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ABSTRACT 

Recent experimental studies have reported anomalous and contra

dictory results for the abs'orption of left and right polarized light 

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

of a magnetic field: for both compounds, the absorption bands for 

right and left circularly polarized light have distinctly different 

shapes at room'temperatute; at 77°K unexplained shoulders appear in 

the absorption spectra for both polarizations for the 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 

of the LCPL and RCPL absorption bands differs from the value obtained 

from amagneti c ci rcul ar di chrai sm (MCD) experiments by nearly 50%; 

no shape anomalies were observed in the MCD spectra. We derive a 

general solution for the mixing of two states by a magnetic field 

and show that all of the anomalous experimental data are explained 

if a) the presumably degenerate pair of excited states are spl it 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 intensities. Our results show that MCD should give 

better estimates of excited state angul ar momenta whil e the di reet 

measurement of LCPL and RCPL is superior in detecting non-degeneracy. 
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INTRODUCTION 

Malleyl and Malley, Feher and l~auzeran2 recently l1lt:!asured the 

Zeeman effect on the vi s i bl e absorption bands of zi nc and magnes i U!1, 

coproporphyrin. Their data for the absorption of right and left 

circularly polarized light (RCPLand LCPL) by transitions to the 

lowest excited states (Q(}<-O band3) of zinc coproporphyrin I arc 

sho\'mi n Fig. 1. These data shmv asymmetries betv/een the LCPL and 

RCPL absorption curves which are not predicted by simple theory3,4 
. 1 2 

and for whi ch Malley et~. ' offered no exp 1 ana ti on. I n the 

presence ofa magnetic field, the RCPL band shifts to lower energy, 

exhi bits a hi gher peak i ntens ity and is narrower than is the LCPL 

band. Significantly, the areas under the two curves a)'e equal. 

Thi s resul t vias found for both i somers I and I I I of zi nc copropor

phyrin '(see Fig. 2) in a variety of solvents at room temperature 

and at 77°K. At room temperature, the spectra of magnesium copropor

phyrin I were similar to the data shovm in Fig. 1. At 7JOK however, 

shoulders appeared on both the LCPL and RCPL absorption bands, 

another result which was not explainable. l ,2 

Malley et Al. 1,2 calculated the angular rnomentum,Mz ' of the 

lowest exci ted state from the separati on between the peaks of the LCPL and 

RCPL absorption curves. At room temperature they found about 9 units 

ofangul ar momentum for both i somers and both metal s . This va ll:le is 

in excellent agreement with the predictions of simple free electron 

theory3,4 but greater than the'value calculated fronl'molecular orbital 

theory by about a factor of 2. 5 At 77°K the value of M decreased to , z 

about 6.4 for the zinc compound but increased for the magnesium compound. 
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Dratz6 has studied the Q(}f-O bands of mctalloporphyrins using C 

magnetic circular dichroism (MCD). This technique makes a direct 

measurement of the difference in absorption behJecn left and right 

circularly polarized light induced by.an exteY'lldl magnetic field. 

The asymmetries found in the Zeeman experiment are not apparent in 

Dratz's data, hor are they observed when the MCD is calculated from 

the LCPL and RCPL absorption curves. l Dratz calculated Mz by com

paring the MCD with the derivative of the absorption spectrum 

measured in the absence of an applied magnetic field. U~ing the 

same sample of zinc - coproporphyrin III employed by r~al1cy et ~., 1,2 

Dratz found thatMz \'Ias 6.5 + O~ 5 ~t room temperature .. Under the 

same conditions, the MCDcurve deduced from the Zeeman experiment 

gave a value of 7.0, in excellent agteement with Dratz's results. l 

Thus, there appeared to be systematic differences bet\'Ieen theh.JO 

supposedly equivalent techniques. 

The spectra of porphyrin molecules have been investigated both 

experimentally and theoretically in great detail because of the cen

tral . role of these molecules in photosynthesis and energy metabol ism. 

In addition to their importance iri numerous biological systems. por

phyrins are inherently interesting to the spectroscopist because 

they are among the largest and most complicated molecules to which 

the techniques of mol ecul ar orbi ta 1 theory have been success fully 

applied. Thus, the unexplained features found in the Zeeman spectra 

'and the contradiction between this technique and t1CD have led to 

considerable discussion and concern. 1•2,6.7 

.. 
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i-Ie have found that al r of the anomalous features of t'1allcy 

~t ~.'s data for the QO+.O band cail be expl ai ned and the apparent 

di screpanci es between the Zeeman effect and 1,1CD resol ved by i ntro

duci ng the hypothes is that the t\10 components of the pres umab ly 

degenerate exci ted state di ffer in both enel~gy and i ntensi ty (i n 

the absence of an applied magnetic field). We use a general for

malism for the mixing of excited states by a magnetic field \-/hich 

in the appropriate limits reduces to the solutions found previously 

by other I'/orkers. 8 The contradictory resul ts found from the Zeeman 

experiment and MCD are shown to follow from inherent differences 

between the quantities measured by the two methods. Our conclusions: 

1 ead to fundamental questi ons concerni ng the. symmetry of the por

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

THEORY 

We wish to find the changes in theabsorptipn of circularly 

polarized light induced by an external magnetic·field.Our model is 

a molecule \-/ith two excited states whose transition dipoles are 

mutually perpendi cul ar .. No simpl i fying assulTlpti onsare pl aced on 

the relative energies of the two states. We find a general solution 

to the problem and show that it is correct in the special cases when 

the two excited states have the same energy and also \-/hen their 
.. 

energies are greatly different. Our solution leads to sum rules 

\-/hose predictions may be compared directly with experimental data. 
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The visible spectrum of metallo-porphyrins consist of the 

intense B, 3 or Sot'et bands, near 400 mn, and the much weak~ r Q, 3 

bands in the red. Both the Q and So)'et bands contai n two components 

and arise from transitions whose dipole moments lie in the plane of 

the molecules' ring system and are perpendiculJr to each other. 9 

We designate the ground state as 10> and the two electronic excited 

states associated with the Q bands as Ix> and Iy>. The directions 

of the transition dipoles 'for Ix>+IO> and IY>~-IO~ define a right 

handed orthogonal coordi nate system, xyz, fi xed with respect to 

the molecule.' The functions Ix> and Iy> are ortho-normalized 

eigenstates with the foll owing properties: 

1l Ix> = E Ix> o x 1lly> = Ely> 
0 y 

Lzly> = iNz~lx> . 
(1) 

whereH
O 

is the complete Hamiltonian for the molecule in the absence 

of a magnetic field, andLzis the angular momentum operator for the 

direction perpendicular to the molecular plane. 

In the presence of a magnetic field of intensity Hz parallel to 

the positive z axis the Hamiltonian of the system becornes 

H= H+ BHL o}f z z 

where B is the Bohr magneton. The stat~s Ix> and Iy> are no longer 

eigenfunctions of H. We seek new eigenfunctions Ii> in the form of 

linear combinations of the unperturbed states; 

,., 
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Ii> = c. I x> + C. Iy> 
lX ' ly 

The coefficients e. and C •. are determined from the variational . lX ly 
. . 1 10 h' h . prlnclp e w lC requlres 

aE. 
1 

~ 
lX 

= 0 
ClE. 

1 0 
~ = 

ly 

(2) 

where Ei = ~i III I i > . In addition, we require that Ii> is normalized. 

When the expressions for II and Ii> are substituted into the matrix 

element <i Illli> and the derivatives of the resulting expression with 

respect toC ix and eiy are 'equated to 'zero we obtain: 

[ :::] = [:] 
( 3) 

Non~trivial solutions exist if and only if the determinant of the 

matrix vanishes. The values of Ei which fulfill this condition are: 

E~+Ex: {[ E -E r [ rr /2 
E' = _ Y .x + SH M 1 2 2 z z 

(4) 

E +E 
{[E -E r [ rr2 

E2 = Y.. x + Y2 x . + .. BHzl~z . 2 

These equations become clearer and more compact if we introduce 3 ne\v 

variables: 
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., 

E =' {6E 2 + [ I3H M J2 } 
6 T Nz. z 

E -E y x 
2 

1/2 

and 

(5 ) 

Eo is the mean energ~1 of states Ix> and IY> ,6EN is the natural 

splitting of Iy> and I~>from Eo' and 6ET 1s the total splitting of 

the,p~rturbed states 11> and·,12>.from E6in the presence of a magnetic 

field. Using the new notation Eqns. 4 become 

=E . - 6ET o . and 

The difference in energy between states 11 > and 12> is anon-linear 

function of Hz whenever bEN t O. This effect is illustrated in Fig. 3. 

To find the new wavefunctions for the magnetically perturbed 

excited states, 11 > and '12>, we substitute E1 and E2 into Eqn. 3. 

After some manipulation11 we get: 

11> = 'aIX >:" iyly> 12> = y I x> - i a ly > 

where 

a = = 

(6) 

The coefficients a andy are not independent, since y , {1_a2}1/2 . 

In the two limits of 1) complete degeneracy (bEN ~ 0) and 2) \-Jell 

resolved non-degeneracy (6EN»eHzMz), Eqns. 6 reduce to theforll1s found 

by degenerate and fi rs t order nondegenerate pertUl~bat ion' theory. 

I~ the degenerate situation both a 
ill 



and y become 1/(2 and 

/1> :: 
/ x> + i Iy> 
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12> 
Ix> - i Iy> 

= ------
,'2 

whi.1e to first order in the non-degenerate limits we obtain 

E1 = Ex E2 = .Ey 

11> = Ix> + 
i BHi1z 

1y> 
Ey-Ex 

/2> = -i /y> + 
BHzNz / x> E -E . 
Y x 

(6a) 

( 6b) 

Next we calculate the transition probabilities for the absorption 

of left and right (LCPL and RCPL) traveling in the positive z direction. 

The dipole moments for these transitions are of the forme<olrli> , 

where r is the radi us vector in the xyz coordinate sys tem( i . e., r :: 

x~+yy+zz where xis the unit vector along x, etc.), e is the charge 

on the electron and I i> is given by Eqn. 2. 

Since the transition dipoles COILlx> and <oILly> lie along the x 

and y axes respectively, terms like <o/ylx>x , <olzly>,9, etc. ,.vanish. 

Therefore, the transition dipole for li>+lo> is 

(7) 

. The probability of absorption of left and right circularly polarized 

light is given by: 
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= ( 8) 

~ ~ 

where xi1 are the unit vectors in the di recti on of the vector poten-

tials for LCPL and RCPL evaluated at the origin of xyz. The plus sign 

is for LCPL and the minus sign is for RCPL. 12 By analogy) \'12 defi ne 

R = e<olxlx> and R = e<olyly>. Substitution of the expression x y 

for e<ol~I~> given by Eqn. 7 into Eqn. 8 gives 

= 

Equations 9 give important sum rules for both the Zeeman effect 

and MCD. Recalling that a 2+y2 = 1 we have 

That iss th~ total absorption of LCPL measured in the Zeeman experi

ment is equal to the total absorption of RCPL and both are exactly 

" 
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one half theahsorption intensity measured v/ith unpolarized light 

(\'Jith or \'JitilQut a magnetic field). This result is valid whether 

or not Rx 2 and Ry 2 are equa 1. 

MeD is the difference between the absorption of LCPL and RCPL. 

Thus Eqns. 9 show that the MCD of band 1 is equal in magnitud~ but 

opposite in sign to that for band 2 since 

This result has been found previously for both special cases ~EN = 0 

6 
and ~EN»SHzMz' 

In Results and Oi scussi on we show that the differences in shape 
1 2 of the LCPL and RCPL absorpti on bands reported by r~a 11 ey et El. ' 

2 2 are explained if we assume CL t y (Le., ~EN f 0) and Rx t Ry . 

CALCULATIONS 

Thus far we have considered only molecules whose transition di

poles are perpendicular to the direction of propagation of the light 

they are absorbing. In order to compare our results with experi

mental d'af~':0e must account for the random orientation and the 

spectral width of absorption bands of molecules in solution. 

The coordinate system xyz of a single molecule described above 

is related to the laboratory coordinate system XYZ by Euler's angles 

8,4> and tjJ as shown in Fig. 4. The Poynting vector of the light 

beam and the magnetic field vector, ~, are both parallel to the 

positive Z axis. Since the molecules are randomly oriented in 
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solution,13 we ca1cula~e the absorption of circularly polarized 

light in xyz., by averaging the absorptions over all values of 

9, ~ and~. Th~ probabilities of absorption of LCPL and RCPL by 

a molecule v/hoseorientations with respect to XVZ is given by 0, 

• ·and ~isproportional to~ 

A A 

where X and Yare unit vectors along the X and Y axes in the labora-

tory coordinate system andr is still the radius vector in the 
'. - .' . 

molecules coordinate system. When <olrli> is replaced by the ex

pression given in Eqn. 7 we find: 

v/here 

Bl1 = cosl/J cos. - cose sin. sin!/! 

B . 
. 21 = cosl/J sin. + cose coscP sinljl 

B12 = -sinl/J cos. - cose sin~ cosljJ 

B22 = -sinljJ sin<f! + coso cos~ cos~ 

(10) 

The component of the magnetic field intensity along the molecule's z 

axis is H = H coso . From Eqns. 6 and 4 we see that the coefficients z . 

(l and y and alSo the excited state energies (lre complicated functions 

of e. 
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Before \'1e average the transition probabilities over all orien-

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

electronic transition in solution. \~e choose Gaussian shape 

functi ons of uni t a)~ea \'Jhi ch have the fo)~m 

1 l ~--V; (e) ]2. 
b. '(TI exp b. ' , 

E. 
where ~ = E/hc ;s the wave number of the absorbed light, vi = h~ is 

the wave number of the bands maximum, Ei is the energy of the state 

and b. is the band's width factor expressed in wave numbers. 14 The 

dimensions of -V, ~i and !:J are cm-l.(Have number and energy are 

equivalent parameters, In discussing the theory we will use energy, 

while the experimental data and our calc~lations are expressed in 

\-.rave numbers). vJhen the magnetic field is tUl~ned on, the absorption 

envelope of each molecule shifts rigidly (i .e., its shape does not 

change) from its original position centered at Ex or Ey to its nel'J 

position at El or E2. Each band is thus displaced by an energy of 

!:JET - !:JEW However, the extent of the band I s di spl acement is not a 

linear function of H as shown by Eqns. 4. Since E1 and E2 are 

functions of Hz = 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 e, <p and qJ i s ~ s i neded<j>dlf; The express i on for the absorp-
8lf 

tion of LCPL and RCPL of wave number~ by the transition Ii> -+- 10> 

averaged over all orientations thus becomes: 

= 1 R~ ,(G,<p,~)s~nedod¢d~ 
R,l 

(11 ) 
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where the expressions 

are given from Eqn. 10. The integrals over ~ and.~ involve only 

simple products of sines and cosines and were evaluated analyti

cally •. The remaining integration over e was performed nUni2rically 

by a digital computer. The program required that numerical values 

be assigned to Rx ' Ry ' Ex' Ey ' Mz ' 8, and H. For 8 we used a value 

of 9.273 x 10-24 J-m2/Wb. Varying H is equivalent to varying Mz ' 

since they always appear multiplied together. 

The experimentally observed parameters are molar extinction co

efficients which are related to absorption probabilities by 

where Nis Avogadro's number, e is the charge on the electron,n is 

the index of refraction of the medium and ~ is Planck's constant 

di vi ded by 21T. The program whi chcomputed the absorption probabil iti es 

converted them to molar extinction coefficients. It also combined the 

componcI1ts to give the extinction coefficients for left and right 

circularly polarized light and for th~ MCD: 

E:i:(V") = EL,l (v) + EL 2(~) ., 
E:R(v) = .ER,l(v) + E:R,2('V") 

I 
and ~EM(~) = e:L (-;) e: R(v) 

Both e:L(~)' £R(';)' ~E:M(v) and any desired combitlation cif the unobser

vable components (E:x{v), £y(v), £L,l{v), £L,2(v), £R,l(~) and £R,2(v») 

werepl.otted on the same wave number scale. 
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RESULTS AND DISCUSSION 

The nsymmctric distribution of absorption intensity measured in 

LC~L and RCPL is a direct consequence of non--dcgeneracy (Ex i Ey) 

and unequal absorption intensity (Rx2 l Ry2) (Y.Lde infr~). After 

demonstrating the asymmetry for the simple system treated in the 

theoretical section we \'Jin add the complicat"ions of finite band 

",Jidth and random orientation and show that our theory can reproduce 

qual i tati ve lyall the features of the experimental data. The re 1 a

tive merits of the molecular Zeeman effect and t"CD are then compared 

on the basis of their sensitivities to changes in the theoretical 

parameters. Fi na lly, we di scuss possi b le causes of the nondegeneracy 

in metallocoproporphyrin and suggest ne\,1 experi ments. 

The meani ng of Eqns. 9 is clearer if we replace R 2 
x and R 2 

Y 
by 

b·jo 11m." parameters Ro 2 and t.R2 where 

R 2 
R 2 

R 2 
R 2 

t.R2 = -2- + ~R2 = 0 
x 2 , y -2- -

When these expressions are substituted into Eqns. 9we get: 

2 
R 2 

(c/ - 1) 
1/2 S R 4 y!2 

::: .-g- + 2 2 0 4 
RL,l 4 2 t.R - a {l- a} IT - AR '. 

R2 , 
R 2 

2 1 1/2 (R 4 y12 
0 22 .. 0 4 

=T+ (a -- -) t.R +a{l-a} t 4 -AR R,l .2. 

R 2 [4 (1/2 
R2 0 ,2 1 2 2 1/2 Ro 4 

=0 -4-- - (a - -)t.R +a{l··(( } ------t.R J L,2, 2 . 4 

2 
R 2 

2 1 
1/2 (R 4 ~1/2 _ 0 

t.R2-a{l-a2} t-.~- _M~4 RR,2 - -4- - (a - 2-) . 4· J . 

(12) 
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The asymrnetri8s'in the absorption of left cHle: right circularly 

polarized light can now be seen directly. We will start with the 
. . 

simplest case of complete degeneracy and then sliml the effect.s 

fi rst of s 1 i ght nondegeneracy and then of unequal absorpti on. 

Complete degeneracy means thatEx = Ey and a = 1/(2 (Eqns. 

6a). Also, ~ince 1x> and Iy> are physically indistinguishable, 

R 2 R 2 
R 2 

2 0 
and 0 = = -2- llR = 'x y 

Under these conditions Eqns~ 12 become 

2 0 RL,l = 

2 
R2 

0 
RR,] = T 

2 
R 2 

0 
RL,2 = -2-

2 
RR,2 = 0 

These resul ts are shown schematically as .part I of Fig. 5. Trans i-

tions to state 1 .absorb only RCPL and thbse td state 2 absorb only 

LCPL. 

'Next, we suppose that states Ix> and jy> are slightly nondegenerate 

in energy but llR2 is still equal to zero .. In this case a is no longer 
I . 1/2 

equal to 1/'(2. However, the product a{l-a2} has a maximum value 

of 1/2 when a=l/f2. Thus,.the an-a2}1/2 terms in Eqns. 12 have 
. 2 

absolute values less than Ro /4. The result, shown as II in Fig. 5, 

.is that an increment of intensity 
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R2 
( .~ ._, un_ r.(2}1/2) -~--

is transferred from 1 to 2 in RCPL and from 2 to 1 in LCPL; HO\'lever, 

this shift in intensity does not account for the asymmet~ies in the 

experimental data (Fig. 1) since the a6sorption in LCPL can be con

verted into that for RCPL by reflecting all components about Eo' 

Finally, we note that if ~tates 1 and 2 have different energies, 

they are distinguishable. Thus, there is no reason to require 

R 2 - R 2 . To illustrate the effect of unequal intensities, we take x - y' 
222 Rx - > Ry so fiR >0. Both the second and thi rd terms of Eqns. 12 are 

affected. The presence offlR4 in the third terms causes a transfer 

ofi ntens ity wi th the same' symmetry as des ct'i bed above. vIe can thi nk 

of this as an adjustment to the values obtained in going from I to II 

in Fig. 5., The asymmetry comes from the (a2- 1/ 2),flR2 terms since 

they transfer intensity from state 2 to state 1 in both lCPL and 

RCP(. This effect is shown in part III of Fig. 5. The absorption 

is now asymmetric. In RCPL most of the intensity is located in the 

transition to state 1, while in LCPL it is divided more equally be

tween the transitions to states 1 and 2. 15 

The aSYlllmetri es in LCPL and RCPL requ·j re that both the i nhns i

ties and the energies of states Ix> and Iy> be unequal as is shown by 

cons i deri ng the case where Ex = Ey but R/ t R.'/. The coeffi ci ent a 

depends on Ex and Eybut not on Rx 2 and Ry 2 and v-li 11 be 1 /(2', Thus, 

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

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

a distribution pattern of type II as shmvn in Fig, 5. 
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Finally we consider iandomly oriented molecules with absorption 

bands of finite \·lidth. The integral expressions for extinction co-

efficient as a function of ~'/avelen9th \'lerC evaluated nUi;I~~rical1y as 

discussed above. Fig. 6 sllows results \,Jh'ich correspond to case III 
I 

of Fig. 5. In RCPL, most of the absorption intensity is due to the 

transition to the lower energy states while in LCPL it is shared 

between both states. Thus the peak of the RCPL band is quite near 

the peak of its state 1 comporient while the peak of LCPL is broader 

and located between the state 1 and 2 components. The shapes of the 

RCPL and lCPL bands in Fig. 6 are strikingly similar to the experi

merital data of Fig. 1. The LCPL and RCPL absorption curves and MCD 
. . . 2· d . 16 

are complicated fUllctionsof BMzH, flEN'flR and the I·ri th fl. The 

influence of each of these parameters was determined by computing 

the absorption of LCPL , RCPL and theMCD for a series of values. 

Particular attention was given to changes in position of the peaks 

of LCPL and RCPL absorption, since Malley et2.1. l ,2 used peak sepa

ration to calculate Mz ' Figure 7 shm'/s the effect of increasing flR2 

The total absorption intensity, Ro' is constant. The curve for RCPL 

narro\'/s and the peak intensity increases as lIR2 becomes larger. The 

position of the RCPL peak mov~s slowly towards lower energy. The 

peak in LCPL drops and al so moves to 1 mlJer energi es. Nei ther effect 

is linear in lIR2. The LCPL curve also becomes wider. Changes in lIR2 

affect the MCD only slightly even in the most extreme case. 

The wave number at which the MCD passes through zero is an isos-

bestic point. In the appendix, weshoVl that this is a general result 

and that the crossing point corresponds to Eo,~the mean energy of the 
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hlo component states. Thus, Eo is <1 pllYS'ica'lly li102l.s.ur'dllo qUDnl,ity 

and not merely a parameter in the theory. 
2 Figul'c 8 shoVJS the effect of incl'easing liEN \'-Ihen toR >0. Case A 

t . d t 1 d . E 0 R2 -I- 0 I . represen s aCCl en a egeneracy, ,:! .. ,~Q.., II N = , /:;. T • ncreas 1 ng 

values of 6EN cause both the LCPL and RCPL curves to decrease in 

peak intensity and increase in width. Ho\t/ever, both effects are 

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

to LCPL. In curve 0, fol' which the natural splitting, 211E N, is one 

and one half times the width factor, 6, both LCPL and RCPL have 

shoulders which mark the location of their "minor" components. The 

shoulders are located at positions under the peaks of absorption for 

the other polarization. The separation in peak position has increased 

greatly over that in case A. Case D thus corresponds closely to the 

experimental results found by Malley et El. for magnesium coproporphyrin I 

measured at nOK. For both polarizations thel~e occurred a shoulder 

virtually coincident with the wavelength of the peak observed in the 

other polarization. Values of excited state angular momenta calculated 

from the separation in the peaks of LCPL and RCPL \'/ere unrealistically 

high (Mz>10).1,2 The agreement beh'leen the low temperature spectra of 

magnesium coproporphyrin and curve D of Fig. 8 is convincing evidence 

that our model is correct . 

One unusual feature of the d~ta on magnesium coproporphyrin I in 

. EPA is that at room temperature Rx 2 is greater than Ry 2, whil e at 

77°K ~ 2 appears greater than Rx 2 ( see Ref. '15). Thi s may be related 

to the loss of about one-half of the i ntens ity of both the LCPL and . 

RCPL components when the sample is tooled from 300 to 77°K. 
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The data in Figs. 7 and 8arecalculuted fot a magnetic field 

of 10 Wb/m2. We investigated the relationship between p~ak position 

and magnetic field by modifying our program to calculaLt~ automati

cally the position of the absorption maxima by interpolation. 

Figure 9 shOl""s the position of the peaks in the absorption of LCPL 

and RCPL relative to the position of the absorption maximum at zero 

field 17 for values of H from 0 to 10 Wb/m2. In Fig. 9A, Rx2 and 

Ry2 are equal. The peaks are split symmetrically (as are the entire 

absorption envelopes). However, the splitting is not a linear 

functi~n of H for 6EN iO. Calculating Mz from the observed 

spli.tting \vould always give too large aresulL Figures 98 and C 

show that when 6R2 I 0, the splitting is no longer symmetric. In 

case 8, the value ofMz calculated from the separation of th~ peaks 

will always be too large vlhile in case C, it will always be too small. 

Mall ey et El. l ,2 measured the position of the peaks as a function of 

H for zinc coproporphyrin I in dioxane. However, their experimental 

uncertainty is too large to permit meaningful comparison \'1ith our 

calculations. The results of calculations in which the width of 

the absorption curve was varied showed that peak positions are 

relatively insensitive to this parameter as long as the state 1 and 

2 compon~nts are unresolved. 

Magnetic circular dichroism and the molecular Zeeman effect 

are complementary techniques. MCD depends only on the last term 

of Eqns. '12 while the Zeeman experiment depends on all of the terms 

in these equati ons. As a resul t the Zeeman effect is super; or to 

MCn for detecting slight non-degeneracy (i.e., 6EN f 0, 6R2 r 0). 

€onversely, the magnitude of the separation between the peaks of 

·t 
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the two Zeeman components gives unreliabh~ estimates of ~lz' as rigs. 

7, 8 and 9 demonstrate. Figure 7 shows that the MCD is insensitive 

t I .. R2 
o clanges 1n h • The Men is also -jnsenc;itive to the natural 

splitting when~EN is s~all co~pared to the width of the absorption 

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

on coproporphyrin are closest to curve B (Ey~Ex = 50 cm- l ). This 

splitting produces less than a "5% chahge in the MCD. This insensi-

ti vity is a consequence of the form of the terms in Eqns. 12 V/hi ch 

give rise to MCD. Suppose,that introducing a non-zero value of hEN 

causes a to become s 1; ghtly 1 arger than 1/\'2. Then {1-;2} 1/2 Vii 11 

" 1/2 be slightly less than 1/)'2, but the product, a{l-o:2} will change 

less than either of its components. A similar argument holds for 

the product Rx Ry and shows that r~cn is also insensitive to changes 

in the relative intensities of transitions to Ix> and Iy>· 

As a test of the values of Mz calcuiated from MeD, we analyzed 

computed MCD and absorption spectra by a technique similar to that 

employed by Dratz. 6 For values of /lEN less than 1:./4, the value of Nz " 

recovered from the simulated experimental data were correct to 

within 10%. Thus, MCD should give relatively good estimates of 11z . 
" 6 

Indeed, Dratz's value~ of Hz for a variety of metalloporphyr-jns 

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

of 4.35 predi cted from MO theory by McHugh et~. 5 

If the aliphatic substituents are ignored, metallo·-coproporphyrins 

have D4H symmetry. Inclusion of the substituents reduces the symmetry 

of isomer I to C4H . In this group, the representations of Ix> and Iy> 

remain degenerate. Isomer III belongs to group CS' in \·Jhich the 
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degene)~acy betl'1een /x>and /y> is formally removed. Hm'/ever, t·ialley 

et El.1,2 observed the same asymmetry in the LCPL and RCPL absorption 

bands for both isomers land III: Therefore, the substituents are 

probably not responsible for the lack of exact degeneracy Ivhich 

. bringsc.bout the asymmetry of the absorption bands. 

Acl ue to the ori gin of the effect may be found in changes in· 

the Zeeman spectra produced by lowering the sample's temperature. 

For zinc -coproporphyrin III in EPA, reducing the sample's tempera

ture from 300 to 77°Kcauses the value of Mz calculated from the 

separation of lCPL and RCPL absorption peaks to decrease from 

8.6 + 0.6 to 6.4 + O.6~1,2 For magnesium coproporphyrin III, lower

ing the temperature reveals shoulders to the state 1 and state 2 

components in LCPL and RCPL, respectively, suggesting that /lEN is 

larger in this molecule relative to the width of the absorption band. 

Three other changes occur when the temperature is reduced: . 1) the 

QO-<-O band shifts to lower energy, 2) the absolute intensity of both 

polarization components decreases, and 3) the relative intensities 

of the absorption bands reverse (i.e., at 300o K, Rx2 > Ry2, while at 

77°K Ry 2 
> Rx2). The QO+O band of the zinc compound shifts slightly 

to hi gher ·energy and the i ntens ity effects are not observed. He have 

shown that changes in AEN and AR2 can alter the positions of the 

peaks in the LCPL and RCPL absorption curves. These parameters, 

therefore, may be functions of temperature. The physical basis for 

the removal of the degeneracy could involve either molecular vibra

tions or solute - solvent interactions. 

,. 
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Jahn and Teller shovled that theequil i bri um' configul~ation 

of the nuclei of a han-linear molecule in .a totally sYllllnetrical 

vibrational mode arid a degener~te 'electronic state is ah'lays such 
, ' 

as to relieve the degeneracy. For example, the highest symmetry 
I 

possible for a porphyrin molecu1e~ ignoring substituents, is D4W 

But the dependence of the electronic waveftinction on the nuclear 

coordinates will always cause the actual symmetry of the molecule 

to be no hi gher than D2W The observed' temperature effects mi ght 

be produced through changes in the dielectric constant of the 
, , 

medium. Perhaps molecular ,orbital' ca 1 cul ati onscan pre'di cti f the 

observed zero-field splitting (of the order oflOO'cm-1 ) can be 

accounted for by "reasonablei' nuclear distortions. 

Another possibility is that the relatively weak QO~O bands 

mi ght gain' i ntens i ty when the mol ecul e is perturbed by random 

interactions with the solvent. Since a r~ndom pertutbati6n is 

1 i kely to be asymmetri c, the spectrum woul d beheavi ly \vei ghted 

by those mol ecul es vlhose symmetry had been lowered. Thi s hypo-

thes is predi cts that the LCPL and RCPL curves woul d be symmetri c 

for the much s trongerSoret band, \·,here changes in intens ity due to 

small distortions would be minor. Unfortunately, Malley et El. 

report that their experiment was insufficiently sensitive to detect 

any si gni fi cant di fferences in the absorpti o,n of LCPL and RCPL by 

the Soret band. New
j 

experiments capable of detecti ng shape di f

ferences and spl itti ngs in the Soret band would be very useful. 

Measurements should also be made on other metal-porphyrins to 

determine if the effect is unique to coproporphyrin. 
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Our theory accounts qual i tati VIC! 1y for all of the un us ua 1 

effects observed by Malley et ~_, 1,2 for the QQ-<-O bands of zinc -

and magnesium coproporphyrin. It also alloVJs us to assess the 

relative merits of Men and the Zeeman experiment. Hm'lever, we 

raise a new and fundamental question: Hhat is responsible for 

removi ng the degeneracy of the excited states of meta 11 o-porphyri ns? 

The answer to this question should represent a significant advance 

in our understanding of the electronic structure and spectroscopy 

of all porphyri ns. 
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If the natural splitting, 211E N, behJeen the blo unresolved COnll'onents 

of a nearly degenerate absorption barid is small compared to the 

spectral band width"we'canderive an expression for the 1''iCD fo)' 

which the integration over e can be performed analytically. We 

also show how, in principle, the parameters LIEN and lIR2 may be deter

mined from experimental data. 

The total absorption intensities for LCPL and RCPL are the sums 

of the intensities of the two component states; i.e., 

(13 ) 

The MCD is proporti6nal to R~(;) - R~(;). We abbreviate this difference 

as oR~(;). From equation 13 we find 

Each of the terms on the right side of equations 13 and 14 can be 

written in the form 

(15) 

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

envelope has been replaced by a generalized shape function, f(;';i), 
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App. -2 

\·Jhich we assume to be of unit area. The sfi(1pe of the enve'lope is 

the same for all the bands and the envelopes f6r components 1 and 2 

have their maximum values at~l and v2~respectively. I·iller! the mag

netic field is turned6n, the ?bsorption envelope shifts rigidly 

from ~x tO~l oy~ from Vy tOv2 . 

We replace each term on the right of equati on 14 by the corres

ponding form of equation 15, perform the integrations over ¢' and ljJ 

and find 

RxRy S[f(~,v2) - f(~'~l)] aycosesinede 
e 

(1 G) 

where the coefficients a and yare still functions of e. Since 6ET 

is small compared to the spectral band \'Jidth, we expand f(v'~-i) around 

vo' ignore all terms above first order, and obtain 

= (17) 

Where the + and - signs correspond to components 1 and 2. We also 

note from equation 6 that 

Bt~zHcos 8 
= ay 26Er 

( 18) 

Substitution of equations 17 and 18 into equation 16 r~sults in an in

tegrable expression, and we find 

(19 ) 

Equation 19 shows that, to this first o~der approximation, MCO 

is independent of AE N. As we showed in Results and Discussions, the 

1 

\. 
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App. -3 

product RxR variesonlysliglitly \'lith ",R2. Both of these results y 

are apparent from the computer generated curves of Figs. 7 and 3. 
- 19 Equation 19 also shov/s that f.1CO passes through zero at \)0' - the 

mean energy of the tvlO unperturbed components of the zero-field total 

absorption band. This result is true to any order of approximation; 

if we extend the expansion of equation 17, all even order deriva-

" tives of f(;,\)o) cancel in the sl,lbsequent calculation. In principle, 

then, MCD can be used both to treasure; and to. detect non-deoeneracy, 
. 0 -

since the value;o deduced from the zero-crossing of HCD \>/ill differ 

from the location of the peak of the unperturbed absorption band if 
. . 2 

AEN t D and AR t o. (The effects of non-degeneracy are more obvious 

in the Zeeman components, however,) Furthermore, the NCO has the 

shape of the derivative of either of the unperturbed near-degenerate 

components of the original absorption band, but the shape is not the 

derivative of the experimentally observed total absorption. Thus 

the MCD contains information about the shape of the individual com

ponents of the absorption band which cannot be obtained from total 

absorption or Zeeman spectra. 

Equati on 19 1 eads to a method for findi ng AEN and AR2 from the 

experimental MCD and absorption spectrum. The total absorptionproba

bility measured in the absence of a magnetic field is 

. R~(;) 2- 2-= Rx(\)) + Ry(\)) (20) 

where . 2 

R;(~) fC~, \)x) 
Rx 

--
3 

and 
R2 

2 -) Ry{ v = f(~,-;,-y) ~-
3 

( 21) 
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(Equattons 21 tan be deduced from equation 15. The int~grals are 

easy to evaluate because in zero field the absoY'ption probabilities 

areprop6rtiorial to C052e). We substitute equations 21 into equation 

20. expand the absorption envelopes about Vo and find 

R~C~) (22) 

The second term on the ri ght in equati on 22 has the frequency 

dependence of ,~~ (~, "'0)' which accordi ng to equati on 19, is propor

tional'to the r~CD. The other term in equation 22 has the frequency 

dependence of f(v,vo). The latter may also be expressed in terms of 

MCD since we can integrate equation 19 to give 

2(- ) -oR Vi dv l 

M 
(23) 

- -, df (- - ) He substitute the values of f(""",o) and dv ""vo from equations 23 

and 19 into equation 22 and find 

v 

= A f OR~CV') dv I + B6R~{~) (24) 

where o 

A = ... J... +..L / 28M H (
R R )' 
Rx Ry Z 

and (25) 

B = (
R R ') llE 3. - ~ / 213M H N R 1 R z x y , , 

We can find the coefficients A and B by resolving R~(v) as a sum of the 

experimental values of OR~Cv) and s'" oR~(v' )dv' by a least squares 

o 

~'" .', 
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App.-5 

procedure. Once A and Bare kno'v'Jn, liEN and lIR2 can be calcul ated 

from equations 25. 

We analyzed computer generated da.ta by the method outlined 

above and recovered the input val ue of !lEN to \-ri th in ::,25% and the 

input value of lIR2 to within +15%. As expected, the analysis started 

to fail when the zero field splitting, 2!lEN, became greater than one 

half of the spectral bandwidth. This is not a seribus limitation, 

because the method fail s at about the poi nt \'lhere the two components 

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

longer necessary. 
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13. Malleyl showed that orientation of the diamagnetic grou~d state 

molecules by the magnetic field is inconsequential CV'.'ll at 7rr: 

compared to thermal randomization. 

14. The broaden-ing of an··isolated absorption band of a llIolecule in 

solution is due to solute-solvent interactions and unresolved 

rotational structure. He assume- that these effects are t,he 

same for the trans1tionsto states 11> and 12>. Thus, we use 

thesawe width factor fot both bands. 

The experimental absorption bands cannot be fit exactly by 

one Gaussian function. The fit could be improved, for example, 

by mul ti p lyi ng the shape functi on by (~/~)n at the expense of 

introducing another param~ter, n. Since our objective is a 

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

this refinement. 

15. If Rx2 is less than Ry2 (lIR2<O), the transfer of intensity is 

from 1 to 2 for both polariz~tions. The polarized absorption 

curves are sti 11 asymmetri c, but now RCPL has the 10\'/cr i nten

sity at its peak and a broader shape.' This situation is ob

served for magnesium coproporphyrin I at 77°K.l 

16. The express i on for the MCD (i. e., lI~M) can be simp 1 ifi ed and 

the significance of the various parameters determined analyti

cally if lIET<lI/hc. See the Appendix. 

17. The shift in peak position caused by changes in lIR2 and liEN in 

Figs. 7 and 8 are relative to an absolute \Y'ave number scale, 

while in Fig. 9 they are relative to the position of the absorp

ti on peak for H = O. Thi s peak has a di fferent absol ute 

position for different values of lIR2. 
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sma 11 "8" terms i n"theMCD. This effect can be treated by 

nondegenerate perturbati on theory. 
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the LCPL and RCPL absorption curves. The sample ~:as dissolved in 
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METALLO-COPROPORPHYRI N 
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Me 

Isomer I Isomer ill 

XBL709-5449 

£J..[~.. r"etallo - coproporphYl~inisomers I and III. The syriibol r:: stands 

for a divalent metal cation, r'1e stands for a methyl group, and P 

stands for propionic acid methyl ester ((CH2)2 COOCII3). Doth r~e a;ld 

P groups connect to the porphyrin ring through saturated bonds. and 

tbus are assumed to have very 1 i ttl e effect on the extended If orbi ta 1 s 

which account for the visible and near-ultraviolet absorption bands. 



Ey 
>- .~EN 0 
a:: EO w - -
z ~EN 
w 

,. Ex 

I 

o 

- - -

.. 34-

- -" _."---

Mz,B Hz 
'~EN 

I 

2 

.' E, 

3 

. XBL 709- 5428 

Fi 9~. The energi csof states jh.aqd j2>;as a function of /3H/'i/ L\E1r 
. . 

When Hz goes to zero, £1. andE2 go to Ex .and E.y ' 



-35-: 

z 

z 

s---..... y 

XBL 709-5442· 

£JiL:_t±.. The set of Euler's anglesvlhich specify the orientation of the 

molecule's coordoinate system, xyz, \'.Jith. resrect to the laboratol~j' 

coordinate sys tem,XYZ .. 
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Fi g. 5. Schematic representation of the absorption intensities of RCPL 

and LCPL of ~ single molecule. I. The unperturb~d states are 

exactly degenerate (L\[N = 0, ~R2 = 0). In this case ~ET = Mlzi"z' 

I I. The unpcrtul~bed states are nondegenerate, but have the same i n

tcnsities (t~EN "I O. l\R2 :: 0). Alternatively, condition II occurs if 

the unperturbed states are accidentally degenerate in energy but have 

~ 
djfferent intensities (liEN = 0, ~R I 0). III. The unFcrturb~:d 

stc3.tes differ -in both energy and intensity (LIEN t 0, llR2 to), The 

absorption intensity distribution in LCPL is asymmetric \·Jith r(:s;:,.::ct 

to that in RCPL. Hov/ever, the total absorjJtion is the sam.:? meJs:.;r-c~J 

in either polarization. 
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,.... 6 r 1 g. . Th~ computed polarized absorption spectra Clnd ft,CO and also tile: 

non-observable components of the unperturbed states (x and y) and 

the components of the RCPL and LCPL absorption spectru of the per

turbed states (1 and 2). The natural spl{tting (2~EN) and the width 

parameter are both 100 crn- 1. The ratio of the y to the x band in

tensities is 0.653. The magnetic field is 10 l-Jb/,i, (lnd I'lz is 4.5. 
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I-i.L.l. Decreasing the ratio Ry2/Rx2 \'Ji1ile holding Rx2 ,. Ry2 constc:nt 

changes ~he shapes of the RCPL and LCPL "absorption bands, but has 

very little effect on the MCD. The values of R 2/R 2 are: A) 1, 
y x 

8)0.814, C)0.653, D)0.512,and E)0.389. The values of the other' 

parameters used in the cal cul ati on are: 

100 cm- 1 ~ M_= 9, H = lOWb/m2• 
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The zero~field s~litting increases from A to 0, changing both 

the polarized absorption bands and the MeD. The zero-field or 

"natural" spl ittings are: A) 0, B) 50, C) 100, and D) 150 cm- l 

Shoulders appear in curve 0 for both LCPL and RCPL, and there are 

three isosbestic points in the MCD: Other parameters used in these 

calculations were: Ry,2/Rx 2 =0.653, II = 100 cm-1, Mz =~, and H = 

10 Wb/m2. 
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Fig. 9. Position of the absorption peaks of the RCPL and LCPL bands 

calculated for ~EN = 0, 30, and 60 cm-1 and three values of 

R 2/R 2: A) 1.0, 8)0.562, and C)0.25. In this computation, 
y x 

Mz = 9 and ~ = 100 cm-1. 
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