As diggfammed, the trap might be a triplet
state of the pigment'mqlecule, or sqme‘isomerization of it, but

actually the arguments which.we‘wiil make'apply equally to chemical

" reactions where the trap is a distinct chemical species,

Excitations are transferred from the.excited state to tha trap

with vhat we assume Lo be a first-order rate constant, Ktran s since

Figure 2-1(2) describes an equiiibrium situation, the return rate must

be the sams, The chemical potential of the trap will be the same as

ihe excited sta?09 ¥nax®

and. the rate of excitations is equal to the rate of radiative and non-

¥ 4 - ol o+~ .
radiative decay, “kradp nax

The population of the excited state is P*_..,
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MUB-11266
Figure 2-1. ‘K'inet'icsA and thermodynamics of a 'photochemical system o i

(a) in the absence of energy storage, and (b) in the
- pr‘esence df energy storage when the thermodyndmic

_activity of the trap is a fraction & of that in (a). }
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Mow consider that excitations are tapped from the trap for
storage, so that the thermo dynamic activity (e e.q., the concentration)

of the trap species drops to some fraction, 8, of the activity'which

would be in equilibrium with an excited state popuiation of P s

" The resulting situation is diagrammed in Figure 2-1(b).

The rate of the reverse reaction Trap = Chi* is dropped to

cktranP*fﬂgg'causinc the population of the excited state to drop to

- P*, The quantun vield for storage is, as before,

but our object in the current situation is to maximize the power
stored as measured at the trap: ié other_words, te maximize the pro-
dUCL mSt“trap | | S

By equating the fluxes into and out of twc excited state we

f1nd the re?atxonsh1p

pr )+ K (GP‘

“Krad(P* T T nax tran. max- - P*) = 4 | o (2"25).
which can be rearranged to give
PP ax = (oKpaq * 5Ktran>/(dKféd * Kepan).o (2-26)

'.Subétitutingv(2-26) into (2~6),‘we}findvthat the quantum yield

for power storage fis

Pst :z[,[Ktran/(“Krad + Ktran)](l" 8) . o _'(2-27)

The exprcssaon within the brackets is the usual kinetically deter-
mined quantum yield in the absence of any féversibi]ity in the Chl¥,

Trap reaction (i.e., 6 = Q).



On the other hand, the expression {1 - §) is thermodynamicé]ly
equivalent to the (V- Pr/P*, o) of (2-56). . In other words, the
.quantum yield‘fof energy storage fa;tors into two independent .frac-
tions, ohe of which is determined k%netica?iy and the othéf‘of which
is determined thermodynamically. DeriQation_of:the optimal ”trép
and maximal power. storage is equivalent to the earlier treatments

- e

where the excited state itseif was considered. The only difference

<
¢t
-.S'

is that the quantus yield is iowered by the kinetic factor shown in

(2-27).

“‘When the kinetic and thermodynamic factors of (2-27) are both

«~close to one, then the 10ss quantum_yig}d is approximately

7’1oss % okpaql (0K paq * Kt,.a,,) +3 .' B C1:) N

'ThefluminesCence yie]d is 1/a of this, or

:@Igﬁ X grad/(“x%ad f_Kﬁran)_f ¢Xp£(“’“max)/k71 o (2-29)

where “max s the maximum potentwa} correcteo for the presence of

nan»radxat1ve 1ossea.

- The f°rst term in (2- 29) is due to the ¢1n1te rate of traaner K

;out of ‘the excmtpd state and Lhe secand 15 due to the reverswbility

.of the system.. As the xlnet1c tern repr@;eﬁts sg1n-a?1ow°d 1xght
emission which s 1ndcpendent of any chemxstry, this portion of the
11ghu emitted under steady-state 111uw1nat1on may quite oroper?y be
called f?uore&;encea However, the thermodynam1c luminescence is
d@pendent on chemistry and, furthermore, cannot be expected to decay
rapidily and expongntwully when the TT}UﬂtnuuiOH is turned off; thus

it is hard to call this fiuorescence.-

*~
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To the extent that our assumption of therma?xequi}ibrium withfn
fhe electronic bands is va]id, ihe spectra of the two typas of
Tuminescence should be the'same§ and no distinction can be made at
that level., As we siall Qiscuss more fully in later chaptcfs,vex-

perimental discrimination between the two would be very useful.

[P




Chapter 3
CALCULATED LUMINESCENCE SPECTRA OC 0%310 SYHTHETIC SYSTEMS

The %irst usé whfch we can make of the thecry in Chapter 2 for
photosyﬁ{heéis is to use the Planck law relationship between absorp-
tion and 1umine;cence 5n order to calculate the luminescence spectré
of phbtosynfhe#ic»systems frqmrthe absérpt%on spéctr_a° Hhere the
'flqorescence spectrum* is known, this provides one check on our
,assumption;of thermal equi}ibriumvaﬁonq the vibratibna} levels within .
the e!ectronic bahds of the oigments, Uhan the f?uorascence saectrum
is not known9 Lhe thoorj can prcd1ct it and, ho pe_fu’._b/.9 make {ts ex-
perimental detec;xon easier, | | |

" The theorntzca] predzctxons have partlcu!ar 3n;erest in piant
1“systemsﬂ because plants are c0ﬁ1r1zed 0f two sowew“at d1Tferent

photochemical systema, Because of the re?atave compYex1ty of plant
ohotosynthes1 S we first consider énother.c]ass'of photosyntﬁetic
 orgamsms9 the bactomaD so that we may compare absordtion Spectra

and. riuores&ence spectra d1rcct1y,.

. Eacteria] Luminescencé
For thé.pﬁr§o$e Qf comparing pfedicted f]dorescence with mea-
sured f}uoreﬁcehce_Spsctra, we are fortunate tﬁat O?sqn:aﬁd Stantonzo'
have recently published absorption and fluorescence spectra for

~several. species of bacleria. By using their absorption spectra #.-

“#operationally, the emission spectrum observed under steady illumination-



“25a
together with the Planck factor, one may compute the f}uorescence.
'.for'these-several species. The results of this calculation are-
compa?ed Qith'experiment in Figure 3.1,

The calculated and observed spectra have been normalized so
ihét fhéir peak heignts match, We see that the agreement between
'expefiment and theory is good but not outstand#ng, There are four
sources for the discrepancy befﬁe@n the Ca]cQIated and expgrimenta]
B spectfa; (1) The absorption spectra are nbt:acgurate;ﬂ(Z) the ex~ .
‘ perimenta1;f1uorescence spectra-are not accurate; (3) the ekperi;
‘mental absofption and f}ucrescence-sﬁectrq are not of the same
,vma{eria1;-and (4) the aésumptions of the theory are not met,

| (i)-and (é):. The_dafa used were obtained from-published curves,
cﬂd a. s]wrht dwstortion of the curves w1th reapect to frequ;ncy wou1d
account for much of the dz crepancy,

_(i):‘ As one mgves cut to long wave%enqths fron the Tast absorp-
'txon peak9 a szzable fraction of the attenuat*oq of a 11qht beam
pa551na throuch a o1olog1ca1 sample is due to 13 qht scatterinq and
not to electronic excvtataons.‘ Un.ess thws is tanen into acrount
there can be serious errors in the ca?cu?ated-f?uorescence spectrum
at long Qave1engths, The abs orptxow SpPCtPa used ware.hotbtakén
with this computation in m1nd, and thus cannot be expected to'be
‘accurate in thfé r¢g1on..f | o | |

(2}: The fluorescence spectra must be taken of inﬁact’bacteria.

This makés‘accurafe'obsekvétiohs'difffcu%t at.waveleﬁdths where the
absorpt{dn_is very strong, as the f!goréscence may be strongly atten- j'
uated by reabsorption. Corrections may be applied to minimize this

error, but this is difficult to do precisely.
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dQ /dv (arb.) _

Figure 3—}.

_ Tuminescence spectrum; dashed line: luminescence spectrum

' faétor for 295°K.
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Comparison of calculated and experimental luminescence

“spectra of purple bacteria. Experimental absorption o

~and luminescence o data were taken at 100 e} interva]s

from the curves of Olson and Stanton.20 (Luminescence ; e

data in (c) from Clayton.) Solid line: experimental

calculated from the absorption spectrum with the Planck
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(3)¢ 4hile the fluorescence spectra are taken of intact bac-

teria, the absorption spectra are taken of smaller particies; this

probably doas not introduce any serious errer. It must be kept in
“mind that different growth conditions for the samples used for the

two measurements may cause a discrepancy.

(4):. Last but not least, the assumption of thermal equilibrium

within the eiectronic bands is not precisely true. If thermal equi-

.11br1um held exactly within the vibrational bands, then the elec-

= tronic absorpticn spectrum, the action spectrum for the excitation

of fluorescence, and the activation spectrum for chemical synthesis
would correspond precisely,

. 0f these, the absorption spectrum and the fluorescence excitation

_ speétrum are the most easily obtained. The two do not correspond

£

exactly at all wavelengths for purple bactcriag although most varifa- -
t}ons are w1gh1n 10% or so.
Perhaps the mos t dramat1c demonstration of the 1ack of comp]ete

therma? equ11vbr1um in a pnotosyntnetwc system is the recent viork by‘ 

F]ayoonzi on the fluorescence and chem11um1nescence snertra of qreen ,.:'

bacteria.' Both the f]uorescence and chemx?uminescence spectra con-
tain tw6 bands, peaking at 750 and 240 nm. For fluorescence, thé
short wavelenﬂth Dca? is the n1qqer, ww11e for the chemilum1nescpncelﬁ;f, 
spectrum it s the Tower, This is undcrstandablc {f an excitation vv
abébrbédtatsghorter waQt?enguhs rﬂlaxes tnrouqn the. excited elec-
tron.c band at a rate wwnch is not much faster than theirate'of “
fauorﬂscnnce. len erS°1y, and probat Ey in aﬂ61t1on go this effmct,

the production of p13ment excitations by revnrga¥ of the energy storage

process may cause a relatlvely greater 1um1ne$cence.at Tower energies. -



Cohclusions

he agreement between the experimental and calcuiated fluores-
cence spectra of purple bacteria seems to be adequate to demonstrate
that our assumpticn of thermal equilibrium is at least app oywmatelf
true for photosynthetic systems.  The variation which Clayton ob-
tained between the fluorescence and chemiluminescence spectra. of
green‘baCtersa indicatas that the thermal equi%ibration is not com=
plete, but\¢ariaticn between the two spectra is small enough

:'assu%e us that potentia1s'caiculated on the assumption of therha]
equiffbrium,wi?% not be sérioué?y in error.  Thé variations are
greét'enough thai compﬁted IumihesCenée spectra may deviate noti-

' ceably'from'the real th%ng, but wheke the Euminescente'spectrum is

not kno;n at all the calbu]aticn may he quite useful.

1

b.'vplant'Lumfhescence

He a?e'very fortunate that Kenneth'Sauér and several collabor-
ators in this labbfatory have recently madé'a number of detailed
spectroscop%ciinvestigations of the'photoéynthetic unit in spihéch.
The avai}ab1thy'of these data makes theoretica? treatment of thé
]uminescenceﬂsp ctra of this p} nt very rewardwnq.

 For the purpose of making quantum yield measuréments, Sauer and

Bfgginszzlmade'carefu! measurements of the absorption spectrum of

the' photosynthetic apparatus of spinach: "Using a tabuiation of their- "”

absorption data kindly provided by Professor Sauer,23‘l'aoplied the
Planck factor to calculate the luminescence spectrum which is dis-
played in Figure 3-2. This is the luminescence specirum which one
'Qouid expect if there'wer: one sing?e.pﬁotgé%emica] system in plant

photosynthesis, and if the vibrational levels of this system were in

7
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thermal equilibrium.

(&R

Howavnr9 piant wnutcaynt esis does not appear to be comprized

[

of one phetochexvca’ 5Y5 tem, but rather two,” One of ‘these9 called
Systéd 1T, can be driven only with light having a waveiength Tess
'tban about 680 nm; tﬁe other, catled System I, can utilize radiation
Of tonger wavelengtis.

24 naa revanﬂd the ways in which the two systems

‘ Dec nbiy Heiss
could 1nueract qt the Jevel ¢of el lectronic excitations. One possibi-
Tity is that the two systems are completely distinct: the “separate
: ‘bdx“lhypot%esis, One extreme of this hypothesfs is the thought that

_the two systems may be organized in different particlies. A second
class of hypotheses are those in which guanta of wave?ength shorter
than:6§oinm are alternately directéd-to Systems I and II by a "flip=.

f]op"‘methanism, he third class of hypotheses are those in which

viightlof'wavelength'shorter then 680 nm first goes to System 113 ex-

citations in excess of the number required by this system are allowed

to "spill-over” into System I.

The “éaparaté box" hypothesis is éurrently the most popular, and

it is the only.one which I have considered in detail, At Teast on
'fcdrsory consideration,'it WOuXd-seem that the “flip-ftop" mechanism
might be virtually equivalent for our Duraoses; | | B

One of tha most useful ways of separatwnq the two chemica1 Sys-
| wtcmf is to Lake a prepdrat1ow of the pho osynthetic apoaratus of a
plant, ch"ompiasts9 and add to it m;cabo]wc po1sons and spectro-
scop@ca]ly gbservabie redox a1ent> with awpvopriate potentlals. By
use of_the éppropriat@ chemicais, one may observe the-light driven

progress of only one cf the two photochemical systems.

9
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By using this technique, Sauer and.ParkZS

and Kelley and Sauer
havé determnined quantum yields for each of the two systems in spinach
over a wide range of wavelengths, -Their orfgina} data were distorted
slightly because of the band pass of their instrument, but ¢erecticn
for this indicatés that the quantum yield for System I plus the quan-
" tum yﬁeid fof-Systﬁm I is within experimental ervor of 1.0 at all
wave?engths.zs |

.. Using thegQSSumpt;Gﬁ of separate boxes, I have gmoothed their
data sémewhét £0 obta?n the quantum y1é1d_p&rtitioningvdiagrammed in
Figure 3-3.  These quantum yie]ds may be used to'ca1cu}ate'én actin-
vation spectrum for each of the two systems; this has been done by
Kei}ey and Sauér3 and.Figure 3-4 shows this onva logarithmic plot.
| Separate abéorption spectra for the twp systems nerméts a decom-i
position of the ?uminescencevspectrum'shownvin Figure 3~2 into a com;.
ponent‘due té_Systém I and a component due to System II. The result
T dispiayed iniFigure,SrS, The' curve for System IIvhas been magni-
fied.by a factor’of 5 in ofder.to make the area under the‘two‘curves
apbrbximately,equai0 If the }uminescence‘yie?ds_for Systems I and II
’we%e about-tﬁe same,‘theh_the emissionjspéctrﬁm of.Spinachrshould
- look something like the sum indicated in fhe figure.
The f?uotcscehce spectrum.af sbinachh;hloroplasts has recent1y 

27

been measured by Murata, Nishimura, and Takamiya. Comparison of

‘their experimental spectrum with Figure 3-5 suggeétsithat the fluores-.

cence yield for System I 1s somewhat less than the fluorescence yield

for System Il. By adjusting the relative magnitudes of System I

f]uminéscehce.and.SystamvII'IUmineséence to obtain the best fit with .

the experimental curve of Murata et al., it appears that the fluores-

26
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Partition of Quanta between photosystems I and 11 in spinach

as a function of photon energy. Quantum yield of System Ii

 as measured by Kelley and'Sauer,26 03 difference from 1 of

‘the quantum yield for System II as measured by Sauer and
25 '

~ Park, "A. Filled symbols indicate corrected quantum yie]ds.

obtained by extrapolating instrument band wwdth to zero.26

The solid line 1nd1cates the partition assumed in subsequent

i

calculations. . ’ : ) !
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- cence yfeld for System I is about 1/3 that of System II. The result-
ing fit’betﬁeen the theoretically calculated luminéscence spectrum
:and-the‘experimental spectrum is shown in Fig&re 3-0. ‘Considering
ali the,sources of error;~l feel that the agreement between the two
is quite gobd, |

These caiculations reinforce the notion that the f]udreséence
yield for System I is Jess than éhat for Syﬁtem I1, and that the
':1umihescénée at 740 nm has a relatively greater contribution from

T

System I than does the luminescence around 635 nm.
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, Figu}e 3=6. Compar1son of the calcu]ated and exper1menta] 1um1nescence
| | vspectra of spinach chlorop1asts. Exper1menta] points from
| Murata, Nishimura, and Takam1ya.27 Calculated curve ob-.
‘.tained.by adjusting the amounts.of System I and System IIj
lumineSCeﬁce SO as to match the experimental'1um1nescen§e
intensities at 685 nm and at 730 nm. Hatch marks indicate

points at which the s‘pevc'trum was calculated,
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Chapter &
LIGhT-DQIVEV POTLVTIQL DIFFERENCES AND F?:E ENERGY STORA"E

" a. Calculation of Light-Driven Potentials

As we saw in Liaoter 2, the first s*ap in eva]uat1ng tna ener-
getics of a photochemical system is to determ1ne the Tight-driven
potentia} wﬁich is‘deveIOped when the fatéch luminescent emission

 $$ equal to the rate of absorption. Writing out equation (2-11) in
. more éomplete form, we have that this potenfia? is
SA(T) Ig(v)dv

u = kT In —~ _ : (4-1) .
max r8rvlc A(T)exp(~heS/kT)dv o

- where I, is the spectral distribution of photon flux incident on the
_ System, énd A is the absorption cross~section‘(i.e., the absorption

;;-snectrum) of the system. Since A appears 1n both the numerator and

{n.idenomwnator of this expression, its absolute value is un1mport nt

.;,?1_PProy1d1ng ﬁhat the dimen51ons of the unnt1ties involved are properly

-defined, these integrals may be taken over either enerqy (wavenumbers)

L br‘waveiength

e see that only two quantltves are nocossary to evaluate the

' maxxmuw po»enuwal. an incident light f]ux and an - absorptlcn spoctrum

- In oroer tovbeaCGrta‘n that Vmax is correct?y.eva1uated, the absorps
“tion ?pectruw A should be taken on an orgénism which has been grown

Coat 110ht intensity I . Otherwise theréiié‘the poééibilify that an

organism may vary its absorption spechum dﬁpendInq on the light in- -

v tensity. ~This has actually been observed 1n sevpra} species of bac-

i.ema9 and the change in ab orption spectra is in a direction wh1cn 3
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. would tend to keep the potential developed indépendent of lighilin-
tensity. In fhe following discussion we wf?? not be too careful
about this point, partly because the data are not available, but

chiefly because an ervor of a millivolit or so in the computed poten-
tial Tsrﬁhsiggiflcant when comparad to other sources of error.

. Once the maximum potential has been calculated, then the poten-

~tial for maximum power storage can be obtained in the manner outlinad

in Chapter 2.’
Sp1nech

.‘ The range of 1ight intensities for effective p]ant qrowth is
1imited at. the lower end by the cnmnnncation 001n+9 at which the rate

of photosynthe51; is just adequate to baTancn resp1ration. The upper

Timit is set oy the saturat1on of the various chem1ca} reactions whfcﬁ~ g

make up the_energy‘storxng process. P1ants growing in dim light are
usdal]y adapted' genetica11y and/or env1ronmenta11y, to a lower range
~ of inte ns1t1es ‘than that found for similar organisms used to growing

-8
7n bright 1Ight.28

- The componsation point generally occurs at a light intensity of

between 20 and 500 lux™ of white light, Photoéynthesis becomes. ha1fel;

saturated ébmewheré between 1 and 10 kiToiux.Zg The suinach>whose
: absorpt1on we used in Fvaptcr 3 was qrown at a light 1nn nsity of

about 15 kifolux.zg

Howevar,‘because of the high optical density of -
spinach }eaves, a typical photosynthetic unit might see a light in-
tensity of more like 1 kilolux. Ne-shal}}d§e this figure in our

calculations.,

*100 Tux = 9.3 foot-candles.

e va e g
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. By taking the product of the spectral diétribution of the quan-
tum flux from a tungsten bulb (Figure 441), with the absorption
spectrum for spinach pﬁotosynthesis9 we find that 1 kilolux of white
Tight producés‘pigment excitation at the same rate as would 0.86
nanoeinsteins/cmzsec incident at the red absorption maximum at about
680 nm, This gives us ﬁﬁe nunerator for equation (4-1), and we
assume’that,this,fs split equally between Systems I and II,
The integral in the denominator of {4-1) is evaluated by %ﬁnding
tﬁe araa under the curves in Figure 3-5, with épprobriate consfdera-
t1on of how the vert1ca1 scale is defined, Perform1nq the n@cossary
J”ar1thmot1c9 we find chat Mpax TOT System I 1s 1 32 ev and that “mwx
for System II is 1.36 eV. i ”
These potentwa]s nmax'habé been'evaldéted'with the assumption
’ théf hbn-rddidtﬁVe'decay is neg]iqibie{ 'ThiS'{r probably not true,
J‘and the poLential aust be corrected downwards accord1n01y. ‘The in;
ternal convers1on ‘coefficient o wh1ch was d1scussed in Chapter 2 haé
a=va1ue 1g.gi§£g-of 3 for the chlorophyll g.ofbplants.BO As the
fluorescing species in System II of plant photosyhthésis appears to
.be'mo§£1y mohoméric chlorophyll, we can qdesé’that perhaps the in-
ternal ‘conversion coeff1c1eﬂt for this aystem in vivo hasfapproxi-
mateYy the solution value, |
The f?ucrescence from System’ 1 occurs most1j at 1onqer wave]enqths 
~and there is a fair amount of evidence to ind1cate that the specieS' |
g}Ving (ise‘to_this fluorescence are aggfégated forms of ch]orophy]}.
Pigmeht;pigmént interactions in solution generally give rise to.an
incréased fate of nonmradfative_decay, énd fhis has been observed for

ch?orophyi1»ch}orophy11 interactions. The mechanism for this increased’
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rate 6f non-radiative decay is uncertain,‘and'it is possible that the
_dn!y effect of the intermolecular interactions is to facilitate mi=
gration of the excitation to an impurity molecule which is an effec-
five quencher. As a result, cne cannot be at a?]lcertain that aggre=
gation in a living system is indicative of a greater rate of non-
radiative decay.

Recall, however, from Chapter 3 that the observed fiuorescence

yield of System I of spinach appears to be only 1/3 that of System II,

" One cause for this could be & greater rate of non-radiative decay in

System 1. This is fairly speculative, but for the time being we shall:

~

~assume that it is true. | (I we assume that a = 2 for System II and
ﬁlﬁhat a =6 for System I, then the maximum notentials for Systems I
and iI are 1,27 eV and 1.34 eV, rnsocct1ve1y Applying (2-22) and
(2- 24) to fxnd the cowoltxons for maximum power storage, we find that
:the.opttmal fraction of gquanta lost for thermodynamic reasons isv
s11ght1y more than 2% for each system. The optimum potentia1s at

the ‘trap are 1.17 eV for System I and 1, ?4 ov for System II.

At .this point we should ask how cratwca 1y dependent the amount -

of free energy stored is on the potentia1~at the trap. The depen=
_ dence of power stored on the potent1a1 1% shown in Figure’ 4 2 for, a
“max
but the potential can range between 1.12 eV and 1.24 eV with the
- amount of power stored remaining;greater:thén'95%’of this maximum,

~-Qver this range in potential, the quantum yield for loss pro-

cesses caused by thermodynamic reversibility ranges from 0.1% to 0%,

Because power storage is so insensitive to this parameter (in the

current theory at least), and because the_kinetiéa]]y determined

1 30 eV The potent1a1 for max1mun power storage is 1. 20 eV S
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losses may differ between Systems I and II, we have no assurancé that
ﬁloss,should be the same for Systems I and 11, “For this reason, al-
though 1t seems quite . plausibie, the assignment of a larger propor-
tion of ﬁon»radiative decay to System I remains'quite speculative

with the information accumulated so Tar,

Pdrp1é bacteria.

*:Uqfoftunately we do not know the light intensities used for
 '9?9Wih9 the bacteria Qhose absorption and f]uérescence spectra were
discussed in Chapter 3. Even i we did, it is ynlikely that the
figure would be meaningfpi,vas typical bacterial cultures have a high
. onf%ca? density, 0 that Llie mean 1ntensity‘incjdent on a bacterium
ig.much.]ower than the intensity %ncident on the culture as a whole,
m. Mora than 20 years ago, Ratz, Wassink, and Dorrestein3? found
thatvthe raﬁg of photosynthesis of.the puro#e’bacterium Chromatium;
Jﬂia5fﬁhéy éuitured'it, became.hal fesaturated at 6 to 10 kxeoerns/cn sec
of incident sodium lamp radiation when the opt:ca] density ‘of the |
Sacteriaf suspengfon was low. One kiloerq from such a lamp. repre-
.sents 0.49. nanoe1nste1ns of 589 ﬂﬂ Tight. | |
Bacterial phonosynthcs1s has a SOmewhat S-shaped dependence onv
1ight;intensity9_so that the efficiency'of pbotosynthesis'drops'at
~ 1ight intensities much beicw the half-saturation point. For this
reason we shail éa]culate'the potential dévé]dped.for 10 kiloergs/
cmzsec of sodium radiation.
‘ For;the purposés.of the present caicu?atﬁon; we shall use the
absorpt1on and fluorescence spectra of ”hromau1um obtained. by Qison

4

and Stanten which were discussed in Chapter 3. The spectra.of. the
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culture used by Katz et al. may have been different because of diffe-
rent growth conditions, but this should not introduce a serious error
in the potential calculated.

The information necessary to evaluate the denominator of (4-1)

is. contained in the calculations for Figure 3-1(b). Combining all of

the appropriate factors, we find that Upax S 0.90 eV, The potential

for maximum free energy storage is 0.81 eV .and the maximum free energy

storage per photon is 0.79 eV, .

. b. - Redox Potentials of Light-Generated Biochemicals

<. In the previous-iuy section: we found that the thermodynamic po- .

“tential generated by the two systems of plant photosynthesis is aboﬁt

1.2 e¥, with the potential of System II being only slightly higher

than System I3 the-thermodynamic‘potenﬁia1 developed in purnle bac-
teria is about 0.8 eV, |

| ~ Qﬁen the eTectrbni; excitat%ons caffying'these potentials are

converted into chemical energy, it is,thought«-at.presentvat least=-

that the most probable immediate chemical consequence is an oxidation-‘[ .

‘reduction .reaction. It is possible that one might have a confor=

mationa},change using at least part of the energy relatively early in .

the process, but an ionization seems to be the most rapid»possib]e,
and hence preferable, first step, - | |

.:;f the-priméhy oxidation and reductioﬁ_sieps are one electron
lprocessesn»then the_differénce.between the redox potentials of tﬁese
two half-reactions should be . equal téw or siightly less than, the
thermodynamic notentials just calculiated. One can represent the
,e}ectrdn transport chainsof bacterial and plant photosynthesis by the

potential diagrams shown in Figures 4-3 and 4-4, Here the vertical

e e et e
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arrows represent the input of free energy in the light-driven reac-
tions, while downward arrows indicate spontaneous, or "dark" reac-
tions. Points at which this eiec@ron transport process is thought to
be coupled %o energy storing phosphory?ation is indicated with the’
" curved dotted ]iﬂes,' | |
Chemicals which have been identified as_participating‘in the
é?ectrOn transport pathway are indicated by their‘initials; ahd
| placed accoruxng to their: ust1mated redox potential when ‘the organism
is 1] um1natcd Fd s ands for ferredoxing FP for flavoprotein; PN for
pyridine nucleotide; Cyt. 40r>cytochrome; PN for plastoquinone; and
PSéé Qnd'P7OO for as yet chemjca!ly uncharacteri;ed compounds hévihé
absorption peaks at 890-and 700 ‘nr which can be bleached by light,
“and alsd feversible bleached chemically with the midpoint potentials
‘ihdicated in-parenﬁheseé‘} |
" In the case of the bacteria, the available free energy appears
. to be adequately explaihed by the differeﬁce in redox potentials be-.
£Ween.the we11~éharacterized cutype'cytochrom¢§;and 93909 and bac-
terial ferredoxin. In System 'l of p]anté,"shbwnlas the sdi%d verti=
~cal arrow of Figure 4-4, the'avai?able‘enerqy significahtiy exceeds
the‘poténtiai di fference between spinach féfredoxin,:and cytochrome f
| and P7OO, On tho ba51 ‘the reduction of vxologen dyes by iilumia
nated chlornplasts, k0k32 has rccent]y nropoqcf the existence of a |
sttem 1 chbmical nav1ng a reduction notent1a1 in the vicinity of
0.7 eV, The thcrmodynamlc calculations would tend to support this
.hypothesis; |
ths is known about System II, which ox1dizes vatcr to: mozccular

oxygen in order to generate a reductant., There are exper1ments which
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indicate tﬁat the upper-cnd of System II terminates near plasto-
quinone, vThfs is reasonable if one assumes that a nowerful oxidant
with a poteniia1 of greater than +1,0 eV is generated, and some
,'Ypsées,are incurred in the oxidation of waterﬂ It is possible, how=-
ever, for System Il to move electrons from the potential of water
to;the_potentia} of ferredoxih_with just one photon per electron,
These aiterhate possibi}ities_are shownrasithe dashed and dotted .

verticais to the right in Figure 4-4,
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Chapter 5

lléREVERSIBLE THERMODYHAHICS OF THE BIOCHEMICAL PATHWAYS

Iith the exce| tion of the dzscussinr of trawa1nq rates-in Section
' 2C we havc thus far neglected the ef:ect of the 'mxochem1ca1 pathways
" on the amount of free energy stcred in photosynthesis, and on such
parameters as the amount of luminescence. The chemical reactions and
othér procéséef which make up fhese pathways proceed at a finite raté}
. As a result there is a drop in potential across the blochnm1ca1 N
pathways whxch decreaaes the amount of free energy Qvailable_ror
- storaqe and tends to 1ncrease the a&ount of ]umineecence.
. For dlffuswve processes9 such as eTectr1ca1 conduction, hpat con- 
duction, and mo]ecular d*iffuswna there is a linear re1at1onsh1p be-
tween the uhermodyngmjc potential across the diffusive step and the
: néf ‘iuxlfhroﬁgh it'\me“s Taw is the-most‘fami]iar examp1e of this ;.f‘
>11near re]atxonsh1p.v I hope to srow that, as a first approximation,
_th1s 11near re]atvonship is a]so true for thc b1ochemica1 nathaays
of photosvnthesxs, and poss1b1y for many b?orhom1ca1 pathways.

rirsﬁ we. w111 attempt to make this reiatxonship plausible. by a
theoret1ca] treatment of the de<qu o. bxochemmca1 oathways, and. then,

we w11¥ cons1der poss1b1e exper1mcnta1 te*t

Ont1ma1 JLs1gn for a Qiochpm1ca1 Pathwav

t

In uh1s theoret1ca] d1scussmonp we wl?l aqa1n rely on tne assump= . - C

t1on that particularly in fundaventa] hﬁornemwca] ,processes, an.or- L
qanwsm 15 under oreat evolut1onarv pressuwe 1o max@mizo the storaqe of

'free enerqy and to m1n1mize unnbcessary exp0101fure of it.
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Suppose that the chemical reaction A » B is one of a chain of.
reactions in-some biochemical pathway. Our diréct concern is the
energy transformation reactions of photosynthesis, but the argument
should have;gqural application, ‘

‘Suppositions: {1) The needs of the organism reguires that the

net rate of transformation of A into B be K per second, (In the
energy sto?age pathways of photosynthesis, this rate would be set by
the incident light intensity.) (2} This reaction is catalyzed by an

‘énzyme wﬁich,turns cver at a rate of t per second; i.e., the total
_ number.chtransfofmations A to By and B to A, is t per second. (3)
ﬁ The‘cost to the organism of the enzyme (in free energy) is propor-. -
‘tional to thé number of enzyme molecules& and_is d per enzyme mole-
“cule per.second, This cost will include‘ééﬁftizatipn‘of capital.:
expenses. {i.e., enzyme synthesis), housfngtcoéts (more enzyme, more
1vo]umé706cupied), and any other costs incurred due.tb the presente_
of more»of‘this anzyme. | ' _ | |
“‘~Object§ Minimize the total expenditu}e_cfzfree energy when
“transforming A iﬁtb_s at. the requirédtraté,) This-exbense is the sum '
of the frée.energy'déép,,AF, dk%ving_éhe fééétfon, and the cost for
the_enzyée. : 'A.i‘;-A Lo '»;'"vi;?;_ , S
 The ratio of the rateé-fgr forward and'réVerse (i.e., B to A)

| cataiysis i§ .
rate forward/rate back = exp(aF/kT) = (5-1)
- By using this relation, together with the assumption that the

gross rate of transformations is t per enzyme molecule per second,

one easily finds that the net rate of forward reaction per enzyme

molecule is
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t tanh(AF/2ET), | (5-2) .

Now we desire to find the number of enzyme molecules, n, for

minfmai'totél cost. ‘From:(S—Z) we have the rate equality .

K = n tl téni)(AF,/,,Z"kf‘T);“‘,.‘,'_‘ IR (5-3)
fhe cost per second,fé'.  . :

n'd".+ KAF:; B ) | O (5-8)
‘*“¢f§hd'by sabétiﬁuiing (5-3) ‘into (5-4), this §éc§mes
K {vAF.+ f cotﬁ(AF/ZkT) };;'.,i ; i.' - | (5-5)

where f = d/t, the enzyme cost per turnbveh;f 
By setting its differential with respect to AF equal. to zero, we

find that the cost (5-5) is minimal_whén'
Csimller/AT) = f2T L ()

~ Here we have a fe]ationship betweén the opt§ma] free energy drop across
an eniyme cataiyied reactibn, and the cbst_of building and maintainin@ o
the enzyme.  This reiationship is p]ottedvin Figure 5-1.

We note that unless one enzyme fn a cﬁain bf enéymes'is much more
exbensivea—say,_100—fold--than the othefs, no one enzyme shouIdVSe
l?]imiting" in the éense that its kinetics-ﬁominates the behavior‘of.
fhe chain, bl

It_ié instructive to consider a rough c??cu]ation of f: A typi-
. cal énzyﬁe turnover rate is 105'per minuté; a\xvpica? cell doubling

“time is 100 minutes, .so that enzymes must be rép(enished at roughly
\
y

i
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Figure 5-1. Optimal free energy drop, AF, across an enzymatic

N
|

reaction as a function of the cost of the enzyme

per turnover, f.



y %we mame the crude guess that the cost of the enzyme is 100 Kcal/mole

| kT per molecule. This makes f equal to 0.02 kT,

- electrical remstanceu Then we may consider the sympl1fied_mode] of"'

sistance is considered in Part B, Section IV,
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that rate;33 this means that we can spread our enzyme costs over about -

»107 tuwndvers; The molecular weight of an enzyms is abouf ‘0“'3* if

per 100 molecular weight, then the co"t is ?ﬂS Kcal/moze9 or 2 X 105 |

“HWhen f is 0.02 kT, the optimal free energy drop is 0.2 kT. How-  ~‘ i

e

ever, f may vary by an order of magnitude or more from our estimate;

" this would mean that the optimal AF might be as high as kT for some

enzymatic yreactions. The relation between the net rate of an enzymatic

reaction and AF, which is givenlby (5-2), devﬁates from linearity by

Tess than 10% for AF less than k7. If it is true that most enzymatic

reactions have a AF of kT or less, and that any other processes which

occur in the energy storage process are linear in:behavior, then we

. can anticipate a Iinear relationship between flux along the energy |

storage pathways, and the potential drop across the pathways.

If this 1inéarity should hold then the effect df-the finite
rates of chemical react1ons is formaY]y equiva!ent to that of an
phouosynthes1s expressed in Figure 5-2, Light incident on an'absorberf

gnnerates a photovoltuge Va wh1ch equaYS u/q. The current i qenerafed

by the 11qht trave]s through a resistance R to charge a storage cell
.wwth a notentzai of V¢ (which may or may not be adjustable)., The

’ power 5uorcd is 1Vs, and iR = Vg - V,,

The optimization of power storage in the presence of such a re~
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'?igufe 5-2. -ﬁroposed electrical analogue of steady-state photosyn-

:
i

thesis.
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he Experimental Tests of Diffusive Behavior

L1qht saturat*on curves

As the light 1ntensxty and consequent rate of exritat1ons in an
'absorber in-crease9 losses due to the resistance become more and more
Significant. At sufficiently high light intensities, these resistive |
v]osses increase to the point that further increases in the light in-

'_ tehsityvcah produce little increase in the amount of free energy
stored, end one describes the system as being saturated. | |

The dependence of power stored on incident 1wqht intensity de=-
pends on two var1ab1e3° (1) the functional dependence of free energy
drop on netvflow along tne storage pathway, and (2) the manner in
whichithe free enefqy.of storage is contr011ed - When the free energy
drop is dﬁreCtly proportwonal to tbe net flow, as in the current gj~
s1tuaelon, tnis Tight saturation surve depends very Tittle on whether,
an Optwmal potentwaj Vg is set at eech Tight intensity, or whether a
.sin§1e potent{el is chosen which giyeeva good efficiency over a range _:'”
of mtmswﬁess . | . |

The 11ght saturatwon curves resu]tvnq from either of these pro—

cedures c01nc1dn c1ose1y wath the emp1rsca1 formulas whwch Smith35 36fﬂ3;"

obta.ned from meaSurements of oxyqen evo]utxon in green p?ants° The

fit usxng the Hnear9 or d}ffus1ve mode} is markedly better than the 1t
| T1t ohua1ned when one assumes that one or two chem1ca1 react1ons are |
31m1t1na. | _ |
Comper1son wzth Smith's data muy not be an unambiquous check on
the va31dity of the cssumptwon of iinear1tv between flux and potentwah
drop. This same type of curve might al;o result.(l haven®t worked 1t"e

out) from different light intensities phesent_at different photosyn-
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thetic units, due to the partial absorption of light by pigments in
the 1ight ﬁath preceeding a given photosynthetic unit., One way to
avoid this is tolinvestigate tight saturation with menochromatic light
of a waveiength which is only weakly absorbed. Recently Pickett and
.Myers37 have investigated monochromatic-1ight saturation curves for.
another purpose. Preliminary analysis of théir curves indicates that
saturation curves obtained with weakly absorbed light also fits_thev
diffusive model,

Luminescence yield curves

There s another experimental chéck on our “resistbr“ model. The
presénce of an'imnedance in the radiant energy'conversion s&stem causes
L.an add1 1ona1 increas in the opi:mhl po*entzal at the absorber with
increasing 11gnt intensity; in turn, this causes an increase in the
yield of luminescence. The shape of the curve of luminescence vs,
light 1nténsiiy depends both'on thé form bf the impedance and the
manner in which the storage potent1a1 is Jet Snmc.data on lumfne54
cence 1ntensity VS, 1xgnt 1ntensity are ava11ab1e9 and they need to

be'compared with the theory,

c. Dynamic Recoons° .

The tinear model which we have been d sCuséing can easi]y be ex-
panded to include pass1ve transient resnonse to a chanoe in some po-
"Lentsa1, such as that which would be caused by a change in *he inci-
_dent 11qhu 1nuensxty In the 11near‘appr0x!matjon, chemical poo1
size .is formally equivalent to an eiect&iéalAcapacitance, and one may_vl-

describe the energy storage pathway with the model in Figure 5-3.
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5-3. 'Proposed electrical ana1ogde of photosynthesis, designed

to include passive transient changes.
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Thié model does not nrovide for active control (e.q., the opening
of new energ' storage path:ays at high light 1nLeﬂsvty , and one pur-
_pose of this Tine of investigation can be to see whether the energy

conversion process is a passive system, |

"Light on" luminescence transients

ImmOdigbaly fo]low1ng the onseﬁ of,i}Tumination; the absorption
of light by a pho»ccnﬂw1ca1 system is almost completely irreversible. 
' The concentratyons'vachemwca] intermediates ére at a low level, and
| take some }ime to reach the steadﬁ‘state levels at which there is an
appreciable bdck reaction,‘ In terms of our modé1 this means that it
uakes a while for the capacitors to charge up, and until they do, the
potent1a1 at the absorber remains low. ‘

As a result of thzs, any luminescence. From the photosynthetic
p1gmenus 1mned1ately after the 11oht 15 turned on must be fluorescence
'due to th° f1n%te rate of trarafer of exc1tat10ns from the p1gm;nts
to the energy storagv pathway° Th1s f]uorescence y1e1d should be -
independent of 1ﬂCJd€nt_ngnt 1ntensity9 and this has been found ex-

‘ perimentally by Vredenberg and Duysens38 i

in purple bacteria, The
absolute value of this f]uorescence yield would provide the ratio of

Kipan 0 o‘Kr'ad"

The addittonal luminescence obta1ned under steady state condi*v
tions s due to tha partial raversib111ty of the energy storage path-
way. The quantum yield of this luminescence as a function of 1ight
iniensity-is the curve needed as a check on the "resistor” model,

The transient kinetics can give fnformation on thé suitability of

the "capacitor® model,
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'Délayed 1ight emission

vThe photosynthetic apparatug of grean plants ¥uminesceé with
én.intensify which decays rougﬁly according td 1/time over thé t?me‘
iﬁte}vaiiof }0“3 to 10° seconds after ii?uﬁinationiis turned o’r'f,39
 This decay has been attributed to solid staté‘phenomena, but our
linear impedance modé? is.adequate to explain this time Course of
5 deca&i»'a éabac%tor dischargihg intd a bhotqcﬁemica] absorber will
prod&éé é luminescence whose intensity will decay as T/t. The re-
sistances §hbwn in Figure 5-3 probably fail to dominate the time

decay behavior because of the small fluxes involved.
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Thermodynam1c Limitations on the Conversion of Radiant Energy into Work*

] . RoBerT T. Ross
Department of Chemistry and Lowrence Radiation Laboratory, University of California, Berkeley, California
(Received 20 December§965)

The fraction of radiant energy incident on an absorber which may appear as work is limited by the radia-

" tion entropy, and entropy gained in irreversible transfer from the radiation field to an absorber. Irreversibility
may result from directionality of the radiation field, and some irreversibility is necessary to cause a net flow
of energy from a radiation absorber into work or free-energy storage. Impedance in the conversion apparatus
may further limit the efficiency. Maximization of power storage under these constraints is discussed, and the
general arguments are then applied to photoelectrical and photochemical systems; in these systems non-
resonant decay of the excited state represents a major source of inefficiency, which may be minimized by
appropriate choices fro the Boltzmann temperature and optical density of the absorber. The relationships

. are developed for narrow-band absorption, and application to broad-band systems is discussed only briefly.

i
t
!
|

I: INTRODUCTION

N the past few years interest has intensified in

biological photosynthesis, and in photochemical and
photoelectrical devices for the conversion of solar energy
into work. This interest has stimulated several theo-
retical considerations'™ of the fraction of monochro-
matic radiation energy which may appear as work,
or the thermodynamic work equivalent, which is the
Helmbholtz iree energy, A=E~TS. !

Related derivations have considered the conversion
of free energy into light,*® the conversion of heat into
light,® and thermodynamic limitations on the perform-
ance of a polarizer.”

The limits derived in this previous work have been
based on the assumption of a reversible interaction

_between the radiation field and the absorber. In this

paper we shall be primarily concerned with limits on

“the efficiency defined as

n=work performed/energy incident.

This definition of efficiency based on incident energy
introduces several limitations beyond those present

when one considers efficlency enly on the basis of net -

absorbed energy. In theory developed specifically for
#-n junction photovoltaic cells, Shockley and Queissar8
have considered a number of the additional efﬁcx(;ncy

- limitations treated more generally in this paper.

As shown in TFig. 1, the apparatus for converiing ‘

- light energy into work may be divided into two parts:

an absorber and an engine. We define an absorbef to
be a set of degrees of freedom which interact directly
with a radiation field, and which are characterized: by

' a common ternperature regardless of the nature of the

radiation field. Thus, an absorber may constitute the

whole of an absorbing material, or it may constitute as .

little as a single degree of freedom.

Some of the energy absorbed must be reradiated, .

some may be leaked to the environment, and some-—
hopefully most—of the absorbed energy is passed to an
engine which converts it into work.

"The engine might be of the conventional piston va-
riety, or it might be present more abstractly, as, e.g.,

- a pair of thermocouple junctions with wires connecting

them to 2 locus of electrical work, or even a sequence
of chemical reactions leading to a stable, energetic
product.

The fraction of net absorbed energy which may
appear as work is restricted by the Carnot limitation of
classical thermodynamics: 1— 7',/ Ty, where Ty is the
temperature of the absorber, and T is the ambient
temperature. The Carnot efficiency is frequently de-
scribed as a restriction on the engine; this is a con-
venient and meaningful terminology for conventional
engines, but it has at times given the false impression
that the Carnot factor may be circumvented by using
apparatus which does not employ macroscopic heat
reservoirs. Actually, the term (1—7./T#) represents
the fraction of free energy in an energy increment at
Ty, telative to a standard state at Tp:

AAdp=AE— TLAS,
AS=AE/Ty,
AAL=mw(1=T./Ty).

The Carnot engine formalism is simply a convenient
manner of representing the entropy associated with net
absorbed energy.

The next section of this paper shows how the inter-
action of the radiation field with the absorber limits
the maximum possible Ty. Section III considers the

Mf\t\{vvi Ty
SOURCE NN/ aBSORCER

SHWORK

i4

1

; leoks
.

SURROUNDINGS T

FiG. 1. Schematlc diagram for the conversion of radiant energy

into work
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irreversibility necessary for net absorption of energy,
and shows how power storage may be maximized by
an appropriate choice of Ty. The steady-state effect of
impedance is treated briefly in Sect. IV.

In Sect. V we consider some additional features
present in photochemical and photoelectrical systems,
and consider the effect of absorber optical density on
maximum efficiency.

Section VI outlines extension of the narrow-band

- treatment to the situation of broad-band absorption.

II. ABSORBER TEMPERATURE

Material located in the cavity of a blackbody will
equilibrate at the temperature of this blackbody. Simi-
larly, an absorber illuminated by a blackbody will, if
not cooled by interactions with other surroundings,
reach the temperature of the blackbody.

The radiation flux emitted by a blackbody of temper-
ature T is°

L=/ expUn/ED) =11 (1)

photons per unit solid angle, per uint bandwidth, per
unit area, per unit time. Convenient units for this
specific intensity are photons per [ steradian- (second™) -
square centimeter-second ].

This equation may be rearranged to describe the
temperature of -a blackbody in terms of the specific
intensity of the radiation which it emits:

T-1= (k/hv) In(1+ 2%/, (2)

- "Equation (2) will also define the temperature of an
absorber illuminated solely by a blackbody, and not
coupled to any other system. :

Now suppose that a very narrow bandpass filter is . (relative to a given absorber) to the effective radiation

OUrce . temperature by a modification of (2):
so that the frequency and specific intensity are effec- -

placed between the blackbody source and the absorber,

tively constant across the pass band. If the absorber is
sensitive (i.e., has nonzero absorptance) only for radi-
ation within the band passed by the filter, then it will
be unaffected by the elimination of other frequencies,
and its temperature will continue to be defined by (2).

Such a narrow-band, essentially monochromatic, ab-
sorber will be unable to distinguish between radiation
produced by a blackbody and radiation produced by
any unpolarized source which has the same specific
intensity at the absorption frequency of the absorber.
Consequently, Eq. (2) defines the temperature of radi-
ation from any source as a function of frequency.

A monochromatic absorber will be raised to the
temperature specified by (2) only if the absorber is
sensitive exclusively to radiation in the direction of the
source. As seen from the absorber, most high-temper-
ature sources are highly directional, so that the absorber
must be quite directional if it is to attain the temper-
ature of the source.

An absorber may be intrinsically directional, perhaps
because it consists of an ordered array, or it may be
made effectively directional through optical magnifi-

-cation of the source, as with the parabolic mirrors
used in solar furnaces. But most absorbers are not
highly directional.

An absorber will average the incident intensities over
all the directions in which it is sensitive to radiation,
and the temperature of the absorber will be determined
from (2) with an average specific intensity. If an
absorber is spherically symmetric with respect to its
interaction with a radiation field, then the effective
intensity is reduced to I,(eff) = [1,dQ/4r.

For lower absorption symmetries, one must consider
in detail the steady-state relationship between an ab-
sorber and a radiation field of intensity distribution
I(»). Assume that the absorber has a probability of
emitting or absorbing light which is dependent on angle
P(Q), and define the eflective raeiation temperature Tr
as the temperature of an absorber which interacts
exclusively with the radiation field.

By requiring equality between the intensity emitted
and the intensity absorbed, Tk is defined in the integral
equation

2t hy -1
pd exp(—,—)—l f P(Q)d0= f 16,0 P@do.  (3)
c? kfn

If the radiation as seen by the absorber falls in a

range of solid angle in which the variation of P(Q)
from P(Q) is small, then the right-hand side of (3)

~ simplifies to

P(Qy) /I(V,Q) as. (4)

As most radiation sources subtend a small solid angle,
and most absorbers are not sharply directional, (4) will
hold in most cases; it holds exactly for unidirectional
light and for nondirectional absorbers.

. We may relate the effective intensity of radiation

Tr=(k/hv) In[1+ 22/, (off) ). (2')

By solving (3) with (4) for Tk, we find the effective
radiation intensity to be

I, (eff) = P(2) /I(v,ﬂ)dﬂ / [r@ain: )

The temperature varies as the logarithm of intensity,
so only sharply directional absorbers can have an ef-
fective radiation temperature which is significantly
greater than that for nondirectional absorbers.

The radiation temperature is a steeper function of
intensity at lower frequencies. Consequently, reduction
of the effective intensity, such as by dilution over solid
angle, causes the most variation in radiation temper-
ature at lower frequencies. Consider an absorber which
is sensitive over a range of directions which is D times
the solid angle subtended by a blackbody source of
temperature T, ie, D=I,(Ts)/I.(eff). By substi-
tution of (1) into (2’) we find that o

Tr=(k/lw) In{D[exp(w/kTs)—1]+1}. (6)
For hw/kTs greater than 3, this simplifies to
Ta '~ (k/hw) InD+ T, )
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Figure 2 shows T as a function of frequency for a
source temperature of 6000°K and a reduction of in-
tensity by 10%; this corresponds to the effective radiation
temperature of the sun as seen by a nondirectional
absorber on Earth,!® uncorrected for atmospheric ab-
sorption.

The appearance of net absorbed energy as work is
limited by the Carnot factor, 1— T,,,/TR, where T, is
the ambient temperature. Figure 3 plots this efficiency
as a function of wavelength for 77 =2300°K conversion
of energy from a narrow-band absorber illuminated by
a 6000° blackbody source. Curves are shown for an
absorber which sees the full blackbody intensity, the
10% reduction of intensity characteristic of unfocused
solar radiation on Earth, and a 10" reduction.

III. RERADIATION LOSSES

Until now we have ignored a major consequence of
the fact that an absorber at 7% emits {as rescnant
fluorescence) a photon fiux equal to the flux absorbed:
Energy may be withdrawn for doing work (or free-
energy storage) at only an infinitesimal rate if the
absorber is to remain at 7.

If energy reradiated by the absorber is not con-
sidered, and if there are no other energy leaks, then
the Carnot limit of 1-—7./Tp can apply.

When there are losses from the absorber, however,
then total efficiency is limited by the product of a
Carnot efficiency, and the fraction of the absorbed
quanta which are used for work or free-energy storage:

"7=(1_TL/TH) (I_Iout/lin), (8)

where Ii, is the input intensity, Zoy. is the loss intensity,
and Ty is the absorber temperature.

When losses are present, the conditions for optimal
efficiency may be found by determining the dependence
of Jout 0n Ty, and setting the differential of (8) to zero.

The efficiency of most practical interest is the ratio
of power storage to incident-energy flux; in this case
Iy is the incident intensity, and I.., includes losses
from reflection, transmission, absorber emission, and
any energy leaks from the absorber. We will not con-
sider reflection; transmission is conaxaered for photo-
chemical systems in Sec.' V.

If the absorber is a leak-free ideal (narrow-band)
blackbody, so that the only loss is the reradiation, then

Towe/Tin= (e®-1) /(e#—1), (9)

where R=hv/kTr and H=lv/kTy.

* For wavelengths <1y, the ones in (9) may be ne-
glected except under conditions of extraordinarily high
light intensity; we neglect them from now on, so that
the efficiency becomes

=(1—H/L) (1—er-H),

where L= hv/k 7.
The condition on the absorber temperature for opti-
mal power storage is that

H() Q,=R+In)( '
. DY ?

(10)

(11)
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where
. X=1+L—Hy, (12a)
=14+L-—-R-In[i-++L—-R—In(Q1+L—-R—-e:) ],
(12b)
which converges quite rapidly.
The resulting optimum efficiency is
n=[1—(R+inX)/L](1=1/X). / (13)

The expression within the brackets is the Carnot term,
and 1/X represents the fraction of quanta reradiated
under optimum conditions.

As was true of decreased efficiency due to reduced
incident intensity, the losses due to the presence of

reradiation are largest at the long-wavelength end of

the spectrum. Figure 4 demonstrates the effect of reradi-
ation as a function of wavelength for a narrow band
absorber illuminated by a 6000° blackbody sun (i.e.,
blackbody intensity reduced by 10%). The difference

* between the highest and middle curves represents the

decrease in Carnot eficiency necessary for maximum
power storage; the gap between the middle and lowest
curves shows the loss due to actual reradiation. :

If Ty is not maintained at or near the optimal value,
then the efficiency may be markedly lower than the
maximum set by (13) (see, e.g., Fig. 5).
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Fi1c. 4. Effect of reradiation on the efliciency from a narrow-band
“absorber on Earth illuminated by a 6000° blackbody sun, 1-—
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IV, INTERNAL IMPEDANCE LOSSES

Any real transfer of energy from one place to another
encounters some resistance, or impedance, to the trans-

fer. Similarly, an apparatus, or engine, which transfers -

absorber energy to a locus of free-energy storage must

have some impedance. Work must be expanded to

cause a flow through this impedance, and the work

used reduces the amount of work available for storage.
We can write the power stored as

P=AAl,

where A4 is the thermodynamic potential at the locus

of free-energy storage and I.,. is the flux through the

engine into storage: Jen,=Iin— Iou:, assuming no leakage
of flux other than that which can be attributed to the
absorber. :

The potential of storage is equal to the potential at
the absorber, less the potential drop through the engine:

‘ AA =/ZV(1—TL/T”) '—lW, (14)

where W represents the average work required to move
the energetic products of one photon through the engine.
By combining these equations we find that zs a
result of this potential drop, the efficiency for the
conversion of radiation energy into work becomes

Iout. TL W
p={1-— 1 — —1,

Iin TH kV
W will be a function of the energy flow from the
absorber into the engine. The form of this function will

(15)

depend on the system which it describes, but it cannot
be negative. If the function has continuous derivatives,

then it may be expanded in a Maclaurin series:
W =woet-wil eng+ws(Long) 24+« <. (16)

If wo is zero, then W equals wylen, in the limit of
small flux. This linear relationship between flux and
thermodynamic potential difference holds with good
accuracy for many transfer processes which operate at
the molecular level; a familiar example is Ohm’s law
for electrical conductior. Diffusion and heat conduction
are also typically linear.

The notable exception to linearity occurs in chemical

‘reactions, which are sure to be linear only for W<k,

If a chemical reaction may he considered as a sum of
several elementary reactions, then the condition for
linearity is relaxed to require only that the fre-energy
change across each of the partial reactions be small
with respect to thermal energies’?; this may be the
case in biological systems.

In linear systems Eq. (15) becomes

n=(1—H/L){(1—e*H) —f(1—e"H)2,  (17)

where f=I,w /. H may be adjusted for maximum
power storage.

The dependence of power stored on light intensity
under optimal conditions is shown in Fig. 6. The curve
with impedance is for f=10 at intensity Io. At in-
tensities where f is very small, the effect of the re-
sistance is negligible. For large f (e.g., high light in-
tensities) the impedance places a ceiling on the power
stored of

P=(hv/dw) (1—T1/Tr)?,

which is shown as a dotted line on the figure.

The parameters used for this figure are equivalent to
300°K conversion of 1u radiation which at I has the
effective intensity of an unfocused 6000° blackbody
Sun on Earth. The assumption of a relatively long
wavelength serves to accentuate the slopes of the as-
symptotic curves, but the shape of the power curve is
not strongly dependent on the parameters used.

V. PHOTOCHEMICAL SYSTEMS

We define an energy-conversion system to be photo-
chemical if the absorber consists of a restricted number
of degrees of freedom within the spatial bounds of the
absorbing material. Any radiation conversion system
which does not employ heat reservoirs in the usual
macroscopic sense fits this definition, so that photo-
electrical devices, as well as conventional photochemi-
cals, are considered to be photochemical.

The temperature of the absorber T'y is represented
by the relative populations of the ground and excited
states resonant with the radiation. :

ot T /
No internal
resistance
° With internai
-
~ I resistance
2 oo e
i 4
S !
=
(2
o
w
z
<
q
000! /
0001 oo I ol . 10

LIGHT- INTENSITY Ig)

T16. 6. Maximum stored power as a function of incident-light
intensity. Upper curve: no impedance; lower curve: f=10 at fo. .

Parameters are discussed in Sect. IV.
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A characteristic feature of photochemical systems is !
the transfer of energy from the degree(s) of freedom
resonant with the radiation to a degree of freedom
which does not interact significantly with radiation
and otherwise equilibrates with the surroundings only
slowly. This transfer may be partially or wholly by
processes such as ionization, molecular rearrangement,
chemical reaction, intersystem crossing to another spin
state, or migration of the excitation to a physically
distinct “trap” species.

The total transfer process may frequently be de-
scribed as involving several such steps, each of which
has a progressively slower interaction with the sur-
roundings: e.g., vibrational relaxation, intersystem
crossing to a.triplet state, then chemical reaction.

The final locus of free-energy storage is usually in
reactable chemicals: Energy stored from a photovoltaic
cell is likely to be in a battery of electrochemical cells;
photosynthesis leads indirectly to firewood. This storage
may be viewed as a metastable excitation of the degree
of freedom represénted by a chemical reaction coordi-
nate.

By definition, energy transfer to nonuseful degrees of

I' freedom (e.g., vibrational) represents a heat leak which

is unique to photochemical systems. This transfer may
be completely nonradiative, or it may involve a combi-
nation of radiative and nonradiative processes. The rate
of these losses is usually directly proportional to the
excited-state population, and thus a constant proportion
of the radiative loss at the absorption frequency (the
resonant fluorescence). The total rate of nonresonant

- Joss may thus; be represented as an absorber relaxation

coefficient ¢ times the rate of resonant fluorescence.

If Low in (8) is multiplied by (¢+1), this is mathe-
matically equivalent to reduction of the input intensity
by the same factor. Consequently, the effect of absorber

" relaxation on optimal Ty and efficiency is precisely

that of an external reduction in the effective radiation
intensity. Equations (6) and (7) hold with (¢4-1)
multiplying D, and Fig. 3 demonstrates the effect of
absorber relaxation on efficiency as a function of wave-
length. The efficiency continues to be specified by
(10) and (13), providing that

Re=R+In(e+1) (18)

. is substituted for R in (10) through (13). The fraction

1/X, representing loss from the absorber now includes
losses from nonresonant decay. . .

This nonresonant absorber relaxation is caused by a
coupling between the absorbing degrees of freedom and
their surroundings. If a constant temperature is main-
tained throughout the absorber—which is required by
our definition of a single absorber—then the rate of
absorber heat leak due to nonresonant relaxation in-
creases when more absorbing sites (degrees of freedom)
are added to an absorber.

This introduces a question as to the optimum number
of absorbing sites for maximum power storage. If the
number of sites is quite large, then virtually all incident
radiation may be absorbed, but the nonresonant losses

.___will be relatively high. If the number of sites is small, |

!

then nonresonant losses are small, but a significant
fraction of the incident radiation will pass through the
absorber. When the number of absorbing sites, or—
equivalently—the optical density, is controllable, then
(8) may be optimized with respect to this variable also.
Consider unidirectional irradiation normal to a planar
absorber which is made up of an ensemble of absorption
sites, each of which has a site relaxation coefficient
defined analogously to £. If different sites have different
relaxation coefficients, then the accuracy of our treat-
ment requires that the mean site relaxation coefficient
a be essentially constant when averaged over the mean
free path of a photon having the absorption frequency.
The fraction of light passing completely through the
absorber is ¢7%, where S is the thickness of the absorber
in units of the photon mean-free path. .
The fraction of incident intensity i, lost due to
resonant radiative decay is 3(1—¢) exp(R-—H}), where
R is defined for a spherical absorber, and In} corrects
this to the flat-plate value. The mean transparency
averaged over solid angle ¢ is the order of ¢5/S for
large S; this correction is so small that we neglect it.
Assuming that any directionality in the absorption
of individual sites is eliminated by averaging, the frac-
tion of I, lost by nonresonant absorber relaxation is
aSexp(R—H).
Substituting these expressions into (8), we find that

n=(1—H/L)[1—e5—(aS+3}) exp(R—H)]. (19)

Differentiating with respect to §, we find that for

maximum efficiency .
Sopt=H— R—Ine. (20)

Substituting this into (19}, the efficiency becomes
ne=(1—H/L)[1— (aSope+a+3) exp(R—H)]. (21)

By comparison with (10) and (18), we note that this
expression is that of an absorber with

t+1=aSp+ati. (22)
Accordingly, from (11), (18), and (22) we have that
Hope= R+1n(eSops+a+3) +1InX. (23)

By combining (20) and (23), and recalling (12a),
one obtains a convenient set of coupled equations for
maximum power storage:

H=R+S-+Ine, o (24a)
X=1+L—H, (24b)
S=InX+In[1+S+(1/22)]. (24c)

If @, R, and L are known, then H, X, and § for maxi-
mum efficiency may be determined accurately by a
few cyclic iterations of (24). _
Maintaining Ty at the optimum in photochemjital
systems corresponds to keeping the relative populatibn
of the excited state(s) at a proper value. Raising the
population above this level results in increased losses
from absorber relaxation. If the population of the
excited state is below the optimum value, then the



LI

-68-

60 T _ T T T
.50+~ No internal 7
resistonce,

A0 .
5
Z 30 - u
=) With internal
re L resistance u
i 20,

10 'Y

| : N
oO 02 04 06 08 10
AA/AA,M,

F16. 5. Dependence of efﬁcxency on the thermodynamlc potential
at the locus of free-energy storage. Upper curve: no impedance;
lower curve: f=0.3. Parameters are discussed-in Sect. V.

free-energy gain in the energy-storage process is less
than optlmal

As we see in (14), Ty is controlled by the sum of
the thermodynamic potential at the locus of free-energy
storage and the potential drop across any impedance.
The storage potential is usually the independent vari-

-able; Fig. S plots the efficiency as a function of this A4

! . for no impedance and also for a linear impedance with

f=0.3. The curves shown are for parameters equivalent
to 300°K conversion of 1-u radiation from a 6000°
source with dilution by 10% For radiation of higher
intensity and/or shorter wavelength, the impedance
free curve would peak even more closely to the right
edge.

" For photovoltaic devices Fig. 5 represents power

"delivered as a function of load voltage, without and '
" with an internal resistance.

During the course of a typical photochemical re-

- action, the thermodynamic activities of the reactants

will.vary, altering the free energy of reaction. Usually
the reaction starts at equilibrium and progresses to a
photostationary state by depleting the supply of re-
actants and increasing the concentration of products.
This is equivalent to moving along Fig. 5 from the left
to the right edge. The mapping of time onto the hori-
zontal axis of the figure will depend on the reaction
considered. A significant free energy of reaction builds
up rather readily, so that motion away from the left

~edge will be relatively rapid. The rate of approach to
the right-hand edge will be slow, and asymptotic to.

aero, as the guantum yield goes to zero.

The inefficiencies we have discussed do not include
any effects due to a finite rate of transfer from an
excited state, from which losses occur, to more stable
species further along the storage pathway. Attainment
of good efficiency requires that the gross forward rate
of any transfer step be very much faster than the rate
of energy leakage from the state preceding the step.
The intrinsic quantum yield for a transfer is k,/ (k,-+ k1),
where k, is the forward transfer rate, and k, is the loss
rate. This effect is independent of the thermodynamic
losses discussed, and is quite significant in many photo-
chemical and photoelectrical systems.!

VI. BROAD-BAND ABSORPTION

Few radiant-energy sources are anywhere near being
monochromatic, making it necessary for practical
energy converters to utilize radiation in a broad-band
of frequencies.

The monochromatic efficiency limitations may be
applied to a broad-band of frequencies by averaging
n(v), weighted by the frequency distribution of incident
energy. To attain this efficiency for an arbitrary distri-
bution of intensity over frequency, it appears that a

conversion system would have to be composed of a -

large number of subsystems, each of which was designed
to optimize the conversion of a narrow band of fre-

- quencies. This is technically difficult, and any real

conversion apparatus has no more than a few such
subsystems. Understanding this substructure of a
broad-band absorber may permit the setting of a limit
on the efficiency which is significantly below the band-
averaged monochromatic limit.

If the absorber for all frequencies is a conventional
heat bath, in which all degrees of freedom are in
thermal equilibrium, then the knowledge that Ty is
independent of frequency permits a straightforward
evaluation of the efficiency attainable with a specified
radiation field and absorber. Such calculations have
been used extensively in determining the thermal utili-
zation of solar energy. 14

If the absorber is not a heat bath, so that—-by our
definition-—the system is photochem1cal then the
thermodynamic potential of the absorber is usually
independent of frequency; knowledge of this permits
easy evaluation of efficiencies for broad-band photo-
chemical systems.!?

VII. CONCLUSIONS

There are several sources of inefficiency in the trans-
formation of light into work which may be considered in
thermodynamic terms: (1) directional radiation inci-
dent on a nondirectional absorber; (2) irreversibility
necessary to get a directional flow of energy info work
or free-energy storage; (3) internal resistance losses;
and (4) energy leaks from the absorber.

Efficiency, as defined by the amount of power stored,
is most significantly affected by control of the thermo-
dynamic potential at the locus of free-energy storage;
indirectly, this means control of the absorber temper-
ature. The latitude in this control for good efficiency in
a photochemical system is indicated in Fig. 5.

-As shown in Fig. 3, absorber directionality and ab-
sorber relaxation rate must change by at least an order
of magnitude to significantly affect the thermodynam-
ically limited maximum efficiency. The loss d,ue to
absorber relaxation in a given chemical system rhay: be
minimized by an appropriate choice of optical défisity
for the absorber.

Internal resistance losses may be reduced by remov-
ing some of the resistance, but the significance of such
a reduction depends on the degree of saturation (see
Fig. 6).

S
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~ An understanding of these sources of inefficiency may

be useful in the design of radiation converters, such as
in efforts to devise a simple photochemical system for
the effective capture of solar energy.

The process may also be reversed: Information can
be obtained about a radiation conversion system by
studying its efficiency, or parameters such as chemical
potential or fluorescence yield, as a function of the
variables considered in this paper. Biological photo-
synthesis is the system which originally motivated this
work, and we hope that an understanding of the thermo-
dynamics of radiation conversion may be particularly
useful in this area.

ACKNOWLEDGMENTS

The development and expression of these ideas has
benefited greatly from spirited discussions with D. R.
Gentner, E. A. Dratz, and other colleagues in the
Chemical Biodynamics Laboratory, and from critiques
by David Phillips and Professor Walter Knight in the |
Physics Department. I particularly thank I. D. Kuntz,
Jr., for his encouragement and extensive advice, ‘md
Professor Melvin Calvin for his guidance and interest.

* This work was supported, in part, by the U.S. Atomic Energy
Commissign.
* tL. N. M. Duyesns, Pholochemical Apparatus (Brookhaven
National Laboratory, Upton, N.Y., 1958), Brookhaven Sym-

~ posium in Biology No. 11, p. 18.

('2R.) G. Mortimer and R. M. Mazo, J. Chem. Phys. 35, 1013
1961

31. N. Bell, Zh. Eksperim. i Teor. Fiz. 46, 1117 (1964) [English
transl.: Soviet Phys.—JETP 19, 756 ( 1964)]

4J. E. Mayer, The Luminescence of Biological Syslems, F. H.
Johnson, Ed. (American Association for the Advancement of
Science, Washington, 1954), p. 248. .

5Yu. T. Mazurenko, Opt. i Spektroskopiya 18, 49 (1965)
[English transl.: Opt.- Spectry. 18, 24 (1965)] and references
cited therein.

8 M. A. Weinstein; J. Opt. Soc. Am. 50, 597 (1960).

7R. C. Jones, J. Opt Soc. Am. 52, 747 (1962).

8 W. Shockley and H. J. Queisser, ] Appl. Phys. 32, 510 (1961).

9 M. Planck, Theory of Heat Radiation, transl. by M. Masius
(Dover Pubhcatlons Inc., New York, 1959).

10 The sun subtends 0.54X 1075 of the celestial sphere as seen
from Earth.

111, Prigogine, Introduction lo Thermodynamics of Irreversible

* Processes (Interscience Publishers, Inc., New York, 19()1) 2nd ed.

2 See Ref. 11, pp. 57-60. -

BR, T, Ross (unpubhshed work).

1 Numerous calculations have been’published in the journal .
Solar Energy (Association for Applied Solar Energy, Phoenix,
Ariz.), and similar articles appearing clsewhere are abstracted in

this journal.



-70-

 PARAMAGNETIC RESONANCE OF TRANSITION METAL COMPLEXES -
)  KAVING BIOLOGICAL INTEREST



«71=-

A. 'AppliCatidéS'of EPR in the Investigation of Biolofical Metals
Chapter 1
INTRODUCTION

The purpose of this part of the t%es1s is to conswder the uses to

which electron paranagnet1c resonance (EPR) spectroscopy can belput_1n

o elu;lcat}ng,the structure and function of biologically occurring transi-

.tiod ﬁétai complexes, Such use might be the direct investigation of a
bwologlcal~mater1a1, or the techq1que n1ght be Qséd to investigéte model
‘complexosg | o
“ There aré sévéra1 obvious réqufremeﬁts for the magnatié résonance of
a metal complex to have biological 1nterest
~,1,1_ F1rst the meta] ion must be of b1o1ogica1 1nterest In oiﬁér f
words9 it must occur in bxo1og1ca1 processes, or the study of a ngen ’
meta] 1on must ngn 1nformatlon about a metal 1on wh1ch does occur in
b1olog1ca1 processcs., “ |
- The. quands bound to the mutallvon must be of b1o]og1ca1 ‘inter-
.ést;_vThey must_occur in\b1o]ogica1 systems, or they must be suff1c1eqt7.'
1} éhaloébus'to bi§1égicé11y éccurring”1igands that study of:thé reé&lt? ” 
ing c6mp1ex can give useful information about a biologically occurring
compiex. » | .
3. Ke mu;t have a reasoﬁab]e égbectation thaf the oxidation sfate
'stuﬁéedio§¢0rs in biological systems. | |

4, The complex must be observable with EPR,
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5,' Physical information should be obtainable from the Spectro-

o scopy, and, hopefully, some biological 1nrorﬁat10n will be obtainable
.;from the phys1ca] 1nrormatxon.
Now let us consider these requirements in somewhat greater detail:

Metal ions of biological interest! "

" The f{rst row transition elements, vanadium, manganese, ivon, CO-

balt, copper and,zinc9 apd the second row element, molybdenum, are of

_ dlrect interest because ‘they are i known to be requ1red for biochenical

reactxons in lxvxng systems, 41c«e1 is known to catalyze certain bio-
hémfcal feéction§ in vitro, and it seems reasonab]e that a biological
role for 1t9 and for cnromium, may be founu in tne future..,,,

| Manganese(II) and cobalt(ll) are of adcz¢1ond} 1nterest because

‘thcy can substmtuto for atner metal 1ons in a nuwbgr of metal fon—

aCn1vated enzymatzc reactﬁons. row 1n>tance, a study of the cooa]t(II)

complex of carbonj;‘anhydrase has yielded significant informatxon about

the role of zinc in the reactian catalyzed by this enzyme.
s |

Ligands of biological interest | |
dﬂe needs to havé a liberal point‘of,view about this,because we do
not know the full range -of Eiologfcafly'occurring ligands. e can.ex- ~
pact biologicai?y occurringkliaand‘bonds with water with the 1norgan1c' |
;anions which ore stable in water, such as ch?orade, sulfate, and phos-
phatcg and with pract1ca11y any organlc funct1una} group which contalns
a stertca?%y access1ble oxygen, nwtrOan or sulfur aton, Bonds are
partlrular1v common with su]fnycryX arhoxylate, anolate, ammnine, and
r}ng n1trogen groups, . | |

Bwoloa1ca1 metal ions also bond to other typos of groups. The

iron of hemoglobin binds to molecular oxygen (and to carbon monoxide,

\
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unforiunata}y), and the cobalt of vitaminvszz‘has a direct bond to a
carbon atom,

. Stable oxidation stateé8

huch of biolegy uakns place in an agueous envircnment, where the
vpbsa1b}e oxidatwon of water to oxygen_and the possible reduction of
hydronium'ions tb hydrogen. place the upper and lower limits ¢n’ﬁhe oxi-
. dizin§ strength of the ions present. Of the transiticn elements known
| to‘be }edui}ed hy é bio!ogica? system, the‘fo13§wing oxidation sﬁates
are stable 1n water: J(IYI)Q V{IV), Y(V), ! %n(fl), Fé(ll), Fe(ili)a
(II)a Cu(I)D Cu(Ia) Zn(II) and so(III) threugh {VI). In addition
toltnose,_a,number of complexes of Ma(I1I1) and Co{lll) are stable in
_aquédus solutioﬁﬁ 'Coba]t(lli) occurs biclegically in the vitamin 812
compounds, aﬁd manganesn 13 a}so theug}t to oceur biologica11y in the
trivalent state, | | |
. 'In_additfon to the oxidatibn states just mentioned,‘it'is poséiblé‘
that dthefs occur biolegically which are stébilized by covaient coordin-
étion? or éﬁat:qré‘stable‘in some nonﬁaqgéou; region, ©One possibilify
| is Mn(fV),‘ One should keep in mfnd,vhowaver, that the assignmedt of
an oxidation stéte'ta_the metal ion r¢§uires a deciéion'as to where °
the electrﬁn orbital ﬁs; for instance, should one call a complex
24 _

Co” Lq or co® (L’) ?

; bbservabx?i?y by macnetic resonance |
| 1 assumc that Lhe reader has a reaSOnah1m fam%l*writj wi*h EPR,

. For thcunwwtuate@ cnem:st or b1ocnewist the recent book by ocrsohn

-and Baird, ﬁn Introduct1on to E1ectron Paranaqpotic Rasonancu, provides



78

a reudablo introduction wWith a m1n1mbm of specialized Jargon, ‘At a

10

scmewhat more udvunced\ level are a monograph by Pake ~ and a réview

}]_‘Hcfora tackl1ng theae the chemist W1th onTy a

| art1o1e by Jarrett.
']1Lt1e background in quantum mechanics snould WorK through the
”superbly written book b; Sch]xc»er,iz 1ucn of the discussion below

=s conta1ned in the rnvaeus by B?eaney and Stevensl3 14~

and Low,
ThL fundumgntal reguirs WLnt cOT EPR is the presence of eiectrons “
'whOSe parawagwet1cvﬂomant can reor1eﬂt With the absorptidn.of-e1ectro-_
maﬁnetzc radxa*won Th1s requlrps, F1r¢t of all, thut the metal ioh‘be ;
- naramagnetic awdg secnndlj, that it hahe at least one pair of ehergy
alevels whxch are no further aaart thaw the energy of Lhe m1crowave
quanta usad 1n the [“? spect uver.' | . A
,,Tﬁ“ re;uzrement of naroﬂagnetwam oroh1b1us the observat1on of.
  1ons Qith a fu11 d she 1], such as Cu(I) and Zn(Ii), and 10ns w1th an
ampty d ah@?i, such uSV(V) und ho’VI), It also prevents obs nrvation
}of the 1ow prn (spln pa1red) rorm of those 1gns which have an even
number of e]ectrons, for 1nstance9 Co(III) and fo(IV) are usually d1a-
magnet1c.and hence not ooservable. Most trans1t1on metals form po?y- ; :.0
nuc]ear comp!ex S, 1n wh1ch the meta]-meta1 1ntaractzons maj cause thel
vcomplex to be dlawagne sC.
Nhat of *he Phqu1rcecnt of a pair of cios ely spaéed'energy fevels?
| A funuamental tncsrem due to Kramers states that any sytem with an odd

number of mloctrons will a\wayd have at 1eaat ong pair of ene rgy levels

which. remain d@generate in any arditrary electrostatic field; this de-
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' generacyvrhsults from thc timeoreversal syrﬁefrv properties of thesn
systews, A 1aboratory macnet1c field may bhe used to spllt these
energy. Ievels aﬂd EPh nay be performed between the ha1ves of this
| Yramera doublct, Thus, we can anticipate that paramagnetic resonance
observatwons wa] usually be pessible on transition metal ions which
.have an odd number of d e]ectrona.A | | |

A contrast1ng theorem proved by Jahn and Tel]er state; that any
vsystem in a sﬁat1c environment wh1cn possesses a degpwraqy not requir«
.ed by group theoretzc reasons (1,ba, a Kramars uognncrgcy) will achieve
a 101er energy if 1t dwstozts, renov1nq tne deoeneracy This means that
‘A“transxb1cn magai ions wwth an even number of d e!ectrona may not have
ahy enercj 1eve1s between whwch ccnvent1onal E’R may be- performed
Tﬁe.theoren dQcS not predxct t e-magn1tude of the sp11gtings, and
 the'ap11ﬁt1nga between the energy levels may range from an unobsnr- a
vably amaT} vaTue upﬁards Lo Schra] nundr d wavnnumaers, If the
‘energy sp11tt1rgs deve}oped by the dxstort1on are all grmater than
one wavenunaer, then EPR csnnot bc performed w1th the usual commercial.
spectroneters wﬁ:ch yse ‘microwave radiag1on of wavclongtns 3 ¢m and |
8 wm, | | |

In add1t1on to. the quest1on of wnether or- not anvappropr1ate
‘ pair of energy }eVo1a 8X1at$, thpse even electron systems are much-
Amove suaccp»1b1e to nlcctron reiaxat10n PPOCGSSQ;. wh1ch may also
'render observation of a s1gna1 d1fficu1t or 1mposs1ole nartxcuTar]y

'

at room temperature. ie dwscuss th1s more fut?y in ‘the rext chapter.
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Information available from magnetic resonance

The uses of magnetic resonance are essentially the same as those
of'any_other_kind of spectroscopy.. One of . Lh“ primary advuntagea of -
Aspeétr03copy'as a research toolg particular]y in bioiogy, is-the reias

'tively smali dis qruanro 11 creates in the syctem inv CStTQaLEJ 'Ideaily,

o thxs 1s partlcu}ar!v true of EPR, with - :ts Tow enerqy quanta and poten-

g}&ily high seus;ﬁ1v1fy

Tn* bleiogsca? J‘ES are as follows:

Ie One may stud' a b:oiogtca? sysbem, or an, extract thern;rcn,
in’ order to debernxnn tua prasence, or kinetics, of a complex (or fam~
}!y of camp?exgs) which has a kncwn»pattern 6f spectroscopic'parameters.
" This is'tﬁe‘easiéstidi%ect”aﬁp}icétioh_df Spactﬁdscdpy;iandvfﬁeimbst of-
:fen used so ar in the EPR_of bio}ogjcal_systems.7 ” |

17.2. On can Study:a-strqcturéi}y charaéterizéd:bio]ogical}y

| océdkrﬁng comno&nd in order to undars+ahd its‘afchitecﬁﬁrﬁ and bio;
~chemical functxon in terms of 1ta e1ﬂctron1c Jstructure. Oh occasion
| it may be casxer to study simpler analogs of tne b1ologica1?y occurring
'compound | ) o | | ) e |

 3;' One ‘may study a structural?y unchanmwprized bwolog1cu11y
occurr1ng compounc 1o heip detﬁrm1ne 1ts archthcLure,
| S.I4; | As a prerequ1sxte to effectwve appiicaton of the technfqup to
b1o?ogxalusystems» one mast study 1e1at1ve1y s1mp]e mOQA1 compounds
in order to 1mprove one s under*tandzng of ‘the relat1onsh1ps bétween
41Tthe specaroscopxc paramebers and e]ectron1c structure and molecular ~
archatecture.' | ‘

The reia;10nsh1ps betaeen the'electrdnic Stfuéture and EPR spec-~

16

VtrO:COQ?C parameters were fxrst ‘derived bj Abraqam and Pryce, =~ and

' . 3
have been_rGV1ewea in a number of articles and books.m_]3’”‘"1L
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v Chapter 2

LIMIT§ ON - FfE OS“FPVHTIQN OF VETALION. EPR

’a. Spin Latt1ce <€}QXuETOW9°CU°13 34 19

L’ﬂu ﬂldth is - rrrquoﬁt}y arro.em in. »he use of EP? to znves»x-

A

,gat° transxtion meta] ?ons,_ R&p?d tnernal 9qu111brat10n betmeen tbe:

electron Sp?ﬂ ennrcy 1eve1g and tre bu1 envzronmentg alied sp1n-

'1att1ce re}ax“t1on9 causes the absorpt1on peak to be broadeﬁpd accord—
. 1ng to the 1qenoern uncartaznty relatwon.- As,the~re1axatipn‘rate fJ

o approaches the erQU ncy of obse rvat1on (1010_cps)glthélabSOrption

P 5

'-'bccomes unobservable

Even w1th s?owbr re?axatwow times, the broadenxng of 1nd1v1dua1

lwnes may cause acJacenu 11ﬂes to overiao sn ar1ng the spectrum and
-resu]ting Tn a decreasee ava11aaii1ty or;wnrormat10n and.]ess sensi= -

-gt1v1tj. ,,; ';. S N ﬂ o ’l-f ..

Considerwng onlj an 1nd3v1dua1 11ne the“height of'ah:absbrption :

P

._peak is dmcreafcd in orooortaon t6. tne WIdth of the absorofzon ]1ne,

©and: hence 11 proport1on to th@ rate of re]axat1on.. As.EPR spactron N

meters deunct the derxvative of the absorpt1on Spectrum, sen 1tiv1*y

..dFODS as the square of the relaxatlon rate (at constant modulatwon

-1nten31ty)

There are a numbar of waya in which re?axat:on can octur betweon

fﬁwo paramagnet ¢ energy ?evoTs, but they are a11 variants on the same

theme‘ The enargy spacing betaeen the 1eve1§ 1; a function of some

paramtera x.' If X 15 Lhen varied W1uh a frequency noar the freauency
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corresponding'to the energy gap between the levels, then this will in-
ducéltrénsiiibﬁé ﬁetWeén-the states in the same manmer as an external
.mxcrowavo f1e1d of the same frequency, -

The energy spgc1ng gapends on the spectroscop:c paraweters g, A
and D -- respectzveiy, the apecbroscow1c splitting factor in a mag-
ﬂnétic fie!dﬁ‘ﬁﬁe'epéfgy of the alectron- nucxear coupling, and the
iéﬁérgylkyél séiiﬁtiﬁgiin the absence of a magne;ic fig?d;'These para-
meters may'dépend.upbﬁ'fhe orientation of the complex.wi}h’respect to.
the.laboratéry,mégnetiag and on parameters 0of the electronic'structure
suchAas the d@gfse of m1ectron de!oca?izatfoa, and. the electrostatic
~z:e1d at the mataT atom duc to the. 11ganﬁs. |
} thermal f1uctuat1ona of tﬁ7ngs such as meta1 atom—lwqand distance;
. or orientation of the comp]ex, cause f LCtuGt?OnS of the spectrosc0pic
parameters wh1ch9 1n turn cause a varlatzon in th° energ\ qap., The_
‘Four1er component of theae f?uctuatxcns in thc vicinity of the reson~
ant frcquencj causes tran51t101 beﬁween thp states._

The extent to wh n th se tnerma] fluctuatxons 1nuuce transitions
deocnds on the dagree'to wh1ch the spectro copic pdramcters dep and upon
the phy¢1caT yarameters wh1ch are fluctuat1nv therma}1y. For ins*ance,
if uhe g value is. very strongly depondent on the. orientaticn of the :
comp!ex, then rotation of the romvlex due to Brownian watxon w111 be
| an effective re!axation.mechanism. If, on the otner hand, the g value
is Iootrﬂpicn th1s would no be an nffécti?é rhiaxation ﬂechanism |

Anotner 1mportant re]axag1on mechan1sr is du~ to f]uctua*wons in
g vaiue caused, 1n the cryst&? field upprox1ma+1on, by quctuatlons in |

the i1ga1d«1nducoa e]ectros»atlc f1e1d at the metal 1on. . Changes in A
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this field‘cause changes in the electronic enerqy levels of the metal

: atom. The g vaTUQ Obsorved depends on spin- oru1t couplzng between the ’

'qround eloctvonic stat@ and the uXC1tcd electronic statea, 50 that
changes i n.the energy. gaps between the atatE:g puru1cular1y when it
is,smau9 can signffi;dnt?y affect»tne;g]va]ue and ef;ect1ve1y relax

‘,‘  The ¢p71tuihg§{6-$§i6 énefgy‘T§'$1§ in‘{ﬁe-ab sence of a maqretic
'  fie}d tne 7o Fte]d oblitting35 epend on thh Sﬁwn-orbit coupl:ng

v'betweew statesﬁ1n-a.s~milar faah10ﬂ e cept twat here the spertroscopwc
paranmter is very dependent on the symvatry of th Iigand'r1eld., ThlS_..

'“.has.two effects:l The. first is that the presence of a strong static

”; as}mmet}y may_sp1it the enércy Tévefs 50 far'abaftithat:EPR microwave

- quanta cénnot bridg' tho gag between Lh : (As wé'obseerd eariier,

- 0dd electrun Jystcms must have at ]Gdat one pa1r of Jpwn levels which
ars not split by a crystal fxe]d ) The second imp 11caton is. that
 therma1“f1uctuat10n. which lower the symmetry of the 11gand fue1d or
‘appreciably,jncreése any asymmetr:c-components, wil]-provwde an effec-

. tfvé re]axatfonvﬁechanism whichvat'fooﬁbtamsorature will a1most‘a1ways

: resuit in these trana1tzons not being Ooqervablc by EPR.

fﬂ b; £ffects nf Samw19 Cow ition

7' ‘60011nw the samp}e ‘E R ,"»;g

Th9 operat1on of b1o?ogy 1n aolution and at what solid state
phys1cists c0w51dc” high temnerutura, accentudtea these relaxution prob~
‘-:ylem»; QLCHUJQ the re]axatxon nwcnan1sls depend on tnenua? f]uctuatmns9

the rate of relaxation wi]! deér@ase witn.iowered temperature. Lower=

v
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ing une t%mperaturm alao res u1ts in an_%ncreaseq population difference
_'bebween s»:n leve'!ss }ncreaszng signal Jtréhgthv
As a res a}t tne ObSOPthTIYLy of fPR STGnais of tran31t10n mﬁtais
- is USUQ1§j s.nn1f1cant1y enhanced . oy COO]lnG tne sample. This is as
truc of meta} Tcns zn bxolog1cd1 syste ms as ] era, SO that'more and /
' more ba010g.cai matal 1on EPR is br,ng donﬂ at 1iqu1d n}troqew temoera-
ru*es, or GVLH at 21qu1d he%.un temp ratures."

Yn add1t1on to reauc1ng re]axation ratca, and thus sharpenrng indi-
_ ?idua}.aa orpt1en I%nas, the COO1?ﬂq of a sampxo has 3 number of ofher
‘advaﬁtaves._ 01 course,'thcro are a nambpr of dxsadvantares a}so.

Cne advantagu, ﬁhzch has eeL1 exa]o1ted for the 1nvost1ratzon of

':}‘enzyme k}nebwcs, is the poss:bz]xt/ of stonpina a cnenIca] reaction at

.v"any des1r¢d twme by suddnnly coo]zng the react¢on mixture to much lower
 ;tem0nratures.2O.2‘ ‘Thc concnntratlon of paramanneg1c svecxes preaenuj
'way then be ceterm*neu at 1elsure by ,u?1n an cPR spectrum of the
frozen rbacticn m1xturc, | »

xere are a couﬁlevoffgétantgges to“gh1s metﬁod, however. One'is'
”,tnat a fresh samp]e may be required’ for each 901nt in time that 2 spec-_
trum is taken, dnd tne who?o proreaure is rather tedxus._i,-[

' More important than this is the possxb111ty that cooling the sample’
a1ters tﬁc nhyfica] chéw1ca1 s1tuat1on 1n SuCP a way tnat\one 8¢ 1nter-
pretation OT thc Eow temaaraturn sp?ctrum doea not accurate ?y pred;ct
: the s1tuat1on at room temperature.

ﬁ;h; %L found one sucn chanoe during éQr research 23 Wheh an‘aqueous‘
B so?ut*on is fr‘ozen9 nxerocrystglg of pura ice- form,conccntratun the

) so?ute specwes in- “"solution" phase. If the solution contains
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paramaqnetic 1ons9 then this concentration process forces the ions
. closer togethcr; 1T they become s0 c]ose Logether that their d1po]e
moments interact s1(“xf1cgnt1y, then the resultxng EPR spectrum will
bc broad ned with a loss in sens1t1v1ty and information, . - .

| Tc‘prevent dipo]ar'broadeninq due to concentration.of the para-
rﬁagnetic‘speciess the "éo]utior“'phase containing theée fons must be

..1arge enough that the volume concentration of the metal ions is no. moref

"o than 1 part per thousand. As the amount of water in the phase will be

iitt?e more than that required to hydrate the ions ‘and hydrogennbondlng )

species pre ent, the total solute concentration must be at least 200 tp,_gu”f

500 times the paramagnetic concentratfon., These amounts of diamaqnétfc L

: so?utes are USUaily present in oTo]og1ca1 systems, but ser*ous errors -
“cﬂhave been madc in wode¥ S/SceTS by 1gﬂor1nc the cendency of water 'to .
freeze pura, One is frequently foo]ed by. a "q]assy“ appearance and n07 ”'
observab?c dependence of the EPR. spectrun on the rate of cooling.

‘ Our observationg on this suogcct are presented in Part II B. of

th1s thesvs,-
24~ 26 ‘ﬂ

G]ass spectra .
| If one TS 100K1ng at a sma]l ion 1n :3 so]ution. and tHis so]ution

is thsn frozen, there is .one other 1mportant Teature which is dxfferent”_

| between the fon in so]ution and the ion he?d in a frozen natrix. Reca11 B

that the LPR spectrum of an ion may depend upon- the orventacion of thn
.ion w1t1 respect uO the laboratory magnet Sra11‘1ons in solution wi]]:»;
g tumble s0 rapwdly that this anicotropj is averaﬂcd out, and one sees a
homoqeneous spectrum in which the. angu]ar dependence has been rewoved
' IF the so]utlon containing thcse 1ons .s tnen frozen, the 1ons

cannot tumble.rap1d1y, and cannot change the}r orientation with respect

\
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to the magnet; different individual fons will be orfented differently
with respect to the magnetic field, We now have an fnhomogeneousv
systeﬁ in which the ions oriented in onevparticular vay will have one
absorption spectrum, and the ions oriented.some other way will have a
different spectrum. The spectrum whichAone wi]lvobserve is the average

. of the speectra for all orientations, This averacging results in 5

ot
¢t
3
{0
|7, T
D
[T¥]
P |
s}
L%}
¥

somawhat smeary spectrum, and at first it was felt tha
snectra would not contain th” amount of information available from

spectra taken of‘solutions, Quite the opposite has proven true; fixing

. the Orientation of the complexes by coolinq has made 1t possible to

- ‘1nd the dependence of the spectroscopic parame ers en anq]e, instead

of Just the average value, The use of d101ta1 computers ha° made 't'-

:

-possible to compute what a glass sp TrUN wvth aiven narameters locks

” : . )
1ike,‘7'and this theoretical spectrum can‘then be compared with the

experimental spectrum.. The paraneters used in calculating the computer
spectrum can then be varied until the calculated spectrum fits the ob=
served spectrum. This method has been 'so successful that Nieman and

25

Kivelison®’ were woved to observe that the c?ass spectra compared

favorab?y in the amount of 1nf0rnat1on obtawnab]e w1th spectra taken
- of sanle crystals.

Single c«y“‘?s‘3 214,

: ,Spectroscopy on a single crysta1'j§,thé.idg§l situation; one can
place the crystal in d{fferent orientationé Qith respact tc the labora-
tory’magnetic.fie]dband.determine the-angu]éf dépendence of Spectroscopic
"parameters.wifh good actﬂracy; If the érystal;structure is known, then

‘this variation with angle can be related to speéific meta]-]igand'bonds. 7
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The chief drawback of thé éing]e crystal method 1s the needvfor'
a single crystal; getting a single crystai!is difficu%ta if not ime
‘poséibleg‘for most materials of biologfcal interest.‘v'

in_additidn, thé‘paramagnetic ions within'thevcrystal must be
sﬁfficientiy far aparﬁ that dipolar”interacfions wi11.not smear oﬁt
" the EPR spectrum, ' In the chemically simple systems which the solid
state physicists 1nvéstigate, this is usaa]]y done by diluting the
paramagnetic compiexes in & crystal of a diamagnetic host. For tﬁe
larger complexes of biological interest, this.is not as eagy to do, as . .
it s rarer to finé'paramagnetic and diamagnetic compiexe§ of shape and
chemistry such that one may substitute in the crystal 1attibe of the
oﬂmf.. v |
| Besides this difficulty, there may beléoré than oné paramagnetic‘
,.ioh per unit3cellvof the crystal. If this is true, thch it usually
is, then~aa1thcugh the crystal has but one orientation with respect to
the magnetﬁc field--the paramagnetic complexes may haVé several orien«
- tations. Par@}cuiarly if the Crystal'structure is‘unknbwn, it may'be
‘ fe?atively diff%cu}t to sort out the.spectra'duelto the different

orientations. '
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5 | ~_Chapter 3 _
SURVEY OF THE EPR OF BXOLOGICAL METAL COMPLEXES

With the foregoiﬁg as background, gé can revfew‘tﬁe metals which

6ccur bio?ogical?yvto see that is known about the EPR of these mgtals,.v
what EPR of bio!odicé] interest has beeﬁ done, and what the limitations.
are on the observability of EPR signals in these metals. _

. Be1nar; and Pa]mer3o have recently reviewed much this same topic,
' but w1th the po1nt of view of enzymologists 1nstead of that of a
physuca? chemis». In add1tion, their review emphas1zed certain meta]s,
notably copper and molybdenum, while this review emphasizes others,
'“vespecialiy;manganese.. Thus, this review should be comp]ementary:to.
thﬂirs in two respects. ‘ | ‘

uch of my discuss1on of the EPR of metal fons in genera] leans.

16

.heavily,on:the.classic paper by,Abragam_and;Pryce, on the early review

>b/ Bleapey and Stevens,]s and on the more récent books by Friffith17 and

. Baﬂhausen.‘8 _There are also several recont covni1at1ons of EPR data ' v

in 1norgan1c sys»ems.M 2°°29

.Vanadium | B
Hot too much is known about the bioiogical role of vanadium. The‘

ndur1naona: requxremcnt for this metal 1n a]qae is we11 established. ,

'3 and it has been shown to have a benefic1a1 effect on higher plants, but

littie seems to bu known about what it does.3? -33 The higher oxidation  ” .

' states of vanadium have a chemistry which is similar to the higher OXif;} ;~?:

dation states of mo?ybdenum9 and some nutritional studies indicate
that vanadium_may be able to replace molybdenum‘in some bhiological

situaticns.3}”33 As molybdenum is known to function with flavoprotéins
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‘_(see below) it is p0551b1e that vanadium may do this a]so.;.

Host: anxna1s do not seem to requ1re vanadlum, but the most fanous
of the bwologuca} usas of thxs meta? occurs in the tunicates, a primi-'e
. tive marine subpny}um of .the vertebrates° The vanadium occurs ‘in

corpuscles .in the blood in a comp]ex,ca11ed'hemovanadiﬁf-whichJis N
bthought to' be a- tetrapyrolle connected to a protein.31 »34

 The stable oxidation states of vanadium are v({I1I), (IV),'ana
 V(V) Vanadium(V) has no d e]ectrons and is thus d1amaqnet1c‘ Vana-"

dium(II1) has a 3d% electron conf1gurat1on;-because it has an even . '

. numbe} oé electrons; it shouid,be‘diffieult to see with EPR, and we '.*“"
:.are-not'aware of -it having been seen., Suéceptibi}ity measureeents of 5 ‘
the ammonium alum indicate a zero-field Splitting of 5 cm"",’i3 which is
,;mhhuch more thanfthe energy evailable from EPR spectrometers. 7
| Vahadiuh(lv) has one eieetron inithe 3d shell. Those familiar
'ﬂ withvcrystel field theory Qf}l recall fhet;‘in an bctahedral field,
three of éhe”five_& orbitals are degenerate énd'Tie Towest in an oqte-i-'
_eedre1efie¥d.*-SIight deviations from 6ctahedra1'symmetry split these |
energy 1ever somedhat, and the lone d e]ectron of V(IV) will occupy
. the lowest of these levels, Because these states are nearly degenerate,

~their 1nteract10n via sp1n-orbit coup71ng 15 very large, so. that very 'f‘

- stight thermal f]uctuatlons in the crysta1 f1e1d lead to rapid relaxation

- among the spin‘states of an octahedra1,d] comp]ex.' As a result, the
. paramagneeic resonance of octahedral v(1v) complexes can be observed

only, at very 1ow temperatures,

FortudateTy‘for our purposes, v(Iv) reacts w1th water to form: the ‘

o e
vanadyl ion, VO‘+, and it is this soecaes whwch dom1nates the chemistry

of V(IV) complexes. The cova]ently bound oxygen splits the degeneraqy"
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of the octahedfal ground state.wfdeiy, leaving an orbital singlet
lowest. This results in slow relaxatfon and in an isotf0p1c~g?vélue
close to 2. A recent reviewvof the chemistry of V02 includes a
listing. of théiEPR work wnich has been done.35
- The vanadyi jon is easily seen byVEPR in qquéous solution, and
 can~be*reédi1y identified by the 8-Tine hypeffine pattern due to the R
-7/2 nuclear-spin of V5! (Fig. 7). Observe‘the uneven,widths'of‘the.
hyﬁérfﬁne‘1fnes in-Figurevl. The vanadyl ion provides the clasﬁic-
example of relaxation due to thermal.reorientation'of:the complex
with respect to the applied magnetic field. This theory was first.
developed by McConnell, 36 and was apolied to vanady] by Rogers and
wipake,37 |
' Parémagnetic resonance does not seemyto have been used very ex- -
tensively ih.inVeStigating the biologicaT»roie of vanadium, Beinart

30 display without analysis a vanadium EPR épectrum obtained

: and Palmer®

by.MUSSO.From a mushroom extract, and this'is the only biological

vanadium EPR éﬁectrum'of which we aretawafe."

' ~Due to the ease of seelnq vanadyl E“R, it would seem that EPR is

‘we11 su1ted for 1nvestwgat1ng the: bio]oglcal ro]e of vanadium, and we Q;'

1‘are somewhat surprised taat more does not seem to have been done with it;‘

‘U-Hanganese A B | | |

‘In a recent review. Cotzxas38 commented that “the biology of mane
gaqese SJffers from the lack of unifying pr1ncip1es," but we can note

that a fair amount_of information is beg1nn)ng to accumulate, Manga- '

. nese is known fo be required in anima?s,38‘and'for"photosynthesis in N

39, 40

'plants _Hanganese(II) is known to activate a large number of

enzymatfc reactioﬁs in vitro, many of which are also activated by
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MUB -11253 o

v-'f‘_ F{guré.l;' EPR spectrum of the vo%* fon in aqueous solution

i ;ii'(x?band).‘ The spacing between lines is about 120 oe.
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mégnesium.33 The requitgﬁént of some organisms for manganese is de- .
creased by the avai]abi1ity“6f magnesium,41 suggesting that the lack
of metal ion specificity iﬁ_xiggg carrie§ over into the living or-
ganisms for at least some enzymatic-reactions;- In addition to thig
non-specific role for Mn(II), it is known to be a specific activator
~ for the ehzyme proiidase, and to be the meta?rion which activates the
eﬁzyme argiﬁaée 13_2119.33 |

One of the very features wﬁich makes the manganous fon so useful
as an enzyme activator, its 1abi1ity,'alsovmakes it difficult to study
these complexes. Manganese(Il), with it§ half filled d shell, forms
relatively weak complexes, making it very difficult to isolate a man-
ééﬁése activated biochemical with the mefal atom still bound to its
orig1na? site. |
T An additional difficulty, a]so due to the d5 confiquration, is
: fhat the optical d-d transitions of Mn(II) are spin forbidden, and
hence very weak; this eliminates optical spectroscopy as}a coﬁvenient
tool forAinvestigating these iens.

Although Mn(III) is unstable in water, -

2+ 3+

2t = et e e E® = -1.51 4,

 the addftion'of_COMplexing agents signifiéaﬁtly enhances the stability
~ of this oxidation state and a number of Mn(III) complexes are known,.

It seems a?most certain that Mn(III) occurs in bwological systems and

~ that manganese is used in this oxidatmon stateufor some biological pur-  ?:,,,1

38

‘ﬁOSES. ‘There is some evidence for thisffn'ahimals, and the role of

manganese in the oxygen evo]utlon process of photosynthesis makes it

11kely that an elevated ox1datlon state occurs here a]so.40
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'Xt may evan be that Mn(IV)'occurs in bio1ogica1 systems. Com~
'plexes stab?e in aoueous so]qtion with thxq oxidation state are: known, ‘

42-44

or postu?aued, u1th b1qaan1des, with bypyridy],45 and with

| phtha?ecyan1nes and: porphyrins.do 46

It is known or suspected that
most of these comp]exes are binuclear. | | |

| As Mn(111) has én»even number of e1ectr6ns, the observation of~
EPR-offthfs_oxidatioh-state.réquires enough luck to have. two spin

-1 apart;'we can expect this only with a

energy levels less than 1 cm
Iigand field of high syﬁmetry. The EPR of Mn(I11) has beenlobserved
in Ti0, ats77°g:and_be]ow,47.but we can have Iiftle'hope of observing.
- this oxidétiod étate:in complekeq héving thellower.symmethy‘charac-
‘teristxc ‘of biological compounds, o

Dn the other hand, Mn(1V), with a 3d3 configuration must have a

Kramers degeneracy. he éwound ‘term is an orbital sianet, so that

: ; the q value shOJId be. c}ose to 2, and not. vary significantly with the

: or1entat10n of the ijon. This: has been obsprved in several dif’erent_'é"
| .crystals;48=and.the EPR spectra of Mn(IV) in pyrosulfuric acid solu- |
:tion,.both.atlroom'temperature and at liquid nitrogen,tQMpérafures;49
:are in agreewent with. this picture,
 He made,uhe #n(1V) biquan1de cowp1ex, and checked | it for EPR
's1gnals-in‘aqaeous solution, and as a polycrystaliwnelsampTe at rqomv f
 temperature and at 3iqufd nitrogenvtemperéturé. Ne observed no sfq-‘”,
nal, prooab1y due to the metal-metal 1nterQC»1ons hypoLhesized for
"tn1s compound. - In retroapect, our fai?ure to observe a signal in a
solid samp}e might have beén due to our naivetg in ignqring‘fhelpossi;i'
bility of intermolecular interactions, but if wdu}diseem that ménq»v

nuclear Mn{IV) complexes should be observable in solution, Because of
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the seeming ubiquity of metal-metal interactions in these compounds,
temperature susceptibility measurements may be preferable to EPR in
investigating the chemistry of these complexes.

Manganese(1l1l) is perhaps the most'easi¥y ohsarved metal jon in
‘solution, and it 1s easily identified by its 6-iine hyperfine pattern
due to the 100% abundant‘ﬁnSS snin 5/2 nucleus (Fig. é). 3ecause of
its half filled 3d shell, #n(II) has a spherically symmetric, non-
degénérate ground state,_which td first order is not connected by
sbinsnrbit coupling to any other electronic state. This means that
‘ Mn(II) has an isotropic ¢ value of 2t00,.and ité relaxation should be
slow.v. | | | |

Eariy in thé»hist@ry of EPR it was observed that the addition of
complexing agents to a solution of manganous fon resuits in the dis~
appearance of the qhdractefistic 6-line spectrum, with nothing, oriat

most, a broad weak spectrum in its place.’”

Practically anything
)_added té a Mn(If) solution will broaden the EPR lines, A]cohol; sunar,
. chlokfdeviéna and n1traie ion Qi]l all do the trick. ‘'ore “sfronq]y"_
bonding 1fgands; such as EDTA or bipyrfdy?, virtually obliterate the
signal in solutidn, so that a solution 0.1 ? in Mn(il) is barely
observable. |

- fMorgahiand hfs stﬁdents have workaed extensively on the relaxation
mechanisms‘of'Mn(If) in solution, and have concluded that tﬁe relaxation
of Mn(Hzg)g+ is due to a fluctuating zero-field splitting caused by
random fluctuations in the positions ofrwater mofecu1es in the vicinity

of the ion.sx'

Hayes and Myersbz considered the effect of chlofide and sulfate on

EPR ]inewidthg and concluded that the additional width due .to these ions
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| ngufe‘z EPR Spectrum of’thean2 ion in aqueous soiution (X-band).-: -

f, , The spacxng between lines is. about 95 oe,
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‘Qas_cauéed by chemical.exchangeAin the.first and second coordination
sphéres.5' | |

‘ The re]axation mechanxsm for n w;th poljdentafe ligands has not
‘been estab}Tshcd out it seems- likely that this 13 either due to re-
orieneat1on of the comp] X w1tn reapect to the Jabnratory magnets or o
"due to- fluctuatvons in the ligand field strennth
Dractwcal:y any wﬁole cell biological specwmen placed in an EPR
v spectrometer at room temperdture w1!1 give the spe ctrum‘charecter1stic

of uncomplexed manqanoqs ion, and this is a convenient method of

. assayzng for uncomplexed Mn(II};

ithen a ‘solution of nn(ﬁ O) is"frozen,_and the solute concen-

6
VJ;trao1ons are such that d1polar broadening does not occur, then a
;. character1s£ic EPR Spectrun reaults (F}g. 3) Note the additionaﬁ

. pairs of 1ines’ Detween each of the 51x ma1n peaks, these are due~- _ .

eormally~-to 51mu}taﬁeous nuc]ear spin f11pse Thws same sharp spectrum _,.-"

- has been reported for a numper of b1o}og1ca1 samples (e Ga s Pefs. oO, L

- 33 34) bo*h at: room and at reduced temperatures. -These sxgnaTs may.

- be’ due to, nexaquo Mﬂ(II), or it 1; _possible. that other octahedra11y

v;'coordinated Mn(II)-—particularly‘tc oxygen_71gands»~gives;essent1a11y5;;f'
Cthe same spectrum. ' "4 .
In contmast thg manganese EDTA compTex has a sign!ficant}v dif- P

'ferent spectrum’ (F1g. 4) ina §§ass at 11qu1d n1+rogen tenperatures. L

Apparent?y,,the crystal field caused by.th1s;che)ating,agent-is suff?éjrf‘ :

cientiy strohg thét it can cause a signif{cant zero field splitting __.'ub- .

due to secowd order spin-orbit 1nteract1ons._ o
It would be dif fxcu}t, if not 1ﬂpossﬁb1e to ertract spectroscopic"
' parameters fron thnq X band spectrum, and the use of a spactremeter

which uses h1gher energy n?crovave quanba ws 1ndicated. Even with a = -~
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. Figure 3, ‘EPR spectrum of an in frozen aqueous solution (X-band,

! 100°K). Methanol, 25 vol %, added to prevent dipolar

|- " broadening.
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Fighre 4. EPR spectrum of mahganous EDTA in frozen aqueous solution -

\

. (x-band, =100°C, pH 10 before freezing). Glycerol, 25

. 'vol %, added to reduce dipolar br"oadev'a"ing'o

ay
!
!
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'spectro. eter ta analyze the EPR spectrum of Mn

- order spin-orbit interactions in a 5 electron configuration, makes it

_ hogebﬁer as "non—heme iron" » have come under intensive- 1nvest1qatlon=

w05«

85 found it necessa ry. to use a Quband

2+

sing]é crystal to work with, Seed
in the ternary system
‘sf NH4C1-Mn612«J209 which has a zero-field splitting of 0.15 cm“la

‘We suspect that 2erowfield splittings of Q.1 te 0.2 ch’1 are ¢ommon

in Mn{X1) compiexes of hiolegical interest, so that it would be genorally

" advisabie to study tuvsn complexes with .a 0~bahd spectrometer. Even

1

e

L‘heng h

[

ot
o)

spectrum, and then Twherprntlnc the spun parameters in terms of second.

e rm—— -

T3

 uniikely that the EPR of Mn(II} compiexes will be used as other than | .

2 "fingerprint” technique by other than physicists. v .

Iron.

i3

iren .is by far.the most important of. the transition metals in

biology, occurring in & variety of compounds-serving a number of dif-
0-6 ¢

. ferent functions.”® In many of these compounds, among them the heme

/

.g‘wo1ety o¥ hemoghbmﬁ uhe iron is bound 1n ‘a planar porphyr1n r1nga

q ;Because of thexr bxo1oq1cal impertance, and the ease with which they

tan be observed with opt1ca1 spectroscopvg these heme iron comoounds

“bave heen the objects of consmdhrable'study for a number of vears. "it

is only recently that other biological iron compcundsB frequently iumped o
57.

ahe iron 1n bwolog1ca1 compounds occurs 1n both uh@ farrous and

i

ferric state and it appeaws that one: of the most use»u1 attributes of'”

' 1ron as thh <evera1 of the other tran<1t1on meta'!s9 is 1ts ab111ty to

.gad v change its ox1dat10n state. ..~

5 Ferrous iron has a 3¢® etectron éénfiguration, with all of:the:

‘

ﬂ*fficultieSvo EPR observauion true.for. any evenxelectron ‘system, "For:

: several years, however, a free radical=like (i.e., narrow) EPR swgnal at

" .
I

i . ! . - R N . o

combined dif lcultf of extracting spin pavameters from a 5 sp‘n L
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g .= 1 94 has been observed in b1olocica? aystems, and associated -

~with. rnd4ced 1ron.30 8’ necent!y, this mystnry has been c1eared up

59 »60 whn exp1a1n°d that thc s1gna1 is. due to a free

‘ by Blumberg,
,radzcal whosp g value is- a]tered by electron exchancn with a coor-
dinated spin- paired ferrous 1on.

5 e]ectron co"f~quration, isoe?ectronic

Ferr1c iron has a2 3d |
with Mn(I1).. However, because of its ﬂrea§¢r nuclear chprge,_iron(IiI)
hinds to Yigands more strongly so that second order soinéorbit coupling.
to excitcd electronic states is sianificant for virtua?]y all of its
COmpYexes; ,The true g.va]ue of the ground state remains very close to
an f°otrbpiC'2700 but the relatively stronc crystal field creates a
zero-fie?d Sp]lttinq of scveral wavenumbers, |

: *h1s Sp]1tbxng is s0 large that one defines the spfn quanuum num= -
ber in terms ox the crystal fie]d axes, instead of the qaual procedure?,:i
of defining them with respect tothe"racnéuc field. The .-a"ppHcation
'of -a magnet1c fie]d 15 then considernd as. a so all perturbation on the
states ‘50 defwned One may then c1a351fy thn sp?n levels. according to:;ﬂ‘
the projection of Lh1$ Spin along the crysta? field axis, and consider;{:x.
the leve?s ww;h V’ = +1/2, #3/2, and +5/2.as three 1ndeoeqdent doublets.
Each of ‘these doublets, considered indxvidua]?y, can: then be: assigned
an effective g value which ref]ects ‘the size of the enerqy sp11tting
of the doub]et in a maanetic field The e q values will depend on the L
symnetny of the zero. field sp71tt1ng..‘ . ; ' |

.In an ax1a!vf1eld (one w1th a three or more fo?d axis of symmeury),
- the #1/2 doublet‘h§s an.effective g,va]uebrang1ng from 2 to 6, depend--
ing on orientation. _In. a glassy samhle..ghis.gfves‘rise-to an EPR .

spectrum with a large peak at g = 6, and a éma!}ervone at g =2, As



.. observed upon its addition,

_been dona on different heme compounds,®”

-.9 e

the symmétry becbmes less than axial, a broad resonance at g = 4.3

~ develops. The g = 4,3 signal was first explained by Castner, Newell, =

61

Holton, and'S11chter,' and the general treatment of the effectivé'g ,

values is givén'by wickmdn,vK1e1n, and Shirley.sz

M

_ Apparently because the effective ¢ values are sensitive to the

relative crystal.field strengths in different directions, Wickman

'gg;gl,, in their work on ferrichrome-A, found 1t necessary to go down

to a temperature of 1°K 1n order to detect some of the resonances,

In view of‘this recent development in the theory of Fe(III) mag-

)

‘netic resonance, and the value of observation at very low temperatures,

most of the biological Fe(Ill) EPR work performed to date is more or

Tess outmoded. . The notable exception to this 1s the work which has
63

h.Coba1t

Cobalt is needed by many, if not all, animals, and by'somelmicro~

organisms, for vitamin,B]z (cyanocoba1amjn),64 the chemistry of which

© has been recently reviewed by Bonhett.ss'zlt has not been proven that B

cobdlt is required by higher plants, but beneficial effects have been

66

Cobalt(Il) activates a number of enzymatic reactions in vitro, ;

and it is barticd1ar1y noted for its abi‘ity to activate enzymes which_,?

uti1ﬁie zinc in vivo. As zinc has a full 3d shell, its complexes

,1 cannot be studied by EPR, susceptibility measurements, or d-d elece

tronic transitions; conseQuéntly, the study‘of its substitution by

“another metal is of particular importance,

In its ordinary aqueous chemistry,‘cbbh1t'has two important ox{~fgﬂ

dation states, II and 111, “In aqueous So]utﬁons containing no
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cbmpiexing'agehts, the oxidation to Co(III) is very unfavorable: -
ot = o™ =em  ES=.lgav,

‘,‘Howeverﬁ in the presence of complexing ligands, the stability of the -

trivalent state is greatly enhanced:
L .- ) ' . 2+ . . 3+ ‘. . -: K ‘. o v
- [Co(tg)l™ = [Co(N)g1™ +e” - E° = -0.1 V.

One therefore expects both of these oxidation states in Bidiogica]
Systems. - o e

| Coba]t(III) has a d6 e]ectron confiquration, isoelectronic with
..fekrous iron, ' The free fon has four unpa1red electrons, but a quite
weak crystal field suffices fo cause spin pairing, With the éxception
'fof,(CoF6)3‘, which has S = 2, all df thé jonic cobélt(III).complexes
known have diamagnetic ground states. A1l of the Co(I11) poéphyr%nv
and other tetrapyrolle complexes related to vitamin 832 are diamag—,':
netic. : | |

7. and may have a-ground state ha?ing either 1 or .-

Cobalt(II) is d
. 3 unpafred-e]ectrons.A A tétrahedral 1igand field cannot produce the
- Tow spin state, but a number of octahedral énd tetragohal comp]exes"
of édbalt(II) have spin 1/2; square planar complexes, s&ch'aé the
o tetrapyrolles, are barticularly likely to have}this configuratioh.
High spin coéélt(ll) has a ground state which is triply degen-
erate orbitally in aﬁ_octahedral field, - Aé,in the case -of octahedral
vanadium(lV),zthis orSita] degeneraéy makes the spin levels very sus-

ceptible to reIaxation, so that the EPR of high Spin coba1t(II) may

be seen on]y at very low temperatures.
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_:Low seih Co(II) is also susceptibleuto.relaxation due to spiﬁ-
orbit interaction between the ground state and Tow lying excited -
1evels. Depending on the distance between the ground and first exe
cited state, a giyen complex may be quite easily observable at 11qu{d
: nitregen temperatures,'er not observable exceptAat considerably 1ower‘ b
temneratures.67: | | . | | |

The native v1tamin 512 compounds have been characterized with
.ieasonable certaznty as conta1n1ng diamagnetic Co(III), which cannot
\vivStUd{eé by EP&, The chemistry of the reduction of vitamin 812 is
poseibiy of some biological importance,~and is still poorly defined.
Even'if'the reduced compounds do not occur'fntliving systems, an in-

. creased understanding of them may contribute to knowledge about- the
}biOIOgical‘Species; For this reason, the Co(II) complexes of corrin-'
'1ixe compounds are of some. interest. | ‘

Hogenkamp, Barker, and Mason68 have taken EPR spectra at 11qu1d
,nitrogen temperatures of photolyzed coenzyme 812 and of reduced vita-"

" min 812. " With the resolution obtained, the two ;pectra were 1dentica}, |

- and closely matched the g vaTues known for. Co(II) ph»halocyan1ne.69 70

"i._More recently, Assour’! has stud1ed_the spin resonance of cobalt

: phthaiecyah{ne quite"extensivelyg'end has succeeded in obsefving'
hyperfine splittings due to nftrdgen nuclei in heterocyclic compounds
bound 1n ‘the axie}'positions of the complex.’ In view of this, it |
| might be profitable to reinvestigate some of the'sz comqounds'to'
see if nitrogen'hYDefffne,'or even c13 hyperfine,45p1{ttfngs might

be observed, '



Copper .
Cuprous copper; Cu(I)g,has a full 3d shell and is thus diamag-

netic, Cupric copper,aCu(II), has a 3d° configuration, which may be
considered as a full d shell pluﬁ-one bositjve hole.

- More biological EPR, and a greater variety of it, has been doné
_on copper than on any other metal, This is for a number of reasons:
.Copper is important biologically; its tendency to bond covalently
makes {ts biological compounds mqre‘e&Si?y fsolable intact; and the
brilliant color of the cupric compounds makes themvrelatively.easy
to identi%y and isolate. Its EPR is attﬁacﬁi?e because biological

oxidations and reductions.can be followed by appearance. and disap-

~ pearance. of. the EPR signals the £PR signal is easily observable, par=

25,26

| ticularly at liquid nitrogen temperatures; and the fact that it

is a one electron problem makes the theoretical analysis of the

spectra  relatively more easy.‘{8

The metabolism of copper has been reviewed by Adelstein and

72

Vailee@ - the copper proteins have been reviewad by Malmstrom and

7

Neilands,  and the extensive applications of EPR-to biological cppper

have heen covered in two recent revfews.3o’73

Molybdenum

A major'bioTogiCa? use, 1f not the sole hse,'of.molybdenumvis in

connection with flavoproteins, and work with both mode}l compounds74

- and enzyme‘systems75

seems to indicate that oxidation and reductipn
occur batween Mo(v).and Mo(VI), and the flavin,  Paraﬁagnet1c reson-
ance observations cf the to(V) éPR signal, and the EPR of other para-
magnetic species present, has played a majbf role in the elucidation

of the mechanism of these enzyme reactions. Huch of this work has
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been dobe 1hvthe group headed by Beibartgathadison, and it has beén.'
recently reviewed by them.3Q’75,., »‘ | |
' From the aﬁueous chemistry.67 the qxidation states III through
VI:are possible, Molybdenum(VI) has no 4d eleétrons, which el1minate§
:1t as a possibifity for magnetiq i‘esonancé9 and thé +4 state is -

usually dfamagnetic also. The EPR of both Mo(I1I1) and Mo(V) fs

easily seen,”
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EPR spectra of Mnz* and Gd*" in a number of frozen aqueous solutions show that ice crystallization causes
extensive segregation of solutes. The concentration of paramagnetic ions thus induced results in- dipolar
broadening of EPR spectra, and published spectra of frozen aqueous Mn2* are reinterpreted accordingly.
This segregation effect may be reduced by the addition of quantities of experimentally inert solute.

INTRODUCTION

OLUTIONS: cooled to: low temperatures are fre-
quent subjects for a variety of "spectroscopic
investigations. This cooling may cause high local con-
centrations of a solute molecule under study, and the
interactions thus induced may significantly affect some
measurements. In - electron' paramagnetic. resonance
(EPR) spectroscopy, high local concentrations of para-
magnetic species can result in electron spin dipole
broadening of the lines in the EPR spectrum. -

Most studies of frozen solutions by EPR have used an
organic matrix,’® but recently some use has been made
of frozen aqueous solutions,*® in which segregation
induced by freezing may be a problem. The art of pre-
paring organic glasses is highly developed,” but the
difficulty of making an aqueous glass seems to have
induced a disregard for the consequences of ice-crystal
formation. Aggregation or crystallization of a solute in
a-homogeneous solvent is familiar, but the solvent itself
also may separate as a crystalline phase. Particularly in

‘aqueous solutions, where strong hydrogen bonding

makes the ice structure very reluctant to include a for-
eign ion, crystallization .of solvent as a v1rtually pure
phase will greatly concentrate solute spec1es in the
interstices of solvent crystallites.

In this paper, we discuss what effect the use of differ-
ent aqueous mixtures has on paramagnetic ion-ion

- distances as detected by EPR. The results confirm that
- segregation is extensive in frozen aqueous solutions, and
. some published EPR obqervatlons are remterpreted

accordingly. -

* Supported in part by a National Science Foundation Pre-
doctoral Fellowship, and in part by the U.S, Atomlc Energy
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‘THEORY

The dipolar interaction between two paramagnctic
specics is given by the classical relation

LEg=ur3(1-3 cos’p).

Van Vleck® considered the effect of this interaction on -
the shape of an EPR line; for a sumple with randomly
oriented ions, its contribution to the width of the line
between points of maximum slope is given by the
relationship -

AH=2g3[%5(5+1)]*<(§fﬁ“°)’>, '

. =

where ( ) signifies an average over j.

“The value of this average over all ions depends
markedly on the distribution of ion-ion distances. IFor
a completely random distribution, it is approximately
equal to 5C, where C is the volume concentration of
paramagnetic ions. If the sample is not homogcneous,
the EPR linewidth due to this interaction is a measure
of a rather local concentration.

For a spin N/2 system with g=2, the 1mew1dth
contribution is approxunately SON Oe per molar con-
centration. Exchange narrowing has not been consid-
ered, so this model is not accurate for high concentra-
tions. The effect of paramagnetic species other than the
one being observed is reduced by a factor of .8

EXPERIMENTAL PROCEDURES

The EPR spectra  were -obtained: with an X-band
spectrometer operating at 9.1 Gc/sec. ‘A derivative
presentation of the spectrum fesulted from phase-
sensitive detection of the absorption with 100-kc/sec
field modulation of'3-Oe amplitude. A rectangular TE,p,
cavity (Varian V4531) was used with a quartz-jacketed
gas-flow cooling system (Varian V4547). Liquid samples

-at room temperature were placed in 3-mm-bore quartz

sample tubes and cooled by immersion in liquid nitrogen
before’ placement in the- cavity. Sample temperature
in the cavity was about 90°K and was not a critical
parameter. . _

8 J. H. Van Vleck, Phys. Rev. 74, 1168 (1948),
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All solutions used were saturated with air. The para-
magnetism of O; had no observable effect on EPR
Jlinewidths in frozen aqueous solution.

Identical Mn*+ spectra were obtained from com-
mercial CP manganous nitrate and from manganese
perchlorate made from MnCO; and perchloric acid.

- Gadolinium perchlorate was made by the addition of
3M perchloric acid to Gd:0;, and dilution to the desired
strength. The stock solution used was 0.0040}/ in
. Gd(ClOy)s, and was 0.040M in HCIO, to hmder hy-
drolysxs

EXPERIMENTAL RESULTS

- Addition of increasing amounts of sodium perchlorate
to  aqueous 0.005M manganous nitrate results in a
progressively sharper ‘and more intense EPR spectrum
of the frozen solution (see Fig. 1). The dependence of
the spectrum on concentration of additive was also
investigated 'in detail with methanol, perchloric acid,
“and nitric acid used as additives, with results similar to
those shown for sodium perchlorate.

Spectra for 0.005M manganese in 25 and 75 vol%,
aqueous methanol were equivalent and were as distinct
.as ‘any spectra obtained.: If the intensity (absolute
- maximum minus absolute minimum slope of the absorp-
tion) of the derivative EPR spectrum of the 25%
methanol sample is assigned the value 100, various
frozen aqueous solutions yielded the intensities listed
in Table 1. A convenient measure of the clarity of detail
in a Mn** spectrum is the ratio of the difference be-
tween the first minimum and second maximum to the
difference between the first maximum and last mini-
mum. The 259, methanol spectrum has a clarity index

of 106 (in percent). Values {or other frozen solutions
are given in Table L.

Frozen aqueous solutions of Gd* were dlso found to
have an EPR signal which progressively narrows and
increases in intensity upon the addition of diamagnetic

“solutes before freezing. Our hopes of using Gd* to

obtain a clear-cut dipolar broadening effect on & single
EPR line were frustrated by a broad background ab-
sorption, probably due to the presence of more than one
chemical species. Typical spectra are illustrated in
Tig. 2.

To further check the assumption that dipolar broad-
ening is responsible for the phenomena observed, the
effect of added Nit* on the Mn* * spectrum was com-
pared with the effect of increased Mnt + concentration.
The effect of added Nit+ on the clarity and specific
intensity is about the same us 5%, as much added Mn* 4,

DISCUSSION

Regardless of the additive used in the mangunese
experiments, the same characteristic spectrum prevails,
The only species common to all the systems tried are
Mnt + and Hy0, implying that hydrated manganous ion
is responsible for the spectrum.

The manganous ion has consistently been found to
have a coordination number of 6.° Single-crystal EPR
studies .of the Mn(H;0)¢t + ion have been made in
several diamagnetic hosts.'® Values found for the axial
splitting parameter D are in the range 0.014 to 0.027
cm™. - Comparison. of the powder spectrum of
Mn(H0) gt +ina Tutton salt, (NH,) 2Zn(SO4) 2+ 61,0,
at room temperature (D= -0.024 cnr™'), with that of
Mnt + in a frozen solution shows that the frozen solute
has a mean distortion from cubic symmetry equal to or

‘Taste I. Intensity and clarity of detail of the derivative EPR.

spectrum of 0.005M Mn* *in dilferent frozen aqueous solutions.
Scales are arbitrary and are defined in the text.

Solution - Intensity Clarity

25%, Methanol 100 100
2M-Methanol Y 83
2M K acetate 45 85
2M HoS0. 45 . 82
25%, Glycerol . 44 . 84
259%, Pyridine 42 : 74
2M HNO; 39, 73
2M NuaClO4 ) 32 75
2M HCIO, 17 36
25%, Dioxanc 16 5
2M HCI 9 069
2M KNO; -8 5

9 An isolated and understandable exception is the sevcn-
coordinate Mn(H-EDTA) (H,0)~ complex [J. L. Hoard,
Pederson, S. Richards, and J. V. Silverton, J. Am. Chem. Sm
83, 3533 (1961)]

WK, D. Bowers and J. Owen,< Rept. Progr. Phys. 18, 304
(1955).
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slightly smaller than that for Mn(H,0)¢*+ in the
Tutton salt. We conclude from this and the chemical
evidence which has been presented that the spectrum in
the frozen aqueous solution is due to Mn(Hz0) " +.

Manganese complexes involving nonwater ligands
contribute at most a broad background signal. Only the
M=-+4%-M=—1 transitions are observable in the
hexahydrate spectrum. A first coordination sphere
which is not composed of all identical ligands will create
a much greater crystal-field splitting, broadening even
these transitions into oblivion."

‘We propose that the broad structureless line observed

by Wakim and Nolle* and by Allen and.Nebert® for
" frozen solutions of manganous salt alone in water is

caused by manganese-manganese dipolar broadening.
The resolution: of hyperfine structure obtained by Allen
and Nebert on the addition of chloride is due to a de-
crease in dipolar interactions rather than a change in

crystal-field parameters. Allen and Nebert obtained a

Mnt * spectrum 1n methanol identical to the unbroad-
ened frozen aqueous spectra; as the solution used was
made by the addition of hydrated salt to undried
alcohol, we suggest that thxs spectrum is also due to

: Mn(Hgo) ot

The broad background absorption found in the gado-
linlum experiments is probably due to the presence of
more than one chemical species. The unpaired electrons
of an %S rare-earth ion are sufficiently insulated from the
ligands that complexes, such as Gd(H.0);CI** or
Gd(H,0)4**, will have little greater crystal-field split-
ing than Gd(H:0) ¢,

Considering the difference in magnetic moments and
the statistical factor of %, Ni*+ + should be 369 as effec-
tive in broadening Mn* * as is manganese itself, but the

experiments tried gave only a 59, effect. The remaining’

factor of 7 may be due to a tendency for the two kinds of
ions to go into different phases on freezing; an alternate
possibility is that rapid electronic relaxation of the Ni*+ +

'renders it less effective in inducing Mn* + relaxation.

A given additive may have two distinct effects on the

EPR spectrum of frozen Mn* *: A decrease in dipolar

interactions will both improve the clarity and increase

g 10!
OGO H

Fi1c. 2, EPR derivative spectrum of Gd** in frozén aqueous

solution. (a) 0.002M Gd(ClO.)s, 0.02M HCIOy; (b) a+1.0M

NaClOx. Spectrum is centered on g=2,

1L A detailed discussion of linewidth as a function of D is given
by B. Bleaney and R. 8. Rubins, Proc. Phys. Soc. 77, 103 (1961).

the intensity of the spectrum. Complex formation with
the additive will decrease the amount of Mn(H.Q) 4 +
present, rcducmg signal intensity. ,

By comparing the intensity and clarity figures for the
different additives, we estimate that 759 to 85%, of the
Mn* * in the 2M HCl solution is a chloride complex. In
all the other solutions, at least 409, of the manganese
seems to remain as the hydrate which produces the
characteristic spectrum. This is true even for 2AI pyri-
dine and sulfate, which complex Mn*+ moderately
strongly in aqueous solution.?3

Subsequent to the concentration mduced by ice crys-
tallization, a solute may aggregate or crystallize, or clse
rapid cooling may trap individual molecules in a dis-
ordered phase. A disordered phase may be crystals of the
solvent (ice) or of other solute with the solute of intercst
occurring as defects, or the phase may be noncrystalline.

Noncrystalline (“glass”) regions will result on cooling
a liquid only if diffusion is halted by Increasing viscosity
before chemical equilibrium can be attained. Glass
formation will be favored if the diffusion rate is slow aut
the freezing point, if crystal nucleation is diflicult, or if
the rate of crystal growth is slow.!.1

The use of a mixture introduces a number of possi-
bilities for favoring glass formation: I'reezing points can
be lowered. Eutectic mixtures may be stable crystaliine
phases, causing crystal growth to be slower because of

- the more complex crystal structure. All rates of crystal’

growth will be reduced by the presence of foreign mole-
cules, which must diffuse away from a growing crystal
plane before a new layer can be added. The wmount of
intermolecular bonding not corresponding to a stable
structure may be increased.

By examining the availzble physicochemical data'®
with the above points in mind, one may explain rea-
sonably well the relative- effectiveness of different
additives in decreasing dlpolar broadening in frozen
aqueous solution.

The alcohols have eutectics below —100°, and a]so
have been found to have the greatest retardmg effect on
the growth of ice crystals {from aqueous solution.'” Ac-
cordmgly, the usefulness of methanol i in reducing scgre-
gation is understandable,

Glycerol, which is extraordinarily difficult to crys-
tallize, might also be expected to be quite effective. This -
compound is routinely used to protect biological cells on
freezing, and it has been proposed that its primary mode

2G. Atkinson and J. E. Bauman, Jr:, Inorg. Chem. 2, 64
(1963).

BF, Bjerrum, G. Schwarzenbach, and L. G. Sillen, Slabzlzly
Constants (The Chemical Society, London 1958), Part II

4 The kinetics of crystal growth are réviewed by G. H. Nan-
collas and N. Purdie in Quart. Rev. 18, 1 (1964).

15 Glass formation is discussed by R. W. Douglas in Non-

Crystalline Solids, edited by V. V. Frechette (John Wiley & Sons,
Inc., New York, 1‘)58), p 374. .

“‘_] ]mmlermans, Physico-Chemical  Constants  of  Binary
Systems in Concenlrated Solutions (Interscicnce PPublishers, lac.,
New York, 1900).

% C. V. Lusena, Arch, Biochem. Biophys. 57, 277 (1955).
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of action is prevention of cell damage due to greatly
increased ionic concentrations which result on freezing.!8
Glycerol is fairly effecting in sharpening EPR spectra,
but methanol and potassium acetate seem to surpass it
easily.

Solutions of potassium acetate are relatwely viscous,
and extrapolation of the available freezing-point data'®

places the eutectic in the vicinity of —70°C, so the-

clarity produced by this additive is not unexpected.
Sulfuric acid has five eutectics with water and seems to
confuse the water molecules successfully.

Dioxane and common mineral salts such as- KNO;
have eutectics only a few degrees below zero and are
expected to be ineffective.

More rapid freezing of the sample may help to reduce
segregation effects. The conventional plunging of a
sample tube into liquid nitrogen is convenient, but it

18], E. Lo-vel(;ck, Biothim. Biophys. Acta 10, 414 (1953).

requires several seconds to freeze a sample. Rapid freez-
ing techniques developed for the EPR study of enzyme
kinetics®*® can freeze an aqueous solution in about 10
msec. However, one should note that at —10°C ice
crystallizes at a rate of 70 u/msec??; this is sufficient to
allow considerable ice crystallite formation.
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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, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

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

As used 1in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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