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| THE GEOMETRY " AND mc'xmmc STRUCTURE OF BIOLOGTCALLY SIGNIFICANT
- MOLECULES AS OBSERVED BY NA’I‘URAL AND MAGNETTC OPTICAL ACTIVITY:
I, PROTEIN CONFORMATTON AND PLASTICTTY

11, mmmammmm INTERACTIONS

ITI. | ELECTRONIC STRUCTURE OF METAL PORPHYRINS Lo

!

mwam Alexander Dratz Lo
C v Department .of Chemistry

caet University of California
B . Berkeley, California

B 4;.‘:‘ Diffemnces m ghe ultmviolet optical xrotatory dispersion of the
allosteric enzyme aSpmate trmacarbaxwlase » pmduced by effectors
| which alter 1ts catalytsie aot:tvity, appear to reflect structural changes
‘in the pmtein. These alteratima of- ca’calytio activity in response to ‘
the effectors, 3ubstrates and inhibitorb > ser've an important metabolic
cmtrol mnction in the cell. . The conform&tional changes we have
detected seem to be related t:o the Gperation of the control function

and may be important mr & understanding or the mchanism of activity
. control in this enzyme. The observed changes are small but sig,nifican‘c
- and can be interpreted as a 5% dec:‘e(ase in helix ecntent upon maximal -
activation of the enzyma by substrate. :

' No substrate or inhibitor induced stmotural modit‘ications were
detacted in deoxycytidine mnophospante deaminase or in. carooxydisnm- ':
tase. By ‘the criteria of our m&summemts, the oxidized and t;he

reduced forms of cemxloplasmin have identical conformation,

/



”zhc stata of agg;mgatim of chlorophylls 1n solution, in cr'ystalrs
and in photosynthctic part;icles :la discussed m (‘ha.ptez' . Pvidence
derived from circular dichmism (CD) and abspr'ption spectm is used tc
" propoge a’ structure for the dimr of chlomph,;ll fomed in nonbasic :

‘ org;m:lc solvents. Chlorophy-ll uhlompnyll b and bac‘ceriochloropl'wll

in vitno appem:' to form dimrs of xaimilar 3tructure under the conditions

o mveﬁtigated. Aggregated chlomph.]ll exhibite a characteristically

' .shaped, double CD spectmm in the 1ong; wavclength ab*sorpticm band. 'I'be

"' €D spectra of photo»ynthet:ic mnbrane ﬁ'actions 1solated from higher

- 'plants and prwtoaynthetic bacteria au;qrest ‘chat some of the ;u« vivo
chlorophyll 15 a@;gzegatcm Investimtions of mmbvane 1am°11ae 180~

lated "mm ar mutant barley which contains no chlomphyll b reveal that

’ "'chlomphyll g - chlorophyll a mteract;icns am essentmlly mdependent
of thc pms}encc of chlomptwll and that: chlomphyll b~ cblompnyll b.

interactions are present 1n the ;lamellac of nomal barley.

The CD spectrometer cons‘cruct:ed for these measurements 18 described.
" The range of the instmment extenda m 220 mllimicrons to 1200 milli-
; micmns. Multd ple spectmm avcmging; mcmascs the ultimatc sensitivity
: oi‘ CD measurements to 106 optical density units, . ‘

- stutiv of the rnap;xetic cimular dichmiam (MCD): of por'phyr:lns 13

' pmsented mIChapter TII. The physical baain ot‘ MCD is explained by a
simple classical derivatim. A senﬁclaasical two-sta’ce model i3 developed
to descrlbe MCD quamitatively and to trcat the influence of electron spin..
* The polariza‘cjpn of the elesotronic tra:xsitions in met&l, free protopor-
phyrin are assignedr from the MCD spec;.zm. .Thc MCD end absorption

properties of zmc(II) porphyrins approéch those expected for a free '
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electren in & -vcichlér DOXy 'me magnetic fleld spma omtany

degenerate porpm excited states: Por the zinc porphyrins,

~orbital. angular’ momenturg of 6 5 1s found 1n the 1owest energy absorp—-

I!i'

tlon band and 0,8 in the Soret band, whemas '9 and ‘1. ‘are predicted by the f'ree

electron model. - There 1s a wore pmnmmcéd departum from the f‘ree

electron model i‘or othep transi’c.ion mtal porphyrins. The orbital -
angular mnxanta of the lowest energy bands m:'e: co’ppéf(ll) s 0.0

.silver(II), 5,33 nickel(II), 4 H cohalt:(II) ll 6 and iron(II), 4. O.

A de’cailed interpretation of the metal porphyrin MCD 1s accomplished by

“the use of molecular orbi’cal theory. MCD experiment on iron porphyrjns
" and heme proteins 1ndicate that the magnetic orbital splitting is sensi-

tive to lip'and coordination &bOVe and balow the ircn porphyrln plane. .
A brief eva}.uation of the poasible mture usefulness of MCD in
chemistyry and bilology is :includedo
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_ . The f‘irat shot;s have been fired :m the melution that 18 encom-
Af’passinp; mdem biology, . Infmtion on. t:he stmct;nre and function
| .iof cell components is becoming available which indicates that the
X .ecell ean‘%’.be'explained entim'lj in chemical ar_ud,physical terms - the
_.vitalists are retreating, The broad outlines of the DNA-FNA-protein
. mechanism of celluler information storage and retrieval seem well

.'v','.'established. However, it 1s obvious that there are numerous unsolved

. or untouched 'problems in every area of blology. A few outstandina

| examples of these problems ares _the control of metabolism, the mechan~

ism of" diffemntdation, membrane phenomena, 1eam:!ng, memory, the

_immme reaction, the light reactions in photosynthesis and vision. - )
Clearly,, one of the mture directions for chemiatry lles In s
- attempts at achievﬂng a molecular mdamtmdﬂm of these biolog,ical

| pmblems.. The ehemist &ho ia 80 bold as to study such complex

biological systems can proceeid m one of two ways, He can, ttmgh
cell I‘ractionation, break a conplex cellular gystem 1nto simpler
parts (physieally or by specific inhibition). Or, by building sixrple'
model systems, he ean éttempt to mimic interactions present in the
cell, K / K |

The study of the structure of the results of cell fractionation .
or model building ogn be appmached with the help of certain types

of physical tools. These physical t.ools rall into three general
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- types:.- :émé'tterﬂ.ng; b:}dmdynamic' and spectroscoplo.methods.,

- Seattering methods, such as x=-ray diffyaction off electron micro- .

-. SCopy mquim‘. solid samples in nonphysiologleal eonditions. Desplte
| this disadvantage, scattering methods have been responsible for much |
;of‘ the hard infomatlanvthat. we‘ now have gbout the cell and“céll com-
'poneni:é. Some outatianding em@lés are the x-ray structures of DNA
 (Watson, Crick, 19633) and of myoglobin (e.g. Kendrew, 1962). The

- detalled piotures that result fmm these techniques will undoubtedly

o éontinué t«.} add immeasursbly to the study of cell cbnponents. '

Hydrodynami ¢ methods, such an sedimentation and diffusion, can .

 proceed under mré; physiclogleal conditions and are sensitive to

: gross shape, gize and dénai’cy of mlecu\lasl and aell particles. A
proof of the senﬂ,consemtive replication of DNA (Meselson and Stahl,
| 1958) is an example o!‘ the important results that have come from
, .-sedimm_atipn methods. Hydrodynamic methods , together with chroma~

. tography, are the basic seperation tools used in cell fracticnation, .

.Spectroscople methods measure ebsorption, emission and refraction

. of li@)t (where 1lght is taken to mean electromagnetic radiation
. from radlo waves to x-raya), : Ge'nérally, these measurements can be

- . done in sclution reasonably élosev ﬁo physiocloglical cond;.tions. | Spec~ .

troscopic methods tend to be 'senslt;ive to short range interactions,

'such as nearest neighhbor interactions In polymers. .

Spectmacopic methods usua.‘lly are more dlfficult to undemtand

1ntu1tively or to interpret qumztitatively than acattgring or hydro-



o dynamica. 'I'he specbmscopie phenomna are baaically quantum mechan-

ical 1n na’cure while scattering and. hydmdynamic phenomna are classi-
cal, ’I‘he thecmtical ﬂ:r'oundwork for interpreting the spectroscopic
'vproperties of large molecules 18 only partially developed., However, :
in most cases , the theoretical basis 1s sound enough to sewe as a
vguide to an empirical approach. “pectmscopic methods have a tre-
" mendous untapped potential and are affording more and more detailed o
| ,s'cmct:ural mfomtion o materials in solution (e.g. Cantor, 1966).
The cbemist studying a complex biolog;tcal structure nust use any . . -
and all of t.he tools mentioned abovee when they are helpful Each
peneral class of toola requims oertain Bpecial knowledge and exper-_.' :
: \1ence, and it’ is a rare individual who 1is Lr*uly expert in all. We |

. have chosen to cmcentra’ce on the spectroseop;ic approach to the study

of‘ materials extracted from the cell (Chapters I and II) and to study
. mdels of biclogical materiala (Chaptex's IT and III). |

‘REFERENCES
~ Cantor, C. R, (1966)._4 PhDo 'Iheais, Unlvemity of Calif‘omia, Berkeley.
_ University of Califormia meence Radiation Laboratory Repor't 16701.
Kendrew, J « C. (1962).. Brookhaven .a,m:osiwn in Biology, 15, 216-228
" Meselson, M. and P. W, Stahl (1958). Proc. Nat. Acad. Sci. 44, 671,
Watson, :T. D, end F,H.C. Crick (1953), Cold Spring Harb., Symp. in
Quant, Bicl, 18, 123-13L, | "
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) IN’I'RODUC'I‘ION ‘ ‘
This thesis describes ‘experiments using absorption and refractim

'ot‘ light to study some aspects of biologlcal structure and ﬁmc’cion.

More particularly; we place emphasis on optical activity techniques.
Louls Pasteur first realized that biologlcal specificity resides

- at the same level of molecular structure which gives rise to rotation

of plane polarized light,  Pasteur found that certain Substances could
exist in 1someric forms that differed only in thelr effect on 7p:olarized

‘1ight and were indistinguishable in chemical composition and other

physical pmpex'tziess0 Some lsomers mtated polarized light to the right,
some to the left, and -8ome x'otated not; at all. Synthetic organic chemi-
cals were formed as a mixture of these 1:somers and had no optical activity
while the natural products were usually formad as a single Isomer,
Pasteur found that molecules had a three-dimensiongl stmcture and that’
the optically active isomers were nonsuperinposable mirror images of one
another IR
- A1) artificis}l products of the laboratory . . » » and

all mineral specles are superposable on their imeges, On the

other hand, most natural organic products . . . . the essential

products of life, are dissymmetric in such a way that their

m;;,es cannot be superposed upon them,"

(Louis Pasteur, Alembic (:lub Reprint,
4, 43, 1860)

. One of Pasteur's moe’c striking expe’riments- on the faiologiéal imp1d-
cations of molecular dissymmetyy was the i‘ementation of‘ a mixture of
left end: rip;ht tartrate with yeast. The yeast ate only the right-
handed tartrate and growth stopped when the right tartrate was depleted,
leaving a solution of the left 'cart:rate.



~ Pasteur's molecular disaymetry work laid the fomdation for stereo-
chenﬂ.atry--the concept and study of the three~dinmsional structure of
molecules, Le Bel and van't Hoff soon proposed (1871#) the tetrahedral
carbon atom on the ba.sis of optical activity considemtions. Wemer"‘ |
brilliant work on the stereochemistry of metal complexes was not widely
accepted untlil optically active complexes were predicted anc_l pmpared
(Werner, 1912)‘. However‘,' aﬁ?e_r this spegtacglar=:beg1r;ning, opt‘ical
.'(activity methods fell into disvuse‘ except in the fleld Qf sugaf chemistry.
e '.other rajor céntribution to the 4b¢g,_1_xm';mgs of optical activity
" research was the work of Cotton (1896), Qho anticipatéd the close rela-
tionship betxéeen absorption and 'o.pt.‘i,cal activity. Cotton observed a
change of sign in fota’cion at the abaorpt;on p.ealctof ce_ertain compounds
and discovered the phenomena of cimuléf dichroi;sm (the differential
" absorption of left and rigm dii'cuiar liéht) in the sbsorption region
of the same conmomds Both of these phenomena, circular dichrolsm and
| the change in sign of mta‘cion at an absorption peak, have been called
| "Cotton effects,” Optical activity measurements in absorption regicns
are relatively difficult and were n?t pursued experirxpntaily to any
great extent until quite recently., Now, ineasuremnts in.absorpticﬁ
regioﬁs are the basis of optical ;étivity research and are largely
x-esponsiblé ro;- the rebirth of optical activity as a useful tool
(Djerassi, 1960; Mason, 1963; Velluz, Llegrand end Orosjean, 1965).
The early ‘work brieﬂ.y deacribed above 1is very beautimllv and thoroughly
recounted by Lowry (1964), _

Most cell components are found to exhibit optical activity. Progress
in biochemistry has brought us new 1s01ation procedures for complex,



| o R 3
_sensitive blologleal miéc{iiéu‘ and pai?tsiciee. And the availabnitv of
| relatively pure cell compment.s has m tum made 8 detalled attack on _
_the c}mllenginp; pmblems of' bioloy,ical struoture and functl ion possible_°

Optica.. gctivity mtrmde gre taking an increasingly larger role 1n ﬁhe.‘

| study of the conformaticn vof.pmtéins (e«g., Urnes and Doty, 1961),
" nueleic acids (e.g., ‘Car’atér, 1966) end metal complexes (e.g., Mason,
o 1963). - L o |
' - In Chapter I we present a study of model polypeptides and isoléted
proteins wit}; réépect to the -importance of protein flexibility in cata~
lytio actﬂ.v.‘:t:y and metebelle control. ‘Chépteﬁ IX Ais a study of the state
. of aggrepgation of chlorophyll in solutian and in isolated photosynthetic
‘.;'; o | particles. 'l‘his chapter also. 1ncludes a detalled discussion of the Instru- .
‘ | mentation reQuimd for cireular dichroism measurenents. | |
o _t o The basic requirement  for opb cal a"titrity 15 that the molecule or
-  aggregate of symwetrical molecules have no point or plene of symmetry.
- Unsymmetrically substituted tetrahedral c:ai'bm, a hellx of one sense,
i | _ a symmetric chromphore 1n an’ asymmetric fleld, are exarmples of opticzilly
| 'ax:tive structures, A relatively small class of asynmetric compounds can
be studled by conventional optical activity methods, However, 1t has
been known since Paraday that a magnetic field induces optical activity
in 811 matter. Chapter III attempts to determine whether useful struc-

- tural infomatim can be found by the study of magnetie optical activity.

g | . ’ "'he problém is trea.ted on a simplified theoretical basis and magnetic

| ¢ircular Vdichrpmmi experiments are presented with particular gntphasis

on the study of retal mrphyrinﬁpeétm.‘

§
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1. Pmm conmxwmxow AND PLASTICITY
| A Intmduct

‘ The themdynamic hypothesis ’chat: the 'chree-dimensional stmcture

_ v . of a protein is determined by the aminq acid sequence seems well 'estab-
do lished (Epstein, Coldberger and Anfinsen, 1963; Wnitney and Tanford, .
e 19653 Schachman, '1963). The particular conflguration'that a protein

‘assumes appears to be t:he cont“iguration that is themndynamically the |

L : . © o most stable., However, the thenmdvnamic hypothesis does not eyclude

'\ the possibility that there may be many three-dimensional forms of & pro-
tein which Alffer only élié;hi;ly in free energy. Within thermodynamic

~ and energetic limlte;tims s a protein may ha.ve considerable freedom to

o | L reverpibly deform into many donfigv.matior;s under the influence of sii{z;ht

| envir;:nmntal ch'anges.. ' ‘v | ..

In recent yea.m several workem have proposed that proteins do not

' . - functlon as envisioned by the classic rigid terrplate (lock and key)

. o model of Fischer, snd that protein_. plasticity mey be mport:ant; for |
bioiogiéal sctivity., The émcebt Bf prbféin "config;urationél adaptability"

" was proposed by Karush, in 1950, to explain the binding of small molecules
by serum albumin, In the presence of a specific small molecule, a partl- -
cular conformation of the protein was assuméd to be stabilized by virtue

e o of the mtaraction between the bound mlecule and certain groups on the

protein, Koshland (1958) proposed pmtein plas’c:icity as an explana’cion

v S for anomaiows kinetle and binding deta found with certain enzymes. This

"5.nduced fit" of the substrate 1nto the pmte:ln might - be: useful » Koshland
suggested, 1r the binding; groups were mxtially on t.he "outside" of the
protein and accesss.bla to the environment, and that upon b.’mdingr of small

R iRt S -
Tt et

R



molecules the protnm mrolded, pmtectmp; reac’cive Mtemdiates in '
) -the enzyrm reaction from the env:lronment (Kc:shland, 1962). | |
It was firsf):bsewed in studies af hemop‘l.ob:m that t;he bindin;r of
. a 1igand at one site affected Lhe l‘i.gand binding at other sites (Wyman, .
| :19148). And the idea that the binding site 5.nteraction was medlated by
| " & protein conf'omational chang;e was proposed. (Wyman and Allen, 1951).
Recentiv, ruany other proteins have been shown to exhibit binding site
| ‘Anteractlons of a similar type and Monod has yeneralized these observa—-
: >'tions in the conecept - of‘ the "allosteric pmt.ein" (Manod Chang'eux and
Jacob, 1963), In this view, the binding of a ligand- brings about a
protein confomational ctmnge which leads to altemd chemical properties
(ligand af"ini‘ty, catalytie antivity) Peedback inhibition (Umbarger', :
19563 Yates and Pardee, 1956), which ocours when the first enzyme of &
biosynthetic pathway 1s mhlbited by the ultimate product of the pathway, :
18 éxplained quite nicely by the allcsteric protein concept. The unique
kinetic behavior of feedback inhibited enzymes, the observatlon that the
control function could be irrpaired ﬁﬁhout loss of dat&lytic activity,
and the fact that the inhibitors were orten sterf,ically quite different
than the substrate (e.g., Gerhart and Pardee, 1963), suggests that a
| protein conformational change mediates the substrate-inhibitor site
[ interactions (Monod, Wyman and Changeux, 1965). | o
The suhstantzial number of enzymes which have 'clearly been shown to
have f‘eedback :mhihition and acceleration pmperties seem £o be 1arge1y
responsible for the short term control ot‘ cell metabolism, atabolism
“and synthetlc reactions (At kdnson, 1965; Monod, Wyman and Changeux, 1965).
The allos‘t:aric pro’cein has also been implicated in the contml of genetic |



EE

- vﬁranécx"ibtion‘ (wa‘f‘f," 1966),  The repx‘eésarés 'cqn‘tmll_,ing induced enzyme

synthcsis, that are aupposed to be res pons‘* ble foi*'lor‘g term control of

the cell, have many of the chamcteriatics ascribed to an allosteric

enzyme. Obviously , the econcept or the llosteric‘enzyme 18 very

" tmportent and the detailed mechanism of 1ts control operation deserves
' t‘urther atudv. |

The theory of the ﬂexibility ot‘ the allosteric enzyme iB based
largely on kdnetic and other m&irect evidence. F\wt;her, the maj ority

of enzymes do not show mu.ltiple gite mt@ractions s but may possess

‘ "induoed [t types-of plasticity. The goa,l of this wor'k was to seek

some direct pmrsical changes in peptide structux'al lntera(.tions which

were correlated with chang_r,ea in catalytic activity and qubetrate binding.

The first requirement of this work was to do these :anestigations on. -

dilute water solutions tmder conditions where subtle effects of envirém

“ment could be varled easily., Optical’rotatory dispersion (ORD) studles
- of polypeptides and proteins have been shown to be sensitive to the con-
formation of polypeptide chains_l (Urmnes aﬁd Doty 1961).‘ ORD work can

proceed in dllute eolution _andv seexried the method of ghoice for these
studies, | , , '
Visible and ﬁear ultraviolet ORD étudies of polypeptides, reviewed
by Umes and Doty (1961), indlicate that"'tﬁe CRD depends primarily on
peptide. conformation end is largé,ly iﬁdependent of amino acid Vside chain '
constitution, except for the steric limitations presented by some side
chaing (Biout:, 1962). ' More recent expefimental work of Blout, Schmier
and Simmons (1962), Holzwarth and Doty (1965), and theoretical work of |
Woody (1962) and Schellman and Oriel (1962), have put the understanding



o ‘of‘ polypep'cige ang, protein optical activity on comparatively fim empiri-
‘cal and theomtical mund. W:Lth ‘chis encouragrement,, vie may proceed with
. some care to use ORD to mves’cigate plasticity in protein struntureo
One ma,in limitation of this work was the mther strict r‘equirerr\ents

' of enzyme puritv and stabllity. Crude homogena,tes or partially purd fied '

: '_.enzmu suf‘f‘ice for kinetic studies but: are no'c suitable for optical work. '

At the time this investipation was done, therve was really only one allo-
;-s‘ceric enzyme with sufficlent purity for study. We were able to obtain
";'.'. some of thisA r@:eriél s 'aax;).ar‘cate traﬁscaxbai@lase (Gerhart an(? Pardee,

1963, - o o

Ve also attempted experiments with deo;wcytidine mnophosphate _ A

' "‘"_;deaminase, which shows some specta,cular kinetic effects (Scarano, Geraéi,
{ ’ !

""" Polzella and Campanile, 1963), but 1t was too impure end unstable in our .

hands for reliable study by these methods, - We studied carboxydlsmutase,

‘& multisubstrate enzyme that was avalleble in a high state of purity

~ (Trown, 1965). | The kinetics of carboxydiswﬁase seemed quite normal,

| and we wanted to investigate the possibility of induced it eff’ects in’

" this cavse,., 'me copper tr‘anspart; protein,, cemxloplasmn s Was- stud.;cd

" because of independent physlcal evidence that it changed 1‘t:s conf‘oma-«-

tion when the copper was reduced (Blunbers, Elsinger, Alsen, Morell. and

| Seheinberg, 1963). | ' |
Phys:lcal chang,es induced in aspamate transcarbanwlasa by allosteric

irmmi,tcr and substrate are considered first in some detall. Next, we

treat more briefly the other proteins in which no positive er‘fects on

conformation alteration were f‘omdg ‘



" Fnzyme properties

'B. Aspartate Transcarbamylase

Aspartate transcarbamylase (ATCase) (Gerhart end Pardee, '1963) is

| ~ the first enzyme in the pyrimidine blosynthetic pathway and 1is one.of

the best characterized examples 6f‘ an allosterlec enzyme. Aspartic‘acid
and carbaryl phosphate are coupled by MCase to foﬁ carbamylaspartate,
which 18 transformed by a serles of .eniymaf:ic reactions to the pyrimi-
dine nucleotides, uridine triphopshate (UTP) and cytldine triphosphate

. (CTP). As first shown by Yates and P&fdee'(1956) » cytidine derlvatives

exert a regulatory influence upon the activity of the enzyme In whole

. eells and in cell extracts., Kinetlc messurements on purified ATCase
- show that CTP binds ﬁeversibly at a site distinct from the catalytic

éite s 8nd Inhibits the enzyme by reduciqg; its affinity for the substr'afe
éspa;tate (Gerhart. and i’amdee, 1963). | The level of the ultimate product,
CTP, is controlled by feedback inhibition of ATCase. |

At pH's lower than 6.1 ATCase shows & ﬁomxal nyperbolic dependence .
of reaction velocity on:substrate ‘con_centr.ation (Pigure I-la). However,
ATCase has a sigmoidal substrate saturation curve for aspartate at pH's
p;reatei‘ than 6.1 (shown in Flgure I~la), Indicating a cooperative Inter- '
action between eatzalyt:ic. sites—i.e., A'I‘Cfé'se increases its aspartete
affinity with increasing aspartate cmcent;ratim, CTP and pH modify
the substiate site interaction as evidenced by their effect on the sub-
étrate séturation curve of ATCase, émwn in Figure I-la, Cooperative
ﬂn’ceract}.;!.ons between catalytle sites and the modificatlon of this Inter-
action by CIP are examples of indirect interactions between binding sites
¢hat are characteristic of allosteric enzymes (Monod, Wyman; and Changeux,

1965). Tt is quite striking that the cooperative substrate site
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. Flgure I-la. V‘I‘he effect ox“ ch and pH ¢ on \ the reaction velocity
LT substrate dependenc.e of ATCase. 3.6 n1 carbanwl

" '-’_?."_-v'pn 641y s PH T OF pH 6.1 plus 2,10~% ¥ CTP
[ pnas vos o A1 Of the curves

S (except the pH 6. 1 plus the 2,10~ M TP curve)

are ta.!cen nmm)ﬂerhm and Pardee (1963). ‘e -

e arrows on the graph are explained 1in t;he text, ', f:r._ .
Fim I*Jbo The effect of the substrate analog, maleate. on

the reaction velocity of A’I‘Case. 1 mWi aspartate » R -

3 6 mi earbamyl phosphate and 40 mM potassium phos» L

©1963.).

L '( phosphate and 10 it bu.ff‘er pmsent in a1l samples. o R

, phate, PH 7. (Curve taken from Qerhart and Pardee, ) - L
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" interaction ‘allows nonmacbivé substrate 'aﬁélcgs that are simolé competin .

tive inhibitors at high. concen‘trations to acti.vate the enzyme at low
concentmtions. ‘Figure I-1b shows the activation of ATCase by & non- |

' reactive suba‘brate analog at low concentratims and the conpetit.ive inhi-
~bition at: high econcentrations.- ueveral substmte analogs show this effect.
- The kinetic effe»cts, in sunm&ry, am as followss CIP prornoteu a

': vdecmase .’m ATCaBe a af‘f‘inity for aspartate vhile substrates, substrate

" analogs, and protong increase enzyme aff‘inity for aspartate. At a g*’ivcn
‘y, aspaz'bate concentmtim, the asparbate afﬁnity of the enzyme’ determines
vthez cat:alytic activity (reaction velocity) of ATCase, The actlvity

- changes at a flxed aspartate concentmtion are represented in Figure I—la
by the armws showing the direction of' the aet,ivity shift upon addi’cion

~ of CTP and HY,

Materlials and methodﬂ

All chemicals were .cbtained comxfraerc:1.&3113.3'a The wd1® salti of poly-;-b-
glu'carxﬂc acid, supplied by Mann Researchg Inc. » had an averafre degree of
polymerization of about 180, estimated by tha intrinsic viscosity in |
0.1 M NaCl. The poly-I~glutamic acid concentration wes estimated from

the dry weight, assuming one water of hydration par residue. ATCase

was a gﬁ‘t from Dr. John Gerhart. The enzyme assay (Cerhart and Pardee R

1962) and method of preparation (Gerhart and Schachmen, 1965) were pre-—
viously deséribed, All enzyme solutions contained 2 mM mercaptoethanol
and 0.2 mg_w, EDTA. Potassium phcsphate. was used for the pH 7.0 and pH 6.1

buffers, while Tris HC1 was used for pi B.6. The buffers were 40 m} for

the kinetic measurements and 4 mM for the optical measﬁremnts"below

240 my. The enzyme concentrations were determined from the absprption :

e



NN T

V__’at 279 mu, using l mg/ml = 0 59., The average residue welght ("3 of -
- ATCase was estimated from a preliminary andno acid analysis (Gerhart
and Schachmen, 1965b) to be 120, |
" Optical rotatory dispersion measureqehfs utilized a Cary. Model 60

recording spectropolarimeter. Thé rotatioﬁs were 1ndependent of slit 3

e width and the specific rotations were 1ndependent of the (concentration)>'

(Path length) product over & ten-fbld range. Lamp position adjustment

: ‘and slit width adjuatnﬁnt were made for minimum noise level at the wave~ ;

: ‘length reglon of 1nterest.A When the Cary 60 spectrooolarimeter 13 '

; prOperly adjusted and warmed up, the 1imiting factor in reliable obser- :
'vation of small rotatory efTbcts 53 usually cell quality and cleanness.
The cells made by Pyrocell Incsp were selected for minimum birefringence
;nd were cleaned inside and out by soaking in concentrated: HNOj-Ha Oy
- (50/50 bv olume) and by a one-minute exposure to MeOH-3 I KOH (50/50 by
volumsa)= when properly cleaned the cella ‘could be removed and replaced
1n the polarimeter with no observable change in the rotatlon (< 0. 3 milli-v'
. degree at most wavelengths of interest) Cells‘of 0.1, 1.0 andvlolnm1"
'pathlenpth were used._ | B ' ‘ .' n

Al measurements were perfbrmed at ﬂ 5 % 1,00 to retard the decom-

:position of carbanwl phosphate. A special thermosta&ed cell holder was
‘built for the Cary 603 Copies or this very sinple device have success~

| fully been used in several laboratories because 1t affords satisfactory , -

temperature control and excellent reproducibility in cell positioning°.
An alumdnum block 18 bored with & 22 mmn hole along the 1ight path and -
reamed o smoothly accept standard 22 mm O0.D, cells of up to 10 cm path«.'.}

‘1ength. Water ohannels are drilled in such a way that the waten passes »



BN R  '. | o 13
completely amund the sample well 3~5 timee. The details of 'chese chan-
nels are not criticalo , 'Ihree rounded feef: fit into the kJnematic :

" , ,momting points on the Cary 60 when the samle elevator 13 lowered°

A water\-antifreeze mixture is cir-culated ‘chrough the water chanr'els
from a rerr'i;rerated bath at about o"C, and the sanple temperature is
‘ measured in the solution with 8 glass covered thermocouple, '[he
themmcouple wires pass om: through a Bendix connector in the top of .
the sample elevator. | N o
The specific rotation masuremnts for dif’t‘erent samples. at the
. same solution conditims var*iﬁd 1 to 2% due to vollmxe‘cric errors m
'sample preparatiom This variation of specifio rotation Trom sample
. to sample was too larp'e to pemit a satisfactox'y detem_nation of the
| ‘.'absolute specific r'otations of the enzymg in the presence and absence} )
. of effrsutors, However, we could deﬁermine tﬁe relative rotation in the
) presence and absence of . effector by a titration method. For the 'cit*‘a» o
 tion experiments, 2 to 3 ml of enzyme solution was pipetted into a O, 1
| - or 1,0 mm cell and the ORD spectrum masured, . F.ive to: 20=~1amoda a.liquo»s :
of concentraﬁed effector solutions, previously adjusted to the appmpriate'
PH, vere added with a micropipet. 'I‘he enzyme solution was mixed by slow
inversion of the cell and the ORD spectrum measured. Corrections f.‘or
dilution and cTP mtation were applied., _ ‘I‘he mamitude of rotation at .
_‘ selected wavelenp'ths was most precisely determined by chart recording of
the rotation ‘at. each fixed wavelength I‘ov extended periods (ca. 10 min)
with a '10 or 30-second pen-time constant.  After running a spectrum th_e
peak and'i treugh wavelength points were rcpeated end 'che rotations were

unchanged withlin the noise level in gll céses. The specific residue



)

_‘ mt:ation (R') was calc:ulated according to tm relations

(R) _'__§+2 | lc | __mlOO- o ,wher’e“___“‘.,.

‘ u(;\) = obsex'ved rotation ;m degrees, 1 = pathleng'th 1n decimeters ’.
\c = concentratjm in gframs/’ml, W= average: residue weigrht,, and n =
o mf’mc‘ctve index of the. moluticm at wavelength of meaourement, . The’ '
mfractive Index of water at 231 me (Internetional Critical 'I‘ablés, 3
© 1930) and 20°C was- used for all wa'velehg;tkés, The Lorentz factor, o
| 3/(n@ + :2)9 fo r Hzo st 231 mu is 0.7635.
Absorption meaourements utili:’ed a No~ ux'g;ed Csx'y Model lb spec'cro-
photometer. Absorption,spectm were _ta}ten mlative to a buffer solution

- of :Lc_lentical concentration. The phosphate vbu'ffer uged for the far w

. absorption measurements had a maximim absorption of one at 180 my in & '"

. 0.1 mmeell. ' o o | L e
Helix content of ATCase S | | ' o

, ORD has been shown to be sensitiva to protein and polypeptide '
secondary structure (Urnes and Doty, 1961) HBelices, coils (Blout, uchmier
vand Simrons, 1962) and § linkages .(I:l.zuka and Yang, 1966) glve distinct ;
dispersion curves in the region of peptide bmd absorption from 180«2140
mu, At the present time ORD is largely an emplrical tool, and simple
polypeptides of known conformastions are used as models to commm to _
proteins of m}mom conformation. |

TFigure I-2a shows the ORD of pely-.L»glutamic acid (PLGA) m the
heiical and coll confomatiom :Ln the region of peptide bond absorption, ,
‘The ORD Eapectra are strikingly diffevent. At low pH (¥ 4.5) the carboxy- K
late g:méups on the glutamic ecid side‘ chang ‘.aré largely vmchzm.::ed and -

‘the helix form is stable (Urnes and Dotys 1961). At higher pﬁ, the ‘
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Fig;umﬂ..é Opt:!.cal rotator'y dispersion (ORD) and absorption.
L -f‘a) ORD of Poly-»L-Glutamic Acid, pH 4, 3, helix
- fonn (no added sa.lt) |

’ form,‘

o A‘j"'c‘) ‘\'ORD of‘ ATCase, pH 6 1 t;he aver'age rvesidue |

A ;weight: 13 taken as - 120 g/mlm The dotted R
'. ) portion of ‘the curve ia in a reg;lon of ver-y
é' ‘ '.high nolse 1evel and 13 much lesa mliable
o then, the o’chev aata. = |
) Absox'ption of ATCase, 2, 08 mg/ml, pH 6.1 m
C ;a 0.1 mm cell nmeasured v, buf‘f‘er.

i)
1
}

; b) “ORD of Poly«L-Glutamic Aeid pH Ts r‘andcym coi]_ R



y "carboxylate groups oh the elutamic acid side chains becém negatively

. charged and the charge repulsions break the helix and form a coilq, Simi-'
- lar PLGA ORD curves, differing slightly in ‘magnitude, have. pre**iously '
been publi.;hed by oth@r workers (Blout: et; al. 1962).

Figure 2c¢ shows the UV ORD of ATCaseo The spectrum is very sim.lar
in ‘shap;e to that of helicai-PLGAx, but the megnitude/residue 1s much
‘emaller, The OB’D curve of ATCase 1s fit very well with about 377 of
| “the PLCGA helix specu‘ic residue rotation with no contribution from ‘che

nonhelical residues. Figure T-3 ohOWS 8 p_lot comparing the OBD qf 1‘.&\;;,,;-5
wit";}h 0.37 times the PLGA specific*rgsiduc: ‘rotation. The only apbi*egi;%bﬁ'le
- deviation between the two curves is in -_i:}ﬁq__"'x‘egion.between 225 and 205 mu,
This small .deViat;ion] is. thought; to ;.‘%‘f..Abe‘,c:iuéf,to’.an almost conplét_e' cancel-
lation of opposing contributions of the ?oéton effects of the 'ya'rio,us‘
| nenhelical 'résiduesb, Some nonhélical ‘reéiéues may contribute posi’cive :
rotation and othem -negative rotation, 1eading to & cancellation, tinfd?_rw o
tunately, there is a‘lxmst no date en the UV ORD of’ mcharged peptide
derivativeso Amino acid. demvatives like: '

R'~€~L€»¢~¢—N~(R")2
‘ HH | |
(where R 1is the amino acld sié{e chaln end R" and R' are mcthyl p'r'oups
or derdvatives of methyl g;:'oups that enhance wat;er solubility) would be

usef’ul models for nonhellcel amino acids m pmteins, Insa study of the

for UV cptical activity of myogr,lobﬂn using circular dichroism, ~I~Iolzwaz't:h

an¢ Doty (1965) have f‘ozmd a ijnilar cancellation of the contributions |
of the nonhelical residues, In the case of myoglobin, the circular

di"c;hroisﬁs can best be it ‘by 70% mOdel__ polypeptide helix dichroism with
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no contrlbution from the nonhelical residues (Holzwarth 1965) :

| ‘ conclude that to a first: approximation, 37» of the residues of A'I‘Case

~are in the hellcal cmfomatiom

C;everal other methods are available foz' helix content estmation

o from ORD data (Schechter, Carva and Blout, 1964; Sogami, Leona.rd‘ and

- Fost‘er; 1963). The other t;reatments' of thie problem rely on the mono-

| tonic visible and near UV data, and we feel that the most reliable 2
'mthod should ‘be the direct obsewation of‘ the peptide helix Cotton eff‘ects
‘as done here, 'I'he exact absolute va_.ue oi" helix content of ATCase is not
\, of prime ixrpor'tance in our work and f‘urthemres we did not- wan‘c to use

the large amounta of material required for precise visible meaoummentsa

 None of the methods oi‘ helix ‘content estima’cion are really satisf‘actory

for proteins with low hellx contem, since local charpe and dipole flelds

- (Tinoco, 1962) from reglons of‘ the protein wrapped arotmd the helical

" McCebe (1965).

‘,semnents are rtot present in th& mference poljpeptidese It should be
W vrmntioned that PLGA may not be the ideal ref‘erence material for helix |
| B Acon‘;en‘t estimatlon, and these pmblems have been discussed py Yang and o

The helix ccmtent of pm’ceins can also be estima;:ed from the hypo-»

‘chmmic effect that the helical confomation exerts on the ultraviolet
peptide- bond absor'ption (Roserﬂueck and Doty, .1961). This method a.{gr'ees
'we"l with "ORD in the case of simple polypeptides and same proteins, The
uge of this method for proteins is complicated Lty the contribution of
'aromtic amino acid side chalns, as well as arginine, methionine, cystine,
amlde and carboxylate groups » to the absorption in the reoion of peptice ‘

bond abs{orption. However, this approach is attractive because 1t requires



very omall anbmtﬁ,s. of r’nateria‘l', and we .félt that ‘more cases should be
tried to fully explore its possible usé‘mlness. The side chalin contribué
B tio’n to the absorption of ATCase was estimated from an amino acid énalysis
'(Gerhart and Schachmen, 1965b) and the -amiﬁq acid side chain eitincticn
qi " coefficieﬁts given by Roéenheck and_Do’cy (1961). A tai:uiatioﬁ @Df mole
» _fractions of amino acids :and‘their extiné’;ion coefficlents 1s giiren in .
~ Teble I. The a_tjsorptioﬁ .spectm of ATCase is give‘n.in Pipure I-2d. The

' ihelix' content of ATCase was estimated by the peptide hypochromicity to be

95% at 190 mu, 51% at 197 mu, and#B%éi: 205 my. The 190 mu point ‘has

~the largest relative correction for side :chaih ebsorption and is least .
trustworthy. - The 197 mu polnt has the smallest relative cor'réctioh, and

: ‘Rosenheck and Doty (1961) believe 197 mu to be the most vreliable.“”

The peptide hypochromicity glves a value of hellx conten'c for ATCase

Jarger than that predicted by ORD, If the 190 my polnt is neglected,
the pep‘bide' bond hypochromism indicateé about 50% helix. This is |
acceptable agreemnnt with the ORD valuo of“ 37%. We consider the hypo~ :

chromism value as the less reliable since the side. chain as well as the |
. .peptide bond absorption_ may be considerably perturbed by the mvironmt
inside the protein. | | .

Substrate and inhibitor-induced chanfres in ORD

The entlre OI?D curve of ATCase chanpes in magnitude when CTP, sub- '

 strate /ana’logs , or protons are added to the enzyme, The observed changes

. are sma_l]if (about 5-6% maximm) but cen be measured over most of the wave-

length x*ang-e of interest,  Table II shows the speclific rotation perff

- residue of ATCase at the trough of the 233 mu Cotton effect in the

presence:’ of various substances that affect 1ts kinetic behavior. We use.
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Table II, Values of specific residue :mt:ation of Amc:ase ot 233 mu in

various 901utions from a typical experiment, The 4 values are the

‘diffefences caused by solﬁtion alterapién.w All experdments show the
" same trends of effector§induceé changes in the rotation. Thg_e;fors

shown In the table are_thé observed noisg.level in theAORD spectrum.

Sample - R [R ]233 mu
o pHm 6,10 | | . s2u0% }
' " K ’ ¢ . A= 90
-'_nnu61+1o~’4mm> S . 5330‘*
L S R Lo . ”. A= 350
_ pi=85 Lo 5,590k }
WL cTpH= 8 545 m succ.‘mate and 3 mM cam, Pou 5,380 :t 20

| . 233 nyiis a convenlent wavelenrth for tabulabing the ORD chanpe bec&use

i?‘ _v,.: ",5‘ . the relativeverrors areulowest at this wavelength. These measurcments

N were repeated seversl times-and always showed, the trends Indlcated 1n

" Table II; however, the vafiaﬁions ;n thé observed differencés'were‘large
enough to make the magnitude of the chenge uncertain. We found that

| - -titration of the change in optical rotahion shows the rotational ‘changes
clearly (see the Materials and Methods section) | |

_ Pigure I—ga shows the change in ATCaue rotation obhserved upan addi—

tion of small aliquots of a concentrated mixture of carbamyl pbOQphate

. and succinate, a nonreactive substrate. .anelog that 1s bound to the

enzynm ”he rotation decreases with *ncreasing substrate analog con-
: centra+ion, while the catalytic activity increases (see Figure T-1b)
under thgse conditions, The role of carbgmyl phosphate is important

; { ~ to note here, in that cartamyl phosphate 1s required for the rotatory -

N .
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Figure I-3' { 'Ihe dependence of the rotation of A'I‘Case, at the
SRR . ,tratj.on of CTP and substrate analog, succinate. '

'of a mixtum of 150 m! potassium succinate

20 nM CTP (pH 6,1) added.

trou@x of‘ the 233 my Cotton eff‘ect » on the concen- -
" a) Enzyme (1. £} mg/ml) at pH 8, 6,and aliquots x. A

and 130 mM carbanwl phospha.te (pH 8.6) added. o
b)  Enzgme (2, 03 mg/ml) at pH 6,1 and aliquots of'_



N | change, ;éet causes no 'change in protein rotation by 1tsé1f (within | |
L Aexperimental error). Perhaps carbamyl phosphate 1s necesaarv for the

| binding of succinate. Plmure -3 shows the ingrease in rotation of

ATCase as the CTP concentration mcmase\zs The cataly‘cic activity
-decrease with mcreas:m&v cTe concentration (as can be seen in Figure I---J,a)°
; The effect of. added pro‘c;ons on the enzyme shows Increased rotation (Table :
I) with decreased activity (Figum Iala) ' The effects of the various |

' aaded materdals on ATCase rotation and catalytic activity ave swmarized -

. in Table III, All measurements cmsistently show an inverse correl el ation :

between the magﬁitude of the rotation and catalytic activity of A’I"‘aoe.

Table ITI. Summary of the eatalytie and mtatory effects of
| - adding varilous mterials to solutioris of ATCase. The change

" in sbsolute value of the rotation is given 1a the table.

Material added Catalytic Activity = |Rotation|
Sulstrate analog . + _ -
(succinate) : :
- wt o ' j & o +

) The chanms in mtation clearly Si"xOK that there is a chanrre in theA
relationships of amide. residueq in the protein accompanying changes :m
L the catalytic{ activity, Figure I-l shows the maximum change in the OPD
of ATCasa caused by the additiofi of substfate‘ analog. . The shape of the
difference ORD curve 1s very close to that of the polybeptide hellx, -

Indieating that, or the face of it, some residues of the protein have.
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. undergone a coil-to-—heli:\. transition. 'I'he noise 1evel is relatively f
high 1n the rep;ion of 200 my and below, and it is difficult to follow
. the details of the chang,e 3 howevev- L'c 1s clear that the maximun chan;;e ’
in the 200 my region relative to the maximwn change &t 233 my 1s con— - .
uibw:ub with a change in helix content. - |
Care mist be taken In asaig;ning such small d...f Terencas to any par--
.ticular s»ructural chang,o s &nd we must exanﬁne altemative erp’ anations:
careflly e | o - S -
(1) Small mplecules can 'ac‘c"uire optical activity when bound to an

optically acoive wrg;t: m*ccuoo St _;cr and Blout, 1061, Li, UL and'f

C Vallee, 1962), Xr tho ORD changes observed were due to induced optical

- activity in the bound effectors, specific rotations in excess of 106
degrees per mole of bound m'hs’cwafe analog would be required 'tor_ex;DIaih
 the observed change 4n rotation (even if as meny as 10 sﬁbstrate analogs
'per mole of enzyme were bov.md, while the current evidence indicates
h/enzyme [Changetx, 1966])° Specif‘ic rotations of this magnitude are

| | much larger than can reasonably be emoect‘,c-zd° M’thermre, induced Cotton
effects will be centered very close to the absor-ption’ maxima of the bound
molecules, CTP has a weak ORD spectrum with a Cotton effect centered’ at
270 mu. An induced Cotton effect in CTP would show up in the 270 my

| region and could not give rise to an ORD c¢hange with the wavelength
dependence observed, Substrate analogs',v, succinate and malate, have
scmewhat C! irferent absorption spectra 3 and both appear to produce an

OFD spec'cmn change of the same shape, Sincé the same CRD chanpes a.re
caused by substances with diff’erent: abaorp*‘ion spectra (CTP, sucoinate »
malsaﬂ:e),—b we can rule out Cotton effects induced in the bound molecules

as the source of the changes,
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@ Effector-induced slterations in the nonhelical regions of the |
prbtein structure could change the charge and, dipole environnen‘c around -
 the helix and ;;ive rise to an altemd helix ORD, Changes in the chargv\e
" and dipole fields would be expected to have the largest effect on the A
helix ORD in the electmnically fowbidden n -~ v * pregion around 225 mu
' (‘v‘.oody, 196? Schellman and Oriel, 1962 '1‘..noco, 1962) and to be less
) i,nmortam in the electmnically allowed N - V peptide bond _trfansitim s |
- around 190 mu (Woody, 19623 Tinoco, 1962; Holzwarth and Doty, 1965).

| It 1s. very unlikely that alteraticns in the static flelds would pro- . )

| duce the same percentag@ change in ’cbe ORD at 200 mu and ‘at 233 my as.
g o s abserved,:. Ve can conclude that the change in OP.D is probably not
ao due to aJterations in the nonhelical rep‘ions oi‘ the pro’cein (The non=-

elioal ‘reglons may well changta mder' the mfluenre of the allosteric -

eff‘ectorm s but ‘this is not the source of the ORD chansres we observeo)' '
(3) In principles one other- possible explanation for a change in
.ORD with the wavelength dependence of the helizx-coil type is a change
| In the loeal ref'ractive Index due to swelling, or shrinking (change in
intermal hydration), theréﬁy altering the local electric field of t‘qev. -
-.1lght dnside the protein and leading to_an;_-altered ORD_ amplitude‘.‘ If!' ’
,  we assume & Loventz local fieid, a vexé;r lerge change In --fei‘raqtive '
| .incre‘ment for the protein _(df the or'der‘éf .6% maxlmrn) 'would be feciuired
: to emla:m‘ the observed ef‘fect.- A change in refracﬁive increment -of
this rragnitude 15 extremely zmlikely. ' o

In unmam, the addition of aLosteric effectors causes a physical
PEE o " change in the protein structure, The interrelationships of ‘the amide
residues clearly change, and, although static field and hydration effects
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~are not strictly excluded, the al_osteric transition is most probab1y
laccompanied by & change in helix content of the enzyme. ' "
ATCase appears to be composed of 6 subunits, it regulaLory and 2 :
" catalvtic, the iﬁteraction of which cOﬁtrols the catalytic aotivity
'(Gerhart, 19643 Cerhart and Schachman, 1965). The hellx-coll transi-
. tion that has been found could change Lhe peometry of the subunits and‘
v:v;thereby affect ~the subunit interactiona It has been observed that SUbD-
| strate analogs 1nuuce a chanpe in the sedimentation cocfxicient of -
ATCase (Gerhart end S bachman, 19 65b); However, the magnifude of fhe
chenge n ORﬂ and, sedimentation are hoth very small° The molecular.--
welght of ATCase. (Gerhart and Schachman, 1965a) 1s about.3 x 105,
which corresponds to about~2 6 x 103 resﬂduesgaapproximatelyg8e3 x.;OZ_,:
(37%) of whlch are in & hellcal environm&nt. ‘The. nunber. of residués o
involved in the sllosteric helix-coil transitjpn can be estimated to
‘be about 40-50 residues from the mhxﬁmum changaAin rotation of about
'_ 5 to 6?. This small alteration of the enzyme structure occurs during
a change of oubstrate affinity of two orders of maguitude or more. It; )
18 not surprising, however, that small alterations of enzvme structure:
could lead to large chanpe% in activity by affncting the shape, polar
"environment or charge on the catalytic aite. The allosteric enzyme
" acts 1ike a blochemical amplit‘ier (m;kinson, 1965) in that a small ‘sigg'lal '
~ causes a 1arge effect. L
Thegee imate of the nurber or res*dues involved 1= &8 lower 1imit.v
The net bbserved effect could be the TESult of opposite transitions9
one helix~to~noil ‘and the other coil~t0~helix' the difference in the

nurber of residues would be seen by our expeviments. It is al o possible
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that a iarge_number of residues modify their helix dimensions as com-
pared to a smaller number undérgoing a complete helix-to-coll transition.
The former pdint of view is unfavorablé,bécause helix-coll transitions
tend to be cooperative., It would be desirable to separate the rotatbry
contribution of the isolated repulatory and catalytic subunits (Gerhart .

| andéchacnmm 1965a), although the isolated subunits may reSpoﬁd dif-{ |

- ferently to allosterlc effectors compared to'the Intact complex° The

ﬁheory of the allosteric enzymes (Monod, Wyman and Changeux, 1965)'pre~ 
(“dicts tﬁat binding of an effector shifts an equilibrium between an
ﬁ$' . ;""T>' - active and an inactive form of the enzyme. It seems reasonabie to téke'
o the ORD results as a measure of the position of this equilibrium° Cér;»
relations of the equilibrium shift with independent studies of effector
binding vnder the same conditlons should allow a sensitive test of the

mechanism of the. allosteric enz;me.

Ca Other Proteins,‘

Deoxycytidine monophosphate deaminase

This enzyme has extremely interest;np kinetics, showing Inhibition |

-”i .and acceleration by several nucleotides (ucarancslﬁeraci, Polzells and
Campanile, 1963; Monod, W&man'and Changeux, 1965). A sample éf'the
enzyme was obtalned from Dr. E. Scarano, who sent 1t by alr from Naples,
Italy, in frozen solution; The enzyme had lost much of its original
speoific activity by thé time it arrivgd and the ORD and specific

; o activipy ?ere not constant in our hands.,.Measurements of efféctor

}i | : | induced d%D altefation were attempted- bﬁt none of the results were

| considered reliablea' Deoxvcytidine manopnosphate deaminase 1s very

hard to turify and is known to be very tricky to handle (Scarano, 196H),

so this work was not pursued.

i R TR
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’ .Carboir;ydi«-mtas

Carboxydismutase couples carbc"x dloxide (bicarbénate) and ribu..ose
_diphouphate (PuI)P) in the pref«seme of ma;mesium ion (Pon, 1962) to |
initlate the pho’rosvnthetic carbon mductim cycle. "“his enzyme has e
‘pecently been prepared in a higzh state of purity ('I‘rom, 1965). The ‘
- induced fit hypothesis of Koshland applies to muitisubstrate and cofac‘cor- '
o mquiring enzymes such as this, Eamesium may be required I‘or' the. b:mdingz
of RuD}’ or bicarbonate and we wmlted to see 1f & combination of one, uxso,
or all three of the bound matcrials_wou..d detectably affect carboxydis- N
mutase conf‘ormaﬁién. | | | |

szoerimntal

'Ihe carborjdi.smutase (1solated f‘rom spinach) solu‘cions and ribuloge

idiphouphate were obtained f‘rom Dr, P., 'Irowm The method of pu.rif‘icatim -

and assay of the enzyme have been described (Trovn, 1065) The enzyme .
" golutions were at pH 7.5 in 0.05 M Tris Hel buff‘er, and the specific |
 activity of the enzyme was 88 units/mg.  Potasslun RuDP solutions were |
ad,justed to pH 7.5 with the same Ti'is buffer. The magnesium chloride '
stock solution was 1.0 M and was also buffered at pH 7.5 with Tris.

| The solutions were all preparsed w:xth ion free water that was deionized
by lon exohanye until 1t grave no color wi‘ch dithizone. All glassware
was cle&med in }NO3/HQ 30y and rimed with ion free water. The ORD
masuremnta were done as pmviously d_escribed in the ATCase sec’cion co
(p. 12) a‘md were carried out at approximﬁely hoc, ’

Results and discussion

Ribulose diphosphate has considerdble rotational strenpth with a
Cotton éffect centered at about 280 mu-,;'( see I‘ip;ure-ImSa), The ORD of

| carboxydismtase 1s shown in Fipgures I-5b and I~6,  The rotation is
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' quite similar m Bhape to helical PLOA with some small inflections near
~280—295 m, the regions of arcmatic amino acid absorptionm ,
'The protein is about 25% helix a; judged by the magnitude of the
| rotation in the peptide absorption _reg;ién of 190-240 my, Mg**, vicar~:
vonate or ¥zt and bicarbmaﬁe together have no detectable effect on
v‘ﬁhé protein rotation (<« 0,5%),v RuDP added to the enzyme showslapproxi{'_
- mately additive rotation as is shown ih Fd&ure I-5¢, Addition 6f F¢*+
or bicarbonate to the RuDP—enzyme solu?ion ‘does not initially affe»t
the rotation. A 1arge excess of Mg or bicarbonaxe leads tQ a slow
'bdecrease of the contributiqn of the FuDP to the rotatioa. This.is‘. |
'probably due to a small amourit of diasolved blearbonate or Mgt fmpurity |
reupectively, allowing the enzymatic destruction of RulP,
Under all of these conditions, there is no change in rotation |
 attributable to the protein. The protein rotation can be_measured oﬁér
| -ithe ehtire wavelenpﬁh.range by sﬁbtractinw the RuDP rotaiion° 1Hdwevér,
in the renion below 235 mu there is a verv small ccntribution of* the RuDP
, relat*ve to that of the protein. So in thﬁ 230 my ren;ion9 vie can measure
.v‘the protein rotation with only a snﬁll correction fbr the preaence of |
'RuDP. Addition of RubP plus Mg+ bicarbcnate leads to rapid destructicn
vo? RuDP bub no. apparent chanpe protein rotatlon.
| We conclude that eny . confbrmational change under?cne by carborywﬂ
"dismutase in the presence of 1ts substrates and cofactor must be
' extremely omall or is not of a type detectcd by ORD. mhe confbrnmtion :
alteration of a few residues In the regilon of the active slte would o

not .be % large enough effect to be seen with present sensitlvity.

!
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‘Cerruloplasmin

‘ Cerruloplasmin is a coppér‘ transport pr&tein with 8 coppers/pro-
tein molecule, "‘his material was, 1ntereuting for our work because | ‘
vprevious experimen‘cs sup:;reqted that a confomatim change oceurs in thn
prote:in when the copper is reduced (Blmbergr‘, et _s:}__‘) 1663). It was
B found that the effect of the copper on the nuclear mgnetic resonance A

|« line width) of the bulk water protons had ‘a dlscontinulty when about |
one~half of the copper was. mducedo , "m.s obsemtion ugrested that the
access of t"xe solvent water to the copper had. changed and thus that the
protein conf‘omtion chanmacl upon copper reductiom |

Solutions of human cemlopla.)min vere obtained from Dr, Ha
: Schienberp-. The oxidized protein has a deep blue color due to visible
’,copper absorptionn The ORD of.‘ the cemlloplasmn was measured before »
| and after complete r'eduction by solid dithionite. .The copper was - |
bleached by dithionite and small Cotton effects due to the copper bands
in the visible disappeared ;3 but the protein showed ;'10 evidence for con-
fomai:ion chenge by the criteria of our expe:r:'unc«:ni:zés The contributicon
o of thé copper bands to the mtat:’e.on' waé négg.ig;ible below 300' mp, where
the protein rotation 1s quite stmngg .

It should be mentioned that some im:ere.sting and uni que informa~
tion did result from these studies. Dr. W. Blumberg (1965), using, the
visible rotatory strength data In combinatlon with electron spln
- resonance ‘and optical absorption data was able to detemir_ze the
detailed. (électmnio stfucture arbmd the copper site In the protéin.‘

The circular dichroism =nd ORD of cemloplasmin in the visible is

' presemed in tbe next chapter (p.'53).
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'A more wide ranging study of 'more. proteins was not attempted because
of the negative experiments in most cases and the very small effects .
which could be seen with the one case, ATCase that showed positive
results. If additional pure allosteric proteins became available ‘this

- study should be extended.
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| II. CHLOROPHYLL~CHLOROPHYLL TNTERACTIONS

Ao Introductior

‘I‘h».. basic carben fixation reac tions of pho’cooynthes*s have becn
understood for some time (Bassham and ColVlﬂ, 1957)., These reactions .

occur in the dsrk using ATP and roduced pyriuinﬁ nucleot,‘? des res uJ.vting_.,_r, |
f‘rom energy corvmr’cinp* light mactionfsa 'T‘he ‘nechan:t sms of tho photo-
reactions themselves are still poorlv undarotood. _

* The light reactions seem to require a ‘highly Qpecific org-mlza—
' tion of chlomphjlls,, cc.rotenoids and some Y’edox colac*‘ors arranged in -
lipoprotein merbranes ’{chlor'onlasf 1amr‘lla and mc’cemal chromtopho;w),
; Any treatmen‘c such as solvent extraction, mild heating;‘ or trestment with
moat detergents aln'o mvariably leads to”coréplet'é :.’chs of the photo~
: synthetic activi‘cm Iscle‘ced chlompnvll molecales in oolution are
- mcapable of the enerpy converting reac{:ions characteristic of photo;
synthetic organisms. ' :

The evidence at hand points to an ﬁnﬁortant role for the pérticular '
~way in wﬁioh the pigments andv cgfaétors are arranged spatially. ‘The
" pigment molecules s for example, cannot be ;:‘onsidefed, to be isolated
from one another even as a good first apprbximation. Typical lamellar ;
, fractions contain 6 to 8% chloroph,yl_l by _vzeighé and pipment concentra-
tions run in excess of 0.1 rrxole/li‘cer-° | ‘ |

Ev:tuence from sbsorption °pe<:ura of chlorowlasts from higher plants
A and algae, as well as of photosynthetlc bacter_'ia, oug;_g:e.,ws,that ;ig_z_ .Y.%.,Y.?., :
the cmorpphyll is at least partlally éggreg;atedc For eiample ,,” low tem—‘
perature spectros:copy of plant material resolves sefverai absorption

maxima in the long wavelength region, but the extracﬁed chlorophyll a
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has only a sing;e peak (e, T s Bvuler, 1906) Fluoresceﬁce eycitation '_

V,spectra of these samvle - suggest ubat a part of the chlormnhyll

absoroing on the rhort wavelength sid~ of the main band, is unapgre~'

- gated and highly fluormscvnt while thﬁ cn)orophyll 2 .bsorbixg on- +ﬁ“

long wavelength side. of the main band is ueakly fluorescent and is sub

. posed to be aggregated (Butler, 19f6 Cleytow, 106f)

Studies aimed ar elucid ting the n?ture of the pigmcnt ABEO=

-, clations and thelr environments have net mith only partial success.

Oriented chloroplasts or fragrents fTOm them show little or no dichroism

'-for most of ﬁhe plgment absorpbion (Cocdhoer, 1055, Olson; Butler and
>Tenn1ngs, 1962, Sauer and Calvin, 967) The fluorescence of tnﬁ chlﬂro-
:'phyll in these orpanellea i3 found to be almogt completely cupo’acizcdm
;A long wavelength form of chlorophyll a which is dichrole and glves

,rise to polarized fluorescence involves only a small fraction of the

;uotal chlorop;y11 in cbloroplasts (Olson cu al., 1062, Saver anﬂ Calv*n,

|1962). "his'fraction may s howevvr, e of utmoat importance to thﬁ

energy conve?&ion process.

Studies of nuclear magnetic resonance, infraped and visible absorp—

tion spectra, and of apparent molecular welghts of purified chlofophyils

in solution show that dimefs and higher aggregatés form readily under

some conditions (e.g., Katz, Dougherty and Boucher, 19663 Sauer, Lindsay

_ Smith end Schultz, 1966). These aggregateé have greétly enhanced optical -

' activity comnarad to the monomers and havnAbebn studied by optical rota- f

ry dispersion (ORD) in the case of "hlorophvll a (‘%aaorq 1965),
5hlorophyll in chloroplast subunits alsco shows optlcal activity which ;ﬁ*

is large compared to that of the extracted chicrophyll (Semer, 19653



he, 1965)9 and this has been used asfaﬁaitiohal'evidencé for tﬁe presence

of aggrcgaoed chlorophyll in vivo. It has been recopnized however, tﬁ?t

7. the- large optical activitj of the. cbloronlhst 1armllar frayrnvt" (quanta~-

somes) could be due to chlorophyll~protein or chlorophyl&—llp*d, ter~l
actiono9 as well as uo ch;oropnvllmchlorophyll interaction | |
“We present a study of the circular d¢chroiﬁw (CD) oP cnlo“ophvll

“mimers, chlorophyll crystals and chlovophvll ”Onuglnin? membrane {race
tiono of chloroplasts,and photosynthetic bacteria, Our analysis ol the
vdiﬁef CD andvabsorptidn data:leads us to propose a strﬁcturé.for the
chlo*éphyll dimer in soiution}' Qur éxperimenté alvé give a direct (but
more oualita?ive) indication that stronp cblorop%yllnchloroohv’l 1nﬁér~

' actiono are preuen in the photosynthetic material examined. We oﬁow -
" that CD measurements reveal chloropbyll~cb orophyll interactions in a
"muchArore obvious way than CRD and onen the ﬁossibility that further co

" and - absorption . expariments covld potentia&ly reveal the detailed ;gdﬁetéy
&:of the chlormpnvll 1nteractxops in vivo., .

-

The first section is & detai ed descript ion of the CD Instrument

VU we constructed, Subsecuent sections ve’aze the diror absorptio and CD -

exper*menbs and analysls of dimer structure. The crystal CD qnd absoer:"'

 tion exper?mentq, quantasome evneriwentss,anajysis'of quahtaSA, vultsg -
.- and a study of CD and absorption of ’cha chromatophores froprbotogyhtheLic
barteria fbllows" .

B, Instrurentation

.

clrcular dichroisn ﬁotrumﬁnt con%tructed has a uaeful wave-__'
‘lenpth ranpe from 2?0 NM in the ultraviolet to 1100 MM in the near

infrared; and extremely high sensitivity (measurerents of o circular



. :usually called the Schottky effect or shot noise, higﬁ light intenaiﬁy
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&

dichroism of one part 1n 106 are possible through moot of the xaVQTeryth

- range)s The heart of the ins trumeno is an electricallv varisble optical
‘ recardat¢on p¢are or Pockels' cell (pillinp", 1949, 1952), which 1s used

" to modulate the light beam polarizazion from rip to left 0¢rcu1 ar at

400 Hz, If the samp$e under inves yatlon diffbrentlally abQOﬂbs rig t

. and left circu*ar lighu (circular dichroiam) NOO tiz modulation of ‘the
ﬂrlirhf intensit y “esults mhich is detched w;tﬁ a.“hotonmltlplier tubey
"umplifi@d and neagured mith a nhase sen;itive dctoctor, The theory and

' f7 fpract1ce cf the optical retardation device has - heen ac:cr;bed 1n great

detail ln a’ series of paper° by Billinp° (19U9, 19)2) and Carpe“ter (1950},

- Rabcock (l 53) first uded the devicé for circular diChrOAnm rna:“romeut

Similarly conceived c¢rcular dichrographs, wniﬂh are less sen it 1ve than

-the instrument describcd bere, are ee%cribcd by Grosjeun and Lerﬂard
‘(1960)‘and Holzwerth (1965). Othﬂr tvpns of circular dichroiom instru~

ments are reviewed by Lowry (196&) and Velluz, Legrand and Grosjean (1965)9_

The book by Velluz et al. (1965) uhou,;.d be consulted for meny useful

instruvenual conai@erations.

pppcnd¢x I cortains e treatment of tbe ‘theoretical limitation or:

oi@ﬂal/hOiuu ol c*rcular dichroism and optical rotatory aispersicm

Our ins trunﬂnt epproached the theoreticul limitations to within a factor
‘ -of 2. The main thec“et*cal noi se &imitation of a‘well designed instru-

ment is the statist¢cal fluctuaticﬂ *n 1ight intenoity due to the quanta¢ } ;

nature oP ligbu (e.g.s Davidson, 19(”)e To minimlze this source of noise,

1s required and high efficiency of detection of that light. There are

sevéral factors which can degrade the performsnce below £hls theoreticel



- limit and our methods of coping with these problems szll be dj SCUSued
' ﬁn the course of. ’Lhe developmnt.. ' ' | ' |
A schematic .- cfiiap'ram“of the optiéél rar’c of the 5&15tﬁm1ént is shoz?h
in I‘lm'zfe TI«L ._.ight from the xenen arc lamp falls on. an e1111 tical -
mirror' E and is focused ‘on Lhe entrance e?1:1‘1: of‘ l:he priSm (hn)mxrrat ng
| (12) double mnochromatom The lxgr,ht from the exit slit of the mono-
:c:hrdmtor 1s 'ap'p?'oxjmately collhnated by cylindrical mimr C end spheri- -
. cal mirror Sp. ’I'he light :‘m plane polarimd by pribm ehd is modul&ﬁecl ‘
‘between right and left circular light by the Pockels' cel1l 1aoeled :
' 'I’he ex‘craordinary polarized beam is n*aukeu off at M while ‘che ordinar
N beam 'Jasses through the sample at S or 3 and on to. the end win&ow pboto—A
: mml’c:tplier9 PM ’I‘he instmment is rmtm’ced o a s’curdy ooticau bench “.ade
of 2~’mch ciim-‘eter staiinle%s steel railg » af‘fording stable. alimmeﬂt of
thie optical commentse ‘ |
' "’1*" high p“‘essqre xmon are (X in “ipure 3_) 13 t:he bripmte'st source

' avallable for the reglon of thﬂ snectru:r of interest (Baum and Dzmlfelmn,

o 1950) . The main problem with this arc 15 1ts notorious instabilltyo Ve

i‘ound that the l&50—-\~a‘ct Oaraxnl it XBO 4 )O is far superior in brl gr.htness N

and stability o xlanovv.a or TEK lampgsf Most of the instabillitiy was due
to are flutter rather than overall intensity variations, Tﬁe arc flutter
could be minimized by keepirxg;‘ the lamp in st111 air %‘ra‘ther' thah blowing
large \vol: es of cbol air over i’L as is' usually done;i_ Apparently the

hip;h velocit:v air st ream unequallj cools the lamp r’ivelépe and causes

10btalnable va}‘v’:acbeth‘ﬂales, Tittle Britain Road, f\?evmerg:, N. ¥,



1

i
:
Y
1
g
P
i

4o

}x o ' ~ CIRCULAR DICHROISM APPARATUS

‘m /]

3]
23]
2 ..

‘MUB-12644

"Flgure II-1. Dilagram of the ptical components of the circular

dichroism apparatus, the components are explained in the text.
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" convection currents 1n the. gas inside the 1anp ”he lamp house is |

simply constructed from a l-inch dieameter braps tube wrapped wlth

copper cold water cooling coils, The lamp ‘house is closed on the top'
and bottom and purgéd witbbdry No gas ta prevent ozone fbrmatiova The -
1ight exit window was made of suprasll auarhz (EnpelhardCu{anovia;.
 The suprasil window did not discolor wnder far UV irradistion, as did
more impuré quartz, The lamp operaﬁes satisfactorily in this énvifon~
ment , showing no notiéeable drop in intensity after 1000 hours. Older

'&amps are sorewnat lesu sﬁable thon f“cgh ones, ho,veve:r'o The problem '
*i of the r malniny are fiutﬁer is fur*hcr reduced by the simple cxpﬂdjnn“
of magnifying the arc and overfilling the entrance slit to the mono-

' ehromator. In.thissﬁéy, the 1ight from thé edges of the arc is dls-
.carded, . A raenification which reduces the lignt intensity by a factor.
of_3iléads to.a factor of 10 increase in light stabllity (compared to

- exaétiy f1lling the slit). The lamp is péwérgd by a Belman-Thvar TC-100

~ power supply in thevcﬁrweﬁt régulated mode witﬁ af.l®q s&ries reslistance,
The lamp position was made continuéusly'adjustable in three perpendiculaf
direétibns by suspending the wnole lamp house on thrge pgrpendicular _
Gilman light—du y slide assemblies. The pibs on the slides may be-
" Jocked when :the best 1amp position 1s foand as judpged by maximum Ji&ht
intensity th"ough the syutemo

 The 1maye of. the Xenon arc sour"e is magnified and focused on the

. ronochromator vlit hy means of an oLanxls ellipsoidel mlrror (E in
Flgure I.L--l)° The arc is placed at the near focal point of the ellipse' ¢’
and the monochromator slit at the'fér focalfpbint The off-axls design

allows the light to pass to the side of the lamp envelope on the way to -
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the slit. The mirrors were made from a Bausch & Lomb 11-3/4 inch

Aiameter on-axls elliptical mirror by'cutting'four 4-1/2 inch diameter-
off-sxis circular mirrors from the outside edges. The short axis focal

point:'at 4=1/4 incﬁes and long axis focal polnt at 30'indhes provide a

X magnified image'éf the arc at the monochromator slit. These mirrors
were first surface aluminized under high §acuuh and then magnesium
fluoride overcoated, When tested on an optical bench with a tunyoten
Point~o—Light lamp at one focal point these mirrors gave relatively poor
1mages at the;second focal point; however, the quality of the image could

be markedly improved by 2 511ight straining of the mirror in a trial and

v‘er"or fashion.

A Cary 74 3risn»grating doublﬂ wonochromator (Applied Phybin COTPs 5

P’bnrovia9 Califb) 13 used to provlde light,of high spectral purity. The

~ Cary 14 is fairly fast optically (f/8\ has éxoeptionally low stray light

leVels, and the dispersion exceeds JS R/millineter of slit width over the =

" “entire wave7enpth range. The monochromator exit light 15 apnroyimately

collimated with a concave cylindrical mi“ror (C) and a concave epher*oal
ﬂlrror (op) The light 1s plane polarized at P with an optically conm;v
taoted oynthetic erystal quartz (10°) Pochon prtqm (Karl Lambrecht

. Chicago, I1l.) with a l-cm clear apnrtures This 10° prism gav uffi~
~clent deviation of the extraordinary beam 80 that it was well separated
from the o”d*nary beam in 6 inches and was masked off at M before the

'ordinary beam entered the sample.

The chkels“celll(Mod) was a custom'design'built by Baird~Atondc; .
Inc, The Pockels! cell was a potassium dihydrogen phosphate unit of

8~mm thickness, with indium foll ring electrodes and ultrasil quartz



windows (Hanovia). This errangement has eXcéllént transparency (> 90%
transmission‘including reflection losses) and gi#es approximately 75%

peak circular po;arizaticn; The clrcular polarization was measured at

optimum sinusoldal driving voltage by placing elther a Polarcid 590 1A ™

. circular oolarizer or a Glan~Thompgcn polarizer orilented perps nﬂicu¢hr

- to P in the sample space and neaour,ng Lhe DC and AC conponents of light
_ntensity with a PM and an 0oc.llosco*>e° The circular oolari"ation was
not perfect because° (1) the Pockels cell dopolarizes the 1nperfectlj
collimated light somewhat (Billings, 1952) and, (2) the electric f1e1d
between the circular ring elgctro@es is not homogeneous, Thé optimuﬁ'w.
i operatlon»ofvthe Pockels' cell 1s quite sensitive to exact orientation

- with respect to beamldirectién and polarization. 'A mounting device was
bullt with three.microﬁﬁt@r contfolled dggrees of'freedom, The Pockels!
| “eell ofientation could be adjusted, while it was in opération, for rota~
tion about the light propagation axls (z) and for tilt in two orthogonal
directions (x,y) relative to the 11ght propagation 8xis.

The last optical compcnenu is the photomultiplier tube (Px We
used 2~inch end window type PIi's because thoy are insensitive to ’1gbt
polarizationa An EMI QSJSQA (5~20) was uscd for most of the torko This
tube has a mea? quantum efficlency In excess of 25% &nd glves outstanding
per;ormance'from 185 to 800 NM. For experiments in the near infrarec,,
~ & Dumont 6911 S-1 tube was employed. . i
The optic were alighed with a 0.5 milliwatt Pnliunrmeon Fas laser

(Spectra~ Physles) by autocollirration0 -,
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Multiplylng eq. TI-(5) by = e~e£¢/2:3'y ef0¢/2.3 o 1$

Ly

Measurement of circular dichroism

The voltage on the Pockels' cell is sin wave modulated:

Voe

The resulting retardation of the light (Bill¢ng s, 1952) iss

=V, sin uwt e - IT-(1)

6= 6y sin ut L CTI-(2)

The light passing through the system 1s treated as the sum of rig hu

" and left circular light intensitles In, Iy respectivelye The right

and left components In the presence of a dichrolce matnrial ares

I, = c/z (l+ sin 6) c“ﬁrﬁc/?“ T TT-(3)

I = IO/? (1 - om 6) e 612,0/2 3 | h . TI-—(“)
wwere €3 F, are. denad*c molar extinction cocfficiento of the dichroic

reterial foL iz ht and Jeft circula¢ light respectively, C 1s the con--

centration in moles/liter, 1 is the pathlength in om end I, 1s the ici-

.dent light intensity.

The total livht inxvnSLty, I, ean be iound by aﬁdinp equations

E zz_(3) and (4) to ylel dz ;','

I=I,+ Il Io {Ee'ex$0/2 .3, + ebalﬁc/? 3) * sin 5(e~€rﬂc/2 3

»‘ewalzc/2.3)] - 114(5)

- We deflne an average decadic'rolar extinctlon coﬁfficient9 a"

e £ (et e)/2 T e

the light intensity is:

——ry

2

I - 109“82072.63 [(e"'(‘€l"€)940/203 4 e‘“‘kﬁff'e}g‘c/zaé) +.

sin G(é“(ﬁp"EZ)QC/Zo?) _ e-'(ﬁl'“e)zc/f?‘o:%) ‘ TT-(7)



:I’, . “ . ) . a:.

Now (€1~e)£c and (e ~e)ic are always small compared’ to unity and th@

exponentlala containtnp these factcrs can be apcroximated° &% & 1-x
" to better than 1% in the worst caue° 'Mith this: excellent approiima- |
tion €. IIw(T) becomes with substitution of eq. II~(2):

ete/2.3 o | -

I= I e""“:zc/2 3 + (elacr)zc sin(5 sin wt) I1-(8)
' - u 6 ‘
We sce thaﬁ the first term 1s a D.C. térm'and the second term ié an

A.C. term at é; the modulation frequency. The ratio of the A.C, term 3

!l

to the Dnco term is linearly propor@icmﬁl to: (el—cr)ﬁc OEL~03

21.

foptical density in left lxght minus optical aensity in right light
circular diéhraismo-‘we hold the DC term conatént by . feedback contfol"
_of the pho»omultiplier rain 50O the circular dichrolsm is linearly

" ‘related to the magnitude of the A.C.- uignale This A.C. signal is pre-
dominahtly a sin wave at w, but also contains small higher odd harmonics
of Qf(Vélluz, et al., 1965)g_ The Aocn.vbiﬁagﬁ is synchronously fecti~.
fied'(e,wu, Andrew, 1955)‘énd filterede'-The resultihg voltage, Vgigs B
1s linearly related to the circuler dichrolsm: - o "
. Vag = K (epmedic . II(9)
where K is an instrument constant to be determined, |

Electronicvl ) o -

A block diagram of the D.C. control circuit and A.C, detection
circult is shown in Flgure II-2, The signal voltage from the PM tube
1s opposed by a. 1.3 volt mercury battery suppression bridge. This |
arrangement minimizes 60 Fa. ;%,qwez% iine'pick up. The A.C. signal is
split'ofr at this point and 1ts'fate Wili be discussed alfter the D.C.

control loop. The difference between the mercury battery voltage and
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y7
~the PM volta;re the D.C. econtrol loop exror signal :w amplif':.ed (20X)

" by the first D.C. amplifier, & Kintel A120, and the second .C. —r

- fler, a Philbrick PESAU, which is used as a gain of 1 Inverting amplifier,

The last D.C. amplifier 1s a Philbrick SP656, which is a high gain .(.10“)_ )
stage, *»v};ose _response is strongly a’c‘cenuatad‘aﬁ 400 Hz, the modulation |
- frequency, by én‘ P-C network. Ten-;gfolt Zener dlodes back-to-back 2cross
“the feedback r@siétor of A=3 ]féef) the mmplifier from saturatimr ' kY tho‘
Joop is opened accldentally. The D.Ce error voltag*e is monitored at
- meter M-1 as well as the control voltagg;e to the PM supply (Iv’r-’c:) ’I‘he
PH .Jupplj is a Power Designs 1544, 0~3KV unit. The control poinu in
this supply 1s near ground potentlal ond ‘che control current 1s f‘ed

to t‘we power Fur‘ply surming point. throx.zgh 10K reai stors A i‘ 3_0- R
‘volt control signal will swing the supply in excess of * 1000 volts. |
The control loop has a gain in excess of‘one million éixd bpérates very..
satisfactorlily. The Power Des imo ounpxy dlscriminates strongly. againét-
the modulator ..frequency , and the loop gain at the modulator fréquency v
15 < 0L, . - o |

The A.C. detection leg of the circu{j.t 1s based qz;x a Princeton

Applied Research {PAR) JBL-B 1ock%»in. émmliif‘ier.- 'Ihc;; Pockels' cell 1s
sine wave quuié’ced with the mvl:klfied‘ PAR reference voltage. The peak
modulation mltég;e must be made linearly pifoportionai to wavelength.
A 5=V, 400 1z reference voltage taken from the PAR is placed across a
linear potgéntiometer which is in tum geared to the waveléngtﬁ drive
of the monochromator. A portion of the reference voltage, proportional
to wavelength, is amplified by a Dyna 30-watt audlo amplifier. The
amplif ied outpul is coupled by an im*aed'arce mtchingr transformer T
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fStancér; RT-202) to & high voltage stéﬁéup transformer, T2 (Hill
Megnetic Products;lméﬁlo Pari, Calif., H-;OIBD), Thié‘transfbrmer (')
supplles the Pockels"cell'and'a Sensiﬁi§é Research electrostétic volt—
meter, M3, The medulation volta@e;is‘direétly proportiohal to wave-
length to about 1%. »

The 400 Hz A.C. signal from the photo&mltipliers which 1s produced
by & dichroic sample, is anplified by a Techtronix 122 low-level A.C.
preamplifier (100X) directly preceding tbé PAR lock=-in ampl;fierc. The
PAR D.C. output is linearly'related to thé}circular dichrolsm of the
sarple of interest.. The PAR phase and fréduency trim and thé focké1s’
cell modulation voltage are optimized by the use of a sample with a large
ch signai; The calibration:of the instrumént 1s discuésed in the next.
séction° | . |

The standafd Cary 14 monochromator‘écan 1s driven by & sjﬁébréﬁous
motor, so CD.spectra can be recorded oﬁ a2 synchronously driven ﬁen |
‘recorder. Tor more fieXible operation, the wavelength 1s sensed by-a
second potentiometer, and a ﬁ,C. signal préportionél to waveleﬁgth‘is ’
~used to drive the x axis of an x-y reéorder, |
Calibration ‘  v

Absolg%e calibration of circulaf dichrolsm is difficult and is one °
of the maiﬁ drawbacks of this method. We have made use of several cali~
bration methods: (15 Published value§ of.circular dichndism (CoCoy
Velluz et al., 1565); (2) measured ampiifiér gain and § circular
polarization; (3) mathematical tranéfbrmation of measured CD to OFD and
-subsequent corparison with measured ORD. _All three methods gévevsub~
stantial agreement; however, the third method is most satisfactory and

will be described in detail,‘
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- The Kronig-Kramers rélations (Moffittiaﬁd Moscowité,‘l959; Moscowltz,
1960, 1961) offer an exact meens of éalculating the rotatory dispersion

arising from the observed Ch spectrumf Th*s calculation requi“es no

. assurptions about CD band shape or posit;on. Th@ calculated OFD dun to the

measured CD can be compared to the ORD measured in a recording polari.rr@tera

" A Cary 60 polarimeter was calibrated absolutely with the use of National

Dureau of Standards sucrose. The celeulated ORD was scaled to apree as

closely as possible with the measured ORD; the scalipg factor then was
used as a calibration constant for subsequent :CD measurements. - o
The molecular rotation [¢,] at a wavelength A is related to the

molecular. ellipticity [eA] by the following relation (Moscowitz, 1960):

= s 1! . _ '
E¢}\] 2/# / [8 '] A ” vl ' - . II-(10) |
§1§dégfées) ¢ 100

‘= molecular rotatfon  II-(11)
2{cm) c(moles/liter) i

where:  [4,] =

3.3 + 103 + 40D()

and  [8,]=3.3 103 s, =
R a ~ 2(em) c(moles/liter)
o | molecular ellipticity - II~(12)A
and  AOD(A) = OD,(2) - ODL(3) = observed circular dichroism at A.

Tt can be scen that tbe contribution of the measure& CD to thé rotation

tat waveleﬁmth,x is thé Intepgral ove#all of the measured CD values, In
principlé, the values'of ellipticity_substitutédrinté the avove eq. I1I-(10)
and the resultin; rotation should be corrected to their vacuum values by
the Lorertz factor, 3/(n(3)2 + 2), where n()) is the refractive index of .
the solvent at A. J. M. Thlery (1966) has shown, however, that negiecﬁ_

of this Lorentz correction introduces negligible error (< Oel%) for .

..k/_
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vcommsn solveht*'if the.CD data 1s taken at least 50 nm away from the
- solvent absorpt ion edpe. The sol&ent'refrécﬁive index has a small
dispersion far from the absorption edge.'”ﬁq, IIw(lO) was evaluaﬁed'
“with a éigital computér9 and a FORTRAN IV subroutine for this purpose
© (KKTRAY) 1s given in Appendix IT. o

| The main problem with the calibration of CD by comparison with

1s that the- g
ORD/rotation of most corpoundb is not entirely due to ﬂstruﬂ@ntally'
accessible CDbands° Driide tails frrom inaccessible far UV dichroism -
bands give monoteonice conuributions to the near UV'votabion aata for

most optlcal¢J active materials. In most cases we cannoﬁ know the

exact magnitude of the Drﬁde.tails but only its approx mate, 1/(2\2 »ﬂ)s
shape (where c is a Eon“tant) The Drilde tail wneertainty introduces
the largest error into this ORD comnariso method of CD callbraﬁiona

This problem can best be ¢1lustrated bv an example., The steroidgi

isoangrouterones is useful for calibrabion of CD because it has a large
signal and ié easy’td obtain. ?he experimental CD of iscandrosterone
and the calculated ORD are shown iﬁ Fipure.II~3a The ob&erved ORD, asf
well as the observed minus calculated O“Igis shown in Flgure IImA

The difference has a smooth Prilde uhapc througﬁout the wavelength

range of interest., The callbration of the CD instrument wlth 1ooanar0u.
steroﬁe is§prec1 se only to about 5% due to ‘the Drﬂde tail uncertainty,
‘The steroid sanples p&ve a conveniently large 51gnal, but cover only a
'restriéteé v, ve;engfh rdnpe in the near UV, One would like to hav |
‘sarples ?%at could be used for calxbrationﬂin the visible and near IR
region of the spectrum £o check to consﬁancy of sensitivity with wave-

length, iNo ideal comparison samples were found, although the CD of mamy
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different samples were'transfdfmed to ORD:and gave'very good agreement
with the measured ORD at all wavelengths uéing'the‘Stéroid callbration
- from the 300 nm reglion. _ o

A sample that shows CD signéis'frbm approximately 1000 nm to the |
far UV -is the copper pfotei‘; éerruloplasnﬂn, that was mentioned in
vChanter (ps33).  The visidble and near IR portion of the CD and absorp=-
tion are shown in Figure II-5. Cerruloplasmin has a relatively small CD
~ and ORD in the visible aﬁd near IR, so measurement wncertainties are :
relatively large (% 5%). There ié a very strong UV ORD tail from the
' protein, similar in shape to ooly—Qr.,-vlutamc acid helix (Chapter I,
V p° 15), but somewhat smaller on a rotation per residue basian_ Howevef;
l tha trovg UV ORD tail can, in this care be- independently measured on
the decolorized.owo eln (the copper is reducea with, e.g., dithionitﬁ)
uhat Has no vxuible and near IR abs orption or CD. The difference between
thevcmcolorizea protein OFD and the colored protein ORD glves the contri-
bution of the- visible and near IR copper hands to the ORD. (It was shown
in Chapte¢ Iy po 335 that the p“obein ORD does not change when the copper
is reduced,) If thiS were a larger signal it would be an ideal case where -
all the CD bépds thathontribute to an obServed'ORD c&rve can be measured.
The Kroni .D.-K;‘ame‘rs transform ¢ . of the measured CD (Fig;ure;;LS) is
shovn in Fivure 11-6 compared to the meésured ORD. * The agreement is very
gooa since *he curves match to well w*thln the noise lcvel of the measure-
ments (om ’mown to about * 1 mnliﬂegrec) The relatiwly large dis-
' crepancy hn the 3bO nm reglon is due to the large orotein rotatlon in
this reglon and the very small differenco bebweeq the colorcd and
décoxor¢z§d.prote;n (the well known.snawl difference in two lafge num-

bers problem).
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Figure II-5. Absorption (dark curve) and CD (light curve)’of.

oxldized human cerruloplasmin, 41 wg Cu/ml, pH 7.0-(0.061 M'

‘sodium phosphate), 1% sodium chloride, 1 cm cell.
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Figure 11-6., ORD of (ox1dized-reduced) human cerruloplasmin,
41 pg Cu/ml, pH 7.0 (0.061 M sodium phosphate, 1% sodium
~ chloride) 1 cm cell, @ump—o—o -« ORD of same solution

calculated from the CD of Figure IIe5 0= 0 wmo0—

HUB 11643 .
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Meny other experimental ORD curves were compared to the calculated

P

ORD curves derdved from-ﬁhe-CD in this way; All compérisons agreed £o

i within exwarAmeﬂtal crror, some of the sty ngmr simals fave hea Utiful'
‘fits, but none covered such a wide wavelongtn range as the cerru.orlaomin

- exarmple, All the experimental evidence taken together indicates that

CD sensitivity is constant with wavelength, although no single satis~—
factory test of this gquestion was found,

Multiple spectrum averaging,
I {

As we mentioned at the outset, the useful range of the instrument

is about 220 nm to 1100 nm.. The nolse level varies w h wavelaﬁoqh at

constant spectral band width and 1s about * 1+ 15 0D wnits fro m 250 nm.
o 750 nm at 1 nm spectral band width and a 1~second time constant.
The noise level'increases toward the outer wavelength limits because

of decreaELng light source ,ntcnsity in the ultraviclet and decreasingﬁ

_gete0uor efficiency in the near ir frared

i

Aﬁ*inqrease in signal/noise was reauired for some of the measure-
ments, énd‘it was found that sinply inc"easing the time constant was‘
not entirely satisgactory,n Tor white noi e (conotant nolse level.vs. :
fPDHUﬁhPV) the root mean aquare neise level is eroectéd to decrease as
1//?: where t is the filter time constant. An Increasc in time constaptv
d1da not attenuate the noisevaﬂ stfongly as expected for white noise.
Apnarently the noise anmlitude in the uystem 1ncrcases stronqu at
1ow frequency (SOncalled 1/f noise or "pinx" noise). A large jenoi—
tivity inérease was obtained howéver, by averaging many fairly rapid

cans (0,5-2 min) of +~he CD op°ctrum us in} én cn~line digital meésur’ﬁg

-

device. :This approach is useful becauvse the signal adds in with each



57

.

scan‘ of the spectx‘*um.,' but the average value_ of the random noise 2810
* and the nolse tends to average out '('iflein‘ 'end Barton, '10'63)}, For whité

(conotapt ampl*tude VS "*'eouencv) nome the signal to noise increases
"as the square root of the nurber of spcctra a'vemged., We actually *“cardb
a somewhat _more repld Increase In si;:.pal 50 noiqe wp to an irprovement
of 10:13 preswaabiy the rapid fmcreaﬂe. in sim.al/noise is dué to the
peculiar noﬁ e spectrum cf‘thcé xenon a-rcl; The oigmal/noi se ,mrﬂverrmt'
yate dmpped after 10:1,and 20:1 mpmwnﬂ seems to be nearly the |
practical :Lirrﬁto Multiple scans reduce the 250-T50 nm nolise level to
about * 1°10° 0D units in 1 to 2 bours, .and a correspondingly large
improvement is found at the extremes of wavelength where the no:vso was
higher. | o - |

The avér*ag;mg device employed was 2 10214 charmel Nuclear Data ND 800
’Enbancetm’r‘u A feature of this éeﬁce is its ability tlo< digitize spec{:ra
in bo‘ch the fomard md packward cxirccticm. The Cary 14 mwonochrometer
used }‘*ad only a few % vackiash in the wavelength drive mechanism, which
is completely nepligible for most upectrag Spectra vere recorded f’f‘orﬂ-:aréd"
from long wavelength to short and then 'buckward from ol’lOI't to long wave-
length. The Enhancetron’ ‘tine base ana log gic sifmalq were used £o control

the Cary 14 scan motor. | "‘hc con’cml circui’c is shown in Figure II-7.

Two relays normally control the Cary 114 scan wo’cor., A double pole tmp'le
thron switch (lubeﬂ ed transfer s'«a.tﬂh In Figure TI-7). was added in the
scan contz*o;. box of the Cary 14 to bypafss the normal scan relays end" the.
m.:,evant co’mections were brought out to a similar ucL of external relays: -

nese 'zz;u;a-*‘rna1 relays could bt, comrollod by the Enhancetron (Etron)

logic oimaﬂ_s through the buffer circui"cs (up/doam control, scan/steop
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5
éon‘cml) ‘getailed in Figure II-8. ; ehcn the Etron was put in the messure
—noge, a ol'mal callea "ro™ went po si“i‘;e. ;,_,'I’b.e ot "imal was used Lo .
driv'e a small (S1 gma 4F -~ 8000 LG~S-1 ) relay through a transistpr" -bx,szér
(see‘}?iggure 17-8), The small relay clos sed one of the larger scan contrel
relays if a a manual enable swmch (scan) Was On. .The initial scan direc‘-x
tion could be se lected by an up/dovm sv,itcm The monochrom’cbf would
scan in the initial direction until u.te mhance’cfon rea;c‘néd the 1c~_zst'
cﬁaxmel (512 or 1024), At the 1ast‘ch&nne‘- (CT) an Etron buss ( forward—
backward buss) woulé cnang*e this buss {(through @ sim‘i‘ar buffer transis—
tor a Gnd relay -shown in }“}.mre IT-8) was ua@d to enable t} other 3Can
contr'c)l rr—‘lay, reversing the scen. "“n.s.s D""OCQSu is repca‘ced, s¢ *m:‘m,c\.;'
the ’sa.r‘ne reglon of the spectrum many timez, At the begimning of‘ eac}ﬁ
~scan one pole cf the émemél scan r-ele;y was .used to subtract & count
from a p;r'eseu ‘Sodeco (see Figure II-T7) counter. E*Iheﬁ the pres.e’c number
of scans was reached, the Sodeco counter closed a set of cm‘cact which
stops the scanning process by droppin;_; ‘c,he‘ Stop Si’;’ buss of the Enhance-
tvron, Ai‘tcr several hundred scans (morc than noymal) the "turn around" |
wavelmnrrths were the same to a few Im"s‘crovfs The narrowest CD opectr"}
normally studied were about 100 3 w,hde at Half-helght. Tor the nar-
rovest spectia many passes were done 5 scan n.I.n;z down in wavel cr*g"th only
and winding wavelength bhack manu_ally to the same starting point for
every scan No difference was found comparin spectra recorded in cne
direction ‘to those done by the “orward-—bacl«ward p"oceaurc,

“A Pmlb”lck PESAU ar*phfier was used as a gain of one dlff‘erential
arplifier to convert the floating, double—ended output of the PAR to a

.

sing e-cnde\.l input of the KD 600 Fnhancetron as <‘hom in Figure II-2,
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'Ifne analog:_ o frequency CO"W'“I"’GG"” in the mhancetron is quite sensi’c ve.
and memyoryvicm.pacit:\f is limited to 21“.»- 1 counts, .'::ﬁo p; 1021 "u’c%er @ation
was used bet‘oré the Enhanéetron :’mpu‘cg The averég;‘ed spec’cm coxzid.bs: .
, dié*’ ayed on an oscllloscope and 'vlottoc on an ¥~y plotter, S

Absorpticn spectra were recorded us r\p‘ a Cary 14 'spectr'omo\,omctv-o
Ty the case of scattering sam ples the Model 1462 Scattered-Transm um'? on
Accessory *-fm‘ uscc f‘ptlca] rotetory dis persio.i hectra were obtained ‘
B using a Cary 60 Instrument modified wi’ch an- Bl 36 Ifamamctm_z red-sent s_L[CZ *;e
photor.,; it*li |
Materials

The pr*ep&“‘oi@n csi‘féhlompbyll By chloréphyl}. g and bact@riochlom{
pliyll ‘are described elsewhere (Sauer, Lindsay Smilth and Schultz, 1960).,
Carbon tetrachlori a waé reagent grade and was uAsed \}«zlitmut purificatiém

The suspension of nﬁcfocrys‘calliné éi}lorophyll a was prepared by
dding iscoctane to o small samlc of the solid chlorophyll. After
- vigorous stirring, the suspension was spun in a clinilecal centrifuge @ >
top .speed for § min., znd the supernatant suspension was used directly.
No notilcea ble settling occurred c?urmgthe hali?»hour period of measure-
ment |

N LL e

Chmrr:;’cop“orw from Fhodosplr illu. , uhrum and Rhodopseudoronas

spheroides Vyem obtained 5)‘ x"""hin;g )««uas' 0ld rcultures free of frowth
medium, ho.s.l wed by >om ation for .3 r-rJ.n., at 0°C with a Bilosonik cscil~
lator. T‘r?iment's sedimenting between 140 OOO g (30 min) and 180,0(.)0' £
(50 min) 5ore washed and resuspended in 0.05 I phosphate buffer, pH T.5.

..

Parley was grown from seed in a phytotron under controlled illumina—

y.:.

ticn and temperature and was harvested about 3 weeks after germlnat

The normal (Lyon) end the mutant strain (Chlorina 2), which is missing
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chlorophyll b (liighkin and Frenkel, 1962) were grown under identical

conditions and harvested at the same time. Chloroplasts were isolated -

from the hormogenized leaves essentially by the procedure of Park and

Pon (l§61)° Sonication of the chTOronla»t suspension was fblxowcq by
isolation ofté@ffacticn.secimenting ctvcen 9000 (lO rin) and
110,000 g (30 mih),'xcsuspensich in 10-3 M phosphate buffers pH 7.5,
and clarification at 9000 g (10 min). | | B |

- Co Chlorophvll Dimers in Solution

The aprcrent rolecu*ur weight of chlorophyll a (Aronoff, 4962),

Cth“O“hyxl b (Xatz, Cloos, Pernington, Thomas and utrains 106°) and

bacteriochlorophyll (Sauer and Lindsay Smith, 1965) increases with con-

centration in nonpolar solvents. Lavorel (1957) and WQber‘and Teale

(1958) first reported chlorophyll a dlnerizax ion in hydrocarbon s olventé'

based on fluorescence measurements on concentrated solutionss Chloro-—

phyll &, chlorophyll b and bacter10chloropnyll qppear to obey Beer's

2

law very closely in most 50¢vents,. om\ver9 in nonpolar hydrocarbon:.
and halocarbon solvents the,absorptipn.spectra are strongly concentre-
tlon dependent.

g fnelysis of the absorption data of the three chlorophylls in the'

concentration range of :LO"6 Mto 5'.10‘“"4 ¥ in ar%on tetrachlorlde up—

| ports a quple ronorer~dimer equilibrium ( auer, Lindsay Smith and

Schultz, 1066)° Tigure I1I-9 ShOWS a concentrated rﬂnus dilute solution

differencc spectrum for bacterlocnloropqyll angd the calculatcu monomer

I

and dimer;absorptlon spectra. The monomer qDCLtTa in dilute carbon

i

-

etrachloride soluticns are very similar to‘those in ether or acetone

; : % : ;
at all concentrations., The dimer absorption spectra of all three

s

chlorcphylls show a splitting of the long anelength absorption band:
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Figure II—9.' Aosorption spectra of bacteriochlorophyll in
carboﬁ tetrachloride. The lower daéhed curve 1s a difference
spectrum measured between solutions at different concen=-

tra@ions with the pathlength inversely proportional to con-

I}
H

céntration. Upper curves calculated for pure monomer (solid)

H

and pure dimer (dashed). After Sauer, et al. (1966).



(at about 780 my in bactericchlorophyll

of o 10:'1,5:7 wavelength 3

roulder (Sauer et a

rhylls have dimerization constants (X3 =

tetrachloride,

.6l

in Meure II-9) with appearance

al., 1966). ALl three chloro-

?‘\/M-) near 1ot M L 4n carbon

Ve will be concerned with the €D spectra of the dimers found by

Sauver et al, (1966), so we will sunmarize :

these aggregates. The chlorophyll species

equilld m m under ’Ghe

are almost ce tainly

2 ,ul . HZC

,.:

The presence of waber

condiuo* of the &

the ohloroph,yll mono

> (Chl - 1’

WM

has neot been dire

to rationalize many observations, Water

tion of crystalline chlorophyll (Jaco bs,

:v

some of the prope I""iDS' of
involved 'in the monomer-dime
aver et al. (1966) experiments
hydrate:

0). 5

13 shown as yety but it seems

mv‘“‘ be present during prepara-

Vatter and Holt, 19%4), and

these Mw ot" cr'v.;u .5 are used to prepare 'sdlution‘s for optical work.

Infrared measurenents

(V&tz t ' clo k) 1963;

w———— T

mive evidence for bound water (to the cent

sclvents. A previcusly wunassimmed MMR peal

»

pacteriochlorophyll (S

(e‘e‘.g;n 2 benzene),tx, .

. Jower ooncm‘cn L loNS s

css‘en‘cially complete

aver et 8l., 1960)

L

the agrrerat

Siderov and Terenin, 1960)
ral mc;f*ne mm) in similar

< near O cps ( from TH3) in

i

appears Wwhere water bhoaund to

’Y

L.

the central w&w:esixm would Hc exmected. In rigorously dried solvents
. - b N 2 %

ion appeaxrs to occur at much T

L:Lvm rston, wav...o“ and MeArdle (1949) found

(106") meas surerents of chlorophy! Ll a in be

1

indicates ‘essentially no aggregation at the low cmccntra‘;lons used by

P

lemf"%ﬁo et al. (1940

* dmba—ct ot ot

Livingston et al.

nunleophiles broke up

e
(1948) found that

the aggregates in

in rigerously dry benzene.

affrrremuiom.- of chloro*vhvl.x a '1‘& 0“‘) “/ Arcncflts

AR Ly

enzene (x»,ith no rigorous drylr ng)

-

small amounts of water or other

the rigorously dry benzene and



that the equilibriuni of the dry aggregate with these nucleo'vhi._e is
onplex, involving higher agizgregates then dimers, Aggre{;ate spectra

in rigorcusly dry hydrocarbons at low concentrations have been reported

by Fernondez and Becker (l 9}, althe uér‘: these authors made a different
interpretation of thelr éata.

Figure II-10 shows the chemical structure of bacteriochlofophyllg
with tkc atoms labeled in a standard way. IR measurements in ch-lc_ro«—
carvon solvents can best be interpreted en the basis of dimers formed
hetween a carbonyl of one molecule (pr marhy the ketone cn carbon 9
in Fi@r@ IImlG)v with the central magnes sium of the second (Ka’cz et _z}}w 5
1963; Anderson and Calvin, 1960). This inte mwctauon has bCﬂn con{irmed
by the direct observation of ’z;,’ne Mz — 0 bond vibration in the "'—{:ve;rete
. v

in the far infrared : et 310 oni™ L (B oucher, Strain and Katz, 1966), !

measurerents also show agrresations of the three chlorophylls and indi-

2

cate that the -rin,gg V carbonyl region is J'm‘vvolvedg} ’I“nf‘ molecular 'v::’eig.f;-ﬁ
and NMR work indicate that the chl v”ophv 1 b carbonyl on ring II (at
position:ﬁ in Figure II-10) is involved in trimer formation at hilgher
concentrations (Closs, Katz, Pennington, Thomas and S r’amg 1963), The
MR on bacteriochlercphyll also seems to ﬁndicate some trimer at the
highest concentration (Sauér. et fj;_‘, 1966) inv_olving the acetyl group
in ring I (position 2 in Figure II~10).

The agf;r‘egations observed by Iiving.ﬁton et al. (’91«9) by Katz
c’s ala (196 and Closs et al. (1963) .9.31 renuiv'e the: nresenr‘c of mag-~

4

nesium in; wo center of the chlo*‘o hyll ring. It can be seen by inspec-

tion of ’che. data of Closs et alc. (19€3) that the argregation in the
a‘oseﬁce of the magnesium is a’c least 100-Told less than for the magnesium O

complexes.
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Chlorophyll aras a vinyl grouwp at position 2, replacing the

with an aldehyde.’

OCH3.
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Figure II-10. Bacteriochlorcpnyll stf'acture. Chlorophyll 'a and

66

acetyl and chlorcphyll p‘"mrtber .replaces. the mei:hyl at 3’
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A tentative picture emerges from the previcus work on the in vitro
apgrepation of the three chlorophylls: (1) All three chlorophylic seem

-

. TR .
to form similar dimers (Saver et al., 1966) (w tH K~ X 10" ) involving
ﬂ .

‘./

a bond between the cpﬁLrLl magnesium and the ring V cerbomy] (Katz et al.;
1966), (2) Trimers may form in very concontrated solutdons of chlorophyll
o (Katz et al., 1963, and Closa et al,, M/Sg) and bacteriochlorcphyll

rr—oTee e S

(Sauer et al., 1966). (3) The above conclusions apparently obtain only

u'f)
o

with the chlorophyll monohydrates and that rigorous drying of solvents
) ’ ] 5 o 2

)

leads to hiéhér aggregaﬁionyat low concon“i@tiols (Livingston et,égL,
19&9)§ (4 Addition of nucleop les sﬁch és>aﬁcohols water or pyridine
competes for megnesium with the chlorophyll cérbony‘ and breaks the dlmer
(or trimer) (Sauer et al., 1966; Closé et al., 1963). Saver and Xu (1966)
Have shownAthat‘the diﬁér«nucleop}il titr ration for chlorophy ll'g_in
carbon te achloride cen be des crib“d Dj a simple cquﬁlvbrium Invelving

dimers, monomers and ohloropn 11 nuclecphile complexes. (5) These agpro-

bt

a

(¢}

N g3

gation effec»s are independent of the phytyl &rov up (& 20-carbon s
chain labeled R in Figure II-10) (Closs et al., 1 63)3

Ontical nproperties of chlorophyll dimers

4 E -

Chloreophyll g, chlorophyll b and bastericchlorophyll in polar sol-—

vents show an unmeasurably small circular dichroism. An extremely wesk

monomer optical activity can be measured by the more sensitive OFD method

)
D

{see Appendix I), although the siernals are e to limit of ORD sensi~-
tivity and reproducloility. In carbon tetrachloride, a solvent that
favors ﬂima S, 1rcrea51nﬁ COﬁcentrauﬂon results in enhanced CRD (Sauer,

1565) and CD. Figure II-11 shows the ORF nd absorption of a fairly
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absovrp‘cion that results when the dimer 1s broken up with ethenol. The
" monomer has very small ORD (the dimer is not quite 100% absent in Figure

TI~11) and £he long wavelength shoulder cn the abso mtion dlsappears.

All three cm.o“owul behave sim Wezﬂyg

OJ
=3

The cireular dichroism and absorption spectra cf chlorephwil 2y

chlorophyll b and & bacteriochlorophyll solutions in carbon {etrachlorida
containing about 85% dimer are shown in Fipwes II-12, 13 and 14. Pre=-

cise CD measurements on dilute solutions, free of aggregates, have not.
yet been possible in carbon tetmchloric‘:'e because of décorzym sition of
the dilute chlorophyll solutions during - the prolom*e time of measure-—
ment, Measurements on dillute sol';’.tionf; can be made rapidly, o avold
decomposition, but with & resulting mcmase in noise level. The dilufe
soluticns show essentially no m.c"a S 'wfith‘&". upper 1imit of about

5% of the concentrated (d;mﬁr) signals, W’hia obser\fa’clion_is conasistent
with CFD measurement in dilute carbon tetrachloride that the ro“omr CRD
is at most 5% of the dimer (Saver, 1965)_; For our purposes, thz CD of
all the chlorophylls in carbon tebrach niord dc is entirely due to chloro—

phvll-chlovophyll interactions with a negligible contribution from

MONOMErss
Ve can, with thic simplification, calculate the molar circular
dlchroism of the dimers from tF e concentration of the solution, the

lnown dimerization constant (Sauver et al, 1%6) and the observed cir-
ey 8ass »

- ~

cular diehroism. We mus‘c pe careful that there 1is not sipnificant cone
‘cribm;ion, from trimers in the chlorcphyll b and t cter.:.ouﬂ orophyll
case. More recent measurements , shown later, show that the bacterio-

Y
-

chlorophyll CD in Figure II-14 is distorted appreciably by trimers,
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which contributes on the long wavelength side of the 803 my positlve

CD peak.and the 602 mu negative CD peak,

The chlcrophyll dimers give largs circular Cichroism signals-in
- - 3 - o dm - Y . b L
the relatively isolated far red band {zt 650 me for chlorophyll b, 620 my

for chlorophyll a and 780 myu for bacteriochlorophyll}, as well a3 i Lhe

vre compiex Scret band (in the 400 mu region), which is a composite of .

two nearoy electronic transitions.  We shall concentrate, initlalliy,

on interpreting the CD of the far red hands of these compounds. All

three chloropnyll dimers show gualitatively very similar CD spectra.

This is consistent with all the evidence, from NMR, IR, and absorption

\

measurements guoted ow'her, that the three dimers have very similar
structure, All three chlorophyll dimers show a double circuler dichroism

2

spectrunm that is positive on long wavelengths and reverses sigm clese

to the center of the absorption band.

oy Las e R o .
Discussion. of cimer optical nror\c:n’sles

The splitting of the absorption and double CD spectra of the dlimers
can he. z,n lerstood in terms of the resona Tice ex citon interaction hetween

the identical monomers in the dimers (Ilc»:; son, Simpson and Curtis, 195

2

R o

Tinoco, 19643 Tinoco, Wecdy and Bradley, 1563). Similar exciton interactions

have been seen in agpgregates of organic 1 5 (Rer ;‘:r"‘.n and Q'¥on »;1 1963},

-\’)
o

molecular crystals (Davydov, 1962; Me 'l.x,r'c, 1959), ht‘lic al polypeptides
(Tincco, Halpern and Simpson, 1962), and sta acked mlwuc*eo ides (Warshaw,
Bush and Tinoco, 1965). The optical properties of the aggre?, ates depend

.

4 . - : '-"" -~ 5 do 3 A v, . ~ +
upon the optical pmpcr'tm" of the monomers in the agsregate and to the

geometyy of the aggre m’ce (Tinoco, 1863). We will sec that analysis ©

the absorption and CD.spe sctra of the chlorophyll dimers . in principle,



7

Lo

"is an interesting possibility I

£y

will allow determination of the geometry of the dimer In sclution. This

7 3

ma phy31ca1 chemistry point of view,
and 13 all the more useful in regard to the chlorophyll interactions

in plants and photosymthetic bacteria. The treatment of dimer struc—

. ture that follows makes several simplifying assumptions and 1s neces-

sarily preliminary. Most of these assumptions are not fundamental

but merely convenient for practical calculations. The simplified
theory zllows us to propose a strubuure for the ehlorophyll dimer, and
L

at the end we will diuvbus tests of the asswmptions used.’

Oeneral. theoretical approach to dimer structure

2y

e theory of mplecular electronic absorption is well ynown and 15

Y-
P
3

treated in many books on the subject (e.ges Sandorfy, 19645 Kauzman, 1957).
The detailed theory of optical activity is more recent end is perhaps
pest treated by Moffitt and Moscowltz (10”0) The most useful *heareti~

cal development for our purpose is a body of work by Tinoco and cowox rkers

on the opticel propertles of polymers of ildentical subtnits (Gefey

Tinoco, Woody and Bradley, 1963; Dush, 1965), The theory has
rarized in a form specifically for dimers by Tinocoi(1963)o
The abs ovNVNOu and clrcular dichrOESm of moleculés éan he expressed

in-éerms of thglel~ctr LC dipble tr.n ti n moment , Poas and the mag~
netic dipole transition moment, s {eegog tauzinan, 1957). The electric
dipole transition moment pog, 15 & vector that d@scr¢9es the dir@ctior
and magnitude of electronic charge dis ﬁri’UtAOﬂ change durinw a transi-
e

tion f*ow oloc ronic state o to state a. The magnetic d pole transition

bo

larly describes the directicon and mesnitude of the -~

A

3im

B

€,

CE
moment Qbas

mapnetic woment change during the o to a transition. The absorption
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intensity of the o to a transition is proportional to the dipele strenNJh

Dygs Which is defined: ' —
- 2 . 0 16.10-39 2
Toa = (bog)™ = 09,1610 (CgS)‘ff e(¥) 4v - CIT~(13)

where c(v) is the observed extinction coefficient at frequency v, and

vy and Vo are the limits of the region where the o = a transition has
~asurable absorption. The sien and magnitude of the CD (or O RD) due to
T T

the o to a transition is rroportlcm al to the rotational strength Fogs

which is defined as:

| o 2 ey
poaﬂmqjoagr@oa)=o.696«-:.o-42<c,«:s> ){ f},i%\ildv o II-(b)

where Im means the in aﬁina oy pwrt of the ooalar product of tne Umo

vectors and Ae is the observed CD.(difference in eytlnctlon coefficient
in left and right circular light). _
e corbination of the two moncmers into a dimer perturbs the

electronic distribution during the electronic trensition and thus af-
1ects the ab VO“DLLOH and circular dichroism. = The general approach 1s

to express Lne abworpt-on and CD of the dimer in terms of tu@ measured
abscrption and CD of the monomer and the geometry of tne dimer. The
first approximation to the neth nat ﬁ cavsed by dimerization is the
rescnance (exciton) interaction of the monomer electronic transitlons
of cqual enérey.

Consider roncmers 1 and 2 wiub Lnnnrturbcd wavefunct ions 010 & nd

¢+, For monomer 1 (i=1,2) in the ground_(o)'and excited state (a)

respectliv ’13 For the first approximation we ncz¢cct molocular vibra~

tions (v shich can be included later, Young, 19656). [ne ground state of

the dimer is approximately plvcn by We=$10%20- From simple degenerate



),

-
4

.

perturbation theory (e.g., Bohm, 1251) the exciveé state is the symetric.
(+) and entisymmetric (~) combination of tge degenerate states with

. excitation én monomer 1. ¢qadng, and with ;pbo excitation on monomer

'3' (x')o(‘ Qv

bar = 1//5.(¢1a¢20 z 4108230 ' : - I

The % states will; in gener319 have different energies due to the coulond

interactions between tno 03@CLTOﬂs on the two monomers. L we think

simply of the trans tion as .creating a CiﬁOLe in the monomer of interest

the I combingtions are the addi1iouu and'esubtractions of these two

dipoles to form a higher cnorrv state and 2 lrhn“ energy Uvmtc.' [

where I, is the @nergv of the unperturbed state and Vip 1s the coulond

potential energy bptwccn the two e cjtcu PCNOmErsS,

\)

.
Vip = (hratoo | 475 oy

where the sum is over 1 and }, the eicc “ons of monomer 1 and monomer 2,

3

‘respectively, r.. 1s the dlistance between che electrons and e is the

electronic charge, If we treat the charge>distribution chanpe during
the electronic transition simply as a point dipele, neglecting the
higher term; in & multipele expansion (not.eésential, ut a‘uséful
starting ;\inﬁ)s then-Vys is jusé the dipole int eracbion patent&u“

\

- = 1 /RO 4, - R °1 AN T3 v ‘T..f
12 i/Ri(Eloa”édoa 3(Q12 510&1(21¢ “CO“)/ L) e 11 \17)

I

where Ryo = Pl - nwﬁ th~ vector distance between bhe center of monomer 1

and monomer 2, and R = ;gngf

P



As a first approx imations we neg LFCt cha magnetic dipclie mo ent of’
the chlorophyll monomers This simplifies the exzpression for the rota-

47

-2 I rwiny} 7% F o e i e 2w A PRI S s
tional strength considerably. This approximstlon is justified because

se
3

ic chlorin or tetrahvdropomphyrin skeleton has zero magnetic

he bas
tran itio” dipole moment for the allowed electronic transitions (Eyring,

Yalter and Kimbal 19&%)0 The asyfrct;¢c carbon atoms that destroy the
D

rolecular plane as a symm Lry plane are aliphatic substituents and only

wealkly affect the pi orbital system of the chloroynJ&lu, Thus, the

p

magnetic dipole transition moment that they induce is very small. For
our purpose the chlorophyll molecule is considered as being optically
inactive %o a first approximation. We will give a slightly more detailed

K3

arsument on this point laterc With this @ JPPO\¢PJtiOn the eAci Lon cone

.

Sy

tion to the robational tﬂcnﬂ*“ ‘af the dimer mey be written in

-~

terms of the electric dipole transitienAmoments of the mocnomer {Tincco,

- . ' T e a0
R.i +\ TV /2 ) (512 e!{:}.O'c’L X .11'70,1) . . I.u“( lu)
WHere Yo is the unperturbed aooor*u‘ﬁn fraguency at the abocrobmnw band

maxdrum end Bip 1s cefined above, The ipole strenpth can be written:

B

D+ =

OU

25

H ° I L o . ' . TT
Hroa ° Meoa . : L

-t " - v

where D is the unperturbed monomer dipole streﬁatha If we definz an

o]
angle, B8, le‘v en the tre sition moments, u.o dipole strength can be
writtens
L
Dy = Do(l Zcos 8) o , I11~(20)

The transition frequencies in ot are:
vy = v T vpy/he o IT-(21) .
wnere h is Plankf®s constant and ¢ 1s the "eloc1ty of light. Sowe con-

sequences of these zero order equatlionsg are tn(t the total intensity of




Fimer in‘m T campon ents, Causaizn shaped absorptlion components fit
. " i , 4

mm to ‘cmce the monomer absorption

s
®
oy
B
ot}
%
"
)
&
0
9
3
&
&
3
(%3
@
Q

end the exciton contrivution to the CD is symmetrical
agove and below zero, Ry + R = 0,

In fact, Saver et al. (1966) found tn\:c the intensity of the auserp-

&

ticn is not conserved in golng from the f‘nloraphul nono*rsrs Lo the Giners

»

in a single absorption band (e.7., & 1’-505% increase . in absorption of the

711 dimer compared to the sum of the

monorers).  The CD is not symmetrical above and below zero (Fimures II-12,

13 and 14) for the chlorophyll dimers, The trancition of interest of one

discussed above, but also with the anlsotropic polarizability and charge

ty presented by the neiphbor 1‘;_:'xmnomer (‘,cvoe and Tinocco, 186

E_l.

dens

Tinoco, 19G60), Ve call these interactions with

o

bility and charge Cdensity nomc:cnc:'aw oecaua;

o

1 -

as interactions between trans tion mo &(C}‘l“-" off resonance. We do nob wish
to treat these higher order ef f‘c\,t theoretlcally, but rather to correct

for them, zo that the most important zero order resonance ci‘fhct's can be

sorted out of the data.

£ i 3 -, P
Cotical asta analysis

o

The obseprved dimer spectrum can be decomposed ing 20 the two exciton

cor“r‘mer'cu vy comuter "na.lw sis (Sauer et al., 1966). I"J.rruro TI-15 shovis
. ’ .

o]
]
<t
jog
(]
.
a
[
4]
o
o
5
3
[«
ey
Q
3
¢
=

tha <.oco;*mc sitior hend of the bacter ioch«oro“'"ll

4a

3

the spectrum satisfactorily 1f the Caussian components ere allowed to
nave Aifferent widths an the low and high ecnergy slde.

The two exciton components are reculred to have the same low energy
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width and the same high energy wiéthvbut may have different amplitudes,
The enerpy splitting, the relatlve amplitude of the corponents aﬁu the
two width parameters rive four independent parameters. Separate bénds‘
for the hifhn“ enerpy vibrational corponents which make smell contribu-
tions in the peak absorption region are included. The abscorptlon fitting

P > oy e F -~ s R
the absorptlon band parameters

=,
J
[¢)
o
3
[83
A
o
b
H
15
£
23
8
3
H
s
:.)
i;‘
U)
‘:‘
@
‘;3
<
e

is seen to be Qu te gpod'and seems to‘be’unique within the L;mJthJXWS
’im;osed alxon Fne change in intensity of a band (nvpo~ or hyperchromism)
upen formin@'the'dimer can be neglected by s;mplw taking the ratio of the
two diﬁole‘ﬁtrengtbs_ffonithe’absorption ﬁﬁ¢ctrhm¢ D¢/Dm;

The CD spectrum 13 & ligp ly different prob lew, Th e nondegenerate,

interactions glve single dichrolsm bands, while the
resonence, excilton interactions give double CD bands (Tinoco, 1962),
The situation is 1llustrated in Flgure II“ 6 for both ORD and CD spectra.

The example glven 1s similar to the actual situ Q‘lCﬂo Tor the chiorophyll

erved curve similar to III in Figure II-16. We wish to

sy}
o
&«
o}
)
[¢]
4]
b
O
3
n
(b1

‘extract the double CD component (e, r , I in Figure II~16) from the

observed CD;spectrum (oo s IIT In Figure II-16),

For LMOHU Ly dllow@o ann.i ions, as in the chlorophyllsg the sinple
CD peaks are expected to hﬂVP the some shape as the absorption (Moxlltﬁ
-and Mofcc@;uz“ 1961)®' F T cxc1ton,sp]ittingﬁ smaller tn n the band

width of che ﬁransition (snd electric dipole allowed transitions) the

degeﬁerap CD component has the shape of the derivative of tnn absorption
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Figure II-16. Typical CD and ORD curves resulting from
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curves (I + II)/2, which approximate those observed for

chlérophyll dimers.
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Figgré II-17. Typical double CD component fora;n exciton
split transiﬁion where the splitting is small cémpared to
the‘band width, The cancellation bf rotaticnal strength in
the center of the band is illustrated. Both R; and R_ have
.Gaussian shapes with halfwidthAo; and they are separated

by 4v,
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are represented by the open circles, o ; and the sum of the I and II

cOnponénts are the solid points,, .
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are given in Tavle I, The 5%0 mp transition moments are oriented at
approdimately 100 degreds in the dimer by the dipcle approximation.

We must now recensider the appro roximate magnitudes of the mepnetic

dipole transiticon moments for these twd bacteriochlorophyll transitions,

since the out of plane ﬂorpOﬁcmto of the magnetic dipele transition
roment of one monomer Jcan interact

tion moment of the other monomer if the

Cunu&Q w1 a hypothetlical op anIv insctive bacteriochloreph vl
derivative which is ov“m@trically (dihydragen or dimethyl) substituted
at C=3, by 7, 8 and 10 (see Figure II-10). The main electronic pertur-

bations from full recte zrulﬁ symmetry are the carbonyl srﬂur¢ at

R,

ositicns 2 and 9. Aside from aliphatic substitution
lcave a Cp axis of symmetry perpendl cular to the molecular plane of sy

oY

metry. For this hypothslical molecule (which 1s considered to be Co

“

group theoretlcal not tion) the megnstic o L}OAG trensition moments ars

o by ~yumnﬁr" $uivu110Wﬁd @1ethiC dipolie transitisng
such as ve are considering. The dll;na*ic sunstituents which Induce
ical activisy in bacteriochloznphyll are very weak nCMturraia N3
on oux 5 ypothetical molecule and thevefore must induce only a very small

magnetic diﬁOlC transition moment, and this can reasonebly be neglacted.

The genbra orientation of the dimer can conveniently be describved
by the coor ate system shown in Flgure II»lQO l,cdle one ig placed

in the xvalane centered at the origin of ¢ r¢a.t~nanreu cartesian coordl-

[#:]

nate system (x,v,2). Molecule one transition moments are dirccted’along

3

the x,y axes. The center of the second molecule ls located by a vector

P



1N

90a

1<
v

Figure II-19. The coordinate system used to describe

the dimer structure. The angles are defined in the text,

MUB-12473:



91
from thé,drigin of the f}rst'coordinate system specified by the cylindri-
cal polar coordinates‘g,'v and o. The second molecule is placed in the
xty! piane centered ab theﬁofigin of a right-handed caréesian coordinaée

system ("’sv’pz’); . Pnd the ﬁfansition.moments of the second molecule
are dlrected'albng_the x’,y’ axes, The x y z system at the center of
molecule two is parellel to the xyz s wstémé The angles, ¢;e;¢3 which
orient the x'y? z' system relative to the z system aré the Euieriaﬁ”w
angles as def'fmea by Wilson, Deciu Aand Gress (1953) ‘ |

”he laaﬁ plece of information we need to carry through the noint

dipole analysis of the dimer structure is Lhe direction of the dipcle
transition woments in the molecular planeo< Ve remarked earlier.that
bactérioéhloraphyll is only slightiy perturbed from a very synmmetrical
rectangular moleculea For the symmetricai parent molecule; magneslum
~opposite tetra 1jdroporwhyr1n9 unambiedous theoretical arvumenta assign
the long wavelength transition msrmnt along the long conjuration axls
of the molecule (Flatt, 19{:,;00%@1‘%&, 1961 Goutermn, Wamiere and
,Snvder9 1963) | An axié albnv thé long conjuﬂétiOn directlion bisects ‘“
the’ boqd between carbons l and 2 ¢ “ﬂ the'hond between carbons 5 and 6
'in Flgure: J.I--TOc Coutewman (1961) c@lﬂs this long azls the ¥ xisﬁ but_
we inaovertentiy assigned the long ﬂOnJuyﬁtion axis to the x axis Parly:
vin this work9 and we stuck to our convention throughout. The only
bacteriochlérophyll substituent"'which can appreciably perturb the ,
electronic;ﬁtrUCture of the basic magnesium orp0°i+e tetrah}dropcrphvr*n. :
skeleton a&e thé carbonyl groups on positions 2 and 9 (aee Figure 11-10).
- The teurahwdvopornhyrin has a typlcal "1onw flelc" (Platt 195 ’) spectrum .
nnlch is er@iric llv and theoretically eycected to be inscngit;ve tc

conjugated substituents,



. 92-

Folecular orbital calculations, usiﬁg parameters determined by a,
self-consistent field configuraticn Interaction calculation (Welss et al
1965), indicate that the carbonyls only very slightly affect the directions
of the 780 and 590-mu‘bands of tetrahydroporphyrin (Séuerﬁ 1966). - fhe
transiti ‘1 moment direc ons'of bactericchlorophyll are essentiélly
Qeterﬁﬁnec by the geometry of the molecules and vwe will nemlect-the effects
of carbenyl substltuentse This is rot a fnnd@ﬂwntal aopr0x¢m3'1n Cand
aﬁpar€1t1V not a serlous oq@, hut it is convenient° To summarize the
long conduyatlon axis (1/2 ~ 5/6) of the monomers which correspond to the
780 mp transition are nl aced along the x, x° axes, and the oh rt conjuga-
tion axis‘(S/u ~ 7/8) wnich correSpcncs_tQ»the 560 my transition are~"
placed zlcbg the vy, ¥*' axes in Flgure II~1§,-
o For tr e ro;nt leolo approx ximation the followingAgeometrical expreé-
éioﬁs T‘°e‘1°'m,n'm ‘or the exclton contribution to the rotationalrstfengthv

%

(Hi>z the exciton splitting (Vip) and the dipole strength ratio (D3/D.)

. | 1+ (cos ¢ 208 ¥ = Sin ¢ sin ¢ cos 6) e
¥ = DR = (Dy/D)y = , . —= - IE=(20)
g 1 - (cos ¢ cos § - sin ¢ sin ¢ cos 0) T
: \ - {gin & s8in ¥ - cOS & coS ¥ cot’ 8)
X2 = DRY = (D';_/D.‘)y = L A 4 X 3 )5S § TT~(29)
: 14 (5in ¢ 5in ¢ - cos ¢ COS ¥ cOS 8) . ' 5

X3=ROTX? 2(n¢)xc = *plsin o sin 0 sin'm'« cos y(sin ¢ cos ¥ + cos ¢ SL& ¢ cos )]
uvxuxL . . : ' )
- ' ; 1'I*-(JCD

- ?(R )‘C --.. r : ’ . .
Xy=RCTY{= ﬁﬁﬁiigi. "R [cos ¢ ein & sin ¢ + cos y(cos ¢ sin ¢ + sin ¢ cos ¢ cos .8) ]

TVyty .
S | TI=(31)
XTI .\-’ . - ! ' ’ .
Ke=VKX= (Zlé)x = _§,(cos 4 ¢coS § - sin ¢ sin ¢ cos 8) = 3 cos alcos alcos ¢ cos ¥
ol R . )
By

- sin ¢ sin w cos 8) + sin a(sin ¢ cos ¢ + cos ¢ sin ¢ cos 8) o~

+ cos y sin ¢ sin ¢]} - IT-(32)



o

ngVKY - (M2)y - . -a»{(@¢n ¢ sin Y - cos ¢ COB ¥ COS e) - 3 sin a[cos a(cos ¢ 8in w
T2 R \
v o + sin 6 cos ¥ cos 8) + sin o{sin ¢ sin y = cos ¢ cos { cos 6
- cos y sin b cos W]} _ I1-(33)
where ‘uxa,, uy‘?, Vo "y are derived. fr'om the experimemal valves of the
absorption intensit y and wavelenpth of maximum absorption (found by Sauer
et al., 1966). The experimental values of the exciﬁon splitting, rotawv
‘ tiona} strength aﬁd.dipale strength f&élos are givén in Table I;, The Xy,
eqs, 1I-28 - 33s rélatevthe experiménﬁal observables and geometrical
factors of Interezt, |
Ye have not been able to solve these 3imultaneou3 equations in ciosed
form for the armle% of iv*eregt, B8O we ueed a numerical computer method
for the solut10n° The mwthod adopted 18 analopous to the method of
steepest deqccntsg The ohserved value of Yq was subtracted from each
of the Xy enuations to get a nevw smt of ﬁmctions Xty which must all
equal'zero_for 8 solutioni .The slx equations were aﬁded and squared to
get a function F that ié also zefo for a.aolutiong’ ihe metinod uses thg
partisl derdvatives of T with respect to each of the six unkncims, a,
Y, 0, 65 U, and Ra.'Tr1a1 va1ues of the wnknowns are supplled, ard the
function F and its partial derivatives‘wiﬁﬁ respect to the unknowns =re
alculated; mhe’unknowns are éltered a small énnunt in the direction
the partial derlvutivas 1ndicate will brinp F closar to zero, This
procoas is r@peated until a minimum in F 13 reached, A typical soluLion
ﬁiV03 a value of I' = 10“25 for Lhe qystc»m of equations and each com$mnont
Xy 1s about 10“1” (while each Xi iz of rhe order of unitv)« The master
" fitting program VARMIT 15 available as share routine (2o Fo VARM). Several

diifcrent solutions are fbund for diffprent sets of: trial values of the

Pagev 95 follows !
S ‘ :



| 95
8ix unknowns, 'No procedures were used for (mttinp; the trial‘ valdes.
) (1) 'The observable Xi quantities were calculated by the computer for
a set of angrles v&ried syfstematically, in 15 depree 'step%, from 0 - 21: .
- for a,. l}’ ¢ and from O « @ for y and 0, at uovera_l R values f‘w,, 3.5 = 10 9
in O.b R step‘l. “This procedure required a largz,e nw.é;er of conwt;at* ;s
but only a.-'amall amount of computcer time, The program (DIMER, plven in ’ |

Appendix II) was written so that the Xi' values were printed out_p.tdggether‘ -

- with thn angles used for the calculatlion only if all the Xi 'a vere within

‘a factor cf two of the exipe erdmentel rwbcm. Only a small nurber (0.5%)
of the combiration of unlmotms met this crtteria and only a few r'etrion

of angﬂ es and R valuns [r'lvp X va"ue*; Moee (20%) to the experimental
valueo. The ang.ue and R vmues found in this way were used a3 tri&l

~ véllues f’ov' the unimowns in solvingr the F equation. (2) Te trial values
which wore required to solve the P equutim were varled inas ystemé.tio'
manner over a larpge range of values with no attempt at selectinr trial
values which ap;r'eed closely with experiment, |

| We found no way to determine the number of 11near'1y mdependent

' solutions for this set of equat:ion‘x and we g¢an never be absolutely ' sure '
: thet all of them have been fomd. 'l‘here is also the fur‘cher amblguity in
our emaerimental data, that we do not measure the slen of the exciton
:;plitting, only its magnitude, Yor t-his reason we tried calculation

with foui' combinationé ol sipn ot‘ exclton splitting: ‘ |

“et VX ' \Iy ‘

A |+ Lt

0
4+




A very large number of mthematiaal aolv:xticna are found for the six :
: . similteneous equatims and our experd.nmtal data, approximately 15 for
each set; of exclton splitting,s. However, the solutions occurred at
i only three values of the center .to ceriter distance: = 8,22, 7. 51,

i 6. Sll 2 Changing ‘the values of the observable quantities by 5 - s10‘3

_ Ato simulate experimental ermr. alters ﬁhe solutions by 8 correspmding,ly-
small axmunt ’ 80 the solutions tomd are stable. It e o!‘ten the case.

hat: there are meny more mathematical solutiona to 2 problem than, there

" are Phy81ca:u.y acceptable sol.ztions.‘ Ve mQuired that any physlcally

LY

reasonable solution st not bring the chlorophyll molecules too close ;-
" 4n other words » steric mpulsion made many oi‘ the structures physically
unreasonable. Many of the R.= 8,22 ! solutions, some of the R = 7.56 2,

" but none of’ t;he R =.6,54 3 solutims met the steric requirements, The
bacter:tochlorophyll molecular shape was appmximated by adding a ring V
-and bacteriochlompmrll subst:ltuents (F:lg. 1I-10).to the Ni etiopor- -'

»':.phyrin s'cnuctura (F‘leiacher, , 962) using at;andard van der Waals radi

' ‘(e [: 23 Pauling, 1960). . cmsidemtion of the distortions suggested by
Corwin, Wafer and Singh (1962) dm not substmtially change t;he results,
becauee chly mrginal solutims wex'e affected and these had been kept
earlier anyway. Some of the further- ambim.\ity that remains was built i
into our approach earlier, Ve have represented the chlorophyll molecule .
wit;h a pair of perpendicular transitim momenta that have a center of
symmetry as well a8 the plane of symnetry. This means ‘that 11“ we have
found a correct solu'cion we will also have mathematically equivalen*
solutions in other quadrants. 'Ihis need not concern us because we have
several other physical criteﬁa that we cen use to select the .provpér, |

quadrant for the structure.



Ve noted earlier ghat the chloropmrll dmerizaticn requires the |
: eentral ma@asium and an inact r.mp' v (Fi;;ure II»lO) and that the evi-, :

_dence for an essential magnesium to C-9 carbonyl bond in the dimer was .’

conolusive. Five or six of our solutlons gave a C-9 carbonyl seese
magnesimn bond principally in parameter set: A and D, and these were |
© Judged to be the physioally reasmable solutiona. Two of the solu’cions,'
one from set A where molecule 2 was on top and the other from set D
where molecule 2 was on the bottom wem equivalent geometrically and
several atfractﬁe features Of this stiuctwe 1ed us to propose it as - . -
g the structum f:or the chlomphyll dimer in solution. ' o
| A drawing of this stmct:um is shovm in Fgure II-20. The chloro- .
phyll planes meet; at a 35 degree angle with the bulky ends of the mo1e~ C
.cules to;rether. Of' course, the C-9 carbonyl of the top molecule coordi-'
nates the central ma{mesium of‘ the bottom one. This 18 no'c a true p;'o-
. Jection drawing as the top molecule is mrely ovérlayed onto the 'bot'tom;
. one, but; will be sufficient to 5.11ustrate f‘eatums or the proposed
- structure. The chlomphylls have - a large "ring cux'rent" and the protons

. that are close in the dimer are strmply shifted in the NMR when the

dimer 1s broken up with met:hanol. (Closs et al., 1963). e NMR experi~
ments are done at high cmcentratim where trimer is present in chloro- |
' phyll b and ‘bacteriochlorophyll, We are only interested in the atmer
_ here 80 the chemioal shit‘bs will be given ror ehlomphyll & which omy
' _> forms a di.mer'.' The pmton ahit‘ts (for assig,ned pmt;ons) due to br'eakin{.r
& 'the methvl chlomphyllide a dimer given by Closs et al. are sunma.rized

" 4n Table IXI.
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f-' Figtme I1-20.. Proposed structure for the chlorophyll dimer. The mole-

cule drawn with darker lines is on top, 1nclined at 35° to the lighter
drawn molecule which is the plane of the page. The substituent members

of the lower' molecule are underlined, The R on the t:op molecule is either

o methyl or phytyl. This R group is referred to as 7'"" in Table III for

the metnyl chlorophyl]ide. The R' on the bottom molecule 1s a propionic

acid methyl or phytyl ester. ,



Table XIT, - Proton NMR smrr.s caused by breaking up the . methyl A |
. chlorophyllide 8 dimer with methanol (éhirts are given 1n Hz, spectra

measured at 60 M Hz) ai‘ter Closs e’c al. 1963.

Position o . Group .- Shift (Hz)
5 O
4_'7"",;" -' ester (}{3 B g0
1 RS oy Lo 43
o | w o
B 4 Tom n
5 ’2’ H 8
p e gy .
" T o
3., . ey s
a , a H " 5 .

' Note: The 7' " hydrogrens refer to the methyl froup on/propionic acid
methyl ester attached to the 7 position (see Fig. II-lO or Fig.
II~20) of the chlomphyll ring. = . S

It can be seen that the protons ‘that are in the ring overlap region of

our proposed stmcture are the ones that are most pez'turbed upon breakinp

" the dimer. :

‘A particular feature of our proposed structure is that the C-7 :
propiocnic ester 'carbohyl'pf the bottom molecule coordinates the magnesium
v S 4 ’ . o




- lof the top molecule,‘ After discovering that this bond was possible
sterically » we reviewed the other evidence on dimer stmcture, In the
.me.thyl chlorophyllides » the methyl group on the propionic ester shows

,‘ ~one of the strongest perturbations in the NMR When the dimer is broken

" 'up (see 7''* methyl in Table III), Inspection of the carbonyl infrared
- data of Katz ‘et 'al. (1963) suggested ’chat the two component ester car- |
»bonyl peak (at about 1730 emrl) may spl:.t in ’che dimer. One of the -

relevant infrared spectra of‘ methyl chlorophyllide ails reproduced in .
| Figure II-21, The well known 1653 el aggregation peak is apparent in
. the top spectrum A in chloroform, The middle spectrum B has 0.5% .ethanol
added and about 25% dimer. The bottom spectﬁ.xm in\tetrahydmmran shows

the monomer spectrum with complete absence of the 1653 emt aggregation

-

peak. 'Ihe C~-7 and C—lO ester carbonyl 1nfrared absorption peaks overlap
in the monomer at ‘about 1740 cml (see F_igure 11-21C). However, a

: | | | definite low energy shoulder at about 1715 em™L is apparerit on the dimer
| * ester peak in A and less so in B of Figure TI-21F ‘I‘he direction of the

ester carbonyl shift (to lower frequency) is consistent with a bond

P it et RO 2 PN ¥

formed to mégpesium.' .The chlorophyll a spectrum given by Katz ‘et ‘al.

'(1963) suggests that lin the dimer the propionic ester carbonyl may shift

H
i
i
£
i
p

into the 1700 em~! ketone peak, the ester peak at 17140; em~l is unusually -

o sharp and the "ketone peak at 1700 cm™l is quite broad.

B - . The d:imer structure is, of course, deter'mined by steric and non-

'  ._ covalen_t f{interactions.v The impor'tance of the C-9 car'bonyl sevee magnesiumgl
- bond has ‘oeen mentioned severe.l times., " In our proposed structure the C-'Z

“ - proplonic ester bond to magnesium is one of the main factors which gives{ A

f Ty a unique optically active dimer, - The ésymnetric center at C-7 puts the

# The 1715 em™t shoulder is apparently of small amplitude. This is consistent

SR -~ with our proposed stlucture since only one of the four ester carborxvls of thr- ’
' : dimer is expected to shifv, ‘ :

D st rdnatleted 4
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o _ MUB-12641
Figure I1-21. Infr'aned spectra of methyl chlorophyllide a in
aggregating (A, ethanol free chlorofomx—destablilized) » partially
aggregating (B. chlorofor'm containing 0.5% ethanol) s and aggregate -
- on figures A and B
free (Cb tetrahydrofuran) solvents. . The' arrows/at ca. 1653 em~1
mark the well known carbonyl aggr'egation peak. The am'ows at ca.

1715 emt on figures A and B mark the proposed ester aggregation
peak (after Katz et al., 1963).
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. proplonic ester carbonyl ebove the ,plén‘e of the bottom monomer in

Figure II-20, and the secend monomer must be on top if the ~ster carbonyl
IR mag;xesimn bond 1s to form. In caﬁtrast, the asymmetric center at

_‘C-J.O seems not to be sn important determinant of our dimer structure, -

- hede aspects of the proposed structure may be tested by study of altered

».chlorormylls. Fbr .example, pymchlorophyll 1s dihydmgen substituted at

" the C-lo oarbon end so this asymmetric center 13 removed, Our proposed
stmcture would predict that the pyrochlorophyll dimer would be essentlally

1dentical to the dimer formed from the parent chlorophyll. Further, i
the C-T7. asymmtric center were racemized .‘m pyrochlorophyll, the dimer _
CD would be expected to vanish, but the dimer absorption would be mchanged.
It is thought' that chlorophyll a' is onan;t‘lomomhic to chlorophyll g_ at .
f.he c-7, c-8 ond C-10 pooitlons. Our proiﬁos'ed dimer structure would : |
predict that the reflection at C-7 in chlorophyll a' would produce a . .
dimer wit:h 1dentica1 absorption, but opposite cp compared to the chloro-w
‘phyll a dimer, And, of course, pymchlorophyll a' and chlomp!wll a' o
would be expected to form essentiany mentical dimers. _

| Note that we have placed water above and below the maguasium 1n

v

| the top and bottom moleculos res;uect:ively, so that mamesiwn is six

, coordinated (a well lmom coordination mxmber- for magnesium complexee) S
. Toe. water mlecules 1rm1b1t higher awea:ate formation, rigorous drying

of solvent:s leads to higher ag;gregates. :
Figuro I1-22 shows a picture of t:he pmposed structure of the-
chlorophyll dimer built from the space filling COrey-Pauling'-Koltml
7 modolm The molecules are mthyl chlorophyllides; the. phytol chains

YEaling Corp., 2225 Massachusetta Ave., Cambridge, Mass.
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" Pigure II-22, A Corey-Pauling-Koltimy modsl of the proposed

. chlorophyll dimer structure, Bacteriochlompkxvll 1s on top .

“ and Chlor'opwll ais 'on' the bottom, However, this is immaten- ‘

' ‘1al because all the dimers ax?g_*thought to have the same struc-

" ture, The molecules shown here are methyl _chioropbyllides; o |

W i e;”," the long phytyl talls hé.ve beeri replaced by methyl 'groups.

S The bottom molecule has ring 1 Pight-forvard and ring IT lef‘t-' .

B _ﬂ_"f'oxward, while the top molecule has ring V forward, in contact’_'

- with the magnesium of the 1ower molecule. The water molecule |

attached to the ma@esiwn of the tpp molecule has a spurious

' hydrogen between the oxygen and the mgmesium merely I‘or con~

_' venience of attachment with t;hese particular models, The cooru-:'_‘ .
e 'dinates Of’ the top molecule arvet R = 8,22 Angstmms,y - !42°
e 739; @ =0°6 =35, ¢= 90° (see I‘ig,ure 11-19).
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lhave been omitted ag thev do not add sterﬁc reotriction to the struc;
ture and thev maxn the picture considerably more comnlica oﬁ Ong chloro-
: phyll plane 1s l;lng on the plane of the table and tbe chlorophyll'planes
meet 53;35 - 40 cegrees, The bulky ring four and ring five'fegicﬁs of
both monormers are toward the back, The bottom moleculefhas finr Ton
>'} ‘Lh° right fbwwhrd ana ring II on the left fbrward The top molacalﬂ has -
Hrin;r v fomard with the c-9 carbonyl :m cm’caci, with the ma.gnmivm or

_'the lower pluneo Thc top: molecule hau a »u er shown coordinating thaf

‘H%unapneoiumo A spuriouo extra hydrowen is between the mapneoium and the.;.~‘“"

x‘f__weter oxygpn merelv becauue this is thc only way we. could atu h;thg'fj_

'_wate with the Coruy~?au11n?~?oltun wodels, obort of glueo.'gvﬁ'

‘_ Thls dlMPr structure hag been ororosnd cn the b 310 of bacter*on )

' f‘l.ch1orophy1“ optical data, but dimcrs of all three ch'orophylls are thought;?:'

 { to have' this structure: In sumuary, we foumnd, oeveral uterically reasonableA ;

;mauheﬂatica4 solutions to the uructure of the chlorophyll dimer.' We
invoxed other pkyuicul evidence to oelect gtructurea that had a parhonyl
napneuxum bond° Chenlcal reasoniny 1ed us to the final pronoscﬂ struc—~

Qv_ture It s astonlshing that our simnle tbeoretical model leads to uuchv o
© pgood aqrcewent'with many. other types of data from infrared and MNIMR,

Less approximate theoretical wodols may be applied to test the pro-
pbseu suructu;ea ?his problem is analopous to a crystal structure deter—-
mination, where finding a trial structure is most of the battle. Once a
| trﬁal»st:uctﬁré 1s féuhd, more data can be used (é.g.; Soret reglon
. opticalrdéta in chlorophyllvdimers) énd mofe refiﬁed interpretation mayj' -
 be possible. For cxamplp vie used the point dlpole anproximatxow in -

our intorpretatjonm. The chlorophvll centers are about 8 ﬁ anart, and
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‘Gouterman, 19643 Welgang, 1965).
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the dipole length of. the optical transitions are 2'~ 3 8. The point
o "dipole approximaticm is probably qualitatively correct but may be some-
" what inaccurate quantitstively. |

Calculation of the exciton splitting ia particularly sensitive to
the detaila of the electronic charge distribution durinp' the transi‘"ion,

« A ‘better appmxima_tion for the exciton spliﬂ;:ing is the monopcle-—mnopole :

" method which considers the energy of interaction between the transition

charge density on each atom of monomer 1 with the trensition charge
density on each atom of nonomer 2 (see eq. II-(16)) (Bush, 1965). ‘I‘he
problem with this approach is that the atomic transition charp-e densities
(mnopoles) are not experimentally observable and must be calculated.

This puts one more bit of theory into the anaJysis. Sophisticated pl

electron calculaticna on the chlomphylls (Weiss and Gouterman, 1965)

may yield yood values for these transiticn charge densities. The chloro-
phyll moleculcs are only slig;htly perturbed from very s;metrical systems

~and ‘chis makes the calculaticns cmciderab]y more relisble. Other more

detalled considcmtiona, such as the er!'cct of vibrations on dimer band

shape might also be usefl in the analysis (Young;, 19653 Fulton end

)

D. (’rystalline Chlur'ophyll a

TMgure; 'CI--22‘ shows the absorption and CD spectra for chlomphyll a. .
micmcrystals in suspension. The crystal structure is not yet known I‘or
any of the chlorophylls" however, the CD measurement has dcfinite quall-

tative mpemst in relation to the observed quantasome: chlorophyll CD.
There 1s a slight solubllity of chlorcphylla & In isooctane, the suspen-
sion medium, so there is a small mmcmer pegk at 666 mu. In the crystal
sbsorption spectmm this pesk is shif‘tcd tc THS mu. "X'his large red shift

N
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L . v . CIRCULAR DICHROISM

CHLOROPHYLL A MICRO CRYSTALS
(SUSPENDED IN 1s0-OCTANE)

ABSORBANCE

- -2p|-

L ) MU 10843

‘Flgure II-22' . Absorption and CD spectra of a suspension of
chlorophyll a microcrystals in iso-octane. The path length 1is

1.0 cm;, K “

/ .

1



: chiomphyll b, which gives rise to the distinet ahouldei- near 650 myu ]

o o we

of the crystal over' the monomer is probably due to ﬁhe enormous polariya-

L

bility of the crysta.lline enviromnent ‘compared to the’ solvent surrounding

. the mnomem It is8 a general. obser'vation that transitions of moleculeo '

in polar:lzable solvents are red—shifted relative to t:hose in solvents oi‘
low polarizability (Robinson, 1961).- 'Ihese red shifts are experimentally
observed for the chlorophyll transitians. Iribreaéiné hlorophyll ag;z;r'e— |
gation leads to increasing red shift of the sbsorption, A 10 - 15 mi
red shift for the dimer relative to the monomer 18 observed 1n cax'bon .
tetrachloride, At very high concentratims in carbon tetrachloride the
bacteriochlor'ophyll gbsorption and CD show evidence of hig;her aggregates,

red shifted 30 mu relative to the nmoner. ~The molecule in the crvstal

is essentially dissolved in chlorophyll a very pola.rizable mediwn, and
the large red shift (80 my for chlorophyll 3) results,

 An analysis of the crystal CD shows that the degenerate CD component
(e.g. , I in Flpgure II-lG) crosses zero within lm of the observed ‘absorp-
tion peak. ‘Iherefore, the weak short wavelenz;th shoulder observ,ed In the

crystal absorption spectrum (ca. 72‘0 mu) is not an exciton spl,it;; peak and

- must be vibrational in drigin. 'I'he gaussian half width is only‘ about |
25 en~t larger then for the monomer in CClu, 80 the exciton spli‘ctinp:

in the’ cryatal 1s probably very small,

'E. Quantasome rmm Barley Chlomplasts and from a Mitant Deficient in .

i | Chlamghvll b »
Analx%is of the optical properties of a pi'eparation from higher .~

‘ .plant chloroplasts is complicated by the px'esence of chlomphyl’l' a,
chiefly respopsible for the absorption maxima at 678 end 436 mu, and
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- ‘and another at ai;iouﬁ 70 mu, . The :ca@teﬁc;ids pres‘ént have absorption h
" maxima at 458, 455 and 428 my (Sauer end Calvin, 1962). Figure II-23

_ shows the ORD and a'absorbtioﬁ‘ spxec‘c'ra 61‘ suspensims of lairxellar frap;nehts
(qumtasomes) of chloroplasts from nomal barley a3 well as i‘rom a mutant

that 1s completely missing chlomphyll b (Higrhkin and r‘renkel 1062) In the

- visible ‘region of the spectrum, the rmtant and normal quant;aoorrps have

" {dentical ORD and sbsorption spectra exoept for the chlorophyll b re;rions

near 650 and 470 mu, where there are large dift‘erences. 'Figure II--211

shows the D Spectra of these same materials. The chlorophyll & part .

of the CD spectmm in the. mutant appears to be identical to the chloro- -

. _phyll 8 mgion in the normal barley.

. "f‘he chlorophyll a in the quantasomes shows & large double CD COM=
v‘ ponent as we saw »m;_;tne ‘dimers and crystals. Presence of the double CD
comporent. in the. chlorophyll ahbsofpﬁiod region 1s good direct evidence
| _for chlorophyll a-chlorophyll & interaction in quantasores. Chiorbphyil—
protein or chlomphyll-lipid mtera.ctions would lead only to single CD

bands and, 1f present, would only incmase or decrease the a.symnetr'y of -

- the ‘observed double CD component. The presence of a double CD ixrplies

that the in‘ceracting chlomphylls are not coplanar in the quan’casomeso
The double CcD compcnent crosses zero at about 685 mp, This 1s the average
frequency of the exciton bands "o - (v+ + v )2, ths:t glve rise to the
double CD, 'I‘nus s the Mtemctmg chlorophyll a molecules absorb on the
long wavelength slde of the cuantasome absorption pea.k at 678 mp. The
chlomp‘yll that absorbs on the short wa,velengtn side of the main peak

is thougfnt to be mag;,gr'egated because 1t has mlatively high fluores——

Lo

“cence efi‘ieiency (Butler, 1966; Claybon R 1966)., Photochemical work with
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‘Figure II-23, Absorption and ORD spectra of quantasomes
- from normal barley (solid éurves) and from a mutant lacking
chiorophyll b (dashed curves),
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Flgure II-24, Absorption and CD spéctré. of quantasomes from
normal barley (solid ;:curveé) and CD spectrum of quantasomes

from a mutant lacking chlorophyll b ‘(Qashed c&;'ve)_.
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isola.ted chlbroplasts show that a short; wavelenprth class of chlorophyn
".‘mlecules with peak absorptim at ca. 673 mu catalyze. dit‘ferent reactions
. than a 1ong wavelengrth class of‘ chlorophyll molecules absorbing at ca.: o
683 mul (Kelly and Sauer, 1965), SRR
- The shape of the chlorophyll CD in quamasomes 15 reminiscent of

* the shape. of the crystalline chlorophyll €D, which smests that the i
B chlorophyll & molecules in quantascmes and in the crystal have similar..

",geometries. Hm»:evar, the mteractinp chlorophyll & 1n quan’casom% is .
ot aggz‘*egated exactly 1ike & three-dimensional erystal because the .

. absorption is not; r'ed shii‘ted as far as 18 the three—dimenaional crystal.

R Chlorophyll a: monolayers have their abac)rption shifted to 680 mu (Bellamy,
. Gains and Tweet, 1963). .The red shif‘t; of the chlorophyll that grives rise

| . to the double CD-in the ‘quantasomes 1s about the seme as the red shift in -

-.t‘the mnolayer, It may be, t.herefom, that the aymgated chlorophyll in

‘  the quantasomee is 0nly Qne molecule tm.ck, comsponding to a geometwy

similar to a two»dimermional chlorophyll a crystal. ) _
| The CD arrplitude ia Bmall for Quantasomes compared to ‘chat for a .
crystal suspenoion with equal. peak a.bsorption. A decrease in CD ampli- .. _
- 'cude ina one«- or two--dimensional crystal 18 expected relative to a
thme—dimnsional crystal of otherwise identical aeometry. : The exciton
. forces givﬁx?g rise to the. CD effects amJ mlatively leng range

‘ : (Hechstrasger end Kasha, 1 9624), and theref‘ore depend on the ex’cent of

N

 the aggregate. N T S, |
v The quantasome chlorophyll a CD (F‘:Lgure II-EI!\ has about the same.
amplitude as that of the chlorophyll a dimer CD (Flgure _1—12) for equiva-« :

Jent totgl red absorptiqn, It would be useml to aubtract Lhe absovption
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of the none.grgregated chlorophyll in the quantasome to detemﬂne the
| aprgregate cp. amplitude per unit of ag,ggregate absorpt-on. Howwer » We
. _have no direct evidence on the fraction of.‘ the tot,al chlorophyll a e
“that 1s aggregated in the quantasome. The exciton splittin[r evidencefl '
by the CD is not reaolved in the crysi-,al or quantasome absorption a‘c
: normal temperatures., I’owever, 'che liquid nitmgen temerature deriva—
tive spectra of plant material resolvea peaks at 673 my, 683 mu and
. about 695 mp (Butler, 1966), The double €D ccmponcmt crosses zero at
about 68‘5 mu ;. and the observed absor'pticn peak in the 673 mu refrion is
too . far away to contribute to the double CD of the aggregate. * The o
673 my peak, esmmated by. Brown and French (1959) to be about; 507 of ...
" the total chlorophyll a absorpticm s 18 3 reasonable approxﬂmation to
"~ the amount of magrmgated chlomphyll a.- It; 18 consistent with 'che. :‘Ij‘v
cD evidence to propose that ‘both the chlorophyll a 663 and 695 mu ar'e
'.exciton peaks resultmg from the same agg;regate. If this were. true, ¥
; "" Habout one-half of the chlorophyll 2 is in the agﬁregate. Assuming .
that at most one-half or the chlomphyll a 1n the quantasome 1s. aggre-
gated, the specific Cb amplitude or the aggmg;ated cblompkwll a is at
least twice that of the solution dimer. :
"'he chlorophyll a dimer CD has a shane simllar to the quan‘casom
c‘l.crophyll a CD, although the dimer CD has opposite sign. The oppo<site
sign 1s not an mdica‘cion of any g;x'eat diff‘erence in the two- geometrical
s‘cructures , for 1t could result from a mir'mr image relationshin. We ..
take the sinztlarity in shape of the dimer and quantasom CD to mean

that the two geometz'ical »tructures may be s:hnilar. A 1onzr vuvelen«th
shoulder is clearly seen :Ln the dimer spectrum, but a long wavolength
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ra"moulcler does not eppear clearly in the spectrum of the plant material.

,‘I‘he mlatively larpe amplitude of' the quantasome chlorophyll a Ch sug-

' gests a more extensive agg:regate than a dimer. Helices s which ere

analogues of a one-dimensional cr'ystal are predicted to have a rela-- o

' _’tively large dependenoe of- the rotational strength on chain length'’

(Tinoco » Woody and Bradley, 1963). 'No-dimensional syutems mip;ht be -

' expectcd to have an: even. strong,er dependence on aggreg'ate s:ue,. On the'ﬁ :

,other hand R 1t 15 possible that the quantasome aggregates are dimer's

with a geometry that leads to larger rotational stréngth than’ the solu- 3

. tion dimer. We conclude that the agg;r'egated chlor'ophyll a 1n the quante-;

somes absorb.o on the- 1ong wavelength side of' the rrain peak and is at ieast

8. dimer, and 18 most px'obably a more extensive aggregate in one or two

, dimem lons,

Plents can be grown with altered amounts of the different chloro«

- phyll coxrponerts;- From the CD of these materia.ls we may be able to find -

out how much of the chlorophyll a is aggregated determine the absorption

and CD of the aggregated emponents and in principle, determine the’

geomt'ry of the aer,g;'ep'ate. _
- The predominant interaction of‘ chlorophyll 8 1s with itselfl, since

. the CD in the chlomp‘xyll a region ie 1dentical 1n the normal and chloro-

phyll b-f’ree mutant. 'I‘he chlorophyll b region aJ.so has a de{'enerate COMm

ponent in the quantasome CD that is seen in the difference between the

nor-mal and the b~free mutant cD curves, This double CD in the chloro—

| phyll b region 1ndicates that 1n the normal barley at 1eeat some of the

chlorophyll b is interacting with other chlorophyll b molecules., )
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One mst not imom the possib:w.ty that ‘the obsewed CD in quanta-

- somes 13 not due to degenerate mteracticn between chlorophylls but-

i rather due to more then ore type of independent non-interactﬂng; cmom~

phyll. This explanation would require at least two types of ‘chlorophyll
environment, one absorbing at 1ong wavelength with negative CD and the .

other at shox-t wavelength with smaller positive CD, ~ The 'close relation

petween the chlorophyll 2 dimer and the crystal CD, where only chlorophyll— :

‘ 'chlorophyll interactions are present, and the quantasome chlorophyll a
. tends to favor the chlorophylluchlorophvll interaction as the orig“m of .
a the €D in quentesomes, onerimental Jnvestigation of plant mter‘ial 7' |
‘ havin" altered amomta of the diffcrent chlorophyll components qhould '
answey this question directly., o
| F. Chromawphores f‘rom Photosyn'chetic Bacteria .

Fig'ure II-25' shows the CD spectrum and absorpt:!.on spectrum of

3 ‘,fﬂ':odospirillwn mbrum chmmatophores, and Fimre II-26 shows the absorp-

tion spectmm oi‘ chromatophorea of modopseudomnas sgheroides, torether

with portions of the ORD and ¢D spectra. The near infrared peaks of
' cm'omatophoms from both species of bacteria show pfono;mced double CD
’corponents, mdicating .atrcng bacteriochlorophyll mteractions, ‘Ii; 'isf
interesting ﬁhat while the solution dimers of all three chlorophylis
have nositive CD at lonp: wave]em:zth, all the in vivo material ex amjned
has a’ negative long wavelmgth ch comrment. It may be that g,m sly \
similar chlorophyll—chlorophyll mteractions occur in all the in vivo |
meterial, whether plant or bacteria. L " -

R, rubrum chromatophores exhibit & :éguble CD bend (Figure TI~9)
that crosses zero very close to the main sbsorption peak at 880 mu.
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This indicates that at least son’e"of .ﬁhe 1o'zicterj.ocirilorophyll- with o
. ahsorption centered at: the main peek 1s aggregated with an exoi‘con
splitting omall compamd to the band Widthe Tittle marcggregated a

bacterlochlorophyll seems to be prcsent, as this peak in the. chromatm :
- phore spectrum 13 sharp and not *zpread ou‘c y @s 1t would have to be J.f
. -bom 1solated and aggregated molecules were present together, The .
. bacteriochlorophyll long waveleng'th peak slig;htly wider for the "

Sy

f _ o chromtophoreo than for the. monomer absoxption In carbon tetrachloride; :
| o If we assume & band shape like that in the monomey spectnm, the excitcm
A i .split'cin;: is of the.order of 30 - 60 cm“'l
o In Re- mbrum, the 590 mu bacteriochlorophyll Cch peak has no obvious :
double CD ,component.«, I'{owever, ‘the CD petmf~ is‘ red shifted from the abvso _rp-
| ‘tion peak. Since this is an allowed electronic transitim, one would .
not expect vibrational effects to shif‘t the CD maximum f‘r'om the absorp-'
5 ‘tion ma;rimum (Nof‘:!.'itt and Mosccwitz 1959) A negative component of‘ the,:
| bectex‘iochlorophyll CD on the short wavolefng;th side of the 590 mu poa.k
- may be obscured by the positive carotenoid CD. This could be. the ori;;in
of the 2.5 mu red shift of the positive bacteriochlorophyll CD peak. 2
The CD eurve at the bottom of Pigure II-16 shows an exa.mplo of the shif’c‘
ol a sinlee CD peak cem;ered at the ab‘sorpt:lon maxixrm by the addition
o of a dmxble'CD component. Re rubrwn ca.n be grrown carotenoidless under
| P  the pmper' condi’cions (Cohen-‘%azim and .atanier, 1958) Caroténoldless |
e ; o‘ammtophores would allow us to see the 590 my bacter'iochlorophyll CD
‘ and absorption free of;' mterference. |
, E : ) sgheroides chmmatophores (I‘ig;ure II~»26) show a part:.cularlv

- strong double CcD :Ln the lonpest wavelengbh &bsorption band, indlcdcinr ~



A o
vagg‘rega‘;;iorvx of ﬁhe ‘bactériochlombn'}l(l-.' "J"ﬁe sharp peak on the 'short:’
B 'wavelength side at 799 mu seems to have a comparatlvely weak double o

, component Judged by the shift to 793 rr‘u in the CD spectrum, with a2 m@g-

nitude approxirr‘ately equal to that of the solution dimer, The 799 mu

.. band absorbs about where the solutlon ddmers do, but. shows no' obvicm%

, splittinr in the chmmc.tophore dbsorption spectrum The po‘si’cims of‘ '_
the double CD and absorption mdicate that the band may be due tc dimers
_of bacteriochloropbyll. The small exciton splitting reauircs thau, the -
dimers have a different geometry fmm tha‘c 01" the solu\,ion dimers, '
'l‘he R. .Ehez'oides bacteriochlorophvll long wavelenp'th aboor'ption band
‘at 852 mu.is red shif‘ted mich farther than 'che bacteriochlorophyll solu-
:tion dj.mer-‘ and, s.ince the double CD‘ jndicates an agmegate, the bacteriocw
cMlorophyll ebsorbing here is’ mdoubtediy  aggrepate higher than & .
dimer, There is an obvious long wavelenr;t‘a shoulder (ca. 880 mu) on
-the main absorption band (8)2 mp). The doubls CD component cro.,sec; Zero
slightly to the. longr wa.velenpth side oI‘ the main sbsorption peak. Simi- :
1ar‘ behavior 1s observed in 211 of.the chlorophyll dtmers in soluuiom-,-
- 'I’he 1ong wavelength shoulder may well be an exciton component split off
.t‘rom the main peak., I",any pho'cosynthetic bacterla show this long; wave-
| length shouldpr, sometimes to an extent that varies with growth condi-
tions (Cla.yé:on, 1963)0 Under these cond;?tions, elther the bacterio-
chlorophjll aggrecate geometry 1is altered or two difi‘ercnt aggregated
forms are :present in varlable amounts, Low temperature absorption and.

" CD measuréments may distinguish between these alternatives.
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III, ELECTRONIC STRUCTURF OF P(ﬂﬂ%ﬁﬂiﬂms

General Introduction to Magnetic Optical Activity

The large maj ority of molecmes do not have natural opt*cal activltv
and cannot be studled by the methods of Chapters I and II. Michael
Faraday discovered that optically inact*ve materials rotate the planb x
- of polarized light in the presence of a mametic field (FaradaJ , 1845
1846). This phenomenon was called Faraday rotabicn, ‘and 1t soon. bﬂcamel‘
clear ﬁha‘c magmetic optical activity was a general phenomenon exhibited
by all materials. ‘A great deal of experimewtal vork was done on mag-
' netic optical rotétion in the 1atter part of the 19th Century fVérdet
N ‘1863, Perkin, 1896) end the early part of the 20th Century. Several
| reviews of the early work are ava..lable (Lowry, 19353 Par"ing-‘co
1954 wardng and Custer, 1960 Buckingham and Stephens, 1966). I
! believa it 1s falr to say that with one or two exceptions (e. g-., Van
 Vleck end, Penny, 1936) the early magnetxc optical activity work aid - |
not provide useful mformatiom ‘

| Most of‘ the mmetic op’cical activity exper'iments were done in
transparent regdons (but seet Cotton and Schérer, 1930). Nabural
- optical ac‘civity has become the most useI‘ul when measuring. in absorbing
regions 50 that the cmtribu‘cions of sing;le absorption bands to the B
op*ical activity can be separated (Djerassi 19603 Mason, 1963, Velluz,
: - Leprand anél Gros.jean, 19653 3 Holzwarth and Doty, 1965). Magnetic opti- S
cal activity mus‘c be. measured in abscrpticn regions for any hope of

erpreting the results. Recent instrumental advances have allowed .

magmetin op‘cical activzity masurements 1n absorbing regions. ‘Both -
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- magnetic optical rotatory dispersion (MORD) and magnetic circular
dichroism (MCD) nﬁasurements of uolecules in solution’ have been repor*gd'
(Shashoua, 1964, 196), Foss and MbCarville, 1965; Schooley, Bunnenberp
and D,jerassiD 1965 )° However, most of the experimental work has beenv
. published with no attempt at 1nterpreta.tiono The recent ﬁheo“eﬁical
‘anslysis of MORD data by Stephcns, Suetaka and Schatz, 1966, has begun’
to yield useful 1nfbrmation on the électronic structure of molecules. g
There has al 30 been some recent magnetic optical activity work done in
.the solid state which has ‘been interpreted very nlcely (Henry,A
Schnatter 1y and Slich‘cer9 1965) A hundred years of experimental and
i th%mtical groundwork 1s finally beginning to bear frutt, |
| Soon after the advent of quantum mechanios, Rosenfeld’ (1029) Serived
tne basic quantum mechanical equations for magnetic optical activitye
This derivation was expanded to paramagnetic ions by Kramers (1930) and
to molecules by Serber (1932)f These derivations have been quified.by‘
Tobles. and Kauzman (1961) and Groeﬁewege'(l962). .Bush and Tinoco (1964)
'extended the theorv to polymers and,Stephens has recently made some useful
additions to the theory in the region of absorption (%tephensa 1966) The
; quantum mechanical theory ‘seems to be in & satisfactory state to compare
" with experimgnt. Several early worxers derived classical tbeories of

MORD and thése are reviewed by Parting@on (1956); most of the classical
‘theories were not succesqrul Drude s c]assical theory of PDRD (Druﬂe,
-1900) 15 basically sound, but it is incomplete in many 1mportant ways and
.is almost;unbelievably opaque. ‘

We derive a classical theory: fbr MCD in order to clarify the phyQical}w_;‘

. basis of the phenomenon. We 2180 present 2 simple semiclassical two—state;”



are discus scd . The experlmental section discu.:ses instrumentation

. | | 125
- derivation to brid the gap to the more general quantun mechanical
theory (e. g;., Stephens, 1966)., . Some specﬂal t;heom‘cical topics such

as mltiplicity—forbidden transitions md tbe effect of unpa.red spin

briefly.. we present detai]ed experirrental results on various mctal
| ) porphyrins and heme proteins, cyuochrome ¢ and hemop-lobin derivatives. .
_The- experizmnt are internreted by free- electron theory and molecular 7{ |
" orbital theory. These results give information on porphyrin electronic
stmcture s me*'alwporphyrin 1nteractions and ligand Interactions. ‘ Many ) :'
4 other types of molecules vere investipated ‘and these are rnmtioned at :
the end in a general assessment and evaluation of the probable useful-» :
 ness of‘ I/'CD 1n chemistry and biolog::y. , f ‘ ‘ |
A. Classical 'Iheorv of MCD

The ~,ystbmat;ic quantum mchmical theorieq of magnetie optical
activity5 even when presented lucidly (e gag Stephens, 1966), are
exceedinprly corrplicated. mr'themore ) the ph&sical basis for 'che'

‘: phenomenon 1s obscured in & morass of notation and formalism in’ Lhe

quantum mecha{xical theorles. The measureme:ntjof magnetic optical

activity is qgecomjng; more cbﬁmon in chemisﬁfy and biology and & more
tuitively éppealing deri&ation is needed.” It is important to note

that the cléssical mocdel, coupled with a very simple seml-classical

o derivation reproducea the refsults of the ggencral quantum mechanical

"hpor'y exai:tly._ Ue hope that the "theory“ pmsen'ced here will add insight -
| at Vhe emense of a li‘ctle rip'or' and ‘cha'c 1t will be a useful g’uide to .

the experinentalist o
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"General method, backeround and prelirdnariéé .

”he MCD will be derdived by considering the power absorbed by a pair

© - of classical oscillators in a magne tic ficld. Consider a. molcculeg

initially fixed.in space with an optxcally excitable electron bound i
 (by "Spring"”) 50 that it ‘can osclllate in the X and directions° Circu—4
"larly poiarized light 4s propagated along tho z axls: E = E, cos wt,~ E
“sin wt (where w is the frequency of the light) and a magnetic fie1d iq
directed along the z axis H= Hzg Flect“on spin will be neglocted {f
inltially and will be treated in the uemi—clabsical pacu caxerc :
- The essential point is that the previously independent x and y |
osclllators are coupled in the magnetlic fleld by the Lorentz fo”ce' ‘
>~‘ = (e/c) ry . = (e/c) vy .__‘_ o ITI»(l) .
w»m (c/c) r H, = (e/c) v : ' . III~(2)
where rk and ry, are the coordinates of the electron and vy and vy are
‘the x and y components of the instantaneous velocity, e is the charge.xlA
- on the electron and ¢ 1s the speed of 1ighte In the presence of the-
magnetic field, motlon in the x- direction results in a y directed force. o
This is analogous to a molecular Hall effect in that a current (charge
motion, dr/dt,= r) in the presence of.a magnetic fleld glves rise to a
~ force on the/charge perpendicular to both the current and the field. o
The fo?ces;on the,electron in the presence of the light and the !
“fieldare:.’,v | o -

a
5
&

inertia +viscoslty +re%tor1ng fbrce = drivinquorce

maSSnacceleration +damping # velocity +disp1acement + spring conctant =
| drivinp fbrce

Sp:ing'ccnstants kx, ky-are related to the_oscillator_resonant;frequencies;
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k, = mmig ky nms, and we define danminm constants.. danping myx where ~

'fm is the electron mass, ”he equatlions rbr the forces’ on the electron in
i the’ prcoence of the napnetic field and the circular 11ght can be written

_ for thc x and y directions, -

m(Pye + Yxrk + m r.) = (e/c) r&Hz + (eEx/m) cos mt f " TII-(3)

¥ m(% +. yyr& + wi T, ) = (e/c) rx‘z _.(eE /m) sin wt :III—(A)

The response of the svstem can be conuiderad linear for amall fields
" end we define 1n=phaae response coefficients, A, and Ay, and out—of-phase
response coefficlents, B, and By: ‘ ' '
Ty w'Ax cos ot + By sin wt I g EII~(5)
ry = A, 5in ut + By cos 'm‘c - N ‘III--(G)
The A coefficieang characterize the displacement of the electron in~phase
| with the ewciting light and can be shown to be reuponsible fbr the
refractive Index and-magnetic.optical rotation. "The reSponqe outuofh -
7 phase with the ériving light corresponds ﬁé absorption and magnetic clir-
cular dichroism as will become clear below, .
| In the absence of the H field the perpendicularﬂoscillators are
indépendent. Ve will digress to review the well known results for inde-
pendent oscillators to make clear the significance of the A and B coef-
ficients without the complication of the_coupling° Ir H, = 0, equations
III~(3) andf(ﬂ) are identical apart from the different resonant frequenciles,
wq and dampinp constants. We need considcr one equarion only, €.g.y the
% equationm The results at the end will be the same fbr the y equation.
Substitutingg the response equations, III-(5), (6) into III-(3) with
= (0, we get the following: o
(»w Ag + yuuBy + u A ) cos wt + (o B - waAx + w Bx) sin wt =(eE/m)
' | (cos wt) '.f s III(T)
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cosine

The coeff‘icients of the v/ terms on the rip:ht and left hend sides must

be equal and independent of the r_,;sine tem_.‘, s0 two equation" result.:.= '

s

A Sl - III-(20)
(f = o2)2 + 22 -
X X
- (eE/m) Y, T R )
| (wi - .w?)z' + Yima |

A dipole moment u 18 induced by the displacement of the charge. The.

in;phase moment 1s u:'( = eAx angd. the o;.z’c-olfa.phase'momen’é' 1s u;( "ssw."eBX@

The polarizability is the Induced 'mbmné divided by ‘the fleld producing |

the moment, The in-phase polarizability oy 18 therefore: -
S

: Hx R SRR
S | I Vi e | TII-(12)
© wht 1le. the out»of—nhase polarlzability o is~ R |
1 vX 62~ Yx @ ' K : ’ S
O‘:sc - T}:Tm "“_ ,(wd _ wd>2 +y 2 W2 . ] ITI-(13)

This last term will be shown to give absorptione_ The work done on the.
e
system (electron) by - the light is- the .foree displacement' W= For;

The rate of; work done- is the power absorbed' Pe dw/dt' =Fe d';'/dt =

‘eL 2V, Tne velocity in the x direction can be expressed as the deriva=-

tive of eq‘ IIT~(5). RN
" pp= Ay cos ut + By sin wt D L III(5)
| r =V, = m(-Ax sin wt + B cos wt) . ' III*(ll&)‘

. The power absorbed by ’che X oscillator can be found using eqs. 1T 4~(11¥),

(12), (13):
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D P, = (dy /dt) = e(L°V) = we (wA sin wé éos wt + By cos® wt) III--(lS)
The aVﬂra~ value of the pcwer shsorbed over one cycle of the 15qh“ can,
 be fbund by intcr“utin“ over ut. |

R 2% L
R .ﬂLx = ( d7dt) = eF }( (—nx sin wt cos wt + By cos2 wt) alut) - ITI~(16)

This is where 1t becomes. clear that the _n~phase reSponse (AX) terﬂ con=-
tributes zero to the average absorpbion, while the outmofuphase ~'e panqe
- (Bx) term piveu the average power ebsorbed per molecule (integra?ion of

20 2

jf §1n x cos x dx =0, ‘}( cos® x dx = 1/2): T

() . . o S IR

: o ’ edEz w;‘Y}:‘:::c- ) . R ) .

= (/) = eB, By /2% 5 SH "wa“ﬁ,III~(17)
m[(wy - w‘)d + Yy 2]

{9

The change in 1ntens"tv cauued bv nagsage of 115@@ acroqs dz cm of a |
volume with V molecule%/cm3 1s: - ‘ o o, _ |
| - de =T ¢z ”f " {-l }' S j‘ f-f" IIT~(18)
Both sides of eqs . III~(18) are divided by the x colarized ligbt intensity,
I chx/ﬂﬂand the resultiny eypression is integraﬁed to. oetermnne the
absorption: . _ A | " | .
lﬁ(I/Ié) o Uy Nr‘r/cﬂg'cx Nz -  .‘, . 1 "ITI—<1§)
where Oy is ar absorption cross sect*on1 which is defined by the above B
relation. TheAabsorption ;s only si pnificant when w 1s near mx SO we
may siwpliff the cross section equation using the rescnance approxima4r

tion: (w - 2) v 2w(wx - w), With this.épprokimati@n&the croés_sebtion

o

~can be written-

= (breS/me) - = ey L0 IIT-(Z0)
T e 1 g

Equation III—(20) describes the we’l knoan damped oscillator or Lorenuzian g

Ix

orption l¢ne,

lthe absorption cross section can be related to the more familiar dCCadic

nplarkgrtinction coefficlent, &, by: € = ONo/2303, where Ng 1s Avogadro's
nurhers .
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We see that the. absorption depends on the fesponse of the oscillator
out~of;phase to the llght and 1n a similar manner that the polarizablllty
depends on the in—phase response of the oscillator. “As the,frequency
approaches wy, the polarizability due to the x oscillatof and the absorp=-

‘tion of the x oscillator vary as shown below.

‘\\‘..

The y oscillator will show a similar curve at some other frecuency, Uy '

or 1f wy ='wy = Wy the absorption and polarizability amplltude would

be twice as blg at wy.- .
The'maghetic Tield may now be added to couple the two~oscilletdrs.
Three cases will be of interest: nondegenerate oeeillators “x <<y,

degeneracy w =, =W

y = Yo and near degeneracy “x'x W Each of these

A

cases will be treated separately for added clarity; however, the near
degenerate Droblem requires a general solution which contains the other v
two as special cases, o -

‘Nondegenera%e'oscillabors

The néndegenerate 1imitipé case corresponde to the$situation whefe}‘
the two o§;illatore absorb at widely separated,ffequeneies so that when
 the regio% of absorbtion of one oscillator is investigated there is . .
vnegligibie absorption from the othef oscillator., If we Investigate

the w, region the y oscillator will respond.in“phase with the driving
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) vlight f‘requency,, w., Slrice We air‘e investigra'ting'-x', v{re can nepiect the :

o effect of the field on y. Theue “implificationq reduce eq. 1II~(4) to:

Ry

? talr, =t en, sin‘wt S Ilrn(?w)'

!

As we remar'ked above > uhe y: dioplacement 1s entirely in-phase with the ,'

,drivmp' "i{?;ht, 50 eq.v I¢I~(6) is:

,.ryavay stnot o o  1117(22}%
'I‘buu 5 Lhe in-phase y c“isplacemen‘c coefi‘ic* ent AV, is simply:
. A., = i .___._j___z__ . ‘ o . o ; . |
NIERE AN m(w W) IIJ—"(23> |

The velocity in the y direc‘cioq can be found by substitutlon o; Pq.

VIII-(23) Into the time derivative of eq¢ III-(ZZ)

Jo eosut TIT-(24)

+ .
(el - w2) e S

. [ 4
= 1

.'Vy-_y”

Now the f‘orccs on the X oscillator can be written including thc eff’eﬂt .

Cef the v o&cillator by substt‘cu’cir‘g eq. ‘Ixi~(21&) into. eq. III-—(3)
2" " eF i ‘L . :
o yx rv 4 wh Ty = ?-,I-‘: (l + Q’H FiATe A ) cos,wt III-(25) ‘
‘ o me w2, = N A ':' '

“where I: = IL 7 I‘ for circularly polarized 11[;\11: and the l signs refer'v
H.to rigr,ht a.nd .cht circularly p01 ar’LVed 1:1 gr,ht., = ' ' ,

Tt ¢ hould be enphasized at this point thé.t ed. III~(25) .>hovs the
”physﬂ cal basis of nondep'enerat:e MCD.. -The presence of the y oscillator:"

l In the f‘ield glves, the X oscillator a bOOotiﬂP’ force !m the rizrbt cir-— :‘, _. ‘
cular 1ig,ht which leads to an increase in absorption hy the x oscillator

in right circular 14 ;rht. 'I'he y oscillafor drags the x osclllator in

1eft circu._ar light, which will lead to a decreaoe in abqor-ption bv

the x oscillator in left circular- liﬂ‘)’]t. ’r‘he X and y osclllator interaction
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: depends linearly on thé H field and is the molecular Hall efféét basis

of the nondegenerate MCD mentioned earlier., ‘The x-d.‘lrected force due

to the y oscillator will depend on how close uy is ’ _because of the

* _V(w o wZ) term in eq. III-(ZS)-- To mrther develop this case we
substitute eq., IlI-(5) into III-(ZS) to get the following

e o o III-(26)
EEE'EIL‘TE_-Z- +l] cos wt

"_m me - (w - W)

where Ey =Ey=E for circular light. The cos and sin terms are’

' separately equal as before so we g,et two equatimsQ.'ﬁ

| (wi - w2) Bx - myxAx =0 . , T » IIT-(27)
eE +eH

w .

((0 “"' (.02) A +w‘YxBx3m o M"»‘Fl III_(28)

m - me
which are easily solved for the unknowns Ay and B, ‘t:o thajn
_ (eE/m)(Ct& -?) D *(mc F”“Ei)l
J'( o (a&_ﬂwz)?. }wz»&«- | |
(QE/”‘) wi L1t (QM) m] o III-(;O)::_:"

(w "wl)z‘ -4 &Oz %x

III-(29) |

By =

'The ‘average power absorbed is found from the B coefficlent as 1n eq.

III"(l?) e

P = (& W)? = ebx By w_ ek xz Wy Dt(%)(wﬁi-ul)]
X
, X

ZLT 2 "» Im (wxz_"wz,)z‘} wz_x;(&

IIT~(31) -

The power absorbed. by thejx oscillator' is different for right (+') and

L left (=) ‘eireular light. The power absorbed is rélatocl to the absorption

cross section, o, in the usual way (eq,<‘III=-(l9).
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T e wz%/; [_‘-—— (vm_. (wv m")] |

Oy = m G : (w& _wz)z 2/5;(

TII-(32)

The absorption Cross sections for - riont (cr ) and left (o _) are shown

| below as well as the MCD Ao, which 1is the difference in absorption in

' I‘ight and left light:

MCD = Ao, = Oy = Ox—

O
-
An expression for the MCD is’ given by: '
Aoy = O, = 0, = III—(33)

For ‘cbe nondegenerate case, we see thet the IVCD near wy is a sin;rle
dichm:.s'n band with the same shaoe as the absor'ption, it can be positive
or neprative depending on the sign of (w - wz), that is, whether wy is
greater or ;Less /than Qx' Tbe formla ;‘or the MCD at wy is the same,
‘except wyg ahd w;,'are in‘cerchang;ed‘and \3,reo1 aces vy If yx = vy the MCD
at wy is the same amplitude as that at w, but of opoogl‘ce sig;n. The maxi- -
mm value of the f‘requency (shape) term is 1/y as written in III-(31&),
so if Yy dlffers from Yy the IVCD bands at wy and wy have equal but

oppos:.tel‘y signed areas (Area.= height X Wldth). The MCD for two widely
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separated transitions is shown below.

' : ‘ ‘ ) )
U.)x. \\/

This 1s an important general result: The x-y nondegenerate interactions

cancel In oairs, and 1t follows that nondegenerate'MCD, Ao, summed over
all frecueocies 1s zero. Of course an actual molecule has many X, y
transitions uhab can 1nte“act in a maqnetlc field, and few molecules
would be exoected to be as sdmple as the above example. The external

magnetic field does not couple y polarlzed with other y polarized transi--

4tions,-but only withix polarized trensitions. If we take a slightly

“more complicated casé of two y polarized oscillators add one x oscil-

lator we ceh schematically represent the MGD as:

' ‘ ll?y‘. : N LU
o i T

ud}(

A slightly mbre detailed argument‘(which will be given later) shows that
the stredgth of interaction between x and y oscillators depends on the

product of their absorption strength (which would be clear ir osc1llato"-

- strengths Were.put into the cla351¢al model as is usually done)

' nmleculesfof lowfsymmetry where transitions cannot be classifled as x

and y, the‘MCD resulting from non-parallel transitions is proportional‘

to /fl f2 cos 810, where‘elg‘is the angle bétween transition 1 and 2

and £y, fp are the oscillator strengths of the transitions.



Degenerate Osciilators

The degenerate.case corresponds to Q# = cy'='m6, so that displace-
ments in the x and y directions are equivalent. The oscillations can
have a circular componept, the sens~ cf the circulation depends upon |

the particular combination of x and y displacements. We can define a

right and a left hand circulation as:

. r, gr +ir : ' '
XY | III-(35)

r_sry, -'iry

where the molecular plane is now the complex plane and 1 = /<I. The
circular dlsplacements have ecu*valen energy in the absence of the
magnetic field, but the magnetic field causes an 1pcrease in the energy
(frequency) of r, and 2 decrease in the energy (frecuency) of r.. The
circular‘charge‘moticn is like an electronic orbital motion (in the
molecular X,y plane) and the presence of thé magnetic field causes an
orbital Zeeman splitting. This degeperate MCD case has been treated
satisfactorily‘ih nearly every book on physical optics (e.g., Stone,
1963), so we will be brief here. In the complex‘plane, circularly
polarazed light can be represented E = Ey éi th If we add and sub- ‘
| tract eqs. III~(3), (4) in the following way, (3) + 1 (4) and (3) - 1 (M),

we get an expression for the forces on the circular‘oscillator.(in the -

presence of a magnetid field). - 'eajliayt
I3 ) x5 33 |
M i 3 ‘r - - o oY= — . -

where the top equation is for ry and the bottom for r_.. To derive the
MCD we again require the power absorbed by the circular oscillator.

= Qu/ct = SV-E = e(v,By + VEy) - | : III-(37)

¢



_ - 136
and sin;e }vk = (v% +*v_)/2, vy = (v+ - Q;)/2, Ex,g (E+ + Z_)/2 and
E& = (E, - E_)/Q; the power absorbed by the circwlar oscilletor is:
P=e/2(vyE_+vV_E) . ITI-(38)
Note that the (+) motion.absorbS“ (~).ligﬁt an& vice versc.

.We define complex response coefficients, A+ as:
/‘ "",Lt..\)’t

Vi B Ay 2 e T it o ITI-(39)

H

Equation III-(39) 1is substituted into eq. IIi—(36) and the resulting

simultaneous equations are solved for Ay and A_ yieldlng

L eE, -
A= ! —— : © III-(40a)
T2 | — QW . o

(mo) 782 = |
CALE P ... III-(40D)
((A’ —co‘,> e e :Aw’\"’ ’ '

A_1s the complex conjugate of A,.

We need the time average of the ‘power absorbed, which 1s found by

Asubs»ltutlon of eqs. III—(39) and III-(LO) into III-(38) and integrating

with resoect to d{wt) from 0 to 2F‘ The result is:
.-{ 5 : Ib'\. /

= _ e*E

P.L= P

) . — - 2
¥ , (z«.’»wo +%>z\r 'X'/%

| ITT-(41)

- where the résonance approximation, W - W? X 24 (uy = w), has been

°
applied.

UuinO the definition of absorption cross section, III-(19), we

can write: ‘the cross section in. left and right light, o4 as:

4re” ' 4?/% ,
mC [}0 (Ld e ﬁiz ’F’/%

ITI-(42)

i

Q
i+ .
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In the absence of the field, the normal absorption formula results: .
- o 52 -y a -
| op=o_= AR A | III-(20)
- m e (‘UJ"-V)Q)Z + % /4 '

However, in the presence of the fileld the absorption is split into two

components, cne abserbing right circulai' light aLt wy + eH/émc and one

absorbing left circular light at wo = el/2me, The MCD experiment measures

the d:).fference in these two cross sections , as is shom below.

t
—m

H
I
{
i
|
f

o,

An exoression for the Ao curve observed in MCD is: =
' , , 2 / S '/5"/ 7 !
AG = o_,‘s'-c_ﬁ-.: 4Te LIl I 41 - ITI-(43)
R L A e

'I‘here are ‘several simple ways of‘ putting the above into a more compact
f‘orm, buti‘this is an opportunity to point out a more general result
that w:.ll be useful later.

In practlce molecular absorpt ion lines depart considerably f*r'om
the damped oscillator, Iorentzia.n, shane that results from this treat-

ment. One can always say that the absorption depends upon some constant
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i . times a shape function, f(w, w,, Y), where thls may be a Iorentzian,
. Causslan or some’ 'other shape: ¢ = C f(uw, Yo s v). In the presence of

. ‘the fleld, the two absorption curves are:

o =C flw, wse + &, v)
oo e e TII-(44)
[ C f((ﬂ” mo b GpY)

~where 6 = eH/2me, is the Zeeman splitting;- The‘differencé between o,

and o_ can be found from a Taylor serles expansion about wg:

0y = o = 80 % C8L*(w, wg, ¥) + 053/6'1""((»,’ wgs. ) + wene  III=(45)

Where the * and *'! refer to the first and third derivativé of the func-

" tion with respect to frequency If the splitting, §, 1s much less than

give rise to an orbital motion which is subject to a Zeeman splitting . ¢

h f. the 1ine'w‘1dt’h, Y ﬁbe first term is sufficient to very good accuracy.

The maximum value 61"}_ the nth derivative of any reascnable shape functions

" 1s proportional to 1/y%, so the second term in IIT-(45) 1is reduced, relam = .

tive to the first term, by the Zeeman splitting over the line width
squamd. The value of the second term is extremely small (< 0.01%),

compared to the first term, in most cases of Interest.

For the I_orentzlan, damped oscillator case the MCD resulting ﬁ'om ST !

the first tem of‘ eq. IIT-(U5) is:

Jgre (e e SRR
Ag = [ e——— o III-(Q6)
° ! VNLCZ [(‘w“wo\)?—+ )6"%]2‘ .

This form can also be‘ederd.ved from eq. III-C&Z) or III-‘-(1&3) by other

moye direct approximations, but the more general treatment above will

be useful: later.

We see, in a falrly simple way, how degenerate x and y oscillators

in the presence of the magnetic field. O_ne Ze'eman.cbnponent absorbs

o the left circular light and the other Zeeman component absorbs the

e .

[ '
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vrt hL lighL, Zeeman splitting of a dcgeneracv mives ‘a dcublo MCD curve..

The naxirum value of the %ignal will depend on the v*a‘t:fl.o of the spk v&ng,
8§, to the 1 ¢*.‘ wiqbpp vy, and will of course, be’ largest fbr narrow lines,
Even 80, the MCD approéch allows study of Zeeman spllttings which are as
snﬁll'as 10““ of.the agbscrption line width. The exlstence o; an x,~_J
degeneracy requifes-that a molecule have a 3-fold or higher axi$ §f'syﬁ;'
metry.and this'restficts the p@ssible casés, It will be shown'laﬁer |
that near degenefacy gives similar effectsé however,vané_in moiecules :
which dénart_only slightly fromx - ¥y degéﬁerécy, the double MCD curvés
will result. |

Compar én of eg. ZIt~(&6) and ITIn(SH) indicatcs that the relative ,

magnitudes of the nonde nerate and deganerate MCD effecp scale as:

‘ Y . R .
ha nondeg_m -—gf3L*3§ o : TIT~(47)
so deg 2(mv - uy) v o :

Qhere the‘sakéiy is assuﬁed for both cases; Compared to the éegeﬁerate
case, the nondegenefate MCD signal drops off fapidly as the_x'and Vs
tvan%itions become far apart. A .

After a few more classical argumento, a uemi»cla sical trsatmenﬁ
will allow cansideration of the effECtQZOf electron spin and multipllcity
forbidden tran0 tions on the orbitai Zeeméﬁ effeét. | |

In geneL615 we can relate the obserVea MCD to two terms, one term |
(nondepenerﬂte) with the shape of the absorption, eq. III~(3H), and one -

term (degenerate) with the shepe of the dﬁrivative of the absorption;

eq. III«(HG) A more general cl@saical derivetion, which follows,

includes oscillator strengths, troauu the intermediate near-degeneracy
case, and includes the effect of random orientation of molecules as

occurs In a solution of isotropic glassebl
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General Class;cal MCD  ‘

From a molecular orbital polint of vieﬂ, as the electrons In a

" molecule change thelr distribution during}an electronic transition

(analogous to a classical oscillation) the net charﬁe'displabément aldng :
avparticular molecular‘ayis may be much lesq than a unit electronic
charge._ We are gulded by this id°a ln the fbllowinr cl 1cal mod

where an e;fective charye of the oqcillatinr electron, ey and ey i¢

'introduced, It will b@come clear that the square of the r o of the
. _effective charge to the electronic charge is the well known o8 cilla
~"strength, i.el, (ex/e)2 = fy. Also, we c0nsider the problem of Space |
| , fixed fields,lEx, Eyg and Hps andvrandomly oriénted, molecule fixed

"ouclllauor x and y sucn as would obtain in solution, - This problem is

handled in & general, 1f a slightly CUmrerﬁomp, way by proj@cting the

space fixed £ields onto the nnlecu“e fixed axee with use of the direc~,:

‘ tien cosines (Marpenau and “‘lurphyb 1956} The space {ixed coo"dinate

tem (X Y,2) is gefined with wnilt vectors /§ o respectively. The

' circular;y nolarized light is in the X, Y plane and is denoted

m@A cos wt */A'smn wh) and the magnetic field 1% along the Z axis end
is donoted’ghok The projections of the space fixcd fields on the molecular

aues are found from the matrlix of ‘the direction cosines Aij

,Vblecular . . . Space fixed
- Components - v = © fields
‘5 X Ayq | Ao B cos, ut
vyl o= Ry Ay I osin we | III-(48)

H




)

The projecticns of the extemal flelds on: Lhe molecular axes are:

Pt _A}_i E cos wt £ Ajp E sin ot + AT.B it
gt fpp E cos wb £ Ao E sin ut + A23:H . TII-(49)
z: Agy E cos wt * Mgp E sin wt 4 A33 H'

'f‘ne forces of’ ‘che pa.ir of oscillavors can b@ conveniently described in :

o t;erms of a d..spl&cemnt r= /‘ 1y + j r,_ in the followlng ec :ations.
: : RS
_._.:- ,.? v e ’{E B - Y , 5% E . .
Py S r 4R e pe S o F e ‘ IIT-(50)

whefe é, y and @ stand font;he x and y comnorxénﬁs of ‘che effective
oharm, @ar@ing con%tan‘c and resonant frcquency respec‘cively,} Hx =

HV = 0, 50 the » x n terms of‘ i"ﬁ"i‘mq'ﬁ ase/ft rJI* wgr Tz » The x end y _
- commonent s 6f' dis pl'xce ment van be writtm (where the effective cherpves
ex and ’ey have ‘occxz mcomora’ced)

= A33 ex 1«‘ H, + e,cI’ (Au cos wt * Ay 3In wt) ‘I_II“(Sl)

Arc

Tx- +_ 'Y*ir + wiry
. A - - 'm-t‘ . "
Fy + y by + mgr = whyy Y PH, 4 VF(Aal cos wt t Ayp sin wt) IIT-(52)

1

The derivation niroéeedu as bef‘cm by clof‘inim the dlsplacement eoeffi- g

clentss e S TN

Py T A, cOS wb + By sin ,4;3(,' ,
T IIT~(5),(6)
. r:)' fx'-'_-:;’: Y
Fquationb III--( 5) and (6) ere substitutmd into II-(Sl) arﬁ (52)

i
\?’
@
&

N owb 4 P,y cos wt

and four e_qw.atwns result since the coefficients of the sin and cos

terms mzsﬁi_bg indebendently equalé

e ' -

(1) cos whe -mgAx + ¥ By +ow

_}.?

Qmmmaw%wm%ﬁ@%m&mﬁ%ﬁiﬁhn ITI-(53) (Cont.)

me

g
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:* v oy .- ,.2 CVI*ZU » + eV.L.l .
. (3) uiu uﬂt . , L™ {‘by —— waﬂy -~ wyA‘ = = DAL A33A ';...L.-.m A22
- e I‘I . e n.o N ‘" 3 o
(4) cos wt: —wgBy + yyohy +‘w§BJ = -_Zméﬁ AqoBy + %,, fpy  ITI-(53)

me

These equations can be solved for the unknown response conf"iciems9

Ay, Bys ﬂy and‘By' First howove s We aﬁticipaté that we wili be

. 2%
interested in the average pover absorted by the oscillators, P = ‘f’ (dh/dt)u(ut)

o]

'V,This can be found as before from the Instantaneous power avsorbed:

-

'l v Yoo Tom v 3 FE = Ele 8 1 4+ A ‘
aw/at f 2 r‘ E exerx + eyt yEy E[t‘x‘rx(An cos 91; * 11.12 sin wt)
+eyPy(fpy cos wt Ay sinet)] © TIT~-(54)

‘The average power is found by avereging the instantaneous power over
alut) s ’ | | o

‘.‘. = 17 :
P=r / ey (-—A sin wht + B cos mt)(All cos wt A12 sin wt) alut)

) 3
+ B )ff e (Ay cos wht - Bv sin wt)(AZl cos ot T +

Ag, sin ut) atwt) (55

. Terms 1n the prmducts of sin and cos averape to zZero und terms Iin gquares

cof gin or £0s COﬂtrioube /2, The now ab orbed from the randomly

oLientcc ogc;llpuors depends on the A ﬁnd B response coefflclents in

,the fo‘lowiny K . _

< *=(F/2)ex(A3_l*3,, T AlgAx) - ﬁ‘ey/z(ﬁzllk 7 Ago"i Yoo III-(56)
lgThe A's and Bfs will bc %een to cont tain direction cosine f‘unctions9 Ay g0
'as in eq.. III-(56), 80 the final mveruzcd result for the random o"iented

' oecilletors will be found frOm the broﬁucbs of the oirection cosine

'fUnﬂtions ;nteprated over space° ,"%e system of four ¢nhqmogeneoua_linear

v**i@ns, III~(53)$ can systeratically be solved by considering the four

: homogeneous eqguatlons which can be written es Lhe determinent of the
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’ coefficienfcs of the A's and the B"se‘ This determinant is:

AAx» .Bx Ay By S 3,H.S¢
x Y ¥x X : —
- ~ m
~Y wiu-‘w2 0 4By o + & 12 :112 E . ,
» ' S . : | III-(57)
=B, 0 . w2‘-= W =y w o -t Yy Ao g " o
s y N ——
- m
2 2 o ey A
0 ‘ By Yy 7 wy = W .} : y m2l E

: together’ with the R.H.3. which is the lirﬂuomgéneous paft: of the four
éqﬁations, ‘IIi-»(53'). exHuiAjymc has been written Aas. By, and simllarly
éy = e}}{wA33/mc.A All Ifogz;' coefficien*t;s Ays Bys et'c:', have the same
denominator, which is the valué of the above determinant. - -

D= [(6d - u?)2 + P52 = )2 + iD¥S) | III-(58)
The numerators can be found by substituting the coefficients of the
unknown of interest by the right hand' slde and e&aluating the resulting -
determinants. Terms in the magnetic f‘ield h_ighei{ than the first power
are dropped becausé they are vefy small for any attainable field. 'The.
numerators of the response coefficlents, Ny, are:A | |

b+ SE{Thlor-) 7 At Loy o]

X
ITI-(59)

?+@5A“E%““wﬁk*ﬁﬁ*%w%wﬁuuﬁlg.
By T Q—ﬁf;? gﬂa‘“/&!w 4 AL (WX Lﬁul)]):(w‘gl““’% +'X'32w£{ .

, Sy ITI-(60)
o +@‘? Az [‘xx /&3 - (‘*’XL«M_"‘> 00‘} '“%3 : ,

A Ltulos) srtnts @



—3—55[/11»7"30..)‘*‘ Az,_(wwé ~W \ﬂ{(wx -w +'5:2w2] o
+f’—”xAtzE’b’§(w(w ..w3+”(\.&w(wx —w)—l . | III-(6) |
+ @xAH E(wx _wz)( wsz ;_3 _4,:&)(.%3 z.l“g .
BY S {LAZ\(W —-w) T A;.z?f‘:«, WL Cx2-w* 4"8‘ 2 ‘3

b By Ay [k By 02 (P~ (wy? -] o III(62)
=2 A E’é*gw(wxl«- w4 @‘xw(w{;l-w?%lg

. The average power absorbed 1s found by substituting the above coeffleclents
. - 0 .

Ay

Ainto' eq. TII-(56) and averaging the resulting direction cosine products
over the Eulerian angles, 0 <-¢ < 275, 0 < ¢ < 21rvand 0 <8 <m, as defined
by Wilson, Declus and Cross (1955), who also have a convenient table of
the direction cosines. ’Ihe direction cosine product integ;rals must be
2 21
normallzed by the Eulerian angle volume element' 872 / / /
sin 6 de d¢ d\p.‘ 'I‘hese products can all be worked out with some effort
'vland most of them are 2ero. ’I‘his procese a_llows us to arrive at the average |
’ power' 'absoi-bed for the randomly oriented x. and y oscillators in eircular.
light in 'che presence of the magnetic field, '

- Ez‘ 3 éx %Xm 4 2 Wiw
P= Rl 3 (uod) ety S (wé-ulw%wl

e - I1I- (63)
:tf.fé erxeyBuw |(Wy -w)fﬁew* (x*-w?) Taw :
3 4
. me E(wx w2)® 44 ’-w"_][(\d‘a 4.3“ w]
If we make the identification: ei e2. f and ey = e f the absorp=
: ’ “ .

‘tion fonm]_.a will be seen to aé;r"ee with the normal classical and quantum
_n'xeohanical?‘ absorption formla; and will all-ow us to see how the field
- dependent part: depends on the x and y oscillator Strength. The' absorp— H
" tion cross section is defined as before by eq, III-(19), and the averape

| ) 7 absorption (in unpolarized light) is:
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'éx%u)" | ‘F'B“w

o4+ 0

T= == ls/3v,_._. + G TIT-(64)
e g2 -s-w"‘)z’b'- (uézaw" 2‘4—8“;&

’Ihe MCD 1s given by the relation:

e2a\e whi r-—-:“ (U;;Z—va&cw-k(ux- Z)Xz'
> >\s [(wf ) Q[(wx ~wi 2"&}

TII-(65)

A = o4 = . l{/3'n(

' Further arpwna'xts allow us to derlve similar formulas for the MORD, but
L)

this deriva‘cion 1s long enough as it is, and the MCD part is usually the
most difficult to. understand The two l:!miting cases previously treated -:
’can easily be written from the general relations IIT-(65), (614) above,'
and the results have now been averaged for random orientation oi‘ the -

d

molecules. For the degenemte(case, where “’x =y := wo and vy = Yy T Y os

v
the averaged result is: _ ' ‘ <f\
o = 8/3«: .___.- 4 5 S % 8 i e 1 = {I1I-(66)
(L-’o —w) 4.-'8‘ ( o) Ze TA Y
- 3 -~ i) ¥4
= 8/3n ) —L z\w (U" LJ) ~ 'ne H + (u \) ¢ < TTI- -(67)

Tooro L) T Al 2P oo 5%
where 'f,is t},ge osc:Lllator strengt:h of the trehsi‘cion. The result of
'lapplying the ’g:resonance anproximation has been written as the sbecond'
equation on each line. The resonance approximation is applicable In
almost every circumstance of in‘cerest. For the nondegenerate case -

E

(wy << wy), the averaged result can be written in the resonance appmﬁ_, o

mation: _ :
. ; x.x/ . ' ) '
Aosnt oo = 4/3n/me) & T S TIT-(68
sn oy 361 mc) AR a/‘(- | , | (638) .'
. (Tf, 4 * 0y
MCD: Ao = 2/3n TII-(69)
| "Lcl " [Cox-w)*s "/Q]erw3 S

We see clearly here that the nondegenerate MCD depends on the proouc»
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of the osci*lator strengths of the x and vy bands whi.eh are coupled bJ
- the filelid, as had been stated earlier° From this conoiderwticn, one

would expect large MCD rnlative to th ﬂbﬂorption from a weak'band

" - that was close to a tronq pnrnprdicu3ar7v polhrizpd band. -

The result for tho optimally orﬁented deroner“te pair of osel Tlators,
"lgqs,xrzm(uz>9_111~< 0) and ITI—(QG), can be comparwd to the result for: -
ché fandonﬂy oriented deaenerate”c cille;or09 IIT-(66) and (67), to |
deperminaébe effect of random 0)¢ iewialiana It can he seen that rand f
6riéntation'éecreases the average absorption to 2/3 of the wnxmuamvfbf;
opt imum orienéétion; and that the MCD decreases to 1/3 of the maxiﬁum
- for opt*wum orientabion° 1f the . rardomly orlented nondépeneratm re ult S,
eqs. III~(68) ard (69), are c¢ompared to Lhe optimally orﬂented equations,
- TII=-(32) end (?4)3 1t is seen that the ¢ averapc absorption is 1/3 end
| average MCD is 1/6 of thﬂ mayg,um f‘or' opt;mum orientation ofﬂthé'ﬁol@«’_'
" cules along the external fields; b seé‘thaﬁ for b&th the dégeﬁerate
and néndegen@rate cases, the rafio of the MCD £o abs sorption is redics

by a factor of tito by'the random orientation,oflthe oscillators:

Faa

borex _ a4 N R

This rosult Ji17 be Vﬂry imwortapt in ana’y in“ the eyperimeﬂtal data
which i» prvuorted labcr« This gawﬁ co&ciusion can be reached by other
azﬁuments,?és a chédﬁ on this precedurw, but'they will not be giﬁen here.

The nroblem of near degeqeracg, mx % % baﬂ no* been cons;gered

¥
ﬂypl;cltlv by other workers., The c1a531ca1 formula, TII-{ 3") can be

\,/
used to ccrﬁvn a form for Lbe share of the intervmdiate.case of near

énpenertrve If we let Yx Y

y and L, ¥ £ and define 20w = o X'-_ay

¥
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and (u;x +'my)/2 = W, the near degeneracy MCD formila 1is:

={4/qnert ¥EGLD - w) —  III~(72)

L(B-w)* +aw?+ 3% 1 - Hawd (My
Thls equation allows us to estimate when nondegeneracy will be dls-

tingulshable from degeneracy. The absorption and MCD £ér various
"values of separation between wxandwy ati.a fixed vy are plotted in

. Figure III-i; . Fbr#é.lues' of Aw < y/4, essentlally no effect of near
degeneracy is observed. The MCD and ,absorpt-icﬁ barids .are only very
 slightly wider than the degenerate curves, For Auw mcmasmg from v/4
to y/2. the observed width of the absorpt‘ion'and'MCD- incr:eases imt:l_l two
separateblpeaks beconge resolved 1n absorpticn. The surprising result is‘
that for nearly equai absorption im;ensi‘cy for the two compo_nénts

(f.’x 2: fy) , the neer cegeneracy shows up first in the absorpfion as two
separate peaks and the MCD 1s Insensitive to the near degeneracy. The
fy ~ fy sitvation would be valld for slig,htlj pertdrbed degeherate Sys=~

tems.

If, however, the x and y oscillators had a very different strength,

only one transition would be observed in absorpticn (at wy 1f fy << fy)-.

| The MCD would still be deseribed by eq. ITI-(72) if £ = /T, and
Yx = Yys and he MCD curves in Figure ITI-1 are unchanged. The MCD
crosses ze:;"o at Ef?, whitch 1s now Aw from i:he absorptlion peak at Wye |
" The absorpéion would look 1ike the A curve in Figu're ITI-1, but would
| move away ﬁ*om the w MCD crossover as Amincreases. This circumstance
applies to near accildental degeneracy, and we reach the’ important con-
clusion tha'c the MCD shows the near degeneracy quite markedly _for

2 ¥/10.. '

R



- Flgure III-1, Calculated absorbance and MCD for near dew

- generate transitions of equal width and strength. The come
ge

. ’ A | .
ponent llnes are Lorentzian in shape, and have 500 cm z

full width at half helght. The energy difference,Aw, be=

tween components are: in A,Aw= 0, In"B, Ap.=62.5 cm"l,

in C, Aw = 125 cr™t, in D, Aw = 250 cn™l, in B, bu=

375 enft, and in F, aw = 500 onl,
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“(e.g., Sandorfy, 1964),
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An osclllator strength, T, has already been inserted to account

for the ldea that net charge displacement during excitétioh~of a

molecular oscillator may be much less than one electronic charge.
However, the detalled charge distribution of the "x" and "y" oscillators

may couple slightly Qif;erent*y than thﬂ net linear components, This

'.‘effect can be e?plﬁ0¢tly LﬂClUﬂGd classica..lv9 bat wlll not add much _
“here and will be clarified more simply in the semi~classical derivation.

- - Ve may accounf fbr this effect In the classical derivation by inserting )

a d;mﬂnglonle variable ("g") factor in tre precnaing expressions for

MCD. If we make the well known identification of the oscil¢ator ~‘reﬂpth,

. . . 2
Las with the quantum meohanical electric dipole transition moment , y. .

L BTmZmuec z - |
R | pdoo) III~(71)

and aloo put in the ("p") factor d scussed above” the same expressions

for MCD and aaoorptiOﬁ result as are derived by cuantum mechanical argu-

‘ “ments (eego, Step ems 1956) . We wil‘ not po through thxs here bceauce

 the purpose of the classical viewpoint is mainly heurdstic. ° " f L

It is hoped that the classical derivation, even though 1t is compli~
cated algebraically In the general caae, iu much easier to understand
than the.quantum mechanical derivationa The classical derivation is

intended to glve a gross understanding Of the phenomena. To be able

easily to incorpora*e factors that depend on the‘detailed electron dis-

'_tribution of molecules, we will now dprive the MCD from a semi~classical

point of. v*eu
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B. Semi=classical MCD

'Ihelarguments g:l;ven in this section are closely related to tﬁose

| made by Gouterman in unpublished work. Conslder a three-stat:e sy‘stem, ..
| '. a dismagnetic ground state |o>, an x polarized excited state |x> and
a‘y polarized excited state |y>. We will be interested in’ the electric

‘dipole operator, u = L eiri between the above ground and excited states, |

i
:Where ey and Ty are the charge and pos_i‘ciOn of electron i. The electric
'-; - dipole tfansition ‘moments uy -and My are defined: o

ew A T3

<o|ulx> =
oluly> = ew,y o III(TR)

where /j} and/\are perpendicular unit vectors fixed to the molecule.

'l‘he normal quantum mechanical derivation of absorption in unpolarized
ligh’c for random systems has been presented in many books™ (e.g. s Sandorfy,
1964) with the result (which we have rearranged slight]y)

e ___;g_;\__f_;."@ N jpd ,l:(w,o.,,és‘)_- N O II(7)

i n 1s the ref.‘r'active index, N, Avogadm S number, A, is Planck's

constant over 2-«. f(m wo,y)is a dimenslonless shape mnction of unit
area that could be a Gaussian y & Lorentzian or some other shape. The -
Lorentzian was found irx the classical derivation, and is found experi- |
-mentally for some optical lines. A dimensionless Lorer_xt;zian of unit
area iS‘ o - | A | , :
rcw Jogs¥) = L/n(v/2)/ Loy = w)2 + 2] III=(T6)
‘ __’whcre Y 1s the full width of the line: at oneu-half maximum absorption

1The more fami_liar decadic molar extinction coefficient, e = 2
- 2303 A

where A I1s in cm.
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L The absorp‘cion in circular light is given by the transition operator'

151

By = uyg T ‘9' 4 u IITI-~(77)

Y-

" where i = -CI'. The absorption coefficimt f‘or left circularly polarized
‘lght for the transition ]o> +: |a> is'

”;111 = <°W \0\><M/"*\°> -((w)wo)'b"B III-(78)'

Mo

&“15

"+ (e.g., Bohm, 1951). For rignt 1ight, uy &nd y_ are interchanged In

i‘f-'-;"‘the absence of a magnetic fleld, f.‘or the [o> - [x> transition‘ |

<o| uy x> - <x| + |°> = u ) : ‘ III~(79)‘

”

B and °‘1 = op in the absence of the magxetic field' this argument applies L :

- for the y transition as well.

: 'I'ne magnetic field is introduced and 1f electron spin is neg,lected

' for the present, the new term in the Hamiltonlan is- 'che interaction of

' ‘_ the orbi‘cal angular momentum, L, with the H field. If we r_estrict the

- |y> 1s:

discuséipn to-syst_efns with at least two planes of symmetry, we can show
"¢ by symmetry arguments that the only nonzero angular momentum operator

matrix element (L = 3t ry x py) between the states [o>, |x> and

= I
i 1

<xl Lly > = aoh =gl L v L IIIH(80)

-7 where M, 1s real and the .# indicates a c'omplex.con,jugate. .If an integral
" like (¢1‘OP|¢J) 1s to“be nonzero, the direct product of‘ the symmetry

specles of b4 X ¢'.j x Op must contain the tota.lly symmetric representa-
tion Ay, (e.g., Wilson, Decius and Cross, 1953; Eyring, Walter and K:Imball
1944), The X and y states transform like the x and y'translations under

symme ’cry operations, and ]o> is 'cotally symetric. For commn molecular

 point gmups , with at. least two planes of symetry (02,,, Cays’ Dzh, Difpy s
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Dgps g‘l.:cs.')‘,i;‘ we can show i‘chat‘{the only nonzero orbital ang,ular‘ romentum
matrix element 15 the angular momentum about the axls perpendicular to .
the molecular plane, L,. Table I contains the syrmetry specles for

Coys @ écrrmon molecular point group.

| . Table'I SN
Chy ~ E - G olxa) . .q(y@ '
Ay -1 1 1 1 z
[P -1 X L,
By 1 = 1 A x L
B 1 e - 1y - Ly

For example, in C,y, X is By, v is By and the direct product of x and y

is A2.‘ Since LZ' is Az',, it is the only nenzero matrix element between x

and Yo
The Hamiltonlian between the X émd y states in the f)msence of the

1eld is:

<x| N . /}”m}\ ’ CiMyEH, o III—}_(SE.}
CoSyl ] R, Ay

where 8 = efi/2me = the Bohr mageton.

Nondegenerate case

The masnetic field mixes some |y> character into the |x> state
and some [x> character into the |y> state. The physical basls of this

statement was explained in terms of a molecular Hall effect in the
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- left circular light are proportional to: .
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© classical derivation (p." 131 ). We define the frequency difference between ‘

xand y as Aw = wy = Wye By first order perturbation theory, we get the

new states ‘lli{.”} and |y'> in the presence of the magnetic fleld.

|x'> = [x> + ingH ly> ~ III~(82)
Aw ' : ‘ .

[y‘> = ’y> _*'.‘i:zBH [x> ,. o o - | ITT-(83)

S . L | |

- We may now evaluate the transition moments for the |x'> and |y'> states

B in left and right circularly polarized light: -

" ui =y ;,,y - - '. o rmmeesw)
<o]v+]x'> = e(ux < Mplly y] s A TIT-(85)
v hdw - Y o B
<o[u-ly'> = e[i by MRy ] S IIT-(86) .

© The absorption intensities for the x polarized transition. in right and

.

it

e?luy = A My
e®luy + A uy]

X(right):. <olu lx'><x‘[u [o>
i ¥ III-(87)

X(left): <o|u_.lx'><x [ug 0>

| :wh‘ere J\.== BM Hy AfAw. 'I‘he expression for the y polarized transitions are

analogous, but the signs of the X terms are reversed for left and right

| ~ light. The resulting difference in absorption for. right and 1eft circu~ -

lar light can be written for the X transition-

LR "y | |
vl 337> A/c x Mz v(j ..___———-»—Z Lo

The expréssion for the y transition is exactly analogous, but 1s milti-

plied by a minus sign 'Ihis Is an important result—-that the MCD due

to the interaction of an x and y polarized pair of transitions will occur
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X
general, all the rmde generate comribu*mn's to the MCD will cancel in

at both w, and wy and that{the FCD é.‘c % exactly concels that at ye In

- pairs. Perpendicularly polarized tran'si‘cions that are close in enersy
will g."w;e large contfibutions to the MCD because _of the 1/aw dependence
“on MCD émplitude. A factor of two correction rust f>e applied In ecg.-
III-(89) to account for random omeni,e iocn of the moleculm., This factor
- of two correction was derived in the class ical section (pe lLi6)
xpre"siono for cther line shapes 'can be glven by replacing the

’ mrentxian shape f‘mc‘cion used above m‘ch another shape ﬁmct;oq of uni‘c
ared. | The res u.;t above agrees with the classi cal one' developed eariier.
How, hovv aver, opec.hfic molecular trans J.tim moments (uy., by and M,) that
are sensitive to the detcnls of the eleccronlc distribution of the mole~
cule have been introduced.v This result «;luo amﬂeea with the more mneva.l
derivations of magnetic optical activity (o 7., Stephens, 1966b)ﬁ

Depenerate case

For the degenerate case, wy = w, = w_, and we can define new states

“in the presence of the fleld: |
A= B TTI-(90)

&

with energ;.gefs:
and Lransi‘mm mmen’c

we) .o |
v S o III~(92)
wy)

N

f«coiu 5> = V2 eluy

,.:

Por the degenerate case uy = vy = ¥, and we ind that the [+> state

§0}31+Ii> = 1//2 e(uy

b+l

absorbs l'ei‘t circular 11g;;ht exclusively:

. left: <Oh:_,l+> =D e Yo (93)
IT1I~-(93

right: <olu+> =0
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 .and the [-> state absorbs. right circular ught exclusively:

Left: <oju|~> = o .
- JIII-(94)

Right: . <ofuy]=> = v’fe By

fhe |4> state absorbs left light as E, = w, + M8H,, and the [-> state

absorbs rig;ht light at E. = wy = M,8H,. This is the orbital Zeeman

effect. The Mz that a.ppea.rs above is the orbital angular moment\m

operator between the + or - states:

<Lyl = 120y |Lp]x + Lex|Lyy>] = g = e[~ III~(95). -

The absorptlon coefflcients in rig;ht and left light are:

? Q(&ﬁ)(f‘/*‘)”-‘m wa «m;&t z*)

' » ’

((bﬂ)( ) ./_‘f:f_. 4(\4’9U¢"" M%iﬂz. ,'8‘)"_

. I1I-(96)

3/’\0

. For ‘the Lorentzian sha.pe i\mction*

e - . 'X"/:z %l 4_ 28 (w_uo\ ?z
. f(w,wo-li,y). = (’W)) (w oo & SY"M/& (L)«-u.,) 4,3“'/\( [cw ua * /4]

III-(97)

And the difference in absorption for left and right light is for a

Lorentzian line s
‘8‘/L

This is the same, relationship that 1s found by the more general quantum
mechanical derivations and is usually called the A term (Stephens, l966b)

Other l.’me shape functions, £ (w,u5,Y) ofvunit;-area.,u.v.. wiline, may be put ..

into eq.:III=(96) and similar expressions, III-(98), result. Ve are now -

bidden transitions from sing;let g;round state, and spin allowed transitions :

ﬁ‘om parama@etic ground states will be brieﬂy cmsidered. S

o, = og = G.in“ )( )N ML@JF U (Ett,)z AL T8 ¢ )

"in a position to consider the effect of electron spin. Multiplicity.for- s
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Singlet-triplet trensitions,

- There has been a good deal of saﬁécuiétion s @S we'il as theore‘tica.l
and ememmntd con’ce'ltJ.on, th'xt m::.me c.;’.optical ’activi’cy mey Vbe much |
L more ocmlti"e to rml’ciwllc.dcy I‘or’r*:v.c.dan fran lthno than i~ 'YHHOI‘Dt_LOﬂ
(Qhashouag, 19603 ‘Hb.w—slca“ 1'%?: 1.“er‘:¢rt and Rermer, lJ( 1) Ue ‘s:-all
give a briof’ eryummt here which mdica’ce . }~ t bhis *Ls not the case, .
Accordim{ to the simple argument ’”hab iollows , 5 =T tr anux,ions wiil
occur with very nearly the same obl"f‘..«,u") ‘?n VCD as they do in ‘a“sorp- L o
“t.gom |

We .consider wa;reﬁ;.xnctiohs. for a zﬁolecul'e as a produst of an brbit_al
and a spiﬁ_ part. This is analogous to.‘che I~S or Russell-Saunders
1imit in atosrls and is an excellent War*ting point for most mol cv.',zitcaso
We con;:ider* mans:.tion v. which an Al ectron 1s prom'ced ““om a fv.llea
nondevmeratc orbi‘cal a to an orbital b,, mi‘*h spin up, o, Or c-,pm dovn g

B8 The :J'plest eycited states are 2 sm««;m = IS md a Lrimet = T

ES = ]‘O°"'o = [a(l) ©(2) + a(@} b(l)__n_czl-;sl_ - Blag_x TI.L»-(’)‘?)
. m -4 . . v - - ._ »' G‘ﬁa2 ) ‘ . " >
Tp = 0TS = [a(1) b(2) - a(@) b(1)]ayes ¢ ﬁmg © IIT-(100)
. : ' : & anﬂ L :

where 0 is L}‘e orbital part and is the .)pin part, Wd the e;eoircm
are indicatca as 1 and 2. "*;w@ have seen in the previous sec’cion s Tor
.Mzmpln, in e*q. III~(89), that we n ed alnonzéro magnetic transition
moment to get .I‘«-’)CD,, In the presence of spin ‘éhe magnetic transition.
’*«orent is ;I. + 28. Since the L operator does not act on spin and the
spin ope*"a‘i,or does no‘c act on the orai’"al angular momentum, the 'm.metic
‘cranoits.on mo*nent can be exmnded

Jols 1L+ 25 303> = < ]L{BO><1¢'3 3> +<1ol30>< ->[2s[35> I1I-101)



R

This expression is identically equal to zerc because the singlet spin

‘and orbital functions are orthogonal te the triplet spin and orbltal

functions m:spectivelys

<15138> = o, R ;d '. : ' | I';.T.Im(zb.?\
So I‘Qr_the 'su"p oﬁucL wavomn tl '_:A I—-(09) s (100) , We ‘have fero
¥CD for sinelet-tripist transition, e m" invoke ,sp:m-—-oz bit inter-
actions in order to r'e‘c MCD from singlet-triplet transitions. Thcsm.n-

orblt interaction mixes a little tr'ip‘l et character into the singlet state

Cand vice versa. In the presence of upﬁn orbit courﬂ ing we can write the

new states hy first order perturbat ion theory:

Tt = G+ A ° | o I3,
.% ; I‘) + 2 ITC A | o IIE-QOM)

where )\ is the spin orbi'c coupling parameter, For nondegenerate systems

we need on interaction between mmemiou‘ r-’rjv* polar'izec tmmitz 3 to
get MCD. Ve consider an x polarized singlet and a y polarized triplet

 and define:
<o] x| I ,r, L. lﬁx 75 o . CITI-(105) e

, The abs prt'\c Y b:’f t}-n 4~1~'§~rﬂn+- will he vpmpo%i na}_ tos

i

L oolv 1 E =3, =2 18 I TTT-(106)
In the p“eviom sect ion we saw that the z compcneht of t,he‘ angular

monentum ‘M{a corvtv-:zbuteu to the MC D.m. ¥, in this case is proportional .

{:o the s;vifi-orbit inter‘actiém B :

3

ai> = L s esiTts e x| x ITI-(107)

" The ?3"30\.1'754‘10}’} in mr*ht circulan A.kgrb*‘ i‘cr tcmfs linear in H w;:H bhe

glven by s

ap a<o[.n1;_lg.'1$<yl.!'._ lo> = order [A Ry v’x,, 12 AR 22 -



i y 158‘.
and similarly.for ieft light:
QL = order [A2Rx2 + 2k? RysHY , o ',-111;(109)
We now get KCD, bﬁt both the MCD and thc ahsorption are propor*io ai tg}

the spin orbit interactlon 0QM&T9G AZ

b,

<

& o o S o
Cmvsn: SR o a®RZ, 14D: (ar - aR)ax Ho ¢ III-(110)

5o

For nondegencrate singlet-triplet trensitions, PCD will have qbﬂvt the
sayu str ngth relative to the abs orpt*or as for allowed sincletmsin lcc
trans it;ﬁonoc For the degenerate cese the same conclusion 1s reached,

put will not be glven here, -In summary,,MCD‘is not expected to be any

nmre'sensitive to singlet-triplet (or other rultiplicity forbldden) trensi~

blOﬁS than iz anporption,

‘

Cs Effect of uhin ow MCD

Zeemen effects in thé'pr@senc@ of s ir have been treated in preat
'déﬁail for atoms (Condon ana Shortly, 1835), COIOP centers Ln'érvstr‘s
ﬁ(Henry;vég‘gg&jvl96 )5 lons in crysgalg_(Suparm and Tansbe, 19 8) énd‘
alatomic roleeules (Herzhers, 1950>m' \ | |

NOﬂGPPC”G ate electronic t siticﬂs

s

* Non Qgenerate t sitions involvinp smin mipght occur Iin frce.fédié 5
vitn ‘“,tr less than 3~f01U, frxﬁ*e“*tr&plet tra ws;tians or in trensi-~.
“ion me“al corwlexe” where thn optical tranthionq 1rvoxve@ me*al a f
electrons Qnd the orbital angular mo ntum of the metal electrons is “

wenched bv the ligand fleld (e.ge, olichtnrg 1963). .I ﬂ
Tha spin is quantized with respect to the CKtC“nal fier and siliﬁ
into hh‘varﬁous 2541, Mg conponents along‘the field. T"nv impqrtant
fact is that Alig = 0 for electric dipoie trénsitions in non~39herica1

molecules (Herzherg, 19503 Sandorfy, 1904). We draw en example energy



1ével scheme fo” a do L’lecwooublet tran on to an *x> po*avized state in

Figure III-2a, If we had drawn triplnts or higher multipieto the same

conclusion would obtaing but would S“VP“Ely cowplicgte our diagram,
We see that in the presence of the H fimla'thbre 1s no energy shift oi
any component in the trensition and rno PPD ﬂifh only the |x> leve* pres ento-

If we 1ntroaucm a ]y> state as shown in tha level schene in F gure III~2b

“there will be the normal small emownt of I character mixed by the chld

info the |x» state, leading to the sinjlc Aichroism band char~ ter iatic
of a_fhdndegeﬁeré+e system, but no CG1t”1bution attributable to Qﬁin

The small axmznt of circularion induced hv ‘the fleld will be able to
couple with the spin and give the CXﬂi*oﬁ Suuﬁ@, [ x> utabe, *"rv
slightly diffbrent z vqlue (g ) than thﬂ rround state which is ﬂx¢y~
reraued in the level schere in Tigure IIT~9b, There will be a small -
Splitting of transitions 1 and 2 by (vmv ) 8H, However, transitions 1 .
and 2 will have the same anmunt‘of Iy>‘chapacter to first order in ”°'

Ix> + Aly».  Therefore, there is no contribution to the MCD att ribut bl

to the spin In this circumstance,

' Degenerate electron*v tr&nsition%

-

The degenerate case correuponds to moLecules w1th greater than 3-fold
symmetry with spmm including metal comple xes, if the orbital angular
momentun iS“not quenchad by the 1i¢and-field, In the cases of inter@st;
the electronic mround state is P ~'-°--3 2 Alr5 which can also be ca alled

n,. °°'°3 2 Z Lor moleculcs, where n ia the mult;pllcitya The di ussion

" here ﬂs vawv similar to diatomic moWecules wlth spin, where the angular

romentum 18 ntronrlv coupied to the molecular axis (8 anuorfv, 19€4;

Herzberg,1950). In diatomic molecules,_the projection of the orbital
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. Flgure III-2, Energy level dlagram for'S = 1 orbitally non-

-~

: aegeneratg gtate in the absence .andf pfaesér{ce?of an extemél

a ;‘niagqetic field,” The electronic states are 'explained in the text,
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, ‘angular mntmn along the mlecular axia, Igs 18 a good quantum number
. enda selection rule AL, = X1 holds ror elect:rmic trmsiticms. In
: molecules with 3-fold axes or more, the ozbitally depmmte states can
_ | have nonzero anwlar momentum along the figure axia, Ly, but it 1s no lo*lger'
. integral, and the electrentic selection rule, AL, = " 1, is weak. For

molecules containing atcms with nuclear charge, 2, less than 36 the

' ,'coupling of the orbital ane,ular momentum to the figure axis 18 generally

much stronger than the coupling to the spin, Furthermore, thg spin-—orbit;
interaction is particularly weék in transition metal complexes with spin
Af the electronic trensitions of interest are located pfedondr;antly on
the 1igands, The orbital engular momentum, Ly, involved in the electronic

,transitim is due to a different set of electrma then the spin, and spin-
" orbit effects are expected to be mich smller than an elect:mn ep:ln
‘interacting with its own orbital motion,

For electric dipole radiation the selectmn rule for the spin is "

) AMS = 0, as before (e.g., Smdom’y, 1964). We consider a ground state

with L, =0 and an excited state with lanm- L,» The field independently
splits the XL, and .":Mg states because they are incoupled by the strong
molecular electric field, The only ML values that ocour are I, because
Ly 15 coupled so strongly to the molecular axis. Plgure III-3 shows an

K example of an enér@ level scheme vd'xeré the excited state has a 1abge

L, (only because the dlagram is clearex:) and S=1/2. The g values for .
the spin splitting may be different for the grownd and excited states 3

- the difference in ground and excited state g value 1s called Ag. Tor

AMS = 0 there are four possible transitions. The resulting right and
left circularly polarized transitions show nio energy shift due to the
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Figure II:E«B._ Ehergy level diagram of an. orbitally degenerate
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" the pnesence of an external magnetic I‘ield., The electronic
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spin, and again the pmsence or spin haa no obsewable effect (pam:icu«

larly at nomal tezmeratum), A
There are oiroumstences when the spin end orbital motion are

: strongly coupled. For example s 8uch 8 situat;ilm obtains in rare earths

and might obtain in metal complexes wit:h organic ligands that form posi- .

‘tive or negative ion radicals, In this case, the spin and orbital motion

L couple to give a resultant J value, For. example, for an S=1/2 state we

get only J, = "(Lz +1/2), X1, ~ 1/2), because L, is st1l1 coupled
strongly to the molecular frame. In this case, we have the possibility
of splitting or the different Jg values at zero fleld, and an energy

- level scheme such as ‘that shown 1n Flgure III—IJ results, The possible

transitims are drawn f‘or AMS L3 0 for electr:lc dipole mdiation.
The four tremsitions give a right-left pair at E, = E° + D }

(L, + ) BH and at By = E° = D ¥ (L, - 4g) BH, where 2D is the zero

field splitting, The Ag value is usﬁal;'hy‘no,larger than 0.02-0.05 and

48 suall compared to the L, value which 1s usually greater than 1. 1
| L, were small or Ag were large R xor some reaam, one mim sce 8 dif-

" ferent splitting factor for E and E! _\de are already dealing with an

unusual case 80 the pz'ecedhlg circumstance would be a doubly rare case)
In any event' the E: and Fi: rigat—lerc pairs occur 2D apart, If we
make the assmption tnm: I, - Ag L, + Ag for simplicity (thls is hy

- no means  neceasary to our ammnt), we can simply mvestigate the effect
| , of Zero rield splitting. There wlll be two double MCD curves separated

by 2D, . The MCD line shape equations are complicated in closed form, but

‘ en example will be adequate for our‘pumosej,. Figure IiI-S shows the

resulting MCD curves for a serdes of values of 2D/1/2 width (y). for the
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Figxre IIi;ll "Enérgy level‘ diagr'am f-‘or"S“l,‘/Z gmund staite' orbltally
_degenerate excited §tate with st:r'ong7 spin-orbit coupling and zero

- field splitting (2D) The states are described mre mlly in the text
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- Flgure III-5, Calculated MD curves for an brbitally degen-

erate transition corresponding to the lewel scheme for Fle

 gure ITI-4 with various amounts of zero field splitting, The

parent absorption bands are Lorentzian with y® 20 NM full width

 at half-height, 'he values of zero field splitting for the

. various curves are: A, 2D = 0; B, 2D =.5 NM; C, 2D = 10 NM;

Dy 2D = 15 NM;.E, 2D ~ 20 NM,and F, 2D = 25 NM,
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_ Lorentzien shape, The zero field aplittihg has & negligible effect on
" the shape or amilitxxle of the M(‘Dcurve 1 2D 18 1ess; than y/U.

~ For 2D 1ntemediate between y/i and y/2 there is & slight decrease
(16 to 20%) in amplitude and some ﬁi'dadening of the double MCD effect,
but no striking shape chenge. For 2D greater than v/2, the splitting
becomes app'arem":v in the absorption and MCD vegins to exhiblt a new |
| -ghape. The intermediate case will have a very dramatic temperature
dependence at mdeﬁately low temperaturea because 2D 1s nearly tempera-
ture independent, but v/2 is very tempemﬁum dependenﬁ for most materials.
:At' very low temperatures 'the F‘t palr will disappear and the F,: pair will ”
increase becsuse of a thermmal population of the lowest gm\md-level.
We can conclude that' except for a very restricted set of circumstances
the MCD does not respond to the spin of a molecule, |
Data enalysis "

ALL the theoretical approaches to MCD (classical, semi-classical
and quantum mechanical) tell us that them:are two types of MCD curves,
~double and single. For allowed electronic transitions (evi;,"clOOO) the
Bingle MCD curves are expected to have the same shapg as vf.he parent
- absorption band. This has been shown for ngtural cix'culér dichroism
by Moffit and Moscowitz (1959) and is assumed true for MCD, The theorles
indicate that the-double MCD curves have the shape of the derlvative of
the absorption bands if the magnetic splitting 1s less then 103 of the
line width, Tre theoretical sections only dealt with the Lorentzian
line shape explicitly, + but the Taylor series arg,wmené glven on page 138 |
indicates that the doubie MCD ourve shape 1s glven by the derlvative of
the absorption for all line shapeéa The Taylor scries approach further
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mdicates that for the narmwea’c bands usuall,v fomd 1n optical absorp-

"tion lines in so!.ut:lm, @08, 200 cm‘l) and for the largeet magnetic
 splittings that cen ever be expected (e.g., 1-2 cnrl) the first deriva-

tive fits the MCD to 0.0lﬂg - The above asaumes a rigid magnetic shift
for the Zeeman cormments ‘(':r a lne, If 8 rie;id shift does not: obtain,
the derivative will not fit so well, We will examine the consequences
of a r;gid shift assxmxption” in t'hisl eection,. Later wo_a}wili a‘ctémpt to
test the valldity of this assurption for particular experimental data.
Since the theory indicates such a close relation petween absorption

" shaps end MCD dhape, we utilize the bsorption data in fitting the MCD.
This procedure allows the MCD data 'to be fit with a relatively small num—

ber of parameters., .
The main shnplificatian that we hava made In most of the experimental
section 1s to represent the absorptim by sone ané.lytic shape, The sym~

metrical Lorentzian shepe and the Gauesian shape are most often used.

Experimental curves are usually more symmetrical 1f plotted in wave-

Jength, rather than frequency, but -eiﬁher form may be used, We define '

a general shape function: £ (A ,A_,‘geiv)v of nmcinmm value wnlty, where

A{ 18 the center position of pm band end @4 is a width parameter, the.

absorpticn is represented as a sum of N bands, ) ‘
Avsn (3) = ? B fOALe) | II1-(111)

where Ey is the amplitude (e.g., peak optical density) of the 1 th

 component., Usually the absorption will be it with N equal to the number

of obvlous peaks and shoulders on the spectrum. A standard computer pro-
gram 13 used to fit the experimental curves. to eq. ITI~(111) using a



: , least 'squareé eriteria, A modified Newtm-Raphsm method, that is

i analogous to the method of steepest descents, is employed to determine
7 the vest £1t By, )y, 8; paraneters (Share Routines-ZOEOVARM and e
o) E2EOLSQV). o | | .
Each absorption band 1s characterized by an amplitude Ei, a posi-
tion, "is and a width, 6y, These parameters are used to ﬁ.t the experds
: . mental MCD, For each parent absorption band, we seek an MCD component -
. with the shépg of the absorption and one with the shape of the devrivla-“ .
o ‘tivé of the absofpti&a. The MCD is fit accoming tos |

MCD (A) = ?Ai £* (A,h1,01) + By f(x Ai,94) o III-(112)
. where f (1 Ai,ei) is the shape i‘unction found fmm ‘the absorption
- ,;_i..._spectrum and £° (%, Jti,ei) is the derlvative of that function, The N
.,‘.'_4,:'» -‘{.;_ i Ai and By anplitude parameters are the: only variableg because the N Ai
L B . and 64 are fixed In this way we can use a linear least squares fitting
o l procedure (see Appendix IT for CDLSQ program) that gives the exact best
' £it to the data for the given functions (e.g., Wilson, 1952). ‘This

procedure also gives a statistical measure of how well the Ai and By

s ————— "

b parameters are detemined and gives the correlationa between parameters.,
. The correlation coefficient (Deming, 19!43) between parameter 1 and J 1s

defined:
ﬂh '( . A

- T e

where fjk is the va.‘me of the J th functicn at the k th data point and

- m 1s the mm'ber of data points.. If Ci.j, is close to one, the two parameters
are strongly correlated, and fewer parameters should be used to fit the
data or a different ﬁmction shculd be. tried 'I'he Ai parameters when
: ,' eonbined with the Eq paramters allow us to determine the Zeeman splitting

%
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M‘ U omTE (xi)f 10-8

- 1.11-(11:4)

" where sh 18 in ¢::m"1 and Ay 18 in Angstrom (:Lf the MCD curves are fit |
. in Angstrom mits). The factor of two comes from cormctingr for rendom
‘orientation (p. 146). This expression assumes that the absorption and

¥CD are expressed in the same units. Convenient units aré- the mola:c'

extinc’cion coefficient for absorption and molar ellipticity for the MCD
or the sbsorption. may be in observed cptical density wnit ( for the con-
"wcentration used for the MCD measurement) and the MCD in observed A OD

" units.

“The linear 1east squares pmcedum 13 developed in many places
(Wilscm, 1952, or Dem:ng, 1943), and we will not reproduce it here. A
When it c¢an be used, the linear appmach ia superior to the nonlinear -

- iterative fitting which was used for the absorption. The linear-
: appmach is raster and 18 free of the false nﬂnima uncertainties _
sometimes enccmntered in the nmlinear pmcedure Further, the linear

. procedure ylelds statistical infomtion about: the msulting parameters

in a strmig,htforward way.



C.. Magnetic Circular Dichrofsm: Experimental '

“" Introduction
The magnetic cimulav dichfmiam- (MCD) of metal porphyrins 18

described in detail 1n this section. = Other ¢ormomds have been ine
veétigated less completely and véill be mentioned in a generai ‘s.um-‘
mary where we a,ttempt to evaluate the pmspecta for ¥CD in biolog:;
and chemistry., We hope that avaluaticn or MCD will be clearer af'e
ter detalled diescussim of pm'ticulw exampleﬁ. ‘I‘he mtal porphyrin

experiments are diacussed in the reverse order La tha‘c in whic‘n ﬁhey

wene perfonnede- Soms of the early _obsewatiens" were that reduced

cytochrome ¢ gave an enormous MCD sig'xal'and that MCD was sensie

~ tive to llgands in tﬁe si.zth‘ coordination posit:ion of 'bhe iron in
. hemoglobin (thé position that nox'ma.lly holda oxygen) To a1d |
| in an undemtanding of these: obsewatienso we undertook a study '
“ of metal parphyrins, free of protelr, with different mta). substi-
. tution, We hoped t_o 'mdem:tand the role of the metal in the por-
© phyrin MCD, with the possibiiity of coordination alteration, with= ',
out éomplications of 'possibldpmtein conﬁ,guration ms._ |
.  There am vfairly mdeﬁt i’eviews on porp}wi'i.n spectm '(Gouteh;'

_man, 1961) ahd on attempts at relating porphyrin spectra to biologi-

cal function (Williams s 1961). The importance o"’ mtal pomhyrd.ns
in biochemical reactions is well known (e.sa, B‘mton and Simmons,

1959). The electronic atmct:um and chemlstry of mem) pomhyrins 1s .

important. for underatanding t:he mle of these campounds in photosyn-_

thesis and oxldative mtabolism,

1270
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The expemmntal details uru.que to magmetic CD are pmsent-

ed f‘imt. ‘Next the metal porphyrin MCD experiments and thelr inter-
. pretation are presented and discussed in some detall. The MCD of :
hemoglobin, methemoglobin and cytochrome ¢ follow, Last, we brief-

ly atteript to assess the probabie future usefulness of MCD in biology

and chemistry,

: Instrumentation

The superior semitiviﬁy of ORD measuremafits relative to CD

.. (see Appendix I) lead us to start ‘this research by buillding a mag-
netic ORD (MORD) instrument, One of the large problems with MORD

measurements 13 that emrything has magnetic optical activity, In

most cases, the solvent and cells used for MORD measurerments have

mtations 100 times 1arger than the solute of interes’c. The instru= |

ment: we conatmcted had two q:)posed mlectmmagnetics in a line, one

to contain the sample of interest _(_1n a solvent).and the other to

~ compensate for the solvent rotation with pure solvent., The two elec~
v'trome;nets in series made the instrument long and bulky, and we found
. that mechanical and thermal instabllities ‘could}aot be reduced to |

the point where sat:ﬁ.afactory cwpensation for solvent’ end cell YO=

taticn were relia,ble.

Mag;ngtic cireular dichroism (MCD) 48 only measureble in

the reglon of sbsorption of a material, In MCD measurements the

. solvent e.nd cell contribute to the. signal only to the extent that

they absox‘b in the region of mtemst:. Nonabsorbing solvents and

_cells are normally used for asbsorption masuremnta 80 tué MCD ex=

periment can easily be made free of solvent interference. Furtherw

171
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- moYe, the MORD eompensatim difﬁculties mntionad above seem to

put MCD and MORD sensitivlty on more equal footing, and we procedded’

. '. t:o convert our apparatus to MCD measurements.

o The instrumentation nequimd for MCD is 1dentical to that used
'f‘or natuml CD measurements, A magnetj_,q fleld must be added parallel
~ to the propa:gatimvdirection of the 1ight and the photomultiplier and
o anpiii‘iera-nmst be shielcied t‘.r'ornA‘sway mgg;atic f‘ieids. The bésic

| v.dich.x;ogre;ph_we_ cohstmct;éd was described in detail Ln}mapter- II, and

" the modi fication det:éils will be givén here, A schematic drawling of

the optical layout; 1ncluding the magnet: 18 showniin Pigure III-6
All of the opt:ical conponents were pmviously described (Cho 11,
Do 39)4, N . : ' R
. Magnetie optica.l a,ctivity dapends linear]y on fleld stmng'th
'so the larger the magnet used, ‘the 1ar‘ger the resulting signals., The
ma@et available to us was a water cooled, 1.8 lcilogauss, alr core
solenoid with two inch inside diamatem ‘ (‘Ihe mamet was desigmed |

. and built at the Univemity of Califomia Lawx'ence Radiation Labore
atory, LRL print; nurber 9H3634.) The f'ield:strength was' increased
by inserting isof‘t iron pole. piecea 1nto the solenold bore (P 1 &nd .
P2in Iiiguxwe IIT-6)a The pole pleces were desigmed and built by
Dr.Jd, 'I'hbmé (1966), A largs soft iron return was fitted around

the solenoi,d~ one pole plece (P 2) and a portion of‘ the mtum on .
. one side (1abeled R in Figure 1-6) were mmcvable. A brass sample |
.oell holdez',machined t'.o fit between the pole pieces, was used to

. establish' the magnet gap of Z_L.ilcm. Cylindrical quartz sample -
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X . MAGNETICCIRCULAR DICHROISM APPARATUS

STl I o B  MuB-10897
Figuie III-6 Diagram of the optical conponents of

the ma@'letic circular dichmism apparatus. 'I'he components
¢ are explained 1n the text.
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,. éeils ‘(S.in Pigure III«S) oi‘”'zvz'v-. mm 0,d, were éositioned égaiﬁst»
; one pole plecs by a gently comms%ed foam rubber’ washer. The
- ~average field stmnp;th, mtegrated over the volume of the light -
" beam, was found to be 11,25 kilogauss (the magnet calibration 1_3 o
" (_ descfibéd later) é.nd a field vs, magnet current curve indiéated o
: that the pole pieces were sbout 80% aatumted at maxinum field.
- The sample temperature was 30 & 2° C when the magnet was at full
f’ield Strengjth. Sl and 32 are mu metal and sof‘if. iron cylindr'!.-,al_ : |
photo-multiplier ehields, respectively, | o
Magnetic optical activity depends on the conponent of the :
. f1eld parallel to the pmpagatim dimction of the lig;ht and 15 o
.noc sensitive to perpendicular components, - ?or- this reason the
. magnetic field needninbt be homogeneous (ours var:!ed about + 20% |
over the sarmle vclum an estimat:ed with a Bell axlal Hall ef’fect
probe) ﬁxtmmly large perpendicular components can lead to
orientation of molecules in the s&uticno This pamendicu‘lar mage-
efic orient:ation, the Cotton«oMouton e:f’feet; is neglig:ible f‘or .
ncr‘ma.l laboratory ﬁelds (a table of Cotton-Mouton constants has
been plven hy Mouton (1930)): The Cottonw?&outon effect 1s aimilar
to the KXerr effect but is dmm in mzmitude by about 10 , ( com=.
paring electric fields in volts/om to magnetic mm in gauss
needed to ')roduce t:he samz effect). 'I‘he poaﬂible presence cof this ‘
| effect can be checked by the fleld strength depandance of the MCD
- signal, "he Cottonai‘v‘buton ef‘f‘ect depends o the square of the masr-
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" netie field stmngth, while the MGD depends on the rirst power of .
,;t:he field th'ength s 80 molecular orientation would cause ohe MCD
o sig,nal to depart from a:linear dependance on fleld strength.

The MCD signal responds to the average' field 1ntensity

over the light beam area, Field calibration can be a problem for

i 1nhormgenoum flelds, so ease of calibration is the main virtue of‘

hommneous flelds for this work.

v

_.An optical technlque was used for field c.allbratim which
relies on the absolute calibration of a recording polarimter.

This proeedure is very similar in concept: to. the previomly 65—

eribed natural circular dichroism calibration (Chap, IIB), The

 Cary 60 polarimt.er was fitted with a pemanent maémet (Thorne, 1966)
with a fileld .stmngth of about 7 kilogauss for a 2 mm sample cell.

The areragga flelad stmngth of the MUID ma@et 1s determined by .

masuring the Faraday rotation of water or bcmzene. The obser'vad

"mtation is glven byt -

@)=V (a am . ITI-(115)
where ‘A 1s the wavelengt,h of neasummnt oV ( A) is the Verdet | |
constant, a( A ) the cbserved rotation, d 18 the density ‘tires the path and H
the average a‘.‘iald atrength, 'me Verdet ¢onatants of water or _

benzene are, very precisely known at; seveml visible wavelengths _

~ and are tabulated in several books (e.g., Waring and Custer 1900).
= "‘he empty call 1n the magnet is used as a baseline i’or the water

or benzene rotation masurenent, The c¢clean emty cell outside of
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the mmet does not disturb the instrument baseline The p‘ermnent
) magxet nmst be mcalibmted each tim 11: ia used since accidental |
Jarring of the ma@xet'. reduces the field from the peak charge value
of 8. 5 kilogausse '

The first atep in MCD I‘ield calibmtion is the measurenent

. of the MCD of a suitable satrple.' The MCD spectrum 1s dlglitized

a.nd mthemticall,y transi‘omd to the P«K)RD using the l’mnig&ramrs

lation (Moscowitz, 1960). (The Kronig»Kmmrs t:ransf‘om pro-
cedure is di:scussed in more det:ail ino IIB and Appendix IT.)
'I‘he calculated MORD. (usingf tha calibrated mas;net) to detemﬂ.ne the
- fleld streng'th of ’che MoD magxet accordmg to the s.“mple relation'
“ - | 1, MORD . . H

H ~ == .  obs MORD . 1118

MORB 4
. ecale

A few commnts on this. pmnedum are necesaary. First ’ 1t 1s not

i':necessary to assume that calibration of ’che CD mchine is precise R .

because the amplit:ude of the MCD signals depends on the product of
the I‘:!.eld atrength and the CD ealibmtion conatant (see Chap. 118,
p. < 48). If the CD calibration constant 15 set high or low by
the previous procedum ( C’ha.p° TIB) the abowe f‘ield callbration will
- reflect this 1s a lower or hig,her_value of the t‘ield, reapectively.
o S0 iwe actually calibmte the produét of the fleld str'eng;:h and the

CD calibration constant which 1s the experimentally important factor,

Second, the Kronig-Kramers trans!‘orm 13 an exact procedure

1n the dirsetion of MCD .............@,MORD and no assunptions about

176
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sanple band ahape or number ot’ bands is srequired. 'l‘rie MORD due
~ to the cbserved MGB 18 obtained and MORD taﬂs from MGD bands
t:hat are not measured may be trcmblesom.

Several factors must be considemd in the choice of a corpari-
son sample, aside from the obvious stadllity mquiremntg The desir-"
j. ‘ed properties are: | o B N

1) A magnetic rotational atmngth larga enough compared ‘
'-_- to osclllator strength to insure a favor'able aimal-to-noise o
ratlo (>100), |

)

- 2) The sample must have relatively 1solatecl absor'ption
RV bands, 80 that, MORD tails from bands which cannot be measured
© " .4n MCD do not cont:ribute appreclably to the MORD,
e o o ‘ 3) Intense absorpticn, so that dilute solutions can be used
; . , : : correction -

o Lo and the solvent displacemnt/(srmshoua, 1961!) can be neglected in
the MORD, _ |
{ L 4) The materia.l should be soluble in solvents that are trang-.
i | o . parent to at least 50100 NM f‘rom the reglon of interest, so that
| refractive index corrections can be  neglected 1n the Krond g-Kramers
. transform ('lhiew, 1966),
.' : . 5) 'I‘he compov.md mst have absorption bands sufficiently
A | wide (gmater than a few NM) so that MORD spectral. msolution in
" the Cary, 60 1s not. challenged. - '

Several different types ot‘ samplea met most of the criteria

rather weu. Cobaltous chlorids in Ha0 1s good, but’ solvent dis-
_/,'M“ placement corrections (3) must be made, Polycylic hydrocarbons
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in CHCl3, pyrene, acenaphthalené or phenmthmné are sultable,

', but accurate rotation amplitudes challenge the spectral resolu~
U tion of the Cary 60. Metal porpwﬁns turned out to be ideal
| ‘samples for' this purposee The particular type of MCD curves ex-
‘ : nibited by these mterialrs tr'ansfon’n to MORD. curves with marly
" v';-no tail. Figure III-7 shows an experimental MCD curve of Ni(II)~ _
“ deuteroporphyrin djmthyl ester and the msulting caleulated MORD, - |
. The experimental MORD of the Bame sample taken 1n the Cary 60,

- using the previocusly calibrated magnet,. is shmmé.n Pigure :III-B, |
| The calculated MORD, sultably scaled, agrees with the observed .-
7 MORD to within emerimrxtal error, and so this pwcedum 1s

veryvaccumtea It :’Ls also clear, from this agreement ’chat con= '

tx‘ibzitions of other absomtion bands (not measured in the MCD). to

. the MORD in this x'egion are entirely neglig;ible._ The large soi—

vent basel&ne in che MORD 13 lar'ge‘.’iy corrpensated with a concene-

. trated sucrose solution 3 and the remaining baseline slope 1s e
- moved with the Cary 60 miltipots (which have a range of + 0 2
 degrees). Thls procedure is explainad 1n detail by Thome ( 1966).

In prj.nciple, an ideal MCD calibration standard {incependent

of the po],arimter) would be a crwstal where the necessary electrone-

: ic and maénet:ic data needed to caléﬂate thé expected MCD épectmm
| are lmowr‘x pmcisely from other rneasm*emntse Ruby, chronﬁ,c ion in

A1203, seems well sulted to this pumose i1t 1s viewed along the
optic (c) axis. ‘The ruby laser lines at 6936 _(Rl) and 6925 R (Ro) .
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" are pmcisely characberized from mag'iet;ic resonance and optical ex=
'.'_‘perir'nents ‘and the MCD spectrum may be calculated&)y simply summing

__ the Zeeman components, These lines are exceedingly sharp, with

sbout 1 NM full width at % height at room temperature, Accurate

" intenslty measurements reqiiim a spectral bandwidth less than -

0.05 NM and tax the resolution of our instrument., Experimntal,
MCD measurements agree well with the predicted MCD spectrum for

© the Ry lne (1;'6-“-‘5% s 2ssuming the preceding calibration is correct),
--but are too 1arge (50%) for the Ry line,. The relative intensities
-of the Rl Zeeman conponents have bheen fozmd to agree with the
‘theoretical} predictions (Sugano and ’l’ana.be s 1958) by fluomscencé

measurements (Varsanyi » Wood aﬁd Schawlow,. 1959)5 It 1s possible
thac there 1s aomething amissg 1n t’.he thecmy of the R2 ruby 1ine .
intensities, but, on the other hand we cannot be absolutely con=
fident of -our msults under msolution limiting conditions. |

In summary, consideration of the probable errors 1nvolved,
the MCD calibration (field/sensitivity ratio) is sceurate to

" about 1%. however, the pnecision may be somewhat less than thts.
The procedure adepted is a very satisfactory solution‘ to the calle

bration ﬁréblem, if a bit iridimct. The averég,e field strength
calibration rcmd (assuming the cD aensitivity f‘ound previously

| was cox'vect) was 11.25 kilog;mss.

Much of the MCD data requires corrputer analysis (Kronig-
Kramrs;.tmnsfom » fitting, ete,) so a means for digital read=
out was devised. The spectra were in digital form in the Enhance-

~ tron memory (Nuclear Data, ND—-860, see Chap., II, page 56 ) and it
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, _was.’mlativsw simple matter to build an interface to drive a
Model 33 'I\aletype The telet:ype prints an octal nwnber record

'of the digical data while si_multane_ously ptmching (7 li_ne and 3

- parity) paper tape‘ ’Ihe 1nteffacé ﬁses Digﬁ.tal Data Cor'p. "hiw

| . Chip" logice mdules to acconplish binargi@to-octal conversion and

B _pamllel»to»sevial readout, The interface was built by the Data |

| | Processing Group at: the- Lawrence ‘Radtation Laboratory s Berkeley, '
| V'and the schematic is available a3 LRL print number 10'V86314

‘I‘he Taletype keyboard can be used to entar emerimant 1d€=n-

| tification, aensitivi_.?:y_ and wavelene;th range information on the

paper tape and printed record, The peper tape is converted to

~ megnetic tape for further computation by standard methods; The

pmgram that 1nterprets the data (OUPRM) and does some of

" the processing 1s describediin more detail in Appendix II.
~ Suffice it to say tha.'c, at: this point the essential OUI‘RA‘\! out-

| "put is a magnet:ic tape, or card deck, that includes a title (80 |
" BCD characters), number of data points (N) and N values of AOD

( ac.or §)) and wavelength,

_ Spectra can be either added or subtracted from the Fhhancetron
- memory. The ms@etic cb sigxala mverse sigm when the electromg,net
field polarity is mversed s While any natural CD or inotrumental |

ba.seline is not affected by field polarity. If an equal nur'ber of

. spectra are added with pcsitive t‘ield polarity and subtmcted with

negative field polarity, the MCD signal 1s doubled while the

natural, CD is cancelled Qut. The masummnts are routinely done |
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in this way to’ subtract an instmmental baseline ’ even 1f the

| sanple has ‘nonnatural optical activity., .

Absorption apectra were recorded in a digital form with a

Ca.z'y 1 spectrophotometer fitted with a Cary retmnsmitting
" slidewire accessov'y. The voltage on the slidewlire (linearly
: ‘.relatec. to absorbance) was x'ead with a dizy.tal voltmeter which

- drove an IBM Model 26 summary card mmch.a The Cary 14 waveleng'th

43 driven with the stendard gynchrjonous motoz' and the card punch o

'which 13 dﬂacrlbed in Appendix IT. This primitive digitizing

N

was t riggered by a separate synchronqus motor fitted with a

can and a mlcroswitch, The digital data cards were converted

_to absorbance va. wavelength by a computer program (PROCESS)

apparatus was largely satisfactory, but wbuld "drop" occasiqnal

© data points. The PROCESS program was written to detect most of

.‘ these dmppecl pointa. and to set them equal to the arithmetic ' _

. mean of the neax-est; neiphbor points, Occasional bad points re- -’
ma.in 1:1 the data that. t‘ollows, that do not depart very far from

the tme curve, and therefore could not easily be corrected. The

data noint inter'val was small enough so that occaslonal bad points
do not sigm"icantly effect t:he data.

s L I
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‘Do Metal Porphyxﬁné.

Sanple pr-eparatim .

" Zine(I1) Copper(II), Nickel(n), Cobalt(II), Silver(II), .
: Vanadyl(II) and metalefree deutemporphyrin IX dimethyl esters
were a gifl from Dr. Winslow Caughey, Johns Hoplkins ‘V!edical '
X School, Baltimore, Maryland, ‘ '
" . These materials were. highly purif‘ied and checked by IR, NI,
| ?and elemental analysis (Caugney . 1966). The- porphyrins wem dls-
| "solved in analytical magent grade chlomfom which contained 0. 5%
. ethanol. The chloroform was stored over solid calcium oxide and
freshly filtemd with 100 Ang;str'om millipore filters before use.
. Small quantities of‘ ssolid pomhyy’ were welghed into 5 ml volu~
‘ metric flasks on a Mettler microbalance, solvent added and the
h flasks rem_ighed on a larger capaoity Mettler balance, The volume
' ;of‘ the solution was calculated f‘rom the density of chlorof'om
(1,446 g/ml)., ‘The sdutions vere kept 1n the dar'k and masured
2-3 hours after ‘preparation to be sure that the porphyr'in was
completely dissolved, Zinc( II)coproporphyrin I and . III tetra.-

rethyl ester samples in frozen dioxane ‘were obtained from M, Malley,.

Unlversity of California, San Diego,
Hemin chloride was purchased. from Califomia Biochemicals

~_ Corp. a.nd,used wi,thout further . -put'if‘ication. ‘This materdal
" contained about 5-10% protopomhyrin free base impurity as
Judged f‘rom the absorption spectrum, Indepenéent masurements

£ the MCD of pmtoporphyrin established that this imurity was
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. not 1mportant f’or our; measuremnts, The- hemin was dissolved in
0.1 M phospha @ buffer (pH 8. O) or pH 12, 0, sodium hydroxide.
l'I'he iron(1Il)protoporphyrin IX was prepared from the hemin
solution by addition of small amounts of solld dithiontte, The
- vFe(II)pr'ot-oporphyrj_;n '.solutionv 'ténded_to i'edxidizé :Ln alr to
. ;I"e(III) quite rai)id]yl at ’che higher pH 'butz the pH 8 0 solution
. was found to be suf‘ficiently stable in a stoppered cuvette for -
 several hours as judged by the constancy of the r‘e(II) proto- .
‘v”-'por*bvrin a.bsorption spectrum, Pyridine was ' sometimes’ added in L

| large . excess to the iron pmtoporphyrin golutions. -~ =

L Bovine Hemoglobin (Hb) was purchased from Califdrﬁi‘a Blocheml~

L cals Corp. (Grade A and Grade C) and was once recrystallized by ‘

the method of Beychok (10611) and dissolved 4n pH 6.8 phosphate

‘buffer (0.01 M). Some eamples of" humn Hb were gif‘ts f‘rom Dr
. Lubert Stryex'. The different samplcs gave equivalent MCD results

I‘or equivalent absorption intemity. The various hemoglobin

o derivatives were prepared by- standar*d methods (I.emberg and Legge,

19119) We were not .able to decmgenate hemog;lobin sufi‘icient;y

« vwell with Nz bubb‘ling without extensive’ denaturation of the

- sample by the bubbles , and the oxyg.ren was removed with a ‘ciny

solid .
amount of/dithionite. The carbori{nonoxy derivative was t‘omed by

© . slow bubbling of hemoglobin solution with. 100% (‘:0 gas in a I‘ume
hood f'or' about 81X hours, 'I‘he pyr.idine derivatives were f‘omed
' by addition of small amounts of pure pyridine to the aqueous csolu«-

~ tions untll t,he spectr'\mx showed no I‘urther change. The rmt'hemo—
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' globin Fe(III) hemoglobin, Qr Hi was prepared from a pH 7. ll

. solution of Hb by &ddition of [:] f’our»fold excess of potassium

' ferricyanide. ‘The azide or cyanide c!erivatives were formed by -
addition or a ten=fold excess of sodium azlde, or potassium Cyan=
~.4de, in 0O, 01 M pH 7.4 phosphate bu!‘f‘er. '_ . ' _
| ' Horse cytochrome e (Gr'ade A) was obtained from Calif‘omia
B Biochemicals Corp, and was dissolved in 0,1 M phosphate buff‘er

-_ pH 7. O _ 'Ihe reduced form was prepared by agdition of solid dithio-

nite. | - | . |
Description of the 6or*phy‘rin speétré. : o -

’l’ne stmctures of the metal copmoomhyrin I copropor'phyrin
I1I, deut,empomhyrin IX and protoporphymn IX are shown :Ln "igure
III-9. These are s with 'che excention of copx‘opomhyrin I naturally
'occur‘ring porphyrin isomem., ’Ihe side group relationships can best

. be conpared in tabular form° :

Protoporphyrin IX

Coownd 12 3 n 5. 6 g g
 Coproporphyrin I M. P M P M P m p
Coproporphyrin III - MO P M.P MR P
j L :
Deuteroporphyrin IX M H M H M P P M
M .V-.M V.M P p

|"|

~*

where M 15 a methyl group, H is hydrop,en, V is vinyl and P is pmpion-
ic aeld. f'l‘he compounds we have studied are all pronionic acid methyl
esters, 80 the P symbol. actually stands for" | . - S 0
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METAL COPROPORPHYRIN I  METAL COPROPORPHYRIN II

METAL DEUTEROPORPHYRIN X METAL PROTOPORPHYRIN. IX

. : ‘
i ) MUB 12084
/

Figure III—9. The chemical structure of the netal porphyrins

- used in this studyo.The central M stands for any: one of a num-

“'ber of metals, The peripheral substituent synbols are identiu
fled in the text, | |
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-

P = %Cﬂg)g-g-O;CHg |

ﬁ‘he ahsorption and MCD specfra of ali dfi the metal pomhyrin COM |

plexes are qualitatively very sir'nilar‘. The absorption and MCD
spectra of zinc(II)deuteroporphyrin dimethyl ester-afe shéwn |

~ in Figures III~10 and III-11 as examples of the»ggzlxeral features

. of‘ these. spéctm. ~These compounds £l havé_, a verfy: intense single

:band, célled the Som‘c or UV band, 'neér.iidﬂo Ang,étrom as can
- be soen in Figure IIT-11. The metal pomhvrin cor@leres have -
a pair of bands in the visible r-ep;ion (‘3000—600’) Anprstroms) gen-—

- erally called the red bands. ! ciNobe x ¥ vt el vy L

that the concentration is ten fimes hipmex" for the‘ visiblespec- v‘
trum in Figure III-lO and *hat the md bands are 10-20 Limes : N
wea.kcr ‘than the f:»omt band,  This larre intensi ty dif‘f‘erence tur'ﬁs -
out. to be very eiggniﬁ.cant f‘or the theorv of* the porphyrin spec-
trum so it should be emphasized at this point. Some of the iron
lccmple iéaty] have a f‘ew extra bands, but all the comounds show uhe
| .'ba..aic three-banded spectrum with occasimal shoulders. ’“mre are
also a palr of weak absor_otion bands on vthe blue side of the Soret

band (not shown here) which hav:e‘recently been studied (Caughey,

o D al, Welss, Kobayashi and Gouteman, 1965), We investigated the

WCD of tuese weak UV bands, but found very small, nordeacript W‘D
spectra in this region, so very little mentlon wlll'_. be made of

- these bands,
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. Flguré IIT-10, The absorption (below) and'MCD (above) in the

visiﬁ;e region of Zinc(II)deuteroporphyrin dimt)ivl ester, ’
© 5.50.1075 moles/liter, chloroform, 1 cm path, Some of the digle
: tal 'absoi'ptiori spectra have bad points thaﬁ should fit smooth-

| ly on the curve,An example of two of these _points are marked

on the absorption curves, These occasional slight departures . :
‘from the true spectra have a negligible effect on the following experiments.
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o A more convenient nomenclature for the prond.nent thme bandc;
| of the metal porphyrin spec'crwu, due to Platt (1956), is the Q
| “band for. the ongest wavelen_gth peak at about 5_700 Angstroms vin
4Figure III-3, the %l (vibrational overtone)}br the next peak |
at about 5300 Anstmms in the samle spectrum and the B band f'or'
| "the intense Somt band in the 4000 Angstrom reglon. The exact
| peak positions of‘ these t:hree bands changes with metal substitu-’- o
tion, solvent and side chain substltu;sion.-, The above Q,B short- o
" hand nomncl&ture 1s unambiguous for all cases of 1nterest and |
wlll be used throughout thesis to save wr:tting out the pnak Wave~
| length each time a band is referred to.

The MCD spectra showed pronounced double MCD curves for the Q

| ‘and B bands for all the compound studied, and the MCD curves in

koo o B Flgures II1-10,11 are typical., While ‘ﬁh'e MCD spectra are quéli-u

- | | tatively similaf for all the porphyrin netal complexes sﬁudiéd,

" we do observe a gystematic variation in MCD amplitude with metal
substltution. These effects will be discussed later.‘l The Q

'r'egion is very complex 1n the MCD and Figum III-lO shows evi-

dence for 2-14 relatiely small MCD componerits in the Q. 1 reglon,

i .' | ' The room temperature absomtim%he Q0~1 region shows a. reasonably
: - ‘ sy.rrmtrical single band for all these compounds, with occasional

'f .~ hints of shoulders, 2Zn Coproporphyrin(III) tetram\ethyl ester,

in dioxaﬁe, has a nearly identical absorption spectnnn to Flgure |

- IXI-10, but offers the best resolution of the several MCD compon—_
ents in the Qo-l region. 'I'he MCD of the Zn copmporphyrin 111

is shown 1n Flgure III-12, where at least three co:rponents. are

SENRNCRESLOTENE S R R i P
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Figure III-12, Observed MCD (darker curve) and calculated
MORD (lighter curve) of zine(IIl)coproporphyrin III tetraw-
néthylestef; dioxane, 6.3.10“5 moles/liter,'l cm path, The

‘peak optical density of this SOlutién is 1.260,
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~ clear in the Q. region near 5300 Angstroms,, It should be noted
" that the MCD of Zn coprcporphyrin I 1s Indistinguishable from

: IIIvin shape and magnitude under the same conditions, indlcating
that the MCD Ls not markedly sensitive to the details of side

‘¢chain isomerization, The_MCD‘offers much more resolution in the

Q-1 region than does absorption, but the component bands are
st1ll rather confused, Since our room temperature absorption

spectra do not resolve this region, we will not attempt a detall-

" ed analysis of the Qy_y MCD, although it seems useful to pursue
‘ 1n the future. jihg Zn coproporphyrin III also shows the best
‘.resoiution'in the B region.. Moure III-13 éhows the MCD of this
- compound, the small s;néle MCD peak on the short wavelength side
" of the main B band is the most distinctive minor peak seeh on the

high energy side of the B band@

With this 1ntroduction, we will concentrate on the main B and

'iQo-o bands in what follows. Unless otherwlse stated, e sub-

sequently will take the Q band to be Qy.. We present, first,

-'the general interpretation prbposed'for the main fbatures of the

metal porphyrin MCD spectraa. Next, we present a detailed numeri—
cal analysis of the spectra, and, finally, we inveqtigate the

more detgiled theory of the porphyrin spectra as it relates to

 the systematic variations found in the observed MCD. Finally,

the somewhat speclal case of the 1ron porphyrtns and heme pro-

teins 18 presented, .
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Figure IIT-13, The observed MCD (darker curve) and calculated

MORD (lighter curve) of zinc(II)copropoxphyrin III tetra-
methylester, approximately "'10'6 moles/liter, solvent :

dioxane, 1,0 cm path, The peak op;ical density of the solue

| -tion 1s

1,950,



o7

Zn coproporph#x}in I has f\11l square symmetry, which means that
the x and y directions in the molecular plane are equivalent, Some

. of the mtal"':ﬁc;}'phyrilhs studied have less symmetric slde chaln
substitution than the Zn coproporphyrin I and so do not have a

rigorous x-y degeneracy. We mentioned that the slightly less

symmetric Zn coproporphyrin IXI shows an identical MCD and

. absorption spectrum to the I isomer. The MCD and absorption |
~ are apparently not very sensitive to the details of the side

| chains, The metal ‘deuteroporphyrins' (Zn spectrum given in I‘i—

gure IIX-10) and metal protoporphyrins have qualitatively simi- .

- lar MCD spectra, so the asymmetry of side chaln substitution
* does not alter. the general double MCD curve features of the MCD
_specm'a in the Q and B remon. ' |

- In the met:al«-free porphyrin, however, two central nitmgms |

| on opposite sides of the ring are occupied by hydrogens, ¢ making -

‘the x and y directions strong,l‘y no*z-equivalent. The central hy-

194

drogens split gach of the two visible bhands, previously x-y degen- '

erate in t;he metal. porphyrin, into x and y polarized components of

different ;énerg,y.. The absorption and MCD spectra of metal-free
protopomkiyrin are shqwn in Fig\im IIY-14, Four absorption bands
are found in the visible reglon; the B (Soret) band splitting re~

| suiting from the central hydrogens 13 not large ei‘;ough to be

seen at’room tenperature. However, the B band spli\it_:ting of

-1

250 cm is msolved at 10& temperature (Rimington, \'«}“/Iason and

[y
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Flgure III-14, MCD (solid curve) 'énd absorbance (dashed

solvent water, pH 8,0, 1 cm path.
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Krennard, .1959)', The MCD of the mtal«-me porphyrin 13 drastically
' gifferent than the metal compounds shown ghove, Instead of the
. double MCD bands centered close to the absorp‘cion peaks, -as {n
the metal poxphyrms (Figure III-lO), the metal~-free compounds
show single MCD bands, This .‘Ls an exaﬁxple of the magnetic coupling '
o of nm-demnemte X,y tmnsitions 'created in the theore‘cical SeCe
| 'v tion. The porphyrins off‘er a nice conf‘lma’cion of the general
1deas oi“ MCD spectra put: forward in the theory section, The non=
' degenerate transitions of the mtal-fme por'phyrins glve single
| MCD banda while the x,y degenerate metal porphyrins glve double
S wep bands. ) -
Evldence‘ for the B vand spiifting in the metal-free Vcase, while‘

L not found in absorptiom at room tenperatum, is seen fm the MCD
(I‘igure IIL.IL% A negative MCD peak at; 408 NM 1s very close |
to the absor'ption peak at 1409 N“T while in the metal complex the
, MCD crosses ‘zero at the absorption peak, ’I"'ne MCD anplitude is
down by sbout 10-20 times in the mtal—i‘ree porphyrin compared

¥ ' ’ : : to deg@nerate metal complex cafse, as 1s expected for non-deggenerate
magnetic coupling, (p. : 139), f‘urther' evidence of x,y Splittinfr in

| the B reglon. ‘ '

S me red reglon shows poess.tive M('D pesks 8t 620 Wi and 563 NV

E and negative MCD peaks at 5143 NM- a.nd 510 NM. The Q- band region
ahows appmximate local conservatim of‘ MCD . (the positive MCD '

1 k L ~ area ® the neg;ative MCD area) mdica.ting that the Qx bands are .

couplingv almost exclusively with the Qy°s. The same conscrvation

o
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1s found in the B reglon. The sign of the MCD allows the rela-

C tive polabizationé of the trensitions to be assigned for the 0-0 bands

“as in Table I; band 3 (@ o-0) 13 perpendicular to band 1 (. o_.)»

 band 5 (By omo) 13 perpendicular to band 6 (By ool and apparently

.pé.rallelbto band 1. The. ésslmnt of" thése polarizations agrees
 with that fouhd by fluorescenée polarization ekper'imnts with simie

are metal»fr'ee-cor;'pounds (Gouterman and Stryer, 1962, Wlégel, 1957).
The fluomscencé polarization experiments 1ndicate that the polari-
- zat:ions of the o-1 bands are mixed x and Yo It has been ass wned

’I that some of the exclted sta’ce vibrations which take part in the
o-1 transitions mx x into y polariyation and y into X polariza-— .
tion. Examination of the symtzy cspecies of‘ 'che por'phvrm free
base (neglecting substituents , 1t is Dzh) indicates t‘xa‘c onLy o=
tally symmetrice A vibrations and Blg: vibmtions are allowed 1n

the o-1 bands., Qu.) tmnsittons with Ag vibr'ations will not

héve altered polarization R but_ Bl&' vi,bratims convert x polarized
transitions inte y polarized t;ransitiéns and _vlée versa, I we
econsider, for ekample, the Qy o-«}.. band (which 1s made wp of Ag .

and Big conibonen’cs) the Ag components must give positive MCD .as |
~ does the Qx o—0e The part of the Qx o-1 band which 1s made up of
: Blg vlbrational components 1s actually y polarized and wlll have
negative MCD, which partially cancels the positive’ Ag part.
Appa.rentiy the Ag vibmtional components occur pmdominanhﬁylyon
the 1ong wavelength slide of th'a band and are somw’nat stronger than

t

the Blg compenents, The B]_g I‘components are almost entirely cancelled



and are-éviden@edvonly_by a'red shift'éf the MCD peak compared to
theﬁabsofptléﬁ.énd by & small negative peakiat ca, 572 mu. 'In a
,.similar mamner, the Qy o-1 band 1is predominantly Ag on the long,
’wavelength side and has negative MCD like the U oo DENd. Sone
Blg component with positive MCD must be present on the short

' wavelength side of the Qy o1 §and because the MCD peak 1s red~"
shifted from the abéorption peak, Theéefconclusions are summarized

in Table I.

“pable I. Relative pqlarizations'§f.thg transitions in free Sase
protoporphygin., (We have no informétion on tﬁe absolute pol%ri~
" zations, but for the purboses‘of presenting the results in this -
table we adopt Goutorman 8 convention, that the Qx 0-0 band lies .
at loqgnat wavelength (Gouterman, 1964) The Ag ahd Blg vibrntional

Fcomponentsﬂare diseussed in: the. text. ).

T ASs1prrent 'ABSN(NM) mﬂD?ﬁM) ~pol.
o Qoo 63 . 6o
2 Qg ol -578 (Aq ; 583 @ﬁAQ)'3l Ag part
R R
T W R (gg;-';‘szts ¢ ag) - ng part
B T' | ‘Bx O i ca.&lz 1 B -l
6 _f”” o By, om0 oeako9 . mog L
et . B o eau390 - 300 o N
T S

The assignment of band polarizations in the visible regilon as well

as in the B reglon appears to be unambiguous, although the exact

198
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- péSitions of the B reglon cor‘r;bon"e'r;ts‘fcamot be determined from
these emerimnts.- We have assumd for' the band posi’cions In
- Table I & By gug ™ éy =0 separation a,s found by Riminp'ton, et ale

' '(1959) for porohyrin free base. The parallel component cn the .

~ short wavelength side of the 3 peak could be either Bx o~] Or
an independent higher transition (Lx?)o - L

Simple 1ntamr'et&tion of metal . pomhyrin NMCD %mectm

‘ The rema.inder of this chapter will be devoted to understandin;*
the double MCD spectra of the neta.l porphyrina. We saw .in the,
previous theoretical section that an x-y degeneracy results ’
| 1n an orbital Zeeman splitting‘ in the msmet;ic fielde 'I'he elec- -
trons can circulate in the metal porphyrin plane much lie a loop
of wire, In the absence of the mametic field the diwectim of
the electron circulation 1s not 1mportant, however', the fleld in-
troduces a handedness to the system and one snnse of‘ rirculatton
- increases in energy while the other sense of circulat:ion decreases
p 1n emzrgy° "‘his orbital Zeeman splittinp* leads to the differ'ential
absorption of.‘ circule.rly polarized light and to the. double MCD |
curve as is observed for bo‘ch the Q and B bands ovf‘_.the metal por-
phyrins. , | . '

Perhaps t"xe mos'c striking thing; about the metal porp‘xyrln‘

MCD spectra 13 that the MCD amplitude of the Q band is approximately
8-10 times as large as the MCD amplitude of the B band for equal
peak absorption. We recall I‘r'om t:he ‘t:heor'y sec‘cion that for equal

peapc absorption and band’ width t;he relative anp.uiuuub of the !"!CD
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;15 a measure or the relatlve Zeeman splitting The Q and B band
f have nearly the same width s0 1t 13 clear that the weak Q band has

|  8-10 times the Zeeman splittinw of the strong B bend. Flpure III-lS

“'shows a simplified energy level schwna for the metal norphyrﬂns, :
“with the relative magnetic Sﬁlittings of the low energy and _

[ 'high cnergy B bands shown. The wiéﬁhs of the arrows to the levels -
-Tare proportional to the intensities of absorption and the size of o
'the magnetic splitting relative to the energy of the transition is

.greatly oxag@erated. For our field directicn convention, the Zen-
N man companent that‘decreases in energy in the r1eld absorbstleft ,'

‘ circular light.

': A simple free elnctron model of the metal porphyrin put

forward by Slmpson (1949) explains the MCD spectra surprisingly

well. The molecule is treated as a circular hox with electrons

COﬂpl@tLly free to move inside the box. Simpson s model conslders

. the porphyrin as a 18~mambered cyclic po;yene where'the‘higﬁ~

est*filled'eiecbrcnic'states have symmetry e & iuﬁ and the

. lowest empty electronic states have symmetry e ¥ 156 The angle

% is the angular coordinate of the @1ectron of Interest in the

s

molecular dlana, and 1 ® xul. We are tnterested 1n the angular"
momentum of the electron about an axis (z) parpendicular to thm'

molecular (xy) plane, which 18 piven by the exnectation values

'constant divided by 2w, Flectronq in. the filled orhitnla havu -

angular momentum of % 4%, while those promoted to the lowest

empty ofbital'have‘angulérfmomentum * Sﬁ’.

200

-:ﬂ of the. oéevator 1?'/1 a/a¢ (Herzb@rg, 1950), where 1: is Planck'svk
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H=0 ﬁ'> H=Hmax.

| .,,«' ’ | . .' i | i ‘ v AMUB‘11451 .
Figure III—15 Simplified energy level dlagram fornthe metal por=
phyrins 1n the absence (left) and presence (right) of the external
magnetic field. ‘The symbols that 1abe1 the states are explained 1n
the text, The intensities of the transitions are prooortional to
the widths of the lines between the states. The relative magnetic -
splittings of the low and hlgh energy states are shown, but the

. absolute splittings relative to the transition energy is exaggerated.
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The ground state of the metal porphyrin has four electrons
eiin the highest filled orbital and no net orbital annular momentum,
"T*ansitions botween the highest filled and 1owest empty orbitals

iﬂ;:correspond to changeo 1n angular mowpntum of 41? (a state of eF %¢

symetry) or changps in angular momentum of ﬁ (a state of e* 194

'synretry) The selection rule for orbital anrular momentum is that

the +1:change 1s fulky allowed (Platt 1953) S0 the ot 18 state

‘correSponds to the strong B (Sonet) band The *-<d; transition

is fbrbidden and lieo at 1ower eqergy because of its hiyh multioli-

.‘ clty (e.g. Platt 196&) and 80 corresponds to the (red) nand..

| The two values of. anoular‘momentum for a- state (e.g. _l;;')

~ correspond to opposite eenseu of charqe circmlation about an axls

perpendicular to the molecular plane., In the abeence of the ex=

ternal m&gnetic fleld the two directions of charge c*rculation

::haye the same. energys' In the presence of the external field the

- Q and B bands are split, o , _

.,EQ* = Ea % 9 1K e H 'vw énd‘eﬂ‘éi ﬂ"° :+ i*?e heH ., . where izég_. v

| ' 2me o - 2m . me

‘ 1s the dohr magneton; ‘We see that treating the porpxyrin as a free

"electron (wire loop) system gives the result that the magne ic

‘splitting of ‘the Q band is 9 times that of the B band. “This is

‘ very olose to what 1s seen in the MCD experinents (8~10 times),

an astoniuhing result. Morn precisely, the free electron nmmcl

‘(FEM) predicts a value of the mdgnetic eplittinp (the expectation

'value of orbital anvular momentum about the axis perpendicular to
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;'the nmlecular pléne).-‘:‘<L ;ﬂin ﬂéq " 9_fbf the Q paﬁd and <L,>g =
Bz,é =1 for the B band,F‘ ” I

We anticipgte the results of" the next section by noting that
the experirnnualmmagnetic aplitting observed fbr the zinc pornhyrln
is <L,. q ™ 6.5 for the @ hand and <LZ>B = 0,8 for the B bend.
‘Tho ratio of the Q to B values is. about 8. The metal porphyrin

: ICD is not exactly descr;bed by a circular bhox (FEM), but it

-ﬁi.is surpr¢stngly close. Tho predicts essent ally 2ero intensitj

,: for th@ Q band while & 3mall intensity is ohservod These. departures
.of the aosorption and MCD of tne metal porphyrin from. the M pre-
fdictions can be understood in terms of tha elegant four orbital
model-of Gouterman (1959 1061).' More elqboratc theoretical‘ex—
‘pldnation of th@ metal porphyrianCD will bo. preceded. by a discussion
' of the method used to extract t:hva values for the mﬁgnntic svlitting
' from the MCD swectra.

: ‘MCD dnd absorption data analysis -

: : The lo;ic of the data analysie procedure was presentcd in an

: earlier section.» We fit the absorption spectrum of the compound

of interestlto sum of comoonent Gaussian or uorpntzian aboovption
bands., Tre computer fitting procpdure 13 guidnd by tﬁe laast souares"
icriteria, that 1s, that the diff Prenceﬁ between the obﬂwrved and
calc"’azed abzorption is squared.an; uﬁmmed over all the experimen—
tal points to xet a (Chi)2 “The best fit to the spﬂctrum is the

one which minimdzes (C"nﬂj2 'An exarple of the, re$ults of the -absorp-

tion fipting,pr0cedure 1s shown 1n:Figure3 TYL15 and III~17, which
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Figure III-16 Decomposition of the absorption (below) and MCD

‘.(above) of zinc(II)deuteroporphyrin dimethyl ester into symme-

trical éaussian components 1ﬁe sum .of the components is the

" 1ine that runs close tofthe data points. The data points are

shown as open diamonds, and every other data point is plotted.
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main band. Every other data point 1s plotted.
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Figure III-18 Comparison of a Gaussian and lor'entzian of unit

amplitude and identical width at half-height. The derivat.:.ves
have oeen norr“alized to the same height, the lLorentzian deri- -

vative actually about 10% larger in amplitude.
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, j‘show the absorption spectfum«of zine deuteroporphyrin fit to 5
}_ Gaussian bands in the visible and 3 in the W, Onz band is used
fér each obvious peak in tﬁe.spectrum and occasionally other small |
’ bandé aré used to reprdduce shoulders or proﬁounced tails on -
absorption peaks,. We have used symmatrical Causs iun% end Lorentz-
ians systematlcally; howcver,absc¢ytton components w*th a different
half width on- the 1onv and short wavelength side would have occasion- -
ally given slightly better fits to the svnctra, or equiv1lont fito
" with fewer adjuutab le parameters., ' -

- For.a glven cholce of band shape function,vthere seems to be.
a unigue set of bands +that describe the main peaks in the spectrum,
| ‘the small uhoulders are obviously not unicuu, but are - not very 1m=
portant for our purpose. - The main problem w1tn this procedure 1s
the cholce of band shapz function., |

* The Lorentzian function has ruich more tail than thé Gaussian
vft function as is 1llustrated inFigure IIT-18. The Gaussisn and Lor-
entzian functions seem to~répresent‘eXtremé$, within which the ex-
perimental spectra fall, Wér most schtra, the Lofeﬁtzian function
lhag too much taill, while the Gauusinn nas too little. Some off the \
spectra, however;-approacn the extreues-quite closely.,sor example ‘
; fhe Zn porphyrins afe'fit rather well by Sausslan functicns,vas
_shown iﬂ?i*ﬁr@ III~1(' Tha N1 deutercnsrphyrin, at thé other ex
treme, 13 fit quite well by the uorcntzian function, as ;hnwn in
Figures.xll-l9 and III-ZO. For these extrere cases, the onwooite

-

extreme fits guite poorly. For an Intermediate case like cobalt,
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Flgure ;"III-19. Decompositlon of the absorbance (below) and
MCD -(q,bove) of nickel,('IIV)deuteroporphyrin dimethyj. ester, into
syrmeﬁrieal Lorentzian components, The: sum of the iccnponents 1is

‘the line that rms close to the experhnental points. Every other
. experimental point is plotted. |
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deuteroporphyrin both rUnctions give a satisfactory fit. ”hd.
.'Lorentzian is shown in Tiguves JIT=21 and III-?Z.. Table II qives
the bcst fit oarameters for Gausqéan and Lorentzian shapes for
‘some of the Hntal porphyrins studied. 10 abxorotion spectra can
. be fit In a larggly qatisfactory way by the$0 procedures,

| The position and width paramatnrs of the best rit absorption
band components are fixed and are used to fit the MPD spcctra

vby the least squares crit eria. Since the double MCD "curves

have a first derivative shape (p. '166), tho line qhape problems

_ di.cuqsed above for absovption are somewhat more severc fbr

mCD. Tbb first dﬂrivative 13 always very aensitive to the details
of curve saape or example, shoulders that are barely discernible
in aboorption show up vlearly in the first derivmtive curves (e.g.
Brown and French, 11959). i  ‘ - .

We | used synmwtrical Gaussians and Lorentzians 1n our fittinp
procedura. The experimental absorption curves are not quite 3yrmes=
trical on either a wavelength or frequency scale, although Lhey

- are the most symmetyrical on a wavelenpth scale° This sliaht
“asynnetry in the a»sorption also appears 1n the MCDrspectra.

Fitting a double MCD curve that is not quite symmetrical, with'a.

symmetrical function by the proéedure of sectioniIIIB,vp;J166;Lintros.N:.'5

duces a small, single MCD comvonent; We could have used asymmetrical
shape or fUnction% with some comolication' hovever, this was not
judgpd to be necessary. From a mathowaticul curve f*tt&ng goinﬁ

of view a bell shaped curve and its first Gerlvative Zero

210



~
o

-
(=]

ow
Y -y

%Q%Vp‘

Af0BSORBANCE] =107

»
[=

~3.0

~4.0

ABSORBANCE

WAVELENGTH. X 108m(=2)

(ANGSTRONS)

7 . RBSN. CO(IX) DEUTERDPORPHYRIN OME, CHCLIM 9.36m10~6 MOLAR LORENYZIAN FUNCY

MUB 13356

Flgure III-21, Decompdéitiqn of the absorbance (below) and

MCD (above) of cobalt(II)deuteroporphyrin dimethyl ester:

into symmetrical Lorentzian components,

The sum of the

comonents 1s the line that runs close to the data points,

Every other data point is plotted.

“

211




g
ij
I . | 212
: >
& - 8.0
3 )
g o
4,
2,
g
g
<
-2.
~4.0
) L e
, -8.0
" 32 34 36 38. 40 a2 44
, 1.8
R ‘
P
i t = v
1.0
) :
g.aﬂ
T, .80
q .40
)
; , .
.20
; 32, 34 3s, - 8. 40. 42. 44,
; WAVELENGTH X 10wm(=2]  (ANGGTRONS)
r ’ i COULL) DGUTERDPORPH) §.3§mi0+d NOLAR, LORENTZIAN FUNCYZON
i ) Lo ‘ ‘A‘ “u8-12355
- - . Figux‘e II1-22, Decomposition of the absorotion (below) and
MCD (above) of cobalt(II)deuteroporphyrin dimethyl ester
4!
into symmetrical Lorentzian componmants, The sum of the
I’J X" . . '
N components 1s the line that runs close to the data points,
] :
Every other data point 1s plotted,

‘1

fa
1]
3
X
¢



213

912 | #66E | 9y1°*0 96 890 {2G%2°T T
GOT | GL6E | 002°0 0G G*olof | OT°T ) 100G
28t 0£gY |6G0°0 geT | 8TEG| $96°0 e 80T |669G | 0G0°*T T :
hhS 78t 16900 a9 £2£61 69¢€°0 9ff | lenG | 0810 bl 16695 1196°0 ) 0°0§ 1 (11)1fpem
- L, GLT | 600 | O0E*0 #8 1680h [HEE'T 1
. . 002 |£66£ | 0LE°0 BB | Sgon {0ES'T ) gh*9
gTh | 98Ly|2LT’0 92 | eS| eon°t . h°9GT | 18G5 |6L4°T 1
R19  180051992°0 OTT | IneS | 1R3°0 ZhE 1EonS | S0 | 1206 19856 | hT'T D OET (I1)JI8ATES
2le |00geL | tocto . 22l | GT6E | LhE°T /9T | 002k | 6L0°0 1
. - }geGlT | 008E| SHE'O 1L [ GU6E | 092°T gez | GoTh | GBT°0 D )
oLk ol |lyTo gfe | 091G 2x&°0 06T |0LEG | KER'O 89T | 0TGS |0LT°T 1
S0R 0/8110£2°0 LET 109161 995°0 16 | HEEG { of2'0 | G°9TT | 0TGG | 60T T D G*¢6 (11)aTeqs)
2'0LT |LT6E {InT'T T 95*G . *
162 TILh16L0°0 Qg2 | 0hTG | 0956°0 : Q°02T | 668G | EH9°T T 9'qS (I1) T
-} 20T {108t | 0CcT1°0 2'80 | 616E | 20E*0 | 2°0L |GL6E 09T T
| . elrjuege | ETEt0 TG | €L6E | 004°T ) 06°¢
9lT- |8GL}.L90°0 Ro2 | G€25| 016°0 = GET | 169G | 016°0 T SR ,
069 G90GIETT 0 T2l | 6825 niio 6L 1EqhG 1 £60°0 26 1 )66S 1698°0 ) 0°6¢ (11)J12ddop
_ RLT | 0CSE | £80°0 6°0L |tegt | 6GT°0 | &£wb jocoh | LE'T { D 05°G . _
96T LT0G{690°0 gET | 0EEG| TLG'0 gL 1 GESS | 990°0 | 986 {0895 |€09°0 | . D 0°GS (1T)ourz
: ¢ .- ¢ .
W gl el Mo | €1 Bel Ex| Eao |Ch % S| %o | T e Ty Teo. |odeus o0t T
| T(aerr/setow)
- UOTABI4USoUO)
. 1 | . T *qBTeU JTBY 38 U3IpTH TNy
= TA fuapTM UBTZaUSIOT *qUBTOY o/T 3B UIDTM JTeU = 7O ‘yapTM zmﬂmmsmo‘mEOQQmmc&zﬂ urSustaney *yjzduar yged wo

T SwI0JoJoTUof quUaATOog *sasjaukded pueq uoT)

diosqe 3T 159q J9389 TAY3swTp XTI utahydiodoaagnsp T3y

*II oTqRlL



214

»\_

_ correlated (linearly indppendent) (Biltonen, 19663 Deming, 1943) if
consicered on both sides of the pea.k. "‘hat i:a to say, the value of
one component (c.g. the deriv:»tive) is not arl f‘ected by the presence

(or omiss ion) of the other co"qoonent (e.g. bell shz:me) when a best

fit to an. obsevved spectrun is qow}at. 'Y'h@ cor'relation coeff‘ic* ents

were indeed very small between the double and smll Mnc'le MCD come |
| poncnts 1in the MCD spectmm fitting, | |

| © The &svnmatry problem is a very min'or; ones however, :;L mom ST

1ous shape pr'oblem is thc cholce of a basic shape function itself

As msntionz.d In the abgorption f‘itting, dlscus sion, the metal oor-

pu,;rins we have studied seem to be intemmate bmmen Jaussian _
- o and Lo”entzian. ‘1‘h° mo'st esthetlcal ly plea.} ing "CD ﬁw cén be
| - derived by widening ,the‘best fit absorption’ Lorentzian’ or by narrow-
it : ', I-inv the best it ahsomtion (‘ausmans. The reason for this can be

| seen in Pigure III-18 w‘nere the dnrivattve of o Causslan and a

I.DI"GI’ItZl&YX of tne sa.:m half width (v) and height are shown, The

Lorentzian der-ivative peaks at

i

A 2 AR

So_, the .Géussian derlvative peaks corisidera.bly f‘urthér" from the eenter
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" _of the band than the Lorentzien derivative. Unfortunately, these
altered line wldths, if uged to fit tbe MCD.spectra, have no sig-
niflcance other than as a measure of the"GaHSOianness" or''Lorentz=
lamness” of a line; they Just indicate that we are dealing with
an intermediate line shape, not exactly described by the functions
we have -chosen. The cases whlch closely approach the Gaussian or
,Lorenozian limit are straigbtfbrward For example, Zn porphjrins
. are close to pure Gaussian bands as shown by the MCD fit in .
Fleure III-16. The N1 porphyrin bands are close to pure Lorentz-
fans as cen be seen from the MCD fit shown in Figufe II7-19.
» Vortunately, the intermediate shape cases glve satisfactory
'7fit% with eitner function and very nearly the same result for
the»magnetic splitting fOr either the Gaussian or Lorentzian shapé
function to within about 5%. The detalled shape,uséé does not
seem to be important for the basic fesult wé desiré. We have not
atterpted to fit the complex NCD in the Qp.) bands, but have
concentrated on the more clear-cut Q_ ., and B bands. |
Table IIT shows the magnétic splitting value <L,>= M, found
by the abové procedure (see p. 169'; for basic_rélationship between
fitting constants and magnetlc splitting) for both Gaussian and
4Lorentziaq:line shapes. if one of the line shapes.gave,a very poor
it it wa# not considered?;fbr éxample,;vthc Lorentzian Qas not con=
sicered fbr the Zn case, ?igures III~23:and ITI-24 3how the experi-
mental MCD and absorption of copper dﬂutcronorphyrin not Dreviouslv

shown, and the f1t obtained. The other soectrq of qilver(II) and

%
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| : ,:_ ', : _bused for the absorption and their sum is shown as the fine
e line that runs close to the data points. Only the two largest -
','components contribute appmciab]y to the MCD. -
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MCD (above) into symmetrical Lorentzian components The
sum of uhe components 1s shown for the MCD. Every other

daba polnt is plotted.
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_vanadyl(IV) are similar. The statistical txm{certainty, the standard

error, of the magnetic splitting value Is of the order of +.5%,
about equal to the uncertainty intmdcc'ed by the intermediate lire
shapes being fit with a Caussian or a Lorentzian, |

The data in Table IITX show that‘ all the Q bands have a splitting
_ g;%eétcr .tl'xan MZ,Q = U and the B-bhands are all split less than Mz,B <0.8.
The fnetal porphyrin _is basically similar to"the {ree. electr'on cireular -
’ box ;..'or all the metals studied, although the 7n porphyrin 15 the
: closest In abéolu’ce_ value to the free electroﬁ model pmdj.cticns‘
The Zn deuter‘opox'phyrin IX g;!.ves. the same magme’dc splitting as .t:h_c-
more syrmetricaliin co')roporph'/riﬁ ITI and I ,Vto within the cncer»
tainties involved, There seers to be a syotmatic dccre'a.se in the
m,gnetic spl‘itting; 'as the muber of d electrons 1s decreased. The
‘M, value is. olotted vs. the number of d electrons in the metal for,
the Q band in I‘i{;ure JI1-.25. a.nd I’or uhe B band in Figure IIT-26,
| The ¥CD of all these co'maoxmds is basically simi;ar, and, 'chere-a
fore, fﬁus‘c be du.e to the he‘cerocyclic porphjr'in ring. The MCD of the
"aorphjrin ring seems to be quite sensitive to per'turba‘cimfs bv the |
mcLal as ‘c*‘xe d oroitals of the 'net"l becone ernpty the Dorpnyr'in
cep’trts mor‘e and more {rom the f‘rce elnctr'on modcl. ualltatively,
“we might propoue that as the d-orbitals of the metals beccmé emty,
the electfcn oromotcd to ‘chev-excited state may r'es‘ide nore and more
- on the *netal. If the e1<=ctron circulation is pulled to'mrdo thp |
center of‘ the riag, the anmlar momentum of the circulating electron _

1ls sma..;.er.
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LIPS e

" MAGNETIC SPLITTING
METAL DEUTEROPORPHYRINS
Red 0—0 band

| o . 9 8 7 6
NO. d ELECTRONS R
Sl Ze(@y Cu(H) NIy Collh ~ Fe(m

mMus 12089

: ig o .: Figm'e III=-25. Sumnary of the magxetic splitting of.‘ tbe
' S Qowo band of the metal porpmrrins. 'I‘he diamnd‘ point is : ,
o silvér(II). All the complexes are deuteropoz‘prwrins in

I | Ichloroform, except for the Fe(II) complex which is proto-
:, o por'phyrin in Hzo (pH 8. 0) ¢ and in pyridine o o
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0.8 - - MAGNETIC SPLITTING
| METAL DEUTEROPORPHYRINS
| Sorei' Band |
0.6
M, i
0.4 -
I g - 7
t - NO. d ELFCTRONS
Zn(@M  Cu(@ N!(ﬂ) Co(I)
; | - o .‘ 'MUB-iéosa

| Figure IIT-26. Summar'y of the mag:etic splitting of the B

band of t"xe metal d@uteroporphyrins In chlorofom The A

point is silver(II)




 Specific paramagnetic effects were ruled out in the theoretical

l'section,'and we see that this prediction is confirmed empirically.

There 1s a relatively smooth decrease in Mz values as the nurmber

of d electrons decreases, yet the metals alternate in dia@ wnetic

and paramagnetic character across thiq series. Iln the porphyrin L

. gand fleld, Zn(II), Ni(II) and Fe(II) are diamagnetic, while the

metals Cu(I'I)_'and Co(II) are paramagnetic. The silver (II) mage-

netic splitting 1s represented by triangles below the Cu{IIl) point
in Figures III-25 and III-26, Siﬁ.vér(II) 1s 4¢? which 1s a very siml-

. lar electronic structure to Cu(II), 3¢9, The slipghtly lower (M,)

value of silver comamd to Cu(II) may be due to the large Sia@
of tne silver(II) w’“)ich allows more overla.p witb t‘qe rin{r orbitals,
I‘acilita.‘cing t:hc meta;—ring interacticn.

I‘Pher . zﬂalley ) and Mauzer-all (196( ) I*ave recmxtlv measur-

ed tne 7eeman splitting of the ‘oc.nd“ of Zn cocr‘oporphyrin I,TIT
directly at 100 xcilog ausa. ’I‘heir opectr'wn 1s reproduced ir!rimm

- III-27. They find a mag;neuic spli_tting of My = 9 £ 1, slgnifi-

éan‘cly larger than we calculate 'fi'om our data for the same come
pounds (uz'6.9 0 5) In view of t;he disvag;memnt-, we measured
the identical sanples and recalibra‘céd ot.if j.nst:iumer,xt to try to
make ouwr results agree, without ,uccvu . -The Feher et al. technl-
que iz, in princi ple, more pm”ise thcn ours, although 1t is mueh
less accurate. We cannot ascr'ibe mch of the dis agree"ran" to line
shape proolems in this case,-beCause the Zn ccsmpou.nds are almost
pure CGaussians. There remain ﬁhree ‘expl@ations f‘orv the disagree=- .'

ment: (A) The F‘e?ier et al. experiment shows some disturbing

222
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bése-lin@'p”bblems whiéh'cbuld change théir value sbwowha In~<

‘svcction of thcir da*a sugrests this offect may . be a minor one,

howevero (B) - There could be a ontema ic error in our callbr1~

224

tion. Th;s is DOs sible but it seems that *n the liwht of accum- -

lated agreement between our FD and MCD ﬂeasurem=nts witn the more |

aosolute ORD and ”DRD measuromeﬂts ‘that this could hot be a major

- source of disagreensnt. (C) The assumption imolicit throuqhoxt
our analysis, of a rigid magnetic shift Qf the porphyrin absorp-

tion ‘lines, may not be correct. Feher et al. lock dnly at the

ments consider the entire line, but concentrate on the region of

" tion are to, firut compare the observed MCD with the analvtical

derivative of the observmd ubso"ption line shape or, second,

to comnare the shupe of the l*ne Yalley et al. observed before

end after applylng the magnetic fleld. Tt 1s difficult to follow
through the second method becQLae of the base line uncertaintiés :
i&?iehcr et a¢. experiments, althoupﬁ petrgciny their lines in
the pres ence of the field and ¢ uperimpo ing them umge 3ts that
the centcr of the line may shift more than the wings. It/is

. Observad ¢
also diff‘cult to take the oerivative of the/aosorption 1ine
to use the Tirst mentioned test of *he riwid shift assumption. Tt
turned out that our diqital absorption spectra ware too nolsy to
give/ise”ul derdvative dinactiv., We have estimated the slope of;

the obbnrved absorption fo" the Zn coprooorphjrin III on the

B shift of the absorption peak in the marnetic field.  Our Mﬁasur@—'

maximum olope of the line.. Two tests of the rigjo shift assumo— :
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long wavelength side of ‘the Q__ band'by drawing tangents to
the absorption band. The observed VCD and the derivative eetimated

from the observed absoration line shape are plotted in Figure ITI-28

- The calculated derivative ha relatively 1arre uncertainty, how-

ever, i+ seema to aqree verv well in the reeion of the MCD peak.

'PoweVer, in the long wavelength wing" of thc line, the MCD seems

to be 1gn1fica1tly les; than the absoration line derivatlve,

' ’his-observation sugpe 548 that the porphyrin bando do not

'onift as ‘mach in the w1ngs of the line as thev do in the center.

The apparent hck of a rigid S"ift may explain some of the dioagweeu

ment between our. requlte and those of Feher, et al., If the center

’of the line shift« Lhe nost in the mngnetic field and the %Hifu

beccﬂes lcss a5 the wings are apnroached we would_expect to de-

Corive a uomewbat lower value for the ma@netic splitting from our

experiments. We have'no good quantitaxive es:imates of this non-

rigid shift effect on the MCD, but it seems insufficlent to make

" our results agree with the obs e"vation of Feher, et al. It seems

probable that all of the abOVE explanations are oart*aily respon-

sible for the disagreement of the oplitting derived from the MCD

with the direct obs rvatlon of the Zeeman solitting.-

Perhano Lhe Taivesf contributor to the aioagreeﬂenu is the

anparent lack of a rigid magnetic shift of the absorntjon line.

- Only explanation (”) above would vlearly tend to make our results

loser ﬁo Feher et al.; errors (A) and (B) could go either wey.

More aqcurate -absorption line aerivatives would help resolve
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this ri@d shiﬁ: quéstion as well as io,x} terrper:cl’cum MCD measurements
on a sharﬁjened line The vings of the iines tend to.disapnear as

the llnes narrow at 1o‘~: temperatwe, and the Qplittinv cmnuld,cﬂd

~ from theﬂCD would be expected tp increase if the w ings of the

. line do not shift azs much asv the center in the magnetic [ield.

"»xfe shall comment a bit further nn the rigld Shift problems in
the tﬁeomtical ‘ésecticin where we g;lve.soné arguments that the Feher,
et al, result is unrcosonably high. Ve tolce our results to have
rél&tive valldity, that is, the dependence of’ M, number of d elec«-
trons 1s bdsically co"mct (Fic-ure III-25) but, remrvinr the
possib;litv that all the Vc.lui““' may have to be cd.justed upward if
the magnetlc splitting at the absorption peak 1s desired, The
unce:c"tainties that remain In thils regél.rd are subject ‘to experi-

' ,mefx“cal test. |

WC have two ther problem:; ‘to discuss theoretically. The
departure of the metal porphyrins from the free electronmodel and
ti' or Lein of the metal depandance of the magpetic uplit‘cingr.

Porpnvrﬁn clc.ctr'omc structure

The susrcess of the sinple f‘rbe elcctror‘(mdel (FEX) in e'cplain-
- ing the esgential elements of the absorption spectra (Simpson, 1949,

Platt, 19‘36) and now the MCD spectr‘a (see previous éection s Ps 202)

~of tw mual por'myrim 1s qulte ,trik-mcno In compa ison, the simple

, Huckel mélecular orbital treatment (HM0) does mther poorly. The
j3te] ’creatmem predlcts electro'xic tronsitions of mnroxlm‘ce‘" the

right ener@' (Longuet-Higgins, Rector and Platt, 1950). The two main

227
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transitions of . intemot » W, ’3 are predictod by MO to have nearly
equal intensity while experimntally the lowest e-nerg;;y transition
() 1s 10-50 tines wesker than the strong B transition. Tne FE
model, although basically sbuhd, pmdic’cs essentlially zero intene.
sity for the QO;O band and does not éxplain Important features of
the porphyrin spectra, such as the dependence of“ the abézorptioh
spectra on the metal and now the dc-pendence of the MCD on metal.,

Gouterman combined the H'MD and FEM in a very elegant way (1959,

‘ 1961) and was able to satist‘ac"orllv ﬁxplaih essentlally all in-

formation on porphyrin abs o**otiorx spoctra. Significantly, the

original, somewha‘c intuitive U orbital model has recently been
Justified by the most sophtsticated pl-electron calculations
presently available for large molecules (Weiss, Kobayashi and -

, : _ _
Gouterman, 1965). = We shall show how Gouterman's 4§ orbital model

accounts for the MCD of these systems in a largely satisfactory

Way .

The IMO tz’entmnt (Iomat-ﬁi{,,ms R et al., vi950)_ of the
square dymnetrlc(m Vttroup theoretical nctation) metal porphyﬁn
‘"inds a lowest er.x;)Ly, gs-’ -orbital p-';-%:i.r, whose/degener’acy is dic=-
tated by the symetry of the system (Sponer, '@iler,,' l{)ﬁl), and two
hir;nmt filled orvitals alu and azu The prelative e_nerz;ies of
these IO orbltals are ._vshown in Megure ITI-29a, The free electron
model (FEM) has the two hignest filled orbitals (ef %) exactiy
‘ege.nc;r-ate as shown 1n}‘,’15ure III-E-’,Jb.“ In order to I?or*ce the more
flexlble 3 picture close to the omically correct I"’ZN . (‘outem-n
**equircd that the &y anc apy, 0 orbitab be nearly (acciacnc&lly)

amrenemtc as shown in Plpure II‘[--EQb.
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Figure II1I-29. Models of the metal porphyrin orbital energles.
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Electronle transitions from the filled orbitals to the empty

o cnes give two electronic configurations: (alu)"'l = 83, &g and
‘ (apy)™ l = a5, eg. Gouterman's point of view was that these two
g 'electronic configurations, of the same symmetry, E,, and nearly

: the same energy mixed strongly (Moffit, 1954) to give the observed
S . Q and B states.
~ If we consider the x polarized state (y's behave identically)
kS ; ,'twe have for strong mixing the symmetric and antisymmetric combina-
) ':"‘:E;l»,-j'ti'ox}s of the two excited configumtionsf

, States : " Intensities '

Q U'L’[(azuegx dmeggﬂ =%(R;R;$xo .
[(awesx%(a«ue%ﬂ Q L(R,+R )/vzre,..m

.. *.The R's used to_find the intensities are the electronilc dipole transi-

..

U tien moments:

[ . | -% _ | , Rlxg -- : N f(aiu egy ) l x[ fo ar -:i = 1’2? : III-_-(118)

i

where q_/ is the ground state wave function and x i3 the 'electmnic
coordinate in the X direction. We see that the Q intensity is close

! : " to zero and the B intensity 1s very strong for complete mixing, a re- ;
Gl sunt Like that of the free electrcn model, but starting with the

. more flexible HY0 orbitals. ' '

.\:V ‘. ‘ .



If‘ the configrumtlms are mixed mre wpakly, or no’c at all,
v}the Q band becones st;rong,er and we o back ‘co the HMO limit of
nearly eoual Q and B in’ccnsity. " The dmtails of tnis It orbital
picture are f?.‘lVEI’L oy Gouterman (305 1961).

T‘ne pomm'r:m .’-:Iuckel molecular orbitals undnr conmdem ion
a_-"e. shown AnFi 5;ure ITI=-30 “otn that tqe two highest filled or-
_bitals, 244y (bc.) and a2u (bl) éiffer in t"zei“ nodal properties.

The ajy orruta:l has a node through the ceﬂtrd metal pos:.tion s SC
1t camnot Interact with a metal in the center. The aosys hoavever-,
h_és no centr‘*al‘node and can interact. with a central metal and it
will be expected Lo siift its ensrpy with metal substitution. As the
energy of the goy, is r!ai ed or lowered Y'elauive tc the agy by mtal
| substitutién, the confip;um’c;on interaction uil}_ be mtamd, This
vems _that the closenesscf the netal porphyr'in to the free electron
model x&rill be expected to he me‘cal de\:pendnnta As a result, ﬁhc-
band inteﬁsi‘ry is exzonctec\ to change with -étul aubs‘c;mt* on.
(£he B hand mtenswy usvpen(’ence on metal expectec} .:ill be lost in
"Xp"l"i”ﬁ?ntc.l cr'rur) and that the mar;nrvti.c .,olitting of ﬁhﬁ Q band
and ‘B'b:—md jwill slso be altemd.bv meual subs’ci.tution. We will

brieflg ce‘velo*‘ the U orhital medel pm Lic‘,ions for these phenomena.

The I‘our o bitol md°1

\

med‘our orod Lal mml is not limitﬂd to oorp'wr'ﬁ.ns ‘but applies

to mowcgule w.Lth at least two planes oi‘ symmetry. Most of the_
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by(a,,) - - by(ay,)

Figuare 1II-30. Highest filled (25,5 27,) and lowest emoty (e,)
porphyrin molecular orbitals. The atomic orbital coefficients
are'proportional to the size of the circles, with positive

coefficlients drawn as solld circles and negative coefficients

* drawn as dashed circles. Symmetry nodes are drawn as heavy

lines, . After Gouterman (1961),
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‘developrrent of the model is very general and 1s based on symmetry " _
arguments only. However, we will make simplifying assumptions -
. appropriate to the porphyrin systems, quite early in the develop~ .

' ment.

The four possible transitions from two ground orbitals, by and.

.,_A‘.';:._'wi.se, where 0x and ey are mixing parameters (Gouter'man; 1959)'. o :
;.:- L The new singlet states, Qx,y and By y, are glven belcw:“;. o
Lt Q\s" CJZW-@’ qf/(b\c'l) “N*\-ij 4’(!02(,3)

; Ry = Cov By 4’(\3 o) —Aabtn Qx \V (bzc,)

? Bx :,"'/Ov‘;\éx (P(bxcz)’*‘ CM-QX 4)(&’26\*& _‘ o

" The ‘«}’ (bic ) are wave functions for exaited singlet electronic
configurations made by exciting one electron from a filled orbital
by to an empty orbital ¢y The electric dipole and angular momen-

_ tum transition moments are defmed: |
G ¥ CA = Qni\f’ lv»_'.(s-z!vlcba-,(?z.g\ ey
U" V!C’-) R:d "(B\x\cLz): Ry %
(E ‘L}‘M”'*”‘b (c lejc,‘)f-L,‘,;km

' bp, to two exclted orbitals, cj and ¢p, are consldered to mix pair- = o

ITI-(119) =
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“of

where i and j are unit vectors parallel to the x and y molecular,

axes, respectively,'x and y are the eiectronic cOordinates and’

Lz = 1 = 4D (x ¥y - Y 3/ 3x), the angular momentum operator,

is purely imaginary one electron operator; Gouﬁermah (1959) has
shown that ﬁhase are the dnly'relevant (non-zerb) matrix eleménts
for the electric dipole transition moments .

That the Lz angular momentum transition moments are the only
énes for systems Qith'two planes of symmeﬁry was discussed éar;ier
(v. 1152). WQ.treated the mplecular'péinﬁ grogﬁ 02§v:earlier,

80 here we wlll work cut the present case of Interest, the point

grow Dype A integral 1ike (8;/05/%;) is pon-zero is the direct

product of the symmetry species of fy x @, x Op contains the totally
. .‘ e vh i .

syrmetrlc representatinn Al? (e.g..Wilson,'Decius and Cross, 1955). -

Table IV contains the relevant symmetries of the‘translations‘T-

(x,y,2) and rotations Re = Ly, i‘-,y'= Lys By = L) for Dy, the point

group of interest,



Tablje V, QJHHT)C"I"}/ of" omitak and operators in Dz;h, appropriate

for me tdl porphyr*l'xs.

Syrmetry Specles  Translations s Orbitals Operators
: . Rotations ' SRR -

We. *'alfr-« vnm dir%t pr'o ducts of Lhe °ym’1et'r'ies. of the orbitals of

" bl X b‘z Ll A;)u X Alu ”’Azg

o . Since L is Ay, which 1s contained in both direct products .

the Ly mla‘cr % c‘lo ment bet\\fepn bl - bo and ¢] = ¢o M NON=Zero, Howe

ever, L and Ly are Eg, vwhich is not conta.meﬁ in either dimct Pro- -



. . - duct, therefore, the L, and Ly matrix elements between these states |
N R are identically z ero, - | |
S - By combination of equations II1-92,95,96, in the previous
« theoretical section, the MCD is found to. be proporticnal to the
"\ following relation: | | |

'-Mcb a x/k(o('ra,\x)(lei[y)(yie,xo) . 'In;(izl)'_-

». . Since x 1s equivalent to y in the metal porpﬁyrins, we can make the
* following sinpnfication in the four orbital equations:
| Oy = Oy =0

Ri= Rip= Ry

S O U : R'Zz, = RZ\ - Rz . ‘ !
» g ‘..‘so, we can glve some relative]y sinple fomulas for the Q and B

BRI band MCD. A
LT (RZee2), (RE-RE 20 . BE
Mcb o 2[ ( H@ Tt
A

Mcbﬁ,cx-'i[ (R +Q2) 4<R;-—~—*‘z' Q‘2> Con20

R (é zojimc-mbxuna@] III-(122b)
R Co Analogous expmssions for 'che mtensities have been given by Gouter-

gy
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For #he metal porphyrins, the intensity difference between
the Q and B’bands is very large, so the configuration interaction is
nearly complete, and, therefore, Q 2 T[/a ., From Gouter—
| man's (1965) work we can make the approximation that R, = R, = R,
. 50 that the further simplified expressions for the four orblital pre-
| dictions for absorption énd MCD of the metal pomhyrins': '

- Intensities: 'RQ‘ZE R"“( |- Mge}} R; =4 Qz( ( -m:&@) III-(123)

 spltstings:  Me,@E m tpamdf) Myg= Ty am3® prr (o) -

The predictions of !tthis model are now clearly seen for the metal

R porphyriz"x_s,- the 'Q/B intensity ratio indicates that sin 20 is almost‘
1, and, further, m,& mDv(Gouteman, 1965). The intensity of the Q
band, Rg®, and the magnetic splitting of the B band, Mz, B, are very
small. The mag;netic’ splitting of the Q band is iargé, Mz,Q% e + mb
compared to the Q band as is observed experimentally. The four orbi-
tal model accounts for the general features of the metal porphyrin
MCD as wel}. as the absorption. We saw previously, from exa:rrlnation - ‘
of the nocial properties of thé relévant orbitals, that metal subsﬁif-
tution changos'the lével of the bl(aga)orbitals » (Figure III-30),
and, ‘cherefor'e s the configura’cion interaction parameter B So we'

. now see!that the four- orbital mocdel predlets that MZ ,Q will vary
wit;h metal substitution, and, further, that the intensity of the Q °
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band, Ry o f% (the oseillator strensth) increases,the mesnetic

&

splitting 1s expected to decrease. = . \ .

FigurevIII-3l:showsvthe magnetic»vplitting‘of the metal por--
phyrin Q,_, band, plotted Vs, the Intensity (oscillator strenzth)
of the band. The fit is far from serﬁzqt, but for compounds as

b

nighly colored as these the absolute intensities are poorly lmown.
L ! . . . .

Small amounts of these compounds were available, s0 weighing errvors
. ). 9 el )

~are large, and, further, small impurities can be quite significant.

The magnetic smlit'ing,'mz, depends only on the ratio of the ECD‘
signal to thé observed absorption intensity and the absolute inten—
sity is not important for the MCD Mz.number. For these féasons,
‘there 1s co slderable scatter expected in the oscillator strength
direction, and we assume that Figure III-31 1s acéeptable it

| The four orbifal model seems to explain satisfactorily the
metal dependence of the metal porphyrin MCD. Further, the four
orbital model eiplaihs tﬁe departure cf the zine porphyrins from
the FEM preclctions. Note iﬁvigure iII~31 that extrapolationito
zero oscillator stveﬁgth, the free electron limlt, we get thé
free electron magnetic~splitting,lﬁz =9,

Figure TIT-31 makes the'preQiouslyumehtionéd_experiwent§

of Feher'éjigg: (1966) .extremely hard %o understand, If M, for

zinc porphyrin is 9 at the peak of the benk as TFeher et al. in-

. : . - - §
dcate and 1f all the other values in Mgure I1I-31 were scled up
by the same factor as the zinc compound (9/6.5) the value of the
magnetic splitting ab zero oscillator strength (the Ires electron

mit) would be M, & 12.5, which seems unreasonably large. It is
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~ - MAGNETIC SPLITTING vs. OSCILLATOR STRENGTH
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MUB-12092

Figure III-31. Magnetic splitting of the metal porphyrin Qo-o
bond plottéd versus the Qo-o bond oscillator strength. The '
complé?es are all deuteroporphyriné in chloroform except
the Fé(II),point which 1s protoporphyrin in H,C (pH 8.0).

- The horizontal bars are estimates of tbe'uncertéinty in the

- oscillator strength.
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possible that the magnetic splitting at the absorption peak 1s not 20

- \’f . as buro“gly duyendent on metal, Fovovcr, it seems clear that the
Q"_"’» , . zinc porphyrins snould not be quetly deseribed by the free 91cc~
troq limit,. as thio oredic s that the Q -h nand should have zero

}_ j : intensity.  ‘'lhe oertu batjons whica plvn some intensity to the Qo~o

band must also_d,_re se the magnetic splitting from the free elec-—
tron vaiue 1 th urh‘tal ﬂodal (xn*cn had had every succ
C - in all other wpglica *ow~) has vali@ Lty in thms case. Further

L - - experiments ave necvasaﬁv to clear up thiu dlqsw”ee =nt.

The four orbital model predicts that-the B3 band splitting
w;ll increase as the Q band sp 1tthf decreases with metal sub-
stitution. We do not ohserve thisi in fact the B band splitting

Gecreases in parallel to tna Q bhand >plitt1ng, as can be seen by -

DA e ekl

'comoariﬂg Flgures III«?J, ?6 Ye conclude that the fourvoroitum«

-~

14
y
i

B  model accounts for the MCD of the band visfactorily, but does

‘ not work at all for the B band; A oim;lzr conclusion has been

' reached by bther‘ﬁonsidérationé. :Self-cénsiétent field molecular‘
rhital calculations (Welss, Kobnvashi éﬁd Goutermah, 15665) 'show
that @ bands are descrlbmd extrenely wnll hy the four oroital litect
del while the 3 dand 1s described inadequaxely by th;s od*l. The

B band caxmx with many other nenrby trans:l.‘cion ‘but’ the Q band

18 made up entinelv.(97%) of the twe lown t states, as was assumed
ahove. ! o |
51;‘ ? | ". ‘ ' 1. Some otnor, qulue d1f erwnv, theoretlcal calcu&ations have™
been maac by Zermer and Gonyerman (¢065), i ahh s, cifically inc1udu

i ji Ui> o the metui orbita;u as wo)l ag all. ol_fhﬂ porphjran valence orvbitals.

3 ' These ca‘culqtions predict that vho oornhvrln excited st ates take
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on progreésively more metal d character as the metal ioses d elec-
trons. We expect qualitatively that if the electrohs.in'the excited
state go closer to. the center of the ring (on the metal) and away
from the periphery of the “1n » thelr anpular momentum woula be

_ reduced. Figure III-?Z shows a plot of the observed ! M, value vv. the
dr coefficient of the porpny“inhitrormns culculated by Zerner and
.Gouterman for the porphyrin exclted stﬁte. Jqo observed porphyrin
magnetlc splitting correlate> sursrislnply well with the calculated
d» naracter of the exclted state. The large range of the iron(II)
ng_yalue_is due’ to the strong 1igand dependence of the M, value

in this case (which ié discussed in somewhat more detail later),
,“igure ITI-32 suggests that thare are swecific d orbita1~ring
oroital mixing e >cts not cons sldered by the ’oar orbital roéel
that ane respons*ble for at least some of the oenenﬂencg of ‘c,nea
mdﬁnetic gpl¢tting on metal subatitution._ We can formulata th@
metal dependence of the maﬁnﬂtlc ;Dlittinw as

0 T + mc (mpt'ﬂ} sin 26 (retal) © IIT-(125)

We saw in considering the four orbital model that 6 is affected
by the metal, and noQ we have added a dependence'éf‘mcv(fhe orbi-
tal angdlé: momentum integral) on'the metal through the sﬁecific

! orbiéal interactions déscribed above, Qualitativeiy9 the copper
wire loop;model of the excited sta i~ perturbed bv ')uttinM charge .
in the Cﬂ%ter of the molecule, The detailq of the d—n electron
inueracLiOﬂ, and its effect ou.the orbital eolittind h'wn not

beaen wormed out, but would seem feasiole theor@ticallj
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NITROGEN 3dsr ORBITAL COEFFICIENT (Zerner) x 102

MU B-12030 _
Figure III-32. The magnetic splitting of the Qo-o band
of the?metal pofphyrins plotted versus the calculated d char—
acter éf‘the porphyrin excited state (Zermer and Gouterman,

1965). The -compounds ars all metai deuteroporphyrins in

éhlcrbform, except the Fe(II) value which is brotoporphyrin

in HéO (pH 8.0) (lower extreme) and pyfidine (upper extreme),

2112
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, To test mére rigorously the aﬁﬁlicability of the four orbi-
tél model for the MCD_of fhe metal porphyrins,  a series‘of metal
derivatives are needed that have widely different Q band intensity
but which do'notxhave the possibi}ity of specific metal 4 orbital
interactions. A serles of closed shell metals, like magnesium(II),
zihchI), cadmium(Il) and perhaps calcium(TI), would do the trick.
gquite nicely. E:;cep"; for t}‘aévzinq combotmd, we have not yet been
abié.£0'obtain the compounds in this series, and it is_hoped that
these measurements will be péssible in the near future. A test
of the four orbital model for this spplication has some impdrtance.
Ir tﬁe épecific four orbital contribution to the MZ metal depernvience
can be extracted {rom the experimental results, it may‘bo“possible
to deal wlth the speclillc & ofbital»ring interactions apparently
preséht In th@.open shell compounds, | | |

The mel phthalocyanine MCD offers a further qualitative
con:irmation of the four orbita model. The metal phthalocyanines
show é symmatrical doublé MCD in the Q bénd; The Q bénd absorption
'is very intense in these compounds;- in térms of‘the four orbital
model, thisjmeaﬁs that the configﬁratién ihtefaction is very small,
The reason;for this can be'understoodrin a simple vay. The phthalo~‘
cyanines hava'nitrogens at‘the methine bridge positions where the
a1y omitgi_l, Flgure III-30, has nodes so it will nbb be affecte
agﬁ.orbitalﬁpas electron

by nitrogen suwbstitution. However, the
density peaks on -the methine positions, and it will be strongly

perturbéd and shifted in energy by nitrogen substituﬁion. Wa
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saw that the configuration interaction required near degeneracy in
the two filled orbitals, which no longer obtains, so small confipgur= "

" ation interaction ( 9/‘,\{}0 ) and an intense red (Q) band results

2 '/,:’,' RZ), equation III-(123).

L The four"ﬂorbital equations, III=(124), predict that the mag- ,
netic' splitting of the metat phthalocyanine Q band will be much re- . : :

" duced compared to the metal porphyrins. We find, for example, that:

| copper phthalocyanine has Mz,Q = 2,5 (compared to copper porphy-

. rin Mz,Q - 6.0), so the four orbital prediction is confirmed.

Dr, Gouterman has calculated the me and m, matrix elements for
'-"'the porphyrins (Goutermah, 1965) and we wj.ll discuss these calcula-
S ‘tlons briefly as they are of interest _in'relation to our expezdﬂental
...J‘;c'-eeults. The molecular orbitals ﬁp are defitxed as a sum of atomic -

... orbitals, Y, centered on atom m,

T

.where the Cyp are molecular orbital coefficients determined by
‘some standard procedure. For the porphyrin states of interest, the

e e s Rl ae v e

.Xm's are atomic 2p. orbitals perpendicular to the molecula.r plane.
. Slater p ﬁmctions will be used (Slater, 1930)

X, = Neek@ . | IIT-(127)
o ; S . ' ‘
o ‘ where N ;is the angular p function (including normalization), r is

a radial electronic coordinate y and k is an empirical exponent that
determines the radial expanse of the orbital and . represents the _
- ,' _"_,Vshielded effective nuclear charge of the atoan. The coordinates of atom m .
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~ are defined as fm 3 Tl,m , :f . and electronic coordinates

2 2

~are defined relative to atom m as r =\/x + ¥, + 2 vhere ‘

X "X -fm, M=y - 7’[ and zm =3z - §' for electronic coordinates

X,y and z. The angular momentum integrals can be written.

(@,, m qbq - g{cw% Gy @M) [mgh 'ngj T

Pen | o III-(128)

T\mhf: ﬁmu(?(m ! 52)?‘5 Xn)

III-(129)

vhere x' 1is measured along the m=n 1nteratomic axis and Rm is the
distance between atoms. B L

’lhem are several mtemsting aspects about ‘chis seendngly com=
plex expression.. With the exception of the 'I‘ integrals, the angu-

lar momentumdepends only on the geometry of the molecule., The obvious

geometrical part of eq. III-(128) contains the atomlc coordinates,

£, ,"th Rmh,gm,?zmo'lt 1s not obvious that the part of eq.
III-(128) ‘that contains products of the moleculds orbital cofficients,

! Y
Crms depends enly upon g;eome’cry. Gouteman found, however, that the

sum over, ‘the produc‘cs of molecular orbital coefficients in expression

TII-(128) was very ‘insensitive to the detalled choice of coefficientsy

This pa:‘c'ticudar expresion seems to be- .large_ly independentoof .theoretical&._ﬁ.."’
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model, and varied less than 10% for any reasonable set of molecular
orbital coefficients. So, everything in eq. III-(128) except the
Ton integrals, 18 essentially determined by the geometry of the
Bystem.

The 'd/d:‘:"bpemtor (eq.IIT~(129)) when applied to the Xg, P

functlen glves a funetlon simllar to a d function, so the T

integrals are essentially overlap. . integrals between a p fuic-

tion on atem m and a d function on atom n. Tijeé_se 'I‘m Integrals

determine how freely the elec‘cr‘on' is allowed to move through the

molecule, a subject of some in‘be;ms‘c to us, “ | A
Gouterman {irst set all the nearest nei.s.hbor Tmn over}z-zp ‘ir}tg..,

grals to one. Thisz gdves the maxirum freedom for ‘c;he electroﬁ s

and p,iws t}‘ze geometry determined, upper mit angular momentum

for the electron In the porphyrin excited state, The resulting

£y

angular momentum, using the best M2 coefficients (Weilss, Kobayashi

and Gouterman, 1965) available was found to be 8.75 = My + My, VEry

clése to the free electron limit. Gouterman also calculated all

the Tm integrals explicitly considering all the atoms in the por-
phyrin as carbons, and using the Slater orbital expenent,’k, - : found
. . R

best for benzene. The Ty Integrals found with these assumptions

average about 0.6, so the resulting ansular momentum calculated

is my tmg = 2;,.75, | R ' ’

Experimentally, we find m_ + m, sin 29 = 6,5 for the zinc
* o) ¢ : -

porphyrins and sin 26 = 0,9 - 8,95, so the value of m, + m, derived
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from the éxﬁerim@nt is approx;mately 7. The thGOFthCal calculation
.gives amazingly good agreement with experiment, coﬁ idex no ad-
Justable parématérs were used. iqe exper menta 'Vﬂlue inﬁicmteé
that the Tmn values- calculated by Goutermsn do nof ﬁiVQ the por-
ohjrin clcctr.ng enougn fresdom. Expansion of the Slater orpital
coefficienb by the maotinmum reésonable amount w111 g*vé more over-
lap and more electron freedom and orinw tnﬂ theoretical number

very close to the experimental value,

thecretlecal
The 'e/oonqiamrqbiows maite the mamnetic murhenr of 2+ l found

by }3ne* et al. (*~66) rather hard to Justlfv. The factors deter-
mined by the u,onptrv of the porphyrin would requlre an overlap inte-
eral of near uﬂkt; to glve F@her'gg_ggf’s result and this seems

reasonable

Iron porohyrins and heme»nroteins

The iron porphyrins show the same type of double MCD spectra
in the Q band (visible) tha‘; were discus sed wmviouslv for the
k 1% N
other metal porphyrins. However, one fLrther feature 1s that

.

e magnetic smlittinzs of the iron pormhvrins appear to be gulte

&

tive to ligand coorcination above and below the porphyrin -

plane. Yoo s S,Our data on these nntoviql° is somes at prelim-

inary bub sugpest several interesting conclusions. If (Ha0)4m0H)

coordiﬁ&tion iS'substituted by (nvridine)zg the magnetle splitting

S

of th» @ band of Fe(II) protoaoro wrin increases from M, = 3.2 to

e

b,3. The qu curves of thuoa tvo comnlnxes are shovm iﬁ?igures

III—33 and III 34, and are seen to be qualitatively similar.

N
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Figure III-33 MCD (solid curve) an absorbance (dashed curve)
~of lron(II)protoaorphyrlﬁ IX in EQO pH 9.0, 2. O'Ssmoles/lluer,v
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Figure I‘II}-314. MCD (solid curve) and absorbance (dashed curve) :

/ “ po ’ .
of iron(Il)protoporphyrin IX, 2,10~> M in pyridine, 1 cm path.

Tne small peak at ca. 630 NM is due to a free base impurity.
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We realizna lon after completion of these exploratory e?neri-

ments that the 'e(II) protoporphyrin shown inﬁlgure IIT~33 18 pro-

bably a mixture of Tow spin (5 = 0) and h¢gh spin (8 = 2) complexes

and' may ‘be polyreric. It is extremely,difficult to prepare pure
S = 2 (high spin) mononeric iron vorphjﬂina except in some heme
proteins (e.go myoglcoin fluorﬁde), The Fe(II) protoporphyrin
(pyridine)z corplex shown in Figure III~3M is undoubtedly npure low
spin. The MCD and absorption of‘the low spiﬁ derivative in thé red
(@) reglon is similar to the other metal ﬁorphyrin& studiero

In the case éf Fe(III) protoporphyring nyridine qub stitution
causes a more drastic change, sharpening the absorption and marked-
1y increasing the MCD as is showm in Fiqures'III-35 ahd IIT-36.
The magnetic spl_ttxng lncrhqsns from M, = Iy, O to 8 2 for FFe(TIT)
protoporphyrin when (pyridine)2.replaces the (HQCX=QH) ligands.

The P2(III) protcporphyrin shown in Figure III~35 1g the
high spin (8 = 5/2) fbrwxandlthp vridire derivot*v, uhown in
J;ru II—26‘10 the low spif (8= }) form, The MCD and absorp-~
tion of Lhc Tow apin Lorm 1ﬂ the re g (') re@ion'is Similarttoithé 
other metal porphyrins studied, Howov r, une MCD and ahsorvulon
of the high svin Fe(III) D“otoporohyrwn (Wlﬂure II1-35) In the

red (Q) rcnlon ~s anomalou: cowoared to the other metal » or*“"finu.

The Q regﬁon absorption is rmuch broader th(n the usua metal por-
phyrin spectrum,,a:o the O resion MCD is qult 17 d crosses
R i

Zero to'** » red of the wain absorption hand (by ca. 12 HM). Pere
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. Figure III-35. MCD (solid curve) and absorbance (dahsed curve)

of iron(III)protoporphyrin IX (hemin chloride) in H,0, pH 12.0,

5,107 moles/liter, 1 em path.
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‘haps the 2 band orbital deﬁ?neraéy is strongly 1ifted in this
_complex and the “ nur;cr may then be mucbllargef than estim aied
above (whers we ﬁssumcd oitai de gen-racy) i one of the absorp-
‘tlon components were rels tively weak (ef. p°= 1475, Ve cznnoﬁ
derlve a procise estimate of the possible magnitude of the p?o»tv
1 1ifting of the Q b:nu degeneracy, but it could be as large
as 1000 ey and st1ll be conzistent with our deta., It may élso

er Lransitions are present in this commlex
bro

transfér bands are ﬁarti~’1y cancp;lwnz the FCD of the 2 bands,

Perhaps low temperature MCD and~absorption spectra would offer

more-resolution of thes ¢ bands and allow a decision befwewn_ , {

the alternatives discussed above. | |
We find anzlogous ligand dependent MCD of the iron porp shyring

a

in hemz proteins. We have investigated the MCD of hemcglobin

2
derivatives, which have vario;u ligands in the sixth coordina-

s

tion of the ircn porphwrin. Histidine coordinates tne fifth posi-

r-{

tion of the iron Pro! onOthvrAn in hemoglobin, Filgure ITI-37
shows the experimental and calculated aboovptiOﬂ off exyhemoglobing

the caléulated spectrum uses six Gaussian ba nds.[ Figure 1T1-38
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~ Figure III-37. Experimental (....) and calculated (_____) absorbance

of bovine oxyhemoglobin .’m pH 6,8 phosphate buffer (0.1 M). Exact
concentration unknown due to appa.rent contamination‘ with color-
less protein,. The observed Spectmn rose’ sharply eelow '3'00‘NM
and was smoothly truncated somewhat a;rbitrarily as shown, Six -

symmetrical Gaussian components used to f‘it the spectrum (includ-

ing a tiny peak in the 625 my region which was not used in.

fitting the MCD).
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- Figure III-38, Experimental (u...) and calculated (-
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) MCD of
bovine oxyhemoglobin in pH 6.8 phdsphate'buffejﬁ:(o.l' 'M) < The |

' sample was the same “as”use'd for the'absor’ptj.cfi spectrum fit

shown in Figure III-37. Fivé _Gaussian components (omitting the{v
small 625 mu peak) : f‘rém'"the"absof'ptio'n'*spectnm ‘were-used to fit
the MCD. . | C |
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for mmmgiasm; | 'me Q band eplitting 18 found to be M, = 3.8
© and the B band splitting 1e M, = 0,75, The Q band splitting for
. the ‘Aron(IX) ooordinatad with Og-hlstidim {4in owhemw,lobin) is
’ .mtenmdiate to t:hat pmvlously found ror (H 0)( OH) and (pyridine)a
L -coordin&cim. Table IV glves the magmetlc splittzing found for other
~ hemoglobin and mthemglobin (oxidized to Fe(III)) dertvatives,
- : _j"'.i‘he absorption and MCD spectra change somewhat upon forming these
. o ‘.éerivatives, but are qualitatively simllar to tﬁe spectra shown in
. ':'F‘ims II1-33,to 36, '

The MCD and absorpt;lon of reduced, F\a(II), cytoohrome ¢ is

,' shown 1n F.tgum III-39. ‘Ihe MCD 1n the Q band 18 very 1arge and
"the nagmetic aplitting round 18 Mz 7e 5. The iron in cytochrome

¢ 3.8 thoug,ht to be coordinated with either twa histidines or with
one histidine and an  c~amino’ group of lysine, The magmetic splittin;f

) I'ound 1s large compared to the other similar coordinations we have
~studied, Fe(II) pmtoporprwrin (pyridlne)z and hemoglobin (pyr'i-
j’dlne),. 'Ihe cytochmme ¢ porphyrin 13 derived from pr-otoporplrxyrin

(Flgure III~9) but the vinyl gmupa on posibions 2 and U have

. been replaced by thioether linkages to the proteln. The sulfurs
| in the tb:.oethera are two nathylene grmxps away from t;he porphyrin

ring,