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ABSTRACT

Recent experimental studies have reported anomalous and contra-

' dictory results for the abébrption of left and right po1arized light

(LCPL and RCPL) by zinc and magnesium coproporphyrins in the presernce

of a magneficvfie1d:‘ fof both compounds, the absorption bands for
right and left circularly polarized light have distinetly di fferent

shapes at room temperature; at 77°K unexplained shoulders appear in

~ the absorption épectkaﬁfor”both:po]ékizatiohs'forvthe magnesium but‘

not for the zinc compound; the value of the angular momentum of the

lowest energy excited state computed from the separation of the peaks

bf'the LCPL and RCPL absorption bands differs from the_vélue obtained

from a magnetic circular dichroism (MCD) experiments by nearly 50%;
no shape anomalies were observed in the MCD spectra. We derive a-

genera] solution for the mixihg’of two states by-a magnetic fie]d

and show that all of the anomalous experimental data are explained
if a) the presumably degenerate pair of excited states are split in

- zero field by an energy comparable to the Zeeman energy but less than

the spectral band widths,,and also b) the overlapping transitions

~have unequal intensitieé,- Our results show-that‘MCD:shou]d give

better estiméte$'of excifed state angular moméhta while the direct =
measurement of LCPL and RCPL isvéuperior in deteEting noh-degeneracy.



INTRODUCTION
’»‘eMalley] enanaTiey,'Feher_and Mauzerall® heeent1y measured tie
Zeeman.effect on the Visibie;absorption bands df zinc and magnesius
copfopdrphyrih; Thejr:déte:for the absdrption'of‘¥ight and 1eft
cifcﬁ]ariy‘pe]afized 1fght (RCPL'and LCPL) by transitiens>to the
lowest excited states (Qoéo_band3)‘of zinc COproporphyrfn I are
- shown 1in figﬁ 1. These data show asymmetries between the LCPL and

RCPL'dbsorptioh curves whieh are not prediCted by simple theor‘y3’4

and for which Malley g"_ 1. 152

offered no explanation. In the
epresence of a magnet1c f1e]d  the RCPL béhd éhifts to lower energy,
exhibits a h1gher peak 1ntens1ty and is harrower than is the LCPL |
band S]gn1f1cant1y, the areas under the two curves are equal.

This result was found for both isomers 1 and,III of zinc copropor-
phyrin (see Fig. 2)'{n.a Variety of solvents at room temperature
and at 77°K. | At room temperature, the spectra of magnes1um c0propor
phyrln I were similar to the data shown in F1g 1. At 77°K however,
shoulders appeared on beth'the LCPL and RCPL absorption bands,

another result which was not exp]ainable;]’z'

1.1,2

Ma]]ey et al caleu]ated the angular momentum, M_, of the

z
Towest exc1ted state from the separdt1on between the peaks of the LCPL and
RCPL absorpt1on curves. At ‘room temperature they found about 9 units |
ofvangu1ar momentum for both isomers and both metals. This value is

in excé]ient agreement withvthe~predict10ns of simple free electron

v theor:y3"4 but greater than the va]ue Ca1cu1ated from*mo]ecular‘orbital

5

theory by aboutva'faetorvdva. At 77°K the'Ya]ue of M, decreased to

“about 6.4 for the zinc compound but increased for the magnesium compound.
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Dnatz6 has studied the'Qo«d bandsvof metaIIopofphynins‘nsing’
magnetie_circular dichroism'(MCD). .This.technique'makes a direct
measdrehent'of fhe difference in absdrbtion between left and right
circularly poIarized'IIgnf induced by,an.extern&I magnetic field.
Thebasymmetries fonnd in the Zeeman experiment are'not apparent in
'Dratz's,data, non'are’they observed when the MCD is calculated from

the LCPL and RCPL absonptfdn curvesgj-

Dratz calculated M, by com-
paring‘fhe MCD with the denivatiye of the absorpfion spectrum
neasured in the absence of an applied magnetic field, Using the
same sampIe of zinc - coproporphyr1n III emponed by Malley et al. ] 2.
Dratz found tnat M was 6. 5. + 0.5 at roon temn rature,_ Under the }"
_same cqnd]t1ons, the MLD curve deduced_from the Zeeman experiment
"gave a value of 7I0,‘in ekceIIent agreement with Draté's resuIts.]
ThUs,-there-appeaned'fo be systematic differences between'tné'tWO" -
supposedly equ1va]ent techn1ques

The spectra of porphyr1n moIecuIes have been 1nvest1gated both
exper1menta11y and theoretically in great deta11 because of the cen-
tra]-roIe of'theSe_moIecuIes in photosynfhesis and energy metabolism.
In addition to their importance in numerous b10109ica1 systems; por-.
i phyr1ns are 1nherent1y 1nterest1ng to the spectroscop1st ‘because
~ they are among the Iargest and most complicated: molecules to wh1ch '
the techniques of molecular orbital theory have been successfully
applied. Thus, the unexplained features found in the.Zeeman spectra
'endIthe contradiction between this technique and MCD havevIed to

considerable d]ecu*s1on and concern. ] 2,6,7
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He have found that aTT"of'the anomalous features of'Ma11ey
33 11.’5 dafa1for.the Qe band can‘bé explained and the apparéht
diScrépéncies between the’Zéeman effect and MCD resolved by intro-

ducihg the hypotheSis that the two“bohponénts of the presumably

degenerate excited'state differ in bofh energy and intensity (in

~ the absence of an app]iedzmagnetic fié]d); le use a general for-

malism for the mixing of excited states by a magnetic field which

in thevappropriate'limfts reduces'to the solutions found previously
by othef workers. 8 The_contraditfory results found from the Zeeman‘
experiment and MCD are shown to fo]]bw from.inherenf differences
betweenbthe quantities measured by the two methods. Our conclusionsj
lead to fundamental questions concérning fhe‘éymmetry of‘the'pqr-_:

phyrin's excited states and the nature of their'spéctra.

THEORY
We wish to find the changes in the absorption of circularly
polarized light induced bylan external magnetic field. “Our model is
a molecule with two excited states whose transition dipoles are
mutually pérpendicu]ar. "No simplifying_as$umption5'aré placed on

the relative ehergies_of'the two states. We find a general solution

~to the prob]em'and show that it isbcorrect in the special cases when .
: the_two excited states have the same energy and also when their

eﬁérgies are great]y different. Our soJutionAleads to sum rules

whose predictions may be compared]direct1y with-experiméhtal data.



e

The visible spectrum of-meta110~porphyrins.cohsist_of the
intense B,> or Soret bands, near 400 hm,:and the much weaker Q,3
bandsvih‘the red. Both the_Q and Soret bands contain two components
and'ariée‘from transitions whOse dipO]e homents lie in the planc of
~ the mo]eéu]esf ring system and'are perpendi?U]ar to each other.’
We designété the groﬁnd stéte as ]O§ and:thevtwo é]ectronic excited
Stafes'éssociated'with theld'bands as [x> aﬁd |y>.  The directions
of th§7trénsitidn dipplés for']x>+|O$ and |y><|0> define a right
_.hénded‘brtﬁogona]vCOOrdinate system, xyz, fixed with‘respect td
the'mojecuie.' The fUnétibns'|x> and |y> are ortho-normalized |

eigenstates with the”fo]]owing'propekties:

"
(1]

.Ho.lx%- .Ex|x> " Ho'}y> "Ey|y> ,

.
f

'Lzlx>1 -iMHly> N Lzly> THHx

where B is the complete Hamiltonian for the molecule in the absence

of a'magnetic'fié]d;‘and.Lé'is'thé'angu1ar momentum operator for the

direction perpendicular tq the molecular plane. |

In the presence of a magnetic field of intensity HZ péra]lei to

the'positive z axis the Hami]tonian'of'the:system becomes
SR | v . | N
H = Ho_.*:W”ze . _ . o

where 8 is the Bohr magneton.-'The states le}and ly> are no longer

eigenfunctions of #. We seek new eigenfunctions [i> in the form of -

linear combinations of the unperturbed states;



> =c e+ Culy> o | (2)

Y'Thé'coeffitientslcix and'Ciylare determined from the variational

-princip]eTO which requires

where'Ei = 4i|H|i> . In addition, we require that [i> is normalized.
When the expressions for # and |i> are substituted into the matrix
element <i|H|i> and the derivatives of the resulting expression with

“respect to C;, and C{y are ‘équated to zero we obtain:

ExEi o T8H M, Cix | 0 ' (3)

: . = 3
‘ f1BHZMZ s vEy~Ei Ciy | 04 . . | | |
Non-trivial solutions exist if and only if the determinant of the

matrix vanishes. The vaers‘of Ei which fulfill this conditiohvare:

m-
1

‘ - -2 ~ . a2s
E +E . E -E . 1/2
X % F_l;;li + | gH.M }» /

’r 2 A2~ 1,
| E+E, (TE-E.T° T 1/2
E, = L% +{ T ’+_FB'HZMZ }

These equations become clearer and more compact if we introduce 3 new

‘variables:



| E."= .—)Lf“'. , o BE, = XX and

R R R

"Eb is the mean energy of states % and |y> , BE, s the natural

splitting of |y> and ]x5Hfrom7Eo, and AE; js-fhe total splitting of

,thélpéfturbed states |1> and:12>ffroijo‘in the presence of a magnetic .

 field. Using the new‘notatiOn’ths.'4 become

- The différence in energy between states |1> and |2> is a non-linear

function of H, whenevér 8By # 0. This effect is i]]dstrated in Fig. 3!

To find the new wavefunctions for the magnetically perturbed
excited States; 1> and " |2>, we substitute E, and_E2 into th. 3.

After SOme'manipu]ation]? we get:

¥

HIE =-aR>+3¥W>‘; | m¥,= Yx>§f&u;vv, (6)
“where R . . :
L dEpEy . '=‘ M, |
-;{[}AET+AEN]2 ¥ [ 8H,M, 32}1/2 | o AET+AEN]2-+ [ 8H,M, ]2}?/2.
i _ .
The coefficients a and y are not independént; since & A {]_02}1/2 .

In'the two limits of 1) complete degeneracy (AEN

reso]ved'non—degeheracy_(AEN>>3HZMZ), Egqns. 6 reduce to the forms fodnd -

- by degenerate'and f1rst order nondegenerate perturbation‘theony;

In the degeneratévsituation both a

0) and 2) well




and y bécome 1/YZ and

E, = E0 - BHZMZ_ 5 E2 = Eo + BHZMZ
. S _ (6a)
| I +ily> l Clxe - iy
B | IS AL N
' ’ Y2 o 163
while to first order in the ncn-degenerate 1imits we obtain
By =B s Bp=fy
o dgHM, - -
> = be ey (6b)
yox o | .
BH_M.

2 = -ily> + 252 o

v | y X

Next we calculate the transition pkobabi]ities for the absorpfion
of left and right (LCPL and RCPL) traveling in the positive z direction.
The dipole moments for these transitions are of the form e<olr|i> ,
where r is the radius vector in the xyz coordinate system (i.e., r=
x&+yy+22 where X is the unit vector along x, etc.), e is the charge .
on the e]ectron and |i> is g1ven by Eqn. 2.

~Since the transition d1p01es <o]rlx> and <o[r[y> lie along the x
and y axés' respectively, terms like <oly|x>Xx , <o]z]y>y, etc., vanish.

Therefore, the transition dipole for [i><]o> is-
eolr|i> = %eCix<0lxlx> tgeci colyly . (7)

 The probab1]1ty of absorpt1on of left and right c1rcu]ar1y po]arlzed

11ght is g1ven by



_ 2 ;(iiA e e fQ
¢ e | () - ot
R :
where"5$%¥~ are the unit vectors in the direttion of the vector boten-
tials fok.LCPL and:RCPL eva]Uated'at the originvof xyz. The plus sign

12

is fdr LCPL and the minus sign is for'RCPL. By ahaTogy, we define

R, = e<o}x|x> and Ry,=‘e<oly|y> . Substitution of the expression

for e<o|r|i> given by Eqn. 7 into Eqn. 8 gives

2GR, SR P
Li |2 -

Expressed in terms of the coefficients o and + irdefined by Eqns. 6,

this becomes:

| CWRZ2 2
2 2% Ty |
RL,] = 5 + 3 - ‘Q'YRXRy >
, o2 %2 | |
. . y
RR,] 5 + 5 +: anyRy s -
Rie = =2 % =2+ oRRy,
“and ; ' |
R = 72 F T RR

Equatiohs 9'givé important sum ku]es,fbr both:the.Zeeman éffect

and MCD. Recalling that a2+y2 = 1 we have

2, o2
R,1 ¥ Rr,2

. ORSHRS
L, PR, = R iy s

That is, the total absorption of LCPL measured jn.the Zeeman eXpéri—_

ment is equal to the total absorption of RCPL and both are exéct]y _
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one half theiahsorption intensity measured with unpolarized 1light
(with or without a maginetic fie?d). This result is valid whether
2

“and Ry2 are'equaT. 

or not Rx
MCD is the difference between the absorption of LCPL -and RCPL..
Thus Eqns; 9 show that the MCD of band 1 is equal in magnitude but

opposite in sign to that for band 2 since

2

RL,Z - = ‘_(R - RR,‘]) = zaYRny v-

L,1

This result has been found previously for both Specia] cases AEN =0

anq AEN>>BHZMZ.

In Results and Discussion we show that the differences in shape
of the LCPL and RCPL absokptidn bands reported by Mé]]ey gj_gl‘]’z

are explained if we assume o 7y (iig,,AAEN %-0) and Rx2 # Ryz'

CALCULATIONS - -

Thus faf we have considered only mo]ecu]eé whose tranéition di-
poles are}perpendicu7ar to the dikection of propégétion of the light
theyvare absorbing.v'In order to compare our résu]ts‘with exberi;
mental dﬁ%g?ae must account for the fandom orientation and the
spectral width of absorption bands ofvmo]ecﬁles in 501Qtion; '

The cobrdinate‘system xyz of a single molecule described above
is related to the 1abora£ory coordinate system XYZ by Eu]ek's angies
8, ¢ and ¢ as shown in Fig. 4. The Poynting vector of the 1ighf
beam ahd the magnetic field vector, H, are both parallel to. the

positive Z axis. Since the molecules are randomly oriented in



{po
'so]ution;ls we oalcutaté_the abSorption ot circuiar]y'polariZed
]igﬁt in xyz,,.by averagihg'thé_absotptions.ovor all values of
0> ¢ and'w‘ .The’probabiltties’of absorption ot.LCPL and. RCPL by
a mo]ecu]e whose or1entat1ons w1th respect to XYZ is ngen by 05

¢ and w 1s proport1ona1 to

o RE " (e,“if,\p)' = I e(l—}%l) <o|£|1> v

R’ 1

where X and Y are un1t vectors a]ong the X and Y axes in the 1abora—
tony coord1nate system and r is st111 the. rad1us vector in the
molecules. coord1nate system when <o]r|1> is rep1aced by the ex-

press1on g1ven in Eqn.. 7 we f1nd

 fooe: w) 2' B”“R * BZZY-Ry +'iBlz"-Ry.»i“'Bzrd’_"x, o
R R (i
(0265 ‘P) -.-l ByivRy ::'Bzzqky 1B]2aR + 182]yR;( 12
R’ 2
where
By = cosw cos$ - ¢¢s§'sih¢ sing
.Béi' = 'oosw sin¢v4fooSG'cos¢ sinﬁ"'
_Bié = :~sinw cos¢‘¢ICOSB sih¢'coso'
e Bé2'”= -siny Sin¢v+ COS6 COS¢ cbs¢

The component of the magnet1c f]e]d 1ntens1ty a]ong the mo]ecu]e s z
axis is HZ = H coso ;1.From Eqns. 6 and 4 we see that the coeff1c1ents
a and y and also the excited state energies are complicated functions

of 6. -
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~ Before we average the transition probabilities over all orien-

tations we must take account of the spectral broadening of a single :

electronic transition in solution. We choose Gaussian shape

functions of unit area which have the form

R [C—'v"]-(e) JZQ

. —— exp | ——— | .

- AYT : , ,

co_ _ . » - o E;
where v = E/hc is the wave number of the absorbed light, vi = EE' is
the wave number of the bandS'maximum,'Ei is the energy of the state
and A is the band's width factor expressed in wave humbers.14_ The

dimensions of v, v, and 4 are en”.(Wave nurber and energy are

equiva]eht parameters. In diScussing the theory we will use energy,
while the experimental data and our calculations are expressed in
wavé'numbers)_WBen the magnetic field is turned on;‘the absorption
énve]ope of each mo]ecQ]e shifts rigidly (i.e., its shape does not

change) from its original position centered at Ex‘or E, to its new

Y
position at E] or E2. Each band is'thus displaced by an energy of

AEy - AEy.  However, the extent of the band's displacement is not a
Tinear function of H as shown by Eqgns. 4. Sincé‘quand E2 are
functions of H, = Hcoso, the displacement of each molecule's ab-

sorption envelope is also a function of the molecule's orientation.

The fraction of the molecules within a small increment centered

about 6,¢ and ¢ is ~l?-sin0ded¢d¢ . The expression for the absorp-

B 8n _ | |
tion of LCPL and RCPL of wave number v by the transition |i> < |o>.

averaged over all orientations thus becomes:

R!] R’-I

6 ¢y

. v 2
2 - 1 [ vy 2 .
R (v) = —57— f f exp| —— Ry (6,¢,¢)sinedodédy
L . v 81r5/2A ft ‘ , 5 R, ‘ 3
| | (1)



'where.thefexpressions | |
" Rf (6,05 w)
R
are;giVGn from Egn. 10. The 1ntegra]s over ¢ and P 1nvo]ve on]y
simple products of s1nes and cos1nes and were cva]uated ana]yt1—
cally. - The rema1n1ng 1ntegrat1on'over e was performed numerlca]]y
by a dlg1ta1 computer The_program required that numerical valuesd
be ass1gned to R, Ry,-Ex Ey, M, ; B,Vand H.»vFor B we used a va1ue
of 9 273 x 107 4 J - /Wb Vary1ng H is equ1va1ent to vary1ng M
since they a]ways appear mu]t1p11ed together
dxt_ The exper1menta11y observed parameters are mo]ar ext1nct1on co-

eff1c1ents which are re]ated to absorpt1on probab111t1es by

167°e N \)RZ( ) .

~ \ 3n#103n10 )

where N is Avogadro's number;he is the charge.on the electron, n is
the index of refract1on of the med1um and # is Planck's constant - »
'd1v1ded by 2n The program which computed the absorpt1on probabx]ities
converted them to molar ektinCtion coefficients' It also combihed the
components to give the ext1nct1on coeff1c1ents for ]eft and rlght

| c1rcu1ar]y po]ar1zed 11ght and for the MCD
.eL.(;:)_= €L -]m' tep ()

¥ Rl(")+€R2()
()‘E:R();

and | AEM‘(;)
Both eL(C), eR(C), AeM(U)’and any desired combination Of'the unobser-

Y

‘vable components (e, (v), €, (V), e 1 00)s e 2( v)s ep 1(0) and ep 5 (v))
were plotted on the same wave number scale. :
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‘RESULTS AND DISCUSSION

The aSymmetric distribution Qf‘absorhtibhvinteﬁsity neasured in
LCEL and RCPL is a direct conseqUence of non-degeneracy (Ex 7 Ey)
and unequal absorptioh"intensity (R, # R 2) (vide infra). After
’demonstrat1ng the asynmetry for the s1mp]e system treated in the
theoretical section we w1l] add the complications of f1n1te band
width and random orientation andtshow that our‘theofy can reproduce‘
qua]itativé]y»all the features of fhé experimental data. Thé rela-
t1ve merits of the mo]ecu]ar Zeeman effect and MCD are then compared
on the bas1s of their sens1t1v1t1es to changes in the theoretical

_ parameters. Finally, we d1$cuss poss1b1e causes of the nondegeneracy

in metéTlocoproporphyrin 'ahd suggest new experiments.
| 2

The meaning of Egns. 9 4s clearer if we replace sz énd Ry by
tWo new parameters R02 and aR% where

p 2 o 2

"R R :

2 . 9 4 412 2 . 0 _ g
When these:expressions are substituted into Eqﬁs. 9 we get:
2 _”59.2” 2L ARz o }1/2§R A 172
L1774 ) -afl-o®) >
2 ' | ( 1/2
R, > 1/2 R
Re 1= 3+ (o= D) AR2+a{'| -} {,%_ -AR“}

: _ : _ (12)
> RS o 1/2 04 ?”2 v -
RL’Z“:’T” - (O. - "2‘) AR +OL{]"CI } 71‘ AR[ s ’

a2 | 4 12
2 _ R 2 R 42

- _0 _ 1 o 2
RR,Z hnd 4 OL 2) AR a{] o } L‘"'—q"—‘ -A[\J
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The.asymmetries:ih thé.abéarbtfbh of left ana ﬁfght circularly
po]ariZed Tiéht can now’be'seen dircctly. He QiTiHStart with thé
sihé]eﬁt:casé of comp]ete degéheracy,and thén'show the effects
fifst of s]ight nondegenekaéy and then of unéqué1 absorptioh;.

| y |
6a). A]so,ﬁsince |x> and [ya are physically indistinguishab]e,

' Compléte'degenerécy means fhat”Ex = E_ and o = 1/¥2 (Egns.

2 o
2

Rx = Ry R and AR, = 0

Under these bonditions Eqns: 12 become _;:

Rip = 0
‘R2- = EQ_
R 5
L,2 5
R2, = 0

ThESé results are.shown échéméticaliy as‘paktvi of Fig, 5. Transi-
tions. to Staté liabsbrb §n1y RCPL and those to*sfate 2:§bsorb bn]y
Lol o . o
. ‘v"iNeXt; we suppose that sfateé.lX>-and.]y§_aré slight]y nondegeneraté
in enefgy but AR2 fs_sti]l equal to zerd; .In'fhisicase a is no 1bnger
equal tb'l/Y§} HOw;vef, the prodﬁct a{]—a2}1/2 has a maximum value
of 1/2 when o=1/17. Thus;.fhe d{l-qz}]/z terms in Eqns. 12 have
absolute values less thén R02/4. The result, shown as II in Fig. 5,

is that an increment'of intensity



g

R R
xRy

=15~
2 .

. R
( ]Z— '-‘a{]-.rxz}]/'z) /__0_2‘_

is trénsférred from 1 to 2-in RCPL and from 2 to 1 in LCPL: However,
this shift in intensity does:nofvacc0unt'for the asymmetries in the
experiMentaj data (F19, 1) since the aBSorpfidh;ih LCPL_can‘be,con—
vérted»into that fof RCPL’by'réflecting'a]T éomponents;about E,-

Finally, Wé_note that if states 1 and 2 have di fferent energies,

'they‘are distinguishab]e.f Thus; there is no reason to require

sz = Ryz'» To illustrate the effect of unequal intensities, we take

2 2

so 8R%>0. Both the setond and third terms of Egns. 12 are
A .

X

éffectéd. The pkesence of AR _in'thé third terms causesa'transfer

of intensity with the same symmetry as described above. We can think

of this as an adjustment tb the values obtained in going from I to II .
in Fig. 5. The asymmetry comes from the (a2~]/2),AR2 terms since
they-transfer'intensity from state 2 to state 1 in both LCPL and
RCPL. This effect is shown in part III of Fig. 5. The absorption
is now asymmetric. In RCPL-m05t of the intensity is located in the
transition to state 1, while in LCPL it is divided more eﬁﬁa11y be-
tweenjphe transitions to states 1 and 2.]5 -
The asymmetries in LCPL and RCPL require that both the intensi-
ties and the energies of states |x> and |y> be unequal as is shown by .
éonsidering the case where Ex =‘Ey but RX2 # Ryz. The coefficient a.

depends on E, and Ey but not on R, and R

yz and will be 1/f%. Thus,

| (a2-1/2) is equal to zero and the only effect is to transfer some

intensity from 1 to 2 in RCPL and from 2 to 1 in LCPL resulting in

a distribytion pattern of type I1 as shown in Fig. 5.
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F1na11y we cons1der random]y or1ented mo]ecu1es with absorption
bands of f1n1te w1dth The 1ntegra1 express1on: for extwnct1on co-
ff]Cant as a funct1on of wave]enoth vere eva1uaL0d nuncr1(d1]y as
discussed above. F1g 6 shows resu]ts uhlrh correspond to- case 11
ofvﬁig. 5. In RCPL, most of the absorption intensity is due to the
transition to'tHeI]QWer energy states while in LCPL it is shared
betWeéﬁfboth stateé. Thus the peak of thé RCPL band is quite neak
' the beak of its state -1 component whf]e the beak of LCPL is broader
and‘]océtéd”between the state 1 and 2 compohehts; The Shapes-of the
RCPL and LCPL bands in Fig.‘G‘are‘stfiking]y simi]ér to thé_expeki—
meﬁta]'data of Fig. 1. The LCPL and RCPL:absorption curves and’MCD_
are compTiCated functfonS'of BMZH; AEN,_AR2 and the width A‘16 Thé
influence of eaéh of these pahameters wés detefmihed by comnuting
the absorpt1on of LCPL RCPL and the MCD for a ser1es of values..
Part1cu1ar attention was given to chanaes in position of the peaks

1,2 used peak Sepa—

of LCPL and RCPL absorpt1on, since Ma]]ey et al.
rat1on to -calculate M ' Fxgure 7 shows the effect of 1ncreas1ng AR2

s 18 constant._ The curve for RCPL

‘The total absorptjon 1ntens1ty, Ry

narrows ahd‘the peak'intéhsity-increases aé ARZ'becpmés'larger. The
poSitiOn of the RCPL peék moves slowly towards' ]oWer energy. The
peak_ih LCPL'drops and a]éo moves to lower energies. Nejther effect
is linear in ARZ.I'The'LCPL curye also becomes widér. Changeé in AR2
affect the MCD on]yvslight]y-eVén in the most‘extreme case.

.The'wave number at which the;MCD pésses through zero is an isos-
.bestic point. . In the appendik, we'ﬁhoﬁ that this is a general re§u1t

and that the crossing point qukesponds to Eé,"the mean energy of the
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twd‘component states. Thus, EO isAa physically measurable quentity
and notfméke]y a parémeter in the theory[

Figuré 8 shows ihé effect of 1néreasing AE“ when AR2>0. Case A
represent§ accidental dééeneracy, i.e., AEy = 0, AR2 # 0. Increasing
values of aE, éause_bqth the LCPL and RCPL curves to decrease in
peak infensityvandvihérease in width.’ However, both effects are.

weaker in RCPL so this curve becomes higher and more narrow relative

‘to LCPL. - In curve D, for which the natural splitting, ZAEN, is one

~and one half times the width factor, 4, both LCPL and RCPL have

shoulders which mark the location of their "minor" components. The
shbu]ders are located at positions_under the peaks of absorption for

the other polarization. The separation in peak position has increaséd
greatly over that in case A. Case D thus corresponds closely to the
experﬁmenta? results found by Malley et al. for magnesihm coproporphyrin I
measured ‘at 77°K. For both pb]arizations there occurred a shou]der

Virtuélly coincident with the wavelength of the peak observed in the

other po]arizatidn.} Values of excited state angular momenta calculated

from the separation in the peaks of LCPL and RCPL vere unrealistically

high (MZ>]O).],’2 The agreemeht'between the Tow temperature spectra of
magnesium coproporphyrin and curve D:of Fig.-8vis convincing evidence
that our model is correct.

One Unusua1_featuke'of the data on magnesium Copropbrphyrin Iin

~EPA is that at room_temperature sz is greater than Ryz, while at

77°K Ryz appears greater than sz_(see Ref.115). "This may be related
to the loss of about one-half of. the intensfty of both the LCPL and -

RCPL components when the sample isICOoled from 300_to‘77°K.
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The data in Figs. 7.and 8 aYeca]cu]ated fer.a‘magneticvfield
of_]O wb/mz. We 1nvest1gated the re]at1onah1p between peak position
| ahd ‘magnetic f1e]d'by mod1fy1ng our program to ca]cu1a(~ automati-
cally the position of the. absorpt1on maxima’ by 1nterpo]at1on
Figure 9 shows the position of the peaks in t\e absorption of LCPL | 4

and RCPL relative to the position of the'absorpt1on maximum ‘at zero

2

X and

fie1d17_f0f values of H from»Q to 10 Wb/mz. In Fig. 9A , R
Ryziare equal.  The peaks are spTit symmetrically (as are the7entire
absorptibh envelopes). However, the splitting is nof'a linear
function of H for AEan”O. Caicu]ating.Mz from the observed
spiitfing weuld a1ways giVé too 1arge a-kesa1t: aFigurea 9B and C.
show that when ARZ # 0, the splitting is no longer symmetric.' In
case B, the value offMZ calculated from the sepafation of the peaks
will always be too large while in case C,itvwf]i a]ways be too small.
Ma11ey‘g§_§l,]’2 measured theepOSition of the peaks as a'fuhctien of
H for zinc coproporphyrin I in dioxane. However, their experimental
.uncertainty is tob‘]arge to permit meanihgful'compafison with our:
ca]cu]atibns The resu]ts of ca]cu]at1ons in wh1ch the w1dth of
. the absorptlon curve was var1ed showed that peak positions are
re]at1ve1y insensitive to th1s parameter as 1ong as the state 1 and
2 components are unreso]ved

Magnetic c1rcu1ar dichroism and the molecuiar Zecman effect

- are complementary techniques. MCD depends only on the Tast term.

L

of_Eqns.f]Z-while the Zeeman experiment depends on all of the terms
in these equations. As a result the Zeeman cffect is superior to
. MCD for detecting stight ndn-degenefacy (i.e.; AEy 70, AR2 7 0).

€onVekse1y, the magnitude of the separation between the peaks of
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the two Zeeman components gives unreliable estimates of M, as Figs.

7, 8 and.9 dembnstrate.v Eigure 7 shows that the MCD is insensitive

to chdngeé invARZ. The MCD is also insensitive to tne natural

splitting when. AE, is small compared to the width of the absorption

band."Of the four cases presented in Fig. 8, the room. temnerature data

on coproporphyr1n are c]osest to curve B (E E 50'Cm—]). This

sp11tt1ng produces less than a 5% change in the MCD. This insensi-

t1v1ty is a consequence of the form of the terms in Eqns. 12 which

‘give rise to MCD.  Supposé7that intrdducing'a non-zero value of AEN

© causes g to becone slighf]y larger than 1/72. Then'{]—a'z}]/2 will

V2 i change

be slightly less than 1/T§, but the product, a{l-u?}
less than’either of ité components. A 51mf1arvangnment holds for
the product R Ry and shows that MCD is aleo insensitive to changes
in the re]at1ve intensities of transitions to |x> and |y>.

AS a test of the va]ues of M ca]cu]ated from MCD, we ana]yzed,
computed MCD and'absorption.spectra by a technique similar to that
employed by Dratz.6 For values of AEN less than A/4, the value of MZ
necovered - from the simulated experimental deta,were cOrrect'fo

z

within 10%. Thus, MCD shou\d'give relatively goed estimates of M_.

Indeed, Dratz's6 values 6f MZ for a-variety of méta]]oporphyrins_

.range from 4.4 to 6.5, and thus are close to the theoretical value

of 4.35 predicted from MO theory by McHngh gg_gl¥5

v’vatne a]iphatic substituents are fgnored,'metal1o~cobroporphyrins
have D4H symmetry. InclusiBn of the substituents.reduces the Symmetry
of isomer I to C4H‘ In this group, the representations ef [x#-and |y>

remain degenerate. Isomer IIT belongs to group CS, in which the
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degeneracy between |x> and |y> is formally removed. However, Ma :1ey
gg_gl,T’z obServed the same asymmetry fn the LCPLrend RCPL absorptiOn
baodé-for'bOth isomers'I and'IiI" Therefore, the subst1tueots are
vprobab]/ not respons1b1e for the 7ack of exact degencraey which
'br1ngs about the asymmetry of the ab,orpt1on bands. :
| A clue to the origin of the effect may be found in changes in-
the Zeeman spectra produced by>lower1ng the samp]e s temperature.
For-zinc f”Cooroporphyrin IIT in EPA, redocing the'samp]e's'tempera-
ture from 300 to 77°K’causes'the'va1ue of M-.caieulated from the
sepalatlon of LCPL and RCPL absorpt1on peaks to decrease from

1,2 For magne51um coproporphyrin III lower-

8.6 + 0.6 to G.4 + 0.6.
'1ng the temperature revea]s shou]ders to the state 1 and state 2
components in LCPL and RCPL, respect1ve1y, suggest1ng that AEN is

v larger in this: molecule relative to the width of the absorpt1on band.
Three othér changes occur when'the temperature is reduced: 1) the

QO+0 band shifts to lower energy; 2) the absolute intensity of both

po]arization componehts decreases, End 3) the reTative intensities
2 2
> R
y
The QO+0 band of the zinc compound shlfts s]1ght]y

~ of the absorptlon bands reverse (1 e., at 300°K R, , while at

2 2).

77°K RS > R

Yy
to h1gher energy and the intensity effects are not observed Ve have
shown that changes 1n‘AEN and AR2 can alter the_pos1t1ons of the , |
peaks in the'LCPL and‘RCPLdabsorption curves; THese parameters,
therefore,rmey be functions of temperature. The physieal basis for |

- the removal of the degeneracy could. involve either molecular vibra-

tions or solute - solvent interactions.



Jahn‘and Teﬂ'er'”sho.wed]'8 that the'equt1ibriumiCOnfigUratton
of the:nuclet.of a.hon?]inear mOIecu1e'in a tota]Ty‘symmetrical
v1brat1ona] mode and a degenerate e]ectronic state is always such
as to re]1eve the degeneraqy For examp] , the h1ghest symmetry
poss1b1e for a porphyr1n mo]ecu]e,vignor1ng subst1tuents, is D4H
But the dependence of the e]ectron1c wavefuriction on the nuclear
coordinates w111 a]ways cause the actua] symmetry of the molecule
to be no h1gher than D2H The observed temperature effects might
be produced through changes 1n the d1e1ectr1c constant of the
o med1um Perhaps mo]ecu]ar orb1ta1 ca]cu]at1ons can pred1ct if the
observed zero field sp11tt1ng (of the order of 100 cm” ) can be |
accounted for by reasonab]e nuclear d1stort10ns | )

Another poss1b111ty is that the re]at1ve]y weak QO 0 bands e
m1ght ga1n 1ntens1ty when the mo]ecu]e is perturbed by random |
1nteract1ons with the so1vent. Since a random perturbat1on 1s
likely to be asymmetr1c, the spectrum wou]d be’ heav11y weighted :
by those mo]ecu]es whose symmetry had been 1owered This hypo-
thes1s pred1cts that the LCPL and RCPL curves wou]d be symmetrlc
for the much stronger Soret band where changes in 1ntens1ty due to

small, d1stort1ons wou]d'be'm1nor UnfortunateTy, Ma]]ey et al.

report that their exper1ment was 1nsuff1c1ent]y sens1t1ve to detect_

any.s1gn1f1cant d1fferences in the absorpt}on of LCPL and_RCPL by
the Soret.band.v New experiments‘capable”ot'detecting Shape_dif_

.( ferences and splittings in the Soret-band would be very usefu];:'
Measurements should -also be made on other'metal-porphyrins to

| determine if the effect is unique to coproporphyrin._
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Our'theory acéounts qua]itative]y‘for'a]1 6f the unusual

| effectsvobSenved by Ma11ey_g§_gl;]?2 for the Qo;d.bands of zinc -
'iand mégnesiUm_coproporphyfin. It also allows us to assesg the
: re1ative“merits of MCD and'thé Zecman experiment. Honever,vwe
'éé%sé a new}and fundamental question: Whét is responsible for
reimoving the degeneracy of the excited.states of‘meta]]o*porphyrins?
 The énswer to this question shou]d represént'a sign{ficant advance
in our understanding of tne e]eétronic structure and spectroscopy

" of all porphyrins.
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Appendi x

.If'the natural sb]itting, ZAEN, bétween-the two unresolved components
of a nearly degenerate absdrption bahd is smai],éomparéd to the
spectral band width,. we can.derive an eXpression'fof‘the MCD for
which tﬁe integration}oyer’e can be pérfofmed ané1yti¢a]1y; WHe
also show how, in prihcipTe, the parameters AEN and AR2 may be deter-
mined . from experimental data. | B

The tota1 absorption 1ntens1t1es for LCPL and RCPL are the sums

of the 1ntens1t1es of the two component states; i.e.,

CRED) = R ROR R ORI (13)
R YR | |

 The MCD is proportienal to RE(C) - Rﬁ(@)} We abbreviate this difference
'as‘éRﬁ(G); From equation 13 we find |
2= (02— o2 - 2 o~ 2 =Y

Each of the terms on the right side'pf equations 13 and 14 tan be

“written in'fhe form

RE (v) = Jif f(v vi RL(e ¢>¥) sinododedy . (15)
R -

Cquation 15 is identical to equation 11 except that the Gaussian band

envelope has been replaced by a generalized shape function, f(sgsg),



l24-
App.-2

which.we_a53ume to be 6fvunit drea. ,The-shape of'the enveiope is
the same fo{va11 the bends and the envelopes for components 1’and'2
have their maximum values at:C} and Cé,respectiveTy, fhen the mag- -
| netﬁc field is turned‘dn, the abSonption,enve]oDe shifts rigidly
from v to v] or from vy to v2

We replace each term on the right of equat1on 14 by the corres-
pond1ng form of . equat1on 15, perform the 1ntegrdt1ons over ¢ and w
and find ' | | .

aRﬁ(G} = Rny'Jf[f(SgGé)'- f(GﬁG})]iafeoeesinede (16)

o : B . :

Where‘the;eoefffcientqu end‘y are still funcﬁioné of 6. Since aAE;
is small eompaned td‘fhe'spectra] band width; we expand f(C}C}) around
;d’ ignore a]l‘terms dbovevfirst'order, and'obtain |

£(5:5;) =__f(3,_v_0)'iAET%—§(U,CO)‘_. S

where the + and - s1gns correspond to components ] and 2 He also
‘note from equat1on 6 that | |
| o BMZHcose . . S B _ e
Akt -
Substifution,of equefions 17 and 18 into equation 16 résu]ts in an in-

tegrable expreséion,_and:We_find

df(;,v) : o B (19)

2 . 2
GRM(v) = -3 R Rng H-

ds

EqUation.]Q shows that, to this first order approximation, MCD

is independent of'AEN. As we showed in Results and Discussions, the-
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App.-3
~ product Rny varies.only'slightiy with ARZ. Both of these results
are apparent from the-cOmputeb generated curves of Figs. 7 and 8.

Equation 19 also shows. that MCD passes through zero at 3.319

the
0’ !

mean'energy of the two unpehtUrbed compbnents of the zero-field total
absdrption band. This result is true to'any order of'approximation;
’if“we extend thé expénsipn of equatfon 17, all even order deriva-
.tives'bf.f(slsb) cancel in the sybsequent calculation. In principle,
| then, MCD can be used both to measure_Cé_and to:detecf non~degeneracy,v'
s%nce the value ;6 deduced from the zero-crossing of MCD will differ
‘from fhe location of the‘peak of the,unpefturbed absorption band if
AEN # 0 and AR? # 0. (Thé'éffeCts of noh~degeneracy are'more obvious
in the Zeeman cbmpohents, however,) Furthermore, the MCD has the |
shape of the derivative of either of the unperturbed near-degenerate
cqmponents'of the original absorption band, but the shape is. not the
derivative of thevexberimental]y observed total absorption. . Thus
'the MCb contaiﬁs information about the shape of the individual com-
ponents of the absorption band which cannot be obtained from total
absorption or Zeeman Spectra.

Equation 19 leads to a method for finding aE and AR? from tﬁe
experimental MCD and abéorption spectrum. The tofal'absorption’probaf'

bility measured in the absence of a magnetic field is

RA(%) + RE(3) f @

!

oo
Ry(v) f(v,vy)

2~ _ 2

Ro(v) = Y

‘where- N | -

) __ R

Rx(v) = f(v,vx) ‘E;‘ -
and - 2 (21)
Y '

3
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(Equations 21 can be deduced from'équatioh 15. The integrals ére
| eaéy:to evaluate because in zero field the absorption probabilitﬁes:
are'pfobdrtionaf to Coéze). We substitute equations 21 into equation
20, expand the absorptign enve10pes.about 35 ahd find |

RZ) 4 (5

y a‘\: v,\)). (22)

RO - T ) f(v,v )+ 3 oy (5

The Seéond fekm on the right in'équ5tion 22 has'the frequency

_Q; (3}36), which according to equation 19, is propor-

: dependencé of
“tional to the MCD, The other term in equation 22 has the frequency
'depehdencevof f(G}?&); The latter may aiso be expreésed in terms of

MCD since.we can intégrate equation 19 to give

Floavg) = & R B A jﬁ Lo (23)
We subst1tute the va]ues of f(v v ) and %:-(v,v ) from equat1ons 23
and 19 into. equat1on 22 and f1nd

-Rﬁ(s) = A j’ GRM(v')dv + BéRM( v | '.  - (24)
where = 0 | |

o R, R

A = -(:ﬁl + §5i> / 2eMH
and - I ~ (25)

L<:c
| ufahfo

J
b

'v'B = zAEN<: i) / 28M, Ho.

We can find the coeff1c1ents A and B by reso]v1nn RZ (v) as a sum of the -

_ experlmental va]uos of GRM( v) and jy M(v')dv by a least squares
g _
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~ procedure. Once A and B are known, AE, and 4R

_can:be calculated:
from equations 25. c | » |
| fwé analyzed compuférigenerafed data by the'methodAQutlined

above énd récoveréd'théfiﬁﬁut value of AEN to within +25% and the

2 to within +15%. As expected, the analysis started

input value of AR
“to fail wheﬁ the zero field ép]itting, 2AEN, became greéter than one
“half of the spectral bandwidth. This is not.a'SeriOUS Timitation,
bécausé the method fai]é ét about the pdintvwhere fhe two'componéhts

become resolved in the absorption spectrum, and this procedure is no

‘Tonger necessary.
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Ma1]ey]»sh0wed that oriehtation of the diamagnptic ground state
molecules by the magnet1c field is 1nconquu1nt1a1 cven at 77°%
compared to therma] random1zat1on
The broaden1ng of an <isolated absorpt1on bard of a molecule in
solut1on is due to so]ute-so]vent 1nteract1onsvand unresolved
rbfational structure. 'Ne:aSSUme'thaf these effects are the

same for the transitions to states |1> and ]£> Thus, we use

| the sane width factor for both bands.

The exper1menta1 absorpt1on bands cannot_be it exactly by
one Gauséian functioh. The‘fit could be improved, for example,
by multiplying the shape function by (CVC})“ at the expense of

introducing another parameter, n. Since our objective is a’

' qualitative understanding of the data shown in Fig. 1, we omit

_this refinement.

If R'2 is less than R 2 (AR <0), the tfansfer of intenéify-is

'from 1 to 2 for both po]ar1zat1ons Thé'po]arized ébSorptiOn

curves‘are still asymmethic,-but now RCPL has the Tower inten-
sity ét itsvheak ahdva”broéder shapé.‘ This situation is ob-

éerved for magnesium coproporphyrin 1 at 77°K.]

_The.expréSSion;for:the'MCD.(j;g;, AeM) can’be Simp]ified and

the significance of the various pafameters determined analyti-

¢a11y if AET<'A/hc.> See the Appendix.

The shift in peak'position cahsed by changeé in'AR2 and aEy 1in
Figs. 7 and 8 are re1ati§e to an absolute wave humher scale,
while in Fig. 9 they are re]at1ve to the pos1t1on of the absorp—
t}on peak for H = 0. This peak has a d1fferent absolute

position for different values of ARZ.
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220 (1937).

The‘magnetic field also mixes the nearly degenerate states -

~ being studied with other states of the same symmetry (e.g.,

the Soret band stétes in porphyrins), thus producing very

“small "B" terms jn”thevMCD.' This effect can be treated by

n@ndegenerate perturbation theofy.
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Fig. 1. The abSorption df LCPL and bf:RCPL'ésba_function of wave nuuber

- in thé QO<6 band of'Zﬁnc coprdpqrﬂhyrin I jn’a'magnotic field of
]O_Hb/mz; 'The,magnétic‘ciwcd]ér dichroism is the differauce betwecn_»
the LCPL andARCPL absorptioh curves. The sample‘waé disso19ed ih_ _

EPA and cooled to 77°K. The data were taken from Ref. 2.
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METALLO-COPROPORPHYRIN

;’lSOrner I f‘ff lllsofnefﬂl'

 XBL709-5449
Fig. 2. Metallo - éoprbporphyrin isomers I and III. .The Symbo1 M stands
for aidiva]ent metal catioh, Me stands for a.méthy] group, and P
‘stands fdr,propionic acid methyl ester ((CHZ)2 COOCH3);' Both Mé'and
P groups éonnect‘to the,borphyrih fing‘through Saturated bonds, and
thus are assumed to'have.Vefy ]itﬁie.effétf on the exteﬁded r orbitals

‘which account -for the visible and near-ultraviolet absorption bands.
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fjg;;g,rl The energles of states ]1> and [2> as a funct1on of BH /AENf :

When H goes to zero, E] and E2 go to E and Ey _
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' F]g 4 The set of Eu]er s ang]cs wh1ch spec1fy the or1entat1on of “the

5‘ ’ mo]ecu1e S coordlnate system, xyz, w1th respect to ‘the laborator'

' coord1nate system, XYZ
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‘fig;~§. Schemétiévrepresenfation of the absorption intensities of RCPL -
and LCPL df a single moiécﬁ]e; | I; The Unbertufbed'states are
exatt]y degenefatév(AEN =0, AR2 = 0). Iﬁ this case AEf =€_BHZM2'

1I. " The thérturbed.states afe nondegeherate, but Havc the same in-
tensitiés (AEN #.0, ARZ = O), A]térnative]y,’condjtiqn 11 occuré'if -
the unperturbed states are aécidentéllyvdegeneréte in energy but have
dj‘fferen_t' in'tensﬁ;.ies .(AEN = 0, ARZf 0). I11. The ungrertvuf!_)c?d

- states differ in both'enérgy énd 1ntensity (AE& 7 0, ARZ # 0). The
absorption intensity distribution in LCPL‘is asymmetric with rcspéct
to that in RCPL.- However, the total ébsorptfdn'is_the'same measured

in either polarization.
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RBSORPTION OF LLPL AND RCPL BY X.¥.1.2

“ABSORPTION OF LCPL AND RCPL -

~ Right

MCD

170 s o
7 X L0f3 (cm-1) '

, XBL 709-5452
Fig. 6. The computed po]ariZed absorption spectra and MCD and also tic
B 'noh—observab]e components of the unpefturbcd ﬁtates (x and y) and
Athe components.bf the RCPL and LCPL absokption spectravof the:perj
turbed states (1 and 2). The natural splitting (26€,) and the widtn
pafametcr_are both 100 cm’?.' The ratio of the y to the x band in-

tensities s 0.653. The magnetic field is 10 Wb/n’, and K, is 4.5.
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TETAL ABSORPTION OF "STATES X.1

; Right

- MCO

7.0 | 75 18O
~ wx 1073 (em-h)

 XBL 709-5443
2

Flg__z;' Decreas1ng the ratio R, /R whi]e h'cﬂding'R2 + RS céustanb
changes the shapes of. the RCPL and LCPL ‘absorption bands, but has

very 11tt1e effect on the MCD. The values of R /R are: A) 1,'
-iv)0.8]4, €)0.653, D)0.512, ‘and £)0.389. The,va]uus of the othgr

© parameters used in the calculation are: aE,/hc = 100 cm"],'A

"

100 em™ s M= 9, H = 10 Wb/m2. I .

-



 Fig. 8. ' The zero-field splitting increases fr
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TSR TARSERETTEN BT STRTES R\Y
\ . -

DCB A

MCD

u A A A |

17.0 T
' ‘ 7 x 1073 (¢m-")

8.0

XBL709-5444
om A to D, changing both

the polarized absorptidn bands and the MCD. The zero-field or

_“natuf§1“ splittings are: A)-O; B) 50,' C) 100, and D) 150 cm

Shoulders appear in curve D for both LCPL and RCPL, and there are

threeiisOSbestic points in the MCD. Other parameters used in ‘these

- calculations were:.

10 Wh /m

_ Ryz/sz = (653, 4 = 100 cm']f M, = 9, and

T
"
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Fig. S. ‘?ogition of,the‘absorption peaksvpfithe‘RCPL and LCPL bands

calculated for aEy = 0, 30, and.60 cm"1 and three véTueS of»'v
| Ryz/sz»; A) 1.0, a)’ofs"sz,- and €)0.25. In this computation,
Mz,é 9 and & = 100 em™'. ’ |



LEGAL NOTICE =

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

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, épparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any Information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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