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*

The electronic structure of azidomyoglobin has been investigated for under-
standing the observed magnetic and hyperfine properties of this system. The
results of our investigation show that a configuration with five electrons in
d-like molecular orbital states, as in the case of ferricytochrome ¢ but unlike
nitrosylhemoglobin, provides a satisfactory explanation of the observed
strongly rhombic g-tensor, the *""Fe quadrupole splitting from Mossbauer
measurements and the porphyrin "*N quadrupole interactions. For the mag-
netic hyperfine interactions of the "™ Fe and porphyrin "N nuclei, there are
significant differences between theory and experiment. For the >’ Fe nucleus,
after incorporating the influence of spin-orbit effects, which leads to unquench-
ing of the orbital angular momentum through admixture of excited state
configurations to the ground state one, very good agreement is found with
single crystal Mossbauer data. For '*N hyperfine interactions associated with
the pyrrole group however, where spin-orbit effects are expected to be much
less pronounced, the theoretical values of the hyperfine constants are found
to be less than a fifth of those derived from ENDOR measurements. It is
suggested that the difference between theory and experiment could be bridged
through incorporation of exchange polarization contribution to the *N
hyperfine interaction from the sizeable valence electron spin density (about
65 per cent of the total) on the iron atom. The need for additional experimental
measurements is pointed out, among them ENDOR measurements to deter-
mine the hyperfine properties of the azide nitrogens for which the end nitrogens
are predicted from the present work to have sizeable magnetic hyperfine
constants (about —10 MHz).
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1. Introduction

Recent theoretical studies [1] on electronic structures of low spin paramagentic
(§=1/2) ferric hemoglobin derivatives to interpret available hyperfine data on
these systems have shown that the nature of the unpaired spin orbital, and hence
the spin distribution, depends sensitively on the sixth ligand. Thus, in nitrosyl-
hemoglobin [1a] and deoxycobaltglobin [1b], the unpaired spin electron was
found to be in a d,>-like orbital. In ferricytochrome ¢ [1c] and oxycobaltglobin
[1b], on the other hand, the theoretical analysis and observed "“N hyperfine data
lead to the assignment of the unpaired spin orbital to a mixture of d,, and d,.-like
states. In the present work we have studied the azidomyoglobin (AzidoMb)
system, both to examine the nature of the unpaired spin orbital when the sixth
ligand is an azide group, and also to attempt to explain the observed hyperfine
data [2, 3] and g-tensor [4] in this system. Our investigation supports the assign-
ment of the unpaired spin orbital to a state which, as in the case of ferricytochrome
¢, is a mixture of d,, and d,-like atomic orbitals and suggests the need for
additional hyperfine data to verify this assignment. AzidoMb was also of interest
to study because of the availability of '*N hyperfine data [2], indicating differences
between AzidoMb and AzidoHb and between « and B chains of AzidoHb, which
provide insight into the influence of neighboring groups on the protein chains
on the unpaired spin distribution on the heme system. An understanding of this
influence requires a good knowledge of the absolute spin distribution of any one
of these systems, which we have chosen as AzidoMb in our work.

Section 2 deals with the theory of the electronic structure and hyperfine interaction
and g-tensor investigations on AzidoMb. Since the self-consistent charge extended
Hiickel (SCCEH) procedure [5] used in our work has been extensively discussed
in the literature, only a brief description of this procedure will be given to facilitate
the discussions in subsequent sections. The geometry for the molecule used in
our investigations will also be discussed in this section, as well as the proecdure
for the calculation of the *™Fe and '*N magnetic and nuclear quadrupole
hyperfine interactions. Section 3 will present our results and comparison with
experimental hyperfine [2, 3] and g-shift data [4] and conclusions regarding the
nature of the unpaired spin electron. Additional theoretical and experimental
investigations that can further enhance our understanding of the electronic
structure of AzidoMb will be discussed there.

2. Procedure
2.1. Structural description of AzidoMb

The model system used as the prototype for AzidoMb for our electronic structure
investigations is shown in Fig. 1. As in earlier investigations [1] on other heme
systems, we have assumed four-fold symmetry for the porphyrin ring and replaced
the side-chains of the pyrroles by hydrogen atoms. The iron atom was assumed
to be located on the porphyrin plane, the positions of the atoms in the fifth and
sixth ligands relative to the iron being taken from X-ray data [6]. The plane of
the porphyrin was taken as the XY plane with the Y and X axes passing through
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Fig. 1. Model system used for AzidoMb. The atoms are numbered according to the order they appear
in Table 1. The azide group is inclined at 69° to the Z-axis, which is perpendicular to the heme plane,
the relative orientations of the azide and imidazole planes being as indicated. The distance between
Fe and the nearest nitrogen of the azide group is 2.1 A

(N3, Ns) and (N4, N,) atoms respectively. The fifth ligand was a protonated
imidazole, its plane being taken [6] as that formed by the Z-axis and a line on
the XY plane inclined at 61° to the X -axis as shown in Fig. 1. The azide group
(N3) forms the sixth ligand, being linear and inclined [5] to the Z-axis at 69°.
This group and the heme normal form a plane which passes through two methine
carbon atoms opposite to each other as shown in Fig. 1 and makes an angle of
64° with respect to the plane of the imidazole. The N, atom of the azide group
is located at a distance of 2.1 A from the Fe atom, the separation between
successive nitrogen atoms of the N3 group being 1.15 A.

2.2. Electronic wave-functions

A number of different procedures have been used in the literature for the study
of electronic structures of heme compounds and hemoglobin derivatives. Among
these are the crystal field procedure [7], the self-consistent charge extended
Hiickel (SCCEH) procedure [3, 8, 9], the Pariser-Parr-Pople procedure [10], the
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multiple scattering-X,, procedure [10, 11] and the Hartree-Fock procedure [12].
In our investigations on magnetic and hyperfine properties of heme systems
[1, 5b,9, 13], we have been using the SCCEH procedure, especially for high-spin
ferric heme systems. The SCCEH procedure has been successfully used [13] for
explaining the magnetic hyperfine interactions of *”"Fe, *N and 'H nuclei as
well as the zero-field splitting in the high spin ferric systems and the "™ Fe nuclear
quadrupole interaction in oxyhemoglobin [14, 15]. In the present work, as well
as in our earlier investigations of low spin ferric heme systems, we have continued
to use the SCCEH procedure. As we have remarked in Sect. 3 that it would be
useful to have investigations of AzidoMb by other procedures in the future.

Detailed descriptions of the SCCEH procedure utilized to obtain the electronic
wave functions in AzidoMb are available in the literature [5]. We shall discuss
only a few of the features of the technique that are important for the consideration
of the hyperfine properties of interest to us here. The molecular orbitals ¢,,, in
this procedure, are expressed as a linear combination of atomic valence orbitals
X; in the variational form:

d’p.:Z Cp.iXi' (1)

The coefficients C,; are obtained by solving the linear equations,

Z Cpi(yfij_gysij):() (2)

leading to the secular equation:
Det|5; — £,54 =0, (3)

where #; and S; are the Hamiltonian and overlap matrix elements, and ¢, refers
to the molecular orbital energy. The Hamiltonian matrix elements #; are obtained
[5] using semiempirical relations involving the ionization energies form the atoms
and corresponding ions in the molecule, the overlap matrix elements S;, and the
charges on the atoms in the molecule. The latter are related to the coefficients
C,; through the Mulliken relation [16], which brings in charge consistency to
this procedure.

2.3. g-Tensor

The g-tensor in hemoglobin derivatives have usually been analyzed [17] in the
literature using a crystal field approach. This approach uses for the electronic
wave-functions the pure 3d functions of iron and incorporates the influence of
the ligands through the splitting of the 3d energy levels. The splittings are adjusted
to fit the components of the g-tensor using a perturbation approach, involving
the combined effects of spin-orbit interaction and the interaction between the
orbital and spin angular momentum of the electrons and the applied magnetic
field. The splittings obtained in this manner provide useful insight into the nature
of the iron-ligand interactions. In the present work, we are however interested
in subjecting our calculated electronic structure and associated spin-density for
the AzidoMb system to a detailed test by attempting ab initio explanations of its
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observed hyperfine and magnetic properties. Therefore, rather than attempting
to fit observed g-tensor data [4] through adjustment of the energy denominators,
we shall use a perturbation approach based on the molecular orbital energies
and wave-functions obtained from our investigations and compare the theoretical
g-tensor components with experimental data. The perturbation procedure that
we shall use is presented in detail elsewhere [18]. It essentially equates the matrix
elements of the Spin-Hamiltonian term

%spin = ﬁs * 8 H (4)

over the many-electron wave-function for the molecule in question to the corre-
sponding matrix elements involving one order each in the spin-orbit Hamiltonian
#so and the Zeeman Hamiltonian #, given respectively by:

Hso= Z Ealia - s; (5)
and
%MzﬁH'[Zli+gezsi:|- (6)

In Egs. (4) through (6), B is the Bohr magneton, H the applied field, &, the
spin-orbit constant for a specific atom A, [; the orbital angular momentum for
the ith electron (I, referring to angular momentum with respect to nucleus A as
origin), s; the spin of the ith electron, S the total spin of the molecule and g,
the free electron g-factor, 2.0023. By this procedure one obtains, for the (af)
component of the g-tensor [19],

i la j l
s = 285225 T €Ly CtyCt, Sl ClEnlnsl),

n ijki E,T &

(7)

In Eq. (7), the superscripts (0) and (n) refer to the ground and excited states of
the whole molecule, the latter involving an excitation of an electron from an
occupied moleclar orbital state p to an empty state ». The positive sign in Eq.
(7) corresponds to having the unpaired spin (referred to as up spin) electron
excited to a higher empty state while the negative sign corresponds [17, 18] to
an excitation of an electron in an occupied state with down spin to the down
spin unpaired state which is unoccupied in the ground state of the whole molecule.
The ¢, and ¢, refer to the one-electron energies for the molecular orbital states
w and v, while the C,; and y; have the same meaning as in Eq. (1).

2.4. Nuclear quadrupole and magnetic hyperfine constants

The Spin-Hamiltonian [2,20] which is utilized to interpret experimental data
from magnetic resonance or Mossbauer measurements, can be written in the
general form

f%spinZMBH' g S"% [YNhIN' H+Iy-A-S+Qy- (VE)N] (8)
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where the first term represents the Zeeman interaction between the electron spin
and the applied field, considered already for the g-tensor discussed in the
preceding subsection. The second term represents the Zeeman interaction between
the nuclear magnetic moments in the molecule and the applied magnetic field,
the third term the magnetic hyperfine interaction between the nuclear magnetic
moments and the electronic spin of the molecule and the fourth term the quad-
rupole interactions of the nuclei with the electrons and nuclear charges in the
molecules, Qn being the quadrupole moment tensor for the Nth nucleus and
(VE), the field-gradient tensor at this nucleus. In our work here, we shall be
analyzing the nuclear quadrupole and magnetic hyperfine interactions of both
mFe and '*N nuclei which are available respectively from Mossbauer and
electron-nuclear double resonance (ENDOR) methods.

2.4.1. Quadrupole interaction. We shall consider the nuctear quadrupole interac-
tions first. For the interpretation of >’ Fe quadrupole splittings from Mdssbauer
data [3], we need to consider the last term in Eq. (8) in terms of the principal
components of the field-gradient tensor VE. The corresponding expression for a
particular nucleus is given by {21]

_36¢°qQ [(Z_I(IH)) Ly ]
#o=tr01-n \FF 77 3 R ®)

where g =V, represents the largest component of the field gradient tensor in
the principal axis system and 7 is the conventional asymmetry parameter given
by

Viw=Voy
_ 10
i Vo (10)

E

with |V,.,|>|V,,|>|Vi| so that 7 lies between 0 and 1. The frequency difference
between the M, =3/2 and M, =1/2 sublevels of the excited I =3/2 state > "Fe
of the iron nucleus is given by:

Vv=e—2‘§\/l+(f)2/3) (11)

in Hz. For the evaluation of the principal components V..., V,.-and V... of the
electric field gradient tensor, the components of the latter, both diagonal and
off-diagonal, were first evaluated in the molecular axes system (X, Y, Z) in Fig.
1 and are given in the local approximation [22], which has been found to be
satisfactory in other heme systems, by

3xix; — 18y
AAT g, ), (12)

‘/ij :Z <¢;L

with i and j running over (X, Y and Z) and the ¢, referring to all the occupied
paired orbitals with up and down spin and unpaired orbitals. This expression
should be multiplied by a Sternheimer shielding factor but in view of the fact
that this factor has been found [23] to be rather small, namely of the order of



Electronic structure of azidomyoglobin 201

0.05, it has been neglected in Eq. (12). Once the non-diagonal tensor with
components V; have been obtained, the principal components V;; and principal
axes may be determined by the appropriate diagonalization procedure.

For the *N nuclei, the quadrupole interaction data, obtained experimentally [2]
by the ENDOR technique, involves only the field-gradient tensor component
V.., where z' refers to the direction for the maximum component of the g-tensor.
These components V,.,. for the various "*N nuclei will be evaluated from appropri-
ate combinations of the components Vj; in Eq. (12) for the molecular axes system.

2.4.2. Magnetic hyperfine interaction. The magnetic hyperfine interaction tensor
arises from the contact and dipolar interactions between the nuclear magnetic
moment and the electronic spin magnetic moments. The orbital contributions
from the electrons is usually considered to be absent because of the quenching
of the orbital angular momentum in the molecule. There can of course be a finite
contribution of this type due to the unquenching effect produced by spin-orbit
interaction which leads to the tensor character of the g-factor discussed in the
preceding subsection. A quantiative treatment of this contribution has so far not
been attempted within the framework of molecular orbital theory. In the present
work, we shall also include this type of orbital effect in the case of >’ Fe nucleus
and draw conclusions about its importance through comparison between experi-
mental results and our theoretical results.

The spin-contribution to the hyperfine tensor components Ay; for nucleus N
can be written in the form [24]:

Any = Anyt By, (13)

where Ay is the isotropic Fermi contact contribution and By, refers to the spin
dipolar contribution. The former can be further decomposed into [24]:

ANF:ANd+ANC+ANp= (14)
where Anq refers to the direct contribution from the unpaired spin electron:

Ana=an Y 4. (0) _ (15)

and Anc and Ay, to the exchange polarization contributions [25a-25¢] from the
core and paired spin valence electrons. Thus,

Anc=an Z [|X1TN(0)|2_|X}N(O)|2] (16)
J(CORE)
Ap=an % [l67.(0)f =01, (17)
w(PAIRED MO)
_°m 2 -3
aN_6sh Yeynh ag (18)

for expressing the Ang, Anc and Ay, in units of Hz. The dipolar tensor component
By, will in principle also be composed [24] of similar direct and exchange
polarization components. However, from atomic calculations [25d, 25¢], the
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exchange polarization contribution in this case is considered to be relatively small
and is usually neglected. Thus By, as given by the direct contribution alone,
has the form [24]:

3xx; — 1’8y
e ¢,u>' (19)

3
BNij :g ay Z <¢#
n

These general expressions for Anr and By; have to be treated differently for
*’mFe and "N nuclei in comparing theory with experiment, because of the
difference in the techniques of measurement used in the two cases. Thus, for
"™ Fe, the hyperfine interaction tensor has been studied experimentally for both
polycrystalline [3b] and single crystal [3c] systems using Mossbauer spectroscopy.
For the single crystal system, measurements have been carried out [3c] with the
applied magnetic field along the three crystal axes of the monoclinic unit cell of
AzidoMb. In order to make comparison with single crystal experimental data, it
is necessary to diagonalize the net hyperfine tensor with components Ay; and
obtain the principal components and principal axes. However one cannot make
direct comparison between theory and experiment for these principal components
since the experimental situation is rather complicated, involving four sets of axes,
none of which coincide with each other. These four sets are comprised of the
heme-based axes in Fig. 1, the crystal axes [3c] a, b and ¢, the principal axes of
the g-tensor and the principal axes of the A, tensor. Since this type of situation
can be quite common for other metal-protein systems including other heme
compounds, as well as for many molecular and solid state systems, we have
presented in the Appendix a brief derivation of the relationship between the
theoretical values of Ay and the hyperfine splittings they can produce which
have to be compared with experiment. The most essential expressions that will
be needed for comparison of the theoretical and experimental hyperfine splittings
for *’"Fe in AzidoMb, of interest in the present work, will be listed here. Thus,
as shown in the Appendix, the effective hyperfine constant that is measured
experimentally, for a particular orientation of the applied magnetic field, is given
by:

Aeﬁ:Aa'afllz+AB'3'm,2+Ay'yrn/2, (20)
where A, ., Agg and A, are the principal components of the hyperfine tensor
A and I, m’ and n' are given by the equations:

lr: (eeﬁ ) ea')s m,: (eeff ) eB’): n, = (eeﬁ ) e‘y')' (21)

In Eq. (21), e, g and e, refer to the unit vectors along the principal axes of
A, while ey represents the unit vector along the direction of orientation of the
total spin of the molecule in the presence of the applied magnetic field. The
orientation of e,z with respect to the principal axes (unit vectors e,, e¢; and e,)
for the g-tensor (principal components g,., 8ss and g,,) are given by:

gaalHapp> (gﬁﬁmHapp> (gwnHapp)
eg=|""") e, +|ZF—" ) g, +| L—F) e.. (22)
g ( eft Heff k Heff i
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H,,, referring to the magnitude of the applied magnetic field along a direction
with direction cosines (I, m, n) with respect to the principal axes of the g-tensor

and
Heﬁ——-«/gialz+gé3mz+giyn2 Happ (23)

Thus, for >’ Fe one has to use the appropriate [, m and n for the cases of H,,,
along a, b and c axis in Eq. (23) and then derive A.; to compare with experiment,
utilizing Eqgs. (20) through (22).

For '“N, the ENDOR spectrum has been observed [2] with the applied magnetic
field H,,, along the direction of the maximum component g,, of the g-tensor,
so that I=m =0 and only n has to be considered in Eq. (23).

3. Results and discussion

The results of our calculations will be presented and discussed under a number
of categories, namely the energy levels and wave-functions for the d-like states,
the spin and charge distributions over the molecule, the g-tensor, the > ™Fe and
"N quadrupole interactions and the magnetic hyperfine interactions of the >’ Fe
and "*N nuclei.

3.1. Energy levels and wave-functions for the d-like states

The energy levels of the d-like states, that is, states with predominantly iron
d-character, are presented in Fig. 2. In addition to the energy-values for these
levels, we have also presented the wave-functions, primarily the d-orbital
coefficients. For the sake of brevity, the ligand orbital-admixtures have not been
presented explicitly. All the d-like levels, with the exception of the d,,-like, have
substantial admixtures of ligand orbitals.

By analogy with the low spin (S = 1/2) system ferricytochrome ¢, whose magnetic
and hyperfine properties we have studied earlier [1c], we have assumed that the
three lowest d-like states in AzidoMb are populated with five electrons. This
leaves the unpaired spin electron in a mixture of d,, and d,, states and leads to

Energy (eV) Level Wave-function

—8.1579 — 0.0000d,2+0.00184,., +0.8088d,2_,2—0.0005d,, —0.0000d ., +Y. (- - *)

—9.2768 _ —0.7813d,2—0.0244d,, +0.0000d,2_,2—0.0248d,, — 0.0041d,, + (- - -)
-11.1343  ———  —0.0007d,2+0.5645d,, —0.0001d,2_,2—0.5730d,, —0.0002d,, +¥. (- - -)
—11.1454  —————— —0.0419d,2—0.1366d,, +0.0001d,2_,2—0.0934d,, —0.0009d,, +7 (- - -)
—11.2363 _— —0.0152d,2—0.6390d,, +0.0004d,>_,2—0.6392d,, +0.0320d,,+ ¥ (- - )
—11.2639 —_— —0.0009d,2+0.02054,, —0.0000d,2_,2+0.0204d,, +0.9832d,, + 3. (- - -)
-11.7755  ----—-—-- —0.17844d,24+0.09294,, —0.0003 dxz,y2 +0.09584,, + 0.0012dxy +Y ()
—-12.4189 - ---—- 0.02284,2~0.2137d,, +0.0019d,2_,2—0.2050d,, —0.00084, ,+. (- - -)
—12.6483  ------- —0.0002d,2+0.0007d, . +0.4137d,2_,2+0.0016d,, +0.0000d,, +3 (- - -)

Fig. 2. d-like (solid line) and neighboring ligand-like (dashed line) energy levels and wave-functions
of AzidoMb. Only the iron 3d-orbital components of the molecular orbital wave-functions have been
shown explictly, the 45 and 4p and ligand components being included in the summations shown
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the strongly rhombic spin distribution suggested by the observed g-tensor [4].
The almost equal admixtures of the d,. and d,, for two of the d-like states actually
indicates that they have symmetry close to pure 4., and d,, states but with the
X and Y axes pointing in the directions of methine carbons (Fig. 1). The
separation between these two levels, which is a reflection of the departure from
axial symmetry, was 0.102eV (823 cm '), comparing reasonably well with
850 cm™" obtained in earlier work [26] using crystal field analysis. One other
feature which we would like to mention is that, because of the significant mixing
between iron d-orbitals and ligand orbitals, there are a number of ligand-like
states which have substantial iron 3d-character such as the ones shown by broken
lines in Fig. 2. This feature was important for us to consider in the evaluation
of the field-gradient tensor at the " Fe nucleus and the g-tensor.

3.2. Charge and spin distributions over the system

The charges and unpaired spin populations on the various atoms as obtained by
our SCCEH calculations are presented in Table 1. Considering the charge distribu-
tion first, one of the major features of the results is that the charges are all quite

Table 1. Charge and unpaired spin populations on atoms®

Atom Atom Charge Inpaired Atom Atom Charge Unpaired
number type spin number type spin
population population
1 Fe 0.2146 0.6303 26 H 0.0389 0
2 N —0.1738 0.0027 27 H 0.0249 0
3 N —0.1740 0.0038 28 H 0.0252 0
4 N —0.1728 0.0068 29 H 0.0389 0
5 N -0.1727 0.0055 30 H 0.0255 0
6 C —0.0062 0.0003 31 H 0.0249 0
7 C 0.0361 0.0051 32 H 0.0395 0
8 C ~0.0252 0.0017 33 H 0.0249 0
9 C —-0.0247 0.0063 34 H 0.0255 0
10 C 0.0355 0.0003 35 H 0.0388 0
11 C =0.0062 0.0010 36 H 0.0252 0
12 C 0.0355 0.0001 37 H 0.0249 0
13 C —0.0241 0.0086 38 N —0.1296 0.0003
14 C —0.0251 0.0011 39 C 0.0925 0.0003
15 C 0.0371 0.0083 40 N —0.0209 0
16 C —0.0052 0.0003 41 C 0.0337 0
17 C 0.0371 0.0079 42 C 0.0170 0.0005
18 C —-0.0252 0.0009 43 H 0.0763 0
19 C —0.0244 0.0080 44 H 0.2055 0
20 C 0.0355 0.0002 45 H 0.0577 0
21 C —0.0065 0.00005 46 H 0.0442 0
22 C 0.0355 0.0003 47 N —0.1770 0.1320
23 C —0.0248 0.0060 48 N 0.0537 0.0003
24 C —0.0252 0.0016 49 N —0.1966 0.1552
25 C 0.0361 0.0048

2 The numbers for the atoms correspond to the notations in Fig. 1
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small in magnitude. The iron atom carries only a charge of +0.215, substantially
smaller than the formal charge of +3 and indicating substantial charge transfer
from the Fe*” ion to the other atoms. Similar evidence of strong covalent bonding
between iron and its neighbors has been found for other low [1] and high spin
[24] heme derivatives. The charge distribution on the porphyrin ring, while being
close to tetragonal, does show departures from tetragaonal symmetry due to the
presence of the azide and imidazole groups. The nitrogen atoms carry negative
charges, with the exception of the central nitrogen atom of the azide group which
carries a small positive charge. This suggests that in the localized bond approxima-
tion, one can say that the bonding of the azide group with iron and other atoms
of the heme group involves an antibonding orbital with a near nodal region at
the middle nitrogen atom. The carbon and hydrogen atoms carry relatively small
charges, the hydrogen atoms all carrying positive charges while some of the
carbon atoms positive and some other negative charges.

Turning next to the spin distribution over the system, the near-tetragonal symmetry
is also reflected in the spin distribution. The iron atom carries only 63% of the
total unpaired spin population, indicating substantial spin migration to the
neighboring atoms as has been found in other high [24,27] and low [1] spin
hemoglobin derivatives. The unpaired spin population transferred from iron
appears primarily on the nitrogens of the azide group, the unpaired spin distribu-
tion of the latter showing the same feature as the charge distribution, namely,
sizeable unpaired spin populations on the two end nitrogens and a small spin
population on the central atom. This again suggests that the bonding of the azide
group with the heme takes place through an antibonding type orbital with a node
close to the central nitrogen atom. The unpaired spin populations on the porphyrin
nitrogens are quite small unlike the situation [1c] in ferricytochrome ¢ and similar
to that [1a] in NOHb. But unlike NOHDb, the unpaired spin population on N,
of the proximal imidazole is rather small, because in contrast to the situation in
NOHb where the unpaired spin electron is in a d,2-like state pointing towards
N,, the unpaired spin electron in the AzidoMb system is in a state involving a
mixture of iron d,, and d,.-like orbitals, for which the Fe-N, bond is a nodal
line. The reflection of these spin distributions on the hyperfine interactions of
the "N nuclei will be discussed later in this section. In Table 2, we have listed
the populations in the s, p and d orbitals of iron, nitrogen and carbon atoms
(the d orbitals referring to the iron atom) which provide a little more detailed
information than Table 1, with the hope that they may be useful for future
investigations.

We shall next discuss the g-tensor obtained using the calculated electronic
wave-functions and energy levels and see how it compares with experiment [4].

3.3. g-Tensor

The components of the g-tensor in the co-ordinate system shown in Fig. 1 were
evaluated using the perturbation procedure described in Sect. 2.3. and the energy
levels and molecular orbital wave-function from our SCCEH investigations,
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Table 2. Populations® in the s, p and d orbitals of iron, nitrogen and carbon atoms

s D, Dx Py 3d,: 3d,, 3de_2 3d, id,,
Fe 0.152 0.0854 0.0620 0.0644 0.4180 0.9599 0.4741 0.9675 0.9982
0.152 0.0854 0.0620 0.0644 0.4180 0.6495 0.4741 0.6475 0.9982
N, 0.6804 0.6860 0.6585 0.5634
0.6804 0.6845 0.6573 0.5634
N; 0.6803 0.6855 0.5633 0.6565
0.6803 0.6831 0.5633 0.6551
N, 0.6807 0.6880 0.6599 0.5634
0.6807 0.6826 0.6585 0.5634
Ns 0.6776 0.6883 0.5637 0.6586
0.6776 0.6841 0.5637 0.6573
Ce 0.5493 0.4912 0.4818 0.4823
0.5493 0.4910 0.4818 0.4822
C, 0.5572 0.5314 0.4644 0.4311
0.5572 0.5264 0.4644 0.4311
Cq 0.5529 0.5091 0.4668 0.4847
0.5529 0.5075 0.4667 0.4847
Cy 0.5530 0.5236 0.4670 0.4849
0.5530 0.5173 0.4670 0.4849
Cio  0.5571 0.5301 0.4639 0.4308
0.5571 0.5299 0.4639 0.4307
C;; 0.549%4 0.4915 0.4822 0.4818
0.5494 0.4905 0.4822 0.4818
Cip  0.5571 0.5309 0.4307 0.4639
0.5571 0.5309 0.4307 0.4638
Cys 0.5532 0.5106 0.4853 0.4670
0.5532 0.5020 0.4853 0.4670
C,, 0.5527 0.5090 0.4848 0.4698
0.5527 0.5081 0.4847 0.4697
C;s  0.5572 0.5321 0.4312 0.4648
0.5572 0.5239 0.4312 0.4647
C,6 0.5489 0.4905 0.4813 0.4816
0.54389 0.4903 0.4812 0.4815
Cy;;  0.5573 0.5316 0.4646 0.4311
0.5573 0.5238 0.4645 0.4311
Cig  0.5527 0.5088 0.4665 0.4849
0.5527 0.5081 0.4664 0.4848
Co 05497 0.5101 0.4674 0.4850
0.5497 0.5021 0.4674 0.4850
Cyoe  0.5570 0.5303 0.4638 0.4307
0.5570 0.5303 0.4637 0.4306
C,,  0.5493 0.4908 0.4817 0.4816

N mann

A anna

A anam

A Ana -
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Table 2 (continued)

5 p: Px Py 3d,2 3d,, 3do2_ 2 3d, 3d,,

C,, 0.5571 0.5306  0.4304  0.4637
0.5571 0.5304  0.4304  0.4636

C,;  0.5529  0.5096  0.4851  0.4669
0.5529  0.5036  0.4851  0.4669

C,, 05528  0.5090  0.4847  0.4666
0.5528  0.5075  0.4847  0.4665

C,s 05574 05313 04310  0.4642
0.5574  0.5265  0.4310  0.4642

N,z 0.6704  0.6952  0.5817  0.6182
0.6704  0.6951  0.5816  0.6181

C;, 05505 04121 0.4722 0.5184
0.5505 04120 0.4721 0.5183

N, 0.6287 0.5717 0.6139  0.6958
0.6287  0.5717  0.6139  0.6958

C,, 0.5477 04865  0.4357  0.5130
0.5477  0.4865  0.4357  0.5130

C,, 0.5532 04637 0.4542 05198
0.5532 0.4635 04541  0.5197

N,; 07108 0.5930  0.6802  0.6816
0.7108  0.5929  0.6153  0.6146

N, 06285 06536  0.5945  0.5944
06285  0.6536 0.5943  0.5943

N, 07304 06019 06764  0.6781
0.7304  0.6019  0.6003  0.5990

@ The upper and lower sets of numbers refer to the populations in the atomic like states with spin
parallel and antiparallel to the spin of the unpaired molecular orbital state. The suffices for the atoms
correspond to the atom numbers in Table 1 and Fig. 1

whose features are described earlier in this section. The g-tensor obtained in this
manner is non-diagonal and is given by:

269 —0.06 -0.06
g=|-006 224 030 (24)
—-0.06 030 2.25

the order of the axes being Z, X and Y. While the major contributions to the
departure from free-electron value for the diagonal components arises from
excitations between d-like levels (for g,, from excitations from the lower doubly
occupied d,.-d,, like level in Fig. 2 to the unpaired spin level and for g, and g,,
from corresponding excitations for the d,,-like level), there are also significant
contributions from other levels which can be characterized as ligand-like levels.
One of these is the level indicated by a broken line in Fig. 2 lying in between
the two #-type states which have mixtures of d,, and d,, characters.
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On diagonalization of the g-tensor in Eq. (19), we get the principal components
g =273, 8,y =2.51, Lo =195, (25)

with the direction cosines of the principal axes z’, x’ and y’ with respect to the
laboratory axes in Fig. 1 being given by

092  0.00 0.40
Ve=|-028 071 064], (26)
—-0.29 —0.70 0.65

where the order of the columns i is z', x" and y’ and that of the rows i is z, x
and y. The principal axis corresponding to the largest component is oriented at
an angle of 23° with respect to the heme normal, the axis corresponding to the
smallest principal component lying on the XY plane and oriented at an angle
of 44° with respect to the X-direction (Fig. 1). The g-tensor has been studied
experimentally by three different groups [4]. One of the measurements has been
carried out [4a] in a polycrystalline sample and the other two [4b, 4c] in single
crystal systems. For the single crystal measurements [4b, 4¢], the orientations of
the principal axes have been given with respect to the crystal axes of the monoclinic
lattice. The direction of the maximum principal component from our investigation
is seen to depart from the heme normal, a feature in agreement with a similar
conclusion from the single crystal measurements [4b, 4¢]. The angle of inclination
of 23° with respect to the heme normal obtained from our work is larger than
the angle of about [4d] 9° from single crystal measurements. Both the single
crystal measurements [4b, 4c] however indicate that the x’ axis, representing the
direction for the smallest principal component of the g-tensor, lies on the heme
plane, in agreement with our results. Additionally, the x’ direction, from our
theoretical investigations, makes an angle of 44° to the line joining Fe to one of
the porphyrin nitrogens, its orientation being in the middle of those obtained
from the two single crystal measurements [4b, 4c].

As regards the experimental magnitudes of the principal components of the
g-tensor, the polycrystalline measurement leads to the values [4a]
(2.81,2.19, 1.61), in close agreement with the values (2.82,2.19,1.72) [4b] and
(2.80, 2.22, 1.72) [4c] from single crystal measurements. From Eq. (20), it can
be seen that the agreement between theory and experiment is quite satisfactory,
especially for the largest component. The latter features, using Eq. (7), suggests
that the wave-functions for the two states involving mixtures of d,, and d,,
characters and their separations are quite accurate, since it is the excitation
process involving these states that produces the major departure of g,, from free
electron character and g,., from Eqgs. (24) and (25) is seen to be quite close to
g., in magnitude. The principal components g..,-and g, in Eq. (25) are somewhat
larger than experiment, suggesting that the separation between the d,,-like level
and the unpaired spin level should be somewhat smaller than is obtained by the
SCCEH procedure. It would be interesting to test this point by first-principle
self-consistent Hartree-Fock calculations [28] as well as the approximation to
the Hartree-Fock method referred to as the multiple scattering-X, procedure
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[29]. Additionally as discussed elsewhere, one should also examine possible
contributions from other mechanisms, one of them being the exchange polariz-
ation mechanism [30] involving differences between the energies and wave-
functions for up and down spin states of the doubly occupied molecular orbitals,
which results from the exchange interaction of the unpaired spin electrons with
the occupied up spin states. A second mechanism that should be examined is
the Casimir mechanism [31], which gives an additional contribution in relativistic
theory besides that arising from the spin-orbit mechanism discussed in Sect. 2.3.

The most important point about the results of our theoretical analysis is that it
shows that one can explain the observed rhombic nature [4] of the g-tensor with
the choice of the electronic structure for the molecule as one involving five
electrons in d-like states, the unpaired spin electron being in a t-state (the
corresponding molecular orbital involving a mixture of d,, and d,,-type sym-
metry), as was also expected from crystal field theory [26]. We shall use this
electronic structure to analyze available >’™Fe nuclear quadrupole interaction
and magnetic hyperfine data from M&ssbauer measurements [3] and '*N nuclear
quadrupole and magnetic hyperfine interaction data from ENDOR experiments
[2]. If one had assumed an electronic configuration with seven d-like electrons,
as in nitrosylhemoglobin [1a], with the unapired spin electron in an e-type state
such as a d,2-like or d,>_,>-like molecular orbital, the g-tensors one obtains, using
the procedure in Sect 2.3, have components (2.124,2.033,2.034) and
(2.00, 2.160, 2.161) respectively, which are almost axially symmetric and close to
free electron like, in distinct disagreement with experiment [4].

3.4. °""Fe nuclear quadrupole interaction

We shall next discuss the application of the calculated electronic structure with
five d-like electrons in t-type states, which has been successful in explaining
g-tensor data, to understand available *’"Fe quadrupole interaction data from
Mossbauer measurements [3]. The quadrupole splitting has been measured both
in powdered samples [3a] as well as in the single crystal [3b, 3c]. The two
polycrystalline measurements have yielded very similar quadrupole splittings,
the more recent value [3b] being 2.25 mm/s. The single crystal measurement [3c]
has provided values for the coupling constant e’qQ and asymmetry parameter
n of (—2.1+0.05) mm/s and (0.4+0.1) respectively.

In our investigation, we have obtained the components of the field-gradient tensor
in the coordinate system shown in Fig. 1 and then diagonalized it, as in the case
of the g-tensor. From the principal components, we have obtained the quadrupole
splittings using Eq. (11) with the standard convention for g and 7 (see Eq. (10)),
as discussed in Sect. 2.4. For the quadrupole moment Q (*’”Fe) to be used in
Eq. (10), the recent value [15] of 0.082 barns has been utilized. This value was
derived through the analysis of Mossbauer nuclear quadrupole interaction data
[32] in FeCl, and FeBr, molecules using electric field-gradients obtained from
first-principles Hartree-Fock investiéations [15a] of the electronic structures in
these molecules. This value of Q(°""Fe), which is less than one half of that in
use prior to the work in [15a] has been supported by subsequent analyses of
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nuclear quadrupole interaction data in ionic crystals [15b] and metallic alloys
[15¢].

In calculating the electric field gradient tensor components using Eq. (12), all
paired and unpaired spin orbitals ¢, have been utilized. Since the effective
charges on the ligand atoms are quite small, contributions from the nuclear
charges and atomic orbital components of the molecular orbitals associated with
the ligand atoms have been neglected, assuming these contributions to cancel,
as in earlier work [24c], and only the contributions from the 3d, 4s and 4p orbital
components associated with the iron atom have been retained.

By this procedure, the field gradient tensor components obtained in the coordinate
axis system shown in Fig. 1, are given by:

1.19  0.02 0.01
Vv=[002 -060 -1.21], (27)
0.01 —-121 —0.59

with the choice of the rows and columns in the order Z, X and Y. In Eq. (27),
the components of V are stated in mm/s. They actually refer to the components
V,; multiplied by 3e*qQ, because this factor occurs in the expression in Eq. (11)
for the quadrupole splitting. To obtain the field-gradient components in units of
ea,’ from the components in Eq. (27), one has to divide the latter by a factor
of 0.8301, using the recent value [15] for Q(°""Fe).

On diagonalization, the tensor in Eq. (27) leads to the principal components
V,, =—181, Vixw=061 and V, , =1.195, (28)

with direction cosines V;;, describing the orientations of the principal axes z’, x’
and y' in Fig. 1, given by:
0.01 0.00 1.00
Vi=|—-0.71 -0.71 0.00]. (29)
-0.71  0.71 0.00

The orders of the columns and rows are chosen in the same way as in Eq. (27),
the columns representing in order the direction cosines for the principal axes z’,
x"and y'.

From the principal components of V in Eq. (28), the asymmetry parameter, using
Eq. (10) is given by

n =032 (30)

Thus the field-gradient tensor, like the g-shift tensor, is predicted to be substan-
tially rhombic in character. But the two tensors are rather different in nature, the
quadrupole coupling tensor having its largest component lying on the XY-plane
and making an angle close to 45° with respect to the X -axis. The largest component
of g obtained from theory, as discussed earlier, is oriented in a direction inclined
at about 23° to the heme normal.



Electronic structure of azidomyoglobin 211

In comparing with experiment, our theoretical value of the quadrupole splitting,
using Eq. (11) and the principal components of V in Eq. (28), comes out as
1.83 mm/s in satisfactory agreement with the experimentally observed splitting
of 2.25 mm/s from Mdassbauer measurement [3b] on polycrystalline samples. The
calculated values of the principal component V... in Eq. (28) and n in Eq. (30)
are also in satisfactory agreement with the corresponding measured values [3c]
of (—2.10£0.05) mm/s and (0.4+0.1) in the single crystal. Further, the z’ axis
corresponding to the largest principal component of V is found to lie on the
porphyrin plane from both theory (Eq. (29)) and single crystal measurements
[3c]. The angle between z’ and the X-axis (one of the Fe-N directions) was
found from the present work to be about 44°, somewhat larger than the single
crystal value [3¢] of 32°. However, interestingly, the z'-axis for the field gradient
tensor is found to be nearly perpendicular to the x’-axis for the g-tensor (corre-
sponding to the smallest principal component gx-x- from both the work here and
single crystal [3c] Mdssbauer data.

3.5. "N quadrupole interaction

The '“N nuclear quadrupole interaction, like ™ Fe, derives contributions from
both the paired and unpaired spin orbitals and will be derived using the same
local approximation to Eq. (12) as for *’"Fe. This approximation is even more
satisfactory here due to the smaller antishielding factor, which further reduces
the importance of contributions to the field-gradient from other atoms. For the
ENDOR technique used to study the '*N quadrupole interaction, the pertinent
experimental quantity is P,, which is 3 e’qQ, where q is the field gradient at the
N site along the direction in which the magnetic field is applied. The values of
P, in MHz in Table 3 correspond to the Z-axis taken along the heme normal.

Experimental data [2] on P,, for '*N nuclei are presently available only for the
porphyrin nitrogens. The association of the observed ENDOR signals with the
porphyrin nitrogens has been made [2] through a selective substituion procedure
involving replacement of "*N nuclei by '’N. Two sets of ENDOR patterns have
been observed [2], leading to P,, =0.62 MHz and 0.55 MHz. These data are in
satisfactory agreement with our theoretical results for the four porphyrin nitrogens
in Table 3. It should be remarked however that the Z-axis for P,, from the
experimental data [2] corresponds to the direction of the maximum component

Table 3. *N magnetic and nuclear quadrupole hyperfine constants® (MHz)

N, N, N, N, N, N, N, Ng N,
Ap 0160 0141 0141  0.169 0.007  0.003  0.008  0.000 0.000
B, 0126 0253 0676 0506  —0.010  0.000 <9303 —0.034 —10.556
A, 028 039 0817 0675  —0.003 0000 —9.302 -0.034 —10.556
P, 0645 0641  0.624 0638 0825 —0.727 -0296 0816  —0434

# Z-direction used here corresponds to heme normal. The atoms N,, N,, N5 and N, correspond to
the porphyrin nitrogens N, through N; in Fig. 1 and Table 2, N, and N, refer to the imidazole
nitrogens N33 and Ny, while N, Ng and N, correspond to the three azide nitrogens
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of the g-tensor. Since, as discussed already in Sect 3.3, this direction has been
found experimentally [4b] to be inclined at about 9° to the heme normal, one
would not expect any significant difference between the theoretical results in
Table 3 and those corresponding to the Z-direction for the experimental data.

Thus our results for the g-tensor and >’ Fe and *N quadrupole interactions are
in satisfactory agreement with experiment. This provides support for the electronic
structure from our SCCEH investigations based on the assumption that five
electrons are present in the ¢-type d-like molecular orbital states. This assignment
had also been suggested by earlier crystal field analysis [4a, 3a] of the g-tensor
and *""Fe quadrupole interaction data. We shall next examine the results that
one expects for the *’"Fe and "N magnetic hyperfine interactions using our
calculated electronic wave functions and make comparisons with the correspond-
ing data from Mdéssbauer [3¢] and ENDOR [2] measurements.

3.6. "™ Fe magnetic hyperfine interaction

In analyzing the magnetic hyperfine interactions, we shall first consider the case
of " Fe. The hyperfine interaction associated with '*N nuclei will be discussed
in Sect. 3.7.

As discussed in Sect 2.4., the hyperfine interaction tensor is composed of contribu-
tions from contact and dipolar effects as in Eq. (14). In evaluating the contact
contribution, one has, as in Eq. (14), to consider [24] the effects of direct
contribution from the unpaired electrons and the exchange polarization contribu-
tion from the paired spin core and valence electrons. The direct contributions
Ay can be obtained from Eq. (15) using the calculated wave function for the
unpaired spin electron. However for the exchange polarization contributions
from the core and valence electrons, we cannot use Egs. (16) and (17) directly,
because we have not performed an unrestricted Hartree-Fock calculation [20]
with different wave functions for paired states of opposite spins. We shall therefore
use the approximations to the Egs. (16) and (17) that have been employed
previously [24] to successfully explain the *’"Fe hyperfine constants for high
spin heme compounds. These approximations are represented by the following
equations [24a]:

Q3du
AFC,C: = Qape Z ‘XI?ejs(O)P_IXi:ejs(o)lZ) (31)
3d,u j=1
_ qéd,uq‘lts,p 1 2 _ | 4 2 32
AFe,p — aFe(lXFe4s(0)| |XFe4s(0)| )7 ( )
q3d,uq4s,p

where g}, represents the net unpaired spin population in iron 3d states in
AzidoMb obtained from the present calculation using the Mulliken approximation
and ¢, = 4 is the 3d unpaired spin population in neutral iron atom in the ground
state, °S. The quantity gql,, refers to the paired spin population in the 4s states
in the molecule again using the Mulliken approximation and gy, =2 is the 4s
population in the neutral iron atom. The xf,, and Xl};ejs (j =1-4), represent the
spin polarized s orbital wave functions and ag, is obtained from Eq. (18) using
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the magnetogyric ratio yg for yn. Egs. (31) and (32) are obtained by essentially
weighting [24a] the exchange polarization contribution from the core s and 4s
states in free iron atom by the ratios of the unpaired spin and 4s paired spin
populations in the molecule and the free atom.

For the dipolar hyperfine tensor, Eq. (19) was used to obtain the components in
the molecule based system with Z-axis perpendicular to the heme plane and X
and Y-axes as shown in Fig. 1. The contributions to By, could arise from orbitals
on iron as well as those on the ligands. Contributions from the latter were found
to be negligible as in the case of the >’ Fe nuclear quadrupole interaction. Thus,
only the local contributions involving the iron orbital components of the unpaired
spin molecular orbitals had to be included. In principle, while these components
would include the iron 3d, 4s and 4p orbital components in the unpaired spin
molecular orbitals, only 3d orbitals were needed to be considered for By;, because
of their dominant amplitudes, leading to

3xx; — 1’8y
5

3
Br.; =5 ar. Zukl C;Ldkcﬂd,<Xsdk X3d,>, (33)

8

where k and [ refer to the five d orbitals with z°, x*-y%, xy, xz and yz symmetry.
As remarked in Sect. 2.4., the exchange core polarization effect is usually assumed
[24] to be small for the dipolar contribution and has not been included.

We have used Egs. (15), (31), (32) and (33) to obtain the contact, dipolar and
total fields at the *’"Fe nucleus as shown in Egs. (34)-(37). To express the
hyperfine interaction tensor in terms of the hyperfine field components at the
nucleus in units of kiloGauss (kG), the expression that has to be used for the
factor ag, is (8/3)mupa,” with a numerical value of 524.2kG. The principal
components of the dipolar ficld tensor B are obtained as usual by diagonalizing
the tensor with components By given by Eq. (33). By these procedures, for the
contact isotropic hyperfine field, the direct, exchange polarization contributions
from both core and valence electrons and the sum total of the three, are obtained
as:

Ape.a =0.00
Apoo=—82.19
AFe,p =10.12

Age tora = —72.06.
The principal components of the dipolar field are given by:
B, ,=-118.58
B, =59.32 (35)
B, =59.26
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the orientation of the principal axes being described by the direction cosines in
Eq. (36) with respect to the molecule based axes system.
0.00 071 071
v#+=10.70 =050 0.50], (36)
071 050 =-0.50

where, as in the case of the g-tensor, the order of the columns i’ is z/, x’ and y’
while that of the rows i is z, x and y. On combining Egs. (34) and (35), the
principal components of the total hyperfine field are given by Eq. (37)

A, =—190.64
A, =—120.80 (37
A,y =—1274

the principal axes for the total hyperfine field being the same as for the dipolar.

As pointed out in Sect. 2.4. the hyperfine fields at the >’ Fe nucleus in the single
crystal have been measured [3c] with the applied magnetic field in the direction
of the crystallographic axes corresponding to the monoclinic unit cell. One has
therefore to make use of Egs. (20)-(23) together with the principal axes for the
A and g tensors obtained from our calculations. The quantities A,,:, Ag:g' and
A, in Eq. (20) correspond to A,.,,, A,.- and A, in Eq. (37). For the quantities
I'''m', n"in Eq. (20), Eq. (21) indicates one needs a knowledge of the unit vectors
es and e, eg, e,. The latter three vectors, using the direction cosines in Eq.
(36), are given by

e, =0.71i+0.71j+0.00k
eg=—0.50i+0.50j+0.71k (38)
e, =0.50i —0.50j+0.71k,

where i, j and k correspond to the unit vectors in the molecule based coordinate
system For the vector e.s, one has to use Eq. (22) which requires a knowledge
of the principal components of g given by Eq. (25), the orientations of the
principal axes of g obtainable from the direction cosines in Eq. (26), H,,p/ Hes
given by Eq. (23) and the direction cosines (/, m, n) for each of the crystal axes,
a, b and ¢ with respect to the principal axes of the g-tensor. Thus e,, ¢; and e,
in Eq. (22) are given by:

e, =0.71i —0.70j + 0.00k
e; = 0.64i+0.65j+0.40k (39)
e, =—0.28i —0.29j + 0.92k.

The unit vectors corresponding to a, b and ¢ axes, using crystal structure data
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[3c, 6], are given by:
e, =—0.07i—0.44j+0.89k
e, = 0.66i+0.66j+0.37k (40)
e.=—0.71i+0.71j+ 0.00k.

The direction cosines I, m and n in Eq. (22) for the a-axis are given by the scalar
products of e, with e,, e; and e, respectively. The corresponding direction cosines
for the b and c crystal axes can be obtained by taking the scalar products of e,
and e, respectively with e,, ¢; and e,.

Using Eq. (23), together with Egs. (25) and (40), one obtains

H
— —2688,2.542 and 1.948 (41)
app
for the magnetic field applied along the a, b and ¢ axes. Next, using Egs. (22),
(25), (39) and (40), the unit vectors e,y for applied magnetic fields along the a,
b and ¢ axes are given by

e.q(a) =—0.12i —0.40j +0.91k
e.q(b) =0.65i+0.66j +0.37k (42)
e.q(c) =—0.71i+0.71j — 0.00k

Finally, using Egs. (20), (21) and (42), the value of the effective hyperfine fields
for applied magnetic fields along a, b and c¢ axes are given by:

Ag(a)==37.03, Au(b)=-16595, Au(c)=-1279 (kG) (43)

The theoretical results in Eq. (43) have to be compared with the corresponding
experimental results [3¢] obtained from Mdssbauer measurements, namely |184 +
5), 1133 £5| and |99 + 5| kiloGauss respectively. There is good order of magnitude
agreement with experiment and also reasonable numerical agreement for A z(b).
However, the magnitudes of A.4(a) and A.4(c) appear to be significantly under-
estimated. Part of the problem could be the inaccuracy of the electronic wave
functions and one should in future test the results in Eq. (43) by using wave
functions obtained by other methods. However, the reasonable agreements
between theory and experiment for the quadrupole interactions of >’ Fe and '“N
nuclei suggest that the calculated electron distributions are quite reliable. Possible
improvements in the value of the isotropic hyperfine field Ar by the use of a less
empirical procedure for determining the core-polarization and paired valence
electron polarization than that used here [24] could also influence the theoretically
obtained magnitudes of the A.g(a), A.z(b) and A 4(c). However, the fact that
there is a difference in the trends in the magnitudes of these fields between theory
and experiment suggests that the tensor components B, ., B, and B, and the
orientations of the principal axes z’, x’ and y’ are more likely responsible for the
underestimation of A.g(a) and A.4(c) than the isotropic contribution. It appears
that the most likely source [33] for changes in the tensor contribution to the
hyperfine field is the influence of the orbital effect that can arise from the
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unquenching of the orbital angular momentum through the spin-orbit interaction
associated with the iron atom, discussed in Sect. 2.3. This unquenching effect is
of course responsible for the departure of the g-tensor from feee spin character.
We have recently carried out a variational calculation for the influence of spin-
orbit interaction on the electronic wave function for the AzidoMb system and
evaluated the dipolar and orbital contributions to the hyperfine tensor for *’"Fe
nucleus. The latter of course vanishes when spin-orbit effects are not included.
The procedure is too involved to describe here but will be presented as a separate
communication [34]. The principal components of the hyperfine tensor obtained
after combining the isotropic contact, orbital and dipolar contributions to the
hyperfine field, are found to be

A, =45.33, A, =119.61 and A,,=27506 (kG) (44)
differing very substantially from the results in Eq. (37), The y-matrix for the
orientations of the principal axes x’, y’' and z’ is given by,

-0.86 -0.51 0.04
yiw=|-051 086 0.02], (45)
0.05 0.00 0.99

which replaces Eq. (36) obtained without including spin-orbit interaction effects.
Following the procedure discussed earlier in this section and involving Egs.
(38)-(42), the hyperfine fields for applied magnetic fields along a, b and ¢ axes
are given by:

A.gla)=252.36, As(b)=133.36, A(c)=116.20 (kG) (46)
differing very substantially from the values in Eq. (43) and in fairly satisfactory
agreement with experimental results. These results suggests that spin-orbit effects
[33] must be included in the study of *’"Fe hyperfine fields for low spin hemo-
globin derivatives.

3.7. "N magnetic hyperfine interaction

As in the case of "™ Fe hyperfine interaction just discussed, for *N nucleus also,
one can have contributions [24, 33] from contact, dipolar and orbital mechanisms.
The orbital mechanism [33], however, is expected to be rather weak because of
the relatively small spin orbit interaction associated with the nitrogen atom. For
the constact and dipolar mechanisms [24], one can have both direct and exchange
polarization contributions. Since the procedure used here for obtaining the wave
functions is a spin-restricted one, one cannot make direct use of Egs. like (16)
and (17) and has to devise other ways to include these effects. In the case of
iron, the major part of the unpaired spin population (63% ) is located on the iron
atom itself, as can be seen from Table 1, but in the case of the nitrogen atoms,
there are only small amounts of unpaired spin populations on these atoms.
Therefore, unlike the case of iron, the exchange polarization effect is expected
to be less pronounced and arise from both the unpaired spin population on the
nitrogen in question as well as those on neighboring atoms. These latter contribu-
tions are difficult to calculate. We shall therefore compare the direct contributions
with experiment and try to examine in this way the relative importance of the
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exchange polarization contribution. A part of the latter contribution can be
obtained through the use of semi-empirical formulae available in the literature
[35] and will also be discussed.

In Table 3, the contact and dipolar contributions are presented for all the nitrogens
associated with the heme unit and its imidazole and azide ligands. Since the
ENDOR measurements [2] are carried out with the magnetic field along the
direction of the maximum principal component of the g-tensor, one needs, as in
the case of the quadrupole interaction discussed earlier (Sect. 3.5), the components
A,, of the hyperfine tensors along the same direction for the various nitrogen
atoms to make comparisons with the experimental results. In Table 3, we have
presented the results for the case where the Z-direction is along the heme normal.
Since, the direction for the largest principal component is only 9° from the heme
normal, one again does not expect any significant difference between the results
for the two directions.

From Table 3, the contact contributions are all seen to be quite small for the
porphyrin nitrogens and nearly negligible for the imidazole nitrogens and the
central azide nitrogen N, but rather large negative for the other two nitrogens
N, and N, of the azide group, (N, being the atom bonded to iron). The latter
feature is most likely a consequence of the fact that the unpaired electron orbital
which involves mixtures of d,, and d,, symmetry about the iron atom, conjugates
strongly with m-orbitals on the azide group. The net hyperfine constants A,
appear to be all less than 1 MHz for porphyrin nitrogens, negligible for the
imidazole nitrogens and close to —10 MHz for the azide nitrogens N, and N,.

For comparison with experiment, one notes that the ENDOR hyperfine data [2]
from N substitution measurements indicate that the observed A,, refer to
porphyrin nitrogens, there being two sets of experimental "*N hyperfine constants,
namely 5.64 and 6.14 MHz. Ascribing these to the N3 and N, porphyrin nitrogens,
which are seen from our theoretical results in Table 3 to be the largest among
the four porphyrin nitrogens, the theoretical values of A,, appear to be about a
factor of 6 smaller than experiment [2].

In looking for sources that could remove the difference between the theory and
experiment, one is first tempted to ascribe the observed hyperfine constants to
N, and N, at the azide group, but the '°N substitution measurement [2] rules
this out. Another possibility is that the unpaired spin electron is in a state of
d,>,» or d,» symmetry with seven d-type electrons present as in the case of
nitrosylmyoglobin [1a]. These would lead to hyperfine constants A, of 2.12, 2.22,
2.21 and 2.12 MHz for the porphyrin nitrogens N, N,, N; and N, respectively
for the d,:-like unpaired orbital case and 10.84, 10.95, 10.86 and 10.78 MHz for
the d,>-y* case, both these sets of values being closer to experiment than the
results in Table 3. But as discussed in Sect. 3.3, the choice of either of these
configurations leads to an axially symmetric g-tensor with the components close
to free-electron like, both features in complete disagreement with the observed
[3] strongly rhombic g-tensor for the molecule. These configurations can also be
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ruled out from a consideration of *’"Fe nuclear quadrupole interaction par-
ameters 1/2 e°qQ and asymmetry parameter 7. Thus, for the configurations with
d2 and d,2-,> in unpaired spin orbital states, the values of 1/2 e’qQ are given by
—0.8 mm/s and —2.85 mm/s respectively and n =0 in sharp disagreement with
results of Mossbauer measurements [3b, 3c]. Our analyses in Sect. 3.3 and 3.4 of
the g and quadrupole interaction tensors both strongly support the d,.-d,, type
configuration for the unpaired electron on which the results in Table 3 are based.

A third possibility was tried, namely that the iron atom may be below the porphyrin
plane, rather than on it, as assumed in the present work. However, taking the
iron atom at a position as much as 0.23 A below the porphyrin plane (by analogy
with the metmyoglobin system [24a]) does not change the A,, for the porphyrin
nitrogens drastically, with the new values still less than 1 MHz. The A,, for N,
and N, atoms of the azide group reduce in magnitude by about 18% still
substantially larger than the experimental "*N hyperfine constants [2]. In any
case, as mentioned earlier, the '°N substitution measurements [2] argue against
the association of the experimental hyperfine constants with the azide nitrogens.
These results thus show that the difference between the experimental and theoreti-
cal values of the hyperfine constants A, for the prophyrin nitrogens also cannot
be resolved by the possibility of the iron atom position being off the porphyrin
plane. This brings us then to the question of exchange polarization (EP) effect
[24] which has not been included in the contact and dipolar contributions. From
calculations on atomic systems [25], the ECP contribution to the dipole effect is
expected to be rather small. The major focus therefore has to be on the EP
contribution to the contact contribution Ar. One can include this effect partially
through the use of semi-empirical formulae [35] that have been devised to
incorporate EP contributions from w-type unpaired spin-distributions on the
nitrogen atom and adjacent carbon atoms. To examine the importance of EP
effects for pyrrole nitrogens, we have used one of these available formulae [35a]
in the literature, based on the study of pyrazine free radicals, which leads to:

Apcp= (SN+ZQEC)PN+ZQENPC (47)

p" and p© being the unpaired spin populations on the nitrogen atom and adjacent
carbon atoms and (SN+2QNc) and 2QX\ are (86.60+5.60) MHz and (5.6+
5.6) MHz respectively. Using this formula in conjunction with the unpaired spin
populations for the configuration with the unpaired spin electron in a state
involving a mixture of d.. and d,, symmetries, from our electronic structures
results, one obtains values of Agcp of 0.15, 0.24, 0.54 and 0.42 MHz for the
porphyrin atoms N,, N5, N,, and N; in Fig. 1. When these results are combined
with the direct contributions results for A,, in Table 3, one obtains for the net
A,, of the four porphyrin nitrogens, the values 0.44, 0.64, 1.36 and 1.09 MHz
respectively. There is thus an improvement in the right direction for agreement
with experiment [ 2] but not sufficient to bridge the substantial gap between theory
and experiment.

The major remaining cause for the difference between theory and experiment
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could be the influence of the EP effect of the substantial unpaired spin population
on iron atom, about 63% of the net unpaired population in the molecule, which
has not been included. To study this effect, one would need to carry out spin-
polarized Hartree-Fock investigations [15a, 36] with different wave-functions for
the paired spin states with opposite spin. It would be most satisfying to carry
out first-principle Hartree-Fock calculations, although this would be rather
time-consuming for the size of the molecular system we are dealing with for
AzidoMBb. It would also be helpful in the future to carry out calculations by the
approximate procedure involving the Slater free-electron type approximation
[37] such as the Multiple-Scattering X, procedure [29] to obtain an estimate of
the possible importance of the exchange polarization contribution. An alternate
procedure would be a perturbation approach, handling the difference in the
exchange potentials experienced by the paired spin electrons in different spin
states as a perturbation as has been done in the literature in small molecular
systems by summing over excited states [38] or using a differential equation
approach [39].

4. Conclusion

In summary, our analysis of the electronic structure and magnetic and hyperfine
properties of AzidoMb shows that a configuration involving the presence of five
electrons in iron d-like molecular orbitals and the unpaired electron in a mixture
of d,, and d,, symmetry, as in the case [1c] of ferricytochrome c, satisfactorily
explains the observed g-tensor from EPR experiments [4], the *’™Fe nuclear
quadrupole splitting from Méssbauer measurements [4] and '*N nuclear quad-
rupole interaction from ENDOR measurements [2]. However for the >’ Fe and
"“N magnetic hyperfine constants which have been measured [2, 3] by Mdssbauer
effect and ENDOR technique [40] respectively, there are sizeable differences
between theory and experiment. In the case of *’™Fe, where the exchange
polarization effect [24] associated with the exchange interaction between the
unpaired spin and paired spin electrons has been included and makes a sizeable
contribution, we have demonstrated in related work [34] that the discrepancy
between theory using the ground state configuration considered in this work and
experiment is associated with the modification of the orbital contribution and
the finite orbital contribution to the hyperfine field tensor produced when one
includes spin-orbit effects. For the case of the '*N magnetic hyperfine interaction,
where the orbital unquenching is expected to be small due to the weakness of
the spin-orbit interaction for nitrogen atoms, the difference is ascribed to the
possibility of substantial contributions from the exchange polarization effect
associated with the sizeable unpaired spin population on the iron atom. Methods
for studying these effects are proposed. On the experimental side, it is hoped
that the association [2] of the observed ENDOR results for the '*N magnetic
hyperfine to porphyrin nitrogens will be rechecked in view of the fact that all
the other properties of these molecules agree well with theory. It is also hoped
that experimental values will be available for the azide '*N magnetic hyperfine
constants to check the sizeable values predicted in this work for the two end
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nitrogen atoms and further verify the assumed electronic configuration for the
molecule.
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Appendix: Transformation relations associated with g- and hyperfine tensors

Equation (20) describes the effective hyperfine constant expected for AzidoMb when the magnetic
field is applied in any arbitrary direction. We shall briefly describe here the derivation of Eq. (20).
Although our interest here is specifically in AzidoMb, the Egs. (20)-(23) are of general applicability
whenever there are two distinct principal axes systems for the g- and A-tensors which are themselves
different from the crystal axes (a, b and ¢ axes of the monoclinic system in the case of azidoMb),
along which magnetic fields are often applied in Mossbauer measurements [3c] for studying hyperfine
interactions. For AzidoMb, as mentioned already in the text, these three sets of axes are in turn
different from the heme-based axes in Fig. 1. We shall describe the crystal axes as well as the principal
axes of the g and A tensors in terms of their orientations with respect to the heme based axes.

Referring to the applied field as H,,, with direction cosines I, m and n in the heme-based system in

Fig. 1, the Hamiltonian describing the interaction of the spin § of the molecule with H,,, is given
by the spin-Hamiltonian term:

%Spin:‘s' H., (A1)
where

H.;=g  H=(g,.le,+ggzmes + g, ne )H, (A2)

whose orientation is different from H,, because of the tensor nature of g. In Eq. (A2), g.., gsp and
8,, refer to the principal components of g and e,, e; and e, are the corresponding unit vectors along
the principal axes. Thus the spin S of the molecule will align itself along a direction defined by the

unit vector e.q describing the direction of H,g;, namely:

IH, H, H,
eeﬂ:<gaa app) ea+(gl3!3m app) eﬁ+<gw" app) e, (A3)
|H.sl |H.ql |Hql

where the magnitude |H.g| of H.,; is given by:

‘Heﬂ|:\/g2aalz+g%38m2+g?y-yn2 H,,,. (A4)

The effective hyperfine constant A.s that would be observed in this situation is that corresponding
to the component of the hyperfine field along the direction of S. Thus,

Ajg=eq- A e, (AS)

where A is the hyperfine tensor with principal axes oriented along the unit vectors e,., ;- and e,
the principal components and principal axes being determined from our theoretical investigations
by the procedure described in Sect. 3.6. Using Eq (A6) for A namely:

A=A, e, e, +Agpeges+ A e e, (A6)

where A,.,, Apgg and A, . are the principal components of A and Eq. (A3) for e.q, one gets the
relation

Agg=Apal?+Agpm®+ A, n" (A7)
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with

I'=(eq-er), m=(eq-e), n'=(es-e,) (A8)

Equations (A7) and (A8) correspond to Eqs. (20) and (21) in Sect. 2.4.
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