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Abstract. We have measured the depolarization ratio and the excitation pro- 
files of the Raman lines at 1,355 cm -1, 1,564 cm -1 and at 1,373 cm -1, 
1,580 cm -1 in solutions of deoxyMb and ferric MbCN, respectively, in the 
region between the Soret and the a,/J-bands. From their dispersion we have 
determined the tensor components of the Raman tensor by an extension 
of Loudon's  theory, taking into account static distortions from the ideal 
D4h-symmetry of the haem group, induced by haem-protein interactions and 
the interaction of the side-chains with the porphyrin skeleton (Schweitzer 
et al. 1984). 

Analogous to the excitation profiles in solution, measurements on Mb 
single crystals yield intensities Ia, b which are related to the tensor components 
viewed in the laboratory system, spanned by the three orthogonal crystals 
axes a, b, c*. By using the structural data of the crystals and coordinate 
transformation from the system of the molecular coordinates into the labora- 
tory system, the quantities Ia, b can be calculated by use of the tensor compo- 
nents determined from the solution data. 

The values thus calculated and those which are determined experimentally 
from the single crystals are in good agreement. This confirms the theoretical 
approach of Schweitzer et al. (1984). 

Key words: Myoglobin - Resonance Raman scattering - Dispersion of 
depolarization ratio - Symmetry distortions - Haem - Single crystals 

Introduction 

Schweitzer et al. (1984) have reported measurements of the depolarization 
ratio (DPR) dispersion and the excitation profiles (EPS) of the 1,355 cm -1 
Raman line of deoxyhaemoglobin (deoxyHb) in the frequency region between 
Soret and a , / / -band.  Starting from the theoretical treatments of Loudon (1979), 
Peticolas et al. (1970), and Collins et al. (1973) they formulate the polar- 
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izibility tensors as a linear combination of tensors due to the Raman active 
modes, which transform like Alu, Big, B2g, and A2g in D4h-symmetry. The coef- 
ficients of the tensors have been related to symmetry-classified static distortions 
of the haem group from its ideal D4h-symmetry, which are caused by the side 
chains of the haem pyrrol rings, the covalent Fe2+-His (F8) bond between 
the haem and the globular protein and the haem-apoprotein  interaction. With 
this approach the DPR curves and the EPS were fitted simultaneously with 
one set of constants. They justified the reliability of their approach by the fact 
that one physically meaningful and interpretable set of constants could explain 
simultaneously three different experimental sets of data. In view of the con- 
sequences of this new method, which can be used to detect static distortions 
of the haem group due to solvent-protein-chromophore interaction, an in- 
dependent  check appears to be valuable for further confirmation. If the theo- 
retical approach of Schweitzer et al. (1984) is correct, one is able to obtain all 
the components of the Raman tensor in the frequency range between the 
a, fl- and the Soret bands by fitting the experimental data of the DPR and 
EPS to the theory. Any data for different Raman scattering experiments are 
then predictable at least in this frequency range. We have therefore performed 
resonance Raman scattering in both solutions and single crystals of ferric MbCN 
and deoxyMb. For the solution conditions, we have determined EPS and DPR. 
For single crystals, we have measured on a, b-planes the four excitation profiles, 
which result from the possible orientations of polarization of exciting and 
scattering light along the a, b-axes of the crystal. 

By fitting the DPR and EPS obtained from the solution data, we obtain 
the Raman tensor, which is used to calculate the four EPS of the crystal. 
With this method seven independent  sets of experimental data should be de- 
scribed by one common set of parameters,  obtained from the solution data. 

Especially good candidates for this procedure are the lines at 1,355 cm -I and 
1,564 cm -1 in deoxyMb and the corresponding lines in ferric MbCN, since 
their DPR and EPS do not show, in the limits of accuracy, any changes re- 
sulting from the pH of the solution, in contrast to Hb (Schweitzer et al. 1982). 

This leads us to the assumption that both in solution and crystal the molecules 
exhibit the same properties. From this we may assume that the Raman tensor 
components of the molecule are the same in both solution and crystal. This 
assumption of the oriented gas-phase model of the crystal seems to be realistic, 
since our findings show that both, in deoxyMb and ferric MbCN crystals, the 
four different excitation profiles obtained in the scattering geometries ~* (a, a) c*, 
~* (a, b) c*, ~* (b, a) c*, and ~* (b, b) c* are in good agreement with the values 
predicted from the Raman tensor, which was obtained from D P R and EPS of 
the corresponding solutions. 

From these measurements of Raman scattering of the haem chromophore 
in single crystalline deoxyMb and ferric MbCN, reported for the first time in 
this paper, we can draw two main conclusions: 

a) The model of Schweitzer et al. (1984) is confirmed since the set of crystalline 
and solution data can be related to one common Raman tensor. 
b) There is no change in the molecular structure configuration of the chromo- 
phore in solution and crystalline state for deoxyMb and ferric MbCN. 
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In the first part of the following description we discuss the relation of the 
Raman tensor/3ik to the DPR and EPS of the molecule in solution and the 
theoretical approach of Schweitzer et al. (1984), from which by a fitting pro- 
cedure to the experimentally obtained DPR and EPS, the components ftik of 
the Raman tensor are calculated. 

In the second part, by using the oriented gas-phase model for the crystal, 
we show the experimentally determined excitation profiles are related to the 
components of the Raman tensor. This relation is determined by the directional 
cosines between the axes defined by crystal and those defined by the Raman 
tensor of the molecule. The molecular axes are determined within a narrow 
range by considering the polarization properties of absorption of light polarized 
along the three different crystals directions a, b, and c. Finally the results are 
presented and discussed. 

Relat ion of  Raman Intensities Measured from Solutions 
to the R a m a n  Tensor  in the Molecular Coordinate  System 

In solutions three significant quantities can be measured. These are the ex- 
citation profiles/11 and I• and the depolarization ratio ~). They are related by 
Placzek's (1934) polarizibility theory (Sushchinskii 1972) to the invariants of 
the Raman tensor by 

- -  / ~ [ i b s  - -  A(3 y2 
/ll + 5 fta) 

•bs 
I• - l o g  - A ( 1 0  fls + 4 y2) (1) 

Q 
_ /11 _ 3 ~ ' 2 + 5 / 3  2 

I• lOf t  s + 4 y  2" 

~[]bs and Fibs are the observed Raman intensities, if the exciting laser light is 
polarized normally to the scattering plane and the scattered light is polarized 
parallel or normally to the scattering plane, respectively. I0 is the intensity of 
the exciting radiation, vR is the scattered Raman frequency. The tensor invariants 
~2 fts /~a are defined in the article by Schweitzer et al. (1984). A is a 
constant indicating that our data are taken in arbitrary units. The relations in 
Eq. (1) are valid only if the solution is fully transparent to the exciting and 
scattered radiation. In the case of absorbing material like Mb corrections are 
necessary. 

In our experimental set-up, however, only a scattering volume of a depth 
of 0.3 mm was imaged into the spectrometer. If one uses diluted solutions of 
10 -4 mol/1 the absorption of the radiation in this small path length can be 
neglected and to an accuracy of a few percent no corrections are necessary. 
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Calculation of the Components of the Molecular Raman Tensor 
from the Solution Data 

Extending the Loudon-theory (1979) of the Raman tensor by transitions to the 
first vibronically excited sublevel of the electronic states from the 0-sublevel 
of the electronic ground state and including symmetry-classified static distortions 
from the ideal D4h-symmetry using Collin's et al. (1973) approach, Schweitzer 
et al. (1984) obtained the following expression for the tensor of polarizibility: 

(D)dist : O~QBAZg -~A2g (~QB(f]Q,~]B) _~_ C~)B F~B(~] Q -t- V,u, ~B -[- ~#)} 

-[- E { [ E  aeFs i"/-] [~es('e, 's) -}- ~ s f ~ s ( ' e  -[- ~/.t, fls -~- ~#)]/ (2) 
e,s~.t-F -i l 

e, s are related to the excited states Q and B,  which are responsible for the 
optical transitions at fQ and ~B. 

~ is the energy of a representative phonon, leading to vibronic sidebands 
in the Q and B transitions. 

~ ~ 

Fej s are frequency functions due to the electronic structure of the haem. The 
r quantities aes are complex constant for each tensor ~r of the representation F 

tabulated by McClain (1971 ) for D4h-symmetry. ~ s  ~ is related to Franck-Condon 
overlap integrals and vibronic coupling of the Q and t3 state and results from 
considering contributions due to transitions into the vibronic sideband 
(Schweitzer et al. 1984). 

We use Eq. (2) and Eq. (1) to fit the DPR dispersion curves of the oxidation 
marker line at 1,355 cm -~ and of the spin-marker-line at 1,564 cm -a of d e o x y M b  

and the corresponding lines of ferric MbCN-solutions simultaneously with the 
corresponding excitation profiles in solution. From these fits one obtains the 
complete frequency-dependent polarizibility tensors of the two Raman lines 
in the molecular system. These are used to calculate the EPS obtained from the 
measurements on the crystals as described in the following section. 

Relation of Raman Intensities Measured on Crystals to the Components 
of the Raman Tensor in the Molecular Coordinate System 

The following treatment is based on the general theory of Raman scattering 
as described for instance by Sushchinskii (1972). The dipole moment P induced 
in an electronic system by the exciting electromagnetic wave, with electric field 
vector !~ is related to the tensor of polarizibility/~ in the coordinate system of 
the molecule by 

= E Ek, (3) 
k 

where i, K = x, y, z are the coordinates of the molecular reference system, 
Ek, Pi are the components with respect to the corresponding axes in the molec- 
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ular coordinate system, fiik are the components of the Raman tensor /}. In 
the Mb single crystal in a first step we consider one haem chromophore being 
fixed in the spatial coordinate system given as laboratory system, which is de- 
scribed by the a, b, and c* axes of the crystal. 
We choose a = X-axis, b = Y-axis, c* = Z-axis. 

The dipole moment @' viewed in this coordinate system is obtained by trans- 
formation of f} in the molecular system into the laboratory system by 

P[ = ~ E~ film (4) 
M 

with 

fi . = ( 5 )  
i , k  

fi~B4 is the scattering tensor in the laboratory system. L, M = X, Y, Z. niL and 
nkM are the direction cosines of the angles between axes i, L, and k, M of the 
molecular system and the laboratory system respectively. 

For our particular scattering geometry, which is given in the notation of 
Damen et al. (1966) by Z(X, X) Z, Z(X, Y) Z, Z(Y, X) Z, and Z(Y, Y) Z, the 
intensity of radiation scattered into the solid angle ds is given by Sushchinskii 
(1972) 

3 ~ ' *' p,p,,] : dI  = 4 • cf~PxPx + . ds dIx + dly ~ y ~ y  ] (6) 

This sum is composed of two components polarized in the X and Y direction 
respectively. These two components dIx  and dIy  are the quantities to be 
measured. ~s is the frequency of the scattered light. 

To obtain the quantities niL and nkM we have to define the molecular co- 
ordinate system with respect to the crystal coordinate system. This will be done 
in a later section of this paper. 

In the second step we have to consider that the unit cell of the monoclinic 
form (type A) crystal of Mb contains two Mb molecules related to each other 
by a screw axis (b-axis) of twofold symmetry (Bennet et al. 1961; Eaton and 
Hochstrasser 1968; Kendrew and Parrish 1956). We have to deal therefore 
with two different arrays of haem groups in the crystal. We denote these with 
subscripts 1 and 2. 

Since the electronic transitions of Mb to the Soret band and the a-band 
result from [(alu, an,) --~ (alu, eg) and (a2u , a2u) ~ (a2u, eg)] electronic transitions, 
they are x, y polarized with respect to the molecular frames (Eaton and Hoch- 
strasser 1968; Churg and Makinen 1978). 

In the region of the Ar+-laser only the dipole moments of these transitions 
contribute to Raman scattering. Therefore the Raman tensor simplifies to a 
two by two tensor, since all components fli, k with either i = Z or k = Z may be 
neglected. 

Equation (5) can now be reformulated with only four tensor components as 

/~' = Aft ,  (7) 
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where the Raman tensors fl,/~' are written for convenience as vectors 

= (~xx, ~xy, ~yx, ~yy) -  (Ta )  

A is a matrix constituted of the products of the directional cosines according 
to Eq. (5) 

aiLal~M = nicn~M. (7b) 

In our particular scattering geometry (back scattering) the exciting radiation 
and the Raman radiation propagate parallel to the Z-axis, and are polarized 
parallel to either the X- or Y-axis of the crystal. Therefore four measurable 
intensities (crystal-EPS) Ixx, Ixy, Ivx, and Iyy result. They are obtained by 
incoherent superposition of the scattering intensities of the two different arrays 
of haem groups in the crystal using Eq. (6) and Eq. (4) 

: yg.3C~4t'f4r(1)/.~t(l)* , 2) , 2)* 2 N ILM 4 ~ M C t ' M r  + fl~Lfl~L )EL ~ (dQ) . (8 )  

L, M = X,  Y. N is the number of molecules participating in the scattering 
process, and E 2 relates to the intensity of the exciting radiation. The indices (1) 
and (2) refer to the two arrays of haem groups. 

The directional cosines of array 1 and array 2 are related to each other by 
the geometrical properties of the crystal lattice (Kendrew and Parrish 1956). 
This leads to the relations 

n!~ ) = - n !  2) if L = X , Z  

N~ 1)= + n !  2) if L =  Y. 

Introducing this properties into Eq. (7) we obtain 

The EPS measured from the crystal are now defined analogous to those measured 
from solutions as 

ILM ILM" Ac 
Ifl LI2 = 4 ~ 3 c v 4 N ( a Q )  - Os410 (9) 

Ac is a constant indicating arbitrary units. 
The ' '* flMCflMC are proportional to the measured intensities IL, M and can be 

calculated from Eq. (5) or Eq. (7) respectively. Equation (8) refers to the case 
of an ideally transparent crystal, which does not absorb either the incident or 
the scattered radiation. Mb-crystals, however, are absorbing light dichroically 
(Kendrew and Parrish 1956; Bennet et al. 1961; Eaton and Hochstrasser 1968; 
Churg and Makinen 1978) and therefore corrections are necessary. 

In the case of strongly absorbing crystals, i.e., when the penetration depth 
of light into the crystal is small compared to the length of the scattering volume, 
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imaged into the monochromator, Loudon (1965) has given the following rela- 
tion between the observed intensity ~ t  of Raman scattering and the intensity 
ILM that would be observed in a non-absorbing crystal. 

~ =  /LM 
eL(OL) +  M(Ps) ' ( l o )  

For our experimental set-up a volume of length of 0.3 mm along the optical 
axis is imaged into the monochromator. 

In the strongly absorbing crystal the penetration depth is large compared 
to this and Loudon's expression holds. Using Eq. (9) and Eq, (10) we finally 
obtain the following relation between the observed Raman intensities and the 
coefficients of the Raman tensor in the crystal coordinate system. 

A ~bs 
]~ /L[  2 _ _  c L M  . . . .  |eLtVL) + eM(~s)] �9 (11) 

10Vs 

The extinction coefficients eL(~) have been measured using a Leitz micropho- 
tometer. Since the eL(~) are also important in determining the z-direction of the 
Raman tensor the results will be discussed in the next section. 

Experimental 

a) Material 

Myoglobin (Mb) fiord sperm whale was commercially obtained in a lyophilized 
form (Miles). Crystals were grown according to the procedure described by 
Kendrew and Parrish (1956). Solid Mb was dissolved in water and dialysed 
against distilled water at 4 ~ C, then centrifuged in order to remove denatured 
material. To small aliquots of Mb solution of about 1.0 mM concentration, 
saturated (NH4)2SO4 solution was added in such amount as to establish pH-values 
in the range between ,6.5 and 7.3. Crystallization proceeds during several days 
or even weeks depending on the solution conditions. This procedure yields 
aquomet Mb single crystals of monoclinic form, type A, flattened on the a • b 
face [001] or b x c face [100]. 

The crystallographic axes a and b were determined optically with the aid 
of a polarization microscope. Crystals had the following dimensions, a-axis: 
3 - 4  ram; b-axis: 1 -2  mm; c-axis: 0.1 -1  ram. The crystals were placed between 
plates of quartz with a drop of mother liquid [2-3 M (NH4)2SO4] and mounted 
on a goniometer. 

Crystals of deoxyMb were obtained by addition of Na2S:O4 to aquomet-Mb 
crystals under nitrogen atmosphere. Crystals of cyanomet-Mb were obtained 
by addition of KCN to aquomet-Mb crystals. The purity of the derivatives of 
Mb was checked by the optical absorption spectra. 

Solutions of Mb were prepared by diluting aquomet-Mb crystals in bidistilled 
water or buffer. The pH-value of the Mb solutions were adjusted by dialysis 
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against 0.4 M tris and bis-tris buffer. Solutions of deoxyMb were prepared by 
addition of Na2S204 to aquomet-Mb solution in presence of N2 atmosphere. 

b) Method 

Measurements of RR-scattering were performed with an Ar-Ion laser using 
a Spex-spectrometer as described by Schweitzer et al. (1982). 

The measurements on crystals were done in back-scattering geometry. The 
scattered light was observed at angle of 180 ~ to the direction of the incident 
light, the incident beam being perpendicular to the a-b face of the Mb single 
crystal and being either polarized parallel to the a-axis or to the b-axis. The 
scattered light was analyzed with the aid of a polarizer parallel to the a- or 
b-axis. The exact alignment of the polarization direction of the exciting light 
and the scattered light to the crystal axes a or b was achieved by the following 
procedure. In a first step by rotating the polarization direction of the laser 
beam, the transmission direction of the analysing polarizer and the E-vector 
of the exciting light were set exactly parallel. The deviation of this direction 
from the a-axis of the crystal amounted then to a few degrees. In this position 
the Raman signal was measured in the geometry C (a, a)C*. Then both the 
direction of the exciting E-vector and the polarizer were changed by 'the same 
amount until an extremum of the scattered intensity was obtained. As can be 
shown easily by calculation of the Raman intensities of the two arrays of haem 
planes in the laboratory coordinate system, this is exactly the condition for 
perfect parallelism between the crystal axis-a and the exciting light vector. In 
order to eliminate the different transmission of the spectrometer for the two 
different polarization components of scattered light, a polarization scrambler 
was placed between polarizer and entrance slit. The measurements were per- 
formed at room temperature. The crystal could be exposed up to 50 mW power 
of the laser and no variations of its physical and chemical properties could 
be detected. The measurements on solutions of Mb were done also in a back- 
scattering geometry, using a sample container of quartz with plane faces situated 
in a copper block for cooling (to 4 ~ C). The observed intensities were corrected 
for the spectral transfer of the spectrometer system. 

Results and Discussion 

a) Results 

We have measured in solutions the excitation profiles as defined in Eq. (1) for 
the Raman lines at 1,355 cm -1 and 1,564 cm -1 for deoxyMb. In crystals the 
corresponding excitation profiles are defined by Eq. (11). Figure 1 shows the 
experimental results for the line at 1,355 cm -1. The upper part shows the 
depolarization ratio and the excitation profiles abtained from the solution. The 
lower part gives the four excitation profiles which were obtained from an 
a, b-crystal surface. 
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Fig. 1, Depolarization ratio and excitation profiles of the line at 1,355 cm -~ in deoxyMb solution 
(upper part) and single crystal excitation profiles (lower part). The full lines represent the calculated 
data 

Figure 2 shows the corresponding results for the line at 1,564 cm -~ . Figures 3 
and 4 show the corresponding data of ferric MbCN for the lines at 1,373 cm -1 
and at 1,580 cm -1. 

It  is interesting to note that expecially the components  Ifl)yI 2 and Ifl'yx] 2 
show different behaviour  in the two different Raman  lines. This is due to the 
fact that the Raman  lines at the lower frequency are mainly of A~g-character 
whereas the higher lines are of A2g-character. The full lines in Figs. 1 - 4  are 
calculated by the following procedure.  We use the EPS and D P R  o b t a i n e d  
from the solution and using the method of Schweitzer et al. calculate the fitting 

r constants aes. These are listed in Table 1 for deoxyMb and for MbCN. From 
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these  the  R a m a n  t enso r  in the  m o l e c u l a r  sys tem can be  ca ldu la ted  accord ing  
to Eq.  (2). Us ing  these  va lues  and  Eq.  (7) the  va lues  ]fl~MI 2 are  ca lcu la t ed  and  
are  sca led  with  one  c o m m o n  fac tor  to the  e x p e r i m e n t a l l y  d e t e r m i n e d  va lues  

IflLMI 2 
F o r  this p u r p o s e  we have  to k n o w  the  d i rec t iona l  cosines  nit of  the  axes 

of  the  m o l e c u l a r  c o o r d i n a t e  sys tem with  r e spec t  to  the  sys tem of  the  crysta l  
axes a, b, c*. 

A c rude  e s t ima t ion  o f  these  d i rec t ions  wi th in  an accuracy  of  a b o u t  _+ 5 ~ 
can be  o b t a i n e d  f rom the  a tomic  c o o r d i n a t e s  of  the  four  p y r r o l - n i t r o g e n  a toms,  
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which have been determined by Phillips (1980), Bernstein et al. (1977), and 
Watson (1969). Since the accuracy of these coordinates is about + 0.2 ]k and 
fur thermore the four nitrogen atoms do not lie coplanar, the z-axis of the 
Raman tensor cannot be defined unambigously. The directions N A - N c  and 
NB-ND are also only crude estimates of the x- and y-axes of the molecular system, 
since they are not orthogonal to each other. A better  determination of the 
z-axis can be obtained if the polarization ratios eb/e~ and ec/eb of the extinction 
coefficients for the x, y polarized Soret- and a, fl-band transitions are known. 
It is reasonable to assume that the axes of the Raman tensor and those of the 
optical absorption ellipsoid are the same, as they are both determined by the 
same dipole matrix elements. 

According to Eaton and Hofrichter  (1981) 

2 1 - nzb 
- ~ ,  0 2 )  

gb/g'a 1 -- nza 

where (nz~, nz~) are the directional cosines of the z-axis of the Raman tensor 
with respect to the crystal axes, a, b, c*, and 

2 
1 -- nzc 

2 , (13) e~/eb -- 1 -- nzb 

with (nzb, nzc) directional cosines of the z-axis with respect to a*, b, c axes 
of the crystal, where a*- and c-axes are obtained by rotating the a- and c*-axes, 
respectively by 15.78 ~ around the b-axis (Phillips 1980). From these equations 

2 and ~ nzL = 1, L = a, b, c*, we calculate the directional cosines of the z-axis. 
L 

The directions N A - N c  and NB-Nz) may now be used as first approximations 
for the x- and y-axes. It turns out, however, that the directional cosinus nxa 
varies in value between - 0 . 0 6  and - 0 . 1 6 8  within the error limits of this first 
approximation. The values nxb, nxc* are in the order of 1 and change by only 
about 10%. Thus the value nxa determines critically the matrix elements axxkM 

and akMxX. 
We therefore choose the following procedure. The z-axis is calculated from 

the dichroic ratios ejeb and eb/ea in the corresponding crystals. The value of 
nxa is left variable within the limits determined above. 

Once the value of nxa and the direction of the z-axis is chosen the unknown 
values nil  can be calculated. 

Using these values and the values of flik as determined from the solution, 
the excitation profiles tfl~a4] 2 can be calculated by Eq. (7). 

The value of n~ is varied until best agreement to the experimental data 
is obtained. 

To obtain the dichroic ratios we have measured the absorption coefficient 
ea, eb on the a, b face of a crystal with a microphotometer  as described by Eaton 
and Hofrichter  (1981 ). The eb and e~ were measured also on crystal with b, c face. 

The data for MbCN agree with those already published by Eaton and 
Hochstrasser (1981). 
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The value of ec/eb taken from Eaton and Hochstrasser (1981 ) at the maximum 
of the Soret band is 1.26 + 0.02. This value is also obtained in the region 
between the Q- and B-bands. For the value eb/e~ no data in the literature are 
given. The result of our measurement in the region between the Q- and B-band 
is eb/ea = 2.85 + 0.05. 

For deoxyMb we obtain from the maximum of the Qv-band ec/eb = 1.22 _+ 0.02 
and eb/e~ = 3.7 + 0.05. 

Figure 5 shows the measured optical density of deoxyMb crystals with a, b face 
as a representative example. 

From these data the directional cosines of the z-axis with respect to the 
crystal axis a, b, c* are 

2 = 0 . 7 2 3 ,  2 = 0 . 2 0 6 ,  2 = 0 . 0 7 1  for MbCN nz~ nzb nzc 
2 = 0.78, 2 2 = 0.04 and for deoxyMb nz~ nzb = 0.18, nzc . 

With these values of the z-direction and adjusting nxa within the limits of 
variation we have calculated the excitation profiles of the crystals. 

For nxa = - 0 . 1 2  in MbCN and nx~ = - 0 . 0 6  in deoxyMb the excitation 
profiles of the crystal agree to the experimental data (Figs. 1 - 4 ) .  This shows 
that the set solution data is sufficient to determine the Raman tensor with 
satisfying accuracy and confirms the method of Schweitzer et al. (1984). Further- 
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Fig. 5. Optical density of deoxyMb single crystal, ea and eb are the optical density with light polarized 
parallel to the a, b-axis, respectively. The upper curve represents the polarization ratio eb/ea 
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m o r e ,  w e  m a y  d r a w  t h e  c o n c l u s i o n  t h a t  in  M b  t h e  c o n f i g u r a t i o n  o f  t h e  h a e m  

p l a n e  in  t h e  c r y s t a l l i n e  s t a t e  is i d e n t i c a l  to  t h a t  o f  t h e  m o l e c u l e  in  s o l u t i o n .  

F r o m  t h e  v a l u e s  o f  t h e  z - d i r e c t i o n  o f  b o t h  c rys ta l s  o n e  m a y  c o n c l u d e  t h e  

u p o n  l i ga t i on  w i t h  C N  t h e  z - ax i s  o f  t h e  R a m a n  t e n s o r  is s h i f t e d  by  an  a n g l e  

o f  5 ~ + 2 ~ w i t h  r e s p e c t  t o  t h e  z - ax i s  o f  t h e  d e o x y - s t a t e .  F u r t h e r m o r e  t h e  x -  

a n d  y - a x i s  o f  t h e  l i g a t e d  s t a t e  is s h i f t e d  b y  a r o t a t i o n  a b o u t  t h e  z - ax i s  by  a b o u t  

5 ~ + 2 ~ w i t h  r e s p e c t  to  t h e  d e o x y - s t a t e .  

c) Discussion of the Symmetry-Classified Distortions 

T a b l e  1 l ists  t h e  p a r a m e t e r s  t h a t  h a v e  b e e n  u s e d  to  o b t a i n  t h e  deoxyMb fit. 

F o r  t h e  l ine  a t  1 ,355  c m  -1 o n l y  t e n s o r s  o f  t y p e  A~g a n d  B2g c o n t r i b u t e .  

S i n c e  in D4h th i s  l ine  is o f  A l g - t y p e ,  th is  c o n t r i b u t i o n  can  b e  a s s e r t e d  to  A lg  

a n d  B2g-d i s to r t i ons  ( S c h w e i t z e r  1984) .  T h e  l ine  a t  1 ,564  cm -2 s h o w s  c o n t r i b u -  

Table 1. Fitting parameters for the two Raman lines in deoxyMb and ferric MbCN, respectively. 
The values are in arbitrary units related to the arbitrary units of Figs. 1-4 .  a r and C~s see text, 
yo and 78 are the half-widths of the optical absorption of the Q- and B-bands. G energy of the 
phonon to vibronic B- and Q-sidebands 

Fit parameters DeoxyMb Ferric MbCN 

1,355 c m  - I  1,564 cm -~ 1,373 cm -~ 1,580 cm -1 

A~ Re --0.68 - -3 .5  -- 
ao0 Im 2.3 -- -- - 

A~ Re 1.4 3.2 6.48 0.33 
aBu Im 7.48 3.2 8.425 6.7 

A2g Re - 2.48 -- 1.3 2.16 
aOB Im - 8.3 0.13 9.25 

B ~  R e  - - - 3 . 4  - 

a - ~  Im - - -2 .8  - 

e2~ Re 1.7 3.8 - 2.16 
aoo Im - -1 .9  - -4 .5  

B2e Re 0.88 - 0.26 - 
Roe Im - - 2.3 - 

B2g Re 1.6 3.36 - - 
aBB Im -- -- 1.23 -- -- 

70 (cm -1) 900 900 950 950 

vB (cm ~) 1,900 1,900 1,870 1,870 

G 1,440 1,440 1,430 1,500 

Coo 0.003 0.01 0.003 0.01 

COB 0.039 - 0.04 - 

CBB 0.004 0.004 0.004 - 

C~B 0.039 0.04 0.04 - 
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tions f rom Alg, A2g, and B2g-tensors, which are due to A2g, Alg, and Big- 
distortions, since in D4h this line would be of Azg-type. This seems to be contra- 
dictory, since the distortion should be independent  of the observed lines. The 
electron-vibration-distort ion coupling elements, however,  do dependent  on the 
representat ion of the Raman  line, as has been discussed by Schweitzer (1983) 
in detail, and therefore one has to conclude that all distortions, i.e., A2g, Big, 
and B2g are present,  lowering the symmetry  of the molecule to Cs. 

Table 1 lists the fitting parameters  of ferric MbCN. For the line at 1,373 cm-1 
contributions of all Alg , Big , Bzg, and Azg-tensors are present  in contrast to 
deoxyMb. This is plausible, since by insertion of the CN-ligand additional 
distortions are likely to arise. Since the bonding of CN influences mainly the 
central Fe 3+ and the four nitrogen atoms of the pyrrol-ring a strong influence to 
A~g-modes is excepted (Abe et al. 1978). A2g-modes, however,  should be less 
sensitive because their normal  mode  is less influenced by coupling between Fe 3+ 
and the pyrrol-N (Warshel 1977). Therefore,  in the 1,580 cm-l-Azg-line we 
observe the same contributions as in the case of deoxyMb. 

One important  point should be mentioned.  From measuring D P R  and EPS 
in solution, one is not able to discriminate between B~ 8- and Bzu-tensor contribu- 
tions, since both Raman  tensors contribute only to the tensor invariant V2. The 
contribution of Big- and B2g-tensors to the tensor component  I/  yI 2, I/3%xl 2 in the 
laboratory system, however,  are significantly different. In other words, if one 
interchanges Big and B2g in the fitting procedure completely different crystal 
EPS are obtained. 

Fur thermore ,  we find that the line-widths of the Q- and Soret bands obtained 
f rom the fitting procedure  agree well to the observed ones in both deoxyMb 
and ferric MbCN.  All the coupling constants Ces, related to the overlap integral 
of the vibronic functions are small as one would expect. 

The good agreement  of the experimental  data obtained f rom measurements  
of crystals to those calculated f rom the EPS and D P R  of Mb-solution confirms 
the approach of Schweitzer et al. (1984) to the parametr izat ion of the complex 
D P R  dispersion curves. 
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